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A REVIEW OF EXPERIMENTAL FACTORS 
INFLUENCING  BOND STRENGTH AT ELEVATED 
TEMPERATURES

Ahmed Omer Hassan Ali – Éva Lublóy

After a fire, engineers must determine if a building should be demolished or repaired based on its condition 
and ability to support future loads. Evaluating the structure’s strength post-fire is essential. High tempera-
tures can degrade concrete properties—such as compressive and tensile strength, and the bond between re-
bar and concrete. These properties are vital for assessing the building’s safety and design. Evaluating bond 
strength at elevated temperatures is complex, as the heating procedure, heating rate, and cooling process 
influence the bond after exposure to fire. Although researchers recognize these factors, the extent of their 
impact remains a topic of debate. After a fire, researchers typically evaluate residual bond strength using 
pullout and beam tests to assess material deterioration. This measurement is expressed as the ratio of bond 
strength at high temperatures (ranging from 20 °C to 800 °C) to the bond strength at ambient temperature, 
which is usually around 20 °C.

This paper reviews the literature on bond strength at elevated temperatures, investigating the factors 
that affect this strength. It discusses the bond-slip curve and the impact of different experimental variables, 
including the heating procedure, rate and duration, cooling method, rebar properties, specimen character-
istics, and the residual bond strength following high-temperature exposure. 
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1.			  INTRODUCTION
The bond between rebar (reinforcing steel) and concrete 
refers to the adhesion and mechanical interlock between the 
two materials, which allow force transfer between the two 
materials. This mechanism enables reinforced concrete to 
act as composite materials to resist applied loads. As a result 
of this bond, the forces in the steel and concrete change 
along the length of the rebar, leading to different strains in 
the two materials and causing relative displacement, known 
as slip (fib Bulletin No. 10, 2000). This mechanism ensures 
satisfactory structural performance of concrete elements, 
allowing for ductile failure with adequate warning (Morley, 
and Royles, 1980).  

Factors influencing bond strength are known under normal 
conditions, but measuring their effects remains a topic of 
ongoing research. Material characteristics—like concrete 
strength, aggregate type, and admixtures—along with testing 
methods significantly affect bond strength performance (ACI 
Committee 408,2003; Diederichs and Schneider, 1981). At 
high temperatures, the physical properties of concrete change 
significantly (Abuhishmeh etal.,2024), which weakens the 
bond between the concrete and the reinforcing rebar (Lublóy 
and Hlavička, 2017), affecting the structural behavior and 
compromising the overall structural integrity. 

This review paper examines the effects of elevated 
temperatures on the bond between rebar and concrete, 
exploring the bond degradation and studying the factors that 

impact bond strength under thermal stress. Understanding this 
behavior ensures buildings’ safety and durability in extreme 
thermal conditions. 

2.		 CHARACTERIZING BOND-SLIP 
BEHAVIOR AT ELEVATED TEM-
PERATURES

Bond test samples can fail in two ways: pullout failure and 
splitting failure, unless the rebar fails. The fib model code 
2010 represents these modes in Figure 1 as the bond-slip 
curve, summarized in the following equations.:
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The bond strength deteriorates at elevated temperatures, 
leading to a flattening and nonlinearity of the bond stress-
slip curve. Scholars have suggested modifications to the fib 
bond-slip model  (fib Model Code, 2010)  to account for the 
effects of temperature, such as those proposed by (Lublóy 
and Hlavička, 2017) and (Aslan and Samali, 2013); these 
modifications are shown in Table (1). These modifications 
involve revised formulas for the local bond stress–slip 
relationship, which depends on the temperature to which the 
specimen is exposed, the type of aggregate, and the concrete’s 
strength classification (high or low). 

3.		 EFFECT OF EXPERIMENTAL 
VARIABLES ON BOND 
STRENGTH UNDER HIGH 
TEMPERATURES

3.1.	 Characteristics of the Specimen

Research commonly divides Bond strength specimens into 
two main categories: direct pullout and beam tests (Zheng 
etal., 2023), as shown in Figure 2. Typically, pullout test 
specimens are either prisms or cylinders. Several studies 
(Sharmaa etal., 2019; Muciaccia and Consiglio, 2021; Banoth 
and Agarwal, 2020; Lublóy and  Hlavička, 2017) have 
investigated pullout specimens under elevated temperatures, 
while other researchers have used beam specimens for bond 
tests such as  (Ghazaly etal., 2018; Xiao etal., 2014; Ghajari  
and Yousefpour, 2023; Bošnjak etal., 2018) , with preference 
in terms of behavior to beam specimens, as it replicates stress 
conditions found in actual structures in contrast to pullout tests 
(Das etal., 2023). In a pullout test, the concrete is subjected to 
compression, while the rebar experiences tension; however, 
in actual structures, both components are in tension. This 
difference results in variations in the bond strength evaluation 
under both normal and elevated temperatures, which limits 
the practical applicability of models based on pullout tests. 
Therefore, it is essential to establish correlations between 
pullout test results and structural performance (Cairns and  

Figure 1: Fib model for Bond-Slip curve (The fib Model Code 2010).  

