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Abstract: The repeated impact performance of engineered cementitious composites (ECCs) is not well
explored yet, especially after exposure to severe conditions, such as accidental fires. An experimental
study was conducted to evaluate the degradation of strength and repeated impact capacity of ECCs
reinforced with Polypropylene fibers after high temperature exposure. Compressive strength and
flexural strength were tested using cube and beam specimens, while disk specimens were used to
conduct repeated impact tests according to the ACI 544-2R procedure. Reference specimens were
tested at room temperature, while three other groups were tested after heating to 200 ◦C, 400 ◦C and
600 ◦C and naturally cooled to room temperature. The test results indicated that the reference ECC
specimens exhibited a much higher failure impact resistance compared to normal concrete specimens,
which was associated with a ductile failure showing a central surface fracture zone and fine surface
multi-cracking under repeated impacts. This behavior was also recorded for specimens subjected
to 200 ◦C, while the exposure to 400 ◦C and 600 ◦C significantly deteriorated the impact resistance
and ductility of ECCs. The recorded failure impact numbers decreased from 259 before heating to
257, 24 and 10 after exposure to 200 ◦C, 400 ◦C and 600 ◦C, respectively. However, after exposure to
all temperature levels, the failure impact records of ECCs kept at least four times higher than their
corresponding normal concrete ones.

Keywords: repeated impact; ACI 544-2R; high temperatures; fire; ECC; impact ductility

1. Introduction

Regardless of the function and type of occupation of any structural facility, it is still
probable to be subjected to unfavorable extreme or accidental loads. Most of the modern
reinforced concrete structures are designed to withstand the usual design gravity loads
in addition to lateral loads, such as wind and seismic loads. However, considering the
accidental loading cases in design is not a typical procedure required by building design
codes because this action would distend the construction cost. Among the most probable
types of accidental loads are fires and impact loads. The rapid increase of temperature
due to the combustion of furniture, nonstructural materials and electrical wiring can
noticeably degrade the structural capacity of slabs, beams and columns. On the other hand,
sudden impact loads can cause serious concentrated damage that may affect the integrity
of the structure.

Although there are great advantages in fire resisting systems and materials in the
construction industry, fires keep occurring every day. Large numbers of fire accidents are
reported every year [1], where approximately half a million accidental fires were reported
between 2013 and 2014 in the USA, while more than 150,000 fire accidents were reported
in the UK during the same period. From these fires, 40% were recognized as structural
fires [1,2]. Between 1993 and 2016, approximately 90 million fire accidents were recorded
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in 39 countries with more than a million death incidences [2]. The crucial question after
each structural fire is whether the concrete structure can continue to be occupied as usual,
should be rehabilitated before reoccupied or must be demolished [3]. Such a decision needs
an accurate estimation of the residual properties of concrete, especially the mechanical
strength to withstand the design loads. The physical and chemical actions that take place
within the microstructure of concrete depend mainly on the temperature level reached
and the fire exposure duration. Yet, the composition of the mixture, its porosity and
the thermal properties of aggregate are also leading factors that determine the thermal
resistance of concrete structures [3–6]. With the increase of temperature, several chemical
and physical changes take place and affect the concrete strength owing to its heterogeneous
state [7]. The first physical action of fire occurs at approximately 80 ◦C to 120 ◦C, where
the contained free water in the concrete evaporates [7–9]. This action has a minor effect on
concrete degradation, while the following action that usually occurs at temperatures higher
than 300 ◦C and lower than 450 ◦C represents the starting point of the serious material
degradation. This action is the dehydration of the C-S-H gel from the hydrated cement
matrix [9–12]. The following actions depend not only on cement but also on the aggregate
type [13–16]. The differences in thermal actions between the cement matrix and aggregate,
due to the different thermal properties, result in breaking the bond at higher temperatures,
which further weakens the concrete structure and deteriorates its residual strength [7,9].
Previous researchers showed that the tensile strength of concrete deteriorates at a faster rate
compared to compressive strength [17,18]. Similarly, mechanical properties such as flexural
strength, shear strength and modulus of elasticity showed significant deteriorations after
exposure to 500 ◦C [19–23].

