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6 Abstract

7 The current study aims to assess the shear behaviour of reinforced mortar beams including Polyvinyl Alcohol Fibre (PVA)

8 ranges from 0 to 2.25%, fly ash (55%) and silica fume (15%). Fourteen beams were experimentally tested under two

9 concentrated loads. In addition, a finite element model was developed to predict the crack pattern, load–deflection, energy

10 absorption, and shear strength results of the test beams. The studied variables were different percentages of PVA fibres,

11 shear span to depth ratio (a/d), and transverse reinforcement (stirrups) ratio. The fly ash and silica fume were kept constant

12 in all the studied mixes to achieve a compressive strength above 55 MPa at the time of testing (90 days) and to improve

13 PVA-mortar properties. It was found that the inclusion of PVA improves the shear behavior of the tested beams in terms of

14 crack pattern and ductility. It was observed also that reducing a/d led to enhancing the shear capacity without changing the

15 mode of failure. In addition, PVA played the same role as the stirrups and their effect on the ultimate shear capacity was

16 increased with reducing the volume of stirrups. Moreover, the PVA fibres were more effective in lower shear span to depth

17 ratio (a/d = 1.5) giving an enhancement of shear resistance of 221%. The non-linear finite element model showed excellent

18 agreement with the experimental results and the ratio of the predicted to experimental ultimate strength ranged between

19 0.91 and 1.09. The authors recommend a combination of fly ash, silica fume and at least 1.5% PVA in the presence of

20 minimum stirrups reinforcement (5U6/m) or adding 2.25% PVA without stirrups to achieve adequate shear behaviour and

21 to improve the ductility of PVA-mortar beams.

22

23 Keywords PVA � Mortar � Shear of beams � Fly ash � Silica fume � Non-linear finite element modeling

24

251 Introduction

26Polyvinyl Alcohol fibre (PVA) is an environment friendly

27fibre with excellent alkali resistance. PVA fibre is eco-

28nomic, exhibits higher tensile strength and elastic modulus

29compared to polypropylene (PP) fibre [1]. Researchers

30[1–4] reported that the overall cost of mortar/concrete

31composites including PVA, such as Engineered Cementi-

32tious Composites (ECC), can be reduced by using an

33optimized dosage of micro-fibres and local materials

34including cement, fine aggregate, cement replacement

35materials such as fly ash and silica fume, and chemical

36admixtures. Iqbal Khan et al. [4] reported that the use of

37coarse aggregates increased the fibre balling, which

38reduced the micro-fibre dispersion effectiveness. There-

39fore, researchers [5, 6] eliminated the coarse aggregates in

40their mixes and only smaller amount of fine sand was used

41to control fracture toughness of matrix for PVA-mortar
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42 composite production. Zhu et al. [7] reported the benefit of

43 adding silica fume and fly ash in improving durability and

44 compressive strength of PVA-mortar composite elements.

45 Kanda et al. [8], used PVA fibres to produce ECC and they

46 reported that the PVA is the main contributor to achieve the

47 high strain hardening and ductility for ECC. Furthermore,

48 Kanda et al. [9] described the design concept and material

49 characteristics of PVA composite mortar elements. They

50 showed that composites containing PVA exhibited a

51 remarkably ductile tensile property with more than 1%

52 tensile strain capacity, which in turn, has enhanced struc-

53 tural performance in seismic conditions.

54 Alyousif et al. [10] studied the shear behaviour of PVA-

55 mortar beams cast with fly ash and different shear span

56 lengths. The test results showed that the behaviour of these

57 beams under shear was, in most cases, much better than

58 that of conventional reinforced concrete beams without

59 PVA. The strength, stiffness, ductility and energy absorp-

60 tion capacity of mortar beams with PVA were found to be

61 significantly higher than those of the corresponding rein-

62 forced concrete beams without PVA, to varying degrees,

63 based on the shear span to depth ratio. Paegle et al. [11]

64 also studied the shear behaviour of PVA-mortar beams.

65 Their experimental program consisted of reinforced mortar

66 beams with short (8 mm) randomly distributed PVA fibre

67 and conventional reinforced concrete counterparts for

68 comparison with varying shear reinforcement arrange-

69 ments. The results demonstrated that the PVA-mortar

70 beams had better shear resistance, better control of crack

71 sizes, and a more ductile shear failure compared to the

72 conventional reinforced concrete beams. Liu et al. [12]

73 reported that adding high content of fly ash (67%) to PVA-

74 mortar composites resulted in self-healing of micro-cracks

75 in structural elements under sulfate and chloride attack.

76 Ismail et al. [13] studied the shear behaviour of large-

77 scale composite beams reinforced with different types of

78 PVA and steel fibres (PVA8, PVA12, PP19, and long steel

79 fibres, SF13). Their beams showed better performance in

80 terms of cracking behaviour, shear capacity, ductility and

81 energy absorption compared with normal reinforced con-

82 crete beams. Beams reinforced with PVA-8 fibres showed

83 the highest shear strength and ductility compared to the

84 beams containing other polymeric fibres. Longer PVA

85 fibres appeared to be less efficient than shorter ones. The

86 beam reinforced with PP19 showed the lowest perfor-

87 mance, while the use of SF13 proved to be the most

88 effective in improving the first crack load, ultimate load,

89 ductility and energy absorption capacity. The researchers

90 reported that the fly ash range (50–65%) and silica fume

91 (5–15%) were the best combination for improving

92 mechanical properties and durability aspects of PVA-

93 mortar/concrete elements. This improvement was optimum

94 when testing was conducted at the age of 90 days

95[7, 14, 15], because the pozzolanic reaction of silica fume

96and fly ash takes place after the initial hydration of cement

97and continues to 90 days and beyond [12, 15].

98In the above reviewed literature, the importance of PVA

99fibres in improving the ductility of composite mortar was

100reported. The negative effect of coarse aggregate on the

101efficiency of PVA fibres was addressed. The positive effect

102of PVA with fly ash on the shear behaviour of mortar

103beams was mentioned. The improvement of PVA-mortar

104composite elements durability by adding silica fume

105(5–15%) and fly ash (50–65%) with PVA fibres was also

106reported.

1072 Research Significance

108Based on the research gap from the above literature review,

109the current study aims to investigate the shear behaviour of

110PVA-reinforced mortar beams containing a fixed content of

111fly ash (55%) and silica fume (15%), as recommended in

112the literature, and different percentages of PVA up to

1132.25%. The research focuses on the effect of PVA in the

114presence of silica fume and fly ash after curing for 90 days

115on the structural behaviour and shear strength of studied

116beams. This will be achieved by testing 17 mortar beams

117containing different percentages of PVA with and without

118stirrups. Finite element modeling of the test beams was

119carried out using ANSYS to predict the crack pattern, load–

120deflection, and shear capacity results.

1213 Experimental Program

1223.1 Constituent Materials

123The mix ingredients used throughout this investigation

124were Portland cement, fly ash, silica fume, polyvinyl

125alcohol (PVA) micro-fibres, natural siliceous sand, water,

126high range water reducer (HRWR), and reinforcing steel.

127The properties of these materials are given in the following

128sections.

