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Introduction

Background

Geopolymer concrete is a relatively new material, which has been extensively researched
in the last two decades. The research carried out aims to develop concrete and more environ-
mentally friendly materials. This is based on the fact that every production of 1 t of ordinary
portland cement (OPC) will emit 1 t of CO, gas into the atmosphere (Bouzoubaa et al., 1999).
As a result, a greenhouse effect arises in the atmosphere and the temperature on the Earth’s
surface increases, it gets hotter, thus leading to an environmental problem. Therefore, reduc-
ing the use of portland cement must be a priority in the world of construction, also among
practitioners. One way to do this is to develop and manufacture geopolymer concrete that
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does not use 100% portland cement (Ekaputri & Triwulan, 2011; Owaid et al., 2021). Fly ash,
which is obtained from burning coal and is pozzolanic and also cementitious according to
ACIACI 232 2R-96 standard (American Concrete Institution [ACI], 2002), is used to replace
portland cement.

The mechanical characteristics of geopolymer concrete are not considerably different
from the characteristics of concrete that uses OPC (OPC concrete), such as: compressive
strength, tensile strength, modulus of elasticity, modulus of rupture, and other mechanical
quantities (Hardjito et al., 2004; Diaz-Loya et al., 2011). The treatment effect in the pro-
cess of making geopolymer concrete has a significant influence on increasing compressive
strength and tensile strength (Triwulan et al., 2017). The mechanical properties of geopoly-
mer concrete are also not significantly different from the mechanical properties of OPC con-
crete, even though the alkaline activator used is low, namely 4% (Romadhon et al., 2022).
This material is also identified to have good resistance to chloride penetration and abrasion
(Nagajothi et al., 2022; Wong, 2022).

In stress—strain behavior, geopolymer concrete also has a similar curve shape to nor-
mal concrete, especially in the behavior before peaking. However, geopolymer concrete has
a different post-peak behavior from the post-peak behavior of normal concrete. In the post-
-peak curve behavior, the geopolymer concrete curve has a sharper shape and has sudden
failure properties compared to the similar behavior in OPC concrete (Noushini et al., 2016).
This indicates that geopolymer concrete has properties that are more brittle than normal con-
crete containing OPC. Substantially, Wang et al. (2023) revealed that the addition of fiber in
the geopolymer concrete mixture can increase compressive strength, flexural strength and
toughness.

Structural research on geopolymer concrete carried out by Annamalai et al. (2017) con-
cerned beam structures with an underenforced reinforcement system made from geopolymer
concrete. It was revealed that the flexural strength of beams made of geopolymer concrete
was higher than the flexural strength of OPC concrete beams.

Haider et al. (2014) carried out triaxial tests on geopolymer concrete with a compres-
sive strength of 25 MPa and high-strength concrete with a compressive strength of 85 MPa.
The test results revealed that to achieve adequate ductility, normal-strength geopolymer
concrete requires a tightness level that is not excessively high (confinement ratio < 0.4).
However, high-strength geopolymer concrete requires a higher level of confinement, namely
around 0.53, to achieve adequate ductility. The results are indications that the ductility prop-
erties of geopolymer concrete are like the ductility properties of OPC concrete: the higher
the compressive strength of the concrete, the lower the strength and ductility so that a higher
level of confinement is required. The consequence of this is that in its application to column
structures, it requires confining reinforcement with a volumetric ratio; that is increasingly
higher if the compressive strength of the concrete used is higher.
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Meanwhile, the behavior of geopolymer concrete against triaxial loads studied by Wang
et al. (2020) found that the increase in the strength of confined concrete (K) of geopolymer
concrete was not considerably different from the increase in the strength of confined concrete
in OPC concrete. In fact, the proposed K-value equation adopts the equation used in OPC
concrete because the experimental results indicate similarities with the existing equation.

