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Abstract: The performance of a bi-material interface is one of the major concerns in the repair or 

strengthening of concrete structural elements. In this study, a novel testing method for interface 

shear fractures of plain concrete and fiber-reinforced cementitious composites is proposed to avoid 

tensile failure during the test. Double-edge notched and unnotched specimens are utilized. 

Analytical, numerical, and experimental investigations are carried out to validate this method. The 

stress intensity factor K of the double-edge specimen with bi-materials is analytically obtained by 

the J-integral method. Based on ultra-high toughness cementitious composite (UHTCC)/concrete 

models, a numerical investigation of the proposed method is performed to confirm its suitability for 

shear fracture tests. Furthermore, the double-edge UHTCC/concrete specimens are experimentally 

investigated. The proposed method can be applied to obtain the interface shear parameters of 

concrete materials, which are needed for analytical or numerical analyses of bi-material interfaces 

in concrete structures. 
 

 

1 INTRODUCTION 

One common technique to repair or 

strengthen concrete structural elements is to 

add a new layer of concrete or cement-based 

materials to an existing concrete substrate, 

which is referred to as concrete jacketing. 

Among cement-based repair materials, the 

fiber-reinforced cementitious composite with a 

high ductility is considered one of the ideal 

materials to strengthen reinforced concrete 

structures [1, 2, 3, 4, 5]. This material is 

developed based on the micromechanical 

principles proposed by Li and Leung [6]. Such  

 

materials exhibit significant pseudo-strain-

hardening responses and multi-cracking 

behaviors, and are referred to as engineered 

cementitious composites (ECCs) [7, 8], strain-

hardening cementitious composites (SHCCs) 

[9, 10], or ultra-high toughness cementitious 

composites (UHTCCs) [11, 12]. Under both 

monotonic and fatigue loadings, a UHTCC has 

a significantly higher ductility than those of 
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conventional plain and fiber-reinforced 

concretes [13, 14, 15, 16, 17], and has 

potential applications to improve the 

mechanical performances and durability of 

concrete structures [1, 3, 5, 18, 19]. 

One of the major concerns in concrete 

jacketing is the performance of the bi-material 

interface. For UHTCC-based strengthening 

systems, the mechanical performance of the 

UHTCC/concrete elements is significantly 

affected by the interface delamination [1, 4, 5, 

18]. For example, during bending of UHTCC-

layered concrete beams, a shear stress 

concentration emerges once the concrete layer 

cracks [5, 18]; the shear stress then increases 

with the bending load. In numerous previous 

studies [5, 18, 20], interface delamination 

caused by the shear stress concentration was 

observed. The interface shear debonding may 

lead to reductions in the loading and 

deformation capacities of the strengthened 

elements [18]. For reliable applications of 

cement-based strengthening materials, it is of 

significance to investigate the shear fracture 

behavior of the interface. 

Several schematic representations of 

interface shear fracture tests for concrete 

materials were summarized by Espeche and 

León [21]. As mentioned in [21], many of 

these interface shear tests induce bending 

moment forces, as they are far from generation 

of a theoretically pure shear state and the 

tensile stress cannot be avoided. For the 

interface between concrete materials, the 

tensile strength is low, which might lead to 

tensile failure prior to shear failure in these 

tests. Therefore, the development of a more 

suitable shear fracture testing method for 

concrete interfaces is essential. In addition, it 

is important to determine the interface shear 

properties, required for reliable analytical or 

numerical analyses of bi-material interfaces in 

strengthened concrete structures. 

For identical concrete materials, a double-

edge notched compression test was proposed 

by Reinhardt et al. [22, 23, 24] to achieve the 

pure shear (mode II fracture) testing, which 

has been numerically and experimentally 

validated. Inspired by this method, we 

proposed a novel testing method of interface 

shear fractures of concrete materials. It 

provides a new approach to evaluate the 

interface shear fracture behaviors of concrete 

materials. In the following sections, a brief 

introduction of the double-edge notched 

specimen of identical materials is presented. A 

theoretical analysis is then performed to obtain 

the expressions of stress intensity factors of 

the proposed specimens. A numerical analysis 

is carried out to investigate the detailed stress 

distributions. Finally, an experiment is carried 

out to validate that the proposed method can 

be applied for the interface shear fracture tests 

of UHTCC/concrete specimens. 

2 DOUBLE-EDGE SPECIMENS OF 

IDENTICAL MATERIALS 

For the double-edge notched infinite plate, 

the ligament length is 2a, while the in-plane 

tensile loading is σ. The Tada’s elastic solution 

[25] is: 

I

II

0

1

4

K

K a 

=



=


 (1) 

It should be noted that the mode I component 

is zero in this case. Additionally, if the x-

directional total length is larger than 4a and 

the y-directional total depth is larger than 2πa, 

the Tada’s solution can be used [22, 23, 24]. 