Remark: CR: clear distance spacing between ribs

Figure 2: Shapes of specimens for bond strength testing.
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lengths (lb). 

𝜏𝜏𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
0.5 
 

- 𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
0.5 - - 0.4𝜏𝜏𝜏𝜏𝑏𝑏𝑏𝑏max.T  0.4𝜏𝜏𝜏𝜏𝑏𝑏𝑏𝑏max.T  

Table 1: Modified fib Model Parameters at Elevated Temperatures
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Abdullah, 1995). Furthermore, new studies are needed to 
analyze bond behavior in beam specimens.

3.2.	 Influence of concrete cover on 
bond strength specimens

Experiments conducted on concrete specimens with varying 
cover sizes at different temperatures show that larger concrete 
covers are more likely to fail through pull-out. This failure 
happens because the concrete in direct contact with the rib 
experiences compressive stress; in contrast, specimens with 
smaller concrete covers tend to fail due to tensile splitting 
(Sharmaa etal., 2019; Muciaccia and Consiglio, 2021; Morley 
and Royles, 1983).

The study by  (Sharmaa etal., 2019) , which is depicted 
in Figure 3, demonstrates that both maximum and minimum 
cover sizes of prism samples significantly impact bond 
strength. Larger cover sizes result in higher bond strength; 
this effect is maintained at both ambient and elevated 
temperatures. However, the bond strength enhancement due to 
larger cover becomes less pronounced at higher temperatures, 
particularly at 500 °C and 700 °C. Because the strength and 
stiffness of the concrete decline with temperature increases.

3.3		 Influence of rebar properties 
on bond strength at elevated 
temperature  

Diederichs and Schneider (1981) investigated the influence 
of bar surface properties using plain rebar and two types of 

deformed bars; the tests showed a significant deterioration in 
bond strength for the specimens. Also, the tests they conducted, 
as well as tests by  (Ergün etal., 2016), demonstrated that 
deformed rebars exhibited temperature-bond relationships 
like those of plain rebars. However, in both studies, deformed 
rebars performed better than plain rebars, as illustrated in 
Figure 4. (Hertz, 1982) investigated how bar diameter affects 
bond strength degradation in pull-out specimens subjected 
to elevated temperatures. The conclusion was that when 
the temperature rose to 500 °C, the diameter of the rebar 
had a relatively small impact on the degradation of bond 
strength. A recent study by (Muciaccia and Consiglio, 2021) 
examined samples with four and eight-diameter embedment 
lengths using a constant force method. The findings revealed 
no significant difference in bond strength for specimens 
featuring centered bars. The difference occurred when the 
rebar was positioned at the edge or side and diminished when 
evaluating bond strength as a function of temperature .

3.4		  Impact of thermal treatment on 
bond strength

Bond strength is influenced by the testing procedures used. To 
evaluate the effect of temperature on bond strength, as shown 
in Figure 5, researchers typically use two primary methods: 
the stabilized temperature procedure and the constant load 
procedure (Diederichs and Schneider, 1981; Muciaccia and 
Consiglio, 2021). The stabilized temperature procedure 
includes different stress scenarios based on whether the 
specimen is stressed during heating and its temperature state 
(hot or cold) during testing, leading to four unique testing 
scenarios with different impacts on bond strength, as shown 
in Figure 5; Morley and Royle’s tested the four conditions 
shown in Figure (6), the result  indicate  that specimens 
subjected to stress during the heating cycle demonstrate 
slightly greater strength than those not stressed (Royles and 
Morley, 1983). This increased strength is primarily attributed 
to the confinement provided by the loading. In the constant 
load procedure, specimens are continuously loaded while 
heated until failure occurs. The constant load procedure is 
essential for evaluating a structure’s capacity to bear its weight 
during a fire (Muciaccia and  Consiglio, 2021). Muciaccia 
and Consiglio analyzed the two procedures; again, the 
findings revealed that the reduction in bond strength is more 
pronounced during the constant load procedure (Muciaccia 
and Consiglio, 2021). 

A rapid rate or slow heating rate can be adopted depending 
on experiment requirements; the rapid rate can be adopted 
using the ISO standard fire curve to simulate the behavior of 
fire in practice (ISO 843, 2019); also, a slow rate can be used 
in the experiment; this will eliminate the resulting stress from 
the different movement between the hot outer surface and the 
colder core of the specimen, and as a result, this test procedure 
will isolate and demonstrate the effect of temperature on bond 
strength alone (Morley and Royles, 1980).

