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The results of analytical analysis of interfacial bond stress-slip behavior of steel bars embedded in

recycled aggregate concrete (RAC) are reported in this paper. Significantly large data from the

laboratory pullout tests of specimens were analyzed including the specimens tested by the author. A

bond stress-slip constitutive law is proposed for the steel rebars embedded in RAC. The experimental

stress–slip responses of specimens were compared with the theoretical predictions. An existing model

in the literature was employed for determining the ascending branch of the bond stress–slip curve.

Based on the differences in the observed and predicted responses, a modified expression to capture

the descending branch of the bond stress–slip curve was proposed. The results of the modified

expression correlated well with the observed data of samples tested by the author and those reported

in the existing literature.

Keywords: strain compatibility, stress–slip response, constitutive law, bond strength, pullout

specimen, recycled aggregates, deformed bar.

N o t a t i o n

NAC – natural aggregate concrete

RAC – recycled aggregate concrete

SD – standard deviation

� – interfacial bond stress

� max – maximum interfacial bond stress

c – concrete cover

c0 – distance between the ribs of the reinforcing bar

db – diameter of bar

fc – concrete compressive strength

ld – rebar embedment length

s – rebar slip

smax – maximum rebar slip

Introduction. The design of reinforced concrete (RC) structures assumes a perfect

bond between steel bars and concrete for the estimation of load capacity and structural

deformation. The deformation capacity of RC members and their load redistribution

capacity in statically indeterminate structures are directly influenced by the bond. Bond

forces are developed at the steel–concrete interface in RC members at the application of

load to prevent slip of reinforcing bars which ensures strain compatibility between steel and

surrounding concrete. This assumption of strain compatibility is valid only in regions of

low interfacial bond stresses. With an increase in the applied load, the capacity of steel–

concrete interface to transmit stresses from concrete to the bar weakens (owing to the

damages to the surrounding concrete), which reduces bond stresses. For the regions near a
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crack, steel strains differ from concrete which invalidates the assumption of strain

compatibility. As a result, relative displacement occurs between concrete and reinforcement,

which is termed as rebar slip (s). This slip causes a redistribution of stresses, which results

in increased structural deformation and reduced the load capacity, as compared to that

determined using the perfect bond assumption. A rapid degradation of structure stiffness

could be resulted, which greatly influences crack width and deflection of RC members.

A significant amount of research has been conducted over the past several decades to

study the bond behavior of steel bars using natural aggregate concrete (NAC) [1–16].

Different bond stress-slip laws have been proposed by the researchers [17–22] for

determining strength of bond, end anchorages and lap splices of steel rebars. The

application of recycled aggregate concrete (RAC) in structural applications requires

sufficient investigations for its wider acceptability and use. Presently, the studies related to

bond behavior of steel bars embedded in RAC are limited [23–29]. In particular, bond

stress-slip constitutive laws for RAC have not been studied to the same level as for NAC.

This paper presents studies related to investigating analytical bond stress-slip behavior

of steel bars with RAC. The experimental data of pullout specimens tested by the author

were employed for the comparison of analytical and observed behaviors. The details of

these experiments and their results are presented in the companion paper [30]. The

interfacial bond stress-slip constitutive laws in the existing literature were considered to

predict the bond behavior of experimentally tested pullout specimens which indicated

limitations of these laws for use with RAC. A modified expression has been suggested as

an exponential function (with rebar rib spacing as a variable) to capture the descending

branch of the stress–slip curve. The validity and effectiveness of the proposed model was

studied with reference to the available experimental studies in the literature by various

researchers. The resulting data demonstrated the improved ability of the proposed equation

to predict bond stress-slip behavior of steel bars embedded in different types of RAC.

1. Problem Statement. Recycling of waste concrete provides an effective alternative

to deal with the issue of its disposal. The aggregates obtained from waste concrete can be

used in the production of RAC. Most of the research on RAC has been focused on studying

the material behavior in plain concrete [31–38]. Structural application of RAC requires

investigation from different aspects including its bond behavior with steel bars. In general,

bond behavior of steel bars in RC members is represented by an interfacial bond stress–slip

relationship. A reliable stress-slip constitutive law is essential for numerical models of RC

structures for correct estimation of stresses and strains in concrete and steel which influence

structural deformation characteristics (which, in turn, affect crack width and spacing) and

load-carrying capacity.

The bond behavior of steel bars with concrete can be studies by using pullout tests

and the results could be used to obtain interfacial bond stress–slip relationship. Prince and

Singh [23, 29] and Xiao and Falkner [25] carried out pullout tests on specimens made with

RAC and suggested use of Eqs. (1) and (2) to predict bond stress-slip failure envelope.