For the double-edge notched infinite strip, 

the following solution was proposed by Xu et 

al. [26]: 

I

II

0

1

4

K

K  

=



=


 (2) 

The mode I component is also zero. It is worth 

noting that if the x-directional total length is 

larger than 4a and the y-directional total depth 

2ω is smaller than 2πa, the Xu’s solution can 

be used [22, 23, 24]. 

In the above cases, the condition that the 

x-directional total length is larger than 4a 

ensures a uniform distribution of stress at the 

loaded end of the strip. If there were other 

means to guarantee the uniform stress 

distribution, this condition could be relaxed 

[23, 24]. On the basis of the infinite strip, the 
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double-edge notched and unnotched specimens 

were proposed for shear fracture tests of 

concrete, as shown in Fig. 1. It has been 

numerically and experimentally confirmed that 

the double-edge notched specimen is suitable 

to carry out the pure shear test [22, 23, 24, 27]. 

A notable discontinuity point was observed in 

the load–displacement curve in the test. This 

point could be considered the critical shear 

fracture point. The double-edge unnotched 

specimen was systematically investigated by 

Gao [27]. For the unnotched specimen, a shear 

fracture also occurred; Eq. (2) can be used to 

calculate the stress intensity factor. 

 

Fig. 1 Double-edge specimens (a) with and (b) without 

notches for shear fracture tests of concrete materials 

3 DOUBLE-EDGE SPECIMENS OF BI-

MATERIALS FOR INTERFACE SHEAR 

FRACTURE TESTS 

The double-edge compression test, 

illustrated in Fig. 1, inspired us to propose a 

novel method for evaluation of the interface 

shear fractures of concrete materials. The 

double-edge specimens consisting of two 

materials (each edge corresponds to one 

material) are introduced to evaluate the 

interface shear fracture behavior, as shown in 

Fig. 2 (a). For concrete materials, the tensile 

strength is significantly lower than the 

compressive strength. Therefore, in the 

proposed method, the compression test is used 

for the double-edge specimen. With the 

increase in the compressive loading, the shear 

stress at the crack tip of the bi-material 

interface increases and an interface shear 

fracture is expected to appear. As mentioned in 

Section 2, the condition h ≥ 2a can be relaxed 

in a double-edge notched compression test if 

there were other methods to guarantee a 

uniform stress distribution [22, 23, 24]. 

Therefore, the bi-material specimen without 

notches in Fig. 2 (b) can be also used when the 

uniform stress distribution is achieved. 

 

Fig. 2 Double-edge specimens (a) with and (b) 

without notches for interface shear fracture tests  

The stress intensity factor K of the 

double-edge notched specimen with bi-

materials in Fig. 2 (a) can be obtained by the 

J-integral method proposed by Rice [28]. Fig. 

3 presents half of the specimen in Fig. 2; a 

linear distribution of the deformation along the 

symmetry axis of the specimen is assumed. 

Therefore, the deformation along the 

symmetry axis can be equivalent to a 

combination of an axial deformation ε and 

rotational deformation φ. The stress 

corresponding to ε and φ can be then 

determined at both layers and the stress 

distribution can be obtained. The equilibrium 

equations of the force and moment of the half 

specimen in Fig. 3 are Eqs. (3) and (4), 

respectively. The expressions of ε and φ can be 

obtained by solving the following two 

equations: 
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Fig. 3 Integral path and stress distribution of the double-edge notched specimen with bi-materials 

The J-integral of the half specimen in Fig. 

3 with identical materials has been reported in 

[29]. For the bi-material case in Fig. 3, the 

corresponding J-integral can be expressed in 

the following form: 

( )

( )

1 2

1

2

xy y 1

xy y 2

  

     

J J J

du dv W dy

du dv W dy

 

 

 





= +

= + −
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where Wi is the strain energy density: 

( ) ( )
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where Ei, μi, and υi are the elastic moduli, 

shear moduli, and Poisson’s ratios of the 

materials in Fig. 3, respectively. 

The J-integral is path-independent. 

Therefore, the following integral path is 

chosen: 

AB BC CD DE

EF FG GH HA

... ... ... ...

      ... ... ... ...

