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1. Introduction 

 

Concrete, as the most widely used construction 

materials, may encounter elevated temperature like fire 

during serving (Kim and Kwak 2017). The mechanical 

properties of concrete decreased significantly after the 

exposure to over 400°C as a result of chemical and physical 

damages induced by elevated temperatures (Karataş et al. 

2017, Ma et al. 2015). It was reported that the thermal-

induced damages can be substantially recovered if the 

concrete was re-cured with enough water after the exposure 

to high temperatures. In the 1970s, Crook and Murray 

(1970) reported that the concrete can regain its strength if it 

was submerged in water after the high-temperature 

exposure. In 2001, Poon et al. (2001) reported that the 

compressive strength can be recovered to as much as 90% 

of the initial strength with 56 days of re-curing in water 

after the exposure to 600°C. In the following dozen years, 

some more studies about the autogenous recovery by post-

fire curing have been reported (Henry et al. 2013, 2014, Li 

et al. 2017a, 2014, Lin et al. 2011, Park et al. 2015). 

It was generally believed that the recovery is the result  
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of the rehydration of the dehydrated phases produced during 

the high-temperature exposure, and the hydration of some 

unhydrated cement grains also contributes to the recovery 

(Poon et al. 2001). At high temperature, the hardened 

cement paste undergoes chemical changes. Ettringite starts 

to dehydrate over 60°C (Mantellato et al. 2016). The C-S-H 

chains begin to lose chemical bond water to shorter chains 

above 200°C (Piasta et al. 1984), and completely dehydrate 

to anhydrous phase at 750°C, but its structure was different 

from the unhydrated CnS (Alonso and Fernandez 2004). At 

the temperature below 400°C, the unhydrated cement grains 

get further hydrated due to the internal autoclaving 

condition caused by the evaporation of water and high 

temperature (Khoury 1992, Sarshar and Khoury 1993, 

Wang et al. 2015). At about 450°C, the Ca(OH)2 dehydrates 

quickly to CaO (Castellote et al. 2004, Zhang and Ye 2012). 

The dehydrated phases can get rehydrated in the post-fire 

curing process, and these rehydrated products can fill the 

thermal-induced cracks and pores to rebuild the 

microstructure of the cement matrix (Karahan 2011, Lin et 

al. 1996, Poon et al. 2001, Shui et al. 2008). 
Crook and Murray (1970) believed that the CaO 

rehydrated to Ca(OH)2 during post-fire curing, and then 

further carbonated to CaCO3, which segmented the 

thermal-induced pores into smaller ones, consequently, the 

strength was recovered. Poon et al. (2001) found that the 

post-fire curing can reduce both the porosity and average 

pore size of thermal-damaged concrete, and it helped the 

strength and durability recovery. Shui et al. ( 2008) reported 

that the rehydrated C-S-H (hydrated calcium silicate) 

helped reconstruct the microstructures of the cement paste.  
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Abstract.  In order to investigate the strength recovery of fire-damaged concrete after post-fire curing, concrete specimens 

were heating at 2°C/min or 5°C/min to 400, 600 and 800°C, and these exposed specimens were soaked in the water for 24 hours 

and following by 29-day post-fire curing. The compressive strength and split tensile strength of the high-temperature-exposed 

specimens before and after post-fire curing were tested. The proportion of split aggregate in the split surfaces was analyzed to 

evaluate the mortar-aggregate interfacial strength. After the post-fire curing process, the split tensile strength of specimens 

exposed to all temperatures was recovered significantly, while the recovery of compressive strength was only obvious within the 

specimens exposed to 600°C. The tensile strength is more sensitive to the mortar-aggregate interfacial cracks, which caused that 

the split tensile strength decreased more after high-temperature exposure and recovery more after post-fire curing than the 

compressive strength. The mortar-aggregate interfacial strength also showed remarkable recovery after post-fire curing, and it 

contributed to the recovery of split tensile strength. 
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With the help of X-ray CT (computed tomography), Henry 

et al. (2014) further found that the connectivity of the pores 

was decreased after post-fire curing. 

