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Abstract: A new material suitable for the structural repair of concrete pavements has been developed
at Coventry University exhibiting high flexural, shear and bond strengths and high resistance to
reflection cracking, demonstrating also unique 'placeability’ and 'compactability’ properties.

This article deals with the standard equivalent flexural strengths evaluated using the identical fibre
bridging concept and the size effect. Correlation of flexural strengths for beams of different sizes was
achieved and the efficiency of fibre in the mix was scrutinised. It was concluded that the efficiency was
much higher in the new steel-fibre reinforced, roller compacted, polymer modified concrete (SFR-RC-
PMC) mix than in conventional concrete. The high efficiency revealed by the fibre bridging law is
mainly attributed to a lower water to cement ratio. It was also found that the fibre aspect ratio
influences significantly the flexural performance of the new material. The very high flexural strength
extracted from the SFR-RC-PMC, compared to conventional steel-fibre reinforced concrete is very
favourable to worn concrete pavement rehabilitation.
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1 What is the reason for the sharp | The reason for the sharp drop of flexural strength of mix
decrement in flexural strength PAVPMC1.5%-35 shown in Fig.3 is due to the fact that it
of PVAPMC in Figure 37? exhibited lower flexural toughness than the other mixes.

The mix contained 1.5% 35mm-length steel fibre by
volume. The flexural performance of the same mix under
3PB shown in Fig.4 also exhibited the same tendency.

The article has been amended accordingly (p:5, below

Figure 3)
2 In Table 8, how can we use the | The fibre bridging law can serve as an index to evaluate
fibre bridging law in site the fibre efficiency for the selection of ingredients during
applications? the mix design process in practical (site) applications.

For example, mixes SBRPMC1.5%-35 and SBRPMC1.5%-
50, in Table 8, are the same (have identical proportions
of ingredients), only the former incorporates shorter
fibres than the latter. It is apparent from Figure 6 (b) that
SBRPMC1.5%-50 is more efficient than SBRPMC1.5%-35
because the fibres of mix -50 provide higher tensile
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specified in Table 8, can be used to predict the flexural
performance of beams made of the three different
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This has been mentioned in the article (p:15, just above
the Concluding Remarks)
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7

8 Abstract: A new material suitable for the structural repdiconcrete pavements has been developed at

9  Coventry Universityexhibiting high flexural, shear and bond strengthd high resistance to reflection cracking,
10 demonstrating also uniqytaceability andcompactability properties.
11  This article deals with theiandard equivalent flexural strengths evaluated usingidlestical fibre bridging
12  concept and the size effect. Correlation of flexural sgts for beams of different sizes was achievedtbad
13 efficiency of fibre in the mix was scrutinisedwas concluded that the efficiency was much highehé new
14  steel-fibre reinforced, roller compacted, polymendified concrete (SFR-RC-PMC) mix than in convendb
15 concrete. The high efficiency revealed by the firielging law is mainly attributed to a lower watercement
16 ratio. It was also found that the fibre aspecoratfluences significantly the flexural performarafethe new
17  material. The very high flexural strength extraciexin the SFR-RC-PMC, compared to conventionallStees
18 reinforced concrete is very favourable to worn cete pavement rehabilitation.

19 Keywords: steel fibre-reinforced, roller-compacted, polymer-modified ccete, fibre
20 efficiency.
21

22 1. Introduction .
23

24  Part of the ‘Green Overlays’ research lead by the autbotié last four years involved the
25 development of special concrete mixes used as overlay alately bonded on worn

26 concrete pavements. This material exhibits high flexuragrsdued bond strengths and high
27 resistance to reflection cracking. It also demonstnatégueplaceability andcompactability

28 properties, hence it can be placed on the damaged surfaceasphalt paver and compacted
29 by a vibrating roller [1]. The mixes were named steel-filiaforced, roller-compacted,

30 polymer modified concrete (SFR-RC-PMC). The steel fibrdénmix retards and contains

31 reflective cracking, the polymers enhance its strength emié\ae good bond with the old
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concrete and the roller compaction ensures quick constructieseTypes of mixes were
different from conventional roller-compacted concrete (RC@gc8ically, the optimal water
content of the former determined by the modified-light (M-Linpaction method proposed
by the authors [1] was usually around 17kg higher than the ldésigned by the modified
Vebe method [2 - 3] for 1fof concrete, for the same mix proportion [1].

