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The structural integrity of concrete slabs is a vital concern in civil engineering, necessitating 

innovative reinforcement and retrofitting techniques to ensure their long-term performance and 

resilience. This study explores the use of a novel two-dimensional braided glass/epoxy composite 

grid for retrofitting two-way reinforced-concrete slabs. Through comprehensive numerical analysis 

and experimental validation, the research aims to assess the effectiveness of this advanced 

reinforcement technique in enhancing the mechanical properties and stress distribution of retrofitted 

slabs. The finite-element modeling procedure was validated experimentally using an unretrofitted 

control slab and a slab retrofitted with a 50×50 mm braided composite grid. A Representative Volume 

Element (RVE) model is employed to simulate the braided composite grid, providing insights into its 

advantages and potential challenges. The findings demonstrate significant improvements in load-

bearing capacity, energy absorption, and overall durability, offering a promising solution for the 

rehabilitation of aging infrastructure. Within the investigated configurations, braided-grid retrofitting 

increased the ultimate load by up to 53.62%, with the maximum improvement obtained for the 105 

mm-thick C35 slab strengthened using the 100×100 mm grid. This study contributes to the existing 

body of knowledge by highlighting the practical applications and benefits of incorporating braided 

composite grid in the retrofitting of concrete slabs. 
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1 INTRODUCTION 

Concrete slabs are crucial components in modern 

construction, valued for their durability, versatility, and 

structural integrity. These flat, horizontal surfaces made of 

concrete are used for floors, roofs, ceilings, and pavements, 

known for their ability to evenly distribute loads and 

withstand significant pressures[1]. Various types, such as 

suspended slabs, ground-bearing slabs, and precast slabs, 

cater to different construction needs[2, 3]. The design process 

involves careful consideration of load-bearing capacity, 

thickness, reinforcement, and curing processes, with steel bars 

or mesh often used to enhance strength[1]. Concrete slabs can 

be reinforced with various materials to enhance their strength 

and durability. Common types of reinforcements include steel 

reinforcing bars (rebar), which provide significant tensile 

strength and improve adhesion with concrete[1]. Welded wire 

fabric (WWF) offers uniform tensile strength across the slab's 

surface. Fiber-reinforced polymers (FRP) and carbon fiber 

reinforcing grids are lightweight, corrosion-resistant, and 

provide excellent tensile strength [2, 4-6]. Glass fiber 

reinforced concrete (GFRC) incorporates glass fibers, 

offering high tensile strength and durability. Textile-based 

                                                           
* Corresponding Author: Mjohari@aut.ac.ir 

reinforcements, such as FRP and carbon fiber grids, are 

categorized together for their use of high-strength fibers 

embedded in a polymer matrix. Post-tensioned cables are used 

to provide additional compressive strength and control 

cracking in concrete slabs. These reinforcements ensure that 

concrete slabs can withstand tensile forces and maintain 

structural integrity, making them indispensable in civil 

engineering[7, 8]. The application of FRP in concrete slabs 

involves the use of fiber sheets, strips, or bars, which are 

bonded to the surface or embedded within the concrete. This 

reinforcement method helps to improve the slab's tensile 

strength, crack resistance, and overall durability, providing a 

viable alternative to traditional steel reinforcements[9]. The 

use of FRP in concrete slab reinforcement has gained 

significant attention in recent years, offering innovative 

solutions for both new constructions and the repair and 

retrofitting of existing structures[10]. 

Recent studies on concrete slabs have shed light on several 

key aspects. One study focuses on the sustainability of 

column-supported slabs, offering a multi-criteria assessment 

that includes environmental, economic, and social 

impacts[11]. Another research study investigates the 

https://www.itast.ir/
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structural behavior of hybrid concrete slabs reinforced with 

carbon-fiber-reinforced polymer and steel grids, finding them 

to be highly effective in resisting impact loads[12]. 

Additionally, there's an exploration into the relationship 

between structural design parameters and environmental 

sustainability in slab construction, aiming to optimize both 

structural efficiency and environmental impact[13]. 

Comparative studies on embodied carbon in different slab 

designs provide insights for making environmentally 

conscious decisions in construction[14].  

Several studies have explored various aspects of concrete 

slab reinforcement and retrofitting. For instance, a study on a 

40-year-old viaduct with severe environmental damage 

assessed retrofitting techniques by replacing deteriorated 

concrete and reinforcing slabs in flexure, using experimental 

and non-destructive tests to evaluate material properties and 

bonding efficiency, which contributed to guidelines for FRP-

retrofitted bridge deck repairs [15]. Additionally, braided 

composites, created using two- or three-dimensional braiding 

techniques with fibers such as glass, carbon, or aramid, 

enhance tensile strength, flexibility, and corrosion resistance, 

and can be designed for structural health monitoring, 

promoting sustainable construction practices [16]. Research 

also demonstrates that the arrangement of fibers significantly 

impacts the tensile properties of hybrid braided composite 

rods, highlighting the importance of strategic configurations 

[17]. Furthermore, Ayranci et al. [18] utilized Finite Element 

Method simulations and a Geometrical Mapping Approach to 

model the complex structure of braided composites, 

improving predictions of mechanical behavior and optimizing 

design. 

Raoof et al. [19] examine the bond performance between 

TRM and concrete substrates. The findings suggest that the 

bond strength is influenced by factors such as the type of 

mortar, the surface preparation of the concrete, and the type 

of textile used. Proper surface preparation is essential for 

achieving a strong bond. Castillo et al.[20] present an 

innovative design approach for enhancing shear strength 

using Fiber-Reinforced Polymer (FRP) sheets and anchors. 

This methodology builds on established design guidelines and 

prior research. A significant aspect of the study is the 

incorporation of realistic experimental setups, which include 

crucial structural components such as diaphragm slabs and 

transverse beams. This comprehensive approach aims to 

provide practical insights for the seismic retrofitting of 

concrete structures. 

The complexity of analyzing textile composites presents 

significant challenges. Representative Volume Element 

(RVE) models reduce intricate material microstructures into 

manageable, computationally efficient units that accurately 

predict bulk behavior [21, 22]. Embedding RVEs within 

multi-scale simulation frameworks further links 

microstructural details to macroscopic responses while 

minimizing calibration efforts [23]. Previous modeling 

methods for tubular braided composites have encountered 

significant challenges, such as accurately capturing the 

complex and anisotropic microstructure, high computational 

costs, and difficulties in applying precise boundary 

conditions, leading to limitations in predictive capabilities 

[18, 24-26]. So calculating the elastic modulus of a cylindrical 

fiber composite, especially with a complex braided geometry, 

can indeed be challenging. Using the Representative Volume 

Element (RVE) model is a great approach for capturing the 

composite's microstructural behavior. Shakersoureh et al. [27] 

have developed a finite-element–based mesoscale RVE 

model to predict the effective elastic constants of 2D biaxial 

and triaxial braided composites. In this framework, each braid 

strand is discretized into nine threads, and cyclic symmetry 

alongside periodic boundary conditions allows full extraction 

of elastic constants. Numerical methods, such as finite 

element analysis (FEA), are widely used to study the behavior 

of reinforced concrete structures. These methods enable the 

detailed examination of stress and strain distribution, crack 

propagation, and overall structural performance under various 

loading conditions. The use of advanced software, such as 

ABAQUS, allows for the implementation of complex material 

models and the validation of numerical results against 

experimental data[9]. 

