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Abstract: Fiber reinforced polymer (FRP), as a novel type of composite material, has been extensively
employed in structural strengthening and composite structures. The FRP tube-confined alkali-
activated slag lightweight aggregate concrete column (FRP-AASLAC) can effectively improve the
utilization rate of slag, reduce carbon emissions, reduce structural self-weight, and improve structural
ductility. Therefore, the axial compressive properties of FRP-AASLAC were studied in this paper.
The influences of the type of FRP, FRP thickness and the content of lightweight aggregate on the
failure modes, bearing capacities, deformation properties and constitutive relationships of FRP-
AASLAC were revealed. The results indicate that the constitutive relationships of FRP-AASLAC
show double broken line patterns without obvious softening sections. The restraining effect of FRP
on lightweight aggregate concrete is higher than that on ordinary concrete as lightweight aggregate
concrete has lower strength and more easily undergoes lateral expansion under external loads. Models
for compressive strength, peak compressive strain and constitutive relationship for FRP-AASLAC
are proposed.

Keywords: FRP tube; alkali-activated slag lightweight aggregate concrete; compressive strength;
peak compressive strain; constitutive relationship

1. Introduction

Cement production requires energy and releases a lot of carbon dioxide [1–4]. Ac-
cording to statistics, total cement production in China in 2020 reached 2.38 billion tons,
accounting for 55% of the world’s total cement production. It produces carbon emissions of
up to 1.47 billion tons, accounting for 84.3% of the total carbon emissions of the building
material industry, causing serious pollution of the environment [5]. As an industrial waste
product, the annual output of granulated blast furnace slag in China alone reached as high
as 102 million tons, but only 20–30% is utilized as a resource, and the remaining 70–80% is
idle and cannot be used effectively [6,7]. Alkali-activated slag cementitious material is pre-
pared by granulated blast furnace slag instead of cement and excited by an alkali activator,
which can reduce cement consumption and carbon emission, and improve the utilization
rate of granulated blast furnace slag. It is a kind of green and environmentally-friendly
building material [8,9].

Compared with natural aggregate, lightweight aggregate has the advantages of
light weight and high strength, heat preservation and heat insulation, anti-freezing,
and alkali resistance [10–14]. In addition, it comes from a wide range of sources and
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varieties. It can be prepared directly from porous rock or synthesized artificially from
industrial waste such as fly ash, sludge and tailings, and has been widely studied
and applied in building materials [15–19]. Alkali-activated slag lightweight aggregate
concrete (AASLAC) uses alkali-activated slag as a cementitious material and lightweight
aggregate as a coarse aggregate, which not only has the green and environmental
protection characteristics of alkali-activated slag cementitious materials but also has the
characteristics of light weight, high strength, heat preservation and heat insulation of
lightweight aggregate concrete, so it has prospects for broad application in architectural
engineering [20].

Alkali-activated slag cementitious material has the disadvantages of fast reaction
speed, large shrinkage deformation and poor material toughness [21]. In addition,
lightweight aggregate has a suction cup water effect, which can absorb water in the early
stage of the alkali-activation reaction, accelerate the reaction speed and further reduce the
toughness of alkali-activated slag lightweight aggregate concrete [22]. One of the main
ways to improve the toughness of materials is to transform the unitary concrete structure
into a dual or even multiple confined composite structure [23–25]. At present, the most
common composite structures are steel restrained systems and FRP restrained systems.
Compared with the steel restrained system, the FRP restrained system can improve the
bearing capacity and ductility of the structure and solve the corrosion problem of the
steel restrained system. When alkali-activated slag lightweight aggregate concrete is
placed in the FRP tube, the FRP tube can be used as the formwork for concrete pouring,
and the problem of the poor ductility of alkali-activated slag lightweight aggregate
concrete can be solved. At the same time, the bearing capacity can be improved, the
effective section size can be reduced, and the structural durability can be improved. It
is suitable for marine engineering, bridges and underground structural systems under
high temperatures, high salt and high humidity [26,27].

Currently, research on the confinement mechanism of FRP-confined concrete columns
concentrates on FRP-confined ordinary concrete columns, FRP-confined high-strength
concrete columns, and FRP-confined ultra-high-strength concrete columns. For instance,
Zohrevand and Mirmiran [28] suggested that the confinement mechanism of FRP-confined
ultra-high-strength concrete columns is similar to that of ordinary concrete, and the destruc-
tive modes all exhibit as compressive expansions of the core concrete and circumferential
tearing of the FRP tube, resulting in the failures of the specimens. However, FRP-confined
ordinary concrete columns exhibit better ductility, while FRP-confined high-strength con-
crete columns show significant brittleness. This result is attributed to the superior ex-
pansive ability of ultra-high-strength concrete compared to high-strength concrete [29].
Alkali-activated slag cementitious material and lightweight aggregate have distinct mate-
rial characteristics. Therefore, compared to high-strength concrete and ultra-high-strength
concrete, AASLAC exhibits different axial mechanical behaviours. As a result, there is
an urgent need to study the confinement mechanism of FRP-AASLAC under various
confinement levels.

At present, relevant research on FRP-confined concrete mainly focus on the axial com-
pressive behaviour [30–34], eccentric compressive behaviour [35], durability behaviour [36],
seismic behaviour [37,38] and the finite element analysis method [39–41] of FRP-confined
concrete columns. Different research results are obtained by controlling different parame-
ters, and the details are shown in Table 1.

Table 1. Research status of FRP-confined concrete in detail.

