CrossMark

Chen et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(10):819-834 819

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

www.jzus.zju.edu.cn; link.springer.com

E-mail: jzus_a@zju.edu.cn

JZUS

Relation between drying shrinkage behavior and the

microstructure of metakaolin-based geopolymer

Shi-kun CHEN', Cheng-lin WU, Dong-ming YAN™', Yu AO",
Sheng-qian RUAN', Wen-bin ZHENG®, Xing-liang SUN*, Hao LIN’

!Institute of Engineering Materials, College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, China
’Department of Civil, Architectural, and Environmental Engineering, Missouri University of Science and Technology, Rolla,
MO 65409-0030, USA
3 Zhejiang Communications Investment Expressway Construction Management Co., Ltd., Hangzhou 310024, China
‘Zhejiang Communications Investment Expressway Operation Management Co., Ltd., Hangzhou 310024, China

"E-mail: wuch@mst.edu; dmyan@zju.edu.cn
Received Nov. 3, 2020; Revision accepted Feb. 14, 2021; Crosschecked Sept. 23, 2021

Abstract: The drying shrinkage of geopolymers poses significant limitations on their potential as constructive materials. In this
study, the drying shrinkage of metakaolin-based geopolymer (MKG) with different initial water/solid ratios and pore structures
was investigated experimentally. According to mini-bar shrinkage experiments, the drying shrinkage-water loss relation of MKG
showed two-stage behavior. The initial water/solid ratio influences the critical water loss and span of the pausing period of the
shrinkage curves but not the general trend. Combined with the microstructure characterization and physical estimation, the un-
derlying dependency of the shrinkage on the pore structure of the binder was elucidated. Capillary pressure, surface energy
change, and gel densification dominate the drying shrinkage of MKG at different water loss stages. The findings indicate that
besides porosity control, finer tuning of the pore size distribution is needed to control the drying shrinkage of MKG.
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1 Introduction

The environmental burden added by the ordinary
Portland cement (OPC) industry leads to the need for
more sustainable construction materials. Geopolymer,
as a newly developed binder system, has drawn at-
tention from scientists and engineers for its eco-
benefits, such as low CO, emission and energy con-
sumption (Turner and Collins, 2013; Habert and
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Ouellet-Plamondon, 2016). Geopolymers are made
from alkali-activation of many pozzolanic alumino-
silicate sources, such as metakaolin, fly ash, slag, and
bottom ash (Antunes Boca Santa et al., 2017; Panda
and Tan, 2018; Li et al., 2019; Yousefi Oderji et al.,
2019). They possess many superior characteristics
compared with OPC, such as high early strength
(Davidovits, 1994), fire resistance (Duxson et al.,
2007), and corrosion durability (Thokchom et al.,
2009). These good characteristics are mainly due to
the unique gel structure of the binder, which is com-
posed of 3D aluminosilicate networks with covalent
bonds, balanced alkali ions (Na, K, etc.), and
nanopores (Davidovits, 1991; White et al., 2011).
However, this gel structure also has some drawbacks,
such as severe shrinkage on drying and potential risk
of cracking. These drawbacks significantly constrain
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the practical application of geopolymers. Therefore,
extensive research has been conducted on this
problem.

In early studies, Hardjito et al. (2004) concluded
that fly ash-based geopolymer concrete has an ex-
tremely small drying shrinkage. However, other
studies have shown that the drying shrinkage is de-
pendent on the curing conditions. Wallah and Rangan
(2006) found that an ambiently cured fly ash geo-
polymer had significantly larger drying shrinkage
than that of OPC. However, when heat treatment was
applied, the drying shrinkage was significantly re-
duced (Khan et al., 2019). Beside the curing condi-
tions, Wang et al. (2010) and Castel et al. (2016)
further found that the shrinkage of the geopolymer is
closely related to its composition parameters (such as
NaOH concentration, liquid/solid ratio, sodium
silicate-to-NaOH ratio, silicate content of the solution,
and calcium content). The inclusion of fibers and
filler could also remedy the crack risk from drying
shrinkage (Punurai et al., 2018; Xiang et al., 2019; Si
et al., 2020). Moreover, Kuenzel et al. (2012) dis-
covered a critical residual water content for the
metakaolin-based geopolymer (MKG). The shrinkage
of MKG significantly increased when the residual
water content fell below this critical value during
drying. They also stated that this critical water content
(referred to as ‘structural water content’ in previous
studies) varies with composition. Recent studies have
revealed that the pore structure plays an important
role in the drying shrinkage of geopolymers (Ma and
Ye, 2015; Mobili et al., 2016; Yang et al., 2017). It is
suspected that the high tensile stresses within the fine
pores of the geopolymers may be the cause of these
high drying shrinkages (Mosale Vijayakumar, 2014;
Mastali et al., 2018). Different initial water contents
could greatly alter the porosity of geopolymer and
result in different drying shrinkage behaviours (Boca
Santa et al., 2018; Novais et al., 2018). Moreover,
additional materials (such as calcium bentonite or
shrinkage reducing admixture) could also change the
pore features and shrinkage behavior of geopolymers
(Ling et al., 2019; Huang, 2020). Although these
studies have revealed some important features of
drying shrinkage of geopolymers, the quantitative
relation between drying shrinkage and microstructure
is still undetermined. An understanding of the relation
between drying shrinkage and microstructure is im-

