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Abstract: 

Numerical simulation performed in this paper to explore the flexural behavior of RC one way 

slab strengthened with fiber reinforcement cementations matrix (FRCM). Three dimensional finite 

element analysis was performed by using ANSYS (17.2). The main issues focused in this paper are (1) 

the effect of FRCM fabric types on the flexural behavior of strengthened RC slab in terms of both 

ultimate capacity and deflection, (2) effect of variables compressive strength value of the concrete slab 

and (3) number of fabric layers for composite material effect. The results showed that the fabric type 

had a clear effect on the flexural behavior of the strengthened slab. The parametric study also revealed 

that the flexural strength increases with increasing the compressive strength of concrete when the 

failure is represented by crushing of the concrete strut. In addition to, the number of fabric layers for 

composite material had a clear effect on the behavior of RC slab, but to a specified number because 

then the failure is determined by the action of the concrete in the compression zone. 

Key words: Fiber reinforcement, One-way, FRCM composite, Strengthen. 

1. Introduction 

Structural elements have deteriorated in recent years due to environmental conditions or 

increased loads. Composite fiber (FRP) is one technique used to strengthen structural elements. This 

technique has been widely used in civil engineering society because of the materials properties, 

namely: corrosion resistance, ratio of extremely high strength-to-weight, ease and speed of appli¸cation 

and minimal chan¸ge in the geometry, [1]. In spite of all these advantages, the FRP streng¸thening 

technique has a little disadvan¸tages, which are attri¸buted to the resins used to bind or impregnate the 

fibers, [2]. These defects may include: (A) Poor bonding between the FRP and the concrete substrate. 

(B) Degradation of bonding material at high temperatures; (C) Epoxy is relatively expensive, (D) In the 

case of wet surfaces or low temperature FRP cannot be applied; (E) The concrete structure is gradually 

damaged by lack of vapor permeability, F) Semi-adhesive materials are not compatible with epoxy 

resins; (G) In the event of an earthquake, the condition of the concrete cannot be assessed behind FRP. 

Inorganic binders are one possible solution to the problems mentioned above, for example. Cement-

based mortar, leading to the replacement of FRP with fiber reinforced mortar (FRMs), [3]. [4], used of 

glass, basalt, and carbon fiber girds for strengthening reinforced concrete one-way slabs. The 

strengthened slabs with carbon fiber grid exhibited a higher load carrying capacity and a higher 

displacement ductility performance before failure than the strengthened slabs with glass or basalt 

fibers. [5], studied the effect of the FRCM strengthening system on the flexural behavior of RC beams. 

Results explained the ultimate load increased from 10% to 44% when compared with un-strengthened 

beams. [6], studied the flexural behavior of RC beams strengthening by FRCM. Laboratory 

experiments showed that flexural resistance to the RC beams improved with FRCM technology. 
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Depending on the quantity of FRCM, flexural strength improved by 32% for one ply of the FRCM and 

92% for four plies of the FRCM with low-strength concrete, and 13% for one ply of the FRCM and 

73% for four plies of the FRCM with high-strength concrete. [7], improved behavior and performance 

of reinforced structural elements using polymeric fiber. The practical results showed good 

compatibility with the analytical models for maximum displacement and strength capacity. [8], 

demonstrated an experimental campaign for flexural strengthening of RC beams with carbon fiber 

polymers and steel fiber-reinforced polymers (SRP). [9], shows that the steel cords and carbon fibers 

give close results, when the steel ratio is similar. For low-density steel cords bonded with cementitious 

grout gave a low tension stiffening effect. The impact of SRG / SRP on the behavior of concrete slabs 

was studied by [10]. Laboratory testing shows that the performance of RC slabs improves with both the 

number of layers and the density of polymers. The percentage of increase in load capacity was ranging 

from 40% to 90% based on the type of steel wires (low/high density), the number of layers, and the 

type of adhesive (epoxy/grout). 

