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Abstract 48 

This article investigates the shear behaviour of Recycled Aggregate Concrete (RAC) Z push-off 49 

specimens. Fifteen specimens with different replacement levels of recycled concrete aggregate (0%, 50 

25%, 50%, 75% and 100%) were tested. It is shown that a 100% RCA replacement level reduces shear 51 

strength by 17.3%. The shear behaviour of the specimens was further analysed using nonlinear finite 52 

element analysis (FEA). The results show that the shear strength results from the FEA and Digital Image 53 

Correlation measurements agree (within 5%) with the experimental results. This study proposes a new 54 

semi-empirical equation to calculate the shear strength of specimens with different RAC replacement 55 

levels. The new equation adopts a fracture mechanics approach, and it explicitly considers the shear 56 

deformation and crack opening. Compared to existing models, the new equation fits better the 57 

experimental data in this study, as well as test results from an extensive database obtained from the 58 

literature.  59 

 60 

Keywords: Recycled aggregate concrete; Z push off specimen; shear plane; shear strength; fracture 61 

behaviour; Mode II stress intensity factor; Finite element analysis. 62 
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1. Introduction 63 
 64 

In recent years, rapid population growth and urbanisation have led to an extensive renovation 65 

of the old building stock in Southeast Asia. This has created a steady stream of demolished concrete 66 

which, if properly recovered and sorted, can be used as Recycled Concrete Aggregate (RCA) in new 67 

Recycled Aggregate Concrete (RAC). The replacement of natural aggregates with RCAs impacts 68 

positively on the environment and promotes a more efficient use of resources. However, RCAs are 69 

usually weaker than natural aggregates as the former are more porous and contain residues of old mortar. 70 

As a result, RACs are seldom used in structural applications as the resistance mechanisms of concrete 71 

can be affected by the inferior properties of RCAs.  72 

Recent research by the authors [1, 2] have identified that, whilst the compressive and flexural 73 

behaviour of RAC elements has been extensively examined, less research has focused on their shear 74 

behaviour [3-12]. Xiao et al. [13] reported results on the shear-transfer behaviour between natural 75 

aggregate concrete (NAC) and RAC pre-cracked Z push-off specimens. The results indicated that the 76 

mechanism and process of shear transmission across cracks in RAC are generally similar to those 77 

observed in NAC. However, for RCA replacement ratios above 30%, the shear transfer strength of RAC 78 

reduced by 15% or more. Additionally, the design formulae for NAC included in ACI 318 were found 79 

suitable to conservatively predict the shear transfer strength of RAC. Rahal and Hassan [14] observed 80 

a significant reduction in shear strength of their initially uncracked push-off specimens due to the partial 81 

replacement of natural aggregate concrete (NCA) with RCA. Nevertheless, they concluded that 100% 82 

replacement of aggregates with recycled ones had a negligible effect on shear strength. The 83 

inconsistency of experimental results (especially at high levels of aggregate replacement) and limited 84 

amount of data make standardisation difficult [15]. Therefore, more experimental data is still necessary. 85 

The lack of data is also reflected in current guidelines [16,17] which limit the maximum replacement 86 

of coarse RCA to 20% in new structural RAC elements. To the authors’ knowledge, no shear-strength 87 

predictive model exists even though comparisons of the measured strengths have been made with the 88 

current ACI 318 shear friction predictive equation for plain concrete, which only depends on the 89 

compressive strength [18]. 90 
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The shear behaviour of concrete elements is a complex phenomenon [19]. This is because the 91 

shear transfer mechanism mobilised at a shear crack depends heavily on aggregate interlock and dowel 92 

action [20], both of which are affected by the surrounding stress conditions. In this phenomenon, the 93 

dilatancy of the shear cracking is influenced by the roughness of the two contact faces of a crack. When 94 

the dilatancy of the fracture increases, the shear stiffness along the cracks reduces [21]. For transversal 95 

reinforcement of push off specimen the crack behaviour for slip displacements up to 10 mm is possible, 96 

this threshold allows micro and macro roughness [22,23]. Shear may have to be transferred across 97 

planes of existing or potential cracks or interfaces between elements of a beam such as flanges and webs 98 

or across interfaces between concretes placed at different times [24]. In such cases, shear failure may 99 

involve sliding along a plane of weakness rather than the diagonal tension failure which is more 100 

common in a beam-like element under one-way shear [25]. In general, the shear strength in Z push-off 101 

specimens developed along the plane on which sliding occurs consists of i) frictional resistance, ii) 102 

resistance to shearing off the aggregate protrusions on the irregular crack surface (aggregate interlock), 103 

and iii) resistance developed in the transverse reinforcement bridging the plane. The aforesaid shear 104 

resisting mechanisms are known as interface shear or shear friction [26]. 105 

Past research has also proposed various models describing the shear transfer mechanism in 106 

push-off tests. Liu et al [27] investigated the shear-transfer mechanism of a shear interface with 107 

transverse reinforcement between a precast girder made of high-strength concrete. Walraven and 108 

Reinhardt [28] carried out different shear tests on concrete specimens and proposed micro-models for 109 

shear transfer mechanisms. Based on a series of Z-push off results, they proposed an empirical model 110 

(Eq. (1)) that included shear displacement, normal stress, and crack opening along the shear plane: 111 

𝜏𝑎𝑔𝑔 = −
𝑓𝑐
30
+ (1.8𝑤𝑠

−0.80 + (0.234𝑤𝑠
−0.707 − 0.20)𝑓𝑐))∆𝑦 

(1) 

 112 

where 𝜏𝑎𝑔𝑔 is the concrete shear strength (or stress) due to aggregate interlock; 𝑓𝑐 is the concrete 113 

compressive strength; and 𝑤𝑠 and ∆𝑦 are the crack width and the slip at the shear plane, respectively. 114 

It should be noted that Eq. (1) was derived empirically based on limited experimental data. The 115 

equation also depends heavily on the type of concrete (i.e. its compressive strength) and the shear 116 
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deformation due to aggregate interlocking mechanism. Moreover, recent experimental evidence 117 

confirmed that the properties and amount of RCA replacement play an important role in the shear 118 

strength due to the amount of residual mortar [1,2, 10-12]. Whilst it is difficult to determine the amount 119 

of residual mortar in a mix design, the amount of RCA replacement in a mix is always known. Thus, 120 

the shear strength of plain RAC elements should not only depend on the concrete compressive strength, 121 

but also on the amount of RCA replacement. To address this issue, Li and Maekawa [29] proposed 122 

calculating 𝜏𝑎𝑔𝑔 across a crack of RAC using Eq. (2): 123 

𝜏𝑎𝑔𝑔 = 3.83𝑓𝑐
0.33 (

𝑅

1 + 𝑅2
) 

(2) 