portant for the long-term durability design of geo-
polymers (Amran et al.,, 2021). In this study, we
conducted both experimental and modeling investi-
gations to reveal the underlying mechanism of drying
shrinkage for MKG. Based on a mini-bar shrinkage
test, microstructural characterization, and physical
modeling, the drying shrinkage-water loss relations of
MKGs with different initial water/solid ratios (WSRs)
were quantitatively analyzed. The relations between
the drying shrinkage of MKG and its unique micro-
structure were discussed.

2 Experiments
2.1 Materials and synthesis

The WSR was varied to produce MKGs with
different porosities and pore structures. The geo-
polymer binder was made from commercial me-
takaolin (Metamax, BASF Co., Germany) and a
laboratory-prepared activator. The chemical compo-
sition of the metakaolin powder was determined by
X-ray fluorescence analysis (XRF-1800, Shimadzu,
Japan), as shown in Table 1. The particle morphology
was characterized by scanning electronic microscopy
(Quanta FEG650, FEI, USA), as shown in Fig. 1. The
particle size distribution was characterized using a
laser particle size analyzer (LS-230, Beckman Coulter,
USA), as shown in Fig. 2.

The activating solution was prepared with a
commercial waterglass (WG) solution (Hengli
Chemical Co., Ltd., China) and a pellet of sodium
hydroxide (Sinopharm Chemical Reagent Co., Ltd.,
China). The WG contained 26.0% (in weight) SiO,
and 8.2% (in weight) Na,O, and the pelleted sodium
hydroxide included analytical reagent (AR) level
chemical reagents with a purity of 98%.

To prepare the activating solution, the pellet of
sodium hydroxide was dissolved in the WG solution
with the ratio of 0.12:1 to achieve a molar S10,/Na,O
ratio of 1.55. The solution was then mixed with me-
takaolin powder and additional water to make the
binder paste. The WSR of these pastes varied ac-
cording to the compositions listed in Table 2. When
the paste was mixed well, it was cast into steel molds
and sealed in plastic bags. Then, these cast specimens
were cured in a chamber at a temperature of (20+1)°C
with the humidity above 95% until testing.
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2.2 Mini-bar shrinkage test
After 7 d of curing, the specimens were

demolded and cleaned with absorbent paper to
achieve a surface dry state prior to the test. As shown

Table 1 Chemical composition of the metakaolin powder

Component Content (%) | Component Content (%)
Al,0O4 39.68 Fe, O3 0.42
SiO, 57.26 Na,O 0.28
TiO, 1.78 K,0 0.22
Ca0O 0.03 Lor 0.33

LOL: loss on ignition

Fig. 1 Micromorphology of metakaolin powder as received
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Fig. 2 Particle size distribution of metakaolin powder as
received

in Fig. 3, the linear shrinkage during the drying pro-
cess was measured on a mini-bar specimen with a size
of 25 mmx25 mmx280 mm, which is referred to the
test standard JC/T 603 (NDRC, 2004) and ASTM
C490 (ASTM, 2017). This configuration is selected to
decrease nonuniformity of drying (by small cross
section size) and relative errors (by long measurement
length).

