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In the last few years, a number of investigations of engineered
cementitious composites (ECC) have been carried out, and the
mechanical behavior and durability characteristics of this type of
composite are now increasingly better understood. The fire-resistant
behavior of this specialized concrete, however, has not yet been
studied as extensively. This investigation develops important data
on the mechanical properties and microstructure of ECC exposed
to temperatures up to 800°C (1472°F). In this study, the mechan-
ical properties (the residual compressive strength, stress-strain
curve, and stiffness) and mass loss were determined after air
cooling, subsequent to temperature exposure. Changes in the
microstructure, porosity, and pore size distribution of the fire-
deteriorated ECC specimens were identified using scanning electron
microscopy (SEM) and mercury intrusion porosimetry (MIP) tech-
niques. Test results revealed no significant changes in the mechanical
properties for tested specimens exposed to temperatures up to
400°C (752°F) for an hour. Microstructural analysis showed the
creation of supplementary pores and channels in the matrix due to
polyvinyl alcohol (PVA) fibers melting in the 200 to 400°C (392 to
752°F) temperature range. After a 1-hour exposure to tempera-
tures of 600 and 800°C (1112 and 1472°F), the mechanical
performance of fire-deteriorated ECC mixture is similar to or
better than that of conventional concrete incorporating polypro-
pylene or steel fibers, despite a significant reduction in compressive
strength and stiffness. Moreover, no explosive spalling occurred in
any specimens during the fire test. The promising performance of
ECC under fire exposure may be due to the presence of PVA fibers
and high-volume fly ash (FA). The beneficial influence of FA can
be ascribed to the pozzolanic reaction consuming calcium
hydroxide in the hydrates. PVA fiber is also beneficial in that it
prevents explosive spalling. This introduces additional channels
for vaporized moisture in ECC to escape without creating high
internal pressure in the material.

Keywords: compressive strength; engineered cementitious composites;
fire resistance; microstructure; stiffness.

INTRODUCTION
An engineered cementitious composite (ECC) is a newly

developed, high-performance fiber-reinforced cementitious
composite with substantial benefits; it offers high ductility
under uniaxial tensile loading and improved durability due to
an intrinsically tight crack width of less than 100 µm (0.004 in.).
This tight crack width is self-controlled and, whether the
composite is used in combination with conventional reinforce-
ment or not, it is a material characteristic independent of the
number and size of reinforcing bars.1,2 Tight crack width is
as important to the durability of ECC structures as tensile
ductility is to structural safety at an ultimate limit state.3-9

Under severe bending load, an ECC beam deforms similarly
to a ductile metal plate through plastic deformation. Under
compression, ECC materials exhibit compressive strengths
that are similar to high-strength concrete (for example,
greater than 60 MPa [8.7 ksi]).10 As a result of these excellent

properties, the use of ECC has become increasingly popular
over the last few years. Its versatility is also a significant
benefit; ECC can be used in a variety of structures, such as
high-rise buildings, bridges, tunnels, highways, and other
forms of infrastructures.11,12

Although various fiber types have been used in the
production of ECC, PVA fiber was adopted in the current
version based on composite performance and economic
consideration. At present, PVA-ECC represents the most
practical ECC used in the field.11-12 To account for material
inhomogeneity, a fiber content of 2% by volume in excess of
the calculated critical fiber content has been typically used in
the mixture design. The choice to use the PVA fiber in this
study is based on the fact that it has been shown to produce
good ECC properties (tight crack width and high tensile
ductility) in previous laboratory and field investigations.11-14 

