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ABSTRACT 
 

     In this paper, we aimed to study the local bond–slip behavior between ultra-high-
performance concrete (UHPC) and a reinforcing bar after exposure to high temperatures. 
We conducted pullout tests on cubic specimens of size 150 × 150 × 150 mm with 
deformed steel bar embedded for a fixed length of three times the diameter of the tested 
deformed bar, and a displacement was applied monotonically at the tip of the steel bar. 
The experimental results of the bond stress–slip relationship were compared with the 
Euro-International Concrete Committee (CEB-Comité Euro-International du Béton)-
International Federation for Prestressing (FIP-Fédération Internationale de la 
Précontrainte) Model Code and with prediction models found in the literature. In addition, 
based on the test results, an empirical model of the bond stress–slip relationship was 
proposed. The evaluation and comparison results showed that the modified CEB-FIP 
Model code 2010 proposed by Aslani and Samali for the local bond stress–slip 
relationship for UHPC after exposure to high temperatures was more conservative. In 
contrast, for both room temperature and after exposure to high temperatures, the 
modified CEB-FIP Model Code 2010 local bond stress–slip model for UHPC proposed in 
this study was able to predict the test results with reasonable accuracy. 
 
1. INTRODUCTION 
 
     Ultra-high-performance concrete (UHPC) is an advanced construction material that 
was developed in recent decades and has excellent strength, toughness, and durability 
(Smarzewski 2019). The key factor for making UHPC is to improve the microscopic and 
macroscopic characteristics of its matrix composition to ensure mechanical homogeneity, 
maximum particle bulk density, and minimum size defects (Shi et al. 2015). Common 
UHPC proportions include cement, supplementary cementitious materials, fine sand, 
quartz or glass powder, a superplasticizer or high-range water reducing admixtures 
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(HWRA), steel fibers, and low water content (Abbas et al. 2016). The mix design of UHPC 
has the following characteristics: low water-to-binder ratio, a large number of fine-grained 
materials, only fine sand for the aggregates, the addition of high-dose plasticizers, and 
the blending of fiber materials. Eliminating coarse aggregates improves the homogeneity 
of the mixture. Superplasticizers or HWRA are used to improve the ability of ultrafine 
particles to fill voids. The use of superplasticizers further reduces the need for water in 
the mixture. In particular, the addition of steel fibers significantly increases the ductility 
and tensile strength of UHPC. As the mechanical and durability properties of UHPC far 
surpass those of conventional concrete, its application in civil engineering has become 
increasingly common (Yoo et al. 2017, Ma et al. 2019). 
     According to the ACI 408 codes (2003), bond resistance in reinforced concrete 
structures is achieved through three resistance mechanisms: chemical adhesion, friction 
resistance, and mechanical interlock. Bond resistance is achieved by the development 
of shear stress components along the interface between the reinforcing bar and the 
surrounding concrete. The stress so developed at the interface is called the bond stress. 
With a good bond between the steel and concrete, reinforced concrete structures can be 
called composite structures. However, under load, slip may occur along the 
reinforcement. Therefore, the bond is a function of slip. Specifically, when an external 
force gradually applies to a reinforced concrete member, an interface stress is generated 
between the steel bar and the concrete, and, at a certain load level, the interface's ability 
to transmit stress begins to weaken. These irreparable damages spread to the 
surrounding concrete, causing the interface's ability to transmit stress to gradually 
deteriorate, and a relative slip between the two materials inevitably occurs. There have 
been many experimental results of the average bond stress–slip relationship between 
concrete and steel bars (Eligehausen et al. 1983, Filippou et al. 1983, CEB 2010, Pishro 
and Feng 2017, Tang 2018, Liu and Bai 2019, Tang 2020). 
     Bond behavior is usually expressed as bond stress–slip curves. These curves 
provide the relationship between the bond stress and slip (between steel and concrete). 
Usually the bond stress–slip curve shows the bond stress and slip at different load levels, 
maximum bond stress, and the slip at maximum bond stress. According to the type of 
bond stress–slip relationship curve, they can be divided into segmented line types or 
continuous curve types. Eligehausen et al. (1983) proposed a bond–slip constitutive 
relationship of deformed bars under monotonic load and cyclic load. Filippou et al. (1983) 
established an analytical model describing the hysteretic behavior of reinforced concrete 
beam-column joints. The model is, therefore, collectively referred to as the Eligehausen–
Filippou model. CEB-FIP Model Code 2010 adopted this model. Taking the nonlinear 
bond stress–slip relationship of the CEB-FIP Model Code 2010 (as shown in Fig. 1) as 
an example, if it is a failure of the pullout, the bond stress (τ) between the concrete and 
steel bar as a function of the relative displacement (s) can be calculated by the following 
equations: 

𝜏 = 𝜏𝑢(𝑠 𝑠1⁄ )𝛼 for 0≤ s ≤ 𝑠1 (1) 

𝜏 = 𝜏𝑢 for 𝑠1 < s ≤ 𝑠2 (2) 
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𝜏 = 𝜏𝑢 − (𝜏𝑢 − 𝜏𝑓) (
𝑠 − 𝑠2

𝑠3 − 𝑠2
)  𝑓𝑜𝑟 𝑠2 < 𝑠 ≤ 𝑠3 

(3) 

𝜏 = 𝜏𝑓 for 𝑠3 < s (4) 

where 𝜏𝑢 is the peak bond stress; 𝜏𝑓is the residual bond stress; s is the bond slip; and 

𝑠1, 𝑠2, and 𝑠3 are the slip at the start of peak bond stress, slip at the end of peak bond 

stress, and slip at the start of residual bond stress, respectively; and  is a curve fitting 
parameter that must not be larger than 1 to be physically meaningful. 

 

 
Fig. 1 Analytical bond stress–slip relationship (CEB-FIP Model Code 2010) 