 124 

where 𝑅 is the percentage of recycled concrete aggregate replacement, and 𝑓𝑐 is the compressive 125 

strength. According to Eq. (2), the shear strength only depends on the concrete strength and RCA 126 

replacement level. However, at the crack across the shear plane and the shear deformation (crack width 127 

and slips) plays an important role in the aggregate interlocking phenomenon and, as a result, they 128 

heavily affect the shear transfer stress along the crack plane. However, experimental evidence has 129 

confirmed that the RCA replacement level and shear deformation along the crack plane can significantly 130 

affect the concrete shear strength, both of which are not included in Eqs. (1) and (2) as limited research 131 

exists on the subject. Therefore, there is a need to develop a more accurate and meaningful shear models 132 

for plain RAC element to include both RCA replacement level and shear deformation along the crack 133 

plane. 134 

This study investigates experimentally and numerically the shear failure mechanics of RAC. 135 

To achieve this, fifteen push-off specimens with initially uncracked shear planes were tested. The 136 

parameters varied in the push-off tests were the replacement level of recycled aggregates (0, 25, 50, 75, 137 

or 100%), and the concrete strength. Shear deformation is further investigated using digital image 138 

correlation (DIC). A nonlinear finite element analysis (FEA) is also carried out to investigate the shear 139 

deformation along the shear plane of the specimens. Based on the test results, a new semi-empirical-140 

based model for shear transfer stress in plain concrete with different RCA replacement levels is 141 

proposed. The model adopts a fracture mechanics approach, and it explicitly includes the shear 142 
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displacement and crack opening. This investigation is expected to promote the safe structural use of 143 

RAC in shear-critical elements.  144 

 145 
2. Experimental programme 146 

2.1  Details of Z push-off specimen 147 

Fifteen Z-shaped specimens were cast with RAC, according to the dimensions and 148 

reinforcement details shown in Fig 1a. The dimensions of the specimens (200mm wide, 500mm tall and 149 

100mm thick) were similar to those adopted in a previous study [13]. The specimens were reinforced 150 

longitudinally with four 12mm bars, and transversally with square stirrups of 6mm at 50mm centres. 151 

To allow the concrete to carry all the shear stresses during the test, no transverse reinforcing bars were 152 

provided across the 100×200mm crack plane. Three control specimens were cast with NAC. The other 153 

twelve specimens were cast with RAC containing four different levels of RCA replacement: 25%, 50%, 154 

75% or 100%. Each group had three identical samples. The specimens were identified based on the 155 

percentage of RCA replacement (RCA0=control, RCA25, RCA50, RCA75 and RCA100), followed by 156 

a Roman number that designated the number sample within the percentage group. 157 

 158 

Fig. 1. (a) Geometry and reinforcement details of Z push-off specimens, and (b) schematic test setup 159 
and instrumentation (units: mm). 160 
 161 
 162 

2.2 Concrete mix properties 163 
 164 

Ordinary Portland Cement (OPC) Type I was used to cast the specimens. The RCA was sourced 165 

from concrete cylinders (150×300mm) from a batch used in a local construction. The average strength 166 
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of the original cylinders was 45 MPa. Coarse recycled aggregate of sizes of 12mm (RC#1) and 19mm 167 

(RC#2) were produced (see Fig. 2) using a custom-made crushing machine. Fine RCA was collected 168 

using a tray under the machine, and subsequently sieved to the match the fine aggregate used for normal 169 

concrete. Fig. 2a shows the RCA, whereas Fig. 2b presents the particle size distribution of the natural 170 

aggregate and RCA. The physical and mechanical properties of the aggregates are shown in Table 1. 171 

    172 

 173 
Fig. 2. (a) Coarse and fine RCA, and (b) size distribution of natural aggregates and RCA. 174 

 175 

 176 
  177 

Table 1.  Physical and mechanical properties of coarse and fine aggregates. 178 
Properties NC RCA#2 RCA#1 N-FA RCA-FA 

Bulk Specific Gravity  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 
 NC=natural coarse, RCA#1=coarse RCA 12 mm, RCA#2=coarse RCA 19 mm, N-FA=natural fine, RCA-179 
FA=fine RCA 180 
 181 

 182 

As shown in Table 1, superplasticiser (SP) was also utilised to increase the workability of the 183 

mixes. Slump cone tests were performed to measure the consistency of the fresh mixes. Table 2 shows 184 

the final mix proportions used to cast the different concretes. Five mixes were designed with a water–185 

cement ratio of 0.53 with a target compressive strength of 30 MPa and a slump of 90 mm. The mix 186 

proportions of the mixes are shown in Table 2.  187 
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 188 
Table 2. Concrete mix proportion containing different RAC replacement (units: kg/m3) 189 

Mix Cement NC RC NF RF Water  Superplasticiser 
Slump 

(mm) 

RCA0% 357 1069 - 719 - 190 1.07 90 

RCA25% 357 802 267 180 540 190 1.07 85 

RCA50% 357 535 535 360 360 190 1.07 85 

RCA75% 357 267 802 540 180 190 1.07 84 

RCA100% 357 - 1069 - 719 190 1.07 80 

 190 

The mechanical properties of NCA and RAC mixes are shown in Table 3. The mean 191 

compressive strength was obtained from six 150×300mm cylinders (fcyl) and fifteen 150mm cubes (fcub) 192 

according to BS EN 12390-3 [30]. The indirect tensile splitting strength (ft) was determined from tests 193 

on six 150×300mm cylinders according to BS EN 12390-6 [31]. The flexural strength (fb) was obtained 194 

from four-point bending tests on six prisms of 100×100×500mm according to BS EN 12390-5 [32]. All 195 

the cubes, cylinders and prisms were cast from the same batch and cured together with the slabs until 196 

testing. As expected, the compressive and tensile strengths reduced as the amount of RCA replacement 197 

increased. The corresponding densities for NA, 25%RCA, 50%RCA, 75%RCA and 100%RCA 198 

calculated according to Eurocode 2 [33] were 2400 kg/m3, 2365.8 kg/m3, 2331.5 kg/m3, 2297.3 199 

kg/m3and 2263 kg/m3, respectively. 200 

 201 
Table 3. Mechanical properties concrete mixes at 28 days. 202 

Concrete mix series fcy (MPa) fcu (MPa) ft (MPa) fb (MPa) 

RCA0% 35.2 39.2 4.0 5.4 

RCA25% 32.4 37.8 3.8 5.0 

RCA50% 28.9 37.9 3.4 4.8 

RCA75% 26.5 36.6 2.7 4.0 

RCA100% 24.8 32.6 2.5 3.8 

 203 

2.3   Digital Image Correlation  204 

Past research shows that DIC is very effective at measuring shear deformations of concrete 205 

samples with an error of 5-15% [34-36], based on the surface deformation processing principle. In this 206 

study, a bespoke DIC software (WU-DIC v2021 [37]) developed in Python was used to measure shear 207 

deformations of the Z push-off specimens. Fig. 3a shows a Z push-off specimen with a typical DIC 208 

speckle pattern, whereas Fig. 3b shows the measuring kit. The tracking of speckles was performed using 209 
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a Canon EOS 5D Mark IV camera configured at a maximum resolution of 4480×6720 pixels. The 210 

camera was mounted on on a tripod located at 500mm from the object (FOV). A Canon EF 50mm lens 211 

with a minimum focus distance of 0.21m and a maximum focus distance of 0.35 m was used. The FOV 212 

was illuminated by eight LED lamps of 300 W with a brightness of 60000 lux to control the brightness 213 

level of the sample surface. Table 4 shows the parameters used in the DIC analysis. 214 