With an increase in the application of ECC, the risk of
exposure to elevated temperatures increases as well. For
normal concrete, high temperatures cause physical and
chemical changes, resulting in its mechanical property
deterioration, such as compressive strength and modulus of
elasticity. The spalling of concrete under high temperatures
is a concern due to the exposure of the steel reinforcement to
direct fire contact and a subsequent structural capacity loss
of the element. The most commonly used solution, besides
mixture proportioning, is adding low melting-point synthetic
(mostly polypropylene [PP]) fibers. In case of high temperature
exposure, not all water is expelled fast enough from the
concrete with a very dense internal structure. The inclusion
of PP fibers reduces the likelihood of concrete spalling at
high temperatures because water vapor can exit through
channels created by the melted fibers.15-22 When the PP
fiber concrete with dense internal structure is heated up to
approximately 170°C (338°F), the fibers readily melt and
volatilize, creating additional pores and small channels in the
concrete that may act to relieve high internal vapor pressures
and reduce the likelihood of spalling.22 

PVA synthetic fibers in ECC may behave similarly to PP
fibers; they may also melt and leave sufficient space for steam
to escape, thereby avoiding internal pressure build-up and
associated cover bursting. So far, no experimental data on the
fire resistance of ECC has been published. This investigation
contributes to the understanding of ECC performance under
high temperatures. To predict the response of ECC structures
during and after exposure to elevated temperatures, it is essential
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to gain a clear understanding of the microstructural and
mechanical properties of ECC subjected to those conditions.

This paper gives the results of an investigation on the
performance of ECC material under fire exposure. For this
study, a standard ECC mixture (M45) was prepared and
exposed to temperatures up to 800°C (1472°F). Residual
mechanical properties including compressive strength,
stress-strain curve, and stiffness were measured. To gain
insight into residual properties, pore size distribution was
also determined by the mercury intrusion porosimetry (MIP)
technique. Microstructural changes within the matrix were
analyzed using scanning electron microscopy.

RESEARCH SIGNIFICANCE
ECC is a relatively new material, with a number of benefits,

including high ductility under uniaxial tensile loading and
improved durability due to an intrinsically tight crack width.
A greater understanding of its behavior under different
conditions will improve confidence in its use. Determining
the fire performance of ECC is critical due to its use in high-rise
buildings and tunnel structures. This research adds important
data to existing information on the behavior of ECC under
elevated temperatures. Because ECC contains PVA fiber and
more powder-like constituents than conventional concrete, it
is not known a priori whether the fire resistance of ECC is
the same as conventional concrete. Understanding the ability
of PVA fibers to prevent spalling is critical to the design and
construction of safe and durable structures.

EXPERIMENTAL STUDIES
Materials, mixture proportions, and basic 
mechanical properties

An experimental program was designed to investigate the
residual mechanical and microstructural properties of ECC
after exposure to elevated temperatures. For this purpose, a
standard ECC mixture (M45) with a fly ash-cement ratio
(FA/PC) of 1.2 by mass was prepared, details of which are
provided in Table 1. The components of ECC mixtures are
similar to typical fiber-reinforced cement composites
(FRCC), consisting of Type I portland cement (PC), sand,
Class F fly ash (FA), water, fibers, and a water-reducing
admixture (WRA). The chemical composition and physical
properties of cement and FA are presented in Table 2. Unlike
typical FRCCs, however, the component characteristics and
proportions within the ECC are carefully determined with
the use of micromechanical design tools to achieve the
desired strain-hardening response.23 To minimize the mortar
matrix fracture toughness, no large aggregates were used,
and the silica sand had an average grain size of 110 µm
(0.004 in.) and a maximum size of 200 µm (0.008 in.). The
PVA fibers were manufactured with a tensile strength,
elastic modulus, and a maximum elongation matching those
needed for strain-hardening performance. Additionally, the
surface of the PVA fibers was coated with a proprietary
hydrophobic oiling agent of 1.2% by weight to control the
interfacial bonding properties between the fiber and matrix
for strain-hardening performance.23 The mechanical,
geometrical, and thermal properties of the PVA fibers used
in this study are shown in Table 3. The melting temperature
of PVA fibers was 230°C (446°F).

