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Abstract

Introduction

The use of recycled aggregates in structural reinforced concrete remains limited because of concerns 
about material quality and the ability to predict structural behaviour reliably. An even greater challenge is 
the replacement of conventional steel reinforcement with composite reinforcement. Numerical modelling 
provides an opportunity to improve predictions and support the design of concrete incorporating recycled 
aggregates. This study investigates two approaches to modelling reinforcement bars (discrete and smeared) 
in one-way reinforced slabs subjected to three-point bending using the SOLID 65 finite element in ANSYS. Four 
slabs are modelled using two types of concrete (ordinary concrete and RAC) and two types of reinforcement 
(steel and GFRP). The models are verified against experimental results. The ability of the two modelling 
approaches to capture cracking loads and load-deflection behaviour for different combinations of concrete 
and reinforcement materials is demonstrated.

Keywords: ANSYS software; glass fiber reinforced polymers (GFRP); nonlinear finite element modelling; 
recycled aggregate concrete (RAC); SOLID 65.

Recycled aggregate concrete (RAC) offers opportunities to improve resource efficiency in con-
struction (Pacheco et al., 2023; Vintimilla & Etxeberria, 2023). However, steel reinforcement in RAC 
structures is considered more vulnerable to corrosion in aggressive environments than in con-
ventional natural aggregate concrete (NAC). Replacing steel rebars with composite reinforcement 
such as GFRP can help address durability issues associated with RAC, including accelerated car-
bonation and increased chloride permeability (Pacheco et al., 2023; Vintimilla & Etxeberria, 2023). 
In addition, GFRP reinforcement is an attractive alternative to steel because of its lower density, 
higher tensile strength, and much lower thermal conductivity.

The present study forms part of broader research on improving RAC. The effects of concrete mix de-
sign on the strength and elastic modulus of RAC, the bond between RAC and GFRP rebars, and other 
characteristics were investigated by Zaharieva et al. (2022). In that study, the authors compared the 
experimental results with values calculated according to the CEB-FIP Model Code 1990 (CEB-FIP, 
1993). Subsequent work showed that the characteristics of RAC containing 30% recycled aggregate 
are very similar to those of natural aggregate concrete (Zaharieva et al., 2022; Traykova et al., 2024).
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Using high-tech construction materials such as GFRP as reinforcement in RAC structural ele-
ments presents challenges for modelling slab reinforcement. To validate the proposed finite el-
ement approach, numerical results are compared with experimental results obtained from four 
slab specimens. There are several ways to represent reinforcement in reinforced concrete models. 
The most common approach is to add link (bar) finite elements connected to the nodes of solid 
or shell elements. In some software, reinforcement can be incorporated directly into the finite 
elements (e.g., SOLID 65 in ANSYS), allowing it to be represented more directly. Even in this case, 
however, many authors use link elements to model reinforcement bars. Based on the capabilities 
of the SOLID 65 finite element (FE) in ANSYS, this study compares two reinforcement modelling 
approaches: discrete and smeared reinforcement.

The main challenge is how to model reinforcement in elements subjected to bending, such as 
beams and slabs. ANSYS provides the SOLID 65 finite element for modelling reinforced concrete. 
This three-dimensional, eight-node element allows reinforcement to be incorporated in three 
different directions. The reinforcement amount is defined by its ratio to the element volume 
(ANSYS, 2024). The element can simulate concrete crushing and crack development. Given these 
capabilities, SOLID 65 is well suited to modelling reinforced-concrete structures. Nevertheless, 
most authors use a combination of finite elements. For reinforced-concrete beams, reinforce-
ment is often modelled with LINK 181 (or the older LINK 8), a bar element (Tjtradi et al., 2017; 
Manjunath & Prabhakara, 2019; Musmar et al., 2014; Jebur, 2021; Smarzewski & Słowik, 2023; 
Bondok et al., 2023). These bar elements are connected to the nodes of SOLID 65 elements, 
which are then used only to represent the concrete. Only a few researchers have used SOLID 
65 to model both concrete and reinforcement. Parvanova et al. (2005) and Dahmani et al. (2010) 
represented reinforcement as distributed within the lower layer of a beam using the full capa-
bilities of SOLID 65. Dere and Dede (2011) developed a discrete reinforcement model by placing 
the reinforcement at its actual position within the cross-section of a reinforced-concrete frame.

For slabs, modelling individual reinforcement bars is more difficult, yet some researchers still 
use LINK elements to represent reinforcement (Tran & Cajka, 2022; Assad et al., 2022; Emarah, 
2019; Kaya & Anil, 2021; Mahmoud et al., 2024). Tran and Cajka (2022) investigated fibre-rein-
forced concrete and the influence of several material parameters, which may explain their use 
of LINK elements for reinforcement. Assad et al. (2022) and Emarah (2019) studied reinforced 
slabs with different FRP strengthening configurations but also used LINK elements for rein-
forcement. Kaya and Anil (2021) investigated a reinforced slab, whereas Mahmoud et al. (2024) 
investigated a steel-reinforced concrete hidden and wide beam; both studies likewise used LINK 
elements to model the reinforcement bars. Only a few researchers, such as Gherbi et al. (2018) 
and Avci and Bhargava (2019), have used the full capabilities of SOLID 65. Gherbi et al. (2018) 
noted that LINK-element modelling is more suitable for simple structures such as beams and 
less appropriate for slabs. They used a smeared reinforcement approach, representing rein-
forcement as a layer with an average reinforcement ratio at the bottom of the slab. Avci and 
Bhargava (2019) adopted a similar uniformly distributed reinforcement approach. Overall, rela-
tively few studies exploit the full potential of SOLID 65 for reinforcement modelling, and discrete 
modelling is particularly uncommon.

In the authors’ view, the most suitable way to model slab reinforcement is to use the capabil-
ities of SOLID 65. The main objective of this study is therefore to compare two reinforcement 
modelling approaches - discrete and smeared - using SOLID 65. Within this element, the rein-
forcement bar and its direction are assigned at the centre of the finite element. In the discrete 
approach, the reinforcement is placed at its actual position, whereas in the smeared approach 
an average reinforcement ratio is assigned to the bottom layer of the slab.

