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 ٍيقض اىجؾش.

ٗاٍؼخ اسّزشبه ّزٞغخ ىقل اطجؼ اىزلػٌٞ ثبٍزقلاً اىج٘ىَٞواد اىََيؾخ ثبسىٞبف اىَلفّ٘خ ثبىقوة ٍِ اىَطؼ ٍِ اىطول  

قل رزؼوع اىجلاؽبد ٍبثقخ اسعٖبك ماد اىق٘اىت اىَفوغخ اىٜ   ى٘ع٘ك فظبئض رَبٍل افؼو ٍقبهّخ ثجبقٜ ؽول اىزلػٌٞ.

ريٞواد اصْبء فزوح اىزشيٞو قل رَزلػٜ ٗع٘ك فزؾبد. قل ٝؤكٛ ٕنا اىزيٞٞو اىٜ اىزبصٞو ػيٜ اىَي٘ك اىنو ىٖنٓ اىجلاؽبد ٗ ثٖنا 

بهّخ ثبىْزبئظ اىَؼَيٞخ اىَ٘ع٘كح رَزلػٜ رلػَٖٞب. رٌ ػَو َّ٘مط ثبٍزقلاً ؽوٝقخ اىؼْبطو اىَؾلكح ٗرٌ اىزبمل ٍِ طؾزٖب ٍق

فٜ اسثؾبس اىَبثقخ. رٌ اىؾظ٘ه ػيٜ ّزبئظ كقٞقخ اىٜ ؽل مجٞو ٍَب ٝغؼو اىَْ٘مط اىَقزوػ اٍبٍب َٝنِ اسػزَبك ػيٞٔ ىيقٞبً 

 ثلهاٍبد ثبهاٍزوٝخ فٜ اىََزقجو ىزؾقٞق كهاٍخ امضو ػَقب ىٖنا اىْ٘ع ٍِ اىجلاؽبد.

Abstract.  

Strengthening with near-surface-mounted (NSM) fiber-reinforced-polymer (FRP) has become a 

well-known strengthening technique due to the better bond characteristics experienced comparted 

to other strengthening techniques. The prestressed hollow core slabs (PHCS) may be subjected 

during their service life to changed that require the allocation of an opening. Such change may 

affect the overall behaviour of such slabs and thus require strengthening. A finite element model 

was constructed and validated against the experimental results available in the literature. A 

reasonably accurate results was achieved which makes the developed model a base for future 

parametric studies to further investigate such slabs.   

1. Introduction  

The PHCSs are produced by the extrusion process using a zero slump concrete mix. It is not 

practical to provide additional reinforcement rather than the prestressing strands. Thus the 

presence of opening that causes the cutting of the strands may cause a noticeable reduction in the 

strength of the PHCSs that has to be compensated. A disturbed region occurs where a non-linear 

distribution of stresses takes place. In this paper, the NSM FRP strengthening technique is 

suggested to restore or enhance the capacity of such slabs. The NSM techniquecompared to the 
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externally bonded technique has a better protection from environmental circumstances and less 

susceptibility to debonding.   

Elgabbas et al. [1] studied the flexural strengthening of the PHCSs in the positive moment region 

experimentally and analytically. NSM technique specimens experienced capacity enhancement up 

to 80 % while it was only 15% for EB specimens without anchorage system and 70% with 

mechanical anchorage system. The pre-cracking response and cracking loads of all strengthened 

slabs were nearly unaffected by the CFRP strengthening. The NSM strengthening technique 

achieved total prevention of the CFRP de-bonding brittle failure mode in opposite to the EB 

technique.  

Pachalla et al.[2] conducted an evaluation for the effect of openings on the PHCSs. The presence 

of an opening significantly reduced the ultimate strength of slabs up to 44%. Opening in the slabs 

changed the mode of failure. Flexural opening in the shear dominated loading converted the 

brittle shear failure to a ductile flexural failure. Moreover, the presence of shear opening in the 

flexure dominated loading converted the ductile flexural failure into a more brittle shear-

dominated one. Presence of opening causes stress concentration, leading to the localization of the 

cracks around the opening location with no distribution to the surrounding regions. Flexural 

opening reduced the stiffness by approximately 40%. This reduction in stiffness indicates that 

necessary serviceability criterion has to checked properly when flexural openings are provided.  