Textile-based cementitious strengthening systems, 

commonly referred to as textile-reinforced concrete (TRC), 

textile-reinforced mortar (TRM), or fabric-reinforced 

cementitious matrix composites, have also been investigated 

for strengthening reinforced-concrete slabs. Previous studies 

have shown that these systems can enhance cracking 

resistance, post-cracking stiffness, flexural capacity, 

deformation capacity, and energy absorption in both one-way 

and two-way slabs [28-30]. The effectiveness of textile 

strengthening is influenced by the textile material, number of 

layers, grid configuration, surface treatment, and bond with 

the substrate [31]. Unlike conventional TRC or TRM systems, 

in which the textile is embedded within a cementitious matrix, 

the system investigated in the present study consists of hollow 

braided composite members arranged as a grid and bonded 

directly to the slab soffit using epoxy resin. 

This study contributes to the existing body of knowledge 

by providing a comprehensive numerical analysis of concrete 

slabs retrofitted with a newly developed 2D braided 

composite grid, highlighting the advantages and potential 

challenges associated with this reinforcement technique. The 

structural performance of concrete slabs is a critical aspect of 

civil engineering, particularly when considering innovative 

reinforcement techniques. The use of a two-dimensional 

braided composite grid as a retrofitting material has gained 

attention due to its enhanced mechanical properties and 

improved stress distribution capabilities. In the present work, 

the finite element model developed previously [27] was 

employed to numerically evaluate how retrofitting reinforced 

concrete slabs with a two-dimensional braided composite grid 

influences their damage progression, ultimate load-bearing 

capacity, and absorbed energy under concentric loading. 

Although braided composite grids offer a promising 

solution for retrofitting concrete structures such as slabs, 

limited research has been conducted on this topic, and their 

performance remains uncertain. These composites have the 

potential to enhance mechanical properties, such as tensile 

strength and flexibility, and exhibit high corrosion resistance, 

thereby extending the lifespan of retrofitted structures. Their 

lightweight nature facilitates easier handling and installation, 

while the robust bond between the composites and concrete 

ensures structural integrity. Customizable design options 

enable tailored solutions to optimize performance. 

Furthermore, their self-sensing capabilities allow for real-
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time structural health monitoring, contributing to improved 

safety and durability. Overall, these characteristics highlight 

the significant potential of braided composite grids in 

advancing sustainable and effective retrofitting practices. 

2 Finite element modeling 

2-1 Braided composite grid  

This study introduces a novel braided grid designed as a 

retrofitting element for concrete structures. The inherent 

flexibility of the braiding process enables the production of 

both biaxial and triaxial architectures and also allows yarns or 

fibers to be introduced in the axial direction, where they can 

function as an internal mandrel or core during braiding. This 

method enables the incorporation of unidirectional fibers, 

embedded sensors, and other functional materials with 

complex geometries. In this study, two sets of braided 

members were arranged in mutually perpendicular horizontal 

and vertical directions to form a grid, as seen in Figure 1, and 

the resulting assembly was bonded to the bottom surface of 

the concrete slab using epoxy resin. This structure has 

significant potential for enhanced energy absorption, 

increased resistance to deformation, and effective crack-

arresting capabilities due to the intrinsic properties of the 

braided composite [17, 32-35]. 

 
Figure 1 A view of a braided grid 

In this study, two different grid densities were selected. The 

50×50 mm opening was selected as a relatively dense grid 

configuration and was used in the experimental retrofitted 

specimen. The 100×100 mm opening, having twice the 

member spacing, was selected as a lower-density 

configuration to investigate the influence of grid density while 

maintaining the same braid geometry, material properties, and 

bonding condition. These openings were not selected to 

represent a universal concrete crack spacing, since crack 

spacing depends on the reinforcement, bond, material 

properties, and loading conditions. The braided composite 

grid was modeled using three-dimensional two-node linear 

B31 beam elements. Unlike truss elements, B31 beam 

elements are capable of representing axial deformation, 

bending, torsion, and transverse shear deformation. A hollow 

circular section with an outer diameter of 8.2 mm and an inner 

diameter of 5.8 mm was assigned to the braided members. The 

grid was attached to the bottom surface of the concrete slab 

using a tie constraint, thereby assuming perfect bond and 

preventing relative displacement between the composite grid 

and concrete. Consequently, normal and tangential actions, 

including interfacial shear, were transferred through the tied 

interface. Debonding, pull-out, and interfacial slip were not 

included in the present model. The intersections between the 

horizontal and vertical braided members were also tied 

together to represent the fixed connection produced by the 

epoxy matrix. 

The braided composites were 8.20 mm in diameter. Figure 

2 gives a picture of the assembly of the braided composite 

grid. In the structural-scale model, material direction 3 was 

aligned with the longitudinal axis of each B31 braided 

member; therefore, the experimentally validated modulus E3

governed its primary axial response. 

 
Figure 2 100×100 grid configuration 

2-2 Concrete slab model 

To evaluate the efficacy of braided composite grid as a 

retrofitting solution for the failure of reinforced concrete (RC) 

slabs, a finite element analysis (FEA) is conducted using 

ABAQUS software on a set of twelve modeled slabs. The 

specimens are divided into two groups according to their 

concrete properties. The first group consists of slabs made 

with C45 concrete, while the second group is composed of 

slabs using C35 concrete. Each specimen features a square 

slab with dimensions of 1200 × 1200 mm and thicknesses of 

either 105 mm or 65 mm. The displacement is applied using 

a rigid steel plate measuring 150 × 150 × 30 mm.  The C35S1 

slab was cast and experimentally tested in the present study as 

the unretrofitted control specimen. The control slab was cast 

using C35 concrete without any externally bonded braided 

composite grid. Roller supports were provided along the 

bottom edges of the slab to reproduce the boundary conditions 

of the experimental setup. As shown in Figure 3, the internal 

steel reinforcement was arranged as orthogonal grids in two 

layers. The bottom layer consisted of eleven 16 mm-diameter 

bars in each of the two perpendicular directions (11𝜑16), 

while the top layer consisted of eleven 6 mm-diameter bars in 

each direction (11𝜑6). A concrete cover of 15 mm was 

provided between each reinforcement layer and the 

corresponding top or bottom surface of the slab. 

 
Figure 3 Concrete slab layout and reinforcement arrangements 
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In the numerical modeling, the selection of appropriate 

finite element types is essential for accurately capturing 

structural behavior. In this study, steel reinforcement rods 

were defined as truss elements, as they primarily resist axial 

forces (tension and compression) without contributing to 

significant bending behavior. Truss elements ensure 

computational efficiency while effectively representing the 

tensile role of reinforcement within the concrete matrix. 

Unlike steel rods, the composite grid interacts with the slab 

by contributing to bending, shear, and localized deflections, 

necessitating the use of beam elements for its numerical 

representation. Beam elements provide a more detailed 

response to flexural behavior and shear effects, making them 

a suitable choice for modeling the mechanical interaction 

between the composite reinforcement and the existing slab. 

This methodological approach ensures a realistic simulation 

of the structural performance improvements achieved through 

the application of the retrofitting grid. 

Twelve slab specimens were modeled numerically in 

ABAQUS, including four control slabs and eight retrofitted 

slabs. The specimens incorporated two slab thicknesses, two 

concrete strength classes, and two FRP composite grid 

densities. In addition, the C35S1 control slab and the C35S1-

50 retrofitted slab were fabricated and tested experimentally 

to validate the corresponding numerical models. Detailed 

specimen specifications are provided in Table 1. 

