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A B S T R A C T   

Over the past decades, the effect of elevated temperatures on the mechanical properties of con
crete has received significant attention because of the importance for fireproof design, safety 
evaluation and repair of fire damaged constructions. However, very few researches have been 
dedicated to the consequences of water re-curing of a thermally damaged concrete. In this paper, 
the effect of elevated temperatures and water re-curing on the mechanical response of two hybrid 
fiber reinforced concretes was investigated. For the first hybrid reinforced mix, long hooked-end 
and medium hooked-end steel fibers were adopted, as well as high strength short wave shaped 
steel fibers. In the second mix, polypropylene fibers substituted the short-wave shaped steel fi
bers. The mechanical behavior in compression was studied by measuring the stress-strain 
response. The elevated temperatures above 200 ◦C decreased: Young’s modulus, compressive 
strength and toughness of the hybrid fiber reinforced concretes. The stable crack growth stage 
was reduced with the increase of the temperature above 200 ◦C, with an extension of the unstable 
crack growth stage for both kinds of hybrid fiber reinforced concrete. Water re-curing partially 
recovered Young’s modulus, compressive strength, toughness, and extended the stable crack 
growth. An existing model was modified for predicting the stress-strain response of thermally 
damaged hybrid fiber reinforced concrete.   

1. Introduction 

Fire is one of the most serious potential risks to most of the constructions [1]. Concrete structures are likely to experience thermal 
damage by accidental causes or by special application purposes [2]. When exposed to high temperatures, the dense micro-structure 
inhibits the evaporation of physical and chemical water, leading to high vapor pressure in concrete [1,3]. The low thermal conduc
tivity of concrete [4,5] creates a thermal gradient, from the surface to the center of the concrete, and a considerable thermal stress state 
with compressive component parallel to the heated surface [6], and tensile one in the direction perpendicular to the heated surface. 
The vapor pressure and thermal stress motivate the onset and propagation of both micro- and macro-cracks, leading to the spalling of 
concrete. When the temperature exceeds a certain level [7,8], the decomposition of the matrix and aggregates leads to a serious 
reduction in the load-carrying capacity of concrete. 

Fibers reinforcement can not only reduce the brittleness of concrete but also improve fire resistance [1,3,9,10]. The presence of 
polypropylene fibers has a negligible effect on concrete compressive strength, but it can reduce or eliminate the spalling when exposed 
to high temperature [9,11–15]. It is attributed to the low melting point of the polypropylene fiber. Steel fibers, with higher elastic 
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modulus, improve the mechanical performance of concrete by bridging cracks [16–19]. But, the effect of the steel fiber on concrete 
exposed to high temperatures is controversial [1,2,20–22]. The presence of the steel fibers restricts the propagation of cracks and 
increases the heat transfer ability. But steel fibers produce extra voids and micro cracks, increasing the chance for the propagation of 
micro cracks under high temperature. 

There is a general agreement on the favorable influence of fiber hybridization on the mechanical performance of fiber reinforced 
concrete [1]. Studies [1,13,23] indicate better performance of the hybrid fiber reinforced concrete at elevated temperature. But in
vestigations on the hybrid steel fiber under high temperature are limited. The influence of the hybridization type on the compression 
performance of the thermally damaged hybrid fiber reinforced concrete is not clear. Therefore, it worth conducting more in-depth 
research on the compression behavior of the hybrid fiber reinforced concrete exposed to elevated temperature. 

Under high temperature, the compositions of the concrete experience chemical and physical change, leading to the change of the 
micro structure of the cement matrix [24]. The deterioration of micro structure of concrete due to high temperatures produces a 
significant effect on the failure mechanisms, which is directly reflected by the compression stress-strain curves [25]. A large number of 
researchers [15,23,25–28] investigated the plain concrete compressive performance according to the stress-axial strain behavior, 
providing essential information for the safety maintenance of concrete structures. But, the thermal mechanical change of concrete can 
not be reflected comprehensively only by the stress-axial strain. A more complex scenario is for fiber reinforced concrete. The 
randomly distributed fibers provide constraining effect in both axial and transverse directions, producing a more considerable effect on 
the volumetric strain than the axial one [2,29–31]. Existing fire design codes [32–34] are based on plain concrete. Extrapolation of the 
guidelines to hybrid fiber reinforced concrete may not be appropriate. 

Restoring the fire-damaged concrete structure to the safety level by adopting the proper post-fire re-curing methods is a sustainable 
way for reducing the consumption of concrete. During the post-fire stage, the dehydrated compounds react with the water and carbon 
dioxide (CO2), producing some composites filling the cracks and voids in the cement matrix. These newly generated composites can 
produce positive [35,36] or negative [37–39] effects on the post-heating mechanical behavior. The negative effects can be attenuated 
by proper post re-curing, which can help to recover the mechanical behavior of the thermally damaged concrete. Water re-curing is one 
post-fire strategy proposed to reactivate chemical reactions. However, water re-curing is debatable [35,36,40–42].The influence of the 
water re-curing on the compressive performance of thermally damaged hybrid fiber reinforced concrete has not investigated in detail. 

In this study, the effect of hybridization of fibers, high temperature, and water re-curing on the compressive performance of hybrid 
fiber reinforced concrete was investigated by conducting uniaxial compression tests on cylindrical specimens. Water evaporation, 
damage degree, damage initiation stress, and critical stress of the thermally damaged hybrid fiber reinforced concrete were analyzed. 
The water re-curing effect on the performance of the thermally damaged hybrid fire reinforced concrete was evaluated. An available 
model was adopted for the prediction of the compressive strength-strain relationship. 

