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ABSTRACT 
Fire incident affects the mechanical properties of mortar. The prediction methods for mortar after fire 

are strongly needed for making a decision to deal with the fire burnt concrete structure. This paper 

presents an experimental and numerical study in order to obtain the mechanical characteristics of 

mortar after fire. Mortar prisms were subjected to the ISO 834 for three durations, and were hewed to 

meso-scale specimens for conducting the tests. The mechanical characteristics would be discussed. 
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1. INTRODUCTION 
 

 Concrete is one of the most popular 

construction materials because of several advantages 

such as the high/benefit cost ratio, ability to cast in 

various shapes and sizes, and non-combustible 

material [1]. However, the structural concrete would 

be deteriorated by various factors during its life span 

especially for fire accidents [2-6]. Fire incident is an 

extreme condition that can introduce a severe damage 

to and cause the devastating of concrete structure [7-

8]. Because of its thermal conductivity, concrete is 

practically considered as a fireproof layer of steel 

reinforcements. However, the structural concrete is 

basically designed and built with no fireproofing 

systems. As a result of this, the performance of fire 

damaged material as well as the structure integrity 

must be well understood for ascertaining whether 

repairing, strengthening or demolishing. 

 Although it is widely known that cementitious 

material is substantially deteriorated after fire, there 

have been limited studies on the prediction techniques 

with wide range of application for obtaining the 

residual structural performance. To develop such 

models, the mechanical characteristics of fire 

damaged material are effective. Some previous 

studies [9-12], discovered that the material properties 

in various scale, i.e. molecular structure of cement 

hydrates, physical structure, and surface deterioration, 

have been diminished.  Consequently, the classical 

method to evaluate the overall performance of 

structure may not achieve the actual damage 

situations in fire problem. Moreover, it has been 

reported in [13] that there are three main mechanisms 

for deterioration in high temperature, i.e. difference of 

thermal characteristics between mortar and coarse 

aggregate, the pore pressure and the decomposition of 

cement hydrates. Therefore, the study on meso-scale, 

oven-dried mortar, should be firstly made in order to 

prevent additional damages due to thermal 

mismatching between mortar and gravel, and 

developing pore pressure in firing. 

 By taking all above explanations into 

consideration, the aim of the present investigations is 

to understand the progress of in-depth material 

deteriorations influenced by one-directional fire 

exposure. In this study, the oven-dried mortar prisms 

whose size is 400 mm in length, 100 mm in width and 

thick were subjected to the ISO 834 for 30-, 60- and 

90-minute. The visual observation, 3-point flexural 

test, and numerical approach were used to determine 

the mechanical characteristics of mortar. Because the 

developing temperature was gathered on the entire 

period of burning, the relationships between those 

mechanical properties and temperature histories that 

mortar was exposed to could be discussed. 

 

2. OUTLINE OF EXPERIMENTS 
 

2.1 Materials and Specimens 
 Ordinary Portland cement and normal fine 

aggregate that passed through a 1.70 mm mesh sieve 

were used. The mortar is a non-air-entraining type 

and was designed based on absolute volume of the 

material constituent in a saturated surface dry 

condition that has a water to cement ratio of 0.55 and 

a cement to sand ratio of 0.50. Mortar prisms with 

100×100×400 mm
3
 were casted with embedded 

thermocouples at 25-, 50- and 75-mm from the 

surface to measure the temperature gradients during 

the burning process. The details of the specimen can 

be described as shown in Figure 1. After demolding at 

24 hours, specimens were cured in water for 27 days. 

Then, they were dried at 105 °C for 24 hours to 
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release all residual free water in the capillary pores, 

which causes explosive spalling during fire tests, and 

to keep constant moisture content until the fire test 

date. 

 

  
Fig.1 Specimens’ details with thermocouples 

 

2.2 Experimentations 
(1) Fire simulation 

 The oven-dried specimens were subjected to 

one-directional fire exposure by being placed at the 

lid of a gas stove which was programmed the standard 

fire curve ISO 834 whose oven temperature conforms 

to Eq. (1). The fire tests were simulated for 30, 60 and 

90 minutes in order to understand the progress of fire 

damage behavior of mortar. 

 

 T = 20 + 345log(8t+1) (1) 

 where, 

 T : temperature (°C) 

 t : elapsed time (min) 

  

 By using the embedded thermocouples and two 

newly installed thermocouples at heated and unheated 

surfaces before fire test, the developing temperature 

would be gathered during the entire period of burning 

process. The thermal gradients on cross-sectional area 

were, therefore, known. After reaching the target 

durations, the furnace would be automatically stopped, 

and the specimens were immediately removed and 

allowed to cool down in the air to ambient 

temperature. All damaged specimens were fully 

wrapped in order to prevent the additional 

deteriorations induced by external conditions.  

