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Abstract: This research combines a centrifugal test and nuclear magnetic resonance (NMR) technology
to study the water retention capacity of the cemented paste backfill. Backfill samples with
cement–tailings ratios of 1:4, 1:8, and 1:12, and solid concentrations of 71%, 74%, 77%, 80%, and 83%
respectively, were prepared for the test. The relative centrifugal force (RCF) required for accurate
testing and the T2 cutoff value that characterizes the water retention capacity were obtained through
an NMR test on the backfill samples after centrifugation in saturated conditions. Based on the
soil–water characteristic curve (SWCC), the NMR pore water characteristic distribution model was
established, and the pore size distribution and effective water retention characteristics were analyzed.
This study shows that when the rotating speed is between 1500 and 4000 rpm, the RCF of the backfill
ranges from 125.8 to 894.4 g/min, and the T2 cutoff value will vary from 3 to 10 ms. With an increase
in solid concentration of the backfill, both the RCF and T2 cutoff value decline. The Scanning Electron
Microscope (SEM) analysis confirms that an increase in the solid concentration and cement–tailings
ratio will lead to obvious bimodal characteristics of the pore size distribution curve of the backfill.
In addition, the porosity will decrease, the critical pore value, which represents a value to distinguish
pores with different movable fluid retention capabilities and characterizes the pore size classification,
will become smaller, and the pore size distribution will become more diverse. These changes indicate
that a high-concentration backfill can effectively reduce the flow of a fine-grained matrix with
large pores.

Keywords: backfill; NMR technology; T2 cutoff value; pore water retention characteristics;
water transport

1. Introduction

With the advancement of human society and civilization, sustainable resource development has
become widely accepted. The water retention of a backfill may be disturbed by the groundwater
environment, thereby affecting the stability of the stope [1,2]. What is more, the pore structure
of cement-based materials, as an intrinsic property, plays a prominent role in both the mechanical
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properties and long-term durability [3]. The relationship between strength and pore structure in
concrete has been studied for several decades [4]; however, there is a lack of literature that investigates
the pore structure and the characteristics of cemented paste backfill in depth. In order to protect the
mine water environment after backfilling, it is imperative to pay attention to the pore size distribution
and water retention of the backfill. At present, there are few studies on the pore distribution of backfills
related to water retention mechanisms. It is important to study the performance of backfill from
the perspective of movable fluid transport, as the study of water retention characteristics and pore
distribution is the basis for the study of related complex issues.

Many techniques have been applied to investigate the pore characteristics of hardened
cement-based materials, such as mercury intrusion porosimetry (MIP), micro-computerized tomography
(CT), and nuclear magnetic resonance (NMR) [5–7]. NMR has recently been proven to be a
nondestructive and efficient technique that can provide information on T2 relaxation time versus signal
intensity [8]. The reliable pore size distribution and pore fluid saturation of cement-based materials
can be interpreted through NMR experimental results [9]. Moreover, NMR is an effective method for
quantifying the full-range pore throat structure of rocks and concrete compared to other technologies,
such as MIP and N2 adsorption [10,11]. To date, some researchers have applied the NMR technique to
study the pore size distribution of cement-based materials. Liu et al. investigated the relationship
between the pore characteristics and mechanical properties of cemented paste backfill [5]. Hu et al.
explored the trans-scale relationship between the pore size distribution and macro parameters of
backfill and slurry [12]. However, the interpretations of T2 relaxation in these studies are mainly
concentrated on pore size distribution. Another promising utilization of the NMR technique is to link
the water retention of cement-based materials to the soil–water characteristic curve (SWCC), which
describes the relationship between soil moisture content and soil matric potential [13]. In other words,
the T2 relaxation time distribution curve could be estimated by taking the SWCC as the theoretical
basis. Several mathematical expressions have been successively derived to best fit the experimental
data of SWCC [14–16], including the Fredlund and Xing SWCC model, which is widely known for
fitting experimental SWCC data and provides a continuous equation that represents zero water content
at a suction of 106 kPa [17]. Considering the rich meaning inherent to SWCC, many researchers
have applied it to estimate the unsaturated properties of soil, such as its permeability function and
unsaturated shear strength [18,19]. In order to improve the accuracy of SWCC, Li et al. [20] linked
bimodal SWCC to physical parameters, and Ren et al. [21] obtained a reliable SWCC for unsaturated
soils with limited experimental data. The NMR technique provides a large amount of data, which
could serve as a fitting foundation for SWCC. On the other hand, the bound water and free fluid
within specimens could be recognized and defined by the T2 relaxation distribution curve through a
certification operation in accordance with the bimodal characteristics of the SWCC [22]. Given these
reasons, it is useful to interpret T2 relaxation time distribution as water retention based on the SWCC.