J = + + +

+ + + +

   

   
 (7) 

The J-integral can be then obtained: 

( )1 1 2
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Using Eqs. (9) and (10) in Eq. (8), the 

following expression of the J-integral can be 

derived: 
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The J-integral can be set equal to the linear 

elastic energy release rate G [28, 30]: 

J G=  (12) 

The energy release rate G of an interface crack 

between different elastic materials under a 

plane stress has been reported in [30, 31, 32, 

33]: 

( )
( )2 2 2 21 2

I II2

1 1
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E E
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( )
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+
 (16) 

Using Eqs. (11) and (13) in Eq. (12), the 

stress intensity factor K of the case in Fig. 2 

can be obtained: 

( )
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2 22
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    (17) 

The expression of K can be obtained by 

introducing ε and φ into Eq. (17). However, 

the obtained final expression of K for the 

common cases is still complex. In the practical 

application of this testing method, the widths 

of the two materials (i.e., ω1 and ω2 in Fig. 2) 

can be adjusted to obtain a significantly 

simpler expression of K. According to Eqs. (3) 

and (4), simplified expressions of K can be 

obtained if the widths of the two edges and 

elastic moduli of the two materials satisfy Eq. 

(18), where f and g are two coefficients: 
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1
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Using Eq. (18) in Eqs. (3) and (4), the 

expressions of ε and φ are: 
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where 
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The J-integral and stress intensity factor K can 

be then derived, shown in Eqs. (21) and (22), 

respectively: 
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A notable phenomenon is that the 

expressions of K in Eqs. (2) and (22) are not 

dependent on the half-length of the ligament or 

bi-material interface a. This indicates that Eqs. 

(2) and (22) could be also used to obtain the 

stress intensity factors of the cases in Fig. 1 (b) 

and Fig. 2 (b), respectively. For identical 

materials, this has been confirmed in previous 

studies [22, 26, 27]. 

Additionally, in other particular cases, 

several further simplified expressions of K can 

be obtained based on Eq. (22). If the value of g 

is set to ω1/ω2, (ω1/ω2)2, or (ω1/ω2)3 (i.e., f = 1, 

2, or 3), the corresponding expressions of K 

are: 
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If the value of f approaches +∞ (i.e., ω1/ω2 = 

1), the expression of K is: 

( )
1 2 1

2

2

2 2

1 1 2 2

cosh

14

K

E

E E E E
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+ +

 (26) 

4 NUMERICAL ANALYSIS 

The above testing method for interface 

shear fracture can be utilized to investigate the 

shear behavior of the interface of different 

concrete materials. In this section, a numerical 
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analysis based on the proposed method is 

carried out to confirm its suitability for shear 

fracture tests. We focus on the interface 

between a UHTCC and plain concrete. The 

material properties (Table 1) for the numerical 

analysis were obtained from the experiment 

performed in this study. 

Table 1 Material properties 

Property UHTCC Plain concrete 

Elastic modulus (GPa) 17.0 25.4 

Poisson’s ratio 0.19 0.20 

Compressive strength 

(MPa) 
44.0 29.5 

Tensile strength (MPa) 3.0 2.5 

Fracture energy* (N/m) 5371 [36] 150 [37] 

* The fracture energies are obtained from previous 

studies. 

Based on these two materials, four types 

of models, shown in Fig. 4 (a) and (b), are 

developed using a commercial finite-element 

analysis software (ABAQUS 2014). The 

identifications (IDs) and dimensions of the 

models are presented in Table 2. In the model 

ID, “A” represents the length of the interface, 

and “U” represents the width of the UHTCC 

edge. These models correspond to the 

particular cases discussed in Section 3. The 

ratio of the concrete’s modulus (E1) to the 

UHTCC’s modulus (E2) is approximately 3/2. 

Therefore, for the cases ω1 = ω2, E1ω1 = E2ω2, 

E1ω1
2 = E2ω2

2, and E1ω1
3 = E2ω2

3, the ratios of 

ω1 to ω2 are set to 100:100, 100:115, 100:125, 

and 100:150 (Fig. 4 (a)), respectively. 

Additionally, the unnotched concrete/UHTCC 

specimens (shown in Fig. 4 (b)) are modelled. 

 

Fig. 4 (a) Notched concrete/UHTCC, and (b) unnotched 

concrete/UHTCC models for the finite-element analysis 

 

Table 2 Model IDs and dimensions 

Model ID Material 1 Material 2 2a (mm) ω1 (mm) ω2 (mm) 2h (mm) 

A100U100 

Plain concrete 

UHTCC 

100 100 

100 

200 
A100U115 UHTCC 115 

A100U125 UHTCC 125 

A100U150 UHTCC 150 

A200U100 

Plain concrete 

UHTCC 

200 100 

100 

200 
A200U115 UHTCC 115 

A200U125 UHTCC 125 

A200U150 UHTCC 150 

 

In the finite-element analysis, two-

dimensional models were developed, as the 

double-edge notched compression test for bi-

materials shown in Fig. 2 is performed under a 

plane stress. A tie constraint was employed to 

make the translational and rotational motions 

equal for the pair of surfaces. It is worth noting 

that the numerical analysis is focused on the 

stress distributions before the crack formation 

to confirm the result that the interface crack is 

caused by a shear fracture. A displacement 

loading (0.1 mm) was applied on each model. 

