Anchorage Bond Strength of Glass Fibre Polymer Reinforced

Concrete with Palm Kernel Shells as Partial Coarse Aggregate

ABSTRACT

Reinforced concrete with steel reinforcing bars have served most infrastructural needs such as
buildings, roads, bridges, etc., but in recent years, the use of GFRP reinforcing bars in place of
steel reinforcing bars in these structures cannot be overlooked as they offer advantages such
ashigher tensile strength, corrosion resistance, reduced weight and cost effectiveness compared
to steel reinforcing bars.It is worthy of note that, several studies have been conducted on finding
means of partially or fully replacing aggregates especially coarse aggregates in concrete and
reinforced concrete for the purposes of producing lightweight concrete and reducing construction
cost but the application of GFRP reinforcing bars in lightweight concrete such as PKSC requires
further studies. The study focused on determining the anchorage bond strength of Glass Fibre
Polymer reinforced concrete with PKS as partial coarse aggregate. Normal weight concrete mix
ratio of 1:1.5:3 with water-cement ratio (w/c) of 0.5 and lightweight concrete with 10% of the
volume of coarse aggregate replaced by PKS were used in double pull-out prismatic specimens
of dimension 100mm x 100mm x 300mm for control and test specimensrespectively, embedded
with 12mm and 16mm diameter GFRP reinforcing bars at varying embedment lengths.
Generally, the anchorage bond strength decreased with increasing (end-to-end) embedment
length irrespective of the type of concrete mix and GFRP reinforcing bar size but further
decrease were recorded for PKSC and anincrease in GFRP reinforcing bar diameter resulted in a
decrease in anchorage bond strength. Conversely, the PKSC specimens with 12mm and 16mm
GFRP reinforcing barsandcontinuous(300mm) embedment length recorded the highest average
anchorage bond strength values of 6.174N/mm?and 4.581N/mm? respectively.The 10% PKS
replacement of concrete resulted in percentage average anchorage bond strength ranging between
75.5-97.9% of that of NWC.Splitting failure was observed for most of the specimens with
longitudinal and transverse crack patterns developed after load application regardless of the size
of GFRP reinforcing bar or concrete mix but the extent and visibility of the cracks formed
reduced in specimens with continuous bar embedment.

Keywords: Reinforced Concrete; GFRP; Palm Kernel Shells; Anchorage Bond Strength; Partial
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1. INTRODUCTION



Most structures are built using concrete which is a mixture of cementitious material, aggregates
and water. Occasionally, an extra substance called an admixture is added to change certain
properties for certain uses [1].According to Chandra and Berntsson[2], studies have been carried
out to find ways to partially or completely replace the conventional aggregates especially coarse
aggregates in concrete in order to produce lightweight concrete, lower construction costs and
reduce the rate of environmental degradation. Numerous research on the use of palm kernel
shells (PKS) as LWA to replace NWA in structural elements and road construction in Southeast
Asia and Africa have been conducted over the last 27 years [3].The low tensile strength but high
compressive strength of concrete requires the introduction of steel reinforcing bars which have
high tensile strength in the tension zone of the concrete section to act compositely. Hence, the
need for reinforced concrete.In steel reinforcement, corrosion is a chemical process that produces
chemicals that damage the bond between steel reinforcing bars and concrete, decreasing bond
strength and ultimately limiting the service life of reinforced concrete structures [4].In nations
like the US and Canada, this issue eventually results in a significant financial burden during
routine maintenance, repairs and rehabilitation.In recent times,GFRP has become an alternative
solution to the deterioration of civil infrastructureslike bridge decks, tunnels, roads and other
specialized concrete constructions due to its advantagesover steel reinforcement including higher
tensile strength, corrosion resistance, lighter weight and cost effectiveness [5, 32].The most
crucial prerequisite for reinforced concrete as a composite material is the efficacy of the bond
strength between concrete and reinforcing bars[6].The bond strength of the reinforcing bars in
concrete can be ascertained in a few different ways. The ordinary pull-out test, push-out test,
beam test and double pull-out test are a few of these tests. By measuring the force needed to
remove the reinforcing bar that has been placed into the concrete specimen, the most popular test
for determining the bond strength between concrete and steel reinforcing bar is the ordinary
pull-out test which according to Bickley [7], was not thought of as a workable site method until
the 1970s.However, the results of the ordinary pull-out test method, tend to be overestimated and
does not depict the true bond strength of the concrete-reinforcing bar interface in the tensile zone
as the concrete is subjected to compression while the steel bar is under tension[8].Another pull-
out test technique called the double pull-out test provides more precise bond strength results
because it simulates the behavior of a beamtensile stress zone by putting tension on both the steel