For the analysis of pore water retention, researchers have conducted a large number of core
T2 cutoff centrifugal calibration experiments. Most experts and scholars choose 100 psi as the best
centrifugal force for calibrating core T2 cutoff values, but the relevant reports are rare in China.
The Chinese industry standard Specification for Normalization Measurement of Core NMR Parameter
in Laboratory (SY/T6490-2000) recommends 100 psi as the centrifugal force. Extensive core experiments
show that a centrifugal force of 100 psi as the core T2 cutoff value is applicable for sandstone cores
with good physical properties and high permeability, but it may not be possible for cementitious
materials, such as a backfill medium. In NMR, when the nucleus resonates and is in a high-energy
state, and the RF (radiofrequency) pulse stops, it will quickly return to the original low-energy state.
The recovery time is known as the relaxation time (T2). By performing NMR experiments on the
saturated material before and after centrifugation, a T2 value can be obtained. The fluid corresponding
to this value resides in small pores and cannot be produced, which can be used as a boundary basis for
pore size distribution. Therefore, a batch of optimal centrifugal force calibration experiments is needed
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to determine the best centrifugal force for backfill, accurately calibrate the T2 cutoff value of movable
fluid, and calculate the bound water retention and movable fluid saturation in the backfill.

In this study, backfill samples with different solid concentrations and cement–tailings ratios were
prepared (cement–tailings ratio refers to mass of cement to the mass of dry tailings). The relationship
between the T2 cutoff value, optimal centrifugal force, porosity, and water retention of the pores in
backfill were explored via centrifugal technology and NMR technology. In the meantime, theories of
SWCC and NMR were combined to explore the relationship between the pore size distribution and
water retention of the medium to obtain the proportion of large and small pores and lay a theoretical
foundation for studying the probability density of the pore size of the backfill.

2. Materials and Methods

2.1. Testing Materials

Cemented paste backfill consists of a binder (e.g., Portland cement), mine tailings, and water.
P.C42.5 Portland cement was employed to protect the internal pore structure of the samples from
being destroyed under high-speed centrifugation. The tailings are taken from tailings produced in a
mine concentrator in Hunan. The particle size of the tailings was analyzed using a laser particle size
analyzer. The particle size distribution curve is shown in Figure 1, and the main chemical elements of
the tailings are presented in Table 1.
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Table 1. Tailings of the main chemical elements (mass concentration).

Element O Na Mg Al Si S Cl K Ca Ti

Content 42.5 0.019 5.695 0.781 2.29 0.676 0.018 0.239 33.02 0.037

Element Cr Mn Fe Cu Zn As Rb Sr Zr Pb

Content 0.006 0.468 1.316 0.0141 0.104 0.13 0.002 0.0252 0.0013 0.179

Note: The content of other elements is 12.4794%.

According to the test results, the unevenness coefficient of the tailings is 10.3, which is greater
than 5, and the curvature coefficient is 1.27, which is between 1 and 3, indicating that the particle size
distribution of the tailings is wide and favorable for compaction [23–25], as backfill made of tailings
with a wide particle size distribution offers good integrity. Therefore, this material is ideal for the



Minerals 2020, 10, 610 4 of 19

experiment. The ratio in the text refers to the cement–tailings ratio, and other indicators, such as %,
represent the solid mass fraction.

2.2. Sample Preparation

The solid concentration and cement–tailings ratio are two key factors that affect the pore size
distribution of the backfill. The change in solid concentration means that the initial water content of
the backfill body is different and will also lead to differences in the distribution of internal pores after
molding. A difference in the cement–tailings ratio will produce a difference in the hydration reaction
and affect the compactness of the backfill. The backfill samples were made with cement–tailings ratios
of 1:4, 1:8, and 1:12, and solid concentrations of 71%, 74%, 77%, 80%, and 83%, respectively. Moreover,
the mold with a sample size of ∅12 × 24 mm was customized. The geometric parameters and physical
objects of the specimen are shown in Figure 2. Six samples of each concentration (a total of 90 samples)
were prepared and labeled. Finally, after 24 h of production, the samples were placed in a curing box
with a temperature of 20 ◦C and humidity of more than 95% for 28 days.
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2.3. NMR Theories

2.3.1. NMR Technology

The AniMR-150 NMR analysis system was used for NMR testing. The system was manufactured
by the Niumag Electronic Technology Co., Ltd., Suzhou, China. The NMR total relaxation (T2)
time is related to surface relaxation, loose relaxation of fluid procession, and diffusion relaxation
caused by gradient fields. During the nuclear magnetic resonance testing, 1H-NMR is used for
isotope measurement and calibration. In water-saturated samples, the T2 relaxation time is directly
proportional to the pore size and the magnitude of the T2 curve directly reflects the porosity of samples.
The relationship between pore size and T2 time can be expressed using a simplified equation [26–29],
which is as follows:

1
T2

= ρ
S
V

(1)

The pore radius, r, is proportional to the pore throat radius; therefore, Equation (1) can be
transformed into the following equation:

1
T2

= Fs
ρ

r
(2)

where ρ (ρ = 12 nm ·ms−1) represents the surface relaxation rate [30], r is the pore radius, and F refers
to the pore geometry factor (cylinder Fs = 2).

