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Abstract: The novel structure of a basalt fiber reinforced
polymer (BFRP)-confined ceramsite concrete column (BFCCC)
reinforced with bamboo strips (BSs) was investigated. The
characteristics of light weight, BSs and FRP reinforcement
were reflected in the structure. Thirty-six BFCCCs and 18
unconfined ceramsite concrete columns were fabricated and
subjected to axial compression tests, and the stress—strain
curves were obtained. The research parameters included the
number of BFRP layers and the volume content of BSs. Both
types of specimens, with and without BFRP confinement,
underwent brittle failure after reaching the ultimate bearing
capacity. The increase in the number of BFRP layers had a
positive effect on the bearing capacity and deformation
capacity of the specimens. With the increase in the number
of BFRP layers, the compressive strengths of BFCCCs were
improved by 1.17-144 times, and the deformations were
improved by 6.30-12.92 times, compared to the unconfined
concrete. The addition of BSs could improve the ductility of
the specimen, while the effect on the bearing capacity had
an optimal value of 2.0%. The stress-strain curves of the
BFCCCs showed obvious softening behavior after the peak
point. Models were proposed to predict the axial stress—
strain curves of BFCCCs reinforced with BSs.
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Nomenclature

Parameter Definition

fi lateral confinement force of FRP

feo peak stress of unconfined concrete

fu peak stress of FRP-confined concrete

feo stress at the lowest point after the peak point

feu ultimate stress of FRP-confined concrete

Eco peak strain of unconfined concrete

& peak strain of FRP-confined concrete

Ecu ultimate strain of FRP-confined concrete

£ strain at the lowest point after the peak point

Py peak load of the specimen

P., ultimate load of the specimen

t; total thickness of FRP

d diameter of core concrete

E lateral confinement stiffness of FRP

E; elastic modulus of FRP

Eco elastic modulus of unconfined concrete

fee peak strength of FRP-confined concrete

fr ultimate tensile stress of FRP standard
specimen

f30 strength of unconfined C30 concrete

& ultimate tensile strain of FRP standard
specimen

M increment of lateral confinement

Ae, increment of lateral strain

En,rup lateral fracture strain of FRP

1 Introduction

With the continuous development of society, engineers are
developing buildings in the direction of super high-rise and
large span structures and proposing more demanding
requirements for self-weight, strength, and toughness of
concrete. Compared to normal concrete with the same
strength grade, lightweight aggregate concrete (LWAC) can
reduce weight by 20-40% and has the advantages of good
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impermeability, good durability and seismic resistance,
thermal insulation and green environmental protection [1],
and thus it has been more widely used in construction pro-
jects [2,3]. Ceramsite concrete is a commonly used LWAC
prepared by replacing a certain proportion of coarse aggre-
gate with ceramsite and then combining the mixture with
cementing materials, admixtures, and water [4]. However,
the elastic modulus of ceramsite concrete is low, and the
common aggregates of ceramsite concrete, such as shale
ceramsite [5,6], clay ceramsite [7], and fly ash ceramsite
[8], are lightweight and low density. Due to the low strength
and porosity of aggregate, cracks can penetrate ceramsite
aggregate during failure, resulting in greater brittleness and
low strength of ceramsite concrete and a steeper decline in
the stress—strain curve [9-12], which greatly restricts the
further promotion and application of ceramsite concrete.

Adding fibers to LWAC and using external confine-
ment are effective ways to improve its deformation capa-
city and bearing capacity [13-15,10]. Fibers can improve
tensile flexural strength, ductility, and toughness of con-
crete, and effectively inhibit the segregation of lightweight
aggregates [16,17]. During recent decades, Liu et al. [18],
Wang et al [19], Libre et al. [20], Kayali et al [21], and
Xiao et al. [22] studied the effects of carbon fiber, steel fiber,
basalt fiber, and polypropylene fiber on the mechanical
properties of concrete, and they found that fibers could
effectively prevent crack formation and improve the ducti-
lity of concrete. Although the abovementioned fibers could
achieve certain effects, their impact on engineering costs
and the environment was significant. Biomass materials
have the characteristics of wide sources and environmental
friendliness, but structural applications are very much lim-
ited. Scholars studied bamboo fiber [23], straw fiber [24,25],
sisal fiber [26], and other biomass materials reinforced con-
crete [27,28], and found that biomass materials could signif-
icantly improve the tensile strength and crack resistance of
concrete. As a green material, bamboo is lightweight, under-
goes little shrinkage, and has high elastic modulus, good
toughness, and good radial tensile strength [29,30]. In addi-
tion, bamboo is easy to obtain and process, is of low cost,
and is expected to be widely used as a biomass material to
improve the mechanical properties of concrete [31].

