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� The strain rate has significant effects on tensile bond behavior of interfaces.
� The surface roughness and interface age have little effects on bond strength.
� A new dynamic increase factor of the tensile strength is proposed for interfaces.
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New-to-old concrete interfaces, which widely exist in concrete structures, are commonly regarded as
weak links. Hence, many researchers have studied the splitting tensile bond behavior of concrete inter-
faces. However, these studies were focused on the behavior under quasi-static loading. Concrete inter-
faces may suffer blast and/or impact loading during their service lives. Therefore, this paper
experimentally investigated the dynamic splitting tensile bond behavior of concrete interfaces. For com-
parison, a quasi-static splitting tensile test was also carried out. A total of 46 splitting tensile cylinders
were tested. Test parameters included three strain rates (10�6, 0.63 and 1.58/s), two levels of average
roughness (1.2 and 2.4 mm) and two interface ages (60 and 120 days). Experimental results show that
influences of the strain rate on failure modes, compressive load-deformation curves, absorption energy
and splitting tensile bond strength of specimens are significant. The surface roughness and interface
age have little effects on splitting tensile bond strength. Existing formulas for the dynamic increase factor
of the tensile strength of concrete-like materials cannot be used for concrete interfaces. Consequently, a
new formula for the dynamic increase factor of the splitting tensile bond strength of concrete interfaces is
finally proposed.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

New-to-old concrete interfaces widely exist in concrete struc-
tures, such as long and large concrete structures, monolithic pre-
cast concrete structures and repaired concrete structures, where
concrete is usually poured at different times. Due to the difference
in performance between old and new concrete, a concrete interface
is commonly regarded as a weak link of a concrete structure [1,2].
On the other hand, concrete is a kind of material that is easy to
crack and fail under tension. Therefore, for a concrete interface,
an important issue is its tensile bond behavior.

There are two categories of methods for testing the tensile bond
behavior of concrete interfaces. The first category includes direct
tension [1] and pull-off [2–12] tests, in which a specimen is tested
under tension and the interface is directly subjected to tensile
loading. For this category of test methods, the specimen needs to
be carefully aligned in the loading direction. Otherwise, a large
scatter in experimental results may be introduced due to the
misalignment. Moreover, cohesive failure may happen, which will
result in a less estimation for the tensile bond strength of the con-
crete interface. The second category contains flexural [11,13] and
splitting [2,9,12–23] tests, where a specimen is tested under
bending or compression and the interface is indirectly subjected
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to tension. In the flexural test, the interface is partially in compres-
sion and partially in tension during flexural loading. The non-
uniform stress distribution will cause a greater estimation for the
tensile bond strength of the concrete interface. In the splitting test,
compressive loads are applied along the upper and lower boundary
lines of the interface of a cylindrical or cubic specimen. Then, uni-
form tensile stress is induced on the diametric plane of the inter-
face. Due to the advantage, the splitting test has been widely
used to investigate the tensile bond behavior of concrete interfaces
[2,9,12–23].

Before new concrete is cast, the substrate surface of old con-
crete needs to be treated. Commonly used methods for treating
the surface include wire-brushing [2,4,5,7,9,13,17–19], grooving
[12,17–19], hand-scrubbing [7], sand-blasting [4,5,7,12,17–19],
drilling [13,17,18], hand-chiseling [14], chipping [4–6,23] and shot
blasting [7]. Existing test results [4,5,7,17–19] showed that the
mentioned surface treatment methods have significant influences
on the splitting tensile bond strength of concrete interfaces. Sur-
face treatment aims to create a rough surface and then improve
the bond performance between old and new concrete. However,
the rough surface by a commonly used method is produced after
old concrete is cured. At that time, old concrete has certain hard-
ness and the produced surface roughness largely depends on the
levels of manual operation and/or machine performance in the
process of surface treatment. Within this condition, it is difficult
to quantitatively control the roughness. Thus, it is also difficult to
quantitatively evaluate the effect of the surface roughness pro-
duced by the commonly used method. Recently, Hu et al. [24] cre-
ated a rough surface through a formwork with rectangular strips in
the process of casting old concrete. By the new method, surface
roughness could be quantitatively designed and controlled accord-
ing to the width and spacing of the rectangular strips of the
formwork.

The application of bonding agents is another way to improve
the bond performance of concrete interfaces. Tests conducted by
Júlio et al. [5], Bonaldo et al. [6], He et al. [9] and Huang et al.
[22] indicated that bonding agents enhance the splitting tensile
bond strength between old and new concrete and the choice of
bonding agents has a significant effect. Nevertheless, Júlio et al.
[5] also pointed out that the bonding agent does not improve the
splitting tensile bond strength if the roughness of the substrate
surface has been adequately increased by the surface treatment
method.

Old and new concrete, which bond with each other at an inter-
face, have different ages. Hence, Santos and Júlio’s [16] conducted a
splitting test to investigate the effect of age differences (i.e., 28, 56
and 84 days) between old and new concrete on the tensile bond
behavior. The test results demonstrated that the splitting tensile
bond strength increases as the age difference increases. On the
other hand, He et al. [9], Tayeh et al. [17], Abo Sabah et al. [12]
and Li [3] experimentally studied the influences of interface ages
(i.e., 7 and 28 days in [9], 3, 7 and 28 days in [17], 7, 28, and 90 days
in [12] and 28 days and 1 year in [3]). The experimental results
indicated that, with the increase in the interface age, the splitting
tensile bond strength significantly increases when the age is not
more than 28 days but slightly increases when the age is beyond
28 days.

