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ABSTRACT 
 

     High temperatures can reduce the flexural strength of reinforced concrete beams. This 
study uses microbially induced calcium carbonate precipitation (MICP) technology to enhance the 
flexural strength of thermally damaged lightweight aggregate concrete (LWAC) beams. Two 
experimental groups (A and B) were prepared with lightweight aggregates (LWAs) that were 
immersed in nutrient and bacterial solutions, while a control group (C) used LWAs without 
immersion. The specimens repaired themselves differently after exposure to 500 °C. Groups A 
and C used the same self-healing method, requiring 28 days of daily water spraying to maintain 
moisture. Group B employed a cyclic curing method, alternating nutrient solution spraying and air 
drying over the same period. After 28 days, the relative maximum flexural load ratios for groups A, 
B, and C were 1.094, 1.134, and 1.056, respectively. Groups A and B showed increases of 3.6% 
and 7.4% compared to Group C, demonstrating the cyclic curing method's greater effectiveness. 
 
 
1. INTRODUCTION 
 
     Reinforced concrete is favored in construction for its non-combustibility, strength, 
impermeability, durability, sound insulation, and cost-effectiveness. However, high 
temperatures can degrade its mechanical properties, resulting in significant damage to 
structures. High temperatures can damage concrete and reduce its strength. Factors 
such as maximum temperature, heating rate, duration of exposure, and load can affect 
concrete strength. As a result, researchers have studied these influences on reinforced 
concrete structures. Kodur and Agrawal (2016) developed a method to assess the 
residual capacity of fire-exposed reinforced concrete beams. Tang (2017) examined the 
strength degradation of lightweight aggregate concrete (LWAC) and its flexural behavior 
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after high temperatures. Jiang et al. (2018) studied the residual shear force of fire-
damaged reinforced concrete beams and cantilevers. Tang (2019) investigated the 
residual properties of high-strength fiber-reinforced concrete after high-temperature 
exposure. Du et al. (2021) assessed the fire resistance performance of glulam-concrete 
composite beams through experimental and analytical methods. Wang et al. (2023) 
studied the behaviors and residual flexural stiffness of T-shaped prefabricated composite 
reinforced concrete beams after fire exposure. Kim et al. (2023) developed a machine-
learning model to predict strength reduction in fire-damaged reinforced concrete columns. 
Mousavi and Bengar (2024) examined internal curing as a method to enhance the post-
fire performance of high-performance concrete. 
     Many fire-damaged concrete structures can be reused after repairs. For this reason, 
efficient repair techniques are critical to public safety. Consequently, researchers are 
focusing on repairing fire-damaged reinforced concrete structures (Yu et al. 2018, Li et 
al. 2022). Various repair methods have been developed (Chinthapalli et al. 2022). A 
common method for repairing fire-damaged concrete structures is wrapping them with 
fiber-reinforced polymer (FRP) fabrics (Awoyera et al. 2024). FRP, a composite of high-
tensile strength fibers in a polymer matrix, includes types such as carbon FRP (CFRP) 
(Chinthapalli et al. 2022), glass FRP (Yaqub and Bailey 2011), and basalt FRP (Ouyang 
et al. 2021). CFRP is applied using externally bonded reinforcement (EBR) and near-
surface mounted (NSM) techniques, while FRP jacketing represents a modern repair 
method (Mahmoud et al. 2022). High-performance fiber-reinforced cementitious 
composites (HPFRCC) are promising for repairing fire-damaged concrete structures. 
These advanced materials, including ultra-high-performance concrete (UHPC) and 
strain-hardening cementitious composite (SHCC), offer high strength, crack resistance, 
and durability. Research shows that using FRP fabrics with HPFRCC improves the load-
bearing capacity of fire-damaged structures (Yu et al. 2018, Li et al. 2022). 
     By means of cellular metabolism, organisms generate minerals through a process 
known as biomineralization. Certain microbes can mineralize depending on their 
activities, a phenomenon known as microbiologically induced calcium carbonate 
precipitation (MICP). This causes calcium carbonate crystals to develop on the surfaces 
of bacteria. Strong and stable, these crystals act as cementing material and fill in the 
spaces between particles. Rapid precipitation of calcite-type crystals improves 
cementation when microorganisms are provided with sufficient calcium ions (Ca2+) and 
nitrogen sources (Castro-Alonso et al. 2019). Concrete structures can degrade due to 
environmental factors, overloading, accidental damage, and fire. To prolong their service 
life, repairs are necessary. While synthetic fibers have benefits, they also pose 
environmental concerns and high costs, along with risks of corrosion and debonding at 
low strains. In contrast, Microbially Induced Calcite Precipitation (MICP) is highly 
compatible with cement-based materials and can effectively repair and strengthen 
concrete cracks. MICP products are natural, offering environmentally friendly and 
durable solutions for damaged concrete. In the last two decades, MICP technology has 
become a focal point in concrete self-healing research (Chen et al. 2023). It is also used 
to restore concrete's mechanical properties and bond strength after high temperatures 
(Chen et al. 2024). However, limited research exists on using MICP to repair the flexural 
strength of reinforced concrete beams after high-temperature damage. This study aims 
to enhance the flexural strength of thermally damaged lightweight aggregate concrete (LWAC) 
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beams using MICP technology. Specimens were divided into a control group and two 
experimental groups, with the latter using specially treated lightweight aggregates. 
Testing consisted of evaluating high temperature, compressive strength, splitting 
strength, and flexural strength, as well as analyzing sediments that filled cracks in the 
MICP-repaired specimens. 
 
 
2. EXPERIMENTAL DETAILS 
 
     2.1 Experiment planning 
     The experimental plan is shown in Table 1. The test items include mechanical 
properties that are measured before and after high temperatures. Furthermore, crack 
repair observation, FESEM observation, energy dispersive X-ray spectroscopy (EDS) 
analysis, and X-ray diffraction analysis (XRD) were carried out. The testing parameters 
consisted of the healing method, healing age, and target temperature. 
 