The ultimate tensile strain capacity of the ECC mixture at
28 days is listed in Table 1. To characterize the direct tensile
behavior of the ECC mixtures, 200 x 75 x 13 mm (8.0 x 3.0 x
0.5 in.) coupon specimens were used. Direct tensile tests
were conducted under displacement control at a loading rate
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Table 1—Mixture proportions of ECC
 ECC (M45)

FA/C 1.2

w/cm 0.27

Water (W), kg/m3 (lb/yd3) 326 (549)

Cement (C), kg/m3 (lb/yd3) 558 (940)

Fly ash (FA), kg/m3 (lb/yd3) 669 (1127)

Cementitious materials, kg/m3 (lb/yd3) 1227 (2067)

Sand (S), kg/m3 (lb/yd3) 446 (751)

Fiber, kg/m3 (lb/yd3) 26 (44)

WRA, kg/m3 (lb/yd3) 2.30 (3.9)

28-day uniaxial tensile strength, MPa (ksi) 5.1 (0.74 ksi)

28-day uniaxial tensile strain, % 2.7

Table 2—Chemical composition and physical 
properties of cement and fly ash

Chemical composition, % Cement Fly ash

CaO 61.80 5.57

SiO2 19.40 59.50

Al2O3 5.30 22.20

Fe2O3 2.30 3.90

MgO 0.95 —

SO3 3.80 0.19

K2O 1.10 1.11

Na2O 0.20 2.75

Loss on ignition 2.10 0.21

Physical properties

Specific gravity 3.15 2.18

Retained on 45 µm (0.002 in.), % 12.9 9.6

Water requirement, % — 93.4

Table 3—Characteristics of PVA fiber
Fibers PVA

Nominal strength, MPa (ksi) 1620 (235)

Apparent strength, MPa (ksi) 1092 (158)

Diameter, µm (in.) 39 (0.002)

Length, mm (in.) 8 (0.3)

Young’s modulus, GPa (ksi) 42.8 (6200)

Elongation, % 6.0

Density, kg/m3 (lb/yd3) 1300 (2190)

Melting temperature, °C (°F) 230 (446)
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of 0.005 mm/second (0.0002 in./second). The typical tensile
stress-strain curves of the ECC mixture at 28 days are shown
in Fig. 1. After first cracking, the uniaxial tensile stress
increased at a slower rate, along with the development of
multiple cracks with a small crack spacing and tight crack
widths. As seen in Table 1, the ECC composite exhibited a
strain capacity of 2.7% at 28 days. After direct tensile
testing, all residual crack widths were also measured in the
unloaded stage on the surface of the specimens using a
portable microscope. All of the ECC coupon specimens
showed multiple cracking behaviors with small crack
spacing and tight crack widths (<70 µm [0.003 in.]).

TEST SPECIMEN PREPARATION AND TESTING
Several 50 mm (2 in.) cubes were cast to determine the

residual mechanical and microstructural properties. After
removal from the molds at 1 day, the specimens were
conditioned in an environmental chamber at a temperature
of 23 ± 2°C (73°F) and a relative humidity of 95 ± 5% until
the age of 28 days. Six cubes were tested under compression
immediately after conditioning; these control specimens will
be referred to as those tested after exposure to the normal
curing condition (unheated). The remaining specimens were
heated to targeted temperatures at the age of 28 days, and
their residual properties were then investigated. The heating
equipment used in the investigation was a computer-
controlled, electrically heated furnace. In the furnace, the cubes
were heated at a constant rate of approximately 15°C/minute
(59°F/minute) to reach the prescribed temperatures. Four
maximum temperatures (200, 400, 600, and 800°C [392,
752, 1112, and 1472°F]) were chosen. When the targeted
peak temperature was reached, the furnace temperature was
maintained constant for 60 minutes to achieve the thermal
steady state.24 After that, the samples were allowed to cool
naturally to room temperature.

After the cooling period, the compression strength tests
were carried out on the cubes, including control samples not
exposed to high temperatures. An axial load test was
performed under displacement control at a loading rate of
0.005 mm/second (0.0002 in./second) on a closed-loop
controlled servo-hydraulic material test system with 200 kN
(45 kip) capacity. During the compressive tests, the load and
the deflection values were recorded on a computerized data
recording system. Six specimens were tested for each stage
and average values were recorded. The weight of each
specimen was also measured before and after exposure to
calculate the mass loss of fire-deteriorated specimens.