(2) Flexural test 

 The 100×100×400 mm fire damaged specimen 

was cut to four of 100×100×100 mm cubes, and the 

internal cubes were sliced to thin specimens whose 

size was approximately 10 mm thick, 100 mm in 

length, totally 10 layers from heated to unheated sides 

for conducting the meso-scale flexural test. Therefore, 

the in-depth mechanical properties, i.e. flexural 

strength and modulus of elasticity, affected by uni-

directional firing would be understood. Besides the 

visual observations on burnt mortars, the further 

growth of damage evidence could be also observed on 

both top and bottom of thin layers. The meso-scale 

specimens are cut from the prism specimens as shown 

in Figure 2. 

 In the test, the single point load with the 

constant displacement rate of 1µm/s was applied on 

top fiber at the center; LVDTs were placed at the mid-

span and both supporting points during the entire 

period of testing. Therefore, the flexural strength and 

modulus of elasticity would be empirically calculated. 

The flexural strength was calculated using Eq. (2), 

while the modulus of elasticity was also determined 

based on the elastic theory as shown in Eq. (3). 

 

 
Fig. 2 Location of specimen for flexural test 

 

 𝐹𝑏 =
3∙𝑃∙𝐿

2∙𝑏∙𝑕2 (2) 

 𝐸 =  
𝑃1/3 ∙𝐿

3

4∙𝛿1/3 ∙𝑏∙𝑕
3 (3) 

 where, 

 Fb : Flexural strength (MPa) 

 E : Modulus of elasticity (MPa) 

 P : Peak load (N) 

 P1/3 : 1/3 of peak load (N) 

 δ1/3 : Displacement at 1/3 of peak load (mm) 

 L : Span length (mm) 

 b, h : Section width, depth (mm) 

 

Practically for the fire damaged series, the bending 

failure might not be occurred at the mid-span due to 

the existence of fire cracks. In that case, the flexural 

strength would be calculated using the actual bending 

moment obtained at the actual bending failure 

location. 

(3) Multi-linear approximation method 

 By using the program of multi-linear 

approximation method, JCI-S-001-2003, the tensile 

strength, the fracture energy, and the tension softening 

curve would be obtained from the experimental load-

displacement curves. 

 

3. RESULTS AND DISCUSSION 
 
3.1 Temperature Gradients 
 During the fire tests, several kinds of 

temperature were collected such as oven’s, surfaces’ 

and internal temperatures with embedded 

thermocouples. Although one face of specimen was 

directly exposed to fire, the temperature at heated face 

might not have been equal to the oven’s temperature. 

Therefore, the temperature measured at heated face is 

more appropriate value to describe the developed 

thermal gradients and temperature background at each 
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depth during fire rather than the oven’s temperature.  

 A thermal loading, in terms of the fire exposure, 

was applied to the heated face, which experienced a 

drastically increased temperature, while the 

temperature of the internal layer of mortar might be 

comparatively low. The internal temperature gradients 

started gradually increased with the elapsed exposure 

time. At the same distance from the heated side, the 

maximum internal temperature increases when 

subjected to a longer duration and gradually decreases 

with a greater distance from the heated face. As seen 

in Figure 3, the temperature’s difference is larger 

between 0 and 25 mm from the heated face compared 

with its gradients at further distance in case of 30 

minutes under firing. With respect to an increment of 

time exposure, i.e. 60 and 90 minutes under firing, the 

steep temperature gradients could be found within the 

range of less than 50 mm from heated side, while the 

gradients beyond that front are similar to 30 minutes 

firing. It was probably said that, the heat 

transportation through cementitious material proceed 

gradually due to its thermal conductivity. In addition, 

the initiation and propagation of crack introduced by 

fire exposure [9] and crack intensity may cause the 

non-uniform temperature gradient along the cross 

section [14]. According to the Eurocode, the 

mechanical strength tends to decrease with various 

maximum temperatures. Therefore, the mechanical 

characteristics at each depth especially for the first 

half of section thickness are probably high variant 

compared with the location beyond 50 mm from 

burning sides in which the temperature gradients were 

relatively flat. 

 

 
Fig. 3 Maximum temperature at each depth 

 
3.2 Post-fire Crack Assessments 
 This task may not aim at to quantify the fire 

damage evidences, but to demonstrate the general 

specimens’ conditions after fire. By means of surface 

observations, there are two types of cracks observed 

on the directly heated surface, and 100×400 mm
2
 long 

side faces of mortar prisms. 