Porosity is the sum of aerated pores and water-holding pores in the matrix, expressed as the
percentage of pore volume to the total volume of the matrix. NMR was employed to measure the
porosity of the samples. Generally, samples are saturated with water to fill their pores so that the
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amount of saturated water in samples with the same volume is directly proportional to porosity.
The higher the porosity and the greater the water retention are, the stronger the nuclear magnetic
signal is that can be measured. If the correlation curve between the NMR signal intensity and porosity
is obtained by measuring the nuclear magnetic signal of a certain volume of samples with known
porosity (generally 3 to 6 samples), we can use this curve as the basis to evaluate the porosity of
samples of the same type that have not been measured. Furthermore, the pore distribution can be
characterized by the ratio of the signal intensity of the water in each pore to the signal intensity in the
total pores and the porosity of the sample.

2.3.2. Bound Volume Index (BVI) Cutoff Value

Fluid within cement-based material can be divided into free water and bound water [9]. Free water
exists in large capillary pores. One property of free water is that its removal does not cause any volume
change. The bound water exists in small capillary pores, gel pores, and interlayer pores, the removal of
which may cause varying degrees of shrinkage of the material system [7,30]. The definition of critical
pore size is introduced here as a criterion to distinguish free fluid and bound fluid, which means the
free fluid exists in pores that have a diameter larger than the critical pore size and bound fluid exists in
pores that have a diameter smaller than the critical pore size [10–13]. Because the properties of pores
impact the shrinkage and strength of cement-based material, it is vital to decide the critical pore size.
Based on the NMR technique and the corresponding relationship between the radius of pores and T2

relaxation time, the T2 cutoff is defined to represent critical pore size. A detailed explanation is given
in Figure 3 and the following paragraph.
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Figure 3 illustrates the cutoff bound volume index for the T2 cutoff [31]. This method estimates
the BVI (bound volume index) based on the assumption that the bound fluid resides in the small
pores, and the movable fluid resides in the large pores. This assumption is made because the pore
throat size is related to the pore size. Since the T2 value is connected with the pore size, a T2 value
can be selected while assuming that fluids smaller than this value reside in small pores and cannot be
produced, while those larger than this value reside in large pores and can flow freely. This value is
called the T2 cutoff. By dividing the T2 distribution, the T2 cutoff value will apply the MPHI (matrix
porosity hydrogen index) value to represent effective saturation and divide it into two parts, namely
the BVI, representing the saturation of bound fluid, and the FFI (free fluid index), which refers to the
saturation of movable fluid.

The T2 cutoff value is one of the important factors that affect the acquisition of accurate sample
permeability through an NMR system. According to the free fluid model or the Coates model, the pore
size is implied by the T2 cutoff, which determines the value of FFI/BVI and is an important parameter
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for pore size [13]. As shown in Figure 4, where Φ is porosity, C, m, and n are all relevant empirical
parameters. The T2 cutoff is inversely proportional to the permeability, K. To distinguish between free
water and bound water in the pores of samples, it is particularly important to determine the T2 cutoff.Minerals 2020, 13, x FOR PEER REVIEW 6 of 19 
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2.3.3. Centrifugal Methods

The object of NMR research is the relaxation behavior of hydrogen nuclei at different resonance
frequencies. After the backfill is saturated with water, the water will fill the pores and generate a
response during the nuclear magnetic test [32]. A centrifugal test is carried out on the backfill after
being saturated with water. Due to internal water migration, the relaxation behavior will be different,
which will provide a basis for the water retention analysis. Extensive research on gas shale has been
developed to investigate its optimal centrifugal force and T2 cutoff; however, little research has been
conducted on these properties in backfill [10]. The importance of the T2 cutoff was explained in the
last section. With the combination of centrifugal tests and the NMR technique, the T2 cutoff can be
calibrated through an optimal centrifugal force. The theoretical foundation of centrifugal testing is
presented as follows.

(1) NMR test: After placing the backfill sample in the magnetic field, the hydrogen ion resonates by
emitting a radio frequency (RF) pulse at a certain frequency and absorbs its energy. When the RF
pulse is stopped, the hydrogen ion will release the absorbed energy, the process of which can be
detected through the nuclear magnetic resonance signal. The energy release rates of samples with
different properties are distinct, and the differences between the signals can intuitively reflect the
variation of pore water retention.

