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ABSTRACT: This paper presents novel experimental results on the drying, autogenous, and restrained shrinkage
strains of one-part alkali-activated geopolymer concrete (AAGC). Five geopolymer concrete mixtures and three
ordinary Portland cement concrete mixtures were cast and studied. The impact of the ratio between the alkali
activator and the total amount of fly ash and ground granulated blast furnace slag (ACT/FG), along with the total
content of FG on the compressive strength and drying shrinkage of AAGC, was examined. The results indicated
that the compressive strength of AAGC improved with rising calcium and silica content in the binder. The 28-day
compressive strength of AAGC ranged from 31.6 MPa to 48.6 MPa. An increase in the alkaline activator from 6%
to 10% can result in a 40.4% increase in compressive strength. Conversely, the amount of alkali activator had a
minor impact on the drying shrinkage of AAGC. The 120-day drying shrinkage of AAGC specimens was 2.3 to
4.0 times greater than that of OPCC samples. A reinforcement ratio of 1.13% can reduce the drying shrinkage
strain of AAGC by approximately 4.0 to 5.0 times. The experiment demonstrated that OPC mixtures outperformed
GPC regarding the first crack appearance. The GPC mixtures cracked earlier but displayed small cracks that did
not propagate towards the steel ring. The inclusion of drying, autogenous, and restrained shrinkage provides a

well-rounded perspective, which is critical for structural applications of GPC.
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1. INTRODUCTION

Alkali-activated materials (AAMs), also known
as geopolymers [1], are recognised as eco-friendly
and sustainable alternatives to ordinary Portland
cement (OPC) binders due to their superior
engineering properties compared to OPC and their
potential to reduce carbon content [2]. AAMs result
from a reaction between amorphous aluminosilicates,
such as ground granulated blast furnace slag (GBFS)
or fly ash (FA), and an alkaline solution (activator)
[3]. The properties of these materials vary depending
on the type and quantity of raw materials, mixing
procedure, and curing conditions.

There are two types of activators: one-part or “just
add water” AAMs, and the conventional two-part
AAMs [4]. The conventional AAMs, referred to as
"two-part" AAMs, are created by mixing an alkaline
solution with an aluminosilicate precursor [5]. This
type of AAM can present challenges in transportation,
storage, and mixing with raw materials. Consequently,
one-part AAMs have gained widespread use, leading
to numerous studies in recent times. In one-part
AAMs, a powdered alkali activator is combined with
amorphous aluminosilicate, requiring water to initiate
the chemical reactions. The production process is
akin to that of OPC, eliminating the issues associated
with the alkaline solution. As a result, this innovation
makes it easier to use and more popular [6, 7].

One-part alkali-activated geopolymer concrete

(referred to as “AAGC” in this paper) is a type of
concrete that utilises alkali-activated materials
(AAMs) as a binder. This variety of concrete offers
several advantages over ordinary Portland cement
concrete (OPCC), including the potential for high
compressive strength that can exceed 100 MPa [8]
and excellent performance against fire and chemical
attacks.

Despite its favourable performance compared to
OPCC, applying AAGC in the industry remains
questionable due to its volumetric instability, which
is linked to significant autogenous and drying
shrinkage strains. Autogenous shrinkage denotes the
macroscopic volume reduction of binders under
sealed conditions following the initial setting, while
drying shrinkage refers to the volume change
resulting from the evaporation of internal water from
the matrix due to the humidity difference between the
internal and external parts [9]. Extensive research has
indicated that the final drying shrinkage of AAGC
can be 1.5 to 3.5 times greater than that of OPCC
specimens [10, 11]. Drying shrinkage is influenced by
many internal and external factors, including binder
composition, porosity, pore size distribution, type and
concentration of activators, type of aggregates, and
external conditions [12]. Most of these internal
factors impacting the drying shrinkage of two-part
alkali-activated slag concrete have been thoroughly
investigated.

