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Abstract

The use of fibre-reinforced polymer (FRP) composites is on the rise due to their excellent corrosion resistance, making
them a viable alternative to traditional piling materials in harsh environments. This paper presents a new glass fibre-
reinforced polymer (GFRP) pile that includes an outer GFRP tube filled with sand or cemented sand. Four-point flexural
tests are conducted to evaluate the flexural behaviour of the new pile, and the Optical Frequency Domain Reflectometry
(OFDR) technique is utilized to capture the longitudinal strain distributions during the tests. The effects of the type of infill
material (sand, cemented sand, and fibre-reinforced cemented sand) and the thickness of the GFRP tube (3 mm, 5 mm) are
investigated. All experimental results show a significant improvement in the flexural bearing capacity and ductility of the
new pile structures compared to the hollow GFRP pile, which can be attributed to the presence of the infill materials. With
the increase in the strength of the infill material, the stiffness and strength of the pile increase. The composite action of the
ductile FRP composites and the high-ductile infill materials provides enhanced structural performance. A theoretical model
is adopted to rationally predict the load—strain behaviour of GFRP-confined cemented sand piles.
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Abbreviations e Relative density

A, Cross-sectional area of cemented sand core E Elastic modulus

Afrgrp Cross-sectional area of FRP tube Ejon Tensile elastic modulus

C. Cement content E.om Compressive strength of FRP tube

C. Coefficient of uniformity E, Elastic modulus of cemented sand core

D Outer diameter of the FRP tube Jeo Compressive strength of the cemented sand core

dso Mean grain size Seu Compressive strength of FRP tube

D, Relative density feu(ten)  Tensile strength of FRP tube
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feucom) Compressive strength of FRP tube

FC Fibre content

S Tensile strength of cemented sand core

G, Specific gravity of solids

1, Moment of inertia

M Moment capacity

Mgand Mass of the infill sand

Molid Mass of the infill

t Deviatoric stress

q Thickness

Oc Compressive strength of the confined cemented
sand

o; Tensile strength of the confined cemented sand

&4 Axial strain

& Compressive strain

o The corresponding compressive strain of the
cemented sand at the peak point

& Tensile strain

&0 The corresponding tensile strain of the cemented
sand at the peak point

Prmax Maximum dry density

Prmin Minimum dry density

Psolid Density of the infill
Owindging ~ Winding angle of the fibres
& Confinement effect coefficient

1 Introduction

Foundation engineering often involves the use of concrete,
steel, wood, or a combination of these materials. However,
these traditional materials are prone to deterioration over
time, particularly in marine environments. Infrastructure
degradation not only results in significant maintenance
costs but also poses severe safety hazards to both the
infrastructure and its surrounding environment [1-3].
Fibre-reinforced polymer (FRP) possesses excellent cor-
rosion resistance, thermal stability, lightweight construc-
tion, satisfactory strength, and high cost-effectiveness. As
such, it has become a suitable substitute for conventional
building materials in extreme environments [3-5].

The hybrid system for concrete-filled FRP tubes has
proven to be highly effective in underground and marine
environments [6—13], where applications include piles,
retaining walls, and bridge components. The FRP tube
serves as a casting mould for the new concrete while acting
as a reinforced shell for corrosion resistance, thus stream-
lining and expediting the construction process. The FRP
tube confines the concrete core, which in turn provides the
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tubes with internal support and resistance in the compres-
sion zone, thereby increasing the strength and ductility of
the flexural members [14, 15]. Prestressed GFRP tubes
filled with concrete were suggested for use as marine piles
[16, 17], with different FRP sections spliced using short
steel tubes. The conventional design of these structures has
predominantly prioritized stiffness, often leading to insuf-
ficient utilization of material strength. To address these
issues, various experimental studies have been conducted
using FRP piles. Bending tests were carried out on hollow
and concrete-filled Carbon fibre-reinforced polymer
(CFRP) piles to examine the composite effect [18, 19].
Mirmiran A. et al. [20] investigated concrete-filled GFRP
tubes in the form of piles and columns, and the study
included two flexural tests to examine the effect of rein-
forcement on the wall thickness. The over-reinforced sec-
tions failed in compression at higher strength and lower
deflection than under-reinforced sections. The hybrid FRP-
concrete-steel double-skin tubular members [21] were
proposed to provide additional shear resistance and higher
flexural capacity. Hollow and concrete-filled pultruded
GFRP tubes were studied by Ferdous et al. [22, 23] as
modular retaining walls, and the study focused on the
flexural performance of pultruded GFRP piles with square
and circular cross-sections.