Besides, Gadri and Guettala [13] and Huang et al. [22] examined
the effects of strength grades of old and new concrete on the ten-
sile bond performance of interfaces, respectively. They concluded
that the splitting tensile bond strength increases as the strength
grade of old or new concrete increases. Santos and Júlio’s [16] test
results showed that the difference of stiffness between old and
new concrete has important effects on the splitting tensile bond
strength and failure modes of new-to-old concrete interfaces. In
addition, Gao et al. [21] experimentally found that the higher
2

temperature also has a great influence on the splitting tensile bond
behavior between old and new concrete.

However, the existing splitting tensile tests were focused on the
quasi-static bond behavior of concrete interfaces. Concrete inter-
faces may suffer blast and impact loading during their service lives.
It is necessary to study the dynamic splitting tensile bond behavior
between old and new concrete. Therefore, this paper employed the
split Hopkinson pressure bar (SHPB) to apply impact loading and
conducted a dynamic splitting tensile test of new-to-old concrete
interfaces. For comparison, a quasi-static splitting tensile test
was also conducted. Effects of the strain rate, the surface roughness
and the interface age on the splitting tensile bond behavior of con-
crete interfaces were investigated.
2. Test program

2.1. Specimen characterization

In this test program, a total of 46 splitting tensile cylinders were
prepared and examined, as list in Table 1. Three loading rates,
which include one quasi-static loading rate (0.01 kN/s) and two
dynamic loading rates (7.77 and 14.63 m/s), were used to investi-
gate the effect of the strain rate on the splitting tensile bond behav-
ior of concrete interfaces. The quasi-static loading rate of 0.01 kN/s
was chosen to achieve the quasi-static strain rate of 10�6/s, which
is suggested by fib Model Code 2010 [25]. In a SHPB test, the con-
crete interface will not be split if the dynamic loading rate is very
low. When the dynamic loading rate becomes very high, the old
concrete substrate and new concrete layer will be severely dam-
aged, resulting in inaccurate interfacial tensile bond strength.
Therefore, two moderate dynamic loading rates, i.e., 7.77 and
14.63 m/s, were selected for the SHPB test. Under the quasi-
static loading rate of 0.01 kN/s, 16 specimens were tested. Under
the dynamic loading rates of 7.77 and 14.63 m/s, 14 and 16 spec-
imens were tested, respectively.

The cylinder specimens under different loading rates had the
same diameter and height. Due to the pressure bars of the SHPB
have the diameter of 74 mm, all the cylinder specimens were
70 mm in diameter and 60 mm in height. On the surface of each
old concrete substrate, two parallel rectangular grooves were
arranged to create a rough surface. The grooves had the width of
14 mm and the spacing of 14 mm. Two depths, i.e., 3 and 6 mm,
were used to produce two levels of surface roughness. The geome-
try of the cylinder specimens is shown in Fig. 1. In fib Model Code
2010 [25], an equation is suggested to quantify the roughness of a
concrete substrate surface as follows:

Ra ¼ 1
Ds

Z Ds

0
y xð Þdx ð1Þ

where Ra is the average roughness; Ds is the diameter of the speci-
men; and y xð Þ is the profile height at position x. According to Eq. (1),
the average roughness of concrete interfaces with the groove depths
of 3 and 6 mm were 1.2 and 2.4 mm, respectively.

Concrete interfaces are more likely to be subjected to dynamic
loading during their service lives. At that time, ages of concrete
interfaces are usually more than 28 days. Thus, two interface ages,
i.e., 60 and 120 days, were used. Since a concrete interface was
formed by pouring new concrete on old concrete, the interface
age was equal to the age of new concrete.

2.2. Concrete mixtures

In this subsection, three Chinese codes for structural design, i.e.,
GB 50666-2011 [26], JGJ 1-2014 [27], and GB 50367-2013 [28],
were first utilized to determine the strength grades of old and



Table 1
Test specimens and results.

Specimena Average
roughness (mm)

Interface age
(days)

Loading rate Strain rate Failure
mode

Splitting tensile bond strength

Individual
value

Average
value

Individual
value (1/s)

Average
value (1/s)

Individual
value (MPa)

Average
value (MPa)

COV
(%)