However, there were only a few studies on the
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autogenous and drying shrinkage strains of AAGC.
Sageghian et al. [11] conducted an experimental
study involving 24 design mixes to evaluate the
drying shrinkage of one-part alkali-activated slag
concrete up to 180 days, cured in two different
environments (in water and sealed in plastic bags).
They reported that nearly 75% of the 180-day
shrinkage was reached within 20 days, and adding
silica fume considerably reduced the drying
shrinkage magnitude. Islam et al. [13] quantified the
restrained shrinkage of geopolymer concrete using
ring specimens. They discovered that along with the
activator solution to fly ash ratio, the final
compressive strength of GPC plays an important role
in shrinkage strain.

While significant research has been conducted on
the shrinkage of alkali-activated materials [11-13], a
notable gap exists in the comprehensive
understanding of autogenous and drying shrinkage
specifically in one-part alkali-activated geopolymer
concrete systems utilising fly ash and slag blend.
Many existing studies have primarily focused on two-
part systems or have not thoroughly investigated the
influence of mix design parameters on the early-age
shrinkage characteristics of the one-part concrete.
Furthermore, limited research has explored the
restrained shrinkage and cracking behaviour in such
systems, particularly with reinforcement.

This study investigates autogenous, drying, and
restrained shrinkage strains in alkali-activated
geopolymer concrete (AAGC), focusing on the
effects of mix design parameters such as fly ash—slag
blend (“FG”) content and the alkaline activator-to-FG
ratio (ACT/FG). To enable performance comparison,
three ordinary Portland cement concrete (OPCC)
mixes were also prepared alongside the AAGC
samples, addressing key gaps in understanding
shrinkage behavior across different binder systems.

2. RESEARCH SIGNIFICANCE

This research holds significant implications for
advancing sustainable construction practices in
Vietnam and globally. By thoroughly investigating
the shrinkage behaviour of one-part alkali-activated
geopolymer concrete, this study addresses a crucial
aspect for structural applications of GPC. The
findings on the influence of binder composition and
alkaline activator content on drying, autogenous, and
restrained shrinkage provide essential data for
optimising mix designs and mitigating cracking risks.
The demonstrated effectiveness of reinforcement in
reducing shrinkage strains offers practical strategies
for enhancing the durability and serviceability of
geopolymer  concrete  structures. This work
contributes to a deeper understanding of this
promising alternative to conventional Portland
cement, paving the way for more environmentally
friendly and resilient structure development.

3. EXPERIMENTAL PROGRAMME
3.1 Materials

The fly ash (FA) used in this study is F-class,
collected, dried, and packed from the Vietnam Pha
Lai thermal power plant. Granulated blast furnace
slag (GBFS) was finely ground, dried, and packed
from the Hoa Phat steel factory in Vietnam. Both
materials were tested for their chemical composition
and particle size before use. The analysis results of
the fly ash and blast furnace slag samples indicated
that these materials met the requirements of EN
15167-1 [14]. Table 1 presents the physical properties
and chemical composition.

Fly ash consists of finely divided ashes
produced by pulverized coal in power plants. The
chemical composition of FA includes about 30
different chemical elements, in the form of oxides
such as SiO;, Al,0O; CaO, MgO, Fe203, etc.
Within them, the four oxides of SiO,, Al,Os, CaO,
MgO are the most important element since it
decide the FA properties. The percentage of these
oxides in FA depend on the mineral composition
of coal. For GBFS, the main chemical compositions
include CaO, MgO, SiO; and Al,Os; with the total
percentage of 90% to 95%. The percentage of other
oxides varies in a small range depending on
chemical composition of iron ore and slag.

