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Abstract This study investigated the use of waste clay bricks (WCB) as a binder
constituent in developing low-carbon pavement-grade geopolymer concrete. Blends
of WCB with slag and/or fly ash were used as the aluminosilicate source mate-
rials. Sodium silicate in powder form was used as the activator to produce dry
geopolymer binders. Considering the practical applicability, concrete was produced
under ambient curing. Concrete with WCB in the binder showed higher compressive
strengths than the concrete with only fly ash and slag in the binder and, a significant
difference in flexural strength was not observed for different binder types. Maximum
compressive strength of around 56 MPa at 28 days was recorded for concrete made
with the ternary blend of WCB + slag + fly ash. The strength of concrete with
WCB + slag was around 42 MPa. Sealing of samples to avoid contact with atmo-
spheric air resulted in better strengths. Drying shrinkage of WCB-based concrete was
investigated following the standard test procedure by subjecting it to initial curing in
lime-saturated water and by a non-standard procedure of sealed curing. Compared
to the standard method, the non-standard method resulted in higher drying shrinkage
due to loss of moisture from the specimen. The initial flexural modulus for WCB-
based concrete was higher than the concrete with slag 4 fly ash binder indicating
the higher stiffness of WCB-based concrete. The environmental performance of the
different binders used in concrete was assessed by estimating the carbon emissions
and energy consumption. Compared to using ordinary Portland cement, the use of
geopolymer binders can reduce carbon emissions by 70% and energy consumption
by 81%. Among the geopolymers investigated in this study, the binder with WCB +
slag 4 fly ash showed the best overall performance.
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1 Introduction

Concrete pavements have significantly lower whole-of-life costs due to their higher
durability and lower construction and maintenance costs [1]. Their simple structure,
fast construction, and smooth yet skid-resistant texture make them even more attrac-
tive over other pavement types [2]. However, the high carbon emissions associated
with ordinary Portland cement (OPC) used in concrete is a critical drawback and
challenge to the concrete pavement industry [3].

Developing low-carbon alternatives to OPC in pavement concrete will contribute
towards sustainability in the construction industry and will subsequently enhance
the industrial uptake of environmentally friendly concrete pavement technologies.
Geopolymer binders synthesised combining aluminosilicate source materials (i.e.,
precursors), such as fly ash and slag, with alkali activators, such as sodium hydroxide,
are well recognised as an alternative binder material for replacing OPC in concrete
[4].

The general practice in geopolymer production is to use elevated curing conditions
and liquid activators [3]. However, provision of elevated temperatures is not very
practical in in-situ applications, specially in pavement constructions. Furthermore,
the use of liquid activators makes the geopolymer production process more complex
and makes it more difficult to directly adapt existing production lines and practices
optimised for OPC concrete.

As a solution, this study investigates developing pavement-grade one-part
geopolymer binders using solid activators under ambient curing. Since the one-
part binders are dry powders similar to OPC, their mix designs and field use is
considerably more similar to the use of OPC concrete.

Recent studies have focused on developing geopolymers using non-conventional
materials such as construction and demolition waste, glass waste, brick waste and
volcanic ash [5-7]. Among them, the previous studies by Migunthanna et al. [8, 9]
have identified one-part geopolymer binders consisting of waste clay brick (WCB)
blended with fly ash and slag as aluminosilicate precursors and anhydrous sodium
metasilicate as the sole activator as a promising candidate to produce pavement grade
concrete under ambient curing. Therefore, the current study deals with developing
concrete using the optimum binder compositions proposed in the previous literature
and, assessing their performance considering mechanical characteristics, durability,
serviceability, and sustainability.
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Table 1 Concrete mix designs

Mix name | Binder = 400 kg/m? Fine agg | Coarse agg w/b | Slump (mm)
WCB |Fly ash |Slag | Act 14 mm |7 mm

W+S 144 0 216 |40 |661.5 737.1 |491.4 049 |65

W+S+F [1152 |72 172.8 |40 |661.5 737.1 4914 046 |55

S+F 0 72 288 |40 |661.5 737.1 |491.4 |0.46 |60

All the proportions are in kg/m>
Note agg. = aggregates, Act. = activator, W = waste clay bricks, S = slag, F = fly ash

2 Materials and Methods

2.1 Experimental Program

Two binder compositions proposed in the literature were selected based on references
[8, 9]. These binders consist of WCB, slag and fly ash in the precursor. The total
of the precursor and the activator was considered as the binder. All binders had an
optimum activator content (i.e., Na;SiO3) of 10% of the weight of the binder. A
28-day target compressive strength of 40 MPa and target slump of 50-65 mm were
considered following the pavement design guidelines [10]. Table 1 shows the mix
proportions of concrete.