The behavior of geopolymer concrete towards passive confinement that has been carried
out can be found in Lokuge and Karunasena (2016), Alzeebaree et al. (2020) and Abadel
(2023). The passive confinement used is fiber-reinforced polymer (FRP), which is wrapped
around the surface of the geopolymer concrete cylinder. The results of the tests carried out
revealed that there was an increase in the strength and ductility of geopolymer concrete con-
fined with the FRP confinement. Meanwhile, Ajmal et al. (2023) revealed that geopolymer
concrete confined masonry is higher in initial stiffness and ultimate seismic capacity (around
45% and 4%) compared OPC concrete.

Based on the published data, research on the behavior of geopolymer concrete con-
fined by transverse reinforcement for square cross-sections was carried out by, among
others Lokuge et al. (2015), Du et al. (2022), Herwani et al. (2022), and Sudha et al. (2022).
The results of the research state that because of confinement by transverse reinforcement
installed in square cross-section specimens, the characteristics of transverse reinforcement,
like volumetric ratio, spacing, and reinforcement configuration play a significant role in
influencing the strength and ductility of confined concrete. Meanwhile, Ganesan et al. (2014)
and Muslikh et al. (2018) tested round-section geopolymer concrete cylinders confined by
hoops. The test results revealed the ductility of confined geopolymer concrete was lower than
the ductility of confined OPC concrete.

Testing of geopolymer concrete confined by transverse reinforcement is still open to fur-
ther research by reviewing more specific transverse reinforcement design parameters, such
as spacing, volumetric ratio, and yield stress. Based on the description above, it raises the
hypothesis that the installation of transverse reinforcement in column structures will play
a significant role in determining the strength and ductility of geopolymer concrete columns.

Research significance and objective

An investigation of the behavior of confined geopolymer concrete will be extremely use-
ful as a reference to describe the strength and ductility properties of confined geopolymer
concrete as a whole. Confinement by transverse reinforcement in geopolymer concrete is
absolutely vital because of the brittle nature of geopolymer concrete. The design equations
resulting from research on geopolymer concrete confined by transverse reinforcement are
extremely useful for more recent application in column structures. A review of existing con-
fined models is absolutely necessary to determine the extent of their accuracy in predicting
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experimental results for confined geopolymer concrete. This research aims to explore more
thoroughly the stress—strain behavior of geopolymer concrete confined by transverse rein-
forcement, especially its strength and ductility behavior. The tests carried out are still limited
to confined on round cross-sections. Analytical expressions will be derived from the results
of this research based on test results.

Experimental program

This research was experimentally carried out by producing a number of specimens and
testing them in the laboratory. Twelve geopolymer concrete cylinders were then installed
with confining reinforcement in the form of hoops designed by varying the characteristics
of the hoop reinforcement, namely spacing, volumetric ratio, and yield stress. Apart from
that, three geopolymer concrete cylindrical specimens were also made, which had the same
dimensions as the confined concrete specimens, but without confining reinforcement. This
specimen is a control for confined concrete specimens.

Materials

The fine aggregate and coarse aggregate used were from the local area. The aggregate test
results are as follows: the coarse aggregate has a bulk density of 1,607 kg-m ™ and a fineness
modulus of 6.6. Meanwhile for fine aggregate, the weight of the contents is 1,235 kg-m ™ and
the fineness modulus is 2.68. The fly ash comes from waste from electric steam power plant
(PLTU) Tanjung Jati, Central Java, Indonesia. The fly ash used weighs 561.6 kg-m ™.

The test results analyzed the chemical compo-
sition of fly ash using SEM-EDS to determine the
shape, size, and elemental composition contained
in the fly ash (Fig. 1). The fly ash used is type F.
Based on the data in Table 1, CaO content is 5.89%
(< 10%), SO5 content is 1.13% (< 5%), and sum of
Si0,, Al,03 and Fe,0O5 equals 83.28% (> 70%). This
value complies with the requirements of ASTM C
618-05 standard (American Society for Testing
and Materials [ASTM], 2005) for type F fly ash.
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In this research, the alkali activator solution used RIS 0000

was eight-molar sodium hydroxide (NaOH) and  giGuUREg 1. Scanning electron micro-

a 58% concentration of sodium silicate (Na,SiO3)  scopy test of coal ash material
with a ratio of one NaOH to two Na,SiO5. Source: own work.
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TABLE 1. Chemical composition of Tanjung Jati fly ash (type F)

Composition [%]
NaZO MgO A1203 SIOZ SO3 Kzo CaO F6203 TiOZ CuO
1.59 2.86 24.95 46.52 1.13 2.77 5.89 11.81 1.36 1.12

Source: own work.

