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ARTICLE INFO ABSTRACT

Keywords:
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This paper studied the influence of pre-saturated lightweight sand (LWS) on the mechanical and microstructural
properties of UHPC cast with steel fiber alignment. The changes in hydration kinetics, porosity, nano-mechanical,
and mechanical properties were studied. The LWS was used at 0-50% replacement volumes of total sand. Pre-

MerStr_ucmre X dominant fiber alignment was favored through a flow-induced casting method during casting of flexural prisms.
Mechanical properties . . .
UHPC Experiment results showed that the 28-d autogenous shrinkage was decreased from 450 to 275 pm/m with the

LWS content increasing from 0 to 50%. The addition of 20% LWS led to maximum increases of 15%, 15%, and
20% in compressive strength, flexural strength, and T150, respectively, relative to UHPC made without any LWS.
The use of 20% LWS combined with fiber alignment led to a synergistic effect of 45% and 40% on enhancing the
flexural strength and T150, respectively, relative to UHPC without LWS and having random fiber orientation.
The addition of LWS can enhance the cement hydration given the internal curing effect. Such enhanced cement
hydration increased the percentage of high density and ultra-high density C-S-H from 50% to 75% and reduced
the 28-d porosity from 12.5% to 9.5% with the use of 20% LWS. On the other hand, such internal curing can be
overwhelmed by the introduced pores of LWS when excessive LWS was used, which led to significant increase in
porosity of UHPC.

1. Introduction result in high autogenous shrinkage, which is mainly attributed to the

low water-to-binder ratio [17,18]. This can increase the risk of cracking,

Ultra-high performance concrete (UHPC) has been regarded as one of
the most innovative building materials in the past three decades, given
its significantly great mechanical properties and durability [1-3]. Such
superior performance makes it a great construction material in
large-span bridges and buildings as well as repair applications [4,5].
Generally, UHPC is designed with high packing density of binder and
aggregate materials and a low water-to-binder ratio to secure a low
porosity of the material [6-8]. Steel fibers are added to enhance me-
chanical properties and ductility [9,10]. The crack-bridging capacity of
fibers is highly dependent on their orientation, which can be maximized
by rheology adjustment of UHPC mortar [11-13] and optimization of
the casting method [14-16].

However, UHPC can exhibit high degree of self-desiccation that can
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particularly in presence of restraint [19]. Such cracking can reduce
mechanical properties and durability, bond strength for overlay appli-
cations, and reduction of structural integrity [20,21].

Several methods, including the use of a shrinkage-reducing, expan-
sive, and internal curing agents were reported to reduce the shrinkage of
cement-based materials [22-28]. The internal curing agent includes the
superabsorbent polymer (SAP) and lightweight aggregate (LWA). The
SAP and LWA with high porosity can absorb a large amount of water and
release it over time with the decrease of internal humidity of the cement
matrix [29,30]. This can therefore compensate for some of the loss of
internal humidity during cement hydration and secure internal curing of
the cement matrix. On the other hand, the use of coarse aggregate can
reduce the autogenous shrinkage of UHPC given its restraining effect
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Table 1
Material properties of binders and sands.
Cement SF FAC RS MS LWS
CaO (%) 64.50 0.40 28.10 1.72 9.42 3.40
Si05 (%) 19.72 95.50 36.50 80.30 86.50 57.60
Al,03 (%) 5.10 0.70 24.80 10.50 0.39 19.40
Fe,03 (%) 2.76 0.30 5.20 3.43 1.47 9.60
MgO (%) 2.30 0.50 5.00 1.70 - 2.60
Nay0 eq. (%) 0.33 0.40 - - - 5.60
SO3 3.25 - 2.50 1.07 - 0.60
Loss of ignition (%) 1.50 2.00 0.50 1.28 0.24 -
Apparent density (kg/ 3150 2200 2700 2650 2640 1810
m>)
Blaine surface area (mz/ 562 - 465 - - -
kg)
B.E.T. (m%/g) - 18.2 - - - -
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Fig. 1. Sieve analysis of three sands.
Table 2

Mixture proportions of UHPC containing various LWS contents.