Flexural strengths of conventional steel fibre reinforced com¢8fRC) have been
investigated since the 1980s [4 - 11]. A vast amount oatitee deals with flexural strength,
residual flexural strength, toughness, toughness indexes, crad&piagat and propagation,
fibre bridging law, fracture energy, and so on. Neocleouk Ht2- 13] investigated the
flexural performance of steel fibre-reinforced RCC for pav@sjevhile the steel fibres were
recovered from used tyres, whereas the mix was conventi@@l Ragaya et al. [14]
investigated the mix design method for steel fibre reinfoREE pavements by employing

the modified Proctor compaction method.

It is seen that the mechanical properties of SFR-RC-PM@s iinat been investigated to date.
In addition, steel fibres in these types of mixes may exaidifferent behaviour to those in
conventional SFRCs, due to the fact that the former contaiohk fess cement paste than the
conventional concrete, and roller compaction may result in defaymof steel fibres.
Furthermore, the flexural performance of PVA (Polyvinyl Alcohol) ified concrete has
rarely been investigated. Therefore, it is crucial to $tigate the flexural performance of
SFR-RC-PMC for overlay pavement design. This article aimeveal the flexural
performance, especially the equivalent flexural strengths REFSE-PMC for overlay

pavement design and the efficiency of fibres in RCC.

2. Mix Proportion and Specimen Preparation

Corresponding author: Tel: + 44 24 7765 8992
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The ingredient materials used (apart from the 50mm-long fibeeg wresented in ref. [1] in
detail. The 50mm-long fibre was the hooked-end type, with aecasatio of 80. The test
beams of eight mixes are tabulated in Table 1. Two types of padyie. SBR (Styrene
Butadiene Rubber) and PVA (Polyvinyl Alcohol) and two types of $ite, i.e. 35 mm-
long and 50 mm-long were used. Super-plasticizer was addee F\VA modified concrete
to reduce water content and obtain high strength, while the SBiied concrete did not
incorporate any admixtures. Among a total of eight mixes, fivesiSBRPMC1%-35,
SBRPMC1.5%-35, SBRPMC2%-35, PVAPMC1.5% and SBRPMC1.5%#u38l (ilumbers
of mix ID indicate length of fibres), were SFR-RC-PMC, whaster contents were
determined using the M-L compaction method [1]. Mix SBRPMCO%ndt contain fibre
and was used as the matrix of mixes SBRPMC1.5%-35 and I@BRBE%-50. Also, it was

purposely used for the evaluation of the relative toughness cdtie mixes. All beams of

the six mixes were fabricated in steel moulds using the uilgrabmpactor shown in Figure 1,

which was purposely designed for specimen formation. The diorensi the beams of the
six mixes were 8QwW) x 100 (H)x 500 (L) mm

The mixing procedure can be found in ref. [1]. The mix compactaesmacarried out in two
layers. Each layer was about 40 - 50 mm thick. The vibratmgpaction lasted 30 - 50
seconds pdayer for SBRPMC, and 60 - 90 seconds for PVAPMC until mdatiamed a ring
around the perimeter of the moulds. The surface of eachuageroughened before
accepting the next layer of material. The specimens desrmoulded in twenty-four hours.

The SBR modified concrete specimens were cured in watévéodays whereas the PVA

specimens for seven days, followed by air curing until the testlde ages of the specimens

for tests were 28 days — 40 days.

The conventional SFRC, i.e. Con.SBRPMC1.5%-35, was intendeorgparison with the

mix SBRPMC1.5%-35 to reveal the efficiency of fibres. Torener had the same ingredients

and mix proportion as the latter except for the water contéetniix Con.SBRPMC0% acted

Corresponding author: Tel: + 44 24 7765 8992
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as the matrix of mix Con.SBRPMC1.5%-35. The slurhthe mix Con.SBRPMC1.5%-35

was 130 mm. The dimensions of the beams of botlesnivere 100 (W§ 100 (H)x 500 (L)

mm, fabricated in steel moulds on the vibratinddalbhe mixing and curing procedures of

both mixes were the same as for mix SBRPMC1.5%-35.

Table 1

Proportion of mixes with optimal water content detmed by M-L method (Cem.= Cement, Supe.=

Superplasticizer, Ad.water= Added water)

Mix ID Mix proportion Fibre by  Wet densi.
Cem. Aggr. Sand SBR PVA Supe. Ad.water volume (Kg/m3)
SBRPMC1%-35 1 1.266 1.266 0.217 O 0 0.072 1% 2479
SBRPMC1.5%-35 1 1266 1.266 0.217 O 0 0.095 1.50% 2482
SBRPMC2%-35 1 1266 1.266 0.217 O 0 0.103 2% 2499
PVAPMC1.5%-35 1 1266 1.266 O 0.02 0.025 0.228 1.50% 2466
Con.SBRPMC1.5%-35 1 1266 1.266 0.217 O 0 0.245 1.50%
SBRPMC1.5%-50 1 1.266 1.266 0.217 O 0 0.095 1.50% 2482
Con.SBRPMC0% 1 1266 1.266 0.217 O 0 0.245 0%
SBRPMCO0% 1 1266 1.266 0.217 O 0 0.095 0%

(@)

Figure 1. (a) Vibrating compactor. (b) Steel plate for comtpn.

