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Abstract 

Ultra‑high performance engineered cementitious composite (UHP‑ECC), which is known for its exceptional compres‑
sive strength, tensile strength, and ductility, has been emerged as a promising option for repairing and strengthening 
reinforced concrete (RC) structures. The bond between UHP‑ECC and normal concrete is the key issue for the mate‑
rial to be successfully implemented. This paper presents an experimental investigation focused on understanding 
the tensile and shear behavior of the bonding interface between UHP‑ECC and concrete. A total of 78 specimens 
were prepared and tensile splitting tests and push‑out tests were carried out. The study examined key param‑
eters including the strength of the concrete substrate, the roughness of the interface, and the moisture condition 
at the interface. Various failure modes are observed in the specimens under tensile splitting force and direct shear 
force, and it is found that the influence of the key parameters varied depending on the type of failure mode. In 
specimens experiencing full interface debonding or interface failure combined with substrate cracks, the roughness 
of the interface and the moisture degree have a significant impact on the tensile and shear strength. Conversely, 
in specimens with full substrate disruption, the strength of the substrates plays a more significant role. Additionally, 
the study reveals that the grooving treatment is highly effective in improving the shear strength of the interface, 
but its impact on enhancing the tensile strength is comparatively less pronounced. Prediction models for the tensile 
and shear strength of the interface are established and verified against the test results. The proposed models provide 
valuable insights into the behavior of the UHP‑ECC to concrete interface and can aid in predicting its performance 
in practical applications.
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1 Introduction
Structural strengthening has become increasingly neces-
sary due to a range of factors. One significant factor is the 
aging of buildings and infrastructure worldwide. Many 
existing structures do not meet current design codes 
and standards, making strengthening essential to ensure 
they can withstand anticipated loads and maintain their 
structural integrity. Over time, structural strengthen-
ing techniques have progressed due to advancements in 
construction materials, engineering expertise, and tech-
nology. This progress has led to the development of vari-
ous materials that are now accessible to cater to specific 
strengthening needs (Li, 2003; Yoo & Banthia, 2016; Yu 
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et al., 2018). Engineered Cementitious Composite (ECC) 
is an advanced construction material that has gained 
considerable attention in recent years for its exceptional 
tensile strength, ductility and durability which are poten-
tial for structural strengthening applications (Ding et al., 
2018; Li, 2003; Li et  al., 2001). The interaction between 
the fibers and matrix in ECC is modified to achieve 
strain-hardening behavior and features multiple instances 
of micro-cracking with self-controlled widths (Yu et  al., 
2018). Ultra-high performance concrete (UHPC) is 
another advanced material known for its exceptional 
compressive strength, making it a preferred choice for 
use in compressive members (Wang et  al., 2023b; Zhao 
et  al., 2023). In recent years, significant research and 
development have focused on ultra-high performance 
engineered cementitious composites (UHP-ECC). By 
incorporating polyethylene (PE) fibers and utilizing a low 
water/binder ratio, ECC has achieved remarkable tensile 
strengths exceeding 10 MPa and elongations exceeding 
5% while an impressive compressive strength exceed-
ing 100 MPa also have been attained (Li et al., 2019; Yu 
et  al., 2018, 2020). The exceptional strength and ductil-
ity of UHP-ECC materials offer substantial benefits to 
structures subjected to extreme loads like earthquakes, as 
they can absorb a substantial amount of energy. ECC has 
garnered significant research attention as an exceptional 
material for structural strengthening, prompting exten-
sive research into its strengthening capabilities. It has 
been demonstrated that ECC as well as fiber-reinforced 
polymer (FRP) reinforced ECC hold tremendous poten-
tial for strengthening RC columns (Li et  al., 2023; Zeng 
et al., 2023; Zhang et al., 2019, 2021; Zeng et al. 2024; Yan 
et  al. 2024; Lin etal. 2024), masonry walls (Deng et  al., 
2019; Lin et al., 2014; Yu et al., 2022) and RC beams (Li 
et al., 2021; Tian et al., 2022; Yang et al., 2018; Ye et al., 
2023). Various studies have emphasized the crucial role 
of interfacial bonding behavior between the additive 
material and the existing concrete in determining the 
effectiveness of repairs or strengthening (El Afandi et al., 
2023; Pan et al., 2022) because the effectiveness of bond-
ing notably secure jointly action of both the strengthen-
ing material and the existing concrete.

Extensive experimental studies have been conducted 
to investigate the bonding behavior between repairing 
materials and substrate concrete, highlighting the impor-
tance of various factors. These factors include substrate 
surface roughness (Júlio et  al., 2004; Santos et  al., 2007; 
Wang et  al., 2018, 2023a; Zhang et  al., 2023), strength 
and stiffness differences between new and old materials 
(Tian et  al., 2019; Zhang et  al., 2020), shrinkage(Farzad 
et al., 2019; Zhang et al., 2020), moisture conditions (Luo 
et al., 2023; Zhang et al., 2020) and the presence of fibers 
(Ju et  al., 2020; Qasim et al., 2022; Zanotti et  al., 2017). 