SPR1A1S-1 1.2 60 0.01 kN/s 0.01 kN/s 10�6 10-6 Ⅱ 3.05 3.04 8.2
SPR1A1S-2 1.2 60 0.01 kN/s 10�6 Ⅰ 2.71
SPR1A1S-3 1.2 60 0.01 kN/s 10�6 Ⅱ 3.10
SPR1A1S-4 1.2 60 0.01 kN/s 10�6 Ⅱ 3.31
SPR2A1S-1 2.4 60 0.01 kN/s 10�6 IV 2.84 3.11 13.9
SPR2A1S-2 2.4 60 0.01 kN/s 10�6 IV 3.35
SPR2A1S-3 2.4 60 0.01 kN/s 10�6 Ⅱ 3.60
SPR2A1S-4 2.4 60 0.01 kN/s 10�6 IV 2.67
SPR1A2S-1 1.2 120 0.01 kN/s 10�6 IV 2.44 3.26 17.9
SPR1A2S-2 1.2 120 0.01 kN/s 10�6 IV 3.35
SPR1A2S-3 1.2 120 0.01 kN/s 10�6 V 3.48
SPR1A2S-4 1.2 120 0.01 kN/s 10�6 IV 3.80
SPR2A2S-1 2.4 120 0.01 kN/s 10�6 IV 3.23 3.24 14.6
SPR2A2S-2 2.4 120 0.01 kN/s 10�6 IV 2.60
SPR2A2S-3 2.4 120 0.01 kN/s 10�6 Ⅱ 3.71
SPR2A2S-4 2.4 120 0.01 kN/s 10�6 IV 3.42
SPR1A1V1-1 1.2 60 7.80 m/s 7.77 m/s 0.73 0.63 III 4.88 4.59 26.9
SPR1A1V1-2 1.2 60 7.74 m/s 0.50 Ⅱ 3.88
SPR1A1V1-3 1.2 60 7.80 m/s 0.94 Ⅱ 6.19
SPR1A1V1-4 1.2 60 7.86 m/s 0.45 Ⅰ 3.40
SPR2A1V1-1 2.4 60 7.82 m/s 0.87 Ⅱ 5.89 4.59 27.9
SPR2A1V1-2 2.4 60 7.76 m/s 0.44 Ⅱ 3.33
SPR2A1V1-3 2.4 60 7.81 m/s 0.58 Ⅱ 4.54
SPR1A2V1-1 1.2 120 7.73 m/s 0.52 III 4.47 4.67 21.2
SPR1A2V1-2 1.2 120 7.73 m/s 0.76 Ⅰ 5.99
SPR1A2V1-3 1.2 120 7.79 m/s 0.46 Ⅱ 3.61
SPR1A2V1-4 1.2 120 7.75 m/s 0.59 Ⅱ 4.60
SPR2A2V1-1 2.4 120 7.76 m/s 0.58 IV 4.21 4.73 17.6
SPR2A2V1-2 2.4 120 7.69 m/s 0.67 IV 4.28
SPR2A2V1-3 2.4 120 7.69 m/s 0.77 IV 5.69
SPR1A1V2-1 1.2 60 14.51 m/s 14.63 m/s 2.03 1.58 Ⅱ 8.51 7.95 9.2
SPR1A1V2-2 1.2 60 14.60 m/s 1.52 Ⅱ 6.96
SPR1A1V2-3 1.2 60 14.51 m/s 2.24 IV 8.47
SPR1A1V2-4 1.2 60 14.56 m/s 1.47 III 7.85
SPR2A1V2-1 2.4 60 14.47 m/s 1.55 Ⅱ 9.61 8.60 10.4
SPR2A1V2-2 2.4 60 14.49 m/s 1.75 V 8.52
SPR2A1V2-3 2.4 60 14.45 m/s 1.37 V 7.46
SPR2A1V2-4 2.4 60 14.49 m/s 1.87 Ⅱ 8.81
SPR1A2V2-1 1.2 120 14.73 m/s 1.55 III 6.97 7.73 9.9
SPR1A2V2-2 1.2 120 14.71 m/s 1.36 III 7.18
SPR1A2V2-3 1.2 120 15.02 m/s 1.76 III 8.48
SPR1A2V2-4 1.2 120 15.04 m/s 1.36 Ⅱ 8.28
SPR2A2V2-1 2.4 120 14.53 m/s 1.36 V 7.57 7.44 5.0
SPR2A2V2-2 2.4 120 14.71 m/s 1.24 V 7.29
SPR2A2V2-3 2.4 120 14.56 m/s 1.22 IV 7.02
SPR2A2V2-4 2.4 120 14.62 m/s 1.64 V 7.89

aNote: SP represents the splitting tensile test. R1 and R2 denote the surface roughness and mean the average roughness of 1.2 and 2.4 mm, respectively. A1 and A2 denote the
interface age and correspond to 60 and 120 days, respectively. S represents the quasi-static loading rate of 0.01 kN/s and V1 and V2 mean the dynamic loading rates of 7.77
and 14.63 m/s, respectively. The final numbers indicate that the same specimens were tested three or four times.
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new concrete. Then, Chinese code JGJ 55-2011 [29] was used for
concrete mixtures.

For a long and large concrete structure, Chinese code GB 50666-
2011 [26] specifies that concrete in post-cast strips should be one
strength grade higher than existing concrete and the latter usually
has a strength grade of not lower than C20. For a monolithic pre-
cast concrete structure, Chinese specification JGJ 1-2014 [27] sug-
gests that precast concrete must have a strength grade of not
smaller than C30 and cast-in-site concrete should not have a lower
strength grade than precast concrete. For a repaired concrete struc-
ture, Chinese specification GB 50367-2013 [28] stipulates that
repairing concrete must have a strength grade of not less than
C20 and should be one strength grade higher than old concrete.
Therefore, C30 and C40 strength grades were employed for old
and new concrete in this experimental program, respectively.