 215 

Fig.3. (a) Typical view of grey speckle of Z-push off specimens, and (b) DIC grey speckle kit. 216 
 217 

Table 4. DIC analysis parameters. 218 

DIC parameters value Unit 

Focal length 50   Mm 

FOV 200×200   Mm 

Recording resolution 4480×6720   Pixel 

Objection-camera distance 500   Mm 

Speckle dimension 4.27 Pixels 

Object speckle dimension 0.35 mm 

Facet size 19×19  pixels 

Recording trigger 0.5 sec 

 219 

2.4   Instrumentation and testing procedure 220 

The specimens were positioned vertically on a strong floor, with the base being supported by 221 

steel supports as shown in Fig. 4. The specimens were loaded using a 100kN-capacity hydraulic jack. 222 

A hinge support was placed between the jack and the specimen. A guide roller was also used to prevent 223 

out of plane movement of the specimen during the test. To measure shear displacements, two 224 

displacement transducers were mounted vertically at the Z notches. Another horizontal transducer (near 225 

the centre of the specimen) monitored the crack opening during the test. The loading protocol was as 226 

FOVy

x

(a) (b)
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follows: prior to reaching 70% of the estimated ultimate shear load 𝑃𝑢, a loading step 𝑃𝑢/10 was used 227 

to increase the load by ten percent. Once the load was between 0.7𝑃𝑢 and 0.9𝑃𝑢, the loading step reduced 228 

to 𝑃𝑢/20. After reaching 0.9Pu, the test was controlled using the LVDT displacement at a rate of 0.02 229 

mm/min. The tests were terminated when shear failure of the specimens occurred.  230 

 231 

 232 

Fig. 4. Instrumentation and loading arrangement. 233 
 234 

3. Test results and discussion 235 

 236 

3.1 Failure mode 237 

Table 5 summarises the main results from the tests, including ultimate shear load (𝑃𝑢), ultimate 238 

shear stress (𝜏𝑢 =
𝑃𝑢

𝐴𝑐
), mean crack width (𝑤𝑐), and vertical slip (∆𝑦) at 𝑃𝑢. It can be seen from Table 5 239 

that the shear stress and crack width range between 4.91-5.38 MPa and 0.23-0.61mm respectively. The 240 

results in Table 5 indicate that an increase in the percentage of RCA from 25%, 50%, 75% to 100% 241 
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Digital camera
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decreases the corresponding shear strength (ratios 1.01, 1.02, 1.05 and 1.08 respectively) compared with 242 

specimen RCA0. Fig. 5 shows the failure of a typical Z push-off specimen. 243 

 244 
Table 5. Summary of results from Z push-off tests 245 
 246 

Concrete  

mix series 

Specimen fc 

(MPa) 

𝑷𝒖 

(kN) 

𝝉𝒖 

(MPa) 

𝒘𝒄 

(mm) 

y 

(mm) 

RCA0% 

(control) 

RCA0%-I  107.65 5.38 0.43 0.74 

RCA0%-II 35.2 106.83 5.34 0.32 0.81 

RCA0%-III  106.20 5.31 0.38 0.78 

RCA25% 

RCA25%-I  106.45 5.32 0.44 0.91 

RCA25%-II 32.4 105.96 5.29 0.61 0.66 

RCA25%-III  105.55 5.28 0.32 0.86 

RCA50% 

RCA50%-I  105.45 5.27 0.47 0.92 

RCA50%-II 28.9 104.69 5.23 0.57 0.82 

RCA50%-III  105.30 5.26 0.56 0.91 

RCA75% 

RCA75%-I  102.84 5.14 0.48 0.95 

RCA75%-II 26.5 101.78 5.09 0.41 0.84 

RCA75%-III  102.21 5.11 0.47 0.56 

RCA100% 

RCA100%-I  98.37 4.91 0.56 1.11 

RCA100%-II 24.8 99.20 4.96 0.23 0.96 

RCA100%-III  100.03 5.00 0.57 1.24 

Note: fc=compressive strength, Pu=compressive load, 𝜏𝑢=shear stress, 𝑤𝑐=crack width and y=slip 247 

 248 

 249 

 250 

Fig. 5. Failure of typical Z push-off specimen (specimen RCA0%).  251 
3.2 Shear stress vs displacement curves 252 
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Fig. 6 presents the shear stress vs displacement response for the tested specimens. In this figure, 253 

the crack width was measured by horizontal displacement transducers, whereas the shear displacement 254 

was monitored by the vertical displacement transducer. The results indicate that, at the start of loading, 255 

the crack separation changes very little. Before the ultimate shear stress is reached, the crack has nearly 256 

the same width along the specimen depth. It can also be noted that the crack width curves for the NAC 257 

specimens and for the RAC specimens share the same features, regardless of the different amounts of 258 

RCA used in the latter. The curves are convex before the ultimate shear stress is reached. After that, an 259 

inflection point appears, followed by quick growth of both crack width and shear displacement and the 260 

final failure. 261 

262 
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Fig. 6. Experimental shear stress vs slip curves for specimens: a) normal concrete (NC), b) 25% RCA 265 

replacement, c) b) 50% RCA replacement, d) 75% RCA replacement, and e) 100% RCA replacement 266 

 267 

3.3 Crack width and slip measurements   268 

Fig. 7 shows the relationship between shear slip (y) and crack width (wc) for specimens with 269 

different RCA contents. the specimens were positioned vertically and supported by a fixed bearing. The 270 

crack separation and was measured at the shear plane positions by horizontal displacement transducers, 271 

and the sliding was measured by two displacement transducers were mounted vertically at the Z notches 272 

near the specimen's center on at the shear plane position.  It is shown that, in the initial period of loading, 273 

the crack width hardly changes. Before the ultimate shear load is reached, the crack has nearly the same 274 

width along the specimen depth. Fig. 7 also indicates that the crack separation curves of all specimens 275 

share the same features. They are convex before the ultimate shear stress is reached. After that an 276 

inflection point appears, followed by quick growth of both crack width and shear slip and final failure. 277 

 278 

 279 
Fig. 7. Relationship between crack width and slip for different specimens 280 

 281 

 282 

3.4 Effect of concrete compressive strength  283 

Fig. 8 presents the shear stress vs compressive strength response of the tested specimens. The 284 

results in this figure show that the shear strength increases with increasing compressive strength. This 285 

is due to the increase in initial shear transfer stiffness as the compressive strength also increases. It can 286 

be seen from Fig. 8 that the ultimate shear stress of the RCA specimens tends to improve with the 287 

increase of concrete strength. 288 
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 289 

 290 

Fig. 8. Relationship between concrete shear strength and concrete strength for groups of specimens 291 