Consensus has been reached among existing studies 
that substrate surface roughness is a critical parameter 
affecting the bonding strength of the interface. Surface 
roughness treatment has been shown to significantly 
enhance the interfacial bonding between the substrate 
and the repairing material. For instance, Zhang et  al. 
(2023) investigated the impact of surface roughness on 
the bonding behavior of the UHP-ECC to old concrete 
interface, observing a substantial improvement in shear 
strength and a moderate post-peak shear degradation 
due to the roughness treatment. Similar observations 
have also been made in studies examining the tensile and 
shear behavior of the interface between UHPC and con-
crete (Zhang et al., 2020). The strength and stiffness dif-
ference between the repairing material and the substrate 
also play a crucial role in the bonding behavior (Diab 
et  al., 2017; Tian et  al., 2019). Research has shown that 
a significant difference in strength and stiffness can lead 
to stress concentration at the interface edge, resulting in 
premature failure (Diab et al., 2017). However, Tian et al. 
(2019) observed that the strength grades of ECC had 
no influence on the failure mode and shear behavior of 
the ECC-concrete interface. Moisture conditions at the 
interface have also been found to influence the bonding 
behavior (Bentz et al., 2018; Luo et al., 2023; Semendary 
& Svecova, 2020; Zhang et al., 2020). Zhang et al. (2020) 
discovered that specimens with a saturated surface dry 
condition achieved higher bonding capacity compared 
to those with an air surface dry condition. However, dif-
ferent conclusions have been drawn from other studies 
(Luo et al., 2023; Semendary & Svecova, 2020), where test 
results indicated that the surface moisture condition only 
reduced the variability of failure mode and shear capacity 
but had a minor influence on the ultimate strength value. 
Bentz et  al. (2018) suggested that under air dry surface 
conditions, the dry surface absorbs water from the fresh 
repairing material, leading to condensation of particles at 
the interface. They found that these condensed particles 
improved bonding performance under slant shear tests 
but had no impact on tensile stresses. The effect of fiber 
types and volume fraction on the interfacial bonding 
behavior has also been investigated (Ju et al., 2020; Qasim 
et al., 2022; Zanotti et al., 2014). The experimental results 
from Zanotti et al. (2014) demonstrate that the inclusion 
of Polyvinyl Alcohol (PVA) fibers significantly enhances 
the cohesion at the bond interface, improving the overall 
bonding behavior. Additionally, Qasim et  al. (2022) dis-
covered that in interfaces treated with sandblasting, the 
presence of steel fibers establishes a dowel action that 
further enhances the interfacial bonding. Furthermore, 
Ju et al. (2020) observed that increasing the volume frac-
tion of fibers can effectively enhance the splitting tensile 
strength of the bonding interface.
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The current body of literature indicates that the bond-
ing behavior between new repairing materials and the 
substrate concrete is influenced by a multitude of factors. 
However, the precise impact of these factors remains 
unclear, particularly when it comes to newly developed 
high-performance materials such as UHP-ECC. To this 
end, this paper presents an experimental investigation 
aimed at examining the impact of key parameters on the 
tensile and shear behavior of the interface between UHP-
ECC and concrete.

2  Experimental Program
2.1  Material
The mix proportions of the concrete substrates and 
repair material UHP-ECC are listed in Table 1. The UHP-
ECC is composited of Portland cement (P•O 52.5R), sil-
ica sand with a particle size ranged from 0.076 to 0.150 
mm, silica fume with a particle size ranged from 0.1 to 
1 μm and polyethylene (PE) fibers with a length of 18 
mm. The compressive properties of the material were 
achieved based on the specified compressive test method 
in accordance with ASTM C469-2014 (ASTM, 2014), and 
the results are listed in Table 2. The compressive proper-
ties of UHP-ECC were achieved from compressive tests 
on three Φ50 × 150 mm cylinders. The ultimate compres-
sive strength and elastic modulus are 108.3 MPa and 35.2 
GPa respectively. Two grades of concrete substrates are 
adopted in the experiment. The compressive strength of 
normal strength concrete (NSC) and high strength con-
crete (HSC) was obtained from compressive tests on 
standard concrete cylinders with a diameter of 150 mm 
and height of 300 mm, two strain gauges were attached 
onto the cylinders to achieve the elastic modulus of con-
crete. The compressive strength and elastic modulus of 

the NSC are 50.0 MPa and 31.9 GPa respectively, and the 
compressive strength and elastic modulus of the HSC are 
74.4 MPa and 33.9 GPa. The tensile properties of UHP-
ECC are collected from tensile coupon tests with three 
dog-bone-shaped UHP-ECC coupons. The averaged ini-
tial cracking stress, peak tensile stress, and peak tensile 
strain are 6.4 MPa, 11.4 MPa, and 4.8% respectively as 
shown in (Table 3).

