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Abstract:

Experimental observations on 11 Reinforced Concrete (RC) columns tested at Nanyang
Technological University (NTU), and existing experimental data of 79 shear-critical RC columns are
presented. Significant arch action is found in columns of small shear span-to-depth ratio and high
axial-load ratio under shear force. Utilizing the sectional method for shear strength of these types of
columns, which does not consider arch action, would give a more conservative prediction. Based on
the truss-arch model, an expression to predict the shear strength of shear-critical RC columns is
presented, which considers both the contributions of concrete and transverse reinforcement to shear
strength in the truss model as well as the contribution of arch action through compatibility of
deformation. The proposed model is compared with other shear strength models using the available
column test data consisting of 90 shear-critical RC columns, and the results show that the proposed

model can improve the accuracy of shear strength predictions for shear-critical RC columns.
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Introduction

A large number of existing RC columns in zones of low to moderate seismicity have not been
designed as per the requirements of modern seismic design codes. These are generally termed as
non-seismically detailed RC columns. Vital deficiencies in such columns include typical
reinforcement details like widely spaced and poorly anchored transverse reinforcements. Recent
post-earthquake investigations have indicated that these non-seismically detailed RC columns are
vulnerable to shear failure, which would drastically reduce their seismic performance and usually
lead to structural collapse during earthquakes, as shown in Fig. 1. The brittle failure modes, such as
shear failure, must be inhibited to satisfy the requirement of seismic response of reinforced concrete
structures. Hence, for existing concrete structures, a thorough evaluation of non-seismically detailed
RC columns is needed to mitigate shear failure under earthquake loading, while for new concrete
structures, the RC columns must be designed with sufficient shear capacity to sustain the whole
building in the event of an earthquake. The objective of this paper is to develop a sound model that
is capable of predicting the shear strength of shear-critical RC columns.

Over the last century; many researchers have developed sectional models or semi-empirical theories
based on extensive experimental data to predict the shear strength of RC columns. However, the use
of sectional models such as the variable angle truss model or the modified compression field theory
(ASCE-ACI Committee 445 1998) to predict the shear strength fails to consider the arch action in
the column, and is therefore more conservative. Arch action in RC members subjected to shear
force has been recognized by many researchers (Leonhardt 1965; Ichinose 1992; Kim ef al. 1998).
Leonhardt (1965) proposed a truss model with inclined compression chords to describe the behavior

of arch action in RC beams; in his model, parts of the shear is carried by the inclined compression
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chord; the rest of the shear is sustained by the web through the truss model. Kim et al. (1998)
developed this type of truss-arch model in RC beams, and predicted the arch profile and quantified
the intensity of arch action by means of the smeared truss idealization technique as well as
experimental investigations on RC beams. Based on the experimentally measured steel tensions
over the shear span in the RC beams, Kim et al. (1998) proposed an empirical coefficient, a; which
represents arch action contribution to total shear capacity. Ichinose (1992) presented a truss-arch
model as shown in Fig. 2, and proposed a design equation to prevent shear failure after flexural
inelastic deformation, which has been adopted in the AIJ Design Guidelines (1994). However, in
the derivation of the shear design equation (Ichinose 1992) for RC columns, the condition of
deformation compatibility between the truss and the arch has not been accounted for, and the height
of the strut arch is assumed to be half the height of the column, which does not match the
experimental observation. Moreover, in the truss model, the contribution of concrete to shear, such
as the aggregate interlock on the crack surface, has not been considered.

This paper presents experimental observations. on 90 shear-critical RC columns of which
observations on 11 columns were from tests conducted at NTU and another 79 columns collected
from the literature. In this study, a truss-arch model to predict the shear strength of shear-critical RC
columns is developed based on Ichinose’s shear strength model (1992). This model can reasonably
represent the contributions of shear span-to-depth ratio, a/d and the axial-load ratio, P/( f;'4,) to the
shear strength of RC columns. As an improvement to Ichinose's shear model, deformation
compatibility between the truss model and the arch model as well as a more reasonable effective
depth for the arch model are considered in this model. The validity of the proposed model has been

verified by the test data of 90 shear-critical RC columns, and is compared with other shear models.
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Observed Experimental Results

Arch action is significant in RC columns which have been subjected to the combined action of shear,
flexure and axial compressive force. It is well known that the shear strength of RC column increases
as the shear span-to-depth ratio decreases. As members become deeper or shorter, more shear force
will be transmitted directly to the support by a compressive strut rather than flexure. Another
important factor influencing arch action is the axial load on the section (due to an applied load or
prestressing). The influences of axial load on shear are threefold. Firstly, the compressive force can
increase the neutral axis depth of the section; secondly, the angle of the inclined crack can be
decreased due to the compressive force; thirdly, the crack width can be reduced and the ability of
the crack interface to transmit the shear increases. The first influence can be represented by arch
action, whereas the other two influences can be illustrated by the truss model.

