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Abstract: This article investigates the punching shear behavior of recycled aggregate concrete (RAC) 

two-way slabs. Ten 1500 mm × 1500 mm × 100 mm slabs were tested monotonically. Eight slabs were 

cast with RAC, whereas two control slabs were cast with natural aggregate concrete (NAC). The 

RAC incorporated coarse recycled concrete aggregate (RCA) at replacement levels of 25%, 50%, 75% 

and 100%. Two flexural reinforcement ratios (0.8% and 1.5%) were examined. The results show that 

the normalized punching shear strength of 100% RAC slabs decreased by 6.5% and 9% compared 

to NAC slabs for  = 1.5% and  = 0.8%, respectively. Doubling the amount of flexural reinforcement 

can increase the punching shear capacity of 100% RAC slabs by up to 45%. A punching shear data-

base of 44 RAC slabs from literature and the 8 RAC slabs presented in this study revealed that the 

punching shear strength of RAC slabs predicted by ACI 318 was conservative, except for slabs with 

low reinforcement ratios (<0.6%). The punching shear strength predicted by Eurocode 2 gave more 

conservative results for all levels of RCA replacement and all flexural reinforcement ratios. A yield-

line analysis also showed that the failure mode of the RAC slabs was controlled by punching shear. 

Keywords: recycled aggregate concrete; punching shear; two-way slabs; slab–column connection; 

flexural reinforcement ratios; yield-line analysis 

 

1. Introduction 

Concrete is a primary construction material widely used in construction around the 

world. Demand for concrete keeps growing each year to meet the rapid economic and 

population growth, leading to increasing demands in natural aggregate production. The 

consumption of natural aggregate worldwide was approximately 48.3 billion tonnes in 

2015, and the demand is expected to double in the next two or three decades [1]. The 

extraction of aggregates from quarries and riverbeds poses several environmental issues, 

such as air and water pollution, destruction of natural habitats, as well as natural resource 

depletion. For these reasons, the construction industry is pushing towards more sustain-

able construction to minimize these environmental problems [2]. 

Numerous studies have focused on finding more sustainable and efficient use of ma-

terials in concrete, particularly on using alternative materials (such as waste glass and 

waste plastics) to substitute fine and coarse aggregates. For instance, plastic waste caps as 

coarse aggregates [3] or PET waste particles as sand replacement [4] have been used in 

reinforced concrete beams. However, the sustainability of the plastic industry itself is un-

der heavy scrutiny, and thus this industry is unlikely to meet the demand for aggregates. 

Besides the issue of natural resource depletion, another issue in the construction in-

dustry is construction and demolition waste (CDW). In the past, CDW has been primarily 

downgraded, or even dumped in open landfills. However, since the largest constituent of 
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concrete is coarse aggregate (which counts for approximately 60% of the concrete vol-

ume), efforts on reusing recycled aggregate concrete (RAC) have increased worldwide, 

especially in developed countries such as the USA, Europe, Japan, as well as China, where 

environmental concerns in construction are at the top of their agendas [5–7]. 

To date, most of the actual applications of RAC are limited to non-structural purposes 

(such as backfills and road sub-bases) due to skepticism and lack of suitable design guide-

lines for structural members. Although several research works have studied the structural 

behavior of RAC beams under flexure [8–15] and shear [16–39], some results are still con-

tradictory. This is especially true regarding the shear strength of members, where the 

physical variations of coarse recycled concrete aggregate (RCA) influence the response, 

and this has led to skepticism towards the real structural applications of RAC. 

The shear behavior of reinforced concrete members is complex. Shear predictions of 

such members are generally based on empirical formulae derived from a large test data 

set. Whilst research on shear of RAC beams exists, studies on the punching shear of RAC 

slabs are limited. Presenting the first report on punching shear capacity, Rao et al. [40] 

tested 15 RAC and 3 NAC slabs by varying the replacement levels of RCA from 0%, 20%, 

40%, 60%, 80%, and 100%. All slabs had dimensions of 1100 × 1100 × 50 mm and a constant 

0.63% flexural reinforcement. Their findings indicate that the punching shear capacity of 

100% RCA decreased by 14.1% compared to that of an equivalent NAC slab. 

RAC slab tests were also conducted by Reis et al. [41] on eight specimens with 0%, 

20%, 50%, and 100% RCA and 0.93% of the flexural reinforcement ratio. They found that 

RCA did not affect the punching shear capacity of the tested slabs, but instead it decreased 

the initial stiffness and cracking load. Francesconi et al. [42] conducted the experimental 

investigation of 12 slabs with RCA with replacement levels ranging from 30%, 50%, 80%, 

and 100%, and a flexural reinforcement ratio of 0.56%. Their results indicate that punching 

shear strengths of all RAC slabs were similar to those of NAC slabs. 

