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Reinforced concrete is widely used as building material around the world. In the beginning there were not much advancement in this field due to complex behavior of concrete and so not proper bond was developed between concrete and steel. With the passage of time much research work was carried out to understand the composite behavior of concrete and steel. In this article we have studied the bond slip of non-linear behavior of RC beam via Finite Element Software ABAQUS. In the article we have made a 3D finite element model of reinforced concrete beam using the concrete damage plasticity approach submitted to third point bending. Results are summarized in the form of stresses, deformations.

The word "reinforcement" means, the action or process of reinforcing or strengthening. Reinforced Concrete means to enhance the tensile strength properties of concrete by embedding steel into it.

Steel is embedded in concrete such that they act as single entity to resist applied loadings. Steel usually takes tensile forces such that resistance of concrete in tension zone can be neglected.

So, using reinforced concrete as structural material is based on action of concrete which is stronger in compression and steel which is stronger in tension and steel is providing ductility to structure.

Concrete is easily available material, but steel is costly, so use of them required knowledge of mechanics and experience.

Background

Joseph Monier (French gardener) invented reinforced concrete in 1849.

After intervention of the reinforced concrete into the construction industry research was carried out to comprehensively understand the bond between steel and concrete for its effective output.

Need of Reinforced Concrete

Concrete was used alone without steel before reinforced concrete was invented.

However, with the usage for complex structures it was revealed that concrete is weak in tension hence it was needed to embed tensile material like steel into it. With the invention of this composite material construction industry was revolutionized and concrete became one of the world's most common building materials.

What is bond slip behavior?

Relative displacement of concrete and reinforcing material is known as bond-slip.

The stress transfer capacity between concrete and a reinforcing bar is generally referred to as the bond of reinforcement. It is an essential mechanism that engages the composite action of concrete and steel in reinforced concrete (RC) construction.

The performance of reinforced concrete (RC) structures depends on the composite action of the concrete and reinforcing steel, which relies on the bond between the two materials.

When RC structures are subjected to earthquake loads, they may experience severe bond stress demands in regions where the reinforcement is anchored.

Sourced of bond resistance

Bond force between concrete and deformed bars depends on resisting mechanisms, following are some of the reasons for bond resistance.

i. Chemical adhesion between the steel and the concrete, ii. Friction forces acting at the interface, and iii. Bearing forces of the bar ribs acting against the concrete. Slip (relative displacement) is responsible for nature and magnitude of bond between concrete and steel.

Factors affecting Bond Slip.

Bond between reinforcement and concrete depends on many factors that involve not only the characteristics of the contact area but also aspects related to the boundary conditions. ACI (2003) classifies these factors into three groups: a) Concrete properties Compressive and tensile strength of concrete have important effect on bond.

b) Bar properties and Bar properties that have such influence include, but are not limited to, the bar size, the rib geometry, and the yield strength of the bar.

c) Structural properties

Clear cover, bars spacing, transverse reinforcement and the bar casting position are among structural properties. At low demands, chemical adhesion is only responsible. When this resistance is overcome, bars start to slip which mobilizes friction forces at the bar surface due to its roughness.

RCC behavior with and without Bond Slip

Bond slippage is usually not considering while analyzing reinforced concrete.

Stiffness and strength of reinforced concrete structures are overestimated by considering perfect bond between concrete and steel. Also, lateral deformation is predicted smaller than real values due to slippage of bars.

Indirect Method (Bond Links i.e., Springs)

Spring like elements are used in this method of bond incorporation, which can transfer stresses between concrete and steel. This method is used when reinforcing bars are modelled as 2D truss elements.

Indirect method of incorporating bond slip effects is based on the results of pull-out tests in the analysis of reinforced concrete elements. The direct modeling is a tedious as well as time-consuming process that's why normally indirect method is used in RC structure to include bond slip effects. For macroscopic study of RCC element this approach provides reasonable results. However, for microscopic study of connections, this approach may not provide correct picture of connection behavior. In such cases modeling direct bond slip properties is essential.

Another study was carried out by researcher to calculate strength reduction factor. Firstly, they numerically modelled pull-out test between concrete and steel by directly simulating bond slip. And Fmax1 is calculated from force vs displacement graph.

Secondly, perfect bond was considered between concrete and rebars and pull-out test was modeled in FEA software ABAQUS. Fmax2 was yielding force of rebars in this case. Strength reduction factor was obtained by dividing first case maximum force by second case maximum force as:

𝐶 = 𝐹 𝑚𝑎𝑥 1 𝐹 𝑚𝑎𝑥 2 (1) 
In connection rejoins the calculated factor needs to be incorporated, incase if we want to indirectly incorporate bond slip behavior. When this factor is multiplied with yield stress of rebars its bearing capacity can be reduced, and bond slip can be incorporated indirectly. At supports, where shear force is greater, strength reduction factor is applied in the vicinity of it.

Direct Method (cohesive)

The cohesive method in ABAQUS can model the interfacial bond behavior in either cohesive-contact or cohesive-element approach.

Cohesive-contact approach

This approach can be used when rebars is modelled as 3D elements in ABAQUS. In this approach contact surface property is created and this property is assigned to surfaces of rebars and concrete. This approach is used by us as our case study to incorporate properties of bond slippage.

Cohesive-element approach

The rebars and surrounding concrete properties is modified in this approach.

An element is created with zero thickness and with assigned properties of bond slippage.

The cohesive-element approach allows to easily track damage evolution in the interface and visualize the bond failure by removing the damaged cohesive elements.