Notation ~ Cement FAC SF MS RS LWS Steel fibers
kg/m®)  (kg/  (kg/ (kg/  (kg/  (kg/ (% by
m®) m%) m?) m?%) m?) volume of
mixture)
Ref 650 405 41 300 704 0 2
LWS10 633 48
LWS20 562 96
LWS30 492 143
LWS40 422 191
LWS50 351 239

[31]. For example, the autogenous shrinkage was decreased by 40% for
UHPC containing coarse aggregate compared to that made without
coarse aggregate [32]. However, the addition of coarse aggregate in
UHPC can result in the decrease in mechanical properties given the
greater interfacial transition zone.

The use of LWA in the UHPC made with conventional concrete sand
is shown to enhance the mechanical performance of UHPC [21,33-35].
For example, the use of 25% lightweight sand (LWS) to replace river
sand resulted in 135 pm/m decrease in autogenous shrinkage, 28 MPa
increase in compressive strength, and 3 MPa enhancement in flexural
strength of UHPC relative to UHPC without LWS addition. Further in-
crease in LWS content to 75% reduced the compressive and flexural
strengths by 30 and 15 MPa, respectively [33].

Despite significant enhancement of LWS on the performance of
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UHPC, the underlying enhancing mechanism of LWS, especially the ef-
fect of LWS on microstructure of cement matrix in the vicinity of the
LWS (referred to here as the surrounding matrix) is not fully understood.
The combined use of the LWS and fiber alignment can lead to a syner-
gistic reinforcement effect on mechanical properties. However, such
synergy effect has not been investigated before.

The objective of this paper was to investigate the influence of satu-
rated LWS on mechanical and microstructural characteristics of UHPC
cast with alignment of fibers in flexural specimens. The hydration ki-
netics, porosity, nano-mechanical characteristics, and mechanical
properties of UHPC made with various LWS contents were studied.
Moreover, the combined effect of internal curing of LWS and fiber
alignment during the casting of UHPC flexural specimens on flexural
properties is evaluated. LWS was used at 0-50% replacement volumes of
total sand. Predominant fiber alignment was favored through a flow-
induced casting method in preparing flexural samples.

2. Experimental program
2.1. Raw materials and mixture proportion

Binder materials, including Type III Portland cement, Class C fly ash
(FAQ), and silica fume (SF), were employed at volume ratios of 55%,
40%, and 5%, respectively. Three sands, including river sand (RS),
masonry sand (MS), and lightweight sand (LWS), were employed. The
material properties of binders and sands are summarized in Table 1.

The LWS was bought from the Northeast Solite located at She-
pardsville in Kentucky. The 24-h and 72-h water absorption of LWS were
17.6% and 18.4%, respectively. The relative desorption of LWS tested
using the centrifuge method and nominal maximum size were 96.4%
and 4.75 mm. The sieve analysis of three sands is given in Fig. 1. The
LWS was shown to have a similar particle size distribution compared to
that of river sand. Therefore, the LWS was used to replace RS by volume
in this study. The volume ratios of (RS + LWS) and MS were 70% and
30%, respectively, to secure a dense packing of solid raw materials [33].
Micro steel fibers (diameter: 0.2 mm, length: 13 mm) were utilized at
2%, by volume.

The polycarboxylate-based high-range water-reducer (HRWR) was
employed at 0.42%, by mass of binder to ensure a self-consolidating
performance of fresh mixture. Welan gum powder (WG) was used at
0.18%, by mass of binder to increase the viscosity of mixture to secure
uniform dispersion of fiber and LWS [13]. The air-detraining admixture
(ADA) was used at 0.4%o, by mass of binder to decrease the air content of
mixture during mixing.