Scope and 
Challenges 
of the Study



58
2026/2/40Journal of Sustainable Architecture and Civil Engineering

Experimental Data for the Slabs
In this study, experimental results from four one-way reinforced slabs subjected to bending are 
used. Two slabs are made of NAC and reinforced with either steel or GFRP rebars, designat-
ed “NAC-Steel” and “NAC-GFRP”, respectively. The other two slabs are made of RAC30 and use 
two GFRP reinforcement arrangements, designated “RAC-GFRP1” and “RAC-GFRP2”. The static 
scheme and reinforcement distribution are shown in Fig. 1 (Zaharieva et al., 2022; Traykova et 
al., 2024). Reinforcement material data are presented in Table 1, and data for NAC and RAC30 are 
presented in Table 2.

Fig. 1
Reinforced slabs:  

a and b reinforcement 
distribution;  

c static scheme.

Materials 
and 

Methods

Characteristics Unit Steel GFRP

Density kg/m3 7850 1850

Young’s modulus N/mm2 200 000 46 000

Characteristics Unit NAC RAC30

Density kg/m3 2390 2310

fc at 28 days N/mm2 52 51

ft at 28 days N/mm2 3.3 3.2

Young’s modulus N/mm2 35 400 35 600

The experimental programme was conducted at the University of Architecture, Civil Engineering 
and Geodesy, Sofia, Bulgaria, as part of the project “Clean Technologies for Sustainable 
Environment - Water, Waste, Energy for Circular Economy” (Clean&Circle). A detailed analysis of 
the experimental results was published by Zaharieva et al. (2022) and Traykova et al. (2024). Both 
concrete types (NAC and RAC) are modelled in ANSYS using SOLID 65 material properties.
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represent the nonlinear response of quasi-brittle materials. It is based on the Willam-Warnke 
constitutive model for the triaxial behaviour of concrete (ANSYS, 2024).

The failure criterion requires five strength parameters to define the failure surface: ft, fc, fcb, f1 and 
f2. However, the criterion can be specified using only two constants ft and fc which serve as the 
basis for defining the other three constants. The default correlations implemented in ANSYS and 
used in this study are fcb=1.2fc; f1=1.45fc; f2=1.725fc for |σh

a |≤√3 fc (ANSYS, 2024).

To apply the Willam-Warnke theoretical model and the full capabilities of SOLID 65 to the present 
problem, several assumptions and preliminary simulations are made.

The experimental data contain no information on biaxial or hydrostatic stress states. Therefore, 
the default correlations implemented in the software are used in this study.

Two types of concrete are considered in this study. The first is natural aggregate concrete (NAC), 
and the second is RAC30, which has strength characteristics very similar to those of NAC (Table 2). 
Therefore, both materials can be represented using the Willam-Warnke theoretical model.

All KEYOPT settings for the elements are left at their default values. SOLID 65 does not provide an 
option to model dowel action; therefore, this effect cannot be taken into account. A perfect bond 
between the reinforcement and concrete is assumed. This is a significant limitation of the present 
study, particularly for GFRP reinforcement.

Because SOLID 65 uses smeared-crack theory, stresses are monitored at each Gauss point, al-
lowing cracks to open in three mutually perpendicular directions. Concrete crushing is also includ-
ed in SOLID 65. Consequently, 16 Gauss-point status combinations are possible across the three 
directions, including crack opening, crack closing, crushing, or none of these states.

Shear transfer across a crack is represented in SOLID 65 by two coefficients, β1 for an open crack 
and β2 for a closed crack. These shear-retention factors range from 0 (no aggregate interlock) to 
1 (full aggregate interlock). Their values affect numerical convergence. In this study, the influence 
of these parameters on convergence is examined. The results show that setting both β1 and β2 
to zero prevents convergence. When β1 = 0 and β2 is varied, the solution does not reach the final 
stage. When both coefficients are non-zero, the solution converges and the resulting load-deflec-
tion curves are practically identical. Similar conclusions were reported by Smarzewski and Słowik 
(2023), Parvanova et al. (2005), and Dere and Dede (2011), who recommended values between 0.6 
and 1.0 for β1 and β2, respectively. For all solutions presented in the following section, β1 = 0.6 and 
β2 = 1.0 are used for both natural aggregate concrete and recycled aggregate concrete.

Regarding post-cracking modelling, SOLID 65 offers options with or without stress relaxation. 
When stress relaxation is included, the reduction in maximum stress can be represented using 
a multiplier. According to the ANSYS manual, stress relaxation is used only to accelerate con-
vergence (ANSYS, 2024). For each slab, analyses were performed to assess the influence of this 
option. No effect on convergence or the load-deflection curves was observed; therefore, stress 
relaxation was excluded from the solutions presented in the following section.

Reinforcement can be modelled as an elastic-plastic material. At the beginning of the study, such 
a model was used for the NAC-Steel slab. This resulted in yielding of the reinforcement at a de-
flection of approximately 11-12 mm. No yielding was reported in the experiment. This discrepancy 
is probably due to the numerical models being stiffer than the experimental specimen. To avoid 
introducing a disagreement that would require more detailed investigation, the analyses present-
ed in the following section assume linear-elastic behaviour of the steel, consistent with the exper-
imental observations.

GFRP is a brittle material with very high tensile strength. The experimental data do not indicate 
that the tensile strength was reached; therefore, the GFRP reinforcement is also modelled as 
linear elastic.
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To investigate reinforcement modelling, two model types were developed. Both models were used 
for three slabs (NAC-Steel, NAC-GFRP, and RAC-GFRP1), whereas only one model was used for 
the fourth slab, RAC-GFRP2 (Fig. 1). Model 1 represents discrete reinforcement, while Model 2 
represents smeared reinforcement. In both models, supports are defined by restraining all de-
grees of freedom of the nodes along one line on the left and selected degrees of freedom along 
one line on the right, allowing axial movement in the X direction. Loading is applied through dis-
placement control at the midspan line of nodes, which are coupled in the Y direction.

	_ Model 1 is constructed so that each reinforcement bar is placed at its actual position in 
the slab (see Fig. 1(a)). According to the SOLID 65 formulation, the reinforcement passes 
through the centre of the element. The finite-element mesh is therefore generated so that 
element sizes and positions follow the reinforcement layout. The FE mesh and reinforce-
ment-bar positions are shown in Fig. 2.

Numerical 
Modelling

Fig. 2
FE mesh: a real constants 

shown by colour;  
b reinforcement-bar 

positions and directions.

This approach requires 14 different real constants (shown by colours in Fig. 2) to account for 
the different finite-element dimensions and rebars in the bottom reinforcement. Details of the 
finite-element sizes and real constants for the bottom layer of the slab are presented in Table 3. 
The middle layer uses a plain-concrete real constant. Another 14 real constants are calculated in 
a similar manner for the top layer.