The results of the finite-element analysis 

are presented in Fig. 5 and Fig. 6. For the 

notched concrete/UHTCC models in Fig. 5, 

notable shear stress (τxy) concentrations can be 

observed at the notch tips (Fig. 5 (a)); in 

addition, the x-directional normal stress (σx) is 

close to zero (Fig. 5 (b)). The stress 

distributions of the unnotched 

concrete/UHTCC models are presented in Fig. 
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6. Similar to the notched models, shear stress 

(τxy) concentrations are observed at the ends of 

the interfaces (Fig. 6 (a)). These phenomena 

indicate that the double-edge notched and 

unnotched specimen are suitable for the 

interface shear fracture tests. 

 

Fig. 5 Stress distributions of the notched concrete/UHTCC models (A100U100, A100U115, A100U125, and 

A100U150): (a) shear stress τxy and (b) x-directional normal stress σx distributions 

 

Fig. 6 Stress distributions of the unnotched concrete/UHTCC models (A200U100, A200U115, A200U125, and 

A200U150): (a) shear stress τxy and (b) x-directional normal stress σx distributions 

5 EXPERIMENTAL VERIFICATION 

In this section, an experimental 

investigation is carried out to validate the 

applicability of the proposed method for the 

interface shear fracture tests. We focus on the 

UHTCC/concrete interfaces. According to the 

results of the numerical study, the influence of 

the width of the right edge (ω2) on the stress 

distributions is very limited for the double-

edge specimens. Therefore, only one case (i.e., 

E1ω1 = E2ω2) from Sections 3 and 4 is 

experimentally investigated in this section. 

Additionally, using the finite-element analysis, 

we showed that both notched and unnotched 

specimens in Fig. 2 are suitable for the 

interface shear fracture tests. In this test, first, 

the unnotched specimen is selected, as the 

specimen without notch along the interface is 
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more convenient to prepare compared with the 

notched specimen. The specimens with 

notches could be experimentally investigated 

in future studies. 

The material properties of the UHTCC 

and plain concrete (cured for 28 days) were 

measured (presented in Table 1) before the 

experiment; the obtained parameters were used 

in the above numerical study. According to the 

measured moduli of the UHTCC and concrete 

in Table 1, the double-edge unnotched 

specimens were prepared for the case of E1ω1 

= E2ω2 (shown in Table 2). The thicknesses of 

all of the specimens were 100 mm.  

The setup of the interface shear fracture 

test is shown in Fig. 7. The compressive load 

is applied on the 100-mm-wide edge. 

According to the previous studies [22, 23, 24], 

a uniform stress distribution is important for 

the double-edge compression test. Therefore, 

two steel blocks with dimensions of 

150×100×100 mm3 are used; a sheet of 

polytetrafluoroethylene (PTFE) is added 

between the specimen and steel blocks to 

eliminate the friction. In this study, a 1000-kN 

INSTRON testing system was used. The 

displacement-control load was applied with 

constant rates of 0.24 mm/min before the load 

reached 120 kN and 0.12 mm/min until the 

load decreased to 80% of the peak load. A pair 

of linear variable differential transformers 

(LVDTs) with a gauge length of 150 mm were 

attached at both sides of the interface to record 

the shortening of the materials. The crack tip 

opening displacement (CTOD) at the lower 

end of the interface and crack tip slipping 

displacement (CTSD) at the upper end of the 

interface were measured using a pair of 

extensometers. Additionally, the total 

displacements between the machine platens 

and applied load were recorded during the test. 

 

Fig. 7 Test setup 

During the shear test, the interface 

fractures occurred and cracks were initiated 

from the upper or lower ends of the interfaces 

of all of the UHTCC/concrete specimens. The 

specimen IDs are presented in Table 3; four 

typical failure modes are selected and 

presented in Fig. 8. The failure modes of the 

UHTCC/concrete specimens are shown in Fig. 

8 (a) and (b). Interface fractures are observed 

for all of the specimens in Fig. 8; in addition, 

compressive-load-induced cracks can be 

observed on the left edges of the specimens 

A200U150-1 and A200U150-2. 