 
     There are many factors that affect the performance of the bond between steel bars 
and concrete. In the case of steel bars, this mainly includes the diameter, shape, and 
corrosion, and the constraints of the stirrups are also affected. As for concrete, the 
compressive strength, tensile strength, and coarse aggregate type are included. Other 
influencing factors include the bond length of the steel bars, the thickness of the concrete 
cover, the pouring and compaction of fresh concrete, high temperatures, etc. There have 
been many related studies on the bond between steel bars and UHPC (Kim et al. 2016, 
Alkaysi and El-Tawil 2016, Pishro and Feng 2017, Roy et al. 2017, Pokorný et al. 2020). 
Pishro and Feng (2017) used the pullout test to assess the effect of nanosilica on the 
bond stress between steel reinforcements and UHPC. Alkaysi and El-Tawil (2016) 
conducted a series of rebar pull-out tests using normal and epoxy-coated grade 60 rebars 
with nominal diameters of 13, 16, and 19 mm. Other experimental parameters include 
three development lengths (50, 75, and 100 mm). The test results showed that, at low 
embedded lengths, the bond stress increased and that 1% fiber volume content in UHPC 
vs. 2% fiber volume content led to a reduction of approximately 24% in the bond strength. 
Kim et al. (2016) conducted pullout test and flexural bond performance tests taking the 
rebar diameter, the concrete cover depth, and the lap-splice length as the main test 
variables to evaluate the bond characteristics in 180-MPa UHPC flexural members 
considering the lap-splice length and cover depth. Roy et al. (2017) evaluated the effect 
of the fiber volume fraction (Vf) and fiber orientation on the pullout behavior of steel 
reinforcement bar embedded in UHPC. The experiment was carried out using pullout 
specimens under tensile stresses and low concrete cover. They found that the peak 
pullout load increased with the increase in Vf. In addition, an empirical model equation 
was developed to predict the bond strength values. 
     There is considerable literature on the study of the bond behavior between concrete 
and steel at room temperature (Tang 2015, Tang 2017, Cui et al. 2020). In comparison, 
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there are few studies on the bond behavior between concrete and steel bars at high 
temperatures (Yan et al. 2019, Cai et al. 2020, Chen et al. 2020a, b). At high 
temperatures, the bond properties between steel and concrete will gradually decline, 
which will have a serious impact on the fatigue and seismic performance of the structure. 
In general, when a reinforced concrete member is subjected to temperatures exceeding 
500 °C, the loss of bond strength may be as high as 60% (Haddad and Shannis 2004). 
Bazant and Kaplan (1996) gathered research literature and determined that the bond 
strength decreased with increasing temperature, and the reduction rate was greater than 
the concrete compressive strength; in addition, the percentage of reduction in the bond 
strength of the deformed bar was lower than that of the round bar at high temperatures. 
In fiber reinforced concrete, fibers can control the growth of micro cracks and delay the 
combination of micro cracks, and can also delay the crushing of concrete between steel 
ribs, thus improving the bond behavior between concrete and deformed bar (Harajli et al. 
1995). Studies by Yerex et al. (1985) also showed that polypropylene fibers did not 
significantly affect the bond strength between concrete and steel reinforcement. Haddad 
et al. (2008) showed that the bond stress–slip curve of different fiber reinforced concretes 
declined at 500 °C to 700 °C. In addition, as the temperature increased, the residual bond 
strength decreased. At 350 °C, the residual bond strength–temperature curve was more 
moderate; while at temperatures above 500 °C, the residual bond strength–temperature 
curve was quite degraded, because the density, width, and expansion of the crack 
increased with increasing temperature (Haddad et al. 2008). Furthermore, when the 
temperature was between 350 °C and 600 °C, the residual bond strength of the fiber 
reinforced concrete was better than that of ordinary concrete. 
     The fire resistance of materials is an important factor in fire safety. From the above, 
it can be understood that the deterioration of the bond strength between concrete and 
steel bars at high temperatures is closely related to the composition, mix design, and 
additives of concrete. UHPC is a relatively new class of advanced cementitious 
composite materials. The increased packing density of UHPC reduces the porosity, 
resulting in an increased sensitivity to explosive spalling. The research on the residual 
bond strength of UHPC after high temperatures is insufficient. Therefore, the purpose of 
this study was to investigate the local bond–slip behavior of UHPC after exposure to 
elevated temperatures. In addition, through regression analysis, the formula for the local 
ultimate bond stress between the deformed steel bar and the concrete after exposure to 
elevated temperatures was presented. Further, a modified local bond stress–slip 
relationship between UHPC and reinforcing bars was proposed. 
 
2. Experimental Program 
 
     2.1 Materials Properties 
 
     The materials used in the experimental work of this study included cement, silica 
fume, ultra-fine silica powder, fine aggregates, superplasticizers, a viscous agent, steel 
fibers, and polypropylene fibers. The cement was locally produced Type I Portland 
cement with a specific gravity of 3.15 and a fineness of 3400 cm2/g. The silica fume was 
locally produced with a specific gravity of 2.1 and a silica content of 92.4%. The ultra-fine 
silica powder was purchased from abroad. The specific gravity was 2.73, and the average 
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particle size was 0.075 to 0.225 μm. The fine aggregate contained two different sizes of 
quartz sand (namely Type I and Type II). The physical properties and chemical 
composition of these fine aggregates are shown in Table 1, and the particle size 
distribution is shown in Table 2. The mixing ratio of fine aggregates was 80% for Type I 
and 20% for Type II. The superplasticizers and viscous agent were local products. The 
fibers used included steel fibers and polypropylene fibers, as shown in Fig. 2. The 
properties of these two fibers are shown in Table 3. 
 
Table 1 The physical properties and chemical composition of the fine aggregates 

Type of Quartz Sand 

Physical Properties Chemical Composition 

Specific Gravity (S.S.D) 
Water absorption rate 

(%) (S.S.D) 
SiO2 (%) Fe2O3 (%) Al2O3 (%) 

Type 1 2.65 ≒0 99.82 0.014 0.033 

Type 2 2.65 ≒0 99.84 0.016 0.034 

 
Table 2 The particle size distribution of the fine aggregates 

Sieve No. 
(ASTM E11-70) 

Particle size 
(μm) 

Percentage Retained (%) 

Type 1 Type 2 

20 850 0.04 - 

30 600 20.15 - 

40 425 67.83 - 

50 300 11.81 - 

60 250 - 0.05 

70 212 0.17 13.69 

100 150 - 36.55 

140 106 - 32.39 

200 75 - 12.73 

270 53 - 3.61 

 

Table 3 The basic properties of the fibers 

Type of fiber 
Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cm3) 

Elastic Modulus 
(GPa) 

Tensile 
Strength (MPa) 

Melting Point 
(℃) 

Steel Fibers 13 0.2 7.8 200 2000 - 

Polypropylene 
Fibers 

12 0.05 0.9 - 300 165 

 

 

 

 

(a)  (b)  
Fig. 2 The appearance of the fibers: (a) steel fibers and (b) polypropylene fibers 

ϕ 0.2 

12.5  

Dimension and shape of steel fiber (unit: mm) 
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     2.2 Concrete Mix Design and Test Specimens 
 
     The mix design of concrete is shown in Table 4. The mix No. of the control group 
is C1, and the mix No. of the experimental group is E1. The concrete mix proportions of 
each group were mixed by a forced single-shaft mixer. The mixing procedure was as 
follows: 1) before mixing, process the fine aggregate to a dry state, because its water 
absorption was close to zero; 2) add the cementitious materials, aggregates, and fibers 
(steel fiber and polypropylene fiber) into the mixing tank, and then dry blended for a few 
minutes until uniform; 3) pour the water into the mixer. After mixing for approximately 1 
minute, we poured all the superplasticizer and viscous agent into the mixture and mixed 
for another 4 minutes to produce a homogeneous fresh concrete. 
 
Table 4 The mix proportions of the concretes 

Mix No. W/B 
W 

(kg/m3) 
C 

(kg/m3) 
SF 

(kg/m3) 
SFP 

(kg/m3) 
SP 

(kg/m3) 
VA 

(kg/m3) 
PP 

(kg/m3) 
Steel Fiber 

(kg/m3) 
FA 

(kg/m3) 

C1 0.20 196 1005 0 0 26 1 0 0 1286 
E1 0.20 186 756 179 21 25 1 0.5 78 1223 

Notes: W/B, water-binder ratio; W, water; C, cement; SF, silica fume; SFP, ultra-fine silica powder; SP, superplasticizers; VA, 
viscous agent; PP, polypropylene fiber; and FA, fine aggregate. 