(2) Centrifugal separation: Centrifugal separation is used to encourage the moisture in the sample
pores to pass out through the pore throat and channel and become a filtrate under the strong
centrifugal force generated by high-speed rotating equipment, thereby achieving solid–liquid or
liquid–liquid separation in a short time [33]. Usually, the relative centrifugal force (RCF) is used
to express the magnitude of the centrifugal force, which is calculated as follows:

RCF = 1.118× 10−5
× n2

× r (3)

where n and r denote the same meanings but in different units of r·s−1 and cm. The unit of RCF is
gravitational acceleration: g/min, g = 9.81 m/s2.

2.4. Testing Procedures

(1) Before conducting subsequent tests, all backfill samples need to be saturated [34]. This study
used the method of staged immersion saturation. The 28-day-old backfill sample was placed into
the water tank. Water was next injected to 1/4 of the sample height, and then the same amount of
water was injected every 2 h. All samples were completely submerged within 6 h.
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(2) After every four hours, the weights of the sample during the drying and wetting procedures were
measured using an electronic balance (with an accuracy of 0.01 g). If the weight difference was
less than 1%, the sample was considered to be saturated.

(3) After the sample was completely saturated with water, an NMR analysis was performed to obtain
the initial relaxation time spectrum. The NMR relaxation measurements were conducted on the
AniMR-150 NMR system. The magnetic field strength of the NMR instrument was 0.3 T, the
echo time was 0.301 ms, the waiting time was 1500 s, the sampling frequency was 200 KHz, and
the magnet control temperature was 25–35 ◦C. After sampling and inversion operations were
conducted in the NMR testing system itself, the spectrum was obtained as the T2 relaxation time
versus signal intensity. The porosity calculated by the built-in program of the NMR system was
output along with the spectrum.

(4) The sample was taken out of the nuclear magnetic equipment and then centrifuged at an initial
rotation speed of 1500 rpm. The instrument that was used for the centrifugation was an 80-1
Desktop Electric Centrifuge made by Changzhou Ronghua Instrument Manufacturing Co., Ltd.,
Changzhou, China. Following this, the sample was subjected to NMR analysis to obtain the
relaxation time spectrum after centrifugation. If the difference ratio of water retention before and
after the centrifugation was larger than 3%, the centrifugation operation was conducted again
with the rotation speed increased by 500 rpm. The maximum limitation of rotation speed was set
as 4000 rpm. The cycle of centrifugation and NMR analysis was repeated until the difference
ratio of water retention was within 3%.

(5) A specimen of approximately 1 mm3 was taken from the core of samples and dehydrated with
absolute ethanol to stop the hydration. The specimen was dried at 45 ◦C to a constant weight and
was used to conduct SEM scanning on the a Czech TESCAN MIRA3 field-emission SEM (Taisken
Co., Ltd., Shanghai, China). In order to observe the pore structure, the scale of the SEM images
was restricted to 2 µm.

(6) The above experimental procedures were repeated for all cemented paste backfill samples.
The testing instruments and process are shown in Figure 5.
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3. Results and Discussion

3.1. Porosity Analysis of the Backfills in a Water-Saturated State

Table 2 presents the saturated porosity indexes of the backfills with different concentrations
and cement–tailings ratios. The NMR response was adopted to test the porosity of three groups
(30 in each group, for a total of 90) of saturated backfill samples with different concentrations in a
water-saturated state. The results suggest that the porosity of the backfill is proportionally related to
the concentration; specifically, increasing the concentration of the backfill can effectively reduce its
porosity. With an increase of the cement–tailings ratio, the saturated porosity of the backfill sample
shows an increasing trend, indicating that the cement–tailings ratio affects the pore size distribution
of the backfill. The lower the cement content, the poorer the internal cementation of the sample, the
greater the porosity, and the higher the pore volume and water retention. In the case of a fixed solid
concentration and cement–tailings ratio, the hydration and forming effects of the backfill are very
similar. The results from the NMR test show that the porosity difference between the samples in the
same group is very small, which means that the NMR test method is accurate and stable.

Table 2. The saturated porosity of backfills with different concentrations and ratios.

