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Abstract: Clay soil has poor engineering properties such as poor permeability and low shear strength.
Waste steel slag is an industrial by-product formed in the furnace during the steelmaking process
which has high quality, durability, anti-slip properties, gelling, high permeability and good particle
interlocking properties. Therefore, in order to improve the engineering properties of clay and increase
the utilization rate of waste steel slag, the steel slag was mixed into the clay. Steel slag clay mix was
used for the straight shear test, cyclic shear test and post-cyclic straight shear test. To investigate
the strength characteristics, damping ratio, shear stiffness variation and mixed soil displacement at
the reinforcement-soil interface under different steel slag dosing, vertical stress, moisture content
and shear amplitude conditions. The test results show that steel slag can significantly improve
the shear strength of the clay tendon-soil interface, and the improvement effect is better than the
conventional material sand improved clay. The steel slag mix has a large damping ratio and shear
stiffness, suggesting that it has good damping and energy dissipation properties. In this case, the
shear strength, damping ratio and shear stiffness of the soil mix at 40% steel slag admixture are
better. The shear strength of the steel slag mix is increased after cyclic loading compared to straight
shear before cyclic loading. In addition, the water content has a greater effect on the shear strength
parameters, shear stiffness and damping ratio of the steel slag clay mix compared to the vertical stress
and shear amplitude. The test results can provide a theoretical basis for the replacement of sand by
steel slag in improving clay soils.

Keywords: cyclic shearing; damping ratio; moisture content; shear stiffness; waste steel slag

1. Introduction

China is located between the Pacific Rim and the Himalayan-Mediterranean seismic
zones, and the frequency of strong earthquakes is increasing every year, damaging road
foundations, retaining walls and other structures as a result [1-3]. Henri Vidal proposed
the use of composite materials for the reinforcement of soil structures at the end of the
1950s. After decades of development, reinforced structures have been widely used in road
foundations, retaining walls and in the prevention and control of various engineering
geological hazards. Studies have shown that lateral forces such as earthquakes have a
significant effect on the stability of structures such as slopes and retaining walls, and that
dynamic shear modulus and damping ratio are important parameters in determining the
dynamic response of soils [4]. The dynamic shear modulus reflects the bearing capacity
of the soil and the damping ratio reflects the amplitude decay of the dynamic load in the
soil [5]. Conventional geogrid reinforcing fill is usually sandy soil. However, sand and
gravel are non-renewable resources, and the annual consumption of sand and gravel used
in the construction industry alone is as much as 50 billion tons. The massive consumption
has caused a growing shortage of sand and gravel materials. And with the tightening of
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national environmental policies, there is a need to find new backfill materials. Li et al. [6,7]
studied the feasibility of construction waste and tire chip particles as backfill material.
Discarded steel slag is a by-product of steel making and is usually highly hard, resistant to
water, and durable, making it a promising backfill material for application [8-11].

The highest utilization rate of steel slag in the United States, reaching 98%, of which a
total utilization rate of more than 65%, is used in road construction, the current eight major
railways in the United States use steel slag as railway road slag; in Germany steel slag
is mainly used in construction materials and road projects, such as building foundation
materials, load-bearing layer, antifreeze layer or asphalt mixture base or asphalt surface
layer. China’s research and use of steel slag started late after recent years of research
and practice, the current use is mainly for road engineering, cement production, concrete
aggregate, foundation backfill, soft ground reinforcement, etc. With regard to the practical
engineering aspects of the application of waste steel slag, its mechanical properties have
already been studied. Li et al. [5] studied the dynamic shear modulus and damping ratio
of steel slag-sand mixes and compared them with cement-sand mixes under the same
conditions. Tests have found that it is feasible to use 40% steel slag instead of 15% or less of
cement mixed with sand as a foundation treatment material. Wang et al. [12] mixed steel
slag into marine phase powder soil. The steel slag was used to reduce the water content of
the soil and improve the bearing capacity of the foundation by taking advantage of its hard
texture and strong water absorption capacity. Maghool et al. [13] investigated two major
steelmaking by-products, electric arc furnace slag (EAF) and ladle furnace slag (LFS). It was
found to have well gradation and strength to road engineering standards. Wang et al. [14]
carried out percolation tests on steel slag with different grain sizes and clays with different
steel slag contents. Liu et al. [15] prepared a new type of earth material from steel slag. It
was found that the introduction of steel slag greatly improved the compressive strength and
durability of the geotechnical material. Wang et al. [16] compared the mechanical properties
of sand and steel slag by means of consolidation tests and direct shear tests. It was found
that the mechanical properties of steel slag were similar to those of medium sand.