Mahmoud et al. [43] investigated the punching shear behavior of RAC slabs with 0%, 

30%, 60%, and 100% and two sizes (12.5 and 25 mm) of RCA. The authors reported that 

punching shear decreased as the replacement of NCA with RCA increased. Xiao et al. [44] 

also tested RAC slabs with and without steel fibers. Their findings indicated that the 

punching shear capacity of RAC slabs without fibers, ductility, and energy dissipation 

decreased with increasing levels of RCA replacement. 

Sahoo et al. [45] performed 18 punching shear tests of RAC slab–column connections 

with 0%, 50%, and 100% RCA. The authors concluded that punching shear capacities were 

practically independent of RCA replacement levels. They also proposed a simple strut-

and-tie model to predict the punching shear strength of RAC slabs. 

In most previous studies, the RCA replacement levels were the main variable, with 

much focus on medium- and high-strength concrete. To date, the effect of varying the 

amount of flexural reinforcement to increase the punching shear of RAC slabs has not been 

studied. Therefore, the present study focuses on examining normal concrete strength (20–30 

MPa) as well as the effect of doubling the flexural reinforcement ratios (from 0.8% to 1.5%). 

To achieve this, ten slabs were tested monotonically. Eight of such slabs were cast 

with RAC, whereas two control slabs were cast with NAC. The RAC incorporates coarse RCA 

at replacement levels of 25%, 50%, 75% and 100%. These parameters were then examined us-

ing a punching shear database from RAC slabs available in the literature, and subsequently 

compared against the punching shear equations included in ACI 318 [46] and Eurocode 2 [47]. 

ACI 318 and Eurocode 2 were selected in this study since these are internationally 

recognized codes widely used in design practice. This study contributes towards devel-

oping more accurate design guidelines for RAC slabs, which in turn is expected to pro-

mote a more efficient use of recycled materials in construction. 
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2. Experimental Investigation 

2.1. Material Properties 

The concrete mixtures were designed to have a target 28-day compressive strength 

of 28 MPa. The mixtures included Type 1 Ordinary Portland Cement (OPC), natural 

coarse aggregate (NCA), recycled concrete aggregate (RCA), fine aggregate, water, and 

superplasticizer. The RCA was sourced from waste concrete cylinders with a compressive 

strength of approximately 30 MPa (see Figure 1a). The concrete waste was less than one 

year old and was from a nearby construction. All concrete cylinders were crushed by a 

custom-made crushing machine, as shown in Figure 1b. 

 
(a) (b) (c) 

Figure 1. (a) Concrete waste cylinders, (b) crushing machine, and (c) RCA obtained from concrete 

waste cylinders. 

The NCA and RCA used in this study had a maximum size of approximately 19 mm, 

which is the typical maximum size used in concrete for structural elements in Thailand. 

Figure 1c shows the RCA used in this study. The specific gravity and water absorption of 

the RCA were 2.43 and 4.59%, respectively, while the corresponding values of NCA were 

2.7 and 0.28%. Sieve analysis of coarse and fine aggregates was conducted in accordance 

with ASTM C136 [48], and the corresponding results are shown in Figure 2. The properties 

of coarse and fine aggregates are summarized in Table 1. 

 

Figure 2. Gradation curves for (a) coarse aggregates and (b) fine aggregates. 
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Table 1. Properties of fine aggregate (FA), natural coarse aggregate (NCA), and coarse recycled 

concrete aggregate (RCA). 

Properties FA NCA RCA 

Bulk Specific Gravity (SSD) 2.6 2.7 2.43 

Unit Weight (kg/m3) - 1730 1397 

Water Absorption (%) 1.05 0.28 4.59 

Moisture (%) 1.35 0.61 2.24 

Fineness Modulus 2.7 - - 

Max. size (mm) 4.76 19.1 18.6 

Impact value (%) - 10.15 13.4 

Crushing value (%) - 21.77 23.12 

The steel reinforcement used in all specimens consisted of deformed rebars with a 12 

mm diameter. Five coupons were randomly selected for tensile tests to determine the av-

erage yield and ultimate strength of the reinforcing bars. The yield and ultimate strengths 

of the rebars were 568 and 660 MPa, respectively. All the steel reinforcement came from a 

single batch. 

2.2. Concrete Mix Proportions 

The concrete mix proportions were calculated according to ACI 211.1 [49] adopting 

a water–cement ratio of 0.5. In all mixes, the NCAs were substituted by RCA at volumetric 

substitution levels of 25%, 50%, 75% and 100%. Table 2 shows the five concrete mix pro-

portions used in this study. Superplasticizer (SP) was added to improve workability in 

both NCA and RCA mixes. 

Table 2. Concrete mix proportions (in kg/m3). 

