
Research Article
Dynamic Shear Properties of Recycled Waste Steel Slag Used as a
Geo-Backfill Material

Liyan Wang ,1 Jiatao Yan,2 Qi Wang,2 Binghui Wang ,2 and Wenxue Gong 3

1Professor (Ph D), School of Civil and Architectural Engineering, Jiangsu University of Science and Technology,
No. 2 Mengxi Road, Zhenjiang, Jiangsu Province, China
2Master Student (Ba.), School of Civil and Architectural Engineering, Jiangsu University of Science and Technology,
No. 2 Mengxi Road, Zhenjiang, Jiangsu Province, China
3Associate Professor (Ph D), School of Civil and Architectural Engineering, Jiangsu University of Science and Technology,
No. 2 Mengxi Road, Zhenjiang, Jiangsu Province, China

Correspondence should be addressed to Liyan Wang; wly_yzu@163.com

Received 15 July 2018; Revised 24 November 2018; Accepted 22 April 2019; Published 2 June 2019

Academic Editor: Giuseppe Petrone

Copyright © 2019 Liyan Wang et al. /is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Waste steel slag is a recycled industrial solid waste and is sometimes used as backfills, but the dynamic shear properties of waste
steel slag have not been researched at present. To understand the dynamic shear properties of waste steel slag, the resonance
column tests were carried out to investigate the dynamic shear modulus and damping ratio of the steel slag considering the effect
of the relative density of steel slag and confining pressure. /e maximum dynamic shear modulus was discussed, and the dynamic
model of the steel slag was constructed by the Hardin–Drnevich model. /e regression analysis of the normalized dynamic shear
modulus ratio and damping ratio of the steel slag showed that the dynamic model was very fit for the steel slag./e comparisons of
the dynamic shear properties of the steel slag with those of Nanjing fine sand and Fujian standard sand showed that the steel slag
had similar dynamic shear resistance to Fujian standard sand and had potential to become a substitute for sand in the practical
geotechnical engineering in the future.

1. Introduction

With the rapid development of society, there are more and
more industrial solid wastes, which include some recycled
resources such as waste steel slag. Steel slag is a by-product of
the steelmaking process, and the annual output increases
continuously with the increase of the steel output. It is the
second largest waste in metallurgical industry. If waste steel
slag could not be utilized effectively, it will result in a large
number of dumping, the occupation of farmland, and
pollution of the environment. /e discarded steel slag is
shown in Figure 1. Recycled study on industrial solid wastes
in civil engineering has recently become a new trend in the
world, and the application of the four kinds of industrial
wastes in Britain in asphalt pavement was summed up in-
cluding waste slag [1]. Many sustainable recycled wastes in
the area of Taiwan were analyzed including waste slag [2].

Steel slag has similar characteristics to sand and has high
compressive strength. After eight-month aging, the perfor-
mance of steel slag has been basically stable, and aged steel slag
can be used as a kind of shallow-layer backfill material. /e
basic requirements of using steel slag as a geotechnical en-
gineering material are that the steel slag must be aged, the rate
of powdering shall be lower than 5%, some proper grading
shall be adopted, and the diameter of the largest particle shall
be small than 5mm./ewater content of steel slag is low, and
the permeability of the steel slag is good. According to our
research, the permeability coefficient is in the range of
10−3∼10−2./e content of Fe2O3 in the waste steel slag sample
is very low./erefore, the aged waste steel slag would not rust
over time and would not be reacted with water.

Steel slag pile was initially applied to composite foundation
[3], which showed steel slag was superior to the traditional
gravel pile foundation in technical, economic, and social
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benefits. A mixture of steel slag and lime soil was formed and
had good frost resistance and corrosion resistance. After
compaction, the strength index even reached concrete strength
[4].Main influence factors of the expansion and powder of steel
slag includedmaximumparticle size, porosity, and free calcium
oxide content [5] Steel slag was mixed into graded crushed
stone subbase to make the foundation form a good early
strength and higher shear resistance [6]. Mixed sand with steel
slag formed mixed soil material and could effectively improve
the bearing capacity of foundation and reduce the settlement of
foundation [7]./e deformation and strength characteristics of
lightweight soil mixed with waste steel slag and foamed plastics
were studied by considering the influence of the steel slag
mixing ratio and curing age [8].

