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ARTICLE INFO ABSTRACT

Keywords: The interaction between geopolymer binder and aggregates has a significant impact on thermal performance,

G.eopoly.mer composite which however still lacks sufficient understanding. In this study, a novel approach for designing high temper-

IL)‘g}]‘:'WE‘ght ature resistant geopolymer composites is introduced. The microstructural-thermophysical properties and heat
acking

transfer pattern of the developed geopolymer composites are investigated and further linked to the progressive
evolution up to 800 °C. Results reveal that the optimized packing contributes to a significantly high porosity from
48.6% to 52.8% and large moisture permeability in lightweight aggregate incorporated geopolymer (LWAG). A
much lower thermal conductivity but comparable mechanical strength is achieved in LWAG as compared to sand
aggregate incorporated geopolymer (SAG). At elevated temperatures, sand incorporation results in a fast heat
transfer, and lightweight aggregates lead to a large temperature gradient within geopolymer composites.
Compared to SAG, LWAGs show a lessened microstructural degradation with noticeable strength gain at 800 °C.
Increasing the distribution modulus from 0.2 to 0.3 eases the thermal deterioration thanks to the decreased

Thermal behavior
High temperature

temperature gain rate and thermal diffusivity, resulting in low thermal shrinkage and high residual strength.

1. Introduction

Geopolymer has emerged as an environmentally sustainable binder
material in the last few years, which is recognized as a promising
alternative to ordinary Portland cement (OPC), especially for applica-
tions requiring thermal stability [1,2]. Generally, geopolymer is mainly
derived from pozzolanic or aluminosilicate sources, which involve in the
alkali activation or acidic activation process [2-5]. Among these, the
common geopolymer is produced by alkaline activating Class F fly ash
(FA), resulting in a three-dimensional aluminosilicate structure. It en-
ables a superior level of mechanical property and structural integrity
after exposure to high temperatures, as compared to OPC concrete [6,7].
Since the excellent thermal behavior of geopolymer binders has been
extensively verified, there is a growing research interest in designing
high temperature resistant geopolymeric composites for large-scale
applications.

Zhang et al. [8] and Ali Bagheri et al. [9] compared geopolymer and
OPC-based mortar/concrete with sand aggregates, and reduced thermal
degradation of compressive strength is observed in geopolymer com-
posites due to the superior thermal stability of geopolymeric gel. Cel-
ikten et al. [10] studied the microstructural properties of geopolymer

mortar exposed to high temperatures and found that the interfacial
transition zone between the geopolymeric binder and sand is weakened
with temperature increase. Kong et al. [11,12] and Rickard et al. [13]
investigated geopolymer composites with sand, basalt, slag, and light-
weight aggregates (LWA), and concluded that the thermal expansion
incompatibility between binder and aggregates plays crucial roles in
structural and strength deterioration of geopolymer composites at
elevated temperatures. According to previous works, the interaction
between geopolymer binder and aggregates plays an important role in
determining the thermal performance of geopolymer composites. The
incorporation of aggregates with different characteristics, such as inert
property, density, and particle size, varies the pore structure as well as
the total porosity of composites. Besides, it not only alters the thermo-
physical properties such as thermal conductivity and thermal diffusivity
but also affects the thermal stress and bonding mechanism within geo-
polymer composites on exposure to elevated temperatures [14-16].
Ultimately, it both influences and potentially complicates the thermal
behavior of the resultant geopolymer composites. However, limited
attention has been devoted to exploring the correlation between geo-
polymeric binder-aggregate interaction and initial properties, including
microstructure and thermophysical characteristics. Consequently, the
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subsequent impact of these factors on the thermal behavior of geo-
polymer composites remains unexplored.

On the other hand, it is widely accepted that the durability of
cementitious composites is strongly linked to the packing of granular
ingredients. Brouwers and Radix [17] first applied a modified Andreasen
and Andersen (A&A) particle packing model to design concrete mixture
ingredients, including powders, fine aggregate, and coarse aggregate.
The rheology and mechanical properties of the concrete mixture were
optimized by achieving a high packing density and homogeneity. Based
on that, self-compacting concrete (SCO) [17,18],
ultra-high-performance concrete (UHPC) [19,20], earth-moist concrete
[21,22], and ultra-lightweight concrete (ULWC) [23-25] were devel-
oped. Nevertheless, limited attention has been given to applying the
packing model to design composites for thermal application. Yu et al.
[26] applied the modified A&A model to optimize the packing of LWA in
gypsum-based composite and obtained a good balance between thermal
conductivity and mechanical properties. Superior thermal stability was
testified as compared to traditional gypsum board. It refers that the
packing of ingredients alters the thermophysical properties and further
influences the thermal behavior of the resultant composites. In partic-
ular, when applying LWA with high inert porosity, the modified A&A
model can be used to design the porosity and pore size distribution of the
component, hence tailoring the thermophysical properties. It is possible
that, by optimizing the particle packing of geopolymer based composite,
better thermal performance can be achieved. However, in the realm of
designing geopolymer-based materials for thermal applications, existing
studies have predominantly focused on raw materials, alkali activators,
and the selection of fibers or aggregates. To the best knowledge of the
authors, no studies have been reported concerning the role of aggregate
packing in determining the thermal performance of geopolymers.

In light of the above research gaps, a packing theory is introduced to
develop geopolymer composites with normal quartz sand and LWA. The
effect of geopolymeric binder-aggregate interaction on the initial
properties, such as microstructural formation, thermophysical proper-
ties, and mechanical strength, are systematically characterized. Based
on the acquired properties, a simulation is carried out to numerically
explore the heat transfer pattern within geopolymer composites. Ulti-
mately, the initial properties and heat transfer patterns of geopolymer
composites are further linked to the high temperature behavior,
including post-heating thermal conductivity, microstructure/volumetric
stability, and residual strength. The novelty of this work lies in clarifying
the interrelationships among microstructural-thermophysical proper-
ties, heat transfer patterns, and the high temperature behavior of geo-
polymer composites. Additionally, it provides a comprehensive
understanding of the progressive evolution of geopolymer composites
under high temperatures, which is essential for revealing the thermal
degradation mechanism of geopolymer-based mortar and concrete.

