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Abstract: The replacement of traditional aggregates with recycled rubber in concrete is increasingly attractive, driven by 
sustainability-related considerations. Nevertheless, incorporating rubber particles alters both the microinterfacial characteristics 
and the macroscopic performance of concrete, which leads to the variation in bond behavior between rebar and rubberized 
concrete. Against this background, 42 central pull-out specimens were prepared for bond tests, and the impact of the rubber 
replacement ratio (ρrv) on the bond behavior was investigated. Moreover, specimens with different confined conditions were 
designed to identify a reliable strengthening scheme for crumb rubber concrete (CRC) members. The test results show that when 
ρrv increases from 0% to 30%, the crack width of the splitting specimens decreases, but the bond strength deteriorates simultaneously. 
When  ρrv increases to 40%, the specimens are subjected to pull-out failure, and the deterioration of the bond strength can be 
alleviated. Specimens strengthened by fiber-reinforced polymer (FRP) and/or stirrups undergo pull-out failure and exhibit higher 
bond strength than that of their unstrengthened counterparts. Confinement enhances the bond strength of CRC specimens, beyond 
which further confinement induces no additional gains. By calibrating rubber-influenced parameters and the confinement critical 
effect, a mechanics-based model is established for predicting the bond strength of the CRC–rebar interface. Finally, the stochasticity 
of the bond–slip response is simulated based on the assumption of multi-composite spring–friction units fracturing stochastically, 
and a continuous bond–slip model with high accuracy and an integral absolute error (EIA) below 10.47% is proposed.

Key words: Crumb rubber concrete (CRC); Rubber replacement ratio (ρrv); Bond strength model; Fiber-reinforced polymer 
(FRP)–stirrup confinement; Bond–slip model

1 Introduction 

Numerous waste tires are produced annually 
(Azevedo et al., 2012), and the majority are disposed 
of in landfills (Ferdous et al., 2021). However, the 
long-term accumulation of waste rubber not only oc‐
cupies land but also releases poisonous chemicals, 
causing pollution of soil and groundwater (Zhang et al., 
2023). Furthermore, burning waste rubber can pro‐
duce carcinogens and greenhouse gases, aggravating 

air pollution and climate deterioration (Sienkiewicz 
et al., 2017). Consequently, it is of significance for 
sustainability to recycle and effectively utilize waste 
rubber. Many studies have reported crumb rubber con‐
crete (CRC), in which rubber particles replace fine ag‐
gregates for engineering structures. This approach re‐
utilizes waste rubber and simultaneously alleviates the 
consumption of river sand (Velegrakis et al., 2010; 
Raffoul et al., 2016; Guo et al., 2022).

Research shows that the ductility, wear resistance, 
and impact toughness of concrete can be improved 
after incorporating rubber particles, which contribute 
to the macroscopic static and seismic behavior of 
structural concrete (Abendeh et al., 2016; Pham et al., 
2020; Karunarathna et al., 2022). Therefore, CRC 
grants structural energy dissipation properties and 
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enhanced deformation control, which has been increas‐
ingly applied in various large-scale infrastructure proj‐
ects (Liu et al., 2025). Nevertheless, the hydrophobicity 
of rubber microscopically induces a highly porous in‐
terfacial transition zone (ITZ), while its low elastic 
modulus creates compressible voids, causing severe 
stress concentrations (Turatsinze and Garros, 2008; 
Gesoglu et al., 2015). Macroscopically, these defects 
accelerate microcrack initiation and coalescence under 
loading, fundamentally undermining the compressive 
strength (Yan et al., 2025; Mishra et al., 2026; Tan 
et al., 2026). This reduction, in turn, leads to a pro‐
nounced deterioration in the bond strength between 
the rebar and the CRC matrix (Xiao et al., 2026). The 
pull-out tests of Gesoglu et al. (2015) on CRC with a 
maximum rubber replacement ratio (ρrv) of 30% indi‐
cate that the bond strength decreases up to 40% com‐
pared with that of normal concrete (NC). Similarly, 
Bompa and Elghazouli (2017) conducted bond tests of 
CRC with ρrv ranging from 0% to 60% in 20% incre‐
ments and noted that the bond strength gradually de‐
creases with increasing ρrv. An analogous observa‐
tion is obtained by Bai et al. (2023).

