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Abstract. Employing discrete elements for considering bond-slip effects in reinforced concrete
structures is very time consuming. In this study, a new modified embedded element method is used to
consider the bond-slip phenomenon in structural behavior of reinforced concrete structures. A
comprehensive parametric study of RC slabs is performed to determine influence of different variables
on structural behavior. The parametric study includes a set of simple models accompanied with
complex models such as multi-storey buildings. The procedure includes the decrease in the effective
stiffness of steel bar in the layered model. Validation of the proposed model with existing experimental
results demonstrates that the model is capable of considering the bond-slip effects in embedded
elements. Results demonstrate the significant effect of bond-slip on total behavior of structural
members. Concrete characteristic strengths, steel yield stress, bar diameter, concrete coverage and
reinforcement ratios are the parameters considered in the parametric study. Results revealed that the
overall behavior of slab is significantly affected by bar diameter compared with other parameters.
Variation of steel yield stress has insignificant impact in static response of RC slabs; however, its effect
in cyclic behavior is important.
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1. Introduction

Structural behaviour of reinforced concrete (RC) slabs is a function of many parameters.
Compressive strength of concrete, yield strength of reinforcing bar and the interfacial effects
influence the bearing capacity and also ductility of a reinforced concrete slab. Bond strength
between steel reinforcement and concrete plays a major role in determining failure displacement.
Several factors can affect the bond behavior between reinforcement and surrounding concrete.
Reinforcement diameters, compression strength of concrete and concrete coverage for reinforcing
steel, are important factors that affect the interaction behavior between reinforcement and concrete
in reinforced concrete slabs. In addition, different loading conditions such as flexural and lateral
loadings affect the behaviour of RC slab. Understanding the influence of these parameters can lead
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to predict the ultimate behavior of RC slab and have an optimal methodology for design
consideration.

So far, many researches have been accomplished on the behavior of reinforced concrete slabs
under different loading conditions. In these researches, the ultimate displacement and loading
capacity of reinforced concrete slabs have been considered.

Ingerslev (1923) is a pioneering researcher who analyzed the behavior of the concrete slab. He
has presented the classic yield line theory. The yield-line theory is a method for predicting the
ultimate load-carrying capacity of slabs. In this field, Wood (1961) has presented the theoretical
yield line load for slabs subjected to a uniformly distributed load.

In addition, Johansen and Johansen (1962) and Wood and Jones (1967) developed the yield line
theory for different edge conditions. Bailey and Moore (2000) have investigated the structural
behaviour of steel framed buildings withcomposite floor. They have presented the failure
displacement of slab under fire condition. Yield stress and modulus of elasticity of reinforcement
are the only parameters that have to be considered in their research for predicting failure
displacement.

Bailey (2001) presented the new design method that allows the membrane action of a
composite floor slab to be estimated when subjected to a fire. Membrane action is in-plane
behavior of reinforced concrete slabs that can considerably enhance the load-carrying capacity
compared to estimates obtained from classical yield line theory.

Elghazouli and Izzuddin (2004) have performed a parametric study with the use of new
numerical analysis into the factors influencing the failure of lightly reinforced members. They
have presented a direct relationship between the failure deflections and effective parameters. They
have shown that the bond strength has considerable effect on failure displacement of a reinforced
concrete slab.

Gilbert (2005) investigates the influence of both normal and low ductility reinforcement on the
failure mode and ductility of RC slabs. In addition, Gilbert and Sakka (2007) have conducted
experimental tests to determine the influence of reinforcement ductility on the response of RC
slabs. They have confirmed that slabs with low ductility reinforcement fail in a brittle manner by
fracture of the tensile reinforcement.

Shayanfar and Safiey (2008) developed an algorithmic procedure for producing the
tension-stiffening curve of RC elements to be used in nonlinear finite element analysis of
reinforced concrete structures with corroded reinforcements.

Cashell ef al. (2010a, b, 2011) have investigated the failure conditions of reinforced concrete
slabs. The importance of interaction effect in reinforced concrete slabs is shown in their researches.
Dominguez et al. (2010) utilized a new kind of finite solid element for prediction of realistic
behavior of reinforced concrete structures with bond-slip.