Researchers Contents Parameters Remarks

Eid [30]
Axial compressive

behaviours of RC columns
confined by FRP

Mechanical and
geometrical

properties of the
concrete and FRP

This paper presents a unified stress–strain model suitable to
represent the compressive behaviours of circular and

square/rectangular reinforced concrete columns confined
internally with TSR and/or externally with FRP.
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Table 1. Cont.

Researchers Contents Parameters Remarks

Wang [31]

Axial compressive
behaviours of concrete

columns confined by FRP
tubes

FRP thickness

The parametric analyses showed that by increasing the
inner and outer concrete strengths, the first peak loads of

the columns could increase. The ultimate axial loads could
significantly increase by increasing the inner concrete
compressive strength. The FRP tube thickness and the

filament winding angle significantly influences the ultimate
loads and ultimate axial strains of the columns.

Guo [32]
Axial compressive

behaviours of concrete
columns confined by FRP

Different scales, and
degrees of FRP

wrapping

Similar to the fully wrapped columns, the partially
wrapped columns failed due to the tensile rupture of FRP

strips. The axial strains and the hoop strains at the
mid-plane of the concrete between two adjacent FRP rings
were larger than those in the FRP rings, regardless of the

sizes of the tested specimens.

Parvin [33,34]

Axial compressive
behaviours of concrete
columns confined by

CFRP sheet

Winding angle and
layer of FRP

The restrained effect was better when the compressive
direction and winding direction are along 90◦ and 45◦. The
bearing capacity and ductility of specimens were positively

correlated with the thickness of CFRP sheets.

Xing [35]
Eccentric compressive

behaviours of RC columns
confined by FRP

FRP thickness, initial
load eccentricity, and
column slenderness

The ultimate axial load of an eccentrically loaded
FRP-confined circular RC column decreased rapidly as the
load eccentricity or the column slenderness increased. In the
post-peak stage, the axial load decreased more gradually in
a column with a larger load eccentricity or a larger column

slenderness. The design equations in both the Chinese
national standard and the UK design guidance predicted

the test results well, with the latter providing slightly more
conservative predictions.

Silva [36]
Durability behaviours of

concrete columns confined
by GFRP

Type of FRP

At low temperatures, GFRP-confined concrete could resist
the damage caused by freezing expansion of pore water in

concrete and improve the strength of specimens. The
strength of GFRP-confined concrete decreased only by

2–16% after 300 freeze-thaw cycles, and the failure modes of
the specimens after 150 freeze-thaw cycles were compared

without constraints. The corrosion resistance of
GFRP-confined concrete was improved obviously. The fire
resistance limit of GFRP-confined concrete could reach 4 h.

Wang [37]

Seismic behaviours of
reinforced concrete

columns confined by
GFRP

Different scales

With the increasing column scales but the constant
volumetric ratio of FRP wraps, the improvement of load
bearing capacity reduced significantly, while the ductility

and other seismic performances such as energy dissipation
capacity and equivalent viscous damping ratio could still be
enhanced. With an increasing axial compression ratio (from

0.35 to 0.65), the lateral load-bearing capacity of the FRP
wrapped columns increased while the ductility factor

dropped significantly.

Gu [38]
Seismic behaviours of

reinforced concrete
columns confined by FRP

Type and layer of
FRP

The horizontal deformation capacity of the component was
positively correlated with the FRP thickness, negatively

correlated with the axial compression ratio, and not
correlated with the FRP fracture strain. The FRP-onfined

stiffness had an important effect on the energy dissipation
capacity of the component and the thickness of FRP had an

important effect on the size of the plastic hinge area of
the component.
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Table 1. Cont.

Researchers Contents Parameters Remarks

Zheng [39]
Finite element analysis on

noncircular concrete
columns confined by FRP

/

A viscoplastic regularization with a fixed value equal to
0.0005 could provide accurate behaviour. Nevertheless, the
dilation angle could not be considered as a fixed value and
should be related to the confinement degree coefficient Cd,
which depends on the cross-sectional geometrical and FRP

properties. Among the four considered design codes,
ACI-440 and ECP-208 provided more accurate behaviours

than CSA-S806 and FIB-Bulletin-14.

Ali [40]
Finite element analysis on
short square RC columns

confined by FRP
/

The paper calibrated the concrete dilatancy angle and
viscoplastic regularization parameters in the CDP model for
the applications of square RC columns confined with FRP
sheets. Effective strain values of 0.55 εfrp and 0.004 were

recommended to enhance the performance of the FIB and
CSA codes, respectively.

Zeng [41]
Finite element analysis on
concrete columns confined

by FRP
/

The stress distribution at the centre level of two adjacent
FRP rings/ties was obtained, and the relationship between

the arching action angle and controlling parameters (i.e.,
unconfined concrete strength, FRP width, FRP thickness

and clear spacing of FRP rings) was established based on a
proposed theoretical model of the arching action angle.

