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SUMMARY

Ductile fiber reinforced cementitious composite (DFRCC), emerged in early
1990s, has been proven to be an excellent building material in terms of structural
performance at ambient temperature. Many studies have demonstrated that
DFRCC outperforms conventional concrete in terms of seismic performance,
impact resistance and durability due to its high tensile ductility and multiple fine
cracking behaviors. However, behavior of DFRCC at elevated temperatures
remains questionable so far. As fire accidents occur frequently in buildings, there

is an urgent need to improve and evaluate fire performance of DFRCC.

This thesis focuses mainly on two topics: (a) improve and study mechanical
performance of fire-damaged DFRCC (b) re-examine fire-induced concrete

spalling mechanism and assess thermal spalling risk of DFRCC.

An experimental program was designed to optimize post-fire responses of DFRCC.
The optimized DFRCC mix was then subjected to fire resistance testing, which
covered two aspects, i.e., residual mechanical properties and thermal spalling
resistance. The optimized DFRCC were observed to perform better than normal

concrete in these two aspects.

Fire-induced spalling is perhaps the least understood of the major issues plaguing
concrete in fire. Many studies have attempted to better understand the underlying
mechanisms behind fire-induced spalling; however, several controversies still
exist. A unified fire-induced concrete spalling theory was advanced in this thesis,
which classifies fire-induced spalling into three types based on their distinct
spalling mechanisms. They are thermo-hygral, thermal-mechanical, and
thermal-chemical spalling, respectively. Hot permeability test and microstructural

analysis techniques were used to study the mechanism of PVA fibers in DFRCC

Vil



to combating thermo-hygral spalling. A numerical model with reasonable

accuracy was also proposed to assess thermo-hygral spalling risk of concrete.

Vi
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CHAPTER 1 INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1 Background and motivation

Concrete, the most-widely used construction material in the world, is intrinsically
brittle. A number of approaches have been attempted to overcome the brittle
nature of concrete over the years, among which the most effective means is the
use of fibers. This results in fiber reinforced concrete (FRC), which is featured by
its tension softening. This means that decreasing load can still be sustained as a
crack opens. In early 1990s, a special class of FRC, ductile fiber reinforced
cementitious composite (DFRCC), was invented through tailoring of fibers, matrix
and interface based on theory of steady-state crack propagation and
micromechanics (Li and Leung 1992). DFRCC is also known as engineered
cementitious composite (ECC), strain hardening cementitious composite (SHCC)
and bendable concrete. The fundamental difference in mechanical performance
between DFRCC and FRC is that, DFRCC shows pseudo strain-hardening
behavior instead of strain softening behavior exhibited by FRC under direct
uniaxial tension. The pseudo strain-hardening of DFRCC is achieved by
sequential formation of multiple fine cracks. Typical tensile behaviors of concrete,
FRC and DFRCC are schematically shown in Fig. 1.1(a)-(c). Clearly, DFRCC in
Fig. 1.1(c) shows strain hardening property with multiple fine cracks compared to
concrete in Fig. 1.1(a) or FRC in Fig. 1.1(b). Fig. 1.1 also shows the advances in
ductility of concrete materials over the years, arising from persistent efforts by

many researchers worldwide.
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Fig. 1.1 Typical tensile behaviors of concrete, FRC and DFRCC

An ideal construction material should have satisfactory performance under
different environmental or extreme loading conditions (explosion, impact,
earthquake, fire) as shown in Fig. 1.2. So far, a significant number of works
(Fukuyama et al. 2000, Douglas and Billington 2005, Yang and Li 2006,
Sahmaran and Li 2009, Mechtcherine et al. 2011, van Zijl et al. 2012, Qudah and
Maalej 2014) have been conducted to study durability, seismic performance and
impact resistance of DFRCC. Owing to its intrinsic ductile nature, DFRCC
outperforms concrete or FRC in terms of durability, seismic resistance, and impact
resistance. Another important advantage of DFRCC in addition to high tensile
ductility is that it exhibits multiple self-controlled fine cracks at large deformation
stage. Due to its intrinsic self healing with crack width less than 0.1 mm, DFRCC
has exceptional durability performance under different environmental loads. So
far the understanding of DFRCC under earthquake, impact and environmental
actions is gradually improving, but the knowledge of performance of DFRCC
under fire action is rather limited. In terms of material constituents, DFRCC is
typically made of cement, fly ash (FA), fine sand, water, Polyvinyl Alcohol (PVA)
fibers and some common chemical additives. The PVA fiber, an indispensable
element in achieving tensile strain-hardening of DFRCC, melts at about 240 <C.
Thus, DFRCC will shortly lose its prominent advantage in fire and become no

different from ordinary mortar. Besides, melting of PVA fibers introduces

2
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additional porosity, which tends to reduce mechanical strength of DFRCC.
Therefore, fire performance of DFRCC is questionable and needs to be studied
comprehensively, so that the material can be used safely in construction of

structural members.

e R s O
L[ Toading [ ] [ | Ll | 1l |
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(a) Durability (b) Explosion (c) Impact (d) Earthquake (e) Fire

Fig. 1.2 Building materials under different environmental or loading conditions

The very first published work on fire performance of DFRCC dates back to 2010,
which presented compressive properties and microstructure of fire-damaged
DFRCC (Sahmaran et al. 2010). Following that, the effects of fly ash, specimen
dimensions, and PVA fibers on compressive properties of fire-damaged DFRCC
(Sahmaran et al. 2011, Erdem 2014) were studied. In general, DFRCC performs
similar to or better than concrete or FRC in terms of compressive strength
degradation. Limited test data (Bhat et al. 2014, da Silva Magalh&es et al. 2015,
Yu et al. 2015) was available for residual tensile properties of fire-damaged
DFRCC. Different trends in strain capacity of DFRCC were found below 200 <C,
possibly due to use of different DFRCC mixes. Above 250 <C, DFRCC lost its
strain-hardening behavior (Bhat et al. 2014, da Silva Magalh&s et al. 2015).
Previous work gained an in-depth insight into mechanical behaviors of
fire-damaged DFRCC. However, little effort was made to improve mechanical

properties of fire-damaged DFRCC.

Fire performance of concrete materials includes two main aspects:
high-temperature mechanical properties and explosive spalling resistance. So far,
little work has been done to evaluate explosive spalling risk of DFRCC. In
previous work, the specimens used for compressive tests were also used for

spalling risk assessment (Sahmaran et al. 2011, Erdem 2014). However, explosive

3
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spalling is influenced by the specimen dimensions and heating rate. Therefore,
there is still a need to re-examine explosive spalling risk of DFRCC and the role

of PVA fibers in resisting explosive spalling.

Before studying spalling resistance of DFRCC, thermal spalling mechanism needs
to be understood thoroughly. Currently, there are two main mechanisms to explain
fire-induced concrete spalling: spalling due to (a) pore pressure buildup or (b)
thermal stress. The relative importance of these two mechanisms has been a subject
of intense debate in the research community over the past few decades. No
universal agreement has been reached on this unresolved problem so far.
Understanding the spalling mechanism is crucial to predicting and mitigating this
unfavorable phenomenon. Therefore, it is important to address the controversy
surrounding existing spalling theories and to propose a unified and consistent

spalling theory.
1.2 Objectives

The main objectives of this thesis are listed as follows:

e To improve fire resistance of DFRCC,;

e To study residual mechanical properties of improved DFRCC after exposure

to elevated temperature;

e To re-examine historical views of concrete spalling under fire, resolve
existing contradictions and propose a unified and consistent concrete spalling
theory;

e To examine explosive spalling resistance of DFRCC materials under fire

conditions;
e To measure permeability of DFRCC at elevated temperatures;

e To develop a simple numerical model to predict heat and moisture transfer,

pore pressure buildup and explosive spalling in concrete under fire.

4
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1.3 Thesis layout

The layout of this thesis is shown in Fig. 1.3.

Chapter 1

Introduction

Introduction

Chapter 2

Literature review

Chapter 3

Optimization of post-fire

Chapter 5

Unified theory of fire

performance of DFRCC Main body spalling in concrete
Y vy
Chapter 4 Chapter 6 Chapter 7

Mechanical properties of
optimized DFRCC after
fire effect

Thermo-hygral spalling
resistance of DFRCC

Modeling thermo-hygral
spalling of concrete at
high temperature

v

Chapter 8
Conclusions,
contributions and
challenges

Fig. 1.3 Thesis layout

This thesis consists of eight chapters, starting with the introduction in Chapter 1,

followed by six chapters presenting the main elements of author’s work.

Chapter 2 reviews previous studies on high-temperature mechanical properties,
spalling resistance of DFRCC, and spalling mechanisms of concrete. Furthermore,

questions remained unanswered in these aspects will be discussed.

Chapter 3 presents an experimental program to optimize post-fire mechanical
properties of DFRCC by means of Taguchi approach (Roy 2010) and utility

concept.

Chapter 4 examines compressive properties and tensile properties of optimized

DFRCC material developed in Chapter 3.

Chapter 5 summarizes conflicting and concordant points on concrete spalling at

high temperature and proposes a unified and coherent fire-induced concrete
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spalling theory. Recommendations to mitigate fire spalling of concrete are given

following the new spalling theory.

Chapter 6 presents a test program to study explosive spalling resistance and
permeability of DFRCC at high temperature. The influence of hot permeability on
spalling resistance of DFRCC and the role of fibers in mitigating explosive

spalling will be discussed.

Chapter 7 proposes a one-dimensional numerical model to predict moisture
migration, pore pressure and fire-induced spalling in concrete. Case studies from
different perspectives are presented to validate the applicability of the spalling

model.

Finally, Chapter 8 draws overall conclusions and recommends future work based

on the research conducted in this thesis.
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CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

This chapter offers a critical review of the research that is pertinent to the work of
this thesis. First, a review of fire performance of DFRCC is provided. The fire
performance of DFRCC includes high-temperature mechanical properties, thermal
properties, and thermal spalling resistance of DFRCC. Next, the research that has
been conducted on fire-induced concrete spalling mechanism, spalling mitigation
mechanism of polypropylene (PP) and PVA fibers, and fire-induced concrete
spalling model is summarized. At the end of this chapter, the research problems
and knowledge gaps pertaining to the topics of this thesis are identified and
discussed based on the literature review. These identified problems and
knowledge gaps provide research subjects to be studied and discussed in the main

body of this thesis.

2.2 Fire performance of DFRCC

2.2.1 Compressive properties of DFRCC after elevated

temperature

Quite a number of researchers had investigated residual compressive properties of
different DFRCC mixes. Table 2.1 summarizes the DFRCC mixes used for
residual compressive tests. Fig. 2.1 and Fig. 2.2 give residual compressive strength
and residual compressive strength reduction factor of DFRCC, respectively. From
Fig. 2.2, it can be seen that DFRCC performs similarly to or slightly better than

normal concrete (EN 2004) in terms of compressive strength degradation.
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Table 2.1 Summary of the DFRCC mixes used for residual compressive tests *

Source Cement FA Sand Water PVA fiber HRWR' HPMC?
Sahmaran et al. (2010) 1 1.2 0.8 058 2.0% 0.004
Sahmaran et al. (2011) 1 2.2 116 0.85 2.0% 0.005

Erdem (2014) 1 1.2 0.8 058 2.0% 0.004
Bhat et al. (2014) 1 19 1 057 2.0% 0.002 0.001
1
1

Yu et al. (2014) 04 0.7 0.49 2.0% 0.02 0.003
da Silva Magalh&es et al. (2015) 1.2 08 038 2.0% 0.03
Yu et al. (2015) 44 194 14 2.0% 0.018
* Content of fibers is written as volume fraction of the mix, while the other ingredients are written as

RN

mass proportion of cement.
+ HRWR: high-range water reducer.

1 HPMC: hydroxypropyl methylcellulose
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Fig. 2.1 Compressive strength of DFRCC as a function of temperature
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Fig. 2.2 Compressive strength reduction factor of DFRCC with temperature



CHAPTER 2 LITERATURE REVIEW

e Effect of FA replacement ratio

Sahmaran et al. (2011) found that DFRCC with a FA/cement replacement ratio of
about 70% had a lower reduction in compressive strength and stiffness than
DFRCC with a FA/cement replacement ratio of 55%, after exposure to
temperatures from 200 to 600 <C. Two reasons were proposed to account for this.
The first was that DFRCC with a lower FA/cement replacement ratio had a denser
microstructure, which induced more of vapor pressure buildup upon heating and
resulted in cracking. The second was that pozzolanic reaction between calcium
hydroxide (CH) and FA reduced amount of CH, resulting in less cracking and
improved compressive strength (Xu et al. 2001). However, this advantage of
DFRCC with approximately 70% FA/cement replacement became weaker after

exposure to 800 <.

e Effect of specimen dimensions

Erdem (2014) observed that residual compressive properties of DFRCC were
almost insensitive to changes in specimen dimensions and concluded that DFRCC
can be regarded as independent of size effect in terms of high-temperature
deterioration. No reasons were given to explain this size-effect independence in
his work. The size-effect independence at room temperature was due to high
tensile strain capacity of DFRCC. This is confirmed by finding by Nguyen et al.
(2013) that concrete with a higher tensile strain capacity showed less sensitivity to
the specimen size. Size-effect insensitivity of DFRCC after elevated temperature

exposure is still not clear. It is possibly related to the PVA fibers in DFRCC.

e Effect of cooling regime

Yu et al. (2014) observed that fire-damaged DFRCC specimens after cooling in

water performed better than those subjected to air cooling, and the effect increased
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with the temperature exposure level. This was because quenching in water led to

rehydration process, which generated more CSH-like gel and crystals.
e Relationship between microstructure and compressive strength

Studies have been conducted to investigate the evolution of porosity and pore
structure of DFRCC with elevated temperature (measured after cooling). Fig. 2.3
and Fig. 2.4 give porosity values and average pore diameter of DFRCC as a
function of temperature, respectively. The studied DFRCC mixes are given in
Table 2.1. From room temperature to 200 <C, some researchers found an increase
in porosity, but some found negligible change. From 200 <C onwards, all studies
showed an increasing trend of porosity but with different slopes. The average pore
diameter of DFRCC was observed to vary a little from room temperature to
400 <C. But at 600 <C, there was an apparent change in it. At 800 <C, its growth
range was even larger. The change in compressive strength of DFRCC was found
to be closely related with the changes in porosity and average pore diameter. An

increase in both porosity and average pore diameter reduces compressive strength.

45

| —m— Sahmaran et al. (2010)
S —e— Sahmaran et al. (2011)
|

|
l
! —e— Erdem (2014)
A I —>— Yuetal. (2014)
! —— da Silva Magalhaes et al. (2015)

Porosity (%)

Temperature (°C)

Fig. 2.3 Porosity values of DFRCC as a function of temperature
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Fig. 2.4 Average pore diameter of DFRCC as a function of temperature

2.2.2 Tensile properties of DFRCC after elevated temperature

Limited work was done to study residual tensile properties of DFRCC after high
temperature, since its tensile behavior is expected to be similar to that of mortar
after exposure to temperature above the melting point of PVA fibers. Table 2.2

summarizes the DFRCC mixes used for residual tensile tests.

Table 2.2 Summary of the DFRCC mixes used for residual tensile tests *

Source Cement FA Sand Water ;\ég HRWR HPMC SAP'

Mechtcherine et al.
(2012)
Bhat et al. (2014)

1 1.2 106 071 22% 0.038 0.006 0.004
1

da Silva Magalh&es 1
1

19 1 057 20% 0.002 0.001

0,
et al. (2015) 12 08 08 20% 003
Yuetal. (2015) 44 194 14 20% 0018

* Content of fibers is written as volume fraction of the mix, while the other ingredients are written as

mass proportion of cement.

+ SAP: super absorbent polymer.

Mechtcherine et al. (2012) reported residual tensile performance of DFRCC with
2.2% vol. of PVA fibers subject to 22, 60, 100 and 150 <C. DFRCC showed a

downward trend in both the tensile strain capacity and the tensile strength as

11
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temperature increased. The tensile strain capacity refers to the tensile strain at

softening point (JSCE 2008).

da Silva Magalh&s et al. (2015) studied residual tensile behaviors of DFRCC
heated to a temperature ranging from ambient to 250 <C. At 90 <C the strain
capacity of DFRCC mix remained almost unchanged, but declined beyond 90 <C.
At 250 <C, strain hardening behavior of DFRCC diminished completely.

Bhat et al. (2014) reported that tensile strain capacity of DFRCC decreased as
temperature increased from 20 <C to 200 <C. As temperature rose above 200 <C,

DFRCC lost its tensile strain-hardening behavior.

Yuetal. (2015) reported that residual tensile strength and strain capacity of DFRCC
with high-volume of fly ash (HVFA) increased at 50 <C and 100 <C, but declined at
200 C. Even so, HVFA-DFRCC had a tensile strain capacity of 3.1% after
subjected to 200 <T for one hour. But compressive strength of this HVFA-DFRCC
was only about 17.1 MPa (see Fig. 2.1), which means this HYFA-DFRCC cannot

be used for structural applications.

Fig. 2.5 gives the normalized tensile strain capacity of DFRCC by its ambient
tensile strain capacity as a function of temperature. To summarize, for DFRCC
with compressive strength higher than 30MPa, the strain capacity of DFRCC
deteriorated with temperature. At 150 <C and above, the strain capacity of DFRCC
is quite small already compared to that at ambient. At melting temperature of PVA

fibers (about 240 <C) and above, DFRCC behaves similarly to mortar.

12
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Fig. 2.5 Normalized tensile strain capacity of DFRCC with elevated temperature

2.2.3 Tensile properties of DFRCC at elevated temperature

Mechtcherine et al. (2012) reported in-situ tensile performance of DFRCC with 2.2%
vol. PVA fibers subject to different temperatures and strain rates. The test
temperatures were 22, 60, 100, and 150 <C and the selected strain rates were 10°s™,
3x10“s? and 102 s, At in-situ temperature of 60 <, DFRCC showed an increase
in strain capacity and a decline in strength under a strain rate of 10°s™. At 100 and
150 <C, DFRCC showed a decrease in both the strain capacity and strength under a
strain rate of 10°s™. At 150 €T DFRCC lost its strain-hardening feature.

Mechtcherine et al. (2012) also observed that hot strain capacity of DFRCC was
larger than residual strain capacity of DFRCC at 22, 60, and 100 <C. But this has
limited influence on behavior of DFRCC in fire, since fire temperature exceeds

100 <C soon.

2.2.4 Spalling resistance of DFRCC at elevated temperature

e Explosive spalling

DFRCC is cement-based composites, also known as ‘“bendable concrete”.
Explosive spalling, a common problem faced by concrete, could be a potential

threat to DFRCC. So far, there is no particular test designed to investigate spalling

13
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resistance of DFRCC at elevated temperatures. However, some positive findings
regarding this aspect of DFRCC have been reported. Sahmaran et al. (2011) found
that no explosive spalling occurred in 50 mm DFRCC cube specimens when
heated to the maximum temperature of 800 <C at 15 <C/min. Similar observation
was found in Bhat et al. (2014), in which ¢$76.2mmx152.4mm cylinder specimens
were heated to the maximum temperature of 800 <C at 23.5 <T/min. In contrast,
Bhat et al. (2014) observed explosive spalling in control mortar specimens heated
to 600 <C and above. It is noted that fire spalling is influenced by size of
specimens and heating rate. The smaller a specimen is and the lower heating rate it
is subjected to, the lower its susceptibility to spalling is (Kodur 2000). Therefore,
there is a need to conduct spalling tests to evaluate propensity of DFRCC to spall

under heating.
e Hot permeability

Currently, no test data on hot permeability of DFRCC can be found in the
literature. There is test data on water permeability of DFRCC at room temperature
(Lepech and Li 2009, van Zijl et al. 2012, Wagner et al. 2012), but this property is
intended for durability assessment. It is widely accepted that permeability is a
critical factor influencing fire spalling of concrete materials (Hertz 2003, Jansson
and Bostrdm 2013). It is significant to get first-hand permeability data of DFRCC

at elevated temperature and link it with spalling resistance of DFRCC.

2.2.5 Sprayable lightweight DFRCC for fire protection

Instead of studying applications of DFRCC as a structural material, Zhang et al.
(2014) developed a sprayable lightweight DFRCC (SL-DFRCC) for fire
protection of steel members. The SL-DFRCC was desired to have excellent
durability and thermal insulating property. To achieve the desired properties, 3M

S38 glass bubbles were used instead of fine silica sand in the SL-DFRCC. The
14
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mix proportion of the SL-DFRCC is shown in Table 2.3. The SL-DFRCC was
found to perform better than conventional sprayable fireproof material in terms of
mechanical properties, thermal insulation properties and interfacial cohesive

strength with steel substrate under impact load.

Table 2.3 Mixture proportion of SL-DFRCC by weight

PVA fiber
Source Cement Glass bubbles Water HRWR HPMC
(by volume)
Zhang et al. (2014) 1 0.5 0.75 2% 0.03 0.05

Good cohesive performance of the SL-DFRCC under impact load was achieved by
its high ductility. However, the PVA fibers in SL-DFRCC melt under fire, which
means SL-DFRCC is one-off fireproof material. In addition to that, only the
cohesive performance of SL-DFRCC under impact load is studied. The cohesive
performance of SL-DFRCC under fire is questionable, and therefore should be

examined.

2.2.6 Thermal properties of DFRCC

Thermal properties of DFRCC are important parameters for conducting heat
transfer analysis and subsequent thermo-mechanical analysis of DFRCC members.
Compared to the work on mechanical properties of DFRCC after fire, the work on

thermal properties of DFRCC is rather limited.
e Thermal conductivity

Magalh&es et al. (2011) calculated thermal conductivity values of DFRCC at 20,
40, and 60 <T based on measured values of thermal diffusivity and specific heat.
Mixture proportion of the DFRCC in their study is given in the fourth row of
Table 2.2. Thermal conductivity values and thermal diffusivity values of the

DFRCC mix are listed in Table 2.4.
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Thermal conductivity of normal weight concrete at 20 <C is in between 1.33 and
1.95 W/mK according to Eurocode 2 (EN 2004). Thermal conductivity of DFRCC
is smaller than normal weight concrete. It is also noted that thermal conductivity
of DFRCC increases from 20 <C to 60 <C. However, thermal conductivity of
normal weight concrete shows an opposite trend. This is probably because the
moisture in DFRCC samples prepared for thermal conductivity measurement was

not removed.

Table 2.4 Thermal properties of DFRCC at 20, 40, and 60 C

Temperature (<C) 20 40 60
Thermal conductivity (W/mK) 1.17 1.49 1.62
Thermal diffusivity (m*/day) 0.0447  0.0512  0.0509
Specific heat (J/kgK) 1344 1468 1628

Huang et al. (2013) measured thermal conductivities of six green lightweight
DFRCC (GL-DFRCC) mixtures. To produce the GL-DFRCC mixtures, three
kinds of waste materials including iron ore tailings (IOTs), fly ash, and fly ash
cenosphere (FAC) were used as shown in Table 2.5. The mixtures were designed
to study the influence of FA/cement ratio and replacement percentage of I0Ts by

FAC on thermal conductivity of GL-DFRCC.

Table 2.5 Mixture proportions of GL-DFRCC (Huang et al. 2013)

Ingredients (kg/m3)

FA/cement Mix ID HRWR/(Cement +FA) (%)
Cement FA 10Ts FAC Water  Fiber
2.2 c1? 389.5 856.8  448.7 0 324 26 0.46
(67 389.5 856.8  179.5 84.1 324 26 0.38
C3 389.5 856.8 0 140.2 324 26 0.33
44 c4? 227.2 999.7 4417 0 319 26 0.42
C5 227.2 999.7  176.7 82.8 319 26 0.32
C6 227.2 999.7 0 138 319 26 0.26

& Control mixes with no FAC.

A thermal capacitance calorimeter was used to measure thermal conductivity of
GL-DFRCC mixtures in conformity to ASTM E2584 (2010) at 23 <C. Fig. 2.6

shows thermal conductivities of GL-DFRCC mixtures normalized by that of
16
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mixture C1 (0.37 W/mK). FA/cement ratio and replacement percentage of 10Ts
by FAC were found to influence thermal conductivity of GL-DFRCC. The higher

these two factors are, the lower thermal conductivity of GL-DFRCC is.
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Fig. 2.6 Normalized thermal conductivities of GL-DFRCC mixtures (after Huang
et al. (2013))

Zhang et al. (2014) measured thermal conductivity of SL-DFRCC at elevated

temperatures in conformity to ASTM E2584 (2010). The detailed information of

SL-DFRCC can be seen in Section 2.2.5. The measured thermal conductivity of

SL-DFRCC as a function of temperature is shown in Fig. 2.7.