The study of the mechanical properties of the reinforced soil interface under cyclic
loading has great significance for the practical engineering application of reinforced soils,
and the interface strength index has also been an important indicator for the design of
reinforced structures. At present, the shear properties of steel slag mixes under static
conditions have been relatively well studied. However, less research has been carried out
on the dynamic shear of steel slag mixes. Chen et al. [17] investigated the effect of the
number of cyclic shears, vertical stresses, shear amplitude and other factors on the shear
strength of the interlayer interface of staggered stacking soilbags. Li et al. [18] investigated
the variation of shear strength parameters during cyclic shear under different vertical stress,
shear amplitude and compaction conditions for domestic waste incineration subsoil-clay-
polypropylene fiber mixes. Liu and Ying et al. [19,20] investigated the changes in strength
properties, volume change, shear stiffness and damping ratio at the gravel-grid interface
during cyclic shear. Wang et al. [21] investigated the changes in shear strength parameters
at the soil-geogrid interface during cyclic and post-cyclic shear.

In this paper, a series of large-scale straight-shear and cyclic straight-shear tests were
carried out. To investigate the effect of different steel slag incorporation on the cohesion,
internal friction angle and vertical displacement of mixed soil under different vertical stress,
moisture content and shear amplitude conditions. Analysis of the shear dynamics of the
mixed steel slag reinforcement-soil interface. The results of direct shear tests on mixed soils
before and after cycling were compared at the same time. We studied the effect of cyclic
loading on the shear strength parameters of mixed soils. The analysis of the advantages
and feasibility of steel slag as a backfill to improve clay soils.
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2. Materials and Method
2.1. Materials
2.1.1. Silty Clay

The tested soil was taken from an area in Wuhan, Hubei Province, China. The raw
soil was removed from impurities first, and then air dried, crushed and passed through
a 2 mm sieve, after that a series of geotechnical tests were carried out in accordance with
the Standard for Geotechnical Test Methods in China (GB/T50123-2019) [22]. The physical
parameters of the tested soil are shown in Table 1, and this soil is classified as a typical silty
clay.

Table 1. Basic physical parameter of silty clay.

Characteristics Value

Liquid limit (%) 32.49
Plasticity index 10.6
Specific gravity 2.72
Maximum dry density (g/ cm?) 1.69
Optimum water content (%) 18.2
Cohesion (kPa) 28.44
Internal friction angle (°) 25.08

2.1.2. Steel Slag

The steel slag is a product of a mineral processing plant in Ling Shou County. The
waste steel slag selected for the test had been aged and stockpiled for more than six months
and was chemically stable, as shown in Figure 1a. The XRD test analysis shows that the
main components of the steel slag are calcium oxide (34.0%), silica (26.5%), magnesium
oxide (12.9%), etc. The specific composition analysis is shown in Table 2. The steel slag
was sieved according to the Standard for Geotechnical Test Methods in China (GB/T50123-
2019) [22] and the gradation curve is shown in Figure 1b. The curvature coefficient Cc is 2.3
and the inhomogeneity coefficient Cy; is 11.3. Through basic physical tests, a maximum dry
density of 2.40 g/cm3 and a natural water content of 7.4% were obtained for the steel slag.

Steel slag
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Figure 1. (a) Steel slag, (b) particle grading curve.
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Table 2. Chemical composition of steel slag.

Components Value
MgO 12.9
Al O3 8.7
Si0, 26.5
CaO 34.0
Fez 03 12.9
TiO, 0.6
MnO 12
Others 3.1

In this study, waste steel slag of small particle size (<5 mm) was used as the new
backfill material instead of traditional sand and gravel material mixed with clay. Maghool
et al. [13] carried out straight shear tests on steel slag. They found internal friction angle
values in the range of 56° to 74° and cohesion-like values in the range of 99 to 121 kPa, but
would exhibit significant strain softening. Because of the high self-weight of the steel slag,
too high a dosing can lead to large self-weight stresses in the structure [12,13].