(b)
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The beam dimensions recommended by BS [15] are 15& Q&) (H)x 550 (L) mm. The
beams used in this study were 80 )00 (H)x 500 (L), recommended by ASTM [16]. The
notches were saw cut to the specified depth by a circulaosawlay prior to testing. The

width of the notches was 3.5 - 4 mm, complying with BS [15].

3.  Flexural Strength of PMC Beams

3.1 Strength under four-point bending (4PB) and three-point bading (3PB)

The representative test methods for steel fibre reinforcectetencurrently available are the
ASTM [16] and BS [15] methods. The intact beams of theethrxes, SBRPMC1.5%-35,
PVAPMC1.5%-35 and Con.SBRPMC1.5%-35, were tested using fourlmmating (4PB)
arrangements. The loading configuration and experimental segipe@vn in Figure 2 (a) &
(b). The test procedure complied with ASTM [16]. Two LVDTeasnuring net deflection
were mounted on both sides of the frame. A hydraulic servo-clogpdest facility with a
maximum load capacity of 150 KN was used. The loading ratecentrolled by a LVDT
placed at mid-span. The representative mid-span deflestisrthe average of the two LVDT
readings. The rate of increase of net deflection was 0.001% omtil the LVDT reading
reached 0.5 mm; after the 0.5 mm were reached thevas increased to 0.0033 mm/s. This
is within the range specified by ASTM [16]. The load andigal displacements were
continuously recorded at a frequency of 5Hz. The maximum flextealgth f,, and the

residual flexural strengthfos andfr, were calculated using eqn.(1) in accordance with

ASTM [16]:
300P;
fi =27 @)
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Where:j= P (for peak), orj= R,0.5, orj=R 2.

In this caseR denotes residual flexural strenglh, is the maximum loadP, s is the load
corresponding to mid-span deflection equal to 0.5 Ryy.is the load corresponding to mid-
span deflection equal to 2 mrfy, is the maximum flexural strengtlros andfr are strengths
corresponding to mid-span deflections of 0.5 and 2 mm respgctd/andh are the breadth

and depth of the beam.

The relationships of flexural strength vs. mid-span defledtiothe three mixes are presented
in Figure 3. The mid-span deflection was recorded and avebyg®ee LVDT readings. The
laboratory tests showed that all the SBRPMC1.5%-35 and P\GXPW6-35 beams failed
with multiple cracking under the 4PB test. However, for cetecused as an overlay on worn
concrete pavements, a single reflective crack will ird@tfeom the location of an underlying
existing crack of the worn pavement. Therefore, the 3PB tesigement was chosen as

more suitable for concrete overlays.
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147 The reason for the sharp drop of the flexural strength of VAPMC1.5%-35 shown ir
148 Figure3is due to the fact that it exhibited lower flexural tougkriben the other twanixes.
149 The flexural performance of the same mix ura 3PB test, shown in Figure ghows alsc

150 the same tendencyhe mix contained 1.5-35mm length steel fibre by volume.
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The three-point bending (3PB) test, recommended by BS [15empkyed to measure the
flexural performance. The experimental setup is shown in FRIU® & (d). Six mixes

shown in Figure 4 were tested under 3PB complying with the BSTh&]beams measured
80 (W)x 100 (H)x 500 (L) mm, spanning 400 mm with a mid-span notch of 20 npthde
They were loaded at mid-span. It should be pointed out teatithensions of the beams used
in this study were different from those proposed by BS [15], wdiieHL50 (WX 150 (H)x

550 (L) mm, with span of 500 mm, centrally loaded and reat¢b the depth of 25 mm.