Fig. 3 Mini-bar specimens

First, its initial weight and length were measured
with an electrical balance and a Vernier caliper, re-
spectively. Then the specimens were sealed with sil-
ica gel desiccant in plastic bags and stored in
(20+£1)°C drying oven. This simulates a low humidity
drying condition as the silica gel desiccant creates an
environment with 21%-24% relative humidity (RH)
at initial sealing and 45%—55% RH at the opening of
the bags. The silica gel desiccant method had been
used to test the shrinkage of concrete in a low RH
environment (Nastic et al., 2019). The samples were
carefully taken out and measured in terms of their
weight and length changes. After the measurements,
the desiccant was renewed, and the specimens were
placed back in the plastic bags, sealed, and allowed to
continue to cure in the same oven (Fig. 4).

When the weight and length changes slowed
down, the drying temperature was increased to 60 °C
and 80 °C on the 4th and 11th days, respectively. The
raised temperatures further accelerated the drying
process and simulated harsher drying conditions at
high temperatures (Brue et al., 2017; Nastic et al.,

Table 2 Compositions of the synthesized geopolymer binders

Mixture Metakaolin powder (g) WG solution (g) Additional water (g) Si/Al (mol/mol) Na/Al (mol/mol) WSR

WSR65 100 155.26
WSR70 100 155.26
WSR75 100 155.26
WSR80 100 155.26

8.66 2 1 0.65
17.11 2 1 0.70
25.05 2 1 0.75
33.24 2 1 0.80
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2019). All tests ended on the 17th day owing to un-
stable damage to the MKG.

The linear shrinkage (1) was calculated from the
length change of the specimen according to Eq. (1).
The water loss (w) was calculated from the weight
change according to Eq. (2). Three parallel specimens
were used for each group.

& = o (M

w=——T0 @)

where L and M are the measured length and weight of
the specimen during the drying process, respectively,
Ly and M, are the initial length and weight of the
specimen, respectively, and ¥V} is the bulk volume of
the sample.

Measure the length and weight of specimen

_____________________________________

Sealed with silica gel desiccant and drying under
20, 60, 80 °C
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Fig. 4 Illustration of measurement and drying process

23 Scanning electron microscopy
characterization

(SEM)

The morphologies of the dried MKGs at differ-
ent length scales were characterized using a field
emission environmental scanning electron micro-
scope (ESEM) (Quanta FEG650, FEI, USA) at an
accelerating voltage of 20 kV. The samples were cut
from the tested mini-bars after the shrinkage test and
manually split with a sharp knife. The naturally
formed fracture surface was characterized by SEM to
avoid a loss of details during polishing.

24 Mercury
characterization

intrusion porosimetry (MIP)

To explore the pore structure of the binder, the
mercury intrusion porosimetry (MIP) method was used.
An AutoPore IV 9510 instrument (Micrometrics, USA)
with a pressure range of 3.45x10° to 4.14x10® Pa was
used. This equipment can include the porosity from
pores that are larger than 3 nm. As a convenient and
effective technique, MIP provides relatively reliable
information about the pore structures in cementitious
materials (Gallé, 2001; Ma, 2014), although there is
still some debate on its application (Diamond, 2000).

3 Results and discussion
3.1 Water loss and drying shrinkage

Because no solute in pore solution of hardened
MKGs is evaporable and the carbonation is limited by
the sealing of the plastic bags, the major change of
specimen weight is from the evaporation of the water
contained in the pore solution. Thus, water loss was
regarded as equal to the weight change of specimens.

Fig. 5 shows the water loss and drying shrinkage
changes as a function of the drying time.

The drying shrinkage and water loss showed
different trends during the three successive drying
steps.

Step 1: drying at 20 °C. The water loss of dif-
ferent groups gradually increased from 0 to 0.17-
0.25 g/mL (depend on WSR) during this step. The
average loss rate was approximately 0.043—
0.063 g/(mL-d). Additionally, the drying shrinkages
increased to 0.18%—0.21% during the first 1 d or 2 d
and then exhibited a pausing period with little fluc-
tuation during the following days.

Step 2: drying at 60 °C. As the drying tempera-
ture was raised, the water loss rates increased signif-
icantly. The average loss rate increased to approxi-
mately 0.105-0.135 g/(mL-d) after the elevation and
then gradually decreased to 0.0032—0.0063 g/(mL-d)
during the next 7 d of drying. The total water loss
during this stage was 0.25-0.31 g/mL. However, the
drying shrinkages still showed a pausing period dur-
ing the first day of this step. Then, the shrinkages
started to increase again with rates of 0.127%
—0.141% each day. The shrinkage increased to 1.12%
—1.20% at the end of this step.
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Step 3: drying at 80 °C. Although the tempera-
ture was elevated to 80 °C, there was no significant
amount of water lost (less than 0.05 g/mL) during this
drying step. However, the drying shrinkages showed a
significant increase (with average rates of 0.13%
—0.19% each day) during this step. The drying
shrinkages reached approximately 1.97%-2.26% at
the end of this test.

