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Evaluating the residual mechanical properties of fire-damaged concrete is crucial for structural safety, yet the limitations 

of destructive testing (DT) have promoted the use of non-destructive tests (NDT), for effective in-situ assessment. This 

research explores the residual mechanical behavior of concrete and examines the predictive accuracy of NDT/DT in post-

fire conditions. Concrete cylinders with consistent mix designs were subjected to temperatures ranging from 200 °C to 

1000 °C, following a controlled natural fire curve applied via an electric furnace. After maintaining the target temperature 

for 90 minutes and allowing for natural cooling, DTs (compressive strength and stress-strength behavior) and NDTs (UPV 

and rebound hammer tests) were carried out. The static and dynamic elastic moduli were not directly tested but were 

derived using empirical correlations with UPV values. Temperature evolution inside the specimens was simulated using 

SAFIR software. The findings demonstrated a marked deterioration in mechanical performance beyond 400 °C, with 

compressive strength losses exceeding 80 % at 800 °C, both static and dynamic elastic moduli were reduced by nearly 

98 %. Post-fire stress-strain behavior also indicated substantial losses in stiffness and ductility beyond 600 °C. UPV 

measurements correlated strongly with the decrease in residual strength. A regression model was developed to estimate 

residual compressive strength based on UPV results, validating the technique’s relevance for post-fire assessments. The 

combined application of DT and NDT methods yielded a detailed understanding of thermal degradation. Notably, UPV 

demonstrated high sensitivity in detecting internal damage and estimating residual stiffness in fire damaged concrete. It 

thus offers engineers a reliable tool for evaluating whether repair or replacement is necessary, especially in contexts where 

DTs are not feasible. 
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1. INTRODUCTION 

Concrete is the most widely used structural material in 

construction, owing to its strength, durability, and fire 

resistance. However, reinforced concrete structures are 

susceptible to extreme events such as earthquakes and fire 

accidents. During accidental fires, temperatures inside 

concrete members can exceed 1000 °C, depending on the 

duration and severity of exposure. These elevated 

temperatures induce changes in the physical and mechanical 

properties of concrete. After fire exposure, heat continues to 

penetrate the concrete cross-section during cooling, 

especially in large members, inducing thermal stress and 

delayed cracking [1, 2]. These phenomena often lead to 

additional internal damage, including microcracking and 

chemical alterations, such as the decomposition of calcium 

hydroxide, ultimately reducing strength. In addition to these 

changes, chemical analysis such as X-ray diffraction (XRD) 

can reveal alterations in the mineral composition, such as 

the decomposition of portlandite into calcium oxide at 

temperatures above 400 °C, as shown in recent studies 

[3 – 6]. However, this study focuses on mechanical aspects, 

with the suggestion to integrate XRD in future research to 

enhance understanding of chemical degradation. 

Numerous studies [7 – 11] have investigated the effects 

of high temperatures on concrete and its residual mechanical 

properties (e.g., compressive and tensile strength and 
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modulus of elasticity). Residual strength, measured after 

cooling, is generally lower than hot strength. Some 

investigations [12 – 18] have found that the minimum 

strength is reached once the concrete has returned to 

ambient temperature, emphasizing the importance of post-

fire assessment. 

Non-destructive tests (NDTs) are effective for detecting 

chemical and physical changes and damage in concrete. 

Among these, ultrasonic pulse velocity (UPV) is widely 

used to evaluate concrete quality by measuring the velocity 

of sound waves propagated through the material. Previous 

research has demonstrated that sound speed is sensitive to 

changes in compressive strength [19]. This is particularly 

evident in thermally damaged concrete, where UPV can 

detect deterioration caused by calcium silicate hydrate (C-

S-H) gel dehydration, portlandite decomposition, and crack 

development, all of which impact material quality. 

Another common NDT technique is the rebound 

hammer test, which assesses concrete strength based on 

surface hardness. The rebound of an elastic mass is directly 

proportional to surface hardness. When concrete is exposed 

to elevated temperatures, a decrease in surface hardness is 

expected because of reductions in density, moisture content, 

and overall mechanical properties. While various studies 

[4, 5, 20 – 25] have explored the use of destructive and non-

destructive techniques, including compressive strength 

testing, rebound hammer, and UPV to characterize damage 

in fire-exposed concrete, the reliability of NDT methods in 
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detecting delayed failure or hidden degradation is debated. 

Nonetheless, NDT methods can provide a rapid and non-

invasive assessment of post-fire structures, demonstrating 

the increasing importance of NDTs in guiding repair or 

demolition decisions. 

Furthermore, several analytical and numerical models 

have been proposed to simulate the behavior of fire-

damaged concrete [26 – 28]; however, most neglect the 

effects of the cooling phase. Therefore, there is a growing 

need for experimental data that reflect realistic fire exposure 

scenarios, including heating, stabilization, and natural 

cooling. 

