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Abstract: This paper investigated the performance of actively confined geopolymer concrete (GPC)
through experiments. The mechanical properties of GPC under triaxial stress states were analyzed
and discussed from the prospects of failure modes, axial peak stress and strain, monotonic and cyclic
constitutive relationships. The experimental results demonstrated that the loading modes (monotonic
loading and cyclic loading) had little effect on the failure mode and axial peak stress and strain.
The improvement of the strength and ductility of GPC with the increase in confinement level was
consistent with that of the conventional cement concrete while the strain enhancement of confined
GPC was lower than that of confined conventional cement concrete at the same confinement level.
The curves of the monotonic stress–strain and the envelop of cyclic compression were predicted
through Mander’s model with good accuracy. The unloading/reloading models proposed by Lokuge
were modified and the predicted cyclic hysteresis curves for actively confined GPC were in good
agreement with the cyclic compression results. Findings from this study provide references for the
application of geopolymer concrete.

Keywords: geopolymer concrete; triaxial compression; hysteretic behavior; active confinement;
monotonic and cyclic loading; experimental study

1. Introduction

It is widely accepted that concrete is the main building material for infrastructure construction and
development, it is generally the production of ordinary Portland cement (OPC) and other ingredients.
Cement production consumes a lot of natural resources and releases a lot of greenhouse gas to the
environment [1–3]. As reported in [4], the manufacturing process of OPC contributes to 5–8% of
global greenhouse gas emissions. Geopolymer concrete (GPC) is also known as “Alkali-activated
concrete (AAC)”. Its cementitious materials are generally generated by activating waste industrial and
agricultural byproducts by strong alkalis, such as granulated blast furnace slag powder (GBFS), fly ash
(FA), rice husk ash (RHA), and metakaolin. It has attracted much attention as an environment-friendly
alternative cementitious material to OPC concrete. The comparable mechanical properties and
durability of GPC have been widely reported [5–9]. Noushini et al. [10] found that the stress–strain
behavior of low-calcium FA-based GPC under uniaxial compression loading was similar to that of

Materials 2020, 13, 3997; doi:10.3390/ma13183997 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0002-4179-6709
http://dx.doi.org/10.3390/ma13183997
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/18/3997?type=check_update&version=2


Materials 2020, 13, 3997 2 of 15

heat-cured OPC, and reported a more brittle post-peak response as well as higher curing temperature
results for FA-based GPC. However, the higher curing temperature results in a more ductile post-peak
behavior of heat-cured OPC. According to the investigation, the compressive strength of FA-based
GPC ranged from 27.4 to 62.3 MPa, the strength of heat-cured OPC ranged between 42.6 and 64.5 MPa
at age 28 days. Due to the demanding heat-curing conditions, the in-situ field application of FA-based
GPC structural elements was limited. Xie et al. [11] found the combination of GBFS and FA can realize
the room-curing GPC and provide excellent synergetic effects to the mechanical performance for the
GPC despite the use of recycled coarse aggregate. In their investigation, the compressive strength
of FA-GBFS-based GPC ranged from 25.2 to 79.6 MPa, and compressive strength increased with the
increase in GBFS content in the binder material. However, with the increase in GBFS, the descending
part of the stress–strain of GPC became steeper. Thomas et al. [7] also found that the stress–strain
behavior of GPC (strength ranging from 29.5 to 52.6 MPa) with GBFS as the solo binder showed a rapid
decline during the post-peak part. The microstructure analysis in [12] showed that the calcium content
available for geopolymerization increased as the amount of GBFS increased. The polymerization of
blended fly ash and GBFS with alkali activator not only produced Sodium Alumino Silicate Hydrate
gel (N-A-S-H networks) but also produced Calcium Alumino Silicate Hydrate gel (C-A-S-H networks).
Therefore, it can be concluded that the blended FA-GBFS as a binder to produce GPC had comparable
compressive strength at ambient temperature and open the scope of the use of GPC as the structural
members’ in-situ field. A great number of reinforced GPC structural applications such as beams,
columns, slabs, and multi-story frame structural elements have been reported [13,14]. In the literature,
the authors also listed various construction projects using both precast and casting in-situ of GPC such
as the precast retaining wall, precast bridge decks and boat ramp, steel-reinforced foundation slabs,
and footpaths using cast in situ GPC.

As mentioned above, the application of GPC in practical engineering is very appealing. Nonlinear
analysis and design of GPC structures require a reliable and accurate material model of GPC, which
can only be obtained by conducting multi-axial experiments on structural GPC. On the other hand,
due to the inherent brittleness of GPC and the high demand for ductility of GPC structures subjected
to extreme earthquake action, structural members such as GPC-filled steel tube and fibre reinforced
polymer (FRP) tube, and spiral columns made of GPC are recommended. The core concrete in these
structures is also subjected to a multi-axial stress state and even the hysteretic loading scenario. The
strength criterion and constitutive model of concrete material under multi-axial stress conditions
can be used to establish a reasonable finite element model for structural analyzing. Therefore, it is
necessary to establish a complete constitutive model including both monotonic and hysteretic behavior
of laterally confined GPC. At present, there are relatively few studies on the triaxial or cyclic mechanical
performance of GPC, especially the actively confined GPC [15]. Ozbakkaloglu et al. [16] studied the
behaviors of steel tube and FRP-confined FA-based GPC. It was found that the strength and strain
enhancement ratios of confined GPC were slightly lower than those of conventional cement concrete at
a similar confinement level. GPC exhibits less deformation and ductility in the axial direction than
conventional concrete under the same confinement. Gholampour et al. [17] studied the monotonic
stress–strain behavior of GPC under active confinement (provided by hydraulic servo testing machine).
They also found that the stress–strain curve of GPC under a low confining level was quite different
from that of the cement concrete, and the strength and deformation properties of GPC under active
confinement were related to the material composition and curing condition. The stress–strain curve of
the GPC becomes steeper because of the addition of GBFS after heat curing. In the literature [18,19],
authors conducted the cyclic compressive test of confined cement concrete, and developed several
hysteretic stress–strain models of confined cement concrete which were verified with the test data of
loading/unloading/reloading paths.