2. Experimental program
2.1. Materials

In this study, low calcium (class F) fly ash (FA) and ladle slag (LS)
were applied as binder materials. Class F FA was purchased from Vlie-
gasunie, The Netherlands. LS was directly collected from stockpiles of
Tata Steel, The Netherlands. Before application, LS was ground using a
disk mill to obtain a suitable particle size distribution. The average
particle size (d50) of FA and LS are around 16.00 pm and 13.99 pm
respectively as determined by a laser particle size analyzer (Mastersizer
2000, Malvern Instruments, UK). The detailed particle size distributions
(PSD) of all applied solid materials are shown in Fig. 1. The chemical
composition of FA and LS are given in Table 1, as determined by X-ray
fluorescence spectrometry (XRF) (PANalytical Epsilon 3). The loss on
ignition has been measured from 105 °C to 1000 °C. Commercially
available sodium hydroxide (NaOH) pellets (analytical level) and so-
dium silicate (NasSiO3) solution (27.69 wt% SiO,, 8.39 wt% Nas0, and
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Fig. 1. PSDs of the solid materials, the target lines, and the resulting integral
grading lines of mixtures with different distribution modulus.

63.9 wt% H50) were used.

Commercially available mineral granulates, ROTOCELL PLUS® is
applied in this work as lightweight aggregate (LWA) with five different
size fractions of 0.1-0.3 mm, 0.25-0.5 mm, 0.5-1 mm, 1-2 mm, and 2-4
mm. The PSDs of LWA in different size fractions are presented in Fig. 1.
The physical and chemical properties given by the producer are listed in
Table 2. The applied LWA is produced from highly porous expanded
silicate as shown in Fig. 2, exhibiting ultra-low bulk density and good
thermal stability up to 1000 °C. In addition, normal sand with different
size fractions of 0.1-0.3 mm, 0.3-0.5 mm, 0.5-1 mm, 1-2 mm, and 2-4
mm was used as normal weight aggregate compared to LWA. The spe-
cific density of normal sand is around 2575 kg/m? (see Fig. 3).

2.2. Mix design methodology

For room temperature applications, for instance, a high mechanical
strength matrix always requires a dense structure with low porosity.
Nevertheless, under high temperatures, the dense structure with low
permeability impedes thermally induced water evaporation, resulting in
high thermal stress and severe structural deterioration [27]. Herein, the
design target is to develop a geopolymer composite with a good balance
between room temperature properties and elevated temperature per-
formance. A packing design is proposed to optimize the accumulation of
solid particles including solid precursors and aggregates, and hence
obtain a dense matrix with good packing of particles. By applying a
highly porous LWA into the packing model, a porous matrix with high
permeability but less flaw or closed pores can be designed.

In the present study, the target integral grading curve was deter-
mined following the modified Andreasen and Andersen (A&A) model
[28], reading:

D! 7Dinn
P(D):W @

Where P(D) is referred to the cumulative fraction of total particles being
smaller than size D, D is the particle size (um), Dy, and Dy, are the
minimum and maximum particle size (pm) respectively, and q repre-
sents the distribution modulus. Based on that, the mix proportion was
calculated following:

RSS= Z:’zl [P’”i-‘ (D?H) - Pmr (D?rl )] 2—>min (2)

The RSS represents the sum of the squares of the residuals P, is the
composed mix, Py, is the target grading curve obtained from Eq. (1). To
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Table 1
Chemical composition and loss on ignition.
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Oxide (wt.%) Si0, Al,04 CaO Fe03 MgO SO; K20 Others LOI (1000°)
Fly ash 54.57 21.60 6.12 9.04 1.17 0.41 2.85 2.13 2.11
Ladle slag 2.1 24.6 56.75 3.12 2.24 0.61 - 1.16 9.42
bl fraction of big aggregates while keeping aggregate vol% as constant, as
Table 2 . . . Lo . also presented in Fig. 1. An optimized mixture (denoted as S-3) with
The physical-chemical properties of applied lightweight aggregates. .
normal sand as aggregate was prepared to compare with L-3.
Type 0.1-0.3 0.25-0.5 0.5-1 1-2 2-4 In terms of the geopolymeric binder design, a by-product of steel
mm mm mm mm mm manufacturing, ladle slag (LS), is incorporated to regulate the work-
Physical properties ability in avoiding the sedimentation/floatation of aggregates. Besides,
B“lkz density (kg/ 400 & 365 =& 330 & 8104 300 & the incorporation of LS is clarified to promote the thermal performance
m®) 15% 15% 15% 15% 15% ¢ ] bind & . dv [311. In all
Particle density 700 700 600 550 500 of geopolymer binders according to our previous study [’ l.In a
(kg/m?) mixtures, the binder was blended by FA and LS at a mass ratio of 85 to
Average grain 22 18 18 18 12 15, and the silicate modulus (SiO2/Na2O mol. ratio), as well as equiv-
2: . .
S;r?“g‘h (N/mm’) alent NayO wt.%, were set as 1.5 and 6 wt% respectively according to
Me ting point in C 1000 Ref. [31]. To ensure acceptable workability without the addition of
Chemical composition L ) )
$i0, 55.0% superplasticizer, a fixed w/c ratio of 0.4 was adopted. The water content
Al,04 22.0% included the water in sodium silicate solution and extra distilled water.
K20 + NasO 12.0%
Fe,03 3.0%
CaO 2.0% 2.3. Sample preparation
MgO 1.0%
10, 0.5% The activator was prepared by mixing sodium hydroxide pellets
LOI (1000 °C) 4.0% prep y g y peliets,

optimally approach the target particle grading curve, an optimization
algorithm namely, the Least Squares Method (LSM) was applied to
adjust the proportion of each solid material until the RSS is minimal. The
optimization algorithm was fulfilled by applying the solver tool in
Microsoft Excel®. In the applied packing model, the distribution
modulus determines the relative proportion of fine particles and coarse
particles. According to Hiisken and Brouwers [21], a coarser mixture can
be obtained with a higher distribution modulus and vice versa. For the
geopolymeric system, Borges et al. [29] and Gao et al. [30] proposed an
optimum q value of around 0.23, accounting for factors such as packing
density and mechanical strength. In the present study, to investigate the
effect of packing patterns on the high temperature behavior of geo-
polymer based concrete, two distribution moduli (0.2 and 0.3) were
adopted. The target particle grading curve and optimized grading curve
with two distribution moduli were calculated respectively as depicted in
Fig. 1, and the accordant solid materials proportion of the mixtures
(named L-2 and L-3) is shown in Table 3. Moreover, to study the effect of
the packing principle as well as aggregate size distribution, a mixture
with un-optimized packing (denoted as L-L) was designed based on Mix
2 by manually adjusting the aggregate size distribution towards a higher

sodium silicate solution, and distilled water. The mass ratio of 0.14
between NaOH pellets and sodium silicate solution was used to achieve
the desired silicate modulus, equivalent NayO wt.%. Distilled water was
applied to tailor the water/binder ratio. The activator was cooled at
ambient temperature for 24 h before use.