2-3 Material properties 

2-3-1 Concrete property 

In this study, the steel reinforcing bars used consisted of ø6 

and ø16 with yield strength of 420 MPa. Numerical modeling 

of reinforced concrete (RC) structures presents several 

challenges, including element representation, the 

implementation of appropriate constitutive models, and 

achieving reliable predictive accuracy. Consequently, the 

concrete was modeled using the Concrete Damaged Plasticity 

model implemented in ABAQUS, while the material-specific 

compressive, tensile, and damage relationships were 

generated using the Simplified Concrete Damage Plasticity 

formulation proposed by Hafezolghorani et al. [36] to 

simulate concrete behavior. The CDP model is extensively 

utilized for analyzing complex structural concrete elements 

reinforced or strengthened with fiber-reinforced polymer 

(FRP) materials, encompassing beams [37-39], columns [40, 

41], and slabs [42, 43]. The concrete properties incorporated 

in this study had compressive strengths of 35 MPa and 45 

MPa. To comprehensively define the concrete damaged-

plasticity (CDP) model, five key parameters must be 

specified. The values assigned to these parameters are 

presented in Table 2. 

The concrete behavior was simulated using the Concrete 

Damaged Plasticity (CDP) model available in ABAQUS. The 

CDP parameters presented in Table 2 and the material-

specific compression, tension, and damage relationships were 

adopted or generated following the Simplified Concrete 

Damage Plasticity (SCDP) formulation proposed by 

Hafezolghorani et al.[36]. This formulation provides a 

simplified procedure for generating the material input data 

required by the ABAQUS CDP model for different concrete 

compressive strengths. 

The dilation angle, flow-potential eccentricity, ratio of 

biaxial to uniaxial compressive yield stress, and yield-surface 

parameter were adopted from Hafezolghorani et al. [36]. The 

general uniaxial damaged-plasticity relationships in 

compression and tension are expressed as: 

𝜎𝑐 = (1 − 𝑑𝑐)𝐸0(𝜀𝑐 − 𝜀𝑐
𝑝𝑙

) (1) 

𝜎𝑡 = (1 − 𝑑𝑡)𝐸0(𝜀𝑡 − 𝜀𝑡
𝑝𝑙

) (2) 

where E0 is the initial elastic modulus, 𝜎𝑐 and 𝜎𝑡 are the 

uniaxial compressive and tensile stresses, 𝜀𝑐 and 𝜀𝑡 are the 

corresponding total strains, 𝜀𝑐
𝑝𝑙

 and 𝜀𝑡
𝑝𝑙

 are the equivalent 

plastic strains, and 𝑑𝑐 and 𝑑𝑡 are the compressive and tensile 

damage variables, respectively. The damage variables vary 

between zero for undamaged concrete and unity for complete 

stiffness degradation. 

The uniaxial compressive stress-strain response was 

generated using the Kent-Park parabolic relationship adopted 

in the SCDP formulation: 

Table 1 Details of test specimens 

Specimen code type Slab thickness Concrete type Retrofitting grid opening 

C35S1 control 105 C35 - 

C45S1 control 105 C45 - 

C35S1-100 Retrofitted slab 105 C35 100×100 

C35S1-50 Retrofitted slab 105 C35 50×50 

C45S1-100 Retrofitted slab 105 C45 100×100 

C45S1-50 Retrofitted slab 105 C45 50×50 

C35S2 control 65 C35 - 

C45S2 control 65 C45 - 

C35S2-100 Retrofitted slab 65 C35 100×100 

C35S2-50 Retrofitted slab 65 C35 50×50 

C45S2-100 Retrofitted slab 65 C45 100×100 

C45S2-50 Retrofitted slab 65 C45 50×50 

Table 2 Concrete damaged plasticity parameters adopted from Hafezolghorani et al.[36], with a modified viscosity coefficient 

Dilation angle Eccentricity fbo/fco K Viscosity parameter 

31 0.1 1.16 0.667 0.001 
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𝜎𝑐 = 𝑓𝑐 [2 (
𝜀0

𝜀𝑐0

) − (
𝜀0

𝜀𝑐0

)
2

] (3) 

where fc is the uniaxial compressive strength, and the strain 

corresponding to the peak compressive stress was taken as: 

𝜀𝑐0 = 0.002 (4) 

The compressive inelastic strain required as input in 

ABAQUS was determined as: 

𝜀𝑐
𝑖𝑛 = 𝜀𝑐 −

𝜎𝑐

𝐸0

 
(5) 

In compression, the damage parameter remained zero 

throughout the ascending branch up to the peak compressive 

strength: 

𝑑𝑐 = 0 , 𝜎𝑐 ≤ 𝑓𝑐 

Compression damage was initiated during the post-peak 

softening response after the concrete reached its peak 

compressive stress. The evolution of compression damage 

was defined as: 

𝑑𝑐 = 1 −
𝜎𝑐

𝑓𝑐

 (6) 

In the adopted Concrete Damaged Plasticity formulation, 

tensile and compressive damage initiation and evolution were 

defined through the material-specific constitutive and damage 

relationships rather than through a separate independent 

damage-initiation criterion. Tensile inelasticity was initiated 

when the tensile stress reached the concrete tensile strength ft, 

which was defined using the simplified relationship proposed 

by Hafezolghorani et al. [36]: 

𝑓𝑡 = 0.1 𝑓𝑐 (7) 

Accordingly, the tensile strengths of C35 and C45 concrete 

were taken as 3.5 MPa and 4.5 MPa, respectively. At this 

point, the tensile damage parameter was dt=0. Following 

tensile cracking, the tensile stress decreased according to the 

specified tension-softening relationship, while the tensile 

damage variable evolved according to: 

𝑑𝑡 = 1 −
𝜎𝑡

𝑓𝑡

 (8) 

The tensile cracking strain was calculated as: 

𝜀𝑡
𝑐𝑘 = 𝜀𝑡 −

𝜎𝑡

𝐸𝑐

 (9) 

The numerical tensile failure condition was taken as 

dt=0.99, corresponding to a residual tensile stress equal to 

approximately 1% of the initial tensile strength. Numerical 

failure was therefore identified when dt=0.99 was reached in 

the critical tensile region beneath the slab. 

The same general CDP plasticity parameters were used for 

C35 and C45 concrete because these parameters define the 

plastic flow potential and the general shape of the yield 

surface. However, the two concrete grades were assigned 

different material-specific elastic, compressive, tensile, and 

damage responses. These responses were generated 

separately by substituting the corresponding compressive 

strengths, fc=35 MPa and fc=45 MPa, into the SCDP 

constitutive relationships. 

The resulting data were subsequently entered into 

ABAQUS as separate compression-hardening, compression-

damage, tension-stiffening, and tension-damage tables for 

C35 and C45 concrete. The properties were calculated using 

the equations and assumptions of the SCDP formulation and 

were then defined in the ABAQUS material model. 

For C35 and C45 concrete, the compressive strength, 

elastic modulus, Poisson’s ratio, and tensile strength are 

presented in Table 3. The tensile strengths were calculated 

using ft=0.1fc, while the hardening, softening, and damage 

relationships were generated from the SCDP constitutive 

equations presented above. 

Table 3 Material properties of C35 and C45 concrete 

Concrete fc (MPa) Ec (GPa) v ft (MPa) 

C35 35 28 0.2 3.5 

C45 45 31.8 0.2 4.5 

Both tensile and compressive damage were included in the 

concrete material model. Nevertheless, because the braided 

composite grid was attached to the bottom surface of the slab, 

the present study primarily focused on tensile cracking and 

tensile stiffness degradation below the neutral axis. 