Experimental Observation at NTU

A total of 11 columns were studied experimentally to examine the shear strength of RC columns
with light transverse reinforcement. The experiments were conducted by Tran and Li (2010) at the
Protective Engineering Laboratory at NTU, Singapore. These specimens were tested under a
combination of cyclic shear force and constant axial load to simulate earthquake action. The main
parameters in the experiment included shear span-to-depth ratio, a/d and axial-load ratio, P/( f.'Ay).
Fig. 3 and Table 1 provide the experimental parameters and details of the columns. Reversed
horizontal displacements were applied to the specimen using an actuator with a 1000kN capacity
whose axis passed through the mid-height of the specimen, thus generating a double-bending
loading condition to the specimen. The column axial load was applied slowly to the specimens until

the targeted level of displacement was achieved. During each test, the column axial load was
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maintained by manually adjusting the vertical actuators after each load step.

The longitudinal steels consisted of two bar types: eight 20mm diameter deformed bars with a yield
stress fy = 408MPa; and eight Dia. 25 mm deformed bars with a yield stress of 409MPa, as shown in
Table 1. The 6 mm diameter mild-steel bars with a yield stress f.y= 392.6MPa were used for the
stirrups. The average cylinder compressive strengths measured on the days of testing for each
specimen are summarized in Table 1. More details of the specimens can be found in Tran (2010).
Figs. 4, 5 and 6 show the comparison of the backbone curves of the SC-2.4, SC-1.7 and RC-1.7
series of specimens respectively. Comparisons are made based on ‘the general profile of the
backbone curves, shear strength, and the drift ratios at shear failure and axial failure. Shear failure
of the tested column is defined as the recorded shear force when the shear-resisting capacity drops
by more than 20% of the maximum shear force, while axial failure occurs once the column is no
longer able to resist the applied axial force. Due to the light transverse reinforcement, typical brittle
shear failure backbone curves are observed in all specimens. Figs. 4, 5 and 6 indicate that the drift
ratios at shear failure in all specimens are less than 2.0%, except for Specimen RC-1.7-0.05.

From Fig. 4, the shear strength is increased by around 8.5% as the axial-load ratio is increased from
0.20 to 0.50. The compressive strength of Specimen SC-2.4-0.30 is greater than the other two
specimens in the same series; therefore its shear strength is excluded from comparison with the
other two. As seen in Fig. 5, the shear strength of the SC-1.7 series of specimens was enhanced by
about 6.4%, 21.4%, and 35.9% as the axial load ratio was increased from 0.05 to 0.20, 0.35 and
0.50, respectively. From Fig. 6, the shear strength of RC-1.7 series of specimens was enhanced by
about 7.9%, 22.1%, and 25.5% as the axial load ratio was increased from 0.05 to 0.20, 0.35 and

0.50, respectively. The aforementioned discussion clearly indicates that the axial compressive force
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can enhance the arch action of the column under shear. In addition, the influence of shear
span-to-depth ratio on shear strength can be observed for Specimens SC-2.4-0.20 and SC-1.7-0.20,
and for Specimens SC-2.4-0.50 and SC-1.7-0.50. An increase in shear strength for Specimens
SC-2.4-0.20 and SC-1.7-0.20 was 34.4%, and an enhancement of 58.1% in shear strength was
observed for Specimens SC-2.4-0.50 and SC-1.7-0.50. From the shear strength enhancement, it can
be concluded that arch action becomes increasingly marked with a decrease in shear span-to-depth
ratio or an increase in axial-load ratio in RC columns.

Experimental Database of Shear-Critical RC Columns

A database consisting of 79 shear-critical RC columns has been considered in this study, and the
details of these RC columns are shown in Appendix. Fig. 7 shows that normalized shear strength
decreases with increasing shear span-to-depth ratio within the range of test data considered. Fig. 8
shows the relationship between the normalized shear strength and the axial-load ratio. The data
trend suggests shear strength increases with an increasing axial-load ratio.

Therefore, for RC columns with small shear span-to-depth ratio or high axial-load ratio, the
Bernoulli’s hypothesis of plain strain distribution is invalid, and parts of the shear force are directly
transmitted by arch action via the compressive strut. This points to an over-conservative estimate of
shear strength by the sectional model, especially for RC columns of small shear span-to-depth ratio
or high axial-load ratio. Therefore, it is possible to develop a more reasonable truss-arch model to
represent the shear strength for RC columns.

