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The subsidence of urban pavement is becoming frequent accidents, and backfill is the primary means of remedy. Crushed stone is a
commonly used aggregate for backfill material in engineering, and its compaction behavior under load needs to be well understood.
In this work, a series of compaction tests were carried out on the same batch of crushed stone samples with the same gradation. The
content changes of particles with different sizes were analyzed, the particle breakage characteristics during the compaction process
were discussed, and the difference in particle breakage caused by loading speed and loading mode was examined. It shows the
following: (1) For all samples, the content of particles that were crushed during compaction was always less than 40%. The particles
with the strongest breakage varied with sample gradation. (2) The particle breakage could be divided into four categories: complete
fragmentation, complete rupture, local fragmentation, and surface grinding. They affected the particle size distribution after
compaction to varying degrees. (3) The particle breakage could be expressed as a cubical parabola of loading speed, whose coefficients
are related to the sample gradation. (4) Stepwise loading rendered stronger particle breakage than direct loading, and the increase of
particle breakage due to loading mode was more evident for continuous grading samples than discontinuous grading samples. This
study will provide an experimental basis and reference for the selection and use of backfill aggregate in urban subsidence areas.

1. Introduction

During the rapid urban expansion in China, pavement
subsidence in urban areas is occurring frequently [1, 2]. For
example, in recent years, several accidents took place in the
city of Nantong in the Jiangsu province (Figure 1), with the
most recent one on June 29, 2020. Subsidence can result
from underground drainage pipe leakage [2, 3], disturbance
from underground construction [4], inadequate backfill [5],
soil erosion [6, 7], and other situations that alter the stratum
and water flow of the underground soil.

Backfill is an indispensable means to remedy subsidence.
The materials for backfill often consist of crushed stone
particles of different sizes, of which the particle size and
gradation are the most important factors that affect the
compaction and deformation of backfill materials. Xu et al.
[8] examined the compaction of soil-rock mixtures by

considering variables as the content of >5 mm particles, the
maximum filler particle size, and the filler gradation and
recommended that the content of coarse material should
reach 60%-80%, the maximum particle size should be 30%
of the loose paving thickness, and the gradation should be
continuous even though no obvious correlation was found
between the gradation of the filler and the compaction
characteristics of the backfill. Zha [9] found experimentally
that the gradation (the Talbot power index #) of continuous
gradation filler had a remarkable impact on the compression
response, and the best performance of gangue material
against compression was accomplished when n=0.4. Liu
[10] tested samples with different lithologies and initial
particle size gradations under different compaction stress. It
was found that gradation had no significant impact on the
compaction strain of crushed sandstone, and particle
breakage was widespread during compaction. Particle
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FIGURE 1: Pavement subsidence in Nantong city in recent years.

breakage changes the gradation and hence the mechanical
properties of particulate materials and may even affect
structural stability when compaction characteristics change.
Coop [11] found that the change in particle gradation caused
by particle breakage during the loading process could shrink
the sample volume and decrease the peak strength.

Most current studies examined how sample strength and
deformation are affected by particle size and gradation and
considered primarily compaction and crushing. However,
these works mostly focused on the indicators of particle
breakage and the changes in the mechanical properties of
samples after particle breakage. In fact, factors that affect the
load of an urban road also include the frequency and
heaviness of traffic. Thus, in studying, the particle breakage
of urban roads, influencing factors such as loading speed and
loading mode should also be considered; yet to date, their
effects on particle breakage have not been reported in detail.
In this work, samples with variable gradation were subjected
to a series of compaction tests to analyze the changes in the
particle content of crushed stone of different sizes. The
characteristics of particle breakage during the compaction
process were discussed, and the difference in particle
breakage caused by loading speed and loading mode was
examined. Hence, this work provides an experimental ref-
erence for the selection and use of backfill aggregate in urban
subsidence areas.

2. Materials and Methods

2.1. Sample Preparation. Samples were prepared with
crushed mudstone particles of different sizes. According to
the ASTM test standard [12], the maximum particle size in

the compaction cylinder shall not be greater than 1/3 of the
inner diameter of the cylinder. In this work, particles were
sieved and sorted into 4 groups based on their size, i.e.,
10-15mm, 15-20mm, 20-25mm, and 25-30mm (Fig-
ure 2), and Talbot continuous grading [13] was adopted as
follows:

p(d) =<i> x 100%, (1)
dy

where p(d) is the percentage of particles whose size is no
larger than d;, and d,, is the maximum particle size.