1293.1.1 Cement and Cement Replacement Materials

130A grade 52.5 Portland cement was supplied by a local

131Egyptian factory, and is compatible with European stan-

132dards [16]. Type F fly ash was obtained from CEMEN-

133TRAC Company for Cement Exporting. Fly ash complied

134with ASTM C 618 [17]. The silica fume was supplied by

135Sika Egypt for Construction Chemicals and it was com-

136plied with ASTM C 1240 [18]. The physical and chemical

137properties of cement replacement materials are shown in

138Tables 1 and 2 (provided by the supplier). In addition, the
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139 physical and chemical properties of cement is presented in

140 Table 3.

141 3.1.2 Polyvinyl Alcohol Fibre (PVA)

142 Different volume percentages of polyvinyl alcohol (PVA)

143 fibres (0.75, 1.5, and 2.25%) were used in the mortar

144 beams. The properties of PVA fibre are listed in Table 4

145 (provided by the supplier). The same mechanical properties

146 PVA fibres were presented by Cao [19] and Said et al. [20]

147 3.1.3 Sand

148 Fine aggregate, used in sample preparation, was natural

149 siliceous sand. The fine aggregate was clean, free of

150 impurities and with no organic compounds with fineness

151 modulus 2.84. Sieve analysis test was carried out in

152 accordance with the ESS No. 1109/2002 [21] and the test

153 results are shown in Table 5. Moreover, the sieve analysis

154 curve of the fine aggregate is presented in Fig. 1.

155 3.1.4 Water and High Range Water Reducer

156 Potable tap water is used for mixing and curing of the test

157 specimens. Polycarboxylic High Range Water Reducer

158 (HRWR) from BASF Construction Chemicals (Master

159 Glenium RMC 315) complying with BS EN 934-2 [22] was

160 used. The objective of adding HRWR was to ensure that

161 the PVA fibres were well-dispersed in the mixes and to

162 achieve workability as indicated by a slump of

163 60 mm ± 10 mm.

164 3.1.5 Reinforcing Steel

165 The longitudinal reinforcement for the beams was high

166 tensile steel (40/60) having 450 MPa yield stress. Mild

167 steel (24/35) having 240 MPa yield stress was used for

168 stirrups. The size of bars used for longitudinal

169reinforcement was18 mm diameter and for the stirrups, it

170was 6 mm diameter. The steel reinforcement properties

171were according to [23, 24].

Table 1 Properties of the used silica fume

SiO2 [ 88.9%

Moisture \ 0.57%

Alkalis like Na2O \ 0.5%

Free CaO \ 0.1%

Free SI 0.14%

Free Cl% 0.02%

SO3 \ 0.25%

L.O.I (incl. carbon) \ 4.5%

Specific surface * 20 m2/g

Size * 0.15 microns

Table 2 Properties of the used fly ash

Density (Kg/m3) 2150

Activity index % (after 28 days) 77.5

Activity index % (after 90 days) 85.6

Soundness (mm) 1

Fineness % 22.43

LOI % 3.82

SiO2% 57.87

Al2O3% 26.12

Fe2O3% 5.68

CaO% 1.163

SO3% \ 0.00010

Alkalis% 2.46

Free CaO 0.03

CI % \ 0.00020

Reactive SiO2% 40.34

Blaine (cm2/g) 3330

Table 3 Physical and mechanical properties of cement

Property Measured value

Fineness (mm2/N) 3260

Specific gravity 3.15

Soundness (expansion, %) 0.50

Initial setting time (min.) 75’

Final setting time (min.) 180’

Crushing strength (MPa)

3 days 23.9

7 days 26.52

28 days 35

Silica dioxide (SiO2) % 21.45%

Aluminum oxide (Al2O3) % 5.80%

Iron oxide (Fe2O3) % 3.60%

Calcium oxide (CaO) % 63.63%

Magnesium oxide (MaO) % 1.4%

Sulphur trioxide (SO3) % 3.17%

Moisture % –

Loss due to ignition % 4.10%
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172 3.2 Mixing Process, Specimen Preparation,
173 and Curing

174 Trial mixes were carried out varying the percentage of

175 water binder ratio (w/b) to obtain the required fcu
176 ([ 55 MPa at 90 days). Finally, the (w/b) ratio and sand to

177 binder ratio were kept constant for all mixes at 0.33 and

178 0.8, respectively. The fly ash content was 55% and silica

179 fume content was 15% of the total binder (Portland

180 cement ? fly ash ? silica fume) as recommended in lit-

181 erature. HRWR was added with dosage ranges from 0.9 to

182 1.25% by weight of binder. The final quantities required by

183 weight for one cubic meter of fresh concrete for the

184 specimens are given in Table 6. The mixing process was

185 according to the method described by Zhou et al. [25] to

186 achieve good fibre dispersion. At the final stage of mixing,

187 all materials were mechanically mixed in a drum mixer for

188 2 min and cast in the wooden forms, in which the rein-

189 forcing steel cages were previously placed. The poured

190 PVA-mortar was then vibrated with an electrical Poker

191 vibrator and the final surface was smoothed using a trowel.

192 The forms were removed after 24 h from casting and

193 specimens were kept under wet burlap, sprayed with water

194 twice a day for 28 days and then kept in laboratory

195 atmosphere for 90 days until they were tested.

196 To test the mechanical properties of the PVA-mortar

197 composite, companion samples from the same mixes were

198 prepared during casting the beam specimens. These

199samples were de-moulded 24 h after casting and were

200continuously water cured for 28 days (except for the cube

201samples that were tested for compressive strength at

2027 days). Thereafter, these samples were kept in the labo-

203ratory near their corresponding beam samples until their

204testing age (i.e. some cubes were tested for compressive

205strength at 28 and 56 days, whilst the remainder of the

206samples were tested at 90 days).

2073.3 Details of Test Specimens

208The experimental program comprised 14 large-scale beams

209of span (L) = 1800 mm, depth (tb) = 300 mm, and width

210(b) = 120 mm. The effective depth for all specimens was

211260 mm. The beams were simply supported and tested

212under the effect of four-point bending. The main four

213variables were the volume of the PVA fibres (0, 0.75%,

2141.5%, 2.25%), variable shear span-to-depth ratio, a/d (2.25,

2151.5) and variable distribution of stirrups (5U6/m, 7.5U6/m,

21610U6/m). The test beams represented four Groups A, B, C,

217D, and E as indicated in Table 7. All beams were designed

218according to ECP 203–2007 [24] to be very strong in

219flexure and very weak in shear to assess the PVA fibre

220effect on shear behaviour. The steel bars were tied with the

221stirrups forming reinforcement cages as shown in Fig. 2.

222Electrical strain gauges of 10 mms length and 120.3 ± 0.5-

223X resistance were fixed on the steel bars, with the positions

224shown in Fig. 3 to follow the reinforcement strains during

225loading. The strain gauges were covered with silicon sea-

226lant to protect them during casting and consolidation of

227concrete.Table 5 Sieve analysis test results for fine aggregates

Sieve

size

(mm)

Retained on

each size (gm.)

Cumulative

retained

Cumulative

retained %

Passing

%

40 0 0 0 100

20 0 0 0 100

10 0 0 0 100

5 5 5 0.5 99.5

2.5 32 37 3.7 96.3

1.25 140 177 17.7 82.3

0.65 496 673 67.6 32.4

0.3 280 953 95.3 4.7

0.16 38 991 99.1 0.9
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Fig. 1 Sieve analysis curve of the fine aggregate

Table 4 Properties of the polyvinyl alcohol fibres (PVA)

Length (lf)

(mm)

Shape Diameter (/f)

(mm)

Tensile strength

(MPa)

Elastic modulus

(GPa)

Density (q) (g/

cm3)

Elongation

(%)

12 Monofilament 0.04 1620 42.80 1.3 7.0
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229 cube specimens (100 mm each side) form each mix to test

230 the compressive strength at different ages (three cubes

231 from each mix were tested at 7, 28, 56 and 90 days). In

232 addition, three cylindrical specimens (100 diameter and

233 200 mm height) for prepared from each mix to test the

234 splitting tensile strength at 90 days. Moreover, three

235 cylindrical specimens were prepared to obtain compressive

236 stress–strain relationships per mix, and to calculate the

237 Young’s modulus at the age of 90 days. Therefore, six

238 cylinders were prepared from each mix.