 
     The pullout specimen was a 150 mm cube, and a #6 rebar was embedded vertically 
along the central axis (see Fig. 3). The embedded length (𝑙𝑒) was three times the rebar 
diameter (𝑑𝑏). When casting the pullout specimen, those unbounded regions of the rebar 
were sheathed with PVC tubing. In addition, the specimen contained three transverse 
stirrups to prevent its splitting when the rebar was placed in tension. In each group, 16 
pullout specimens were cast, the total number of which was 32. After the concrete 
mixture was uniformly mixed, the fresh properties of each mixture were measured and 
recorded. When casting the pullout specimen, freshly mixed concrete was slowly poured 
into the steel mold to half the depth first, and was followed by controlled vibrations. After 
sufficient vibration, the second half was poured in and was subjected to vibrations again 
to ensure that the concrete was well compacted. For each concrete mixture, 21 cylindrical 
specimens of 100 mm diameter x 200 mm height were also cast, hereinafter referred to 
as control cylinders. After casting, the specimens were covered overnight with a wet 
hessian and polyethylene sheets for a period of 24 hours. Then, the pullout specimens 
and their respective control cylinders were removed from the molds. To maintain the 
same environmental conditions, all specimens were placed in water containers in the 
laboratory until the day before the mechanical test. 
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Fig. 3 The dimensions and cross-sections of the specimens 
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     2.3 Test Methods and Instrumentation 
 
     The tests of unit weight, slump, slump flow, and compressive strength of the UHPC 
were carried out according to the ASTM specifications listed in Table 5. A 500 kN MTS 
servo valve-controlled machine equipped with a special test frame was used to load the 
pullout specimen, as shown in Fig. 4. As can be seen from Fig. 4, the rebar was loaded 
in one end and the other end was set to be free. Three linear variable differential 
transformers (LVDT) were used to measure the relative bond slip between the rebar and 
the concrete at the loaded as well as the free ends. The load was applied at a constant 
displacement rate of 0.01 mm/sec until the specimen failed. During the test, we monitored 
the progress of the test on a computer screen, and captured all load and displacement 
data through a data logger and stored it in a floppy disk. 

 

 
Fig. 4 The setup of the pullout test 

 
Table 5 The concrete property test methods 

Property Experiment method 

Unit weight 

Slump 

Slump flow 

Compressive 

strength 

ASTM C138 

ASTM C143 

ASTM C1611 

ASTM C39 

 

     This study assumes that the bond stress is uniformly distributed along the bond 
length (see Fig. 5). Therefore, the bond stress can be calculated by dividing the applied 
load by the contact area, as shown in the following equation: 

𝜏 =
𝑃

𝜋𝑑𝑏𝑙𝑒
 (5) 

where  = the bond stress (MPa); P= the applied load (N); 𝑠𝑙and 𝑑𝑏= the bar diameter 
(mm); and 𝑙𝑒 = the embedded length (mm). The relative slip between the rebar and 
concrete with respect to the bond stress can be divided into the slip 𝑠𝑙 at the loading 
end and the slip 𝑠𝑓 at the free end. As far as the local bond is concerned, the relative 

slip between the rebar and concrete can be regarded as rigid motion. In other words, 
under the same load, 𝑠𝑙and 𝑠𝑓 should be the same. Therefore, the average value of 
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𝑠𝑙 and 𝑠𝑓  is regarded as the slip corresponding to the bond stress, as shown in the 

following equation: 

s =
𝑠𝑙 + 𝑠𝑓

2
 (6) 

     In terms of the high temperature test, the maximum target temperature is divided 
into three types: 300, 400, and 500 °C. During the high temperature test, the heating rate 
of the specimen was 2 °C/min. After reaching the target temperature, the temperature 
holding time was 0.5 hours to achieve a better thermal steady state in the whole 
specimen. When the electric furnace heats up to the target temperature, the actual 
temperature inside the specimen should be known. In this study, two thermocouples were 
embedded inside the 15-cubic-centimeter concrete block of the specimen, 2 cm and 4 
cm away from the surface of the specimen (as shown in Fig. 6), in order to obtain the 
temperature of the concrete inside the specimen and the relationship between the 
specimen internal temperature and time. After the specimen is subjected to the target 
temperature, it was allowed to cool naturally to room temperature in the electric furnace. 
After the temperature of the specimens dropped to room temperature, the residual 
mechanical properties test after high temperatures was conducted. 

 

τ

p
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Tubing

Bonded 

areaUnbounded area

 
Fig. 5 Schematic diagram of the local bond stress between the bar and concrete 

 

 

Fig. 6 A schematic diagram of the embedding position of the thermocouple 

 
3. RESULTS AND DISCUSSION 
 
     3.1 Fresh Concrete Properties 
 
     The test results of the fresh properties of the control group and experimental group, 
including the slump, slump flow, and unit weight, are shown in Table 6. It can be seen 
from Table 6 that the slump of the control group and the experimental group could reach 
more than 255 mm, and both demonstrated excellent workability. In addition, the slump 
flow of the control group and the experimental group reached more than 500 mm. Table 
6 also lists the unit weight test results of each group of concrete. The unit weight of the 

Thermocouple 

2 cm 2 cm 

7.5 cm 
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experimental group was 2316 kg/m3, and the unit weight of the control group was 2318 
kg/m3. 
 
Table 6 The results of the fresh concrete properties 

Mix No. Slump (mm) Slump Flow (mm) Unit Weight (kg/m3) 

C-1 262 690 2318 
E-1 257 540 2316 

 

     3.2 Test Results of Compressive Strength at Room Temperature  
 
     At room temperature, the test results of the compressive strength of the control 
group and the experimental group at 7, 28, and 56 days of age are shown in Fig. 7. It 
can be clearly seen from Fig. 7 that with the increase of age, the strength growth trend 
of the control group and the experimental group were roughly similar. However, further 
analysis showed that the 7-day compressive strength of the control group was 90.7% of 
the 28-day compressive strength, while the 7-day compressive strength of the 
experimental group was 84.3% of the 28-day compressive strength. In addition, the 56-
day compressive strength of the control group was 132.8% of its 28-day compressive 
strength, while that of the experimental group was 120.2% of its 28-day compressive 
strength. This result shows that the amount of cement in the control group was 
significantly higher than that in the experimental group; thus, the 7-day compressive 
strength grew faster. In contrast, the experimental group added pozzolanic admixture 
(silica fume and ultra-fine silicon powder), resulting in a relatively low growth in the 
compressive strength in its early age. However, when the experimental group reached 
the age of 28 days, during the curing period, the pozzolanic admixtures gradually formed 
a pozzolanic reaction with the cement hydration product, which greatly increased the 
strength growth trend. Particularly in the late stage, due to the pozzolanic reaction, its 
strength continued to increase. On the other hand, the compressive strength of the 
experimental group was significantly higher than that of the control group. The reason is 
that, when the load was applied, it was carried by the matrix, and the load was transferred 
to the steel fiber through the interface between the steel fiber and the matrix. This is 
called the bridging effect of the steel fiber. It can bridge the gap to form mechanical 
resistance and inhibit the development of cracks, thus reducing the size and number of 
crack sources. In other words, during the stress process, the steel fiber not only 
suppresses the crack propagation and extension, but also eases the stress concentration 
at the crack tip. 

 

 

Fig. 7 The growth trend of the compressive strength of concrete at various ages at 
room temperature 
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     3.3 Test Results of Compressive Strength after High Temperatures  
 
     At 56 days of age, the control group and the experimental group were tested for 
high temperature. During the high temperature test, the heating rate of the specimen was 
2 °C/min. After reaching the target temperature, the temperature was held for 0.5 h. After 
the high temperature of 300 to 500 °C, the compression specimens of the control group 
and the experimental group did not spall. However, when the target temperature was 
increased to 600 °C, the specimens of the control group and the experimental group 
spalled. Therefore, the residual compressive strength test was conducted only on the 
specimens that were operated at a high temperature of 300 to 500 °C and cooled to room 
temperature. The results are shown in Table 7. 
 