Table 1. Properties of FA and GBFS

Property FA GBFS
Physical
Density (g/cm?®) 2.24 2.91
Surface area (cm?/g) 3400 (Blaine) 5220 (Blaine)
Chemical composition

SiO, (%) 58.70 35.02
AlL,O; (%) 22.87 13.56
Fe,0; (%) 731 1.41
Ca0 (%) 0.98 38.6
MgO (%) 0.85 8.18
Na,O (%) 0.33 0.31
K.0 (%) 36 0.80
TiO; (%) 1.35 0.23
MKN (%) 353 1.89

Alkali-Activated Materials (AAM) can be sodium
hydroxide (NaOH), potassium hydroxide (KOH),
sodium  silicate  (NaSiO3) and  potassium
silicate (K2SiO3). AAM can be classified as one-part
or “just add water” AAM and the conventional two-
part AAM [4]. In this study, the alkali-activator is
one-part AAM and supported by APTES Pty —
Australia. This activator, namely M-activator, in a
solid state as a white powder is a form of sodium
silicate holding n water molecules (Na;SiOz.nH,0).
The solid activator is dryly mixed with FA and BFS
before they are dissolved in water to create the binder.
Using the activator in its dry state offers several
advantages, including ease of maintenance and
transport, and uniform contact between FA-BFS and
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the activator to enhance the quality of GPC. This
activator has a density of 2.41 g/cm3 and a mass ratio
of SiO2/Nay0O of 2.1.

Crushed stone with a 5-10 mm grain size and river
sand were used as the coarse and fine aggregates. The
physical properties of the stone and sand are
presented in Table 2.

Table 2. Properties of stone and sand

Property Stone Sand
Density in dry
condition (g/cm?®) 2.73 2.63
Densny at surfacge dry 276 265
saturation (g/cm?)
Volumetric mass in the
compacted state 1586 1700
(kg/m?3)
Porosity in compacted
state (%) 42.9 35.0
Surface dry saturated 084 075

water absorbency (%)

3.2 Concrete Mixtures and Curing

A total of five mixtures for AAGC and three
mixtures for OPCC were produced. The proposed
mix design of the samples is shown in Table 3, based
on the extensive preliminary tests conducted by the
authors [15, 16]. Two variables were examined in the
AAGC mixtures. The first variable was the total
amount of FA and GBFS (FG), varying from 400 to
500 kg, which aimed to study the effect of the total
amount on shrinkage strain. The second variable was
the ratio of activator to FG (ACT/FG), changing from
6% to 10%. The ratio of water to FG remained
constant at 0.45. The AAGC mixtures were denoted
by their variables. For instance, G400-6 represents an

Table 3. Mix design of AAGC and OPCC (per m®)

AAGC mixture with an FG amount of 400 kg and 6%
of ACT to FG.

Numerous studies have investigated the effect of
the FA/GBFS ratio on the compressive strength and
workability of AAGC [17, 18]. The test results
indicated that replacing part of GBFS with FA can
enhance the compressive strength at an early age
under ambient curing conditions. Therefore, this
study set the FA/GBFS ratio at one-third based on the
authors’ previous research. For OPCC, three mixtures
were produced, as outlined in Table 3. The cement
content varied at 405, 461, and 515 kg per cubic metre
to examine the impact of cement quantity on
autogenous and drying shrinkage strains.

To produce an AAGC mixture, the powdered
materials, including FA, GBFS, and activator, were
mixed dry for 2 minutes. Fine aggregate was then
added to the mixture and mixed for an additional 2
minutes, followed by the addition of two-thirds of the
water. While the mixture was being blended, the
remaining water and the coarse aggregate were
gradually incorporated and mixed for 2 to 3 minutes.
Finally, the samples were cast in two layers using a
vibrating table. After casting, the moulds were
covered with two plastic layers to prevent surface
evaporation and to retain moisture until demoulding.
All the specimens were demoulded one day after
casting, and the measurement process commenced.

3.3 Test Specimens

3.3.1 Shrinkage test specimens

As shown in Table 4, 15 samples were cast for
each design mixture to measure drying shrinkage (TS
series), autogenous shrinkage (AS series), restrained
shrinkage with rebar (TS-R series), compressive
strength, and elastic modulus.