Mix Type Cement FA NCA RCA Water SP 

NCA 357 719 1069 - 190 1.07 

25% RCA 357 750 802 216 190 1.07 

50% RCA 357 780 535 432 190 1.07 

75% RCA 357 810 267 648 190 1.07 

100% RCA 357 840 - 864 190 1.07 

Note: FA = fine aggregate, NCA = natural coarse aggregate, RCA = coarse recycled concrete aggre-

gate, and SP = superplasticizer. 

2.3. Details of Slab Specimens 

Figure 3a shows the geometry in plan of the tested slabs. All slabs had dimensions of 

1500 × 1500 × 100 mm. A 200 × 200 mm column stub was placed at the center of each slab 

for load application. The slabs were supported by beams along their perimeter to simulate 

a simply supported condition. This led to a clear span of 1300 mm. The slabs were tested 

in an upside-down configuration. The vertical actuator fixed to the steel frame was used 

to apply load on the column stubs, as shown in Figure 3b. The slab dimension (i.e., 1500 

mm) was chosen to fit the testing frame, whose clear space was 1800 mm only. 

The slabs were designed to ensure that a punching shear failure occurred before a 

flexural failure. Accordingly, a yield-line analysis (as explained in Appendix A) was per-

formed to predict the flexural failure load. The punching shear load was then calculated 

using ACI 318-19 to ensure that such shear load was lower than the yield-line load. 

The slabs were categorized into two groups based on the flexural reinforcement ra-

tios. A slab thickness of 100 mm was selected so as to obtain two flexural reinforcement 

ratios of 0.8% and 1.5%. Such ratios ensured a punching shear failure before a flexural 

failure and allowed us to experimentally investigate their impacts on the punching shear 

capacities of the RAC slabs. The flexural reinforcement ratio of eight 12 mm rebars with 

200 mm spacing was installed in the first group of slabs (see Figure 4a), resulting in the 

flexural reinforcement ratio of 0.8%. This flexural reinforcement ratio is within typical val-

ues in the column strips of the flat plate in the light-load buildings [50]. 
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In the second group of slabs, fifteen 12 mm steel bars were spaced at 100 mm to form 

the reinforcement ratio of 1.5% (Figure 4b), which is the maximum amount of reinforce-

ment permitted by ACI 318 for flexural resistance. The average effective depth for all slab 

specimens was 73 mm. Details of the reinforcement layout are depicted in Figure 4a,b. All 

slabs were cast in steel formworks and tested after 28 days of casting. Likewise, six 150 × 

300 mm (diameter × height) cylinders from each batch were cast and tested to obtain the 

concrete compressive strength on the same day the punching shear tests were carried out. 

The nomenclature of the RAC slabs started with ‘RCA’ followed by their RCA per-

centages. The spacing of flexural reinforcement was at the end of the nomenclature. For 

instance, RCA-0-10 was a slab without RCA and with a reinforcement ratio of  = 1.5%. 

Conversely, nomenclature RCA-50-20 indicated that the slab incorporated 50% RCA and 

that the flexural reinforcement was  = 0.8%. 

 

Figure 3. Dimensions of slabs: (a) plan view; (b) test setup. 

 

Figure 4. Details of reinforcement layout: (a) slabs with  = 0.8%; (b) slabs with  = 1.5%. 
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2.4. Test Setup and Testing Procedure 

The load was applied by a hydraulic actuator attached to a load cell of 1000 kN. The 

slabs were supported on beams along the perimeter to simulate a simply supported con-

dition. Two linear variable differential transformers (LVDTs) of 50 mm were installed un-

der the slabs at the center of the column stub to monitor the deflections of the slabs. A 

data acquisition system (KYOWA EDX-10 Series) monitored and recorded the applied 

load and slab deflections throughout the tests. The load was applied continuously until 

the slabs failed. On the testing day, six concrete cylinders were also tested to determine 

the average compressive strength of the concrete. 

3. Results and Discussion 

3.1. Observed Damage 

As expected, the slabs failed in brittle modes caused by punching shear. At the top 

of the slabs, the column stubs were punched through the slabs, as shown in Figure 5. After 

the tests, the slab specimens were flipped over, and crack patterns were marked. Punching 

shear cracking was clearly observed at the bottom of slabs. It is evident that the slabs with 

a reinforcement ratio of 0.8% showed more severe cracked areas at the bottom than those 

with a 1.5% reinforcement ratio, as illustrated in Figures 6 and 7. 

 

Figure 5. Penetration of column at the top surface of slabs. 

 

Figure 6. Punching shear failure patterns at the bottom of slabs with  = 0.8%. 
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Figure 7. Punching shear failure patterns at the bottom of slabs with  = 1.5%. 