Accordingly, the numerical damage discussion was based 

mainly on the DAMAGET contours, while detailed 

interpretation of the DAMAGEC contours at the upper 

compressive face was outside the primary scope of the present 

work. Also, the two concrete strengths were selected to 

investigate the influence of substrate strength on the structural 

response and efficiency of braided-grid retrofitting. The 

selected values represent practically relevant normal-strength 

concretes with sufficient integrity to transfer stresses to the 

externally attached composite grid. Lower-strength concretes 

were not considered because premature substrate damage 

could dominate the response and obscure the mechanical 

contribution of the retrofitting system. 
 

2-3-2 Braided grid property 

The parameters and dimensions of the braided 

representative volume element (RVE) model are detailed in 

Tables 4 and 5, as referenced in [27]. At the microscale, each 

braided strand was represented by nine individual glass-fiber 

yarns, each having a linear density of 100 Tex, interlaced in a 

16-carrier braiding machine to form a hollow braided 

structure with a regular braid pattern and a braid angle of 30º, 

as shown in Figure 4. The effective orthotropic elastic 

constants of the biaxial braided composite were obtained 

using the multiscale RVE-FEM framework developed by 

Shakersoureh et al. [27] as presented in Table 6. In the study, 

cyclic symmetry and periodic boundary conditions were 

applied under six independent loading modes to determine the 

complete effective stiffness tensor of the braided composite. 

It has been observed that the relative errors for the RVE model 

are quite small. Comparison with the experimental results 

reported in the study showed differences of 4.5%, 4.2%, and 

5.6% for E3, v23, and G23, respectively. 
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Table 4 Properties of materials used in RVE FEM analysis [27] 

Material 
Linear density 

(Tex) 

Density 

(g/cm3) 

Tensile strength 

(MPa) 

Elastic modulus 

(MPa) 

Shear modulus 

(MPa) 

Poisson’s 

Ratio 

Glass  

Fiber 
100 2.48 3300 69000 27000 0.2 

Epoxy 

Resin 
- 1.11 74.63 2740 2100 0.3 

Table 5 Geometrical characteristics of biaxial RVE model [27] 

Sample 
Braid angle 

( ° ) 
Inner diameter 

(mm) 

Outer diameter 

(mm) 

Height 

(mm) 

Fiber volume 

fraction 

RVE 

(biaxial) 
30 5.80 8.20 4.75 0.40 

Table 6 Predicted elastic constants of reinforced braided composite [27] 

 
E1 

(MPa) 

E2 

(MPa) 

E3 

(MPa) 
v12 v13 v23 

G12 

(MPa) 

G13 

(MPa) 

G23 

(MPa) 

RVE 3400 4230 12390 0.26 0.28 0.24 2070 1060 2320 

 
Figure 4 The utilized RVE model of braided composite 

3 Experimental program 

3-1 Sample preparation 
 

3-1-1 Concrete preparation 

As mentioned above, two reinforced concrete slabs were 

fabricated and experimentally tested to validate the finite-

element modeling procedure. The first specimen C35S1 was 

an unretrofitted control slab, while the second specimen 

C35S1-50 had the same dimensions, concrete properties, and 

internal reinforcement arrangement but was retrofitted at its 

bottom surface using a braided composite grid with an 

opening size of 50×50 mm. Both specimens had a thickness 

of 105 mm. 

The internal steel reinforcement cages were assembled and 

positioned within the formwork before casting. Concrete was 

subsequently placed and compacted to obtain a uniform 

specimen, as shown in Figure 5. The slabs were then 

maintained under the adopted curing conditions until the 

completion of the 28-day preparation and curing period. The 

concrete used had a compressive strength of 35 MPa and a 

mix proportion as in Table 7. 

 

 
(a) 

 
(b) 

Figure 5 a) internal steel reinforcement arrangement and b) 

casted concrete specimen 
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Table 7 Concrete mix proportion and strength 

F´c (MPa) W/C S/S+G dmax (mm) W (kg/m3) C (kg/m3) S (Kg/m3) G (Kg/m3) 

35 0.6 45 20 175 292 775 962 

W:Water ,                 C:Cement ,                 S:Sand ,                 G: Gravel ,                  dmax :Maximum gravel size in the mixture 

3-1-2 Braid retrofitting system  

As described previously, the braid members were 

manufactured continuously from glass-fiber yarns using a 16-

carrier braiding machine with a braid angle of 30º. For 

installation of the retrofitting grid, the concrete slab was 

inverted to provide access to its bottom surface, and the 

surface was prepared. The continuous braided member was 

then routed across the slab soffit at 50 mm center-to-center 

intervals in the two orthogonal directions, forming the 50×50 

mm grid configuration shown in Figure 6. The installed braid 

was thoroughly impregnated and bonded to the concrete 

surface using ML-506 epoxy resin, after which the 

strengthened specimen was maintained under suitable 

conditions for a three-day curing period before testing. 

 
Figure 6 Prepared Concrete sample for retrofitting by braid 

grid 

3-2 Test procedure 

The slab tests were conducted with reference to ASTM 

E2322-22. Both slabs were subjected to monotonic concentric 

loading at the center of the slab under displacement control, 

with identical support and instrumentation conditions 

according to Figure 7(a). The actuator displacement was 

increased at a constant rate of 1 mm/min until failure, while 

the applied force and central slab deflection were recorded 

continuously. Crack initiation, crack propagation, stiffness 

degradation, and the final damage patterns were also 

documented during testing. Vertical displacement was 

monitored using a linear variable displacement transducer 

(LVDT) with a measurement range of 50 mm. The transducer 

was positioned at the center of the slab’s soffit, directly 

beneath the loading point, where the maximum vertical 

deflection was expected to occur. Before testing, the LVDT 

was zeroed, and its recorded displacement was used to 

construct the load–displacement response of each specimen. 

In addition, two strain gauges were bonded to the central 

region of the bottom concrete surface and aligned along the 

two orthogonal slab directions (shown in Figure 7 (b)). These 

gauges were used to monitor the development of tensile 

strains in both principal directions and to evaluate the two-

way flexural response of the slab during loading. 

 
(a) 

 

(b) 

Figure 7 a)Test setup for loading of slabs and b)arrangement of 

the LVDT and strain gauges on the bottom surface of the 

concrete sample 

The compressive strength of the concrete was determined 

using cylindrical concrete specimens tested in accordance 

with ASTM C39/C39M. The experimental control specimen 

was used to validate the numerical representation of concrete, 

internal steel reinforcement, support conditions, and loading 

arrangement. The experimental retrofitted specimen was used 

to validate the complete strengthened model, including the 

structural contribution of the braided composite grid and the 

assumed connection between the grid and the concrete 

surface. Accordingly, the finite-element model was validated 

using the experimental results of both specimens. 

The validation was performed by comparing the numerical 

and experimental load–displacement responses, initial 

stiffnesses, ultimate loads, displacements at ultimate load, 

absorbed energies, and observed damage distributions. 
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Additionally, a mesh study was conducted to evaluate the 

performance of the finite element (FE) model, utilizing 8-

node linear brick elements. The interface between the 

concrete and composite grid was modeled to simulate bonding 

behavior.  