The test data was re-organized to show the vari-
ation in the drying shrinkage versus the water loss in
Fig. 6.

A critical water loss value (of approximately
0.29-0.41 g/mL depending on the WSR) was ob-
served. This divides the shrinkage response into two
stages:
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Fig. 5 Water loss (solid lines) and drying shrinkage
(dashed lines) variation vs. drying time
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Fig. 6 Drying shrinkage vs. water loss relation

Stage I: water loss below the critical water loss
value. During this stage, the drying shrinkage in-

creased and then entered a pausing period (approxi-
mately 0.05-0.40 g/mL). The critical value and span
of the pausing period were approximately propor-
tional to the initial WSR.

Stage II: water loss above the critical water loss
value. After a transforming period (approximately
0.29-0.50 g/mL), the drying shrinkages sharply in-
creased when the water loss was beyond the critical
value. The trends of the shrinkage curves for different
mixtures are very similar after the water loss exceeds
the critical value. The drying shrinkages of all mix-
tures showed a linear relationship with water loss
after the critical value.

The observed trend in drying shrinkage of MKG
is consistent with the findings of Kuenzel et al. (2012).
They also found that MKG showed two different
drying shrinkage stages before and after a critical
state. The main difference is that the shrinkage values
measured before the critical state in our experiment
(0.17%-0.27%) are significantly higher than those
(approximately 0.04%-0.11%) in previous study
(Kuenzel et al., 2012). This difference is due to the
different reference times during the drying shrinkage
test (the 7th day in our experiment and the 56th day in
previous experiments). The earlier reference time
allows measurements of early-stage shrinkage, which
produced the higher recorded values. Interestingly,
the critical water loss and span of the pausing period
is almost proportional to the initial WSR. This indi-
cates that the MKG with higher WSR may be more
stable in terms of drying shrinkage when the humidity
environment fluctuates. The underlying mechanisms
of these behaviors will be explained in the following
sections.

3.2 Pore systems in MKG

As revealed by previous studies (Kriven et al.,
2006; Kong et al., 2007; Maitland et al., 2011), the
majority of the pores in geopolymers are on the mi-
croscale (<5 pm), which is consistent with our SEM
and MIP results. The SEM results also show that all
samples have similar pore system which consists of
pores at different scales. As an example, a set of re-
sults from the WSR70 sample is shown in Fig. 7.

From Fig. 7, a three-leveled hierarchical pore
system was identified in the binder:

1. Level I-meso pores (void size of >5 um): the
binder at the sub-millimeter scale was found to be
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Fig. 7 Multi-scale pore systems in MKG: (a) level I, meso
pores; (b) level 11, micro pores; (c) level III, nanopores

homogeneous (Fig. 7a). However, some air bubbles
and meso cracks occurred on this scale. They are
usually introduced by mixing or fractures. Their
presence is quite random. From the SEM and MIP
measurements, the volume fraction of these voids was
found to be low (<1.6%), which was considered to
have little influence on the binder shrinkage.

2. Level II-micro pores (void size within 5 nm to
5 wm): the matrix on the micrometer to sub-
micrometer scale showed a very porous nature
(Fig. 7b). The binder consists of a clustered alumi-
nosilicate gel. Among these granular clusters, a large
volume fraction of interstitial micro pores and micro
cracks formed. These micro voids were highly inter-
connected and resulted into a large porosity (33.29%
—43.34% in these experiments), as shown by the MIP
results in Fig. 8a. Similar findings were reported by
Duxson et al. (2005) and Maitland et al. (2011).
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Fig. 8 Total porosity (a) and density (b) measured by MIP

3. Level IlI-nanopores (void size of <5 nm): the
high-resolution SEM images (Fig. 7c) indicate that
the gel clusters consist of nano-sized gel globules,
which produce interconnected nanopores. Similar
findings were reported from previous TEM studies
(Kriven et al., 2006) and molecular dynamics simu-
lations (Sadat et al., 2016). Chemically bound water
in the form of silanol or aluminol groups may be
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contained in these networked cavities in gel clusters
(Duxson et al., 2005; Zheng et al., 2010). However,
the size of these pores is usually out of the range of
detection for MIP and thus not commonly acknowl-
edged in other studies. Hence, their contributions to
the porosity may have been underestimated.

