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Abstract

Evaluating structure strength characteristics post-fire or when subjected to prolonged periods of elevated temperature is essential,
as these conditions degrade concrete strength, specifically bond strength between rebar and concrete. Residual bond strength can
be determined through direct pull-out or beam tests. Several factors influence bond strength at normal temperatures, including the
properties of the concrete and the rebar, the specimens' characteristics, the concrete cover, and the stress state of the specimen during
testing. The situation becomes more complex at higher temperatures as heating introduces additional variables. In this context, the
bond is influenced by the heating characteristics of the specimen, such as the heating rate and cooling process. While researchers
acknowledge these factors, the degree of their impact is still a subject of debate. This paper aims to review the existing literature on
bond strength at elevated temperatures and to explore how various factors influence this strength under such conditions. The study
gathers data to examine the bond-slip curve at high temperatures, the effects of experimental variables on bond strength, and the
residual bond strength after exposure to elevated temperatures. Key experimental characteristics considered in this paper include
the heating procedure, heating rate, heating duration, cooling regime, properties of the rebar, properties of the specimen, and the
relationship between concrete strength and bond strength.
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1 Introduction

The phenomenon where force is transferred from rein-
"bond" [1, 2].
Researchers [3—6] generally employ the conventional defi-

forcement to concrete is known as

nition of average bond stress, which is characterized as the
rate of axial force transfer between a reinforcing bar and
the surrounding concrete, quantified as the axial force (F')
normalized by the nominal contact area over the embed-
ment length. This definition is given in Eq. (1).

; 1

where:
* 17,: Bond stress
« F: Applied tensile force on the rebar,
* d,: Diameter of the rebar
* [,: Embedment length

This standard bond stress definition oversimplifies real-
ity by treating load transfer as uniformly distributed across
the nominal surface [7]. As it is well established that the
bond stress distribution is not uniform [8, 9]. Moreover,
conventional equations often neglect the effects of slip
between the reinforcement and concrete [10]. Structural
design codes typically assume a uniform bond stress dis-
tribution over the development length for practical cal-
culation [11-14], despite experimental evidence showing
non-uniform stress transfer, the last update of EN 1992-1-1
considers a non-linear bond characteristic for anchorage
and lab calculations [15]. The impact of concrete grade is
less significant than previously assumed in EC2.

In EC2, the bond strength is related to the concrete’s ten-
sile strength, which is conventionally estimated from the
compressive strength £ . Previously, the bond was assumed
to vary with £7; the current formulation reduces this
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dependence to approximately f 94, reflecting the non-uni-
form stress distribution along practical lap lengths [16].

The real bond behavior in reinforced concrete progresses
through three primary mechanisms: the bond mecha-
nism comprises chemical adhesion, mechanical inter-
lock, and friction [17, 18]. This behavior was introduced
and described in the fib Model Code 2010 through a local
bond stress—slip relationship [2], which captures the inher-
ently non-uniform force transfer along the anchorage, and
it continues to be adopted in the fib Model Code 2020 [19].
The corresponding formulation is presented in Egs. (2)—(5)
and illustrated in Fig 1.

o0
s
Ty =Ty | — 0<s<y )
Sl
Th = Tbmax Sl <s< S2 (3)
5=,
Tp = Thmax _(Tbmax _be) 5;S85<5; @
835,
T, =Ty 8355, )
where:

* 17,: Bond stress.

* 7. Maximum bond stress
ax

* T Residual bond stress.

* s, 5, 8, 5,; Characteristic slip values defining the
bond stress variation.

» oo Exponent for the initial rise of bond stress, based

on the bar's relative rib area.

The approximation of uniform distribution remains
sufficiently accurate for bonded lengths that are relatively
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Fig. 1 Fib model for Bond-Slip curve [2]

short, generally within the range of 3 to 7 times the bar
diameter [20]. These short embedment lengths are recom-
mended to ensure failure occurs by interfacial debonding
rather than other modes, and to allow simplification of
bond stress calculations by assuming a uniform average
stress along the embedded length [21].