The typical axial compressive constitutive curves of FRP-confined concrete columns
are shown in Figure 1. The change tendency after the turning point can be divided into
two types: the strengthening segment and the softening segment, which are defined as
strongly and weakly confined concrete, respectively. The reason can be attributed to the
difference in the degrees of lateral restraints. At present, there is much research on the axial
compressive constitutive models of weakly confined concrete. Fardis (1982) studied the
influence of the type of FRP on the axial compressive behaviour of FRP sheet-confined
concrete circular columns. Based on the test results, the first axial compressive constitu-
tive model applicable to GFRP (glass fibre reinforced polymer) sheet-confined concrete
columns was proposed [42]. Samaan (1998) studied the influence of FRP thickness on the
axial compressive behaviours of GFRP tube-confined concrete circular columns, and an
axial compressive constitutive model suitable for GFRP tube-confined concrete circular
columns was proposed [43]. Youssef (2007) studied the influences of the type of FRP and
section shape on the axial compressive behaviours of FRP-confined concrete columns, and
a constitutive model of FRP tube-confined concrete columns with circular and rectangular
sections was proposed [44]. Based on the test results, Wu and Wei (2012) proposed the
axial compressive constitutive model of FRP sheet-confined concrete columns of either
circular or rectangular sections [45]. There is relatively little research on the axial compres-
sive constitutive models of strongly confined concrete. Saadatmanesh (1994) studied the
influences of type of FRP, FRP thickness and space on the axial compressive behaviours
of FRP-confined concrete columns. Based on the steel-confined concrete model proposed
by Mander (1988) [46], an axial compressive constitutive model of CFRP (carbon fibre-
reinforced polymer) and GFRP sheet-confined concrete circular columns was proposed [47].
This model was also adopted by the ACI design method [48]. Based on the limited test
data, Lam and Teng (2003) proposed a two-stage (parabola and linear) constitutive model
for FRP-confined concrete columns with strong restraints [35].

Existing research mainly focuses on alkali-activated slag concrete using natural ag-
gregate [49–51] and ordinary concrete using lightweight aggregate [52–54]. There is little
research on alkali-activated slag lightweight aggregate concrete. Moreover, there are no
studies on the axial compressive behaviours of FRP-AASLAC.
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Figure 1. Typical stress–strain curves of FRP-confined concrete circular columns.

Therefore, in this paper, the axial compressive behaviours of FRP-AASLAC are studied,
and two structural forms of CFRP- and GFRP-confined concrete are considered. Firstly, the
failure modes of AASLAC and FRP-AASLAC are analysed. Secondly, the influences of the
type of FRP, the thickness of FRP, and the content of lightweight aggregate on the bearing
capacity and deformation properties of FRP-AASLAC are studied. Thirdly, the models of
existing FRP-confined concrete columns for compressive strength and peak compressive
strain are compared with the test results. Finally, the revised models for compressive
strength, peak compressive strain, and constitutive relationships under axial compression
of FRP-AASLAC are proposed.

2. Experimental Program
2.1. Material Properties
2.1.1. FRP Tubes

As is shown in Figure 2, CFRP and GFRP tubes were used in the test, which were
produced standardly by the factory using an autoclave process. The orientation of the fibres
is that the hoop fibres are 90 degrees from the longitudinal fibres, and the overlap area of
the ends is 100 mm to avoid end debonding failure. The basic properties of the materials
are shown in Table 2.
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Table 2. Material properties of the FRP tubes.

FRP Types Elastic Modulus
Efrp (GPa)

Tensile Strength
f frp (Mpa)

Elongation
(%)

Layer Thickness
(mm)

CFRP 236 4507 1.85 0.15
GFRP 76 2650 3.5 0.18

2.1.2. Granulated Blast Furnace Slag

The granulated blast furnace slag is supplied by Polar Bear Building Materials Co.,
Ltd. in Tangshan, China. The specific gravity of the granulated blast furnace slag used in
the test is 2.45, the specific surface area is 440 m2/kg and the average particle size is 2.4 µm.
The chemical composition of the granulated blast furnace slag is shown in Table 3.

Table 3. Chemical composition of granulated blast furnace slag.

Composition CaO SiO2 Al2O3 MgO Fe2O3 Others

Content/% 41.17 33.94 13.16 7.28 0.66 3.79

2.1.3. Fly Ash Aggregate

The fly ash aggregate used in the experiment is supplied by Anhui Kong’s Environ-
mental Technology Co., Ltd., Huainan, China. Due to the higher water absorption rate of
fly ash aggregate, to avoid its adverse effects on the working performance and strength of
concrete, the fly ash aggregate used in the test is in a saturated surface dry state (Table 4).

Table 4. Physical properties of coarse aggregate.

Coarse
Aggregate Types

Packing
Density
(kg/m3)

Density
Degree

Cylinder
Compressive

Strength (Mpa)

Water
Absorption
Rate of 1 h

(%)

Softening
Coefficient

Rate of Mud
Content (%)

Rate of
Boiling Loss

(%)

Fly ash aggregate 650 877 12.1 11.0 0.85 1.6 2.4

2.1.4. Alkali Activator

The alkali activator consists of liquid sodium silicate and solid sodium hydroxide. The
liquid sodium silicate was provided by Julide Chemical Co., Ltd. in Yongqing, China, and
the solid sodium hydroxide was supplied by Tianjin Dalu Chemical Reagent Factory. The
ratio of SiO2 to Na2O in the liquid sodium silicate is 1.7, and the ratio of water is 56%. The
purity of the solid sodium hydroxide was 96%. The concentration of the alkali activator was
1495 kg/m3. To prepare the alkali activator, the liquid sodium silicate should be placed into
the reaction container first, followed by pouring in water and continuous stirring with a
PVC pipe to prevent an incomplete reaction due to residual water at the bottom of the glass.
Finally, the solid sodium hydroxide is added to the reaction container and continuously
stirred to release heat until no solid particles remain.

2.1.5. Others

River sand was selected as the fine aggregate with a fineness modulus of 2.6 and bulk
density of 2480 kg/m3. The natural coarse aggregate was gravel with a particle size range
of 5–25 mm and bulk density of 2620 kg/m3. The water used in the test was tap water
in Tianjin.

