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Abstract 

Reinforced concrete (RC) slabs often require strengthening due to deterioration, 
increased loads, or design changes. Concrete overlay is a commonly used tech-
nique for strengthening, but predicting the behavior of overlays can be challenging. 
To address this challenge, this study presents a three-dimensional non-linear finite 
element model using Abaqus/CAE to analyze the structural performance of one-
way reinforced concrete (RC) slabs strengthened with concrete overlays. The model 
considers three different bonding conditions at the interface: friction, epoxy, and shear 
connectors. The predictions of the model were compared to experimental results, 
and it was found that the model accurately captures the load–deflection response, 
cracking behavior, and interfacial slip in the strengthened slabs. Additionally, the model 
accurately predicts the new structural capacity of the strengthened slabs, show-
ing good agreement with experimental data. These findings offer valuable insights 
into the effectiveness of concrete overlays as a traditional strengthening technique 
for RC slabs. Moreover, the developed finite element model provides a useful tool 
for optimizing the design of these overlays.

Keywords:  Reinforced concrete, Slabs, Overlay, Flexural strengthening, Finite element 
modeling

Introduction
The field of strengthening and upgrading existing structures has seen significant growth 
due to advancements in construction techniques and the need for quality control. 
The demand for exploring this field has grown, especially after structural failures and 
requests for building alterations from clients [1]. Strengthening concrete elements is 
crucial to address issues such as damage, design errors, functional changes, and corro-
sion [2]. Among the various methods available for strengthening concrete slabs, such as 
Ferro-cement covers [3], section enlargement, external plate bonding [4], external post-
tensioning [5], span shortening, supplemental members, load reduction, and fiber-rein-
forced polymers [6–8], this research focuses on concrete overlay [9–11].

Concrete overlay involves applying a layer of concrete onto an existing reinforced con-
crete (RC) slab to enhance its structural performance. This technique is commonly used 
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but predicting the behavior of overlays can be challenging [1]. Therefore, this study aims 
to improve understanding of the behavior of RC slabs strengthened with concrete over-
lays through the use of the non-linear finite element (FE) method.

Background
Reinforced concrete (RC) overlay strengthening is a well-established technique that 
offers numerous benefits, including the use of cost-effective materials, excellent fire 
resistance, and the elimination of skilled labor [12]. Furthermore, it provides sufficient 
warning prior to failure [2]. The effectiveness of RC overlay strengthening relies heavily 
on the bond strength between the overlay and the substrate [9]. As a result, research-
ers have dedicated their efforts to studying various substrate surface preparation tech-
niques that enhance the interfacial shear strength for optimal composite action between 
the overlay and substrate [12, 13]. These studies have examined factors such as overlay 
thickness [11], distribution of shear connectors [12], strength of the overlay concrete, 
surface roughening methods, and more [13].

Experiments generally show increased stiffness, strength, and load-carrying capac-
ity of RC slabs with overlay strengthening [8, 9, 12]. Full composite action and mono-
lithic behavior are achieved when there is proper surface preparation and adequate 
shear transfer between the overlay and substrate [9]. However, debonding and lack of 
composite action can occur without adequate bonding or shear connectors between the 
layers [12]. More connectors or surface roughening is often needed to achieve full com-
posite action [8]. Recent studies have shown that ultra-high-performance fiber concrete 
(UHPFC) and high-strength concrete (HSC) overlays can strengthen reinforced concrete 
slabs in flexure [14, 15]. These overlays significantly increase flexural strength compared 
to un-strengthened slabs. However, UHPFC and HSC overlays can be costly for some 
applications. In a recent study, a numerical model was developed to predict the behavior 
of reinforced concrete slabs strengthened with concrete overlays using various bonding 
techniques [16]. The model takes into account the non-linear behavior of concrete by 
utilizing an interpolation method based on Eurocode 2 using MATLAB software. How-
ever, advancements in FE modeling could result in better visualization and tracking of 
stress and slip at the interface.

Overall, while experimental studies on one-way slabs strengthened by concrete over-
lays have been extensively conducted, numerical studies are still limited but gaining 
traction [16]. The development of numerical models could significantly enhance our 
understanding of the behavior of strengthened slabs and provide valuable insights into 
the effects of different design parameters and bonding techniques.