The main objective of the current research is to expand the existing information base on 

numerical models of FRCM used in flexural strengthening of RC one-way slab. The FE models are 

developed for the experimental beams tested by [11]. The FE models present different non¸linear 

models for the concrete (in ten¸sion and comp¸ression), steel rein¸forcement, CFRP laminate, 

cementitious matrix, different fabric material and the bond inter¸face between the composite materials 

and concrete. The current study intends to provide a comprehensive understating of the effects of larger 

number of variables that may affect the contribution of this technique. These parameters are including 

such as concrete compressive strength, with various FRCM layers and different fabric types of 

composite materials. The composites materials that used in this study were polyparaphenylene 

benzobisoxazole (PBO) with a cementitious-based curing agent (FRCM), carbon fiber grid with 

polymer curing agent (CFRP-grid), and glass fiber grid (GLASS-grid). 

2. Summary of experiments 

This finite element analysis (FEA) calibration study includes modeling a concrete slab with the 

dimension and properties corresponding to solid slab tested by [11], with span equal to 1800 mm, 

tested under four¸-point bending. All specimens contain of flexural reinforcement [3ϕ8 mm] as tensile 

rebar. The test setup represented· in Fig·.1 was used, and the two laminate arrangement, illustrated in 

Table· (1), were adopted. The experimental study include: one RC slab without strengthening and two 

with differential of NSM-CFRP percentage (𝜌𝑓). The average compressive strength (fc) = 41.74 MPa. 

Table (2) includes the experimental tests values carried out to evaluate the main· properties of the 

materials used in the· present work. 

 

 

 
 

 

 
 

Fig. (1): Test setup configuration. 
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Table· (1): Specimen's cross section details [11]. 

Slab symbol Cross section· ( dimensions in mm) 
No. of 

laminates· 
(𝜌𝑓) % 

 

 

S1 

 

0 0 

S2 

 

1 0.06 

S3 

 

 2 0.13 

 
Table (2): Characteristics the steel reinforcement·, laminates and epoxy adhesive [11]. 

Steel· reinforcement CFRP laminate· Laminate· adhesive 

∅𝑠 = 8𝑚𝑚 

𝐸𝑠 = 200.8𝐺𝑃𝑎 

𝑓𝑦 = 438.2 𝑀𝑃𝑎 

𝑓𝑢 = 578.75 𝑀𝑃𝑎 

𝑡𝑓 = 1.4 𝑚𝑚 

𝑤𝑓 = 10.02 𝑚𝑚 

𝐸𝑓 = 161 𝐺𝑃𝑎 

𝑓𝑢 = 1776.35 𝑀𝑃𝑎 

𝐸𝑎 = 7.47 𝐺𝑃𝑎 

𝑓𝑢 = 33.03 𝑀𝑃𝑎 

ε = 4.83% 

 

3. Finite element modeling 

ANSYS software program (17.2) [12] utilized in this research for numerical simulation of the 

strengthened RC slab beneath four-point bending tests. 

3.1.  Elements description 

1- Solid 65 was used to model· both concrete slab and mortar for the FRCM. This element is suitable 

to model concrete due to its ability to crushing in compression and cracking in tension. Each node 

in SOLID65 has three translation degrees of freedom (x, y and z).  

2- 3D 2-node structural bar element (LINK188) is using to model the flexural reinforcement. This 

element is capable of plastic deformation, which may occur in the steel reinforcement.  

3- CFRP laminates, adhesives, and the steel plates that are placed between concrete and loading 

apparatus or supports were modelled using 8-node brick element (solid 185). The element also has 

eight nodes; each node has three degrees of freedom, translations in the global directions (x, y, and 

z), and is eligible to consider nonlinear properties like plasticity, multi-linear material model, stress 

stiffening, and large deformations. Last part of this model is the interaction among the composite 

materials and concrete beam which was modelled using a surface-to-surface contact pairs. This was 

undertaken by defining the adhesive as a contact surface using CONTA173. This element 

(CONTA173) is defined by four nodes. More information about the definition of these elements is 

identified later on. 
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These elements were sued in the finite element· model shown in· Fig. (2). 

 

 

 

 

  

 

 
 

 

 

 

 
Fig. (2): FE model, showing different components [12]. 

 

3.2.  Material modelling 

3.2.1. Concrete  

Fig. (3a), shown a nonlinear stress-strain model, suggest· by [13], is utilized to simulate uniaxial 

compressive behavior of concrete. Mathematical expression to define concrete model is showed below. 