According to the reports by Ashpiz et al. [24], the uti-
lization of the FRP composite seawall system may poten-
tially eliminate the need for heavy machinery, resulting in a
significant reduction in construction time when compared
to conventional concrete seawalls. In practice, to ensure the
stability of the pile, sand or cemented soil would be filled
in the pile [25, 26] to satisfy relevant strength and defor-
mation requirements. Recent research [27, 28] demon-
strated, through three-point bending tests on cemented
tailings backfill (CTB), that weakly cemented materials
displayed good flexural resistance and ductility. Notably,
the CTB had post-peak toughness even after reaching the
peak load. These characteristics of weakly cemented
materials, combined with the high-ductile FRP tubes, could
have better composite effects on flexural behaviour. Yu
et al. [29] and Zhao et al. [30] examined the mechanical
properties of coal rejects-based backfill material (CBM)
composed of coal rejects and cementitious grout materials
confined by FRP tubes under compression tests. Teng et al.
[31] investigated the compressive behaviour of FRP-con-
fined sand and cemented sand columns. These findings
revealed that the low-strength cemented infill material
exhibited excellent load-bearing capacity and deformation
capacity. However, these studies primarily concentrated on
the compressive performance of FRP-confined low-
strength cementitious material, while the exploration of its
flexural behaviour was still limited.
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In studies on FRP-confined low-strength materials,
GFRP tubes have been predominantly employed. Com-
pared with CFRP, GFRP exhibits a slightly lower elastic
modulus but superior ductility. Teng et al. [31] demon-
strated that, for weakly cemented materials, the use of an
FRP jacket with excessively high stiffness can result in
over-confinement, thereby diminishing the potential for
material strengthening. On this basis, a new FRP tubular
pile system that employs Fujian standard sand and
cemented sand as infill materials was developed in this
study. Using sand or cemented sand can reduce the use of
cementitious grout material and correspondingly reduce the
cost towards carbon neutrality. The flexural behaviour of
its hybrid system was systematically studied through four-
point bending tests consisting of 10 pile specimens. The
test variables encompassed the thickness of the FRP tube
(i.e. 3 mm and 5 mm) and the type of infill materials (i.e.
sand, cemented sand, and fibre-reinforced cemented sand).
In addition, the Optical Frequency Domain Reflectometry
(OFDR) technique was utilized to measure the strain dis-
tribution in the middle section of the pile structures.

2 Experimental programme
2.1 Material properties
2.1.1 FRP composites

The FRP tubes used in this research were filament-wound
E-glass FRP tubes, provided by Lianyungang Zhongfu
Lianzhong Composites Group Co., Ltd., with two different
thicknesses of 3 mm and 5 mm, designed to have the same
volume fraction and winding angle. The GFRP tubes were
oriented at &£ 45° to the longitudinal axis, resulting in
satisfactory stiffness in both hoop and axial directions. To
assess the tensile properties of GFRP composites, 12 cou-
pon specimens were cut from the GFRP tubes and sub-
jected to tensile tests according to ASTM D3039 [32].
Compression tests on 8 short FRP tubes were also carried
out following GB/T 5350-2005 [33]. The detailed prop-
erties of the GFRP material are listed in Table 1.

Table 1 Properties of GFRP pile

2.1.2 Sand

In this study, Fujian standard sand was used as the testing
material. The sphericity of the sand particles was esti-
mated, as shown in Fig. 1. The shape of the tested sand
particles was predominantly spherical. The properties of
the sand are summarized in Table 2, and the triaxial test
results are shown in Fig. 2. All the testing sands could be
classified as poorly graded sand (SP) according to ASTM
D2487 [34]. The relative densities of all the sand samples
used in this study were controlled at 90%.

2.1.3 Basalt fibre

Basalt fibre has excellent acid and alkali resistance, and
mechanical properties, as shown in Table 3. Therefore, the
18-mm-long basalt fibres were mixed into the cemented
sand samples with the intention of enhancing their tensile
strength and ductility.

2.1.4 Cemented sand

In this study, cylindrical cemented sand samples with a
50 mm diameter and a 100 mm height were fabricated for
conducting unconfined compression tests aimed at obtain-
ing the material properties. Ordinary Portland cement
(OPC) was employed for the preparation of the testing
specimens. The masses of the cement and basalt fibres were
determined based on the dry sand mass. This research
investigated three different types of cemented sand sam-
ples, including samples with a 5% cement content (CC =
5%), samples with a 10% cement content (CC = 10%),
and 1% basalt fibre-reinforced samples with a 5% cement
content (FC =1% and CC =5%). Since the specific
gravity of cement grains (3.15) surpasses that of sand
particles, a composite specific gravity that takes into
account the sand and cement content was adopted for void
ratio calculations [35].