This study aims to provide a comprehensive assessment 

of the residual mechanical properties of concrete after 

exposure to fire, focusing on compressive strength and static 

and dynamic moduli of elasticity. To this end, cylindrical 

specimens (Ø160 mm × 320 mm) were exposed to 

controlled high temperatures up to 1000°C, following a 

natural fire curve with a heating rate of 3 – 8°C/min and a 

90-minute plateau. After natural cooling, mechanical tests 

were conducted four months post-exposure. A 2D transient 

nonlinear thermal simulation was performed in parallel, 

using the SAFIR finite element software, to predict the 

internal temperature distribution. This dual experimental-

numerical approach aims to fill the gap in current models by 

incorporating the full fire cycle, including the often-

neglected cooling phase. 

2. EXPERIMENTAL PROGRAM 

The experimental methodology was designed to 

thoroughly investigate the post-fire behavior of concrete by 

evaluating compressive strength and static and dynamic 

moduli of elasticity at five target temperatures: 200, 400, 

600, 800, and 1000 °C. 

Uniaxial compression tests were conducted using a 

universal hydraulic press (Sematron, Besmak Co. Ltd.) with 

a maximum loading capacity of 1500 kN. The applied load 

was controlled and monitored through an integrated 

pressure transducer. 

For the heating process, an electrically programmable 

furnace (Nabertherm) was used to expose the concrete 

specimens to the desired temperatures. 

NDTs were performed using a Schmidt rebound 

hammer (Proceq) to determine the rebound number and a 

UPV device (Tico Proceq) to measure wave propagation 

through the specimens (Fig. 1). 

2.1. Materials used 

The raw materials used in the experiments are detailed 

below: 

2.1.1. Cement 

CEM I 42.5 R SR5 NA 442 was used. Table 1 presents 

the results of the Physico-mechanical properties and 

chemical analysis of the cement, performed using energy-

dispersive spectrometry (EDS). 

Table 1. Physico-mechanical properties and chemical 

composition of the CEM I cement 

Chemical composition, % 
Physical and mechanical 

properties 

CaO 62.22 
Specific gravity, kg/dm3 3.22 

SiO2 19.86 

Fe2O3 4.78 

Specific surface, cm²/g 3783 
Al2O3 4.36 

Clinker C3A 4.35 

SO3 2.86 

MgO 1.20 
Compressive strength at 

the 28thday, MPa 
42.5 

Total composition 99.63 

Loss on Ignition 

(LOI) 
2.51 

LOI value calculated according to the ignition method (mass loss 

upon heating at 1000 °C) 

2.1.2. Aggregates 

Quarry sand was passed through a 3 mm sieve to obtain 

sand with a fineness modulus of 2.71, which was used as the 

fine aggregate. Crushed limestone was used as the coarse 

aggregate and was divided into two granulometric classes: 

8/15 mm, particles ranging from 8 to 15 mm; 15/25 mm, 

particles ranging from 15 to 25 mm. 

The particle size distributions of the sand and crushed 

limestone are shown in Fig. 2, and their main physical 

properties are summarized in Table 2. 

 

 

   

a b c 

Fig. 1. Test equipment and instrumentation: a – compression testing machine; b – Schmidt hammer and ultrasonic pulse velocity;  

c – programmable electrical furnace with integrated temperature controller 
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Table 2. Physical properties of coarse aggregates and sand 

 

 
Fig. 2. Sieve analysis results for sand, coarse aggregates (8/15 and 

15/25 mm), and their combined mix 

2.1.3. Mixing water 

Tap water supplied by the city was used for mixing and 

curing, following the XP P18-303 standard applicable to the 

prepared concrete mix. 

2.2. Methods 

2.2.1. Concrete mixing and composition 

The concrete was designed using the Dreux-Gorisse 

method to achieve a C25/30 class compressive strength 

(25 – 30 MPa at 28 days), following NF EN 206/CN. A 

horizontal drum mixer was used, and workability was 

assessed using the Abrams cone per NF EN12350-2, 

yielding a slump of 70 mm, corresponding to consistency 

class S2 (50 – 90 mm). Concrete was poured into moulds in 

three layers, each compacted with a vibrating needle for ≥10 

seconds. No bleeding or segregation was observed. The 

density of hardened concrete was 2354 kg/m3. 

All tests were performed on standard cylinders 

(Ø160 mm × 320 mm), complying with  

NF EN 12390-1/NA 2600/1992, using a binder content of 

350 kg/m³ and a w/b ratio of 0.55. Table 3 lists the mix 

proportions [29]. The compressive strength reached 20 MPa 

at 7 days and 33 MPa at 28 days. Table 4 summarizes the 

mechanical properties. 

2.2.2. Specimen casting and curing 

Six cylindrical specimens (Ø160 mm × 320 mm) were 

cast per batch. After 24 hours, they were demoulded and 

cured in water at 20 ± 2 °C for 28 days in line with 

NF EN 12390-2(NA 5050). 