On the other hand, some parts of some structures are frequently subjected to the
impact of falling objects or the lateral collision of moving vehicles, which are types of
repeated accidental impact loads [24]. Other examples of repeated impacts are the offshore
structures, where the waves of ocean water repeatedly subject these structures to hydraulic
impacts. In hydraulic structures, such as stilling basins, the water acts as an impacting force
on the downstream runway. Other examples of repeated impacts can be the forces subjected
by airplane wheels on the airport runways [25–27]. The impact strength of concrete can be
investigated using several techniques. However, the repeated impact test introduced by
ACI 544-2R “Measurement of Properties of Fiber Reinforced Concrete” [28] is the simplest
impact test and the only one that simulates the repeated impact case.

In recent years, several significant studies were conducted to evaluate the repeated
impact strength of different concrete types using this testing technique. Mastali et al. [29]
investigated the effect of the length and dosage of recycled carbon fiber reinforced poly-
mer on the repeated impact performance of Self-Compacting Concrete (SCC). Ismail and
Hassan [30] conducted experimental tests using the ACI 544-2R procedure to evaluate the
impact resistance of SCC mixtures that include different contents of Steel Fibers (SF) and
crumb rubber. The test results showed that the impact numbers increased by up to 30% and
the impact ductility enhanced when crumb rubber was utilized, while the incorporation
of 1% of SF significantly improved the retained impact numbers by more than 400%. The
mono and dual effects of hooked-end and crimped SF on the ACI 544-2R impact resis-
tance of SCC were investigated by Mahakavi and Chithra [31], where significant impact
resistance improvement was reported when the two fiber types were hybridized. Jabir
et al. [32] investigated the influence of single and hybrid micro SF and Polypropylene (PP)
fibers on the impact resistance of ultra-high performance concrete. Abid et al. conducted
ACI 544-2R [33] and flexural [34] repeated impact tests on SCC with micro SF contents
of 0.5%, 0.75% and 1.0%. The results indicated that 1.0% of SF could increase the impact
resistance by more than 800% compared to the reference plain specimens, while in an-
other study [35], a percentage increase of approximately 1200% was recorded. Murali
et al. [36–40] and others [41–43] conducted a series of experimental works that explored the
repeated impact capabilities of multi-layered fibrous concrete. Double and triple layered
concrete with preplaced aggregate and fibers with grouted cement paste were tested using
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the ACI 544-2R. Works on this material [36,37,41] showed that using intermediate fibrous
meshes can improve the impact resistance at cracking and failure stages. However, the most
influential contribution to impact strength development was attributed to the steel fibers.

Compared to conventional concrete that have similar strength and fiber content,
Engineered Cementitious Composites (ECCs) are a type of high-performance SCC concrete
that possess extraordinary ductility with strain hardening and multiple cracking under
tensile and flexural stresses. ECCs were first introduced by Li in 1993 [44] and used
in several applications [45]. Since that time, numerous studies have been conducted
to introduce different ECC mixtures with different fiber types and contents. Plenty of
research is available in literature on the different mechanical properties of ECCs. However,
research on ECC repeated impact behavior is rare. The performance of ECCs under
repeated impact was experimentally investigated by Ismail et al. [46] using the ACI 544-2R
technique. Different ECC mixtures were introduced using fixed contents of binder, water,
sand and fiber. The results indicated that using 15% to 20% metakaolin with fly ash
significantly enhanced the impact performance. Similarly, some studies that evaluate
the performance and residual mechanical properties of different ECC mixtures after fire
exposure are available in literature [47–50].

It is obvious from the introduced literature that very rare experimental works are
available in literature on the repeated impact strength of ECCs. Similarly, there is a
serious gap of knowledge about the residual impact strength of fibrous concrete after fire
temperatures. To the best of the authors’ knowledge, no previous research was conducted
to study the residual repeated impact strength of ECCs after high temperature exposure.
To fill this gap of knowledge, an experimental program was directed in this research to
investigate the cracking and failure repeated impact performances and impact ductility of
PP-based ECCs after exposure to high temperatures reaching 600 ◦C. Such type of research
is required because both accidental fire and impact loading are expected along the lifespan
of structures. Hence, the research outputs can be utilized to evaluate the residual material
and structural response of structural members made of ECCs under such accidental cases.