The sand and cement were mixed until a uniform mix-
ture was obtained, following which water was added to
generate a homogeneous paste. For the fibre-reinforced
cemented sand, basalt fibres were added after the formation

Material Thickness Fibre/matrix Eren (GP2)  fiu (Ten) Ecom (GP2)  fou (com,) Owinding

type (mm) (MPa) (MPa) ©)
Ave SD Ave SD Ave SD Ave S.D

GFRP 3 E-glass/ Diglycidylether of bisphenol A 10.00 0.63 65.08 192 12.00 048 121.06 10.36 +£45

resin

Ave. = average value; S.D. = standard deviation; Er,, = Tensile elastic modulus; f,,(ren) = ultimate tensile strength; Ec,,, = Compressive
elastic modulus; fi,com,) = ultimate compressive strength; 0yinging = Winding angle of the fibres

@ Springer



Acta Geotechnica

0.15-0.60 mm

0.60-1.18 mm
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£
SEM HV: 200 kV.
SEM MAG: 60 x

1.18-2.00 mm

SEM HV: 10.0kV
SEM MAG: 39 x

SEM HV: 10.0 kv
SEM MAG: 61 x

Fig. 1 SEM images of sand particles

Table 2 Physical properties of sand

Property Value
Specific gravity, G, 2.67
Maximum dry density, pmay (g/cm’) 1.884
Minimum dry density, ppmin (g/cm?) 1.625
Mean grain size, dsy (mm) 0.83
Coefficient of uniformity, C, 5.21

of a homogeneous paste, so as to avoid the formation of
fibre clumps and floating. Following the moulding process,
the samples were cured for 28 days at 23 °C & 2 °C and
relative humidity above 95% in a humid environment.

A series of unconfined compression tests (Fig. 3(a))
were conducted on the cemented sand sample according to
the Brazilian standard NBR 5739 [36] to obtain its material
properties, as illustrated in Fig. 3(b). Both the 5CS samples
and 1F-5CS samples demonstrated an unconfined com-
pression strength of 2 MPa, with ultimate strains of around
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1.25% and 2.25%, respectively. The unconfined compres-
sion strength of the 10CS sample was around 7 MPa, and
the ultimate strain was around 1.00%. The unconfined
compression (UC) test results indicated that the strength of
the cemented sand increased notably with the cement
content. However, the inclusion of basalt fibre had a minor
influence on the strength of the cemented sand but
enhanced the ductility, which was consistent with the
previous research [37, 38].

2.1.5 Test programme

In this research, a total of 10 specimens were prepared,
comprising 2 hollow and 8 solid FRP tubes, which were
categorized into two groups, as presented in Table 4. The
aspect ratio of all specimens was adjusted to 11.2:1 with an
inner diameter of 125 mm and a height of 1400 mm. The
detailed information on the infill is listed in Table 5. For
reference purposes, each specimen was assigned a name,
beginning with "M3’ or M5’ representing the tests with
different FRP thicknesses, followed by a capital letter "H’,
’S’, ’CS’, or 'FCS’, denoting the infill materials (i.e.
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Fig. 2 a Deviatoric stress—axial strain relationship, and b void ratio—axial strain relationship of the sand sample

Table 3 Properties of basalt fibre

Parameters Values
Density (g/cm®) 2.63
Diameter (pum) 6-19
Tensile strength (MPa) > 3000
Elastic modulus (GPa) > 85

hollow pile, sand-filled FRP pile, cemented sand-filled FRP
pile, and fibre-reinforced cemented sand-filled FRP pile).
The numbers ’5’ and ’10° preceding 'CS’ indicate the
cement content of the cemented sand.

The preparation process of the specimens involved the
following steps: (1) sieving the sand to collect particles

with a diameter ranging from 0.15 mm to 2 mm; (2) filling
the hollow GFRP tube with sand and cemented sand fol-
lowed by compacting the infill materials in ten layers
statically to achieve the desired initial void ratio; (3) using
aluminium caps to seal the ends of the piles; and (4) cov-
ering the prepared specimens with cling wrap to prevent
moisture loss. In the case of sand-filled FRP tubes, the sand
was compacted to a relative density of 90% (Dr = 90%).
The weights and void ratios of sand and cemented sand
were kept as closely matched as possible to ensure similar
compactness levels.

2.1.6 Test setup and instrumentation

The flexural tests were conducted using a 20-t loading
frame, with the test setup and sensor placement illustrated

8
5CS
REY - — - -F5CS
ol AN - mee- 10CS
20
S
2 4 i’ Wb
A
=
wn
2
S
0 1 1 1 1 -
0.000 0.005 0.010 0.015 0.020 0.025
(b) Strain

Fig. 3 a Setup of the unconfined compression test; and b stress—strain relationship of cemented sand with or without basalt fibre
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Table 4 Test programme

Groups Infill Specimen Ultimate load t (mm)
(kN)