Chang et al. (2012) studied pullout behaviors of stiff fiber reinforced cementitious composites.
They have reported that the embedded length and bond strength affect the load-loaded end
displacement curves significantly.

In addition, so far, different methods have been employed for considering bond-slip effects in
finite element analysis. Arslan and Durmus (2014) employed a rule based Mamdani type fuzzy
logic model for prediction of slippage for lightweight concretes. They have finally reported fuzzy
logic as a practical method for predicting slippage at maximum tensile strength and slippage at
rupture of structural lightweight concretes.

Recently, Golafshani et al. (2014) have used multi-gene genetic programming (MGP)
technique for modeling the bond strength of ribbed steel bars in concrete. They have eventually
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concluded that MGP model predictions of the bond strength are more reliable than those obtaining
from the existing building codes equations.

1.1 Research significance

In this study, a modified embedded model is presented and a parametric study is performed to
provide a fundamental insight into performance of RC slabs under static and cyclic loading. In
addition, concrete frames with RC slabs are modeled to determine bond-slip effects in macro
analysis. Verification of the proposed new method is undertaken by comparison against selected
experimental results to illustrate the accuracy of modeling.

Although the importance of interfacial effect between reinforcing bar and surrounding concrete
has been considered in many previous works, it is essential to study the direct assessment of bond
effect in structural behaviour of RC slabs. According to the simplicity of the proposed method,
large complex composite structures such as multiple story building can be analyzed.

2. Description of the modified reinforcing bar model

The interfacial bond behavior of steel bars and surrounding concrete play a major role in
structural behavior of RC members. Cashell et al. (2010a, b, 2011) have shown that the bond stress
controls the failure displacement and strength capacity by enhancing the ductility of members. In
addition, cracking pattern, strain localization in steel bar and energy dissipation of RC members in
flexural condition are affected by the bond phenomena. Therefore, it is essential to consider the
interfacial behavior in numerical investigation for proper and reliable results. There are two main
techniques in finite element software to model steel bar in concrete structures. In an accurate
model denoted by discreet element, steel bar and concrete bulk are modeled separately with two
different elements and an interfacial layer is defined. The bond property can be assigned to
interfacial layer. The second one is embedded element that consider perfect bond between steel bar
and concrete. Although the discreet element is more accurate than the embedded technique, the
convergence of the model is time-consuming and the procedure is not applicable for large systems.
Thus, embedded element is usually used in the analysis of reinforced concrete members. In this
study, a new efficient model introduced by Dehestani and Mousavi (2015) is employed to consider
the bond effect in embedded method. The steel bar model is modified and the new elastic
modulusis substituted with equivalent elastic modulus. The modified elastic modulus of steel
reinforcing bar can be written as

Es = ove, 0]
Where f; is the modified yield stress of steel bar which has presented by Belarbi and Hsu (1994).
They have determined that the real yield strength of steel bar with surrounding concretecan be
obtained from

B4 VR <&)1.5
Z=1-157 (2 )

where 7 is the reinforcement ratio and f, represent the tensile cracking stress of concrete at
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cracking strain of about 8 107-e;is the strain of the steel bar corresponding to the stress of fy in
steel bar model and e, is the effective bond strain of steel rebar which is obtained from

ep = 7 3)

where d is the maximum slip of the steel bar. Wu and Zhao (2012) have presented a precise
estimation of the maximum slip, which is obtained as follows

0.7315+K

= 5176+03333K )
where
K= K., + 33Ky ®)]
C
Koo = d_b (6)
A
Kse = C;Z 7

C and d;, are concrete cover and bar diameter, respectively. Ag;q is the area of one leg of the
stirrup, C is the minimum concrete cover and Sg; is the stirrup spacing.