Table 7 The results of compressive strength after high temperatures 

Mix No. 

Compressive 
strength (MPa) 

Residual compressive strength (MPa) Relative residual compressive strength ratio 

Room temperature 
Target temperature Target temperature 

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C 

C1 119.50  118.10  117.00  112.00  0.988  0.979  0.937  

E1 152.60  149.84  149.74  145.54  0.982  0.981  0.954  

 

     It can be clearly seen from Fig. 8 that, with the increase of temperature, the strength 
attenuation trend of the control group and the experimental group were approximately 
the same. According to further analysis, the residual compressive strength of the control 
group at 300 °C was 99% of its room temperature compressive strength, while the 
residual compressive strength of the experimental group at 300 °C was 98% of its room 
temperature compressive strength. As the temperature increased, the residual 
compressive strength of each group also gradually decreased. When the target 
temperature was 500 °C, the residual compressive strength of the control group was 94% 
of its room temperature compressive strength, and the residual compressive strength of 
the experimental group was 95% of its room temperature compressive strength. Overall, 
after the high temperature of 300 to 500 °C, the compressive strength of the control group 
and the experimental group had not declined significantly. The rupture of the residual 
compressive strength test specimen after the high temperature of 300 to 500 °C is shown 
in Fig. 9. As far as the experimental group is concerned, as in the case of room 
temperature, due to the incorporation of steel fibers, there was no obvious burst into 
fragments. Therefore, the test group roughly maintained its original shape after the 
rupture. 

 

 

Fig. 8 The trend of compressive strength of the concrete after high temperature 
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300 ℃ 400 ℃ 500 ℃ 300 ℃ 400 ℃ 500 ℃ 

(a) the control group C1 (b) the experimental group E1 
Fig. 9 The cracking of concrete compression test after high temperatures 

 

     3.4 SEM Observations before and after High Temperatures 
 
     In order to understand the microstructure characteristics of the specimens in the 
experimental group and the control group before and after exposure to high temperatures, 
a small part of the specimen was taken from the remains of the cylindrical compressive 
strength specimens for SEM observation. At room temperature, the micrographs of the 
experimental group showed hydrated calcium silicate (C-S-H) colloids, pores, cracks, 
fine sand, etc., and the fine aggregate with good adhesion in the matrix was evenly 
distributed, as shown in Fig. 10(a). In addition, from Fig. 10(b)-10(c), we observed that 
the polypropylene fibers were distributed in the substrate. After exposure to high 
temperatures, the microstructure and properties of the UHPC matrix will change with 
increasing temperature, as shown in Fig. 11. In the analyzed sample, excellent uniformity 
and adhesion between the cementitious material and the fine particles were observed, 
and the formation of ettringite (Al2O3-Fe2O3-tri) and silicate was detected in the pores. 
Generally speaking, when the internal temperature of the concrete reached 105–200 °C, 
the C-S-H colloid began to lose bound water and undergo chemical changes (Metha et 
al. 2006). It can be seen from the sample in Fig. 11 that, due to the effect of high 
temperature, part of the ettringite and the C-S-H colloid were destroyed and dispersed, 
resulting in a smoother texture and appearance. In addition, the formation of acicular 
ettringite was circular, and cracks occurred due to thermal expansion and contraction. 
Once the internal temperature of the concrete reached above 200 °C, the decomposition 
of the cement hydrates and the degradation of aggregates gradually appeared (Metha et 
al. 2006). When the target temperature was 300 °C, the polypropylene fibers distributed 
in the matrix had melted and could not be seen. As the target temperature increased, the 
interface between the matrix and the steel fibers in the experimental group gradually 
loosened, particularly when the target temperature was 500–600 °C. As can be seen 
from Fig. 11(c), when the target temperature was 400–500 °C, most of the internal bound 
water of hydrates containing Al2O3 or Fe2O3 was lost; the bound water of the C-S-H 
colloid also lost about 20% (Metha et al. 2006). When the target temperature was 600 °C, 
from Fig. 11(d), the traces and holes left after the polypropylene fibers were melted can 
be observed, and the sizes of these holes were consistent with the size of the 
polypropylene fibers and had a certain depth. 
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(a) 100× magnification (b) 200× magnification (c) 200× magnification 

Fig. 10 SEM observations of the experimental group at room temperature 
 

    
(a) after exposure to 300 °C (b) after exposure to 400 °C (c) after exposure to 500 °C (d) after exposure to 600 °C 

Fig. 11 SEM observations of the experimental group after high temperatures 
 

     The literature shows that polypropylene fibers with a dosage of 0.1% may be 
effective at temperatures up to 800 °C because the pores left by the melting of the 
polypropylene fibers can release steam. This result confirms that the polypropylene fiber 
melts at high temperature and forms a mesh, which helps reduce the internal vapor 
pressure and maintain a certain residual strength. In other words, SEM observations 
confirmed that the melting of polypropylene fibers led to an increase in the permeability 
of the concrete matrix, thereby releasing water vapor, which is consistent with the results 
of Xiong and Liew (2015). However, as the temperature rose further, the decomposition 
of the cement hydrates and the degradation of aggregates became more serious. 
Furthermore, the difference in the thermal deformation between the matrix and the 
aggregate also caused stress concentrations; thus, the concrete strength began to 
decline significantly. Therefore, when the target temperature was 600 °C, the test group 
samples were broken. At room temperature, the micrographs of the control group also 
showed C-S-H colloids, pores, cracks, fine sand, etc., and the fine aggregate with good 
adhesion in the matrix was evenly distributed, as shown in Fig. 12. After exposure to high 
temperatures, the microstructure and properties of the matrix of the control group 
changed with increasing temperature, as shown in Fig. 13. Similarly, excellent uniformity 
and adhesion between the cementitious material and the fine aggregate was observed 
in the sample, and ettringite and silicate were detected in the pores present. As 
mentioned earlier, when the internal temperature of the concrete reached 105–200 °C, 
the C-S-H colloid began to lose bound water and undergo chemical changes. It can be 
seen from the sample in Fig. 13 that, due to the effect of high temperatures, part of the 
ettringite and the C-S-H colloid were destroyed and dispersed, resulting in a smoother 
texture and appearance. When the internal temperature of the concrete reached above 
200 °C, the decomposition of the cement hydrates and the degradation of aggregates 
gradually appeared. When the target temperature was above 300 °C, the decomposition 
of the cement hydrates and the degradation of the aggregates were more distinct. 
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(a) 100× magnification (b) 200× magnification (c) 500× magnification 

Fig. 12 SEM observations of the control group at room temperature 
 

    
(a) after exposure to 300 °C (b) after exposure to 400 °C (c) after exposure to 500 °C (d) after exposure to 600 °C 

Fig. 13 SEM observations of the control group after high temperatures 
 

     3.5 Results of Bond Strength Test 
 

     3.5.1 Analysis of the Internal Temperature of the Pullout Specimens 
 
     In this study, two thermocouples were embedded inside the concrete block of the 
pullout specimen, which were 2 and 4 cm away from the surface of the specimen, to 
measure the actual temperature inside the specimen. After reaching the target 
temperature, the holding time was 0.5 h, and then the power of the electric furnace was 
turned off. At different target temperatures, the measured concrete temperature inside 
the specimen and the temperature rise and fall time of the electric furnace are plotted in 
Fig. 14. 