Real 
constant

Element sizes
[mm]

Reinforcement 
in direction X

Reinforcement in 
direction Y

Volume
[mm3]

1 20/60/30 1N10 1N6 36 000 0.04361 0.04717

2 20/50/30 – 1N6 30 000 – 0.04717

3 20/160/30 1N10 1N6 96 000 0.01635 0.004717

4 130/60/30 1N10 – 234 000 0.04361 –

5 130/50; 50/50 – – – – –

6 130/160/30 1N10 – 624 000 0.01635 –

7 80/60/30 1N10 1N6 144 000 0.04361 0.01179

8 80/50/30 – 1N6 120 000 – 0.01179

9 80/160/30 1N10 1N6 384 000 0.01636 0.01179

10 50/60/30 1N10 – 90 000 0.04361 –

11 50/160/30 1N10 – 240 000 0.01636 –

12 180/60/30 1N10 1N6 324 000 0.04361 0.005241 

13 180/50/30 ( – 1N6 270 000 –  0.00524

14 180/160/30 1N10 1N6 864 000 0.01635 0.005241

Table 3
SOLID 65 real constants 

for Model 1.

Numerical Modelling
To investigate reinforcement modelling, two model types were developed. Both models were used for 
three slabs (NAC-Steel, NAC-GFRP, and RAC-GFRP1), whereas only one model was used for the fourth 
slab, RAC-GFRP2 (Fig. 1). Model 1 represents discrete reinforcement, while Model 2 represents smeared 
reinforcement. In both models, supports are defined by restraining all degrees of freedom of the nodes 
along one line on the left and selected degrees of freedom along one line on the right, allowing axial 
movement in the X direction. Loading is applied through displacement control at the midspan line of 
nodes, which are coupled in the Y direction.

Model 1 
1

-
- 2

Fig. 2. FE mesh: (a) real constants shown by colour; (b) reinforcement-bar positions and directions.

This approach requires 14 different real constants (shown by colours in Fig. 2) to account for the different 
finite-element dimensions and rebars in the bottom reinforcement. Details of the finite-element sizes and 
real constants for the bottom layer of the slab are presented in Table 3. The middle layer uses a plain-
concrete real constant. Another 14 real constants are calculated in a similar manner for the top layer.

Table 3. SOLID 65 real constants for Model 1.

Real 
constant

Element sizes
[mm]

Reinforcement
in direction X

Reinforcement
in direction Y

Volume
[mm3]

1 20/60/30 1N10 1N6 36 000 . .
2 20/50/30 – 1N6 30 000 – .
3 20/160/30 1N10 1N6 96 000 . .
4 130/60/30 1N10 – 234 000 . –
5 130/50;   50/50 – – – – –
6 130/160/30 1N10 – 624 000 . –
7 80/60/30 1N10 1N6 144 000 . .
8 80/50/30 – 1N6 120 000 – .
9 80/160/30 1N10 1N6 384 000 . .

10 50/60/30 1N10 – 90 000 . –
11 50/160/30 1N10 – 240 000 . –
12 180/60/30 1N10 1N6 324 000 . .
13 180/50/30 ( – 1N6 270 000 – .
14 180/160/30 1N10 1N6 864 000 . .

(a)

(b)
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	_ Model 2 uses the smeared-reinforcement approach, the simplest variant of reinforcement 
modelling. A regular mesh is used, and reinforcement is represented as distributed rein-
forcement with an average ratio in the two directions. Only three real constants are required, 
one for each layer. The finite-element mesh and real constants (shown by colours) are pre-
sented in Fig. 3. Table 4 gives the reinforcement direction, quantity, and corresponding real 
constants for the different slabs. For Model 2, the mesh is relatively dense, with an element 
size of 75/70/30 mm and an aspect ratio close to 1.

Fig. 3
Finite-element mesh and 
real constants (shown by 
colours) for Model 2.

For slabs NAC-Steel; NAC-GFRP and RAC-GFRP1 For slab RAC-GFRP2

Direction Rebars Unit Volume Ratio Direction Rebars Unit Volume Ratio

Bottom
X 5N10 0.01870 X 15N10 0.02020

Y 12N6 0.00565 Y 12N6 0.00565

Top
X 5N4 0.00299 X 15N4 0.00898

Y 12N4 0.00251 Y 12N4 0.00251

Using these two models, nonlinear analyses are performed for the four slabs shown in Fig. 1. The 
crack patterns, cracking loads, and maximum loads obtained from the models are compared with 
the experimental results.

Before comparison with the experimental data, several preliminary analyses are performed.

It is well known that the cracking process often causes convergence difficulties in numerical analy-
ses using force-controlled loading. As a preliminary step, both loading approaches were tested for 
the two models. The results show that, after the main cracking process, the responses obtained 
with the two loading approaches are similar. This is because, after cracking, the reinforcement re-
mains a load-bearing component and is modelled as a linear-elastic material. The main difference 
between the two loading approaches occurs during cracking. Under force-controlled loading, the 
cracking process is not captured sufficiently well, and the calculated cracking load is substantially 
lower than that obtained with displacement control. Therefore, displacement-controlled loading is 
used for the numerical analyses presented in the following section.

A preliminary mesh-sensitivity analysis was also performed. First, a linear static analysis was 
conducted and compared with a shell-element solution to determine the required number of ele-
ments, n, through the slab thickness. Four regular meshes were considered (Mesh 1, n = 1; Mesh 

Table 4
ANSYS real constants for 
Model 2.

Model 2 uses the smeared-re r eme t a r a h  the s m est ar a t  re r eme t m de   
re u ar mesh s used  a d re r eme t s re rese ted as d str uted re r eme t th a  a era e 
ra   the t  d re s   three rea  sta ts are re u red  e r ea h a er  he te-element 
mesh and real constants sho n  colours  are resented n   a le  es the re n orcement 
d rec on  uan t  and corres ond n  real constants or the d erent sla s  or odel 2  the mesh s 
rela el  dense  th an element s e o  0 0 mm and an as ect ra o close to 1

Fig. 3. Finite-element mesh and real constants (shown by colours) for Model 2.

Table 4. ANSYS real constants for Model 2.