First, dry binders were prepared by mixing all precursors and activator, and then
aggregates were added. Water was added in a pre-determined water-to-binder ratio
(w/b) to achieve the slump in the targeted range. After wet mixing for about 15
min, test cylinders with a diameter of 100 mm and height of 200 mm were cast.
Samples were subjected to ambient air curing and sealed ambient curing. In air curing
samples were kept in contact with air since demoulding. In sealed curing, samples
were wrapped with polythene to avoid contact with air and stored at 25 =+ 2 °C. The
sealing period was varied from 3 to 28 days to evaluate the effect of sealing time.
Mechanical performance was assessed by compressive strength, flexural strength and
split tensile strength. All the tests were carried out following Australian Standards
(AS). Water absorption, apparent volume of permeable voids (AVPV) and drying
shrinkage tests were conducted to assess the durability. Fatigue testing was carried
out as a measure to serviceability performance.

2.2 Assessment of the Environmental Performance

The environmental performance of geopolymers were evaluated by quantifying CO,
emissions and energy consumption. Material production, design, construction, use,
maintenance and end-of-life can be considered the main phases in a pavement life
cycle [11]. In this study, the focus was only given the material production since
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impacts from design and construction can be assumed to be similar or have no
significant difference based on the type of concrete [8]. The unavailability of dura-
bility and service performance data for geopolymer concrete pavement limits the
analysis boundary up to the construction phase. In the concrete production phase,
impacts from mixing and aggregates can be again considered similar for all concrete
types. Therefore, significant differences and critical variations in the environmental
performance can be expected related to binder production.

Inventory values for CO, emissions and energy consumption proposed in the
literature for individual components (i.e., processing of WCB [8, 12], slag [13, 14], fly
ash[15, 16]; production of Na,;SiO; [17, 18] and OPC[19, 20]; binder mixing [8, 12])
were used to estimate the impacts during binder production. Process-based approach
was used in the analysis, where total CO, emissions and energy consumption related
to each individual stage in raw material processing was considered. Impacts were
quantified with respect to a functional unit of 1 ton of dry binder.

3 Results and Discussion

3.1 Mechanical Performance

To understand the strength development of geopolymer concrete (GPC) under
ambient curing, samples were subjected to two curing environments, namely sealed
and unsealed. Figure la shows the 28-day compressive strength for three GPC
samples. Under both curing regimes, GPC with WCB binders showed strength higher
than GPC with only fly ash + slag indicating the better performance of WCB-based
binders. Sealing of samples improved the strength gain of all GPC types and this
increment was significant for WCB-based GPC. Sealing minimizes the development
of micro-cracks due to shrinkage by preventing moisture loss, and hinders the reac-
tions with atmospheric air [21]. Under the sealed conditions, WCB-based GPC was
able to exceed the target strength of 40 MPa and the highest strength was recorded for
W + S 4+ F GPC mix. The flexural strength of GPC did not show a significant varia-
tion based on the binder type (Fig. 1b). Under the sealed curing, all samples achieved
flexural strength of more than 4.5 MPa which is the typical strength requirement in
rigid pavement design [10].

To evaluate the effect of the sealing duration, GPC with WCB-based binders
were subjected to different sealing periods up to 0, 3, 7, and 28 days and compressive
strength at 28 days was recorded. As shown in Fig. 2, an increase in the sealing period
increases the strength gain. GPC made with W 4 S + F binder was able to exceed
the target strength even at 3-day sealing period indicating the better performance of
the ternary blend of WCB +- fly ash + slag than the binary blend of WCB + slag.