2. Materials and Methods
2.1. Mixtures and Materials

The aim of this study is to evaluate the residual repeated impact performance of
ECCs after exposure to elevated temperatures, which can be considered as a type of new
concrete that includes no aggregate particles and a high content of fine cementitious and
filler materials. The M45 is a typical ECC mixture introduced by leading researchers,
which was the base and most widely used mixture with proven characteristics [44,45]. This
mixture was used in this study but with PP fiber instead of the typical and much more
expensive polyvinyl alcohol fiber (PVA). On the other hand, a normal strength conventional
concrete mixture (NC) with an approximately comparative compressive strength was used
for comparison purposes. The mix design proportions of both mixtures are detailed in
Table 1.

Table 1. Material contents in the ECC and NC mixtures (kg/m3).

Mixture Cement Fly Ash Sand Silica Sand Gravel Water SP Fiber

NC 410 NA 787 NA 848 215 NA NA
ECC 570 684 NA 455 NA 330 4.9 18.2 (2% PP)

A single type of Portland cement (Type 42.5) was used for both mixtures, while fly ash
was used as a second cementitious material in the ECC mixture. The chemical composition
and physical properties for both cement and fly ash are listed in Table 2. As preceded, the
ECC mixture included no sand or gravel, where the filler of the mixture was composed of
a single type of very fine silica sand with a grain size of 80 to 250 micrometer and a bulk
density of 1500 kg/m3. On the other hand, local sand and crushed gravel from the central
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region of Iraq were used as fine and coarse aggregates for the NC mixture. The grading of
the sand and gravel are shown in Table 3, while the maximum size of the gravel particles
was 10 mm. For the ECC mixture, a super plasticizer (SP) type ViscoCrete 5930-L from
Sika® was used to assure the required workability due to the large amount of fine materials,
while 2% by volume of PP fiber was used with the properties shown in Table 4.

Table 2. Properties of cement and fly ash.

Oxide (%) Cement Fly Ash

SiO2 20.08 56.0
Fe2O3 3.6 24.81
Al2O3 4.62 5.3
CaO 61.61 4.8
MgO 2.12 1.48
SO3 2.71 0.36

Loss on ignition (%) 1.38 5.78
Specific surface (m2/kg) 368 -

Specific gravity 3.15 2.20
Fineness (% retain in 45 µm) - 28.99

Table 3. Grading of sand and gravel used for NC specimens.

Sieve Size (mm) Sand % Passing Gravel % Passing

19 100 100
12.5 100 100
10 100 95.1

4.75 90.7 33.5
2.36 77.9 1.1
1.18 53.5 0
0.6 28.7 0
0.3 7.5 0

0.15 0 0

Table 4. Properties of polypropylene fiber.

Property Density Length Diameter Tensile Strength Elastic Modulus

Value 910 kg/m3 12 mm 0.032 mm 400 MPa 4000 MPa

2.2. Test Program and Heating Regime

From each mixture and for each temperature level, six 150 mm diameter and 64 mm
thick disk specimens were used to evaluate the repeated impact test under the free drop-
weight procedure of ACI 544-2R. On the other hand, six 100 mm cube specimens were
used for a compressive strength test according to BS EN 12390-3: 2009 [51], while six
beam specimens with 100 × 100 mm cross section and 400 mm length were tested under
four-point bending test (300 mm span) for flexural strength according to BS EN 12390-5:
2009 [52]. All of the disk, cube and beam specimens were cured under the same standard
conditions in temperature-controlled water tanks for 28 days.