 

   
(a) Target temperature 300 °C (b) Target temperature 400 °C (c) Target temperature 500 °C 

Fig. 14 The relationship between the specimen internal temperature and time for the 
experimental group 

 
     It can be seen from Fig. 14 that, when the target temperatures were 300, 400, and 
500 °C, the highest temperatures inside the specimen were approximately 87, 158, and 
238 °C, respectively. In addition, the temperature differences at 2 cm and 4 cm from the 
surface of the specimen were not significant. From this point of view, the target 
temperature did not cause a significant decline of the matrix. 
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     3.5.2 Test Results of Bond Strength at Room Temperature 
 
     The test results of the ultimate bond strength of the control group and the 
experimental group are shown in Table 8. It can be seen from Table 8 that at room 
temperature, the 56-day bond strength of the control group and the experimental group 
reached higher than 45 MPa. In addition, due to the use of steel fibers, the experimental 
group significantly improved its bond strength at 56 days of age. 
 
Table 8 The test results of bond strength 

Mix No. 

Bond strength (MPa) Residual bond strength after high temperatures (MPa) Relative bond strength ratio 

Room temperature 
Target temperature Target temperature 

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C 

C1 46.90  44.00  43.60  42.10  0.938 0.930 0.898 
E1 52.70  50.60  49.20  47.40  0.960 0.934 0.899 

 

     There are many empirical formulas in the literature for predicting the ultimate bond 
stress (bond strength), which are listed below. 
(1) CEB-FIP Model Code 2010 
     For specimens with good confinement and non-split failure, the ultimate bond 
stress 𝑢  can be obtained using the calculation formula recommended by CEB-FIP 
Model Code 2010, as shown below: 

𝜏𝑢 = 2.5√𝑓𝑐
′ (MPa) (7) 

where 𝑓𝑐
′=the concrete compressive strength. 

(2) The prediction model proposed by Huang et al. (1996a)  
     Huang et al. (1996a) proposed a prediction formula for the ultimate bond stress, as 
shown below: 

𝜏𝑢 = 0.45𝑓𝑐
′ (MPa) (8) 

where 𝑓𝑐
′ = the concrete compressive strength. 

(3) The prediction model proposed by Xu (1997) 
     Xu (1997) proposed a prediction formula for the ultimate bond stress, as follows: 

𝜏𝑢 = (0.82 + 0.9
𝑑𝑏

𝑙𝑒
) (1.6 +

0.7c

d𝑏
+ 20ρ𝑠𝑣)𝑓𝑡 (MPa) (9) 

𝑓𝑡=0.267𝑓𝑐
′2 3⁄

 (MPa) (10) 

ρ𝑠𝑣 =
𝐴𝑠𝑤

𝐶𝑆𝑤
 (11) 

where 𝑓𝑐
′ =the compressive strength of the concrete, c=the thickness of the concrete 

cover, 𝑑𝑏=the diameter of rebar, 𝑙𝑒=the embedded length, 𝑓𝑡 =the tensile strength of 
concrete, ρ𝑠𝑣=the stirrup ratio, 𝐴𝑠𝑤=the stirrup area, and 𝑆𝑤=the stirrup spacing. 
(4) The prediction model proposed by Soroushian and Choi (1989)  
     Soroushian and Choi (1989) proposed the empirical formula of the ultimate bond 
stress from the partial bond pull test, as shown below: 
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𝜏𝑢 = (20 − 𝑑𝑏 4⁄ )√𝑓𝑐
′ 30⁄  (MPa) (12) 

where 𝑓𝑐
′ =the compressive strength of the concrete and 𝑑𝑏=the diameter of the rebar. 

(5) The prediction model proposed by Aslani and Samali (2013) 
     Aslani and Samali (2013) proposed an empirical formula for the ultimate bond 
stress of concrete, as follows: 

𝜏𝑢 = [0.679 (
𝑐

𝑑𝑏
)

0.6

+ 3.88 (
𝑑𝑏

𝑙𝑒
)] (𝑓𝑐

′)0.55 (MPa) (13) 

where 𝑓𝑐
′ =the compressive strength of the concrete, c=the thickness of the concrete 

cover, 𝑑𝑏=the diameter of the rebar, and 𝑙𝑒=the embedded length. 
(6) The prediction model proposed by Esfahani and Rangan (2000) 
     Esfahani and Rangan (2000) suggested the empirical formula for the ultimate bond 
stress of UHPC as follows: 

𝜏𝑢 = 8.6
(

𝑐

𝑑𝑏
+0.5)

(
𝑐

𝑑𝑏
+5.5)

𝑓𝑡; 𝑓𝑡 = 0.55√𝑓𝑐
′;  𝑓𝑐

′ > 50 MPa (14) 

where 𝑓𝑐
′ =the compressive strength of the concrete, c=the thickness of the concrete 

cover, 𝑑𝑏=the diameter of the rebar, and 𝑓𝑡 =the tensile strength of the concrete. 
(7) The prediction model proposed by Pishro and Feng 
     According to the empirical formula of the ultimate bond stress of UHPC proposed 
by Esfahani and Rangan (2000), Pishro and Feng (2017) suggested the following 
prediction formula: 

𝜏𝑢 = 20.779
(

𝑐

𝑑𝑏
+0.5)

(
𝑐

𝑑𝑏
+3.436)

𝑓𝑡; 𝑓𝑡 = 0.55√𝑓𝑐
′;  𝑓𝑐

′ > 110 MPa (15) 

where 𝑓𝑐
′ =the compressive strength of the concrete, c=the thickness of the concrete 

cover, 𝑑𝑏=the diameter of the rebar, and 𝑓𝑡 =the tensile strength of the concrete. 
     The comparison between the test results of the ultimate bond strength of the control 
group and the experimental group and the predicted value of each predictive formula is 
summarized in Table 9. Taking the Model Code 2010 as an example, the difference 
between the experimental value and the predicted value of the experimental group was 
-41.4%, while the difference between the experimental value and the predicted value of 
the control group was as high as -43.9%. This result shows that the Model Code 2010 
was quite conservative regarding the recommended value of the ultimate bond strength 
of the specimen. In comparison, the predicted value of the Xu's predictive formula was 
overestimated but was closer to the experimental value, as shown in Fig. 15. The 
difference between the experimental value and the predicted value of the experimental 
group was only 5.1%, while the difference between the experimental value and the 
predicted value in the control group was only 0.2%. In addition, the predicted values of 
the Soroushian and Choi's prediction model were also conservative; however, the 
accuracy was better than Model Code 2010. The difference between the experimental 
value and the predicted value of the experimental group was -34.8%, while the difference 
between the experimental value and the predicted value of the control group was -35.2%. 
The predictive value of Huang et al.'s prediction model was overestimated. The 
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difference between the experimental value and the predicted value of the experimental 
group was 30.4%, while the difference between the experimental value and the predicted 
value of the control group was 14.6%. The predicted values of Esfahani and Rangan's 
predictive formulas were quite conservative. The difference between the experimental 
value and the predicted value of the experimental group was -51.3%, while the difference 
between the experimental value and the predicted value of the control group was -51.6%. 
 

