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Abstract 

This study investigates the bond–slip behavior of newly poured concrete and reinforcement bars under traffic-
induced vibrations in bridge widening. Center pull-out tests were conducted on C60 concrete specimens 
with HTRB400 steel bars to examine the effects of bar diameter, vibration frequency, amplitude, and anchorage 
length. Based on the experimental data, the bond–slip constitutive model of newly poured concrete-reinforcement 
bars was developed. Test results indicated that larger bar diameters reduced ultimate bond stress and relative slip. 
Specimens with 8 d (d is the diameter of reinforcement bar) anchorage length exhibited lower bond strength 
than those with 5 d. Vibration amplitude had minimal influence on bond behavior, while higher frequencies 
decreased bond stress but increased slip. The constitutive model can provide a reliable prediction of bond behavior 
under dynamic disturbances. The findings offer practical insights for bridge widening projects, ensuring structural 
integrity under traffic loads.
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1  Introduction
Reinforced concrete structures are widely used in mod-
ern construction due to their high stability, excellent 
durability, relatively simple production process, and 
cost-effectiveness. With advancements in construction 

technology, significant improvements have been made 
in both the materials (e.g., reinforcement types, concrete 
compositions, and admixtures) and structural forms of 
reinforced concrete, solidifying its status as one of the 
most prevalent construction materials today (Deng et al., 
2023; Ming et al., 2021; Zhou et al., 2022).

However, cast-in-place concrete is susceptible to vari-
ous environmental disturbances, such as traffic-induced 
vibrations, which can damage its internal microstructure 
and degrade its mechanical properties. Most old bridges 
undergo widening under semi-open traffic conditions. 
During such expansion projects, the newly poured con-
crete in the widening sections cannot fully cure in a short 
time. As a result, the vibration waves generated by pass-
ing vehicles-particularly the dynamic coupling effects 
of axles-inevitably affect the bonding and slip behavior 
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between the freshly poured concrete and reinforcing 
steel.

The bonding action between reinforcement and con-
crete depends mainly on the chemical adhesion, friction 
and mechanical occlusion, and the anchorage at the ends 
of the reinforcement (Feng et  al., 2025; Xu et  al., 2023). 
The generation of internal bond in reinforced concrete 
members varies at different stress stages due to factors 
such as the surface form of the reinforcement and the 
loading method. Bonding performance, as an important 
factor to ensure the stability of reinforced concrete struc-
ture, is easily received by the concrete strength grade, the 
thickness of the protective layer of concrete, the surface 
form of reinforcing steel, the anchorage length, hoops 
and other factors (Darwin et  al., 1992, 1996; Orangun 
et al., 1977). At present, most of bond–slip performance 
tests of reinforced concrete are under static loading. 
Solomos et  al. (Solomos & Berra, 2010) found that the 
failure modes of reinforced concrete components vary 
greatly with and without confinement in practical engi-
neering. Under unconstrained action, most of the rein-
forced concrete specimens mainly underwent splitting 
failure. Under constrained action, most of the specimens 
performed pull-out failure. As the load rate increased, 
the ultimate bonding stress of reinforced concrete 
increased. Yan (Yan, 1992), Mo and Chan (Mo & Chan, 
1996) investigated the effect of different loading rates 
on the bond properties between light round reinforce-
ment and concrete. It was concluded that the loading rate 
had little effect on the bond strength of the reinforce-
ment and concrete, but the slip corresponding to the 
ultimate bond stress of the reinforcement and concrete 
increased as the loading rate increased. Kayyali (Kayyali 
& Yeomans, 1995) carried out bending damage tests on 
reinforced concrete beams and investigated the effect of 
different ribbed reinforcement surface coating materials 
on bond–slip performance of reinforced concrete. The 
results showed that the specimens coated with epoxy 
resin reinforcement had the best bonding performance 
compared with the specimens reinforced with galvanized 
reinforcement and ordinary reinforcement. The existing 
research has conducted in-depth research on settlement, 
shrinkage and creep of new bridges.

During the construction process of bridge widening 
projects, due to the requirement of uninterrupted traf-
fic, the vibration caused by vehicle loads throughout the 
entire process of concrete solidification and hardening of 
the bridge affects the strength growth of newly poured 
concrete at the wet joint. The performance of the inter-
face between new and old concrete have received little 
attention. However, there are relatively few studies on 
the bond–slip performance of reinforced concrete under 
traveling disturbances.

The reinforced concrete bond–slip constitutive mod-
els are studied under static loading (Guizani et al., 2017; 
Lin et  al., 2019; Wu & Zhao, 2013), but the reinforced 
concrete bond–slip constitutive model under dynamic 
loading has not yet had a clear expression. The bond 
stress–slip model was obtained by Leroy (Leroy & Ger-
gely, 1967) in 1967 based on the center pull-out test of 
reinforcement bars with a specially designed single rib. 
The bond stress was explicitly related to the position of 
the loading end in the bond–slip relationship equation 
proposed by Mirza and Houde (Saeed & Houde, 1979) in 
1979. In 1997, Kankam (Charles, 1997) obtained the bond 
stress–slip relationship for glossy, cold-finished and hot-
rolled bars based on the test results of two-end tensile 
specimens. The scholars of the above early studies used a 
single expression to represent the bond–slip constitutive 
model. At the same slip, the bond strength obtained by 
the scholars varied greatly, and the maximum slip corre-
sponding to the peak bond strength of the bond ontology 
were also different. In addition, the bond strength corre-
sponding to the same slip also varied greatly. The bond–
slip constitutive relationship is an important index for the 
accuracy of the detailed analysis of structure members. 
A large number of experimental and theoretical studies 
on it have been carried out. Eligehausen et al. proposed 
local bond stress–slip relationships of deformed bars 
under generalized excitations (Eligehausen et  al., 1983). 
The bond–slip constitutive relationship studied by Haraji 
(Haraji & Mabsout, 2002) can consider the slip to cleav-
age stage as a smooth straight line. In the rising segment, 
the bond–slip constitutive relationship is described in Eq. 
(1). In the residual segment, the bond–slip constitutive 
relationship is described in Eq. (2):

where su is the slip corresponding to the ultimate bond 
stress τu.