MIP was used to characterize the pore size distribution
before and after exposure to high temperatures. An instru-
ment capable of producing pressures up to 414 MPa (60 ksi)
and assuming a contact angle of 130 degrees was used for
pore size distribution analysis. Prior to testing, specimens were
dried to a constant weight at 50°C (122°F). In all cases, at least
two identical ECC specimens were tested at the same time. The
microstructure of both specimens was also analyzed using
scanning electron microscopy.

RESULTS AND DISCUSSIONS
Microstructural properties

It is generally accepted that the mechanical properties of
any material are closely linked to its microstructure. The
microstructure controls water release from concrete at both
normal and elevated temperatures. Thus, to a certain degree,
the variation in microstructure reflects the deterioration of

materials subjected to high temperatures. In this study, MIP
tests and scanning electron microscopy (SEM) were used to
identify the changes in the microstructure, porosity and pore
size distribution of fire-deteriorated hardened ECC specimens.

Porosity and average pore size measurements
The porosity and average pore size of ECC control

(unheated) specimens and specimens subjected to various
elevated temperatures were measured using a mercury
intrusion porosimetry test. MIP is a well-developed technique
that can provide information about pore structure, including
the porosity, average pore diameter, and pore size distribution
of ECC. Figure 2 provides the variations of cumulative pore
volume and its distribution as influenced by different heating
regimes. The deterioration of ECC’s structural integrity,
when exposed to various temperatures, is illustrated by an
average pore diameter and total intruded porosity increase in
Table 4. As seen in Table 4, the higher the temperature, the
coarser the pore structure, and the higher the total intruded
porosity of ECC. The total intruded porosity only increased
by approximately 0.2% after exposure to 200°C (392°F),
with an insignificant change in average pore diameter.
Porosity increased by approximately 5% after exposure to
400°C (752°F), and by approximately 9% for 600 and 800°C
(1112 and 1472°F). In terms of total intruded porosity and
coarsening (average pore diameter), the changes appeared
more rapidly with temperatures over 600°C (1112°F). There-
fore, the average pore diameter dramatically enlarged three
to ten times its original size after ECC had been exposed to
600 and 800°C (1112 and 1472°F), respectively.

Fig. 1—Typical tensile stress-strain response of standard
ECC mixture (M45).

Fig. 2—Pore size distributions of ECC before and after
exposure to high temperatures.
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The MIP test results highlight pore structure coarsening
and the increase in porosity at elevated temperatures; these
are the major reasons for the strength and stiffness losses (to
be discussed in the following sections). In ECC, the pore
structure coarsening effect was more pronounced at temper-
atures over 600°C (1112°F). After an exposure up to 400°C
(752°F), the MIP test results given in Fig. 2 indicate that the
ECC showed reduction in the cumulative volume of pores
larger than 0.1 µm (3.94 µin.), which generally influences the
strength of the concrete.25 The reduction of the cumulative
volume of pores larger than 0.1 µm (3.94 µin.) may be due
to the further hydration of unhydrated cement particles and
the pozzolanic reaction of FA particles with free lime to
produce more C-S-H phases deposited in the pore system.26

Because the coarsening of ECC was not significant in this
temperature range, the strength and stiffness loss occurred at
temperatures up to 400°C (752°F) can be attributed to
internal cracking. This was probably due to the very dense
internal structure of ECC, which results in an increased
vapor pressure formed by the evaporation of free physically
bound water. As seen from Fig. 2, the cumulative volume of
pores larger than 0.1 µm (3.94 µin.) greatly increased after
exposure to temperatures of 600°C (1112°F) and above. The
degradation of hydrates (C-S-H gels), which is inevitable
when the exposure temperature is raised to 600°C
(1112°F)27 and above, is the main reason for severe pore
structure coarsening.