A closer look at the level II micro pores in
MKGs with different WSRs (Fig. 9) brought our at-
tention to the slight shift in the characteristic pore size
and porosity as the WSR increased. This shift was
also confirmed by the MIP results.

As shown in Fig. 10, the characteristic pore size
increased from 11.05 nm to 21.09 nm when the WSR
increased from 0.65 to 0.80. Simultaneously, the total
porosity measured by MIP also increased from
34.26% to 44.08% (Fig. 8a). This increase in porosity
was mainly due to the level II micro pores (5 nm to
5 um) and led to a significant decrease in the bulk
densities (Fig. 8b). However, the skeletal densities
that were calculated by subtracting the micro and
meso porosities measured by MIP were relatively
stationary (approximately 2.01 g/mL to 2.05 g/mL) as
the WSR changed. This indicated that the nano-sized
pore structure was independent of the initial WSR.

These pores are, however, closely related to the pol-
ycondensation of aluminosilicate networks on the
molecular scale (Sadat et al., 2016). This finding
agrees with the results reported by Kuenzel et al.
(2012), who pointed out that “structural water” (water
contained in the nanopores) is an intrinsic property,
and was mainly determined by the chemical compo-
sitions of the aluminosilicate networks.

3.3 Modeling drying shrinkage

The three main driving forces behind the shrink-
age behavior were identified and are explained below.
Their relationship with the volumetric shrinkage strain
is also expressed quantitatively.

1. Capillary pressure-induced shrinkage

The first driving force is the capillary pressure,
which is caused by the emptying of the micro pore
water. As the water in the geopolymer is gradually
evaporated from the saturated binder, air invades the
pore space within the sample. The interface between
the air and pore water forms a curved liquid-gas me-
niscus. This develops an internal pressure between the
air and water owing to the surface tension along the
interface (de Gennes et al., 2004). This internal

Fig. 9 Micro-morphology of WSR65 (a), WSR70 (b), WSR75 (c), and WSR80 (d) specimens
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pressure, which is usually referred to as the Laplace
pressure or capillary pressure, results in the shrinkage
of the MKG.

The random level II micro pore systems
(Fig. 11a) in geopolymers are approximated as an
interconnected network of cylindrical pores, as shown
in Fig. 11b. The level I meso pore system (>5 um) is
currently ignored due to its extremely low volume
fraction (<1.6%) and its negligible influence on the
capillary pressure (<0.1 MPa). As the water is grad-
ually replaced by air flowing from the larger to
smaller pores, the pore space is divided into water-
and air-filled components.

Inside the water-filled pores, the capillary

50
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g 301 17.12
Q 3
s 25 21.09
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©
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=
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(a)

pressure due to the formation of menisci can be cal-
culated by the Young-Laplace equation (Young, 1832;
Wittmann, 1973):

1 1
c a 1 7[Rl sz ()

where P, is the Laplace pressure or capillary pressure,
P, is the gas pressure, P, is the liquid pressure, y is the
surface tension of the liquid, R; and R; are the curves
radii of two perpendicular directions, R, is the Kelvin
radius, and y is the contact angle.

Typically, the Kelvin radius can be calculated
from the Kelvin equation (Pinson et al., 2015):
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Fig. 10 Cumulative (a) and differential (b) pore size distribution measured by MIP
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Fig. 11 Simplified model for the shrinkage mechanism during loss of micro pore water: (a) random pores system; (b)

equivalent cylindrical pore system
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3
R =Tl )
kT In(h)

where y,, is the surface tension of water, & is the
characteristic volume of a water molecule in the lig-
uid state, k is the Boltzmann constant, 7 is the abso-
lute temperature, and / is the RH.

In this study, we calculated the Kelvin radius by
using the information from the pore structure in the
MKG binder. First, we considered the cumulative
pore volume distribution (CPVD), which was ex-
pressed as the relation between the cumulative po-
rosity and the pore diameters (as demonstrated in
Fig. 12),

D)=L 5)

0
where D is a given pore diameter, Vp is the cumula-
tive volume of pores with a diameter larger than D.