However, the constitutive behavior of actively confined GPC under cyclic loading has not been
fully investigated yet. To fill the research gap, this study aims to investigate the constitutive behavior
of confined GPC subjected to monotonic and cyclic compression. Based on experimental results,
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new mathematical models of describing the monotonic and cyclic constitutive behavior of GPC with
lateral active confinement were developed, respectively. The findings deepen the understanding of the
mechanical properties of GPC, and facilitates the application of these sustainable building materials.

2. Materials and Methods

2.1. Materials and Specimen Preparation

The binding materials used in this study included FA (Guodian Nanning Liujing thermal power
plant, Nanning, China) and GBFS (Guangxi Liuzhou Iron and Steel Group, Liuzhou, China). The
chemical compositions of the FA and GBFS used to make GPC were listed in Table 1. Alkali activator
was a mixture of sodium hydroxide solution (SH) and sodium silicate solution (SS) with a solute ratio
of 1:2.5. The concentration of sodium hydroxide solution was 6 Mol/L, the relative density and volume
concentration of sodium silicate solution were 1.35 and 38%, respectively. Natural river sand with a
fineness modulus of 2.4, the apparent density of 2630 kg/m3, and water absorption rate of 0.8% was
used as fine aggregates for all concrete mixtures. The crushed limestone, with the particle diameter
ranging from 5 to 20 mm and the apparent density of 2684 kg/m3 were selected as coarse aggregates
for GPC. The designed strength grade of the concrete mix was 30 MPa, which was measured by 150 ×
150 × 150 mm standard cubic specimen according to the Chinese standard GB/T50081-2002 [20].

Table 1. Properties and compositions of the fly ash (FA) and granulated blast furnace slag powder
(GBFS) (wt.%).

Binding
Materials SiO2 Al2O3 CaO Fe2O3 TiO2 K2O SO3 MgO Na2O L.O.I

FA 49.10 36.70 4.96 3.67 1.39 0.943 0.49 0.37 0.20 2.08
GBFS 32.28 13.80 37.85 2.74 1.30 0.96 2.90 3.73 0.70 1.30

The mixture proportions used in this study are listed in Table 2. The water in the mixture included
the water used in the preparation of the alkali activator solution and the additional water added to the
mixture during the mixing process, so the water-binder ratio was 0.39 in this study. The GPC mixing
procedure began with mixing the coarse, fine aggregates with the blended powder raw material for
approximately 3 min. Then, the alkaline activator solution was added and mixed for an additional 1
min. Finally, the superplasticizer (1.4 wt.% of the binding materials) was added with the additional
water, mixing concrete for 2 min again until the mixture was homogenized. All specimens were put
into steel molds and vibrated on the shaking table for about 10 s. Three 150 × 150 × 150 mm cubes
were cast to test the strength grade, and forty-eight 100 × 200 mm cylinders were cast for the uniaxial
and triaxial tests. All samples were demolded after 24 h, then cured in the curing room with the
temperature of 25 ± 5 degrees centigrade and relative humidity of 50–55% for 28 days. After 28 days
of curing at ambient temperature, the standard cube compressive strength tests (150 mm cube side)
were carried out for the GPC made above. The test results showed that the average cubic compressive
strength of GPC in this study was equal to 30 ± 3 MPa.

Table 2. Mixture proportions of geopolymer concrete (GPC) used in this study (kg/m3).

FA GBFS SS SH Sand CA Added W SP

234 156 122 49 764 1023 11.5 5.4

2.2. Experiment Design

Uniaxial and triaxial compression tests under monotonic and cyclic loading were carried out on
the RMT-201 rock-concrete material test system developed by the Wuhan Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences, and SIMENS company (Munich, Germany). The schematic
diagram of the device is shown in Figure 1. The main component of the device was a Hoek pressure
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chamber which can accommodate a cylindrical sample with the size of 100 mm × 200 mm. During the
test, the oil was pumped into the Hoek cell through the vent valve to provide uniform circumferential
pressure for the sample. The axial compression load was applied to the sample through the steel
spherical hinges at the upper and lower ends of the pressure chamber. For the uniaxial compression
test, two linear variable differential transformers (LVDTs) and a circumferential displacement gauge
were installed on surfaces of the cylindrical sample at the axis parallel position and the middle height
position, respectively, as shown in Figure 2a, to measure the axial and circumferential displacement.
The uniaxial compression test was carried out in displacement controlling mode with the rate of
0.01 mm/s until the sample failed. For the triaxial compression tests, as shown in (Figure 2b), two
external LVDTs and one circumferential displacement gauge were still used to measure the axial
and circumferential deformation. Before the concrete sample was inserted into the rubber sleeve
of the Hoek cell, a thin layer of lubricating wax was applied on the surface of the circumferential
displacement gauge and the steel conducting wire to reduce the friction between the gauge and the
rubber sleeve [21–25]. In this study, two load schemes were used and the lateral pressure remained
constant during the triaxial compression test at designed values of 6 MPa, 12 MPa, 18 MPa, or 24
MPa. Load path 1 was the monotonic load which included applying the lateral pressure at a loading
rate of 0.1 MPa/s and applying the axial load at a displacement rate of 0.01 mm/s until the specimen
failed (Figure 3a). Load path 2 was the cyclic load, including several complete unloading/reloading
cycles at the specified displacement (Figure 3b). It should be noted that to prevent any unnecessary
movement of the specimen during unloading, this process should be stopped when the load value is in
equilibrium with the confining pressure.
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3. Results and Discussions