Methods
To achieve the objective of this study, a 3D non-linear FE model using Abaqus/CAE 2017 
[17] was developed to simulate the behavior of an RC one-way slab strengthened with a 
concrete overlay considering different bonding conditions at the interface. The model 
can offer a reliable tool for predicting the structural performance of strengthened RC 
slabs, allowing for optimization of the design process. The model will be developed and 
validated using the geometry and material properties of previous experimental works in 
literature [2].
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Experiments procedure

The previous experimental study tested five slabs to examine the structural efficacy 
of the concrete overlay strengthening technique [2]. The first slab, referred to as 
the Original RC Slab (OS), measures 55 cm in width, 200 cm in length, and 8 cm in 
thickness. It is reinforced with 10 mm rebar spaced every 160 mm in both directions 
(Fig. 1). The second, third, and fourth slabs, known as Strengthened Slabs (SS), were 
strengthened using a 50-mm concrete overlay with Ø6@160 mm c/c each way (Fig. 2). 
The primary difference between these three slabs lies in the bonding condition at the 
interface between the original slab and overlay. The bonding methods used were fric-
tion, epoxy material, and shear keys (shear connectors), respectively. The fifth slab, 
also a strengthened slab, differs in that the concrete overlay is reinforced using Ø8 
instead of Ø6 and is connected to the original slab using shear keys. In this study, 
these five slabs are referred to as OS, SS-T6-Friction, SS-T6-Epoxy, SS-T6-Shear 
Keys, and SS-T8-Shear Keys. The characteristics of slabs are summarized in Table 1.

The slabs were prepared using steel reinforcement with a yield stress of 460 N/mm2 
and concrete that was designed to achieve a compressive strength of 30 N/mm2. The 
concrete mix was prepared using a water-cement ratio of 0.47 and the following mix 
proportions: 435 kg/m3 of cement, 205 kg/m3 of water, 730 kg/m3 of fine aggregates, 
and 970 kg/m3 of coarse aggregates.

The slabs were subjected to testing in a simply supported setup, with the supports 
placed 190 cm apart, as depicted in Fig. 3. A line load was applied at the midpoint of 
the span until the slab reached its failure point.

Modeling geometry

In this study, five models were developed, each one corresponding to a slab that was 
tested. These models are OS, SS-T6-Friction, SS-T6-Epoxy, SS-T6-Shear Keys, and 
SS-T8-Shear Keys.

In ABAQUS [17] (Fig. 4), both the concrete and reinforcement parts of the original 
slab and overlay were created as independent 3D deformable solid elements. These 
elements were subsequently combined in the assembly module. The concrete was 
modeled using eight-node tetrahedral quadratic brick elements with reduced integra-
tion, of type C3D8R. The steel reinforcement was represented by 2-node truss ele-
ments of type T3D2. Both parts were subjected to a simulation with a mesh size of 
15 mm.

Modeling bond between slab and overlay

In this study, full bond action between steel reinforcement and concrete is assumed. 
It is modeled using the embedded element feature in ABAQUS [17] which involves 
embedding steel reinforcement truss elements within concrete brick elements (i.e., 
the host) [18].

The bond conditions between the original slab and the concrete overlay are mod-
eled in distinct ways depending on the specific circumstances. In scenarios where the 
bond relies solely on friction, the interaction between the reinforced concrete (RC) 
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slab and the concrete overlay is modeled using a surface-to-surface contact element 
type. Here, the Coulomb friction model is utilized, assuming a friction coefficient of 
0.8 [19].

When Epoxy adhesion is used, the interaction between the two surfaces is mod-
eled as a tie constraint, where full bond action is assumed. In this case, each node on 
the top surface of the RC slab (i.e., the slave surface) is tied to a point on the bottom 
surface of the overlay (i.e., the master surface). In the case of Shear keys, the shear 
keys themselves are modeled as truss members embedded in both the RC slab and the 
overlay at the prescribed locations. The bond in the remaining part of the slab is mod-
eled similarly to the friction case.

Slip between surfaces is expected to occur when the tangential friction exceeds a 
specified tolerance of 0.5% of the average length of the contact elements in the model 
[20]. To solve normal and tangential contact behaviors, an augmented Lagrange mul-
tiplier algorithm and penalty method in ABAQUS are employed [17].

