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Abstract 

At service load levels, shear-induced deflections of reinforced concrete (RC) slabs are small 

and therefore they are usually ignored in deflection calculations. However, shear-induced 

deflections can be large in RC slabs reinforced with Fibre Reinforced Polymer (FRP) bars, 

especially after the development of diagonal cracks. This article investigates the serviceability 

behaviour (deflections and crack widths) of FRP-reinforced slatted slabs cast with recycled 

aggregate concrete (RAC). Fifteen slabs were tested in flexure, including five slabs cast with 

normal concrete (NC), five slabs cast with RAC made with 50% recycled concrete aggregate, and 

five slabs cast with RAC made with 100% recycled concrete aggregate. The test results are 

compared to crack widths and deflection predictions given by current guidelines and Nonlinear 

Finite Element Analysis (FEA). The results show that, for the tested slabs with 100% recycled 

concrete aggregates, the predictions given by ACI 440.1R underestimate the experimental 

deflections by up to 30% at maximum load levels. Conversely, the sum of the flexural deflections 

given by Eurocode 2 and of the shear crack-induced deflections (calculated using a model proposed 

recently by the authors) match better the experimental deflections at both the onset of diagonal 

shear cracking load, and at the maximum load. The Concrete Damage Plasticity (CDP) model 

adopted in the FEA was found suitable to predict accurately the deformations of FRP RAC slabs. 

This study contributes towards the development of new more sustainable structural solutions for 

FRP RAC elements, as well as towards more accurate models to calculate their deflections. 
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1. Introduction 

Over the last decades, the amount of demolition waste from construction has increased 

significantly, which in turn has created environmental issues in many countries. Most of the 

demolition waste consists of materials that can be reused or recycled. In particular, recycled 

concrete aggregate (RCA) can be used to produce new recycled aggregate concrete (RAC) elements 

[1–4]. The use of RCA as a replacement of natural aggregate (NA) impacts positively the 

environment, reduces the carbon footprint and improves the use of natural resources [5–8]. Whilst 

early uses of RCA ware mainly in road construction [9–12], the sustainability agenda in the 

construction industry has positioned RCA as a feasible option to replace NA in new structural 

concretes.  

Numerous studies have examined the behaviour of structural elements made with RAC 

containing different amounts of RCA [13–21]. Overall, the results indicate that the use of RCA 

degrades the mechanical properties of the new RAC. This can be attributed to the high porosity of 

RCA, which also contains residues of mortar and surface cracks [14, 15, 19, 20]. For instance, the 

compressive strength of RAC can decrease by up to 30% when the RCA replaces 100% of the NA 

[14, 21–23]. As a result, maximum RCA replacement levels of 20-25% have been suggested so that 

new RAC can retain most of its strength and workability [13, 15–16, 21, 22, 24]. This is also 

reflected in current design guidelines [25-27] which limit the maximum replacement of coarse RCA 

to 20% in new structural RAC. In an attempt to recover the strength of RAC, surface treatments 

[28], removal of residual mortar [29] and other solutions [30–34] were proposed in past research. 

However, most of these solutions are relatively expensive and/or impractical to use at industrial 

scale [28, 35], and therefore a hindrance remains for the wider adoption of RAC in construction. 

Moreover, the inconsistency of experimental results (especially at high levels of aggregate 

replacement) and limited amount of data also makes standardisation difficult [13, 36, 37], and 

therefore more experimental data is still necessary. 

The hot and humid weather of Southeast Asia quickly corrodes the internal steel bars of 

reinforced concrete (RC) structures. This is particularly true in RC slatted slabs of livestock farms 

(Fig. 1a) where waste/faeces are cleaned up daily with pressurised water (Fig. 1b), thus reducing 
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the service life of such slabs to less than 10 years. This is a major issue for farmers, who face huge 

expenses due to the regular replacement of corroded slabs, as well as financial losses due to business 

interruption while the slabs are being replaced. Internal Fibre Reinforced Polymer (FRP) bars have 

proven to be a feasible option to prevent corrosion issues and to extend the service life of RC 

structures [38]. However, to date there is limited research on precast slatted slabs made with 100% 

RCA replacement levels [13,35-37,39] 

  
(a) Damage and corrosion of slab  (b) Daily cleaning with pressurised water  

Fig. 1.  Conventional steel RC concrete slatted labs in typical livestock shelter [39]. 

The overall deflections of RC elements subjected to flexure consist of the flexural, shear and 

rigid body components. Shear-induced deformations are normally negligible at service load levels, 

and therefore such deformations are usually ignored when calculating the total deflection of RC 

elements. However, recent research indicates that the component of shear-induced deflection can 

be large if FRP reinforcing bars are used [40], and that the amount of shear deformations can 

increase rapidly after the development of diagonal cracks, thus reducing considerably the overall 

stiffness of thin concrete elements [41-42]. Moreover, whilst FRP materials have been successfully 

used as both internal and external reinforcement [43-46], serviceability criteria (crack widths and 

deflections) often control the design of FRP RC slabs. Whilst in RC slabs most of the deflections 

at service load are due to flexural deformations, shear deflections can be significant once diagonal 

shear cracks develop. Previous work by Imjai et al. [47] showed that, after the service load level, 

additional deflections due to shear cracking in FRP RC elements can be up to 30% of the overall 

deflections. Imjai et al. [47] proposed a simple (yet accurate) model to calculate such additional 

shear crack-induced deflections of FRP RC beams cast with normal concrete. However, the 

https://doi.org/10.1016/j.istruc.2023.03.075


 

4 

 

accuracy of such model needs to be validated against further experimental data, including slabs cast 

with RAC. Moreover, to date no study has investigated the effect of shear crack-induced 

deformations on the deflections of precast concrete slabs made with 100% RCA. Likewise, only a 

few studies exist on the flexural behaviour of FRP RAC elements [48]. 

