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Abstract. This paper presents a numerical simulation of a shear-wall mock-up subjected to 

monotonic loading with a new steel-concrete bond model. First, global responses (force-

displacement curves) are compared to the experimental results and show a good agreement 

between simulation and experiment. In order to compare the local responses such as crack 

orientation, crack spacing and crack opening, a new post-processing method is presented. It is 

based on the definition of the crack path from the displacement field or the change in the sign 

of the bond slip. The crack opening is then obtained using the displacement in the normal 

direction of the crack. The method is applied on the shear wall and the results are compared to 

the experimental data obtained with digital image correlation. A good agreement is once again 

obtained. 

 

1 INTRODUCTION 

Reinforced concrete is widely used in civil engineering structures but may be concerned by 

cracking especially when concrete is subjected to tensile loadings. Crack initiation and 

propagation are related to the interface between steel and concrete which is responsible for 

stress transfer, especially during cracking. Taking into account the bond slip in a numerical 

simulation is thus a key point when cracking wants to be correctly captured. This paper 

briefly introduces the bond slip model developed in [1] in the first section. Then two crack 

opening methods [2] are briefly described. These methods are finally applied to a shear-wall 
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mock-up simulated with the new bond slip model. The influences of the bond effect is 

especially studied. 

2 DESCRIPTION OF BOND SLIP MODEL 

When reinforced concrete structures are considered, one of the most classical hypotheses is 

to model the steel reinforcement as truss elements and to consider a perfect relation between 

steel and concrete. This perfect relation is applied through cinematic relation between steel 

and concrete, using the shape function of each element. But this hypothesis may have 

significant consequences when the crack properties (crack spacing and opening) are studied as 

the steel-concrete bond directly influences their evolution [3, 4].  To take into account the 

interfacial behavior, the model developed in [1], based on the previous worked from [5] is 

used. It is a zero thickness four node element which relates each truss element with an 

associated superimposed segment, perfectly bonded to the surrounding concrete (Figure 1). 

Each node of the interface element has three degrees of freedom (nodal displacements) 

(Figure 2). The relation between the generalized slip {𝛿(𝑝)} in the local direct frame (Figure 3) 

and the nodal displacements {𝑢}  is written in the following form: 

 

{𝛿(𝑝)} =  {𝛿𝑡(𝑝) 𝛿𝑛1
(𝑝) 𝛿𝑛2

(𝑝)} = 𝐵̿(𝑝){𝑢} (1) 

with  

𝐵̿(𝑝) = [𝐵̿1(𝑝) 𝐵̿2(𝑝) −𝐵̿2(𝑝) −𝐵̿1(𝑝)] (2) 

and  

𝐵̿1(𝑝) = 0.5(1 − 𝑝)𝐼3̿

𝐵̿2(𝑝) = 0.5(1 + 𝑝)𝐼3̿

 
 

(3) 

  

where 𝐼3̿ =  [
1 0 0
0 1 0
0 0 1

]  and  −1 ≤ 𝑝 ≤ 1 (Figure 3) 

 

 
 

Figure 1: Principle of the interface element between steel and concrete [1] 
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Figure 2: Degrees of freedom of the interface element [1] 

 

Figure 3: Definition of the slip between steel and concrete in the interface element in the (𝑡 𝑛⃗⃗1) plane [1] 

A constitutive law is defined between the bond stress {𝜎(𝑝)} =  {

𝜎𝑡(𝑝)

𝜎𝑛1
(𝑝)

𝜎𝑛2
(𝑝)

}  and the bond 

slip {𝛿(𝑝)} =  {

𝛿𝑡(𝑝)

𝛿𝑛1
(𝑝)

𝛿𝑛2
(𝑝)

}. In the tangential direction, the tangential stress 𝜎𝑡 is computed from 

the tangential slip 𝛿𝑡  using the recommendation from [6]. 

 

𝜎𝑡(𝑝) = 𝑓(𝛿𝑡(𝑝)) (5) 

 

In the normal directions, for the sake of simplicity, a linear relation is supposed between 

the normal stresses and the corresponding normal slips: 

 

{
𝜎𝑛1

(𝑝)

𝜎𝑛2
(𝑝)

} = 𝑘𝑛 {
𝛿𝑛1

(𝑝)

𝛿𝑛2
(𝑝)

} 
(6) 

 

The value of the normal stiffness is chosen high enough to be representative of a perfect 

bond. Additional information can be found in [1]. 
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3 DESCRIPTION OF CRACK OPENING METHOD 

A generic crack opening method is proposed to compute the crack properties (crack 

spacing and crack opening) of reinforced concrete structures in a complex crack pattern (crack 

oriented).  