2.2  Test Methods and Specimens
Various test methods have been employed to study the 
interfacial bonding behavior between repair materials 
and substrate concrete. The objective of this study is to 
examine the tensile and shear behavior of the UHP-ECC 
to concrete interface. To achieve this, splitting tensile 
tests and double-sided direct shear tests were conducted. 
In the splitting tensile test, a compressive load was 
applied along the longitudinal direction of the interface 
to generate a splitting tensile force between the substrate 
and the repair material. The loading rate used in these 
tests was set at 0.2 mm/min to ensure accurate and reli-
able results. The test setup of the splitting tensile test is 
shown in Fig. 1a. The push-out test, a type of direct shear 
test with a double-sided interface, was employed to accu-
rately measure the pure shear capacity of the interface. 
Unlike the common direct shear test with a single inter-
face, the double-sided direct shear test offers improved 
safety and stability due to the symmetric shear load 
applied. The test setup for the push-out tests is illustrated 
in Fig.  1b. To analyze the stress distribution near the 
interface and record the failure progression of the speci-
mens, the Digital Image Correlation (DIC) technique was 

Table 1 Concrete mix proportions (Unit: kg)

1%—Fiber volume fraction of 1.0%, N.A. not applicable

Series Cement Fly ash Mineral powder Coarse 
aggregate

Quartz powder Silica fume River Sand Water Superplasticizer PE fiber

UHP‑ECC 1 N.A 0.94 N.A 0.63 0.19 N.A 0.33 0.05 1%

HSC 1 N.A N.A 1.77 N.A N.A 1.30 0.32 0.01 N.A

NSC 1 0.27 0.20 4.19 N.A N.A 2.67 0.67 0.038 N.A

Table 2 Compressive properties of the concrete and UHP‑ECC

Series Peak strength
fco′(MPa)

Elastic 
modulus
Ec (GPa)

Peak strain
εco (%)

UHP‑ECC 108.3 35.2 0.32

HSC 74.4 33.9 0.26

NSC 50.0 31.9 0.23

Table 3 Tensile properties of the UHP‑ECC

Specimens Initial cracking 
stress
σtc(MPa)

Peak stress
σpc (MPa)

Peak strain
εpc (%)

UHP‑ECC‑1 6.4 10.4 4.5

UHP‑ECC‑2 6.4 11.7 5.4

UHP‑ECC‑3 6.3 12.2 4.4

Avg 6.4 11.4 4.8
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utilized. The loading rate for the push-out tests was set at 
0.2 mm/min to ensure reliable and precise results.

2.3  Preparation of Specimens
The composite cylinder specimen with Φ100 × 200 mm 
dimensions was prepared for splitting tensile tests. The 
procedures for splitting tensile specimens are shown in 
Fig.  2. Firstly, PVC tubes and half-section polystyrene 
foams were used to build the formworks for substrate 
concrete. To attain the grooved interface, the polysty-
rene foams were shaped with desired grooves. After the 
formworks are ready, concrete substrates were cast and 
demolded after 24 h, and then cured in a laboratory 
environment for 28 days. Then, surface treatments were 
conducted on the concrete substrate surface. Existing 
studies have the agreement that substrate surface rough-
ness plays a fundamental role in the interface bonding 
strength, thus the surface roughness is the major param-
eter have been studied in this work. The sand-patch 
method specified in ASTM E965 (ASTM, 2019) was used 
to evaluate the surface roughness of the substrate due to 
its simplicity and convenient operation. Three levels of 
surface roughness with average macrotexture depths of 
0.4 mm, 0.8 mm, and 1.2 mm were studied in the experi-
mental program, in addition, substrate surfaces with 
grooves were also prepared and investigated. The influ-
ence of moisture degree at the surface of the substrate on 
the interface behavior was also investigated. Two types 
of surface conditions were considered, the first one is the 
air surface dry condition (ASD), in which the surface of 
the concrete substrate was placed in a dry environment 
for at least 7 days before casting of UHP-ECC. Another 

condition was the saturated surface dry condition (SSD), 
in which the concrete substrates were cured in the water 
tank for at least 48 h before casting. After the surface 
treatments were done, UHP-ECC half was cast against 
the concrete substrate, and finally, the specimens were 
demoulded after 24 h and cured for more than 28 days.

For the push-out test, the specimens were cast in three 
portions, the middle portion is a concrete prism with a 50 
mm × 50 mm square section and 200 mm height, at each 
side of the prism, UHP-ECC prisms were cast with the 
same dimension, and there was a 25 mm gap in the lon-
gitudinal direction between the substrate and the repair 
material for load applying. Fig.  3 shows the preparation 
of specimens of push-out tests. The middle-portion con-
crete was cast first, and after the curing of the concrete, 
the surface treatment was conducted on the two sides of 
the concrete substrate prisms, after that, the UHP-ECC 
portions were cast and cured at room temperature for at 
least 28 days.