This article investigates experimentally, analytically and numerically the flexural behaviour 

of precast slatted slabs made with RAC. Specifically, this article provides new insight into the 

influence of shear-induced deformations in precast concrete slabs made of high content RAC, 

which is a novel aspect not examined in previous studies. To achieve this, fifteen slabs are tested 

under four-point bending. Partial (50%) and total (100%) replacement of NA with RCA are 

investigated. To extend the service life of the slabs, nine of the slabs are reinforced with internal 

Glass FRP (GFRP) bars. The results are compared against crack widths and deflection predictions 

given by current design guidelines. The results from the extensive experimental programme add 

new data and further insight into the serviceability behaviour of FRP-reinforced slatted slabs cast 

with 100% RCA. The study also validates the applicability of the novel model proposed by Imjai 

et al. [47] to assess the serviceability behaviour of FRP-reinforced slatted slabs cast with 100% 

RCA, which has not been investigated in previous research. Finally, nonlinear finite element 

analysis (FEA) provides further insight into the behaviour of the FRP RAC slabs. This study 

contributes towards the development of new more sustainable structural solutions for FRP RAC 

elements, as well as towards more accurate models to calculate their deflections. This is particularly 

significant because the design of FRP reinforced concrete structures is very often controlled by 

serviceability requirements, rather than ultimate capacity.  

2.  Experimental programme 

The main parameters investigated in the tests included the amount of RCA replacing NA and 

the type of flexural bars (steel or GFRP), as well as the reinforcement ratio. The fifteen slabs were 

divided into three Series: 1) Series NC, cast with a NA concrete, 2) Series 50RAC, cast with a mix 

where 50% of the NA was replaced with RCA, and 3) Series 100RAC, cast with a mix where 100% 

of the NA was replaced with RCA. 
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2.1 Slab geometry and reinforcement 

The slabs had a rectangular cross-section of 600×50 mm (width×depth) and a total length of 

1050 mm, as shown in Fig. 2a. A maximum practical live load of 4.0 kN/m2 was chosen in the 

design, which is typically used in the design of pigsty floors in Southeast Asia. Each test Series had 

five slabs: two slabs reinforced with ten longitudinal steel bars (diameters φ6 and φ9 mm), and 

three slabs reinforced with ten GFRP bars (diameters φ4, φ6 and φ9 mm). This led to over-

reinforced flexural reinforcement ratios in all slabs (see Table 1), except slabs with GFRP bars of 

φ4 mm which were (slightly) under-reinforced and thus they were expected to fail by FRP rupture. 

Comparatively, the balanced reinforcement ratio according to ACI 440.1R [49] was ρb = 1.33%. 

Three bars (φ6 mm) were also provided in the short direction of the slabs (Fig. 2a). The slabs had 

no reinforcement in the compression zone to minimise costs. It should be noted that the selected 

bars are the smallest commercial diameters available in Thailand. Table 1 summarises the 

characteristics of the slabs and the corresponding parameters examined in this study. In this table, 

the first letter and number of the ID refer to the type (S=steel, F=GFRP) and diameter of bars (φ4, 

φ6 or φ9 mm). The numbers and letters after the hyphen refer to type of concrete (NC or RAC) 

and, if applicable, to the percentage of RCA replacement (50% or 100%). For example, F6-50RAC 

designates an FRP-reinforced specimen with φ6 mm bars cast with RAC at a 50% replacement 

level. 

https://doi.org/10.1016/j.istruc.2023.03.075
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Fig. 2. Typical a) plan view and reinforcement details of slabs, and b) 3D view of test setup and 

instrumentation from top and bottom of slabs. 
 

Table 1. Details of precast slabs tested in this study. 

Slab ID Type of concrete Flexural reinforcement 

Bars & area (mm2) ρf (%) Type of bar 
S6-NC 

Series NC - Natural 

aggregate concrete 

10φ6 = 282.7 2.89 Steel 

S9-NC 10φ9 = 636.2 6.49 Steel 

F4-NC 10φ4 = 125.7 1.28 GFRP 

F6-NC 10φ6 = 282.7 2.89 GFRP 

F9-NC 10φ9 = 636.2 6.49 GFRP 

S6-50RAC 
Series 50RAC -Recycled 

aggregate concrete 50% 

replacement 

10φ6 = 282.7 2.89 Steel 

S9-50RAC 10φ9 = 636.2 6.49 Steel 

F4-50RAC 10φ4 = 125.7 1.28 GFRP 

F6-50RAC 10φ6 = 282.7 2.89 GFRP 

F9-50RAC 10φ9 = 636.2 6.49 GFRP 

S6-100RAC  

Series 100RAC - Recycled 

aggregate concrete 100% 

replacement 

10-φ6 = 282.7 2.89 Steel 

S9-100RAC 10φ9 = 636.2 6.49 Steel 

F4-100RAC 10φ4 = 125.7 1.28 GFRP 

F6-100RAC 10φ6 = 282.7 2.89 GFRP 

F9-100RAC 10φ9 = 636.2 6.49 GFRP 

 

2.2 Material properties 

2.2.1 Flexural bars  

All slabs with an “F” in their ID were reinforced with thermoset GFRP bars made of an 

epoxy matrix and continuous unidirectional glass fibres (65% by volume). The GFRP bars had a 
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rough surface produced by peel ply. Table 2 lists the average mechanical properties of the GFRP 

bars obtained from six bar coupons tested in direct tension. Table 2 also reports the yield stress 

and ultimate stress of the steel bars. 