A Hollow tube M3-H 20.00 3

Sand (D, = 90%) M3-S 32.37

CC=5% M3-5CS 4145

CC = 10% M3-10CS 45.98

FC=1% & M3- 41.75

CC=5% F5CS

B Hollow tube MS5-H 37.01 5

Sand (D, = 90%) M5-S 44.57

CC=5% M5-5CS  59.02

CC = 10% M5-10CS  66.24

FC=1% & MS5- 59.28

CC=5% F5CS

D, = relative density
Table 5 Specimens properties
Parameters Sand 5CS 10CS F5CS
Mass of the infill sand, mg,,q (kg) 32.37 27.60 27.23 27.47
Mass of the infill, myq (kg) 3237 31.74 32.68 31.86
Density of the infill, psyq (2/cm’)  1.884 1.847 1902 1.854°
Void ratio, e (sand and cement) 042 045 0.43 0.45
Cement content (%) 0 5% 10% 5%
Fibre content (%) 0 0 0 1%
Water content (%) 0 10% 10% 10%

in Fig. 4. For each specimen, five axial strain gauges with a
20 mm gauge length were attached to the surface of the
pile in the mid-section, while two strain rosettes were
pasted at the midpoint of the shear span. Additionally, a
pull rope displacement sensor (500 mm) was installed at

Pull rope dispcement sensor
1200

the bottom of the middle position of the pile, and a 200-mm
LVDT was placed at the top of the middle position of the
pile, with two 50-mm LVDTs at the two-edge supporting
points. All loads, displacements, and strains were auto-
matically recorded by a data acquisition system.

To capture the axial strain distribution along the pile
length, Optical Frequency Domain Reflectometry (OFDR)
was employed in this study, which had a spatial resolution
of 0.5 mm and an excellent measurement accuracy of =+ 1
pe. A 0.9 mm thick SMG.652b fibre with polyimide/HY
coating was chosen as the sensing fibre, as it prevented
fibre breakage in large-scale specimens. Four sections of
OFDR fibres with 200 mm length and one 1200 mm
OFDR fibre were uniformly distributed on the surface of
the pile at the same heights as the five strain gauges, with
the longest one placed at the bottom of the pile.

2.1.7 Experimental results and discussions

The following sections describe the test results and dis-
cussions, including the effects on pile thickness and the
infill materials. It is worth noting that the weight, grain size
distribution (GSD) and density of the infill materials were
strictly controlled to maintain consistency during the
preparation of the specimens. Under these conditions, the
properties of sand, cemented sand, and FRP tubes remained
relatively stable. Therefore, in this study, only a portion of
the specimens was conducted with repeated tests to ensure
the reliability of the results. To clearly present the struc-
tural performance in the subsequent figures, only one result
from each sample group is displayed.

2.1.8 Behaviour of hollow piles
During the four-point flexural test, the hollow GFRP piles
were ovalized due to the vertical component of the internal

axial force acting on the section, which produced local
lateral bending in the compression zone. The GFRP hollow

Unit: mm

—

Fig. 4 Test setup and sensor placement
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pile with a thickness of 3 mm experienced buckling failure
in the compression zone after ovalization (Fig. 5(a)).
However, the failure mode of the 5 mm thick GFRP hollow
pile was the fibre rupture at the loading point, as shown in
Fig. 5(b), which suggested that the resistance of the com-
pression zone increased significantly as the thickness of the
GFRP pile increased and the fibres in the tension zone
broke first.

Figure 6 shows the test results of the hollow GFRP
piles. All deflection and strain results are measured in the
middle section of the specimens. The thicker pile demon-
strated a significantly greater flexural capacity and ductil-
ity. During the loading process, a cracking sound was
occasionally heard when the load—deflection curve reached
the turning point, after which the load on the specimen
gradually became stable. Analysis of the load—deflection
curve (Fig. 6(a)) revealed that the 3 mm thick hollow FRP
pile failed when the mid-span deflection exceeded 1/20
span (60 mm), while the 5 mm thick hollow FRP pile
exhibited good ductility and did not fail until the mid-span
deflection exceeded 1/10 span (120 mm) due to the
increased compressive resistance at the compression zone.
The deflection at the top of the mid-section of the 3 mm
thick FRP tube was observed to be gradually larger than
that at the bottom of the mid-section during the loading
process, as illustrated in Fig. 6(a) and (b), suggesting the
occurrence of buckling failure. In contrast, for the FRP
tube with a 5 mm thickness, the top—bottom deflection
difference was almost zero at the initial loading stage.
However, after the load exceeded the yield load point, the
deflection difference became apparent, indicating that
buckling also occurred.

Figure 6(c) presents two typical compression—tensile
strain curves for the two specimens, where the compressive
and tensile strains were measured by two strain gauges

| |

\ 5 [ ¥ Wi
Ovalisation and buckling fai\lur% =

B R _I\\\ ‘:¥7‘

(@)

located at the top and bottom of the mid-span, respectively.
The smaller compressive strain of the thinner pile was
attributed to the premature buckling of the compression
zone. In both cases, the relationship of the compressive—
tensile strain was initially linear. However, due to the
influence of buckling in the compression zone, the increase
in compressive strain for the 3 mm thick pile becomes less
pronounced. Figure 6(d) describes the axial strain distri-
butions, monitored by five strain gauges and OFDR, as
shown in Fig. 4. The black curves represent the results of
specimens with a wall thickness of 5 mm, while the red
curves depict the results of specimens with a wall thickness
of 3 mm. The change in the neutral axis depth during the
test could be obtained from the axial strain distribution
results. The position of the neutral axis was almost main-
tained at the centre of the cross-section due to the oval-
ization effect and the compressive buckling in the
compression zone, until failure occurred after cracking in
the tension zone. According to the axial strain profile
monitored under multiple loading steps using OFDR
technology in the hollow pile, a constant tensile strain
region of 0.15 m was identified in the tension zone
(Fig. 6(e)), which was confined within a range similar to
that of the buckled area.