According to Eurocode 2, under standard fire expo-
sure, structural elements are required to maintain either
their load-bearing capacity, their separating function,
their insulation, or a combination of these for a specified
duration under fire exposure [22].As a passive fire safety
measure, structural fire resistance ensures the integrity of
a structure during high-temperature events, unlike active
systems that detect or suppress fire [23]. Within this con-
text, the bond strength between concrete and reinforce-
ment becomes critical, as it directly influences the struc-
tural performance and stability of concrete elements [24].
At serviceability, bond greatly influences concrete behav-
ior by enabling tension stiffening, where cracked concrete
between reinforcing bars continues to carry tensile stress
due to the bond's presence [25], which influences crack
widths and deflection [26]. At the ultimate limit state, bond
slip behavior plays a fundamental role in evaluating the
anchorage capacity of reinforcement bars and establish-
ing the minimum development and lap-splice lengths [27].

Bond causes the steel force and concrete to change
along the rebar length, causing different strains in the two
materials and causing relative displacement known as
slip [1, 28]. The measured performance of bond strength
is affected by concrete strength, aggregate types, and
admixtures [29, 30]. In addition, testing methods also
influence bond strength, which is generally conducted
by four bond test methods: pull-out test, beam end test,
beam anchorage test, and lap splice test [31]; these tests
are shown schematically in Figs. 2 and 3.
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Fig. 2 Schematic drawing of pull-out samples, (a) cylinder specimen,

(b) prism specimen, (c) possible rebar locations (prism)



b)

Fig. 3 Schematic of Beam samples: (a) splice beam, (b) beam anchorage

specimen, (c) end beam sample

In addition to previous factors at elevated tempera-
tures, other factors become substantial, such as soak-
ing time [32], hating rate [33, 34], and testing regime in
terms of loading, heating, and time sequence, which most
researcher start their work unaware of their important
roles [35], these factors are summarized in Fig. 4.

Elevated temperatures induce internal vapor pressure
build-up [36] and thermal gradients in concrete [37], both
of which contribute to changes in its physical behavior,
including spalling and cracking. Strength reduction pri-
marily results from microcracks, formed by pore-struc-
ture coarsening and the degradation of cement paste, par-
ticularly Calcium Silicate Hydrate C—S—H, which begins
significantly above 600 °C [38], in addition, differential
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thermal expansion occurs between the aggregates and the
cementitious matrix [39, 40], resulting in a weakened bond
at the paste—aggregate interface [41-43]. which signifi-
cantly reduces the member's load-carrying capacity and
compromises its structural integrity [44].

As a result of elevated temperature, the bond between
the concrete and reinforcing rebar or prestressed rebar is
weakened [45—-48], compromising the overall structural
integrity. Temperatures disrupt bonding mechanisms
through thermal stresses, leading to potential bond loss
and rebar slippage. Leading reinforced concrete elements
to failure when exposed to fire.

This review paper explores the mechanisms of bond
degradation and studies the experimental factors that
influence bond strength under thermal stress.

2 Bond-Slip curve at elevated temperature
Bond samples fail in two modes: pullout failure and splitting
failure, as shown in Fig. 5. Pullout is characterized by shear
occurring on the surface of the rebar, while splitting failure
involves the loss of concrete cover and typically occurs with
a small cover size and the absence of link reinforcement.
The fib Model Code curve for the Bond-Slip curve is
displayed in Fig. 1. The model is a foundational element for
empirical models developed by researchers. Scholars have
proposed modifications to the fib Model Code to address
the temperature influence, as shown in Table 1 [45, 49, 50].
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Fig. 4 Influencing factors on bond performance at elevated temperature
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Fig. 5 Pullout cylinder: (a) pullout failure specimen, (b) splitting failure

Lubléy and Hlavicka [45] proposed modifications
which depend on aggregate types and the temperature;
Aslani and Samali [50] introduced modified formulas for
the local bond stress—slip relationship depending on con-
crete strength, bond lengths, and cooling methods.

Tomaur _ 1.0538(%]—0.0255

T : , ©)
30 mm </, <100 mm
ot _ 0 5273 22| 4 04169

Ty Je > (7)
100 mm </, <160 mm
Tomar 0.7905[ij+0.1862

T2 ¢ ’ ®)

30 mm </, <160 mm

where:

bmax T

. :Residual bond strength at temperature T’
20

f,,

« Z<L - Residual compressive strength at temperature T
f’

c

* [, Empedment length.

It should be noted that f | dependent on the concrete
strength (Normal or high ) and type of aggregate (Siliceous
aggregate), as proposed by Aslani and Samali [50].