For the slab series with a 0.8% reinforcement ratio (Figure 6), the large crack area had 

an average radius of approximately 500 mm from the center of the column stub. Cracks 

propagated from the center under the columns through the edges of slabs. The largest 

crack widths (that measure more than 1 mm) were observed in these slabs. The punching 

shear failure patterns for RAC slabs were similar to those of NAC slabs. 

For slabs in the series of a 1.5% reinforcement ratio (Figure 7), the crack propagation 

was less severe because more flexural reinforcement helped increase the shear capacity of 

the slabs and hence this restrained crack development. The measured crack widths in 

these slabs were less than 0.5 mm. Unlike damage patterns of slabs in the first series, only 

a few cracks were observed before punching shear failure occurred. 

3.2. Load-Deflection Response 

Figure 8a,b show the load–deflection response of the slabs. All slabs had an initial 

linear stiffness until the first cracking occurred under the column, thus leading to stiffness 

degradation. With increasing load after first cracking, nonlinear load–deflection responses 

followed due to more cracks forming at the slabs’ bottom, which also propagated towards 

the edges. Punching shear failure suddenly occurred when the peak load was reached. 

Table 3 summarizes the experimental results of the tested slabs. 

 

Figure 8. Load–deflection curves: (a) slabs with  = 1.5%; (b) slabs with  = 0.8%. 
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Table 3. Summary of experimental results of tested slabs. 

Specimen RCA Replacement (%)  (%) 
f’c Vcr Vexp u 

𝐕𝐞𝐱𝐩

√𝐟𝐜′𝐛𝟎𝐝
 

Energy 

Absorption 

(MPa) (kN) (kN) (mm) (MPa) (kN-mm) 

RCA-0-10 0 1.5 28.1 76.8 260.9 13.5 0.62 2266 

RCA-25-10 25 1.5 27.2 70.0 245.3 13.8 0.59 2014 

RCA-50-10 50 1.5 24.3 62.0 217.8 14.8 0.55 2060 

RCA-75-10 75 1.5 23.1 61.0 214.8 12.7 0.56 1715 

RCA-100-10 100 1.5 22.2 59.0 217.5 15.5 0.58 2113 

RCA-0-20 0 0.8 26.5 65.1 180.0 22.0 0.44 2999 

RCA-25-20 25 0.8 24.5 58.5 164.0 21.6 0.42 2565 

RCA-50-20 50 0.8 23.5 57.6 159.8 23.1 0.41 2674 

RCA-75-20 75 0.8 24.1 58.1 156.9 24.5 0.40 2868 

RCA-100-20 100 0.8 22.3 54.2 150.4 26.0 0.40 2915 

Note:  = longitudinal reinforcement ratio, f’c = cylinder concrete compressive strength on day of punch-

ing shear test, Vcr = first cracking load, Vexp = ultimate punching shear load, u = deflection at failure. 

The cracking loads were approximately 29% and 36% of the peak loads for slabs with 

 = 1.5% and 0.8%, respectively. Figure 8 shows that the cracking loads and punching 

shear capacity decreased with increasing levels of RCA replacement. In general, the stiff-

ness after first cracking followed the same trend, where the stiffness decreased with in-

creasing levels of RCA replacement. This can be attributed to the lower modulus of elas-

ticity of RAC. The overall stiffness after the first cracks of the slabs with  = 1.5% was 

obviously higher than that of slabs with  = 0.8%, as shown in Figure 8, which in turn 

confirmed the contribution of flexural reinforcement to the stiffness of the slabs. 

The maximum deflections (u) measured under the column are shown in Table 3. 

Generally, the ultimate deflections increased with increasing levels of RCA. The deflec-

tions of 100% RCA slabs were 15% and 18% higher than those of the control NCA slabs 

for  = 1.5% and 0.8%, respectively. It can be observed that doubling flexural reinforce-

ment can decrease the deflection of 100% RCA slabs by 68%. 

Table 3 also presents the energy absorption, which is calculated here as the area un-

der load–deflection curves shown in Figure 8a,b. The relationship between RCA contents 

and the energy absorption of slabs with  = 1.5% was unclear. For slabs with  = 0.8%, the 

energy absorption increased when NCA was substituted by 25%, 50%, 75%, and 100% RCA. 

Most of the energy absorption in this study was in the range of 2000–3000 kN-mm, which is 

similar to the RAC slabs with normal compressive strength tested by Sahoo and Singh [45]. 

Figure 9 shows the relationship between the punching shear stresses (Vexp/bod) normal-

ized by the square root of the concrete compressive strength, and the vertical deflection at the 

middle of the slabs. The perimeter bo was determined based on the recommendation of ACI 

318 [46], located at d/2 from the faces of the column. The term d was the average effective 

depth of flexural reinforcement, which was 73 mm in this study. These graphs allow for the 

comparison of punching shear capacity with different concrete compressive strengths. 