Table 1 lists the content of particles with different sizes
in the tested samples. The sample was prepared either with
a 1:1:1:1mass ratio of the 10-15mm, 15-20mm,
20-25mm, and 25-30 mm particles or according to the
Talbot continuous gradation with the Talbot power index
nsetto0.7,0.9, 1.1, and 1.3. In all samples, a total mass of
2000 g was charged into the compaction device.

2.2. Equipment. The compaction test system consists of a
homemade compaction device, a loading system, and a data
acquisition system. The compaction device (Figure 3) is
composed of a hollow piston, a cylinder tube, a bottom plate,
and other components. The cylinder is 400 mm in height and
has an inner and outer diameter of 160 and 180 mm, re-
spectively. The hollow piston is 250 mm in height. The
loading system is a WDW-100D electronic universal testing
machine produced by the Jinan HuaxinYuandaTest
Equipment Co., Ltd., which has a maximum testing force of
100kN with a control accuracy of 1% for testing force,
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FIGURE 2: The screen and rock particles.

TaBLE 1: Particle mass of different samples.

Particle size (mm)

Mass (g)
10-15 15-20 20-25 25-30
1:1:1:1 500.0 500.0 500.0 500.0
n=0.7 1231.1 274.7 254.6 239.6
Gradation n=0.9 1071.8 316.7 308.8 302.7
n=1.1 933.0 347.3 356.2 363.4
n=1.3 812.3 368.4 397.3 422.0

displacement, and speed. During the test, the compaction
device was placed in the lower chamber of the WDW-100D
testing machine, and the load was applied as the indenter on
the testing machine pressed the hollow piston cover.

2.3. Test Scheme. 'The loading speed was tested at four levels,
i.e., 1 mm/min, 2 mm/min, 4 mm/min, and 6 mm/min, and
the load was applied to 40 mm either directly or over four
steps of 10 mm each (Table 2). All tests were performed in
triplicate, and the average value was taken as the result.

2.4. Procedure. The particles were thoroughly mixed,
charged in the compaction cylinder, and then compressed
gently. The sample’s height H, was then measured before the
hollow piston, and the piston cover were installed. To ex-
pedite the monitoring of compaction, three scale papers
were posted on the outer surface of the hollow piston
(Figure 4). The sample was then preliminarily loaded with
0.02kN. The reading of the scale paper was then recorded,
and the sample height H; was calculated. The sample was
then compacted to the set level at the set speed. Afterward,
the sample was discharged and sorted into 7 groups of
particles of different sizes, i.e., 0-2 mm, 2-5 mm, 5-10 mm,
10-15mm, 15-20 mm, 20-25 mm, and 25-30 mm. Figure 5
shows the procedure in detail.

3. Results

3.1. Changes of Particle Size Distribution after Compaction.
Figure 6 shows the particle size distribution of samples
before and after direct compaction to 40 mm at 2 mm/min.
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F1GURE 3: The compaction device.

The mass change of particles of different sizes can be at-
tributed to particle breakage during the compaction process.

In all samples, less than 40% of the original particles were
crushed. Particles with a relatively high level of breakage
include the following: 10-15mm particles in the sample
when n=0.7 (39.97% breakage), 10-15 mm particles in the
sample when n=1.1 (37.19% breakage), 10-15 mm particles
in the 1:1:1:1 mixed particle size sample (36.44% break-
age), 20-25 mm particles in the sample when n=1.0 (34.75%
breakage), and 25-30mm particles in the sample when
n=1.3 (32.44% breakage). It could be seen that the size of
particles with the highest breakage varied with the sample
gradation. Particles with a relatively low level of breakage
included the following: 25-30 mm particles in the sample
when n=0.7 (2.71% breakage), 10-15mm and 15-20 mm
particles in the 1:1:1:1 mixed particle size sample (about
10%), and 15-20 mm particles in the samples when n=0.7
and n=0.9 (about 10%).