Since the rehydration of the dehydrated phase is the base 

of the recovery by post-fire curing, Henry et al. (2011) 

pointed out that the interfacial cracks could just be partly 

healed because the rehydrated products formed only on one 

side of the cracks while those in the paste formed in both 

sides of the cracks. However, the strength of concrete is 

largely affected, even dominated by the interfacial strength, 

because the interfacial strength is lower than either the 

mortar or the aggregate. For the thermal-damaged concrete, 

the interfacial strength is more dominating because the 

interfaces of it were severely damaged due to the 

mismatched thermal expansion (Schneider 1988). 

Therefore, it is necessary to evaluate the changes of 

interfacial bond strength after elevated-temperature 

exposure and post-fire curing. After investigating the 

reports about the post-fire curing of thermal-damaged 

concrete, we found out that there were still no researches 

focused on the transformation of the interfacial bond 

strength. Therefore, we carried out this study to evaluate the 

evolution of the mortar-aggregate interfacial strength (it 

was abbreviated as interfacial strength in the following text, 

tables and figures) of concrete post-fire curing from 400, 

600 and 800°C. 

It is not easy to measure the interfacial strength directly, 

but it is possible to evaluate the interfacial strength 

indirectly by analyzing the split aggregate in the splitting 

surface of the concrete specimens. When splitting, the crack 

develops in two different paths in the zone of aggregate 

depending on the interfacial strength. If the interface is 

strong enough, the aggregate will be split, otherwise, the 

aggregate will be debonded from the mortar. Therefore, it is 

rational to evaluate the interfacial strength by analyzing the 

amount of split aggregate in the splitting surfaces. The 

computer-assisted image analysis has been introduced to the 

study of concrete (Felekoglu and Keskinates 2016, Hwang 

et al. 2010, Peng et al. 2012), and it makes it possible to 

analyze the splitting aggregate with the images of splitting 

surfaces. Elices and Rocco (2008) used the proportion of 

the split aggregate to classify the fracture type of specimen 

applied to three-point bending. With the same idea, Cülfik 

and Ö zturan (2010) used this method to detect the bond 

deteriorations of concrete exposed to high temperatures up 

to 250°C, with which the split aggregates on the splitting 

surfaces were analyzed after split tensile strength test.  

For the concrete exposed to elevated temperature, the 
damage of the mortar-aggregate interface was directly 
responsible for the strength loss of concrete. And the 
damage generally aggravated with the increasing 
temperature (Ma et al. 2015). In another word, the 

proportion of the split aggregate would decrease with the 
increasing temperature if the aggregate strength remained 
unchanged, and it would increase if the mortar-aggregate 
interface was recovered. However, the studies on the 
recovery of the mortar-aggregate interface of fire-damaged 
concrete after post-fire curing were seldom reported. So, in 

this paper, the interfacial strength of concrete after fire 
exposure and post-fire curing was evaluated by analysis the 
split aggregate in the split surfaces, moreover, the change of  

Table 1 Mix proportion and strength of the concrete 

Mix proportion (kg/m3) 
Compressive 

strength(MPa) 

cement 
Fly 

ash 
Sand 

Coarse 

aggregate 
S.P Water 

w/c 

ratio 
28-day 90-day 

412 103 571 1162 1.545 149 0.29 71.7 73.2 

 

 

the aggregate after high-temperature exposure was also 

taken in account. The object of this paper was to investigate 

the changes of the interfacial strength of concrete after 

elevated temperature exposure and post-fire curing, 

furthermore, to figure out how the interfacial strength 

recovery benefits the strength recovery of thermal-damaged 

concrete after post-fire curing. 