Fiber reinforced polymer (FRP) sheets have the advan-
tages of light weight, high strength, and good corrosion resis-
tance [32-34] and can significantly improve the strength and
ductility of LWAC [5,6,35]. Scholars have conducted exten-
sive research on FRP-confined concrete, including concrete
type [36-41], FRP type [42,43], and cross-sectional shape
[44-46]. The results show that these factors have a signifi-
cant impact on the mechanical properties of FRP-confined
concrete. However, most of the studies on FRP-confined
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concrete are mainly concentrated on normal concrete, and
there is a lack of research on basalt FRP (BFRP)-confined
ceramsite concrete column (BFCCC). The low density and
brittleness of aggregates can lead to significant differences
in the mechanical properties of FRP-confined concrete [47],
which may explain why the current model is not applicable
to FRP-confined LWAC. There are few research on the com-
pressive performance of LWAC confined by FRP [48-50].
Guan et al. [48] studied glass FRP (GFRP)-confined ceramsite
concrete and found that GFRP tubes significantly improved
the strength and ductility of ceramsite concrete. Compared
with FRP-confined normal concrete, the rapid expansion of
ceramsite concrete was significantly delayed, which resulted
in delayed activation of the FRP confinement effect. Li et al
[49] conducted axial compression tests on carbon FRP
(CFRP)-confined LWAC. The study found that the confine-
ment efficiency of FRP gradually decreased with increasing
external pressure. Replacing normal fine aggregate with
lightweight aggregate could significantly improve the defor-
mation capacity of the concrete. Zhou et al [50] found that
the mechanical performance differed for LWAC and normal
concrete with the same strength and FRP confinement, and
the aggregate type and FRP confinement rate had significant
effect on FRP-confined LWAC. The above scholars also pro-
posed models of FRP-confined lightweight aggregate, but
these models failed to accurately predict the softening sec-
tion (descending-rising) after the peak point of the stress—
strain curve. Moreover, further verification is needed to
determine whether the existing classical models [51-53] of
FRP-confined concrete can be extended to LWAC. Therefore,
a model that can accurately describe ceramsite concrete
and consider the softening section of the curve should be
proposed. Moreover, the available studies are mainly con-
centrated on CFRP-confined LWAC, and research on BFRP-
confined LWAC is still needed.

To date, there has been no report on the study of
BFCCC reinforced with bamboo strips (BSs). In this study,
a total of 54 specimens were tested to investigate the axial com-
pressive behavior of BFCCCs reinforced with BSs. The advantages
of the composite structure mainly include using the excellent
characteristics of BFRP and ceramsite concrete, which can not
only reduce the weight of the structure but also improve its
deformation and bearing capacity. Adding BSs to concrete can
also improve ductility.

The purpose of this study was to research the stress—
strain behavior of BFCCCs reinforced with BSs. Through
the combination of experimental analysis and theoretical
analysis, the failure modes of specimens with different
volume contents of BSs and number of BFRP layers were
analyzed, and their mechanical properties, including peak
stress, peak strain, ultimate stress, ultimate strain, and
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stress—strain curve, were studied. Based on the results of
research on FRP-confined normal concrete, this study pro-
posed a model to calculate the full stress—strain curve of
BFCCC reinforced with BSs.

2 Test investigation

2.1 Specimen design
Figure 1 shows the structural diagram. The height H of the

core concrete column was 300 mm, the diameter D was
150 mm, and ¢; is the total thickness of FRP. A total of 18

Bamboo strips (BSs)
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groups of specimens were tested, and 3 specimens were
designed for each group to reduce experimental errors.
The variable parameters of the test were the number of
BFRP layers (1 layer, 2 layers, 3 layers) and the volume
content of BSs (0.5, 1.0, 2.0, 4.0, 6.0%). Table 1 shows the
specific specimen parameters.

2.2 Test material
2.2.1 Ceramsite concrete

LC30 shale ceramsite concrete was used, and the propor-
tions are shown in Table 2. The concrete was cured for 28
days, and the average compressive strength of ceramsite
concrete (¢ 150 mm x 300 mm) was 33.03 MPa.

The material used to prepare ceramsite concrete was
Zhonglian cement (P. O 42.5). Grade 700 shale ceramsite

i v BFRP was selected, as shqwn in Figure 2(a), and the specific para-
BFRP - meters are shown in Table 3.
Bamboo strips (BSs) m
8 ; : 2.2.2 BSs
Ceramsite concrete v
L tr L s | tr The dimensions of the BSs produced by the Dalin Bamboo Sea
! | in Lu’an, Anhui Province were 50 mm x 8 mm x 3 mm (Figure
‘7 - 1 2b). Before the concrete was poured, the surface of BSs was
brushed with epoxy resin glue to prevent corrosion and
Figure 1: Structural diagram of BFCCC. increase adhesion with the concrete.
Table 1: Design parameters
Number Test series Height Internal diameter Concrete BFRP Content of Number of
H (mm) D (mm) strength layers BSs (%) specimens
1 FOBO 300 150 LC30 0 0 3
2 FOBO.5 300 150 LC30 0 0.5 3
3 FOB1.0 300 150 LC30 0 1.0 3
4 FOB2.0 300 150 LC30 0 2.0 3
5 FOB4.0 300 150 LC30 0 4.0 3
6 FOB6.0 300 150 LC30 0 6.0 3
7 F1BO 300 150 LC30 1 0 3
8 F1B1.0 300 150 LC30 1 1.0 3
9 F1B2.0 300 150 LC30 1 2.0 3
10 F1B4.0 300 150 LC30 1 4.0 3
n F2B0 300 150 LC30 2 0 3
12 F2B1.0 300 150 LC30 2 1.0 3
13 F2B2.0 300 150 LC30 2 2.0 3
14 F2B4.0 300 150 LC30 2 4.0 3
15 F3B0 300 150 LC30 3 0 3
16 F3B1.0 300 150 LC30 3 1.0 3
17 F3B2.0 300 150 LC30 3 2.0 3
18 F3B4.0 300 150 LC30 3 4.0 3

