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Abstract: Cemented tailings backfill (CTB), prepared by a mixture of tailings, binder, and water in a
certain proportion, is widely applied to mines worldwide for ground support and tailings disposal.
The prediction of the mechanical properties of CTB during the whole consolidation process is of great
practical importance. The objective of this paper focuses on the investigation of the prediction of
the mechanical performance of CTB based on the ultrasonic pulse velocity (UPV) method. The CTB
samples prepared with different binder-to-water (b/w) ratios, as well as solid content were monitored
by the UPV method during the curing age of 28 days. The evolution of dynamic shear modulus and
dynamic elasticity modulus properties of CTB samples were studied by UPV monitoring. Meanwhile,
uniaxial compressive strength (UCS) and microstructure tests were performed on CTB samples at
curing times of 3, 7, and 28 days. The results showed that the UPV development follows a trend that
increases fast at early curing ages and then becomes stable at the 10 d curing age. UPV and UCS
increased with the increase in b/w, solid content, and curing age. From the results of microstructure
tests, the increase in UPV is attributed to the low porosity and compact structure due to the increase
in the b/w ratio and solid content. For the purpose of predicting the UCS of CTB utilizing UPV
monitoring, the empirical equations for the relationship between UCS and UPV of CTB with variation
b/w ratios and solid content were regression analyses. F-tests, as well as t-tests, were used to check
the validity of the equations, which indicate that higher calculated values for CTB to predicted UCS
by means of the UPV method. The main finding of this paper shows that the UPV monitoring method
can be an effective way to predict the mechanical property of CTB in the field and is non-destructive
and effective.

Keywords: cemented paste backfill; ultrasonic pulse velocity; uniaxial compressive strength; microstructure

1. Introduction

Ultrasonic pulse velocity (UPV) is a method for assessing the mechanical performance
of rock or cement-based materials. In general, the application of the UPV method includes
shear waves (s-waves), as well as longitudinal waves (p-waves). Due to the properties of
non-destructive testing, effectiveness, and quickness, the UPV method has been widely
used [1]. Therefore, many investigations have been performed to investigate the relation-
ship between UPV and the mechanical properties of cement-based materials [2]. First
applied to cement-based materials in 1981 by Stepišnik [3], the UPV method was widely
used and then further advanced by Valič [4]. The evolution of mechanical properties of
cement-based materials at an early curing time can be effectively monitored by means of
the UPV method [5–7]. The shear modulus and viscosity of materials, which are vital signif-
icant parameters for engineering, are measured by the monitoring of shear waves. Hence,
a linear relationship between mechanical parameters and shear waves is obtained [8,9].
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Furthermore, the velocity of the ultrasonic longitudinal waves was found to be closely
correlated to the development of the microstructure in cement-based material, such as the
hydration process of cement [10], the solid percolation [11,12], and the generation of hydra-
tion products [13]. Reinhardt and Grosse developed an ultrasonic shear waves FreshCon
device which was applied in many types of research. It shows that the P-wave velocity can
be effectively used for examining solidifying examine and hardening the materials [14–16].

Cemented tailing backfill (CTB) is principally an engineered mixture of tailings, hy-
draulic binder, and mixing water [17–19]. In the field, the CTB structure must remain
stable during the extraction of adjacent stopes to ensure the safety of the mine workers.
Therefore, the UCS of CTB is an important index of mechanical properties [20–22]. The
monitoring method of the structure, mechanical properties, and hardening process of CTB
is advanced along with the advances in measurement and computer technology in recent
years. Among these, the UPV method is considered to be a non-destructive, economic,
and effective method that is applied both in the field and lab. Hence, the UPV method
has played an important role in assessing the mechanical performance of CTB which takes
the place of the traditional compressive strength test. Previous studies were performed to
study the relationship between the P-wave velocity and the initial setting time of different
cementitious materials [2,23–25]. Krauss and Hariri [10] proposed a procedure for deter-
mining the end of dormancy and initial hydration by the UPV method. Many researchers
try to correlate different single ultrasonic parameters to the compressive strength of CTB
and estimate the compressive strength of hardened concrete by means of the velocity of
ultrasonic P-waves [2,26]. G Ye used the UPV measurement to verify the simulation results
of microstructure in cementitious materials [12].