/e expansive soil by mixing the steel slag of 10%∼20%
was studied, and some conclusions were achieved that the
steel slag could significantly reduce the expansion rate, liquid
limit, and plastic index of expansive soil, and that the steel slag
of 10%∼20% could improve particle distribution and strength
characteristics of expansive soil [9]. /e effect of quantity of
steel slag on the mechanical properties of blended mixes with
crushed limestone aggregate was evaluated, and a theoretical
analysis was employed to estimate the resistance for failure
factors such as vertical deformations, vertical and radial
stresses, and vertical strains of subbase under overweight
trucks loads [10]. /e results indicated that the mechanical
characteristics and the resistance factors were improved by
adding steel slag to the crushed limestone. Blast furnace slag
in the granulated formwas applied as a granular fill overlay on
soft subgrade soil [11]. Stainless steel reducing slag (SSRS) in
production of the soil-based controlled low-strength material
(CLSM) was used as a cement substitute. Testing results
indicate that SSRS with the specific surface area of 4551 cm2/g
can substitute for Portland cement up to 30% in production of
excavated CLSM. Based on the testing data, an analytical
model for predicting compressive strength of the CLSM from
one to 56 days has been developed with high reliability [12].
/e waste slag was applied into the underground deep wall
method [13]. /e carpet waste fibers and steel slag as envi-
ronmental friendly additives were applied to overcome the
swelling and weakness of the expansive soil [14]. /e results
showed that both chemical modification and mechanical
reinforcement by adding fibers and slag are efficient methods
to improve general properties of expansive clayey soil. /e

permeability of steel slag and steel slag modifying silt soil as
new geo-backfill materials was studied in detail [15].

According to the above literature review, at present, the
dynamic shear resistance characteristics of waste steel slag as a
geo-backfill material have not been studied. Recently, many
researches were carried out on dynamic shear properties of
soils or soils mixed with other solid waste [16–22]. /e shear
modulus and damping ratio of a backfill material are two
essential indexes for the seismic performance analysis and
safety performance evaluation of backfill materials [23–29].
Dynamic properties of steel slag improved with sand-tire
shreds admixture had been studied [30]. In this paper, the
dynamic shear modulus and damping ratio of waste steel slag
would be investigated by resonance column tests.

2. Experimental Work

2.1. Test Material. /e aged waste steel slag in the test was
produced by the Yonggang Company in Zhangjiagang,
China, which is shown in Figure 1./e chemical composition
of the waste steel slag is shown in Table 1. /e content of free
calcium oxide was 3.2% and less than 5%, and the ignition loss
was 7.8% and less than 8% [31], which showed that the waste
steel slag could be applied in geotechnical backfill.

/e grain size distribution of the waste steel slag is shown
in Figure 2. /e bulk density of the waste steel slag was
approximately 2.2 g/cm3./e gradation characteristics of the
steel slag are as follows: d60 �1.0mm, d30 � 0.47mm, and
d10 � 0.12mm; the coefficient of uniformity (Cu) was 8.3, and
the coefficient of curvature was 1.8 (Cc). /erefore, the steel
slag was classified as the well-graded material.

2.2. Test Method. /e test equipment used in this paper is a
GZZ-50-type resonant column instrument, which is shown
in Figure 3. According to the basic principle of the resonant
column, the equipment could test dynamic shear strain (c),
dynamic shear modulus (G), and damping ratio (λ) of soil by
the method of torsion vibration. /e test sample size is
50mm (∅)× 100mm (H). /e instrument can be used to
study the dynamic properties of unbroken samples in a small
shear strain range of 10−6∼10−4.

In the resonance column test, the main influence factors of
the dynamic shear behavior of steel slag include relative density
(Dr) and confining pressure (σ). In order to study the re-
lationship between the relative density of steel slag and its
dynamic shear characteristics, the resonant column tests of the
steel slag samples with different relative densities were carried
out. Samples were prepared according to Geotechnical Test
Method Standard [3]. /e maximum dry density is determined
by the vibration hammer method, and the minimum dry
density is determined by the funnel and cylinder method. /e
maximumdry density and theminimumdry density of the steel
slag were, respectively, 2.58 g/cm3 and 1.96 g/cm3.