According to Chinese code JGJ 55-2011 [29], mix proportions in
Table 2 were adopted to manufacture old and new concrete. Due to
3

the grooves were 14 mm in width and spacing, the selected max-
imum gravel size was 10 mm for coarse aggregate. The compres-
sive strength, f c, of 150 mm cube samples of concrete was
assessed on the testing days. For each concrete type and age, the
average value of f c of three cubes was obtained, as listed in Table 2.

2.3. Specimen preparation

C30 concrete was first cast. Before pouring C30 concrete, form-
works were fabricated. A formwork was composed of a PVC tube, a
PVC base plate, a PVC division plate and a PVC stiffened plate, as
shown in Fig. 2(a). The tube had the internal diameter of 70 mm
and the height of 80 mm. The division and stiffened plates had
the same height as the tube. One surface of the division plate
had the width of 70 mm, which is the same as the internal diame-
ter of the tube. Two parallel PVC strips were attached on the sur-
face. The depths, width and spacing of the strips were the same
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Fig. 1. Geometry of splitting tensile specimens (in mm): (a) specimen with the
average roughness of 1.2 mm; and (b) specimen with the average roughness of
2.4 mm.

Table 2
Mix proportions and compressive strength of concrete.

Type Old
concrete

New
concrete

Grade C30 C40
Mix proportion P.O 42.5 Portland cement 0.82 0.77

Medium-sized river sand 1.74 1.24
Coarse aggregate 2.30 1.86
Type I fly ash 0.08 0.08
S95 slag powder 0.10 0.15
Potable water 0.48 0.36
PY-I pumping admixture 0.016 –
PCA-I polycarboxylate
superplasticizer

– 0.015

Compressive
strength f c (MPa)

60 daysa 55.2
(90 daysb)

61.9
(60 daysc)

120 daysa 56.0
(150 daysb)

62.8
(120 daysc)

aThe number of days denotes the age of concrete interfaces.
bThe number of days denotes the age of old concrete.
cThe number of days denotes the age of new concrete.
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as those of the grooves. Another surface of the division plate was
bonded to the stiffened plate. The stiffened plate was used to pre-
vent the division plate from shifting during the pouring process of
old concrete. The PVC tubes, plates and strips were pasted with a
cyanoacrylate adhesive. After the preparation of formworks, C30
concrete was poured into the formworks to fabricate old concrete
substrates.

After 10 days, the old concrete substrates were moved out of
the formworks and placed in a laboratory for 20 days, as shown
in Fig. 2(b). Before casting C40 concrete, the surface of each old
concrete substrate was cleaned and pre-wetted. After that, the
old concrete substrate was placed in one half of a PVC tube with
a PVC base plate. The PVC tube was also 70 mm in internal diam-
eter and 80 mm in height. Then, C40 concrete was poured into the
other half of the tube to form a new concrete layer, as shown in
Fig. 2(c). Thus, an old concrete substrate and a new concrete layer
composed a splitting tensile specimen.

Ten days later, the splitting tensile specimens were taken out
from the tubes, as shown in Fig. 2(d). After 28 days, the two ends
of each specimen were cut, so that the height of each specimen
was 60 mm, as shown in Fig. 2(e). When the ages of the new con-
crete layers achieved 60 and 120 days, the specimens were tested.

2.4. Quasi-static test

A 100 kN electronic universal testing machine (WDW-100) was
used to test the specimens under quasi-static loading. The com-
4

pressive loading rate was a constant and equal to 0.01 kN/s. The
corresponding strain rate was about 10�6/s. Before testing each
specimen, diametral lines on the two circular end surfaces of the
specimen were drawn along the interface. Two pieces of plywood,
which were 3.0 mm in thickness and 20 mm in width and have a
slightly longer length than the specimen, were employed as bear-
ing strips in accordance with Chinese code GB/T 50081-2002 [30].
The two plywood strips were placed along the centers of the upper
and lower bearing blocks of the testing machine, respectively.
Then, the specimen was placed between the two plywood strips
and aligned, so that the diametral lines were perpendicular to
the plywood strips and consistent with the loading direction. Dur-
ing testing, the quasi-static compressive load, Ps tð Þ, and deforma-
tion, Dus tð Þ, of each specimen were recorded at the same time.
The test was finished when the specimen failed. Fig. 3(a) shows
the setup of the quasi-static test.

Based on the splitting tensile test principle, the quasi-static
splitting tensile bond strength, f s;st, of a new-to-old interface was
determined by the following expression [31]:

f s;st ¼
2Ps;max

pDsHs
1� b

Ds

� �2
" #3=2

ð2Þ

where, Ps;max is the maximum applied quasi-static compressive
load; Hs is the height of the specimen; and b is the width of the
strips.