Totally 78 specimens were cast, and the main param-
eters investigated are the strength of concrete substrates, 
interface roughness and interface moisture degree. The 
details of the specimens could be found in Table 4. The 
label system for the specimens is designed as follows. 
The first term stands for the test method, where S is for 
splitting tensile tests and P is for push-out tests. The sec-
ond term stands for the strength of concrete substrates, 
where C1 is for normal concrete with a cylinder strength 
of 50 MPa, and C2 is for high-strength concrete with a 
strength of 74.4 MPa. The third term stands for interface 
roughness where R0, R1, R2, R3, and R4 are for smooth 
surface, with macrotexture depths of 0.4 mm, 0.8 mm, 1.2 

Fig. 1 Test setup: a Splitting tensile test and b Push‑out test
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mm, and grooved surface respectively. The fourth term 
stands for surface moisture degree, where A is for air 
surface dry condition, and S is for saturated surface dry 
condition. The final term presents the repeated specimen 
number. For instance, specimen label “S-C1-R0-A-1” pre-
sents the splitting tensile specimen with normal strength 
concrete substrate, smooth interface with air surface dry 
condition, and repeated specimen No. 1 (Table 4).

3  Test Results
The results of the splitting tensile tests and push-out tests 
are presented in Table 5. The table provides information 
on the ultimate strength achieved and the corresponding 
failure modes observed in each test. In the subsequent 
sections, the impact of various factors on the tensile and 
shear behavior of the concrete to UHP-ECC interface is 
discussed. The influence of surface roughness, strength 
disparity between the repair material and substrates, and 
moisture content at the interface are specifically exam-
ined. By analyzing these factors, a better understanding 
of the interfacial performance can be gained, leading to 
the development of more effective repair strategies and 
materials for concrete structures.

3.1  Failure Modes
Fig. 4 shows the failure patterns of splitting tensile speci-
mens. Four types of failure modes were found. The first 
one is full interface failure (S-FM1), where the repair 
material and substrates debonded at the interface, and no 
cracks were found in either UHP-ECC or concrete por-
tions. Fig.  4a shows a typical failure mode of full inter-
face failure. The second type of failure is interface failure 
combined with substrate cracks (S-FM2). In such failure 
mode, the cracks initially formed in the concrete sub-
strate and subsequently spread to the interface between 
the UHP-ECC and concrete, and continued to propa-
gate (see Fig.  4b). The third type of failure mode is full 
substrate failure (S-FM3). The failure took place in the 
concrete substrate close to the interface, resulting in 
crushing or fracturing, while the UHP-ECC to concrete 
interface remained intact (see Fig. 4c). Specimens exhib-
iting failure mode S-FM3 demonstrated a significant 
bond between UHP-ECC and concrete, resulting in the 
initiation of failure due to material damage within the 
concrete substrate. The fourth failure mode is the bond 
disruption with joint torn-off (S-FM4) for the specimens 
with a grooved interface as shown in Fig.  4d. In all the 

Fig. 2 Fabrication progress and dimension of the splitting tensile test specimens
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splitting tensile tests, no failure was found in the repair 
material UHP-ECC, due to the high tensile strength of 
the UHP-ECC material.

In push-out tests, three different types of failure 
modes were found which is shown in Fig. 5. The first one 
(P-FM1) is similar to the failure mode S-FM1 in the split-
ting tensile test, pure interface debonding was found, and 
either the substrate or the repair material fractured (see 
Fig.  5a). The second type of failure is the shear failure 
in concrete substrates (P-FM2), in which a major crack 
penetrated the concrete substrate near the interface (see 
Fig. 5b). The third type of failure is joint failure (P-FM3) 
in these specimens with grooved interfaces (see Fig. 5c).

In Table 5, the failure modes of all specimens are listed. 
In the splitting tensile tests, it was observed that the fail-
ure modes of the specimens were mainly influenced by 
the surface roughness. Pure interface failure (S-FM1) 
occurred in all the specimens without interface treat-
ment. However, when the macrotexture depths of sur-
face roughness reached 0.4, interface failure combined 
with substrate cracks (S-FM2) occurred. Specimens with 
roughness levels R2 or R3 experienced substrate failure, 

while all the grooved specimens had their joint keys torn 
off (S-FM4). In push-out tests, a similar observation was 
made. All specimens with a smooth interface exhib-
ited pure interface failure (P-FM1), whereas specimens 
with interface macrotexture depths ranging from 0.4 to 
1.2 experienced shear failure in the concrete substrates 
(P-FM2). Additionally, failure (P-FM3) with sheared-off 
joint keys was found in specimens with grooved inter-
faces. The DIC technology captured the history of strain 
distribution of the push-out test specimens. The strain 
distribution of specimens with P-FM1 failure mode 
is shown in Fig.  6a, in which interface bond disrup-
tion occurred at one side of the specimen and the load 
dropped to zero rapidly after the bond failed. However, 
for the failure mode of P-FM2, after one side of the shear 
plane failed, the load dropped to a certain value and then 
showed a softening behavior due to the stress redistri-
bution, and finally failed with two major shear cracks at 
both sides (see Fig.  6b). For the failure mode of speci-
mens with the grooved interface (P-FM3), the stress his-
tory shows three load drops (see Fig. 6c). The load drop 
observed at Point 1 in Fig.  6c is a result of the initial 

Fig. 3 Fabrication progress and dimension of the push‑out test specimens



Page 7 of 15Zeng et al. Int J Concr Struct Mater           (2024) 18:50  

failure of the key joint. Subsequently, the shear stress is 
redistributed, leading to the disruption of all key joints 
and the failure of the shear plane on one side of the speci-
mens (Point 2). From there, the shear force is transferred 
to the opposite side of the shear plane until both sides 
experience failure (Point 3).