2. Materials and methods 

2.1. Materials 

Portland Cement CEM II/A-LL42.5R, river gravel with the maximum nominal size of 16 mm, and crushed limestone with the 
maximum nominal size of 22 mm were used. The fine aggregate was river sand having a maximum size of 4 mm. The grading curves of 
aggregates are shown in Fig. 1. The additive Aeternum Proof [43] was used to keep good workability. The specimens were produced in 
a precast plant under a strict quality control to guarantee the uniformity of the batches performance [44]. 

Four kinds of commercial fibers with different geometric parameters and materials were selected according to a preliminary study 
[45] on fibers available in the market. The high strength short steel fiber has a waved shape, while the long and medium fibers has 
hooked-ends. The polypropylene fiber has a melting point of 170 ◦C, and therefore are not suitable for concrete reinforcement exposed 

Fig. 1. Grading curves of the aggregates.  
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to elevated temperatures. The main motivation for exploiting polypropylene fibers as reinforcement, also mentioned in the literature 
(see e.g. Refs. [6,9,11,12]), is the extra paths for the evaporation of the water created by the melting of the fibers, which can reduce the 
vapor pressure and, then, damage in concrete. The properties of the fibers are listed in Table 1. 

2.2. Mixing design and specimen casting 

Two concrete mixtures were designed, as shown in Table 2. The components, except fibers, were the same. Mix named ‘S’ 
embedded long hooked-end steel fiber (LS), medium hooked-end steel fiber (MS), and short wave-shaped steel fiber (SS). In the mix 
named ‘P’, the short wave-shaped steel fibers were replaced by the polypropylene fibers (PP). The volume fractions of fibers in both 
mix groups were the same. The specimens were cast according to the European standard EN 12390-2-2019 [46]. The specimens were 
kept in the molds for 24 h. Then, they were demolded and cured in a chamber with a temperature of 20 ± 2 ◦C and relative humidity of 
90 ± 3% until testing. 

2.3. Testing methods 

The compressive performance of hybrid fiber reinforced concrete under different pre-conditionings, as shown in Table 3, was 
studied by the uniaxial compression test on cylinders with the dimensions Diameter × Height = 100 mm × 200 mm according to the 
European standard EN 12390–3:2019 [47]. For each condition, three or more specimens were tested. It must be highlighted that the 
size effect dependency of the reinforced concrete mechanical properties was not considered. It can be topic of further study. The testing 
ID includes fiber type, temperature, and post-heating re-curing condition. For example, PW-400 represents mix with short poly
propylene fibers, 400 ◦C heating, and water re-curing after heating. Before the compression test, the specimens were heated to the 
target temperature (200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C) with the rate of 1 ◦C/min. Then, the target temperature was kept constant in the 
furnace for 2 h, before cooling to ambient temperature with the rate of 1 ◦C/min. The specimens exposed to 400 ◦C and 600 ◦C were 
post-cured in water for three weeks [35,48], then were taken out and cured in the lab environment for one week. 

The setup of the compression test is shown in Fig. 2. Three liner variable displacement transducers (LVDT), positioned at 120◦ each 
other, were used to measure the axial strain. To reduce the end constraint effect, the LVDTs were located 50 mm far from the ends. 
Teflon film was used to reduce the friction caused by the loading plates. The lateral strain was monitored by the clip gauge. The test was 
started by the LVDT control with a rate of 0.0015 mm/s. The clip gauge control with a rate of 0.001 mm/s was activated when the 
lateral displacement reached 0.020 mm. The test was stopped when the lateral displacement was 3.5 mm, the maximum of the clip 
gauge. 

For each pre-conditioning, the ultrasonic pulse velocity (UPV) in the longitudinal direction of the cylinder specimen was measured 
before and after heating or water re-curing for evaluating the damage degree of hybrid fiber reinforced concrete exposed to high 
temperature. The measurement was conducted according to the European standard EN 12504–4:202 [49]. Moreover, the water 
evaporation after the high temperature exposition was measured by weighting the mass of the specimens before and after heating or 
water re-curing. 

3. Water evaporation analysis 

Capillary water, inter-layer water, and chemical combined water are the three kinds of water in concrete [35,50–52]. Under the 
high temperature environment, water evaporates from inside to the outside, leading to physical (pore and microstructure) and 
chemical changes (dehydration of the C–S–H). Meanwhile, water evaporation produces high vapor pressure, accelerating the prop
agation of the cracks in concrete. Therefore, the water evaporation ratio can reflect the micro structure and mechanical property 
change to a certain extent. 

Fig. 3 shows the water evaporation ratio of hybrid fiber reinforced concrete under different testing scenarios. Both kinds of hybrid 
fiber reinforced concrete had an almost bi-linearly increase of water evaporation with temperature Fig. 3(a). The average water 
evaporation ratio at 400 ◦C reached 8.30% and 6.78% for Mix P and Mix S, accounting for 67.8% and 59.5% of that at 800 ◦C. Capillary 
water evaporated easily when the temperature increased from 20 ◦C to 400 ◦C. The inter-layer water between the layers of the C–S–H 
[52,53] evaporated when the temperature exceeded 200 ◦C. Some composites, like calcium hydroxide and aggregates, experienced 
decomposition and the chemical water in them evaporated, leading to the further increase of the water evaporation. The melting and 
evaporation of the polypropylene fiber when the temperature exceeded 170 ◦C provided extra paths for water evaporation, leading to 

Table 1 
Properties of fibers.   