Table 1 Experimental plan 

Test items 

Test parameters 

Healing method after high 
temperature test 

Healing age after 
high temperature 

Target 
temperature 

Compressive strength test (before 
and after high temperature) Air curing method (spraying) 

and cyclic curing (spraying 
nutrient solution and air drying 

alternately)  

0 and 28 days 

Room temp. 
and 500 ℃ 

Beam flexural test (before and 
after high temperature) 

0 and 28 days 

FESEM observation, EDS 
analysis, and XRD analysis 

0 and 28 days 

 

     The preparation of specimens for both the experimental group (which was 
separated into Group A and Group B) and the control group (i.e., Group C) was carried 
out in this study. Group C used lightweight coarse aggregates that did not have bacterial 
strains implanted. Group A and Group B used lightweight coarse aggregates that were 
implanted with bacteria. After pouring for 24 hours, specimens were demoulded and 
subjected to indoor curing. The cylindrical specimens were placed in a water tank for 
curing. The beam specimens were sprayed with water once a day to keep their surface 
moist. Various tests were conducted at room temperature for part of each group of 
specimens after 28 days of curing; the other specimens underwent high-temperature 
tests. After the high-temperature test, a portion of every group of specimens was 
subjected to various tests; the remaining specimens were self-healed through air curing 
or cyclic curing. Based on the healing methods used by the specimens after exposure to 
high temperatures, the experimental group was further divided into Groups A and B. 
     The specimens in Group A and Group C underwent air curing via water spraying. 
Water was applied to the specimen daily to maintain its moisture. Group B utilized a cyclic 
curing method, which involved alternating between spraying a nutrient solution and air 
drying. In the cyclic curing process, a nutrient solution was sprayed on the surface of the 
specimens once on the first day, and they were air-dried indoors on the second day. One 
cycle lasts for two days. A solution with one molar concentration of urea and a 0.5 molar 
concentration of calcium acetate was used to prepare the nutrient. After 28 days of self-
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healing, each group of specimens was evaluated for their crack healing, microscopic 
analysis, and mechanical property testing. 

 
     2.2 Materials properties 
     The materials used were divided into two categories: concrete testing and bacterial 
culture. This study used Sporosarcina pasteurii, which produces large amounts of 
intracellular urease. This strain is one of the most efficient microbial systems known to 
date for utilizing urea degradation for biomineralization. Calcium lactate is a nutritional 
source for Sporosarcina pasteurii. Yeast extract is rich in many vitamins. It is often used 
as a nutrient in powder form, and its leachate is used as a very effective culture medium. 
Calcium acetate is converted to calcium ions during the curing process. Urea supplies 
carbonate ions during the curing process.  
     The materials used in concrete specimens include water, cement, lightweight 
coarse aggregates, normal-weight fine aggregates, fibers, superplasticizers, steel bars, 
thermocouples, and strain gauges. The water is ordinary tap water, which meets the 
quality requirements of concrete mixing water. The cement is Portland I; its chemical 
properties are shown in Table 2. The fine aggregate is normal-weight natural river sand. 
Its basic properties are shown in Table 3. Lightweight coarse aggregate includes two 
different types of artificial aggregates: one is lightweight expanded shale, and the other 
is lightweight expanded ceramsite. The surface of lightweight aggregate has a rich 
microporous structure, which can provide enough space for bacteria to survive and 
metabolize. Superplasticizer is a product of Taiwan Sika Co., Ltd. Polypropylene and 
short micro-steel fibers that were utilized. Polypropylene fiber can prevent concrete 
specimens from bursting during high-temperature tests. Steel fibers can increase the 
toughness and tensile strength of concrete. Table 4 shows their basic performance. 
Table 5 lists the fundamental characteristics of the steel bars #3 and #4 that were utilized. 
The thermocouple is K-type 5 produced by United Technical Control Co., Ltd. The 
material is aluminum-nickel alloy, the pipe diameter is 1.6 mm, and there is a round 
copper piece at the front end to facilitate embedding and fixing in concrete. The maximum 
operating temperature is 1200 °C, complying with ASTM A213 and ASTM 21b. The strain 
gauge is PFL-30-11-1LJC-F. Its length is 30 mm, the gage factor is 2.09±1%, and the 
resistance is 120±5 Ω. 
 

Table 2 Physical properties of cement 
Items Test results 

Density 3.14 g/cm3 

Specific surface area 337 m2/kg 

Loss on ignition 0.94% 

Screen residue #325 3.30% 

Compressive strength 

3 days 24 MPa 

7 days 33.9 MPa 

28 days 43.3 MPa 

 

Table 3 Basic properties of fine aggregate 
Items Test results 

Specific gravity (wet) 2.63 

Specific gravity (dry) 2.6 

water absorption 1.15% 

Fineness modulus 2.84 
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Table 4 The physical and mechanical properties of the fibers 

Type of Fiber 
Length 

(mm) 
Diameter 

(mm) 
Density 

(g/cm3) 

Elastic 
Modulus 

(GPa) 

Tensile Strength 
(MPa) 

Melting Point 
(°C) 

Steel Fibers 11 0.15 7.8 200 2000-2500 - 
Polypropylene 

Fibers 
12 0.05 0.9 - 150-800 165 

 

Table 5 The physical and mechanical properties of the steel rebars. 

Bar No. 
Nominal Dia. 