Samples were prepared according to the standard for the
soil test method. /e quality of the single sample was cal-
culated according to the relative density of the steel slag. /e
relationship between the control density and the relative
density can be expressed as follows:

Figure 1: Tested steel slag.
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ρd �
ρdmaxρdmin

ρdmax −Dr ρdmax − ρdmin( )
, (1)

where Dr, ρmax, ρmin, and ρd represent the relative density,
the maximum dry density, the minimum dry density, and
the control density, respectively.

In the sample test, the relative density of steel slag was
selected for 30%, 50%, and 70%, respectively, because steel slag
is applied as a kind of the shallow-layer back�ll material. �e
steel slag with a water content of 6% is thought in a natural
state. Furthermore, when the water content is 6%, the steel slag
is apt to form the test sample. �erefore, the water content in
the test sample was set as 6%. �e loading density (ρ) was
calculated using the following equation:

ρ � ρd(1 + w), (2)

where ω represents the water content of steel slag. �e
speci�c test parameters are shown in Table 2. �e control
density and the loading density of the test samples are also
shown in Table 2. GZ1∼GZ3, respectively, represent the test
sample with the relative density of 30%, 50%, and 70%.

�e test sample and loading process in the resonant
column apparatus are shown in Figure 4.

3. Results and Discussion

3.1. E�ect of RelativeDensity. �e relationships between the
dynamic shear modulus (G) and the shear strain (c) of the
steel slag with di�erent relative densities are shown in
Figure 5 when the con�ning pressures (σ) were, re-
spectively, 100 kPa, 200 kPa, and 300 kPa. �e G-c curves
of the steel slag accorded with hyperbolic characteristics.
�e dynamic shear modulus decreased with the increase of
shear strain for all of the samples with di�erent relative
densities. When the shear strain was small and in the range
of 1 × 10−6 < c< 1 × 10−5, the dynamic shear modulus of the
steel slag decreased with the increase of the shear strain of
the steel slag, but the magnitude of the decrease was small.
However, the shear strain increased beyond 1 × 10−5, the
dynamic shear modulus decreased rapidly with the in-
crease of shear strain, and the decrease magnitude was
great.

�e greater the relative density of the steel slag is, the
larger the dynamic shear modulus of the steel slag is, and the
overall relationships between dynamic shear modulus and
shear strain were upward with the increase of the relative
density of the steel slag. �e relationship between the
maximum dynamic shear modulus (Gmax) and di�erent
relative densities is shown in Figure 6 when the con�ning
pressure was 200 kPa. �e maximum dynamic shear mod-
ulus of the steel slag increased with the increase of the
relative density of steel slag. When the relative density of the
steel slag was 70%, the maximum dynamic shear modulus of
the steel slag was the maximum.

�e relationships between the damping ratio (λ) and the
shear strain of the steel slag with di�erent relative densities
are shown in Figure 7 when the con�ning pressures were
100 kPa, 200 kPa, and 300 kPa, respectively.

�e relative density of the steel slag had little e�ect on the
damping ratio of the steel slag. �e overall variation ten-
dency between the dynamic shear modulus and shear strain
was basically the same under di�erent relative densities.
�ey were staggered and had nearly no o�set.

When the shear strain was small and in the range of
1× 10−6< c< 1× 10−5, the damping ratio of the steel slag
increased with the increase of shear strain, but the increase
in magnitude was small. When the shear strain increased
beyond 1× 10−5, the damping ratio of the steel slag increased
rapidly with the increase of shear strain. �e reason for this
phenomenon was that the steel slag was in an elastic state

Figure 3: Resonant column apparatus (GZZ-50).

Table 1: Chemical composition of waste steel slag in the test.
Composition SiO2 CaO MgO Fe2O3 Al2O3
Content α (%) 11.28 48.00 4.86 5.24 11.38

Composition Na2O K2O
Alkali
content f-CaO Ignition loss

Content α (%) 0.06 0.08 0.11 3.2 7.8
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Figure 2: Grain distribution of test steel slag.

Table 2: Test schemes.