Table 3. Mix composition of the tested concrete in kg/m³ 

Ingredients Mix proportions for 1 m3, kg 

Cement (CEM I 42.5 R) 350 

Coarse aggregate 15/25 728 
Coarse aggregate (8/15+3/8) 448 
Sand (quarry sand) 0/3 710 
Water, L 193 
Water-cement ratio 0.55 
G/S ratio 1.65 
Slump, mm 70 

Table 4. Mechanical properties of concrete classified as C25/30 

Compressive strength fc28 33 MPa 

Tensile strength Ft28 0.0 
Poisson’s ratio 𝜇 0.2 
Type of aggregates Calcareous – 
Water content w 4 % 
Density of concrete ρ 2354 kg/m3 

The specimens were then oven-dried at 110 °C for 

72 hours, until a constant mass was obtained, thus 

eliminating free water and preventing explosive spalling at 

high temperatures. The final tests were conducted 120 days 

after fire exposure. The specimens had previously been 

cooled to room temperature (20 ± 2 °C) under ambient air 

conditions and stabilized at a relative humidity of 60 ± 10 % 

per NA 5050. 

2.2.3. Thermal exposure protocol 

Specimens were heated in a programmable electric 

furnace (maximum temperature is 1200 °C). The thermal 

cycle consisted of four phases [30]: 

1. Heating phase: the temperature increased at a rate of 

3 – 8 °C/min until the target temperature was obtained. 

2. Stabilization phase: the target temperature was 

maintained for 90 minutes. 

3. Cooling phase: controlled cooling inside the furnace at 

approximately 1 °C/min until room temperature was 

attained. 

4. Post-fire phase: Specimens were stabilized at 

20 ± 2 °C.Fig. 3 illustrates the furnace temperature-

time evolution. 

2.2.4. Testing procedure 

Thirty-six cylinders were divided into six temperature 

groups: 20 °C (reference), 200, 400, 600, 800, and 1000 °C. 

Each group included 3 – 6 specimens, depending on the test. 

The following properties were measured before and after 

fire exposure: UPV, rebound number, static and dynamic 

moduli of elasticity, and compressive strength. Average 

values were used to represent each temperature. UPV and 
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surface hardness were measured at two stages (before and 

after exposure). 

 

Fig. 3. Time-temperature evolution of the heating, stabilization, 

and cooling cycle 

2.2.5. Temperature distribution in the cross-section of 

the concrete cylinders 

Due to the complexity of measuring internal 

temperatures in concrete specimens, the temperature 

distribution across the cross-section of the concrete 

cylinders was assessed through 2D nonlinear transient 

thermal analyses, conducted using the SAFIR, finite 

element software developed at the University of Liège in 

Belgium [31]. 

Fig. 4a illustrates the temperature profile in a quarter-

section (Ø16 cm) of the cylinders during fire exposure up to 

1000 °C, showing a surface peak temperature of 998 °C at 

the end of the heating phase. During the cooling phase, the 

internal temperature remained higher than the surface 

temperature (Fig. 4b). For instance, under the 800 °C fire 

scenario, the core temperature (8 cm from the surface) 

reached 159 °C, while the surface dropped to 66 °C. This 

thermal gradient reversal may induce internal stress, 

delayed cracking, and residual deformations, even after 

cooling is complete. 

3. RESULTS AND DISCUSSION 

This section presents a comprehensive analysis of the  

results of the experimental study, focusing on the residual 

properties of fire-damaged concrete and the performance of 

NDTs. The compressive strength and static and dynamic 

moduli of elasticity data and UPV readings were thoroughly 

analyzed to fully understand the thermal impact. Variations 

in these properties were explored as a function of exposure 

temperature, the duration of the thermal plateau, and the 

cooling phase. 

A comparative analysis was also conducted, contrasting 

the present observations with those from other relevant 

studies on the behavior of normal-strength concrete (NSC) 

exposed to elevated temperatures. This comparison aims to 

highlight similarities and discrepancies, thereby supporting 

the validity of the present results and contributing to a 

deeper understanding of thermal degradation mechanisms. 

Finally, the effectiveness of NDTs, particularly UPV, is 

discussed in detail, evaluating their ability to accurately 

predict the residual properties of post-fire concrete. 

3.1. Non-destructive tests (NDTs) 

NDTs were employed to evaluate the physical condition 

and mechanical integrity of the concrete specimens before 

and after exposure to elevated temperatures, without 

alteringor damaging the samples. These methods are 

particularly valuable in post-fire assessments, where 

preserving the structural element is critical. 

Two widely used NDTs were applied: UPV,which 

assesses internal deterioration and material homogeneity, 

and the rebound hammer test, which evaluates surface 

hardness and provides indirect insights into compressive 

strength. The following sections detail the implementation 

of these techniques, analyze their sensitivity to temperature 

induced damage, and discuss their correlation with 

destructive test (DT) results. 