The moment of inertia (I,) of the cross-section for the
FRP pipe piles with thicknesses of 3 mm and 5 mm is 247
cm® and 432 cm®, respectively. With a 75% increase in the
moment of inertia of the hollow FRP pile, the ultimate
bearing capacity increased by 85%, and the maximum
deflection almost doubled. The moment of inertia and
bearing capacity of the hollow section exhibited a roughly
proportional increase. These findings implied that the
greater thickness of the FRP hollow pile could improve the
compressive capacity of its compression zone, thereby
preventing premature buckling, and, in turn, increasing the

Crushing failuli___,.,_ —
at loading point™

(b)

Fig. 5 Failure modes of GFRP hollow sections with a 3 mm thickness and b 5 mm thickness
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Fig. 6 Test results for hollow GFRP piles: a load—deflection relationships; b deflection difference from top and bottom points at the middle
section; ¢ tensile-compressive strain relationships; d axial strain distributions; and e typical strain profile

ductility and the flexural strength of the piles. However, it
should be noted that the failure mode of the thicker hollow
pile also involved buckling in the compression zone after
reaching a certain degree of bending.

2.1.9 Behaviour of sand-filled FRP piles

The sand-filled FRP piles were fixed at both ends using
aluminium caps during the test to prevent sand leakage, as

@ Springer

depicted in Fig. 7. The thinner pile exhibited local crushing
and splitting at the loading position due to the lack of
strength in the hoop direction (Fig. 7 (a)), while the thicker
pile experienced both compression and tension failure at
the upper and lower sections of the loading position (Fig. 7
(b)).

Figure 8(a) depicts the effect of dense sand filling on the
performance of GFRP piles. Upon reaching the ultimate
load, distinct fracture sounds were observed, after which
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Fig. 7 Photograph of failure modes for sand-filled GFRP piles with a 3 mm thickness and b 5 mm thickness

the FRP pile underwent a distinctly brittle failure accom-
panied by an immediate loss of bearing capacity. The
results show that the strength and stiffness of the sand-
filled GFRP piles increased slightly, whereas the ductility
improved significantly. The flexural strength of the sand-
filled piles with thicknesses of 3 mm and 5 mm, increased
by 61.85% (12.37 kN) and 20.43% (7.56 kN), respectively.
Since the sand had no tensile capacity, the sand core had a
minimal impact on the tension zone. Additionally, dense
sand provided internal support for the GFRP tube, pre-
venting ovalization and buckling in the compression zone,
allowing the GFRP pile to maintain a gradually increasing
flexural capacity after reaching the yield state. The top—
bottom deflection difference of the sand-filled GFRP piles
became minimal (Fig. 8(b)), and their compressive strain
(Fig. 8(c)) was higher than that of hollow piles. It was
worth noting that the values of the tensile strain and
compressive strain were almost the same at the initial
loading stages for the sand-filled pile. When combined with
the result of axial strain distribution shown in Fig. 8(d), it
could be observed that, due to the presence of the sand
core, the stiffness of the compression zone of the pile was
increased. This resulted in the depth of the neutral axis
remaining nearly at the cross-sectional centre, until tensile
cracking occurred, leading to failure and causing the
movement of the neutral axis to balance the internal ten-
sion in the section. The presence of internal support from
the sand core and the absence of buckling in the com-
pression zone allowed for an expanded stable strain range
(Fig. 8(e)) at the bottom (0.3 m), although it was slightly
smaller than the loading interval (0.4 m).

The mid-span deflection of the sand-filled FRP piles
exceeded 1/6 of the span (200 mm) at the end of the tests,
white patches appeared below or close to the two load
points, and other less prominent cracks were randomly

distributed in the pure bending area. The thicker pile
exhibited lower deformability, which was also the reason
for its less pronounced strength enhancement. The thinner
pile failed due to local crushing at the loading position, but
the 5 mm thick pile had a higher compressive capacity, and
thus, the infill sand at the loading position was squeezed,
causing the pile wall to expand and bulge.