Sample No. 1:4 1:8 1:12

71% 74% 77% 80% 83% 71% 74% 77% 80% 83% 71% 74% 77% 80% 83%

Mean value 24.65 23.58 21.62 20.87 17.27 32.62 30.37 27.42 26.13 20.90 34.35 33.54 34.27 27.55 24.72

Standard deviation 0.17 0.22 0.30 0.23 0.19 0.15 0.10 0.12 0.19 0.24 0.17 0.22 0.13 0.30 0.30

3.2. Analysis of Backfill Porosity before and after Centrifugation

After the backfill sample was saturated with water, the pores contained free water and bound
water. The former existed between the pore throats and could be extracted, while the latter existed in
the pores and could not be extracted. It can be seen from Figure 6 that at a concentration of 71%, the
free water reduction after centrifugation was about 10–20%, while at a concentration of 83%, it was
about 2–10%. Before centrifugation, the backfill porosity decreased together with an increase of the
solid concentration. After centrifugation, the porosity remained largely stable at 15%. The test results
show that the free water in the saturated sample was separated by centrifugal response technology, but
the porosity of the specimen after centrifugation was relatively stable and did not vary with a change
in concentration.
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3.3. Analysis of the Optimal Centrifugal Force and T2 Cutoff Value

3.3.1. Calibration of the Optimal Centrifugal Force and T2 Cutoff

Based on the theory presented in Section 2.3.2, the centrifugal tests were conducted to study the
changes in water retention in the samples after centrifugation with different centrifugal forces and,
ultimately, to obtain the optimal centrifugal force of backfills with different concentration ratios through
data analysis [35]. If the difference between the water saturation rate before and after centrifugation
was within 3%, it was determined that there was no change in the water retention ratio.

Table 3 presents the reduction of pore water retention of the backfill samples under different
centrifugal forces. Specifically, the reduction of pore water retention accelerates with the growth of
centrifugal force and, eventually, becomes stable, since an increase of centrifugal force leads to a rise in
osmotic pressure, causing the movable fluid in the pores to flow out. Meanwhile, when the osmotic
pressure reaches a certain level, the movable fluid in the pores no longer flows out (this part is called
the bound fluid), and the reduction in pore water retention no longer changes. It can be seen from
Figure 7 that as the centrifugal force increases, the free water in the pores of the sample is extracted, and
its porosity gradually decreases. Comparing the centrifugal test results of the backfill specimens with
different cement–tailings ratios, it can be seen that as the solid concentration of the backfill declines,
the degree of centrifugation increases. When it reaches the saturation state, a large amount of free
water overflows, indicating that the saturation of pore water retention is relatively reduced. In actual
engineering, such backfills are more likely to be destroyed.

Table 3. Results of the backfill centrifugal test.

Cement–Tailings
Ratio Concentration/% Φ/%

Variation of Sample Porosity after Different Centrifugal Forces/%

Centrifuge
Time/min 125.8 223.6 349.4 503.1 684.8 894.4

g/min

1:4

71 24.646 6 19.557 18.063 16.234 15.547 14.206 14.203
74 23.581 5 20.310 17.837 16.743 15.371 14.990 (-)
77 21.618 5 19.559 17.834 16.385 15.168 14.549 (-)
80 20.866 6 18.999 18.260 17.132 15.915 15.079 14.697
83 17.266 3 15.778 15.292 14.850 (-) (-) (-)

1:8

71 32.624 6 25.517 21.958 19.571 17.259 15.938 15.909
74 30.365 6 23.491 21.429 19.451 17.942 16.558 16.242
77 27.421 3 23.161 19.085 18.487 (-) (-) (-)
80 26.128 3 21.087 18.345 17.550 (-) (-) (-)
83 20.896 3 17.911 16.512 15.988 (-) (-) (-)

1:12

71 34.347 6 29.029 23.974 20.501 19.083 17.185 16.155
74 33.537 6 26.620 22.204 18.115 16.401 14.434 13.568
77 31.265 5 23.952 21.995 20.546 16.358 16.376 (-)
80 27.546 4 22.558 20.598 18.469 17.773 (-) (-)
83 24.723 6 20.429 18.995 17.683 16.862 15.693 15.437

Note: Φ is the average porosity of the samples.
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Figure 8 suggests the evolution characteristics of the porosity components before and after
centrifugation. Through an analysis of centrifugal saturation and porosity variation, the optimal
centrifugal force and T2 cutoff can be obtained, as shown in Table 4. It can be seen that the T2 cutoffs
corresponding to the backfill samples of different concentrations and ratios are different. The overall
trend of the optimal centrifugal force and T2 cutoff decreases as the concentration increases, implying
that the pore size distributions differ greatly from each other. Consequently, it is necessary to establish
a pore water retention model.Minerals 2020, 13, x FOR PEER REVIEW 11 of 19 
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Table 4. The optimal centrifugal force and T2 cutoff data.