Truss-Arch Model for Shear Strength

From the observation on previously tested RC columns, the distribution of the inclined cracks is

seen as such: the inclined crack angle with respect to the longitudinal axis of column, 6, decreases
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as the distance to the restrained end increases, after reaching the minimum angles, and then the
diagonal cracks look almost parallel. This phenomenon of diagonal cracks pattern is also verified by
the specimens shown in Table 1. Fig. 9 shows the cracks patterns of Specimens SC-2.4-0.20 and
SC-2.4-0.30 at shear failure and at axial failure. As mentioned above, the shear failure of tested
columns is defined as the recorded shear force when the shear-resisting capacity drops by more than
20% of the maximum shear force. The shear behavior of RC columns can be described by means of
the variable angle truss model with a compressive strut arch in terms of the diagonal cracks pattern
shown in Fig. 10(a). However, the variable angle truss model with a-compressive strut arch is
statically indeterminate, and is of limited applicability in practice. The behavior of the variable
angle truss can be approximately represented by the constant angle truss model with shear span a >
dycotd (Kim and Mander 1999). Here, based on the truss model with a compressive strut arch, an
expression has been developed to analytically predict the shear strength of RC columns, considering
the compatibility of deformation between the truss model and the arch model. The components of
shear strength for a shear-critical RC column are illustrated in Fig. 10(b). The shear strength of the
column consisting of three parts is as follows,

V.=V +V+V, (D
in which Vg, Vs are the contributions of concrete and transverse reinforcements to the shear in the
truss model respectively; and V, is the shear strength provided by the arch action.

Truss Component
The contribution of concrete and transverse reinforcement to shear in the truss model is based on
the Modified Compression Field Theory (MCFT) (Vecchio and Collins 1986). The contribution of

transverse reinforcement to shear can be expressed as:
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A f.d cot@
V; — svay v (2)
S

From Fig. 10(b), the concrete contribution to shear strength in the truss model, V is assumed as the
amount of force transferred across the crack interface. V; (Benz ef al. 2006) is expressed as:

V. =pod \f! 3)
Bentz et al. (2006) gave a simplified method to calculate the value of S:

0.40 1300
= X (4)
1+1500£, 1000+,

B

in which ¢ is the longitudinal strain at the mid-depth of cross-section, and can be computed by Eq.
(5); 54 is the effective crack spacing, and for members with stirrups, the stirrups will control the

crack spacing and the term s, can be simply taken as 300mm (CSA 2004).

VL 05P+0.57 cotO
L4, (5)
i 2E A,

where {; is the factor of boundary condition for calculating &, {; =2 for fixed-fixed ends, {; =1 for
fixed-pinned ends; V; is the Tump-summed V¢ and V5 in the truss model, Vi= V + V.

Few reliable methods exist for estimating the angle 6. Priestley et al. (1994) suggested that the
angle of shear plane of a RC column could be taken as 60 degrees. For the columns tested by Lynn
(2001) and Sezen (2002), the critical angle, Elwood et al. (2005) proposed 8 = 55+35P/Py, and Py is
the axial capacity of the undamaged column given by 0.857.'(4,—4:)+fyAs, in which 4 is the area of
longitudinal steel. However, this formula is found based on the columns tested by Lynn (2001) and
Sezen (2002). A model proposed by Kim and Mander (1999, 2007) estimates the crack angle based
on minimizing the external work due to a unit shear force, which is more reasonable and calibrated

by experimental observations. The expression for  (Kim and Mander 1999) is as follows,
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bd 1/4

npv + 42 ZV Av

0 = arctan e 4 (6)
l+np,

where ( is the factor of boundary condition of the column for calculating 8, {,=0.57 for fixed-fixed
ends, and {,=1.57 for fixed-pinned ends.
In Eq. (5), 0.5coté is approximately equal to 1.0, which is also accepted in CSA-04 (2004). By

substituting V; =V, + V5 into Eq. (5), combined with Egs. (2) through (4), we will get:

A1,
=00 g cot@+V, |L
5207 bd, [ s e J Ayf,
CENJTE g —0.5P+-""d cot@+V, (7
v, (1000+s,) Cd. s
1500 - 2F A

s S

Therefore, the concrete contribution to shear strength in the truss model is:

~B+B*—44C
Vo = ®)
24
inwhich A= 0 (1 L | pTO[ L ) 375k C:—szo\/fbdv
EAN\  ¢d, EA N\ ¢d, ) EA 1000+,

Arch Component

Arch action is assumed to be related to a single compressive strut directed from the compression
zone at the top towards that at the bottom, as shown in Fig. 11. If the RC column is in double
bending, the inclination of the strut is found from the line joining the centers of flexural
compression at the top and at the bottom of the column, as shown in Fig. 11(a). If the RC column is
in single bending, the inclination of the strut is formed at the axis at the top and the center of
flexural compression at the bottom of the column, as shown in Fig. 11(d). It will be apparent that
there are similarities to the arch action of Ichinose’s model (1992) and Priestley et al’s model

(1994), although Ichinose’s model is independent of the axial load level, while in Priestley et al’s
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model, the arch contribution to shear, ¥} is related with the axial load P, V,= P tana, and both of
them do not consider the condition of deformation compatibility between the truss model and the
arch model. Here, the arch contribution is derived from the condition of deformation compatibility
between the truss model and the arch model. The shear deformation induced by the truss model

must be equal to that induced by the arch model. That is:

_V o
= ©

t a

>~ |

in which K, and K are the shear stiffness of the strut arch model and the truss model, respectively.