To compensate for the detrimental effect of rub‐
ber incorporation on bond strength, providing addi‐
tional confinement has emerged as a promising ap‐
proach. As indicated by the mechanics-based model 
of Xu et al. (2023), concrete dilation induced by rebar 
debonding activates passive confinement from exter‐
nal jackets or internal stirrups, generating additional 
radial stress at the bond interface to enhance bond per‐
formance. Traditionally, transverse reinforcement has 
been widely utilized to provide such well-confined con‐
ditions, with bond strength increasing significantly 
alongside the stirrup ratio (fib, 2013; Wang et al., 2020; 
Xiao et al., 2025a). Nevertheless, densely arranged 
internal stirrups can hinder concrete casting and fail 
to prevent visible surface cracks (Wang et al., 2024). 
Consequently, externally strengthening members with 
fiber-reinforced polymer (FRP) sheets to form an FRP–
stirrup dual confinement system has become an attrac‐
tive alternative. In practical engineering scenarios, this 
strengthening method is highly promising for the seis‐
mic retrofitting of bridge piers and the upgrading of 
existing structural columns, where the superior energy 
dissipation of CRC and the high tensile strength of 
FRP can be synergistically utilized. As stated by Wang 
et al. (2023), specimens under FRP–stirrup dual con‐
finement exhibit bond strengths at least 33.17% and 

6.39% higher than unstrengthened and single-stirrup-
strengthened specimens, respectively, while also dis‐
playing superior bond ductility. Despite these advan‐
tages, a critical confinement effect exists, leading to 
an upper bound for bond strength enhancement (Wang 
et al., 2024; Xiao et al., 2025a). Once crack develop‐
ment is fully restrained by confinement, further re‐
straining efforts become superfluous and yield no ad‐
ditional bond capacity (Gambarova and Rosati, 1997; 
Wang et al., 2024). Given the inherently superior 
crack resistance and toughness of CRC, it is hypothe‐
sized that a reduced critical confinement level is re‐
quired to reach this upper bound. Therefore, further 
clarification is urgently needed regarding the bond be‐
havior between rebars and CRC under complex con‐
finement conditions, specifically concerning the inter‐
play between ρrv and the critical confinement thresh‐
old. As corresponding studies remain limited, address‐
ing these issues is of vital importance for the reliable 
and economical design of CRC structures.

To gain insight into this issue, bond tests of re‐
bars to CRC were conducted. The ρrv ranged from 0% 
to 40% in 10% increments. With respect to confine‐
ment, the specimens included unstrengthened, stirrup-
strengthened, FRP-strengthened, and FRP–stirrup dual-
strengthened cases. The program was designed to in‐
vestigate the influence of these variables on the fail‐
ure mode, bond–slip response, and bond strength. To 
predict bond strength under different confinement con‐
ditions, an analytical model was developed based on 
elastic‒plastic mechanics, which offers better general‐
ization than purely empirical closed-form formulas. 
Parameters influenced by the ρrv and confinement con‐
ditions were calibrated against test data, enabling more 
accurate design predictions for the interfacial bond 
strength of CRC members. Furthermore, a new bond–
slip model was proposed to facilitate finite-element 
simulation of the interfacial bond capacity between 
steel bars and CRC. Compared with fib (2013), the 
proposed model achieves better agreement with mea‐
sured bond–slip responses.

2 Experimental program 

2.1 Specimen design

A total of 42 central pull-out specimens were 
tested. The influential factors considered in the program 
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included the ρrv, stirrup confinement, FRP confine‐
ment, and FRP–stirrup dual confinement. For the reli‐
ability of the test results, two duplicates were pre‐
pared for each specimen design. Inspired by the new 
structural configuration illustrated in Fig. 1, a 16 mm-
diameter deformed rebar was embedded along the 
central axis of a concrete cylinder. Its two ends were 
wrapped with polyvinyl chloride pipes to avoid stress 
concentration, resulting in a bonded length of 80 mm, 
as recommended by CEN (2005). To avert potential 
cracks induced by thermal effects associated with ex‐
cessive concrete cover, the ratio of concrete cover to 
rebar diameter was designed as 2.94, consistent with 
practical construction details (Tang et al., 2015). In 
addition, a 6 mm-diameter plain rebar was fabricated 
into a spiral with a spacing of 40 or 80 mm to serve 
as internal confinement for selected specimens.

To ensure uniform dispersion of the rubber part‑
icles, a forced-action mixer was utilized to dry mix the 
aggregates and crumb rubber for 2 min to break up 
any potential clusters, followed by an additional 3 min 
of wet mixing after introducing cement and water. 
Concrete was poured vertically into molds. The load-
end surface was polished using an angle grinder to en‐
sure smoothness and close contact with the reaction 
frame during loading. After curing for 28 d, selected 
specimens were wrapped with one or two layers of 
FRP sheets, with a 115 mm overlap length to prevent 
jacket debonding.

Table S1 of the electronic supplementary materi‐
als (ESM) lists the specimen parameters and test re‐
sults in detail. Specimens were named according to 
the following principles: the first number represents 

ρrv; S2 or S3 denotes stirrup spacing of 80 or 40 mm, 
respectively; F1 or F2 indicates one or two layers of 
FRP sheets. For instance, 30-S2-F2 denotes a CRC 
specimen with ρrv of 30%, strengthened by 80 mm-
spacing stirrups and two-layer FRP sheets.