Equation (1) has been suggested by Harajli [19] and is used for determining the ascending

branch of the envelope. To capture the descending branch of stress–slip response of pullout

specimens, Eq. (2) is employed, which was introduced by Guo [22]:

� � ( ) ,s a
(1)

� �
� �

s

b s s( )
,

1 2 (2)

where � and s are the bond stress and slip, respectively, normalized to their respective

peak values, and a and b are constants.
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The major shortcoming of Eqs. (1) and (2) is the determination of values of a and b

which vary for different types of pullout specimens. The values of both these constants

were calculated by the authors in references [23, 25, 29] from regression analyses of their

own experimental data. This is no surprise that differing values of a and b have been

reported by these authors in the aforementioned studies which vary based on the factors

such as level of RCA addition, and the type and diameter of the employed rebars. As a

result, reported values of a and b are applicable only for the specimens tested by these

authors and may not provide satisfactory results for conditions of specimens different than

those used by these researchers. These limitations of Eqs. (1) and (2) restrict their use

considerably in practical applications. Consequently, it is necessary to establish a realistic

bond stress-slip constitutive law, which is generic in nature and is easy in its implementation.

2. Interfacial Bond Stress-Slip Constitutive Law. Ciampi et al. [39] suggested the

local interfacial bond–slip relationship for pullout mode of bond failure as shown in Fig. 1.

The correct prediction of � max is crucial for the determination of accurate crack spacing.

Based on the relationship in Fig. 1, Harajli [19] proposed Eq. (3) for the estimation of

� max for the pullout failure of steel bars embedded in normal strength concrete. Figure 2

compares the data of observed and predicted � max (Eq. (3)) for few of the specimens

tested by Rafi [30]. It can be seen in Fig. 2 that a good correlation exists between the two

data for most of the samples. The value of R 2 (Fig. 2) is assessed as 0.80. A T-test was also

conducted on the datasets (Fig. 2) to determine their similarity. The results for one- and

two-tail of the T-test provided a nearly zero p-value with a Pearson correlation coefficient

of 0.89, which strongly suggests that both data are strongly correlated:

� �max ,� fc (3)

where � � 078. ( )c db and c is the concrete cover.

Note that the values of � for the bars employed in the study conducted by Rafi [30]

are 12.6, 9.4, and 7.4, respectively, for the bars of 12, 16, and 20 mm in diameter. The value

of � equal to 2.5 was recommended by the fib Model Code [40] for the pullout failure of

deformed bars in good bond conditions with concrete. ACI 318R-14 [41] and CSA standard

[42] imply the � values of 0.34(c db ) and 0.52, respectively, for uncoated deformed bars

of diameter not excceding 20 mm, which are embedded in less than 300 mm-thick
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Fig. 1. Envelope for interfacial bond stress–slip response for pullout bond failure.



normal-weight concrete below the bar. It becomes apparent from the aforementioned values

of � for the employed bars that all the above codes underestimate � max significantly.

Note that the recommendations for � given in ACI 318R-14 [41] and CSA standard [42]

are based on beam tests in flexure as opposed to pullout tests. Nevertheless, (as is seen in

the above) the � value in fib Model Code [40] (which is based on pullout tests) is more

conservative than in ACI 318R-14 [41]. For example, the least c db value in the presented

paper is 9.5 which yields a � of 3.23 as per ACI 318R-14 [41]. In comparison, fib Model

Code [40] suggests 2.5 which will provide less � max than that by ACI 318R-14 [41].

The ascending branch of the failure envelope in Fig. 1 is expressed using Eq. (4) as

suggested by Harajli et al. [43]. Using the data of experimental bond tests of the steel bars,

Harajli [19] suggested � �f � 035. ,max s cmax . ,� 015 0 s c1 0035� . , and s c2 0� (Fig. 1),

where c0 is the distance between the ribs of the reinforcing bar:

� ��
�

�
		




�
��max

max

.

.
s

s

0 3

(4)

Equation (4) has been used to trace the stress–slip curves of the samples employed by

Rafi [30]. Figure 3 compares the data of observed and predicted bond stress–slip response

of a few pullout specimens. The details of the specimens are given in Table 1. The notation

of the specimen is as follows: the first two numbers indicate the percentage of RCA

replacement, the second letter (P) represents a pullout specimen. This is followed by the bar

diameter, while the letter in the end indicates the bar type, such as D for hot-rolled

deformed and T for cold-twisted ribbed bar. For example, 10P12T is a pullout specimen

made with a 10-percent replacement of RCA using a cold-twisted ribbed bar of 12 mm in

diameter. It is seenin Fig. 3 that the ascending branch of the predicted curve correlates

closely with the observed response. On the other hand, the predicted descending branch of

the bond stress-slip law (Fig. 1) is significantly deviated form that observed during the

experimental testing of samples.