Tang addressed the effects of high temperatures
on the local bond-slip behavior between rebars and
ultra-high-performance concrete [49]. In this modifica-
tionz, is given by:

=25.97955-0.00844T +0.039997 fc' ©

T[J max

+0.137008 fcT"

where:
* 7, ... Ultimate bond strength after exposure to high
temperatures (MPa).
* f.": Compressive strength of the concrete (MPa).
* /.; Residual compressive strength after exposure to
high temperatures (MPa).
» T: Temperature (°C)

Das et al. [51] employed a fire test and modified the fib
model by reduction factors for bond strength based on fire
exposure duration and amplification factors for slip, as
shown in Table 2, and given by the following equations:

=K (10)

T[Jmﬁ //'Tbm,amb s

Si,/i = Ksi,ﬁSi,amb > (11)

Table 2 Reduction and amplification factors according to Das et al. [51]

Equation's factors

Exposure duration (min) Values of K, [-] Values of S, ; [-]

0 1 1
15 0.5 1.25
30 0.4 1.5
60 0.33 2
90 0.3 2

Table 1 Modified fib Model Parameters at Elevated Temperatures

Variables Tang [49] Lubloy and Hlavicka [45] Aslani and Samali [50]
Aggregate type quartz sand quartz quartz and expanded clay - -
Concrete type HPC HSC HSC HSC NSC
Temperature (°C) 20-500 20-400 400-800 20-400 500-700 >800 100-800

[ Eq. (9) 2503 04 20103 o4 0 Eqgs. (6)—(8)

Tyr 0.4z, .1 0 - o - - 0.4z, .1 0.4z, .1
s, mm 1.00 1.00 1.00 0.5 1

5, mm 3.00 3.00 3.00 2 3

0 0.3 0.4 0.4 0.4 0.3

5, mm clear distance spacing between ribs




where:
L 4 S. .: Mean bond strength and slip values

bm,amb®> ~i,amb®

according to the fib Mode code.

The same formulation is also adopted in the fib Model
Code 2020 for local bond-slip under fire [19].

In the fib Model Code 2020 [19], the bond stress—slip
relationship is extended to account for elevated tempera-
ture effects, where it is explicitly formulated to describe
bond behavior under such conditions, expressed as follows:

a
K
T, =Ty | — 0<s<s; (12)
Sir
Ty = Tpmaer Stz <SS Sy7 (13)
§—S,
T, =T —(’L’ -7 ) _
b bmax,T bmax,T bf, T
Ssr = Sy7 (14)
s, <5< sy
Ty =Tyr S50 =S 1s)

Typany 107 20 °C< T'< 740 °C is given by the following

equation :
T-20
T =T l———— (16)
bMax,T bMax,20( 720 j

where:

* T,y Maximum bond strength at 7 (°C)

* Tyuaxzor Maximum bond spitting or pullout strength

at ambient temperature using the fib Model Code
2020 equation.

The values for s and s; , is given in the fib mode

1,7 SZ,T’
code as follows:
I. Sir for:

* pullout failure

5.y = 6.94s, 5, (%j for 20°C <7 <300°C, (17)
5,7 = 0.835,,, (ggg—jj for 300°C < T <740°C, (18)

+ splitting failure

740—Tj (19)

SI,T =1.1 1S]‘20 (820—_T
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where:
8, 50: Diplacment s, (mm) under ambient temperature

according to fib model code 2020.

IL s, , and s, . for the condition of pullout failure:

Sor = 2S1,T

sy, = Clear distance between ribs.
IIL. s, ,, and s, .. for the condition of splitting failure:

Sor =Sir
s, , takes the following values:

s3,T = half the clear distance between ribs with stirrups

sy, =1.25,, without stirrups.

3 Experimental characteristics affect bond strength at
elevated temperature

3.1 Specimen's characteristics

Bond Testing is classified into two main categories: pull-
out and beam tests [52]. Pull-out and the end beam test
are the most common in rebar-concrete bond testing [53].
The fib Model Code 2020 and ASTM A 944 set out the
end beam test as a standard method for measuring bond
strength [54, 55]. ASTM C234-91a and IS 2770-1 specify a
pull-out test using prism specimens [56, 57], BS EN 10080
specifies a beam test or a pull-out test on a prism sam-
ple. Both ASTM C234-91a and BS EN 10080 are based on
RILEM recommendations [57-59].