Before computing crack opening, crack path is determined. Two approaches are proposed 

for crack paths: discontinuity of displacement in the vicinity of the cracked zones or changes 

in sign of the bond slip. The first one is close to the experimental method developed for 

digital image correlation [7, 8] (see detail in [2]). The second method is more original and 

takes advantage of the developed bond slip model presented in the previous section. Crack 

position corresponds to the changes in sign of the bond slip (Figure 5). In this case, the bond 

slips are computed along the steel bars to locate the changes in sign. These points correspond 

to the crack position at the interface between steel and concrete. Compared to the first one, 

this method is of more direct application. 

 

 
 

Figure 5: Definition of the change in the tangential slip sign 

For both methods, from the crack positions, the crack path is determined by relating each 

point of a crack in its “influence” zone. This zone can be determined from the distribution of 

the mechanical damage for example (Figure 6). 

 

 
 

Figure 6: Definition of the « influence » zone from the damage distribution 
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Crack opening is then defined as the opening in the normal direction of the crack. At each 

point of the crack path, the normal and the tangential crack directions 𝑛⃗⃗𝑐 , 𝑡𝑐 and the crack 

angle 𝜃𝑐 are computed. The normal direction is determined from the bisector of the adjacent 

segment of the crack path (Figure 7). The tangential direction is calculated to obtain the direct 

reference frame. The crack opening is then computed from the relative displacement in the 

normal direction at the crack position. The detail of the methodology of the crack opening can 

be found in [2]. 

 

 
Figure 7: Definition of the crack normal direction 

It is to be noted that contrary to the method developed in [9, 10], the calculation of the 

crack opening does not imply the definition of the element length as it is directly based on the 

displacement and not the strain. The particularity of the method is the definition of the “post-

processing line” along which the relative displacement is computed. It has to be chosen long 

enough to include the potential effect of regularization in the neighborhood of the crack. 

Hence, it becomes applicable in the case of a regularized computation ([11] for example) in 

which strains are not fully localized. 

4 APPLICATION TO A SHEAR WALL 

The new bond slip model and the new crack opening method are applied on the reinforced 

concrete shear-wall mock-up tested during the French national project (CEOS.FR) [12]. 

 

The dimensions of the current part of the wall are 4.2m x 1.05m x 0.15m (Figure 9). The 

reinforcement consists in a double steel frame (10 mm diameter) and 100 mm of space in both 

horizontal and vertical directions. To prevent crack opening due to bending, additional 

reinforcements are added at each extremity of the wall (25mm and 32mm bar). Two 

horizontal high strength concrete beams are connected to upper and bottom parts of the wall 

to ensure a correct distribution of the shear force [13].  

 

A 3D simulation is performed using the finite element code Cast3M [15] using solid 

elements for concrete (30mm x 30mm x 30mm mesh) and truss elements for reinforcement 

(Figure 11). Steel is modeled using an elastic plastic model with linear hardening. The 

associated parameters are listed in table 1. Concrete, in the central part of the shear wall, is 

represented using a damage constitutive law developed in [16]. 
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Figure 8: Shear wall experimental setup [14] 

 

 
Figure 9: Dimensions of the shear wall 

 

 
 

Figure 10: Reinforcement in the shear wall 
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Figure 11: Concrete (left) and steel (right) meshes. 

 

 

 
 

Figure 12: Loading and boundary conditions 

 

 
Figure 13: Bond slip – bond stress law 
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This law was chosen because it was successfully applied in previous work [4]. Material 

parameters are provided in table 2. Top and bottom beams are considered elastic during the 

simulation. For the bond slip model, the bond slip law is chosen using the recommendations 

from [6]. The parameters are given in Table 3 and the resulting curve in Figure 13. 

 

An increasing horizontal displacement is applied to the wall (Figure 12). A vertical force p 

(520kN) is applied on each pre-stressed bar. A zero horizontal displacement is also applied on 

the right extremity of the bottom beam as in the experiment. 

Table 1: Steel parameters 

Young modulus Poisson ratio Limit of elasticity Hardening modulus 

Es (GPa) s 
e

s (MPa) Eh (MPa) 

190 0.3 554 3245 

Table 2: Concrete parameters 

Young modulus Poisson ratio Tensile strength Compressive strength 

Ec (GPa) c ft (MPa) fc (MPa) 

22 0.19 3.3 42.5 

Table 3: Parameters of the bond slip – bond stress law 

Bond stress (MPa) 2 10 13.2 16.3 2 2 

Bond slip (mm) 0.02 0.1 0.25 0.511 1.5 1.8 

Slope (Pa/m) 10
12 

8.1 10
10 

2.1 10
10 

1.2 10
10 

-10
9 

0 

5 RESULTS AND DISCUSSION 

5.1 Experimental comparison 

Figure 14 illustrates the applied forces as a function of the relative displacement 

(difference in the horizontal displacement of the top and the bottom parts of the wall).  
 