(mm) 
Nominal Cross  

Section Area (cm2) 
Rib Distance 

(mm) 
Rib Height 

(mm) 
Yield Strength 

(N/mm2) 
Ultimate Strength 

(N/mm2) 

#3 9.53 0.713 8.3 0.7 330 462 
#4 12.70 1.267 8.3 0.7 383 464 

 
     2.3 Culture of bacterial strains and sporulation 
     Aluminum foil, a sponge stopper, or a specific iron cap were used to close the 
Erlenmeyer flask in order to sterilize the bacterial culture containers and equipment. After 
that, the microplastic straw's tip was placed in a special container. The measurement 
cylinder was then sealed with aluminum foil. Gently open the lid of the centrifuge tube 
and place it in a sterilizing bag. After placing the microcentrifuge tube in a designated 
container, wrap aluminum foil over the cell spreader and inoculation loop. The autoclave 
sterilization (121 °C; 1.5 kgf/cm2; 20 minutes) and drying process came next. 
     Count the medications and prepare sterile containers (beakers, Erlenmeyer flasks, 
and measuring cylinders) before making the liquid culture media. Drugs need to be 
prepared individually using various sterilizing techniques. The following is the recipe for 
the liquid culture medium: 
 Yeast Extract: 20 g/L 
 TRIS-hydrochloride (NH2C(CH2OH)3HCl): 20.488 g/L; 
 Ammonium sulfate (NH4SO4): 10 g/L; 
 Sodium hydroxide (NaOH) (its pH value must be above 9). 
     In terms of cultivating bacteria, the details are as follows: 
(a) After the liquid culture medium has cooled to room temperature, distribute the liquid 

culture medium into bacteria-growing containers (Erlenmeyer flask, centrifuge tube, 
or test tube) on a dust-free sterile operating table. 

(b) Use a micropipette to scoop up the bacterial solution and add it to the liquid culture 
medium, then shake it evenly. 

(c) Place in a constant-temperature rotary shaking incubator at 37 °C and a rotation 
speed of 180 rpm for suspension culture on a shaker. Cultivate in batches for three 
to four days. 

(d) Use a visible light spectrometer to observe the concentration of the bacterial solution, 
that is, measure the OD. Observe and record the OD600 value (that is, the spectral 
absorption value at a wavelength of 600 nm) to about 1.2, and end the bacterial 
culture. 

     Lightweight aggregates are employed as bacterial carriers to improve the likelihood 
of bacterial survival. Lightweight aggregates have a dense shell on their surface, which 
reduces the effectiveness of bacterial liquid penetration. To improve the effectiveness of 
bacterial strain implantation, the lightweight aggregates were broken down to reveal a 
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more porous cross-section. A crusher and a Los Angeles abrasion testing machine were 
used to crush the two types of lightweight aggregates. Subsequently, a set of sieves was 
employed to obtain lightweight aggregates with particle sizes that fell within the range of 
4.76 to 9.5 mm. In order to sporulate the strains, the temperature was raised to simulate 
the severe environment. First, a water tank with a fixed temperature was used to hold 
the cultured bacterial liquid. For half an hour, the water tank's temperature was kept at 
80 °C. The bacterial solution was then removed, and when it had cooled to room 
temperature, its OD600 value was determined. The process of implanting strains into 
lightweight aggregates is as follows: 
(a) Immerse the processed lightweight aggregates into the nutrient source solution 

(calcium lactate 80 g/l, yeast extract 1 g/l), and continue for 30 minutes. 
(b) Drain the lightweight aggregates that have been immersed in the nutrient source 

solution, and then place them in an oven at 37 °C to dry for 5 days. 
(c) Repeat steps (a) and (b) once, and the resulting lightweight aggregates are as shown 

in Fig. 1. 
(d) Immerse the lightweight aggregates containing the nutrient source into the bacterial 

spore solution for 30 minutes. 
(e) Drain the lightweight aggregates that have been immersed in the bacterial spore 

solution and then place them in an oven at 37 °C to dry for 5 days, and the preparation 
is complete. 

 

  
(a) expanded ceramsite (b) expanded shale aggregates 

Fig. 1 Lightweight aggregates after soaking in nutrient source 
 

     Table 6 illustrates that the water absorption rate of the lightweight aggregates 
dramatically dropped following the implantation of bacterial strains. Additionally, the 
lightweight aggregates' dry rodded unit weight rose. Microorganisms and nutrients 
occupy some of the pore spaces, changing the lightweight aggregates' physical 
characteristics. 
 

Table 6 Basic properties of lightweight aggregate before and after implanted strain 
Aggregate type 

Items 
Expanded ceramsite Expanded shale aggregates 

Before soaking After soaking Before soaking After soaking 

1hr water absorption rate 13.56 10.94 18.78 13.64 

24hr water absorption rate 15.07 13.84 21.25 17.18 

Dry rodded unit weight (kg/m³) 828.00 845.79 550.10 589.53 

Particle density (dry) (g/cm³) 1.35 0.93 

Particle density (wet) (g/cm³) 1.55 1.13 
 

 
     2.4 Mix proportions of concrete and casting of specimens 
     Following ACI 211.2, the amount of each material used in the prepared lightweight 
concrete was determined based on the material properties and structural performance 
requirements. In Table 7, the concrete proportions of each group are displayed after the 
trial mixing. Before mixing, wet the single-shaft mixer's blades and mixing barrel. 
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Distribute cement, steel fiber, polypropylene fiber, and fine aggregate evenly. Turn on the 
mixer and stir for about a minute on low speed. Continue stirring the blades to break up 
any lumps after adding the mixing water. Lightweight aggregates were then added. After 
adding the superplasticizer, stir for about a minute. As soon as the concrete was mixed, 
the slump was measured.  
 

Table 7 Mix proportions of the concrete 

Group W/C 
Water 
(kg/m3) 

Cement 
(kg/m3) 

LWA (kg/m3) 
FA 

(kg/m3) 
SF 

(kg/m3) 
PP 

(kg/m3) 
SP 

(kg/m3) Expanded shale 
Expanded 
ceramsite 

Control group 0.40 180 450 98.47 296.42 849.5 39 0.9 13.5 

Exp. group 0.40 180 450 105.53 302.79 849.5 39 0.9 13.5 

Notes: W/C: water–binder ratio; LWA: lightweight aggregate; FA: fine aggregate; SF: steel fiber; PP: polypropylene 
fiber; SP: superplasticizer. 