On the other hand, at elevated temperatures, there is a
prevailing lack of standardization for evaluating thermal and
mechanical properties of construction materials at elevated
temperatures [60]. The pull-out test is cost-effective, but the
ACI Committee 408 stated that it is insufficient for determin-
ing development lengths and recommended beam tests [29],
because this test is not representative of the actual stress in
structural elements, and beam samples replicate the stress
condition of the actual structure more than pullout tests.
Cairns and Abdalla [61] argue that the pull-out test gives
insights into bond behavior related to splitting and empha-
size the need for developing relations between the test and
structural performance. In addition, the widespread applica-
tion of pull-out emphasizes its significance in studying per-
formance under unusual conditions such as elevated tem-
perature. The specimen shape and size affect the measured
bond strength. Scholars have utilized a prism [33, 62—65]
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and cylinder specimens [30, 45, 66—68]. While the pull-out
test is typically conducted using cubic or prismatic spec-
imens, most studies on bond strength at high tempera-
tures have instead employed cylindrical specimens [69]
since cylindrical specimens offer uniform stress and heat-
ing distributions [30, 45, 66]. End beam tests proposed by
the fib Model Code 2020 and ASTM A944-22. Both tests
are generally identical; the main difference is in bar loca-
tion, the fib Model Code test examines both test conditions
of casting, which gives economic and scientific advan-
tages [54, 55], in addition to rebar location, a few scholars
used beam tests [70—73] and fewer studies utilized pull-out
and beam test methods to evaluate bond strength at elevated
temperatures. Abuhishmeh et al. [37] tested pull-out and
end-beam specimens. The end-beam test has a 49% higher
bond strength after heat exposure. This highlights the need
for more research on bond strength using beam tests and fur-
ther comparisons between these two-specimen setups.

3.2 Specimens' s concrete cover
Specimens with larger concrete covers fail by pull-out, as
the concrete in direct contact with the rib undergoes com-
pressive stress; specimens with smaller concrete covers fail
by tensile splitting [62, 63, 68]. This distinction in failure
modes highlights the critical role of concrete cover in bond
performance and underscores the need to consider cover
thickness explicitly when assessing bond strength, particu-
larly under elevated temperature, because reinforced con-
crete structures depend on the concrete cover to shield the
steel from high temperatures during fire exposure [74].
Parametric studies [75] show that reinforced concrete with
a low concrete cover to rebar diameter ratio c/d, is more sen-
sitive to bond strength loss at elevated temperatures, espe-
cially with low-strength concrete. A reduced concrete cover
not only allows the reinforcement temperature to rise more
quickly during a fire but also lessens the concrete's confine-
ment, which is crucial for maintaining bond strength [76].
Morley and Royles [68] studied Pull-out specimens with
concrete cover of 25, 32, 46, and 55 mm under stressed
residual test conditions. However, only the 55 mm cover
was used in the other three heating conditions. Specimens
with larger cover depths followed the concrete compressive
strength curve, exhibiting relatively large slips. In con-
trast, specimens with smaller cover depths experienced
small slips and followed the tensile strength-temperature
curve. According to Sharma et al. [62] larger covers main-
tain a higher bond strength at ambient and elevated tem-
peratures. This effect diminishes at higher temperatures

(500 °C and 700 °C). In Fig. 6, before 500 °C, larger cover
gives a larger bond, and the deterioration is similar after
reaching 500 °C. This is due to the decline in concrete
strength and stiffness [62], which diminishes the effect of
concrete cover confinement. They suggested the following
equation for residual bond strength

T-20
Tour = Tou2o (1 - 780) (20)

where:
7, .. Residual bond strength at 7' (°C)

buf*

T,.00: Bond strength at (20 °C) using the fib Model
Code 2010 equation.

» T: Temperature (°C)

Bosnjak et al. [77] used end beam test subjected to a
fire test following the ISO-834 fire curve; with 15, 24, and
56 mm concrete covers, the influence on relative resid-
ual bond capacity is moderate for covers 56 and 24 mm.
After 15 minutes of fire exposure (718 °C), the relative
bond capacities were 55% and 45%, respectively. After
60 minutes (986 °C) the bond decreased to 32% and 25%.
The enhancement was less than 10% for the concrete cover
increased by a factor of 2.5.