2. Experimental program overview  

A total of five 

prestressed hollow-core slabs were tested to failure by Karam et al. [3]. The slabs were 5000 mm 

long and 203 mm thick with a concrete cross-sectional area of 140,194 mm2. The slabs originally 

had an internal prestressing steel reinforcement ratio of 0.00274. The prestressing reinforcement 

consisted of seven size 9 (0.375 in.) strands. In two of the slabs, an opening was cut within the 

flexural span to reduce the compression area and interrupt a pretensioned strand, which was 

expected to reduce the flexural capacity by a not-yet-determined amount. In addition, in two other 

slabs, an opening was cut in the shear span to reduce the web width and to interrupt the middle 
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strand, which could adversely affect the shear capacity of the slab and possibly change the mode 

of failure. The fifth slab had no opening to serve as a reference. For each opening location, one 

slab was strengthened with the near-surface-mounted technique. Table 1 summarizes the 

specimens details and the concrete compressive strength. The CFRP strips had a modulus of 

elasticity of 131 GPa and a tensile strength of 2068 MPa. The epoxy adhesive had a modulus of 

elasticity of 3792 MPa and a tensile strength of 62 MPa.  

Fig. 1. Geometry of the tested slabs and groove details at the openings   

Details of specimens tested.  

Specimen  Concrete Strength, 

MPa  

Location of 

opening  

Strengthening  

NO-O  64  No opening  N/A  

FO-O  64  Flexural opening  N/A  

FO-S  

SO-O  

SO-S  

56.5 

56.5  

56.5  

Flexural opening  

Shear opening  

Shear opening  

Strengthened with  

NSM strips  

N/A  

Strengthened with  

NSM strips  

3. Finite element analysis  

3.1. Finite element model  

Finite element models were generated for the experimentally tested PHCSs. The FEM is 

described in details in the next sections. Two loading steps were performed. In the first one, the 

prestressing force is transferred to the concrete. While in the other step, the load is transferred to 

the loading plates and then to the PHCS.  

3.2. Modelling of materials  

3.2.1. Concrete constitutive model  

The concrete damage plasticity model is the model used to model the concrete behavior in this 

study. The CDP model utilizes the models suggested by Lubliner et al. (1989) [4] and Lee and 

Fenves (1998) [5]. The model used by Lubliner et al. was for monotonic loading then it was 

developed by Lee and Fenves (1998) afterwards to consider the cyclic and dynamic loadings. The 

failure surface in the deviatoric cross section is not circular in shape and is governed by the Kc 

value as shown in Fig. 2. The parameters input to describe the CDP model are shown in table 2.  
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Fig. 2. Deviatoric cross section of failure surface in CDP model   

The inelastic strains have to be input in the FEM programs. The next equations describe the 

calculations.   

𝜀𝑐𝑖𝑛 = 𝜀𝑐 − 𝜀𝑐𝑒𝑙  

  
The CDP model calculates parameters for concrete damage in both compression and tension 

from the stressstrain values.  

 

  

 
Fig. 3. Illustration of the definition of the Plastic/cracking strains used for defining the tension 

stiffening data (HKS 2010)  
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Fig. 4. Illustration of the definition of concrete crushing strains used for defining the compression 

data (Hibbitt et al. ,2000)  

Table 2.   

Parameters of CDP model.  

 Parameter  Value  

Dilation angle (φ)  30°  

Eccentricity (m)  0.1  

Ratio of initial equi-biaxial compressive yield stress to initial uniaxial 

compressive yield stress (fbo/fc)  

Ratio of the second stress invariant on the tensile meridian to the 

compressive meridian (ρt / ρc = Kc) Viscosity parameter  

1.16  

  

0.667  

0.0001  

3.2.1.1 Stress strain curve for uniaxial compression  

The equation of the Eurocode 2 for the stress strain curve of concrete was used in this study. 

The schematic representation of the relation is shown in Figure 5.  

                                                                                                                                      
(1)    

Where 𝜎𝑐 is the concrete compressive stress, 𝑓𝑐𝑚 is the mean value of concrete cylinder 

compressive strength. η = 𝜀𝑐⁄𝜀𝑐1, where 𝜀𝑐 is the concrete compressive strain and 𝜀𝑐1 is the 

concrete compressive stress at the maximum stress and 𝜀𝑐1 = 0.7𝑓𝑐𝑚0.31 .On the other hand, the 

value of k is given by the following relation; 𝑘 = 

1.05𝐸𝑐𝑚|𝜀𝑐1|/𝑓𝑐𝑚. Fig. 6 shows the uniaxial stress-strain curve in compression that has been input 

in the FEM tool.  
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Fig. 5. Schematic representation of the relation defining the uniaxial compressive stress-strain 

curve (Eurocode 2 (2004)) 

(a)                                                                                        (b)  

 
Fig. 6. (a) Stress-strain curve for uniaxial compression for specimen FO-S and (b) stress-strain 

curve for uniaxial compression for specimens NO-O and FO-O  

3.2.1.2 Stress strain curve for uniaxial tension  

The concrete tensile strength was predicted using the Eurocode 2. Before cracking, the 

behavior is assumed as linear elastic. Afterwards, the tension stiffening effect has to be described. 