The shear deformation of the truss is caused by the elongation of transverse ties and the
compression of the inclined struts, as shown in Fig. 12. The length of the diagonal concrete strut is
d,/sinf, the width of the diagonal concrete compression strut is dycos; under shear force V;, the

diagonal concrete compression strain is obtained.

v
E. = 4 10
E bd sin@cost (10)
Therefore, the shortening of the diagonal strut is
d v
A =& —== —t 11
sin@ . bE_sin’ Ocos O (b
The lateral displacement induced by the compression of struts under V; is as follows,
A V
S, =—¢t= ! 12
sin@ E bsin’ OcosO (12)
The elongation of the transverse steels is
PR N/ — (13)
ES' Es Ast Es pvb cot 0

The responding shear rotation is then calculated by dividing the sum of Eq. (12) and Eq. (13) by the
vertical length of a single crack (d,cot6), thus,

7, =(6.+6,)/(d, cot®) (14)

10
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Therefore, the shear stiffness of the truss model is:

K = V. _np,Ebd, cot’ @ (15)
"y, l+np,csctO

Eq. (15) is identical to the expression developed by Kim and Mander (1999).

For the arch model, the shear formation is induced by the compression of the strut, and as shown in
Fig. 11(a). The width of the arch strut is c,cosa, where ¢, is the effective depth of strut in arch
model. For the RC columns under cyclic loading, the concrete cover will partly flake off when the
maximum shear force is reached, therefore ¢, will decrease, here ¢, can be taken as ¢, = x—c. Under

shear force, V,, the diagonal concrete compression strain is obtained,

V
£, =— f 16
sinaE bc, cosa (16)

The lateral displacement induced by the compression of struts under shear force, V, is as follows,

5,4 P o 17
‘ “sina Ebc,sin"acos’a 17
We can get the shear stiffness of the arch model as follows,
K, = Vo Y. . E bc,sin’ acos’ a (18)
Vi 6,k

in which y, is the shear rotation; a is the inclination of the strut; for column in double bending as
shown in Fig. 11(a), a = (h—x)/L; for column in single bending, as shown in Fig. 11(b), a =

(h—x)/(2L). The neutral axis depth, x can be estimated as follows (Paulay and Priestley’s 1992):

c’ g

x=[0.25+0.85%Jh (19)

So the shear strength of RC column under monotonic loading is:

t

Vm=VC,+VS+Va=(VC,+VS)[1+I]§J (20)

11
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Impact of Displacement Ductility on Shear Strength

It has long been proven that repeated loading results in a series of intersecting cracks, and the
widening of existing cracks. The widening of shear cracks reduces the aggregate interlock effect of
the crack interface, which would decrease the shear strength. Furthermore, the effective
compressive strength of concrete decreases as more and more intersecting shear cracks appear in the
column. Using the test data from ductile and unductile RC columns, Konwinski et al. (1996)
concluded that shear strength was independent of displacement ductility. On the other hand,
Priestley et al. (1994) and Sezen et al.(2002, 2004) believed that shear strength had a relation with
the member displacement ductility level. The difference is, however, that Priestley et al. (1994)
proposed the concrete contribution to shear was decreased as the member displacement ductility
increased, while Sezen (2002) suggested that both stirrups and concrete contributions to shear
decreased with increasing displacement ductility. The concrete contributions to the shear of the 11
tested columns conducted at NTU and 79 tested columns in the database are calculated as the
summation of concrete contribution in the truss model V and concrete arch contribution V,. The
ratio of measured to calculated V. +V, (equal to the value subtracting the shear strength provided by
transverse reinforcement from the total shear strength) is plotted against the measured displacement
ductility at shear failure in Fig. 13. The trend of the plotted data (best fit line in Fig. 13) suggests
that the ratio of measured to calculated V.+V, decreases with increasing displacement ductility.
However, Fig. 13 indicates that the shear strength provided by concrete is mildly sensitive to the
displacement ductility. A parameter k, is proposed to take account of the influence of displacement
ductility on the shear strength. The proposed £, is equal to 0.7 for displacement ductility less than

3.0, and 0.7 for displacement ductility more than 7.0, with linear interpolation for displacement

12
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ductility ranging from 3.0 to 7.0, as shown in Fig. 13.

Hence, the proposed shear strength of RC column can be expressed as:

K kK,
Vn=Vs+k#(Va+Va)=k#£1+K”JI@+L1+ ‘}{ JVS (21)

t t

Evaluation of Proposed Model

Experimental Verification Using Test Results at NTU

Table 2 tabulates the ratio of measured to calculated shear strength for the proposed model and
models from ACI 318-08 (2008), Priestley et al. (1994), Sezen (2002), and Ichinose (1992). The
mean ratio of measured to calculated shear strength and its coefficient of variation are 1.14 and 0.09,
1.40 and 0.14, 0.83 and 0.10, 1.04 and 0.10, and 1.41 and 0.15 for the proposed model, for ACI
318-08, Priestley et al., Sezen, and Ichinose, respectively. The results show that the proposed model
can represent the shear strength reasonably, although it slightly underestimates the shear strength.
Sezen’s model has the best precision; however, for some columns the ratio of the measured to
predicted strength is around 0.90, which means that this method may be unsafe for practical uses.
As can be seen from Table 2, the predicted shear strength by ACI 318-08 model is relatively
conservative for the SC-1.7 and RC-1.7 series of specimens, of which the shear span-to-depth ratios
are small. Because the influence of axial load isn’t considered in the Ichinose’s model, the ratio of
measured to calculated shear strength increases as the axial compression increases.