rebar and the concrete.Buabin et al. [8]studied the bond strength of steel reinforcing bars locally



milled from scrap metals in concrete prepared with Palm Kernel Shells as Coarse Aggregate by
consideringfour concrete mixes with varying PKS contents in double pull-out prismatic
specimens and embeddedwith 12mm and 16mm diameter steel reinforcing bars. PKS percentage
replacement as well as bartype, size and geometry all impacted on anchorage bondstrength. The
anchorage bond strength wasfound to be between 2.84N/mm? and 10.13N/mm?.Odeyemi et
al.[9]investigated the bond strength between high yield steel reinforcing bars and partially
replaced Self Compacting PKS concrete in which 50% of the granite content of the concrete was
substituted with palm kernel shells. It was determined that PKS could be safely used for partial
replacement in SCC.Gupta et al.[10]studied the partial replacement of coarse aggregateswith
PKS at rates of 10%, 13%, 15%, 20%, and 25% in concrete by testing the compressive strength
of 150 mm x 150 mm x 150 mm cubes which were cast with mix ratio, 1:1.5:3 by volume batch.
Results showed that 10% partial replacement was optimum without compromising on the
compressive strength of concrete.Alengaram et al.[11]concluded that, after examining previous
research on the use of palm kernel shells (PKS) as lightweight aggregate (LWA), PKSC operates
structurally and mechanically equivalent to normal weight concrete (NWC).Shahidi et
al.[12]looked into the long-term performance of FRP and how sustained loading affected the
bond between the concrete and the FRP bars. One type of GFRP, two types of Carbon FRP and
conventional steel reinforcing bars were tested statically to failure and under sustained loads in
pull-out specimens with different embedment lengths and the short-term bond strengths of FRP
bars were found to be lower than those of steel. However, this study focuses on determining the
anchorage bond strength of Glass Fibre Polymer reinforced concrete with PKS as partial coarse

aggregate.

2. MATERIALS AND METHODS

2.1Materials

The materials used for the study shown in (Fig. 1l)included coarse aggregate (granite), fine
aggregate, palm kernel shells used as partial replacement of coarse aggregate, ordinary Portland
cement, water and GFRP reinforcing bars which are ribbed and sand-coated. The crushed
granitic rock used as coarse aggregates had a maximum particle size of 20mm which exceeds
and satisfies the minimum coarse aggregate size of 5mm specified by BS 882[13]. Fine

aggregate used was natural sand with maximum particle size of 4.75mm. The aggregates were air



dried and kept away from moisture in order to prevent bulking. Palm kernel shells used as partial
replacement of coarse aggregates in test specimens were obtained from a local palm kernel oil
factory and varied in sizes between 13.20mm and 2mm which is comparable to the study by
Alengaram et al.[14].Cement used was the ordinary Portland cement of weight 50kg and of grade
42.5R from the local market.Clean water devoid of contaminants was used. Glass Fibre
Reinforcement Polymer (GFRP) reinforcing bars obtained from a local factory in Tema, Ghana,
of actual diameters 12mm and 16mmrespectively when measured with a Verniercaliper and
expected minimum tensile strength of 758N/mm? as specified by the manufacturer were used in
test specimens. Concrete mix ratio of 1:1.5:3 and water-cement ratio (w/c) of 0.5 were used for
the normal weight concrete and 10% of the volume of coarse aggregate was substituted by PKS
for the concrete with PKS as partial coarse aggregate replacement as determined by Gupta et
al.[10]as the optimum PKS content without compromising on the compressive strength of
concrete. The measurement of the gravel, sand, cement and PKS were by volume (m®) and mixed
with water measured in litres(ltr). Batching by volume was done because of the relatively low
density of PKS compared to granite and would ensure accurate relative proportion of PKS in the
mix. The palm kernel shells (PKS) were soaked in water for at least 20 minutes before batching
since PKS has higher water absorption rate which has an effect on the workability of concrete

and cement hydration [15]. The mixing was done manually on a clean surface.
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Fig.1: Materials: (a) gravel, (b) sand, ) cement, (d) PKS soaked in water for 20mins, (e) water