After the curing period, the specimens were dried in the laboratory environment
for 24 h. Previous researchers and trial tests conducted in this study showed that the
heating of specimens without initial drying may lead to the explosive failure of some
specimens at high temperatures. Therefore, all specimens were pre-dried using an electrical
oven at a temperature of approximately 105 ◦C for 24 h. Afterwards, the specimens were
heated using the electrical furnace shown in Figure 1a at a constant rate of approximately
4 ◦C/min to three levels of high temperatures of 200 ◦C, 400 ◦C and 600 ◦C. When the
specified temperature level was reached, the temperature was kept constant for 60 min to
assure the thermal saturation at this temperature. Finally, the furnace door was opened
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and the specimens were left to cool slowly at the laboratory temperature until testing time.
The heating regime of the three temperature levels is described in Figure 1b. In addition
to the three groups of heated specimens, a fourth group was tested at room temperature
without heating as a reference group.
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Figure 1. Heating of test specimens; (a) the electrical furnace; (b) the heating regime curve.

2.3. Repeated Drop-Weight Impact Test

The impact response of materials and structures can be experimentally evaluated using
different types of tests, among which is the drop-weight one. ACI 544-2R [28] addressed
two types of drop-weight tests. The first is the instrumented drop-weight test which is the
most commonly used technique to evaluate the impact response of structural members.
This test is mostly used for reinforced beam and slab elements and requires expensive
sensor instrumentation and data acquisition equipment. On the other hand, the alternative
drop-weight impact test is a very simple one that is conducted on small size specimens and
requires no instrumentation or any sophisticated measurement systems. This test requires
that a drop weight of 4.54 kg is dropped repeatedly on the test specimen from a height of
457 mm until a surface crack becomes visible, then the repeated impacts are resumed until
the fracture failure of the specimen. The numbers of the impacts at which the first crack
and failure occur are recorded as the cracking impact number and failure impact number.
The test is generally considered as a qualitative evaluation technique, which compares the
impact resistance of different concrete mixtures based on their ability to absorb higher or
lower cracking and failure impact numbers.

The standard test specimen is a cylindrical (disk) with a diameter of approximately
150 mm and a thickness of approximately 64 mm. The standard test is operated manually
by hand-lifting the drop weight to the specified drop height and releasing it to be freely
dropped by gravity on a steel ball, which rests on the center of the specimen’s top surface.
The steel ball is used as a load distribution point and is held in place using a special framing
system that also holds the concrete disk specimen, as illustrated in Figure 2a. However, it
was found in previous works [27,32] that the manual operation requires significant effort
and is time consuming, especially because at least 6 replication specimens are required to
assess the test records due to the high dispersion of this test’s results [27]. Therefore, an
automatic repeated loading machine was manufactured to apply the standard dropping
weight from the standard dropping height with a better accuracy and much less effort. The
manufactured machine was provided with a high accuracy digital camera to observe the
surface cracking and failure in addition to a special isolation cabin to reduce the test noise.
The manufactured repeated drop weight impact testing machine is shown in Figure 2b.
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testing machine.

3. Results of Control Tests
3.1. Compressive Strength

The residual compressive strength–temperature relationship of the ECC tested cubes
is shown in Figure 3, while Figure 4 shows that of the NC. It is clear in Figure 3 that the ECC
strength reduced after exposure to 200 ◦C by approximately 22% compared to the reference
unheated specimens, where the reference strength was 57.5 MPa, while it was 44.8 MPa
after heating to 200 ◦C. A further decrease was recorded when the heating temperature
was increased to 400 ◦C. However, this additional decrease was small compared to the
initial one, where the residual strength percentages after exposure to 200 ◦C and 400 ◦C
were approximately 78% and 70%, respectively. When the specimens were heated to
600 ◦C, a significant strength degradation was noticed with a residual compressive strength
of 29.5 MPa, which means that the strength loss was approximately 49% compared to
the strength of the unheated specimens. On the other hand, the percentage strength
reduction of NC was less than that of the ECC after exposure to 200 ◦C and 400 ◦C. The
residual compressive strength of the NC cubes after exposure to 200 ◦C and 400 ◦C was
approximately 81% at both temperatures compared to the reference cubes as shown in
Figure 4. However, the percentage residual compressive strength of the NC at 600 ◦C was
approximately 50%, which was almost equal to that of the ECC (51.4%).
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Figure 4. Residual compressive strength of NC at different temperatures.

