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Abstract: In order to understand the effect of sand type on the rheological properties of self-
compacting mortar, four varieties of sand, namely, quartz sand (QS), river sand (RS), and two kinds
of manufactured sand, marked as MS-A and MS-B, were studied. As part of this study, the sands’
particle shape parameters, such as their length:width ratio and roundness, were determined. Mortars
containing the four varieties of sand were tested using the slump flow test and the V-funnel test
in oven-dried (OD) and saturated surface-dried (SSD) conditions in order to identify the water
absorption, shape-related differences, and specific gravity in their rheological performance. The
changing trends of the slump flows and the V-funnel times of the different mortars in OD and SSD
were similar. By eliminating the influence of water absorption on mortar rheology, shape–weight
parameters, such as the ratio between the length:width ratio and specific gravity (LWS) and the
product of roundness and specific gravity (ROS), were defined in order to quantify the compound
effects of sand type on mortar rheology. The regression analysis showed an excellent linear corre-
lation between slump flow and both LWS and ROS, and a very good linear correlation was also
demonstrated between the V-funnel time and both LWS and ROS. Based on the particle shape–weight
parameters, the rheological properties of mortars can be predicted. Based on the mortar rheological
threshold theory, the self-compacting mortar (SCM) zone can be drawn. The predicted SCM zone
overlaps considerably with the experimental SCM zone for MS-A.

Keywords: sand type; water absorption; shape–weight parameter; mortar rheological properties;
self-compacting mortar zone

1. Introduction

Self-compacting concrete (SCC) is a kind of concrete that can pass through gaps
between reinforcement bars and fill the void between the mold corner and rock block
without vibration and bleeding during pouring [1,2]. The good workability of SCC depends
on a particular mix proportion design method.

In the last four decades, several mix design methods have been proposed by re-
searchers from around the world. Several researchers [3–13] studied the mix design method
of SCC from the perspective of rheology. Saak et al. [4] concluded that the rheological
properties of paste determined the flowability and segregation resistance of fresh SCC
for aggregates with certain characteristics. Based on this idea, Wu and An [9] established
two physical and mechanical models and predicted the working performance of SCC
through the rheological properties of the pastes.
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SCC can be regarded as a mixture of mortar and gravel [14–16]. The working per-
formance of SCC is related to the mortar’s rheology, its gravel content, and the physical
properties of its gravel. In mortar, fine aggregate is indispensable. The particle size of
fine aggregate is between powder and gravel, which can ensure better cohesion of the
concrete. In this context, Zhang et al. [10] investigated the effect of the gradation and
content of manufactured quartz sand on the paste’s rheological thresholds. In addition to
the gradation and content, sand type also has an impact on the rheological properties of
mortar or SCC [17]. Hu and Wang [15] concluded that limestone sand with a poor particle
shape results in lower flowability of the mortar compared with river sand. Cortes et al. [18]
suggested that more paste was needed in order to obtain an adequate working performance
of concrete when natural sand was replaced by crushed sand, because the particle shape of
natural sand is much closer to a sphere than that of angular crushed sand. Harini et al. [19]
investigated the effect of the sand type, such as river sand and crusher dust, on the working
performance of mortar. Zeghichi et al. [20] investigated the influence of manufactured sand
and dune sand on the rheological properties of fresh SCC, and their results favored the use
of dune sand. Ling and Kwan [21] also reported that the addition of ground sand resulted
in a high passing ability for SCC. Haddad et al. [22] found that artificial sand resulted
in a higher void content and increased paste consumption, because more paste would
be needed to fill these voids. Overall, sand shape affects the flowability of mortar and
concrete [23,24]. On the other hand, water absorption related to sand type and lithology
also affects the flowability of mortar [15,22]. The different water absorption capacities of
different types of sand were ignored by some researchers [14,25–30]. The effect of water
absorption on mortar rheology can be quantified by comparing the rheological properties
of mortar using different types of sand in oven-dried (OD) and saturated surface-dried
conditions. Furthermore, the density of different types of sand is a factor to be considered.

There have been important contributions related to the measurement of particle shape
parameters. Several groups [31–38] have investigated the possibility of describing a particle
from a two-dimensional perspective by using a particle outline obtained with photographic
techniques. Others [39–42] have used the three-dimensional image analysis method to
determine particle shape, although it is evident that two-dimensional measurements are
much simpler and easier than three-dimensional measurements. Due to the similar results
of the two-dimensional method and the three-dimensional method for the measurement of
particle shape [43], the two-dimensional image analysis method, therefore, was utilized to
determine particle shape in this study.