 

  
a b 

Fig. 4. Temperature evolution across the concrete cylinder cross-section during heating and cooling 
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3.1.1. Surface hardness assessment by the rebound 

hammer test 

The surface hardness of the concrete specimens was 

evaluated using a Schmidt rebound hammer, following the 

NA 2786 standard, which is technically identical to 

EN 12504-2(2001). For each specimen, the mean rebound 

number (Rn) was determined by averaging five 

measurements per face, with a 20 mm spacing between 

impact points. 

This NDT is based on the principle that the rebound of 

an elastic mass is related to the hardness of the impacted 

surface, thereby reflecting the quality of the outer concrete 

layer up to a depth of approximately 30 mm. The results in 

Table 5 show a decrease in the rebound number after 

exposure to 600 °C and 800 °C, indicating a loss of surface 

hardness due to thermal degradation. 

Table 5. Variation in the rebound number values (Rn) of concrete 

specimens 

Specimen 
Rebound number (Rn) 

Before 

heating 
After heating 

600°C 
After heating 

800°C 

Specimen 1 31 24 20 
Specimen 2 32 25 20 
Specimen 3 32 24 20 
Specimen 4 31 23 20 
Specimen 5 30 24 20 

However, the reliability of this method for quantitative 

analysis is limited by its high sensitivity to multiple 

parameters, including cement type, aggregate properties, 

moisture content, surface carbonation, and the concrete age. 

Hence, no universal correlation exists between the rebound 

number and compressive strength. Nevertheless, the 

rebound test remains a practical tool for performing a 

qualitative evaluation of the surface condition of fire-

exposed concrete [32]. 

3.1.2. Assessment of internal damage by ultrasonic pulse 

velocity (UPV) 

The UPV method, compliant with EN 12504-4, was 

used to assess the internal integrity and extent of thermal 

damage in the concrete specimens. This NDT relies on the 

close relationship between the velocity of sound waves and 

the material’s physical properties, including its elastic 

modulus, internal cohesion, and moisture content. 

Measuring the UPV (following NA 5027) allows estimating 

key residual performance indicators, such as the dynamic 

and static moduli of elasticity and compressive strength 

(fc,r). 

The progressive decrease in UPV with increasing 

temperature can be attributed to profound microstructural 

damage resulting from the decomposition of portlandite, the 

dehydration of the calcium-silicate-hydrate (C-S-H) gel, 

and microcracking caused by the thermal incompatibility 

between the cement paste and aggregates. This degradation 

is intensified by the successive loss of water in its various 

forms (free, capillary, and chemically bound), which alters 

the internal concrete structure and reduces wave velocity. 

Thus, UPV is particularly effective at detecting these 

heterogeneous internal damage zones caused by the steep 

thermal gradients within the concrete. 

In addition to mechanical changes during the heating 

phase, the cooling phase can cause chemical reactions such 

as the rehydration of calcium oxide (CaO) into calcium 

hydroxide (Ca(OH)2), which increases volumetric 

expansion and may result in delayed cracking. Studies using 

XRD have shown the disappearance of portlandite at high 

temperatures, with possible reformation during cooling 

(Colombo & Felicetti, 2007; Hager et al., 2020 and Wang et 

al., 2023) [20, 21, 24]. It is recommended to perform XRD 

analysis in future studies to confirm these chemical 

transformations. 

This trend is quantitatively confirmed by the 

experimental results presented in Table 6 and Fig. 5. 

 

 

Fig. 5. Degradation of the UPVr/UPV20°C ratio of unheated and heated concrete specimens 

Table 6. Variation in the UPV values of unheated and heated concrete specimens 

Velocity 
Specimens 

UPV at 20°C, km/s 
Mean value of 

UPV at 20°C, km/s 
Temperature, °C UPV after heating, km/s UPV loss, % 

Specimen 1 4.624 

4.600 

200 4.100 11.33 

Specimen 2 4.590 400 4.020 12.41 

Specimen 3 4.574 600 1.900 58.46 

Specimen 4 4.644 800 0.750 84 

Specimen 5 4.584 1000  –   –  
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Although the reference specimens exhibited high 

velocities (4.574 – 4.644 km/s), indicating good quality 

concrete, only a moderate decrease was observed at 

temperatures up to 400 °C. Beyond this threshold, there was 

a drastic drop in velocity, falling to 1.900 km/s at 600  C and 

just 0.750 km/s at 800 °C. At 1000 °C, the internal damage 

was so severe that wave propagation was no longer 

measurable. These findings confirm that UPV is a highly 

reliable indicator of thermal damage, especially when 

combined with mechanical property assessments for a 

comprehensive evaluation. 

Table 7 shows values widely cited in literature. 