Table 3
The proportion of mix designed applying the packing model (per m?).
Material L-2 L-3 L-L S-3
Binder Total 605.3 462.5 462.7 462.5
FA (85 wt%) 514.5 393.1 393.3 393.1
LS (15 wt%) 90.8 69.4 69.4 69.4
Aggregate 0.1-0.3 28.4 36.6 13.0 244.3
0.25-0.5 22.8 229 16.9 166.6
0.5-1 22.1 27.1 29.9 211.4
1-2 28.8 35.7 43.0 298.6
2-4 46.7 64.6 81.3 569.9
Activator 337.2 257.6 257.7 257.6
Si modulus* 1.5 1.5 1.5 1.5
Nap0%** 6.0 6.0 6.0 6.0
w/c 0.4 0.4 0.4 0.4
Distribution modulus 0.2 0.3 - 0.3
Aggregate vol% 45.9 57.9 57.9 57.9

(b)

Fig. 2. Structure of LWA: (a) surface and (b) pore structure.
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A 5L Hobart mixer was applied to prepare geopolymer composites.
Firstly, the solid precursors and aggregates smaller than 2 mm were
added in a mixer and mixed for 1 min until a homogeneous state has
been reached. Then, the activator was slowly added while stirring at a
low speed for 30 s. Afterward, the aggregate fraction between 2 and 4
mm was added slowly, following another 60 s at a high-speed stirring.
After mixing, the fresh mixtures were immediately poured into 40 x 40
x 160 mm? molds and slightly vibrated for 30 s. The samples were
sealed with plastic foil and stored at room temperature (20 + 2 °C) for
24 h before another 24 h of 60 °C curing. Subsequently, the samples
were demoulded and cured at room temperature under sealed condi-
tions for 26 days until characterization.

2.4. Testing methods

2.4.1. Basic properties

For the measurement of density, porosity, Micro-computed tomog-
raphy (Micro-CT), scanning electron microscopy (SEM), thermal trans-
port properties, and water vapor properties, the tested samples were cut
from the core part of specimens at 28 days of curing and immersed in
isopropanol for 72 h to cease the hydration, following a 24 h 40 °C
drying.

e Scanning electron microscopy (SEM)

The microstructure was observed by applying Phenom Pro (The
Netherlands). The tested samples were cut from the center of prisms and
impregnated with epoxy resin. Subsequently, the samples were polished
and coated with Au by using a Quorum 150 TS plus sputter coater. The
observation was performed in a Backscattered electron (BSE) mode with
an accelerating voltage of 15 kV.

e Density and porosity

The porosity, ¢ of the obtained samples was calculated following

Ps
=(1-= 3
o=(-5) ®

here p, represents the skeleton density, and p,, refers to the bulk density.
Among these, the skeleton density was determined using a Micro-
meritics AccuPyc II 1340 Pycnometer, and the bulk density was calcu-
lated from the mass and volume of cubic samples.

e Micro-computed tomography (Micro-CT)

Micro-CT was performed on cubic samples (10 x 10 x 40 mms) to
characterize the pore size distribution. During the measurement, a
voltage of 70 Kv with a current of 200 mA was applied to achieve a pixel
resolution of 6.6 pm. To obtain a representative result, 634 images from
a 4.18 mm thickness of section were obtained, and three different sec-
tions for each sample were analyzed. The data were combined and
visualized as shown in Fig. 1, and then the pores were extracted to
calculate the pore size distribution. The volume of 140 mm® was tested
for different samples, and the pore size between 6.6 and 660 pm was
detected.

e Thermal transport properties

The thermal transport parameters including thermal conductivity 2,
thermal diffusion «, and volumetric heat capacity C,, were measured by
a Hot Disk thermal constants analyzer (TPS 2500 S, Sweden) at room
temperature (20 + 2 °C), following ISO 22007-2 [32]. Before mea-
surement, the samples (40 x 40 x 20 mm?) are dried at 40 °C until a
constant weight is reached. A transiently heated plane sensor (Hot Disk
8563 F2 Kapton sensor, capable of operating up to 300 °C) was placed in
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between two slices of the identical sample with a smooth surface or
directly inserted into aggregates, acting as the heat source and dynamic
temperature sensor. The measurement time was set as 80 s and the
heating power was 70 mW. Three measurements were carried out on
each sample and the average data was recorded. The apparatus accuracy
is +£2% for thermal conductivity measurement and +7% for specific
heat measurement.

e Water vapor transmission

To determine the water vapor transmission within specimens, the
dry cup method was performed according to standard ASTM E96 [33].
The specimens in size of 40 x 40 x 40 mm® were applied. Before the
measurement, the edges of specimens were thoroughly sealed with
plastic film and wax to prevent vapor through the edges. The sealed
samples were attached to the cups filled with anhydrous calcium chlo-
ride and then placed in a humidity chamber at 20 °C, 50% RH. The
change of weight (Am) at a successive time (At) is collected by weighing
the cups over a specific period. Six consecutive weighings were recorded
when the weight change rate of specimens reached a steady state. The
water vapor transmission rate (WVTR) was calculated according to:

Am

WVTR =
Ae Ar

C)

where A is the test area, used as 0.0016 m2. The permeability, 5§ was
calculated following:

WVTR
S=

o thickness ()

where Ap represents the vapor pressure difference, used as 8.77 mm Hg
at 20 °C, 50% RH, and thickness is 0.04 m.

e Compressive strength

The compressive strength test was conducted following EN 196-1
[34]. 3 parallel prismatic samples (40 x 40 x 160 mm®) were tested
at 28 days of curing for compressive strength. The prisms were halved by
applying the three-point loading method. Afterward, 6 fractured parts
were tested under a loading rate of 2400 N/s. The recorded strength was
obtained by the average value.

2.4.2. Heat transfer study

Two modeling setups are incorporated in the heat transfer study,
refer to Fig. 4a. The aggregates and binder are modeled separately in the
component’s setup (denoted as ‘CS’) model; the properties of the ag-
gregates (denoted as ‘agg’) are measured, while the properties of the
geopolymer binder (denoted as ‘bind’) are calculated. The ‘bulk setup
(denoted as ‘BS’) model depicts the composite as a single bulk body,
where its material properties are measured directly from the overall
composite (denoted as ‘comp’). The CS model is used to study the in-
fluence of aggregates in the composite, while the BS model is used to
validate the CS model. The comparison of modeling output between ‘CS’
model and ‘BS’ model is given in Appendix Fig. Al.

2.4.2.1. Set up of geometry. To set up the composite geometry for CS
study, models are represented two-dimensionally. The aggregate is
portrayed as a sphere with a diameter d,g after averaging out their
irregular shapes and represented as a circle in two dimensions, refer to
Fig. 4b. In addition, the volume fraction of aggregates in the composite
%Vagg is converted into area fraction %A,gg in two-dimension. The ag-
gregates are represented by their mean diameter d,g,, with five different
categories of aggregate size included in the model. The overall geometry
setup is presented in Fig. 5, it should be noted that identical geometry is
applied for L-3 and S-3 due to their same packing design. The geometries
are generated with MATLAB codes and imported into Comsol
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(a) 3D reconstruction
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(b) Pore extraction

Fig. 3. The reconstruction and visualization of the 3D structure by Micro-CT.

