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Abstract: To reduce the dead load of concrete structures, this study developed a high performance
lightweight aggregate concrete (HPLAC) by combining the use of ultra high performance
cementitious composite (UHPC) and different types of aluminosilicate lightweight aggregates
(LWAs). The physicochemical properties of two types of LWAs (i.e. expanded clay and expanded
shale) influencing the HPLAC were elaborated and compared. The composition distribution and
micromechanical properties in the interfacial regions of paste and LWAs were revealed by
elemental mapping and nanoindentation. The results showed that the incorporation of the clay
LWAs or shale LWAs in the HPLAC led to similar density and thermal conductivity values, while
the use of the shale LWAs induced a lower water absorption and higher strength of HPLAC as
compared to the clay LWAs due to the fine pore structure and higher pozzolanic activity of the
former. The internal curing effect provided by the pre-wetted shale LWAs was more efficient in
enhancing the hydration of binder, and the Al dissolution from the shale LWAs further densified
the interfacial bonding to form a dense rim surrounding LWAs, resulting in improved
micromechanical properties at the interface. The X-ray CT results indicated that the adoption of
UHPC was beneficial to preventing segregation of the LWAs and steel fibers in the HPLAC. By
virtue of the physical-chemical interactions of LWAs, the synergetic use of UHPC and pre-wetted
shale LWAs was able to produce an HPLAC with high structural efficiency, good thermal
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insulation, low autogenous shrinkage and permeability.

Keywords: High performance lightweight concrete; Ultra high performance cementitious

composite; Durability; Pozzolanic reactivity; Micromechanical properties

1 Introduction

Modular integrated construction (MiC) is perceived as an innovative construction concept by
adopting two construction phases: factory assembly and on-site installation [1]. The development
of the MiC in recent years seems to provide a solution for addressing the shortage of manpower,
increased costs of construction, and declining productivity in the construction industry.
Furthermore, the adoption of the MiC can increase the quality of construction, enhance site safety
and reduce environmental impacts, thus the MiC is getting more popular around the world [2, 3].
However, conventional concrete materials similar to those used for on-site construction are
normally used in the MiC [4], which poses challenges for requiring stronger hoist cranes and
special logistics. Therefore, it is of significance to develop a high performance lightweight
concrete for enhancing the lifting capacity and reducing the transportation cost of the MiC

construction.

Lightweight aggregates (LWAs) are generally used to produce high strength lightweight concrete
for structural applications. Due to the presence of pores in the LWAs, the weight of high-strength
lightweight aggregate concrete (HSLAC) is 20~40% lower than conventional concrete, with
density values of less than 2000 kg/m? [5] and 28 day compressive strength higher than 40 MPa
[6]. To prepare high performance HSLAC, three strategies have been used: use of good-quality

binder matrix, selection of proper LWAs, and addition of fibers.

For improving the quality of the binder matrix, supplementary cementitious materials (SCMs) and
a low water-to-binder (w/b) ratio were adopted |7, 8]. Some researchers [9, 10] prepared HSLAC
with the incorporation of silica fume, and found that the HSLAC had similar resistance to the
chloride ion penetration and bond strength as compared to normal weight concrete. These findings
are in agreement with the studies of Thomas and co-workers [11, 12], which indicated that the

additions of SCMs (e.g. silica fume, fly ash, and blast furnace slag) were effective in decreasing
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penetration of chloride ions in 25-year-old lightweight concrete compared to concrete containing
only Portland cement. Nadesan and Dinakar [13] utilized silica fume and metakaolin to improve
the mechanical and durability properties of HSLAC, and the benefits were more pronounced at a
lower w/b ratio of 0.25. The study of Chen and Liu [14] indicated that the combined use of fly ash,
blast furnace slag, and silica fume in HSLAC could prevent bleeding and up-floating of LWAs. To
reduce the dead weight and increase the strength, Kili¢ et al. [15] developed an HSLAC
incorporating silica fume and fly ash. Similarly, Wilson and Malhotra [16] found that HSLAC
prepared with silica fume had a satisfactory resistance to cyclic freezing and thawing. In addition,
Seabrook and Wilson [17] pointed out that the optimum silica fume content was in the range of 5%
to 10% by the weight of cement. Atmaca et al. 18] added 3% nano-silica into HSLAC to mitigate
the negative effects of LWAs. As a result, a remarkable increase in mechanical properties and
reductions in sorptivity and gas permeability were achieved. Except using the SCMs, by reducing
the w/b ratio, Moreno et al. [19] prepared a more durable HSLAC (higher strength and lower ion
permeability) in comparison to normal lightweight aggregate concrete with a higher w/b ratio. Real
and his colleagues [20, 21] also reported that the dense HSLAC with lower w/b ratio had lower
permeability regardless of the type of LWAs.

For producing high strength lightweight concrete, the type of LWAs used also plays a vital role.
Several kinds of LWAs have been adopted in the production of HSLAC, including cold bonded
and sintered fly ash LWAs [13, 18, 22, 23], expanded clay and slate [24-27], oil-palm-boiler clinker
and oil palm shell [28-30], and other LWAs (e.g. scoria, tuff, expanded shale) [12, 15, 16, 31].
Kockal and Ozturan [23] produced a high strength sintered fly ash LWA (crushing strength of 12
MPa) and compared it with cold bonded sintered fly ash LWA (crushing strength of 3.7 MPa) in
HSLAC. Their study showed that the HSLAC incorporating high strength LWAs had better
mechanical properties (compressive and splitting tensile strengths, modulus of elasticity) than the
HSLAC using low strength LWAs. In terms of durability performance, Real and Bogas [20] found
that the permeability of HSLAC decreased when the open porosity of LWAs was reduced and the
permeability of HSLAC with denser aggregates could be similar to that of normal weight concrete.
They also reported a higher carbonation resistance of HSLAC prepared with the lower porosity
LWAs [32]. Normally, the use of fine LWAs induced a higher compressive strength of lightweight
concrete as compared to coarse LWAs [33, 34]. Moreover, the larger amount of fine LWAs could

attain a higher compressive strength of HSLAC [35]. Due to the presence of lower stiffness of
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LWAs, lightweight concrete usually exhibits lower flexural/tensile properties [36, 37| and higher
long-term shrinkage [38]. Polypropylene and steel fibers have thus been added to enhance the
flexural toughness and splitting tensile strength of HSLAC [39-42]. Compared to the
polypropylene fibers, the addition of steel fibers was more effective in increasing the flexural
strength and toughness [39, 42], whereas the latter increased the density considerably and reduce
the slump of concrete [40, 41]. Thus, a proper volume fraction of steel fibers should be taken into
account in the design of HSLAC. Since the LWAs have a lower modulus than the natural
aggregates, other advantages of using fibers in HSLAC include the increase of modulus of
elasticity [41], enhancement of ductility [42], and reduction of shrinkage [43] thanks to the crack
arresting ability of the fibers.

Given the LWAs are the weakest component in the HSLAC, the durability and mechanical
properties of the lightweight concrete would be mainly governed by the qualities of cement mortar
forming a protective coating around the LWAs [44, 45]. Thus, how to improve the quality of the
mortar matrix is the key point in the production of HSLAC. In this study, an ultra high performance
cementitious composite (UHPC) was used as a binder to prepare the HSLAC to leverage its very
high strength and superior durability. Previously, some studies [46-50] have incorporated pre-
wetted LWAs into the low w/b concrete, but the intentions of these investigations were to enhance
the strength [46, 49] or reduce the shrinkage [47, 48, 50] of high performance concrete, the weight
of concrete was thus not reduced significantly (e.g. the density of the LWC was about 2,300 kg/m’
in ref [46]). Therefore, this study aimed to produce high quality lightweight concrete combining
1) UHPC as a paste, and 2) a large volume of LWAs aiming to improve the performance of

lightweight concrete and reduce the dead load of concrete.

Aforementioned, with the use of SCMs, good quality LWAs and fibers, the mechanical properties
and durability of lightweight concrete can be enhanced considerably. Until now, few studies have
provided a comprehensive perspective (i.e. an integration of the above three approaches) to
produce a high-performance lightweight concrete. This work integrated the use of a UHPC paste,
steel fibers and two typical types of LWAs (expanded clay and expanded shale) to produce a
UHPC-based HPLAC. In particular, the roles of the physicochemical properties of LWAs in the

UHPC matrix were emphatically investigated and compared.