Concentration
1:4 1:8 1:12

RCF/g/min T2cutoff/ms RCF/g/min T2cutoff/ms RCF/g/min T2cutoff/ms

71% 894.4 5.941 894.4 8.407 894.4 9.659
74% 684.8 5.941 894.4 7.317 894.4 5.543
77% 684.8 4.199 349.4 7.843 684.8 6.368
80% 894.4 3.181 349.4 5.543 503.1 6.368
83% 349.4 3.144 349.4 6.368 894.4 4.824

The overall trend of the optimal centrifugal force decreases with an increase of concentration.
It can be seen from Figure 8 that before the T2 cutoff, the difference in the porosity components of each
sample is not obvious, but after the T2 cutoff, this difference becomes apparent, which demonstrates
the presence of small pores before the T2 cutoff and large pores after the T2 cutoff. As the concentration
ratio goes up, the T2 cutoff declines, which is related to the pore distribution density, pore water
retention, and pore size characteristics. In order to obtain an accurate T2 cutoff, most experts and
scholars calibrate the optimal centrifugal force of volcanic rock, sandstone, marl, and other rock
samples. However, few scholars have paid attention to the T2 cutoff of different solid concentrations of
backfill samples. This study determined the T2 cutoff corresponding to different solid concentrations
of backfill samples through a large number of experiments and then calibrated the optimal centrifugal
force. Narrowing the calibration range of the optimal centrifugal force can be used as a basis for the
backfill centrifugal test, which is also applicable to backfill with different elements, effectively reducing
the workload.

3.3.2. Regression Analysis of Centrifugal Force, T2 Cutoff, and Water Retention Curve

Taking the samples with a cement–tailings ratio of 1:8 and a solid concentration of 71% and 74%
as examples, the experimental results suggest that the water retention of the sample decreases with an
increase of the centrifugal force. The larger the centrifugal force, the greater the migration speed of
the water droplets in the pores, leading to a better separation effect. Moreover, the higher the water
migration ratio of the sample is, the lower the water retention. A regression analysis of the centrifugal
force and water retention curve is presented in Figure 9, which conforms to a power function in an
overall optimal centrifugal force range of 0.345–2.758 MPa.

y = a · xb, x ∈ (0, 1)
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It can be concluded from the experimental results that the water retention of the sample decreases
with a drop in the T2 cutoff since the smaller the T2 cutoff is, the less free water that remains in
the pores after centrifugation; however, the bound water hardly changes, resulting in a decrease
in water retention. The regression analysis of the T2 cutoff and water retention curve is shown in
Figures 9 and 10, respectively. When the T2 cutoff value ranges from 5 to 30 ms, the overall distribution
conforms to the following quadratic polynomial function:

y = ax + bx2 + c, x ∈ (0, 1)
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In a well-connected material, the water in the pore is easily separated, the nuclear magnetic signal
remains constant, and the optimal centrifugal force is weak. If the optimal centrifugal force is strong,
the connectivity of the pore is poor, and the water molecules can only be separated after breaking
through the throat bottleneck. With good pore connectivity, the free water molecules in the pores of
the backfills can easily migrate, and the probability of pore water moving with free water increases;
however, it decreases with poor pore connectivity. It can be seen from the regression analysis of the
water retention curve that the optimal centrifugal force reduced with an increase in solid concentration
of the backfill samples. Further, the connectivity between the sample pores was better, which is
conducive to the migration of pore water. The effect of the cement–tailing ratio on centrifugal force
is not significant and will not be discussed here. For the T2 cutoff, the higher the concentration and
the greater the cement–tailings ratio are, the smaller the T2 cutoff and the greater the corresponding
permeability are. This indicates that the higher the density and cement–tailings ratio of the backfill are,
the better the pore connectivity will be, which is instrumental in pore water migration. The higher
the cement–tailings ratio is, the higher the cost will be; conversely, the strength of the backfill will be
limited, and if the concentration is too high, its liquidity will be reduced, which is unconducive to
transportation. In field engineering, the actual demand should be taken into consideration to decide
the proper concentration and proportion. The results of an NMR test can provide a reliable basis for
the performance evaluation of backfills.

3.4. NMR Pore Water Retention Model Based on SWCC

In the process of water migration, both large and small pores serve as water migration channels
where mass transfer mainly occurs. From nanopores to micro-pores and then to submillimeter pores, the
range of pore size distribution is wide, and the internal structure of the backfill itself is heterogeneous,
the water migration channel is discontinuous, and the network structure is complex. However, the
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movement of water in the backfill is related to porosity, pore distribution, and pore cross-linking
characteristics [36,37].

3.4.1. Establishment of a Pore Water Retention Model

The soil–water characteristic distribution curve (SWCC) is based on the adsorption of matrix suction
between soil pores on the water, reflecting the characteristic distribution of soil water retention [38].
On the basis of SWCC theory and NMR theory, this study proposes T2 cutoff as the key point for
large and small pores and obtains the NMR pore water retention curve and pore size distribution
curve. The details are as follows. The pores in the backfill are approximately regarded as a set of pores
composed of cylinders with different apertures, and the volume water content (saturation) θ [15] in the
pores can be expressed as follows:

θ(R) =
∫ R

∫

Rmin

h(r) (4)

where θ(R) refers to the volume water retention of all pores with a radius less than or equal to R in
a saturated state, Rmin is the minimum pore radius in the backfill sample, and h(r) is the pore size
probability density function.