Note: The specimen’s name consists of two parts, where “F” represents BFRP and “B” represents BSs, followed by the number of BFRP layers and the

volume content of BSs.
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Table 2: Design of concrete proportions

Cement (kg) Silica Fly River Ceramsite (kg) Water (kg) Water-reducing Thickening agent (g)
fume (kg) ash (kg) sand (kg) agent (%)

425 37.5 37.5 661 515 150 0.40 225

2.2.3 BFRP modulus Eg, and ultimate tensile strain & were 1641.8 MPa,

BFRP with a nominal thickness of 0.167 mm was used, as
shown in Figure 2c. The BFRP tensile testing are shown in
Figure 3, and the tensile test results of the BFRP specimens
are shown in Table 4. Five material specimens were tested
in total, and the average ultimate tensile strength, elastic

(@)

74.3 GPa, and 2.22%, respectively.

2.3 Preparation of specimens

The density of ceramsite aggregate is small and the aggre-
gate is easy to float during pouring and vibration. It is of

Figure 2: Test materials. (a) Grade 700 shale ceramsite, (b) BSs, and (3) BFRP.

Table 3: Parameters of shale ceramsite

Ceramsite Particle size (mm) Accumulation density (kg-m'3)

Cylinder compressive strength (MPa) 1 h water absorption (%)

Shale ceramsite 5-20 653

5.6 3

(@)

Figure 3: Tensile test of BFRP. (a) BFRP tensile testing and (b) tensile specimens of BFRP.

(b)
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Table 4: Tensile test results for BFRP specimens
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Specimen number Ultimate Ultimate tensile Ultimate Ultimate tensile Elastic
load (N) strength (MPa) displacement (mm) strain (%) modulus (GPa)
1 4,405 1758.5 1.166 2.33 75.4
2 3,723 1486.2 1.032 2.06 72.0
3 4,233 1689.8 1.063 213 79.5
4 4,407 1759.3 1.158 233 76.0
5 3,795 1515.0 1.119 2.24 67.7
Average 4,113 1641.8 1.108 2.22 74.3

great significance to control the floating of ceramsite aggre-
gates to improve the quality of concrete. In accordance with
JGJT 12-2019 [4], the following methods were mainly adopted
to solve the problem of ceramsite aggregates floating:

1) Aggregates with rough and unsmooth surfaces were
used to increase the adhesion with cement mortar;

2) Aggregates were pre-wetted in advance, and fly ash
and silica fume were reasonably added to the concrete to
reduce the density difference between ceramsite aggre-
gates and cement mortar;

3) Thickener agent and water-reducing agent were
used to increase the viscosity of the concrete mixture
and improve the floating of ceramsite aggregate;

4) The vibration time is controlled to avoid excessive
vibration.

Figure 4 shows the specific production process of BFCCCs.
The ceramsite was loose and porous with high water absorp-
tion. Shale ceramsite was soaked in water for 24 h to achieve
self-curing of concrete [54], and removed to drain the surface
water 0.5h before concrete was poured. The length of BFRP
was cut according to the different numbers of layers, 0.5 more
lap lengths were reserved, and epoxy resin glue was used to
paste BFRP sheets.

2.4 Test setup and loading

A 3,000 kN high-stiffness concrete testing machine was
used for loading. The specimens were preloaded three
times before formal testing. The loading mode with defor-
mation control was adopted, with a rate of 0.2 mm-min~,

Figure 4: Preparation of specimens. (a) Pre-wetted ceramsite, (b) pouring of concrete, (c) curing of concrete, (d) gluing of BFRP, (e) polishing, and (f)

attaching strain gauges.
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LVDT

LS
AS

t+— Bracket

(@)

Figure 5: Loading and test setup. (a) Loading and (b) test setup.

and the test was terminated when the bearing capacity
significantly decreased after FRP failure.

Before the test, four axial strain (AS) gauges and four
lateral strain (LS) gauges were symmetrically glued on the
middle of the specimen, and they were used to measure the
strain in the middle. Additionally, two laser displacement sen-
sors (LDSs) and two linear variable differential transformers
(LVDTs) were symmetrically arranged in the vertical direction
on the specimen to measure the axial deformation of the spe-
cimen. The test setup and loading are shown in Figure 5.

3 Test results

3.1 Test phenomenon
3.1.1 Failure modes of unconfined ceramsite concrete
The failure process of ceramsite concrete specimens without

BSs is shown in Figure 6a. After cracking, the cracks quickly
penetrated, and the concrete between the cracks began to

(b)
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Ceramsite concrete
N \. Bamboo strips (BSs)
BFRP

e LDS
LVDT
— LS
= == AS

(b)

fall off in chunks, causing the specimen to lose its bearing
capacity immediately. Finally, that cracks ran through the
ceramsite aggregate to form a shear surface (as shown in
Figure 6d), which showed obvious brittleness that was quite
different from that of normal concrete when cracks bypassed
the aggregate particles. This was mainly because the ceramsite
aggregate had great brittleness and low strength, and thus the
ceramsite was prone to failure [12,55]. The failure modes of
unconfined ceramsite concrete columns reinforced with BSs
are shown in Figure 6b—c. The number of visible cracks was
reduced before the load reached the peak load. The des-
cending section of the load—displacement curve became gentle
and exhibited ductile failure. After the failure, the concrete
surface was relatively intact without obvious concrete falling
off due to the effect of the BSs.