(f) cut GFRP bars.



2.2 Specimens

2.2.1 Concrete prism specimens

A total of forty-eight (48) test and control concrete prism specimens of dimension 100mm X
100mm x 300mm were cast for the anchorage bond or double pull-out test. Three (3) prisms each
were with GFRP reinforcing barsof diameter 12mm and 16mm placed concentrically at varying
embedment lengths of 300mm (continuous),150mm (end-to-end), 125mm (end-to-end) and
100mm (end-to-end) embedment lengths for both test and control specimens respectively with a
grip length of 100mm at both ends of each concrete prism as illustrated in (Fig.2). The notations
of the test and control concrete prism specimens shown in Table 5, imply C-GF12 and C-GF16,
represent the control specimens with NWC and GFRP reinforcing bars of diameters 12mm and
16mm respectively. S-GF12 and S-GF16 denote the test specimens with 10% PKS concrete and
GFRP reinforcing bars of diameters 12mm and 16mm respectively. The ELS, EL150, EL125 and
EL100 suffixes imply continuous, 150mm, 125mm and 100mm embedment length respectively.
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Fig. 2: Hlustration of concrete prism specimens for double pull-out test:(a) with 150mm rebar

embedment (b) with 125mm rebar embedment, (c) with 2100mm rebar embedment, (d) section x-x



2.2.2 Concrete cube specimens

Nine (9) concrete cube specimens of dimension 150mm x 150mm x 150mm with 10% PKS as
partial coarse aggregate replacement and nine (9) cubes with normal weight concrete were cast to
determine their compressive strengths respectively. Three (3) cubes each of the two concrete
mixes were used to determine the average compressive strengths after 7 days, 14 days, and 28

days respectively.
2.2.3 Concrete cylindrical specimens

Six (6) concretecylindrical specimens of dimensions 150mm x 300mm as specified by BS EN
12390-6 [16]were used for the splitting tensile strength test. Three (3) specimens were with
concrete with 10% PKS as partial coarse aggregate replacement and three (3) specimens with
normal weight concrete.Table 4 shows the test specimens with 10% PKSC labelled S1, S2 and
S3 and control specimens with NWC labelled C1, C2 and C3.

2.2.4 Tensile test specimens

Three (3) pieces of each of the GFRP reinforcing bars of actual diameters of 12mm and 16mm
were measured with Vernier calipers and cut in lengths of 600mm to determine theirtensile

strength.



Fig. 3: Specimens: (a) Prism specimens, (b) Hardened prism specimen, (c) cylindrical

specimens, (d) cube specimens

2.3Test Procedure

2.3.1 Tensile test of GFRP

The tensile strength of the GFRP reinforcing bars was determined using the UTM in accordance
with ASTM D7205 [17]. To prevent the premature failure at the grips due to stress
concentrations at the anchorage points, adequate grip lengths of 150mm were used at the two
ends of each specimen in order to allow failure to occur at the middle of the specimen during

testing [18]. The two ends of each GFRP specimen were placed in steel tubes of lengths 150mm



and thickness of 3mm. The steel tubes had internal diameters of 16mm and 25mm to provide
adequate space for the epoxy resin fill to ensure adequate bond with the GFRP reinforcing bar
specimens of diameters 12mm and 16mm respectively. They were bonded together with a
cementitious grout or epoxy resin surrounding the bar and allowed to dry for 2 days. The
specimens were then placed in the upper and lower jaws of the UTM and an extensometer
attached at the middle of the gauge length to measure the corresponding strains. Tensile force
was applied gradually till the ideal failure mode of a GFRP reinforcing bar during tensile test
which is the splitting of the bar ends [19]. The maximum tensile strength and corresponding
strains of the GFRP reinforcing bar specimens were then recorded and the average determined.
Figs. 4(a) and (b) respectively show the preparation of test specimens and the tensile strength test

of GFRP reinforcing bar specimens using UTM.