2.2 Material properties

The 42.5-grade ordinary Portland cement was 
used for all mix proportions. As per ASTM (2018), 
well-graded aggregates with nominal sizes ranging 
from 5 to 20 mm were adopted. In accordance with 
AQSIQ and SAC (2011), river sand with a maximum 
nominal size of 5 mm, fineness modulus of 2.6, and 
density of 2650 kg/m3, respectively, was adopted for 
fine aggregates. In CRC mixtures, a portion of sand 
was replaced by rubber particles at volume ratios of 
10%, 20%, 30%, and 40%. This specific range was se‐
lected to capture the transition of bond behavior while 
avoiding the excessive mechanical degradation typi‐
cally observed beyond a 40% replacement. The rub‐
ber particle size ranged from 0.25 to 4.00 mm, which 
matches the gradation of the replaced sand to mini‐
mize strength loss, with a density of 925 kg/m3, consis‐
tent with the relevant literature (Bompa and Elghazouli, 
2017; Romanazzi et al., 2021; Lu et al., 2024). The 
mix proportions of the concrete are summarized in 
Table 1. The four types of rubber: A, B, C, and D, re‐
spectively represent their particle sizes of 0.250, 0.425, 
1–2, and 2–4 mm. The rubber particle gradation ratios 
of rubber A, B, C, and D, were designed as 2.25:5.62:
10.11:4.49 to achieve a distribution similar to that of 
the sand, as shown in Fig. 2 (BSI, 1992). For each 
mix proportion, three duplicate 100 mm cubes were 

Fig. 1  Schematic of the specimen
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prepared to determine the compressive strength ( fcu), 
as shown in Fig. 3. It is evident that fcu decreases with 
increasing ρrv, which is consistent with the observa‐
tion of Liu et al. (2023).

A deformed rebar with a nominal diameter (d ) 
of 16 mm was used, and the corresponding surface 
geometry was measured using a Vernier caliper, as 
shown in Fig. 4. In accordance with AQSIQ and SAC 
(2010), the tensile stress‒strain curves of the three 
duplicate rebars (rebars 1–3) were obtained.

As per the manufacturer’s information, the FRP 
parameters were listed in Table 2. Additionally, the 

interfacial bond strength between the concrete and FRP 
sheets was 5.4 MPa in accordance with MOHURD 
and AQSIQ (2011).

2.3 Test setup

The central pull-out tests were conducted via a 
200 kN servo-controlled test machine. As per Xiao 
et al. (2025b), the displacement-controlled rate was 
1 mm/min. As illustrated in Fig. 5, the load-end sur‐
face of the concrete was in close contact with the 
homemade frame, while the load-end reinforcement 
was clamped by a chuck. The applied force was mea‐
sured by a load cell. A pair of linear variable displace‐
ment transducers (LVDTs) fixed on the steel frame 
served to capture the load-end slip, and an LVDT fixed 
on the magnetic base was used to collect the free-end 
slip.

3 Test results 

3.1 Bond–slip response and failure mode

As recommended by RILEM (1994), the embed‐
ment length of 5d allows approximately uniform stress 

Fig. 2  Particle size distributions of fine aggregates

Fig. 3  Test results of concrete strength

Table 1  Mix proportions of concrete

ρrv

0%
10%
20%
30%
40%

Mix proportions of concrete (kg/m3)

Cement

373
373
373
373
373

Fly ash

50
50
50
50
50

Dravel

1273
1273
1273
1273
1273

Sand

637
573
510
446
382

Rubber A

0.00
2.25
4.49
6.74
8.99

Rubber B

0.00
5.62

11.24
16.85
22.47

Rubber C

0.00
10.11
20.23
30.34
40.45

Rubber D

0.00
4.49
8.99

13.48
17.98

Water

170
170
170
170
170
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along the bonded zone. Thus, Eq. (1) was used to de‐
termine the bond stress (τ). Considering rebar defor‐
mation between the load-end LVDTs and the bonded 
region, Eq. (2) was adopted to determine nominal slip 
(s) (Xiao et al., 2025b).

τ =
F

πdl
 (1)

s =
1
2 ( )s l + sf -

4Fla

πd 2 Es

 (2)

where F is the pull-out load; l is the embedment 
length; sl is the load-end slip; sf is the free-end slip; la is 
the distance between the load-end LVDTs and bonded 
region; Es is the reinforcement elastic modulus.

Fig. 6 illustrates the bond–slip curves of the un‐
strengthened specimens, most of which exhibit only 
the pre-peak branch due to splitting failure. In this case, 
circumferential stress exceeds the tensile capacity of 
concrete and induces multiple cracks, resulting in loss 
of confinement to the core concrete. Therefore, a post-
peak branch cannot develop under splitting failure, 
consistent with the bond–slip response under insuffi‐
cient confinement reported in fib (2013). Moreover, 
ρrv plays an important role in the bond–slip behavior 
of unstrengthened specimens: the initial bond stiff‐
ness decreases as ρrv increases. Wang et al. (2020) re‐
ported that the initial bond–slip behavior is governed 
by chemical adhesion. However, incorporating rubber 
particles reduces the area of cement paste in contact 
with the steel surface, indirectly weakening the chem‐
ical adhesion.