Mix design of geopolymer concrete TABLE 2. Mix design
. Composition

The compressive strength of the designed Material [kg-m ™3]
concrete represents normal strength. The com- Coarse aggregate 12096
position of the geopolymer concrete mixture Sand 806.4
is presented in Table 2. The treatment used the Fly ash 561.6
ambient temperature. The process of making NaOH (eight-molar) 100.8
geopolymer concrete from mixing to curing is Natrium silicate 201.6
shown in Figure 2. Source: own work.

a b c

FIGURE 2. Process for making geopolymer concrete: a — mixing process of geopolymer concrete;
b — geopolymer concrete mold with transverse reinforcement; ¢ — treatment process using wet sacks

Source: own work.

Specimen of confined concrete

The confining reinforcement is in the form of a plain round hoop with a diameter between
5.5 mm and 6 mm. Each reinforcement is tensile tested to determine the yield stress, strain
hardening behavior, and ultimate stress. The tensile test result curve is shown in Figure 3.
The design parameters studied are spacing, volumetric ratio, and yield stress of transverse
reinforcement.

The specimens are cylindrical, 100 X 200 mm in size. All specimens come without
a concrete cover. To maintain the stability of the confining reinforcement, both during
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800 casting and during testing,
four wires were installed in
the longitudinal direction
as hoop ties. The diameter
of the longitudinal wire is
extremely small that its

Tensile stress [MPa]

influence in the calcula-

tion of confined concrete

100
3 stresses can be neglected.

0 T T T T T T .
0 005 01 015 02 o025 03 o35 A strain gage of type
Strain FLA-6-11 is installed in the

confining reinforcement.

FIGURE 3. Stress—strain curves of hoops

Source: own work.

Testing and data acquisition

Figure 4 illustrates a test scheme for unconfined and confined geopolymer concrete using
the universal testing machine (UTM). It has an effective capacity of 1,800 kN and a displace-
ment control system. On the right and left of the specimen, an LVDT is installed to record the
displacement in the axial direction, which is then processed into axial strain data. Cables from
the LVDT, load cell and strain gauge are then connected to the Data Logger to record data
(including load increments) until the specimen failures. Confined concrete stress is obtained
from the load received by the specimen divided by the cross-sectional area of the specimen.
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i

FIGURE 4. Unconfined and confined geopolymer concrete test: a — scheme of testing; b — specimen
samples and test preparation
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LVDT

e NN

Source: own work.
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The test results are then processed into a stress—strain curve. The parameters of the uncon-
fined concrete test results reviewed include peak stress (f,'), peak strain (e.,"), and strain
when the stress drops 15% of the peak stress (eg5). Furthermore, the parameters for confined
concrete displayed consist of peak stress (f..'), peak strain (g.."), and strain when the stress
drops 15% of the peak stress (egs5.). The ductility of confined concrete (x) is defined as the
ratio of the value g5, to the value &g5,. (see Fig. 5).

f “ Confined
concrete

Jee

0.85f
; Unconfined

fiol concrete

0.85f:,"
0 &1 &5 &' &sc E

FIGURE 5. Parameter design of unconfined and confined geopolymer concrete

Source: own work.

Results and discussion

In this experiment, all specimens were tested on the same day (including unconfined
concrete). So that the comparison results between the confined (CGP) and unconfined
geopolymer concrete (UGP) test results could be measured with certainty. From the
material testing results, the average Poisson’s ratio value for geopolymer concrete was
obtained at 0.25, and the average modulus of elasticity was 26.986 MPa. The results for the
unconfined concrete obtained the average value of three specimens, namely ¢.," = 0.0026,
egs = 0.0034 and f,.,' = 36.28 MPa. The ¢, value is above the value usually assumed for
normal concrete (0.002—0.0022). Figure 6 shows the failure modes of unconfined geopoly-
mer concrete (UGP) specimens. Similar to the results of other research on the behavior
of geopolymer concrete, the results of this research also indicate the process of failure of
unconfined and brittle geopolymer concrete.