Long (L) hooked-end Medium (M) hooked-end Short (S) wave-shaped Polypropylene (PP)  

Length (mm) 50 35 18 18 
Diameter (mm) 1.0 0.6 0.2 0.01 
Aspect ratio (L/D) 50 58 90 1800 
Density (kg/m3) 7800 7800 7800 910 
Tensile Strength (N/mm2) 1440 1250 2600 450 
Modulus of elasticity (GPa) 200 200 200 37  
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the higher water evaporation ratio in Mix P than that of Mix S. 
Water re-curing decreased the water evaporation as shown in Fig. 3(b). The water evaporation ratios of Mix S and Mix P decreased 

from 8.17% and 7.69% to 0.28% and 0.30%, respectively, which were similar to that at 600 ◦C. During the water re-curing period, the 
decomposed composites underwent the rehydration process, producing C–S–H, Ca(OH)2, Ca(CO3), and others [36,54]. Moreover, free 
water filled the voids, cracks and capillary pores. 

4. Damage degree 

The non-destructive ultrasonic pulse velocity (UPV) method, a preferred non-destructive method for damage evaluation in civil 
engineering [55–59], was adopted to evaluate the deterioration of concrete caused by high temperature. The UPV in the longitudinal 
direction of the cylinder was measured before and after high temperature exposition and water re-curing. The Damage Degree (DD) 
[57], according to the variation of UPV, was adopted to evaluate the deterioration of the hybrid fiber reinforced concrete: 

DD= 1 −
V
V0

(1)  

where V is the ultrasonic pulse velocity after the temperature exposition or water re-curing, V0 is the UPV of the cylindrical specimen at 
20 ◦C. The higher damage degree indicated the more serious damage. 

The damage degree increased with temperature for both kinds of hybrid fiber reinforced concrete as shown in Fig. 4(a). The lower 
deterioration was recorded for temperature below 200 ◦C as the damage degree was about 0.1. The evaporation of the capillary water 

Table 2 
Concrete mixtures.  

Mix group W/C Cement (kg/m3) Aggregates(kg/m3) Volume fraction of fiber (%) Additive (kg/m3) 

River gravel Crushed limestone River sand LS MS SS PP 

S 0.45 450 705 530 320 0.65 0.65 0.2 – 13.5 
P 705 530 320 0.65 0.65 – 0.2 13.5  

Table 3 
Testing groups.  

ID Temperature (◦C) Water re-curing ID Temperature (◦C) Water re-curing 

S-20 20 NO PW-400 400 YES 
P-20 20 NO P-600 600 NO 
S-200 200 NO S-600 600 NO 
P-200 200 NO SW-600 600 YES 
S-400 400 NO P-800 800 NO 
SW-400 400 YES S-800 800 NO 
P-400 400 NO     

Fig. 2. Experimental setup for compression test.  
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was the main reason for the increase of the damage degree. Under heating, the capillary water (free water) flowed from the heated 
surface into the inner part of the concrete with low vapor pressure. The stem condensed in the inner region with a temperature around 
100 ◦C, forming a saturated layer. The saturated layer, like moisture clog wall, blocked the evaporation of the water, increasing the 
pore pressure in concrete [60,61]. The damage degree rose up to about 0.65 when the temperature increased from 200 ◦C to 600 ◦C. 
Exceeding 200 ◦C, the C–S–H micro structure experienced decomposition, leading to the generation of cracks in the matrix. Mean
while, the mismatch of the thermal expansion between aggregates and cement paste produced micro cracks in the Interface Transition 
Zone (ITZ) [62]. For exposition to temperature higher than 600 ◦C, the decomposition of the aggregates, calcium hydroxide (Ca(OH)2), 
and carbonates happened [63], causing considerable damage in concrete, leading to further growth of the damage degree, more than 
0.7 at 800 ◦C. When the temperature increased from 400 ◦C to 600 ◦C, large cracks surrounded by several small cracks appeared on the 
surface of the specimens. It proved the deterioration of the internal structure of the concrete with the increase of the temperature. 

Water re-curing reduced the damage degree for both kinds of thermally damage hybrid fiber reinforced concrete as shown in Fig. 4 
(b). The average damage degree of Mix S decreased from 0.39 to 0.63 to 0.07 and 0.10 at 400 ◦C and 600 ◦C, respectively. During the 
water re-curing period, the rehydration of the decomposed phrases produced compositions, like C–S–H and CaCO3, bridging the cracks 
in concrete. The crack patters, as shown in Fig. 5 (surface portion where damage was more visible by naked eye), provided evidence for 

Fig. 3. Water evaporation ratio: (a) after heating and (b) after heating and water re-curing. Error bars show the standard deviation of 3 replicas.  

Fig. 4. Damage degree after: (a) high temperature exposition and (b) high temperature exposition and water re-curing. Error bars show the standard deviation of 
3 replicas. 
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the repairing effect of the water re-curing on the thermally damaged hybrid fiber reinforced concrete. Only some small cracks were 
detected after water re-curing. Free water refilled the voids and cracks. These resulted in a positive effect as measured by the ultrasonic 
pulse wave propagation. 