Scholars have also investigated the effect of sand shape parameters on the rheological
behavior of fresh mortar and SCC. Jamkar and Rao [44] reported that the water usage
decreased as the aggregate shape became increasingly rounded and the texture became
increasingly smooth. Westerholm et al. [45] measured the shape of fine aggregates using
thin epoxy-baked section samples in optical microscopy. They concluded that the smaller
the f-aspect value, the larger the plastic viscosity of the mortar. Hafid et al. [46] defined three
kinds of morphological parameters: aspect ratio, circularity, and convexity. Shen et al. [47]
obtained images of particles and then analyzed the images with the Image Pro Plus
6.0 program package. They concluded that manufactured sand with lower roundness
and a higher length:width ratio required a higher water dosage than river sand. Huang
and Wang [48] used the digital image processing method to study two kinds of sand and
found that concrete using manufactured sand with a higher length:width ratio used more
water. Estephane et al. [49] indicated that the water usage for certain mortar workability
values increased as the sand particles became more prolate.

However, research on the influence of sand type on the rheological relationship be-
tween paste and mortar in SCC is still lacking, although the measurements of particle shape
parameters from a two-dimensional perspective and the influence of shape parameters
on mortar or SCC have been studied. Thus, the influence of sand type on the rheological
relationship between paste and mortar should be further investigated. Hence, this study
aimed to evaluate the influence of the particle shape, the water absorption capacity of sand,
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and the density of different types of sand over the rheological relationship between paste
and mortar, in an effort to improve the prediction of the rheological characteristics of paste
and mortar.

2. Materials and Methods
2.1. Materials

Type 42.5 ordinary Portland cement with a specific gravity of 3.10 and a fineness of
473 m2/kg was used. Four kinds of sands were used, namely, quartz sand (QS), river
sand (RS), manufactured sand A (MS-A), and manufactured sand B (MS-B). Among the
four kinds of sands, MS-A and MS-B were from different manufacturing sand plants in
Honghe Prefecture, Yunnan Province, China. The specific gravities of the four kinds of
sands were 2.84, 2.67, 2.70, and 2.68, respectively. The absorption values (Abs%) of different
types of sand were 0.35%, 0.70%, 1.90% and 2.30%, respectively. To make it easier to prepare
four types of sand with the same gradation, particles smaller than 0.16 were removed; the
particle sizes ranged from 0.16 mm to 5.0 mm. Then, the four kinds of sand were washed
to remove the powder on the surface of the particles. After drying, the four kinds of sand
were sieved on square sieves and separated into fractions with the following particle size
ranges: 0.16–0.315 mm, 0.315–0.63 mm, 0.63–1.25 mm, 1.25–2.5 mm, and 2.5–5 mm. The
percentages of sand between the above size ranges were as follows: 18.2%, 18.5%, 30.9%,
24.4%, and 8.0%. Each fraction of sand was weighed to make sure that the four types of
sand had the same gradation. Figure 1 shows the particle morphologies for the four kinds
of sands with particle sizes ranging from 2.5 mm to 5.0 mm. Tap water was used in this
study. The superplasticizer (SP) used herein had a solid mass content of 20% and a specific
gravity of 1.03.
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Figure 1. Particle morphologies (2.5–5.0 mm) for (a) quartz sand, (b) river sand, (c) manufactured sand-A, and
(d) manufactured sand-B.
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2.2. Particle Shape Measurements

Particle shape was determined according to the process depicted in Figure 2. A white
cardboard sheet was laid on the testbed before sand particles were added. The sand parti-
cles were carefully spread out on the cardboard sheet so that none of them were touching
each other. After the sand particles had been appropriately positioned, a 5-megapixel cam-
era (Anyty 3R-V500IR/UV) with 200 times maximum magnification was placed above the
cardboard. Then, the lens focus was adjusted to develop a clear image of the sand sample,
and additional images could be obtained by moving the camera. Then, image analysis
was performed with an image processing software package called Image-Pro Plus 6.0 to
differentiate the sand particles from the background. With the images of the sand particles,
particle shape parameters such as area, perimeter, length, and width were measured.
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Figure 2. Process of obtaining the parameters of a sand particle.

The projected area of a particle is the vertical projection area when it is in its most
stable position. The perimeter is the length of the boundary of the vertical projection area.
The length and width of a particle are the length and width of the minimum bounding
rectangle, as shown in Figure 2. Based on the above analysis, two parameters, length:width
ratio (α) and roundness (R) can be calculated to quantify the particle shape of each type of
sand. The length:width ratio for the fraction i is:

αi =
1
m

j=m

∑
j=1

Lj

Wj
(1)

where Lj is the length of the particle j and Wj is the width of the particle j. About 60 particles
(i.e., m = 60) were randomly selected in each sieving fraction. αi represents the length:width
ratio of sieving fraction i, and

α = ∑
i

αiai% (2)

where ai% is the percentage by mass of sand retained between the larger and smaller sieve
sizes in fraction i. α represents the weighted average length:width ratio of the entire sample
of sand, and

Ri =
1
m

j=m

∑
j=1

4πAj

Cj
2 (3)

where Aj is the projected area and Cj is the perimeter of the particle j. About 60 particles
(i.e., m = 60) were randomly selected in each sieving fraction. Ri represents the roundness
of sieving fraction i, and

R = ∑
i

Riai% (4)

where R represents the weighted average roundness of the sand.
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It is worth noting that the photographic shooting distance affects absolute values
such as area, perimeter, length, and width of each particle, but not relative values such as
length:width ratio and roundness.