Mix design FA GBFS FG C Sand Stone  ACT W Ratio
(k) (k) (ko) (k) (kg) (kg) (kg) () ACT/FG  W/IFG  WIC
G400-6 100 300 400 - 640 1220 24 180 0.06 0.45 -
G400-8 100 300 400 - 640 1220 32 180 0.08 0.45 -
G400-10 100 300 400 - 640 1220 40 180 0.10 0.45 -
G450-8 1125 3375 450 - 640 1220 36 202.5 0.08 0.45 -
G500-8 125 375 500 - 640 1220 40 225 0.08 0.45 -
0-405 - - - 405 640 1220 - 182.25 0.45
0-461 - - - 461 640 1220 - 2016 0.45
0-515 - - - 515 640 1220 - 231.25 0.45
Table 4. Test sample for one mixture
No. Test Denote Sample size (mm) Number of samples Days
1 Drying shrinkage TS- 100x100x400 3 2-120
2 Autogenous shrinkage AS- 100x100x400 3 2-120
3 FleTSir;)'”ed shrinkage with rebar 1 p. 100x100x400 3 2-120
4 Compressive strength test C- Cylinder 150x300 3 28
5 Elastic modulus test Eb- Cylinder 150x300 3 28
6 Ring test 1 2
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The test samples are shown from Fig. 1 to 3. All
shrinkage tests were carried out using prismatic
specimens measuring 400 mm in length and 100 x
100 mm in cross-section according to Vietnamese
standard TCVN 3117:2022 [19]. All specimens were
demoulded one day after casting. Following
demoulding, two measurement pins were attached to
the samples with a gauge length of 300 mm. The
autogenous shrinkage samples were tightly wrapped
in plastic to prevent moisture loss. The first reading

of shrinkage was taken on the second day after casting.

Subsequently, the specimens were placed in an
environmental control chamber.

Typically, for both drying and autogenous
shrinkage, an increase in temperature generally leads
to an increase in the shrinkage rate and often the final
magnitude of shrinkage strain. However, the
relationship is not always linear and can be influenced
by other factors. On the other hand, an increase in the
relative humidity of the surrounding environment
leads to a decrease in drying shrinkage strain because
it reduces the rate and magnitude of moisture loss
from the concrete. However, the temperature and
relative humidity were kept constant in this
experiment to be able to compare the results.
Therefore, the environmental chamber was set up at a
constant temperature of 27+2°C and a relative
humidity of 80+5%. This environmental condition
reflects the typical weather patterns in Vietnam.
Changes in specimen length were monitored at
specific intervals with a digital micrometre, and the
shrinkage strain was measured for up to 120 days.

The selection of prismatic  specimens
(100x100x400 mm) and a 300 mm gauge length
adhered to the Vietnamese standard TCVN
3117:2022, ensuring the findings' applicability to
local construction  practices and  material
specifications.

Reliability was addressed through meticulous
control of mixing proportions, consistent curing
conditions for each mix design, and repeated
measurements on multiple specimens to ensure the
repeatability and precision of the shrinkage data.
Validity was enhanced by isolating autogenous
shrinkage through sealed specimens, effectively
eliminating moisture exchange, and employing a
standardised measurement procedure.

To study shrinkage strain in a restrained condition,
the TS-R- samples were produced using prismatic
specimens measuring 100x100x400 mm, with a
single rebar of 12 mm diameter positioned at the
centre of the specimen. The specimen has no
restraints at both ends and is put freely and measured
like other specimens.

After taking the sample from the climate chamber,
a comparator measuring device was used to measure
shrinkage strain (Fig. 4). Initially set to a zero value,
the standard bar was placed horizontally with the
concrete sample. The results were measured and
calculated from the first reading after 1, 3, 7, and 14
days, and subsequently every 2 weeks until the end of
the experiment. The measuring instruments were
initially checked carefully, and the errors were
considered negligible.

Fig. 1 Drying shrinkage samples

400
50 300

Fig. 4 Strain measurement

Fig. 2 Autogenous shrinkage samples

Fig. 3 Restrained shrinkage

Fig. 5 Ring test
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Shrinkage strain of each sample at the measured
time can be calculated by Eq. (1):

ALt
& =% )

where A (t) is the difference in length between the
measuring pins of the sample at time t compared to

the original L in mm, determined by Eg. (2):
G —Co
K

AL()= 2

where ¢, is the reading at the initial time t = 0, ¢, is

the reading at time t (day), K = 1000 is the instrument
amplification factor; L=300mm is the distance
between the measuring pins.