The mass changes the largest in the sample when n=0.7
and the smallest in the sample when n =1.3. That is, particle
breakage due to compaction had the least impact on skeletal
deformation and structural stability for the sample when
n=13.

3.2. Particle Breakage Characteristics. As stated above, the
breakage characteristics of the particles determine how the
mass of particles of different size varies after the compaction
[14, 15]. The breakage characteristics are dependent on
factors such as the particle arrangement after charging,
gradation, loading speed, and loading mode.

After the sample was charged into the compaction de-
vice, the particles were arranged in a disorderly manner with
relatively poor contact, mainly in the form of point-to-point
and point-to-surface contact [16]. Such a sample skeleton
composed of large particles was relatively loose, and the
internal pores were relatively large. With rising axial stress,



TABLE 2: Test scheme.

Loading speed (mm/min)
1

Loading mode

Direct loading to 40 mm

N =N

Step loading to 40 mm

FIGURE 4: The hollow piston posted with scale papers.
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FIGURE 5: Test procedure.

the pores in the sample became compressed or filled with
small particles. Some large particles were crushed to sec-
ondary smaller particles, and particle breakage became
obvious. The particle size distribution thus changed, causing
the relative displacement and rearrangement of particles.
The contact between particles gradually changed to surface-
to-surface stable contact and meta-stable contact. Therefore,
the particle breakage characteristics and the change of
particle size distribution strongly affected the structural
stability of the samples.

The breakage characteristics also vary with gradation.
Figure 7 shows the crushing of a particular sample, where
many particles are broken into secondary and smaller
particles. The observed particle breakage could be divided
into four categories [17]. The first was complete breakage
with multiple breakage sections (A in Figure 7), where the
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FIGURE 6: Particle size distribution of samples before and after
direct compaction.

original particle was broken into several pieces of smaller
particles. The next was also complete breakage but with only
one large section (B in Figure 7), generally along the short
axis of the particle, and only two secondary particles were
produced. The third was local damage due to extrusion that
peeled off edges and corners to form one large particle and
one or several relatively smaller particles (C in Figure 7), for
which the section was relatively small and generally located
at the sharp corner of particles. The last resulted from surface
grinding due to the point-to-surface friction or surface-to-
surface contact between particles (D in Figure 7), in which
case the size and shape of the original particle remained
mostly unchanged but many very fine particles were pro-
duced at the same time.

The above four types of breakage had varying degrees of
impact on the change of particle size distribution. For type
A, the size of the resulting broken particles was only about 1/
3 even less than the size of the original particle. For type B,
the broken particles were about half of the original particle.
For type C, small particles <5 mm in size were produced, and
the size of the large particle was slightly reduced due to the
peeling of edges and corners. For type D, the size of the large
particle was almost unchanged and fragments of <2 mm in
size were produced.

4. Discussion

4.1. Quantification of Particle Breakage. Certain indicators
are needed to quantify the degree of particle breakage. Liu
et al. [18], Wei et al. [19], Einav [20], Hardin [21], Lade et al.
[22], Marsal [23], and other scholars have proposed a variety
of quantitative indicators of particle breakage. Because of the
difficulty in measuring gradation during the experiment,
only particle breakage was tested after the compaction was
completed, and factors such as the compaction process and
the confining pressure were not considered in this work.
Therefore, the particle breakage was described by B, as
proposed by Marsal [23] as follows:
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F1GURE 7: The breakage characteristics after compaction.
TaBLE 3: The change in particle content under different loading speeds for samples with different gradations.