(a) Bulk setup ‘BS’

(b) .
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Fig. 4. (a) Model setups and (b) aggregate modeling in the ‘CS’ model.

Multiphysics for further simulation.

2.4.2.2. Heat transfer modeling. The influence of different packing
models on the heat transfer process within the composites is studied
using the Comsol Multiphysics 5.6 software. The model is solved using
the following heat transport equation [35]:

C,, OT (T O&T\
p E‘A(E%Ty =¢

©)]

where A is the effective bulk thermal conductivity, C,,y is the measured
volumetric heat capacity under constant pressure, p is the bulk density,
Q is the heat source, and T is the temperature profile to be solved. For
practical reasons, A is assumed to remain constant at the average value.
The main input parameters, namely bulk density, thermal conductivity,
and volumetric heat capacity for the modeling are determined as
follows:

The bulk density of the standalone binder pping is calculated ac-
cording to:

mcomp - magg

T 10
(1 - %Vagﬁ) (1o

Phind =

where meomp and m,gg are the mass of the composite and aggregate
respectively, and %V, is the volume fraction of aggregates in the
composite.

The thermal conductivity Apinq is obtained by treating the solid and
pores in the binder as thermal resistors in parallel [36] with the
following equation

Apina = (1 = @) dsotia + PAair 11)

in which, ¢ is the volume fraction of the air pores (porosity) in the
binder, Agig is calculated from the approximate thermal conductivity of
the solid skeleton of a plain FA/LS geopolymer as 0.5480 W/mK, and A4;r
is the thermal conductivity of air at 0.026 W/mK.

The volumetric heat capacity of binder C;, y, pinq is obtained by using a
weighted average equation [37]:
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where %Wwt. g and %Wwt.ping represent the weight percentage of binder
and aggregate respectively.

2.4.2.3. External thermal load and output results. Both models are set up
with heat transfer from the heat source through their perimeter into the
body. Similar to the laboratory setup, heat is transferred from the
heating source in an oven to the body by convection and radiation,
which can be described by an equivalent heat transfer coefficient h, and
the heat source Qj, can be described using the following equation:

On= h(TEXI - T) (13)

where Tey is the temperature in the oven, and h is set at 10. The heating

temperature Tey profile is set as the boundary conditions:
Tw(x=0,0<y<L,)
Toa(x=L,0<y<L,1)
To(0 <x < Lyy=0,1)
To(0<x<Ly=L1)

20
=4 20+ 10¢
800

Namely, the sample is heated at a rate of 10 °C/min from 20 °C to
800 °C, and subsequently held at 800 °C for another 60 min to reach the
thermal equilibrium. The initial condition of the body is set at 20 °C. A
time-dependent solver is used, with a total simulation time of 138 min
with a 1-min time-step. The T profiles from six data points are extracted
for study: O (on the surface), 4, 8, 12, 16, and 20 cm (center) from the
surface. The temperature graphical profiles at 10 min intervals are
exported to supplement the result analysis.

t=0
0 <t <78 min
78 < t < 138 min

(14)

2.4.3. High temperature behavior
e High temperature exposure procedure
The high temperature exposure test was performed in an electric

muffle furnace. The prismatic samples (40 x 40 x 160 mm®) at 28 curing
days were heated from room temperature to different temperatures of

100, 200, 400, 600, and 800 °C. According to our previous work [31], a
heating rate of 10 °C/min was applied until reaching the target tem-
perature and remaining the temperature for another 1h to achieve a
uniform temperature distribution. Then the specimens were naturally
cooled down to ambient temperature (20 + 2 °C) in the furnace and
sealed with plastic foil until further characterization. For each com-
posite, three samples were tested under the same condition.

e Thermal volume stability and residual compressive strength

The thermally induced linear shrinkage of samples was determined
by comparing the length of the longest side of the prismatic samples
before and after thermal exposure. For the residual compressive
strength, the cooled prismatic samples were halved using the three-point
loading method without being subjected to harmful stress. The halves
were tested at a loading rate of 2400 N/s according to the same protocol
in Section 2.4.1. For each mixture after specific temperature exposure,
the average value of six replicates was recorded as residual compressive
strength.

3. Results and discussion
3.1. Basic characteristics

3.1.1. Appearance and microstructure observation

The cross-section of samples with different aggregates and packing
models are presented in Fig. 6. The highlighted white particles and
crystalline-like particles represent LWA and sand, respectively, and the
dark regions around the particles indicate the binder gel and the black
regions denote pores and voids. The aggregates distribute homoge-
neously in all matrices, indicating the proper workability to avoid
aggregate segregation. Notably, a wide range of particle sizes can be
observed in developed L-2, L-3, and L-L samples. From L-2 to L-3, with
an increasing q value, more LWAs are detected. A coarser packing
pattern with a larger proportion of big size aggregates but fewer small
size aggregates is obtained in unoptimized sample L-L. The S-3 sample
with sand aggregates shows a similar packing pattern as L-3 because of
the same q value in the mix design. Moreover, pores and voids are
formed in all specimens caused by air entrainment during the mixing.
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Fig. 6. The cross-section of samples with LWA and sand aggregates.

The interface between binder gel and aggregates is presented in
Fig. 7. In Fig. 7a and b, the dense regions with spherical FA particles are
identified as geopolymer binder whilst the extremely porous structures
are referred to as LWAs. A well-connected interfacial transition zone
(ITZ) between paste and LWAs is observed, which should be attributed
to the impregnation of binder gel into the porous surface of LWAs that
forms an interlocked bonding. While a poorer connection is noticed
between binder and sand aggregates in Fig. 7c and d.

3.1.2. Density and porosity

Fig. 8 depicts the bulk density and porosity of the geopolymer
composites. In general, the SAG sample has a significantly high density
of 1.99 g/cm® and low porosity of 24.55% as compared to LWAGs. The
incorporation of LWA largely decreases the density to 1.21 g/cm® and
increases the porosity to 48.63% in L-2. In addition, when increasing the
q value from 0.2 to 0.3, the density is further decreased with higher
porosity. This is because the increased q value leads to a higher LWA
amount while a reduction in binder content as can be known from
Table 3. Notably, a lower density with higher porosity is obtained in

eolymer
binder

unoptimized sample L-L as compared to L-3, despite the aggregate vol%
being kept the same as L-3. This can be attributed to both the poor
packing quality in L-L and the higher fraction of big aggregates in L-L as
compared to L-3, which potentially introduces more pores. The porosity
from the binder and aggregate are further calculated and summarized in
Table 4. It is clear that a higher q value leads to a lower binder porosity
but a higher aggregate porosity, and the unoptimized L-L samples have
higher aggregate porosity. Moreover, it should be noted that the highest
binder porosity of 20.44% resulted in S-3. It is ascribed to the poor
workability in SAG due to the water absorption from the sand.