Table 2 summarizes the mixture proportions of UHPC containing
various LWS contents. The w/b was fixed at 0.2. The LWS contents were
investigated at 0, 10%, 20%, 30%, 40%, and 50% replacement volumes
of the RS. These UHPC mixtures are referred to as Ref, LWS10, LWS20,
LWS30, LWS40, and LWS50, respectively. The investigated mixture
made without LWS corresponded to non-proprietary UHPC that has a
target compressive strength of 120 MPa without heat or steam curing.
This mixture met the ASTM C1856 and is proportioned as a cost-
effective UHPC with the addition of large content of fly ash and ordi-
nary sand [36].

2.2. Sample preparation

WG powder and 90% of the HRWR were premixed at 15 rps for 10
min to disperse the WG in the HRWR. UHPC mixtures were prepared as
the following procedures: (1) binders and sands including LWS were
mixed at 60 rpm for 2 min; (2) the pre-dispersed WG suspension, ADA,
and 90% of mixing water were incorporated and mixed at 120 rpm for 3
min; and (3) the remainder of water and HRWR were incorporated and
mixed at 120 rpm for 3 min (4) For preparing non-fibrous UHPC mortar,
the mixing was remained for additional 4 min. For the preparation of
UHPC containing 2% steel fibers, the fibers were incorporated in 1 min.


astm:C1856
astm:is
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Fig. 2. Image analysis method for determination of fiber orientation.

The mixing was resumed at 120 rpm for 3 min to achieve a uniform fiber
dispersion. It is important to note small part of the water close to the
surface of LWS can break away during dry mixing. However, the LWS
can easily absorb the water back after adding mixing water [28].
Therefore, the water absorbed in the pores of LWS was not influenced
during mixture preparation.

The flow-induced casting method was employed to facilitate the
alignment of fibers in the longitudinal direction of the beam samples
[37,38]. Fresh mixture was cast through a L-shape device to facilitate
flow into the mold through a 10-mm high outlet [37,38]. For the
preparation of samples having random orientation, fresh mixture was
cast from the middle of mold in one lift allowing the UHPC to flow into
place [37]. This referred to the conventional method. The samples were
cured with mold for 1 day at room with covering of plastic film. The
samples were then cured in lime-saturated water at 21 + 2 °C until
testing age.

2.3. Testing methods

2.3.1. Fluidity and rheology of non-fibrous UHPC mortar

The mini-slump flow of non-fibrous mortar mixture was tested on the
basis of ASTM C230/C230 M. The rheological properties (i.e., yield
stress and plastic viscosity) of mixture were determined using a ConTec
5 rheometer. The testing procedure of rheological parameters was given
in Ref. [11].

2.3.2. Hydration kinetics

The hydration kinetics of non-fibrous UHPC mortars containing
various LWS contents were tested through a Calmetrix I-CAL 8000.
Approximately 75 g mixture was used for the heat flow and cumulative
heat test immediately after mixing. The mixture was sealed in a plastic
bottle during testing and was tested for 48 h at temperature of 20 +
0.1 °C.

2.3.3. Autogenous shrinkage

The autogenous shrinkage of non-fibrous UHPC mortar was tested
according to ASTM C1698. Fresh mixture was cast and sealed in
corrugated plastic tubes that was maintained at 23 + 1 °C and RH of
50% =+ 1%. The measurement started at the final setting of mixtures. The
shrinkage values were tested daily in the first week and weekly until 28
d.

2.3.4. Mechanical properties

For each mixture, the compressive strength was evaluated based on
three cubes measuring 50 mm in length in line with ASTM C109. The
loading rate was set as 1.8 kN/min. The flexural strength was tested by
four-point bending based on three beams measuring 76 x 76 x 406 mm
(b x h x 1) (ASTM C1609). The span and loading rate were 305 mm and
0.1 mm/min, respectively. The flexural strength (of) is determined as:

Pl

b2 )

of

where Fq (N) is the maximum flexural load, and L (mm) is the span of
the beam samples. The dissipated energy (T150) is expressed as the area
under the flexural curve where the deflection value increases from 0 to
L/150. The T150 can be applied to assess the toughness of UHPC. A
greater toughness represents a greater crack-bridging effect of steel fi-
bers, which is closely related to the interfacial performance between
fiber and matrix. There is a concern that the internal curing of LWS can
enhance the fiber-matrix interface, resulting in a higher toughness of
UHPC [39].