Table 2. Mechanical properties of bars used in the slabs. 

Type of bar 
Nominal 
diameter 

(mm) 

Modulus of 
elasticity 

(GPa) 

Ultimate tensile 
stress 
(MPa) 

Ultimate strain 
(%) 

GFRP 
φ4 46.2 890 1.9 
φ6 45.6 850 1.8 
φ9 45.6 750 1.7 

Steel 
φ6 210  (260*) 420 28 

φ9 210  (255*) 405 21 

Note: *Average yield stress. 

2.2.2 Concrete mixes 

Ordinary Portland Cement (OPC) type I was used to cast the slabs. The RCA replaced both 

coarse and fine NA at levels of 50% (Series 50RAC) and 100% (Series 100RAC). The RCA was 

sourced from 150×300 mm concrete cylinders tested during the construction of a local structure. 

The original average compressive strength of the cylinders was 45 MPa. The cylinders were 

crushed to aggregate sizes of 9 mm (RCA#1) and 12 mm (RCA#2), as shown in Fig. 3a. These 

sizes matched the original size distribution of the NA, as shown in Fig. 3b. Fine RCA (RCA-FA) 

was also sieved and collected in a tray under the crushing machine. Table 3 summarises the 

physical and mechanical properties of all aggregates. 

  
 
 

(a) 
  

(b) 

Fig. 3. (a) View of coarse and fine recycled concrete aggregate (RCA), (b) particle size 

distribution of natural aggregate (NA) and RCA. 
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Table 3. Physical and mechanical properties of aggregates. 

Properties 
Coarse aggregates Fine aggregates 

CA RCA#2 RCA#1 FA RCA-FA 

Bulk specific gravity (SSD) 2.71 2.43 2.51 2.60 2.77 

Unit weight (kg/m3) 1730 1397 1425 1550 1400 

Water absorption (%) 0.28 4.59 5.13 1.05 2.65 

Moisture (%) 0.61 2.24 2.14 1.35 2.42 

Fineness modulus - - - 2.7 1.8 

Max. size (mm) 19.1 18.6 9.8 4.76 4.70 

Impact value (%)  10.15 13.4 12.5 - - 

Crushing value (%)  21.77 23.12 20.12 - - 

Residual mortar (%)  - 32.5 30.2 - 32.5 

 

Table 4 summarises the three mix designs used to cast the slabs. The target compressive 

strength was 40 MPa and the target slump was 90 mm. The mixes were designed according to ACI 

211.1 [50] using a liquid/cement ratio of 0.55, where the liquid includes both water and 

superplasticiser (SP in Table 4). Superplasticiser was added to increase the workability of both NC 

and RAC mixes. However, the proportion of water and superplasticiser was adjusted in each RAC 

mix to account for the higher water absorption of RCA. This design approach has proven successful 

at producing consistent and workable RAC mixes with high RCA content in recent studies by the 

authors [13,51]. Moreover, an additional 5 kg of silica fume was added to improve the workability 

of the RAC mixes. Table 5 shows the mechanical properties and standard deviations of the NC, 

50RAC and 100RAC mixes at 28 days. The mean compressive strength was obtained from three 

150 mm cubes and three 100×200 cylinders according to BS EN 12390-3 [52]. The indirect tensile 

splitting strength (fct) was determined from tests on six 100×200 mm cylinders, according to BS 

EN 12390-6 [53]. The flexural strength (fct,fl) was obtained from four-point bending tests on three 

100×100×500 mm prisms according to BS EN 12390-5 [54]. The mean modulus of elasticity 

calculated according to Eurocode 2 [55] was Ecm=31.1, 29.9 and 28.8 GPa for the NC, 50RAC and 

100RAC mixes, respectively. All cubes, cylinders and prisms were cast at the same time and cured 

together with the slabs until the day of testing. 
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Table 4. Concrete mix proportions (in kg/m3) and slump test results 

Mix Type CEM I CA  
 

RCA 
coarse 

FA RCA-FA Water+SP Silica 
fume 

Slump 
(mm) 

NC 357 1069 - 719 - 195 - 90 

50RAC 357 505 564 350 350 195 5 85 

100RAC 357 - 864 - 840 195 5 80 

 

Table 5. Mechanical properties of concrete mixes at 28 days. 

 Cylinder  
compressive 
strength fcm  

(MPa) 

Cube  
compressive 
strength fc,cm   

(MPa) 

Tensile  
strength fct  

(MPa) 

Flexural  
strength fct,fl  

(MPa) 

Mix type Mean SD Mean SD Mean SD Mean SD 

NC 42.0 3.3 45.9 3.8 4.1 1.5 4.5 1.2 

50RAC 39.5 4.4 42.3 4.8 3.3 1.5 3.5 1.7 

100RAC 37.1 4.5 39.3 5.4 3.1 1.1 3.1 1.5 

 

Fig. 4a shows a typical plan view of an F4-100RAC specimen during casting. During 

construction, the concrete was carefully cast while the moulds were being gently compacted using 

a vibrating table (Fig. 4b).  

 
(a)  (b)  

Fig. 4. (a) Plan view of typical slab moulds and FRP bars, and (b) compaction of concrete during 
casting. 