5. Compression behavior 

5.1. Compressive strength and peak strain 

Fig. 6 compares the compressive strength of both thermally damaged hybrid fiber reinforced concretes. The compressive strength 
decreased with temperature. For Mix S, the elevated temperature below 200 ◦C had a negligible effect on the compressive strength, 
staying close to 56.2 MPa. A considerable reduction was measured when the temperature exceeded 200 ◦C, and especially when the 
temperature exceeded 400 ◦C. The compressive strength decreased by 87%, reaching 7.16 MPa at 800 ◦C. It was consequence of the 
increase of internal vapor pressure and thermal stress with high temperature, leading to the generation and extension of cracks in the 
ITZ and cement matrix [1,62]. Moreover, the C–S–H started the decomposition process when the temperature exceeded 100 ◦C, while 
Ca(OH)2 and carbonates dehydrated when the temperature reached 450 ◦C and 700 ◦C, respectively [61]. These changes weakened 
micro structures of matrix, reducing the load-bearing capacity. Mix P had a similar trend to Mix S. But the compressive strength of mix 
S was higher than that of mix P. The short wave-shaped steel fiber had higher bonding strength, generating a more effective bridging 
effect on the propagation of micro cracks. The polypropylene fibers melted and evaporated when the temperature exceeded 170 ◦C, 
losing the bridging effect. 

Water re-curing partially recovered the compressive strength for both thermally damaged hybrid fiber reinforced concretes as 
shown in Fig. 6(a). For Mix S, at 400 ◦C, the compressive strength remained 80% of the compressive strength at 20 ◦C, indicating that 
damage on bonding between steel fibers and the cement matrix and ITZ was not serious. Therefore, rehydration compositions had a 
negligible effect on the recovery of compressive strength. At 600 ◦C, the cracks caused by the high temperature were intensive. The 
rehydration bridged or narrowed the cracks, leading to the recovery of the strength of matrix. For Mix P, the water re-curing was more 
effective. The compressive strength increased from 20.59 MPa to 31.60 MPa at 400 ◦C. It was because the rehydrated productions filled 
the cracks and voids caused by the evaporation of the polypropylene fibers. 

The relationship between temperature and nominal residual compressive strength (defined as the ratio between compressive 
strength of the thermally damaged concrete fCT and compressive strength at 20 ◦C fC20) was detected in the range from 20 ◦C to 800 ◦C, 
as shown in Fig. 6(b). The fitting functions of the experimental data are given by Eqn. (2) and Eqn. (3). 

Fig. 5. Cracks morphology on the surface of the specimens after heating and water re-curing.  
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Mix S: 

fcT

fc20
=

⎧
⎪⎨

⎪⎩

1

1.338 − 1.53
(

T
1000

)
20 ≤ T ≤ 200

200 ≤ T ≤ 800

R2 = 0.99

R2 = 0.98
(2) 

Mix P: 

fcT

fc20
= 1.062 − 1.19

(
T

1000

)

20 ≤ T ≤ 800 R2 = 0.97 (3) 

The nominal compressive strength estimated according to Eurocode 2 [32], ACI 216 [33], for siliceous aggregates, was in 
agreement to the proposed Eqn. (2) and Eqn. (3) (Fig. 6(b)). Moreover, the proposed Eqn. (2) fitted well the results of [64], indicating 
the applicability for predicting the compressive strength of thermally damaged hybrid fiber reinforced concretes. 

The peak strain (ϵP), defined as the axial strain at the peak stress, is an essential parameter of the material. Fig. 7(a) shows the 
increase of peak strain with temperature, especially when it exceeded 400 ◦C, for both hybrid fiber reinforced concretes. Quadratic 

Fig. 6. (a) Compressive strength and (b) nominal compressive strength for different temperatures. Error bars show the standard deviation of 3 replicas.  

Fig. 7. Peak strain (a) and nominal peak strain (b) at different high temperatures. Error bars show the standard deviation of 3 replicas.  
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functions gave the proper correlation of the peak strain and the temperature, as shown by Eqn. (4) and Eqn. (5) for Mix S and Mix P, 
respectively. 

Mix P: 

εPT = εP20

(

0.923 − 1.381
(

T
1000

)

+ 6.027
(

T
10

)2
)

20≤T ≤ 800,R2 = 0.97 (4) 

Mix S: 

εPT = εP20

(

1.093 − 3.631
(

T
1000

)

+ 11.830
(

T
1000

)2
)

20 ≤ T ≤ 800,R2 = 0.99 (5) 

Water re-curing produced a negligible effect on the peak strain for both kinds of thermally damaged hybrid fiber reinforced 
concrete at 400 ◦C, as the peak strains before and after water re-curing were similar. But water re-curing produced 40% reduction of the 
peak strain at 600 ◦C. It was attributed to the bridging effect of the re-hydrated compositions. 

Fig. 7(b) compares the nominal peak strain (defined as the ratio between the peak strain of thermally damaged concrete ϵPT and 
peak strain at 20 ◦C ϵP20) by: the proposed Eqn. (4) and Eqn. (5), by the Eurocode 2 and other studies for steel fiber reinforced concretes 
[65–68]. Eurocode 2 overestimated the peak strain of the thermally damaged hybrid reinforced concrete. Compared to the results of 
other studies, the proposed equations had a good prediction over the wide temperature range up to 600 ◦C. 