Table 1  Characteristics of slabs

No Slab ID Reference slab Bonding 
condition at 
interface

RC overlay

Dimensions 
(cm)

Reinforcement Dimensions 
(cm)

Reinforcement

1 OS 200 × 55 × 8 Ø10@160 mm 
both ways

– 200 × 55 × 5 Ø6@160 mm 
both ways2 SS-T6-Friction Friction

3 SS-T6-Epoxy Epoxy Material 
of 36 MPa bond 
strength

4 SS-T6-Shear 
Keys

Shear keys
(6Ø12 mm/
shear span)5 SS-T8-Shear 

Keys
Ø8@160 mm 
both ways

Fig. 3  One-way slab strengthened using concrete overlay under line load [2]
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Modeling material properties

In his work, the steel reinforcement is modeled using a bi-linear model (Fig.  5). 
This model consists of two distinct branches. The initial branch is elastic, where the 
material can return to its original shape after the removal of load. This branch is 

Fig. 4  Finite element model: a Parts. b Elements’ type. c Meshing of slab and overlay

Fig. 5  Bi-linear model for reinforcing steel material
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characterized by a yield stress of 460 N/mm2 and a Poisson’s ratio of 0.3. The subse-
quent branch is perfectly plastic, where any deformation in the material is irreversible.

In this study, the concrete damage plasticity (CDP) model in ABAQUS is used to sim-
ulate the nonlinear behavior of concrete. CDP model that was developed by Lubliner 
et al. [20] and modified later by Lee and Fenves [21]. The CDP model has been widely 
used in the simulation of concrete structures and has been shown to provide good agree-
ment with experimental results [22, 23]. However, it should be noted that the accuracy of 
the model is highly dependent on the correct calibration of the material parameters (i.e., 
dilation angle, flow potential eccentricity, ratio of compressive strengths under biaxial to 
uniaxial loading, and viscosity). More details about CDP parameters are discussed else-
where [17, 22].

The stress–strain behavior under sustained compressive loading is modeled in three 
phases (Fig.  6). The first two sections describe the ascending branch up to the peak 
stress. Their formulations are similar to the recommendations of the Model Code. The 
third and descending branch takes account of its dependency on the specimen geom-
etry [24, 25] to ensure almost mesh-independent simulation results. The evolution of the 
compressive damage component dc is linked to the corresponding compressive plastic 
strain and inelastic strain using a constant factor bc of 0.7 [26].

The stress–strain relation for tensile loading consists of a linear branch up the tensile 
strength and a nonlinearly descending branch that derives from the stress-crack opening 
relation [27, 28] (Fig. 7). The damage parameter dt depends on the tensile plastic strain 
and inelastic strain and a parameter bt of 0.1 which assumes that strain to return back 
leaving only a small residual strain.

The modeling parameters for steel reinforcement and concrete are presented in 
Table 2.

Boundary conditions and loading

The slab is modeled as a simply supported slab with a distance of 190 cm between sup-
ports as shown in Fig. 3. A line load is applied at the center of the span, and the load 
is increased monotonically in small steps until failure, where the solution converges or 
the model terminates. The model is solved using the Full Newton–Raphson solver in 
ABAQUS [17].

Results and discussion
Original slab (OS)

The load–deflection curve in Fig. 8 compares the results of the finite element (FE) model 
with the experimental results. The comparison demonstrates a good correlation in the 
structural behavior of the system between the model and the experiments.

When considering the span/250 deflection limit [29] as a baseline to assess the gain in 
the structural capacity [10], it is observed that the corresponding load to this limit in the 
experiment is 8.8 kN, in comparison to 12 kN in the FE model. These values will serve as 
reference points for evaluating the effectiveness of this strengthening technique and the 
improvement in structural capacity.
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The cracking pattern observed in both the FE model and the experiment (Fig.  9) is 
remarkably similar. The initial crack load recorded in the FE model is 9.35 KN, slightly 
higher than the experimental value of 8.8 KN.

Strengthened slab using concrete overlay and friction interface (SS‑T6‑Friction)

Figure 10 depicts the FE model of the strengthened slab using a concrete overlay with 
only a friction interface (SS-T6-Friction). The load–deflection correlation at mid-span 
shows good agreement with the experimental results, indicating an increased carrying 
capacity of the strengthened slab. The structural improvement in loads at the deflection 
limit and failure point of the strengthened slab in the FE model are 160% and 145% in 
comparison to 215% and 145% in the experiment, respectively, higher than those of the 
original slab.