Following the flexural tests, the infill sand from the FRP
pile was extracted by cutting the pile wall. The sand par-
ticles beneath the loading point and within the compression
zone were separated from other sand particles, and subse-
quent sieving tests were conducted to determine the grain
size distribution of the two parts of sand samples after the
tests. As shown in Fig. 9, the GSD curve revealed that the
compressed sand became more uniform compared to the
initial GSD curve, whereas the GSD of the sand in other
regions remained similar to the initial GSD curve. How-
ever, the GSD curves of specimens with different thick-
nesses were basically the same, which showed that the
thickness of the pile had little effect on the particle
breakage of the sand core. This phenomenon was due to the
fact that the thickened pile wall was more involved in the
buckling resistance of the compression zone, which can be
obtained from the results of the hollow pile.

2.1.10 Behaviour of cemented sand-filled FRP piles

Despite the weaker strength of cemented sand compared to
concrete, it exhibited superior ductility and primarily
experienced shearing failure. The presence of the FRP
jacket provided excellent shear resistance. These charac-
teristics suggested that the FRP tube and cemented sand
could work together almost throughout the test, resulting in
piles with exceptional strength and ductility.
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middle section; ¢ tensile—compressive strain relationships; d axial strain distribution; and e typical strain profile

After the test, for some specimens, the FRP shell was cut
to expose the cemented sand core and examine the crack
distribution. As illustrated in Fig. 10, cracks were observed
along the length of the pile, and evident fracturing damage
was observed at the loading points in the cemented sand.
Moreover, some specimens exhibited oblique cracks in the
shear span (Fig. 10(c)). The failure modes of the tested
specimens are presented in Fig. 11. For FRP piles filled
with cemented sand, flexural tension failure due to fibre

@ Springer

rupture below the loading point and local crushing failure
of the FRP tube at the loading point were the primary
failure modes. The thicker FRP pile with 5 mm thickness
had higher axial stiffness and experienced higher load, so
the cemented sand at the loading point was subjected to
greater pressure. Therefore, during the loading process, the
cemented sand at the loading point was initially com-
pressed and fractured. As the deflection increased, the
bending at the loading point became more pronounced,
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Fig. 10 Crack distribution of the cemented sand with a 5% cement
content; b 1% basalt fibre and 5% cement content; and ¢ 10% cement
content

resulting in localized compression and the formation of a
bulge. During this process, the composite action between
the cemented sand and the GFRP tube was partially lost,
resulting in a partial slippage between the cemented sand

and the GFRP tube, causing a reduction in load transfer
capacity. The slip was the most obvious for the cemented
sand sample with 5% cement content (around 10 mm),
while the sample with 10% cement content and the sample
incorporated with basalt fibres had smaller slippage. This
observation may be attributed to the high strength of the
infill sample and the reinforcement ability of basalt fibres,
respectively. For the thinner FRP pile with 3 mm thick-
ness, no slip between the cemented sand and the FRP pile
was observed due to the smaller axial stiffness.

The load—deflection relationships of all the specimens
are shown in Fig. 12(a). The unconfined compressive
strength of the cemented sand samples in this study was
very low, ranging from 2 to 7 MPa, leading to a more
pronounced effect of FRP confinement in terms of strength
enhancement compared to the unconfined strength [31].
The tensile—compressive curve of all the specimens filled
with cemented sand exhibited linearity, indicating that no
obvious defects occurred on the piles within the gauge
length. For the specimens of Group A with 3 mm thick-
ness, the ultimate loads of the three FRP piles M3-5CS,
M3-F5CS, and M3-10CS filled with cemented sand
increased by 107.25% (21.45 kN), 108.75% (21.755 kN),
and 122.90% (25.98 kN), respectively, compared to the
hollow pile. A cemented sand core, compared to a pure
sand core, possesses higher strength and stiffness, along
with a certain tensile strength. Therefore, the cemented
sand core provides a greater enhancement of both the
strength and stiffness of GFRP piles compared to the sand
core. However, shear and tensile failures that occurred in
the cemented sand core could break the GFRP jacket,
leading to a reduction in the ductility of GFRP piles. With
the increase in cement content, the improvement of the pile
flexural strength by the internally filled cemented sand
sample was more significant. The sample mixed with basalt
fibre only showed a small increase in the stiffness of the
pile. During the test, many white patches appeared on the
lower part of the FRP pile, indicating cracks in the
cemented sand sample. When the mid-span deflection of
the FRP pile exceeded 1/6 of the span and approached the
ultimate state, fibre ruptures gradually occurred in the
tension zone below the loading point.

For the specimens in Group B (# = 5 mm), the ultimate
loads of M5-5CS, M5-F5CS, and M5-10CS were 59.47%
(22.01 kN), 60.17% (22.27 kN), and 78.98% (29.23 kN)
higher than the hollow pile, respectively. It is crucial to
note that increasing the thickness of the GFRP tube had a
more pronounced influence on pile strength, leading to a
reduced proportion of strength enhancement. The load
increments observed in Group B specimens were close to
those in Group A specimens, owing to the considerably
reduced ductility in Group B specimens (failure occurred
when the mid-span deflection exceeded 1/8 of the span).
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Nevertheless, at a given deflection, the load increments in
Group B were substantially higher than those in Group A,
indicating that the larger thickness of the FRP tube exerted
a more pronounced confinement effect on the cemented
sand core, leading to an enhanced load capacity.