3.1.2 Failure modes of BFCCCs

The failure modes of the BFCCCs are shown in Figure 7.
There was no obvious phenomenon during the elastic stage
of the specimen. When the load was close to the peak load,

Ceramsite concrete Normal concret
whid b

/ ?ti‘

Figure 6: Failure modes of unconfined ceramsite concrete columns. (a) FOBO, (b) FOBO.5, (c) FOB2.0, and (d) shear surface.
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Figure 7: Failure modes of BFCCCs. (a) F1B0-1, (b) F1B4.0-3, (c) F2B0-2, (d) F2B4.0-2, (e) F3B0-3, (f) F3B4.0-3.

the lateral confinement effect of BFRP was gradually acti-
vated, and there was a continuous slight sound as epoxy
glue cracked. Then, the test force quickly reached the peak
and rapidly decreased. When the test force was reduced to
80-90% of the peak load, the test force started to rise
slowly. When the load reached a certain level, expansion
deformation gradually occurred in the middle of the spe-
cimen. This was observed as the braid in the local area of
the BFRP surface gradually started to turn white, and the
area gradually increased in size. During this stage, the spe-
cimen could undergo large deformation without damage.
When the strain of BFRP reached its fracture strain, it sud-
denly cracked, and brittle failure occurred with a loud noise.
Then, the specimen lost its bearing capacity.

There were mainly two types of failure modes of the speci-
mens, most of which were intermediate failures, attributed to
significant deformation in the middle of the specimen, and a
few were two end failures, possibly due to eccentric compres-
sion or internal defects. In addition, when the number of BFRP
layers was small, the failure modes mainly showed axial
cracking, while when the number of layers was large, the
failure modes showed lateral cracking, because the more the
number of BFRP layers, the stronger the lateral confinement.

3.2 Stress-strain curves

The stress—strain curves of specimens were obtained based on
the test data. The stress was obtained by dividing the test axial
compressive load by the initial cross-sectional area of the speci-
mens. The strain at the elastic stage was measured by the strain
gauge, and the data of LDSs and LVDTs were used to convert
and correct AS at each subsequent stage [6,56].

3.2.1 Stress-strain curves of unconfined ceramsite
concrete columns

To more clearly compare the changes in the curves for
specimens with different contents of BSs, one specimen

was selected from each series. Each curve could be divided
into three stages: elastic stage, elastic-plastic stage, and
descending stage, as shown in Figure 8. In the elastic stage,
the load increased rapidly with the increase in axial defor-
mation, while the LS increased slowly. As the specimen
entered the elastic-plastic stage, the stiffness of the spe-
cimen decreased, showing nonlinear changes. When the
strain reached approximately 0.002, the stress of the spe-
cimen reached the peak. With the increase in the load, the
specimen entered the descending stage, and the stress
decreased rapidly. The compressive strength of ceramsite
concrete reinforced with BSs was improved compared with
that of concrete without BSs.

3.2.2 Stress-strain curves of BFCCCs

The stress—strain curves of the BFCCCs could be divided into
three stages: elastic stage, transition stage, and strength-
ening stage, as shown in Figure 9. In the elastic stage, the
stress—strain was similar to unconfined concrete, the LS

40

(%)
(=]
1

Stress (MPa)
[\
[e]

—
(=)
1

0

-0.001 0.000 0.001 0.002 0.003 0.004 0.005
Lateral strain Axial strain

Figure 8: Stress-strain curves of unconfined ceramsite concrete columns.
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Figure 9: Stress-strain curves of the BFCCCs. (a) BO series, (b) B1.0 series, (c) B2.0 series, and (d) B4.0 series.

increased slowly, and the confinement of BFRP was not
demonstrated. When the axial stress of the specimen
approached the peak stress, the curve entered the transi-
tion stage. At this time, cracks in the concrete gradually
formed, lateral expansion and deformation occurred, con-
crete played a major role, and the lateral confinement effect
of BFRP was gradually activated but was weak. It is worth
noting that the stress decreased after reaching the peak
point, which was similar to the research conclusion of Liu
et al. [6,50,57]. This phenomenon was attributed to the brit-
tleness and low expansibility of ceramsite concrete. Its rapid
expansion had an obvious hysteresis effect compared with
normal concrete, resulting in delayed activation of the FRP
confinement effect [48]. At the peak point, cracks developed
rapidly in ceramsite concrete and ran through the ceramsite
aggregate particles, resulting in limited lateral deformation
and the loss of bearing capacity of the core concrete. At this
time, the confinement of BFRP was weak, and the stress
decreased rapidly. With a further increase in deformation, the
ceramsite concrete became more compact. With the rapid devel-
opment of lateral deformation, the confinement effect of BFRP

gradually increased and could provide stable confinement, the
stress was no longer reduced but gradually increased, and the
curve entered the strengthening stage. The load increased
slowly, and the specimen could undergo large deformation
before reaching the ultimate failure point at this stage.
Typical stress—strain curve of BFCCCs is shown in
Figure 10b. When the ceramsite concrete was not confined,
the stress—strain curve reached the peak point (f,,, £0), and
the stress decreased significantly, which could be divided
into three stages: elastic stage (l,), elastic—plastic stage (Il,),
and descending stage (ll,). The stress—strain curves of the
BFCCCs showed softening in which the curve rose and fell,
which were different from the two-stage equation (para-
bolic + straight line) proposed by Lam and Teng [58]
(Figure 10a). The stress—strain curves were related to the
FRP confinement strength, the properties of concrete, etc.
[59]. The curve could be divided into three stages: elastic
stage (I), transition stage (llp), and strengthening stage
(Ilp). When the specimen reached the first peak point B
(o1, £c1), the stress dropped sharply to the lowest point after
peak point C (f, &=), and the softening section (BC)
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Figure 10: Typical stress-strain curves of FRP-confined concrete. (a) FRP-confined concrete (Lam and Teng) and (b) BFCCC in this study.