2.3.5. Fiber orientation evaluation

After flexural testing, saw-cut sample near the dominant crack was
used to determine the fiber orientation using image analysis method.
The surface of saw-cut sample measuring 76 x 76 x 5 mm was
sequentially ground using 80-, 180-, 400-, and 600-grit sand papers to
improve the contrast between fibers and matrix. The surface was then
photographed using a high-resolution camera to secure the pixels of
23,005 x 23,005. The achieved RGB image was converted to binary
image to separate fibers from the matrix, as illustrated in Fig. 2.

For a single fiber embedded in the matrix, the fiber orientation angle
(0) is calculated as the ratio of minor axis (D) to major axis (M) deter-
mined from the fiber image, as given in Eq. (2):

D
- = 2
14 arccos(M) (2)
The fiber orientation coefficient (17,) in the longitudinal direction of

beam samples is determined as [40]:

Omax
N, = / p(6)cos*0do 3

Onin

where p(0) is the probability density distribution of 6. A greater 5, value
represents an enhanced fiber alignment in the flexural beams [10].


astm:C230
astm:C1698
astm:C109
astm:C1609

H. Huang et al. Cement and Concrete Composites 129 (2022) 104513

Age (days)
0 4 8 12 16 20 24 28
0 3 SRR I B, T Pt T R s T .
—— Ref
’é‘ : - O- LWS10
E -100 53, <A - LWS20
S \ ‘-éxx ~ -~ LWS30
® ol ‘X\Oﬁé e --0---LWS40
= R DTy T LWSS0
. . . . 2 300} O i o
Fig. 3. The 10 x 10 test grid for nano-indentation spots. g TR A i ile o
g SEO0a A
2.3.6. Nano-mechanical properties E” -a00 | Moo G __'_;
The Anton Paar Nano-indentation tester was employed to evaluated :'1
the nano-mechanical characteristics of C-S-H in surrounding matrix of
LWS using a diamond Berkovich tip. The nano-indentation was tested on

a 10-mm cube taken from compressive strength sample. The small cube -500
was soaked with epoxy resin followed by polishing of 400-, 600-, and
1200-grit sand papers. The surface of sample was further polished by 9-,
3-, 1-, and 0.25-pm diamond abrasives to enhance the contrast among
different phases [41].

Fig. 5. Autogenous shrinkage of non-fibrous mortar prepared with various
LWS contents.

Fig. 3 shows the 10 x 10 test grid for nano-indentation spots with a
spacing of 15 pm. For each mixture, two 10 x 10 grids (200 spots in 160 | UHPC mortar
total) were measured. The test grids were selected in the regions (around - U/ UHPC (2% steel fibers)
LWS) where little ordinary sand was observed to minimize the influence 8
of sand on test results. For testing of each spot, the load linearly = 140}
increased at 10 mN/min to 5 mN followed by a 4-s remaining at the :
maximum load. The load linearly decreased to 0 at a same rate. b
g
g 120}
2.3.7. Mercury intrusion porosimetry (MIP) = _I_
The porosity of non-fibrous UHPC mortar was measured using the IV e T
9510 MIP with test pressure ranging from 0.28 to 414 MPa. Samples § 100 F
containing LWS were soaked in the isopropyl alcohol to stop cement =
hydration and were dried at 50 °C for 24 h before testing. In this case, £
the measured result can represent the total porosity of samples made 8 80
with LWS that consisted of the porosity of UHPC mortar and LWS.
3. Results and discussion 60 : - . .
0 10 20 30 40 50
3.1. Fresh properties LWS content (%)
Fig. 4 exhibits the changes in mini-slump flow and rheology of non- Fig. 6. Changes in compressive strength of UHPCwith LWS contents.
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Fig. 4. (a) Mini-slump flow and (b) rheological properties of non-fibrous mortar containing various LWS contents.
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casting method, /\: conventional casting method).
fibrous mortar with various LWS contents. The mixtures showed self-
consolidating performance with mini-slump flow higher than 270 mm.
The mini-slump flow increased with the addition of higher LWS content.
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As shown in Fig. 4(b), the yield stress and plastic viscosity were reduced
by 15% and 40%, respectively, with the increase of LWS content from
0 to 50%. The change in yield stress is in line with the mini-slump flow
where the increase in fluidity reduced the yield stress [42,43]. The
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Fig. 13. Elastic modulus distribution of tested points for samples prepared (a) without LWS and (b) with 20% LWS.
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reduction in the rheological parameters with the use of LWS can be due
to the lubrication effect of LWS [28].