Additionally, the macroscopic failure is signifi‐
cantly influenced by ρrv. For NC specimens (ρrv=0%), 
pronounced brittleness is evidenced by more than three 
visible cracks on the free-end surface. With increasing Fig. 5  Test setup: (a) schematic; (b) photograph

Table 2  Parameters of FRP sheets

Parameter
Areal weight (g/m2)

Nominal thickness (mm)

Tensile strength (MPa)

Elastic modulus (GPa)

Ultimate rupture strain

Value
299

0.167

3739

240

0.0171

Fig. 4  Stress‒strain curves and surface geometry of the 
reinforcement. a–a and b–b stand for the different 
observation perspectives

Fig. 6  Bond–slip curves and failure phenomena of unstrengthened specimens with different ρrv values: (a) ρrv=0%; (b) ρrv=
10%; (c) ρrv=20%; (d) ρrv=30%; (e) ρrv=40%. (1) and (2) represent two parallel experiments of a single specimen
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ρrv, cracking is alleviated. Specifically, for ρrv=10% and 
20%, three cracks remained visible, but their widths 
were significantly smaller than those in NC specimens. 
When ρrv increased to 30%, only two visible cracks 
propagated to the concrete cover edge, although split‐
ting failure still occurred. When ρrv further increased 
to 40%, the failure mode changed into pull-out failure 
with splitting. In this case, the concrete matrix still 
provides weak confinement to the bond interface, and 
a ductile post-peak segment can be observed. This is 
because crack tips are blunted by rubber particles, re‐
straining crack propagation (Bai et al., 2023).

All specimens strengthened by confinement com‐
ponents underwent pull-out failure, and typical ductile 
bond–slip curves were obtained (Fig. 7), featuring a 
post-peak branch with soft unloading stiffness. This 
indicates that crack-induced concrete dilation activates 

the mechanical response of stirrups or FRP, which in 
turn provides confinement to the core region and con‐
tributes to ductile bond–slip behavior. However, the 
unloading stiffness of CRC specimens is smaller than 
that of NC specimens under identical confinement con‐
ditions. This may be attributed to the porous structure 
of CRC arising from the weak rubber–matrix interface, 
which allows greater energy dissipation (Ganjian et al., 
2009; Hall and Najim, 2014).

Note that a certain degree of variability exists be‐
tween the duplicate specimens. This is attributed to the 
inherent heterogeneity of the concrete matrix. The ran‐
dom spatial distribution of aggregates near the rebar 
ribs leads to localized variations in the mechanical in‐
terlocking force. Furthermore, the highly sensitive na‐
ture of the concrete failure mechanism inherently con‐
tributes to the observed scatter in bond strength.

Fig. 7  Bond–slip curves of strengthened specimens: (a) x-S2; (b) x-S3; (c) x-F1; (d) x-F2; (e) x-S2-F1; (f) x-S3-F1; (g) x-S2-
F2; (h) x-S3-F2. x is 0 or 30. (1) and (2) represent two parallel experiments of a single specimen
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3.2 Factors influencing bond strength

3.2.1　Impact of rubber replacement ratio

Fig. 8 shows the influence of ρrv on the ultimate 
bond strength (τu) of the unstrengthened specimens. 
The bond strength decreases as ρrv increases from 0% 
to 30%, which is expected due to the reduction in fcu. 
Notably, the bond strength of specimen 40 is higher 
than that of specimen 30, although its fcu is only 
68.98% of the latter. This can be attributed to the dif‐
ferent failure modes. For specimen 40, which under‐
went pull-out failure with splitting, the partially intact 
concrete matrix enables continued interaction between 
rebar and concrete, leading to more fully developed 
bond stress than in splitting failure. This finding sug‐
gests that a critical ρrv may result in a balance between 
bond strength and ductility for the anchorage design 
of CRC members.

As recommended by fib (2013), the interfacial 
bond strength can be normalized to exclude the influ‐
ence of compressive strength using the bond coeffi‐
cient γb=τu/( fcu)

0.5. Fig. 8 shows that γb gradually de‐
creases as ρrv increases from 0% to 30%, indicating 
that the normalized bond capacities of CRC speci‐
mens are lower than that of NC specimen. This re‐
duction may be associated with changes in tensile 
strength that alter crack inclination in front of steel 
bars and reduce the concrete-bar wedge effect. Alter‐
natively, rubber particles with a low elastic modu‐
lus and high Poisson’s ratio may modify frictional 
behavior at the rebar–CRC interface (Topçu, 1995; 
Bompa and Elghazouli, 2017).