Eurocode 2 (2004) evaluates the tensile strength of concrete according to Eq.2 and Eq.3.  

                                                                                                                                                    
(2)  

𝑓𝑐𝑡𝑚 = 2.12ln(1 + (𝑓𝑐𝑚/10))                                                                                                                             

(3)  equation and correct existing  

Eq.5 proposed by Tamai et al. [6] to describe the tension stiffening effect was used in this 

study.  

𝜎𝑡 = 𝐸𝑐𝜀𝑡 for 𝜀𝑡 ≤ 𝜀𝑐𝑟                                                                                                                                      

(4)                      

                                                                                                                     
(5)    
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 (a)                                                                             b                       

 
Fig. 7. (a) Stress strain curve for uniaxial tension for specimen FO-S (b) stress-strain curve for 

uniaxial tension  

for specimens NO-O and FO-O  

3.2.2. Prestressing steel reinforcement  

The stress-strain model developed by Devalapura and Tadros [7] for seven-wire prestressing 

strands. Fig. 6 shows the stress-strain response of the 

prestressing strands obtained using Eq. (7).  

 (7)   

Where fps is the stress corresponding to a given strain 

𝜀𝑝𝑠,A,B,C & D are constants determined from Table 3.       

Table 3.   

Specimen fpy /fpu A B C D 

1860 MPa strand 0.90 887 27613 112.4 7.360 

 

 

 

 

 

 

ig. 8. Stress-strain curve of steel 

3.2.3. CFRP strips and the epoxy adhesive  
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The tensile behaviour of the CFRP strip was assumed to be linear up to its ultimate tensile 

strength of 2068 MPa, as shown in Fig. 9 (a). Fig. 9 (b) shows the bi-linear elastic stress-strain 

curve assigned to the epoxy adhesive.   

(a)                                                                                                         

(b)  

   

Fig. 9. Stress-strain curves: (a) CFRP strips and (b) epoxy adhesive  

3.3. Element types, interactions, loading and boundary conditions  

3.3.1. Element types  

  

The concrete, epoxy adhesive, loading and supporting plates were simulated using an element 

type called C3D8R. The prestressing strands, CFRP strips were modelled using an element type 

called T3D2.  

 

Fig. 10. Elements C3D8 and T3D2  

3.3.2. Interactions  

A perfect bond between the prestressing strands and the concrete was assumed. A tie constraint 

was used to define the interaction between the loading and support plates and the concrete.  
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3.4. Bond between NSM CFRP strips and concrete substrate  

The relationship between the NSM CFRP strips and the concrete was assumed to be fully 

bonded due to the fact that the specimens experimentally tested did not experience debonding as a 

failure mode. However, further studies have to take the bond behavior into consideration.  

4. Finite element results  

4.1. Load deflection curve  

Table 4. represents a comparison between the experimental results versus the FEMs results at 

failure. Fig. 9 shows the load versus deflection response experimental obtained and that predicted 

from the FEMs for all specimens. The developed FEMs results match the test results in terms of 

the load deflection response and the mode of failure.  

Table 4.   

Comparison of test results with the FEMs results  

Specimen  Results  Pu (kN)  

NO-O  FE 

Exp.  

Variation (%)  

110  

108  

+1.85  

FO-O  FE 

Exp.  

Variation (%)  

 

 

95.7  

92  

+4.02  

FO-S  

    

FE 

Exp.  

Variation (%)  

130.79  

129  

+1.39  

  

Where Pu is the load at failure.   

(a)                                                                                          (b)              
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(c)  

     

  

 

 

 

Fig. 10. Comparison between experimental and FEM results in terms of load deflection response   

5. Conclusions  

In this study, finite element models were constructed to predict the behavior of the PHCSs 

studies accurately. The FEMs were calibrated with experimental data an acceptable accuracy was 

achieved. The FEMs developed in this study could accurately predict the behavior of PHCSs. The 

maximum variation in the ultimate strength was about 4.0% compared to the experimental results. 

Thus, further studies to evaluate the effect of different parameters on the capacity of the PHCSs 

can be done using the developed calibrated model.  
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