(Banoth and Agarwal, 2020) measured bond strength 
using two methods: one with a slow heating rate of 2 °C/min 
and another with a fast-heating rate, following the standard 
of ISO 834 to reach the required temperature. There was a 
substantial decrease in bond strength for the samples that 
were heated faster. This indicates that faster heating rates 
result in quicker bond strength degradation as shown in 
Figure 7. Lee et al. found similar results in samples tested by 

Figure 3: Residual bond strength (Sharmaa et al. to reference bond 
strength with c=72 ) as a function of temperature

Figure 4:  Influence of rebar rib characteristics on residual bond 
strength at elevated temperature
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applying 2 °C/min and 15 °C/min; Lee et al. also found that 
the cooling method using water or air did not significantly 
impact the bond strength of samples with uncoated rebar (Lee 
et al., 2018).

3.5		 Residual bond strength of concrete 
after high thermal exposure

Generally, the failure mode will determine whether bond 
strength depends on compressive or tensile strength 
(fib Bulletin No. 72 , 2014). Research conducted by (Morley 
and Royles, 1983) and (Lublóy and Hlavička, 2017) found 
that the effect of temperature on bond strength is more 
pronounced than its effect on compressive strength.

Figure 8 shows the residual bond strength results from 
tests by  (Lublóy and Hlavička, 2017) and (Morley and 
Royles, 1983). The bond strength decreased with increasing 
temperature, about 30% deterioration up to 200 °C. At 600 
°C, considered critical for the structural integrity of Portland 
cement concrete, deterioration ranged from 65% to 90%, 
primarily due to the decomposition of calcium hydroxide 
around 450 °C. Additionally, mixes containing expanded clay 
and quartz gravel, tested by Lublóy and Hlavicka, experienced 
a more significant bond strength reduction beyond 150 °C.

Sharma et al. suggested a linear relationship derived from 
test results, which conservatively exhibits the reduction in 
relative bond strength of normal-strength concrete at high 
temperatures (Sharmaa et al 2019). The following equation 

represents the model:

						            (5)

where:
TbuT	 is the residual strength at T (°C)
Tbu,20 	 is the bond strength at (20 °C) using the fib Model 
Code 2010 equation.

Additionally, (Ergün et al , 2016) introduced mathematical 
equations that focus on the impact of rebar properties, 
considering different steel grades (S220a, S420a, S500a). The 
following equation represents the model:

Figure 5: Experimental Procedure for Bond Testing at Elevated Temperatures

Figure 6: Bond Strength Response to Heat Using Stabilized Method 
(Morley and Royles, 1980)

Figure 7:  Heating Rate vs. Residual Bond Strength according to 
(Banoth and Agarwal, 2024)
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Haddad et al. prepared specimens using plain concrete and 
concrete reinforced with fibers, incorporating three different 
types of fibers to create various mixes. Below 600 °C, adding 
fibers enhanced the residual bond strength by helping prevent 
crack propagation and spalling. The highest residual bond 
performance was observed in the concrete mix containing 
only Hooked Steel fibers (Haddad et al, 2008). 

4.			  CONCLUSIONS
This work reviews the available literature on bond strength 
at elevated temperatures, including factors such as testing 
methods and empirical models. It can be concluded from the 
scientific papers included in this literature review that:
1.	 Most studies utilized pull-out specimens; therefore, further 

research is needed to link pull-out behavior to actual 
structures.

2.	 Additional research is necessary, mainly through beam 
tests, to comprehend the actual mechanisms influencing 
residual bond strength at elevated temperatures.

3.	 Researchers use various methods in their experiments, 
such as stabilized temperature and constant load 
procedures. While much of the current research focuses 
on the constant temperature method and its impact on 
residual bond strength, there is an increasing demand for 
studies that compare this method with the constant load 
procedure. Existing studies indicate that the reduction in 
bond strength is more significant under the constant load 
procedure.

4.	 A larger cover results in greater bond strength at both 
ambient and elevated temperatures; however, the decrease 
in residual bond strength with temperature is similar after 
500 °C.

5.	 The heating rate is a crucial factor because faster rates of 
heating lead to more rapid degradation of bond strength

6.	 Cooling using air or water does not influence the residual 
bond strength of uncoated rebar.

7.	  Mild and deformed rebars show similar residual bond 
strength curves, but plain rebars deteriorate more quickly.

8.	 The diameter of the rebar has little to no effect on the 
residual bond strength.

9.	 The concrete mix composition, including aggregate type, 
pozzolanic content, and fiber type and amount, affects 
residual bond strength. Further research using beam 
specimens and different heating methods is needed to 
explore these factors, along with the development of more 
models to predict bond strength at elevated temperatures.

Figure 8: Residual relative bond strength at different temperatures for 
different concrete mixes
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