3.2.2　Impact of additional confinement

Fig. 9 shows the influence of confinement condi‐
tions on bond strength. As shown in Fig. 9a, confine‐
ment significantly increases the bond strength. For ex‐
ample, the bond strength of strengthened NC and CRC 
specimens is 23.24% and 34.07% higher than that of 
their unstrengthened counterparts, respectively. The 
effect of stirrups/FRP can be attributed to increased 
radial pressure at the bond interface and restrained 
cracking, which ensures sustained interaction between 
rebar and surrounding concrete (Xu et al., 2023; Xiao 
et al., 2025a). FRP generally outperforms stirrups be‐
cause it confines a larger region (Xu et al., 2023), and 
a similar conclusion is found by Wang et al. (2023).

In addition, it is found that reducing stirrup spac‐
ing plays a negligible role in bond strength. For in‐
stance, the bond strength of specimen 30-S3 is merely 
4.97% higher than that of specimen 30-S2, and the 
bond strength between specimens 0-S3 and 0-S2 nearly 
coincides. In contrast, the increase in the number of 

Fig. 9  Influence of different confinement conditions on 
(a) bond strength and (b) bond coefficient. x is 0 or 30

Fig. 8  Influence of ρrv on τu of the unstrengthened 
specimens

736



J Zhejiang Univ-Sci A   2026 27(7):730-745    |

FRP layers heavily improves the bond strength of the 
NC specimens, as the bond strength of specimen 0-F2 
is 34.24% higher than that of its one-layer FRP-
strengthened counterpart (0-F1). Interestingly, the bond 
strength of the CRC specimen confined by two layers 
of FRP is only 4.78% higher than that of specimen 30-
F1. This may be attributed to the deviation in fracture 
energy between the two types of concrete. The superior 
crack resistance of CRC induces additional FRP con‐
finement redundancy. Similar phenomena are also ob‐
served for specimens strengthened by dual confine‐
ment. It is apparent that the bond strength of NC spec‐
imens is enhanced by improving the confinement level. 
For example, in terms of the specimens with 40 mm-
spacing stirrups, the bond strength is 11.35, 15.95, 
and 17.13 MPa when the number of layers of FRP 
sheets is 0, 1, and 2. Alternatively, for specimens 
wrapped with single-layer FRP, the bond strength 
ratios of specimens 0-S2-F1 and 0-S3-F1 to 0-F1 are 
1.20 and 1.31, respectively. However, the bond strength 
varies little for CRC specimens under different con‐
finement levels. It can be inferred that the bond 
strength of well-confined CRC members is heavily 
dominated by the interfacial characteristics rather than 
the additional confinement. This finding indicates that 
the mix proportion of CRC should be emphasized in 
anchorage design, enabling potential savings in con‐
finement cost.

Fig. 9b compares CRC and NC specimens using 
γb. The majority of test results show that the γb of NC 
specimens remains superior to that of CRC specimens 
regardless of confinement conditions. Therefore, an 
additional safety coefficient is required in CRC struc‐
tural design, even when confinement is provided, con‐
sidering the strength degradation caused by rubber 
incorporation.

4 Analytical bond strength model 

4.1 Performance evaluation of existing models

In accordance with the following criteria, a data‐
base was assembled from relevant studies (Choi et al., 
2014; Gao et al., 2019; Li et al., 2020; Kammash et al., 
2022; Bai et al., 2023): (a) only specimens cast with 
NC or CRC were covered, and other types of con‐
crete, e.g., seawater sea–sand concrete, geopolymer 
concrete, and fiber-reinforced concrete, were excluded; 
(b) only the bond behavior of deformed carbon steel 

bars was compared; (c) with respect to the strength‐
ened specimens, only the device of stirrups or FRP 
was considered. Table S2 of the ESM lists more de‐
tails of the database. By comparing the experimental 
data to the theoretical predictions of fib (2013), the 
notable nonconservative predictions for the CRC 
specimens are inspected from Fig. 10a. Consequently, 
fib (2013) may be inadequate for the anchorage de‐
sign of CRC structures due to differences in interfa‐
cial mechanisms. In this case, several novel models 
were developed by directly fitting the bond test results 
of CRC specimens, e.g., Li et al. (2024) and Chen 
et al. (2023). However, these closed-form formulas 
cannot take comprehensive factors into consideration, 
leading to poor generalization (Figs. 10b and 10c), as 
reflected by undesirable statistical indicators, i.e., mean 
absolute error (EMA), root mean squared error (ERMS), 
mean (M), and coefficient of variation (CV). This may 
be caused by the fact that such empirical models are 
developed based on the variables designed in the ex‐
periment, whereas the factors outside of the predesign 
cannot be captured. Therefore, analytical modeling 
for the interfacial bond strength between rebar and 
CRC based on physical assumptions is needed due to 
its excellent extrapolation for the scenarios outside of 
the source database (Zhang et al., 2019; Xu and Yan, 
2023; Xu et al., 2023).