40 1
1 Water-filled pore

35 1

Air-filled pore

30
25
20
151 D)
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Fig. 12 Illustration of cumulative pore volume distribution
(CPVD) function

The evaporation of pore water always begins
from the larger pores and then progresses into smaller
ones. Thus, the water loss can be related to the
air-filled pore volume according to Eq. (6) (here,
“air-filled” is the state without the bulk water but with
a thin layer of adsorbed water on the pore wall
surface),

w=p,v(D,), (6)

where py, is the density of water, and D, is the corre-
sponding minimum micro pore size that is currently
filled with air.

Inversely, we could also calculate the currently
air-filled pore size, D., from Eq. (6):

D =v" [1] (7
Py

where v () is the inverse function of the CPVD w( ),
which can be linearly interpolated from the CPVD
curves.

Assuming the contact angle of the capillary me-
nisci to the pore wall is zero because of the presence
of the absorbed water layer, the Kelvin radius is given
by half the minimum air-filled pore diameter:

R =-=¢, (8)

Then, the capillary pressure can be directly cal-
culated from the water loss as

4y 4y
=—lw v _, 9
)2 D, I[Wj ©)
e
Py

As previous theoretical studies (MacKenzie,
1950; Thokchom et al., 2009) have shown, the capil-
lary pressure acts as the effective stress of a partially
saturated porous solid. The deformation due to this
effective stress can be calculated as

1 1
gV,c=Scpc(?_?J’ (10)
b s

where ¢y . is the volumetric strain due to the capillary
pressure, Ky, is the bulk modulus of a porous solid, and
K is the bulk modulus of the solid part.

S, is the saturation (the water-filled pore volume
fraction), which can be calculated as

an

where w, is the water loss of capillary pore, and ¢, is
the capillary porosity, which is the sum of the level I
and level II porosities.
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Because Kj is usually much greater than K, for a
medium with a large porosity, Eq. (10) can be sim-
plified as:

_S.p.

gV,c K

(12)

b

2. Surface energy change-induced shrinkage

In addition to deformation owing to the capillary
pressure, the empty micro pore water causes a change
in the surface energy of the gel clusters. This change
is equivalent to an increase in surface tension applied
on the micro pore walls, and produces drying
shrinkage (Ye and Radlinska, 2016).

This change in surface energy (All) can be cal-
culated from the change in surface area of the
air-filled pores and the surface tension of the adsorbed
water layers (Bangham and Razouk, 1937a; Hansen,
1987; Pinson et al., 2015):

AH:KJ/S —K0Vs00 (13)
where ; is the specific pore surface area (sum of the
pore surface area divided by the sample volume) that
is currently filled by air, x;o are the corresponding
values of the saturated state and thus are considered to
be zero (Pinson et al., 2015), v, is the surface tension
of the water layer at the partially covered state, and
75,018 the surface tension at the fully covered state.

The specific pore surface area, x;, can be directly

derived from the cumulative pore surface area dis-
tribution (CPSD), s(D):

o _SD).
‘ |4

0

(14)

where s(D) is calculated from the CPVD v(D) by
considering the differential relation between the
volume and side surface area of a cylinder pore.

ds(D) _ 4 dw(D)
db D dD

15)

The surface tension of the adsorbed water layer,
75, can be calculated by the Gibbs equation (Feldman
and Sereda, 1964; Pinson et al., 2015):

KT dh
7/3_75,0 az I h’

(16)
where 6 is the surface coverage, a is the characteristic
length of a water molecule, and /4, is the relative hu-
midity of the fully covered state (100% RH).

The current relative humidity can be inversely
calculated from the Kelvin equation and current
emptied pore diameter:

3

4y a
In(h) = ———%—.
(k) kTD

Cc

a7

As demonstrated by Pinson et al. (2015), the
surface tension for the fully covered state is consid-
ered to be the same as the surface tension between the
air and bulk water, which is y;o=yy. Moreover, the
surface coverage at a given RH can be calculated
using the Langmuir equation (Langmuir, 1918):

_ah
l+ah’

(18)

where a is a constant related to the energy of adsorp-
tion, which is assumed to be 65 according to the
generally accepted value used in the Brunauer-
Emmett-Teller (BET) approach. This value corre-
sponds to the presence of a single monolayer of pore
surface-adsorbed water at a RH of 11% (Hagymassy
Jretal., 1969).