 

 
2. Experimental methodology 

 
2.1 Materials and specimen preparation 
 

Local ordinary 42.5R Portland cement in the brand of 

Esheng blended with 20 wt% low-calcium fly ash was used 

as the cementitious material. Local river sand was adopted 

as fine aggregate. Gravel between 4.75 and 20 mm with 

continuous size was used as coarse aggregates. For every 

cubic meter of fresh concrete, the dosage of cementitious 

material was 515 kg (made up with 103 kg of fly ash and 

412 kg of cement); the fine aggregate was 571 kg; the 

coarse aggregate was 1162 kg; the water was 149 kg with 

the water to cementitious materials ratio of 0.29. Powdery 

polycarboxylic superplasticizer (S.P) at the weight ratio of 

0.3% to the cementitious material was added to ensure the 

workability. The mix proportion of the concrete was shown 

in Table 1. 

After well mixed in the blender, the fresh concrete was 

cast into the cubic molds with the edge length of 100 mm. 

Then the specimens within the molds were covered with a 

thin plastic film to keep the water from evaporating. The 

specimens were demolded in 24 hours after casting, then 

placed in the curing chamber at 20°C with relative humidity 

(RH) of 95% until 28 days and followed by ambient curing 

up to 90 days. The compressive strength at 28 days and 90 

days were shown in Table 1 

 

2.2 High-temperature exposure and post-fire-curing 
 

After curing for at least 90 days, the specimens were 
subjected to high-temperature exposure. The exposure was 
conducted with an electric furnace, in which the 
temperature can be controlled by the program precisely. As 
shown in Fig. 1, the specimens were heating at 2 or 
5°C/min to the target temperatures, i.e., 400, 600 and 
800°C, and maintained at the target temperature for 60 
minutes before cooling in the furnace to the room 
temperatures. After cooling down to room temperature, 
specimens for post-fire curing were soaked in the water for 
24 hours and then re-cured in the chamber at 20°C with RH 
of 95% for another 29 days before the following tests. So, 
the whole post-fire curing process lasted for 30 days. While 
those did not need re-curing were subjected to the property  
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Fig. 1 Heating and cooling regimes 

 

 

Fig. 2 Schematic splitting tensile strength testing method 

 

 

tests within one day after cooling to avoid the further 

damages caused by the rehydration of CH. 

 
2.3 Compressive strength 
 

The compressive strength of those specimens was 

measured with the electrohydraulic servo-controlled 

compression test machine in Sichuan University, China. 

The loading capacity of this machine is 2000 kN, and the 

loading speed was 1 kN/s. For each group, the test was 

repeated twice to get an average compressive strength. In 

this study, 90-day compressive strength was used to refer to 

the compressive strength of unexposed specimens. 

 

2.4 Splitting tensile strength 
 

The splitting tensile strength was measured following 

the instruction of Chinese standard GB/T 50081-2002, the 

test method was shown in Fig. 2 schematically. The loading 

process was conducted on an electrohydraulic 

servo-controlled compression test machine with a loading 

capacity of 300 kN in Sichuan University, China. The 

loading rate was 0.5 kN/s. Like the compressive strength 

test, the splitting tensile strength test of each group was 

repeated twice to get the average value from three same 

specimens. With the ultimate load of the specimens, the 

splitting tensile strength can be calculated as 

       (1) 

 

Fig. 3 Selection of the debonded mortar-aggregate 

interfaces: (a) the split surface; (b) selected all the aggregates 

and debonded interfaces; and (c) selected split aggregate 

 

 

Where fts is the splitting tensile strength of the specimen, 

F is the ultimate load of the specimens, A is the area of the 

splitting surface, which is 1×10
4
 mm

2
 in this study. 

 

2.5 Image analysis 
 

After the splitting tensile strength test, the image of the 

split surfaces of each specimen was taken with a Nikon D90 

digital single-lens reflex camera. Then the images were 

opened with Photoshop to select and color the area of split 

aggregates and those debonded ones in two different layers. 

It is worth noting that herein the term aggregate referred to 

the coarse aggregate if no specific introduction was given. 

For easy recognition in the next analyzing step, the selected 

areas in the images were colored as dark (R=0, G=0, B=0). 

Then the area of the split and debonded aggregate was 

calculated with MATLAB. To be specific, the proportion of 

the split aggregate, which is the ratio of the split aggregate 

to all the aggregate area in the split surface was calculated 

to evaluate the interfacial strength. 