SEM observations
To study the behavior of fibers and matrix microstructure

after exposure to several peak temperature levels, observations
with an SEM were performed on samples taken from the
cores of 50 cm (2 in.) ECC specimens exposed to temperatures
of 200, 400, 600, and 800°C (392, 752, 1112, and 1472°F)
for 1 hour. Figure 3(a) shows a general view of PVA fibers

scattered in an unheated ECC control specimen. Micrographs
of the unheated samples mainly consisted of ill-crystallized
and fibrous particles of C-S-H gel, amorphous and well-
crystallized calcium hydroxide, and numerous unhydrated FA
particles. Figure 3(b) shows the SEM micrograph of heated
ECC specimens at 400°C (752°F). The SEM micrograph
showed multiple small channels created in the ECC due to
PVA fiber melting.

Figure 4 shows closer-view SEM micrographs of thermally-
treated ECC specimens at various temperatures. Figure 4(a)
shows that the microstructure of the ECC specimen did not
undergo changes and did not suffer any apparent cracking
after fire exposure at 200°C (392°F). At 400°C (752°F),
PVA fibers melt completely, increasing the total intruded
porosity of the matrix and creating additional inter-
connected pores and small channels in the matrix that can
decrease pore pressure inside the ECC (Fig. 4(b)). As seen in
Fig. 3(b), the fiber content is high enough that fibers alone
constitute a connected network. Therefore, the use of PVA
fiber clearly affects porosity at high temperatures. After
exposure to 600 and 800°C (1112 and 1472°F), the
morphology of hydration products showed a massive structure;
almost all of them lost their characteristic crystalline appearance
showing an ill-crystallized or amorphous structure (Fig. 4(c)
and (d)). The SEM analysis also indicated that beyond 800°C
(1472°F), microcracking increased around the grains of
unhydrated FA particles.

Mass loss and surface characteristics
The deterioration of specimens subjected to various elevated

temperatures was also assessed by mass loss measurements.
Figure 5(a) shows the relation between mass loss (Mi /M0)
(in percentage) and temperature of heat-exposed ECC. Mi is
the mass after a specific thermal heat exposure, and M0 is
initial mass, prior to heat exposure. As seen in Fig. 5(a), the
mass loss increased with the increasing temperature of
thermal exposure, a result mainly associated with the liberation
of free and physically bound water. At higher temperatures
of 600 and 800°C (1112 and 1472°F), the weight change of
ECC was caused by the dehydration of paste as discussed in
the preceding section. During a heat treatment up to 400°C

Table 4—Total intruded porosity and average pore 
diameter of ECC samples

Specimen ECC (M45)

Control (unheated)
Total intruded porosity, % 23.7

Average pore diameter, nm (µin.) 12.1 (0.48)

200°C (392°F)
Total intruded porosity, % 23.9

Average pore diameter, nm (µin.) 13.4 (0.53)

400°C (752°F)
Total intruded porosity, % 28.6

Average pore diameter, nm (µin.) 18.2 (0.72)

600°C (1112°F)
Total intruded porosity, % 32.0

Average pore diameter, nm (µin.) 31.9 (1.26)

800°C (1472°F)
Total intruded porosity, % 32.4

Average pore diameter, nm (µin.) 113.6 (4.47)

Fig. 3—SEM micrograph of ECC before and after thermal
treatment.

Fig. 4—SEM micrograph of ECC after subjected to various
temperatures.
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(752°F), the weight of the melted fibers also had an influence
on mass loss.

Figure 6 shows surface crack patterns of ECC specimens
as a result of various elevated temperatures. Cracking
became apparent when the exposure temperatures exceeded
400°C (752°F). In some of the cubes, hairline cracks were
observed at 400°C (752°F) (Fig. 6(b)). At temperatures
above 400°C (752°F), microcracking increased significantly
(Fig. 6(c) and (d)), first around hydration products and then
around grains of unhydrated FA and cement.