The detailed pore structure of geopolymer composite is investigated
by microtomography technology (Micro-CT) as presented in Fig. 9. The
calculated porosity is 14.0%, 22.4%, 30.1%, and 7.6% for L-2, L-3, L-L,
and S-3 respectively. Here, the calculated porosity is lower than the total
porosity, resulting from the limited pore size detected range (>6.6 pm)
of Micro-CT. In general, the variation trend correlates well with that of
total porosity in different composites, and the calculated results can be
used as an indicator for understanding the influence of different ag-
gregates and packing designs on pore structure. The PSD in LWAG shows

Fig. 7. SEM image of geopolymer binder and aggregate interface.
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Fig. 8. The density and porosity of the geopolymer composites.
Table 4
Calculated porosity of binder and aggregate in different mixes.
Sample code PBind Pagg PTotal
L-2 8.06 40.57 48.63
L-3 2.49 50.3 52.79
L-L 2.8 51.22 54.02
S-3 20.44 4.11 24.55

a parabolic shape with the main peak, while the SAG has a widely
distributed size of pores. The pores detected in S-3 are mainly from the
binder, which is related to poor workability. In LWAG, with the q value
change from 0.2 to 0.3, the main peak shifts from 34.6 to 40.9 pm with
an increased peak intensity and wider pore size range, resulting in a
coarser pore structure. As compared to L-3, the L-L sample shows both
higher main peak intensity and a higher fraction of big pores/defects
(larger than 100 pm), which explains its higher porosity as compared to
L-3.
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3.1.3. Water vapor properties

Water vapor transport plays an important role in determining the
thermal stability of building materials since it represents the ability to
transfer water vapor from the body at high temperatures. The water
vapor transmission along with time is shown in Fig. 10, and the trans-
port properties are calculated and summarized in Table 5. It can be seen
that the introduction of LWAs results in a much higher water vapor
transport and permeability than that of SAG owing to the higher porosity
and pore openness. However, among LWAGs, it is interesting to notice
that the water vapor transport, as well as permeability, are negatively
related to the total porosity of the composites. The L-3 and L-L with the
highest porosity show the lowest water vapor transmission and perme-
ability. Because water vapor transport is mainly determined by pore
connectivity, it is most likely the LWAs are largely composed of closed/
isolated pores. Thus, despite the high porosity, the higher incorporation
of LWAs has a minor or even negative influence on pore connectivity. In
this case, a higher binder porosity with lower aggregate porosity in L-2
results in better water transport properties as compared to L-3 and L-L.
On the other hand, the PSD within samples also plays a vital role in
determining water vapor transport. Huang et al. [38] concluded that
large capillaries and microcracks have a greater impact on moisture
transport rates than other pore components. As learned from Fig. 9, L-2
exhibits the highest percentage of pore below 10 pm among LWAGs,
which can be another cause for the promoted water transport property.
Here, the superior water transport performance observed in LWAGs can
offer better thermal stability over sand geopolymer composites by
facilitating the thermally induced water vapor, and thus reducing the
inner thermal stress, which will be discussed below.

3.1.4. Mechanical strength

The compressive strength of designed samples is determined at the
age of 7 and 28 days, and the results are shown in Fig. 11. As expected,
the SAG exhibits the highest compressive strength from 7 to 28 days
owing to its dense structure. For the LWAG, the optimized mixtures,
namely L-2 and L-3, have a higher strength as compared to the unopti-
mized mixture. This is mainly due to the poor packing in L-L as evi-
denced by PSD, proving the advantage of packing design for LWAGs
considering the mechanical strength. Moreover, L-2 shows a lower early
compressive strength at 7 days while a higher compressive strength at a
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Table 5
Water transport properties, water vapor transmission rate (WVTR), permeability

().

Code Slope (g/h) WVTR (g/h m?) 8 (m/s)
L-2 0.00274 1.71 0.0078
L-3 0.0025 1.56 0.0071
L-L 0.00248 1.55 0.0071
S-3 0.00151 0.94 0.0043
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Fig. 11. Compressive strength of sample at 7 and 28 days of curing.

later age when compared to L-3. This should be due to the slow strength
development of the geopolymer binder, which is initially weaker than
LWA. Therefore, the increasing content of LWAs in L-3 further
strengthens the matrix at an early age. While the binder gel takes the
dominant role in the compressive behavior at a later age, thus L-2
sample shows the highest strength gain from 7 to 28 days.
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3.2. Heat transfer study

3.2.1. Thermo-physical properties

The thermal-physical properties, including thermal conductivity,
thermal diffusion, and volumetric heat capacity are summarized in
Table 6. All parameters are measured under constant pressure and vol-
ume. The volumetric heat capacity considers the role of bulk density,
which is preferable to differentiate the effect of lightweight aggregates
and normal sand on the heat gain within the composites. For simplifi-
cation, the volumetric heat capacity is represented as heat capacity in
the following discussion.

The thermal conductivity of prepared geopolymer composites with
sand is significantly increased as compared to LWAs. This is primarily
due to the high thermal conductivity of regular sand, which largely
amplifies the overall thermal conductivity of the geopolymer composite.
For LWAG, it is noticed that a higher q value contributes to lower
thermal conductivity. In addition, the unoptimized sample L-L exhibits a
lower thermal conductivity as compared to L-3. It is because the poor
packing in L-L introduces more large pores/voids in the matrix, further
reducing the thermal conductivity. In addition to thermal conductivity,
SAG also exhibits the highest thermal diffusion and volumetric heat
capacity among all the developed composites due to its dense structure.
Moreover, among LWAGs, it is noticed that the variation of heat capacity
and thermal diffusion is not linearly related to thermal conductivity or
bulk density. This discrepancy might be because of the specific pore
structure by introducing LWAs. Hence, the obtained thermos-physical
properties with specific pore structures are expected to impact the
high temperature behavior of geopolymer composites, which will be
discussed below.

Lastly, the thermal conductivity versus compressive strength is
compared with previous literature in Fig. 12. In accordance with pre-
vious studies, the compressive strength of designed LWAGs is found to
reduce along with the thermal conductivity. Moreover, it is noted that a
higher mechanical strength is obtained in this study as compared to
other lightweight geopolymers with similar thermal conductivity. It
further proves that the optimized packing model contributes to a
compact mixture with homogenously distributed LWAs, enabling a low
thermal conductivity with decent compressive strength.

