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Abstract

This thesis presents new in-depth discussions and design methods for high strength
concrete (HSC) and steel fibre reinforced concrete (SFRC) slabs that are subjected
to punching shear. Experimental programmes of 22 full-scale slabs are presented to
accompany the discussions and the new design methods proposed in this thesis. All
of the 22 slab specimens were constructed with high strength concrete. Some of the
advantages of using high strength concrete compared to normal strength concrete
include an increase in cracking load of the slab and a reduction in deflection at
service load level due to higher tensile strength and higher elastic modulus of high
strength concrete.

This research focuses on the investigation of the influences of two main
structural parameters on the punching shear strength of a slab. The two parameters
concerning this research are (1) the effect of low flexural reinforcement ratios, and
(2) the influence of a new type of fibres - the double hooked end fibre. Recently,
several researchers have addressed and investigated the influences of these
parameters; however, more research are still needed. Therefore, the following
paragraphs provide a brief summary of this thesis that includes both experimental
and analytical works.

First, punching shear tests of 12 high-strength concrete slabs (f’c > 95 MPa)
with various flexural reinforcement ratios and column aspect ratios are presented.
The dimensions of the specimens are 2.2 x 2.2 x 0.15 m and 2.7 x 2.2 x 0.15 m. The
resulting slab data represent a complete set of slab specimens having low to high
reinforcement ratios. The purpose of the tests is to investigate if Code equations
(ACI 318, Eurocode 2) for punching shear overestimate the actual punching shear
strengths of slabs that are provided with low amount of flexural reinforcement or
low reinforcement ratio. Other influencing factors, such as column rectangularity
ratio, concrete strength, and size (thickness) effect are also addressed. The author’s
new experimental results will be combined with 355 existing published data and
together they will be used to evaluate the accuracy and safety of the ACI 318-14 and
Eurocode 2 methods for punching shear, as well as some methods proposed by

other researchers.
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Second, punching shear tests of 10 steel fibre reinforced concrete (SFRC)
slabs tested under punching shear loads are presented. The dimensions of the
specimens are 2.2 x 2.2 x 0.15 m. The influence of high strength concrete (f’- > 80
MPa) and a new type of steel fibre (the double hooked end fibre) were investigated.
The fibre contents were varied from zero to 1.2% volume fraction for each set of the
reinforcement ratio p. The reinforcement ratio p was varied from p =0.9% to p =
1.4%. Key attributes, such as: ultimate state and serviceability performances, of
these high strength SFRC slabs are discussed. The experimental results highlight
that high strength SFRC enhances the slab performance in many aspects. As the
fibre volume Vr was increased from 0% to 1.2% or to an equivalent fibre dosage of
93.6 kg/m?, the flexural stiffness of the slabs increased while both the deflections
and crack widths reduced. At the ultimate state, the punching shear strength
increased by up to 156% compared to non-fibrous concrete slabs, which is
significantly higher than the increment introduced by conventional single hooked-
end fibres; the ductility and energy absorption capacity of the slabs were also
significantly improved. Comparisons of design methods with the experimental
results show that the TR34 method by the Concrete Society performs very well
while the yield line theory overestimates the strengths of the slabs. The Model Code
2010 method is unconservative.

Finally, some relevant design recommendations are given. New design
methods are proposed, they will be shown to be very reliable and accurate for
calculating the punching shear strength of both reinforced concrete and steel fibre

reinforced concrete slabs.

Keywords: punching shear; flexural failure; shear failure; building codes; high
strength concrete; concrete slabs; reinforcement ratio; column aspect ratio; size
effect; design method; reinforced concrete; double hooked-end fibre; SFRC; failure

mode; slab; Code; Eurocode 2; ACI 318
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Notations

Greek symbols
o = average shear crack angle [in Eq. (8.16)]

oo = geometric coefficient for the strength of a slab calculated using yield line

analysis (Viex =0om)

as = ACI 318’s coefficient that accounts for the interior, edge and corner
columns

S = ratio of long to short sides of the column

pe = proposed ratio of the depth of compression zone to effective depth

w  =rotation of a slab

p = average reinforcement ratio

px = reinforcement ratio 100A4s/(L* d) in the x-direction

py = reinforcement ratio 1004s/(L* d) in the y-direction

prs = limiting reinforcement ratio

caa = tensile strength at the tip of the inclined shear crack

ca2 = tensile strength at the opening of the inclined shear crack
on = equivalent tensile stress (= 0.45f1)

opn = equivalent tensile stress (= 0.37f4)

7 = basic bond strength of fibre-matrix interface (= 5.5 N/mm?)

Alphabetic symbols
Ar = equivalent projection of the failure cone surface
As = Total cross-sectional area of flexural reinforcement within a slab length L

bo = critical perimeter (used in ACI 318, CSCT, Peiris-Ghali, and authors’
proposed Method)

b1 =length of the longer side of critical perimeter bo
b> = length of the shorter side of critical perimeter bo
c1 = length of the longer side of the column
c2 = length of the shorter side of the column

Dy = fibre diameter
d = average effective depth
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dgs = maximum aggregate size (used in CSCT)
dgo = reference aggregate size (= 16 mm)

Es = -elastic modulus of concrete

Es = elastic modulus of steel reinforcement

fe© = cylinder compressive strength of concrete

fr1. fr2, fr3, fr4 = residual tensile strength corresponding with CMOD =0, 1.5, 2.5, 3.5,

respectively
fy =yield strength of flexural reinforcement
h = slab thickness
k = Eurocode 2’s size effect factor
kcr = column rectangularity factor (used in authors’ proposed method)

krr = low reinforcement ratio factor (used in authors’ proposed method)
ksz = size effect factor (used in the authors’ proposed method)

ke = stiffness factor for bi-axial compression in the compression zone
L1 = length of the longer edge of the slab

L> = length of the shorter edge of the slab

Lr = fibre length

my = ultimate moment capacity per unit width

np = fibre orientation factor (=0.41)

nn = fibre effective length factor

np = fibre-matrix bond factor

ns = reduction factor for the proposed FRC method ( = 0.41)

r = radius of a slab, taken as 0.2L where L is column-to-column span

s = radius of a slab used in CSCT, take as 0.22L where L is column-to-column
span

u = critical perimeter used in Eurocode 2 method

V' = Shear load of a slab

ve, Ve = punching shear strength of a RC slab (N/mm?, N)
Veale = calculated strength of a slab

Vexp = failure load (experimental) of a slab

Vy = fibre volume fraction



Notations X1X

Viex = shear force that will cause flexural failure of the slab calculated using yield
line analysis

Vra = punching shear strength (defined by Eurocode 2 and CSCT)

v;, Vrr = shear strength component due to the presence of fibres (N/mm?, N)

vi, Vu = ultimate punching shear strength of an SFRC slab (N/mm?, N)

zc = depth of the compression zone

Acronyms

ACI = American Concrete Institute

CMOD = crack mouth opening displacement as defined in EN 14651 (2007)

COV = coefficient of variation

CSCT = critical shear crack theory

VEM = variable engagement model

EC2 = Eurocode 2

FRC = fibre reinforced concrete

HSC = high strength concrete

LVDT = linear variable differential transformers

NSC = normal strength cocnrete

RC  =reinforced concrete

SFRC = steel fibre reinforced concrete

TR 34 = Technical Report 34






INTRODUCTION

Flat slabs and flat plates are two common forms of beamless floor systems. A flat
slab, as shown in Fig. 1.1(a), is a concrete slab supported directly on columns and
walls with the presence of drop-down panels and (with or without) column capitals.
On the other hand, a flat plate is a slab with a constant thickness throughout the
entire floor as shown in Fig. 1.1(b). Flat slabs are used when the structure has large
span (i.e. greater than 6 m) and is required to carry heavy floor loads. A drop-down
panel (a thicker slab section) in a flat slab is intended to resist shear force that
exceeds the punching shear capacity of a flat plate. Essentially, both flat slabs and
flat plates have the same design considerations. This research concerns the
punching shear design of flat plates which is directly applicable to flat slabs.

A flat plate floor system is an economical choice for buildings such as
condominiums, apartments, hotels and multi-storey offices where spans are
relatively small (i.e. less than or equal to 6 m). Flat plates can improve construction
productivity and save costs because they require much simpler formworks, simpler
detailing of reinforcements, and faster construction time. A flat plate structure
allows the floor-to-floor height to be shorter while maintaining the required ceiling
height; thus, the building height, weight, and overall cost can be reduced
substantially. A flat plate system can also accommodate demands of modern
architecture very well, the system allows designers the flexibility in designing
irregular floor plans where walls and columns are often seen flush together in non-
uniform layouts.

Punching shear failure is one of the critical failure modes that can happen in a
flat plate floor system. Punching shear failure is known to occur abruptly with little
warnings. Progressive collapse of a flat-plate structure can be triggered by punching
shear failure, several tragically collasped buildings that were primilary caused by

punching shear failure have been reported, such as the 2000 Commonwealth
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Avenue building in 1971(King and Delatte 2004), Skyline Plaza Complex in
1973(Perkins 2009), Harbour Cay Condominium in 1981(Kukorlo 2009), and
Sampoong Department Store in 19995(NEMA 2004). There might be more events of
structural failures due to punching shear failure that are not documented in this

thesis.

(b)

Fig.1. 1 — Two-way slab floor system: (a) flat slab with drop-down panels and
column capitals, (b) flat plate
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1.1 Background of the research

This research emphasises on punching shear strength of high strength reinforced
and steel fibre reinforced concrete slabs. The overview and background of the

research are described as follows.

1.1.1 High strength reinforced concrete slabs and effect of

low reinforcement ratios

Some of the important design parameters that influence the punching shear strength
of concrete slabs include geometrical properties of the slabs, concrete strength,
amount of flexural reinforcement, column rectangularity (aspect) ratio, as well as
size (thickness) effect. Influences of various structural parameters will be discussed
in Section 2.3 of this thesis.

One parameter that has not been sufficiently investigated in the past is the
influence of flexural reinforcement ratio p (=4s/bd), especially low flexural
reinforcement ratio. Consider four cases of slabs with very low, low, medium, and
high flexural reinforcement ratios; their load-deflection curves are shown in Fig. 1.2.

Case 1: If the reinforcement ratio p is very low (p smaller than 0.3%),
typical failure will be flexure with widespread yielding of almost all of the flexural
reinforcement. Shown in Fig. 1.2, further loading beyond the peak load will only
lead to an increase in deflection until final failure occurs. In this case, the final
failure would still look like a punching failure with a punching shear perimeter that
is very close to the column. The maximum load that can be carried by this slab is
not more than the peak load that causes yielding of the flexural reinforcement.

Case 2: If the reinforcement ratio is in the low range (p about 0.3% to 0.6%),
the slab will fail in flexure first before punching shear failure. Many of the flexural
reinforcing bars, especially those near the column will yield. The peak load in the
load-deflection curve will be higher than Case 1 and the curve will remain flat for a
short segment, indicating flexural yielding, before it drops suddenly in the end in

the form of punching failure. The slab is less ductile compared to Case 1.
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Case 4 (p=21.0%)
Case 3 (0.6% <p =1.0%)

Case 2 (0.3% <p =0.6%)
Case 1 (p=0.3 %)

—

Load Capacity

Y

-Edgé Deflecti.on

Note: the load-deflection curves shown in the chart are obtained and modified from
the author’s experimental results which are presented in Chapter 5.

Fig.1. 2 — Typical load-deflection curves for slabs with various reinforcement ratios

(p)-

Case 3: If the reinforcement ratio is in the medium range (p about 0.6% to
1%), the failure mode of a slab is most likely to be punching with only a few of the
flexural reinforcements reaching yield. As can be seen in Fig. 1.2, the load-
deflection curve of the slab is essentially a bilinear curve until it reaches the peak
and then it drops suddenly, indicating a brittle shear failure. Due to the increase of
the amount of reinforcement, the peak load is also higher than Cases 1 and 2.

Case 4: If the reinforcement ratio is in the high range (p about 1% or higher),
the slab will fail in pure punching mode, and none or very few of the flexural
reinforcements will yield and those bars are limited to locations next to the column.
The peak load is higher than the other cases and the failure is brittle.

So far, Cases 3 and 4 have been considered as the typical case for reinforced
concrete slabs. Building codes, such the ACI 318-14 (2014), has punching shear
formulas that turn out to be applicable mainly to Cases 3 and 4 (medium to high
reinforcement ratio p). However, Cases 1 and 2 are also common in practice,
especially in lightly loaded flat plates for residential or office buildings. A typical
procedure used in design practice to ensure safety of the overall slab is to make sure

that the flexural strength of the slab is lower than its punching shear strength. The
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Code equations can be modified so that they become safely applied to all cases.
Recently, Guandalini, Burdet, and Muttoni (2009), Peiris and Ghali (2011), and
Widianto, Bayrak, and Jirsa (2009) attempted to address this issue by testing some
lightly reinforced concrete slabs or by suggesting a practical step for design.
However, more data and analysis are needed to investigate this effect further.

The use of rectangular or elongated columns is very common nowadays,
especially in high-rise residential buildings. In these buildings, elongated column
sections are employed to ensure that the columns are flush with the walls. It is
known that under a uniform loading the distribution of stresses around the four
sides of a square column are more uniform compared to those around the four sides
of a rectangular column. The middle portions of the longer sides of a rectangular
column are stressed less, indicating that they are less effective in carrying punching
load. This means that the length of the critical perimeter bo around a rectangular
column is not entirely effective. This issue will also be addressed in this paper.

This study aims to develop a new method for calculating the shear strength of
concrete slabs under punching loads that is applicable to all four cases above.
Therefore, the current punching shear tests of 12 high strength concrete slabs with
varying flexural reinforcement ratios and varying column aspect (rectangularity)
ratio will be used together with other existing data to discuss the influence of
reinforcement ratios and to derive a new design method.

Note that the concrete specimens used in the test programme had compressive
strength f'c that ranged between 95 to 115 MPa. Some of the advantages of using
high strength concrete compared to normal strength concrete include an increase in
cracking load of the slab and a reduction in the deflection at service load level due

to higher tensile strength and higher elastic modulus of high strength concrete.
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1.1.2 Steel fibre reinforced concrete slabs and influences of

double hooked steel fibres

The use of SFRC can effectively solve critical design issues concerning the ultimate
performance (i.e. punching shear strength) and serviceability (i.e. deflections and
cracks). Some of the advantages of SFRC over the conventional reinforced
concrete (RC) slabs (ACI 544.3R-08, 2008; ACI 544.4R, 1988 (Reapproved 2009);
ACI 544.6R-15, 2015; The Concrete Society, 2015; Chandler and Neal, 1988;
Henager, 1977; Victor Li, 2002; Mobasher and Destree, 2010) are: (1) Faster
construction times and lower labour costs due to the time saved from detailing
works of reinforcement (in actual projects, SFRC has already been used to partially
or entirely replace the conventional steel bars for both flexural and shear
reinforcements). (2) lower risks of durability problems because SFRC can prevent
and control cracks. (3) better strength, ductility, and energy absorption due to the
post-crack behaviours of SFRC.

Although SFRC has been widely used in practices in the past decades, the
development of standard design procedures is still insufficient. Major building
codes such as ACI 318-14 (2014) and Eurocode 2 (2004) have yet to implement any
design provisions for SFRC structures. Nevertheless, there are available code-like
design guidelines and recommendations for design and analysis of SFRC slabs such
as the ACI 544.6R (2015), the Technical Report 34 (TR 34) by the UK's Concrete
Society (2015), and the Model Code 2010 (fib bulletin 65-66, 2012).

The main functions of fibres are to bridge and resist crack openings through
pull-out mechanism (Romualdi and Mandel, 1964; Swamy and Mangat, 1974; Blunt
and Ostertag, 2009). This post-crack characteristic of SFRC allows the presence of
tensile stresses and concrete tensile strains along the crack openings, which are
omitted in the analysis of conventional RC elements. Therefore, theoretically, the
post-crack tensile strength of SFRC enhances the ultimate strength of a concrete
section, be it shear strength or flexural strength. Observations from past
experiments (Swamy and Ali, 1982; Narayanan and Darwish, 1987; Shaaban and
Gesund, 1994; Theodorakopoulos and Swamy, 1993; Alexander and Simmonds,
1992; Harajli et al. 1995; Higashiyama et al. 2011; Gouveia et al. 2014) show that the
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addition of single hooked end steel fibres can increase th punching shear strength of
by 40- 65% compared to a non-fibrous slab, depending on the types and volume
fraction of fibres. Analytically, it has been known (RILEM, 2003) that the increase
in shear and flexural strengths due to the inclusion of steel fibres scales with the
concrete residual tensile strengths, where these residual tensile strengths can be
obtained from the notched beam test EN 14651 (2007). Both of the ultimate
punching shear and flexural strengths can also be reasonably correlated with several
parameters such as fibre volume fraction, fibre shapes, fibre aspect ratio (a ratio of
fibre length to diameter), and others. Therefore, these parameters, such as: fibre
volume fraction Vyand fibre aspect ratio (Dy/Ly), have become basic variables in
most of existing design methods for SFRC structural elements. Several researchers
(Maya et al., 2012; Theodorakopoulos and Swamy, 2003) also attempted to develop
analytical models for predicting the punching shear strength of SFRC slabs based
on experimental observations. Therefore, to ensure reliable and safe design
procedures, wider ranges of practical SFRC slab data are still needed for verifying
the existing methods, as well as for supporting the on-going development of new
approaches.

This thesis presents the punching shear tests of 10 high strength SFRC slabs
with varying flexural reinforcement ratios and varying fibre volume up to 1.2%.
The author investigated a new type of steel fibres (the double hooked-end steel fibre
(BEKAERT) shown in Fig. 1.3. The concrete specimens used in the test program
had concrete strengths f'- that ranged between 80 to 100 MPa. The experimental
results are then used to verify the applicability of the yield line theory (Johansen,
1962), the Model Code 2010 method (fib bulletin 65-66, 2012), the TR 34 method
(The Concrete Society, 2015) as well as other design methods.

Therefore, this research will show that the use of double hooked-end fibres
can improve the overall structural performances of HSC slabs. New design
approaches that can accurately predict the punching shear strength of SFRC slabs

will be developed based on experimental and theoretical basis.



8 Chapter 1

Fig.1. 3 — Double hooked-end steel fibres in single and bundle forms (BEKAERT).

1.2 Objectives and scope of the research

1.2.1 Main objectives

e To investigate the influence of flexural reinforcement ratios on the punching
shear strength of slabs, especially when the reinforcement ratio is low.

e To investigate and further confirm the effects of the column rectangularity
on the punching shear strength of slabs.

e To provide additional test data for validating the author’s proposed design
method, and for verifying the applicability of existing design codes such as
ACI 318, Eurocode 2 and as well as other available design methods.

e To investigate the influence of SFRC and double-hooked end steel fibres on
the structural performances of HSC slabs such as cracking behaviours,
failure behaviours and the emphasis is on the punching shear strength.

e To provide a new set of SFRC slab data for validating the author’s proposed
methods, and for evaluating the existing standard guidelines such as Model
Code 2010, TR 34, and also other available design methods.

e To develop and propose a new and reliable design method for a reinforced
concrete slab, in which the effect of low reinforcement ratio can be

considered.
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e To develop and propose a new method for calculating punching shear
strength of a steel fibre reinforced concrete slab that is applicable for various
types of fibres and especially for the new type of fibre, the double-hooked
fibres.

e Based on the test results, to recommend design considerations for both HSC

and SFRC slabs subjected to concentric punching loads.
1.2.2 Scope of work

Current research work is limited to punching shear strength and behaviours of
interior RC and SFRC slabs without shear (transverse) reinforcement that are
subjected to concentric punching loads. In these two sets of experimental
programmes, 22 slab specimens were tested to failure by gravity loads through the
applied forces from hydraulic jacks to simulate interior slab-column connections.
The static tests of interior slab-column connections can provide fundamental
information towards the understanding and development of different structural
mechanisms under specific influences of parameters.

The effects of size, shear reinforcement, unbalanced moment transfer,
prestressing force, cyclic loading, edge, and corner slab-column connections are
outside the scope of current work. Punching shear test of fibre reinforced concrete
slabs without flexural reinforcements is outside the scope of this research.
Numerical works such the finite element model and analysis are excluded in this

thesis.
1.3 Research significance

Twelve high strength concrete slabs with various flexural reinforcement ratios and
column aspect ratios were tested under punching shear. These new experimental
data together with existing data from the literature were then used to verify the
accuracy of existing methods for designing against punching shear, such as those of
the ACI Code, Eurocode 2, and several researchers. It is found that most of those
methods including the ACI method can be unconservative for slabs with low

flexural reinforcement ratios.
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Experimental data of new SFRC slabs are also presented. A new type of high-
performance steel fibres, i.e. double hooked-end steel fibres, was used and
investigated. The results are discussed in details and used to verify the applicability
of the yield line theory, the Model Code 2010(fib bulletin 65-66, 2012) method, the
UK's Concrete Society TR 34 (2015 ) method and also other design methods
proposed by various researchers.

The author believes that this study provides an important set of data and new
discussions for on-going development of SFRC as well as HSC slabs. New design
methods are proposed in this work, and it is found to be reliable and accurate for
calculating the punching shear strength of both reinforced concrete and steel fibre

reinforced concrete slabs.
1.4 Thesis organisation

The thesis has nine chapters with several appendices as described below.

Chapter 2 covers the review of current knowledge, past and present research
of punching shear in reinforced concrete and steel fibre reinforced concrete slabs.
Specific review of the literature that are relevant to the current works is also
presented in this chapter. Chapter 3 presents the review of design codes, code-like
design guidelines and as well as some design and analysis methods for flat plates
that will be evaluated and verified with the current results and other published data.

Chapter 4 provides the details of the experimental programmes such as the
design, detailing and casting process of the slab specimens, the test-set up, the
instrumentation, the test and post-test procedure. Test results of material properties
(concrete and steel reinforcements) are reported in this chapter. Chapter 5 presents
the results and discussions of the 12 HSC slab specimens. Influences of
reinforcement ratios and column rectangularity are highlighted. Performances of
Code methods are compared with the results. Chapter 6 presents the results and
discussions of the 10 SFRC slabs. Influences of steel fibre reinforced concrete using
double hooked fibres are discussed. Performances of relevant design methods as
well as the yield line theory are compared with the results.

Chapter 7 presents the development of a new proposed punching shear

strength equation for reinforced concrete slabs. The proposed method is validated
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with current test results and compared with other design methods. Chapter 8 has a
similar framework as Chapter 7, and new approaches for calculating punching shear
strength for slab with fibres are presented.

Chapter 9 summarises all the key conclusions of this thesis. Final remarks
and contributions of the current works are highlighted, suggestions for future works
are provided. Photographs from experiments, complete test data, derivations of
equations, excel VBA codes, and Database of 515 slab data from the current works

and collected from the literature are provided in Appendices.
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LITERATURE REVIEW

2.1 Introduction

This chapter presents a summary of past research developments on punching shear
in both reinforced concrete and fibre reinforced concrete slabs. History of early
applications and research of beamless two-way slab floor systems are briefly
reviewed in Section 2.2.

In Section 2.3, past studies and general knowledge on the influences of
various parameters on the shear strength of slabs are covered. Some relevant
existing data are also analysed to accompany the discussions. This section
highlights some important research areas that have influenced the development of
design code provisions. The section also presents some essential problems
regarding punching shear design which have been partially addressed but further
research is still needed, essentially they are the main subjects of this study. Thus,
potential contributions of the author’s current study are emphasised and laid out.

In Section 2.4, existing punching shear models are generalised into different
types that represent distinguished design principles and theories. A more focused
review of past research works that are directly relevant to the author’s current study
is presented in Section 2.5. This literature review is limited to the research on
punching shear in RC and FRC slabs without transverse shear reinforcement. The
research group led by the author’s supervisor (Teng et al., 2004; Lee, 2004; Geng,
2004; Teng and Tan, 2005; Anggadjaja and Teng, 2008; Widjaja, 2008, Himawan
and Teng, 2014) have previously investigated several structural parameters (using
normal strength concrete) such as the presences of opening, pre-tensioning, column
rectangularity, and various types of shear reinforcements. Different types of
column-slab connections (interior column, edge column and corner columns) under

cyclic and eccentric loadings were also tested.
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2.2 Brief history of beamless slab systems and the

research

2.2.1 Reinforced concrete slabs

Investigations of beamless two-way slabs supported on columns directly have their
histories traced back to the early 20th Century. According to the review by Sozen
and Siess (1963), Section 13.2 of the textbook by McGregor and Wight (2005, 4™
edition), and Gasparini (2002), one of the first flat slab structures was built in a
period of 1906 in Minneapolis, Minnesota, USA. The name of the building is
Lindeke-Warner Building. The structure of the building was designed by a
renowned American structural engineer, Claude Allen Porter (C.A.P) Turner, who
had a patent in 1908 for “Mushroom flat-slab system (the Turner system). The
Turner’s Mushroom flat-slab system has unique column-slab connection and
reinforcement detailing as shown in Fig. 2.1, the term “Mushroom” somewhat
represents the bulk-out shape of the column dimension near the slab connection.

There was no standard practice or design guideline for the analysis and design
of the beamless floor system at the time; the Turner flat slabs were design based on
the then-underdeveloped plate analysis theory. Only from 1914, Nichols (1914)
initiated the simple static analysis of two-way slab which becomes the current ACI
direct design method (discussed in Chapter 3). Ingerslev (1923) first introduced the
(limit) analysis method of concrete slabs, called “yield line theory”, and Johansen
(1962) extended the theory into the more advanced form (discussed in Chapter 3). In
1961, Corley, Sozen and Siess (1961) proposed a more versatile analysis technique
for flat slab system, called equivalent frame method (also discussed in Chapter 3).
Only until the early 1970s to 1980s, building Codes started to include provisions for
analysis and design of flat slabs explicitly.

Research on punching shear in concrete slabs started as early as 1913 by
Tabolt (1913) who investigated the punching shear in concrete footings of walls and
columns. In 1933, Graff (1933), in Germany, tested slabs under punching loads. In
1956, Elstner and Hognestad (1956) conducted comprehensive test programme to

investigate the punching shear strength of reinforced concrete slabs, in which 39
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slabs were tested. Since then, punching shear in concrete slabs has gained
considerable research attentions and been on-going research topics.

Research on punching shear before the year 1985 were comprehensively
summarised in the technical report (CEB-Bulletin 168 1985) by Regan and
Braestrup (1985). Similarly, the report Fib-bulletin 12 (2001) presented in-depth
discussions on the development of punching shear models up to the year 2001
including databank of concrete slab tested under punching loads. There currently
are more than 500 slab data (Both full and small scale) available in the literature
comprising of slabs with and without shear reinforcements, openings, prestressing
reinforced steels and various steel fibre reinforced concrete (SFRC). The report Fib-
bulletin 57 (2010) summarised some research on the shear and punching shear in
reinforced concrete (RC) and fibre reinforced concrete (FRC) elements, which
influenced the development of Model Code 2010 (2012), especially for the FRC

design guidelines sections.

E]  MUSHROOM SYSTEM OF CONSTRUGTION MUSHROOM SYSTEM OF CONSTRUCTION.
COLUUNS AND FLODT 614D OKLY - O BEALIG COLUMNS AND FLOOR SLAB ONLY - NO BEAMS,

i3 . AN -
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PARTIAL PLAN OF FLOOR REINFORCEMENT

Fig.2.1— Turner “Mushroom” slab system [Source: Gasparini (2002)]
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2.2.2 Fibre reinforced concrete slabs

First modern applications of fibre reinforced concrete (FRC) may probably start in
the early 1960s (Li 2000, ACI 544.6R 2015). However, only after the 1980s, the
uses of FRC become more common especially in the slabs-on-ground (ground
supported slabs) for heavy industrial buildings such as warehouses, factories, etc.
The design of FRC structures at that time was purely based on engineering
judgement and structural tests. In 1992, one of the first comprehensive guidelines
(Technical Report 34) for design and construction of FRC ground supported slabs
were developed in the UK by the Concrete Society (2015). Around the early 2000s,
the applications of FRC had been extended to the suspended floor slabs supported
on vertical elements such as columns, columns, walls. According to ACI 544.6R
(2015), by 2004, there were already more than 10 actual buildings in European
countries that used steel fibre reinforced concrete (SFRC) for the floor slabs.
Destree and Mandl (2008) reported that there were more than 40 realised projects
that used SFRC flat plate or flat slab systems by 2008.

Research on punching shear in SFRC slabs probably started in the late 1970s
and the early 1980s. Test data on SFRC slabs are much fewer than the counterpart
RC slabs. According to the author’s collected database, there are less than 150
(published) verifiable interior SFRC slabs data. The collected 138 SFRC slab
specimens in the author’s Database are given in Table E.2 in Appendix E, the data
was collected from the experiments conducted by Swamy and Ali (1982),
Narayanan & Darwish (1987), Alexander & Simmonds (1992), Theodorakopoulos
and Swamy (1993), Shaaban and Gesund (1994), Harajli et al. (1994), McHarg et al.
(2000), Ozden et al. (2006), De Hahai and Holanda (2008), Cheng and Parra-
Montesinos (2010), Higashiyama et al. (2011), Nguyen-Minh et al. (2012), and
Gouveia et al (2014).
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2.3 Influences of structural parameters on punching

shear

2.3.1 Influence of concrete strength

Compressive concrete strength /- has been the basic parameter used to calculate
many mechanical properties of concrete member including the shear strength. Other
mechanical properties of concrete such as tensile strength, flexural strength
(Modulus of rupture), and also modulus of elasticity have all been known to be
proportional to the concrete strength /.. There is no theoretical rule for the
relationship between concrete strength f°c and shear strength ve. However, in

general, the relationship is known to be either
Ve “\/f’c or Ve « \3/f,c

By and large, it can be related that models or methods that use 7" for
calculating the shear strength or the punching shear strength are those that do not
consider the influence of flexural reinforcement in the shear strength equation
directly. Some of these methods are the ACI Code equations, Model Code 2010,
modified compression field theory (MCFT) (Vecchio and Collins 1986, Collins et
al. 2005), critical shear crack theory (CSCT) by Muttoni (2008), and several others
methods.

Thus, methods that use V" in shear strength equations are generally those
that consider the influence of both reinforcement ratios and concrete strength all

)3, Former and current Codes of European countries such as

together, i.e. ve oc (pfc
the old British Code, the current Eurocode 2, and as well as Japanese Code use this
relationship in their equations for calculating the shear strength. Other existing
design methods as proposed by Gardner (1990), Marzouk and Hussein (1991), Regan

el al. (1993), and Teng et al. (2004) also adopted this relationship.
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Effect of high strength concrete:

Research on the effect of high strength concrete on the punching shear strength
started around the early 1990s. Marzouk and Hussein (1991), Tomaszewicz (1993),
Hallgren (1996), and Ozden et al. (2006) investigated the punching shear strength of
HSC slabs with concrete strength f°- more than 60 MPa. Observations from past
experiments showed that high strength concrete (HSC) improve service load level
of a slab and as well as the punching shear strength. The flexural stiffness prior to
major flexural cracking is enhanced, but their post-crack stiffness deteriorates more
significantly. With the effect of high strength concrete, the increment in the
punching shear strength is more pronounced when there are more reinforcements in
a slab. The inclination of the punching shear crack for the HSC slab without shear
reinforcement were reported to vary between 30° to 40°.

According to the author’s current database (367 relevant data in Table E.1
Appendix E), there are about less than 40 existing slab data having concrete
strength greater than or equal to 70 MPa that is about 10% of the whole data
(Details of the slabs can be obtained in Appendix).

In short, Code formulas such ACI 318-14, Eurocode 2 are generally
conservative for predicting the strength of these HSC slabs, and note that ACI Code
limits the concrete strength to 10,000 psi or 70 MPa for calculating the shear
strength of a reinforced concrete member. Also, note that all of existing HSC slabs
have high reinforcement ratios. So, if the results of the author’s current slabs are
included in the comparisons, it will be shown that the Code methods can become
unconservative, especially for the HSC slabs that are lightly reinforced. This
highlights some influences from the effect of low reinforcement ratios, which will

be discussed briefly next in Section 2.3.2.
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2.3.2 Influence of flexural reinforcement

Since early tests of slabs that had the flexural reinforcement ratio as the main
variable, it has been known that the punching shear strength of a slab increases as
the flexural (tension) reinforcement ratio increases. Bottom (compressive)
reinforcement has negligible effects on the punching shear strength (Elstner and
Hognestad 1956). Many Codes except ACI Code consider the influence of flexural
(tension) reinforcement on their punching shear strength equation.

The influence of flexural reinforcement is usually described by using the
reinforcement ratio raised to certain values of exponents. Dilger et al. (2005)
studied the series of tests by Richardt (1948) and showed that the influence of
flexural reinforcement ratio on the punching shear strength, based on trend of data,

can be described using the following relationships
ve & (p)? or v (p)”

Code methods such as the Eurocode 2, JSCE (Japanese Code) methods and
other design methods proposed by various researchers such as Regan and Braestrup
(1985), Gardner (1990) and Teng et al. (2004) use ve oc (p )"*.

Moe (1961) studied the effect of concentrating flexural reinforcement near the
column, it was shown that there is no any significant effect on the punching shear
capacity of a slab, however the stiffness can be improved. The conclusions are in
agreement with the observations by Elstner and Hognestad (1956), Vanderbilt
(1972), Regan (1986) and Hawkins, Criswell et al. (1974). Similarly, McHarg et al.
(2000) tested series of slabs with concentrated reinforcements around columns; the
test results showed that the punching shear strength, post-cracking stiffness, and
distribution of flexural steel strains are better as compared to the slabs with
uniformly distributed flexural reinforcement.

Stein, Ghali, and Dilger (2007) tested several slabs under punching shear
loads, the test results revealed that the flexural reinforcements within sections of
1.5d to 3d away from the column faces reached the yield strains at failure. Similar

observations were also reported by Tian et al. (2008) and Lee (2004).
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Effect of low reinforcement ratios:

As already addressed in the background of the current research in Section 1.1, one of
the parameters that has not been sufficiently investigated in the past is the influence
of flexural reinforcement ratio p (=4s/bd), especially the low reinforcement ratio. It
has been known that when a floor slab is provided with a low flexural reinforcement
ratio (p about 0.8% or less), the slab may not be able to attain its punching shear
capacity as calculated using the ACI Code equations for punching shear. That is
because it may have failed at a lower load due to widespread yielding of the flexural
reinforcement. Essentially that is a flexural failure under punching shear load.
Further increase in loading beyond the peak load will only increase slab rotation or
deflection before it reaches the final failure in what looks like a punching failure;
albeit, a ductile punching failure. So far, the ACI 318 equations for punching shear
have not been sufficiently verified for cases of slabs with low reinforcement ratios
where flexural failure under punching load may occur ahead of the normal punching
shear failure.

One typical way to treat this lightly reinforced slab case in practice is to
calculate the punching strength of the slab using the punching shear equations and
compare it with the failure load (ultimate shear force) that causes flexural failure of
the slab as calculated using the yield line theory. The lower of these two failure
loads will be the punching shear capacity of the slab.

Another way is to modify the code equations themselves so that they can be
safely applied to all cases of low reinforcement ratios without checking for the
flexural failure mode. Recently, a number of researchers, such as Stein, Ghali,
Dilger (2007); Guandalini, Burdet, and Muttoni (2009); Widianto, Bayrak, and Jirsa
(2009); Peiris and Ghali (2012) and Ospina and Hawkins (2013) attempted to
address this issue by testing some lightly reinforced concrete slabs or by suggesting
a practical step for design. However, more data and analysis are still needed to look
into this issue further. More in-depth discussions, analysis and comparisons of slabs
with low reinforcement ratios are presented in Chapter 7, where a new design

method is proposed to take into account this effect.
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2.3.3 Influence of column rectangularity

Previously, researchers such as Rosenthal (1959), Moe (1961), Hawkins et al. (1971),
Oliveira et al. (2004) and Teng et al. (2004) have investigated the effect of column
rectangularity on the punching shear strength of slabs. Past experimental results
revealed that punching shear stress of the slabs reduced with the increase in the
column aspect ratio or long-to-short column width ratio.

Hawkins et al. (1971) proposed the reduction factor for the stress reduction due
to effect of column rectangularity to be proportional to the column aspect ratio B (=
ci/c2), or ve oc 1/B. The reduction factor is taken to be effective for the ratio 3 greater
than or equals to 2.0. Note that the nominal stress values became the basis for the
ACI Code equation.

Regan (1981) also made same conclusions about the effect of column
rectangularity on the punching shear strength of the slabs that led to the
recommendation of reduction factor, ks=1.15[(ncic2)/(c1+c2)?]%>.

Teng et al. (2004) also proposed a reduction factor to account for the
reduction in punching shear stress due to the effect of column rectangularity, the
factor is a function of the length of the critical shear perimeter instead (details of the
proposed method by Teng et al. (2004) are discussed separately in Section 2.5.1).
Anggadjaja and Teng (2008) conducted punching shear tests on edge-column slabs
with varying column rectangularity. The test observations showed that stiffness of
the slabs in the weak column direction are lower than the stiffness in the strong
column direction. The punching of slabs tended to occur first in the strong column
direction due to higher shear stresses that concentrated around the shorter side of
the column which was also in agreement with Tan and Teng (2001), Teng, Cheong
et al.(2004).

Not many design methods including the Eurocode 2 method consider the
influence of the column rectangularity. Analysis and comparisons of the author’s
current slabs in Chapter 7 highlights that Eurocode 2 tend to be unconservative for

the slabs with high column aspect ratios (i.e. B = 5.0).
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2.3.4 Influence of size effect

Size effect in reinforced concrete member has gained research attentions since the
1950s and they are still on-going research problems. Compared to beam data, there
are much fewer slab data with large sizes which make it more challenging to
completely understand the size effect on slabs. According to the current interior-
column slab database (given in Appendix E), there are less than 10 available data
that have the effective depth greater than 300 mm (Graf 1938, Kinnunen et al. 1980,
Li 2000, Guandalini et al. 2009). Among these 10 slab data, the thickest slab is by
Kinnunen et al. (1980), which has the effective depth of 670 mm (2 = 730 mm).

Past studies have shown that the punching shear strength of a slab decreases
as the effective depth increases (Regan 1986, Bazant and Cao 1987, Walraven 1994,
Bazant and Yu et al. 2007).

Bazant (1984) described the size effect in concrete slab by the fracture
mechanics which depends on the length and area of the crack band. He stated that a
strength criterion governs the shear strength of small brittle structures, whereas an
energy criterion or the size effect law (linear/nonlinear elastic fracture mechanics) is
more suitable for much larger structures as demonstrated in Fig. 2.2(a). However,
the energy criterion, or the linear fracture mechanics (shown in Fig. 2.2(a)) tends to
overestimate the strength of RC members with considerably large sizes. Hence, the
non-linear fracture mechanics, shown in Fig. 2.2(a), was proposed to represent the
gradual transition from the failure criterion of limit analysis to the linear fracture
mechanics. The general form of Bazant’s size effect factor & is expressed as

k =1/(1+d/d,)"?
where d is the effective depth and do is an empirical parameter depending on
concrete strength and aggregate size; in typical cases, the value of d» can be
approximated as 300 mm. Bazant’s size effect factor is plotted in Fig. 2.2(b)
together with the normalised strength of slab data from the author’s database in the
y-axis and the corresponding effective depth is plotted in the x-axis.

Walraven (1994) proposed a similar form of size factor (ccA(1+d/B)"?) where
A and B are the constants. Essentially, by a power law, a size effect factor can be

taken to be in between a proportion of (1/d)"* to (1/d)"* . Note that ACI Code does
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not consider the influence of size effect in its shear equations. Eurocode 2 equations
use the power 1/2, or (k= 1+ V(d/200) < 2). Model Code 2010’s size effect factor is
proportional to (1/d). Bazant and Yu et al. (2007) has evaluated performances of

various design methods regarding size effect considerations.
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2.3.5 Influence of span-to-depth ratio

Influence of the span-to-depth ratio on the punching shear strength of a slab was
investigated by Lovrovich and McLean (1990) who tested a series of 10, in which
five of them were with shear reinforcement. In the experiment, the slab thickness
was kept constant, and the shear span-to-depth ratio was varied from 2.0 to 12.0.
The test results were plot in Fig. 2.3 showing the effect of span-to-depth ratio on the
punching shear strength. It can be seen from Fig. 2.3 that the punching shear
strengths of both slabs with and without shear reinforcements are high for the span-
to-depth ratio of lower than 4. Lovrovich and McLean (1990) explained that the
reason for an increase in the shear strength could probably be due to the formation
of compression struts (tied-arch mechanism) from the loading point to the support,
as also observed in deep beams. It can be seen also that, as the span-to-depth ratio
increases beyond 6, the punching shear strength of the slabs become more or less
stable. Other researchers such as Gardner (1990) and Marzouk and Hussein (1991)
also tested a series of concrete slabs varying the span-to-depth ratio from about 4 to
9; their test results also showed that there were slight reductions in shear strength

with an increase in the span-depth ratio. However, the effect is not so significant..
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2.3.6 Influence of column width-to-slab depth ratio

Vanderbilt (1972) investigated the influence of column width-to-slab depth ratio
(c/d) on the punching shear strength of slabs. The ratio ¢/d was varied from 2 to 8 as
shown in Fig. 2.4. Slabs with square columns and circular columns were also
compared. The Vanderbilt (1972) showed that the punching shear strength of a slab
tends to decrease as the column width-to-slab depth ratio increases. The strength of
the slabs supported on circular columns were generally higher than those on square
columns throughout the ratio ¢/d from 2 to 8. The influence of reinforcement ratio p
can also be seen in Fig. 2.4, in which the heavier reinforced slabs (p =2%) failed at
higher loads compared to the slabs with p = 1%.

Note that one of the three punching shear equations of ACI 318 [Eq. (3.1¢)]
was indeed influenced by the test of Vanderbilt, in which the effect of column
width-to-depth ratio is considered in term of the ratio of the critical perimeter to the
effect depth bo/d instead of c¢/d. The ACI method does not consider the influence of
reinforcement ratio. Details of the ACI 318-14 method for punching shear design is

given in Section 3.2.1.
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2.3.7 Influence of fibre reinforced concrete

The main functions of fibres are to bridge and resist the crack openings through the
fibre pull-out mechanism. This post-crack characteristic of SFRC allows the
presence of tensile stress and concrete tensile strains along the crack openings,
which are omitted in the analysis of conventional RC elements. Therefore,
theoretically, the post-crack tensile strength of SFRC enhance the ultimate strengths
of a concrete section, be it shear strength or flexural strength. Observations from
past experiments [Swamy and Ali (1982), Narayanan and Darwish (1987),
Alexander & Simmonds (1992), Theodorakopoulos and Swamy (1993), Shaaban and
Gesund (1994)] have shown that the additional strength and ductility due to the
inclusion of SFRC are proportional to the residual tensile strengths. The residual
tensile strengths can be obtained directly from the flexural beam test EN 14651,
which can also be correlated to various fibre parameters such as fibre volume
fraction (fibre content), fibre shapes (straight, crimped, paddle-ended, hooked-end,
etc.), and fibre aspect ratio (more specific review of the literature are presented in
Section 2.5.2).

Past experiments have shown that the ultimate punching shear strengths of
SFRC slabs can range from 40-65% higher than the strengths of non-fibrous slabs,
for fibre volume V7 of greater than about 1.0%, depending on the fibre type [Swamy
and Ali, (1982); Narayanan & Darwish, (1987); Alexander and Simmonds, (1992);
Theodorakopoulos and Swamy, (1993); Shaaban and Gesund, (1994); Harajli et al.,
(1994); McHarg et al., (2000); Ozden et al., (2006), De Hahai and Holanda, (2008);
Cheng and Parra-Montesinos (2010); Higashiyama et al., (2011); Nguyen-Minh et
al., (2012); and Gouveia et al., (2014)].

On the influences of conventional hooked end fibres, McHarg et al. (2000)
conducted punching shear tests of SFRC slabs using single hooked-end steel fibres;
the results showed that the additions of steel fibre [Vr= 0.5%, Lr= 30 mm, L/Ds=
60] to non-fibrous slabs can increase the punching shear strength by 26% to 38%,
increase in the ductility and post-crack stiffness of the specimens were also
observed. The experimental results from Cheng and Parra-Montesinos (2010)
revealed that the punching shear strength of a medium reinforced non-fibrous slab

(p = 0.6%) increases up to 40% with an addition of single hooked end fibre of 1.5%
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fibre volume (with Ly= 30 mm, L/Dy= 80). The similar properties (Ly= 30 mm,
L7 Dr= 80) of hooked end fibres were investigated by Gouveia et al. (2014) who
showed that the punching shear strength of a non-fibrous slab (with p =1%)
increases by 65% when the fibre volume Vrincreases to 1.0%.

Test results obtained from the punching shear tests on lightweight aggregate
SFRC slabs conducted by Theodorakopoulos and Swamy (1993) showed that an
addition of steel fibres reduces the inclination of punching crack with an average
inclination varying from 22° to 28°. An addition of steel fibres were shown to
change a brittle mode of falure to a more ductile one (i.e from punching to flexure),
depending on different variables. The test results also highlighted that slabs
containing longer steel fibre lengths Lshave better structural performance (ultimate
loads and service loads) compared to those with shorter steel fibre lengths.

Swamy and Mangat (1974), Soroushian and Bayasi (1991), and many other
researchers have investigated influences of fibre types and parameters on the
mechanical properties of fresh and hardened fibrous concrete. Several types of steel
fibres can be categorised as shown in Fig. 2.5. In general, higher fibre aspect ratio
Ly Dy improves structural performances of RC members but reduces the workability
of fresh concrete mix. Additions of steel fibres have little effects on the compressive
concrete strength. Among the fibres shown in Fig. 2.5, the single hooked end fibres
perform the best. Published research works on influences of the double hooked end
fibres on the punching shear strength of an SFRC slab are still unavailable.

Experimental results obtained from the current research will show that the

double hooked end fibres perform even better than the single hooked end fibres.

straight hooked crimped double ordinary
ducform ducform

paddled enlarged irregular indented
ends

Fig.2. 5 — Different steel fibre types (Soroushian and Bayasi 1991)
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2.4 Types of punching shear models

The models for punching of slabs have been developed using various approaches
such as mechanical approaches, empirical and semi-empirical approaches. The main
aims of researchers were to get accurate predictions of ultimate punching capacity.
Hence, different assumptions inevitably had to be made for different model which
many of the models have been subjected to criticisms. For any mechanical model, it
is necessary to satisfy the general criteria such as equilibrium, compatibility,
postulated constitutive law, material strengths and failure criteria of the element.
Subsections shown below are the brief descriptions of different types of the
punching shear models that have been proposed since the 1960s and brief history of

respective models would be described subsequently.
2.4.1 Models based on Flexural Capacity

Many researchers (Moe 1961, Yitzhaki 1966, Gesund 1971, Rankin and Long 1987)
have incorporated the flexural strengths of slabs into the derivation of punching
strength of slabs, because observations of many punching tests indicated that the
difference between the punching shear loads and the loads causing flexural failure
was somehow insignificant and ambiguous. Thus, their proposed punching formulas
contained or derived from the flexural capacity or the ultimate load Vzex that causes

yielding of the reinforcements.
2.4.2 Models based on Plasticity Theory

A plastic solution is essentially the upper bound values for punching shear strength,
this approach was initiated by Brastrup et al. (1976). Main assumptions are: the
deformation is concentrated in a rotationally symmetric surface; and the concrete
body is punched out perpendicular to the slab while the remaining slab parts remain
undeformed or rigid. The solution is derived from the energy conservation equation
when the rate of work done by external loads is set equal to the rate of internal work
by the failure. Marti and Thiirlimann (1977) also developed a simplified upper
bound solution for punching load of a slab. However, flexural reinforcements have

no contributions to the solutions of the punching shear strength.
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There are also the lower bound solutions that were discussed by Braestrup
(CEB-Bulletin 168 1985), the theory states that the stresses at any point should
satisty the equilibrium equations as well as the boundary conditions. In addition,
they should correspond to a yield line along the optimal failure surface and do not
violate the yield condition. Pralong (1982) proposed an alternative lower bound
approach involving the concrete tensile strength.

Bortolotti (1990) was also among the researchers who developed plastic
theory for punching of slabs. He applied the plasticity theory to calculate the
punching load by utilising a modified Coulomb yield criterion to become his
proposed failure criterion for concrete. The failure mechanism for slabs indicates
that a concrete slab is constrained in a ring shape and punched out by a circular
plate which is subjected to uniform vertical displacement rate field. He introduced a
procedure to consider the strain softening of concrete. Then, an upper bound
solution is found by applying the virtual work equation. In order to solve the lowest
upper bound solution from complex equations, the advanced mathematic technique,
known as the variational calculus (or Euler equation), was employed together with
specified boundary conditions. The theoretical model would be valid only if the

slabs have enough rigidity and have no boundary displacements and rotations.

2.4.3 Models based on The Kinnunen and Nylander

approach

Kinnunen and Nylander (1960) first introduced this mechanical model which can to
give a good prediction of the punching shear strength of a slab and is capable of
describing the flow of forces in slabs as well. The model consists of a central
truncated cone surrounded by tangential shear cracks and rigid slab segments,
which are separated by radial cracks. The failure criteria of the model are
determined by the limitations of the inclined radial compressive stress and
tangential compressive strain at the shear crack (semi-empirical). Hence, the
predicted punching shear load of a slab is obtained by satisfying the failure criterion
and forces equilibrium in a truncated segment. Other researchers such as Broms

(1990), Shehata (1990) and particularly Hallgren (1996) have adopted this approach
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and further improved the theoretical part of the model i.e. a simple fracture

mechanical model was incorporated to construct the modified failure criterion.

2.4.4 Models based on fracture mechanics and concrete

tensile stresses

Bazant and Cao (1987) are among the researchers who applied fracture mechanics in
the development of a mechanic model to predict punching shear strength of slabs.
They opposed the idea of punching shear failure of slabs without transverse steel as
being plastic - but being brittle instead which makes the size-effect law (Bazant
1984) for blunt failures more applicable. Tests showed that the nominal stress at
ultimate loads decreases with the increase of slabs sizes which lead to the
development of design formula that takes account of size-effect. At punching shear
failure, BaZant and Cao (1987) suggested that behaviour of a thinner slab is
somewhat closer to the plasticity model than a thicker slab, the behaviour of the
thicker slab is more relevant to linear elastic fracture mechanics.

The model by Georgopoulos (1989) has the concrete tensile strength and the
mechanical reinforcement ratio as the main parameters. He proposed the inclination
of shear crack angle to be a function of mechanical reinforcement ratio, the
punching load is a function of tensile strength which is assumed to be distributed, as
third order polynomial function, in the surface of punching crack. Note that the
original papers were written in German script, the description of the model was

comprehensively summarised in the technical report, fib bulletin 12 (2001).

2.4.5 Models based on Strut-and-tie Models

Strut-and-Tie Models are useful analytical tools for the design of a non-flexural
member or of a member that have discontinuity regions (D-regions) such as deep
beams, corbels and shear walls. ACI 318-14 (2014) includes provisions on design
with strut-and-ties method, Eurocode 2 (2004) has also fully recognised strut-and-
tie analysis as a part of the code (Chapter 6 of Eurocode 2-2004, 6.5).
Researchers such as Alexander and Simmonds (1992, 1992a), Tiller (1995),
Marzouk, Risk, and Tiller (2010) and Rizk, Marzouk, Tiller (2012) used the strut-
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and-tie approach to develop force mechanisms and formulas for calculating the

punching shear strength of a slab.
2.4.6 Critical Shear Crack Theory Model

Muttoni and Schwartz (1991) first introduced an analytical model or a theory called
Critical Shear Crack Theory (CSCT) to predict punching shear strength of RC slabs
without transverse reinforcements (or shear reinforcements) by incorporating the
rotation of slabs (moment-curvature relationships) under applied loads, flexural
cracking pattern and shear-carrying mechanisms to construct the model’s failure
mechanism. The punching shear strength is determined by the equilibrium
equations in a slab sector, i.e. the equilibrium of moments created by external load
and accumulation of internal moments at various curvatures. The model was then
simplified to become a shear formula in the Swiss design code (SIA 2003) and
Model Code 10 (fib bulletin 65 2012). According to the CSCT (Muttoni 2008), the
rotation capacity of a slab member has a significant influence on its punching shear
strength, a slab with a lower amount of flexural reinforcement would have lower
nominal punching shear strength and possess higher curvature at failure, compared
to a heavier reinforced slab. The CSCT has gained significant recognition in
structural concrete research. The application of the theory has also been extended to
slabs with transverse shear reinforcement, post-tensioning slabs, and as well as fibre
reinforced concrete slabs (Muttoni and Ruiz 2010). Details of CSCT will be

reviewed in details later in Section 2.5.1.
2.4.7 Tangential Strain Theory Model

Recently, Brom (2016) proposed a new theory for predicting the punching shear
strength of a reinforce concrete slab, it is “a mechanical model for the punching
failure at interior columns of at slabs without shear reinforcement is presented. It is
based on fundamental structural mechanics and the stress-strain relation of
compressed concrete. The shear force is assumed to be transferred to the column by
an inclined circumferential compression strut that squeezes the concrete within the
column perimeter, and when the compression stress in this area approaches the

yield level, an increasing part of the squeezing pressure is anchored back to the
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surrounding concrete. Ultimately, the compression zone outside the column is

assumed to collapse due to the generation of radial tension strain.” Brom (2016)
2.4.8 Empirical and Semi-Empirical Models

The empirical models are usually developed using statistical tools such as
linear/non-linear, single/multiple regression analysis of experimental data.
Parameters that influence the punching shear strength such as concrete compressive
strength, flexural reinforcement ratios, and others are included in the mathematical
expression of the regression analysis. Regarding the aspect of general criteria —
particularly equilibrium, the empirical models certainly have inevitable limitations
and cannot be used to describe punching shear failure behaviours. Nevertheless,
empirical models are generally preferred for code equations due to their simple
expressions which are indeed necessary for problems like punching shear design.
Punching shear is undeniably a complex design issue, hence, even many the
rigorous mechanical models do contain empirical forms or substances in a certain
way, such as the simplifications of constitutive laws, failure criteria, and the

postulation of geometric parameters like failure surface are forms of empiricism.
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2.5 Review of key literature

The following subsections cover review of specific design methods, past research,
and experimental works that are relevant to the author’s current study. Some of
them will be the main references to construct the author’s proposed new design
methods for both reinforced concrete and steel fibre reinforced concrete slabs in
Chapter 7 and Chapter 8, respectively. Also, they will be evaluated and compared
with the current experimental results and also with the existing 355 RC slab data

and 138 SFRC slab data that will be presented in Chapter 7 and Chapter 8.
2.5.1 Past research works on reinforced concrete slabs

Method by Teng et al. (2004)

Teng et al. (2004) investigated the effects of slab openings and column
rectangularity in normal strength reinforced concrete slabs. Punching shear tests of
20 slabs having high reinforcement ratios (p > 1.0%) with openings were conducted.
Their works led to a proposed modification to the critical perimeter that takes into
account of holes with effects of column rectangularity. They also proposed a design

equation for the punching shear strength V. as shown below.
V. =0.6k.(100pf)"*b,d (in SI units: MPa, mm)
=16.6k., (100pf.)"*b,d (in U.S. units: psi, in.) (2.1)
where k., = (b2/b1)"* < 1.0 (2.2)

where b1 and b2 are the longer and shorter sides of the critical shear perimeter,

respectively. The use of b1 and b2 in the column rectangularity factor, k., rather

than c1 and ¢z is to take into consideration the thickness of the slab in influencing
the distribution of stresses around the column. The critical shear perimeter bo has
square corners for both square and circular columns and is located at a distance d/2
away from column faces. For a circular column, an equivalent square column of the
same area can be used for bo calculations. The equation was verified by Teng et al.
(2004) with 223 slab data having a broad range of relevant parameters. However,
the applicability of the equation for slabs with very low reinforcement ratios and

very thick slabs has not been verified thoroughly.
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Critical Shear Crack Theory

Muttoni (2008) introduced the Critical Shear Crack Theory (CSCT) for calculating
the punching shear strength of slabs without shear reinforcement. The method
assumes that the punching shear strength V'zs of a slab depends on the rotation  of
the slab at failure, as well as crack width and aggregate interlock along the critical
shear crack. The CSCT also considers that the rotation  of the slab depends on the
applied punching shear force /" and a few other parameters. Failure is reached when
the applied punching shear force V' is equal to the punching shear strength of the
slab Vga.

The method requires an iterative solution to two equations: (1) the
relationship between the punching shear strength Vzs and rotation y, and (2) the
relationship between the rotation y and applied shear force V. Egs. (2.3) and (2.4)

show these two equations.

0.75 ,
Via = ” /. b,d (in SI units: MPa, mm)
1+15- %
go + dg
9 - : : .
= " /fc b,d (in U.S. units: psi, in.)) (2.3)
1+15— 74
go + dg
f V 1.5
r
=152 — 2.4
W d Es [VﬂexJ ( )

where 7; is the radius of the slab (= half of a slab length or 0.22L where L is
column-to-column span). V7ex is the shear force that will cause flexural failure of
the slab. bo is calculated at a distance d/2 away from column edges with round
corners. dgo is set to be 16 mm and dj is the maximum aggregate size. Muttoni®
states that the size effect in CSCT is a function of s or slab span rather than the
effective depth d.

The CSCT method can become complex as it requires an iterative procedure
to solve for Vra. In addition, every slab geometry, reinforcement ratio, and loading
condition would lead to different yield line pattern, requiring yield line analysis in
order to obtain Vzex. Consequently, for general design purpose, Vfex can be

approximated (Muttoni 2008, Guandalini, Burdet, and Muttoni 2009) and taken as
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Vflex = 8mR (25)
where according to the CSCT (Muttoni 2008), the moment capacity per unit width

mu (using the European method) is calculated by the following equation.

f,p
f'CI

Note that the yield line theory and the moment capacity of reinforced concrete

mg = pfyd?(1—0.5=) (2.6)

and fibre reinforced concrete slabs are described separately in Section 3.4 of this
thesis.

Guandalini, Burdet, and Muttoni (2009) conducted a punching shear test of 11
reinforced concrete slabs supported on square columns to investigate the effect of
low reinforcement ratio. The reinforcement ratio was varied at the values of 0.22 to
0.28%, 0.33%, 0.75%, and 1.5%. The effects of sizes and aggregate sizes were also
investigated, in which the thickness of the slab was varied at 125 mm, 250 mm, and
500 mm. Two sizes of aggregate were used which are 4 mm and 16 mm. The details
of the 11 specimens (PG series) are given in Appendix E of this thesis.

The results from the test by Guandalini, Burdet, and Muttoni (2009) were
compared with design codes and the critical shear crack theory. It was shown that
the ACI 318 method can overestimate the punching shear strength for thick slabs
and lower reinforcement ratios. The test results were also used to confirm the
applicability of the CSCT for slabs with and without significant plastic
deformations in the flexural reinforcement (that is, with low or large reinforcement

ratios).
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Method by Peiris and Ghali (2011)

Peiris and Ghali (2011) proposed a straightforward method to improve the ACI Code
method by introducing a reduction factor, p/ps, to make it safer for slabs with low
flexural reinforcement ratios. ps is the limiting reinforcement ratio. If the provided
reinforcement p is reduced to below pg, the slab is assumed to fail in flexural mode
instead of the usual punching mode.

For slabs with provided reinforcement p > ps, the punching shear strength
of the slab V% is determined by the usual ACI equations (given in Section 3.2.1 of
this thesis). If the provided p in the slab is reduced below ps, the punching shear
strength Ve becomes equal to Vyex, that is, the shear force that causes the slab to fail
in flexural mode.

For slabs with p < pg, Peiris and Ghali (2011) assume that Vzex to be a linear
function of p. So, the failure load for slabs with p < ps is then equal to (p/ps)Ve.

The key lies in the term ps. The Viex can be calculated by using the yield
line theory. For some simple cases, Vyex can be approximated by 8m as discussed
earlier for the CSCT method in Eq. 2.5, where m is moment capacity per unit width
(ACI 318). By setting Viex = Veeacn, the p becomes pg, and the ps can be obtained.
Thus,

8m =4y b,d , where m = 0.95 f; & p 2.7)

Then, solving for p or ps,

4 f.b,d

Py = $0.95 1 d° (U.S. Units) (2.8)
: y
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2.5.2 Past research works on fibre reinforced concrete slabs

In general, there are two distinguished approaches for calculating the shear strength

of FRC members such as:

(1)  An approach that calculates the shear strength by using the residual tensile
strengths obtained from the bending test (notched beam test, EN 14651 (2007))
which is subsequently discussed in Section 2.5.2.1

(2) An approach that approximates the shear strength to be a function of semi-
empirical and empirical fibre parameters, such as fibre geometry, fibre
content, and various reduction factors. Methods that use this approach are

reviewed in Section 2.5.2.2.
2.5.2.1 Design Methods based on residual tensile strength approach

RILEM TC 162-TDF (2003)

RILEM (2003) recommended design methods for both ultimate flexural strength
and shear strength of FRC beams. The ultimate bending moment can be determined
based on the stress-strain relationship of a cracked FRC beam section as shown in
Fig. 2.6. The tensile stresses of the section (01, o2 and o3) are proportional to
residual tensile stresses as obtained from notched beam tests EN 14651 (2007). The
equations are shown in Fig. 2.6. A simple equation for an increase in shear strength
due to the presence of fibres was proposed to be

v = 0.12f, (2.9)
where fr4 is the residual flexural tensile strength corresponding with CMOD = 3.5
mm (crack mouth opening displacement). The residual flexural tensile strengths f:1
and fr4 (obtained experimentally according to the standard EN 14651:2007) are
calculated considering a linear elastic stress distribution in the notched section of
the notched beam.

Note that tensile stresses o2 and o3 shown in Fig. 2.6 are derived from the

residual flexural tensile strength as explained below. However, in reality, the tensile
stress distribution is different along the cracked section. To calculate a more

realistic stress in the cracked part of the section, the RILEM (2003) made the
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following assumptions in Figs. 2.7(a) and 2.7(b): tensile stress of in the cracked

part of the steel fibre concrete section is constant. The stresses 62 and o3 are the
equivalent stresses of the residual stresses fi1 and fr4 at CMOD = 0.5 mm and
CMOD = 3.5mm, respectively. The crack height is taken to be 0.664s, and 0.904sp
for the loading stage corresponding with f1and f4, respectively (see Fig. 2.7),
where A5 1s the depth of the notched beam at the notch location (mid-span) minus
off the notch depth (150 mm — 25 mm = 125 mm). Equate the bending moments
corresponding to the sections shown in Fig. 2.7(a) and 2.7(b) [ or take M,= M, ], the

equivalent stresses can then be expressed as:

0r2 = 0.45f. (kp) (2.10)
03 = 0.37fr4(kp) (2.11)

where 6, and o5 are to be reduced by a size factor k» that ranges from 1.0 to 0.40,

which is taken to be:

0.6(h — 125)

h 1s in mm 2.12
T ( ) (2.12)

kh =1.0-

Note also that the RILEM’s model is the basis of the punching shear strength
equation as provided by the design guidelines TR 34 by the Concrete Society (2003,
2015). Another method that uses a similar approach to calculate the punching shear
strength of an FRC slab is the method by Model Code 2010 (2012). The details of
TR 34 and Model Code 2010 are presented in Section 3.3.2 of this thesis.
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Fig.2. 6 — RILEM’s flexural strength model (Taken from RILEM (2003))
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Fig.2. 7 — (a) Stress distribution at the middle section of the notched beam without
consideration of crack openings; (b) idealised stress distribution at the
middle section of the notched beam for various depths of crack
openings. (Taken from RILEM (2003))
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2.5.2.2 Methods based on fibre parameters approach

Method by Swamy et al. (1974)

Swamy and Mangat (1974) proposed a theory for predicting the flexural tensile
strength of steel fibre reinforced concrete under uniaxial load. The theory was
developed based on the following considerations. The behaviour and mode of
failure of the composite depend on the relative stiffness of the matrix and the fibre,
the strain compatibility of the matrix and fibre, as well as the fibre geometry and the
fibre-matrix interfacial bond strength.

Two failure mechanisms were considered in the theory which are (1) failure
by the simultaneous yielding of both fibre and concrete matrix, and (2) failure by
the bond failure of the fibre-matrix interface (fibre pull-out failure). The first
mechanism (the yielding of fibre) occur when the fibre length Lris greater than the
theoretical critical length of fibre Lc (Ly> Lc). This critical length L is the minimum
development length that allows the yield strength of the fibre to be attained. It can
be determined using the equilibrium consideration as given below

L, = o5y Df /27y, (2.13)
where oy is the yield strength or the ultimate strength of the fibre, Dris the fibre
diameter and 7, is the ultimate interfacial bond stress.

By Hooke’s law of mixtures, a general form of the tensile strength of an FRC
composite can be expressed as series of the product of stresses and volume fractions
as follows

Oc = OV + 0f Vs (2.14)
where o:, om, and oyrepresent stresses in the composite, matrix and fibre,
respectively. Vi and Vyare the volume fraction of matrix and fibre, respectively.
Only 41% of fibre volume fraction is considered be effective in contributing to the
tensile stress and this value can be called the orientation factor (1, = 0.41). oris a
function of an average bond stress that can be expressed as or= 27 L/Dy. At failure,
the bond strength 7 reaches ultimate 7 that is taken to be 4.15 N/mm?, the value of

4.15 N/mm? was obtained from regression analysis of pull-out test data.
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The theory above led to the development of an analytical model to determine
the punching shear strength of an FRC slab proposed by Theodorakopoulos and
Swamy (1999). The model of Theodorakopoulos and Swamy (1999) assumes that
the punching shear resistance of an FRC slab occurs over the compression depth X
as shown in Fig. 2.8. Essentially, the ultimate shear strength is contributed by two
constituents such as (1) the concrete tensile stress vee orthogonal to the inclined
crack surface and (2) the shear stress vrr along the inclined crack surface (Fig. 2.8).

The ultimate punching shear strength of the model is as follows.

Vi, = v.b,X cota + 40,.,(c + X cota) (2.15)
where
2X, X
= m (2.16)

where vc is the concrete limiting shear stress taken to be equal to concrete tensile
strength at failure (ve = for =0.27(feu)*?); feu is the cube strength of concrete, critical
perimeter b, is calculated at 1.5d away from column face (bo = 4¢+12d); c is the
column width; X is the fictitious combined neutral axis; X; is the neutral axis depth
of shear critical section, take as 0.25d; Xy is the neutral axis depth of flexural
critical section that is an equilibrium function of the flexural reinforcements and
state of tensile stresses in the reinforcement (iterative analysis is needed). The
punching crack inclination is assumed to be 30°.

The shear contribution due to the presence of fibres vrr is taken to be the
ultimate tensile strength oc. of the FRC (or ver = o). With the introduction of fibre
orientation factor n, and the length efficiency factor n; [ by Law (1971)], the
equation of ultimate tensile strength oc. was simply represented by

Ocu = NNy 05, V5 (2.17)
where,

no = 0.41(fibre orientation factor)

L¢/2L For Ly<L
_ fletce = Le
m={y L;/2L,  ForLr>Le 218)
The critical length L. in Eq. (2.13) was adjusted with the bond efficiency factor #»,
and the concrete type (normal weight or light weight) factor for bond strength nc.

The equivalent critical strength Lcis
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[ = O-quf
‘ Z(nbncT)

(2.19)
where the term (nsnc) is to adjust the average bond strength 7to become the ultimate
bond strength 7. of each type of fibre. The average bond strength 7 is taken to be
4.15 N/mm?. ny is empirically assigned and different for different type of fibre and
fibre geometry. The factor n» is lowest for the plain types of fibres and highest for
the deformed types such as the crimped and paddle types. nc is taken as 1.0 for
normal weight concrete and 0.85 for light weight concrete.

A complex iterative process is required for this model because the (fictitious)
compression depth X depends on other parameters such as the amount of (tension
and bottom) reinforcements, yield strength and strain of the reinforcements,
concrete strength. The calculation procedure of the model is detailed in a paper by

Theodorakopoulos and Swamy (1999), and a more simplified procedure was

presented in a paper by Theodorakopoulos and Swamy (2003).
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Fig.2. 8 — Compression zone and fibre shear resistance contributions along failure
surface (Theodorakopoulos and Swamy 1999)

Method by Lim, Paramasivam, and Lee (1987)

Lim, Paramasivam and Lee (1987) proposed an equation for the ultimate tensile
strength of an FRC member that has the similar principle as the theory proposed by
Swamy et al. (1974) (discussed earlier). A general form of the ultimate tensile

strength of an FRC composite is the same as Swamy et al.’s Eq. (15), that is

Oc = O Vin + 0f Vs (2.20a)
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The behaviours of FRC composites under tension and bending stresses were
studied through series of beam bending tests and pull-out tests which led to an

equation for the ultimate tensile strength oz, as shown below.
1] Ty
Ocy = nanVfoZ (2.20b)
where

n’o =0.405 = 0.41 (fibre orientation factor)

_ { 0.5 For Ly< L.
™MTW-L/2L;  ForLs>Le

(2.21)
Vris the fibre volume fraction; Lris the fibre length, r is the ratio of the fibre cross-
section area to its perimeter (or » = Y%4Dy). n; is the fibre length efficiency factor. L. is
the critical length of fibre and taken to be the same as Eq. (14) or Lc=0.5 gu(Dy/ 7).
The bond strength of the fibre-matrix interface z can be obtained experimentally
from the fibre pull-out test; some results of the fibre pull-out tests are shown in Fig.
2.9(a). A more accurate value of the orientation factor n’o can be obtained
mathematically by computing the mean value of a probability function over the

domain, which is taken to be a function of the fibre orientation or the fibre angles (&

and p) illustrated in Fig. 2.9(b). The equation of is n’0 given by

5 .
B fop Jo cosBcospdddp  sinfsinp

! — — (2.22)
’ J? dédp op
where
5= R < _ b <
= sin (L)_Z' p = sin (Lf)_Z

Note that n’5 is equal to 0.405 when the fibre length Lris smaller than the thickness
h and the width b of the FRC member (Ly < h and Ly < b). Therefore, the value of
n’o = 0.405 = 0.41 should be applicable for most cases in design.

This review is to show that the ultimate tensile strength of an FRC composite
can be somewhat determined empirically. This ultimate tensile strength has been
utilised in various punching shear models for FRC slabs as shown previously; more

methods will be discussed subsequently.
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Fig.2. 9 — (a) Bond strength of the fibre-matrix interface for various types and
shapes of steel fibres [taken from Lim, Paramasivam, and Lee (1987)];
(b) Composite element under uniaxial stress [ taken from Lim,
Paramasivam, and Lee (1987)]

Method by Narayvanan and Darwish (1987)

Narayanan and Darwish (1987) proposed a shear design method for FRC members
(beams and slabs). The method was empirically developed. They proposed that
there are three factors that contribute to the ultimate shear strength such as: (1) the
strength of the compressive zone at the end of the inclined cracks; (2) the pull-out
forces on the fibres along the inclined cracks; and (3) the shear forces carried by

dowel and membrane actions. The punching shear strength of an FRC slab is:

43
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V, = £(0.24f,,, +16p + v )bord  (in SI units) (2.23)
where
& is the factor to account for the shear span-to-depth ratio, the value is
taken to be 1.40 for slabs
fspr  1s the split tensile strength of the FRC composite, taken to be:

feu
20 —\F

feu  1s the concrete cube strength.

fopt = +0.7 +VF (2.24)

p is the flexural reinforcement ratio ( = As/bd).

bor  is the reduced critical perimeter, taken to be bor = bo(1-0.55F); bo is the
critical perimeter calculated at 1.54 away from the column faces with
round corners.

Shear strength v due to the presence of fibres is a function of the fibre-matrix
bond strength and other fibre parameters such as the fibre type, the fibre volume
fractions Vr, and the fibre aspect ratio (L/Dy ). From the formulation of the vy
shown below, it can be seen that the shear strength vris basically a simpler form of
the ultimate tensile strength o of a FRC given by Swamy et al. and Lim et al.

(discussed earlier). The shear strength due FRC vy is given by

vy = 0.417F (2.25)
and,
Ly

where 7 is taken to be 4.15 N/mm?, it is the basic bond strength defined as the
average fibre-matrix interfacial bond stress that is also the same value as originally
proposed by Swamy and Mangat (1976) and also used in the model by
Theodorakopoulos and Swamy (1999, 2003). F'is a parameter called “Fibre factor”
(Eq. 2.26) which was intended to adjust the average basic bond strength (4.15
N/mm?) when different types, contents and geometries of fibres are used. nyis the
bond factor that depends on the shapes of fibres, it is taken to be 0.5 for round
fibres, 0.75 for crimped fibres, and 1.0 for douform fibres. The hooked end fibres

were not considered at the time.
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Note that in this method by Narayanan and Darwish (1987), an addition of
fibres influences the size of critical shear perimeter, where the basic critical
perimeter b, is reduced by a factor (1-0.55F). This factor is empirically derived
based on the observations from the punching shear tests of 12 slabs by Narayanan
and Darwish (1987), in which the fibre volume fraction was varied at 0%, 0.25%,
0.75%, 1.00% and 1.25%. The type of fibre used was the crimped steel fibres with
aspect ratio of 100. Their conclusions are: as the fibre volume fraction increases, the
punching shear strength of a slab increases, and the position of the critical shear

perimeter around the loaded area is reduced.

Method by Shaaban and Gesund (1994)

Shaaban and Gesund (1994) conducted an experimental study of steel fibres
reinforced concrete (SFRC) slabs, the corrugated type of steel fibre was used and
the volume fraction of fibre was varied from 0.6% to 2.0%. A simple empirical
expression to predict the punching shear strength of a SFRC slab based on the ACI

Code punching shear equation was then proposed as follows.
V, = 0.05(0.3W; + 6.8,/f/)b,d (2.27)

where Wris the percent of fibres by weight of concrete, taken as Wy = 7859V//we,

and we is the unit weight of plain concrete, the critical perimeter b, is calculated at

0.5d away from the column faces. Note that the term (0.3W7+6.8Vf") is in psi units

which is an approximate equation for the concrete tensile strength f.: obtained from

a linear regression analysis by Shaaban and Gesund (1993).

Variable Engagement Model (VEM) By Voo and Foster (2003)

Voo and Foster (2003) developed the Variable Engagement Model (VEM) to
predict the ultimate tensile strength of a FRC composite subjected to uniaxial
tension. In brief, the VEM defines a term called “the engagement length w.”, where
We 1s a tangential equation (w. = o tan 6), & 1s the random angle of fibre orientation
in a FRC element, o is an empirical value depending on type of fibre. So, the basic

criteria of the model and the use of this engagement length are: (1) when the crack
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opening displacement or crack width w is smaller than w. and bigger than the fibre
embedment length L. (w <we and w > La ), there is no pulling force developed in
the fibre. (2) The pulling force is only developed when the crack opening
displacement w is in between the engagement length we and the fibre embedment
length Lo (We <w < La).

Technically speaking, the VEM are also based on the same principles as the
theory for tensile strength of FRC composite discussed in previous sections. In here,
the ultimate tensile strength of an FRC composite is denoted as fir (= ocu ) and it is
given in a form of

fer = Kraspsty (2.28)
where oy is the fibre aspect ratio (= Ly/Dy), pris the same as Vy or the fibre volume
fraction, and 7 is defined as the bond stress between the fibres and the concrete
matrix (same as 7, the ultimate bond strength of fibre matrix interface). Voo and
Foster (2003) proposed the ultimate bond strength  to be proportional to \/ as
shown by

7, =k \/E (2.29)
where k» 1s a bond factor and taken as 0.8 for hooked-end fibres, 0.6 for crimped
fibres, and 0.4 for straight steel fibres.

One of the main contributions of VEM is the term Ky, a global orientation
factors, that has the same role as the orientation factors #n, and n’» described earlier
in ow [Eq. (2.14) or Eq. (2.20)], but this factor Kris not taken to be a constant value
as proposed by Swamy et al. and Lim et al. (1987) (discussed above).

With respect to the derivation of the factor n’» shown by Eq. (2.22), this factor
Kris also a mean value of the probability function over the domain of fibre
orientation. The VEM’s domain of fibre orientation is different to the one used by
Lim et al. (1987); it is a function of the crack width w. Detailed derivation of Krcan
be obtained in a paper by Voo and Foster (2003).

By assuming the failure of FRC composite is solely by the fibre-matrix

interface bond failure or the fibre pull-out mechanism, the final from of Kris:

Lo (v ], 2w2<05 0.645 230,
f= g Ly Ly) =7 a]9'45 '
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where as is defined as the engagement parameter that is empirically taken to be
proportional to the fibre aspect ratio (ay = Ls/Dy), that is au =1/(3.507). w is the

crack width, and there is no specific equation for w given in VEM.

Application of VEM for shear design of FRC beams

Foster (2010) proposed an application of VEM to be applied to the shear strength
component contributed by FRC shown in Fig. 2.10, that is:

Vraf = Kra fef bw zcot 6 (2.31)
where k7 1s a reduction factor due to the fibre dispersion, taken as ks = 0.82. by is
the width of the beam section, z is the depth of between the centroids of
compression and tension reinforcing bars. The ultimate tensile strength of FRC
composite firis given earlier in Eq. (2.28) which is essentially a function of the
crack width w, and Foster (2008) proposed a simple equation for w, that is:

w = 0.2 +1000¢, = 0.125 mm (2.32)
where the longitudinal strain & is calculated at the mid-depth of the beam’s section.
Model Code 2010, Foster (2010), and Collins et al. (2008) have provided the

equation for the longitudinal strain &.

+

Fig.2. 10 — Shear component due to the presence of fibres in SFRC beam [taken
from Foster (2008)]
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Application of VEM for punching shear design of FRC slabs

Maya, Ruiz, Muttoni and Foster (2012) incorporated VEM with the critical shear
crack theory (CSCT) [Muttoni (2008)] to predict the ultimate punching shear
strength of an SFRC slab. As similar to other methods, the total punching shear
strength of the method VEM+CSCT is also a summation of two components such
as
V= Ve + Vg

where V. is the shear strength contributed by non-fibrous concrete component
determined by the CSCT method which was already discussed earlier by Egs. (2.3)
and (2.4) in Section 2.5.1. Vs is the shear contribution from FRC composite. The
VEM’s ultimate tensile strength fir [Eq. (2.28)]is assumed uniform across the
inclined crack surfaces, therefore the equation of Vzr was simply expressed as

Var = for A (233)
where A is the horizontally projected area of the punching shear failure surface, the
inclination of the failure surface can be taken as 45 °. The uniform tensile stress is
calculated using the crack opening w at a control distance d/3 from the bottom face
of the slab. Muttoni and Ruiz (2010) proposed the crack opening at this location to
be a function of slab rotation y, that is

w=1d/6 (2.34)

To calculate the ultimate punching shear strength, complex procedures and

iterative analysis are needed. Note that the equation of the slab rotation itself is also
a function of the variables such as the applied shear load V" and the shear load Vex
by yield line analysis; where Vex depends on the ultimate moment capacity that is
also influenced by the fibre parameters. Therefore, all these make the CSCT+VEM

method complex for practical application.
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Method by Higashivama et al. (2011)

Hagashiyama, Ota, and Mizukoshi (2011) investigate the influence of SFRC on the
punching shear strength of a slab by conducting the punching shear test of 12 small-
scale slabs (1.2 m x 1.2 m, 100 mm thick), hooked-end steel fibres were used. The
fibre volume fraction was varied from about 0.6% to 1.0%. The design method by
JSCE (Japan Society of Civil Engineers 2008) for predicting the punching shear
strength of RC slab was modified to be applicable for SFRC slabs. The modification
is based on the design method by Narayanan and Darwish (1987) as discussed
previously. Hagashiyama, Ota, and Mizukoshi (2011) proposed punching shear

strength V, equation to be as follows.

W = ﬁdﬁpﬁr(fpcd + vf)upd (2.35)
where

foca = 0.2/f! < 1.2 N/mm? (2.36)

v; = 0.417F (2.37)
1/4

Ba = (?) <15 (2.38)

B, = (100p)'/3 < 1.5 (2.39)
1

br= 1410 025u/d (2.40)

U, = (u+ nd)(1 — 0.32F) (2.41)

F= <L—f> Vin (2.42)

Df i .

where fycd is the shear strength due to the plain concrete, vris the shear strength
increment due to the presence of fibres (same as Eq. (2.25)); 1 is the average bond
stress, taken as 4.15 N/mm?; u, is the critical perimeter calculated at 0.5d away from
a column face with round corners with an empirical reduction factor (1- 0.32F) to
account for the influence of FRC on the critical section (according to Narayanan
and Darwish (1987)); u is the length of the column perimeter. F is the fibre factor
which is calculated the same as the fibre factor given in Eq. (2.26) by Narayanan
and Darwish (1987). fa is the size effect factor; fp is the factor to take into account
the influence of reinforcement ratios; /- is the reduction factor to account for the

effect of column width-to-depth ratio.
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Several researchers have also proposed design methods which are mainly
based on the approach that uses fibre parameters to approximate the shear strength
of an SFRC. Some these researchers are: Harajli et al. (1995), Choi et al. (2007),
Nguyen-mind et al. (2012), and Gouveia et al. (2014). Their respective methods are

not covered in detailed in this study.
2.6 Summary

This chapter summarises past studies and research on the punching shear strength of
both reinforced concrete (RC) and fibre reinforced concrete (FRC) slabs. From the
literature review above, a key summary is as follows:

Punching shear design is critical for both RC and FRC slabs. Design rules for
RC flat slab system were initiated around the 1970s to 1980s. Since then, punching
shear in concrete slabs has been on-going research topics. Research on FRC slabs
are relatively new compared to conventional RC slabs.

Influences of several structural parameters on the punching shear strength
were discussed in Section 2.3. The key parameters that the author investigates in
this study are: (i) The flexural reinforcement (the effect of low reinforcement
ratios), (i1) the concrete strength (the effect of high strength concrete), (iii) the
column aspect ratio (the effect of column rectangularity), and (iv) the steel fibre
reinforced concrete, particularly the influence of the double hooked end fibres. The
review showed that further investigations on these parameters are still needed.

In Section 2.5, the author discussed details of past research and design
methods that have addressed the influences of the key parameters on the punching
shear strength as highlighted in the previous paragraph. The author will use some of
the literature in Section 2.5 to compare, validate with test results and existing data;
and they will also be the main references for the development and comparisons of
the author’s proposed design methods that will be presented later in Chapter 7 and
Chapter 8.



REVIEW OF DESIGN CODE PROVISIONS, GUIDELINES,
AND ANALYSIS METHODS

3.1 Introduction

This chapter covers some relevant Code provisions, design guidelines and also
analysis methods for both reinforced concrete (RC) slabs and fibre reinforced
concrete (FRC) slabs. ACI 318’s and Eurocode 2’s design provisions for punching
shear in concrete slabs without shear (traverse) reinforcement are presented and
reviewed. Singapore has recently (since 2012) adopted Eurocode 2 as the national
code for design of concrete structures. The previous Singapore Code CP65-1 (1997)
was essentially based on the old British code BS 8110-1 (1997). Other codes such
as Australian Code (AS 3600-2001), New Zealand Code, NZS 3101-2006 (NZS
2006), Canadian (Code CSA-A23.3-04) treat shear design of concrete slabs the
same way as ACI 318 does (American Code). Therefore, in this study, only ACI
318-14 and Eurocode 2 are considered, since the ACI Code and the Eurocodes have
been widely adopted by many countries.

In this chapter, the author discusses code-like design guidelines that are
particularly applicable to the design of FRC slabs. These design guidelines are from
the ACI-544.6R report prepared by ACI Committee 544 (2015), the TR34
(Technical Report 34) by the Concrete Society (2015), and Model Code 2010 by fib
committee 65-66 (2012).

The author briefly discusses some of the common analysis methods for
calculating moments in two-way slabs such as the direct design method and the
equivalent design method. A yield-line analysis for calculating the failure load of a
ductile slab is also discussed. Equations of the shear (failure) loads corresponding to
several yield line patterns that are relevant to the author’s current research works

are presented.

8]
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To design a slab, a typical design procedure listed below can be followed:

1. Select a trial thickness /4 of a slab to satisfy the requirements for the
deflection control at service load conditions, which can be the minimum
slab thickness as provided by ACI 318-14’s Sect 8.3 or Eurocode 2’s
Sect 7.4. Note that the minimum thickness of a slab is influenced by the
types of slab systems, the strength of the reinforcements (considered by
ACI), reinforcement ratios (considered by EC 2). Essentially, the trial
thickness can be approximated as L»/30, where L is the clear span in the
longer direction.

2. Select the analysis methods for calculating and distributing bending
moments in the slab. The methods can be the computer finite element
analysis (FEA) method, the direct design method (covered in Section
3.4.1 of this thesis), and equivalent frame method (covered in Section
3.4.2 of this thesis).

3. Obtain the distributed moments in critical regions where negative and
positive bending moments are highest.

4.  Determine the flexural reinforcements required for the moments
obtained in step 3.

5. Check that the punching shear strength of a slab at the column-slab

connection is not lower than the design load.
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3.2 Code provisions for punching shear

3.2.1 ACI 318-14 (2014)

According to the American Concrete Institute ACI 318-14(2014), in Section
22.6.5.2 of the code, the punching shear strength V. of slabs without shear

reinforcement can be determined from the lowest of the following expressions:

V. = 42\/f!bod (U.S. units)
=%/1 f/b,d (SI units) (3.1a)
4 .
V= (2 + E)/l b, d (U.S. units)
= L2+ D\ /b (STunit 3.1b
—12< ,3> fdb, (SI units) (3.1b)
asd .
V.= (2 + , )l\/ﬁbod (U.S. units)
(0]

(ST units) (3.Ic)

_L (2 + “sd> WFibyd
12 b,
Note: SI units: [MPa, mm]; U.S. units: [psi, in.]
where
B 1is the ratio of the lengths of the long and short sides of a rectangular
column or loaded area is larger than 2.0; for the nonrectangular
columns, B can be calculated as illustrated in Fig. 3.1(a).

as  is taken to be 40, 30, 20 for interior, edge, and corner columns,
respectively;

b,  is the length of the critical perimeter located at 0.5d away from the
column face as illustrated in Fig. 3.1(b). For a circular column, the
critical section can also be defined by assuming a square column of
equivalent area.

A is taken as 1.0 for the normal-weight concrete. It is the modification

factor ranging from 0.75 to 1.0 for different types of concrete (i.e

53
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normal-weight, lightweight concrete, etc.)

Discussions: The influences of flexural reinforcement and size effect are
neglected in the ACI Code equations. ACI 318-14 does not limit the maximum
concrete strength f’c for general uses, but the value of Vf’c used to calculate shear
strength V¢ is limited to 100 psi or 8.3 MPa. An increase in the shear strength due to

fibre reinforced concrete (FRC) has not been considered in ACI Code.

J \—Crltlcal section
(22.6.4.1)
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Fig.3.1— (a) Value of B for nonrectangular columns; (b) Critical sections of circular
column and rectangular columns

3.2.2 Eurocode 2 (2004)

According to the Eurocode 2’s Sect. 6.4, the punching shear resistance Vzac of a

slab without shear reinforcement is given as follows.