Thermal explosive spalling is a catastrophic failure of
concrete that generally occurs during a fire and is characterized
by the explosive fracture and ejection of pieces of the material,
often without prior warning. The phenomenon is not fully
understood, especially for high-performance concrete. For
example, spalling is not consistently observed, even for
specimens tested under identical conditions.28 Despite this
inconsistency, it is believed that spalling occurs under a
specific combination of test conditions. From a mechanics
perspective, spalling is a result of nonuniformity of stress
distribution in a material.28 Previous studies demonstrated
that spalling in concrete occurs between 190 and 250°C
(374 and 482°F).22 In this study, no spalling and splitting/
cracking were observed after the ECC specimens were
subjected to air cooling after being exposed to peak

temperatures of up to 800°C (1472°F). This result indicates
that the path of moisture escape created after the melting of
PVA fibers had a significant influence on suppressing
surface spalling.

Compressive strength, stiffness, and
stress-strain curve

To predict the behavior of structures employing ECC after
exposure to elevated temperatures, the compressive strength
of test specimens was measured shortly after heating, when
specimens had cooled to room temperature. Table 5
summarizes the compression strength results for specimens
cured normally (unheated) and tested after exposure to
elevated temperatures. In the table, each value represents the
average result of at least five specimens. Complete stress-
strain curves of both the unheated and heated specimens
were also obtained from compression tests, performed
with a displacement control rate of 0.005 mm/second
(0.0002 in./second) on a closed-loop controlled servo-
hydraulic material test system. The typical compressive
behavior of the tested specimens is presented in Fig. 7. It
should be noted that the axial strains of concrete in compression
were obtained from full-height shortening of the cubic

Fig. 5—Degradation of ECC in terms of: (a) mass loss; and
(b) compressive strength and stiffness as function of exposure
temperature.

Fig. 6—Typical crack patterns on surface of ECC specimens
after exposure to high temperatures.

Table 5—Effect of temperature on compressive 
strength and relative stiffness

Specimen
Compressive strength,

MPa (ksi)
Relative

stiffness, %

Control (unheated) 64.3 (9.33) [3.2 (0.46)] 100

200°C (392°F) 55.2 (8.00) [4.4 (0.64)] 84.7

400°C (752°F) 54.9 (7.96) [2.5 (0.36)] 66.3

600°C (1112°F) 34.2 (4.96) [1.4 (0.20)] 35.5

800°C (1472°F) 21.6 (3.13) [1.2 (0.17)] 21.9

Note: Numbers in brackets are standard deviations in MPa (ksi).
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specimens using linear variable displacement transducers
(LVDTs). Such strains are generally larger than those
obtained at the midheight region due to the end effects.29 The
typical compressive stress-strain curves of ECC specimens
after thermal deterioration show that the influence of
elevated temperatures up to 400°C (752°F) on compressive
properties is fairly minor (Fig. 7). This result is consistent
with the results of the microstructural analysis of ECC
specimens reported previously (Table 4).

Figure 7 shows that the material stiffness (slope of the
load-deflection curve of the ECC cubic specimens)
decreases with an increase in exposure temperature up to
800°C (1472°F). The figure also shows that after exposure to
elevated temperatures, the initial ascending parts of the
curve for the ECC were approximately linear, but the
stiffness magnitudes were much lower. The decrease in
stiffness (in percentage) with increasing temperature is
summarized in Table 5, where the ECC stiffness data were
obtained within 30% of the ultimate strength and were given
as relative values with reference to the elastic modulus of the
unheated ECC mixtures.