0.35 r . -
- — SL-DFRCC
£ 0.30F
=3 0.25}
0.20
0.15}
0.10}

0.05}

Thermal conductivity

090500 200 300 400 500 600 700

Temperature (°C)

Fig. 2.7 Thermal conductivity of SL-DFRCC (after Zhang et al. (2014))

To summarize, little has been done on thermal conductivity of DFRCC at elevated
temperature. Although Zhang et al. (2014) measured thermal conductivity of
SL-DFRCC at elevated temperature, SL-DFRCC is not intended for structural use.
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e Specific heat

Magalh&es et al. (2011) conducted specific heat tests on DFRCC samples at 20, 40,
and 60 <T in an isothermal calorimeter. Mixture proportion of DFRCC in their
study is given in the fourth row of Table 2.2. Specific heat values of DFRCC
mixture are listed in Table 2.4. Magalh&s et al. (2011) found that the specific
values of DFRCC varied linearly from 20 to 60 <C.

Zhang et al. (2014) measured specific heat of SL-DFRCC at 400 <C via
differential scanning calorimetry (DSC) in conformity to ASTM E1269 (2011).
The detailed information of SL-DFRCC is presented in Section 2.2.5. The
measured specific heat of SL-DFRCC is 930 J/kgK at 400 <C. Zhang et al. (2014)
assumed that specific heat of SL-DFRCC is constant from 40 to 670 <C.

No published result on specific heat of DFRCC at elevated temperatures is found

to date.
e Thermal expansion

Magalh&es et al. (2011) measured linear thermal expansion coefficients of DFRCC
under different temperature exposure processes. The temperature exposure
processes and their corresponding measured linear thermal expansion coefficients

are listed in Table 2.6. The average value of linear thermal expansion coefficient
at ambient temperature is determined to be 11.52x10°/<C. There is a lack of data

on variations of thermal expansion of DFRCC with greater temperature beyond

40 <C.
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Table 2.6 Thermal expansion coefficients of DFRCC

Temperature
exposure 20C—40C 40C—20C 20C—=4C 4C—-20<T
process
Linear thermal
expansion
coefficient
(10°%/<T)

10.35 12.66 9.38 13.68

e Density

Mass loss of DFRCC as a function of temperature was studied by Sahmaran et al.
(2010), Sahmaran et al. (2011), Bhat et al. (2014) and Yu et al. (2014). The
DFRCC mixture proportions they used are listed in Table 2.1. Fig. 2.8 shows the
correlation between mass loss of DFRCC samples and heat exposure temperature
compared with that of concrete suggested by prENV 1992-1-2 (de Normalisation
1993). The mass loss of DFRCC increased with temperature. Up to 400 <C, mass
loss rate of DFRCC is larger than that of concrete, due to pyrolysis of PVA fibers.
It should be noted that the moisture content of their DFRCC samples was not
removed when they conducted mass loss tests. However, the mass loss curve of
concrete specified in Eurocode2 (Institution 2004) removes the influence of
moisture content. In future work, the influence of moisture content of DFRCC
should be taken into account. Density of DFRCC at temperatures higher than

800 <C should also be measured to fill the knowledge gap.
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Fig. 2.8 Mass losses of DFRCC and normal weight concrete
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2.3 Fire-induced spalling

Fire-induced spalling is a serious threat to concrete structures. It reduces member
cross section, exposes reinforcement to fire directly, consequently leading to a
much earlier member failure (Dotreppe et al. 1999, Ali et al. 2004). This localized
failure endangers the integrity of a structural system as a whole and may trigger
progressive collapse in the worst-case scenario. Thus it is important to understand
the driving force behind spalling phenomenon and work out solutions to mitigate

or even avoid spalling.

2.3.1 Fire-induced spalling mechanism

Fire spalling of concrete is a stochastic and complex phenomenon accompanied by
coupled thermo-chemo-hydro-mechanical process. Owing to complexity of the
phenomenon and difficulty with identification of the main driving force, three

main theories have been proposed to account for fire-induced spalling.
e Thermal stress spalling theory

When concrete member is under fire, a thermal gradient is generated across the
member section. The thermal gradient results in restrained thermal expansion,
which leads to a buildup of compressive stress in surface concrete and tensile
stress in inner concrete as depicted in Fig. 2.9(a). When the compressive stress
acting on the heated surface concrete exceeds compressive strength of concrete,

spalling of concrete occurs (Saito 1966).
e Pore pressure spalling theory

When concrete is subjected to fire, the temperature of concrete gradually increases
and pore pressure builds up as a result of temperature rise and moisture
accumulation as depicted in Fig. 2.9(b). Meanwhile, concrete also suffers from a
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deterioration of tensile strength and compressive strength. When the tensile stress
induced by pore pressure exceeds the tensile strength of concrete at a certain
temperature, fire spalling of concrete occurs (Shorter and Harmathy 1965). The
pore pressure magnitude is closely related to permeability of concrete; the larger
the permeability, the lower the pore pressure is and vice versa. High strength
concrete has lower permeability than normal strength concrete, thus leading to
higher pore pressure and higher probability of spalling than normal strength
concrete, which is in good agreement with observations of fire tests done by

researchers (Noumowe et al. 2006, Ngo et al. 2013).
e Combined actions of thermal stress and pore pressure

Fire spalling of concrete originates from the combined actions of thermal stress
and pore pressure. When the total stress due to thermal stress and pore pressure

surpasses hot tensile strength of concrete, spalling is initiated (Zhukov 1975).
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Fig. 2.9 Simplified illustration of two spalling mechanisms (after (Zhukov 1975))
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2.3.2 Mechanisms of PP and PVA fibers to combat spalling

e Melting of fibers

Polymeric fibers melt and decompose as temperature increases. Micro-channels
originally occupied by fibers form and become available for the transport of
moisture. As a result, it leaves little chance for moisture to accumulate and pore
pressure to develop inside concrete. Therefore, the probability of spalling is
reduced. Table 2.7 lists thermal characteristics of PP and PVA fibers. Spalling
occurs between 190 and 250 <C (Kalifa et al. 2001), whereas PP fiber melts before
reaching the spalling temperature and PVA fiber melts in between the spalling

temperature range.

Table 2.7 Thermal characteristics of fibers

PP fiber PVA fiber
Glass transition 66 (da Silva Magalh&es et
temperature, <C -18 (Tapkin 2008) al. 2015)
Melting temperature, <C  160-170 (Tapkin 2008) 244 (da Sall:vz;ol\ilgg;alhees .

Decomposition
temperature, <C
Thermal expansion,
linear, m/m/<C

341 (Kalifa et al. 2001)

0.031-0.039 (Tapkin 2008)

e Interfacial transition zone (ITZ)

Bentz (2000) proffered a percolation theory which assumes ITZs surrounding PP
fibers. The 1TZs around PP fibers, together with ITZs between cement matrix and

aggregates, formed a permeable network for moisture transport.
e Pressure-induced tangential space (PITS)

Khoury (2008) proposed a PITS theory which assumes 1TZs surrounding poorly
wetted PP fibers form due to vapor pressure induced disruption of interfacial bond
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between PP fibers and cement matrix in between 100 and 165 <C (see Fig. 2.10).
This mechanism continues to work until the temperature reaches the vaporization
point of PP fiber. This is because viscosity of melted PP fibers is very high and

does not allow for easy transport of the melted fibers in concrete.
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PITS (after Khoury (2008)) \\ o £
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e Micro-cracks induced by fibers

Pistol et al. (2011) developed an innovative methodology to investigate the mode
of action of PP fibers in mitigating fire spalling of concrete. The methodology
consists of a combination of ultrasonic and acoustic emission measurements at
high temperature and microstructure analysis of samples after heating using micro
X-ray computed tomography (CT) and scanning electron microscope (SEM). The
results showed that micro-cracks were formed around micro channels left by
melted PP fibers. The micro-canals and micro-cracks form a filtration network for

moisture to escape from concrete interior (see Fig. 2.11).
e Bridging action of PVA fibers
Fiber bridging action is the action of fibers exerting a force across a crack in an

attempt to prevent the crack from further widening. Bhat et al. (2014) held that, in
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addition to melting of PVA fibers, bridging action of PVA fibers after formation of

cracks also contributed to preventing explosive spalling of DFRCC.

However, the melting point of PVA fibers is about 240 <C (da Silva Magalh&es et
al. 2015), but explosive spalling had been observed to occur between 250 <C and
300 <C. Besides, bridging action of PVA fibers becomes less effective upon
approaching to 200 <C as evidenced by gradual decrease in tensile strain capacity
of DFRCC (Bhat et al. 2014). Therefore, whether bridging action of PVA fibers

plays a positive role in resisting spalling is questionable.

2.4 Spalling model

A number of spalling models have been developed to predict explosive spalling of
concrete under fire. They provide a deep insight into complex physical and
chemical processes behind spalling phenomenon from different perspectives. A
brief summary of some spalling models is presented in Table 2.8. These spalling
models were developed based on different spalling theories mentioned in Section
2.3.1. Previous works on spalling model covered a wide range of topics, from
formulation of governing equations to determination of input parameters and
spalling criterion, from validations of spalling model to investigations of influence
of different factors, such as moisture content of concrete, concrete permeability,
heating rate, and influence of reinforcement, etc. They enrich the numerical tools
to assess concrete spalling risk in the preliminary design stage and provide

valuable solutions to mitigate fire-induced spalling based on their analysis.

To develop a spalling model, it is important to select a spalling mechanism. As
mentioned in Section 2.3.1, the spalling mechanism is still a controversial topic. In
this sense, it is necessary to work out the spalling mechanism first prior to
establishing a spalling model. Moreover, some of the proposed spalling models

had not been validated against the experimental results, and some need complex
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input parameters, which are difficult to obtain from tests. So there is still a need to
develop a simple and yet effective spalling model that can be validated by

published test results.

Table 2.8 A brief summary of some spalling models

: idati idation Validati I
Spalling Validation Validation Validation Validation

Authors .~ Dimension of pore of moisture of thermal .
mechanism of spalling
pressure  content stress
Bazant et Pore
J J
al. (1982)  pressure 2b
Majumdar Pore D
etal. (1995) pressure
Gawin et al. Pore 2D
(1999) pressure
Khoury et Pore
J
al. (2002)  pressure 2b
Ichikawa
and Pore 1D J J
England pressure
(2004)
Qian et al. Pore 1D
(2005) pressure
Chung and
Consolazio rzgsrjre 2D J
o05) P
Zeiml et al. Pore 1D
(2006) pressure
Bary et al. Pore
J
(2008) pressure 2D
Dwaikat Pore
and Kodur ressure 1D N J
009) P
Lietal. Pore 1D
(2010) pressure
Fuand Li  Thermal 2D
(2011) stress
Davie et al. Pore
J
(2012) pressure 2D
Klingsch Pore 1D

(2014) pressure
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Zhaoetal. Thermal

(2014) stress 2D v
Combined
Lu and pore
Fontana pressure and 1D J
(2015) thermal
stress
Combined
Benes and pore
Stefan pressureand 1D v J
(2015) thermal
stress
Juetal. Thermal
(2016) stress 3D v

2.5 Current codes of practice

2.5.1 Fire resistance of DFRCC

Eurocode 2 (Institution 2004) and ACI (2007) do not cover fire resistance of
DFRCC. JSCE (2008) assumes that fire resistance of DFRCC is similar to
ordinary mortar or concrete. However, the guideline (JSCE 2008) mentions that
careful examination is needed for structures that should avoid a rapid strength
reduction after fire because of melting of fibers under fire action. Therefore, there
is a lack of experimental data on high-temperature mechanical properties of
DFRCC to support the establishment of specific codes on fire resistance design of
DFRCC. Also, there is a need to find a way to overcome the weakness of DFRCC

brought by the melting of fibers.

2.5.2 Concrete spalling in fire

Eurocode 2 (Institution 2004) gives some guidance under which situations
concrete are more prone to explosive spalling. It also provides some measures to
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minimize explosive spalling in fire. But the spalling mechanism is still unclear,
and the normative provisions in the code are rather limited and lack theoretical

support.

Eurocode 2 (Institution 2004) states that no spalling tends to occur if the moisture
content is below 3.0% by weight for normal strength concrete (NSC). For beams,
slabs, and tensile members, if the moisture content exceeds this amount, the effect
of explosive spalling may be evaluated by assuming local peeling off of cover to
one rebar or a bundle of rebars in the cross section. Based on the spalled concrete
section, the load-carrying capacity is re-evaluated. In reality, spalling is influenced
by many factors such as axial compression load ratio, heating rate, etc. This
simple prediction of spalling given in the code is a good start, but more realistic

prediction of spalling is preferred.

In Eurocode 2, recommendations are given for two ranges of HSC (Institution
2004). For concrete grades C55/67 to C80/95, spalling is less likely to occur if the
silica fume content does not exceed 6.0% of the total weight of cement in addition
to satisfying the moisture content condition of less than 3%. For a concrete class
between the strength grade of C80/95 and C90/105, four different
countermeasures are provided to combat spalling. These measures include adding
reinforcement mesh, using spalling-resistant concrete, adopting protective layers,
and adding polypropylene fibers. For the selection of methods, one can refer to the
National Annex. Although EN 1992-1-2 claims that concrete with silica fume less
than 6% of cement by weight is unlikely to spall under fire, reported tests were not
in favor of this conclusion (Debicki et al. 2012, Ozawa et al. 2012). So this clause

may cause un-conservative design of concrete structures in fire.

Eurocode avoids dealing with spalling predictions, i.e. when and where spalling
tends to occur, but provides some recommendations to prevent explosive spalling.
ACI (2007) does not give any specifications on fire-induced concrete spalling. In
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general, there is much work to be done to supplement the provisions of

fire-induced concrete spalling.

2.6 Problem and knowledge gap

Previous research contributes to the knowledge of residual mechanical properties
of DFRCC after subjected to elevated temperatures, thermal properties of DFRCC
at room temperature, and fire-induced concrete spalling. However, there are still
many problems and knowledge gaps concerning fire performance of DFRCC and

fire-induced concrete spalling.

Based on the literature review, the problems and the knowledge gaps within the

research scope of this thesis are summarized here.

e PVA fibers used in DFRCC melt at about 240 <C. This means DFRCC will
completely lose all the PVA fibers after exposure to 240 <C and beyond. As a
result, tensile strain hardening behavior of DFRCC will also disappear.
Besides, pyrolysis of PVA fibers will introduce additional porosity. Usually 2%
vol. PVA fibers are used in DFRCC, which means at least 2% porosity is
generated after pyrolysis of PVA fibers. Although the porosity increase can
mitigate spalling, it will also reduce residual compressive strength and elastic
modulus of DFRCC. Previous studies focused primarily on mechanical
properties of DFRCC after exposure to high temperatures, as reviewed in
Sections 2.2.1 to 2.2.3. However, little effort is dedicated to improving

mechanical properties of DFRCC after or at high temperatures.

e Although DFRCC is well-known by its tensile behavior, compressive
behavior of DFRCC is important for analysis and design of DFRCC structures.
A better understanding of residual compressive behavior of DFRCC is crucial
for wide adoptions of DFRCC in structural engineering. So far, the residual
compressive stress-strain relationship of DFRCC after elevated temperature
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has not been studied extensively, compared to residual tensile stress-strain

relationship.

e As reviewed in Section 2.2.4, no specific test has been designed to study the
risk of explosive spalling of DFRCC in fire, not to mention hot permeability
of DFRCC. Hot permeability of DFRCC is a critical factor in the assessment
of fire spalling risk of DFRCC. In addition, hot permeability of DFRCC is
also an indicator of the role of PVA fibers in combating spalling. Therefore, it
IS important to conduct an experimental program to examine spalling
resistance of DFRCC and to measure permeability of DFRCC at elevated

temperature.

e Little is done on thermal properties of DFRCC at high temperature as
mentioned in Section 2.2.6. Thermal properties of DFRCC are important
parameters in thermo-mechanical analysis of DFRCC members under fire.
Data on high-temperature thermal properties of DFRCC is needed for

establishing analytic thermal property models of DFRCC.

e In the past several decades, researchers proposed mainly three distinct
concrete spalling theories and supported their spalling theories with
experimental facts and evidences. However, there is still controversy over the
actual spalling mechanism. Finding out the underlying principles behind
spalling phenomenon becomes especially important for tailoring spalling-free
concrete so as to design concrete structures with better fire resistance. More
work should be done to gain an insight into the mechanism of fire-induced

spalling in concrete.

e As presented in Section 2.3.2, five different hypotheses have been put forward
to explain the role of polymeric fibers in reducing explosive spalling. But till
now no research has been conducted to find the actual mode of action of PVA

fibers in combating explosive spalling of DFRCC.
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Quite a number of numerical models (Table 2.8) have been proposed to
simulate fire-induced concrete spalling so far. However, these models were
based on different concrete spalling mechanisms. Appropriateness of a
spalling model largely depends on the rationality of the assumed spalling
mechanism. Since there has not been a widely-acceptable spalling mechanism,
development of an effective spalling model remains a challenge. Besides,
among the proposed spalling models, some require input parameters that are
difficult to be measured in a laboratory and some have not been validated
against test results. Therefore, there is still a need to develop spalling models,
simplified or refined, to predict spalling behavior of concrete elements under

fire.

2.7 Scope of work

Based on the problems and knowledge gaps summarized in Section 2.6, the scope

of research work is defined to tackle the existing problems and fill the knowledge

gaps.

To offset the negative influence induced by melting of PVA fibers, steel fibers
are introduced to DFRCC. Then Taguchi approach combined with utility
concept is used to optimize the mix parameters to maximize mechanical
responses of DFRCC prior to fire, as well as after fire. This work is described

in CHAPTER 3.

Uniaxial compressive and tensile behaviors of the improved DFRCC after
elevated temperatures are investigated in CHAPTER 4. SEM, DIC techniques,
and micromechanical model for achieving pseudo strain-hardening are used to
achieve a better understanding of the change in mechanical behaviors of

DFRCC with elevated temperature.
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Conflicting and consistent findings in previous studies on fire-induced
concrete spalling are summarized and analyzed in CHAPTER 5. Through the
analysis, a new spalling theory is proposed to explain fire-induced spalling
phenomenon. The temperature range within which spalling occurs, the factors
that influence spalling, and preventive measures against spalling are discussed.
A new design philosophy to protect concrete from fire spalling is advanced

based on the new spalling theory.

Explosive spalling resistance of DFRCC is studied at elevated temperature.
Residual porosity and hot permeability of DFRCC within the critical spalling
temperature range are measured. The mode of action of PVA fibers in
combating explosive spalling of DFRCC is discussed. The experimental

program is presented in CHAPTER 6.

A simple one-dimensional spalling model is developed in CHAPTER 7 to
serve as an economic tool to assess explosive spalling risk of concrete.
Effectiveness of the spalling model is validated by simulating three types of
tests, i.e., moisture migration test, pore pressure test and one-dimensional

spalling test.
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CHAPTER 3. OPTIMIZATION OF POST-FIRE

PERFORMANCE OF DFRCC

3.1 Introduction

A number of studies have been conducted to better understand residual
mechanical properties of fire-damaged DFRCC as mentioned in CHAPTER 2.
However, no efforts have been devoted to improve post-fire performance of
DFRCC. There is also a lack of understanding of effect of different mix
parameters on post-fire performance of DFRCC. The target of the work presented
in this chapter was (a) to examine the effects of different mix parameters on
residual properties of DFRCC after subjecting the specimens to elevated
temperatures and (b) to optimize the DFRCC mix parameters based on multiple

responses of fire-damaged DFRCC.

To get an optimal mix design fulfilling specific performance requirements, a large
number of trial experiments are needed. Hence, it is important to design an
experimental program to investigate the influences of design parameters involving
multiple factors. In this connection, Taguchi method (Chaulia and Das 2008) has
shown to be a powerful approach to study the effects of various parameters on the
quality characteristics of a product and to optimize single quality characteristic
response. Taguchi method has been successfully used to optimize compressive
strength, splitting tensile strength of various types of concretes (Karahan et al. 2009,
Ozbay et al. 2009, Ayan et al. 2011, Chang et al. 2011, Uysal 2012) and post-fire
mechanical properties of concretes (Kelestemur et al. 2014, Tanyildiz1 2014,
Tanyildizi and Sahin 2015). Since the method is only suitable for singe-response
optimization, utility concept is introduced for multiple-responses optimization

(Kumar et al. 2000). It has been applied by Rahim et al. (2013) to optimize multiple
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responses of compressive strength of high performance concrete after subjecting to

high temperatures.

Cement, fly ash, water, sand, and PVA fibers are common ingredients used in
DFRCC (Lepech and Li 2009, Sahmaran et al. 2009), and hence in this study, the
selected parameters of DFRCC to be optimized included fly-ash/binder ratio,
water/binder ratio, sand/binder ratio and steel/PVA fiber proportion. The steel
fibers were introduced to partially replace PVA fibers to study the contribution of
steel fibers to fire resistance of DFRCC. Targets of optimization consisted of six
responses, viz. tensile strain capacity and compressive strength at room temperature,
and compressive strength after undergoing 200, 400, 600, and 800 <C of heating.
The optimum levels of the selected four parameters for each of the six responses
were then determined respectively. Combining Taguchi approach with utility
concept, the optimum levels of the four parameters for the six responses could be
determined so that the developed DFRCC has good performance for ductility at
ambient temperature and adequate compressive strength after heating. Current
research work on DFRCC is either focused on ambient behavior or fire behavior of
DFRCC separately. It is important to investigate the responses of DFRCC so as to

obtain an overall good performance of DFRCC at both fire and ambient conditions.

3.2 Materials and method

3.2.1 Materials

The materials used for DFRCC include ordinary Portland cement (42.5N)
conforming to Institution (2000), Class F fly ash corresponding to ASTM 618
(2003), fine silica sand, tap water, steel fibers, PVA fibers and high-range water
reducer. Particle size distributions of cement, fly ash and silica sand are shown in
Fig. 3.1. An oiling agent content of 1.2% by weight was applied to the surface of

PVA fibers for good interfacial properties between the matrix and the fibers. The
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chemical compositions of cement and Class F fly ash are given in Table 3.1.
Specifications of the PVA and steel fibers are given in Table 3.2 and Table 3.3,
respectively. For all the mix designs, total fiber volume fraction was set to be 2%,
considering workability at the fresh state of DFRCC. The third generation
polycarboxylic-type superplasticizer Sika ViscoCrete-2044 was used in all DFRCC

mixes.
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Fig. 3.1 Particle size distributions of cement, fly ash and silica sand

Table 3.1 Chemical compositions of cement and fly ash

Chemical
composition

SiO,, % 24.27 58.59

Al,03, % 4.56 30.44

Cement  Fly ash

Fe,O3, % 3.95 4.66
TiO, % 0.61 2.02
K20, % 0.55 1.51
Cao, % 62.2 1.21
MgO, % 3.34 0.78
P20Os, % 0.15 0.53
SO3, % - 0.09

Na,0, % 0.21 -
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Table 3.2 Specification of PVA fibers  Table 3.3 Specification of steel fibers

Fiber PVA Fiber Steel

Tensile strength, MPa 1620 Tensile strength, MPa 2000

Diameter, um 38 Diameter, um 160

Length, mm 12 Length, mm 13

Elastic modulus, GPa  42.8 Elastic modulus, GPa 200
Elongation, % 6.0 Shape Straight

Density, kg/m® 1300 Density, kg/m® 7800

Melting temperature, T 240 Melting temperature, <C 1370

3.2.2 Design of experiments

The experimental program was designed following Taguchi method and utility
concept. The selected parameters and their respective levels are given in Table 3.4.
Since four parameters with three levels each were involved, only 9 trial experiments
were needed to investigate the entire experimental parameters using the L9 (3%
orthogonal array. The nine DFRCC mix proportions determined by L9 orthogonal
array are given in Table 3.5. The multiple-characteristics optimization procedure

using Taguchi method and utility concept is summarized in Fig. 3.2.

Table 3.4 Parameters and their variation levels

Parameters

Fiber proportion

Levels Fly-ash/binder mass Sand/binder  Water/binder (steel/PVA

ratio (A) mass ratio (B) mass ratio (C) fibers) (D) (by
volume)
1 0.45 0.25 0.28 0.0%/2.0%
2 0.55 0.35 0.32 0.5%/1.5%
3 0.65 0.45 0.36 0.8%/1.2%

35



CHAPTER 3 OPTIMIZATION OF POST-FIRE PERFORMANCE OF DFRCC

Table 3.5 Mix Proportions of DFRCC*

Mix name Cement Fly ash Sand Water PVA fiber Steel fiber Superplasticizer

M1 1 0.82 046 0.51 2% 0.00% 0.009
M2 1 082 0.64 058 1.50% 0.50% 0.005
M3 1 082 082 066 1.20% 0.80% 0.003
M4 1 1.22 056 071 1.20% 0.80% 0.005
M5 1 1.22 078 0.8 2% 0.00% 0.004
M6 1 1.22 1 062 1.50% 0.50% 0.011
M7 1 1.86 0.72 103 1.50% 0.50% 0.003
M8 1 1.86 1 0.8 1.20% 0.80% 0.012
M9 1 1.86 1.29 0.92 2% 0.00% 0.006

* Content of fibers is written as volume fraction of the mix, while the other
ingredients are written as mass proportion of cement.