However, the correlation between the velocity of ultrasonic longitudinal and the
mechanical properties of CTB which is subjected to binder–water (b/w) ratio, as well as
solid content has not been well understood. Therefore, this paper aims to investigate the
ultrasonic properties of CTB with different b/w ratios as well as solid content during the
curing age of 28 days. The dynamic shear modulus and dynamic elasticity modulus have
been obtained based on the ultrasonic pulse velocity method. The evolution of microscopic
structure is also investigated to explain the mechanism of strength development of CTB
samples Then, a non-destructive assessment equation is determined to measure the UCS of
CTB samples through the correlation between UCS and UPV. The test results may be helpful
not only to the understanding of the basic mechanical performance of CTB at different
curing ages, but also to the enhancement of the safety management of tailings disposal in
backfill mines.

2. Theoretical Base of the Measurement

Ultrasonic pulse velocity and amplitude are the common parameters of an ultrasonic
wave transmitting in the elastic medium. The elastic constants can be determined by
measuring the speed of sound in solids due to the speed of ultrasonic wave propagation
depending on the elastic properties of the cement-based materials. The waves propagate
in the samples, which can cause reflection and refraction in the case of encountering the
heterogeneous interface, so it can reflect the construction of samples, as shown in Figure 1.
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According to the previous research, a plain elastic wave can be described by the
d’Alembert equation [27] in an isotropic boundless body:

∇2u =
1

w2
∂2u
∂t2 (1)

∂2ux

∂x2 =
1

wl
2

∂2ux

∂t2 (2)

∂2uy

∂x2 =
1

wt2
∂2uy

∂t2 (3)

where u is the displacement of the solid particle due to the wave propagation. Longitudinal
and transverse waves can be obtained, where wl and wt are the longitudinal and transverse
speeds of sound, respectively.

The phenomenon of wave propagation is stronger than the property that can be
deformed along different axes after propagating at the base, and is related to the elasticity
of the eyeball according to the following equation [28]:

wl =

√
E(1− v)

ρ (1 + v)(1− 2v)
(4)

wt =

√
E

2 ρ (1 + v)
(5)

where ρ is the density.
The value v can be between 0 and 1/2 [28], and wl is greater than wt:

wl ≥
√

2wt (6)

Moreover, according to Equations (4) and (5), it can be seen that the elastic properties
of solids depend on the longitudinal and shear sound velocities, which are related as
follows [27]:

v =
1− 2(wt

wl
)2

2− 2(wt
wl
)2 (7)

E = 2 ρ wt
2(1 + v) (8)

G =
E

2(1 + v)
(9)

where G is the shear modulus.

3. Materials and Methods
3.1. Materials and Properties

Iron mining tailings which were from a mine located in the north of China were used
to prepare the fresh CTB. Figure 2 shows the particle size distribution curve of the tailings
material used in the test. LS-C (II A) laser particle size analyzer is used to measure the
particle size distribution of tailing. Tailings are well-graded, homogeneous, and free of
sulfide minerals. The fine particle (−20 µm) content of tailings was 53.7 wt.%, significantly
above the threshold level of 15 wt.%. Thus, the tailings are classified as medium tailing [29].

Table 1 shows the chemical composition of unclassified tailing. The main chemical
compositions of unclassified tailing are SiO2, Al2O3, CaO, Fe2O3, FeO, and MgO, the
percentage of SiO2 is 79.770%, so the chemical properties of unclassified tailing are acidic.
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Table 1. Chemical component of unclassified tailings.

Composition Content Composition Content Composition Content

SiO2 79.770% MgO 2.040% H2O 0.061%
Al2O3 2.540% Cao 2.780% TiO2 0.098%
Fe2O3 8.040% Na2O 0.310% P2O5 0.050%
FeO 1.160% K2O 0.670% MnO 0.013%

The binder used to prepare the CTB in this paper is Portland cement type I (PCI). The
properties of the PCI are provided in Tables 2 and 3. The dominating chemical components
are CaO (62.82%) and SiO2 (18.03%). The water used for mixing the CTB samples is
tap water.