3.2.2. Temperature contour

Numerical simulation is employed to study the heat transfer process
within different composites as a function of packing design and aggre-
gate type. In the ‘CS’ model, the binder and aggregates are assigned
individual main parameters, including bulk density, thermal conduc-
tivity, and heat capacity which are determined as mentioned in the
testing method section and summarized in Table 7.

The simulated heat transfer through the L-2 composite as a function
of exposure time is extracted and shown as an example in Fig. 13a, and
the temperature maps of different composites at 100 min are compared
in Fig. 13b. The external heating load is imposed on the perimeters of the
simulated models as per experimental setup corresponds to Eq. (14), and
a cyclic-shaped temperature distribution can be observed within all
composites. In LWAG, the isothermal lines are unevenly distributed, and
the isotherms are denser in the area close to the heating source than that
in the core area. As compared to L-2, denser isothermal lines are pre-
sented in L-3 and L-L, indicating a higher LWA proportion leads to a

Table 6
The thermal conductivity (), thermal diffusion (a), and volumetric heat ca-
pacity (Cp,,) of samples.

A(W/mK) Stdev  a(mm?/s) Stdev Cpy (MJ/mK) St dev
L2 0.2866 0.0036  0.2874 0.0148  0.9986 0.0375
L3  0.2769 0.0018  0.2443 0.0045  1.1337 0.0133
LL  0.2498 0.0036  0.2496 0.0072  1.0011 0.0147
$-3  1.4010 0.0151  0.9332 0.0511  1.5043 0.0650
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Table 7
Main parameters of the heat transfer simulation.
Sample Component Pb A Cpv
kg/m? W/mK MJ/m°K
L-2 Composite 1210.0 0.2866 0.9986
Aggregate 324.2 0.0698 0.2884
Binder 1961.6 0.4702 1.6011
L-3 Composite 1100.0 0.2769 1.1337
Aggregate 322.8 0.0698 0.2860
Binder 2168.9 0.5171 2.2995
L-L Composite 1090.0 0.2498 1.0011
Aggregate 318.0 0.0698 0.2735
Binder 2151.8 0.5133 2.0018
S-3 Composite 1990.0 1.4010 1.5043
Aggregate 2082.0 0.2024 1.7281
Binder 1758.0 0.4241 1.1966

larger temperature gradient within the matrix, while a slower temper-
ature gain rate has resulted. Between L-3 and L-L, the isothermal lines in
L-L appear relatively more irregular. This is due to the unoptimized
packing of L-L, causing a significant difference in thermal conductivity
between the binder and aggregates (See Table 7). In comparison, the
smaller thermal conductivity difference between sand and geopolymer
binder leads to a more evenly distributed isotherm line in S-

3.2.3. Temperature variation

The temperature gradients within different composites are compared
in Fig. 14, and the simulated temperature change on the surface and at
the core of samples is provided in Appendix Fig. A2. For all samples, the
temperature gradient increases first and then decreases while the heat-
ing temperature is constant. In general, the geopolymers with aggregates
diffuse heat slower and show a higher temperature gradient than the
standalone binder (Ref) under the same heating conditions. In terms of
the packing modulus, L-3 shows the best thermal insulation perfor-
mance. The dense binder with a relatively low LWA proportion in L-2
leads to a high thermal diffusivity with a small temperature gradient. As
for the effect of packing, despite its lower thermal conductivity, L-L
exhibits a lower temperature difference as compared to L-3. It is
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because, the denser matrix obtained in L-3 contributes to a higher heat
capacity with a lower thermal diffusivity, meaning a higher thermal
inertia to be overcome in L-3 than in L-L. Moreover, it is expected that S-
3 shows a smaller temperature gradient than L-3, because of the higher
thermal conductivity and faster heat diffusion of sand than that of LWAs.
In summary, the types and packing of aggregates have a combined
effect on thermophysical parameters, which have a direct impact on the
heat transfer properties of geopolymer composites. The high thermal
conductivity and heat capacity of sand result in a more even heat dis-
tribution with a small temperature gradient in SAG as compared to
LWAGs. In terms of LWAGs, the optimized packing contributes to a high
heat capacity and low thermal conductivity, resulting in a low thermal
diffusivity with a large temperature gradient. These observed heat
transfer properties further influence the high temperature behaviors of
geopolymer composites, which is discussed in the next section.

3.3. High temperature behavior

It has been well studied that the thermal behavior of geopolymer
binder under elevated temperatures is governed by major factors
including further geopolymerization, gel dehydration, re-crystallization,
and viscous sintering [45-47]. Hence, this section mainly focuses on the
interaction between aggregates and geopolymer binder under elevated
temperatures, and its further influence on high temperature perfor-
mance, such as thermal transport properties, microstructural change,
volumetric stability, and thermal mechanical evolution.

3.3.1. Thermal conductivity and microstructural transformation

The thermal conductivity of the geopolymer composites after high
temperature exposure is depicted in Fig. 15. The thermal conductivity of
the SAG sample keeps decreasing from 1.401 to 1.005 W/mK. LWAGs
show a stable thermal conductivity before 600 °C, following a slightly
increase up to 800 °C. The difference in thermal conductivity among
LWAGs is insignificant, and the thermal conductivity after 800 °C
exposure is proportional to the initial thermal conductivity. Pan et al.
[14] reported the thermal conductivity of FA based geopolymer paste
during high temperature exposure as summarized in Fig. 15. In com-
parison, the initial thermal conductivity of LWAGs is lower than FA
based geopolymer paste, while that of SAG is much higher, owing to the
thermophysical properties of different aggregates as discussed in Section
3.2. Moreover, the thermal conductivity of LWAGs shows a similar but
more stable tendency to FA geopolymer paste at high temperatures.
Here, the difference between the presented and previous study should
mainly result from the aggregate incorporation. The incorporation of
LWAs promotes the microstructural stability and subsequently, mini-
mizes the thermal conductivity variation at high temperatures. While
the sand incorporation further intensifies the thermally induced
microcracking, resulting in a continuous reduction in thermal conduc-
tivity. On the other hand, this discrepancy may be raised by the mea-
surement technique. The thermal conductivity at high temperatures
might be higher than that of exposed geopolymer due to the presence of
thermal radiation upon exposure to heat [48]. In summation, a
reasonable variation in thermal conductivity is observed as compared to
previously reported results.