There is no bond stress between concrete and rebar at the cracked section. When the bond
strength disappears at a section, the strain and also the stress concentration occur. Concrete and
steel bar have same strain at the middle point and hence, there is no slip at the middle point of the
member. It can be deduced that the maximum slip is related to the half of the distance between two
adjacent cracks. Thus, the transfer length / can be determined from

Sr(min) = 2l (8)

where S, 1s the length between two adjacent cracks, which is equivalent to the minimum crack
spacing. The Eq. (9) shows the average spacing of flexural cracks given by CEB-FIP Model Code
(1990).

dp

2
Srm - 5 X 3.6 Teff (9)
Where .4 1s effective reinforcement ratio and can be obtained from:
As
Torfr = 10
fF = Feus (10)

where A..; is the effective concrete area in tension which is usually obtained by simplified
approaches, such as those in Eurocode 2 (1991) or CEB-FIP Model Code 1990 [13]. For
rectangular cross sections, it can be obtained from

Aeop=2.5(h - d)b (11)

where / is total depth of cross section, d is effective depth of cross section and b is width of
cross section. Borosnyoi and Balazs (2005) have evaluated the ratio between the minimum and the
average crack spacing between 0.67 and 0.77. Now, the minimum crack spacing can be obtained
and eventually the transfer length is given by

0.67

= 5 Srm (12)
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The modified stress-strain relationship for steel is eventually constructed by considering the
bond-slip effect. In the modified curve, the yield stress of steel bar is reduced according to Eq. (2)
and the elastic modulus is replaced with modified elastic modulus given by Eq. (1).

In order to validate the proposed method, the response of the reinforced concrete slabs under
monotonic loading is considered. A reinforced concrete slabs tested by Cashell ef al. (2011) are
selected for validating the embedded bond-slip model in finite element program. The specimen is a
two-way concrete slab with area of 2250 mm’ 1500 mm and depth of 60 mm subjected to a
monotonic loading. The details of each validation specimens are given in Table 1.

The finite element software, ABAQUS is used for modeling of validation specimen. Isotropic
plasticity condition is assumed for steel material. The density and Poisson’s ratio were chosen as
7850 Kg/m® and 0.3, respectively. Concrete damaged plasticity (CDP) model is used to describe
concrete behavior. CDP model consists of compressive and tensile behavior, defined separately in
terms of plasticity and damage parameters. It assumes that the main two failure mechanisms are
tensile cracking and compressive crushing of the concrete material (Hibbitt et al. 2004). Input
parameters for CDP model are shown in Table 2.

Different models for stress-strain relationship of concrete are currently used in the analysis of
reinforced concrete members. In this study, the monotonic envelope curve introduced by Park and
Kent (1972) is used for stress-strain relation of concrete in compression. A straight-line can
approximately relates stresses and strains of concrete in tension before cracking. Beyond the
tensile strength of concrete, the model presented by Tamai (1988) is used for descending branch of
stress-strain curve. The configuration of test for validation specimen is illustrated in Fig. 1.

A comparison between results shows that results of the numerical model with modified
embedded element are in close agreement with those of experimental test. It should be noted that
small differences between the results of the proposed model and the experimental results originate
from many factors such as the self-weight of the loading arrangement and the stiffness of the
loading arm of test machine.

90 -~
80 -
70
2 60 -
X 50 1
S 40 1
LE 30 — FE with Bond-Slip
20 4 - FE with No Bond-Slip
10 1 Experiment
0 | T T 1
0 20 40 60 80
Displacement (mm)

Fig. 1 Comparison of the new proposed method and experimental result
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Table 1 Details of validation specimen

Specimen r (%) D (mm) f. (Mpa) fo Mpa) S5 (Mpa) e
R-F60-D6-A r=r,=0.24 6 32 2.1 553 0.04

Table 2 Concrete damage plasticity (CDP) parameters

Dilation angle Flow potential o /o K Viscosity
) ccentricity (O) b07%c0 ¢ parameter (m)
30 0.1 1.16 0.666 0.00001
Table 3 Properties of control model
Specimen r (%) D(mm) C(mm) _ f! (Mpa)  fu(Mpa) _ f, (Mpa)
Benchmark model  r;=r,=0.30 8 30 30.0 2.0 400

3. Parametric study

The analytical simulation with new proposed method is used to study the importance of
bond-slip phenomenon in RC slabs and also overall behavior of the structures. RC slabs are
studied in micro and macro models under different types of loading. Monotonic and cyclic
loadings are applied to RC slabs in micro models and effect of different parameters is investigated.
The loading curves for monotonic and cyclic models are shown in Fig. 2. Multistory buildings are
also considered in macro models.