2.2. Method
2.2.1. Preparation of Sample

The test equipment is an XHZJ-30 large circular shear tester [19], as shown in Figure 2.
The equipment consists of a shear box, upper and lower shear boxes, a support structure,
five hydraulic mechanisms and their respective hydraulic power units, an electric control
box and a number of internal and external sensors. The sample was 300 mm long, 300 mm
wide and 300 mm high. Based on the results of the moisture-density test tests, the masses
of the different proportions of mixed fill are calculated at 95% compaction. The prepared
samples were covered with preservative film and left to stand for 24 h to allow for uniform
moisture distribution (Figure 3). The prepared samples were filled into the assembled shear
box in 6 layers (5 cm each), the height of each layer was controlled in order to control the
compaction.

3 Amagey

Figure 2. XHZJ-30 large circular shear tester.
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Figure 3. Smothering process for Sample.

2.2.2. Shear Strength Test

The straight shear test was required according to the Chinese Standard for Geotech-
nical Engineering Test Methods (GB/T50123-2019) [22]. The assembly process is shown
in Figure 4. The samples were tested at three different normal stresses including 200 kPa,
300 kPa, and 400 kPa and with a shear rate of 1.0 mm/min. All data are collected automat-
ically by the acquisition system. Shear strength parameters and shear strength of mixed
soils with different steel slag contents were obtained through tests. The specific test scheme
is shown in Table 3.

Figure 4. Sample assembly process.

Table 3. Direct shear test scheme.

Test Types Test Sample Vertical Water Degree of
Number Stress o/kPa Content/% Compaction
T-1 30%SS + 70%C 200, 300, 400 9/12/15
Direct T-2 40%SS + 60%C 200, 300, 400 9/12/15 o
shear test T3 50%SS +50%C 200,300,400  9/12/15 95%
T-4 C 200, 300, 400 18

Note: steel slag (SS); clay (C); the shear rate is 1 mm/min.

2.2.3. Cyclic Shear Test

The samples were tested at three different normal stresses including 200 kPa, 300 kPa
and 400 kPa at a shear rate of 1.0 mm/min. After shearing in one direction to the specified
shear amplitude, the shear direction was adjusted and sheared in the reverse direction
to the specified shear amplitude, and so on for 10 repetitions. The specific test scheme is
shown in Table 4.
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Table 4. Cyclic shear test scheme.

Test Types Test Sample Vertical Shear Water
Number Stress o/kPa ~ Amplitude Content/%
T-5 30%SS + 70%C 200 5 9/12/15
Cyclic T-6 40%SS + 60%C 200/300/400 3/4/5 9/12/15
shear test T-7 50%SS + 50%C 300 5 9/12/15
T-8 C 300 5 18.3

Note: The number of cycles was 10 in all cases.

The study focuses on the characteristics of the reinforcement-soil interface under
cyclic shear in mixed soils with different steel slag contents. This includes the effects of
normal stress, number of cycles and shear amplitude on the shear stiffness and damping
ratio of the reinforcement-soil interface, and on the shear expansion and shear contraction
characteristics of the sample.

2.2.4. Shear Strength Test

The multifunctional direct shear apparatus is used for the direct shear test, which
consists mainly of a mainframe and a test set-up that allows the normal stress of the
apparatus to be adjusted by increasing the number of weights. The sample was prepared
in a cylinder with a height of 20 mm and a diameter of 61.8 mm. The samples were tested
at four different normal stresses including 100 kPa, 200 kPa, 300 kPa and 400 kPa and with
a shear rate of 0.8 mm/min. All data are collected automatically by the acquisition system.