 

Figure 9. Normalized shear stresses vs. deflection curves: (a) slabs with  = 1.5%; (b) slabs with  = 

0.8%. 
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It was found that the differences of normalized punching shear capacity between the 

controlled slabs and 100% RCA slabs were 6.5% and 9% for slabs with  = 1.5% and  = 

0.8%, respectively. These plots show that the normalized punching shear strengths were 

higher than 0.33 (the shear strength factor in the ACI 318 provision), thus indicating that 

the punching shear capacities of the RAC slabs were conservative. The normalized shear 

strengths range from 0.58 to 0.62 and 0.40 to 0.44 for slabs with  = 1.5% and 0.8%, respec-

tively. From the tested results of the 100% RCA slabs, the punching shear strength of the 

slabs with  = 1.5% increased by 45% compared to the slabs with  of 0.8%. This increased 

normalized punching shear strength indicates that the flexural reinforcement plays a vital 

role in the punching shear strength of the slab–column connections. 

3.3. Punching Shear Failure Loads and Comparison with ACI 318-19 and Eurocode 2 

To evaluate the accuracy of international design codes at predicting the punching 

shear strength of slab–column connections, the experimental punching shear is divided 

by the shear predictions by ACI 318 and Eurocode 2 to give the punching shear strength 

ratios, as summarized in Table 4. A summary of the punching shear strengths by ACI 318-

19 [46] and Eurocode 2 [47] provisions are provided in Appendix A. The calculations of 

the punching shear strengths in Table 4 are carried out without material safety factors. 

Table 4. Comparison of the test results with ACI 318-19 and Eurocode 2 predictions. 

Specimen 
Vexp VACI 

Vexp/VACI 
VEC2 

Vexp/VEC2 
(kN) (kN) (kN) 

RCA-0-10 260.9 139.45 1.87 199.9 1.30 

RCA-25-10 245.3 137.20 1.79 197.8 1.24 

RCA-50-10 217.8 129.68 1.68 190.5 1.14 

RCA-75-10 214.8 126.43 1.70 187.3 1.15 

RCA-100-10 217.5 123.95 1.76 188.4 1.16 

RCA-0-20 180.0 135.42 1.33 159.0 1.13 

RCA-25-20 164.0 130.21 1.26 154.9 1.06 

RCA-50-20 159.8 127.52 1.25 152.8 1.05 

RCA-75-20 156.9 129.14 1.22 154.9 1.02 

RCA-100-20 150.4 124.23 1.21 149.5 1.01 

From the results in Table 4, it is evident that both provisions give the conservative 

shear strength ratios regardless of the RCA contents. However, comparing slabs with 

100% RCA and the control ones (NAC slabs), the punching shear strength ratios predicted 

by ACI 318-19 decreased by 5.88% (from 1.87 to 1.76) and 9% (from 1.33 to 1.21) for slabs 

with  = 1.5% and 0.8%, respectively. Conversely, the punching shear strength ratios cal-

culated by Eurocode 2 (EC2) for slabs 100% RCA and 0% RCA yield similar trends, where 

slabs with 100% RCA have the lowest punching shear strength ratios by 10.8% (from 1.30 

to 1.16) and 10.6% (from 1.13 to 1.01) for  = 1.5% and 0.8%, respectively. 

The punching shear strength ratios by Eurocode 2 for all slabs are higher than 1, thus 

indicating the conservativeness of the predictions. Comparing the shear strength ratios to 

those of ACI 318-19, Eurocode 2 gives more accurate results with ratios between 1.01 and 

1.30 against 1.21 and 1.87 from ACI 318-19. The better accuracy of Eurocode 2 is partly 

attributed to the inclusion of the flexural reinforcement ratio in the shear equation. 

3.4. Prediction of Shear Strength Ratios using Extended Dataset 

Based on extensive research on the mechanical properties of RAC, it can be concluded 

that its inferior properties reduced the strength and performance of structural members 

made using recycled aggregates. In the case of punching shear, the applicability of two 

recognized international design codes is evaluated by test data available in the existing 
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literature. Forty-four slab tests published in past studies and the eight slab specimens pre-

sented in this study were investigated. All slabs were cast with RCA obtained from old 

concrete. The test results are summarized in Table 5. 

Table 5. Comparison of punching shear capacities vs. ACI 318-19 and Eurocode 2. 

