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A B S T R A C T   

Ultra-high-performance concrete (UHPC) has high mechanical strengths and durability, but its density and 
carbon footprint are usually high. This paper developed a lightweight UHPC with low cost, low carbon footprint, 
low energy consumption, low thermal conductivity, and high ductility, by using three types of lightweight in
gredients: hollow glass microsphere (460 kg/m3), expanded glass aggregate (800 kg/m3), and polyethylene fi
bers (970 kg/m3). Underlying mechanisms were investigated through thermogravimetry, X-ray diffraction, and 
mercury intrusion porosimetry analyses. Results showed that the hollow glass microsphere reduced the thermal 
conductivity of concrete; the expanded glass aggregate mitigated shrinkage while enhancing compressive 
strengths and flexural properties of concrete through internal curing; and the polyethylene fibers promoted 
multiple cracks, increasing ductility and toughness of concrete. With 20 % hollow glass microsphere, 1.5 % 
polyethylene fiber, and 25 % expanded glass, UHPC mixtures were developed to achieve high compressive 
strength (>127 MPa) and high flexural strength (>21 MPa), while reducing the density by 20 % and carbon 
footprint by 16 % as well as embodied energy by 27 %.   

1. Introduction 

Ultra-high-performance concrete (UHPC) has high compressive 
strength (>120 MPa) [1] and high flexural strength (>15 MPa), as well 
as excellent durability due to the high particle packing density [2]. 
UHPC exhibits strain-hardening behavior by using chopped fibers [3]. 
Due to the dense microstructure, UHPC has high resistance to transport 
and attack of chemicals [4], but the density (2,500–2,650 kg/m3) is 10 
% higher than that of conventional concrete [5]. In North America, 
UHPC has been used in construction and rehabilitation of bridge girders 
and decks [2]. Reducing the density will increase the efficiency of 
transportation, lifting, and assembling of UHPC in construction, and 
reduce the self-weight of structures. 

Typically, the lightweight ingredients are used in conventional 
concrete to reduce the density, as summarized in Table 1. To develop 
lightweight UHPC, one concern is that the use of lightweight ingredients 
compromises the mechanical strengths due to two mechanisms: (1) The 
pozzolanic reactivity of lightweight materials is low, such as glass 
microsphere It reduces the potential formation of hydration products 
such as calcium silicate hydrate [6]. (2) Lightweight ingredients are 
porous and fragile. For example, the crushing resistance of expanded 

glass aggregate is only 3 MPa [7]. It is difficult to reduce the density of 
UHPC while maintaining high mechanical properties. 

The tradeoff of density and mechanical strengths imposes challenges 
in development of lightweight UHPC. Lu et al. used hollow glass 
microsphere to replace up to 50 % cement for lightweight UHPC [6]. 
Low water-to-binder ratio (<0.14) and sand-to-binder ratio (<0.2) were 
used to retain a high compressive strength (>120 MPa) due to the low 
reactivity of hollow glass microsphere [6]. However, high binder con
tents can highly increase shrinkage, water reducer demand, cost, and 
carbon footprint. Similarly, the use of lightweight aggregate compro
mises the strength of UHPC as well, while low water-to-binder ratio is 
needed to keep high mechanical properties [24]. Internal curing effect is 
a promising method to use lightweight aggregate for improving me
chanical properties while reducing high shrinkage of UHPC. It was found 
that using pre-saturated lightweight sand to replace 25 % river sand 
increased the 28-d compressive strength by 18 % and reduced the 
autogenous shrinkage by 36 % [25]. However, the density of UHPC 
developed by pre-saturated lightweight shale aggregate presented in 
exiting studies are still as high as 2,300 kg/m3 [24]. Expanded glass is an 
alternative material for conventional lightweight shale aggregate due to 
extremely low specific gravity. However, limited study is available on 
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the effectiveness of expanded glass aggregate for the design of light
weight UHPC. It is not clear how the use of pre-saturated expanded glass 
as aggregate affects the internal curing effect, thus influencing the fresh 
and hardened properties of UHPC, because it has interconnected pores. 

Ductility is considered because there is a correlation between 
ductility and durability [26]. The addition of polyethylene fibers is 
beneficial to improve the ductility of the concrete. Increasing ductility 
reduces crack widths and permeability of cracked matrix while pro
moting self-healing through secondary hydration [26]. Increasing 
ductility is aligned with improving sustainability because the mainte
nance cost will be reduced. Increasing ductility also benefits structural 
safety and resilience to hazards such as earthquake [27]. The brittleness 
of lightweight material increasing the potential of sudden failure of the 
concrete [28]. PE fiber is able to reduce the brittleness of the concrete 
[28]. In addition, due to low specific gravity, the PE fiber benefits the 
density of UHPC. 

This research aims to develop UHPC mixtures with low density, low 
thermal conductivity, high mechanical strengths, high ductility, and 
high sustainability. The most important thing is to explore the maximum 
usage of expanded glass as internal curing in UHPC. This research 
adopted hollow glass microsphere, porous expanded glass aggregate, 
and PE fibers, whose specific gravity are 0.46, 0.80, and 0.97, respec
tively (Fig. 1). This research has multiple contributions: (1) Application 
of low-grained and low-density expanded glass aggregates to the design 
of lightweight UHPC. (2) Investigating the internal curing effect of 
expanded glass on the fresh and hardened properties of lightweight 
UHPC. (3) Investigating thermal conductivity of lightweight UHPC 
designed with different types of lightweight materials. (4) Performing 
comprehensive life cycle assessment to identify the benefits of the 
different lightweight ingredients on cost, energy conservation and car
bon footprint. 