Vrae = 0.18k(100pf)3ud = vypiusd (SI units)
= 5k(100p£)Y3u d = vpuqd (U.S. units) (3.2)

Note: SI units: [MPa, mm]; U.S. units: [psi, in.]

where

k is the size effect coefficient, taken as &k = 1+V(200/d) <2.0 (in SI units);

k= 1+V(8/d)<2.0 (in U.S. units).

p is the average flexural reinforcement ratio, or p =V(p«py)

w1 is the critical shear perimeter located at a distance 2d (2 times the
effective depth) away from the column faces and it has around corners
as shown in Fig. 3.2.

Vmin is the minimum shear strength, taken as vmin = 0.0356>(f")"? (in SI

units); or vmin = 0.42 K¥*(f"¢)"* (in U.S. units)

The EC2’s basic shear strength ve = 0.18k(100pf”c)" is essentially the shear
strength corresponding to the cross-sections at the end of an idealised shear-failure
plane. The inclination of the failure plane is taken to be about 26.6°; hence, the
critical shear perimeter u; is located at a distance 2d or about [cot (26.6°)xd] away
from a column face. The EC2 equation does not specifically limit the compressive
strength of concrete in the shear equation like the case of the ACI Code. However,
in Eurocode 2 (2004) Section 3, the provision for concrete strength /¢ is provided
up to 90 MPa.

Discussions: The EC2 equation neglects the effect of column rectangularity in
symmetrically loaded slabs. However, for a case where an unbalanced moment is
transmitted by uneven shear and by bending and torsion, the design load should be

increased or the punching shear capacity should be reduced by a factor that is a
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function of column aspect ratio. Eurocode 2 does not consider an influence of fibre

reinforced concrete (FRC) on the shear strength of a concrete member.

2’5’ 2d ===~
__,__..___\/Lh & N u
4 I \ / \’\/
! | 2d 4 Y
|
bz| 1! : ?\; :
l ! . .
\ I | !
\ / \ !
Mgcincn o, wi o v gl W 7
by
-

Fig.3. 2 — Typical basic control perimeters. Note by and bz are the lengths of the
long side and the short side of the critical perimeter, respectively (taken
from Eurocode 2 (2004))

3.3 Non-code design guidelines for punching shear

3.3.1 ACI 544.6R-15 (2015)

ACI Committee 544 (2015) provides design approaches for Steel FRC (SFRC)
slabs in the report ACI 544.6R-15. In Section 6.3 of ACI 544.6R-15, it is interesting
to point out that that the punching shear failure is considered as not critical in SFRC
flat-plate slabs. In another word, ACI 544.6R only considers the flexural design of
the SFRC slabs.

In ACI 544.6R, two approaches to evaluate the moment capacity of an SFRC
slab have been proposed, such as: (1) the first approach is based on the post-
cracking residual strength concept of FRC; (2) the second approach is based on the
results obtained from round slab tests and applying yield-line analysis to determine
the corresponding moment capacity.

First approach:

The moment capacity obtained using the first approach is rather
straightforward and was developed based on the fibre concrete behaviour shown in
Fig. 3.3. Some simplifications were made, and the ultimate moment capacity per
unit width of a FRC section can be calculated by the following expression.

3uw

my, = ,u-l-_a)mcr (ST units) (3.3)
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where parameters p (< 1.0) and o (> 1.0) represent a reduction in tensile stress and
an increase in the compressive strength due to a presence of FRC, respectively. The
moment at first crack mer is taken as me = 0e-h*/6; ocris tensile stress at first crack
(or modulus of rupture) which ACI 318-14 provides this value to be approximated as
oer="1.5\f"c (in U.S. units) or ger= 0.625Vf" (in SI units).

Second approach:

In the second approach, the yield line analysis is applied to a round slab
specimen that is simply supported around the edge and loaded at the centre shown
in Fig. 3.3 (b). Therefore, take the yield line pattern to be circular fan and the

loading area to be a concentric point load, the moment capacity can be given by

P
my, = ’2";" (3.4)

where Pnmax is the failure load of a round FRC slab specimen. Note that yield line

theory is reviewed and discussed later Section 3.4.3. ACI 544.4R (2009) also

provided an empirical equation for calculating moment capacity of an FRC beam

which will be discussed later in Section 3.4.3.3.

(b)

Fig.3. 3 — (a) Idealised strain-softening FRC models for: (left) tension; and (right)
compression). (b) a simply supported round slab and its corresponding
circular fan yield line pattern. (taken from ACI 544.6R-15)
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3.3.2 TR 34 by Concrete Society (2015)

The Concrete Society (2015)’s TR 34 (Technical Report 34, edition 4) provides a
design equation for calculating the punching shear strength of an FRC slab shown.
The method is based on the Eurocode 2 equation and the recommendations by
RILEM (2003). The punching shear strength comprises of two components such as
the shear strengths contributed by the non-fibrous reinforced concrete v. (EC2’s
equation, Eq. (3.2)) and by the FRC vz. TR 34 recommends to use only 50% of the
RILEM’s shear strength vr (= 0.5%0.12f). The method can be summarised as

follows.
Viea = (v + v)ud (3.5)
where
ve = 0.5%0.12f,. = 0.06f, (3.6)
fr=@/Dr1 + fro+ frz+ fra) (3.7)

The shear strength vc is given by the EC2 equation in Eq. (3.2), or vc =
0.18k(100pf")"3 ; the average residual flexural strength f is taken to be the average
value of fi1 , fr2, fr3 and fr4, which are the residual flexural strengths corresponding
with the CMOD (crack mount opening displacement) = 0.5, 1.5, 2.5, and 3.5,
respectively. In which, f;; = (3Fjl)/(2bh’sp), where Fj is the load at each CMOD; [, b,
and /s are the dimensions of the beam specimen defined in EN 14651. Figure 3.4
shows an example of the load ' - CMOD response curve of a notched FRC beam,

taken from EN 14651 (2007).

T
I
I
I
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I

! CMOD (mm)

.=15  CMOD,=25 CMOD,=35

Fig.3. 4 — Example of the load-CMOD response curves (EN 14651 2008)
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3.3.3 Model Code 2010

Similar to the TR34 as discussed above, the shear strength due to FRC vris linearly
added up to the basic shear strength of non-fibrous reinforced concrete v to become
the total punching shear strength Vzs as shown by

Vea = (v + vf)bod (3.8)
where, ve and vy are subsequently described as follows:

The basic punching shear strength vc here is based on the critical shear crack
theory (CSCT) (Muttoni 2008) reviewed in Chapter 2, the punching shear strength
ve [Eq. (3.9)] is a function of V/"-and ky; where ky (= 1/[1.5+0.9kagyd)]) is a factor
accounting for the opening and the roughness of the cracks. The formulations of the

shear strength are as follows.

1
v, =k =/ f". 0.6 1" 3.9
e =R 1.5+ 0.9k, wd S S 3:9)

where
r, J,
=15 (3.10)
ko = 163+2d (3.11)

The slab rotation i is calculated using the simplest form of equations for
approximating the rotation of a slab provided in Model Code 2010. Other robust
forms of equations need an iterative analysis. The basic control perimeter bo has
round corners and it is calculated at d/2 away from the column faces. kqg is the size
effect factor that depends on the maximum aggregate size da. s is the radius of the
slab (= half of a slab length or 0.22L) where L is column-to-column span. The
maximum value of \f"in Eq. (8) is limited to 8.0 MPa. In Eq. (8), da is taken to be
zero for high strength concrete (f°-> 70 MPa) and for lightweight concrete.

The shear strength contribution due to the presence of FRC vy can be derived
based on the simplified post-cracking constitutive laws in Sect 5.8 of the Model
Code 2010. Model Code 2010 provides two equations for calculating vz. The first
equation shown in Eq. (3.12) is based on the constitutive law called “rigid-plastic

model” in which the residual tensile stress is assumed a constant (= f3/3) at any
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crack opening. The second equation shown in Eq. (3.13) is based on the “linear
model” where the residual tensile stress is 0.45 fiat the tip crack opening and
linearly proportional to the maximum crack opening w., with the wy taken to be 1.5
mm in Eq. (10). The two equations of vrare:
Frist method, from the rigid — plastic model [Fig. 3.5(a)]
vr = f,/3 (3.12)
Second method, from the linear model [Fig. 3.5(b)]:

W,
v; = 0.45f,, — ﬁ(OAS fi1— 0.5fr3 + 0.2f1)

== 0.45f1~1 - 0.6(0.65fr1 - O-Sfr3)

(3.13)

Rigid-plastic model Linear model
6- I ) 6- »
L =
& & Post-crack hardening
o fl/3
g Of = fr3j3 S
v v
© = _
- = . Post-crack Softening
@ Wy . 4 Wy o
o g < >
Crack width, w Crack width, w
(a) (b)

Fig.3. 5 — Constitutive laws of fibre reinforced concrete

It can be seen that the second equation of vrin Eq. (10) takes into account the
post-crack hardening and also post-crack softening behaviours of the cracked FRC
members. Since these post-crack behaviours were observed and will discussed in
the chapter, the authors use vrin Eq. (3.13) for the Model Code 2010’s method for

the subsequent analysis and comparison with the test results.



Review of Design Code Provisions, Guidelines, and Analysis Methods 61

3.4 Analysis methods

3.4.1 Direct design method

The direct design method is an approximate analysis method to determine the
distributing bending moments in uniformly loaded two-way slabs, which is
applicable for both flat slabs system and beam-slabs system. ACI 318-14 Section
8.10 provides the provisions for this method. Two-way slabs can be designed using
the direct design method if the following limitations are satisfied:

1. There should be at least three continuous spans in each direction.

2. Column-to-column span lengths should not differ by more than one-third the
longer span

3. Panels (slab bay) should be rectangular, with the aspect ratio not to exceed 2
(the ratio of the longer to shorter sides of the panel, measured centre-to-centre
of supports).

4. Column offset shall not exceed 10% of the span in the direction of offset from
either axis between centrelines of successive columns.

5. All loads should be due to gravity only and uniformly distributed over an
entire panel.

6. Unfactored live load shall not exceed two times the unfactored dead load.

7. For a panel with beams between supports on all sides. The relative stiffness
requirement provided in ACI 318-14 Sect. 8.10.2.7 should be satisfied (details
are not needed in this study).

Application of the direct design method is to determine the factored static
moment M, in each slab panel that is then distributed to critical design moments
(negative moments, positive moments) in various regions of a slab structure. The
regions of a slab structure are defined by longitudinal strips such as the column
strips and the middle strips as illustrated in Fig. 3.6. Comprehensive design
examples using the ACI direct design method are provided in a textbook by
McGregor and Wight (2000 4™ edition in SI units).

Note the procedure of the direct design method is summarised and provided in

Appendix C.
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Discussions: The direct design method is a simple approximate method to
calculate the distributed moments in a two-way slab structure. In most cases, the
method will give reliable and conservative analysis results. Thus, considering the
complexity of analysis and calculation efforts, the direct design method is
substantially more effective than other approximate methods such as the equivalent
frame method (discussed in next section). It is an efficient design tool for
determining the preliminary slab dimensions and flexural reinforcements. The
preliminary design can then be counter-checked by more advanced analysis

techniques such as the finite element method.

Column strip
in E-W direction

Column strip

Middlestrip’c\ ) o
in N-S direction

in N-S direction

Middle strip
in E-W direction

Floor Plan

Fig.3. 6 — Flat plate floor plan showing column strips and middle strips in both
directions
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3.4.2 Equivalent frame method

The equivalent frame method is also an approximate method that is more complex
and complete the direct design method. The equivalent frame method is based on
past studies reported in Corley, Sozen, and Siess (1961), Corley and Jirsa (1970).
The provisions for the equivalent frame method is provided in ACI 318-14 Section
8.11.

In the equivalent frame method, the design loads need not be restricted to
uniformly distributed loads only; the lateral loads are permitted in the analysis, a
slab structure having only two spans in both directions are eligible. Essentially, the
method utilises the conventional two-dimensional frame analysis techniques to
determine the distributions of moments and shears. According to ACI 318-14
Section 8.11, the width of each equivalent frame is bounded by the centrelines of the
adjacent panels as shown in Fig. 3.7. The equivalent frame consists of three parts:
(1) the horizontal slab strip, including any beams spanning in the direction of the
frame; (2) the columns or other vertical supporting members, extending above and
below the slab; and (3) the elements of the structure that provide moment transfer
between the horizontal and vertical members.

Discussions: Although the equivalent frame method is more versatile than the
direct design method, but the analysis requires considerable calculation efforts. The
frame analysis is also highly repetitive and almost impractical to be done manually.
Thus, computer programmes are necessary to aid the analysis. With constantly
improving and affordable technologies, there have been a number of FEA (finite
element analysis) software that can perform complex analyses of a whole structure
with high accuracy, reliability, and time efficiency. Therefore, in current practice,

the equivalent frame method may not be a preferred choice as before.
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Column strip £,/2

SExterior equivalent frame

One-half Edge
middle strip Centerline
f I adjacent

L) 7 panel
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Slab-beam o
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Fig.3. 7 — Definition of equivalent frame (ACI 318-14)

3.4.3 Yield line theory (limit analysis)

3.4.3.1 Background and limitations

Yield line theory is the method for the analysis of reinforced concrete slabs which
was first introduced by Ingerslev (1923), and Johansen (1962) extended the theory
into the more advanced form. The yield-line theory is an upper-bound approach for
calculating the flexural strengths of ductile slabs, which means that the calculated
load using the yield line analysis is either greater than or equal to the correct failure
load. Park and Gamble (2000) have comprehensively detailed and discussed the
basis of yield line theory and other aspects of reinforced concrete slabs in their
book. From the review of past works on yield line theory, following summaries are
made:

The ultimate load of a slab system is determined by postulating a collapse
mechanism which has to be compatible with the loading and boundary conditions.
A collapse mechanism is initiated by the plastic rotations of several slab segments
bounded by the yield lines, in which concrete plastic hinges are assumed to occur
along the assumed yield lines. Therefore, for the collapse mechanism to be
completely developed, slab sections need to be sufficiently ductile to allow

redistribution of moments, which permits the reinforcements across the yield lines
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to yield. Note that the term “yield line” is indeed an idealised straight line of a band
of flexural cracks across the yielded reinforcements.

One of the challenges in the yield line analysis is to identify the admissible
yield line pattern of a slab that can represent the actual failure mechanism. If an
incorrect pattern is used, the calculated ultimate load can be unsafe for design.
However, most of the common yield line patterns in practice are generally known.
To construct a possible yield line pattern of a slab, following basic rules can be
applied.

(1) Yield lines must be straight lines which act as axes of rotation for the
movements of the slab segments.

(2) The supports or the lines of supports of the slab must form axes of rotation.

(3) Deformation of each slab segments must be compatible, so a yield line must
pass through the intersection of the axes of rotation of the adjacent slab
segments.

Examples of yield line patterns with various support conditions are shown in

Fig. 3.8.

intersection of axes

l.’/i']' MNegative moment

Yield lines

Yield line passes lhfough/A

Negative moment
3 yield lines
_A‘ .

! 4 A - 1
, ! Positive moment
\%/ yield nu

Positive Moment
Axes Yield line

{a) Slab supported on three walls, (c) Slab supported on three walls.

—_— 1‘ Axes Axis | \
' " . Columns

Yield lines -
..-'—-—"_-'--F
\\ ! / Axes
— Simply supported edges _ i
1]
] ZSirn;:ul)iI supported edgasA
(b) Trapezoidal simply supported slab. (d) Slab with simple supports and columns.

Fig.3. 8 — Examples of yield line patterns (McGregor and Wright 2005)
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Limitations of yield line theory: Yield line theory is most applicable for the slabs

with uniform arrangement of reinforcement in both directions (isotropic
reinforcement). If the reinforcements are orthotropic (non-uniform arrangement in
both directions) and non-orthogonal in the x and y directions, the analysis may lead
to an inaccurate prediction of correct yield line patterns and ultimate loads. For this
unusual case, a more complex yield line analysis method (analysis by the
equilibrium method) may be used. Note that the equilibrium method is not covered
in this thesis.

The theory requires a slab section to be ductile; however, it can be somewhat
challenging to determine whether or not a given reinforcement ratio can satisfy the
ductility requirement. This can lead to an issue when the shear (brittle) failure may
occur before the calculated ultimate strength using yield line analysis is attained.
Note that yield line theory cannot provide other design data such as the slab
deflection and flexural stress at any state of non-ultimate loading (i.e. at service

load state).
3.4.3.2 Calculation of the ultimate load using yield line analysis

To calculate the ultimate load of a slab using yield line analysis, two approaches
can be used which are (1) the virtual work method; and (2) the equilibrium method.
In this study, only the virtual work method is considered. At equilibrium, the
principle of virtual work states that the external work Ur must be equal to the
internal work Uj, that is
Ue=Us

where the external work U is a summation of the products of all given applied
forces to a rigid body and their corresponding virtual (arbitrary) displacements.

For cases of flat-plates supported on columns, the external force is the
reaction acting on the column stub’s centroid; at ultimate, this reaction becomes the
ultimate load of the slab or the shear load that causes the reinforcements across the
yield lines to yield. This load can be denoted as Vyer. Thus, take a virtual
displacement J parallel to the direction of the external force to be a unit

displacement (6 = 1), note that this virtual displacement can be any arbitrary value
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and it will be cancelled out eventually. Thus, the external work Ur can be expressed
as:
Ut = Viiex X & = Vitex x 1.0
The internal work Ur is a summation of the (Vector) products of all the
internal stresses induced by the external forces and the corresponding strains. For
yield line theory, the internal work is the work done by the plastic rotation along

each yield line, which is given by
Ur=2 (mx 0% 1)

where m is the moment capacity per unit length along each yield line. € is the
rotational angle of each yield line, which is the ratio of the relative virtual
displacement (proportional to §) to the rotational length normal to the direction of
the yield line. / is the length of each yeild line. Therefore, by applying the principle
of virtual work (Ue = Uy), the ultimate load V7ex can then be obtained.

Some of the common yield lines patterns for slab specimens in punching
shear tests are shown in Fig. 3.9. where, Fig. 3.9(a) is the yield line pattern for a
lightly reinforced rectangular slab supported on the column and loaded around the
edges; the pattern in Fig. 3.9(b) is for a lightly reinforced rectangular slab simply
supported along the four edges and loaded through the column. Fig. 3.9(c) is the
circular fan yield line pattern for a slab with medium to higher reinforcement ratios
and for a slab containing fibre reinforce concrete which is also recommended by the
ACI 544.6R (discussed earlier in Section 3.3.1).

In this current work, the equations of the ultimate load V7ex of the three yield
line patterns as shown in Fig. 3.9 are presented below in Egs. (3.14) to (3.16),

respectively. The derivation of each equation can be obtained in Appendix C.

Vflex
2 _1\& )
_ 4+2 (01 1) L, (For Fig. 3.9(a)) (3.14)
2z e
7 C0Sg ~ L
4L, 4L, ,
Vitex = My ( oot cl> (For Fig. 3.9(b)) (3.15)
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Vitex = My (@ + 2n> (For Fig. 3.9(c)) (3.16)

where c1 and ¢2, L1 and L> are the dimensions of the column and the slab,
respectively, as shown in Fig. 3.9. r is the radius of circular yield line or the
distance from the column face to a point load, (for design purpose, » can be
assumed to be 0.2, that is the distance from the column to the inflexion point in a
flat plate floor). m. is the ultimate moment capacity per unit length that can also
consider the influence of FRC. The details of m, are discussed immediately in the
next section.

Note for some simple cases, where square columns and typical ranges of the
column width to span length ratio are used; the ultimate load Vzex can be simply

approximated (Park and Gamble 2000, Muttoni 2008) as Viiex = 8mu.
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Fig.3. 9 — (a) yield line pattern a ductile slab loaded around the edges; (b) yield line
pattern for a simply supported ductile slab; (c) circular fan yield line
pattern
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3.4.3.3 Ultimate moment capacity of RC and FRC slabs

Reinforced concrete (RC) slabs:

According to the ACI method for calculating the flexural strength of a singly
reinforced slab or beam. For a non-fibrous concrete slab, the moment capacity per
unit length my can be calculated as follows.
v,

m, =pd zfy (1-0.59 7 (For RC member) (3.17a)

where p is the average reinforcement ratio f; is the yield strength of the
reinforcement, fc is the (cylinder) compressive strength of the concrete; d is the
average of the effective depths in both directions. For simple analysis purposes the
term (1 — 0.59p £,/f’c) in this moment capacity mu can be approximated as 0.95
without causing significant errors,. Thus,

mu = 0.95pd *f; (3.17b)

The influence of bottom (compressive) reinforcements on the moment
capacity of a slab is considered insignificant; Park and Gamble (2000) have showed
that design errors caused by the omission of bottom reinforcements are negligible.

Fibre reinforced concrete (FRC) slabs:

There is no standard design rule for calculating the moment capacity of SFRC
member yet. The TR 34 method uses the classical beam bending approach to derive
a standard equation for calculating ultimate moment capacity per unit width for an
SFRC member, where tension controlled failure is assumed. The concrete tensile
stress along crack openings is included in the analysis that leads the following

equation.
m, =h*(0.160,,+0.290,,) +pd’ f,(1- 0.0483)

L (For FRC member)
=h*(0.072f,, +0.107 f,,) + pdzfy 1- 0.0485)

(3.18)
where on (= 0.45f+1) and o4 (= 0.37f14) are the equivalent tensile stresses [RILEM
(2003)] at the neutral axis (tip of the crack opening) and the at the maximum crack
opening at the tension face, respectively. Note m. in Eq. (3.18) may not be accurate

for calculating the moment capacity of an FRC slab with high reinforcement ratio
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because the compression-controlled failure may govern. A more complex form of
my 1s also provided in the TR34 (The Concrete Society, 2003) which requires an
iterative analysis.

ACI Committee 544.4R (2009) provided a method for calculating moment
capacity of a beam containing both conventional reinforcement and fibres. The
method was developed by Henager and Doherty (1976) which based on the ACI
method for the ultimate moment capacity of a singly-reinforced concrete beam, and
the basic design assumptions of the method is shown in Fig. 3.10. The ultimate

moment capacity My of a singly-reinforced FRC beam is expressed as follows:

a 1
M, = Asfy (d =) +50b(h—e)(h+e - a) (3.19)

2/ "2

where

e = [ess +0.003]c/0.003 (3.20)

Ly
0r = 0.00772Fye Ve (57) (3.21)

f

a is the depth of rectangular stress block; /4 is the beam thickness; b is the width of
the beam. 45 and f; are the cross-sectional area and the yield strength of the
reinforcement. e is the distance from extreme compression fibre to top of tensile
stress block (Fig. 3.10); ey is fibre strain (o7/Es) based on the fibre stress developed
at pull-out state, this stress is termed the dynamic bond stress and take as o= 333
psi or 2.3 MPa. c is the distance from extreme compression fibre to neutral axis
found by equating the internal tension and compression forces. a: [Eq. (3.21)] is the
approximated tensile stress in the tension side of the neutral axis (See Fig. 3.10);

Ly Dr1is the fibre aspect ratio (the fibre length-to-diameter ratio); V7 is the fibre
volume fraction; Fe is the bond efficiency of the fibre 1.0 to 1.2 depending on fibre

characteristics.
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Fig.3. 10 — Design assumptions for analysis of singly reinforced concrete beams
containing steel fibres (Henager and Doherty, 1976)

3.5 Summary

The author discussed the Code equations such as ACI 318-14 and Eurocode 2
(2004). ACI 318 has not considered the influences of reinforcement ratio and size
effects in its shear equation. Eurocode 2 neglects the effect of column rectangularity
in its shear equation. Both of the codes have not explicitly addressed the effect of
low reinforcement ratio on the punching shear strength.

Other code-like design guidelines for SFRC slabs were discussed. These
design guidelines are from the ACI-544.6R report prepared by ACI Committee 544,
the TR34 (Technical Report 34) by the Concrete Society (2015), and Model Code
2010 by fib committee (2012). The ACI 544 method does not explicitly consider the
punching shear failure to be critical for SFRC slabs. Both TR 34 and Model Code
2010 adopt the approach that uses the residual tensile strength obtained from the
notched beam test (EN 14651:2007) to predict the punching shear strength of an
SFRC slab.

The author also discussed some of the common analysis methods for
calculating moments in two-way slabs such as the direct design method and the
equivalent frame method. A yield-line analysis for calculating the failure load of a
ductile slab and its limitations were discussed. Equations of the ultimate failure
loads corresponding to several yield line patterns that are relevant to the author’s
current research works were presented. Equations for calculating the ultimate

moment capacity of an SFRC slab were discussed and presented.



EXPERIMENTAL PROGRAMME

4.1 Introduction

In this experimental programme, 22 slab specimens were tested to failure under
symmetric punching loads. The specimens were designed to model the negative
bending moment region of an interior column as highlighted in the prototype floor
plan Grid B-2 shown in Fig. 4.1. Note that the slab models can also be represented
by other grids of interior columns in Fig. 4.1 such as Grid B- (3 to 6), C-2 and C-6.
The dimensions of all specimens represent an actual model of the column zone of
flat plates having column-to-column spans of about 5.0 to 6.0 m, that is the radii
(half lengths) of the slabs are about 0.22 times the column-to-column spans. The
compressive strengths of the concrete used in the specimens are high strength, i.e.
f’e> 80 MPa. Some of the advantages of using high strength concrete (HSC)
compared to normal strength concrete (NSC) include an increase in cracking load of
the slab and a reduction in deflection at service load level due to higher tensile
strength and higher elastic modulus of higher strength concrete. In many cases of
flat plate floors, higher concrete strength is chosen to eliminate or reduce service
load cracking near the columns. As a result, the stiffness of the flat plate floor at
service load level remains close to its uncracked value, which leads further to a
reduction in long-term deflection. Higher concrete strength also leads to higher
durability in adverse environments. In this study, there are two series of
experimental programmes such as:

1. The punching shear tests of 12 high strength reinforced concrete (HSC) slabs

varying reinforcement ratios and column aspect ratios.
2. The punching shear tests of 10 steel fibre reinforced concrete (SFRC) slabs

varying steel fibre contents and reinforcement ratios.
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TYPICAL FLOOR PLAN

Fig.4.1— Idealised test specimen in flat plate structure

4.1.1 Objectives of high strength concrete (HSC) slab tests

Floor slabs with low reinforcement ratios is frequently encountered in the design of
flat plate floors for lightly loaded buildings, such as low-rise apartments to high-rise
condominium or office buildings. Figure 4.2 shows that the typical values of the
required flexural reinforcement ratios p (=4s/bd) in the column strips of the flat
plate floors can vary from approximately 0.3% to 0.6%. Those values are
considered low. The required reinforcement ratios plotted in Fig. 4.2 were obtained
using the ACI direct design method and the design data that is common for those
lightly loaded buildings.

Therefore, the slab specimens were designed to cover this low range of
reinforcement ratios as well as some of the higher range of reinforcement ratios to
provide a complete set of data. The strengths of the concrete used in this set of slab
specimens were more than 95 MPa. The objectives are:

e To investigate mainly the influence of flexural reinforcement ratios on the
punching shear strength of HSC slabs, and as well as other aspects such as

the yield line patterns and failure modes.
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e To investigate and further confirm the effects of the column rectangularity
on the punching shear strength of HSC slabs.

e To provide a new range of data for validating the author’s proposed design
method, and for verifying the applicability of existing design codes such as

ACI 318, Eurocode 2 and as well as other available design methods.
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Fig.4. 2 — Flexural reinforcement ratios for a typical column strip of a slab in a flat
plate building with various column spans and applied loading

4.1.2 Objectives of Steel fibre reinforced concrete (SFRC)
slab tests

Past researches have shown that steel fibres have many applications and advantages
on the overall structural performances of slabs. However, there is no available
standard design Code for design of fibre reinforced concrete structure yet.
Experimental data to support the development of design codes for FRP structures is
considerably scarce, and most of the published data are limited to normal strength
concrete.

This programme is a continuation to the HSC slab tests, it presents the
punching shear tests of a new set of high strength SFRC slabs varying fibre
contents. A new type of steel fibre, the double-hooked steel fibre, was used. The
strengths of the concrete used in all the specimens in this test program were about

80 to 100 MPa. The objectives of this set of the experiment are:
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e To investigate the influence of SFRC and a new fibre type, double-hooked
end steel fibre, on the structural performances of HSC slabs such as cracking
behaviours, failure behaviours and the emphasis is on the punching shear
strength.

e To provide a new set of SFRC slab data for validating the author’s proposed
design methods, and for assessing the existing standard guidelines such as
Model Code 2010, TR 34, ACI 544R and also other available design

methods.
4.2 Specimen Details and Material Properties

4.2.1 Details of 12 HSC Slabs

Table 4.1 summarises important properties of the 12 specimens. Essentially, the
varying parameters are (1) column aspect ratios, 1.0, 3.0, and 5.0; and (2) flexural
reinforcement ratios, 0.28% to 1.43%. The specimen notation represents the main
properties of the slab specimens. For example, specimen S13-143 indicates a slab
specimen with column aspect ratio of 1:3 (f = 3) and flexural reinforcement ratio p
of 1.43%.

The 12 slab specimens were categorised into three main groups: Sll series, S13
series, and S15 series, to represent their corresponding column aspect ratios c2/ci of
1:1, 1:3 and 1:5, respectively. Figure 4.3 shows the general dimensions; The overall
dimensions (L1 x L2 x h) of the slabs were 2.2 x 2.2 x 0.15 m for the S11 and S13
series and 2.7 x 2.2 x 0.15 m for the S15 series. The dimensions of column stubs
were 200 mm x 200 mm for the S11 series, 600 mm x 200 mm for the S13 series,
and 1000 mm x 200 mm for the S15 series.

Figure 4.4 shows the top (tension) reinforcement details of the 12 slab
specimens, all top and bottom steel reinforcement bars were provided with 180-
degree hooks at both ends to prevent any slippage. At least two reinforcing bars of
the top and the bottom reinforcements were specifically placed to pass through the
column core in both directions. The bottom reinforcements were designed to satisfy
ACI 318-14 minimum requirement for reinforcement ratio of 0.18% or 10 mm bars at

260 mm spacing.
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Table 4. 1 — Properties of 12 HSC slab specimens
No. | Slab ID | Dimensions Column d fe y2 p Bar size @
size spacing
(m) (m) (mm) (MPa) MPa | (%) (mm)
®» Q@ 3 (C)) (6)) (6) ) ®) (&) 10)
" 1 S11-028 120 459 | 0.28 T10@ 260
'% 2 | S11-050 | 22x2.2x0.15 0.2x0.2 117 112.0 537 | 0.50 T13@ 235
2 3 S11-090 117 537 | 0.90 TI3@ 118
z 4 S11-139 114 501 1.39 Ti6@ 118
% 5 S13-028 120 459 | 0.28 T10@ 260
'&% 6 | S13-050 | 2.2x2.2x0.15 0.6x0.2 117 114.0 537 | 0.50 TI3@ 235
o 7 | S13-090 117 537 | 0.90 TI3@ 118
“ 8 S13-143 114 501 1.43 Tl6@ 118
" 9 | S15-028 120 459 | 0.28 T10@ 260
£ [10 [S15-050 | 2.7%22x015 | 10x02 117 97.0 537 | 0.50 TI3@ 235
; 11 | S15-090 117 537 | 0.90 TI13@ 118
z 12 | SI15-143 114 501 1.43 Tl6@ 118
NOTE:
Concrete cover = 20 mm; maximum aggregate size = 20 mm
Same reinforcement is provided in both directions.
T10 @ 260 mm = 10 mm bars at 260 mm spacing
d  =average effective depth
f- = cylinder compressive strength of concrete
fy =yield strength of flexural reinforcement
p = average reinforcement ratio As/(Lx d) = (px+ py) /2
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Fig.4. 3 — General dimensions and loading positions of the HSC slab specimens.
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Fig.4. 4 — Top reinforcement details of the HSC slab specimens. Note F09 series
and F14 series slabs have the same details as S11-090 and S11-139,
respectively
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4.2.2 Details of 10 SFRC Slabs

Table 4.2 summarises the properties of the 10 slab specimens. The 10 specimens
were divided into two series (FO9 and F14) depending on their reinforcement ratios.
There are five specimens in each series. The label of each specimen (e.g. Fxx-yy)
indicates the actual values of its respective reinforcement ratio and fibre volume
fraction, where xx represents the value of p (%) and yy represent the value of V'
(%). The overall dimensions (L; x L2 % h) of these 10 slabs are identical to the S11-
series slabs as shown in Fig. 4.3, that is 2.2 x 2.2 x 0.15 m. The F09 series slabs and
F14 series have the same reinforcement layout as Specimens S11-090 and S11-143 as

shown in Fig. 4.4, respectively. The main parameters being investigated are as

follows:

)

2)

Fibre volume fraction (7% which is a ratio of the fibre content per one unit

volume to the steel density (the steel density =~ 7800 kg/m3). Vrwas varied
at 0%, 0.3%, 0.6%, 0.9%, and 1.2%; the equivalent fibre dosages are zero
kg/m?, 23.4 kg/m?, 46.8 kg/m3, 70.2 kg/m?, and 93.6 kg/m?, respectively.

Flexural reinforcement ratio (p = As/bd). This has two values, 0.9% and

1.40%. The two values of reinforcement ratios were designed to ensure

brittle punching shear failure for similar concrete specimens but without

steel fibre
Table 4. 2 — Properties of 10 SFRC slabs

J , " Residual tensile strength of SFRC Rebar
s ID ‘ P ! o " fr2 frs Jra layout
3 (mm) | (mm) | (%) | (MPa) | (MPa) | (%)

(MPa) | (MPa) | (MPa) | (MPa) (mm)

Q) @ Al B |G| © D 1® ] O d0) an 12) a3)
F09-00 80 - - - - -

F09-03 89 0.3 4.2 6.0 6.5 5.8 TI3@

F09 | F09-06 17 | 09 585 87 0.6 8.9 12.8 10.5 7.5 118
F09-09 90 09 | 16.0 17.5 16.3 13.5
F09-12 | 200 100 1.2 17.5 21.2 22.2 21.2
F14-00 80 - - - - -

F14-03 89 0.3 4.2 6.0 6.5 5.8 TI6@

F14 | F14-06 n4 | 14 575 87 0.6 8.9 12.8 10.5 7.5 118
F14-09 90 09 | 16.0 17.5 16.3 13.5
F14-12 100 1.2 17.5 21.2 22.2 21.2

The maximum aggregate size (d.) was 20 mm.
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4.2.3 Material properties

4.2.3.1 Steel fibre properties

The new double hooked-end steel fibre [Dramix 5D fibre, BEKAERT] is
shown in Fig. 4.5(a) and it has the following geometric properties: steel fibre length
Ly is 60 mm, steel fibre diameter Dyis 0.9 mm, and the corresponding aspect ratio L
/Dris 65. The nominal tensile strength of the steel fibre is 2300 MPa and its
modulus of elasticity is 210 GPa. For a comparison, the typical single hooked-end

steel fibre is shown in Fig. 4.5(b).

0 1:180 1 , , (Ecale ir;S,I un;ts) c'u ”go . ) 5 . .
o 141 1 =
”||uu||;||'||-.|.-.|i||Hmm|.|”||”|',|m|-i||||_||-;||H||h||1l ® nnln|||u||l||n||n|11|m|||nh||||unh|n||||

g Fiber diameter —_ _

i o -

+Dy=0.9 mm
L " —
Y
L Double hooked-end L Single hooked-end

Fiber aspect ratio: D; / L; = 65.0
Fiber length: L; = 60 mm

(a) (b)

Fig.4. 5 — (a) Double hooked-end steel fibre and its geometric properties. (b) Single
(normal) Hooked-end steel fibre

4.2.3.2 Reinforcing steel properties

Three sizes of deformed steel bars were used in the slab specimens such as. T10,
T13 and T16 which have the normal diameters of 10 mm, 13 mm and 16 mm,
respectively. Tensile tests of the reinforcement were conducted in accordance to the
ASTM A184 standard. Three samples of each reinforcing steel were tested using an
Instron Machine actuator test system.

Table 4.3 summarises the tensile test results of the steel bars, the stress-strain
curves of each reinforcing bar are plotted in Fig. 4.6. The yield stress (f;) obtained

at the point where the stress-strain curve starts to develop a plastic-plateau before
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strain hardening, the modulus of elasticity £s was determined by calculating the

slope of the curve at the elastic range, the yield-strain (& ) was approximated to be

(/Es), the ultimate tensile strength () was maximum stress recorded before the

rupture point. Note that the value of each parameter in Table 4.3 is an average value

of three test samples.
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100 — — T13-SFRC
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Fig.4. 6 — Stress-strain curves of steel bar specimens

Table 4. 3 — Properties of steel reinforcement

Steel Nominal E P P
tee s € u

Steel Type | Diameter ’ Y Remark
ID (GPa) | (%) | (MPa) | (MPa)

(mm)

T10 10.0 1985 | 023 | 459 551 .
T3 13.0 2200 | 024 | 537 627 Usesd glilfnseg:lab
T16 Deformed 16.0 2185 | 023 | 501 575 p
T10 clorme 10.0 191.0 | 030 | 595 698 | i SERC
TI13 13.0 195.0 | 0.33 585 686 SIZE S“;Cimens
T16 16.0 200 | 028 | 575 575 P

Table 4. 4 — Concrete mix design for HSC slab specimens

Mix g o o0 ° Steel Fibre
ID L] ’g - -g St E E wn % éﬂ ' éﬁ ;‘

= g @ ] ) B~ =] < @ 3 e

5: e |2 |5 |5 |8 |g |& |£3%

25 =2 15 | § 2 |C £ g =% E

=
(mm) (Kg/m') (%) | (Kg/m')

Ml 0.25 20 [ 150 [ 360 [ 60 [ 180 [ 790 [ 790 6.0 - -
M2 0.25 150 | 360 [ 60 | 180 [ 780 | 780 11.0 0.30 23.4
M3 0.25 150 | 360 [ 60 [ 180 | 775 | 775 11.0 0.60 46.8
M4 0.25 150 | 360 [ 60 | 180 [ 770 | 770 11.0 0.90 70.2
M5 0.25 150 | 360 [ 60 [ 180 | 765 [ 765 11.0 1.20 93.6
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4.2.3.3 Concrete properties

Table 4.4 summarises the proportion of materials used in the mix design of the
concrete used in the construction of the specimens. The maximum aggregate size
(dz) was 20 mm. Note that during the actual batching, the proportions of fine
aggregate, coarse aggregate, and water reducing admixture were adjusted to take
into account of moisture content. Mix MI is the mix design reference for the
specimens S11, S13, S15 series and the non-fibrous slab specimens, F09-00 and F14-
00. Mix M2 to M5 are for the specimens with fibre volume Vyranging from 0.3% to
1.2%, respectively. The slump-flow diameters of the HSC were recorded at about
500 mm to 600 mm. The slump diameters of the SFRC reduced with an increase in
the fibre content. Mix M4 (Vr= 0.9%) and M5 (Vy=1.2%) did not have slump-flow,
they have typical concrete slumps with a slump height of about 120 mm to 200 mm.

Relevant properties of each concrete used in all specimens were tested.
Concrete strength f°c of the Sll-series, S13-series, and S15-series slab specimens are
listed in Table 4.1. Table 4.5 summarises the test results of concrete specimens used
in the SFRC slab specimens. Each concrete property was tested near the dates of the
punching shear test of each slab specimen (+- 3 days), and the punching shear tests
were conducted around 60-100 days after concrete castings.

The failure mode of most concrete cylinder specimens tested under
compressive loads was brittle. Photograph of the specimen and the test apparatus of
the flexural tensile strength test (according to standard test EN 14651 (2007)) is
shown in Fig. 4.7. Figure 4.8(a) shows the stress-CMOD response curves of the
SFRC M2 to M5, CMOD is the crack mouth opening displacement as defined by
EN 14651 (2007). The CMODs and their corresponding stresses are important

properties for determining the ultimate strength of a cracked SFRC member.
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Table 4. S — Mechanical properties of concrete specimens
Specimen Mix | E. fe Ser fr fi fi2 fr3 fra
ID | (GPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

F09-00/F14-00 | M1 | 33 80 53 5.5 - - - -
F09-03/F14-03 | M2 | 40 89 5.5 5.6 4.2 6.0 6.5 5.8
F09-06/F14-06 | M3 | 38 87 - ¥ 6.5 8.9 12.8 10.5 7.5
F09-09/F14-09 | M4 | 38 90 -* 8.4 16.0 17.5 16.3 13.5
F09-12/F14-12 | M5 | 40 100 -* 9.5 17.5 21.2 22.2 21.2

Note: * Unable to obtain experimental data due to unforeseen technical issue.
Ec =Modulus of elasticity

e = cylinder compressive strength of concrete (age > 60-100 days)

fer= Split tensile strength of concrete (age > 60-100 days)

fri= residual stress for fibre reinforced concrete; fr7 at CMOD of 0.5 mm,; ;2 at

CMOD of 1.5 mm; fr3 at CMOD of 2.5 mm; fr+ at CMOD of 3.5 mm. ( in accordance
with EN 14651:2007)

Fig.4. 7 — Photograph from the notched beam test according to EN 14651:2007

Discussions of concrete properties:

The compressive strengths were shown to improve with an increase in the fibre
content, the improvement is not so significant that is about 10% increment from V=
0% to Vr=1.2%.

Figs. 4.8 (a) shows that even at a fibre content as low as 0.3% for the beam
with double hooked-end steel fibres have better performance over unreinforced
beams; this is not the case for beams with conventional single hooked-end fibres as
shown in Fig. 4.8 (b).

As expected, the maximum flexural stress increases with an increase in fibre
content. The stress-CMOD response curves M2 (Vr=0.3%) and M3 (Vr= 0.6%)
have similar behaviours as typical SFRC notched beams, where the load would drop

suddenly after the maximum load at the linear portion of the curve is reached, then
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the deflection hardening or softening would take place. The maximum load is
normally reached shortly after the first crack occurs, this load is defined as the
modulus of rupture fz. In general, the deflection softening (the load drops as the
displacement continues to increase) is common for SFRC using other typical types
of steel fibre (see Fig. 4.8(b)). However, the results show that the deflection
hardening is indeed dominant for all the curves in Fig. 4.8(a). This can be due to the
better frictional pull-out resistance introduced by the double hooked-end fibres
comparing to the single hooked-end fibres. In addition, high strength concrete has
also been known to improve the bond strength of the fibre-concrete interface.

The curves M4 (Vr=0.9%) and M5 (Vr=1.2%) in Fig. 4.8(a) have interesting
behaviours that resemble the behaviours of lightly steel reinforced concrete beams.
In comparison to the curves M2 and M3, the curves M4 and M5 have much higher
flexural strengths as well as post-crack flexural stiffness. There are no drastic drops
in the stresses at the ends of the linearity, this phenomenon (Blunt and Ostertag,
2009a, 2009b) may be explained by the presence of high volume of randomly
orientated fibres at the cracked region, and the effective bond strengths of the fibres
bridging cracks are greater than the tensile stresses induced by the bending
moments. Eventually, the softening and frictional pull-out mechanisms took place,
where the stresses reduced as the cracks widen.

25
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P (Single Hooked fibre)
25 CMIODl CM.OD: CMOD;  CMOD, g 15
: | : LaV,=12% 210
20— =1 : s
a ! ! 0
E 18— 1 ! »—V,=0.9% ,5 0051152253354
z ! ! 50 || Wr=05%
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Fig.4. 8 — Flexural tensile stress - CMOD curves of (a) the current SFRC specimens
for Vr=0.3%, 0.6%, 0.9% and 1.2%; (b) the SFRC specimen (using
single hooked fibres) obtained from Teng et al. (2015)
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4.3 Specimen Preparations and Test Setup

4.3.1 Castings of specimens

All of the 22 slab specimens were cast horizontally as shown in Fig. 4.9(a). The
specimens were cast upside down, meaning that the top surface faced the bottom of
the formwork. The slab panels and the column stubs were monolithically cast to
prevent construction joints. The workability of the SFRC was low compared to the
flowing concrete of the HSC, thus to ensure the consistency of the concrete work,
the concrete vibrators were used while pouring the SFRC onto the slab panels (see
Fig. 4.9(a)). The column stubs were cast by carefully pouring the concrete into the
formwork through the drilled holes of the base plates. Abundant of concrete
samples from the same batch used for each slab were collected for concrete
property tests. The samples are 100 x 200 mm cylinders, 150 x 300 mm cylinders
for compression and modulus of elasticity test, 100 x 100 x 300 mm prisms for
flexural strength test, and 150 x 150 x 650 mm prisms for the notched beam test or
flexural tensile strength tests for SFRC.

Immediately after the concrete had reasonably settled, the slab specimens
were covered with plastic sheets to prevent excessive loss of water through
evaporation. Water was regularly splashed onto the slab specimens for the first
seven days and kept in an enclosed environment. The hardened concrete samples
were cured in water tanks throughout before the property tests. Note that there were
some plastic shrinkage cracks in some of the SFRC specimens as shown in Fig.
4.9(b), especially for those specimens with the higher fibre contents. Even though
steel fibre is known to reduce structural shrinkage cracks, but this case might be due
to the low surface moisture, and high water demand for the SFRC. Nevertheless, it
will be shown that these shrinkage cracks would have no effects on the structural

behaviours and ultimate strengths of the specimens.
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(2)

(b)

Fig.4. 9 — (a) photographs taken during casting of SFRC slab specimens; (b)
photographs of some shrinkage cracks in SFRC slab specimens.

4.3.2 Test setup

The test set-up is identical for all the slab specimens, except for S15 series slabs

85

where the positions of the loading points are slightly different as shown in Fig. 4.3.

The positions of the spreader beams and loading points were determined such that
the distributions of stresses near the column zone were close to those stress
distributions in the same slab when loaded under uniform loading. Figure 4.10(a)
and Fig. 4.10(b) show the details and the sequence of the test setup, respectively.
First, a very stiff steel block and hydraulic jack assemblies were positioned
and secured onto the laboratory strong floor, the hydraulic jack assemblies were
anchored to the strong floor by high-strength steel rods. Then, loading plates, steel

rollers and spreader beams were installed on the specimen’s top surface before
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placing the specimen on the steel support block. The precision of the slab position
was checked and adjusted carefully. The top surface was whitewashed for better
visibility of cracks.

During testing, the specimen was statistically loaded downward through four
hydraulic jacks. Each hydraulic jack would apply the loading by pulling down the
steel rod which transferred the pulldown force to the spreader beams and then on to
the loading plates (points) on the slab. The role of the rollers is to allow the slab
edges to rotate freely, thus the in-plane forces were eliminated. One load cell was
placed on top of each spreader beam to measure and monitor the real-time pulldown

force. All the four jacks were connected to a single hydraulic pump.

Nut

Spreader beam

Roller Load cell ~_ 3
“ S;:ethk X ' - 150x150x10x43.
6 kg/m
150 mm thk 40 mm dia.

Stiff steel prestressing rod

Slab specimen ~ :
_a Support -
B 4-6 No. Y25

~ steel bar
Nut -~
. ~ Hydraulic jack

\ Thick strong floor High strength steel bar, 2-4 No. 30M bar

(@)

Fig.4. 10 — (a) Schematic drawings of test setup details; (b) photographs of the in-
progress sequences of test setup of a slab specimen. Note Fig. 4.10(b) is
placed in the next page.
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(b)
Fig. 4.10 (Continued)

4.4 Instrumentation

4.4.1 Steel strain gauges

The 5 mm steel strain gauges were carefully installed onto the top reinforcing bars
in both directions (x and y directions) with strict compliances to appropriate
procedures to avoid premature damages.

For presentation purposes, Fig. 4.11(a) shows the typical positions of strain
gauges for the specimens that have 118 mm bar spacing arrangement (p = 0.9% and
1.4%), strain gauges’ positions for the other specimens were arranged in a similar
pattern. To study the effectiveness of the flexural reinforcement, the positions of the
strain gauges were designed to measure the flexural strains in the reinforcement
across a distance at 50 mm (the first vertical set, G11 to G61), 170 mm (the second
vertical set, G12 to G52) and 290 mm (the third vertical set, G13 to G53) away from

the line of column face. The strain gauges’ labels represent their coordinates (row,
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column), e.g. G23 represents the strain gauge that is positioned at the second row
and the third column as shown in Fig. 4.11(a).

Since strain gauges are prone to damages especially during concrete casting.
For redundancy, the same arrangement of strain gauges was also installed in the
opposite quarter of each specimen. Note that the locations of strain gauges for each
specimen is detailed in Appendix B. The (notations) labels of the strain gauges in
Appendix B are not identical to those as shown in Fig. 4.11(a), nevertheless, they

should not affect the clarity of the subsequent discussions of test results.
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Fig.4. 11 — (a) Typical locations of steel strain gauges in the tension reinforcements;
(b) Typical positions of LVDTs

4.4.2 Transducers (LVDTSs)

Several linear variable differential transformers (LVDTs) were positioned below the
slab specimens to measure the deflection profiles. For illustration, the typical
locations of the LVDTs are shown in Fig. 4.11(b). The arrangement of LVDTs in
Fig. 4.11(b) are for the second set of experiment (F09 series and F14 series SFRC
slab specimens). Photographs of test equipment and instruments such as LVDTs
and spreader beams are shown in Fig. 4.12.

Essentially, the LVDTs were designed to capture the vertical deflections at
near column faces to the slab edges. The edge deflections ( measured at about 1.0 m
radius from the column centre) will be used most for discussions and calculations of
energy absorption of the SFRC slabs. Each LVDT was sturdily attached on a stand

which was laid and secured on the steel plate by magnetic forces. Note that the
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actual LVDTs positions for the S1I series, S13 series, and S15 series specimens are
given in Appendix B.

All the load cells, LVDTs, and steel strain gauges were connected to an
electronic data logger which was also linked to a desktop computer. The real-time
data could be monitored digitally and graphically by a software known as
VisualLog. All test data were stored as raw file formats which were carefully pre-
configured to match the stored data with the correct assignments in the files. The

post analysis of the data were done through a software — Excel (Microsoft Office).

Fig.4. 12 — Photographs of test setup showing testing equipment and instruments

4.4.3 Test and post-test procedure

All the specimens were whitewashed first before testing for better visibility in
tracing crack patterns. Each specimen was loaded at a slow rate at the beginning to
observe first flexural cracks. After first flexural cracks were recorded, each
specimen was loaded at about 20 kN load increment or approximately 5 kN
increment for each jack. At every load increment, readings of vertical displacements
from LVDTs, steel strains, and crack widths were recorded. All the first cracks were
observed carefully and crack propagations were marked using colour markers at
several load steps all the way to failure. Each slab was loaded to failure and the first
indication of failure, either by yielding of steel bars or change of slope of load-
deflection curves, was studied to ensure correct identification of the initiating
failure mode. All slabs containing steel fibres were loaded beyond the maximum

loads (failure loads) to capture the post-failure behaviours.
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Video and photo documentations:

For the first set of the experiment programme (12 HSC specimens, S11, S13,
and S15 series), video was recorded to capture the moment just before the failure
occurred for each test. Testing equipment on top of each slab was removed to allow
clearer photograph view of the surface crack patterns.

The second set of the experiment programme (10 SFRC specimens, FO9 and
Fl14-series) involves more graphical documentations, a set of high-definition
webcams were set up to record the entire process of each test. A camera was
mounted onto a high scaffold to capture an aerial view of a slab specimen. The
camera was set to the time-lapse mode to capture a photo every 15 to 30 seconds
automatically, this enables the real-time recording of crack propagation for each
slab specimen. Time-lapse photoss of SFRC slab specimens are provided in

Appendix A.3.

Post-test treatment of specimen:

The 12 HSC specimens (S11, S13, and S15 series) were carefully disposed after
crack patterns have been photographed. A professional contractor did the disposal
works.

To measure inclinations of the punching shear cracks, the 10 SFRC specimens
(F09, and F 14 series) were cut using a pavement cutting machine at a distance
about 100 mm away from a column face. The shear crack inclination was measured
using an approximated straight-line measured from the bottom face of a slab to the
intersection of the inclined shear crack with the tension steel. An average
inclination of the two sides (left and right) of the cut section will be reported and
summarised later in Chapter 6. After the measurements, the 10 slabs were carefully

disposed by a professional contractor.
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4.5 Summary

A total of 22 slab specimens were designed, constructed, and tested under punching
loads. The experimental programmes were divided into two sets such as (1) the tests
of 12 HSC slabs that mainly investigate the influences of low reinforcement ratios
and column rectangularity on the punching shear strength of HSC slabs. (2) the tests
of 10 high strength SFRC slabs that investigate the influence of a new type of fibres,
the double hooked-end fibres, on the punching shear failure behaviours of high
strength SFRC slabs.

This new experimental data will be used together with other published slab
data to evaluate the existing design methods and also to support the development of

the author’s proposed shear equations.



HSC SPECIMENS — RESULTS AND DISCUSSIONS

5.1 Introduction

Experimental results of the 12 high strength concrete (HSC) slab specimens are
presented in this chapter. The presented results are used to discuss the effects of low
flexural reinforcement ratios and column rectangularity on punching shear strength
of HSC slabs. Code methods such ACI 318-14 and Eurocode 2 are compared with
the results, and their performances are evaluated. The presented results in the
subsequent sections are carefully analysed and summarised for concise discussions
that conform to the main objectives of this current work. Thus, not all collected data
are reported in this chapter. For completeness or further investigation, complete

data can be obtained in Appendix B.
5.2 Experimental results

5.2.1 Failure loads and failure modes

The failure loads of the 12 specimens are summarised in Column 4 of Table 5.1, the
failure loads are the maximum loads recorded during the tests. The results showed
that as the reinforcement ratio was varied from about 0.3% to 1.4%, the failure load
continually increased from 260 kN to 435 kN (for S11 series slabs), 290 kN to 700
kN (for S13 series slabs), and 300 kN to 754 kN (for S15 series slabs).

Table 5.1 also shows the mode of failure of each slab specimen. Those slabs
that failed abruptly with a sudden drop in their load-deflection curves are indicated
to have failed in punching mode. Those slabs that failed in a more ductile manner or
with widespread yielding of reinforcement before punching failure are indicated to
have failed in flexural mode. All the slabs finally failed in what appears to be

punching failure even though the slabs might have failed earlier in flexural mode.
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Table 5. 1— Failure loads and failure mode of the 12 specimens

Series | Slab ID p | Maximum | Maximum Observed
Load crack failure mode
%) | &N) width
(mm)
2 3 4 5 6
S11-028 | 0.28 260 1.50 Flexural
g S11-050 | 0.50 375 0.85 Flexural
i S11-090 | 0.90 420 0.80 Punching
’ S11-139 | 1.39 435 0.60 Punching
S13-028 | 0.27 290 2.00 Flexural
-g S13-050 | 0.50 400 4.00 Flexural
g S13-090 | 0.90 540 1.50 Punching
” S13-143 | 1.43 700 1.00 Punching
S15-028 | 0.27 300 1.60 Flexural
& [s15-050 [050 [ 435 1.00 Flexural
% S15-090 | 0.90 635 0.80 Punching
g S15-143 | 1.43 754 1.60 Punching

93

Note: p is the reinforcement ratio. The first crack loads were not available for each

specimen. The first longitudinal flexural crack appeared about 80 kN to 100 kN.

5.2.2 Crack Patterns and Characteristics

5.2.2.1 Crack patterns

Figures 5.1 to 5.3 show the photographs of the ultimate crack patterns of the S11
series, S13 series, and S15 series slabs, respectively. Note that the crack lines were

digitally enhanced for better visibility and the camera angles were not perfectly

orthogonal.

Figure 5.1 shows fairly clearly that slabs with low reinforcement ratios would

have different crack patterns at failure compared to slabs with high reinforcement

ratios. Typical crack patterns of slabs failing in normal punching are the patterns of

the specimens S11-090 and S11-139 in Fig. 5.1. The crack pattern in each of these

cases comprises a set of closely spaced radial cracks or circular fan type cracks with
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the final circumferential crack that comes to the surface from the internal inclined
shear cracks.

If the reinforcement ratio is low, however, the circular fan type of crack
pattern does not occur as shown by the pattern of Slab S11-028 in Fig. 5.1, it can be
seen that the crack pattern forms straight-line cracks nearly parallel to column lines
in both directions with perhaps one diagonal crack from the column corner toward a
corner of the slab. The parallel line crack pattern shows that widespread yielding of
the reinforcement has occurred. In the end, the final failure of the slab would still be
a punching failure but at a load no greater than the load that caused earlier yielding
of the flexural reinforcement. Similar crack patterns can also be seen in other
specimens with low reinforcement ratios such as S13-028 (p = 0.28%) and S15-028
(p = 0.28%) as shown in Figs. 5.2 and 5.3, respectively.

A slab with a slightly higher reinforcement ratio of 0.50% such as Specimen
S11-050 is shown in Fig. 5.1. In this case, the crack pattern forms a transition
between parallel-line and circular fan patterns, with additional cracks from the

column corners to slab corners.

Ia M\L/

25075 = A

§11-028 $11-050

Fig.5.1— Photographs of ultimate crack patterns for S11 series slabs.
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$13-028

$13-050

Fig.5. 3 — Photographs of ultimate crack patterns for S15 series slabs.
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5.2.2.2 Crack characteristics

Table 5.1 also summarises the average (maximum) crack widths of all the
specimens measured within d to 1.5d away from the column faces. Each maximum
crack width was the crack width measured at the load stage very close to failure. It
can be seen that the maximum crack width reduced with an increase in flexural
reinforcement ratios.

Figure 5.4 represents the crack development in Specimen S11-028, it can also
represent typical crack development in the slabs failed in flexure (S11-028, S13-028,
and S15-028). Initiations of first cracks occurred at around the column perimeter
due to the negative bending moments; the cracks continued to propagate
longitudinally along the lines of column faces as shown in Fig. 5.4. While the
applied loads approached the maximum loads, there were no significant
development of new cracks. There were one or two radial cracks that extended from
the corners of the column section. After reaching the peak load, the load was
continuously applied and there was no more increase in the load resistance.
Eventually, the slab failed by the punching mechanism as the secondary mode of
failure, which caused the sudden development of the circumferential surface cracks.

In comparison with the ductile slabs discussed above, the circumferential
cracks developed at earlier loading stages for the slabs with relatively higher
reinforcement ratios as shown in Fig. 5.5. The cracks first occurred around the
column perimeter at about 100 kN to 160 kN. These circumferential cracks were
initiated by several inclined shear cracks that developed from the top surface and
internally propagated toward the column faces at the bottom of the slab or the high
compressive zones. The final inclined shear cracks that formed the punching cones
were the outermost of these circumferential cracks which formed right before

failure occurred.
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220 kN

260 kN (Failure)

First
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e

Fig.5. 5 — Development cracks om Specimen S11-028 (Punching shear mode)

5.2.3 Deflections

Figures 5.6(a, b and c¢) show the load-deflection curves of Sll-series, S13-series, and
S15-series, respectively. Before cracking, the relationship between the load and
deflection is linear. After the first circumferential crack formed, the slope of the
load-deflection curve would change slightly. Upon further loading, the change of
slope becomes increasingly more significant as the flexural stiffness of the slab
drops further due to more cracking or widening of cracks. As expected, the flexural
stiffness of the slab with a higher reinforcement ratio will degrade less after
cracking; that is, its load-deflection curves have steeper slopes compared to slabs

with low reinforcement ratios.
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From Figs. 5.6, it can also be seen that the slabs with lower reinforcement
ratios are more ductile than the other slabs with higher reinforcement ratios. Upon
reaching the maximum load, any further load increment to Specimen S11-028, S13-
028, and S15-028 (very low reinforcement ratios) produces no additional increase in
resistance (plastic plateau), but their deformations continue to increase until the
final failure at the end. These slabs are the slabs that clearly failed in flexure.
Specimen S11-050, S13-050 and S15-050 are also considered to fail in flexure, there
is a short segment of the flat portion in their load-deflection curves as shown in
Figs. 5.6. However, the curves are higher than those of the slabs with the lowest
reinforcement ratios (p = 0.28%). The slabs with high reinforcement ratios (p >
0.9%) all failed in brittle punching failure. As expect, Specimens S11-139, S13-143,
and S15-143 are the most brittle.

0 1 2 3 4 (in)
800 w0 |I | I |
700 - | 100
Vg = V‘Iai
. 600 - s . 80
s . —_
§ 400 + S11-050 - 60 =
- 300 + S11-028 L 40
200 -
100 20
0 . f : T * { } - } - 0
0 20 40 60 80 100 120

Deflection (mm)

(a)
S11 series
Note: Deflection is the average of four deflections at V1,V8,V10 and V12

Fig.5. 6 — Load-deflection curves of the 12 slabs (a) S11 series, (b) S13 series, (c) S15
series. [Fig. 5.6(b) and Fig. 5.6(c) are placed in the next page]
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Fig. 5.6 (Continued)

5.2.4 Strains in flexural reinforcements

Figures 5.7 show the development of strains in flexural reinforcements at various
loading stages for the Sll-series slabs. Fig. 5.7(a) shows that the strains
developments in Specimen S11-028 were very small even at the load of about 75%
of maximum load (200 kN). The strains then increased quickly and reached the
yield strain at the load very close to maximum load. Other slabs with higher
reinforcement ratios showed gradual developments of the steel strains from early

stage of loadings as shown in Figs. 5.7(b, ¢ and d).
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Figures 5.8 summarise steel strain distributions at the ultimate load stage in
the Sll-series, S13-series, and S15-series. From Fig. 5.8, it can be seen that in slabs
with higher reinforcement ratios (p > 0.9% or Sxy-090 and Sxy-143), most of the
steel strains drop considerably at locations beyond 1.5/ away from the column face.
In slabs with lower reinforcement ratios (p < 0.5% or Sxy-028 and Sxy-050), the
initial failure mode is flexure, and most of the steel strains can remain high or
greater than the yield strain even at locations near the edge of the slabs.

Figures 5.9 show the strain developments in reinforcements within the lines of
column face and outside lines of columns faces of the slabs S13-143 and S15-143,
respectively. The strain gauge positions are inset in the figures for better
visualisation. It can be seen that the strains are low in the middle of the longer side
of column section, the strain values are highest at the locations just outside the
column face for both specimens. Significances of the strain results presented here

are discussed in the next sections (Section. 5.3).
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Fig.5. 7 — Development of strains in the reinforcements of Specimen (a) S11-028,
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5.3 Discussions

5.3.1 Comparisons of design equations with test results

For the purpose of these comparisons, all the load factors, materials safety factors
and strength reduction factors are all set equal to 1.0. For comparison with design
codes, maximum load of each specimen presented earlier in Table 5.1 was added
with the self-weight of the slab outside the perimeter measured at d away from
column faces and the weight of test equipment placed on top of the slab. Table 5.2
compares the punching shear strengths of the 12 HSC slabs with the predictions of

the ACI 318 (ACI) method, Eurocode 2 (EC2) method and also the yield line theory

(YTL). The evaluations of each design method are as follows.

Table 5. 2 — Comparisons of code equations with experimental results

YLT | ACI | EC2 Vexpl Veate
p Ve | Viex Ve Ve YLT ACI EC2
Slab ID | ci/c;

(%) | (KN) | (kN) | (KN) | (kN) | (5)/(6) | (D7) | (5)/(8)

1 2 3 4 5 6 7 8 9 10 11
S11-028 0.28 | 279 | 132.8 | 428.4 | 292.2 2.10 0.65 0.95

— § S11-050 10 0.50 | 394 | 2259 | 413.7 | 340.0 1.74 0.95 1.16
7 & | _S11-090 ) 090 | 439 |469.4 | 413.7 | 413.6 0.93 1.06 1.06
S11-139 1.39 | 454 | 635.4 | 399.3 | 458.3 0.71 1.14 0.99
S13-028 0.27 | 308 | 150.6 | 580.1 | 393.5 2.04 0.53 0.78

0 § S13-050 3.0 0.50 | 418 | 325.0 | 562.3 | 460.2 1.29 0.74 0.91
7 2| S13-090 ) 090 | 558 | 578.4 | 562.3 | 559.8 0.96 0.99 1.00
S13-143 1.43 718 | 802.1 | 544.7 | 6282 | 0.90 1.32 1.14

. | S15-028 0.27 | 321 | 165.5 | 655.1 | 494.9 1.94 0.49 0.65

0e -2 | S15-050 5.0 0.50 | 456 | 351.0 | 655.1 | 579.7 1.30 0.70 0.79
@ 2| S15-090 ) 0.90 | 656 | 623.6 | 655.1 | 705.3 1.05 1.00 0.93
S15-143 1.43 775 | 864.5 | 635.6 | 794.0 0.90 1.22 0.98
Minimum= | 0.71 0.49 0.65

Maximum= | 2.10 1.32 1.16

Average=| 132 0.90 0.94

Coefficient of variation, COV = | 0.363 0.302 0.158

Note: YLT = the yield line theory method; Vexp/Veaic is the ratio of the failure load to

the predicted punching shear strength
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5.3.1.1 Performance of ACI 318-14:

The ACI 318-14’s method is unconservative for predicting the strengths of the high-
strength concrete slabs, Table 5.2 Column (10) shows the ratio of experimental load
to calculated load Vexy/Veaie. The average value of Vexy/Veaic is only 0.90 (lowest
among other methods), and the coefficient of variation (COV) is 0.30 that is
considered high and inconsistent. The inconsistency is because the ACI method
severely overestimates the shear strengths of the slab specimens with low
reinforcement ratios (p = 0.28% and p = 0.5%) that failed in flexure. The
overestimation is more obvious for the S13-series and S15-series specimens (£ =3.0,
5.0), the minimum value of Vexp/Veaic 1s 0.49 which associates with Specimen S15-
028. This analysis shows that the omission of the reinforcement ratios in the ACI
punching shear equation can lead to serious design inadequacy issues. However, the
ACI method becomes relatively more accurate when the reinforcement ratio was
increased to be more than 0.9% such as the slabs Sxy-090, Sxy-139, and Sxy-143. It
is important to note that the author applied the ACI 318’s upper limit of \f" to be
100 psi or 8.3 MPa in calculating shear strength for the slabs. So, if this limit is not
considered, the analysis would show that the ACI method is unconservative for

most of the HSC slabs here.
5.3.1.2 Performance of Eurocode 2:

Table 5.2 Column (11) shows that the Eurocode 2(EC2) ’s method is more consistent
than the ACI method, but it is still unconservative (Average of Vexp/Veaic=0.94, and
COV = 0.15). Even though the influence of flexural reinforcement is considered in
the EC2’s equation, this analysis shows that the equation overestimates the shear
strength of the slabs that have the low reinforcement ratios (p = 0.28% and 0.50%).
The EC2’s performance over the slabs with rectangular columns is not desirable
because the predictions are unconservative, particularly for the S15-series ( = 5.0).
The minimum value of Vexp/Veaicis 0.65 which corresponds to Specimen S15-028.
Thus, the applicability of Eurocode 2’s method for HSC slabs supported on
rectangular columns should be addressed. Also, the concrete strength f°c was limited

at 90 MPa for the Eurocode 2’s method in this analysis. Similar to the case of the
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ACI method discussed above, Eurocode 2 would be even more unconservative if
the actual concrete strengths are used to calculate the punching shear strengths of

these HSC slabs.
5.3.1.3 Performance of yield line theory:

The yield line theory method is very conservative for predicting the strengths of the
slabs with low reinforcement ratios as shown in Column 9 of Table 5.2. Equation
(3.14) associating with the yield line pattern given in Fig. 3.9(a) (in Section 3.4.3.2)
is used to calculate Vzex of the slabs with the lowest rho (Specimens Sxy-028). For
the other slabs, the author used Eq. (3.16) for calculating Vzex which was derived
from a “circular fan” yield line pattern because the pattern is more suitable to
represent the actual crack patterns of the slabs (discussed earlier in Section 5.2.2.1).
Note that the circular fan pattern would give the lower bound values of V7ex for a
case of concentric loading of a slab.

For the slabs with p > 0.9%, the Vyex calculated using YLT is high and not
conservative for predicting the failure loads of these slabs. This is expected because
the failure mode is punching, so the shear strength governs and should be attained
before the flexural strength Vzex. However, for the slabs with low reinforcement
ratios, Table 5.2 shows that the yield line theory method becomes overly
conservative. By comparing the values of Vfex in Column 6 of Table 5.2 with the
loads in strain profiles shown in Figs. 5.7(a and b). It can be seen that the yield line
theory method predicts the loads of Specimens S11-028 (Vzex = 133 kN) and S11-050
(Vfiex = 226 kN) lower than the corresponding failure loads which are also the loads
at first yielding of the reinforcement, that is 260 kN for S11-028, and about 375 kN
for S11-050. The differences may be due to some influences of other factors that
were not accounted for. One possibility is due to the complex failure mechanism
that is different from yield line mechanism, it involves a combination of flexure,
shear and even torsion. Torsion can occur mostly when the cracks are extensive and
unsymmetrical. Another possibility, the ultimate moment capacity may be enhanced
by the membrane actions that can take place in a lightly reinforced slab even
without the lateral restraints, as suggested by Park and Gamble (2000) and
supported by the works of Taylor [Park and Gamble (2000), pg. 687]. Moreover, it
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is also a possibility of the inaccurate yield line pattern that does not represent the
actual collapse mechanism.

The discussions above highlights some of the limitations of yield line theory
in a design application. Technically speaking, using the yield line theory to design
flat plates needs careful judgements in selecting admissible yield line patterns and
loading configurations. Nevertheless, if correctly applied, the theory would be

mostly conservative.
5.3.2 Influence of the reinforcement ratio

Observations from the experimental results presented above showed that HSC slabs
with high reinforcement ratios (i.e. p > 0.9%) are brittle and can fail in punching,
the steel strains in those slabs can reach the yield strain but only near the column.
So, the reinforcements that should be considered effective for resisting the punching
load are those within about 1.5/ from the column faces or within a width of ¢ + 34
for an interior column. This finding is consistent with past studies (discussed in
Section 2.3.2) where concentration of reinforcement around column region (c2+34)
was found to enhance the punching shear strength to some extents.

It is evident that the strength of a slab (both flexural and punching) increases
as the reinforcement ratio increases. Discussed earlier in Section 2.3.2, the punching
shear strength v. can be a power function of reinforcement ratio (ve oc p) which can
vary between a linear function (N=1) and a power function of %4 (N = 1/4). The
values of the power N are essentially empirical.

The yield line theory tends to be overly conservative for slabs with low
reinforcement but not applicable for the slabs with high reinforcement ratios that
failed in punching. The Eurocode 2 method uses a power function of 1/3 (v oc p'?)
but it tends to overestimate the strengths of slabs with very low reinforcement
ratios. The ACI method does not consider the influence of flexural reinforcement in
its punching shear equations, so a prediction by the ACI method can be unreliable
for the design of lightly reinforced slabs.

The evaluations of other published slab data with low reinforcement ratios
will be discussed separately in Chapter 7 where a new method to tackle this effect

of low reinforcement ratios will be proposed.
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5.3.3 Influence of the column rectangularity

Figure 5.10 shows the relationship between the normalised shear stress at failure
Vewp /[bod 1" ] and the column aspect ratio B (= ci/c2), which is the ratio of long to
short sides of the column. The comparing data are the author’s current slab
specimens and from the literature [References of the data are shown in Fig. 5.10].
Each of selected set of data comprises slab specimens with different column aspect
ratios. The author’s slab specimens were made of high strength concrete while those
from the literature were made of normal strength concrete. It can be seen from the
trend line for each set of data that the normalised shear stress decreases as the
column aspect ratio increases. The trend lines are all similar to each other, including
the one for the author’s current high strength concrete slabs.

In Fig. 5.10 we can also see that the trend line for ACI 318 is reasonably close
to those of the experiments. The ACI method, however, is unconservative for the
author’s high strength concrete specimens (S11, S13, and S15 series). This is due to
the inaccuracy of the overall ACI’s Ve equations which do not represent the
influence of high strength concrete and reinforcement ratio well enough. It can also
be seen from Fig. 5.10 that the ACI column rectangularity ratio () can be applied
equally well for B of up to 5.0, even though 3 > 4.0 may fall into the category of

walls rather than columns.
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Fig.5. 10 — Performance of ACI 318 equation with respect to column aspect ratio (3
= ci/c2)

5.3.4 Influences of the high strength concrete

The concrete strength f°c is an important parameter in shear equations. Discussed
earlier in Section 2.3.1, the shear strength of member is known to be a function of
concrete strength raised to the power of 1/3 or 1/2 (ve o £%"? or ve oc \f%).
Essentially, if the f°c is increased from 40 MPa to 100 MPa, the shear strength
would increase by about 58% for ve oc f’, and about 35% for ve o 73, provided
that other variables are similar.

To study the influences of HSC on the punching shear strength, the results of
the current HSC slabs S11-139, S13-143 and S15-143 can be compared directly with
the normal strength concrete (NSC) slabs OCI1, OC13, and OCI15 as presented in the
paper by Teng et al. (2004). Direct comparisons can be made because their test

setup, loading conditions, and other basic parameters and geometry are identical (or
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similar). Table 5.3 shows the comparison of their normalised failure loads
(Vexp/[bod(100p)*3]), it can be seen that the punching shear strengths of the HSC
slabs (average f"c = 100 MPa) are only about 10% to 25% higher than the NSC

slabs’ strengths (average f°c = 40 MPa). The increase is smaller for the slab with a
square column. Compare this increment with the increment calculated in the
previous paragraph, the use of \f’ for calculating the shear strength may be too high
for HSC members. Therefore, the ACI 318’s limiting value of \f’ (=100 psi or 8.3
MPa) in its current form of shear equations should remain.

Nevertheless, the author also compared other structural aspects of the HSC
slabs with the NSC slabs presented in the Teng et al. (2004)’s paper, such as the
cracking behaviors and load-deflection response. The comparisons showed that the
current HSC slabs have much higher first crack loads and flexural stiffness. So, in
practice, where cracks, deflections and perhaps floor-to-floor height limits control
the design, the use of HSC can be a more economical choice because the overall
slab thickness as well as the concrete volume can be reduced substantially for the

same design loads.

Table 5. 3 — Comparisons of current test results with data from Teng et al. (2004)

Slab ID d b, p S Vexp V! [bod(100p)" |
(mm) | (mm) | (%) | (Mpa) (kN) Normalised
S11-139 114 1256 | 1.39 112 454 2.84
S13-143 114 2056 | 1.43 114 718 2.72
S15-143 114 2856 | 1.43 97 775 2.11
*OCll 105 1256 | 1.80 36 423 2.64
*QC13 105 2056 | 1.80 36 568 2.16
*OC15 105 2856 | 1.80 40 649 1.78

Note: * data obtained from Teng et al. (2004)
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5.4 Summary

Based on the author’s experiments and the accompanying discussions, the following

conclusions can be made and they are applicable to normal as well as high strength

concrete slabs:

1.

Under a punching load, a slab provided with a low reinforcement ratio (0.5% for
the current 12 slabs) may fail in flexure first before it fails in what looks like
punching failure in the end. The failure mode will be ductile and the failure load
will be the load that causes yielding of the majority of the reinforcement. The
failure load will be lower than predicted by ACI 318-14 equations for punching

shear.

. Slabs failing in pure punching shear mode will tend to form circular-fan type

crack patterns at failure, while those failing in flexural mode will tend to form
cracks parallel to column lines. In this case, the final circumferential crack tends

to be very close to the column.

. The higher the amount of reinforcement provided, the higher the failure load.

However, only those reinforcements within the width of 1.5/ from a column face
(or total width of c2 + 34 for an interior column) will be fully effective in
resisting punching shear stresses and, therefore, can be considered in influencing

the punching shear strength.

. The ACI 318 method is unconservative for the slabs with low reinforcement

ratios (especially for p < 0.9%). The EC2 method can be unconservative for

slabs with very low reinforcement ratio and supported on rectangular columns.

. The use of \f". for calculating the shear strength may be too high for HSC

members. Therefore, the ACI 318’s limiting value of \f’ (=100 psi or 8.3 MPa)
in its current form of shear equations should remain. HSC slabs have higher first
crack loads and flexural stiffness than NSC slabs. Therefore, the use of HSC can

be a more economical choice.



SFRC SPECIMENS — RESULTS AND DISCUSSIONS

6.1 Introduction

This chapter presents the experimental programme of a new set of 10 SFRC slabs
with varying flexural reinforcement ratios and varying fibre volume V7 up to 1.2%.
The author investigated a new type of steel fibre (the double hooked-end steel
fibre). The strengths of the concrete used in all the specimens in this test program
were about 80 to 100 MPa. This study will show that inclusions of steel fibre can
improve the overall structural performance of HSC slabs further.

The test results will be discussed and used to verify the applicability of the
yield line theory, and the Model Code 2010’s and TR 34’s methods. Some useful

design recommendations derived from this experiment will be given.
6.2 Experimental results

The main properties of the 10 slab specimens were presented earlier in Table 4.2.
The concrete properties such as compressive strength f’c, tensile flexural strengths

fr modulus of elasticity E. were summarised in Table 4.5 and Fig. 4.8.
6.2.1 Crack patterns and Characteristics

6.2.1.1 Crack patterns and propagations

Figure 6.1 shows the ultimate crack patterns of F09-series slabs. The crack patterns
of F14 series slabs are similar to those of the FO9 series slabs and are shown in Fig.
6.2. The crack patterns and crack propagations of the 10 slabs are somewhat similar
to those of slabs failing in typical punching shear failure. First, one or two short
lines of flexural longitudinal cracks appeared just across the column faces; these

cracks were orthogonal to the orientation of the main reinforcement. As the load

110
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was increased, more cracks developed in the SFRC slabs than in the non-fibrous
HSC slabs. However, the widths of cracks are narrower in SFRC slabs than in non-
fibrous slabs. As the applied load approached the failure load, a few
circumferential cracks appeared. The internal inclined shear cracks (Fig. 6.3)
formed the outermost ring of the circumferential cracks.

Note that crack widths were measured for those cracks that are within a region
of 200 mm away from column faces at various load stages, and it was observed
that the widths of surface cracks were narrower for the slabs containing higher fibre
volume fractions /'y compared to those with lower Vrat all load stages. At certain
load level, there were lesser cracks developed in the specimens with a higher V7
compared to the specimens with a lower V7. For comparison purposes, the crack-
width development charts for all the 10 specimens, and the time-lapse photographs
showing crack propagation at various load stages in some of the specimens are

provided in Appendix A.3.

|0 by
.

F090-03 B ¥

Fig.6. 1 — Ultimate cracks patterns of the FO9 series specimens
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Note: Top left labels are the specimen IDs

Fig.6. 2 — Ultimate cracks patterns of the F14 series specimens

6.2.1.2 Shear crack inclinations

After tests, each slab was cut into half at a location near the column face in order to
observe the inclinations of internal shear cracks (Fig. 6.3). Column 7 of Table 6.1
shows the average values of the shear crack angles (with respect to the horizontal
plane) measured on the left and right sides of the cut sections. The angles seem to
reduce with an increase in Vyas compared to the angles of the plain non-fibrous
slabs. The shear crack angles for the non-fibrous HSC slabs (F09-00 and F14-00)
were observed to be about 30° to 34°. The inclusion of the double hooked-end steel
fibres can reduce the shear crack angles down to about 15° (see the row F09-06 in
Table 6.1), a reduction in shear crack angle due to an inclusion of fibres has been
reported in past experiments (Narayanan and Darwish, 1987; Theodorakopoulos and

Swamy, 1993).
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(b)
Fig.6. 3 — punching shear cracks of (a) Specimen F09-00, (b) Specimen F09-12

6.2.2 Ultimate failure loads and failure modes

6.2.2.1 Ultimate failure loads

Table 6.1 summarizes the loads at first cracks (Column 4) and the failure loads
(Column 5). It can be seen that the load at first crack increased with an increase in
in the fibre volume fraction, in particular for the series F09 slabs (p = 0.9%). The
load for first crack development was between 100 kN to 120 kN; the addition of
fibres 0.6% does not provide any further increase in the cracking load compared to
the first cracking load of the slab with V7 of 0.6%.

Columns 5 of Table 6.1 shows that the ultimate failure loads of the 10 slabs
were considerably influenced by the steel fibre content. By varying the fibre content
from Vrof 0% to 1.2%, the failure loads increased by 1.9 times or from 382 kN to
731 kN for the FO9-series slabs. The failure loads of the F14-series slabs are higher
compared to the the FO09-series slabs, with failure loads increasing by a factor 2.56
from 382 kN (85.9 kips) to 977 kN (219.6 kips). Between the F09 series (p = 0.9%)
and F14 series (p = 1.4%) specimens, the failure load increment due to the addition
of steel fibre is steeper for slabs with higher p (F14 series) compared to the slabs
with lower p (F09 series) as shown in Column 6 of Table 6.1. Thus, the results
highlight that the flexural reinforcement ratios influenced the failure loads (or the

punching shear strengths) of the SFRC slabs.
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6.2.2.2 Failure modes

Chapter 6

Table 6.1 (Column 9) lists the observed failure modes of the slabs. The non-fibrous
slabs (F09-00 and F14-00) failed suddenly after the peak loads were reached, so
they had “brittle punching” failure mode. The four slabs with Vy= 0.3% and 0.6%

also failed in clear punching but they were more ductile than the slabs without steel

fibre, so the failure modes of these slabs were described as “ductile punching”. The

other four slabs with Vy=0.9% and 1.2% had an interesting failure behavior; the

punching occurred at the ultimate loads which were also their maximum loads.

Their corresponding load-deflection curves (to be discussed in the following

section) have some flat portions similar to a plastic plateau before reaching the

ultimate failures. Therefore, the failure mode of these slabs is termed “Flexural-

punching”.

Table 6. 1 — Experimental results of SFRC specimens

ID p Vy Load | Failure Failure Shear Energy Failure mode
at first | Load load crack | absorption
crack increment | angle (kN.mm)
(%) | (%) | (KN) (kN) (“o) (Deg.) or (J)
1 2 3 4 5 6 7 8 9

F09-00 | 0.9 - 60 382 - 315 3452.5 Brittle Punching
F09-03 0.3 80 461 21 19.5 54223 Ductile Punching
F09-06 0.6 100 556 46 15.4 6290.7 Ductile Punching
F09-09 0.9 100 678 77 21.4 19091.6 Flexural-Punching
F09-12 1.2 120 731 91 24.2 21497.3 Flexural-Punching
F14-00 1.4 - 80 382 - 33.1 2705.6 Brittle Punching
F14-03 0.3 80 466 22 16.5 3555.2 Ductile Punching
F14-06 0.6 100 587 55 22.0 7405.7 Ductile Punching
F14-09 0.9 100 806 111 16.2 24063.3 Flexural-Punching
F14-12 1.2 100 977 156 19.6 23709.5 Flexural-Punching

Notes: Vexp in Col (5) is the failure load plus self-weight of the slab outside the
perimeter measured at d away from column faces and weight of test equipment
placed on top of the slab. The percentage increase in failure load for each series
[in Col (6)] is calculated with respect to the plain HSC slabs (i.e. F09-00 and
F14-00). Col (8) shows the energy absorption (the area under the load-deflection
curve calculated up to the deflection corresponding to the ultimate failure load of
each specimen).
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6.2.3 Load-Deflection curves

The load-deflection curves of the specimens are shown in Figs. 6.4 and 6.5. Figure
6.4(a) shows the complete curves of the FO9 series slabs while Fig. 6.4(b) shows the
elastic region of Fig. 6.4(a) revealing the early stages of the corresponding load-
deflection curves. Figures 6.5 (a and b) correspond to the F14 series slabs.

As expected, the slabs exhibit a linear-elastic behaviour prior to cracking. The
slope of the load-deflection curve changes slightly (less steep) especially when the
circumferential cracks formed. Upon further loading, the slopes of the curve
becomes increasingly flat as the flexural stiffness of the slab continues to drop. As
expected, the flexural stiffness of the slabs with the higher reinforcement ratio
degrades less after cracking, and this is shown in Figs. 6.5 where the F14 series
slabs exhibit steeper slopes compared to the FO9 series slabs (Figs. 6.4). The
flexural stiffness of the slabs after crack initiation increases with increasing fibre
content as shown in the Fig. 6.4(b) and Fig. 6.5(b). This increase (for a given set of
p) is due to the deflection hardening behaviour of SFRC that was also observed in
the notched beam tests shown earlier in Fig. 4.8(a). Therefore, SFRC can indeed
improve the slab performances at the service load level.

At about 80% to 90% of failure loads, any further load increment to
Specimens F09-09, F09-12, F14-09, and F14-12 produces almost no additional
increase in resistance, and the load-deflection curves become flat horizontal lines.
These flat portions in the curves reveal yielding of the reinforcement as will be
shown later.

The load-deflection curves of the slabs with lower V(= 0%, 0.3% and 0.6%)
are similar to the typical curves of slabs failing in normal punching shear, where
there are no flat portions in the curves upon reaching failure. However, the slabs
with Vy=0.3% and 0.6% are still relatively more ductile compared to the non-
fibrous slabs (F09-00, F14-00). When punching finally occurred, Figs. 6.4(a) and
6.5(a) also show that the loads dropped less abruptly for the slabs containing the
higher fibre contents (i.e. those slabs with Vr= 0.6%, 0.9% and 1.2%)).

Figures. 6.4(a) and 6.5(a) show that the post failure load-resistances of the
slabs containing steel fibres dropped to about 50% of their corresponding peak

loads and retained the loads for a considerable amount of deformations.
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6.2.4 Energy absorptions
Another important attribute of SFRC is the toughness and energy absorption. Table

6.1 (Column 8) shows the values of the energy absorption (EA) of the slabs. Figure

6.6 shows the plot for the values of EA of each specimen. The average values of the
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edge deflection o at failure for the slab specimens are also indicated in Fig. 6.6.
Note that the EA is determined by the area under the load-deflection curve of each
slab calculated up to the failure load where the punching occurred. The EA
increases mildly when Vy was varied from 0% to 0.6%; however, at Vyof 0.9% and
1.2%, the EA increases drastically with respect to the plain slabs without fibres. The
EA are higher for the FO9 series slabs than for the F14 series slabs when the fibre
volume fraction V7 is less than 0.6% . This is expected because the slab with a
lower reinforcement ratio would attain the yield strength faster than the one with
higher reinforcement ratio, and the yielding leads to more ductile failures and,

therefore, higher energy absorptions.
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Fig.6. 6 — Engery absorption of the 10 slab specimens

6.2.5 Strains in flexural reinforcements

Figures 6.7 and 6.8 show the strain in the flexural reinforcements of F09 series and
F14 series slabs, respectively. Figures 6.7(a) and 6.8 (a) summarize the strain values
at failures of the first set of the strain gauges (G11 to G61). Similarly, Figs. 6.7(b)
and 6.8(b) show the strain values of the second set of the strain gauges (GI2 to
(G52). These sets of strain gauges were intended to capture flexural strains in the
high shear and high moment regions; that is at a distance about 50 mm to 170 mm or

about 0.5d to 1.5d away from a line parallel to column face.
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Figs. 6.7 and 6.8 reveal that only the reinforcement in the non-fibrous slabs
(F09-00 and F14-00) and the slab F14-03 did not yield while the reinforcements in
the other slabs with higher fibre contents yielded. The yielding of the flexural
reinforcements became more widespread as the Vrincreases from 0.3% to 1.2% as
shown in Fig. 6.7(a) and 6.8(a). As expected, the reinforcements in the F09 series
slabs (p = 0.9%) reached the yield strains at a lower load than the F14 series slabs,
and the strain values at any loading stage (after first cracks) were also higher in the
FO09 series slabs than in the F14 series slabs. At failure, the strains in the
reinforcements of slabs with Vy= 0.9% and 1.2%, exceeded the yield strain even at
locations near the edge of the slabs. Therefore, it is clear that their initial failure
modes are flexure, which were also indicated by the flat portions in the load-
deflection curves shown earlier in Figs. 6.4 and 6.5.