Authors Specimen RCA (%)  (%) d (mm) fc’ (MPa) Vexp (kN) Vexp/VACI 318 Vexp/VEC2 

This study 

RCA-25-100 25 0.8 73 27.2 245.3 1.79 1.24 

RCA-50-100 50 0.8 73 24.3 217.8 1.68 1.14 

RCA-75-100 75 0.8 73 23.1 214.8 1.70 1.15 

RCA-100-100 100 0.8 73 22.2 217.5 1.76 1.16 

RCA-25-200 25 1.5 73 24.5 164.0 1.26 1.06 

RCA-50-200 50 1.5 73 23.5 159.8 1.25 1.05 

RCA-75-200 75 1.5 73 24.1 156.9 1.22 1.02 

RCA-100-200 100 1.5 73 22.3 150.4 1.21 1.01 

Sahoo at al. 

[45] 

N50-1 50 1.16 75 28.4 211.5 1.76 1.58 

N50-2 50 1.16 75 28.4 217.0 1.81 1.63 

N100-1 100 1.16 75 29.4 218.9 1.80 1.62 

N100-2 100 1.16 75 29.4 230.0 1.89 1.70 

M50-1 50 1.16 75 43.5 252.6 1.70 1.64 

M50-2 50 1.16 75 43.5 255.8 1.72 1.66 

M100-1 100 1.16 75 43 257.1 1.74 1.68 

M100-2 100 1.16 75 43 260.1 1.76 1.70 

H50-1 50 1.16 75 56.8 252.4 1.49 1.50 

H50-2 50 1.16 75 56.8 267.5 1.57 1.59 

H100-1 100 1.16 75 58.0 263.4 1.53 1.55 

H100-2 100 1.16 75 58.0 270.4 1.57 1.59 

Xiao et al. 

[44] 

RAC30-0% 30 1.14 99 36.34 313.4 1.33 1.23 

RAC50-0% 50 1.14 99 31.16 307.1 1.41 1.27 

RAC100-0% 100 1.14 99 29.64 303.4 1.43 1.28 

Mahmoud et al. 

[43] 

RCA-30%-12.5 30 1.12 70 34.5 153.0 1.66 1.22 

RCA-60%-12.5 60 1.12 70 32.5 137.5 1.53 1.11 

RCA-100%-12.5 100 1.12 70 31.6 122.0 1.38 1.00 

RCA-30%-25 30 1.12 70 36.4 157.0 1.66 1.23 

RCA-60%-25 60 1.12 70 34.1 140.5 1.53 1.12 

RCA-100%-25 100 1.12 70 33.6 131.0 1.44 1.05 

Francesconi et al. 

[42] 

RC1-1 30 0.56 35 63.6 64.9 0.87 1.27 

RC1-2 30 0.56 35 63.6 72.5 0.97 1.42 

RC1-3 30 0.56 35 63.6 72.5 0.97 1.42 

RC2-1 50 0.56 35 62.0 64.9 0.88 1.28 

RC2-2 50 0.56 35 62.0 68.7 0.93 1.36 

RC2-3 50 0.56 35 62.0 64.9 0.88 1.28 

RC3-1 80 0.56 35 56.3 68.7 0.98 1.40 

RC3-2 80 0.56 35 56.3 64.9 0.92 1.33 

RC3-3 80 0.56 35 56.3 72.5 1.03 1.48 

RC4-1 100 0.56 35 50.8 68.7 1.03 1.45 

RC4-2 100 0.56 35 50.8 68.7 1.03 1.45 

RC4-3 100 0.56 35 50.8 72.5 1.09 1.53 

Reis et al. 

[41] 

C20-1 20 0.93 72 35.1 158.6 1.35 1.27 

C20-2 20 0.93 72 35.1 152.2 1.30 1.22 

C50-1 50 0.93 72 36.9 163.6 1.36 1.29 

C50-2 50 0.93 72 36.9 174.8 1.45 1.38 

C100-1 100 0.93 72 36.2 161.8 1.36 1.28 

C100-2 100 0.93 72 36.2 158.3 1.33 1.26 

Rao et al. 

[40] 

RCAC-20-S 20 0.63 34 33.5 47.2 1.36 1.34 

RCAC-40-S 40 0.63 34 32.4 45.8 1.34 1.31 

RCAC-60-S 60 0.63 34 30.9 44.6 1.33 1.30 

RCAC-80-S 80 0.63 34 28.4 42.8 1.34 1.28 

RCAC-100-S 100 0.63 34 26.4 41.4 1.34 1.27 

Mean       1.39 1.34 

Standard Deviation       0.29 0.20 
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The first parameter that could have affected punching shear capacity is the content 

of RCA. Based on test results from Rao et al. [40], Mahmoud et al. [43], Xiao et al. [44], and 

this study, it was found that the ultimate punching shear capacity reduced with increasing 

replacement levels of RCA. These results contradict the findings by Reis et al. [41], Fran-

cesconi et al. [42], and Sahoo and Singh [45], where the punching shear strength was in-

sensitive to RCA replacement levels. 