2.3 Test setup and instrumentation 

The slabs were tested in four-point bending according to the schematic setup shown in Fig. 2b. 

The slabs were simply supported on pins and rollers located at 50 mm from the edge of the slab, 

which reflects typical installation practices in livestock farms. The free span was therefore 950 mm, 

https://doi.org/10.1016/j.istruc.2023.03.075
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whereas the shear span was 237.5 mm. The shear span to effective depth (effective depth = 35 mm) 

ratio a/d was equal to 6.7. Accordingly, the slabs were classified as Type II in Kani’s shear valley 

and therefore the “beam action” was expected to be a combination of flexure and shear [56]. 

The load was applied using a 250 kN actuator in displacement control mode at a rate of 1.0 

mm/min. A stiff transfer beam was used to transfer the load to the slabs. The deflections at the mid-

span were measured using three Linear Variable Displacement Transducers (LVDTs) located at the 

bottom of the slabs (see Fig. 2b). Two additional LVDTs were also placed above the supports (on 

top of the slabs) to calculate net deflections. A strain-gauge (SG1) bonded onto the flexural steel 

or GFRP bars monitored the strains at the mid-span during testing (see Fig. 2a). Flexural and shear 

cracks were visually tracked and marked at approximately every 1 kN. The width of selected (i.e. 

most significant) cracks was measured using a handheld micrometre with an accuracy of 0.002 mm. 

The formation and widening of shear cracking was also monitored at the slabs’ soffit near the 

supports as diagonal cracking was expected to initiate at these locations. These shear crack width 

readings were used later to assess the shear crack-induced deflections of the slabs, as described in 

sections 3.2 and 4.2. Eventually, all slabs were tested up to failure. 

 

3. Results and discussion 

3.1 Load-deflection curves and failure modes 

Fig. 5a, b and c compare, respectively, the load–mid-span deflection curves of slabs NC, 

50RAC and 100RAC. Table 6 summarises the test results in terms of a) load at onset of flexural 

cracking Pcr and corresponding mid-span deflection Δcr, b) maximum load Pmax and corresponding 

deflection Δmax, c) failure mode, d) energy absorption of the slabs, and e) measured crack widths. 

The maximum recorded load was considered as Pmax. All tests were halted after a drop of 10-20% 

in Pmax, once a clear failure mode was identified. The value was calculated as a total area under 

the load-deflection curve up to a drop of 10% in Pmax. 
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Fig. 5. Load-deflection curves of slabs (a) NC, (b) 50RAC, and (c) 100RAC. 

As shown in Fig. 5a-c, all the slabs had a linear response until the onset of flexural cracking at 

Pcr. Fig. 5a and the data in Table 6 show that the average Pcr of slabs NC (4.46 kN) was 12% higher 

than the cracking load at service condition Ps (or 4 kN/m2). Conversely, Fig. 5b-c show that the 

average Pcr of slabs 50RAC (2.98 kN) and slabs 100RAC (3.12 kN) were below Ps, which indicates 

that flexural cracks developed before reaching such service load level. At load Pcr, slabs NC had 

an average mid-span deflection (2.98 mm) 8% higher than the average mid-span deflection of slabs 

50RAC (2.72 mm), but 3% lower than the average of slabs 100RAC (3.04 mm). All slabs met the 

deflection limit of L/240 imposed by ACI 318 (see Fig. 5a-c).  

Major flexural cracks were observed as the load increased. The stiffness of the load–deflection 

curve of slabs “F” reduced gradually when the strain in the longitudinal GFRP bars reached 4500-

5000 με. Overall, the maximum capacity Pmax of slabs “S” was higher than that of counterpart slabs 

“F”. It was also found that the mid-span deflections max of slabs “S” (see Table 6) were somehow 

40 40

40
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similar, regardless of the type of concrete used to cast the slabs. For FRP-reinforced slabs with 

similar reinforcement ratios, the capacity Pmax of RAC slabs was always lower than that of NC 

counterparts (up to 27% and 24% for 50% and 100% levels of RCA replacement, respectively). 

However, the use of RAC instead of normal aggregate concrete affected the mid-span deflections 

Δmax only marginally, with such a value sometimes decreasing and others increasing. It should be 

noted that the variations of the ultimate load of slabs with different RCA contents can be attributed 

to the natural variability of the RCA itself, as well as to the presence of residue mortar on the RCA. 

These aspects are known to deteriorate bond stresses between FRP and concrete, and therefore the 

ultimate performance of RAC elements. 
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Table 6. Summary of main results of tested slabs. 

Series ID 
Pcr 

(kN) 

Δcr 

(mm) 

Pmax 

(kN) 

Δmax 

(mm) 

Failure  

modea 

 wf @ Ps (mm) Smax @ Pmax (mm) 

(kN-mm) Test Predicted b Test Predicted b 

 

NC 

 

S6-NC 4.6 2.9 28.6 26.1 CC 409 0.38 0.54 3.25 4.94 

S9-NC 4.8 3.0 35.5 30.9 CC 678 0.25 0.27 2.30 2.37 

F4-NC 4.1 3.1 18.1 26.2 BR 333 0.60 0.94 4.30 6.96 

F6-NC 4.3 3.0 23.1 38.5 CC 686 0.35 0.45 2.35 3.23 

F9-NC 4.5 2.9 30.1 45.8 CC 831 0.20 0.23 1.25 1.50 

 

50RAC 

 