2.5. SHPB test

A SHPB system was employed to examine the specimens under
dynamic loading. Fig. 3(b) and (c) depicts the setup and configura-
tion of the SHPB test. The bars were made of alloy steel, which has
the Young’s modulus, E, of 210 GPa and the wave propagation
velocity, C0, of 5172 m/s. Before testing each specimen, vaseline
was evenly smeared near the two new-to-old concrete boundary
lines on the cylindrical surface of the specimen. Then, the two
boundary lines were contacted with the incident and transmission
bars, respectively. The incident, reflected and transmitted strains,
ei tð Þ, er tð Þ and et tð Þ, were measured by two strain gauges mounted
on the bars, as plotted in Fig. 3(c). Compressed air was used to
launch the striker bar, so that two average striker impact speeds,
i.e., 7.77 and 14.63 m/s, were induced. The corresponding two
strain rates were 0.63 and 1.58/s.

In accordance with the one-dimensional wave theory and the
splitting tensile test principle, the dynamic compressive load,
Pd tð Þ, deformation, Dud tð Þ, splitting tensile bond strength, f d;st,
and strain rate, _e, of a new-to-old interface in the SHPB test were
calculated by the following expressions:
rt tð Þ ¼ Eet tð Þ ð3Þ

Pd tð Þ ¼ pD2

4
rt tð Þ ð4Þ

u1 tð Þ ¼ C0

Z T

0
ei tð Þ � er tð Þð Þdt ð5Þ

u2 tð Þ ¼ C0

Z T

0
et tð Þdt ð6Þ

Dud tð Þ ¼ u1 tð Þ � u2 tð Þ ð7Þ

f d;st ¼
2Pd;max

pDsHs
ð8Þ

_e ¼ f d;st
T0Es

ð9Þ
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Fig. 2. Formworks and cylinder specimens: (a) formwork for casting old concrete; (b) old concrete semicylinders; (c) formwork for casting new concrete; (d) cylinder
specimens before cutting; and (e) cylinder specimens after cutting. (Note: the new concrete semicylinder is on the left and the old concrete semicylinder is on the right in
each figure of (d) and (e).)
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where rt tð Þ is the transmitted stress; u1 tð Þ and u2 tð Þ are the dis-
placements of the ends of the incident and transmission bars con-
tacted with the specimen, respectively; Pd;max is the maximum
applied dynamic compressive load; T0 is the time lag between the
start of the transmitted stress wave and the maximum transmitted
stress; and Es is the elastic modulus of the specimen. For a concrete
interface specimen, stress waves propagate in both old and new
concrete during dynamic loading. The effects of the elastic moduli
of both old and new concrete should be considered when determin-
ing Es. Thus, Es was assumed to be equal to the average value of the
elastic moduli of old and new concrete in this experimenal program.
The elastic moduli of old and new concrete were estimated through
the compressive strength, f c, measured in Section 2.2. The formula,

4700
ffiffiffiffi
f 0c

q
, suggested in ACI 318 M�05 [32] was employed for the

estimation, where f 0c is the cylinder compressive strength of con-
crete and was approximately determined by 0:79f c according to
fib Model Code 2010 [25].
5

To check the validity of the SHPB test, the following stress equi-
librium equation was employed,

ri tð Þ þ rr tð Þ ¼ rt tð Þ ð10Þ
where ri tð Þ and rr tð Þ are the incident and reflected stresses, respec-
tively. Fig. 4 shows a typical set of stress equilibrium of the speci-
men under the striker impact speed of 7.77 m/s. It implies that
the SHPB test is valid.
3. Test results and analysis

3.1. Failure modes

Fig. 5 shows failure modes of specimens. It can be seen that typ-
ical splitting failure occurs at the interface of each specimen. For a
splitting tensile cylinder specimen under loading, compressive
stress appears at two bearing ends of the specimen, while tensile
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Fig. 3. Test setups and configuration: (a) quasi-static test setup; (b) SHPB test setup; and (c) configuration of the SHPB test (in mm).
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stress arises in the middle of the specimen. In the middle of each
specimen, the old concrete substrate has one bulge and the new
concrete layer has two bulges, which compose the main part of
the new-to-old bond interface subjected to the tensile stress.
According to the extent of splitting failure of specimens, five failure
modes are observed as follows:

Ⅰ—the specimen is split at the interface, the old concrete bulge
in the middle remains almost intact and the new concrete bulges
in the middle are partially pulled off, as shown in Fig. 5(a);

Ⅱ—the specimen is split at the interface, the old concrete bulge
in the middle remains almost intact and the new concrete bulges in
the middle are completely pulled off, as shown in Fig. 5(b);

III—the specimen is split at the interface and both the old con-
crete bulge and the new concrete bulges in the middle are partially
pulled off, as shown in Fig. 5(c);
6

IV—the specimen is split at the interface, the old concrete bulge
in the middle is partially pulled off and the new concrete bulges in
the middle are completely pulled off, as shown in Fig. 5(d);

and V—the specimen is split at the interface and both the old
concrete bulge and the new concrete bulges in the middle are com-
pletely pulled off, as shown in Fig. 5(e).