The descending branch of a bond stress–slip envelope indicates the bar ability to

provide a frictional resistance beyond � max . Rafi [30] reported the ductile behavior of

pullout specimens in the post-peak regions of bond stress–slip response. It is noted from the

observed response of the bars in Fig. 3 that the descending branch of the bond stress–slip
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Fig. 2. Observed [30] and predicted maximum interfacial bond strength.
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Fig. 3. Observed and predicted interfacial bond stress–slip response.



response follows an exponentially decreasing trend, which explains its deviation from the

proposed straight line relationship in Fig. 1. Harajli [19] suggested Eq. (5) for capturing the

descending branch for splitting the bond failure of specimens:

� 
��
�

�
		




�
��

�

max
max

.

,
s

s

0 5

(5)

where 
 is taken as 0.65 for normal strength concrete as suggested by Harajli [19].

Based on some trial and error calculations, Eq. (5) has been modified in order to trace

the descending branch of the pullout samples employed in the studies presented. The

modified expression is given by Eq. (6):

� �

�

�
�

�
		




�
��max .

s

s1

(6)

Note that 
 is taken as 1 in Eq. (6). The observed data of 24 different types of

samples reported by Rafi [30] was analyzed to study the variations in � for different values

of � through an iterative process. As mentioned earlier, the frictional component of bond

plays a vital role in the determination of descending part of bond stress–slip response; this

component is influenced by the rib characteristics of the bar. As a result, � was considered

to be a function of c0. This allows the use of Eq. (6) for steel bars with different

geometries of rebar deformation. Based on the aforementioned data analysis, the value of �
was obtained as � 005 0. c and � 003 0. c for the hot-rolled deformed and cold-twisted

ribbed bars, respectively. Fig. 3 illustrates the descending branch of the curves as predicted

by Eq. (6). A good correlation exists between (Eq. (6)) and the observed response in Fig. 3.

3. Validation of Model. In order to assess the effectiveness and reproducibility of

Eq. (6), a sizeable amount of observed data of pullout specimens made from RAC available

in the literature was analyzed and the analytical results obtained from Eqs. (4) and (6) (in

conjunction with Eq. (3)) were compared with the recorded data. The details of few

selected studies and necessary parameters are given in Table 2. It is noted in Table 2 that

fc values range from 27–50 MPa. Similarly, c db and c0 are also different than those

employed in the experimental testing program reported by Rafi [30]. Figure 4 compares the

results of analytical and experimental bond stress–slip responses for the studies in Table 2.
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T a b l e 1

Properties of Pullout Specimens Experimentally Tested by Rafi [30]

Specimen fc , MPa c db/ c0 , mm � max , MPa smax , mm

0P16D 24.09 9.4 9.2 20.93 2.00

10P16D 28.54 9.4 9.2 21.69 2.87

20P20D 33.09 7.4 9.7 21.59 0.22

30P20D 31.82 7.4 9.7 19.28 1.46

0P12T 21.64 12.6 6.7 23.70 3.07

10P12T 28.54 12.6 6.7 26.32 0.60

10P16T 28.54 9.4 8.6 22.37 2.62

30P16T 30.12 9.4 8.6 22.23 1.99
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Fig. 4. Comparison of interfacial bond stress–slip responses: (a) A10R25 [23]; (b) according to [44];

(c) RCA-I100V [27]; (d) RCA-II-50 [25]; (e) RCA-I0V [27]; (f) BE-RAC2-50-375A [26]; (g) RCA-

II-100 [25]; (h) A8R75-3 [23].

a b

c d

e f

g h



It is seen in Fig. 4 that the analytical predictions correlate well with the observed data in all

cases under study. These results prove the reliability of the proposed constitutive law (in

particular, Eq. (6)), as applied to steel bars embedded in RCA. A comparative analysis of

Eqs. (6) and (2) yields more simplistic form and easier application of the proposed Eq. (6).

In addition, the proposed method (Eqs. (3), (4), and (6)) is free from the need of

determining constants a and b in Eqs. (1) and (2).

Conclusions. This paper reported studies related to the analytical bond stress-slip

behaviors of steel reinforcing bars with RAC. The analytical results were compared with

the observed data from the pullout specimen tests. A bond stress-slip constitutive law is

proposed, which is based on the determination of � max , and ascending and descending

branches of bond stress–slip envelope. The expressions suggested for NAC in the existing

literature provided a good correlation with experimentally observed � max (Eq. (3)) and the

ascending part of the interfacial bond stress–slip envelope (Eq. (4)). A modified expression

(Eq. (6)) is suggested to capture the descending part of the interfacial bond stress–slip

envelope for the pullout failure. The proposed equation is an exponential function with a

variable of reinforcing bar rib spacing. The results obtained via the modified equation

match closely with the descending part of the observed bond–slip responses reported in the

literature for a variety of pullout specimens.
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