Sample
number

Con�ning
pressure σ

(kPa)

Relative
density
Dr

Control
density
ρd (g/
cm3)

Water
content
ω (%)

Loading
density ρ
(g/cm3)

GZ1 100, 200, 300 30% 2.11 6 2.24
GZ2 100, 200, 300 50% 2.23 6 2.36
GZ3 100, 200, 300 70% 2.36 6 2.50
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when the shear strain was small and the dynamic energy loss
was relatively smaller. When the shear strain of the steel slag
increased, the stress wave resistance became larger and the
energy consumption became large. /e damping ratio at the
confining pressure of 300 kPa and 30% relative density had a
different tendency compared with others. /e possible
reason is that the water content of steel slag was high for
loose steel slag with the relative density of 30%, and the pore

water viscosity was greater than that of the pore water in
dense steel slag under the dynamic loads especially when the
shear strain was in the range of 10−5 and 10−4 for high
confining pressure.

3.2. Effect of Confining Pressure. /e relationships between
the dynamic shear modulus and the shear strain of the steel

(a) (b) (c)

Figure 4: Test sample in the resonant column apparatus: (a) formed sample; (b) loading sample; (c) sample covered with the pressure
chamber.
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Figure 5: Effect of relative density on the G-c curve of steel slag: (a) σ � 100 kPa; (b) σ � 200 kPa; (c) σ � 300 kPa.
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slag with di�erent con�ning pressures are shown in Figure 8
when the relative densities of the steel slag were, respectively,
30%, 50%, and 70%.

�e overall trend lines ofG-cwere basically the same and
upward with the increase of con�ning pressure. �e greater
the con�ning pressure was, the larger the dynamic shear
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Figure 6: Relationship between the maximum dynamic shear modulus and relative density (σ � 200 kPa).
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Figure 7: E�ect of the damping ratio on the λ-c curve of steel slag: (a) σ � 100 kPa; (b) σ � 200 kPa; (c) σ � 300 kPa.
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modulus was. �e reason was that the increase of con�ning
pressure made the internal pore volume of the steel slag
narrow and the bite forces between steel slag particles in-
crease, and the shear deformation resistance of the steel slag
was enhanced.

3.3. Maximum Dynamic Shear Modulus. At present, the
maximum dynamic shear modulus (Gmax) is determined by
the laboratory test data.

�e relationship between the reciprocal of the dynamic
shear modulus (G−1) and the shear strain (c) is linear
according to the hyperbolic model of Hardin–Drnevich. �e
maximum dynamic shear modulus (Gmax) could be obtained
from the �tted lines of G−1 and c. �e maximum dynamic
shear modulus was the intercept of the G−1-c line. �e �tted
lines of G−1 and c are shown in Figure 9, and the �tting
parameters are shown in Table 3.

With the increase of con�ning pressure, the overall trend
of the G-1-c lines was downward. As can be seen from
Table 3, with the increase of relative density, the maximum
dynamic shear modulus of the steel slag had been

signi�cantly improved. With the increase of con�ning
pressure, the maximum dynamic shear modulus of the steel
slag with di�erent relative densities also increased. For
example, GZ1 was compared to GZ3; when the con�ning
pressure was 100 kPa, Gmax increased from 108MPa to
162MPa and increased approximately by 50%; when the
con�ning pressure was 300 kPa, Gmax increased from
235MPa to 280MPa and only increased by 19.5%. �is
�nding showed that the relative density had greater e�ect on
the maximum dynamic shear modulus of the steel slag with
low con�ning pressure than with high con�ning pressure.
�erefore, the steel slag in a dense state would have better
seismic shear resistance when the steel slag is applied into
shallow foundation improvement.

4. Dynamic Model of the Steel Slag

�ere are three typical hyperbolic models including Davi-
denkov model, Hardin–Drnevich model, and Ramberg–
Osgood model that could describe soil dynamic properties
very well. Ramberg–Osgood model and Davidenkov model
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Figure 8: E�ect of con�ning pressure on the G-c curve of steel slag: (a) Dr� 0.3; (b) Dr� 0.5; (c) Dr� 0.7.

6 Shock and Vibration



have many experimental parameters and are usually used to
fit the dynamic properties of soil under complex stress
conditions. For the steel slag, the experimental parameters
are less and the dynamic shear properties could be described
by the Hardin–Drnevich model.