Table 2. Main chemical composition of the binders used for CTB preparation.

Type MgO (%) CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) SO3 (%) Relative
Density

Specific
Surface
(m2/g)

PCI 2.65 62.82 18.03 4.53 2.70 3.82 3.10 1.30

Table 3. Main physical and chemical characteristics of the binders used.

Element
(unit) Sp (m2/g) Gs (-) S (wt%) Ca (wt%) Si (wt%) Al (wt%) Mg

(wt%) Fe (wt%) Si/Ca

PCI 1.32 3.15 1.5 44.9 8.4 2.4 1.6 1.9 0.2

Sp: Specific surface area; Gs: Specific gravity.

3.2. Specimen Preparation

In this research, the CTB samples are prepared with the b/w ratio of 1:4, 1:6, 1:8, and
1:10, and the solid content of 72% and 75%, and 78%, as shown in Table 4. The tailings,
binder, and water were blended and homogenized for approximately 15 min to produce
the specimen compound. The prepared specimen mixtures were poured into curing
cylindrical molds with a diameter of 50mm and a height of 100 mm for the UPV monitoring,
uniaxial compression strength (UCS) test, and microstructure test. The prepared molds
were cured under an environmental chamber with a controlled temperature of 20 ◦C and
90% ± 5% relative humidity.
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Table 4. The paste proportions for tests.

Sample No. Curing
Temperature

Curing Time
(days)

Binder-to-
Water Ratio

(w/c)

Solid
Content/%

Number of
Samples

C472 25 ◦C 3, 7, 28 1/4 72% 10
C475 25 ◦C 3, 7, 28 1/4 75% 10
C478 25 ◦C 3, 7, 28 1/4 78% 10
C672 25 ◦C 3, 7, 28 1/6 72% 10
C675 25 ◦C 3, 7, 28 1/6 75% 10
C678 25 ◦C 3, 7, 28 1/6 78% 10
C872 25 ◦C 3, 7, 28 1/8 72% 10
C875 25 ◦C 3, 7, 28 1/8 75% 10
C878 25 ◦C 3, 7, 28 1/8 78% 10
C1072 25 ◦C 3, 7, 28 1/10 72% 10
C1075 25 ◦C 3, 7, 28 1/10 75% 10
C1078 25 ◦C 3, 7, 28 1/10 78% 10

3.3. Test Process
3.3.1. Ultrasonic Test

The ultrasonic parameters of the CTB samples were measured by the ZBL-U510
nonmetal ultrasonic detector, As shown in Figure 3. The end surface of the CTB specimen
was made smooth and flat before measurement which aims to couple between the sensor
and specimen surface. Hence, increasing the accuracy of measurement. To eliminate
bubbles and ensure complete contact between the transducer and the surface of CTB
samples, the transducer (transmitter and receiver) is coated with a film of Vaseline [1].

Minerals 2022, 11, x FOR PEER REVIEW 5 of 18 
 

 

Table 3. Main physical and chemical characteristics of the binders used. 

Element (unit) Sp (m2/g) Gs (-) S (wt%) Ca (wt%) Si (wt%) Al (wt%) Mg (wt%) Fe (wt%) Si/Ca 
PCI 1.32 3.15 1.5 44.9 8.4 2.4 1.6 1.9 0.2 

Sp: Specific surface area; Gs: Specific gravity. 

3.2. Specimen Preparation 
In this research, the CTB samples are prepared with the b/w ratio of 1:4, 1:6, 1:8, and 

1:10, and the solid content of 72% and 75%, and 78%, as shown in Table 4. The tailings, 
binder, and water were blended and homogenized for approximately 15 min to produce 
the specimen compound. The prepared specimen mixtures were poured into curing cy-
lindrical molds with a diameter of 50mm and a height of 100 mm for the UPV monitoring, 
uniaxial compression strength (UCS) test, and microstructure test. The prepared molds 
were cured under an environmental chamber with a controlled temperature of 20 ℃ and 
90% ± 5% relative humidity. 

Table 4. The paste proportions for tests. 