2.2. Preparation of Specimens

A total of 16 specimens with a diameter of 150 mm and a height of 300 mm, including
12 FRP-AASLAC and 4 reference (i.e., unconfined) cylinders, considered three parameters
including the type of FRP (CFRP and GFRP), the number of FRP layers (2, 4 and 6) and
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the content of lightweight aggregate (natural aggregate, 1/3 replacement rate of natural
aggregate, 2/3 replacement rate of natural aggregate and lightweight aggregate). The
detailed mix designs of the specimens are shown in Table 5. The specimens are named
FRP type—the number of FRP layers—aggregate type—the content of the aggregate. For
example, in Table 5, C-2-L-1/3 is the CFRP tube-confined alkali-activated slag lightweight
aggregate concrete column. The content of lightweight aggregate is 1/3 and the number of
FRP layers is two.

Table 5. Detailed mix design of the specimens.

Group FRP
Type

FRP
Layer

Aggregate
Type Content f co

(Mpa)
εco

(103 µε)
f cc

(Mpa)
εcc

(103 µε)
fcc
fco

εcc
εco

0-0-N-1 - 0 NA 0 44.7 2521 - - - -
0-0-L-1/3 - 0 FA 1/3 41.5 2406 - - - -
0-0-L-2/3 - 0 FA 2/3 37.1 2215 - - - -

0-0-L-1 - 0 FA 100% 31.1 2053 - - - -
C-2-N-1 CFRP 2 NA 0 44.7 2521 53.9 4933 1.21 1.96
C-4-N-1 CFRP 4 NA 0 44.7 2521 67.9 6696 1.52 2.66
C-6-N-1 CFRP 6 NA 0 44.7 2521 72.4 15,013 1.62 5.96
G-2-N-1 GFRP 2 NA 0 44.7 2521 48.3 4016 1.08 1.59
G-4-N-1 GFRP 4 NA 0 44.7 2521 53.6 6049 1.20 2.40
G-6-N-1 GFRP 6 NA 0 44.7 2521 59.1 10,753 1.32 4.27

C-2-L-1/3 CFRP 2 FA 1/3 41.5 2406 50.6 3955 1.22 1.64
C-4-L-2/3 CFRP 4 FA 2/3 37.1 2215 52.3 5655 1.41 2.55

C-6-L-1 CFRP 6 FA 100% 31.1 2053 56.1 13,546 1.80 6.60
G-2-L-1/3 GFRP 2 FA 1/3 41.5 2406 45.6 3513 1.10 1.46
G-4-L-2/3 GFRP 4 FA 2/3 37.1 2215 47.3 4404 1.27 1.99

G-6-L-1 GFRP 6 FA 100% 31.1 2053 51.1 5333 1.64 2.60

Note: The single-layer thickness of the CFRP tube is 0.15 mm, and the single-layer thickness of the GFRP tube
is 0.18 mm; fco, compressive strength of AASLAC (Mpa); εco, strain corresponding to compressive strength of
AASLAC (µε); fcc, compressive strength of FRP-AASLAC (Mpa); εcc; strain corresponding to the compressive
strength of FRP-AASLAC (µε); NA, natural aggregate; FA, fly ash aggregate.

The mix proportions of AASLAC are shown in Table 6. The detailed processes of the
preparation of AASLAC and FRP-AASLAC are shown as follows, and the corresponding
flow charts are shown in Figure 3: Figure 3a weigh coarse aggregate, slag, river sand,
sodium hydroxide, sodium silicate and water, and then place the FRP tube in a cylindrical
mould with the release agent applied; Figure 3b prewet the coarse aggregate and stir the
prewetted coarse aggregate with slag and river sand evenly; Figure 3c pour the water into
the sodium silicate and stir it evenly, and when there is no sediment on the bottom wall
of the container, add sodium hydroxide and stir it with a PVC pipe for about 30 s until
the sodium hydroxide fully reacts; Figure 3d pour the prepared alkali activator into the
concrete mixer and stir it thoroughly; Figure 3e the mixed concrete is poured into the mould
according to the layering pouring method, fully vibrated to eliminate air bubbles, and after
that, a film is pasted on the upper end of the specimen; Figure 3f transfer the specimen to
the normal temperature environment for curing for 28 days. After that, polish both ends
flat with an angle grinder for the experiment.

Table 6. Concrete mix proportions.

Compound Water NaOH Na2SiO3 Slag River Sand Natural Aggregate

Concentration, kg/m3 152 27.8 164 625 833 1320

Note: The mix proportions are suitable for natural aggregate. Lightweight aggregate needs to replace natural
coarse aggregate with equal volume substitution.

The finished specimen is shown in Figure 4, where σc is the axial compressive stress
on the FRP-AASLAC, σf is the lateral constraint stress on the core concrete of the FRP-
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AASLAC, and σc f is the reaction force generated by the core concrete under the restraint
effect of FRP.
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2.3. Test Method
2.3.1. Test Devices

This test adopts the YAW-5000 electrohydraulic servo pressure testing device with
a measuring range of 5000 kN. The axial deformation of the specimen was measured by
two linear variable differential transformers (LVDTs) placed on the plane of symmetry.
LVDTs were fixed at the mid-height level of the specimen through the collar device, and the
loading device is shown in Figure 5a. In order to check the accuracy of the measurement
of axial deformation, a set of longitudinal strain gauges were symmetrically arranged at
the mid-height level of the specimen with a cross-section interval of 180◦. The measuring
points of the strain gauges are shown in Figure 5b.
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Figure 5. Test devices: (a) loading devices; (b) measuring points.

2.3.2. Loading System

The test was carried out according to the GB/T 50081-2002 Standard of Test Methods
for Mechanical Properties of Ordinary Concrete [55]. The loading process was divided into
two stages, and the loading mode was controlled by force-deformation hybrid loading.
The loading speed of force control is 0.3 kN/s. When the applied load reaches 60% of
the estimated bearing capacity, deformation control is adopted, and the loading rate is
maintained at 0.1 mm/min. After the failure of the specimen, the test results are recorded.
In order to ensure the uniform force of the specimen, the upper and lower ends of the
specimen are smoothed with high-strength cement paste.