The thermally induced microstructure transformation between SAG
and LWAG (L-3 and S-3) is compared in Fig. 16. Before being exposed to
high temperature, spherical particles can be observed in both L-3 and S-
3, representing the unreacted FA. A weak bond between sand and binder
gel is noticed in S-3, while it is difficult to identify the ITZ between LWA
and gel. At 200 °C, both samples are relatively stable with minor cracks.
Noteworthy, owing to the further geopolymerization of the binder, the
ITZ in S-3 is refined and becoming insignificant. From 200 to 600 °C,
varying degrees of microstructure degradation are detected due to the
decomposition of geopolymeric gel as well as the physical interaction
between binder gel and aggregates. Two deterioration patterns are
differentiated in L-3 and S-3: i) In S-3, drastic structural deterioration is
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(a) Temperature map as a function of time, only L-2 composite is shown
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(b) Temperature map at t = 100 min
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Fig. 14. The temperature gradient within samples between the surface
and core.

noticed in geopolymer binder along sand aggregates, especially at
600 °C. It is known the sand experiences a volumetric expansion owing
to B-a quartz transformation at around 573 °C [49]. Simultaneously, the
geopolymeric gel is prone to dehydrate and shrink at elevated temper-
atures [31]. With the significant thermal incompatibility between geo-
polymer binder and sand, numerous cracks and voids are formed as
observed in Fig. 16h. Moreover, sand and unreacted FA particles are
increasingly separated from the binder gel, which further weakens the
matrix bonding. ii) As for LWAGs, only minor cracks occur to the LWA
body along the interface. Interestingly, as compared to S-3, the negative
effect of gel shrinkage is mitigated in L-3. This is due to the intrinsic
weak mechanical property of LWA. The aggregate body is inevitably
damaged during the gel shrinking, while the thermal strain between
binder gel and aggregates is reduced, thus largely retaining the binder’s
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Fig. 15. Thermal conductivity after exposure to elevated temperatures.

structural integrity. At 800 °C, owing to the viscous sintering and
re-crystallization of geopolymeric binder [50], the pores of LWAs and
cracks in L-3 are partially filled with gel, and the matrix is largely healed
and densified. It further explains the rise in thermal conductivity at
800 °C as observed in Fig. 15. While voids between sand and binder gel
are still visible in S-3 due to the severe structural deterioration.

3.3.2. Volumetric stability

The linear shrinkage, bulk density, and porosity transformation of
samples as a function of temperature are presented in Fig. 17. In general,
the thermal evolution of volumetric properties in mixtures with different
aggregate type exhibit varied trends. The SAG exhibits a minor linear
shrinkage of 0.35% at 800 °C. Kong et al. [11] and Zhang et al. [8] re-
ported that geopolymer mortars with sand or basalt aggregates



Y. Luo et al. Cement and Concrete Composites 143 (2023) 105265

A LA ) ] 7 : Geopolymer
Geopolymer : binder
binder 1 2 BARTY,
Unreacted FA
20°C
Unreacted FA
200°C
< Unreacted FA
Crack ~a
400°C Destroy of LWA
UnreactedFA' —»
Geopolymer \
binder
binder
600 °C Destroy of LWA
S00°K '\ Voids —»
Sintering 4 : /1
partially melting Sintering
partially melting

Fig. 16. The microstructure of geopolymer composites exposed to high temperatures.

12



Y. Luo et al.

Linear shrinkage (%)

; T i T T
100 200 400 600 800

Temperature (°C)

Bulk density (g/cm®)

1.0+ : . . : .
20 100 200 400 600 800
Temperature (°C)
(b)
60 ;
—- -2
—e-L-3

Porosity (%)

i . i
400 600 800

T
200

T
100
Temperature (°C)

(c)

Fig. 17. The variation of (a) linear shrinkage, (b) density, and (c) porosity of
geopolymer composites at different temperatures.

13

Cement and Concrete Composites 143 (2023) 105265

experience thermal expansion up to 800 °C, attributed to the thermal
incompatibility between geopolymer binder and aggregates. Here, the
observed good thermal volumetric stability can be assigned to the
optimized sand aggregate packing, which serves as a reinforcing skel-
eton that can resist thermal deformation. In comparison, LWAGs un-
dergo different degree of thermal shrinkage with the sharpest shrinkage
occurs from 600 to 800 °C. This is because, on the one hand, the LWAs
are relatively weak, and the thermal shrinkage of binder gel plays a
dominate role before 600 °C. On the other hand, as observed in Fig. 16i,
the partial melting and viscous sintering of binder at 800 °C fill the pores
of LWAs, which is the main cause of the drastic shrinkage. More spe-
cifically, it is noticed that unoptimized LWAG as well as LWAG with a
higher q value experiences less linear shrinkage. It can be deduced that a
coarse pore structure with high porosity or large LWAs fraction is
beneficial to alleviate the matrix thermal shrinkage.

As shown in Fig. 17 b and c, the evolution of bulk density and
porosity can be an indicator of thermally induced microstructural
change, such as crack formation and matrix densification. As compared
to LWAGs, despite SAG showing the lowest linear shrinkage up to
800 °C, significant variations in bulk density as well as porosity are
observed. The S-3 shows an obvious reduction in bulk density with
increased porosity at 100 °C. A similar trend was reported in geopolymer
composites with fine pegmatite aggregates [51], indicating the crack
formation induced by the drastic water evaporation. From 400 to
600 °C, there is a remarkable drop in bulk density accompanied by
increased porosity in S-3. This can be attributed to the sand expansion,
which is consistent with SEM results. Then, insignificant matrix densi-
fication is noticed at 800 °C, suggesting a diminished healing effect
during viscous sintering. The LWAGs exhibit similar trends in bulk
density as well as porosity from 20 to 800 °C. Among these, the opti-
mized mixture with a q value of 0.3 shows the best stability before
600 °C. After 600 °C, all the LWAGs undergo significant matrix densi-
fication with reduced porosity, further proving the filling effect of
viscous gels.

In general, the high stiffness of sand with optimized packing provides
decent macro stability at high temperatures. However, at the micro-
structural level, the conflicting thermal behavior among geopolymer
binder and sand aggregates leads to severe microstructural deteriora-
tion. On the other hand, the incorporation of LWAs helps to alleviate the
thermal mismatch between paste and aggregates thanks to its high
permeability and mechanical weakness, resulting in reduced micro-
structural deterioration.

3.3.3. Residual compressive strength

The mechanical strength variation as a function of temperature is
depicted in Fig. 18a. A noticeable difference in mechanical strength
evolution is observed between SAG and LWAG. All composites show a
different degree of strength gain at 100 °C. Then, LWAGs exhibit a
strength reduction till 600 °C, following a strength rise at 800 °C. While
the compressive strength of S-3 keeps dropping from 100 to 800 °C.
Above all, the SAG sample shows the highest mechanical strength before
600 °C, while LWAGs have superior mechanical strength at 800 °C,
especially for L-3.