5.2. Initial elastic modulus 

Fig. 8 shows the initial elastic modulus (EinT) of hybrid fiber reinforced concrete under different testing scenarios. The initial elastic 
modulus is defined as the tangent modulus at 0.1fcT. For both hybrid fiber reinforced concretes, the initial elastic modulus decreased 
sharply when the temperature exceeded 200 ◦C. The average initial elastic modulus of Mix S and Mix P decreased from 27.54 GPa and 
23.52 GPa at 200 ◦C to 8.86 GPa and 4.99 GPa at 400 ◦C, reduction of 68% and 79%, respectively. When the temperature reached 
800 ◦C, the lowest initial elastic modulus of about 0.5 GPa was measured. 

When the temperature exceeded 200 ◦C, the vapor pressure and thermal stress accelerated the formation and propagation of the 
micro cracks. Meanwhile, the decomposition of matrix produced cracks in concrete. These lead to the deterioration of the initial elastic 
modulus. The higher strength and bonding strength of the steel fiber can motivate the higher initial elastic modulus of Mix S than that 
of Mix P. But, the evolution with temperature is the similar for both thermally damaged hybrid fiber reinforced concretes. A two 
branches relationship (linear and exponential) between EinT and the temperature was detected in the range from 20 ◦C to 800 ◦C. The 
proposed functions are given by Eqn. (6) and Eqn. (7). 

Mix S: 

EinT =

⎧
⎪⎨

⎪⎩

Ein20

Ein20

(

3.443 exp
(
− 6.1T
1000

))

± 0.2

20 ≤ T ≤ 200

200 ≤ T ≤ 800

R2 = 0.99

R2 = 0.99
(6) 

Mix P: 

Fig. 8. Initial elastic modulus for different testing conditions. Error bars show the standard deviation of 3 replicas.  
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EinT =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Ein20

(

1.011 − 0.561
(

T
1000

))

+ 0.23

Ein20

(

3.699 exp
(
− 7.2T
1000

))

± 0.25

20 ≤ T ≤ 200

200 ≤ T ≤ 800

R2 = 0.99

R2 = 0.99
(7)  

where T is the temperature (◦C), Ein20 is the initial elastic modulus at 20 ◦C. 
Water re-curing produced a recovery effect on initial elastic modulus for both thermally damaged hybrid fiber reinforced concretes. 

At 400 ◦C, the water re-curing increased the initial elastic modulus of Mix S and Mix P from 4.99 GPa and 8.86 GPa to 13.41 GPa and 

Fig. 9. Representative stress vs axial, lateral and volumetric strain curves of Mix S: (a) 20 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.  
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19.67 GPa, (increase of 169% and 122%), reaching 51% and 70% of Ein20, respectively. During the post-heating re-curing stage, the 
decomposition products reacted with water and carbon dioxide, reproducing some hydrated compositions. CaO reacts with water and 
carbon dioxide re-generating Ca(OH)2 and CaCO3 [36,53]. The CnS (such as C2S, C3S) reacts with water, forming C–S–H in the 
damaged cement matrix. The rehydrated compositions bridged or narrowed the cracks caused by the high temperature. The bonding 
strength of steel fiber was partially recovered [36,69]. Therefore, the extension of the micro cracks was restricted, partially recovering 
the initial elastic modulus of the thermally damaged hybrid fiber reinforced concrete. 

Fig. 10. Stress vs axial, lateral and volumetric strain curves for different pre-conditionings of Mix P: (a) 20 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C, and (e) 800 ◦C.  
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5.3. Stress - strain relationships 

The compression fracture mechanism and the stress-strain relationship are two important properties of concrete [2]. Researches [1, 
9,16,22,56] on thermally damaged concrete proved that high temperature degraded the micro structure of concrete, and then changed 
the mechanical behavior. The micro structure affected the damage evolution, which was directly reflected by the stress-strain curve. 
The randomly distributed fibers in concrete produce a bridging effect on cracks, changing relationships between stress and axial strain, 
lateral strain, and volumetric strain. In the concrete failure theory proposed in Ref. [70], the critical load was determined according to 
the volume change, which represented the beginning of the internal splitting in concrete. Later, the expansion of the volume was 
verified to be related to the development of a continuous pattern of cracks. 

Therefore, the influence of the high temperatures and water re-curing on the failure process of hybrid fiber reinforced concrete are 
here determined by analyzing the stress-strain curves including axial strain, lateral strain and volumetric strain. 

Fig. 9 shows the stress-strain curves of Mix S under different testing scenarios. The temperatures under 200 ◦C had a negligible 
effect on stress-strain curves, except for a slight increase on compressive strength (Fig. 9(a) and (b)). The stress-strain curves showed 
almost linear increase and then a slight nonlinear hardening up to the peak stress. When the temperature increases to 400 ◦C, the stress- 
axial curve showed almost a linear increase to the peak stress (Fig. 9(c)). But, for stress-lateral/volumetric strain, an obvious 
nonlinearity appeared before peak stress. It indicated the micro structure deterioration at 400 ◦C. The stress-strain curves presented a 
large deformation when the high temperature reached 600 ◦C and 800 ◦C, showing a sharp decrease on compressive strength (Fig. 6(d) 
and (e)) and initial elastic modulus (Fig. 8), the increase of peak strain (Fig. 7), and a more nonlinear stress - lateral strain and stress- 
volumetric strain. 