3.1. Failure Patterns of Unconfined and Confined GPC

Figure 4 demonstrated the typical failure patterns of unconfined and confined GPC samples. It
can be seen that in the case of unconfined uniaxial compression, samples mostly presented vertical
microcracks; under lateral confining stresses, samples mostly presented the shear failure mode with a
major diagonal shear crack in the middle of the specimen. Under higher lateral confining stresses, the
width of the oblique crack increased significantly at axial peak stress, and the expansion phenomenon
occurred in the middle of the specimen. The loading form (monotonic or cyclic loading) had no obvious
influence on the failure mode of GPCs. These failure patterns were also consistent with those observed
in cement concrete in conventional triaxial compressive tests [26,27]. The uniaxial compressive strength
of high strength cement concrete [26] was 68 MPa and the uniaxial compressive strength of recycled
aggregate cement concrete [27] was 19 MPa. The specimens used in the literature above were cylinders
with the size of 100 × 200 mm, whose sizes were same as in this study. By comparing with these failure
modes of cement concrete, it can be found the failure modes of OPC and GPC after triaxial compression
were only bound to laterally confined level (σl/f c) and not relevant to the uniaxial compressive strength
(f c) of concrete.
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3.2. The Peak Value of Axial Stress and Strain

Table 3 shows the measured peak value of axial stress and strain of GPC under different lateral
confinements. It can be seen that the peak stress ratio (f cc/f c) and peak strain ratio (εcc/εco) increased
with the increase in the circumferential confinement σl/f c, which was similar to the test result of
conventional cement concrete. When the circumferential confined stress increased from 6 to 24 MPa, the
peak compressive stress and strain increased by 96% and 205.7% to 330.4% and 1055.6%, respectively,
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compared to the uniaxial strength and peak strain under uniaxial compression. The axial load forms
(monotonic and cyclic loading) had no obvious influence on the strength and deformation enhancement.

Table 3. Measured peak values of axial stress and strain of the tested specimens.

Load Path Confining Lateral Stress
σl (MPa)

Peak AXIAL Stress
f cc (MPa)

Peak Axial Strain
εcc (×10−3)

Uniaxial 0 27.13 2.18
Uniaxial 0 28.86 2.23
Uniaxial 0 31.49 2.38

P6M1 6 57.01 7.02
P6M2 6 57.04 7.13
P6C1 6 54.70 5.73
P6C2 6 59.40 7.63

P12M1 12 81.14 12.01
P12M2 12 78.66 11.11
P12C1 12 79.23 11.68
P12C2 12 83.46 13.04
P18M1 18 106.02 20.95
P18M2 18 102.50 19.60
P18C1 18 100.89 18.23
P18C2 18 101.94 18.28
P24M1 24 128.38 26.60
P24M2 24 124.27 25.51
P24C1 24 122.88 23.51
P24C2 24 125.91 28.52

The samples in Table 3 were identified with the letter P followed by a digit indicating the confining pressure value,
and the letter M or C denoted monotonic or cyclic compression, respectively. In each sample design, two to three
identical samples were tested and marked with 1 or 2 after the last letter.

Several models [17,28–32] to predict the compressive peak strength and corresponding axial strain
were listed in Table 4.

Table 4. Prediction models of peak axial stress and strain.

Concrete Type Source Analytical Expressions of f cc and εcc

High-strength cement concrete Ansari et al. [28] fcc = fc[1 + 2.45( σl
fc
)0.703]

εcc = ε0(1 + 15.15 σl
fc
)

High-strength cement concrete Candappa et al. [29] fcc = fc(1 + 5.3 σl
fc
)

εcc = ε0(1 + 20 σl
fc
)

High-strength cement concrete Xiao et al. [30] fcc = fc[1 + 3.24( σl
fc
)0.8]

εcc = ε0[1 + 17.4( σl
fc
)1.06]

Normal-and light-weight cement
concretes Lim et al. [31]

fcc = fc + 5.2 f 0.91
c ( σl

fc
)a

where a = f−0.06
c

εcc = ε0 + 0.045( σl
fc
)1.15

Geopolymer concretes Haider et al. [32] fcc = fc[1 + 3.3( σl
fc
)0.8]

εcc = ε0[1 + 11.6( σl
fc
)1.06]