Figures 6.7(b) and 6.8(b) show that some of the reinforcements at the
location of the strain gauges G12 to G52 have yielded, especially in the slabs with
high V(= 0.9% and 1.2%). The strain distribution confirms that the moments were
distributed from yielded sections to adjacent unyielded sections which are located
futher away from the column faces. The results highlight that the rotational and
bending moment capcities of the SFRC slabs using the double hooked-end fibres
(especially when Vy> 0.9%) are significantly greater than those without fibres.
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Fig.6. 7 — Strain profiles of FO9 series slabs, (a) strain locations at 50 mm from a
line of column face, (b) ) strain locations at 170 mm from a line of
column face
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line of column face, (b) ) strain locations at 170 mm from a line of
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6.3 Discussions

6.3.1 Influence of SFRC using double hooked fibres

6.3.1.1 On crack and serviceability behaviours

Besides the serviceability issues such as visual appearance and durability problems,

surface cracks can be an essential indicator of structural health and performances.

Crack widths were observed to become smaller with an increase in fibre volume

fraction V7. Compared to normal RC slabs, SFRC slabs have better performance in

terms of crack controls as the fibres can effectively delay the propagation of cracks;

thus, it is possible for the SFRC slabs to be designed for higher service loads,

depending on the amount of fibres used.

6.3.1.2 On ultimate failure load and comparison with other slabs using

single hooked-end fibres

From the experimental results, it is clear that the inclusion of double hooked-end

fibres can increase the failure loads or shear resistance of concrete slabs
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significantly. The increase in the shear resistances of the slabs are proportional to
the amount of the steel fibre added and the flexural reinforcement ratios p.

It is known that different types of fibres have different influences on the slabs’
failure loads. Hence, to compare the effects of the two types of fibres on the
punching shear strength; the chart in Fig. 6.9(a) was plotted to show the relationship
between the normalized stress at failure Vex/(bod\f") in the y-axis and the fibre
volume fraction Vrin the x-axis. Fig. 6.9(b) is similar to Fig. 6.9(a) but the y-axis
(the normalized stress at failure) is Veu/[ud¥(100pf”c)] instead. Note that b, and u
are the critical shear perimeters calculated according to ACI 318-14 (0.5d away from
column faces) and Eurocode 2 (2d away from column faces with round corners),
respectively. The data for comparison were obtained from Harajli et al. (1994), and
Gouveia et al. (2014). Relevant properties of the concrete and slab specimens are
also provided in the legend of Figs. 6.9. Note that the author used double hooked-
end fibres while Harajli et al. (1994), and Gouveia et al. (2014) used single hooked
fibres. The relationships (trend lines) shown in Figs. 6.9 confirms that the punching
shear strength of a slab, in general, increases with an increase in fibre content. Fig.
6.9(a) and Fig. 6.9(b) also show the influence of fibre content (/) on the punching
shear strength equations of ACI 318-14 and Eurocode 2 Codes, respectively, for
rough comparison purposes. From Fig. 6.9 (a) and Fig. 6.9(b), it is also clear that a
rise in the shear resistances of the current 10 slabs is particularly steeper than those
of other slabs from Harajli et al. (1994) and Gouveia et al. (2014). This comparison
shows that the double hooked-end steel fibres have stronger (positive) effects on the

punching shear strength than the single hooked-end fibres.
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Fig.6. 9 — Relationship between the normalized punching shear stress at failure with
fibre volume fraction V.

6.3.1.3 On post-punching behaviour

After punching occurred, the load carrying capacities of the slabs dropped to about
50% of the peak loads. The post-failure strength (Regan et al., 1979) that may
remain is known to be contributed by the bottom reinforcement (or integrity
reinforcement) that pass through the column core. It can be seen also that the post-
failure strengths were higher for the slabs with higher steel fibre contents.
Therefore, steel fibres, especially the double hooked-end fibres, improve the load
resistance of slabs even after punching occurred. Therefore, incorporating SFRC in
slabs where the bottom bars act as the integrity reinforcement can also be an

effective enhancement for that integrity reinforcement.
6.3.1.4 On ductility and energy absorption

The ductility of a slab can be improved by an addition of steel fibres. One of the key
indicators of slab ductility is the energy absorption. Energy absorption also signifies
the rotational capacity and moment redistribution capacity of a slab. Shown earlier
in Table 6.1 (Column 8), a drastic increase in the energy absorption of at least 450%
with respect to non-fibrous slabs can be achieved when the fibre volume fraction Vy
is greater than or equal to 0.9%. High EA can also be reflected by the widespread
yielding of the reinforcement in slabs as shown earlier in Figs. 6.7 and 6.8, where
almost the entire flexural reinforcements in the current SFRC slabs were activated

to resist the moments and punching shear loads.
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6.3.2 Comparisons of design methods with test results

Table 6.2 shows the comparisons of the performances of the Model Code 2010, TR
34 as well as the yield line theory (V7ex) with the current ten slabs. For the purpose
of subsequent comparisons in this section, all the load factors, materials safety
factors and strength reduction factors are all set to 1.0. The failure load of each
specimen Vexp includes the self-weight of the slab outside the perimeter measured at
d away from the column faces and the weight of test equipment placed on top of the
slab. The performance of each method will be evaluated by the statistical analysis of
the ratio of the failure load to the calculated load (Vexp/Veaic). For instance, a high
value of an average Vexy/Veaic indicates the conservatism of a method while a low
value of a COV (coefficient of variation) indicates a reliability of the method. So, a
method that has an average value of Vexp/Veaic close to 1 (on the conservative side or
> 1.0) and with a low COV should be considered as accurate.

The Model Code 2010 method, TR 34 method, and the yield line theory were
described in Chapter 3. In this analysis, the calculated ultimate strength Veaic using
the TR 34, Model Code 2010, and yield line theory are given by Eq. (3.5), Eq. (3.8)
and Eq. (3.16), respectively.

6.3.2.1 Performance of yield line theory:

Columns 2 and 4 of Table 6.2 show the experimental failure loads Vexp and the
calculated strength Vzex using yield line theory, respectively. The ratios of Vexp/Veac,
shown in Column 11, are shown to be lower than 1 with an average Vexy/Veaic of 0.71.
Note that Vyiex = Veaie. Thus, based on these results, the flexural strength of all the 10
slab specimens should be considered as not attained before failures. This is true for
the slab specimens with Vr < 0.6% because there was no widespread yielding of
reinforcements in these slabs. However, it is an interesting case for the specimens
F09-09, F14-09, F09-12, and F14-12 (Vr= 0.9% and 1.2%). According to the yield
line theory, the failure loads Vexp of these slabs should be at least equal or greater
than the loads Vzex because most of the reinforcements in these slabs, indeed,
yielded. But Column 10 of Table 6.2 shows that the failure loads Vexp of the slabs

are smaller than Vyer. Therefore, the comparisons show that the failure mode of the
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slabs with high reinforcement ratios and high fibre content such as Specimens F09-
09, F09-12, F14-09, and F14-12 should not be treated as the flexural mode even
though their failure behaviours were ductile and their reinforcements yielded.
Therefore, the yield line theory may not be an accurate method for
calculating ultimate shear strength of SFRC slabs having parameters similar to the
cases discussed above. Among the three methods compared in Table 6.2, the
predictions by the yield line theory method are not conservative because the average

Vexp/ Veale 1s 0.71 even though the COV is considerably low (about 14%).
6.3.2.2 Performance of TR34:

TR34 method is shown to perform best among the three methods, with a COV of

only 12% and an average value of V., /V_ . of 0.99 (See Table 6.2 Column 12). The

exp !V cale
TR34’s prediction of the shear strength increment Vzs(see Column 6) due to an
addition of fibres is quite consistent with the failure load increments AV (shown in
Column 3). In Column 12 of Table 6.2, the TR34 method overestimates the
punching shear strength of the slabs with low fibre contents, especially the slabs
without fibre (F09-00 and F12-00). This is somewhat expected, because TR34
method is essentially the Eurocode 2’s equation but with the term vy. The author has
evaluated the performance of Eurocode 2 (EC2) with current 12 HSC slabs in
Chapter 5. In Chapter 7, it will be shown again that the EC2’s equation tends to
overestimate punching shear strength of slabs constructed with high strength

concrete, especially for f°- > 80 MPa.
6.3.2.3 Performance of Model Code 2010:

The performance of Model Code 2010 method is inaccurate compared to the other

two methods. It has a COV of 44% and an average of V., /V_ ;. of 0.99 (See Table

exp '’ calc

6.2 Column 13). The highly scattered predictions are because the Model Code 2010
method underestimates the strengths of the slabs F09-00, F14-00 (Maximum of V,,

V.

-ac = 1.81), but overestimates strengths of those slabs with fibres by large margins

(Minimum of V_ /V

exp ! Veare = 0.58). The overly conservative prediction for the slabs

F09-00 and F14-00 can be due to the use of the slab rotation y in Eq. (3.10) which is
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the simplest form of approximation. More complex forms of the Model Code 2010
method are expected to solve this problem. In Column 8 of Table 6.2, the shear
strength contribution from SFRC calculated using the Model Code 2010 method
does not perform well. It can be seen that Vkr (= vy xbod) are too high compared to

the failure load increments AV (Column 3).
6.3.2.4 Summary of comparisons

It can be seen clearly that the use of double hooked-end fibres is significant in
increasing certain properties of concrete slabs. These properties include: punching
shear strength, flexural strength, ductility, post-failure strength and as well as first
cracking load. So far, based on the results of current 10 slabs with double hooked-
end fibres, only TR34 method seems to be able to predict the failure loads
accurately. Yet, it is not known if the method will be accurate when more test data

(with residual tensile strengths) become available.

Table 6. 2 — Comparisons of design methods with experimental results

TR34 MC2010 Vep | Veate
Vexp AV Vﬂex Ve VRf VRa Ve VRf VRa
Eqll | Eq.2 | Eq.3 | Eql | Eq6 | Eq. | Eq.5 | YLT | TR MC
D G+ 10 2010
© @ro | @ | @@
kN kN kN kN kN kN kN kN kN © ©) ©)
(kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (Kips)

1 2 3 4 5 6 7 8 9 10 n 12 13
F09-00 382 - 505.4 398 - 398 212.4 - 212.4 0.76 | 0.96 1.80
F09-03 461 79 623 412.4 89.6 502 212.4 | 300.8 513.2 0.74 | 092 | 0.90
F09-06 556 174 7018 409.3 158.1 5674 | 2124 | 5033 715.7 079 | 098 | 0.78
F09-09 678 296 868.2 4139 | 2521 666 2124 | 799.1 1011.6 0.78 1.02 0.67
F09-12 731 349 992 428.7 327 7557 | 212.4 | 1053.2 | 1265.6 | 0.74 | 0.97 | 0.58
F14-00 382 - 716.4 440.6 - 440.6 | 2115 - 211.5 0.53 0.87 1.81
F14-03 466 84 842.9 456.6 85.9 5424 | 211.5 | 290.7 502.3 0.55 | 0.86 | 0.93
F14-06 587 205 921.8 453.1 151.5 | 604.6 | 211.5 | 486.4 697.9 064 | 097 | 0.84
F14-09 806 424 1088.2 | 4583 | 241.6 | 6999 | 211.5 772.4 983.9 0.74 115 0.82
F14-12 977 595 1211.9 4747 | 313.3 788 211.5 | 1017.9 | 1229.5 | 0.81 1.24 0.79

Minimum = 0.53 | 0.86 | 0.58
Maximum = 0.81 1.24 1.81

Average = 0.71 0.99 0.99
Coefficient of variation, COV = 0.139 | 0.120 | 0.44

Notes: Ve is the calculated strength of a slab
Ve =ve X(ud) or vex(bod) and Vrr= vix(ud) or v<(bod)
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6.4 Summary

Based on the above experimental results and the accompanying discussions, the

following conclusions can be drawn:

e The punching shear strength of a slab can be significantly enhanced by an
inclusion of fibres. The test results showed that the punching shear strength of
SFRC slab with double hooked-end fibres having volume fraction of 1.2% can be
156% higher than the strengths of plain HSC slabs, given the same reinforcement
ratios. This is considerably higher than the increment introduced by normal
hooked-end fibres, which can increase punching shear strength by about 45% to
65 %.

e The post-punching residual strength of a slab increases as the fibre volume
fraction increases. The post-punching residual strength is about 50% of the
corresponding peak load of each SFRC slab for the same fibre volume fraction.

¢ The addition of fibres can enhance the serviceability performance of the slabs. It
can delay the occurrence of first flexural cracks because the concrete modulus of
rupture is increased. Crack widths are reduced with an increase in the fibre
contents at all stages of loadings

e When the fibre volume is about 0.9% (70.2 kg/m*® fibre dosage) and higher,
ductility and energy absorption of a slab are improved substantially because
reinforcements outside the width of 1.5/ from the column face become more
active in resisting the moments. In other words, the addition of double hooked
end fibres also leads to widespread yeilding of reinforcements that are located
further away from the column section.

e The Concrete Society’s TR34 method is accurate for current SFRC slabs. The
Model Code 2010’s method, using the first level of approximation, is inaccurate
and unconservative for the current slabs. Since all the slabs were considered to
ultimately fail in punching, the yield line theory method is not suitable for the
current slabs. The analysis results showed that the yield line theory overestimates

the ultimate strengths of all slabs.



PROPOSED SHEAR DESIGN METHOD FOR
REINFORCED CONCRETE SLABS

7.1 Introduction

This chapter presents a reliable and accurate design method for predicting the
punching shear strength of a reinforced concrete slab. A new attribute of the
proposed method is its capability to address the influence of the effect of low
reinforcement ratio. Other influencing factors, such as column rectangularity ratio,
concrete strength, and size (thickness) effect are also addressed. The new
experimental results presented in Chapter 5 will be combined with 355 existing
published data. The data will be used to evaluate the accuracies and safety of the
ACI 318-14 and Eurocode 2 methods for punching shear, as well as some other

methods proposed by other researchers.
7.2 Derivation of the proposed equation

The proposed equation, shown in Eq. (7.6), is an extension of the punching shear
strength formula that was previously introduced by Teng et al. (2004) shown earlier
in Eq. (2.1) (in Chapter 2). New reduction factors to consider low reinforcement

ratio and size effect are added.
7.2.1 Factor for low reinforcement ratio, kxr

The effect of low reinforcement ratio is treated in the same way as in Peiris and
Ghali's approach discussed in Section 2.5 in Chapter 2. If the reinforcement ratio is
less than ps, then the failure mode changes from punching to flexural mode and a

reduction factor for low p is activated. The author derived a reduction factor &,

(Eq. 7.3) that accounts for the effect of low reinforcement ratio on the punching

126
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shear strength of a reinforced concrete slab, the final form of the factor is a function

of reinforcement ratio and expressed as:
— N
k RR (p/ P f‘s)
where p is the provided reinforcement ratio, and py is the limiting reinforcement

ratio. N is a suitable exponent calibrated from relevant test data. The complete

derivation of this reduction factor kRR is as follows:

By referring to the crack patterns of the slab specimens shown in Figs. 5.1 and
5.2 presented earlier in Chapter 5 of this thesis, Fig. 5.1 shows the crack pattern for
slab S11-050 that failed by yielding of the flexural reinforcement and followed
quickly by punching failure. The crack pattern of Specimen S11-090 is for the case
of clear punching failure. Thus, the crack pattern or yield line pattern that can
suitably represent the transition from the punching failure to flexural failure is in
between the yield lines in the slabs S11-050 and S11-090. This is also true for the
crack patterns for slabs S13 and S15 series shown in Fig. 5.2 (Chapter 5), as well as
for a number of slab data from the literature (Guandalini et al. 2009, Guandalini
2005) whose yield lines are available. The idealized yield line pattern that can
represent this transition phase is shown below in Fig. 7.1. The Vyex for the slab with
that yield line pattern was presented earlier in Eq. 3.16 in Chapter 3 and shown here
again as follows.

Viex= a,m (7.1a) or (3.16)
where ao is a dimensionless parameter that depends on the boundary and loading
conditions of a slab and (for this case) expressed as:

a,=[2(c, + ¢,)/r +2n] and m = 0.95 p f, & (7.1b)
where c1 and c2 are the lengths of long and short sides of column cross-section,
respectively. 7 is the distance from the column face to the point load (for design
purpose,  can be assumed to be 0.2, that is the distance from the column to the
inflection point in a flat plate floor).

The limiting reinforcement ratio ps can be obtained by setting Viex = Ve, that

is, Eq. (7.1) = Eq. (2.1). Adding the reduction factors k., for column rectangularity
ratio and kg, for size effect to Eq. (2.1) and setting Eq. (7.1) = Eq. (2.1), the

following relationship is obtained (the reduction factors for the effect of column
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rectangularity k,,and the size effect kg, will be discussed in the subsequent

subsections below):
@, (0.95 p, fy d?) = 0.6 kp kg, (IOOpﬁf’C)mbod
From the above relationship, the limiting reinforcement ratio ps is then

obtained as:

0.6k ko, 1B d

100p, =
Pr g, (0.951,d%)

(100)} (SI Units)

— 13 3/2
_| 10-OkeakspSe_Bd (190 | (. Units) (7.22)
a,(0.95f,d°)

The yield line pattern shown in Fig. 7.1 is to represent slabs supported on
square as well as rectangular columns. The actual value of «, [Eq. 7.1(b)] varies
from about 8 for square columns to about 10 for rectangular columns.

Note, however, that the standard ps of Eq. (7.2a) can be simplified
considerably, if desired. By assuming «, to be equal to 8, the two reduction factors
to be 1.0, f'e = 40 MPa (5800 psi), fy = 410 MPa (60 ksi), column size ¢ and ¢2 = 350
mm (13.8 in.), d =175 mm (7.9 in), the value of ps becomes 0.007 or

100 0.6(1)(1)(40)""*(2100)(175)
A= 1T (8)(0.95)(410)(175)%)

(100)} ~0.7 (7.2b)

Therefore, if the ps 1s obtained from the standard Eq. (7.2a), the method is
referred to the Standard Method. When ps 1s obtained from the simplified Eq.
(7.2b), the method is called the Simplified Method.

The advantage of using the standard method comes in the form of more
accurate predictions of failure modes; that is, either flexural mode, punching mode.
The simplified method that uses ps of Eq. (7.2b) gives equally accurate predictions
of failure loads as the standard method but with less accurate predictions of failure
modes. This will be discussed subsequently in Section 7.3 "Comparison with
experimental results".

For slabs with low reinforcement ratios or p less than pg, Fig. 7.2 was

constructed. In Fig. 7.2, the x-axis is the reinforcement ratio p and the y-axis is
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Vexp/{0.6 k

CR SZ

(f")"* b,d } (SI units). Experimental slab data [References of data
are given in Fig. 7.2] that failed in flexure are plotted in Fig. 7.2. The denominator
is essentially Ve of Eq. (2.1) without the p"* term. A solid line is also drawn from the
origin to an arbitrary point of p = 0.7%. Since, in Fig. 7.2, at p = 0.7% the y-axis is
also equal to 1.0, this p is actually ps where Viex = Ve. So, taking ps = 0.7% and
assuming that the punching shear strength to be a linear function of p, for p < pg,
produces the solid inclined line. Obviously, the assumption of the linear relationship
leads to overly conservative predictions of failure loads for p < ps. A more suitable
form for the relationship between failure load and p for the region of p < ps would
be a function of (p/ps)!’? as shown by the curved line (Fig. 7.2).

Therefore, a reduction factor for low reinforcement ratio is needed for the
region of p < ps. The punching shear strength of the slab would best be represented
by kerVe, where k,, = (p/pj,)"?. Since the basic form of Ve itself (Eq. (2.1)) has

1/3

already had p”” term in it, the exponent in kzr needs to be reduced by 1/3, which is

the exponent of p in basic Ve, to become (1/2 —1/3) = 1/6, or

ke = (P/P)"° (7.3)

Reference: Park and Gamble!?

External work done = Internal work done
(Neglecting the short yield lines beyond the
Circular line and the negative reinforcement)
Viex0 = 2(8/r) (¢rtey)m + 2mom

Viex = (2 (err¢y) /r + 2m)m

where,

r=0.5(L-c,)

“Axis of Rotation

Fig.7.1— Idealized yield line pattern representing transition from punching failure
mode to flexural failure mode.
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Fig.7. 2 — Relationship between Vexp and p for slabs with low reinforcement ratios.

7.2.2 Factors for size effect and column rectangularity ratio

Various approaches have been employed to study the size effect in concrete
structures. Reviewed earlier in Section 2.3.4 of this thesis, a fracture mechanics-
based approach pioneered by Bazant (1984) leads to a reduction factor that is
proportional to d V2. However, due to the variability of test results, properties of
concrete members, and the influence of reinforcement, etc, an empirical approach is
often used, and this can lead to a reduction factor that is proportional to d 3 to d "
or others.

By observing the available experimental data and practical design

considerations, the size-effect reduction factor &, below is adopted for the proposed
equation.
kg, = (300 /d)"* <1.0 (SIunits)
=(12/d)"* <1.0 (U.S. units) (7.4)
where kg, is chosen to be applicable for an effective depth > 300 mm (12 in.)

simply because the current basic equation for V. is safe for d of up to 300 mm (12

in.). For d <300 mm (12 in.), kg, = 1.0. So, for the majority of slabs in practical

structural design, the size effect factor can be disregarded.
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For the column rectangularity ratio, (= c;/c,), greater than 1.0, the
corresponding reduction factor k., in Eq. (2.1), that was empirically derived, is

retained with the exponent adjusted to 1/3 to suit more data.

kg = (b2/b)"? (7.5)
where b; and b are the lengths of the long and short sides of the critical perimeter
bo respectively. Figure 7.3 shows the graph depicting the normalized shear stress at
failure Vexp/{bod(100pf"c)"*} against B (the ratio of long to short sides of the
column, or ci/c2) for the author’s current slab specimens and other existing slab data
from the literature [ References of the comparing data are provided in Fig. 7.3].
Each of selected set of data comprises slab specimens with different column aspect
ratios. The author’s slab specimens were made of high strength concrete while those
from the literature were made of normal strength concrete. It can be seen from the
trend line for each set of data that the normalized shear stress decreases as the
column aspect ratio increases. The trend lines are all similar to each other, including
the one for the author’s current high strength concrete slabs.

Figure 7.3 essentially shows the performance of the column rectangularity
factor, kcr, in comparison with experimental data. It can be seen that k., represents
the trend line of the experimental data (including high strength concrete slabs) very
well. The way ACI treats rectangular column is by the use of the 8 coefficient as
shown in Eq. (3.1b). It cannot be shown together in Fig. 7.3 because ACI uses \f’
instead of /'3 in its equation. Nevertheless, it has been discussed earlier in Section
5.3.3, the ACI method of treating rectangular columns as shown in Eq. (3.1b)

(Chapter 3) also represents the experimental data very closely.
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Fig.7. 3 — Performance of the proposed column rectangularity factor kcr.

7.2.3 The Proposed Equation

The general form of the proposed equation can be written as:

Ve =0.6kykekg, (100 pf.)"*b,d (Sl units: MPa, mm);

=16 .6k gk op kg, (100 pf)' b, d (U.S. units: psi, in.) (7.6)

where krr, kcr, and ksz are the reductions factors for reinforcement ratio, size effect
and column rectangularity ratio, respectively [see Egs. (7.3), (7.4), and (7.5)]. p is
an average flexural reinforcement ratio in both directions (= 4s/bd) and should not
be taken greater than 2.5%. b, is the critical perimeter calculated at the distance 0.5d
away from a column face (for both circular and rectangular columns). d is an
average effective depth of a slab. Note that in most cases, the reduction factors need
not be calculated as they will be equal to 1.0.

For commonly used slabs supported on square columns (ci/c2=1) with
reinforcement ratios p greater than 0.7%, and effective depths d of 300 mm or less;
the proposed equation in Eq. (7.6) becomes simple as follows:

V. =0.6(100 pf,)"*b,d (SIunits: MPa, mm);

=16.6(100 pf.)'*b,d (U.S. units: psi, in.) (7.7)
Note if the pss (used in kgr) is obtained from the standard Eq. (7.2a), the method is
referred to the Standard Method. When pg is obtained from the simplified Eq.
(7.2b), the method is called the Simplified Method.
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7.3 Comparison with experimental results

7.3.1 Comparison with author’s 12 new HSC slab specimens

For the purpose of these comparisons, all the load factors, materials safety factors
and strength reduction factors are all set equal to 1.0. Shown in Table 7.1 are the
punching shear strengths of the 12 high strength concrete slabs presented earlier in
Chapter 5. Four existing (relevant) design methods are compared to the author’s
proposed standard method and simplified method, which are: ACI 318-14 [Egs. (3.1),
discussed in Section 3.2.1], Eurocode 2 [Eq. (3.2), discussed in Section 3.2.2],
CSCT [Egs. (2.3) and (2.4), discussed in Section 2.5.1], and the Peiris-Ghali’s
approach [discussed in Section 2.5.1]. Note that the performances of the ACI 318
method and Eurocode 2 method for the current 12 HSC slabs have been discussed
earlier in Chapter 5 Section 5.3.1; they will be briefly discussed here again.

The predictions of the ACI Code method are unconservative (Vexp/Vegle <

1.0) for slabs with low reinforcement ratios of 0.28% or 0.5%, as expected (See
Column 9 of Table 7.1). For slabs with higher p, such as Sxy-090 and Sxy-143
series, the ACI predictions are conservative. The corrections to ACI method that
was introduced by Peiris and Ghali (2011) (Column 11 of Table 7.1) make the
corrected ACI method very conservative for low reinforcement ratio cases. For the
Eurocode 2 method (Column 10 of Table 7.1), the predictions are reasonably
conservative, but it cannot take into account the reduction in punching shear
strengths of slabs supported on rectangular columns (the S15 series slabs especially)
and of slabs with very low reinforcement ratio of p < 0.3%, such as S11-028, S13-
028, and S15-028. The CSCT method (Column 12 of Table 7.1) performs very well
for these 12 slabs, with a coefficient of variation (COV) of only 8.4% and an

average of Veyp/Veqje of 1.01.

The author’s proposed standard method (Column 13 of Table 7.1) is the most
accurate, with an average of Vey,/Vegjc 0f1.09 and a COV of only 8.2%. The
failure modes of the slabs are predicted accurately. Column 8 shows the values of
p/ps from the standard ps equation [Eq. 7.2a]. If the p/ps is less than 1.0, the

corresponding slab would fail in flexural mode (F); otherwise, if p/ps is equal or
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greater than 1.0, the failure mode is expected to be punching (P). The actual
(observed) failure modes of the slabs are shown in Column 6 of Table 7.1. By
comparing Column 8 and Column 6, it can be seen that the author’s standard
method predicts the actual failure modes very accurately; that is, all the failure
modes are predicted correctly. In fact, both the standard and the simplified methods
predict the failure modes of the 12 HSC slabs correctly. Note that the second best
method is the author’s proposed simplified method (see Column 14) that is when the
limiting reinforcement ratio ps is simplified to be 0.007 (derived in Eq. (7.2b)). The

coressponding values of an average of Vexp/Vgjc and COV are 1.08 and 8.3%,

respectively.
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Table 7. 1— Comparison of design methods with current test results of 12 HSC slabs

135

Vexp/Vcalc
D
= Noye | 9 g =) =
Slab C2XC1 d op H Vexp § opfb p/pﬁ o 2 -g
D mm | mm % kN o % X « = -5 | =23
g wn|l I 2| & =« |32|%=
— v— = T (@] =3 S
.E en (] » wn g- E g- 2
= S| 5| 5| |£3|£E
] = = > A = A3
@ n-t « E
I B
()] (0B ) I C)) S | O ®) 9 (a0 | an | az) | a3 | a4
S11-028 120 | 0.28 280 F | 0.96 O(FZ)9 0.65 096|192 | 112 1.19 1.13
S11-050 § 117 | 0.50 394 F [ 098 (EFS)I 095 | 116 | 1.58 | 1.21 1.29 1.22
X
S11-090 = 117 | 0.90 440 P | 0.78 1(11)? 1.06 | 1.06 | 1.06 | 0.99 1.06 1.06
[\l
S11-139 114 | 1.39 454 P | 0.88 1(3;3 114 1099 | 1.14 | 0.89 | 0.98 0.98
S13-028 120 | 0.28 308 F | 0.98 ()(1:2)7 053 0.79 | 218 | 0.99 1.07 1.01
S13-050 § 117 | 0.50 418 F | 0.80 O(F6)3 0.74 | 091 | 1.44 | 097 1.06 1.04
X
S13-090 S 117 | 0.90 558 P | 0.80 1(11§ 0.99 | 1.00 | 1.08 | 0.96 1.08 1.08
[\l
S13-143 114 | 1.43 718 P | 091 1(12)7 1.32 | 114 | 1.32 | 1.05 1.23 1.23
S15-028 120 | 0.28 322 F | 1.07 O(FZ)S 0.49 | 0.68 | 242 | 0.97 1.04 0.97
o 0.58
S15-050 2 117 | 0.50 458 F | 0.85 (F) 0.70 | 0.79 | 1.59 | 0.95 1.04 1.00
X
S15-090 S 117 |1 0.90 658 P | 0.85 1(3)6 1.00 | 0.93 | 1.28 | 1.00 1.12 1.12
[\l
S15-143 114 | 1.43 776 P | 0.97 l(g)7 1.22 { 0.98 | 1.22 | 0.99 1.17 1.17
Min = 0.49 | 0.68 | 1.06 | 0.89 | 0.98 0.97
Max = 1.32 | 116 | 242 | 1.21 1.29 1.23
Average = 0.90 [ 0.95 | 1.52 | 1.01 1.1 1.08
COV= 0.30 | 0.15 [ 0.29 | 0.084 | 0.082 | 0.083

NOTE: COV = Coefficient of variation
Y Vexp = total failure load, including weight of specimen outside the distance of d from
column face and weight of test equipment on top of the specimen.

2 Observed Failure Mode: F = Flexural Failure; P = Punching Failure
= proposed limiting reinforcement ratio, calculated using Eq. (7.2a), ps is taken to be

¥ ps

Y For p/pg > 1.0, the predicted failure mode is punching; for p/ps < 1.0, the predicted failure

0.007 for the proposed Simplified Method as shown by Eq. (7.2b)

mode is flexure. psin Col (7) is for the proposed Standard Method and calculated
using Eq. (7.2a)
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7.3.2 Comparison with Slab Database of 367 specimens

Table 7.2 summarizes the punching shear strength predictions of the methods
mentioned above for the 367 slabs in the database. The material properties and
complete details of the 367 slab data and the detailed comparisons of the failure
load of each slab with the predictions of all the methods are given in Appendix E
(Table E.1).

The current database of 367 slab data was from the author’s research group
earlier database [Teng et al. (2004)] with the addition of slab data from the database
of the ACI 445 - Subcommittee C (2011) and new slab data from the literature. All
the slab data in the current database is selected to make sure that they satisfy all the
relevant ACI design requirements. Slabs having unusual geometries, loading
arrangements, or boundary conditions were excluded as their punching strengths
would be quite different from those of normal slabs in typical construction and they
deserve special treatment of their own.

The data are grouped according to three parameters (reinforcement ratio p,
effective depth d, and compressive strength f°c) and divided into three or four
different divisions or ranges as detailed in Figs. 7.4 to 7.8 and also in Table 7.2. A
good and reliable method is expected to perform well in all the different ranges or
divisions.

Figures 7.4 and 7.5 show the comparison between the experimental failure
load Vexp and ACI 318-14 and Eurocode 2 predictions (Veaic), respectively. The ratio
of the experimental failure load to the calculated punching shear strength (Vexp/Veaic)
is plotted in the y-axis, with the x-axis being three design parameters: p, d, and f..
Separate statistical analysis is done for each of the divisions Al, A, B, and C. The
horizontal dashed line in each division shows the average values of the Vexy/Veaie for
that division. Figures 7.6, 7.7, and 7.8 show the comparisons of the experimental
results with the predictions of CSCT, Peiris-Ghali, and the author’s standard
methods, respectively. The statistical analysis results for each division are

summarized in Table 7.2.
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7.3.2.1 Influence of reinforcement ratio

The performance of the ACI equations with respect to reinforcement ratio is shown
in in Fig. 7.4(a). It can be seen that as the reinforcement ratio increases, the average
of Vexp/Vealc increases as well. Similarly, Table 7.2 shows for the ACI318-14
predictions, that as the reinforcement ratio increases from group Al (Col 4 or p <
0.6%) to C (Col 7 or p > 2%) the average of the Vexp/Veaic increase from 0.86 to 1.61.
This is caused by the neglect of the reinforcement ratio in the V. formulas in the
ACI 318-14. Note also that for the region Al(p <0.6%) in both Fig. 7.4(a) and Table
7.2, the average is 0.86 and most of the points are below the 1.0 line. This confirms
the earlier conclusion from the 12 HSC slabs, that the ACI 318 method for punching
shear is unconservative for slabs with low reinforcement ratio, specifically for p
less than about 0.6% or 0.7%.

The correction procedure introduced by Peiris and Ghali (2011) to take care of
possible flexural failure prior to punching failure is effective for the intended Al
region. From Table 7.2, in Peiris-Ghali rows, the average of Vexp/Veaic in division Al
increases from 0.86 (ACI average) to a healthy 1.15. However, the maximum
Vexp/ Veale increases from 1.19 to 2.42. This shows that the correction can also lead to
overconservatism of the method. Both the Eurocode-2 (EC2) method and the
Muttoni et al's CSCT method give good predictions with the CSCT method having
slightly lower coefficients of variations (average COV, that is, average of the 4
divisions = 0.16 compared to 0.18 for EC2). Figure 7.6(a) shows that CSCT
predictions in terms of reinforcement ratio has narrower band (better) compared to
Fig. 7.5(a) for EC2. Note, however, that both methods has Minimum Vexp/Veaic of
0.64 for EC2 and 0.57 for CSCT method. These are quite low.

The author’s proposed method can be considered the best with respect to
reinforcement ratio. The combined average of Vexy/Veaie of the four divisions (sum
of 4 averages divided by 4) is about 1.2, with a combined average COV of about
0.15. Figure 7.8(a) shows the author’s predictions using the standard method. The
average of one division is close to the averages of the other three divisions, and the

data are in a reasonably narrow band, indicating a low COV.
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7.3.2.2 Influence of effective depth

The second chart (Figure b) of Figs. 7.4 and 7.8 and Columns 8 to 10 of Table 7.2
show the statistical analysis results as they are influenced by the effective depth d. It
can be seen that the average of Vexp/Veale of the ACI 318-14 becomes lower as the
effective depth d increases. The ACI method can be unconservative for slabs having
an effective depth of greater than 300 mm. Obviously, this is caused by the neglect
of size effect in the ACI equations. The Peiris-Ghali's method, which is a correction
to ACI method does not address size effect.

The EC2 equation, which has a size effect term, also does not perform well
when d is greater than 300 mm. The CSCT method also does not predict well the
punching shear strengths of slabs that are thicker than 300 mm.

Both the author’s simplified and standard methods show very good
agreements with the experimental results. The average lines from the author’s
standard method across the different divisions of effective depths as shown in Fig.
7.8(b) are very close to each other, indicating a very good match between the
equations and actual failure behavior of the slabs. The average of the three divisions
is about 1.2 and the average COV is about 0.11 for both the simplified and standard

equations.
7.3.2.3 Influence of compressive strength of concrete

The third charts (Figure ¢) in Figs. 7.4(c) shows the performance of ACI method in
terms compressive strength f7c. It can be seen that the average of Vexp/Veaic in one
division or range (represented by the horizontal dashed line) is nearly the same as
that of the other divisions. This is true for the other four methods shown in Figs.
7.4-8(b). However, the ACI method has the widest spread of results with combined
COV across the three divisions of 0.28. The CSCT method provides the best
predictions with a combined average of Vexp/Veaie 0f 1.03 and with a combined COV
of 0.14. The author’s simplified and standard equations both have a combined
average of 1.2 and a combined COV of 0.15. Both CSCT and the author’s methods
can be considered equally accurate. Table 7.2 (Column 13, for f°c > 90 MPa) shows
that the CSCT method predicts the punching shear strength of very HSC slabs (f’c >
90 MPa) very well with an average of 1.04 and a COV of 0.094. The next best
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method for f'c > 90 MPa (13,000 psi) is the author’s Standard and Simplified
methods with the COVs of 0.125 and 0.131, respectively, followed by the EC2,
Peiris-Ghali, and ACI methods.

7.3.2.4 Other parameters, failure modes, and summary

It is understood that influencing parameters can be inter-related and they may also
influence each other. Discussed earlier in Chapter 2, other parameters that might
influence the punching shear strength include column size to slab thickness effect
(c/d or bo/d), maximum aggregate size (d.), and also shear span to depth ratio (#/d or
0.2L/d). However, those effects were considered to be insignificant.

From the comparative study above, it can be seen that the author’s proposed
Standard Method and the Simplified Method are accurate and reliable. The standard
method predicts failure modes more accurately than the simplified method (see
Table E.1 in the Appendix E). Of the 27 slabs that failed in Flexure, the standard
method predicted correctly 20 of them (74% correct) while the simplified method
predicts 21 correctly (78%). Of the 340 slabs failing in punching, the standard
method predicts mode of failure correctly for 316 (93%) compared to 274 (81%) for
the simplified method. Nevertheless, both methods predict the punching shear
strength equally accurately and they give the closest predictions to the experimental
failure loads compared to other methods. The simplified method is especially very

simple to use.
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Table 7. 2 — Comparison of Experimental and Calculated Failure Load by all

methods
Vexp/ Vcalc Reinforcement ratio p (%) Effective depth d (mm) Concrezlevlslt)l;e)ngthf ¢
[A1] [A] [B] [C] [A] [B] [C] [A] [B] IC]
All
Division Se< 50 <
data | oo | g<p 1-0: <100 1“’1": d> 50 | fe< | fe>90
. 0.6 | <10 | PS | P>20 1 d= 300 90
(Units) @) | @) | 20| e | (mm) 300 ey | (MPa | (MPa | (MPa)
’ () (mm) ) )
Nos. of data: 367 57 160 175 | 114 247 6 279 63 25
o 2) 3 “) ) (6) ()] 3) ) (10) (1)) 12) 13
Min=| 049 049 | 049 | 0.76 1.06 0.70 | 0.49 0.73 0.51 | 0.59 0.49
V.. IV, Max= | 2.32 1.19 1.78 1.92 2.32 2.32 1.98 2.32 2.32 1.79 1.98
expl ¥V calc
ACI318-14 | Average= | 126 0.86 1.08 1.37 1.61 1.38 1.22 1.41 1.28 1.22 1.17
COV=| 0249 | 0233 | 0258 | 0.171 | 0167 | 0223 | 0247 | 0.231 | 0.240 | 0.236 | 0.366
Min= | 0.64 0.68 | 0.68 | 0.64 0.83 079 | 0.64 0.82 0.69 | 0.64 0.68
V.. V. Max= | 2.04 1.32 1.77 2.01 2.04 2.04 1.48 204 | 204 | 148 1.23
expl ¥V calc
Eurocode2 | Average= 114 1.02 111 117 1.21 1.26 1.09 1.30 1.16 1.10 1.02
COvV=| 0.174 0.169 | 0175 | 0183 | 0179 | 0158 | 0156 | 0.155 | 0.171 | 0.181 | 0.138
Min=| 0.57 0.64 | 064 | 057 0.76 0.65 0.57 0.68 0.64 | 0.57 0.89
Vol Veate Max= | 1.82 1.37 1.37 2.19 1.38 1.82 1.48 1.82 1.82 1.31 1.23
CSCT Average= | 1.04 1.02 1.03 1.06 1.02 1.07 1.02 1.09 1.04 1.02 1.04
cov=| 0.52 017 | 0145 | 0.198 | 0.29 | 0156 | 0.145 | 0160 | 0.151 | 0.174 | 0.094
Min= | 0.75 076 | 075 | 0.76 1.06 090 | 0.76 1.06 075 | 0.76 0.94
V.. IV, Max= | 242 242 | 242 2.31 232 2.32 2.42 2.32 232 1.79 2.42
expl ¥V calc
Peiris-Ghali | Average= 1.31 115 1.19 1.37 1.61 1.42 1.28 1.46 1.32 1.23 1.47
COV=| 0.214 027 | 0217 | 0177 | 0.67 | 0185 | 0215 | 0180 | 0.201 | 0217 | 0.282
Min=| 0.73 0.73 073 | 0.76 0.83 0.86 0.73 0.86 073 | 0.83 0.97
Veso! Ve =| 169 1.55 6 1.69 1.50 1.69 6 1
Proposed Max= ) ) 1.67 ) 5 . 1.67 69 1.69 1.56 1.43
Simplified | Average= 1.21 118 1.22 1.22 116 1.28 1.18 1.29 1.21 1.24 116
Method
ctho Ccov= | 0151 0151 | 0151 | 0151 | 0.53 | 0127 | 0158 | 0.124 | 0.150 | 0.160 | 0.131
Min= | 0.76 0.81 0.81 0.76 0.83 0.86 | 0.76 0.86 0.76 | 0.83 0.98
Vexp/Vcalc _ 1 1.4 1 1
Proposed Max= .69 49 67 .69 1.50 1.69 1.67 1.69 1.69 1.56 1.43
Standard | Average= | 120 1.13 1.20 1.22 1.16 1.27 1.17 1.28 1.20 1.23 1.17
Method
etho COvV=| 0.152 0.143 | 0151 | 0153 | 0153 | 0129 | 0158 | 0.126 | 0151 | 0.164 | 0.125

NOTE: Regions Al, A, B, C correspond to the regions in Figs. 7.5 to 7.9.
COV = Coefficient of variation.
I mm = 0.0394 in., 1 MPa = 145.0 psi.
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7.4 Summary

New standard and simplified methods for calculating the punching shear strength of
a reinforced concrete slab were derived and proposed. Influencing factors, such as
column rectangularity ratio, concrete strength, and size (thickness) effect were
addressed and considered in the proposed methods.

The author’s new experimental results presented in Chapter 5 were combined
with 355 existing published data to evaluate the accuracies and safety of the ACI
318-14 and Eurocode 2 methods for punching shear, as well as some relevant
methods proposed by other researchers such as the critical shear crack theory
(CSCT) method by Muttoni (2008) and the Peiris-Ghali method (2001). The
comparisons of these methods with 367 slab data showed that:

o The ACI 318 method is unconservative for slabs with low reinforcement ratios
(especially for p < 0.7%). The correction procedure proposed by Peiris and
Ghali fixes the problem but it may lead to over conservatism. The EC2
method can be unconservative for slabs with very low reinforcement ratio and
supported on rectangular columns.

° The ACI 318, EC2, and CSCT methods may not be safe for slabs with an
effective depth of more than 300 mm (12 in.) even though EC2 and CSCT do
consider size effect. ACI needs to consider the inclusion of size effect into the
equation.

o The author’s proposed standard and simplified methods both have been
shown to be most accurate and reliable with uniform averages of Vexp/Veare and
COV across different ranges of design parameters. The simplified method is

especially simple to use.
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PROPOSED SHEAR DESIGN METHOD FOR STEEL
FIBRE REINFORCED CONCRETE SLABS

8.1 Introduction

From the review of various design methods for fibre reinforced concrete (FRC)
slabs in Chapter 2 Section 2.5.2 and in Chapter 3, it is clear that most of the
available models and methods for predicting the shear strength of FRC slabs are
dependent on tensile strength of FRC composites. In general, there are two different
approaches for calculating the shear strength of FRC slabs, such as:

(1) The approach that calculates the shear strength by using the residual tensile
strengths obtained from the notched beam test as recommended in EN 14651
(2007).

(2) The approach that approximates the shear strength to be a function of semi-
empirical and empirical fibre parameters, such as fibre geometry, fibre
content, and various reduction factors. Some methods that use this approach
were reviewed in Section 2.5.2.2.

The first approach has been adopted by some standard guidelines such as
RILEM (2003), Model Code 2010 (fib Committee 65-66, 2012), and Technical
Report 34 (The Concrete Society, 2015) as reviewed earlier in Section 2.5.2.1 and
Section 3.3. In practice, the residual flexural tensile strengths (from bending test EN
14651) have already been the common standard properties for accrediting the design
adequacy of FRC structures — particularly for the ultimate flexural design. In
comparison, the second approach is relatively more empirical than the first one. As
reviewed in Section 2.5.2.2, most existing design methods use statistical means to
estimate the tensile strength of FRC; these methods include several semi-empirical

or empirical factors to consider the highly heterogeneity of FRC materials.
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Both approaches have their advantages and disadvantages. The advantages of
the first approach are that the (bending) behaviours and stress conditions of actual
FRC structures can be more realistically analysed without relying too much on
statistics. However, the bending test itself can also contain several uncertainties that
may lead to errors. For instance, the consistency and uniformity of fibres in the
concrete may be different in the slabs and flexural tests. Unlike other properties of
concrete, results of the bending tests can vary quite significantly from specimens to
specimens. In consequence, the TR 34 method by the Concrete Society (2015)
recommends at least 12 notched beam samples (EN 14651, 2007) from the same
batch of FRC for a test set. Also, the process of the bending test and the preparation
of the test samples can be much cumbersome and expensive than conventional
concrete tests.

One of the advantages of the second approach over the first one is that, it
does not contain variables that need to be obtained experimentally. Hence, it is
straightforward and ideal for design purpose. It is also easier to be validated with
existing test data from the literature because the results of bending test are not
available in most of the references. Validations by various researchers with test data
have shown that the design method using this approach can be quite accurate and
reliable to some extent (Narayanan and Darwish, 1987; Theodorakopoulos and
Swamy, 1999; Shaaban and Gesund, 1994; Harajli et al., 1995; Choi et al., 2007,
Higashiyama et al., 2011; Maya et al., 2012; Nguyen-mind et al., 2012; Gouveia et
al.,2014). However, some of the disadvantages include the predicted tensile strength
are statistically dependent, so the tensile strength cannot realistically represent the
stress in actual structure. It is also possible that a method using this approach can be
highly unreliable if the fibres used in actual structures are not consistent and
uniform throughout the slabs.

Hence, in this chapter, the author will derive and propose a new method for
the punching shear design of SFRC slabs considering the advantages and
disadvantages mentioned above. There are two shear design methods proposed in

this work.
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e First proposal (Section 8.2), the standard fibre reinforced concrete (FRC) method
that was analytically derived using the first approach

e Second proposal (Section 8.3), the general method that was based on the
standard FRC method but using the principles of the second approach.

The second proposal, the general method, will be combined with the proposed
equation Eq. (7.7) presented earlier in Chapter 7 to become a general equation for
the ultimate punching shear strength of reinforced concrete slabs with steel fibres
(Section 8.4). Therefore, the new contribution of this proposed general method, is
its treatment of the ultimate punching shear strength which considers the effects of
low reinforcement ratio, large column rectangularity ratio, and size (thickness) that
have been addressed in Chapter 7.

These new proposed methods, together with other existing methods for
calculating punching shear strength of SFRC slabs, will be evaluated and compared
with 148 slab data (Table E.2) collected from the literature. The comparison will
show that the author’s proposed methods are accurate and reliable for slabs with a
broad range of parameters, especially with the new set of the current SFRC slab

data tested by the author.
8.2 Proposed Standard FRC method

The ultimate punching shear Vi is expressed as

V=V, + Vas (8.1)
where Ve is the punching shear strength calculated by the proposed equation [Eq.
(7.7)] presented in Chapter 7. The additional shear resistance due to the contribution
of the fibre Vzr is given in Eq. (8.14), which is subsequently derived based on the
force diagram shown in Fig. 8.1 and the main assumptions and limitations as

follows.
8.2.1 Main assumptions and limitations

o Inclination of the shear cracks is taken to be an angle « with respect to the
horizontal r-axis. The tips of the inclined shear cracks end at the point O’ or

the depth of the compression zone as shown in the illustrating diagram in Fig.
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8.1(a) [Similar to the approaches by Kinnunen and Nylander (1960), Hallgren
(1996)].

The crack width is linearly increasing from O' to the top of the slab (Fig. 8(b).
The equivalent stresses are derived based on residual strength obtained from
the notched beam tests (EN 14651,2007). The details are discussed
subsequently.

Tensile stresses develop across the inclined failure surface from Point O’ to
the top (tension) face of the slab. The equivalent tensile stress is taken to be a
linear function of the distance along the crack (&) as shown in Fig. 8.2
[Similar to the Model Code 2010 approach as discussed in Section 3.3.3].
Note that the actual stress distribution is complex and nonlinear.

Dowel action and aggregate interlock mechanism are not considered as
individual shear resisting constituents, i.e. they are assumed to be
incorporated into Ve.

Vrris the vertical force component of tensile stress acting orthogonally across

an inclined crack surface as shown in Fig. 8.1(a).

8.2.2 Derivation

(a)
[Fig. 8.1 (Caption provided in the next page)]
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(b) I

Fig.8.1— (a) Force diagram in the punching shear model of a fibre reinforced
concrete slab; (b) Schematic model showing the crack-width opening
increases linearly.

3 1 (Case 1) : 4 (Case 2)
o) ©
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Fig.8. 2 — Stress (linear) distribution along the plane of inclined shear cracks for (a)
Case 1: Post-crack strain-softening behaviour; (b) Case 2: Post-crack
strain-hardening behaviour.

Consider the force diagram of a slab section shown in Fig. 8.1 and
assumptions listed above. Total shear contribution by the FRC Vi is the projected
resultant force due to tensile stress ow; where ocu 1s a function of & and it can be
transposed to become a function of z. Thus, total resultant force can be calculated
by integrating the tensile stress over failure surface from the height z = /4 - zc to 4.
The integral equation of Vgrcan be expressed as

z=h
Ver = (f 2n(r, + zcos a)o,(2) dz) cosa (8.2)
z=h-2z;
where the term (7, + z cos o) represents a radius of a cone as z varies; 7o is the

horizontal distance from the centroid of column to the Point O’, or
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7, = 0.5c+z.,/tana
where c is the length of the column; z. is the depth of the compression zone. It is
rather complicated to determine the depth of compression zone analytically because
it is a function of many parameters, which needs an iterative analysis and satisfies
overall equilibrium. In the past, several researchers have attempted to propose
analytical methods to determine the depth of the compression zone [ Kinnunen et al.
(1960)’s group, Theodorakopoulos and Swamy (1999), Muttoni (2008)]. For cases
where both concrete and reinforcement are in elastic state, the general form of this

depth zc, according to Hallgren (1997), can be expressed as:

pEs 1 2kEEc

= -1 )d 8.3
kgE; pE (83)

Zc

where p is the tension reinforcement ratio, Es is the Young’s modulus of steel
reinforcement, E. is the elastic modulus of concrete; ke (> 1.0) is the stiffness factor
that accounts for bi-axial compression in the compression zone. Kinnunen et al.’s
group (Hallgren, 1997) proposed this factor kz to be a function of Poisson’s ratio.
So, if the Poisson’s ratio of concrete is taken to be about 0.2, the kz can be
approximated as kz = 1.15. Note also that in the derivation of CSCT (critical shear
crack theory) by Muttoni (2008), the same equation of compression zone’s depth
[Eq. (8.3)] was also used, where the term (1/k£) was defined by Muttoni (2008) as
an efficiency factor that accounts for orthogonal layout of reinforcement and a
reduction in the ratio between the torsion and bending stiffness of the slab after
cracking. Muttoni (2008) suggested the ratio 1/kz to be 0.6 or ke =1.67.

Nevertheless, in this proposal, the author assumes that the depth of
compression zone to be a fraction of effective depth d, i.e. a simplified form of the
Eq. (8.3):

Ze = fcd (8.4)
where, [ is less than one and can vary from about 0.15 to 0.40. £ approaches 0.40
when the concrete strength /7 is very high (£¢ is high) and the section is heavily
reinforced. However, £ is close to zero when concrete strength f°c is small and

reinforcement ratio is very low. For simplicity, the author proposes the ratio £ to be
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pe=1/5 for f’c <60 MPa (8.5a)

pe=1/3 forf’c> 60 MPa (8.5b)

Figure 8.2(a) shows the Case 1 when an FRC member experiences post-crack
softening as crack opening increases. It is the common case for an FRC member
containing relatively low fibre volume fractions - particularly for the hooked end
types of fibres. On the other hand, Fig. 8.2(b) is for the post-crack hardening case
(Case 2). Case 2 occurs when the fibre volume fraction is high; it was shown by the
results of the author’s test programme presented in Fig. 4.8(a) (Chapter 4) that the
notched beam containing the double hooked fibres with V> 0.3% already
experienced post-crack hardening. Note that for other types of fibres, post-crack
hardening could start at a higher value of fibre volume V7, i.e. 0.5% for the
conventional single hooked-end fibres as shown in Fig. 4.8(b).

By adopting similar principles used in RILEM (2003), TR34 (The Concrete
Society, 2015) and Model Code 2010 (fib 65-66, 2012) as discussed earlier on in
Chapter 2 and Chapter 3, the author assumes the equivalent ultimate tensile stress
oeu to be distributed linearly along the plane of shear cracks as a linear function of &
as shown in Figs. 8.2. The equation of ow, can be formulated as

Ocu2 — Ocu1
$2—§1

where owus and o2 are the tensile stresses at the tip and the opening of the inclined

0cu(§) = Ocur + ) (8.6)

shear cracks, respectively. With good agreement with existing test data, the author
proposed the values of ows and owu2 to be directly proportional to equivalent tensile

stresses oy and oy as follows.

Ocu1 = Ns0r1 (8.7)

Ocuz = Ns0p> (8.8)

where ns (= 0.41) is a strength reduction factor to account for several complexities
and uncertainties pertaining FRC slabs under punching shear loads. Some of them
can possibly be due to (1) the difference in fibre orientation and dispersion in actual
structure and notched beam samples; (2) shear failure mechanism of FRC is
different from flexural failure in bending test; (3) punching shear failure involves

complex stress conditions (three-dimensional stresses) due to high shear — high
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moment interaction. Therefore, the reduction factor is chosen to be 0.41, which is
the same value as the orientation factor (n ) derived using the probabilistic function
by Swamy et al. (1976)’s and Lim et al.’s (1987) groups as presented in Section
2.5.2.2.

According to RILEM’s procedure (2003) (Section 2.5.2.1) which has been
adopted by TR 34 method, the equivalent tensile stresses op and oy are the adjusted
values of residual strengths f1 (at CMOD = 0.5 mm) and fr4 (at CMOD = 3.5 mm)
obtained from the standard notched beam tests EN 14651 (2007). The purpose of the
adjustment is to get more realistic tensile stresses for the FRC section. According to
EN 14651:2007, since residual strength f at each stage of loading Fr is simply
calculated using an uncracked section with a depth of 4y as illustrated in Fig. 8.3,
the corresponding linear-elastic stress diagrams can be represented by the left
diagrams in Fig. 8.4. Knowing that these residual stresses are for the standard
properties only, and cannot be the true values for the actual case. Therefore, to
address this issue, the RILEM’s procedure (2003) is adopted, that is, the neutral
axis of the beam section is adjusted for different loading stages as follows.

The depth of tension zone is taken to be 0.664s, when the CMOD is 0.5 mm
(shown in the right chart of Fig. 8.4(a)) and 0.945, when the CMOD is 3.5 mm
(shown in the right chart of Fig. 8.4(b)). The adjusted equivalent stress o and op
are assumed to be uniform over the new depth of the tension zone.

The stress oy and o are obtained directly by equating the moments M to M-,
where Miand M- are the moments corresponding to the linear-elastic stress diagram
(the left chart) and the adjusted diagram (the right chart) shown in Figs. 8.4(a) and
8.4(b), respectively. M1 and M> can be determined by taking moments about the
centroids of their respective compressive stresses. Therefore,

At CMOD = 0.5 mm [see Fig. 8.4(a)]

bhgp M,
M, =|\—|fr Take Mi = M>, thus

O-fl S 0'45f?"1 (89)
At CMOD = 3.5 mm [see Fig. 8.4(b)]
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M,
bhZ, M, = 0.45 bh%,07,;  Take Mi = M, thus

=\ fras

1Fr

hsp
noteched
L
3FRL

Stress at each load stage, fr1 = Shhz
sp

Fig.8. 3 — Schematic model of the notched beam (EN 14651,2007)
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0.555;, | M _ > ?p | 0.34h,,
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(a) At CMOD; = 0.5 mm
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(b) At CMOD, = 3.5 mm

Note CMOD is crack mouth opening displacement

Fig.8. 4 — Idealised stress distribution at the middle section of the notched beam for
(a) CMOD = 0.5 mm; (b) CMOD = 3.5 mm. [Modified from Fig. 2.7
(RILEM (2003))]
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The equation of ultimate tensile stress o shown in Eq. (8.6) can be simply
rearranged to be a function of variable z by transposing the & axis to the z-axis (see
Fig. 8.1(a)). Note that the vector relationship between (<) and o(z) can be
expressed as

d(z) =d(&)sina
Multiply sin o to Eq. (8.6), leads to

Ocu2 — Ocu1

0. (2) = (Ucm + z) sina (8.11)

272
where z2 = h, z1 = z. from Fig. 8.2(a).

Now the integral in the Vzrequation (Eq. (8.2)) can be performed since the
variable & was eliminated, and there is only one variable z in the equation. Since ocu
is a linear function, without violating any mathematical rules, the solution of Vzs in
Eq. (8.2) can be simply replaced by a product of two components oy (stress) and
Aym (area) as shown below.

Ve = afVAfH

where oy is the average value of the vertical component of tensile stresses ocu and

Ocu2, that is
ory = 0.5(0cy1 + 0y2)/ cOS

From Eqgs. (8.7) to (8.10), 0w and owa2 can be replaced. Thus, oy becomes
oy = 0.5n5(0.45f,; + 0.37f.4)/ cosa (8.12)
Ay is the projection of the failure cone surface to the (Horizon) r-axis, that is
n(th —z.)(h —z.)cosa
AfH = t
ana tan «a (8.13)

=mn(h —z.)? cot? acosa

where z: (=fd) is the depth of compression zone. Note that the term cos « in Eq.

(8.12) and Eq. (8.13) will cancel each other when combining together to obtain Vzs.
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8.2.3 Summary

Hence, the ultimate punching shear V' is expressed as
Vu= Ve + Vry [Eq. (8.1)]
where Ve is the punching shear strength calculated by the proposed equation [Eq.
(7.7)] presented in Chapter 7. The final form of Vgris,
Ve = vpdy (8.14)
where vrand Arare given in Eq. (8.15) and (8.16). They are actually the components
oy (stress) and 4 (area) in Egs. (8.12) and (8.13) but without the term cos a.,

respectively.
vy = 0.5n4(0.45f1 + 0.37f4) (8.15)
Ap = m(h — B.d)* cot®> (8.16)

where the notations in the equations are summarised as follows

ns = reduction factor, take as 0.41.

pe= ratio of the depth of compression zone to effective depth or z./d, taken
as 0.20 (for f°c <60 MPa) and 0.34 (for /- > 60 MPa) [Egs. (8.5)]

a = average shear crack angle, taken as 30°. This angle was also observed in
the author’s experimental programme presented in Chapter 6.

fr, fra= residual tensile strengths at CMODs of 0.5 mm and 3.5 mm,

respectively. They are obtained from the standard notched beam test EN
14651 (2007).
h,d = slab thickness and effective depth, respectively.
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8.3 Proposed General method

The general method uses the approach that approximates the shear strength
increment due to the presence of fibres to be a function of semi-empirical and fibre
parameters. According to the derivation of the above method shown in Eq. (8.14),
shear strength vy can be related to the residual tensile strength oeu (vr ocoeu ) which is
supported by the literature discussed in Section 2.5.2.2. Steel fibres function in a
similar way to aggregate, as they prevent the propagation of cracks in a mortar
matrix. This is because the fibres have greater modulus of elasticity than the
matrix’s. Thus they deform less and resist crack propagation by exerting a pinching
force at the crack tip. The resistance of crack propagation becomes ineffective when
failure occurs, that is, when the ultimate tensile strength of the composite ocu is
attained. So, by Hooke’s law, the following relationship is obtained

Vp X 0y ~ (fibre stress) XV,

Therefore, the tensile stress ow is influenced by the fibre volume fraction ¥y
and the fibre stress which is known to be a function of basic fibre parameters such
as fibre aspect ratio (L7/Dy), and other fibre characteristics such as the fibre-matrix
bond strength, and the randomness of fibre orientation. Therefore, based on the
equations of ocx in Eq. (2.17) and Eq. (2.20) in Chapter 2, and by treating the shear
strength vrthe same way as the tensile strength of a FRC composite, the general
form of the proposed shear strength vy can be expressed as

L
Vp = NpoNpNepTrp Vy (D_f> (8.17)
where V7 is the fibre volume fraction, calculated as ratio of the fibre dosage per unit
volume to the fibre density. Ly/Dyis the fibre aspect ratio or the ratio of the fibre
length to the fibre cross-sectional diameter. Other variables such as fibre orientation
factor ny, effective fibre length ny, fibre bond factor np, and basic fibre-matrix

interface bond strength z» are defined and derived subsequently.
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8.3.1 Fibre orientation factor

The fibre orientation factor ny is taken to be 0.41, this value of s, = 0.41 was also
used by other researchers [Swamy et al.’s group - Theodorakopoulos and Swamy,
1999; Lim et al., 1987, Narayanan and Darwish, 1987]. The value can be
mathematically derived based on the mean of the probability function by Eq. (2.22)
in Section 2.5.2.2. The value ns = 0.41 is applicable for most practical cases in
design. That is when the fibre length Lsis smaller than the thickness and width of
the FRC member.

8.3.2 Effective fibre length factor

The effective fibre length factor ny is taken to be 0.5, the value of ng= 0.5 is
obtained from the basic length efficiency factor n; given by Law (1972),Swamy et
al. (1974) and also Lim et al. (1987). From Eq. (2.18), the basic equation of n; can be
expressed in term of

n, = {1 ff{ fz/chLc ror Zii (8.18) or (2.18)
where L. is the critical length. In other words, it is the development length that will
cause the fibre to yield. In most cases, the failure mechanism is not governed by the
yielding of fibre. So, it can be assumed that the fibre length Ly is always lower than
the critical length L., where Lc is a function of ultimate bond strength of the fibre
and the fibre diameter. Since the bond strength and fibre diameter are already
presented as independent variables in the proposed general form of vrin Eq. (8.17),
the ratio of Ly/Lc in n; [Eq. (8.18)] can then be eliminated, thus n; becomes 0.5 for Ly
< Lc; this is also a value proposed by Lim et al. (1987) [ see Eq. (2.21)]. Therefore,

to account for length efficiency, the author proposed the term called the effective

fibre length factor, where ng = 0.5.
8.3.3 Fibre-matrix bond strength

The ultimate tensile strength of FRC is proportional to the bond strength 7, which
can be obtained by fibre pull-out tests under uniaxial tension. It is known that

different types and geometries of fibres have different influences on the pull-out
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strength. Shown earlier by Fig. 2.9(a) [Lim et al. (1987)], the fibre-matrix bond
strengths are typically greater or equal to 5.5 N/mm? for the hooked fibres, and
lower than 4 N/mm? for round or straight fibres. Recent investigations also
confirmed that the pullout strength is in a range of 5-7 N/mm? depending on fibre
properties [Yassir Abbas and Khan, 2016; Garcia-Taengua et al., 2011]. Therefore,
this ultimate bond strength can be written in term of

Tu = NypTsp (8.19)
where 75 (=5.5 N/mm?) is the basic bond strength of single hooked end fibres. The
author selected 7 to be 5.5 N/mm? to set the hooked end as a reference fibre, in
which the bond factor np for hooked fibre will be equal to 1. Note that Swamy et al.
(1974) and Narayanan and Darwish (1987) proposed this basic bond strength
(originally defined as the average bond strength) to be 4.15 N/mm?, which was
empirically obtained from available test data at that time.

Thus, the proposed bond factor np is the correction factor to account for
different types of fibres, i.e. np is 1.0 for the single hooked end fibre. The proposed
n factor is empirical and is based on the general knowledge about the pull-out
strength for different type of fibres, e.g. the bond strength is the highest for the
hooked type of fibres and the lowest for the other fibre types. The following
proposed values of np were calibrated to best fit the existing SFRC slabs data, to
ensure accuracy and conservatism. Essentially, there are four values of np as
follows:

np = 0.25 for undeformed, round and straight fibres;

= 0.50 for crimped, paddled, corrugated and fibres;
= 1.00 for single hooked fibres;
= 2.25 for doubled hooked fibres.

8.3.4 Ultimate punching shear strength formula

The proposed formula [Eq. (8.30)] for the ultimate punching shear strength (vu, V)
of an SFRC slab (limited to steel fibre reinforce concrete SFRC) is an extension to

the proposed equation presented in Chapter 7 for the case of non-fibrous reinforced
concrete slabs [in Eq. (7.7)]. The general form of the ultimate punching shear

equation is expressed as:
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W
" b,d

where the basic shear strength ve,sasic is taken as ve,sasic = 0.6(100pf’c)"? ; the shear

v, = R.F X (V¢ pasic + vr) (8.20)

strength increment due to the presence of fibres vy was proposed and given earlier in
Eq. (8.17). The term R.F in Eq. (8.20) represents all the reduction factors that
account for the influences of various structural parameters as discussed previously
in Chapter 7, i.e. the effects of low reinforcement ratio (kzr), column rectangularity
(kcr), and size (ksz).

There has been no specific set of FRC slab data to investigate the influences
of size effect and column rectangularity. In the current database (Appendix E Table
E.2), the maximum slab thickness that has been tested is 155 mm (d = 138 mm). All
138 existing slabs have square columns (ci/c2 = 1). Without any validation with the
test data, the reduction factors for rectangular columns kcr and size effect ksz are to
remain as proposed in Chapter 7. They are repeated here:

ksz = (300/d)"3 [or Eq.(7.4)] (8.21)

keg = (b2/bi)"? [or Eq.(7.5)] (8.22)

The effect of low reinforcement ratio has not been addressed in any research
on punching shear in FRC slabs; the author has discussed this issue previously for
the case of reinforced concrete slabs. Based on the data collected in the database,
there is a reasonable amount of FRC slab data with low reinforcement ratios. Thus,
to investigate the effect for FRC slabs, a similar data analysis as presented
previously by Fig. 7.2 (Section 7.2.1) is adopted here. Figure 8.5 shows a plot of
slab data having low reinforcement ratio (p < 0.8%) where the y-axis is the
normalised failure load with the proposed terms but without the influence of the
reinforcement {Vex/[(0.6(f",)"* +vy) b d]}and the x-axis is the reinforcement ratio p
(Note the terms k., and kg, are equal to 1.0 for the data plotted in the chart). From
Fig. 8.5, the relationship between the strength of a slab and reinforcement ratio is
similar to the one observed in Fig. 7.2. The relationship in Fig. 8.5 shows that a
reduction factor for low reinforcement ratio is needed for the region of p < ps.

Therefore, the ultimate punching shear strength of a SFRC slab can also be
represented by

v %< (plp)!? % [0.6(/)" + v (for p < pys)
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Since the basic shear strength (ve,sasic = 0.6(100pf”)"* ) has already had the p'?

term in it, the exponent 1/2 in (p/p,)"

needs to be reduced by 1/3. So, the reduction
factor krrcto be applied to the shear strength component Ve is,
krre = (p/py)"° (or Eq. 7.3) (8.23)

There is no reinforcement ratio p in the shear strength equation due to the

presence of fibres vz Hence, its corresponding reduction factor krrs remains as:

ke = (plp,)"™ (8.24)
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Note: Hooked fibres represent the type of single hooked end fibres. Other fibres
represent various types of fibres such as round, straight, crimped, corrugated,or
paddle fibres. Indication of fibre type for each data is also provided in the database
presented in Appendix. Data source - Hooked fibres: [Ozden et al., 2006, Cheng
and Parra-Montesinos, 2010, Higashiyama et al., 2011; Nguyen-Minh et al., 2012]
Other fibres: [Swamy and Ali 1982, Alexander and Simmonds 1992;
Theodorakopoulos and Swamy 1993]

Fig.8. 5 — Relationship between Vexp and p for SFRC slabs with low reinforcement
ratios
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Derivation of limiting reinforcement ratio ps for a SFRC slab

For the case of SFRC slabs, the limiting reinforcement ratio ps can be
obtained by the derivations from Egs. (7.1) to (7.2) presented in Section 7.2.1. The
ratio p, is essentially obtained by setting Vpex = Vu (Eq. (8.25)). Note that the
contributions from the fibres needs to be considered in the equations of Vyex and V.
The load Vyex is obtained using the yield line analysis with a circular fan yield line
pattern (Viex = aomu in Eq. (3.16)). Vu is taken as Vi = k_, k_, [0.6(100p/")"* +v/] b,d.
Thus,

a, (mu) = k_, k, [0.6(100p/"c)"”* +v/b,d (8.25a)

R kSZ

where m. can be approximated by Eq. (3.19) or ACI 544.4R method which was first
developed by Henager and Doherty (1976). An actual solution of p, needs an

iterative procedure by solving for p in in Eq. (8.25a). However, the author proposes

a simplified solution to calculate a standard form of p as follows.

The ultimate moment capacity of per unit width of a FRC slab can be
expressed as mu = me + my, where me (= 0.95pf;d* ) and my are the moments
contributed by reinforced concrete and fibre components, respectively. From Eq.
(8.25a), the term p from the left-hand side expression and the term (100p)"3 from the
right-and side expression are brought together leading to Eq. (8.25b) as follows:

pia, [0.93fd + (mip)]} = (100p)" {k , kg, [0.6(f"c)"” +(vr/(100p)"?)]bod

(8.25b)

Assume that the terms m//p and v//(100p)"> on the left-hand side and the right-
hand side of the expression Eq. (8.25b) are constants, where p is the flexural
reinforcement ratio of a slab, rearrange to solve for the remaining variable p in both

sides. Hence, the standard equation for calculating pss can be expressed as.

1 Uf
/kCRkSZ 0.6£)3 + - | b,d \l
(100p)3

Dfs = 2 100
241
K @, (095f,d2 + =)

The ultimate moment m. (=0.95pf,d* + my) can be substituted back to the

3/2

denominator, leading to



162 Chapter 8

3/2

1 v
/kCRkSZ(0.6fC’3+ L 1>bod \

_ (100p)3 8.26
Prs = TS 100 (8.26)

The ACI 544.4R method [or the method proposed by Henager and Doherty (1976),
in Eq. (3.19)] is adopted for calculating the ultimate moment capacity m. of an FRC
slab. The term my can be simplified as follows.

my, = me+ms (8.27a)
where

me = pf,d> (1 - 0.59%

C

) ~ 0.95pf, d> (8.27b)

oty
f;!

The term o is the tensile stress on the tension side of the neutral axis (Eq. 8.28),

1
my = Eat(h —e)(h+e—0.59 (8.27¢)

while e is the distance calculated from the extreme compression fibre to the top of
tensile stress block (assumed to be the compression side of the neutral axis, Eq.

(8.29)); the equations of ¢ and e are given as follows:

L
o, = 0.008F,, Vf(D—’;) (8.28)

e = (\/ (np)? + np — np) d (8.29)
where Fie is 1.2 for hooked-end fibres, and 1.0 for other fibres. Vris the fibre volume
fraction, Ly/Dr s the fibre aspect ratio, and n ( =Es/E.) is the ratio of the steel of
concrete moduli of elasticity.

For simplicity, the simplified p, (= 0.007) derived previously in Eq. (7.2b)
can also be used for the FRC slab cases. Fig. 8.5 shows that most data with low
reinforcement ratio can be represented by (p/0.007)"2,

Therefore, if the ps is obtained from the standard Eq. (8.26), the method is
termed as the Standard General Method. 1f the simplified ps (=0.007) in Eq. (7.2b)
is used, the method is termed as the Simplified General Method.
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8.3.5 Summary

From the derivations, the proposed general method for calculating the ultimate

punching shear strength of a SFRC slab is summarised as follows.

Vu = kszkcr (kRR,c0-6(1OOpfc’)1/3 + kRR,fvf)bod (8.30)
where
ksz = (300/d)"® < 1.0 [Eq.(7.4) or (8.21)]
kep=(b2/b)'® <1.0 [Eq.(7.5) or (8.22)]
krre = (plpg)"* < 1.0 [Eq. 7.3] or (8.23)]
kers = (plpy)"* < 1.0 [Eq.(8.24)]

where krr, kcr, and ksz are the reductions factors for reinforcement ratio, column
rectangularity ratio, and size effect. The term p is an average flexural reinforcement
ratio in both directions (= As/bd) and should not be taken greater than 2.5%. The
term Do is the critical perimeter calculated at a distance 0.5d away from a column
face (for both circular and rectangular columns). b; and b: are the lengths of the
long and short sides of the critical perimeter b, respectively. d is an average

effective depth of a slab. vris the shear strength increment due to the presence of

fibres, or
Ly
'Uf = nfonflnbefbe D_f [Eq(817)]
and,
np = 0.41, fibre orientation factor

na=  0.50, fibre effective length factor

np=  0.25to0 2.25 (see Table 8.1 below), bond factor

= 5.5 N/mm? basic bond strength of fibre-matrix interface
Vy and (L#/Dy) are the fibre volume fraction and the fibre aspect ratio, respectively.
Table 8.1 summarises the proposed values of np with sketches of each type of
fibres.

Note that the proposed Standard General Method uses Eq. (8.26) to obtain the

limiting reinforcement ratio ps for calculating the factors krr = (p/ p_ﬁ,)l/ ®and krrs=

)1/2

(p/py)"", whereas Simplified General Method assumes ps = 0.007.
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Subsequent analysis and validations with test data will show that both of the
Standard and Simplified methods are equally accurate and reliable for calculating
punching shear strength. But the Standard General Method is more accurate for

predicting the failure mode of a slab.

Table 8. 1— values of bond factor for different types of steel fibres

Fibre type Bond factor np Fibre types
Undeformed,
straight, round 0.25 \,
=
Crimped 0.50 \’\\:*\»;\’\»;;\_5
Paddled 0.50 N
Single Hooked 1.00 %ﬁﬁ
Double Hooked 2.25 ‘\\:\,ﬂﬁ

8.4 Comparison with experimental results

For the purpose of subsequent comparisons, all the load factors, materials safety
factors and strength reduction factors are set to 1.0. The results of the current 10
FRC slabs that were presented in Chapter 6, and 138 relevant data obtained from
Database will be used to verify the author’s proposed methods. Other design
methods will also be evaluated and compared, such as the TR 34 method (reviewed
in Section 3.3.2), Model Code 2010 (reviewed in Section 3.3.3), and the other design
methods (in Section 2.5) proposed by Narayanan and Darwish (1987), Shaaban and
Gesund (1990), Higashiyama et al. (2011) and the CSCT+VEM method by Mutton
el al.’s group (Muttoni and Ruiz 2010, Maya et al., 2012).
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8.4.1 Comparison of design methods with author’s 10 new
SFRC slabs

Table 8.2 shows the comparisons of various design methods with the test results of
the author’s 10 SFRC slabs. Column 9 of Table 8.2 shows that the author’s
proposed Standard FRC method [Eq. (8.1)] gives the most accurate and consistent
predictions of the 10 slabs among all the methods. The corresponding value of an
average Vexp/Veaic 1s 1.01 with a coefficient of variation (COV) of 0.089 (lowest
among all). The TR 34 method and Model Code 2010 method use similar approach
to calculate the shear strength increment due to the presence of fibres. Note that the
performances of TR34 and Model Code 2010 methods have been evaluated earlier
with the 10 slabs in Section 6.3.2. In brief, the predictions of TR 34 method is
accurate (Average Vexp/Veaie = 0.99 and COV = 0.120) but can be unconservative for
HSC slabs. Model Code 2010 method is not accurate, the corresponding value of
average Vew/Veaic 18 0.99 with a COV of 0.444. A more complex form of the Model
Code 2010 method is expected to be better, which is essentially the CSCT method.

The predictions of the proposed general method [Eq. (3.30)] have an average
Vexp/ Veaic 0 1.08 and a COV of 0.122 for both of the standard and simplified general
methods (See Columns 10 and 11 of Table 8.2). The COV of the general method is
very close to that of TR 34, which is the second best method. In comparison, the
proposed general method is more conservative. The predictions of the other
methods that use the similar approach as the proposed general method are shown in
Columns 5 to 8 of Table 8.2. The method proposed by Narayanan and Darwish
(1987) is unconservative for this set of slabs. The modifications made to the ACI
equation by Shaaban and Gesund (1990) are conservative but not accurate. The
predictions tend to be overly conservative as fibre content increases. The
modifications made to the Japanese Code equation by Hagashiyama et al. (2011) are
relatively accurate with a COV of 0.159 (Fifth best) but tend to be over-conservative
for the slabs with high fibre volume fractions (V7> 0.9%). The CSCT+VEM
method that incorporates VEM (Voo and Foster 2003) with CSCT (Muttoni 2008)
performs well for this set of slabs, with a COV of 0.140 (fourth best) and an average
of Vexp/Veale of 1.12.
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Table 8. 2 — Comparison of design methods with the SFRC slab specimens

Slab ID Vexp Vexp/ Veale
N - = =) =
= = = —“': = = = é =
S |22 |s_|=_|S2 | % |i:
% |22 |52 %2 |z2 |53 |85 |52 | E2
= T2 g = 3 = 5 = i = 7] é" 7 = 7 =
9T | OF8 = co | 28 |8 |3 s s | ==
EZ |52 | 82| 52 |52 | Q= 29 25 | 3§
= = z = @ wn S g g » g
§ z g s S ©) I~ %8 38
: - - H c
»n = A~ ; 5
Eq. Eq. Eq. Eq. Eq. Eqs. Eq Egs. Eqgs.
35 | 38 | 223) | 227 | 235 | 23) | 81 | (8.30) | (8.30)
+ + +
(2.33) (8.26) | (7.2b)
o ) )] ) ® (6) )] ® (€)] 10) (01Y)
F09-00 382 0.96 1.80 0.70 0.85 1.18 1.05 1.03 1.03 1.03
F09-03 461 0.92 0.90 0.67 0.97 1.19 1.05 0.96 1.01 1.01
F09-06 556 0.98 0.78 0.79 1.18 1.26 1.11 1.03 1.05 1.05
F09-09 678 1.02 0.67 0.95 1.42 1.40 1.18 1.01 1.13 1.12
F09-12 731 0.97 0.58 1.03 1.45 1.42 1.10 0.95 1.11 1.06
F14-00 382 0.87 1.81 0.68 0.88 1.06 0.91 0.92 0.92 0.92
F14-03 466 0.86 0.93 0.67 1.02 1.08 0.95 0.89 0.93 0.93
F14-06 587 0.97 0.84 0.83 1.29 1.19 1.08 1.00 1.03 1.03
F14-09 806 1.15 0.82 1.13 1.75 1.50 1.33 1.12 1.25 1.25
F14-12 977 1.24 0.79 1.38 2.01 1.71 1.41 1.19 1.34 1.34
Minimum= | 086 | 058 | 0.67 | 0.85 | 1.06 | 091 | 089 | 092 | 092
Maximum= 1.24 1.81 1.38 2.01 1.71 1.41 1.19 1.34 1.34
Average=1 (.99 0.99 0.88 1.28 1.30 1.12 1.01 1.08 1.08
COV=1 0120 | 0.444 | 0270 | 0299 | 0.159 | 0.140 | 0.089 | 0.122 0.122

NOTE: COV = Coefficient of variation

Material properties and geometry details of the 10 slabs are given in Table 4.2

ol Veyp = total failure load, including weight of specimen outside the distance of d
from column face

and weight of test equipment on top of the specimen.
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8.4.2 Validation of the proposed standard FRC method with

other data

Most of the existing slab data (138 data) do not contain available information on
residual tensile strength (obtained using the standard test EN 14651, 2007). Thus, it
is not possible for the proposed standard FRC method [Eq. (8.1)] (or other methods
that use residual tensile strength, i.e. TR34 and Model Code 2010) to be validated
with all the available data. However, there are five SFRC slab data tested by
Gouveia et al. (2014) that had residual tensile strengths. This test data from Gouveia
et al. (2014) is combined with the author’s 10 data to validate the proposed standard
FRC method, as well as the TR34 and Model Code 2010 methods.

The residual tensile strengths (from EN 14651 test) for the 13 SFRC slabs are
given in Table 8.3. Note that Gouveia et al. (2014) used single hooked-end steel
fibre. The predictions of the three methods including the proposed method are given
in Columns 8 to 10 of Table 8.3.

Table 8.3 confirms that the proposed standard FRC method [Eq. (8.1)] also
performs very well with the additional data from Gouviea et al. (2014). The results
show that the proposed FRC method is the most accurate, with a mean value of
Vexp! Veale 0 1.06 and a COV of 0.103 (lowest among all). The TR34 method is more
conservative for slabs with single hooked end fibres, and its predictions for all 16
slabs are also consistent (average Vex/Veaie =1.07, COV = 0.138). As expected,
Model Code 2010 method does not perform well for the Gouviea et al. (2014)’s data
either (average Vexp/Veale =1.03, COV = 0.372). If only the six Gouviea et al.” slabs
were considered in the comparisons as shown in Table 8.3, then statistics show that
the COVs are 0.0801 for the proposed standard FRC method (average Vexy/Veaic
=1.14), 0.090 for the TR34 method (average Vexp/Veaic =1.19), and 0.272 for the
Model Code 2010 method (average Vexp/Veare = 1.09).
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Table 8. 3 — Comparison of design methods with results of 16 slabs that have their
residual flexural tensile strength available

Specimen information Vexpl Veate

Slab ID Vew | Vi | fa £ foa foa - .E
(kN) (%) | (MPa) [ (MPa) | (MPa) | (MPa) -2 § - E E
IR
xS |C0% | s~
BEE 2| 2%
=} g &
S &=

= | £
Eq. Eq. Eq.
3.5 | 3.8 8.1
() (2) 3| @ 5) (6) ) ®) ) 10)

Gouveia et al. (2014)
NDO (-) 289.2 - - - - - 1.14 1.68 1.18
ND1 (0.5%) 296.0 | 0.5 | 4.64 4.16 32 2.7 1.00 0.96 0.97
0
ND2 (0.75%) | 369.3 | 0.75 | 5.60 5.60 5.1 4.5 1.19 0.98 1.14
ND3 (0.75%) | 450.7 | 0.75 | 8.00 6.24 5.12 4.64 1.28 1.05 1.19
ND4 (1.00%) | 456.0 | 1.00 | 7.36 7.20 5.60 4.48 1.29 1.04 1.23
NDS5 (1.25%) | 474.7 | 1.25 [ 10.08 | 9.60 8.80 7.04 1.23 0.84 1.15
Minimum= | 1.00 0.84 0.97
Maximum= | 1.29 1.68 1.23
Average=] 1.19 1.09 1.14
COV=10.090 [ 0.272 | 0.080
Author’s current slabs
F09-00 382 - - - - - 0.96 1.80 1.03
F09-03 461 0.3 4.2 6.0 6.5 5.8 0.92 0.90 0.96
F09-06 556 0.6 8.9 12.8 10.5 7.5 0.98 0.78 1.03
F09-09 678 0.9 16.0 17.5 16.3 13.5 1.02 0.67 1.01
F09-12 731 1.2 17.5 21.2 22.2 21.2 0.97 0.58 0.95
F14-00 382 - - - - - 0.87 1.81 0.92
F14-03 466 0.3 4.2 6.0 6.5 5.8 0.86 0.93 0.89
F14-06 587 0.6 8.9 12.8 10.5 7.5 0.97 0.84 1.00
F14-09 806 0.9 16.0 17.5 16.3 13.5 1.15 0.82 1.12
F14-12 977 1.2 17.5 21.2 22.2 21.2 1.24 0.79 1.19
Minimum= | 0.86 0.58 0.89
Maximum= | 1.24 1.81 1.19
Average=] 099 | 0.99 1.01
COV=1] 0.120 | 0.444 | 0.089
Combined results

Minimum= | 0.86 0.58 0.89
Maximum= | 1.29 1.81 1.23
Average=] 1.07 1.03 1.06
COvV=1] 0.138 | 0.374 | 0.103

Note: Dimension and properties of the ND-series slabs [Gouveia et al. (2014)] are
1650 x 1650 x 125 mm (¢ =200 mm, d =103 mm, p = 1.0%, f’c = 32 MPa to 44.5
MPa). The type of fibre is single hooked fibre. Complete details are provided in

Appendix E (Table E.1)
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8.4.3 Comparison of design methods with existing data from

Database

This section compares the performance of design methods with 138 slab data
combing with the author’s 10 current SFRC slabs. The material properties and
complete details of the 148 slab data and the detailed comparisons of the failure load
of each slab with the predictions of all the methods are given in Appendix E (Table
E.2).

The data are grouped according to two parameters (fibre volume fraction V7,
and reinforcement ratio p) and divided into two or three different divisions as
detailed in Figs. 8.6 to 8.10 and also in Table 8.4. In each chart, four different
markers are used which represent (1) data without fibres, (2) data with single-
hooked fibre, (3) data with other types of fibres, and (4) data from the current
experiment. A good and reliable method is expected to perform well in all the
different ranges or divisions for all types of fibres.

Note that in Figs. 8.6 to 8.10, and Table 8.4, the word Other fibres represent
various types of fibres such as round, straight, crimped, corrugated, paddle fibres.
Indication of fibre type for each data is also provided in Database Table E.2 in
Appendix E.

Figures 8.6, 8.7, 8.8, 8.9 and 8.10 show the comparisons of experimental
results with the predictions of Narayanan and Darwish method, Shaaban and
Gesund method, Higashiyama et al. method, CSCT+VEM method, and the
proposed (standard) general method, respectively. The ratio of experimental failure
load to calculated punching shear strength (Vexp/Veaic) 1s plotted in the y-axis, while
the x-axis has two parameters: Vy(Chart (a) of each Fig.) and p (Chart (b) of each
Fig.) Separate statistical analysis is conducted for each of the divisions A, B, or C.
Horizontal (red) dashed line and solid line in each division shows the average
values of Vexp/Vealc of the data using hooked end fibre and other fibres, respectively,
for that division. The statistical analysis results for each division are summarised in

Table 8.4.



170 Chapter 8

8.4.3.1 Influence of fibre volume fractions

Columns 4 to 9 of Table 8.4 show the statistical analysis results for each division of
fibre volume fraction V. Distributions of predicted data with respect to fibre volume
fractions are plotted in Charts (a) of Figs. 8.6 to 8.10. Evaluation of each method is
as follows.