3-3 Mesh sensitivity study 

A mesh-sensitivity study was performed using eight-node 

linear brick elements for the concrete slab. The maximum von 

Mises stress did not vary monotonically with mesh 

refinement. This behavior is associated with the localized 

nature of the reported stress and the nonlinear redistribution 

of stresses following concrete cracking and stiffness 

degradation. Refining the mesh can alter the predicted crack 

path and the location of the element containing the maximum 

stress; therefore, a pointwise stress maximum is more mesh-

sensitive than a global structural quantity. 

The pronounced reduction obtained for the mesh 

containing 106,891 nodes is interpreted as a redistribution of 

the localized stress field following damage initiation. With 

further refinement, the maximum stress approached values of 

83.42 and 85.11 MPa for meshes containing 188,422 and 

237,618 nodes (presented in Table 8), respectively. The 

difference between these two finest meshes was 

approximately 2.0%. Consequently, the mesh containing 

188,422 nodes and 156,106 elements was selected as a 

suitable balance between numerical stability and 

computational cost. 
 

Table 8 Results of the mesh-sensitivity study based on the 

maximum local von Mises stress 

Number of nodes 69910 82794 106891 188422 237618 

Number of 

elements 
54280 64744 86777 156106 201467 

Maximum Mises 

stress (MPa) 
102.7 111.7 74.73 83.42 85.11 

4 Results and discussion 

The results are presented in two stages. First, the finite-

element modeling procedure is validated against the 

experimentally tested unretrofitted specimen C35S1 and the 

retrofitted specimen C35S1-50. The experimental and 

numerical responses are compared in terms of load–deflection 

behavior, ultimate load, deflection at ultimate load, and 

absorbed energy. Subsequently, the validated model is used to 

investigate the effects of slab thickness, concrete compressive 

strength, and braided-grid opening size on the structural 

response of the slabs. 

The absorbed energy (U), was calculated as the area under 

the load–deflection curve using the trapezoidal integration 

method: 

𝑈 = ∫ 𝑃 𝑑𝛿 ≈ ∑
𝑃𝑖 + 𝑃𝑖+1

2

𝑛−1

𝑖=1

(𝛿𝑖+1 − 𝛿𝑖) (10) 

where 𝑃𝑖  and 𝛿𝑖 are the measured or calculated load and 

deflection at each data point. For experimental–numerical 

comparisons, both curves were integrated over the same 

deflection interval to avoid errors caused by different terminal 

deflections. 

4-1 Retrofitting Concrete Slab 

Figures 8 and 9 compare the experimental load–deflection 

responses of the control and retrofitted slabs with the 

corresponding finite-element results. The control specimen 

C35S1 was used to assess the numerical representation of the 

reinforced concrete slab, including the concrete constitutive 

response, internal steel reinforcement, loading arrangement, 

and support conditions. The retrofitted specimen C35S1-50 

was used to assess the complete strengthened model, 

including the structural contribution of the braided composite 

grid and the assumed grid-to-concrete connection. For 

specimen C35S1-50, the experimental and numerical ultimate 

loads were 323.67 and 341.69 kN, respectively, 

corresponding to a difference of 5.57%. The associated 

deflections at ultimate load were 4.655 and 4.593 mm, with a 

difference of 1.33%. These results indicate that the finite-

element model reproduced the ultimate load and the 

associated deflection with acceptable accuracy. 

 
Figure 8 Comparison of the experimental and numerical load–

deflection responses of the unretrofitted control slab C35S1 

 
Figure 9 Comparison of the experimental and numerical load–

deflection responses of the C35S1-50 slab retrofitted with a 

50×50 mm braided composite grid 

To quantify the difference between the complete curves, 

the areas under the experimental and numerical load–

deflection responses were calculated using the trapezoidal 

rule over the common displacement interval ending at 14 mm. 

The resulting absorbed energies were 2764.42 J for the 

experimental specimen and 2926.60 J for the numerical 

model, corresponding to a difference of 5.87%. Therefore, the 

numerical model reproduced the peak load and corresponding 

deflection with good accuracy but overestimated the post-

peak residual response and total absorbed energy. This 

discrepancy is attributed mainly to the assumed perfect bond 
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between the braided grid and concrete, together with the 

omission of interfacial slip, local debonding, and 

experimental imperfections. The model is consequently 

considered suitable for comparative parametric analysis, 

while its post-peak energy predictions should be interpreted 

with appropriate caution since the numerical model 

maintained a higher residual load after the peak response than 

the experimental specimen. Despite this difference in the 

post-peak region, the model adequately reproduced the 

principal experimental response and was considered suitable 

for the comparative parametric investigation. Table 9 presents 

the experimental–numerical validation results in terms of 

ultimate load, Pu, deflection at ultimate load, u, and absorbed 

energy evaluated over the common deflection interval, U. 

This study employs a comprehensive numerical 

investigation using Abaqus to assess the performance of 

retrofitted reinforced concrete slabs. Advanced continuum 

damage mechanics models were implemented to capture both 

the cumulative damage (expressed as damageT) and the 

localized stiffness degradation (SDEG) resulting from crack 

initiation and propagation. The global structural behavior was 

concurrently evaluated using load–deflection diagrams and 

bar charts reflecting ultimate load and energy absorption. To 

further assess the efficacy of the various retrofitting methods, 

the maximum loads and absorbed energy recorded for the 

tested specimens were compared, as illustrated in Figures 10 

and 11. The interplay between concrete strength (C35 vs. 

C45), slab thickness, and grid opening size proves critical in 

understanding and optimizing retrofitting strategies. 

Table 9 Experimental–numerical validation results 

Specimen 
Experimental Numerical 

Pult u U Pult (KN) u U 

C35S1 239.23 7.21 2157.64 248.53 7.28 2380.94 

C35S1-50 323.67 4.655 2764.42 341.69 4.593 2926.60 

 
Figure 10 Maximum load carried by the concrete slab specimens 

 
Figure 11 Absorbed energy of the concrete slab specimens 
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The strengthening efficiency was evaluated relative to the 

corresponding unretrofitted control specimen rather than only 

through comparison of the absolute values. The relative 

improvements in ultimate load and absorbed energy were 

calculated as: 

∆𝑃𝑢(%) =
𝑃𝑢,𝑟𝑒𝑡𝑟𝑜𝑓𝑖𝑡𝑡𝑒𝑑 − 𝑃𝑢,𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑃𝑢,𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 (11) 

∆𝑈(%) =
𝑈𝑟𝑒𝑡𝑟𝑜𝑓𝑖𝑡𝑡𝑒𝑑 − 𝑈 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑈𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 (12) 

These normalized measures distinguish the contribution of 

the braided grid from the higher baseline capacity produced 

by increasing the slab thickness or concrete strength. The 

absolute and normalized results are reported together in Table 

10. For all experimental–numerical comparisons, the 

absorbed energy was calculated by integrating the 

corresponding load–deflection curves up to a common 

deflection limit of 14 mm, thereby ensuring that the results 

were evaluated under identical conditions. The results 

indicate an interaction between slab thickness and braided-

grid opening within the investigated parameter levels. For the 

105 mm-thick C35 slabs, the 100×100 mm grid produced 

greater improvements in both ultimate load and absorbed 

energy than the 50×50 mm grid. In contrast, for the 65 mm-

thick C35 slabs, both grid configurations produced nearly 

identical increases in ultimate load, while the 50×50 mm grid 

provided the greater increase in absorbed energy. A similar 

thickness-dependent response was observed for the C45 slabs: 

the 100×100 mm grid was slightly more effective for the 105 

mm-thick slabs, whereas the 50×50 mm grid produced greater 

improvements in both ultimate load and absorbed energy for 

the 65 mm-thick slabs. These findings show that the influence 

of grid opening was not constant for the two slab thicknesses 

and should therefore not be assessed independently of slab 

thickness and concrete strength. 