occurred. Next due to the confinement of BFRP being gra-
dually increased, the stress of the specimen was gradually
restored, the secondary strengthening stage appeared, and
finally, the failed FRP specimen was destroyed. The point
that defined the beginning of BFRP failure was the ultimate
point D (fey, &cu)-

The more layers of BFRP that were used, the stronger
the lateral confinement. The stress—strain curve showed
different branches after the transition section when the
number of BFRP layers differed. According to whether
the stress at the ultimate point of the specimen exceeded
the stress at the peak point, the curves were classified into
two different types: weak confinement type (1-layer and 2-

Table 5: Test results for axial compression

layer BFRP) and strong confinement type (3-layer BFRP), as
shown in Figure 10b.

To systematically analyze the influence of the BFRP
and BSs on the mechanical performance of ceramsite con-
crete, the test results are summarized in Table 5.

3.3 Comparative analysis

3.3.1 Effect of BFRP layers

The number of BFRP layers did not play a confinement role
during the elastic stage, as can be seen from the curve.

Test series P4 (kN) far (MPa) £ fc2 (MPa) &2 Py (kN) feu (MPa) Ecu
FOBO 583.33 33.03 0.0020 — — — — —
F0B0.5 597.17 33.81 0.0020 — — — — —
FOB1.0 641.44 36.32 0.0020 — — — — —_
F0B2.0 686.72 38.88 0.0021 — — — — —
FOB4.0 633.61 35.87 0.0021 — — — — —
F0B6.0 516.98 29.27 0.0021 — — — — —
F1BO 690.78 39.1 0.0020 31.12 0.0031 553.84 31.36 0.0121
F1B1.0 739.59 41.87 0.0021 30.30 0.0035 557.37 31.56 0.0123
F1B2.0 790.75 44.77 0.0021 33.24 0.0035 567.62 3214 0.0130
F1B4.0 743.65 4210 0.0021 30.64 0.0033 565.20 32.00 0.0137
F2B0 774.15 43.83 0.0021 32.41 0.0039 646.51 36.60 0.0185
F2B1.0 811.95 45,97 0.0022 33.14 0.0032 659.69 37.35 0.0180
F2B2.0 871.64 49.35 0.0022 35.76 0.0032 688.84 39.00 0.0194
F2B4.0 775.09 42.80 0.0023 31.84 0.0034 679.42 38.47 0.0184
F3B0 855.10 48.41 0.0023 37.47 0.0028 808.76 45.79 0.0234
F3B1.0 883.54 50.02 0.0024 40.96 0.0032 925.75 52.41 0.0267
F3B2.0 922.57 52.23 0.0024 44.79 0.0041 967.49 54.78 0.0260
F3B4.0 864.58 48.95 0.0025 42.50 0.0039 917.74 51.96 0.0286

Note: P.: peak load of the specimen; P,: ultimate load of the specimen.
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When the curve entered the transition stage, FRP gradually
exerted a confinement effect. The bearing capacity and defor-
mation capacity of the specimen were improved obviously
with the increase in the number of BFRP layers (Figure
9a—d). This was attributed to that BFRP could provide effec-
tive confinement, keeping the ceramsite concrete in a
triaxial compression state, and the lateral expansion of
the core concrete was restrained.

The effect of the numbers of BFRP layers on the
mechanical properties of ceramsite concrete is shown in
Figure 11. The stress and strain at the peak point and ulti-
mate point are the averages of the results for three speci-
mens in the same group. The improvement values of stress
and strain of specimens were calculated. The BFRP signifi-
cantly improved the deformation capacity and bearing
capacity of ceramsite concrete columns. Taking the series
with 2.0% BSs as an example, compared with the uncon-
fined concrete, the peak stress increased by 15.2, 27, and
34.3%, and the peak strain increased by 2.0, 8.6, and 16.5%,
as the number of BFRP layers increased from 1 to 3,
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respectively. The ultimate stress changed by -174, 0.3,
and 40.8%, and the ultimate strain increased by 534.8,
849.3, and 1172.2%. The results for other parameter series
were similar. It is worth noting that the 1-layer FRP had a
negative effect on the ultimate stress, which was mainly
attributed to the weak confinement of 1-layer FRP and the
obvious softening section of the stress—strain curve.

3.3.2 Effect of content of BSs

For unconfined concrete, the peak stress increased with
the increase in the content of BSs. When the content of
BSs was reasonable, the influence on peak strain was not
very significant. The decline section of the curve also
tended to be gentle due to the effect of BSs, significantly
improving the ductility of the specimen (Figure 8). For the
stress at the peak point of all specimen curves, the reason-
able range of the content of BSs was within 2.0%. The BSs
benefitted the compressive bearing capacity and ductility of
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Figure 11: Influence of different numbers of BFRP layers on mechanical performance. (a) Peak stress, (b) peak strain, (c) ultimate stress, and

(d) ultimate strain.
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Figure 12: Influence of different contents of BSs on the peak stress.

ceramsite concrete columns within a reasonable volume
content range. The improvement in the mechanical proper-
ties of BFCCCs with different contents of BSs is shown in
Figure 12. It could be seen that the influence on peak stress
of BSs was similar to that of unconfined concrete. In addi-
tion, BSs had little effect on the ultimate point. During the
strengthening stage, due to the compression and compac-
tion of the core concrete, the stress and strain at the ultimate
point were mainly affected by BFRP.