The denser microstructure of ECCs compared to NC is considered as the main cause
of the further strength reduction between 200 ◦C and 400 ◦C. ECCs comprise a much
larger amount of very fine binder, fine silica sand, no coarse aggregate and lower wa-
ter/cementitious material content, which in turn lowers the porosity of the ECC compared
to the NC. The evaporation of the free pore water below 200 ◦C induces a pore pressure
inside the microstructure. The dissipation of this pressure in the NC specimens due to
the higher porosity relieves the internal thermal stresses, while these stresses are higher
in the ECC due to the denser microstructure. As a result, the ECC suffered higher com-
pressive strength losses at 200 ◦C and 400 ◦C. Previous researchers [53] reported that the
total volume of the 0.1 micrometer and larger pores in the ECC reduced after exposure to
400 ◦C, which is attributed to the pozzolanic reaction of the unhydrated fly ash and other
cementitious materials. Such a reaction would induce unfavorable volume changes due
to the production of more C-S-H gel, which results in microstructural cracking leading
to further strength degradation. The dehydration of hydrated products after exposure to
temperatures higher than 400 ◦C is the main cause of the steep strength reduction at 600 ◦C,
where this process leads to the degradation of the microstructure due to the increase of
pore size and number and the further volume changes’ micro-cracking. Sahmaran et al. [47]
reported a significant increase in the volume and size of the pores of the ECC after exposure
to 600 ◦C, where the porosity increased by 9% after exposure to 600 ◦C, which is large
enough compared to 5% after exposure to 400 ◦C, while the pore size increased by at least
300% after 600 ◦C exposure.

3.2. Flexural Strength

As shown in Figure 5, the flexural strength of the ECC followed a continuous decrease
behavior with temperature up to 600 ◦C. The reference flexural strength of the ECC at room
temperature was 6.94 MPa, while it reduced to 5.75 MPa, 4.32 MPa and 2.31 MPa after
exposure to 200 ◦C, 400 ◦C and 600 ◦C, respectively. This means that the strength respective
reductions at these temperatures were approximately 17%, 38% and 67%. Similarly, the
NC showed a continuous steep decrease in flexural strength with temperature increase as
shown in Figure 6. The residual flexural strength records of the NC after heating to 200 ◦C,
400 ◦C and 600 ◦C were 2.87 MPa, 2.16 MPa and 0.32 MPa, while the reference unheated
specimens recorded a flexural strength of 3.70 MPa. Hence, the percentage reductions were
approximately 22%, 42% and 91% at 200 ◦C, 400 ◦C and 600 ◦C, respectively.
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The continuous decrease in the flexural strength after high temperature exposure is
generally attributed to the volumetric changes in the cement matrix due to vapor move-
ments beyond 100 ◦C and the bond loss between binder and filler after 400 ◦C due to their
different thermal properties. In addition, most of the degradation at higher temperatures is
attributed to the chemical reactions after 400 ◦C (dehydration of C-S-H) and the increased
porosity as discussed in the previous section. As the flexural strength depends on the capa-
bility of concrete to withstand tensile stresses, the initial flexural strength was apparently
higher for the ECC owing to the crack bridging activity of PP fibers, in addition to the
higher content of cementitious materials. However, this bridging activity diminished after
exposure to temperatures higher than 200 ◦C due to the melting of PP fibers. The better
performance of the ECC at high temperatures compared to the NC might be attributed
to the finer mixture constituents and the absence of coarse aggregate in the ECC, which
minimized the effect of bond degradation. Wang et al. [54] showed that the residual flex-
ural strength of PVA-based ECC after exposure to 400 ◦C was approximately 58% of the
unheated strength, which is quite comparable to the obtained result in this study, while Yu
et al. [55] reported that PVA-based ECC exhibited flexural strength reductions of more than
50% and more than 40% after exposure to temperatures of 400 ◦C and 600 ◦C, respectively.