 Figure 4 indicates the crack characteristics 

after heating and cooling regimes. During exposure to 

fire, the heated face started cracking with 

interconnection between cracks, then crazing was 

found on the heated face in all the fire cases. Because 

the specimens were allowed to cool down 

immediately after reached the target durations, the 

heated face which was expanded in heat was suddenly 

shrunk leading to the relatively straight cracking on 

long sides. In addition, cracking on the side face was 

probably interconnected with the heated surface’s 

crazing at the border. This means that some of the 

damage evidences may affect the material strength in 

serviceability level. 

 

 
(a) 30 minutes under firing 

 

 
(b) 60 minutes under firing 

 

 
 

(c) 90 minutes under firing 

 

 
(d) Heated face (90 minutes under firing) 

Fig. 4 Crack patterns on specimens 
 

3.3 Flexural Strength and Modulus of Elasticity 
 The flexural strength for all fire damaged 

series and control specimens is illustrated in Figure 5. 

The average flexural strength of non-damaged mortar 

is 7.16 N/mm
2
, while the reduction tendency was 

clearly indicated in all of the fire cases especially for 

the layer that was directly burnt at the bottom. The 

flexural strength of those layers was reduced for 66%, 

72% and 81% of non-damaged strength for 30, 60 and 

90 minutes under firing, respectively. The loss of 

flexural strength of those layers is not significantly 

different in all fire cases because it is depending on 

the bending failure location where the crack 

propagated from the crazing might exist. That kind of 

crack is found up to approximately 20 mm for 30 

minutes under firing, and 40 mm from heated side in 

case of 60 and 90 minutes under firing. At the greater 

distance from heated surface, the flexural strength is 

increased and became similar to the flexural strength 

of non-damaged material. However, the slightly 

increment in strength could be also observed in some 

layers next to the severe damaged zone. It is probably 

because of the rehydration of the unhydrated cement 

particles within the appropriate range of temperature. 

 In the flexural test, the bending failure mode 

could be divided into two categories as shown in 

Figure 6. The notch was set at the mid-span of all thin 
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specimens. When applying a single point load at the 

top fiber up to the load limit, the real crack would 

occur. Practically, some thin specimens might contain 

the major crack such as the specimens in the severe 

damaged zone. In that case, a bending failure location 

was depending on the fire crack location. Figure 6(a) 

shows the bending failure location which has been 

randomly found in various locations outside the notch 

at the mid-span. On the other hand, the bending crack 

of the non-damaged specimen and the specimen 

without the visible crack was usually found at the 

preexisting crack, as shown in Figure 6(b).  

  

 
Fig. 5 In-depth meso-scale flexural strength 

 

 
(a) 

 

 
(b) 

Fig. 6 Schematic of bending failure location 
 

 In addition to the flexural strength, the 

modulus of elasticity could be also obtained. Figure 7 

shows the average in-depth modulus of elasticity. The 

result shows that the severe damaged zone could be 

observed as same as the flexural strength. When the 

distance moves farther from the heated side, the 

modulus of elasticity would be increased. However, it 

was supposed to be decreased with thermal 

experiences from the non-damaged specimen. 

 

 
Fig. 7 In-depth modulus of elasticity 

3.4 Tensile Strength and Fracture Energy 
 The observed load-displacement curves could 

be used for obtaining the tensile strength by using the 

multi-linear approximation method of JCI-S-001-

2003. However, those experimental data must be 

gathered from the specimens whose bending failure is 

only at the preexisting crack. Therefore, the load-

displacement of thin with existing fire crack might 

not be able to use for obtaining the tensile strength by 

this technique. 

 Figure 8 shows the average in-depth tensile 

strength of all fire cases including reference series. 

The average tensile strength of non-damaged 

specimens is 4.99 N/mm
2
.  However, the tensile 

strength of all burnt series was also similar to non-

damaged specimen. It could be said that those burnt 

specimens did not contain any major cracks, and 

might be similar to non-damage one. As a result of 

this, the existence of crack could have an influence on 

mechanical characteristics in the fire problem of 

cementitious material. 

 As widely known, the tensile strength should 

have a same tendency with the flexural strength. This 

study also shows the good agreement between those 

two mechanical properties in the zone that properties 

were recovered. From the location where the flexural 

strength is similar to non-fired material onwards, the 

tensile strength is also observed the same trend. 

Consequently, the tensile strength in severe damaged 

zone which could not be obtained in this study may 

have a same residual proportion with the loss in 

flexural strength. 