 292 

3.5 Effect of recycled aggregate replacement level 293 

Fig. 9 shows the variation of shear stress with the RCA replacement level. The results show 294 

that the shear stress decreases with increasing RCA replacement levels. However, in all cases the 295 

reduction in shear stress was minor (less than 10%). This is believed to be due to an internal curing 296 

action of the saturated surface dry recycled aggregate particles (which strengthened the concrete matrix) 297 

and thus increased the shear strength. 298 

 299 

 300 

Fig. 9. Effect of RCA replacement on concrete shear stress. 301 

 302 

Fig. 10 shows the calculated shear stresses normalised with reference to their respective cylinder 303 

compressive strengths as a function of the RCA replacement levels. The shear strength of the specimens 304 
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is attributed to cohesion and aggregate interlock, and it is seen to be significantly dependent of the RCA 305 

replacement levels. 306 

 307 

Fig. 10. Effects of RCA replacement levels on the u/fc ratio 308 

 309 

4. Numerical study on shear deformations 310 
 311 

The commercial finite element (FE) package ANSYS was used to numerically predict the shear 312 

behaviour of the Z push-off specimens and to explore the influence of percentage of RAC on the 313 

response. The mean moduli of elasticity of NA, 25%RCA, 50%RCA, 75%RCA and 100%RCA was 314 

calculated using Eurocode 2 [33] and were 33.2 GPa, 32.6 GPa, 32.1 GPa, 31.5 GPa and 30.1 GPa, 315 

respectively. The size independent fracture energy (Gf) from the same mix concrete design was obtained 316 

from three-point bending tests [38] and calculated according to the RILEM recommendations [39]. The 317 

shear stress vs displacement relationship of five specimens with different RCA percentages were then 318 

compared with the results given by the FE model. Eight-node hexahedron solid elements were adopted 319 

to model the concrete. The element size was 4 mm, as determined by a convergence study. The number 320 

of elements and nodes were 62,500 and 83,800 respectively. Following the FE model's validation, the 321 

plot of the shear stress vs. slip relationship was examined using common simulation and experimental 322 

findings as shown in Fig. 13. A regression analysis was then carried out for evaluating the expressions 323 

of the ultimate shear stress and direct shear stress vs deflection curves.   324 

Fig. 11 compares the crack patterns obtained from the FEA and DIC for a specimen with RCA 325 

replacement level of 100%. Overall, the predicted crack patterns obtained from both FE and DIC agreed 326 

very well with the experimental observations.  327 
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 328 

 329 
Fig. 11. FEM result of shear stress for 100% RCA replacement level 330 

 331 
 332 
5. A new shear strength model for RAC 333 
 334 

5.1 Shear transfer mechanism  335 
 336 

The analysis of shear transfer in the push-off specimens is based on Airy’s stress function and 337 

Mohr’s circle theory. A Mode II type of fracture (Fig. 12a) [40] is assumed to occur in the specimens 338 

(Fig. 12b), with a shear sliding mechanism as shown in Fig. 12c. The stresses acting on a small element 339 

of concrete lying in a shear plane are shown in Fig. 12d. The objective of the analysis is to predict the 340 

shear strength acting on the element that will lead to failure of concrete in the shear plane. Using Mohr's 341 

circle, a relationship between shear stress and normal stress is constructed in an originally uncracked 342 

push-off specimen. In Fig. 12d, σx is the normal stress on the shear plane brought on by the transverse 343 

plain, σy is the normal stress brought on by the applied load, and τxy is the shear stress.  344 

 345 

In the early stages of loading history (i.e. when the concrete in the shear plane is in uncracked), 346 

the stresses in the transverse plain are negligible. Diagonal cracks develop along the shear interface as 347 

the applied load increases, and these cracks create an angle θ (Fig. 12d).  This occurs when the principal 348 

tensile stress in the concrete surpasses its tensile capacity. Due to applied load, the fracture develops on 349 
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the specimen shear plane as shown in Fig. 12b. This results in the crack surface sliding relative to each 350 

other (Fig. 12c), and this sliding mode is Mode II. This mode of fracture defined by Westgarden function 351 

and transferred to shear based on Mohr’s circle principal stress (Fig 12d) 352 

 353 

Fig.12. (a) Three modes of deformation at a crack tip, (b) physical model of Z push-off specimens, (c) 354 
shear transfer mechanism along the shear plane, (d) state of stresses in a particle of concrete. 355 

 356 

 357 

To understand the interface cracking mechanism, a small (rotated) concrete element in a 358 

diagonal strut is also considered (Fig. 12d). The stresses acting on this element comprise of σy’ acting 359 

along the direction of diagonal cracks and shear stresses, and τx’y’ oriented normal to the direction of 360 

diagonal cracks. As failure approaches, the diagonal cracks widen, the faces of the crack become 361 

unstressed free surfaces, and thus σx’ can be considered as zero. The objective of this analysis is to 362 

obtain values of τx’y’ that correspond to cracking along the interface shear plane in the context of a 363 
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predefined interface cracking envelope. Airy’s stress function for Mode II of fracture [41-43] (Fig. 12a) 364 

is expressed in polar coordinates by Eq. (3): 365 

𝜙𝐼𝐼 = −yRe|Z|  (3) 

where the real part of Z represents Westergarden’s function [44], which for Mode II of fracture can be 366 

defined as follows: 367 

𝑍(𝑧) =
𝜏𝑜 × 𝑧

√𝑧2 − 𝑎2
 

(4)  

where o is the initial shear, and a is the length of shear surface in the specimen.   368 

Airy’s stress function transformation to shear can be derived from Mohr’s circle [45]: 369 

𝜎𝑥𝑥 =
𝜕2𝜙

𝜕𝑦2
= 2Im𝑍𝐼𝐼 + 𝑌Re𝑍′𝐼𝐼

𝜎𝑦𝑦 =
𝜕2𝜙

𝜕𝑥2
= −𝑌Re𝑍′𝐼𝐼

𝜏𝑥𝑦 =
−𝜕2𝜙

𝜕𝑥𝜕𝑦
= Re/𝑍𝐼𝐼/−𝑌 × Im/𝑍′𝐼𝐼/

 (5) 

By substituting the real and imaginary parts of Eq. (4) and its derivative into Eq. (5), and by adopting 370 

Euler’s theorem (cos sin )iZ re r i      , Eq. (6) can be obtained: 371 

 372 

{

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦

} =
𝐾𝐼𝐼

√2𝜋𝑟
sin

𝜃

2

{
 
 

 
 −2− cos

𝜃

2
cos

3𝜃

2

cos
𝜃

2
cos

3𝜃

2

cot
𝜃

2
(1 − sin

𝜃

2
− sin

3𝜃

2
)}
 
 

 
 

 (6) 

 373 

The shear stress after sliding 𝜏𝑥′𝑦′ is shown in Eq. (7), whereas Eq. (8) shows the transferred shear 374 

stress by substituting Eq. (6) into Eq. (7): 375 

 376 

𝜏𝑥′𝑦′ = −(
𝜎𝑥 − 𝜎𝑦

2
) 𝑠𝑖𝑛2𝜃 + 𝜏𝑥𝑦cos2𝜃 (7) 