Despite this inconsistency, the punching shear strength ratios between experimental 

work and predictions by ACI 318-19 and Eurocode 2 are still higher than 1 in most tests, 

as confirmed in Figures 10a and 11a. Even at a 100% RCA replacement level, slabs can 

resist punching load more than what both codes predict. However, ACI 318 gives a lower 

prediction of punching shear in six of the tested slabs, as shown in Figure 10a. These un-

conservative results come from slabs tested by Francesconi et al. [42], where the flexural 

reinforcement ratio is 0.56%, as depicted in Figure 10b. Since ACI 318-19 does not include 

the effect of flexural reinforcement in the equations, the punching shear strength of slabs 

with a low flexural reinforcement ratio below 0.7% could be unsafe [50]. On the other 

hand, the predictions by Eurocode 2 (which includes flexural reinforcement ratio in the 

expression) give more conservative results, as depicted in Figure 11b. 

 

 

Figure 10. ACI 318 punching shear strength ratios versus (a) RCA percentage, (b) flexural reinforce-

ment ratio, (c) cylindrical compressive strength, and (d) effective depth. 
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Figure 11. Eurocode 2 punching shear strength ratios versus (a) RCA percentage, (b) flexural rein-

forcement ratio, (c) cylindrical compressive strength, and (d) effective depth. 

Most previous research studies were conducted using medium and high concrete 

compressive strength ranging from 30 to 69 MPa. This study investigated normal concrete 

compressive strength between 20 and 30 MPa, yielding conservative punching shear 

strength. However, ACI 318 can predict unconservative results for slabs with high 

strength concrete but low flexural reinforcement ratios, as shown in Figure 10c. Con-

versely, Eurocode 2 gives higher shear strength ratios, as shown in Figure 11c. For exam-

ple, for slab RCA4-3 with 100% RCA, Eurocode 2 predicts 40% higher punching shear than 

ACI 318-19. 

Effective depths (d) used in most tests are between 70 and 100 mm, except for 12 slabs 

with d less than 35 mm [40,42]. Again, Eurocode 2 generally provides more conservative 

results than ACI 318-19, as illustrated in Figures 10d and 11d. 

3.5. Yield-Line Analysis 

A yield-line analysis was carried out to estimate the flexural capacity of slabs. In this 

study, slabs were simply supported with all corners free to lift. The calculation was 

adapted from Elstner and Hognestad [51]. The shear force required to develop a flexural 

mechanism was calculated using the equation provided in Appendix A, as suggested in 

[52]. In this equation, the cylinder compressive strength and yield strength of flexural re-

inforcement were used, but the strain hardening of steel reinforcement was neglected. 

Table 6 and Figure 12 show the corresponding shear forces normalized by the yield-line 

loads. 
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Table 6. Comparison of punching shear capacity to yield-line load. 

Specimen 
Vexp Vyield-line 

Vexp/Vyield-line 
(kN) (kN) 

RCA-0-10 260.9 300.7 0.87 

RCA-25-10 245.3 298.5 0.82 

RCA-50-10 217.8 290.1 0.75 

RCA-75-10 214.8 286.0 0.75 

RCA-100-10 217.5 287.4 0.76 

RCA-0-20 180 166.3 1.08 

RCA-25-20 164 164.9 0.99 

RCA-50-20 159.8 164.0 0.97 

RCA-75-20 156.9 164.5 0.95 

RCA-100-20 150.4 162.6 0.92 

 

Figure 12. Shear normalized by yield-line load vs. deflection curves: (a) slabs with  = 1.5%; (b) slabs 

with  = 0.8%. 

The ratios of experimental shear and yield-line load were used to confirm failure 

modes of the tested slabs. As the yield-line load is the predicted flexural capacity of the 

slab, the Vexp/Vyield-line was less than 1, thus confirming punching shear failures of the slabs. 

In this study, the shear ratios were below 1 for slabs with  = 1.5%, thus indicating that 

slabs in this series failed in punching shear mode. For slabs with  = 0.8%, the controlled 

slab without RCA (RCA-0-20) had Vexp/Vyield-line of 1.09, thus indicating flexural failure just 

before punching shear occurred. Other RAC slabs with  = 0.8% had Vexp/Vyield-line ratios 

just below 1, thus suggesting a punching shear failure before a flexural failure. 

4. Conclusions 

This article experimentally investigated the performance of the punching shear of 

two-way slabs. Slabs were cast with recycled aggregate concrete (RAC) at replacement 

levels ranging from 25% to 100%. Two flexural reinforcement ratios of 0.8% and 1.5% were 

examined. From a database of 52 slabs tested in the literature, the experimental punching 

shear strength ratios were compared against ACI 318-19 and Eurocode 2 predictions. The 

following conclusions were drawn based on the results from this and previous studies: 

 The normalized punching shear strength of 100% RAC slabs was lower than those of 

the NAC counterparts by 6.5% and 9% for flexural reinforcement ratios of  = 1.5% 

and 0.8%, respectively. 