Ambient- and oven-cured
geopolymer concretes Aliakbar et al. [17]

fcc = fc + 5.2 f 0.91
c ( σl

fc
)a

where a = f−0.06
c

εcc = ε0 + 0.045( σl
fc
)1.15

f cc and εcc, respectively, denote peak stress and peak strain with lateral confinement; f c and ε0, respectively, denote
uniaxial compressive strength and uniaxial peak strain; σl denotes lateral confined stress.
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It is worth noting that the above models were proposed for different types of concrete. Figure 5a
showed a comparison between the above strength prediction models and the experimental values of
this study. It can be found that the prediction model [31] was very close to the test results in this study.
Aliakbar et al. [17] also verified that the strength prediction model in Lim et al. [31] was applicable
to confine both ambient- and oven-cured GPC; the strength prediction model [31] was adopted in
this study.
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Figure 5b indicated that the predicted trends of the considered axial peak strain prediction models
were very similar, that was, the peak axial strain increased with the increase in confining pressure.
However, most axial peak strain prediction models for cement concrete gave too high predicted values,
compared with the experimental values of this study. The model in [27] was close to the experimental
results of this study at low confinement levels, but not very accurate and reliable in the case of high
confinement levels. Therefore, the following prediction model was proposed in this study:

εcc = ε0[1 + 13.446(
σl
fc
)

1.2299
] where ε0 = 0.00225 (1)

It is noted that the formulation above was figured out by experimental data with the least-squares
method. Figure 5 demonstrated that the peak strength model of actively confined GPC was similar
to the conventional cement concrete. However, the peak axial strain of confined GPC was smaller
than that of conventional cement concrete at the same confinement level. This can be explained by
the observation that the interface transition zone of cement concrete is a weak link: under uniaxial
compression, microcracks propagate rapidly from here. Moreover, after confining pressure was applied,
the crack propagating speed decreased and the strength of triaxial compression increased, based on
the literature [12], thermal curing FA-based GPC showed few interfacial transition zones, less initial
microcracks and defects, and the improvement of strength and deformation under triaxial compression
was smaller compared to that of cement concrete. In this paper, the GBS-FA-based GPC was cast and
cured at room temperature. Although the three-dimensional network microstructure of C-A-S-H was
formed, the GBFS particles had higher microcracks that lead the performance of GBS-FA-based GPC
to be similar to cement concrete. Therefore, the strength model of cement concrete, especially the
multi-axial strength model of high strength concrete, is also suitable for GBS-FA-based GPC, and the
lower peak strain is foreseeable because of more microcracks internally.

3.3. Monotonic Constitutive Behavior

Figure 6 illustrated the typical monotonic stress–strain responses of the GPC subjected to uniaxial
compression and triaxial compression with various levels of confining lateral stress. Each group
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of curves was the average value of two measured identical specimens, including lateral additional
strain–axial stress curve and axial additional strain–axial stress curve. As can be seen under the uniaxial
compression and the confinement level of σl/f c = 0.2, the stress–strain curves had obvious ascending
and descending branches. With the increase in the confinement level, the curve gradually became flat,
and the post-peak descending part became shallower, which is similar to the test results of cement
concrete [33] and GPC [32], when the confinement ratio σl/f c was greater than 0.4, the GPC in this
study changed from brittle to ductile behavior. It is worth noting that only one group of the higher
confining levels of GPC was conducted by Haider (2014) which was greater than 0.4, while the test of
this study had two groups: the confinement ratios were 0.6 and 0.8.
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Many stress–strain models had been put forward for the cement concrete under lateral
confinement [31,33,34]. These models were very useful in the finite element analysis of the structural
members confined by elastic materials, such as FRP fabric, spiral hooping, infilled steel tubular columns,
anchorage area of prestressed concrete structure, beam-column joints, etc. In this study, a modified model
proposed by Mander et al. [34] was adopted, because Mander’s model was simple in form and was the
most widely used, it can also be used for the envelope curve simulation under subsequent cyclic loading
conditions. The modification was based on experimental results, which can reach the best potential of
empirical and semi-empirical formulations. The modified model in this study was as follows:

σc

fcc
=

r× εc
εcc

r− 1 + ( εc
εp
)r

(2)

r =
kr × Ec

Ec − Esec
=

kr × Ec

Ec − fcc/εcc
(3)

Esec = fcc/εcc (4)

kr =
√

fc/30 (5)

where kr was a parameter related to the concrete strength, which was introduced in [35] to modify
the descending section of the curve, and Ec was the elastic modulus of concrete. Figure 7 showed a
comparison between the Mander’s model and monotonic loading test results. The model and test
results were basically in good agreement except the descending curves in the case of low confinement.
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3.4. Stress–Strain Behavior under Cyclic Loading

Figure 8 indicated the typical stress–strain behaviors of the confined GPC subjected to cyclic
compression. In Figure 8, the axial compressive stress and strain were considered to be positive as the
monotonic loading curves in Figure 7. For the sake of comparison, two sets of monotonic stress–strain
curves of identical specimens from the same condition of confining pressure were placed in the same
Figure. It can be seen from Figure 8 that the line connecting the peak points of each complete cyclic
curve, which was the envelope line, was almost coincided with the monotonic compressive stress–strain
curve. This conclusion had been confirmed by the uniaxial cyclic compression test [36], and the test
results of actively confined cement concrete including steel tube infilled concrete [26,37], and passively
confined concrete including various FRP confined concrete [19,38]. The experimental results showed
this conclusion can also be applied to the actively confined GPC.