Single-response optimization using
Taguchi approach

Construct preference scale for
each response based on optimal
values and minimum quality levels

Assign weights to each response

;

Determine utility values of each
trial mix

v

Use utility values as a composite
response of the trial mixes

v

Analyse results using Taguchi
method

i

Find the optimal settings of
parameters for optimum utility

!

Predict individual response based
on optimal parameters

Conduct a confirmation test of the
optimal trial mix and compare the
predicted performance with the
actual ones

Fig. 3.2 Flowchart of systematic approach to application of Taguchi method and
utility concept
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3.2.3 Specimen preparation

To prepare the DFRCC specimens, cement, fly ash, and sand were dry mixed for 5
minutes in a Hobart mixer. Then water and superplasticizer were added and mixed
for 5 minutes to achieve good workability. After that, PVA fibers and steel fibers
were added slowly into the fresh mixture in sequence. Mixing was continued for 3

more minutes to ensure a uniform distribution of fibers.

Fresh DFRCC was poured into molds layer by layer and vibrated to get air bubbles
out. After finishing casting, plastic sheets were used to cover the molds to prevent
moisture evaporation. After 1 day of curing, the specimens were demolded and
sealed in plastic sheets for 6 days, and then stored at ambient condition until 28 days

for laboratory testing.

Dog-bone specimens were prepared for uniaxial tensile tests to characterize the
tensile stress-strain constitutive relationships of DFRCC mixes. A typical specimen
had a straight rectangular section (48 mm>13 mm) with a length of 120mm (Fig.
3.3). Cube specimens (50mm) were also prepared for compressive strength tests of
DFRCC at ambient and elevated temperatures. From each DFRCC mix, three
specimens were prepared for measurements of tensile strain, compressive strength
at ambient condition, and residual compressive strength after 200, 400, 600, and

800 <T of heating, respectively.

Unit: mm

120

Plane view 3D view

Fig. 3.3 Specimen geometry used in the assessment of tensile stress-strain curve
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3.2.4 Test setup

Tensile tests were conducted using an Instron machine. Displacement-control
loading regime was adopted and the loading rate was set to 0.2 mm/min. Two
linear variable displacement transducers (LVDTSs) were attached to the specimen
surface with a gauge length of 100 mm to measure deformations. Compressive tests
were conducted using a 3000 kN universal testing machine at a load velocity of 50
kN/min. The maximum force applied was recorded by a data acquisition machine.
Details of the set-up for tensile tests and compressive tests are shown in Fig. 3.4 and
Fig. 3.5(a), respectively. The specimens for the fire tests were heated in an electric
furnace (Fig. 3.5(b)) to the target temperature at a heating rate of 10 <T/min. The
target temperature was maintained for 2 hours to allow the cubes to attain
isothermal condition before cooling down. This isothermal state was validated by a
recorded temperature history of a test cube heated to 800 <C. Thermocouples were
embedded in the interior core and attached on the surface of the cube. The
temperature history during the heating duration is shown in Fig. 3.6. Clearly, after a
2-hour conditioning time, both the interior core and the surface temperatures of the
sample attained 800 <C, showing that the cube was in an isothermal state. After
cooling the specimens down to ambient temperature, uniaxial compressive tests

were conducted on the cubes.
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1: Wedge
2: Dogbone specimen|
3:LVDT
4: Instron machine

(a) View of a compressive test setup (b) View of an electric furnace
for compression tests

Fig. 3.5 View of equipments for compression tests and heating

800+ -

Temperature(® C)

... Gas temperature....... |
- -- Surface temperature
“umei - Core temperature

100 150 200
Time(mins)

Fig. 3.6 Temperature history of one 50 mm cube
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3.3 Results and discussion

Tensile stress-strain curves of the nine DFRCC mixes, i.e., M1-M9, are presented

in Fig. 3.7(a)-(g), respectively. The six responses of DFRCC, namely, ultimate

tensile strain, compressive strength at ambient and residual compressive strength

after 200, 400, 600 and 800 <C of heating, are summarized in Table 3.6. The

ultimate tensile strain is defined as the strain at softening point according to JSCE

recommendation for high-performance cement fiber reinforced cement composites

(JSCE 2008). Three specimens were tested for each response and the mean values

are listed in Table 3.6.
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Fig. 3.7 Tensile stress-strain curves of nine DFRCC mixes
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Table 3.6 Summary of multiple responses of DFRCC (based on 3 specimens for each
value)

Ultimate tensile strain .
Compressive strength (MPa)

Mix (%)
AME " Room temperature Room 500 ¢ 400 T 600 T 800 T
temperature

M1 0.27 58.3 794 695 559 348
M2 0.30 53.1 753 457 440 248
M3 0.25 39.0 671 541 399 227
M4 0.86 44.7 49.9 487 411 216
M5 2.28 36.8 522 344 276 189
M6 0.63 63.9 851 659 589 313
M7 2.08 32.7 420 334 271 199
M8 0.82 51.0 67.8 598 457 290
M9 2.05 39.4 547 382 331 181

3.3.1 Application of Taguchi method

There are three types of quality characteristics for appraising the effects of process
parameters, i.e., smaller-the-better, larger-the-better, and nominal-the-better
(Chaulia and Das 2008). In this chapter, the objective was to determine the optimum
DFRCC mix so as to achieve the maximum response, i.e. to satisfy larger-the-better

criterion.
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In Taguchi experiments, the trial tests corresponding to the most favorable working
condition may be covered during the experimentation process. The optimal

performance value can be predicted using the following equation (Roy 2010):
Yopt = Ymean + Z Xj (31)
j=1

where Ymean IS the overall mean of performance values, and X; is the fixed effect of

jth parameter.

It should be noted that the corresponding confidence interval of optimal value for a

chosen error level can be calculated using the following equation (Roy 2010):

1

1
» +E) (3.2)

Cl =\/F(1, fV.(
where F(1, f¢) is the computed value of F at a desired confidence level (95% in this
study), fe is the error DOF, V. is the error variance, Ner =R/(1+ff) is the effective
number of repetitions, N is the total number of experiments, R is the number of

repetitions for confirmation experiment and f; is DOF of all factors.

The best possible mix design was selected to maximize the ultimate tensile strain,
compressive strength, and residual compressive strength after heating to 200, 400,
600, and 800 <C by using Taguchi method. All these six quality characteristics
were evaluated based on larger-the-better criterion. The interaction effects of the
mix parameters in DFRCC were not considered in this study. The most favorable
mix design of the DFRCC could be determined from the main effect plots as
shown in Fig. 3.8(a)-(f) for ultimate tensile strain, compressive strength at ambient
condition and compressive strength after 200, 400, 600, and 800 <T of heating,
respectively. The labels of x-axis were defined according to Table 3.4, with A, B,
C and D representing fly-ash/binder ratio, sand/binder ratio, water/binder ratio and
fiber proportions by column, with numerals 1, 2, 3 representing three levels of
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each parameter. Take Al for example, this DFRCC mix has a fly-ash/binder ratio

of 0.45.

From Fig. 3.8(a), the maximum tensile strain capacity was obtained for
fly-ash/binder ratio at level A3, for sand/binder ratio at level B2, for water/binder
ratio at level C3 and for fiber proportion at level D1. The fly-ash/binder ratio,
water/binder ratio, and fiber proportion were the main parameters affecting tensile

strain capacity, while sand/binder ratio did not show any significant effect.

It can be observed from Fig. 3.8(b)-(c) that the maximum compressive strength at
room temperature and after 200 <C was obtained for fly-ash/binder ratio at level
Al, for sand/binder ratio at level B3, for water/binder ratio at level C1 and for
fiber proportion at level D2. Thus, the main influencing factors were
fly-ash/binder ratio and water/binder ratio. The optimum conditions for specimens
exposed to 400 <C were obtained for fly-ash/binder ratio at level Al, for
sand/binder ratio at level B3, for water/binder ratio at level C1 and for fiber
proportion at level D3. Thus, Fly-ash/binder ratio and water/binder ratio were also
the main parameters affecting compressive strength of DFRCC exposed to 400 <C
(Fig. 3.8(d)). The optimum conditions at 600 <C exposure were reached for
fly-ash/binder ratio at level A1, for sand/binder ratio at level B3, for water/binder
ratio at level C1 and for fiber proportion at level D2. The water/binder ratio was
the main parameter shown in Fig. 3.8(e). The nine trial mixes could maintain
about half of their original strength as the temperature increased to 800 <C, much
better than normal concrete (Rahim et al. 2013). The maximum residual strength
of DFRCC at this temperature was obtained for fly-ash/binder ratio at level Al,
for sand/binder ratio at level B1, for water/binder ratio at level C1 and for fiber
proportion at level D2. Again, the water/binder ratio was the main parameter
shown in Fig. 3.8(f). The optimum settings of mix parameters and respective

optimum performance values calculated using Eqn. (3.1) are included in Table 3.7.
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Confirmation tests were done to validate the predicted optimum performance
values. The tensile stress-strain curves of DFRCC mix using the optimum set of
parameters are given in Fig. 3.9. The mean results of confirmation tests are given
in Table 3.7, and they generally fall within the 95% confidence interval of the

predicted optimal values.
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(f) Main effect plot for compressive strength after 800 <C
Fig. 3.8 Main effect plot for the performance characteristics of DFRCC

Table 3.7 Optimal setting of parameters and optimal performance value

oo
. . Predicted  confidence

. - Optimum setting of . i of
Quality characteristics A optimum interval .
mix parameters . confir

value of predicted .
. mation

optimal value

results

Ultimate tensile strain A3, B2, C3, D1 57 2.3, 3.1] 58

(%)

Compre(slf/'l‘;z)s”ength Al B3,CL,D2 646  [597,69.6] 658

Compressive strength
after 200 C (MPa)
Compressive strength
after 400 C (MPa)
Compressive strength
after 600 C (MPa)
Compressive strength
after 800 C (MPa)

Al, B3, C1, D2 96.7  [90.5,102.9] 92.6
Al, B3, C1, D3 785  [73.0,84.0] 80.8
Al, B3, C1, D2 63.0  [59.2,66.7] 59.1

Al, B1, C1, D2 36.1  [32.4,39.8] 37.3
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Fig. 3.9 Tensile stress-strain curves of optimal DFRCC mix

3.3.2 Application of utility concept for multiple response
optimization

Taguchi approach was used to optimize the six individual responses of DFRCC
respectively. From Table 3.7, four different optimum mix proportions were
obtained for maximizing different responses. Conventional trial-and-error method
would require many more tests to get the optimal set of mix parameters, because
there was more than one response to be optimized. The objective of
multi-response optimization problem was to find the optimal parameters to
optimize multiple responses simultaneously. Taguchi method using utility concept
was introduced to optimize the multi-responses of DFRCC mix parameters.
Applying the utility concept, a composite index was established to evaluate the
overall response of different quality characteristics. This composite index is
known as the utility of a product. The overall utility of a product measures the
effectiveness of multiple quality characteristics. The utility of a product on one
specific characteristic measures the effectiveness of the specific characteristic
only. It is assumed that the overall utility of a product is the sum of utilities of

each quality characteristic.
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Soif X, measures the effectiveness of a quality characteristic i (say tensile strain

capacity) and there are n (6 in this case) characteristics assessing the outcome

space, then the overall utility function of a product can be written as (Bunn 1982)

U(X1! Xz,"', Xn) = f(U(Xl)’U(X2)7lU(Xn)) (33)
where U (X;) represents the utility of the ith characteristic.

Assuming little interactions among these quality characteristics, and the overall
utility function is a linear sum of individual utilities, the overall utility function

can then be expressed as

U (X, X1 X,) = S WU, (X)) (3.4)

where W, is the weight assigned to quality characteristic i and the sum of weights

for all characteristics must be equal to 1.

The overall utility is based on individual utility. To determine individual utility, a
preference scale is proposed for each attribute of a product. The minimum
acceptable value for quality characteristic is assigned a preference number of 0

and the best available quality is set at a preference number of 9. Given that a log

scale is chosen, the preference number of (P,) is written as (Bunn 1982)

X.
P = Alog— 3.5
= Alog 2 (35)

where A is a constant, X, is the value of ith quality characteristic and X, is

the minimum acceptable value of the ith quality characteristic. Then A is

determined such that the preference number is equal to 9 when X, is equal to the

optimum value of quality characteristic i.
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In this study, there are six characteristics for evaluation. Thus, the utility value of
the composite responses against each trial condition and for each repetition is

calculated using the following equation (Bunn 1982):

U (n,R) =P,(n, R)xW, + P, (n,R) xW, + P, (n, R) xW, + P, (n, R) xW, +

(3.6)
P, (n, R) xWj + P, (n, R) xWj

where n is the trial number, n = 1, 2, 3...9 in this case, and R is the replication
number, R = 3 in this case. The meaning of P;and the meaning and values of W; are
tabulated in Table 3.8. Since fire events are accidental design conditions and are
rare events, the fire properties of DFRCC were assigned a weight coefficient of 0.1
while the ambient properties of DFRCC were assigned a weight coefficient of 0.3.
The weightings of these quality characteristics can be determined according to the
actual demand of DFRCC. In the extreme case, for example, the weight coefficients
for ambient properties of DFRCC can be 0.5 each, while the weight coefficients for
fire properties of DFRCC are 0, if the residual compressive strength after a fire

accident is not important.

Table 3.8 Meaning of P; and the meaning and values of Wi;

i Pi W;
Meaning Meaning Value
1 Preference number for tensile strain Weight for tensile strain 0.3
capacity capacity '
) Preference number for compressive Weight for compressive strength 0.3
strength at ambient at ambient '
3 Preference number for compressive Weight for compressive strength 01
strength after 200 <C after 200 C '
4 Preference number for compressive Weight for compressive strength 01
strength after 400 <C after 400 C '
5 Preference number for compressive Weight for compressive strength 01
strength after 600 C after 600 C '
5 Preference number for compressive Weight for compressive strength 01
strength after 800 C after 800 C '
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The experimental results of nine trial mixes of L9 (3%) orthogonal array are
summarized in Table 3.6. The minimum acceptable values were chosen based on
the experimental results for each individual attribute. The optimum values for each
quality characteristic can be found in Table 3.7. A summary of minimum acceptable
values and optimum values for each characteristic is given in Table 3.9. The

calculated utility data for various trial mixes based on six quality characteristics is

presented in Table 3.10.

Table 3.9 Minimum acceptable values and optimal values for characteristics of

DFRCC
Quality characteristics of DFRCC Minimum acceptable Optimum
value value
Ultimate tensile strain (%) 0.1 2.7
Compressive strength (MPa) 30 64.6
Compressive strength after 200 C 30 96.7
(MPa)
Compressive strength after 400 <C 30 78.5
(MPa)
Compressive strength after 600 C 20 63.0
(MPa)
Compressive strength after 800 C 15 36.1
(MPa)
Table 3.10 Utility data for different DFRCC mixes
Utility value
Mix name Replications
1 5 3 Mean
M1 5.93 6.19 6.71 6.28
M2 5.47 4.84 4.75 5.02
M3 3.99 3.69 3.60 3.76
M4 5.17 5.10 441 4.89
M5 4.17 4.24 4.52 4.31
M6 7.08 7.17 7.51 7.25
M7 3.81 3.63 3.53 3.66
M8 6.17 6.25 6.01 6.14
M9 4.61 4.68 4.74 4.68
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3.3.3 Data analysis and determination of optimal mix proportions

The main effect of utility values for different levels of parameters is given in Table
3.11, respectively. The mean responses of utility values for each level of four
parameters are plotted in Fig. 3.10. The figure indicates the second level of
fly-ash/binder ratio (0.55), the third level of sand/binder ratio (0.45), the first level
of water/binder ratio (0.28) and the second level of fiber proportion (0.5% vol. steel
fibers + 1.5% vol. PVA fibers) will give the optimal performance value of the utility
function, i.e. overall six quality characteristics of DFRCC. The optimum levels of
parameters for achieving multi-responses of DFRCC are presented in Table 3.12. If
the weighting factors for fire responses are all set to 0 and for strain capacity and
compressive strength at room temperature are assigned 0.5, the optimal levels of
mix parameters are A2, B2, C1 and D1 (Fig. 3.11). It means that addition of steel

fibers can increase residual compressive strength of DFRCC after fire.

Table 3.11 Main effects of utility values

Fly-ash/cement  Sand/binder ratio Water/binder ratio Fiber combination

Level ratio (A) (B) (©) (D)

1 5.02 4.94 6.56 5.09
2 5.49 5.16 4.86 531
3 4.82 5.23 3.91 4.93
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Fig. 3.10 Mean responses of utility values of mix parameters
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Fig. 3.11 Mean responses of utility values of mix parameters neglecting fire
responses

Table 3.12 Optimal setting of parameters for achieving multiple-response
optimization

Mix parameter Level Value
Fly-ash/binder ratio A2 0.55
Sand/binder ratio B3 0.45
Water/binder ratio C1 0.28

Fiber proportion D2  0.5% vol. steel fibers + 1.5% vol. PVA fibers

The optimum utility value was predicted at different levels of parameters as shown
in the Table 3.12 viz. fly-ash/binder ratio (A2), Sand/binder ratio (B3),
Water/binder ratio (C1) and fiber proportion (D2). The predicted mean of the

optimum utility value maximized can be calculated as:

Ugt =Up, +Ugy +Uc; +U, —3U (3.7)

mean

where Umean IS the overall mean of utility value and Uap, Ugs, Uci, Up, are
respectively utility values at level A2, B3, C1, D2 given in Table 3.12. The

corresponding confidence interval was calculated using Eqgn. (3.2).

An analysis of variance was conducted to find out relative importance of these four
parameters and identify promising direction for future experiments. Fig. 3.12 shows

the percentage contribution of the mix parameters on the multiple responses of
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DFRCC. As shown clearly from Fig. 3.12, water/binder ratio is of utmost
importance for multiple responses of DFRCC. This is because the six responses, i.e.
tensile strain capacity, compressive strength, and residual compressive strength
after subjecting to 200, 400, 600, 800 <C of heating are particularly sensitive to the
variations of water/binder ratio. The fly-ash/binder ratio is the second most
important factor with 5.6% contribution. The contributions of sand/binder ratio and
steel fiber replacement percentage are negligible, since compressive strength, and
residual compressive strength after subjecting to 200, 400, 600, 800 <C of heating

are insensitive to the variations of steel fiber amount and sand/binder ratio.

Steel fiber
replacement
Error |

Fly ash |
replacement ."“

Sand binder ratio ——

Water binder
ratio

Fig. 3.12 Percentage-contribution of the mix parameters on the utility value of
DFRCC

3.3.4 Confirmation experiment

One important aspect of Taguchi approach using utility concept is conducting
confirmation tests to validate the predicted results. Usually, the optimal mix
proportions are not included in the orthogonal array experiment. In this case, the
probability that the optimal mix is within the orthogonal array experiment is 11.1%,
since nine out of 81 full factorial conditions in a L9 (3*) experiment were tried. In

this case, the optimal mix happened to be M6. To further validate the finding,
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another set of specimens using M6 were cast and tested following the same
condition mentioned in Materials and Methods section. The confirmation results
and utility values are shown in Table 3.13 and Table 3.14, respectively. The test
values are found to fall within the predicted 95% confidence interval of optimal
utility value. Fig. 3.14 gives the compressive strengths of nine trial mixes
(including the optimal mix) against elevated temperatures. Obviously, the optimal
mix, namely M6, had the largest compressive strengths against elevated
temperatures in general. At 200 <C, a strength increase was observed due to
pozzolanic reaction under moderate heating. The cubes still had residual
compressive strengths of around 35 MPa after exposure to 800 <C, more than half

of its original compressive strength.
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Fig. 3.13 Tensile stress-strain curves of confirmed DFRCC mix

Table 3.13 Confirmation test results

. . Confirmation test results
Quality characteristics of DFRCC

1 2 3 Mean
Ultimate tensile strain (%) 1.1 0.6 0.6 0.8
Compressive strength (MPa) 63.4 63.7 60.6 62.6

Compressive strength after 200 T (MPa) 85.0 82.9 79.0 82.3
Compressive strength after 400 <C (MPa) 74.7 70.7 69.4 71.6
Compressive strength after 600 T (MPa) 63.1 56.1 57.6 59.0
Compressive strength after 800 <C (MPa) 37.4 39.7 35.8 37.6
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Table 3.14 Confirmation test results of utility values
Quality ~ Optimal setting Predicted 95% confidence interval Mean value

characteristics of mix Optimum of the predicted optimal of
of DFRCC parameters value value confirmation
Strain
Room temp.
200 <C
400 C A2, B3, C1, D2 7.25 [6.79, 7.71] 7.57
600 <C
800 <€
90
80 —— M1
—— M2
70 —— M3
@ 60 —~p— M4
S5 —— N5
%40 _2_ 376 (Optimum)
% 30 —e— M8
20 —4— M9
10
0

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 3.14 Compressive strengths of mix trials against elevated temperature

3.4 Summary

An experimental program was conducted to optimize the mix parameters of
DFRCC to maximize combined performance of compressive strength, tensile strain
at room temperature and post-fire compressive strength. Based on the results and

analysis, specific findings of this research are outlined below.

The Taguchi approach using utility concept is an effective method to optimize
multiple responses of DFRCC, i.e. tensile strain capacity, compressive strength, and
residual compressive strength after subjecting to 200, 400, 600, 800 <T of heating.
An optimal DFRCC mix in terms of these six quality characteristics is achieved

from 81 possible trial mixes through statistical analysis.

The most influencing parameter for achieving an optimal condition of multiple

responses is water/binder ratio with a contribution percentage of 88.0%.
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Fly-ash/binder ratio is found to be the second most important factor, followed by
fiber proportion and sand/binder ratio. Further optimization of DFRCC can be

made according to this finding by varying the level of significant parameters.

With 2% vol. PVA fibers, DFRCC shows the best tensile ductility. However, the
overall post-fire performance of this DFRCC mix is not the most favorable.
Replacement of 0.5% vol. PVA fibers with steel fibers improves the overall

performance in the six quality characteristics.
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CHAPTER 4. MECHANICAL PROPERTIES OF

OPTIMIZED DFRCC AFTER FIRE EFFECT

4.1 Introduction

In the previous chapter, an optimized DFRCC mix, which has optimal combined
performance of compressive strength, tensile strain at room temperature and
post-fire compressive strength, was developed. In this chapter, residual
compressive and tensile properties of this optimized DFRCC mix were
investigated in detail. Compressive property tests were conducted on DFRCC
specimens at 30 C (room temperature in Singapore), and exposed to 200, 400, 600,
and 800 <C. Direct uniaxial tensile tests were conducted on DFRCC specimens
exposed to temperature up to 600 <C at an increment of 100 <C. Scanning Electron
Microscope (SEM) and Digital Image Correlation (DIC) techniques were employed
to examine the morphology of DFRCC materials, fiber state and crack patterns to
obtain better understanding of residual mechanical properties. This work sheds
more light on residual mechanical behavior of the optimal DFRCC mixture after
heating and adds knowledge to positive roles of steel fibers in tensile behavior of

DFRCC after melting of PVA fibers.

4.2 Materials and method

4.2.1 Materials

The optimized DFRCC developed in CHAPTER 3 was taken as the research
object in this chapter. Its mix proportion is shown in Table 4.1, i.e., mix M6 in
Table 3.5. The binder selected was a combination of ordinary Portland cement (42.5
N) conforming to EN 197-1 (2000) and Class F fly ash corresponding to ASTM 618

(2003). The chemical compositions of cement and fly ash are listed in Table 3.1 and
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the properties of PVA and steel fibers are listed in Table 3.2 and Table 3.3. Particle
size distributions of cement, fly ash, and silica sand are shown in Fig. 3.1. The
third generation polycarboxylic type superplasticizer Sika ViscoCrete-2044 was
used in the DFRCC mix design.

Table 4.1 Mix Proportions of DFRCC (by mass)

PVA fiber Steel fiber
(by volume)(by volume)

Mix name Cement Fly ash Sand Water Superplasticizer

DFRCC 1 1.22 1 0.62 1.50% 0.50% 0.011

4.2.2 Specimen preparation

Cylinder specimens ($100mm>200mm) were prepared for uniaxial compressive
tests and 50 mm cube specimens were used for mass loss tests. Dog-bone
specimens (see Fig. 3.3) were used for uniaxial direct tension tests. The same
procedure as specified in Section 3.2.3 was followed to prepare these test

specimens.

4.2.3 Compressive test & mass loss test

Compressive tests were conducted on $100mm>200mm cylinder specimens after
exposure to temperature up to 800 <T at an increment of 200 <C. For each
temperature exposure, three cylinders were tested. The compressive tests were
conducted after at least 28 days. The residual compressive tests were conducted
after the specimens were respectively heated to 200, 400, 600, and 800 <C. The
specimens were heated to target temperatures at a heating rate of 10 <C/min, and
then kept at that temperature for 2 h. After that, the specimens were kept in furnace
and naturally cooled to ambient temperature. The specimens were loaded to failure
at a displacement rate of 0.2mm/min using a hydraulic universal testing machine

shown in Fig. 4.1. The measurement system included three 10mm linear variable
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displacement transducers (LVVDTSs) attached onto the center region of the specimen
with a gage length of 200mm and two 50mm LVDTs measuring the deformation of

the specimen.