3.2  Ultimate Strength
3.2.1  Tensile Strength
The tensile strength of the UHP-ECC to concrete inter-
face of the splitting tensile test specimens could be calcu-
lated using the following equation:

where σt is the splitting tensile strength, Nt is the applied 
compressive force in the splitting tensile test and A is 
the cross-sectional area of the interface plane. Table  5 
lists the splitting tensile strengths of all the specimens. 
Based on the bond quality classification proposed by 
Sprinkel and Ozyildirim (2000), it can be observed that 
all specimens demonstrate excellent bond quality except 
for S-C2-R0-S-1 and S-C2-R0-S-2. Among the tested 
specimens, S-C2-R2-S-1 exhibits the highest strength, 
with a maximum splitting tensile strength of 5.31 MPa. 
This exceptional strength is attributed to the use of high-
strength concrete substrates, as the observed failure 

(1)σt =
2Nt

πA

mode is substrate failure. On the other hand, specimen 
S-C2-R0-S-2, which also utilizes high-strength concrete 
substrates but has a smooth interface and is subjected 
to the saturated surface dry (SSD) condition, exhibits 
the lowest splitting tensile strength among all the tested 
specimens, measuring at 1.05 MPa. These results indicate 
that factors such as surface roughness and moisture con-
tent at the interface can significantly influence the inter-
facial bonding strength.

3.2.2  Shear Strength
The shear strengths of the UHP-ECC to concrete inter-
face from push-out tests are listed in Table 5. The shear 
strength is calculated as follows:

where σs is the shear strength, Ns is the applied shear 
force in the push-out test and A is the cross-sectional 
area of the interface plane. Despite the fact that the 
failure of the double-sided specimens in the push-out 
test occurred on one side, it is believed that prior to the 
generation of cracks, the shear load was evenly distrib-
uted to both shear planes as a result of meticulous align-
ment calibration. In Table  5, it is found that the shear 
strengths obtained from the push-out test are normally 
larger than the splitting tensile strengths with the same 

(2)σs =
Ns

2A

Table 4 Details of test specimens

Splitting tensile 
test specimen

Substrate 
strength (MPa)

Roughness (mm) Moisture
degree

Push-out test
specimen

Substrate 
strength (MPa)

Roughness (mm) Moisture
degree

S‑C1‑R0‑A‑X 50.0 Smooth ASD P‑C1‑R0‑A‑X 50.0 Smooth ASD

S‑C1‑R0‑S‑X Smooth SSD P‑C1‑R0‑S‑X Smooth SSD

S‑C1‑R1‑A‑X 0.4 ASD P‑C1‑R1‑A‑X 0.4 ASD

S‑C1‑R1‑S‑X 0.4 SSD P‑C1‑R1‑S‑X 0.4 SSD

S‑C1‑R2‑A‑X 0.8 ASD P‑C1‑R2‑A‑X 0.8 ASD

S‑C1‑R2‑S‑X 0.8 SSD P‑C1‑R2‑S‑X 0.8 SSD

S‑C1‑R3‑A‑X 1.2 ASD P‑C1‑R3‑A‑X 1.2 ASD

S‑C1‑R3‑S‑X 1.2 SSD P‑C1‑R3‑S‑X 1.2 SSD

S‑C1‑R4‑A‑X Grooved ASD P‑C1‑R4‑A‑X Grooved ASD

S‑C1‑R4‑S‑X Grooved SSD P‑C1‑R4‑S‑X Grooved SSD

S‑C2‑R0‑A‑X 74.4 Smooth ASD P‑C2‑R0‑A‑X 74.4 Smooth ASD

S‑C2‑R0‑S‑X Smooth SSD P‑C2‑R0‑S‑X Smooth SSD

S‑C2‑R1‑A‑X 0.4 ASD P‑C2‑R1‑A‑X 0.4 ASD

S‑C2‑R1‑S‑X 0.4 SSD P‑C2‑R1‑S‑X 0.4 SSD

S‑C2‑R2‑A‑X 0.8 ASD P‑C2‑R2‑A‑X 0.8 ASD

S‑C2‑R2‑S‑X 0.8 SSD P‑C2‑R2‑S‑X 0.8 SSD

S‑C2‑R3‑A‑X 1.2 ASD P‑C2‑R3‑A‑X 1.2 ASD

S‑C2‑R3‑S‑X 1.2 SSD P‑C2‑R3‑S‑X 1.2 SSD

S‑C2‑R4‑A‑X Grooved ASD P‑C2‑R4‑A‑X Grooved ASD

S‑C2‑R4‑S‑X Grooved SSD P‑C2‑R4‑S‑X Grooved SSD
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interface parameters, especially for the specimens with 
grooved interface. The presence of key joints in the inter-
face greatly enhanced the shear adhesion properties of 
the UHP-ECC to concrete interface. Among all the speci-
mens, the maximum shear strength is 9.98 MPa which 

was achieved in specimen P-C2-R4-S-1, a specimen with 
high strength concrete substrate, and grooved inter-
face under SSD condition. The minimum shear strength 
occurred in specimen P-C1-R0-S-1 with normal strength 
substrates and smooth surface under ASD condition.