𝜏𝑥′𝑦′ =
𝐾𝐼𝐼

√2𝜋𝑟
(
sin𝜃

2
𝑠𝑖𝑛2𝜃 (1 +

cos𝜃

2

cos3𝜃

2
) +

cos𝜃

2
cos2𝜃 (1 −

sin𝜃

2
−
sin3𝜃

2
)) (8) 

 377 
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The stress intensity factor [43] for Mode II can be defined as 𝐾𝐼𝐼 = 𝑌 × 𝜏𝑜√𝜋 × 𝑎, where Y= F(2a/L) 378 

is a geometry factor related to specific crack geometry. Ko and Kemeny [44] suggested the value of 379 

𝑓 (
2𝑎

𝐿
) = 0.15 + 0.54 (

2𝑎

𝑏
) based on finite element analysis using the displacement extrapolation 380 

method for a Mode II of fracture. 381 

 382 

Fig. 10 shows that a regression analysis yields the relationship between shear stress and RCA 383 

replacement level as 𝜏 = (−2 × 10−6𝑅2 + 7 × 10−4𝑅 + 0.1505)𝑓𝑐, where R=RCA replacement level, 384 

𝑓𝑐  =compressive strength. The Mode II stress intensity factor in terms of this parameter results in 𝐾𝐼𝐼 =385 

(−0.7272 × 10−6𝑅2 + 2.5452 × 10−4𝑅 + 0.05474)𝑓𝑐. 386 

 387 

The parameter r in Eq. (8) can be obtained using Pythagoras theorem as  𝑟2 = 𝑤2 + 𝛥2 + 𝑎2 − 2𝑎𝛥, 388 

where, w=crack width,  =slip and a =distance from centre of shear plane to tip. Using trigonometric 389 

identity substitution, Eq. (9) expresses the shear strength as a function of the RCA replacement level 390 

and shear deformation along the cracked plane: 391 

 392 

𝜏𝑥′𝑦′ = [
(−0.7272 × 10−6𝑅2 + 2.5452 × 10−4𝑅 + 0.05474)𝑓𝑐

√2𝜋√𝑤2 + 𝛥2 + 𝑎2 − 2𝑎𝛥
] ×

[
 
 
 
 
 
√
1 − cos𝜃

2
× sin𝜃cos𝜃(2 + cos𝜃 + cos2𝜃) + √

1 + cos𝜃

2
sin2𝜃cos𝜃(2cos𝜃 − 1)

−√
1 + cos𝜃

2
√
1 − cos𝜃

2
sin2𝜃cos2𝜃(cos𝜃 − 1) −

1

2
cos2𝜃sin3𝜃(1 + cos𝜃)

]
 
 
 
 
 
 (9) 

 393 

It should be noted that the shear stress function obtained by boundary condition at  =0, by substituting 394 

the parameters after fracture and the constants (geometry of specimen) to the governing Eq. (9) the 395 

angle at the shear plane leads to  =11o.  396 

Finally, by substituting the geometry of the Z push-off specimens tested in this study ( a =0.1m and b397 

=0.1m), the (aggregate) shear strength can be expressed as: 398 

 399 
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𝜏𝑎𝑔𝑔 = [
−0.64 × 10−6𝑅2 + 0.223 × 10−3𝑅 + 0.04796

√(𝑤2 + 𝛥2 − 0.2𝛥 + 0.01)
4

] × 𝑓𝑐 
 

(10) 

 400 

where 𝜏𝑎𝑔𝑔 is the shear transfer stress in plain concrete; and the rest of the variables are as defined 401 

before. 402 

 403 

It is noted that the proposed semi-empirical Eq. (10) adopts a Mode II stress intensity factor and data 404 

from a regression analysis, where the latter depend on both concrete compressive strength and RCA 405 

replacement levels. Since the scope of the present study is limited to the identical geometry of Z push-406 

off specimens and all the specimens had the same geometry to minimize the “size effect” as this can be 407 

one of an interesting topic when studying shear concrete strength with different specimen’s size. i.e the 408 

behavior would behave more brittle when larger specimens are used (compare to smaller specimens 409 

that more ductile behavior is expecting). The proposed model can be later modified to include the size 410 

effect i.e. shear span ratio/beam depth. However, the new equation explicitly considers the shear 411 

deformation along the cracked plane (i.e. crack width and slip). It is worth mentioning that the RCAs 412 

used in this study were obtained from a known source (same batch of concrete cylinders from laboratory 413 

with a maximum size of 20mm). Therefore, good quality control of RCA was maintained in the 414 

production of the RAC used in this study. Further experimental data may be necessary to extend the 415 

applicability of Eq. (10) to other types of RAC. Indeed, in cases where RCA materials are obtained 416 

from unknown sources, the relationship between shear strength and the compressive strength and RCA 417 

replacement level can be different. For such cases, previous studies [1,7,10,11] suggest the use of 418 

reduction factors on existing code equations to conservatively predict the shear strength of RAC 419 

members. 420 

In the following section, the shear stress predicted by Eq. (10) is compared against experimental 421 

values from actual tests. 422 

5.2 Comparison of experimental shear stress and predictions 423 
 424 
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Figs. 13a-e show the relationships between shear stress and slip for specimens with different 425 

RCA replacement levels. The figures include the experimental results from the Z push-off specimens 426 

(LVDTs and DIC), results from the FEA analysis, as well as the results predicted by Eq. (10).  The 427 

results show that increasing the level of replacement of RCA by 25%, 50%, 75% and 100%, the shear 428 

strength of concrete reduced by 4.3%, 9.1%, 12.8% and 17.3% respectively. Furthermore, a small 429 

stiffness reduction can be seen in the graph due to replacement of natural aggregates with RCA. 430 

 431 
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 432 
 433 

Fig. 13. Relationship between shear stress vs RCA replacement levels of (a) 0%, (b) 25%, (c) 50%, 434 

(d) 75%, and (e) 100% including experimental results, FEA results and predictions by Eq. (10). 435 

 436 

Figs. 13a-e indicate that there is a good agreement between the different results. This suggests 437 

that the shear transfer mechanism in NAC and RAC is similar, and thus existing models can be 438 

calibrated to consider the different replacement levels of RCA in the concrete. The FE results showed 439 

FE prediction
Eq. ( )10

DIC

Experiment

(a) RCA0%-I (b) RCA %-I25

(c) RCA %-I50 (d) RCA %-I75

( ) RCA %-Ie 100
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that shear deformation along the cracked plane of Z-push off specimen under pure shear loading can be 440 

simulated and major cracks can be captured before the failure of specimen occurred. Likewise, Eq. (10) 441 

predicts accurately the shear stress and slip of the Z push-off specimens. However, further research is 442 

needed to validate these observations using different specimen geometries under shear loading. 443 

Moreover, further analysis of structures with other types, size, replacement levels and surface treatments 444 

of RAC should be investigated to confirm the findings presented in this study.  445 