Table 10 shows that the influence of grid opening depended 

on both slab thickness and concrete strength. For the 105 mm-

thick C35 slabs, the 100×100 mm grid produced increases of 

53.62% in ultimate load and 57.73% in absorbed energy, 

whereas the corresponding increases for the 50×50 mm grid 

were 37.48% and 24.12%, respectively. For the 65 mm-thick 

C35 slabs, both grid configurations produced nearly identical 

ultimate-load improvements; however, the 50×50 mm grid 

resulted in a substantially greater increase in absorbed energy, 

reaching 70.70%. 

The relative improvements were smaller for the 105 mm-

thick C45 slabs, indicating that the contribution of the braided 

grid decreased as the baseline concrete capacity increased. 

Nevertheless, for the 65 mm-thick C45 slabs, the 50×50 mm 

grid increased the ultimate load and absorbed energy by 

27.00% and 34.06%, respectively, which were considerably 

greater than the improvements obtained using the 100×100 

mm grid. These results confirm that the effect of grid opening 

cannot be evaluated independently of slab thickness and 

concrete strength. 

Furthermore, the stress distribution within both the steel 

bars and the braided composite grid is depicted in Figure 12. 

The maximum von Mises stress recorded was 420 MPa, 

indicating that the steel reinforcement reached its yield stress. 

This observation confirms the adequacy of the reinforcement 

in mobilizing its full capacity under the applied loads. 

 
Figure 12 Stress distribution on the steel rods and braided 

composite grid

Table 10 Ultimate-load and absorbed-energy improvements produced by braided-grid retrofitting 

Specimen concrete 
Thickness 

(mm) 

Grid opening 

(mm) 

Ultimate 

load (kN) 
∆𝑷𝒖(%) 

Absorbed 

energy (J) 
∆𝑼(%) 

C35S1 C35 105 Control 248.53 - 2380.94 - 

C35S1-100 C35 105 100×100 381.80 53.62 3755.53 57.73 

C35S1-50 C35 105 50×50 341.69 37.48 2955.18 24.12 

C35S2 C35 65 Control 117.37 - 1080.94 - 

C35S2-100 C35 65 100×100 162.93 38.82 1663.22 53.87 

C35S2-50 C35 65 50×50 163.2 39.05 1845.17 70.70 

C45S1 C45 105 Control 372.12 - 3296.45 - 

C45S1-100 C45 105 100×100 408.02 9.65 3488.74 5.83 

C45S1-50 C45 105 50×50 398.86 7.19 3332.40 1.09 

C45S2 C45 65 Control 167.96 - 1567.26 - 

C45S2-100 C45 65 100×100 186.47 11.02 1932.67 23.32 

C45S2-50 C45 65 50×50 213.31 27.00 2101.01 34.06 
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4-1-1 Effect of slab thickness 

The numerical analysis highlights the significant role of 

slab thickness in determining the load-bearing capacity and 

toughness of retrofitted concrete slabs. Thicker slabs 

inherently possess superior mechanical properties due to their 

increased cross-sectional depth, which facilitates more 

effective stress redistribution and delays the onset of localized 

damage. When retrofitted with a braided composite grid, 

thicker slabs exhibit more uniform stiffness degradation and 

widespread damage distribution, as seen in the SDEG and 

damageT contours in Table 11. The table presents the tensile-

damage (DAMAGET) and stiffness-degradation contours 

used to evaluate the location and progression of tensile 

damage in the concrete slabs. Numerical failure was identified 

when DAMAGET reached 0.99 in the critical tensile zone 

beneath the slab. This behavior contrasts with thinner slabs, 

where stress concentrations are more pronounced, leading to 

localized stiffness loss and potential brittle failure if not 

properly retrofitted.  

The findings indicate that retrofitting concrete slabs with a 

braided composite grid leads to a substantial increase in load-

bearing capacity, with enhancements reaching up to 54%, as 

observed in the case of specimen C35S1-100. This 

remarkable improvement underscores the effectiveness of the 

retrofitting approach. Moreover, higher concrete compressive 

strength and increased slab thickness contribute to greater 

ultimate load capacity and absorbed energy. For the 

investigated 65 mm-thick slabs, reducing the grid opening 

from 100×100 to 50×50 mm generally increased the absorbed 

energy and, depending on the concrete strength, also 

increased the ultimate load. The results demonstrate that 

thicker slabs exhibit superior structural performance, with 

increased ultimate load capacity and energy absorption, 

particularly when retrofitted with composite grids featuring 

larger opening sizes. This enhancement is attributed to the 

improved stress redistribution, shear resistance, and gradual 

stiffness degradation, all of which contribute to a more ductile 

failure mechanism. 

The failure mechanism of thinner slabs tends to be 

dominated by bending-induced flexural cracks. In contrast, 

thicker slabs are more susceptible to localized punching shear 

failure, especially when subjected to a central concentrated 

load. The DAMAGEDT contours of non-retrofitted thick 

slabs typically show a pronounced damage zone directly 

under the loading point, indicating a tendency toward brittle 

punching failure. However, retrofitting with a braided 

composite grid alters this behavior by redistributing stresses, 

reducing peak damage intensity, and delaying failure. The 

results demonstrate that the influence of grid opening was 

dependent on slab thickness. Within the investigated 105 mm-

thick specimens, the 100×100 mm grid produced higher 

ultimate loads than the corresponding 50×50 mm 

configuration. In contrast, the response of the 65 mm-thick 

slabs showed a different sensitivity to grid opening. This 

behavior demonstrates an interaction between slab thickness 

and grid configuration; therefore, the effect of grid opening 

should not be interpreted independently of slab thickness. 

The DAMAGET contours represent degradation of the 

tensile elastic stiffness and were used to identify the location 

and progression of tensile damage. The SDEG output 

represents the overall scalar stiffness-degradation state and 

was not interpreted as a direct crack-width measurement. To 

permit meaningful comparison, the contours were evaluated 

using the same viewing orientation, legend range, and 

averaging settings. Because the specimens reached different 

ultimate loads, a larger damaged region at the ultimate state 

does not necessarily indicate poorer retrofit performance; it 

may also reflect the greater load and energy sustained by the 

strengthened specimen before failure. Stresses and crack 

pattern propagation were observed at each loading increment 

up to a displacement of 14 mm. The impact of each 

strengthening system on the structural behavior of the tested 

slabs was evaluated by comparing the retrofitted specimens 

with the control slabs.  

Figure 13 presents the final soffit conditions of the 

experimentally tested control and retrofitted slabs, while the 

corresponding numerical tensile-damage and stiffness-

degradation distributions are presented in Table 11. The 

unretrofitted C35S1 specimen exhibited a dense network of 

cracks originating from the centrally loaded region and 

propagating radially toward the slab boundaries. Wide cracks, 

concrete fragmentation, and localized surface deterioration 

were concentrated around the central loading region. This 

experimental pattern agrees qualitatively with the numerical 

DAMAGET contour of C35S1, which predicts a highly 

damaged central zone together with radial bands of tensile 

damage extending outward. The corresponding SDEG 

contour similarly indicates that the greatest stiffness 

degradation occurred beneath and around the loading area. 