4. Results of Repeated Impact Test
4.1. Description of Heated Specimens

Figure 7 shows the appearance of the external surfaces of a reference impact disk
specimen and others heated to 200 ◦C, 400 ◦C and 600 ◦C before testing. No significant
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changes in the specimens’ appearance were noticed after high temperature exposure.
However, it was observed that the gray color became lighter after 200 ◦C and small yellow
areas were noticed on the surface of specimens exposed to 600 ◦C. This slight color change
might be due to the decomposition of C-S-H gel particles [56–58]. It should also be noticed
that PP fibers cannot sustain high temperatures where its melting point is less than 200 ◦C.
As shown in Figure 8a, the presence of PP fibers had a significant impact in bridging the
crack’s opposite sides, resulting in a more gradual and ductile failure of the reference
unheated specimens. On the other hand, the complete melting of fibers after exposure to
400 ◦C and higher eliminated this effect and created a more porous media. The channels
left after fiber melting would connect and produce continuous porous networks, which
have a positive effect by relieving the internal stresses due to the vapor pressure dissipation.
On the other hand, these channels may have a negative effect by making the media more
porous and hence more brittle under loads. Figure 8b shows that after exposure to 600 ◦C,
the vaporization of PP fibers changed the internal color of the specimen to a dark gray and
left a very porous structure behind.
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4.2. Cracking and Failure Impact Numbers

The recorded cracking numbers (Ncr) of the ECC and NC are shown in Figure 9 at
different levels of high temperatures, while the results of failure numbers (Nf) are shown in
Figure 10. It is worthy to mention that the ACI 542-2R test is known for the high despersion
of test results, where the Coefficient of Variation (COV) of the Ncr records of the ECC
was in the range of 42% to 68.8%, while the COV of the recorded Nf results of the ECC
specimens was in the range of 30.9% to 61.8%.
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Figure 9 shows that the reference unheated cracking number of the NC was higher
than that of the ECC, which is attributed to the presence of gravel in the NC that enabled
it to absorb a higher initial number of impacts before cracking. However, after high
temperature exposure, the NC specimens showed much weaker response and deteriorated
at much higher rate compared to the corresponding ECC specimens as shown in Figure 9a,b.
The unheated Ncr of the ECC and NC were 43.3 and 55, respectively, noting that each
impact number represents the average of six specimen records. On the other hand, the
residual ECC cracking numbers were 41.5, 19.5 and 8.8 after exposure to 200 ◦C, 400 ◦C
and 600 ◦C, respectively, while those of the NC specimens were 14.2, 3 and 1, respectively.
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The results reveal a steep drop in the cracking impact numbers of the NC, where the
percentage residual Ncr values were only 25.8%, 5.5% and 1.8%, respectively, compared to
the reference unheated number as shown in Figure 9b. On the other hand, the ECC showed
an insignificant decrease (less than 5%) after exposure to 200 ◦C, while the percentage
residual Ncr values were 45% and 20.4% after exposure to 400 ◦C and 600 ◦C, respectively.
The rapid decrease of the Ncr of the NC is attributed to the discussed physical and chemical
changes that occur after exposure to high temperatures, especially the dehydration of C-S-
H, which deteriorates the cement matrix, in addition to the different thermal movements of
cement paste and aggregate. Consequently, the internal structure becomes more and more
brittle as the temperature increases, which leads to the loss of impact energy absorption
capacity and hence to rapid cracking. On the other hand, the higher cementitious materials
content, the finer matrix and the absence of aggregate reduced these effects and enabled
the ECC specimen to continue withstanding more impacts before cracking. It should
be noticed that although the melting point of PP fibers is less than 200 ◦C, a significant
amount of these fibers still existed in the specimens heated to 200 ◦C. These fibers helped
maintain a significant impact number before cracking, which is approximately equal to that
of the unheated specimens (95.8%). Aslani et al. [59] reported that PVA fibers did not melt
completely after exposure to 300 ◦C, which is higher than the approximate melting point of
PVA (200 ◦C to 230 ◦C).