When the content of BSs was 1.0-2.0%, the peak stress
and peak strain increased to different degrees compared to
the concrete without BSs. Taking the 2-layer BFRP as an
example, the peak stress at the peak point increased by 4.9
and 12.6%, and the peak strain increased by 3.3 and 5.5%. The
behavior for other numbers of BFRP layers was similar.

Compared with ceramsite concrete without BSs, the
BSs could restrain the generation and expansion of cracks
under axial loading and undertook internal tensile stress,
and delayed or avoided the occurrence of macroscopic
cracks in concrete. Therefore, the BSs could effectively
improve the ductility and strength of concrete [60]. When
the content of BSs exceeded 2.0%, the main reason for the
decrease in strength was that the high content of BSs
reduced the workability of the concrete, causing problems
in the compaction and production of the specimens. At the
same time, BSs were prone to agglomerate, so the optimal
content was 2.0%.

4 Stress-strain model

At present, most of the models of FRP-confined concrete
are based on normal concrete, and there are few research
on models of BFCCC. Ceramsite concrete is different from
normal concrete in that it is relatively brittle, and cracks

pass through coarse aggregate during failure, showing
lower expansibility. Under the same stress, ceramsite con-
crete undergoes greater axial deformation than normal
concrete, and thus the final result deviates largely from
that of normal concrete.

4.1 Confinement mechanism

FRP-confined concrete is a passive confinement, and the
lateral confinement force of FRP is activated only when the
core concrete expands [12]. Due to the brittleness and low
expansibility of ceramsite concrete, cracks ran through the
ceramsite aggregate when the specimen reached the peak
point, which resulted in limited lateral deformation, and
the BFRP confinement was weak. After the peak point, the
lateral deformation gradually increased with the gradual
compaction of the core concrete, and BFRP played an effec-
tive role in confinement. The interaction between FRP and
concrete is shown in Figure 13.

The lateral confinement force f; and lateral confine-
ment stiffness E; of FRP determine the lateral deformation
capacity of FRP-confined concrete, thus affecting the mechan-
ical performance of the structure. According to the internal
force balance, the calculation formula is as follows:

_ 2fite  2Epesty

A , @
d d
Ofi 2Kt
= — = — 2
B Ae; d’ 2

where f; is the ultimate tensile stress of FRP standard spe-
cimen, E;is the elastic modulus of FRP, & is the ultimate tensile
strain of FRP standard specimen, ¢ is the total thickness of
FRP, d is the diameter of core concrete, Af] is the increment of
lateral confinement, and Aeg; is the increment of LS.
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Figure 13: Interaction between FRP and concrete.

Pessiki et al. [61] found that the fracture strain of FRP
was less than that of the FRP standard tensile specimen
and proposed the strain efficiency coefficient k., which
took into account the degradation of the performance of
FRP in lateral tension. According to the experimental
results of this article, k. was taken as 0.665, which was
similar to that reported by Guan et al. [48], 0.69. The cal-
culation formula of fracture strain &, ryp is as follows:

Enrup = ke x &.

3

4.2 Existing models

Due to the limited research on BFCCC, the existing classic
models of FRP-confined normal concrete were analyzed in
this study. Scholars have proposed many strength models,
most of which were obtained by adjusting k; of f¢/feo =1+
kifilfco in the strength model proposed by Richard in the
early stage, and the ultimate strain was most frequently
obtained by adjusting k, with the formula &./e., = 1 + kofi/fco,
where fj/f., was used to define the confinement ratio to deter-
mine the lateral confinement force of different concrete
strengths. However, due to the differences in the quality

Table 6: Theoretical models of FRP-confined concrete
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of the test data and the accuracy of regression by scholars,
the k; and k, values obtained were also quite different.
Several representative theoretical models of FRP-confined
concrete are collected, as shown in Table 6. See notation
for the meaning of each parameter.

The maximum value of the peak stress f.; and ultimate
stress f., in the test was taken as the peak strength f. of the
specimen, and the ultimate strain &, corresponding to the
point (ultimate point) where the FRP starts to fail [58,59]. In
this study, f, is the strength of unconfined concrete.

4.3 Evaluation of the existing models

To comprehensively evaluate the accuracy and applic-
ability of the current models and propose a model to pre-
dict BFCCCs, three statistical indicators were introduced
for quantitative evaluation, namely, the average value
(AV), standard deviation (SD), and average absolute error
(AAE), as shown in Table 7.

/r

Theo.
Expe.