3. Test Results and Discussion
3.1. Failure Modes
3.1.1. Alkali-Activated Slag Lightweight Aggregate Concrete

The failure modes of AASLAC are shown in Figure 6. AASLAC failed due to concrete
crushing. In the early stages of loading, there were no apparent changes in the appearance
of the AASLAC specimens. As the applied load approached 60% of the estimated bearing
capacity of the AASLAC specimen, cracking sounds could be heard from the interior, and
fine cracks appeared on the concrete surface. As the loading continued to reach 80% of
the estimated bearing capacity of the AASLAC specimen, the cracking sounds from the
interior intensified. When the load reached the bearing capacity of the AASLAC specimen,
it failed suddenly along the diagonal direction without any warning signs, accompanied by
an explosive sound, exhibiting typical brittle failure characteristics. AASLAC with higher
lightweight aggregate content exhibited more pronounced brittleness and more severe
failure phenomena.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 22 
 

  

(a) (b) 

Figure 5. Test devices: (a) loading devices; (b) measuring points. 

2.3.2. Loading System 
The test was carried out according to the GB/T 50081-2002 Standard of Test Methods 

for Mechanical Properties of Ordinary Concrete [55]. The loading process was divided 
into two stages, and the loading mode was controlled by force-deformation hybrid load-
ing. The loading speed of force control is 0.3 kN/s. When the applied load reaches 60% of 
the estimated bearing capacity, deformation control is adopted, and the loading rate is 
maintained at 0.1 mm/min. After the failure of the specimen, the test results are recorded. 
In order to ensure the uniform force of the specimen, the upper and lower ends of the 
specimen are smoothed with high-strength cement paste. 

3. Test Results and Discussion 
3.1. Failure Modes 
3.1.1. Alkali-Activated Slag Lightweight Aggregate Concrete 

The failure modes of AASLAC are shown in Figure 6. AASLAC failed due to concrete 
crushing. In the early stages of loading, there were no apparent changes in the appearance 
of the AASLAC specimens. As the applied load approached 60% of the estimated bearing 
capacity of the AASLAC specimen, cracking sounds could be heard from the interior, and 
fine cracks appeared on the concrete surface. As the loading continued to reach 80% of the 
estimated bearing capacity of the AASLAC specimen, the cracking sounds from the inte-
rior intensified. When the load reached the bearing capacity of the AASLAC specimen, it 
failed suddenly along the diagonal direction without any warning signs, accompanied by 
an explosive sound, exhibiting typical brittle failure characteristics. AASLAC with higher 
lightweight aggregate content exhibited more pronounced brittleness and more severe 
failure phenomena. 

    

(a) (b) (c) (d) 

Figure 6. Failure modes of AASLAC: (a) 0-0-N-1; (b) 0-0-L-1/3; (c) 0-0-L-2/3; (d) 0-0-L-1.



Buildings 2023, 13, 2284 10 of 23

3.1.2. CFRP Tube-Confined Alkali-Activated Slag Lightweight Aggregate Concrete

The failure modes of CFRP-AASLAC are shown in Figure 7. The failure modes of
CFRP-AASLAC are characterized by compressive expansion of the core concrete and
radial tearing of the FRP tube, resulting in specimen failure. In the initial stages of
loading, the constraint effect of the CFRP tube on the core concrete is not significant,
and there are no apparent changes in the appearance of the CFRP-AASLAC. As the
applied load approached 80% of the axial compressive strength of the core concrete,
cracking sounds could be heard from the interior of the CFRP-AASLAC. When the axial
compressive strength of the core concrete was reached, the tearing sounds of fibres in
the middle portion of the CFRP tube became more intense and denser. When the load
increased to the axial compressive strength of the CFRP-AASLAC, the FRP tube burst,
resulting in failure of the specimen. As shown in Figure 7, the CFRP-AASLAC fractured
diagonally along the diagonal direction, with noticeable fragmentation in the middle of
the fracture surface. With an increase in the lightweight aggregate content, the fracture
surface of the CFRP-AASLAC became smoother.
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3.1.3. GFRP Tube-Confined Alkali-Activated Slag Lightweight Aggregate Concrete

Failure modes of GFRP-AASLAC are shown in Figure 8. The failure mode of GFRP-
AASLAC is characterized by compressive expansion of the core concrete and radial tearing
of the FRP tube, resulting in specimen failure. Similar to CFRP-AASLAC, in the initial
stages of loading, the external GFRP tube provided limited constraint effect on the core
concrete, and there were no apparent changes in the appearance of the GFRP-AASLAC. As
the applied load approached 80% of the axial compressive strength of the core concrete,
cracking sounds could be heard from the interior of the GFRP-AASLAC. When the axial
compressive strength of the core concrete was reached, the tearing sounds of fibres in the
middle portion of the GFRP tube became more intense and denser. Upon reaching the
axial compressive strength of the GFRP-AASLAC, the specimen experienced longitudinal
failure from the middle towards both ends, accompanied by an explosive sound, exhibiting
typical brittle failure characteristics. With an increase in the number of layers of the FRP
tube, the brittle characteristics of the specimen become more pronounced. Cracks in the
GFRP-AASLAC were distributed diagonally, and there was noticeable fragmentation in the
middle of the fracture surface.
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3.2. Compressive Strength and Peak Compressive Strain

To study the influences for the content of lightweight aggregate, the type of FRP
and the thickness of FRP on the compressive strength and peak compressive strain of
FRP-AASLAC, the histograms of different specimens are drawn in Figures 9–11 according
to the requirement of parameter analysis.
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Figure 11. Influences of the FRP thickness on the compressive strength and peak compressive strain: 
(a) influence of FRP thickness on the compressive strength; (b) influence of FRP thickness on the 
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(b) influence for content of lightweight aggregate on the peak compressive strain.
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compressive strain.