The Bangham equation (Bangham and Razouk,
1937b; Pinson et al., 2015) describes the shrinkage
deformation due to the change in the surface energy
of a solid:

PU— (19)
* TR (-20)

where ¢y 5 is the volumetric strain due to the change in
surface energy, and u is Poisson’s ratio of the medium.

3. Gel densification-induced shrinkage

As the micro pore water is drained out, the water
deeply constrained in the level III nanopores eventu-
ally transports to the surface and evaporates. This part
of the nanopore water has been generally referred to
as “structural water” in previous studies (van
Jaarsveld et al., 2002; Rahier et al., 2007; Kuenzel et
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al., 2012). The lost nanopore water (ws) can be cal-
culated as

(20)

ws :W_¢cpw‘

The deformation mechanism of a gel network is
simply modeled as the densification of a package of
inter-attracted molecular spheres (Fig. 13).

The liquid spheres (light gray spheres in Fig. 13b)
represent hydroxyls and confined water in the na-
nopores, which were removed from the networks in
our study. The solid spheres (dark gray spheres in
Fig. 13b) represent the aluminosilicate back bones
that collapse during densification. Because of the
difference in neighborhood connections, not all voids
left by removed liquid spheres closed (Fig. 13b). The
reduced volume of the gel network was assumed to be
a fraction of the removed liquid volume. Thus, the
volumetric strain caused by nanopore water loss
would be

A% _JOWAV, _

& 21
V.g K) Vo . ( )

where AV, is the volume change of the gel owing to
the loss of nanopore water, f{ ) is the fraction function,
and AV}, is the volume of the lost nanopore water.

Due to the lack of nanoscale information, the
form and value of f{ws) could not be determined the-
oretically. An empirical form was thus obtained by
fitting the experimental data:

Solid back bones

(@)

f(ws)zl—%*arctan(::ij, (22)

S

where parameter w is related to the span of the
transforming period and its influence on function
shape is demonstrated in Fig. 14.

Upon substituting Eq. (22) into Eq. (21), the
shrinkage due to the nanopore water loss is:

.
w, w A

Eyy = ——arctan| — |.
Py Py w

(23)

3.4 Comparisons and discussion

By combining the shrinkages from all three
driving forces, (1) the capillary pressure, (2) the sur-
face energy change, and (3) the gel densification, we
obtained the total volumetric shrinkage as

R —————
0.9 - B
08{ 7/
0.7
069

E 05+ "
0.4,

034!
f
|

0.21
0.14

0.0 4t
0 20 40 60 80 100

Fig. 14 One parameter fraction function with varied
parameters

Fully collapsed nanopore

Partially collapsed
h » nanopore

.
{1 Lostnano water
p

-

(b)
Fig. 13 Simplified model for the shrinkage mechanism during loss of nanopore water: (a) molecular network system; (b)
equivalent sphere system
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Ey =&y Ty T Ey,. 24)

Additionally, the linear shrinkage was calculated
as (Hobbs, 1971)

Ev

&L= ? (25)

Table 3 lists the parameters used in our model.
The density, py, surface tension, yy,, characteristic size
of the water, a, and Boltzmann constant, k, were taken
from Kumar et al. (2014). Adsorption parameter, a,
was taken from Pinson et al. (2015). The initial RH, 4,
was assumed to be 100%; the samples were sealed
and cured in a high-humidity environment after
casting. The temperature 7 used in the estimation is
selected to be 20 °C (293.15 K), in order to simplify
the calculation process. In fact, the high temperature
accelerates the drying process and increases water
loss in experiments. However, if we are only consid-
ering the time-invariant relation between the drying
shrinkage and water loss at a given water loss level,
the influence of temperature is very small. The cal-
culated surface tension and RH at a given water loss
level varies little when the temperature is raised from
20 °C to 80 °C. These variations only lead to a relative
change of shrinkage of less than 0.04%. Thus, the
simplification of temperature is selected. Poisson’s
ratio and bulk modulus used in the estimation were
taken from previous experiments (Chen, 2015). The
gel densification parameter was determined by least
square fitting, and the coefficients of determination of
the fitting curves were all above 0.95.
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Fig. 15 shows a comparison of the modeling and
experimental results.