Using these two models, nonlinear analyses are performed for the four slabs shown in Fig. 1. The crack 
patterns, cracking loads, and maximum loads obtained from the models are compared with the 
experimental results.
Before comparison with the experimental data, several preliminary analyses are performed.
It is well known that the cracking process often causes convergence difficulties in numerical analyses 
using force-controlled loading. As a preliminary step, both loading approaches were tested for the two 
models. The results show that, after the main cracking process, the responses obtained with the two 
loading approaches are similar. This is because, after cracking, the reinforcement remains a load-bearing 
component and is modelled as a linear-elastic material. The main difference between the two loading 
approaches occurs during cracking. Under force-controlled loading, the cracking process is not captured 
sufficiently well, and the calculated cracking load is substantially lower than that obtained with 
displacement control. Therefore, displacement-controlled loading is used for the numerical analyses 
presented in the following section.
A preliminary mesh-sensitivity analysis was also performed. First, a linear static analysis was conducted 
and compared with a shell-element solution to determine the required number of elements, n, through 
the slab thickness. Four regular meshes were considered (Mesh 1, n  1; Mesh 2, n  2; Mesh 3, n  3; 

For slabs NAC-Steel; NAC-GFRP and 
RAC-GFRP1

For slab RAC-GFRP2

Direction Rebars Unit Volume 
Ratio

Direction Rebars Unit Volume 
Ratio

Bottom X 5N10 0.01870 X 15N10 0.02020
Y 12N6 0.00565 Y 12N6 0.00565

Top X 5N4 0.00299 X 15N4 0.00898
Y 12N4 0.00251 Y 12N4 0.00251
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2, n = 2; Mesh 3, n = 3; and Mesh 4, n = 6). The mesh divisions in the other slab dimensions were 
adjusted proportionally. A load of 35,000 N was applied, and a linear-elastic material with E = 
35,400 N/mm² was assumed. The slab deflections were compared. The difference between the 
shell-element solution and the four solid-element meshes ranged from 44% for Mesh 1 to 0% 
for Mesh 4; Mesh 3 differed by 3%. Thus, three elements through the slab thickness are sufficient 
to represent the bending shape of the slab. Using six elements through the thickness results in 
a very dense mesh in the other dimensions, which in turn causes convergence difficulties in the 
nonlinear analysis.

An in-plane mesh-sensitivity study was performed for the NAC-Steel slab using nonlinear analyses. 
Four meshes were considered. Two corresponded to Model 1 and Model 2, and two additional regu-
lar meshes, M1 and M2, were included. The total numbers of elements, N, were as follows: M1, N = 
180; Model 1, N = 336; Model 2, N = 720; and M2, N = 2,880. The analyses were performed under dis-
placement control with a maximum displacement of 16 mm. The cracking load, the corresponding 
displacement, and the force at the final step were compared. The difference in cracking load ranged 
from 11% between Model 1 and M1 to 3.2% between M2 and Model 2. The corresponding displace-
ment differences ranged from 12.2% to 3.6%. At the final step, the results were practically identi-
cal. As expected, the percentage differences decreased with increasing mesh density. The absolute 
values of the cracking load and corresponding displacement also decreased. This occurs because 
increasing the number of elements reduces the overall numerical stiffness of the slab. Element dis-
placements therefore increase, and the corresponding stress gradients cause the maximum tensile 
stress to be reached earlier at the Gauss points. This effect also leads to a denser crack pattern, as 
discussed in the following section. The results indicate that the mesh used in Model 2 is sufficiently 
refined for the subsequent analyses. The M2 mesh is very dense and causes convergence difficulties.

The experimental data for all slabs were obtained from Zaharieva et al. (2022) and Traykova et al. 
(2024).

Results for the NAC-Steel Slab
This slab is made of natural aggregate concrete and steel reinforcement. Material data are presented 
in Tables 1 and 2. The static scheme is shown in Fig. 1(c), and the reinforcement distribution is shown 
in Fig. 2(a). The deformed shapes at the final stage for both models are shown in Fig. 4. The crack 
patterns from the two models and the experimental crack distribution are shown in Fig. 5.

In ANSYS, concrete crushing at a Gauss point is indicated by an octagonal symbol, while crack for-
mation is indicated by circles of different colours. Red marks the first crack, green the second, and 
blue the third. The crack pattern shown in Fig. 5 is displayed in transparent view and is practically 
the same on the bottom and top faces of the slabs.

The load-deflection curves for Model 1 and Model 2 are compared with the experimental data in 
Fig. 6(a). Key results are compared in Table 5.

  
First crack Maximum Load

Load [N] Deflection [mm] Load [N] Deflection [mm]

Experiment 10 673 2.43 29 597 17

Model 1 10 027 0.69 34 490 16

Model 2 8 409 0.58 32 568 15

The results obtained with Model 1 and Model 2 are similar. Compared with the experiment, the 
numerical simulations predict lower cracking loads and corresponding deflections, while the max-
imum-load predictions and corresponding deflections also differ from the experimental values. 

Results and 
Discussion

Table 5
Results for the  

NAC-Steel slab.
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Fig. 4 
Deformed shapes of the 
NAC-Steel slab:  
a Model 1; b Model 2.

Fig. 5 
Crack patterns of the 
NAC-Steel slab:  
a Model 1;  
b Model 2;  
c experiment.

Fig. 6 
a Load-deflection curves;  
b axial displacement 
in concrete versus 
deflection for the  
NAC-Steel slab.

and Mesh 4, n  6). The mesh divisions in the other slab dimensions were adjusted proportionally. A 
load of 35,000 N was applied, and a linear-elastic material with E  35,400 N/mm  was assumed. The 
slab deflections were compared. The difference between the shell-element solution and the four solid-
element meshes ranged from 44% for Mesh 1 to 0% for Mesh 4; Mesh 3 differed by 3%. Thus, three 
elements through the slab thickness are sufficient to represent the bending shape of the slab. Using six 
elements through the thickness results in a very dense mesh in the other dimensions, which in turn causes 
convergence difficulties in the nonlinear analysis.

An in-plane mesh-sensitivity study was performed for the NAC-Steel slab using nonlinear analyses. Four 
meshes were considered. Two corresponded to Model 1 and Model 2, and two additional regular meshes, 
M1 and M2, were included. The total numbers of elements, N, were as follows: M1, N  180; Model 1, 
N  336; Model 2, N  720; and M2, N  2,880. The analyses were performed under displacement control 
with a maximum displacement of 16 mm. The cracking load, the corresponding displacement, and the 
force at the final step were compared. The difference in cracking load ranged from 11% between Model 
1 and M1 to 3.2% between M2 and Model 2. The corresponding displacement differences ranged from 
12.2% to 3.6%. At the final step, the results were practically identical. As expected, the percentage 
differences decreased with increasing mesh density. The absolute values of the cracking load and 
corresponding displacement also decreased. This occurs because increasing the number of elements 
reduces the overall numerical stiffness of the slab. Element displacements therefore increase, and the 
corresponding stress gradients cause the maximum tensile stress to be reached earlier at the Gauss points. 
This effect also leads to a denser crack pattern, as discussed in the following section. The results indicate 
that the mesh used in Model 2 is sufficiently refined for the subsequent analyses. The M2 mesh is very 
dense and causes convergence difficulties.