The strength development of WCB-based GPC was studied with respect to W +
S + F mix, since it showed the best mechanical properties from the three GPC mixes
investigated. Here samples were kept sealed only for 3 days and then kept in contact
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Fig. 1 a Compressive strength and b flexural strength of GPC at sealed and unsealed curing
conditions. Error bars indicate mean =+ one standard deviation (SD)
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Fig. 2 Effect of sealed duration on strength development of WCB-based GPC. Error bars indicate
mean =+ one SD

with air until the test date. Figure 3 shows the compressive, flexural and split tensile
strengths development of W + S 4+ F GPC. According to the Structural Concrete
Design Guidelines [22], the minimum compressive strength for grade 40 concrete
at 3 and 7 days should be 14 MPa and 20 MPa, respectively. The GPC mix selected
in this study was well above the minimum values reporting 30.1 MPa at 3 days and
38.6 MPa at 7 days. The high early strength gain ability of GPC is an additional
advantage to the concrete intended use in pavement applications [1, 3].

A significant development of compressive strength after 60 days was not observed
for GPC. The selected mix reached a compressive strength of 44 MPa over a period of
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Fig. 3 a Compressive strength and b flexural and split tensile strengths development of W + S +
F GPC. Error bars indicate mean =+ one SD

8 months. However, compared to the 90-day strength, this is 6% reduction. Improve-
ment in flexural strength gain was not observed after 3 days and it was at a constant
value of around 5.1 MPa throughout. Compared to the 3-day strength, a slight reduc-
tion of the flexural strength also was observed. Development of micro-cracks due
to shrinkage and atmospheric carbonation can be considered as possible causes for
these slight reductions in strength. The split tensile strength of selected GPC was
around 3.7 MPa at 28 days.

3.2 Durability Performance

Basic durability properties of W + S + F GPC were assessed through water absorp-
tion, AVPV and shrinkage. Standard testing procedures available for OPC concrete
were used following Australian guidelines (i.e., AS 1012.21). At 28 days of ageing,
immersed absorption of the GPC was found to be 5.6% (SD = +£0.75) and it was
increased up to 6.1% (SD = =£0.32) after boiling. The AVPV of WCB-based GPC
was found to be 9.9% (SD = +0.44), which is less than 14%, the maximum allow-
able AVPV for concrete with target strength of 40 MPa. AVPV and absorption of
concrete refer to the susceptibility of the material for ingression of impurities and
foreign particles to the inner concrete environment which can subsequently result in
deterioration of the material and corrosion of the embedded reinforcements [3].

3.3 Drying Shrinkage

The drying shrinkage of GPC was determined based on the standard test method
following AS 1212.8.4 and a non-standard method. According to the standards,
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specimens need to be cured in lime-saturated water for the first 7 days and then
stored in ambient conditions under 23 °C and 50% relative humidity. However, to
achieve the target strength, GPC needs sealed curing at least for 3 days. From the
initial experimental work, it was found that GPC cured in water (i.e., similar to
standard curing for OPC concrete) can reach only 28-day compressive strength of
around 36 MPa. Therefore, to identify the shrinkage under the suggested curing
method for GPC, shrinkage specimens were subjected to sealed curing for 3 days. At
the end of the initial curing, samples were stored at 23 °C and 50% relative humidity.

Figure 4 shows the drying shrinkage of W + S + F GPC under standard and non-
standard curing conditions. Samples subjected to the non-standard procedure showed
higher shrinkage compared to the samples subjected to the standard curing procedure.
Drying shrinkage in concrete occurs as a result of loss of moisture from the exposed
environment causing volume reduction in binder gel products [23, 24]. For normal-
strength concrete, drying shrinkage is critical during the initial period and dominant
over longer periods [23]. In the standard method, samples are in a saturated state, there
is no moisture loss from the concrete to the environment. Therefore, shrinkage in
the entire initial curing period is zero. However, for sealed samples, drying occurred
from the first day it-self. It is practically difficult to achieve a fully sealed condition
and therefore, the sample starts losing moisture even under sealed conditions [25].
This moisture loss is not aggressive as the unsealed condition, however significant
enough to cause drying shrinkage in the concrete.