Figure 8.6(a) shows the performance of Narayanan and Dawish method with
respect to fibre content. It can be seen that the method is not conservative, with an
average of Vexp/Veale <1.0 for the regions A and B where Vy<1.0%. As Vrincreases
to very high values, the Narayanan and Dawish method become more conservative
especially for the data with hooked fibres. Figure 8.7(a) shows the performance of
Shaaban and Gesund method; the predicted data are scattered above the y-axis
Vexp/ Veale =1, showing a high conservatism. However, the results in Table 8.4 show
that the COVs of the method by Shaaban and Gesund (1990) are also the highest in
all divisions compared to the other methods. Hence, this highlights that the
approach that uses only the relative weight of fibres [in Eq. (2.27)]] to calculate the
shear strength increment due to the presence of fibre is not accurate.

Figure 8.8(a) shows the performance of the Higashiyama et al. (2011)’s
method. The results in Table 8.4 show that the method performs reasonably well
especially for slabs using other types of fibres (not hooked end fibres). The
performance of the CSCT+VEM method is shown in Fig. 8.9(a). The results in
Table 8.4 show that the method is accurate; the incorporation of CSCT with VEM
to consider the influence of FRC on the punching shear strength is effective.
However, both Higashiyama et al. (2011)’s and CSCT+VEM methods have
Minimum Vexp/Veale of 0.66, and 0.67, respectively. These are considered to be too
low.

Figure 8.10(a) and the results in Table 8.4 show that the author’s proposed
general and simplified methods are the most accurate yet conservative. The
proposed shear strength increment vy [in Eq. (8.17)] shows good agreement with
experimental results. The combined average of Vexp/Veaic of the two divisions
(Columns 10 to 13 of Table 8.4) is about 1.22 (conservative), with a combined

average COV of about 0.12 (lowest among all)
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8.4.3.2 Influence of reinforcement ratios

Columns 10 to 13 of Table 8.4 show the statistical analysis results for each division
of reinforcement ratio p. Distributions of predicted data with respect to
reinforcement ratio are plotted in Charts (b) of Figs. 8.6 to 8.10. Evaluation of each
method is as follows.

Figure 8.6(b) shows the performance of the method by Narayan and Darwish
(1987) with respect to the reinforcement ratio. Note that the method uses an
exponent of 1 for reinforcement ratio in its punching shear equation (Vu o p). It can
be seen that a number of data predicted by the method fall below the y-axis
Vexp/ Veale =1.0 in the range p < 0.8%, which makes the method unconservative.
Hence, the use of Vu oc p is not suitable for this range. However, as reinforcement
ratio p increases, Narayanan and Dawish method becomes more conservative.

Figure 8.7(b) shows the performance of the method by Shaaban and Gesund
(1990), the method is essentially an extension of the ACI punching shear equation.
For the region A (p < 0.8%), the method is conservative only for the SFRC slabs
(see the corresponding average of Vexp/Vealc in Table 8.4). But as expected, the
method is shown to overestimate the strengths of the non-fibrous slabs (Vexp/Veale <
1.0). This can be due to the neglect of the reinforcement ratio in the punching shear
formula.

Figure 8.8(b) shows that the Higashiyama et al.’s (2011) method performs
better than the two methods above, the method uses the exponent of 1/3 for
reinforcement ratio (Vu oc p'?), and it can be seen that the predictions are accurate
for high reinforcement ratios (p > 0.8%), but for the region A (p< 0.8%), the
method tends to overestimate the strengths of the slabs. This can be due to the effect
of low reinforcement ratios which was not considered by the method.

The CSCT+VEM method is accurate and better than the three methods
compared above as shown by Fig. 8.9(b), this is expected because it has been
discussed earlier in Chapter 7 that the CSCT method is able to perform well for both
low and high ranges of reinforcement ratios. The results in Table 8.4 show that the
values of COV for CSCT+VEM are low for both divisions of p. However, in term
of conservatism, the CSCT+VEM method may not be the best option because there

are a considerable number of data with Vexp/Veaie < 1.0 with Minimum Vexp/Veaic of
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0.67. This concerns the safety issue of the design. On top of that, the method is
complicated to apply in design practice.

Among all the methods, the author’s proposed standard general method can
be considered the best with respect to reinforcement ratio. This highlights that the
proposed treatment of low reinforcement ratio can be extended to SFRC slabs. The
combined average of Vexp/Veaic of the two divisions (Columns 10 to 13 of Table 8.4)
is about 1.22 (conservative), with a COV of about 0.12 (lowest among all). The data
are narrowly distributed around the mean values greater than Vexp/Veare = 1,
indicating a low COV and conservative predictions (see Fig. 8.10(b)). Note also that
the proposed simplified general method has almost identical predictions to the

standard method as shown in Table 8.4.
8.4.3.3 Influence of fibre types

The performance of each method with respect to different fibre types is also
summarised in Table 8.4. The horizontal (red) dashed lines and solid lines drawn in
Figs. 8.6 to 8.10 represent the average of Vexp/Veaic of test data using hooked end
fibre and other types of fibres, respectively. The comparisons (Figs. 8.6 to 8.10)
show that most of the methods including the author’s proposed method tend to
predict higher values of Vexy/Veaic for the slabs using hooked end fibres compared to
the slabs with other types of fibres, indicating that all the methods are relatively
more conservative when hooked end fibres are used.

All methods, except the method by Shaaban and Gesund (1990), have very
close ‘y’ values for horizontal dashed lines and solid lines in all divisions. The
reason for the Shaaban and Gesund method to have deviating values of average of
Vexp/ Veale for hooked end fibres and other types of fibres is that, the method does not
consider the influence of fibre-matrix bond behaviours for different types of fibres.
Other methods tackle this influence by introducing a fibre bond factor to their shear
equations which vary with shapes or types of fibres. Note that the region A in Chart
(a) of Figs. 8.6 to 8.10 show that horizontal solid and dashed lines are not as close.
The reason is that there are there are very few data available in this region (7 data
for hooked end fibres, 3 for other type of fibres). Some other parameters (besides

the fibre types) may influence the failure loads of these slabs in this region.
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By comparing the author’s proposed method (in Fig. 8.10) with the other
methods (in Figs. 8.6 to 8.9), it can be seen that the average of Vexp/Veaic of the
author’s proposed method in one division (represented by the horizontal dashed and
solid lines) is almost identical as that of the other divisions. This confirms that the
proposed bond strength factor to account for the influence of different fibre types in

Eq. (8.19) is reasonably accurate.
8.4.3.4 Concrete strength, failure modes, and summary

The performances of all methods with respect to concrete strength are shown in
Figs. 8.11(a to e). Fig. 8.11(e) shows that the proposed general method performs very
well and conservative throughout a broad range of concrete strength /- up to about
100 MPa. Column 3 of Table 8.4 shows the statistical analysis results of all the 148
data combined. Therefore, based on COV criteria, the methods can be reanked as
follows: the 1*' rank is the author’s proposed (Standard and Simplified) general
methods with a COV of about 13%, the 2" rank is CSCT+VEM method with a
COV of 14.6%, the 3" rank is the Higashiyama et al. (2011)’s method with a COV of
19.1%, the 4" rank is the Shaaban and Gesund (1990)’s Method with a COV of
23.8% and the last rank is the Narayanan and Darwish (1987)’s method with a COV
of 25.0.%

From the comparative study above, the author’s proposed general methods are
the most accurate and reliable. The simplified general method (that uses ps = 0.7%
as the limiting reinforcement ratio for the low reinforcement ratio effect factor) is
especially very simple to apply because of simpler calculation effort. However, in
terms of failure mode prediction, the standard general method predicts failure
modes more accurately than the simplified method (See Table E2 in Appendix E for
comparison). Of the 8 slabs out of 148 slabs that failed in Flexure, the standard
general method predicted correctly for all 8 of them (100% correct) while the
simplified method also predicts 100% correctly. However, of the 140 slabs failing in
punching (including ductile punching), the standard method predicts the mode of
failure correctly for 115 slabs (82%), while the simplified method only predicts
correctly for 93 slabs (66%).
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Fig.8. 6 — Failure load predictions of 148 test data by Narayanan and Darwish
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Fig.8. 7 — Failure load predictions of 148 test data by Shaaban and Gesund Method
in term of (a) fibre volume fraction; (b) reinforcement ratio p
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Fig.8. 9 — Failure load predictions of 148 test data by CSCT+VEM Method in term
of (a) fibre volume fraction; (b) reinforcement ratio p
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Fig.8. 10 — Failure load predictions of 148 test data by proposed (Standard) General
Method in term of (a) fibre volume fraction; (b) reinforcement ratio p
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Table 8. 4 — Comparison of Experimental and Calculated Failure Load by all

methods
Vexp / Vca Ie d/:ltla Fibre volume fraction Vr (%) Reinforcement ratio p (%)
Division [A] [B] [C] [A] [B]
(SRS 0< (I;;; 05 | 05 s( 01//:)< 1.0 V= 1.0 0 s 0.8 0208
(%) ° (%)
Type of fibres

kE 3 < S < S < S < S
Nos. of data: 148 7 3 29 26 28 21 21 27 43 23
& ) ) “) ©) (6) ) ®) @ | @y | ay | @ | @
Vexpl Veate Min=| 049 | 067 | 062 | 049 | 056 | 063 | 054 | 049 | 054 | 0.63 | 0.65
aﬁgrgﬁ?‘;h Max=1 163 | 1.07 | 100 | 115 | 112 | 161 | 132 | 116 | 0.84 | 161 | 132
Eq.(2.23) | Average=| 0092 | 093 | 0.77 | 086 | 0.81 | 1.02 | 078 | 0.86 | 0.69 | 0.97 | 0.92
cov=| 0.250 | 0.190 | 0.267 | 0.202 | 0.217 | 0.212 | 0.228 | 0.223 | 0.112 | 0.210 | 0.185
Vol Veate Min=1 061 | 097 | 085 | 092 | 092 | 121 | 092 | 092 | 085 | 0.97 | 1.05
Shaaban and Max=| 232 | 176 | 146 | 188 | 190 | 232 | 189 | 181 | 143 | 232 | 190
Eq.(2.27) | Average=| 138 | 145 | 112 | 146 | 134 | 169 | 135 | 142 | 114 | 162 | 155
CoOv=1] 0238 | 0.222 | 0.274 | 0.186 | 0.233 | 0.150 | 0.200 | 0.166 | 0.136 | 0.179 | 0.170
Vexpl Veate Min=1 o066 | 105 | 072 | 0.70 | 0.66 | 072 | 071 | 0.73 | 0.66 | 0.70 | 0.66
Higashiya- Max=| 171 | 120 | 108 | 150 | 104 | 171 | 103 | 120 | 100 | 171 | 108
Eq.(2.35) | Average=| |00 11 | 089 | .02 | 086 | 1.05 | 0.88 | 099 | 0.85 | 1.07 | 0.90
cov=| o091 |0.054 | 020 | 0185 | 0.117 | 0.199 | 0.103 | 0.126 | 0.098 | 0.196 | 0.125
Vol Veate Min=1 067 | 095 | 093 | 073 | 067 | 073 | 070 | 0.73 | 0.70 | 0.73 | 0.67
o Max= 141 |17 | oo [ 133 o | 14 |z | oz | oz | e | o3
Eq.(2.3)+ | Average=| 101 | 1.08 | 099 | 1.05 | 090 | 1.05 | 0.94 | 099 | 092 | 108 | 0.92
Eq. 2.33) cov=| o146 [0.073 | 0.101 | 0146 | 0.108 | 0153 | 0.122 | 0151 | 0.136 | 0.141 | 0.089
Vexpl Veate Min=1 084 | 093 | 1.01 | 084 | 0.89 | 090 | 110 | 099 | 0.96 | 0.84 | 0.89
Pé‘;fl‘éfjf Max=| 155 | 144 | 121 | 155 | 135 | 152 | 140 | 144 | 140 | 155 | 138
Method | Average=| 119 | 124 | 112 | 122 | 118 | 123 | 127 | 125 | 123 | 122 | 120
(gg;;ﬁgg’,) COV=1 0130 | 0155 | 010 | 0.135 | 0.110 | 0.134 | 0.069 | 0.110 | 0.100 | 0.146 | 0.099
Vol Veate Min=1 084 | 093 | 097 | 084 | 0.89 | 090 | 1.00 | 094 | 093 | 0.84 | 0.89
Pé‘;fl‘;j;d Max=| 155 | 142 | 121 | 155 | 132 | 152 | 138 | 142 | 134 | 155 | 138
Method | Average=| 122 | 124 | 110 | 120 | 116 | 123 | 121 | 121 | 116 | 122 | 120
('gg,fﬁfr‘{}) COV=1 0129 | 0152 | 012 | 0140 | 0.103 | 0.128 | 0.079 | 0.112 | 0.089 | 0.145 | 0.099

NOTE: Regions A, B, C correspond to the regions in Figs. 8.6 to 8.10.
COV = Coefficient of variation.
Hooked = Hooked end fibre type

Other = Other types of fibres
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general method.
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8.5 Summary

Two new approaches of calculating the punching shear strength increment due to
the presence of fibres were derived and proposed based on theoretical basis. The
first approach calculates shear strength by incorporating residual tensile strengths
obtained from the notched beam test EN 14651 (2007). The second approach
approximates the shear strength to be a function of semi-empirical and empirical
fibre parameters, such as fibre geometry, fibre content, and various reduction
factors.

The author’s proposed method that uses the first approach is referred to the
Standard FRC method (in Section 8.2). The second method (in Section 8.3) uses the
second approach which is referred as the (standard) General method. The second
method or the general method can be simplified further to be referred to the
simplified general method. The simplification is the same as the one made to the
proposed method for reinforced concrete slabs presented in Chapter 7.

Both proposed methods were validated with the author’s current test results of
the SFRC slabs and also with existing 138 data from literature. The other design
methods that were used to compare in this study are the TR 34 punching shear
equation (Concrete Society 2015), Model Code 2010 (2012), and the methods
proposed by Narayanan and Darwish (1987), Shaaban and Gesund (1990),
Higashiyama et al. (2011) and CSCT+VEM method by Mutton el al.’s group
(Muttoni and Ruiz 2010, Maya et al. 2012) in which the VEM (variable engagement
model) was proposed by Voo and Foster (2003).

Among all the methods compared, the validation with a set of 16 slab data that
were provided with the properties of residual tensile strengths showed that the
author’s proposed FRC method has the best performances with the lowest COV
which is about 10%. The comparisons with 148 data showed that the proposed
general methods (both standard and simplified) are the most accurate and reliable.
The predictions have conservative values of Vexp/Veale (<1.2) and low values of
COV (<£0.14) across different ranges of design parameters. The simplified general

method requires less calculation effort, which is, therefore, suitable for design

purpose.
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9.1 Conclusions

Conclusions are summarised at the end of each chapter of this thesis, and they are
presented here again to highlight some key findings drawn from this research.
Experimental works
A total of full-scale 22 slab specimens were tested under punching loads. The
experimental programmes were divided into two sets such as (1) the punching shear
tests of 12 HSC slabs to mainly investigate the effects of low reinforcement ratio
and column rectangularity. (2) the punching shear tests of 10 high strength concrete
and steel fibre reinforced concrete (SFRC) slabs to investigate the influence of a

new type of fibres (the double hooked-end fibres).

The key findings drawn from the 1% set of this experimental programme:

o Under a punching load, a slab that is provided with a low reinforcement ratio
(p = 0.5% for the current 12 slabs) may fail in flexure first before it fails in
what looks like punching failure in the end. The failure load will be lower

than that predicted by ACI 318-14 for punching shear.

o Slabs that fail in punching will tend to form circular-fan shape of crack
patterns at failure, while those failing in flexure will tend to form cracks

parallel to column lines.

o The higher the amount of reinforcement provided, the higher is the failure
load. However, only those reinforcements within the width of 1.5/ from a
column face (or total width of c¢2 + 3/ for an interior column) will be fully
effective in resisting punching shear stresses and, therefore, can be considered

in influencing punching shear strength.
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o ACI 318 method is unconservative for high strength cocnrete slabs with low
reinforcement ratios (especially for p < 0.9%). Eurocode 2 method can be
unconservative for high strength concrete slabs with very low reinforcement

ratio and supported on rectangular columns.

The key findings drawn from the 2" set of experiment

. The punching shear strength of a slab can be significantly enhanced by the
inclusion of fibres. Th use of double hooked-end fibres is better than normal
hooked-end fibres. The results showed that the punching shear strength of
SFRC slab with double hooked-end fibres having volume fraction of 1.2% can
be 156% higher than the strengths of plain HSC slabs, given the same
reinforcement ratios. This is considerably higher than the increment
introduced by normal hooked-end fibres, which can increase punching shear
strength by about 40-65 %.

o The post-punching residual strength of a slab also increases as the fibre
volume fraction increases. The post-punching residual strength is about 50%
of the corresponding peak load of each SFRC slab. Hence, the use of double
hooked-end steel fibres can be an effective enhancement.

o The addition of fibres can enhance the serviceability performance of the slabs.
It can delay the initiation of flexural cracks because the concrete modulus of
rupture is increased. The crack widths are reduced with an increase in the
fibre contents at all stages of loadings

J When the fibre volume is about 0.9% (70.2 kg/m® fibre dosage) and higher,
ductility and energy absorption of a slab are improved substantially. The
Concrete Society’s TR34 method is accurate for the author’s current SFRC
slabs.

o Model Code 2010’°s method, using the first level of approximation, is
inaccurate and unconservative for the current slabs. Since all the slabs were
considered to ultimately fail in punching, yield line theory method is not
suitable for the current slabs. The analysis results showed that the yield line

theory overestimates the strengths of all the slabs.
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Proposal and Analytical works

Proposed method for reinforced concrete (RC) slabs

New methods for calculating the punching shear strength of a reinforced concrete
slab were derived and proposed. Influencing factors, such as column rectangularity
ratio, concrete strength, and size (thickness) effect were addressed and considered
in the proposed methods.

The author’s new experimental results presented in Chapter 5 were combined

with 355 existing published data to evaluate the accuracy and safety of ACI 318-14

and Eurocode 2 equations, as well as some relevant methods proposed by other

researchers such as the critical shear crack theory (CSCT) method by Muttoni

(2008) and the Peiris-Ghali method (2011). The comparisons of these methods with

367 slab data showed that:

o The ACI 318 and EC 2 codes can be unconservative for slabs with low
reinforcement ratios (especially for p < 0.7%). The correction procedure
proposed by Peiris and Ghali (2011) fixes the problem but it may lead to over
conservatism. The EC 2 code can be unconservative for high strength
concrete slabs (especially for f°- > 80 MPa).

o The ACI 318, EC2, and CSCT methods may not be safe for slabs with an
effective depth of more than 300 mm, even though EC2 and CSCT do
consider size effect. ACI needs to consider the inclusion of size effect into the
equation.

o The author’s proposed standard and simplified methods (in Chapter 7) have
been shown to be most accurate and reliable with a uniform averages of
Vexp/ Veaie and COV across different ranges of design parameters. The
simplified method is especially simple to use.

o The author’s proposed standard method has been shown to be accurate in

terms of failure mode prediction for RC slabs.
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Proposed method for steel fibre reinforced concrete (SFRC) slabs

The author’s proposed methods (in Chapter 8) and other available methods were
validated and compared with the test results of the author’s current SFRC slabs and
also with existing 138 data from the literature.

Among all the compared methods, the validation with 16 slab data (with
available data of the concrete residual tensile strengths) showed that the author’s
proposed FRC method performs best with the lowest COV of about 10%. The
comparisons with 148 data showed that the proposed general methods (both
standard and simplified) are the most accurate and reliable. The predictions have
conservative values of average Vexy/Veae (=1.2) and low values of COV (< 0.14)
across different ranges of design parameters. The simplified general method
requires less calculation effort, which is, therefore, suitable for design purpose.

The author’s proposed standard general method has also been shown to

predict failure modes of SFRC slabs accurately.
9.2 Final remarks and contributions

New data of 12 high strength concrete slabs with various flexural reinforcement
ratios and column aspect ratios have been presented. This work has shown that the
effect of low reinforcement ratio can be treated by the author’s proposed approach.
Standard and Simplified equations for calculating the limiting reinforcement ratio
pss were proposed, the simplified ps has also been proposed and can be taken as
0.7%. A slab having the reinforcement ratio p < ps is expected to fail in flexure. Its
strength can be represented very well by the relationship as Ve = (p/ps)"*ve basic,
where Ve basic 1s the basic shear strength proposed by Teng et al. (2004) but without
the term p. The author hopes that the current works and proposals can help to
improve the current design methods of two-way slabs (flat plates and flat slabs).
The accuracy of existing methods for designing against punching shear has
been verified, such as those of the ACI 318, Eurocode 2, and several researchers. It
is found that most of those methods including the ACI method and Eurocode 2 can
be unconservative for slabs with low flexural reinforcement ratios. Hence, extra

caution is required for designing slabs with low ranges of reinforcement ratios.
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New Experimental data of 10 high strength concrete SFRC slabs utilising a
new type of steel fibres has been investigated and presented. The experimental
results have been discussed and presented in details. There has not been any
standard code provision for designing a structure member using SFRC yet. The
author believes that this study provides an important set of data and new discussions
for the on-going development of SFRC slabs, especially for research on the double-
hooked end steel fibres.

New design methods have been proposed and shown to be very reliable and
accurate for both reinforced concrete and steel fibre reinforced concrete slabs. The
proposed general method (the second proposal for SFRC slabs, Section 8.3) is

simple to use and suitable for practical design purpose.
9.3 Suggestions for future works

The current work was limited to interior RC and SFRC slabs. Future research on the
effects of low reinforcement ratios can be extended to edge, and corner slab-column
connections. In Chapter 8, the author has also proposed a reduction factor to
account for the influence of low reinforcement ratio on ultimate punching shear
strength of SFRC slabs based on the data analysis of existing data. However, so far,
there has not been a specific test to investigate this parameter for SFRC slabs yet.

Based on the current database, there has not been any SFRC slab data with
varying column aspect ratios; all existing slab data only have square columns. Thus,
the influence of column rectangularity for SFRC slabs has yet to be investigated in
the future. The author’s current results of SFRC slabs seem to be the only set of
data in the database that use the double hooked-end fibres. More research on the
influence of double hooked-end fibres on various structural performances even
including the flexural strength of flat plates are still in demand.

One of the influencing parameters that has not been constructively concluded
is the size effect. There are very limited slab data that have large thicknesses; the
maximum thickness, especially for the existing SFRC slab data, is less or equal to

150 mm. Tests to investigate size effect are needed for both RC and SFRC slabs.
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Appendix A

PHOTOGRAPHS FROM EXPERIMENTS

A.1 Specimen preparations

S13-028 S3-050

Fig. A.1 — Steel cages and form works of some HSC slab specimens



A-2 Appendix A

Fig. A.2 — (a) Steel cages and form works, (b) concrete cast of a SFRC specimen,

(c) concrete flow diameter, (d) concrete samples for mechanical property tests, and

(e) a typical slump of fibrous concrete with fibre volume fraction of 1.2%.
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(e)

Fig. A.3 — (a) Concrete compressive strength test, (b) concrete split tensile test, (c)

notched beam test or flexural tensile test, and (d) Steel tensile strength test
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Fig. A.4 — (a) Precise positioning of a slab specimen (b) positioning of LVDTs

below a specimen, (c) test equipment above a slab specimen
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A.2 Post-test photographs

A-5

(b)

Fig. A.5 — (a) Concrete cylinder specimen after compression test., (b) Concrete

prism specimens after flexural tensile tests.
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S11090 S1H139
Fig. A.6 — Photos of S1 }series specimens without digital enhancement of cracks

S13-028
g" " b 25 ;.i,"i-“.fr'("‘- m,‘_ <

S13-090 S13-143
Fig. A.7 — Photos of S13-series specimens without digital enhancement of cracks
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4

S15090 S15-143

Fig. A.8 — Photos of S15series specimens without digital enhancement of cracks

F09-06  F09-09
Fig. A.9 — Unedited photos of F09-series specimens
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Fig. A.10 (continued)

F14-00 F14-03

F14-12
Fig. A.11 — Unedited photos of F14-series specimens
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F09-12
Fig. A.12 — Sawn sections of F09-series specimens
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F14-06

F14-09
Fig. A.13 — Sawn sections of F09-series specimens
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A.3 Time-lapsed photos of SFRC specimens for

crack development observations

F=320kN | Maximum Load
Fig. A.14 — Time-lapsed photos of Specimen F09-03

F =380 kN Maximum Load
Fig. A.15 — Time-lapsed photos of Specimen F14-03
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F =320 kN Maximum' Load
Fig. A.16 — Time-lapsed photos of Specimen F09-06

F =320 kN Maximum Load
Fig. A.17 — Time-lapsed photos of Specimen F14-06
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F=420kN ' ~ Maximum Load
Fig. A.18 — Time-lapsed photos of Specimen F09-09

& £ Ly

i i

i/ 4 [/
F =560 kN Maximum Load
Fig. A.19 — Time-lapsed photos of Specimen F14-09
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F = 560 kN
Fig. A.20 — Time-lapsed photos of Specimen F(09-12

F = 600 kN Maximum Load
Fig. A.21 — Time-lapsed photos of Specimen F14-12
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EXPERIMENTAL DATA

Appendix B contains numerical experimental data obtained from each test of the

specimen, the following data were analysed and presented in graphical and tabular

formats as shown in the main thesis.

B.1 Crack width measurements

Figs. B.1 to B2 show the load vs crack width relationships of all 22 specimens. The

crack widths were measured in a region about 100 mm away from a column face.
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Fig. B.1 — Load-vs-crack width curves of S11 sefes, S13 series, and S15 sres slabs.
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Fig. B.2 — (a) Load-vs-crack width curves of FO9 series slabs, (b) Load-vs-crack

width curves of F14 senes slabs.



B.2 Strain gauge data for the 12 HSC slabs

Figs. B.3 to B.6 show the positions and labels of strain gauges in the
reinforcements. Table B.1 © B.12show the strain gauge data of the 12 HSC shb

specimens (S11series, S13 seies, S15 series sabs).
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Fig. B.3 — Typical strain gauges’ locations and labels for Specimen S11028, S1}

050 (p = 0.28% and 0.50%)
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Fig. B.4 — Typical strain gauges’ locations and labels for Specimen S11+028, ST}
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Fig. B.5 — Typical strain gauges’ locations and labels for Specimen S13/15-028,
S13/5-050 (p = 0.28% and 0.50%)
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Fig. B.6 — Typical strain gauges’ locations and labels for Specimen S13/15-090,
S13/b-139143 (p = 090% and 0.139% or 0.143%)
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Table B.1 — Strain gauge data of Specimen S11028
Type of strains Radial strains Tangential strains
L"catci::ti"(':];l‘;'“m“ 130 230 380 530 680 30 130 280 430 580 780 47 347 647 47 347 647
Step Load x1x2 x3x4 x5x6 x7x8 x9x10 yly2 y3y4 ySy6 y7y8 y9y10 ylii xIx2 x12x13 x14x15 yly2 yi2yl3 | yl4yl5
kN x10% [ (x10%) [ (x10%) | (x10%) [ (x10%) | (x10%) [ (x10%) | (x10%) | (x10) | (x10%) | (x10®) | (x10) | (x10°) | (x10) | (x10°) [ (x10%) | (x10°)
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 10 4 -0.5 -3 0 -1.5 12 4.5 2 2.5 0.5 5 4 0.5 5 12 2 4
3 25 10.5 1.5 -0.5 0.5 -1 185 8 35 4.5 1 6 10.5 5.5 11 185 1 7
4 80 20 6 0.5 2 0.5 24.5 125 4.5 5.5 0 6 20 115 15 24.5 5 10
5 95 30 10 3.5 2.5 0 31 165 7 0 5 30 17 19 31 11 14
6 10 39.5 145 7 4.5 0.5 37 21.5 9.5 0.5 5 39.5 24.5 24 37 165 18
7 125 45.5 14 6 1.5 -4 39.5 22.5 6.5 -3.5 1 45.5 26 24.5 39.5 185 175
8 175 68.5 24.5 14 6 -1 54.5 32 115 8.5 2 5 68.5 41 355 54.5 30.5 26.5
9 195 86 32 20 9 0 66 39.5 155 8.5 -0.5 6 86 53 45 66 40 33
10 215 138 83 715 55 -22 96 195 -2 -3.5 -8.5 3 138 58.5 53 96 49 67
11 225 537 125 159.5 -25 -31 793 289 -23.5 52.5 22 29 537 67 83 793 499 521.5
12 250 946.5 274 18 -47 -2 10135 437 75 89 175 66 946.5 76 93 10135 786 821
13 250 942 543.5 226 -59.5 -17 1210 544 -52 76 23.5 73 942 82.5 99.5 1210 913 989.5
14 250 121 779.5 312 -46.5 -22 1595 1084 16 120 185 74 121 86.5 103.5 1595 923 986
15 260 1487 1091.5 | 430.5 -155 -11 1756 1872.5 | 110.5 359 305.5 69 1487 101 124 1756 145 1029.5
16 265 1506 156.5 496.5 -22.5 22 0 2261 2154 1867 1756 125 1506 137 138.5 0 1342 100.5
17 260 19 1362 703 145 69.5 0 2296.5 2304 212 21055 172 109 752.5 142 0 1347 1087.5
18 255 2268 145 181 5515 164.5 2337 2627 2360.5 2338 214 2268 2664 3222 0 1%60.5 | 1069.5
19 260 3340 1854 25015 1738 545.5 0 2390 3384 2655 2662.5 265 3340 2862.5 | 3425 0 14355 | 109.5
20 260 5421 2073.5 2798 2075 780 2351 3437 2729.5 2813 294 5421 29195 | 3120.5 0 1455 1D5
21 265 0 2422.5 | 3042.5 | 24135 1028 0 2075 3456 2761 2989 335 0 2992 3026 0 1498.5 1R1.5
22 270 2391.5 3082 2542.5 146 0 185 3513 2818 | 3069.5 355 0 2972 3059.5 0 1512 1B0.5
23 265 0 2463 3326 2689 1300 0 0 3532 2839 31185 341 0 3128 3089 0 15205 1R5
24 265 0 1810 3380.5 2756 1440.5 0 0 0 2867.5 | 3127.5 338 0 3528.5 3044 0 1535 1D8.5
25 250 0 2553.5 | 5668.5 3068 1927 0 0 0 30145 3269 372 0 4667 3100.5 0 1543.5 1130
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Table B.2 — Strain gauge data of Specimen S1+090

Appendix B

Type of strains Radial strains Tangential strains
colﬁl‘:lclf"c‘;’;‘trf:’(ﬁ m | B 230 380 530 680 880 30 130 280 430 580 780 47 347 647 47 347 647
Step Load xIx2 x3x4 x5x6 x7x8 x9x10 x11 yly2 y3y4 ySy6 y7y8 y9y10 ylii xIx2 x12x13 | x14x15 yly2 yi2y13 yl4yl5
kN (<10 | (x10%) | (x10%) | (x10%) | (x10) | x10° | (x10) | (x10°) | (x10%) | (x10%) | (x10-) | (x10°%) (X%O' (x10%) | (x10% | (x10%) (x10°) (x10°)
1 0 0.5 35 0 1 1.5 0 35 0 3.5 2.5 5.5 4.5 0.5 3 35 35 6.5 35
2 30 6.5 10.5 3 3 1 -17 115 29 115 7.5 11 7.5 6.5 12 10.5 115 19 8
3 75 165 18 8 4 2 -15 16 66 16 10 12 8 165 19 18 16 25 145
4 95 245 23.5 11 5 2 -18 22 73 22 12 125 8 245 27 24 22 30.5 185
5 115 34 31 17 6.5 1 -26 27 85 27 16 14 8 34 35 32 27 37 20
6 135 40.5 355 21 8.5 1 -33 325 94 325 19 16 9 40.5 43 37.5 325 45 21
7 165 45 45 26 135 -0.5 -36 185 80 185 10 11 5 45 49 45.5 185 52.5 345
8 175 28.5 7.5 -1 48 5 -53 315 103 315 15 13 6 28.5 53 50.5 315 46 23.5
9 19 23.5 6.5 10 59 195 -54 36.5 121 36.5 165 14 5.5 23.5 65 62 36.5 53.5 315
10 210 475 195 85 63.5 20 -68 44 142 44 11 6 -3 475 52 65.5 44 64 355
11 220 141.5 66.5 13 68.5 15 =72 345 236 345 2 -0.5 -8 141.5 68 74.5 345 715 43
12 245 338 16.5 167 86 0.5 =72 47 440 47 -2.5 -105 -135 338 86 92.5 47 80.5 54.5
13 245 532 147 215 67.5 -3 -105 96 860 96 15 9 6.5 532 99 106 96 126 55.5
14 265 745.5 674 414 160.5 -10 -28 227.5 1234 227.5 315 -2.5 -2.5 745.5 95 1045 227.5 167.5 72
15 275 1171 873.5 521 1% -11 -47 621 1505 621 60.5 17 -8.5 1171 663 1036 621 631 531
16 290 136 1287.5 739 206 2.5 -96 1010 2069 1010 107.5 35 -2.5 136 1078 1489 1010 1275 1036
17 300 142 1438 914 227 40.5 -84 1233 2251 1233 166 55 10.5 1492 1207 15925 1233 139.5 1038.5
18 315 187 1755 1206 262.5 54 -99 15845 2544 15845 309 73 185 187 1646 1951 15845 1632 1365.5
19 330 2286 2212 1514 445.5 13 -66 18185 2775 18185 472.5 101.5 355 2286 2287 1986.5 18185 104 15755
20 335 2236 2191 1369 843.5 351 -28 1901.5 29011 1901.5 467 140 44 2236 2375 2090 1901.5 1672.5 128
21 340 2431 25115 1576 1755 601 34 219.5 3347 219.5 579 176 49 2431 2646 22445 | 2192.5 1715 2362
22 355 2518 2913 187 1520 892.5 51 2624 3363 2624 767 248 61.5 2518 2756 2420.5 2624 15915 2552
23 360 0 1363 0 2101.5 130.5 231 | 3036.5 3856 3036.5 1b4 447 116 0 2578 2416 3036.5 1578 2633.5
24 370 0 1¥7.5 0 2524 1899.5 642 | 3096.5 3937 3096.5 | 1460.5 537 153 0 2580 2597.5 | 3096.5 1674.5 3021
25 375 0 0 0 2733 2241 516 | 3448.5 4060 3448.5 | 19445 791.5 250.5 2600 2650 2735 3448.5 199.5 3088.5




Appendix B

Table B.3 — Strain gauge data of Specimen S1+090

Type of strains Radial strains
colﬁl‘:ﬁf“c‘;’;‘trf:"(’; m | 130 230 | 380 530 680 | 880 | 30 130 280 | 430 | 580 | 780
Step Load xIx2 x3x4 x5x6 x7x8 x9x10 x11 yly2 y3y4 ySy6 y7y8 y9y10 yll
kN 10 [ (x10%) [ (x10%) [ (x10%) | (x10%) | x10° | (x10) | (x10) | (x10°) [ (x10) [ (x10%) | (x10°)
1 0 0.5 3.5 0 1 1.5 0 0 0 0 0 0 0
2 30 6.5 10.5 3 3 1 20 13 11 5.5 13 12 12
3 75 165 18 8 4 2 20 125 10.5 7 12 12 11
4 95 24.5 23.5 11 5 2 35 6 4 3 1 0 -1
5 115 34 31 17 6.5 1 105 23 17 11 5 0 -5
6 135 40.5 35.5 21 8.5 1 155 315 25.5 16 7 0 -9
7 165 45 45 26 135 -0.5 160 30.5 315 165 7 -1 -10
3 175 28.5 7.5 -1 48 5 170 37.5 48.5 11 8 -2 -13
9 190 23.5 6.5 10 59 19.5 1% 48 79.5 28.5 -24 -1 -23
10 210 47.5 19.5 85 63.5 20 215 68.5 108.5 40.5 -47 1 -97
11 220 141.5 66.5 123 68.5 15 240 101.5 132 54 -87 4 -148
12 245 338 15.5 167 86 0.5 245 120.5 19 58 -100 6 -170
13 245 532 147 215 67.5 -3 260 283.5 202 67.5 -115 7 -1%
14 265 745.5 674 414 16.5 -10 265 3715 232.5 67 -100 3 -175
15 275 1171 873.5 521 1A -11 280 460 296 77 -106 4 -151
16 290 196 1287.5 739 206 -2.5 300 549 342.5 91.5 -111 3 -14
17 300 1492 1488 914 227 40.5 295 570 364.5 107.5 -12 4 -133
13 315 1637 17555 1206 262.5 54 300 584 382 16.5 -126 5 -117
19 330 2286 2212 1514 | 4455 123 365 1473 959 564.5 -63 20 -77
20 335 2236 2191 1369 843.5 351 390 1879 187 761.5 -27 26 -55
21 340 2431 25115 1576 1755 601 400 2007 1601 819 -16 27 -53
22 355 2518 2913 1837 1520 892.5 415 2180 1827.5 960 47 32 -40
23 360 0 1363 0 2101.5 [ 1%0.5 400 218 1863 976 70 33 -37
24 370 0 1397.5 0 2524 1899.5 400 2181 1863.5 977 70 33 -37
25 375 0 0 0 2733 2241 400 2181 1863 976.5 70 33 -37
26 140 0 0 0 1919.5 1868.5 405 2160 20815 [ 1B3.5 218 32 -27
27 165 0 0 0 19%7.5 1872 215 1088 1D5.5 | 656.5 211 263 17
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Table B.3 — Strain gauge data of Specimen S1+090 (Continued)

Type of strains Tangential strains
colﬁl‘:ﬁf“c‘;’;‘tg"(ﬁ ) 65 183 301 419 537 773 65 183 301 419 537 773
Step x1x2 x12x13 | x14x1S | x16x17 | x18x19 | x20x21 | yly2 | yI2yl3 | yl4ylS | yl6yl7 | yl8yl19 y20 yll
kN x10%) [ (x10%) [ (x10%) | (x10°) [ (x10) | x10° x10% | (x10%) | (x10%) | (x10) | (x10%) | (x10°)
1 0 0 0 1 0 1 1 0 -0.5 -0.5 0 0 0
2 30 13 9 0 -25 -25.5 -26 135 0.5 115 13 0.5 9
3 75 125 8 -1.5 -23.5 -23 -21.5 13 1 11 125 0.5 9
4 95 6 5 9.5 0 0 -2 10 5.5 5.5 5.5 2 2
5 115 23 27 26 16 15 2.5 24 185 175 175 115 9
6 135 315 39 37 25 23.5 5.5 37.5 30.5 28 27 185 17
7 165 30.5 46 41.5 30.5 27 7.5 40 31 39.5 38.5 25.5 19
3 175 37.5 53 47.5 33 29 6.5 85 36.5 39.5 46.5 33.5 26
9 19 48 75 69.5 50 44.5 135 168.5 60.5 54 58.5 55 57
10 210 68.5 96 38 69 63 22.5 264.5 1D.5 87 79 73.5 82
11 220 101.5 174 99 77 60.5 23.5 539 258 177 153.5 165 145
12 245 120.5 246 127.5 70 66 24 615 301.5 | 202.5 180.5 201 12
13 245 283.5 546 306.5 68 715 33.5 813 475 218 19.5 242 242
14 265 3715 622 354.5 70.5 77.5 37 979 597 264 244 295 305
15 275 460 773 457 79 87 39.5 1358 775.5 318 274.5 324 334
16 290 549 888 543.5 86 97.5 46 1724.5 878 364.5 311 3535 356
17 300 570 961 615 83.5 102 45 1937.5 1412 979 166 110.5 925
13 315 584 982 637 85.5 104.5 47.5 2131 1657 162 1396.5 | 1294.5 1055
19 330 1473 1678 1578.5 1274 1372.5 547 | 3024.5 | 2463 127.5 1866 1533 1233
20 335 1879 1978 1752.5 1538 1657.5 | 5355 | 6192.5 2995 1940 | 2088.5 1673 1312
21 340 2007 2120 189.5 | 1644.5 169.5 554 | 8724.5 3190 2001.5 [ 2168 1723.5 1347
22 355 2180 2298 195 1695 16155 | 548.5 | 4579.5 4071 | 2123.5 2310 1802.5 1401
23 360 218 2317 2011 1698 1607 546.5 414 | 3999.5 | 2033 | 2222.5 | 145 1339
24 370 2181 2316 | 2005.5 | 162.5 1604 544 | 4140.5 | 3999.5 [ 2032 | 2221.5 | 124.5 1339
25 375 2181 2316 | 2005.5 | 163.5 1605.5 | 545.5 413 3999 | 2031.5 | 2221.5 124 1340
26 140 2160 2504 2126 191 1638 566.5 | 4283 66185 | 2086 2285 146 130
27 165 1083 919 1240.5 | 1B7.5 1066.5 | 344.5 | 4008.5 5821 1349 1345 1064 869
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Table B.4 — Strain gauge data of Specimen S1}F139

Type of strains Radial strains
colﬁl‘:ﬁf“c‘;’;‘tg"(ﬁ m | 130 230 | 380 530 680 | 880 | 30 130 280 | 430 | 580 | 780
Step Load xIx2 x3x4 x5x6 x7x8 x9x10 x11 yly2 y3y4 ySy6 y7y8 y9y10 yll
kN 10 [ (x10%) [ (x10%) [ (x10%) | (x10%) | x10° | (x10) | (x10) | (x10°) [ (x10) [ (x10%) | (x10°)
1 0 0 0 0 1 0 0 0 0 0.5 0 -0.5 0
2 20 3 3.5 1.5 4.5 8 0 1 5.5 2 0.5 0.5 2
3 40 115 145 4 7 7 1 10 15 5.5 2 1 0
4 120 34.5 37 10 16 8 2 48 30.5 115 5.5 1 0
5 165 47 515 125 25.5 10 0 74 40 15 8.5 0 0
6 205 76 98 185 45 8 15 81 29 10 5 -6 -5
7 225 91.5 149.5 17 165 9 26 161 155 12 10.5 -3.5 -7
3 245 156.5 184.5 23 15 2 30 414 68.5 5 27 -3.5 -7
9 260 350 3325 23.5 17 -6 27 604 179 2.5 41 -7 21
10 280 465.5 4115 24.5 32 -12 33 769.5 267.5 125 72.5 -7.5 47
11 295 594.5 491 115 58 -8 33 908 346 17 68.5 5.5 57
12 315 919 934 -2.5 11.5 -5 36 1530 725.5 65.5 38 20 63
13 335 975 10075 20 16.5 -3 37 1637.5 813 76 715 19 73
14 345 499 1090 45.5 217 5 37 1821 10175 156.5 45.5 40.5 121
15 365 542 168.5 84 241 8 37 1P8.5 155 200 79.5 40.5 116
16 370 577 126 177 310 36 48 2090 130.5 | 299.5 14.5 54 131
17 385 604 1411 230 346 33 37 21%.5 1513 364.5 121 55 140
13 400 679 153 306 393.5 54 57 2439.5 141 505 143 62.5 138
19 430 746 1644 449.5 458.5 82 82 2702 2085 614 176 69 159
20 440 143 1902.5 | 628.5 832 177 145 ] 3380.5 2537 793 289 85 163
21 435 1734 | 1898.5 | 625.5 835.5 178 146 | 34185 2172 803 295 86 163
22 430 142 129.5 | 627.5 842 211 173 | 35015 5094 2026 740.5 1065 133
23 230 1073 1R7.5 | 622.5 831 211 177 3019 435 12715 733.5 1055 132
24 225 1049 163 644.5 834 215 180 3172 -61 1383.5 [ 7355 1065 131
25 240 1013 1335 563.5 885 228 12 4040 -137 2562 796 113 131




Table B.4 — Strain gauge data of Specimen S1}139 Continued)

Type of strains

Tangential strains

colﬁl‘:ﬁf“c‘;’;‘tg"(ﬁ ) 65 183 301 419 537 773 65 183 301 419 537 773
Step x1x2 x12x13 | x14x15 | x16x17 | x18x19 | x20x21 yly2 yi2yl13 | yl4ylS | yléyl7 | y18yl9 y20 yli
kN x10% | (x10°%) | (x10°%) [ (x10°%) (x10%) x108 (x10% | (x10%) | (x10) | (x10°%) [ (x10°%) | (x10°)
1 0 0 30 0.5 -4.5 0 0 0 -1 0 0 0 0
2 20 3 72.5 0 6.5 -185 -125 1 -1 3.5 0.5 0 0
3 40 115 88.5 8.5 14.5 -9 -4.5 10 8 9 4.5 1.5 5
4 120 34.5 1065 315 33 9 9 48 31 29 14 0.5 16
5 165 47 1R.5 46.5 43.5 185 13 74 49 38 35.5 3 26
6 205 76 16.5 69.5 62.5 36.5 32 81 53 38.5 35.5 4 44
7 225 91.5 118 715 64.5 40.5 44.5 161 87 59 29.5 9 107
8 245 156.5 269.5 72.5 78 57 69.5 414 220 607.5 352 21.5 151
9 260 350 639.5 106 76.5 67 88 604 458 1207.5 629.5 1%.5 161
10 280 465.5 594 157.5 86 125.5 97.5 769.5 601 1342.5 676 384 205
11 295 594.5 628 2125 98.5 144.5 139 908 883 15105 749.5 421 264
12 315 919 1565 1306.5 163 1277.5 1155 1530 1301 1625 828.5 532 397
13 335 975 1619 1490 121.5 1468 1261 1637.5 1446 1737 879.5 564.5 438
14 345 499 1516 1670 1458 1638.5 1328 1821 1612 1806 918 623 473
15 365 542 15285 198 1577.5 1749.5 133.5 | 1P8.5 1785 1934 968 661 512
16 370 577 1329.5 191 16175 1763 1367.5 2090 2152 2080.5 1024 714.5 542
17 385 604 14125 1936 1661.5 101 1386 219.5 2310 2185 1061 739 567
18 400 679 2331 2168.5 1828 1927 1436.5 | 2439.5 2578 2336 1B6.5 817 630
19 430 746 2522 2373.5 1959 2055 15405 2702 2805 2467.5 1175 869.5 697
20 440 1743 2893 27315 | 218.5 2198 1623 3380.5 3280 2866.5 1351.5 1237.5 1632
21 435 1734 2900 2736 2201 22115 1629 34185 3284 2867.5 1346 1233.5 1626
22 430 1142 2582 1488.5 1306 1403.5 930 35015 6544 1767 847.5 938 1083
23 230 1073 2668 1404 12125 1316 881 3019 9171 1663 800 901.5 1019
24 225 1049 2793 1352.5 169 1276.5 842.5 3172 1095 1600.5 780.5 888 999
25 240 1013 3379 128 10%4.5 1204 779 4040 12674 15295 768 870.5 970
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Table B.5 — Strain gauge data of Specimen S13-028

i

Type of strains Radial strains Tangential strains
Location from column | 5, 230 380 530 680 30 130 280 430 580 780 47 347 647 47 347 647
centre (mm)
Step Load x1x2 x3x4 x5x6 x7x8 x9x10 yly2 y3y4 y5y6 y7y8 y9y10 yli x1x2 x11x12 x13x14 yly2 yl3yl4 | yl5yl6
kN <10 | (<10 | <10%) | <109 | (x10%) | (x10%) | (x10) | (x10%) | (x10%) | (x10%) | (x10%) | (x10%) | (x10%) | (x10€) | (x10¢) | (x10%) | (x10%)
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A 0 0 0
2 65 30.5 15 5 0 22 135 9.5 9.5 3 1 30.5 21 13 N/A 22 185 13
3 90 43.5 19 5 0 31 20.5 13 10.5 4 2 43.5 28 18 N/A 31 25.5 18
4 105 54 23 6 -1 36 21.5 145 12 5 2 54 33 20 N/A 36 29.5 20
5 135 73.5 26 2 -4 47 27.5 17 125 3 0 73.5 4] 24 N/A 47 36 24
6 170 88.5 28 3 -7 57 315 185 14 2 2 88.5 47 29 N/A 57 445 25
7 190 73 206 -43 -16 71 29.5 16 9 -1 -5 73 53 33 N/A 71 36 26
8 205 -18 233 -57 -165 150 36 17 10.5 -2 -6 -18 66 39 N/A 150 52.5 33
9 220 9 234 -72 -187 239 36 175 10 -4 -8 9 72 42 N/A 239 62.5 37
10 235 72.5 254 -90 -191 315 34.5 14 6.5 -9 -11 72.5 81 45 N/A 315 69 40
11 240 214 352 -93 -35 2187 55.5 9 4 -12 -14 214 98 63 N/A 2187 588 73
12 255 2355 378 -84 6 2542 83 9.5 5 -15 -14 2355 104 67 N/A 2542 | 7655 81
13 265 1460.5 | 1339 33 -31 20975 | 1659 476 715 -76 10 1460.5 102 69 NA | 20975 | 1275 571
14 280 1810.5 | 1691 101 -30 19089 | 25105 | 9395 192.5 -73 71 1810.5 113 70 N/A 19089 1300 618
15 295 27195 | 1890 1737 230 21005 | 3467 | 15735 | 486 29 77 2719.5 127 83 NA | 21005 | 1487 835
16 300 2809.5 | 1874 1975 261 1326 | 3766 | 16105 | 6145 72 70 2809.5 127 82 N/A 13426 1618 941
17 300 3297 2227 2474 79 13401 | 54575 | 1906 | 15275 | 826 97 3297 129 86 N/A 13401 1684 986
18 305 0 0 0 0 13582 | 3808 2816 | 2948 2311 222 0 125 85 N/A 13582 | 2056.5 | 1402
19 300 0 0 0 0 13566 | 5291 0 29985 | 2368 238 0 125 87 N/A 13566 | 2157 1444
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Table B.6 — Strain gauge data of Specimen S13-050

Appendix B

Type of strains Radial strains Tangential strains
Location from 130 230 | 380 | 530 | 680 30 130 280 | 430 | s80 | 780 47 347 647 | M7 47 347 | 647
column centre (mm)
Step Load xIx2 x3x4 x5x6 x7x8 x9x10 yly2 y3y4 ySy6 y7y8 y9y10 yli xIx2 xlix12 | x13x14 | x15x16 yly2 yl3yl4 | yl1Syl6
kN (x10°) | (x10°%) | (x10%) | (x10°) | (x10) | (x10°) | (x10°) | (x10°) | (x10°) | (x10°) | (x10°) (Xﬁl)o (x10%) | (x10°) | (x10%) | (x10%) | (x10%) | (x10°)

1 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 40 3 0.5 0 0 0 115 2.5 1 0 -2 3 2 1 2 115 115
3 85 6 1 0 -2 -3 25 10 6.5 3 0 -2 6 5 4 35 25 25 8.5
4 160 115 2.5 -0.5 -7 -6 58.5 19 10.5 5.5 0 -4 115 10.5 8.5 7.5 58.5 46.5 23.5
5 175 39 56 -4.5 -36 -22 368.5 21.5 10.5 4.5 -3 -7 39 26.5 21.5 175 368.5 333 183
6 200 525 64 -4 -30 -4 555 31 165 8.5 -2 -8 52.5 36 28.5 21 555 5325 286
7 220 82.5 73.5 -2.5 -32 0 674 36 19 9.5 -3 -8 82.5 49.5 37 28 674 653.5 351
8 235 110 77.5 -3 -37 -1 796.5 53 22.5 10.5 -5 -9 110 60.5 44.5 32 796.5 809 441
9 265 446 64.5 -115 -53 -8 1B3 93 325 14 -7 -11 446 132 77 49 1B3 14175 782
10 290 823.5 171 237.5 74 -44 2008.5 642 64 97.5 163 -12 823.5 752.5 450 304 2008.5 | 2190.5 | 993.5
11 340 1659 597.5 555 186 89 3933 1487.5 680 208.5 314 -1 1659 17145 1276.5 | 1246.5 3933 3590 1279
12 370 2151.5 | 1493.5 1203 265 171 6356 | 21055 2511 397.5 352 -12 21515 2077 1507 1446 6356 6936 1921
13 390 2352 107.5 | 1225 307 155 6200 20915 | 2670.5 | 405.5 348 -129 2352 180.5 [ 1309.5 | 12885 | 6200 6666 1489
14 400 2905 2361.5 | 1255 511 156 6423 2265 3779 460.5 358 -54 2905 | 2074.5 | 1457.5 | 14315 6423 7031 1609
15 420 3241 26155 2156 1512 -131 6728 2618 | 5312.5 637 381 -20 3241 2371 1640.5 | 1567.5 | 6728 7234 17715
16 425 3268 26596' 2297 1832 -281 6748 | 2867.5 | 5877 691 375 -7 3268 2437 1678 1617 6748 7302 1683.5
17 430 3177 2626 24584' 179 1% 6846 | 30015 | 6059 726.5 375 -3 3177 2532 1732 | 1660.5 6846 7393 178.5
18 445 0 2568.5 29522' 1756 865 0 3289 6202 754 377 2 0 2728.5 1768 1664.5 0 7569 0
19 360 0 0 0 1515 9928 0 7834 0 20195 1218 32 0 3241.5 | 2007.5 1652 0 6683 0
20 275 0 0 0 141 8965 0 0 0 15285 1B3 37 0 3359 0 0 0 6104 0
21 75 0 0 0 21% 8427 0 0 0 1408 1086 58 0 0 0 0 0 0 0
22 5 0 0 0 1703 6386 0 0 0 1021.5 871 78 0 0 0 0 0 0 0
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Table B.7(a) — Strain gauge data of Specimen S13-090

Type of strains

Radial strains

Location from

column centre (mm) 30 180 330 480 630 780 30 180 330 480 630 830
Step x1x2 x3x4 x5x6 x7x8 x9x10 x11 yly2 y3y4 ySy6 y7y8 yoyl0 | yllyl2 yli
(x10°) (x10°) | (x10€) | (x10°) | (x10) [ (x10) | (x10) | (x10°) [ (x10) | (x10°) | (x10°) [ (x10) | (x10°)
1 0 0 0 0 0 0 0 0 0 0 0 0 0
2 30 2 1.5 0 0 0 5 4 2 1 1 1.5 12
3 65 3 1.5 0.5 -2 0 115 7 4 9.5 9 1.5 11
4 85 5.5 2.5 1 -3 0 20.5 13 7 9.5 8 1.5 -1
5 130 9 3 0 -7 0 34 21 12 12 8.5 1.5 -5
6 155 27 14 3.5 -11 -2 39.5 25 135 10.5 6 -0.5 -9
7 19 30.5 13 -4 -22 -9 40 24 11 7 0.5 -7.5 -10
3 205 48.5 9.5 -5.5 -38 -8 37 23 10 5 -1.5 -9 -13
9 240 84.5 -7.5 -4.5 -50 -28 53.5 25 9 1.5 -9 -14 -23
10 280 141.5 -5 -1.5 -209 -126 638 155 12 -1 -165 -20 -97
11 310 261.5 3.5 8 -254 -112 10195 408 17 17 -7 -16 -148
12 325 337 5.5 15 -296 -102 1146 605 28 4.5 -24 -33 -170
13 350 669.5 82.5 19 -308 -81 1445 767 1B.5 25 -175 -37 -198
14 390 1322.5 4145 71 -363 -103 2039 101 384.5 54.5 -105 -34.5 -175
15 405 1601 597.5 131 -353 -118 2260 1661 645 86.5 -7.5 -41 -151
16 430 1738.5 992.5 283.5 -317 -130 2490 1H%1 836 121.5 -0.5 -42 -14
17 440 1736 1061.5 338 -287 -123 2585.5 2047 912 138.5 3.5 -41.5 -133
13 470 1910 1318 509.5 -246 -116 2826.5 2377 1218 205 31 -40.5 -117
19 505 2148.5 1773 758.5 -182 -101 2912 2693 1467.5 300 78 -29 -77
20 535 2418 | 2087.5 | 977.5 -74 -77 2921 2923 1623 429 171 -13 -55
21 510 2372 21555 1777.5 -28 -65 0 4108 154.5 | 483.5 208.5 -3.5 -53
22 445 2054.5 | 1H94.5 | 1472.5 84 -26 0 4408 1465 469.5 210 0.5 -40
23 310 15%.5 | 152.5 | 15705 300 137 0 4237 163.5 368.5 180 23 -37
24 265 850 21% 8427 0 1757 4911 1408 1219 572 -37
25 75 432 1803 6701 0 1532 4697 1052.5 | 982.5 482 -37
26 60 381 103 6386 0 1506 4681 1021.5 962 474.5 -27
27 5 328 1024 6089 0 1471 4657 999.5 946 469.5 17
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Table B.7(b) — Strain gauge data of Specimen S13-090 (Continued)

Type of strains

Tangential strains

Location from

column centre (mm) 47 165 283 401 519 755 47 165 283 401 519 755
Step x1x2 xlIx12 | x13x14 | xI5x16 | x17x18 | x19x20 yly2 yl3yl4 | y1Syl6 | y17y18 | y19y20 | y2ly22 yl1
(x10°) (x10°) | (x10€) | (x10°) | (x10°) | (x10F) | (x10F) | (x10) | (x10) | (x10°) [ (x10°) [ (x10°) | (x10°)
1 0 0 0 0 0 0 0 0 0 0 0 0 0
2 30 2 1.5 0 0 0 5 4 2 1 1 1.5 12
3 65 3 1.5 0.5 -2 0 115 7 4 9.5 9 1.5 11
4 85 5.5 2.5 1 -3 0 20.5 13 7 9.5 8 1.5 -1
5 130 9 3 0 -7 0 34 21 12 12 8.5 1.5 -5
6 155 27 14 3.5 -11 -2 39.5 25 135 10.5 6 -0.5 -9
7 19 30.5 13 -4 -22 -9 40 24 11 7 0.5 -7.5 -10
3 205 48.5 9.5 -5.5 -38 -8 37 23 10 5 -1.5 -9 -13
9 240 84.5 -7.5 -4.5 -50 -28 53.5 25 9 1.5 -9 -14 -23
10 280 141.5 -5 -1.5 -209 -126 638 155 12 -1 -165 -20 -97
11 310 261.5 3.5 8 -254 -112 10195 408 17 17 -7 -16 -148
12 325 337 5.5 15 -296 -102 146 605 28 4.5 -24 -33 -170
13 350 669.5 82.5 19 -308 -81 1445 767 1B.5 25 -175 -37 -198
14 390 1322.5 4145 71 -363 -103 2039 101 384.5 54.5 -105 -34.5 -175
15 405 1601 597.5 131 -353 -118 2260 1661 645 86.5 -7.5 -41 -151
16 430 1738.5 992.5 283.5 -317 -130 2490 1H%1 836 121.5 -0.5 -42 -14
17 440 1736 1061.5 338 -287 -123 2585.5 2047 912 138.5 3.5 -41.5 -133
13 470 1910 1318 509.5 -246 -116 2826.5 2377 1218 205 31 -40.5 -117
19 505 2148.5 1773 758.5 -18 -101 2912 2693 1467.5 300 78 -29 -77
20 535 2418 | 2087.5 | 977.5 -74 =77 2921 2923 1623 429 171 -13 -55
21 510 2372 21555 1777.5 -28 -65 0 4108 154.5 | 483.5 208.5 -3.5 -53
22 445 2054.5 | 1H4.5 | 1472.5 84 -26 0 4408 1465 469.5 210 0.5 -40
23 310 15%.5 | 152.5 | 15705 300 137 0 4237 163.5 368.5 180 23 -37
24 265 850 21% 8427 0 1757 4911 1408 1219 572 -37
25 75 432 1803 6701 0 1532 4697 1052.5 982.5 482 -37
26 60 381 103 6386 0 1506 4681 1021.5 962 474.5 -27
27 5 328 16024 6089 0 1471 4657 999.5 946 469.5 17
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Appendix B

Table B.8(a) — Strain gauge data of Specimen S13-090

Type of strains Radial strains

colﬁl‘:lclf"c‘;’;‘trf:’(ﬁ ) 30 180 330 | 480 630 780 30 180 330 480 | 630 830

Step Load x1x2 x3x4 x5x6 x7x8 x9x10 x11 yly2 y3y4 ySy6 y7y8 y9y10 yllyl2
kN =10 [ (x10°) | (x10) | (x10°) (x10°%) =10 | (x10°) | (x10°) | (x10%) | (x10) | (x10°%) | (x10)

1 0 5 -1 -1 -1 0 1 0 -115 0 0 -3 0
2 45 6 -0.5 -2.5 0 0 10 5 2.5 0 0 -2 0
3 85 17 3.5 -0.5 0 0 14 9 4.5 0 0 -1 0
4 140 21.5 4 -1.5 -4 0 29.5 17 10 0 0 -2 0
5 160 23 3.5 -1.5 -5 -2 36.5 20 145 0 0 -2 0
6 170 22.5 4 -2 -6 -2 42.5 25 15 0 0 -3 0
7 180 42.5 125 -2.5 -9 -5 71 18 9.5 0 0 -6 0
8 1% 56 17 0 -13 -13 151.5 23 12 0 0 -7 0
9 215 100.5 20.5 2 -14 -20 207 29 135 0 0 -9 0
10 230 114 24 6.5 -13 -15 288.5 41 155 0 0 -10 0
11 245 14 185 7.5 -23 -15 347 53 16 0 0 -11 0
12 255 156 13 36.5 -97 -27 666 92 115 0 0 -17 0
13 265 176 125 -2.5 -190 -26 753 106 135 0 0 -18 0
14 305 306.5 30.5 -4 -225 -20 980.5 371 16 0 0 -34 0
15 320 352.5 49.5 -8.5 -203 -8 1033.5 726 18 0 0 -23 0
16 410 1000.5 751 106.5 -84 18 1636.5 1466 442.5 0 0 59 0
17 430 1068.5 861.5 140 -84 21 1736 1562 551 0 0 64 0
18 450 154 966 160 -80 25 1855 1676 668.5 0 0 66 0
19 480 1264 1117 | 2235 -57 29 19%7.5 1778 785.5 0 0 67 0
20 490 121.5 | 1P5.5 248 -48 32 2050.5 1855 855.5 0 0 71 0
21 505 1407 1306 281 -40 33 2165.5 1975 952 0 0 73 0
22 535 15145 | 1059.5 331 0 39 2298.5 2081 104.5 0 0 72 0
23 590 147 1044.5 426 103 54 2514 2244 1251.5 0 0 75 0
24 620 1953.5 181 496.5 1% 53 2693.5 2351 1317 0 0 68 0
25 655 2090 1258 549 253 74 2889 2473 1385.5 0 0 62 0
26 670 2180.5 [ 13195 592.5 315 85 2872.5 2461 1357 0 0 62 0
27 700 2284.5 | 1537.5 | 692.5 456 90 1346 2573 13135 0 0 65 0

-
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Table B.8(b) — Strain gauge data of Specimen S13-090 (Continued)

Type of strains Tangential strains
colﬁl‘:ﬁf“c‘;’;‘tg"(ﬁ ) 47 165 283 401 519 755 47 165 283 401 519 755
Step Load x1x2 x1Ix12 | x13x14 | x15x16 x17x18 x19x20 yly2 yl3yl4 | ylSyl6 | y17y18 | y19y20 | y2ly22
kN (x10°%) | (x10%) | (x10%) | (x10°%) (x10°%) x10°% | (x10°%) | (x10) | (x10°) | (x10°) | (x10°) | (x10°)
1 0 5 3 1 -1 0 -19 1 -0.5 -6 -3 1 0
2 45 6 4 2 0.5 0 -175 10 44 2 9 6
3 85 17 13 9 7.5 0 -115 14 48 6 12 9
4 140 21.5 17 125 10.5 6 -9.5 29.5 64.5 23 23 26 18
5 160 23 18 15 13 9 -12 36.5 73.5 32 31 32.5 25
6 170 22.5 19 155 14 8 -115 42.5 79 31 37 38.5 29
7 180 42.5 36 29.5 25 17 -4 71 1065 50 66 51 45
8 1% 56 46 37.5 32 23 0.5 151.5 147 95 200 88 83
9 215 100.5 54 45 38 27 4 207 189.5 214 275 13).5 133
10 230 114 63 53 46 30 9.5 288.5 244.5 294 351 190 308
11 245 14 74 61.5 52.5 32 9.5 347 292.5 352 403 229 368
12 255 156 93 79 66 46 55 666 6115 603 670 409 528
13 265 176 94 102 79.5 47 25 753 704.5 670 750 455 566
14 305 306.5 174 217 180 61 62 980.5 943.5 848 946 568 689
15 320 352.5 213 317 349 89 121.5 1033.5 1006 882 984 607.5 738
16 410 1000.5 152 706.5 748.5 299 223 1636.5 1614 1388 196 989.5 1033
17 430 1068.5 1243 843.5 806.5 328 352 1736 179.5 1575 14993 1090.5 1090
18 450 154 1351 955.5 907.5 403 620.5 1855 18185 1708 1584 1D3.5 1115
19 480 1264 1513 1093 974 459 725.5 19%7.5 1929 1863 11 131 184
20 490 121.5 1573 1B5.5 10125 468 743.5 | 2050.5 | 2007.5 1950 1893 14135 120
21 505 1407 1649 1207 1085 506 793 2165.5 | 2120.5 2078 2004 1510 1273
22 535 15145 142 1336 1205.5 561 851 2298.5 | 2262.5 2219 2147 1656.5 1345
23 590 147 189 1610.5 | 150.5 710 930 2514 | 2455.5 2472 2373 1970 1492
24 620 1953.5 2034 1809.5 | 1#8.5 881 1028.5 | 2693.5 | 2655.5 2733 2335 2098.5 1519
25 655 2090 2172 1939.5 1826 984 104.5 2889 2832 3213 2797 2268 1639
26 670 2180.5 2260 | 2025.5 | 19155 1046 148.5 | 2872.5 | 2829.5 3821 3344 2412 1718
27 700 2284.5 | 2408 2198 2093 189 1254 1346 0 41b 4067 2514 182
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Appendix B

Table B.9 — Strain gauge data of Specimen S15028

B-1

Type of strains Radial strains Tangential strains
Loca‘ci:;‘trf:"(ﬁ ;‘;1““‘“ 30 180 330 530 680 30 180 330 480 630 830 47 347 647 47 327 607
Step x1x2 x3x4 x5x6 x7 x9 yly2 y3y4 ySy6 y7y8 y9 yli x1x2 x11x12 x13x14 yly2 yl3yl4 | ylSyl6 | ylSylé
kN x10% [ (x10%) [ (x10®%) | (x10%) | (x10%) | (x10%) [ (x10%) | (x10°) [ (x10®) | (x10) [ (x10®) | (x10%) | (x10%) | (x10®) | (x10%) | (x10) [ (x10°)
1 0 0 0 0 -1 0 -0.5 -1 -0.5 0 -2 0 0 7 1.5 -0.5 -0.5 -0.5
2 20 7.5 7 4 3 8 -4 -5 -2 6.5 -6 -2 7.5 5 7.5 -4 2 1
3 0 0 0 3.5 0 0 4 4 2 0 3 4 0 2 0.5 4 2.5 2
4 95 27 16 11 2 -2 20 16 5.5 3 2 0 27 12 20 19 19
5 130 36 21.5 135 1 -4 27.5 21.5 7 5 2 0 36 16 27.5 24.5 27
6 155 46 27 155 0 -5 34.5 26.5 9 7 2 0 46 18 7.5 34.5 315 34
7 175 56.5 34 20 0 -7 37.5 29 9 7.5 1 -1 56.5 21.5 9 37.5 35.5 39.5
8 190 66.5 40 24.5 1 -8 42.5 32.5 10 9 0 -3 66.5 25.5 8.5 42.5 40 45.5
9 220 139 42 23.5 -3 -12 63 44.5 135 115 0 -4 139 35.5 10 63 58.5 54.5
10 230 214 37.5 39 -4 -14 100 60 145 11 -2 -6 214 41.5 10.5 100 77 52
11 235 393.5 56 11 176 9 279.5 134 9.5 5.5 -11 -12 393.5 47.5 115 279.5 330.5 63
12 245 526.5 143 -19 214 -31 571 304.5 18 6.5 -12 -17 526.5 49 135 571 557.5 76
13 250 859 227 147 606 -5 834 432.5 20.5 -315 -6 -19 859 45.5 10.5 834 759 92
14 240 944 246.5 175 426 129 1214 795.5 21.5 -135 -331 -239 944 41.5 9 1214 1P1.5 186.5
15 265 937 3355 2195 452 155 1775 1572 131 22.5 -29 -276 937 40.5 10.5 1775 | 2264.5 | 637.5
16 270 1067 486 306 332 231 2032 1890.5 259 49.5 33 -259 1067 40 115 2032 2558 733
17 275 1626 9715 506 376 301 2322 2297 672 67 82 -174 1826 45.5 13 2322 1341.5 | 10075
18 280 1876 1268 573 356 310 2375 2440 924 80.5 105 -145 1876 47 15 2375 780.5 1155
19 285 2211 1662 6715 279 289 2415 2316 217 1D.5 16 -135 2211 45.5 12 2415 786 1B4.5
20 285 3907 2300 853 266 279 2515 2400 2448 147.5 295 -186 3907 50 13 2515 823.5 1265.5
21 290 1333 2320 973.5 217 255 134.5 2474 5067 1.5 453 -221 1333 54 115 134.5 881.5 1283
22 290 1367 2283.5 | 994.5 203 238 0 2495 6486 18.5 530 -235 1367 60.5 13 0 887.5 1299
23 290 1353 2234 918 175 190 0 2841 8090 208.5 649 -293 1353 62.5 115 0 882 1343.5
24 295 1444 2310.5 977.5 166 158 0 2879 5049.5 | 2195 767 -347 1444 65.5 11 0 866 130
25 295 101 2546 944 167 125 0 2907 5761 227.5 842 -366 101 138 12 0 835.5 1446.5
26 285 1560 | 2543.5 2467 279 164 0 2910.5 5907 203.5 889 -387 1560 123 11 0 832 1421.5




B-20

Table B.10 — Strain gauge data of Specimen S15050

Appendix B

Type of strains Radial strains Tangential strains
coh];::l?tcl:;rf:o(l; m | B 230 | 380 | 530 30 130 280 | 430 | 580 | 780 47 347 647 777 47 47 | 647 | 752
Step Load xIx2 x3x4 x5x6 x7x8 yly2 y3y4 ySy6 y7y8 y9y10 ylii x1x2 x11x12 x13x14 | x15x16 yly2 yl3yl4 | ylSyl6 | yl17yl8
[ A ] a0 | a0y | O ] a0y | eaos | eaoy | OF | O |G LOY T a0 | a0y | o0 | a0 | ea09 | 09 | ooy
1 0 0 0 -0.5 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 2
2 5 -2 3 -4 2 22.5 -3 3 -8 -6 -5 -2 -9 -125 -8.5 22.5 2 1 7
3 75 17 11 1.5 1 34 7 9 -5 -5.5 -8 17 4 1.5 0 34 2.5 2 3
4 160 62.5 29.5 8.5 1 52.5 26.5 20.5 0 -3.5 -10 62.5 34 20.5 155 52.5 19 19 12
5 200 1B.5 715 9.5 0 76 45.5 29.5 0 -2.5 -14 1B.5 54 35.5 27.5 76 24.5 27 155
6 225 163 109.5 6 -2 97.5 56.5 36.5 -1 -6.5 -20 163 53 37 30 97.5 315 34 19
7 245 466 288 7 1 111 201 75.5 0 -1.5 -34 466 56 49 41.5 111 35.5 39.5 21.5
8 265 811 319 5 33 117 445.5 140.5 90 165 59 811 53 515 45 117 40 45.5 27
9 290 1090. 440 28.5 54 124 619.5 198.5 245 29 74 1090. 69 61 56 124 58.5 54.5 31
10 295 1457.5 672 59 56 141 717 246.5 356 42.5 77 1457. 383 123 70 141 77 52 36.5
11 310 1639.5 | 995.5 13).5 66 189.5 738.5 278 434 50 77 1639. 669 221 86.5 189.5 330.5 63 30
12 320 2191.5 1515 | 495.5 110 318.5 894.5 374.5 882 77.5 86 2191. 1570 1075 704 318.5 557.5 76 35
13 330 2471 1736 687.5 125 396 996 476.5 1P5 109 85 2471 1711 166.5 794 396 759 92 39.5
14 350 28165 | 2063 945.5 164 593 10%0.5 550 1355 182 93 2816. 1970 1283 912 593 1P1.5 | 18.5 82
15 365 2699 2278. 1B6 235 791 124 598.5 147 2145 94 2699 219 1340 967 791 2264. 637.5 193
16 380 3489 2498. | 1R8.5 282 1057.5 1272 762.5 1562 | 267.5 -6 3489 2243 1¥3.5 1028 1057.5 [ 2558 733 216
17 395 4109 [ 2591.5 | 1496 308 1253 14185 | 954.5 1632 435.5 86 4109 2598 15015 1091 1253 13%1.5 | 10075 398
18 405 4287 | 27235 1573 319 1527.5 | 16185 1171 1762 568 105 4287 3015 1642.5 126 1527.5 | 780.5 1155 459
19 415 3079 3042 1734 363 20125 1605 1460 1891 671 129 3079 3425 10.5 1386 20125 786 1B4.5 505
20 425 2967 | 32715 [ 1903.5 424 2227.5 1837 1654 2009 896 159 2967 3600 1986.5 | 15015 | 2227.5 | 823.5 | 1265.5 569
21 435 2987 3919 2085. 489 2392.5 1957 1875 2042 | 10175 180 2987 3739 2033.5 | 1543.5 | 2392.5 | 88l.5 1283 580
22 415 2980 4030. 2083. 483 2369 1989 1854 1895 1002 190 2980 3915 2078. | 1579.5 | 2369 887.5 1299 587.
23 400 2893 3928. 2054 475 2422 | 2390.5 1881 1577 | 895.5 185 2893 3837 2046. 1568 2422 882 1343.5 590
24 390 2784 3736 199 474 2618 | 49376 1857 1458 819 18 2784 3702 1986 1543 2618 866 130 601
25 430 2857 4638 2254 686 0 0 2027 1458 560 0 2857 4807 214 1646 0 835.5 | 1446.5 607




Appendix B

Table B.11(a) — Strain gauge data of Specimen S15-090

Type of strains Radial strains
colﬁl‘:ﬁf‘c‘;’;‘tg"(ﬁm) 30 180 330 680 47 197 347 497 647 847
Step Load x1x2 x3x4 X5X6 x10 yly2 y3y4 y5y6 y7y8 y9y10 yll
kN x10% | x10%) [ (109 | x10%) | (x10) | (x10%) | (x10%) [ (x10) | (x10%) | (x10°%)
1 0 -0.5 0 0 0 -0.5 0 0 0 0 -1
2 85 28.5 12.5 5.5 3 15.5 16.5 11.5 6 2 -2
3 145 152.5 4.5 11 5 37 355 25 12,5 4 -1
4 180 305.5 2.5 47 13 92.5 59.5 355 16.5 7 -1
5 200 381 4.5 46.5 13 130 69.5 42 19 9 40
6 225 475.5 6.5 52 17 189 198 45 19.5 7 40
7 250 611 16 57 17 282 347.5 53 20.5 8 40
8 265 684 26 58 16 358 463 66.5 23 9 40
9 285 792 49.5 54.5 16 453 627.5 101.5 27.5 17 40
10 305 912.5 83 72.5 21 572.5 788 156 345 14 45
11 325 1122 159 93 28 699.5 1004 255.5 52 22 68
12 350 1316 227.5 107 31 813 1158 341.5 70 21 82
13 370 1554.5 343.5 125.5 34 950 1281.5 | 473.5 102 29 88
14 390 1619.5 408.5 136.5 33 998 1320.5 | 525.5 117 23 91
15 410 1817.5 536.5 157 34 1109 1463 643.5 160 33 100
16 430 2040.5 722.5 203 40 1264 1684 795 219.5 42 106
17 455 2290.5 929 281.5 48 1421.5 1909.5 | 951.5 292.5 50 117
18 490 2621 1185.5 | 4115 53 1652.5 2269 1171 409.5 69 142
19 515 3000 1382 525 62 1812 2506 1322 503 81 153
20 540 3467 1516 616.5 70 1941 2670 1443.5 | 583.5 97 164
21 595 18658.5 1733 791.5 116 2401 3172.5 | 1784.5 856 151 206
22 610 20033.5 1790 842.5 134 2574 3343 1891.5 957 173 215
23 630 13697 1796.5 969 171 2724 3521 2027.5 1093 205 224
24 620 13055.5 | 1791.5 1004 180 2732.5 3536 2028 1114 219 225
25 610 12293 1762.5 1002 175 2759 3582 1931 1152 256 223
26 580 11903 1520.5 961 166 2806.5 | 3544.5 | 1680.5 1017 257 196
27 560 11726 1252.5 903 161 2956.5 3890 1733 1051.5 220 182
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Table B.11(b) — Strain gauge data of Specimen S13-090 (Continued)

Type of strains Tangential strains
colﬁl‘:flf"ci:;‘tg"(ﬁm) 47 165 283 401 519 755 47 165 283 401 519 755 991
Step Load x1x2 x11x12 x13 x15x16 | x17x18 | x19x20 | yly2 | yl2yl3 y15 y16y17 | y18y19 | y20y21 | y22y23
kN <10 [ <10 | 10%) | 109 | 109 | x10%) | x10%) | x10%) | x10%) [ x10) | (x10%) | (x10%) | (x10°)
1 0 -0.5 0 0 0 -0.5 0 0 0 0 -1 -0.5 -0.5 0
2 85 28.5 12.5 5.5 3 15.5 16.5 11.5 6 2 -2 28.5 25.5 20
3 145 152.5 4.5 11 5 37 355 25 12.5 4 -1 152.5 76 45
4 180 305.5 2.5 47 13 92.5 59.5 35.5 16.5 7 -1 305.5 157.5 109
5 200 381 4.5 46.5 13 130 69.5 42 19 9 40 381 199 167
6 225 475.5 6.5 52 17 189 198 45 19.5 7 40 475.5 246 205
7 250 611 16 57 17 282 347.5 53 20.5 8 40 611 327.5 252
8 265 684 26 58 16 358 463 66.5 23 9 40 684 419.5 267
9 285 792 49.5 54.5 16 453 627.5 101.5 27.5 17 40 792 539 296
10 305 912.5 83 72.5 21 572.5 788 156 345 14 45 912.5 643.5 329
11 325 1122 159 93 28 699.5 1004 255.5 52 22 68 1122 791.5 435
12 350 1316 227.5 107 31 813 1158 341.5 70 21 82 1316 972 505
13 370 1554.5 343.5 125.5 34 950 1281.5 473.5 102 29 88 1554.5 1194.5 638
14 390 1619.5 408.5 136.5 33 998 1320.5 525.5 117 23 91 1619.5 1268 689
15 410 1817.5 536.5 157 34 1109 1463 643.5 160 33 100 1817.5 1437 763
16 430 2040.5 722.5 203 40 1264 1684 795 219.5 42 106 2040.5 1639.5 904
17 455 2290.5 929 281.5 48 1421.5 1909.5 951.5 292.5 50 117 2290.5 1873 1080
18 490 2621 1185.5 411.5 53 1652.5 2269 1171 409.5 69 142 2621 2189.5 1328
19 515 3000 1382 525 62 1812 2506 1322 503 81 153 3000 2411 1506
20 540 3467 1516 616.5 70 1941 2670 1443.5 583.5 97 164 3467 2571 1623
21 595 18658.5 1733 791.5 116 2401 3172.5 | 1784.5 856 151 206 18658.5 3424 2143
22 610 20033.5 1790 842.5 134 2574 3343 1891.5 957 173 215 20033.5 4709 2347
23 630 13697 1796.5 969 171 2724 3521 2027.5 1093 205 224 13697 10091.5 2675
24 620 13055.5 | 1791.5 1004 180 2732.5 3536 2028 1114 219 225 13055.5 11592 2800
25 610 12293 1762.5 1002 175 2759 3582 1931 1152 256 223 12293 11608.5 2755
26 580 11903 1520.5 961 166 2806.5 3544.5 | 1680.5 1017 257 196 11903 11220 2552
27 560 11726 1252.5 903 161 2956.5 3890 1733 1051.5 220 182 11726 10892 2272
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Table B.12(a) — Strain gauge data of Specimen S15090

Type of strains Radial strains
colﬁl‘:ﬁf“c‘;’;‘tg"(ﬁ ) 30 180 330 680 47 197 347 497 647 847
Step Load X1x2 x3x4 X5x6 x10 yly?2 y3y4 y5y6 y7y8 y9y10 yll
kN (x10°) (x10%) | (x10%) | (x10°) (x10°) (x10°) (x10%) | (x10) | (x10%) | (x10°)
1 0 -1 0 0 0 0 0 -1 0 0 0
2 65 14.5 9 3 0 1 8.5 6 4.5 2 0
3 115 47 16 11 0 4 24.5 185 13 6 0
4 160 126.5 28 23 69 20 42.5 34 20 9 -1
5 190 263 42 39 84 12 127 178 27.5 12 0
6 215 386.5 55 41 65 16 252 287 33 13 0
7 235 464 66 40 54 23 323 362.5 36.5 13 -1
8 260 555 89 37 33 35 456.5 453 41 15 -3
9 280 621.5 164 37 20 46 558 539 49.5 19 -4
10 300 710.5 272 40 -2 57 666.5 646 72.5 25 -4
11 320 765 352 43 -15 65 763 712 108 32 -7
12 340 8115 422 51 -23 69 824.5 785.5 160 32 -8
13 360 835.5 498 230 -25 70 913 875 233.5 36 -9
14 380 841.5 580 338 -18 73 1000 955.5 308.5 46 -5
15 390 944 641 383 -9 76 10515 1003 360 56 -4
16 415 1001 836 526 20 83 1174 1110 491 93 1
17 445 1032 1046 628 52 91 1273.5 1211 585.5 132 1
18 475 1206 1345 741 126 100 135.5 124 687.5 1% 2
19 505 141.5 1613 834 262 115 1515 1438.5 788 278 1
20 540 1609.5 1859 935 416 149 1651.5 | 1536.5 906 412 17
21 575 1755 4858 1038 544 12 1784 1651 1021.5 534 37
22 625 1933.5 2506 1D1 689 220 1977 197.5 168.5 690 80
23 665 1480 2553 121 819 262 2163 1922.5 1300 823 95
24 695 158 2597 1450 932 310 2373 2072.5 | 1433.5 956 111
25 750 1616 2656 1598 1032 394 2594 2351.5 159 1082 121
26 745 1392 2672 1770 162 482 2737 3278.5 1831 129 127
27 645 0 2750 2055 1170 491 3374 4953 1436 1006 117
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Table B.12(b) — Strain gauge data of Specimen S13-090 (Continued)

Type of strains Tangential strains
colﬁl‘:flf"ci:;‘tg"(ﬁm) 47 165 283 401 519 755 47 165 283 401 519 755 991
Step Load X1x2 x11x12 x13 x15x16 | x17x18 | x19x20 yly2 y12y13 y15 y16y17 | y18y19 | y20y21 | y22y23
kN (x10°) (x10°) (x10°) (x10°) (x10°) (x10°%) (x10°) (x10°) (x10°) (x10°) (x10°) (x10°) (x10°)
1 0 -1 0 0 0 0 0 -1 0 0 0 -1 0 0
2 65 14.5 9 3 0 1 8.5 6 4.5 2 0 14.5 15 125
3 115 47 16 11 0 4 24.5 185 13 6 0 47 38 32.5
4 160 126.5 28 23 69 20 42.5 34 20 9 -1 126.5 62 51
5 190 263 42 39 84 12 127 178 27.5 12 0 263 89 79
6 215 386.5 55 41 65 16 252 287 33 13 0 386.5 159 135.5
7 235 464 66 40 54 23 323 362.5 36.5 13 -1 464 277 13.5
8 260 555 89 37 33 35 456.5 453 41 15 -3 555 373 152.5
9 280 621.5 164 37 20 46 558 539 49.5 19 -4 621.5 450.5 167.5
10 300 710.5 272 40 -2 57 666.5 646 72.5 25 -4 710.5 5195 190
11 320 765 352 43 -15 65 763 712 108 32 -7 765 581 225.5
12 340 8115 422 51 -23 69 824.5 785.5 160 32 -8 8115 647 262
13 360 835.5 498 230 -25 70 913 875 233.5 36 -9 835.5 739.5 328.5
14 380 841.5 580 338 -18 73 1000 955.5 308.5 46 -5 841.5 834 418
15 390 944 641 383 -9 76 10515 1003 360 56 -4 944 895.5 480.5
16 415 1001 836 526 20 83 1174 1110 491 93 1 1001 1046 658.5
17 445 1032 1046 628 52 91 1273.5 1211 585.5 132 1 1032 168 816
18 475 1206 1345 741 126 100 1395.5 1324 687.5 1% 2 1206 1299 1008
19 505 141.5 1613 834 262 115 1515 1438.5 788 278 1 1441.5 1444.5 1B9.5
20 540 1609.5 189 935 416 149 1651.5 1536.5 906 412 17 1609.5 1609 1365.5
21 575 1755 4858 1038 544 12 1784 1651 1021.5 534 37 1755 1771 15255
22 625 1933.5 2506 101 689 220 1977 1P7.5 168.5 690 80 1933.5 1969.5 1743.5
23 665 1480 2553 121 819 262 2163 1922.5 1300 823 95 1480 212.5 1938.5
24 695 158 2597 1450 932 310 2373 2072.5 1433.5 956 111 158 2258 2091
25 750 1616 2656 1598 1032 394 2594 2351.5 159 1082 121 1616 2404 2243
26 745 1392 2672 1770 162 482 2737 3278.5 1631 129 127 1392 2120 2151
27 645 0 2750 2055 1170 491 3374 4953 1436 1006 117 0 21B.5 2096
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Appendix B

B.3 Strain gauge data for the 10 SFRC slabs

Figs. B.7 shows the typical positions and labels of strain gauges in the

reinforcements of the 10 SFRC specimens (FO09 series and F14 series slabs). Tables