Sample No. 
Curing 

Tempera-
ture 

Curing Time 
(days) 

Binder-to-Water 
Ratio (w/c) 

Solid Content/% Number of 
Samples 

C472 25 °C 3, 7, 28 1/4 72% 10 
C475 25 °C 3, 7, 28 1/4 75% 10 
C478 25 °C 3, 7, 28 1/4 78% 10 
C672 25 °C 3, 7, 28 1/6 72% 10 
C675 25 °C 3, 7, 28 1/6 75% 10 
C678 25 °C 3, 7, 28 1/6 78% 10 
C872 25 °C 3, 7, 28 1/8 72% 10 
C875 25 °C 3, 7, 28 1/8 75% 10 
C878 25 °C 3, 7, 28 1/8 78% 10 

C1072 25 °C 3, 7, 28 1/10 72% 10 
C1075 25 °C 3, 7, 28 1/10 75% 10 
C1078 25 °C 3, 7, 28 1/10 78% 10 

3.3. Test Process 
3.3.1. Ultrasonic Test 

The ultrasonic parameters of the CTB samples were measured by the ZBL-U510 non-
metal ultrasonic detector, As shown in Figure 3. The end surface of the CTB specimen was 
made smooth and flat before measurement which aims to couple between the sensor and 
specimen surface. Hence, increasing the accuracy of measurement. To eliminate bubbles 
and ensure complete contact between the transducer and the surface of CTB samples, the 
transducer (transmitter and receiver) is coated with a film of Vaseline [1]. 

 
Figure 3. Acoustic wave testing of specimens. Figure 3. Acoustic wave testing of specimens.

3.3.2. Uniaxial Compressive Strength (UCS) Test

The UCS tests according to ASTMC 109-02 are carried out by using a computer-
controlled mechanical press, which has a normal loading capacity of 50KN. During the
compressive test, the displacement rate of the press is set at 0.5 mm/min.

3.3.3. Microstructure Tests

In order to study the evolution of the pore structure and porosity, as well as the effect
of microstructure on the UPV of CTB, mercury instruction porosimetry (MIP) tests using a
Micromeritics Auto-Pore 9420 and scanning electron microscopy (SEM) using the Hitachi
S4800 FEG-SEM were performed on the CTB. The CTB samples are cut into a dimension
0.8mm× 0.8mm× 0.8mm in order to conduct the MIP and SEM tests. Then, the prepared
samples were placed into an oven at 45 ◦C for 4 days to dry.