3.3 Rebar reinforcement properties

Generally, studies such as [78—81] expose the rebar without
insulation during the heating cycle, Ba et al. [65] wrapped
the rebar to protect the interface from damage by the rebar's
rapid temperature increase. Lee et al. [82] used concrete
caps to replicate the conditions during a fire. When a rebar
is covered, its temperature is lower than the surface. Future
research should study two fire scenarios — before spalling
(with cover) and after spalling (exposed rebar).

»—Sharmaa etal C=72 mm
~=o—Sharmaa etal C=24 mm
i ~o— Sharmaa etal C=36x72 mm
Sharmaa etal C=24x72mm

Morley and Royles C= 55

—& -Morley and Royles C=46
= &= Morley and Royles C=25

~—& -Morley and Royles C=32

Relative bond strength [-]
o
BN

0.2

20 100 200 300 400 500 600 700 800
Temperature [°C]

Fig. 6 RBS (Sharmaa et al. to reference bond strength with C =72 mm
and for Morely with C = 55 mm) as a function of temperature [62, 68]



At elevated temperatures, reinforcing steel typically
loses yield strength but regains most of it upon cooling up
to about 700 °C, apart from cold-worked steel, which may
suffer permanent strength loss [24]. Abuhishmeh et al. [37]
examined high-strength reinforcement steels (HSRS) and
standard rebars. The results show minimal changes in all
rebar after exposure to 350 °C. A reduction of more than
30% in yield and ultimate strength was observed for high-
grade rebars, such as grade 690 (ASTM A1035); after
700 °C, only grade 420 rebar (ASTM A706) retained most
of its ductility and strength. splitting failure at ambient
after exposure to 500 °C occurred during the pullout test.
The heat resulted in a 73% reduction in bond strength across
all rebar types, with no significant differences between the
various types of rebar. The end-beam tests showed an aver-
age bond strength reduction of 12.6%, while a 9% improve-
ment in bond behavior was observed for ASTM A706 grade
420. For ASTM A1035 CS grade 690 and ASTM A706
grade 550, a slight reduction in bond strength, specifi-
cally 9% and 14%, respectively. Ergiin et al. [67]exam-
ined plain rebar S220a and two types of deformed rebar,
S420a and S500a. They observed a significant loss of bond
strength in the temperature ranges of 200 °C—400 °C and
400 °C-600 °C.they suggested the following equations for
residual bond strength, which depend on rebar grades.

» For S220a 7> 200 °C

7Y T
RBS, =|0.618|| — | |-1.681] —— |+1.036
1000 1000 Q1)

RBS ; _yc) (R=0.99)

(r=20°C

e For S420a 7> 200 °C

2
-0.821 T —-0.0268 I
RBS, = 1000 1000

+1.023
R =0.98)

22)

RBS(T:20°C) (

» For S500a 7> 200 °C

T Y T
RBS, =|-0.629| —— | —0.352) —— |+0.905
1000 1000 . (23)

RBS;_yyec) (R =0.96)

where
* T Temperature (°C)
. RBS(T:20 o0y’ Residual bond strength at 20 °C.
* RBS,: Residual bond strength at 7 °C.
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The tests were conducted by Diederichs and Schneider
and Ergiin et al. [30, 57], and illustrated in Fig. 7, demon-
strated that deformed and plain rebar exhibited the same
temperature-bond relationships, but with improved perfor-
mance of deformed rebar. It also indicated that corroded
plain rebar performed better than new, as-rolled rebar [30],
which was attributed to the increased roughness of the
surface. This enhancement depends on the level of cor-
rosion. Ba et al. found that below 400 °C, bond strength
increases with corrosion up to a level of 0.05; after that,
it decreases. At 600-700 °C, corrosion has little effect on
bond strength [65]. Lee et al. found that bond strength gen-
erally decreases with temperature. However, at 200 °C,
the coated rebar showed an improved bond due to epoxy
melting, although the uncoated rebar outperformed the
coated rebar at other temperatures [82].