To address this knowledge gap, this research investigates the effects 
of expanded glass aggregate on the autogenous shrinkage, mechanical 
properties, thermal properties, and durability of UHPC. The mechanisms 
are uncovered via measurements of internal relative humidity (IRH), 
isothermal calorimetry, thermogravimetric analysis (TGA), X-ray 
diffraction (XRD), and mercury intrusion porosimetry (MIP). Life cycle 
assessment was conducted to analyze the economic and environmental 
impacts. 

2. Materials and mixture design 

2.1. Materials 

Type I Portland cement and slag from local plants were used as 
cementitious materials. Hollow glass microsphere (Im16K, 3M) made of 
soda-lime-borosilicate glass was adopted. The glass microsphere had a 
hollow spherical structure and thin wall. The expanded glass aggregate 
was porous and made of waste glass [29,30]. Both glass microsphere and 
expanded glass were prone to breakage during stirring [6]. A small part 
of the water may be released from pre-saturated expanded glass, and the 

usage of HRWR needs to be well controlled. The chemical composition 
and the physical properties of selected materials are listed in Table 2. 

The specific gravity of the cement, slag, glass microsphere, expanded 
glass aggregate, and quartz sand were 3.15, 0.32, 2.90, 0.80, and 2.65, 
respectively. Two types of fibers, which are PE fibers and steel fibers, 
were adopted. The physical properties of the PE fibers and the steel fi
bers are shown in Table 3. 

The particle size distributions of dry ingredients are shown in Fig. 2, 
The particle sizes of expanded glass and quartz sand were comparable. A 
polycarboxylate-based high-range water reducer (HRWR) with 34.4 % 
solid content was used to maintain high flowability (mortar with mini- 
slump spread of 280 mm). To be used as internal curing agent, the 
expanded glass was soaked in the water for 24 h to achieve a water- 
retention state [5]. The additional amount of water added is the total 
amount of water required to reach saturated-surface-dry (SSD) state of 
dry expanded glass minus the initial water content of expanded glass. 
The initial water content was measured according to ASTM C128 [31]. 
The pre-saturated expanded glass aggregate was sealed in a plastic bag 
for 24 h before use. 

2.2. Mixture design 

This research intends to reduce the self-weight of UHPC by syner
gistically reducing the weight of binder, aggregate, and fiber. Table 4 
lists six mixtures designed with different types of lightweight in
gredients. The control mixture is a developed sustainable UHPC mixture 
that used high-volume slag and full replacement of quartz sand by river 
sand [32]. Cement and slag respectively accounted for 40 % and 60 % of 
the binder volume in the control mixture. To reduce the weight of 
binder, 20 % slag was replaced by glass microsphere in mixture GM20. 
In mixtures L0 to L100, pre-saturated expanded glass was used as sand 
replacement from 0 to 100 %, and the steel fibers were fully replaced by 
the PE fibers. The sand-to-binder ratio was fixed at 0.6. The water ab
sorption ratio of the expanded glass was 35 %. The internal curing water 
provided by expanded glass in mixtures L25, L50, and L100 was 19.6 g, 
56.0 g, and 112.2 g, respectively. 

2.3. Mixing, casting, and curing 

A Hobart mortar mixer (capacity:12 L) was used to mix the mixtures 
in four steps: (1) mixing dry ingredients at 61 rpm for 3 min; (2) adding 
90 % water and 90 % HRWR and mixing at 61 rpm for 3 min; (3) adding 
the remaining 10 % water and 10 % HRWR, and mixing at 113 rpm for 3 
min; and (4) adding fibers at 61 rpm within 2 min and mixing for 1 min. 
The mixing was completed within 12 min. After casting, the molds were 
covered by plastic sheet and demolded after 24 h. After demolding, the 
samples were cured in saturated limewater at room temperature (23 ±
2 ℃) until testing. 

Table 1 
Typical lightweight material used in concrete.  

Materials Size 
(μm) 

Specific 
gravity 

Replacement percentage Composition Strength 
decrease 

References 

Glass microsphere 18–65 0.125–0.6 0–100 % Binder/ 
Aggregate 

0–60 % [6,8–10] 

Fly ash cenosphere 120 0.4–0.8 0–100 % Aggregate 0–17 % [11,12] 
Expanded perlite 0–4,750 1.1–1.4 0–100 % Binder/ 

Aggregate 
0–99 % [13–15] 

Expanded clay 0–4,750 0.96–1.8 0–100 % Aggregate 0–77 % [16,17] 
Expanded glass 0–4,750 0.225–0.8 0–100 % Aggregate 0–56 % [18–20] 
Foam glass 0–4,750 0.3–0.8 0–100 % Aggregate 0–50 % [21] 
Expanded shale aggregate 0–4,750 1.07 0–100 % Aggregate 0–59 % [16] 
Granulate fly ash aggregate 0–8,000 1.35 0–50 % Aggregate 0–40 % [22] 
Natural pumice 0–20,000 0.6 0–100 % Aggregate 0–75 % [23]  
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3. Experimental program 

3.1. Pozzolanic reactivity 

The Chapelle test was conducted to evaluate the pozzolanic reac
tivity of glass microsphere and expanded glass [33], in accordance with 
NF P18-513 [34]. In the test, 1 g test material and 1 g Ca(OH)2 (CH in 
short) were added to 250 mL distilled water and boiled at 90 ◦C for 16 h. 
Meanwhile, stirring was continuously applied to promote pozzolanic 
reaction. The consumption of CH is used to quantify the pozzolanic 
reactivity, which is measured by titration of acid solutions. 

3.2. Internal relative humidity and autogenous shrinkage 

The internal relative humidity (IRH) was evaluated using prism 
specimens measuring 285 mm × 75 mm × 75 mm. For the preparation of 
the prism specimens, immediately after casting of the specimens, PVC 
tubes were inserted into the specimens at a depth of 40 mm to create 
holes [5]. A plastic film is used to cover the bottom of the PVC tube to 

Fig. 1. Development of lightweight UHPC by the combined use of lightweight ingredients.  