4. Results and Discussions
4.1. UPV Development of CTB during the 28-Day Curing Age

Figure 4 shows the UPV developments of different types of CTB during the curing age
of 28 days. It can be seen that the UPV of CTB samples, regardless of b/w ratio and solid
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content, follows a similar trend with curing time. CTB samples had relatively low UPVs at
early ages. However, with the increase in curing time, after about 72 h (about 3 days) of
hydration, a rapid UPV increase and increment rate were observed. This is attributed to
the high hydration intensity and strength gains within 72 h. As the curing time elapsed,
hydration products were generated continuously [30]. These hydration products bonded
and filled the pore space between particles of the tailing, resulting in an increase in the
strength and UPV of CTB [11,31–33]. This phenomenon can be proved by the SEM results.
After about 168 h (about 7 days), the hydration reaction was nearly completed and these
products no longer increased; the UPV of CTB samples gradually came into the stabilized
period. However, the UPV still increased at a tiny speed due to the evaporation of free
water, as well as a decrease in porosity. This can be explained by the UPV in the solid phase
being higher than those in water and air [12].
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The influence of the w/b ratio on the UPV of CTB was investigated with a b/w ratio
of 1:4, 1:6, 1:8, and 1:10, as shown in Figure 4a–c. It can be seen that with the same solid
content, the UPV increases with the increased w/b ratio. The higher b/w ratio has a longer
setting time than that of the lower b/w, causing a rise in the amount of solid phase in the
hydration products [22]. It is well known that the UPV in the solid phase is much greater
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than that in the liquid phase or air phase. Take CTB samples with a solid content of 75%
for example. The UPV of the CTB sample with a b/w ratio of 1:4 at the curing age of 28 d
is 2.17 km/s, while the CTB sample with a b/w ratio of 1:6 at the curing age of 28 d is
1.826 km/s, the CTB sample with a b/w ratio of 1:8 at the curing age of 28 d is 1.712 km/s,
the CTB sample with a b/w ratio of 1:10 at the curing age of 28 d is 1.621 km/s. It can be
found that the UPV of CTB with a b/w ratio of 1:4 was almost 25% higher than that of CTB
with a b/w ratio of 1:10. This can be explained by the higher solid phase and lower porosity
of the CTB with a higher b/w ratio [12]. Meanwhile, with the increase in the b/w ratio
mixed in the CTB samples, more hydration products will be generated and fill the pores
between the particles of the tailings, which afterward increase the UPV through CTB. The
results of MIP tests of CTB samples performed at 7-day curing age are used to investigate
the pore structure of CTB, as shown in Figure 5. The CTB samples prepared with a higher
b/w ratio, regardless of solid content, have a lower cumulative pore volume (Figure 5a)
and more compact pore structure (Figure 5b) than those prepared with a lower b/w ratio.
A previous study showed that the pore size distribution and pore structure are significantly
influenced by the hydration process [22,34]. The finer pore structure of samples prepared
with a higher b/w ratio is attributed to the precipitation of more hydration products in
the capillary of the CTB due to the higher content of the binder [35]. The samples with
a finer pore structure and lower total porosity are associated with large UPV and higher
mechanical strength [36]. Thereby, the CTB prepared with a higher b/w ratio have a larger
UPV and strength than those with a lower b/w ratio.
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Figure 5. MIP test results for samples with different b/w ratios and solid content (a) cumulative pore
volume; (b) pore size distribution.
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The traditional methods used to measure the elastic modulus of solids were static
tensile; compressive and torsional tests. The UPV test is one of the new types of methods
to measure elastic properties which has the advantages of being simple; speedy and non-
destructive. For most rock and concrete; wl ≈ 1.73 wt. So, the dynamic elasticity modulus
(DEM) and dynamic shear modulus (DSM) are obtained depending on Equations (8) and (9).
Figures 6 and 7 show the Development of DEM and DSM of different types of CTB samples.
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As is shown in Figures 6 and 7, a wide range of b/w ratios and the solid content of
CTB samples were analyzed. The DEM and DSM have a similar trend to UPV development.
DEM and DSM increased rapidly initially. Then in the following curing stage, the increasing
trend continued but the growth rate of the DEM and DSM became slow. When the curing
time comes to 400 h, the DEM and DSM values gradually became stable. It also can be
seen that the b/w ratio and solid content have a significant effect on the development of
the DEM and DSM values. A higher b/w ratio results in a more rapid hydration process
and leads to a higher value of DEM and DSM. Furthermore, it can be seen that with the
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same b/w ratio but different solid content, the DEM and DSM rise with the increase in
solid content. This can be explained by the higher b/w ratio and solid content resulting in
a large number of hydration products, such as CH and C-S-H, which are considered to be
the main component that forms the mechanical strength of CTB [22,37].
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4.2. UCS Development of CTB during 28-Day Curing Age

Figure 8 shows the UCS of the CTB with different solid contents and b/w ratios at the
curing times of 3, 7, and 28 days. It can be observed that the UCS of CTB samples increased
with increasing curing time regardless of the solid content and b/w ratios. Figure 8a–c
show the UCS development of CTB prepared with different b/w ratios and solid contents
within the curing age of 28 days, respectively. It can be observed from Figure 8a that
the solid content and b/w ratio have a significant effect on the UCS development of the
CTB sample. A higher b/w ratio has a higher silicate (C2S + C3S) content, leading to the
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formation of more amounts of hydration products, such as calcium silicate hydrate (C-S-H),
gypsum, ettringite, and portlandite (CH). The higher amount of hydration products is the
major factor increasing the bonding ability of CTB samples [20]. The hydration products
fill the void spaces or micropores within the tailing resulting in an increase in strength
development and solid stiffness. It is also evident from Figure 8a–c that the CTB samples
with a solid content of 72% developed lower UCSs than those of CTB samples with a solid
content of 75% and 78 % (as shown in Figure 8b,c) at the same cement dosage and curing
time. The higher solid content of CTB induces the formation of hydration products. The
reason for this higher strength gain of CTB samples with higher solid content is that a higher
solid content provided more reactants of hydration, which favors the binder hydration
process. Therefore, the number of hydration products (e.g., CH and C-S-H) increases with
the rise of solid content [34].
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Figure 8. The UCS of CTB under the same solid content during the curing age of 28 days: (a) solid
content of 72%; (b) solid content of 75% (c) solid content of 78%.