ECCs are known for their high ability to withstand plastic deformation after cracking
under tensile and flexural loads, which is attributed to their unique microstructure with
high content of binder and fine filler in addition to the potential of fibers to withstand
high tensile stresses across the cracks. These characteristics enabled the ECC specimens
to absorb significantly higher energy compared to NC after cracking. The test results of
this study showed that this potential is also valid under repeated impact loads. As shown
in Figure 10, the failure impact number (Nf) of the unheated ECC specimens jumped to a
very high limit compared to its corresponding Ncr, while that of NC was comparable to its
cracking number, which duplicated the difference of Nf between the ECC and NC several
times although the Ncr of the NC was higher than that of the ECC. The Nf of the unheated
ECC was 259.3, while that of the NC was only 57.2. This means that the Nf of the NC was
approximately equal to its Ncr with only 2.2 higher impacts, while the ECC sustained 216
more impacts after cracking.

After exposure to 200 ◦C, the NC specimens lost approximately 73% of their initial
failure impact performance and retained only 15.2 impacts at failure. Oppositely, the ECC
specimens kept approximately the same failure strength of the unheated specimens due
to the same reasons discussed above. As shown in Figure 10b, the residual Nf of the ECC
after exposure to 200 ◦C was 99% of the corresponding unheated Nf with 256.7 impacts.
As discussed previously, the PP fibers did not melt completely at 200 ◦C, which means
that the fiber bridging activity was still partially effective after cracking. The hydration
of the unhydrated products at this temperature might be another reason that enabled
the specimens to sustain high impact numbers before cracking. On the other hand, as
temperature increased beyond 200 ◦C, the microstructure of the ECC deteriorated steeply
after the complete melting and vaporization of the PP fibers (around 340 ◦C [60]) and
the decomposition of C-S-H gel, which resulted in a weak microstructure. Therefore, the
impact strength deteriorated sharply after exposure to 400 ◦C and 600 ◦C. As shown in
Figure 10b, the percentage residuals of the Nf after exposure to these temperatures were
only 9.2% and 3.8%, respectively.

4.3. Failure Patterns of Impact Specimens

The post-failure appearance of a reference ECC specimen and others heated to different
high temperatures after repeated impact loading are shown in Figure 11. It is clear in
Figure 11a that the central loading area of the top surface of the reference specimen was
fractured due to the damage. This fracture zone occurred under the effect of the repeated
concentrated compressive stresses from the steel ball, which reflects the ability of the
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material to absorb significant impact energy under the concentrated impact loading. After
the fracture of the surface layer, the PP fibers kept bridging the internal micro-cracks
where the compressive impacts try to split the cylinder and hence induce internal tensile
stresses, see Figure 8a. However, the continuous impacting could finally break the fibers
or their bond with the surrounding media resulting in a progressive crack widening and
propagation. Hence, the surface cracks become visible. As shown in Figure 11a, the
reference specimens exhibited a ductile failure behavior with central fracture zone and
multi-surface cracking.
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Referring to the impact response of the ECC specimens after exposure to 200 ◦C, the
failure pattern at this temperature was similar to that of the reference unheated specimens,
but with a lower number of standing fibers across the mouth of the main crack. It should
also be noticed that the other minor cracks were wider at this temperature (Figure 11b) com-
pared to those of the specimens, which discloses the lower ductility and higher brittleness
of the heated specimens. As previously disclosed, the heating to 400 ◦C and 600 ◦C caused
serious damage to the microstructure of the ECC and vaporized the reinforcing elements
(PP fibers), which was approved by the brittle and sudden failure of the specimens to two,
three or four pieces with wide cracks. This failure was not associated with central fractur-
ing as in the case of the reference and 200 ◦C specimens, where the thermally weakened
structure could not absorb significant concentrated impacts, as shown in Figure 11c,d.