B.13 to B22 show the strain gauge data of the 10 specimens.
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Fig. B.7 — Typical strain gauges’ locations and labels for FO9-series and F14-series

slabs. Distances between strain gauges are also indicated in the drawing.
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Table B.13 (a) — (X-set) Strain gauge data of Specimen F09-00
Step | Load Strains in reinforcements
XRIl | XRI2 | XRI3 | XRI4 | XRI5 | XR16 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XTél
KN (<109) | (<10%) | (x10%) [ (x10%) | (x10%) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10) | (<10) | (x10) | (x10%) | (x10%) | (x10%) | (x10%) | (x10%) [ (x10%)
1 0.0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0
2 -0.3 0 0 1 0 0 0 1 1 1 1 0 1 0 0 1 0 0 0 0
3 16.5 2 62 35 35 20 15 1 9 24 2 3 6 2 4 4 2 0 2 0
4 323 10 80 47 46 29 20 3 17 32 0 4 9 6 10 6 3 0 5 0
5 56.2 41 117 [ 69 65 46 33 16 35 53 3 7 25 20 23 14 -6 4 12 14
6 74.5 60 172 | 1% 90 61 43 19 44 69 5 10 35 37 31 18 -14 4 17 28
7 92.5 119 [ 286 | 327 18 89 65 50 54 87 -19 7 51 40 32 17 28 2 16 48
8 1087 | 18 448 [ 552 | 291 108 |97 177 92 151 | -38 10 60 34 27 15 -49 1 6 62
9 118.1 234|555 | 673 | 3% 125 131 171 135|206 | -44 12 64 31 29 12 -55 3 8 66
10 | 1258 | 291 | 667 [ 807 [502 [216 | 245 | 223 186 267 | -46 15 77 35 33 10 -68 -12 16 62
1 1380 [376 [ 779 [ 927 [603 [289 [396 306 [320 [318 [20 37 117 |37 35 55 -84 28 2 63
12 | 1359 |39 | 788 [941 [615  [307 [423 [|319 [352 |32 |-32 45 13 39 37 61 -83 -29 21 63
13 [ 1566 | 603 1001 | 144 | 761 502 [ 719 |'s8t [e12 [513 |46 307|413 |60 51 19 -95 36 27 76
14 | 1722 | 819 [ 165 | 1265 | 880 | 604 | 833 | 809 | 801 635 146 494|542 |75 77 241 -61 35 66 87
15 | 1987 | 168 | 1446 | 1540 | 1064 | 741 | 941 146 | 1116 | 863 | 366 | 748 | 688 | 158 | 160 456 | -38 38 158 | 84
16 | 2137 | 1»0 | 1675 | 1735 | 1137 | 823 | 988 | 132 | 1318 | 1003 | 502 | 924 | 775 | 236 | 224 | 572 | -20 27 254 | 84
17 2362 | 1%7 | 189 | 2053 | 1261 | 1068 | 1088 | 1608 | 1563 | 1207 | 652 | 165 | 884 | 344 [ 309 | 688 |2 -9 360 |91
18 | 2579 | 1947 | 2254 | 2284 | 13%67 | 1451 | 1p6_ | 18%7 | 105 | 1412 | 886 | 142 | 1039 | 553 | 449 | 839 | 55 37 498 |97
19 | 2789 | 214 | 2474 | 2505 | 1524 | 167 | 1283 | 2141 | 2053 | 1647 | 1074 | 1735 | 1219 | 704 [ 623 [ 967 | 109 [ 110 | 718 100
20 | 2997 |23 | 2647 | 2722 | 1610 | 1®7 | 1369 | 2461 | 2253 | 11 | 1276 | 190 | 142 | 845 | 824 | 1Dl | 16 235 | 842 | 105
21 | 3174 | 2424 | 2754 | 2965 | 1775 | 1925 | 1426 | 271 | 2448 | 2039 | 1455 | 2207 | 1616 | 972 | 1026 | 135 | 222 [ 367 | 963 109
22 | 3373 | 2554 | 2890 | 3198 | 1914 | 2062 | 1483 | 2960 | 2651 | 2259 | 1643 | 2403 | 13 | 1p8 | 1241 | IR1 | 317 | 541 1097|116
23 | 3574 | 2695 | 3072 | 3580 | 2126 | 2260 | 1565 | 3107 | 2843 | 2511 | 1804 | 2619 | 2078 | 1352 | 1513 | 1564 | 459 | 797 132 |13
24 | 3705 | 2823 | 3394 | 4075 | 2238 | 2361 | 1615 | 3301 | 3000 | 2673 | Is81 | 2780 | 2236 | 1488 | 1662 | 1686 | 573 | 952 | 1313 | 1=
25 | 37214 | 2853 | 3524 | 4730 | 2265 | 2391 | 1@7 | 3406 | 3064 | 2728 | 190 | 2840 | 2287 | 1561 | 102 | 124 | 636 | 1026 | 133 | 131
26| 3758 | 2829 | 3534 | 618 | 2303 | 2426 | 1643 | 3557 | 3094 | 2800 | 2107 | 2926 | 2348 | 1667 | 1713 | 151 | 788 168 | 104 | 138
27 | 3739 [ 2839 [3508 | 619 | 2303 | 2416 | 1@7 | 3588 | 3078 | 2762 [ 213 | 2941 | 2388 | 180 | 1678 | 1#2 |876 | 1276 | 1457 | 139
28 | uss 1600 | 2058 |51 149 122 [ 724 2013 [160 |0 2834|3292 [ 1076 |0 574 [ 288 613 642 | 757 |99
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Table B.13 (b) — (Y-set) Strain gauge data of Specimen F09-00 (Continued)
Step | Load Strains in reinforcements
YRII | YRIZ | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | Y131 | Y132 | Y33 | YT41 | YT42 | Y143 | YT51 | YT52 | YT53 | YTel
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)
1 0.0 12 9 8 6 5 5 4 4 3 3 2 2 2 2 3 2 2 2 2
2 0.3 9 7 6 5 3 4 3 3 3 2 1 2 -1 -1 2 2 -1 -1 -1
3 16.5 16 13 28 11 13 12 14 10 0 10 7 7 3 8 2 1 2 [ [
4 323 12 11 27 10 12 14 25 4 B 19 15 2 11 15 8 7 8 6 7
5 56.2 3 11 30 11 15 18 54 7 10 38 31 4 28 31 17 13 13 15 16
6 745 14 12 36 16 18 23 253 21 12 87 81 7 35 74 31 37 41 32 32
7 925 52 15 45 32 31 44 527 56 10 18 203 19 51 141 60 54 53 65 59
8 108.7 155 7 52 61 44 82 720 119 13 200 327 40 76 221 93 ) 78 107 103
9 1181 261 17 50 65 50 91 849 16 16 264 | 414 66 98 294 125 97 102 138 131
10 125.8 382 49 41 66 55 08 1010 | 229 25 393 514 97 299 366 155 136 Q 172 246
11 138.0 592 133 12 54 54 7108 | 148 | 326 50 626 647 157 601 436 19 247 285 220 470
12 135.9 610 143 8 53 54 C109 | 148 | 336 53 636 647 Q 605 433 19 250 288 221 473
3 156.6 921 375 41 14 60 19 | 1591 | 580 130 928 867 281 878 573 294 381 437 341 619
14 172.2 1236 | 632 110 20 64 140 | 1948 | 819 332 182 | 104 | 489 1070 | 755 418 491 547 467 726
15 198.7 1522 | 935 282 72 70 148 | 2300 | 184 | 605 147 | 1378 | 872 1312 | 1010 | 594 611 663 738 851
16 213.7 1®9 | 1068 | 375 111 50 154 | 2457 | 1486 | 751 1614 | 1525 | 1026 | 1519 | 1139 | 696 658 764 925 884
17 2362 | A6 | 15 | 476 1 27 7158 | 2646 | 101 | 942 1%7 | 103 | 109 | 126 | 1276 | 813 729 876 1070 | 938
18 2579 | 1%54 | 1410 | 639 306 16 1@ | 2943 | 1947 | 1176 | 2147 | 1%0 | 1376 | 2010 | 1500 | 1001 | 883 1035 | 139 | 1031
19 2789 | 2096 | 1581 | 776 | 405 1 172 | 3081 | 21% | 1©7 | 2365 | 2104 | 1520 | 2215 | 1619 | 165 | 1006 | 148 | 189 | 108
20 | 2997 | 2355 | 1852 | 961 544 23 7176 | 3379 | 2380 | 165 | 2611 | 2327 | 105 | 2451 | 1856 | 139 | 1139 | 187 | 1536 | 181
21 317.4 2649 | 218 | 1207 | 716 69 2177 | 3871 | 2615 | 191 | 2862 | 2576 | 1892 | 2660 | 190 | 1519 | 1256 | 1409 | 169 | 1267
22 | 3373 | 2966 | 2493 | 142 | 863 130 7177 | 5531 | 2879 | 2206 | 342 | 2834 | 21B | 2919 | 2157 | 125 | 120 | 15% | 1770 | 133
23 | 3571 2999 | 2522 | 1511 | 905 19 -177 | 7306 | 2993 | 2342 | 3434 | 2990 | 2269 | 3206 | 2290 | 1%02 | 1561 | 165 | 1900 | 145
24 | 3705 | 3024 | 2547 | 1565 | 933 228 7175 | 917 | 3049 | 2409 | 3629 | 3097 | 2361 | 3405 | 2404 | 2037 | 1613 | 1®2 | 189 | 1496
25 | 3721 3059 | 2563 | 1585 | 948 248 C174 | 1642 | 3094 | 2456 | 3737 | 3164 | 2412 | 3475 | 2458 | 210 | 1732 | 189 | 2026 | 1521
26 | 3758 | 3081 | 2539 | 1573 | 943 255 7176 | 161B | 3266 | 2502 | 3933 | 3265 | 2495 | 3570 | 2554 | 2229 | 1816 | 1912 | 2086 | 1567
27 | 3739 | 3074 | 2509 | 1557 | 932 256 178 | 1681 | 3259 | 2498 | 3942 | 3269 | 2504 | 3599 | 2578 | 2267 | 1&5 | 189 | 2101 | 1576
28 | u8s 1813 | 1&2 | 1406 | 1600 | 207 24 14589 | 2288 | 5278 | 2889 | 3110 | 2292 | 2233 | 1®7 | 186 | 7% 2505 | 139 | 968
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Table B.14 (a) — (X-set) Strain gauge data of Specimen F14-00
Step | Load Strains in reinforcements
XR11 XR12 XR13 XR14 XR15 XR16 XT21 XT22 | XT23 XT31 XT32 XT33 XT41 XT42 XT43 XTS1 XTS2 XTS3 XTe6l
kN (<109 | (x10%) | (x10°%) | (x10°%) | (x10°%) | (x10°%) | (x10°) | (x10°%) | (x10%) | (x10%) | (x10) [ (x10) [ (x10®) [ (x10) | (x10%) | (x10°%) | (x10°%) | (x10°) | (x10%)
1 0.0 0 1 0 1 1 0 1 1 0 1 1 0 0 -1 0 0 1 0 1
2 23.5 0 4 2 2 0 -3 14 11 4 11 12 8 10 10 6 8 7 6 8
3 42.7 -15 -7 -11 -1 0 -8 25 20 13 19 23 14 18 17 13 15 14 11 14
4 62.9 -45 7 -17 -3 2 -14 46 30 17 38 42 19 33 30 23 26 23 19 25
5 82.1 -35 19 -31 -12 1 -35 74 39 12 58 63 22 49 45 35 38 33 28 36
6 97.4 25 22 -44 -22 -7 -60 18 56 1 146 117 14 71 69 84 56 48 47 50
7 115.1 116 78 -52 -30 -14 -110 265 87 6 221 171 18 85 189 117 64 107 66 70
8 122.1 1483 123 -59 -40 -26 -100 284 98 12 264 208 23 97 231 134 72 134 73 84
9 146.2 278 376 -33 -36 -5 -118 427 318 41 346 344 35 141 341 227 99 206 107 172
10 156.5 372 478 22 -22 5 -129 517 440 57 426 432 54 197 414 291 150 270 129 308
11 152.9 384 487 31 -19 7 -129 524 455 61 432 437 58 206 414 314 155 275 133 323
12 161.8 403 522 38 -18 8 -139 552 492 66 445 487 63 215 422 359 160 282 146 335
13 178.5 517 661 98 0 17 -159 670 635 126 491 653 135 308 512 511 233 373 209 458
14 178.2 530 678 112 4 20 -160 679 656 143 486 673 153 318 516 533 239 379 218 460
15 194.1 647 811 1% 31 33 -172 817 787 249 560 823 277 400 602 678 298 456 273 535
16 197.1 694 861 255 46 40 -175 863 854 307 565 868 430 409 600 680 304 456 270 539
17 215.1 843 1011 403 123 67 -18 986 1002 473 647 989 590 503 670 736 357 534 301 591
18 237.8 1007 1D9 519 12 99 -206 1D5 1652 621 774 1067 756 639 762 811 429 651 361 645
19 258.8 182 1248 672 303 143 -217 1305 1339 809 943 165 905 807 848 882 519 787 435 705
20 278.7 1337 1350 817 420 197 -225 1464 1536 951 1135 1256 1053 954 927 948 610 895 494 775
21 300.7 1469 1464 961 554 271 -227 16024 1744 1095 1317 1408 124 1113 1024 1056 690 1037 586 826
22 318.0 1571 159 1077 655 324 -223 1741 1900 1D9 1454 1526 1346 1229 1D2 1D5 754 1134 644 895
23 338.2 1673 1654 1219 789 410 -209 1876 2049 1348 1624 1632 1502 1388 157 1D1 829 1236 703 959
24 358.7 1758 17125 1388 926 498 -197 1980 21D 1483 1758 148 1610 1522 127 1258 903 1325 762 1031
25 376.3 184 1843 1771 1263 749 -165 217 2345 1814 1984 194 1788 1750 1344 1362 1029 1498 870 181
26 356.2 1842 185 183 1379 845 -143 2126 2399 1919 2023 1958 1810 1765 1355 1369 1041 1515 881 1140
27 355.0 1855 1844 186 1454 904 -128 2154 2421 2032 2058 1962 188 1’96 131 130 1070 1564 906 154
28 227.0 1310 1315 1279 1364 978 -61 1598 1HU5 1814 1908 1301 14823 1302 1263 1256 953 1067 962 1007
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Table B.14 (b) — (Y-set) Strain gauge data of Specimen F14-00 (Continued)
Step | Load Strains in reinforcements
YR | YR2 | YR3 | YRi4 | YRI5 | YRi6 | YyT21 | Y22 | y123 | vr3t | vyr32 | yr3s | yrar | vr42 | yra3 | vrs1 | yrs2 | yrs3 | yrel
kN (<10 | (<10%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10°) | (x10) | (x10%) | (x10) | (x10) | (x10) | (x10°) | (x10) | (x10%) | (x10°) | (x10%) | (x10)
1 0.0 0 1 0 1 1 0 1 1 0 1 1 0 0 1 0 0 1 0 1
2 235 0 4 2 2 0 3 14 11 4 11 12 8 10 10 6 3 7 6 8
3 427 -15 7 11 N 0 8 25 20 13 19 23 14 18 17 13 15 14 11 14
4 62.9 45 7 17 3 2 14 46 30 17 38 2 19 33 30 23 26 23 19 25
5 82.1 35 19 31 12 ] 35 74 39 12 58 63 22 49 45 35 38 33 28 36
6 97.4 25 22 44 22 7 -60 12 56 1 146 117 14 71 69 84 56 48 47 50
7 1151 116 78 52 30 14 110 | 265 87 6 221 171 18 85 19 117 64 107 66 70
8 1221 13 13 59 40 26 100 | 284 98 12 264 208 23 97 231 134 72 134 73 84
9 146.2 278 376 33 36 5 118 | 427 318 41 346 344 35 141 341 227 99 206 107 172
10 156.5 372 478 22 22 5 129 | 517 440 57 426 432 54 197 414 291 150 270 129 308
11 152.9 384 487 31 19 7 1n | 524 455 61 432 437 58 206 414 314 155 275 133 323
12 161.8 403 522 38 18 8 139 | 552 492 66 445 487 63 215 422 359 160 282 146 335
3 1785 517 661 98 0 17 159 | 670 635 126 491 653 135 308 512 511 233 373 209 458
14 178.2 530 678 112 4 20 160 | 619 656 13 486 673 153 318 516 533 239 379 218 460
15 194.1 647 811 1% 31 33 172 | 817 787 249 560 823 277 400 602 678 298 456 273 535
16 1971 694 861 255 46 40 175 | 863 854 307 565 868 430 409 600 630 304 456 270 539
17 2151 843 1011 | 403 13 67 1R | 986 1002 | 473 647 989 590 503 670 736 357 534 301 501
18 237.8 1007 | 129 | 519 19 99 206 | 125 152 | 621 774 1067 | 756 639 762 811 429 651 361 645
19 258.8 182 1248 | 672 303 18 217 | 105 | 1339 | 809 943 165 | 905 807 848 882 519 787 435 705
20 2787 1337 | 130 | 817 420 197 225 | 1464 | 1536 | 951 1135 | 156 | 1033 | 954 927 943 610 895 494 775
21 300.7 1469 | 1464 | 961 554 271 227 | 1@4 | 144 | 1095 | 1317 | 1408 | 124 | 1113 | 1024 | 105% | 690 1037 | 586 826
22 318.0 1571 | 159 | 1077 | 655 324 223 | A1 1900 | 199 1454 | 1526 | 136 | 129 | 12 105 | 754 1134 | 644 895
23 338.2 163 | 164 | 1219 | 789 410 209 | 1876 | 2049 | 1%8 | 1@4 | 1®@2 | 15 | 138 | 167 1p1 829 136 | 703 959
24 358.7 158 | 125 | 188 | 926 498 197 1980 | 21 | 1483 | 158 | A8 | 1610 | 1522 | 127 | 1258 | 903 125 | 762 1031
25 376.3 1834 | 143 | 1771 | 1263 | 749 165 | 217 | 2345 | 1814 | 184 | 194 | 1B8 | 10 | 134 | 1362 | 109 | 1498 | 870 141
26 356.2 1842 | 185 | 183 | 1379 | 845 8 2126 | 2399 | 1919 | 2023 | 1958 | 1810 | 175 | 155 | 1369 | 1041 | 1515 | 881 140
27 355.0 1855 | 1844 | 16 | 1454 | 904 I8 | 2154 | 2421 | 2032 | 2058 | 1%2 | 128 | 1m6 | 191 190 | 1070 | 1564 | 906 154
28 227.0 1310 | 1315 | 1279 | 1%4 | 978 61 1598 | 15 | 1814 | 1908 | 101 | 143 | 102 | 1263 | 1256 | 953 1067 | 962 1007
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Table B.15 (a) — (X-set) Strain gauge data of Specimen F09-03
Step | Load Strains in reinforcements
XRIl | XRI2 | XRI3 | XRI4 | XRI5 | XR16 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XTél
KN (<109) | (<10%) | (x10%) [ (x10%) | (x10%) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10) | (<10) | (x10) | (x10%) | (x10%) | (x10%) | (x10%) | (x10%) [ (x10%)
1 0 0 1 1 0 -1 0 0 0 1 2 1 1 0 1 1 1 1 -1 0
2 0 0 1 0 0 1 0 0 1 0 1 1 0 0 1 1 0 0 2 0
3 35 31 23 17 8 5 0 28 2 16 29 20 19 24 24 19 21 21 18 18
4 24 16 13 7 1 0 0 15 12 7 16 11 8 13 13 10 11 11 9 9
5 51 26 2 12 0 3 0 20 20 12 30 20 15 24 2 16 20 21 13 17
6 94 164 40 28 -7 51 0 206 | 46 19 197 44 19 71 114 | 28 62 87 41 50
7 101 176 | 38 35 -11 -59 0 217 | 46 16 202 | 43 16 73 126 24 61 91 41 50
8 122 274 | 69 32 -17 -68 0 312 |67 19 286 | 57 20 91 184 29 72 136__| 61 65
9 154 653 148 3 20 118 | 0 540 [ 275 [ 29 499 |97 85 134|346 | 252 | 9 304|118 |94
10 |28 2200 | 1526 | 936|209 | -85 0 2001|1527 [ 774 | 187 | 847 | 107 | 1260 | 987 | 1237 | 1085 | 1#0 | 466 | 846
11 302 2278 | 1%7__| 102 | 314 | -46 0 214 | 1669 | 866 | 2019 | 982 | 1241 | 1418 | 10% | 139 | 1207 | 130 | 531 922
12 |32 2440 | 189 | 148 | 447 | -16 0 2420 [ 190 [ 983 | 2228 | 1w2 | 10 | 1596 | 1254 | 1464 | 1350 [ 1392 | 626 | 1000
13 | 324 2530 | 2095 | 122|513 |9 0 2517|2002 [ 108 | 2355 | 1244 |18 |13 | 1373 [ 1579 | 1376 | 16 | 850 | 976
14 | 341 2598 | 2189 | 1419 [ 606 | 29 0 2605 | 21D | 1171 | 2476 | 1337 | 1566 | 10 | 185 | 17 | 1482 | 146 | 976 | 1006
15 | 360 2781 | 2363 | 1591 | 779 | 99 0 2806 | 2348 | 120 | 2738 | 1509 | 104 | 193 | 168 | 150 | 1599 | 1536 | 1p0__| 1080
16| 380 3054 | 2524 | 186 | 1001 | 206 | 0 2083 | 2586 | 1512 | 2950 | 12 | 1914 | 2121 | 155 | 1914 | 1©4 | 1586 | 1270 | 1p4
17 400 3386 | 2641 | 189 | 163 [ 293 |0 3173|2764 | 1680 | 343 | 186 | 2002 | 2284 | 1915 | 2023 | 1818 | 1&4 | 197 | 183
18 | 418 3726 | 2748 | 2208 | 137 | 432 | 0 3619 | 2930 | 183 | 3379 | 2062 | 2126 | 2451 | 2079 | 213 | 1951 | 1776 | 1505 | 1246
19 | 434 4848 | 2843 | 2387 | 1518 | 556 | 0 3916 | 3070 | 2056 | 3673 | 2233 | 2254 | 2615 | 2244 | 2266 | 2067 | 180 | 163 | 1281
20 | 444 9289 | 2854 | 2434 | 1571 | 617__| 0 4168 | 323 | 213 | 4103 | 2315 | 2317 | 2697 | 2325 | 2327 | 213l | 1929 | 1719 | 135
21 453 1R14 | 2897 | 2478 | 189 | 717 | 0 5330 | 3233 | 2271 | 5002 | 2501 | 2457 | 2891 | 2516 | 2441 | 2283 | 2051 | 1R5 | 134
22 | 455 6989 | 2930 | 2513 | 1676 | 775 | 0 6709 | 3238 | 2291 | 6453 | 2567 | 2507 | 2987 | 2600 | 2491 | 2355 | 214 | 185 | 138
23 | 450 2163 | 2923 [ 2529 |18 | 799 | 0 6784 | 3218 | 2287 | 7362 | 2591 | 2518 | 3060 | 2669 | 2521 | 2406 | 2160 | 1913 | 147
24 | 422 20956 | 2867 | 2641 | 12 [ 894 | 0 6554 | 3103 | 2372 | 7189 | 2486 | 2491 | 2942 | 2570 | 2437 | 2333 | 2078 | 144 | 1376
25 | 418 20938 [ 2855 | 2627 | 1B6__| 909 |0 6535 | 3088 | 2360 | 7160 | 2472 | 2483 | 2919 | 2565 | 2431 | 2327 | 2074 | 187 | 1371
26| 412 20915 | 2822 | 2597 | 1775 | 927 | 0 6497 | 3048 | 2328 | 7099 | 2451 | 2475 | 2911 | 2580 | 2461 | 2349 | 2106 | 187 | 1®5
27 | 399 20866 | 2786 | 2583 | 171 | 933 |0 6445 | 3001 | 2291 | 7037 | 2419 | 2469 | 2854 | 2530 | 2453 | 2329 [ 210 | 1813 | 1379
28 |37 20760 | 2705 | 2595 | 1675 | 945 |0 6342 | 2893 | 2187 | 6820 | 2298 | 2448 | 2702 [ 2375 [ 2348 | 2210 [ 2103 [1m2 | 133




Appendix B B-31
Table B.15 (b) — (Y-set) Strain gauge data of Specimen F09-03 (Continued)
Step | Load Strains in reinforcements
YRII | YRIZ | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | Y131 | Y132 | Y33 | YT41 | YT42 | Y143 | YT51 | YT52 | YT53 | YTel
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)
1 0 0 1 1 0 -1 0 0 0 1 2 1 1 0 1 1 1 1 1 0
2 0 0 1 0 0 ] 0 0 ] 0 ] ] 0 0 1 1 0 0 2 0
3 35 31 23 17 8 5 0 28 22 16 29 20 19 24 24 19 21 21 18 18
4 24 16 13 7 ] 0 0 15 2 7 16 11 8 13 13 10 11 11 9 9
5 51 26 22 12 0 3 0 20 20 12 30 20 15 24 22 16 20 21 13 17
6 94 164 40 28 7 51 0 206 46 19 197 44 19 71 114 | 28 62 87 41 50
7 101 176 38 35 11 59 0 217 46 16 212 43 16 73 126 24 61 91 41 50
8 122 274 69 32 17 68 0 312 67 19 286 57 20 91 1% 29 72 136 61 65
9 154 653 143 3 20 118 | 0 540 275 29 499 97 85 134 346 252 96 304 118 94
10 282 2200 | 1526 | 936 209 -85 0 2011 | 1527 | 774 187 | 847 107 | 1260 | 987 137 | 1085 | 140 | 466 846
11 302 2278 | 147 | 1092 | 314 46 0 2214 | 1669 | 866 2019 | 982 1241 | 1418 | 10% | 139 | 1207 | 130 | 531 922
12 320 2440 | 189 | 148 | 447 16 0 2420 | 190 | 983 2228 | 182 | 1®0 | 1596 | 154 | 1464 | 1350 | 132 | 626 1000
3 324 2530 | 2095 | 122 | 513 9 0 2517 | 2002 | 1086 | 2355 | 1244 | 1488 | 1®3 | 1373 | 1579 | 1376 | 196 | 850 976
14 341 2598 | 2189 | 1419 | 606 29 0 2605 | 210 | 1171 | 2476 | 1337 | 1566 | 1B0 | 185 | 1&7 | 182 | 186 | 976 1006
15 360 2781 | 2363 | 1591 | 779 99 0 2806 | 2348 | 120 | 2738 | 150 | 104 | 193 | 188 | 150 | 1599 | 1536 | 190 | 1080
16 380 3054 | 2524 | 1806 | 1001 | 206 0 2983 | 2586 | 1512 | 2950 | 1®@2 | 1914 | 2121 | 155 | 1914 | 1®94 | 1586 | 1270 | 104
17 400 3386 | 2641 | 189 | 163 | 293 0 3173 | 2764 | 1680 | 3143 | 186 | 2002 | 2284 | 1915 | 2023 | 1818 | 1es4 | 1®7 | 183
18 418 3726 | 2748 | 2208 | 137 | 432 0 3619 | 2930 | 1883 | 3379 | 2062 | 2126 | 2451 | 2079 | 21% | 19651 | 1776 | 1506 | 1246
19 434 4848 | 2843 | 2387 | 1518 | 556 0 3916 | 3070 | 2056 | 3673 | 2233 | 2254 | 2615 | 2244 | 2266 | 2067 | 180 | 1663 | 1281
20 | 444 9289 | 2854 | 2434 | 1571 | 617 0 46 | 323 | 213 | 4103 | 2355 | 2317 | 2697 | 2325 | 2327 | 2131 | 129 | 1719 | 135
21 453 1014 | 2897 | 2478 | 189 | 717 0 5330 | 3233 | 2271 | 5002 | 2501 | 2457 | 2891 | 2516 | 2441 | 2283 | 2051 | 15 | 1%4
22 | 455 6989 | 2930 | 2513 | 1676 | 775 0 6709 | 3238 | 2291 | 6453 | 2567 | 2507 | 2987 | 2600 | 2491 | 2355 | 214 | 1875 | 18
23 450 2163 | 2923 | 2529 | 1688 | 799 0 6784 | 3218 | 2287 | 7362 | 2591 | 2518 | 3060 | 2669 | 2521 | 2406 | 2160 | 1913 | 147
24 | a2 20956 | 2867 | 2641 | 12 | 894 0 6554 | 3103 | 2372 | 7189 | 2486 | 2491 | 2942 | 2570 | 2437 | 2333 | 2078 | 144 | 1376
25 | 418 20938 | 2855 | 2627 | 1B6 | 909 0 6535 | 3088 | 2360 | 7160 | 2472 | 2483 | 2919 | 2565 | 2431 | 2327 | 2074 | 187 | 1371
26 | a2 20915 | 2822 | 2597 | 1775 | 927 0 6497 | 3048 | 2328 | 7099 | 2451 | 2475 | 2911 | 2580 | 2461 | 2349 | 2106 | 1®7 | 1%5
27 | 399 20866 | 2786 | 2583 | 161 | 933 0 6445 | 3001 | 2291 | 7037 | 2419 | 2469 | 2854 | 2530 | 2453 | 2329 | 211 1813 | 1379
28 | 3m 20760 | 2705 | 2595 | 1675 | 945 0 6342 | 2893 | 2187 | 6820 | 2298 | 2448 | 2702 | 2375 | 2348 | 2210 | 2103 | 1m2 | 133




B-32 Appendix B
Table B.16 (a) — (X-set) Strain gauge data of Specimen F14-03
Step | Load Strains in reinforcements
XRll | XRI2 | XRI3 | XR14 | XRI5 | XRI6 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XT61
kN (<10 | (<10%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10°) | (x10) | (x10%) | (x10) | (x10) | (x10) | (x10°) | (x10) | (x10%) | (x10°) | (x10%) | (x10)
1 0 0 1 0 -1 0 0 1 0 1 2 0 1 1 0 0 1 0 1 0
2 26 7 6 4 2 0 3 19 9 7 15 11 8 16 13 9 12 9 9 9
3 40 15 2 34 _10 27 11 33 15 9 27 19 14 26 21 15 19 16 13 16
4 66 22 34 45 27 -39 30 55 19 10 52 31 20 47 39 22 33 25 20 26
5 79 37 65 39 43 32 43 75 21 4 72 41 28 66 52 26 Iy 32 25 32
6 107 77 78 34 68 9 70 136 32 5 129 81 40 155 104 33 102 52 37 58
7 121 125 99 32 53 8 70 203 49 17 170 116 39 212 166 45 16 61 52 86
8 141 208 -86 27 61 8 -85 294 90 33 248 158 47 269 256 60 243 77 78 145
9 158 298 58 9 71 11 106 | 378 134 53 316 197 68 297 318 79 277 92 101 160
10 183 439 39 61 71 26 126 | 499 230 96 446 320 120 395 431 161 388 120 134 228
11 198 538 134 111 67 38 138 | 623 347 14 538 417 18 449 472 369 427 138 151 256
12 222 690 318 197 58 55 BV 808 547 246 686 535 294 556 557 538 508 174 19 301
13 243 801 490 298 35 76 146 | 961 680 382 305 648 388 643 673 610 562 246 265 334
14 267 935 670 406 16 105 149 125 833 527 948 784 484 762 788 725 652 308 315 421
15 282 1027 | 811 504 71 132 153 | 143 | 957 647 1063 | 884 565 845 872 338 714 355 351 557
16 306 145 1000 | 654 174 183 154 | 129 | 154 | 827 129 | 102 | 660 966 999 964 787 476 409 643
17 322 121 | 1094 | 712 201 210 15 1526 | 1272 | 905 122 | 1133 | 702 1029 | 1056 | 1024 | 830 526 439 685
18 357 1456 | 1347 | 868 281 279 153 | 158 | 1572 | 1115 | 15% | 1376 | 831 187 157 150 | 915 687 494 779
19 383 1616 | 152 | 996 374 356 146 198 | 1779 | 1257 | 152 | 1575 | 918 149 | 1246 | 1258 | 1000 | 832 555 849
20 400 1715 | 1®1 | 1075 | 445 408 _141 2050 | 1928 | 138 | 1872 | 1718 | 995 1465 | 125 | 128 | 1065 | 913 612 897
21 421 185 | 1844 | 169 529 466 137 | 213 | 2082 | 1430 | 2006 | 1857 | 1088 | 1566 | 1409 | 1406 | 1118 | 976 678 945
22 441 184 | 189 | 1252 | 622 527 18 2299 [ 2238 | 1515 | 218 | 192 | 183 1674 | 1516 | 1467 | 1174 | 1028 | 767 994
23 459 2042 | 2166 | 144 | 802 638 111 | 2478 | 2452 | 1640 | 2333 | 2207 | 1339 | 145 | 166 | 1560 | 1270 | 1130 | 871 1071
24 457 2019 | 215 | 1465 | 837 662 104 | 2483 | 2468 | 182 | 2394 | 2275 | 1®8 | 1903 | 104 | 1590 | 129 | 159 | 902 1084
25 460 180 | 2194 | 140 | 892 690 92 2455 | 2464 | 153 | 2532 | 2429 | 193 | 2075 | 104 | 163 | 1377 | 189 | 998 1119
26 374 125 | 19%3 | 1338 | 1B3 866 54 212 | 2316 | 1465 | 192 | 2235 | 1®2 | 185 | 160 | 1647 | 108 | 10 | 933 1072
27 364 107 | 1941 | 1362 | 1200 | 923 44 2107 | 2306 | 1440 | 123 | 2248 | 164 | 1817 | 1597 | 1676 | 102 | 1244 | 941 1098
28 306 1530 | 1%67 | 133 | 127 | 1310 | 12 1989 | 2256 | 1419 [ 159 |2tw [ 1773 |15 [ 109 [ 1®5 | 1bs 1137 | 947 1032




Appendix B B-33
Table B.16 (b) — (Y-set) Strain gauge data of Specimen F14-03 (Continued)
Step | Load Strains in reinforcements
YRII | YRI2Z | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | YT31 | YT32 | YT33 | YT41 | YT42 | YT43 | YT51 | YT52 | YTS3 | YTél
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)
1 0 0 1 0 -1 0 0 1 0 -1 2 0 1 1 0 0 1 0 1 0
2 26 7 6 4 2 0 3 19 9 7 15 11 8 16 13 9 12 9 9 9
3 40 15 2 34 _10 27 11 33 15 9 27 19 14 26 21 15 19 16 13 16
4 66 22 34 45 27 39 30 55 19 10 52 31 20 47 39 22 33 25 20 26
5 79 37 65 39 43 32 43 75 21 4 72 41 28 66 52 26 42 32 25 32
6 107 77 78 34 -68 9 70 136 32 5 129 81 40 155 104 33 102 52 37 58
7 121 125 99 32 53 8 70 203 49 17 170 116 39 212 16 45 16 61 52 86
3 141 208 86 27 61 8 -85 294 90 33 248 158 47 269 256 60 243 77 78 145
9 158 298 58 9 71 11 7106 | 378 134 53 316 197 68 297 318 79 277 92 101 16
10 183 439 39 61 71 26 126 | 499 230 96 446 320 120 395 431 161 388 120 134 228
11 198 538 134 111 67 38 138 | 623 347 14 538 417 18 449 472 369 427 138 151 256
12 222 690 318 197 58 55 143 | 808 547 246 636 535 294 556 557 538 508 174 19 301
3 243 801 490 298 35 76 146 | 961 630 382 805 648 388 643 673 610 562 246 265 334
14 267 935 670 406 16 105 C149 | 125 | 833 527 948 784 434 762 788 725 652 308 315 421
15 282 1027 | 811 504 71 132 153 | 143 | 957 647 1063 | 884 565 845 872 838 714 355 351 557
16 306 145 | 1000 | 654 174 [ J154 | 129 | 164 | 827 129 | 102 | 660 966 999 964 787 476 409 643
17 322 121 | 10% | 712 201 210 15 1526 | 1272 | 905 122 | 1133 | 702 1029 | 10% | 1024 | 830 526 439 685
18 357 1456 | 1%7 | 868 281 279 7153 | 18 | 1572 | 1115 | 15% | 1376 | 831 187 | 167 | 160 | 915 687 494 779
19 383 1616 | 152 | 996 374 356 146 | 128 | 1779 | 1557 | 152 | 1575 | 918 1%9 | 146 | 1258 | 1000 | 832 555 849
20 | 400 1715 | 1©1 | 1075 | 445 408 141 | 2050 | 128 | 1348 | 1872 | 1718 | 995 1465 | 125 | 128 | 1065 | 913 612 897
21 421 185 | 1844 | 169 | 529 466 7137 | 213 | 2082 | 1480 | 2006 | 1857 | 108 | 1566 | 1409 | 106 | 1118 | 976 678 945
22 | am 1984 | 189 | 152 | 622 527 18 | 2299 | 2238 | 1515 | 21® | 192 | 1B3 | 1614 | 1516 | 1467 | 1174 | 108 | 767 994
23 459 2042 | 2166 | 144 | 802 638 111 | 2478 | 2452 | 1640 | 2333 | 2207 | 1339 | 1%5 | 1656 | 1560 | 1270 | 1130 | 871 1071
24 | 457 2019 | 215 | 1465 | 837 662 7104 | 2483 | 2468 | 1682 | 2394 | 2275 | 1®8 | 103 | 104 | 1590 | 199 | 169 | 902 1084
25 | 460 180 | 219% | 140 | 892 690 02 2455 | 2464 | 153 | 2532 | 2429 | 103 | 2075 | 1®4 | 163 | 1377 | 139 | 998 1119
26 | 374 125 | 1953 | 1338 | 183 | 866 54 212 | 2316 | 1465 | 1w2 | 2235 | 1®2 | 125 | 1®0 | 1647 | 108 | 1b0 | 933 1072
27 | 364 107 | 191 | 1%2 | 1200 | 923 44 2107 | 2306 | 1440 | 123 | 2248 | 164 | 1817 | 1597 | 1616 | 1202 | 144 | 941 10%8
28 | 306 1530 | 157 | 133 | 127 | 1310 | 12 1989 | 2256 | 1419 | 159 | 21% | 1773 | 1®5 | 1209 | 1®5 | 1p5 | 1137 | 947 1032




B-34 Appendix B
Table B.17 (a) — (X-set) Strain gauge data of Specimen F09-06
Step | Load Strains in reinforcements
XRIl | XRI2 | XRI3 | XRI4 | XRI5 | XR16 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XTél
KN (<109) | (<10%) | (x10%) [ (x10%) | (x10%) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10) | (<10) | (x10) | (x10%) | (x10%) | (x10%) | (x10%) | (x10%) [ (x10%)
1 0 -1 0 0 0 0 1 0 0 0 -1 0 0 1 0 0 0 0 0 0
2 24 17 8 4 1 2 -4 13 9 5 13 8 6 10 9 7 9 8 6 8
3 44 28 14 6 1 -4 -3 23 15 8 23 16 8 18 16 11 16 14 9 13
4 58 38 19 8 2 -6 -9 31 20 11 30 21 12 23 22 15 23 19 12 19
5 81 -1 -11 8 -3 -15 -15 52 31 2 46 31 19 37 32 23 34 27 19 28
6 98 -15 -12 -4 -19 29 32 76 41 27 69 47 26 55 47 33 49 39 27 40
7 123 34 -8 -11 29 -2 39 89 45 25 83 53 24 79 57 39 81 54 35 57
8 156 235 136 | -21 -63 -60 -67 16 111 16 115 135 | 41 141 10| 67 146 138 | 47 102
9 180 449 [ 260 |8 45 44 92 382 167 49 307|239 |74 275 147 89 220 [ 256 | 78 192
10 | 242 1137_| 774 | % -14 -40 115|148 [ 629 | 149 853 | 628 [ 324 | 795 [407 [ 302|439 | 548 | 546 | 471
11 260 13%4 | 951 16) 5 -33 121 | 1465 [793 [218 970 [ 726 [362 [ 892 [ 576 [369 | 508 | 698 [ 644 | 493
12 282 1585 | 1113 | 285 | 24 24 14| 1716 | 1019 | 265 104 | 853 | 424 | 106 | 731 | 471|603 [ 816 | 718 | 551
13 | 302 1773|1250 | 383 [ 57 -9 - [ 1es 185 33 1272 | 1048 | 484 | 165 | 841 | 644 | 716 | 921 [ 859 | 610
14| 420 2829 | 2165 | 1400 | 897 | 338 | -1@ | 2541 | 2240 | 164 | 2457 | 1906 | 96l 2011|1605 | 1276 | 138 | 149 | 1%#3 | 103
15 | 440 3064 | 2329 | 1619 | 1D4 | 453 | -154 | 2638 | 2384 | 1371 | 2691 | 2095 | 1072 | 21® | IB5 | 1405 | 15 | 1574 | 143 | 10%
16 | 484 3763 | 2702 | 2191 | 161 | 758 | -1 | 341 | 2658 | 1814 | 3537 | 2511 | 134 | 2663 | 2331 | 1719 | 126 | 1892 | 1646 | 1248
17 501 5658 | 2833 | 2343 | 1®8 | 863 | -111_ | 3427 | 2736 | 1978 | 4390 | 2611 | 1475 | 2836 | 2531 | 1845 | 215 | 2004 | 1739 | 1345
18 | 519 1221 | 3067 | 2487 | 2009 | 956 | -94 3418 | 2787 | 2101 | 5708 | 2732 | 1599 | 3009 | 2749 | 2025 | 2288 | 2101 | 185 | 1450
19 | 537 1974 | 3245 | 2612 | 21% | 1070 | -46 3045 | 2955 | 2240 | 8605 | 2826 | 1636 | 3588 | 2947 | 21% | 2550 | 2287 | 2013 | 1650
20| 540 22188 | 3256 | 2687 | 2232 | IDI__ | -34 5714 | 2982 | 2286 | 12030 | 2865 | 1713 | 3731 | 2999 | 2250 | 2680 | 2381 | 2083 | 173
21 538 22958 | 3278 | 2680 | 2229 | 1110 | -25 8228 | 2966 | 2348 | 13742 | 2879 | 1716 | 3806 | 3014 | 2273 | 2748 | 2418 | 2B | 1813
22 | 543 251D | 3375 | 2727 | 2332 [ 160 | -8 1281 | 3010 | 2527 | 15797 | 3237 | 1814 | 412 | 3075 | 2325 | 2897 | 2519 | 218 | 1950
23 | 540 25477 | 3414 | 2748 | 2401 | 122 [ 10 1285 | 3063 | 2483 | 1@72 | 3252 | 1R7 | 4140 | 3072 | 2289 | 3046 | 2459 | 2160 | 198
24 | 541 26023 | 3487 | 2795 | 2438 | 1246 | 20 1815|302 | 2491 | 16020 | 3287 | 187 | 4225 | 3119 | 2330 | 3194 | 2508 | 2209 | 1971
25 | 543 6735 | 3519 | 2810 | 2451 | 1265 |23 5062 | 3156 | 2471 | 6045 | 3409 | 1911 | 4503 | 3397 | 2375 | 3399 | 2554 | 2264 | 2082
26| 540 26947 | 3512 | 2807 | 2446 | 11 | 31 14045 | 3133 | 2441 | 18159 | 3379 | 1896 | 4496 | 3393 | 2357 | 3381 | 2524 | 2252 | 2060
27 |38 27235 | 3403 | 2728 | 2531 | 192 | 111 15014 | 3242 | 2578 | 1716 | 2456 | 1D6 | 3782 | 2829 | 2164 | 2926 | 1900 | 1%8 | 1719
28 | 288 26970 | 3208 | 2611 | 2510 [ 2054 [ 159 14578 | 387 [ 2147 | 1e46 | 1949 | 180 | 3315 [ 2396 [ 1me [ 2569 | 1520 | 1&7 | 1482




Appendix B B-35
Table B.17 (b) — (Y-set) Strain gauge data of Specimen F09-06 (Continued)
Step | Load Strains in reinforcements
YRII | YRIZ | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | Y131 | Y132 | Y33 | YT41 | YT42 | Y143 | YT51 | YT52 | YT53 | YTel
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)
1 0 -1 0 0 0 0 1 0 0 0 -1 0 0 1 0 0 0 0 0 0
2 24 17 8 4 1 2 4 13 9 B 13 8 6 10 9 7 9 8 6 8
3 44 28 14 6 [ 4 8 23 15 8 23 16 8 13 16 11 16 14 9 13
4 58 38 19 8 2 6 9 31 20 11 30 21 12 23 22 15 23 19 2 19
5 81 ] 11 8 8 15 15 52 31 22 46 31 19 37 32 23 34 27 19 28
6 98 15 12 4 -19 29 32 76 41 27 69 47 26 55 47 33 49 39 27 40
7 123 34 8 11 29 42 39 89 45 25 83 53 24 79 57 39 81 54 35 57
8 156 235 136 21 63 ~60 67 163 111 16 115 135 41 141 101 67 146 138 47 102
9 180 449 260 8 45 44 o2 382 167 49 307 239 74 275 147 89 220 256 78 12
10 242 1137 | 774 94 14 40 115 | 148 | 629 149 853 628 324 795 407 302 439 548 546 471
11 260 1%4 | 951 16 B 33 121 1465 | 793 218 970 726 362 892 576 369 508 698 644 493
12 282 1585 | 1113 | 285 24 24 141 1716 | 1019 | 265 10% | 853 424 1026 | 731 471 603 816 718 551
3 302 1773 | 150 | 383 57 9 147 | 125 | 185 | 323 122 | 1088 | 484 165 | 841 644 716 921 859 610
14 420 2829 | 216 | 1400 | 897 338 160 | 2541 | 2240 | 164 | 2457 | 1906 | 961 2011 | 1605 | 1276 | 138 | 1459 | 1%3 | 103
15 440 3064 | 2329 | 1619 | 1D4 | 453 [154 | 2638 | 2384 | 1371 | 2691 | 2095 | 1072 | 218 | 1®5 | 1405 | 1502 | 1574 | 143 | 10%
16 484 3763 | 2702 | 2191 | 161 | 758 1 | 341 | 2658 | 1814 | 3537 | 2511 | 134 | 2663 | 2331 | 1719 | 126 | 192 | 1646 | 1248
17 501 5658 | 2833 | 2343 | 108 | 863 1L | 3427 | 2736 | 1978 | 4390 | 2611 | 1475 | 2836 | 2531 | 185 | 2165 | 2004 | 1739 | 135
18 519 1021 | 3067 | 2487 | 2009 | 956 04 3418 | 2787 | 2101 | 5708 | 2732 | 1599 | 3009 | 2749 | 2025 | 2288 | 2101 | 185 | 1450
19 537 1974 | 3245 | 2612 | 21%6 | 1070 | -46 3945 | 2955 | 2240 | 8605 | 2826 | 1686 | 3588 | 2947 | 21%2 | 2550 | 2287 | 2013 | 1650
20 | 540 22188 | 3256 | 2687 | 2232 | 101 | 34 5714 | 2982 | 2286 | 12030 | 2865 | 1713 | 3731 | 2999 | 2250 | 2680 | 2381 | 2083 | 1%3
21 538 22958 | 3278 | 2680 | 2229 | 1110 | -25 8228 | 2966 | 2348 | 13742 | 2879 | 1716 | 3806 | 3014 | 2273 | 2748 | 2418 | 218 | 1813
22 | 543 2510 | 3375 | 2727 | 2332 | 160 | -8 1281 | 3010 | 2527 | 15797 | 3237 | 1814 | 412 | 3075 | 2325 | 2897 | 2519 | 2187 | 1950
23 540 25477 | 3414 | 2748 | 2401 | 122 | 10 1285 | 3063 | 2483 | 1@72 | 3252 | 1®7 | 4140 | 3072 | 2289 | 3046 | 2459 | 210 | 1928
24 | 541 26023 | 3487 | 2795 | 2438 | 146 | 20 1815 | 322 | 2491 | 1620 | 3287 | 187 | 4225 | 3119 | 2330 | 394 | 2508 | 2209 | 1971
25 | 543 6735 | 3519 | 2810 | 2451 | 1265 | 23 5062 | 3156 | 2471 | 6045 | 3409 | 1911 | 4503 | 3397 | 2375 | 3399 | 2554 | 2264 | 2082
26 | 540 26947 | 3512 | 2807 | 2446 | 181 | 31 14945 | 3133 | 2441 | 18159 | 3379 | 196 | 4496 | 3393 | 2357 | 3381 | 2524 | 2252 | 2060
27 | 358 27235 | 3403 | 2728 | 2531 | 122 | 111 15014 | 3242 | 2578 | 171® | 2456 | 16 | 3782 | 2829 | 2164 | 2926 | 1900 | 1%8 | 1719
28 | 288 26970 | 3208 | 2611 | 2510 | 2054 | 159 14578 | 3187 | 2147 | 1646 | 199 | 1480 | 3315 | 2396 | 1m6 | 2569 | 1529 | 1667 | 1482




B-36 Appendix B
Table B.18 (a) — (X-set) Strain gauge data of Specimen F14-06
Step | Load Strains in reinforcements
XRIl | XRI2 | XRI3 | XRI4 | XRI5 | XRI6 | XT21 | XT22 | XT23 | XT3l | XT32 | XT33 | XT4l | XT42 | XT43 | XT51 | XT52 | XT53 | XTel
kN <10 | (x10%) | (<10%) | (x10°%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10%) | (x10) | (x10%) | (x10°) | (x10%)
1 0 516 219 79 -53 156 | -111 | 545 316 83 502 314 | 203 435 270 102 | 406 0 167 346
2 19 847 538 176 | -21 ;173 | 18 [ 883 568 18 747 526 346 639 | 468 | 207 593 0 296 569
3 48 947 668 225 2 174 | -153 | 962 [ 662 | 229 836 599 393 708 534 | 256 657 0 359 624
4 70 126 | 901 347 69 167 | 16 | 1Dl | 841 329 972 714 | 477 811 615 358 749 0 447 700
5 103 1#9 [ 1114 | 487 140 ;167 [ -18 | 136 | 1016 | 433 168 | 880 | 592 953 731 453 362 0 549 764
6 122 1597 | 1%86__| 701 247 159 |12 | 155 | 1389 | 562 139 | 1079 | 745 1085 | 838 574 977 0 623 854
7 160 1779 | 1648 | 901 358 112 | 203 | 1802 | 1457 | 680 1611 | 198 | 863 180 | 991 696 152 |0 729 941
3 179 1970 | 1888 | 1D4 | 468 -39 208 | 2015 | 1642 | 851 1858 | 158 | 979 1463 | 162 | 795 125 |0 837 1010
9 200 2126 [ 2093 [ 1372 [ 587 42 -1 | 2187 | 1204 | 1074 [ 2050 |10 | 1111 | 1605 | 1273 | 881 141 |0 910 1070
10 214 2255 | 2248 | 158 | 678 108 181 | 2317 [ 1®1 | 125 | 2200 | 1814 | 1216 | 123 | 180 | 955 1539 | 0 969 125
11 264 2585 | 2531 | 120 | 842 263 156 | 2611 | 2131 | 1485 | 2464 | 2040 | 1408 | 1917 | 1565 | 1090 | 1®7 |0 1065 | 1211
12 301 3007 | 2750 | 182 | 1008 | 396 131 | 2937 [ 238 [ 123 [ 2737 | 2271 | 1e43 | 2092 [ 157 | 141 | 180 [0 1172 | 1300
13 317 3092 | 2843 | 193 | 1050 | 426 | -12 [ 3053 [ 2354 | 1m0 | 2812 | 2328 | 1715 |21 | 1810 | 1275 [ 1%6 | 0 14| 129
14 351 3240 | 2994 | 1909 | 127 | 479 | -111 | 3225 | 2414 | 148 | 2900 | 2409 | 187 |21 | 101 | 127 [ 194 |0 120 | 1348
15 371 3470 | 3214 | 1976 | 1276 | 563 98 3426 | 2511 | 1919 | 2995 | 2503 | 1970 | 2222 | 2019 | 1453 | 214 | 0 1273 | 121
16 385 3462 | 3256 | 1972 | 130 | 619 | -78 3408 | 2516 | 14 | 3064 | 2487 | 182 | 21% | 2009 | 1476 | 2109 |0 1266 | 1403
17 419 3551 | 3792 | 2029 | 1580 | 767 -52 3435 | 2742 | 1859 | 3233 | 2562 | 2028 | 2251 | 212 | 1®7 | 2266 | 0 1337 | 1489
18 445 3663 | 4140 | 2034 | 167 | 833 -35 3474 | 2818 | 18 | 3417 | 2595 | 2047 | 2269 | 2166 | 1776 | 2286 | 0 133 | 196
19 477 3810 | 7791 | 2016 | 2035 | 1BI | 35 4000 | 3459 | 1856 | 3831 | 2727 | 21% | 2357 | 2281 | 2151 | 2395 | 0 150 | 1607
20 | 503 3619 | 7943 | 2066 | 213 | 142 | 80 3898 | 3748 | 1811 | 3799 | 2708 | 2201 | 2242 [ 2093 [ 2274 | 2234 |o 1489 | 1593
21 521 3436 | 7936 | 2028 | 2335 | 1609 | 16 3682 | 3869 | 188 | 3712 | 2681 | 2157 | 212 | 1913 | 232 | 2154 | 0 1579 | 1602
22 | 541 3278 | 8709 | 2059 | 1507 | 1577 | 16l 3433|3949 | 1543 | 3431 | 2537 | 153 | 1®5 [ 1516 | 218 | 185 |0 1492 | 1477
23| 560 3249 [ 8844 | 2036 | 1468 | 1570 | 1&3 3404 [ 3930 | 1515 | 3407 [ 2528 | 1732 | 1772 | 1496 | 2167 | 187 | 0 1469 | 1465
24 | 557 3244 | 8863 | 2030 | 1463 | 1569 | 164 3399 | 3923 | 1510 | 3403 [ 2525 | 128 | 1m8 | 1492 [ 2164 | 1864 |0 1467 | 1463
25 | 560 3240 | 8881 | 2027 | 1458 | 1568 | 164 3396 | 3918 | 1506 | 3399 | 2523 | 124 | 1m4 | 1489 | 21@ | 181 |0 1464 | 1460
26| 570 3239 | 8903 | 2023 | 1452 | 1568 | 164 3393 | 3915 | 158 | 3395 | 2519 | 1719 | I®m1 | 1485 |21@ | 187 | 0 1463 | 1458
27 | s81 3282 | 1B17 | 2024 | 152 | 1601 | 171 3408 | 4641 | 2443 | 3417 | 2484 | 1®5 | 1738 | 1405 | 2263 | 1850 | 0 187 | 1476
28 | 569 3333 | 15605 | 2100 | 1731 | 161 | 19 3411 | 5958 | 0 3481 | 2440 | 217 | 1675 | 1292 [ 2395 | 1&®1 |0 1500 | 1511




Appendix B B-37
Table B.18 (b) — (Y-set) Strain gauge data of Specimen F14-06 (Continued)
Step | Load Strains in reinforcements
YRII | YRI2Z | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | YT31 | YT32 | YT33 | YT41 | YT42 | YT43 | YT51 | YT52 | YTS3 | YTél
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)

1 0 914 444 28 _10 1 33 634 431 62 508 386 200 464 296 1% 365 266 270 455
2 19 1205 | 786 107 6 19 29 917 836 147 833 600 398 668 433 326 506 367 397 600
3 48 187 | 888 158 19 28 24 1003 | 949 1% 927 683 455 755 484 370 559 436 453 659
4 70 1413 | 109 | 247 40 38 25 1133 | 1131 | 269 100 | 821 556 901 599 444 644 587 543 739
5 103 164 | 1266 | 395 84 56 26 %8 | 1408 | 387 1295 | 1008 | 686 1066 | 781 544 747 727 621 814
6 122 1978 | 1588 | 623 1% 81 27 1654 | 1B8 | 567 1591 | 1246 | 849 1204 | 105 | 707 900 916 743 947
7 160 2077 | 120 | 762 245 108 26 199 | 197 | 691 153 | 1%61 | 932 1419 | 145 | 785 999 1036 | 850 1027
3 179 219 | 1846 | 896 307 131 28 126 | 219 | 813 101 | 149 | 1016 | 1570 | 1407 | 863 1097 | 143 | 974 103
9 200 2511 | 2101 | 109 | 429 160 28 210 | 2481 | 1007 | 216 | 1®6 | 163 | 1773 | 1597 | 984 125 | 185 | 1114 | 137
10 214 2770 | 2253 | 1253 | 525 % 28 2358 | 2620 | 1132 | 2225 | 1812 | 1241 | 181 | 1®7 | 1051 | 101 | 12 | 195 | 1285
11 264 3301 | 2515 | 1510 | 699 233 27 2907 | 2935 | 1®8 | 2497 | 2085 | 143 | 216 | 187 | 1208 | 1466 | 1523 | 1378 | 1404
12 301 3963 | 2735 | 1%7 | 861 292 25 4121 | 3220 | 183 | 2803 | 2326 | 1@4 | 2459 | 210 | 1364 | 1645 | 1095 | 1547 | 1524
3 317 4016 | 2741 | 1779 | 893 304 26 4207 | 3239 | 169 | 2842 | 2337 | 169 | 2477 | 21% | 1374 | 1&0 | 101 | 159 | 1520
14 351 4216 | 2790 | 1%4 | 1D5 | 386 22 4660 | 3348 | 192 | 2901 | 2418 | 185 | 2609 | 2300 | 127 | 124 | 155 | 1617 | 1581
15 37 4376 | 2885 | 182 | 1%#9 | 440 23 4961 | 3419 | 1%4 | 2979 | 2452 | 198 | 2671 | 2351 | 1470 | 11 | 1P8 | 1653 | 1602
16 385 4718 | 3156 | 2034 | 1537 | 495 20 5443 | 3564 | 2027 | 3102 | 2526 | 2049 | 2816 | 2437 | 1543 | 144 | 180 | 1711 | 1673
17 419 4858 | 3265 | 2008 | 182 | 615 _19 5561 | 3611 | 2040 | 3341 | 2526 | 2044 | 2856 | 2474 | 1646 | 1867 | 186 | 150 | 1674
18 445 4920 | 3469 | 2039 | 1915 | 724 13 5602 | 3768 | 2259 | 3678 | 2565 | 21B | 2932 | 2579 | 1%7 | 198 | 19%4 | 1P2 | 1736
19 477 4767 | 3918 | 2047 | 2187 | 1315 | 15 5364 | 4815 | 2366 | 4811 | 3460 | 2086 | 2999 | 2675 | 2153 | 2062 | 2055 | 14 | 1776
20 | 503 4426 | 3902 | 186 | 2236 | 1817 | 45 5235 | 6512 | 2257 | -1019 | 3578 | 2191 | 2876 | 2504 | 216 | 2010 | 2012 | 1776 | 150
21 521 4079 | 4387 | 1849 | 186 | 1%2 | 65 5088 | 8593 | 120 |0 3354 | 2263 | 2570 | 2269 | 2020 | i%0 | 1% | 1653 | 1&2
22 |54 3885 | 5357 | 1079 | 1088 | 151 | 74 4599 | 91% | 972 0 2803 | 1982 | 2245 | 17 | 1732 | @4 | 105 | 146 | 105
23 560 3875 | 5353 | 1044 | 102 | 1739 | 74 4568 | 9035 | 945 0 2774 | 108 | 2219 | 125 | 1715 | 1606 | 1590 | 1409 | 1410
24 | 557 3873 | 5355 | 1038 | 1035 | 1735 | 75 4564 | 8992 | 942 0 2768 | 104 | 2214 | 121 | 1712 | 104 | 1587 | 1408 | 1408
25 | 560 3868 | 5361 | 1032 | 1037 | 1737 | 76 4559 | 8968 | 936 0 2763 | 199 | 2210 | 1917 | 107 | 1601 | 1583 | 1404 | 1405
26 | 570 3867 | 5368 | 1029 | 1055 | 1735 | 76 4554 | 8968 | 934 0 2758 | 195 | 2206 | 1913 | 103 | 1597 | 1580 | 1401 | 1403
27 | 581 3941 | 6503 | 871 877 1736 | 79 4538 | 8972 | 854 0 2573 | 105 | 2151 | 1877 | 1672 | 1568 | 1542 | 139 | 139
28 | 569 3949 | 8398 | 628 631 12 | 82 439 | 916 | 745 0 2375 | 189 | 2024 | 177 | 1587 | 1474 | 1450 | 1269 | 1275




B-38 Appendix B
Table B.19 (a) — (X-set) Strain gauge data of Specimen F09-09
Step | Load Strains in reinforcements
XRIl | XRI2 | XRI3 | XRI4 | XRI5 | XR16 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XTél
KN (<109) | (<10%) | (x10%) [ (x10%) | (x10%) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10) | (<10) | (x10) | (x10%) | (x10%) | (x10%) | (x10%) | (x10%) [ (x10%)
1 0 0 0 2 0 1 0 1 0 0 0 1 0 0 -1 0 0 -1 1 0
2 20 11 6 4 2 1 2 10 8 0 9 8 5 8 6 5 8 6 6 6
3 44 26 14 8 4 0 -4 24 17 0 21 17 10 18 14 10 17 14 12 14
4 66 32 18 8 5 2 -8 45 27 0 38 28 18 31 23 17 28 23 19 23
5 82 32 21 6 4 5 11 59 29 0 47 34 2 39 29 20 36 29 23 28
6 101 57 26 -7 4 -12 -19 83 41 0 74 54 29 59 44 29 53 42 32 41
7 126 77 23 -3 -11 28 -58 98 63 0 12 75 34 89 58 36 74 56 40 57
8 145 92 24 7 3 -48 102 [ 1% 78 0 210 | 83 38 136 | 68 39 110 | 68 47 78
9 161 131 | 36 -5 3 -57 34|18 87 0 287 | 106 |50 167 77 58 16 73 55 127
10 | 180 192 50 -5 3 -64 -4 213 103 |0 401 147 62 29 [93 71 224 [ 152 [ 58 1€
1 197 350 [ 73 3 5 -62 15 [ 321 172 [0 566 | 230 | 86 440 | 114|108 | 391|219 |65 249
12 256 799 [ 344 | 78 24 -40 208 | 738 472 |0 105 [ 502|219 |82 |342 [307 | 743 | 601 |89 535
13 277 95 | 479 [ 16) 62 -32 246|902 612 |0 157 | 634 | 302 | 975 | 444 | 4l6 | 844 | 722 146 602
14 | 280 999 | 509 177__| 71 -30 246|944 | 643 |0 1D5__ | 665 | 322 1011_| 470|439 | 877|752 | 1& 627
15 | 340 1510 | 1213|508 | 352 | 36 245 1580 | 1B0__| 0 1©9 | 980 | 824 | 1%7 | 870 | 734 | 1170 | 985 | 649 | 831
16 | 359 1670 | 1417__| 609 | 450 | 68 237 _|1771_|1%6__| 0 1812 [ 102 | 942 | 1523 [ 1016 | 830 | 1316 | 103 | 753 | 906
17| 380 188 | 1583 | 700 | 532 100 [ 234 | 1919 [1523 |0 148 | 1202 | 105 | 189 | 17 | 926 | 1412 | 1B9 | 838 | 949
18 | 393 1970 | 1715 | 780 | 602 | 133 | 232 | 2050 | 163 | 0 2067 | 106 | 1130 | 1738 | 137 | 1010_| 1496 | 181 | 912 | 984
19 | 402 2045 | 1®B5 | 821 | 638 149 234 2127 [1733 |0 2126 [ 139 | 1176 | 1®8 | 195 | 1051 | 1535 | 122 | 946 | 1008
20 | 422 2228 | 1971 | 934 | 743 | 217 | 235 | 2307 | 1912_| 0 2268 | 1487 | 1272|197 | 197 | 1#3__| 16 | 1414 | 1039 | 10%
21 465 2624 | 2393 | 1204 | 1001 | 374 | -209 | 2785 [ 2338 |0 2683 | 1816 | 1499 | 2264 | 129 | 1%l | 1915 | 1670 | 1267 | 1246
22 |58 4886 | 3108 | 1%5 | 152 | 876 | -55 13632 | 3058 | 0 7553 | 2750 | 2237 | 3782 | 2801 | 2260 | 3385 | 2668 | 1975 | 1886
23 | 6l6 11772 | 348 | 2149 | 1947 | 1085 | 11 18515 [ 3240 |0 12716 | 2968 | 2467 | 4679 | 3051 | 2534 | 6809 | 3190 | 2302 | 2284
24| 625 12418 | 327 | 2166 | 196 | 1130 | 25 19018 | 3242 | 0 1325 | 2987 | 2491 | 4805 | 3175 | 2564 | 7964 | 3463 | 2353 | 2373
25 | 664 1274 | 3126 | 2334 | 2491 | I®I__| 619 | 20991 [ 3610 | 0 15701 | 3351 | 2745 | 20047 | 3645 | 2780 | 12668 | 6042 | 272 | 3825
26| 668 17700 | 3146 | 2370 | 2555 | 184 | 660 | 2146 | 3632 | 0 15908 | 3437 | 2787 | 20668 | 3731 | 2822 | 13510 | 7854 | 2755 | 4184
27 |12 5976 | 3139 | 2385 | 2578 | 195 | 687 | 7000 | 3626 | 0 5336 | 3526 | 2822 | 6992 [ 3762 | 2843 | 4784 | 9506 | 2768 | 4673
28 | 670 1896 | 3178 | 2402 | 2604 | 148 [ 712 | 2162 [ 3591 [0 16030 | 3534 | 2811 | 21010 | 3716 | 2808 | 14626 | 9984 | 2734 | 4783




Appendix B B-39
Table B.19 (b) — (Y-set) Strain gauge data of Specimen F09-09 (Continued)
Step | Load Strains in reinforcements
YRII | YRIZ | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | Y131 | Y132 | Y33 | YT41 | YT42 | Y143 | YT51 | YT52 | YT53 | YTel
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)

1 0 3 0 0 0 -1 -1 0 0 -1 -1 -1 0 0 0 1 2 0 0 N/A
2 20 10 0 0 0 4 3 0 0 7 11 11 0 10 9 8 8 9 8 N/A
3 44 22 0 0 0 4 0 0 0 9 20 19 0 19 17 14 19 14 12 N/A
4 66 35 0 0 0 3 7 0 0 11 28 24 0 26 23 19 25 20 15 N/A
5 82 62 0 0 0 4 11 0 0 14 39 31 0 35 31 23 34 25 20 N/A
6 101 94 0 0 0 3 28 0 0 19 53 39 0 45 39 29 4 33 23 N/A
7 126 134 0 0 0 23 53 0 0 12 69 45 0 76 51 38 82 43 34 N/A
8 145 170 0 0 0 33 73 0 0 11 80 61 0 119 54 61 115 64 40 N/A
9 161 211 0 0 0 47 100 |0 0 8 98 88 0 172 58 95 164 72 49 N/A
10 180 275 0 0 0 64 114 | o 0 2 126 110 0 239 66 1% 224 81 73 N/A
11 197 353 0 0 0 67 18 | o 0 1 173 110 0 336 82 237 314 98 96 N/A
12 256 751 0 0 0 86 152 | o 0 105 608 260 0 712 209 470 636 262 233 N/A
3 277 979 0 0 0 96 156 | 0 0 234 798 381 0 867 329 600 762 392 333 N/A
14 280 991 0 0 0 96 156 | 0 0 248 810 398 0 876 344 615 769 407 348 N/A
15 340 1372 |0 0 0 69 113 o 0 567 102 | 795 0 185 | 709 894 1089 | 685 638 N/A
16 359 190 |0 0 0 51 69 0 0 662 1458 | 914 0 147 | 829 967 103 | 770 746 N/A
17 380 150 |0 0 0 29 45 0 0 777 163 | 1072 |0 1555 | 971 106 | 1312 | 875 843 N/A
18 393 1917 |0 0 0 8 25 0 0 854 101 | 189 |0 1647 | 1068 | 1130 | 1®2 | 946 910 | N/A
19 402 2000 | 0 0 0 1 17 0 0 890 1858 | 150 |0 106 | 1116 | 167 | 1485 | 981 945 N/A
20 | 422 2298 | 0 0 0 31 0 0 0 1015 | 2140 | 1650 | 0 198 | 189 | 103 | 1601 | 1114 | 1074 | N/A
21 465 2755 | 0 0 0 85 29 0 0 1205 | 2526 | 1770 | 0 2077 | 158 | 1529 | 161 | 122 | 143 | N/A
22 | 578 3742 | 0 0 0 368 84 0 0 160 | 3838 | 2825 | 0 3299 | 2471 | 2484 | 3432 | 2287 | 216 | N/A
23 616 3933 | 0 0 0 496 110 0 0 187 | 4326 | 3049 | 0 3454 | 2642 | 2725 | 3942 | 2548 | 2384 | N/A
24 | 625 3919 | 0 0 0 531 116 0 0 101 | 4398 | 3086 | 0 3490 | 2682 | 2769 | 4349 | 2612 | 2445 | N/A
25 | 664 15639 | 0 0 0 694 12 0 0 192 | 4864 | 3411 | 0 3656 | 2973 | 3021 | 13529 | 2973 | 2782 | N/A
26 | 668 19466 | 0 0 0 699 194 0 0 104 | 5095 | 3467 | 0 3662 | 3203 | 3065 | 14485 | 3029 | 2835 | N/A
27 | 6712 20787 | 0 0 0 698 197 0 0 186 | 5314 | 3492 | 0 3650 | 3282 | 3085 | 14978 | 3106 | 2845 | N/A
28 | 670 21515 | 0 0 0 704 208 0 0 1864 | 5668 | 3542 | 0 3672 | 3443 | 3112 | 15780 | 3251 | 2884 | N/A




B-40 Appendix B
Table B.20 (a) — (X-set) Strain gauge data of Specimen F14-09
Step | Load Strains in reinforcements
XRll | XRI2 | XRI3 | XR14 | XRI5 | XRI6 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XT61
kN (<10 | (<10%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10°) | (x10) | (x10%) | (x10) | (x10) | (x10) | (x10°) | (x10) | (x10%) | (x10°) | (x10%) | (x10)
1 0 -1 0 0 1 0 0 0 0 1 1 0 0 1 0 0 2 1 0 0
2 19 2 8 8 3 4 3 0 0 5 1 0 5 2 -1 -1 2 4 3 1
3 44 46 6 6 2 6 8 0 0 2 4 26 4 35 24 24 23 29 15 26
4 58 81 23 1 3 8 13 0 0 8 71 45 11 58 44 Iy 39 47 29 43
5 62 96 31 4 1 8 13 0 0 12 34 55 16 69 54 49 48 55 37 52
6 81 146 58 16 -1 -10 20 0 0 25 127 85 29 105 83 75 72 81 58 75
7 103 209 95 34 2 13 27 0 0 44 10 120 47 147 119 108 105 114 85 106
8 180 418 226 100 12 20 43 0 0 115 383 258 119 323 260 230 242 242 1% 233
9 202 479 264 118 15 22 54 0 0 134 437 296 139 367 297 264 278 275 226 265
10 246 597 346 159 19 29 68 0 0 178 563 379 18 472 379 343 358 347 293 332
11 286 712 417 1% 32 29 71 0 0 222 679 455 224 567 458 408 439 416 353 402
12 302 760 455 221 45 23 68 0 0 253 745 495 249 618 500 450 477 452 386 433
13 323 829 501 249 60 _19 67 0 0 286 816 541 277 672 544 491 518 489 121 465
14 381 100 | 720 400 147 30 41 0 0 454 101 730 423 896 745 654 632 650 554 579
15 382 105 728 407 151 32 40 0 0 460 D7 | 734 427 900 747 659 683 653 556 577
16 402 122 | 837 480 1% 55 30 0 0 541 131 | 824 510 1000 | 838 736 759 723 614 622
17 481 1647 | 167 | 760 410 181 11 0 0 856 1715 | 1B4 | 838 138 | 1211 | 1004 | 1064 | 1024 | 851 793
18 503 153 131 839 474 221 22 0 0 940 1831 193 | 937 1453 | 101 1085 | 140 1D1 919 837
19 563 2055 | 153 104 | 672 346 66 0 0 184 | 2204 | 1599 | 138 | 1A7 | 1583 | 1317 | 1380 | 127 | 1118 | 982
20 603 2383 | 186 | 1257 | 803 101 36 0 0 1339 | 2481 | 18 | 1@1 | 189 | 16 | 1490 | 1573 | 197 | 1270 | 1D3
21 664 2963 | 2322 | 1598 | 1073 | 580 139 0 0 1585 | 2994 | 2097 | 1679 | 2548 | 2192 | 1887 | 1914 | 1809 | 1593 | 1303
22 701 3652 | 2585 | 156 | 1370 | 714 19 0 0 109 | 3317 | 2253 | 1005 | 382 | 2631 | 2101 | 2236 | 2096 | 1872 | 1501
23 719 4211 | 2701 | 1818 | 1608 | 783 217 0 0 147 | 3439 | 234 | 1860 | 3628 | 2817 | 2227 | 2403 | 2249 | 2013 | 1604
24 795 745 | 2865 | 2068 | 2549 | 13%7 | 503 0 0 2041 | 6307 | 2502 | 2040 | 14968 | 3369 | 2764 | 6073 | 3374 | 2613 | 2411
25 796 7142 | 2868 | 2104 | 2550 | 145 | 567 0 0 2106 | 6732 | 2776 | 210 | 1519 | 3409 | 2838 | 6341 | 3409 | 2647 | 2420
26 801 7001 | 2895 | 2127 | 2585 | 1544 | 659 0 0 2212 | 5500 | 3143 | 2346 | 6000 | 3484 | 3037 | 4300 | 3505 | 2905 | 2512
27 797 7100 | 2922 | 218 | 2612 | 1582 | 634 0 0 2281 | 9152 | 3186 | 2394 | 15653 | 3453 | 3086 | 6824 | 3501 | 2911 | 2540
28 784 6979 | 2904 | 2248 | 2743 | 1m2 | 779 0 0 2443 | 9405 | 3256 | 2522 | 15702 | 3508 | 3164 | 6853 | 3497 | 2920 | 2504




Appendix B B-41
Table B.20 (b) — (Y-set) Strain gauge data of Specimen F14-09 (Continued)
Step | Load Strains in reinforcements
YRII | YRI2Z | YRI3 | YRI4 | YRI5 | YRI6 | YT21 | YT22 | YT23 | YT31 | YT32 | YT33 | YT41 | YT42 | YT43 | YT51 | YT52 | YTS3 | YTél
kN (<109 | (x10%) | (x10%) | (x10) | (x10) | (x10°) | (x10°) | (x10F) | (x10) | (x10) | (x10) | (x10) | (x10) | (x10%) | (x10%) | (x10%) | (x10°) | (x10) | (x10)
1 0 3 3 -1 2 2 2 0 2 3 3 2 3 4 3 3 0 4 3 4
2 19 13 16 11 14 17 17 0 15 16 12 9 11 13 11 11 0 13 -10 13
3 44 13 3 8 15 20 22 0 21 0 8 21 14 1 21 13 0 17 8 8
4 58 53 13 1 15 21 23 0 59 19 1 50 40 17 52 39 0 45 29 29
5 62 55 11 N 15 22 25 0 61 13 0 51 40 13 53 39 0 45 29 31
6 81 112 41 10 NE 24 30 0 12 51 12 100 83 43 100 79 0 89 62 64
7 103 250 74 25 11 27 35 0 19 88 26 154 130 72 156 14 0 138 99 100
3 180 475 12 79 2 37 52 0 426 212 74 345 283 173 346 276 0 308 225 231
9 202 547 234 98 2 38 56 0 502 253 91 406 332 206 406 326 0 361 265 272
10 246 713 333 149 14 38 63 0 630 353 135 552 454 285 551 443 0 491 364 370
11 286 808 380 170 15 46 73 0 781 400 155 633 514 327 629 506 0 561 419 424
12 302 871 420 19 21 46 77 0 849 | 441 176 697 563 361 639 555 0 615 468 464
3 323 948 468 223 29 48 81 0 931 493 202 771 623 401 759 614 0 679 527 510
14 381 1249 | 688 393 101 37 89 0 133 | 744 364 102 | 865 582 1018 | 847 0 896 769 680
15 382 1264 | 704 408 110 35 88 0 151 | 762 378 102 | 884 596 1035 | 870 0 909 791 700
16 402 1%7 | 787 483 147 28 02 0 1349 | 859 451 1211 | 968 670 1116 | 952 0 976 853 728
17 481 143 | 1D9 | 870 348 13 84 0 1814 | 128 | 795 154 | 1%0 | 985 1532 | 1%5 | 0 133 | 128 | 972
18 503 182 | 1318 | 973 408 33 74 0 1954 | 1462 | 897 1911 | 1474 | 1080 | 162 | 1465 | 0 1463 | 122 | 100
19 563 2424 | 1&6 | 1270 | 593 85 54 0 2518 | 13 | 168 | 2348 | 1®5 | 1338 | 2015 | 1B5 | O 184 | 1609 | 1268
20 | 603 2856 | 1804 | 1440 | 711 119 44 0 2983 | 1979 | 1317 | 2585 | 1987 | 1506 | 2277 | 2013 | 0 195 | 107 | 121
21 664 3400 | 124 | 1©1 | 886 177 27 0 5258 | 2147 | 1489 | 3317 | 2214 | 140 | 3254 | 2441 | 0 2472 | 2219 | 124
22 | 7m 3979 | 1976 | 1912 | 1085 | 283 6 0 8270 | 2226 | 1571 | 4032 | 2334 | 198 | 6467 | 2899 | 0 3114 | 2562 | 2058
23 719 4439 | 2016 | 1970 | 161 | 333 5 0 9416 | 2239 | 1@9 | 4785 | 2466 | 1955 | 8554 | 3092 | 0 3348 | 2899 | 217
24 | 795 10555 | 2455 | 2211 | 1590 | 839 161 0 15004 | 2594 | 210 | 6360 | 2684 | 218 | 17699 | 3646 | 0 6816 | 3419 | 2774
25 | 7% 1489 | 2466 | 2238 | 1636 | 887 187 0 15651 | 2646 | 2228 | 7073 | 2680 | 2177 | 1805 | 3886 | 0 8767 | 3446 | 2842
26 | so1 1370 | 2478 | 2301 | 1717 | 960 237 0 15980 | 2758 | 2381 | 8906 | 2692 | 2286 | 19796 | 4446 | 0 1072 | 3500 | 2884
27 | 7197 12665 | 2457 | 2298 | 1737 | 996 269 0 1599 | 2775 | 2401 | 9363 | 2668 | 2317 | 20055 | 4533 | 0 1006 | 3474 | 2857
28 | 784 1932 | 2516 | 2363 | 1854 | 106 | 345 0 1610 | 3001 | 2601 | 1688 | 2596 | 2377 | 210 | 4766 | 0 12622 | 3503 | 2861




B-42

Appendix B
Table B.21 (a) — (X-set) Strain gauge data of Specimen F09-12
Step | Load Strains in reinforcements
XR11 XR12 XR13 XR14 XR15 XR16 XT21 XT22 XT23 XT31 XT32 XT33 XT41 XT42 XT43 XT51 XT52 XT53 XTé1
kN (<109 | (x10%) | (x10°%) | (x10°%) | (x10°%) | (x10°%) | (x10°) | (x10°%) | (x10%) | (x10%) | (x10) [ (x10) [ (x10®) [ (x10) | (x10%) | (x10°%) | (x10°%) | (x10°) | (x10%)
1 0 0 -1 -1 1 0 0 1 0 0 0 0 0 -1 0 -1 1 -1 0 0
2 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 -1
3 1 0 0 -1 0 0 0 -1 1 0 -1 -1 0 0 0 -1 -1 -1 0 0
4 28 15 -1 0 -2 -3 -7 14 10 3 12 6 7 8 10 6 8 8 6 8
5 68 59 -13 5 -13 -27 -30 177 17 -11 58 36 18 33 43 21 31 26 17 24
6 124 209 -28 13 -70 -31 -82 539 29 -68 262 101 39 173 115 39 129 71 38 72
7 156 367 8 60 -83 -40 -121 672 112 -80 368 219 54 241 146 101 238 103 59 150
8 199 669 85 104 -79 -55 -170 810 156 -41 514 354 51 393 18 170 336 131 87 268
9 215 797 12 134 -86 -54 -184 863 1% 9 545 397 114 472 206 204 406 14 94 325
10 282 1442 727 330 -86 -28 -166 1385 552 181 816 707 358 799 520 378 719 280 255 677
11 304 1626 882 400 -85 -13 -147 15 706 248 987 834 427 941 642 430 791 430 295 727
12 321 1840 1044 471 -67 0 -14 1739 870 325 162 987 514 1040 749 468 862 536 345 799
13 360 2215 1403 716 51 56 -126 2147 1294 570 1453 1357 757 1322 957 824 993 723 596 937
14 401 2580 1739 970 170 107 -114 2554 1656 765 1750 129 973 1572 1657 986 1185 893 762 1091
15 444 2940 2170 1316 361 171 -102 2985 2041 1036 216 2080 1202 1845 139 1203 1322 1076 965 1256
16 464 3090 2364 1471 461 221 -89 3143 2208 147 2269 2235 1302 196 1509 1305 1398 158 1045 129
17 480 3357 2505 1618 573 269 -71 3294 2369 1262 2417 2381 1405 2148 1649 1392 1477 1239 126 1403
18 507 3695 2695 1842 750 349 -43 3883 2596 1417 2674 2622 1573 2372 182 1522 1603 1376 1239 1507
19 597 5368 2944 2508 2040 710 78 3126 3000 1766 3347 3511 2224 3530 2809 2164 2226 2024 1864 1988
20 597 5549 2927 2515 2093 722 87 6230 2988 1748 12647 | 3497 2222 3656 2816 2161 2215 2024 1867 1972
21 624 7455 2980 2632 2389 802 131 7583 3105 188 19736 | 3674 2377 3985 3040 2361 2470 2295 2092 217
22 673 18861 2960 2792 4495 1B5 531 9170 3385 2064 23180 | 4847 2638 1884 3478 2678 2972 2856 2624 2619
23 702 25079 | 3010 2840 SI3R 1759 1D1 1000 3925 2269 23933 1D58 2728 15448 3857 2984 3397 3360 2926 3006
24 707 25800 | 3056 2871 5216 1876 1237 11172 | 4020 2271 23967 12683 2749 16109 3920 3100 3508 3400 2951 3078
25 718 27756 | 3101 2884 5421 2090 1473 1242 4677 2287 2411 15829 2810 1822 | 412 3468 3836 3539 3098 3600
26 725 7000 3146 2930 5504 2184 1562 5151 5319 2267 6913 16255 2825 4967 4246 3548 3801 3576 3167 3728
27 708 29379 | 3129 2992 5494 2285 1688 10235 5856 2213 24266 | 1037 2825 18716 4351 3582 3779 3578 3189 3760
28 715 29643 | 3368 3094 5722 2393 1765 10473 6451 2188 24457 17298 2823 1896 4377 3611 3808 3604 3220 3786
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Table B.21 (b) — (Y-set) Strain gauge data of Specimen F09-12 (Continued)
Step | Load Strains in reinforcements
YR | YR2 | YR3 | YRi4 | YRI5 | YRi6 | YyT21 | Y22 | y123 | vr3t | vyr32 | yr3s | yrar | vr42 | yra3 | vrs1 | yrs2 | yrs3 | yrel
kN (<10 | (<10%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10°) | (x10) | (x10%) | (x10) | (x10) | (x10) | (x10°) | (x10) | (x10%) | (x10°) | (x10%) | (x10)
1 0 0 0 1 1 0 1 0 1 0 0 1 0 1 1 1 1 0 1 0
2 0 0 1 0 1 0 1 0 0 1 0 1 0 1 0 1 1 1 1 0
3 1 0 0 0 1 0 ] 0 ] 0 ] 0 0 0 1 0 1 0 0 0
4 28 15 5 2 0 5 2 0 8 4 10 8 6 8 8 5 3 7 5 7
5 68 43 7 N 2 18 8 0 28 11 37 27 17 33 26 15 27 22 17 20
6 124 168 69 -19 57 66 24 0 90 8 128 115 38 173 60 35 115 52 38 77
7 156 283 108 27 92 117 | -66 0 145 7 177 249 48 241 99 34 18 71 121 158
8 199 493 223 11 104 | -177 | 86 0 252 23 373 378 65 393 145 175 300 100 243 251
9 215 608 301 26 100 | <177 | 84 0 320 53 481 434 72 472 175 221 372 118 292 300
10 282 1118 | 822 202 61 208 | 39 0 782 272 963 839 253 799 675 418 618 630 442 499
11 304 1318 | 10600 | 324 34 18| 35 0 991 394 153 | 963 373 941 823 523 747 749 531 593
12 321 144 | 188 | 427 10 12 | 29 0 141 | 484 1200 | 1070 | 477 1040 | 916 622 842 824 657 647
3 360 1948 | 152 | 793 95 170 | -38 0 100 | 793 1649 | 1416 | 780 122 | 1212 | 901 1D5 101 899 829
14 401 219 | 210 | 102 | 225 131 | &2 0 2046 | 108 | 1958 | 103 | 1028 | 1572 | 158 | 1116 | 1330 | 1339 | 1088 | 944
15 444 2528 | 2550 | 1376 | 436 69 46 0 2464 | 1331 | 2224 | 195 | 184 | 145 | 1863 | 130 | 1542 | 1593 | 1271 | 10&
16 464 2700 | 2725 | 1530 | 550 34 45 0 2668 | 1493 | 2358 | 2156 | 126 | 16 | 2023 | 1474 | 163 | 126 | 1362 | 1138
17 480 2875 | 2877 | 160 | 666 11 45 0 2857 | 1@9 | 2509 | 2310 | 1561 | 2148 | 213 | 1588 | 158 | 1845 | 1453 | 1232
18 507 393 | 3080 | 187 | 849 85 39 0 3079 | 1818 | 2776 | 2550 | 153 | 2372 | 2397 | %1 1948 | 2035 | 1595 | 134
19 597 2191 | 6093 | 2346 | 1538 | 485 20 0 3963 | 2209 | 6320 | 3707 | 2374 | 3530 | 3410 | 2621 | 2748 | 2874 | 2328 | 1975
20 597 23826 | 6341 | 2372 | 1570 | 515 24 0 2024 | 2227 | 8037 | 3766 | 2395 | 3656 | 3502 | 2674 | 2820 | 2982 | 2385 | 2028
21 624 30328 | 7397 | 2426 | 1m4 | 719 51 0 4152 | 2244 | 11737 | 8721 | 2428 | 3985 | 3930 | 2870 | 3058 | 3422 | 2596 | 2168
22 673 35814 | 9264 | 2644 | 2180 | 1215 | 141 0 5854 | 2302 | 15042 | 1P33 | 2560 | 1B84 | 1516 | 3307 | 5727 | 13016 | 3036 | 2723
23 702 36797 | 1D26 | 2689 | 2286 | 1475 | I8 0 6708 | 2262 | 16651 | 18680 | 2627 | 15448 | 21804 | 3691 | 15274 | 18847 | 3238 | 3240
24 707 37581 | 11138 | 271 | 2304 | 1520 | 19 0 6930 | 2315 | 16/97 | 1952 | 2630 | 16109 | 22068 | 3726 | 1@07 | 19019 | 3240 | 3384
25 718 41204 | 1641 | 2968 | 2366 | 1682 | 208 0 1836 | 2400 | 1221 | 19262 | 2682 | 1822 | 22123 | 3785 | 18091 | 1952 | 3312 | 3758
26 725 44188 | 1BS0 | 342 | 2413 | IA4 | 209 0 21460 | 2427 | 1327 | 19450 | 2691 | 19867 | 22125 | 3775 | 19292 | 1959 | 3334 | 3829
27 708 46918 | 13496 | 3532 | 2507 | 151 | 234 0 26146 | 2524 | 1216 | 19564 | 2731 | 18716 | 22140 | 3748 | 20123 | 1%37 | 3316 | 3868
28 715 48578 | 15313 | 7034 | 2627 | 129 | 234 0 27276 | 2788 | 1499 | 20211 | 2777 | 1896 | 22102 | 3660 | 20415 | 19589 | 3234 | 3891
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Table B.22 (a) — (X-set) Strain gauge data of Specimen F14-12
Step | Load Strains in reinforcements
XRll | XRI2 | XRI13 | XR14 | XRI5 | XRI16 | XT21 | XT22 | XT23 | XT31 | XT32 | XT33 | XT41 | XT42 | XT43 | XT51 | XT52 | XT53 | XT6l
kN (<10 | (<10%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10°) | (x10) | (x10%) | (x10) | (x10) | (x10) | (x10°) | (x10) | (x10%) | (x10°) | (x10%) | (x10)
1 0 0 0 1 1 1 0 0 1 1 1 0 1 1 0 0 0 0 1 1
2 22 8 5 5 2 0 3 8 8 4 8 5 5 10 7 4 7 6 4 5
3 56 11 7 8 N 3 10 17 15 8 18 12 9 22 14 3 15 13 8 10
4 76 22 22 14 0 2 12 34 24 13 32 22 15 35 23 15 25 23 14 19
5 101 38 82 67 14 3 23 69 34 19 51 3] 22 51 3] 20 36 32 18 23
6 201 208 19 101 23 18 092 302 67 52 331 88 29 316 85 54 18 108 56 95
7 397 1%8 | 1201 | 600 145 10 239 | 105 | 909 463 1D1 722 331 987 755 324 793 465 420 633
8 427 158 | 1»4 | 711 189 24 239 | 100 1063 | 543 130 | 854 386 107 | 852 394 887 615 479 700
9 440 1617 | 1507 | 786 222 31 238 | 1551 | 161 602 185 | 921 414 1657 | 891 419 933 671 507 731
10 502 193 | 1873 | 1031 | 389 88 236 | 1548 | 1518 | 843 1577 | 155 | 610 1401 | 1087 | 585 1138 | 872 699 881
11 523 2045 | 1971 | 1p4 | 454 109 232 | 184 | 1@6 | 919 1671 | 149 | 667 1474 | 143 | 617 1B5 | 935 748 916
12 545 210 | 2078 | 124 | 517 143 231 | 14 | 156 | 1008 | 1m6 | 1463 | 743 1562 | 1210 | 657 1248 | 1006 | 805 964
3 631 2653 | 2479 | 165 | 774 414 205 | 2148 | 2248 | 17 | 2269 | 182 | 1010 | 181 | 1497 | 842 158 | 128 | 1032 | 146
14 640 2715 | 2530 | 1712 | 813 441 194 | 2208 | 238 | 1403 | 2341 | 2008 | 1060 | 1839 | 1547 | 870 15% | 1375 | 1065 | 1178
15 702 3024 | 2774 | 2006 | 1068 | 623 168 | 2659 | 2641 | 166 | 2733 | 2431 | 1351 | 2230 | 107 | 1095 | 13 | 1&0 | 1273 | 1319
16 729 3461 | 2857 | 2127 | 1173 | 718 153 | 2835 | 2755 | 151 | 2887 | 2595 | 1487 | 2375 | 121 | 101 | 1wl | 128 | 1%62 | 139
17 799 3968 | 3016 | 2476 | 1532 | 1015 | -40 3633 | 3043 | 190 | 3642 | 2990 | 1®2 | 2887 | 2331 | 1522 | 2254 | 218 101 | 1600
18 821 4256 | 3074 | 2563 | 167 | 108 | 4 3825 | 3111 | 2055 | 4067 | 3091 | 1919 | 3055 | 2466 | 1&@8 | 2403 | 2262 | 1815 | 11
19 885 7386 | 3442 | 2710 | 1865 | 1345 | 115 5435 | 3547 | 2158 | 8953 | 3674 | 218 | 3957 | 2819 | 189 | 3063 | 2732 | 2163 | 2013
20 888 9211 | 3445 | 2708 | 12 | 1®0 | 146 5710 | 3557 | 2154 | 10812 | 3690 | 2127 | 4106 | 2844 | 1929 | 3252 | 2782 | 219 | 2026
21 939 1745 | 3549 | 2799 | 2071 | 1619 | 240 14577 | 3708 | 2244 | 2196 | 3869 | 2248 | 5764 | 2998 | 2131 | 7367 | 3349 | 2495 | 2446
22 940 1088 | 3551 | 2803 | 2102 | 1®8 | 269 15575 | 3733 | 2268 | 22435 | 3888 | 2262 | 6036 | 3004 | 2141 | 818 | 3390 | 2512 | 2468
23 952 19163 | 3610 | 2851 | 2187 | 1802 | 315 16094 | 3774 | 2321 | 2337 | 3949 | 2311 | 6780 | 3021 | 21% | 10838 | 3520 | 2559 | 2573
24 958 20354 | 3638 | 2877 | 2244 | 11 | 346 D10 | 3799 | 2365 | 24271 | 4031 | 2347 | 7133 | 3024 | 21% | 1247 | 3590 | 2591 | 2672
25 963 2182 | 3656 | 2886 | 2292 | 1®25 | 356 18401 | 3831 | 2400 | 24932 | 4120 | 2387 | 7442 | 3024 | 2208 | 1514 | 3621 | 2609 | 2743
26 968 22409 | 3654 | 2880 | 2336 | 1m2 | 357 18732 | 3829 | 2440 | 25486 | 4120 | 2448 | 7797 | 3003 | 2202 | 16634 | 3624 | 2609 | 2794
27 971 6807 | 3691 | 2908 | 2429 | 2063 | 377 5439 | 3841 | 2507 | 6562 | 41490 | 2545 | 4161 | 3220 | 219 | 4556 | 3634 | 2611 | 3025
28 960 25366 | 3735 | 2938 | 2529 | 2121 | 397 19588 | 3855 | 2622 | 27871 | 4462 | 2715 | 9877 | 3332 | 2153 | 20642 | 3665 | 2578 | 3267
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Table B.22 (b) — (Y-set) Strain gauge data of Specimen F14-12 (Continued)
Step | Load Strains in reinforcements
YR | YR2 | YRi3 | YRi4 | YR15 | YRi6 | vyrar | yr2z | yr23 | vyr3t | vr32 | vr33 | yrar | yra2 | yra3 | vrst | vyrs2 | yrss | vyrel
kN (<10 | (<10%) | (x10%) | (x10) | (x10%) | (x10) | (x10%) | (x10°) | (x10) | (x10%) | (x10) | (x10) | (x10) | (x10°) | (x10) | (x10%) | (x10°) | (x10%) | (x10)