By substituting Formula (2) into Formula (4), the following equation is obtained:

θ(T) = θs

∫ T2

0
φ(T)dT (5)

where φ(T) is the function of pore size distribution expressed by porosity, and θs is the water retention
of the total pore volume of the backfill sample in a saturated state.

There are dual pores in backfill, reflected in NMR as small pores before T2 cutoff and large pores
after it. Supposing the pore size probability density function of the small pores of the backfill sample
is h1(r), and that of the large pores is h2(r), then the linear superposition of the pore size probability
density functions of the large and small pores is:

h(r) = h1(r) + h2(r) (6)

where h(r) is the pore size probability density function of the backfill sample. Assuming that the
internal pores of the backfill sample are connected with each other, the volume water retention of the
backfill sample θ(T) can be expressed as follows, according to capillary theory:

θ(T) =
R∫

Rmin

f1(r)dr +
R∫

Rmin

f2(r)dr

= θs1

T2cuto f f∫
0

φ1(T)dT + θs2

T2∫
T2cuto f f

φ2(T)dT
(7)

where θs1 and θs2 refer to the volume water retention of small pores in a saturated state and that of
large pores in a saturated state, respectively. These values are based on the following formula:

θs = ω1θs1 +ω2θs2 (8)
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where ω1 and ω2 refer to the proportions of large and small porosity to the total porosity of the sample,
and they meet the condition that 1 = ω1 +ω2. Substituting Formula (8) into Formula (6), the following
equation is obtained:

θ(T) = ω1θs
∫ T2cuto f f

0 φ1(T)dT +ω2θs
∫ T2

T2cuto f f
φ2(T)dT

θ(T) = ω1θs
∫ T2cuto f f

0 φ1(T)dT +ω2θs
∫ T2

T2cuto f f
φ2(T)dT

= ω1(θs − θr)
∫ T2cuto f f

0 φ1(T)dT + θr1

+ω2(θs − θr)
∫ T2

T2cuto f f
φ2(T) + θr2

= ω1(θs − θr)φ1(T) +ω2(θs − θr)φ2(T) + θr

=
(
θ f c − θr

)
φ1(T) + θs2φ2(T) + θr

(9)

where θr is the residual water retention after centrifugation, and θr = θr1 + θr2 . θ f c is the field capacity,
which is close to the value of θs1 , hence the equation θ f c = θs1 .

In order to determine the distribution state of water retention and the numerical value of SWCC,
Van Genuchten established a pore water retention model [14]. Combined with the T2 evolution
characteristics of the water retention of the backfill, the following formula can be obtained according to
the distribution law:

θe =
∑2

i
ωi

[
1

1 + αix−ni

]mi

(10)

where θe refers to water retention, x is the variable related to relaxation time T, and x = 10−T.
Combining Formula (9) and Formula (10), the water retention model related to T2 evolution

characteristics can be obtained by introducing the modified parameters:

θ(T) = aω1

[
1

1 + α110(−T)−n1

]m1

+ a(1−ω2)

[
1

1 + α210(−T)−n2

]m2

+ ab (11)

where i = 1 refers to small pores and i = 2 represents large ones, αi is the parameter related to pore
permeability, ni is the parameter related to pore size distribution, mi is the parameter reflecting curve
asymmetry, and a and b are the correction coefficients of the curve, which here meet the condition that
a = 6, b = −1.

3.4.2. Regression Analysis of the Pore Water Retention Model

Based on the principle of the cutoff method in Figure 3, the regression analysis of the pore water
retention (saturation) of backfill was carried out. The NMR test data was fit with the best centrifugal
force according to the water retention model in Equation (11), as shown in Figure 11 (the abscissa is
log10 T), and the relevant parameters are listed in Table 5.

Table 5. Analysis of the fitting parameters of the water retention model of backfills at a cement–tailings
ratio of 1:8 with different concentrations.