Whitehurst (1966) [19] pointed out that those values are 

based on normal concrete (≈ 2400 kg/m³) and that the 

boundaries between conditions are not clearly defined. 

Thus, he suggested comparing results with a known area of 

the structure for more reliable interpretation. 

Table 7. Classification of concrete quality according to UPV [19] 

Pulse velocity, km/s Condition 

Above 4.570 Excellent 

3.660 to 4.570 Generallygood 

3.050 to 3.660 Questionable 

2.130 to 3.050 Generallypoor 

Below 2.130 Verypoor 

3.2. Residual mechanical properties of concrete 

determined by non-destructive and destructive tests 

This section describes the residual mechanical 

properties of concrete after fire exposure. NDTs and DTs 

were performed for a comprehensive overview of the 

damage sustained by the material, both at the surface and 

internally. NDTs allow for an initial assessment of the 

damage, whereas DTs provide precise quantitative data on 

the remaining strength and stiffness of the concrete. 

Among NDTs, UPV was used to evaluate internal 

degradation and calculate the static and dynamic moduli of 

elasticity, and the rebound hammer test was conducted to 

measure surface hardness. Among DTs, the uniaxial 

compressive strength and stress-strain behavior were 

measured. 

The UPV test provided insights into the internal 

degradation of the concrete, allowing for an estimation of 

the dynamic modulus of elasticity (Ed), which decreased 

with rising temperature. Similarly, the static modulus of 

elasticity (Es) was calculated based on empirical 

correlations with UPV values and validated through 

comparison with existing models from the literature (e.g. 

Mróz and Hager [22], EN 1994-1-2 [33]). 

The rebound hammer test was used to assess changes in 

surface hardness, which are typically correlated with 

compressive strength. Destructive compressive strength 

tests were performed in accordance with NF EN 12390-3 on 

specimens before and after fire exposure. 

3.2.1. Static modulus of elasticity determined by the 

UPV test 

The static modulus of elasticity (Es,r) of concrete can be 

reliably estimated using the UPV test. This method 

leverages the strong correlation between the velocity of 

sound waves propagating through concrete (V in km/s) and 

its stiffness. Mróz and Hager [22] support this approach, 

having developed a power-law regression modelgiven by 

Formula 1 that accurately predicts Es,r for various types of 

concrete, irrespective of their composition. In addition to 

derivation from UPV method, it is recommended to measure 

Es,r directly using strain gauges during compression tests to 

validate the empirical relationships, especially in fire-

damaged concrete, where properties may vary unpredictably 

[5]. The present analysis was based on an empirical 

relationship; however, the results exhibited agreement with 

data reported in the literature, thereby supporting the 

validity of this approach. 

𝐸𝑠,𝑟 = 988(𝑉)2.33. (1) 

The Es,r values predicted by the model of [22] were 

consistent with analytical formulations proposed by 

Eurocode EN 1994-1-2 [33] and Chang et al. [27] (Eq. 4 and 

Eq. 5) (see Table 8 and Fig. 6). The equations governing 

this relationship are given below: 

𝐸𝑠,𝑟

𝐸𝑠,20
= {

−0.00165𝑇 + 1.033 ;  20°𝐶 < 𝑇 ≤ 125°𝐶
1

1.2+18(0.0015𝑇)4.5  ; 125°𝐶 ≤ 𝑇 ≤ 800°𝐶 ; (2) 

𝐸𝑠,𝑟

𝐸𝑠,20
= 0.00165𝑇 + 1.033;  20°𝐶 < 𝑇 ≤ 600°𝐶     . (3) 

These findings consistently show a marked drop in the 

static modulus of elasticity as temperature increases, 

indicating progressive deterioration of the internal structure 

of concrete. 

3.2.2. Dynamic modulus of elasticity determined by the 

UPV test 

The dynamic modulus of elasticity (Ed) of concrete was 

determined by ultrasonic pulse transmission through the 

specimens, applying Eq. 2, proposed by Torić et al.[15]. 

The suggested relationship can be expressed as Eq. 4: 

𝐸𝑑,𝑟 =
𝑉2.𝜌(1+𝜇𝑑)(1−2𝜇𝑑)

(1−𝜇𝑑)
. (4) 

This equation links wave speed (V) in km/s,ρ  (concrete 

density in kg/m³), and μd (Poisson’s ratio = 0.2). 

Table 8. Residual mean Es,r values of unheated and heated concrete specimens (the experimental results were obtained using Eq. 1, 

proposed by [22], and were compared with other studies) 

Temperature, °C V, km/s 
Es,r/Es,20°experimental 

results by [22] 
Es,r/Es,20°[33] Es,r/Es,20°from Eq. 4 [27] 

Es,r/Es,20°fromEq. 5 
[27] 

20 4.600 1 1 1 1 

200 4.050 0.74 0.40 0.78 0.70 

400 3.250 0.44 0.17 0.33 0.37 

600 1.900 0.12 0.06 0.08 0.043 

800 0.750 0.014 0.035 0.05 – 
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Fig. 6. Degradation of Es,r/Es,20° of the concrete specimens after fire exposure 

 

For the analytical evaluation, Poisson’s ratio was fixed 

at 0.2, following recommendations in [15]. This value is 

commonly assumed for fire-damaged concrete in analytical 

models [26, 27]. The constant value provides a reasonable 

approximation for UPV-based calculations and aligns with 

international fire design standards [35]. 