Table 1 lists the observed failure modes of all the splitting ten-
sile specimens. It is clear that, under each strain rate, failure mode Ⅰ
or Ⅱ tends to take place in the specimens with the average rough-
ness of 1.2 mm and the interface age of 60 days. When the average
roughness is 2.4 mm and/or the interface age is 120 days, failure
mode IV is inclined to occur under the strain rates of 10-6 and
0.63/s, while failure mode III or V is more likely to occur under
the strain rate of 1.58/s. It indicates that the tensile damage of
the old concrete substrates becomes more serious with the
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increases in the surface roughness and interface age. On the other
hand, failure modes Ⅰ and III only happen in the specimens with the
average roughness of 1.2 mm. When the average roughness
becomes 2.4 mm, failure mode Ⅱ, IV, or V occurs. It means that
the new concrete layers suffer more tensile damage with the
increase in the surface roughness. However, the interface ages of
60 and 120 days have little effects on the damage of the new con-
crete layers.

When the loading type changes from quasi-static loading to
dynamic loading, it seems that both the old concrete substrates
and the new concrete layers does not necessarily go through more
splitting damage. It might be attributed to two reasons. One is that
the two dynamic loading rates used in this test program are not
great and does not cause very serious damage of the specimens.
The other is that under dynamic loading, the whole specimen is
quickly split before some of the concrete bulges have not yet been
partially or completely pulled off. When the strain rate increases
from 0.63/s to 1.58/s, the main failure modes change from Ⅱ and
IV to Ⅱ and V. It demonstrates that the old concrete substrates
undergo more tensile damage with the increase in the dynamic
strain rate and the new concrete bulges are almost fully pulled
off under both the two dynamic strain rates.
3.2. Compressive load-deformation curves

Fig. 6(a) describes the recorded compressive load-deformation
curves in the quasi-static test. Note that the compressive deforma-
tion in each curve contains not only the compressive deformation
of the specimen but also the compressive deformation of the two
plywood strips. However, the compressive load in each curve is
consistent with that applied to the specimen. From Fig. 6(a), it
can be seen that the average roughness and interface age have
no significant effects on the maximum compressive loads of spec-
imens under the strain rate of 10�6/s.

According to Eq. (4) and (7), the dynamic compressive load and
deformation of each specimen in the SHPB test were calculated,
respectively. Then, the compressive load-deformation curves of
specimens were obtained, as shown in Fig. 6(b) and (c). For each
specimen under the strain rates of 0.63 and 1.58/s, the compressive
load slowly increases at first as the compressive deformation
increases. When the compressive deformation approximately
exceeds 0.1 mm, the compressive load quickly increases. Before
the compressive load achieves the maximum value, the enhance-
ment of the compressive load becomes slower. After exceeding
the maximum value, the compressive load decreases with the
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increase in the compressive deformation. When the compressive
deformation reaches the maximum value, the compressive load
and deformation decrease at the same time and the specimen goes
through recovery. When the compressive load decreases to 0 kN,
the residual compressive deformation appears.

When the strain rate increases from 10�6/s to 0.63/s, the max-
imum compressive loads increase. When the strain rate increases
from 0.63/s to 1.58/s, the increase of the maximum compressive
loads becomes more significant. Correspondingly, the specimens
under the strain rate of 1.58/s have greater maximum and residual
compressive deformation than those under the strain rate of 0.63/
s. However, under each strain rate, the surface roughness has little
influences on the maximum load, maximum and residual deforma-
tion, as well as the interface age. Interestingly, under the strain rate
of 1.58/s, the compressive load tends to increase more slowly with
the increases in the surface roughness and interface age before the
compressive load reaches the maximum value. There might be two
reasons for the phenomenon. On the one hand, the increase in the
surface roughness leads to an increase in the propagation time of
stress waves at the interface, resulting in the compressive defor-
mation increases more under the same compressive load and wave
propagation velocity. On the other hand, the increase in the inter-
face age induces more shrinkage stress at the interface. Before the
compressive load achieves the maximum value, the interfacial ten-
sile stress caused by the compressive load needs to counteract the
effect of shrinkage stress, leading to the compressive load increases
less under the same compressive deformation. However, the phe-
nomenon is not significant when the strain rate reduces to 0.63
and 10-6/s. It indicates that a lower strain rate can eliminate the
influences of the surface roughness and interface age on the com-
pressive load-deformation curves.

3.3. Absorption energy

Fig. 7 shows the average absorption energy of specimens at two
dynamic strain rates. The absorption energy of a specimen was cal-
culated by the area under the compressive load-deformation curve
shown in Fig. 6(b) and (c). Due to the compressive deformation in
each quasi-static curve includes the compressive deformation of
the two plywood strips, the absorption energy under the strain rate
of 10�6/s was not calculated.

It is obvious from Fig. 7 that specimens absorb more energy
when the strain rate increases from 0.63/s to 1.58/s. With the
increase in the absorption energy, the damage of specimens
becomes more serious, especially the damage of old concrete sub-
strates, as shown in Table 1. Under the strain rate of 0.63/s, the sur-
face roughness and interface age have little effects on the
absorption energy of specimens. When the strain rate rises up to
1.58/s, the absorption energy slightly reduces with the increases
in the surface roughness and interface age. The reductions should
be attributed to the phenomenon mentioned in Section 3.2. Due
to the phenomenon, the stiffness of the ascending portion of the
compressive load-deformation curve declines with the increases
in the surface roughness and interface age. Meanwhile, the maxi-
mum load, maximum and residual deformation are almost
unchanged. Hence, the area under the compressive load-
deformation curve, i.e., the absorption energy, decreases.