According to Hertz [83] for a temperature rise to
500 °C, the rebar diameter had a relatively small impact
on the bond strength degradation, as shown in Fig. 8.
Ergiin et al. [67] realized that the bond strength after
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Fig. 7 Influence of rebar rib on residual bond strength at elevated
temperature [30, 67]

1.2

1
\.\ —e—12 mm
& Ne— o
0 0.8
2 -
[
7
g 06
9] -
Qo
s
s 0.4
o
[
-2
0.2
0
25 200 284 600 800 oo

Temperature [°C]

Fig. 8 Effect of diameter on relative bond strength of Danish
deformed bar [83]



»I 374 Ali and Lubloy
Period. Polytech. Civ. Eng., 69(4), pp. 1367-1382, 2025

elevated temperatures decreases as the steel bar diameter
increases; Das et al. [51] using a fire test, found the diam-
eter increase from (16—25) mm enhances load capacity;
the differences in relative residual bond capacity during
shorter fire exposures are minimal, after prolonged fire
exposure, the larger rebar diameter exhibits a slightly bet-
ter residual bond capacity than the smaller one.
Diederichs and Schneider found the effect of the rebar's
embedment length on the force-slip curve's profile insig-
nificant, except for I = 110 mm [30]. Also, using a con-
stant force procedure, Muciaccia and Consiglio tested
specimens with four and eight-diameter embedment
lengths. The results showed no significant difference in
bond strength for specimens with centered bars that failed
in pullout mode. When rebars were located at the edge
and side, and a length of four bars in diameter, the uni-
form bond stress was approximately 30% to 40% higher.
This difference diminished when bond strength was eval-
uated as a function of temperature [63]. Das et al. found
that in the samples with 8, 12, and 16 times the diameter
using a fire test and were positioned at the edge and the
corner, the load-carrying capacity increased as the embed-
ment length increased while the equivalent bond strength
decreased; the residual bond capacity with a rebar at the
edge was slightly higher than specimen where the rebar
in the corner [64]. Ghazaly et al. tested end beam speci-
mens at 600 °C and 800 °C with rebar located at the edge
of a specimen; the bond strength suffered a slight decline
when the bonded length was raised from five times the bar
diameter to eight times the bar diameter in the reference
and residual bond strength after elevated temperature [70].
Liu et al. [84] using two heating procedures, constant load,
and constant temperature, shows the failure load of pull-
out specimens under constant temperature increases with
embedded length, as shown in Fig. 9; however, the ultimate

16
B70 mm

=
IS

m90 mm

-
N

m110 mm

200 400 600 700

Temperature [°C]

-
o

Bond strength [N/mm?]
a 0

o

[N)

Fig. 9 Embedment length influence on bond using constant

temperature [84]

bond stress decreases. Additionally, the embedded length
does not affect the failure temperature and failure time of
transient pull-out specimens, as shown in Fig. 10.

Most studies focus on single rebar behavior at high
temperatures, missing interactions in multi-rebar setups,
where multiple rebars are present and subjected to thermal
stress simultaneously. Das et al. [85] found a notable dif-
ference in bond capacity in which twin rebars have lower
bond strength due to reduced concrete cover, but fire expo-
sure slightly narrows this gap.

3.4 Influence of thermal processing conditions
Temperature distribution in fire-exposed concrete is
highly non-uniform, influenced by fire growth rate, sever-
ity, cross-sectional shape, thermal mass, and the stage of
fire development [86]. Determining the credible worst-case
fire scenario for concrete members presents a significant
challenge due to conflicting thermal effects. A high-tem-
perature, short-duration fire may induce explosive spall-
ing caused by rapid thermal gradients, whereas a low-tem-
perature, long-duration fire can result in sustained heat
penetration, leading to elevated average temperatures that
degrade structural strength and stiffness over time [87].
As a result, the choice of heating protocol — such as
maintaining a stabilized high temperature or applying a
constant thermal load — has a marked influence on the bond
strength between reinforcing steel and concrete follow-
ing exposure to elevated temperature [30, 63]. In the first
method, specimens are heated to a target temperature and
tested at laboratory temperature. The selected target tem-
perature steps should accurately capture the changes in con-
crete properties as they are heated. As concrete is exposed
to elevated temperatures, it undergoes a progressive series
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Fig. 10 Embedment length influence on bond using constant load

temperature [84]