 
𝑓𝑐 = 𝑓𝑐

ˊ [2 (
𝜀

𝜀0
) − (

𝜀

𝜀0
)

2

]                                
(1) 

Where: 

 𝑓𝑐 is the compressive stress at any strain (ε);  

ε0 is the strain at fcʹ  , which can be calculated from equation (2) 

 𝜀0 =
2𝑓𝑐

ˊ

𝐸𝑐
                                                             (2)  

𝐸𝑐 is the concrete elastic modulus which  can be calculated following [14]  as in equation (3) 

 𝐸𝑐 = 4700√𝑓𝑐
ˊ                                                     (3)  

The concrete tensile stress–strain response is modeled as linear elastic prior to the onset of 

cracking at a maximum tensile stress which can be obtained as in equation (4)  

 𝑓𝑡 = 0.56√𝑓𝑐
ˊ                                                (4)  

Tension-stiffening effects are modelled with a linear descending curve ending at a strain of 6𝜀𝑡, 

where εt is the strain at ft (Fig. (3b)). A value of 0.3 was used for the open and closed shear transfer 

coefficients [15]. The Poison’s ratio of concrete is assumed to be 0.2. 

3.2.2. Steel reinforcement 

The longitudinal rebars were assumed to have an elastic-perfectly plastic stress-strain response, 

identical in tension and compression, see Fig. (3c) poisson’s ratio of 0.3 was assigned to the material, 

[16]. 

3.2.3. CFRP laminate 

An isotropic linear elastic behavior is assigned for CFRP laminates, see Fig. (3c). A failure 

criteria is characterized for each component·. The linear response is supposed to continue until the 

Concrete 
Epoxy 

adhesive 
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laminate  

Steel bar 
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tensile strength is reached, and beyond that a complete tensile failure is assumed. A Poisson's ratio of 

0.3 was assigned· for CFRP components and of 0.35 for adhesives, [17]. 

3.2.4. FRCM composite 

To model the polyparaphenylene benzobisoxazole (PBO), carbon fiber grid (CFRP-grid) and 

glass fiber grid, material orthotropic-elastic material. This material is adequate for modeling the elastic-

orthotropic behavior of solids, shells, and thick shells. The fundamental parameters required in this 

model are E, PR, and shear modulus G in three orthogonal directions, and fiber direction is 

characterized by a vector, [18]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3): Constitutive material models. 

3.2.5.  Contact modelling 

The connection between the concrete slab and the CFRP was formed by defining surface-to-

surface communication for the ANSYS-software. This contact is a special type of connection. Works 

the same way as a basic connection type under compact load. The connection algorithm calculations for 

both normal strength and shear strength in the interface element. Under tensile and shear loads, 

breaking the separator allows splitting the interconnected surface after a force-based failure criterion. 

The bilinear normal´ stress-gap and shear stress-slip were adopted in the current study as shown 

in equations below:  

 τ𝑡 = 𝐾𝑡𝛿𝑡(1 − 𝑑𝑚)                                                       (5  (   

 σ𝑛 = 𝐾𝑛𝛿𝑛(1 − 𝑑𝑚)                                                          (6  (   

                           d𝑚 = (
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) 𝜒                                                     (7  (   
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                           Δ𝑚 = √(
𝛿𝑛

𝛿̅𝑛
) + (

𝛿𝑡

𝛿̅𝑡
)                                                                ( (8           

                         χ =
𝛿𝑛

𝑐

𝛿𝑛
𝑐 −𝛿̅𝑛

=
𝛿𝑡

𝑐

𝛿𝑡
𝑐−𝛿̅𝑡

                                                                    (9  (   

 

 

 

 

 

 

Fig´. (4): (a) and (b) Bilinear´ normal stress-gap and shear stress-slip models 

respectively.   

The shear stress-slip model suggested by [19] was adopted in this study.  

 𝜏𝑚𝑎𝑥 = (0.802 + 0.078𝜑)𝑓𝑐
ˊ0.6

    ( 01 )                                         

 
G𝑐𝑡 =

0.976𝜑0.526𝑓𝑐
ˊ0.6

2
                                     (11) 

 φ =
𝐺𝑟𝑜𝑜𝑣𝑒 𝑑𝑒𝑝𝑡ℎ+1 𝑚𝑚

𝐺𝑟𝑜𝑜𝑣𝑒 𝑤𝑖𝑑𝑡ℎ+2 𝑚𝑚
                    (12) 

Thus, the calculation of fracture energy of the interface under tensile stress is assumed to be 

equal to the concrete fracture energy suggested by model code (see equation (15)) [20]. 