Fig. 4: GFRP reinforcing bar tensile test using UTM: (a) preparation of test specimens, (b)

testing.

2.3.2 Anchorage bond test of GFRP

The anchorage bond or double pull-out test was conducted on the 28thday by fixing the two ends
of the GFRP reinforcing bars embedded in the test and control concrete prism specimens firmly
in position with the metallic wedges in both the upper and lower jaws of the UTM as shown in
fig. 5 (a). The GFRP reinforcing bar grips at the ends of the prisms were not held during
transportation and before testing in order to prevent any distortions or displacements. The two
ends of the specimens were simultaneously pulled in tension untilthe embedded reinforcing bars



lost grip as the bond between the reinforcing bars and the surrounding concrete failed after

exceeding the maximum force.

. P
The anchorage bond strength is computed as; F,= o RRREERPPRERRRY @

Where; Fp = bond stress (N/mm?);
P = maximum applied load (N);

d=nominal diameter of rebar (mm);

L = embedment length of rebar (mm)

Fig. 5: Testing of specimens using UTM: (a) Anchorage bond strength (double pull-out) test, (b)

compressive strength test, (c) splitting tensile strength test.

2.3.3 Concrete Compressive Strength Test

Compressive strength of the cured concrete cubes for each set at 7 days, 14 days and 28 days was
determined in accordance with BS EN 12390-3 [20],using the UTM as shown in fig. 5 (b).

2.3.4 Concrete Split Cylinder Test

Splitting tensile strength was determined according to BS EN 12390-6[16]. The specimens were

placed in a steel encasement of internal length 300mm and placed on the middle crosshead of the



UTM as shown in fig. 5 (c). Load was then applied to the specimens through the upper crosshead

until splitting tensile failure of the concrete occurred.

The splitting tensile strength is computed as:

2P

Fspt: M ............... (2)

Where; Fgy = splitting tensile strength (N/mm?);
P = maximum applied load (N);
L = Length of test specimen (mm) and

d= diameter of specimen (mm)

3. RESULTS

3.1 Slump Test

The slump test result for the normal weight concrete ranged from 8mm to 45mm and that of the
concrete with 10% PKS was Omm which is comparable to the very low slump values (0—4 mm)
reported by [21-24], indicating very low workability which can be attributed to the high porosity
characteristics of PKS used as partial replacement of coarse aggregates. Significant amount of
the water used for the batching might have been absorbed by the PKS and consequently, reduced
the workability of PKSC.

3.2 Tensile Strength of GFRP

Three samples labelled sample A, B and C respectively for each bar diameter were used for the
test and anaverage tensile strength of 1030 N/mm? and maximum strain of 0.0248 were recorded
for the 12mm GFRP reinforcing bar and an average tensile strength of 866 N/mm? and maximum
strain of 0.028 for the 16mm GFRP reinforcing barshown in Table 1. The averageYoung’s
modulus of elasticity recorded were 41.71GPa and 30.52GPa respectively for the 12mm and
16mm GFRP reinforcing bars. These values recorded exceeded the tensile strength and strain
values provided by the local manufacturer.Figs. 6 (a) and (b) show the stress-strain curves for the

GFRP reinforcing bars of diameter 12mm and 16mm used for the study respectively. Results



from the curves indicate an increase linearly throughout their deformations up to themaximum

load where failure occurredsuddenly. You et al. [25] reported similar stress-strain behaviour for

GFRP reinforcing bar.