AV =) @

No. Ref. Peak strength Ultimate strain

1 Lam and Teng [58] (2003) Felfeo =1+ 3.3filfeo Eeleco = 175 + 12(flfeo) En rup/€co)™

2 Wei and Wu [62] (2011) Feclfeo = 0.5 + 2.7(filf:0)* 73 EcwlEco = 175 + 12(f/feo)* > (F30/feo) ™2

3 Youssef et al. [63] (2007) Feclfeo =1+ 2.25(f/fo0)" > £cu = 0.003368 + 0.2590(f/f-0)(f/E0)°>

4 Wu and Wei [64] (2015) Fedfeo = 0.75 + 2.7(flfo0)° Eeul€co = 175 + 140(fi/foo)e™C

5 Spoelstra and Monti [65] (1999) Feclfeo = 0.2+ 3(filfeo)® Eeul€co = 2 + 1.25(Ecolfeo)edfilfro) ™

6 Liu et al. [6] (2020) Feclfeo =1+ 2.06(f/f.0)°"* £cu = 0.0018 + 0.022(ff/f-02)°7®

7 Guan et al. [48] (2022) Fe/feo = 1+ 1.95(1.42f/f.o)">" Eculeco = 1.5 + 14[2E; t/(0fco/€co)]® % (En rup/€co)
8 Zhou et al. [50] (2016) Feclfeo =1+ 22M(ffo0)® EaulEeo = 1.5 + 5.2412E; t/(df o/ Eco)]*(En rup/Eco)*
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Table 7: Evaluation of calculation models for characteristic points

Model Peak strength Ultimate strain
AV SD AAE(%) AV SD AAE (%)
Lam and Teng [58] 1.29 011 20.15 0.94 011 10.43
Wei and Wu [62] 1.02 012 1.7 0.54 0.07 45.73
Youssef et al. [63] 1.02 0.05 4.05 0.59 0.07 40.94
Wu and Wei [64] 1.07 010 11.01 0.50 0.05 49.77
Spoelstra 117 013 1791 1.05 017 15.27
and Monti [65]
Liu et al. [6] 114 0.06 37.71 0.56 0.07 44.32
Guan et al. [48] 1.02 0.06 5.58 0.66 0.08 34
Zhou et al. [50] 122 0.05 22.21 0.52 0.09 48.01
1 <[ Theo.
D= =) - AV|, ©)
n ;5| Expe.
Expe. —Theo.
AAE = y [EXpe. Theo /- ®)

|Expe.|

where Theo. is the theoretical calculated value, Expe. is the
test value, and n is the number of specimens.

The next step was to more intuitively analyze the
applicability of each model. Figure 14a shows a scatter
diagram of the comparison between the calculated peak
strength value of each model and the test value, and Figure
14b shows a scatter diagram of the calculated ultimate
strain of the model with good fitted results compared
with the test value.

Analyzing the figure above shows that the peak strength
calculated by the above model was generally above the ideal
line, and the calculated value was generally larger than the
experimental value. The peak strengths calculated by Wei
and Wu [62], Youssef et al. [63], Wu and Wei [64], and Guan

2.5

o Lam and Teng

9@  Weiand Wu 5

A Youssefetal. L
2.0+ ¢  Wuand Wei l?‘%

*  Spoelstra and Monti o ";;}}

Liu et al. i XL;Q

1.54 = Guanetal. +30% .7 "%

» Zhouetal. [

Predicted value f7 /f.,
5

4
[
!

=4
o

0.0 0.5 1.0 1.5 2.0 2.5
Experimental value f7, /f.,

(@)

Compressive behavior of BFRP-confined ceramsite concrete == 13

et al [48] were relatively similar to the test value, which
could approximately predict the peak strength of the BFCCC.
However, the above model was mainly based on the “two-
stage equation” stress—strain curve, and the two parts of the
curve were approximately two straight lines, which differed
from the stress—strain curve of BFCCCs.

The ultimate strain calculated by Lam and Teng [58]
was relatively accurate. The predicted values of other
models were all smaller than the test values, and the pre-
dicted values were relatively conservative. This was mainly
attributed to the brittleness and low expansion of ceramsite
concrete, which tended to produce larger axial deforma-
tions when it reached the ultimate point, resulting in larger
actual ultimate strains of the specimens [12].

4.4 Proposed stress-strain model
4.41 Model of the characteristic point

Liao et al. [66] found three characteristic points in the stress—
strain curve when studying FRP-confined ultra-high perfor-
mance concrete (UHPC) columns, namely, the first peak point,
the lowest point after the peak point, and Ultimate failure
point. The ratios of the stress and strain of the three charac-
teristic points to the peak stress and strain of unconfined
UHPC column f/f., and &/e., are linearly correlated with
the actual confinement ratio (fj/f,,)* and the lateral fracture
strain ratio (eh,rup/ew)b, and a general formula for the stress
and strain at the characteristic point was proposed,

falfeo = ki + K(Alfeo )" (Enrupl€co)™ (i =1, 2 and w), (7)

gcileco =Kgt ki4(fl‘/féo)Ci(‘c:h,rup/'gco)di (l =1, 2 and u), (8)
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Figure 14: Comparison of calculated peak strengths and ultimate strains with test results. (a) Peak strength and (b) ultimate strain.



14 — Hongchun Li et al.

b

@ (fcl ’ccl)
. (fc2 1802)

feu,ecu) Strong confinement type

[ 7
Weak confinement type
o
e €

Figure 15: Stress-strain curves of two types of BFCCCs reinforced
with BSs.

where &, 1y is the lateral fracture strain of FRP; f., and &,
are the peak stress and peak strain of unconfined concrete;
and kg, ki, kis, ks, @3, by, ¢;, and d; are undetermined para-
meters. Since ceramsite concrete and UHPC have similar
properties of brittleness, low expansion, and post-peak
softening behavior of stress—strain curve, and the calcula-
tion model for characteristic point of the BFCCC reinforced
with BSs could be obtained by improving the characteristic
point calculation model of Liao et al.