 𝜎𝑚𝑎𝑥 = 0.6√𝑓𝑐
ˊ                                                                                                                          (13)                                                        

              
G𝑐𝑛 = 𝐺𝑓𝑜 (

𝑓𝑐
ˊ

10
)

0.7

                              (14) 

 G𝑐𝑡 = 0.5𝜏𝑚𝑎𝑥𝛿𝑐
𝑡                      (15)     

       

 G𝑐𝑛 = 0.5𝜎𝑚𝑎𝑥𝛿𝑐
𝑛                        (16)  

The shear stress-slip and normal stress-gap models were assigned by improving a subroutine in 

ANSYS order menu to the contact surface.  

4. Validation of the FE model 

The all FE results are compared with the experimental data to check the accuracy of the FE 

model, which is including load-deflection curve and ultimate load.Table´ (3), display comparison 

between experimental ultimate loads of tested flexural RC slab and the ultimate loads from the 

numerical analysis by ANSYS program. The variance´ between the experimental and numerical 

ultimate loads is not more than (10.96%). Fig. (5) shows the load-deflection obtained from finite 

element analysis and experimental results´. These figures show a good concord between´ experimental 

and F.E.A curves. 
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Fig. (5): Comparison of load-deflection curves. 

Table (3): Comparison between the FE and experimental results 

Specimens 
Ultimate load (kN) 

Experimental FE Difference % 

S1 12.64 11.88 6.01 

S2 19.35 17.23 10.96 

S3 26.34 26.76 -1.6 

5. Parametric´ study 

The confirmed FE model´ was utilized to contemplate the unique´ parameters on flexural 

strength of RC slab to archive more information and give more data´ about the most´ influential 

parametric to be considered´ in design. Table (4) explains these parameters.  
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Table (4): Variable symbols used in FE study. 

 

5.1. Effect of FRCM fabric type. 

This part discusses the FRCM fabric kind effect on  flexural behavior of the RC slab and 

compared with slab strengthened with CFRP-laminate, these materials were (1) polyparaphenylene 

benzobisoxazole (PBO), (2) Glass fiber grid and (3) Carbon fiber grid, see Fig.(6). Details of fabric 

used in FRCM as shown in Table (5).  From Fig. (7), it can´ be seen that the PBO-FRCM had the most 

critical effect on the extreme load capacity of the strengthened slab. Result specimens (S4), increase 

(87) % in ultimate strength compared with S1 the control specimens. The deflection at extreme load 

was in every case minimal than the control slab whereas deflection at failure was nearly the same. The 

response of the strengthened slabs was evaluated on the load-deflection behaviour. The slab 

strengthened with FRCM continued to carry loads based on the strengthening composite performance. 

When the strengthening composite failed, a drop in the load carrying was observed. Then, the trend of 

load-deflection curves were followed the control slab. In the case that slabs strengthening with CFRP-

laminate the continued to carry load to happen the deboning in the interface between composite 

material and concrete cover.  

 

 

 

 

 

Fig. (6): Strengthening composite materials [21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimens Type of FCM Compressive strength (fc) MPa  No. of layers 

S4 PBO 41.74 1 

S5 Carbon grid 41.74 1 

S6 Glass grid 41.74 1 

S7 PBO 20 1 

S8 PBO 30 1 

S9 PBO 50 1 

S10 PBO 41.74 2 

S11 PBO 41.74 3 

S12 PBO 41.74 4 

Glass grid PBO grid Carbon grid 
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.of specimens S1, S4, S5 and S6 curves ´deflection-of load imileS: (7) .Fig 

Table (5): Specifics of the fibres utilized in FRCM [21]. 