1 0 4 3 3 2 2 3 3 0 1 -1 2 2 2 1 2 2 1 1 0
2 22 9 6 5 4 3 3 13 0 7 8 7 7 8 7 5 7 7 6 0
3 56 23 9 9 6 5 2 45 0 14 24 20 16 22 18 13 19 18 14 0
4 76 28 4 4 2 1 3 57 0 11 31 23 15 26 21 13 22 20 15 0
5 101 61 4 2 0 2 6 104 0 11 73 3] 21 49 35 22 38 34 23 0
6 201 442 37 13 23 23 19 369 0 11 303 168 64 282 85 126 166 133 67 0
7 397 1847 | 1010 | 534 131 70 4644 | 3040 | 0 673 125 | 862 529 106 | 621 0 649 634 477 0
8 427 2021 | 1175 | 664 173 66 4607 | 3398 | 0 805 194 | 1003 | 620 1178 | 716 0 737 701 542 0
9 440 2146 | 187 | 753 202 54 4620 | 3620 | 0 901 1605 | 10% | 700 1268 | 782 0 815 754 580 0
10 502 2569 | 1688 | 1038 | 331 33 4708 | 419 | 0 1201 | 2000 | 1404 | 958 1527 | 10% | 0 1048 | 945 739 0
11 523 2737 | 186 | 1133 | 401 21 4739 | 4335 |0 109 [ 21® | 1516 | 1041 | 1&#7 | 1B7 |0 1174 | 1014 | 787 0
12 545 2902 | 19%65 | 180 | 463 9 4765 | 4465 | 0 1405 | 2271 | 1®@0 | 1132 | 154 | 181 |0 1264 | 1088 | 839 0
3 631 3789 | 2491 | 1&8 | 700 39 4819 | 5061 | 0 1825 | 2819 | 21D | 1540 | 2198 | 186 | 0 1645 | 1444 | 1039 | 0
14 640 3873 | 2542 | 1613 | 731 51 4819 | 5103 | 0 1870 | 2872 | 2157 | 1584 | 2234 | 142 | 0 169 | 1476 | 1057 | 0
15 702 5764 | 2821 | 1917 | 874 109 4833 | 5812 | 0 2147 | 3459 | 2486 | 105 | 2623 | 213 | 0 2006 | 157 | 1244 |0
16 729 701 | 2885 | 188 | 933 146 4845 | 7479 | 0 2247 | 3862 | 2624 | 2064 | 2807 | 2369 | 0 205 | 1919 | 1362 o
17 799 9722 | 2965 | 212 | 1060 | 220 4865 | 7646 | 0 2394 | 5141 | 348 | 2400 | 3881 | 2871 | 0 2737 | 2472 | 189 | 0
18 821 1851 | 2952 | 2188 | 1097 | 242 4868 | 7521 | 0 2428 | 5663 | 3201 | 2467 | 4036 | 2952 | 0 2867 | 2602 | 189 | 0
19 885 25438 | 3055 | 2359 | 140 | 397 4861 | 7539 | 0 2612 | 7779 | 3614 | 2702 | 6923 | 3473 | 2364 | 3425 | 2995 | 2258 | 0
20 888 25663 | 3063 | 2367 | 1413 | 455 5575 | 3094 | 0 2631 | 8075 | 3621 | 2731 | 8397 | 3682 | 2412 | 3494 | 3057 | 2334 | 0
21 939 27192 | 3187 | 2470 | 166 | 666 5504 | 3310 |0 2797 | 1619 | 3869 | 2889 | 15421 | 4093 | 2584 | 4137 | 3628 | 2536 | 0
22 940 27665 | 3223 | 2499 | 1608 | 691 8811 | 3379 | 0 2816 | 14811 | 3965 | 2921 | 17159 | 4340 | 2625 | 4389 | 3760 | 2577 | 0
23 952 28285 | 3228 | 2533 | 1Bl | 732 8817 | 3426 |0 2841 | 17157 | 4094 | 2935 | 18487 | 4599 | 2647 | 4592 | 3990 | 2590 | 0
24 958 28630 | 3493 | 2585 | 1P3 | 787 8828 | 3460 | 0 2880 | 18401 | 412 | 2933 | 19429 | 4849 | 2658 | 4785 | 4070 | 2604 | 0
25 963 29276 | 3566 | 2636 | 180 | 839 8836 | 3580 | 0 2916 | 1239 | 4043 | 2934 | 20628 | 5246 | 2678 | 4894 | 4171 | 2633 | 0O
26 968 29840 | 3614 | 2694 | 1905 | 881 8843 | 3694 | 0 2042 | 19858 | 4001 | 2937 | 2180 | 5662 | 2677 | 4853 | 4231 | 2646 | 0O
27 971 30675 | 3648 | 2772 | 1979 | 933 8851 | 3813 |0 2957 | 20460 | 4010 | 2960 | 23220 | 6058 | 2687 | 4815 | 4302 | 2668 | 0
28 960 31586 | 3720 | 3044 | 2104 | 1051 | 8874 | 3903 | 0 3031 | 21495 | 4031 | 2990 | 24425 | 6245 | 2657 | 4813 | 4426 | 2651 | 0
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Appendix B

B.4 LVDT (deflection) data for 12 HSC slabs

Figs. B.8 shows the typical positions and labels of LVDTs to measure the vertical

deflections of the 12 HSCspecimens. Tables B.23 to B.34 show the LVDT data of

the 12 HSC specimens.
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Fig. B.8 — Typical s typical positions and labels of LVDTs for 12 HSCslab

specimens.
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Table B.23 — LVDT data (Deflection) of Specimen S11+028
Deflection (mm)
I(_ISS()j Groupl Group2 Group3 Group4
v3 v2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0 0 0 0 0 0 0 0 0 0 0
25 0.02 0.11 0.13 0.19 0.27 0.45 0.03 0.32 0.62 0.21 0.56 0.97
80 0.02 0.1 0.15 0.23 0.38 0.61 0.03 0.27 0.52 0.23 0.61 0.99
95 0 0.11 0.12 0.26 0.44 0.72 0.04 0.21 0.44 0.25 0.66 1.05
110 0.04 0.15 0.02 0.28 0.49 0.77 0.07 0.11 0.3 0.26 0.68 1.04
125 0.06 0.21 0.05 0.3 0.52 0.82 0.1 0.02 0.18 0.27 0.7 1.07
175 0.13 0.32 0.24 0.33 0.58 0.9 0.15 0.13 0.01 0.31 0.77 1.14
195 0.19 0.42 0.42 0.34 0.61 0.93 0.18 0.25 0.15 0.33 0.81 1.19
225 0.38 1.71 2.84 0.52 1.18 1.91 0.26 0.86 1.99 0.46 1.64 3.11
250 0.61 3.23 5.74 0.52 2.14 3.55 0.33 1.61 3.83 0.5 2.67 5.56
260 1.42 10.18 16.44 0.88 4.08 7.99 0.39 2.73 6.5 0.97 8.68 19.51
260 5.86 19.79 31.12 1.53 6.61 11.99 3.17 7.61 14.18 2.29 11.22 23.5
260 6.81 21.41 34.42 1.72 7.46 13.27 3.93 8.89 16.33 2.49 11.79 2431
265 8.87 24.65 39.48 2.06 8.93 15.41 5.37 11.19 20.11 2.96 12.97 26.09
270 10.91 28.13 44.38 2.36 10.06 16.72 6.91 13.07 22.55 3.63 15.33 29.15
265 13.91 32.02 51.43 3.53 11.32 17.64 9.23 16.04 25.46 5.19 18.88 34.62
265 16.05 32.01 55.23 7.3 12.01 17.9 11.17 17.4 26.54 7.21 21.77 38.96
Table B.24 — LVDT data (Deflection) of Specimen S1+050
Deflection (mm)
I('Ifs()j Groupl Group2 Group3 Group4
v3 V2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0 0.03 0 0.01 0 0 0 0 0 0 0.01
30 0.08 0.28 0.5 0.01 -0.08 -0.18 0.02 0 0.13 0.09 0.18 0.42
75 0.08 0.29 0.5 0.05 0.01 -0.01 0.05 0.07 0 0.11 0.21 0.44
95 0.09 0.31 0.5 0.1 0.13 0.18 0.09 0.19 0.18 0.14 0.25 0.48
115 0.12 0.33 0.54 0.15 0.25 0.38 0.14 0.32 0.41 0.16 0.27 0.47
135 0.16 0.36 0.57 0.18 0.34 0.52 0.19 0.44 0.62 0.18 0.29 0.45
165 0.2 0.43 0.65 0.22 0.46 0.69 0.24 0.68 0.98 0.21 0.3 0.43
175 0.28 0.47 0.8 0.27 0.57 0.85 0.31 1.19 1.8 0.23 0.4 0.57
190 0.33 0.53 0.94 0.28 0.64 0.99 0.37 1.4 2.36 0.23 0.42 0.55
210 0.42 0.65 1.14 0.3 0.84 1.3 0.47 1.9%5 3.72 0.21 0.41 0.44
220 0.47 0.93 1.67 0.35 1.19 1.8 0.5 2.17 4.24 0.19 0.46 0.61
245 0.57 1.4 2.21 0.39 1.41 2.27 0.59 2.6 4.98 0.19 0.57 0.79
245 0.72 1.77 3.16 0.41 1.47 2.46 0.68 2.98 5.58 0.2 0.93 1.43
265 0.81 2.11 3.76 0.5 1.% 3.4 0.72 3.38 6.39 0.23 1.36 2.27
275 0.91 2.61 4.65 0.6 2.57 4.47 0.77 3.75 7.1 0.25 1.74 3.13
290 0.97 2.87 5.11 0.66 3.15 5.55 0.79 3.97 7.66 0.28 2.32 4.28
300 1.06 3.17 5.65 0.7 3.39 5.97 0.86 4.41 8.5 0.29 2.62 4.99
315 1.16 3.42 6.1 0.8 3.86 6.81 0.93 4.97 9.72 0.34 3.15 6.01
330 1.31 4.38 7.88 0.94 4.82 8.49 1 6.04 1183 0.38 3.59 6.78
335 1.35 4.59 8.26 0.97 5.13 9.03 1.04 6.31 1238 0.39 3.79 7.19
340 1.2 5.08 9.18 1.1 5.87 10.35 1.11 7.14 14 0.47 4.9 9.39
355 1.51 5.35 9.68 1.26 6.72 1183 1.2 8.01 1572 0.58 5.68 10.83
360 1.98 6.95 1257 1.688 8.71 1528 1.5% 1148 21.26 0.79 7.5 1429
370 241 7.95 1429 1.9 9.86 1733 1.9 1339 24.74 0.89 8.46 1589
375 3.27 9.54 1676 2.42 115 20.03 2.72 1572 28.58 1.06 9.54 175
140 1254 153 19.81 1164 1718 22.65 1207 21.8 30.94 10.78 1461 1851
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Table B.25 — LVDT data (Deflection) of Specimen S11+090

Deflection (mm)

I('Ifs()j Groupl Group2 Group3 Group4

v3 V2 vl V6 V7 v8 v4 vil v12 v5 v9 v10
0 0 0 0 0 0 -0.01 0 0 0 0 0 0
105 0 0.18 0.13 0.17 0.27 0.49 - - 0.78 0.15 0.47 0.78
160 0.01 0.46 0.48 0.29 0.29 0.5 - - 1.8 0.31 1 1.8
170 0.03 0.46 0.44 0.39 0.41 0.71 - - 2.44 0.41 1.33 2.44
1% 0.02 0.69 0.74 0.44 0.45 0.77 - - 3.04 0.48 1.67 3.04
215 0 0.77 0.84 0.5 0.61 1.06 - - 3.4 0.52 1.8 3.4
240 0.07 0.82 0.93 0.56 0.96 1.65 - - 3.76 0.51 2.14 3.76
245 0.07 0.98 1.17 0.58 1.02 1.67 - - 4.09 0.54 2.29 4.09
260 0.08 1.33 1.73 0.65 1.09 1.8 0 0.31 0.97 0.63 2.74 5
265 0.1 1.5 2.07 0.68 1.14 2.01 0.01 0.33 1.02 0.69 3.13 5.73
280 0.11 1.87 2.57 0.75 1.19 2.25 0.03 0.38 1.18 0.8 4.03 7.55
300 0.12 2.19 3.08 0.79 1.27 2.38 0.06 0.45 1.37 0.86 4.49 8.47
365 0.14 3.46 5.06 1.2 3.35 6.37 0.09 0.86 2.02 1.39 8.56 1582
390 0.12 3.87 5.7 1.87 4.53 8.53 0.12 0.96 2.13 1.57 10.02 1836
400 0.06 4 5.91 2 5 9.39 0.28 1.02 2.17 1.6 10.54 1923
415 0.03 4.3 6.42 2.28 5.79 10.8 0.3 1.07 2.17 1.77 1187 21.6
405 0.02 4.89 7.18 2.95 6.69 1235 0.27 1.02 2.33 247 1378 24.37

Table B.26 — LVDT data (Deflection) of Specimen S11139

Deflection (mm)

bgﬁ? Groupl Group2 Group3 Group4
v3 V2 vl V6 V7 v8 v4 vil v12 v5 v9 v10
0 0 0 -0.01 0 0 0.01 0 0 0 0 0 -0.01
40 0.01 0.1 0.1 0.05 0.09 0.14 0 0.03 0.02 0.06 0.15 0.27
120 0.09 0.3 0.34 0.11 0.23 0.36 0.07 0.17 0.24 0.12 0.28 0.44
165 0.15 0.41 0.54 0.14 0.28 0.45 0.11 0.33 0.43 0.13 0.33 0.51
205 0.25 0.75 1.09 0.2 0.46 0.7 0.17 0.62 0.83 0.15 0.41 0.67
225 0.34 1.04 1.9 0.2 0.54 0.78 0.24 0.88 1.2 0.16 0.41 0.71
245 0.42 1.8 1.9 0.22 0.88 1.35 0.29 1.12 1.6 0.16 0.43 0.81
260 0.49 1.% 2.47 0.26 1.16 1.8 0.33 1.41 2.03 0.17 0.59 1.03
280 0.54 1.8 3.05 0.32 1.49 2.34 0.39 1.78 2.69 0.23 0.83 1.%
295 0.6 2.18 3.6 0.36 1.71 2.7 0.43 2.11 3.28 0.24 0.95 1.8
315 0.74 2.8 4.71 0.43 2.47 4.07 0.52 2.77 4.43 0.3 1.6 3.01
335 0.76 2.95 4.97 0.48 2.71 4.52 0.53 2.99 4.81 0.31 1.81 3.37
345 0.82 3.35 5.75 0.54 3.04 5.1 0.57 3.3 5.45 0.39 2.08 3.99
365 0.89 3.67 6.36 0.57 3.29 5.53 0.6 3.81 6.25 0.4 2.23 4.29
370 1.01 4.17 7.33 0.64 3.75 6.4 0.68 4.35 7.24 0.43 2.5 4.83
385 1.06 4.52 7.86 0.67 3.99 6.8 0.7 4.72 7.85 0.46 2.71 5.26
400 1.14 4.79 8.35 0.75 4.55 7.78 0.76 5.21 8.74 0.51 3.07 5.92
430 1.27 5.31 9.28 0.85 5.12 8.76 0.83 5.8 9.85 0.56 3.34 6.35
440 1.5 6.34 10.48 1.13 6.41 10.95 1 6.73 1138 0.69 3.91 7.19
430 3.61 7.64 1132 3.88 9.38 1386 3.66 1199 1596 3.03 6.77 7.81
230 9.14 1145 1386 8.06 1192 1463 8.81 1477 19.14 7.35 7.46 7.6
225 10.64 1295 1557 9.2 1285 1522 10.39 1678 21.45 8.65 7.97 7.64
240 1798 20.1 23.27 1482 1832 19.65 1782 27.55 35.77 1435 10.06 6.89
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Table B.27 — LVDT data (Deflection) of Specimen S13-028
Deflection (mm)
I(_ISS()j Groupl Group2 Group3 Group4
v3 v2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0 0 0 0 0 0 0 0 0 0 0
65 - - - 0.26 0.32 0.62 -0.01 -0.11 -0.17 0.13 0.26 0.46
90 - - - 0.26 0.37 0.66 0.04 0.09 0.17 0.1 0.26 0.28
105 - - - 0.25 0.39 0.73 0.08 0.21 0.37 0.08 0.25 0.17
135 0 -0.06 -0.11 0.29 0.48 0.86 0.11 0.34 0.55 0.09 0.29 0.18
170 0.04 0.09 0.04 0.3 0.5 0.83 0.13 0.36 0.54 0.11 0.3 0.33
190 0.06 0.2 0.16 0.35 0.58 0.94 0.13 0.42 0.64 0.17 0.35 0.69
205 0.18 0.4 0.61 0.38 0.64 1.06 0.21 1.31 2.67 0.21 0.38 1.1
220 0.21 0.46 0.71 0.4 0.69 1.15 0.23 1.8 2.89 0.22 0.4 1.34
235 0.24 0.52 0.79 0.43 0.77 1.8 0.25 1.5 3.11 0.24 0.43 1.9
240 0.37 0.88 1.4 0.49 0.96 1.73 0.31 1.97 3.83 0.27 0.49 3.18
255 0.38 1.01 1.6 0.54 1.05 1.2 0.31 2.04 3.95 0.31 0.54 3.81
265 0.65 2.17 3.69 0.93 2.58 4.79 0.31 2.99 6.28 0.47 0.93 9.18
280 0.66 2.65 4.37 1.16 3.22 5.96 0.29 2.85 6.27 0.58 1.16 10.76
295 0.73 3.95 6.51 2.13 6.34 1194 0.14 2.17 5.93 0.94 2.13 20.3
300 0.72 4.11 6.79 2.66 7.58 1544 0.1 2.02 5.8 1.21 2.66 27.19
300 0.79 5 8.24 3.45 9.77 19.54 -0.01 1.6 5.48 1.8 3.45 32.65
Table B.28 — LVDT data (Deflection) of Specimen S13-050
Deflection (mm)
I('Ifs()j Groupl Group2 Group3 Group4
v3 V2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
5 0 0 0 0 0 0 0 0 0 0 0 0
40 -0.01 0.11 0.13 0.02 0.03 0.04 -0.05 -0.23 -0.33 0.06 0.23 0.19
85 0.04 0.27 0.31 0.03 0.04 -0.04 -0.05 -0.27 -0.43 0.09 0.39 0.45
160 0.12 0.58 0.71 0 -0.05 -0.2 -0.05 -0.31 -0.62 0.14 0.63 0.95
175 -0.45 -0.07 -0.32 0.27 0.35 1 -0.41 -1.86 -3.02 0.41 2.25 4.02
200 -0.52 -0.17 -0.48 0.35 0.52 1.4 -0.41 -1.97 -3.18 0.47 2.7 4.83
220 -0.57 -0.27 -0.45 0.44 0.7 1.79 -0.41 -2.01 -3.22 0.5 2.98 5.29
235 -0.62 -0.35 -0.63 0.51 0.86 2.12 -0.41 -2.08 -3.34 0.55 3.32 5.87
265 -0.73 -0.55 -0.97 0.64 1.23 2.9 -0.41 -2.25 -3.62 0.64 4.18 7.39
290 -0.58 0.28 0.23 0.68 1.2 3.47 -0.41 -2.27 -3.8 0.67 5.35 9.76
295 -0.57 0.47 0.57 0.71 1.65 3.7 -0.41 -2.28 -3.84 0.68 5.58 10.23
330 -0.61 0.7 0.89 0.82 2.15 4.77 -0.41 -2.42 -4.12 0.77 6.85 1275
340 -0.74 0.92 1.26 0.98 3 6.52 -0.41 -2.55 -4.18 0.85 8.55 1629
345 -0.77 1.05 1.4 1.07 3.51 7.63 -0.41 -2.59 -4.25 0.91 9.92 19.02
350 -0.78 1.14 1.5 1.13 3.81 8.27 -0.41 -2.61 -4.27 0.94 10.74 20.59
390 0.53 3.05 4.82 1.09 4.89 9.77 0.26 1.67 2.79 0.61 10.41 19.73
400 0.72 3.5 5.53 1.3 6.33 126 0.37 2.95 5.69 0.67 1216 23.01
415 0.78 3.76 5.98 1.45 6.9 1393 0.41 3.39 6.56 0.75 1391 26.12
420 0.92 4.22 6.8 1.8 7.95 1642 0.49 4.05 7.77 1.02 1802 33.5
425 0.98 4.57 7.37 2.13 8.74 1832 0.5 4.38 8.39 1.24 21.05 39.68
430 1.01 4.72 7.62 2.52 9.68 20.65 0.51 4.76 9.12 1.49 24.56 46.1
445 1.04 4.89 7.91 3.19 1103 23.79 0.54 5.25 10.09 1.8 29.89 54.82
440 1.87 8.09 1254 5.07 1283 27.49 0.67 6.11 1107 3.29 40.07 72.69
425 2.93 10.34 1532 7.77 1532 31.06 0.74 6.54 114 4.01 46.67 -8.41
360 4.16 12 1703 10.97 1826 34.59 0.84 6.95 1138 4.34 0 -8.42
275 7.25 1301 16.84 1668 22.86 38.52 1.03 8.19 1162 4.29 0 -8.41
265 1615 17.06 17.65 0 3241 48.47 0.58 1231 1224 4.82 0 -8.42
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Table B.29 — LVDT data (Deflection) of Specimen S13-090

Deflection (mm)
I(_ISS()j Groupl Group2 Group3 Group4
v3 v2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0.47 0.04 -0.25 -0.35 -0.56 0.38 1.05 1.64 -0.23 -0.67 -3.59
0 0 0.64 0.05 -0.24 -0.35 -0.57 0.39 1.07 1.5 -0.19 -0.53 -3.33
70 0 0.88 0.05 -0.15 -0.23 -0.4 0.42 1.15 1.57 -0.09 -0.3 -2.88
165 0 0.94 0.07 -0.12 -0.17 -0.31 0.43 1.2 1.68 -0.07 -0.24 -2.8
190 0 0.99 0.13 -0.08 -0.1 -0.22 0.44 1.29 1.79 -0.04 -0.17 -2.65
205 0 1.09 0.24 0 0.02 -0.03 0.41 1.31 1.8 0.04 0.05 -2.22
240 0 1.41 0.72 0.08 0.11 0.17 0.42 1.488 1.9 0.15 0.93 -0.51
280 0 1.37 0.64 0.13 0.24 0.46 0.44 1.57 2.19 0.13 1.07 -0.29
285 0 1.47 0.77 0.22 0.39 0.71 0.41 1.5 2.06 0.2 1.5 0.62
310 0 1.5 0.88 0.25 0.46 0.85 0.4 1.488 2.03 0.21 1.61 0.82
310 0 1.67 1.05 0.32 0.56 1.04 0.37 1.8 1.% 0.27 1.8 1.4
325 0 1.9 1.48 0.5 1.02 1.4 0.28 1.33 1.9 0.36 2.54 2.86
350 0 2.15 1.7 0.6 1.39 2.48 0.17 1.17 1.77 0.44 3.19 4.23
350 0 2.53 2.28 0.77 1.92 3.39 0.06 0.94 1.5 0.52 4.01 5.94
390 0 2.99 3.03 0.88 2.37 4.17 0.04 1.03 1.75 0.56 4.67 7.28
405 0 3.3 3.43 1.02 2.88 5.08 -0.05 0.86 1.3 0.61 5.42 8.82
430 0 3.43 3.63 1.09 3.11 5.46 -0.13 0.76 1.2 0.64 5.78 9.54
440 0 3.86 4.28 1.25 3.68 6.48 -0.25 0.59 1.2 0.73 6.78 1164
470 0 4.4 5.09 1.9 4.48 7.93 -0.37 0.41 1.01 0.83 8.46 151
505 0 4.94 5.91 1.74 5.25 9.39 -0.47 0.24 0.82 0.94 10.33 1874
540 0 8.38 10.2 2.5 5.69 9.95 -0.18 0.57 0.68 2.91 1376 24.38
510 0 8.69 10.36 3.26 5.98 10.14 0.19 0.81 0.58 7.08 14.69 25.02
445 0 1523 1659 8.67 8.77 1168 6.07 3.44 -0.21 2.33 21.81 32.58
310 0 1705 1691 0 32.73 48.6 0.59 1319 136 : : :
265 0 1408 9.16 0 29.79 42.82 0.78 1387 155 : : :
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Table B.30 — LVDT data (Deflection) of Specimen S13-143
Deflection (mm)
I(_ISS()j Groupl Group2 Group3 Group4
v3 v2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0.09 0.17 0.25 0 0.03 -0.03 0.82 0.14 0.23 0.01 -0.03 -0.05
45 0.05 0.25 0.27 0.05 0.06 0.01 0.85 -0.01 -0.09 0.08 0.18 0.4
55 0.04 0.18 0.2 0.07 0.1 0.12 0.88 0 -0.04 0.08 0.18 0.36
85 0.02 0.19 0.14 0.13 0.16 0.23 0.88 -0.06 -0.15 0.12 0.29 0.56
140 0.02 0.39 0.35 0.16 0.18 0.22 0.88 -0.21 -0.51 0.2 0.56 1.12
160 0.03 0.49 0.47 0.17 0.17 0.18 0.89 -0.28 -0.62 0.25 0.69 1.39
170 0.03 0.56 0.54 0.16 0.19 0.15 0.89 -0.34 -0.75 0.26 0.76 1.5
180 -0.01 0.36 0.21 0.32 0.39 0.66 0.93 -0.29 -0.58 0.32 0.86 1.65
195 -0.03 0.36 0.14 0.39 0.5 0.87 0.93 -0.35 -0.69 0.32 1.07 2.01
215 -0.07 0.36 0.08 0.44 0.6 1.07 0.92 -0.4 -0.75 0.35 1.26 2.36
230 -0.09 0.37 0.03 0.49 0.68 1.25 0.91 -0.45 -0.82 0.38 1.9 2.67
245 -0.12 0.37 0.01 0.54 0.77 1.39 0.9 -0.5 -0.89 0.41 1.68 3.04
255 -0.09 0.43 0.14 0.58 0.9 1.68 0.92 -0.3 -0.56 0.43 2.07 3.71
265 -0.12 0.46 0.17 0.6 0.98 1.8 0.92 -0.29 -0.49 0.45 2.26 4.07
285 0.03 0.68 0.61 0.52 0.93 1.73 1.06 0.19 0.25 0.39 2.19 3.93
305 0.01 0.75 0.72 0.57 1.09 2.08 1.03 0.19 0.29 0.43 2.5 4.56
320 0.13 0.96 1.03 0.54 1.12 2.15 1.14 0.57 0.93 0.39 2.53 4.67
335 0.12 1.08 1.21 0.59 1.34 2.55 1.11 0.55 0.92 0.42 2.81 5.28
350 0.17 1.2 1.77 0.62 1.62 3.04 1.14 1.03 1.8 0.43 3.04 5.76
365 0.13 1.57 1.9 0.69 1.91 3.61 1.09 1.01 1.92 0.46 3.39 6.5
385 0.09 1.73 2.24 0.78 2.29 4.32 1.05 0.98 2.02 0.51 3.87 7.47
410 0.27 2.17 2.99 0.73 2.52 4.72 1.2 1.78 3.38 0.46 3.85 7.44
430 0.32 2.45 3.45 0.75 2.73 5.12 1.3 2.07 3.95 0.46 4.05 7.87
450 0.31 2.6 3.69 0.82 3.01 5.63 1.19 2.08 4.01 0.49 4.43 8.61
455 0.33 2.72 3.88 0.83 3.08 5.76 1.19 2.14 4.13 0.49 4.51 8.79
480 0.51 3.16 4.62 0.79 3.24 6.01 1.34 2.88 5.47 0.44 4.47 8.67
490 0.5 33 4.84 0.84 3.42 6.36 1.31 2.89 5.53 0.47 4.74 9.22
505 0.49 3.48 5.08 0.9 3.68 6.85 1.9 2.9 5.62 0.5 5.07 9.94
535 0.6 3.91 5.8 0.9 3.95 7.34 1.37 3.47 6.66 0.48 5.28 10.34
590 0.99 4.95 7.55 0.83 4.43 8.14 1.0 5.09 9.56 0.43 53 10.56
620 1.03 5.57 8.4 0.96 4.99 9.11 1.61 5.26 10.05 0.53 5.68 1151
655 1.05 6.19 9.18 1.15 5.54 10.13 1.5 5.13 9.82 0.62 6.86 1377
670 1.17 6.7 9.84 1.8 5.95 10.91 1.%4 5.08 9.67 0.69 7.85 1557
680 1.3 7.11 10.32 1.39 6.21 1143 1.%4 5.05 9.57 0.74 8.58 1688
700 1.65 8.16 1139 1.5% 6.67 1228 1.8 5.05 9.42 0.86 9.8 19.01
350 9.7 1437 1652 9.4 1178 1529 7.24 9.11 9.94 9.13 1749 25.74
0 0.09 0.17 0.25 0 0.03 -0.03 0.82 0.14 0.23 0.01 -0.03 -0.05
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Table B.31 - LVDT data (Deflection) of Specimen S15028

Deflection (mm)

I(_ISS()j Groupl Group2 Group3 Group4
v3 v2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 -0.02 -0.01 0.01 0.01 0.03 -0.01 -0.07 -0.14 0.01 0.05 0.12
95 -0.33 -0.22 -0.52 0.38 0.64 1.09 -0.3 -1.2 -2.2 0.48 1.33 2.67
130 -0.32 -0.12 -0.41 0.41 0.71 1.2 -0.29 -1.15 -2.16 0.51 1.39 2.77
155 -0.19 0.03 -0.13 0.42 0.76 1.3 -0.16 -0.8 -1.57 0.47 1.28 2.41
175 -0.07 0.17 0.12 0.44 0.76 1.25 -0.08 -0.55 -1.18 0.43 1.17 2.15
190 -0.04 0.25 0.23 0.46 0.83 1.35 -0.06 -0.53 -1.16 0.44 1.2 2.25
220 0 0.38 0.42 0.51 0.96 1.57 -0.05 -0.5 -1.11 0.48 1.34 2.46
230 0.05 0.5 0.62 0.51 1 1.61 0 -0.35 -0.87 0.46 1.3 2.4
235 0.08 0.56 0.79 0.55 1.2 2.02 0.02 -0.23 -0.59 0.45 1.57 2.95
245 0.12 0.63 0.95 0.59 1.39 2.4 0.06 -0.11 -0.36 0.45 1.8 3.55
250 0.14 0.72 1.13 0.68 1.93 3.48 0.06 -0.12 -0.17 0.45 2.05 4.19
265 0.31 1.4 33 0.9 2.86 5.56 0.07 -0.11 0.5 0.47 3.14 6.92
270 0.47 3.06 5.6 0.99 3.28 6.45 0.07 -0.11 0.99 0.48 3.54 7.86
275 0.64 4.25 8.03 1.24 4.22 8.5 0.08 0 1.97 0.47 4.72 10.8
280 0.76 5.08 9.66 1.38 4.68 9.5 0.09 0.05 2.42 0.46 5.3 12.28
285 0.86 5.89 1133 1.2 5.2 10.55 0.09 0.17 3.08 0.49 5.83 1372
285 1.11 7.17 13.84 1.66 6.14 1246 0.12 0.55 4.5 0.46 6.86 164
290 1.24 7.94 1541 1.8 7.43 1479 0.12 0.76 5.22 0.46 7.56 1809
290 1.34 8.48 1651 1.% 7.99 1585 0.12 0.95 5.74 0.47 7.97 19.14
290 1.5 8.93 1744 2.6 9.62 1854 0.15 1.488 6.68 0.45 8.5 20.45
295 1.61 9.5 1854 3.43 1166 22.15 0.15 1.0 7.12 0.44 9.51 22.8
295 1.72 10.2 19.92 4.5 1416 26.4 0.15 1.8 7.43 0.43 10.72 25.52
285 1.8 10.61 20.66 6.86 19.99 3549 0.14 1.9 7.95 0.44 1134 27.35

Table B.32 — LVDT data (Deflection) of Specimen S15-050

Deflection (mm)

l(‘lgsgj Groupl Group2 Group3 Group4

v3 v2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0 0.01 0 0 0.01 0 0 0 0 0 0

5 0 0.02 0.03 0.03 0.05 0.11 0.01 0.02 0.03 0.02 0.05 0.1
75 -0.03 0.08 -0.03 0.2 0.33 0.6 -0.08 -0.3 -0.6 0.16 0.06 0.98
160 0.02 0.37 0.4 0.29 0.59 0.97 -0.02 0.05 -0.05 0.17 0.07 0.98
200 0.16 0.65 0.84 0.3 0.73 1.16 0.05 0.36 0.47 0.16 0.05 0.85
225 0.24 0.8 1.11 0.32 0.81 1.31 0.11 0.52 0.77 0.16 0.09 0.82
245 0.4 1.16 1.8 0.37 1.06 1.74 0.16 1 1.9 0.16 0.09 1.1
265 0.54 1.5 2.65 0.47 1.49 2.52 0.2 1.3 2.66 0.17 0.23 1.67
290 0.68 1.9 3.41 0.54 1.9 3.26 0.21 1.49 3.4 0.17 0.34 2.04
295 0.85 2.53 4.61 0.57 2.45 4.12 0.27 1.81 4.35 0.18 0.37 2.33
310 0.93 2.77 5.09 0.63 2.99 5.02 0.28 2.01 4.97 0.18 0.46 2.57
320 1.05 3.55 6.51 0.75 4.11 6.96 0.31 2.56 6.34 0.19 0.71 3.47
330 1.17 4.15 7.64 0.82 4.82 8.17 0.32 2.87 7.2 0.19 0.84 4.05
350 1.33 4.78 8.82 0.91 5.61 9.51 0.34 3.19 8.1 0.19 1.17 4.96
365 1.46 5.52 10.17 1.01 6.22 10.6 0.38 3.48 8.82 0.2 1.41 5.62
380 1.66 6.48 1205 1.1 6.87 117 0.38 3.78 9.69 0.21 1.81 6.66
395 1.2 7.3 1361 1.25 8.08 1372 0.4 4.24 10.94 0.21 2.1 7.55
405 2 8.3 1551 1.39 9.28 1579 0.41 4.72 1215 0.23 2.57 8.76
415 2.24 9.74 1818 1.3 10.53 17.85 0.43 5.38 1382 0.24 2.96 9.97
425 2.57 1147 21.4 1.74 1179 19.93 0.43 5.96 1544 0.24 3.26 1105
435 3.18 1418 26.47 2.03 1368 23.02 0.44 6.43 1679 0.24 3.66 125
415 4.67 1674 30.12 2.2 14.66 24.14 0.43 6.68 17.78 0.26 3.93 1331
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Table B.33 — LVDT data (Deflection) of Specimen S15090
Deflection (mm)
I(_l?s()j Groupl Group2 Group3 Group4
v3 V2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0 0 0 0 0 0 0 0.01 0 0 0
85 -0.05 0.19 0.16 0.17 0.31 0.45 -0.1 -0.57 -1.16 0.35 0.8 1.67
145 0.08 0.44 0.53 0.21 0.45 0.64 -0.02 -0.32 -0.71 0.36 0.82 1.0
180 0.2 0.66 0.91 0.21 0.57 0.83 0.06 0 -0.14 0.3 0.78 1.5
200 0.28 0.79 1.13 0.21 0.63 0.94 0.11 0.19 0.2 0.26 0.8 1.5
225 0.34 0.93 1.36 0.21 0.71 1.1 0.15 0.36 0.51 0.24 0.86 1.68
250 0.39 1.08 1.63 0.24 0.85 1.35 0.18 0.52 0.83 0.25 1.04 2.07
265 0.42 1.2 1.87 0.26 0.95 1.5 0.2 0.64 1.06 0.27 1.2 2.39
285 0.47 1.37 2.13 0.29 1.09 1.81 0.22 0.83 1.47 0.28 1.37 2.79
305 0.52 1.2 2.47 0.32 1.24 2.13 0.25 1.06 1.97 0.28 1.5 3.19
325 0.58 1.8 3.03 0.36 1.5 2.63 0.28 1.32 2.59 0.29 1.75 3.72
350 0.65 2.09 3.56 0.4 1.78 3.19 0.3 1.5 3.13 0.29 1.93 4.16
370 0.72 2.41 4.2 0.44 2.14 3.89 0.33 1.81 3.76 0.29 2.13 4.7
390 0.74 2.58 4.53 0.47 2.33 4.28 0.35 1.2 4.03 0.31 2.25 4.95
410 0.78 2.87 5.09 0.52 2.63 4.83 0.36 2.11 4.55 0.31 2.42 5.41
430 0.87 3.28 5.87 0.58 3.05 5.64 0.38 2.36 5.19 0.31 2.67 6.09
455 0.95 3.7 6.71 0.64 3.54 6.61 0.41 2.63 5.91 0.31 2.92 6.79
490 1.09 4.39 7.79 0.76 4.15 7.95 0.41 3.04 6.98 0.3 3.29 7.82
515 1.17 4.88 8.75 0.83 4.66 8.95 0.43 3.31 7.74 0.3 3.55 8.58
540 1.23 5.33 9.6 0.9 5.09 9.8 0.45 3.61 8.42 0.3 3.75 9.21
550 1.3 5.61 10.13 0.94 5.36 10.32 0.46 3.76 8.84 0.3 3.89 10.31
595 1.5 6.57 1197 1.1 6.35 1226 0.5 4.35 10.35 0.3 4.45 1191
610 1.9 6.98 1276 1.17 6.76 1305 0.51 4.62 1103 0.3 4.72 1263
630 1.9 7.91 1443 1.35 7.48 14.53 0.54 5.13 1217 0.32 5.41 1443
620 2.53 9.48 1614 1.4 7.71 1502 0.54 5.48 128 0.32 5.83 1546
610 5.32 1426 22.54 1.46 7.6 14.81 0.53 6.26 1359 0.35 6.71 17.86
600 7.3 1698 25.99 1.4 7.34 14.34 0.52 6.86 1427 0.39 7.06 1877
580 10.66 21.49 32.33 1.39 6.78 1327 0.87 8.39 1638 0.48 7.58 19.94
560 1502 27.16 39.28 1.32 5.98 1167 2.56 1133 1874 0.74 8.45 21.51
345 19.23 32.17 42.59 7.01 8.28 8.45 1431 24.73 34.31 10.29 8.21 1312
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Table B.34 — LVDT data (Deflection) of Specimen S15090

Deflection (mm)

I(_l?s()j Groupl Group2 Group3 Group4

v3 V2 vl V6 v7 v8 v4 v1l v12 v5 v9 v10
0 0 0 -0.01 0 0 0 0 0 0 0 0 0
65 -0.08 0.01 -0.04 0.22 0.31 0.53 -0.04 -0.35 -0.66 0.23 0.54 1.02
15 -0.01 0.12 0.17 0.31 0.49 0.81 0 -0.25 -0.5 0.26 0.68 1.21
160 0.03 0.22 0.32 0.37 0.62 1.04 0.01 -0.18 -0.37 0.29 0.8 1.4
190 0.08 0.36 0.54 0.43 0.78 1.32 0.04 -0.08 -0.2 0.32 0.96 1.72
215 0.14 0.53 0.81 0.48 0.94 1.64 0.07 0.06 0.09 0.34 1.15 2.1
235 0.17 0.62 0.98 0.51 1.04 1.2 0.08 0.16 0.29 0.35 1.26 2.32
260 0.22 0.79 1.24 0.54 1.18 2.13 0.11 0.33 0.64 0.36 1.L 2.64
280 0.26 0.9 1.46 0.56 1.3 1.9 0.12 0.48 0.98 0.37 1.% 2.94
300 0.32 1.07 1.79 0.6 1.5 2.78 0.14 0.7 1.46 0.37 1.79 3.45
320 0.36 1.27 2.06 0.63 1.65 3.1 0.17 0.87 1.8 0.39 1.9 3.81
340 0.4 1.48 2.38 0.66 1.8 3.43 0.18 0.97 2.11 0.4 2.05 4.13
360 0.46 1.66 2.78 0.7 2.02 3.87 0.21 1.16 2.59 0.4 2.2 4.51
380 0.51 1.8 3.18 0.73 2.24 4.31 0.23 1.34 3.05 0.4 2.35 4.89
390 0.54 2 3.49 0.76 2.39 4.61 0.24 1.4 3.33 0.4 2.45 5.15
415 0.62 2.4 4.27 0.84 2.82 5.47 0.27 1.8 3.94 0.42 2.66 5.78
445 0.66 2.73 491 0.89 3.17 6.16 0.3 1.91 4.55 0.42 2.84 6.27
475 0.74 3.14 5.69 0.98 3.52 7.04 0.32 2.15 5.2 0.43 3.05 7.52
505 0.81 3.55 6.51 1.06 3.98 7.93 0.34 2.44 5.95 0.44 3.26 8.17
540 0.89 4.08 7.51 1.16 4.55 9.06 0.37 2.77 6.83 0.44 3.55 9.02
575 0.95 4.55 8.42 1.26 5.1 10.16 0.38 3.1 7.72 0.44 3.81 9.78
625 1.08 5.2 9.73 1.39 5.8 1155 0.41 3.53 8.86 0.44 4.2 10.85
665 1.2 5.86 10.91 1.3 6.38 12.87 0.45 3.91 9.87 0.47 4.6 1194
695 1.32 6.45 1202 1.64 6.99 14.05 0.45 4.26 10.83 0.46 4.97 12.86
750 1.4 7.18 134 1.8 7.76 1552 0.48 4.69 1192 0.48 5.53 1431
745 1.2 7.45 1375 2.15 8.87 17 0.48 4.93 12.62 0.48 6.02 1528
645 1.36 6.65 1208 6.21 1402 23.07 0.49 5.12 132 0.59 6.69 1536
640 1.3 6.44 1161 7.56 1538 26.2 0.5 5.24 1351 0.62 7.29 1591
595 1.9 5.93 10.62 9.69 1813 28.81 0.56 5.44 1375 1.2 8.53 1657




B.5 LVDT (deflection) data for 10 SFRC slabs

Figs. B.9 shows the typical positions and labels of LVDTs to measure the vertical deflections of the

10 SFRC specimens. Tables B.35 to B.44 show the LVDT data of the 10 SFRC specimens.
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Fig. B.9 — Typical s typical positions and labels of LVDTs for 10 SFRC slab specimens.
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Table B.35 — LVDT data (Deflection) of Specimen F09-00

Load Deflection (mm)

(kN) D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16

0 0.00 | 0.00 [ 0.00 | 0.00 } 0.00 0.01 | 0.00 | 0.00 | -0.01 [ 0.00 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 | -0.01
0 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 0.00 [ -0.01 | 0.00 | 0.00 | 0.00 | -0.01 [ 0.00
16 0.05 [ 0.05 | 0.05 | 0.06 0.18 | 0.00 | 0.03 0.26 | 0.34 [ 0.04 | -0.16 [ -0.17 | 0.05 | 0.28 | 0.64 | 0.49
32 0.08 [ 0.04 | 0.08 | 0.10 | 0.24 | -0.04 | 0.08 | 0.42 | 043 | -0.01 [ -0.25 | -0.22 | 0.15 | 0.51 1.77 | 0.74
56 0.10 | 0.17 | 0.14 | 0.07 | 0.30 | 0.30 | 0.22 | 0.29 0.57 | 0.46 | 0.40 0.37 | 0.39 | 0.44 1.9 0.54
74 0.11] 031 | 0.21 [ 0.08 | 0.35 | 0.68 | 0.38 0.21 | 0.63 | 0.89 1.07 1.00 | 0.64 | 0.43 1.45 0.36
92 0.21 [ 0.44 | 0.22 | 0.08 | 0.60 1.02 | 0.38 | 0.20 1.15 1.9 1.71 1.34 | 0.60 [ 0.28 1.47 0.61
109 0.28 [ 0.57 | 0.25 | 0.07 | 0.85 1.41 0.44 | 0.20 1.65 237 | 248 1.86 0.68 | 0.25 1.57 0.86

18 0.33 | 0.63 | 0.27 [ 0.08 1.01 1.61 0.48 | 0.22 1.8 2.82 291 2.14 | 0.75 | 0.30 1.66 1.06
126 0.37 | 0.69 | 0.30 [ 0.09 1.16 | 1.4 0.56 | 0.30 | 2.29 3.28 337 | 248 | 0.90 0.47 1.8 1.31
138 0.40 [ 0.81 | 0.35 | 0.06 1.9 233 | 074 | 027 | 257 4.10 | 4.40 3.29 1.21 0.60 1.86 1.35
136 0.41 | 0.81 | 0.36 | 0.07 132 | 234 | 0.76 031 | 2.64 4.15 4.41 3.31 1.8 0.68 1.% 1.8

157 0.56 [ 0.98 | 0.44 | 0.03 1.72 | 3.04 1.09 | 0.33 3.58 5.60 5.90 4.48 1.97 0.91 2.11 1.87

172 0.65 [ 1.16 | 0.50 | -0.02 | 2.05 [ 3.69 1.35 ] 037 | 432 6.92 7.44 5.69 2.54 1.16 | 2.27 2.11
199 0.82 [ 1.12 ] 0.65 | 0.30 | 2.63 3.74 1.4 1.% 5.57 7.45 7.77 | 597 3.68 3.12 5.01 | 423

214 090 [ 1.08 | 0.73 | 0.50 | 3.05 3.71 2.16 | 2.29 6.53 776 | 7.82 6.05 | 445 433 6.69 5.57

236 097 | 1.06 | 0.81 [ 0.70 | 3.58 3.68 | 252 3.10 | 7.69 812 | 7.86 6.16 | 537 | 5.64 8.51 7.17
258 1.03 | 1.07 [ 0.91 | 0.91 411 | 3.84 | 293 3.99 8.84 8.74 839 | 6.54 6.35 7.11 | 10.55 | 8.83

279 .11 L.11] 1.01 [ 1.06 | 4.59 | 4.06 3.33 | 4.66 9.93 9.30 8.84 7.00 7.31 8.22 | 1208 | 10.19
300 1.18 | 1.25 1.11 ] 1.14 | 5.07 | 4.65 3.72 5.01 | 1097 | 10.50 | 10.20 | 7.92 8.19 | 8.96 | 1290 | 10.97
317 126 | 1. 1.21 1.09 | 545 5.59 | 4.09 | 4.92 1185 | 1204 [ 1220 | 9.32 893 | 9.06 | 1277 | 1105
337 139 | 1.2 | 1.34 | 098 | 588 | 6.70 [ 4.53 | 4.82 | 1282 | 1385 | 1456 | 1110 | 9.81 9.14 | 1261 | 1110
357 1% | 176 | 1.3 135 | 645 | 654 | 5.02 6.17 | 1399 | 1395 | 1429 | 1100 | 10.92 | 1124 | 1551 | 1334
37 1.e [ 1.77 | 1.72 | 1.6l 6.84 | 659 | 5.44 7.03 | 1477 | 1420 [ 1441 | 1118 | 1174 | 1260 | 1728 | 1471
372 le7 | 1.8 | 1.8 1.65 697 | 693 | 5.68 7.08 | 1503 | 1471 | 1513 | 1179 | 1211 | 1277 | 1729 | 1472
376 1.73 | 2.08 | 2.06 | 1.® 7.11 | 7.50 6.05 7.11 | 1526 | 1544 | 1628 | 1279 | 1267 | 1298 | 1724 | 1463
374 177 | 2.16 | 222 | 1.8 718 | 773 | 628 | 7.25 | 1532 | 1564 | 1666 | 1325 [ 1308 | 1323 | 1726 | 1460
121 9.56 | 937 | 9.40 | 8.54 1211 | 1242 | 1099 | 1215 | 1652 | 1707 | 1731 | 1484 | 1403 | 1477 | 1806 | 1587
19 9.73 | 953 | 9.57 | 8.69 | 1221 | 1253 | 1112 | 1226 | 1652 | 1709 | 1733 | 1491 | 1411 | 1483 | 1807 | 1588

18 9.81 [ 9.62 | 9.67 | 879 | 1226 | 1261 | 1123 | 1232 | 1652 | 1709 | 1734 | 1497 | 1417 | 1487 | 1808 | 1588
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Table B.36 — LVDT data (Deflection) of Specimen F14-00

Load Deflection (mm)

&N) [ DI [ D2 [ D3| D4 | D5 | D6 | D7 | D8 | D9 | DI0 | DI | D12 | DI3 | DI4 | DI5S | DI6
0 | 000 | 000|000 000|000 000|000 | 00| 000 | 0.0l | 0.00 | 0.0 | 0.00 | 0.00 | 0.00 | 0.00
0 [000 [0.00 [000 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00
0 | 000 [0.00 000|000 | 000 000 000 |-0.01 | 000 | 000 | 0.00 | -0.01 | 0.00 | -0.01 | 0.00 | 0.00
24 | 008 | 0.16 | 0.01 | -0.06 | 0.18 | 038 | 0.00 | 024 | 035 | 0.68 | 0.74 | 0.43 | -0.04 | -0.39 | 0.25 | -0.16
43 | 014 | 0.16 | 0.02 | 001 | 030 | 0.34 | 001 | 0.09 | 0.60 | 0.75 | 0.71 | 035 | -0.03 | -0.24 | 0.83 | 0.16
63 | 020 | 0.16 | 0.04 | 0.08 | 041 | 033 [ 0.06 | 0.10 | 0.82 | 082 | 0.68 | 032 | 0.08 | 0.00 | 1.27 | 0.48
82 | 025 015|007 | 0.18 | 052 | 030 | 0.13 | 036 | 1.03 | 084 | 0.62 | 028 | 023 | 039 | 1.%5 | 0.90
97 | 027 [ 0.14 | 0.12 [ 027 | 058 | 030 | 023 | 0.61 | 1.19 | 0.86 | 0.61 | 0.34 | 0.48 | 0.81 | 248 | 1.27
15 | 029 [ 013] 0.17 | 038 | 0.65 | 030 | 038 | 0.99 | 133 | 086 | 0.61 | 0.46 | 0.78 | 1.4 | 328 | 1O
122 [030 | 0.13 | 0.18 | 045 | 069 | 032 | 044 | 1.2 | 1.8 | 091 | 065 | 052 | 0.92 | 1.&% | 3.78 | 216
146 | 034 [ 0.10 | 025 | 0.62 | 084 | 034 | 072 | 1.& | 1.77 | 1.04 | 075 | 088 | 1.& | 3.09 | 522 | 3.16
157 | 035 | 0.11] 030 | 070 | 094 | 039 | 090 | 217 | 1.9 | 1.16 | 0.85 | 1.15 | 2.05 | 3.61 | 587 | 3.64
153 [ 035 ] 011|030 | 0.70 | 095 | 039 | 091 | 219 | 201 | 1.18 | 087 | 1.15 | 2.06 | 3.63 | 589 | 3.68
162 | 037 | 009 | 030 | 0.75 | 1.02 | 038 | 094 | 239 | 216 | 1.2 | 090 | 1.15 | 2.13 | 391 | 6.34 | 4.00
178 [ 046 | 009 | 032 | 0.87 | 135 | 048 | 1.05 | 284 | 292 | 172 | 1.14 | 1B | 247 | 458 | 7.34 | 5.07
178 | 046 | 0.09 | 033 | 090 | 136 | 049 | 1.08 | 295 | 295 | 175 | 119 | 132 | 252 | 474 | 7.62 | 5.4
194 | 051010037 099 | 157 | 058 | 1.9 | 332 | 345 | 210 | 141 | 19 | 307 | 546 | 842 | 585
197 [053 [ 009 | 038 [ 1.03 | 1.6 | 062 | 135 | 349 | 363 | 222 | 1.3 | 1.8® | 323 | 573 | 884 | 6.17
215 | 060 [ 0.19[ 045 | 1.08 | 1.9% | 1.00 | 1.€ | 3.77 | 434 | 294 | 237 | 244 | 3.94 | 620 | 952 | 6.86
238 | 065 | 044 | 053 | 1.02 | 225 | 1.8 | 191 | 3.65 | 503 | 426 | 415 | 382 | 457 | 620 | 939 | 6.89

259 | 072 | 0.69 | 0.60 | 0.97 | 258 | 268 | 221 | 352 | 581 | 570 | 601 | 520 | 532 | 630 | 925 | 6.89

279 [ 0.80 | 0.77 [ 0.66 | 1.05 | 291 | 3.05 | 2.50 | 3.86 | 6.58 | 640 | 6.85 | 601 | 6.05 | 6.85 | 10.09 | 7.67
301 [ 089 | 083|073 119 3.23 | 336 | 279 | 435 | 731 | 7.03 | 7.58 | 658 | 6.82 | 7.74 | 1127 | 8.60
318 | 098 [ 0.82 | 0.77 | 133 | 3.55 | 3.38 | 3.02 | 487 | 805 | 730 | 7.67 | 679 | 743 | 848 | 1240 | 9.64

338 | 104 | 1.08 | 083 | 1.27 | 389 | 433 | 3.26 | 472 | 881 | 884 | 9.74 | 827 | 798 | 836 | 1224 | 9.67

359 | 113 | 1.10 | 0.90 | 146 | 421 | 443 | 353 | 540 | 951 | 9.13 | 10.04 | 858 | 8.66 | 9.40 | 1375 | 10.87

376 | 1.9 | L12| 121 | 1.97 | 471 | 450 | 423 | 667 | 10.50 | 941 | 10.16 | 896 | 9.98 | 1140 | 1612 | 1264

356 | 157 | 1.3 | 1@ | 266 | 493 | 452 | 472 | 742 | 1069 | 928 | 9.94 | 899 | 1049 | 1238 | 1710 | 1332

355 | 170 | 127 | 1.8 | 296 | 5.02 | 451 | 506 | 7.82 | 10.77 | 917 | 983 | 9.11 | 10.99 | 1305 | 1764 | 1367

227 | 490 | 422 [ 498 | 582 | 725 | 658 | 747 | 990 | 1157 | 10.02 | 1049 | 1049 | 1241 | 1457 | 1852 | 1479
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Table B.37 — LVDT data (Deflection) of Specimen F09-03

Load Deflection (mm)

(kN) D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16
0 0.00 | 0.00 0.00 | 0.00 | 0.00 - 0.00 0.00 | 0.00 - - - 0.00 -0.01 0.01 0.01
0 0.00 | 0.00 0.00 | 0.00 | 0.00 - 0.00 0.00 | 0.00 - - - 0.00 0.00 0.00 0.00
0 0.00 | 0.00 0.00 0.00 0.00 - -0.01 | -0.01 | 0.00 - - - 0.00 0.00 0.00 0.00
35 0.20 | 0.01 | -0.08 | 0.00 | 0.46 - -0.23 | 0.20 | 0.94 - - - -0.40 | -0.15 0.40 0.79
24 0.15 | 0.01 | -0.07 | 0.00 0.34 - -0.21 | 0.17 | 0.68 - - - -0.38 | -0.14 | 0.58 0.61
51 0.22 | -0.01 | -0.03 | 0.00 | 0.46 - -0.15 [ 0.45 | 0.89 - - - -0.29 | 0.23 1.81 1.06
66 0.23 | -0.02 | 0.03 0.00 | 0.48 - -0.05 [ 0.63 0.91 - - - -0.08 0.57 2.28 1.27
79 0.23 | -0.04 | 0.08 0.00 0.49 - 0.09 0.88 0.92 - - - 0.19 1.03 2.83 1.5%
86 0.24 | -0.06 | 0.13 | 0.07 | 0.49 - 0.19 1.06 | 0.95 - - - 0.39 1.35 3.15 1.76
91 0.25 | -0.09 | 0.15 [ 0.12 | 0.51 - 0.23 1.20 0.99 - - - 0.50 1.9 3.45 1.97
92 0.25 | -0.09 | 0.16 [ 0.14 | 0.51 - 0.24 1.25 0.98 - - - 0.52 1.65 3.55 2.03
94 0.24 | -0.10 | 0.17 | 0.21 | 0.52 - 0.28 1.4 0.99 - - - 0.62 1.5 3.94 2.27
93 024 | -0.11 | 0.17 | 0.22 | 0.52 - 0.28 1.45 0.99 - - - 0.63 1.97 3.98 2.30
101 0.25 | -0.14 | 0.19 | 0.28 | 0.52 - 0.31 1.8 0.99 - - - 0.67 2.22 4.43 2.52
17 0.26 | 0.02 0.20 0.17 | 0.63 - 0.37 1.34 1.26 - - - 0.76 1.4 3.86 2.23
122 0.28 | 0.00 0.21 0.20 0.66 - 0.39 1.8 1.31 - - - 0.79 1.97 4.09 2.39
139 0.32 | -0.03 | 0.25 0.31 | 0.79 - 0.49 1.74 1.8 - - - 1.04 2.48 4.75 2.95
154 0.37 | -0.08 | 0.30 [ 0.47 | 0.98 - 0.60 | 2.22 | 2.00 - - - 1.30 3.23 5.85 3.79
177 0.47 | -0.15 0.34 0.68 1.37 - 0.76 2.92 2.88 - - - 1.72 4.28 7.36 5.15
195 0.58 | -0.24 | 0.36 [ 0.88 1.78 - 0.92 3.59 3.79 - - - 2.16 5.26 8.91 6.62
199 0.60 | -0.27 | 037 | 0.94 1.8 - 0.97 3.81 3.96 - - - 2.29 5.61 9.41 7.01
217 0.68 | -0.36 | 0.40 1.16 | 2.18 - 1.18 | 4.58 4.69 - - - 2.85 6.87 1108 8.36

242 0.82 | -0.40 | 0.43 1.36 | 2.74 - 1.4 5.36 5.93 - - - 3.52 8.03 1289 9.97

264 0.96 | -0.40 | 0.48 1.3 3.28 - 1.74 | 6.04 7.15 - - - 431 9.08 1444 1149
281 1.05 | -0.28 | 0.54 1.60 3.71 - 1.% 6.47 8.06 - - - 4.83 9.72 1552 | 1242

282 1.07 | -0.27 | 0.54 1.60 3.77 - 2.00 6.49 8.19 - - - 4.95 9.70 1558 | 1253

302 1.14 | -0.04 | 0.64 1.3 4.08 - 2.31 6.41 8.90 - - - 5.60 9.78 1548 1257
319 1.20 | -0.07 | 0.70 1.0 4.34 - 2.58 6.99 9.50 - - - 6.22 10.79 | 1680 | 1355

320 1.3 | -0.06 | 0.70 1.70 | 4.44 - 2.60 7.02 9.74 - - - 6.30 10.84 | 1684 | 1369

324 1.9 | -0.03 0.71 1.72 | 4.67 - 2.65 7.14 | 10.25 - - - 6.40 1093 | 1712 | 1410
341 1.34 ] 0.03 0.75 1.79 | 4.88 - 2.83 7.43 | 10.66 - - - 6.80 1145 1788 | 1463

360 1.4 0.10 | 0.83 1.8 5.27 - 3.17 7.81 1156 - - - 7.63 1222 | 1872 | 1543

380 1.8 | 0.20 0.92 | 2.03 5.71 - 3.53 8.41 | 1253 - - - 8.44 1325 | 20.09 | 1644

400 1.6 | 0.29 1.02 2.19 | 6.12 - 3.87 8.96 | 1344 - - - 9.16 1419 | 21.30 | 1745
418 1.75 | 0.42 1.14 | 230 | 6.59 - 4.21 9.38 | 1449 - - - 9.91 1488 | 22.23 | 1840

434 1.& | 0.55 1.25 241 | 7.02 - 4.55 9.82 1541 - - - 10.62 | 1559 | 23.23 | 1928

444 1.9 | 0.60 1.32 | 2.52 7.25 - 4.75 | 10.23 | 1589 - - - 1103 1621 | 24.14 | 1993

453 2.09 | 0.75 1.8 291 | 7.86 - 5.26 1110 | 1703 - - - 1196 | 1747 | 25.70 | 21.30

455 226 | 0.85 1.8 3.26 8.18 - 5.69 1172 | 1754 - - - 1268 | 1846 | 26.71 | 22.01

450 241 1.05 2.14 | 3.55 8.34 - 6.12 | 1201 | 1776 - - - 1328 | 1899 | 26.99 | 22.23

422 3.09 1.75 | 2.83 4.18 | 8.79 - 6.72 | 1258 | 1787 - - - 1368 | 1951 | 27.46 | 22.59
418 317 | 1.8 2.93 426 | 8.84 - 6.80 [ 1264 | 1788 - - - 1371 | 1954 | 27.47 | 22.60
412 3.60 | 2.38 3.76 4.87 8.99 - 7.78 1326 | 1772 - - - 1497 | 20.66 | 28.00 | 22.72
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Table B.38 — LVDT data (Deflection) of Specimen F14-03

Load Deflection (mm)

&N) | DI [ D2 [ D3 | D4 | D5 | D6 | D7 | D8 | D9 | DI0 | DIl | DI2 | DI3 | D4 | DI5 | DI6
0 ]000 ] 000 | 000 | 0.00 | 000 | 0.00 | 000 | 0.0 | 0.00 | - - -~ | 0.00 | 0.00 | 0.00 | 0.00
26 [ 009 | 003 | 0.10 | 0.15 | 0.11 [ -003 [ 0.15 | 029 | 0.16 | - - - [ 026 [ 042 | 071 | 040
40 | 0.18 ] -0.05 | 0.14 | 033 | 0.24 [ -026 | 0.18 | 0.70 | 035 | - - = [ 034 | 094 | 251 | 1.04
66 | 025 ] -003 | 0.19 | 043 | 037 | -023 | 027 | 093 | 056 | - - - [ 051 | 124 | 306 | 14
79 [ 029 [ -0.05 | 024 | 053 | 042 [ -028 | 036 | 1.17 | 0.62 | - - - [o6s | 16l | 359 | 175
107 | 031 | -0.04 | 039 | 0.70 | 0.47 [ 030 | 0.70 | 1.& | o.61 | - - = | 139 [ 260 | 456 | 227
121 [ 028 | -007 | 050 | 0.82 | 040 | -035 | 1.00 | 2.07 | 0.44 | - - - [ 204 [ 358 | 544 | 272
141 | 0.28 | -0.08 | 0.64 | 0.95 | 037 [ -033 | 135 | 255 | 036 | - - - [ 283 [ 463 | 641 | 3.3
158 | 027 [ 0.09 | 0.75 | 1.09 | 040 | -031 | 1.8 | 3.05 | 032 | - - - [ 333 [ 566 | 751 | 3.8
183 | 026 | 0.09 | 093 | 1.4 | 0.44 | 028 | 223 | 367 | 042 | - - - [ 473 | 710 | 885 | 449
198 | 0.28 [ -0.05 | 1.01 | 133 | 0.60 | -0.14 | 2.51 | 404 | 0.75 | - - - [ 536 | 788 | 967 | 5.06
213 | 034 | 0.03 | 1.06 | 1.4 | 0.83 | -0.05 | 269 | 437 | 130 | - - = | 580 [ 847 | 1044 | 568
222 | 037 [ -002 | 1.09 | 1.4 | 094 [ 000 | 280 | 447 | 1.5 | - - - [ 606 | 871 | 1067 | 591
243 | 045|002 | 116 | IS | 1.0 | 0.16 | 3.07 | 506 | 212 | - | 017 | - | 666 | 9.66 | 1203 | 6.89
267 [053 | 012 [ 16 | 1.6 | 1.2 | 044 | 339 | 534 | 289 | - | 081 | - | 741 | 1030 | 1267 | 747
282 | 058 | 020 | 133 | 170 | 1.75 | 0.72 | 3.62 | 559 | 343 | - | 146 | - | 7.92 | 1081 | 1327 | 7.95

306 | 068 | 042 | 145 | 175 | 213 | 1.31 | 3.98 | 580 | 432 | - - - [ 869 | 1130 | 1380 | 8.43
322 | 073 | 066 | 1% | 172 [ 234 | 192 | 423 | 570 | 478 | - | 407 | - | 912 | 1126 | 1363 | 835
342 | 081 | 090 | 1.4 | 1.70 | 2:65 | 249 | 451 | 563 | 552 | - | 534 | - | 967 | 1133 | 1353 | 84l
357 [085 | 115 | 173 | 1.66 | 285 | 3.16 | 476 | 551 | 600 | - | 682 | - | 10.09 | 1130 | 1338 | 834
383 | 092 | 1.8 | 1.87 | 1.6+ | 320 | 399 | 521 | 549 | 687 | - | 867 | - | 1095 | 1154 | 1345 | 848

400 [0.99 [ 18 | 197 | 177 | 344 | 402 | 554 | 601 | 741 | - | 878 [ - | 1176 | 1253 | 1456 | 9.26
421 | 106 | 146 | 205 | 1.8 | 373 | 416 | 582 | 652 | 799 | - | 919 | - | 1242 | 1339 | 1569 | 10.10
441 | 113 | 155 | 216 | 206 | 400 | 446 | 6.18 | 7.00 | 855 | - | 988 | - | 1322 | 1429 | 1673 | 10.84
459 | 132 | 1.8 | 233 | 236 | 445 | 480 | 666 | 771 | 934 | - | 109 | - | 1419 | 1540 | 1806 | 1189
457 | 1@ | 175 | 251 | 252 | 461 | 489 | 690 | 802 | 959 | - | 1071 - | 1457 | 1584 | 1850 | 1226

460 | 173 | 1. | 310 | 3.3 | 492 | 507 | 772 | 914 | 983 | - | 1085 - | 1590 | 1765 | 20.33 | 1338
374 | 330 | 3.63 | 496 | 465 | 592 | 639 | 932 | 1027 100 | - | 1131 | - | 1696 | 1858 | 20.66 | 1381
364 | 392 | 427 | 584 | 545 | 622 | 691 | 1051 | 1122 [ 10.00 | - | 1147 | - | 1867 | 2021 | 21.67 | 1422

306 | 651 | 7.03 | 9.19 | 854 | 7.58 | 894 | 1421 | 1423 | 980 | - | 1196 | - | 22.92 | 24.30 | 2436 | 1554




B-60 Appendix B

Table B.39 — LVDT data (Deflection) of Specimen F09-06

Load Deflection (mm)

&N) | p1 | D2 | D3 | D4 | D5 D6 D7 D8 D9 D10 D1l D12 D13 | D4 | DI5 | Di6
0 000 [ - [o0.00]000] 000 ] 000|000 [o000] o000 ] 000 [o000] 000 [o000] o000 ]| 000/ 000
0 000 [ - [o000[o000] 000000 [-001]o001] 001|000 70007/ 0007|0007 0007|000 /[ o000

24 Jo20| - Joo3|o16] 032 ]-007] -011] 031 ] 058 | -020 [ -0.14] 041 |-022 [ 012 | 126 | 0.75
44 Jo26| - Jo14[034]035]-025]007 [070] 057 [ 013 [-053] 054 [ 015 | 076 | 2.76 | 1.18
58 Jo2o[ - Jo18]o039] 038 [-023]015] 079 ] 066 | 013 [ -051] 046 [ 033 [ 094 | 296 | 1.9
8t o032 - [o026[050] 042 -024] 031] 104 ] 069 [ 026 [ -062] 039 | 068 | 1.2 | 35 [ 1.9
98 038 - [o034[063] 050 [-032] 046 [ 139 ] 083 | 041 [ 083 [ 044 [ 103 [ 1.97 | 419 | 2.06
123 Jo44 | - [039]074] 061 ] -037] 057 | 1.66 | 1.03 | 042 | -088 | 044 | 132 | 238 | 481 | 250

173 068 | - [046 ] 106 1.19 | -044 | 0.85 | 2.72 | 2.10 - 091 [ 040 [ 258 | 404 | 7.07 | 459

175 069 | - o047 [ 109 1.2 | -044] 086 [ 283 | 2.15 - 091 [ 040 [ 2060 | 419 | 734 | 477

180 o071 - [o46 | 1.11] 1.8 | -044 | 087 | 292 | 227 - 090 | 041 | 268 | 431 | 7.55 | 4.96

197 [oso | - [oas[12] 12 [-047] 098 [ 336 275 - 0.87 [ 037 | 313 [ 499 | 852 | 586

219 095 - [os0] 10| 19 |-046 ] 1.17 [ 405 | 3.5 - 074 | 020 | 3.84 | 6.04 [ 1007 | 7.25

242 [ 105 - o060 | 19 ] 233 [-003 1.0 | 451 | 448 - 033 | 072 | 491 | 706 | 1110 | 8.14

260 | 1.04 024 [074 [ 140 | 253 ] 073 | 204 | 440 | 496 - 1.9 - 574 | 725 | 1096 | 8.03

279 [ 100 [ 055 [090 | 132] 265 | 1.5 | 251 | 425 | 525 - 3.68 - 659 | 749 [ 1073 | 7.77

282 [ 1.00 [ 060 | 092 [ 131] 267 | 1.0 | 2.58 | 424 | 531 - 3.9 - 671 | 7.52 | 1071 7.74

302 [o96 o088 | 10712528 [ 245 311 413 566 - 5.62 - 769 | 7.82 [ 1032 | 755

400 130 130 1.3 | 1.70 | 432 | 418 | 5.09 | 621 | 9.00 - 9.88 - 1213 | 1231 | 1534 | 1110

20 13712 1@ | 176 465 [ 453 | 545 [ 653 | 9.74 - 10.72 - 1291 | 1299 | 1605 | 1176

20 13718 [ 1.8 | 1.75] 467 | 469 | 548 | 651 ] 9.77 - 1107 - 1292 | 1294 | 1604 | 1172

440 |10 [ 178 175 1.70 | 499 | 560 | 593 | 643 | 10.2 - 1307 - 1374 | 1316 | 1591 | 1168

459 1o [ 23] 18| 1.6 | 529 | 664 | 646 | 633 | 1121 - 1536 - 1471 | 1347 | 1574 | 1154

463 | 145 [ 226 | 1.2 | 1.4 | 543 | 7.04 | 6.60 | 629 | 1153 - 1625 - 1492 | 1348 | 1570 | 1153

479 | 1.5 [ 240 [ 205 [ 1.77] 583 | 760 | 7.13 | 6.78 | 1240 - 1745 - 1607 | 1451 | 1673 | 1233

484 | 161 [ 239209 | 1.87 | 600 | 758 | 728 | 7.15 | 1274 - 1745 - 1644 | 1509 | 1751 | 1294

501 | 1.8 [ 234 | 221 ] 219 656 | 7.58 | 7.84 | 845 | 1382 - 1751 - 1778 | 1721 | 2031 | 1507

519 | 1.9 [ 238|234 [ 248 718 [ 7.74 | 844 | 9.63 | 1500 - 1790 - 1916 | 1916 | 22.85 | 1710

537 | 236 | 246 [ 255 [ 297 | 818 | 801 | 925 | 1157 | 1677 - 1848 - 20.96 | 22.04 | 26.87 | 20.33

540 [ 2.62 | 252 | 268 | 3.19] 883 | 811 [ 9.50 | 1224 | 1785 - 1862 - 21.46 | 22.86 | 28.13 | 21.67

538 [ 290 [ 257 [ 280 [ 353 | 938 | 8.14 | 9.68 | 1303 | 1867 - 1862 - 2171 | 23.66 | 29.52 | 23.00

543 | 349 | 269 [ 294 | 401 | 1055] 8.24 | 9.90 | 1404 | 20.62 - 1865 - 22.12 | 24.63 | 3126 | 25.18

540 | 389 [ 273 | 3.12 [ 474 | 1107 | 818 [ 10.10] 1559 | 21.12 - 1852 - 2237 | 2620 | 3423 | 27.24

sa1 | 410279 | 317 [ 487 ] 1147 | 823 | 10.13] 1576 | 21.& - 1855 - 2239 | 26.24 | 34.44 | 27.80

543 | 450 | 292 [ 3.42 | 520 | 1216 | 8.32 | 10.50 | 1648 | 22.93 - 1855 - 22,99 | 27.09 | 3563 | 29.10

540 [ 468 [ 3.02 ] 361 | 561 ] 1230 [ 833 | 1068 [ 1712 ] 22.97 - 1850 - 23.14 | 27.79 | 36.79 | 29.81

539 | 522 | 331|422 643 ] 1296 | 846 | 1148 | 1826 | 23.75 - 1835 - 2439 [ 29.30 [ 3828 | 3111
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Table B.40 — LVDT data (Deflection) of Specimen F14-06

Load Deflection (mm)

&«N) [ DI | D2 [ D3 | D4 | D5 | D6 | D7 | D8 | D9 | DIO | DI | DI2 | DI3 | DI4 | DI5S | DI6
0 000 [ 000 [000] 000|000 [000 ][00l 000|000 -~ [ 000 [ 001 [ 000 [ 000 | 000 | 0.0
0 | 000 [ 000 [0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 001 | - | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
19 | 004 | -001 | 007 | 0.12 | 004 | -0.10 | 0.12 | 026 | 0.05 - [ -020 [ 005 | 023 | 044 | 1.04 | 032
48 | 0.15 | 0.09 | 0.16 | 0.40 | 023 | -0.44 | 022 | 0.90 | 031 - [ 087] 053 | 050 | 1 | 248 | 1%
70 | 024 | 008 [ 022 | 055 | 038 | 053 | 031 | 1.9 | 058 - | 110|068 | 070 | 180 | 332 | I.®
88 | 0.28 | -0.06 | 026 | 0.61 | 0.45 | -0.50 | 039 | 1.2 [ 0.72 - | -103] 061 | 083 [ 200 | 3.57 | 2.03
103 | 033 [-005 [ 0327 070 [ 0.54 | 051 [ 049 | 1.& | 0.88 - | -1.05 [ 056 | 1.03 | 236 | 400 | 236
122 | 034 | -004 | 0.42 | 0.84 | 057 | -0.53 | 0.77 | 2.04 | 0.92 - | 116 033 | 1D | 324 | 486 | 281
143 | 038 [ -0.04 | 0.49 | 096 | 0.66 | -0.56 | 0.95 | 240 | 113 | - | -1.2 | 020 | 1.9 | 391 | 557 | 3.33
160 | 0.41 | -006 | 057 | 1.08 [ 073 | -058 | 118 | 278 | 1.6 - | -1 | -002 | 248 | 467 | 638 | 3.6

200 | 056 | 0.07 | 064 | 139 | 1.2 | 062 | 1.3 | 3.79 | 236 - | 127 [ 025 | 340 | 635 | 870 | 5.69
214 | 0.64 | -007 | 066 | 1.0 | 148 | -059 | 1.6l | 415 | 2.89 - [ 127030 | 367 | 690 | 954 | 643
248 | 082 | 031 | 074 | 140 | 206 | 054 | 1.8 | 3.9 | 417 | - 107 | -1.9%5 | 417 | 665 | 940 | 6.66

264 | 0.92 | 0.04 [ 077 | 135 | 238 | 137 | 1.8 | 3.87 | 485 - 239 | 286 | 437 | 651 | 928 | 6.77

289 | 1.07 | 030 | 082 | 1.27 | 291 | 272 | 213 | 3.71 | 6.07 - | 446 | - | 467 | 628 | 915 | 7.05
301 | 115 | -035 | 0.87 | 1.0 | 3.16 | 262 | 222 | 413 | 6.60 - 431 | - | 496 | 684 | 10.10 | 7.86
37 | 120 | 039 | 0.93 | 1.% | 334 | 257 | 244 | 463 | 701 - 426 | - 555 | 774 | 1127 | 8.69
351 | 137 [ -045 | 1.01 | 1.8 | 390 | 259 | 278 | 5.74 | 8.19 - | 438 | - | 648 | 945 | 1386 | 10.66
385 | 1.2 | 008 | 1.10 | 178 | 449 | 3.77 | 3.12 | 559 | 953 - 684 | - | 718 | 936 | 1371 | 10.89
399 | 19 | 009 | 114 | 174 | 477 | 431 [ 329 | 550 | 1014 | - 801 | - | 747 | 930 | 1364 | 10.98
477 [ 209 | 023 | 137 | 229 | 621 | 503 | 414 | 745 | 1312 | - 961 | - | 959 | 1232 | 1805 | 1470
503 | 226 | 030 | 1.8 | 249 | 674 | 526 | 438 | 810 | 1423 | - | 10.14| - | 1016 1324 | 1950 | 1599
539 | 256 | 043 | L% | 282 | 762 | 576 | 474 | 913 | 1597 | - 1126 | - | 1102 | 1460 | 21.74 | 1801
541 | 264 | 047 | 1.5 | 287 | 786 | 584 | 480 | 922 | 1646 | - 1139 | - | 1116 | 1469 | 21.8 | 1831
557 | 396 | 1.0 | 213 | 415 [ 1026 | 6.63 | 537 | 1166 | 20.41 | - | 1238 | - | 1186 | 1691 | 2624 | 22.91

560 | 413 | 130 | 229 | 434 | 1022 | 673 | 557 | 1196 | 2091 | - | 1246 | - | 1215 | 1729 | 26.73 | 23.46
570 | 447 | 147 | 257 | 480 | 1099 | 6.87 | 591 | 1283 | 2148 | - | 1255 | - | 1264 | 1835 | 2820 | 24.62
581 | 5.00 | 172 [ 282 | 538 | 1187 | 7.05 | 6.23 | 1384 | 2294 | - | 1265 | - | 1312 | 1940 | 29.90 | 26.46
569 | 656 | 271 | 3.73 | 7.04 | 1390 | 744 | 6.80 | 1585 | 2554 | - | 1253 | - | 1348 | 20.83 | 32.54 | 29.68
526 | 8.64 | 4.15 | 543 | 934 | 1620 | 7.94 | 755 | 1855 | 2805 | - 1219 | - | 1365 | 22.76 | 36.04 | 33.37

482 | 1169 | 638 | 7.74 | 1246 | 1968 | 8.69 | 8.74 | 22.06 | 3206 | - 1157 | - | 1378 | 24.86 | 40.20 | 3840




B-62 Appendix B
Table B.41 — LVDT data (Deflection) of Specimen F09-09

Load Deflection (mm)

&«N) [ DI [ D2 [ D3 [ D4 | DS | D6 | D7 | D8 | D9 | DI0 | DIl | DI2 | D13 | DI4 | DI5S | DI6
0 000 [ 000 [000][000] 001 [ 000 [000] 000|000 | 000 | 000 [ 000 | 000 | 0.00 [ 0.00 | 0.00
20 | 0.09 [ 0.02 [ 002 | 0.10 | 0.18 | 0.00 | -0.01 | 0.17 | 034 | -0.14 | -0.03 | 0.15 | -0.06 | 0.12 | 0.72 | 0.41
44 | 020 [ -0.05 [ 0.02 | 025 | 039 [ -0.21 | -0.07 | 051 | 0.77 | -007 | 041 | 0.60 | -0.21 | 0.46 | 203 | L12
66 | 026 | 0.03 | 0.04 | 031 | 054 | 0.18 [ -0.05 | 0.64 | 1.05 | -0.21 | -0.38 | 0.64 | -0.19 | 0.57 | 240 | 1.4
82 | 030 | -0.05 [ 0.07 | 038 | 0.61 | -0.24 | 000 | 0.81 | 1.19 | 0.16 | -047 | 0.71 | -0.11 | 0.82 | 2.86 | 1.73
101 | 032 [ -003 | 0.13 | 044 | 0.66 | -021 [ 0.15 | 0.93 | 132 | -020 | 043 | 054 | 021 | 112 | 3.15 | 1.9
126 | 034 | 003 | 021 | 049 | 072 | 007 | 033 | 1.10 | 146 | 036 | -0.17 | 021 | 058 | 1.4 | 3.58 | 212
145 | 036 | 021 | 028 [ 045 | 0.79 | 031 | 046 | 098 | 1.0 | -0.93 | 062 | 046 | 089 | 140 | 339 | 1.2
180 | 040 | 056 | 046 | 038 | 093 | 1.5 | 092 | 0.78 | 1.9%5 | 211 | 223 | 209 | 1.9 | 1.2 | 3.06 | 1.6
197 | 045 | 075 | 053 | 034 | 1.17 | 1.67 | 113 | 0.67 | 250 | -3.09 | 328 | 3.07 | 241 | 1= | 287 | 1.6
280 | 067 | 0.50 | 0.89 | 0.66 | 2.08 | 3.15 | 243 | 1.& | 466 | 537 | 562 | 594 | 537 | 455 | 569 | 4.06

320 [ 071 | 1.10 | 1.10 | 0.54 | 254 | 488 | 322 | 154 | 579 | 814 | 932 | 921 | 722 | 485 | 528 | 3.79

320 [ 073 | L11| 111|054 | 261 | 490 | 325 | 1.% | 597 | 824 | 938 | -926 | 730 | 490 | 531 | 3.88

340 | 082 | 140 | 1.14 | 047 | 3.06 | 579 | 347 | 1.2 | 704 | 998 | 1142 | -10.69 | 7.90 | 473 | 515 | 407

380 | 096 | 145 | 137 | 0.70 | 357 | 642 | 425 | 2.23 | 825 | -1120 | 1291 | -1223 | 9.66 | 6.60 | 7.08 | 552

402 | 101 | 139 | 1.9 | 0.90 | 3.85 | 640 | 475 | 2.97 | 895 | -1126 | 1295 | -1269 | 10.79 | 815 | 871 | 6.78

482 | 136 | 12 | 1.76 | 1.15 | 5.64 | 851 | 6.05 | 424 | 1309 | -1585 | 1776 | -1638 | 1386 | 10.78 | 1182 | 9.84