 
Fig. 15 Comparison of the prediction models of ultimate bond strength 

 

     The predicted value of Pishro and Feng's prediction formulas were overestimated. 
The difference between the experimental value and the predicted value of the 
experimental group was 53.1%, while the difference between the experimental value and 
the predicted value of the control group was 52.1%. The predicted values of Aslani and 
Samal's predictive formula were underestimated. The difference between the 
experimental value and the predicted value of the experimental group was -18.1%, while 
the difference between the experimental value and the predicted value of the control 
group was -19.6%. Based on the above analysis, the prediction formula proposed by the 
Model Code 2010 and Huang et al., which only considered the effect of the concrete 
strength on 𝜏𝑢, was not sufficient to accurately predict the test value. Furthermore, Eq. 
(7) is applicable to ordinary concrete, and the suitability of UHPC remains to be further 
explored. 
 
Table 9 Comparison of ultimate bond stress between the test results and prediction 
models 
Specimen 

No. 
Test results 

(MPa) 

Results of prediction models (MPa) 

Eq. (7) Eq. (8) Eq. (9) Eq. (12) Eq. (13) Eq. (14) Eq. (15) 

C1 46.93 
27.33  

(-43.9%) 
53.78 

(14.6%) 
47.04 
(0.2%) 

30.41 
(-35.2%) 

37.73 
(-19.6%) 

22.70 
(-51.6%) 

71.37 
(52.1%) 

E1 52.69 
30.89 

(-41.4%) 
68.69 

(30.4%) 
55.38 
(5.1%) 

34.37 
(-34.8%) 

43.17 
(-18.1%) 

25.65 
(-51.3%) 

80.66 
(53.1%) 

Note: The value in brackets is the percentage error. 

 

     3.5.3 Test Results of Bond Strength after High Temperatures 
 
     When the maximum target temperatures were 300, 400, and 500 °C, the maximum 
temperatures of the concrete inside the specimen were about 90, 160, and 240 °C, as 
shown in Fig. 14. In addition, the temperature differences at 2 cm and 4 cm from the 
surface of the specimen were not significant. Therefore, when the target temperature 
was 300–400 °C, the internal temperature of the specimen did not cause the matrix to 
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degrade; therefore, the residual bond strength was not significantly reduced, as shown 
in Fig. 16. It can be seen from Table 8 that the relative residual bond strength ratios after 
300 and 400 °C were both greater than 0.93. However, as the target temperature reached 
500 °C, the residual compressive strength began to show a significant decline, and the 
residual bond strength ratio after high temperatures was approximately 0.90. 
 

 
Fig. 16 Comparison of the residual bond strength between the control group and 

experimental group 
 
     Research on the bond strength between concrete and steel bars at room 
temperature has been conducted for many years in academia. However, there are 
relatively few studies on the bond strength test after high temperature. In view of the 
complexity of bond characterization at high temperatures, Aslani and Samali (2013) 
proposed a simplified model to calculate the bond strength of steel bars at high 
temperatures, as follows: 

𝜏𝑚𝑎𝑥,𝑇

𝜏𝑚𝑎𝑥,20

= {

1 − 0.00033 × 𝑇 − 1 × 10−6 × 𝑇2  30 mm < 𝑙𝑒 ≤ 100 mm

1 − 0.00082 × 𝑇 − 2 × 10−6 × 𝑇2  100 mm < 𝑙𝑒 ≤ 160 mm

1 − 0.00060 × 𝑇 − 7 × 10−6 × 𝑇2  30 mm ≤ 𝑙𝑒 ≤ 160 mm

} 20 ℃ ≤ 𝑇 ≤ 800 ℃ (16) 

In the formula, 𝜏𝑚𝑎𝑥,𝑇=the ultimate bond strength after exposure to high temperatures of 

T °C, 𝜏𝑚𝑎𝑥,20=the ultimate bond strength at room temperature, 𝑙𝑒=the embedded length, 

and T=the temperature (°C). The ultimate bond strength at room temperature can be 
calculated by Eq. (13), and then brought into Eq. (16), the predicted bond strength of the 
control group and the experimental group after high temperatures can be obtained, as 
shown in Table 10. It can be seen from Table 10 that the predicted value of the bond 
strength after high temperatures was low, which is mainly due to the fact that the internal 
temperature of the specimen did not reach the target temperature. If the actual 
temperature inside the specimen is substituted for the target temperature, the predicted 
value of the bond strength can be increased, as shown in Table 11. Overall, when the 
simplified model of Aslani and Samali (2013) was used to calculate the bond strength of 
steel bars at high temperatures, the results were more conservative. 
 
Table 10 Comparison of the experimental and predicted bond strength after high 
temperatures (Calculated by the target temperature) 

Mix No. 

Bond strength (MPa) 
Residual bond strength after high temperatures 

(MPa) 
Predicted bond strength after high temperatures 

(MPa) 

Room temperature 
Target temperature Target temperature 

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C 

C1 46.90  44.00  43.60  42.10  30.60  26.72  22.07  
E1 52.70  50.60  49.20  47.40  35.01  30.56  25.25  
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Table 11 Comparison of the experimental and predicted bond strength after high 
temperatures (Calculated by the actual temperature inside the specimen) 

Mix No. 

Bond strength (MPa) 
Residual bond strength after high temperatures 

(MPa) 
Predicted bond strength after high temperatures 

(MPa) 

Room temperature 
Target temperature Actual temperature inside the specimen 

300 °C 400 °C 500 °C 87 °C 158 °C 238 °C 

C1 46.90  44.00  43.60  42.10  36.36  34.82  32.63  
E1 52.70  50.60  49.20  47.40  41.60  39.84  37.33  

 

     Since the early 1960s, academia has studied the residual compressive behavior of 
concrete. Researchers focused on the residual compressive strength (the strength at 
room temperature after heating the sample to the test temperature and then cooling), the 
residual strain, and the strength recovery over time (Fib Bulletin 46 2008). Aslani and 
Samali (2013a, b, c) discussed the relationship between the compressive strength and 
the temperature of concrete at high temperatures. Based on the regression analysis of 
existing experimental data, the calculation formula for the residual compressive strength 
of high-strength (silica aggregate) concrete is suggested as follows: 

𝑓𝑐𝑇
′ = 𝑓𝑐

′(1 + 0.00014𝑇 − 1.6 × 10−6𝑇2) 20 ℃ ≤ 𝑇 ≤ 800 ℃;  80 MPa < 𝑓𝑐
′ ≤ 110 MPa (17) 

In the formula, 𝑓𝑐𝑇
′ =the residual compressive strength after exposure to high 

temperatures of T °C, and T=the temperature (°C). 
     For the experimental group and the control group, the bond strength of the 
specimen increased with the increase of the compressive strength. Therefore, we 
inferred that there is a linear relationship between the compressive strength of concrete-
rebar and the bond strength. Aslani and Samali (2013) suggested the formula as follows: 

𝜏𝑚𝑎𝑥,𝑇

𝜏𝑚𝑎𝑥,20
= {

1.0538(𝑓𝑐𝑇
′ 𝑓𝑐

′⁄ ) − 0.0255  30 mm < 𝑑𝑎 ≤ 100 mm

0.5273(𝑓𝑐𝑇
′ 𝑓𝑐

′⁄ ) + 0.4169  100 mm < 𝑑𝑎 ≤ 160 mm

0.7905(𝑓𝑐𝑇
′ 𝑓𝑐

′⁄ ) + 0.1862  30 mm ≤ 𝑑𝑎 ≤ 160 mm

} 100 ℃ ≤ 𝑇 ≤ 800 ℃ (18) 

In the formula, 𝜏𝑚𝑎𝑥,𝑇=the ultimate bond strength after exposure to high temperatures of 

T °C, 𝜏𝑚𝑎𝑥,20=the ultimate bond strength at room temperature, 𝑑𝑎=the rebar diameter, 

and T=the temperature (°C). 
     We used Eq. (13) to calculate the ultimate bond strength at room temperature, as 
shown in Table 12. In addition, we used Eq. (17) to calculate the residual compressive 
strength of the concrete after high temperature, as shown in Table 13. Then, we brought 
the above results into Eq. (18), the residual bond strength after high temperatures was 
obtained, as shown in Table 14. Although Eq. (18) is only applicable in the case of 100 
mm<𝑑𝑎≤160 mm, and is less suitable for 𝑑𝑎=190.5 mm in this study, it was still applied. 
Based on the results in Tables 12–14, these suggested prediction formulas were quite 
conservative. 