Table 2 
Chemical of physical properties of cementitious materials and aggregate.  

Composition Cement Glass 
microsphere 

Slag Expanded 
glass 

Quartz 
sand 

SiO2 (%) 22.4 70–80 36.21 70–75 80.13 
Al2O3 (%) 2.76 – 11.10 0.5–5 10.72 
Fe2O3 (%) 2.24 – 0.76 – 2.89 
CaO (%) 68.05 5–15 43.75 7–11 1.45 
MgO (%) 0.91 – 5.09 0–5 2.01 
SO3 (%) 2.25 – 2.21 – 1.14 
B2O3 (%) 0.30 2–6 0.63 – – 
Na2O (eq)* (%) 0.14 3–8 0.58 10–19 – 
Loss of ignition 

(%) 
5.83 – – <0.5 – 

Specific gravity 3.15 0.46 2.90 0.8 2.65 
D50 (μm) 18 20 22 240 220  

Table 3 
Physical properties of steel and PE fibers.   

Length 
(mm) 

Diameter 
(μm) 

Density 
(kg/m3) 

Elastic modulus (GPa) Tensile strength (MPa) Elongation 
(%) 

Steel fiber 13 200 7,800 210 2,850 – 
PE fiber 6 18 970 151 3,400 < 4.0 %  

Fig. 2. Particle size distributions of dry ingredients used to prepare the UHPC mixtures.  
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prevent the intrusion of the fresh concrete. At initial setting, relative 
humidity sensors were placed into the holes to test the IRH at the middle 
depth of the specimens. A lid is applied to cover the top of the PVC tube 
to prevent the evaporation. Relative humidity meters take readings by 
touching the chip on the sensor. The relative humidity is tested with a 
time interval of 12 h. The testing setup is shown in Fig. 3. 

The autogenous shrinkage of the mixtures was tested using sealed 
prism specimens in accordance with ASTM C1698 [35]. The samples 
were immediately sealed with foil and tape after they were demolded to 
prevent moisture loss. The shrinkage was recorded on a daily basis until 
28 d. 

3.3. Hydration heat 

The heat of hydration of the investigated mixtures was evaluated 
using a calorimeter (Calmetrix HPC-4000) under the isothermal condi
tion. For each mixture, about 60 g fresh sample was put into a plastic box 
and placed in the equipment for testing until 48 h. 

3.4. Density and mechanical properties 

The density of hardened UHPC mixtures was tested using cube 
specimens measuring 51 mm × 51 mm × 51 mm, according to BS EN 
12390-7:2019 [36]. The density was calculated by dividing the mass by 
the volume of the cube specimens. The volume was measured using the 
water displacement method, and the mass was weighted using a high- 
precision balance. 

The compressive strength of the mixtures at curing ages 1 d, 3 d, 7 d, 
28 d, and 91 d was measured using cube specimens measuring 51 mm ×
51 mm × 51 mm, according to ASTM C109 [37]. Prism specimens 
measuring 304.8 mm × 76.2 mm × 12.7 mm were used to test the 28- 
d flexural strengths, according to ASTM C1609 [38]. The equivalent 
flexural strength was calculated by Eq. (1). 

σ =
3F(L − Li)

2bd2 (1)  

where b and d are the width and thickness of the beam; L is the supported 
span length; Li is the length of loading span; F is the loading force at the 

fracture point; and σ is the flexural strength. In this research, L = 240 
mm, Li = 94 mm, b = 76.2 mm, and d = 12.7 mm. 

3.5. Thermal conductivity 

The thermal conductivity of the mixtures was tested using cube 
specimens measuring 51 mm × 51 mm × 51 mm, using the transient 
plane source method [39]. For each mixture, the test was repeated for 10 
times, and the results were averaged. 

3.6. Alkali-silica reactivity 

Expansion of the mixtures due to the alkali-silica reaction was 
measured using mortar bars in accordance with ASTM C 1260 [40]. The 
mortar bars were cured for 24 h and then immersed in 1 M NaOH so
lution at 80 ◦C for 14 d. A length expansion <0.1 % was desired to avoid 
detrimental effects due to expansive deformations. 

3.7. Microstructural characterization 

At 28 d, cube specimens measuring 5 mm × 5 mm × 5 mm were 
collected from the hardened specimens and grounded into powder, to 
characterize the porosity and hydration products. The porosity was 
measured via MIP (Anton Paar). Porosity is determined based on the 
volume of mercury immersed in the voids of samples under pressure. 
The hydration products were evaluated via TGA (TGA 55). About 60 mg 
powder were heated to 1000 ℃ in nitrogen. The mass loss versus tem
perature data were recorded. Samples for MIP and TGA tests were 
immersed in 99.8 % isopropyl alcohol and dried at 50 ℃ for 24 h before 
testing. XRD was conducted at 2θ values from 5◦ to 70◦ to test the 
crystalline phases of raw materials and UHPC mixtures. Samples used for 
the XRD test were grounded into powder with the maximum diameter of 
63 µm. 

4. Experimental results and discussion 

This section presents the test results of the compressive strength, 
flexural strength, and density of the mixtures and discusses the effects 

Table 4 
UHPC mixture design (kg/m3).  

Mixture Cement Slag Glass 
microsphere 

River sand Expanded glass HRWR Water PE fiber Steel fiber 

Control  565.1  780.4 0 780.4 0  40.5  225.1 0 117.0 
GM20  565.1  520.3 41.3 780.4 0  34.0  227.9 0 117.0 
L0  565.1  520.3 41.3 780.4 0  34.0  225.1 14.6 0 
L25  565.1  520.3 41.3 557.1 56.1  28.4  232.6 14.6 0 
L50  565.1  520.3 41.3 371.4 112.1  19.4  238.5 14.6 0 
L100  565.1  520.3 41.3 0 224.3  11.5  243.6 14.6 0  

Fig. 3. Experimental setup for relative humidity test.  
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and mechanisms of glass microsphere, expanded glass, and PE fiber on 
the test properties. The thermal conductivity results were recorded to 
evaluate the effects of the lightweight materials on thermal insulation. A 
comprehensive discussion on strength development of each prepared 
sample and internal curing effect are made based on the thermal, 
component, and microstructural results. 