2.3. Paste Rheological Threshold Theory

SCC is composed of gravel and mortar [8,14]. Furthermore, sand and paste comprise
mortar. Based on the two mechanical models [50] and the relationship between mortar
rheological properties and paste rheological properties, Equations (5) and (9) can determine
the rheological criteria of SCC formulated paste.

τpaste ≤ τthreshold =
ρmortarg(B + 2δmortar)

2(A + 2δmortar)

2
(1− φ/φmax)

n (5)

where τpaste and τthreshold are the paste yield stress and paste yield stress threshold; ρmortar
represents mortar density; g equals 9.81 m/s2; δmortar represents the thickness of mortar
covering the gravel; A representing the average width of gravel is equal to 2r, B representing
the average height is equal to 0.9r, r represents the average radius of gravel [10]; φ represents
the actual sand:mortar volumetric ratio and φmax represents the theoretical maximum of
the sand:mortar volumetric ratio; and the coefficient n was obtained to be 4.2 in the study
of Toutou and Roussel [51].

The excess mortar film thickness (δmortar) can be obtained by pilot calculation through
Equation (6) based on aggregate properties such as the content, particle grading, and void
ratio of the gravel.

∑
VG × ai%

1
6 πD3

i
× 1

6
π
[
(Di + 2δmortar)

3 − D3
i

]
= Vexc (6)

where VG is the gravel content by volume (L/m3); Di is the sieving size of the gravel
fraction i; Vexc is the volume of excess mortar.

Then, r can be determined by Equation (7).

r = ∑
(

Di
2
× ai%

1/6πD3
i

/
∑

ai%
1/6πD3

i

)
(7)

Based on the research of Wu and An [9], φmax can be determined as follows:

φmax = 1− 0.45(dmin/dmax)
0.19 (8)

where dmin and dmax are the smallest and largest sieving sizes, respectively.
Then

ηpaste ≥ ηthreshold =
2∆ρgr2

δmortar
(1− φ/φmax)

[η]φmax (9)

where ηpaste and ηthreshold are the paste plastic viscosity and the threshold of paste plastic
viscosity, respectively; ∆ρ represents the density difference between gravel and surrounding
mortar; [η] was approximated to be 2.5 in the study of Krieger and Dougherty [52].

The criteria of the paste rheological characteristics described by Equations (5) and (9)
indicate that a maximum τpaste and a minimum ηpaste are needed to ensure the fluidity
and viscosity of SCC, respectively. The two criteria indicate that τthreshold and ηthreshold both
consider the properties of the aggregate. Thus, the thresholds can be determined for given
aggregate properties. Therefore, the working performance of SCC can be predicted based
on the paste rheological properties.
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Based on the research of Roussel et al. [53] and Chidiac et al. [54], the paste yield stress
(τpaste) can be calculated through Equation (3) and the paste plastic viscosity(ηpaste) can be
calculated through Equation (4) using their mini-SF test results (SFpaste and T200) [55,56]

τpaste =
225ρpastegV2

paste

128π2(SFpaste/2)5 − λ
(SFpaste/2)2

Vcone
(10)

ηpaste =
2ρpasteghconeVpaste

3π × slump× SFpres2 T200 (11)

where ρpaste is the paste density; Vcone and hcone represent mini-slump cone’s inner volume
and height, respectively; SFpaste represents the SF for paste at stoppage; SFpres is equal to
200 mm; T200 is defined by the time spent when SF is up to 200 mm; slump represents the
slump value with SFpres equaling 200 mm; λ is equal to 0.0005 [57,58].

2.4. Mortar Rheology Threshold Theory

The workability of mortar can be determined by conducting slump flow (SFmortar)
tests and V-funnel tests [10], as shown in Figure 3. The greater the SFmortar, the better the
flowability of the fresh mortar. The V-funnel test measures the flow rate of a fresh mortar
and is an index of the segregation resistance of mortar.
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The yield stress of mortar can be calculated with Equation (12) because it is a Bingham fluid:

τmortar =
225ρmortargV2

mortar

128π2(SFmortar/2)5 − λ
(SFmortar/2)2

Vcone
(12)

where τmortar is the yield stress of a mortar; ρmortar is the density of a mortar; g equals
9.81 m/s2; Vmortar represents the volume of the mortar slump flow cone; SFmortar is the final
slump flow of mortar.

Then, the criterion [9] of the yield stress of mortar can be determined from Equation (13):

τmortar ≤ τmortar,threshold =

√
2∆ρgr2

3δmortar
(13)

where τmortar, threshold is the threshold of yield stress for a mortar.
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The results of the V-funnel test indicate plastic viscosity and segregation resistance.
The greater the V-funnel time, the greater the plastic viscosity of the fresh mixture. The
criterion [10] of the V-funnel test on mortar can be determined from Equation (14).