S6-50RAC 3.1 2.4 25.9 23.0 CC 326 0.43 0.54 4.30 4.94 

S9-50RAC 3.0 2.3 33.2 31.7 CC 631 0.25 0.27 1.15 2.37 

F4-50RAC 3.1 3.0 15.2 29.3 BR 332 0.75 0.94 6.40 6.96 

F6-50RAC 2.9 3.0 16.8 33.1 CC 429 0.40 0.45 2.45 3.23 

F9-50RAC 2.8 2.9 24.2 42.1 CC 539 0.15 0.23 1.40 1.50 

 

100RAC 

 

S6-100RAC 3.2 3.0 25.6 25.9 CC 259 0.42 0.54 3.55 4.94 

S9-100RAC 3.3 2.9 29.8 31.0 CC 464 0.25 0.27 2.10 2.37 

F4-100RAC 3.0 3.2 13.8 27.9 BR 291 0.80 0.94 5.40 6.96 

F6-100RAC 3.0 3.1 17.8 36.2 CC 466 0.35 0.45 3.25 3.23 

F9-100RAC 3.1 3.0 23.9 46.7 CC 553 0.20 0.23 1.45 1.50 

Notes: a BR=GFRP bar rupture, CC=concrete crushing. bCrack widths predicted by ACI 318 or ACI 440.1R (Eq. A.6).

https://doi.org/10.1016/j.istruc.2023.03.075
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As shown in Table 6, all slabs “S” failed by concrete crushing (CC) regardless of the 

type of concrete. As expected, the three under-reinforced slabs F4 failed due to bar rupture (BR) 

at bar strains of 1.0%-1.5%. Comparatively, over-reinforced slabs F6 and F9 failed due to 

concrete crushing (CC). The failure mode of all tested slabs was controlled by a combination of 

flexure and diagonal shear cracking. Fig. 6 shows typical failures of RAC slabs, which are 

representative of the slabs tested in this study. 

 

 
 

Fig. 6. Typical failure of tested slabs (Series 100RAC). 

Table 6 also compares the energy absorption of each slab. The energy absorption for NC 

specimens was generally higher than the counterpart RAC specimens with similar reinforcement 

ratio. The results also show that, for the same type of concrete, slabs “F” had higher energy 

absorption that the counterpart slabs “S” with similar reinforcement ratio (except slab F9-

50RAC). In general, small energy absorption was observed in slabs that failed due to bar rupture 

(BR). 

3.2 Crack widths and crack spacing 

Fig. 7a compares the (average) measured crack spacing at the constant moment zone of 

the slabs, and the maximum crack spacing Smax predicted by ACI 318 (slabs “S”) or ACI 440.1R 

S6-100RAC 
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(slabs “F”). The results show that, compared to the measured crack spacings of slabs “S”, the 

maximum crack spacings calculated by ACI 318 were conservative (22% on average). Moreover, 

the maximum crack spacings predicted by ACI 440.1R were also conservative (17% on average) 

for slabs “F” when compared to the experimental values. The closer crack spacing of slabs “S” 

can be attributed to the development of a more uniform (better) bond along the steel bar–concrete 

interface, when compared to the FRP bar–concrete interface of slabs “F”. The results in Fig. 7a 

also confirm that the ACI approach predicts conservatively the crack spacing of the slatted slabs 

tested in this study. 

 

  

Fig. 7. Comparison of experimental and ACI predictions of (a) maximum (average) crack 

spacing and (b) crack width at Pcr at service load level. 

Fig. 7b compares the measured crack width wf at Pcr and the corresponding ACI 440.1R 

predictions. At Pcr, the measured crack width of slabs “S” (all series) was 0.25-0.43 mm, which 

is close to the predicted values. The measured crack widths of slabs F4 (0.60 mm for NC, 0.75 

mm for 50RAC and 0.80 mm for 100RAC) were wider compared to the crack widths of slabs F6. 

At the service load condition Ps, the observed crack widths of specimens F4 were >0.5 mm and 
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therefore above the serviceability crack width limits suggested in ACI 440.1R. This can be 

attributed to the fact that the φ4 mm GFRP bars were rather small and thus unable to provide a 

good bond resistance between the bars and the concrete. On the other hand, for slabs F6 and F9 

(with larger bar diameters), the observed crack widths were <0.5 mm and therefore the slabs met 

the serviceability limits of ACI 440.1R. The results in Fig. 7b also indicate that, at the service 

load  level of slabs “S”, the crack widths calculated by ACI 318 were on average only 7% larger 

than the crack widths measured in the tests. For Series NC, 50RAC, 100RAC, the crack widths 

at maximum load calculated by ACI 440.1R were conservatively 15%, 12% and 10% higher than 

the measured crack widths, respectively. 

The results in this section confirm that ACI 440.1R predicts conservatively the crack 

widths of the FRP-reinforced RAC slabs at service load (within 7%) and maximum load (within 

25%). However, further tests and analyses with different recycled aggregate concretes are 

necessary to fully validate this observation. This is particularly true because the actual 

characteristics of the cracks rely heavily (among others) on concrete properties such as the 

compressive strength, as well as the bond stress mobilised between the FRP bars and surrounding 

concrete. 