In the FE model, the first crack load occurred at 13.8 KN, while in the experiment 
it occurred at 13.74  KN, demonstrating close agreement between the numerical and 

Table 2  Material properties in the model

Parameter Value

Concrete
  Concrete Young’s Modulus 24.1 × 103 N/mm2

  Concrete Poisson ratio 0.21

  Dilation angle 40°

  Flow potential eccentricity 0.12

  Biaxial/uniaxial compression plastic strain ratio 1.16

  Invariant stress ratio Kc 0.67

  Viscosity 0.00001

  Compression yield stress 30 N/mm2

  Inelastic strain 0

  Tensile yield stress 3 N/mm2

  Tensile cracking strain 0

Steel reinforcement
  Steel Young’s Modulus 2.1 × 105 N/mm2

  Steel Poisson ratio 0.3

  Steel Yield stress 460 N/mm2

  Steel Plastic strain 0 `

Fig. 8  Load mid-span deflection curve of the original slab in the model and experiments
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Fig. 9  Crack pattern of the original slab in a FE model and b experiment

Fig. 10  Load mid-span deflection curve of the SS-T6-Friction slab vs original slab

Fig. 11  Cracking of the SS-T6-Friction slab in a FE model’s crack pattern and b experiment crack at mid-span
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experimental values. Figure 11 compares the crack patterns observed in the FE models 
and at the mid-span.

As anticipated, without any bonding agent between the slab and concrete overlay, a 
slip occurred at the interface, as appeared in the FE displacement contour provided in 
Fig.  12, resulting in a displacement of 1.6  mm in the FE model. This behavior is also 
observed in the experimental results [2].

Strengthened slab using concrete overlay and epoxy adhesion at interface (SS‑T6‑Epoxy)

Figure 13 shows the FE model of the strengthened slab, SS-T6-Epoxy, which incorpo-
rates epoxy at the interface. The load–deflection correlation at the mid-point aligns 
favorably with the experimental results, with a maximum difference in load at the same 
mid-span deflection of approximately 9.8%.

In the FE model, the first crack load was observed at 12.85 KN, while in the experi-
ments, it occurred at 19.6 KN. The crack pattern in the FE model of the strengthened 
slab is much closer to that observed in the experiment as shown in Fig. 14.

The carrying capacity of the strengthened slab, which utilizes an epoxy connection 
between the original slab and overlay, significantly increases when examining the rela-
tionship between load and mid-span deflection. The load at the span/250 deflection limit 
in the FE model rises to 32.4 kN (270%) compared to the experiment’s 36 kN (400%), 
both surpassing the load of the original slab. This particular model of the strengthened 
slab exhibits minimal slip between the slab and overlay (Fig. 15), indicating full compos-
ite action, consistent with observations made during experiments [2].

Strengthened slab using concrete overlay and shear keys at interface (SS‑T6‑Shear Keys)

The load mid-span deflection relation in Fig. 16 of the FE model results for a one-way 
RC slab strengthened with an overlay using shear keys at the interface (SS-T6-Shear 
keys) demonstrates excellent agreement when compared to the previous experimental 
findings [2]. The maximum variance in load at mid-span deflection between the experi-
mental and FE model curves was approximately 7.3%. In the FE model, the first crack 
load was observed at 18 kN, whereas in the experiment it occurred at 21.6 kN.

Figure 17 displays the crack patterns in the FE model as well as the crack at mid-span 
in the experiment. Similar to the experiment, slip was observed and predicted to be 
1.7 mm in the developed model (Fig. 18).

At span/250 deflection limit, the load in the strengthened slab is estimated to be 28 kN 
in the FE model, while in the experiment it is measured as 26.58 kN. These results indi-
cate an increase in structural capacity of 224% in both the FE model and the experimen-
tal work, demonstrating the effectiveness of this technique.