Confined geopolymer concrete specimens installed with hoops with tighter spacing
(s = 60 mm) showed a relatively ductile failure mode (Fig. 7a). Lateral expansion due to
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uniaxial compressive loads can be inhibited or controlled by hoop reinforcement so that the
concrete core is completely undamaged. For the present, specimens installed with hoops with
wider spacing (s = 100) had a faster failure mode (Fig. 7b).

UGP1L UGP2 UGP3

FIGURE 6. Failure pattern of unconfined geopolymer concrete (UGP)

Source: own work.

CGP6

C N - i,

CGP7 CGP8 CGP9 CGP10 CGPI1 CGP12

FIGURE 7. Failure pattern of confined geopolymer concrete: a — CGP specimen, hoop spacing 60 mm;
b — CGP specimen, hoop spacing 100 mm

Source: own work.
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As explained in the experimental program above in Table 3, there are four confined
groups, each consisting of three specimens with the same confining reinforcement installa-
tion characteristics like: diameter, spacing, and yield stress. Table 3 explained in Figure 8,
shows that the K value will be optimal if the confining reinforcement has an increased
volumetric ratio, but the yield stress is lower (f, = 466 MPa). This can be seen from the
comparison between CGP1, CGP2, and CGP3 (average K of 1.44) specimens and CGP4,
CGPS5, and CGP6 specimens, which have a higher average K value of 1.53. The K value
is also optimal in comparison between CGP7, CGPS, and CGP9 specimens (average
K =1.22) and specimens CGP10, CGP11 and CGP12 (average K = 1.26).

TABLE 3. Experimental results

Confining reinforcement '
Specimen Jec! £l & K= Lo K
¢—S fy [MPa] cc 85¢ f ' avg H Havg
[mm] Ph [MPa] co
CGP1 5.5-60 | 0.0168 514 52.30 | 0.0095 | 0.0321 1.44 17.89
CGP2 5.5-60 | 0.0168 514 52.30 | 0.0069 | 0.0240 1.44 1.44 20.00 17.65
CGP3 5.5-60 | 0.0168 514 52.78 | 0.0084 | 0.0286 1.45 15.05
CGP4 6-60 | 0.0200 466 55.42 | 0.0075 | 0.0266 1.53 13.64
CGP5 6-60 | 0.0200 466 55.43 | 0.0058 | 0.0311 1.53 1.53 17.28 14.50
CGP6 6-60 | 0.0200 466 56.03 | 0.0066 | 0.0176 1.54 12.57
CGP7 | 5.5-100 | 0.0101 514 40.17 | 0.0039 | 0.0091 1.24 5.93
CGP8 | 5.5-100 | 0.0101 514 38.89 | 0.0035 | 0.0080 1.22 1.22 6.58 5.94
CGP9 | 5.5-100 | 0.0101 514 40.33 | 0.0043 | 0.0097 1.21 5.31
CGP10 | 6-100 | 0.0120 466 38.82 | 0.0049 | 0.0080 1.27 5.93
CGP11 | 6-100 | 0.0120 466 40.46 | 0.0043 | 0.0080 1.22 1.26 5.71 5.76
CGP12 | 6-100 | 0.0120 466 41.06 | 0.0047 | 0.0079 1.29 5.64
Source: own work.
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FIGURE 8. Comparison of average K and ductility (i) values

Source: own work.
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However, the opposite occurs in the magnitude of the ductility value of confined concrete
where the optimum g value occurs if the specimen is installed with confining reinforce-
ment with a lower volumetric ratio but the yield stress is higher. The average ductility value
of CGP1, CGP2, and CGP3 specimens is 17.65, which is higher than the average ductil-
ity of CGP4, CGPS5, and CGP6 specimens (¢ =14.50). Likewise, the average ductility of
CGP7, CGP8, and CGPY specimens is 5.94, which is still higher than the average ductility
of CGP10, CGP11, and CGP12 specimens of 5.76.