Water re-curing partially changed the trend of the stress-strain curves of thermally damaged concrete. At the 400 ◦C (Fig. 9(c)), 
although the water re-curing produced a negligible effect on the recovery of the stress - axial strain curve, while the stress - lateral 
strain and stress - volumetric strain curves showed a smaller nonlinear increase before peak load. A much stronger recovery effect was 
produced at 600 ◦C (Fig. 9(d)). The recovery effect was attributed to the rehydrated compositions. They filled and narrowed the cracks 
and voids, leading to the increase of the load-bearing capacity of the micro structures. The bonding strength between steel fibers and 
cement matrix was improved during the water re-curing. 

Fig. 10 shows the stress-strain curves of Mix P at different preconditioning conditions. The high temperatures and water re-curing 
produced effects similar to Mix S on the stress-strain curves of Mix P. It is worth noting that water re-curing produced a stronger 
recovery effect on the thermally damaged Mix P. The melting and evaporation of the polypropylene fibers not only led to the loss of the 
bridging effect on the propagation of micro cracks, but also created micro voids for the generation and propagation of both micro and 
macro cracks. Rehydrated compositions produced during the water re-curing partially restored the damage and filled the voids caused 
by the evaporation of polypropylene fibers. 

The effect of the hybrid fiber system on the stress-strain curves of thermally damaged hybrid fiber reinforced concrete is compared 
in Fig. 11. Mix P presented a much lower compressive strength and more softening stress-strain behavior than Mix S at 400 ◦C (see 
Fig. 11(a)). But, a less remarkable hybridization effect on the stress-strain curve at 600 ◦C was notable as shown in Fig. 11(b), except for 
the higher compressive strength. It indicated the hybrid high strength short wave-shaped fiber provided better performance of the 
concrete, than the polypropylene fibers. But with the increase of the temperature, the advantages gradually diminish. 

Fig. 12 presents the typical stress - lateral/axial strains ratio of hybrid fiber reinforced concrete under different conditions. With the 
increase of the thermal damage in concrete, the lateral strain had a higher contribution to the volume strain. Water re-curing produced 
an obvious effect on the lateral strain. The curves of SW-400 and PW-400 shifted toward S-20 and P-20. According to the studies [2,29, 

Fig. 11. Comparison of the stress-strain curves of Mix S and Mix P: (a) 400 ◦C and (b) 600 ◦C.  
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30], the matrix cracks was activated at the stress point when the lateral/axial strain ratio had a clear change, which was defined as the 
initiation stress of the matrix crack (finT). In this study, the initiation stress is the stress at which the curve first deviates significantly 
from the initial linear trend. 

The effect of the elevated temperature and water re-curing can be quantitatively evaluated by analyzing the initiation stress (finT) 
and critical stress (fcriT). According to studies [2,29], critical stress related to the volume change of the specimen, and it was associated 
to the unstable cracks’ extension. In this study, as in Refs. [2,29], the critical stress corresponded to the minimum volumetric strain on 
the stress - volumetric strain curve. Fig. 13 compares the initiation stress and critical stress of Mix S (Fig. 13(a)) and Mix P (Fig. 13(b)) 
under different testing conditions. 

The critical stress and initiation stress of Mix S decreased with temperatures above 200 ◦C, with the more significant decrease in 
critical strength as shown in Fig. 13(a). It indicated the unstable crack propagation at a lower loading level with the increase of the 
thermal damage. The critical stress and initiation stress had a slight increase for temperature from 20 ◦C to 200 ◦C. It was because the 
vapor pressure activated the rehydration of the unhydrated cement and reduced the original defects in concrete. The initiation stress 
and the critical stress decreased from 35.66 MPa and 45.04 MPa at 400 ◦C to 6.96 MPa and 9.29 MPa at 600 ◦C. 

The unstable cracks growth stage was defined as the range between critical stress (fcriT) and compressive strength (fcT), shown by 
the pink area in Fig. 13. The difference between fcriT and fcT kept stable with the decrease of the compressive strength when the 
temperature increased from 200 ◦C to 600 ◦C, indicating the extension of unstable cracks growth stage before the pre-peak period. But 
the stable crack growth, defined as the area between the initiation stress (finT) and the critical stress (fcriT), had a significant shrinkage. 
It indicated the stable crack propagation was activated at a lower loading level, and propagation and coalescence of matrix cracks were 
faster. With the increase of the temperature, the deterioration of the micro structure of concrete led to the decrease of the loading 
capacity. Under external load, the micro cracks propagated and coalesced, forming the macro cracks and entering unstable crack 
growth stage at a low loading level. 

Water re-curing partially regained the initiation stress and critical stress and extended the stable crack growth stage (see Fig. 13(a)). 
The initiation stress and critical stress at 400 ◦C (S-400) increased from 20.65 MPa and 26.98 MPa to 27.06 MPa and 39.10 MPa after 
water re-curing (SW-400). A more pronounced increase was produced at 600 ◦C. This was attributed to the rehydrated compositions, 
especially the C–S–H as shown in Ref. [71]. 