4.1. Density and mechanical properties 

4.1.1. Compressive strength and density 
Fig. 4 shows the test results of the compressive strength up to 91 d. 

Compare with the control mixture, when glass microsphere was used as 
20 % of binder, the 28-d compressive strength decreased from 134.2 
MPa to 127.6 MPa, by 5 %. When the steel fibers were fully replaced by 
the PE fibers, the 28-d compressive strength decreased from 127.6 MPa 
to 118.3 MPa, by 7 %. When the replacement percentage of the quartz 
sand by the expanded glass was up to 25 %, the compressive strength 
increased with the replacement percentage. When the replacement 
percentage exceeded 25 %, the compressive strength decreased. To note, 
the mixture with 100 % expanded glass provided 28-d compressive 
strength higher than 100 MPa, which was sufficient for most structural 
applications. 

Fig. 5 shows the density test results. Compared with the control 
mixture, when 20 % glass microsphere was used as binder, the density 
decreased from 2,500 kg/m3 to 2,286 kg/m3, by 9.2 %. When the steel 
fibers were fully replaced by the PE fibers, the density reduced from 
2,286 kg/m3 to 2,178 kg/m3, by 4.7 %. As the expanded glass content 
increased from 0 to 100 %, the density reduced from 2,178 kg/m3 to 
1,735 kg/m3, by 20.3 %. 

Fig. 6 compares the compressive strength and density of the UHPC 
mixtures from this study and the previous lightweight concrete mixtures 
[5,10,14,41–46]. In general, the compressive strength decreased with 
the decrease in density. In this study, with extremely low cement content 
(40 %), the density of the developed UHPC mixtures was as low as 1,750 
kg/m3, which was 30 %-34 % lower than the density of conventional 
UHPC (2,500–2,650 kg/m3), while the 28-d compressive strength was 
retained at 100–127 MPa. Further discussions on the compressive 
strength are available in Section 4.5. 

4.1.2. Flexural strength 
Fig. 7(a) shows the load versus the mid-span deflection of specimens 

at 28 d. Fig. 7(b) plots the flexural strength versus the ultimate deflec
tion. Comparison between the control mixture with mixture GM20 
shows that replacing 20 % slag by glass microsphere decreased the 
flexural strength from 23.9 MPa to 22.0 MPa (by 8 %), while increasing 
the ultimate deflection from 3.0 mm to 4.6 mm (by 53 %). The com
parison of the control mixture with mixture L0 shows that replacing the 

steel fibers with the PE fibers decreased the flexural strength from 22.0 
MPa to 18.2 MPa (by 17.3 %), while increasing the ultimate deflection 
from 4.6 mm to 11.9 mm (by 157 %), indicating that the PE fibers 
improved the ductility. The comparison of mixtures L0 and L25 shows 
that using the expanded glass as 25 % aggregate increased the flexural 
strength from 18.2 MPa to 21.3 MPa, while increasing the ultimate 
deflection from 11.9 mm to 13.4 mm. As the expanded glass content 
increased from 25 % to 100 %, the flexural strength decreased from 21.3 
MPa to 13.2 MPa, while the ultimate deflection increased from 13.4 mm 
to 27.5 mm. 

The crack patterns of the control mixture and mixture L100 are 
shown in Fig. 8(a) and (b), respectively. The mixture with steel fibers 
showed a single major crack (up to 500 μm) when the specimen failed, 
accompanied by a relatively small deflection (Fig. 7). In Fig. 8(b), the 
mixture with PE fibers showed dense microcracks, accompanied by 
higher deflection and toughness. When the specimen failed with local
ized cracks, crack widths were in the range of 21 μm to 180 μm, and most 
cracks were in the range of 61 μm to 100 μm. The generation of many 
fine cracks is attributed to the preferred interfacial properties between 
the PE fibers and the matrix [47], and reducing the crack width is 
beneficial for the durability, as elaborated in reference [48]. The 
permeability of cracked matrix with fine microcracks is comparable with 
uncrack matrix. Besides, the fine crack width promotes self-healing of 
the cementitious matrix because there is a higher chance for hydration 
products to fill fine microcracks. 

4.2. Relative humidity and autogenous shrinkage 

Fig. 9(a) shows the results of internal relative humidity (IRH). During 
the first 24 h, the IRH of mixture L100 decreased by 2 %, while the IRH 
of mixture L0 decreased by 18 %. Up to 168 h, the IRH of mixture L0 was 
reduced by 29 %, while the IRH of mixture L100 was reduced by only 15 
%. The water stored in the pores of expanded glass was released grad
ually in the internal curing process, thus sustaining a high IRH level. 

Fig. 9(b) shows the autogenous shrinkage results. When the 
expanded glass content increased from 0 to 100 %, the shrinkage was 
reduced from 809 µm/m to 507 µm/m, by 47 %. The reduction of 
shrinkage was attributed to the moisture released from the expanded 
glass, thus mitigating the self-desiccation effect in the UHPC matrix [5]. 
The relationship between the IRH and the autogenous shrinkage is 
plotted in Fig. 9(c). The results confirm that the reduction of IRH is the 
major driver of the autogenous shrinkage. 

4.3. Thermal conductivity 

Fig. 10(a) plots the results of the thermal conductivity. The use of 
glass microsphere as 20 % binder reduced the thermal conductivity. The 

Fig. 4. Test results of compressive strength for prepared UHPC at different ages 
up to 91 d. 