Another phenomenon is that even though the spacing of the confining reinforcement
installed is the same as the diameter of the specimen (CGP7, CGPS, CGP9, CGP10, CGP11,
CGP12). There is still an increase in the strength of the confined concrete, although it is not
significant (K > 1.2). Similarly, the ductility of confined concrete is still above 5. This phe-
nomenon is not the same as what occurs in confined OPC concrete which states that there
is no increase in the K value (or the same as in unconfined concrete); if the spacing of the
confining reinforcement is the same as the cross-sectional diameter (Antonius et al., 2017).

Stress—strain behavior

Figures 9 and 10 show that in general, three specimens in one group that have the same
confining reinforcement characteristics (for example, CGP1, CGP2, CGP3, and other speci-
men groups) have stress—strain curve shapes that almost coincide with each other.

As mentioned above, the ¢.," value which is greater than the &.,” value usually assumed
for normal concrete (OPC concrete). However, the post-peak behavior of unconfined con-
crete (UGP) is very brittle; where after the peak there is an extremely rapid decline in the

a b
1.6 1.6
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1.2 4 1.2
- |
= ! \ - 1
> | S
g 088t > 08
v 06 4 & |
.0 1 \ N 4 . CGP4
M ‘!‘ Confined (CGP): === CGPI i 0.6 ‘\ ig_%féned (CGP): cGPS
044 1 5360, caGp2 0.4 \ py=2% CGP6
= 1.68% s ' /.= 466 MPa )
02 /.= 514 MPa 3 02 yTROMB el uGe
--------- uGP
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0 oor 002 003 004 005 006 007 0 001 002 003 004 005 006 007
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FIGURE 9. Behavior of confined versus unconfined geopolymer concrete (hoop spacing 60 mm):
a—specimen CGP1, CGP2 and CGP3 versus UGP; b — specimen CGP4, CGP5 and CGP6 versus UGP

Source: own work.
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FIGURE 10. Behavior of confined versus unconfined geopolymer concrete (hoop spacing 100 mm):
a— specimen CGP7, CGP7, CGP9 versus UGP; b — specimen CGP10, CGP11 and CGP12 versus UGP
Source: own work.

curve. This is in line with the results of several studies on the mechanical properties of geo-
polymer concrete, which state that geopolymer concrete is very brittle (Noushini et al., 2016;
Muslikh et al., 2018). Therefore, installing confining reinforcement is a necessity to improve
the extremely low ductility of geopolymer concrete.

In line with the results shown in Table 3, installing tighter hoop spacing has an extremely
beneficial confining effect and can increase the K value and ductility of confined geopolymer
concrete. As shown in Figure 11, the post-peak curve is relatively flat. The phenomenon of
changes in K values and ductility due to the influence of transverse reinforcement spacing;

is the same as the results of confined geopolymer concrete tests carried out by Herwani et al.
(2022), but the specimen used represent a square cross-section.
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FIGURE 11. Effect of confining reinforcement spacing
Source: own work.



Antonius, Han, A. L., Muslikh, Anggraini, N. K. (2024). Investigation on strength and ductility
of confined geopolymer concrete subjected to axial loads. Sci. Rev. Eng. Env. Sci., 33 (2),
174 163-184. DOI 10.22630/srees.9212

Evaluation of confinement models

Confinement models are necessary to determine and ensure the level of structural safety.
Until now, geopolymer concrete confinement models were based on passive confinement
test results, namely concrete confined by transverse reinforcement. The recorded publication
states that the confinement models derived from the results of passive confined testing are
the model proposed by Ganesan et al. (2014) for round-section specimens, and the model
proposed by Lokuge et al. (2015) for square-section columns. Confinement models result-
ing from triaxial tests, where the level of confinement can be regulated and its size deter-
mined with certainty include the model proposed by Haider et al. (2014) and the model by
Wang et al. (2020). Further, we will evaluate both Mander’s proposed confinement model
and Ganesan’s proposed model as well as Wang’s proposed model to consider these models
are applicable to the cross-section used in this research.