128 2 Materials and methods

129 2.1 Materials

130 A Type I ordinary Portland cement (OPC) sourced from Hong Kong Green Island Cement
131  Company was used as the main cementitious material. Silica fume (SF) and ground granulated
132 blast furnace slag (GGBS) were purchased from Mainland China. Metakaolin (MK) was supplied
133 by a local company (Nano and Advanced Materials Institute). The chemical compositions of the
134  cementitious materials were analyzed by X-ray fluorescence technique using a Rigaku
135  Supermini200 spectrometer. Table 1 lists the composition results, which show that the SF was
136  rich in SiO2, the MK was rich in SiOz and Al,O3, and the GGBS was rich in SiOz and CaO. The
137  particle size distributions of cementitious materials (except SF) were measured by a laser
138  diffraction analyzer (Malvern Instrument), while the size of SF was tested by a Zetasizer (Malvern,
139  Nano-ZS90) due to its extremely fine particle. The particle size distributions are depicted in Fig.
140 1 and the average size and density of cementitious materials are shown in Table 1.

141

142 Table 1. Chemical compositions and physical properties of cementitious materials and aggregates.

Compositions OPC SF MK GGBS CLWA  SLWA RS
(wt. %)

SiOx 19.0 95.7 53.00 34.78 60.4 62.0 90.4

Al03 5.68 0.45 43.60 14.22 19.8 19.8 4.71

Ca0 65.8 0.73 0.12 38.38 2.57 0.76 0.66

MgO 0.97 0.71 0.10 7.32 1.23 / 0.26

K;0 0.66 1.74 1.68 0.77 2.89 4.58 2.06

P,0s 0.16 0.09 0.13 / 0.37 0.23 0.14

Fe,0s 3.12 0.07 0.70 0.27 11.2 7.16 0.88

Naz0 / / / / / 1.29 0.66

SOs 4.03 0.27 0.23 3.12 0.15 0.13 0.10

Physical properties
Specific gravity 3.15 2.69 211 2.56 2.63 2.52 2.53
Average particle ) g 0.44 6.21 15.64 / / /

size (um)

143
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Fig. 1. Particle size distributions of cementitious materials.
Aggregates used in this study included river sand (RS), expanded clay lightweight aggregate
(CLWA), and expanded shale lightweight aggregate (SLWA). The CLWA was made from fresh
clay, and produced through pelletization and sintering in the form of rounded pellets. The angular
shaped SLWA was crushed from a big bulk of expanded shale. Thus, the surface of the SLWA was
very rugged and the surface pores were open (see Fig. 2). The particle size of these aggregates was
ranged between 2.36-5 mm as finer LWAs usually have a higher density. The compositions of
aggregates are presented in Table 1, which indicate that SiO2 and Al,O3 were the main components
in the CLWA and SLWA (devoid of calcium). In order to know the crushing resistance strength of
the two types of LWAs, a number of the CLWA pellets and SLWA cubes (cubic particles cut from
bulk shale) with a size/diameter of around 5 mm were tested. The crushing resistance of the CLWA
pellet was calculated based on a method reported in previous studies [51, 52]. The average strength
results are shown in Table 2, which also lists other physical properties of the LWAs. The total and
open porosities of the two aggregates were measured by submerging them in water under vacuum
for 24 h [53]. It is found that the SLWA had a far higher strength than the CLWA despite they had
similar porosities. The water absorption and apparent density values of the two LWAs after soaking
in water for 24 h were similar (under ambient condition). The pre-wetted density of the SLWA was

slightly higher than that of CLWA, whereas the dry bulk density of the former was a little lower.
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Fig. 2. Appearances of RS, CLWA and SLWA used in this study.

Table 2. Physical properties of LWAs.

Physical properties CLWA SLWA

Crushed resistance (N/mm?) 0.76 4.58

Open porosity (%) 20.5 18.7

Total porosity (%) 68.0 63.9
Water absorption

(24 h soaking in water, %) 13.4 14.2
Apparent density

(24 h soaking in water, kg/m?®) 956 1065

Loose bulk density (Dry, kg/m?) 539 525

2.2 Mix proportions and research framework

The HPLAC mixtures were comprised of two parts, one was a UHPC paste and the other was
LWAs. The mix proportions of HPLAC mixtures are listed in Table 3. The pozzolans with
different particle sizes were combined to prepare a high performance paste. For the reference
mixture (100R), the natural RS was adopted as an aggregate and then compared with the LWAs.
The aggregate-to-binder ratio was set as 1:1 by mass. A w/b ratio of 0.17 was used for the
reference mixture. Since the LWAs would absorb water during mixing, they were pre-soaked in
water for 24 h [54], and then the LWAs were used to replace 50% and 100% RS by volume. Since
part of water would be released from pre-soaked LWAs due to the centrifugal force during the

high-speed mixing [55], the w/b of HPLACs was reduced slightly (Table 3) to maintain a similar
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flow value with the reference mixture (180+£5 mm determined by flow table [56]). To further
reduce the weight of the mixture, more pre-wetted LWAs (150% and 200% volume of RS based
on the reference mixture) were introduced into the mixture. For all the mixtures, the dosage of a
polycarboxylate ether (PCE) superplasticizer (BASF, SKY 8588) was 3% of the binder by mass.
The water content in the superplasticizer was 80%. Short straight steel fibers coated by copper
(diameter of 0.22 mm and a length of 13 mm) were employed to reinforce the samples. As the
addition of the steel fibers with very high density would increase the weight of concrete largely,
the dosage of the fibers was controlled at 1.5% by the paste volume. The number in the codified
mix refers to the percentage of aggregates. The ‘C’ and ‘S’ denote the CLWA and SLWA,
respectively. For example, the 100C means that the mixture was prepared with 100% CLWA as

aggregates.

Table 3. Mix proportions of HPLACs prepared with SLWA and CLWA (kg/m?).

Cementitious materials Aggregates

Mix OPC SF MK GGBS Fiber PCE RS CLWA SLWA Water w/b
100R 827 124 41 83 61 32 1075 / / 157  0.17
50C 827 124 41 83 61 32 537 203 / 146  0.16
100C 827 124 41 83 61 32 / 406 / 135 0.15
150C 687 103 34 69 51 27 / 506 / 113 0.15
200C 584 88 29 58 43 23 / 574 / 96 0.15

508 827 124 41 83 61 32 537
100S 827 124 41 83 61 32 /
1508 687 103 34 69 51 27 /
2008 584 88 29 58 43 23 /

226 146  0.16
452 135 0.15
564 113 0.15
639 96 0.15

~ T~ ~ ~

For the preparation of HPLACS, the cementitious materials were dry-mixed for 3 minutes in a
laboratory mechanical mixer. Then, water and superplasticizer were added followed by further
mixing for 6 minutes. After the mixture was turned into a paste, the RS/pre-soaked LWAs were
poured into the mixer and the whole mixture was continued mixing for another 2 minutes. Then,
the steel fibers were added followed by 1 minute of additional mixing to obtain a homogenous
fresh mixture. After casting into steel molds, a laboratory vibrating table was used to compact the
mixtures. Plastic sheets were used to cover the surface of mixtures to avoid moisture loss. 24 h
later, the specimens were demoulded and cured in a water tank (25+2 °C) for different periods

before testing.
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2.3 Methods

2.3.1 Chapelle test

The Chapelle test is used for assessing the reactivity of pozzolanic materials in cement-based
systems [57, 58]. In this study, the pozzolanic activity of the LWAs was evaluated by this method.
One gram of the powdered aggregate (RS, CLWA, and SLWA) was allowed to react with one
gram of Ca(OH); in 200 mL distilled water. The prepared solution was placed in sealed glass
bottles and heated to 80 °C and kept for 16 hours. After cooling down to room temperature, 20
grams of sucrose were added to dissolve the remaining unreacted Ca(OH)>, with the aid of
magnetic stirring for 20 mins to make sure the complete complexion of the Ca ions. Afterward,
the suspensions were filtered through 2.5 um filter papers using vacuum filtration. 0.1 N HCI and
methyl orange indicator were employed to titrate the filtered solution. Thus, the remaining and
reacted Ca(OH), amounts could be calculated based on the consumed HCI dosage. The reactivity
of the aggregates was then obtained as the consumed Ca(OH); amount by the aggregates divided
by the original Ca(OH), amount. After drying the solid residues (obtained from filtration) at 105
°C, a thermogravimetric (TG, Rigaku Thermo Plus EVO?2) analysis was conducted to obtain the

bound water of the residues [59].