3.2.1. The Content of Lightweight Aggregate

When the type of FRP is controlled as CFRP, and the thickness of CFRP is six layers the
influences of the content of lightweight aggregate on the compressive strength and peak
compressive strain of FRP-AASLAC are shown in Figure 9, from which the following can
be observed.
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(1) The compressive strength of FRP-AASLAC filled with lightweight aggregate is
56.1 MPa, and the peak compressive strain is 13,546 µε, while that of FRP-AASLAC
filled with natural aggregate is 72.4 MPa, increased by 29.1%. The peak compressive
strain is 15,013 µε, increased by 10.8%. GFRP-AASLAC showed the same characteris-
tics.

When other parameters are the same, with the increasing content of lightweight aggre-
gate, the elastic modulus of core concrete decreases, the stress required for the deformation
of the specimen increases, and the brittleness of FRP-AASLAC is more significant. There-
fore, the compressive strength and peak compressive strain of FRP-AASLAC filled with
lightweight aggregate decrease [56,57].

(2) The compressive strength of FRP-AASLAC filled with natural aggregate is approx-
imately 1.6 times that of the core concrete’s compressive strength, and the peak
compressive strain is around 5.9 times that of the core concrete’s peak compressive
strain. The compressive strength of FRP-AASLAC filled with natural aggregate is
roughly 1.8 times that of the core concrete’s compressive strength, and the peak com-
pressive strain is about 6.6 times that of the core concrete’s peak compressive strain.
The enhancing effect of FRP on the compressive strength and peak compressive strain
of FRP-AASLAC filled with light aggregate is greater than that of FRP-AASLAC filled
with natural aggregate.

This is because the restraint effect of FRP is mainly reflected in preventing the radial
expansion and cracking of concrete. The AASLAC with a higher content of lightweight
aggregate has lower compressive strength and is more likely to undergo lateral expansion
under external load. Therefore, the restraint effect of FRP on the AASLAC with higher
content of lightweight aggregate is more significant [58].

3.2.2. The Type of FRP

When the thickness of the FRP and the content of lightweight aggregates are controlled
to be consistent, the influence of the type of FRP on the compressive strength and peak
compressive strain of FRP-AASLAC are shown in Figure 10. As can be seen from the figure,
the compressive strength and peak compressive strain of the specimens can be significantly
improved by the restraint of FRP tubes. When concrete is placed in the FRP tube, it is under
three-way confining pressure from the axial load, and its strength and ductility will be
effectively improved [30,31,59–62].
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(1) When the FRP tube has two layers, the compressive strength of GFRP-AASLAC is
89.6% of the compressive strength of CFRP-AASLAC, and the peak compressive strain
of GFRP-AASLAC is 81.4% of the peak compressive strain of CFRP-AASLAC.

(2) When the FRP tubes have 4 and 6 layers, the increased amplitudes of the compressive
strength and peak compressive strain of GFRP-AASLAC are lower than those of
CFRP-AASLAC.

When the thickness of FRP is the same, CFRP tubes have higher tensile strength and
larger elastic modulus, so the restraint effect of CFRP tubes is better than that of GFRP
tubes. Under the constraint of CFRP tubes, the specimen has higher bearing capacity and
better ductility [63–66].

3.2.3. The Thickness of FRP

When the type of FRP and the content of lightweight aggregates are controlled to be
consistent, the influences of the thickness of FRP on the compressive strength and peak
compressive strain of FRP-AASLAC are shown in Figure 11, from which the following can
be observed.

(1) As for CFRP-AASLAC, when the number of FRP layers increased from 2 to 4, the
compressive strength and peak compressive strain of the specimens increased by 26%
and 36%. When the number of FRP layers increased from 4 to 6, the compressive
strength and peak compressive strain of the specimens increased by 34% and 204%.

(2) As for GFRP-AASLAC, when the number of FRP layers increased from 2 to 4, the
compressive strength and peak compressive strain of the specimens increased by 11%
and 51%. When the number of FRP layers increased from 4 to 6, the compressive
strength and peak compressive strain of the specimens increased by 22% and 168%.

As the thickness of FRP increases, the restrained effect of FRP tube on the speci-
men is enhanced, so the bearing capacity and ductility of the specimen are significantly
improved [67–69].

4. Revised Design-Oriented Stress–Strain Model
4.1. Judgement of Restrained Degree

The existing axial compressive constitutive models for FRP-confined concrete columns
are mainly divided into two categories: (1) the parabolic model represented by THE Fardis
and Khalili model [42], which is suitable for weakly confined concrete with post-peak
weakened section and no secondary strengthened section; (2) the double broken line model
represented by Lam and Teng [35], which is suitable for strongly confined concrete with
the post-peak weakened section and the secondary strengthened section. To find the
axial compressive constitutive model suitable for FRP tube-confined alkali-activated slag
lightweight aggregate concrete columns, it is necessary to confirm the restrained degree of
specimens. Different researchers put forward different strong and weak restrained indexes.
For example, Teng proposed ρ = 2tfrpEfrp/

(
fcod
εc0

)
. When ρ ≥ 0.01, it is strongly confined

concrete. When ρ < 0.01, it is weakly confined concrete, but the critical value is not suitable
to high-strength concrete [70]. Mimiran proposed MCR = 2R fco/h fl. When MCR ≥ 0.15, it
is strongly confined concrete, and when MCR < 0.15, it is weakly confined concrete [71].