Here, it is necessary to define the split aggregate and the 

debonded aggregate. When splitting, the aggregate would 

be either split into two parts, which is defined as split 

aggregate, or debonded with the mortar, which is defined as 

debonded aggregate. As shown in Fig. 3(a), it is very easy 

to find the differences between the split aggregate with the 

debonded one visually. The split aggregate is very clean and 

with a clear boundary, while the debonded one is a little 

dusty and the boundary with the mortar is not as clear as the 

split one. 

After the split tensile test, the specimen was split into 
two parts, and there is a split surface in each part. The two 
parts from the same specimen were complementary. For the 
split aggregate, it could be found in each split part, while 
for the debonded aggregate, it could only be found in one 
split part, and the debonded mortar can be found in the 
other split part, as the debonded mortar shown in Fig. 3(a). 
Therefore, when selecting the debonded aggregate, not only 
the debonded aggregate was selected, but also the debonded 
mortar as shown in Fig. 3(b). The selected results are shown 
in Fig. 4. 

 

2.6 The strength of the aggregate 
 

The proportion of split aggregate in the split surface was 
also affected by the strength of the aggregate, which would 
change along with the exposed temperatures. So, it is 
necessary to take the change of aggregate strength into 
account. Since the aggregate used in this study was made up  
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of several kinds of rock, it is not possible to measure the 

strength of the aggregate directly. Instead, we test the crush 

index of the aggregate following the instruction of Chinese 

standard GB/T 14685-2011, which is the standard of the 

pebble and crushed stone for construction. According to the 

standard, 3000 g of aggregate between 9.5 and 19 mm 

without any elongated or flat particle were sieved, and the 

sieved aggregate was filled in the device shown in Fig. 5. 

The device containing the aggregate was placed on the 

compression test machine with the maximum load of 300 

kN at Sichuan University and loaded to 200 kN at the rate 

of 1 kN/s. The load of 200 kN was maintained for 5 seconds 

before unloading. Then the aggregate was moved out from 

the device and those passed the 2.36 mm sieve were 

weighed. The crush index of the aggregate was calculated 

as 

              (2) 

 

 

Where Qc is the crush index; G1 is the mass of aggregate 

submitted to the test, which is 3000 g in this test; G2 is the 

mass of aggregate pass the 2.36 mm sieve after the 

compression. For each group of aggregate, the test was 

repeated twice to get an average value. 

To get the crush index of the aggregate after 

high-temperature exposure, the aggregate was subjected to 

the same exposure condition as the specimens. Also, a 

group of unexposed aggregate was also tested for 

comparison. As it was considered that the damages of the 

aggregate could not be recovered with post-fire curing 

(Henry et al. 2011), the crush index of the re-cured 

aggregate was not tested in this study. 

 

 
3. Results and discussions 

 
3.1 Compressive strength 

 
(a) Specimens after high-temperature exposure 

 
(b) Specimens after post-fire curing 

Fig. 4 Selected results of all the aggregates and the split aggregates: (a) specimens after high-temperature exposure; and (b) 

specimens after post-fire curing 
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(a) 3-D model of the device 

 
(b) Detailed size of the device 

Fig. 5 Schematic of the device to test the crush index of the 

aggregate: (a) 3-D model of the device; and (b) detailed size 

of the device 

 

Table 2 Compressive and split tensile strength of the 

specimens 
a
 

Exposed 

temperature 

Heating 

rate 

Compressive strength 

(MPa) 

Split tensile strength 

(MPa) 

unheated heated re-cured unheated heated re-cured 

400°C 

2°C/min 

73.2 

59.2 

(81) 

60.2 

(82) 

3.38 

1.87 

(55) 

2.36 

(70) 

5°C/min 
63.0 

(86) 

62.0 

(85) 

1.92 

(57) 

2.49 

(74) 

600°C 

2°C/min 
36.9 

(50) 

49.8 

(68) 

1.11 

(33) 

1.80 

(53) 

5°C/min 
39.5 

(54) 

48.9 

(67) 

1.19 

(35) 

1.82 

(54) 

800°C 

2°C/min 
21.0 

(29) 

21.1 

(29) 

0.83 

(25) 

1.05 

(31) 

5°C/min 
20.5 

(28) 

22.1 

(30) 

0.61 

(18) 

0.91 

(27) 

a Note: the values in the bracket is the relative strength. 