According to the test result, the general schematic view of the axial stress–strain constitutive relation of
actively confined GPC under cyclic compression including the unloading and reloading parts was shown in
Figure 9. The unloading component was from the unloading beginning point (εun, σun) on the envelope
curve to its endpoint (εr0, σr0), which was estimated by the reverse stress–strain model of compressive
loading; the reloading components were composed of the initial nonlinear curve and the linear transition
curve until the point (εre, σre) on the envelope curve. The coordinates at the junction of the two reloading
lines were defined as (εun, σnew). The possible intersection point between the unloading curve and the x-axis
was also the key point of the cyclic loading hysteretic constitutive model, where the strain corresponding to
the zero stress point was defined as the residual plastic strain, εpl.

In previous studies, different unloading/reloading models [18,19,34–37,39] had been provided to
predict the cyclic constitutive behavior of confined conventional cement concrete. In the following
part, the Mander’s [34] and Lokuge’s [18] hysteretic constitutive model will be modified to obtain
the predicted cyclic compressive stress–strain curve of confined GPC, and compare it with the cyclic
stress–strain curve obtained from the experiment. The residual plastic strains, common and reloading
points were expressed by Equations (7)–(13), as follows:

εpl = εun −
σun

Ec
where 0 ≤ εun ≤ ε0.35 fcc (6)

εpl = εun −
εun + εa

σun + Ecεa
where εun > ε0.35 fcc (7)

εa = a
√
εunεcc (8)

a = max
{

εcc

εcc + εun
;

0.09εun

εcc

}
(9)
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σnew = 0.92σun + 0.08σr0 (10)

εre = εun +
(σun − σnew)(2 +

fcc
fc
)

Er0
(11)

Er0 =
σr0 − σnew

εr0 − εun
(12)
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The plastic strain was obtained from the regression analysis of the test. According to the test data,
the plastic strain was only related to the unloading point and had little relationship with the lateral
compressive stress level (further research should be undertaken).

The equation of unloading stress–strain curve of confined concrete was

σc = σun −
runxun

run − 1 + xrun
un
σun (13)

xun =
εc − εun

εpl − εun
(14)

run =
2krEc

2Ec − Esec_un
(15)

Esec_un =
σun

εun − εpl
(16)

The formulations of the above unloading curve were similar to that of the cement concrete
reinforced with stirrups or steel tubes [35]. It can be explained that confined constant stress resulted
from yielded steel materials was equal to the confined stress applied in the triaxial test. The reloading
branch of the cyclic stress–strain curve consisted of nonlinear and linear branches:

1st branch : σc = σr0 +
√

2(σnew − σr0) ln(
ε− εr0

εun − εr0
+ 1) (17)

2nd branch : σc = σre −
σre − σnew

εre − εun
(εre − ε) (18)

It was noted that the nonlinear curve model was used in both of the first portion and transition
portion [18], but based on the experimental data, the transition portion in this study was simplified
and modified to a linear model.

The comparison between the experimental results of P6C1 and P24C1 with the axial cyclic
stress–strain model above was shown in Figure 10. It can be seen that the stress–strain behavior
predicted by the model was close to the test results under different confining pressures. The residual
plastic strains predicted by the unloading curve model was consistent with the test results, and the
predictions of transition point and reloading strain also matched with the test points closely on the
reloading curve. Considering the change of GPC properties, further experimental studies should be
carried out to improve the proposed model, such as establishing the relationship between residual
plastic strain, reloading strain, and uniaxial compressive strength grade of GPC [40–42].

3.5. The Energy Absorption and Specific Toughness under Uniaxial and Triaxial Compression

Generally, the amplitude of energy per unit volume obtained from area under the stress–strain
curve whose strain value can reach a certain value (often failure strain) is called energy absorption.
However, the larger the confined stress level is, the more difficult it is to obtain the complete stress–strain
curve. For example, when the confining stress is up to 18 MPa, due to the limitation of measuring
equipment, only the rising section of the stress–strain curve can be obtained and an obvious descending
trend is not witnessed. In this study, energy absorption capacity (W) is the area under the curve ranging
from the beginning of the stress–strain curve to 85% of peak stress in the descending section of the
curve. Specific toughness δ is defined as the ratio of energy absorption capacity to peak stress of the
same specimen. As is shown in the Table 5, the experimental W and δ are calculated by the method
above when the confining stress was under 18 MPa, and all the theoretical W and δ are listed by the
calculation of Mander’s model [34]. It can be concluded that the load path has little effect on the W
and δ, both monotonic and cyclic loading result in the similar outcomes for the calculated confined
stress level (6 MPa and 12 MPa). On the other hand, with the confining stress increasing, the W and δ
substantially improved compared to the uniaxial compression without confining stress. Under the
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monotonic loading condition, the confining stress varied from 6 to 12 MPa, the mean value of δexp was
improved by 483% and 1106%, respectively, compared to zero confining stress. For larger confined
stress levels (18 MPa and 24 MPa), the theoretical model provided a prediction that 2057% and 2356%
growth rate can be, respectively, inferred compared to the theoretical value of zero confining stress
monotonic loading.
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Table 5. Measured energy absorption ability and specific toughness of the tested specimens.