Figure 5(b) shows the effect of temperature on the residual
compressive strength and stiffness of the ECC, where the
compressive strength and stiffness are given as relative
values, with reference to those of the unheated (control)
specimens. As seen in Fig. 5(b), the effect of high temperatures
up to 200°C (392°F) on the stiffness and compressive

strength of ECC is similar. After initial heating up to 200°C
(392°F), both the compressive strength and modulus of
elasticity were reduced by approximately 15% of those of
unheated control specimens. This decrease may be due to
internal cracking, discussed in a previous section. The
occurrence of microcracking can be attributed to the dense
microstructure of the ECC matrix, which favors steam-pressure
buildups, followed by high tensile stresses. The reason for
the dense microstructure of the ECC mixture can be attributed
to a significantly lower water-cementitious material ratio
(w/cm), high FA content, and an absence of coarse aggregate.
The use of high-volume FA likely resulted in a denser matrix
by reducing the pore size and thickness of the transition zone
between fibers and the surrounding cementitious matrix.30

According to Mehta and Monteiro,31 the existence of micro-
cracks in the transition zone at the interface with coarse
aggregate is the primary reason that concrete is more perme-
able than the corresponding hydrated cement paste and
mortar. Also, in general, with everything else being the
same, the larger the aggregate size, the higher the local
water-cement ratio (w/c) in the interfacial transition zone and,
consequently, the weaker and more permeable the concrete.

Figure 5(b) shows that as peak temperature increases from
room temperature to 400°C (752°F), the compressive
strength of ECC drops slightly, followed by a small amount
of microcracking on the surface, when compared to ECC
specimens after initial heating up to 200°C (392°F). In
general, compressive strength can be considered as a
constant. The constant compressive strength evident
between 200 and 400°C (392 and 752°F), despite significant
loss of weight and increase in porosity, is an interesting
phenomenon. The increase in porosity is most likely due to
the additional porosity and small channels created in the
ECC by melting PVA fibers. It is also important to note that
despite the increase in total intruded porosity, the average
pore diameter of the ECC matrix (coarsening) shows little
change up to 400°C (752°F). These results indicate, therefore,
that in addition to providing high tensile ductility at normal
temperatures, PVA fibers in ECC can also prevent explosive
spalling by melting at approximately 230°C (446°F). Water
vapor in ECC can then escape through interconnected channels
without creating detrimental internal pressure. The plateau in
compressive strength between 200 to 400°C (392 and 752°F)
may also be linked to the fact that, despite the increase in
total intruded porosity, the average pore diameter of ECC
matrix (coarsening) shows little change up to 400 °C (752°F).

At 400°C (752°F), the stiffness loss is significant. Dropping
to 66% of its original value, the stiffness response is clearly
different from the constant compressive strength behavior
between 200 and 400°C (392 and 752°F). Heating to 400°C
(752°F) generates a relatively insignificant amount of micro-
cracking (Fig. 6) and a significant amount of mass loss.
These did not cause any immediate loss of carrying capacity
in compression, however, due to the lack of sensitivity of
compressive strength to microcracks and moisture loss.32,33

This conclusion is confirmed by the stronger correlation that
mass (or moisture) loss shows with stiffness than with
compressive strength, as indicated in Fig. 8.

When the temperature reaches 600°C (1112°F) and above,
the compressive strength starts to decrease dramatically. As
indicated in Table 5, an average of 53% of the compressive
strength of the unheated concrete was retained after exposure
to peak temperature of 600°C (1112°F). After exposure to
800°C (1472°F), it was further reduced to 34%. At exposure

Fig. 7—Effect of elevated temperatures on compressive
stress-strain curves of ECC.

Fig. 8—Correlation between percentage residual stiffness
and compressive strength versus percentage mass loss.
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temperatures of 600 and 800°C (1112 and 1472°F), the stiffness
of ECC also decreased to approximately 35 and 22% of its
original value at room temperature, respectively. Micro-
structural analysis revealed that the rapid degradation of
mechanical properties at exposure temperatures up to 600°C
(752°F) is most likely due to the physical changes (increase
in porosity, main pore radius of ECC matrix, and cracking
density) taking place in the matrix. After an exposure
temperature of 600°C (1112°F), the main causes of deterio-
ration in compressive strength and stiffness may be attributed
to both the physical transformation of the matrix and the
chemical transformation of hydration products. When the
temperature was raised to 600°C (1112°F), the decomposition
of the major hydrate, known as tobermorite (gel), was
inevitable,27 causing severe deterioration in the microstructure
of its matrix and the loss of binder property. Disintegration
of silica sand may also occur at 800°C (1472°F).34