Loading speed Particle size (mm) B (%)
(mm/min) 0-2 2-5 5-10 10-15 15-20 20-25 25-30 9"
1 4.18 6.24 13.23 -2.29 —4.78 -5.08 -11.50 23.64
1:1:1:1 2 2.87 4.41 12.75 =271 -1.29 -9.11 -6.92 20.02
T 4 3.65 5.30 12.43 -1.27 -0.01 -8.88 -11.23 21.38
6 3.71 5.36 13.86 -2.87 —4.12 -5.86 -10.12 22.93
1 4.96 7.61 19.02 -21.36 -2.23 ~5.82 -2.20 31.58
o 2 3.90 6.58 18.67 ~24.63 ~1.69 ~2.48 -0.33 29.14
e 4 4.24 6.49 18.41 -22.18 -2.17 -3.47 -1.31 29.13
6 3.93 6.31 18.32 —24.46 -1.83 0.33 -2.59 28.88
1 4.60 6.58 16.05 ~17.51 ~2.46 -1.73 ~5.49 27.22
=09 2 3.64 5.67 13.98 -12.56 -1.16 -5.37 -4.17 23.29
e 4 5.10 7.72 18.43 -21.96 -3.06 —-2.36 -3.86 31.24
6 5.40 7.73 17.92 -16.76 -1.81 -7.39 =5.11 31.05
1 470 6.65 16.04 ~11.48 -3.66 -3.26 -8.91 27.38
N 2 452 7.08 17.76 ~17.35 ~4.56 -2.81 ~4.64 29.36
- 4 4.41 6.43 16.30 ~11.35 ~4.74 ~4.09 -6.90 27.13
6 4.77 6.77 16.17 ~14.15 -3.50 -4.02 -5.98 27.70
1 4.08 6.08 14.32 -7.79 -1.92 -7.96 —-6.86 24.47
=13 2 4.55 6.00 14.75 -9.09 -5.23 -4.13 -6.85 25.30
o 4 4.01 5.58 13.23 -8.04 -3.74 -7.45 -3.56 22.82
6 4.75 6.79 15.70 -8.61 -2.55 -9.52 —-6.56 27.24

2) It can be seen from the figure that, for the samplesof 1:1:1:1

B, = ZAW/(’ and n=0.7, the particle breakage firstly decreased and then

where AW is the difference between the content of particles
with the different sizes before and after the test and By is the
degree of particle breakage, which is the sum of increments
of particles with increasing content and expressed as a
percentage.

4.2. Effect of Loading Speed on Particle Breakage. As the
loading speed changes, the properties of the material change
differently and the degree of particle breakage also varies.
Table 3 shows the change in the particle content under
different loading speeds for samples with different grada-
tions, along with the corresponding degree of particle
breakage. It could be seen that loading speed affects the
particle breakage after compaction, and these effects are
related to gradation.

Figure 8 shows the relationship between the loading speed
and the particle breakage of samples with different gradations.

increased with escalating loading speed. In contrast, the n=1.1
and n=1.3 samples show an inverse trend, i.e., the particle
breakage firstly increased and then decreased with escalating
loading speed. For the sample of n = 0.9, with the rising loading
speed, the particle breakage shows an initial decrease, followed
by an increase, and eventually another decrease.

Table 4 shows the relationship between the particle
breakage and the loading speed for samples with different
gradations. The particle breakage could be expressed as a
cubical parabola of loading speed, whose coefficients are
related to the sample gradation.

4.3. Influence of Loading Mode on Particle Breakage. The
loading mode also affects particle breakage during com-
paction. Table 5 shows the content change of particles with
different sizes and the corresponding particle breakage after
the samples were compacted 40 mm under the two loading
modes, i.e., direct loading and stepwise loading. In stepwise
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FIGURE 8: The relationship between the loading speed and the particle breakage of samples.
TaBLE 4: The expressions of particle breakage.
Samples B, (%) R?
1:1:1:1 B, = (—0.282+° + 3.4076v* — 11.869v + 32.383) x 100% 1.00
n=0.7 B, = (~0.168v* + 1.99661* — 7.2524v + 37.005) x 100% 1.00
n=0.9 B, = (=0.7305v° + 7.7485v* — 22.062v + 42.259) x 100% 1.00
n=11 B, = (0.2767v* — 2.97v* + 839583v + 21.11) x 100% 1.00
n=13 B, = (0.2108v® — 2.866v + 7.2536v + 19.772) x 100% 1.00

TaBLE 5: The content change of particles with different sizes and the corresponding particle breakage under different loading modes.