Specimen Type Wexp(10−3) Wthe(10−3) δexp(10−3) δthe(10−3)

P0M1 72.70
80.57

2.50
2.77P0M2 70.15 2.41

P0M3 73.20 2.52
P6M1 671.62

740.85

11.78

12.99
P6M2 695.35 12.20
P6C1 680.42 12.44
P6C2 672.25 11.32
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Table 5. Cont.

Specimen Type Wexp(10−3) Wthe(10−3) δexp(10−3) δthe(10−3)

P12M1 2242.64

2232.15

27.82

27.69
P12M2 2180.54 27.05
P12C1 2250.24 28.40
P12C2 2180.56 26.13
P18M1 N/A

5904.01

N/A

57.411
P18M2 N/A N/A
P18C1 N/A N/A
P18C2 N/A N/A
P24M1 N/A

8182.56

N/A

65.27
P24M2 N/A N/A
P24C1 N/A N/A
P24C2 N/A N/A

The Wexp and δexp, respectively, denote the energy absorption ability and specific toughness of experimental data;
the Wthe and δthe, respectively, denote the energy absorption ability and specific toughness of theoretical data.

4. Conclusions

In this study, actively confined GPC cylindrical specimens were compressed under monotonic and
cyclic loading. The following conclusions can be drawn according to the experimental results and discussion:

1. The loading path had little effect on the axial peak strength and strain of confined GPC. In the
triaxial test, the GPC with brittleness turns into a ductile material when the confined stress
ratio (σl/f c) exceeded 0.4. The peak stress prediction model proposed by Lim et al. [31] for
cement concretes can also accurately predict the peak strength of confined GPC, which showed
that GPC and cement concrete had a similar strength enhancement coefficient. However, the
strain enhancement coefficient of GPC was lower than that of cement concrete under a similar
confinement level.

2. The constitutive behavior of actively confined GPC was similar to that of the conventional cement
concrete. Under the condition of same confinement level, the envelope curves under cyclic
compression were consistent with the stress–strain curves under monotonic loading, which can
be simulated by Mander’s model with enough accuracy. This means the model provided by
Mander et al. for conventional cement concrete was proved to be a necessary material model to
study the mechanical behavior of actively confined GPC.

3. A cyclic axial compressive stress–strain model composed of a monotonic envelope curve (modified
Mander’s model) and cyclic hysteresis curve (modified Lokuge’s model) can be used for the
constitutive behavior of actively confined GPC under cyclic loading. The comparison among the
experimental results showed that the model accurately predicted the residual plastic strain, the
transition point, and reloading strain of GPC with active confinement, and fully simulated the
degradation of stiffness caused by unloading/reloading cycles, which was consistent with the
experimental results.

4. The energy absorption and specific toughness were calculated and discussed by both monotonic
and cyclic stress–strain curves. The presented values and the discussion of the results could
provide important indications for future studies.

Author Contributions: Conceptualization, H.W., Y.W. and M.W.; methodology, M.W., L.W., B.C and H.W.; formal
analysis, H.W, Y.W, L.W. and B.C.; writing—original draft preparation, H.W., Y.W. and M.W.; writing—review
and editing, H.W., Y.W., and B.C.; visualization, B.C; supervision, H.W.; project administration, H.W; funding
acquisition, H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Guangxi University under contract no. XGZ160701, National Natural
Science Foundation of China (Grant no. 51768003; 51868005) and the Science and Technology Planning Project of
GuangXi Province (Grant no.2017GXNSFAA198360).

Conflicts of Interest: All authors declare that they have no conflict of interest.



Materials 2020, 13, 3997 14 of 15

References

1. Yan, D.; Xie, L.; Qian, X.; Ruan, S.; Zeng, Q. Compositional dependence of pore structure, strength and
freezing-thawing resistance of metakaolin-based geopolymers. Materials 2020, 13, 2573. [CrossRef]

2. Yifei, C.; Kaikai, G.; Peng, Z. Experimental and statistical study on mechanical characteristics of geopolymer
concrete. Materials 2020, 13, 1561.

3. Schneider, M.; Romer, M.; Tschudin, M.; Bolio, H. sustainable cement production—Present and future. Cem.
Concr. Res. 2011, 41, 642–650. [CrossRef]

4. Palmero, P.; Formia, A.; Antonaci, P.; Brini, S.; Tulliani, J. Geopolymer technology for application-oriented
dense and lightened materials. Elaboration and characterization. Ceram. Int. 2015, 41, 12967–12979.
[CrossRef]

5. Lee, N.K.; Lee, H.K. Setting and mechanical properties of alkali-activated fly ash/slag concrete manufactured
at room temperature. Constr. Build. Mater. 2013, 47, 1201–1209. [CrossRef]

6. Nath, P.; Sarker, P.K. Effect of GGBFS on setting, workability and early strength properties of fly ash
geopolymer concrete cured in ambient condition. Constr. Build. Mater. 2014, 66, 163–171. [CrossRef]

7. Thomas, R.J.; Peethamparan, S. Alkali-activated concrete: Engineering properties and stress–strain behavior.
Constr. Build. Mater. 2015, 93, 49–56. [CrossRef]

8. Ma, C.; Awang, A.Z.; Omar, W. Structural and material performance of geopolymer concrete: A review.
Constr. Build. Mater. 2018, 186, 90–102. [CrossRef]