Fig. 5. Test results of the hardened density of UHPC mixtures after the curing 
for 28 d. 
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thermal conductivity of mixture L0 with 20 % glass microsphere was 1.3 
W/mK, considerably lower than that of conventional UHPC (2.0 W/mK 
[49]). With the increase of the expanded glass content from 0 to 100 %, 
the thermal conductivity decreased from 1.3 W/mK to 0.65 W/mK. 
Fig. 10(b) shows the correlation between thermal conductivity and 
density, with a coefficient of determination (R2) of 0.99. The heat 
transfer inside UHPC mixtures depends on the collision of phonons. The 
thermal conductivity is correlated to the mean free path of phonon, 

which represents the average distance between successive collisions 
[37]. The increase of defects such as crystal defects, voids, and impu
rities reduce the mean free path of phonon, thus decreasing the thermal 
conductivity [50]. The use of porous expanded glass and hollow glass 
microsphere in preparing UHPC mixtures largely reduced thermal con
ductivity, making these mixtures promising for desired thermal insu
lation performance in structural applications. For example, using 
thermal insulating UHPC in buildings is promising to improve energy 

Fig. 6. Statistics of the compressive strength versus the density of the lightweight mixtures.  

Fig. 7. Test results of: (a) load–deflection curve, and (b) flexural behavior after 28 d of curing.  

Fig. 8. Comparison of the crack patterns of: (a) the control mixture, and (b) mixture L100.  
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efficiency. 

4.4. Alkali-silica reactivity 

Fig. 11 shows the results of the accelerated ASR tests for mixtures L0, 
L50, and L100. The results of mixtures L0, L50, and L100 were −0.20 %, 
−0.14 %, and −0.09 %, respectively, at 14 d. Mixtures L0, L50, and L100 
showed shrinkage rather than expansion when they were exposed to 
alkaline solution and high temperature. Such results are attributed to 
four main reasons: (1) ASR reaction involves the alkalis, such as sodium 
and potassium ions, reacting with amorphous silica to produce gels. In 
the ASR tests, the elevated temperature promoted the pozzolanic reac
tion, which competed with the ASR reaction by consuming amorphous 
silica and thus reducing the production of ASR gel for expansion. (2) The 
average particle sizes of glass microsphere and expanded glass were 15 
μm and 150 μm, respectively. With such small particle sizes, the 
pozzolanic reaction was highly promoted. The pozzolanic reaction 
produced more C–S–H gel and consumed more amorphous silica. (3) 
The C–S–H gel generated a shell that covered the surfaces of the glass 
microsphere and the expanded glass, which hindered the dissolution of 
amorphous silica and the penetration of deleterious cations such as 

sodium and potassium ions, further suppressing the ASR reaction. (4) 
The shrinkage of the UHPC mixtures was significantly greater than the 
ASR expansion, which was attributed to the low water-to-binder ratio of 
the UHPC mixtures. 

4.5. Discussions on underlying mechanisms 

Based on the results shown in Section 4, a comprehensive discussion 
is presented to identify the mechanism of lightweight material on me
chanical properties of UHPC. Among the investigated UHPC mixtures, 
the use of glass microsphere decreased the mechanical properties. As the 
expanded glass content was increased from 0 to 50 %, the L25 mixture 
achieved the highest 28-d compressive strength and flexural strength. 
The increase (L0 to L25) and decrease (L25 to L100) of the compressive 
strength and flexural strength are dependent on competing mechanisms, 
as discussed in this section. 

4.5.1. Pozzolanic reactivity 
The crystallinity of expanded glass aggregate and hollow glass 

microsphere was identified by XRD analysis, as shown in Fig. 12. Both 
expanded glass aggregate and hollow glass microsphere were 

Fig. 9. Test results of IRH and autogenous shrinkage of the tested UHPC mixtures: (a) the IRH up to 7 d, (b) the autogenous shrinkage up to 28 d, and (c) the 
correlation between the IRH and the autogenous shrinkage at 1 d, 3 d, and 7 d. 

Fig. 10. Thermal insulation analysis for UHPC samples: (a) thermal conductivity, and (b) correlation between thermal conductivity and density.  
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amorphous, indicating that they were chemically reactive. In a high pH 
condition, the chemical bond of expanded glass aggregate and hollow 
glass microsphere were broken, which can combine with water and 
cations, to generate C–S–H gels or ASR gels. 

The pozzolanic reactivity of the slag, expanded glass, glass micro
sphere, and quartz sand are shown in Fig. 13. The CH consumption re
sults of the slag, expanded glass, and glass microsphere were 678 mg, 
284 mg, and 223 mg, respectively, indicating that the slag had higher 
pozzolanic reactivity than the other three types of material. 

The test results of the pozzolanic reactivity explained the underlying 
mechanisms of the reduction of the mechanical strength of the UHPC 
mixtures. For example, when the slag of the control mixture was 
replaced by the glass microsphere, the compressive strength of mixture 
GM20 was lower than that of the control mixture. 

4.5.2. Internal curing effect 
An interesting observation was that the compressive strength and the 

flexural strength of the UHPC mixtures increased when up to 25 % pre- 
saturated expanded glass was used to replace quartz sand, but the 
compressive strength and the flexural strength decreased when the 
replacement ratio was higher than 25 %. Competitive effects responsible 
for this phenomenon are discussed as follows. 

The UHPC mixtures has unreacted cement particles and cementitious 

materials such as slag and glass particles because of the low water-to- 
binder ratio. The degree of hydration is limited due to the lack of 
water. With the introduction of internal curing agents, moisture is 
released due to the osmotic pressure in the hardening process when the 
water content continuously decreases. In this study, the expanded glass 
aggregate served as the internal curing that provided internal curing 
water, increasing the degree of hydration and densifying the micro
structures by producing more C–S–H gel. The C–S–H gel filled the 
pore around the interfacial transition zone (ITZ) while generating a hard 
shell for expanded glass. With a dense ITZ and hard shell, the brittleness 
of expanded glass aggregate was mitigated. Therefore, the UHPC matrix 
was able to withstand higher external loads, as shown in Fig. 14. 