The loading machine was the same as the one used in thiegtPBne LVDT was fixed on
the frame for measuring mid-span (point-load) deflection. Ther oty measuring notch tip
opening displacement (CTOD), was secured on the beam swrfaiteethe clip gauge was
mounted on the underside to measure the crack mouth opening elspiadCMOD) and
control the loading rate. Test data were automatically decbby a computer at the frequency
of 5 Hz. The loading rate procedure, controlled by CMOD, wdsliows: 0.0001 mm/s until
CMOD reached 0.2 mm; 0.0033 mm/s until CMOD reached 3 ttnem 0.005 mm/s until
failure of the specimen. The rate of increase CMOD usedmech lower than that proposed
in the BS [15], which is 0.00083 mm/s until CMOD= 0.1 mm; aftet 0.0033 mm/s. All

tests were accurately controlled; no abrupt failures occamddsuitable load-CMOD, load-
CTOD, and load - load point deflection curves were obtaifikdse results were used to
evaluate the maximum flexural strength, residual flexurahgthe equivalent flexural
strength, relative toughness index, and total fracture eedgize effects.

The flexural strengths were evaluated according to BS [15lgesins. (2) — (4):

f 3SP;,
= 2
f;‘t,L ZBhgp ( )
f _ 3SP]' 3
RJ ™ 2BnZ, (3)
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195

__ 3SPp
Where:fcft,L is the limit of proportionality (LOP) in MP&;, is the load corresponding to LOP
(N). Sis the span (mmP is the breadth (width) of the specimen (mmis the depth (height)
of the beam (mm)y is the depth of notch (mmj, is the distance between the tip of the
notch and the top of the specimen (mfR).is the residual flexural tensile strength. CMOD= j,

j= 0.5, 1.5, 2.5, & 3.5 mm, respectiveB}.is the load corresponding to CMOD= j, (Nbjs the

maximum flexural tensile strength (MP®&is the peak load (N).

The flexural strength-CMOD relationships are plotted in Figuréhe compressive strengths

of blocks saw-cut from the tested beams are listed in
Table2, while the interfacial fracture toughness and splitting tehsited strength of composite
specimens are shown in Table 3. The details for testingaecial fracture toughness can be
found in ref. [17]. It is seen that:
a. Compared to conventional SFRC, SFR-RC-PMC exhibited very leghrél
strengths, which are desired for worn concrete pavemeriiiliedtson;
b. Compared to the strengths measured under 4PB for the santhenbtained
strengths under 3PB are remarkably higher.
However, the flexural strengths cannot be directly used for gvpaaement design. The
design method for SFRC pavements proposed by Altoubat et al [§8ie®the flexural

strengths to be converted into equivalent flexural strengths.
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Figure 4. Flexural strengths of six 20mm-notched PMC beanteu3PB

Table 2

Compressive strengths of blocks saw-cut from telsézons

Mix ID

Num. of Compres. strength (MPa)

SBRPMC 1%-35

SBRPMC 1.5%-35

SBRPMC 2%-35

Con. SBRPMC 1.5%-35

PVAPMC 1.5%-35

block Average STDEV
83.91 6.69
79.61 1.48
84.76 0.27
68.18 2.82
105.87 3.78
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Table 3
Mechanical properties of interface of SBRPMC1.5%B8APMC1.5%-35 and OPCC to OPCC composite

specimens.

Interfacial fracture toughness (J/m?)  SBRPMC1.5%-35 on-OPCC Roughened interface 52.0
Smooth interface 22.6
Splitting tensile bond strength (MPa) SBRPMC1.5%-35 on-OPCC Roughened interface  2.96
Smooth interface 1.8
PVAPMC1.5%-35 on-OPCC  Roughened interface 3.7

OPCC-on-OPCC Roughened interface  2.68

3.2 Size Effect on Flexural Strength

There are two major approaches to explaining the effe@bs the strength of a material:
the statistical and deterministic approaches. A representdatistical approach is Weibull's
theory [19], while the classic deterministic approach iBayant [20 - 21], based on fracture
mechanics. According to Weibull's theory [19], a larger speditmas a weaker strength
because it has a higher probability of having larger and moreesia@s or defects in it.
Table 4, Figures 3 & 4 indicate that for the same mixnbkasured flexural strength under
4PB is higher than that under 3PB. The reason for this can bénexpley Weibull’'s theory.
As has been presented earlier, the tested beams itudiysvgere of dimensions 80 (VW)100
(H) x 400 (S) mm. The beams for 3PB were saw-cut a central ab&hmm prior to testing,
while the beams for 4PB were intact. In order to use dhe/alent concept (presented later),
proposed by the Japan Society of Civil Engineers (JSCE-SF4XfigXlexural strength
obtained using 3PB test has to be converted to that by 4PB tes

It is seen from Figure 4 that the flexural strength-CMODvesifor all mixes are basically

parallel to each other except for the mix PVAPMC1.5%-3Bs indicates that all mixes have
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232 the same scale factor for equivalent strength conversion. Thersmmv&actor £;) can be
233 taken as the ratio of maximum flexural strength under 3PBattounder 4PB. s used for
234  converting the strength of the small volume to the large volwhigh can be explained by
235 Weibull's theory [19].