Model by Mander et al. (1988)

Mander’s confinement model is widely known and is often used as a reference for
confined concrete research. The model is basically derived from the test results of normal
concrete (OPC concrete) columns. Mander’s model can be applied to confined concrete
of round cross-section and square cross-section. Mander et al. (1988) uses one equation to
describe the stress—strain curve of confined concrete, namely:

chr 8c ,
g{,’()
k= - ()
£
r—1+ "’,
g{,’l)
where:
ECC,:1+5 ]Zc'_l , (2)
gCO co
E
r=— 3
EL‘ _ES€C ( )

E, =5,0004 f.' MPa. 4)
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Eg. 1s the secant modulus, i.e.:

g (5)

Mander uses the Willam—Warnke failure criterion (five parameters) to derive the peak-
stress equation for confined concrete. The proposed equation is:

K:f;‘,:—l.254+2.254 1+_7-94,f, —2f—f,, (6)

Jeo Jeo Jeo

!

where f;' is the effective lateral stress.

Model by Ganesan et al. (2014)

The geopolymer concrete confinement model proposed by Ganesan et al. (2014) basi-
cally uses most of the equations from Mander mentioned in previous section, where the
stress—strain equation uses Eq. (1). However, Ganesan carried out the necessary modifica-
tions after testing 24 specimens of confined geopolymer concrete cylinders and normal con-
fined concrete. The modifications made by Ganesan were to the values:

r= 7E€

1%2 + 8,888k ’ (7)
and
E _=6,965\/f.,, (8)

where f_; is the compressive strength of the concrete, and & is the confinement index
namely:

P
k=t )
S
Lateral stress is calculated as follows:
pf,
L=
2 (10)

Based on Eq. (10), Ganesan assumes that the confining reinforcement yields when the
concrete peak response is confined.
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Model by Wang et al. (2020)

Wang et al. (2020) carried out triaxial tests on a number of cylindrical geopolymer con-
crete specimens that possessed compressive strengths of 15 MPa and 85 MPa. Lateral stress
is provided by fluid pressure, with pressures ranging from 0 MPa to 35 MPa. Wang proposed
the peak stress of confined concrete (f;.) as follows:

= 52 2 11
Je= L +52 (f} (11)

where £, is the unconfined compressive strength of concrete, and a:

a:f‘cﬁ,OO()' (12)

The peak strain of confined concrete (&) is derived from the results of non-linear
regression using data from experiments carried out and produces:

1.2299
£, =& 1+13.446(%j , (13)

c

where oy is the lateral stress and ¢ is the unconfined peak strain of concrete which
is taken as 0.00225. The confined geopolymer concrete stress—strain curve refers to
Mander’s equation, namely Eq. (1), but the » equation is modified to:

p k.E, k.E.
= = . 14
Ec Esec EC & ( )
gCC
The £, value is:
/.
k= |ZLe. (15)
" 30

Comparison of confinement models with experimental results

The above-mentioned confinement models were further validated with experimental
results from this research. As seen in Figures 12 and 13, the confinement model by Mander,
Ganesan, and Wang has a non-linear and concave post-peak curve. This behavior is differ-
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ent from the experimental results of this research, where the post-peak behavior tends to be
convex. The difference in the curve’s shape is because the confined models assume that con-
fined geopolymer concrete loses post-peak strength more quickly; compared to the post-peak
strength loss from the test results.

In general, the peak stress of confined concrete (f..') based on confined models is
not considerably different from the f..' value from experimental results. However, the
existing confinement models underestimate the post-peak behavior of the experimen-
tal results if the confinement reinforcement spacing is 60 mm (Fig. 10). Furthermore,
Figure 11 explains that except for Wang’s proposed model, other confinement models are
absolutely accurate in predicting: the /..’ value from experimental results if the specimen
is installed with confining reinforcement with larger spacing (s = 100 mm). However,
the post-peak behavior of all confinement models overestimates the post-peak behavior
of the experimental results.