/e test range of shear strain in the resonant column
equipment was generally in a range of 10−4∼10−6. /e dy-
namic shear modulus and the damping ratio in a large strain
range (larger than 5.0×10−4) could be obtained by the fitting
curve of the small strain dynamic model.

0.0 1.0 × 10–4 2.0 × 10–4 3.0 × 10–4 4.0 × 10–4
0.00

0.01

0.02

0.03
G

–1
 (M

Pa
–1

)

γ

σ3 = 100kPa
σ3 = 200kPa
σ3 = 300kPa

(a)

0.0 1.0 × 10–4 2.0 × 10–4 3.0 × 10–4 4.0 × 10–4
0.00

0.01

0.02

0.03

G
–1

 (M
Pa

–1
)

γ

σ3 = 100kPa
σ3 = 200kPa
σ3 = 300kPa

(b)

0.0 1.0 × 10–4 2.0 × 10–4 3.0 × 10–4

G
–1

 (M
Pa

–1
)

0.00

0.01

0.02

γ

σ3 = 100kPa
σ3 = 200kPa
σ3 = 300kPa

(c)

Figure 9: Fitted lines of G−1 and c under different relative densities: (a) Dr � 0.3; (b) Dr � 0.5; (c) Dr � 0.7.

Table 3: Fitting parameters of G−1.

Sample number Relative density Confining pressure (kPa) B A Gmax (MPa) R2

GZ1 30%
100 39.897 0.01115 108 0.95
200 37.212 0.00681 176 0.97
300 19.829 0.00512 235 0.94

GZ2 50%
100 39.172 0.00957 125 0.95
200 35.087 0.00641 187 0.99
300 19.283 0.00488 246 0.92

GZ3 70%
100 38.686 0.00741 162 0.95
200 35.697 0.00549 219 0.99
300 19.202 0.00428 280 0.98
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/e relationship between the dynamic shear modulus
and the shear strain was expressed as equation (3) [32], and
the relationship between the damping ratio and the shear
strain was expressed as equation (4):

G

Gmax
�

1
1 + c/cr( 

, (3)

λ
λmax

�
c/cr( 

1 + c/cr( 
, (4)

where c, cr, Gmax and λmax represent the dynamic shear
strain, reference shear strain, maximum shear modulus, and
maximum damping ratio, respectively. Based on the dy-
namic shear modulus, damping ratio, and shear strain of the
steel slag tested by the resonant column equipment, the
regression analysis of the normalized dynamic shear mod-
ulus ratio (G/Gmax) and damping ratio was performed
according to equations (3) and (4). /e fitting results are
listed in Figure 10 and in Table 4. As could be seen from
Table 4, with the increase of the relative density and con-
fining pressure, themaximum dynamic shear modulus of the
steel slag increased. It showed that the reference shear strain
could be improved by increasing the relative density and
confining pressure.

Figure 10 showed that, with the increase of the confining
pressure, the fitting curves of G/Gmax-c moved upward and
the fitting curves of λ-c moved downward, but not obvious.
/erefore, all of the normalized dynamic shear modulus
under different relative densities could be gathered into one
figure, which is shown in Figure 11. With the increase of the
relative density, the fitting curves of G/Gmax-c moved up-
ward, but also not obvious. /ree fitting curves were close
together, and the fitting effect was great, showing that it was
appropriate to use equations (3) and (4) to fit the normalized
dynamic shear modulus and the damping ratio of the steel
slag.

/e reference shear strains under different confining
pressure are listed in Table 5. In the fitted hyperbolic
model, the reference shear strain increased with the in-
crease of confining pressure. /e linear fitting analysis of
the reference shear strain under different confining
pressures of the steel slag is shown in Figure 12. /e linear
fitting equation is shown in equation (5). /e results
showed that the linear fitting effect was perfect between the
reference shear strain and confining pressure:

cr � 2.09 × 10−7 · σ3 + 1.28 × 10−4. (5)

Considering the influence of confining pressures and
combing equations (3) and (5), the Hardin–Drnevich
model of the steel slag dynamic properties was estab-
lished. /e dynamic model is shown in the following
equation:

G

Gmax
�

1
1 + c/2.09 × 10−7 · σ3 + 1.28 × 10−4( 

. (6)

/e test range of the steel slag shear strain in the resonant
column equipment was in a range of 10−4∼10−6. /e dy-
namic shear modulus and the damping ratio of the steel slag

in a large strain range (larger than 5.0×10−4) would be
obtained by the dynamic triaxial test.