Results and Discussion
The experimental data for all slabs were obtained from Zaharieva et al. (2022) and Traykova et al. 
(2024).

Results for the NAC-Steel Slab
This slab is made of natural aggregate concrete and steel reinforcement. Material data are presented in 
Tables 1 and 2. The static scheme is shown in Fig. 1(c), and the reinforcement distribution is shown in 
Fig. 2(a). The deformed shapes at the final stage for both models are shown in Fig. 4. The crack patterns 
from the two models and the experimental crack distribution are shown in Fig. 5.

Fig. 4. Deformed shapes of the NAC-Steel slab: (a) Model 1; (b) Model 2.
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Fig. 5. Crack patterns of the NAC-Steel slab: (a) Model 1; (b) Model 2; (c) experiment.

In ANSYS, concrete crushing at a Gauss point is indicated by an octagonal symbol, while crack 
formation is indicated by circles of different colours. Red marks the first crack, green the second, and 
blue the third. The crack pattern shown in Fig. 5 is displayed in transparent view and is practically the 
same on the bottom and top faces of the slabs.
The load-deflection curves for Model 1 and Model 2 are compared with the experimental data in Fig. 
6(a). Key results are compared in Table 5.
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Experiment 10 673 2.43 29 597 17
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Model 2 8 409 0.58 32 568 15
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formation is indicated by circles of different colours. Red marks the first crack, green the second, and 
blue the third. The crack pattern shown in Fig. 5 is displayed in transparent view and is practically the 
same on the bottom and top faces of the slabs.
The load-deflection curves for Model 1 and Model 2 are compared with the experimental data in Fig. 
6(a). Key results are compared in Table 5.

Table 5. Results for the NAC-Steel slab.

  First crack Maximum Load
Load [N] Deflection [mm] Load [N] Deflection [mm]

Experiment 10 673 2.43 29 597 17
Model 1 10 027 0.69 34 490 16
Model 2 8 409 0.58 32 568 15

  
Fig. 6. (a) Load-deflection curves; (b) axial displacement in concrete versus deflection for the NAC-Steel 
slab. 

The results obtained with Model 1 and Model 2 are similar. Compared with the experiment, the numerical 
simulations predict lower cracking loads and corresponding deflections, while the maximum-load 
predictions and corresponding deflections also differ from the experimental values. The numerical slabs 
are slightly stiffer. Model 1 agrees more closely with the experimental results than Model 2, which may 
be related to its smaller number of finite elements. Overall, the numerical results show good agreement 
with the experiment. However, as noted above, when the reinforcement is modelled as elastic-plastic, 
yielding occurs in the rebars, contrary to the experimental observations. A possible explanation is the 
higher stiffness of the numerical models. Axial displacement is compared in Fig. 6(b) and is measured at 
point A (see Fig. 1(c)) along the slab length. The two numerical models give similar results and are close 
to the experimental data. The main difference occurs in the maximum displacement values. Because the 
numerical analyses use displacement-controlled loading, whereas the experiment is force-controlled, this 
difference is expected. Another difference is the jump in axial displacement associated with significant 
horizontal crack formation at a deflection of approximately 4 mm. The likely reason for this jump is the 
absence of dowel action in the numerical model. Nevertheless, the numerical solutions are sufficiently 
accurate for practical use. 
 
Results for the NAC-GFRP Slab 
For this slab, glass-fibre-reinforced polymer (GFRP) bars are used. GFRP is modelled as a linear-elastic 
material because the stresses in the structure do not exceed its tensile strength. Material data are presented 
in Tables 1 and 2. The slab static scheme is shown in Fig. 1(c), and the reinforcement distribution in Fig. 
1(a). Crack patterns from Model 1, Model 2, and the experiment are shown in Fig. 7. The load-deflection 
curves are presented in Fig. 8(a), and key results in Table 6. Fig. 8(b) compares the reinforcement strain 
in a middle bar (point B in Fig. 1(a)). 

Table 6. Results for the NAC-GFRP slab. 
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   First crack Maximum Load 
Load [N] Deflection [mm] Load [N] Deflection [mm] 

Experiment 11 782 1.41 29 508 41 
Model 1 8 373 0.58 28 830 50 
Model 2 8 636 0.6 33 509 50 

The numerical slabs are slightly stiffer. Model 1 agrees more closely with the experimental re-
sults than Model 2, which may be related to its smaller number of finite elements. Overall, the 
numerical results show good agreement with the experiment. However, as noted above, when the 
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reinforcement is modelled as elastic-plastic, yielding occurs in the rebars, contrary to the experi-
mental observations. A possible explanation is the higher stiffness of the numerical models. Axial 
displacement is compared in Fig. 6(b) and is measured at point A (see Fig. 1(c)) along the slab 
length. The two numerical models give similar results and are close to the experimental data. The 
main difference occurs in the maximum displacement values. Because the numerical analyses 
use displacement-controlled loading, whereas the experiment is force-controlled, this difference 
is expected. Another difference is the jump in axial displacement associated with significant hor-
izontal crack formation at a deflection of approximately 4 mm. The likely reason for this jump is 
the absence of dowel action in the numerical model. Nevertheless, the numerical solutions are 
sufficiently accurate for practical use.

Results for the NAC-GFRP Slab
For this slab, glass-fibre-reinforced polymer (GFRP) bars are used. GFRP is modelled as a lin-
ear-elastic material because the stresses in the structure do not exceed its tensile strength. 
Material data are presented in Tables 1 and 2. The slab static scheme is shown in Fig. 1(c), and 
the reinforcement distribution in Fig. 1(a). Crack patterns from Model 1, Model 2, and the experi-
ment are shown in Fig. 7. The load-deflection curves are presented in Fig. 8(a), and key results in 
Table 6. Fig. 8(b) compares the reinforcement strain in a middle bar (point B in Fig. 1(a)).