60 60

= Seao =
£ Seee £
E ------- Mander Seea. E
R 3?:2" Confined (CGP): ~ - Ganesan Confined (CGP):
g Wang
E $5.5-60 " $6-60
10 - xp. CGP1 Do 1L68% CGP4. oa=2%
| Exp. CGP2 I'= 514 MPa ff” /,=466 MPa
| Exp. CGP3 CGP6
0 - T T T T T T 0 - T T T T T T
0 001 002 003 004 005 006 007 0 001 002 003 004 005 006 007
Axial strain Axial strain
FIGURE 12. Confinement models vs experimental specimens with hoop spacing of 60 mm
Source: own work.
50 50
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2 3ss z S
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FIGURE 13. Confinement models vs experimental specimens with hoop spacing of 100 mm

Source: own work.
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Analytical expression of confined geopolymer concrete

The results of the comparison between the confined models and the experimental results
above show that the peak stress value of confined concrete is not considerably different from
the experimental results: except for Wang’s proposed model if wider stirrups are installed on the
specimen (in this case, the hoop spacing is the same as the core diameter of the concrete cross
section.). In addition, predictions of post-peak behavior also differ from experimental results.
Based on this fact, there was an attempt to develop an analytical expression of the stress—strain
behavior of confined geopolymer concrete from the experimental results above. Analytical
expression is carried out by modifying the existing confinement model as necessary. Strength
enhancement of confined geopolymer concrete (K) has a very significant role in determining
the volumetric ratio of the minimum confining reinforcement that must be installed in the col-
umn structure. The K-value equation uses the equation proposed by Haider et al., which was
derived based on the test results of geopolymer concrete with active confined, namely:

0.8
’

K:f;j:1+3.3 LZI
Jeo Jeo

(16)

2

where f; represents the lateral stress. The f; value uses Eq. (10). The lateral stress
is corrected by the effectiveness of the confinement, which uses the proposal of
Mander et al., that is:

s
L\ 2, (17)

©(l-p.)

In Eq. (17), s" is the clear spacing of confining reinforcement, d.. is the core diameter of
the concrete section, and p,.. represents the ratio of longitudinal reinforcement to the core area
of the section. The peak strain of confined concrete compared to the peak strain of uncon-
fined concrete represents a function of the K value, and the results of non-linear regression
from experimental data produce the equation (Fig. 14):

fe —114.9845(K —1)
&

co

1.3716

(18)

The unconfined concrete peak strain (&,") is assumed to be 0.002.
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The confined concrete stress—strain curve is divided into two parts, namely the ascending
branch curve, which uses Eq. (1). The  and & values use the formulation by Ganesan values,
namely Eqs (7) and (9). The modulus of elasticity uses the equation proposed by Romadhon
et al. (2022), which is:

E. =2,673f"% (19)

Furthermore, the post-peak confined geopolymer concrete curve, or the one that repre-
sents the ductility behavior of the structure is assumed to be linear. The curve equation is:

0157

o= £ (e s)(g o (20)

Similar to the derivation of the peak-strain equation for confined concrete above, the
ductility of confined concrete is also derived based on experimental data using non-linear
regression as follows (Fig. 15):

&, 1.9226
e 14+2371(K-1) 21)
885
3 o 9
.5 ] 8 ‘. °
3= 4.9845x1 3716 ° 71 y=23.71x19226 o
—~ 2 xS — 61 e .
= \ 2" o L5 1 4\
g5 A 2
y ° & 4 °
£ 1 0% & 31
,.'.' ~ 2 4 o
0.5 pLg | e
0 T T 0 T T
0 0.2 04 0.6 0 0.2 04 0.6
K-1 K-1
FIGURE 14. Regression of ¢, values FIGURE 15. Regression of &gs.. values

Source: own work. Source: own work.
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Comparison of analytical expressions with experimental results

Figures 16 and 17 are a comparison of the stress—stress behavior of confined geopolymer
concrete with experimental results. Based on these Figures, the developed analytical expres-
sions are able to predict the stress behavior of the pre-peak confined geopolymer concrete
very well. Furthermore, the analytical expression on the post-peak curve has a line shape that
is in line with and very close to the post-peak behavior of the experimental results.