Li et al. (Gao, 2003) further investigated the bond–slip 
performance of high-performance concrete (concrete 
strength grade was C50) and derived the following bond–
slip constitutive relationship equations:

(1)τ = τu

(

s

su

)0.3

,

(2)τ = 0.35τu,

(3)τ = τu

(

s

s1

)0.3

0 ≤ s ≤ s1,

(4)τ = τ2 +

(

τu − τ2

15− s1

)

(15− s) s1 < s ≤ 15,
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where s1 is the slip corresponding to the progression from 
the slip phase to the cleavage phase;s2 and τ2 are the slip 
and bond stress during the development from the split-
ting stage to the falling stage, respectively.

With the rapid development of modern cities, the con-
tradiction between urban infrastructure and the rapidly 
growing transportation demand remains prominent. 
Widening of existing roads and bridges is an important 
way to meet the surge in traffic demand. In the actual 
construction, interrupt traffic is often applied to widen-
ing of existing roads and bridges. As a result, the bridge 
vibration caused by traveling loads will be transferred to 
the reinforced concrete of the spliced wide wet joints, 
which will have an impact on the bonding performance 
between the newly placed reinforcement and the newly 
poured concrete. In this article, the effects of reinforce-
ment diameters, anchorage lengths, vibration frequencies 
and vibration amplitudes on the bond–slip performance 
of reinforced concrete specimens under traveling dis-
turbance were investigated experimentally. Based on the 
results of reinforced concrete center pull-out tests, the 
bond–slip constitutive model of new-to-old reinforced 
concrete under traveling disturbance was proposed.

2 � Experimental Program
2.1 � Determination of Disturbance Parameters Caused 

by Traveling Loads
To truly and accurately study the effect of traffic distur-
bance on the performance of concrete using for bridge 
widening wet joints, this article relies on the bridge wid-
ening project of Lin’an to Jiande section of Linjin Express-
way. Due to the uninterrupted traffic, the traffic flow has 
a greater impact on the determination of the disturbance 
parameters. When testing the disturbance parameters 

(5)τ = τ2 s > s2,
caused by traveling loads, the initial period of the test was 
selected as the full time period in the morning. Base on the 
field tests, it was found that the transmission and collec-
tion of vibration signals were more obvious when the traffic 
flow was larger, and the vibration signals were less obvious 
when the traffic flow was smaller. Therefore, in the after-
noon, a time with high traffic flow was selected for meas-
urement. A dynamic test system was used to determine 
the bridge vibration parameters caused by traveling loads. 
The test system mainly consisted of a vibration picker, a 
signal amplifier, a signal collector and a vibration test and 
analysis system. The vibration signal of the bridge vibra-
tion was converted into an analog signal by the vibration 
picker, which was amplified by the signal amplifier and 
transmitted to the signal collector. The signal acquisition 
instrument took the amplified analog signals for data acqui-
sition and converted the analog signals into digital signals 
through the A/D conversion module. Sampling parameters 
were collected and controlled by a signal collector and a 
field monitoring computer. Various bridge dynamic data 
collected in the field were analyzed by dynamic test analy-
sis and modal analysis software for bridge vibration test 
analysis and bridge vibration modal analysis. The vibration 
parameters were measured without interrupting the traffic. 
There were differences in the traffic flow in different time 
periods. The traffic load made the bridge produce differ-
ent degrees of forced vibration, so the dynamic response of 
the bridge was measured to analyze, and ultimately get the 
vertical vibration amplitude and vibration frequency of the 
bridge caused by the traffic load. The instrumentation used 
for the test was the INV3062W collector and the Model 
941B pickup as shown in Fig.  1. The 941B type pickup 
vibration exciter was a multi-functional machine, through 
the pickup micro-toggle switch, can directly measure the 
vertical acceleration. It was connected to a signal amplifier 
and can measure the vertical displacement of the bridge 

Fig. 1  Data acquisition equipment



Page 4 of 20Qiao et al. Int J Concr Struct Mater           (2025) 19:84 

under forced vibration. Six measurement points were dis-
tributed at 1/4 and 1/8 points on both ends of the bridge, as 
well as 5 points in the middle of the bridge, for a total of 30 
measurement points. On site testing is shown in Fig. 2. The 
test results indicated that the vibration frequency caused 
by traveling disturbance measured at the project site was 
2–4 Hz, and the vibration amplitude was 1–3 mm.

2.2 � Test Specimen Design
The vibration duration of all the specimens was selected 
from the vibration to the initial set stage (3 h) for the test. 
According to the measured disturbance parameters caused 
by traveling loads, the reinforced concrete bond–slip per-
formance test under traveling disturbance was conducted 

using the center pull-out tests, with the vibration fre-
quency (2  Hz, 3  Hz, 4  Hz), vibration amplitude (1  mm, 
2  mm, 3  mm), rebar diameter (14  mm, 16  mm, 18  mm), 
and anchorage length (5 d, 8 d) as the main variables. The 
specimen parameters were set, as shown in Table  1. D 
denotes the bar diameter, i denotes the vibration ampli-
tude, j denotes the vibration frequency, and d denotes the 
anchorage length. D14i3j4d5, for example, refers to the 
specimen with a bar diameter of 14 mm, subjected to simu-
lated vibration with a vibration amplitude of 3 mm and a 
vibration frequency of 4 Hz, and with an anchorage length 
of 5 times the diameter of the steel bar. The concrete of 
the specimens were the same as the C60 concrete used in 
the actual bridge widening construction. The mix ratio of 
the C60 concrete is shown in Table 2. The specimens were 
made of HRB400 steel bars used in the actual bridge wid-
ening construction. The property parameters of the steel 
bars are listed in Table 3.