The experimental results (Table 9, Fig. 7) showed good 

agreement with EN 1994-1-2 [33] and with data from 

Dvořák and Chobola [5]. 

Table 9. Ed,r reduction in unheated and heated concrete specimens (the experimental results were obtained using Eq. 4, proposed by [15], 

and compared with other studies) 

Temperature, °C Mean value of V, km/s Ed,r/Ed,20°experimental results Ed,r/Ed,20°from [5] Ed,r/Ed,20° from[33] 

20 4.600 1 1 1 

200 4.050 0.77 0.82 0.45 

400 3.250 0.50 0.65 0.22 

600 1.900 0.17 0.32 0.08 

800 0.750 0.02 0.09 – 

1000 – – 0.022 – 

1200 – – 0.07 – 

 
Fig. 7. Degradation of the Ed,r/Ed,20° ratio in unheated and heated concrete specimens 
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The dynamic modulus of the unheated reference concrete 

reached 44 GPa. A progressive decline in (Ed,r) was 

observed with increasing temperature. The most substantial 

reduction occurred between 400 °C and 600 °C, where the 

modulus fell sharply from 29 GPa to 14 GPa. The decline 

continued beyond 600 °C, reaching a minimum of 01 GPa 

at 1000 °C. At this extreme temperature, the specimens 

showed the most severe degradation of their physical and 

mechanical properties. 

These findings are consistent with destructive 

compressive strength tests (Table 10), confirming that (Ed)is 

a reliable indicator of temperature-induced damage in 

concrete. 

3.2.3. Compressive strength 

3.2.3.1. Destructive test 

After fire exposure, the concrete cylinders were allowed 

to cool to ambient temperature and were subsequently tested 

by compression per the NF EN 12390-3 standard. The 

experimental results (Table 10 and Fig. 8) revealed a 

progressive loss of compressive strength with increasing 

temperature: 

1. at 200 °C, the strength decreased by approximately 

17.4%, primarily due to the evaporation of free water; 

2. at 400 °C, the reduction reached 26 %, associated with 

total moisture loss and the onset of microstructural 

degradation; 

3. at 600 °C and 800 °C, the strength dropped sharply to 

63 % and 85 %, respectively; 

4. at 1000 °C, the specimens were completely 

disintegrated and could not be tested. 

This degradation can be attributed to a combination of 

thermally induced phenomena, including progressive loss of 

physically and chemically bound water, decomposition of 

calcium silicate hydrate (C–S–H) gel, and the breakdown of 

calcium hydroxide (Ca(OH)₂), especially beyond 400 °C 

[34]. 

The experimental findings were compared with 

analytical models and standards, including EN 1994-1-2 

[33], EN 1992-1-2 [35], Li and Franssen’s results [28], and 

Chang et al.’s model [27] (Eq. 1 and Eq. 2). The empirical 

relationships are given by the following two equations: 

𝑓𝑐,𝑟(𝑇)

𝑓𝑐,20
= 1.008 +

T

450ln (
T

5800
)

≥ 0.0,  200°C < 𝑇 ≤ 800°𝐶;

 (5) 

𝑓𝑐,𝑟(𝑇)

𝑓𝑐,20
 =  {

1.01 − 0.00055𝑇; 20°𝐶 < 𝑇 ≤ 200°𝐶
1.15 − 0.00125𝑇; 200°𝐶 ≤ 𝑇 ≤ 800°𝐶

. (6) 

A good agreement was observed with Chang et al.’s 

model [27], particularly at temperatures up to 400 °C. 

However, beyond this threshold, the experimental results 

exhibited additional strength losses during and after the 

cooling phase, effects that are not fully accounted for in the 

Eurocode-based models. 

Notably, post-cooling losses can reach up to 20 % of the 

initial strength, exceeding the 10 % residual loss estimated 

by EN 1994-1-2[33], particularly around 400°C. 

3.2.3.2. Rebound hammer test  

The compressive strength of concrete was estimated 

using the rebound hammer method, following EN 12504-2. 

The average rebound index (Rn) was calculated and used to 

estimate the compressive strength of concrete (fc,Rn). 

The correlation between the rebound index and 

compressive strength is derived from the empirical relation 

proposed by [36], and is given by Eq. 7: 

𝑓𝑐,𝑅𝑛 =
𝑅𝑛

2

32
, (7) 

where fc,Rn is the estimated compressive strength in MPa;Rn 

is the average rebound value, measured using a Schmidt 

rebound hammer. 