When the replacement percentage of expanded glass was high (>25 
%), the expanded glass introduced too much porosity, thus reducing the 
mechanical strengths. As reported by manufacturer, the expanded glass 
is crushed at 3 MPa load due to the porous structure. In short, the in
ternal curing effect dominates when the replacement percentage is low, 
and the porosity effect dominates when the replacement percentage is 
higher than 25 %. 

Heat of hydration 
The heat of hydration and the cumulative heat of the UHPC mixtures 

are shown in Fig. 15(a) and (b), respectively. The results show that the 
increase of the expanded glass content accelerated the hydration re
actions by highly shortening the dormant period. This is mainly attrib
uted to the reduction of the HRWR demand in the UHPC mixtures with 
consistent workability, as shown in Table 4. As the expanded glass 
content increased from 0 to 100 %, the HRWA dosage decreased from 
3.01 % to 1.02 %. Since HRWA retards the hydration of cementitious 
materials, the reduction of HRWR promoted the hydration, increasing 
the 1-d and 3-d compressive strength. In addition, the internal curing 
water of expanded glass facilitates the hydration process. 

Thermal analysis 
Fig. 16(a) shows the results of TGA. The mass loss increased with the 

temperature. There were three important points in each curve: The 
evaporation of free water at 100 ◦C; the dihydroxylation of CH at 450 ◦C; 
and the decomposition of CaCO3 at 680 ◦C. The mass loss increased with 
the content of expanded glass aggregate. Fig. 16(b) shows the quanti
fication of CH and bound water of the mixtures. Both the CH and bound 
water contents increased with the expanded glass content. When the 
expanded glass content increased from 0 to 100 %, the CH and bound 
water contents increased by 21.4 % and 31.2 %, respectively. The use of 
expanded glass aggregate promoted the hydration process due to in
ternal curing. 

Fig. 11. Test results of the ASR deformations for UHPC mixtures L0, L50, and 
L100. UHPC is regarded as no ASR expansion when length change of the 
prism <0.10%. 

Fig. 12. Results of the crystallinity analysis of the glass microsphere and 
expanded glass. 

Fig. 13. Results of the pozzolanic reactivity of the raw materials used in 
the mixtures. 
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Component analysis 
Similar results were found in XRD analysis, as shown in Fig. 17. The 

main components of prepared samples were quartz, ettringite, CH, and 
unreacted clinker (C2S/C3S). The 2-theta peaks representing CH content 
were at 18.1◦, 34.2◦, and 42.8◦. The 2-theta peak representing the CH 
content of mixture L100 was higher than that of mixture L0, indicating a 
higher degree of hydration. The internal curing facilitated the hydraulic 
reaction to produce more CH. The 2-theta peak reflecting unreacted 
clinker included 29.5◦ and 32.7◦. Similarly, increasing the expanded 
glass content resulted in less unreacted clinker in the samples, indicating 
a higher degree of hydraulic reaction in the sample due to internal 
curing. 

Pore structure 
Fig. 18(a) shows the test results of the pore size distribution. The 

main pore size was concentrated at 1 nm to 50 nm, indicating dense 
microstructures of the UHPC samples. Fig. 18(b) plots the total intrusion 

volume of mercury versus the pore diameter. The discussion of porosity 
is divided into two aspects: (1) Intuitively, the use of expanded glass 
increases the porosity, because the expanded glass is porous. However, 
when up to 25 % expanded glass was used in UHPC, the total pore 
volume decreased from 0.39 cc/g to 0.37 cc/g. Specifically, the volume 
of gel pore (<100 nm) increased from 0.33 cc/g to 0.34 cc/g, when the 
expanded glass content increased from 0 to 25 %. Due to the internal 
curing effect, the hydraulic reaction was promoted, increasing the vol
ume of gel pores and decreasing the volume of large pores (>100 nm). 
The porosity of expanded glass was the main source of the large pores. 
The hydration products developed by the pozzolanic reaction and the 
cement hydration produce shells to partially seal the surfaces of the 
expanded glass and prevent the intrusion of mercury. (2) When the 
usage of expanded glass was higher than 25 %, the hydraulic reaction 
was promoted by the internal curing effect. As expanded glass content 
increased from 25 % to 100 %, the volume of the gel pores increased 

Fig. 14. Internal curing effect of the expanded glass: (a) pre-saturation of the expanded glass (particles soaked in water for 24 h); (b) internal pores occupied by 
water; (c) release of internal curing water in the hardening process; and (d) promotion of the hydration of the unreacted cementitious materials to produce 
C–S–H gel. 

Fig. 15. Isothermal results of UHPC samples: (a) hydration heat and (b) cumulative heat.  

Fig. 16. TGA test results of: (a) mass loss percentage versus temperature and (b) quantification of the CH and bound water contents.  
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from 0.34 cc/g to 0.41 cc/g. However, the volume of large pores 
increased from 0.04 cc/g to 0.09 cc/g. Not all the expanded glass par
ticles were well-sealed by the hydration products, therefore introducing 
more large pores. Overall, as the expanded glass content increased from 
25 % to 100 %, the total pore volume increased from 0.36 cc/g to 0.50 
cc/g. The increased porosity reduced the compressive strength and the 
flexural strength. 

5. Economy and environmental impacts 

Annually, about 60 % of waste glass is landfilled, which is not 
economical and causes pollution to soil and groundwater [33]. Espe
cially, compared with many types of municipal solid waste such as wood 
and paper, glass is chemically stable and nonbiodegradable over a long 
time [33]. An alternative method to utilize waste glass is to produce 
multifunctional materials such as the glass microsphere and expanded 
glass, which features lightweight and low thermal conductivity. It de
serves to conduct a life cycle analysis when the glass microsphere and 
expanded glass are used in cementitious composites. In addition, when 
PE fibers are used to replace steel fibers, the economic impact should be 
considered. 