9. Elchalakani, M.; Dong, M.; Karrech, A.; Li, G.; Ali, M.S.M.; Yang, B. Experimental investigation of rectangular
air-cured geopolymer concrete columns reinforced with GFRP bars and stirrups. J. Compos. Constr. 2019, 23,
04019011.1–04019011.11. [CrossRef]

10. Noushini, A.; Aslani, F.; Castel, A.; Gilbert, R.I.; Uy, B.; Foster, S. Compressive stress-strain model for
low-calcium fly ash-based geopolymer and heat-cured Portland cement concrete. Cem. Concr. Compos. 2016,
73, 136–146. [CrossRef]

11. Xie, J.; Wang, J.; Rao, R.; Wang, C.; Fang, C. Effects of combined usage of GGBS and fly ash on workability
and mechanical properties of alkali activated geopolymer concrete with recycled aggregate. Compos. Part B
Eng. 2019, 164, 179–190. [CrossRef]

12. Keulen, A.; Yu, Q.L.; Zhang, S.; Grünewald, S. Effect of admixture on the pore structure refinement and
enhanced performance of alkali-activated fly ash-slag concrete. Constr. Build. Mater. 2018, 162, 27–36.
[CrossRef]

13. Mo, K.H.; Alengaram, U.J.; Jumaat, M.Z. Structural performance of reinforced geopolymer concrete members:
A review. Constr. Build. Mater. 2016, 120, 251–264. [CrossRef]

14. Hassan, A.; Arif, M.; Shariq, M. A review of properties and behaviour of reinforced geopolymer concrete
structural elements- A clean technology option for sustainable development. J. Clean. Prod. 2020, 245, 118762.
[CrossRef]

15. Shi, X.; Wang, Q.; Zhao, X.; Collins, F.G. Structural behaviour of geopolymeric recycled concrete filled steel
tubular columns under axial loading. Constr. Build. Mater. 2015, 81, 187–197. [CrossRef]

16. Ozbakkaloglu, T.; Xie, T. Geopolymer concrete-filled FRP tubes: Behavior of circular and square columns
under axial compression. Compos. Part B 2016, 96, 215–230. [CrossRef]

17. Gholampour, A.; Ozbakkaloglu, T.; Ng, C. Ambient- and oven-cured geopolymer concretes under active
confinement. Constr. Build. Mater. 2019, 228, 116722. [CrossRef]

18. Lokuge, W.P.; Sanjayan, J.G.; Setunge, S. Constitutive model for confined high strength concrete subjected to
cyclic loading. J. Mater. Civil Eng. 2004, 16, 297–305. [CrossRef]

19. Li, P.; Wu, Y. Stress–strain behavior of actively and passively confined concrete under cyclic axial load.
Compos. Struct. 2016, 149, 369–384. [CrossRef]

20. China, M.O.C.O. Standard for Test Method of Mechanical Properties on Ordinary Concrete; China Architecture &
Building Press: Beijing, China, 2002.

21. Zhou, W.; Shi, X.; Lu, X.; Qi, C.; Luan, B.; Liu, F. The mechanical and microstructural properties of refuse
mudstone-GGBS-red mud based geopolymer composites made with sand. Constr. Build. Mater. 2020, 253,
119193. [CrossRef]

22. Zhang, Y.; Zhang, Z.; Xue, S.; Wang, R.; Xiao, M. Stability analysis of a typical landslide mass in the Three
Gorges Reservoir under varying reservoir water levels. Environ. Earth Sci. 2020, 79, 42. [CrossRef]

http://dx.doi.org/10.3390/ma13132973
http://dx.doi.org/10.1016/j.cemconres.2011.03.019
http://dx.doi.org/10.1016/j.ceramint.2015.06.140
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.107
http://dx.doi.org/10.1016/j.conbuildmat.2014.05.080
http://dx.doi.org/10.1016/j.conbuildmat.2015.04.039
http://dx.doi.org/10.1016/j.conbuildmat.2018.07.111
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000938
http://dx.doi.org/10.1016/j.cemconcomp.2016.07.004
http://dx.doi.org/10.1016/j.compositesb.2018.11.067
http://dx.doi.org/10.1016/j.conbuildmat.2017.11.136
http://dx.doi.org/10.1016/j.conbuildmat.2016.05.088
http://dx.doi.org/10.1016/j.jclepro.2019.118762
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.035
http://dx.doi.org/10.1016/j.compositesb.2016.04.013
http://dx.doi.org/10.1016/j.conbuildmat.2019.116722
http://dx.doi.org/10.1061/(ASCE)0899-1561(2004)16:4(297)
http://dx.doi.org/10.1016/j.compstruct.2016.04.033
http://dx.doi.org/10.1016/j.conbuildmat.2020.119193
http://dx.doi.org/10.1007/s12665-019-8779-x


Materials 2020, 13, 3997 15 of 15

23. Zhang, Y.; Zhu, S.; Zhang, W.; Liu, H. Analysis of deformation characteristics and stability mechanisms of
typical landslide mass based on the fifield monitoring in the Three Gorges Reservoir. China J. Earth Syst. Sci.
2018, 128. [CrossRef]

24. Zhang, Y.; Zhu, S.; Tan, J.; Li, L.; Yin, X. The influence of water level fluctuation on the stability of landslide
in the Three Gorges Reservoir. Arab. J. Geosci. 2020, 13, 845. [CrossRef]