 

4. Analysis of FRP RC slab deflections 

4.1. Flexural deflections 

To calculate flexural short-term deflections of FRP RC elements, ACI 440.1R [49] adopts 

an effective moment of inertia Ie, as defined by Eq. (1): 

𝐼𝑒 =
𝐼𝑐𝑟

1 − 𝛾 (
𝑀𝑐𝑟
𝑀𝑎

)
2

(1−
𝐼𝑐𝑟
𝐼𝑔
)

 
(1) 

where 𝐼𝑔 and 𝐼𝑐𝑟 are the gross and cracked moments of inertia, respectively; and 𝑀𝑐𝑟 and 𝑀𝑎 are 

the cracking and applied flexural moment, respectively. The factor 𝛾 in Eq. (1) depends on the 

load and boundary conditions, which implicitly accounts for the length of the member's uncracked 

areas. A value 𝛾=1.72-0.72(Mcr/Ma) is recommended for FRP RC members [57,58]. 



Imjai T, Garcia R, Kim B, Hansapinyo C, Sukontasukkul P, "Serviceability behaviour of FRP-reinforced slatted slabs made of high-content 
recycled aggregate concrete", Structures, 51 (May 2023), 1071-1082. https://doi.org/10.1016/j.istruc.2023.03.075 
 

17 

 

Eurocode 2 [55] includes the effect of tension stiffening and proposes Eq. 2 to calculate the short-

term deflection due to flexure of FRP RC members: 

∆= 𝛽 (
𝑀𝑐𝑟

𝑀𝑎
)
2

∆𝑔 + [1 − 𝛽 (
𝑀𝑐𝑟

𝑀𝑎
)
2

]∆𝑐𝑟 (2) 

where ∆𝑔 and ∆𝑐𝑟 are the uncracked and cracked-state deflections, respectively; 𝛽 is a duration 

or repetition load factor; and the rest of the variables are as defined before. For concrete elements 

reinforced with GFRP bars, a value 𝛽=0.5 is recommended [59]. 

4.2. Shear crack-induced deflections 

The authors have proposed a novel model to account for the additional shear crack-

induced deflections in GFRP RC elements [47]. The model assumes that idealised shear cracks 

form within the shear span a of an element, as shown in Fig. 8a. Accordingly, the additional shear 

crack-induced deflection can be calculated using Eq. (3): 

∆𝑠𝑐= ∑[
𝑤𝑖 ∙ 𝑆𝑖𝑛𝜃𝑖

𝑦𝑖
] ∙ [

𝐿/2

1 + (𝑙1/𝑙2)
] (3) 

where 𝑤𝑖 is the width of the shear cracks; 𝜃𝑖 is the inclination angle of the shear cracks; yi is the 

height of the crack tips; and L is the total span of the flexural member (L=l1+l2).  

In reality, the locations of actual shear crack tips are unknown, which in turn makes 

measuring their location difficult. As a result, Eq. (3) was simplified by assuming that the tip of 

a single fictitious shear crack of width 𝑤𝑠 (where 𝑤𝑠 is the sum of all the shear crack widths) is 

located very close to the loading point within the shear span a, as illustrated in Fig. 8c. This in turn 

defines the horizontal distances from the individual crack tip to the support l1 and l2. Therefore, 

the horizontal distance l2 can be defined as approximately equal to the shear span a. By assuming 

𝜃=45o and y=0.9h (h=element depth), Eq. (3) can be re-written as: 

∆𝑠𝑐= 0.393𝑤𝑠 (
𝑎

ℎ
) (4) 

In this study, Eq. (4) was used to calculate the additional shear crack-induced deflections 

of the tested slabs. Note that the results from Eq. (4) have to be added to the flexural deflections 

to calculate the total deflection of the slabs. 
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Fig. 8.  Shear crack-induced deflection model by Imjai et al. [47]. 

4.3. FEA predictions 

To provide further insight into the deflections of RAC slabs, slabs “F” were modelled 

using Abaqus® software [60]. The analyses were performed with the inclusion of both material 

and geometric nonlinearities. The concrete of all slabs was modelled using C3D10M tetrahedron 

elements (see Fig. 9) with a modified second-order integration scheme. The optimisation mesh 

sensitivity topology function for curved and irregular zones built in Abaqus® was adopted. This 

function is automatically implemented by the software to minimise errors due to distortions during 

the analysis. The optimum global maximum mesh size was automatically set to 10 mm. 

 

Fig. 9. 3D tetrahedron meshing in FE model. 
 

The material properties were taken from the laboratory test results listed in Table 2. A 

concrete damaged plasticity (CDP) model was adopted in the analyses, which is extensively used 

in the analysis of RC structures [61,62]. Accordingly, the constitutive uniaxial compressive 

behaviour was linear up to the initial yield point, σc0, as shown in Fig. 10a. Afterwards, the plastic 
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zone is represented by stress hardening up to the ultimate stress σcu, followed by strain softening 

beyond the ultimate stress. Under uniaxial tension, the stress-strain relationship is linear-elastic 

up to the failure stress σt0, which corresponds to the initiation of micro-cracking (Fig. 10b). 

Beyond the failure stress, the formation of cracks in the tensioned zone is represented by a 

softening stress-strain response, which induces strain localisation (‘jumps’) in the concrete 

structure. The recycled concrete was defined using the CDP model by Liu and Chen [63]. 

 

 
 

Fig. 10. Constitutive models of recycled concrete materials for FE analyses (a) uniaxial 
compression, (b) softening diagram in tension 

 

The compressive stress-strain relationship was calculated using the fib Model Code 2010 

[64]. To take into account its dependency on the specimen geometry and ensuring almost mesh-

independent simulation results, the descending branch in Fig. 10a was obtained using the 

formulation proposed by Kratzig & Polling [65]. Likewise, the nonlinear descending branch of 

the tensile stress-strain relationship in Fig. 10b was derived from the stress-crack opening 

relationship proposed by Hordijk [66]. The compressive damage parameter Dc is as the ratio 

between the inelastic strain and total strain shown in Fig. 10a. Similarly, the tensile damage 

parameter Dt in Abaqus® is defined as the ratio of the cracking strain to the total strain (Fig. 10b). 