3.1 Parametric study in micro modeling

3.1.1 Static loading

In order to determine the effective parameters, properties of the benchmark specimen with the
same geometry of validation specimen (R-F60-D6-A) is used in several models. The models are
varying with different coefficients of 0.75, 1.00, 1.25 and 1.50 relative to the key properties of
benchmark specimen. Properties of benchmark model are shown in Table 3. Yield stress of steel,
characteristic strength of concrete, diameter of reinforcing bar, concrete coverage of reinforcing
bar and reinforcement ratio are the key parameters considered in this study.

Fig. 3 presents the load-displacement responses of slabs for various characteristic strengths of
concrete, where the other properties are kept constant. As depicted in Fig. 3, 74 mm of pushing
displacement is applied to structures and corresponding forces are measured. Results indicate that
with 50 percent of increase in characteristic strengths of concrete, load capacity increases about 18
percent indicating an increase in static stiffness of slabs.

In order to investigate the influences of various parameters such as bar diameter, characteristic
strength of concrete, yield stress of steel and reinforcement ratio on maximum mid-span deflection,
13 models have been constructed and analyzed. Load-displacement of each model with different
values of parameters is obtained. To present the relative influence of parameters, overall results of
models under base load (60 KN) are illustrated in Fig. 4. In order to facilitate the comparison
between the results, the effective parameters and maximum deflection of the slab have been
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normalized to corresponding values of the benchmark specimen.

As shown in Fig. 4, 25 percent of increase in concrete characteristic strengths caused 14
percent of decrease in displacement of slabs. It is also shown that with 25 percent of increase in
bar diameter, mid-span displacement decreases about 25 percent. For 25 percent of increase in
steel yield stress, the mid-span deflection reduced about 9 percent. Also the mid-span deflection
decreased about 11 percent when the reinforcement ratio increased 25 percent.

Results indicate that variation of the diameter of reinforcing bar has more significant effect on
mid-span deflection of RC slab. Results also demonstrate that total behavior of the slab is not
affected significantly by the variation of steel yield stress.
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Fig. 3 Load-displacement responses for various characteristic strengths of concrete
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Fig. 4 Effects of various normalized parameters on deflection of the mid-span of the slab for static loading

3.1.2 Cyclic loading

To determine the cyclic behaviour of RC slabs, parametric study has been carried out. The
proposed modified embedded method is also used to consider bond-slip effect in cyclic loading.
Nine cycles of displacement (6 mm) were applied to the slabs. Coverage of steel bar from lower
surface of slab, yield strength of steel bar, compression strength of concrete, diameter of rebar and
reinforcement ratio are the parameters that are considered.

The hysteresis curves of slabs with different value of concrete coverage are shown in Fig. 5.
The area within the curves for different coverage is insignificantly changed. As shown in Fig. 5,
the energy absorption capability is approximately the same for different specimens. This has been
shown in Fig. 6 where the total strain energy of slab is not affected significantly by the variation of
concrete coverage.

The hysteresis curves of slab with different value of bar diameter are shown in Fig. 7.
Responses indicate that the areas within the cycles are increased with the increase in bar diameter.
By increasing the bar diameter, the ability to absorb energy is increased significantly.

Fig. 8 shows the important and effective role of bar diameter on cyclic behavior of slabs.
Results indicate that with increase of 50 percent in bar diameter, the total strain energy increases
about 55 percent.

As shown in Fig. 9, with increase in concrete characteristic strengths, the areas within the
cycles curve increase. Hysteresis curves show that concrete characteristic strength has insignificant
impact compared with bar diameter in cyclic behavior of slabs.

The total strain energy of slabs for various concrete characteristic strengths is illustrated in Fig.
10. With increase of 50 percent in concrete strength, energy absorption of slabs increases about 9
percent. However, the impact of concrete strength in cyclic loading is lower than that in static
loading.

Effect of steel yield stress on hysteresis curve is presented in Fig 11. Increase in steel yield
stresses is accompanied by significant increase in areas within the cycles. Results achieved in
cyclic behavior are different from static conditions in which steel yield stress has insignificant
impact.

Increase of 50 percent of steel yield stress caused about 29 percent of increase in the total strain
energy of slabs. Significant influence of the steel yield stress is evident in Fig. 12.
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Variation of hysteresis curve for different reinforcement ratios is shown in Fig. 13. The areas
within the cycles for hysteresis curves do not changed considerably indicating small rate of
dissipation of energy for various reinforcement ratios.