 446 

5.3 Model validation 447 
 448 

The accuracy of the proposed Eq. (10) at predicting the shear strength of plain concrete with 449 

RCA is validated using tests carried out in this study and data available in the literature. Moreover, the 450 

shear stress models in ACI 318 for plain concrete and from past studies (Eqs. 1 and 2) are also 451 

considered including Eq. 10 and the maximum value of shear was picked and plotted. Fig. 14 shows 452 

the variation of the normalised shear stress (agg/fc) with the RCA replacement level. It is shown that the 453 

predictions from ACI 318 give the most conservative results and are independent on the RCA 454 

replacement level. The normalized shear strength predicted by Walraven and Reinhardt (Eq. 1) and Li 455 

and Maekawa (Eq. (2)) increase with the RCA replacement level. However, Eq. (1) cannot predict well 456 

the test results presented in this study, whereas Eq. (2) cannot be applied if the RCA replacement level 457 

is 0 (i.e. to specimens made of normal concrete). Conversely, the proposed model (Eq. (10)) gives 458 

predictions better the shear stress provided by aggregate interlock of plain concrete at different RCA 459 

replacement levels.  460 
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Fig. 14. Comparison of normalized shear strength vs with the RCA replacement level 462 

predicted by different shear equations. 463 

 464 

To assess the accuracy of the proposed model at predicting the shear stress from other test 465 

results, 98 test data were compiled from the literature and from the tests presented in this study (see 466 

Appendix A). The results are sorted in groups and include the geometry of the Z-push off specimens, 467 

RCA replacement level, concrete strength, shear stress, crack width and slip. All of the specimens in 468 

this table were Z push-off specimens tested under direct shear loading arrangements. 469 

The results in Appendix A indicate that existing empirical models (Eqs. (1) and (2)) do not predict 470 

well the test results and are characterised by high values of standard deviation (SD). For instance, Eq. 471 

(1) has a Prediction/Experiment ratio P/E=0.21 and a high SD=0.37, whereas Eq. (2) has a P/E =0.38 472 

and a high SD=0.39. The ACI 318 empirical equation has P/E=0.15 and a SD=0.06 but gives reasonable 473 

safe predictions. It is also evident that Eq. (10) predicts better the test results with a P/E=0.83 and a 474 

SD=0.32. The high value of SD reflects the variation of RCA obtained from different sources.  475 

Fig. 15 compares the predictions given by the new proposed model (Eq. (10)) and by Eqs. (1) and 476 

(2). The results show that the proposed model leads to more consistent and economic predictions 477 

compared to existing models. Accordingly, if no information about the crack width and slip is available 478 

(i.e. w=0, =0), the shear stress can still be reasonably calculated using Eq. (10). 479 

 480 

Fig. 15. Comparison of experimental values and different shear equations. 481 
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6. Conclusions 484 
 485 

This article investigates experimentally and numerically the shear failure mechanism of 486 

Recycled Aggregate Concrete (RAC) specimens. Fifteen Z push-off type RAC specimens were first 487 

tested to examine the effect of different replacement levels of recycled concrete aggregate (fine and 488 

coarse at 0, 25%, 50%, 75% and 100%) on the shear strength of the specimens. The shear behaviour of 489 

the specimens was further examined using Digital Image Correlation analysis and nonlinear finite 490 

element analyses (FEA). A new equation to calculate the shear strength of specimens with different 491 

percentages of RAC is proposed. The equation adopts a fracture mechanics approach, and it explicitly 492 

includes the shear displacement and crack opening. From the results presented in this article, the 493 

following conclusions can be drawn:  494 

1) The results from Z push-off specimesn tested in this study indicate that the replacement of 495 

natural aggregates with recycled concrete aggregates (RCAs) consistnetly reduces the shear 496 

strength of concrete. Such reduction is of 17.3% if 100% of the natural aggregates are replaced 497 

with fine and coarse RCAs.  498 

2) Overall, the DIC and FEA predict well the shear stress–slip relationships obtained from the 499 

tested Z push-off specimens. 500 

3) Whilst the normalised shear stress predicted by Walraven and Reinhardt and Li and Maekawa 501 

equations increase with the RCA replacement level, such equations can lead to inconsistent 502 

results. For instance, the the latter equation cannot be applied to specimens with an RCA 503 

replacement level of 0 (i.e. to specimens made of normal concrete). 504 

4) Compared to existing models, the new semi-empirical equation calculates more accurately the 505 

shear strength of a dataset of 98 specimens with different percentages of RAC 506 

(Prediction/Experiment=0.83, SD=0.32). However, further experimental results are necessary 507 

to validate and extend the applicatbilty of the proposed equation to other types of concretes 508 

made with different types and amounts of RCAs. 509 
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Appendix A. Comparison of shear stress of recycled aggregate concrete by different models and test results. 

Reference No. Sample ID 
L  

(mm) 

B  

(mm) 

t  

(mm) 

Av  

(mm2) 
%RCA 

fc 

(MPa) 

exp 

(MPa) 

ws 

(mm) 

y 

(mm) 

Predicted shear strength (MPa) 

Eq. (1) Eq. (2) ACI 318 Eq. (10) 

 

 

 

 

 

 

Results from 

this study 

1 RCA0%-I 500 200 100 4х104 0 35.2 5.38 0.4 0.74 1.85 4.80 1.19 5.36 

2 RCA0%-II 500 200 100 4х104 0 35.2 5.34 0.32 0.81 2.75 4.80 1.19 5.36 

3 RCA0%-III 500 200 100 4х104 0 35.2 5.31 0.38 0.78 2.13 4.80 1.19 5.36 

4 RCA25%-I 500 200 100 4х104 25 32.4 5.32 0.44 0.92 2.09 4.80 1.14 5.47 

5 RCA25%-II 500 200 100 4х104 25 32.4 5.29 0.61 0.66 0.72 4.80 1.14 5.46 

6 RCA25%-III 500 200 100 4х104 25 32.4 5.28 0.32 0.86 2.79 4.80 1.15 5.47 

7 RCA50%-I 500 200 100 4х104 50 28.9 5.27 0.42 0.92 2.06 2.40 1.07 5.28 

8 RCA50%-II 500 200 100 4х104 50 28.9 5.23 0.57 0.82 1.14 2.40 1.07 5.28 

9 RCA50%-III 500 200 100 4х104 50 28.9 5.26 0.56 0.91 1.36 2.30 1.08 5.28 

10 RCA75%-I 500 200 100 4х104 75 26.5 5.14 0.25 0.75 2.65 3.50 1.03 5.14 

11 RCA75%-II 500 200 100 4х104 75 26.5 5.09 0.41 0.84 1.78 3.50 1.03 5.14 

12 RCA75%-III 500 200 100 4х104 75 26.5 5.11 0.47 0.56 0.81 3.50 1.03 5.14 

13 RCA100%-I 500 200 100 4х104 100 24.8 4.91 0.56 1.11 1.66 2.10 0.99 5.04 

14 RCA100%-II 500 200 100 4х104 100 24.8 4.96 0.23 0.96 3.67 2.30 0.11 5.04 

15 RCA100%-III 500 200 100 4х104 100 24.8 5.00 0.37 1.24 3.12 2.10 0.11 5.04 

 