2.3.2 Physical properties

The compressive strength of the samples was measured at 7, 28, and 90 days of curing following
ASTM C109 [60]. Samples with the size of 40x40x40 mm? were prepared for measurements. A
compression machine with a maximum force of 3000 KN was used for testing. The loading rate
for the test was set as 0.6 MPa/s. Three specimens were measured for obtaining an average value.
The wet density of the samples was also tested at different curing times. The volume of the samples
was measured by a water displacement method based on BS EN 12390-7:2019 [61]. The mass of
the samples was weighted in the saturated surface dry (SSD) condition. Besides, the water
absorption of the 90 days samples was measured according to ASTM C642 [62]. Before recording
the dry mass, the samples were dried in a ventilated oven at 105 °C until constant mass was

achieved.
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2.3.3 Thermal conductivity

The thermal insulation property of HPLACs was assessed by a thermal conductivity test. Samples
with a dimension of 40x40x40 mm? were used for testing after curing at 28 and 90 days. A thermal
conductivity meter equipped with a Hot Disk Kapton sensor was employed for the measurements.
The measurement range of the device was from 40 down to 0.03 W/m/K. The temperature during
the measurement was 21 °C. At least five samples from each mixture were tested to obtain an

average value.

2.3.4 Isothermal calorimetry

The isothermal calorimetry was tested to monitor the hydration kinetic of HPLACs prepared with
pre-soaked LWAs. The hydration heat of samples containing different amounts of the SLWA was
recorded and the cases of 100R and 100C were also tested to make comparisons with the SLWA-
incorporated samples. The proportions of the samples complied with Table 3. The fresh mixtures
located in insulated containers were transferred to an isothermal calorimeter (Calmetrix I-CAL)

for measurements. The heat of hydration was monitored up to 168 h at a constant temperature of

20 °C.

2.3.5 Durability related properties

The ion permeability of 100R and 100S was determined to evaluate the concrete’s resistance to
chloride-ion penetration according to ASTM C1202 [63]. This rapid electricity flux method has
been widely used for characterizing the permeability of high strength lightweight concrete [9, 19],
although it is not without limitations [64]. The 28 days cured samples were used for testing. Slice
samples of 50 mm thickness were cut from cylinder concrete samples. Before testing, the samples
were vacuumed for 3 h, followed by saturated in water for 18 h. A voltage of 60 V was exerted on
a cell with one side filled with 3% NaCl solution and the other side 0.3 M NaOH solution. The

total charge passed after 6 h was recorded as an indication of chloride ion penetrability.

The autogenous shrinkage of 100R and 100S was measured using the corrugated tube method
according to ASTM C1698 [65]. The fresh mixtures were filled into polyethylene tubes (420 mm
in length and 29 mm in outer diameter) held vertically while the vibrating table was switched on.
The measurement of autogenous deformation was started after setting and continuously monitored

for 14 days under the sealed condition at 23 °C. The data were recorded every minute during the

10
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testing period.

2.3.6 Microstructure tests

X-ray diffraction (XRD, Rigaku SmartLab-Advance) equipped with a 9 kW rotating anode X-ray
source (A~1.54A) was employed to identify the mineralogy of the aggregates (RS, CLWA, and
SLWA). A high quality semiconductor detector (HyPix-3000) was used to scan the powdered
samples. The scan ranged from 10° to 70° in this measurement with a scan speed of 5 °/min and a
0.01° step size. To quantify the crystal phases in the aggregates, 20 wt% of corundum was added
to the samples as an internal standard. Rietveld refinement was conducted to analyze the data by

using Topas 4.2 software.

A mercury intrusion porosimeter (MIP, Micromeritics AutoPore IV 9500) was adopted to analyze
the pore structure of LWAs. Pores with sizes from 360 um down to 5 nm could be measured via
the intrusion of mercury into the connected pores under an intrusion pressure of up to 227 MPa.
The pore shapes were assumed to be cylindrical and the contact angle of the mercury on the solid
surface was taken as 140° [66]. Despite the debate using MIP for measuring porosity due to the
irregularity of pore geometries and ink-bottle effects [67], the information obtained is still useful
for qualitative analysis and comparison [53]. The surface of the raw LWA particles and their
interior structure were observed using a scanning electron microscope (SEM, Tescan VEGA3).
The backscattered electron (BSE) imaging mode was performed on the carbon-coated polished
cross section of LWAs to explore the internal pore connectivity in the LWAs. The pores in the
LWAs were filled with epoxy and then the samples were polished before BSE observation. For
the concrete samples, the cube samples after 90 days curing were cut into slices and then
embedded in epoxy and polished by the different fineness of papers (180 grits, 9 um, 3 um, 0.05
um). After obtaining a smooth surface, the samples were cleaned in ethanol in an ultrasonic bath
for 5 mins to remove the residual suspensions on the surface. Before the BSE testing, the samples
were dried in a 40 °C vacuum oven for 3 days and coated with carbon for conduction. Energy-
dispersive X-ray spectroscopy (EDX) was conducted to analyze the elemental distribution of the

matrix. The above SEM/BSE observations were carried out under 20 kV voltage.

11
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A Bruker’s Hysitron TI Premier nanoindenter was employed to measure the micromechanical
properties of the interfacial zone between the aggregate and the paste. A square indentation grid of
400 points (20 x 20) was programmed for the indentation (see Fig. 3) and the interval distance
between the grids was 5 um. A trapezoid loading program was used for the measurement. The
indentation force was loaded up to a maximum value of 2000 puN at a rate of 400 uN/s using a
diamond tip with Berkovich triangular pyramidal. Then, the maximum force was held for 2 s,
followed by unloading within 5 s. The hardness and elastic modulus of the indented points were
obtained according to the depth-load curves [68, 69]. The preparation of samples (90 days of curing)
for the nanoindentation test was similar to that of the SEM-BSE testing. However, to achieve a
very smooth surface, the samples were further polished by fine grits (9 um, 3 um, 0.05 pm) for 30

mins, respectively.

The pore structure in the paste of HPLACs was evaluated by the Brunauer-Emmett-Teller (BET)
test (the MIP method would involve the information of pores in LWAs). A porosimetry instrument
with a two-station degas system (Micromeritics ASAP 2020) was used for nitrogen adsorption and
desorption. Small fragments (75-315 um) crushed from the 90 days cured samples were used in
this test. The steel fibers in the samples were removed by a magnet. The vacuum degassing
temperature was set at 60 °C to remove the remaining water from the smallest pores, followed by
an analysis procedure under liquid nitrogen conditions. Pore information in the range of 2-100 nm
could be obtained from this measurement. Since the HPLACs contained LWAs, the actual pore

information of the paste matrix was calculated by subtracting the pores in the LWAs in the samples.

A high resolution X-ray computed tomography (LCT, YXLON FF35) was employed to observe
the distributions of LWAs and fibers in the HPLACs in a non-destructive way. 40x40x40 mm?

cube samples were used for CT scanning and the internal voids in the LWAs (about 5 mm in

12
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diameter) were also detected. The X-ray tube was operated at 200 kV voltage and 65 pA current
for the concrete samples and 100 kV voltage and 60 pA current for the LWA particles. For both
samples, 1800 projections of two-dimensional (2D) images were captured in a 360° rotation with
an integration time of 1.67 s. 0.1 mm tin and 0.1 mm copper were taken as filters for concrete and
LWAs samples, respectively. The three-dimensional (3D) volumetric structures were generated via
real time reconstruction software (CERA). Then, the 2D and 3D CT images were visualized and

analyzed by VGStudio MAX.

3 Experimental results
3.1 Physicochemical properties of LWAs
3.1.1 Mineralogy of LWAs

The XRD spectra of the different aggregates are displayed in Fig. 4. As seen, the distinct peaks
of quartz were identified in all aggregates. However, the intensity of the quartz signal was
strongest in the RS, and lowest in the shale-based SLWA. To some extent, this implies the highest
content of quartz in the RS and the lowest content of quartz in the SLWA. The results are
consistent with the Q-XRD analyses shown in Table 4, which presents that the order of quartz
content was RS (sand)>CLWA (clay)>SLWA (shale). On the other hand, the amount of
amorphous phases in the aggregates followed the sequence: SLWA>CLWA>RS. From the
diffractograms, hercynite (FeAl.O4, PDF#34-0192) was also observed as crystal phase in the
LWAs and its content was slightly higher in the CLWA than that in the SLWA (see Table 4). Zhang
and Gjerv also compared the mineral compositions of various LWAs (including Liapor, Leca, and
Lytag), they found different minerals in the various LWAs due to the completely different raw
materials and manufacturing procedures [70]. In this study, although the two types of LWAs were
produced with different raw materials (clay and shale), they still had similar chemical and mineral
compositions. However, the fraction of each mineral in the two types of LWAs was different,
which might induce different chemical reactivities. As indicated by previous studies [70, 71], the
LWAs possessed some pozzolanic reactivity due to the high temperature manufacturing process
(typically in the range of 1000-1200 °C [72]). The ions (e.g. Al and Si) released from the LWAs
would react with Ca(OH); to form additional hydrates [71, 72]. Hence, the higher content of

amorphous phases revealed that the LWAs would likely involve in the pozzolanic reaction with
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Fig. 4. XRD patterns of the RS, SLWA and CLWA (with 20 wt.% corundum).