  Fabric type 
Young's 

modulus (GPa)´ 

 ´tensile xtremeE

strength MPa  

 ´tensile xtremeE

strain (mm/mm) 

Equivalent dry 

thickness  ´fabric

(mm) 

Glass 80 2600 1 0.023 

PBO 270 5800 1 0.046 

carbon 240 4800 1 0.047 

 

5.2.  Effect of compressive strength of concrete slab. 

The FE model for slab (S4 with PBO) was elected to study the parameter fc'. The compressive 

strength fc' was varied from (20 to 50) MPa to study its impact´ on the flexural strength. The flexural 

behaviour was not similar for all models. Strengthened RC slab with minimize compressive strength´ 

failed due to concrete strut crushing. On the other hand, it can be concluded that the rise compressive 

strength of concrete than (30 MPa) decreases the FRCM strengthening´ impact on the extreme load due 

to failed occurs in the fibre. Specimens (S9) appear an increase about 7.02 % in extreme load to the 

specimens (S8). Fig. (8) shows the load-deflection curve for strengthened slab with variables 

compressive strength. 
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Fig. (8): Comparison of load-deflection curves of specimens S1, S4, S7, S8 and S9. 

5.3. Effect of number of fabric layer for FRCM composite. 

The number of fabric layers for composite material represented in the FE model to study the 

effect of this parameter on the flexural´ performance of strengthened slab. RC slab (S4) selected to 

study this parameter. Results explained the flexural capacity of the slab with three layers was 

increasing by (13.84) % compared with same slab with one layer. This performance of flexural 

behaviour with adding three layers due to increase the axial stiffness of the FRCM. Also, it can be 

noticed from Fig. (9), that specimens (S12) strengthened´ by four layers of PBO-FRCM appear increase 

about (3.86) % compared with S11. Therefore, the increase in the number of layers more than 3 has 

slightly affected structural behaviour due to failure will occur as a result of concrete crushing. 

 

 

 

 

 

 

 

 

 

 

Fig. (9): Simile of load-deflection curves of specimens S4, S10, S11 and S12. 
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6. Conclusions 

According to the previous study, the following conclusions were estimated: 

1) The three-dimensional nonlinear finite element model displayed in this investigation by utilizing the 

PC program (ANSYS V.12.1) can reproduce the behavior of reinforced concrete slabs strengthened 

in flexural with NSM-CFRP. The numerical outcomes were in great concurrence with actual load-

deflection curves through the whole scope of behavior. 

2) The analysis results approved that utilizing of NSM-CFRP system as a strengthening procedure was 

applicable and can enhance the flexural capability of investigated specimens. 

3) It was discovered that the variety of FRCM compose really affects the anticipated ultimate load of 

investigated specimens. Slab strengthened with PBO demonstrated the most noteworthy upgrade in 

a definitive load limit, as the enhancements were 87%, compared to minimum than 2% for slabs 

strengthened by glass-FRCM and 25.3% for those strengthened with carbon-FRCM. This was 

primarily because of the superior bonding that the PBO-FRCM showed with the concrete surface, in 

which no untimely bonding happened. 

4) The maximum load increment to (141% and 18.24%) for (S11& S12) respectively with expanding 

the quantity of texture layers. Be that as it may, the greatest addition as far as the section stack 

conveying limit is restricted by the compressive quality of cement because of the devastating of 

cement at pressure zone. 

5)  Results of the parametric investigation demonstrated that values of slabs compressive strength had 

clear effect on the flexural strength. Then again, a decrease in flexural strength was noticed for 

lower values of slabs compressive strength. The distinction is because of various failure modes, to 

be specific fiber break for specimens with higher values of compressive quality and crushing of the 

concrete strut for bring down values of compressive quality. 

Notation: 

 τ𝑡 and σ𝑛are the shear and normal contact stresses respectively. 

 𝐾𝑡 and 𝐾𝑛 are the shear and normal contact stiffnesses respectively. 

 𝛿𝑡 and 𝛿𝑛 are the relative movement in the tangential and normal directions. 

𝑑𝑚 is the debonding parameter.  

𝛿𝑛̅ and 𝛿𝑡̅ are the contact gap at the ultimate normal stress and the slip at the ultimate shear stress 

respectively. 

 𝛿𝑛
𝑐 and 𝛿𝑡

𝑐 are the contact gap and slip at the completion of debonding.  

𝜏𝑚𝑎𝑥  is the ultimate contact shear stress. 

 𝜑 is the aspect ratio of the interface failure plane. 𝑓𝑐
ˊ is the compressive strength of concrete. G𝑐𝑡 is the 

shear fracture energy. 

𝜎𝑚𝑎𝑥  is the maximum normal contact stress. G𝑐𝑛 is the normal fracture energy. 

𝐺𝑓𝑜 is the base value of fracture energy depending on the maximum aggregate size. 
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