3.2. Autogenous shrinkage

The evolution of autogenous shrinkage of non-fibrous mortar made
with different LWS contents is given in Fig. 5. Overall, the addition of
LWS decreased the 28-d autogenous shrinkage. The 28-d autogenous
shrinkage was decreased from 450 to 275 pm/m with the increase of
LWS content from 0 to 50%. This is due to the water-desorption char-
acteristics of LWS that can delay the reduction of internal humidity with
cement hydration [44,45]. Meng and Khayat [33] also reported similar
results that the use of 75% LWS in UHPC led to 300 pm/m decrease in
28-d autogenous shrinkage compared to that made without any LWS.

3.3. Compressive strength

The effect of LWS contents on 28-d compressive strength of samples
is shown in Fig. 6. The reported results included the strengths tested
without and with 2% steel fibers. The use of 20% LWS led to 15% greater
compressive strength relative to that prepared without LWS, regardless
of the incorporation of steel fibers. This is due to the fact that LWS can
offer an internal curing to enhance the cement hydration [29,30]. Such
internal curing effect can refine the microstructure of UHPC samples,
which is elaborated further in Section 4. However, the increase in LWS
content to 50% reduced the compressive strength by approximately 35
MPa for samples made without and with 2% steel fibers.

3.4. Flexural properties

Fig. 7 exhibits the flexural load-deflection curves of UHPC containing
various LWS contents. This figure also exhibits the flexural curves of
prisms cast by the two casting methods. The curves can be characterized
by an elastic ascending zone, a non-linear ascending zone, and a non-
linear descending zone [46,47]. In the elastic ascending portion, the
flexural load increased linearly with the deflection. In the non-linear
ascending portion where fibers can effectively bridge cracks, the flex-
ural load enhanced with the deflection before reaching the peak load. In
the non-linear descending zone, the flexural load decreased with the
deflection given the pullout of fibers from matrix.

The flexural strength and T150 of samples containing various LWS
contents are exhibited in Fig. 8. The flexural strength and T150 were
increased as the LWS increasing from 0 to 20%, regardless of the casting
method. The use of 20% LWS led to 15% greater flexural strength for
UHPC cast using the conventional and flow-induced methods, relative to

those made without LWS. Such enhancements for T150 were 10% and
20%, respectively. However, higher LWS content led to the reduction in
flexural strength and T150. On the other hand, for a given LWS content,
the flow-induced casting method led to 25% and 30% improvements in
flexural strength and T150, respectively, relative to UHPC made by the
conventional method. This is attributed to the fiber alignment that can
increase the crack-bridging ability of fibers [48,49].

The combined use of LWS and fiber alignment can contribute to a
coupled effect on improving flexural properties of UHPC. Fig. 9 shows
the synergistic effect of LWS and fiber alignment on enhancing flexural
strength and T150. Notations “10 to 07, “20 to 0”, “30 to 0”, and “40 to
0” represent the relative enhancement in flexural properties of UHPC
cast by the flow-induced method containing 10%, 20%, 30%, and 40%
LWS, respectively, relative to those made by the conventional method
without any LWS.