4.2 Mechanics-based model

4.2.1　Radial stress

As shown in Fig. 11, the fictitious crack assump‐
tion defines a double-cylinder model consisting of an 
inner plastic region and outer elastic region (Li et al., 
2021), where rs, rcr, and re are the rebar radius, ficti‐
tious crack radius, and specimen radius, respectively. 
The fictitious crack model sets the tangential stress at 
the crack tips equal to the concrete tensile strength 
( ft ), resulting in constant concrete strain (εcr) within 
the plastic region. According to the equilibrium of de‐
formation, the crack width (wc) evolves linearly along 
the radial direction and is expressed by Eq. (3) (Xu 
and Yan, 2023; Xu et al., 2023).

wc =
2πεcr

N
(rcr - r ) =

2πf t

NEc

(rcr - r )  (3)

where N is the crack number; r is the arbitrary radial 
coordinate; Ec is the elastic modulus of concrete.
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The cohesion (σw,r) within cracks provides bridg‐
ing traction, which governs the radial stress on the 
bond interface from the inner plastic region. In this 
sense, a corresponding analytical solution is obtained 
using the exponential constitutive σw,r–wc model re‐
ported by Reinhardt et al. (1986). On the other hand, 

the interfacial radial stress from the outer elastic re‐
gion is equilibrated with the uniform pressure at the 
inner wall of the elastic cylinder, which is inspired by 
the hydraulic pressure analogy. Thus, the radial stress 
(σ1) provided by the concrete cover can be calculated 
by Eq. (4).

Fig. 11  Fictitious crack model

Fig. 10  Prediction accuracy of bond strength models: (a) model of fib (2013); (b) model of Li et al. (2024); (c) model of 
Chen et al. (2023); (d) proposed model in this work
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σ1 = f t

rcr

rs

r 2
e - r 2

cr

r 2
e + r 2

cr

+
∫

rs

rcr

σwr dr

rs

. (4)

The contribution of stirrups/FRP arises because 
crack-induced dilation causes tensile deformation in 
these components, activating confinement and increas‐
ing radial stress at the bond interface. The radial stress 
(σ2) provided by stirrups/FRP is expressed by Eq. (5), 
where the strain of the confinement component is 
determined by Eqs. (6) and (7) for the cases without 
and with crack penetration at the component location, 
respectively.

σ2 =
Estεst Ast

2rsl
+

Efεf Af

2rsl
 (5)

ì

í

î

ï
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ï

ï
ïï
ï

εst = εcr

r 2
e + r 2
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r 2
e + r 2

cr

r 2
cr

r 2
st



εf = εcr

2r 2
cr

r 2
e + r 2

cr


(6)

ì

í

î

ï
ïï
ï

ï
ïï
ï

εst =
Nwst + 2πrstεcr

2πrst



εf =
Nwf + 2πreεcr

2πre


(7)

where Est and Ef are the elastic moduli of the stirrup 
and FRP, respectively; Ast and Af are the cross-sectional 
areas of the stirrup and FRP, respectively; εst and εf are 
the strains of stirrup and FRP, respectively; rst is the 
radial coordinate where the stirrup is located; wst and 
wf are the crack widths at r=rst and r=re, respectively.

By increasing rcr with a given step length until the 
calculated radial stress computed at the current rcr is 
no larger than that at the previous rcr, the governing ra‐
dial stress for ultimate bond stress is obtained.

4.2.2　Bond stress

Existing analytical models indicate that the bond 
stress comprises two components, i.e., the concrete-to-
concrete wedge effect and concrete-to-steel friction 
(Choi and Lee, 2002; Zhang et al., 2019; Xu et al., 
2022). The former is associated with crushed concrete 
with an inclined failure surface ahead of the steel 
bars. The latter is controlled by the global friction be‐
tween the steel bar and concrete within a bond unit. In 
this sense, the bond stress can be obtained by Eq. (8), 
in which the resultant radial stress is considered the 
dominant factor.

τ = (σ1 + σ2 )
é

ë

ê
êê
ê sin α + μ1 cos α

cos α - μ1 sin α
2πrshr cot α

2πrs( )sc + sr

+

ù

û

ú
úú
úμ22πrs sc + μ2( )2πrs + 2πhr sr

2πrs( )sc + sr



(8)

where α is the angle of concrete cone in front of re‐
bar; hr is the rib height; μ1 is the concrete-to-concrete 
friction coefficient; μ2 is the concrete-to-steel friction 
coefficient; sc is the rib spacing between two adjacent 
ribs; sr is the rib width.

However, compared with NC specimens, the in‐
ferior γb as well as the critical effect of confinement 
should both be carefully considered for the bond 
strength model of CRC specimens. First, based on re‐
gression analysis, a coefficient ξr dependent on ρrv is 
proposed to capture the impact of rubber on the mac‐
roscopic bond strength (Eq. (9)).