Vt ≥ Vt,control = 4s (14)

Figure 3 indicates the criteria for realizing the self-compacting mortar (SCM) zone.
The fluidity is considered good if Equation (13) holds and the yield stress-satisfied zone
is obtained. On the other hand, viscosity is considered good if the V-funnel time is no
less than 4 s [10,59,60]. The plastic viscosity-satisfied zone is then obtained. The SCM
zone is finally reached at the intersection of the yield stress-satisfied zone and the plastic
viscosity-satisfied zone. A good SCC can be obtained by adding a certain amount of gravel
into mortar within the SCM zone. Based on the mortar rheology threshold theory, the
effects of sand shape on the rheological relationship between mortar and paste can be
studied without concrete tests, and the SCM zone can be predicted based on the rheological
relationship between mortar and paste.

3. Results
3.1. Particle Shape Parameters

A total of 913 sand particles were measured, comprising 188 QS particles, 141 RS
particles, 273 MS-A particles, and 311 MS-B particles. Particle shape parameters such as the
length:width ratio (α) and roundness (R) were obtained. A comparison of the four kinds of
sand is illustrated in Figure 4. The length:width ratio increased gradually from 1.33 for RS
to 1.43 for MS-B, with QS exhibiting a ratio of 1.39. The length:width ratio of QS was larger
than that of RS and the specific gravity for QS was greatest among the four. Sands with
a larger length:width ratio had lower roundness. The roundness decreased in the order
QS ≈ RS > MS-A > MS-B.
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3.2. Mortars with Four Kinds of Sands

Mortars with the four kinds of sand were made based on the same paste. Only the sand
type was changed in the four kinds of mortars. In order to ensure that the moisture conditions of
sand were the same, sands were oven-dried (OD). Dry sand can absorb water from paste; thus,
the real VW/VC of the mortar will decrease. The proportions of mortars (1.3 L) and the results of
the slump flow test and V-funnel test on mortars are shown in Table 1.
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Table 1. Mix proportions and experimental results of mortars for sands in OD conditions.

Mix ID * [VW/VC]OD SP% Cement (g) Water (g) SP (g) Sand (g) SF (mm) Vt (s)

M-QS(OD) 1.0 1.0 1108.3 348.5 11.08 1579.5 355 5.62
M-RS(OD) 1.0 1.0 1108.3 348.5 11.08 1579.5 329 6.36

M-MSA(OD) 1.0 1.0 1108.3 348.5 11.08 1579.5 306 10.10
M-MSB(OD) 1.0 1.0 1108.3 348.5 11.08 1579.5 277.5 11.66

* Note: The mixture ID is represented in the form of A-B(C), where A stands for mortar, B stands for sand used, and C stands for sand
moisture conditions.

By adding additional water to make the sands reach the saturated surface-dried
(SSD) conditions, a new set of mortars was made with the same VW/VC as mortars in OD
conditions, as shown in Table 2. The additional water was back-calculated from the OD
conditions to the SSD conditions according to the sand water absorption. The equation is
as follows.

mw = ms × Abs% (15)

where mw is the additional water needed to make sure that [VW/VC]SSD and [VW/VC]OD
are equal, ms is the mass of sand, and Abs% is the water absorption of sand.

Table 2. Mix proportions for mortar for four kinds of sand.

Mix ID [VW/VC]SSD SP% Cement (g) Water + Additional
Water (g) SP (g) Sand (g) SF (mm) Vt (s)

M-QS(SSD) 1.0 1.0 1108.3 348.5 + 5.5 11.08 1579.5 360.0 5.50
M-RS(SSD) 1.0 1.0 1108.3 348.5 + 11.1 11.08 1579.5 339.5 6.20

M-MSA(SSD) 1.0 1.0 1108.3 348.5 + 30.0 11.08 1579.5 334.0 9.20
M-MSB(SSD) 1.0 1.0 1108.3 348.5 + 36.3 11.08 1579.5 309.0 10.50

3.3. Pastes and Mortars with RS and MS-A in SSD Conditions

Considering the influence of water absorption on the rheological properties of mortars,
the following tests on the mortars were carried out in SSD conditions. The paste compo-
sitions were changed by adjusting VW/VC and SP%. The experimental variables were
combined to form the test matrix. Three VW/VC values, 0.90, 0.96, and 1.02, were used,
and three different superplasticizer dosages, 0.8%, 0.9%, and 1.0% by weight of cement,
were chosen from within the range suggested by the manufacturer. Nine groups of paste
mini-SF test results (SFpaste and T200) were obtained. The thresholds for the rheological
characteristics (τthreshold and ηthreshold) can be calculated from Equations (5) and (9) based on
the assumption that the gravel content was set to 300 L/m3, and the sand content was set
to 45% of the resulting mortar volume in the SCCs. The relevant paste rheology (τpaste and
ηpaste) was calculated with Equations (10) and (11), and the results are listed in Table 3.