3.4. Splitting tensile bond strength

Fig. 8 presents the average splitting tensile bond strength values
of specimens at three strain rates. The quasi-static and dynamic
splitting tensile bond strength were calculated by Eq. (2) and (8),
respectively.

It is clear from Fig. 8 that the splitting tensile bond strength
increases by 43%~51% when the strain rate increases from 10�6/s



Fig. 5. Failure modes of splitting tensile specimens: (a) Ⅰ (SPR1A2V1-2); (b) Ⅱ (SPR1A1S-1); (c) III (SPR1A1V1-1); (d) IV (SPR2A2V2-3); and (e) V (SPR2A1V2-2). (Note: the
new concrete semicylinder is on the left and the old concrete semicylinder is on the right in each figure.)
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to 0.63/s. When the strain rate increases from 0.63/s to 1.58/s, the
splitting tensile bond strength increases by 57%~88%. The strain-
rate effect is significant. Note that the percentage increase for the
specimens with the same surface roughness and interface age
was obtained by dividing the strength difference between two
strain rates by the strength at the smaller strain rate. Under the
strain rates of 10�6 and 0.63/s, the surface roughness and interface
9

age have no effects on the splitting tensile bond strength of speci-
mens. When the strain rate is 1.58/s, the surface roughness and
interface age also have little influences on the splitting tensile
bond strength despite there are some fluctuations in results. These
might be attributed to two reasons. On the one hand, failure modes
in Fig. 5 shows that the old concrete substrate and new concrete
layer of each specimen sustain more or less tensile damage at
the interface. It means that the splitting tensile bond strength is
related to the tensile strength of the old concrete substrate and
new concrete layer, which depends on the compressive strength
of old and new concrete, respectively. Table 2 shows that the cube
compressive strength of old and new concrete is relatively close,
indicating that the tensile strength of the old concrete substrate
and new concrete layer is also close. Hence, regardless of the aver-
age roughness is 1.2 or 2.4 mm, the splitting tensile bond strength
changes little. On the other hand, the interface ages in this exper-
imental program, i.e., 60 and 120 days, are more than 28 days. At
these ages, the tensile strength of old and new concrete is rela-
tively stable. Thus, the splitting tensile bond strength almost no
long increases when the interface age changes from 60 days to
120 days.
3.5. Dynamic increase factor of splitting tensile bond strength

As presented previously, the strain-rate effect is significant on
the splitting tensile bond strength of concrete interfaces. Therefore,
the dynamic increase factor of the splitting tensile bond strength is
analyzed in this section. Due to the surface roughness and interface
age have little influences on the splitting tensile bond strength, the
effects of the two factors were not considered in the analysis. For
the quasi-static splitting tensile bond strength, f s;st, the average
value of 3.16 MPa calculated by the test results of 16 specimens
was employed. Then, the dynamic increase factors, DIFst, of all
the specimens were obtained by f d;st=f s;st. Note that the dynamic
increase factor for a quasi-static specimen was equal to the ratio
between the test result and the average value of 3.16 MPa. Fig. 9
(a) and (b) plot the relationships between DIFst and the strain rate
with linear–linear and linear-logarithmic scales, respectively.
Clearly, DIFst slowly increases when the strain rate is less than
0.44/s and quickly increases when the strain rate is beyond 0.44/s.

Unfortunately, so far, there is no formula to predict DIFst. Hence,
four existing formulas for the dynamic increase factor, DIFt, of the
tensile strength of concrete-like materials were collected and
attempted to predict DIFst.

Malvar and Ross [33] conducted a literature review to charac-
terize strain-rate effects on the tensile strength of concrete and
suggested a formula to estimate DIFt as follows:
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DIFt ¼
f d;t
f s;t

¼
_e

10�6

� �d
10�6=s 6 _e 6 1:0=s

b _e
10�6

� �1=3
_e > 1:0=s

8><
>: ð11Þ

where f d;t and f s;t are the dynamic and quasi-static tensile strength
of concrete, respectively; and the coefficients d and b are deter-
mined by d ¼ 1= 1þ 8f 0c=10

� �
and lgb ¼ 6d� 2, respectively.
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Through curve fitting from test results, Zhou and Hao [34]
obtained a trilinear formula for DIFt, which takes the following
form

DIFt ¼
f d;t
f s;t

¼
1 _e 6 10�4=s

2:06þ 0:26lg _e 10�4=s < _e 6 1:0=s
2:06þ 2lg _e _e > 1:0=s

8><
>: ð12Þ

On the basis of the experimental results of rock materials, Zhou
and Hao [35] developed a bilinear formula for DIFt, which is writ-
ten as

DIFt ¼
f d;t
f s;t

¼ 0:0225lg _eþ 1:12 _e 6 0:1=s

0:7325 lg _eð Þ2 þ 1:235lg _eþ 1:6 0:1=s < _e 6 50=s

(

ð13Þ
By further determining the coefficients in Eq. (11), the fédéra-

tion internationale du béton recommends a simplified formula
for DIFt in fib Model Code 2010 [25], which is given by