Table 4. Phase contents in the aggregates analyzed by Q-XRD (wt%).

Aggregates RS CLWA SLWA
Quartz 89.9 31.8 15.0
Hercynite - 9.7 8.3
Amorphous 10.1 58.5 76.7

3.1.2 Pore structure of LWAS

The pore structures of the LWAs measured by MIP are presented in Fig. 5. The pore size of the
SLWA was much smaller than that of the CLWA. Most of the pores in the CLWA were larger than
1 um, while the pores in the SLWA were mainly smaller than 1 pm. The MIP results indicate that
the SLWA had a much finer pore structure than the CLWA. As indicated in ref. [53], the density
and water absorption process of LWAs were related to their pore structures. Pores larger than 1 um
in the LWAs would be saturated rapidly but the absorbed water was desorbed easily, while water
in smaller pores was sorbed and desorbed more slowly [55]. Therefore, it is anticipated that the
internal curing effect provided by the SLWA would be adequate due to the steady and gradual
water desorption. In any case, however, a large number of pores in the LWAs could provide spaces
to accommodate water for internal curing. Moreover, the fine and uniform pore structure in the

SLWA might account for its higher crushing strength as compared to that of the CLWA (Table 2).
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Fig. 5. Pore size distributions of SLWA and CLWA.

In order to closely examine the structure of the two lightweight aggregates, SEM-BSE was
employed to observe the surface and internal pores. The appearance of the CLWA surface shown
in Fig. 6a was full of cavities, but the cavities seemed to be non-connected. From the cross-section
of the CLWA, an outer shell of about 500 pm thick can be identified in Fig. 6b. This relatively
denser shell covered the internal pores, whose sizes were much larger than the pores in the shell.
These behaviors are in line with the observation of another study [53], which showed that the outer
shell of expanded clay aggregates was much less porous than the interior. Fig. 6¢ shows the pores
of the SLWA. As the SLWA was crushed from the big bulk of expanded shale, the surface was very
rugged and the pores were opened. A close examination in Fig. 6d displays that the surface pores
with different sizes were separated by the shale matrix. Zhang and Gjerv [73] found that the
penetration of cement paste into LWAs depended on the surface of the LWAs. The cement paste
did not penetrate through the dense shell, while it could penetrate into the opening pores of surface.
Hence, for the SLWA, the bond was expected to be better due to an improved mechanical

interlocking between the aggregates and the cement paste.

BSE images of the polished cross-section in Fig. 7 show the interior pores in the CLWA and SLWA.
For the CLWA (Fig. 7a), a clear shell in the outer part of the aggregate was observed. In contrast,
the interior structure in the CLWA was observed more porous. As shown in Fig. 7b with greater
details, many interior pores were well-interconnected or separated by a thin wall. This

characteristic of pore structure was prone to water absorption and storage. However, the large voids
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inside the CLWA would make the aggregate weak and friable [53]. Figs. 7c and 7d present the
interior structure of the SLWA. The cross-section images demonstrate the open-cell pores on the
surface of the particle. In comparison with the CLWA, the interior pores in the SLWA were more
isolated, and the walls between the pores were thicker. The refinement of the pore structure might
be responsible for the higher strength of the SLWA compared to the CLWA (see Table 2).
Additionally, the open pores of the SLWA could increase the bonding area with the paste and
reinforce the interfacial pozzolanic reaction, in contrast, the densely sintered shells on the surface
of the CLWA would lower chemical reactivity. The surface structure of SLWA was similar to that
of Lytag (sintered fly ash) without a dense shell, which facilitated to form a more dense and
homogeneous ITZ [74]. For the LWA with a dense shell, some crystalline hydration products, such
as Ca(OH); and ettringite, would accumulate at the dense outer layer to make the ITZ more porous
[74]. As a consequence, although the two types of LWAs had similar porosities (Table 2), they had
different pore structures and geometries, both of them affecting the overall strength of HPLACs
by processes which took place in the ITZ.
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Fig. 6. SEM of pores in the CLWA and SLWA, (a) surface of CLWA; (b) internal
pores of CLWA; (¢) and (d) surface pores of SLWA.
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Fig. 7. BSE images of internal pores in the CLWA and the SLWA, (a) cross section of
CLWA; (b) magnification of (a); (c) cross section of SLWA; (d) magnification of (c).

3.1.3 Pozzolanic reactivity of LWAs

To assess the possible pozzolanic reactivity of the CLWA and SLWA in the alkaline cementitious
system, Chapelle test was performed to obtain calcium hydroxide (CH) consumption by the
different aggregates (which were in powdered forms). Fig. 8a shows that the RS had the least value
of CH consumption and the SLWA consumed the highest amount of CH, which means that the
SLWA possessed the highest pozzolanicity among the tested aggregates. Accordingly, the SLWA
had a higher material activity than the CLWA. Since the SLWA was processed by rapid cooling
from high temperatures and mainly composed of SiO2 and Al>QOs, it could be possible that Al and
Si would be released from the SLWA to react with CH [71]. It should be noted that per gram of the
SLWA could react with 527 mg CH, which is similar to that of a typical pulverized fly ash
(classified as a highly reactive SCM) [57]. Also, Kong et al. [72] investigated the chemical
reactivity of LWAs (sintered fly ash and expanded clay/shale) and found that the finely ground
LWAs had similar pozzolanic reactivity with fly ash. The powdered expanded slate and shale

aggregates were also found to have pozzolanic nature, the consumption of CH was comparable to
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or higher than fly ash [75]. Tasong et al. [ 76] indicated that the natural aggregates were chemically
active and the ions released and absorbed by the aggregates possibly took part in the hydration of
the surface layer. Therefore, the result obtained implies that the studied SLWA would exert a
high/moderate pozzolanic reaction at the interfacial zone in the cement-based matrix. Certainly,
the LWAs in the form of powder should be more reactive than in the form of coarse aggregates,
thus if the SLWA was ground into powder form, it may be used as a potential SCM. From Fig. 8b,
it can be seen that the residue of the reacted samples experienced a severe mass loss from 100 to
300 °C. Thus, the bound water of the residual samples of RS, CLWA, and SLWA calculated in this
temperature range was 13.0%, 19.4%, and 24.8%, respectively. These results further confirmed

that the order of pozzolanic reactivity among the aggregates was SLWA >CLWA>RS. On the

other hand, this sequence indicates that the larger amounts of Al and Si were released from the

SLWA and reacted with CH to form hydration products compared to the CLWA.
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Fig. 8. Pozzolanic reactivity of aggregates determined by Chapelle tests, (a) Consumptions of

Ca(OH); by per g of aggregate; (b) TG/DTG analyses of residual solids after Chapelle tests.

3.2 Physical and functional properties

3.2.1 Density and water absorption

The density and water absorption values of HPLACs are shown in Fig. 9. With the incorporation
of the two types of LWAsS, the density of samples was reduced significantly, in particular when the
RS was fully replaced by the LWAs (Fig. 9a). With further increase in the content of LWAsS, the

reductions in the density were not remarkable, regardless of the samples prepared with the CLWA
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and SLWA.. Since the density of RS was much higher than those of LWAs (see Table 1), the density
of the samples dropped significantly to around 1850 kg/m? by replacing 100% RS. A recent study
[77] also reported a similar density with the use of SLWA in the concrete, regardless of quasi-
spherical shale and crushed shale. In general, the density of lightweight concrete is associated with
the density of LWAs. If the LWASs with low density were used, the lower overall density of concrete
would be attained. Therefore, some studies [78-80] incorporated very lightweight materials (e.g.
aerogel, straw and expanded polystyrene) into the UHPC system to reduce the density and ensure
the high strength. However, with the reduction in the density, the strength of lightweight concrete
would be reduced inevitably. In this study, the influence of these two types of LWAs on the
reduction of density seemed to be similar. This is because the pre-wetted densities of the CLWA

and SLWA were similar (0.96 vs 1.1 g/cm?).

Water absorption is an essential factor which is primarily related to the durability of the concrete.
Fig. 9b presents the water absorption of HPLACs prepared with the two types of LWAs. In both
cases, the water absorption of the samples was increased with the increasing content of the LWAsS.
Especially for the CLWA containing samples, the water absorption was increased significantly
with the decrease in density. Furthermore, the inclusion of the porous expanded clay aggregates
with interconnected pores might have a negative effect on water retention. This result is in
agreement with the findings of other works [28, 81], which indicated that the replacement of
natural aggregates by LWAs and the increased amount of LWAs in the mixture increased the water
absorption of the lightweight concrete. However, in this study, the water absorption values of
HPLACs were still much lower than those of conventional lightweight concrete [81, 82] and

normal weight cement mortar and concrete [83, 84| (mostly>7%). As the water absorption was

less than 5%, the HPLACs prepared in this study were expected to have a good quality [28]. By
contrast, the increase of water absorption of the expanded shale-based samples was not
significantly changed with the increasing aggregate content. The results mean that the HPLACs
prepared with the SLWA had a more compact structure than those prepared with the CLWA at a

similar level of density.
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Fig. 9. SSD density (a) and water absorption (b) of HPLACs.