2393.4 Testing of Specimens

240At the day of testing, the beam specimen was mounted and

241adjusted in the loading frame. The beams were loaded in

242increments up to failure. They were instrumented to mea-

243sure their deformational behavior after each load incre-

244ment. Test setup is shown in Fig. 4. The recorded

245measurements include concrete, longitudinal reinforcement

246and stirrups strain, lateral deflection and crack propagation.

247The reinforcement strains were measured using the elec-

248trical strain gauges (extensometer) of 10 mm gauge length

249attached to longitudinal reinforcement and stirrups as

250shown in Fig. 3. The electrical strain gauges were coupled

251to a strain indictor. The deflections were measured using

252three Linear Variable Displacement Transducers (LVDT)

253100 mm capacity and 0.01 mm accuracy and arranged to

254measure the deflection distribution to the specimen as

255shown in Fig. 3. After each load increment, the cracks were

256traced and marked on the painted sides of the specimen

257according to their priority of occurrence.

Table 7 Details of the tested beams

Group Beam Shear span to depth ratio

(a/d)

PVA,

Vf %

Stirrups Mix

A B1 2.5 0.00 – 1

B2 0.75 – 2

B3 1.50 – 3

B4 2.25 – 4

B B5 1.5 0.00 – 1

B6 0.75 – 2

B7 1.50 – 3

B8 2.25 – 4

C B9 2.25 1.50 5U6/m 3

B10 1.50 7.5 U

6/m

3

B11 2.25 1.50 10 U

6/m

3

d 12 0.75 5 U 6/m 2

13 0.75 7.5 U

6/m

2

14 0.75 10 U

6/m

2

e 15 2.25 0.00 5 U 6/m 1

16 0.00 7.5 U

6/m

1

17 0.00 10 U

6/m

1

Fig. 2 Steel reinforcement cages for typical specimens

Table 6 Mix proportions for mortars (Kg/m3)

Mix Cement Fly ash (55%) Silica fume (15%) Fine sand Water PVA Fibres HRWR

(Kg) %

1 360 660 180 960 400 0 0.0 11

2 360 660 180 960 400 10 0.75 11

3 360 660 180 960 400 20 1.50 13

4 360 660 180 960 400 33 2.25 15
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258The tests for the mechanical properties of the samples

259were conducted using a 2000 KN capacity universal testing

260machine. The compressive and indirect tensile samples

261were tested to failure. Tests for the stress–strain relation-

262ship and Young’s modulus were under deformation control

263with a displacement rate of 0.05 mm/min, in which cylin-

264ders were loaded up to 40% of the expected ultimate load.

265Details of the mechanical testing properties are reported

266elsewhere [26].

2674 Experimental Results and Discussion

2684.1 Mechanical Properties for Test Specimens

269Table 8 shows the average values (from the three samples

270tested for each mix) of the mechanical properties for the

271PVA-mortar mixes. The experimental stress–strain curves

272for the mixes are presented in Fig. 5. It can be seen from

273Table 8 that the compressive strength and Young’s mod-

274ulus values were similar for all the mixes. However, the

Fig. 3 Position of demec points, electrical strain gauges, and LVDTs

Fig. 4 Test setup for a typical beam

Table 8 Average test results of compressive, splitting tensile strength,

and Young’s modulus

Compressive strength (MPa)

Mix 7

days

28

days

56

days

90

days

Splitting tensile

strength (MPa) at

90 days

Young’s

Modulus

(GPa) at

90 days

1 24 44 49 58 5.9 17.3

2 26 45 48 58 8.0 17.8

3 25 44 47 57 10.0 17.6

4 23 43 46 55 13.0 17.5
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275 effect of PVA on splitting tensile strength was highly

276 significant, increasing with the increase of PVA content in

277 the mix. For example, the specimens of Vf = 2.25%, 1.5%,

278 0.75% were higher than that of mortar specimens with no

279 PVA by 160%, 100%, and 60%, respectively. The stress–

280 stain curves in Fig. 5, also show a similar trend as the

281 maximum compressive strength on the curves was only

282 slightly affected by PVA content (ranging between 46 and

283 49.5 MPa for all mixes), but the ductility increased with

284 increasing the percentage of PVA. This can be indicated by

285 a higher strain at failure, i.e. higher maximum strain, and

286 larger area under the stress–strain curves as seen in Fig. 9.

287 Samples with 2.25%, 1.5%, 0.75% and 0% PVA, had

288 ultimate strains of 0.0051, 0.0049, 0.0045 and 0.0035,

289 respectively. Hence, the maximum strain of specimens of

290 Vf = 2.25%, 1.5%, 0.75% were higher than that of mortar

291 specimens with no PVA by 46%, 40%, and 29%, respec-

292 tively. The order of magnitude of the values agrees with the

293 results of Meng et al. [26] who reported that the average

294 cylinder compressive strength results of nine PVA-mortar

295 cylinders was 48.4 MPa and corresponding strains were in

296 the order of 0.0055, whereas the average Young’s modulus

297 of the PVA-mortar samples was 18.1 GPa.

298 4.2 Crack Patterns and Failure Mode

299 All cracks were outlined and labelled at each loading stage

300 with a black marker and crack width was measured using

301 crack measuring scale. Figure 6a–e show the crack pattern

302 and failure modes of all the test beams while the first

303 flexural crack, shear crack, ultimate loads, deflections, and

304 energy absorption which representing ductility are recor-

305 ded in Table 9.

306 4.2.1 Group A

307 Crack pattern and failure modes of beams comprising

308 Group A of a/d equals 2.25, and no stirrups, B1, B2, B3,

309and B4 are shown in Fig. 6a. It can be seen from the fig-

310ure and Table 9 that B1, with no PVA fibres, had the first

311flexural cracking load at 22 kN, then shear cracks started at

0.0

20.0

40.0

60.0

0.000 0.001 0.002 0.003 0.004 0.005 0.006

)a
p

M(
ssert

S
e

vi sser
p

m
o

C

Compressive Strain (mm/mm)

Vf=0%

Vf=0.75%

Vf=1.50%

Vf=2.25%

Fig. 5 Compressive stress–strain curves of the mixes

Fig. 6 Crack patterns and failure modes of experimentally tested

beams
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312 27 kN, and the beam failure was brittle in a large diagonal

313 shear crack at ultimate load of 89.5 kN. For B2 including

314 0.75% PVA, the first flexural crack started at 32 kN, the

315 shear cracks started at 38 kN, and the failure was in a large

316 diagonal shear crack at 134 kN. Increasing the PVA% to

317 1.5 for B3, led to raising the first flexural cracking load to

318 40 kN with more flexural cracks as warnings, the shear

319 loads raised to 50 kN, and the failure was also shear at

320 higher ultimate load, 170 kN. A further increase of the

321 PVA% to 2.25% led to a higher first crack load, 48 kN,

322 higher shear crack load, 60 kN, and the failure was due to

323diagonal shear at 203.3 kN after several warnings of many

324flexural cracks indicating the ductile behaviour of the beam

325as can be observed from the increase in the energy

326absorption.