Strengthened slab using concrete overlay and shear keys at interface with additional 

reinforcement (SS‑T8‑Shear Keys)

In contrast to the previous slabs, the overlay in this slab is reinforced with 
T8@160 mm instead of T6@160 mm and shear keys. Figure 19 demonstrates a close 
match between the model and experimental results [2], with a maximum difference 
between the curves of approximately 20.4%. The FE model exhibited a first crack load 
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of 19.73 KN, while the experimental test showed a first crack load of 13.74 KN, indi-
cating similar cracks in both cases (Fig. 20).

The results demonstrate that the load at span/250 deflection limit, which was 
strengthened using an additionally reinforced overlay and shear keys (SS-T8-Shear 

Fig. 13  Load mid-span deflection curve of the SS-T16-Epoxy slab vs original slab

Fig. 14  Crack pattern of the SS-T16-Epoxy slab in a FE model and b experiment
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Keys), is 34.28  KN in the FE model, compared to 35.3  kN in the experiments. This 
represents a 400% and 285% increase, respectively, compared to the original slab. 
When comparing these results to those of SS-T6-Shear Keys slabs, it is evident that 
the additional reinforcement significantly enhances the structural capacity. However, 
these findings indicate that this technique improves the overall structural capacity. 

Fig. 16  Load vs mid-span deflection curve of the SS-T6-Shear keys slab vs original slab

Fig. 17  Cracking of the SS-T6-Shear keys slab in a FE model’s crack pattern and b experiment mid-span 
cracks
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Both the experiment and FE model also show slip occurring between the slab and 
overlay at the supports, with a predicted slip of 1.28 mm in the FE model (Fig. 21).

Summary of the modeling results

Figure 22 compares the FE model results of the structural behavior of the strengthened 
slab using concrete overlay in comparison to the original slab. The comparison considers 

Fig. 19  Load vs mid-span deflection curve of the SS-T8-Shear keys slab vs original slab

Fig. 20  Cracking of the SS-T8-Shear keys slab in a FE model’s crack pattern and b experiment mid-span 
cracks
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four connections between the original slab and overlay: (1) no connection, relying solely 
on friction at the interface; (2) adhesive epoxy; (3) shear keys; and (4) shear keys with 
additional reinforcement in the overlay. A given deflection, for example, the deflection 
limit of span/250, the deflection is reached by a larger load in the strengthened slabs in 
comparison to the original slab. This is because the addition of the overlay necessarily 
increases the flexural stiffness and thereby decreases the deflection [30]. It is worth men-
tioning that the flexural stiffness is enhanced as high levels of composite action between 
the slab and overlay are achieved [16]. This is reflected in the results where the highest 
performance in the strengthened slabs is achieved in slabs that exhibited minimal slip, 
particularly, in the case of using adhesive epoxy and shear keys with additional reinforce-
ment. In general, the results show a significant level of agreement between the FE model 
and experimental results, as presented in Table 3. All predicted load values from the FE 
model fall within 8% of the corresponding experimental values. These results demon-
strate the accuracy of the developed model in replicating the load–deflection response, 
cracking behavior, and potential slip at the interface.

Conclusions
Based on the numerical results obtained in this study, the strengthened slabs using rein-
forced concrete overlay exhibited significant improvements in structural capacity. These 
findings are consistent with previous literature that has demonstrated the effectiveness 

Fig. 22  Load–deflection curve of all slabs’ FE models

Table 3  Comparison of the model’s predicted and experimental loads at span/250 deflection limit

Slab Load (kN) Difference (%)

Experiment FE model

SS-T6-Friction 19.0 19.2 1.2

SS-T6-Epoxy 35.3 32.5 -8.0

SS-T6-Shear keys 26.6 28.0 5.3

SS-T8-Shear keys 35.3 34.3 -2.9
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of this technique. The developed 3D non-linear finite element model successfully 
simulated the structural behavior of the strengthened slabs. The model results closely 
matched the experimental data, indicating its accuracy and reliability. The predicted val-
ues from the model differed by less than 8% from the experimental values. Additionally, 
the model accurately captured the overall structural behavior, including the load–deflec-
tion curve, slip at the interface between the original slab and overlay, and crack pattern 
in the strengthened slabs. According to the results of this study, this modeling approach 
provided valuable insights into the process of slab strengthening with concrete overlays. 
The findings of this study contribute to our understanding of the effectiveness of this tra-
ditional strengthening technique and offer a useful tool for optimizing its design.
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