 

     The compression test uses a cylindrical specimen with a diameter of 100 mm and 
a height of 200 mm. The flexural test adopts a prismatic specimen with a width of 150 
mm, a height of 200 mm, and a length of 1500 mm. Following mixing, the concrete 
cylinder specimens and beam specimens were cast in accordance with relevant ASTM 
regulations. The #4 rebars were used to form the longitudinal steel bars in the beam 
specimen. The stirrups were #3 rebars, and their spacing was 100 mm. The compression 
bars were also made of #4 rebars. However, the compression bars were not arranged at 
200 mm to the left and right of the beam center, as shown in Fig. 2. Table 8 displays the 
codes for specimen group, target temperature, and healing age. 

 

 
Fig. 2 Reinforcement details of test beams 

 

Table 8 Specimen number description 
Group code Target temperature code Post-high temperature healing age code  

Group A 
Room temperature: N; 

High temperature 500 °C: 500 
After high temperature healing for 0 day: 0D; 

After high temperature healing for 28 days: 28D 
Group B 

Group C 

 
     2.5 Test methods and instrumentation 
     For high-temperature testing, 500 °C was the desired temperature. After drying, 
each specimen was put in a furnace set to a high temperature. Two thermocouple 
temperature monitors (DTM350) were placed in the beam specimen to determine the 
connection between the temperature of the concrete inside the specimen and the electric 
furnace's heating and cooling times. The two thermocouples are positioned 2 and 7.5 cm 
from the specimen surface, respectively, close to the center of the beam span, as shown 
in Fig. 3. Table 9 displays the test procedures for the various properties of concrete. The 

Load Spreader beam

5@100 mm5@100 mm50 mm 50 mm80 mm

35 mm

130 mm

35 mm

150 mm

200 mm

150 mm

#4 Rebar

#3 Rebar
Strain gauges

LVDT
Support Support

Longitudinal sectionCross section of shear span area
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cylindrical specimen's self-healing duration was split into 28 and 0 days following a high 
temperature. Compression tests were conducted on cylindrical specimens of 100 mm in 
diameter and 200 mm in height in accordance with ASTM C39. ASTM C496 was followed 
for conducting splitting tests on cylindrical specimens that were 150 mm in diameter and 
300 mm in height. Three specimens were used to determine the test's average result. 
 

 
Fig. 3 Schematic diagram of the thermocouple embedded inside the beam specimen 

 

Table 9 Test methods for concrete properties 

Items  Test methods 

Slump ASTM C143, ASTM C172 

Unit weight, air content ASTM C138, ASTM C172 

Compressive strength ASTM C39 

Splitting strength ASTM C496 

Flexural strength ASTM C1609/C1609M-19a 

 

     ASTM C1609/C1609M-19a specifications were used to conduct room-temperature 
and high-temperature post-flexure tests once the beam specimens were cured. The 
specimen installation is shown in Fig. 4. An electro-hydraulic servo actuator with a 
maximum load of 6000 kN was selected to apply a static unidirectional load. At the same 
time, additional force sensors were installed to ensure the accuracy of load data. The 
beam specimen was placed on the double supports of the universal testing machine, and 
the load was applied using a four-point loading method. 
 

 

Fig. 4 Device diagram of beam flexural test 
 

     During the test, a spreader steel beam was used to apply the load at the position 
shown in Fig. 4. Shear force's effect on the beam specimen can be eliminated by using 
a four-point load system. Consequently, the beam's flexural strength can be examined 
and evaluated independently. The displacement speed of 1 mm/sec was used to control 
the hydraulic stroke. The strain in the concrete critical area (midpoint) of the beam 
specimen under each load was measured during the test procedure using strain gauges. 
Concurrently, as the load rose, a shift in the midway deflection was noted. Moreover, the 

Test machine

Transducer

Spreader 

beam

Specimen

Support

2 cm 

Thermocouple 

7.5 cm 

10 cm 
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development of cracks during the failure process was observed. The deflection readings 
were recorded at each loading stage until the specimen failed. At each loading stage, the 
beam specimen was carefully examined to grasp the formation of its first crack. In 
particular, the load corresponding to the first crack was recorded. Two beam specimens 
were present in both the control and experimental groups for flexural testing at each 
target temperature. The samples for microscopic examination were taken from 
specimens damaged in the compression test. Powders obtained from the interface were 
used for XRD examination, while flat particles with a size of 2–3 mm were used for SEM 
and EDS studies. 
 

 
 
3. RESULTS AND DISCUSSION 
 
     3.1 The results of fresh properties of concrete 
     The control and experimental groups had slumps of 13 cm and 14 cm, respectively, 
as demonstrated by Table 10. These indicate that both groups had adequate workability. 
Additionally, the control and experimental groups had unit weights of 1973 kg/m3 and 
1975 kg/m3, respectively. 
 

Table 10 Slump and unit weight of concrete 
Group Slump (cm) Unit weight (kg/m3) 