The cube specimens used for mass loss tests went through the same heating
regime as the cylinder specimens for compressive tests. Prior to and after heating,
the masses of the cube specimens were recorded to determine mass loss. Mass loss
ratio was calculated using the mass difference of the cube specimen before and after

heating normalized by the initial mass of the specimen.

Fig. 4.1 Test setup for compressive test

4.2.4 Tensile test

Uniaxial tensile tests were conducted on specimens after exposure to temperature
up to 600 <C at an increment of 100 <C. For each temperature exposure, three
specimens were tested and the average value was obtained. Tensile tests at ambient
condition were conducted at an age of 28 days, while residual tensile tests were
conducted one or two days after subjecting the specimens to a heating rate of

10 <C/min, and then conditioned for 2 h after reaching the target temperature.
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Subsequently, the specimens were allowed to cool down naturally in the furnace.
The tensile test setup is given in Fig. 4.2. Prior to testing, a small tension force
(maximum 30 N) was applied to eliminate gaps between the specimen ends and the
clamping wedges. Two linear variable differential transformers (LVDTSs) were
attached on both sides of the dog-bone specimen (Fig. 4.2) to record deformations
of the straight segment with a 100 mm gage length. Displacement-controlled
loading scheme at 0.2 mm/min was used. Tensile force was recorded by a load cell
embedded in the Instron machine. A high-resolution digital camera was mounted on
a tripod at about 1m in front of the tensile specimen. DIC technique was used for
one of the three specimens for each temperature exposure. During the tests, the
digital camera was remotely controlled using a tablet computer connected to Wi-Fi
to avoid physical contact of the camera. Digital photographs were taken at 10 s
interval in the first 2 min and then at 30 s interval to capture the crack pattern until

the specimen softened.

The working mechanism of DIC system is based on calculating the differences in
light density as a gray-scale pattern at each pixel between subsequent captured
photographs (Mauroux et al. 2012). To form the speckle pattern for displacement
and strain field analysis, one surface of the specimen was white washed, followed

by uniformly spraying random small black spots on it.

60



CHAPTER 4 MECHANICAL PROPERTIES OF OPTIMIZED DFRCC AFTER FIRE EFFECT

: Wedge

: Dogbone specimen
:LVDT

: Digital camera

> Instron machine

: Tripod

DO AWNBE

-850 |

Fig. 4.2 Configuration of uniaxial tensile test setup

4.2.5 SEM observation

Field Emission Scanning Electron Microscope (FE-SEM) was used to observe the
microstructure of DFRCC samples. The samples were taken from additional

dog-bone specimens heated to 200, 400, 600, and 800 T at 10 <T/min.

4.3 Results and discussion

4.3.1 Compressive tests

There were no visible cracks on the specimens heated up to 600 <C. However, some
micro-cracks were found on the surfaces of specimens heated to 800 <C. No
spalling of cylinders was observed after heating. Explosive spalling is influenced by

the dimensions of specimens (Sanjayan and Stocks 1993, Hertz 2003, Kodur and
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Phan 2007). Hence, larger specimens should be prepared specifically for examining

the spalling resistance of DFRCC under fire.

Fig. 4.3(a)-(e) shows the typical failure patterns of the DFRCC specimens heated to
different temperatures. Different failure modes were observed for specimens
exposed to different temperatures. For specimens exposed to 200 <C, the same
failure mode as unheated specimens was observed. The failure pattern was
characterized by a major inclined shear crack forming along the height of the
specimens with the cracking plane approximately at 80 <from the horizontal plane
as shown in Fig. 4.3(a) and (b). After heated to 400 <C and above, the failure pattern
showed multiple interacting cracks as shown in Fig. 4.3(c)-(e). This behavior was
expected since a majority of bridging forces between fibers and matrix were lost
due to melting of PVA fibers at 240<C. Even though the heated specimens showed
different failure patterns, they still exhibited a ductile failure mode as shown by the

stress-strain curves shown in Fig. 4.4.

CFe

(@ 30 T (b) 200 < (c) 400 < (d) 600 < (e) 800 <
Fig. 4.3 Failure patterns of heated DFRCC cylinder specimens
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Fig. 4.4 Compressive stress-strain curves of the DFRCC mix at ambient
temperature and after heating to different temperatures
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The compressive stress-strain curves of the DFRCC mix at ambient temperature
and after heating to 200, 400, 600, and 800 <C are given in Fig. 4.4(a)-(e). The
compressive strength of DFRCC cylinders was 57.0 MPa as shown in Fig. 4.4(a).
After exposure to 200 <C, the compressive strength increased to 69.4 MPa as shown
in Fig. 4.4(b), 12.1% greater than that at ambient. Up to 400 <C, the residual
compressive strength reduced to 59.2 MPa (Fig. 4.4(c)), which was close to its
ambient compressive strength, and further reduced to 45.3 MPa after exposure to
600 <C (Fig. 4.4(d)). At 800 <C, the compressive strength of DFRCC suffered a
steep drop to 20.0 MPa as shown in Fig. 4.4(e), about 35% of its original strength.

Fig. 4.5 shows the compressive strength reduction coefficients of DFRCC
compared to those of siliceous and calcareous concrete specified in Eurocode 2
(Institution 2004). Obviously, DFRCC outperformed normal concrete in terms of
compressive strength retention after exposure to temperature up to 800 <C. At
200 <C, there is a slight strength decrease for normal concrete, while for DFRCC
there is an increase in compressive strength. At 400, 600, and 800 <C, the
compressive strength reduction coefficients are larger than those of normal concrete
made from either siliceous or calcareous aggregates (Institution 2004). The
significant improvement in compressive strength of DFRCC at 200 <C can be
explained by pozzolanic reaction between fly ash and calcium hydroxide
accelerated by heating at moderate temperature (Mengxiao et al. 2015). The CSH
resulting from the pozzolanic reaction fills the micropores and forms a denser
microstructure. At 400, 600, and 800 <C, higher retention of strength may be due to
absence of damage induced by thermal incompatibility between cement paste and

coarse aggregate as experienced in normal concrete.
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Fig. 4.5 Coefficient k¢(T) allowing for decrease of compressive strength at elevated
temperatures

Table 4.2 lists the elastic modulus of DFRCC at room temperature and after

exposure to 200 C, 400 <C, 600 <C, and 800 <C. Fig. 4.7 shows the coefficient

ke(T) allowing for decrease of elastic modulus of DFRCC at elevated temperature

compared to those of siliceous and calcareous concrete specified in Eurocode 2

(Institution 2004). The elastic modulus is calculated using Eqn. (4.1) according to

ASTM C469 (2014).
E = (0, —0,)/ (&, —0.00005) (4.1)

where E is elastic modulus, o3 is the stress corresponding to 40% of ultimate load,
o1 1S the stress corresponding to a longitudinal strain of 50 millionths, and ¢; is the

longitudinal strain produced by stress o5.
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Table 4.2 Elastic modulus of DFRCC at room temperature and after exposure to

high temperature

Temperature Elastic modulus
30 C 21004 MPa
200 € 19838 MPa
400 17354 MPa
600 € 8759 MPa
800 € 2770 MPa

As seen from Fig. 4.7, both DFRCC and concrete experience degradation in elastic
modulus as temperature increases. However, DFRCC shows a slower reduction
trend in elastic modulus than concrete. This is possibly mainly due to that DFRCC
has less micro-cracks induced by thermal loading than concrete. DFRCC does not
contain coarse aggregates, and is, therefore, not beset with thermal
incompatibilities that occur between cement paste and aggregates due to
differential thermal volume changes. It was noted in Fig. 4.6 that no microcracks
were induced around the perimeter of PVA fiber channels. And according to Lau
and Anson (2006), there was no obvious change in residual elastic modulus of
concrete with or without steel fibers after exposure to different high temperatures.
Therefore, addition of PVA and steel fibers do not have a negative effect on

residual elastic modulus of fire-damaged DFRCC.
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Fig. 4.6 SEM image of DFRCC after PVA fibers melted

At 200 <C, modulus of elasticity of DFRCC was reduced by 5.5% of those of
unheated control specimens. It was further reduced to 82.6% of those of control
specimens after heating up to 400 <C. After heating up to 600 <T and above, the
modulus of elasticity of DFRCC decreases dramatically. An average of 41.7% of
the elastic modulus of the unheated DFRCC was retained after exposure to 600 <C.
After exposure to 800 <C, it was further reduced to 13.2%. The rapid degradation
of elastic modulus is most likely due to the physical changes (increase in porosity,
pore coarsening of DFRCC matrix, and cracking density) taking place in the

matrix.

: . . : . . —— DFRCC
08 N\ B P —&— Siliceous concrete (Eurocode2)
: : : : —4— Calcareous concrete (Eurocode?)

0 100 200 300 400 500 600 700 800
T(¢C)

0.0

Fig. 4.7 Coefficient ke(T) allowing for decrease of elastic modulus at elevated
temperatures
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A typical morphology of DFRCC after exposure to 200 <C and 600 <C is presented
in Fig. 4.8. Micrographs of DFRCC at 200 <C consisted of amorphous C-S-H gels
and well-crystallized CH crystals as shown in Fig. 4.8(a). At 600 <C, the crystalline
structure of CH was destroyed and the morphology of resultant products showed an
amorphous mass structure as shown in Fig. 4.8(b). This matched well with the
macro phenomenon that compressive strength of DFRCC specimens decreased

from 200 <C to 600 <C.

Fig. 4.9 shows the mass loss of DFRCC and normal concrete as described in
Eurocode 2 (Institution 2004) and thermogravimetry (TG) curve of PVA fiber. The
TG analysis of PVA fibers was performed with a heating rate of 10 <C/min, from
30 T t0 800 <T in nitrogen flow (20 mL/min). To compare the mass loss of DFRCC
to that of concrete, the moisture content of DFRCC (4.8%) was deducted as shown
in Fig. 4.9. The moisture content of DFRCC was determined by the average mass
loss of three DFRCC cube specimens after drying at 105 <C for four days. At 200 <C,
the difference between the mass loss of DFRCC (moisture removed) and normal
concrete is about 0.5%; at 400 <C, the difference becomes 0.91%. This increased
difference is believed to be caused by decomposition of 1.5% vol. PVA fibers (68%
mass lost up to 400 <T as seen in Fig. 4.9). However, decomposition of PVA fibers
have a limited influence on the mass loss of DFRCC and the mass loss of DFRCC is

similar to that of normal concrete in general.
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(a) 200 € (b) 600 T

Fig. 4.8 Morphology of DFRCC after heat treatment at 200 <C and 600 <C
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Fig. 4.9 Mass losses at elevated temperatures

4.3.2 Tensile test

Typical tensile stress-strain curves of the DFRCC mixture with hybrid fibers at
room temperature are shown in Fig. 4.10. The DFRCC mix (Table 4.1) had an
ultimate tensile strength of 5.5MPa and an average strain capacity of 0.8%. Fig.
4.11(a)-(f) give the stress-strain curves of DFRCC specimens after exposure to 100,
200, 300, 400, 500, and 600 <C, respectively. The DFRCC specimens exhibited
tensile strain hardening behavior up to 200 <C as seen in Fig. 4.11(a)-(b). However,
their tensile strain capacities decreased with temperature increase. At 300 <C,
DFRCC lost its strain hardening feature, and instead showed strain softening

behavior as shown in Fig. 4.11(c). After initiation of one crack (characterized by a
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sudden drop in the tensile load in the figure), the tensile load was carried by the
friction bond between steel fibers and matrix across the cracked section. At 400,
500, and 600 <C, DFRCC lost the strain softening feature and showed similar
behavior to normal concrete as shown in Fig. 4.11(d)-(f). The friction bond
between steel fibers and matrix was too small to carry any tensile load. It is
noteworthy that from 300 <C onwards the strain corresponding to peak tensile stress
increased slightly as temperature increased. This was caused by degradation of
tension stiffness of DFRCC resulting from different degrees of thermal

decomposition.
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Fig. 4.10 Tensile stress-strain curve of the DFRCC mix at ambient temperature
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Fig. 4.11 Tensile stress-strain curves of the DFRCC mix after heating to different
temperatures
The effect of temperature on ultimate tensile strength of DFRCC is shown in Fig.
4.12(a). It can be observed that temperature increase augmented ultimate tensile
strength of DFRCC initially. At 100 <C, the tensile strength increased by 2%
compared to that at 30 <C. At 200 <C, the tensile strength reached a peak value of
5.9 MPa, 107% of that at 30 <C. However, the tensile strength of DFRCC specimens
exposed to 300 T decreased to 4.99 MPa, 91% of that at 30 <C. With increasing
temperature from 300 <C to 600 <C, the tensile strength decreased steadily. Fig.
4.12(b) shows the influence of temperature on tensile strain capacity of DFRCC. As

can be seen from Fig. 4.12(b), the capacity decreased significantly after exposure to
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100 <T and 200 <C, and then reached the minimum value at 300 <C. Beyond 300 <C,
a very slight increase in strain capacity was observed as temperature increased,
although these strain capacities were at least one order of magnitude lower than
those of specimens exposed to temperature below 200 <C. That the strain capacities
of DFRCC showed one-order-of-magnitude difference was caused by distinct
tensile failure mechanisms. The specimens exposed to temperature below 200 <C
exhibited multiple-fine-cracks failure mode. The strain capacity is closely related to
the number of fine cracks occurring on the specimen. The fewer the number of fine
cracks, the smaller is the strain capacity, and vice versa. The specimens exposed to
300 <C and higher temperature failed in a single-crack mode. It is noteworthy that
although the specimens at 300 <C failed in a single-crack mode, they still retained
some tensile capacity after the occurrence of the single crack (Fig. 4.11(c)). It
should be noted that PVA fibers (43 um thick) have a melting point at about 240 <C.
So after 200 <C exposure, residual PVA fibers (see Fig. 4.13(a)) could still
contribute to bridging action across a cracked section. But at 300 <C and beyond,
PVA fibers had melted and steel fibers (183 um thick) were the only source of
bridging stress across the crack (see Fig. 4.13(b)). Based on physical observation of
ruptured cross sections of tensile specimens, steel fibers remained intact after
failure. This was because bridging stress across a crack was controlled by the bond
stress between steel fibers and DFRCC matrix, rather than tensile strength of steel
fibers. At 400 <C and beyond, the specimens lost their load-carrying capacity
completely once a crack occurred (Fig. 4.11(d)-(f)). Although steel fibers did not
melt at these temperatures, the solid DFRCC matrix deteriorated due to
decomposition of hydrated products, further weakening the bond strength between
the steel fibers and the matrix to such an extent that it became negligible. This
explained the quasi-brittle fracture of DFRCC specimens subject to tension at
400 <C and beyond. In contrast, DFRCC with 2% vol. PVA fibers only exhibited
brittle fracture under tension at 300 <C (Bhat et al. 2014). Clearly, steel fibers can
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improve residual tensile performance of DFRCC by delaying the occurrence of

brittle tensile behavior to a higher temperature.

To account for the tensile behaviors of DFRCC after elevated temperatures as
shown in Fig. 4.11, the micromechanics model for tailoring strain-hardening
behavior of composites (Kim et al. 2003) is extended to incorporate the effect of
temperature. According to micromechanics design guidelines (Kim et al. 2003),
two conditions are required to achieve pseudo strain-hardening. The first condition

is related to the formation of steady-state cracking, which requires the crack tip
toughness Jip not to exceed the complementary energy J, determined by the

bridging stress o versus crack opening ¢ curve (Li et al. 2001). The relationship is

defined in Egn. (4.2):

K? & .
Jp == <0u0 = a(d)s =1, (4.2)

tip: E

C

where g, is the maximum bridging stress corresponding to opening width d,, Kn is

the matrix fracture toughness, and E. is the composite elastic modulus.

The second condition is that tensile cracking strength of the matrix o. must be

smaller than the maximum bridging stress o, as shown in Eqn. (4.3):
o, <o, (4.3)

The complementary energy J, and the maximum bridging stress o, are dependent

on bridging stress o versus crack opening ¢ curve of fibers. The curve can be
obtained by averaging over the contributions of fibers that cross the matrix crack

plane as a single crack opens up (Lin et al. 1999):

V z IffCOS i
o(0)=2[2 [ P ? dad g (4.4)

0
f If
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For the DFRCC mix with hybrid fibers exposed to elevated temperatures, Eqn. (4.4)

can be rewritten as

sing

Vp (2 Ecoss Vg (% S sing
a(5):xjo . Pp(z,¢,T)szd¢+Efo . Pz, p )=~ dzdg (45)

where Vp, Vs are respectively the volume fractions of PVA and steel fibers; Ap, As

are respectively the cross-sectional areas of PVA and steel fibers; Ip, Is are the

lengths of PVA and steel fibers, respectively; ¢ is the fiber inclination angle; z is

the centroidal distance of a fiber from the crack plane; P,(z,4,T) and P,(z,4,T)

are respectively the temperature-dependent bridging forces contributed by a single

PVA and a single steel fiber.

At 100 T and 200 <C, a possible degradation in P,(z,¢,T) reduced the maximum

bridging stress. The reduced bridging stress resulted in reduced complementary

energy J, and reduced peak bridging stress a,. In contrast, crack tip toughness Jsip

and matrix tensile cracking strength o increased after exposure to 100 < and
200 <C. Consequently, pseudo strain-hardening (PSH) performance indices (Kanda
and Li 2006) decreased, which accounted for smaller strain capacities of SHCC at

100 <€ and 200 <C.

From 300 <C onwards, the first term in Eqgn. (4.5) contributed by PVA fibers
diminished due to melting of PVA fibers. It caused a significant loss in bridging
force across the crack plane. The J, in Eqn. (4.2) and o, in Eqn. (4.3) are dependent
on bridging stress-strain relationships of fibers, so absence of the PVVA fibers results
in a significant reduction of J, and .. The conditions to achieve strain-hardening

required by Eqn. (4.2) and (4.3) can no longer be satisfied. Therefore, DFRCC
specimens exhibited strain-softening behavior at 300 <C. At 400 <C and above, the

74



CHAPTER 4 MECHANICAL PROPERTIES OF OPTIMIZED DFRCC AFTER FIRE EFFECT

bond strength between the steel fibers and the matrix further deteriorated, leading

to brittle tensile failure of DFRCC specimens.

[

o
-
[

o

w0
=
[=}

o

(=]
o
®

hay

(=)
g
~

e

wn
o
[N

Tensile strength(MPa)
s
[4)]
Tensile strain capacity(%)
o
(2]

e
=}
o
o

100 200 300 400 500 600 100 200 300 400 500 600
Temperature(” () Temperature(” ()

o

(a) Ultimate tensile strength (b) Strain capacity
Fig. 4.12 Influence of temperature on (a) ultimate tensile strength and (b) strain
capacity of DFRCC
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Fig. 4.13 SEM micrographs of status of PVA and steel fibers after 200 <C and
300 €

Fig. 4.14 plots the reduction factor for tensile strength of DFRCC at elevated
temperatures, together with that of concrete prescribed in Eurocode 2 (Institution
2004). It can be observed that the strength reduction factor of DFRCC was smaller
than that of concrete at these six temperatures. At 600 <C, the strength reduction

factor of concrete became zero, while that of DFRCC was 0.79, indicating that a
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large portion of tensile strength remained even after exposure to 600 <C. The reason
for the improvement in tensile strength of DFRCC compared to normal concrete is

similar to that for compressive strength.
" /\\4\‘\‘
0.8

0.2| —=— SHCC with hybrid fibers
—— Concrete (Eurocode2)

0 100 200 300 400 500 600
T(O)

Fig. 4.14 Coefficient k¢(T) allowing for decrease of tensile strength at elevated
temperatures
Fig. 4.15(a)-(g) shows the maximum normal strain contours of DFRCC specimens
exposed to 30, 100, 200, 300, 400, 500, and 600 <C, respectively. In the strain
contours, a crack was characterized by strain localization. It was found that the
number of fine cracks reduced with an increase of temperature up to 200 <C (Fig.
4.15(a)—(c)), which was consistent with the trend of reducing strain capacity. Single
crack was observed on the surface of DFRCC specimens from 300 <C onwards (Fig.
4.15(d)—(g)), corroborating with the trend in Fig. 4.11, which shows the
disappearance of tensile strain hardening characteristic with increasing

temperature.
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4.4 Summary

Based on the presented work on residual mechanical properties and spalling

resistance, the following conclusions can be drawn:

The residual compressive strength of DFRCC with hybrid fibers showed an
increase after 200 <C heating. Beyond 200 <C, the residual compressive
strength reduced with temperature increase. Even so, the compressive strength
of DFRCC with hybrid fibers after 800 <C heating can retain about 35% of its
original strength. The residual elastic modulus of DFRCC decreased with
temperature increase. The decreasing trend in residual elastic modulus was
aggravated after exposure to 600 <C and above. After 800 <C, 13.2% of elastic
modulus of unheated DFRCC was retained. In general, the studied DFRCC
outperformed concrete in terms of compressive strength and elastic modulus

reduction against elevated temperature.

At 300 <C, DFRCC specimens with hybrid fibers showed strain softening
tensile behavior instead of brittle nature exhibited by DFRCC specimens with
PVA fibers only. It demonstrated the beneficial effect of addition of steel
fibers in resisting tensile brittle failure after high temperature exposure. The
DFRCC specimens with hybrid fibers exhibited tensile brittle failure beyond
400 <C. More steel fibers are recommended to transfer the brittle behavior

beyond 400 <C to ductile behavior.

DIC analysis results showed that the number of fine cracks of DFRCC
specimens under tension reduced with temperature rise up to 200 <C. Beyond
300 <C, only one crack occurred at the failure of DFRCC specimens. These
DIC figures corroborated well with diminishing tensile strain capacity shown

by tensile stress-strain curves.
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CHAPTER 5. UNIFIED THEORY OF FIRE SPALLING

IN CONCRETE

5.1 Introduction

Fire-induced deterioration in mechanical performance and fire-induced spalling
are two major issues faced by concrete materials. DFRCC, as a special type of
bendable concrete, also has to face these two issues. The previous two chapters
focus on fire-induced deterioration in mechanical performance of DFRCC and
present an experimental program to improve and examine mechanical
performance of fire-damaged DFRCC. Then it brings up the question of whether
the optimized DFRCC suffers from fire-induced spalling. But before examining
thermal spalling resistance of DFRCC, the first priority is to work out fire-induced

concrete spalling mechanism.

Fire-induced spalling is a phenomenon which occurs in concrete structures under
fire. It is characterized by violent or non-violent dislodgement of pieces or chunks
of concrete from heated concrete surface. Consequently, spalling results in loss of
concrete section, reduction in loading-bearing capacity and fire resistance of

concrete members (Lee et al. 2012, Wu et al. 2013).

Understanding the physics behind this phenomenon is significant for prediction of
spalling and advancement in protective measures against spalling. So far mainly
three theories have been proposed to explain fire spalling of concrete materials. The
first theory assumes that concrete spalling is caused by pore pressure buildup,
known as pore pressure spalling (Kanéma et al. 2011). The second assumes that
concrete spalling is caused by thermal stress, known as thermal stress spalling

(Zhao et al. 2014). There is also a third school that combines the effects of thermal
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stress and pore pressure to account for concrete spalling (Connolly 1995). However,

no consensus has been reached on spalling mechanism to date.

This chapter compiles conflicting and common views from previous research works
on fire-induced concrete spalling. Based on the analyses of these contradictory and
concordant test results, a unified and consistent spalling theory is proposed.
According to the driving mechanisms, fire-induced spalling can be categorized into
three types: thermo-hygral spalling, thermo-mechanical spalling, and
thermo-chemical spalling. The mechanisms of these three types of spalling are
explained and the criteria to forecast each of them are established in this chapter.
They are found to occur within different temperature ranges. The factors that
influence them, solutions to prevent them and interactions between them are also

discussed.

5.2 Conflicting views regarding previous work on fire-induced

concrete spalling

5.2.1 Spalling mechanism

Fire spalling of concrete is commonly explained by two distinct mechanisms:

e Pore pressure buildup: the heating of concrete involves moisture migration
inside the porous medium. Moisture in concrete is moving inwards and
outwards driven by pressure gradient. For moisture that migrates into the deep,
unheated region, water vapor condenses and a “moisture clog” is gradually
formed due to accumulation of liquid water. This formation of “moisture clog”
inhibits inward moisture flow, leading to an increase in pore pressure at the
front of the “moisture clog”. Locally, induced pore pressure can exceed
tensile strength of concrete and thus lead to spalling (Tenchev et al. 2001,
Benmarce and Guenfoud 2005).
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e Thermal stress: the heating of a concrete element involves high temperature
gradient, particularly in the first few centimeters from the heated surface.
There are two kinds of views concerning how thermal gradient induces
spalling. Some researchers believe that spalling is initiated by thermal
gradient-induced radial tensile stress (Zhao et al. 2014), while others hold that
compressive stresses resulting from restrained thermal expansion can locally
exceed compressive strength of concrete and cause spalling (Msaad and

Bonnet 2006).