 

 

The relative residual strength of specimens after 

exposure and recovered after re-curing is shown in Table 2 

and Fig. 6. To present a more direct comparison, the 

relative strength was introduced, which was acquired by 

dividing the strength of the exposed or re-cured specimens 

by that of the unheated specimens, and it was present in 

percentage. 

After the high-temperature exposure, the compressive 

strength of the specimens decreases obviously. The relative 

compressive strength of the specimens exposed to 400°C 

heating at 2 and 5 °C/min is 81% and 86%, respectively, and 

is 50% and 54% for those exposed to 600°C; after exposed to 
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Fig. 6 Relative compressive strength of the specimens after 

the high-temperature exposure and post-fire curing 
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Fig. 7 Average temperature gradient between 2 and 5 cm to 

the surface of the specimens exposed to 800°C 

 

 

800°C, it remains only 29% and 28%, respectively. 

Compared to the temperature, the heating rate shows 

relatively limited effects on the residual compressive 

strength, and its effect is getting more unobvious with the 

increasing temperature. After exposed to 400°C, the 

difference of the relative compressive strength between the 

two heating rates is 5 percentage points (pp), and it is 4 pp 

after exposed to 600°C, while it is only 1 pp when exposed to 

800°C. The heating rate shows very limited effect because 

the temperature gradient it caused is limited. Schneider 

(1988) reported that the effect of heating rate is little as long 

as temperature gradients in the test specimens are lower than 

10°C/cm. In this paper, we have measured the temperature 

history at the spots which were 2 and 5 cm to the specimen 

surface during the entire heating and cooling process with 

the method introduced in reference (Li et al. 2017a). And we 

have calculated the average temperature gradient between 

these two spots of the specimens exposed to 800°C, as shown 

in Fig. 7. The difference in the peak temperature gradient 

between these two heating rates is just about 8°C/cm, which 

is less than 10°C/cm, so the effects of the heating rate on the 

relative compressive strength is not obvious in this study. 
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Table 3 Highest temperature in the furnace and center of 

specimens with different heating rate (°C) 

Target 

temperature 

2°C/min 5°C/min 

Furnace 
Center of 

specimen 
Furnace 

Center of 

specimen 

400°C 399 386 398 372 

600°C 616 616 618 611 

800°C 842 841 831 826 

 

 

It is interesting that after exposure to 400°C and 600°C, 

the specimens with a higher heating rate showed higher 

residual relative compressive strength. This phenomenon is 

familiar with our former study (Li et al. 2017a), in which 

the specimens cooled in the furnace with lower temperature 

gradient showed lower residual compressive strength 

compared to those cooled in the ambient environment with 

higher temperature gradient, because those cooled in the 

furnace reached higher temperature and consequently got 

severer damage. In this study, the peak temperature at the 

center of specimens were also measured, as shown in Table 

3. Except for the 400°C, the temperature at the center of 

specimens heating at 2°C/min always reached the same 

level with the furnace while those heated at 5°C/min 

cannot. At the target temperature of 400°C, the specimens 

heating at 2°C/min reached 386°C while those at 5°C/min 

only reached 372°C. And it is believed that the lower 

temperature at the center of the specimen is responsible for 

the 5 pp higher residual compressive strength of the 

specimens heating at 5°C/min. 