Control group 13 1973 

Experimental group 14 1975 

 
     3.2 The results of compressive strength of concrete 
     Table 11 indicates that each group's 28-day compressive strength at room 
temperature was roughly comparable, with test results ranging from 43.82 to 46.99 MPa. 
Among them, Group B was the highest, which was 46.99 MPa; Group A was the second, 
which was 45.35 MPa; and Group C was the lowest, which was 43.82 MPa. It is possible 
to hypothesize that the compressive strength of concrete could be improved by 
implanting the bacterial strain. This result shows that bacterial strains implanted in 
lightweight aggregates could enhance the compressive strength of concrete. Although 
the increase is not large, the trend is consistent with the results in the literature. 
Meanwhile, at the age of 28, other specimens of each group were subjected to a high-
temperature test. After the high temperature test, the residual compressive strength of 
each group without self-healing is shown in Table 11. The residual compressive strength 
of each group's specimen was less than that of its room-temperature counterpart. The 
relative compressive strength ratios of Group A, Group B, and Group C were 0.913, 0.922, 
and 0.983, respectively. From this perspective, high temperatures have a negative 
impact on the compressive strength of concrete. Table 11 shows that after 28 days of 
self-healing, the relative compressive strength ratios of Group A, Group B, and Group C 
were 1.038, 1.044, and 0.996, respectively. Compared with the control group, the relative 
compressive strength ratios of Group A and Group B increased by 4.2% and 4.8%, 
respectively. From the perspective of 28-day self-healing, Group B had the highest 
relative compressive strength ratio. This is because Group B used a nutrient solution to 
cure specimens. The effectiveness of cyclic curing's self-healing method is higher, which 
could lead to improved biomineralization to compensate for the strength loss of concrete 
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caused by high temperatures. The above results show that after high temperature, the 
relative compressive strength ratio of each group changes differently with or without self-
healing. After high temperature and self-healing, the relative compressive strength ratio 
increased. Group B was the highest, followed by Group A, and Group C was the lowest. 
 

Table 11 Results of compressive strength and relative compressive strength ratio 

Groups 

Compressive 
strength at room 

temp. (MPa) 

Compressive strength after high temp. 
(MPa) 

Relative compressive strength ratio 

Without self-healing 
Self-healing 28 

days 
Without self-healing 

Self-healing 28 
days 

(1) (2) (3) (4)=(2)/(1) (5)=(3)/(2) 

Group A 45.35 (4.32) 41.42 (0.52) 43.01 (1.20) 0.913 1.038 

Group B 46.99 (1.07) 43.32 (0.65) 45.21 (1.36) 0.922 1.044 

Group C 43.82 (2.96) 43.08 (6.90) 42.92 (1.66) 0.983 0.996 

Note: The values in parentheses are standard deviations. 

 
     3.3 The results of flexural load and flexural strength of beam 
     The relationship between the measured internal concrete temperature of the beam 
specimen and the heating process of the electric furnace is depicted in Fig. 5. At a 
furnace temperature of 500 °C, the internal concrete temperatures at distances of 2 cm 
and 7.5 cm from the surface were recorded at 117.6 °C and 89.8 °C, respectively. These 
results indicate an uneven temperature distribution within the specimen. Furthermore, 
the maximum internal temperature did not exceed 120 °C, suggesting that the concrete 
matrix of the beam specimen did not experience any significant deterioration during the 
high-temperature testing. A four-point flexural test was conducted on beams over a 28-
day curing period. Both the experimental and control groups had low steel ratios, with 
stirrups added to prevent shear failure.  
 

 
Fig. 5 The relationship between the concrete temperature inside the beam specimen 

and the heating time 
 
     All beams experienced tensile failure at room temperature, as shown in Fig. 6(a). 
The failure process involved four phases: the initial cracking in concrete, the yielding of 
tensile reinforcement, the crushing and spalling of the concrete cover, and finally the 
disintegration of the compression zone. As the load increased, vertical cracks in the 
bending moment zone extended and widened. Upon reaching peak load, the beams' 
bearing capacity decreased significantly, leading to failure due to large cracks in the 
compression zone. The maximum flexural loads for each group's beams at room 
temperature are shown in Table 12. The experimental and control groups had flexural 
loads that differed by 1.6% to 6.2%. Despite the lack of self-healing after exposure to 
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high temperatures, each group of beams exhibited tensile failure, as illustrated in Fig. 
6(b). The results indicate that vertical cracks developed in the pure bending moment 
zone of the beam. Furthermore, there was no noticeable crushing or spalling of the 
surface concrete on the compression side of the beam. However, when the beam 
reached its ultimate load, the cracks rapidly extended through the compression zone. Fig. 
5 demonstrates that exposure to a temperature of 500 °C did not result in significant 
degradation of the concrete matrix within the beam. Consequently, the flexural load did 
not experience a substantial decrease following the high-temperature test. After 
exposure to 500 °C, the relative maximum flexural load ratios of the beam specimens 
remained above 0.82, as presented in Table 12. Fig. 6(c) illustrates that the beams in 
each group, even those that were exposed to high temperatures, still exhibited tensile 
failure after 28 days of self-healing. Table 12 illustrates that after 28 days of self-healing, 
the maximum flexural loads for Group A, Group B, and Group C were 50.09, 52.18, and 
52.73 kN, respectively. Additionally, Table 12 indicates that the relative maximum flexural 
load ratios for the beams in Group A, Group B, and Group C after 28 days of self-healing 
were 1.094, 1.134, and 1.056, respectively. When compared to Group C, the relative 
maximum flexural load ratios for Group A and Group B increased by 3.6% and 7.4%, 
respectively, after 28 days of self-healing. Notably, among the groups, the relative 
maximum flexural load ratio for Group B was the highest after 28 days of self-healing, 
further demonstrating the effectiveness of the two-day cyclic curing method. 
 

   
Group A Group A Group A 

   
Group B Group B Group B 

   
Group C Group C Group C 

(a) at room temperature (b) after high temperature (c) self-healing after high temp. 