2.3 � Test Specimen Production
Concrete specimens were produced according to the 
standard in GB/T 50152-2012 (National standards of 
People’s Republic of China, 2012). Each specimen was a 
standard cubic with a side length of 150 mm. Before the 
specimen production, the steel bar was processed and 

Fig. 2  Field data measurement

Table 1  Parameter design for specimens in the center pull-out 
tests

d is the diameter of the steel bar; l0 is the anchorage length of the steel bar; A is 
the vibration amplitude; f is the vibration frequency

No. d (mm) l0 (mm) A (mm) f (Hz)

D14i3j4d5 14 70 (5d) 3 4

D14i3j4d8 14 112 (8d) 3 4

D16i1j4d5 16 80 (5d) 1 4

D16i2j4d5 16 80 (5d) 2 4

D16i3j4d5 16 80 (5d) 3 4

D16i3j4d8 16 128 (8d) 3 4

D16i3j3d5 16 80 (5d) 3 3

D16i3j2d5 16 80 (5d) 3 2

D18i3j4d5 18 90 (5d) 3 4

D16i0j0d5 16 80 (5d) 0 0

Table 2  Mix ratio of C60 concrete

Cement Sand Stone Water Fly ash Slag Water reducer

340kg/m3 698kg/m3 1100kg/m3 152kg/m3 60kg/m3 90kg/m3 4.8kg/m3

Table 3  Performance parameters of HRB400 steel bars

Steel bars d (mm) Yield strength (MPa) Ultimate Strength (MPa)

HRB400
HRB400
HRB400

14
16
18

415
546
690

580
725
865
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milled in half along the length direction. Then, a slot was 
cut at the center of the milled steel bar, with a width of 
4 mm and a height of 2 mm. The anchoring section of the 
steel bar was polished flat and cleaned with acetone; and 
then strain gauges were pasted at the bottom of the slot in 
each bonding section of the steel bar with 502 adhesive. 
Three strain gauges were arranged in the anchored sec-
tion, one was pasted at the center of the anchored section 
and the other two were pasted at each both ends along 
the center of the anchored section. The distance between 
each strain gage was 1.25d, and the specific arrangement 
is shown in Fig. 3. The main performance parameters of 
the resistance strain gauges are listed in Table 4. A layer 
of film was first covered on the strain gauges. The strain 

gauges were pasted and the slots were filled with adhe-
sive. Then, steel wires were used to fix both ends of the 
steel bar. The adhesive was removed after it dried com-
pletely. Finally, spot welding was done to fix both sides of 
the steel bar.

Fig. 3  Design drawing of test specimens (unit: mm)

Table 4  Performance parameters of strain gauges

Model number Resistance value 
(Ω)

Sensitivity 
factor

Grid 
length × grid 
width 
(mm × mm)

BX120-3AA 120 ± 0.2% 2.05 ± 0.28% 3 mm × 2 mm
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A removable concrete test mold with a size of 
150  mm × 150  mm × 150  mm was used. Holes were 
drilled in the center of both sides of the mold according 
to the different diameters of the steel bars. Medical band-
ages were wrapped around the unbonded section at the 
free and loaded ends of the reinforcement. Then, a layer 
of black waterproof tape was wrapped around the outside 
of the bandages, after which the corresponding polyvi-
nyl chloride (PVC) casing was put on, and an appropri-
ate amount of epoxy resin was filled with cotton and 
sealed between the PVC casing and the holes of the black 
tape. A layer of lubricant was applied to the inside of the 
test specimen mold to facilitate demolding. The rein-
forcement bars with PVC sleeves were mounted on the 
removable test molds. The test specimens are prepared as 
shown in Fig.  4. Firstly, sand, stone, fly ash, slag, water, 
water reducer were weighted for prepare the test speci-
mens. Secondly, sand, cement, fly ash, slag and other fine 
dry materials and coarse aggregates were poured into 
the mixer for dry mixing for 2 min, and after dry mixing, 
water mixed with water-reducing agent was repeatedly 
and uniformly poured back and forth from left to right, 
and stirred for 2  min. Thirdly, the formed concrete was 
poured into the pre-prepared molds, inserted and placed 
on the vibrating table to vibrate until no air bubbles over-
flowed. Fourthly, the smoothed specimen was bolted to 
the vertical vibration test bench. The electromagnetic 

vertical vibration test bench (Fig.  5) is used to simulate 
traveling disturbance with a vibration frequency of 4 Hz 
and an amplitude of 3 mm. After vibration, the specimen 
was cured for one day. Finally, the specimen mold was 
removed and the specimen was placed in a standard con-
crete curing box for 28 days.

2.4 � Test Setup and Loading Scheme
The test setup is shown in Fig. 6(a). A homemade reac-
tion frame was fixed to the upper part of the hydraulic 

Fig. 4  Specimen preparation process

Fig. 5  Vertical vibration test bench
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testing machine with connectors. The specimen was 
placed at the bottom of the reaction frame. The steel 
bars at the lower part of the specimen were clamped 
with fixtures in the lower crossbeam of the hydrau-
lic testing machine. The self-made displacement test-
ing device was installed between the specimen and 
the crossbeam, with the displacement meter pressed 
against both ends of the device. The wiring between 
the displacement gauge and strain gauge was con-
nected to the TMR-7300 tester. The connection joint 
was wrapped with insulating tape. The displacement 
loading mode was used in the test. In order to make the 
measured slip value more accurate, a smaller loading 
speed of 0.2  mm/min was selected. The load was col-
lected by computer. The strain of strain gauges inside 
the reinforcement and the synchronized displacement 
of the bond–slip specimens were collected by the 
TMR-7300 acquisition system. The collection frequen-
cies were 5 Hz.