As for the internal structure performance, before the initiation stress, the micro cracks propagated mainly in ITZ (the weaker part in 
concrete), and concrete stayed in the elastic stage [2,72]. With the increase of load, micro cracks propagated and connect in the ITZ, 
then stress could not be transferred through ITZ. Some stress paths propagated into the matrix, activating the stable crack growth stage 
[65,70]. The hybrid fibers constrained the propagation of crack and transferred stress between cracks, extending the stable crack 
growth stage. The stable extension of the cracks in the matrix slightly increased the curvature of the stress-strain curve. With the 
increase of load, debonding of fibers and matrix occurred and cracks extended fast. The internal micro structures broke down, leading 
to the sharp increase of the curvature of the stress-strain curve. The specimen entered the unstable cracks growth stage. Under the high 
temperature environment, especially for the temperatures above 200 ◦C, the vapor pressure, thermal stress and decomposition 
increased original cracks both in ITZ and matrix before loading. The integrity and strength of ITZ were deteriorated, leading to the 
decrease of the initiation stress. The decomposition of hydrated components deteriorated the micro structure and weakens the bonding 
strength between fibers and matrix, leading to the sharp shrink of the stable crack growth stage. 

Fig. 12. Variation of the lateral/axial strains ratio with the applied stress: (a) Mix S and (b) Mix P.  
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Fig. 13. Initiation stress (finT), critical stress (fcriT), and compressive strength (fcT) of (a) Mix S and (b) Mix P.  

Fig. 14. Toughness of both hybrid fiber reinforced concretes at different testing conditions.  
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Water re-curing produced a recovery effect on the thermally damaged micro structures. During the water re-curing period, the 
decomposed components, produced under the high-temperature environment, re-hydrated and generated composites, like C–S–H and 
CaCO3. They filled voids, bridged or narrowed the cracks, and partially repaired the thermally damaged micro structure, leading to the 
increase of the integrity and strength of the micro structure. The crack bridging effect produced by hybrid fibers was enhanced by the 
recovery of the bonding strength. 

5.4. Toughness 

Toughness is a parameter to estimate the energy-absorbing ability of concrete under loading, which can be obtained by integrating 
the area underneath the load-displacement curve (see Eqn. (8)). 

T =

∫ x

0
P(x)dx (8)  

where x is the displacement of the load cell (mm), P(x) is the applied load (kN). 
The toughness at the peak load (Tp) was here considered. The results of different testing conditions are summarized in Fig. 14. 

Elevated temperature decreased the fracture toughness of both hybrid fiber reinforced concretes. For Mix S, the fracture toughness was 
about 600 N m when the temperature was under 400 ◦C, indicating the hybrid fiber’s bridging effect was not seriously deteriorated. 
The fracture toughness decreased by 49.3% and 76.4%, reaching 293.7 N m and 136.5 N m when temperature increased to 600 ◦C and 
800 ◦C. For Mix P, the developing trend of the fracture toughness was slightly different from that of Mix S. The 200 ◦C produced a 

Table 4 
Some uniaxial compression stress-strain models for concrete.  

Sargin et al. [28] 

σ
fc

=

[

A
ε
εp

+ (B − 1)
(

ε
εp

)2
]

[

1 + (A − 2)
ε
εp

+ B
(

ε
εp

)2
]

A =
Ein

EP 

B = 0.65 − 7.25fc × 10− 3 

Wang et al. [73] 

σ
fc

=

[

A
ε
εp

+ B
(

ε
εp

)2
]

[

1 + C
ε
εp

+ D
(

ε
εp

)2
]

A, B, C and D are factors that controls the ascending and descending branches 

Van Gysel et al. [27] 

σ
fc

=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

[
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[
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]2]
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ε
εP
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K ≤
ε
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EP 
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]

Popovics et al. [74] 
σ
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=
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ε
εP
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εP

)β 
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1
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Tomaszewicz et al. [75] 

σ
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=
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⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

β
ε
εP

β − 1 +

(
ε
εP

)β

β
ε
εP

β − 1 +

(
ε
εP

)kβ

0 ≤
ε
εP

≤ 1

,

,

ε
εP

≥ 1 

β =
8.32

8.32 − (fc)0.475 k =
fc
20 

Tsai et al. [76] 
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Wee et al. [77] 
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Tulin and Gerstle [78] 
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slightly reduction in fracture toughness. When the temperature increased to 400 ◦C, the fracture toughness decreased by 48.0%, 
reaching 190.8 N m. The melting and evaporation of the polypropylene fibers reduced the bridging effect on the propagation of cracks, 
especially for the micro cracks, reducing the load-bearing capacity. 

Water re-curing improved the energy absorbing ability of both thermally damaged hybrid fiber reinforced concretes. At 400 ◦C, 
after water re-curing, the fracture toughness recovered to the un-thermally damaged level. And, at 600 ◦C, the fracture toughness 
increased from 293.7 N m (S-600) to 472.5 N m (SW-600), reaching 80% of S-20. 

6. Prediction of the stress-axial strain relation 

6.1. Selection of available predictive models 

Numerous predictive models for the stress - strain relationship of concrete under uniaxial compression were developed. Some of 
them are listed in Table 4. 