60 60
------- Analytical ======- Analytical
50 Exp. CGP1 50 Exp. CGP4
Exp. CGP2 Exp. CGP5
40 A Exp. CGP3 40 A Exp. CGP6
o o
& &
= 30 = 30
8 8 ™
20 A 20 A

Confined (CGP): Confined (CGP):

$5.5-60 $6-60
10 o= 1.68% 10 1 2%
/=514 MPa /=466 MPa

0.02 Axial strain 0.02 Axial strain

FIGURE 16. Analytical expression versus experimental results for specimens with confining reinforce-
ment spacing of 60 mm

Source: own work.

50 50
Confined (CGP): Confined (CGP):
AN $5.5-100 $6-100
40 {4 ™ py=1.01% 40 1 pp=1.20%
i /,=514MPa f,= 466 MPa
o?i 30 A E 30 A .
E \ = N
< 20 g 20 -
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0 t t T

0.02 Axial strain 0.02

FIGURE 17. Analytical expression versus experimental results for specimens with confining reinforce-
ment spacing of 100 mm

Axial strain

Source: own work.

Conclusions

The investigation of the behavior of confined geopolymer concrete has been carried out
by conducting experimental tests. Some of the conclusions obtained are as follows:
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1. Geopolymer concrete has a very brittle behavior, which can be seen in the behavior of
unconfined geopolymer concrete. However, by installing confining reinforcement with
a relatively high volumetric ratio and tighter spacing, the behavior of geopolymer con-
crete changes to become very ductile.

2. In general, the strength of confined geopolymer concrete increases along with the instal-
lation of tighter confining reinforcement. This increase in strength is also in line with the
increase in ductility of confined concrete.

3. Based on experimental results, the K value will be optimal if geopolymer concrete is installed
with confining reinforcement with an increased volumetric ratio but decreased yield stress.
However, on the contrary, the optimum ductility value will occur if the confining reinforce-
ment has a volumetric ratio that tends to be lower but the yield stress increases.

4. Even though the spacing of the confining reinforcement installed is the same as the cross-
-sectional diameter of the concrete core, the confined geopolymer concrete still has
a fairly good K value (average K value above 1.2).

5. Except for Wang’s proposed model, the existing confinement models made of OPC con-
crete and geopolymer concrete are generally not completely different in predicting the
peak stress value from experimental results.

6. The ductility behavior of confined concrete based on existing confined models is still
significantly different from the ductility behavior of experimental results.

7. The analytical expression for confined geopolymer concrete, which was developed based
on modification of the existing confined model and the derivation of several equations from
experimental data, is able to predict: the K value, pre-peak and post-peak behavior very well.
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Summary

Investigation on strength and ductility of confined geopolymer concrete subjected
to axial loads. This paper presents the results of an investigation into geopolymer concrete
confined by hoop reinforcement. The investigation focused on the strength and ductility of
confined geopolymer concrete subjected to axial loads. The main objective of this research
is to evaluate the strength and ductility behavior of confined concrete: by varying several
confining reinforcement design parameters, like volumetric ratio, spacing, and yield stress.
A total of 15 unconfined and confined geopolymer concrete specimens was produced and
tested against axial loads. The test is carried out until the specimen collapses. Experimental
results show that unconfined geopolymer concrete is highly brittle, characterized by very
sharp post-peak behavior. The volumetric ratio, spacing, and yield stress of reinforcement
play a significant role in determining the strength and ductility of confined geopolymer
concrete. The comparison between the existing restraint models reviewed in the research
was able to predict behavior before the peak of the experimental results very well. How-
ever, the existing confinement model has significantly different ductility behavior from
the ductility behavior of the experimental results. In this research, an analytical expression
of stress—strain for confined geopolymer concrete is developed by modifying the existing
confinement model. The validation of confined concrete stress—strain between analytical
expressions and experimental results is relatively close.