Table 11 presents the measured compressive strength of 

the specimens. Fig. 9 presents a comparison of the 

compressive strength measured by NDTs and DTs. 

Table 10. Reduction in the mean residual compressive strength (fc,r) of unheated and heated concrete specimens 

Mean value of fc,20°C, MPa Temperature, °C Experimental results fc,r, MPa Test resultfc,r/fc,20°C, % fc,rloss, % 

33.05 

200 27.28 82.54 17.46 

400 24.42 73.88 26.12 

600 12.29 37.18 62.82 

800 4.98 15.07 84.93 
 

 

Fig. 8. Degradation of residual compressive strength (fc,r) of unheated and heated concrete specimens compared to published results 
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Fig. 9. Compressive strength measured via the rebound test and destructive test of unheated and heated concrete specimens 

 

These results confirm the limited reliability of rebound 

hammer tests for quantitative post-fire assessment, in line 

with previous observations. 

Table 11. Estimated compressive strength of unheated and heated 

concrete specimens, measured using a Schmidt rebound 

hammer fc, Rn, MPa 

Specimens At 20°C 
After heating 

600°C 

After heating 

800°C 

Specimen1 30.03 18.00 12.50 

Specimen 2 32.00 19.53 12.50 

Specimen 3 32.00 18.00 12.50 

Specimen 4 30.03 16.53 12.50 

Specimen 5 28.12 18.00 12.50 

3.2.4. Correlation between residual compressive 

strength and ultrasonic pulse velocity in fire-

exposed concrete 

NDTs represent a reliable approach for monitoring 

newly built structures and assessing the extent of damage in 

existing ones. UPV testing is widely used to investigate the 

relationship between concrete quality and compressive 

strength because the ultrasonic wave velocity is influenced 

by the material’s density and internal integrity, both of 

which correlate with its mechanical performance. 

Fig. 10 and Fig. 11 provide a comparative analysis of 

compressive strength and UPV measurements for concrete 

specimens exposed to increasing temperatures. The UPV 

values progressively declined, reflecting the reduction in 

compressive strength. As shown in Fig. 10, both parameters 

decrease linearly with temperature, following their 

respective regression Eq. 8 and Eq. 9: 

𝑓𝑐,𝑟 = −0.036𝑥 + 35.09 ;  𝑅2=0.963; (8) 

𝑈𝑃𝑉𝑟 = −5.072𝑥 + 5123 ;  𝑅2=0.894. (9) 

Fig. 11 illustrates the degradation trend, using 

normalized values. The ratios of residual compressive 

strength fc,r/fc,20°C and UPV (UPVr/UPV20°C) are shown. 

These ratios also follow a linear trend with temperature, 

following their respective regression Eq. 10 and Eq. 11: 

𝑓𝑐,𝑟

𝑓𝑐,20°𝐶
= −0.001𝑥 + 1.074 ;  𝑅2=0.981; (10) 

𝑈𝑃𝑉𝑟

𝑈𝑃𝑉20°𝐶
= −0.001𝑥 + 1.059 ;  𝑅2=0.962. (11) 

 

Fig. 10. Residual compressive strength (y = ˗0.036x + 35.09 with 

R² = 0.963) and UPV (y = ˗5.072x + 5123 with R² = 0.894) 

results of the concrete specimens 

These strong correlations confirm that UPV is effective 

for evaluating the residual compressive strength of fire-

exposed concrete. The close agreement between the results 

of DTs and NDTs validates UPV as a predictive tool. 

Based on these findings, a linear predictive model was 

proposed (Fig. 12) to estimate residual compressive strength 

from UPV measurements. 

Fig. 12 illustrates the correlation between the residual 

compressive strength ratio and UPV ratio of concrete 

subjected to various temperatures. The relationship between 

these two ratios exhibits a nearly linear trend along the first 

bisectrix, suggesting direct proportionality. 

Accordingly, the following regression Eq. 12 is 

proposed to describe the dependency between the results of 

the two tests: 

20°C 600°C 800°C

Compressive strength by Rebound

Hammer fc,Rn  , MPa
30.436 18.012 12.5

Compressive strength by destructive test

fc,r , MPa
33.05 12.29 4.98
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𝑅𝑓𝑐 = 0.985. 𝑅𝑈𝑃𝑉 + 0.0232, (11) 

where 

𝑅𝑓𝑐 =
𝑓𝑐,𝑟

𝑓𝑐,20°𝐶
 and  𝑅𝑈𝑃𝑉 =

UPVr

UPV20°C
. (12) 

 

Fig. 11. Ratios of residual strength (y = ˗0.001x + 1.074 with 

R² = 0.981) and UPV (y = ˗0.001x + 1.059 with 

R² = 0.962) of the concrete specimens 

The data indicate a strong positive correlation between 

the residual compressive strength ratio and the UPV ratio, 

with a coefficient of determination of R2 = 0.987. 