3274.2.2 Group B

328Group B specimens of a/d equals 1.5, and no stirrups, B5,

329B6, B7, and B8 had crack patterns and failure modes as

330shown in Fig. 6b. It can be noticed from the figure and

331Table 9 that, generally, reducing a/d for Group B speci-

332mens led to higher first crack flexural, shear loads, and

333higher ultimate loads compared to those of Group A

334specimens without changing the mode of failure. For

335example, B5 had a first vertical crack at 31 KN which is

336higher than that of B1 by 41%, and the failure was shear at

337diagonal cracking load from the load application to the

338support at 95.4 kN. With adding PVA 0.75%, B6, started

339first vertical flexural crack at 47 kN which is higher than

340that of B2 by 47%, and new flexural cracks were formed all

341over the beam with the increment of loading. With further

342increase in load, existing flexural cracks started to propa-

343gate diagonally towards the loading point as well as new

344diagonal cracks initiated separately away from the mid-

345span along the beam at 148 kN. Increasing PVA% to 1.5%,

346B7 behaved as B6 but with higher first crack vertical

347flexural loads to 57 kN which is higher than that of B3 by

34842.5%, and ultimate load to 232 kN. With a further

349increase of PVA to 2.25%, B8 had a higher first vertical

350flexural crack of 68 kN which is higher than that of B4 by

Fig. 6 continued

Fig. 6 continued
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351 42% and showed many small flexural cracks until the final

352 diagonal shear cracking at ultimate load of 263.8 kN.

353 4.2.3 Group C

354 Crack pattern, failure modes, and values of first cracks and

355 ultimate loads of Group C specimens B9, B10, and B11

356 with a/d equals 2.25, PVA of 1.5%, and variable stirrups

357 distribution are shown in Fig. 6c and recorded in Table 9. It

358 can be seen from the figure and the table that the combi-

359 nation of stirrups and PVA in test beams led to a more

360 ductile behaviour compared to their companions in Group

361 A with the same a/d, the same PVA content and without

362 stirrups. This can be observed from the increase of energy

363 absorption values of Group C specimens compared with

364 those of Group A ones. This was indicated by more vertical

365 flexural cracks as shown in Fig. 6c and higher first crack

366 flexural and shear loads. For example, B9 with 5U6/m

367 stirrups had a first flexural crack load, first shear crack load

368 and ultimate load of 46 kN, 60 kN, and 189 kN which are

369 higher than those of B3 by 15%, 20%, and 11%, respec-

370 tively. In addition, B10 with 7.5U6/m stirrups had a first

371 flexural crack load, first shear crack load and ultimate load

372 of 50 kN, 60 kN, and 200.8 kN which are higher than those

373 of B3 by 25%, 20%, and 18%, respectively. Moreover, for

374 B11 with 10U6/m stirrups and PVA of 1.5%, the first

375 flexural crack load, first shear crack load and ultimate load

376were 50 kN, 70 kN, and 234.5 kN which are higher than

377those of B3 by 25%, 40%, and 38%, respectively. All the

378beams in Group C failed in shear with a diagonal shear

379cracks similar to those in Group A but with a ductile

380behaviour in terms of several flexural cracks all over the

381beams as warnings prior to the large diagonal shear cracks

382at failure.

3834.2.4 Group D

384Beam specimens of Group D, B12, B13, and B14 with a/d

385equals 2.25, PVAof 0.75%, and variable distribution of

386stirrups had crack patterns, failure modes, values of first

387cracks, and ultimate loads as shown in Fig. 6d and recor-

388ded in Table 9. It can be seen from the figure and the

389recorded values in the table that B12 with stirrups 5U6/m

390had first crack flexural load, first shear crack, and ultimate

391loads higher than those of its companion in Group A, B2

392without stirrups by 25%, 32%, and 22%, respectively. In

393addition Fig. 6d shows that B12 had the dominance of

394dense flexural cracks noticed until failure compared with

395specimen B2 (Group A) in Fig. 6b which showed less

396flexural cracks. On the other hand, B13 with stirrups

3977.5U6/m had first flexural crack load, first crack shear load

398and ultimate load of 40, 60, and 173.1 kN which are almost

399similar to those of Group A, B3, without stirrups and 1.5%

400PVA. It is interesting to notice that B14 with 10U6/m

Table 9 Comparison between experimental and NLFEA results

Group Beam Experimental results NLFEA results Experimental /NLFEA

Results

Pcr, (flexural)

kN

Pcr,

(shear) kN

Pu,

kN

du,

(mm)

I* Pcr, (flexural)

kN

Pcr, (shear)

kN

Pu, kN du,

(mm)

I* Pu du,

(mm)

I*

Group

A

B1 22.0 27.0 89.5 3.0 161.0 18.0 20.0 82 3.1 145 1.091 0.955 1.110

B2 32.0 38.0 134.3 3.7 285.0 25.0 30.0 138.75 3.76 279 0.968 0.987 1.022

B3 40.0 50.0 170.0 3.92 363.0 31.0 38.0 176 4.3 384 0.966 0.917 0.945

B4 48.0 60.0 203.3 4.4 504.0 36.0 49.0 203 5 540 1.002 0.880 0.933

Group

B

B5 31.0 30.0 95.4 2.5 155.0 26.0 23.0 98 2.4 142 0.973 1.021 1.092

B6 47.0 40.0 148.0 2.8 246.0 35.0 31.0 142 2.7 210 1.042 1.019 1.171

B7 57.0 52.0 232.0 3.7 531.0 45.0 44.0 218 3.76 450 1.064 0.976 1.180

B8 68.0 65.0 264.0 4.3 721.0 55.0 53.0 261 4.26 630 1.011 1.012 1.144

Group

C

B9 46.0 60.0 189.0 4.1 500.0 35.0 45.0 181.5 3.98 416 1.041 1.030 1.202

B10 50.0 60.0 201.0 4.2 552.0 35.0 52.0 183.5 3.88 450 1.094 1.075 1.227

B11 50.0 70.0 234.5 4.22 617.0 40.0 56.0 219 3.92 510 1.071 1.07 1.210

Group

D

B12 40.0 50.0 163.3 4.2 481.0 28.0 38.0 178 4.19 410 0.919 1.012 1.173

B13 40.0 60.0 173.1 4.2 484.0 34.0 44.0 190.5 4.26 440 0.909 0.986 1.100

B14 45.0 60.0 200.0 4.0 528.0 36.0 47.0 183 3.92 480 1.095 1.015 1.100

Group

E

B15 33.0 48.0 118.0 3.2 250.0 27.0 38.0 128 2.9 215 0.921 1.103 1.160

B16 35.0 55.0 138.0 3.6 320.0 29.0 42.0 155 3.3 280 0.890 1.090 1.143

B17 39.0 55.0 170.0 3.7 510.0 32.0 46.0 181 3.55 450 0.939 1.042 1.133

I* energy absorption
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401 stirrups and 0.75% PVA shows almost same trend of crack

402 pattern and recorded values of first vertical flexural crack

403 load, first shear crack load and ultimate load almost the

404 same as B4 (Group A) without stirrups and 2.25% PVA.

405 4.2.5 Group E

406 For Group E beam specimens B15, B16, and B17 of a/

407 d = 2.25 with stirrups only, the crack pattern, failure

408 modes, values of first cracks and ultimate loads are shown

409 in Fig. 6e and recorded in Table 9. It can be seen from the

410 figure and the table that the specimens without PVA

411 showed less ductility compared to the specimens in Groups

412 C and D which have the same a/d and contain both of PVA

413 and stirrups. This is observed in the values of energy

414 absorption of these specimens in Table 9. This was indi-

415 cated by less vertical flexural cracks as shown in Fig. 6e

416 and lower first crack flexural and shear loads. For example,

417 B15 with 5U6/m stirrups and no PVA had a first flexural

418 crack load, first shear crack load and ultimate load of 33

419 kN, 48 kN, and 118 kN which are lower than those of B12

420 with the same stirrups reinforcement and containing 0.75%

421 PVA by 18%, 4%, and 28%, respectively. In addition, B16

422 with 7.5U6/m stirrups had a first flexural crack load, first

423 shear crack load and ultimate load of 35 kN, 55 kN, and

424 138.0 kN which are lower than those of B13 which con-

425 tains 0.75% and the same stirrups reinforcement by 13%,

426 8%, and 20%, respectively. Moreover, for B17 with 10U6/

427 m stirrups, the first flexural crack load, first shear crack

428 load and ultimate load were 39 kN, 55 kN, and 170 kN

429 which are lower than those of B14 of the same stirrups

430 reinforcement and 0.75% PVA by 13%, 8%, and 15%,

431 respectively. Again, all the beams in Group E failed in

432 shear with a diagonal shear cracks similar to those in Group

433 A but the stirrups reinforcement added a ductile behaviour

434 especially for PVA of 0.75, and 1.5%. This was indicated

435 by several flexural cracks all over the beams as warnings

436 prior to the large diagonal shear cracks at failure.