Compared with previous studies dealing with normal
concrete28,35-37 tested under similar conditions, the residual
mechanical properties of ECC mixture at 600°C (1112°F)
and above remain remarkable, which may be due to the
presence of PVA fibers and the high-volume FA. The
benefits of PVA fibers have already been discussed in this
paper. Recent studies have shown that the addition of FA can
also improve the residual compressive strength of cement
paste; this improvement is especially significant for exposure
temperatures above 400°C (752°F).32,35,36 Calcium hydroxide
(CH) decomposes after exposure to temperatures greater
than 400 to 600°C (752 to1112°F),35 and the rehydration of
dissociated CH becomes a detrimental cause of cracking,
and is accompanied by a 44% volume increase.38 Therefore,
the reduced CH in ECC matrix containing FA (which
occurs due to pozzolanic reaction) may be an additional
factor that leads to reduced cracking and improved
mechanical properties.32,36

CONCLUSIONS
This investigation was carried out to develop data on the

effect of elevated temperatures on the mechanical and
microstructural properties of ECC. A standard ECC mixture
(M45) with an FA/PC ratio of 1.2 was investigated.
Mechanical properties (compressive strength, stress-strain
relationship, and stiffness) and microstructural properties
(via MIP and SEM analyses) of ECC were studied at room
temperature and after exposure to peak temperatures up to
800°C (1472°F) for 1 hour. Based on this study, the
following conclusions can be drawn:
• For exposure to peak temperatures of 200°C (392°F), a

slight reduction (approximately 15%) in compressive
strength and stiffness, but no significant changes in
microstructure were observed. 

• When specimens were exposed to peak temperatures of
200 and 400°C (392 and 752°F), microstructural analysis
showed supplementary pores and small channels created
in the ECC matrix due to PVA fiber melting. Small
hairline cracks were also observed on the surface after
specimens had been exposed to 400°C (752°F). Even
when the maximum exposure temperature was raised to
400°C (752°F), the strength reductions were as low
as 15%. 

• After exposure to 600°C (1112°F), the ECC mixture
retained approximately 53% its compressive strength,
and surface cracking was more significant. The
compressive strength of ECC deteriorated even more

when the exposure peak temperature was raised to
800°C (1472°F), and the residual strengths were
approximately 34% of the values obtained from the
unheated control specimens. When compared with
specimens exposed to a peak temperature of 600°C
(1112°F), the total porosity of ECC did not change after
it was subjected to a maximum temperature of 800°C
(1472°F), despite the fact that the average pore diameter
increased significantly at the same time. For peak
temperatures above 400°C (752°F), microstructural
analyses revealed that physical change (increase in total
intruded porosity, the average pore diameter, and surface
cracking) in the ECC matrix is not the only parameter
affecting its strength. Other factors such as deterioration
of the hydration products and sand are also important
determinants of mechanical properties of ECC exposed
to 800°C (1472°F).

• Loss of material stiffness occurred much quicker upon
exposure to peak temperatures of 400°C (752°F) and
above, as compared with the loss of compressive strength. 

It can be found by comparing the data given in this paper
with published work on normal concrete or fiber-reinforced
concrete26,33-35 that the standard ECC mixture (by retaining
more than 35% of its original compressive strength and 22%
of its original stiffness capacity after exposure to peak
temperatures of 800°C (1472°F) for 1 hour performs similarly
to or better than fire-damaged plain concrete with steel and/or
polypropylene fibers exposed to similar elevated temperatures.
Moreover, explosive spalling was not observed in any ECC
specimens. To increase confidence in predicting the
behavior of ECC structural members under fire exposure,
however, fire tests using realistic fire curves on full-scale
members will need to be carried out to obtain realistic and
consistent results. The results reported in the present paper
provide a preliminary database of ECC material behavior
under fire.
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