Fig. 6 Tensile failure situation of beams  

 

Table 12 Results of beam flexural test 

Groups 

Max. flexural load at 
room temp. (kN) 

Max. flexural load after high temp. (kN) Relative max. flexural load ratio 

Without self-healing Self-healing 28 days Without self-healing Self-healing 28 days 

(1) (2) (3) (4)=(2)/(1) (5)=(3)/(2) 

Group A 52.92 45.78 50.09 0.865  1.094  

Group B 55.48 46.01 52.18 0.829  1.134  

Group C 56.39 49.92 52.73 0.885  1.056  

Groups 

Max. flexural 
strength at room 

temp. (kNm) 

Max. flexural strength after high temp. (kNm) Relative max. flexural strength ratio 

Without self-healing Self-healing 28 days Without self-healing Self-healing 28 days 

(1) (2) (3) (4)=(2)/(1) (5)=(3)/(2) 

Group A 13.89 12.02 13.36 0.865  1.111  

Group B 14.56 12.08 13.70 0.830  1.134  

Group C 14.80 13.10 13.84 0.885  1.056  
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     3.4 The load–deflection relationship of beam 
     At room temperature, the load-deflection curves for each group of beam specimens 
are shown in Fig. 7(a). These curves can be divided into distinct stages. Before cracking, 
there was overlap in the load-deflection relationships between all groups. When the 
beam's bending moment was lower than its cracking moment, the bending stress 
generated was lower than the concrete's tensile strength. At this time, the entire beam 
section could withstand this bending stress. Below the neutral axis, both the concrete 
and reinforcing bars (rebars) shared the bending stress, while above the neutral axis, the 
concrete experienced compressive stress. This phase, known as the elastic stage, is 
characterized by a relatively linear load-deflection curve, where bending stresses are 
minimal and directly proportional to strain. Upon reaching the cracking bending moment, 
the bending stress exceeded the concrete's tensile strength, leading to flexural cracks in 
the pure moment zone. As the load increased, these cracks extended upward toward the 
neutral axis, which also shifted upward. This transition marked the change from an 
uncracked to a cracked section, with tensile stress primarily borne by the rebars. The 
steel ratio for each beam group was intentionally designed to be less than the balanced 
steel ratio. When the beam's yield bending moment was reached, its longitudinal steel 
bars yielded and underwent plastic deformation. At the same time, flexural cracks in the 
concrete beams propagated rapidly. When the concrete strain at the top of the beam's 
pure bending moment zone exceeded 0.003, spalling occurred due to crushing, resulting 
in a slight decrease in load. After that, the load continued to increase. After reaching the 
peak load, the concrete on the compression side in the pure bending moment zone was 
broken and penetrated by flexural cracks. Immediately, the load capacity of the specimen 
decreased significantly.  
 

  
(a) at room temperature (b) 28 days self-healing after high temperature 

Fig. 7 Load-deflection curve of beams 
 

     After exposure to high temperatures, the load-deflection curves of beams that 
underwent self-healing are displayed in Fig. 7(b). The curves reveal the initial flexural 
cracking load, steel yield load, peak load, and ultimate load. Initially, the load-deflection 
curve was linear until microcracks formed, after which it remained nearly linear with a 
slight decrease in stiffness. However, stiffness significantly decreased when the rebars 
experienced plastic deformation. The load-deflection curves under various healing 
conditions are presented in Fig. 8. The maximum flexural load for each group of beams 
was the highest at room temperature, as demonstrated by these figures. After each group 
of beams was subjected to high temperatures, their maximum flexural load declined. 
However, the maximum flexural load recovered after 28 days of self-healing. 
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(a) Group B (b) Group C 

Fig. 8 Comparison of load-deflection curves of beams under different conditions 
 
     3.5 The ductility of the beam flexural test 
     Ductility is the ability of reinforced concrete members to absorb energy and 
withstand inelastic deformations, measured by curvature, rotation, or deflection. High 
temperatures significantly affect concrete's mechanical properties, often causing 
brittleness (Kahanji et al. 2018). Therefore, investigating the impact of high temperatures 
on concrete beam ductility is crucial. The deflection ductility index is commonly used for 
calculations, with the following expressions serving as ductility indices (Bernardo and 
Lopes 2019): 

𝜇𝑝 =
Δ𝑝

Δ𝑦
 (1) 

𝜇𝑢 =
Δ𝑢

Δ𝑦
 (2) 

where Δ𝑝 is the deflection at the midpoint of the beam span under the action of the peak 

load, Δ𝑦  is the deflection at the midpoint of the beam span when the longitudinal 

reinforcement yields, and 𝛥𝑢 is the deflection at the midpoint of the beam span under 
the action of the ultimate load (Park 1989). Qi et al. (2018) introduced a ductility index 
that measures a component's ductility after cracking by dividing the ultimate deflection 
by the flexural cracking deflection: 

𝜇𝑐𝑟 =
Δ𝑢

Δ𝑐𝑟
 (3) 

     A theoretical analysis was performed on the ductility of the prepared beam 
specimens in this study. When the longitudinal steel bars of the beam specimen yield, 
the stress and strain distribution of the beam cross section is shown in Fig. 9. The yielding 
curvature of the critical section can be expressed as follows (Park and Paulay 1975): 


𝑦

=
𝑓𝑦

𝐸𝑠𝑑(1 − 𝑘)
 (4) 

where 𝑓𝑦 is the yield stress of the steel bar, 𝐸𝑠 is the elastic modulus of the steel bar, d 

is the effective depth of the beam section, and k is the ratio of the neutral axis depth to 
the effective depth. 
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Fig. 9 Stress and strain distribution of a typical reinforced concrete beam in yield state 
 

     Fig. 10 illustrates the stress and strain distribution of the beam in its ultimate state. 
The ultimate curvature (

𝑢
) of the critical section can be expressed as follows (Park and 

Paulay 1975): 


𝑢

=
𝑢

𝑐
=

𝛽1𝑢

𝑎
 (5) 

In this context, 𝑢 is the ultimate strain of concrete, c is the depth of the neutral axis at 
ultimate state, 𝛽1 is the ratio of the equivalent rectangular stress block depth to the 
neutral axis depth, and a is the depth of the equivalent rectangular stress block. 
 

 

Fig. 10 Stress and strain distribution of a typical reinforced concrete beam under 
ultimate state 

 

     A simply supported beam with two concentrated loads illustrates this concept. Fig. 
11 shows the bending moment and curvature diagrams. Bending and shear stresses can 
cause cracks in the beam's shear span (Park et al. 2006). The tensile stiffness effect 
occurred because the bending stiffness between concrete cracks was greater than the 
bending stiffness at the cracks. This allows the concrete between the cracks to resist 
tension, causing fluctuations in curvature along the longitudinal direction of the beam 
(Lee and Kim 2010). 
 