Table 1: Tensile strength test for GFRP reinforcing bars

MODULUS
OF TENSILE
SAMPLE NOMINAL ACTUAL ELASTICITY STRENGTH,
DIA., mm DIA., mm | FORCE (P), N (GPa) N/mm? STRAIN
A 12 12 123844.50 46.43 1095 0.0235
B 12 12 113665.50 42.02 1005 0.0240
C 12 12 111969.00 36.68 990 0.0270
AVERAGE 12 12 116493.00 41.71 1030 0.0248
A 16 16 198446.22 34.10 987 0.0290
B 16 16 170901.00 29.36 850 0.0290
C 16 16 152805.60 28.09 760 0.0270
AVERAGE 16 16 174050.94 30.52 866 0.0280
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Fig. 6: Stress-strain curve for tested: (a) 12mm diameter GFRP reinforcing bars, (b) 16mm

diameter GFRP reinforcing bars
3.3 Concrete Compressive Strength

Cube specimens with NWC had average compressive strengths of 18.07 N/mm?, 20.23 N/mm?
and 22.25 N/mm? after 7 days, 14 days and 28 days respectively and those with 10% PKS as
partial coarse aggregate replacement had average compressive strengths of 10.37 N/mm?, 14.36
N/mm? and 15.79 N/mm? after 7 days, 14 days and 28 days respectively indicating a 29%
reduction in the 28 days compressive strength for the PKSC. The average compressive strengths
of the two concrete mixes are plotted against age in (Fig. 7) and the average 28 days compressive
strength of both concrete mixes are shown in Tables 2 and 3 respectively.

3.4 Concrete Splitting Tensile Strength

The average splitting tensile strength value obtained for the NWC using Equation (2) was 2.76
N/mm?2and1.94 N/mm?for concretewith 10% PKS as partial coarse aggregate replacement which



indicates a 29.71% reduction and almost comparable to the values (2.0-2.4N/mm?) obtained by
[23, 26, 40].Table 4 and Fig. 8showthe results of splitting tensile strength test of the NWC and

PKSC after 28 days.
Table 2: 28 days compressive strength for 10% PKS concrete
28 DAYS TEST
Sample 1 2 3
Mass (kg) 7.055 7.117 8.135
Compressive Strength (N/mm?) 12.79 15.54 19.04
Average Compressive Strength (N/mm?) 15.79
Table 3: 28 days compressive strength for normal weight concrete
28 DAYS TEST
Sample 1 2 3
Mass (kg) 7.944 8.124 7.895
Compressive Strength (N/mm?) 2211 23.32 21.34
Average Compressive Strength (N/mm?) 22.25
25 22.253
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Figure 7: Average compressive strength versus days




Table 4: Splitting tensile strength test

LOAD. SPLITTING AVE. SPLITTING
S/No. SAMPLE P (N) TENSILE STRESS TENSILE STRESS
(N/mm?) (N/mm?)
1 c1 221704.00 3.14
2 C2 183073.00 2.59 2.76
3 C3 179542.00 2.54
AVERAGE 194773.00 2.76
4 S1 124849.00 1.77
5 S2 152155.00 2.15 1.94
6 S3 134779.00 1.91
AVERAGE 137261.00 1.94
g 350 [VALUE]
P 3.00 2.76
E B & 250 - - 2.15
E % g 2,00 1.77 1ol Lo
Exz “
§ 2 1.50
g 1.00
0.50
0.00
c1 Cc2 Cc3 AVERAGE S1 S2 S3 AVERAGE
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Figure 8: Average splitting tensile strength of normal weight and PKS concrete

3.5 Anchorage Bond Strength

The average anchorage bond strength were computed with Equation (1) and values recorded for
the test and control prism specimens with GFRP bars of diameters 12mm and 16mm and various

embedment lengths are shown in Table 5 and Fig. 9.The values for the specimens with 300mm