437 It was observed that during load application, vertical

438 flexural cracks were first observed for all the groups except

439 Group B of a/d equals 1.5. These cracks were initiated at

440the mid-span of all beams as expected. However, the

441number and width of these cracks differ with variables such

442as PVA inclusion and content, shear span to depth ratio,

443and stirrups existence and distribution. All beams failed in

444shear as they were designed according to ECP 203-2007

445[24] to be very strong in flexure and very weak in shear to

446assess the PVA fibre effect. Failure took place shortly after

447dominant diagonal shear crack (within one shear span)

448extended to the top fibre as shown in Fig. 6a–e. The angle

449of inclination of the diagonal cracks ranged between 30�

450and 40�. It is interesting to notice that the effect of PVA

451fibres is comparable to the effect of the presence of shear

452reinforcement or even better on the shear strength of the

453studied beams. The results recorded in Table 9 and the

454crack pattern in Fig. 6 show that the behaviour of B3 with

4551.5% PVA and no shear reinforcement is comparable to

456that of B17 with 10U6/m stirrups reinforcement and no

457PVA fibres. Moreover, B4 with 2.25% PVA and no stirrups

458showed higher first cracking loads and ultimate loads than

459those of B17 with 10U6/m stirrups and no fibres.

460The presence of PVA resulted in several cracks and

461warnings before failure. The increase of PVA% resulted in

462a higher tensile strength and, in turn, a significant

463improvement in ductility. This agrees with the results of

464Pan et al. [1] as presented in Table 10. It can also be

465observed that the contribution of PVA towards increasing

466shear capacity is similar to that of the stirrups. This agrees

467with Qudah [27] who reported that PVA was effective in

468replacing the stirrups reinforcement in mortar composites,

469where the failure was ductile and was triggered by plastic

470hinging in the beams. It is worth mentioning that for Group

471B specimens of less a/d, beams had a first shear cracking

472load that is slightly less than the first flexural vertical

473cracking load, while the opposite was true for Group ‘‘A’’

474specimens. In addition, specimen B8 with the maximum

475PVA, 2.25% showed the maximum ultimate load prior to

476shear failure. Crack pattern of PVA-mortar beams were

477similar to that observed by Hasib et al. [28] who studied the

478shear resistance of composite beams made of two layers,

479one layer of reinforced concrete and another layer of PVA-

480mortar without shear reinforcement. They found that PVA-

Table 10 Comparing the inclusion of PVA fibres on the behavior of Beams with Ordinary Mortar Beams in the present work and Pan et al. [1]

Pan et al. [1] Present Work

Fibre content

(PVA) Vf %

Enhancement in load-

carrying capacity

Enhancement in the

Tensile strength

Fibre content

(PVA) Vf %

Enhancement in load-

carrying capacity %

Enhancement in

ductility %

M14—0.0% 1.00 1.00 B1—0.0% 1.00 1.00

M15—1.20% 1.00 1.51 B2—0.75% 1.72 1.36

M8—1.30 1.40 1.58 B3—1.50% 2.18 1.69

M16—1.40 1.47 1.78 B4—2.25% 2.61 2.20

M20—1.60 1.57 2.33
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481 mortar beams are superior in flexure and shear compared

482 normal reinforced concrete beams without PVA [26]. The

483 minimum increase in the ultimate load as a result of adding

484 PVA in the current study was 50% (B2) higher than that for

485 beams without PVA (B1), while the increase in the ulti-

486 mate load in PVA-mortar beams of Meng et al. [26] was

487 14.3% only over that of reinforced concrete beams without

488 PVA. This may be attributed to the effect of adding silica

489 fume to the binder in the current study.

490 4.3 Load–Deflection Relationships

491 Figure 7a–e shows the load–deflection relationships for the

492 test specimens comprising the five studied groups men-

493 tioned in Table 7. It can be seen from the figures that,

494generally, the load displacement for all the test specimens

495exhibited similar pattern for the different studied groups

496but with different ultimate loads and corresponding

497deflections, based on the studied variables, namely a/d,

498PVA%, and presence of stirrups.

4994.3.1 Group A

500For Group ‘‘A’’ specimens tested at a/d equals 2.25, Fig. 7

501a shows that adding PVA to the mix resulted in a signifi-

502cant improvement in the performance of the studied beams

503compared with the control one without PVA. This is

504indicated by an increase in the ultimate load, and corre-

505sponding deflection. In addition, increasing the percentage

506of PVA resulted in a further improvement in the

(a) Group A (b) Group B

(c) Group C
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507 performance. For example, specimen B1 with no PVA had

508 an ultimate load and corresponding deflection of 89.5 kN,

509 and 3 mm, respectively. For specimens B2 with PVA%

510 equals 0.75%, B3 with PVA% equals 1.5% and B4 with

511 PVA% equals 2.25%, the ultimate loads were higher than

512 that of specimen B1 by 50%, 92% and 157%, and their

513 corresponding deflections were higher than that of speci-

514 men B1 by 24%, 31%, and 47.3%, respectively.

515 4.3.2 Group B

516 The load–deflection curves for Group ‘‘B’’ specimens tes-

517 ted at a/d equals 1.5 are shown in Fig. 7b. It can be seen

518 from the figure that generally, the specimens of a/d equals

519 1.5 showed higher ultimate loads compared with those of

520 specimens of higher a/d (2.25) shown in Fig. 7a. For

521 example, Fig. 7b shows that Specimen B5 without PVA

522 had an ultimate load of 95.35 kN which is higher than that

523 of B1 (Group A) of a/d equals 2.25 by 7%. Figure 7b

524 shows also that specimens B6 with PVA% equals 0.75%,

525 B7 with PVA% equals 1.5% and B8 with PVA% equals

526 2.25%, had ultimate loads higher than that of specimen B5

527 by 55%, 144% and 177%, and their corresponding

528 deflections were higher than that of specimen B5 by 16.3%,

529 44%, and 75.9%, respectively.

530 4.3.3 Group C

531 The load deflection curves of Group ‘‘C’’ specimens of

532 specific content of PVA, 1.5%, presence of stirrups, and a/

533 d equals 2.25 are shown in Fig. 7c. It can be seen from the

534 figure that the combined effect of stirrups and PVA

535 resulted in a slight improvement in the performance of

536 studied beams compared with that of beam B3 which

537 included PVA without stirrups. Figure 7 (c) shows that

538 specimens B9 with stirrups 5/6/m, B10 with stirrups 7.5/

539 6/m, and B11 with stirrups 10/6/m had ultimate loads

540 higher than that of specimen B3 (Group A) of the same

541 PVA percentage and without stirrups by 17%, 18% and

542 38% and their corresponding deflections were higher than

543 that of specimen B3 by 5.20%, 7.30%, and 8.50%,

544 respectively.