Table 5 lists the UCS gain rate of CTB samples during 28 d curing age. From the table,
it can be seen that the strength gain rate of CTB reaches to peak value at the initial 3 days
(0.37 MPa/d for C478). This is attributed to the hydration products generated during the
0~3 day. The strength gain rate of CTB is decreased in the following curing time. The
strength gain rate decrease is due to the dilution of the concentration of soluble ions (such
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as Ca2+, K+, Na+, OH−, SiO4
2+), which is attributed to the reduction in the generation of

hydration products [38].

Table 5. Strength increment rates of CTB samples within different curing times.

Sample No. UCS /MPa Increment Values /MPa Increment Rate of UCS /(MPa·day−1)

3 d 7 d 28 d 0–3 d 3–7 d 7–28 d 0–3 d 3–7 d 7–28 d

C472 0.6 1.4 2.5 0.6 0.8 1.1 0.20 0.20 0.05
C672 0.4 0.8 2.1 0.4 0.4 1.3 0.13 0.10 0.06
C872 0.35 0.4 1.4 0.35 0.05 1.0 0.11 0.01 0.05

C1072 0.25 0.3 1.0 0.25 0.05 0.7 0.08 0.01 0.03
C475 0.9 2.1 3.9 0.9 1.2 1.8 0.30 0.30 0.08
C675 0.5 1.3 3.5 0.5 0.8 3 0.17 0.20 0.14
C875 0.4 0.7 1.8 0.4 0.3 1.4 0.13 0.08 0.07

C1075 0.3 0.6 1.1 0.3 0.3 0.5 0.10 0.08 0.02
C478 1.1 3.0 5.0 1.1 1.9 2 0.37 0.48 0.10
C678 0.6 1.9 3.8 0.6 1.3 1.9 0.20 0.33 0.09
C878 0.5 1.4 2.4 0.5 0.9 1 0.17 0.23 0.05

C1078 0.4 0.7 1.3 0.4 0.3 0.6 0.13 0.08 0.03

4.3. The Microstructure Evolution of CTB Samples

The Scanning Electron Microscope (SEM) analysis was performed on the CTB to
investigate the microstructure evolution of CTB. Figure 9a–c illustrate the SEM of C872 at
the curing age of 3 d, 7 d, and 28 d. It can be seen from these figures that the microstructure
of the CTB is initially flocculent. The tailings are arranged in massive and uniform, and
water evenly and finely; the hydration products are connected in filaments, as shown
in Figure 9. Along with the influence of ongoing curing age, the floc structure of CTB is
induced, which leads to the density of the microstructure of CTB being increased. Hence, the
hydration products form a honeycomb structure that intersects with each other. Therefore,
the air phase and liquid phase decreased, which contributes to the UPV of CTB increases.
When the curing age is 28 d, the flocculent and honeycomb structure of CTB is instead from
the structure of the block as well as the plate, as illustrated in Figure 9c. Meanwhile, the
free water in the CTB turned into bound water and the hydration products interconnect for
compactness. Thereby, the UPV of CTB has sustainable growth.
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Figure 10a–c show the SEM of the CTB with b/w ratios of 1:4, 1:8, and 1:10 at the 7 
day curing age. From these figures, it can be seen that the microstructure of CTB is signif-
icantly affected by the b/w ratio. The microstructure of CTB which has a b/w ratio of 1:4 
is more extensive compared to the microstructure of CTB prepared with a b/w ratio of 1:8 

Figure 9. SEM images of samples with different solid content. (a) b/w ratio of 1:8, solid content
of 72%, curing time of 3 d; (b) b/w ratio of 1:8, solid content of 72%, curing time of 7 d; (c) b/w ratio
of 1:8, solid content of 72%, curing time of 28 d.