 
(a) 

 
(b) 

Figure 13 Final soffit damage patterns of the experimentally 

tested slabs: (a) unretrofitted control specimen C35S1 and (b) 

specimen C35S1-50 retrofitted with a 50×50 mm braided 

composite grid 
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Table 11 DamageT and SDEG contours of the specimens 

specimen damageT SDEG 

C35S1 

  

C35S1-100 

  

C35S1-50 

  

C45S1 

  

C45S1-100 

  

C45S1-50 
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specimen damageT SDEG 

C35S2 

  

C35S2-100 

  

C35S2-50 

  

C45S2 

  

C45S2-100 

  

C45S2-50 
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In the retrofitted C35S1-50 specimen, the braided 

composite grid remained distributed over the slab soffit after 

testing, and no comparable network of widely opened radial 

cracks was visible on the exposed surface. The grid and epoxy 

layer partially obscured direct observation of the underlying 

concrete cracks; nevertheless, the photograph indicates that 

the retrofit maintained continuity across the damaged region 

and prevented the development of the large, separated 

concrete fragments observed in the control specimen. The 

numerical results for C35S1-50 show a broader and 

approximately circular tensile-damage region around the 

loading area, with stiffness degradation redistributed through 

the surrounding grid-reinforced zone. Therefore, both the 

experimental and numerical observations indicate that the 

braided grid modified the damage pattern from concentrated 

radial cracking toward a more distributed central damage 

mechanism. This comparison is qualitative because the 

epoxy-impregnated grid concealed part of the concrete 

surface and the numerical model assumed a perfect grid-to-

concrete bond.  

Comparison of the control and retrofitted specimens 

indicates that the braided grid delayed the concentration of 

critical tensile damage beneath the loading region and 

promoted a more distributed degradation pattern. However, 

the contour results should be interpreted together with the 

global load–deflection response. Numerical failure was 

defined by the attainment of dt=0.99 within the critical tensile 

region together with the peak and subsequent degradation of 

the global load-carrying response, rather than by the 

occurrence of dt=0.99 at a single isolated integration point. 

The load–displacement diagrams (Figure 14) reinforce these 

observations, showing that retrofitted thicker slabs sustain 

higher ultimate loads and absorb greater energy before failure, 

resulting in a more ductile failure progression. In 

configurations such as C35S1-100, the gradual stiffness 

degradation observed in SDEG contours and extended post-

peak behavior in load–displacement response confirm that 

thicker slabs not only achieve superior performance but also 

benefit more from larger grid opening sizes, which enhance 

load redistribution. However, for thinner slabs, retrofitting is 

more critical, as it prevents early crack propagation and helps 

mitigate stress concentration effects, particularly when 

smaller grid openings are used to improve localized stiffness 

retention. These findings underscore that slab thickness is a 

fundamental factor in optimizing retrofitting efficiency, 

influencing both stress distribution mechanisms and failure 

progression in reinforced concrete structures. 
 

4-1-2 Effect of concrete compressive property 

The compressive strength of concrete is a crucial factor 

influencing the structural performance of reinforced concrete 

slabs, particularly in terms of load-bearing capacity, 

toughness, and the effectiveness of retrofitting. Higher-

strength concrete, such as C45, naturally exhibits greater 

stiffness and resistance to localized damage, reducing the 

necessity for additional reinforcement. For example, the load–

displacement curves of non-retrofitted C45 slabs indicate high 

load capacity and controlled failure progression, suggesting 

that retrofitting contributes only marginal improvements. 

Conversely, lower-strength concrete, such as C35, is more 

susceptible to early stiffness degradation, leading to rapid 

crack propagation and brittle failure. The damageT contours 

of non-retrofitted C35 slabs show highly concentrated 

damage zones, reinforcing the need for composite grid 

retrofitting to delay failure. Retrofitting in C35 slabs 

significantly enhances performance, as seen in the load–

displacement diagrams of specimens like C35S1-100, which 

exhibit increased ultimate load and extended post-peak 

energy absorption. The SDEG contours further validate this 

effect, revealing a more uniform stiffness degradation pattern, 

which indicates better stress distribution and delayed failure 

initiation.  

  

  

Figure 14 Load-Displacement diagram of the concrete slab specimens
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These findings emphasize that while retrofitting benefits all 

concrete grades, the impact is far more pronounced in lower-

strength slabs, highlighting the necessity of adapting retrofit 

strategies based on the inherent properties of the material. In 

other words, the efficiency of the composite grid is not just 

dictated by its configuration (grid opening size, reinforcement 

density, etc.), but also by how well its reinforcement 

mechanism interacts with the concrete substrate. In C45 

specimens, the higher inherent strength can result in initially 

lower damage propagation, yet the potential for rapid, brittle 

failure increases. Here, the composite grid must effectively 

intercept and delay crack propagation to ensure ductility. The 

composite grid in a retrofitting system helps bridge these 

cracks and redistribute tensile stresses. Therefore, the degree 

to which the grid improves performance will inherently 

depend on the starting material properties of the concrete. 

With C45, the grid might be more focused on enhancing 

ductility and energy dissipation, whereas with C35 the retrofit 

might compensate more directly for the lower baseline tensile 

performance. On the other hand, in C35 specimens, the grid 

might have a relatively larger role in controlling crack 

widening and facilitating stress redistribution, since the 

concrete is more prone to earlier cracking. Thus, the concrete 

type (C35 or C45) affects both the failure mode and the 

retrofitting benefits offered by the composite grid. 

A critical finding from the simulations is that the 

effectiveness of retrofitting is markedly influenced by the 

intrinsic properties of the concrete. For example, C35 slabs—

which possess a lower compressive strength—exhibit much 

more pronounced damage in the non‐retrofitted state, with 

damageT contours showing severe localization and SDEG 

indicators revealing rapid stiffness degradation. In one 

instance, the non-retrofitted C35S1 model reached ultimate 

load levels noticeably lower than its retrofitted counterparts, 

and the corresponding energy absorption was limited. 

Conversely, when retrofitting was applied to C35 slabs (e.g., 

in C35S1-50 and C35S1-100), the numerical analysis 

demonstrated a significant shift in behavior. The load–

displacement curves for retrofitted specimens clearly showed 

higher ultimate loads and increased energy absorption. This 

enhanced performance is attributed to the reinforcement’s 

capability to redistribute stresses more evenly, delaying the 

onset of catastrophic failure. In the case of the C35S1-100 

model, not only did the SDEG contours display a more 

uniform, widespread area of stiffness degradation, but the 

associated load–displacement diagrams indicated that this 

specimen could sustain considerably higher loads, affirming 

that retrofitting strategies yield more dramatic improvements 

in lower-strength concretes. 

4-1-3 Effect of grid opening size 

The grid opening size plays a critical role in determining 

the effectiveness of retrofitting reinforced concrete slabs, 

particularly in how stresses are redistributed and damage is 

controlled. A smaller grid opening size (here 50×50) provides 

more localized reinforcement, effectively mitigating crack 

propagation in thinner slabs where stress concentrations are 

prominent. For example, in C35S1-50, the damageT contours 

indicate reduced localized damage, and the SDEG values 

show lower peak stiffness loss, confirming better stress 

confinement. Conversely, larger grid opening sizes enable 

wider stress redistribution across the slab, which is more 

effective for thicker slabs. The C35S1-100 specimen, for 

instance, exhibits widespread stiffness degradation in its 

SDEG contours, reflecting improved energy dissipation and 

ductility, while its load–displacement diagram shows the 

highest ultimate load and absorbed energy among tested 

configurations. These findings highlight the necessity of 

optimizing grid opening size based on slab thickness, 

ensuring localized damage control in thinner slabs while 

facilitating broader load distribution in thicker slabs to 

achieve maximum retrofitting efficiency. 