(continuous) embedment were obtained by considering half of the length (150mm) based on a
studyby Tang [38]which indicates that,bond stress—slip relationship varied with the position of
the reinforcing bar and the closer the stress was to the centerof the specimen, the steeper the
curve became and the more the bond stiffnessincreased which was determined by considering
half of the length of the specimen.Therefore, the average anchorage bond strength obtained for
the test and control specimens with 12mm GFRP bars and 300mm (continuous) embedment were
respectively 6.174N/mm? and 6.306N/mm?. The results obtained for the test and control
specimens with 16mm GFRP bars and 300mm (continuous) embedment were respectively 4.581
N/mm? and 5.584 N/mm?.Average anchorage bond strength values of 3.051N/mm? and 3.558
N/mm?were respectively recorded for the test and control specimens with 12mm GFRP bars and
150mm (end-to-end) embedment,2.899 N/mm?and 3.198 N/mm?were respectively for the test
and control specimens with 16mm GFRP bars and 150mm (end-to-end) embedment,4.464
N/mm? and 5.287 N/mm? were respectively for the average anchorage bond strength for the test
and control specimens with 12mm GFRP bars and 125mm (end-to-end) embedment, 3.087
N/mm? and 3.259 N/mm? were respectively recorded for the test and control specimens with
16mm GFRP bars and 125mm (end-to-end) embedment, 4.684 N/mm? and 5.592 N/mm? were
respectively recorded for the test and control specimens with 12mm GFRP bars and 125mm
(end-to-end) embedment and lastly, 3.558 N/mm? and 4.712 N/mm? for the test and control

specimens with 16mm GFRP bars and 125mm (end-to-end) embedment.

Table 5: Average anchorage bond strength for test and control prism specimens with GFRP
reinforcing bars at varying embedment lengths.

AVE. % AVE.
SAMPLE ACTUAL EMBEDMENT ANCHORAGE ANCHORAGE
. U DIAMETER, (mm) LENGTH (mm) BOND STRESS BOND STRESSOF
(N/mm?) NWC
C-GF12-ELS 12 300 (continuous) 6.306
S-GF12-ELS 12 300 (continuous) 6.174 97.901
C-GF16-ELS 16 300 (continuous) 5.584
S-GF16-ELS 16 300 (continuous) 4.581 82.034
C-GF12-EL150 12 150 (end-to-end) 3.558
S-GF12-EL150 12 150 (end-to-end) 3.051 85.750
C-GF16-EL150 16 150 (end-to-end) 3.198
S-GF16-EL150 16 150 (end-to-end) 2.899 90.653
C-GF12-EL125 12 125 (end-to-end) 5.287
S-GF12-EL125 12 125 (end-to-end) 4.464 84.424
C-GF16-EL125 16 125 (end-to-end) 3.259




S-GF16-EL125 16 125 (end-to-end) 3.087 94.720
C-GF12-EL100 12 100 (end-to-end) 5.592
S-GF12-EL100 12 100 (end-to-end) 4.684 83.759
C-GF16-EL100 16 100 (end-to-end) 4.712
S-GF16-EL100 16 100 (end-to-end) 3.558 75.501
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Figure 9: Comparison of the average anchorage bond strength of control and test prism
specimens with GFRP reinforcing bars of diameter 12mm and 16mm at varying embedment
lengths.




Figure 10: Tested double pull-out prism specimens with
GFRP rebars.
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Figure 11: Crack Pattern Propagation

4. EFFECT OF EMBEDMENT LENGTH ON THE ANCHORAGE BOND
STRENGTH

Generally, the average anchorage bond strength for all the test and control specimens with end-
to-end embedment of GFRP reinforcing bars increased with decreasing embedment length.
However, the average anchorage bond strength values of the test specimens with 10% PKS
concrete remained lower compared to that of the control specimens with NWC and GFRP
reinforcing bars of diameter 12mm and 16mm as shown in Table 5 and Fig. 9. Increase in bond
strength with decreasing embedment lengths were also observed by [27-29] and can be attributed
to the gradual transfer of the bond stress during the pull-out test from the loaded end to the free
end which results in a nonlinear stress distribution of the bond stress along the embedment length
[29,30].Conversely, the specimens with 300mm (continuous) embedment recorded the highest
average anchorage bond strength values of 6.174N/mm? and 6.306N/mm? respectively for 12mm
GFRP reinforcing bars in the test and control specimens and 4.581 N/mm? and 5.584 N/mm?
respectively for 16mm GFRP reinforcing bars in the test and control specimens which can be
attributed to the study by Tang [38] which reported thatthe maximum valueon the stress
distribution curve mainly occurred at or near the central anchored point, whereas the minimum

value occurred at the loaded end due to the symmetry.