For each design mix, three 150x300 cylinders
were cast to perform the compressive strength test,
and three additional cylinders were cast to assess the
elastic modulus.

3.3.2 Ring test

The restrained shrinkage test apparatus, known as
the “ring test”, was prepared following ASTM C1581
[20], as depicted in Figs. 5-6, where concrete
shrinkage strain is indirectly measured via the strain
of the inner steel ring. The shrinkage mechanism in
this experiment can be summarised as follows:
shrinkage of concrete generates a uniform pressure on
the steel ring, leading to strain in the ring. Conversely,
the steel ring exerts a uniform reaction force on the
interior of the concrete ring, resulting in the
appearance of tensile and compressive stresses in the
concrete. As concrete shrinkage progresses, the
pressure on the steel ring increases gradually. Thus,
the reaction force on the concrete ring and the tensile
stress within the concrete also rise correspondingly.
When the tensile strain in the concrete reaches its
limit, it will crack and lose structural integrity. The
steel ring will no longer be under pressure and revert
to its original state. Through this mechanism, sensors
are placed to measure deformation in the steel ring,
and one can observe the concrete shrinkage process.

Two AAGC and two OPCC mixtures were
prepared to investigate the restrained shrinkage
behaviour. The specimens were maintained in the
environmental control chamber, similar to the drying
shrinkage samples. The first strain measurement was
conducted after 24 hours, when the outer circle was
removed. Measurements were taken at 30-minute
intervals until cracks appeared in the concrete ring,
resulting in a sudden decrease in strain on the steel
ring.

4. RESULTS AND DISCUSSIONS

The experimental programme aims to study the
effects of the total amount of FG and the ACT/FG

ratio on the shrinkage strain of AAGC mixtures and
investigate the impact of cement content on the
autogenous and drying shrinkage strains of OPCC.
Autogenous, drying, and restrained shrinkage strains
with rebar were measured for each design mixture.
The results shown in the figures are the average
values of 3 samples for each design mix.

Data logger
I

Concrete

Tenzomet

b 305 o
L— 330 —
406
SECTION A-A

Fig. 6 Ring test schematic according to ASTM C1581
4.1 Compressive Strength

Fig. 7 shows the compressive strength
development over time with 5 GPC mixes. The
GPC400-6, GPC400-8, and GPC400-10 mixes
correspond to ACT/FG ratios of 6%, 8%, and 10%,
respectively. The compressive strength of GPC400-6
(comprising 6% fly ash and blast furnace slag)
reached 31.5 MPa at 28 days, while GPC400-8
achieved 38.6 MPa (an increase of 22.5%), and
GPC400-10 attained 47.1 MPa (an approximate
increase of 40.4%). As the percentage of ACT/FG
increases, compressive strength improves.

Fig. 7 also illustrates the compressive strength
development, with the ACT/FG content maintained at
a constant 8%. The compressive strength at 28 days
for GPC450-8 and GPC500-8 increased by
approximately 10.4% and 25.9%, respectively,
compared to GPC400-8, reaching 38.6 MPa. This
improvement is attributed to the higher content of FA
and GBFS, which comprises about 12.5% for
GPC450-8 and 25% for GPC500-8, compared to
GPC400-8, resulting in increased calcium and silica
content within the mixture.

Fig. 7 also shows the compressive strength
development of 3 OPC mixes. The OPC-405, OPC-
461, and OPC-515 mixes correspond to the cement
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content of 405, 461, and 515 kg, respectively. The
compressive strength of OPC-405 reached 29.8 MPa
at 28 days, while OPC-461 achieved 37.1 MPa (an
increase of 24.5%), and OPC-515 attained 46.9 MPa
(an approximate increase of 57.4%). This is
reasonable since the cement content increased 13.8%
and 27.16%, respectively.