      

Fig. 8 Typical failure modes of the UHTCC/concrete specimens: (a) A200U150-1 and (b) A200U150-2 
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Table 3 Specimen IDs and critical parameters 

Specimen ID Pc (kN) Pmax (kN) Pc/Pmax σc (MPa) Kc (MPa·m1/2) 

A200U150-1 224 309 0.72 22.4 1.61 

A200U150-2 270 323 0.84 27.0 1.94 

A200U150-3 310 334 0.93 31.0 2.22 

A200U150-4 195 320 0.61 19.5 1.40 

A200U150-5 228 316 0.72 22.8 1.64 

A200U150-6 200 289 0.69 20.0 1.44 

Average 238 301 0.75 23.8 1.71 

 

From the measured displacements, a few 

typical results are selected and shown in Fig. 9. 

For the specimen in Fig. 9, the displacements 

measured by the LVDTs and extensometers, as 

well as the displacement between the platens, 

are presented. It should be noted that the 

displacement between the platens includes the 

deformation of the PTFE layers; therefore, a 

nonlinear relation appears in the beginning of 

the loading, as shown in Figure 5 (a) in [23]. 

The displacement of each specimen in the first 

panel in Fig. 9 is corrected by subtracting the 

PTFE deformation from the total value. In Fig. 

9, pronounced discontinuity points are 

observed at approximately 270 kN and 200 kN, 

respectively. After a small release, the load 

increases again. Similar phenomena were 

observed in the previous studies on shear 

fractures in identical concrete materials [22, 23, 

24]. The discontinuity points can be also 

observed in the records of the LVDTs (see the 

second panel of each group in Fig. 9). 

Additionally, a considerable displacement 

drop is observed from the record of LVDT2, 

related to the interface shear cracking, which 

released the stress of the material at the right 

side of the interface. The measured CTOD and 

CTSD are shown in the third panel; 

pronounced increases or discontinuity points 

can be observed in the curves, which are direct 

evidences of the interface cracking. According 

to these displacement records, it can be 

concluded that the discontinuity points are 

related to the interface shear cracking. 

Therefore, the loads corresponding to these 

points can be considered the critical loads for 

interface shear fracture. It should be noted that 

for identical concretes, this point is also 

defined as the critical point of shear fracture 

[22, 23, 24]. 

 

Fig. 9 Load–displacement curves of the UHTCC/concrete specimens: A200U150-2 

For the other tested specimens, 

discontinuity points can be observed in some 

of their displacement records (they may not be 

observed in every record). The observed points 

can help determine the critical loads (Pc) of 

shear fracture for all of the specimens, which 

are presented in Table 3. Additionally, the 

stress corresponding to the critical load (i.e., 

critical stress, σc) is obtained. It should be 

emphasized that the dimensions of the tested 

specimens obey the equation: E1ω1 = E2ω2. 

Therefore, Eq. (23) can be employed to 

calculate the critical stress intensity factors Kc 

of all of the specimens. Table 3 also presents 
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the peak load (Pmax) of each specimen. The 

average peak stresses of the specimens are 

30.1 MPa, which is very similar to the 

measured compressive strength of the concrete 

(29.5 MPa). From the ratio of the critical load 

to the peak load (Pc/Pmax), it can be confirmed 

that the interface shear fracture occurred 

before the compressive failure of the concrete 

(approximately 75–80% of the peak load on 

average). 

6 CONCLUSIONS 

In this study, a novel testing method for 

interface shear fractures of plain concrete and 

fiber-reinforced cementitious composite was 

proposed. Analytical, numerical, and 

experimental investigations were carried out 

for the validation of this method. The double-

edge notched and unnotched specimens were 

utilized in the proposed shear fracture testing 

method. The stress intensity factor K of the 

double-edge specimen with bi-materials was 

analytically obtained by the J-integral method. 

The detailed expressions of K were presented 

for four particular cases, including ω1 = ω2, 

E1ω1 = E2ω2, E1ω1
2 = E2ω2

2, and E1ω1
3 = 

E2ω2
3. Based on the UHTCC/concrete models, 

a numerical investigation of the proposed 

method was performed to confirm its 

suitability for shear fracture tests. The 

influence of the width of the UHTCC on the 

stress distributions was limited for the four 

particular cases. Finally, the double-edge 

UHTCC/concrete for one case were 

experimentally investigated. The interface 

fracture occurred and cracks were initiated 

from the upper or lower ends of the interface 

in each of the UHTCC/concrete specimens. In 

addition, the interface shear fracture occurred 

before the compressive failure of the concrete 

(on average, approximately 75–80% of the 

peak load). The discontinuity points of the 

load–displacement curves were considered the 

critical loads for interface shear fracture. 
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