545 4.3.4 Group D

546 Figure 7d shows the load deflection curves for Group ‘‘D’’

547 specimens with less percentage of PVA, 0.75%, and pres-

548 ence of stirrups. It can be seen from Fig. 7d that generally

549 the ultimate loads are less than those of the specimens with

550 the same stirrups areas and higher PVA, 1.5% in Fig. 7c. It

551 can be seen from Fig. 7d that the ultimate loads and cor-

552 responding deflections of the beams including PVA and

553 stirrups are higher than those of B2 with the same PVA

554percentage and without stirrups. In addition, these values

555increased with increasing the area of the stirrups. For

556example, the ultimate loads of specimens B12, B13 and

557B14 were higher than those of B2 (Group A) without

558stirrups by 13%, 15% and 31.5%, while their correspond-

559ing deflections were higher than those of specimen B2 by

56013%, 13%, and 7%, respectively.

5614.3.5 Group E

562The load–deflection curves for Group ‘‘E’’ specimens with

563no PVA, and with different stirrups reinforcement distri-

564bution are shown in Fig. 7e. It can be seen from the fig-

565ure that generally the ultimate loads of Group ‘‘E’’

566specimens are higher than that of the control beam B1 of

567Group ‘‘A’’ without fibres and stirrups. In addition, Table 9

568shows that the first cracking flexural and shear loads of

569B15–B17 of Group ‘‘E’’ are almost similar to those of B2

570and B3 of Group ‘‘A’’ which contain 075% and 1.5% PVA

571and no stirrups. Moreover, the first flexural and shear

572cracking loads of B4 which contains 2.25% PVA and no

573stirrups was higher than that of B17 of Group ‘‘E’’ with

57410/6/m stirrups and no fibres. The ultimate loads of

575specimens with no shear reinforcement (Group A), B2

576(0.75 & PVA), B3 (1.5% PVA) and B4 (2.25% PVA) were

577higher than those of specimens with no PVA (Group E),

578B15 (5U6/m), B16 (7.5U6/m), and B17 (10/6/m) by 12%,

57919% and 16%, respectively.

580It can be seen from the above results and the curves

581shown in Fig. 7a–e that the inclusion of PVA fibres led to

582an increase in the tensile strength of test beams which, in

583turn, improved shear resistance by raising the cracking

584loads and ultimate loads compared to beams without PVA

585as indicated in Table 9. In addition, the combination of

586PVA fibres and the stirrups (transverse) reinforcement

587contributed to the shear behaviour of studied beams.

588Moreover, specimens containing PVA fibres and without

589shear reinforcement have higher ultimate loads than those

590with shear reinforcement and without PVA fibres. Com-

591parison of the results showed that the effect of PVA fibres

592on the ultimate loads (shear capacity) and corresponding

593deflections was more significant for lower shear span-to-

594depth ratio (a/d) and with reducing the amount of shear

595reinforcement. Shimizu et al. [29] also showed that the

596shear strength of steel reinforced PVA-mortar beams

597increased with the increase in volume percentage of PVA

598fibre. For beams of a/d equals 1.5 and containing PVA

599equals 2%, Shimizu et al. [29] found that the increase of

600ultimate load was 80% higher than their companion of

601normal concrete without PVA, while the beams of the

602current study of the same a/d and containing PVA equals

6032.25%, the increase in ultimate load was 177% compared

604to beams without PVA. This may be attributed to the
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605 combined action of PVA fibres and cement replacement

606 materials, fly ash and silica fume, which formed the mortar

607 composites in the current study.

608 4.4 Energy Absorption (I)

609 Energy absorption was defined as the area under load–

610 deflection curves and it is a good indication to measure the

611 ductility of structural elements [30]. It can be seen from

612 Fig. 7a–e and Table 9 that, generally, the energy absorption

613 was enhanced by increasing PVA fibre content. In addition,

614 the combination of stirrups and PVA improved the ductility

615 of studied specimens. Moreover, the shear span to depth

616 ratio has a significant effect on the ductility of specimens.

617 The maximum energy absorption was observed for Group

618 B of a/d equals 1.5 especially for Specimen B8 where the

619 PVA% equals 2.25% and without stirrups. For example,

620 Fig. 7a and Table 9 show that for Group A with a/d equals

621 2.25 and no stirrups, the energy absorption for specimens

622 B2, B3 and B4 were higher than that of B1 by 77%, 125%

623 and 213%, respectively. With reducing the a/d to 1.5,

624 Fig. 7b and Table 9 show that Group B specimens, B6, B7,

625 and B8 had energy absorptions of 59%, 243% and 365%

626 higher than that of specimen B5 without PVA. For Group C

627 with 1.5% PVA and presence of stirrups, Fig. 7c and

628 Table 9 show that the enhancement of energy absorption of

629 specimens B9, B10, and B11was higher than that of

630 specimen B3 of the same content of PVA and without

631 stirrups by 38%, 52%, and 70%, respectively. For Group D

632 specimens with less PVA, 0.75%, and presence of stirrups,

633 Fig. 7d and Table 9 show that the energy absorptions of

634 specimens B12, B13, and B14 were higher than that of B2

635 by 69%, 70%, and 85%, respectively. For Group E speci-

636 mens with no PVA and stirrups only, Fig. 7e and Table 9

637 show that the energy absorptions of B15 and B16 with

638 stirrups only were lower than those of B2 and B3 with PVA

639 fibres only by 12.1% and 11.8%, respectively.

640 Enhancement of energy absorption was observed for

641 PVA-mortar beams. This implies that the number of stir-

642 rups could be reduced when the PVA is added to the mortar

643 matrix in a reasonable percentage (minimum 1.5%). The

644 shear behaviour of beams without stirrups (shear rein-

645 forcement) was studied by Ismail and Hassan [13]. They

646 reported that the PVA-mortar beams showed better per-

647 formance in terms of cracking behaviour, shear capacity,

648 ductility and energy absorption compared with the con-

649 ventional reinforcement concrete beam. In addition, Hos-

650 sain et al. [31] reported that PVA-mortar was effective in

651 replacing the stirrups reinforcement and the energy

652 absorption was improved for specimens containing PVA

653 compared with self-consolidating concrete (SCC) beam

654 specimens of a/d equals 1.53. They found that the energy

655 absorption for PVA-mortar beams was higher than that for

656SCC by 100% for beams without stirrups reinforcement,

657while, in the current study, the energy absorption for PVA-

658mortar beams of the same a/d, B7 with 1.5% PVA was

659higher than that of B5 with no PVA by 242%. The drastic

660improvement of the results of PVA-mortar beams in the

661current study revealed the significance of combining fly

662ash, silica fume with PVA fibres.

6634.5 Load–Strains Relationships

664The strains in the longitudinal tension bars and stirrups

665reinforcement were measured as explained in Sects. 3.3

666and 3.4. The load strain relationships for longitudinal bars

667in studied specimens are shown in Fig. 8a–e and the load

668strain curves for stirrups are shown in Fig. 9a–c.

6694.5.1 Load–Strain Curves for Longitudinal Reinforcement

670As was observed previously for the crack pattern and

671failure modes in Sect. 4.1, all PVA-mortar beams have

672failed in shear. This was indicated in Fig. 8a–e that the

673maximum loads recorded for longitudinal tension bars

674were less than the ultimate shear load at failure, recorded in

675Table 9, and the corresponding strains were all less than the

676yield value. For example, it can be seen from Fig. 8a that

677for Group A specimens, B1, B2, B3, and B4, the maximum

678load was 195 kN for B4 which is lower than the ultimate

679shear load recorded in Table 9 (204 kN), while the maxi-

680mum strain was 0.0009 for B2. Figure 8b shows that the

681maximum load for B8 of a/d equals 1.5 was 240 kN which

682is lower than ultimate shear load recorded in Table 9 (264

683kN) and corresponding strain was 0.00125 which is higher

684than that for its companion B4 of a/d equals 2.25 by 78.6%.