As exhibited in Fig. 9, the flexural strength and T150 can be
enhanced by 45% and 40%, respectively, for prismatic samples made
with 20% LWS and fiber alignment relative to those of reference mixture
with random fiber orientation. Moreover, such synergistic effect can
increase the LWS content in UHPC to 40% where the flexural properties
are greater than those made without any LWS. This can possibly increase
the used content of LWS in UHPC without reduction of mechanical
properties.

3.5. Fiber orientation

Fig. 10 shows the changes in fiber orientation coefficients with LWS
contents and casting methods. It is shown that the use of LWS had
limited effect on fiber orientation. The conventional casting method
resulted in an approximately fiber orientation coefficient of 0.5. Such
value was increased to approximately 0.65 (30% greater) for the flow-
induced casting method. This can enhance the crack-bridging ability
of fibers, contributing to the improvement in flexural properties, as
elaborated in Section 3.4.

4. Effect of LWS on microstructural and nano-mechanical
characteristics

4.1. Hydration kinetics

The heat flow and cumulative heat of mortar mixtures containing
various LWS contents is given in Fig. 11. The addition of 50% LWS
increased the peak heat flow by 20% relative to that of reference mixture
without LWS. Moreover, the time corresponding to the peak heat flow
was prolonged by 1 h with the use of 50% LWS compared to that of
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reference mixture. Such increase in 48-h cumulative heat was 30% when
50% LWS was added. This indicated the enhanced cement hydration
with the addition of LWS.

Despite the enhanced cement hydration of LWS, the addition of 50%
LWS can increase the porosity of UHPC according to the MIP results, as
shown in Fig. 15. This is due to the excessive introduction of pores of
LWS when 50% LWS was added. In this case, the internal curing of LWS
can be overwhelmed by the introduction of large pores, leading to the
decrease in mechanical properties. Compared to UHPC made without
LWS or 20% LWS, the content of pores with diameter greater than 1 pm
was significantly increased with the addition of 50% LWS. This is further
elaborated in Section 4.3.

4.2. Nano-mechanical properties

The C-S-H in UHPC can be distinguished as three types, including
the low density (LD), high density (HD), and ultra-high density (UHD)
C-S-H, corresponding to elastic moduli of 10-25, 25-40, and 40-60
GPa, respectively [50-52]. Fig. 12 shows the indentation load-depth
curves of clinker, LD, HD, and UHD C-S-H. The greatest depth of
C-S-H varied from 300 to 700 nm, depending on the tested type of
C-S-H phase. The depth of C-S-H was larger relative to that of clinker
given its lower elastic modulus.

Given the load (p), the depth (h), and the greatest indentation depth
(hmax), the indentation modulus (M) is calculated as following [53]:

_1ldp |«
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where A (um?) is the projected contact area that is achieved using the
Oliver and Pharr’s method [54].

Given the Poisson’s ratio of analyzed phase (v), the elastic modulus
(E1) and the Poisson’s ratio (v1) of tester tip, the elastic modulus (E) can
be calculated by Eq. (5):

1—v 1-}

1
vt L ®

Fig. 13 shows the elastic modulus of tested points for samples pre-
pared without LWS and with 20% LWS. The first column of 10 x 10 test
grid is set as X = O pm. For samples prepared without LWS, the test grid
was selected randomly. For samples made with 20% LWS, the first col-
umn (X = 0 pm) was selected near the LWS particle to evaluate the in-
fluence of LWS on C-S-H elastic modulus in surrounding matrix. The
blue, light blue, and light green areas correspond to the LD (10-25 GPa),
HD (25-40 GPa), UHD C-S-H (40-60 GPa), respectively. The green,
yellow, and orange areas correspond to elastic modulus greater than 60
GPa, representing the un-hydrated clinker.