The unit cost, energy consumption, and carbon footprint of the raw 
materials are listed in Table 5 [34,51–54]. The process of manufacturing 
expanded glass is similar to that of glass, which includes several steps: 
(1) treatment of the waste glass, including crushing, drying, and sieving; 
(2) expansion: adding the expansion agents at 900–1,300 ℃; and (3) 
cooling [20]. The energy consumption and the CO2 emission for pro
ducing 1 kg expanded glass are assumed as 1.14 MJ and 0.6 kg, 

respectively [53]. Table 6 shows the mixture design of lightweight 
UHPC used for cost and environmental analysis. 

5.1. Economic analysis 

With the inventory data in Table 5, the unit cost of 1 m3 UHPC is 
calculated using Eq. (2) [55]: 

M =
∑n

i=1
miri (2)  

where M is the unit cost of manufacturing 1 m3 UHPC mixture; mi is the 

Fig. 17. Measurement results of the XRD patterns of the investigated mixtures at 28 d.  

Fig. 18. MIP test results: (a) pore size distribution, and (b) pore volume versus pore size.  

Table 5 
Inventory of cost, energy consumption, and CO2 emission.  

Ingredients Weight 
(kg) 

Unit 
price ($) 

CO2 emission 
(kg) 

Energy 
consumption (MJ) 

Cement 1  0.11  0.83  4.73 
Slag 1  0.10  0.02  0.08 
Silica fume 1  0.40  0.03  0.06 
Glass 

microsphere 
1  5.92  0.30  0.18 

Expanded glass 1  1.42  0.60  1.14 
Glass powder 1  0.10  0.60  1.14 
Quartz sand 1  0.03  0.10  0.11 
HRWR 1  3.60  0.72  18.30 
Water 1  0.04  0.01  0.00 
Steel fiber 1  4.76  1.49  20.56 
PE fiber 1  16.20  4.08  69.40  
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unit cost of the ith ingredient (I = 1, 2, 3, …, n); and ri is the mass of the ith 

ingredient. 
The strength-normalized cost ($/m3/MPa) was used to evaluate the 

cost-effectiveness of UHPC mixtures through combination of the 28- 
d compressive strength and unit cost. Fig. 19(a) plots the cost and the 
strength-normalized cost. Compared with mixture UHP-LCC in reference 
[6], the UHPC mixtures proposed in this study are more cost-effective. 
The use of glass microsphere in mixture GB50 decreased the unit cost 
from 1,733 $/m3 to 1,112 $/m3 (by 36 %), and decreased the strength- 
normalized cost from 14.2 $/m3/MPa to 8.7 $/m3/MPa (by 39 %). 
When the steel fibers were replaced by the PE fibers in mixture L0, the 
unit cost further decreased from 1,112 $/m3 to 791 $/m3 (by 29 %), and 
the strength-normalized cost deceased from 8.7 $/m3/MPa to 6.7 $/m3/ 
MPa (by 23 %). As the expanded glass content increased from 0 to 25 %, 
the unit cost and the strength-normalized cost were retained; however, 
as the expanded glass content increased from 25 % to 100 %, the unit 
cost and the strength-normalized cost increased. Mixture L0 achieved 
the lowest unit cost (791 $/m3), which is 10 % lower than that of the 
control mixture. Meanwhile, mixture L0 has much lower density than 
the control mixture (Fig. 19(b)). The size of each bubble represents the 
unit cost of a mixture. Among these mixtures, mixture L25 achieved high 
compressive strength, low density, and low cost. 

5.2. Carbon emission 

The carbon emission of each mixture was evaluated using Equation 
(3) [55]: 

C =
∑n

i=1
ciri (3)  

where C is the CO2 emission of manufacturing 1 m3 UHPC mixture; ci is 

the CO2 emission of manufacturing the ith ingredient (i = 1, 2, 3, …, n); 
and ri is the mass of the ith ingredient. 

Fig. 20(a) shows the carbon emission and the strength-normalized 
carbon emission. Compared with mixture UHP-LCC [6], the UHPC 
mixtures in this study had lower carbon emission. The use of glass 
microsphere in mixture GB50 decreased the unit carbon emission from 
1,046 kg/m3 to 771 kg/m3 (by 26 %), and decreased the strength- 
normalized emission from 8.7 kg/m3/MPa to 6.0 kg/m3/MPa (by 31 
%). When the steel fibers were replaced by PE fibers in mixture L0, the 
unit emission further decreased from 771 kg/m3 to 656 kg/m3 (by 15 
%), and the strength-normalized emission deceased from 8.7 kg/m3/ 
MPa to 5.5 kg/m3/MPa (by 37 %). As the expanded glass content 
increased from 0 to 100 %, the unit carbon emission slightly decreased, 
and the strength-normalized emission first increased and then 
decreased. Mixture L0 achieved the lowest strength-normalized carbon 
emission (5.5 kg/m3/MPa), which is slightly lower than that of the 
control mixture. Meanwhile, mixture L0 has much lower density than 
the control mixture (Fig. 20(b)). The size of each bubble represents the 
unit carbon emission of a mixture. Among these mixtures, mixture L25 
achieved high compressive strength, low density, and low carbon 
emission. 

5.3. Energy efficiency 

The energy consumption of each mixture was evaluated by Eq. (4) 
[55]: 

E =
∑n

i=1
eiri (4)  

where E is the equivalent energy consumption of manufacturing 1 m3 

UHPC mixture; ei is the energy consumption used to manufacture the ith 

ingredient (I = 1, 2, 3, …, n); and ri is the mass of the ith ingredient. 
The energy efficiency of the mixtures was assessed by the strength- 

normalized energy consumption (unit in MJ/m3/MPa). Fig. 21(a) 
plots the energy consumption and strength-normalized energy con
sumption. Compared with mixture UHP-LCC [6], the mixtures in this 
study had lower carbon footprint. 