685On the other hand, Fig. 8c–e show that the maximum load

686at longitudinal reinforcement are almost the ultimate loads

687recorded in Table 9 and the corresponding strains of

688Groups C, D, and E specimens with stirrups are more than

689double as much those of Groups A and B specimens which

690indicate the shear failure shown previously in crack pattern

691and failure modes. For example, Fig. 8c, Group C speci-

692mens of PVA (1.5%) had maximum load equals 234 kN

693and the corresponding strain was 0.0023 for B11 which are

694higher than those of its companion B3 of the same PVA

695content without stirrups by 42% and 233%, respectively. In

696addition, Fig. 8d shows that the maximum load was 200 kN

697for B14, while maximum strain was 0.0022 for B12 which

698is higher than that of its companion B2 without stirrups in

699Group A by 144.4%. Moreover, Fig. 8e shows that the

700maximum load was 170 kN for B17, while maximum strain

701was 0.002 for B15 which is higher than the maximum

702strains of the beams in Group A. This may be attributed to

703the fact that the presence of stirrups in Groups C, D (in

704combination with PVA-mortar) and in Group E contributed
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705 to resist shear stresses which led to further action of lon-

706 gitudinal reinforcement in flexure which resulted in higher

707 strains in longitudinal bars.

708 4.5.2 Load–Strain Curves for Stirrup Reinforcement

709 Figure 9a–c shows the load–strain relationships for stirrups

710 reinforcement in Groups C, D, and E. It can be seen from

711 the figures that, for all specimens with stirrups, the strains

712 along the stirrups exceeded the yield value. In addition, the

713 maximum loads at stirrups and corresponding strains for

714 specimens in Group C containing PVA equals 1.5% are

715 higher than those of Group D with PVA equals 0.75% and

716 those of Group E without PVA fibres. For example, B9 in

717 Group C had a maximum load of 155 kN and corre-

718 sponding stirrups strain of 0.0062 which are higher than

719those of B12 in Group D by 0% and 26.5% and those of

720B15 in Group E by 24% and 19%, respectively. In addition,

721B10 in Group C had a maximum load at stirrups of 200 kN

722and corresponding stirrup strain of 0.0064 which are higher

723than those of B13 in Group D by 14.3% and 60%, and

724those of B16 in Group E by 30.5% and 30%, respectively.

725Moreover, B11 in Group C had a maximum load of 240 kN

726and corresponding stirrup strain of 0.0059 which are higher

727than those of B14 in Group D by 20% and 9.2%, and higher

728than those of B17 in Group E by 29.1% and 17%,

729respectively. It can be argued that the improvement of

730ductility of studied beams as a result of the combination of

731PVA of 1.5% with stirrups was higher than that for the

732combination of half content of PVA (0.75%) with the same

733amount of stirrups or their companions with stirrups only.

734In other words, increasing PVA% resulted in improvement
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735 of shear strain and this improvement is more significant for

736 beams without stirrups. In their study of the shear beha-

737 viour of steel reinforced PVA-mortar beams, Hasib and

738 Hossain [28] reported that the average shear strain in shear

739 crack surface at maximum strength is highly influenced by

740 differences of volume percentage of PVA fibre.

741 From the above results, the authors recommend a

742 combination of at least 1.5% PVA and stirrups reinforce-

743 ment (minimum 5U6/m) to achieve adequate shear beha-

744 viour of PVA-mortar beams. This combination prevented

745 sudden failure and improved the ductility as several small

746 flexural cracks were formed prior to failure. The effect of

747 both of PVA% and transverse reinforcement ratio % on the

748 ultimate loads of the studied beams is shown in Fig. 10. It

749 can be seen that at the same percentage, the PVA has

750 higher effect on the ultimate load compared to that of

751 transverse reinforcement.

752 5 Non-linear Finite Elements Analysis
753 (NLFEA)

754 The experimentally tested PVA-reinforced mortar beams

755 were modelled using the non-linear finite element package

756 ANSYS 14.5 [32] to predict the structural behaviour. The

757 load–deflection relationships and the crack patterns for test

758 beams were conducted to verify the numerical modelling

759 with the obtained experimental results. Based on the

760 ANSYS program manual, the finite element modelling of

761 mortar, PVA fibres, and steel in PVA-reinforced mortar

762 beams are briefly described in the following sections.

763 5.1 Modeling of Test Beams

764 In the finite element discretization of each beam, a mesh of

765 average size 25 9 25 9 20 mm of eight-node elements

766 was used for all beams. The area and spacing of bar ele-

767 ments were similar to those used in the experimental

768 specimens. The concentrated loads were also applied to the

769 top surface at mid-span of the tested beams. The supports

770 were represented by restrained nodes at the corresponding

771 locations. The structural element type used for geometric

772 idealization of the mortar is Solid 65 as its capability to the

773 plastic deformation, cracking and crushing in three direc-

774 tions. The PVA fibres were simulated as smeared rein-

775 forcements in Solid 65 element represented through

776 volumetric ratio to represent the actual fibre volumes used

777 in each beam specimen [33]. It is defined by eight nodal

778 points as shown in Fig. 11. Stress–strain curves in mortar

779 in compression which are shown in Fig. 5 and the prop-

780 erties of PVA-mortar composites recorded in Table 8 were

781 used in the model.

782Longitudinal steel reinforcement and stirrups were

783modeled using the ANSYS 3D Spar LINK 180 elements as

784shown in Fig. 12. The element is a uniaxial tension–com-

785pression element with three degrees of freedom at each

786node. The material properties of the steel reinforcement

787have been obtained from the experimental testing. The

788steel yield strength, elastic modulus and Poisson’s ratio

789were taken as 450 MPa, 200 GPa and 0.3, respectively. The

790average stress–strain curve developed earlier [34] for steel

791bars embedded in concrete is used in the current research

792(see Fig. 13). The stress–strain relationship is expressed by

793two straight lines and the non-linear behaviour of steel was

Fig. 9 Load–strain curves for stirrups
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794 modeled as bilinear. Solid 45 was idealized at the location

795 of loading and supports in the concrete beams to avoid

796 stress concentration problems. Figure 14 shows the typical

797 idealization of the Composite PVA-mortar composites and

798 steel elements for the tested beams used in the analysis.

7995.2 Prediction of Crack Pattern and Load–
800Deflection Results

801Figure 15 shows the comparison between experimental and

802predicted crack pattern at failure for typical specimens,

803namely, B4 and B12. It can be seen from the figure that the

804developed cracks in the PVA-mortar beam specimens are

805well distributed through the whole span. The shear stresses

806increases with increasing the load increment, start to

807induce diagonal cracks, and the shear failure was recorded.

808Good agreement was observed between the simulated

809crack patterns and the obtained experimental ones. The

810simulation also successfully predicted the sequence in the

811crack pattern development and the failure mechanism.