Figure 15 shows the characteristic points of two types
of stress—strain curves (weak confinement and strong con-
finement) of BFCCCs, where (f;;, &.1) is the first peak point,
(fe2, £c2) 1s the lowest point after the peak, and (f, &) is the
ultimate failure point.

Based on the test data in this study, regression analysis
was conducted on the above formula to obtain the values
of the undetermined parameters, as shown in Table 8. The
characteristic point calculation model applicable to the
BFCCC reinforced with BSs was obtained.

The scatter plot in Figure 16 compares the calculated
values with the test values. The comparison shows that the
calculated values are relatively close to the test values,
with errors generally within 15%. The results showed
that the proposed model accurately predicted the charac-
teristic points of the BFCCCs reinforced with BSs.

4.4.2 Model of the stress-strain curve

To the best of our knowledge, studies of models of the
stress—strain curve of BFCCC were rarely reported, and the
curve of BFCCC had an obvious softening stage (stress rising-

DE GRUYTER

Table 8: Characteristic point calculation model parameters

Parameter First peak Lowest point Ultimate failure
point (i=1) after peak point point (i = u)
(i=2)

ki 1 0.437 0.395

ki 0.115 1.224 1.496

ks 1 1.112 1.834

kia 0.418 0.120 1.810

a; 0.8 0.8 0.6

b; 0.9 0.2 0.1

G 1.0 0.1 0.1

d; 0.1 0.7 0.7

falling-rising), which made it difficult to use a formula to
express its complete stress—strain curve. Therefore, the stress—
strain curve was divided into two parts and expressed with a
subsection function. The first part was the stress rising and
falling stage, and the second part was the stress rising stage
(secondary strengthening stage).

Based on the model of Popovics [67], Wu and Wei [64]
introduced multiple parameters b and c to establish a gen-
eral model for predicting the stress—strain curve of FRP or
steel tube confined concrete columns, which could be used
to predict the first part of the curve, as shown in Eq. (9).
The expression can model both hardening and softening
behavior, and x = g/g., where g is the peak strain.

1. x-a
fox) = F T a1 e ©)

There are four undetermined parameters in the model:
6 is a small constant, with a value of 0.01; for FRP-confined
concrete, b = -0.1; and parameters a and ¢ can be calculated
by the following formula:

a = E/(E. — Esec), (10

¢ = In[af, ec/(fp€q) — a + 1]/(In &y — In &) an

- a(802/801 + 6)_0'1;

where E. is the elastic modulus of the core concrete, and
Egec is the secant modulus at the peak point of the con-
fined concrete, which is calculated by the following
formula:

E. = 4730f, 5, (12)

Egec = fcl [€c1. (13)

The second part of the curve is approximated by a
straight line, and its slope can be calculated through the
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characteristic points (fe;, &) and (foy, €cw)- Therefore, the
stress—strain model proposed in this study was as follows:

X-a &2
—  _ o0sxs<=%
a -1+ xax+8)+c €1
_ e _ Jo  €afufo & 14
fo) =28 =] 2yt Ja), f2l g
Jfa Ja  Jfatu~ & €
2 o b
&1 €1

The test curve was calculated and verified according to
the model for the stress—strain curve proposed in this
study, and the prediction model was applied to fit and
compare the test data. As shown in Figure 17, the model
curve and the test curve coincided well, and thus the model
of Wei et al. accurately simulated the stress—strain trend of
BFCCC reinforced with BSs.

5 Conclusion

Based on the test study and theoretical analysis of the axial
compression performance of BECCCs reinforced with BSs, a
model for the characteristic point and a model for the
stress—strain curve of BFCCC reinforced with BSs were
proposed. The main conclusions were as follows:

1) The failure mode of ceramsite concrete occurred
when cracks ran through the ceramsite aggregate, which
resulted in limited lateral deformation. This differed from
normal concrete where cracks bypassed crushed stone
aggregate and had obvious brittle characteristics. BECCCs
showed brittle failure when they reached the ultimate
failure point.

2) According to the different lateral confinement by
BERP, the stress—strain curves were divided into two dif-
ferent states, namely, strong confinement and weak con-
finement. In both cases, stress—strain curves had three
stages: elastic stage, transition stage, and strengthening
stage. Due to the brittleness and low expansion of ceram-
site concrete, the stress—strain curve of BFCCC showed
that stress decreased and then increased after the peak
point, and there was softening behavior. BFRP had a sig-
nificant impact on the stiffness of the specimen at the
strengthening stage.

3) BFRP could significantly improve the bearing
capacity and deformation capacity of the specimen. The
number of BFRP layers was in the range of 1-3, the
bearing capacities of the specimens were improved by
1.17-1.44 times, and the deformation capacities of the
specimens were improved by 6.30-12.92 times, com-
pared to unconfined concrete.
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4) The optimal volume content of BSs was 2.0%, at
which the peak stress was 1.13 times higher, and the peak
strain was 1.04 times higher, than for concrete columns
without BSs. At less than 2.0% of the optimum content, the
stress and strain at peak point increased with increasing
content of BSs. When the content of BSs exceeded 2.0%, these
improvements were not obvious.

5) Existing models of FRP-confined concrete were eval-
uated. A stress—strain model suitable for BFCCCs rein-
forced with BSs was proposed, and the calculation results
were in good agreement with the test results. Thus, the
proposed model provided better predictions of the stress—
strain curves of BFCCCs reinforced with BSs.
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