After post-fire curing, the compressive strength 

recovered significantly for the specimens exposed to 600°C, 

while the recovery for those exposed to 400 and 800°C 

were no more than 1 pp, as shown in Fig. 6. After exposed 

to 400°C, the number of rehydration products was not 

enough to make any effective recovery of the compressive 

strength. This temperature is not high enough for the CH to 

dehydrate to CaO (Zhang and Ye 2012), and the rehydrated 

C-S-H gels were separated without connecting to form the 

framework structure (Xuan and Shui 2011). Moreover, the 

hydration of the unhydrated cement also shows limited 

contribution to the recovery since its main product was a 

small quantity of CH (Hilloulin et al. 2016), which was 

thought to have little contribution to the compressive 

strength of concrete. Meanwhile, the rehydration of CaO to 

CH, which was accompanied with 95% of volume 

expansion, can cause further damages to the concrete 

because of the lack of thermal-induced cracks for the 

growth of CH (Henry et al. 2011, Wang et al. 2015). This is 

the reason why 1 pp decrease of compressive strength was 

observed in the specimens re-cured from 400°C with the 

heating rate of 5°C/min. After exposed to 600°C, the CH 

was completely dehydrated to CaO, and a large amount of 

C-S-H has dehydrated to CnS (Zhang and Ye 2012). These 

dehydrated products can quickly get rehydrated and heal the 

cracks, moreover, the rehydrated CH was believed to react 

to the fly ash to help the formation of C-S-H (Li et al. 

2017a, Poon et al. 2001). Therefore, the compressive 

strength of concrete can be significantly recovered after 

post-fire curing. For the specimens re-curing from 800°C, 
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Fig. 8 Relative split tensile strength of specimens exposed 

to high temperatures and after post-fire curing 

 

 

although the lots of rehydration products were produced 

during post-fire curing, it was still hard to get a significant 

recovery on the compressive strength since the 

thermal-induced damage was too heavy. 

 

3.2 Splitting tensile strength 
 

The split tensile strength of the specimens after the 

thermal exposure and post-fire curing were shown in Table 

2. After exposed to 400°C, 45% and 43% of the split tensile 

strength were lost for the specimens heating at 2 and 

5°C/min, respectively. And the strength loss increased with 

the increasing temperature. After 600°C, 67% and 65% of 

the split tensile strength were lost, and it only remained 

25% and 18% of the split tensile strength after the exposure 

to 800°C. Comparing to the compressive strength, the 

tensile strength was much sensitive to the high temperature 

as it decreased more significantly after exposed to the same 

temperature. The result was accordant with that reported by 

Behnood and Ghandehari (2009). The differences between 

the compressive strength and split tensile strength can be 

explained by the different behavior of the thermal-induced 

cracks during different loading test. In splitting tensile test, 

the cracks decrease the load-carrying area and they tend to 

propagate and coalesce, while some of these cracks trends 

to close up under the compressive load during the 

compression test (Behnood and Ghandehari 2009, Cicekli et 

al. 2007). 

Significant recovery of split tensile strength can be 

observed in specimens re-cured from all temperatures, as 

shown in Fig. 8, while that can only be observed in 600°C 

for the compressive strength. After re-cured from 400°C, 

the split tensile strength recovered by 15 and 17 pp from 

55% to 70% and 57% to 74% for the heating rate of 2 and 

5°C/min, respectively, while the compressive strength 

showed no obvious recovery. The similar situation was 

observed in the specimens re-cured from 800°C. The split 

tensile strength recovered by 6 and 9 pp from 25% to 31% 

and 18% to 27%, respectively, while the recovery of 

compressive strength was no more than 2 pp. As we 

addressed before, this difference is because the split tensile  
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Fig. 9 Crush index of the aggregate after heating at different 

temperatures with different heating rates 

 

 

strength was much sensitive to the mortar-aggregate 

interfaces. Which means that the deterioration of the 

interface will cause more decrease in split tensile strength, 

and on the contrary, the recovery of the interface can be 

reflected more significantly by the split tensile strength. The 

best recovery of tensile strength in terms of recovered 

percentage points was also observed in the specimens 

re-cured from 600°C. At this temperature, the rehydration 

products were more than those exposed to 400°C, and the 

damage was not as server as those exposed to 800°C.  