The strongly and weakly restrained indexes of the specimens are listed in Table 7, and
the judgement results show that all the tested specimens belong to the strongly confined
concrete. In order to further confirm the restrained degrees of the specimens, the stress–
strain curves of the specimens are shown in Figure 12. Combined with typical stress–strain
curves of FRP-confined concrete circular columns in Figure 1, the tested specimens all
conform to the basic characteristics of the strongly confined concrete. To sum up, the FRP
tube-confined alkali-activated slag lightweight aggregate concrete columns studied in this
paper belong to strongly confined concrete.
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Table 7. The strong and weak restrained indexes of the specimens.

Group ρ MCR Judgement of Restrained Degree

C-2-N-1 0.053 1.240

Strongly confined concrete

C-4-N-1 0.106 0.620
C-6-N-1 0.160 0.413
G-2-N-1 0.021 1.757
G-4-N-1 0.041 0.879
G-6-N-1 0.062 0.586

C-2-L-1/3 0.065 1.151
C-4-L-2/3 0.163 0.514

C-6-L-1 0.323 0.288
G-2-L-1/3 0.025 1.631
G-4-L-2/3 0.063 0.729

G-6-L-1 0.125 0.407
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4.2. Models for the Compressive Strength and Peak Compressive Strain

At present, the ACI model [48] is the main calculated model applicable to the com-
pressive strength and peak compressive strain of strongly confined concrete. The AASLAC
is of poor toughness. This is similar to high-strength and ultra-high-strength concrete. It is
worth studying if the design-oriented model of FRP-confined high-strength and ultra-high-
strength concrete can be suitable to FRP-AASLAC. Liao’s model [72] exhibits remarkable
performance in predicting the stress–strain curve and characteristic points of FRP-confined
ultra-high-strength concrete of previous studies. Details of the two models are shown in
Table 8.

Table 8. Details of the existing models for the compressive strength and peak compressive strain.

Models Equations for the Compressive Strength Equations for the Peak
Compressive Strain Remarks

Liao [72] fcc
fco

= 1 + 0.606
(

εh,rup
εco

)0.7( fl
fco

)0.6
εcc
εco

= 1 + 0.595
(

fl
fco

)0.1( εh,rup
εco

)1.45
εh,rup = 0.64εfrp

ACI [48] fcc
fco

= 2.25
√

1 + 7.9 fl
fco
− 2 fl

fco
− 1.25 εcc

εco
=

1.71(5 fcc−4 fco)
Ec Ac

fl = 2 ffrptfrp
D = 2 εfrpEfrptfrp

D

Note: fcc is the compressive strength of FRP tube-confined concrete columns (MPa); fco is the compressive strength
of core concrete (MPa); εcc is the strain corresponding to the compressive strength of FRP tube-confined concrete
columns (µε); εco is the strain corresponding to the compressive strength of core concrete (µε); ffrp is the tensile
strength of FRP (MPa); Efrp is the elastic modulus of FRP (GPa); D is the section diameter of the specimen (mm); h
is the height of the specimen (mm); fl is the lateral constraint stress provided by FRP (MPa).

The predictive results from the existing models of the compressive strength and peak
compressive strain of FRP-AASLAC are shown in Figures 13 and 14. Compared with the
ACI model, the predictive results of fcc/ fco and εcc/εco by Liao’s model are closer to the
best fitting lines (Y = X), indicating that Liao’s model is more suitable for predicting the
compressive strength and peak compressive strain of FRP-AASLAC.
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Due to the material defects of alkali-activated slag lightweight aggregate concrete
with a lower elastic modulus and larger shrinkage deformation, the predictive results of
fcc/ fco by Liao’s model are larger, while those of εcc/εco are smaller. To solve this problem,
k1, k2, k3, k4, k5 and k6 were introduced to reflect the influences of material defects on the
compressive strength and peak compressive strain of specimens based on the calculation
formula of Liao’s model [35], which are shown in Table 9. Through fitting the experimental
results, the revised models for the compressive strength and peak compressive strain are
shown as Equations (1) and (2).

fcc

fco
= 1 + k1

(
εh,rup

εco

)k2
(

fl
fco

)k3

(1)

εcc

εco
= 1 + k4

(
fl

fco

)k5
(

εh,rup

εco

)k6

(2)

Table 9. Details of the correction factors.

FRP Type k1 k2 k3 k4 k5 k6

CFRP 0.4 0.70 0.50 0.45 0.05 1.00
GFRP 0.4 0.70 0.45 0.35 0.05 0.90

The predictive effects of the revised models for the compressive strength and peak
compressive strain are shown in Figure 15. As can be seen from the figure, the predictive
accuracies of the revised models for compressive strength and peak compressive strain
are significantly improved. The regression coefficient of the predictive results and the test
results for the compressive strength reached 0.9430, and the regression coefficient of the
predictive results and the test results for the peak compressive strain reached 0.9160. The
revised models can better predict the compressive strength and peak compressive strain of
FRP-AASLAC.
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4.3. Model for the Axial Compressive Constitutive Relationship

Although analysis-oriented models have advantages in accounting for the interaction
between concrete and confining materials, the complexity of the incremental process
prevents analysis-oriented models from direct use in design [35]. Compared to analysis-
oriented models, design-oriented models are particularly suitable for direct application in
design calculations. Liao’s models are the design-oriented axial compressive constitutive
models [72]. The first segments of the models are parabolas, the second segments are
straight lines, and the two segments for each model are smoothly connected. The slopes of
the tangent lines at the origin point of the first parabolas are related to the elastic modulus of
the core concrete. The intersection points of the second straight lines are extension lines and
the vertical axis is usually the compressive strength of the core concrete, which is applicable
to those specimens not experiencing stress reduction. The constitutive expressions of Liao’s
models are shown in Equations (3)–(5).