Table 5 Test results

Splitting tensile test Push-out test

Specimens Failure mode Splitting tensile Strength 
(MPa)

Specimens Failure mode Shear 
Strength 
(MPa)

S‑C1‑R0‑A‑1 S‑FM1 2.21 P‑C1‑R0‑S‑1 P‑FM1 1.97

S‑C1‑R0‑A‑2 S‑FM1 2.33 P‑C1‑R0‑S‑2 P‑FM1 1.46

S‑C1‑R0‑S‑1 S‑FM1 2.21 P‑C1‑R1‑A‑1 P‑FM2 3.38

S‑C1‑R0‑S‑2 S‑FM1 2.11 P‑C1‑R1‑A‑2 P‑FM2 4.29

S‑C1‑R1‑A‑1 S‑FM2 4.01 P‑C1‑R1‑S‑1 P‑FM2 4.37

S‑C1‑R1‑A‑2 S‑FM2 4.20 P‑C1‑R1‑S‑2 P‑FM2 4.26

S‑C1‑R1‑S‑1 S‑FM2 3.98 P‑C1‑R2‑A‑1 P‑FM2 4.49

S‑C1‑R1‑S‑2 S‑FM2 4.00 P‑C1‑R2‑A‑2 P‑FM2 6.27

S‑C1‑R2‑A‑1 S‑FM3 4.46 P‑C1‑R2‑S‑1 P‑FM2 5.15

S‑C1‑R2‑A‑2 S‑FM3 3.60 P‑C1‑R2‑S‑2 P‑FM2 5.22

S‑C1‑R2‑S‑1 S‑FM3 4.12 P‑C1‑R3‑A‑1 P‑FM2 6.24

S‑C1‑R2‑S‑2 S‑FM3 4.27 P‑C1‑R3‑A‑2 P‑FM2 4.10

S‑C1‑R3‑A‑1 S‑FM2 4.09 P‑C1‑R3‑S‑1 P‑FM2 5.49

S‑C1‑R3‑A‑2 S‑FM3 4.20 P‑C1‑R3‑S‑2 P‑FM2 4.52

S‑C1‑R3‑S‑1 S‑FM3 3.67 P‑C1‑R4‑A‑1 P‑FM3 9.16

S‑C1‑R3‑S‑2 S‑FM3 3.34 P‑C1‑R4‑A‑2 P‑FM3 8.48

S‑C1‑R4‑A‑1 S‑FM4 3.17 P‑C1‑R4‑S‑1 P‑FM3 8.28

S‑C1‑R4‑A‑2 S‑FM4 3.68 P‑C1‑R4‑S‑2 P‑FM3 8.47

S‑C1‑R4‑S‑1 S‑FM4 3.30 P‑C2‑R0‑A‑1 P‑FM1 3.89

S‑C1‑R4‑S‑2 S‑FM4 3.55 P‑C2‑R0‑A‑2 P‑FM1 3.90

S‑C2‑R0‑A‑1 S‑FM2 2.18 P‑C2‑R0‑S‑1 P‑FM2 5.44

S‑C2‑R0‑A‑2 S‑FM1 2.26 P‑C2‑R0‑S‑2 P‑FM2 5.70

S‑C2‑R0‑S‑1 S‑FM1 1.61 P‑C2‑R1‑A‑1 P‑FM2 6.97

S‑C2‑R0‑S‑2 S‑FM1 1.05 P‑C2‑R1‑A‑2 P‑FM2 4.54

S‑C2‑R1‑A‑1 S‑FM2 3.94 P‑C2‑R1‑S‑1 P‑FM2 5.91

S‑C2‑R1‑A‑2 S‑FM2 3.10 P‑C2‑R1‑S‑2 P‑FM2 5.35

S‑C2‑R1‑S‑1 S‑FM2 3.24 P‑C2‑R2‑A‑1 P‑FM2 5.23

S‑C2‑R1‑S‑2 S‑FM2 3.34 P‑C2‑R2‑A‑2 P‑FM2 5.31

S‑C2‑R2‑A‑1 S‑FM3 4.74 P‑C2‑R2‑S‑1 P‑FM2 6.00

S‑C2‑R2‑A‑2 S‑FM2 3.27 P‑C2‑R2‑S‑2 P‑FM2 6.51

S‑C2‑R2‑S‑1 S‑FM3 5.31 P‑C2‑R3‑A‑1 P‑FM2 4.70

S‑C2‑R2‑S‑2 S‑FM3 4.43 P‑C2‑R3‑A‑2 P‑FM2 5.89

S‑C2‑R3‑A‑1 S‑FM3 2.90 P‑C2‑R3‑S‑1 P‑FM2 4.50

S‑C2‑R3‑A‑2 S‑FM3 2.90 P‑C2‑R3‑S‑2 P‑FM2 5.72

S‑C2‑R3‑S‑1 S‑FM3 4.07 P‑C2‑R4‑A‑1 P‑FM3 8.13

S‑C2‑R3‑S‑2 S‑FM2 4.21 P‑C2‑R4‑A‑2 P‑FM3 8.44

S‑C2‑R4‑A‑2 S‑FM4 3.14 P‑C2‑R4‑S‑1 P‑FM3 9.98

S‑C2‑R4‑S‑1 S‑FM4 3.00 P‑C2‑R4‑S‑2 P‑FM3 8.89

S‑C2‑R4‑S‑2 S‑FM4 3.63

S‑C2‑R4‑A‑2 S‑FM4 3.43
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3.3  Influence of the Studied Parameters
3.3.1  Strength of Concrete Substrate
Two types of concrete substrates were utilized in the 
study: normal strength concrete with a cylinder strength 
of 50.0 MPa and high strength concrete with a cylin-
der strength of 74.4 MPa. Fig.  7 presents a compari-
son between specimens featuring different substrate 
strengths. The relationship between the increase in dif-
ferential compressive strength and bond strength shows 
a positive correlation for the specimens with interface 
roughness levels of R2 and R3 in the splitting tensile tests 
(see Fig. 7a) and specimens with all levels of roughness in 
the push-out tests (see Fig. 7b). The increase in the grade 
of concrete improves the tensile strength of the sub-