3.2.2 Structural efficiency

The compressive strength and corresponding structural efficiency of HPLACs are presented in Fig.
10. When the LWAs were used to replace RS, the compressive strength was reduced considerably
due to their intrinsic weak strength. In particular, a large reduction in the strength was observed in
the case of the CLWA-incorporated samples. The strength of the 100C dropped by 70% as
compared with the reference sample at 90 days. Further increasing the content of the CLWA only
slightly reduced the strength. This might be due to the fact that the large proportion of the CLWA
had formed a network packing in the matrix to stabilize the strength reduction. For the HPLACs
prepared with SLWA, the reduction of strength appeared to be less pronounced in comparison with
the CLWA system, especially when the RS was fully replaced by the SLWA. The strength was
substantially higher than those of the CLWA samples. A high strength exceeding 70 MPa could
still be achieved for the 100S. Based on the results of ref. [77], the use of the crushed shale LWAs
in concrete could attain higher strength than the use of the quasi-spherical shale LWAs because the
angular shape and rough surface of the LWAs could provide a better bonding with the cement paste.
Hence, the SLWA with open-pore surface in this study might contribute to the high strength as
compared to the CLWA. With the increase of the SLWA content, the strength decreased as expected.
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Fig. 10. Compressive strength (a) and structural efficiency (b) of HPLACs.

Structural efficiency (strength/density, kN-m/kg) is a parameter to represent the material efficiency
for lightweight concrete. The higher value means a higher efficiency to reduce the dead load of the
concrete structures and vice versa. Fig. 10b shows the structural efficiency of HPLACs prepared
with two kinds of LWAs. The results indicate that the structural efficiencies of HPLACs prepared
with SLWA were obviously higher than those of the CLWA incorporated samples. Therefore, the
introduction of the SLWA in the HPLACs was more effective in reducing the structures’ weight at
the same grade of density compared to the use of the CLWA. Several physicochemical properties
of the SLWA may be responsible for this behavior: (i) the finer pore structure of the SLWA (see
Section 3.1.2) resulted in a higher aggregate strength (see Table 2); (ii) the open-pores surface of
the SLWA (see Section 3.1.2) were conducive to improving the bonding between the aggregates
and the paste (to be discussed in Section 3.3.2); (iii) the coupled effects of internal curing and high
pozzolanic activity of the SLWA facilitated to form good bonds with the paste to partly counteract
the weak strength of the aggregates (to be discussed in Section 3.3.3). However, it is found that
the structural efficiency of the SLWA-containing HPLACs decreased significantly with the
increased amount of the SLWA. This is because the strength was reduced largely while the density
did not decrease too much. Another reason might be due to the incorporation of relatively larger
size of the SLWA in the mixture. As reported by previous studies [34, 85], the use of LWAs with
small size resulted in a higher compressive strength of lightweight concrete. This finding was
confirmed by our recent work [8], which incorporated micro-sized lightweight materials into

UHPC system to achieve very high structural efficiency (=65 kN-m/kg).
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3.2.3 Thermal conductivity

The thermal conductivity test results are shown in Fig.11a. The reference sample (100R) had a
high thermal conductivity (2.32 W/mK at 90 days) due to the use of quartz sand with very high
thermal conductivity (18.37 W/mK [86]). The replacement of the RS by the LWAs reduced the
thermal conductivity remarkably. For the 100C and the 100S, the thermal conductivity values were
reduced by 68% and 62% in comparison with the reference sample, respectively. The porous
structure of the LWAs hindered the conduction of heat through the matrix. Also, as the UHPC
matrix was water-deficient, the absorbed water in the LWAs would be consumed by the hydration
of the surrounding UHPC matrix (internal curing effect) [87]. Therefore, the empty pores in the
LWAs with an extremely low thermal conductivity (0.026 W/mK for air) was beneficial to
lowering the thermal conductivity. This explanation is also supported by the lower thermal
conductivity at the longer hydration time (90 days of curing age). For the HPLACs prepared with
the LWAs, the thermal conductivities seemed to be similar at the same aggregate content, which is
due to the similar porosity of the CLWA and the SLWA (see Table 2). When the content of the
LWAs was increased up to 200%, the thermal conductivity only went down a little. This trend is
consistent with the development of density. The thermal conductivity also shows a linear
relationship with the density value (Fig. 11b). In other words, the thermal conductivity of concrete
decreased with the decreasing of mixture density. Hence, the thermal conductivity of the HPLACs
was much lower than that of normal weight mortar/concrete (about 2.0 W/mK [88, 89]), implying
a better heat insulation of mixture. If the HPLACs were used in the construction sector, energy
consumption in the structures would be reduced indirectly. However, when the content of the
LWAs exceeded 100%, the thermal conductivity tended to be stable. Thus, to ensure a high strength
of concrete, a proper amount of the LWAs should be considered in the design of the HPLAC:s.
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Fig. 11. Thermal conductivity of HPLACs (a) and its relationship with density (b).

3.3 Hydration kinetic and microstructure
3.3.1 Heat of hydration

Fig. 12 shows the heat flow of the HPLACs incorporated with the SLWA and CLWA as a result
of hydration. As demonstrated in Fig. 12a, with the use of SLWA in the HPLACs, the exothermic
rate of binder hydration was increased. The peak of silicate reaction was intensified with the
increasing amount of the SLWA, which implies the accelerating hydration due to more SLWA
inclusion. This result is also in agreement with a previous work [87], which showed that the heat
flow of mixture was closely related to the released water from the LWAs. It should be noted that
the LWAs were pre-soaked in water for 24 h prior to use. Therefore, the additional water available
in the SLWA is thought to promote the hydration of the cementitious binder. Especially for the
UHPC system, there were a lot of anhydrous cement clinker phases present in the matrix due to
the use of an extremely low w/b ratio for mixing [90]. When the internal relative humidity of
mixture started to decrease, the water desorption from the LWAs was triggered to maintain the
humidity at a high level [87]. The increased humidity in the UHPC matrix accelerated the
hydration of cementitious materials and delayed the occurrence of self-desiccation at the early
age. Another interesting phenomenon is the occurrence of an intense shoulder peak by the use of
the SLWA in the heat flow curve, which is usually associated with the formation of the AFm
phase (C3A-CaSQO4-12H>0) in the hydration of OPC [91, 92]. This monosulfoaluminate phase

was formed from the reaction of ettringite (AFt) with the remained C3A (tricalcium aluminate)
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and water [93], according to the following formula [94]. Therefore, the water released from the
LWAs was able to facilitate the conversion from AFt to AFm based on Le Chatelier's principle.
Our previous study [95] also validated a stronger third peak with the increasing water content in
the cement paste. Another possibility for the modified peak is that ions leaching (e.g. Al) from
the SLWA might enhance the intensity of the aluminate peak, similar to the effect of Al-rich
metakaolin [96, 97]. As indicated, a high concentration of Al was dissolved from the SLWA in
saturated limewater [71]. Hence, it is plausible that the SLWA with a higher reactivity might
provide more Al for the aluminate reaction. The Al dissolution from the SLWA will be discussed

in the next section.
C3A-3CaS04-32H,0 (AFt) + 2C3A + 4H,0 — 3(C3A-CaS0,4-12H,0)

Fig. 12b shows the comparison of heat evolution between the CLWA samples and the SLWA
samples. The replacement of the RS by 100% CLWA also expedited the hydration process.
However, the heat flow curve of the 100C did not exhibit the aluminate peak which inferred that
the presence of the CLWA suppressed the aluminate conversion. One reason may be caused by
the less water was available for the conversion reaction as the water in the CLWA was released
earlier due to the larger pores in the CLWA. The other possible explanation is that a less amount
of Al dissolution from the CLWA was involved in the aluminate conversion. This speculation was
supported by a previous study [98], which reported that the Al in the pore solution of the mixture
with SLWA was higher than that with CLWA. However, further studies are needed to elucidate
this phenomenon. Fig. 12¢ presents the cumulative heat output of the samples up to 7 days.
Obviously, due to the higher exothermic heat flow, the total heat liberation was also increased
with the increased amount of LWAs. It can be found that the 100S released a higher amount of
heat than the 100C, which means a more profound internal curing effect of the pre-wetted SLWA
than that of the CLWA. The increased contact areas of the SLWA and the paste due to the rough

and open-pore surface of the SLWA might intensify the internal curing effect.
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3.3.2 Morphology and element distribution of ITZ

The morphologies of the interfacial transition zone (ITZ) around the different aggregates are
presented in Fig. 13. Distinct boundaries were found at the interface between the RS and the bulk
paste (Figs. 13a and b). There were a lot of unreacted cement grains existed indicating a low
hydration degree of the UHPC matrix. Figs. 13c and d show the interface of HPLACs incorporated
with CLWA. The porous CLWA was surrounded by dense paste and many unhydrated cement
particles were also observed in the paste. However, a close view of the ITZ reveals that fewer
unhydrated cement particles were located in the immediate vicinity of the CLWA. As the CLWA
was pre-soaked before use, the desorbed water could promote the hydration of the cement around
the aggregates. In the HPLACs prepared with SLWA (Figs. 13e and f), the internal curing effect
induced by the pre-soaked SLWA was more pronounced because the width of the ITZ (with less
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unhydrated cement particles) was larger. The cement grains were turned into finer particles within

the internal curing zone. This observation is consistent with the results of the hydration kinetic.