From Fig. 12(b), the tensile strain of the cemented sand-
filled piles was significantly increased, and this elevation
became more pronounced with the enhanced strength of the
cemented sand core. This indicated the contribution of the
cemented sand core in the tensile zone, resulting in a
gradual shift of the neutral axis towards the compressive
side from the initial loading stage, enabling a greater extent
of synergistic deformation of 0.5 m in the bottom region.

2.1.11 Comparison with previous studies

By comparing with previous studies on GFRP-confined
concrete piles, a more comprehensive evaluation of the
performance of this new GFRP pile variant can be con-
ducted. Ferdous et al. [22, 23] conducted four-point
bending tests on concrete-filled FRP piles with a shear
span/diameter ratio (3.10) similar to this study (3.05). The
filling of concrete resulted in a 160.61% increase in the
flexural strength of the FRP pile as illustrated in Table 6,
only slightly higher than the load increments (122.90%)
with the use of cemented sand with a small amount of
cement (10% cement content). Yu et al. [21] conducted a
series of four-point bending tests on FRP-Concrete-Steel

@ Springer

double-skin tubular members with similar dimensions to
the specimens in this study (152.5 mm in outer diameter,
1300 mm in span, and 400 mm in shear span). As shown in
Table 6, by normalizing the ultimate loads, it can be
observed that the new GFRP composite piles exhibit sim-
ilar flexural capacity to double-skin piles. Moreover, its
ultimate deflection is also much higher than that of the
double-skin piles (around 150 mm).

2.1.12 Theoretical analysis

According to Yu et al. [21], the traditional section analysis
based on the plane section assumption provided a reason-
able prediction of the flexure behaviour of the concrete-
filled FRP pile. The analysis process included determining
the position of the neutral axis for the compressed fibres at
a given strain through cross-sectional force equilibrium,
and evaluating the bending moment by integrating the
contributions of the stresses across the section.

The elastic—perfectly plastic stress—strain curves were
adopted for the FRP tubes, and the elastic modulus, tensile
strength and compressive strength are listed in Table 1.
Due to the significantly lower strength of the cemented
sand compared to concrete, the confinement effect coeffi-
cient (¢) of GFRP-confined cemented sand was also con-
siderably lower than that of GFRP-confined concrete. This
confinement behaviour was, in fact, more akin to that of
steel-confined concrete tubular piles. Consequently, the
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following formula proposed by Han [39] was employed to
simulate the stress—strain curves of the GFRP-confined
cemented sand:

¢ :fcuAFRP
fCOAC
where Apgp and A, = cross-sectional area of FRP tube and

cemented sand core; f., = compressive strength of FRP
tube.

(1)

2
¢, &
Oc :fco — |\

when &, < &

£074 o\ 018
Ge =foo |l +2—- (—C> —1 ] |whene. > e

(2)
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Table 6 Comparison between the present and previous studies

Comparison Specimen Load Normalized
increment moment [M/D3 ]
(%) (MPa)
Present study M3-H - 2.05
M3-S 61.85 3.31
M3-5CS  107.25 421
M3- 108.75 4.28
F5CS
M3-10CS  122.90 4.71
FRP-confined concrete ~ HP; g - 2.27
[22, 23] CP3 19 160.61 5.93
FRP-Concrete-Steel 1F-2.7S- - 3.07
Double-Skin tubular 38.2
Members 2F-2.7S- - 3.09
[21] 38.2
1F-3.2S- - 2.83
38.2
2F-3.2S- - 2.99
35.5
1F-4.3S- - 4.33
35.5
2F-4.3S- - 4.44
35.5

M = moment capacity; D = diameter of the concrete core. The FRP-
confined concrete piles were assigned a name, beginning with "HP’
and "CP’ representing the hollow pile and concrete-filled pile, fol-
lowed by a subscript of *3.10” denoting the shear span/diameter ratio
of the pile. The double-skin tubular members were assigned a name,
beginning with *1F’ or *2F’ representing the thickness of the FRP tube
(1 ply and 2 plies), followed by ’2.7S’, ’3.2S’, or ’4.3S’, denoting the
thickness of the inner steel tube. The last digits *38.2’ and ’35.5°
represent the strength of the concrete between the two tubes

when &; < &,

6
o =fi|1.2 <88—’) —02 <8‘3—’>
to to

o =Jo 03173 ((2) - 1)2+(_>
(3)

where, f,, and ., = the unconfined cemented sand cylinder
strength and the corresponding strain; ¢. and ¢, = the
compressive stress and strain of cemented sand; o, and
¢, = the tensile stress and strain of cemented sand;

fro = O.26(1.25fm)2/ 3 = tensile strength of the unconfined
cemented sand; &, = 2f;,/E. = corresponding tensile
strain.