So far, there is no consensus on which of the two processes is dominant.

5.2.2 Influence of factors

e Degree of restraint (DOR)

Many experimental results have shown that unrestrained and unloaded concrete
specimens experienced explosive spalling under high temperature. DOR is defined
as a ratio between the actual axial force generated in the element induced by thermal
expansion to the hypothetical stress at total restraint. The DOR in these tests was
zero. If spalling was indeed induced by restrained thermal dilation, there should not
be any spalling in these unrestrained concrete specimens. This inference is
obviously contradicted by experimental results (Noumowe et al. 1996, Klingsch
2014). Therefore, it can be concluded that compressive stresses generated from
restrained thermal dilation is not a necessary condition for occurrence of spalling at

high temperature.
e Thermal gradient

According to thermal gradient-induced thermal stress spalling theory, a high

thermal gradient across a section leads to a high spalling risk, and vice versa
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(Jansson and Bostrdn 2010). Hence, concrete subjected to a higher heating rate

should be more prone to spalling than concrete under a lower heating rate.

However, Noumowe et al. (2006) found severe spalling in concrete at a heating rate
as low as 0.5 <C/min. Klingsch (2014) studied the influence of heating rate on the
occurrence of thermal spalling. Low heating rates were used to minimize thermal
gradient-induced thermal stress. Nonetheless, some concrete specimens still spalled
even at 0.5 <C/min. These experimental facts did not support gradient-induced

thermal stress spalling mechanism.

Furthermore, it was reported that concrete with certain amounts of PP fibers subject
to extreme high heating rate was free from thermal spalling (Han et al. 2005, Phan
2008). In contrast, explosive spalling occurred in concrete without PP fibers even at
a slow heating rate of 0.5 <T/min. Kanéma et al. (2011) found that spalling extent of
HSC was greater than NSC, although in their tests thermal gradient in HSC
specimens was lower than that in NSC specimens. These experimental results could

not be explained by thermal gradient-induced thermal stress spalling mechanism.

On the other hand, spalling in concrete was observed to occur in different manners.
At low heating rates (0.5-1 <C/min, or insulated with thermal barrier), concrete
specimens could explode violently characterized by a loud bang (Phan et al. 2001),
whereas at high heating rates (such as in a hydrocarbon fire), concrete specimens
could scale off progressively accompanied by popping sounds (Hertz 2003, Jansson
2013). It would be far-fetched to rely on thermal gradient-induced thermal stress
spalling theory to explain these two different spalling patterns exhibited by concrete

under different heating rates.

These aforementioned experimental results were in conflict with the theory that
concrete spalling was governed by gradient-induced thermal stress. Therefore,
gradient-induced thermal stress may not be the only critical factor contributing to

concrete spalling.
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e Steel fibers

Different conclusions were made about the effectiveness of steel fibers in
mitigating spalling of concrete under fire (Tan et al. 2015). Klingsch (2014)
conducted spalling tests on unrestrained and unloaded concrete cylinders with steel
fibers and found that steel fibers had no beneficial effect in minimizing explosive
spalling. However, Kodur et al. (2003) conducted fire endurance tests on HSC
columns and found that steel fibers reduced spalling in concrete columns and
enhanced fire resistance of HSC columns. The quantities of steel fibers used in the
concrete mixes of Klingsch (2014) and Kodur et al. (2003) were 195 kg/m® and 42

kg/m?®, respectively.
e Time of spalling

Mindeguia et al. (2009) observed that thermal spalling occurred in unrestrained and
unloaded concrete slabs between 10 and 20 minute of 1SO fire test. Coincidently,
Ko et al. (2011) observed that spalling occurred in unrestrained and unloaded

concrete slabs within 10 min of SO 834 (similar to ASTM E119) fire heating.

However, Franssen and Dotreppe (2003) observed surface spalling in concrete
columns between 20 and 60 minutes of fire test. Kodur and Mcgrath (2003)
observed significant spalling at the corners of concrete columns after about 1 hour
of ASTM E119 fire heating towards the end of fire endurance test. Besides, Han et
al. (2014) found that spalling in steel reinforced concrete columns occurred at the

intermediate and later stage of 1SO 834 fire that lasted about 2.5 hour.

According to the pore pressure spalling mechanism, spalling tends to occur when
the tensile stress induced by the vapor pressure surpasses the hot tensile strength of
concrete. At 374 <C, the saturated vapor pressure reaches about 22 MPa. It only
takes a few minutes for the exposed concrete cover to reach this critical temperature

under fire, so it is reasonable that concrete spalling was observed to occur at the
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early stage of a fire. However, occurrences of concrete spalling at intermediate or
even much later stage of a fire cannot be explained by pore pressure spalling

mechanism.

It is noted that, in cases that late spalling (Kodur and Mcgrath 2003, Han et al. 2014)
was observed, the tested elements were restrained. This indicates that restraint

stress, instead of pore pressure, is possibly the cause for the observed late spalling.

e Section size

Explosive spalling of large concrete cylinders was observed under a heating rate of
1 <T/min. However, reduction of cylinder size by either 75% or 50% eliminated the
risk of explosive spalling (Hertz 1984). Kanéma et al. (2011) examined the size
effect on thermal spalling risk of concrete. He observed that for the same concrete
mixture and heating rate, spalling occurred only in large specimens (®160 mm x
320 mm), although thermal gradient in small specimens (110 mm <220 mm) was
similar to that of large specimens. These experimental evidences were in conflict
with thermal gradient-induced spalling theory. Restrained thermal dilation-induced
thermal stress also could not explain this phenomenon, since these tested concrete
specimens were unrestrained. However, this could be reasonably explained by the
pore pressure spalling theory. Smaller dimensions of specimens facilitate quicker
escape of moisture out of the concrete, consequently resulting in a lower pore
pressure compared to that of larger specimens. Therefore, the spalling risk is

reduced as the specimen size decreases.

e Post-cooling spalling

Spalling has been observed in concrete not during the heating phase but after
cooling down Klingsch (2014). This type of spalling is referred to as post-cooling
spalling (Khoury 2008). It is possibly caused by 44% volume expansion resulting

from rehydration of calcium oxide after cooling (Annerel and Taerwe 2009). This
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rehydration process takes place when moisture is available for heated concrete.
Post-cooling spalling cannot be explained by either thermal stress or pore pressure

buildup.
e Others

Arioz (2009) observed partial spalling in unloaded and unrestrained concrete
specimens exposed to 1200 <C for 2 hours. However, no spalling was observed in
concrete specimens exposed to 200, 400, 600, 800, and 1000 <C for 2 hours. Both
pore pressure spalling theory and thermal spalling theory on their own could not
explain this phenomenon. This type of spalling is more likely a result of complete
destruction of aggregate-cement bond due to significant decomposition of the

cement matrix.

5.3 Common views regarding previous work on fire-induced

concrete spalling

5.3.1 Influence of permeability

It is widely accepted that permeability has a significant effect on fire-induced
concrete spalling. Concrete with a lower permeability is more prone to spalling
under heating, while concrete with a higher permeability has a decreased propensity

for thermal spalling.
e PP fibers

Addition of PP fibers has been found to decrease spalling risk of concrete under fire
(Khoury and Willoughby 2008, Jansson and Bostrédm 2013). Different hypotheses
(Table 5.1) are proposed to explain the mechanism of PP fibers in mitigating
spalling. Although no consensus has been reached on the mode of action of PP

fibers in preventing spalling, all these hypotheses lead to a common consequence,
85



CHAPTER 5 UNIFIED THEORY OF FIRE SPALLING IN CONCRETE

which is a significant increase in permeability of concrete. The significant increase
in permeability of PP fiber-reinforced concrete has been confirmed by a number of

tests (Zeiml et al. 2006, Bosnjak et al. 2013).

Table 5.1 Different modes of action of PP fibers in combating spalling

Hypotheses Description

Vacated micro-channels theory  Micro-channels left by melted fibers facilitate
(Kalifa et al. 2001) the escape of steam.

Interfacial Transition Zones (ITZ)  The ITZ between hydrophobic fibers and
theory (Zeiml et al. 2006) cement matrix facilitate the escape of steam.

Pressure-induced tangential space  The PITS between hydrophobic fibers and
(PITS) theory (Khoury 2008)  cement matrix facilitates the escape of steam.

Micro-cracks theory The micro-cracks induced by melting of fibers
(Pistol et al. 2011) facilitate the escape of steam.

e Silica fume

Published test data shows that concrete with silica fume has a higher risk of thermal
spalling than concrete without silica fume (Hertz 1984). Studies show that concrete
with silica fume contains dense pore structure and has low permeability
(Ramezanianpour and Malhotra 1995), which explains the higher propensity for

spalling.

5.3.2 Influence of moisture

It is widely recognized that moisture content of concrete is one critical factor
influencing thermally-induced explosive spalling. The higher the moisture content,
the greater is the spalling risk, especially when the moisture content exceeds a

threshold limit (Ko et al. 2011).
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5.4 Unified and consistent fire-induced concrete spalling

theory

Analysis of experimental results in Section 5.2 rules out the possibility that thermal
gradient-induced thermal stress is a critical factor contributing to concrete spalling.
Spalling phenomena of many unloaded and unrestrained concrete specimens,
together with the effect of permeability and moisture content, confirm that pore

pressure build-up is mainly responsible for these observed spalling.

However, spalling of concrete cover in columns, occurring at intermediate or later
stage of fire tests, can hardly be explained by the pore pressure spalling theory. On
the other hand, similar cover spalling has been observed in concrete columns loaded
in concentric compression at room temperature before the columns attained the
ultimate capacity (Foster et al. 1998, Foster 2001). Hence, in these cases, initial
applied compressive stress and thermal stress generated from restrained thermal

dilation other than pore pressure contribute to this type of spalling.

Sloughing-off spalling at extremely high temperature and post-cooling spalling are
due to complete chemical decomposition of major concrete constituents, and much

less related to pore pressure build-up and thermal stress.

Therefore, there are three types of fire-induced spalling based on three distinct
mechanisms, viz., thermo-hygral, thermo-mechanical, and thermo-chemical
spalling. All these three types of spalling are possible to occur in concrete elements

under fire but most often at different temperature ranges.
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5.4.1 Thermo-hygral spalling

e Mechanism

Thermo-hygral spalling, also known as pore pressure spalling, is related to
thermal-hygral behavior in concrete. Concrete is a composite building material with
porous microstructure. Fig. 5.1 shows a schematic representation of volumetric
proportion of concrete components before and during hydration. Hardened concrete
contains aggregate, unhydrated cement, hydrated products, free water, gel water,
and pores. The hydrated products contain chemically-bound water. This is similar
for concrete containing pozzolans (silica fume, fly ash, GGBS etc.) which involves

a pozzolanic reaction between portlandite and silicic acid.
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Fig. 5.1 Schematic representation of volumetric proportions of concrete components
before and after hydration
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Fig. 5.2 Schematic representation of thermo-hygral spalling of a concrete wall
exposed to fire on one face

A schematic description of thermo-hygral spalling in a concrete wall heated from
one face is presented in Fig. 5.2. When concrete is under fire, a temperature
gradient is formed in the area near fire-exposed face. Gel water and
chemically-bound water will be released into micropores of concrete and added to
free water as temperature rises. Pore pressure gradually develops as a consequence
of temperature rise and presence of moisture (mixed liquid and vapor). A pressure
gradient is formed due to the temperature gradient and degree of pore saturation.
Moisture is driven by the pressure gradient to two opposite directions, one direction
towards the heated dried face while the other towards the deeper, cooler region. As
a consequence, three zones will be generated, i.e., dry zone, wet zone and saturated
zone (the so-called “moisture clog”). When the peak pressure exceeds hot tensile
strength of concrete, bursting failure of concrete occurs (Fig. 5.3). The peak
pressure is developed at the saturation front, i.e. the wet zone in front of the
saturated zone (Bangi and Horiguchi 2012, Ozawa et al. 2012). In the wet zone,
water exists as a mixture of water vapor and liquid water, and the pore pressure is
equal to the sum of saturated vapor pressure and air pressure. Considering that the
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air pressure is negligible compared to saturated vapor pressure, this peak pressure
can be approximately taken as saturated vapor pressure, which is consistent with the

experimental findings (Kalifa et al. 2000, Mindeguia et al. 2010).
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Fig. 5.3 Pore pressure-induced tensile stress profile at the time of spalling

e Spalling temperature

Thermo-hygral spalling of concrete is induced by tensile stress o, caused by peak
pore pressure. When the tensile stress exceeds temperature-dependent tensile

strength of concrete (Eqn. (5.1)), spalling occurs.
£ip, = £i(T) (5.1)

The peak pore pressure p, at the time of spalling is equal to saturation vapor
pressure. The scaling factor /£ is used to calculate tensile stress induced by the pore

pressure. If the hollow spherical model is adopted to approximate concrete

microstructure, the scaling factor is calculated using Eqn. (5.2), in which ¢ is

porosity (Ichikawa and England 2004).

_(1+29)

b= 2(1-¢)

(5.2)

However, the micro-pores in concrete are not spherical, and using Egn. (5.2) to
calculate S tends to underestimate op:. According to Tenchev and Purnell (2005)

and Klingsch (2014), f is more reasonably taken as unity. If tensile strength
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reduction factor k{(T) and concrete tensile strength are known, the concrete

temperature at the spalled location (spalling temperature) can be determined.

The compressive strength of concrete in research works lies in the range of 30-200
MPa. Assuming that the tensile strength of concrete is 1/10 of its corresponding
compressive strength, the lower and upper bound values of tensile strength are 3
MPa and 20 MPa, respectively. The temperature-dependent tensile strength
reduction factor specified in Eurocode 2 (Institution 2004) is adopted. According to
the criterion for thermo-hygral spalling, spalling temperature would lie within the
range between Trus; (220 C) and Trusy (320 <C) as shown in Fig. 5.4, if

thermo-hygral spalling were to occur.
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Fig. 5.4 Thermo-hygral spalling temperature range

Table 5.2 shows the temperature information at spalling of unrestrained and
unloaded specimens provided by different researchers. Although it is difficult to
measure the temperature at the spalled location, the spalling temperature should fall
between the surface temperature and the interior core temperature. It can be seen
that the theoretical thermo-hygral spalling temperature range generally matches

those observed from experiments.

In a fire, the temperature of cover concrete would quickly reach the thermo-hygral

spalling temperature. If thermo-hygral spalling occurs, it will occur at the early
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stage of the fire. Consequently, it tends to reduce fire resistance of concrete

members significantly.

Table 5.2 Temperature information at spalling of unrestrained and unloaded
specimens

Source Gas Surface Core Spalling
temperature  temperature  temperature temperature*
Hertz (1984) 300, 400 <C - - <400 <
Noumowe et al.
(1996) - - - 250 - 300 <C
Phan et al. (2001) 300, 450 <C - 240-280 €  240-450 <
Kalifa et al.
(2001) 190 - 250 <
Fares et al.
(2009) 315 <C - - <315 <
Kanéma et al.
(2011) - 355 T - <355 T
Debicki et al. 245, 291, 150, 223,
(2012) ) 319 T 262 <T 150-319%C
Klingsch (2014) - 297 -433 C 256-304 C 256-433
Akturk et al.
(2015) 425, 455 T - - <455 <

* Spalling temperature means the temperature of concrete at the spalled location at

the time of spalling.

e Spalling pattern

The occurrence of thermal-hygral spalling is accompanied with a release of energy.
Hence, the spalled-off concrete pieces break away from concrete elements at a
certain initial velocity. In the experiments conducted by Zeiml et al. (2008), the
maximum observed initial velocity of spalled-off pieces reached up to 14 m/s.
Hence, the term “explosive spalling” mentioned in previously published works
refers to thermal-hygral spalling in the current framework. When concrete is under

slow heating, spalling tends to be a sudden bursting failure accompanied by a loud
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bang. When concrete is under fast heating, spalling is dominated by progressive
peeling-off with continuous popping sounds. Both the one-time explosive spalling
with slow heating and progressive spalling associated with fast heating occur in a

violent manner.

e Influencing factors

Permeability: Moisture migration is dependent on permeability of concrete. Low
permeability means the trapped moisture in concrete evacuates slowly and
facilitates pore pressure development. Therefore, concrete with a lower
permeability has a higher susceptibility to thermo-hygral spalling, and vice versa.
Density and compressive strength of concrete in most cases serve as indicators of
permeability. High density and high compressive strength usually indicate a low

permeability, but this is not always the case.

Degree of pore saturation (DPS): Moisture content of concrete has been widely
used as a parameter for assessing the thermo-hygral spalling risk. Eurocode 2
recommends that explosive spalling is less likely to occur if the moisture content of
concrete is less than 3% by weight. However, moisture-rich concrete may be free
from thermo-hygral spalling if the porosity of concrete is high; moreover, concrete
with moisture content less than 3% may still suffer from thermo-hygral spalling if
the porosity is low. Therefore, it is more scientific to use the DPS to assess risk of
explosive spalling. A larger DPS tends to increase the thermo-hygral spalling risk.
The DPS also influences permeability of concrete. Increased DPS decreases the
permeability and vice versa. In practice, the DPS of indoor concrete elements
decreases as concrete ages, and consequently, explosive spalling risk decreases.
However, this is not the case for other situations where concrete elements are

exposed to natural environment, such as tunnels and offshore structures.
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Heating rate: A high heating rate tends to result in an early spalling of concrete
characterized by progressive scaling-off. The extent of thermo-hygral spalling of
concrete specimens when subjected to a high heating rate is normally higher than
when subjected to a low heating rate. But it is not the case for ultra high
performance concrete (UHPC) with extremely low permeability. For UHPC
specimens under a low heating rate, one-off explosive spalling may occur which
completely disintegrates the specimens. Under a low heating rate, it takes a long
time for one specimen to reach the critical spalling temperature. By the time when
the critical spalling temperature is reached in the shallow region, moisture has been
driven into the core region. The core region thus has adequate moisture to build up
large pressure. When the critical temperature is reached, spalling initiates at the

core region of the specimen.

Section dimension: The risk of thermo-hygral spalling increases with the specimen
dimension. This is due to the fact that it takes a longer time for the trapped moisture
to evacuate for a thicker specimen. The dimensions of concrete elements used in
practice are large. Hence, it is more realistic to use full-scale specimens to evaluate

thermo-hygral spalling risk of concrete than lab scale samples.

Aggregate: Using flint as the aggregate of concrete induces aggregate spalling. This
aggregate spalling results from thermal instability of flint, which is due to high
vapor pressure that builds up inside the laminar microstructure of flint (Xing et al.

2011). So this type of spalling is categorized as thermo-hygral spalling.

e Protective measures

The protective measures to mitigate thermo-hygral spalling with their
disadvantages are presented in Table 5.3. Based on the influencing factors,
adequate measures can be taken to minimize thermo-hygral spalling. There is little

flexibility to change DPF and section dimensions. But concrete permeability,
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heating rate, and aggregate type are within the control of engineers. It should be
noted that although increasing concrete permeability reduces explosive spalling risk,
it is adverse to durability of concrete. Therefore, a balanced approach is needed

between spalling resistance and durability when undertaking concrete mix design.

Table 5.3 Solutions for preventing different types of thermal spalling*

Type of

. Methods Protective measures Deficiency
thermal spalling

Add PP fibers, PVA Compromise in

fibers, jute fibers, durability;
raw rice husk, disposable and poor
Increase air-entraining agent etc. resilience.
permeability Compromise in
Thermo-hygral Use no or less silica fume. durability; limited
spalling application.
Reduce Costly; may lead to

heating rate Adopt thermal barrier. spalling in deep

sections.
Selection No flints or other similar
of aggregate aggregates.
. Icar r
Selection Use_ caica eous_ ggg egate .
instead of siliceous Restrictive.
of aggregate
aggregate.
Decrease
. i . Decr I level. ly.
Thermo rrl?chamcm initial stress ecrease load leve Cost Yy
spalling
Lower the )
Adopt thermal barrier. Costly.
temperature
Overcome .
. Add steel fibers. Costly.
brittleness
Selection Avoid use of calcareous L.
Restrictive.
of aggregate aggregate.
. Limit the . )
Thermo-chemical Avoid excessive cement
spalling amount amount
of cement '
Lower the )
Adopt thermal barrier. Costly.
temperature
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* Only passive protective measures are given; active protective measures such as

fire suppression system are not covered in this thesis.

5.4.2 Thermo-mechanical spalling

e Mechanism

A schematic description of thermo-mechanical spalling in concrete is presented in
Fig. 5.5. When a concrete member is under fire, thermal stress develops inside the
concrete due to temperature gradients across the member section and restrained
thermal expansion. Therefore, the exterior surface layer of concrete is in a triaxial
tension-compression-compression stress state. At first, restrained thermal
dilation-induced compressive stress on exterior surface layer is the largest and
increases with temperature. When the exterior surface concrete layer reaches its
ultimate capacity, the peak of compressive stress profile moves inwards and acts on
adjacent interior layer. This process repeats itself until the peak of compressive
stress profile moves inwards to the interface between the concrete cover and the
core. As shown in Fig. 5.5, a point at the interface is subjected to axial compressive
stress o4, Circumferential compressive stress o¢c and tensile stress normal to the
interface between the concrete cover and the core ot,. The tensile stress arises
partly from thermal gradient-induced tensile stress, and partly from tensile stress set
up at the cover-core interface due to confined effect provided by hoops. When the
tensile stress reaches a critical value, approximately vertical cracks will form
between concrete cover and concrete core. Interface cracking in itself is not
sufficient for concrete cover to break away from the core. Inspection of concrete
columns after fire tests conducted by Bailey (2002) showed that vertical cracks,
about 50 mm into the column, had formed. This outer layer of concrete, although
not spalled off yet, could be easily removed by hand. Therefore, for
thermo-mechanical spalling to occur, a driving force is required. The driving force
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may be the axial compressive stress exerting on cracked concrete cover, volumetric

expansion of concrete core, or bending in longitudinal reinforcement.
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Fig. 5.5 Schematic representation of thermo-mechanical spalling of a concrete
member
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e Spalling temperature

Two conditions are needed for the occurrence of thermo-mechanical spalling in a
concrete member. The first condition is the formation of longitudinal cracks, and
the second is the driving force to separate the concrete cover from the interior core.
It is difficult to judge when thermo-mechanical spalling occurs in the finite element
model, and in fact currently no numerical model is available to predict the
occurrence of this type of spalling. A simplified method is proposed here to predict

roughly the spalling temperature.

The compressive stress in concrete at service condition is typically in the range of
0.1f.-0.3f.. The maximum recorded compressive stresses in concrete with an initial
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stress of 0.1f. and 0.3f; under fully restrained condition are 0.63f. and 0.75f,
respectively, upon heating to 800 <C (RILEM 2007). Knowing that the compressive
stress in heated concrete with no restraint is in the range of 0.1f.-0.3f, it is
reasonable to assume that the peak compressive stress in heated concrete under
realistic restraint condition is in the range of 0.5f; and 0.7f.. The compressive
strength reduction factor k¢(T) specified in Eurocode 2 is adopted to account for the
deterioration in compressive strength of concrete. It is believed that spalling tends
to occur when the concrete cover reaches its compressive strength and enters
post-peak stage. Then the concrete temperature at the cover-core interface would be
roughly in the range between Ttus; (430 C) and Trus,y (660 <C) as shown in Fig.

5.6, if thermo-mechanical spalling were to occur.
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Fig. 5.6 Thermo-mechanical spalling temperature range

Thermo-mechanical spalling, if occurs in a fire, will occur at the intermediate or
later stage of the fire. So it also reduces fire resistance of concrete members. But
the negative influence of thermo-mechanical spalling on fire resistance of concrete

members is smaller that of thermo-hygral spalling.

e Spalling pattern

Thermo-mechanical spalling of concrete occurs in the form of cover spalling or
corner spalling. It is not explosive although popping sounds from the formation of

longitudinal cracks can be alarming.
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e Influencing factors

Aggregate: Concrete with siliceous aggregate is more susceptible to
thermo-mechanical spalling than concrete with calcareous aggregate, since thermal
expansion of siliceous concrete is larger than calcareous concrete and strength
degradation of siliceous concrete is more severe than calcareous concrete (EN

2004).

Load level: Increasing load level tends to increase the severity of

thermo-mechanical spalling, and vice versa.

DOR: Increasing DOR tends to increase the severity of thermo-mechanical spalling,

and vice versa.

Exposure temperature level: Limit the temperature below potential threshold

temperature for thermo-mechanical spalling can reduce spalling risk to a minimum.