60

50
8
B.1
.6

40
30
20
10

o
L
P
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—s«— GPC400-10 — - —- OPC-405
————— OPC-461 — ——-0PC-515

Fig. 7 Development of compressive strength
4.2 Drying And Autogenous Shrinkage Strains

The mean drying shrinkage strains of five AAGC
design mixes and three OPCC design mixes are
shown in Fig. 8. The results indicate that the drying
shrinkage of AAGC samples was approximately 2.3
to 4.0 times higher than that of OPCC samples,
similar to the previous research [21]. The 120-day
drying shrinkage of AAGC specimens ranged from
815ue to 1058ue, whereas for OPCC specimens, the
values varied between 267pe and 468p.e. This may be
attributed to a significant amount of uncombined
water in alkali aluminosilicate hydrates and an
increased capillary stress in AAGC structures [21].
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Fig. 8 Drying shrinkage strain

It is also noted that the rate of drying shrinkage
was high in the first 20 to 22 days following
demoulding, and thereafter, the rate slowed
considerably. For AAGC samples, approximately
80% to 85% of the total 120-day drying shrinkage
occurred within 22 days, whereas for OPCC, around
60% to 65% of the 120-day drying shrinkage was
achieved. This aligns well with previous studies [11,
22]. The rate of drying shrinkage depends on the
amount of water lost from the concrete. As water loss
increases, the drying shrinkage strain rises due to
greater porosity in the concrete.

Autogenous shrinkage strain is defined as the
external volume contraction of concrete cured at a
constant temperature and protected against water loss
[22]. In this study, the autogenous shrinkage of
AAGC and OPCC samples was measured using
sealed specimens with dimensions of 100 x 100 x 400
mm at a constant temperature of 27 + 2 °C and a
relative humidity of 80 £ 5%. The results of the
autogenous shrinkage strain are presented in Fig. 9.

The trend of autogenous shrinkage strain mirrored
that of drying strain. The rate was high during the first
20 to 22 days and then progressed slowly until 120
days. The maximum strain value at 120 days for
sample GPC500-8 was 652ue. For AAGC, the
autogenous shrinkage strain is approximately 50% to
60% of the drying shrinkage strain, whereas for
OPCC, this value is around 18%.

As observed, the autogenous shrinkage strain of
AAGC is up to seven to ten times greater than that of
OPCC. In this experiment, the mixtures GPC400-6,
GPC400-8, GPC400-10, GPC450-8, and GPC500-8
exhibit significant autogenous shrinkage strain of
502ue (GPC400-6) to 652ue (GPC500-8) at 120
days; while the mixtures 0-405, 0-461, and O-515
have the strain of 47ue to 75ue at 120 days. This
could result from a higher degree of saturation, a finer
pore structure, and greater chemical shrinkage in
AAGC mixtures.
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Fig. 9 Autogenous shrinkage strain
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To investigate the effect of rebars on the drying
shrinkage strain, test series TS-R- were conducted. A
single bar with a diameter of 12 mm, corresponding
to a reinforcement ratio of 1.13%, was placed in the
centre of the specimens. Fig. 10 illustrates the
comparison of drying shrinkage strain between the
specimens with and without rebar for AAGC
mixtures. At 120 days, the maximum drying
shrinkage strain of GPC400-6 (without rebar) was
777ue, while the strain of GPC400-6-TSR (with
rebar) was only 174ug, which is approximately 22%
of the shrinkage strain of GPC400-6. The same trend
was observed in other mixtures: the drying shrinkage
strain of the mixtures with rebar was only about 20%
to 23% of that without rebar. Thus, this experiment
concludes that a reinforcement ratio of 1.13% can
reduce the drying shrinkage strain of AAGC mixtures
by approximately 4.0 to 5.0 times.
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Fig. 10 Restrained shrinkage strain with rebar

4.2.1 Effect of alkali activator to FG ratio

The impact of the alkali activator (ACT) on the
total amount of FA and GBFS (denoted as ‘FG’) is
illustrated in Fig. 11. For the mixtures GPC400-6,
GPC400-8, and GPC400-10, the ratio of water to FG
remains constant at 0.45. The results indicate that an
increase in the amount of ACT resulted in only a
slight rise in drying shrinkage. When the ACT/FG
ratio was modified from 6% to 8% and then to 10%,
AAGC specimens exhibited 11% and 13% higher
drying shrinkage at 60 days, and 5% and 9% higher
drying shrinkage at 120 days. Therefore, the amount
of alkali activator had a minimal effect on the drying
shrinkage of AAGC.