ξr = exp(-0.342ρrv). (9)

In addition, since the inherent crack resistance of 
CRC can render additional confinement redundant, the 
bond strength model is further improved using Eq. (10) 
by incorporating the critical σ2.

τ =

ì

í

î

ï

ï

ï

ï

ï

ï

ï

ï
ïïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

( )σ1 + σ2

é

ë

ê
êê
ê sin α + μ1 cos α

cos α - μ1 sin α
2πrshr cot α

2πrs( )sc + sr

+

ù

û

ú
úú
ú           

μ22πrs sc + μ2( )2πrs + 2πhr sr

2πrs( )sc + sr

ξr         

                                                              
σ2

f t

≤ 3.76

( )σ1 + 3.76f t

é

ë

ê
êê
ê sin α + μ1 cos α

cos α - μ1 sin α
2πrshr cot α

2πrs( )sc + sr

+

ù

û

ú
úú
ú            

μ22πrs sc + μ2( )2πrs + 2πhr sr

2πrs( )sc + sr

ξr   

                                                              
σ2

f t

> 3.76.

 (10)

Other material parameters within the bond strength 
model are summarized in Table S3 of the ESM in ac‐
cordance with existing reports (Reinhardt et al., 1986; 
AQSIQ and SAC, 2007; fib, 2013; Bompa and 
Elghazouli, 2017; ASTM, 2018; Ka et al., 2018; Zhao 
and Zhu, 2018). As illustrated in Fig. 10d, the proposed 
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model outperforms existing models in terms of pre‐
diction accuracy, accompanied by desirable statistical 
indicators.

5 Continuous bond–slip model 

5.1 Theoretical modeling

The macroscopic response induced by rebar 
debonding, in fact, is the comprehensive manifesta‐
tion of the stochasticly distributed microscopic dam‐
age, covering microcracks, voids, and defects (Huang 
et al., 2019b). Due to the intrinsic heterogeneity of con‐
crete materials, the bond–slip responses among dupli‐
cate specimens still present deviations, as shown in 
Fig. 12a. To phenomenologically simulate the stochas‐
ticity of the bond–slip response, the concrete–rebar 
bond is described by the behavior of n spring–friction 
units with duplicate stiffness (K) (Fig. 12b). The as‐
sumed spring element follows linear elasticity up to a 
critical tensile extension (Δ) and services for transmit‐
ting the bond stress. However, the bond stress will be 
transferred to the friction element to bear once the 
spring element fractures. Thus, the bond–slip response 
induced by a bond unit is depicted in Fig. 12c, which 
can be expressed by Eq. (11). By giving different me‐
chanics parameters to each spring element, they will 
be subjected to stochastic fracture, resulting in the re‐
written expression of the bond–slip response deter‐
mined by a bond unit (Eq. (12)). The fracture of multi‐
ple springs results in macroscopic nonlinearity, a signif‐
icant characteristic of the bond–slip response (Huang 
et al., 2019b), as illustrated in Fig. 12d where σ and ε 
stand for the tensile stress and strain of spring ele‐
ments, respectively.

τ i = {Ks      s ≤D 
τr        s >D 

(11)

τ i = [1 -H (s -D) ] Ks +H (s -D) τr (12)

where τi (i=1, 2, … , n) is the bond stress of the ith 
bond unit; τr is the residual bond stress determined by 
the friction element; H is the Heaviside function.

As depicted in Eq. (13), the stochastic fracture of 
the spring system composed of n units can be ex‐
pressed by a damage variable (D), and hence, the mac‐
roscopic bond–slip response is written as Eq. (14).

D =
∑
i = 1

n

H ( )s -D

n
 (13)

τ = (1 -D) Ks +Dτf. (14)

The reasonable definition of D is of great signifi‐
cance to ensure the continuity of the bond–slip model 
because the joint selection of the segmented model sig‐
nificantly affects the calculated results of the finite-
element capacity and causes inconsistencies near joints, 
e.g., fib (2013). To address this issue, the Weibull den‐
sity function (f(δ)) shown in Eq. (15) is adopted due 
to its suitability for quasibrittle fracture. Accordingly, 
D is expressed by Eq. (16) and accords with the man‐
datory constraints, i.e., 0≤D(s) ≤1, D(s=0) =0, and 
dD(s)≥0 (Huang et al., 2019a).

f (δ ) =
k
λ ( δλ ) k - 1

exp ( - δk

λk )  (15)

D = ∫
0

s

f (δ )dδ =
k
λ ( δλ ) k - 1

exp ( )-
δk

λk
dδ =

1 - exp ( - sk

λk )  (16)

where δ is the stochastic variable for describing spring 
fracture; k and λ are the shape and scale parameters of 
the Weibull distribution, respectively (Xiao et al., 
2025a).