236 The maximum flexural strengths tested under the 3PB and 4PBtatkih Table 4. The

237 conversion factor, can be easily obtained by simply comparingfghe the 4PB to the 3PB,

238 using eqn. (5). The calculatgdis listed in Table 4.

239

__ fp (in4PB)
240 By = fp (in3PB) ®)
241

242 In this study [23], the flexural strength affected by the heafjbeams was experimentally
243 investigated. For this purpose, the SBRPMC1.5%-35 beamshgittiirhensions of 80 (VW)
244 100 (H)x 400 (S) mm and 100 (W) 150 (H)x 500 (S) mm and with different notch lengths,
245 were tested under 3PB to investigate the size effeataotimum flexural strengths. The size
246 effect law proposed by Bazant [21] was employed. The splittingjle strength taken from
247 three cylinders with the dimensiogd00x 170 mm was 9.88 MPa. Consequently, the size
248 effect law obtained using regression analysis for maximum strength of mix

249 SBRPMC1.5%-35 is [23]:

250

251 f, =

(6)

252  Where:f, is the maximum flexural strength (MP&), is as per Eqns. (3) & (4).
253 Eqgn. (6) will be used to determine the standard equivalent #egtriength later.
254

255 3.3 Equivalent Flexural Strength.
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256

257 Altoubat et al. [18] tested an actual size SFRC sladnoglastic foundation, and related the
258 load carrying capacity to the equivalent flexural strength propogdide Japan Society of

259 Civil Engineers (JSCE-SF4) [22]. He then proposed a simplgrdesethod for SFRC

260 pavements. The equivalent flexural strenfighproposed by JSCE-SF4 [22] was measured by
261 conducting a 4PB test. The test beam was 15&(¥80 (H)x 450 (S) mm. The equivalent

262 flexural strength was calculated using the area enveloped drgévdral deflection curve, and

263 is evaluated by eqn. (7).

264
S.A

265 f,3 = ﬁ @)

266

267 Where:Asmnis the ratio of the area enveloped under the load-midspéecteh curve, from
268 the origin to the load at deflection equal to 3 n81s the spanB andh are the breadth (width)
269 and height of beam, respectively.

270

271 However, the beams used in this study were centrally notcaddjimensions of 80 (V)

272 100 (H)x 400 (S) mm and were tested under the 3PB. In order tthessguivalent flexural
273 strength concept, which is defined at the specified defleof 3 mm, it is necessary to

274  correlate the two different test methods via the relatipnisetween deflection and CMOD.
275 In the post-peak region of a 3PB test, a hinge forms adtheftthe beam, hence the residual
276 flexural strength is only dependent on the fibre reactions. Faréiff dimensional beams
277 under bending test, the fibre effect can be regarded adassifithe crack lengths and crack
278 opening displacements of the two beams are identical. In mrdempare the residual

279 strengths in the post-peak region measured from different gecahbeams, Giaccio et al.
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281

282

283

284

285

286

287

288
289

290

201

292

293

294

295

296

297

298

[24] proposed an approach to determine the defiediinits of small beams to obtain design
parameters of fibre-reinforced concrete.

Consider the two types of beams with different disiens under 4PB and 3PB shown in
Figure 5. Beam one is the standard un-notched batnthe dimension§, andh; under 4PB,
while beam two is a centrally-notched beam withetisionsS, andh, and initial notchag
under 3PB. In order to obtain identical fibre brgeffect, CMOL should be equal to

CTOD..

3161
1 1 =T I I e
—:1 \', A A _t_ l'x
R '4' i\ 81 \
S1 | ' CMOD1
e T oo (.
!30 h2 f T —“;‘%:_ .|‘
“: v n ‘ ®! _t :‘:"',‘»—_A__d ,'I-'\ll‘_f___l«—'l‘
l S2 I ’ .' CTOD?2

I

Figure 5. Correlation ofo; andd, of two beams with different dimensions

In the post-peak region, the relationships betwsdlection and the rotation angle and

crack opening is as follows:

8, = 0;5,/2 (8)
8, = 055,/2 )
CMOD, = 2h,6, (10)
CTOD, = 2(h, — ay)6, (11)




299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

From the equations above and the conditioBM®D,; = CTOD,, the following equation is

obtained:

81 _ s1(h2—a0)
62 52h1

(12)
The standard beam for testing equivalent flexural strength isVib& 150 (H)x 450 (S) mm,
and the specified deflectiod; = 3mm. The beams used in this study were 80x\AQ0 (H)x
400 (S) mm with an initial notch of 20 mm. Hence, substitutif these dimensions into eqn.