 

Table 12 Comparison of the experimental and predicted ultimate bond strength at room 
temperature 

Mix No. Bond strength (MPa) Predicted bond strength (MPa) 

C1 46.9 37.73 
E1 52.7 43.17 
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Table 13 Comparison of the experimental and predicted compressive strength 

Mix No. 

Compressive strength (MPa) 
Residual compressive strength after high 

temperatures (MPa) 
Predicted compressive strength after high 

temperatures (MPa) 

Room temperature 
Target temperature Target temperature 

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C 

C1 119.5 118.10 117.00 112.00 107.31  95.60  80.07  
E1 152.6 149.84 149.74 145.54 137.03  122.08  102.24  

 

Table 14 Comparison of the experimental and predicted ultimate bond strength after high 
temperatures (calculated using the residual compressive strength of concrete after high 
temperature) 

Mix No. 

Bond strength (MPa) Residual bond strength after high temperatures (MPa) 
Predicted bond strength after high temperatures 

(MPa) 

Room temperature 
Target temperature Target temperature 

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C 

C1 46.90  44.00  43.60  42.10  33.81  30.89  27.01  
E1 52.70  50.60  49.20  47.40  38.68  35.34  30.90  

 

     Based on the regression analysis of the existing experimental data, we recommend 
calculating the residual bond strength of UHPC after high temperatures as follows: 

𝜏(𝑇) = 25.97955 − 0.00844𝑇 + 0.039997𝑓𝑐
′ + 0.137008𝑓𝑐𝑇

′
 (R2=0.9927) (19) 

In the formula,𝜏(𝑇) =the ultimate bond strength after exposure to high temperatures of 

T °C,  𝑓𝑐
′ = the compressive strength of the concrete,  𝑓𝑐𝑇

′ =the residual compressive 
strength after exposure to high temperatures of T °C, and T=the temperature (°C). The 
proposed prediction formula is very accurate, as shown in Table 15. 
 
Table 15 Comparison of the experimental and predicted ultimate bond strength after high 
temperatures (calculated by Eq. (19)) 

Mix No. 

Bond strength (MPa) 
Residual bond strength after high temperatures 

(MPa) 
Predicted bond strength after high temperatures 

(MPa) 

Room temperature 
Target temperature Target temperature 

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C 

C1 46.90 44.00 43.60 42.10 44.41 43.41 41.88 
E1 52.70 50.60 49.20 47.40 50.08  49.22 47.80 

 

     3.6 Local Bond Stress–Slip Behavior 
 

     3.6.1 Local Bond Stress–Slip relationship at Room Temperature 
 
     During the pullout process, the rebar and the surrounding concrete were under the 
combined action of multiple forces. The effect of chemical adhesion was quite limited and 
was only effective at the beginning of the load. In contrast, the bearing force in front of 
the ribs was the main source of bonding stress. As the pullout load increased, the 
compressive stress increased, which contributed to the increase in the friction forces. As 
the slip increased, the force on the contact area between the rib and the surrounding 
concrete gradually became the main mechanism of load transfer. The load was balanced 
by the compressive and shear stresses on the concrete–rebar interface, and these 
stresses were decomposed into tensile stresses in the concrete. As the load continued 
to increase, both the control group and the test group showed pullout failure, which 
resulted in shearing along a surface at the top of the ribs around the rebar. The reason 
for this failure mode is that the stirrups were sufficient to prevent or delay splitting failure. 
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     During the pullout test, the rebar and the concrete were subjected to complicated 
stress conditions. The stress transmission mechanism between the rebar and the 
concrete was bond action, which is usually expressed by the relationship between the 
bond stress and slip obtained by the pullout test. Based on the pullout test results, the 
complete bond stress–slip relationship curve of the specimen from loading to failure can 
be obtained by measuring the relative slip between the concrete and the rebar and the 
corresponding force, where the bond stress can be determined by the internal force of 
the specimen, as shown in Eq. (5). The relative slip between the rebar and the concrete 
corresponding to the bond stress was calculated by Eq. (6). It can be seen from Fig. 17 
that the ultimate bond stress of the experimental group at room temperature was 
significantly higher than that of the control group. In addition, the slip corresponding to 
the ultimate bond stress of the control group is quite small; its value was 1.28 mm. In 
contrast, the slip corresponding to the ultimate bond stress in the experimental group 
was relatively large, with a value of 3.19 mm. 
 

 
Fig. 17 The local bond stress–slip curve for specimens at room temperature 

 

     At present, the local bond stress–slip relationship recommended by the CEB-FIP 
Model code 2010 (2010) is shown in Fig. 1, and the corresponding parameters in the 
figure are shown in Table 16 CEB (2010). The local bond stress–slip relationship 
suggested by Huang et al. (1996b), Harajli et al. (1995) and Harajli (2007) is similar to 
Fig. 2, and the corresponding parameters in the figure are shown in Table 16. In this 
study, these three modes were selected and compared with the measured bond stress–
slip behavior of the specimen. According to the bond stress–slip relationship 
recommended by CEB-FIP Model Code 2010, Huang et al. (1996b) and Harajli et al. 
(1995), the bond stress (τ) between concrete and rebar can be calculated as a function 
of the relative displacement (s) using Eqs. (1)-(4). On the other hands, based on the test 
results, this study replaced 𝜏𝑢  in Table 16 with Eq. (19). Then, other controlling 
parameters were also adjusted according to the actual results. Through this amendment, 
a bond-slip model is proposed, and its corresponding parameters are shown in Table 16. 
     At room temperature, the comparison between the local bond stress–slip 
relationship curve obtained by the pullout test and the prediction models is plotted in Fig. 
18. It can be seen from Fig. 18 that the ultimate bond stress of the experimental group 
at room temperature was significantly higher than that suggested by the Model Code 
2010 and Harajli et al.’s model, and the corresponding slip 𝑠1 (3.19 mm) was greater 
than the 𝑠1 (1.0 mm) shown in Table 16. In addition, as can be seen from Fig. 18, the 
ultimate bond stress of the control group at room temperature was significantly higher 
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than that suggested by the Model Code 2010 and Harajli et al.’s model, and the 
corresponding slip 𝑠1 (1.28 mm) was also larger than the 𝑠1 (1.0 mm), as shown in 
Table 16. On the other hand, the model suggested by Huang et al. had an overestimated 
trend. Based on the above analysis, the applicability of the local bond stress–slip 
relationship recommended by the CEB-FIP Model code 2010 to UHPC remains to be 
discussed. In contrast, the accuracy of the model proposed in this research is excellent. 
 