Fitting Parameters of Water Retention Model of Backfill

Concentration ω1 α1 n1 m1 α2 n2 m2 R2

71% 0.312 0.062 0.935 0.938 1.621 1.524 2.260 0.98
74% 0.324 0.071 1.035 1.138 1.581 1.289 2.240 0.99
77% 0.353 0.120 0.635 0.238 1.632 1.568 2.140 0.99
80% 0.386 0.732 0.935 0.656 1.721 1.524 2.040 0.99
83% 0.402 0.965 0.865 0.234 1.821 1.424 1.820 0.98
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Figure 11 and Table 5 indicate that the fitting degree of pore water retention in the samples
of different concentrations was high (R2 > 0.98), which verifies that the NMR pore water retention
model based on SWCC is feasible. Meanwhile, the small pores in the sample with 71% concentration
account for 31.2% of the effective porosity, which increases slightly with an increase in concentration.
According to the model, the proportions of the small pores to effective ones at a ratio of 1:4 with
different concentrations accounts for 21.3%, 22.4%, 31.3%, 32.6%, and 38.3% respectively, while those of
the sample at a ratio of 1:12 are 34.6%, 36.4%, 38.3%, 41.2%, and 42.4%, respectively.

The relationship between the pore size distribution and the porosity component of the samples
with a solid concentration of 71%, 74%, and 80% was analyzed. Figure 12 suggests critical pore
sizes of the samples with different concentrations and ratios, following the law that the higher the
concentration and the smaller the critical pore sizes are, the smaller the pore volume water retention
will be. Moreover, the denser the distribution of small pores and the larger the pore size are, the greater
the amount of bound water and water retention, and vice versa. Furthermore, as the cement–tailings
ratio enlarges, the pore size distribution curve gradually exhibits bimodal characteristics. In addition
to the spectral peaks of large pores, the characterization of small pores also tends to be distinct.

With an increase of the ratio, the T2 spectrum presents significant bimodal characteristics.
The critical pore size becomes smaller, and the pore structure exhibits diversity. For the backfill
samples with the same volume, the total water retention capacity reduces as the concentration and
ratio increase, and the gelled product fills the pores inside as the hydration reaction occurs. The higher
the cement–tailings ratio, the more intense the hydration reaction. SEM was employed to scan the
microstructure of the backfill to evaluate the pore formation and curing state. Taking the backfill with
a concentration of 71% as an example, as shown in Figure 13, after the same 28 day curing period, the
higher the cement–tailings ratio was, the more obvious the bonding and filling effects of hydration
products on the microstructure were. As shown in the figure, the microstructure formed by the backfill
with a cement–tailings ratio of 1:4 was very dense. With a decrease in the cement–tailings ratio, the
fine-grained tailings of the backfill and free water became stored in the internal channel, thereby they
were unable to take part in hydration reactions and bonding. The tailings were deposited inside the
structure with a loss of water after the curing was completed. However, the large pores were not filled,
forming a loose structure. This result also verifies the bimodal characteristics of the T2 spectrum.
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Figure 12. Analysis and distribution of porosity and the critical pore sizes of backfills with different
concentrations and ratios.

The transfer of pore water depends on the migration of the water molecules in the pores. Further,
the degree of interpenetration between the pores and the sizes of the pores will affect the migration
of pore water. In this study, an SWCC-based NMR pore water distribution model was established
to analyze the pore water retention characteristics under a cement–tailings ratio of 1:8 and solid
concentrations of 71%, 74%, 77%, 80%, and 83%. The distribution proportion of large and small
pores was also obtained. The effective proportion of small pores in the sample increased with an
increase in solid concentration, and the bimodal characteristics became more evident with an increase
of the cement–tailings ratio. Moreover, the critical pore sizes of the backfill samples with different
concentrations was obtained by combining the pore size distribution and pore volume water retention
curve, revealing the state of water molecules inside the backfill in the centrifugal test.
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4. Conclusions

(1) The optimal centrifugal force of the backfills with different solid concentrations and cement–tailings
ratios were analyzed by an NMR-centrifugation test. This test also achieved a comparison of the
porosities of the backfill samples between the saturated water stage and the free water separation
stage. The values were between 125.8 and 894.4 g/min when the concentration ranged from 71%
to 83% at cement–tailings ratios of 1:4 and 1:8, respectively.

(2) The range of the T2 cutoff of the backfill samples ranged from 3 to 10 ms. The centrifugal force and
the water retention conformed to the overall power function distribution, and the T2 cutoff and
the water retention conformed to the quadratic polynomial distribution. When the concentration
and ratio accelerated, the T2 cutoff decreased; hence, the corresponding permeability increased,
demonstrating that the higher the concentration and cement–tailings ratios are, the better the
pore connectivity and guttation effect. The lower the concentration and cement–tailings ratio are,
the more concentrated the occurrence of large pores, thereby forming long-term water retention.

(3) By establishing an SWCC-based NMR pore water distribution model, the proportion distribution
of large and small pores was obtained. Further, the pore size distribution curve presents bimodal
characteristics. The higher the solid concentration and cement–tailings ratio, the smaller the
critical pore size needed to reduce concentrated water retention in the area. This research lays
a theoretical foundation for revealing the migration law of water molecules in backfill and to
further study the probability density of pore size.
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