Evaluation of Proposed Model with 90 RC Columns

A compiled experimental database of 90 RC columns is utilized to evaluate the proposed model and
the popular models from ACI 318-08, Priestley et al. (1994), Sezen (2002), and Ichinose (1992).
The database consists of 11 columns carried out at NTU and 79 columns in the aforementioned

literature. Fig. 14 and Fig. 15 plot the ratio of measured shear strength, V. to calculated shear
13
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strength Viroposeds VAcI, Vpriestley et als VSezen, @d Vichinose. Versus shear span-to-depth ratio and
axial-load ratio, respectively. The correlation between the measured and calculated shear strength
across the range of shear span-to-depth ratios and axial-load ratios suggests that the proposed model
can predict the shear strength reasonably.

The mean ratio of measured to calculated shear strength and its coefficient of variation are 1.09 and
0.15, 1.23 and 0.27, 0.81 and 0.21, 1.13 and 0.17, and 1.08 and 0.31 for the proposed model, ACI
318-08, Priestley et al., Sezen, and Ichinose, respectively. The proposed model slightly
underestimates the shear strength of the RC column. There are two major reasons that account for
the underestimation. Firstly, in the proposed truss-arch mode, the effective depth of the arch is
derived by subtracting the thickness of concrete cover from the neutral axis depth of the section;
however, in some tested columns, the concrete cover did not spall at shear failure, therefore, the
arch action was underestimated. Secondly, the proposed A, in Eq. (21) is a little less than the
statistical value; however, it is safe for use. From the results of comparison, there is a risk of
overestimating the shear strength using Priestley et al.’s model, which has been approved by Sezen
(2002). Using the ACI 318-08 method, the predicted shear strengths of the database are generally
conservative; however, the estimate is overly conservative for small a/d and increasingly
non-conservative at larger a/d. This discrepancy is caused by the effects that the arch action in the
column weakens with an increase of a/d. Although the mean ratio of measured to calculated shear
strength for Ichinose’s model is 1.08, the coefficient of variation is relative large. As mentioned
above, the ratio of measured to calculated shear strength increases as the axial compression
increases, because the influence of axial load isn’t considered in the Ichinose’s model. Sezen’s

model can also predict the shear strength relatively accurately; however, for the columns with a/d

14
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<2, the predicted shear strength is comparatively conservative.

Conclusions

Observed results of 11 RC columns conducted at NTU and the collected experimental data of 79
RC columns indicate that the shear strength is significantly influenced by the shear span-to-depth
ratio and axial-load ratio as the shear strength of RC column is transferred partly by the truss
mechanism and partly by arch action. Considering the condition of deformation compatibility
between the truss model and the arch model, a predictive expression for shear strength of
shear-critical RC columns subjected to cyclic load is presented. The proposed model considers the
contributions of concrete and transverse reinforcements to'the shear in the truss model, as well as
the shear strength provided by the arch action.

From the comparison of measured and predicted shear strengths of 90 shear-critical RC columns,
the shear strength predicted by the proposed model is found to correlate well with experimental
results, and the mean ratio of measured to calculated shear strength and its coefficient of variation
are 1.09 and 0.15, respectively. Furthermore, the good correlation between the experimental and
predicted strengths across the range of shear span-to-depth ratios and axial-load ratios indicates that
the proposed method represents the effects of the two key parameters very well. The shear strengths
predicted by the ACI 318-08 method are relatively conservative, especially for columns of small
shear span-to-depth ratios. Comparative results also show that the model by Priestley et al. tends to
overestimate the shear strength.
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Notations

The following symbols are used in this paper:

a = shear span, a=L/2 for columns with fixed-fixed ends, a=L for fixed-pinned ends;
¢= gross area of section;
s= main longitudinal tensile reinforcement under flexure;
A, = cross section area of transverse reinforcement at spacing s;
b= width of column;
c= thickness of concrete cover;
c, = effective depth of strut in arch model;
d= effective depth of column;
effective shear depth taken as flexural lever arm which need not be taken less than
0.94,
E.= modulus of elasticity of concrete;
E;= modulus of elasticity of reinforcing steels;
f'= cylinder strength of concrete;
Jy=yielding stress of longitudinal reinforcing steels;
Jw=Yyielding stress of transverse reinforcing steels;
h = height of column;
K,= shear stiffness of truss model;
K, = shear stiffness of arch model;
factor relating concrete contributions to shear strength in truss model and concrete
in arch model to displacement ductility;
L= column height;
n= EJFE
P=applied axial load on column;
s = spacing of transverse reinforcement;
s, = effective crack spacing;
2= shear strength provided by arch action;