Table 3. Experimental results of pastes and mortars.

[VW/VC]SSD SP%
Paste Rheological Properties M-RS(SSD) M-MSA(SSD)

SF
(mm)

T200
(s)

τthreshold
(Pa)

ηthreshold
(Pa·s)

τpaste
(Pa)

ηpaste
(Pa·s)

SFmortar
(mm)

Vt
(s)

SFmortar
(mm)

Vt
(s)

0.90 0.80 298 4.24 1.20 17.2 0.62 55.4 239 14.98 115 44.84
0.90 0.90 289 3.96 1.20 17.2 0.72 51.7 293 10.53 144 30.24
0.90 1.00 306 3.44 1.20 17.2 0.54 44.9 303 10.11 169 18.08
0.96 0.80 288 3.81 1.19 18.3 0.72 49.1 298 8.32 145 21.23
0.96 0.90 313 3.00 1.19 18.3 0.50 38.8 323 7.81 231 10.36
0.96 1.00 338 2.02 1.19 18.3 0.35 26.2 325 6.90 286 8.90
1.02 0.80 290 3.22 1.18 19.3 0.71 40.9 311 6.54 229 6.49
1.02 0.90 331 2.26 1.18 19.3 0.34 28.6 330 6.32 279 6.70
1.02 1.00 353 1.17 1.18 19.3 0.25 14.9 336 5.97 316 7.11
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4. Analysis and Discussion
4.1. Effect of Sand Water Absorption on Mortar Rheological Properties

Slump flows of mortars with various kinds of sand decreased in the order
M-QS(OD) > M-RS(OD) > M-MSA(OD) > M-MSB(OD), as shown in Figure 5, an order that
differed from that for the length:width ratio and roundness of the various types of sands.
The trend in slump flows of different mortars in the SSD conditions was similar to that in
the OD conditions. The slump flow of mortar for the same sand in the SSD conditions was
greater than that in the OD conditions.
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The V-funnel time increased in the order M-QS(OD) < M-RS(OD) < M-MSA(OD) < 
M-MSB(OD), as shown in Figure 6. The trend in V-funnel time of different mortars in the 
SSD conditions was similar to that in the OD conditions. However, this trend was opposite 
to the change rule of slump flow. The V-funnel time of mortar for the same sand in SSD 
conditions was less than that in OD conditions. 
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The V-funnel time increased in the order M-QS(OD) < M-RS(OD) < M-MSA(OD) < M-
MSB(OD), as shown in Figure 6. The trend in V-funnel time of different mortars in the SSD
conditions was similar to that in the OD conditions. However, this trend was opposite
to the change rule of slump flow. The V-funnel time of mortar for the same sand in SSD
conditions was less than that in OD conditions.
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The differences in slump flow and V-funnel time between two different moisture
conditions were related to the water absorption of sands. The water absorption of different
types of sand increased from 0.35% to 2.30%. Some water was absorbed by sand in OD
conditions to reach SSD conditions; therefore, the effective VW/VC decreased, which led to
the decrease in slump flow and the increase in V-funnel time. In other words, the decrease
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in effective VW/VC led to the increase in yield stress and the plastic viscosity of mortars.
For the SSD conditions, there was more water to cover the sand particles, and water film
thickness had a major effect on the rheology of the mortar [61]. It should be noted that the
density and shape parameters of the four kinds of sand were also different, which also
affected the rheological properties of mortars.

4.2. Effect of Sand Density on Mortar Rheological Properties

Due to the difference in mass and density of sand in each group of mortar, the
relationship between the rheology of mortar and the volume ratio of paste and sand
(Vpaste/Vsand) is discussed. Based on the definition of Vpaste/Vsand, the Vpaste/Vsand is directly
proportional to the density of sand. The density of QS was much higher than other sands,
the volume ratio of paste and sand is the largest. However, there was no obvious linear
relationship between slump flow or V-funnel time and Vpaste/Vsand, as shown in Figure 7a,b.
This is because of the nature of the RS particles. Mortar using RS had a larger slump flow
and smaller V-funnel time as a result of the particles of RS being nearly spherical.
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Figure 7. Relationship between rheological properties and Vpaste/Vsand: (a) V-funnel times vs. Vpaste/Vsand; (b) slump flows
vs. Vpaste/Vsand.

When the particle shape of sand is similar, the rheological properties of mortar are
positively related to the densities of sand. When the densities of sands are similar, the
rheological properties of mortars are related to sand particle shape. The closer the shape
of the sand particle becomes to a spherical form, the larger the slump flow of mortar and
the smaller the V-funnel time. Considering that it is difficult to distinguish the influence of
sand shape and density on mortar rheology, both of them were considered in this study.