Infiltration of the paste into the cavities or open pores of the SLWA was observed (with uneven
boundaries in Figs. 13e and f), which contributed to the bonding between the two phases. Similar
observations were also found in other works [73, 74], for a LWA with dense outer layer, its ITZ
was similar to the case of normal weight aggregate, whereas more dense ITZ was formed at the
interphase of porous surface LWA. Therefore, due to the different microstructural characteristics
of the two kinds of LWASs, an improved mechanical interlocking between the SLWA and the cement
paste was observed. As reported by Wasserman and Bentur [99], this impregnation behavior could
lead to 20% increase in strength at 90 days. In conventional LWA concrete, portlandite and
ettringite were usually found to precipitate in the ITZ of LWAs [74, 100] since pre-wetting process
resulted in a layer of water amassing on the surface of LWAs, which were expected to induce
cracks. In this study, dense structure get rid of crystalline products deposition was observed in the
ITZ of LWAs. This is because the hydropenic UHPC paste could consume most of water released
from the LWAs. Zhang and Gjerv [101] also pointed out that, by reducing the w/b ratio and addition
of silica fume, the ITZ of the LWAs was improved. Table 5 presents the elemental compositions
of areas in the ITZ and paste matrix (Fig. 13e). The black point in the cement paste showed a high
Ca/Si ratio, while the blue and red points in the internal curing zone of SLWA had much lower
Ca/Siratios. Another interesting behavior was the high concentration of Al in the ITZ of the SLWA
sample, which implies the chemical interaction between the SLWA and the paste in the form of

pozzolanic reaction.
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Table 5 Elemental compositions of EDX points.

Element Black point Blue point Red point
O 71.9 70.7 70.6
Al 4.6 11.6 20.6
Si 5.6 55 3.5
Ca 13.1 9.6 5.1
Ca/Si 2.34 1.76 1.46
Ca/(Si+Al) 1.28 0.56 0.21

To further understand the elemental distributions at the interface of HPLACs containing CLWA
and SLWA, EDX mapping was carried out and the results are shown in Fig. 14. As seen in the
frame mapping of 100C (Fig. 14a), the CLWA was rich in Si and Al, but deficient in Ca, which is
consistent with its chemical compositions (Table 1). At the interface, the Si and Al concentrations
were observed similar to those in the bulk paste but were lower than in the CLWA. The amount of
Ca in the ITZ was found lesser than that in the paste since lots of Ca-rich cement particles were
located at some distance from the aggregates. The elemental distribution of ITZ by line scan is
also shown in Fig. 14a. It can be noticed that the intensities of Si, Al, and Ca in ITZ were observed
close to those in the hydration products. These results imply that the internal curing caused by the
pre-wetted CLWA had little influence on the composition of the surrounding hydrates. Also, from
the linear mapping curves, an ITZ with approximately 60 um width can be identified (but it should
be noted that the width of the ITZ would vary even with one LWA particle due to the distribution
of pore structures in the LWA). Fig. 14b presents the elemental distribution of ITZ in 100S. In the
frame mapping images, an interesting phenomenon can be observed: a higher concentration of Al
but lower concentrations of Si and Ca in the I'TZ stripe in comparison with the bulk paste. The line
scanning curves clearly show the changes of concentration of these three elements from the paste
to the aggregate. A width of 150 um ITZ could be noticed based on the elemental distributions.
Strong intensity of Al was observed within the ITZ with lower intensities of Si and Ca. These
results are in agreement with the EDX results in Table 5. The release of Al from the SLWA was
supported by other studies [71, 98], which demonstrated that the Al released from the shale-based
LWA could take part in the formation of calcium-aluminosilicate-hydrate (C-A-S-H). The study of
Nie et al. [71] also indicated that, as compared to the Si, the Al released from the LWA could
migrate more easily and farther away from the LWA. Therefore, it can be inferred that the presence

of pre-soaked SLWA changed the composition of its surrounding cement hydration products. As
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mentioned in Section 3.1.3, the SLWA had a higher pozzolanic reactivity compared to the CLWA,
it is therefore suggested that the SLWA could react more intensely with the alkaline pore solution
to form C-A-S-H. Li et al. [98] found that both the expanded shale and clay could increase Al
content in the pore solution of concrete, but the expanded shale seemed to release more Al than
the expanded clay. This may be the reason of higher concentration of Al in the ITZ of the SLWA
mixture. The internal curing effect of the SLWA facilitated the cement hydration and pozzolanic
reaction in the ITZ. As a result, hydrates with a lower Ca/(Si+Al) ratio (Table 5) were formed in
the vicinity of the aggregates. Many studies [71, 102, 103] indicated that the incorporation of Al
in the C-S-H gel could lengthen the mean chain length of C-S-H structure, which might lead to a
denser microstructure and higher mechanical performance [ 104, 105]. Hence, the formation of the
additional C-A-S-H hydrates was expected to strengthen the ITZ (to be discussed in following
section). The reinforcement of the outer layer of the SLWA due to the continuity of the C-A-S-H
outside and inside the aggregates could also compensate for their lower initial strength. This would

be beneficial to ensuring the overall strength of concrete.
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Fig. 14. Elemental mapping of ITZ, (a)100C and (b)100S.

3.3.3 Micromechanical properties of [TZ

The nanoindentation technique was used to explore the micromechanical properties in the ITZ.
The ITZ boundary was demarcated by optical microscopy images and indentation matrices (Fig.
3). Fig. 15 shows the contour maps of micro-hardness and modulus of ITZ in the 100R, 100C, and
100S samples. The RS had a much higher hardness and modulus as compared to the bulk-paste,
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thus the ITZ could be easily identified. Also, some unreacted clinker particles with high moduli
were found in the paste. It should be noted that a distinctive ITZ with a lower hardness and modulus
was present between the RS and the paste because the wall effect of the RS might increase the
local w/b ratio of the paste near the RS. The LWAs and the paste can be identified according to the
indentation images and the contour maps. The LWAs had a very low hardness and modulus since
they contained many pores. However, the ITZ around the LWAs seemed to have a higher hardness

and modulus.
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Fig. 15. Contour maps of micromechanical properties of ITZ in 100R, 100C and 100S.
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To quantitatively understand the evolution of the micromechanical properties in the ITZ, the
average hardness and modulus values were plotted against the distance from the aggregates (to 60
um) in Fig 16. For the 100R sample, both the hardness and modulus dropped sharply in the ITZ
and then increased gradually with the increasing distance away from the RS. On the contrary, for
the samples prepared with LWAs, the hardness and modulus values at the regions adjacent to the
aggregates were higher than that of the aggregate, followed by a decreasing trend reaching a stable
value. Thereinto, the ITZ between the SLWA and the paste exhibited better micromechanical
performance than that of the CLWA and the paste. These results suggest that the incorporations of
the LWAs were beneficial to improving the micromechanical properties of the ITZ in the UHPC
matrix, and the improvement derived from the SLWA was more apparent than the CLWA. The
enhancement of micromechanical properties of the ITZ was also reported in conventional concrete
prepared with LWAs [106, 107]. Zhang et al. [107] attributed the higher micromechanical
properties of ITZ to the higher amount of CH at the surface of LWAs. However, in this study, due
to the use of UHPC paste with a very low w/b ratio, dense ITZ was formed and no crystalline
products were deposited in the vicinity of LWAs. Hence, the improved ITZ of both cases was
probably resulted from the internal curing of the pre-soaked LWAs, especially for the UHPC
system, the water desorption from the LWAs reacted with the unhydrated cement to strengthen the
ITZ around the LWAs. This enhancement would, to some extent, counteract the negative influence
of the porous LWAs. For the sample prepared with SLWA, the higher pozzolanic activity of the
SLWA further densified the ITZ, resulting in a higher micromechanical performance of ITZ. This
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explanation is supported by the formation of additional C-A-S-H in the ITZ. Although the ITZ was
strengthened by the internal curing and pozzolanic reaction of the LWAs, the compressive strength
of overall concrete was still controlled by the weak strength of the LWAs. However, the better
micromechanical performance of ITZ in the SLWA mixture as compared to that in the CLWA
mixture might partly contribute to the higher compressive strength of the former. Moreover, the
ref. [106] reported that the improved ITZ around SLWA could enhance the resistance of concrete
to the ingress of harmful ions penetration. In the LWA concrete, the porous aggregate would be the
weakest part when the concrete is subject to loading stress or harsh environment. Therefore, the
strengthened ITZ was expected to prevent the loading cracks or defense the intrusion of harmful

ions.