strate, thus for the specimens that failed with cracking of 
the substrate, the ultimate strength could be increased. 
It could be found in Fig.  7, that the ultimate strength 
of C2 substrates is higher in those specimen pairs with 
failure mode of full substrates failure. The ultimate split-
ting tensile strengths of specimen series S-C2-R0-S-X 
and S-C2-R1-S-X are smaller than their counterparts 

with lower concrete strength because full interface fail-
ures occurred in which the tensile strength of substrates 
no longer dominates the tensile capacity. In Fig. 7b, it is 
evident that the shear strength of the interface tends to 
rise with higher strength of the substrate concrete. Nota-
bly, the specimen group P-C1-R0-S failed with full inter-
face shear failure, but an increase in substrate strength 
led to a shift in the failure mode from full interface fail-
ure to concrete substrate shear failure, indicating that 
the increase in substrate strength may impact the shear 
capacity of the interface. This observation differs from 
the findings of the splitting tensile test. However, due to 
the limited number of test data, the reason for such influ-
ence remains uncertain, and the failure mechanism war-
rants further exploration through additional test data and 
microstructural analysis.

3.3.2  Moisture Degree of Substrate Surface
The influence of air surface dry condition and saturated 
surface dry condition on interface bond behavior is 

Fig. 4 Failure modes of splitting tensile tests
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investigated in the current study. Fig. 8 shows the com-
parison of splitting tensile strength and shear strength 
of the specimens with air surface dry condition and sat-
urated surface dry condition. As the water/binder ratio 
in UHP-ECC is very low, during the casting of UHP-
ECC, the strong hydrophilicity of the NSC substrate 
enables the transfer of water to the UHPC overlay. This 
transfer may result in a decrease in the water content 
of the UHPC, and could potentially lead to incomplete 
hydration reactions. As a result, this incomplete hydra-
tion may compromise the bond strength at the UHP-
ECC-to-NSC interface. Therefore, in the specimen 
with substrates under ASD condition, the UHP-ECC 
overlayer may be weaker than that with SSD condition. 
Based on Fig. 8, it was observed that the moisture con-
dition of the substrate surface has minimal effect on 
the splitting tensile strength and shear strength. This 
can be attributed to the fact that the tensile and shear 
strength of UHP-ECC significantly surpasses that of the 
substrates. Consequently, the impact of the moisture 
condition on the strength of the overlayers becomes 
relatively minor in relation to the overall bonding 
strength.