The use of 20% LWS was shown to decrease the proportions of un-
hydrated clinker and LD C-S-H, and increase the proportions of HD
and UHD C-S-H. The width of surrounding matrix can vary with the
changes in absorption and desorption characteristics as well as the
pretreatment method of LWS [29,44]. In the case of this study, the width
of surrounding matrix can be on the order of 75 pm, as demonstrated in
Fig. 13(b). In the surrounding matrix, the percentages of HD and UHD
C-S-H were significantly greater than un-hydrated clinker and LD
C-S-H. This reflected that the internal curing effect of LWS indeed
enhanced cement hydration and C-S-H formation in surrounding ma-
trix. This is in well agreement with the hydration kinetics results where
the use of 20% LWS led to a greater heat flow and cumulative heat due to
the enhanced cement hydration with the addition of LWS.

The percentages of each type of C-S-H of mixtures made without
LWS and with 20% LWS are shown in Fig. 14. For samples made without
LWS, the proportions of these three C-S-H were 51%, 37%, and 12%,
respectively. The proportions of the latter two types of C-S-H were
increased to 53% and 21%, respectively, with the use of 20% LWS. Such
increased HD and UHD C-S-H percentages can therefore contribute to
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greater mechanical properties of UHPC.

4.3. Pore structure

Fig. 15 shows the 28-d pore size distribution and porosity results of
Ref, LWS20, and LWS50 samples. This figure reports the average results
of three tests for each mixture to enhance the accuracy. The most
probable diameter refers to the pore size corresponding to the highest
peak of the curve. As shown in Fig. 15(a), the most probable diameter
decreased with the use of 20% LWS, relative to that without any LWS.
This led to the reduction of 28-d porosity from 12.5% to 9.5%. Given the
internal curing effect, the pre-saturated LWS can release water during
curing of samples to secure a greater cement hydration degree [29,30].
As concluded from Section 4.2, the use of 20% LWS can enhance the
proportion of HD and UHD C-S-H, leading to a denser degree of matrix.
Moreover, the hydration products can fill portion of the pores intro-
duced by LWS when the LWS was used at 20% [33]. This led to the
refinement in microstructure of UHPC.

However, the most probable diameter and porosity significantly
increased with the further increase in LWS content. The porosity
increased to 19% when 50% LWS was added. This was also found in
Ref. [33] where the enhancement of LWS content from 25% to 50%
resulted in 110% greater porosity. This is attributed to the excessive use
of LWS, which can introduce more large pores. As shown in Fig. 15(a),
the content of pores with diameter greater than 1 pm was significantly
increased with the use of 50% LWS, leading to the increased porosity of
UHPC. This resulted in the reduction in mechanical properties, despite
of the enhanced cement hydration (Section 4.1) [44]. Therefore, it can
be concluded that the use of 20% LWS can result in a maximum net
effect in improving the microstructure and increasing the mechanical
properties of UHPC.

5. Conclusions

In this paper, the influence of pre-saturated lightweight sand (LWS)
on the mechanical and microstructural characteristics of UHPC pris-
matic samples with the alignment of fibers was studied. The synergistic
effect of LWS and predominant fiber alignment on mechanical proper-
ties was evaluated. The investigated volume of LWS ranged from 0 to
50%. On the basis of experimental results, the following conclusions can
be obtained:

1. The 28-d autogenous shrinkage was decreased from 450 to 275 pm/
m with the increase of LWS content from 0 to 50%.

2. The addition of 20% LWS can result in the maximum improvements
of 15%, 15%, and 20% in compressive strength, flexural strength,
and dissipated energy (T150), respectively, relative to UHPC made
without LWS.

3. The combination of 20% LWS and fiber alignment resulted in the
synergistic enhancement of 45% and 40% in flexural strength and
T150, respectively, relative to UHPC without any LWS and having
random fiber orientation.

4. The use of LWS enhanced the cement hydration. The proportion of
HD and UHD C-S-H in surrounding matrix of LWS was increased
from 50% to 75% with the use of 20% LWS.

5. The 28-d porosity was reduced from 12.5% to 9.5% with the addition
of 20% LWS due to the internal curing of LWS. However, such in-
ternal curing can be overwhelmed by the introduced pores of LWS
when 50% LWS was used, leading to significant increase in porosity.
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