V4= contribution of concrete to shear in truss model;
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&=

Hs=
Psi =

Pv=

measured shear strength of column;

shear strength not considering influence of displacement ductility;

shear strength considering influence of displacement ductility;

contribution of transverse reinforcement to shear;

neutral axis depth;

inclination of strut arch;

factor accounting for the concrete contribution to shear in truss model;
longitudinal strain at mid-depth of cross section;

boundary condition factor of column for calculating &, {; =2 for fixed-fixed ends,
¢i1 =1 for fixed-pinned ends;

boundary condition factor of column for calculating 8, (,=0.57 for fixed-fixed
ends, (>=1.57 for fixed-pinned ends;

angle of the inclined strut in cracked concrete with respect to longitudinal axis of
column in truss model;

displacement ductility of RC column at shear failure;

volumetric ratio of longitudinal reinforcement to concrete;

volumetric ratio of transverse reinforcement to concrete, p, = As,/(bs);
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Table 1. RC Column Experimental Parameters

Copyright 2012 by the American Society of Civil Engineers
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Longitudinal steel Transverse steel
. £ b h L | 41 p Ve
Specimen Py | (mmy | iy | o 7|7 dy Num Ju Agy s Jw (kN)
(mm) (MPa) | (mm) | (mm) | (MPa)
SC-2.4-0.20 | 22.6 350 | 350 | 1700 | 2.7 | 0.20 20 8 408.0 | 56.5 | 125 | 392.6 | 218.9
SC-2.4-0.30 | 49.3 350 | 350 | 1700 | 2.7 | 0.30 25 8 409.0 | 56.5 | 125 | 392.6 | 357.1
SC-2.4-0.50 | 24.2 350 | 350 | 1700 | 2.7 | 0.50 20 8 408.0 | 56.5 | 125 | 392.6 | 237.6
SC-1.7-0.05 | 29.8 350 | 350 | 1200 | 1.9 | 0.05 20 8 408.0 | 56.5 | 125 | 392.6 | 276.4
SC-1.7-0.20 | 27.5 350 | 350 | 1200 | 1.9 | 0.20 20 8 408.0 | 56.5 | 125 | 392.6 | 294.2
SC-1.7-0.35 | 25.5 350 | 350 | 1200 | 1.9 | 0.35 20 8 408.0 | 56.5 | 125 | 392.6 | 3355
SC-1.7-0.50 | 26.4 350 | 350 | 1200 | 1.9 | 0.50 20 8 408.0 | 56.5 | 125 | 392.6 | 375.6
RC-1.7-0.05 | 32.5 250 490 | 1700 | 1.9 | 0.05 20 8 408.0 | 56.5 125 | 392.6 | 283.1
RC-1.7-0.20 | 24.5 250 490 | 1700 | 1.9 | 0.20 20 8 408.0 | 56.5 125 | 392.6 | 305.5
RC-1.7-0.35 | 27.1 250 490 | 1700 | 1.9 | 0.35 20 8 408.0 | 56.5 125 | 392.6 | 345.7
RC-1.7-0.50 | 26.8 250 490 | 1700 | 1.9 | 0.50 20 8 408.0 | 56.5 125 | 392.6 | 355.2
Table 2. Comparisons of Shear Strength between Proposed Model and Other Models
Specimen ald | PIfdAy) | tshear-taiture | Ve/Vroposed | Ve/Vact | Vel Veriestieyetat. | Ve/Vsezen | Ve/Vichinose
SC-2.4-0.20 2.7 0.20 1.57 1.15 1.28 0.75 1.08 1.32
SC-2.4-0.30 2.7 0.30 2.38 1.07 1.11 0.78 1.06 1.60
SC-2.4-0.50 2.7 0.50 2.05 0.95 1.06 0.71 0.87 1.39
SC-1.7-0.05 1.9 0.05 1.44 1.29 1.66 0.99 1.24 1.25
SC-1.7-0.20 1.9 0.20 1.66 1.15 1.55 0.83 1.04 1.38
SC-1.7-0.35 1.9 0.35 1.14 1.15 1.61 0.87 1.05 1.64
SC-1.7-0.50 1.9 0.50 1.41 1.08 1.57 0.93 1.02 1.80
RC-1.7-0.05 1.9 0.05 1.61 1.27 1.41 0.85 1.11 1.05
RC-1.7-0.20 1.9 0.20 1.60 1.25 1.47 0.82 1.05 1.27
RC-1.7-0.35 1.9 0.35 1.63 1.13 1.40 0.79 0.97 1.38
RC-1.7-0.50 1.9 0.50 2.11 0.99 1.30 0.80 0.90 1.42
Mean 1.14 1.40 0.83 1.04 1.41
Coefficient of Variation 0.09 0.14 0.10 0.10 0.15
2
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Appendix
Dimensions, Materials, and Other Details for 79 Shear-Critical Columns
Configu-  f b h L Ds £ Dy Sy P V.
Specimen Reference
ration (MPa) (mm) (mm) (mm) (%) (MPa) (%) (MPa) (kN) (kN)
3CLH18 FF 25.6 457 457 2946 2.35 335 0.07 400 503 1.60 2715
2CLHI8 FF 33.1 457 457 2946 146 335 0.07 400 503 5.08 2403
3SLHI8 FF 25.6 457 457 2946 235 335 0.07 400 503 194 267
2SLHIS FF 33.1 457 457 2946 146 335 0.07 400 503 470 2314
Lynn (2001)
2CMHI18 FF 257 457 457 2946 146 335 0.07 400 1512 185 316
3CMHI18 FF 27.6 457 457 2946 235 335 0.07 400 1512 134 3382
3CMDI12 FF 27.6 457 457 2946 235 335 0.18 400 1512 233 356
3SMDI2 FF 256 457 457 2946 235 335 0.18 400 1512 2.02 3783