  
First crack Maximum Load

Load [N] Deflection [mm] Load [N] Deflection [mm]

Experiment 11 782 1.41 29 508 41

Model 1 8 373 0.58 28 830 50

Model 2 8 636 0.6 33 509 50

For the NAC-GFRP slab, the numerical cracking loads are lower than the experimental value, while 
the maximum-load predictions differ between the two models; Model 1 is close to the experimental 
maximum load, whereas Model 2 overestimates it (Table 6). Model 2 gives a cracking load slightly 
closer to the experiment. Model 1 is softer than Model 2, which is unexpected because the smaller 
number of finite elements in Model 1 would normally suggest higher stiffness. This behaviour is 
mainly related to the reinforcement distribution. In Model 2, the reinforcement is uniformly distribut-
ed, which increases the model stiffness. This effect is more significant for weaker materials. Similar 
behaviour for the RAC-GFRP1 and RAC-GFRP2 slabs was reported by Traykova et al. (2024). The 
crack pattern from Model 1 agrees better with the experimental pattern because its reinforcement 
distribution more closely represents the actual reinforcement. The reinforcement strains from the 
two numerical models are practically identical. Because the cracking load in the numerical simula-
tions is lower than in the experiment, the difference in the onset of softening is expected (Fig. 8(b)). 
Overall, the reinforcement strain increases at approximately the same rate as in the experiment.

Results for the RAC-GFRP1 Slab
For this slab, recycled aggregate concrete is used, with 30% of the coarse aggregate replaced by 
high-quality, industrially produced recycled aggregate. The combination of GFRP rebars and RAC 
is promising for practical applications, particularly in concrete structures exposed to aggressive 
environments. The purpose of this analysis is to assess whether the Willam-Warnke material 
model and SOLID 65 can be used to model different concrete and reinforcement materials, includ-
ing RAC and GFRP. The physical characteristics of RAC are similar to those of natural aggregate 
concrete because the recycled aggregate is of high quality. The main difficulties in the present 
simulations are related to the brittle behaviour of GFRP and the sensitivity of the bond, especially 
in combination with RAC. In this study, the tensile-strength limit is not reached; therefore, brittle 

Table 6
Results for the  

NAC-GFRP slab.
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rupture is not modelled. Material data are presented in Tables 1 and 2. The static scheme is shown 
in Fig. 1(c), and the reinforcement distribution in Fig. 1(a).

The numerical and experimental results are compared in Fig. 9, Fig. 10, and Table 7.

Fig. 7 
Crack patterns of the 
NAC-GFRP slab:  
a Model 1;  
b Model 2;  
c experiment.

Fig. 8 
a Load-deflection curves;  
b load versus 
reinforcement strain for 
the NAC-GFRP slab.

Fig. 7. Crack patterns of the NAC-GFRP slab: (a) Model 1; (b) Model 2; (c) experiment.

Fig. 8. (a) Load-deflection curves; (b) load versus reinforcement strain for the NAC-GFRP slab.

For the NAC-GFRP slab, the numerical cracking loads are lower than the experimental value, while the 
maximum-load predictions differ between the two models; Model 1 is close to the experimental 
maximum load, whereas Model 2 overestimates it (Table 6). Model 2 gives a cracking load slightly closer 
to the experiment. Model 1 is softer than Model 2, which is unexpected because the smaller number of 
finite elements in Model 1 would normally suggest higher stiffness. This behaviour is mainly related to 
the reinforcement distribution. In Model 2, the reinforcement is uniformly distributed, which increases 
the model stiffness. This effect is more significant for weaker materials. Similar behaviour for the RAC-
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Fig. 8. (a) Load-deflection curves; (b) load versus reinforcement strain for the NAC-GFRP slab.
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maximum-load predictions differ between the two models; Model 1 is close to the experimental 
maximum load, whereas Model 2 overestimates it (Table 6). Model 2 gives a cracking load slightly closer 
to the experiment. Model 1 is softer than Model 2, which is unexpected because the smaller number of 
finite elements in Model 1 would normally suggest higher stiffness. This behaviour is mainly related to 
the reinforcement distribution. In Model 2, the reinforcement is uniformly distributed, which increases 
the model stiffness. This effect is more significant for weaker materials. Similar behaviour for the RAC-
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First crack Maximum Load

Load [N] Deflection [mm] Load [N] Deflection [mm]

Experiment 9 840 1.25 29 970 54

Model 1 9 101 0.58 30 535 50

Model 2 8 605 0.55 28 181 42

Table 7 
Results for the  
RAC-GFRP1 slab.
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The results in the figures and Table 7 show that, in this case, the numerical simulations are closer 
to the experimental results than in the previous cases. This applies to deflection, cracking load, 
maximum load, and reinforcement strain. These results indicate that RAC combined with GFRP 
reinforcement can be modelled satisfactorily using the SOLID 65 finite element. In addition, Model 
1 provides a better simulation of this slab’s behaviour.

Results for the RAC-GFRP2 Slab
The final slab uses the same materials as the previous slab but a different reinforcement distri-
bution, as shown in Fig. 1(b). The purpose of this variation is to investigate the influence of rein-
forcement distribution on slab behaviour. Implementing Model 1 for this slab would require a very 

Fig. 9
Crack patterns of the 

RAC-GFRP1 slab:  
a Model 1;  
b Model 2;  

c experiment.

Fig. 10
 a Load-deflection curves;  

b load versus 
reinforcement strain for 

the RAC-GFRP1 slab.

GFRP1 and RAC-GFRP2 slabs was reported by Traykova et al. (2024). The crack pattern from Model 1 
agrees better with the experimental pattern because its reinforcement distribution more closely represents 
the actual reinforcement. The reinforcement strains from the two numerical models are practically 
identical. Because the cracking load in the numerical simulations is lower than in the experiment, the 
difference in the onset of softening is expected (Fig. 8(b)). Overall, the reinforcement strain increases at 
approximately the same rate as in the experiment.

Results for the RAC-GFRP1 Slab
For this slab, recycled aggregate concrete is used, with 30% of the coarse aggregate replaced by high-
quality, industrially produced recycled aggregate. The combination of GFRP rebars and RAC is 
promising for practical applications, particularly in concrete structures exposed to aggressive 
environments. The purpose of this analysis is to assess whether the Willam-Warnke material model and 
SOLID 65 can be used to model different concrete and reinforcement materials, including RAC and 
GFRP. The physical characteristics of RAC are similar to those of natural aggregate concrete because 
the recycled aggregate is of high quality. The main difficulties in the present simulations are related to 
the brittle behaviour of GFRP and the sensitivity of the bond, especially in combination with RAC. In 
this study, the tensile-strength limit is not reached; therefore, brittle rupture is not modelled. Material 
data are presented in Tables 1 and 2. The static scheme is shown in Fig. 1(c), and the reinforcement 
distribution in Fig. 1(a).