Rahal and 

Hassan [14] 

16 RAC0% 320 150 150 1.73 х104 0 40.6 4.69 0.46 0.95 2.39 3.30 1.27 6.19 

17 RAC20% 320 150 150 1.73 х104 20 36.2 4.12 0.49 0.97 2.08 3.40 1.21 5.52 

18 RAC50% 320 150 150 1.73 х104 50 37 4.16 0.53 1.11 2.27 5.04 1.22 5.65 

19 RAC100% 320 150 150 1.73 х104 100 38 3.08 0.62 1.31 2.27 6.36 1.24 5.80 

 

 

 

 

 

 

Waseem and 

Singh [41] 

20 N-00-0-A 450 500 150 6.3 х104 0 38.24 6.29 0.13 0.11 0.21 3.80 1.24 5.81 

21 N-00-0-B 450 500 150 6.3 х104 0 38.24 6.16 0.1 0.14 0.76 3.80 1.24 5.81 

22 N-00-2-A 450 500 150 6.3 х104 0 38.24 8.92 0.94 0.16 0.61 3.80 1.24 5.81 

23 N-00-2-B 450 500 150 6.3 х104 0 38.24 10.66 0.42 0.61 1.36 3.20 1.24 5.81 

24 N-00-3-A 450 500 150 6.3 х104 0 38.24 11.81 0.24 0.82 3.99 3.20 1.24 5.82 

25 N-00-3-B 450 500 150 6.3 х104 0 38.24 10.17 0.42 0.48 0.89 3.10 1.24 5.81 

26 N-00-4-A 450 500 150 6.3 х104 0 38.24 11.77 1.13 0.17 0.66 3.80 1.24 5.80 

27 N-00-4-B 450 500 150 6.3 х104 0 38.24 12.44 1.14 0.25 0.59 3.80 1.24 5.80 

28 N-50-0-A 450 500 150 6.3 х104 50 34.4 5.56 0.12 0.15 0.61 2.50 1.07 6.26 

29 N-50-0-B 450 500 150 6.3 х104 50 34.4 5.4 0.18 0.11 0.01 2.50 1.07 6.26 

30 N-50-2-A 450 500 150 6.3 х104 50 34.4 9.88 0.36 0.36 0.64 2.50 1.07 6.27 
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Appendix A. Comparison of shear stress of recycled aggregate concrete by different models and test results (contd.) 

Reference No. Sample ID 
L  

(mm) 

B  

(mm) 

t  

(mm) 

Av  

(mm2) 
%RCA 

fc 

(MPa) 

exp 

(MPa) 

ws 

(mm) 

y 

(mm) 

Predicted shear strength (MPa) 

Eq. (1) Eq. (2) ACI 318 Eq. (10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Waseem and 

Singh [41] 

31 N-50-2-B 450 500 150 6.3 х104 50 34.4 8.11 0.32 0.49 1.85 4.80 1.19 5.36 

32 N-50-3-A 450 500 150 6.3 х104 50 34.4 9.46 0.2 1.08 2.75 4.80 1.19 5.36 

33 N-50-3-B 450 500 150 6.3 х104 50 34.4 10.61 0.19 0.34 2.13 4.80 1.19 5.36 

34 N-50-4-A 450 500 150 6.3 х104 50 34.4 11.41 0.19 0.82 2.09 4.80 1.14 5.47 

35 N-50-4-B 450 500 150 6.3 х104 50 34.4 10.14 0.85 0.13 0.72 4.80 1.14 5.46 

36 N-100-0-A 450 500 150 6.3 х104 100 30.24 5.37 0.13 0.16 2.79 4.80 1.15 5.47 

37 N-100-0-B 450 500 150 6.3 х104 100 30.24 5.47 0.12 0.09 2.06 2.40 1.07 5.28 

38 N-100-2-A 450 500 150 6.3 х104 100 30.24 9.8 0.15 0.14 1.14 2.40 1.07 5.28 

39 N-100-2-B 450 500 150 6.3 х104 100 30.24 7.28 0.36 0.2 1.36 2.30 1.08 5.28 

40 N-100-3-A 450 500 150 6.3 х104 100 30.24 9.75 0.28 0.31 2.65 3.50 1.03 5.14 

41 N-100-3-B 450 500 150 6.3 х104 100 30.24 9.86 0.2 0.46 1.78 3.50 1.03 5.14 

42 N-100-4-A 450 500 150 6.3 х104 100 30.24 10.13 0.67 0.2 0.81 3.50 1.03 5.14 

43 N-100-4-B 450 500 150 6.3 х104 100 30.24 10.38 0.47 0.49 1.66 2.10 0.99 5.04 

44 H-00-0-A 450 500 150 6.3 х104 0 73.6 8.17 0.05 0.1 3.67 2.30 0.11 5.04 

45 H-00-0-B 450 500 150 6.3 х104 0 73.6 8.44 0.07 0.08 3.12 2.10 0.11 5.04 

46 H-00-2-A 450 500 150 6.3 х104 0 73.6 13.78 0.1 0.48 2.39 3.30 1.27 6.19 

47 H-00-2-B 450 500 150 6.3 х104 0 73.6 15.49 0.23 0.33 2.08 3.40 1.21 5.52 

48 H-00-3-A 450 500 150 6.3 х104 0 73.6 15.29 0.49 0.34 2.27 5.04 1.22 5.65 

49 H-00-3-B 450 500 150 6.3 х104 0 73.6 18.04 0.12 0.38 2.27 6.36 1.24 5.80 

50 H-00-4-A 450 500 150 6.3 х104 0 73.6 18.7 0.82 0.15 0.21 3.80 1.24 5.81 

51 H-00-4-B 450 500 150 6.3 х104 0 73.6 16.09 0.44 0.31 0.76 3.80 1.24 5.81 

52 H-50-0-A 450 500 150 6.3 х104 50 67.6 7.86 0.11 0.15 0.61 3.80 1.24 5.81 

53 H-50-0-B 450 500 150 6.3 х104 50 67.6 7.66 0.06 0.12 1.36 3.20 1.24 5.81 

54 H-50-2-A 450 500 150 6.3 х104 50 67.6 14.06 0.24 0.42 3.99 3.20 1.24 5.82 

55 H-50-2-B 450 500 150 6.3 х104 50 67.6 13.88 0.34 0.61 0.89 3.10 1.24 5.81 

56 H-50-3-A 450 500 150 6.3 х104 50 67.6 16.08 0.18 0.46 0.66 3.80 1.24 5.80 

57 H-50-3-B 450 500 150 6.3 х104 50 67.6 15.39 0.16 0.58 0.59 3.80 1.24 5.80 

58 H-50-4-A 450 500 150 6.3 х104 50 67.6 18.35 0.26 0.63 0.61 2.50 1.07 6.26 

59 H-50-4-B 450 500 150 6.3 х104 50 67.6 15.97 0.46 0.39 0.01 2.50 1.07 6.26 

60 H-100-0-A 450 500 150 6.3 х104 100 64.4 7.29 0.1 0.14 0.64 2.50 1.07 6.27 
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Appendix A. Comparison of shear stress of recycled aggregate concrete by different models and test results (contd.) 