Table 16 The parameter values for the prediction models for the bond stress–slip 
relationship 

Parameter 
Model Code 2010 (2010) Huang et al. (1996b) Harajli et al. (1995) This study 

Confined concrete Normal strength concrete Concrete Confined concrete 

𝑠1 1.0 mm 1.0 mm 0.15 Distance bet. ribs 1.0 mm 
𝑠2 3.0 mm 3.0 mm 0.35 Distance bet. ribs 3.0 mm 
𝑠3 Distance bet. ribs Distance bet. ribs Distance bet. ribs Distance bet. ribs 

 0.4 0.4 0.3 0.3 

𝜏𝑢 2.5√𝑓𝑐
′ 0.4𝑓𝑐𝑚 2.57√𝑓𝑐

′ Eq. (19) 

𝜏𝑓 0.4𝜏𝑢 0.4𝜏𝑢 0.9√𝑓𝑐
′ 0.4𝜏𝑢 

 

  

(a) experimental group (b) control group 

Fig. 18 Comparison of local bond stress–slip curve with the prediction models at room 
temperature 

 

     3.6.2 Local Bond Stress–Slip relationship after High Temperatures 
 
     At 56 days of age, the high temperature test of the control group and the 
experimental group was conducted. During the high temperature test, the heating rate of 
the specimen was 2 °C/min. After reaching the target temperature, the temperature 
holding time was 0.5 hours. After the high temperature of 300 to 500 °C, the specimens 
of the control group and the experimental group did not spall. As mentioned above, in 
the case of short embedded length, good confinement, and sufficient concrete cover, the 
specimen should experience pullout failure. After exposure to high temperatures, the 
performance of the concrete declined. The test results showed that the control group and 
the experimental group also demonstrated pullout failure. Regarding the results of the 
pullout test after exposure to high temperatures, the local bond stress–slip relationship 
curves are plotted in Fig. 19. It can be seen from Fig. 19 that the relationship between 
the local bond stress–slip after exposure to high temperatures can be divided into five 
stages, namely, the non-slip phase, slight slip phase, splitting phase, decreasing phase, 
and residual phase. As can be seen from Fig. 19, when the target temperatures were 
300 and 400 °C, the ultimate bond stress of the experimental group only attenuated 
slightly. When the target temperature was 500 °C, the ultimate bond stress of the 
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experimental group showed a more distinct attenuation, which was consistent with the 
aforementioned compressive strength results. On the other hand, after the effect of 
different temperatures, from Fig. 20, the ultimate bond stress of the experimental group 
was significantly higher than that of the control group after exposure to high 
temperatures, and the corresponding slip 𝑠1  was also larger. In addition, the slip 
corresponding to the ultimate bond stress of the control group was quite small, and its 
value was approximately 1.00–1.93 mm. In contrast, the slip corresponding to the 
ultimate bond stress in the experimental group was relatively large, with a value between 
2.41 and 5.55 mm. 
 

  

(a) experimental group (b) control group 

Fig. 19 The local bond stress–slip curve for specimens after exposure to high 
temperatures 

 

   

(a) 300 °C (b) 400 °C (c) 500 °C 

Fig. 20 Comparison of the local bond stress–slip curve between the control group and 
the experimental group after exposure to high temperatures  
 
     Aslani and Samali (2013) proposed a modified formula for the local bond stress–
slip relationship of the CEB-FIP Model code 2010 to analyze the bond stress and relative 
slip between concrete and steel bars after exposure to high temperatures, as follows: 

𝜏(𝑇) = 𝜏𝑢,𝑇(𝑠 𝑠1⁄ )𝛼 for 0≤ s ≤ 𝑠1 (20) 

𝜏(𝑇) = 𝜏𝑢,𝑇 for 𝑠1 < s ≤ 𝑠2 (21) 

𝜏(𝑇) = 𝜏𝑢,𝑇 − (𝜏𝑢,𝑇 − 𝜏𝑓,𝑇) (
𝑠 − 𝑠2

𝑠3 − 𝑠2
)  𝑓𝑜𝑟 𝑠2 < 𝑠 ≤ 𝑠3 (22) 

𝜏(𝑇) = 0.4𝜏𝑢,𝑇 for 𝑠3 < s (23) 
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where 𝜏(𝑇) =the bond strength after exposure to high temperatures of T °C, 𝜏𝑢,𝑇=the 

ultimate bond strength after exposure to high temperatures of T °C; 𝜏𝑓,𝑇=the residual 

bond stress after exposure to high temperatures of T °C, s=the bond slip; 𝑠1, 𝑠2, and 𝑠3 
are the slip at the start of ultimate bond stress, slip at the end of ultimate bond stress, 

and slip at the start of residual bond stress, respectively; and  is a curve fitting parameter 
that must not be larger than 1. 
     Based on the test results, we replaced 𝜏𝑢 in Table 16 with Eq. (19), and proposed 
a correction formula for the local bond stress–slip relationship of the CEB-FIP Model 
code 2010 to analyze the bond stress and relative slip between concrete and steel bars 
after exposure to high temperatures. The local bond stress–slip curve of the specimen 
after exposure to high temperatures was compared with the modified CEB-FIP Model 
Code 2010 local bond stress–slip curve, as shown in Fig. 21. It can be seen from Fig. 21 
that the ultimate bond stress of the experimental group after high temperatures was still 
significantly higher than that of the modified Model Code 2010 proposed by Aslani and 
Samali (2013), and the corresponding slip 𝑠1 (2.41–5.55 mm) was also greater than 𝑠1 
(1.0 mm), as shown in Table 16. As can be seen from Fig. 21, the ultimate bond stress 
of the control group after high temperatures was significantly higher than that of the 
modified Model Code 2010, and the corresponding slip s1 (1.00–1.93 mm) was also 
greater than 𝑠1 (1.0 mm). Based on the above analysis, we concluded that the modified 
CEB-FIP Model code 2010 proposed by Aslani and Samali (2013) for the local bond 
stress–slip relationship after high temperatures was not applicable to UHPC. In contrast, 
the modified CEB-FIP Model Code 2010 local bond stress–slip model proposed by this 
study could predict the test results with reasonable accuracy. 
 

   

300 °C  400 °C 500 °C 
(a) 

 
300 °C  

 
400 °C 

 
500 °C 

(b) 

Fig. 21 Comparison of the local bond stress–slip curve with prediction models after 
exposure to high temperatures: (a) experimental group and (b) control group 
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4. CONCLUSIONS 
 
     Based on the experimental results, the following conclusions can be drawn: 

• The Model Code 2010 was quite conservative regarding the recommended value 
of the ultimate bond strength of the specimen. In comparison, the predicted value of 
Xu's predictive formula was overestimated, however, was closer to the experimental 
value. 

• At room temperature, the applicability of the local bond stress–slip relationship 
recommended by the CEB-FIP Model code 2010 and Harajli et al.’s model to UHPC 
remains to be discussed. In addition, the model suggested by Huang et al. had an 
overestimated trend. 

• The modified CEB-FIP Model code 2010 proposed by Aslani and Samali for the 
local bond stress–slip relationship after exposure to high temperatures was not 
applicable to UHPC. 

• Whether at room temperature or after exposure to high temperatures, the modified 
CEB-FIP Model Code 2010 local bond stress–slip model proposed by this study could 
predict the test results with reasonable accuracy. 
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