2CLDI2 FF 21 457 457 2946 1.86 469 0.18 469 667 221 303
2CHDI2 Sezen (2002) FF 21 457 457 2946 1.86 469 0.18 469 2669 2.72 301
2CLDI2M FF 22 457 457 2946 1.86 469 0.18 469 667 4.18 295
CUs FF 349 230 410 910 240 441 028 414 534 1.3 324
Umehara and
CUW FF 349 410 230 910 3.00 441 0.15 414 534 194 265
Jirsa (1982)
2CUS FF 42 230 410 910 240 441 055 414 1068 1.06 412
Bett et al.
No. 1-1 FF 209 305 305 914 1.83 462 0.09 414 288 141 214
(1985)
HC4-8L16- -
Xiao and FF 86 254 254 1016 1.84 510 0.74 449 534 500 268
T6-0.1P
Martirossyan
HC4-8L16-
FF 86 254 254 1016 1.84 510 0.74 449 1068 3.50 324
T6-0.2P (1998)
C1 FF 135 300 300 900 1.18 340 0.08 587 3645 3.66 160.4
C4 FF 135 300 300 900 1.18 340 028 384 3645 454 1711
C6 FF 135 300 300 900 1.18 340 028 384 243 642 2039
C8 FF 18 300 300 900 1.18 340 028 384 486 3.90 233
C10 FF 18 300 300 900 1.18 340 028 384 243 454 2621
C12 Ousalem FF 18 300 300 900 1.18 340 028 384 324 494 2171
DI (2006) FF 277 300 300 600 1.18 447 043 398 540 327 3411
D16 FF 26.1 300 300 600 1.18 447 043 398 540 3.51 3416
DI1 FF 28.15 300 300 900 1.47 447 0.14 398 540 425 24238
DI2 FF 28.15 300 300 900 1.47 447 0.14 398 540 4.00 2504
D13 FF 26.1 300 300 900 1.47 447 043 398 540 433 266.1
D14 FF 26.1 300 300 900 1.47 447 043 398 540 4.63 296.1
3
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NI18M FF 26.5 300 300 900 1.79 380 0.19 375 429  3.03 263
Nakamura and
N18C FF 26.5 300 300 900 1.79 380 0.19 375 429  4.06 264
Yoshimura
N27M FF 26.5 300 300 900 1.79 380 0.19 375 645  4.62 288
(2002)
N27C FF 26.5 300 300 900 1.79 380 0.19 375 645 238 263
2M FF 25.2 300 300 600 1.79 396 0.19 392 430 4.97 234
2C FF 25.2 300 300 600 1.79 396 0.19 392 430 6.23 222
Yoshimura and
M FF 25.2 300 300 600 1.79 396 0.19 392 657 541 248
Nakamura
3C FF 25.2 300 300 600 1.79 396 0.19 392 657 5.75 264
(2003a)
2M13 FF 25.2 300 300 600 1.18 350 0.19 392 430 3.07 250
2C13 FF 25.2 300 300 600 1.18 350 0.19 392 430 4.77 260
No.1 FF 30.7 300 300 1200 1.79 402 0.19 392 552 2.62 234
Yoshimura et
No.3 FF 30.7 300 300 1200 1.79 402 0.09 392 552 2.55 230
al. (2003b)
No.4 FF 30.7 300 300 1200 1.79 402 0.19 392 828 2.55 261
00-U Ramirez and FF 34.5 305 305 915 1.84 410 0.32 455 0 2.60 2659
120C-U Jirsa (1980) FF 30.7 305 305 915 1.84 411 0.32 455 534 273 2979
40.033a(E) FP 34.7 152 305 876 244 496 0.32 345 189  2.96 94
40.033a(W) FP 34.7 152 305 876 244 496 0.32 345 189  3.05 98
40.048(E) FP 26.1 152 305 876 244 496 046 345 178  3.93 101
40.048(W) FP 26.1 152 305 876 244 496 046 345 178  4.35 95
40.033(E) FP 33.6 152 305 876 244 496 0.32 345 178  2.71 91
40.033(W) Wight and FP 33.6 152 305 876 244 496 0.32 345 178  2.87 101
25.033(E) Sozen (1973) FP 33.6 152 305 876 244 496 0.32 345 111 249 85
25.033(W) FP 33.6 152 305 876 244 496 0.32 345 111 232 91
40.067(E) FP 334 152 305 876 244 496 0.64 345 178  4.88 86
40.067(W) FP 334 152 305 876 244 496 0.64 345 178  4.57 92
40.092(E) FP 335 152 305 876 244 496 0.91 317 178  5.36 108
40.092(W) FP 33.5 152 305 876 244 496 0.91 317 178  4.83 113
Ul Saatcioglu and FP 43.57 350 350 1000 2.40 430 0.30 470 0 3.12 2749
U2 Ozcebe (1989) FP 30.2 350 350 1000 2.40 453 0.30 470 600 2.87 270
BR-S1 Yalcin (1997) FP 44.8 550 550 1485 1.95 434 0.10 425 2086 2.88 578
43 FP 20 200 200 500 2.00 434 0.28 558 80 4.13 73.8
44 FP 20 200 200 500 2.00 434 0.28 558 80 256 76.5
45 FP 20 200 200 500 2.00 434 0.28 558 1557 1.74 823
Ikeda (1968)
46 FP 20 200 200 500 2.00 434 0.28 558 1557 126 80.5
62 FP 20 200 200 500 2.00 345 0.28 475.7 80 596 57.8
63 FP 20 200 200 500 2.00 345 0.28 4757 1557 4.00 68.5
4
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64 FP 20 200 200 500 2.00 345 0.28 4757 1557 4.82 68.5
205 FP 17.58 200 200 600 2.00 462 028 324 1557 2.51 71.2
207 FP 17.58 200 200 400 2.00 462 0.28 324 1557 1.60 1059
208 FP 17.58 200 200 400 2.00 462 0.28 324 391 299 1352
214 FP 17.58 200 200 600 2.00 462 0.14 324 391 1.73  82.7