Particle size (mm)

Samples B_ (%)
0-2 2-5 5-10 10-15 15-20 20-25 25-30 N

1:1:1:1 2.87 441 12.75 -2.71 -1.29 -9.11 -6.92 20.02

n=0.7 3.90 6.58 18.67 -24.63 -1.70 -2.49 -0.33 29.14

Direct loading n=0.9 3.64 5.67 13.98 -12.57 -1.16 -5.37 -4.17 23.29
n=1.1 4.52 7.08 17.76 -17.35 —4.56 -2.81 —-4.64 29.36

n=13 455 6.00 14.75 -9.09 -5.24 -413 -6.85 25.30

1:1:1:1 9.03 10.27 17.69 -5.10 -12.08 -6.80 -13.04 36.99

n=0.7 12.14 12.59 22.28 -25.51 -8.69 —-5.63 -7.15 47.01

Step loading n=0.9 9.88 11.11 20.71 -24.71 —4.44 -7.09 -5.45 41.69
n=11 12.73 13.91 22.28 -24.37 -5.89 -7.71 -10.95 48.92

n=13 10.57 11.84 22.04 -17.61 -6.91 -10.29 -9.63 44.44

loading, the sample was first compacted 10 mm, and the
sample height was calculated as H10. The sample was then
unloaded, reloaded to H10, compacted 10 mm further, and
the sample height was calculated as H20. The sample was
then unloaded, reloaded to H20, and compacted 10 mm
further, and the sample height was calculated as H30. Finally,
the sample was unloaded, reloaded to H30, then compacted
10 mm further, and the sample height was calculated as H40
before it was unloaded.

Figure 9 shows the comparison of particle breakage of
the loading mode. It can be seen from Table 5 and Figure 9
that the particle breakage was stronger in stepwise loading,
and the particle breakage of samples of various gradations
increased. Specifically, the particle breakage increased by
16.97% for the 1:1:1:1 sample, which was 84.77% higher

than in the case of direct loading, 17.87% for the n=0.7
sample, which was 61.32% higher than in the case of direct
loading, 18.40% for the n=0.9 sample, which was 79.00%
higher than in the case of direct loading, 19.56% for the
n=1.1 sample, which was 66.62% higher than in the case of
direct loading, and 19.14% for the n = 1.3 sample, which was
75.65% higher than in the case of direct loading. Besides, it
also could be seen that continuous grading samples had a
lower increase in particle breakage than the discontinuous
grading sample.

Although the loading method and gradation both have
impacts on the particle breakage of the samples, it could be
found from Figure 9 that the two influencing factors do not
interfere with each other. Therefore, in the construction and
compaction of bedding course, engineering specialists and
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technicians tend to emphasize the level of compaction more
than the loading mode.

5. Conclusions

The subsidence of urban pavement is becoming frequent
accidents, and backfill is the primary means of remedy.
Crushed stone is a commonly used aggregate for backfill
material in engineering, and its compaction behavior under
load needs to be well understood. In this work, a series of
compaction tests were carried out on the same batch of
crushed stone samples with the same gradation. The content
changes of particles with different sizes were analyzed, the
particle breakage characteristics during the compaction
process were discussed, and the difference in particle breakage
caused by loading speed and loading mode was examined.
This study thus provides an experimental basis and reference
for the selection and use of backfill aggregate in urban
subsidence areas. The main conclusions are as follows:

(1) For all samples, the content of particles that were
crushed during compaction was always less than 40%.
The particles with the strongest breakage varied with
sample gradation. The mass change after compaction
was the greatest for the sample when n=0.7 and the
smallest for the sample when n = 1.3. Thus, structural
stability due to particle breakage from compaction
was the least affected for the sample when n=1.3, for
which skeletal deformation was the least.

(2) The particle breakage could be divided into four
categories: complete fragmentation, complete rup-
ture, local fragmentation, and surface grinding. They
affected the particle size distribution after compac-
tion to varying degrees.

(3) The particle breakage could be expressed as a cubical
parabola of loading speed, whose coefficients are
related to the sample gradation. For the 1:1:1:1 and
n=0.7 samples, the particle breakage firstly

decreased and then increased with escalating loading
speed. For the samples when n=1.1 and n=1.3, the
particle breakage firstly increased and then decreased
with escalating loading speed. For the sample when
n=0.9, as the loading speed increased, the particle
breakage had an initial decrease, followed by an
increase and eventually another decrease.

(4) Stepwise loading rendered stronger particle breakage
than direct loading, and the increase of particle
breakage due to the loading mode was more evident
for continuous grading samples than discontinuous
grading samples.
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