Brittleness: Good ductility of concrete materials at high temperature reduces
thermo-mechanical spalling risk, since fiber bridging action can maintain integrity
after the formation of longitudinal cracks in concrete elements. Also the existence
of fibers can delay the formation of longitudinal cracks. Keeping the concrete cover
attached to the concrete core after crack formation is beneficial for fire resistance of
structural members. Although the surface concrete layer contributes little to bearing
capacity, it protects longitudinal reinforcement from directly exposing to fire and

increases fire resistance of the member.

e Protective measures

The protective measures to mitigate thermo-mechanical spalling and their
disadvantages are presented in Table 5.3. Based on the factors influencing

thermo-mechanical spalling, using calcareous aggregate instead of siliceous
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aggregate, decreasing load level, adopting fire-proof coating and adding steel fibers

can combat thermo-mechanical spalling.

5.4.3 Thermo-chemical spalling

e Mechanism

There are two types of thermo-chemical spalling, viz. sloughing-off spalling at
extremely high temperature, and post-cooling spalling after exposure to very high
temperature. Both types of spalling are related to breakdown of calcium hydroxide,
calcium-silicate-hydrates, calcareous aggregate etc. Internal cracking due to
different thermal expansion of aggregate and cement-based paste could be one
important condition to initiate thermo-chemical spalling. In addition, for
sloughing-off spalling, significant destruction in aggregate-cement bond is also an
important factor. Rehydration of calcium oxide (44% increase in volume) is
believed to be the main cause of post-cooling spalling of concrete (Annerel and
Taerwe 2009). So far, the knowledge of detailed post-cooling spalling mechanism
is rather limited. But it reduces service life of concrete buildings, and could even
lead to collapse of concrete buildings. Therefore, it is necessary to delve deeper

into post-cooling spalling mechanism of concrete.
e Spalling temperature

Decomposition of calcium carbonate typically occurs between 700 <C and 900 <C
(Chen et al. 2009). In the experiment conducted by Xing et al. (2011), post-cooling
spalling occurred in concrete cylinders after heating to 750 <C. Thus, it is assumed
that the threshold temperature T1cs for thermo-chemical spalling is about 750 <C
(Fig. 5.7). When the temperature of concrete exceeds Trcst, thermo-chemical

spalling is likely to occur, especially for calcareous concrete.
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Thermo-chemical spalling tends to occur at the later stage of a fire or after a fire.
The negative influence of themo-chemical spalling on fire resistance of concrete
members is very limited. However, the negative influence of themo-chemical
spalling on residual load-bearing capacity of concrete members after a fire can be

signifcant and therefore cannot be neglected.

heating -, !
‘ > Decomposmorl\of CSH phases | Thermo-chemical spalling
: o g c g | )
2|0 C 10|0 C 20|0 C 30|0 C 40|0 C 5(10 T 600C 700C | 80|0"C 900C
|
N ) L J
Drying Dissociation of calcium hydroxide Decarbonation

Fig. 5.7 Thermo-chemical spalling temperature range

e Spalling pattern

Thermo-chemical spalling of concrete occurs in the form of gentle sloughing-off.
Although post-cooling spalling is not explosive, if neglected, it could possibly lead
to unexpected failure of concrete structures. Therefore, assessment of fire-damaged

concrete must include evaluation of post-cooling spalling risk.
e Influencing factors

Calcareous aggregate: Decomposition of calcareous aggregate generates calcium
oxide. Rehydration of calcium oxide with subsequent volumetric expansion is

believed to be the main cause for post-cooling spalling.

Cement content: Dehydration of calcium hydroxide generates calcium oxide, so it is

not recommended to use excessive cement in a unit volume of concrete.

Exposure temperature level: Limiting the temperature to below 750 <C can reduce

thermo-chemical spalling risk to a minimum.

e Protective measures
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Table 5.3 presents the protective measures to mitigate thermo-chemical spalling
and their disadvantages. Based on the influencing factors, avoiding using
calcareous aggregate, limiting cement content and using fire-proof coating can

mitigate thermo-chemical spalling.

5.5 Discussion

Behavior  of  structural concrete under fire is a  coupled
thermo-hygro-chemo-mechanical problem. There is interaction between
thermo-hygral, thermo-mechanical, and thermo-chemical spalling. Under the effect
of applied stress, there is a small decrease in permeability up to a certain threshold
level. When the threshold stress is exceeded, there will be a significant increase in
concrete permeability (Hoseini et al. 2009). Therefore, mechanical damage induced
by external load is beneficial to mitigate thermo-hygral spalling. Thermo-hygral
spalling reduces cross-section area and increases eccentricity of loading, which
tends to induce thermo-mechanical spalling. Damage induced by internal pore
pressure and external load increases thermo-chemical spalling risk. Previous
research work focuses more on spalling of unstressed concrete members, and much
less is done on spalling of stressed or restrained concrete. Thermo-hygral spalling
and thermo-mechanical spalling are commonly mistaken as the same type of
spalling. Future research should be conducted on spalling in stressed or restrained
concrete members, since results from unstressed spalling tests can be misleading

and impractical.

Current codes of practice only prescribe some measures against thermo-hygral
spalling of concrete. But no measures are given to combat thermo-mechanical
spalling and thermo-chemical spalling. Multiple defense lines against fire-induced
material deterioration (strength deterioration and three types of spalling) can be
used in engineering. For example, hybrid PP and steel fibers can be used in UHPC

columns to minimize thermo-hygral spalling and thermo-mechanical spalling.
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Fire-proof coating and hybrid PP and steel fibers can be used simultaneously in
UHPC tunnel linings, considering much more intense hydrocarbon fire scenarios

and economic loss as a result of failure of a tunnel.

5.6 Summary

This chapter presents a new perspective on fire-induced spalling in concrete. The

main conclusions are summarized as follows.

e There are three types of fire-induced concrete spalling depending on the
mechanisms, viz., thermo-hygral, thermo-mechanical, and thermo-chemical
spalling.

e Thermo-hygral spalling is induced by moisture clogging and pore pressure
buildup inside heated concrete. It typically occurs within 220 <C and 320 <C
(concrete temperature at the spalled location).

e Thermo-mechanical spalling is caused by applied stress and restraint-induced
thermal stress in heated concrete. It typically occurs within 430 <C and 660 <C
(concrete temperature at the spalled location).

e Thermo-chemical spalling is related to decomposition of hydrated products and
calcite, and rehydration of calcium oxide. It typically occurs at or after
temperature greater than 750 <C (concrete temperature at the spalled location).

e There is strong interaction among these three types of spalling. There is a lack
of research work on spalling behavior of stressed or restrained concrete
specimens, especially on full-scale structural members. Test results on stressed
or restrained concrete is much more useful for designing structural concrete
against thermal spalling.

e There is a lack of research work on post-cooling spalling, although it is a
potential threat to post-fire performance of concrete structures.

e Current codes of practice only recommend protective measures against

thermo-hygral spalling. Countermeasures against these three types of spalling
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are presented in this chapter. The concept of “multiple defense line against
fire-induced concrete spalling” is introduced for the highest level of protection.
e Future predictive tools aiming to assess spalling risk and to determine spalling

extent should consider all three types of spalling and interactions among them.
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CHAPTER 6. THERMO-HYGRAL SPALLING

RESISTANCE OF DFRCC

6.1 Introduction

The previous chapter advanced a unified fire-induced concrete spalling theory, in
which fire spalling of concrete is categorized into three types based on distinct
driving mechanisms. They are thermo-hygral spalling, thermo-mechanical spalling,
and thermal-chemical spalling, respectively. Among them, thermo-hygral spalling
reduces load-bearing capacity of concrete members in the early stage of a fire,
making it one of the most detrimental problems for concrete in fire condition. This
chapter presents an experimental program to assess thermo-hygral spalling
resistance of DFRCC and the role of hybrid fibers in resisting thermo-hygral
spalling. Thermo-hygral spalling resistance was evaluated by conducting 1D
spalling tests. To gain an in-depth insight into the role of PVA fibers to mitigate
thermo-hygral spalling, hot permeability measurements, microstructure analysis,

and Energy Dispersive X-Ray (EDX) analyses were conducted.

6.2 Materials and method

6.2.1 Materials

Two mixes were prepared in this study. One was the optimized DFRCC mix
developed in Chapter 3 (i.e., mix M6 in Table 3.5), and the other was cementitious
mortar. The optimized DFRCC and mortar mixes are given in Table 6.1. The
DFRCC matrix has the same composition as the mortar. However, the DFRCC

incorporates PVA and steel fibers. This is to study the roles of fibers, especially
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PVA fibers, in resisting thermo-hygral spalling by comparing the behaviors of

DFRCC and mortar under elevated temperature.

Table 6.1 Mix Proportions of DFRCC and mortar*

Mix name Cement Fly ash Sand Water PVA fiber Steel fiber Superplasticizer
DFRCC 1 1.22 1 062 1.50% 0.50% 0.011
Mortar 1 1.22 1 0.62 - - 0.011

* Content of fibers is written as volume fraction of the mixture, while all the other ingredients are
written as weight proportion of cement.

The preparation of the DFRCC and the mortar follows a similar procedure specified
in Section 3.2.3.

6.2.2 1D spalling test

For 1D spalling tests, two 200mm>200mm>140mm block specimens were used.
One was made of DFRCC, and the other was prepared using the mortar. The 1D
spalling test setup is shown in Fig. 6.1. Both moisture transfer and heat transfer
were confined in the thickness direction of the specimen block. To ensure 1D
moisture transfer, high-temperature silicone was applied on four faces of the block
followed by copper foil wrapping. To ensure 1D heat transfer, the block was
wrapped with rock wool on four faces (see Fig. 6.1). The specimen was then placed
on the furnace opening with the interior face exposed to heating and the exterior
face to ambient environment. A perforated steel cage was attached inside the
furnace to keep the spalled debris from damaging the electric furnace. The applied
heating curve followed the 1SO 834 standard fire curve up to 600 <C (Han and Lin
2004). Then this temperature was kept constant and the heating duration was set to
2.5 hours so that explosive spalling, if occurred, would take place in this duration.
Type K thermocouples were embedded in the center of the block specimen at a
depth of 10, 20, 30, 40 and 50mm from the interior heated face. The tests were

conducted on the specimens after air curing in laboratory for 56 days.
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(a) View of test setup (b) Sketchup of 1D spalling test

Fig. 6.1 1D spalling test setup

6.2.3 Thermal property test

Thermal conductivity, heat capacity and thermal diffusivity of SHCC and mortar
were measured using a Hot Disk TPS 2500S thermal constant analyzer. This
equipment uses a transient plane source (TPS) technique to measure thermal
properties of materials (Kodur and Khaliq 2010). A flat source Kapton sensor was
placed between one pair of disk specimens as shown in Fig. 6.2. Then a constant
heating power was applied, the temperature in the sensor rose and heat flowing
started in the specimen. Thermal conductivity, heat capacity, and thermal
diffusivity were analyzed and recorded by the data acquisition system. Three pairs
of cylinder specimens ($150 mm > 40 mm) were prepared for measuring thermal

properties of DFRCC and mortar, respectively.
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(a) Kapton sensor being placed (b) Kapton sensor in position ready for

between two specimens testing

Fig. 6.2 Senor positioning before thermal property measurement

6.2.4 Water porosity test

The evolution of water porosity is studied to understand the role of PVA fibers.
Cube specimens with an edge length of 50 mm were prepared for water porosity
test. To remove the influence of moisture, all the specimens were dried at 105 <C
until constant mass was achieved. Porosity was measured after exposure to 105,
150, 200, 250, and 300 T, since thermo-hygral spalling most likely occurs within
this range of temperature. The samples were heated to these target temperature
levels at 1 <C/min, and the heating was not stopped until the masses of the
samples became constant. Porosities of samples were calculated according to
ASTM C642 (2013) via Eqgn. (6.1), where mgyy 7 is the sample mass heated under a
constant target temperature T to constant mass (measured after cooling), Msac 1 IS
the heated sample mass saturated with water and V is the sample volume

calculated by measuring sample dimensions with a Vernier scale.

m -m
p:%‘mxloo% (6.1)
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6.2.5 Hot permeability test

Apparent permeability was measured according to the Cembureau method, which
is easy to operate and reasonably accurate (Kollek 1989). The test device and
experimental setup for measuring high-temperature permeability of DFRCC are
shown in Fig. 6.3 and Fig. 6.4. Cylinder specimens with a height of 40mm and a
diameter of 150mm were prepared for initial and residual permeability tests. The
hot permeability tests were conducted after the specimens were cured for at least
90 days. The test specimen was placed inside the pipe segment which was
sandwiched in between the upper lid and the lower lid. Bolts and nuts were used
to assemble and tighten the upper lid, lower lid and pipe segment.
High-temperature sealant was used to seal the gaps between the test specimen and
the lids in case that air flow escaped from the gaps and did not penetrate into the
specimen. There is one leakage hole in both the upper and lower lids. The purpose
of these two openings is to check leakage conditions at ambient temperature. After
confirming that there is no leakage, the upper lid is connected to a compressor
through a steel tube, and the lower lid is connected to an air bubble counter

through a steel tube.
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Fig. 6.3 Sectional view of test device for measuring hot permeability

Fig. 6.4 Hot permeability setup
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The apparent permeability value was calculated according to Darcy’s law as

modified by the Hagen-Poiseuille relation (Galléand Sercombe 2001):

K, _Q _2ulpyy (6.2)

where Kk, is the apparent permeability, Q is the gas flow rate, A is the specimen
cross-sectional area, p; is the inlet pressure, pam IS the outlet pressure equal to
atmospheric pressure, L is the length of a specimen, Lis the dynamic viscosity of

the gas used.

Viscous flow and slip flow occur during gas percolation through a tight porous
media. When the average pore diameter is large compared to the mean free path of
gas molecules (average distance between collision), viscous flow plays a major role.
However, when the average pore size is of the same order of magnitude as the mean
free path of gas molecules, slip flow cannot be neglected (Sun et al. 2015). The
mean free path of gas molecules is influenced by pressure levels. Therefore, the gas
transport and the measured permeability value are dependent on pressure levels.
Klinkenberg proposed a correction factor to take account of the influence of
pressure (Klinkenberg 1941). Consequently, the relation between apparent

permeability and intrinsic permeability can be written in the following form:

k, =k, [1+ l) (6.3)

m

where k., is the intrinsic permeability when the mean pressure p, approaches

infinity, b is the Klinkenberg constant, and p, =(p; + p,y)/2 is the average

value of the inlet and outlet pressures on the two sides of the specimen.

Test procedure for measuring the hot permeability of DFRCC and mortar

specimens is presented in Fig. 6.5. Permeability was first measured at ambient
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temperature. To remove the influence of moisture, all the specimens were dried at
105 <C until constant in mass. Permeability was measured at temperature levels of
105, 150, 200, 250, and 300 <C, since thermo-hygral spalling most likely occurs
within this range of temperature. The heating rate was set to be 1 <T/min to
minimize temperature gradients and thermal stresses developing inside the
specimen. After reaching the prescribed temperature level, the temperature was
kept constant for two hours to reach an isothermal steady state. At temperature
levels lower than 200 <C, three different pressure levels (9 bar, 6 bar, and 3 bar)
were applied to calculate intrinsic permeability. For higher temperature levels,
lower pressure levels (5 bar, 4 bar and 3 bar) were adopted so that gas flow rate was
measurable and good tightness was maintained. One complete measurement at one
temperature level took about 18 to 36 hours. This was to remove the influence of
dehydrated water released from the specimen on the permeability. The air volume
coming from the outlet pipe was measured every 60 min. Permeability at one
temperature level was finalized when the air flow rate became steady, i.e. when

three consecutive readings were constant.
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Fig. 6.5 Procedure for measuring hot permeability

6.2.6 Microstructure

To study the behavior of fibers and fiber/matrix interaction before and after melting
of PVA fibers, observations were made on one polished DFRCC sample that was
subjected to elevated temperature levels (30, 105, 150, 200, 250, and 300 <C) viaa
Field Emission Scanning Electron Microscope (FE-SEM). The same heating rate of

1 <C/min used for porosity and permeability tests was also adopted here.

To study where the melted PVA fibers have gone, i.e. (a) left in the fiber channel
bed, (b) partially attached to the channel wall and partially penetrated to
neighboring matrix around the channel or (c) simply diffused into the matrix,
Energy Dispersive X-ray (EDX) was used to track the location of melted products

of PVA fibers.
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6.3 Results and discussion

6.3.1 1D spalling test

The temperature evolutions of mortar and DFRCC specimens at different distances
from the interior heated surface are given in Fig. 6.6 and Fig. 6.7, respectively. The
thermocouples embedded at 50 mm from the heated surface for both specimens
were damaged prior to testing, and the thermocouple to measure the fire
temperature for the mortar specimen was also damaged during the spalling test, as
seen in Fig. 6.6. For both specimens, as expected, the temperature at 10 mm away
from the heated face was the largest, followed by recorded temperatures at 20, 30
and 40mm from the interior heated face. What was distinctive between these two
specimens was that the mortar specimen suffered thermo-hygral spalling during
heating. In contrast, the DFRCC specimen did not spall at all during the process.
Progressive spalling of the mortar specimen was accompanied by a series of
popping sounds. The first popping sound was heard at about 8th min of heating and
the last at 130th min. It was interesting to observe that after each popping sound
there was a decrease of temperature and then an increase in temperature, as
indicated in Fig. 6.6. This phenomenon was possibly induced by the “moisture clog”
inside the mortar specimen. The condensed liquid water near the spalling region
was transformed to superheated vapor fairly quickly (Fig. 6.8), which consumed a
lot of heat. This led to a temporary decrease in the temperature of the specimen.
Upon further heating and with parts of the fire-exposed surface spalled off,

temperature of the specimen quickly bounced back and continued increasing.

114



CHAPTER 6

THERMO-HYGRAL SPALLING RESISTANCE OF DFRCC

800

700

600

[4)]
o
o

Temperature(” C)
B
o
o

Progressive spalling

- <‘rv .

'Y

o

200
100
0U 20 60 80 100 120 140
Time(mins)

Target heating curve
10mm

20mm

30mm

40mm

Actual heating curve
1ISO834 fire curve

Fig. 6.6 Temperature evolutions of mortar specimen at different distances from the

800

heated face

700}

600

w
o
o

Temperature(” )

200

3
e

&~
(=]
o

20

60 80
Time(mins)

100 120 140

Target heating curve
10mm

20mm

30mm

40mm

Actual heating curve
1SO834 fire curve
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Fig. 6.8 Vaporization of liquid water near the spalled surface

Fig. 6.9(a)-(d) plot the comparisons between temperature evolutions of mortar and
DFRCC specimens at different distances from fire-exposed surface. At 10 mm, the
temperatures of both specimens were almost the same before the occurrence of first
spalling as shown in Fig. 6.9(a). This is due to similar values of thermal diffusivity
of mortar and SHCC which governs heat conduction inside the specimens. Thermal
conductivities, volumetric heat capacities and thermal diffusivities of mortar and
SHCC measured by TPS2500S hot disk device are listed in Table 6.2. After the first
spalling, the temperature of mortar specimen rose sharply, increasing the
temperature difference between mortar and DFRCC specimens. Until about 60 min
after heating, the temperature increase of mortar specimen became small and the
temperature difference between mortar specimen and DFRCC specimen gradually
decreased with time. At the end of heating, the temperature difference at 10mm was
71 <C. Similarly, at 20, 30 and 40mm, the temperatures of both specimens were
almost the same before the occurrence of first spalling. After the first spalling, the
temperatures of mortar specimen at these three locations rose sharply. For mortar
specimens, there was a temperature plateau at about 100 <C. However, for DFRCC
specimens no obvious temperature plateau was observed. At 20 mm, the
temperature plateau in the mortar specimen lasted for only 2 min as shown in Fig.
6.9(b). At 30 mm and 40 mm, the temperature plateau lasted about 9 min as shown

in Fig. 6.9(c)-(d). This temperature plateau was caused by latent heat due to phase
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change of water from liquid to vapor at about 100 <C inside the mortar specimen,
which was beneficial in delaying the temperature rise. Subsequently, the
temperatures at 20, 30 and 40mm from the heated face increased rapidly, enlarging
the difference in temperature between the mortar and the DFRCC specimens. At the
end of heating, the temperature differences at 20, 30 and 40mm were 136, 177 and

153 <C, respectively.
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Fig. 6.9 Temperature evolutions of DFRCC specimen and mortar specimen at
different distances from fire-exposed surface
The mortar and DFRCC specimens after the spalling tests are shown in Fig. 6.10(a)
and (b). It can be seen that a large portion of mortar block spalled off, while DFRCC
specimen remained intact. Fig. 6.11 shows the spalling depth contour of mortar
specimen. The spalling depths were measured at intervals of 25 mm and from this

result the spalling depth contour was plotted. A further visual inspection of the
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mortar block showed that two criss-crossing cracks penetrated the specimen depth.
This test showed that spalling can lead to a rapid temperature increase and
consequently an earlier failure. The hybrid PVA and steel fibers were effective in
preventing thermo-hygral spalling of the DFRCC specimen under thermal exposure.
It is because DFRCC has a larger hot permeability than mortar as evidenced by the
hot permeability results in Section 6.3.3. Large permeability facilitated the release
of vapor pressure inside the DFRCC specimen and at the same time mitigated the

development of peak pore pressure.

Table 6.2 Thermal properties of Mortar and SHCC

. The”‘?a! Thermal diffusivity Volumetric heat capacity
Material conductivity (mm?fs) (MIMK)
(W/mK)
Mortar 1.60 0.83 1.93
SHCC 1.38 0.82 1.68

A i Nl e
(a) Mortar specimen (b) DFRCC specimen
Fig. 6.10 Mortar specimen and DFRCC specimen after spalling tests
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Fig. 6.11 Spalling depth contour of mortar specimen

6.3.2 Water porosity

Porosity values of DFRCC and mortar are displayed on Fig. 6.12 as a function of
temperature. As expected, water porosities of DFRCC and mortar increase with
temperature. This porosity increase is mainly caused by dehydration of
cementitious matrix. However, it is noted that the initial porosity of DFRCC
(23.4%) is larger than that of mortar (21.9%). This is due to air voids induced by
addition of a large volume of fibers (2% volume) in DFRCC. After exposed to
300 <C, the porosity of DFRCC becomes 27.8% and the porosity of mortar
becomes 26.0%. The porosities of DFRCC and mortar increase by 4.4% and 4.1%,
respectively. The melting point of PVA fibers is about 240 <C as shown in
differential scanning calorimetry (DSC) in Fig. 6.13. This means PVA fibers in
DFRCC melt after exposure to 300 <C. However, there is little difference in
porosity increases for DFRCC and mortar. Hence, the melted products from PVA
fibers still remain inside DFRCC, which is corroborated by the TG result of PVA
fiber as shown in Fig. 6.13. TG and DSC results were performed with a constant

heating rate of 1<C/min in nitrogen flow (20mL/min).
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Fig. 6.13 TG and DSC results of PVA fiber

6.3.3 Hot permeability

Fig. 6.14 shows the intrinsic permeability values of DFRCC and mortar versus
temperature. Each point in the figure represents the average permeability value
measured from three specimens of the same mix. The intrinsic permeability is
calculated based on the Klinkenberg relationship described in Section 6.2.5. As an
illustration, Fig. 6.15 shows the evaluation of intrinsic permeability of DFRCC at
200 <C from the apparent permeability values at three different pressure levels.
Intrinsic permeability values of mortar at 250 <C and 300 <C are not shown in the

figure. This is because the pressure level could not be maintained during the
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measurement. After cooling down, micro-cracks were visible on the surface of the
mortar specimen as shown in Fig. 6.16. Therefore, the apparent permeability

values of mortar at 250 <C and 300 <C could not be measured using current testing

method.
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Fig. 6.14 Intrinsic permeability values of DFRCC and mortar versus temperature
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Fig. 6.15 Evaluation of intrinsic permeability of DFRCC at 200 <C based on
Klinkenberg method
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Fig. 6.16 Micro-cracks on the surface of a mortar specimen

As shown in Fig. 6.14, permeability values of DFRCC and mortar at 105 <C
remain almost the same as those at ambient temperature. But the permeability of
DFRCC at ambient temperature is larger than that of mortar at ambient
temperature. This is probably caused by addition of 2% volume of fibers, since
DFRCC has a higher porosity than mortar as shown in Fig. 6.12. Meanwhile, it is
noted that the initial porosity of DFRCC (23.4%) is 1.5% more than that of mortar
(21.9%), while the initial permeability of DFRCC (8.51e-18 m?) is more than two
times the initial permeability of mortar (3.39e-18 m?). Therefore, in addition to total
porosity, pore size distribution also plays an important role in determining

permeability of DFRCC.