The general trend of the predicated drying
shrinkage versus the water loss was consistent with
the experimental results. We recognized some im-
portant facts:

1. The capillary stress dominated the shrinkage
during the early part of stage I. Its maximum effect
occurred at a water loss of approximately 0.03—
0.06 g/mL. As the water in level II micro pores the
capillary stress effect started to decay due to a grad-
ually evaporated and the pores filled with air, de-
crease in saturation. This is similar to the previous
prediction on drying shrinkage of C-S-H gel (Pinson
et al., 2015). However, this decay has not yet been
confirmed experimentally in geopolymer materials,
and is something which should be considered in fu-
ture studies.

2. The surface energy change-induced shrinkage
began to dominate the shrinkage process during the
latter part of stage I. The pore size distribution of the
tested samples and the test conditions (A=45%—55%,
7=20-60 °C) led to similar shrinkage values in both
the surface energy change-dominated regime and the
capillary stress-dominated regime. Thus, the increase
in the former complemented the decrease in the latter
during the change to the dominant mechanism. Thus,
a pausing period in the shrinkage-water loss curves
was evident. Moreover, the span of the pausing period
was proportional to the micro porosity and thus posi-
tively related to the initial WSR.

3. The porosity and pore size distribution to-
gether controlled the drying shrinkage during stage 1.
For example, because the characteristic pore size in

Table 3 Parameters used to estimate the shrinkage

Value
Parameter
WSR65 WSR70 WSR75 WSRS80

Bulk modulus, K}, (GPa) 3.5 2.8 2.2 2.0
Gel densification parameter, w" (g/mL) 0.110 0.055 0.050 0.045
Coefficient of determination, R? 0.965 0.977 0.967 0.986
Water density, p,, (g/mL) 1.0
Water surface tension, y,, (mN/m) 72.8
Characteristic size of molecular water, @ (nm) 0.278
Boltzmann constant, £ (J/K) 1.38x107%
Adsorption parameter, o 65
Initial RH, &g (%) 100
Absolute temperature, 7' (K) 293.15
Poisson’s ratio, u 0.3
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Fig. 15 Model estimation vs. experiment results: (a) WSR65; (b) WSR70; (c) WSR75; (d) WSRS80

WSR65 (11.05 nm) was small compared to that in the
other mixtures (13.74-21.09 nm), the capillary pres-
sure was more intensive for this mixture. However,
the lower porosity and larger bulk modulus of this
sample remedied the high capillary pressure and thus
resulted into a shrinkage similar to that in the other
three mixtures. This indicates that control of drying
shrinkage in MKG required simultaneous optimiza-
tion of both the porosity and the pore size distribution.

4. The densification of the gel dominated the
drying shrinkage during stage II. When the water loss
began in stage II, the gel densification-induced
shrinkage increased rapidly. After a short transform-
ing period (within a water loss that was approximately
equal to w*), the gel densification-induced volumetric
shrinkage was equivalent to the loss of the nanopore
water volume. The resulting gel densification
shrinkages reached 7-10 times those of the capillary

shrinkage and the surface shrinkage at a water loss of
0.5 g/mL. Thus, the prevention of the loss of nanopore
water is essential for controlling drying shrinkage
damage to MKG. To avoid this, the water loss should
not be above a critical value (approximately 0.29—
0.41 g/mL for mixtures with different WSRs in this
study).

4 Conclusions

The following conclusions were drawn from the
combined experimental and modeling study:

1. The three-leveled pore system of the MKG
binder resulted in two-stage drying shrinkage be-
havior. The initial WSR indirectly influenced the
shrinkage behavior of MKG owing to its effect on the
pore structures.
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2. During the early drying stage (stage I), the loss
of micro pore water controlled the shrinkage. The
dominant driving force of the drying shrinkage
transformed from capillary stress to surface energy
change during this stage. The porosity and pore size
distributions both controlled the drying shrinkage
during this transformation.

3. During the latter drying stage (stage II), the
loss of nanopore water and gel densification became
the dominant factors. At this point, the volume of
MKG drastically reduced (by as much as 7-10 times
the shrinkage during stage I). Thus, this must be
avoided in applications by keeping the water loss
lower than the critical value, which is also dependent
on the micro porosity and initial WSR.

Beyond these conclusions, the drying shrinkage
problem of geopolymers is complex and multi-scale
in nature. Many shrinkage mechanisms, especially
those on the nanoscale, need to be further elucidated.
More studies are needed to completely uncover these
basic mechanisms.
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