Umemura and
220 FP 32.9 200 200 400 1.00 379 0.11 648 155.7 7.83 78.3
Endo (1970)
231 FP 14.75 200 200 400 1.00 324 0.13 524 155.7 8.42 50.7
232 FP 13.1 200 200 400 1.00 324 0.13 524 1557 6.40 583
233 FP 13.9 200 200 400 1.00 372 0.13 524 155.7 4.50 68.9
234 FP 13.1 200 200 400 1.00 372 0.13 524 155.7 533 672

372 Kokusho FP 20 200 200 500 1.00 524 031 351.6 241 4.12 743
373 (1964) FP 20.4 200 200 500 2.00 524 031 3516 241 278 88.1
452 Kokusho and FP 21.9 200 200 500 3.00 358 0.31 606 391 2.53 1103
454 Fukuhara(1965) FP 21.9 200 200 500 4.00 358 0.31 606 391 232 1103
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Noted: “FF” in “Configuration” Column means tested columns with fixed-fixed ends which is the confinement of the test column,

and “FP” means columns with fixed-pinned ends.
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(a) 2009 Padang Earthquake, Indonesia (b) 2011 Christchurch Earthquake, New Zealand

Fig. 1. Damaged columns during earthquake
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Fig. 2. Truss-arch model proposed by Ichinose
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Fig. 3. Model column details (Unit: mm)
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Fig. 4. Backbone curves of SC-2.4 series of specimens
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Fig. 5. Backbone curves of SC-1.7 series of specimens
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Fig. 6. Backbone curves of RC-1.7 series of specimens
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Fig. 7. Normalized shear strength versus shear span-to-depth ratio
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Fig. 8. Normalized shear strength versus axial-load ratio
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Fig. 9. Cracks patterns at shear failure and at axial failure

Copyright 2012 by the American Society of Civil Engineers

J. Struct. Eng.



Fig. 10

Downloaded from ascelibrary.org by Nanyang Technological on 09/01/12. For persona use only. No other uses without permission. Copyright (c) 2012. American Society of Civil Engineers. All rights reserved.

Journal of Structural Engineering. Submitted November 8, 2011; accepted July 20, 2012;
posted ahead of print August 11, 2012. doi:10.1061/(ASCE)ST.1943-541X.0000677

—> |
| Critical section
| Arch action
(a) Postulated distribution of diagonal cracks (b) Schematic critical section

Fig. 10. Postulated diagonal cracks pattern and critical section for column with double curvatures
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Fig. 12. Shear deformation of truss model
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Fig. 13. Ratio of measured to calculated shear strength provided by concrete vs. displacement
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(e) Ichinose’s model

Fig. 14. Variation of measured to calculated strength ratio versus shear span-to-depth ratio
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(e) Ichinose’s model

Fig. 15. Variation of measured to calculated strength ratio versus axial-load ratio
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