At temperature higher than 105 <C, different trends in hot permeability values of
DFRCC and mortar can be observed. From 105 <C to 150 <C, hot permeability of
DFRCC increases by 99.2%, while hot permeability of mortar increases by 30.8%.
From 150 <C to 200 <C, hot permeability of DFRCC increases by about 11 times.
In contrast, hot permeability of mortar increases by only 47.1%. According to the
DSC result of PVA fiber shown in Fig. 6.13, the melting point of PVA fiber is
about 240 <C. It means a large increase in permeability of DFRCC occurs before

PVA fibers actually melt. Previous work concluded that explosive spalling of
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DFRCC was reduced due to melting of PVA fibers (Sahmaran et al. 2010).
However, from the hot permeability test results, it can be concluded that factors

other than melting of PVA fibers contribute to combat explosive spalling.

According to unified fire-induced concrete spalling theory proposed in Chapter 5,
thermo-hygral spalling of concrete tends to occur between 220 <C and 320 <C.
Therefore, the results presented in Section 6.2.2 can be explained by the evolution
of hot permeability with temperature. Before 200 <C, there is a tremendous
increase in hot permeability of DFRCC. In contrast, there is little change in hot
permeability of mortar. In addition to that, the initial permeability of DFRCC is
8.51e-18 m? which is more than twice that of mortar (3.39e-18 m?). Therefore,
the relatively larger initial permeability of DFRCC and the tremendous increase in
its permeability before thermo-hygral spalling temperature range explained why

DFRCC was free from explosive spalling.

6.3.4 Microstructure

Fig. 6.17 shows an SEM image of an unheated DFRCC sample. There was
interfacial transition zone (ITZ) around the PVA fibers, and the thickness of the ITZ
was in a range of 200-600 nm. The I1TZs around PVA fibers accounted for higher
initial porosity and permeability of DFRCC relative to those of mortar as presented
in Section 6.3.2 and 6.3.3. After being heated to 150 <C, a slight increase in the ITZs
around PVA fibers were observed, which accounted for the increase in permeability

of DFRCC from 105 <C to 150 <C.
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Fig. 6.17. SEM image of unheated DFRCC sample (500> magnification)

After heated to 200 <C, shrinkage of PVA fibers was observed as shown in Fig.
6.18(a). In this case, disc-shaped empty spaces formed at the ends of the PVA fibers.
On one hand, these empty spaces served as a ‘reservoir’ to store water vapor; on the
other hand, they contributed to an increase in permeability from 150 <C to 200 <C as
shown in Fig. 6.14. After exposure to 250 <C, melted PVA fibers could still be
found in their original fiber channels, although they could not maintain their
original shape (Fig. 6.18(b)). After exposure to 300 <C, PVA fibers were no longer
in the fiber channels as shown in Fig. 6.18(c). However, residue from melted PVA

fibers was found on the interior of fiber channel walls.
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(b) 250 T
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(c) 300 T

Fig. 6.18. SEM images of DFRCC sample after heated to (a) 200, (b) 250 and (c)
300 €
To find out where melted PVA fibers went after 300 <C, EDX was used on the area
shown in Fig. 6.18(c) to track the element distribution. The chemical structure for
PVA is given in Fig. 6.19. PVA fibers are one source of carbon element in DFRCC.
From the distribution of carbon element, the whereabouts of melted PVA fibers can
be ascertained. Fig. 6.20 presents EDX elementary mapping of carbon
corresponding to Fig. 6.18(c). Fig. 6.21 shows the corresponding EDX curve and
elemental composition. It can be seen from Fig. 6.20 that the carbon element was
well-dispersed in the matrix. High-concentration carbon element was also observed
on the channel walls of fibers as shown in Fig. 6.18(c) and Fig. 6.20. This
high-concentration carbon element was the products of melted PVA fibers. To
confirm whether carbon element in the matrix was from PVA fibers, EDX was used
on a region in a mortar sample (region A) and a region in the DFRCC sample where
no PVA fibers were observed (region B). It was found that PV A fibers were not the
only source of carbon element. The matrix itself also contained carbon element.
And the atomic percentages of carbon element for region A and region B were

approximately the same, 11.9 % and 11.6 %, respectively. Therefore, products of
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melted PVA fibers were attached on walls of PVA fiber channels and did not
diffuse through the matrix. The fiber channels offered connected paths for vapor to
evacuate to the surface of the specimen. It was noted that the relative increase in hot
permeability of DFRCC from 250 <C to 300 <C was not large (Fig. 6.14). This was
reasonable, since a majority of melted products of PVA fibers were still in the fiber

channels as shown by the EDX elemental mapping (Fig. 6.20) and TG curve of

PVA fiber (Fig. 6.13).
b
Y
H OH|n

Fig. 6.19. Chemical structure for PVA

Fiber channel
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Fig. 6.20. EDX elemental mapping of carbon (denoted by black dots)
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Fig. 6.21. EDX curve and elemental composition for the area shown in Fig.

6.18(C)

Re-examining SEM images of the DFRCC sample before and after heating to a
target temperature (Fig. 6.17-Fig. 6.18) showed that there was no micro-crack
around the perimeter of PVA fibers. Similar findings were observed around other
PVA fibers in the sample. They were not shown here due to page limitation. Thus,
clearly, thermal incompatibility between the PVA fibers and the matrix did not

initiate micro-cracks around the fibers.

SEM observations were also made on a steel fiber in DFRCC before and after
heating, as shown in Fig. 6.22(a)-(c). Before heating, no ITZ was found around the
steel fiber (Fig. 6.22(a)). After heated to 200 <C, no obvious change was found
around the steel fiber (Fig. 6.22(a)). Steel fibers had a negligible contribution to the
permeability increase from room temperature to 200 <C as shown in Fig. 6.14. After
heated to 300 <C, micro-cracks were observed around the steel fiber (Fig. 6.22(c)).
This contributed to an increase in permeability of DFRCC at 300 <TC. Still, this
contribution was rather limited considering the great changes in PVA fibers and the
small amount of steel fibers present in the matrix (for every 57 PVA fibers, there
was only 1 steel fiber). Overall, the contribution of steel fibers to the permeability

increase in DFRCC (Fig. 6.14) was negligible. This conclusion was consistent with
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previous experimental results, in which violent spalling was observed in UHPC

with 195kg/m? steel fibers (Klingsch 2014).

(c) 300 T

Fig. 6.22. SEM images of a steel fiber in DFRCC matrix after exposure to (a) 30,
(b) 200, and (c) 300 T
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6.4 Summary

Based on the study in this chapter, the following conclusions can be drawn:

The addition of hybrid PVA and steel fibers is effective in resisting
thermo-hygral spalling. The DFRCC specimen showed good spalling
resistance under fire. In contrast, the mortar specimen suffered progressive

spalling, ending in complete failure even without any mechanical load.

The initial porosity and permeability of DFRCC are larger than those of
mortar. The initial porosity of DFRCC is 23.4%, 1.5% more than that of
mortar. However, the initial permeability of DFRCC is 8.51e-18 m? more
than two times the initial permeability of mortar. A small increase in porosity
can lead to a large increase in permeability. Therefore, in addition to total
porosity, pore size distribution also plays an important role in determining

permeability of DFRCC.

There is little difference in porosity increases for DFRCC and mortar after
exposure to 300 <C. Therefore, a majority of melted products from PVA
fibers are still present inside DFRCC, which is corroborated by the TG result
of PVA fiber.

The permeability values of DFRCC and mortar remain almost unvaried at
105 <C compared to at ambient temperature. However, the permeability of
DFRCC quickly increases beyond 105 <C, especially between 150 <C and
200 <C. In contrast, the permeability of mortar increases slowly up to 200 <C.
Hot permeability of mortar at 200 <T is still of the same order of magnitude as
that of mortar at room temperature. Beyond 200 <C, micro-cracks were
formed inside the mortar specimens, which made the measurements

impractical.
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Permeability of DFRCC quickly increases from 150 <C to 200 <C, before
PVA fibers melt. Melting of PVA fibers does not play a critical role in
reducing thermo-hygral spalling. After PVA fibers have melted, melted
products are attached on fiber channel walls and cannot diffuse into the

matrix.

No microcracks initiated around the perimeter of PVA fibers up to 300 <C.
Increased ITZs around PVA fibers and voids formed at two ends of the fibers
contribute to permeability increase in DFRCC, consequently spalling-free

performance.
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CHAPTER 7. MODELING THERMO-HYGRAL

SPALLING OF CONCRETE AT HIGH

TEMPERATURE

7.1 Introduction

As mentioned in CHAPTER 6, thermo-hygral spalling, often referred to as
explosive spalling, is probably the most serious threat to safety of concrete
structures under accidental fire conditions among the three types of thermal
spalling, since it occurs in the very early stage of a fire. This is especially true for
HPC and UHPC where spalling results in a rapid reduction of concrete section and
exposes deeper layers of concrete to fire. In worse scenarios, thermo-hygral
spalling exposes the rebars in the concrete directly to fire, leading to a premature
failure of structural members. As HPC and UHPC are becoming more and more
popular in construction, there is an urgent need to assess their thermo-hygral
spalling risk. Relying solely on experimental method obviously goes against the
increasing demand on performance-based approach to fire safety design of
concrete structures. Hence, developing numerical methods to assess thermo-hygral

spalling of concrete is urgently needed.

As reviewed in Section 2.4, many research efforts have been devoted to developing
mathematical models for predicting thermo-hygral spalling of concrete under fire.
However, some of the aforementioned models require complex material parameters,
which are even more challenging to be measured experimentally. Besides, some
models have not even been validated against experimental results. Therefore, other
than experimental spalling tests, there is still a lack of reliable and yet simple
models to predict moisture migration, pore pressure buildup, and assess explosive

spalling risk of concrete.
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This chapter presents the development of a simple 1D spalling model to predict
thermo-hygral spalling of concrete based on the work done by Ichikawa and
England (2004). The fundamental differences between the current model and the
model proposed by Ichikawa and England (2004) are summarized as follows. In
their model, liquid water is compressible. However, in the proposed spalling model,
liquid water is assumed to be incompressible, which indicates the degree of
saturation of concrete should not exceed 100% (Gawin et al. 2006). Besides,
permeability and tensile strength of concrete are taken as a function of temperature
in the proposed model, rather than constant values in Ichikawa and England (2004).
The proposed model incorporates the effect of silica fume on proportions of
concrete components and the effect of drying on moisture distribution. Water

release patterns for chemically-bound water in the two models are also different.

The proposed model is then validated against five sets of experimental results: (a)
moisture migration inside NSC; (b) pore pressure buildup inside NSC; (c) pore
pressure buildup inside a HPC containment vessel; (d) pore pressure buildup inside
a HPC slab; and (e) one-time explosive spalling of concrete. From the five
comparison studies, it is shown that the proposed model can predict with reasonable
accuracy moisture migration, pore pressure development, the first occurrence of

spalling and approximated spalling location across the 1D specimens.

The developed 1D spalling model can be used in a wide range of concrete structures,
such as tunnels, cooling towers, walls, slabs and containment vessels, as shown in
Fig. 7.1. It provides an alternative means to assess thermo-hygral spalling risk of
concrete under fire in addition to experimental studies. The numerical method is
cost-effective and time-saving, obviating the need to conduct sophisticated finite
element modeling which requires much more resources and more input parameters
which cannot be measured experimentally. The proposed model can also be used to

customize spalling-free concrete mixes in the preliminary stage of concrete mix
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design. Further efforts are devoted to develop a performance-based spalling risk
assessment method to be incorporated in the framework of performance-based fire

safety design of concrete structures.

hyperbolic cooling tower f

One dimensional <
thermo-hygral |——>

/ ﬁodel

Concrete slab

Fig. 7.1 Applications of 1D thermo-hygral spalling model for concrete

Concrete wall

Concrete
containment vessel

7.2 Numerical modeling

7.2.1 Discretization of model

A 1D numerical model is established to predict moisture transfer and pore pressure
buildup across the concrete section under elevated temperature. To achieve this, the
concrete section is discretized into a finite number of nodes as shown in Fig. 7.2.
Total depth of the 1D concrete section is assumed to be L. Variable x represents the
depth of a section from the fire-exposed side of concrete, with x=0 representing the

fire-exposed face and x=L the unexposed face.
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Concrete section thickness

<\ x=L

B represents a node in the section

Fig. 7.2 Discretization of concrete section

7.2.2 Modeling of concrete components

It is worth noting that concrete is a porous material consisting of unhydrated cement,
hydrated cement, aggregates, chemically-bound water, gel water, free water and
empty pores. The corresponding masses and volumes of aforementioned
components in a unit volume of concrete are determined using the formulas given in
Appendix I. The spalling model proposed by Ichikawa (2000) applies the method
developed by Powers and Brownyard (1946) to calculate the respective guantities
of concrete components. However, the formulas proposed by Powers and
Brownyard (1946) are mainly for cement-based systems. In this study, the formulas
are extended to incorporate cement-silica fume blended systems based on Powers
and Brownyard (1946) and Atlassi (1995). Then the model can be used for
predictions of thermo-hygral spalling behavior of HPC.

7.2.3 Governing equations

When concrete is under fire, heat transfer and moisture migration occur inside

concrete simultaneously. The 1D heat transfer governing equation is given by

o o et
9,8 71
" ax( ax) (7.1)
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where p is concrete density, c is specific heat of concrete, 1 is thermal conductivity

of concrete, T is temperature of concrete and t is time from the start of heating.

Moisture transfer within the concrete section is dominated by two flows, viz.,
diffusion-based flow governed by Fick’s law and pressure-induced flow governed
by Darcy’s law. When concrete is under rapid heating, the diffusion-based flow is
negligible. The change in moisture content should be equal to the sum of changes in
moisture content due to pressure-induced flow and the gain in moisture content due
to dehydration of concrete. Based on conservation of mass of water, the moisture

transfer equation is given by Ichikawa (2000)

om
_mzé(kp_@}é(mgwr+mmr) 72

ot ox| mng, Ox) ot
where M, K, P, prw, 7w, Mgw-r aNd Mew.r represent mass of free water, permeability of
concrete, pressure, density, dynamic viscosity of free water, mass of released gel

water and mass of released chemically-bound water, respectively.

When one face of concrete section is under heating, there are three zones forming
across the depth as shown in Fig. 7.3, namely, dry zone, wet zone, and saturated

Zone.
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Fig. 7.3 lllustration of spalling mechanism of concrete under fire

When the calculated moisture content at a node exceeds the saturated liquid water
content, excess moisture content is driven to adjacent nodes towards the unexposed
side. When the calculated moisture content is negative at a node in the dry zone, the
moisture content is redistributed linearly from the node to heat-exposed node based
on conservation of mass of moisture content. Linear interpolation is used to
determine the moisture content and pore pressure at the location in between two

adjacent nodes.

7.2.4 Initial conditions

A uniform temperature (room temperature) distribution is taken as the initial

condition of heat transfer analysis.

The initial distribution of free water and gel water is determined considering the

effect of environmental conditioning affected by curing age and environmental
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Relative Humidity (RH). Firstly, RHs at different times and at different distances

from x=0 are calculated using Eqn. (7.3) proposed by Parrott (1988).

RH =1—(1—e™)(100—RH,)/100 (7.3)
A=1.42/(d +0.01) (7.4)

where RH, is ambient relative humidity, t is the time (days) after the start of
drying, and d is the depth(mm) from exposed surface.
Then based on the relationship between RH and moisture content (Eqn. (7.5) to Eqgn.

(7.8)) proposed by Jiang and Yuan (2013), the initial relative moisture content

distribution can be determined.

S A, xRH /100 (7.5)
(1- A, xRH /100)(1+ A, x RH /100) '
A, =(2.9142w/ c —2.5849) x T, /1000 —0.1994w/ c +0.1647 (7.6)

A, =(2.907w/ c—1.1446T, /10° +1.5594T,% /10° + 4.4465) / 10° (7.7)

A, = (2.158W/ ¢ —3.2774) xT, /1000—0.3272w/ c +0.3154 (7.8)

where S is the pore water saturation in concrete, w/c is water-to-cement ratio, and

T, IS ambient temperature.

Finally, together with the respective mass of free water and gel water determined in

Section 7.2.2, the initial distributions of free water and gel water can be determined.

Distribution of chemically-bound water is assumed to be uniform inside concrete

and pore pressure distribution is uniform inside concrete and is set to O initially.
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7.2.5 Boundary conditions

For the fire-exposed face, the boundary condition for heat transfer analysis is

—kgzhf (Tf -T

[x=0

)+ 0z (T =Tt (7.9)

For the unexposed face, the boundary condition for heat transfer analysis is

—kﬁ=he(T

~ T )roe (T -1 (7.10)

x=L ~ ‘e

where h¢ and he are the respective heat transfer coefficients of the fire-exposed and
unexposed faces; ¢y and ¢_ are surface emissivities at x=0 and x=L, respectively;
Tix=0 and Tx=_ are temperatures at x=0 and x=L, respectively; ¢ is Stefan-Bolzmann

constant.

For the fire-exposed face, the boundary condition for moisture transfer analysis is

Mo =0 (7.11)
Peeo =0 (7.12)
For the unexposed face, the boundary condition for moisture transfer analysis is
M = APVt (7.13)
Pt =% Popra (7.14)

where ¢ is the RH of the environment at the unexposed face, pgy 1 is the density of
dry saturated water vapor at the temperature of T, V= is the pore volume at x=L,

and psvp Ta IS the saturated vapor pressure at ambient temperature.
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7.2.6 Permeability model

When concrete is under rapid heating, moisture inside the section cannot escape
within a short time. Permeability of concrete is highly influenced by moisture
content of concrete. The initial free water together with released water tends to
reduce the permeability of concrete. A decrease in permeability of concrete has
been observed between 175 <C and 275 <C (Klingsch 2014). The surface cracking
of concrete was observed to occur at about 290 <C (Lin et al. 1996). Cracks
significantly increase the permeability of concrete (Yildirim et al. 2015). Therefore,
the normalized permeability model of concrete as shown in Fig. 7.4 is adopted for
all 5 case studies. The permeability of concrete is constant from room temperature
to 290 <C for simplification. Greathead (1986) showed that permeability of concrete
drying at 400<C increased more than 1000 times relative to that at ambient
temperature. In this proposed model, from 290 <C to critical temperature of water
(374 <C), it is assumed that permeability increases log-linearly to 1000 times of its
initial value. From 374 <C onwards, permeability remains constant. Although
permeability still increases beyond 374 <C, further increasing permeability has little

influence on the pore pressure dissipation. Hence, the assumption is reasonable.

10*

—e— Proposed model

10° -+ - Ichikawa and England (2004)

10%

10'

Relative permeability

10° - - e e e LT

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 7.4 Normalized permeability model
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7.2.7 Water-release pattern

There are three forms of water in concrete m

atrix, i.e. free water, gel water and

chemically-bound water. Gel water and chemically-bound water are released

gradually into concrete pores at elevated temperature as illustrated in Fig. 7.5. The

release of gel water follows the pattern specified by Ichikawa (2000). The release

pattern of chemically-bound water is shown in Fig. 7.6, with different water-release

patterns proposed by different researchers (Hils

dorf 1967, Bazant and Kaplan 1996,

Ichikawa 2000) and experimental data (Tan and Ng 2006). It can be seen that the

proposed water release pattern matches well with the experimental data.

Chemically-bound water

‘ heating completely driven out
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Fig. 7.5 Hllustration of water-release of
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Fig. 7.6 Chemically-bound water release

pattern of concrete at elevated

temperature

7.2.8 Pressure and dynamic viscosity

Pore pressure in the wet zone and saturated zone is calculated using the equation

developed by Saul and Wagner (1987), while that in the dry zone follows the
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equation by Saul and Wagner (1989). The dynamic viscosity of water is calculated

using the equation developed by Sengers (1986).

7.2.9 Spalling criterion

Thermo-hygral spalling of concrete under fire is deemed to occur when the pore
pressure-induced tensile stress exceeds corresponding high-temperature tensile
strength. The pore pressure-induced tensile stress is determined using the following

equation (Ichikawa and England 2004)
o =pp (7.15)

where £ is the scaling factor, taken as 1 in this model (Zeiml et al. 2006).

In this study, tensile strength of concrete is a function of temperature, and
temperature-dependent tensile strength reduction factor in Eurocode 2 (2004) is

adopted into the model.

7.2.10 Flowchart

A simplified flowchart of the spalling model is shown in Fig. 7.7. Firstly, the
concrete section is represented by a finite number of nodes as shown in Fig. 7.2 and
time domain is discretized into a finite number of time steps. Given the fire curve
and thermal properties of concrete, the temperature profiles of concrete section at
different time steps can be determined following Eqn. (7.1). Subsequently, moisture
transfer analysis is conducted. Based on the input of concrete mix design
parameters, concrete density, environmental RH and curing time of concrete, the
initial distribution of moisture is determined. Given the temperature profile across
the section, the amount of released gel water and chemically-bound water can be
determined according to Section 7.2.7. Given the initial pore pressure in Section
7.2.4, the moisture content is updated using Eqn. (7.2). The pore pressure is updated
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following Section 7.2.3. The above steps are repeated for subsequent time steps
until the end of heating. After obtaining the pore pressure profiles of concrete
section at different time steps, tensile stress generated by pore pressure is compared
with temperature-dependent tensile strength of concrete. For a given time step, if
the tensile stress at a certain location exceeds the tensile strength of concrete at that
temperature, explosive spalling is assumed to occur. If throughout heating, the
calculated tensile stress is always below the tensile strength, then there is no

spalling.

Time and space domain
discretization

'

) Heat transfer analysis Input thermal
nput fire | - roperties of
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o ox\ " ox concrete
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Fig. 7.7 Simplified flowchart of spalling model
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7.3 Validation

7.3.1 Moisture migration inside NSC

Van der Heijden et al. (2012) developed a nuclear magnetic resonance (NMR)
set-up to measure the moisture transport in heated NSC. The schematic diagram of
the NMR set-up is shown in Fig. 7.8. One concrete cylinder specimen (80100
mm) was prepared for the study. The specimen was pressed in a PTFE holder so that
moisture transport was one-dimensional. Heat flow was also confined to one
dimension by insulating the specimen using mineral wool. One face of the
cylindrical sample was heated with a radiative heat flux of approximately 12

kW m™. The moisture profiles of the sample were recorded at every 8.5 min.
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O, Co external &

Faraday cage
Fig. 7.8 Schematic diagram of the NMR set-up (after VVan der Heijden et al.
(2012))
The mix proportion of the concrete used in the experiment is given in Table 7.1.
Based on the formulation in Appendix I, the volumetric proportions of different

components of hydrated concrete are shown in Fig. 7.9.
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Table 7.1 Mix proportion of NSC (Van der Heijden et al. 2012)*

CEM1325R 1
Sand (0.125 - 0.250) 0.363
Sand (0.250 - 0.500) 0.62

Sand (0.500 - 1) 0.62

Sand (1 -2) 0.723

Sand (2 - 4) 1.086

gravel (4 - 8mm) 1.754
water 0.5
Water/cement ratio (w/c) 0.5

Aggregate/cement ratio (a/c) 5.166

* Ingredients are expressed as respective weight proportion of cement content.

1.0 pore ——

I free water gel water >

0.8 > hydated cement

 cement - vesdvirsreveres -
® t i
E oaf sl
S i ca0reoate Are
o FE

o0z 04 06 a08 10
Degree of Hydration

Fig. 7.9 Volumetric proportions of components of the NSC given in Table 7.1

The model parameters are summarized in Table 7.2. Based on the concrete age at
testing and environmental RH, moisture distribution along the cylinder height is
determined (Fig. 7.10), which serves as the initial condition of moisture transfer

analysis.

The permeability of concrete is not provided in literature, so it is estimated based on
experience. The principle is that permeability of high performance concrete should
be lower than the permeability of normal strength concrete and permeability of
concrete should be within the measured permeability range in literature. The same

applies to the rest four cases.
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Table 7.2 Model parameters for numerical analysis

Time interval 1s Thermal conductivity 2 Wm'K™
No. of Nodes 25 Specific heat 900 Jkg 'K
Initial Permeability 8.0E-18m? hy 0 Wm?K™
Concrete density 2460 kg/m® he 0 Wm?K*
Concrete age at testing 365 days €0 0.7
Environmental RH 97% &L 0.3

— Free water
2 10 ... Gelwater

(900 0.02 0.04 0.06 0.08 0.10
Distance from hot face (m)

Fig. 7.10 Moisture distribution along the height of the NSC cylinder

Fig. 7.11(a)-(i) compares predicted and measured moisture profiles in the concrete
cylinder at different heating times (8.5 min to 76.5 min at an interval of 8.5 min).
The predicted results capture important features of moisture migration in the
concrete specimen. Moisture in the hot region migrates deep into the cold region
because of pressure-induced flow. As a result, the moisture content in the hot region
decreases gradually as seen from Fig. 7.11(a) to Fig. 7.11(b). When the moisture
content becomes very small, a dry zone forms (Fig. 7.11(b)). The dry zone increases
from 17min to 76.5 min as heating continues (from Fig. 7.11(b) to Fig. 7.11(i)). In
the inner section of the specimen, a saturated zone forms as seen in Fig. 7.11(b)-(i).
The formation of saturated zone is known as a 'moisture clogging' phenomenon
(Harmathy 1965) where the concrete pores are filled with water. The saturated zone
moves towards the unexposed face as heating continues (from Fig. 7.11(b) to Fig.