Figure 10a–c show the SEM of the CTB with b/w ratios of 1:4, 1:8, and 1:10 at the 7 day
curing age. From these figures, it can be seen that the microstructure of CTB is significantly
affected by the b/w ratio. The microstructure of CTB which has a b/w ratio of 1:4 is more
extensive compared to the microstructure of CTB prepared with a b/w ratio of 1:8 and 1:10
(Figure 10b,c). Thereby, the UPV value increased due to the increase in the b/w ratio.
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Figure 10. SEM images of samples with different solid content. (a) b/w ratio of 1:4, solid content of
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1:10, solid content of 72%, curing time of 7 d.

Figure 11a–c illustrated the SEM of CTB prepared at 72 %, 75%, and 78% solid content
at the 7-day curing age. It can be seen from these figures, the microstructure of CTB samples
prepared at 72% solid content has more pore structure. Meanwhile, the hydration products
between the particles of CTB samples with a 72% solid content exist in the form of flocculent
which is much looser than those of CTB samples with 75% (Figure 11b) and 78% (Figure 11c)
solid content. Therefore, it can be concluded that a large solid content is attributed to a
stable structure in CTB, by which the UPV in CTB increased.
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Figure 11. SEM images of samples with different solid content. (a) b/w ratio of 1:4, solid content of
72%, curing time of 7 d; (b) b/w o of 1:4, solid content of 75%,curing time of 7 d; (c) b/w of 1:4, solid
content of 78%, curing time of 7 d.

4.4. Correlation of the UCS and UPV of CTB Samples

Previous literature [39,40] has been performed to investigate the relationship between
the UCS and UPV for cement-based materials (e.g., concrete). It is noticed that the mechani-
cal performance of those cement-based materials is fundamentally related to the ultrasonic
pulse velocity. However, few studies have established the correlation between UCS and
UPV for CTB. Hence, in this study, our experimental study further validates this theory
and extends it to CTB mixtures. Based on the experiment above, the empirical equation of
the UPV and USC of CTB with different b/w ratios and the solid content was established.
It shows that the correlations between the UCS and UPV of CTB samples are dependent
on the cement content and curing age. As shown in Figure 12, the UPV values of the
CTB with different b/w ratios (1:4, 1:6, 1:8, and 1:10) and solid content (72%, 75%, and
78%) were correlated with UCS by means of simple regression analysis. Exponential curve
fitting approximations were used to find the correlation between the UCS and UPV for
CTB. The approximation equations that have the best correlation coefficient are obtained
for each regression. The plots of UPV versus UCS in Figure 12 demonstrate that there is an
exponential relationship between the UPV and UCS for CTB samples prepared at different
cement dosages and solid content. High correlation coefficients for a particular set of data
collected from the same solid content were obtained.
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Table 6 depicts the fitting curve of all the equations. As can be seen in the table, the
correlation coefficients (R2 value) of all the equations are larger than 87%. In this regard,
the general equation for assessment of the UCS of CTB samples using UPV data was
determined by the following expression as given in Equation (10):

σUCS = c + aebVP (10)

where, a, b and c are the fitted values, mainly depending on the b/w ratio and solid content.

Table 6. Correlation between UPV and UCS.