4.3. Relationship between Mortar Rheological Results and Shape–Weight Parameters

To consider the compound effects of sand shape and density on mortar rheology,
two forms of shape–weight parameters were defined. One is the ratio of length:width and
specific gravity (LWS). The other is the product of roundness and specific gravity (ROS).

LWS =
(length : width)
speci f ic gravity

(16)

ROS = roundness× (speci f ic gravity) (17)

where length:width represents the weighted average length:width ratio of the entire sample
of sand, roundness represents the weighted average roundness of the sand, specific gravity
means the specific gravity of sand.
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Table 4 shows the shape parameters and the test results for mortar of four kinds of
sands in SSD conditions.

Table 4. Shape parameters and the test results of mortar of four kinds of sands (SSD).

[VW/VC]SSD SP% Sand Type Length:Width Ratio Roundness Specific Gravity LWS ROS SFmortar
(mm) Vt (s)

1.0 1.0 QS 1.39 0.77 2.84 0.489 2.19 360.0 5.50
1.0 1.0 RS 1.33 0.77 2.67 0.499 2.06 339.5 6.20
1.0 1.0 MS-A 1.39 0.74 2.70 0.516 1.99 334.0 9.20
1.0 1.0 MS-B 1.43 0.62 2.68 0.534 1.66 309.0 10.50

The slump flow values had been plotted as a function of the length:width ratios, and
the regression analysis indicated a negative but weak linear correlation between them.
Additionally, the V-funnel time values had been plotted as a function of the length:width
ratios, and regression analysis indicated a positive but weak linear correlation between
the two values. The rheological properties of mortars are not only affected by the shape
parameters of sand. There are different specific gravities for each type of sand; therefore,
specific gravity was selected as one of the main variables. Furthermore, LWS was used
as a variable and ROS was taken as another characteristic variable. The reason for this is
that sand with a greater specific gravity occupies a smaller volume for a certain weight.
Therefore, mortar with this variety of sand has a large percentage of paste, resulting in
larger fluidity and smaller plastic viscosity. Moreover, the correlation between the slump
flow and length:width ratio is negative, and the correlation between the V-funnel time and
length:width ratio is positive. Therefore, LWS was used as a variable, as shown in Table 4.
Additionally, the correlation between the slump flow and roundness is positive and the
correlation between the V-funnel time and roundness is negative. Thus, ROS was used as
another variable, as shown in Table 4.

Based on the data in Table 4, the slump flow values were plotted as a function of LWS
in Figure 8a, and regression analysis indicated a negative but excellent linear correlation
between them with R2 = 0.9329. Additionally, the V-funnel time values were plotted as
a function of LWS in Figure 8b and regression analysis indicated a positive and excellent
linear correlation between them with R2 = 0.9602. Furthermore, when ROS was plotted
against the measured slump flow values (Figure 8c) and V-funnel times (Figure 8d), good
linear correlations were also obtained (R2 = 0.9627 and R2 = 0.8099).

In summary, the different rheological properties between mortars based on the same
paste can, to a large extent, be explained by the particle shape properties (length:width
ratio and roundness) and specific gravity. Both the length:width ratio and roundness
can be selected as parameters to characterize particle shape. Two kinds of compound
shape–weight parameters (LWS and ROS) were defined to quantify the combined effects of
these parameters on the rheological properties.

4.4. Comparison of SCP Zone and SCM Zones

The self-compacting paste zone (SCP zone) refers to the area where the paste meets
the thresholds of paste rheological characteristics and satisfactory SCC can be created by
adding sand and gravel. The SCP zone was determined according to the basic steps [57]
shown in Figure 9. The necessary steps for determining the SCM zone are shown in
Figure 3. The SCM zones for RS and MS-A were determined as the intersection of the zone
that satisfies the yield stress threshold and the zone that satisfies the criterion of V-funnel
time, as shown in Figure 9. The SCP zone represents the predicted zone based on paste
rheological threshold theory, and the SCM zone for RS was derived from mortar tests with
RS. Figure 9 indicates that the SCP zone coincided with the SCM zone for RS to the greatest
extent, which indicates the good application of paste rheological threshold theory and
mortar rheological threshold theory. It is reasonable for the criteria used for obtaining the
SCM zone.



Buildings 2021, 11, 441 12 of 17

Buildings 2021, 11, x FOR PEER REVIEW 12 of 18 
 

length:width ratio is positive. Therefore, LWS was used as a variable, as shown in Table 
4. Additionally, the correlation between the slump flow and roundness is positive and the 
correlation between the V-funnel time and roundness is negative. Thus, ROS was used as 
another variable, as shown in Table 4. 

Based on the data in Table 4, the slump flow values were plotted as a function of LWS 
in Figure 8a, and regression analysis indicated a negative but excellent linear correlation 
between them with R2 = 0.9329. Additionally, the V-funnel time values were plotted as a 
function of LWS in Figure 8b and regression analysis indicated a positive and excellent 
linear correlation between them with R2 = 0.9602. Furthermore, when ROS was plotted 
against the measured slump flow values (Figure 8c) and V-funnel times (Figure 8d), good 
linear correlations were also obtained (R2 = 0.9627 and R2 = 0.8099). 