of mineralogical transformations. These changes can be
examined petrographically to determine the maximum
temperature the concrete has experienced and to estimate
the depth of thermal damage [88]. At the beginning, con-
crete is largely unaffected up to around 100 °C, experienc-
ing only thermal expansion, but above this temperature,
it begins to lose free water as moisture evaporates from
its capillary pores [89]. Free water within concrete evap-
orates between 100 °C and 150 °C when no pore pressure
is present, whereas chemically bound water remains stable
until temperatures approach approximately 450 °C [90],
significant loss of strength commences at 300 °C [91].
Between roughly 400-550 °C, Ca(OH), decomposes
into CaO and H, 0, leading to pore expansion, microcrack-
ing, and considerable weakening of the cement matrix,
which undermines the structural integrity of concrete
even after cooling. For practical applications, a tempera-
ture of approximately 600 °C is generally regarded as the
upper limit for maintaining the structural integrity of con-
crete produced with Portland cement [92—94]. Between
800 °C and 1200 °C, the calcareous components of both
the aggregate and the cement paste undergo complete
breakdown — through chemical dissociation and intense
thermal loading — resulting in a light grey discolouration
of the concrete accompanied by extensive micro-crack-
ing, and start to melt after 1200 °C [94]. While elevated
temperatures weaken concrete, the cooling phase — espe-
cially within the first few days — can worsen damage as
calcium oxide absorbs moisture from the air, expands,
and further propagates existing cracks [95]; water, which
reacts with calcium oxide (CaO) in the heated concrete to
form calcium hydroxide (Ca(OH),). This reaction causes
expansion, leading to cracking and further deterioration
of the concrete surface. The most critical changes involve
the dehydration of calcium hydroxide and the following
by potential for subsequent rehydration under appropri-
ate conditions [96]. This general behavior of concrete with
elevated temperature is illustrated in Fig. 11.

This procedure includes various stress scenarios,
depending on whether the specimen is under stress

Begining of
dehydration of
cement

I S
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during the heating cycle and its condition (either hot or
cold) during testing, which results in four distinct testing
scenarios. In the second stage, specimens are exposed to a
continuous load while heated until failure occurs. Fig. 12
summarizes heating procedures for bond strength test-
ing. The procedures aim to replicate structural behavior
during and after a fire, considering stress before, during,
and after the event. They assess load-bearing capacity
during the fire and residual strength afterward.

Morley and Royle's experiments using stabilized tem-
perature procedures indicate that specimens subjected to
stress during the heating cycle demonstrate slightly greater
strength than those not stressed, as shown in Fig. 13 [68].
This is attributed to the confinement provided by the load-
ing, which prevents crack formation during heating. This
may explain why many researchers use this test, as it sim-
plifies the process and provides more conservative bond
strength estimates.

Muciaccia and Consiglio [63] analyzed the two proce-
dures; again, the findings revealed that the reduction in
bond strength is more pronounced during the constant
load procedure. Additionally, the positioning of the rebar
significantly affects bond strength in the constant load
procedure, unlike what was observed in the stabilized
temperature procedures, as shown in Fig. 14.

Both tests for residual bond strength, conducted by
Muciaccia and Consiglio [63] Morley and Royle's [68] at
a constant temperature without stress during the heating
cycle, and subsequently tested for residual strength, show
similar behavior when the rebar is located in the center of
the specimen. The results also reveal a notable difference
in residual bond strength up to approximately 450 °C.
Beyond this temperature, the difference in bond strength
using different procedures diminishes, with some speci-
mens failing before reaching 700 °C.

The heating rate is a key variable in bond tests, with
slow rates usually between 2 °C/min and 10 °C/min [97].
A rapid heating rate, following ISO 834 fire curve [98],
can simulate real fire conditions and be compared with
other fire tests . Alternatively, a slow rate will eliminate
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Fig. 11 Effect of elevated temperature on concrete
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Fig. 12 Bond testing procedure at elevated temperature
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the resulting stress from the different movements, iso-
lating temperature effects on bond strength alone [24].
Banoth and Agarwal, using the slow rate of 2 °C/min and
a fast rate by following ISO 834 standards, found that a
more rapid heating rate leads to faster degradation of bond
strength, as shown in Fig. 15 [99]. Lee et al. also found
similar results, as shown in Fig. 15, in samples tested by
applying 2 °C/min and 15 °C/min, representing slow and
fast heating rates, respectively [82].

These results are attributed to stress caused by move-
ment through a significant temperature gradient, as shown
in Fig. 16. When a fast temperature is used, there is a con-
siderable difference between the furnace temperature
and the bond interface and vice versa. Tajik et al. [100]
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Fig. 15 Relation between heating rate and residual bond [82, 99]
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employed two heating protocols at a rate of 12 °C/min:
the uniform protocol, with the furnace set 50 °C above the
target temperature to achieve even heating, and the gradi-
ent protocol, in which the furnace was limited to 450 °C,
inducing a thermal gradient. The uniform method yielded
slightly higher bond strength, likely due to reduced ther-
mal damage to the concrete cover.