If damage parameters are not specified, the model behaves as a plasticity model. In this study, an 

exponential function was used to calculate do damage variable for both compression and tension 

behaviour. 
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The densities and Young’s moduli obtained from the tests were assigned to the FE model. 

The additional flow potential, yield surface, and viscosity parameters for the concrete damaged 

plasticity material model were: dilation angle=40°, eccentricity=0.1; fb0/fc0=1.17, and K=2/3 were 

adopted and used in this study. Since concrete exhibits softening behaviour and stiffness 

degradation that often led to severe convergence difficulties, a viscoplastic regularization 

technique was added to the CDP model to permit stresses to be outside of the yield surface by 

using a viscosity parameter μ=0.001. 

The GFRP bars were simulated using 2-node truss (T3D2) embedded elements with two 

Gauss-Legendre integration points. A linear stress-strain relationship was adopted for the GFRP 

bars. Since the main focus of the analysis was to examine the deflection of the slabs during 

service, perfect bond was assumed between the bars and the surrounding concrete. This was 

reasonable because there was no evidence of bond failures in the tested slabs. In many precast 

concrete elements however, bond-slip of the reinforcement can play an important role in the 

response, especially at high levels of load or after yielding of the steel reinforcement.  

The pin and roller supports of the experimental set-up were modelled using elastic 

C3D10M tetrahedron elements. The boundary conditions and loads were applied directly on the 

supports to avoid unrealistic stress fields in the slabs. The load was applied by direct 

displacement-control at the mid-span of the slab. To model the concrete slab, the element size 

was optimised and varied where the irregular geometry was detected.  

The numerical analysis was terminated at a pre-defined number of steps, which were 

defined based on the maximum load obtained from the tests in Section 2. Past research [46] shows 

that such approach is sufficiently accurate to examine numerically the serviceability behaviour 

(i.e. deflections and crack widths) of FRP RC elements. Accordingly, the numerical analysis of 

the slabs mainly focuses on the serviceability behaviour (SLS) of the slabs and not on their 

ultimate limit state (ULS). However, it should be mentioned that the modelling approach adopted 

here should not be generalised to other cases to those presented in this article until more numerical 

evidence becomes available. 
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Fig. 11a-b compare the maximum principal plastic strains given by the FEA and the actual 

damage of slab F9-100RAC, which is representative of other RAC slabs. Overall, the cracking 

patterns and concrete damage predicted by the FEA agree well with the experimental 

observations. The negative plastic strains shown in Fig. 11a are attributed to the support restrain 

conditions (the slabs were supported on steel pins with a bearing area of 50 mm), which in turn 

reflect real installation conditions of the slatted slabs. 

 

 
 

 

 
 

Fig. 11. Maximum principal plastic strains of F9-100RAC slab and specimen at failure. 

 

4.4. Comparison of deflections of FRP RC slabs  

Fig. 12a-i compare the load-deflection curves obtained from the tests and those calculated 

using the: a) ACI 440.1R approach (i.e. Eq. (1)), b) Eurocode 2 approach (i.e. Eq. (2)), c) 

Eurocode 2 approach plus the shear crack-induced deflections (i.e. Eq. (2) + Eq. (4)), and c) finite 

element analysis. It is also observed that, at diagonal cracking load level, the deflections of slabs 

50RAC and 100RAC are (on average) 23% higher than those of slabs NC. This can be attributed 

to the softer bond between FRP bars and RAC [67], which led to wider cracks and thus larger 

deflections when compared to NC slabs. However, the deflections at Pmax of counterpart slabs 

showed no clear increasing or decreasing trend. This confirms that, for the slabs tested in this 

study, the use of RAC had a minor effect on the deflections at maximum load. The results show 

that, for FRP-reinforced RAC slabs, the analytical and FEA results match well the experimental 

results before the onset of diagonal shear cracking. However, after diagonal cracking occurs, the 

ACI 440.1R approach tends to underestimate the deflections by up to 10%. At Pmax, the ACI 
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440.1R and EC2 approaches underestimate the deflections by up to 30% and 12%, respectively. 

Table 7 also compares the deflections of slabs “F” at the onset of diagonal shear cracking and at 

Pmax along with the corresponding analytical and FEA predictions. The table also include the 

Experimental/Prediction ratios (Exp./Pre.) and standard deviations (SD). The results in Table 7 

show that the deflections calculated according to Eurocode 2 plus the shear crack-induced 

deflection (i.e. Eq. (2) + Eq. (4)) match better the test results both at diagonal cracking load 

(Exp./Pre.=1.01, SD=0.03) and at maximum load Pmax (Exp./Pre=1.07, SD=0.03). This indicates 

that the additional component of deflection is due to the development of shear cracking. 