Sample No.
UCS Equation Exponent

(y = c + a·ebx )
Correlation Coefficient (r) Equation Number

C472 σUCS = 0.2967 + 0.0832e1.5935Vp 0.9478 1
C672 σUCS = 0.2261 + 0.0014e3.7022Vp 0.99 2
C872 σUCS = 0.2473 + 0.0032e5.367Vp 0.984 3
C1072 σUCS = 0.2731 + 0.0030e2.894VP 0.996 4
C475 σUCS = −0.1867 + 0.1567e1.9397VP 0.975 5
C675 σUCS = 0.142 + 0.1205e1.5312VP 0.89 6
C875 σUCS = 0.4059 + 0.0018e3.8847VP 0.914 7

C1075 σUCS = 0.2425 + 0.0063e2.6678VP 0.911 8
C478 σUCS = −10.56 + 9.5674e0.2143VP 0.897 9
C678 σUCS = 0.0043 + 0.3919e0.1842VP 0.8735 10
C878 σUCS = −0.091 + 0.2672e1.2458VP 0.989 11
C1078 σUCS = 0.2456 + 0.0856e1.4148VP 0.964 12
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Thus, it indicates that the empirical equations given in Equation (10) can calculably
estimate the UCS of CTB samples by means of the UPV method.

Furthermore, to check the validity of the equations above, a t-test and F- test were
conducted. The correlation coefficients (r-value) is determined by Equation (11) [1].

t = r/
√
(1− r2)(n− 2) (11)

r means the correlation coefficient, while n is the sample number.
The significance of the regression was compared with the computed t value and F.

The selected level of confidence in the t- and F-test is 95%. The null hypothesis is rejected
if the computed t and F values are greater than the tabulated ones [1]. Table 7 shows the
results for the t-test and F-test. It can be seen that the computed t and F values were much
higher than the tabulated t and F values. Therefore, predicting the UCS by means of the
UPV monitoring method based on the exponential models above is reliable.

Table 7. Results of t and F tests for the correlation between the UCS and UPV.

Sample No. tcomputed ttabulated Fcomputed Ftabulated
Equation
Number

C472 8.4 ±1.833 119.06 ±3.18 1
C672 19.84 ±1.833 263.5 ±3.18 2
C872 15.62 ±1.833 299.18 ±3.18 3
C1072 31.52 ±1.833 159 ±3.18 4
C475 12.41 ±1.833 155.2 ±3.18 5
C675 5.52 ±1.833 53.5 ±3.18 6
C875 6.37 ±1.833 53.9 ±3.18 7
C1075 6.24 ±1.833 75.2 ±3.18 8
C478 5.73 ±1.833 61.47 ±3.18 9
C678 5.07 ±1.833 36.55 ±3.18 10
C878 18.91 ±1.833 550 ±3.18 11

C1078 10.25 ±1.833 207.3 ±3.18 12

5. Conclusions

This paper aims to investigate the ultrasonic properties and mechanical strength of
CTB samples prepared at different b/w ratios and solid content. The UPV monitoring,
mechanical tests (UCS), and microstructure tests (MIP, SEM) are conducted on the prepared
CTB samples. Based on the experimental results, the following conclusions are obtained:

(1) The evolution of the UPV in CTB samples is significantly affected by the hydration
of the CTB mixture at the early curing time, regardless of the b/w ratio and solid content.
The UPV value increased rapidly initially. In the following curing stage (from 3 to 7 days),
the gain rate of the UPV decreased. The samples with a different solid content and b/w
ratio follow a similar trend with curing time.

(2) The UPV development of CTB is significantly affected by the b/w ratio and
solid content. A higher b/w ratio and solid content induces the hydration process of
the CTB mixture, which leads to a lower total porosity. Hence, the UPV values of CTB
increase. Meanwhile, the UPV properties of CTB samples were consistent with their
dynamic elasticity modulus and dynamic shear modulus, regardless of the b/w ratio and
solid content.

(3) The UCS values increased with the curing time. The b/w ratio and solid content
have a significant effect on the UCS of CTB samples. A higher b/w ratio and solid content
are attributed to a higher UCS value. The hydration products fill the void spaces or
micropores within the tailing, resulting in a decrease in the porosity of CTB, which leads
to strength development and solid stiffness. In addition, the strength gain rate of CTB
samples reaches peak values at the initial 3 days.

(4) The correlation between the UPV and UCS of CTB is established according to the
simple regression analysis. The F-test and t-test were performed to validate the empirical
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equation models, which indicate that predicting the UCS by means of the UPV monitoring
method based on the exponential models above is reliable. The results obtained in this
research will contribute to monitoring the mechanical properties without cumbersome,
destructive, and time-consuming test methods.
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