(12) results in:

Thus, the corresponding deflection lindi§, determined using eqgn. (13) is 5 mm. Hereatter,
the equivalent strength for the deflection limit of 5 mrdesoted a& s The equivalent

flexural strength.s are listed in Table 4.

3.4  Standard Equivalent Flexural Strength fes

However, the equivalent flexural strengfl, cannot be used directly for the design of the
SFRC overlay pavement proposed by Altoubat et al.[18], becausemepesizes affect the
flexural strength significantly. As has been presented eatie tested beams in this study
were of dimensions 80 (W)100 (H)x 400 (S) mm with a central notch of 20 mm, quite

different from the standard beam for testing equivalent fléstir@ngth proposed by JSCE-
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323
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326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344
345

SF4 [22], which is of the dimensions 150 (YW)50 (H)x 450 (S) mm. Therefore, thgs

above needs to be converted by taking the size effect iotaiaic

It is seen from Figure 4 that the flexural strength-CMODvesifor all mixes are basically
parallel to each other except for the mix PVAPMC1.5%-3bs indicates that all mixes have
the same scale factor for equivalent strength conversion. Intordee the SFRC pavement
designh method proposed by Altoubat et al. [18],filadnas to be converted twice to obtain the
standard equivalent flexural strengihe.

First, it has to be converted from the 3PB to 4PB.dts/ersion factor/;) has been
determined previously. Second, it has to be converted from ae4¢P®ith the beam of 100
mm height to a 4PB test with the standard beam of 150 nightheia the conversion factor
(B2) that can be determined using the size effect equa)dior{ mix SBRPMC1.5%-35.

Both conversion factors are attributed to the size effeaitors, is for converting the strength
of the ‘short’ beam to that of the ‘tall’ beam, explainkdroughly by Bazant’s theory [21].

The second conversion factgs, is calculated in the following way:

100
fp (in150mm—height beam) \Iﬁ_l
B2 = : : = =0.813 (14)
fp  (in 100mm-—height beam) 150,
2.7
B =P B (15)

The process of calculating the total conversion fggtmd the standard equivalent flexural
strengthfe 3 are tabulated in Table 4. It is seen from Table 4 Heatrtix PVAPMC1.5%-35
developed the lowest standard equivalent flexural strength, althtoexdhibited very high
maximum flexural strengtiThe standard equivalent flexural strendgh,can be used for

SFR-RC-PMC overlay pavement design.
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347

348
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358

359
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361

362

Table 4

Calculation of standard equivalent flexural stréngt

Mix ID fes fp in3PB  f,in4PB First convers. Second convers. fq;
(MPa)  (MPa) (MPa) factor [ factor B, (MPa)

SBRPMC1%-35 8.87 12.24 N/A 0.823 0.813 5.93
SBRPMC1.5%-35 10.86 15.22 12.53 0.823 0.813 7.27
SBRPMC2%-35 14.05 17.05 N/A 0.823 0.813 9.4

Con.SBRPMC1.5%-35 9.13 10.37 9.49 0.915 0.813 6.79
SBRPMC1.5%-50 14.24 16.76 N/A 0.823 0.813 9.53
PVAPMC1.5%-35 10.05 16.6 13.2 0.795 0.813 6.49

3.5 Verification.

The experimental results of SBRPMC1.5%-35 beams with diftarotch lengths and beam
depths, which were previously used for establishing the dieet édw, were reanalysed to
verify the method for calculating the equivalent flexural stierfgs, which should be
theoretically identical. Two types of beams, i.e. thre€v8pPx 100 (H)x 400 (S) mm with 40
mme-long notch and two 100 (W)150 (H)x 500 (S) mm beams with 25 mm-long notch were
analysed. The deflection limit for the former, determiosihg egn. (11), was 6.8 mm, while
that of the latter was 4 mm. The equivalent flexural stresfgs, fe 6 sandfe 4 corresponding

to the deflection limits of 5, 6.8 and 4 mm, and their cogioe factors are tabulated in Table
5. It is seen that the standard equivalent flexural strengghsletermined using the method
proposed are approximately identical. This validates the methaalfarlating the standard

equivalent flexural strengtffi, 5 for overlay pavement design.
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383

Table 5

Standard equivalent flexural strength determinedgusxperimental results of beams with differenichdength

and beam depth anotch length, h=height of beam)