  
(a) (b) 

  
(c) (d) 

Figure 8. Relationship between rheological properties and shape–weight parameters: (a) SF vs. LWS, (b) V-funnel time vs. 
LWS, (c) SF vs. ROS, (d) V-funnel time vs. ROS. 

In summary, the different rheological properties between mortars based on the same 
paste can, to a large extent, be explained by the particle shape properties (length:width 
ratio and roundness) and specific gravity. Both the length:width ratio and roundness can 
be selected as parameters to characterize particle shape. Two kinds of compound shape–
weight parameters (LWS and ROS) were defined to quantify the combined effects of these 
parameters on the rheological properties. 

4.4. Comparison of SCP Zone and SCM Zones 
The self-compacting paste zone (SCP zone) refers to the area where the paste meets 

the thresholds of paste rheological characteristics and satisfactory SCC can be created by 
adding sand and gravel. The SCP zone was determined according to the basic steps [57] 
shown in Figure 9. The necessary steps for determining the SCM zone are shown in Figure 
3. The SCM zones for RS and MS-A were determined as the intersection of the zone that 
satisfies the yield stress threshold and the zone that satisfies the criterion of V-funnel time, 
as shown in Figure 9. The SCP zone represents the predicted zone based on paste rheo-
logical threshold theory, and the SCM zone for RS was derived from mortar tests with RS. 
Figure 9 indicates that the SCP zone coincided with the SCM zone for RS to the greatest 

y = -1057.3x + 874.61
R² = 0.9329

250

300

350

400

0.48 0.50 0.52 0.54Sl
um

p 
flo

w
 o

f m
or

ta
r (

m
m

)

LWS

1.0–1.0% Linear (1.0–1.0%)

y = 120.32x - 53.452
R² = 0.9602

4.0

6.0

8.0

10.0

12.0

14.0

0.48 0.50 0.52 0.54

V-
fu

nn
el

 ti
m

e
(s

)

LWS

1.0–1.0% Linear (1.0–1.0%)

y = 92.136x + 154.03
R² = 0.9627

250

300

350

400

1.60 1.70 1.80 1.90 2.00 2.10 2.20Sl
um

p 
flo

w
 o

f m
or

ta
r (

m
m

)

ROS

1.0–1.0% Linear (1.0–1.0%)

y = -9.479x + 26.563
R² = 0.8099

4.0

6.0

8.0

10.0

12.0

14.0

1.60 1.70 1.80 1.90 2.00 2.10 2.20
V-

fu
nn

el
 ti

m
e 

(s
)

ROS

1.0–1.0% Linear (1.0–1.0%)
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Figure 9. SCP zone and SCM zones for RS and MS-A.

However, the SCM zone for MS-A coincided partially with the SCP zone, and the
SCM zone for MS-A moved a distance to the right relative to the SCM zone for RS. RS and
MS-A had the same mass and grading, but different particle shapes and specific gravity.
More specifically, sands with different specific gravities have different shape properties
such as LWS and ROS, and these make the SCM zones different.
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4.5. Prediction of SCM Zone

Table 5 shows the paste rheological properties, shape–weight parameters, and mortar test
results. SFmortar was used to quantify the yield stress of mortar and it was affected by the yield
stress of paste, the particle shape of sand, and the specific gravity. Therefore, statistical analysis
was carried out to quantify the effects of selected parameters (τpaste and LWS).

Table 5. Shape–weight parameters of sands and the test results of mortars and pastes.

[VW/VC]SSD SP% τpaste (Pa) ηpaste (Pa·s) LWS ROS SFmortar (mm) Vt (s)

0.90 0.80 0.62 55.4 0.499 2.06 239 14.98
0.90 0.90 0.72 51.7 0.499 2.06 293 10.53
0.90 1.00 0.54 44.9 0.499 2.06 303 10.11
0.96 0.80 0.72 49.1 0.499 2.06 298 8.32
0.96 0.90 0.50 38.8 0.499 2.06 323 7.81
0.96 1.00 0.35 26.2 0.499 2.06 325 6.90
1.02 0.80 0.71 40.9 0.499 2.06 311 6.54
1.02 0.90 0.34 28.6 0.499 2.06 330 6.32
1.02 1.00 0.25 14.9 0.499 2.06 336 5.97
0.90 0.80 0.62 55.4 0.516 1.99 115 44.84
0.90 0.90 0.72 51.7 0.516 1.99 144 30.24
0.90 1.00 0.54 44.9 0.516 1.99 169 18.08
0.96 0.80 0.72 49.1 0.516 1.99 145 21.23
0.96 0.90 0.50 38.8 0.516 1.99 231 10.36
0.96 1.00 0.35 26.2 0.516 1.99 286 8.90
1.02 0.80 0.71 40.9 0.516 1.99 229 6.49
1.02 0.90 0.34 28.6 0.516 1.99 279 6.70
1.02 1.00 0.25 14.9 0.516 1.99 316 7.11

Equation (18) stems from the statistical analysis of the test results of 18 different
mortars in Table 5:

SFmortar = 5345.7× τpaste − 10960.6τpaste × LWS + 374.5 (18)

where SFmortar is the final slump flow of mortar (mm), τpaste is the yield stress of a paste (Pa)
and LWS represents the shape–weight parameter, which is the ratio of the length:width
ratio and specific gravity.