The average bond stress of reinforced concrete speci-
mens was calculated as:

where F was the tensile force on the reinforcement (N).
The specimens were connected as shown in Fig.  6(b). 

The slip of the reinforcement and concrete was averaged 
from the values measured by the displacement gauge at 
the loading end (Lu et  al., 2011). Displacement meas-
urement at the loading end was performed using the 
homemade device as shown in Fig.  6(c). The displace-
ment meter was placed against the two ends of the device 
beam after being fixed to the lower part of the test speci-
men reinforcement with a bolt connection.

(6)τ =
F

πdl0
,

The data measured by the displacement meter were 
the rough slip of the anchored section of reinforcement 
and concrete, and the deformation of the BC section of 
the reinforcement in the drawing process should also be 
taken into account. The average slip of the reinforcement 
and concrete specimen was:

The internal shape variable of the reinforcement was:

where Es was the modulus of elasticity of the rebar (pro-
vided by the rebar manufacturer); As was the cross-
sectional area of the reinforcement (mm2); LBC was the 
distance between points B and C (mm).

The actual slip of the reinforcement and concrete was:

At this stage, the experimental studies on bond–slip 
properties of reinforced concrete are usually based on the 
center pull-out test, while the calculated average bond 
stress were taken as the actual bond stress.

3 � Results and Discussion
3.1 � Test Phenomena and Failure Modes
Three distinct failure modes were identified in the center 
pull-out tests conducted on reinforced concrete speci-
mens subjected to both static loads and traveling distur-
bances, as detailed in Table 5 and illustrated in Fig. 7.

Figure  7(a) depicts the pull-out damage observed in 
a specimen under static loading conditions. When the 
specimen was damage, there was no obvious crack on the 
surface of the specimen. At the beginning of loading, the 

(7)Su =
1

2
(S1 + S2)

(8)�Sl =
F

EsAs
LBC ,

(9)s = Su −�Sl

Fig. 6  Test setup
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slip between the free end and the fixed end of the rein-
forcement was zero; with the increase of load, the slip 
between the reinforcement and the concrete gradually 
occurred, and after the peak load was reached, the rein-
forcement was pulled out, and thus the bond anchor-
age between the reinforcement and the concrete was 
destroyed. From the damage mechanism, it was known 
that reinforced concrete was subjected to chemical 
adhesive forces in the initial stage; with the increase of 
the load, the slip increased with it, and the friction and 
mechanical occlusion forces came into play; when the 
peak load was reached, the reinforcement was pulled out, 
and there was still a part of the residual force.

Under traveling disturbance, the splitting damage of 
the specimens with a diameter of 16  mm and 18  mm 
was observed, as shown in Fig. 7(b). When the specimen 
damaged, the cracks in the specimen surface developed 
rapidly, instantaneous splitting, and accompanied by a 
large acoustic noise. From the damage mechanism can 
be known that the occurrence of splitting damage chemi-
cal adhesive force, friction and mechanical occlusal force 
had played a role, but mainly to mechanical occlusal force 
was dominant; with the increase of the load, the concrete 

was subjected to the formation of the circumferential 
tensile stresses of the ribbed reinforcement, when the 
load continued to increase until it exceeded the ten-
sile strength of the concrete, the concrete internal pen-
etration of the cracks was generated from the inside out 
[54]. After reaching the peak load, the specimen cracked 
instantaneously.

Under traveling disturbance, the rebar pull-off dam-
age of the specimens with a diameter of 14  mm was 
observed, as shown in Fig.  7(c). When the specimen 
was damaged, the rebar was pulled off, and there were 
no obvious cracks in the surface of the specimen, and a 
large acoustic noise was produced. It can be known from 
the damage mechanism, the rebar was pulled off in the 
process of chemical adhesion, friction and mechani-
cal occlusion force had played a role, and the three and 
the concrete between the force generated by more than 
the ultimate tensile strength of the rebar, resulting in the 
rebar was pulled off and the concrete did not have a sig-
nificant impact. After being disturbed, the bond between 
the reinforcement and the concrete exceeded the ulti-
mate tensile strength of the reinforcement, and the rein-
forcement was destroyed before the peak bond stress was 
reached.

From the above three failure modes, it can be found 
that the specimens in the static state were pull-out dam-
age and the ultimate bond stress was small. While the 
specimens under low-frequency disturbance were mainly 
splitting damage, and the ultimate bond stress was sig-
nificantly increased compared with that of the specimens 
in the static state. It indicated that the appropriate distur-
bance enhances the bonding performance between the 
reinforcement bars and the concrete.