It is noted that the average modulus of C-S-H hydrate in this study was higher than 35 GPa, which
was much higher than that in other works [108, 109]. This is because of the presence of a new
hydration product (ultra high density C-S-H) in the matrix, formed with a low w/b ratio [110], in
addition to the low density and high density C-S-H phases normally found in hydrated cement
pastes. Furthermore, in the UHPC matrix, the high density and ultra high density C-S-H phases
dominated the microstructure [110, 111]. Hence, the presence of the ultra high density C-S-H is
believed to increase the modulus of the paste matrix. With the incorporation of the LWAs, the mean
modulus of the ITZ was further increased due to the increased formation of C-S-H gels in the
limited space, which would increase the packing and stiffness of hydrate phases. Similarly, in
conventional lightweight aggregate concrete, other studies [112, 113] also reported that the
microhardness of the ITZ around the LWAs was higher than the surrounding matrix as the newly
formed product densified the interface structure. The improved micromechanical properties of the

ITZ might contribute to the enhanced mechanical properties and durability of HPLACs.

3.3.4 Pore structure of paste

The pore size distributions of the paste matrices in the reference sample and HPLAC:s are plotted
in Fig. 17. It should be noted that the pores of the LWAs in the samples have been excluded via
testing the LWAs alone. Fig. 17a shows that most of the pores in the reference paste ranged from
5 to 100 nm, and by contrast, the pores in the 100C and 100S pastes were mainly concentrated in

a smaller-size range (<10 nm), which can be referred as gel pores [114]. As the gel pores are the
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intrinsic porosity of the calcium silicate hydrate phase [66], the increased volume of gel pores is
likely to indicate the increased hydration degree of the matrix. In this study, the internal curing of
LWAs is considered to play a positive role in promoting the hydration of the UHPC matrix, thus
increasing the amount of finer pores. These results are consistent with the enhanced hydration
kinetic in the presence of the LWAs. A similar phenomenon was observed in the study of Liu and
Wei [115], that the use of pre-wetted calcined bauxite LWAs resulted in increased amounts of gel
pores and large capillary pores. Also, the amount of 10-50 nm capillary pores was found to be
increased with the incorporation of the LWAs. This might be due to the water released from the
LWAs at a very early age (or during the mixing) increased the water content in the paste. However,
this range of mesopores has been regarded as less harmful pores, which means that they have less
influence in affecting the strength and permeability of concrete [116]. The cumulative pore volume
plotted in Fig. 17b shows the larger total pore volume in the pastes of the samples prepared with

LWAs, which is primarily due to the larger amount of gel pores.
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Fig. 17. Pore structure of paste in 100R, 100C and 100S determined by BET method.
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4 Discussion

4.1 Judicious selection of LWAs based on their physicochemical properties

Besides the cement paste, the physicochemical properties of LWAs also played essential roles in
affecting the performance of lightweight aggregate concrete [99]. Based on the characteristics of

the LWAs and the corresponding performance of HPLACsS in this study, several principles are
proposed as selection criteria of LWAs for the preparation of HPLACs:
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1) To make sure the HPLAC has high strength, a high-strength LWA is necessary to be adopted.

Although the two types of LWAs had similar density and porosity, the SLWA had much higher
strength than the CLWA (4.58 MPa vs. 0.76 MPa in Table 2), which partly contributed to the
higher strength and structural efficiency of HPLACs. The strength of LWAs was associated
with their pore structure [117]. As indicated by X-ray uCT observation (Fig. 18), the presence
of relatively small, uniform, and isolated pores in the SLWA might account for its higher
strength in comparison with the CLWA with a heterogeneous pore structure. This result is
consistent with the finding of MIP (see Fig. 5), the different pore size distributions in two
types of LWAs were expected to affect the absorption and desorption of water and further

influence the internal curing effect of pre-wetted LWAs.

ii) The geometry of the LWAs affects the bonding of aggregates and paste (Fig. 2) and the open-

pore surface of the SLWA (Figs. 6 and 7) was beneficial to improving the mechanical bonding
between the aggregates and the paste [74]. Hence, the interlocking interface of the SLWA and
matrix was able to strengthen the ITZ since the porous surface increased the bonding area as
shown in SEM-BSE images (Section 3.3.2). Although the ITZ became better due to the
internal curing and interlocking bonding of the LWAs, the compressive strength of HPLAC
was still governed by the weak strength of the LWAs. Nonetheless, in comparison with the
CLWA, the improved ITZ in the SLWA mixture was expected to result in a higher compressive
strength (Section 3.3.3).

iii) An LWA which possesses a higher pozzolanic reactivity is preferred. As indicated by Q-XRD

results (see Table 4), the SLWA had a higher content of amorphous phases than the CLWA. In
combination with the composition of the LWAs, the amorphous silica and aluminate phases
may be the major components in the LWAs, thus the larger amorphous amount tended to
induce a higher pozzolanic reactivity. This speculation was confirmed by the Chapelle test in
Fig. 8, which showed that the SLWA had a higher pozzolanic reactivity than the CLWA).
Therefore, the chemical interaction between the SLWA and the paste was more pronounced.
The reinforced reaction around the surface of the SLWA enhanced the micromechanical

properties of ITZ, which would be able to counteract the weak strength of SLWA.

iv) An LWA with high open porosity is conducive to providing an internal curing effect by

desorbing sufficient water. Especially for the UHPC system, the lack of water for cement
hydration would make the cement superfluous. Thus, the incorporation of water-absorbing

LWAs could promote the hydration of cement and the pozzolanic reaction of SCMs in the
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HPLACSs (Section 3.3.1). As shown in Table 2, the LWAs used in this study had high open
porosity and large absorption capacity, hence the internal curing effect further benefited the
pozzolanic reactivity of LWAs and the physicochemical reaction in the ITZ. However, it
should be noted that LWAs with too large or too small pores are not endeared as the water
inside would migrate out too early to increase the w/b ratio of the UHPC matrix, or cannot

migrate out to play the internal curing role [118].

V) In order to produce high performance lightweight concrete, an LWA with low density or high

total porosity is favorable to be used. In this study, two types of LWAs with low bulk density
(about 500 kg/m? in Table 2) were selected to reduce the weight of concrete as much as
possible (Fig. 9). Correspondingly, the thermal insulation of the LWAs-containing HPLACs
was significantly reduced (see Fig. 11) due to the high porosity of the LWAs. In terms of
physical and functional properties, if the content of LWAs exceeded 100%, the reductions in
the density and the thermal conductivity tended to be less significant. Hence, to ensure high
structural efficiency of concrete, 100% replacement of RS by the LWAs in the UHPC system
seemed to be appropriate in the production of HPLACs.

Cell volume (mm?)

Fig. 18. 3D pore structures of CLWA and SLWA obtained by X-ray uCT.

Based on the above principles and performance of HPLACs, compared to CLWA, SLWA was
more favorable to be used in the production of HPLACs with achieving higher structural
efficiency. Thus, the interaction between the UHPC and the SLWA will be discussed in the
following part.
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4.2 Synergetic effects of UHPC and pre-soaked SLWA
4.2.1 Homogeneity of SLWA and fibers

One major concern of using LWAs in concrete is that the lightweight aggregate concrete is
susceptible to segregation because of the lower density of LWAs [119]. However, the advantage
of using the UHPC system is to mitigate the potential segregation of LWAs and fibers in the
HPLAC. X-ray pnCT was employed to observe the distributions of aggregates in the 100R and
100S. As seen in Fig. 19, the distributions of RS and SLWA were homogeneous and the heavy steel
fibers did not sink to the bottom or agglomerate at one site in the HPLAC. The good homogeneity
is because the fresh UHPC paste had a high viscosity [ 120], which increased the adhesion between
LWAs/fibers and the matrix. Hence, the use of UHPC was beneficial to the homogeneity of LWAs
and fibers in the HPLAC.