Although GPC has several advantages over OPC concrete, the shrinkage behaviour
of GPC is a critical concern. Many studies reported that GPC has a higher shrinkage
compared to OPC concrete [24-26]. However, the results are often inconsistent due
to variations such as mix designs, binder types, aggregate properties and curing
conditions. Also, the direct use of standard test methods available for OPC concrete
to determine the shrinkage of GPC is still questionable. Therefore, more studies
are essential to understand the shrinkage behaviour and to develop test methods
appropriate to GPC concrete.
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Fig. 4 Drying shrinkage of W + S + F GPC under standard procedure and non-standard procedure
(i.e., sealed for 3 days)



10 J. Migunthanna et al.

3.4 Serviceability Performance

Pavements are always subjected to repeated loading due to the frequent movement of
traffic. Although these loads are smaller than the strength of materials, pavement can
fail under lower loading conditions due to fatigue damage. Therefore, investigating
the fatigue behaviour of a material is important in understanding the serviceability
of the pavement structure [10]. As an initiation, fatigue performance of GPC with W
+ S + Fand S 4+ F binders was investigated by subjecting it to cyclic loading with
peak stress of 85% of the maximum. The initial flexural modulus and the fatigue life
(i.e., number of loading cycles until failure) were determined.

Initial flexural modulus was calculated by averaging the flexural modulus of each
load cycle with in the first 10-50 cycles. Figure 5 shows the flexural modulus for
each cycle during the initial period and Table 2 summarises the average modulus
and the fatigue life. At 85% stress level, GPC with WCB showed higher flexural
modulus indicating the high stiffness of the material. However, to comprehensively
understand the fatigue performance of these materials, detailed studies are required.
It is recommended to investigate the performance of the material under several stress
ratios with a higher number of specimen counts.
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Fig. 5 Initial flexural modulus of concrete with W + S + F binder and S + F binder

Table 2 Summary of flexural fatigue test results

Concrete type W+S+F S+F

Sample (D (2) 3) (D (2) 3)
Fatigue life 5507 6805 29,995 2412 3290 286,457
Initial flexural modulus 2780 MPa 2660 MPa
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Fig. 6 a Comparison of CO; emissions and b energy consumptions associated with production of
1 ton of dry geopolymer binders with OPC

3.5 Environmental Performance

The environmental performance of geopolymers was assessed through CO, emis-
sions and energy consumption corresponding to the binder production phase. These
values were then compared with the impacts of OPC production. Figure 6 shows
the CO, emissions and energy consumption associated with the production of three
geopolymer binders initially selected in this study and their comparison with OPC.

All geopolymer binder compositions showed around 70% reduction in carbon
emissions and around 81% reduction in energy consumption compared to OPC.
Among the three geopolymer binders, the highest impacts were corresponding to the
S + F binder due to the higher amount of slag content. Replacing part of the slag in
this binder with WCB further reduced (i.e., W + S + F) the carbon emissions and
energy consumption. W + S 4+ F binder showed the best environmental performance
and also the mechanical performance compared to the other binders considered in
this study.

4 Conclusion

This study investigated the use of low-carbon geopolymer binders containing waste
clay bricks (WCB) as an alternative to ordinary Portland cement (OPC) in producing
concrete suitable for pavement construction. From the experimental studies, the
following conclusions were made.

e The highest compressive strength of 56 MPa was recorded for the concrete with
WCB, slag and fly ash (W + S + F) in the binder. GPC with only WCB and slag
showed a 28-day compressive strength of 42 MPa.

e Concrete with only slag and fly ash showed the lowest compressive strength of
34 MPa indicating the advantage of using WCB as a binder component.
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e The apparent volume of permeable voids present in the W 4 S 4 F concrete was
around 9.9% which is less than the maximum allowable limit of 14% for grade
40 concrete.

e Although the sealing of samples had a positive impact on strength gain, the sealing
could not provide enough resistance to prevent moisture loss. Therefore, higher
drying shrinkage was observed for GPC.

e Lime-saturated water curing helped to reduce the shrinkage however, this curing
method reduced the compressive strength of the WCB-based GPC down to 36
MPa.

e The initial flexural modulus of W + S + F concrete was around 2780 MPa at a
stress level of 85% of the maximum.

e The use of geopolymers instead of OPC can reduce CO, emission by 70% and
energy consumption by 81%.

Geopolymers with WCB, slag and fly ash can be considered viable low-carbon
binders to replace OPC in concrete. More studies are recommended to understand
the strength development, shrinkage and fatigue behaviour of these concretes.
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