 

Fig. 12. Experimental vs FE predicted load-deflection curves of tested slabs. 
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The results in Fig. 12a-i and Table 7 also show that the Concrete Damage Plasticity 

(CDP) model adopted in the FEA was affective at predicting reasonably well the deflection of the 

slabs. After diagonal shear cracks formed, the deflections from the FEA were always lower than 

the measured deflections. However, the differences were always less than 5% (except for F4-NC) 

as confirmed by a Exp./Pre=1.03 and a SD=0.02. After diagonal cracking occurs, the FE 

predictions tend to underestimate the deflections of slabs “NC” (e.g. F6-NC and F9-NC). The FE 

predictions were expected to be stiffer than the experimental values since the additional 

deflections due to rigid crack opening were not considered in the analysis. Based on these results, 

it is evident that the FE predictions tend to underestimate deflections after major cracks form in 

the element (at Pmax, Exp./Pre=1.05 and a SD=0.04). This can be attributed to an overall 

underestimation of deformation due to several cracks opening simultaneously (such as shear 

cracks), an effect that is more pronounced after the onset of diagonal cracking as reported 

previously [59]. Based on these results, it can be concluded that CDP is an appropriate modelling 

approach to predict the deformations of RAC slabs reinforced with FRP bars reasonably well up 

to the maximum load level, especially for flexural-dominated concrete members such as slabs. It 

should be noted that, in the case of shear-dominated members (e.g. deep concrete beams), shear 

crack-induced deflections are expected to contribute more to the overall deformation of RAC 

elements. In this case, shear crack-induced deflections should always be considered in the 

serviceability limit state design. However, further analysis of structures with other types of RAC 

should be investigated to confirm the findings presented in this study. 
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Table 7. Comparison of experiment and calculated deflections of tested slabs. 
 

Series Specimen ID 
mid at diagonal cracking (mm)  mid at Pmax (mm) 

Exp. ACI 440.1R EC2 EC2+∆𝒔𝒄 FEA  Exp. ACI 440.1R EC2 EC2+∆𝒔𝒄 FEA 

NC 

F4-NC 24.5 20.8 24.5 25.3 25.1  26.2 20.9 25.3 25.9 26.0 

F6-NC 23.2 21.8 23.5 23.8 22.5  38.5 28.5 33.7 34.8 37.5 

F9-NC 24.7 21.6 23.1 23.5 23.5  45.8 38.6 41.2 42.6 45.8 

50RAC 

F4-50RAC 26.1 21.8 25.2 25.5 24.9  29.3 24.6 26.5 26.8 29.0 

F6-50RAC 28.9 24.5 28.4 28.5 28.6  33.1 26.5 29.1 30.2 32.5 

F9-50RAC 32.1 27.2 31.1 31.5 31.6  42.1 37.2 39.5 40.2 41.5 

100RAC 

F4-100RAC 25 21.9 24.6 25.1 24.5  27.9 22.4 25.4 25.8 27.9 

F6-100RAC 32.5 27.2 31 31.4 31.1  36.2 30.1 34.5 34.8 35.0 

F9-100RAC 34.7 31.2 34.4 34.5 33.5  46.7 39.4 44.8 45.1 46.1 

Average Exp./ Pre.           - 1.15 1.02 1.01 1.03  - 1.22 1.09 1.07 1.05 

SD - 0.04 0.03 0.03 0.02  - 0.06 0.04 0.03 0.04 

 
 

 

https://doi.org/10.1016/j.istruc.2023.03.075


Imjai T, Garcia R, Kim B, Hansapinyo C, Sukontasukkul P, "Serviceability behaviour of FRP-reinforced slatted slabs made of high-content 
recycled aggregate concrete", Structures, 51 (May 2023), 1071-1082. https://doi.org/10.1016/j.istruc.2023.03.075  
 

25 

 

5. Conclusions 

This article investigated experimentally and numerically the serviceability behaviour of FRP-

reinforced slatted slabs cast with recycled aggregate concrete (RAC). Fifteen slabs are tested in 

three Series: a) Series NC cast with natural aggregate concrete, b) Series 50RAC cast with a 

concrete made with 50% recycled concrete aggregate, and c) Series 100RAC cast with a concrete 

made with 100% recycled concrete aggregate. Finite Element Analyses (FEA) provided further 

insight into the deflections of the slabs. Based on the results of this study, the following 

conclusions can be drawn: 

 

● Overall, for FRP-reinforced slabs with similar reinforcement ratios, the maximum capacity 

of RAC slabs was always lower than that of counterpart slabs with natural aggregate concrete 

(up to 27% and 24% for 50% and 100% levels of natural aggregate replacement, respectively). 

However, the use of RAC instead of normal aggregate concrete affected the mid-span 

deflections at maximum load Pmax only marginally, with such a value sometimes increasing 

and others decreasing. 

● For the FRP-reinforced RAC slabs tested in this study, ACI 440.1R predicted conservatively 

the crack widths of at service load (within 7%) and maximum load Pmax (within 25%). 

● The results show that, for FRP RAC slabs, the analytical and Finite Element Analysis results 

matched well the experimental results before the onset of diagonal shear cracking. However, 

after diagonal shear cracking occurs, the ACI 440.1R approach underestimated the deflections 

by up to 10%. At maximum load Pmax, the ACI 440.1R and Eurocode 2 approaches 

underestimated the experimental deflections by up to 30% and 12%, respectively. 

● For the RAC slabs tested in this study, the addition of shear crack-induced deflections 

(calculated with a novel model proposed by the authors) to the flexural deflections given by 

Eurocode 2 led to more accurate predictions of deflections at both diagonal cracking load 
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(Exp./Pre.=1.01, SD=0.03) and at maximum load Pmax (Exp./Pre=1.07, SD=0.03). It is 

therefore suggested that shear crack-induced deflections are always considered when 

calculating the deflections of RAC elements where shear cracking occurs. 

● The Concrete Damage Plasticity approach adopted in the FEA was suitable to predict the 

deflections of FRP-reinforced RAC slabs reasonably well up to the maximum load. However, 

further research is necessary to validate this observation. 
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