Table 5  Failure modes of specimens under static loads and 
traveling disturbance

Specimen no. Failure mode Specimen no. Failure mode

D16i0j0d5 Rebar was pull-out D14i3j4d5 Rebar was pull-
ing off

D14i3j4d8 Rebar was pull-
ing off

D16i1j4d5 Splitting damage

D16i2j4d5 Splitting damage D16i3j4d5 Splitting damage

D16i3j4d8 Splitting damage D16i3j3d5 Splitting damage

D16i3j2d5 Splitting damage D18i3j4d5 Splitting damage

D16i0j0d5 Splitting damage D14i3j4d5 Splitting damage

Fig. 7  Failure mode
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Fig. 8  Bond–slip curves of specimens under each working condition



Page 10 of 20Qiao et al. Int J Concr Struct Mater           (2025) 19:84 

3.2 � Bond–Slip Curves
The bond–slip curves of the specimens are shown 
in Fig.  8. Table  6 summarizes the center pull-out test 
results of the specimens under static state and trave-
ling disturbance. The bond–slip curves of the speci-
mens under each working condition mainly presented 
two curve forms, the first one was the full curve form 
(extraction damage specimen in the static state), its 
curve can be divided into slip, cleavage, descent, resid-
ual four stages, with the increasing amount of slip the 
curve continues to rise, and after reaching the ultimate 
stress, it slowly declined to the stabilization; the second 
one was the curve of the only rising section (cleavage 
damage and reinforcement pulling off the damage) was 
divided into slip, cleavage stage, with the increasing 
amount of slip the curve raise continuously, and after 
reaching the ultimate stress it suddenly ruptured with 

Fig. 8  continued

Table 6  Average of the test result of the specimen under 
travelling disturbance

Note: Fcr (kN) is the cracking load of the specimen; Fu (kN) is the ultimate load 
of the specimen; τu (MPa) is the ultimate bond stress between concrete and 
reinforcement; Su (mm) is the ultimate slip between concrete and reinforcement

Specimen no. Fcr (kN) Fu (kN) Su (mm) τu(MPa)

D16i0j0d5 56.47 67.82 1.55 16.87

D14i3j4d5 66.77 78.66 1.40 25.56

D14i3j4d8 66.86 78.66 1.43 15.97

D16i1j4d5 92.25 101.68 1.46 25.29

D16i2j4d5 91.07 100.72 1.23 25.05

D16i3j4d5 91.52 101.28 1.24 25.19

D16i3j4d8 96.21 105.31 1.52 16.37

D16i3j3d5 89.65 100.04 1.30 24.88

D16i3j2d5 90.06 99.42 1.40 24.72

D18i3j4d5 88.21 96.48 1.08 18.96
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no subsequent descending section of the curve. It can 
also be seen that before the ultimate stress was reached 
and the amount of slip was very small (slip stage), 
whether it was the full curve or only the rising section 
of the curve, the curves of specimens under the same 
working condition were almost overlapped and the 

curves were almost straight, so it can be concluded that 
at this point of time, the bond stress and the amount 
of slip were increasing in a more or less linear manner; 
the curve of the splitting stage was much more gentle 
compared with that of the slip stage, and it was a kind 
of parabola development.

3.3 � Effect Factors on Bond Properties of Reinforced 
Concrete Under Traffic Vibration

3.3.1 � Effect of Reinforcement Diameter
Figure  9 shows the bond–slip curves for the specimens 
with different bar diameters. Summary of bond–slip 
behavior for different rebar diameters is listed in Table 7. 
The increase in the diameter of the reinforcement made 
the reduction of the thickness of the cover concrete more 
prone to damage, which reduced the bond stress, and 
the larger the diameter of the contact surface between 
the reinforcement and the concrete was also larger, the 
greater the mechanical occlusion force between the 
cross ribs of the reinforcement and the concrete, which 
reduced the amount of relative slippage between the 
reinforcement and the concrete.

3.3.2 � Effect of Anchorage Length
Figure 10 shows the bond–slip curves for the specimens 
with different anchorage lengths. Summary of bond–
slip behavior for different anchorage lengths is listed 
in Table  8. It was found that the longer the anchorage 
length, the more uneven the distribution of bond stress, 
the average bond strength of the specimen at the time 
of damage and the actual maximum bond strength dif-
fer greatly, and the bond strength decreased with the 
increase of the anchorage length.

Fig. 9  Bond–slip curves for the specimens with different 
bar diameters

Table 7  Summary of bond–slip behavior for specimens with 
different rebar diameters

Diameter 
(mm)

Ultimate bond 
stress reduction

Ultimate slip 
reduction

Failure mode

14 — (baseline) — (baseline) Rebar was pull-
ing off

16 3% vs 14mm 12% Splitting damage

18 25% vs 14mm 28% Splitting damage

Fig. 10  Bond–slip curves of the specimens with different anchorage lengths
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3.3.3 � Effect of Vibration Amplitude
Figure  11 shows the bond–slip curves of the specimens 
at different vibration amplitudes. The trend of the bond–
slip curve of the specimen with a bar diameter of 16 mm 
was basically the same when subjected to different vibra-
tion amplitudes, which was almost linear growth of the 
slip and bond stress in the initial stage and then grew in 
an irregular curve. At the early stage of slip, the bond 
stress of the specimen at a vibration amplitude of 3 mm 
was the greatest and the curves were basically the same 
for the specimen with vibration amplitudes of 1 mm and 
2  mm. At the middle and late stages of slip, the bond 
stresses were basically the same for the specimen with 
vibration amplitude of 1 mm, 2 mm and 3 mm. The slips 
of the specimens at different vibration amplitudes were 
not much different. Therefore, the influence of different 
vibration amplitudes on the ultimate stress, ultimate slip 
and the trend of bond–slip curve of the specimen was 
not obvious.