These models were used for the analysis of the thermally damaged concrete. The models presented in Refs. [27,28,73] were 
effective to predict the stress-strain relationship for undamaged and thermally damaged concrete. But, it is not easy to find the proper 
parameters. The models detailed in Refs. [74–76] are simpler. Parameters, which can be determined easily, were introduced for the 
post-peak curve of the thermally damaged concrete. However, hybrid fiber and elevated temperatures influence the mechanical 
performance, leading to some changes on the stress-axial curve of the reinforced concrete. Therefore, the proposed models were not 
effective for predicting the stress-strain curve of the thermally damaged hybrid fiber reinforced concrete. In this study, the model 
proposed by Wee et al. [77] was adopted as the basic model for predicting the stress-strain relationship of thermally damaged concrete. 
Some parameters were redefined, for higher accuracy, as: 

σ =
n1β ε

εPT

n1β − 1 +
(

ε
εP T

)n2βfcT (9)  

β=
1

1 − fcT
εPT EinT

(10)  

where σ is the compressive stress (MPa), ϵ is axial strain, fcT is the compressive strength of the thermally damaged concrete, ϵpT is the 
strain of the thermally damaged concrete at peak load, β is the material parameter that depends on the shape of the stress-strain 
diagram, EinT is the initial tangent modulus, n1 and n2 are factors dependent on the temperature that can be determined according 
to the testing results as shown by Eqn. (11) and Eqn. (12): 

Mix S: 

n1 = n2 = 1 , 0 ≤
ε

εPT
≤ 1

n1 = 0.80 + 0.94 sin
(

π
(

T + 147.38
318.89

))

± 0.03

n2 = 0.67 + 0.73 sin
(

π
(
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341.37

))

± 0.03

ε
εPT

≥ 1
(11) 

Mix P: 

n1 = n2 = 1 , 0 ≤
ε

εPT
≤ 1

n1 =

⎧
⎪⎪⎪⎪⎪⎨
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0.63 + 1.78
(

T
1000

)

− 2.58
(

T
1000

)2

± 0.02

6.08 − 19.1
(

T
1000

)

+ 15.46
(

T
1000

)2

± 0.02

n2 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0.67 + 0.92
(

T
1000

)

± 0.03 20 ≤ T ≤ 400

1.98 − 2.56
(

T
1000

)

±0.03 400 ≤ T ≤ 800

20 ≤ T ≤ 400

400 ≤ T ≤ 800

ε
εPT

≥ 1
(12)  

6.2. Assessment of the adopted model 

For a given hybrid fiber reinforced concrete, fC20, ϵpT and Ein20 can be determined by room temperature laboratory testing. Ac
cording to Eqns. (2)–(7) and Eqns. (9)–(12), fcT, ϵPT, EinT, n1, and n2 can be obtained. Then, the stress-strain curve of the thermally 
damaged hybrid fiber reinforced concrete can be determined. Fig. 15 shows the comparison between predicted stress-strain curves and 
experimental results. The model provided a good prediction to the experimental stress-stain curves of thermally damaged concrete. 
The differences in some testing conditions, such as S-400 and P-200 were caused by the accuracy on fcT and ϵpT, but the stress 
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underestimations are lower than 10%. 
To evaluate the effectiveness of the model for water re-curing thermally damaged concrete, the comparison between predicted 

stress - strain curves and experimental ones is shown in Fig. 16. According to the testing data, the relationships in Table 5 were used for 
the prediction. 

As shown in Fig. 16, the model had a good prediction for PW-400, while it is not for SW-400 and SW-600. The latter could mainly 
depend on the low accuracy of the parameters determined (see Table 5), due to the limited data. Therefore, more experimental 
measurements are needed to improve the accuracy of the model adopted for the water re-cured thermally damaged hybrid fiber 
reinforced concrete. 

7. Conclusions 

In this study, the effect of the elevated temperature and water re-curing on the compression mechanical performance of two hybrid 
fiber reinforced concretes were investigated. Based on the results and analysis, the following conclusions can be drawn.  

(1) The temperatures above 200 ◦C decreased the compressive strength, initial elastic modulus, peak strain, and fracture toughness 
of both hybrid fiber reinforced concretes. But, hybrid fiber reinforced concrete including high strength short steel fibers (S) had 
higher compressive strength, initial elastic modulus, and fracture toughness than mix with polypropylene fiber any high 
temperature exposition. 

Fig. 15. Comparison of predicted stress - strain curves and experimental results of (a) Mix S and (b) Mix P.  

Fig. 16. Comparison of predicted stress–strain curves and experimental results of water re-curing thermally damaged concrete.  
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(2) Damage initiation stress and critical stress decreased with the increase of temperature above 200 ◦C. The stable crack growth 
stage was shrunk when the temperature increased from 200 to 600 ◦C, while the unstable crack growth stage was extended. 
Hybrid fiber reinforced concrete including short steel fibers (S) has higher initiation stress and critical stress than mix with 
polypropylene fiber. Water re-curing partially regained the initiation stress and critical stress and extended the stable crack 
growth stage.  

(3) The adapted available model was effective for predicting the stress-strain curve of both thermally damaged hybrid fiber 
reinforced concretes. But improvement is needed for predicting the stress-axial strain curve of the water re-cured thermally 
damaged hybrid fiber reinforced concrete. It needs a wider dataset for setting the required parameters.  

(4) Overall, this study provided insight into the thermal damage evolution and compressive stress-strain relationship of hybrid fiber 
reinforced concretes with different levels of temperature exposition. Moreover, the advantages of the water re-curing were 
proved in recovering the thermal damage and improving the compressive performance of the considered hybrid fiber reinforced 
concretes. The findings in this study would be helpful for repairing such thermally damage hybrid fiber reinforced concretes and 
also for assessing the accuracy of dedicated numerical predictions. 
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