3.3.3  Roughness
Surface roughness is a key parameter to the bond-
ing strength of concrete. The averaged splitting tensile 
strengths and shear strengths with different roughness 
are compared in Fig.  9. Based on the observations 
from Fig.  9, it could be found when the surface rough-
ness switched from smooth to rough surface with mac-
rotexture depths of 0.4 mm (R1), the splitting tensile 
strength and shear strength increased by 83% and 51% 
respectively. However, when the surface macrotexture 
depth increases from 0.4 to 0.8 mm, the splitting tensile 
strength and shear strength only increased by 15% and 
13% while when the number increases from 0.8 to 1.2 
mm, the strengths show small degradations with 14% and 
7%. The result shows that the increasing surface mac-
rotexture depth is not always beneficial to the bonding 
strength between concrete and UHP-ECC. The interpre-
tation could be that the specimens with roughness lev-
els higher than R2 failed with full substrate disruption, 
and the interface roughness may have a minor influence 
on the tensile or shear capacity of the specimens due to 
change in the bonding mechanism. Another observation 
is that the grooving of the interface is highly beneficial in 
improving the shear capacity of the specimens where the 

Fig. 5 Failure modes of Push‑out tests
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Fig. 6 Strain distribution and stress history of specimens with different failure modes
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averaged shear strength is increased by 67% compared 
with the strength from specimens with a macrotexture 
depth of 1.2 mm (i.e., R3). However, this observation is 
not found in the splitting tensile tests, the specimens with 
grooved interface have a similar tensile capacity with the 
specimens with a roughness level of R3.

4  Prediction Models
The experimental observation indicated that the 
splitting tensile strength and shear strength of the 
UHP-ECC to concrete interface are correlated to the 
interface roughness and substrate strength. In this sec-
tion, prediction models of tensile strength and shear 

Fig. 7 Comparison between specimens with different substrate strengths

Fig. 8 Comparison between specimens with different moisture condition

Fig. 9 Comparison between specimens with different surface 
roughness
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strength were proposed for the UHP-ECC to concrete 
interface based on the 78 test data presented in this 
paper.

The base equation of the models is adopted from Wang 
et al. (2018). The expression is shown as follows:

where f is tensile or shear strength of the specimen, a is 
the rate constant, S is the substrate strength, and R is the 
macrotexture depth of the substrate surface and t1, t2, t3, 
t4, are the coefficients to be determined based on the test 
results. After the regression analysis based on the current 
experimental data, the prediction models for the tensile 
strength and shear strength of the UHP-ECC to concrete 
interface were given as follows:

where fs and fp are the tensile strength and shear strength 
of the UHP-ECC to concrete interface. Fig. 10 shows the 
performance of the prediction models. It could be found 
that the model could reasonably capture the experimen-
tal results from the splitting tensile tests and push-out 
tests.

(3)f = a(t1S + t2)(t3R+ t4)

(4)fs = 0.6(0.36S + 2)(0.7R+ 1.4)

(5)fp = 1.45(0.002S + 1.2)(1.95R+ 0.95)

5  Conclusions
The findings of an experimental investigation on the ten-
sile and shear behavior of the interface between UHP-
ECC and concrete have been presented in this paper. The 
focusing parameters including the substrate concrete 
strength, the surface moisture condition, and the surface 
roughness on the failure mode and ultimate strength of 
the specimens have been comprehensively explored. Fur-
thermore, based on the test results, prediction models 
have been proposed to accurately predict the splitting 
tensile strength and shear strength of the UHP-ECC to 
concrete interface. The study yielded several significant 
conclusions as below.

1. The splitting tensile tests revealed four distinct fail-
ure modes. Specimens with a smooth substrate sur-
face, without any surface treatment, predominantly 
experienced full interface debonding. As the surface 
roughness increased, the failure mode transitioned 
from full interface failure to a combination of inter-
face failure and substrate cracks, and ultimately full 
substrate failure with an intact interface was achieved 
when the roughness of the interface was large. The 
specimens with a grooved surface exhibited torn-off 
key joints as the primary failure mode. In the push-
out tests, specimens with a smooth interface pre-
dominantly failed due to interface debonding. On the 
other hand, specimens with surface treatment exhib-
ited full substrate shear failure. Similarly, specimens 
with a grooved surface experienced sheared-off key 
joints during the push-out tests.

Fig. 10 Assessment of proposed strength models
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2. A direct correlation was observed between the ulti-
mate strength and the substrate concrete strength 
in specimens that exhibited full substrate failure 
in both the splitting tensile tests and the push-out 
tests. However, the influence of substrate strength 
was found to be relatively minor in the specimens 
that experienced interface debonding or interface 
debonding combined with substrate cracks.

3. The test results revealed that the moisture condition 
at the substrate surface had a negligible impact. This 
can be attributed to the superior tensile and shear 
strength of UHP-ECC, which significantly surpasses 
that of the substrates. As a result, the strength of the 
overlayers becomes less significant in relation to the 
overall bonding strength.

4. The roughness of the substrate surface plays a cru-
cial role in the interfacial bonding behavior between 
UHP-ECC and concrete. A substantial improvement 
in tensile capacity (up to 83%) was observed when 
the smooth interface was chiseled to macrotexture 
depths of 0.4 mm. However, the enhancement mar-
gin diminishes as the macrotexture depth increases, 
and a decrease in strength was noted when the mac-
rotexture depths increased from 0.8 mm to 1.2 mm. 
The grooving treatment is highly effective in improv-
ing the shear strength of the interface, but it has a 
lesser impact on enhancing the tensile strength.

5. Predictive models for the tensile strength and shear 
strength of the UHP-ECC to concrete interface were 
developed, providing a high level of accuracy in cap-
turing the experimental results.
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