Fig. 19. 2D vertical-section images (right view) and 3D distributions of steel fibers (top-
right-back view) in 100R and 100S obtained by X-ray pCT.
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4.2.2 Durability of HPLAC

To prepare a HPLAC, a good quality cement paste is needed. Hence, an UHPC was applied as the
binder in this study due to its excellent mechanical and durability properties. Zhang and Gjerv [44]
pointed out that the permeability of lightweight aggregate concrete was mainly controlled by the
porosity of cement paste/mortar rather than the porous aggregates. The low porosity and fine pores
characteristics of the UHPC have been proven due to its extremely low w/b ratio and the presence
of a large amount of highly reactive powder [121, 122]. Therefore, the utilization of UHPC to bind
the LWAs can provide a strong skeleton for the concrete and further protect the LWAS to resist the
infiltration of aggressive substances. Fig. 20a shows the chloride ion penetration values for the
reference UHPC and HPLAC prepared with SLWA. The results indicate that the 100S had a
slightly higher charge passing value than the 100R, but both of them were much lower than the
stipulated limit of “very low ion penetrability” [63]. Also, the ability of 100S to resist chloride
ingress was better than conventional high strength HPLAC [123, 124] and comparable or superior
to high performance concrete [125, 126]. The very low water absorption of the SLWA samples
(Section 3.2.1) further confirmed the high resistance to external substance. Therefore, it can be
concluded that the combined use of the UHPC and the SLWA can produce an HPLAC with low
permeability. Besides the contribution from the UHPC paste, the released water from the SLWA
enhanced the hydration degree of the UHPC, which contributed to the improvement of ITZ
surrounding the SLWA by mechanical interlocking and chemical interaction (pozzolanic reaction).

This might be another reason for the high resistance to chloride penetration and low water

absorption.
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Fig. 20. Permeability (a) and autogenous shrinkage (b) of 100R and 100S.
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It is known that one major concern of UHPC-based matrix is its high shrinkage (mainly autogenous
shrinkage) due to the use of low w/b ratios, a large amount of SCMs, and the absence of coarse
aggregates [127, 128]. The internal curing provided by the pre-wetted LWAs had been proven to
successfully mitigate the autogenous shrinkage of conventional cement concrete [47, 129]. In
recent years, some investigations [130-132] also found that the use of pre-wetted LWAs could
reduce the autogenous shrinkage of UHPC. Therefore, a similar effect resulting from pre-soaked
SLWA is believed to reduce the autogenous shrinkage of the HPLACs since more LWAs were
incorporated. As shown in Fig. 20b, the HPLAC prepared with 100% SLWA had a much lower
autogenous shrinkage value than the reference UHPC within 14 days. It can be noted that the most
of autogenous shrinkage occurred at the very early age (within 24 h) for the reference UHPC. Shen
et al. [130] found that the internal humidity of UHPC was nearly saturated within 48 h by
incorporating a certain amount of LWAs. Therefore, the water desorbed from the SLWA mitigated
the self-desiccation of the UHPC matrix (withdrawal of water from capillary pores) by increasing

the internal moisture [87], and thus reducing the autogenous shrinkage of the HPLACs.

As the LWAs had a higher reactivity than the quartz sand (Section 3.1.3), alkali-silica-reaction
(ASR) may be one concern in the conventional LWA concrete. However, in this study, the ASR
would not be triggered after taking several factors into account: 1) Due to the large amounts of
pozzolanic materials in the mixture (i.e. SF, MK and GGBS), the ASR would be suppressed by
these SCMs [133]. 2) As the LWAs were porous, the internal pores were expected to accommodate
the expansion stress if ASR would occur. 3) Lack of water for the ASR reaction in the system
because of the low w/b ratio. A recent study [98] also indicated that the expanded clay and shale
showed superiority in limiting the ASR expansion by the reduction of alkalinity and release of Al

in pore solution.

4.2.3 Interaction of UHPC and SLWA

The physical and chemical characteristics of LWAs influenced the overall performance of
lightweight aggregate concrete by processes that took place in the ITZ [99]. A schematic
illustration of the mechanisms of interactions between the UHPC and the pre-soaked SLWA is
illustrated in Fig. 21. In the fresh stage, the cement paste penetrated into the cavities/pores on the
SLWA surface, which created a better interface bonding. This interlocking bonding of the SLWA

is similar to other LWAs, such as porous calcined bauxite [134] and porous pumice [131]. During
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the hardening stage, the internal curing of the SLWA provided additional water to further hydrate
the remaining cement clinkers and the pozzolanic reaction of SCMs. Moreover, a high
concentration of Al was leached out from the SLWA and involved in the reaction to form C-A-S-
H hydrates. The formation of C-A-S-H in the ITZ was also an evidence of the occurrence of
pozzolanic activity of the SLWA. As a result, with the progress of hydration, the interaction of the
SLWA and the alkaline products formed a pozzolanic product layer in the vicinity of the SLWA
[71], which further strengthened the ITZ. The synergetic effects of the above reactions led to the
formation of a dense rim with higher micromechanical properties in the ITZ, which protected the
porous aggregates against the penetration of the detrimental ions [44]. Due to the presence of the
UHPC matrix and coupled effects of internal curing and the pozzolanic reaction of the SLWA, an
HPLAC with high structural efficiency and good durability was produced with the use of UHPC
and pre-wetted SLWA together.

Bdzzolanic layers  ©
Intergal gliring D 7 R /D
wei SOMNS o
«._Water.--v% ® Porous {Eame o
Do O 5 LWA e .D

Initial period Curing period Mature period
O UHPC matrix 4% Pre-soaked LWA D Unreacted cement ® Unreacted SCMs ) Fiber
Fig. 21. Schematic illustration of interaction of SLWA and UHPC in the HPLAC:s.

5 Conclusion

In this study, a high performance lightweight aggregate concrete (HPLAC) was developed by
combining the use of UHPC and LWAs. The role of physicochemical properties of two types of
LWAs in the HPLACs was investigated with a view to selecting the optimal LWAs. The
effectiveness of the combined use of the UHPC and the LWAs in affecting the physical, functional,
and permeability properties was evaluated and analyzed. The physical and chemical interfacial
processes between the UHPC and the LWAs were discussed in light of hydration kinetic,

nanoindentation, elemental mapping, and X-ray nCT measurements. The following conclusions
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can be derived from this study:

(I) The shale based LWA (SLWA) exhibited a higher pozzolanic reactivity than the clay based

LWA (CLWA) attributed to the higher content of amorphous phase and lower quartz content
in the SLWA. The SLWA had an open pores surface and a more individual and fine pore
structure, while the CLWA had a relatively denser outer shell and well-interconnected coarser

pores.

(IT) The incorporation of the two types of LWAs reduced the density of HPLACs significantly.

However, the reductions in the density using the CLWA and the SLWA were similar due to
their similar wet density values. The water absorption values of HPLACs were much lower
than those of conventional LWA concrete and normal weight concrete. The SLWA-

incorporated HPLACs had lower water absorption than the CLWA-containing samples.

(IIT) The HPLAC:s prepared with SLWA exhibited a higher structural efficiency than the CLWA-

incorporated HPLACs due to the higher strength of the SLWA, improved interlocking
bonding of aggregates and paste, higher pozzolanic reactivity of the SLWA. The replacement
of RS by the two types of LWAs in the HPLAC effectively reduced the thermal conductivity.

(IV) The internal curing of the pre-wetted LWAs promoted the hydration of the cementitious

materials in the UHPC system due to the water desorption characteristics of the LWAs. The
internal curing effect of the pre-wetted SLWA was more pronounced than that of the CLWA.
Higher intensity of Al and lower intensities of Si and Ca in the ITZ were found in the SLWA-
incorporated sample. Due to the pozzolanic reaction and internal curing of the SLWA, C-A-
S-H hydrates with a lower Ca/(Si+Al) ratio were formed in the vicinity of the SLWA. The
use of the LWAs in the UHPC matrix improved the micromechanical properties of the ITZ,
and the improvement resulted from the SLWA was more significant than the CLWA because

of the coupled effects of the higher pozzolanic reaction and internal curing of the SLWA.

(V) The preferred characteristics of the LWAs to be used for producing HPLAC are: high

strength with a low density, high porosity with a fine pore structure, a porous surface, and
high pozzolanic reactivity. The use of UHPC was beneficial to the homogeneity of the LWAs
and fibers in the HPLACs. The conjunct use of the UHPC and the SLWA was able to produce

42



918
919
920

921

922
923
924
925
926
927

928

929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961

an HPLAC with high structural efficiency, low autogenous shrinkage, good thermal

insulation, and low permeability.
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