3.3.4 � Effect of Vibration Frequency
Figure 12 shows the bond–slip curves of the specimens at 
different vibration frequencies. The trends of the bond–
slip curves of the specimens at vibration frequencies of 
2  Hz, 3  Hz and 4  Hz were basically the same. In initial 
stage of the slip, the three curves were almost linear 
growth and basically overlapped before the parabolic-like 

curve growth. The bond stress was decreased with the 
increase of the vibration frequency. Compared with the 
specimen at a vibration frequency of 2  Hz, the bond 
stresses of the specimens at vibration frequencies of 3 Hz 
and 4 Hz were decreased by about 4% and 26%, respec-
tively. The relative slip was increased with the increase 
of the vibration frequency. Compared with the speci-
men at a vibration frequency of 2 Hz, the relative slip of 
the specimens at vibration frequencies of 3 Hz and 4 Hz 
were increased by about 45% and 46%, respectively. An 
increase in vibration frequency implies that the speci-
men is subjected to more vibration cycles per unit time, 
resulting in more frequent stress cycles within the mate-
rial. These frequent stress cycles accelerate the accumu-
lation of fatigue damage within the material, facilitating 
the initiation and propagation of micro-cracks. Conse-
quently, as the vibration frequency increases, the interior 
of the specimen sustains greater damage. This heightened 
damage level contributes to a reduction in the ultimate 
bond stress of the specimen, which corresponds to an 
increase in the relative slip between the components.

3.3.5 � Influence of Traveling Disturbance
Figure  13 shows the bond–slip curves of the specimens 
in static state and traveling disturbance. The bond–slip 
curve of the specimen in the static state was a full curve 
with ascending and descending segments. The specimen 

Table 8  Summary of bond–slip behavior for specimens with different anchorage lengths

Diameter (mm) Anchorage length Curve trend Ultimate bond stress 
reduction

Ultimate slip reduction Failure mode

14 5 d Linear → parabolic — (baseline) — (baseline) Rebar was pulling off

16 8 d Linear → parabolic 42% vs 5d 9% Splitting damage

18 8 d Linear → parabolic ↓35% vs 5d 13% Splitting damage

Fig. 11  Bond–slip curves for different vibration amplitudes Fig. 12  Bond–slip curves for different vibration frequencies
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under traveling disturbance had only ascending seg-
ments. Compared with the specimen under traveling 
disturbance, the ultimate bond stress of the specimen in 
the static state was decreased by about 40%. The failure 
mode of the specimens in the static state was pull-out 
damage, in which the reinforcement bar was completely 
pulled out, and thus the slip between the reinforcement 
bar and the concrete was greatly increased. The cohesion 
between reinforcement and concrete of the disturbed 
specimen was increased, and the reinforcement was diffi-
cult to be pulled out, and the bond strength of reinforce-
ment and concrete was significantly improved.

It is important to clarify that the apparent increase in 
bond strength observed under moving disturbances can 
be attributed to changes in failure modes and the rein-
forcement of interfacial interactions, rather than an 
inherent or direct augmentation of the bond strength 
itself. In the context of concrete curing, the introduc-
tion of moderate disturbances can potentially foster 
greater material homogeneity and enhance the bonding 
at the interfacial level between the reinforcement and the 
concrete matrix. However, it is crucial to recognize that 
excessive or improperly timed disturbances during the 
curing process may have a detrimental effect, leading to 
a reduction in bond strength. Therefore, while controlled 
disturbances might offer benefits, they must be carefully 
managed to avoid compromising the structural integrity 
of the reinforced concrete.

3.3.6 � Practical Guidelines for Bridge Widening
In bridge widening construction practices, systematic 
optimization of anchorage and seismic design should 
be implemented. Priority should be given to selecting 
14  mm to 16  mm reinforcement bars to balance bond 
stress and slip demands. Specifically, 16  mm reinforce-
ment bars exhibit only a 3% reduction in bond stress and 

a 12% decrease in slip, demonstrating superior overall 
performance compared to 18  mm reinforcement bars, 
which show a 25% reduction in bond stress and a 28% 
decrease in slip.

The anchorage length should be dynamically adjusted 
based on the bar diameter. Generally, 5 times the diam-
eter of the reinforcement bar is taken as the most appro-
priate anchorage length. However, for larger diameter 
bars (especially those larger than 18 mm), the anchorage 
length should be increased by 15%−20% compared to 
smaller bars, and additional hooks or mechanical anchor-
age heads should be incorporated to address stress con-
centration risks induced by traffic disturbances.

The thickness of the concrete cover should increase 
with the bar diameter (e.g., at least 35 mm for 14 mm 
bars, 40  mm for 16  mm bars, and 50  mm for 18  mm 
bars). High-ductility concrete or interface bonding 
agents should be used to prevent splitting failure.

In seismic design, smaller diameter bars (especially 
those smaller than 18  mm) are suitable for high energy 
dissipation zones (such as plastic hinge regions in bridge 
piers) to leverage their larger slip for enhanced energy 
dissipation. Larger diameter bars, on the other hand, 
require compensation for insufficient energy dissipa-
tion through composite reinforcement or the addition of 
dampers. Construction techniques should emphasize the 
precision of reinforcement positioning and the compact-
ness of concrete vibration. The curing period should be 
extended to 28 days to improve bond strength.

Quality inspection should focus on monitoring the 
bond strength and slip variations in the anchorage 
zones of larger diameter bars. Dynamic early warning 
can be achieved through embedded sensors, enabling 
a systematic approach to ensure the safety and dura-
bility of bridge widening projects in complex traffic 
environments, especially considering the effects of traf-
fic-induced disturbances such as dynamic loads, fatigue 
damage accumulation, and stress concentration. This 
comprehensive strategy addresses the challenges posed 
by traffic disturbances and enhances the overall perfor-
mance of the widened bridge structures.

4 � Bond–Slip Constitutive Model of Reinforced 
Concrete Under Travelling Disturbance

Based on the commonly used ordinary reinforced con-
crete bond–slip constitutive models (Leroy & Gergely, 
1967; Lin et al., 2019), it can be found that the form of 
the curve of the rising section is basically similar, and 
the correction coefficient α is different. The follow-
ing relationship was adopted to carry out the study of 
reinforced concrete bond–slip constitutive relationship 
under the traveling disturbance:

Fig. 13  Bond–slip curves in different states
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where τu is the ultimate bond stress; su is the ultimate slip 
corresponding to the ultimate bond stress; α is the cor-
rection factor of the curve.