For each specimen, the maximum compressive strain
monitored by the strain gauge was taken as the ultimate
point of the stress—strain curve for the GFRP-confined

when g, > &,
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cemented sand pile. For the specimens of sand-filled FRP
piles, given the zero cohesion of sand, there was no com-
pressive bearing capacity in an unconfined state. There was
a lack of stress—strain models for GFRP-confined granular
materials. Therefore, the application of this model for
predicting the behaviour of sand-filled FRP piles was not
viable.

Figure 13 presents the predicted and experimental load-
compressive strain curves for all GFRP-confined cemented
sand piles. The strain values represented the maximum
compressive strain of the pile at the mid-span. These
specimens encompass various FRP tube thicknesses and
differing strengths of cemented sand. It can be observed
that the theoretical model can reasonably predict the load—
strain behaviour of GFRP-confined cemented sand piles.
However, for specimens with larger thicknesses
(t = 5 mm), certain discrepancies are observed, which may
be attributed to sliding between the FRP tube and the
concrete due to the increased thickness of the FRP tube (i.e.
greater axial rigidity). As a result, the strain recorded on the
FRP tube was lower than the predicted value based on the
plane section assumption. Indeed, the slip observed during
the test of the thicker specimens supports this interpreta-
tion. Furthermore, when FRP was combined with weakly
cemented materials, its ultimate deformation was signifi-
cantly greater than the results obtained from material tests
[40]. For GFRP-confined sand piles, future research should
establish the stress—strain relationships of sand under a
range of confining pressures, particularly at high confining
pressure levels, to enable prediction of its behaviour under
the variable-confinement conditions imposed by a GFRP
tube. In practice, the actual loading conditions and
boundary conditions of this new pile type differ from those
in four-point flexural tests. It is therefore necessary to
undertake a series of lateral loading tests and physical
model tests in the future study to simulate the behaviour of
the pile under realistic field conditions and to provide a
solid theoretical basis for its engineering application.

3 Conclusions

This paper has developed a new FRP hybrid system with
large ductility and excellent flexural resistance. The new
system comprises an external FRP tube and an infill of sand
or cemented sand. The new pile allows for extensive,
immediate, and facile utilization of sand while reducing the
reliance on cement. A series of four-point flexural tests
were conducted to validate the expected merits of the new
pile and to understand its deformation behaviour and
underlying mechanism. The main parameters examined in
this study include the thickness of the FRP tube and the



Acta Geotechnica

40

(%)
o
T

s PTTIT

Load (kN)
S

0

()
101 O M3-5CS
O M5-5CS
Prediction

O 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03

40
30F
<
- 20 o
S
Q
—
10 O MB3-F5CS
O MS5-F5CS
Prediction

0 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03

(a) Compressive strain (b) Compressive strain
50 ﬁ
40 [§]
a
~ O
30F
é o
ENE
Q
20 F
—=“T'o
()
ol O M3-10CS
O M5-10CS
Prediction

0 1 1
0 0.005 0.01

0.015 0.02 0.025 0.03

(©) Compressive strain

Fig. 13 Comparison of load—compressive strain curves

type of infill material. The results and discussions pre-
sented in this study draw the following conclusions:

1.

For the sand-filled FRP pile, the sand core could
provide internal support for the FRP pile and prevent
ovalization and local buckling. Therefore, the ductility
of the pile was significantly increased, but the flexural
bearing capacity was only slightly improved since the
sand core has no tensile strength.

The GFRP-confined cemented sand pile demonstrated
high levels of both ductility and flexural bearing
capacity. With the increase of the cement content of the
cemented sand, the stiffness and strength of the
cemented sand-filled FRP pile increased. The benefits
of incorporating basalt fibres into the cemented sand
were less pronounced. Compared to previous studies
on GFRP-confined concrete piles, the new GFRP
composite piles exhibit satisfactory flexural strength
and significantly enhanced deformation capacity.

3. Increasing the thickness of the GFRP tube had a more

pronounced impact on the strength of the pile, but it
also led to a reduction in the ductility. Additionally, the
thicker GFRP tube had a greater axial stiffness,
resulting in higher pressures at the loading point after
significant deformation and causing a slip between the
FRP tube and the cemented sand core.

4. For cemented sand-filled FRP piles, the predictions of

the theoretical model demonstrated excellent agree-
ment with the experimental results. Additionally, it is
necessary to establish an analytical model to predict
the stress—strain behaviour of the sand core.

It is important to mention that most of the existing rel-
evant research on FRP piles focused on GFRP-confined
concrete structures, while studies on GFRP-confined
granular material and GFRP-confined weakly cementitious
materials were limited. Consequently, further experiments
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are necessary to verify and ensure the stability of this new
structural form.
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