The numerical and experimental results are compared in Fig. 9, Fig. 10, and Table 7.

Fig. 9. Crack patterns of the RAC-GFRP1 slab: (a) Model 1; (b) Model 2; (c) experiment.
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promising for practical applications, particularly in concrete structures exposed to aggressive 
environments. The purpose of this analysis is to assess whether the Willam-Warnke material model and 
SOLID 65 can be used to model different concrete and reinforcement materials, including RAC and 
GFRP. The physical characteristics of RAC are similar to those of natural aggregate concrete because 
the recycled aggregate is of high quality. The main difficulties in the present simulations are related to 
the brittle behaviour of GFRP and the sensitivity of the bond, especially in combination with RAC. In 
this study, the tensile-strength limit is not reached; therefore, brittle rupture is not modelled. Material 
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distribution in Fig. 1(a).
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Fig. 9. Crack patterns of the RAC-GFRP1 slab: (a) Model 1; (b) Model 2; (c) experiment.

Fig. 10. (a) Load-deflection curves; (b) load versus reinforcement strain for the RAC-GFRP1 slab.

Table 7. Results for the RAC-GFRP1 slab.
  First crack Maximum Load

Load [N] Deflection [mm] Load [N] Deflection [mm]
Experiment 9 840 1.25 29 970 54

Model 1 9 101 0.58 30 535 50
Model 2 8 605 0.55 28 181 42

The results in the figures and Table 7 show that, in this case, the numerical simulations are closer to the 
experimental results than in the previous cases. This applies to deflection, cracking load, maximum load, 
and reinforcement strain. These results indicate that RAC combined with GFRP reinforcement can be 
modelled satisfactorily using the SOLID 65 finite element. In addition, Model 1 provides a better 
simulation of this slab's behaviour.

Results for the RAC-GFRP2 Slab
The final slab uses the same materials as the previous slab but a different reinforcement distribution, as 
shown in Fig. 1(b). The purpose of this variation is to investigate the influence of reinforcement 
distribution on slab behaviour. Implementing Model 1 for this slab would require a very dense mesh, 
comparable to that of Model 2, because the spacing between rebars is only 45 mm. Given the dense 
reinforcement arrangement, only Model 2 is used. The results are presented in Fig. 11, Fig. 12, and Table 
8.

Fig. 11. Crack patterns of the RAC-GFRP2 slab: (a) Model 2; (b) experiment.
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dense mesh, comparable to that of Model 2, because the spacing between rebars is only 45 mm. 
Given the dense reinforcement arrangement, only Model 2 is used. The results are presented in 
Fig. 11, Fig. 12, and Table 8.

Fig. 11 
Crack patterns of the 
RAC-GFRP2 slab:  
a Model 2;  
b experiment.

Fig. 12 
a Load-deflection curves; 
b axial displacement 
in concrete versus 
deflection for the RAC-
GFRP2 slab.

Table 8 
Results for the  
RAC-GFRP2 slab.

Fig. 10. (a) Load-deflection curves; (b) load versus reinforcement strain for the RAC-GFRP1 slab.

Table 7. Results for the RAC-GFRP1 slab.
  First crack Maximum Load

Load [N] Deflection [mm] Load [N] Deflection [mm]
Experiment 9 840 1.25 29 970 54

Model 1 9 101 0.58 30 535 50
Model 2 8 605 0.55 28 181 42

The results in the figures and Table 7 show that, in this case, the numerical simulations are closer to the 
experimental results than in the previous cases. This applies to deflection, cracking load, maximum load, 
and reinforcement strain. These results indicate that RAC combined with GFRP reinforcement can be 
modelled satisfactorily using the SOLID 65 finite element. In addition, Model 1 provides a better 
simulation of this slab's behaviour.

Results for the RAC-GFRP2 Slab
The final slab uses the same materials as the previous slab but a different reinforcement distribution, as 
shown in Fig. 1(b). The purpose of this variation is to investigate the influence of reinforcement 
distribution on slab behaviour. Implementing Model 1 for this slab would require a very dense mesh, 
comparable to that of Model 2, because the spacing between rebars is only 45 mm. Given the dense 
reinforcement arrangement, only Model 2 is used. The results are presented in Fig. 11, Fig. 12, and Table 
8.

Fig. 11. Crack patterns of the RAC-GFRP2 slab: (a) Model 2; (b) experiment.
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Fig. 10. (a) Load-deflection curves; (b) load versus reinforcement strain for the RAC-GFRP1 slab.

Table 7. Results for the RAC-GFRP1 slab.
  First crack Maximum Load

Load [N] Deflection [mm] Load [N] Deflection [mm]
Experiment 9 840 1.25 29 970 54

Model 1 9 101 0.58 30 535 50
Model 2 8 605 0.55 28 181 42

The results in the figures and Table 7 show that, in this case, the numerical simulations are closer to the 
experimental results than in the previous cases. This applies to deflection, cracking load, maximum load, 
and reinforcement strain. These results indicate that RAC combined with GFRP reinforcement can be 
modelled satisfactorily using the SOLID 65 finite element. In addition, Model 1 provides a better 
simulation of this slab's behaviour.

Results for the RAC-GFRP2 Slab
The final slab uses the same materials as the previous slab but a different reinforcement distribution, as 
shown in Fig. 1(b). The purpose of this variation is to investigate the influence of reinforcement 
distribution on slab behaviour. Implementing Model 1 for this slab would require a very dense mesh, 
comparable to that of Model 2, because the spacing between rebars is only 45 mm. Given the dense 
reinforcement arrangement, only Model 2 is used. The results are presented in Fig. 11, Fig. 12, and Table 
8.

Fig. 11. Crack patterns of the RAC-GFRP2 slab: (a) Model 2; (b) experiment.
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Fig. 12. (a) Load-deflection curves; (b) axial displacement in concrete versus deflection for the RAC-GFRP2 slab. 

Table 8. Results for the RAC-GFRP2 slab. 