5. Strength Correlation with Temperature

In some cases, it is required to evaluate the residual strength of a material after expo-
sure to a specific temperature. If sufficient experimental data are not available, extrapolation
from other existing data may be considered satisfactory for a quick primary evaluation.
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Despite the limited number of points for each fit, simplified correlations were introduced,
as shown in Figure 12, to describe the relation of the strength and impact numbers of the
PP-based ECC after exposure to high temperatures. Figure 12a shows that the relations of
both compressive strength and flexural strength with temperature can be represented using
linear fits with good determination coefficients (R2) of 0.96 and 0.99, respectively. Referring
to Figure 12c, it can be said that a multilinear relation would better describe the reduction
of compressive strength with temperature. However, a determination coefficient of 0.96 is
good enough to accept the simpler linear correlation.
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The impact numbers showed a weaker linear correlation degree with temperature
than those of compressive strength and flexural strength. As shown in Figure 12b, the linear
relations of Ncr and Nf with temperature underestimate the retained impact numbers at
200 ◦C, while that of Nf overestimates the experimental failure impact number recorded
at 400 ◦C. The deviations from the experimental records at these temperatures impacted
the degree of the linear correlation, especially for Nf, where the R2 of the linear correlation
was 0.84, which is the lowest among the obtained ones. To avoid such a low degree of
correlation, nonlinear correlations were tried and the exponential one was found to give
a coefficient of determination of 0.9, which is quite acceptable as an indication of a good
correlation. As shown in Figure 12c, the exponential correlations could acceptably estimate
the degradation of Ncr and Nf after exposure to the highest temperatures (400 ◦C and
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600 ◦C). However, these correlations significantly underestimated the residual impact
numbers after exposure to 200 ◦C.

6. Conclusions

Compressive, flexural and repeated impact tests were conducted in this study to
evaluate the residual strength of PP fiber-based ECCs after exposure to high temperatures
up to 600 ◦C. Based on the results obtained from the experimental work of this study, the
following are the most important conclusions:

1-The compressive strength of the ECC decreased with temperature increase. However,
the residual strength at 400 ◦C was close to that at 200 ◦C, while exposure to 600 ◦C led to a
significant strength reduction. The percentage residual compressive strengths of the tested
ECC cubes after exposure to 200 ◦C, 400 ◦C and 600 ◦C were approximately 78%, 70% and
51%, respectively. The reason for the strength deterioration after 400 ◦C is attributed to the
chemical and physical changes within the material microstructure due to the temperature
exposure, which include the decomposition of C-S-H gel and the increase of porosity
owing to the vaporization of PP fibers. The linear correlation could effectively describe the
degradation of compressive strength after high temperature exposure with an R2 of 0.96.

2-The flexural strength of the ECC showed a clear continuous reduction with tempera-
ture compared to that of compressive strength and higher percentage reductions at 400 ◦C
and 600 ◦C. Therefore, the linear correlation with temperature was the most accurate one
among the conducted tests with an R2 of 0.99. The residual flexural strengths were reduced
to approximately 62 and 33% after heating to 400 ◦C and 600 ◦C, respectively.

3-The ECC specimens exhibited minor reductions in the cracking number (Ncr) after
exposure to 200 ◦C with a residual percentage of approximately 96%. The reduction in Ncr
was much higher after exposure to the higher temperatures. However, the deterioration of
normal concrete (NC) was much faster. ECCs retained percentage residual Ncr values of
approximately 45% and 20% after exposure to 400 ◦C and 600 ◦C, respectively, while the
corresponding percentages of NC were approximately 5% and 2%. The much higher binder
content, finer matrix and the absence of aggregate enabled the heated ECC specimen to
continue absorbing higher impacts till cracking compared to NC.

4-The failure impact number of the unheated ECC specimens jumped several times
higher than the corresponding Ncr, which assured the ability of the dense and fine mi-
crostructure of the ECCs, with the help of the PP-fibers crack bridging elements, to amplify
the capacity impact energy absorption at failure. The retained Nf was 259.3, which was
approximately 4.5 times that of NC although of the higher Ncr of NC. After exposure to
200 ◦C, the ECC retained almost the same unheated Nf number (99%), while NC retained
only 27% of its unheated failure number. Oppositely, both ECC and NC sharply lost their
impact resistances after exposure to 400 ◦Cand 600 ◦C with percentage residual Nf values
of less than 10%, and 4%, respectively.

5-The linear correlation was found suitable to describe the reduction of Ncr with
temperature with a good R2 of 0.93. However, such correlation noticeably underestimated
the recorded Nf at 200 ◦C and overestimated that at 400 ◦C, which decreased its R2 to 0.84.
On the other hand, the exponential relation was found to better describe the deterioration
of Nf after high temperature exposure, where R2 was 0.9.
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