The use of glass microsphere in mixture GB50 decreased the unit 
energy consumption from 7,432 MJ/m3 to 5,828 MJ/m3 (by 22 %), and 
decreased the strength-normalized energy consumption from 61 MJ/ 
m3/MPa to 45 MJ/m3/MPa (by 26 %). When the steel fibers were 
replaced by PE fibers in mixture L0, the unit energy consumption further 
decreased from 5,828 MJ/m3 to 4,435 MJ/m3 (by 24 %), and the 
strength-normalized energy consumption deceased from 45 MJ/m3/ 
MPa to 37 MJ/m3/MPa (by 18 %). As the expanded glass content 
increased from 0 to 100 %, the unit energy consumption slightly 
decreased, and the strength-normalized energy consumption first 

Table 6 
UHPC mixture design.  

Ingredients UHP-LCC  
[6] 

Control GM20 L0 L25 L100 

Cement 762 565.1 565.1 565.1 565.1 565.1 
Slag 0 780.4 520.3 520.3 520.3 520.3 
Silica fume 229 0 0 0 0 0 
Glass 

microsphere 
102 0 41.3 41.3 41.3 41.3 

Expanded glass 0 0 0 0 56.1 224.3 
Glass powder 229 0 0 0 0 0 
Quartz sand 0 780.4 780.4 780.4 557.1 0 
HRWR 60 40.5 34 34 28.4 11.5 
Water 135 225.1 227.9 227.9 232.6 243.6 
Steel fiber 130 117 117 0 0 0 
PE fiber 0 0 0 14.6 14.6 14.6  

Fig. 19. Life-cycle analysis results of (a) the unit cost and the strength-normalized cost, and (b) the compressive strength, the density, and the unit cost.  
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decreased and then increased. Mixture L0 achieved the lowest strength- 
normalized energy consumption (37 MJ/m3/MPa), which is 18 % lower 
than that of the control mixture (45 MJ/m3/MPa). Meanwhile, mixture 
L0 has lower density than the control mixture (Fig. 21(b)). The size of 
each bubble represents the unit energy consumption of a mixture. 
Among these mixtures, mixture L25 achieved high compressive 
strength, low density, and low energy consumption. 

5.4. Comparison between steel and PE fiber 

Fig. 22 plots the radar chart of the cost, the energy consumption, the 
carbon emission, the compressive strength, and the density of mixtures 
GM20 and L0. Mixtures GM20 and L0 contain 1.5 % of steel fiber and PE 
fiber, respectively. All other raw ingredients for mixtures GM20 and L0 
are consistent. The radar chart area of mixture L0 was significantly 
smaller than the area of mixture GM20, meaning that mixture L0 was 
more cost-effective and sustainable than mixture GM20. 

6. Conclusion 

This paper presents a new approach to develop lightweight UHPC 
with low density, low cost, low carbon footprint, low energy consump
tion, low thermal conductivity, high mechanical strengths, and high 
ductility, namely sustainable and lightweight UHPC, by using hollow 
glass microsphere, expanded glass aggregate, and PE fibers. The sus
tainability is improved through reducing the density, cost, carbon 
footprint, embodied energy, and thermal conductivity and increasing 

the ductility while retaining the mechanical strengths. Comprehensive 
experiments and life cycle assessment is performed to investigate the 
benefits of adopted raw materials. Based on the above investigations, the 
following conclusions are drawn: 

Fig. 20. Life-cycle analysis results of: (a) the CO2 emission and the strength-normalized CO2 emission, and (b) the compressive strength, the density, and the 
CO2 emission. 

Fig. 21. Life-cycle analysis results of: (a) the energy consumption and the strength-normalized energy consumption, and (b) the compressive strength, the density, 
and the energy consumption. 

Fig. 22. Comparison of the radar charts of UHPC mixtures GM20 and L0 in 
this research. 
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(1) By using 20 % glass microsphere as binder, 25 % expanded glass 
as aggregate, and 1.5 % PE fiber as reinforcement, the UHPC 
mixture achieved high compressive strength (127 MPa), high 
flexural strength (21 MPa), and low density (2,006 kg/m3). The 
life-cycle cost, carbon emission, and embodied energy were 
estimated to be 850 $/m3, 647 kg/m3, and 4,374 MJ/m3, 
respectively.  

(2) Expanded glass is able to serve as lightweight aggregate to reduce 
the density, mitigate the autogenous shrinkage and enhance the 
mechanical strengths of UHPC through internal curing. The use of 
expanded glass retained the IRH at a high level during the 
hardening of the matrix by gradually releasing internal curing 
moisture. The use of expanded glass is able to reduce the thermal 
conductivity and improve the thermal insulation performance of 
UHPC. With 100 % expanded glass, the thermal conductivity 
reduced by 49 %.  

(3) The use of glass microsphere and expanded glass did not cause 
detrimental ASR problem to the lightweight UHPC mixtures. 
When 20 % glass microsphere and 100 % expanded glass were 
respectively used as the binder and the fine aggregate, ASR 
expansion did not occur; and, instead, shrinkage was measured as 
0.09 % at 14 d. The ASR effect was hindered by the dense mi
crostructures of the developed UHPC mixtures, the fine sizes of 
glass particles, and the autogenous shrinkage of UHPC mixtures 
due to the low water-to-binder ratios.  

(4) Replacing the steel fibers by the PE fibers largely improved the 
ductility of UHPC mixtures by promoting the generation of dense 
microcracks in the matrix while reducing the density, cost, car
bon footprint, and embodied energy of UHPC. The dense micro
cracks benefit long-term durability due to the reduced crack 
widths. 
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