   First crack Maximum Load 
Load [N] Deflection [mm] Load [N] Deflection [mm] 

Experiment 10 948 1.31 29 970 54 
Model 2 8 480 0.54 31 244 41 

As expected, the numerical results for this slab agree more closely with the experimental results than the 
previous Model 2 results. This is because the slab has a dense reinforcement distribution that is better 
represented by Model 2. The numerical model predicts more cracks than observed in the physical 
experiment. According to Dere and Dede (2011), one possible explanation is that numerically predicted 
cracks correspond to clearly visible experimental cracks only when cracks are open in all three directions. 
The axial displacement results are shown in Fig. 12(b) and agree very well with the experiment. The 
main difference is a jump in axial displacement associated with significant horizontal crack formation at 
a deflection of approximately 9 mm. Nevertheless, the numerical solution shows very good agreement 
for practical purposes. 
Fig. 10(a) and Fig. 12(a) show that the RAC-GFRP2 slab has a smaller deflection than RAC-GFRP1 at 
a similar maximum load. This suggests that denser reinforcement distribution reduces slab flexibility 
(i.e., increases stiffness), as expected. Further details are provided by Zaharieva et al. (2022) and 
Traykova et al. (2024). 
 
Summary of Results 
Tables 5-8 show that, in all cases, the cracking load and corresponding displacement predicted by the 
numerical simulations are lower than the experimental values. At the final stage, the numerical results 
are close to the experimental results. 

The largest difference between the two models is 16% for the cracking load and corresponding 
displacement of the NAC-Steel slab. In the other cases, the difference is less than 5%. The largest 
difference between numerical modelling and the experiment is 26% for the cracking load and 
corresponding displacement of the NAC-GFRP slab. In the remaining cases, the cracking load predicted 
by Model 1 is closer to the experimental value than that predicted by Model 2. 

Comparison of Fig. 6(a) and Fig. 12(a) illustrates the difference in dowel action between GFRP and steel 
reinforcement. The experimental curves indicate significantly lower adhesion between concrete and 
GFRP reinforcement. 

Conclusions 
During numerical modelling, several significant difficulties and limitations were identified: 
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Model 2 8 480 0.54 31 244 41

As expected, the numerical results for this slab agree more closely with the experimental results 
than the previous Model 2 results. This is because the slab has a dense reinforcement distribution 
that is better represented by Model 2. The numerical model predicts more cracks than observed 
in the physical experiment. According to Dere and Dede (2011), one possible explanation is that 
numerically predicted cracks correspond to clearly visible experimental cracks only when cracks 
are open in all three directions.

The axial displacement results are shown in Fig. 12(b) and agree very well with the experiment. 
The main difference is a jump in axial displacement associated with significant horizontal crack 
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formation at a deflection of approximately 9 mm. Nevertheless, the numerical solution shows 
very good agreement for practical purposes.

Fig. 10(a) and Fig. 12(a) show that the RAC-GFRP2 slab has a smaller deflection than RAC-GFRP1 
at a similar maximum load. This suggests that denser reinforcement distribution reduces slab 
flexibility (i.e., increases stiffness), as expected. Further details are provided by Zaharieva et al. 
(2022) and Traykova et al. (2024).

Tables 5-8 show that, in all cases, the cracking load and corresponding displacement predict-
ed by the numerical simulations are lower than the experimental values. At the final stage, 
the numerical results are close to the experimental results.

The largest difference between the two models is 16% for the cracking load and correspond-
ing displacement of the NAC-Steel slab. In the other cases, the difference is less than 5%. The 
largest difference between numerical modelling and the experiment is 26% for the crack-
ing load and corresponding displacement of the NAC-GFRP slab. In the remaining cases, the 
cracking load predicted by Model 1 is closer to the experimental value than that predicted by 
Model 2.

Comparison of Fig. 6(a) and Fig. 12(a) illustrates the difference in dowel action between GFRP 
and steel reinforcement. The experimental curves indicate significantly lower adhesion be-
tween concrete and GFRP reinforcement.

During numerical modelling, several significant difficulties and limitations were identified:

	_ The shear stiffness of the reinforcing bars cannot be modelled; consequently, dowel action is 
excluded from the shear-transfer mechanism.

	_ Yielding appears in the steel reinforcement in the numerical model, contrary to the exper-
imental results. To remain consistent with the experimental observations, the steel was 
therefore modelled as linear elastic.

	_ Modelling GFRP reinforcement as a purely brittle material is difficult in practice. The ten-
sile strength of GFRP is sufficiently high that rupture was not observed in the experiments. 
Therefore, GFRP was modelled as a linear-elastic material.

	_ The theoretical model for concrete (NAC and RAC30) was adopted using the default software 
settings because sufficient material data were not available.

	_ For the shear-retention factors, values between 0.5 and 0.6 for β1 and 1.0 for β2 are 
recommended.

	_ Force-controlled loading does not capture the cracking process adequately. Therefore, dis-
placement-controlled loading is recommended. Despite these modelling limitations, the nu-
merical simulations show good agreement with the experimental results.

	_ From a practical perspective, the following conclusions can be drawn regarding the two 
modelling approaches (discrete - Model 1 and smeared - Model 2):

	_ Both models predict lower cracking loads and corresponding displacements than observed 
experimentally. Model 1 generally provides closer agreement than Model 2.

	_ The numerical crack patterns are more extensive than those observed experimentally but 
still provide a clear representation of crack distribution.

	_ The crack distribution predicted by Model 1 is closer to the experimental results than that 
predicted by Model 2.

	_ For densely distributed reinforcement, Model 1 would practically coincide with Model 2 and 
therefore offers little additional benefit.

Conclusions

Summary of 
Results
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	_ Additional experimental comparisons are needed to improve and further validate both 
models.

The main differences between the numerical models and the experiment occur during crack for-
mation. The numerical models predict a smoother cracking process than observed experimen-
tally. This may be related to the use of displacement-controlled loading in the numerical analyses 
versus force-controlled loading in the experiment. Another contributing factor may be the ab-
sence of dowel action in the numerical model.

With respect to the use of RAC and GFRP in structural design and their 
sustainability implications, the following conclusions can be drawn:

	_ Recycled aggregate concrete (RAC) reinforced with GFRP rebars can be successfully mod-
elled using the SOLID 65 finite element in ANSYS, subject to the limitation that dowel action 
is not represented.

	_ Conventional theoretical models can be applied to the flexural behaviour of GFRP-reinforced 
RAC and can subsequently be used for dimensioning structural elements such as slabs.

	_ The larger deflections of GFRP-reinforced slabs can be reduced to some extent by decreas-
ing the spacing between GFRP rebars.

	_ Combining RAC with GFRP reinforcement can help address some durability issues.

	_ Given the importance of recycled materials for sustainability, numerical modelling of RAC 
and GFRP can support their wider application in sustainable construction.
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