25. Zhang, L.; Chen, X.; Zhang, Y.; Wu, F.; Chen, F.; Wang, W.; Guo, F. Application of GWO-ELM model to
prediction of caojiatuo landslide displacement in the Three Gorge Reservoir Area. Water 2020, 12, 1860.
[CrossRef]

26. Lu, X.; Hsu, C.T. Stress-strain relations of high-strength concrete under triaxial compression. J. Mater. Civ.
Eng. 2007, 19, 261–268. [CrossRef]

27. Chen, Y.; Chen, Z.; Xu, J.; Lui, E.M.; Wu, B. Performance evaluation of recycled aggregate concrete under
multiaxial compression. Constr. Build. Mater. 2019, 229, 116935. [CrossRef]

28. Farhad, A.; Qingbin, L. High-Strength Concrete Subjected to Triaxial Compression. Mater. J. 1998, 95,
747–755.

29. Candappa, D.C.; Sanjayan, J.G.; Setunge, S. Complete triaxial stress-strain curves of high-strength concrete. J.
Mater. Civil Eng. 2001, 13, 209–215. [CrossRef]

30. Xiao, Q.G.; Teng, J.G.; Yu, T. Behavior and modeling of confined high-strength concrete. J. Compos. Constr.
2010, 14, 249–259. [CrossRef]

31. Lim, J.C.; Ozbakkaloglu, T. Stress–strain model for normal- and light-weight concretes under uniaxial and
triaxial compression. Constr. Build. Mater. 2014, 71, 492–509. [CrossRef]

32. Haider, G.M.; Sanjayan, J.G.; Ranjith, P.G. Complete triaxial stress–strain curves for geopolymer. Constr.
Build. Mater. 2014, 69, 196–202. [CrossRef]

33. Binici, B. An analytical model for stress–strain behavior of confined concrete. Eng. Struct. 2005, 27, 1040–1051.
[CrossRef]

34. Mander, J.A.B.; Priestley, M.J.N. Theoretical stress-strain model for confined concrete. J. Struct. Eng. 1998,
114, 1804–1826. [CrossRef]

35. Liu, J.; Teng, Y.; Zhang, Y.; Wang, X.; Chen, Y.F. Axial stress-strain behavior of high-strength concrete confined
by circular thin-walled steel tubes. Constr. Build. Mater. 2018, 177, 366–377. [CrossRef]

36. Hutagi, A.; Khadiranaikar, R.B.; Zende, A.A. Behavior of geopolymer concrete under cyclic loading. Constr.
Build. Mater. 2020, 246, 118430. [CrossRef]

37. Albitar, M.; Ozbakkaloglu, T.; Fanggi, B.A.L. Behavior of FRP-HSC-Steel double-skin tubular columns under
cyclic axial compression. J. Compos. Constr. 2014, 19, 04014041.1–04014041.13. [CrossRef]

38. Medine, I. Monotonic and cyclic compression tests on concrete confined with PET-FRP. J. Compos. Constr.
2014, 19, 04014034.

39. Konstantinidis, D.K.; Kappos, A.J.; Izzuddin, B.A. Analytical stress-strain model for high-strength concrete
members under cyclic loading. J. Struct. Eng. 2007, 133, 484–494. [CrossRef]

40. Zhang, Y.; Bicici, E.; Sezen, H.; Zheng, S. Reinforcement slip model considering corrosion effects. Constr.
Build. Mater. 2020, 235, 117348. [CrossRef]

41. Wang, Z.; Li, L.; Zhang, Y.; Zheng, S. Reinforcement model considering slip effect. Eng. Struct. 2019, 198,
109493. [CrossRef]

42. Wang, J.; Huang, S.; Guo, W.; Qiu, Z.; Kang, K. Experimental study on fracture toughness of a compacted
clay using semi-circular bend specimen. Eng. Fract. Mech. 2020, 224, 106814. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12040-018-1036-y
http://dx.doi.org/10.1007/s12517-020-05828-3
http://dx.doi.org/10.3390/w12071860
http://dx.doi.org/10.1061/(ASCE)0899-1561(2007)19:3(261)
http://dx.doi.org/10.1016/j.conbuildmat.2019.116935
http://dx.doi.org/10.1061/(ASCE)0899-1561(2001)13:3(209)
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000070
http://dx.doi.org/10.1016/j.conbuildmat.2014.08.050
http://dx.doi.org/10.1016/j.conbuildmat.2014.07.058
http://dx.doi.org/10.1016/j.engstruct.2005.03.002
http://dx.doi.org/10.1061/(ASCE)0733-9445(1988)114:8(1804)
http://dx.doi.org/10.1016/j.conbuildmat.2018.05.021
http://dx.doi.org/10.1016/j.conbuildmat.2020.118430
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000510
http://dx.doi.org/10.1061/(ASCE)0733-9445(2007)133:4(484)
http://dx.doi.org/10.1016/j.conbuildmat.2019.117348
http://dx.doi.org/10.1016/j.engstruct.2019.109493
http://dx.doi.org/10.1016/j.engfracmech.2019.106814
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Specimen Preparation 
	Experiment Design 

	Results and Discussions 
	Failure Patterns of Unconfined and Confined GPC 
	The Peak Value of Axial Stress and Strain 
	Monotonic Constitutive Behavior 
	Stress–Strain Behavior under Cyclic Loading 
	The Energy Absorption and Specific Toughness under Uniaxial and Triaxial Compression 

	Conclusions 
	References