 

     According to the idealized curvature diagrams in Fig. 11(c), the relative yielding 
deflection (∆𝑦𝑎𝑏) at points a and b on the beam can be calculated as follows (Kheyroddin 

and Naderpour 2007): 

∆𝑦𝑎𝑏= 
𝑦

𝑍1
2

3
+ 

𝑦
𝑍2 (𝑍1 +

𝑍2

2
) (6) 

where 
𝑦
 is the yielding curvature of beam cross-section, 𝑍1 is the distance from the 

support end to the concentrated load, and 𝑍2 is the distance from the midpoint of the 

d
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beam span to the concentrated load. Fig. 11(d) illustrates the idealized curvature 
distribution of a typical reinforced concrete beam in its ultimate load stage, which is 
divided into an elastic and plastic region. According to the second-order moment area 
theorem (Kheyroddin and Naderpour 2007), using the idealized curvature diagram in Fig. 
11(d), the relative limit deflection (∆𝑢𝑎𝑏 ) of two points a and b on the beam can be 
determined as follows (Kheyroddin and Naderpour 2007): 

∆𝑢𝑎𝑏= 
𝑦

𝑍1
2

3
+ (

𝑢
− 

𝑦
) 𝐿𝑝 (𝑍1 −

𝐿𝑝

2
) +

𝑢
𝑍2 (𝑍1 +

𝑍2

2
) (7) 

where 𝐿𝑝 is the equivalent length of the plastic zone. According to Mattock's suggestion, 

the value of 𝐿𝑝 can be calculated as follows (Mattock 1964): 

𝐿𝑝 = 0.5𝑑 + 0.05𝑍 (8) 

where 𝑍 is the distance from the maximum bending section to the inflection point. 
 

 
(a) load diagram 

 
(b) bending moment diagram 

 
(c) idealized curvature at the yielding stage 

 
(d) idealized curvature at the ultimate stage 

Fig. 11 Schematic diagram of the curvature area theorem for obtaining a typical beam 
deflection 

 

     The calculation of beams' ductility index is based on their load-deflection curves. 
During beams' flexural test, the location of cracks and mid-span deflection were 
monitored. In addition, Δ𝑐𝑟 , Δ𝑦 , Δ𝑝 , and Δ𝑢  were obtained from the load-deflection 

curve of the beam, and then 𝜇𝑐𝑟, 𝜇𝑝, and 𝜇𝑢 were calculated according to Eqs. (3), (1), 

and (2), respectively, as shown in Table 13. Eqs. (6)-(7) were used to calculate the 
theoretical deflection ductility index of beams, as presented in Table 13. It can be seen 
from Table 13 that under different conditions, the experimental results of 𝜇𝑢 of each 
group of beam members range from 3.64 to 7.02, and the theoretical predicted values of 
𝜇𝑢 range from 6.14 to 6.39. The difference between the experimental results and the 
theoretical predicted values is because the experimental values of 𝛥𝑦  and 𝛥𝑢  are 

estimated from the load-deflection curve of the beam. Structural members with a ductility 

L

Z1
Z2a

b
c

Load
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index between 3 and 5 are considered sufficiently ductile. The analysis indicates that the 
ductility index of every group of beams was between 3.64 and 7.02, which suggests that 
they have good ductility even after being exposed to 500 °C. 
 

Table 13 Deflection ductility indices of beams 

Beam 
Designation 

First cracking 
stage 

Rebar yield 
stage 

Peak stage Ultimate stage 
Deflection ductility 

indices 
Theoretical deflection 

ductility index 

Load 
(kN) 

Δ𝑐𝑟 
(mm) 

Load 
(kN) 

Δ𝑦 

(mm) 

Load 
(kN) 

Δ𝑝 

(mm) 

Load 
(kN) 

Δ𝑢 
(mm) 

𝜇𝑐𝑟 𝜇𝑝 𝜇𝑢 ∆𝒚𝒂𝒃 ∆𝒖𝒂𝒃 
∆𝒖𝒂𝒃

∆𝒚𝒂𝒃
 

AN 15.01  0.76  51.98  5.89  52.91  20.49  51.82  27.80  36.58  3.48  4.72  3.23  20.67  6.39  

A-500°C-0 15.20  0.60  45.04  3.62  45.79  16.75  44.86  22.25  37.08  4.63  6.15  - - - 

A-500°C-28 15.01  0.39  49.98  3.59  50.90  10.63  49.80  21.66  55.54  2.96  6.03  - - - 

BN 15.56  0.51  55.48  6.23  55.48  18.58  51.08  22.68  44.47  2.98  3.64  3.21  20.19  6.29  

B-500°C-0 15.20  0.60  45.04  3.62  45.78  16.75  44.86  22.25  37.08  4.63  6.15  - - - 

B-500°C-28 15.01  0.94  50.35  5.45  52.19  6.25  47.24  24.54  26.11  1.15  4.50  - - - 

CN 16.48  0.48  54.38  3.20  56.58  11.61  54.38  22.45  46.77  3.63  7.02  3.23  19.82  6.14  

C-500°C-0 15.18  0.68  49.54  5.25  49.92  7.60  43.09  19.68  28.94  1.45  3.75  - - - 

C-500°C-28 15.01  0.69  51.82  5.10  52.73  14.78  52.18  29.06  42.12  2.90  5.70  - - - 

Notes: 𝜇𝑐𝑟 =
Δ𝑢

Δ𝑐𝑟
; 𝜇𝑝 =

Δ𝑝

Δ𝑦
;  𝜇𝑢 =

Δ𝑢

Δ𝑦
 

 