498 | 136 | 220 | 1.9 | 112 | 581 | 946 | 654 | 412 | 1356 | -1723 | 1975 | -1821 | 1497 | 1106 | 1167 | 9.65
501 | 136 | 229 | 1. | LI1| 591 | 979 | 6.67 | 410 | 1377 | -1771 | 2045 | -1879 | 1529 | 1112 | 1163 | 9.63
523 | 1.8 | 2.67 | 2.02 | 1.06 | 6.58 | 1115 | 7.11 | 397 | 1531 | -20.26 | 23.39 | 20.96 | 1635 | 1114 | 1147 | 9.91
576 | 2.06 | 2.10 | 242 [ 229 | 898 | 1091 | 885 | 8.66 | 2032 | 2140 | 2321 | 21.35 | 1997 | 1878 | 21.51 | 1848
613 | 249 | 244 | 260 | 2.57 | 1100 | 1317 | 9.71 | 10.02 | 24.62 | 2623 | 27.93 | 24.53 | 22.01 | 20.89 | 24.60 | 22.11
646 | 2.85 | 2.81 | 298 | 254 | 1288 | 1619 | 1139 | 10.10 | 28.80 | -32.15 | 3426 | -30.20 | 25.90 | 22.15 | 24.79 | 23.63

660 | 3.34 | 3.79 | 346 | 2.54 | 1503 | 20.96 | 1318 | 10.17 | 3325 | -40.84 | 44.15 | -38.08 | 29.81 | 23.28 | 24.99 | 24.93
664 | 3.74 | 467 | 354 | 262 | 1658 | 23.89 | 1340 | 10.38 | 36.48 | -46.91 | 50.47 | -41.9% | 30.39 | 23.08 | 25.44 | 26.50
668 | 3.87 | 485 | 359 | 263 | 1695 | 2434 | 1354 | 1045 | 37.10 | -47.92 | 51.48 | -42.66 | 30.64 | 23.18 | 25.56 | 26.84
668 | 402 | 478 | 3.71 | 2.68 | 1740 | 2526 | 1383 | 10.5% | 37.94 | -49.63 | 53.44 | -44.15 | 3120 | 2337 | 25.70 | 27.23
672 | 428 | 542 | 408 | 276 | 1797 | 26.66 | 1476 | 10.62 | 38.90 | -51.64 | 55.82 | -46.73 | 33.02 | 24.21 | 25.70 | 27.50
670 | 482 | 621 | 428 | 2.83 | 1895 | 2850 | 1498 | 10.71 | 40.36 | -54.81 | 59.34 | -48.95 | 33.23 | 23.89 | 25.70 | 28.10
668 | 558 | 7.12 | 458 | 3.15 | 2030 | 30.05 | 1513 | 1100 | 42.63 | -57.81 | 61.8 | -50.30 | 33.23 | 23.58 | 2591 | 29.39
665 | 6.84 | 837 | 5.03 | 3.55 | 22.71 | 3173 | 1531 | 1126 | 46.53 | -61.66 | 6443 | -51.3 | 33.15 | 22.92 | 25.88 | 3164
656 | 8.16 | 9.67 | 594 | 3.98 | 24.83 | 33.38 | 1552 | 1158 | 49.87 | -65.01 | 66.72 | 5227 | 32.97 | 2224 | 2587 | 33.53
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Table B.42 — LVDT data (Deflection) of Specimen F14-09

B-63

Load Deflection (mm)

(kN) D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16
1 0.00 | -0.05 | 0.00 | 0.05 ] 0.00 -0.14 | 0.00 0.11 0.01 - -0.13 0.11 0.00 0.09 0.14 0.10
1 -0.02 | -0.02 [ 0.04 | 0.09 | -0.01 | -0.08 0.07 0.22 | -0.57 - -0.08 -0.01 0.09 0.29 0.33 0.14
40 0.01 0.15 | 0.05 | 0.06 | 0.35 0.37 0.04 0.11 0.16 - 0.83 -0.47 | -0.03 | -0.10 1.4 0.35
58 0.09 0.19 | 0.05 | 0.10 | 0.58 0.49 0.04 0.23 0.66 - 1.09 -0.54 | -0.03 | -0.04 1.79 0.78
81 0.18 | 0.23 | 0.07 | 0.16 | 0.81 0.61 0.10 | 0.43 1.9 - 1.37 -0.71 0.11 0.22 2.31 1.31
103 0.25 0.26 | 0.09 | 0.22 | 0.99 0.73 0.19 | 0.64 1.75 - 1.65 -0.91 0.33 0.53 2.87 1.81
140 0.28 0.36 | 0.21 | 0.27 1.15 1.12 0.56 0.86 2.19 - 2.42 -1.8 1.21 1.26 3.47 2.17
180 0.34 0.40 | 0.29 | 0.37 1.36 1.9 0.85 1.25 2.77 - 2.82 -2.40 1.9 2.09 4.42 2.92

220 0.40 0.45 | 0.37 | 0.47 1.57 1.51 1.14 1. 3.36 - 3.37 -2.99 2.61 2.89 5.35 3.62

246 0.44 0.51 | 0.44 | 0.53 1.0 1.80 1.36 1.8 3.64 - 4.07 -3.62 3.08 3.47 6.08 4.04

286 0.50 0.56 | 0.50 0.6 1.93 2.01 1.64 2.14 4.29 - 4.51 -4.21 3.80 4.12 6.68 4.62
341 0.62 0.68 | 0.65 | 0.78 | 2.35 2.78 2.21 3.01 5.34 - 6.35 -5.80 5.06 5.86 8.85 6.09
362 0.68 0.70 | 0.67 | 0.79 | 2.57 2.82 2.35 3.05 5.95 - 6.40 -6.02 5.52 6.06 8.89 6.42
381 0.72 0.76 | 0.70 | 0.83 | 2.73 3.12 2.54 3.25 6.37 - 7.08 -6.61 5.96 6.49 9.42 6.81

402 0.79 0.82 | 0.74 | 0.87 | 3.02 3.46 2.75 3.52 7.11 - 7.84 -7.27 6.48 6.99 10.10 | 7.46
462 0.94 1.01 | 0.92 | 1.01 ] 3.65 4.54 3.61 4.35 8.73 - 10.17 | -9.55 8.50 8.98 1216 | 9.03
481 1.00 1.02 | 0.97 1.11] 3.89 4.68 3.86 4.76 9.35 - 10.5 | -9.95 9.12 9.79 1310 | 9.82
503 1.06 1.08 1.03 | 1.18 | 4.13 5.01 4.16 5.13 9.94 - 1133 | -10.65 | 9.80 10.57 | 1398 | 10.50
585 1.31 1.38 133 | 1.45 5.14 6.66 5.55 6.60 1245 - 1485 | -1407 | 1302 | 1386 1741 | 1307
603 1.36 1.40 1.40 1.5 5.34 6.81 591 7.01 1297 - 1520 | -1461 | 1385 1478 | 1828 | 1376
664 1.9 1.79 1.73 | 1.80 | 6.29 8.79 7.45 8.32 1516 - 1920 | -1868 | 1727 | 1790 | 21.17 | 1583
701 1.8 2.09 | 222 | 230 | 7.00 10.39 | 9.34 10.11] 1667 - 22.35 | -22.52 | 21.34 | 22.06 | 24.85 | 1814
9 1.9 220 | 247 | 244 | 7.30 1134 | 1030 | 10.75 ) 1733 - 24.14 | -24.77 | 23.36 | 23.81 | 26.14 | 1889
755 217 | 2.85 | 332 | 3.12 | 8.09 1417 | 1332 | 1326 | 1898 - 29.38 | -3145 | 29.52 | 30.00 | 3103 | 21.67
777 2.33 398 | 448 [ 3.69 | 8.37 1770 | 1670 | 1481 | 1931 - 3558 | -39.80 | 36.30 | 3555 [ 33.58 | 22.27
784 2.46 4.72 | 499 | 3.96 | 8.60 | 20.28 | 1794 | 1558 | 1961 - 40.30 | -44.51 | 38.58 | 37.81 | 34.98 | 22.68
795 2.58 529 | 555 [ 411 ] 890 | 2238 | 1933 | 1587 | 20.08 - 43.84 | -48.74 | 41.30 | 39.50 | 3524 | 22.65
789 2.78 6.06 | 6.03 | 433 | 9.08 | 24.00 | 20.01 | 1630 | 20.16 - 46.54 | -51.25 | 42.36 | 40.56 | 3595 | 22.88
796 3.08 6.73 | 6.52 [ 446 | 9.40 | 25.76 | 20.78 | 1638 | 20.51 - 4922 | -54.11 | 43.71 | 41.13 | 3585 | 22.72
801 3.90 8.71 | 8.09 | 5.01 | 10.36 | 30.38 | 22.70 | 1661 | 21.67 - 56.83 | -61.36 | 46.94 | 42.51 | 3558 | 22.37
797 4.45 9.63 891 | 538 10.8 [ 32.16 | 23.76 | 1672 | 22.15 - 59.08 | -63.86 | 48.50 | 43.24 | 3535 | 22.22
784 6.12 | 1298 | 1163 | 6.41 | 1219 | 39.16 | 26.95 | 1710 | 22.92 - 69.48 | -73.97 | 53.35 | 45.38 | 34.60 | 20.92
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Table B.43 — LVDT data (Deflection) of Specimen F09-12

Load Deflection (mm)

&N\) DI [ D2 [ D3 [ D4 [ D5 | D6 | D7 | D8 | D9 | DI0 | DI | D12 | DI3 | D4 | DI5 | DI6
0 | 0.00 | 0.00 | 000 | 0.00 | 0.01 | -0.01 | 0.00 | 0.00 | 0.00 | - | 0.00 - | 000 | 0.00 | 001 | 0.00
1 [ 000 [-0.01 | 0.00 | 000 | 000 | -0.02 | -0.01 | 0.0 | 001 | - |[-005| - | 000 | 004 | 0.04 | 0.03
28 | 007 | 025 | 0.14 [ 0.00 | 011 [ 050 | 0.19 | -0.17 | 029 | - | 082 | - | 039 | -0.13 | 0.71 | -0.31
39 | 007 | 033 | 031 [ 0.08 | 001 | 057 | 053 | 0.03 [ 0.00 | - | 095 | - | 096 | 038 | 1.08 | -0.38
68 | 0.10 | 043 | 042 | 0.12 ] 0.05 | 0.73 | 070 | 0.02 | 0.12 | - 12 - 132 | 0.63 | 138 | -0.38
78 | 0.10 | 0.47 | 047 | 0.14 | 0.04 | 0.79 | 080 | 0.07 | 0.09 | - 132 | - 19 | 078 | 157 | -0.38
95 | 0.10 | 0.56 | 0.62 | 0.17 | -0.04 | 0.92 | 1.09 | 0.13 [ -0.10 | - 1.% - 205 | L8| 175 | -0.53
122 | 004 | 0.85 | 0.93 | 020 | 021 | 137 | 173 | 0.06 | -049 | - | 242 | - | 334 | I® | L& | -1.04
144 | 005 | 1.09 | 1.07 | 020 | 026 | 1.6 | 204 | 0.0 | -049 | - | 304 | - | 398 | 208 | L& | -1.32
156 | 004 | 133 | 1.2 | 0.17 | -0.24 | 208 | 231 | -022 | -051 | - | 406 | - | 458 | 212 | 1.6 | -1.68

184 | 005 | 1.% | 14l | 013 | -0.13 | 257 | 262 | 037 | 021 | - 51| - | 536 | 229 | 101 | -1.79

199 | 011 [ 171 | 147 | 0.10 | 007 | 289 | 275 | -048 | 025 | - | 586 | - | 567 | 225 | 087 | -1.73
215 | 018 | 1.8 | 1.2 | 0.07 | 032 | 324 | 291 | 057 | 086 | - | 661 | - | 604 | 226 | 0.73 | -1.®

223 [ 022 | 1.8 | L% | 011 | 043 | 323 | 3.00 | 044 | 113 [ - [ 659 | - | 623 | 254 | 099 | -1

343 [ 072 [ 223 | 1.® | 053 | 231 | 444 | 445 | 1.2 | 545 | - | 960 | - | 944 | 612 | 495 | 2.94

360 | 081 | 228 | 1.2 | 061 | 266 | 467 | 477 | 1.5 | 622 | - | 1014 - | 10.16| 681 | 574 | 3.75

392 | 091 | 238 | 204 | 0.73 | 3.08 | 507 | 524 | 206 | 721 | - | 1113 | - | 1123 | 7.89 | 696 | 481
401 | 098 | 238 | 2.04 | 0.78 | 3.37 | 511 | 535 | 224 | 7.85 | - | 1124 | - | 1146 | 819 | 7.37 | 539

523 | 171 | 282 | 244 | 133 | 605 | 689 | 722 | 455 | 1365 | - | 1545 | - | 1537 | 1250 | 1259 | 10.96

583 | 231 | 318 | 283 | 1.8 | 835 | 815 | 887 | 642 | 1875 | - | 1823 | - | 1881 | 1605 | 1663 | 1553

507 | 241 | 328 | 294 | 1.8 | 871 | 843 | 931 | 695 | 1947 | - | 1886 | - | 1965 | 1711 | 1784 | 1650

679 | 415 | 3.75 | 3.82 | 3.24 | 1491 | 1025 | 1291 | 1191 [ 3253 | - | 2283 | - | 2649 | 25.79 | 28.17 | 29.56

709 | 6.62 | 402 | 450 | 456 | 2232 | 1111 | 1493 | 1626 | 46.88 | - | 2441 | - | 30.16 | 3175 | 36.38 | 43.47
714 | 721 | 406 | 462 | 496 | 23.83 | 1126 | 1517 | 1722 | 49.65 | - | 2462 | - | 30.50 | 32.73 | 38.10 | 46.28
718 | 790 | 413 | 475 | 547 | 2556 | 1141 | 1541 | 1822 | 5275 | - | 2489 | - | 30.86 | 33.79 | 39.94 | 49.40

725 | 880 | 420 | 4.87 | 601 | 27.59 | 1157 | 1562 | 1944 | 5642 | - | 2511 | - | 3108 | 3484 | 42.10 | 5329
713 | 9.16 | 422 | 495 | 6.24 | 2825 | 1158 | 1570 | 1987 | 5734 | - | 2502 | - | 3L13 | 3521 | 42.64 | 54.04

720 | 981 | 426 | 503 | 6.60 | 2976 | 1161 | 1579 | 20.61 | 60.28 | - | 2499 | - | 3115 | 3570 | 43.90 | 56.79
712 | 1031 428 | 5.04 | 693 | 30.69 | 1160 | 1588 | 21.16 | 61.8 | - | 2478 | - | 3120 | 36.15 | 44.66 | 58.09

708 | 1049 | 433 | 520 | 7.04 | 30.98 | 1164 | 1593 | 2134 | 6212 | - [2479 | - | 3119 | 3623 | 44.96 | 0.00
715 | 1195 | 465 | 549 | 807 | 33.67 | 1185 | 1602 | 22.86 | 66.62 | - | 2480 | - | 30.99 | 36.84 | 47.00 | 0.00

698 | 1274 | 496 | 5.77 | 866 | 3460 | 1190 | 1616 | 23.55 | 67.55 | - | 2451 | - | 3100 | 37.23 | 47.63 | 0.00
413 | -0.57 | 1414 | 1504 | -1.46 | -0.47 | 1561 | 20.57 | 35.14 | 7472 | - | 21._ | - | 2932 | 41.32 | 56.62 | 0.00
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Table B.44 — LVDT data (Deflection) of Specimen F14-12

Load Deflection (mm)

&«N) [ DI | D2 | D3 | D4 | D5 | D6 | D7 | D8 | D9 | DI0 | DIl | DI2 | DI3 | D4 | DI5 | Di6
0 | 000 | 0.00 | 000 | 0.00 | 0.00 | 0.01 | 000 | 0.00 | 0.00 | 0.00 | 0.00 0.00 | 0.00 | 0.00 | 0.01
22 | 0.10 | 0.05 | 0.06 | 0.00 | 0.10 | -0.01 | 0.07 | 0.15 [ 0.19 | -0.09 | -0.04 0.07 | 031 | 101 | 030
56 | 0.19 | -0.04 | 0.16 | 000 | 020 | 034 | 0.18 [ 0.71 | 0.28 | 038 | -0.65 0.15 | 1.09 | 249 | 1.09
76 | 022 | 0.03 | 022 | 0.00 | 025 | 037 | 028 | 086 | 0.40 | 0.44 | -0.73 034 | 139 | 280 | 1.9
101 | 026 | 0.04 | 029 | 0.00 | 030 | 044 | 039 | .14 | 045 | 0.58 | -0.91 051 | 1R | 350 | 1.6
127 | 030 | -0.04 | 037 | 0.00 | 036 | -046 | 0.55 | 140 | 053 | 0.70 | -0.91 080 | 229 | 404 | 1%
165 | 033 [ 0.08 | 053 | 0.00 | 041 [ -023 | 090 | 1.& | 0.60 | 0.57 | -0.47 15 | 288 | 449 | 212
187 | 035 [ 0.16 | 0.58 | 0.00 | 049 | -0.05 | 1.05 | 1.72 | 0.76 | 031 | -0.13 18 | 302 | 474 | 2.28
200 | 037 [ 026 | 0.62 | 0.00 | 056 | 020 | .16 | 1.67 | 0.97 0.36 209 | 3.16 | 465 | 224

238 | 048 | 055 | 0.69 | 000 | 0.88 | 094 | 139 | 1.3 | 1.75 1.93 269 | 329 | 443 | 226

285 | 0.62 | 0.74 | 0.78 | 000 | 131 | 1.0 | 1.74 | 1.8 | 282 3.18 346 | 408 | 501 | 295

298 | 0.66 | 076 | 0.81 [ 000 | 140 | 1® | 1.& | 202 | 3.02 3.46 366 | 446 | 549 | 328

322 | 072 | 082 | 087 | 006 | 1.@ | 181 | 205 | 227 | 357 401 417 | 507 | 607 | 3381

397 | 096 | 1.03 | 1.02 | 024 | 240 | 2.59 | 271 | 3.10 | 545 5.82 565 | 692 | 808 | 5.2

47 | 105 | 113 | 1.08 | 029 | 269 | 294 | 298 | 334 | 6.16 6.61 626 | 753 | 862 | 6.10

502 | 127 | 1.2 | 1.5 | 045 | 347 | 3.9 | 3.62 | 408 | 8.10 9.11 805 | 928 | 1039 | 7.66
523 | 132 | 1.9 | 131 | 049 | 365 | 429 | 3.86 | 431 | 856 9.82 858 | 9.86 | 10.98 | 8.05

600 | 161 | 1.76 | 1.9 | 0.70 | 455 | 535 | 458 | 522 | 10.73 1227 1044 | 1192 | 1301 | 9.87
681 | 1.8 | 201 | 1.74 | 096 | 541 | 638 | 555 | 636 | 1272 1465 1262 | 1441 | 1568 | 1184

702 | 1.9% | 205 | 1.8 | 110 | 573 | 657 | 577 | 686 | 1339 1507 1334 | 1545 | 1671 | 1272
741 | 210 | 217 | 200 | 133 | 628 | 7.10 | 630 | 7.77 | 1463 1623 1473 | 1729 | 1872 | 1425
777 | 229 | 234 | 219 | 16l | 693 | 7.77 | 7.04 | 8386 | 1600 1767 1631 | 1945 | 21.02 | 1604

799 | 240 | 243 | 230 | 1. | 729 | 813 | 746 | 959 | 1673 1849 1720 | 20.76 | 22.54 | 1716
821 | 253 | 252 | 241 | 1.%5 | 777 | 849 | 792 | 1017 | 1777 1924 IR18 | 21.97 | 23.78 | 1829

856 | 277 | 2.64 | 2.61 | 231 | 854 | 9.06 | 8.67 | 1154 | 1936 20.55 1971 | 2449 | 26.66 | 20.56

888 | 3.17 | 290 | 288 | 275 | 9.76 | 10.04 | 9.69 | 1322 | 2181 22.66 2174 | 2752 | 30.19 | 23.60

939 | 391 | 321 | 329 | 349 | 1189 | 1131 | 1120 | 1577 | 26.08 25.24 24.88 | 32.19 | 3534 | 28.60

940 | 411 | 330 | 336 | 3.73 | 1231 | 1161 | 1137 | 1657 | 26.79 2592 25.16 | 33.34 | 37.00 | 29.94

952 | 443 | 341 | 347 | 404 | 1299 | 1197 | 1167 | 1754 | 28.05 26.62 2575 | 3477 | 3885 | 3187

958 | 473 | 351 | 371 | 432 | 1368 | 1232 | 1197 | 1830 | 2936 27.28 2637 | 3594 | 4034 | 33.33

963 | 5.04 | 3.67 | 3.87 | 460 | 1433 | 1279 | 1222 | 1915 | 30.59 2832 2680 | 37.17 | 42.08 | 35.12

968 | 549 | 391 | 405 | 5.08 | 1517 | 1336 | 1242 | 20.33 | 3186 2936 27.09 | 3857 | 44.18 | 37.14
971 | 6.14 | 423 | 430 | 577 | 1624 | 1390 | 1267 | 21.9% [ 33.33 30.27 2738 | 40.50 | 47.16 | 39.98

960 | 7.64 | 491 | 481 | 720 | 1847 | 1459 | 1292 | 24.24 | 3692 3117 2738 | 42.66 | 51.13 | 4471
951 | 928 | 553 | 549 | 868 | 20.90 | 1506 | 1281 | 26.58 | 40.44 3156 2691 | 44.43 | 54384 | 49.23
691 | 1196 | 1324 | 1422 | 20.13 | 3232 | 1800 | 1623 | 37.83 | 50.49 29.94 2564 | 49.75 | 65.52 | 59.97
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Appendix C

Analysis and Derivations

C.1 Design Procedure for ACI direct design method

Comprehensive design examples using the ACI direct design method are provided
in a text book by McGregor and Wight (2000) and converted in to SI units by Teng
and Irawan. Thus, the authors used some of the figures in the textbook in this
section for illustration purposes. The procedure of the direct design method is
summarised by the following steps:
Step 1: Total factored static moment for a span

- Calculate the total factored static moment M, for a strip (Column strip and

Middle strip ). M, is given by

— Qulzlrzl
8

where gu is the factored load per unit area. As illustrated by Fig. 3.#, [> is the

M,

width transverse span, /» s the clear span length and should be at least 0.65/,
1 1s the column-to-column span length.
Step 2: Distribution of total factored static moment
- In an interior span, distribute 0.65M, to negative moment (negative M, =
0.65M,) and 0.35M, to positive moment (positive My, = 0.35M,).
- Inan end span, M, should be distributed in accordance with Table C.1 or
ACI 318-14 Table 8.10.4.2 as shown below
Step 3: Divide the moments between the column and middle strips
- For the negative moments, distribute 0.75 of negative M, obtained in Step
2 to become the interior negative moment in column strip, the remaining
0.25M. should be proportionally assigned to corresponding half middle
strips.
- For the positive moments, distribute 0.60 of negative M, obtained in Step
2 to become the interior negative moment in column strip, the remaining
0.40M, should be proportionally assigned to corresponding half middle

strips.

C1
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Spandrel beam
+~in edge frame

Fig. C.1 — Division of slab info frames for design (McGregor and Wight (2000))

Table C.1 - Distribution coefficients for end spans (ACI 318-14)

Slab without
beams between
Slab with | interior supports

Exterior beams Without | With | Exterior
edge between all edge edge | edge fully
unrestrained | supports beam beam | restrained
Interior 0.75 0.70 070 | 070 | 065
negative
Positive 0.63 0.57 0.52 0.50 0.35
Exterior 0 0.16 026 | 030 | 065

negative
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C.2 Derivations of flexural strength (Shear load) Viex

using Yield Line Analysis

This section of the appendix presents the derivation works of the Egs. (3.14) to
(3.16) of the ultimate load Vyer corresponding to the three yield line patterns as
shown in Fig. 3.9 (Section 3.4.3.2). The three equations and the figure are also

shown below.

Vflex
2 _q1\& .
/ 4+2 (Cl ) I, (For Fig. 3.9(a)) (3.14)
= mu
\ V2 (s G /
2 “°°8 7L,
v, ( o S ) For Fig. 3.9(b 3.15
flex = My L,—c, L —c ( or rig. S. ( )) ( . )
2(¢; +¢3) .
Velex = My — +2r (For Fig. 3.9(¢c)) (3.16)
I ‘Ll X | Li [_i
[T e _—
/./ ; | \'\ \‘\'\ Simple supports /’I
U]« Lo - | ! Y 2,
!// | €l \-\! o Cp : wiie Agad
DS T\ A b L EENN L, ;o
r\' _____ " e /I // _ \\ £ = ‘“‘E‘
N I 1 Yield hm.,- ; .7 Yield M\ =37 Wield % ST
! \l_\ : Ia—/; | ’IV’/].I“L' \\\ ./Ilm. : \‘ e,
L el 4 | P, tm e
P e — I
) Axis of Rotation |\ K st B&tateh Axis of Rotation
(a) (b) (c)

Fig. 3.9 — (a) yield line pattern a ductile slab loaded around the edges; (b) yield
line pattern for a simply supported ductile slab; (c) circular fan yield

line pattern.



C-4 Appendix C

Derivation of Equation (3.14)

Axis of rotation 1
Axis)f (otation 3
H > =Gy
N
|
|
Axis of rotation 2
(a)
Sulpport Support
V,r lex
(b)

(Note that for this derivation, the longer side of columns and slab dimensions are
denoted as Lz instead of Li)
Fig. C.1— (a) Yield line for a slab supported on rectangular column. (b) idealised
geometry of a slab rotation

Based on the yield line pattern shown in Fig. C.1 and Consider the virtual
work method as described in Section 3.4.3.2, the solution of Vex can be derived as
follows.
Total external work (due to applied load) = Total internal work (done by the
moments along yield lines)

Ug =U,; (cD)
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Consider the downward loads applied at the 8 points on two half-circles whose
centres are located at a distance of 0.5Ci from the centre of each short side of the
column toward the column centre, and the radius is rs or 0.5L; as shown in Fig.
C.1(a). At failure, the overall reaction force is Vrex and it acts at the centre of the
column. To aid in visualization, we assume that the 8 point-loads provides 8
support points for the column. Thus, the 8 support points are assumed to have zero
deflection. We also assume that the rigid column (providing an upward reaction of
Viiex) deflects upward by an amount of § or 1 (Fig. C.1(b)). Therefore, total external
work Ug can be expressed by Eq. (c2).

Ug = Viiex- 1 (c2)

Owing to symmetry, the total internal work done by the moments is equal to 2 times
the internal work done by moments along yield lines in segment-1, Uy, and
segment-2, Ur2, plus 4 times the internal work done the by moments along yield
lines in segment-3, Ui 3. Thus,

Uy =2(U; +Up,) + 4U;5 (c3)
The internal work along each yield line is equal to the bending moment along the
yield line per unit length times the length of the yield line times the amount of
rotation that the moment undergoes along that yield line.
For segment-1, the internal work occurs along yield line BC only, the yield lines BG
and CH do not contribute any internal work done to this segment because they are
orthogonal to the axis of rotation-1. Since the segment rotates about axis of
rotation-1, we have

UI,l = mll 91

where,
11=Cl,and91=1/7‘1
T'1 = CH’,

from triangle CH’M, the following relationship can be derived:
CH' =+2CcM

from triangle OMN, the following relationship can be derived:

CM = (ON) cos (Z) = 2 ¢;, where ON =



C-6 Appendix C

=7 cos(g) - g C;

then,

r, = CH' =+2CM
=2 cos(g) r,—C

thus,

UI,l = ml191 = mCll/T'l

= WC;_Q (c4)
For segment-2, the internal work occurs along yield line DC only, the yield lines
CG and DJ do not contribute any internal work done to this segment because they
are orthogonal to the axis of rotation-2. Since the segment rotates about axis of
rotation-2, we have

UI,Z = ml292

where,
lz =C2,al’ld92 :1/T2
T'2 s CI,,

from triangle CH’I’, the following relationship can be derived:
CI' = CH' = V2CM (Determined previously in segment-1 case)
and this leads to:

Rn=n= \/icos(g)rs -G

thus,

UI,Z = ml292 = mCzl/Tz

_ mCZ
\/Ecos(%)rs—cl

(c5)

For segment-3, the internal work occurs along yield lines CH and CI. Since the

segment rotates about axis of rotation-2, we have
U;3 = m[(CH) cos (E) + (CI) cos(g)]ﬁ3

or

Uz = mil30;

where

from triangle CH’M and CI’M, the following relationship can be expressed as:
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l3 - I H
and,

T Vs
IH = (CI) cos (Z) + (CH) cos (Z)
and, CI = CH = =<

s0, I3 = g(lq — (1)
03 =1/r3
And,

77.' V2 . .
r3=CM=r; cos(g) — 7C1 (Determined previously)
Therefore,

UI,3 = ml303
_ m2a,-c)
Ts cos(g)—\/z—icl

_ _ mL1—Cy)
\2rg cos(%)—Cl

(c6)

Substitute Eq. (c4) to (c6) into Eq. (c¢3) and the relationship in Eq. (cl) leads to:
Vflex- 1= 2(U1,1 + UI,Z) + 4UI,3

Therefore,

V _ mC1 mCz m(Ll—Cl)
flex \/Ecos(g)rs—cl \/Ecos(g)rs—cl V2rg cos(g)—cl

_ 4L1-2C1+2C,

=m( )

\/Ecos(g)rs—cl
substitute r; = 0.5L; and C, = BC;, where S is a ratio of long to short side of

column face as defined by ACI 318. We are able to obtain the following expression:

) (c7)

2L, +(B-1)Cy

VZ P
- cos(E)Ll—Cl

Vflex =2m (
Or, to be consistent with the main thesis, swap the notations of L1 with L2, and ci

with c2, therefore

Vf lex

C C )
_ 4+2 (E - )L_z (For Fig. 3.9(a)) (3.14)
“\ V2 7 ¢

—5-C0S¢q —7=
2 €958 7L,
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Derivation of Equation (3.15)

w KN
5

. . .
— Axis of Rotation

Fig. C.2 — Yield line for a slab supported around the four edges and loaded through

on rectangular column

The derivation of Vyex for this case is simpler than the previous case. Consider the
virtual work method as described in Section 3.4.3.2, the solution of Vjex can be
derived as follows.

The total internal work, which is the work done by the plastic rotation along
each yield line about the axis of rotation, the axis of rotations are the lines of
supports along the edges as shown in Fig. C.2. Thus,

Ui = 2x[mx Lix 1/(L2-c2) + mx L2Xxd (Li-c1) ]
The external work done is the same as the case for the Ver in Eq. (3.14) that
is:
UE = Vfiex X 0
Take Ug = Ui, therefore,
4L 4L
L, —102 * Ly —2c1

Vitex = mu( ) (For Fig. 3.9(b)) (3.15)
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Derivation of Equation (3.15)

| 0 -,
-1 W~

i ,’:’:" : s S o .
) -  Yield '~ ~<
- s 0 ~ !
N~ ARV [N -~
“m 7 /I line 1 . w
N 7 | 1 A g
//'\ / 1 | A N
. | \ [URPEMEREN
s
, L SO . .
v |7 ! \ N

\/

is of Rotation

Fig. C.3 — Circular fan

The detailed derivation of FVex for this case can also be obtained in the book by
Park and Gamble (2000). Consider the virtual work method as described in Section
3.4.3.2, the solution of Vjex can be derived as follows.

The total internal work, which is the work done by the plastic rotation along
each yield line about the axis of rotation, the axis of rotations are the lines of
supports along the edges as shown in Fig. C.3. Thus,

Ui = 2(0/r) (crtc2)m + (2nr)( 6/r) m

The external work done is the same as the previous cases for the Vyer in Eq.

(3.14) and Eq. (3.15) that is:
UE = Vjtex X &
(Neglecting the short yield lines beyond the circular line and the negative

reinforcement), Take Ug = Ui, therefore,
2(cy + ¢2) .
Vitex = My — + 2 (For Fig. 3.9(¢c)) (3.16)

where,

r=0.5(Li-c1)
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MS-EXCEL SUB-ROUTINES CODES FOR DESIGN METHODS

AND ANALYSIS

VBA (Visual Basic for Applications) is the programming language of Excel and

other Office programs. Following sections are the VBA codes of the relevant design

methods evaluated in this thesis.

D.1 Authors’ proposed methods

Sub ProposedMethod ()
Fori=6 To Cells(3, "A").Value + 5

'**%*% read input

1sl = Cells (i, "G").Value 'distance between supports in x direction
1s2 = Cells(i, "h").Value 'distance between supports in y direction
11 = Cells (i, "AK").Value ' length of slab in x direction
12 = Cells (i, "AL").Value ' length of slab in y direction
h = Cells(i, "i") .Value ' thickness
d = Cells (i, "O").Value ' effective depth
cl = Cells (i, "k").Value ' longer length of column side
c2 = Cells (i, "1").Value ' shorter length of column side
fc = Cells (i, "m").Value ' compressive strength of concrete
Col = Cells (i, "j").Value ' Column shape
rho = Cells (i, "ad").Value ' average flexural reinforcement ratio
dg = Cells (i, "n").Value ' max aggregate size
fy = Cells (i, "aj").Value ' yield strength of reinforcement
frl = Cells(i, "as").Value ' residual strength frl
fr2 = Cells(i, "at").Value ' residual strength frl
fr3 = Cells(i, "au").Value ' residual strength frl
fr4d = Cells(i, "av").Value ' residual strength frl
FType = Cells (i, "AM").Value ' fibre type
Lf = Cells(i, "AN").Value ' fibre length
FRatio = Cells (i, "Ao").Value ' fibre type aspect ratio
vf = Cells (i, "AP").Value ' fibre volume faction
Vexp = Cells (i, "be").Value 'Observed failure load
'Convert rho
rhol00 = rho '100As/bd
rho = rho / 100 'As/bd
'**%% Assumption for unknown parameter
Es = 200 'in GPa,
Ec = 4.7 * (fc) ~ 0.5 'in GPa ACI method
If fy = 0 Then
fy = 500 'MPa
End If
If dg = 0 And d < 50 Then ' for thin slab with d<50 mm that do have reported dg
dg = 10
End If
If dg = 0 And d >= 50 Then ' for slab with d>= 50mm that do have reported dg
dg = 20
End If
rs = 0.5 * 1sl ' assign the notation B, length of slab, to be used in Vflex
If 1sl > 1s2 Then
rs = 0.5 * 1s2
End If
'*** Calculation
bo =2 * (cl + c2) + 4 * d 'rectangular critical perimeter for circular columns
bl = cl + 1# * d
b2 = c2 + 1# * d
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'Column rectangularity effect
kC = Application.WorksheetFunction.Min((bl / b2), (b2 / bl)) ~ (1 / 3)
'size effect factor
d o = 300
kZ = (d o / d) ~ (0.5)
If kZ > 1 Then
kz =1
End If
Coeff = 0.6 ' Coeff. for Vc basic
'*%* Proposed Simplified Method for RC slabs in Chapter 7
'alpha o = 8
fccl = fc ' set limit for f'c for calculation of rho fs
Vc_teng = kz * kC * Coeff * (fccl) ~ (1 / 3) * bo * d
rhol00 fs = 0.7
kR = (rhol00 / rhol00 fs) ~ (1 / 6)
If kR > 1# Then
kR =1
End If
'Limit rho for Vc calculation
rhol00_1 = rhol00
If rhol00_1 > 2.5 Then
rhol00 1 = 2.5

End If
vee = kb * kR * kC * kz * Coeff * (fc) ~ (1 / 3) * (rhol0OO_ 1) ~ (1 / 3)
Ve = vcc * bo * d ' Apply correction factor of 0.7

'Write output
Cells (i, "CF").Value = rhol00 / rhol00 fs '

Cells (i, "CH").Value = Vexp / (Vc / 1000) ' Convert Vc to kN
'*** Proposed Standard Method for RC slabs in Chapter 7
r = Application.WorksheetFunction.Min (0.5 * (l1sl - cl), 0.5 * (1ls2 - c2)) ' the
radius of the slab for Vflex calculation
alpha o = (2 / r * (cl + c2) + 6.28)

rhol00_2 = rhol00

If rhol00_2 > 2.5 Then
rhol00 2 = 2.5

End If

fcec2 = fc

Vc_teng = kZ * kC * Coeff * (fcc2) ~ (1 / 3) * bo * d

rhol00 fs = (Vc_teng / (0.95 * alpha o * fy * 4 ~ 2) * 100) ~ (3 / 2) 'times 100
to Vc_basic to make rho in both sides in % unit

'rhol00 fs = (Vc_teng / (alpha o * m / rho) * 100) ~ (3 / 2) 'times 100 to
Vc_basic to make rho in both sides in % unit

kR = (rhol00 / rhol00 fs) ~ (1 / 6)

If kR > 1# Then

kR =1
End If
vecc = kR * kC * kZ * Coeff * (fc) ~ (1 / 3) * (rhol00 2) ~ (1 / 3)
Vc = vcc * bo * d 'Apply correction factor of 0.7

'Write output for Vc
Cells (i, "CG").Value = rhol00 / rhol00_fs 'Apply correction factor of 0.8
Cells (i, "CI").Value Vexp / (Vc / 1000) ' Covert Vc to kN
Cells (i, "Cu").Value = Vexp / (kC * kZ * Coeff * (fc) ~ (1 / 3) * bo * d / 1000)
'****** Standard SFRC method for SFRC slabs Egqg. (8.1)
alpha = 30 * (3.1416 / 180)

ns = 0.41

bs = 0.2

If fc > 60 Then
bs = 0.34

End If

z ¢ = bs * d
vEff = 0.5 * ns * (0.45 * frl + 0.37 * fr4)
Af = (3.1416) * (h - (z_c)) ~ 2 * (Cos(alpha) / Sin(alpha)) "~ 2
VRf = vff * Af
Vu = Vc + VRf
'Output for Vu standard FRC method Eg. (8.1)
Cells (i, "DK").Value = Vc / 1000
Cells (i, "DL").Value = VRf / 1000
Cells (i, "DM").Value = Vu / 1000
Cells (i, "DN").Value = Vexp / (Vu / 1000)
'***%*** Proposed standard general method in EQ. (8.30)

nb = Switch (FType = 0, 0, FType = "RO", 0.25, FType = "ST", 0.25, FType = "JA",
0.5, FType = "PA", 0.5, FType = "CO", 0.5, FType = "CR", 0.5, FType = "SH",
1#, FType = "DH", 2.25)

no = 0.41 'orientation factor
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nl = 0.5 'length factor

tau basic = 5.5 'basic bond strength

vff = no * nl * nb * tau basic * FRatio * (vf / 100)

'VREf = vff * bo * d

If vf = 0 Then
VRf = 0

End If

'*** Yield line parameter

r = Application.WorksheetFunction.Min (0.5 * (l1sl - cl), 0.5 * (1ls2 - c2)) ' the
radius of the slab for Vflex calculation

alpha o = (2 / r * (cl + c2) + 6.28)

'*%% ACI 544 method for m

Fbe = Switch(FType = 0, 0, FType = "RO", 1, FType = "ST", 1, FType = "JA", 1,
FType = "PA", 1, FType = "CO", 1, FType = "CR", 1, FType = "SH", 1.2, FType
= "DH", 2.25)

sigma t = 0.008 * (FRatio) * vf * Fbe

n E = Es / Ec

e=d* (((nE * rho) 2+ 2 *ngE * rho) " 0.5-nE*rho) '2/ 3 *d 'zc

a =0.59 *d * (rho * fy / fc)

m f = sigma t * (h - e) * (1 / 2y * (h + e - a)

mc = rho * fy * d ~ 2 * (1 - 0.59 * (rho * fy / fc))

m=mc + m f

If vf = 0 Then
m = rho * fy * 4 ~ 2 * (1 - 0.59 * (rho * fy / fc))

End If

rhol00_2 = rhol00

If rhol00_2 > 2.5 Then
rhol00 2 = 2.5

End If

fcc2 = fc

Ve teng = kzZ * kC * (Coeff * (fcc2) ~ (1 / 3)
d

'rhol00_fs = (Vc_teng / (0.95 * alpha o * fy * d * 2)
100 to Vc_basic to make rho in both sides in % unit
~

+ vif /

* 100)

(rho100) ~ (1 / 3)) * bo *

~ (3 / 2) 'times

'times 100 to

rhol00_fs = (Vc_teng / (alpha o * m / rho) * 100) 3/ 2)
Vc _basic to make rho in both sides in % unit
kRc = (rhol00 / rhol00 fs) ~ (1 / 6)
If kRc > 1# Then
kRc =1
End If
kRf = (rhol00 / rhol00 fs) ~ (1 / 2)
If kRf > 1# Then
kRf =1
End If
Ve = kC * kZ * kRc * Coeff * (fc * rhol00) ~ (1 / 3) * bo * d
VREf = kC * kz * (kRf * vff) * bo * d
vuf = kC * kzZ * (kRc * Coeff * (fc) ~ (1 / 3) * (rhol00 2) ~ (1 / 3)

Vu = vuf * bo * d
'Output 2 for Vu general method SFRC
Cells (i, "DP").Value = rhol00 / rhol00 fs
Cells (i, "DR").Value = Vexp / (Vu / 1000)

+ kRf * vff)

'**%* gimplified general method Eq. (8.30) with the limiting ratio, rhofs = 0.7%

rhol00_fs = 0.7
kRc = (rhol00 / rhol00 fs) ~ (1 / 6)
If kRc > 1# Then
kRc =1
End If
kRf = (rhol00 / rhol00 fs) ~ (1 / 2)
If kRf > 1# Then
kRf = 1
End If
Ve = kC * kZ * kRc * Coeff * (fc * rhol00) ~
VRf = kC * kZ * (kRf * vff) * bo * d
vuf = kC * kZ * (kRc * Coeff * (fc) ~ (1 / 3)
Vu = vuf * bo * d
'output
Cells (i, "DO"™) .Value rhol00 / rhol00 fs
Cells (i, "DQ").Value = Vexp / (Vu / 1000)
Next i
'MsgBox "Proposed Method Done!"
End Sub

(L / 3)

*

(rhol00_2)

~

* bo * d

(1 / 3)

+ kRf * vff)
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D.2 ACI 318-14

Sub ACI ()
For i = 6 To Cells(3, "A").Value + 5
'***% read input

d = Cells(i, "O").Value ' effective depth

cl = Cells (i, "k").Value ' longer length of column side

c2 = Cells (i, "1").Value ' shorter length of column side

fc = Cells(i, "m").Value ' compressive strength of concrete

Col = Cells (i, "j").Value ' Column shape
Vexp = Cells (i, "be").Value 'Observed failure load
'**x*x% calculation
If fc > 70 Then 'to limit concrete strength for calculating vc by code

fc_aci = 70
Else
fc_aci = fc
End If
alpha = 40 ' for interior slab

bl =cl +d
b2 = c2 +d
bo = 2 * (bl + b2)
beta = Application.WorksheetFunction.Max(c2 / cl, cl / c2)
If Col = "C" Then ' ACI 318-14, R22.6.4.1.2
cl = 0.5 * cl * (3.1416) ~ 0.5 ' convert to equivalent square column
bo = 4 (cl + d)
beta =
End If
' calculate the 3 equations of punching shear strength, choose the minimum of
the 3.
vel = (1 + 2 / beta) * fc_aci ~ 0.5 / 6
ve2 = (2 + alpha * d / bo) * fc_aci ~ 0.5 / 12
ve3 = fc aci ~ 0.5 / 3
Vc = Application.WorksheetFunction.Min (vcl, vc2, vc3)
Ve = Ve * bo * d / 1000
'xk% Qutput
Cells (i, "BO").Value = Vexp / Vc
Next i
MsgBox "ACI Done!"
End Sub

D.3 Eurocode 2

*
1

Sub Eurocode? ()
For i = 6 To Cells(3, "A").Value + 5
'*** read input

'11 = Cells (i, "G").Value ' length of slab in x direction
'12 = Cells (i, "h").Value ' length of slab in y direction

d = Cells(i, "O").Value ' effective depth

cl = Cells (i, "k").Value ' longer length of column side

c2 = Cells (i, "1").Value ' shorter length of column side

fc = Cells(i, "m").Value ' compressive strength of concrete

Col = Cells (i, "3j").Value ' Column shape

rho = Cells (i, "ad").Value ' average flexural reinforcement ratio
'dg = Cells (i, "n").Value ' max aggregate size

'fy = Cells (i, "aj").Value ' yield strength of reinforcement
Vexp = Cells (i, "be").Value 'Observed failure load

'*x*x*% calculation

If fc > 90 Then
fc = 90
End If

k =1+ (200 / d) ~ 0.5 'size effect
If k > 2 Then
k =2
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End If

If rho > 2 Then

rho = 2
End If
u=2%* (cl +c2) + 3.14 * (4 * d) '
If Col = "C" Then
u=3.14 * (cl + 4 * d)
End If
vmin = 0.035 * k ~ 1.5 * fc ~ 0.5
vRdc = Application.WorksheetFunction.
Ve = vRde * u * 4 / 1000
'xxk Qutput
Cells (i, "BS").Value = Vexp / Vc
Next 1
MsgBox "EC2 Done!"
End Sub

D.4Yield line theory

Sub Vflex YLT()

For i = 6 To Cells(3, "A").Value + 5
'***% read input
1lsl = Cells (i, "G").Value ' distance
1s2 = Cells (i, "h").Value ' distance
11 = Cells (i, "G").Value ' length of
12 = Cells (i, "h").Value ' length of
h = Cells(i, "i").Value ' slab thickn
d = Cells (i, "O").Value ' effective
cl = Cells (i, "k").Value ' longer len
c2 = Cells (i, "1").Value ' shorter le
fc = Cells(i, "m").Value ' compressiv
Es = Cells (i, "ai").Value ' compressi
fy = Cells (i, "aj").Value ' compressi
Col = Cells (i, "j").Value ' Column sh
rho = Cells (i, "ad").Value ' average
dg = Cells (i, "n").Value ' max aggre
vi = Cells (i, "ap").Value ' fiber vol
frl = Cells (i, "as").Value ' residual
fr2 = Cells (i, "at").Value ' residual
fr3 = Cells (i, "au").Value ' residual
fr4 = Cells (i, "av").Value ' residual
Vexp = Cells (i, "be").Value 'Observed

'**%%% conversion and assumption

Es = Es * 1000 'convert to MPa
If Es = 0 Then
Es = 200 * 1000
End If
rho = (rho / 100) 'convert to decimal

'**%* calculation

TR34 method for m

sig rl = 0.45 * frl

sig rd4d = 0.29 * fr4

m= (h "~ 2) * (0.29 * sig r4 + 0.16 *
*h / d)
If vi = 0 Then

m = rho * fy *d ~ 2 * (1 - 0.59 *

End If

D-5

critical perimeter at 2d away from column

Max (0.18 * k * (rho * fc) ~ (1 / 3),

vmin)

x direction
y direction

between supports in
between supports in
slab in x direction
slab in y direction
ess

depth

gth of column side
ngth of column side
e strength of concrete
ve strength of concrete
ve strength of concrete

ape

flexural reinforcement ratio
gate size

ume fraction

strength frl

strength fril

strength frl

strength frl

failure load

*

sig rl) + rho * fy * (d * 2) (1 0.048

(rho * fy / fc))
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'Yeild line
r = Application.WorksheetFunction.Min (0.5 * (1sl - cl), 0.5 * (1ls2 - c2)) ' the
radius of the slab for Vflex calculation
alpha o = (2 / r * (cl + c2) + 6.28)
Vflex = m * alpha o / 1000 'convert to kN
'xxk Qutput
Cells (i, "ck").value = Vflex
Cells (i, "cl").vValue = Vexp / Vflex
Next i
MsgBox "Vflex Done!"
End Sub
D.5TR 34
Sub TR34 ()
For i = 6 To Cells(3, "A").Value + 5
'*** read input
'11l = Cells (i, "G").Value ' length of slab in x direction
'12 = Cells (i, "h").Value ' length of slab in y direction
d = Cells(i, "O").Value ' effective depth
cl = Cells (i, "k").Value ' longer length of column side
c2 = Cells (i, "1").Value ' shorter length of column side
fc = Cells (i, "m").Value ' compressive strength of concrete
Col = Cells (i, "j").Value ' Column shape
rho = Cells (i, "ad").Value ' average flexural reinforcement ratio
'dg = Cells (i, "n").Value ' max aggregate size
frl = Cells(i, "as").Value ' residual strength frl
fr2 = Cells(i, "at").Value ' residual strength frl
fr3 = Cells (i, "au").Value ' residual strength frl
fr4d = Cells(i, "av").Value ' residual strength frl
Vexp = Cells (i, "be").Value 'Observed failure load
'**%* calculation
'If fc > 90 Then
'fc = 90
'End If
k =1+ (200 / d) ~ 0.5 'size effect
If k > 2 Then
k=2
End If
If rho > 2 Then
rho = 2
End If
u=2%* (cl + c2) + 3.14 * (4 * d) ' critical perimeter at 2d away from column
If Col = "C" Then
u=3.14 * (cl + 4 * d)
End If
vmin = 0.035 * k ~ 1.5 * fc ~ 0.5
vRdc = Application.WorksheetFunction.Max(0.18 * k * (rho * fc) ~ (1 / 3), vmin)
Ve = vRde * u * 4 / 1000
'**%% Vf shear contribution from SFRC
fr = (frl + fr2 + fr3 + frd4) / 4 'average residual strength
vi = 0.5 * 0.12 * fr
VRf = vE * u * d / 1000
Vu = Vc + VREf
'xk% Qutput
Cells (i, "DD").Value = Vexp / Vu
Next i
MsgBox "TR34 Done!"

End Sub
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D.6 MC2010

Sub MC2010 ()
For i =

'*** read input

11 = Cells (i,
12 = Cells (1,
d = Cells (i,
cl = Cells (i,
c2 = Cells (i,
fc = Cells (i,
Es = Cells (i,
fy = Cells (i,
Col = Cells (i,
rho = Cells (i,
dg = Cells(i,
frl = Cells (i,
fr2 = Cells (i,
fr3 = Cells (i,
fr4d = Cells (i,
Vexp = Cells (i

'***x* conversion and assumption

Es = Es * 1000
If Es = 0 Then

Es = 200 *
End If

'H*%x*x*% calculation
L VC

-

Il
I o
- o

* 11
.5 *

6 To Cells (3,

"G") .Value '
"h") .Value '
"O") .Value '
"k") .Value '
"1") .Value '
"m") .Value '
"ai") .Value
"aj") .Value
"3") .Value
"ad") .Value
"n") .Value
"as") .Value
"at") .Value
"au") .Value
"av") .Value
, "be") .Value

"A") .Value + 5

length of slab in x direction
length of slab in y direction
effective depth
longer length of column side
shorter length of column side
compressive strength of concrete
compressive strength of concrete
compressive strength of concrete
Column shape
average flexural reinforcement ratio
max aggregate size
residual strength
' residual strength
' residual strength fril
' residual strength fril
'Observed failure load

frl
frl

'convert to MPa

1000

(r / d) * fy

If fc > 70 Then

dg = 0
End If

k dg = 32 /

(16 + dg)

If k dg < 0.75 Then

k dg =
End If

0.75

If dg < 16 Then

k dg =
End If

k phi =1 /
If k phi > 0

k phi =
End If

bo = 2 *

(cl + c2)

1

/ (Es)

(1.5 + 0.9 * k dg * Phi * d)

.6 Then
0.6

If Col = "C" Then

bo =
End If

fc_mod = fc
If fc >= 64
fc =
End If
Ve = k _phi *
Vc_mod = k_phi

L Vf
v =
'vf = fr3 / 3
If vf < 0 Then
vE =0

(cl + d)

(fc) 7

0.45 * frl -

Then

64

* (fc_mod)

0.6 *

'maximum allowable sqgrt (fc) =

(0.45 * frl -
regid model

+ 3.1416 * d

* 3.1416

8MPa

0.5 * bo * d / 1000

0.5 * bo * d / 1000

0.5 * fr3 + 0.2 * frl) ' linear model

D-7
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End If
VREf = vE * bo * d / 1000
Vu = Vc + VRE
Vu mod = Vc_mod + 0.25 * VRE
'xxk Qutput
Cells (i, "DE").Value = Vc
Cells (i, "DF").Value = VRf
Cells (i, "DG").Value = Vu
Cells (i, "DH").Value = Vexp / Vu
Cells (i, "Di").vValue = Vexp / Vu mod
Next i
MsgBox "MC2010 Done!™
End Sub

D.7 CSCT and CSCT+VEM

Sub CSCTVEM ()

For i = 6 To Cells (3, "A").Valu

Tk ok ok read input * Kk ok Kk x
1sl = Cells(i, "G").Value '
1ls2 = Cells (i, "h").Value '
11 = Cells (i, "AK").Value
12 = Cells (i, "AL").Value
h = Cells(i, "i").value '
d = Cells(i, "O").Value '
cl = Cells (i, "k").value '
c2 = Cells (i, "1").Value '
fc = Cells (i, "m").Value '
rho = Cells (i, "ad").Value
dg = Cells (i, "n").vValue '
fy = Cells(i, "aj") .vValue '
rqg = Cells (i, "bc").Value '
FType = Cells(i, "AM").Valu
Lf = Cells(i, "AN").Value '
FRatio = Cells (i, "Ao").Val
vf = Cells (i, "AP").Value '
Vexp = Cells (i, "be").Value

'Convert rho

rhol00 = rho '100As/bd
rho = rho / 100 'As/bd
'**% Assumption for unknown par

Ec = 4.7 * (fc) ~ 0.5 ' in

Es = 200 '"in GPa,

If fy = 0 Then
fy = 500 'MPa

End If

If dg = 0 And d < 50 Then '
dg = 10

End If

If dg = 0 And d >= 50 Then
dg = 20

End If

'**xx% Solution of Vecsct using E
Guandalini,Burdet,Muttoni 2009)

b0 =2 * (cl + c2) + 3.14 *
round corners
If Col = "C" Then
b0 = 3.14 * (cl + d)

End If

e + 5

Appendix D

distance between supports in x direction
distance between supports in y direction

' slab length in x direction
' slab length in x direction
thickness
effective depth
longer length of column side
shorter length of column side
compressive strength of concrete
' average flexural reinforcement ratio
max aggregate size
yield strength of reinforcement
rotational length of a slab
' fibre type
fibre lenght
ue ' fibre type aspect ratio
fibre volume faction
'Observed failure load

e

ameter
GPa

for thin slab with d<50 mm that do have reported dg

' for slab with d>= 50mm that do have reported dg

g.5+Eg.8 (in Muttoni 2008)

R R R R

d

or Egq. A2+Eqg.A3

(in

calcualted a 0.5d away from column faces with
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'**%*% YL, load for a slab supported on 8 points around the slab edges according to
Guandalini et al paper
' ACI 544 method for m

Fbe = Switch(FType = 0, 0, FType = "RO", 1, FType = "ST", 1, FType = "JA", 1,
FType = "PA", 1, FType = "CO", 1, FType = "CR", 1, FType = "SH", 1.2, FType = "DH",
1.2)

sigma t 0.008 * (FRatio) * vf * Fbe

n E = Ec / Es

e=d* (((nE* rho) ~2+ 2 *n&E * rho) *~ 0.5 - nE * rho) '2 / 3 * d 'z ¢

a=0.59 *d * (rho * fy / fc)

m f = sigma t * (h —e) * (1 / 2) * (h + e - a)

mc = rho * fy *d ~ 2 * (1 - 0.59 * (rho * fy / fc))

mR =mc + m f
Tk ok ok

m muttoni = 1# * rho * fy * d ~ 2 * (1 - 0.5 * rho * fy / fc) ' ultimate
flexural strength per unit width
cosA = Cos(3.1416 / 8)
sina = Sin(3.1416 / 8)
tana = sina / cosA
B = 11 ' assign the notation B, length of slab, to be used in Vflex
If 11 > 12 Then

B =12
End If
c = cl ' assign the notataion ¢, column side, to be used in Vflex
'Vflex 8ptGuan = 4 * m muttoni * (B ~ 2 - B * c - 0.25 * ¢ ~ 2) / ((B - c) * (rq
* (cosa + sina) - c)) 'Vflex2 , use Equation by Guandalini in ref 3. Cracks along
column faces

'xxx Vilex
rs = 0.5 * 1sl
rg = 0.5 * 11
c =-cl
If vf = 0 Then

mR = m muttoni
End If
Vflex = 2 * 3.14 * rs / (rg - c) * mR

'**%* Tteration procedure, Using Newton-Raphson Method

j = 0.005 ' set intial value for iteration
delphii 1000000 'initial value
rs = 0.5 * Application.WorksheetFunction.Min (11, 12) ' the radius of the slab as

defined by the muttoni, Guandalini et al.

Do While delphii > 0.000000001
' set j as the rotational angle Phi

' f1 and f2 are the normalized load (V/bodfc”0.5) Equation A(2), A(3) in
Guandalini et al.

f1 (3 / 4)
f2 = Vflex /

/ (1L + 15 * 3§ *d / (16 + dg))
(bO * d * fc ~ 0.5) * (3 * d * Es * 1000 / (1.5 * rs * fy)) *

(2 / 3)

dfl1 = -0.75 * (15 * 4 / (16 + dg)) * (L + 15 * 3 *d / (16 + dg)) ~ -2 '
first derivative of f1l

df2 =2 / 3 * 3~ (-1 / 3) * Vflex / (bO * 4 * fc ~ 0.5) * (d * Es * 1000 /
(1.5 * rs * fy)) ~ (2 / 3) ' first derivative of f2

F = fl - £2
dF = dfl - df2
phii = j

j=4-F/dF

delphii = Abs(j - phii) / phii

Loop

Ve = f1 * (b0 * d * fc ~ 0.5) ' from iteration
Tk % k% VRf

kb = Switch(FType = 0, 0, FType = "RO", 0.4, FType = "ST", 0.4, FType = "JA",
0.6, FType = "PA", 0.6, FType = "CO", 0.6, FType = "CR", 0.6, FType = "SH", 0.8,

FType = "DH", 0.8)
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tau b = kb * (fc) ~ 0.5
alpha 1 =0
If FRatio > 0 Then
alpha i =1 / (3.5 * FRatio)
End If
w = phii * d / 6
Kf =0
If vf > 0 Then
Kf = (1 / 3.1416) * Atn(w /
If Kf > (0.5 - 0.645 / (FRatio)
Kf = 0.5 - 0.645 / (FRatio) *
End If
End If
f tf = Kf * FRatio * (vf / 100)
Ap=(3.14/ 4) * ((c+2*d) ~ (2)
VRE = £ tf * A p
Vu = Vc + VRF
VxR x*Qutput
Cells (i, "DV").Value = Vexp / (Vu / 1000)
Next 1
MsgBox "CSCT+VEM Done!"
End Sub

D.8 Peiris-Ghali

Sub PeirisGhali ()

For i =

6 To Cells (3,

'***% read input

'l1l = Cells (i, "G").Value
"12 = Cells (i, "h").Value
d = Cells(i, "O").vValue '
cl = Cells (i, "k").vValue '
c2 = Cells (i, "1").Value '
fc = Cells (i, "m").Value '
Col = Cells (i, "j").vValue '
rho = Cells (i, "ad").Value
'dg = Cells (i, "n").Value
fy = Cells (i, "aj") .Value
Vexp = Cells (i, "be").Value

"A") .Value + 5

0.45

- C

~

(alpha i * Lf))
0.45)

Then

(2))

*

(1

- 2 * w / Lf)

* tau b 'tensile strength

'convert Vc into kN

' length of slab in x direction
' length of slab in y direction

effective depth

longer length of column side
shorter length of column side
compressive strength of concrete

Column shape

' average flexural reinforcement ratio
' max aggregate size
' yield strength of reinforcement

'**% Assumption for unknown parameter

Es = 200 'in GPa,
If fy = 0 Then

fy = 500 'MPa
End If

'***x* calculation
' calculate Vc aci first

'Observed failure load

Appendix D

N2

'to limit concrete strength for calculating vc by code

If fc > 70 Then
fc_aci =70

Else
fc_aci = fc

End If
alpha = 40 ' for interior slab
bl =cl +d
b2 = c2 +d
bo =2 * (bl + b2)
beta =

If Col = "C" Then ' ACI 318-14,
cl = 0.5 * cl * (3.1416) *
bo =4 * (cl + d)

R22.6.4.1.2
0.5 "

Application.WorksheetFunction.Max(c2 / cl1,

cl / c2)

convert to equivalent square column
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beta =1
End If
L}
the 3.
vel
vc2
vc3

(2 + alpha * d / bo)
fc_aci ~ 0.5 / 3

calculate the 3 equations of punching shear strength,

(L + 2 / beta) * fc_aci ~ 0.5 / 6

* fc aci ~ 0.5 / 12

Vc = Application.WorksheetFunction.Min(vcl, vc2, wvc3)

Vc = Vc * bo * d / 1000

'calculate rho fs and governing V ( min of Vflex & Vaci)

=1
a bal = 0.85 * (600 / (600

If (1 - 0.5 * (a_depth)) <
the limit of tension control
a depth = a bal
End If
m = rho / 100 * fy * d ~ 2
Vflex = 8 * m / 1000

alphal = Vflex * 1000 / (bo * d * fc ~ (1 / 2) * (rho / 100))

/ 0.85 * (rho / 100 * fy / fc)

* fy)) * d

D-1

choose the minimum of

0 Then 'take compressive dept to be balance depth,

* (1 - 0.5 * (a_depth)) ' ultimate flexural strength

rho fs = (Vc * 1000 / (bo * d * fc ~ 0.5)) / alphal * 100

' Vc is assumed to be Vaci directly for rho > 3%
If rho < rho_fs And rho < 3 Then

Ve = Vflex
End If

'xxk Qutput

Cells (i, "CP").Value = Vexp / Vc

Next i
MsgBox "Peiris & Ghali Done!"
End Sub

D.9 Narayanan and

Sub NarayananMethod ()

Darwish

For i = 6 To Cells(3, "A").Value + 5

'*** read input

1sl = Cells(i, "G").Value
1s2 = Cells (i, "h").Value
11 = Cells (i, "AK").Value
12 Cells (i, "AL"™) .Value
h = Cells(i, "i"™).Value '
d = Cells (i, "O").Value '
cl = Cells (i, "k").Value '
c2 Cells (i, "1™).vValue '
fc Cells (i, "m").Value '
Col = Cells (i, "j").Value
rho = Cells (i, "ad") .Value
dg = Cells (i, "n").Value

fy Cells (i, "aj").Value

' distance between supports in x direction
' distance between supports in y direction

' length of slab in x direction
' length of slab in y direction
thickness
effective depth
longer length of column side
shorter length of column side
compressive strength of concrete
' Column shape

' average flexural reinforcement ratio

' max aggregate size
' yield strength of reinforcement

SSpan = Cells(i, "BI").Value ' shear span

frl = Cells (i, "as").Value
fr2 = Cells (i, "at") .Value
fr3 = Cells (i, "au") .Value
frd = Cells (i, "av") .Value

' residual strength fril
' residual strength frl
' residual strength fril
' residual strength frl

FType = Cells(i, "AM") .Value ' fibre type

Lf = Cells(i, "AN") .Value

' fibre lenght

FRatio = Cells (i, "Ao").Value ' fibre type aspect ratio

vf = Cells (i, "AP").Value

' fibre volume faction

Vexp = Cells (i, "be").Value 'Observed failure load

'Convert rho

rhol00 = rho '100As/bd
rho = rho / 100 'As/bd
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'*** Calculation
fcube = fc / 0.8 'approximate

nf = Switch (FType = 0, 0, FType = "RO", 0.5, FType = "ST", 0.5, FType = "JA",
0.75, FType = "PA", 0.75, FType = "CO", 0.75, FType = "CR", 0.75, FType = "SH", 1,
FType = "DH", 1)

F = FRatio * (vf / 100) * nf
vff = 0.41 * (4.15) * F

'f spt =0
'If V£ > 0 Then
f spt = fcube / (20 - (F) ~ (0.5)) + 0.7 + (F) ~ 0.5
'End If
e = 1.4
bof = (2 * (¢l + c2) + 3 * (3.1415) * h) * (1 - 0.55 * F)

Vu = e * (0.24 * £ spt + 16 * rho + vff) * bof * d

'xkxxQutput

Cells (i, "DW").Value = Vexp * 1000 / (Vu)
Next i

MsgBox "Narayanan and Darwish Method Done!"
End Sub

D.10 Shaaban and Gesund

Sub ShaabanMethod ()

For i = 6 To Cells(3, "A").Value + 5
'***% read input

1sl = Cells (i, "G").Value ' distance between supports in x direction
1s2 = Cells(i, "h").Value ' distance between supports in y direction
11 = Cells (i, "AK").Value ' length of slab in x direction

12 = Cells (i, "AL").Value ' length of slab in y direction

h = Cells(i, "i").Value ' thickness

d = Cells (i, "O").Value ' effective depth

cl = Cells (i, "k").Value ' longer length of column side

c2 = Cells (i, "1").Value ' shorter length of column side

fc = Cells(i, "m").Value ' compressive strength of concrete
Col = Cells (i, "j").Value ' Column shape

rho = Cells (i, "ad").Value ' average flexural reinforcement ratio
dg = Cells (i, "n").Value ' max aggregate size

fy = Cells (i, "aj").Value ' yield strength of reinforcement
SSpan = Cells(i, "BI").Value ' shear span

frl = Cells(i, "as").Value ' residual strength frl

fr2 = Cells(i, "at").Value ' residual strength frl

fr3 = Cells (i, "au").Value ' residual strength frl

fr4d = Cells(i, "av").Value ' residual strength frl

FType = Cells (i, "AM").Value ' fibre type

Lf = Cells (i, "AN").Value ' fibre lenght

FRatio = Cells (i, "Ao").Value ' fibre type aspect ratio

vi = Cells (i, "AP").Value ' fibre volume faction

Vexp = Cells (i, "be").Value 'Observed failure load

'Convert rho

rhol00 = rho '100As/bd
rho = rho / 100 'As/bd

'*** Calculation
Wf = 7859 * (vf / 100) / (2400)
bo = (2 * (cl + c2) + 4 * d)

Vu = (1 / 12) * 0.6 * (0.3 * Wf + 6.8 * fc ~ (0.5)) * bo * d
'xxx*Qutput
Cells (i, "Dx").Value = Vexp * 1000 / (Vu)
Next i

MsgBox "Shaaban and Gesund Done!"
End Sub
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D.11 Higashiyama et al.

Sub HigashiyamaMethod ()

For i = 6 To Cells(3, "A").Value + 5
'*** read input

1sl = Cells(i, "G").Value ' distance between supports in x direction
1s2 = Cells (i, "h").Value ' distance between supports in y direction

11 = Cells (i, "AK").Value ' length of slab in x direction
12 = Cells (i, "AL").Value ' length of slab in y direction

h = Cells (i, "i").Value ' thickness

d = Cells(i, "O").Value ' effective depth

cl = Cells (i, "k").Value ' longer length of column side

c2 = Cells (i, "1").Value ' shorter length of column side

fc = Cells (i, "m").Value ' compressive strength of concrete

Col = Cells (i, "j").Value ' Column shape

rho = Cells (i, "ad").Value ' average flexural reinforcement ratio
dg = Cells(i, "n").Value ' max aggregate size

fy = Cells (i, "aj").Value ' yield strength of reinforcement

SSpan = Cells(i, "BI").Value ' shear span

frl = Cells(i, "as").Value ' residual strength frl

fr2 = Cells(i, "at").Value ' residual strength frl

fr3 = Cells(i, "au").Value ' residual strength frl

frd = Cells(i, "av").Value ' residual strength frl
FType = Cells (i, "AM").Value ' fibre type

Lf = Cells(i, "AN").Value ' fibre lenght

FRatio = Cells (i, "RAo").Value ' fibre type aspect ratio
vf = Cells (i, "AP").Value ' fibre volume faction

Vexp = Cells (i, "be").Value 'Observed failure load

'Convert rho

rhol00 = rho '100As/bd
rho = rho / 100 'As/bd

'*** Calculation

u=2* (cl + c2)

fpc = 0.2 * (fc) ©~ 0.5

If fpc > 1.2 Then

fpc = 1.2

End If

nf = Switch(FType = 0, 0, FType = "RO", 0.5, FType = "ST", 0.5,
0.75, FType = "PA", 0.75, FType = "CO", 0.75, FType = "CR",
= "SH", 1, FType = "DH", 1)

F = FRatio * (vf / 100) * nf
viff = 0.41 * (4.15) * F
up = (u + (3.1415) * d) * (1 - 0.32 * F)

Bd = (1000 / d) ~ 0.25
If Bd > 1.5 Then

Bd =1.5
End If
Bp = (rhol00) ~ (1 / 3)
If Bp > 1.5 Then

Bp = 1.5
End If

Br

1+1/ (L +0.25*u/d
Vu = Bd * Bp * Br * (fpc + vff) * up * d

VxxRQutput
Cells (i, "DY").Value = Vexp * 1000 / (Vu)

Next i
MsgBox "Higashiyama et al Method Done!"
End Sub

D-1:
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D.12 Calculation of the area under a load-CMOD

curve (Energy absorption)

Sub CalArea()

' CalArea Macro
L}

' Read number of rows
RowNum = Cells (1, "B")

'Set index

Area_sum = 0

n = 1000 ' number of division
For i = 4 To 3 + RowNum

= Cells(i, "A")
Cells(i - 1, "A")
Cells (i, "B")

= Cells(i - 1, "B")

or opR
Il

If i = 4 Then
0=20
0=20

y_
X_
End If

' Set X&Y interval

delx = (x 1 - x 0) / n
dely = (y 1 -y 0) / n
Area i = (n * y 0 + n " (2) / 2 * dely) * delx

Area sum = Area sum + Area 1

Next

Cells (2, "E").Value = Area_sum

MsgBox "Calculation complete!", vbOKOnly, "Slabs Analysis"
'

End Sub
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Appendix E
SLAB DATABASE

E.1 Property and analysis results of 367 RC slab

specimens

Table E.1 (Columns (2) to (15)) shows the original slab ID, material properties,
observed failure mode and failure load Vexy of 367 slab data including the current 12
high strength concrete slabs. Columns (16) and (17) of Table E.1 show the failure
mode predictions by the proposed simplified and standard methods, respectively.
Columns (18)to (23) show the ratio of the failure load to the calculated punching
shear strength Vexp/Veaic of each design method such as ACI 31814, Eurocode 2,
Critical Shear Crack Theory by Muttoni (2008), Peiris and Ghali (2011) and the
proposed simplified and standard methods, respectively.

All the slab data in Table E.1 was congructed without shear reinforcement
and tested under punching shear loads to failures. They were selected to make sure
that they satisfy all the relevant ACI design requirements. Slabs having unusual
geometries, loading arrangements, or boundary conditions were excluded as their
punching strengths would be quite different from those of normal slabs in typical
construction and they deserve special treatment of their own. The ranges of the
parameters of the 367 slab data can be summarized as follows:

- The slab lengths Z,and L, range from 483 to 6000 mm (1.60 to 19.701t).

- The column dimensions (c1, ¢2) range from 50 to 1000 mm (2.0 to 39.4 in.),
which include column shapes such as square (denoted as “S”), rectangular
(“R”) and circular s (“C”).

- The average effective depth d ranges from 33 to 669 mm (1.3 to 26.4 in.).

- The average reinforcement ratio p ranges from 0.22 to 7.30%.

- The (cylinder) concrete strength f”c ranges from 9.5 to 1 D MPa (1378to 17260
psi).

- The yield strength of the reinforcement f, ranges from 255 to 749 MPa (37 to
110ksi).
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Table E.1 - Property and analysis results of 367 RC slab specimens

= = Vexy/Veate
2 = é S b=}
= 5 3 k= < « = =
F Sz |2 2| 2| = | £33z
No. | StabID 4, imy | Lomm) | ¢ mm) | e2 (mm) g d(mm) | £ (MPa) | fMP2) | (E;”) E| a2 | 58| & sl 92| 9 2= | £5<
(1] 1 H—| = —
: A LR R
»n »n 7}
@ (2) 3 ) ) (6) ) 8) () 10) an a12) a3 | a4 as) 16) an | a8 | a9 | 209 @1
Graf, O (1938)

1 1362 1700 1700 300 300 271 123 270 1.04 165 P 1.9 2.55 1.61 1.19 1.13 1.61 1.34 1.34
2 1375 1700 100 300 300 473 131 270 0.60 1659 P 0.86 2.94 0.94 0.83 0.74 0.94 1.3 1.20
Forssell, C. and E. Holmberg (1%6)

3 1 1200 1200 140 140 C 101 115 350 0.70 18.0 P 1.00 1.83 1.78 1.47 1.2 1.78 1.5 1.5
4 2 1200 1200 140 140 C 111 115 350 0.64 177.0 P 0.91 1.81 1.5 1.24 1.05 1.5 1.38 1.36
5 3 1200 1200 140 140 C 106 115 350 0.67 12.0 P 0.95 1.8 1.5 1.29 1.08 1.5% 1.40 1.39
6 4 1200 1200 140 140 C 110 115 350 0.64 177.0 P 0.92 1.81 1.2 1.26 1.06 1.2 1.40 1.38
7 5 1200 1200 140 140 C 111 115 350 0.64 198.0 P 0.91 1.81 1.68 1.39 1.17 1.68 1.5 1.2
8 6 1200 1200 140 140 C 107 115 350 0.66 18.0 P 0.94 1.8 1.63 1.35 1.13 1.683 1.488 1.47
9 7 1200 1200 140 140 C 106 115 350 0.67 187.0 P 0.95 1.8 1.0 1.40 1.17 1.0 1.5 1.51
Elstner, R. C., and Hognestad, E. (1956)

10 A-la 189 189 254 254 S 118 141 332 1.15 302.5 P 1.64 1.73 1.38 1.13 1.04 1.38 1.14 1.14
11 A-1b 1829 1829 254 254 S 118 25.2 332 115 3647 P et | 12 [ 125 [ 113 [ 102 [ 125 | 113 1.13
12 A-lc 189 189 254 254 S 118 29.0 332 1.15 355.8 P 1.64 1.20 1.13 1.05 0.95 1.13 1.05 1.05
13 A-1d 189 189 254 254 S 118 36.8 332 1.15 351.4 P 1.64 1.07 0.99 0.96 0.87 0.99 0.96 0.96
14 A-le 189 189 254 254 S 118 20.3 332 1.15 355.8 P 1.64 1.4 1.36 1.18 1.08 1.36 1.19 1.19
15 A-2a 189 189 254 254 S 114 137 321 2.47 333.6 P 3.53 3.48 1.61 1.10 1.02 1.61 1.02 1.02
16 A-2b 189 189 254 254 S 114 19.5 321 2.47 400.3 P 3.53 2.91 1.62 1.17 1.04 1.62 1.09 1.09
17 A-2¢ 189 189 254 254 S 114 37.4 321 2.47 467.0 P 3.53 2.10 1.36 1.10 [ 0.93 1.36 1.02 1.02
18 A-Tb 189 189 254 254 S 114 27.9 321 2.47 5115 P 3.53 2.44 1.73 1.33 1.15 1.73 1.3 1.3
19 A-3a 1829 1829 254 254 S 114 128 321 3.70 | 3558 P [ 529 [ 539 [ 177 [ 1o 108 177 ] 111 1.11
20 A-3b 189 189 254 254 S 114 22.6 321 3.70 444.8 P 5.29 4.05 1.67 1.24 1.01 1.67 1.15 1.15
21 A-3c 1829 1829 254 254 S 114 26.5 321 3.70 | 5338 P | 529 [ 374 | 18 | 14 [ 112 18 | 131 131
22 A-3d 189 189 254 254 S 114 34.5 321 3.70 547.1 P 5.29 3.28 1.66 1.32 1.03 1.66 1.3 1.3
23 A-4 189 189 356 356 S 118 26.1 332 1.15 400.3 P 1.64 1.00 1.06 1.05 0.95 1.06 0.96 0.96
24 A-5 189 189 356 356 S 114 27.8 321 2.47 533.8 P 3.53 1.2 1.41 1.19 1.00 1.41 1.01 1.01
25 A-6 189 189 356 356 S 114 25.0 321 3.70 498.2 P 5.29 3.03 1.39 1.15 | 0.89 1.39 0.97 0.97
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Appendix E E-3
.g = ch calc

2 | £| £ 2

£ S 2 ko] < ~ = s

: eS| 2| 3| Y| B ez
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L

n »n 7}
26 A9 189 189 254 254 [ S 114 29.9 321 | 356 | 4448 | P | 509 | 339 | 145 | 1.13 | 0.89 | 145 | 1.05 | 1.05
27 A-10 1829 1829 356 356 | S 114 29.7 321 | 358 | 4893 | P | 511 | 2.69 | 1.5 | 1.07 | 0.82 | 1.5 | 0.90 | 0.90
28 A-13 1829 1829 356 356 | S 121 26.2 204 | 055 | 2357 | F | 079 | 041 | 0.60 | 0.76 | 0.75 | 1.30 | 0.73 | 0.81
29 B-1 189 189 254 254 | S 114 142 324|050 | 1®4 | F | 071 | 070 | 0.84 | 092 | 0.81 | .13 | 097 | 0098
30 B2 1829 1829 254 254 | S 114 476 321 | 050 | 2002 | F | 071 | 038 | 052 | 0.69 | 0.64 | 1.2 | 0.73 | 081
31 B-4 189 1829 254 254 | S 114 477 303 [ 099 | 3336 | F | 141 | 068 | 0.86 | 092 [ 0.79 | .10 | 091 | 0.97
32 B-9 1829 1829 254 254 | s 114 439 341 | 2.00 | 5048 | P | 2.86 | 1.72 | 136 | 1.3 | 095 | 136 | 112 | 1.2
33 B-11 189 1829 254 254 | S 114 135 409 [ 3.00 | 3292 | P | 429 | 611 | 160 | 1.09 | 0.96 | L& | 1.01 1.01
34 B-14 1829 1829 254 254 | S 114 50.5 325 | 3.00 | 5782 | P | 429 | 224 | 145 | 1.3 | 093 | 14 | 114 | 114
Rosenthal, 1. (199)
35 10/1 183 113 229 229 | C 80 137 456 134 1810 | P [ 191 | 294 [ 1@ | 138 ] 1.15] L@ | 1.6 | 116
36 112 1702 1702 229 29 | C 80 127 372 | 132 1520 | P | 1.® | 1.8 | 14 | 120 | 111 | 1.4 | 1.00 | 1.00
37 11/3 17902 1702 432 229 | R 80 142 490 132 2450 | P | 1® | 253 | 1% | 138 | 18 | 1.0 | 138 | 138
38 11/4 163 143 229 29 | C 80 223 490 | 098 | 2450 | P | 14 | 1.8 | 172 | 177 | 142 | 1.2 | I.® 1.48
Kinnunen, S. and H. Nylander (1960)
39 TAl%-5 1840 1840 150 150 [ C 117 27.9 441 [ 080 2550 [ P | 114 [ 10 [ 124 | 1.11] 093 [ 1.4 [ 12 121
40 TAI5%-6 1840 1840 150 150 | C 118 2538 454 | 080 | 2750 | P | 114 | 2.07 | 137 | 121 | 101 | 137 | 132 | 132
41 TAl5-11 1840 1340 150 150 | C 121 314 436 | 1.8 | 3340 | P | 2.57 | 406 | 145 | 1.00 | 0.88 | 1.45 | 111 111
42 TAl5-12 1840 1840 150 150 | C | 12 28.8 439 | 170 | 3320 | P | 243 | 408 | 14 | 103 | 090 | 1.4 | 114 | 114
43 | 1A30a-24 1840 1340 300 300 | C | 1 25.9 456 | 1.00 | 4300 | P | 1.8 | 1.76 | 126 | 1.4 | 0.96 | 1.6 | ILII 111
44 | 1A30a-25 1840 1840 300 300 | C | 1x 24.6 451 110 4080 | P | 15 | 1® | 18 | 1.2 | 094 | 1.8 | 108 | 1.08
45 | 1A30c-30 1840 1340 300 300 | C | 1® 29.5 436 | 2.0 | 4910 | P | 3.00 | 3.02 | 14 | 1.19] 092 | 14 | 1.03 | 1.03
46 TA30c-31 1840 1340 300 300 | C 119 295 448 | 2.0 | 5400 | P [ 3.00 | 3.2 | 1.6 | 133 | 1.02 | 1.e | 114 | 114
47 | 1A30d-32 1840 1340 300 300 | C | 13 25.8 448 | 050 | 2580 | P | 0.71 | 082 | 0.80 | 1.00 | 0.81 | 1.00 | 093 | 0.1
48 | 1A30d-33 1840 1840 300 300 | C | 1% 262 462 | 050 | 2580 | P | 071 | 087 | 077 | 0.97 | 0.78 | 0.94 | 091 | 088
49 TA30e-34 1840 1340 300 300 | C | 1™ 26.9 461 .00 | 3320 | P | 18 | 164 | 1.04 | 1.05 | 080 | 1.04 | 092 | 092
50 TA30e-35 1840 1840 300 300 | C | 12 24.6 459 [ 100 | 3320 | P | 18 | 173 | 1.06 | 1.05 | 081 | 1.06 | 092 | 092
Moe, J. (1961)

51 HI 1830 180 254 254 | S 114 26.1 328 1.05] 3750 | P | 164 | 121 | 131 [ 1.0 | 1.02 | 131 ] 119 [ 1.19
52 S1-60 1830 1830 254 254 | S 114 233 399 [ 1.06 | 3892 | P | 15l | L | 14 [ 133 | LIl | 14 | 132 | 132
53 S2-60 1830 1830 254 254 | S 114 2.1 399 | 1.03 | 3558 | P | 147 | 1 | 135 | 1.4 | 1.04 | 135 | 1. 124
54 S3-60 1830 1830 254 254 | S 114 2.6 399 | 1.02] 3636 | P | 146 | 1.5 | 136 | 1.7 | 1.06 | 136 | 1% 126
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.g = Vex calc
2 | £| £ 2
£ S 2 ko] < ~ = s
< Bl g2 | g2 | % 2| | £ | 85| 8%t
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L

) ©n 7}
55 S4-60 180 130 254 254 | s | 114 23.9 399 | 1.03] 3336 | P | 16 | 1.6 | 12 | 110] 092 | 1.2 | 1.0 | 110
56 S1.70 190 1830 254 254 | s | 114 24.5 482 | 1.06 | 3923 | P | L5l | 205 | 14 | 131 ] 1.08 | 1.4 | 131 | 131
57 $3-70 180 1830 254 2354 | s | 114 25.4 482 | 102 | 3781 | P | 146 | 1% | 134 | 127 | 104 | 134 ] 1% | 1%
58 S4-70 1830 130 254 254 | s | 114 352 482 | 1.13| 3736 | P | 16l | 1@ | 112 | 1.08 | 089 | 112 | 1.08 | 1.08
59 S4A-70 190 180 254 254 | s | 114 20.5 482 | 1.13| 314 | P | 16 | 239 | 1.3 | 1.08 | 090 | 1.3 | 1.08 | 1.08
60 S5-60 1830 130 203 203 | s | 114 2.2 399 | 106 | 3825 | P | 12 | 19 | 10 | I® | 10| 1.0 | 137 | 137
61 S5-70 180 180 203 203 | s | 114 243 482 | 106 | 3781 | P | 12 | 242 | 1.9 | 138 | 16| 1.9 | 14 | 14
02 R-1 1830 130 457 152 | R | 114 27.6 38 | 138] 3936 | P | 197 | 1.8 | 141 | 1.08 | Li1| 141 | 132 | 132
63 R 1830 180 152 152 | s | 114 26.5 328 | 138 ] 3104 | P | 197 | 207 | 1.® | 111 ]| L19] 1.0 | 1.8 | 1%
64 MIA 1830 130 305 305 | s | 114 23.0 481 | 19 | 4328 | P | 204 | 262 | 14 | 1.2 | 101 | 14 | 116 | 116

Taylor, R. and B. Hayes (19%5)
65 252 889 889 51 51 S 57 25.9 376 | Ly | 717 P | 224 | 381 | 171 ] L10] 1.07 | 171 ] 14l 1.4l
66 253 889 889 76 76 S 57 245 376 | 157 | 911 | P | 225 | 3.03 | 18 | 18 | 117 ] 18 | 14 | 14
67 254 889 889 102 102 | s 57 32 376 | 157 | 858 | P | 225 | 255 | 147 | 1.12] 098 | 1.4 | 119 | 119
68 255 889 889 ¥ 17 | s 57 2.1 376 | 157 | 965 P | 224 | 222 | 146 | 117 | 101 | 146 | 117 | 117
9 256 839 889 152 52 | s 57 184 376 | 157 | 965 P | 224 | 204 | 14 | 115 099 | 1.4 | 1.09 | 1.09
70 352 889 889 51 51 S 57 238 376 | 314 | 784 | P | 449 | 812 | 1.9 | 116 | 112 ]| 1.9 | 137 | 137
71 354 839 889 102 102 | s 57 2.6 376 | 314 | 162 | P | 449 | 516 | 200 | 1.4 | 117 | 200 | 138 | 138
7 356 889 889 152 152 | s 57 216 376 | 314 | 199 | P | 449 | 395 | 2.02 | 1.% | 1.3 | 2.02 | 138 | 138
Base (1%6