The thermal mechanical strength change ratio in different compos-
ites is further compared in Fig. 18b. It is known that the strength gain of
geopolymer binder at 100 °C is mainly because of the further geo-
polymerization [52]. As compared to the remarkable strength gain of
78.4% in SAG, LWAGs only exhibit a slight compressive strength gain.
This is because in LWAGs, despite the further geopolymerization that
refines the ITZ between binder and aggregates, the poor mechanical
property of LWAs largely hinders the strength gain effect. It explains the
higher strength gain in L-2 than L-3 due to its higher binder content.
Whilst given the high stiffness of sand aggregates, the positive effect of
further geopolymerization is more significant in SAG. After 100 °C, the
strength evolution in geopolymers is mainly affected by two mecha-
nisms, namely the dehydration/decomposition of binder gel and the
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Fig. 18. (a) The compressive strength and (b) strength change ratio of composites at different temperatures.

thermal interaction between binder gel and aggregates. In general, SAG
experiences a more drastic strength deterioration compared to LWAGs
from 100 to 800 °C. This is because, on the one hand, the dense matrix
with low permeability (see Table 6) gives rise to thermal stress during
water evaporation [53]. On the other hand, as detected in SEM, the
thermal mismatch among binder shrinkage and sand expansion after
400 °C remarkably damages the matrix with serious cracking and voids
formation. In comparison, LWAGs undergo a moderate strength loss till
400 °C, following a strength gain. As discussed above, the decreased
strength loss in LWAGs is mainly thanks to the reduced thermal in-
compatibilities between binder gel and LWAs. In addition, the high
permeability in LWAGs contributes to a lower water vapor pressure,
hence weakening the matrix damage. Moreover, it is interesting that a
higher q value enables a reduced strength loss rate, whilst a prolonged
compressive strength loss period till 600 °C is observed in L-3. This likely
corresponds to the different heat transfer processes in L-2 and L-3. As
discussed in Section 3.2, during the heating process, L-3 exhibits a lower
temperature gain rate than L-2, which would certainly alleviate the
thermally induced damage. However, the large thermal gradient in L-3
might prolong the effects of thermal deterioration. Beyond 600 °C,
strength gains of 2.6%, 28.4%, and 30.0% are noticed in L-2, L-3, and
L-L, respectively, attributed to the viscous sintering. The sample with a
larger q value exhibits a higher strength gain, which is contributed by
the reduced matrix degradation that allows a superior healing effect.
The L-3 and L-L show a relatively similar strength gain ratio due to the
same gel/aggregate proportion, whilst the optimized matrix exhibits a
higher residual strength. In S-3, the strength gain is hindered due to the
drastic structural deterioration.

In conclusion, the geopolymer composites with different aggregate
types experience a varied strength evolution under elevated tempera-
tures. As compared to SAG, a reduced strength loss from 100 to 400 °C
and an obvious strength gain at 800 °C is observed in LWAGs, owing to
the higher permeability and lessened thermal incompatibility. In addi-
tion, a higher q value not only contributes to lower thermal-induced
damage but also slows down the development of strength deteriora-
tion. It should be related to its low binder gel/aggregate ratio and spe-
cific heat transfer properties during heating.

4. Conclusions and outlook

This study introduces a novel theoretical approach toward the design
of high temperature resistant geopolymer composites based on packing
optimization. The microstructural formation, as well as thermophysical
properties of the designed lightweight aggregate incorporated geo-
polymer (LWAG), are examined to compare with sand aggregate
incorporated geopolymer (SAG). The role of aggregate characteristics in
determining the heat transfer process is numerically explored via heat
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transfer simulation. Ultimately, the interrelationships between the
microstructural-thermophysical properties, heat transfer pattern, and
high temperature performance are clarified. The following findings can
be summarized:

(1) By applying an optimized packing model, the incorporation of
lightweight aggregates (LWA) into geopolymer achieves a
significantly high porosity ranging from 48.6% to 54.0% as
compared to SAG of 24.6%. Among LWAGs, a higher distribution
modulus results in a coarser pore structure. Accordingly, a high
moisture permeability of around 0.0078 m/s is obtained in LWAG
as compared to SAG of 0.0043 m/s. Owing to the rough surface of
LWA, the mechanical interlocking effect between LWA and geo-
polymeric binder contributes to a good binding and compact
matrix, resulting in a comparable mechanical strength to that of
SAG.

(2) The type and packing design of aggregates significantly affect the
thermophysical parameters of geopolymer composites, especially
for thermal conductivity and heat capacity. The incorporation of
sand into geopolymer composite leads to a high thermal con-
ductivity and heat capacity. In contrast, LWA enables a promising
thermal insulation performance. The optimized packing further
contributes to a well-packed matrix with high porosity, resulting
in a high heat capacity and low thermal diffusivity. When
decreasing the distribution modulus from 0.3 to 0.2, higher
thermal conductivity and lower heat capacity are resulted due to
the reduced aggregate proportion.

(3) The thermal progression development of geopolymer composites

is largely influenced by the intrinsic property of aggregates. The

optimized packing of sand in geopolymer largely resists the
macro-deformation up to 800 °C. But severe microstructural
deterioration and strength loss is noticed in SAG due to the drastic
matrix incompatibility. In contrast, the incorporation of LWAs
results in less thermal destruction with better mechanical sta-
bility. However, it ultimately leads to significant shrinkage.

Increasing the distribution modulus further alleviates the

strength deterioration in LWAGs, attributed to the resulting

microstructure and heat transfer pattern.

The distinct thermophysical properties of LWAs and sand signif-

icantly vary the heat transfer pattern in geopolymer composites.

Sand incorporation results in a fast heat transfer with even tem-

perature distribution in geopolymer composite upon heating. In

contrast, the low thermal conductivity of LWAs impedes the inner
heat transfer, hence generating a large temperature gradient
within the composites. In addition, increasing the distribution
modulus reduces the thermal diffusivity and temperature gain
rate. It potentially slows down the development of strength

(€]
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deterioration and eases the mechanical degradation in LWAGs at
elevated temperatures.

The presented results build a picture of the progressive evolution of
geopolymer composites under elevated temperatures, which offers new
insights into the thermal degradation mechanism of geopolymer-based
mortar/concrete. The introduced design approach can serve as a
framework for advancing high temperature resistant geopolymer com-
posites. It shows potential for using geopolymers in large-scale appli-
cations like structural elements and tunnel linings that require heat/fire
resistance. Nevertheless, this study primarily focuses on the post-heating
behavior of geopolymer composites. Future research concerning the in-
situ thermal behavior characterization is imperative to achieve a more
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comprehensive grasp of the thermal performance of geopolymer
composites.
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