 

 
Fig. 8 In-depth tensile strength 

 
 The fracture energy would be calculated from 

the area under tensile stress-crack width curves. The 

examples of tension softening curves obtained from 

multi-linear approximation technique are illustrated in 

Figure 9(a) to 9(d). They show the tension softening 

curves obtained at 35.0 mm, 45.0 mm, 55.0 mm and 

65.0 mm from heated face, respectively. Because the 

relations of tensile stress-crack width are 

approximately same, the calculated fracture energy 

was not significantly different among all specimens 

including control set. 

 Besides the technique of JCI-S-001-2003, the 

fracture energy could be also determined following 

the recommendation of RILEM [15]. Based on this 

method, the fracture energy could be calculated using 
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the specimens’ details and the load-displacement 

curves as shown in Eq. (4) and Eq. (5). 

 

 𝐺𝑓 =
𝑊0+𝑊1

𝐴𝑙𝑖𝑔
 (4) 

 𝑊1 =  
𝐿𝑠

𝐿
∙ 𝑚1 + 2 ∙ 𝑚2 ∙ 𝑁 ∙ 𝛿𝑡𝑢  (5) 

  

 where, 

 Gf : fracture energy (N/m) 

 W0 : area under P-δ curve (N-mm) 

 Alig : cross sectional area at mid-span (mm
2
) 

 Ls : length of specimen (mm) 

 L : span length (mm) 

 m1 : specimen’s dead weight (g) 

 m2 : weight of all equipments (g) 

 N : gravitational acceleration (m/s
2
) 

 δtu : displacement at 2 N (mm) 

 

By using those two techniques for determining the 

fracture energy, the comparison is shown in Figure 10. 

Both approaches are completely good agreement. 
 

 
 (a) 35.0 mm (b) 45.0 mm 

 
 (c) 55.0 mm (d) 65.0 mm 

Fig. 9 Tensile stress-crack width curves 
(At various distances from heated face) 

  

 
Fig. 10 Fracture energy using JCI and RILEM 

 
3.5 Change of Mechanical Characteristics 
 Although the material properties-temperature 

experience had a relationship, this study has 

discovered that the existence of crack might play 

more prominent role on the material behavior of 

cementitious material in fire problem. 

 According to the post-fire material behavior in 

this study, the damaged specimens with no existing 

visible crack were almost similar to non-thermal 

experienced one. In order to obtain the better 

understanding about the actual post-fire properties of 

mortar, the influence of temperature experience as 

well as the significance of crack initiated by fire 

should be taken into account. 

 

 
Fig. 11 Flexural strength-temperature relation 

 

 
Fig. 12 Flexural strength-modulus of elasticity 

 

 Figure 11 shows the relationship between 

flexural strength and temperature. The regression line 

was constructed based on the existing knowledge 

about the regenerated and decomposition of chemical 

compounds at elevated temperature. At the early stage 

of burning process, the hydration process could be 

regenerated within an appropriate range of 

temperature. After that, the decomposition would be 

taken place. Therefore, the flexural strength with heat 

treatment is slightly increased from the strength 

without any damages background and the rapidly 

decreasing tendency is observed. With respect to an 

increment of temperature, the flexural strength would 

be more scattering because of the influence of 

existing fire crack. Meanwhile, Figure 12 shows the 

relationship between modulus of elasticity and 

flexural strength. The obviously decreased in the 

modulus of elasticity could be found in case the 

flexural strength was also comparatively low, i.e. the 

flexural strength of the specimens in severe damaged 

zone containing fire crack. In case of the burnt 

specimens without fire crack, the modulus of 
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elasticity was also decreased even though the flexural 

strength was similar to non-damage material. 

 Since the performance of mortar would be 

substantially diminished especially for the specimens 

with major cracks, the precise material model to 

achieve the mechanical properties of fire damaged 

cementitious material must consider the effect of 

cracking induced by fire exposure. 

 

4. CONCLUSIONS 
 

(1) A thermal loading, in term of fire exposure, 

applied to one surface could develop the 

internal temperature history leading to the 

attenuation of cementitious material’s 

properties. With an increment of exposure 

duration, the progresses of temperature were 

strongly related to the level of material 

deteriorations especially in the severe damaged 

zone. 

(2) In severe damaged specimens, the existing 

crack induced by fire would be a weak point 

which clearly affects the failure mode in 

flexural test. In addition, the material strength 

of the specimen with visible crack would be 

also obviously diminished. Meanwhile, the 

similarity to non-damaged material of the 

strength would be observed beyond the severe 

damaged region. 

(3) The temperature effect with considering the 

crack initiated by fire exposure is the 

appropriate index to achieve the actual 

mechanical characteristics of fire damaged 

cementitious material. 
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