 

3.3 Crush index of the aggregate 
 

As mentioned in section 2.6, the crush index was tested 

to evaluate the strength deterioration of the aggregate 

strength after high-temperature exposure. According to its 

definition, higher crush index means lower aggregate 

strength. The crush index of the aggregate exposed to 

different temperature was shown in Fig. 9. It is obvious that 

the aggregate exposed to higher temperature lost more 

strength, which means that higher temperature definitely 

causes severer damage to the aggregate (Liu and Xu 2015; 

Yang et al. 2017). With the same heating rate, the crush 

index increases almost linearly along with the temperature 

when the temperature exceeded 400°C. And at the same 

exposed temperature, the crush index of the aggregate 

heating at 5°C/min was higher than that at 2°C/min since 

the higher heating rate causes more damages to the 

aggregate (Li et al. 2017b; Wu et al. 2015). Especially for 

the temperature of 400°C, the aggregate heating at 2°C/min 

showed a very limited increase in crush index while that 

heating 5°C/min increase very significantly compared to the 

unheated aggregate. 

 

3.4 Image analysis of split aggregate 
 

As described in section 2.5, the proportion of the split 

aggregate was analyzed, and the results were shown in Fig. 

10. The proportion of split aggregate is determined by both 

the aggregate strength and interfacial strength. Higher 

aggregate strength results in less split aggregate while higher 
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Fig. 10 Proportion of the split aggregate on the split 

surfaces of specimens exposed to high temperatures and 

post-fire curing 

 

 

interfacial strength results in more split aggregate. And, the 

proportion of split aggregate was a balanced result of these 

two factors. 

For the unexposed specimen, the proportion of the split 

aggregate was 58.47%, and it decreased significantly after 

exposed to high temperatures because of the damages to the 

interfaces induced by the exposure. After exposed to 400°C, 

the proportion of split aggregate varies with the heating 

rate. It was 36.4% for the specimens heating at 2°C/min and 

25.5% for 5°C/min. Meanwhile, after exposed to 400°C, the 

strength of aggregate decreased. This indicates that after the 

high-temperature exposure, the damage to the 

mortar-aggregate interface is much severer than it to the 

aggregate. Compare to 2°C/min, the less split aggregate 

heated at 5°C/min also indicates that the higher heating rate 

caused more loss of the interfacial strength at 400°C.  

After exposed to 600°C and 800°C, the proportion of 

split aggregate decreased to between 14% and 17%, which 

is a dozen percent point lower than 400°C. Considering the 

decrease of aggregate strength, the decrease of split 

aggregate indicates that the damage to the mortar-aggregate 

interface increase with the temperature. At the temperature 

of 600°C and 800°C, the effect of heating rate on the 

proportion of split aggregate is not as significant as it at 

400°C, as shown in Fig. 10.  

At 600°C and 800°C, the temperature has become the 

primary factor that causes damage to the interfaces rather 

than the heating rate. In this range of temperature, the 

thermal expansion of aggregate and cement paste are very 

different (Schneider 1988), and it can cause server damages 

to the interfaces by thermal-induced cracks (Fu et al. 2004a, 

c,b). Except for the heating rate, the effect of temperature 

on the proportion of split aggregate was also not obvious in 

this range of temperature. As shown in Fig. 10, the 

proportion of split aggregate of the specimens exposed to 

600 and 800°C are very similar. Its difference between 

600°C and 800°C is much lower than that between 400°C 

and 600°C. Moreover, the split aggregate of specimens 

exposed to 800°C is slightly higher than those exposed to 

600°C. It does not mean that the interfacial strength of  
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(a) 2°C/min 

 
(b) 5°C/min 

Fig. 11 Relationship between relative split tensile strength 

and proportion of split aggregate of specimens exposed at the 

rate of: (a) 2°C/min; and (b) 5°C/min 

 

 

specimens exposed to 800°C is stronger than those to 

600°C. It indicates that at the exposed temperature of 

800°C, the effect of aggregate strength on the proportion of 

split aggregate is more significant than that of the interfacial 

strength. 