812Figure 16 shows the numerical load deflection curves

813for the studied beams compared with the experimental ones

814for all beam specimens. It can be seen from the figure that,

815generally, the load–deflection relationships for all speci-

816mens exhibited similar features and the predicted load–

817deflection curves of most of the specimens were very close

818to the experimental ones. As ANSYS can measure the

819load–displacement until the failure only [32], its prediction

820does not show a reduction in the load after reaching the

821ultimate value compared with the experimentally obtained

822value. Values of experimental and numerical first crack

823flexural loads (Pcr, M), first crack shear loads (Pcr, S), ulti-

824mate loads (Pu), ultimate displacements (du), and energy

825absorption (I). In addition, a comparison between predicted

826and experimental ultimate loads, corresponding displace-

827ments and energy absorption of the test specimens is given

828in Table 9. A very good agreement between the experi-

829mental results and the numerical ones was observed. The

830ratio of the predicted to experimental ultimate loads, cor-

831responding displacements, and energy absorptions ranged

832between 0.89–1.095, 0.88–1.10, and 0.93–1.22,

833respectively.
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Fig. 10 Effect of PVA-Fiber content (Vf %) and transverse reinforce-

ment ratio (qst %) on the ultimate capacity of studied beams

Fig. 11 Geometry of 3-D Solid 65 Element [30]

Fig. 12 3-D Spar LINK 180 element [30]

Fig. 13 Stress–strain curve for steel reinforcement [32]
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Fig. 14 Finite element modeling of test beams
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Fig. 14 continued
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834 It can be seen that within the range of the test parameters

835 investigated, the application of the non-linear finite ele-

836 ment model, developed in this study, yielded satisfactory

837 first shear and flexural cracking loads, ultimate capacity

838 and deflections, load–deflection relationships, and energy

839 absorptions.

8406 Prediction of Ultimate Shear Strength

841The predicted analytical ultimate shear strength (Vu, Anal.)

842for PVA-Mortar beams was performed to be compared

843with the experimental test results. A proposed equation was

844developed in the current research which is an enhancement

Fig. 15 Predicted crack pattern for selected beams at failure
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845 equation of CSA Standard [35]. The ultimate shear strength

846 was predicted for a typical rectangular beam of a cross-

847 section (b 9 t) as follows:

Vu;Anal: ¼ Vc þ Vf þ Vs: ð1Þ

849849The contribution of concrete to the shear resistance (Vc)

850can be estimated by the empirical equation of CSA Stan-

851dard [35] as follows:

Vc ¼ Uckb
ffiffiffiffi

f :

c

p� �

bdv; ð2Þ
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Fig. 16 Finite element prediction of load–deflection curves for test beams
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853853 where the value of the factors /c, k, and b are 0.65, 1.0, and

854 0.21, respectively. In addition, the value of dv was taken as

855 the maximum of 0.9 the effective depth (d) or 0.75 the

856 section depth (t) [35].

857The contribution of PVA fibres to shear resistance (Vf)

858can be predicted as follows:

Vf ¼ FPVAbosbdv: ð3Þ
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860860 The fiber factor for PVA fibres (FPVA) is considered as

861 [36]:

FPVA ¼ VF;PVA

lf

Uf

kf ; ð4Þ

863863 where (VF, PVA) is the percentage volume of PVA fibres,

864 lf is the fiber length (12 mm), /f is the fiber diameter

865 (0.04 mm), (lf//f) is the PVA fibres aspect ratio, and kf is

866 the shape factor with value of 0.5 [36]. In addition, the

867 orientation factor (bo) is considered 0.41 [36], and the

868 interface frictional bond of PVA fibres (sÞ is taken as

869 2.93 MPa [37].

870 The contribution of vertical stirrups in shear (Vs) can be

871 defined as follows [35]:

Vs ¼ Us

AV

S
fysbdv; ð5Þ

873873 where Av is the area of the vertical stirrups, fys is the

874 yield stress of the stirrups, the value of the factors /s is

875 taken as 0.85, and spacing between the stirrups (S) was

876 variable for the different specimens used in this investi-

877 gation (B9–B17). Accordingly, the ultimate shear strength

878 (Vu, Anal.) can be predicted from Eq. (1). The analysis

879 procedure for calculating Vu, Anal., can be easily imple-

880 mented by hand calculations or a spreadsheet. Table 11

881 presents a comparison between the experimental and pre-

882 dicted ultimate shear strength. Good agreement was

883 achieved between the experimental and predicted shear

884 strength results. The overall average value of the ratio

885 [Vu, exp./Vu, Anal.] for the studied beams is 1.038 with a

886 standard deviation of 0.11 and the coefficient of variation

887 equals 10.50%.

888 7 Conclusions

889 The current study aimed to investigate the shear behaviour

890 of PVA-mortar beams. The studied variables were different

891 percentages of PVA fibres (0.75%, 1.5%, and 2.25%),

892shear span to depth ratio (a/d = 1.5, and 2.25), and stirrups

893reinforcement ratio (5U6, 7.5U6, and 10U6/m’). Fourteen

894PVA-mortar beams were experimentally tested. Predictions

895of the results were carried out using a rational empirical

896arch-truss approach. The following conclusions were

897drawn from this study.

898Failure modes of all the test beams were in shear.

899However, the addition of PVA had a significant effect on

900the crack pattern and it allowed for several vertical flexural

901cracks to form giving warnings prior to failure. The number

902and width of these cracks differ with the PVA%, a/d, and

903stirrups. PVA-mortar beam specimens showed less but

904wider cracks prior to failure compared to the beam speci-

905mens without PVA fibres.

906Reducing a/d led to raising first crack loads and ultimate

907loads, improving ductility and, in turn, shear capacity

908without changing the mode of failure. The utmost

909enhancement in the performance of the test beams was

910achieved with PVA fibres content of 2.25% and a/d equals

9111.5 where the enhancement of energy absorption was 365%

912over that in a beam without fibres.

913PVA played the same role as the stirrups and contributed

914to the shear behaviour of studied beams. The contribution

915of PVA to ultimate shear capacity was increased with

916reducing the amount of shear reinforcement (stirrups).

Table 11 Comparison between experimental and predicted ultimate

shear strength results

Group Beam Vu, exp., kN Vu, Anal., kN Vu,exp./Vu,Anal

Group A B1 89.50 78.00 1.14

B2 134.25 122.00 1.10

B3 170.00 181.00 0.94

B4 203.25 229.00 0.89

Group B B5 95.35 80.00 1.191

B6 148.00 124.00 1.194

B7 232.00 195.00 1.190

B8 264.00 251.00 1.052

Group C B9 189.00 217.00 0.88

B10 201.00 228.00 0.89

B11 234.50 250.00 0.94

Group D B12 163.30 154.00 1.060

B13 173.10 177.00 0.97

B14 200.00 195.00 1.026

Group E B15 118.00 116.00 1.017

B16 138.00 140.00 0.98

B17 170.00 163.00 1.044

Average 1.038

Standard deviation 0.11

Coefficient of variation 10.50%
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917 PVA played a significant role in beam specimens without

918 stirrups. In addition, the PVA fibres were more effective

919 for lower shear span to depth ratio (a/d = 1.5), where the

920 enhancement of shear resistance was 221%.

921 For the tested PVA beams in the current study, the

922 specimens were numerically modeled using the non-linear

923 finite element NLFEA model using ANSYS software. The

924 PVA fibres were simulated as smeared reinforcements in

925 the mortar elements represented through volumetric ratio to

926 represent the actual fibre volumes used in each beam

927 specimen. The predicted crack pattern and load–deflection

928 curves showed excellent agreement with the experimen-

929 tally reported ones. The ratio of the predicted to experi-

930 mental ultimate strength ranged between 0.91 and 1.09.

931 A proposed equation was developed in the current

932 research which is a modification of CSA Standard [35]

933 design equation. Good agreement was achieved between

934 the experimental and predicted shear strength results. The

935 ratios of [Vu, exp./Vu, Anal.] for the studied beams ranged

936 between 0.84 and 1.29.

937 Based on the results of the current study and for prac-

938 tical applications, the authors recommend a combination of

939 fly ash, silica fume and at least 1.5% PVA in the presence

940 of minimum stirrups reinforcement (5U6/m) or adding

941 2.25% PVA without stirrups to achieve adequate shear

942 behaviour of PVA-mortar beams. This combination pre-

943 vented sudden failure and improved the ductility as several

944 small flexural cracks were formed prior to failure.
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