5. Comparisons of Dynamic Shear
Modulus with Sand

To understand the shear resistance of the steel slag under
dynamic loading, the maximum dynamic shear modulus of
the steel slag was compared with those of Nanjing fine sand
and Fujian standard sand./e comparison results when the
confining pressure is, respectively, 100 kPa, 200 kPa, and
300 kPa are shown in Table 6. In this instance, Gmax rep-
resents fitted values. Figure 13 is the comparison of the
maximum dynamic shear modulus for three materials. /e
maximum dynamic shear modulus data of Nanjing fine
sand when the confining pressure was 300 kPa were lacking
[33].

/e maximum dynamic shear modulus of the steel slag
was far greater than Nanjing fine sand no matter what the
confining pressure was. Furthermore, the maximum dy-
namic shear modulus of steel slag was similar to that of
Fujian sand in the manuscript except for low confining
pressure. /e maximum dynamic shear modulus of waste
steel slag was close to Fujian sand under low confining
pressure. /e reason is maybe that steel slag is a porous
material and sand is a crystal structure. Porosity character of
steel slag is obvious under low confining pressure and dy-
namic loads. Especially, when the confining pressure was
high and reached 300 kPa, the maximum dynamic shear
modulus of the steel slag was in the range of those of Fujian
standard sand. /erefore, the steel slag has good dynamic
shear resistance and had potential to become a substitute for
sand in the practical geotechnical engineering in the future.

6. Conclusion

/e dynamic shear characteristics of the steel slag were
initially studied by resonance column tests, and the fol-
lowing conclusions were obtained:

(1) /e dynamic shear modulus of the steel slag de-
creased with the increase of shear strain, and the
damping ratio increased with the increase of shear
strain. /e overall variation tendency between the
dynamic shear modulus and shear strain was basi-
cally the same under different relative densities and
confining pressure.

(2) /e greater the relative density of the steel slag was,
the larger the dynamic shear modulus of the steel slag
was. /e overall trend lines of G-c were upward with
the increase of the relative density and confining
pressure. /e confining pressure and relative density
had remarkable influence in a small strain range on
the dynamic shear modulus of the steel slag.

(3) /e maximum dynamic shear modulus of the steel
slag had a good linear relationship with the rela-
tive density of the steel slag. With the increase of
the relative density and confining pressure, the
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maximum dynamic shear modulus of the steel slag
increased.

(4) /e regression analysis of the normalized dynamic
shear modulus ratio and damping ratio was per-
formed very well according to the Hardin–Drnevich
model. /e reference shear strain could be im-
proved by increasing the relative density and

confining pressure. /e linear fitting effect was
perfect between the reference shear strain and
confining pressures.

(5) /e dynamic shear modulus of the steel slag was far
greater than Nanjing fine sand no matter what the
confining pressure was and was similar to those of
Fujian standard sand. Especially when the confining
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Figure 10: Fitted curves of G/Gmax-c and λ-c under different mixing ratios: (a) Dr � 0.3; (b) Dr � 0.5; (c) Dr � 0.7.

Table 4: Fitting results of test parameters.

Sample number Relative density Confining pressure (kPa) Gmax (MPa) λmax (%) cr R2

GZ1 30%
100 108 0.247 1.39×10−4 0.98
200 176 0.249 1.67×10−4 0.98
300 235 0.251 1.84×10−4 0.93

GZ2 50%
100 125 0.229 1.47×10−4 0.98
200 187 0.186 1.72×10−4 0.97
300 246 0.223 1.94×10−4 0.90

GZ3 70%
100 162 0.214 1.53×10−4 0.97
200 219 0.204 1.89×10−4 0.96
300 280 0.200 1.96×10−4 0.95
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pressure reached 300 kPa, the maximum dynamic
shear modulus of the steel slag was in the numerical
range of those of Fujian standard sand. �e com-
parison showed the steel slag had similar dynamic
shear resistance to Fujian standard sand and had

potential to become a substitute for sand in the
practical geotechnical engineering in the future.
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