As shown in Fig. 10, the proportion of split aggregate of 

the re-cured specimens increased obviously, and it varies 

less with the temperature and heating rate compared to 

those just after the high-temperature exposure, falling in 

between 29% and 37%. It decreases with the increasing 

exposed temperature. It is 36.34% and 36.20% for those 

exposed to 400°C at the heating rate of 2 and 5°C/min. For 

those re-cured from 600°C, the proportion of split aggregate 

is slightly lower, and it is 31.97% and 34.08% heating at 2 

and 5°C/min. It is 29.09% and 29.57% for those re-cured 

from 800°C.  

The increase of the split aggregate after post-fire curing 

indicates that the interfacial strength of fire-damaged 

concrete can be recovered by post-fire curing. It can be 

deduced from the proportion of split aggregate that after the 

post-fire curing, the interfacial strength of specimens 

decreased with the increasing exposed temperature. And the 

heating rate of 2 and 5°C/min shows very limited effect on 

the interfacial strength after the post-fire curing. 

But in terms of the increase of the proportion of split 

aggregate after post-fire curing, which is the differences 

between that before and after the post-fire curing, the 

specimens exposed to 600°C increased most obviously. It 

increases by about 17 to 18 pp for the heating rate of 2 and 

5°C/min. Those re-cured from 800°C increased by about 12 

and 13 pp. For the specimens exposed to 400°C, it increases 

less than 2 pp for the heating rate of 2°C/min, while about 

10 pp for those heating at 5°C/min.  

As shown in Fig. 11, it is obvious that for the specimens 

exposed to the same temperature at the same heating rate, 

the split tensile strength of the specimens increased with the 

increasing proportion of split aggregate after the post-fire 

curing process. It indicates that for the specimens exposed 

to high temperatures, the recovery of the interfacial strength 

after post-fire curing is beneficial to the recovery of the split 

tensile strength. To link the two data points of the specimen 

before and after the post-fire curing with a straight line, the 

slope of the line can reflect the effect of interfacial strength 

on the split tensile strength. After the post-fire curing 

process, the strength of both the mortar and interface was 

recovered, and both can contribute to the recovery of the 

split tensile strength. Larger slope of the line in Fig. 11 

means more contribute to the recovery of interfacial 

strength to the recovery of split tensile strength. For the 

same heating rate, the recovery of the interfacial strength of 

specimens exposed to lower temperature contributed more 

to the recovery of split tensile strength. Server damage of 

the interfacial strength was introduced by the higher 

temperature, and it was also harder to recovery after 

post-fire curing. 

 

 

4. Conclusions 
 
In this paper, concrete exposed at 400°C, 600°C and 

800°C were re-cured for 30 days. The compressive strength 
and the split tensile strength were tested. Moreover, the 
proportion of split aggregate on the split surfaces was 
analyzed to evaluate the recovery of the interfacial strength 

after post-fire curing. Based on the experimental results, the 
main conclusions can be drawn as follow: 

• With the post-fire curing method adopted in this paper, 

the compressive strength of concrete exposed at 600°C 

can be recovered from about 50% to 68%, while those 

exposed at 800°C can just be recovered by 2 pp to about 

30%. So, it is worth applying post-fire curing to 

recovery the fire-damaged concrete exposed below 

600°C. 

• The recovery of split tensile strength was significant 

for all exposed temperatures, the recovery varied from 6 

to 20 percentage points. After post-fire curing from 

400°C and 800°C, the recovery of split tensile strength 

was much more significant than the compressive 

strength because the split tensile strength was more 

sensitive to the mortar-aggregate interfacial cracks than 

the compressive strength. 

• The increased proportion of split aggregate on the 

splitting surface after post-fire curing indicates the 

mortar-aggregate interfacial strength can be significantly 

recovered. The recovery of the interfacial strength 
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contributes to the recovery of split tensile strength, and 

the contribution is higher for the specimens exposed at 

lower temperature. 

• At 600°C and 800°C, the heating rate of 2°C/min and 

5°C/min shows very limited effect on the compressive 

strength and split tensile strength. Because at these 

temperatures, the discordant thermal expansion between 

mortar and aggregate is the primary factor responsible 

for the damages. 
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