Fig. 12  Manifestation of the stochasticity and nonlinearity of the bond–slip response: (a) stochasticity of bond–slip 
response; (b) bond unit; (c) stochastic fracture of a spring element; (d) nonlinearity induced by n spring elements
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5.2 Parameter calibration for the bond–slip model

5.2.1　Residual bond behavior

Zhao and Zhu (2018) defined that the residual 
behavior is achieved as the slip arrives at s=sc+sr. In 
this sense, the ratios (ψ) of residual bond stress (τr) to 
ultimate bond stress (τu) are presented in Figs. 13a and 
13b for the NC and CRC specimens, which are pro‐
posed as 0.48 and 0.46, respectively.

5.2.2　Spring stiffness

The spring stiffness K is inherently determined 
by the material and structural parameters of the speci‐
mens, despite the loading conditions. Unfortunately, 
the assumed parameter K fails to be obtained by means 
of experiments, and the corresponding analytical de‐
termination is absent in existing studies. As a result, 
the bond strength calculated via the foregoing analyti‐
cal model will be employed to invert it hereinafter.

As depicted in Eq. (17), the ultimate bond stress 
can be expressed in another form. In addition, δτu/δsu=

0 is noted near the ultimate state due to the continuity 
of the proposed bond–slip model. By inputting this 
condition into Eq. (17), the value of K can be easily 
determined.

τu=exp (- sk
u

λk ) Ksu+
é

ë
êêêê1-exp (- sk

u

λk )ùûúúúúψτu (17)

where su is the slip under τu.

5.3 Model validation

Fig. 14 shows the comparisons of the experimen‐
tal bond–slip curves to the theoretical predictions of 
the proposed model as well as the model of fib (2013), 
while the integral absolute error (EIA) is used to quan‐
tify the accuracy. In contrast, the proposed model 
achieves superior agreement with the stochastic range 
of the bond–slip response, and the corresponding 
EIA for all cases is less than 20%. Although an anom‐
alous phenomenon is inspected in Fig. 14i, the accu‐
racy of the proposed model, i.e., EIA=10.47%, is still 
acceptable.

To facilitate practical engineering applications, 
the proposed continuous bond–slip model can be in‐
corporated into finite element analysis. This integra‐
tion enables the accurate simulation of the nonlinear 
macroscopic behavior and the superior energy dissipa‐
tion of confined members, thereby providing a reli‐
able numerical tool for the seismic design of CRC 
structures.

6 Conclusions 

This novel evolution law of bond behavior re‐
vealed in the present study differed from those of pre‐
vious research because the coupling effect of the ρrv 
and additional confinement was comprehensively dis‐
cussed. The following conclusions are meaningful for 
the structural design of sustainable engineering:

(1) The increase in ρrv significantly degrades the 
bond strength of unstrengthened specimens but con‐
tributes to the postponement of the development of 
concrete cracks. As ρrv increases to 40%, the brittle 
splitting failure of unstrengthened specimens tends to 
transform into pull-out failure with splitting, while the 
bond strength degradation is conspicuously alleviated, 
which inspires a potential ρrv to synchronously achieve 

Fig. 13  Calibration of residual bond stress: (a) NC 
specimens; (b) CRC specimens
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the optimal bond strength and ductility for CRC mem‐
ber design.

(2) Compared with the unstrengthened specimens, 
the use of stirrup/FRP confinement is apparent to im‐
prove the bond behavior regardless of the concrete 
type. Nevertheless, the increase in confinement level 
contributes to the bond strength of NC specimens but 
plays a negligible role in that of CRC specimens. This 

finding proposes that the usage of confinement devices 
should be considered for the anchorage design of CRC 
members.

(3) An analytical model based on fictitious crack 
theory is proposed for predicting the bond strength of 
steel rebars to CRC, which is further improved by tak‐
ing the degradation coefficient (ξr) and the critical 
confinement effect into consideration. The composite 

Fig. 14  Comparisons of theoretical predictions to experimental results: (a) 0-S3; (b) 0-F2; (c) 0-S2-F1; (d) 0-S3-F2; 
(e) 25C-2L; (f) 45C-3L; (g) 30-S3; (h) 30-F1; (i) 30-F2; (j) 30-S3-F2
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spring–friction system is assumed to establish a con‐
tinuous bond–slip model. The high predicted accuracy, 
as well as the stochasticity and nonlinearity of the 
bond–slip response, is synchronously revealed.

Nevertheless, the evolution law of bond behavior 
revealed in this study is only accepted for quasistatic 
conditions, failing to reflect the transient responses of 
earthquake-stricken structures. Furthermore, investi‐
gating the coupling effects of steel corrosion and ex‐
ternal confinement on the bond degradation mecha‐
nisms of CRC members is needed. Finally, the pro‐
posed degradation coefficient (ξr) in the present form 
cannot manifest the threshold effect of the ρrv, which 
should be determined based on further bond tests.
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