 Doubling the flexural reinforcement ratio increased the punching shear strength of 

RAC slabs by 45%. 
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 Based on the punching shear strength database, Eurocode 2 proved to give a more 

conservative prediction of punching shear strength with a mean shear strength ratio 

of 1.34, against a ratio of 1.39 given by ACI 318. 

 Based on the database of punching shear strength, the ACI 318-19 can predict uncon-

servative punching shear strengths for slabs with high concrete compressive strength but 

low flexural reinforcement ratios ( = 0.56%). The lowest shear strength ratio was 0.87, 

indicating a lower punching shear prediction (by 13%) compared to the test result. 

 Except for slabs with a low reinforcement ratio below 0.6%, ACI 318-19 generally 

gives a conservative prediction for punching shear strength of RAC slabs at all levels 

of RCA contents. 

 Based on the experimental evidence to date, both ACI 318-19 and Eurocode 2 can be 

used conservatively to predict the punching shear capacity of RAC slabs with rein-

forcement ratios greater than 0.6%. 

 The yield-line analysis shows that RAC slabs failed by a punching shear mode, which 

is consistent with the test results. 

5. Design Recommendation and Future Work 

Based on the test results from this study and from other researchers, for slabs with a 

flexural reinforcement ratio not less than 0.6%, ACI 318-19 and Eurocode 2 can be used to 

predict the punching shear strength of RAC slabs at all levels of NCA substitution. How-

ever, for slabs with low flexural reinforcement ratios (less than 0.6%), Eurocode 2 is rec-

ommended to determine the punching shear capacity of RAC slabs. It should be noted 

that these calculations did not consider material partial factors, nor strength reduction 

factors. In the real design, these factors are included in the calculations, hence reducing 

the punching shear capacity and yielding much more conservative values. 

As the present study is limited to RCA derived from old concrete with a compressive 

strength of around 30 MPa, and considering the complexity of shear behavior, further tests 

on slabs made from different qualities of RCA are necessary to fully validate the conclusions 

mentioned above. Furthermore, the effect of flexural reinforcement ratios below 0.6% on the 

punching shear capacity of RAC slabs should be reassessed considering tests on large-scale 

specimens, mainly because previous studies only focused on small-scale specimens. 
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Appendix A 

The punching shear strengths stipulated in ACI 319-19 and Eurocode (EC2) provi-

sions are summarized as follows. 

ACI 318-19 
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The ACI 318-19 [46] provision provides equations for the punching shear strength by 

the least of the following expressions: 
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where 
2

1
1 0.004

s

d
  


 is a size effect modification factor, which reduces the shear 

strength of two-way slabs when d > 250 mm;  is the ratio of long to short sides of the 

column; s = 40 for interior column;  = 1 for normal weight concrete and 0.75 for light-

weight concrete; fc is the cylindrical compressive strength of concrete; d is the effective depth; 

and bo is the perimeter of a critical section located at d/2 from the column faces. The perimeter 

bo in ACI 318 is defined by assuming straight sides around the square or rectangular columns. 

In this study, the column had a cross-section of 200 × 200 mm and d was 73 mm, 

resulting in bo = 1092 mm. Taking  = 1, s = 40,  = 1, and s = 1 for this study, the smallest 

value of shear strength is 0.33 c of b d . 

Eurocode 2 

The punching shear capacity of slabs is estimated by the following equation. 

 
1/3 3/2 1/2

2 ,
100 0.035

EC Rd k c o c o
V C k f b d k f b d     (A2) 

where 

CRd,k = 0.18/c; 

c = partial factor for concrete material; 

d = effective depth of the slab, which is 73 mm in this study; 

k = factor of the size effect = 
200

1 2
d

  ; 

fc = cylindrical compressive strength of concrete; 

 = flexural reinforcement ratio, which must be less than 0.002; 

bo = perimeter of a critical section located at the distance 2d from the column face, which 

is 2(C1 + C2) + 4d, as shown in Figure A1. 

 

Figure A1. Perimeter of the critical section for punching shear based on Eurocode 2. 
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Yield-Line Analysis 

Based on the virtual-work method, the yield-line load can be calculated from the fol-

lowing equation [52]. 
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where 

r = side of the square column (mm); 

L = width of the slab (mm); 

b = spacing of flexural reinforcement; 

d = effective depth of flexural reinforcement. 

Example of the yield-line load for RAC-25-10: 

r = 200 mm; 

L = 1500 mm; 

b = 100 mm; 

d = 73 mm; 

fc’ = 27.2 MPa; 

fy = 568.8 MPa; 

As = 113 mm2. 
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