Combined with the experimental data, the correction 
factor α is calculated in Table  9. For the specimens with 
bar diameters of 14 mm and 16 mm, α was calculated to 
be 0.40 after averaging, and α was taken to be 1.0 for speci-
mens with a bar diameter of 18 mm. Substituting the cor-
rection factor α into Eq.  (10), the theoretical bond–slip 
curve was obtained. Then, the theoretical bond–slip curve 
was compared with the experimental bond–slip curve, as 
shown in Fig. 14.

When comparing the test values with the theoretical val-
ues, it was found that when α was taken as 0.40, the test 
values of all disturbed specimens with bar diameters of 
14 mm and 16 mm converged with the theoretical values in 
the curve splitting stage, and the fitting degree was poorer 
in the curve sliding stage. The experimental values of the 
specimens with a bar diameter of 18 mm converged with 
the theoretical values when α was taken as 1.0. Therefore, 
the degree of coupling between the data and the curve was 
reacted by calculating the coefficient R2 of determination, 
and

(10)τ = τu

(

s

su

)α

,

where yi is the bond stress value obtained by fitting the 
experimental data to the constitutive model, and yi is 
its average value; ŷi is the bond stress measured in the 
experiment. The closer R2 tended to 1 indicated that 
the bond–slip constitutive model fitted the experimen-
tal results better. R2 of the bond–slip constitutive model 
fitting curves using Eq.  (11) was calculated, as listed in 
Table 10.

From Table 10, it can be seen that the specimens with 
bar diameters of 14 mm and 16 mm were poorly fitted 
to the model curves when α was taken as 0.40. Observ-
ing the curve trend of all specimens, it was found that it 
was basically linear at the curve slip stage, so the linear 
expression for the curve slip stage was proposed on the 
basis of Eq. (10):

The linear coefficient β was calculated by combin-
ing the experimental data of slip phase, as shown in 
Table 11. It can be seen that β was 2.0 after calculating 
the mean value for the specimens with bar diameters of 
14 mm and 16 mm. The calculated values of the linear 
expression for the slip phase and the calculated values 
of the exponential expression for the splitting phase 
were fitted to a model curve, and the resulting bond–
slip curve is shown in Fig.  15. Equation  (12) was used 
to calculate the coefficient of determination R2, which 
responded to the degree of coupling of the data to the 
curve, and the results are shown in Table  12. When β 
was 2.0 in the expression of the slip phase of the bond–
slip curve, α was 0.40 in the expression of the cleavage 
phase, and the R2 was about 0.90 for the specimens 
with bar diameters of 14 mm and 16 mm, the theoreti-
cal model curve fitted the experimental curves well.

The mean value of R2 is 0.896, with a standard devia-
tion of 0.028, indicating the robust stability in pre-
dictions. Therefore, the segmental expression for the 
bond–slip curve of reinforced concrete under traveling 
disturbance is:

where s1 is the slip corresponding to the progression 
from the slip phase to the cleavage phase; s2 is the slip 

(11)R2=1−

n
∑

i = 1

(

ŷi − yi
)2

n
∑

i = 1

(

yi − yi
)2

,

(12)
τ

τu
= β

(

s

su

)

(13)















τ

τu
= β

s

su
(0 ≤ s ≤ s1)

τ = τu

�

s

su

�α

(s1 ≤ s ≤ s2)

,

Table 9  Calculation of correction factor α 

Specimen no. Ultimate bonding 
stress τu (MPa)

Maximum slip su 
(mm)

Correction 
factor α

D14i3j4d5-1
D14i3j4d5-2
D14i3j4d5-3
D14i3j4d8-1
D14i3j4d8-2
D14i3j4d8-3
D16i1j4d5-1
D16i1j4d5-2
D16i1j4d5-3
D16i2j4d5-1
D16i2j4d5-2
D16i2j4d5-3
D16i3j4d5-1
D16i3j4d5-2
D16i3j4d5-3
D16i3j4d8-1
D16i3j4d8-2
D16i3j4d8-3
D16i3j3d5-1
D16i3j3d5-2
D16i3j3d5-3
D16i3j2d5-1
D16i3j2d5-2
D16i3j2d5-3
D18i3j4d5-1
D18i3j4d5-2
D18i3j4d5-3

25.30
25.47
25.89
14.67
16.42
16.81
24.59
25.65
26.61
25.05
26.07
24.08
26.23
24.80
24.53
15.87
16.42
16.82
26.10
20.74
27.79
25.74
26.87
21.57
18.94
19.00
18.93

1.41
1.37
1.43
1.19
1.57
1.54
1.56
1.27
1.54
1.14
1.31
1.23
1.32
1.17
1.24
1.54
1.42
1.60
1.31
1.02
1.30
1.53
1.62
1.05
1.02
1.07
1.15

0.39
0.42
0.38
0.32
0.43
0.41
0.46
0.32
0.40
0.36
0.46
0.43
0.34
0.36
0.38
0.41
0.35
0.38
0.36
0.40
0.41
0.41
0.36
0.41
0.43
0.96
0.98
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Fig. 14  Comparison of experimental and theoretical bond–slip curves using Eq. (10)
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corresponding to the progression from the cleavage 
phase to the descent phase. It should be noted that the 
bond–slip model is applied for the C60 concrete speci-
mens reinforced with HRB400 steel bars.