σc =

{
Ecεc − (Ec−E2)

2

4 f ′co
εc

2; (0 ≤ εc ≤ εt)

f ′co + E2εc; (εt ≤ εc ≤ εcu)
(3)

εt =
2 f ′co

Ec − E2
(4)

E2 =
fcc − f ′co

εcu
(5)

where f ′co is the intersection point of the second straight line extension line and the vertical
axis. The parabolic first portion meets the linear second portion with a smooth transition at
εt, and E2 is the slope of the linear second portion.

The lower elastic modulus and larger shrinkage deformation of alkali-activated slag
lightweight aggregate concrete not only affect the compressive strength and peak compres-
sive strain of the FRP tube-confined alkali-activated slag lightweight aggregate concrete
column, but also make it uncertain for the axial compressive constitutive relationship of the
FRP tube-confined alkali-activated slag lightweight aggregate concrete column. Therefore,
based on the calculated formulas of Liao’s models [72], h1 and h2 are first introduced to re-
vise the trend of the first parabola, then h3 is introduced to improve the slope of the second
line, and finally h4 is introduced to improve the accuracy of the inflection point of the first
parabola and the second line. Thus, the revised calculated formula can accurately reflect
the axial compressive constitutive relationship of the FRP tube-confined alkali-activated
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slag lightweight aggregate concrete column. The revised model of the axial compressive
constitutive relationship is shown in Equations (6)–(8).

σc

{
h1Ecεc − h2

(Ec−E2)
2

4 f ′co
εc

2; (0 ≤ εc ≤ εtr)

f ′co + E2εc ; (εtr ≤ εc ≤ εcu)
(6)

εtr = h4
2 f ′co

Ec − E2
(7)

E2 = h3
fcc − f ′co

εcu
(8)

where h1 = 1.35− 1.05r, h2 = 1.85− 1.8r, h3 = 0.0076, h4 = 0.78, r is the replacement rate
of lightweight aggregate and εtr and σtr are the strain and stress at the inflection point of
the two curves.

The comparisons between the revised models and test results of the FRP-AASLAC are
shown in Figure 16. It can be seen from the figure that the revised model is highly similar
to the stress–strain curve of the FRP-AASLAC for different groups. For the specimens filled
with lightweight aggregate, alkali-activated slag lightweight aggregate concrete has material
defects of lower elastic modulus and larger shrinkage deformation, so the inflection points of
its curve lag behind the specimens filled with natural aggregate. The revised model considers
the effect of the content of lightweight aggregate to eliminate material defects and better
express the transition section. The predictive results show that the revised model has a shorter
vertical distance and smaller errors from the test results. It is more suitable for predicting the
axial compressive constitutive relationship of FRP-AASLAC.
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5. Conclusions

In this paper, the effects of the type of FRP, the thickness of FRP and the content of
lightweight aggregate on the axial compressive behaviours of FRP tube-confined alkali-
activated slag lightweight aggregate concrete (FRP-AASLAC) columns are studied. The
main conclusions can be drawn as follows.

(1) The constitutive relationship of FRP-AASLAC shows double broken line pattern
without obvious softening section. The failure mode of FRP-AASLAC is the tensile
rupture of the FRP tube near the column mid-height caused by the compressive
expansion of core concrete.

(2) The restraint effects of CFRP were higher than those of GFRP for the higher tensile
strength and elastic modulus of CFRP. The compressive strength and peak compres-
sive strain of GFRP-LAC were 79–90% and 72–90% of CFRP-AASLAC.

(3) The restraint effects of FRP on lightweight aggregate concrete are higher than those on
ordinary concrete. Compared with unrestrained specimens, the compressive strength
and peak compressive strain of FRP-LAC filled with lightweight aggregate were
improved by 80% and 560%, respectively, higher than those of FRP-LAC filled with
natural aggregate with 60% and 490%, respectively.

(4) Comparisons between the existing models of FRP-confined concrete columns for
the compressive strength and peak compressive strain and tested results were pre-
sented. The results show that the predictive accuracies of the existing models for
the compressive strength were higher than those for the peak compressive strain,
and the predictive accuracies of Liao’s models for the compressive strength and peak
compressive strain were higher. Revised models of FRP-AASLAC for the compressive
strength and peak compressive strain are proposed.

(5) The revised model for the axial compressive constitutive relationship for FRP-AASLAC
is proposed. In addition to the effects of compressive strength of core concrete, the
type of FRP and its thickness, the revised model considers the effect of the content of
lightweight aggregate, which can better express the transition section.

In order to promote the application of FRP-AASLAC, any limitations to the research
should be considered.

(1) Due to fabrication tolerances, load eccentricities and other adverse factors, most
concrete columns are in a state of eccentric compression in practical engineering.
This study focuses solely on investigating the axial mechanical performances of FRP-
AASLAC, which are more relevant to real-world engineering scenarios. However, the
investigation of its eccentric compression behaviours requires further research.

(2) This study only investigated short concrete columns with a diameter of 150 mm
and a height of 300 mm, without considering the influence of aspect ratios of the
specimens. To broaden the engineering applications of FRP-AASLAC, further research
is needed to examine the effects of aspect ratios and size-related phenomena on the
axial mechanical performances of FRP-AASLAC.
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