The performance metrics from the bar graphs (Figures 13 

and 14) indicate that the maximum load carried by C45S1-

100 is noticeably higher than that of C45S1. Although the 

exact numerical values depend on the specific simulation 

output, the retrofitted sample typically exhibits an increase in 

load capacity by roughly 30–40% relative to the non-

retrofitted slab. This improvement is more evident on the 

sample C35S1-100 and can be attributed to the retrofitting 

grid effectively redistributing tensile stresses and arresting 

crack propagation in the critical regions. The absorbed 

energy, as represented in the corresponding bar graph, shows 

that the retrofitted specimen absorbs a greater amount of 

energy before failure. This increased energy absorption 

(quantitatively, an improvement of around 20–30% compared 

to the non-retrofitted slab) reflects a higher strain energy 

dissipation capacity. The more uniform damage spread 

observed in the damageT contours of C45S1-100 supports this 

finding according to Table 11, as it indicates that the energy 

is more evenly distributed and less concentrated in vulnerable 

regions. 

When comparing the contours at equal load levels, the 

C35S1-100 configuration consistently displays lower peak 

SDEG values, signifying that the stress is being effectively 

distributed. This phenomenon is reflected in the load–

displacement diagrams where the C35S1-100 not only 

demonstrates the highest ultimate load among the C35S1 

group but also absorbs the most energy among the tested 

configurations. The numerical investigation thereby confirms 

that in thicker slabs, a coarser retrofitting grid optimizes the 

balance between load-carrying capacity and controlled 

damage progression. 

In these cases, the damageT and SDEG contours of 

C35S2-50 show that the reinforcement effectively limits the 

severity of localized damage. Even though the load–

displacement response might not reach the same ultimate load 

as in thicker or coarser retrofitted cases, the improved 

ductility ensures that the thinner slabs are less prone to sudden 

brittle failure. For instance, a finer grid leads to a load–

displacement curve that features a prolonged post-peak 

plateau, indicating gradual stiffness degradation and higher 

energy dissipation even if the absolute load levels are 

moderately lower. This clear example reinforces that thinner, 

lower-strength slabs benefit most from a retrofitting strategy 

involving a smaller grid opening, ensuring adequate control 

over early-age crack propagation. 

It should be considered that, when each specimen reaches 

its individual ultimate load, the retrofitted slab’s higher load 

capacity may lead to larger absolute areas of damage due to 

the higher energy input required to reach that failure state. 

Here, the damage contours might appear more extensive 
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simply because the slab is experiencing greater forces, not 

necessarily because the retrofitting is less effective. The 

crucial point is that the retrofit delays the onset of critical 

localized damage and provides a more gradual failure 

progression. 

The use of a perfect-bond tie constraint represents a 

limitation of the present numerical model. Although the 

experimentally validated model reproduced the principal 

global response with acceptable accuracy, omission of 

interfacial slip, progressive debonding, pull-out, and epoxy 

cracking may lead to an overestimation of the post-peak load 

and absorbed energy. Future work should incorporate 

experimentally calibrated cohesive-zone parameters obtained 

from appropriate bond or pull-off tests. 

The numerical results further reveal that slab thickness, 

concrete compressive property, and the retrofitting grid 

configuration (specifically, the opening size) play pivotal 

roles in the overall structural behavior. 

4-2 Limitation of the study 

The numerical model assumed a perfect bond between the 

braided composite grid and the concrete surface. 

Consequently, interfacial slip, progressive debonding, epoxy 

cracking, and grid pull-off were not explicitly represented. 

This assumption is one reason why the numerical model 

overestimated the post-peak residual load and absorbed 

energy of specimen C35S1-50. In addition, experimental 

validation was limited to the C35S1 control specimen and the 

C35S1-50 retrofitted specimen. The responses of the C45 

slabs, the 65 mm-thick slabs, and the specimens retrofitted 

with a 100×100 mm grid remain numerical predictions. 

Only two slab thicknesses and two grid-opening sizes were 

investigated; therefore, the results demonstrate trends within 

the selected parameter range rather than defining a universally 

optimal configuration. The tests were also performed under 

monotonic short-term loading, and the effects of cyclic 

loading, fatigue, environmental exposure, and long-term bond 

degradation require further investigation. 

5 Conclusion 

This research comprehensively investigates the impact of 

braided composite grid on the load-bearing capacity and 

fracture behavior of RC concrete slabs. By utilizing a 

previously developed RVE model, the study analyzed its 

behavior under concentric loading subjected to the retrofitted 

concrete slab. The results from experimental and numerical 

tests demonstrated strong consistency, confirming the 

reliability of the numerical model.  

For the retrofitted specimen, the differences between the 

experimental and numerical results were 5.57% for ultimate 

load, 1.33% for deflection at ultimate load, and 5.87% for 

absorbed energy. The experimental damage patterns also 

showed qualitative agreement with the numerical tensile-

damage and stiffness-degradation distributions, supporting 

the suitability of the adopted multiscale modeling approach 

for comparative structural assessment. The braided composite 

grids improved load-carrying capacity, absorbed energy, and 

damage distribution. Within the investigated configurations, 

the ultimate load and absorbed energy increased by up to 

53.62% and 70.70%, respectively, relative to the 

corresponding unretrofitted control slabs. The results provide 

a strong foundation for further research and practical 

applications in the field of structural engineering. The grid 

study validated the finite element model's performance, 

ensuring accurate simulation results. These findings 

underscore the braided composite grid's efficacy in 

retrofitting concrete slabs, offering a promising solution for 

improving structural performance and durability. 

This numerical investigation has demonstrated that the 

structural performance of reinforced concrete slabs retrofitted 

with a braided composite grid is significantly influenced by 

slab thickness, concrete compressive strength, and grid 

opening size. The results reveal that thicker slabs exhibit 

inherently superior load-bearing capacity and toughness, 

rendering the retrofitting effect more pronounced in thinner 

configurations, especially in lower-strength concrete such as 

C35. While higher-strength concrete (C45) benefits less from 

retrofitting due to its intrinsic resistance to localized damage, 

C35 slabs experience substantial improvements, with 

enhanced ultimate load and energy absorption. The results 

also showed that the influence of grid opening depended on 

slab thickness and concrete strength. The 100×100 mm 

configuration generally produced greater improvements for 

the 105 mm-thick slabs, whereas the denser 50×50 mm grid 

was more effective for the 65 mm-thick slabs, particularly in 

terms of absorbed energy. Therefore, grid density should be 

selected in relation to the mechanical properties and geometry 

of the concrete substrate rather than considered 

independently. The findings confirm that retrofitting 

effectiveness is highly dependent on the interaction between 

material properties and geometric configurations, 

highlighting the necessity for tailored design approaches that 

optimize reinforcement strategies based on specific structural 

requirements. Interpreting the results using SDEG and 

damageT contour plots provides valuable insights into the 

failure mechanisms and damage progression within the RC 

slab model. Future research could explore experimental 

verification of the numerical model and also the long-term 

performance and durability of retrofitted slabs under various 

environmental conditions and loading scenarios. 

Additionally, investigating other composite materials and grid 

configurations could provide further insights into optimizing 

retrofitting strategies. 
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