Reference No. Sample ID 
L  

(mm) 

B  

(mm) 

t  

(mm) 

Av  

(mm2) 
%RCA 

fc 

(MPa) 

exp 

(MPa) 

ws 

(mm) 

y 

(mm) 

Predicted shear strength (MPa) 

Eq. (1) Eq. (2) ACI 318 Eq. (10) 

 

 

 

Waseem and 

Singh [42] 

61 H-100-0-B 450 500 150 6.3 х104 100 64.4 7.54 0.08 0.11 0.86 2.50 1.61 13.02 

62 H-100-2-A 450 500 150 6.3 х104 100 64.4 13.41 0.37 0.27 0.28 2.50 1.61 13.03 

63 H-100-2-B 450 500 150 6.3 х104 100 64.4 13.9 0.28 0.28 0.85 2.50 1.61 13.03 

64 H-100-3-A 450 500 150 6.3 х104 100 64.4 15.57 0.23 0.37 2.09 2.50 1.61 13.04 

65 H-100-3-B 450 500 150 6.3 х104 100 64.4 15.28 0.16 0.26 1.86 2.50 1.61 13.03 

66 H-100-4-A 450 500 150 6.3 х104 100 64.4 16.29 0.26 0.71 4.65 2.50 1.61 13.06 

67 H-100-4-B 450 500 150 6.3 х104 100 64.4 15.92 0.35 0.42 1.36 2.50 1.61 13.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Xiao et al. 

[46] 

 

68 N-13 600 400 150 12 х104 0 22.0 5.10 0.44 0.65 1.03 2.50 0.94 3.35 

69 N-14a 600 400 150 12 х104 0 22.0 7.35 0.30 0.94 2.58 2.50 0.94 3.35 

70 N-14b 600 400 150 12 х104 0 22.0 7.59 0.29 0.98 2.79 2.50 0.94 3.35 

71 N-14c 600 400 150 12 х104 0 22.0 8.23 0.43 0.69 1.17 2.50 0.94 3.34 

72 N-24 600 400 150 12 х104 30 24.2 6.21 0.59 0.76 0.87 3.70 0.98 4.15 

73 N-32 600 400 150 12 х104 30 22.5 3.8 0.60 0.54 0.45 3.70 0.95 3.86 

74 N-33 600 400 150 12 х104 30 22.5 6.8 0.32 0.99 2.61 3.70 0.95 3.87 

75 N-34 600 400 150 12 х104 30 22.5 6.82 0.51 0.86 1.27 3.70 0.95 3.87 

76 R-14a 600 400 150 12 х104 30 14.6 6.39 0.54 0.73 0.78 3.10 0.76 2.51 

77 R-14b 600 400 150 12 х104 30 14.6 6.31 0.59 0.48 0.35 3.10 0.76 2.51 

78 R-42 600 400 150 12 х104 100 20.5 4.74 0.24 0.65 1.97 1.10 0.91 4.15 

79 R-43 600 400 150 12 х104 100 20.5 5.52 0.48 0.49 0.56 1.10 0.91 4.15 

80 R-44a 600 400 150 12 х104 100 20.5 7.34 0.46 0.54 0.71 1.10 0.91 4.15 

81 R-44b 600 400 150 12 х104 100 20.5 6.78 0.51 0.80 1.09 1.10 0.91 4.16 

82 R-44c 600 40 150 12 х104 100 20.5 6.18 0.31 0.73 1.76 1.10 0.91 4.16 

83 R-52 600 400 150 12 х104 50 25.7 4.27 0.46 0.81 1.45 2.30 1.02 4.69 

84 R-53 600 400 150 12 х104 50 25.7 6.12 0.21 0.47 1.72 2.30 1.02 4.68 

85 R-54 600 400 150 12 х104 50 25.7 6.80 0.5 0.46 0.49 2.30 1.02 4.68 

86 R30-64a 600 400 150 12 х104 30 19.6 7.93 1.16 1.26 0.43 3.50 0.89 3.37 

87 R30-64b 600 400 150 12 х104 30 19.6 8.20 1.01 0.79 0.24 3.50 0.89 3.37 

88 R30-64c 600 400 150 12 х104 30 19.6 8.05 0.56 0.89 1.09 3.50 0.89 3.37 

89 R50-14a 600 400 150 12 х104 50 18.9 6.72 0.64 0.84 0.83 2.10 0.87 3.45 

90 R50-14b 600 400 150 12 х104 50 18.9 6.60 0.45 0.91 1.47 2.10 0.87 3.45 
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Appendix A. Comparison of shear stress of recycled aggregate concrete by different models and test results (cont.) 

Reference No. Sample ID 
L  

(mm) 

B  

(mm) 

t  

(mm) 

Av  

(mm2) 
%RCA 

fc 

(MPa) 

exp 

(MPa) 

ws 

(mm) 

y 

(mm) 

Predicted shear strength (MPa) 

Eq. (1) Eq. (2) ACI 318 Eq. (10) 

 

 

 

 

Xiao et al. 

[46] 

 

 

91 R50-72 600 40 15 12 х104 50 18.8 2.82 0.94 1.10 0.59 2.10 0.87 3.40 

92 R50-73 600 40 15 12 х104 50 18.8 6.1 0.85 0.76 0.38 2.10 0.87 3.43 

93 R50-74a 600 40 15 12 х104 50 18.8 6.93 0.52 0.80 1.03 2.10 0.87 3.43 

94 R50-74b 600 40 15 12 х104 50 18.8 6.97 0.38 0.82 1.56 2.10 0.87 3.43 

95 R50-74c 600 40 15 12 х104 50 18.8 6.45 0.80 0.79 0.48 2.10 0.87 3.44 

96 R70-84a 600 40 15 12 х104 70 22.2 6.78 0.46 0.66 0.99 1.60 0.94 4.25 

97 R70-84b 600 40 15 12 х104 70 22.2 6.62 0.74 1.07 0.97 1.50 0.94 4.26 

98 R70-84c 600 40 15 12 х104 70 22.2 7.02 0.68 0.97 0.97 1.50 0.94 4.26 

      Mean value (Prediction / Experiment) 0.21 0.38 0.15 0.83 
      Standard deviation (Prediction / Experiment)   0.37 0.39 0.06 0.32 

  

Note: B, L and t are the width, height sand thickness of a Z-push off specimen, shear plane is the planar where the shear load acting through the 

specimen, %RCA is the replacement ratio of recycled concrete aggregate to natural aggregate in the mix design, fc is the concrete compressive 

strength, u is the maximum shear stress, ws and  y are the crack width and slip measured at u. 

 

 