7.11(i)). The predicted results are in good agreement with the measured results.
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Fig. 7.11 Moisture profiles of the concrete cylinder at different time

7.3.2 Pressure buildup inside NSC

Kalifa et al. (2000) conducted a test to measure pore pressure development inside a

NSC slab at high temperature. The experimental set-up is shown in Fig. 7.12. As

shown in the figure, the NSC slab was subjected to 600 <T on one face and to 20 <C

on the opposite face. The four lateral faces of the slab were insulated with ceramic
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blocks. Five locations (10, 20, 30, 40, and 50 mm from heated face) were installed

with pore pressure gages to record pore pressure time history during heating.
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Fig. 7.12 The experimental set-up (after Kalifa et al. (2000))
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The mix proportion of the concrete used in the experiment is given in Table 7.3.
Based on the formulation in Appendix I, the volumetric proportions of different

components of hydrated concrete are shown in Fig. 7.13.

Table 7.3 Mix proportion of NSC (Kalifa et al. 2000)*

Cement CPJ-CEM 11 32.5 1
Silico-calcareous sand (Seine 0/4 mm) 1.146
Calcareous sand (Boulonnais 0/5 mm) 1.146

Calcareous aggregates (Boulonnais 5/12.5 mm) 1.469
Calcareous aggregates (Boulonnais 12.5/20 mm) 1.469
Water 0.5
Water/cement ratio (w/c) 0.5
Aggregate/cement ratio (a/c) 5.23

* Ingredients are expressed as weight proportion of cement content.
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Fig. 7.13 Volumetric proportions of components of the NSC given in Table 7.3

The model input parameters are summarized in Table 7.4. Moisture distribution

inside the NSC slab is shown in Fig. 7.14.

Table 7.4 Model parameters for numerical analysis

Time interval 1s  Thermal conductivity 2 Wm™K™
No. of Nodes 26 Specific heat 900 Jkg*K™
Initial Permeability 4.0E-18 m? hs 25 Wm?K™*
Concrete density 2400 kg/m?® he 25 Wm2K™
Concrete age at testing 180 days €0 0.25
Environmental RH 80% L 0.39
70
60

o o
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== N 8 B

Fig. 7.14 Moisture distribution along the NSC slab depth

Fig. 7.15(a)-(e) compares predicted and measured pore pressure histories at 10, 20,
30, 40, and 50 mm away from the heated face of the NSC slab. Both the predicted
and measured pore pressures increase to a peak value at first, and then decrease

gradually to a negligible value. In the pre-peak stage, the predicted curves match
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well with measured curves at the five locations. At 10, 20, and 30mm, the predicted
peak pore pressures are slightly lower than the measured results as shown in Fig.
7.15(a)-(c). At 40 and 50 mm, the predicted peak pore pressures are slightly higher
than the test results as shown in Fig. 7.15(d)-(e). The time corresponding to
predicted peak pore pressures matches well with that corresponding to measured
peak pore pressures at the five locations. In the post-peak stage, the predicted peak
pore pressures at 10, 20, 30, and 40 mm are greater than the measured counterparts
in the beginning, and became lower than the measured counterparts later; the
predicted peak pore pressure at 50 mm were greater than the measured pore
pressure all the way. This difference is due to deviations between the actual hot
permeability of concrete and the assumed permeability of concrete in the spalling

model. The agreement between predicted and measured results is reasonably good.
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Fig. 7.15 Measured and predicted pore pressure histories at different depths of
the NSC slab from fire-exposed face
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7.3.3 Pressure buildup inside HPC

e Reactor containment under accident condition

Shekarchi et al. (2003) conducted a test to study the thermo-hygral behavior of HPC
inner wall of a nuclear power station under a severe accident condition. A sketch of
the experimental apparatus is shown in Fig. 7.16. A cylindrical specimen with a
thickness of 1.3 m (the same as in the nuclear containment) was used. The specimen
was vertically put into place, laterally sealed by resin and wrapped with thermal
insulation to ensure 1D moisture migration and heat transfer. One face of the
cylindrical specimen was subjected to severe accident condition. The accident
condition consisted of a linear temperature rise from 20 <C to 200 <C, and a steam
pressure increasing to 13 bars in 24 h. Then the temperature and steam pressure

were maintained for another 24 h before cooling down.
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Fig. 7.16 Sketch of experimental apparatus (after Shekarchi et al. (2003))

The mix proportion of the HPC used in the experiment is given in Table 7.5. Based
on the formulation in Appendix I, the volumetric proportions of different

components of hydrated concrete are shown in Fig. 7.17.
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Table 7.5 Mix proportion of HPC (Shekarchi et al. (2003))*

CEM 11 42.5 cement 1
Calcareous sand 0/5 2.940
Fine gravel 5/12.5 1.195
Gravel 12.5/25 3.064
Calcareous fillers 0.214
Silica fume 0.152
water 0.605
Superplasticizer 0.034
Retarding admixture 0.004
Water/cement ratio (w/c) 0.605
Aggregate/cement ratio (a/c) 7.41
Silica fume/cement ratio (s/c) 0.152

* Ingredients are expressed as weight proportion of cement content.

1.0 pore —

|- free water

o E
L)
bl ad

°80 0z 04 06 o,08 10
Degree of Hydration

Fig. 7.17 Volumetric proportions of components of the HPC given in Table 7.5

In order to simulate Shekarchi et al.’s experiment (Shekarchi et al. 2003), the
cylindrical specimen is represented by a 1D model of length L = 1.3 m. The pressure
at the hot face follows the saturated vapor pressure curve. The model parameters are
summarized in Table 7.6. Moisture distribution inside the HPC slab is shown in Fig.

7.18.
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Table 7.6 Model parameters for numerical analysis

Time interval 60s  Thermal conductivity 2.3 Wm?K™
No. of Nodes 35 Specific heat 900 Jkg'K™
Initial Permeability 1.0E-18 m? ht 60 Wm?K™*
Concrete density 2450 kg/m® he 0 Wm?K™
Concrete age at testing 200 days €0 0.9
Environmental RH 80% L 0.0
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Fig. 7.18 Moisture distribution along the height of the cylindrical specimen

Fig. 7.19 compares measured and predicted pressure distributions in the cylindrical
specimen at 24 h and 48 h. The pressure at the fire-exposed face is the greatest and
decreases with increasing distance x from the fire-exposed face. At the far end, the

pressure is negligible. The predicted results reasonably simulate the test results.

B @ Experiment |
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0.8 : .
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Fig. 7.19 Measured and predicted pressure profiles at 24 h and 48 h
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e Concrete slab under high temperature

Kalifa et al. (2001) measured pore pressure development inside HPC at high
temperature. Two 120-mm thick HPC slabs were prepared for pore pressure
measurements. The same experimental set-up (Fig. 7.12) as described in Section
7.3.2 was adopted. The pore pressure was measured at five locations (10, 20, 30, 40,

and 50 mm from heated face).

The mix proportion of the concrete used in the experiment is given in Table 7.7.
Based on the formulation in Appendix I, the volumetric proportions of different

components of hydrated concrete are shown in Fig. 7.20.

Table 7.7 Mix proportion of HPC (Kalifa et al. 2001)*

Cement CPA CEM |1 52.5 PM CP 1
Silico-calcareous sand (Seine 0/4 mm) 1.058
Calcareous sand (Boulonnais 0/5 mm) 1.041

Calcareous aggregates (Boulonnais 5/12.5 mm) 1.176
Calcareous aggregates (Boulonnais 12.5/20 mm) 1.352
Condensed silica fume 0.1
water 0.3
Superplasticizer Chryso GT 0.033
Water/cement ratio (w/c) 0.3
Aggregate/cement ratio (a/c) 5.23
Silica fume/cement ratio (s/c) 0.1

* Ingredients are expressed as weight proportion of cement content.
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Fig. 7.20 Volumetric proportions of components of the HPC given in Table 7.7
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The model parameters are summarized in Table 7.8. Moisture distribution inside the

HPC slab is shown in Fig. 7.21.

Table 7.8 Model parameters for numerical analysis

Time interval 1s  Thermal conductivity 2.3 Wm™K™
No. of Nodes 26 Specific heat 1000 Jkg'K™
Initial Permeability 6.0E-19 m? hy 25 Wm2K?
Concrete density 2500 kg/m?® he 25 Wm2K™*
Concrete age at testing 90 days €0 0.25
Environmental RH 80% &L 0.3
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Fig. 7.21 Moisture distribution along the HPC slab depth

Fig. 7.22(a)-(e) compares predicted and measured pore pressure histories at 10, 20,
30, 40 and 50 mm away from the heated face of the HPC slab. Both the predicted
and measured pore pressures increase at first at the five locations. When the peak
values are reached, both predicted and measured pore pressures decrease with time.
The predicted peak pore pressures match well with the measured peak pore
pressures at 20, 30, and 40 mm as shown in Fig. 7.22(b)-(d). At 50 mm, the
measured peak pore pressure is much lower than the prediction as shown in Fig.
7.22(e) possibly due to occurrence of micro-cracks around the pressure gage. The
predicted time corresponding to peak pore pressure is also in good agreement with
the actual time for peak pressure except for that at 50 mm. With increasing distance
from the fire-exposed face, the time corresponding to peak pore pressure increases

as can be seen from Fig. 7.22(a) to Fig. 7.22(d). The numerical model in general
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captures well the phenomenon of pore pressure development inside the HPC slabs

under heating.
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Fig. 7.22 Measured and predicted pore pressure histories at different depths of
the HPC slab from fire-exposed face

7.3.4 Prediction of concrete spalling

Ozawa et al. (2012) used acoustic emission method to detect the time of explosive
spalling of concrete. The heating test set-up is shown in Fig. 7.23. A concrete panel
with a thickness of 100 mm was subject to heating at the bottom face. The gas
temperature at the heat-exposed face was increased at a rate of 20 <T/min. A
pressure gage was embedded in the panel at a depth of 8 mm from the heated face to

measure internal pore pressure.
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Fig. 7.23 Heating test set-up (after Ozawa et al. (2012))

The mix proportion of the concrete used in the experiment is given in Table 7.9.
Based on the formulation in Appendix I, the volumetric proportions of different

components of hydrated concrete are shown in Fig. 7.24.

Table 7.9 Mix proportion of concrete (Ozawa et al. 2012)*

Cement 1
Fine aggregate 1.909
Coarse aggregate 2.409
Water 0.3
Admixture 0.05
Water/cement ratio (w/c) 0.3
Aggregate/cement ratio (a/c) 4.32
Compressive strength (MPa) 83.5

* Ingredients are expressed as weight proportion of cement content.

1.0r

0.8}

g I

% 04 aggregate

> T
D2jfiic

O'B.U. . 022. . 04 = IU.é .au. 08 — .1.0
Degree of Hydration

Fig. 7.24 VVolumetric proportions of components of the concrete given in Table 7.9
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The model input parameters are summarized in Table 7.10. The tensile strength of
concrete is estimated to be 1/15 of its compressive strength. Moisture distribution

inside the concrete panel is determined as shown in Fig. 7.25.

Table 7.10 Model parameters for numerical analysis

Time interval 1s  Thermal conductivity 2.2 Wm™K™
No. of Nodes 25 Specific heat 1000 Jkg™K™
Initial Permeability 1.0E-18 m? hs 25 Wm?K™
Concrete density 2480 kg/m?® he 25 Wm2K*
Concrete drying time 118 days €0 0.25
Environmental RH 40% eL 0.3

Tensile strength 5.6 MPa
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~
)

N
o

10
O[,)OO 0.02 0.04 0.06 0.08 0.10
Distance from hot face (m)

Fig. 7.25 Moisture distribution along the concrete panel depth

Fig. 7.26 gives the predicted concrete panel thickness as a function of heating time.
The predicted spalling time and spalling depth of concrete panel are about 41 min
and 8.4 mm, respectively. The predicted pore pressure-induced tensile stress across
the panel depth at the spalling time is plotted together with instantaneous tensile
strength profile of concrete in Fig. 7.27. In the heating test, explosive spalling of
concrete occurred at about 43 min. The spalling depths of the concrete panel were
uneven across the heated face. The minimum spalling depth was 0 mm and the
maximum 12 mm. Fig. 7.28 shows the measured and predicted pore pressure
histories at a depth of 8 mm from the heated face. Both the measured and predicted
pore pressures increase slowly in the first 35 min, and after that, they increased
rapidly to the maximum. At the time of explosive spalling, the measured and the

159



CHAPTER 7 MODELING THERMO-HYGRAL SPALLING OF CONCRETE AT HIGH TEMPERATURE

predicted pore pressures began to decrease. The prediction of spalling in general

agrees well with the test results.
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Fig. 7.26 Comparison of predicted and measured spalling time and depth

[e-]
[e-]

7 — Tensile strength 7
Pore pressure
""" induced tensile stress |z —
—~B6 6@
g S
25 5%
[ =
[ [=2]
L4 Z__ Spalling Point 45
7] “ =
o) 4 @
231 3
Foop i 20
N
M “‘ 1

C?.OO 0.02 -0-64 0.06 0.08 0.1%
Distance from hot face(m)

Fig. 7.27 Pressure-induced tensile stress across the concrete panel thickness at
spalling time

4.5 .
40} ---- Model

2 30¢f
25}
2.0t
1.5¢
1.0t
0.5¢
0.0

Pressure (MPa

Time (min)

Fig. 7.28 Measured and predicted pore pressure histories at a depth of 8 mm
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7.4 Summary

A simple one-dimensional thermo-hygral spalling model is proposed in this study.
The predictions of the spalling model are compared with five different sets of
experiment data. The predictions are in relatively satisfactory agreement with the

measured results.

The proposed spalling model predicts realistically the movement of moisture inside
the heated concrete. Both the model and experiment show that moisture migrates
gradually from hot region to cold region as heating continues. The phenomenon of

'moisture clog' is also captured by the model.

The developed spalling model predicts reasonably well the pore pressure buildup in
concrete. For rapid uniform heating of one face of a concrete slab, both predicted
and measured pore pressure initially increase to the peak value and then diminish
gradually. The HPC is predicted to have a higher peak pore pressure than NSC due
to lower permeability, which is in agreement with widely-accepted opinion that

HPC is more susceptible to explosive spalling than NSC.

The spalling model is also capable of predicting thermo-hygral spalling of concrete
under fire, i.e., when and where explosive spalling would occur. This capability can
be incorporated into fire resistance analysis of concrete members to get more

realistic modeling.

The spalling model provides a cost-effective and time-saving method to assess
thermo-hygral spalling risk of concrete under fire. It can also be used to tailor
thermo-hygral-spalling-free concrete mix in the preliminary concrete mix design.
Future work can be done to take account of the effect of fibers in the spalling model.

The effect of polymer fibers can be incorporated in the spalling model by
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considering the effect of fibers on porosity and hot permeability of concrete. The
effect of steel fibers can be incorporated in the spalling model by considering the

contribution of steel fibers to tensile strength of concrete.

However, current model is only applicable for prediction of the first-time
thermo-hygral spalling. Thermo-hygral spalling of concrete sometimes occurs in a
progressive manner. There is a need to develop a model capable of predicting
progressive spalling of concrete under fire. The ultimate goal is to develop a
spalling model that takes all three types of spalling and their interactions into

account.
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CHAPTER 8. CONCLUSIONS, CONTRIBUTIONS,

AND CHALLENGES

8.1 Conclusions and Contributions

The research presented in this thesis centers on two topics, i.e. fire resistance of

DFRCC and fire-induced spalling of concrete materials.

To improve fire performance of DFRCC, an experimental program was designed
to optimize multiple responses of fire-damaged DFRCC. Then residual
mechanical properties and explosive spalling resistance of the optimized DFRCC
mix were examined. Hot permeability and residual porosity were also measured to

discover the role of PVA fibers in combating explosive spalling.

To better understand fire-induced concrete spalling and predict occurrence of
spalling, the priority is to identify the driving force underlying this phenomenon.
This thesis presents a critical review of conflicting and concordant points on
concrete spalling at elevated temperature and proposes a unified and coherent
fire-induced concrete spalling theory. A 1D spalling model was also developed to

predict occurrence of explosive spalling.
The major contributions of the research in this thesis are summarized as follows:
e This work improved mechanical performance of fire-damaged DFRCC.

e The thesis examined explosive spalling resistance of DFRCC, measured hot
permeability of DFRCC and discussed the role of PVA fibers in combating

explosive spalling.

e The thesis advanced a unified fire-induced concrete spalling theory, which

explains the contradictory issues in previous spalling theories and provides
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theoretical basis for modeling spalling and establishing guidelines to prevent

spalling.

e Current codes of practice only recommend protective measures against
explosive spalling. Countermeasures against three types of fire-induced
concrete spalling are proposed in this thesis. The concept of “multiple defense
line against fire-induced concrete spalling” can be adopted in next-generation

fire safety codes of concrete for the highest level of protection.

e The work developed a 1D spalling model which provides an economic tool to
assess explosive spalling risk of concrete and can be used to develop concrete

materials which are free from explosive spalling.

The major conclusions of the research on fire resistance of DFRCC in this thesis

are summarized as follows:

e The Taguchi approach using utility concept is an effective method to optimize
multiple responses of DFRCC, i.e. tensile strain capacity, compressive
strength, and residual compressive strength after subjecting to 200 <C, 400 <C,
600 <C, 800 <TC of heating.

e With 2% vol. PVA fibers, DFRCC shows the best tensile ductility. However,
post-fire performance of this DFRCC mix is not the most favorable.
Replacement of 0.5% vol. PVA fibers with steel fibers improves residual
compressive strength of DFRCC. It also helps resist tensile brittle failure of

DFRCC after exposure to 300 <C.

e The DFRCC optimized in this thesis outperformed normal concrete in terms
of residual compressive strength and elastic modulus after fire. The residual
compressive strength of DFRCC showed an increase after 200 <C of heating.
Above 200 <C, the residual compressive strength reduced with an increase in
temperature. Even so, the compressive strength of DFRCC after 800 <T of
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heating can retain about 35% of its original strength. The elastic modulus of
DFRCC decreased as temperature increased. The decreasing trend was
aggravated after exposure to 600 <T and above. After 800 <C, only 13.2% of

elastic modulus of unheated DFRCC was retained.

e The addition of hybrid PVA and steel fibers is effective in resisting
thermo-hygral spalling. The DFRCC specimen showed good spalling
resistance under fire. In contrast, the mortar specimen suffered progressive

spalling, ending in complete failure even without any mechanical load.

e The initial porosity and permeability of DFRCC is larger than those of mortar.
A small increase in porosity can lead to a large increase in permeability.
Therefore, in addition to total porosity, pore size distribution also plays an

important role in determining permeability of DFRCC.

e The permeability values of DFRCC and mortar remain almost unvaried at
105 <C compared to at ambient temperature. However, the permeability of
DFRCC increases fast beyond 105 <C, especially between 150 <C and 200 <C.
In contrast, the permeability of mortar at 200 <T is still of the same order of

magnitude as the permeability of mortar at room temperature.

e There is little difference in porosity increases for DFRCC and mortar after
exposure to 300 <C. Melted products of PVA fibers are attached on fiber
channel walls and cannot diffuse into the matrix. The permeability of DFRCC

increases fast from 150 <TC to 200 <C, before PV A fibers melt.

e No microcracks initiated around the perimeter of PVA fibers up to 300 <C.
Increased 1TZs around PVA fibers and voids formed at ends of the fibers
contribute to permeability increase in DFRCC, consequently spalling-free

performance.
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The major conclusions of the research on fire-induced concrete spalling in this

thesis are summarized as follows:

e There are three types of fire-induced concrete spalling depending on the
mechanisms, viz., thermo-hygral, thermo-mechanical and thermo-chemical

spalling.

e Thermo-hygral spalling is induced by moisture clogging and pore pressure

buildup inside heated concrete. It typically occurs within 220 <C and 320 <C.

e Thermo-mechanical spalling is caused by applied stress and restraint-induced
thermal stress in heated concrete. It typically occurs within 430 <C and

660 <C.

e Thermo-chemical spalling is related to decomposition of hydrated products
and calcite, and rehydration of calcium oxide. It typically occurs at or after

temperature greater than 750 <C.

e The proposed 1D thermo-hygral spalling model in this thesis predicts
realistically the movement of moisture and pore pressure buildup in the heated
concrete. The spalling model is capable of predicting the first thermo-hygral
spalling of concrete under fire, i.e., when and where the first thermo-hygral

spalling would occur.

8.2 Challenges

Based on the work in this thesis, the following problems are recommended for

future research:

e Currently, a majority of works focus on post-fire mechanical properties of
DFRCC. Post-fire mechanical properties are necessary for post-fire

assessment and restoration. Hot mechanical properties determine how long
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mechanical properties of DFRCC.

The author has developed one type of high-temperature resistive DFRCC, the
compressive strength of which is about 50MPa. It maintains its tensile
ductility at 200 <C and exhibits tensile strain-softening behavior up to 600 C
as shown in Fig. 8.1. However, developing high-temperature resistive DFRCC
that can maintain strain-hardening behavior at a higher temperature remains a

challenge.
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Fig. 8.1 Tensile behavior of high-temperature resistive DFRCC at 30 <C and after

exposure to 200 T and 600 <T

A series of micromechanical tests, such as single fiber pull out tests and
fracture toughness tests etc., need to be done for developing high-temperature

micromechanics model to predict tensile behavior of fire-damaged DFRCC.

There is a lack of data on thermal properties of DFRCC including thermal
conductivity, specific heat, thermal expansion coefficient at elevated
temperature. Thermal property models of DFRCC are necessary inputs in

performance-based fire safety design of structures made fully or partially of

DFRCC.

Current research work studies fire resistance of DFRCC at material scale.

This forms the basis for studying fire resistance of DFRCC at structural scale.
167



CHAPTER 8 CONCLUSIONS, CONTRIBUTIONS, AND CHALLENGES

It is necessary to study structural fire resistance of DFRCC members or

members strengthened by DFRCC

e There is interaction among these three types of spalling. There is a lack of
research work on spalling behavior of stressed or restrained concrete
specimens, especially on full-scale structural members. Test results on
stressed or restrained concrete is more useful for designing structural concrete

against thermal spalling.

e There is a lack of research work on post-cooling spalling, though it is a
potential threat to post-fire performance of concrete structures. There is a

need to make an intensive study of post-cooling spalling.

e The proposed spalling model in this thesis is a deterministic model. There is a
need to extend the deterministic model to a stochastic model by taking into

account uncertainties of parameters in the model.

e The spalling model developed in this thesis is only applicable for prediction
of the first-time thermo-hygral spalling of concrete. But thermo-hygral
spalling sometimes occurs in a progressive manner, and prediction of
thermo-mechanical and thermal-chemical spalling is also not incorporated.
Future predictive tools are expected to predict progressive thermo-hygral

spalling and all three types of spalling and interactions among them.
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Appendix. Formulations to determine the quantities of

concrete components

If w/c >0.44

m,,, =0.23c,m

u’ " cem

m,, =0.93a,m,, +0.34a 1 (s/c)m

my, =(w/c—0.44¢,)m
If 0.23a<w/c < 0.44 ¢,

m,,, =0.23c,m

u’ " cem

m, =(w/c—0.23¢, )m

m,, =0

If w/c <0.23,

Vow =M/ Oa

ng = mgw /ng

Vfw:mfw/pw

183

cem

—m

cem

(H.1)

(H.2)

(H.3)

(H.4)

(H.5)

(H.6)

(H.7)

(H.8)

(H.9)

(H.10)

(H.11)

(H.12)



V, =1-(alc/ p,+1/ p +Vy, +Vy,) (H.13)

p

a, = 1.031w/c (H.14)
0.194+w/c

o: degree of hydration of cement. If no measured degree of hydration is given,

the Egn. (H.14) developed by (Mills (1966)) is used to calculate the value.

op: degree of pozzolanic reaction of silica fume. If no measured degree of

pozzolanic reaction is given, the value is assumed to be equal to o,.

Mr: Mass of free water per unit volume of concrete, kg/m?>.

Mgw: Mass of gel water per unit volume of concrete, kg/m?®.

Mew: Mass of chemically-bound water per unit volume of concrete, kg/m?>.
Mcem: Mass of cement per unit volume of concrete, kg/m?.

ns. percentage of pure amorphous silica in silica fume = 90%, typically.
Vi volume of free water per unit volume of concrete, m*/m°.

Vgw: volume of gel water per unit volume of concrete, m3/m°.

Vew: volume of chemically-bound water per unit volume of concrete, m®/m®.
Vy: pore volume per unit volume of concrete, m3/m?.

ow: density of water = 1000kg/m?>.

Pow- density of gel water = 1110 kg/m?.

Pew’ density of chemically-bound water = 1220 kg/m®.

pa: density of aggregate, = 2600 kg/m? if not specified.

s/c: the silica fume to cement ratio.
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