Fig. 14 presents the effect of reinforcement ratio on total dissipation energy of slab. Results
indicate that with increase of 50 percent in bar diameter, the dissipation energy increased about 5
percent. Therefore, reinforcement ratio has insignificant impact on cyclic behavior of slabs.

Normalized total strain energy for various effective parameters such as concrete coverage, bar
diameter, yield stress of steel, characteristic strength of concrete and reinforcement ratio is
illustrated in Fig. 15. Results demonstrate that bar diameter has the most important impact on the
cyclic behaviour of slabs with respect to other parameters. In addition, the concrete coverage of
steel bars from lower surface of slab has negligible effect on dissipating energy. Responses
indicate that the effect of steel yield stress on the cyclic behavior of slabs is of more importance
than concrete characteristic strength.
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Fig. 5 Hysteresis curves of slab under cyclic loading for various concrete coverage
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Fig. 6 Effect of concrete coverage on total strain energy in cyclic loading
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Fig. 16 Bond-slip effect in base shear of multistory building

3.2 Parametric study in macro modeling

The proposed modified embedded method is employed to perform the parametric study in
macro modeling. It is expected that bond-slip consideration would affect the lateral stiffness of
multistory buildings. Due to simplicity of the method, it is possible to investigate the influence of
different effective parameters with considering bond-slip effects on the structural behavior of
multi-story buildings. 3, 6 and 9 story buildings are modeled with and without bond-slip
consideration. As shown in Fig. 16, the effect of bond-slip in base shear of buildings is remarkable.
Results indicate that the maximum base shear of the building is decreased in model with bond-slip
effect. The rate of decrease is about 35 percent of the maximum base shear in perfect bond
(without slip) model.

The parametric study is performed in 3-story building. Steel yield stress, concrete characteristic
strengths and bar diameter are variables that are considered. Fig. 17 presents the load-displacement
of 3-story building for various concrete characteristic strengths. It is shown that with increase of
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50 percent in concrete characteristic strengths, the maximum base shear of building increases to
2.2 percent.

Effect of steel yield stress on the load-displacement of 3-story building is illustrated in Fig. 18.
Results show that 50 percent increase in steel yield stress is increased the maximum base shear 1.2
percent.

Fig. 19 shows the influence of bar diameter in response of 3-story building. The results indicate
that increase of 50 percent for bar diameter caused a 3.7 percent increase in the maximum base
shear of 3-story building.

Fig. 20 illustrates overall results of parametric study in this section. Results indicate that both
concrete strength and steel yield stress have insignificant effects on the base shear. In addition, the
reinforced concrete slabs has insignificant influence on the lateral stiffness of concrete frame of
multistory buildings.

In fact, the lateral stiffness of building is dependent mostly on the stiffness of beams enclosing
the slabs. In this study, the reduction of stiffness has been conducted on beams and slabs. No
reduction has been implemented for columns. This is due to the fact that columns of building are
bearing high compressive loads and therefore there is no need for bond-slip consideration for
columns.
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Fig. 17 Base Shear of 3-story building for various concrete characteristic strengths
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4. Conclusions

A comprehensive study in behaviour of the RC slabs under different loading conditions has
been carried out. A new modified embedded element is used to consider the bond-slip effects in
numerical models.Various parameters such as concrete and steel properties, reinforcement ratio,
bar diameter and concrete coverage have been studied. The following important concluding
remarks were drawn eventually

e Results from macro study showed that considering bond-slip effect is very important and
have significant effects on the response of multistory buildings.

e Results from the static study demonstrated that the bar diameter has more effect on the static
behavior of RC slabs with respect to other parameters.

¢ Yield stress of steel has negligible impact on static behavior but its effect on cyclic behavior
should be considered.

e Effect of concrete characteristic strength on the static behavior of RC member is
considerable.
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o Increase in stiffness of RC slabs is accompanied by increase in base shear of multistory
building but the rate of increment is not significant. In fact it is mostly depends on properties of
beams enclosing the slabs.

e Due to simplicity of the proposed modified embedded method, it can be used in complex
composite structures such as multistory building to obtain reliable and precise results in finite
element model.
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