Soaking time ensures uniform heating after reach-
ing the target temperature and simulates real fire expo-
sure. Ahmed et al. [101] found that increasing soaking time
reduces the residual bond strength, showing a difference
of about 16% in residual bond strength between 60 and
120 min. exposure time at higher temperatures (400—-600 °C).
Chiang et al. [102] investigated pull-out specimens by expos-
ing the specimens to temperatures ranging from 240 °C to
550 °C for durations between 0.5 and 3 hours. For all inves-
tigated temperatures, the relative bond strength decreases as
the exposure time increases, as shown in Fig. 17.

According to a study by Liu et al. [103], the effects of
various temperatures (ranging from 120 °C to 350 °C)
and heating durations (from 3 to 24 hours) were exam-
ined. The study found that bond strength gradually
decreases, as shown in Fig. 18, while peak slip gradu-
ally increases with longer heating durations, as shown in
Fig. 19; observations indicate that the bond performance
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stabilizes after 24 hours of exposure to elevated tempera-
tures. Specifically, specimens exposed to temperatures of
150 °C, 250 °C, and 350 °C for 24 hours showed a decrease
in bond strength of 1.6%, 3.2%, and 6.2%, respectively.
Additionally, the peak slip increased by 12.5%, 17.2%, and
20.1% at the same temperatures.

Ghajari and Yousefpour [72] conducted experiments
using end beam test specimens subjected to two different
soaking times: one for 2 hours and the other for 24 hours.
The specimens were exposed to maximum furnace tem-
peratures of 400 °C, 600 °C, and 700 °C in the first heating
regime and 400 °C in the second regime. The maximum
core temperatures measured for the 2-hour specimens
were 260 °C, 470 °C, and 580 °C, respectively. The high-
est temperatures at the rebar-concrete interface within the
bonded regions for these specimens were calculated to be
310 °C, 487 °C, and 590 °C, respectively. A uniform tem-
perature distribution was achieved for the Series B speci-
mens, which were exposed to the furnace 24 hours.

Researchers examined different cooling methods for
heated specimens, including air- and water-cooling tech-
niques. Ahmed et al. [101] studied the effects of two cool-
ing techniques: slow cooling in air and rapid cooling in
water. Their findings indicated that the cooling method
had no significant impact on residual bond strength.
Bingdl and Giil studied both procedures in specimens with
different embedment lengths (6, 10, 16) cm [104]. For the
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shortest length sample, no vital difference was observed
in residual bond strength as shown for both methods
in Fig. 20, generally because of the small length, which
prevented the development of full bond strength. This
effect of small embedment length was also observed by
Botte and Caspeele, who tested the effect of quenching
on water and spraying for 5 minutes [105]. The deteriora-
tion was more pronounced for other lengths (10, 16) cm,
particularly for the C20 grade specimen tested by Bingol
and Giil and cooled with water. This is due to the ther-
mal effects of rapid cooling in water compared to the
gradual cooling that happens when the specimen is cooled
in air [104]. Lee et al. also tested pull-out specimens using
both methods and found that the cooling methods do not
significantly affect samples with uncoated rebar, as shown
in Fig. 20. However, a notable difference was observed in
the coated rebar samples: those cooled with water exhib-
ited higher strength at 400 °C and 600 °C temperatures.
Despite this increase in bond strength, no clear explana-
tion for this phenomenon was identified [82]. It is import-
ant to note that ACI Committee 408 states that if sur-
face properties, such as epoxy coatings, are critical, the
results of pull-out tests may not be applicable for practi-
cal design purposes [29]. Consequently, epoxy-reinforced
bars should be tested using beam specimens to evaluate
their performance correctly.

4 Conclusion
This work reviews the available literature about bond
strength at elevated temperatures. It can be concluded that
1. Further beam tests are needed to better understand
residual bond strength at high temperatures. Pull-out
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02 Bingol , Gul
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25 100 200 300 400 500 600 700 800 water cooled (cm 35,6
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Relative bond strength[-]

Fig. 20 Impact of cooling methods on bond strength at elevated
temperatures [82, 104]
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