7 AUMI 1370 1370 203 203 | s | 114 155 255 ] 100] 360 | F | 15 | 130 | 16 | 133] 12 | 16 | 12 | &
74 AM2 1370 1370 203 203 | s | 117 147 282 | 1.0 | 3390 | P | 214 | 247 | 177 | 126 | 117 | 1.77 | 134 | 134
75 ALM3 1370 1370 203 203 | s | 12 135 282 | 190 | 3010 | P | 271 | 296 | 1.5 | 101 | 098 | 1.5 | 1.09 | 1.09
76 AT 1370 1370 203 203 | s | 1% 133 432 | 100 | 2540 | P | 1.8 | 304 | 19 | 101 ] 091 | 19 | L0 | L0
77 AUT2 1370 1370 203 203 | s | 117 20.0 430 | 10| 3390 | P | 171 | 282 | 12 | 1.2 | 108 | 1.2 | 131 | 131
73 A2M1 1370 1370 203 203 | s | 1% 336 255 | 1.00 | 4010 | F | 1.8 | 087 | 1.8 | L17] 1.08 | 134 | L.® 131
79 A2M2 1370 1370 203 203 | s | 117 312 282 |10 | 4110 | P | 204 | 1® | 14 | 19| 107 | 14 | 1.7 | 127
80 A2M3 1370 1370 203 203 | s | 12 30.9 282 | 1.0 | 4220 | P | 271 | 19 | 145 | 107 | 098 | 145 | 115 | L5
81 ATI 1370 1370 203 203 | s | 1% 373 432 | 100 4110 | P | 1.8 | 1 | 124 | 116 ] 101 | 124 | 16 | 1%
82 A2T2 1370 1370 203 203 | s | 1 393 432 | 170 | 4310 | P | 2.43 | 301 | 1.7 | 1.00 | 0.88 | 1.7 | 1.09 | 1.09
83 A3MI 1370 1370 203 203 | s | 1% 179 255 | 1.00 | 2420 | P | 1.8 | 1.19 | 1.06 | 0.88 | 0.81 | 1.06 | 0.95 | 095
84 A3/M2 1370 1370 203 203 | s | 102 183 282 | 170 | 3300 | P | 243 | 12 | 1% | 136 | 15 | 1.8% | 140 | 140
85 A3/M3 1370 1370 203 203 | s | 117 259 280 | 1.90 | 2920 | P | 271 | 207 | 1.15] 083 | 076 | 1.15] 089 | 0.89
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.g = Vex calc
§ 2 L= § =
= ) 9 ) -« ~ = _g
z AR E R I R
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L
n »n 7}
86 A3/TI 1370 1370 203 203 S 121 196 432 1.00 | 3220 P [ 18 [ 245 [ 139 [ 118 | 1.03 | 139 [ 1.7 1.7
87 A3/T2 1370 1370 203 203 S 119 152 432 1.0 [ 2920 P [ 171 [ 320 |14 [tz 1ot [ 14 [ 12 1.21
88 A4/MI 1370 1370 203 203 S 114 36.4 255 1.10 | 254.0 P | 15 [ 085 [ 087 [ 081074 | 091 [ 086 | 0.88
89 A4/M2 1370 1370 203 203 S 119 27.7 282 1.9 | 3350 P [ 214 | 160 | 1.4 | 098 [ 089 | 1.4 | 1.05 1.05
90 A4/M3 1370 1370 203 203 S 117 30.6 322 1.9 | 5310 P [ 271 [ 232 |12 [18 [ 13|12 [ 13 1.3
91 A4/T1 1370 1370 203 203 S 114 312 432 110 | 3770 P | 15 [ 202 | 14 | 12 [ 109 | 140 | 134 1.34
92 A4/T2 1370 1370 203 203 S 117 27.8 432 1.0 [ 3940 P [ 171 [ 239 [ 1o [ 1z [ | 1o [ 136 136
Corley, W. G. and N. M. Hawkins (198)
93 AN-1 21% 21% 254 254 S 111 187 403 L% [ 3340 P [ 220 [ 25 [ 142 [ 113] 110 142 [ 1.12 1.12
94 BN-1 21% 203 254 254 S 111 20.1 444 1.03 | 2655 P [ 14 [ 187 [ 1.09 [ 1.00 [ 097 | 1.09 [ 099 [ 0.99
Schaeidt, W. and M. Ladner (1970)
95 Pl 2900 2900 500 500 [ C ] 240 | 279 T 544 [ 131] 1e2. [ P [ 187 [ 336 [ 14 [ 132100 14 ] 117] 117
Hawkins, N. M., H. B. Fallsen and R. C. Hinojosa (1971)
96 1 213 213 305 305 S 117 30.3 412 1L12] 389 F [ 160 [ 137 [ 106 [ 1.05] 117 ] 1.06 [ 1.00 1.00
97 2 21% 21% 406 203 R 117 263 412 112 | 3514 s | 1o | 1.2 [ ro4 | ror | ri12 | 1.04 [ 1.13 1.13
98 3 213 213 457 152 R 117 32.0 412 .12 | 3332 S [ 1re | 201 [ 108 [080 [ 100 1.08 | 1.10 1.10
99 4 21% 21% 495 114 [ R 117 310 412 112 | 3305 s | 1e | 230 [ 14 [090 [ 100 [ 1.4 [ 118 1.18
100 5 213 213 457 152 R 117 26.9 412 1.4 | 3550 S [ 206 [ 282 [ 125 [093 [ 101 ] 15 | 1.14 1.14
101 6 21% 21% 457 152 R 117 22.7 412 L12 | 3358 F [ 10 [ 239 [ 19 [101 | 112 1o [ 1.4 1.24
102 7 21% 21% 457 152 R 117 259 412 [ 087 | 3198 S | 12 | 174 | 115 [ 100 | 114 [ 115 1.3 1.3
103 8 21% 20% 495 114 | R 121 26.1 414 [ o081 315 S 116 | 19 [ 13 [095 [ 109 ]| 1.3 | 1.7 1.7
104 9 21% 21% 305 152 R 121 295 414 [ 077 | 3154 s | r1o| 15 [ 103 [ 105 ] 12 [ 103 [ 1.7 1.7
Roll, F., S. T. H. Zaidi, G. Sabnis and K. Chuang (1971)
105 | AS000-0-0-2 737 737 102 102 S 46 35.1 359 LI15| 654 P | 16 [ 118 [ 1.3 [ 118 [ 095 [ 1.3 [ 118 118
106 | AS-000-0-0-3 | 737 737 102 102 S 46 28.9 359 L15| 632 P | 16 | 130 | 131 12 | 099 | 131 ] 1.2 1.2
107 | AS000-0-0-4 737 737 102 102 S 46 28.9 359 L15| 610 P | 16 | 130 | 126 | 118 ] 095 | 126 | 117 1.17
108 | AS000-0-0-5 737 737 102 102 S 46 29.0 359 LI5| 636 P | 16 [ 130 [ 132 [ 12 [ 099 [ 132 [ 1.2 1.2
109 | BS-000-0-0-1 | 737 737 102 102 S 46 314 368 253 | 882 P | 361 | 284 | 175 | 138 | 1.08 | 1.75 | 1.8 1.8
110 [ B-S-00-0-0-2 737 737 102 102 S 46 29.6 462 253 | 870 P | 361 | 413 | 178 | 138 | 108 | 1.78 | 1.® 1.8
111 H-0-a 737 737 102 102 S 46 303 374 L15| 671 P | 16 | 135 | 136 | 127 | 103 | 136 | 1.7 1.7
112 H-0-b 737 737 102 102 S 46 29.0 440 1L15| 814 P lis [ 17|18 |1y 15]18& | 1% 1.%
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.g = ch calc
§ 2 L= § =
) 9 ) ~ = =)
z =l sz | 82| 2| 2| | & 32|32
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d(mm) | f(MPa) | f, (MPa) (02 ) (:z;f) £ ag| % | 7 s | 2 ;’ §_§ L
n »n 7}
Ladner, M. (1973)
113 | M 1400 1400 226 226 c| 109 T 396 | 541 [132] 3620 | P 1.9 [ 28 [ 1.8 [ 1.19] 085 [ 1.8 [ 110 1.10
Ladner, M., W. Schaeidt and S. Gut (1977)
114 DA6 1260 1260 100 100 S 80 30.0 550 1.79 [ 183.0 P [ 256 [ 591 [ 174 [ 120 [ 111 [ 174 [ 1.4 1.40
115 DA7 1260 1260 200 200 S 80 33.5 550 1.79 [ 288.0 P | 25 [ 35 [ 16 | 12 | 119 ] 1.6 [ 137 1.37
116 DA10 1260 1260 240 240 S 80 32.0 550 1.79 [ 281.0 P [ 256 | 322 [ 14 [ 1.0 [ 1.08 [ 146 [ 119 1.19
117 DAI11 1260 1260 320 320 S 80 30.4 550 1.79 | 324.0 P | 256 | 284 | 138 | 130 | 1.10 [ 138 | 1.11 1.11
Marti, P., and Thiirlimann, B. (1977)
118 | P2 2750 2750 300 300 c| 18 | 346 | 558 |14 ] 6280 [ P 211 [ 300 | 137 [ 120 | 113 ] 137 ] 111 1.11
Pralong, J., W. Brindli and B. Thiirlimann (1979)
119 | P5 2750 2750 300 300 c| 171 | 262 | 515 [ 118] 6280 [ P Lo [ 201 [ 1.3 J105] 102 1.3 ] 1.04 1.04
Kinnunen, S., Nylander, H., and Tolf, P.(1980)
120 | S1 5820 4680 800 800 C | 669 | 287 | 622 Joe1] 4915. | P [ 087 | 551 ] 075 [ 093 [ 077 [ 075 | 1.3 1.20
Mokhatar, A. (1982)
121 | ABI 1900 1900 249 249 S| 114 | 362 | 515 14 ] 4079 [ P [ 200 [ 245 [ 1.3 [ 110] 1.00 [ 1.3 1.11 1.11
Swamy, R. N. and S. A. R. Ali (1982)
12 S1 1800 1800 150 150 S 100 40.1 462 057 | 1977 P [ 08 [ 1.05 [ 094 [ 104 [ 112098 [ 1.0 1.16
13 S7 1800 1800 150 150 S 100 37.4 462 076 | 2217 P | 109 [ 146 | 1.09 | 1.09 [ 113 [ 1.09 [ 1.1 1.21
124 S19 1800 1800 150 150 S 100 37.6 462 038 | 1207 F [ 054 [ 073 [ 064 [ 081 [ 091 [ 095 [ 0.99 0.95
Schaefers, U. (1984)

125 0 1960 1960 210 210 C 113 23.1 420 0.83 | 280.0 P s [ 15 [ 1o [t [ 1ot 1] 119 1.19
126 3 1960 1960 210 210 C 170 233 450 0.55 | 460.0 P [ 079 [ 1t [ 1a8 | 115]099 [ 118 [ 1.32 1.7
Regan, P. E. (1986)

127 1/1 2000 2000 200 200 S 77 25.8 500 120 | 1940 P [ 172 ] 1.8 [ 134 ] 12 [ 117 ] 134 [ 1.2 1.21
128 12 2000 2000 200 200 S 77 23.4 500 1.0 | 1%.0 P 172 ] 1w [ 18 [ ris | tio| 1.8 [ 113 1.13
129 1/3 2000 2000 200 200 S 77 27.4 500 092 | 1940 P 131 [ 140 [ 130 [ 135 [ 1.6 [ 130 [ 1.9 1.9
130 1/4 2000 2000 200 200 S 77 323 500 092 [ 190 P 131 [ 19 [ o [ 1310 [120 [ 1.2 1.2
131 /5 2000 2000 200 200 S 79 28.2 480 075 | 16.0 P [ 107 [ 109 [ 106 | 117 | 112 ] 1.06 [ 1.13 1.13
132 1/6 2000 2000 200 200 S 79 21.9 480 075 | 165.0 P | 107 [ 1 [ 1o [ 1712|120 13 1.3
133 1/7 2000 2000 200 200 S 79 30.4 480 0.80 [ 18.0 F 114 | 12 | s [ 1 [ 1o | 115 ] 1.2 1.21
134 11/1 3000 3000 250 250 C 200 34.9 530 0.98 | 825.0 P [ 14 | 281 [ 124 [ 107 [ 107 [ 1.4 [ 118 1.18




Appendix E E-7
.g = Vex calc

2 | £| £ 2

£ S 2 ko] < ~ = s

< Bl g2 | g2 | % 2| | £ | 85| 8%t
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L

) ©n 7}
135 112 2000 | 2000 10 @ | C | I® 333 485 | 098 | 3900 | P | 140 | 251 | 147 | 126 | 114 | 147 | 138 | 138
136 1173 2000 | 2000 ) @ | C | I® 343 485 | 098 | 3650 | P | 140 | 247 | 135 | 116 115 | 135 ] 1.8 | L%
137 11/ 1000 1000 80 80 C | o4 333 480 | 098 | 170 | P | 140 | 247 | 176 | 15 | 117 ] 176 | 1.6 | 1.6
133 /5 1000 1000 80 80 C | oa 343 480 | 098 | 1050 | P | 140 | 244 | 1% | 134 | Li1| 1% | 14 | 14
139 10/6 1000 1000 80 80 C | o4 362 480 | 098 | 1050 | P | 140 | 237 | 12 | 131 | 115] 1.2 | 1.4 | 14
140 T/1 1500 1500 150 50 | C | 9 232 494 | 083 | 1990 | P | 119 | 223 | 14 | 1 | 106 | 142 | 132 | 132
141 1112 1500 150 150 150 | Cc | 9 95 494 | 083 | 1230 | P | 1.19 | 348 | 138 | 1.09 | 093 | 138 | L1l ] LIl
12 11173 1500 1500 150 50 | C | 9 378 494 | 083 | 2140 | P | 119 | 175 | 121 | 1.19 | 098 | 121 | 12 121
13 1114 1500 1500 150 150 | C | 9 119 464 | 12 | 1540 | P | 217 | 508 | 1.9 | 107 | 096 | 1.9 | 1.08 | 1.08
14 11/5 1500 1500 150 50 | C | 9 268 464 | 12 | 2140 | P | 217 | 339 | 18 | 113 095 | 18 | 115 | LI5
145 16 1500 1500 150 150 | C | 9 2.6 464 | 12 | 2480 | P | 217 | 269 | 136 | 113 ] 092 | 136 | 114 | 114
146 V/1 1600 1600 54 54 C | 18 343 628 ] 080 | 100 | P | 114 | 514 | 1.11] 080 ] 079 | 11| L6 | 116
147 V2 1600 1600 170 170 | C | 118 322 628 ] 0.80 | 2800 | P | 114 | 286 | 117 ]| L11] 091 | 117 | L6 | 116
14 VI3 1600 1600 110 10 | ¢ | 118 324 628 ] 0.80 | 2650 | P | 114 | 3.73 | 137 | 115 | 101 | 137 | 139 | 139
) V4 1600 1600 102 102 | s | 118 362 628 | 080 | 2850 | P | 114 | 368 | 137 | 1.6 | 1.08 | 137 | 14 | 1.®
150 V5 1600 1600 150 150 | C | 118 32.9 628 ] 0.80 | 2850 | P | 114 | 3.06 | 126 | 1.16 ] 097 | 126 | 1.6 | 1.%
Rankin, G. I. B. and A. E. Long (1987

151 1 700 700 100 100 | s ) 40.0 530 042 | 364 | FP | 060 | 067 | 076 | 1.07 | 092 | 130 | 1.14 | 1L.11
152 2 700 700 100 100 | S 41 40.0 530 | 055 | 49.1 P | 079 | 089 | 1.02 | 132 | 1.10 | 133 | 133 | 130
153 3 700 700 100 100 | s 41 40.0 530 | 0.69 | 35656 P | 099 | 11| 118 | 14 | 115 ] 1% | 137 | 137
154 4 700 700 100 100 | S 41 40.0 530 | 082 | 562 | P | 117 | 132 | 117 | 132 ] 1.06 | 117 ] 1.9 | 1.®
155 5 700 700 100 100 | s 41 40.0 530 | 0.88 | 573 P | 125 | 14 | 119 132 | 106 | 1.19] 1.8 | 1.8
156 6 700 700 100 100 | S 41 40.0 530 | 1.04| 656 | P | 148 | 1.6 | 137 | 1.8 | 114 ] 137 | 139 | 139
157 7 700 700 100 100 | s 41 40.0 530 | 116 709 | P | 1.6 | 1.8 | 18 | 1® | L8| 18 | 14 | 1%
158 8 700 700 100 100 | s 41 40.0 530 | 1™ | 717 P | 18 | 207 | 1® | 145 | 115 ] 1.9 | 14 1.4]
159 9 700 700 100 100 | s 41 40.0 530 | 145 | 786 | P | 208 | 234 | 1& | 13 | 12 | 1& | 1.® | 1®
160 10 700 700 100 100 | s ) 40.0 530 | 052 | 436 | P | 074 | 083 | 091 | 10 | 100 | 126 | 1.2 | 1D
161 11 700 700 100 100 | s 41 40.0 530 | 0.80 | 550 P | 114 | 18 | 115 | 131 | 105 | 115] 1.7 | 12
® 12 700 700 100 100 | s 41 0.0 530 | 112] 671 | P | 1D | 179 | 14 | 1.8 | 113 ] 14 | 139 | 139
163 13 700 700 100 100 | s 41 40.0 530 | 060 | 494 | P | 085 | 096 | 103 | 1™ | 1.07 | 1.5 | 1.9 | 1%
164 14 700 700 100 100 | s 41 40.0 530 | 0.69 | 525 P | 099 | 11| 109 | 131 | 107 | 15| 1.7 | 12
16 15 700 700 100 100 | s 41 40.0 530 | 1.9 | 848 P | 285 | 321 | 177 | 10 | 10 | 177 | 1.4 | 14
16 1A 700 700 100 00 | s | 47 40.0 530 | 044 | 452 | FP | 062 | 0.81 | 079 | 1.06 | 090 | 1.17 | 1.15 | 110




E-8 Appendix E
.g = ch calc
2 | £| £ 2
g S & o < ~ = =
N Slab ID = 7 s éE sZ| 2 % 5 % AR
o a Li(mm) | L:(mm) | ¢ (mm) | c;(mm) | E | d(mm) | £ (MPa) | f; (MPa) (‘};) s S| 2| eE| ® S 9 i §_§ ST %
s o = = S 3] = Q = = | £8
8 s E" g z 5 2 A~ E" o)) =
n »n 7}
167 2A 700 700 100 100 S 47 40.0 530 0.69 | 662 P [ 099 [ 19 [ 115] 133 ] 1.08 [ 1.15[ 134 1.34
168 3A 700 700 100 100 S 47 40.0 530 1.9 89.7 P | 185 [ 240 [ 1% [ 14 [ 117 1% [ 14 1.47
16 4A 700 700 100 100 S 47 40.0 530 1.9 97.4 P [ 285 [ 370 | 170 [ 137 [ 112 ] 1.70 | 138 1.38
170 1B 700 700 100 100 S 35 40.0 530 042 | 289 FP | 0.61 | 058 [ 073 | 1.06 | 092 [ 136 | 1.08 1.09
171 2B 700 700 100 100 S 35 40.0 530 0.69 | 376 P [ 099 [ 095 | 094 | 1.18 ] 096 | 111 [ 1.10 1.11
172 3B 700 700 100 100 S 35 40.0 530 1.9 56.7 P [ 1 [177 [ 12 [ 14| 114 12 [ 134 1.34
173 4B 700 700 100 100 S 35 40.0 530 1.9 725 P [ 284 [273 [ 1@ [ 19 [ 17 [ 18 [ 1.9 1.9
174 1C 700 700 100 100 S 54 40.0 530 042 | 627 FP | 0.60 [ 090 [ 091 | 118 1.01 [ 127 | 135 1.6
175 2C 700 700 100 100 S 54 40.0 530 0.69 | 879 P |09 [ 18 |17 [ 1415127 [ 18 1.47
176 3C 700 700 100 100 S 54 40.0 530 1.9 124.1 P [ 18 [ 276 | 179 [ 16 | 130 | 1.79 | 1.® 1.6
177 4C 700 700 100 100 S 54 40.0 530 1.9 | 1259 P | 284 [ 425 |12 [ 12 ] 18] 12 [ 14 1.9
Tolf, P. (1988)
178 S2.1 2540 2540 250 250 C 200 24.2 657 0.80 [ 603.0 P 114 | 392 [ 1.09 [ 0.95 [ 0.83 [ 1.09 | 1.04 1.04
179 S22 2540 2540 250 250 C 19 229 670 0.80 [ 600.0 P 114 | 413 [ 112 [ 097 [ 085 | 112 | 1.06 1.06
180 S2.3 2540 2540 250 250 C 200 25.4 668 0.34 | 489.0 P [ 049 | 1.67 | 086 | 1.00 [ 0.92 | 0.86 | 1.2 1.10
181 S2.4 2540 2540 250 250 C 197 24.2 664 035 | 4440 P [ 050 [ 172 | 082 [ 094 [ 086 | 0.82 [ 1.16 1.03
12 S1.1 1270 1270 125 125 C 100 28.6 706 0.80 [ 2160 P 114 | 402 | 14 [ 18] 104 | 14 | 14 1.41
18 S1.2 1270 1270 125 125 C 99 22.9 701 0.80 | 1940 P 114 | 440 | 146 [ 126 [ 1.03 [ 146 | 138 1.38
18 S1.3 1270 1270 125 125 C 98 26.6 720 040 | 1450 P [ 057 [ 211 [ 103 ] 1.15] 095 [ 1.03 [ 138 1.2
185 S1.4 1270 1270 125 125 C 99 25.1 712 [ 040 | 1480 P [ 057 [ 216 | 107 [ 118097 | 1.07 [ 14 1.9
Gardner, N. J. (1990)
18 5 483 483 102 102 C 38 131 550 2.04 [ 33.0 P [ 291 [ 7106 [ 139 ] 101 ] 076 | 139 [ 0.86 0.86
187 7 787 787 102 102 C 38 131 550 2.04 | 340 P | 291 | 545 | 1.4 | 1.04 | 085 | 1.4 | 0.89 0.89
18 8 1219 1219 102 102 C 76 229 414|205 ] 120 P [ 293 [ 473 ] 1 [ 10309 [ 1% [ 110 1.10
189 9 787 787 102 102 C 76 215 414 205 | 1%.0 P | 293 | 552 | 173 111 092 | 1.73 | 1.18 1.18
19 18 610 610 203 203 C 33 21.0 450 731 |  89.0 P | 1044 | 749 | 232 | 204 | 138 | 232 | 127 1.7
191 26 991 991 203 203 C 73 495 450 501 | 323.0 P | 716 | 685 | 1.8 | 1.73 | 098 | 1.8 | 135 1.35
Lovrovich, J. S. and D. I. Mclean (1990)
192 | F3 914 914 102 102 c| 8 | 380 | 531 J175] 10 [ P |25 [ 573 ] 127z Joor]onz] 1] o1 ] 101




Appendix E E-9
.g = ch calc
2 | £| £ 2
2 S ] ko] -« « = _g
: IFHE AR AR
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L
n »n 7}

193 F4 1118 1118 102 12| C 83 38.0 531 175 1290 | P | 250 | 524 | 1.10 [ 0.79 | 0.65 | I.10 | 0.87 | 087
1% F5 1524 1524 102 102 | C 83 38.0 531 175 | _19.0 P | 250 | 480 | 1.18 | 0.85 | 0.74 | 1.18 | 094 | 094
Marzouk, H. and A. Hussein (1991)

1% HS1 1700 17900 150 150 [ s 95 67.0 490 [049] 180 | P [ 070 | 075 [ 0.70 | 091 | 0.90 | 1.05 | 1.06 | 1.04
1% HS2 1700 1700 150 150 | s 95 70.0 490 | 0.84 | 2490 | P | 12 | 126 | 096 | 1.04 | 097 | 096 | 115 | 115
197 HS3 1700 1700 150 150 | S 95 69.0 490 147 | 3560 | P | 2.0 | 221 | 138 | 1.4 | 112 | 138 | 137 | 137
1% HS4 1700 1700 150 150 [ s 90 66.0 490 | 237 | 4180 | P | 339 | 347 | 1.79 | 14 | 1.5 | 1.79 | L. 1.9
19 HS5 1700 1700 150 150 | S 125 68.0 490 | 064 | 3650 | P | 091 | 1.3 | 097 | 1.06 | 1.03 | 0.97 | 1.8 1.6
200 HS6 1700 1700 150 150 [ s 120 70.0 490 [ 094 | 4890 | P | 134 | 173 | 135 | 133 | 1% | 135 | 1.% 1%
201 HS7 1700 1700 150 150 | S 95 74.0 490 119 | 3560 | P | 170 | 1.73 | 137 | 130 | 1.8 | 137 | 1.8 1.8
202 HS8 1700 1700 150 150 [ s 120 69.0 490 111 4360 | P | 19 | 205 | 12 | 113 [ 105 | 12 | 132 | 132
203 HS9 1700 1700 150 150 | S 120 74.0 490 16l | 5430 | P | 230 | 288 | 1o | 12 | 112 [ 190 | 1@ 1.0
204 HS10 1700 1700 150 150 [ s 120 80.0 490 [ 233 | 6450 | P | 333 | 400 | 178 | 131 115 | 1.78 | 1.4 145
205 HS11 1700 1700 150 150 | S 70 70.0 490 [ 095 1%0 | FP | 136 | 1.06 | 1.14 | 130 | 1.19 | 1.14 | 131 131
206 HS12 1700 1700 150 150 [ s 70 75.0 490 18 | 2580 | P | 207 | 16 | 19 [ 18 [ 12 | 10 | 1.4 14
207 HS13 1700 1700 150 150 | s 70 68.0 490 | 2.00 | 2670 | P | 286 | 226 | I | 139 | 1.2 | 1.8 | 1.4 1.40
208 HS14 1700 1700 220 220 | S 95 72.0 490 147 | 4980 | P | 210 | 1.6¢ | 1.4 | 148 | 131 | 1.® | 14 1.47
209 HS15 1700 1700 300 300 | S 95 710 490 147 | 5600 | P | 200 | 132 | 134 | 14 | 1o | 134 | 132 | 132
210 NSI 1700 1700 150 150 | S 95 42.0 490 147 | 3200 | P | 210 | 284 | 19 | 132 | 1o | 1.9 | 14 1.45
211 NS2 1700 1700 150 150 | s 120 30.0 490 | 094 | 3960 | P | 134 | 264 | 167 | 18 | 133 | 1.6/ | 16 1.6/
Alexander, S. D. B. and S. H. Simmonds (192)

212 P1FO 2750 2750 200 200 S 138 33.2 438 [ 053] 2570 | P [ 0.76 | 1.02 | 0.72 | 0.78 | 0.95 | 0.76 | 0.92 | 0.88
213 P38FO 2750 2750 200 200 S 111 38.1 438 | 066 | 2640 | P | 094 | 096 | 093 | 1.03 | 1.2 | 098 | 1.10 | 110
214 | PIBIS0 2750 2750 200 200 S 134 315 438 [ 056 | 2570 | P | 081 | 1.08 | 0.77 [ 082 [ 098 | 0.77 | 0.95 | 092
215 | P38S150 2750 2750 200 200 S 107 338 438 | 056 | 2640 | P | 081 | 084 | 104 | 10 | 18 | 12 | 130 | 19
216 | PI%SI50 2750 2750 200 200 S 125 24.7 438 | 056 | 2580 | P | 081 | 1.14 | 096 | 1.01 | 1.19 | 096 | 1.14 | 110
217 P19S75 2750 2750 200 200 S 125 247 438 [ 049 | 2580 | P | 0.69 | 098 | 0.96 | 1.06 | 1.27 | 1.03 | 1.3 1.16
218 P19850 2750 2750 200 200 S 125 24.7 438 | 055 390 | P [ 079 | 102 | 119 [ 125 | 148 | 1.19 | 1.8 1.37
219 PIRE 2750 2750 200 200 S 125 335 438 | 056 | 3040 | P | 081 | 098 | 097 | 107 [ 1® | 1.03 | 1.2 118
220 PIRC 2750 2750 200 200 S 125 335 438 | 056 | 2820 | P | 0.81 | 098 | 090 | 1.00 | 1.19 | 0.96 | 1.13 | 1.09
21 PIRB 2750 2750 200 200 S 125 335 438 [ 056 | 3430 | P | 081 | 098 | 100 | 121 | 14 | 117 | 137 | 133

Theodorakopoulos, D. and N. Swamy (1993)
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.g = ch calc

§ 2 L= § =

= ) 9 ) -« ~ = _g

z S aZ|as| 3|8 5| B |22 3zt
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d(mm) | f(MPa) | f, (MPa) (02 ) (:z;f) £ ag| % | 7 s | 2 ;’ §_§ L

) »n 7}
222 FS-1 1800 1800 150 150 S 100 30.9 460 0.52 1B.5 P [ 074 [ 109 [ 094 [ 103 ] 110]095] 1.0 1.15
223 FS-10 1800 1800 200 200 S 100 319 460 0.52 191.4 P [ 074 | 087 | 085 | 1.01 [ 1.09 | 1.05 ] 110 1.07
224 FS-19 1800 1800 150 150 S 100 30.2 460 0.35 13%.5 P | 050 | 074 [ 075 093] 105] 109 116 1.09
225 FS-8 1800 1800 100 100 S 100 32.1 460 0.52 1503 P [ 074 [ 14 [ 099 [099 ] 108109 | 1.® 1.3
Tomaszewicz, A. (193
226 ND65-1-1 3000 3000 200 200 S 275 64.0 500 1.49 | 2050 P lons 4211w J 15 1314 ] 18 1.4
227 | NDé65-2-1 2600 2600 150 150 S 200 70.0 500 1.75 1200 P [ 250 [ 453 [ 1% [ 1os [ 10 ] 13 [ 14 1.4
228 NG95-1-1 3000 3000 200 200 S 275 84.0 500 149 | 2250 P [ 213 [ 367 [ 1 [115] 13 ] 1% ] 1.8 1.8
229 | ND95-1-3 3000 3000 200 200 S 275 90.0 500 2.55 | 2400 P | 364 [ 607 | 166 [ 100 [ 108] 1656 [ 1.6 1.26
230 | ND95-2-1 2600 2600 150 150 S 200 88.0 500 1.75 100 P | 250 [ 404 | 141 Joo2 [ 101 ] 141 ] 1.2 1.2
231 | ND95-2-1D 2600 2600 150 150 S 200 87.0 500 1.75 1300 P [ 250 [ 406 [ 166 [ 109 10 ] 166 | 185 1.45
232 | ND95-2-3 2600 2600 150 150 S 200 90.0 500 2.62 1450 P [ 374 [ 508 [ 186 [ 1L15] 117 [ 1.8 | 1.2 1.9
233 | ND95-2-3D 2600 2600 150 150 S 200 80.0 500 2.62 1250 P | 374 [ 634 [ 10 [ 103 105] 1.0 [ 1.7 1.27
234 | ND95-2-3D+ | 2600 2600 150 150 S 200 98.0 500 2.62 1450 P [ 374 [ 573 [ 186 [ 115 113 1.86 [ 1.38 1.38
235 ND95-3-1 1500 1500 100 100 S 88 85.0 500 1.8 | 3300 P | 263 [ 335 [ 179 [ 1 [ 119] 179 [ 1.5 1.5
236 | NDI1b-I-1 3000 3000 200 200 S 275 1.0 500 1.9 | 2450 P o3l i’ [ 13 13] 18 [ 12 1.4
237 | NDIB-2-1 2600 2600 150 150 S 200 19.0 500 1.75 1400 P [ 250 [ 347 [ 179 ] 116 117 ] 179 | 1.4 1.41
238 | ND15-2-3 2600 2600 150 150 S 200 1080 500 2.62 1550 P | 374 [ 545 1w [ 13 ] 117] 18 [ 1.8 1.8
Hallgren, M. (1996
239 Al 3180 3180 100 100 [ s T 39 | 296 [ 500 Ji112] 625 [P | 160 1% [ 19 1 1 [ 19 ] 1.9 1.9
Shaaban, A. M. and H. Gesund (1994
240 SFO-1 1600 1600 64 64 S 70 33.4 420 1.40 90.0 P [ 200 [ 333 ] 12 [08 [o08 [ 12 [ 1.13 1.13
241 SFO-2 1600 1600 64 64 S 70 39.1 420 1.40 12.5 P [ 200 | 308 | 146 | 1.05 [ 094 [ 146 | 134 1.34
242 SFO-3 1600 1600 64 64 S 70 311 420 1.40 81.0 P [ 200 [ 346 [ 118 [ 082 [ 074 | 118 [ 1.04 1.04
243 SFO-4 1600 1600 64 64 S 70 317 420 1.40 94.5 P [ 200 [ 342 [ 136 [ 095 [ 086 | 136 | 1.0 1.20
Banthia, N., J. F. Trottier, P. Soroushian and Z. Bayasi (192)
244 i 600 600 100 100 C 55 39.0 448 0.51 65.0 P [ 073098 J099 [120J079] 121 ] 1.3 1.17
245 11 600 600 100 100 C 55 50.3 448 0.51 61.0 P [ 073 [ 08 [ 08 [ 104 [ 068 | 1.13] 1.06 1.03
246 v 600 600 100 100 C 55 39.0 448 0.51 60.0 P [ 073 098 [ 091 [ 1i1]o73 ] 112] 1.14 1.08
Gardner, N. J. and X.-Y. Shao (1996

247 1 2400 2400 254 254 | s | 120 | 215 | 460 Joe6] 3n10 [FP ] 094 | 1@ | 112 ] 1a8] 120 ] 1.12] 120 | 119

Hallgren, M. (1996)
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2 S ] 2 -« ~ = _g
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No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L
) »n 7}
248 HSCO 2540 2540 250 250 C 200 90.3 643 0.80 | 965.0 P 114 [ 19 [ 1.03 [ 098 [ 097 [ 1.03 ]| 1.07 1.07
249 HSCI 2540 2540 250 250 C 200 91.3 627 0.80 1021 P 114 | 1.8 [ 109 [ 103 [ 103 ] 109 ] 113 1.13
250 HSC2 2540 2540 250 250 C 1% 85.7 620 0.82 | 889.0 P 117 | 1.9 | 099 | 096 | 0.95 | 0.99 | 1.04 1.04
251 HSC4 2540 2540 250 250 C 200 91.6 596 1.19 1041 P 170 | 2.59 111 [ 092 [ 080 | 111 | 1.01 1.01
252 HSC6 2540 2540 250 250 C 201 1088 633 0.60 | 960.0 P | 0.86 131 | 101 | 106 | 1.04 [ 1.01 | 112 1.10
253 N/HSC8 2540 2540 250 250 C 198 94.9 631 0.80 | 944.0 P 1.4 [ 18 [ 102 1097 [ 095 [ 1.02 ] 1.05 1.05
254 HSC9 2540 2540 250 250 C 202 84.1 634 033] 5650 | FP | 047 [ 083 | 059 [ 0.77 [ 0.87 | 0.84 | 0.97 0.88
Marzouk, H., M. Emam and M. S. Hilal (196)

255 | N.H.Z.S.1.0 1900 1900 250 250 119 322 460 1.00 | 4755 P 1.4 1.6 1.8 [10] 13118 ] 14 1.9
256 | N.N.Z.S.1.0 1900 1900 250 250 119 37.2 460 1.00 | 484.8 P 1.8 1.2 [ 136 | 136 | 127 | 136 | 1.38 1.38
Ramdane, K. E. (196)

257 1 1700 1700 150 150 C 98 88.2 550 0.60 | 224.0 F [ 08 [ 1.00 | 089 ] 099 [ 099 ] 0.90 | 1.05 1.02
258 2 170 1700 150 150 C 93 56.2 550 0.60 | 2120 FP | 086 | 125 | 094 | 1.09 | 1.06 | 094 | 1.15 1.12
259 3 1700 1700 150 150 C 98 26.9 550 0.60 | 160.0 P | 086 18 | 108 | 111 ] 1.04 | 1.08 | 1.18 1.15
260 4 170 170 150 150 C 93 58.7 550 0.60 | 233.0 F [ 08 [ 1.2 100 [ 118 115 ] 101 | 1.5 1.2
261 6 1700 1700 150 150 C 98 101.6 550 0.60 | 233.0 F [ 08 [ 093 ] 092 [ 1.03 ] 099 [ 094 [ 1.04 1.03
262 12 170 170 150 150 C 93 60.4 550 130 | 319.0 P 1.8 | 261 [ 136 [ 124 | 1.12] 136 | 1.8 1.8
263 13 170 1700 150 150 C 98 43.6 550 130 | 297.0 P 1.8 | 307 | 19 | 19 | 116 | 190 | 133 1.33
264 14 1700 1700 150 150 C 98 60.8 550 130 | 341.0 P 186 | 260 | 1.4 [ 132 ] 1.0 [ 1.4 | 136 1.36
265 16 170 1700 150 150 C 93 98.4 550 130 | 3620 [ FP | 1.8 [ 205 | 18 [ 1.3 [ 109 18 | 1.3 1.3
266 21 1700 1700 150 150 C 98 41.9 650 130 | 286.0 P 186 | 403 | 146 [ 126 [ 103 ] 14 [ 1® 1.9
267 22 170 1700 150 150 C 93 84.2 650 130 | 405.0 P 1.8 | 284 | 10 | 14 | 1.15] 1.0 | 1.45 1.45
268 23 1700 1700 150 150 C 100 56.4 650 0.90 | 3410 P 129 [ 245 | 14 [ 18 [ 183 ] 14 [ 1.3 1.3
269 25 170 1700 150 150 C 100 32.9 650 120 | 2440 P 171 | 427 | 137 [ 115 104 | 137 | 1.19 1.19
270 26 1700 1700 150 150 C 100 37.6 650 1.20 | 2940 P 171 [ 400 | 13 [ 133 110 1. | 138 138
271 27 170 170 150 150 C 102 33.7 650 1.00 | 227.0 P 148 | 359 | 1.2 | 1.09 | 091 | 1.2 | 1.14 1.14
Sistonen, E., M. Lydman and S. Houinen (1997)

272 L1 1770 1770 202 202 C 172 311 621 0.46 | 503.0 P Joes [ 200 ] 121 J1o7] 112] 1.4 1.34
273 L2 1770 1770 202 202 C 176 311 621 0.45 | 537.0 P [ 064 [ 201 [ 116 [ 124 [ 111 ] 116 ] 1.9 1.4
274 L3 1770 1770 201 201 C 173 311 621 0.45 | 530.0 P [ 064 | 1.9 117 [ 126 [ 113 ] 117 ] 1.8 1.9
275 L4 1970 1970 402 402 C 170 311 612 0.67 | 686.0 P |09 | 18 [ 103 ] 120 [ 1.02] 1.03] 1.08 1.07
276 L5 1970 1970 399 399 C 172 311 612 0.66 | 696.0 P [ 094 | 186 [ 104 [ 120 [ 1027] 1047 1.09 1.08
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N Slab ID = V. s éE &2 | 2 3 5 % FE| EE
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S S| OE| B F| G 2 |5F| =77
7} ©n 7
277 L6 1970 1970 406 406 C 175 311 612 0.65 | 799.0 P | 093 | 1.8 115 | 134 | 114 | 115 | 1.2 1.20
278 L7 1970 1970 201 201 C 177 22.9 586 0.64 | 478.0 P [ 091 [ 299 [ 119 107 {098 | 1.19] 1.3 1.2
279 L8 2470 2470 899 899 C 174 22.9 576 1.16 | 1110 P 1.6 | 213 | 1.09 | 1.19 | 1.06 | 1.09 | 0.83 0.83
280 L9 2470 2470 897 897 C 172 229 576 1.17| 1D7.0 P 1.67 | 212 | 1.10 | 120 | 1.07 | 1.10 | 0.84 0.84
281 L10 2470 2470 901 901 C 173 229 576 1.16 | 1079 P 1.6 | 212 | 1.06 | 1.16 | 1.04 | 1.06 | 0.81 0.81
Marzouk, H., M. Emam and M. S. Hilal (198)
282 | HH.ZS.10 [ 190 1900 250 250 | s | 119 | 672 | 460 [100] 5115 | P 1.8 1.3 [ 107 | 118 ] 112 ] 107 ] 119 1.19
Ghannoum, C. M. (198)
283 SI-U 2300 2300 225 225 S 127 353 445 0.96 | 301.0 P 137 | 1.9 | 0.85 | 0.82 | 0.81 | 0.85 | 0.87 0.87
284 SI-B 2300 2300 225 225 S 13 353 445 1.2 317.0 P | 274 | 308 | 093 | 0.72 | 0.70 | 0.93 | 0.76 0.76
285 S2-U 2300 2300 225 225 S 127 542 445 0.96 | 363.0 P 137 | 1.8 | 0.83 [ 0.85 | 0.86 | 0.83 | 0.91 0.91
286 S2-B 2300 2300 225 225 S 13 542 445 12 | 447.0 P | 274 | 249 | 1.06 | 0.88 | 0.85 | 1.06 | 0.92 0.92
287 S3-U 2300 2300 225 225 S 127 63.7 445 0.96 | 443.0 P 137 | 1.18 | 093 | 0.99 | 1.00 | 0.93 | 1.05 1.05
288 S3-B 2300 2300 225 225 S 13 63.7 445 1.2 | 4850 P | 274 | 229 | 1.06 | 090 | 0.87 | 1.06 | 0.95 0.95
Broms, C. E. (2000)
289 9 2600 2600 250 250 S 150 26.9 500 0.52 [ 408.0 P [ 074 [ 130 [ 098 [ 1.09 [ 1.16 | 098 | 1.4 1.18
290 9 2600 2600 250 250 S 150 21.0 500 0.52 | 360.0 P | 074 | 147 | 098 | 1.04 | 1.10 | 0.98 | 1.18 1.13
McHarg, P. J., Cook, W. D., Mitchell, D., & Yoon, Y. S. (2000)
291 NU 2300 2300 225 225 S 110 30.0 444 1.11] 306.0 P 1.8 175 | 114 [ 105 [ 1.03 | 1.14 | 1.08 1.08
292 NB 2300 2300 225 225 S 110 30.0 444 2.15 | 349.0 P | 307 | 339 | 130 | 0.99 | 094 | 1.30 | 0.98 0.98
Osman, M., H. Marzouk and S. Helmy (2000)
293 | NSNWO.5P 1900 1900 250 250 S 120 37.8 450 049 | 310.2 F | 07| 073 | 08 | 108 | 1.10 | 1.26 | 1.17 1.16
Li, K. K. L. (2000)
294 P100 925 925 201 201 S 99 39.3 488 0.97 | 330.0 P 139 | 225 [ 133 [ 134 [ 1.03 [ 133 | 1.38 1.38
295 P150 190 100 201 201 S 150 39.3 464 0.90 | 582.7 P 129 | 240 | 133 | 1.3 | 1.04 | 133 | 1.4 1.41
296 P200 1450 1450 201 201 S 201 39.3 464 0.83 | 902.9 P 119 | 255 | 134 | 118 | 1.08 | 134 | 1.46 1.46
297 P300 1975 1975 201 201 S 300 39.3 468 0.76 | 13789 P 109 | 279 | 1.10 | 099 | 094 | 1.10 | 1.3 1.3
298 P400 1975 1975 300 300 S 399 39.3 433 0.76 | 2224. P 109 | 322 | 095 | 094 | 0.83 | 095 | 1.4 1.24
299 P500 1975 1975 300 300 S 500 39.3 433 0.76 | 2682. P 109 | 438 | 080 | 0.79 | 0.68 | 0.80 | 1.16 1.16
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§ 2 L= § =
= ) 9 ) -« ~ = _g
F ElsZ|s2| 2| 2| = | & |3E|3zs
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L
%) 2 @n
Oliveira, D. R., G. S. Melo and P. E. Regan ( 2000)
300 1 2400 2400 120 120 S 93 60.9 695 1.5 270.0 P 2.14 4.63 1.31 1.09 1.08 1.31 1.26 1.26
301 2 1700 100 120 120 S 97 62.9 695 1.40 3350 P 2.00 4.41 1.51 1.27 1.17 1.51 1.9 1.9
Oliveira, D. R. C., P. E. Regan and Melo (2004)
302 Lla 2280 1680 120 120 S 107 57.0 749 1.09 240.0 FP 1.5% 4.20 0.98 0.86 0.79 | 0.98 1.04 1.04
303 L1b 2280 1680 120 120 S 108 59.0 749 1.08 322.4 P 1.5 4.31 1.28 1.13 1.04 1.8 1.37 1.37
304 Llc 2280 1680 120 120 S 107 59.0 749 1.09 318.0 P 1.5 4.32 1.28 1.13 1.04 1.8 1.36 1.36
305 L2a 2280 1680 240 120 R 109 58.0 749 1.07 246.0 FP 1.3 3.84 0.77 0.76 | 0.67 0.77 0.95 0.95
306 L2b 2280 1680 240 120 R 106 58.0 749 1.10 361.0 P 1.57 4.17 1.17 1.15 1.02 1.17 1.83 1.483
307 L2¢ 2280 1680 240 120 R 107 57.0 749 1.09 330.8 P 1.% 4.11 1.07 1.05 [ 0.93 1.07 1.31 1.31
308 L3a 2280 1680 360 120 R 108 56.0 749 1.08 240.6 FP 1.4 3.66 0.77 0.68 0.60 0.77 0.86 0.86
309 L3b 2280 1680 360 120 R 107 60.0 749 1.09 400.0 P 1.5% 3.97 1.25 1.12 | 0.98 1.25 1.4 1.8
310 L3c 2280 1680 360 120 R 106 54.0 749 1.10 3576 P 1.57 3.96 1.19 1.05 | 0.92 1.19 1.33 1.33
311 L4a 2280 1680 480 120 R 108 56.0 749 1.08 250.8 FP 1.4 3.49 0.76 0.64 0.57 0.76 0.83 0.83
312 L4b 2280 1680 480 120 R 106 54.0 749 1.10 395.0 P 1.57 4.16 1.25 1.05 | 0.92 1.25 1.35 1.35
313 L4c 2280 1680 480 120 R 107 56.0 749 1.09 404.0 P 1.5% 3.66 1.4 1.05 [ 0.92 1.4 1.35 1.35
314 L5a 2280 1680 600 120 R 108 57.0 749 1.08 287.4 FP 1.4 3.35 0.81 0.67 | 0.60 0.81 0.88 0.88
315 L5b 2280 1680 600 120 R 108 67.0 749 1.08 426.4 P 1.5 3.84 1.10 | 0.94 0.84 1.10 1.3 1.3
316 L5c 2280 1680 600 120 R 109 63.0 749 1.07 446.4 P 1.3 3.28 1.18 | 0.99 0.89 1.18 1.30 1.30
Teng, S., Cheong, H. K., Kuang, K. L., Geng, J. Z., (2004)
317 OCll1 2200 2200 200 200 S 105 36.0 461 1.81 423.0 P 2.59 2.95 1.65 1.31 1.26 1.65 1.37 1.37
318 OC13 2200 2200 600 200 R 107 35.8 461 1.71 568.0 P 2.44 2.61 1.57 1.27 1.21 1.57 1.46 1.46
319 OCI13-1.6 2200 2200 600 200 R 110 33.0 461 1.67 508.0 P 2.39 2.72 1.4 1.13 1.08 1.8 1.31 1.31
320 | OCI3-0.63 2200 2200 600 200 R 111 39.7 461 1.65 | 455.0 P [ 236 [ 248 [ 115 [ 094 [ 090 | 1.15 [ 1.09 1.09
321 OCI15 2700 2200 1000 200 R 103 40.2 461 1.76 649.0 P 2.51 2.13 1.2 1.15 1.16 1.2 1.39 1.39
Ozden, S. and U. O. Ersoy, T. (2006)
322 NRIEOFO 1500 1500 200 200 S 100 20.5 507 0.73 188.0 P 1.04 1.9 1.04 1.03 [ 0.90 1.04 1.06 1.06
323 NR2EOF0 1500 1500 200 200 S 100 19.0 507 1.09 202.0 P 1.% 3.03 1.16 | 0.99 0.87 1.16 1.02 1.02
324 HRIEOFO 1500 1500 200 200 S 100 70.3 471 1.9 3310 P 2.14 1.9 0.99 0.95 0.82 0.99 0.97 0.97
325 HRIEQFOr 1500 1500 200 200 S 100 713 471 1.49 3710 P 2.14 1.92 1.11 1.06 0.91 1.11 1.09 1.09
326 HR2EOF0O 1500 1500 200 200 S 100 60.5 471 2.26 405.0 P 3.23 3.15 1.30 1.11 | 0.92 1.30 1.09 1.09
327 HR2EOFOr 1500 1500 200 200 S 100 71.0 471 2.26 489.0 P 3.23 2.91 1.46 1.27 1.05 1.46 1.25 1.25
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§ 2 L= § =

= e § S = Q 3 =2 | ==

2 Slez|s2| 2| 2| = | & |32| %5
No. | StabID 1, im) | L:(mm) | & (mm) | c2 (mm) g d (mm) | fe(MPa) | f(MPa) | > ) (:z;f) £ ag| % | 7 s | 2 ;’ 2 = L

n 2 7}
Birkle, G. and W. H. Dilger (2008)
328 1 2400 2400 250 250 S 124 36.2 488 1.%4 483.0 P 2.20 2.71 1.30 1.11 1.13 1.30 1.14 1.14
329 7 3400 3400 300 300 S 190 35.0 531 1.30 825.0 P 1.86 3.16 1.12 | 0.94 1.07 1.12 1.03 1.03
330 10 4200 4200 350 350 S 260 314 524 1.00 1046 P 1.8 2.85 0.88 0.81 0.94 0.88 0.87 0.87
Lee, J.-H., Y.-S. Yoon, S.-H. Lee, W. D. Cook and D. Mitchell (2008
331 30U 2300 2300 225 225 S 110 30.0 434 1.11] 306.0 P 1.3 1.9 114 [ 105 ] 103 [ 114 ] 1.08 1.08
332 30B 2300 2300 225 225 S 110 30.0 434 2.15 349.0 P 3.07 3.28 1.30 0.99 0.95 1.30 0.98 0.98
333 35U 2300 2300 225 225 S 110 37.2 445 1.18 301.0 P 1.0 1.8 1.00 0.94 0.92 1.00 0.96 0.96
334 35B 2300 2300 225 225 S 110 37.2 445 2.15 317.0 P 3.07 3.05 1.06 0.83 0.79 1.06 0.83 0.83
335 55U 2300 2300 225 225 S 110 57.1 445 1.18 363.0 P 1.0 1.35 0.98 0.99 0.97 0.98 1.01 1.01
336 55B 2300 2300 225 225 S 110 57.1 445 2.15 447.0 P 3.07 2.47 1.20 1.02 | 0.95 1.20 1.02 1.02
337 65U 2300 2300 225 225 S 110 67.1 445 1.18 443.0 P 1.0 1.25 1.10 1.14 1.13 1.10 1.17 1.17
338 65B 2300 2300 225 225 S 110 67.1 445 2.15 485.0 P 3.07 2.27 1.21 1.05 0.98 1.21 1.05 1.05
Guandalini, S., Burdet, O.L. and Muttoni, A (2009)
339 PG-1 3000 3000 260 260 S 210 27.6 573 1.9 1023 P 2.14 5.52 1.488 1.08 1.17 1.488 1.25 1.25
340 PG-2b 3000 3000 260 260 S 210 40.6 552 0.25 440.0 F 0.36 0.72 0.52 0.74 0.96 0.92 1.02 0.91
341 PG-3 6000 6000 520 520 S 456 324 520 0.33 2153. P 0.47 1.8 0.64 0.92 1.21 0.78 1.28 1.13
342 PG-4 3000 3000 260 260 S 210 32.2 541 0.25 408.0 F 0.36 0.78 0.55 0.74 1.12 | 0.88 1.02 0.90
343 PG-5 3000 3000 260 260 S 210 29.3 555 0.33 550.0 F 0.47 1.12 0.77 0.94 1.33 | 0.88 1.4 1.09
344 PG-6 1500 1500 130 130 S 96 34.7 526 1.9 238.0 P 2.14 4.01 1.40 1.07 | 0.99 1.40 1.2 1.2
345 PG-7 1500 1500 130 130 S 100 34.7 550 0.75 241.0 P 1.07 2.22 1.33 1.27 1.17 1.33 1.47 1.47
346 PG-8 1500 1500 130 130 S 117 34.7 525 0.28 140.0 F 0.40 0.88 0.62 0.78 0.80 0.89 1.10 0.97
347 PG-9 1500 1500 130 130 S 117 34.7 525 0.22 16.0 F 0.31 0.69 0.51 0.70 0.74 0.93 1.02 0.90
348 PG-10 3000 3000 260 260 S 210 28.5 577 033 | 540.0 F | 047 [ 1210 [ 077 093 ] 1.12] 084 | 1.2 1.08
349 PG-11 3000 3000 260 260 S 210 315 570 0.75 763.0 P 1.07 2.56 1.03 0.97 1.06 1.03 1.12 1.12
Cheng, M.-Y. and G. J. Parra-Montesinos (2010)

350 S1 1500 1500 152 152 S 127 47.7 471 0.83 433.0 P 1.19 1.81 1.33 1.26 1.2 1.33 1.9 1.9
351 S2 1500 1500 152 152 S 127 47.7 471 0.56 379.0 P 0.80 1.2 1.16 1.26 1.26 1.16 1.5 1.9
Nguyen-Minh, L., M. Roviidk and T. Tran-Quoc (2012
352 A0 1050 1050 200 200 S 105 21.7 492 0.66 284.0 P 0.94 1.81 1.4 1.46 1.15 1.8 1.5 1.2
353 B0 1350 1350 200 200 S 105 21.7 492 0.75 275.0 P 1.07 1.8 1.38 1.35 1.14 1.38 1.41 1.41
354 C0 1650 1650 200 200 S 105 21.7 492 0.70 264.0 P 1.00 1.66 1.33 1.33 1.18 1.33 1.39 1.39
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Author’s current slab specimens

355 S-1 1800 1800 249 249 S 117 28.4 433 0.43 252.2 F 0.61 0.68 0.83 1.06 | 1.05 | 1.9 1.16 1.14
356 S11028 2200 2200 200 200 S 120 12.0 459 0.28 278.6 F 0.39 0.29 0.65 0.96 1.12 1.2 1.13 1.19
357 S11050 2200 2200 200 200 S 117 12.0 459 0.50 393.6 F 0.72 0.51 0.95 1.16 [ 1.21 1.8 1.2 1.9
358 S11090 2200 2200 200 200 S 117 1D.0 537 0.90 438.6 P 1.9 1.16 1.06 1.06 [ 0.99 1.06 1.06 1.06
359 S1:139 2200 2200 200 200 S 114 1D.0 501 1.39 453.6 P 1.9 1.8 1.14 | 0.99 [ 0.89 1.14 | 0.98 0.98
360 S13-028 2200 2200 600 200 R 120 14.0 459 0.27 308.0 F 0.38 0.27 0.53 | 0.79 | 0.99 | 2.18 1.01 1.07
361 S13-050 2200 2200 600 200 R 117 14.0 537 0.50 4180 F 0.72 0.63 074 | 091 | 097 | 1.4 1.04 1.06
362 S13-090 2200 2200 600 200 R 117 14.0 537 0.90 558.0 P 1.9 1.13 | 0.99 1.00 [ 0.96 1.08 1.08 1.08
363 S13143 2200 2200 600 200 R 114 14.0 501 1.8 718.0 P 2.04 1.57 1.32 1.14 | 1.05 1.32 1.3 1.3
364 S15028 2700 2200 1000 200 R 117 97.0 459 0.27 3213 F 0.38 0.25 0.49 | 0.68 | 097 | 242 | 0.97 1.04
365 S15050 2700 2200 1000 200 R 117 97.0 537 0.50 456.3 F 0.71 0.58 0.70 | 0.79 | 0.95 1.9 1.00 1.04
366 S15090 2700 2200 1000 200 R 117 97.0 537 0.90 656.3 P 1.9 1.06 1.00 [ 0.93 1.00 [ 1.2 1.12 1.12
367 S15143 2700 2200 1000 200 R 114 97.0 501 1.8 7753 P 2.04 1.47 1.2 | 098 [ 0.99 1.2 1.17 1.17
Notes: Minimum = 049 | 0.64 | 0.57 | 0.75 0.73 0.76
Unit conversion: 1 mm = 0.03937 in; 1 kKN = 0.2248 kip; 1 MPa = 145.038 psi.) Maximum = 2.32 2.04 1.82 2.42 1.69 1.69
Column (3) — [#] corresponds to the number of each reference given in the main paper and in pages A25 to A28 Average = 1.26 114 1.04 1.31 1.21 1.20
Column (9) — Column shapes: S = Square; R = Rectangular; C = Circular COV= 0249 | 0174 | 0152 | 0.214 | 0151 0152
Column (15) — Observed Failure Mode: F = Flexural Failure; P = Punching Failure
Column (16) — py is taken to be 0.007 for the proposed Simplified Method as shown by Eq. (12b) " _
Column (17) — ps = proposed limiting reinforcement ratio, calculated using Eq. (12a) 5% Percentile = 0.75 0.80  0.76 | 0.90 0.91 0.89
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E.2 Property and analysis results of 148 SFRC slab

specimens

Columns 2 to 14 Table E.2 show the original slab ID, material properties, observed
failure mode and failure load Vexp of 148 slab dataincluding the current 10 SFRC
slabs. Columns 15 and 16 of Table E.2 show the failure mode predictions by the
proposed simplified and standard methods, respectively. Columns (17) to (22) show
the ratio of the failure load to the calculated punching shear strength Vexp/Veaic of
each design method such as Narayanan and Darwish (1986), Shaaban and Gesund
(1990), Higashiyama et al. (2011), CSCT+VEM (Maya et al., 2012), the proposed

simplified general method and the proposed standard general method, respectively.

Notes for Table E.2:

e Failure mode (Column 14): P— Punching; FL — Flexure; FP — Flexure-
Punching
e All 148 slabs in Table E.2 have square columns.
¢ Notation of Fibre types in Column 10 of Table E.2
RO - round
ST - straight
CR- crimped
CO- corrugated
JA - Japanese
PA - Paddle
SH - Single hooked
DH - double hooked
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Table E.2- Property and analysis results of 148 SFRC slab specimens

E-1

Ve Veate
=

28 @ £ E - = =

5| ¢ 2 § R < o s g P
No. | sabm | I & d fe 1 f p S| 5| v Ve | 5| & 3 | € = 2| 5| E | Y ST | 3%
mm mm mm MPa | MPa %o 2 e 2 | (%) kN 5 = (S~ S| 22| =23 * 2 = ==
2| 2| < 5 2 T | 7| 88| % 5 £ = R

B R ~ £ g | 57| 5 $ |3 e £

= =2 = 75 n z = £ 8

=3 =3 = . 7

@ 2 (€] O] ® © ()] 3 (&) a0 | ay | a2 | a3 a4 | as ae) an as) 19) 20 | @y (22)

Swamy and Ali (182)
1 S-1 1800 150 100 40.0 460 0.56 0 0.0 0 0.0 | 1%.0 P 0.80 1.05 093 | 0.92 1.04 | 1.0 1.2 1.17
2 S-2 1800 150 100 41.3 460 0.56 CR | 50.0 | 100 | 0.60 | 244.0 P 0.80 0.97 0.71 1.12 | 092 | 0.99 1.25 1.20
3 S-3 1800 150 100 413 460 0.56 CR | 50.0 | 100 | 0.90 | 263.0 P 0.80 0.94 0.75 1.20 | 090 | 0.92 1.25 1.20
4 S-4 1800 150 100 41.3 460 0.56 CR | 50.0 | 100 | 1.0 | 281.0 | P 0.80 0.92 0.84 1.9 0.91 | 0.87 1.25 1.21
5 S-5 1800 150 100 413 460 0.56 CR [ 50.0 | 100 | 0.90 | 267.0 P 0.80 0.94 0.76 1.2 | 092 | 0.93 1.27 1.2
6 S-6 1800 150 100 41.3 460 0.56 CR | 50.0 | 100 | 0.90 | 239.0 P 0.80 0.94 0.68 1.09 | 0.82 | 0.84 1.14 1.09
7 S-7 1800 150 100 40.0 460 0.85 0 0.0 0 0.0 | 222.0 P 1.21 1.5 0.99 1.03 1.02 1.12 1.14 1.14
8 S-8 1800 150 100 413 460 0.85 CR | 50.0 | 100 | 0.90 | 256.0 P 1.21 1.32 0.71 1.17 | 0.76 | 0.83 1.04 1.04
9 S-9 1800 150 100 312 460 0.26 CR | 50.0 | 100 | 0.90 | 1®.0 | FL 0.37 0.59 0.56 | 0.94 | 0.82 | 0.80 1.34 1.20
10 S-10 1800 150 100 355 460 0.31 CR | 50.0 | 100 | 0.90 | 203.0 | FL 0.44 0.64 0.61 1.00 | 0.85 | 0.84 1.35 1.4
11 S-11 1800 150 100 41.3 460 0.85 CR | 50.0 | 100 | 0.90 | 262.0 P 1.21 1.32 0.73 1.20 0.78 | 0.85 1.06 1.06
12 S-12 1800 150 100 413 460 0.85 SH | 50.0 | 100 | 0.90 | 249.0 P 1.21 103 0.73 1.14 | 0.70 | 0.73 0.84 0.84
13 S-13 1800 150 100 41.3 460 0.85 RO | 50.0 | 83 | 0.90 | 237.0 P 1.21 1.5 0.69 1.08 | 0.81 | 091 1.09 1.09
14 S-16 1800 150 100 38.9 460 0.56 CR | 50.0 | 100 | 0.90 | 2130 | FL 0.80 0.96 0.62 1.00 | 0.73 | 0.76 1.03 0.99
15 S-19 1800 150 100 40.0 460 0.26 0 0.0 0 0.0 131.0 | FL 0.37 0.50 0.65 | 0.61 | 0.89 1.16 1.18 1.12
Narayanan and Darwish (187)

16 S1 780 100 45 433 460 2.01 0 0.0 0 0.0 86.5 P 2.87 2.37 1.25 1.8 1.19 | 0.99 1.25 1.25
17 S2 780 100 45 52.1 460 2.01 CR | 30.0 | 100 | 0.25 | 934 P 2.87 2.14 1.00 1.46 1.08 | 0.93 1.21 1.21
18 S3 780 100 45 44.7 460 2.01 CR [ 30.0 | 100 | 0.50 | 1020 P 2.87 2.13 1.07 1.72 | 1.04 1.01 1.32 1.32
19 S4 780 100 45 46.0 460 2.01 CR | 30.0 100 | 0.75 | 107.5 P 2.87 2.03 1.09 1.79 1.01 0.99 1.31 1.31
20 S5 780 100 45 53.0 460 2.01 CR | 30.0 | 100 | 1.00 | 1B.6 P 2.87 1.89 1.13 | 1.76 | 1.00 | 0.93 1.8 1.8
21 S6 780 100 45 53.0 460 2.01 CR [30.0 | 100 | 1.25 | 12.2 P 2.87 1.2 1.32 1.89 1.03 | 0.94 1.32 1.32
22 S7 780 100 45 47.0 460 1.79 CR | 30.0 | 100 | 0.75 | 92.6 P 2.56 1.4 0.95 1.2 | 090 | 0.86 1.16 1.16
23 S8 780 100 45 453 460 2.24 CR [ 30.0 | 100 | 0.75 | 11.1 P 3.20 2.21 112 | 1.8 1.00 1.02 1.32 1.32
24 S9 780 100 45 43.5 460 2.46 CR | 30.0 100 | 0.75 11.3 P 3.51 2.39 1.11 1.9 0.97 1.03 1.30 1.30
25 S10 780 100 45 47.6 460 2.69 CR [ 300 | 100 | 0.75 | 1B.3 P 3.84 2.52 1.09 1.85 | 0.96 1.00 1.9 1.9
26 S11 780 100 45 29.8 460 2.01 CR | 30.0 100 | 0.75 82.1 P 2.87 2.18 0.93 1.70 0.81 0.92 1.14 1.14
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(0] ()] G | @ (©) (6) D 1 ® ©® | |ay |32 |13 | a4 | dH a6) an 1 as (a9 | @y | @y 22
27 S12 780 100 45 324 | 460 [ 2.01 | CR [30.0 ] 100 [ 075 [ 849 | P 2.87 2.16 | 095 [ 1.8 | 0.82 | 0.92 1.15 1.15

Alexander and Simmonds (192)
28 P1FO 2750 [ 200 138 332 | 438 [ 053 0 Joo ] o Jo00 [257.0] P 0.76 1.03 ] 078 [ 070 ] 0.77 [ 1.05 | 0.92 0.88
29 P38FO 2750 | 200 111 38.1 | 438 | 0.66 0 00| o [00 [2640] P 0.94 096 [ 089 | 091 [ 098 | 135 1.10 1.10
30 P1F31 2750 | 200 138 358 | 438 | 053 | co [50.0 ] 100 | 039 [3240 [ P 0.75 092 | 062 [ 085 | 0.72 | 0.94 1.01 0.97
31 P1F66 2750 | 200 138 350 | 438 | 053 | €O | 50.0 | 100 [ 0.84 [ 3450 [ P 0.75 0.86 | 059 | 092 | 0.66 | 0.78 | 0.96 0.93
32 P38F34 2750 | 200 111 [ 384 | 438 | 066 | cO [50.0 [ 100 [ 0.43 | 3080 [ P 0.94 093 [ 069 | 1.06 | 087 | LlI 1.13 1.13
33 P38F69 2750 | 200 111 [ 385 [ 438 | 066 | CO [50.0 [ 100 [ 0.88 | 3300 [ P 0.94 091 | 067 [ 1.13 ] 0.80 | 091 1.08 1.08
Theodorakopoulos and Swamy (193)
34 FS-1 1900 [ 150 100 [ 309 [ 460 | 0.52 0 oo o Joo [1B5] P 0.74 110 [ 098 J 092 [ 101 ] 117 1.2 1.15
35 FS-10 100 [ 200 100 319 | 460 | 0.52 0 oo | o [o00 [1914] P 0.74 088 [ 095 | 083 | 095 | 1lI 1.10 1.07
36 FS-19 1200 | 150 100 | 302 [ 460 | 035 0 oo ] o Joo [1x%5] P 0.50 076 | 0.81 | 073 | 0.92 | 1.12 1.16 1.08
37 FS-8 100 [ 100 100 32.1 | 460 | 0.52 0 oo | o [o00 [1503] P 0.74 142 [ 093] 098 | 1.03 [ 1.18 [ 1.9 1.3
38 FS-2 100 [ 150 100 | 298 [ 460 | 052 [ CR [50.0 | 100 [ 0.50 [ 2250 [ P 0.74 1.03 [ 076 | 121 [ 096 | 1.10 [ 135 1.27
39 FS-3 1900 | 150 100 312 [ 460 | 052 | CR [50.0 [ 100 [ 1.00 | 2474 [ P 0.74 0.96 | 076 | 1.30 | 0.88 [ 0.94 1.8 1.2
40 FS-4 1800 | 150 100 327 [ 460 [ 052 [ CR [ 50.0 ] 100 [ 1.00 [ 2244 [ P 0.74 094 [ 068 | 1.15] 0.79 | 0.83 1.15 1.08
41 FS-5 1900 | 150 100 333 | 460 | 035 [ CR [50.0 [ 100 [ 1.00 | 181 [ P 0.50 0.71 | 061 [ 1.01 ] 079 | 0.78 1.3 1.13
42 FS-6 1800 | 150 100 312 | 460 | 035 | CR [50.0 [ 100 | 1.00 | 1#5 | FL [ 0.50 072 | 054 | 092 [ 0.71 [ 0.70 1.10 1.00
43 FS-7 1200 | 150 100 321 | 460 | 035 | CR [50.0 [ 100 [ 1.00 | 124 [ FL | 0.50 0.71 | 059 [ 1.00 | 0.78 | 0.77 1.21 1.10
44 FS-20 1900 | 150 100 324 | 460 [ 035 | CR [50.0 | 100 | 1.00 [ 2110 [ P 0.50 0.71 | 0.65 | 1.09 | 0.85 | 0.84 1.32 1.21
45 FS-9 1300 | 100 100 312 [ 460 | 052 | CR | 50.0 [ 100 | 1.00 | 2166 | P 0.74 126 [ 075 | 1.48 [ 092 | 1.00 1.40 1.30
46 FS-11 1800 | 200 100 | 300 [ 460 | 052 | CR [50.0 [ 100 | 1.00 [ 259.8 | FL | 0.74 0.78 [ 072 | 1.16 | 0.80 | 0.85 1.13 112
47 FS-12 1800 | 150 100 316 | 460 | 052 | JA [250] 60 [ 1.00] 2175 | P 0.74 1.00 | 070 | 1.14 [ 0.87 [ 0.99 1.25 1.17
48 FS-13 1900 | 150 100 | 293 [ 460 | 052 | SH [ 50.0 [ 100 | 1.00 [ 2355 | P 0.74 072 1079 | 1.8 | 081 [ 0.81 | 0.99 1.00
49 FS-14 1800 | 150 100 | 306 [ 460 | 052 | PA [ 530 ] 70 [ 1.00 [ 2395 P 0.74 1.00 [ 075 | 1.27 [ 093 | 1.09 1.35 1.26
50 FS-15 1200 | 150 100 273 | 460 | 052 | CR [ 380 | 90 | 1.00 [ 2380 | P 0.74 101 | 075 | 1.34 | 090 [ 1.02 1.31 1.21
51 FS-16 1800 | 150 100 | 244 [ 460 | 052 | PA [530] 70 [ 1.00 2278 ] P 0.74 1.07 | 076 | 136 | 094 | 113 | 136 1.7
52 FS-17 1800 | 150 100 410 [ 460 [ 052 [ PA |530] 70 | 1.00 [ 2684 | FL | 0.74 090 [ 077 | 1.3 | 1.00 | 1.09 1.4 1.34
53 FS-18 1200 | 150 100 124 | 460 | 052 [ PA [530] 70 [1.00] 16.0 [ P 0.74 126 [ 062 | 1.39 [ 0.81 | 1.08 118 1.10
Shaaban and Gesund (1994)

54 [ SFO-1 [1600 [ 64 | 70 | 334 [ 420 ] 14 [ 0o [00 ] o Joo 90 ] P [ 200 ] 305 [100] 1247093084 113 [ 113
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55 SFO-2 1600 64 70 39.1 420 1.40 0 0.0 0 0.0 1R2.5 P 2.00 2.90 1.15 1.8 1.12 | 0.98 1.34 1.34
56 SFO-3 1600 64 70 311 420 1.40 0 0.0 0 0.0 81.0 P 2.00 3.13 0.94 1.16 | 0.87 0.77 1.04 1.04
57 SFO-4 1600 64 70 317 420 1.40 0 0.0 0 0.0 94.5 P 2.00 3.10 1.08 1.33 1.00 | 0.90 1.20 1.20
58 SF2-1 1600 64 70 34.5 420 1.40 CO | 25.0 35 0.61 | 94.5 P 2.00 2.87 0.80 1.8 0.82 0.83 1.11 1.11
59 SF2-2 1600 64 70 37.3 420 1.40 CO | 25.0 35 0.61 | 1DR.5 P 2.00 2.80 0.92 1.47 0.96 0.95 1.9 1.9
60 SF2-3 1600 64 70 29.7 420 1.40 CO | 25.0 35 0.61 | 72.0 P 2.00 3.00 0.65 1.05 | 0.66 0.67 0.89 0.89
61 SF2-4 1600 64 70 24.8 420 1.40 CO | 25.0 35 0.61 | 85.5 P 2.00 3.13 0.82 1.36 | 0.85 0.86 1.11 1.11
62 SF3-1 1600 64 70 37.7 420 1.40 CO | 25.0 35 0.95 | 1080 P 2.00 2.72 0.82 1.40 0.86 | 0.88 1.20 1.20
63 SF4-1 1600 64 70 46.8 420 1.40 CO | 25.0 35 1.19 | 1%.0 P 2.00 2.49 0.91 1.57 1.03 | 0.99 1.38 1.38
64 SF4-2 1600 64 70 36.6 420 1.40 CO | 25.0 35 1.19 | 17.0 P 2.00 2.69 0.87 1.% 0.89 0.95 1.8 1.8
65 SF6-1 1600 64 70 224 420 1.40 CO | 25.0 35 1.8 | 99.0 P 2.00 2.85 0.78 1.6 0.79 | 0.96 1.18 1.18
66 SF6-2 1600 64 70 22.1 420 1.40 CO | 25.0 35 1.% | 103.5 P 2.00 2.83 0.81 1.75 0.81 1.00 1.3 1.3
Harajli et al. (194)
67 Al 650 100 39 29.6 501 1.12 0 0.0 0 0.0 62.5 P 1.60 1.6 1.8 1.% 1.41 1.13 1.9 1.9
68 A2 650 100 39 30.0 501 1.12 SH | 50.0 | 100 | 0.45 | 67.7 P 1.60 1.30 1.03 1.8 1.05 1.04 1.8 1.8
69 A3 650 100 39 314 501 1.12 SH | 50.0 | 100 | 0.80 | 77.8 FP 1.60 1.12 1.15 1.8 1.04 1.06 1.25 1.25
70 A4 650 100 39 24.6 501 1.12 SH | 30.0 | 60 1.00 | 68.8 FP 1.60 1.26 1.06 1.8 1.04 1.11 1.8 1.8
71 AS 650 100 39 20.0 501 1.12 SH | 30.0 | 60 [ 2.00 | 62.1 FP 1.60 1.01 1.3 1.8 0.84 | 0.96 0.94 0.94
72 Bl 650 100 55 314 501 1.12 0 0.0 0 0.0 99.4 P 1.60 2.32 1.2 1.3 1.33 1.05 1.4 1.488
73 B2 650 100 55 314 501 1.12 SH | 50.0 | 100 | 0.45 | 14.6 P 1.60 1.2 1.02 1.76 1.07 1.07 1.36 1.36
74 B3 650 100 55 318 501 1.12 SH | 50.0 | 100 | 0.80 | 17.3 P 1.60 1.57 1.01 1.79 | 0.95 1.00 1.20 1.20
75 B4 650 100 55 29.1 501 1.12 SH | 30.0 | 60 1.00 | 10.7 P 160 1.73 1.03 1.8 1.04 1.09 1.33 1.33
76 BS 650 100 55 29.2 501 1.12 SH | 30.0 | 60 | 2.00 | 145.6 P 1.60 1.38 1.6 2.32 1.14 1.20 1.30 1.30
McHarg et al (2000)
77 NU 2300 225 118 30.0 434 1.25 0 0.0 0 0.0 | 306.0 P 1.79 1.81 0.98 1.01 | 0.86 | 0.89 0.94 0.94
78 NB 2300 225 1B 30.0 434 2.00 0 0.0 0 0.0 | 349.0 P 2.86 2.59 0.97 1.16 | 0.84 0.87 0.92 0.92
79 FSU 2300 225 118 39.0 434 1.25 SH | 30.0 | 60 | 0.50 | 422.0 | FP 1.79 1.41 0.82 1.3 0.84 0.95 1.03 1.03
80 FSB 2300 225 118 39.0 434 2.00 SH | 30.0 | 60 | 0.50 | 438.0 | FP 2.86 2.10 0.79 1.27 0.74 | 0.87 0.93 0.93
Ozden et al. (2006)
81 NRIEOFO 1500 200 100 21.6 0 0.73 0 0.0 0 0.0 18.0 P 1.04 1.72 1.14 | 0.99 1.01 | 0.94 1.04 1.04
82 NR2EOF0 1500 200 100 20.0 0 1.09 0 0.0 0 0.0 202. P 1.% 2.40 1.16 1.11 | 0.98 0.91 1.00 1.00
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83 HRIEOFO 1500 200 100 74.0 0 1.5 0 0.0 0 0.0 | 3310 P 2.14 2.03 0.81 | 0.94 1.08 | 0.85 0.96 0.96
84 HRIEOFOr 1500 200 100 75.0 0 1.9 0 0.0 0 0.0 | 3710 P 2.14 2.02 0.90 1.05 1.21 0.95 1.07 1.07
85 HR2EQF0 1500 200 100 63.7 0 2.25 0 0.0 0 0.0 | 405.0 P 3.21 3.06 1.01 1.4 1.16 | 0.95 1.07 1.07
86 HR2EOFOr | 1500 200 100 74.7 0 2.25 0 0.0 0 0.0 | 489.0 P 3.21 2.90 1.10 1.39 1.40 1.08 1.3 1.3
87 NRIEOF1 1500 200 100 19.6 0 0.73 SH | 30.0 | 55 1.00 | 266.0 P 1.04 1.21 0.83 1.47 0.89 1.01 1.07 1.07
88 NR2EOF1 1500 200 100 193 0 1.09 SH | 30.0 | 55 1.00 | 245.0 P 1.% 1.66 0.74 1.37 | 0.72 | 0.87 0.90 0.90
89 HRIEOF1 1500 200 100 81.3 0 1.5 SH | 30.0 | 55 1.00 | 576.0 P 2.14 1.8 1.10 1.57 1.9 1.07 1.34 1.34
90 HR2E(F1 1500 200 100 79.3 0 2.25 SH | 30.0 | 55 1.00 | 691.0 P 3.21 231 1.27 1.9 1.35 1.20 1.4 1.4

De Hanai and Holanda (2008)
91 L1 160 80 80 23.1 0 1.57 0 0.0 0 0.0 137.2 P 2.24 4.61 1.27 1.4 1.19 1.10 1.35 1.35
92 L2 160 80 80 24.4 0 1.57 SH | 30.0 | 55 1.00 | 1¥.6 P 2.24 3.31 0.74 1.& 0.74 | 0.95 1.03 1.03
93 L3 160 80 80 28.1 0 1.57 SH | 30.0 | 55 1.00 | 163.6 P 2.24 3.28 0.84 1.77 | 0.83 1.04 1.17 1.17
94 L4 160 80 80 57.0 0 1.57 0 0.0 0 0.0 192.9 P 2.24 3.61 1.07 1.47 1.34 1.08 1.40 1.40
95 LS 160 80 80 59.7 0 1.57 SH | 30.0 | 55 1.00 | 2151 P 2.24 2.81 0.89 1.60 1.02 | 0.98 1.26 1.26
96 L6 160 80 80 52.4 0 1.57 SH | 30.0 | 55 1.00 | 236.2 P 2.24 2.92 1.02 1.87 1.12 1.14 1.48 1.48
97 L7 160 80 80 36.6 0 1.57 SH | 50.0 | 48 1.00 | 18.9 P 2.24 3.26 0.89 1.74 | 0.90 1.11 1.25 1.25
98 L8 160 80 80 46.1 0 1.57 SH | 50.0 | 48 1.00 | 2109 P 2.24 3.10 0.96 1.78 1.04 1.16 1.36 1.36
Cheng & Parra-Montesinos(2010)
99 S1 1520 152 127 471.7 471 0.83 0 0.0 0 0.0 | 433.0 P 1.19 1.81 1.17 | 1.30 1.38 1.4 1.49 1.9
100 S2 1520 152 127 47.7 471 0.56 0 0.0 0 0.0 | 379.0 P 0.80 1.25 1.07 1.14 1.37 1.8 1.5 1.9
101 S3 1520 152 127 25.4 455 0.83 SH | 30.0 | 55 1.00 | 386.0 P 1.19 1.8 0.84 1.9 0.92 1.06 1.20 1.20
102 S4 1520 152 127 254 455 0.56 SH | 30.0 | 55 1.00 | 389.0 P 0.80 1.13 0.87 1.6 1.06 1.15 1.41 1.33
103 Ss 1520 152 127 59.3 471 0.83 SH | 350 | 70 1.5 | 530.0 P 1.19 1.11 1.06 1.48 1.02 | 0.83 1.11 1.11
104 S6 1520 152 127 57.9 471 0.56 SH | 350 | 70 1.5 | 444.0 P 0.80 0.80 0.90 1.21 0.97 | 0.73 1.08 1.08
105 S7 1520 152 127 310 449 0.83 SH | 30.0 | 55 1.5 | 522.0 P 1.19 1.32 1.09 1.9 1.08 1.20 1.37 1.37
106 S8 1520 152 127 310 449 0.56 SH | 30.0 | 55 1.0 | 472.0 P 0.80 0.94 1.00 1.76 1.11 1.14 1.48 1.37
107 S9 1520 152 127 46.1 449 0.83 SH | 30.0 | 80 1.5 | 530.0 P 1.19 1.07 129 1.& 1.01 | 0.84 1.11 1.11
108 S10 1520 152 127 59.1 449 0.56 SH | 30.0 | 80 1.5 | 503.0 | FP 0.80 0.72 1.16 | 136 1.09 | 0.75 1.16 1.19
Higashiyama et al. (2011)

109 t100-0.67 1200 100 70 24.6 377 0.85 SH | 30.0 | 48 | 0.67 | 1375 | FP 1.21 1.9 0.93 1.71 1.14 | 1.4 1.4 1.4
110 t140-0.67 1200 100 110 24.6 377 0.54 SH | 30.0 | 48 | 0.67 | 210.2 P 0.77 1.2 0.73 1.35 1.00 1.03 1.35 1.27
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111 t100-0.67 1200 100 150 24.6 377 0.40 SH | 30.0 | 48 | 0.67 | 297.6 P 0.57 1.13 0.63 1.18 | 0.93 | 0.95 1.37 1.20
112 t100-0.72 1200 100 65 424 377 0.91 SH | 30.0 | 48 | 0.72 | 140.8 | FP 1.3 1.09 0.84 1.48 1.11 1.12 1.36 1.36
113 t140-0.72 1200 100 105 424 377 0.57 SH | 30.0 | 48 | 0.72 | 2132 P 0.81 1.03 0.63 1.12 | 093 | 0.90 1.2 1.16
114 t100-0.72 1200 100 145 424 377 0.41 SH | 30.0 | 48 | 0.72 | 290.7 P 0.59 0.94 0.52 | 092 | 0.83 | 0.79 1.19 1.07
115 t100-0.91 1200 100 65 21.6 377 0.91 SH |[30.0 | 48 | 091 | 120.8 | FP 1.30 1.30 0.84 1.78 1.05 1.19 1.33 1.33
116 t140-0.91 1200 100 105 21.6 377 0.57 SH | 30.0 | 48 | 091 | 18.1 P 0.81 1.4 0.64 1.35 | 0.88 | 0.95 1.19 1.13
117 t100-0.91 1200 100 145 21.6 377 0.41 SH | 30.0 | 48 | 091 | 2312 P 0.59 1.14 0.49 1.03 | 0.73 | 0.76 1.07 0.94
118 t100-0.63 1200 100 70 27.8 377 0.85 SH | 30.0 | 48 | 0.63 | 152.3 P 1.21 1.26 1.00 1.78 1.3 1.32 1.5 1.5
119 t100-0.94 1200 100 70 24.0 377 0.85 SH | 30.0 | 48 | 094 | 1479 P 1.21 1.47 0.73 1.8 1.13 | 1.3 1.4 1.4
120 t100-103 1200 100 70 24.0 377 0.85 SH | 30.0 | 48 1.03 | 158.9 P 1.21 1.8 0.63 | 2.00 1.19 | 1.2% 1.2 1.2

Nguyen-Minh et al.(2012)
121 A0 1050 200 105 21.7 492 0.66 0 0.0 0 0.0 | 284.0 P 0.94 1.8 1.6 1.40 1.46 1.12 1.5 1.2
12 Al 1050 200 105 22.3 492 0.66 SH | 60. 80 | 0.38 | 330.0 P 0.94 1.45 1.07 1.60 1.20 1.13 1.4 1.8
123 A2 1050 200 105 234 492 0.66 SH | 60. 80 | 0.58 | 345.0 P 0.94 1.30 1.00 1.64 1.11 | 1.09 1.36 1.34
14 A3 1050 200 105 25.3 492 0.66 SH | 60. 80 | 0.77 | 397.0 P 0.94 1.18 1.08 1.81 1.16 1.15 1.41 1.39
125 B0 1350 200 105 21.7 492 0.75 0 0.0 0 0.0 | 2750 P 1.07 1.80 1.4 1.36 1.36 1.14 1.41 1.41
126 Bl 1350 200 105 22.3 492 0.75 SH | 60. 80 | 0.38 | 328.0 P 1.07 1.4 1.05 1.9 1.14 1.17 1.36 1.36
127 B2 1350 200 105 23.4 492 0.75 SH | 60. 80 | 0.58 | 337.0 P 1.07 1.8 0.97 1.60 1.04 1.10 1.27 1.27
128 B3 1350 200 105 25.3 492 0.75 SH | 60. 80 | 0.77 | 345.0 P 1.07 1.16 0.93 1.57 0.96 1.03 1.17 1.17
129 Co 1650 200 105 21.7 492 0.70 0 0.0 0 0.0 | 264.0 P 1.00 1.8 1.9 1.30 1.33 1.21 1.39 1.39
130 Cl1 1650 200 105 22.3 492 0.70 SH | 60. 80 | 0.38 | 307.0 P 1.00 1.25 0.99 1.9 1.09 1.17 1.30 1.30
131 Cc2 1650 200 105 234 492 0.70 SH | 60. 80 | 0.58 | 310.0 P 1.00 1.13 0.90 1.47 | 0.98 1.08 1.18 1.18
132 C3 1650 200 105 25.3 492 0.70 SH | 60. 80 | 0.77 | 326.0 P 1.00 1.02 0.89 1.9 0.93 1.02 1.13 L13
Gouveia et al. (2014)
133 NDO (-) 1650 200 103 359 523 1.00 0 0.0 0 0.0 289.2 P 1.8 1.9 1.18 1.14 1.04 1.13 1.18 1.18
134 ND10.5% 1650 200 103 33.8 523 1.00 SH | 350 | 65 | 0.50 | 296.0 P 1.48 1.6 0.82 1.21 0.83 | 0.97 1.03 1.03
135 ND20.75% | 1650 200 103 318 523 1.00 SH | 350 65 0.75 | 369.3 P 1.8 1.2 0.98 1.5 0.97 1.14 1.2 1.2
136 ND30.75% | 1650 200 103 46.2 523 1.00 SH | 350 | 65 | 0.75 | 450.7 P 1.4 1.38 1.06 1.5 1.14 | 1.0 1.34 1.34
137 ND4 1.00% | 1650 200 103 45.8 523 1.00 SH | 350 | 65 1.00 | 456.0 P 1.48 1.9 1.07 1.60 1.08 1.13 1.8 1.8
138 ND5 1.25% | 1650 200 103 44.5 523 1.00 SH | 350 | 65 1.25 | 4747 P 1.4 1.2 1.15 | 1. 1.08 1.10 1.26 1.2%6
The author’s current slab specimens
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139 F09-00 2200 200 117 80.0 585 0.90 0 0.0 0 0.0 | 3824 P 1.9 1.9 0.70 0.85 1.18 1.05 1.03 1.03
140 F09-03 2200 200 17 89.0 585 0.90 DH 60. 65 0.30 | 4614 P 1.9 1.26 0.67 0.97 1.19 1.05 1.01 1.01
141 F09-06 2200 200 117 87.0 585 0.90 DH 60. 65 0.60 | 556.4 P 1.29 1.10 0.79 1.18 1.26 1.11 1.05 1.05
12 F09-09 2200 200 117 90.0 585 0.90 DH 60. 65 0.90 | 6784 | FP 1.9 0.96 0.95 1.4 1.40 1.18 1.12 1.13
143 F09-12 2200 200 117 1000 585 0.90 DH 60. 65 1.0 | 7314 FP 1.29 0.84 1.03 1.45 1.4 1.10 1.06 1.11
14 F14-00 2200 200 114 80.0 575 1.40 0 0.0 0 0.0 | 3824 P 2.00 2.28 0.68 0.88 1.06 0.91 0.92 0.92
145 F14-03 2200 200 114 89.0 575 1.40 DH 60. 65 0.30 | 466.4 P 2.00 1.8 0.67 1.02 1.08 0.95 0.93 0.93
146 F14-06 2200 200 114 87.0 575 1.40 DH 60. 65 0.60 | 587.4 P 2.00 1.9 0.83 1.29 1.19 1.08 1.03 1.03
147 F14-09 2200 200 114 90.0 575 1.40 DH 60. 65 0.90 | 806.4 | FP 2.00 1.39 1.13 1.75 1.9 1.33 1.25 1.25
148 F14-12 2200 200 114 1000 575 1.40 DH 60. 65 1.0 | 9774 | FP 2.00 1.2 1.38 2.01 1.71 1.41 1.34 1.34
Minimum = 0.49 0.61 0.66 0.67 0.84 0.84
Maximum = 1.683 2.32 1.71 1.41 1.5 1.5
Average = 0.92 1.38 1.00 1.01 1.2 1.19
COVv= 0'55 0;3 0.191 | 0.146 0.129 0.130
5% Percentile = 0.61 0.91 0.73 0.77 0.94 0.93
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