     3.6 The results of the FESEM-EDS images and XRD analysis 
     Fig. 12 shows the microscopic results of concrete samples, highlighting unhydrated 
cement particles, the matrix, lightweight aggregate (LA), fine aggregate, and the interface 
transition zone (ITZ) in each group. Irregular particles, micropores, and microcracks were 
observed. Fig. 12 shows needle-like and plate-like crystals: elongated hexagonal 
needles of ettringite (AFt), hexagonal flakes of calcium hydroxide (CH), and C-S-H 
colloids. In Group B, numerous cube-shaped and needle-shaped objects were found in 
the cracks and at the aggregate-mortar interface, likely calcium carbonate crystals. 
Group B samples displayed more prominent white calcite clusters, indicating 
microbiologically induced calcium carbonate precipitation (MICP) and suggesting better 
healing effects. In comparison, Group A samples had minimal calcium carbonate crystal 
filling after 28 days, and the control group samples showed no filling. The EDS analysis 
in Fig. 13 shows that the samples contain elements such as C, O, Mg, Al, Si, K, Ca, Fe, 
S, and Na, with varying weight percentages. It is speculated that Ca, C, and O formed 
CaCO3 in the crack area of the Group B sample, leading to the polygonal blocks seen in 
the FESEM images, which are calcium carbonate crystals. The calcium carbonate 
(CaCO3) contents were 25.61% in Group A and 36.14% in Group B, indicating that Group 
B had the highest efficiency in crystal formation compared to Groups A and C. Samples 
taken from the cracks in each group of concrete were ground into powder. The mineral 
composition was then ascertained by XRD examination utilizing the crystallographic 
information file of the inorganic crystal structure database. The results are shown in Fig. 
14. The XRD pattern shows that the main components of the sample were CaCO3 and 
calcium hydroxide (CH). At 29.4° (i.e., 2-theta), CaCO3's main peak was observed, while 
CH's peak was at 34°. The peak intensities of CaCO3 in the samples of groups A, B, and 
C were 1003, 1049, and 414 counts, respectively. This indicates that the CaCO3 crystal 
content in Group B's samples was the highest. The peak intensities of CH in the samples 
of groups A, B, and C were 903, 451, and 1135 counts, respectively. This shows that the 
CH crystal content in Group B's sample was the lowest. There was a difference in the 
amount of CaCO3 between the two experimental groups. The reason is that the healing 



The 2025 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM25)
BEXCO, Busan, Korea, August 11-14, 2025

  

method of Group A was inferior to that of Group B. The survival rate of its microorganisms 
was low, resulting in reduced mineralization efficiency. In contrast, the cyclic curing 
method makes it easier for microorganisms to biomineralize and help concrete heal itself. 
Group B had a significantly lower amount of CH compared to the other two groups.  
 

Groups 
Sample status 

Room temperature Without self-healing after high temp. Self-healing 28 days after high temp. 

Group A 

   

Group B 

   

Group C 

   

Fig. 12 SEM observation results of each group of samples 
 

  

Element Weight% Atomic% 

O 40.23 59.14 

Na 3.04 3.11 

Mg 0.93 0.90 

Al 3.59 3.13 

Si 11.23 9.40 

S 2.20 1.62 

Cl 5.85 3.88 

K 3.92 2.36 

Ca 25.61 15.03 

Fe 3.40 1.43 

Totals 100.00 100.00 
 

(a) Group A 

  

Element Weight% Atomic% 

C 10.44 17.43 

O 49.17 61.62 

Al 0.58 0.43 

Si 2.38 1.70 

S 0.50 0.31 

Cl 0.38 0.21 

K 0.41 0.21 

Ca 36.14 18.08 

Totals 100.00 100.00 
 

(b) Group B 

  

Element Weight% Atomic% 

C 11.85 18.51 

O 54.35 63.77 

Mg 0.45 0.35 

Al 3.51 2.44 

Si 6.44 4.30 

S 2.00 1.17 

K 0.57 0.27 

Ca 16.44 7.70 

Fe 4.41 1.48 

Totals 100.00 100.00 
 

(c) Group C 

Fig. 13 EDS analysis results of each group of samples 
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(a) Group A (b) Group B (c) Group C 

Fig. 14 XRD analysis results of each group of samples 
 
 
4. CONCLUSIONS 
 
     Based on the test results and analysis, the following conclusions can be obtained: 
 Each group of beams displayed tensile failure, regardless of whether the flexural test 

was conducted at room temperature or after the high-temperature test. The failure 
process involved four phases: the initial cracking in concrete, the yielding of tensile 
reinforcement, the crushing and spalling of the concrete cover, and finally the 
disintegration of the compression zone. 

 After exposure to 500 °C and self-healing for 28 days, the relative maximum flexural 
load ratios of beams in Groups A, B, and C were 1.094, 1.134, and 1.056, respectively. 
Compared with Group C beams, the relative maximum flexural load ratio increased 
3.6% for Group A beams and 7.4% for Group B beams. This indicates that the cyclic 
curing method was more effective. 

 Under various test conditions, the deflection ductility index 𝜇𝑢 of each group of beams 
changed. Despite being damaged by high temperatures, each group of beams 
maintained sufficient ductility after 28 days of self-healing. 

 After being exposed to 500 °C and allowing it to self-heal for 28 days, the Group B 
specimens showed many cubic and needle-like structures in their cracks and ITZ in 
the FESEM image. The EDS analysis revealed that Ca, C, and O were the primary 
components in the precipitate-filled crack area of the Group B specimens. The 
calcium carbonate deposits that developed at the crack were identified by the XRD 
analysis. Groups A, B, and C had calcium carbonate reflection energy intensities of 
1003, 1049, and 414 counts, respectively. This shows that microbial mineralization is 
more likely to occur when cyclic curing is used as a self-healing technique. Thus, 
following self-healing, Group B outperformed Groups A and C in tests of compressive 
and flexural strength. 
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