5. EFFECT OF BAR SIZE ON THE ANCHORAGE BOND STRENGTH

Generally, Table 5 and Fig.9show greater anchorage bond strength for specimens with GFRP
reinforcing bars of 12mm diameter compared to 16mm.Previous studies by Hao et al. [31] and
Patil and Manjunatha [33] show a reduction in bond strength values for larger GFRP reinforcing
bar diameters.

6. EFFECT OF PKS CONTENT ON THE ANCHORAGE BOND
STRENGTH

The 10% PKS replacement caused a reductionin the compressivestrength by 29% and
29.71%reduction in splitting tensile strength as shown in Figures 7 and 8 respectively and
consequently, a reduction in the anchorage bond strength as shown in Table 5 and Fig. 9. These
observationsare similar to previous studies by Olanipekun et al. [39]who studied the mechanical
properties of PKSusing 1:1:2 and 1:2:4 mix ratios with 0%, 25%, 50%, 75% and 100%
replacement with PKS and reported a reduction in the compressive with the increasing PKS
content andAlengaram et al.[40]compared the bond properties of PKSC with NWC and reported
that the bond strength of PKSC was 86% of that of NWC which is in the rangeof (75.5-
97.9%)indicated in Table 5 of this study recordedas the percentage bond strength of the NWC
forthe 10% PKSC.

7. FAILURE MODE AND CRACK PATTERNS

Most of the specimens shown in Fig. 10 developed longitudinal cracks that propagated from the
point (A) illustrated in Figs.11(a) and (b) as the load was applied and towards the embedded bar
end at point (B). At point (B), opening of the existing crack continues and is accompanied by the
development of a transverse crack extended from point (B) toward the specimen edges. The
specimen failed when the transverse crack reached the specimen edges. This pattern was noted in
earlier research by Goto [34]and Diab et al. [35], where splitting bond failure is extremely
sudden and brittle due to the rapid production of longitudinal splitting cracks. Development of
the transverse crack can be attributed to the matrix-tension failure through the net concrete

section at the point of high concrete tensile stress concentration developed at the reinforcing bar



end where there is a loss of most of its bond [36].Similar crack patterns were observed for both

test and control specimens regardless of the size of GFRP reinforcing bar and concrete mix.

However, a few specimens had no visible cracks after testing. Cracks on the specimens with

continuous or straight GFRP reinforcing bar embedment of 300mm had less visible cracks

compared with specimens with discontinuous embedment lengths of 150mm, 125mm and

100mm which had similar and very visible cracks.

8. CONCLUSIONS

The following conclusions are drawn from the test results:

Vi.

Vii.

Significant amount of water was absorbed by the PKS which subsequently reduced the
workability of the concrete with PKS as partial coarse aggregate replacement compared with
the granite in the NWC.

i. The 28 days compressive strength of the 10% PKSC was 15.79N/mm? which indicates a 29%

reduction compared with the NWC and consequently contributed to the reduction in the
anchorage bond strength.
The splitting tensile strength of 10% PKSC decreased by 29.71% compared with the NWC

and consequently contributed to the reduction in the anchorage bond strength.

. The 10% PKS replacement of concrete resulted in percentage average anchorage bond

strength ranging between 75.5-97.9% of that of NWC.

Anchorage bond strength decreased with increasing (end-to-end) embedment length
irrespective of the type of concrete mix and GFRP reinforcing bar size but further decrease
were recorded for PKSC. Conversely, the PKSCspecimens with 12mm and 16mm GFRP
reinforcing barsandcontinuous embedment length recorded the highest average anchorage
bond strength values of 6.174N/mm?and 4.581N/mm?respectively.

Comparatively, the anchorage bond strength decreased with increase in GFRP reinforcing bar
diameter.

Splitting failure was observed for most of the specimens with longitudinal and transverse

crack patterns developing after load application regardless of the size of GFRP reinforcing



bar or concrete mix but the extent and visibility of the cracks formed reduced in specimens

with continuous bar embedment.
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