The statistical Equation (18) had a root-mean-squared error of 13.5. The R square value
was 0.81 and the p-value was less than 0.0005, which indicated an excellent prediction.

In addition to the plastic viscosity and the particle shape of sand, the yield stress of
paste also affected the value of Vt. Therefore, statistical analysis was carried out to quantify
the effects of selected parameters (τpaste, ηpaste, and LWS). Equation (19) resulted from the
statistical analysis of the test results of 18 different mortars:

Vt = −38.0× τpaste − 6.8× ηpaste + 15.3× ηpaste × LWS− 3.4 (19)

where Vt is the V-funnel time of mortar (s), τpaste is the yield stress of a paste, ηpaste is the
plastic viscosity of a paste, and LWS is the ratio of length:width and specific gravity.

The statistical Equation (19) had a root-mean-squared error of 0.33. The R square value
is 0.71 and the p-value is less than 0.05, which indicates a good prediction.

If LWS is replaced by ROS for the nonlinear regression, SFmortar can be expressed by
a different nonlinear regression formula, as shown in Equation (20).

SFmortar = 2496.4τpaste × LOS− 5265.2τpaste + 374.5 (20)

The statistical Equation (20) had a root-mean-squared error of 13.5. The R square value
was 0.81 and the p-value was less than 0.00001, which indicated an excellent prediction.
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Then, Vt can be expressed by another nonlinear regression formula, as shown in
Equation (21).

Vt = −38.0× τpaste + 8.0× ηpaste − 3.5ηpaste × LOS− 3.4 (21)

The statistical Equation (21) had a root-mean-squared error of 0.63. The R square value
was 0.71 and the p-value was less than 0.05, which indicated a good prediction.

Equations (18) and (20) are equivalent and Equations (19) and (21) are equivalent.
These equivalencies are because LWS and ROS quantify sand type from different perspec-
tives. Next, Equations (18) and (19) were selected for SCM zone prediction.

RS and MS-A have different particle shapes and specific gravities, and it is that which
leads to different experimental results for mortars and different SCM zones. The results of
mortars were predicted with Equations (18) and (19), and then the predicted SCM zone was
obtained based on the steps for determining the SCM zone mentioned above. Compared
with the experimental SCM zone for MS-A, it is apparent that the two SCM zones overlap
considerably, as shown in Figure 10.
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As stated above, the mortar experimental results verified the compound effect of
sand particle shape and the specific gravity on the rheological properties of mortar. For
a given sand type, the particle shape properties were measured with the Image Pro Plus
6.0 software package. Then, nine groups of paste mini-SF tests were conducted. Mortar
rheological properties were predicted with Equations (18) and (19). Then, the predicted
SCM zone for this kind of sand could be obtained based on the two criteria for obtaining
the SCM zone.

5. Conclusions

In this work, we studied the effect of water absorption, sand particle shape, and spe-
cific gravity on the mortar rheological properties. Particle shape parameters for four kinds
of sands were determined, and slump flow tests and V-funnel tests were carried out on
their corresponding mortars. Additionally, a series of mortar tests and their corresponding
paste tests were conducted using two kinds of sands, namely, RS and MS-A. The following
conclusions were drawn from the obtained results:

1. The changing trends in slump flows and V-funnel times of different mortars in the
SSD conditions are similar to those in the OD conditions. The slump flow of mortar
for the same sand in SSD conditions is greater than that in OD conditions, whereas
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the V-funnel time of mortar for the same sand in SSD conditions is less than that in
OD conditions. The effect of different water absorption of different sands on mortar
rheology can be eliminated by conducting tests in SSD conditions;

2. LWS and ROS were selected to quantify the compound effects of sand type on mortar
rheology. Regression analysis showed an excellent linear correlation between slump
flow and LWS, with R2 = 0.9863, or ROS, with R2 = 0.9286. A very good linear
correlation also existed between V-funnel time and LWS, with R2 = 0.9625, or ROS,
with R2 = 0.8159;

3. The substantial overlap between the SCP zone and the SCM zone for RS indicated the
validity of paste rheological threshold theory and mortar rheological threshold theory
for obtaining the SCM zone;

4. Based on the particle shape–weight parameters, the rheological properties of mortars
could be predicted. Based on the mortar rheological threshold theory, the SCM
zone can be drawn. The predicted SCM zone overlapped considerably with the
experimental SCM zone for MS-A.
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