DIFt ¼
f d;t
f s;t

¼
_e

10�6

� �0:018
_e 6 10=s

0:0062 _e
10�6

� �1=3
_e > 10=s

8><
>: ð14Þ

The predictions by the existing formulas are also shown in
Fig. 9. Note that, for d in Eq. (11), f 0c was taken as the average value
of the strength of both old and new concrete in this analysis. It can
be seen from Fig. 9 that, the transition strain rates, i.e., 1.0/s sug-
gested by Malvar and Ross [33], 10-4 and 1.0/s proposed by Zhou
and Hao [34], 0.1/s suggested by Zhou and Hao [35] and 10/s pro-
posed by fib Model Code 2010 [25], are quite different from the
experimental result of 0.44/s. When the strain rate is not more
than 0.44/s, the predictions by Malvar and Ross [33] and fib Model
Code 2010 [25] are higher than the experimental results. After the
strain rate exceeds 0.44/s, the predictions by Malvar and Ross [33],
Zhou and Hao [35] and fibModel Code 2010 [25] are lower than the
experimental results. When the strain rate is more than 1.0/s, the
predictions by Zhou and Hao [34] are close to the test results. How-
ever, before the strain rate achieves 1.0/s, the predictions by Zhou
and Hao [34] are greater than the test results. Therefore, the exist-
ing formulas for DIFt of the tensile strength of concrete-like mate-
rials cannot be used to predict DIFst of the splitting tensile bond
strength of concrete interfaces.

Consequently, a new formula for DIFst is proposed as follows:

DIFst ¼
f d;st
f s;st

¼
1:00þ 0:076� _e

10�6 10�6=s 6 _e 6 0:44=s

0:0005 _e
10�6

� �0:60
0:44=s < _e 6 2:24=s

8<
: ð15Þ

In the proposed formula, a bilinear dynamic increase factor-
strain rate relationship is assumed. When the strain rate ranges
from 0.44/s to 2.24/s, the expression is obtained by fitting the test
data in this paper. When the strain rate ranges from 10-6/s to 0.44/
s, the dynamic increase factor-strain rate curve is assumed to be
linear and then the corresponding expression is easily determined.
The fitting curves of Eq. (15) with linear–linear and linear-
logarithmic scales are plotted in Fig. 9(a) and (b), respectively.
The coefficient of determination, R2, of Eq. (15) is 0.94. It demon-
strates that the proposed formula fits the test results well.

4. Conclusions

This paper experimentally investigated the quasi-static and
dynamic splitting tensile bond behavior of new-to-old concrete
interfaces. Influences of the strain rate, the surface roughness
and the interface age on experimental results were presented.
The experimental results contained failure modes, compressive
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load-deformation curves, absorption energy and splitting tensile
bond strength. In addition, the dynamic increase factor of the split-
ting tensile bond strength was analyzed. The main conclusions can
be drawn as follows:

(1) When the average roughness increases from 1.2 mm to
2.4 mm, both the old concrete substrates and the new concrete lay-
ers sustain more tensile damage. When the interface age changes
from 60 days to 120 days, the tensile damage of the old concrete
substrates becomes more serious but that of the new concrete lay-
ers is almost unchanged. The splitting damage of the specimens
under dynamic loading is not necessarily more serious than that
under quasi-static loading. When the strain rate increases from
0.63/s to 1.58/s, the old concrete substrates undergo more tensile
damage but the new concrete layers have similar tensile damage.

(2) Under a lower strain rate, i.e., 10-6 or 0.63/s, the surface
roughness and interface age have little influences on the compres-
sive load-deformation curves. However, when the strain rate
increases to 1.58/s, the compressive load increases more slowly
with the increases in the surface roughness and interface age
before the compressive load reaches the maximum value. This phe-
nomenon results in slight reductions of the absorption energy with
the increases in the surface roughness and interface age.

(3) When the strain rate increases from 10-6/s to 0.63/s, the
splitting tensile bond strength increases by 43%~51%. When the
strain rate increases from 0.63/s to 1.58/s, the splitting tensile bond
strength increases by 57%~88%. These indicates that the strain-rate
effect is significant. However, the surface roughness and interface
age have little effects on the splitting tensile bond strength.

(4) Existing formulas for the dynamic increase factor of the ten-
sile strength of concrete-like materials cannot be used to predict
the dynamic increase factor of the splitting tensile bond strength
of concrete interfaces. Hence, a new formula, which is fitted from
the test date in this experimental program, is proposed for con-
crete interfaces. It should be noted that for concrete interfaces
where old and new concrete has different properties from that
used in this paper, the applicability of this new formula needs to
be further verified.

As mentioned in Introduction, there are many factors affecting
the splitting tensile bond behavior of new-to-old concrete inter-
faces. The range of each factor may also have an important effect
on the interfacial behavior. Thus, future work can focus on the
influences of the difference of strength grades between old and
new concrete, the difference of stiffness between old and new con-
crete, and the early ages of concrete interfaces on the interfacial
dynamic splitting tensile bond behavior. Besides, the effects of
higher strain rates should also be considered since a significant
strain-rate effect has been observed. Note that under a higher load-
ing rate, it is very crucial to ensure the old concrete substrate and
new concrete layer are not severely damaged when the concrete
interface is split.
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