4.2.2 Effect of total content of FG

The effect of the total amount of FA and GBFS
(FG content) on drying shrinkage was examined by
varying the FG content from 400 to 500 kg (GPC400-
8, GPC450-8, and GPC500-8), while the ACT

amount was fixed at 8%. The results in Fig. 11
illustrate that an increase in FG content led to
significantly higher drying shrinkage. When the FG
content changed from 400 to 450 and 500 kg, AAGC
specimens experienced 18% and 30% greater drying
shrinkage at 60 days, and 19% and 30% higher drying
shrinkage at 120 days.
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Fig. 11 Effect of ACT/FG ratio and total amount of
FG on drying shrinkage

4.3 Comparison of Experimental Results With
The Prediction Models

The American Concrete Institute (ACI) proposed
a prediction model for shrinkage in ACI 209R-92 [23].
The primary inputs for predicting shrinkage are the
age of loading, curing period, relative humidity,
specimen size, slump, fine aggregate, cement content
and type, and air content. This model is very
straightforward to apply and is expressed by Eq. (3).

t—t,

= m Eshu 3)

e (tte)

For conditions other than the standard conditions,
the average value of ultimate shrinkage must be
adjusted using seven correction factors [23].

Eshu = 78074, x107° (4)

where Vsh = Vsh,tc?sh,RH ¥sh,vssh,s¥sh,y ¥sh,c¥sh,c *

The prediction model according to EN 1992-1-1
[24] takes into account relative humidity, specimen
form and size, and concrete compressive strength. It
includes the autogenous shrinkage &a(t), the drying
shrinkage &.(t), and can be presented by Eq. (5).

Ees 0= Eea O+ Eed ®)
Eca(t) = Pas () x &a () (5)
e () = B (t,15) x Ky X &4 0
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The proposed model in Australian standard
AS3600 [25] also incorporates compressive strength,
environmental conditions and aggregate type. Total
shrinkage strain &, comprises autogenous shrinkage

&we and drying shrinkage .4 and it can be
calculated by using Eq. (6).

Ees = Ecge T Eoxd
* —0.1t
Eese =€ cse 1-e ) (6)

st = KiKy&easp

According to the CEB-Fib model 2010 [26], the
total shrinkage & (t,t;) depends on concrete

compressive strength, environmental humidity, age
of loading, curing temperature and ratio of volume to
surface of the specimen. It can be calculated by Eq.

(7).
Ees (t, ts) = &chs )+ Eeds (t, ts) (7

where &, (t) is the basic shrinkage which occurs
even if no moisture loss, and & (t,t;) is the
additional drying shrinkage if moisture loss occurs.

Eeps (1) = Ecpso (fem) Bos ()

®)
Eeds (tvts) = gcdso(fcm )IBRH (RH)ﬁds (t _ts)

The experimental shrinkage results are compared
with the prediction models and shown in Figs. 12-18.

As illustrated in Figs. 12-14, for the OPC design
mixes, the AS3600 prediction model provides the
closest results to the experimental data. However, a
significant discrepancy remains. For O-405, the
difference is approximately 10%, but this value
increases with higher cement content (24% and 34%
for OPC-461 and OPC-515, respectively). This may
be due to the differing temperature and humidity
conditions between the experiment and the model.

For GPC design mixes illustrated in Figs. 15-18,
a significant discrepancy exists between the
experimental results and the AS3600 prediction
models, ranging from approximately 63% for
GPC400-6 to 72% for GPC500-8.

The discrepancies between the experimental
results and the code prediction may be due to
differences in hydration products, materials, pore
structure evolution, curing conditions, etc. Therefore,
a new model to predict shrinkage strain for GPC
under Vietnamese weather conditions is necessary.