In our view, Cohesive surface interaction methods can be considered suitable and easy to be incorporated in FEA software ABAQUS for simulating bond slip behavior between rebars and surrounding concrete.

OUR CASE STUDY

Here for the case of simplicity we have used the Cohesive-contact approach to model the bond slip between concrete and steel rebars while stirrups have been modelled as fully embedded in concrete beam with wire elements.

We took the different constitutive properties required to Model rebars, concrete and contact surface properties in FEA software ABAQUS, from different research papers available online.

We have created three different models in Abaqus in order to compare their outputs. In all these three models we have kept the geometry same but with following differences. Model 1: In this model longitudinal rebars were modelled as 3D solid deformable elements. Model 2: In this model longitudinal rebars were modelled as 2D wire elements. Model 3: In Model 3 bond slip was incorporated between 3D solid longitudinal rebars and concrete.

In model 3, bond slip properties were incorporated as contact cohesive properties. We obtain these input variable (such as Damage initiation, Damage evolution etc.) from online available research work.

Our modeled beam long section and cross section is shown below. Rebars and stirrups sizes and spacing are shown and we modelled it according to the shown data in ABAQUS. 

Constitutive Properties

The nonlinear analysis of concrete in ABAQUS is mostly done using smeared crack approach or damaged plasticity approach.

Plain concrete is usually modelled with smeared crack approach.

Concrete Damaged Plasticity Model (CDPM) is widely used to model reinforced concrete in Finite Element Analyses Software such as ABAQUS. It assumes that concrete is failed by crushing in compression zone and failed by cracking in tension zone. We used CDPM to model our case study in ABAQUS.

CDPM Parameters:

These parameters are experimentally obtained for concrete by laboratory testing. These values are commonly used as input values in FEA software. We obtained these values from research work freely available online. Values of internal friction angle, eccentricity, ratio of biaxial stress to uniaxial stresses and viscosity are listed below in Table 1. 

Bean Modelled in ABAQUS

Following are some of the screenshots from our case study. In Figure 2.3 the beam showing pressure load is applied and boundary conditions (simply supported) are assigned, and partition planes are drawn which help us in uniform meshing. In Figure 2.4 the meshed beam is shown. Steel plates are created, and load is applied on these plates to avoid concentration. These are plates also inserted at supports for the same purpose. solid deformable elements, we can obtain wide range of results which can be selected in Field output requests. We construct load vs vertical deflections graphs and obtained maximum vertical displacement. We came out with the decision that there is not much difference between maximum vertical displacement of beam which is modelled with different rebars modelling techniques. Also, there was not significant difference for stresses.

But if we incorporate cohesive contact properties in Model 3, there were difference in vertical displacement and stresses in rebars.

Contours of Von Misses stress are shown here. It can be seen in Figure 3.3 that more of the concrete part is crushed which shows that slippage has occurred, and no more load is taken by rebars (not yielding), which was our primary concern of the case study. 

CONCLUSIONS AND RECOMMENDATIONS

As stated above, three different approaches were used to model the beams for comparison purposes. Firstly, we compared results of 2D wire elements with 3D solid elements, there were no such noticeable difference between load Vs deflection graph, stress contours and vertical displacements etc. After that studying bond slip behavior from literature and learning how to incorporate it into our model in ABAQUS. We adopted direct method of bond slip incorporation which was cohesive contact surface property. Moreover, contact cohesive properties were introduced to our 3D solid model. These properties were applied to two surfaces i.e., one is concrete surface and other one is rebar surface. By assigning contact cohesive properties, we got to know how stresses are being transferred from rebars to surrounding concrete. One of the main reasons of studying bond slip effect is that bond slippage avoids rebars to reach its full strength i.e., yield strength, and concrete is taking the entire applied load by itself, so we want to prove it by numerically modelling the bond slip effect in ABAQUS. For this purpose, we must compare the results of our models. There was no such visual difference in load Vs deflection graph, but there was considerable difference in damage pattern. Stresses around the rebar surface were seem lesser than that of modelled without bond slip. Obtaining of contact cohesive properties to be incorporated in ABAQUS for bond slip behavior from experimental testing, was beyond our scope (Bachelor level). So, for incorporating accurate bond slip behavior in ABAQUS further studies are required.
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 23 Figure 2.3 Uniform load applied at third point location and boundary conditions assigned to end points
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 313233 Figure 3.1 Von Misses stresses of Model 1

  Figure 4.1 the combined load vs vertical displacement graph is shown.
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 41 Figure 4.1 Final Load Vs Displacement graphs of three different models

Table 1 .

 1 shows the mechanical properties of concrete used in ABAQUS Mechanical properties such as Density, Young Modulus and Poison ratio of concrete and steel is tabulated below in Table 2 and 3. Stress strain curve is also shown below Figure 2.2. Density, young Modulus and Poison Rations values for concrete and steel are taken from academic books. These values are used as input parameters in ABAQUS software to model rebars and concrete.

			CDPM Parameters	
	€	E	fb o /fc o	K c	m u
	35	0.1	1.16	0.667	0
	2.3 Material Properties		

Table 2 .

 2 shows the mechanical properties of concrete used in ABAQUS

	CONCRETE properties
	density	2.50E-05
	Young Modulus	31220
	p ratio	0.2

Table 3 .

 3 shows the mechanical properties of steel rebars used in ABAQUS

	REBARS properties
	Density	7.50E-05
	Young Modulus	2.00E+05
	p ratio	0.3

Figure 2.2 Stress Strain curve for steel
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