Mix ID ao/h fes [fess/fes fo in3PB  f,in4PB B B, fes
(mm/mm)  (MPa) (MPa) (MPa) (MPa)

SBRPMC1.5%-35 20/100 10.86 15.22 12.53 0.823 0.813 7.27
40/100 13.31 16.85 12.53 0.743 0.813 8.04
25/150 8.89 11.94 N/A 0.823 1.00 7.32

4.  Efficiency of Steel Fibre in Roller—Compacted Concrete.

Compared to conventional SFRCs, the SFR-RC-PMC has moreidsrand relatively less

cement paste (Table 6), hence this may lead to:

a. The steel fibres may not be fully bonded by cement paste;

b. The steel fibres may be deformed during specimen formatiotodrgmpaction by

the vibrating compactor.

The two factors may consequently lead to poor steel filicesfcy. In addition, the

efficiency of 50mm-long fibres also need to be quantitatiirehgstigated by comparison with

35mm-long fibres. Steel fibres have been successfully usamhirentional concrete to

improve the performance of concrete for several decadexcohiventional concrete

containing the same steel fibre type and fibre content, eanréliable benchmark for the

investigation of the fibre efficiency in SFR-RC-SBRPMC.

Table 6Table 6 shows the main physical parameters of the threes ISBBBPMC1.5%-35,

SBRPMC1.5%-50 and Con.SBRPMC1.5%-35. The mix Con.SBRPMC1.5%-85 wa

conventional concrete, its slump of fresh mix was measorbd £30mm. The three mixes
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385

386

387

388

389
390
391

392
393

394

395

396

397

398

399

400

401

contained the same fibre content and the beams were @frtteedimensions to avoid any
size effect.

Tables 6 clearly indicates that the water to cement ratms@ment paste contents of mixes
SBRPMC1.5%-35 and SBRPMC1.5%-50 are much lower than those obtiventional

Con.SBRPMC1.5%-35. Also, the former have higher air content tiedattir.

Table 6

Comparison of physical properties of five mixes

Mix ID Workability of w/C Cem. paste Air

fresh mixes by volume (%) content (%)
SBRPMC1.5%-35 Dry, non-slump 0.206 37.94 2.94
SBRPMC1.5%-50 Dry, non-slump 0.206 37.94 2.94
Con.SBRPMC1.5%-35 Wet, slump of 130mm 0.355 42.3 1.2
SBRPMC0% Dry, non-slump 0.206 N/A N/A
Con.SBRPMC0% Wet, slump >130mm  0.355 N/A N/A

Note: the water for determining water to cemeribrahd cement paste fraction included also the wate

contained in SBR but excluded the water absorbettidgoarse aggregate.

The beam dimensions and test procedures for the three mixdaVBBR5%-35,
SBRPMC1.5%-50 and Con.SBRPMC1.5%-35 have been presented in Qeatidrsection
3.1. The three mixes were tested under 3PB, and the exmtaindata have been analysed to
evaluate maximum flexural strength, equivalent flexural strengthys relative toughness
index, l;, defined as the ratio of fracture energy of SFRC to thahafinforced concrete [27]
and total fracture energ@r [23]. These mechanical parameters are rearranged to study the

fibre efficiency in the following:
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402 The total fracture energy was evaluated using the method meeoded by the RILEM code
403 [25], i.e. it is equal to the work done by the externally apdbad divided by the area of
404 fractured section of the beam.

405 The beams of mixes SBRPMC0% and Con.SBRPMC0% had midspacusaotches to the
406 depth of 33 mm made prior to the test. The 3PB test was coddoateeasure fracture

407 energy. The specimen dimensions and test procedure complietthevitbde of RILEM

408 Report 51991 [26]. However, the much lower than the recommdrnydige same code

409 CMOD - control loading rate was 0.0001 mm/s, in an effoditiain stable load-deflection
410 curves. The test for each beam lasted about 30 minutes, thagahat recommended by the

411 RILEM code [26]. It is seen from Table 7 that:

412 a. The fibre in mix SBRPMC1.5%-35 exhibited much higher efficyeti@an the mix
413 Con.SBRPMC1.5%-35, indicating that the efficiency of fibrethese mixes is
414 much higher than that in conventional concrete.

415 b. The efficiency of fibres with aspect ratio of 80 in mMBRPMC1.5%-50 was much
416 higher than the fibres with aspect ratio of 60 in SBRPMC1.5%n8%kating the
417 fibre aspect ratio has remarkable influence on the flexdbrmance.