4.4 Ring Test
The restrained shrinkage test (ring test) was

performed for the design mixes GPC450-8, GPC500-
8, 0-461, and O-515.
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Fig. 12 Comparison of the drying shrinkage strain of
OPC-405 with the prediction models
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Fig. 13 Comparison of the drying shrinkage strain of
OPC-461 with the prediction models
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Fig. 14 Comparison of the drying shrinkage strain of
OPC-515 with the prediction models
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Fig. 15 Comparison of the drying shrinkage strain of
GPC400-6 with the prediction models
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Fig. 16 Comparison of the drying shrinkage strain of
GPC400-8
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Fig. 17 Comparison of the drying shrinkage strain of
GPC450-8
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Fig. 18 Comparison of the drying shrinkage strain of
GPC500-8

Fig. 19 presents the measured results of the ring
tests from days 0 to 12. Previous studies [13, 27]
showed that mix designs that remain intact longer
without cracking are deemed to perform better than
those that crack earlier. The ring samples begin to
crack from the outer surface, with the crack gradually
moving inward towards the ring over time. Once the
crack reaches the ring, it results in the release of
compressive stress on the steel ring. The speed at
which the crack develops towards the ring is
dependent on the mix design.

As shown in Fig. 19, for the OPC mixtures, the
strain of the steel ring increased over time, reaching
the highest strain of 49um for O-515 and 40um for
0-461 at approximately 4.5 days. By 7 days, the crack
width of the O-461 mix measured 0.16mm, while that
of the O-515 mix was 0.17mm. The compressive
stress in the ring dropped to zero when the crack fully
propagated towards it.

Time (day)
0 2 4 6 8 10 12 14

Strain of ring test (10)

—4&— 0-515
—<— GPC500-8

—8— GPC450-8

Fig. 19 Strain of steel ring against time



International Journal of GEOMATE, Aug., 2025 Vol.29, Issue 132, pp.1-11

On the other hand, the maximum strain of the steel
ring was 58.5um at 1 day, and 72um at 2 days for
GPC450-8 and GPC500-8, respectively. The first
crack in these GPC mixtures appeared earlier than in
the OPC mixtures, with a crack width of 0.05 mm.
However, after the first crack, other small cracks
appeared and developed throughout the surface of the
concrete ring; thus, compressive stress in the steel
ring was still generated by the end of the test.

It can be concluded that OPC mixtures
outperformed GPC in terms of the appearance of the
first crack. The GPC mixtures developed cracks
earlier, but they were small and did not propagate
toward the steel ring.

5. CONCLUSIONS

This paper examines the drying, autogenous, and
restrained shrinkage strains of five one-part alkali-
activated geopolymer concrete  mixtures. It
investigates the concrete's compressive strength, the
influence of mix design parameters, and two curing
methods. Three OPC mixtures were cast for
comparison purposes. The following conclusions can
be drawn:

- The compressive strength of AAGC
improved with rising calcium and silica
content in the binder. The 28-day
compressive strength of AAGC ranged from
31.6 MPa to 48.6 MPa.

- Aniincrease in the alkaline activator from 6%
to 10% can result in a 40.4% increase in
compressive  strength.  Conversely, the
amount of alkali activator had a minor impact
on the drying shrinkage of AAGC.

- The 120-day drying shrinkage of AAGC
specimens ranged from 815 pe to 1058 pe,
approximately 2.3 to 4.0 times greater than
OPCC samples.

- Withan increase in the total amount of fly ash
and ground blast furnace slag from 400 to 500
kg (25%), the drying shrinkage strain rose by
approximately 30% at 120 days.

- An initial study in this paper indicated that
employing a reinforcement ratio of 1.13%
can reduce the drying shrinkage strain of
AAGC by approximately 4.0 to 5.0 times.
This merits further investigation.

- In this experiment, OPC  mixtures
outperformed  GPC  concerning  the
appearance of the first crack. While the GPC
mixtures cracked earlier, the cracks were
small and did not propagate towards the steel
ring.
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