 
Figure 14: Force-displacement curve from displacement sensor (left) and digital image correlation (right) 
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The global behavior is well reproduced by the simulation with especially a correct value of 

the maximum applied force before failure. The elastic behavior given by the sensor 

measurement is not totally satisfactory. It was thus checked using the relative displacement 

provided by the digital image correlation (Figure 14 right). In this case, the elastic evolution is 

correct. 

The crack propagation is also correctly reproduced (Figure 15): in both simulation and 

experiment, an initial diagonal crack is observed at a force of 900 kN. At 2100 kN, a new 

crack appears on the opposite side. Finally, cracks propagate again from the loaded side. 

 

 
Figure 15: Order of apparition of the cracks. Experiment (top) and simulation (distribution of the norm of the 

relative displacement) (bottom) 

In order to calculate the crack properties using the new crack opening method, crack paths 

are first determined. From the crack path method with “discontinuity” of displacement, the 

crack paths in the interest zone are obtained. The normal crack opening can then be computed 

using the methodology described in the previous section. The distribution of the normal crack 

opening in the zone of interest is illustrated in figure 16. From this result, the crack spacing, 

the mean crack opening, the maximum crack opening and the crack orientation are computed. 

The comparison with the experiment is shown in table 4 and 5. A good agreement is once 

again obtained. 

Table 4: Crack spacing and angle 

F = 3900 kN 
Crack angle Mean crack spacing 

c (degree) (mm) 

Experiment 28.5 97.4 

Simulation 25 96 

 

Table 5: Crack opening: Comparison between simulation and experiment 

F = 3900 kN 
Mean crack opening Maximum crack opening 

(m) (m) 

Experiment 105 364 

Simulation 102 360 
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Figure 16: Distribution of the normal crack opening (F = 3900 kN) 

5.2 Influences of bond effects 

In this section, the influence of the bond model is investigated by comparing to a 

simulation using the classical perfect relation. This so called “perfect” bond is applied using 

additional cinematic relations which impose the same displacement between steel and 

concrete (no slip). 

 

Figure 17 provides the comparison in terms of force-displacement curves. The same 

evolution is globally obtained and there is no significant difference. The elastic zone is the 

same due to the high value of the slope in the bond stress – bond slip curve. 

 

 
 

Figure 17: Comparison between the perfect relation and the bond slip model for the force-displacement curve 

Figure 18 illustrates the comparison of the crack pattern (distribution of the norm of the 

relative displacement) at ultimate load. The crack path is not identical (differences in 

positions and amplitudes). A concentration at the application of the load is more significant 

with the perfect bond. It was expected as the perfect relation stiffens the bond between steel 

and concrete and may induce heavy damage. 

Finally, figure 19 illustrates the distribution of the relative displacement. It shows the 

number of points, in percent, whose associated relative displacement is less than the indicated 

value. The perfect relation leads to a higher number of small crack openings (less than 200 

m) compared to the bond model. In this case, steel induces a regularization which is more 

significant than in the case of the bond model, especially when the damage develops. For a 

relative displacement equal to 900 m, the accumulated percentage for the bond model is 

about 100% while it is lower for the perfect bond.  
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Figure 18: Comparison of the crack patterns considering the perfect relation (top) and the bond slip model 

(bottom) (norm of the relative displacements) at the ultimate load 

It is due to the high level of degradation near the application of the load as previously 

reported. These differences underline the interest of taking into account the bond slip model in 

the simulation. 

 

 
Figure 19: Evolution of the cumulative percentage of the norms of the relative displacement at the ultimate load 

6 CONCLUSION 

In this contribution, a shear-wall mock-up has been simulated by a new bond slip model. A 

comparison to the experimental results was also performed. Global responses are in good 

agreement. A new crack opening method was also introduced and applied to the shear-wall. A 

good agreement was once again achieved between experiment and simulation. Finally, the 

role of the steel-concrete bond has been discussed. No clear difference was observed between 

the simulations using the bond slip or the perfect relation. On the contrary, in terms of crack 

distribution, the perfect relation leads to a heavier mechanical degradation near the loading 

point and to a more regularized distribution in the current part, which is less in agreement 

with the experiment. 
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