 

Fig. 12. Correlation of concrete compressive strength with UPV. 

A strong positive correlation was observed (R2 = 0.987) 

Eq. 12 indicates a direct linear relationship between the 

residual compressive strength and the residual UPV, both 

expressed as ratios relative to their initial values at ambient 

temperature. It suggests that the loss in compressive strength 

due to fire exposure can be reliably estimated from the 

corresponding reduction in UPV. For a given concrete 

composition, a decrease in wave velocity is therefore 

indicative of a proportional reduction in load-bearing 

capacity. 

This correlation confirms the relevance of UPV as an 

effective NDT for assessing the mechanical condition of 

fire-damaged concrete, especially in situations where 

destructive testing is not feasible or permitted. 

3.3. Post-fire stress-strain curves 

The stress-strain behavior of concrete after fire 

exposure serves as a key indicator of the extent of thermal 

degradation. Increasing peak temperatures, particularly at 

600 °C and 800 °C, led to more monotonic stress-strain 

curves (Fig. 13), indicating a marked reduction in stiffness 

and ductility. This observation reflects the diminished 

ability of the material to resist deformation and absorb 

energy before failure. 

Specimens subjected to these elevated temperatures 

exhibited notable reductions in peak stress and strain 

capacity, confirming severe mechanical degradation. These 

changes are primarily influenced by the maximum 

temperature reached during heating, rather than by residual 

thermal effects after cooling. 

The degradation mechanisms include a weakening of 

the bond between aggregates and the cement matrix, the 

formation of microcracks due to thermal gradients and 

shrinkage during cooling, and differential thermal 

contraction among the material’s constituents, exacerbating 

internal damage. 

Overall, the post-fire stress-strain response is a reliable 

indicator of internal deterioration in concrete exposed to 

elevated temperatures, underscoring the critical impact of 

thermal exposure on the structural performance of concrete 

elements. 

 

Fig. 13. Post-fire stress-strain curves of concrete after heating at 

different temperatures 

4. FUTURE RESEARCH DIRECTIONS 

Although our findings confirm the effectiveness of 

UPV for post-fire assessment, some limitations should be 

acknowledged. This study was based on standard cylindrical 

specimens tested under controlled laboratory conditions. 

However, in real structures, factors such as reinforcement, 

boundary constraints, variable heating exposure, and load 

conditions during fire may influence residual properties. 

Furthermore, static and dynamic elastic moduli were 

derived from empirical models without direct validation 

through physical measurements. 

Therefore, future work should focus on: full-scale 

testing of reinforced structural elements; direct in-situ 

measurements of dynamic and static moduli; application of 

combined NDT techniques (e.g. UPV +  infrared 
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thermography); incorporation of machine learning for 

automated damage classification based on UPV data; 

conduct chemical analyses such as X-ray diffraction (XRD) 

to confirm changes in mineral composition during all fire 

duration including cooling phase, such as the decomposition 

of portlandite and C–S–H, as demonstrated in recent studies 

[4, 25]. This will allow for a deeper understanding of 

chemical degradation mechanisms during cooling. 

5. CONCLUSIONS 

This study presents a detailed investigation of the 

residual mechanical properties of normal-strength concrete 

after fire exposure. Cylindrical specimens were subjected to 

various heating-cooling regimes, ranging from 200 °C to 

1000 °C. Mechanical performance was evaluated using 

uniaxial compression tests, rebound hammer measurements, 

and ultrasonic pulse velocity (UPV) testing. 

Despite the effectiveness of UPV, the study is limited 

by the absence of chemical analysis such as XRD, which 

could confirm mineral changes resulting from fire exposure. 

In the future, integrating these techniques is recommended 

for a more comprehensive assessment. 

The experimental results revealed progressive and 

marked degradation. Compressive strength decreased by 

17.4 % at 200 °C and 26 % at 400 °C, with sharper losses at 

higher temperatures: 63 % at 600 °C and 85 % at 800 °C. At 

800 °C, both static and dynamic elastic moduli were 

reduced by nearly 98 %. Post-fire stress-strain behavior also 

indicated substantial losses in stiffness and ductility beyond 

600 °C, linked to internal micro-structural damage and the 

breakdown of cement matrix cohesion. 

UPV showed a strong correlation with these mechanical 

losses. At 600 °C and 800 °C, ultrasonic velocity decreased 

by 58.5 % and 84 %, respectively, and became 

unmeasurable at 1000 °C. A regression equation was 

proposed to express the relationship between compressive 

strength and UPV values, confirming UPV’s viability for 

internal damage detection. 

In summary, the combined use of destructive and non-

destructive testing provided a reliable framework for 

evaluating fire-induced damage in concrete. UPV, in 

particular, can be considered a robust and scalable technique 

for structural assessment, especially when destructive 

methods are limited. 
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