418

419 Table7

420  Comparison of macro-mechanical properties of thmeess

Mix ID f, fos Gr le
(MPa)  (MPa)  (J/m’)
SBRPMC1.5%-35 1522  7.27 18580 221
SBRPMC1.5%-50 16.76  9.53 28300 337
Con.SBRPMC1.5%-35 1037  6.79 15650 103

421

422 5. Mechanism of Fibre Efficiency.
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430

431

432

433

434

435

436

437

438
439

440

Observations on SFRC beam under 3PB test indicated that tkardteted from the notch
tip, and extended monotonically with load increments. Taekccontinued to extend but the
applied load begun to fall after the peak load was reaaheé@ hinge formed beneath the top
of the beam. The complete process of failure of SFRC bedlexiure consisted of two stages:
At stage I, prior to hinge formation, the flexural performamzenly depends on the
interaction of matrix and fibres. At stage Il, after kiiege formation, the flexural behaviour
depends mainly on the resistance induced by fibre tractionefbiney it is reasonable to use
the relationship of fibre tensile stress and crack face opelsptacement (fibre bridging law)
at stage-Il to reveal the reasons why the efficiency oé fiblRCC was much higher than that
in conventional concrete. The fibre bridging at stage-Il sealgsas the fibre pull-out test.
Table 8 presents the fibre bridging law, for stage-Il, faedhmixes, established by using
inverse analysis presented in ref. [28] in detail. Figure @r@yides a graphical

representation of the law for the same three mixes.

Table 8

Fibre bridging law for stage-Il under 3BP [Units(MPa), and w (mn)

Mix ID Fibre bridging law for stage-Il under flexure

SBRPMC1.5%-35 ou(w) =-0.0056w>+0.1612w>-1.5044w+5.9306
0.958<w<12.45

Con.SBRPMC1.5%-35  o,(w) = 0.0012w”’ - 0.025w” - 0.0461w + 2.4392
0.907<w<12.64

SBRPMC1.5%-50 ou(w)=-0.0012w* + 0.0654w” - 0.9482w + 5.9164

1.063<w<12.99
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Figure. 6 (a) Fibre tensile stress after a hinge formalieneath the point loady&notch depth).

(b) Plots of fibre bridging laws in polynomial foras listed in Table 8

It is seen from Figure 6 (b) that both mixes SBRRAMZ0-35 and Con.SBRPMC1.5%-35
contained the same amount and type of fibre, hontdneeformer exhibited higher tensile
strength than the latter, for a given face openlisglacement. It is clear that the main
mechanism for the RCC having higher fibre efficietitan conventional concrete is
attributed to a lower water to cement ratio, resglin higher friction between fibre and
mortar, although the air content of the former Waher than the latter. In addition, the curve
of fibre bridging law of SBRPMC1.5%-50 is above theve of SBRPMC1.5%-35 at all
crack face opening displacements, implying thatfdineer provided higher fibre traction.
The fibre bridging law can serve as an index tduata the fibre efficiency for the selection
of ingredients during the mix design process ircfical (site) applications. For example,
mixes SBRPMC1.5%-35 and SBRPMC1.5%-50, in Tabkr®the same (have identical
proportions of ingredients), only the former incarates shorter fibres than the latter. It is
apparent from Figure 6 (b) that SBRPMC1.5%-50 isenafficient than SBRPMC1.5%-35
because the fibres of mix -50 provide higher tensiiength than those of -35, for the same
crack opening displacement. In this case, the fibidging law specified in Table 8, can be

used to predict the flexural performance of bearaderof the three different mixes.
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6. Concluding Remarks.

1. Compared to conventional steel fibre-reinforced concretd,fgie® reinforced roller-
compacted polymer modified concrete developed very high flexuealgth. This is
very favourable to worn concrete pavement rehabilitation.

2. The standard equivalent flexural strengths evaluated using thednatoposed by this
study are listed in Table 4, and can be directly used fotayvpavement design. The
method, using the identical fibre bridging concept and size effastbeen verified
successfully.

3. Mix SBRPMC1.5%-35 is deemed to be optimum for both, strengthvarhbility.

Mix PVAPMC1.5%-35 exhibited higher flexural and bond strength withotte
concrete than mix SBRPMC1.5%-35 but unfortunately low equivalexarfél strength
which is the basis of overlay design and thus is not a suitaklér worn concrete
pavement rehabilitation

4. The fibres in SFR-RC-PMC exhibited much higher efficieti@n in conventional
SFRC (consolidated by vibrating table). This is mainlyated to a lower water to

cement ratio. This indicates that these mixes are ecoatiymitable.
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