For the specimens with bar diameters of 14  mm and 
16 mm, β was taken as 2.0 for the slip phase of the bond–
slip curve, and α was taken as 0.4 for the splitting phase. 
Equation (13) can be rewritten as:

For the specimens with a bar diameter of 18 mm, α or β 
was taken as 1.0. Equation (13) can be rewritten as:

(14)















τ

τu
= 2.0

s

su
(0 ≤ s ≤ s1)

τ = τu

�

s

su

�0.4

(s1 ≤ s ≤ s2)

5 � Conclusions
This study investigates the bond–slip behavior of newly 
poured concrete and reinforcement bars under traffic-
induced vibrations in bridge widening. Center pull-out 
tests were first conducted on C60 concrete specimens 
with HTRB400 steel bars. Then, the effects of bar diam-
eter, vibration frequency, amplitude, and anchoring 
length on the bonding behavior between newly poured 
concrete and reinforcement bars were analyzed, and 
practical guidelines for bridge widening were proposed. 
Finally, the bond–slip constitutive model of newly 

(15)τ = τu
s

su

Fig. 14  continued
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poured concrete-reinforcement bars was developed. 
The primary conclusions are summarized as follows:

(1) A significant increase was observed in the ultimate 
bond stress of the disturbed specimens. Their failure 
modes were predominantly characterized by splitting 
damage. The traffic-induced disturbance enhanced the 
bonding interaction between the reinforcement and 
concrete, thereby improving the bond strength of the 
disturbed specimens.

(2) For the disturbed specimen subjected to a vibration 
frequency of 4  Hz and a vibration amplitude of 3  mm, 
the ultimate bond stress decreased as the bar diameter 
increased. Similarly, the ultimate slip between the rein-
forced concrete also decreased with an increase in the 
bar diameter.

(3) As the anchorage length increased, both the ulti-
mate bond stress and the ultimate slip between the rein-
forced concrete decreased for the disturbed specimens 
with bar diameters of 14 mm and 16 mm.

(4) The vibration amplitude had a minimal effect on the 
bond behavior. At vibration frequencies of 2  Hz, 3  Hz, 
and 4  Hz, the ultimate bond stress between the rein-
forced concrete decreased as the vibration frequency 
increased. At the same vibration amplitude, an increase 
in the vibration frequency caused more damage to the 
interior of the concrete, leading to a decrease in the bond 
strength of the specimen.

(5) Based on the experimental data, a bond–slip consti-
tutive model was developed for C60 concrete specimens 
reinforced with HTRB400 steel bars under traveling 

Table 10  R2 of the bond–slip constitutive model fitting curves 
using Eq. (10)

Specimen no. α R2

D14i3j4d5-1 0.40 0.61

D14i3j4d5-2 0.40 0.63

D14i3j4d5-3 0.40 0.61

D14i3j4d8-1 0.40 0.57

D14i3j4d8-2 0.40 0.62

D14i3j4d8-3 0.40 0.58

D16i1j4d5-1 0.40 0.55

D16i1j4d5-2 0.40 0.54

D16i1j4d5-3 0.40 0.51

D16i2j4d5-1 0.40 0.57

D16i2j4d5-2 0.40 0.62

D16i2j4d5-3 0.40 0.59

D16i3j4d5-1 0.40 0.58

D16i3j4d5-2 0.40 0.65

D16i3j4d5-3 0.40 0.62

D16i3j4d8-1 0.40 0.56

D16i3j4d8-2 0.40 0.62

D16i3j4d8-3 0.40 0.61

D16i3j3d5-1 0.40 0.65

D16i3j3d5-2 0.40 0.59

D16i3j3d5-3 0.40 0.57

D16i3j2d5-1 0.40 0.55

D16i3j2d5-2 0.40 0.65

D16i3j2d5-3 0.40 0.63

D18i3j4d5-1 1.00 0.95

D18i3j4d5-2 1.00 0.92

D18i3j4d5-3 1.00 0.93

Table 11  Linear coefficients β 

Specimen no. τu (MPa) su (MPa) β

D14i3j4d5-1 25.30 1.41 2.17

D14i3j4d5-2 25.47 1.37 2.08

D14i3j4d5-3 25.89 1.43 2.12

D14i3j4d8-1 14.67 1.19 2.28

D14i3j4d8-2 16.42 1.57 2.15

D14i3j4d8-3 16.81 1.54 2.29

D16i1j4d5-1 24.59 1.56 1.97

D16i1j4d5-2 25.65 1.27 2.09

D16i1j4d5-3 26.61 1.54 1.96

D16i2j4d5-1 25.05 1.14 1.87

D16i2j4d5-2 26.07 1.31 1.92

D16i2j4d5-3 24.08 1.23 1.99

D16i3j4d5-1 26.23 1.32 2.08

D16i3j4d5-2 24.80 1.17 1.86

D16i3j4d5-3 24.53 1.24 1.94

D16i3j4d8-1 15.87 1.54 2.04

D16i3j4d8-2 16.42 1.42 1.86

D16i3j4d8-3 16.82 1.60 1.95

D16i3j3d5-1 26.10 1.31 2.13

D16i3j3d5-2 20.74 1.02 1.93

D16i3j3d5-3 27.79 1.30 1.89

D16i3j2d5-1 25.74 1.53 1.83

D16i3j2d5-2 26.87 1.62 1.85

D16i3j2d5-3 21.57 1.05 1.89
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Fig. 15  Segmented bond–slip constitutive model fitting curves
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disturbance. For specimens with bar diameters of 14 mm 
and 16  mm, the linear expression coefficient (β) for the 
slip phase was set to 2.0, and the correction factor (α) for 
the splitting phase was set to 0.4. For specimens with a 
bar diameter of 18 mm, both α and β were set to 1.0.
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