3. Results and Discussion
3.1. Shear Strength Test

The variation of shear strength with increasing steel slag content for different vertical
stress conditions is shown in Figure 5. It can be seen from the graph that the shear strength
of mixed soil with different steel slag content increases as the vertical stress increases. This
was due to the fact that, as the vertical stress increased the denser the test, the contact
area between the particles increased, leading to an increase in shear interface friction
resistance, which in turn, increased the shear strength of the specimen. As the steel slag
content increases, the shear strength of the soil mix tends to increase and then decrease.
For instance, the shear strength of the soil under 300 kPa vertical stress is 159 kPa for clay,
201 kPa for 30% steel slag mix, 263 kPa for 40% steel slag mix and 174 kPa for 50% steel
slag mix.
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Figure 5. Shear strength of different steel slag content.
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The relationship between shear stress and shear displacement for specimens with
different moisture contents is shown in Figure 6. From Figure 6a, it was found that: the
shear resistance of the specimens at 9% moisture content is optimal when the steel slag
is mixed at 30%. From Figure 6b, it was found that: the shear resistance is optimal at
12% moisture content specimens when the steel slag is mixed at 40%. Peak shear strength
at 18% moisture content decreased by 67.6% compared to 12% moisture content. This
indicates that samples with higher moisture content are more plastic, and therefore, only
three moisture contents of 9%, 12% and 15% will be considered in subsequent tests. From
Figure 6c, it was found that: the shear resistance of the specimen was optimal at 12%
moisture content when the steel slag was mixed with 50%, and at 15% moisture content, the
shear stress increased and then decreased with shear displacement, showing an obvious
strain softening phenomenon.

400 r —=— 99%water content 60 —=— 9%water content
—e— 12%water content —e— 12%water content
- 0,
350 F —a— 15%water content 350 —A— ]5%water content
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Figure 6. Shear stress-shear displacement relationship curves at different moisture contents (a) 30%SS
+70%C; (b) 40%SS + 60%C; (c) 50%SS + 50%C.

Table 5 shows that the cohesion of the soil mix decreases with the increase in the
amount of steel slag, but increases compared to clay, and the angle of internal friction
increases slightly. This phenomenon was caused by the incorporation of steel slag, which
took up the space for the clay particles to bind, thus reducing the degree of adhesion and
cohesion of the soil. It was shown by Maghool et al. [13] that steel slag particles themselves
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have a high internal friction angle, so the incorporation of steel slag can effectively increase
the friction angle within the soil.

Table 5. Comparison of cohesion and internal friction angle of different materials.

Sample c/(kPa) @/(°)
30%SS + 70%C 92.62 26.86
40%SS + 60%C 87.74 32.10
50%SS + 50%C 43.31 30.17

C 34.64 23.83

As can be seen from Table 6, as the water content increases, both the cohesion and
the angle of internal friction of the soil decrease. When the moisture content increases by
6%, the cohesion of the soil is reduced by 56% with 30% steel slag, by 22% with 40% steel
slag and by 42% with 50% steel slag. Causes of reduced cohesion and angle of internal
friction. It may be that when the water content is high, the water in the soil acts mainly as a
lubricant. Because of the water film, large agglomerates are formed between the particles.
This resulted in a reduction in the correlation between soil particles.

Table 6. Comparison of cohesion and internal friction angle with different water content.

Sample Water Content/% c/(kPa) @/(°)

9% 117.81 27.97

30%SS + 70%C 12% 92.62 26.86
15% 51.33 24.89

9% 108.66 27.33

40%SS + 60%C 12% 87.74 32.10
15% 85.16 25.69

9% 67.12 30.17

50%SS + 50%C 12% 43.31 24.10
15% 39.47 19.62

The above comparative analysis found that: The incorporation of steel slag can effec-
tively increase the cohesion and internal friction angle of the clay. The mix with 40% steel
slag incorporation has a greater cohesion and angle of internal friction than the excellent
backfill (sand-clay mix) derived from previous studies. It shows that steel slag can be used
as an improved material instead of sand.

3.2. Cyclic Shear Test
3.2.1. Cycle Load Effect on Shear Strength

The curve of the peak shear stress of the soil mix with the number of cycles for different
levels of steel slag incorporation is shown in Figure 7. As shown in the Figure, the peak
shear stress of the soil mix increases significantly with the number of cycles after the steel
slag is incorporated into the clay. This was due to the gradual densification of the soil
particles by rearrangement during the circulation process. Compared to mixed soils, pure
clay has a lower peak shear stress and a significantly lower growth rate. The shear strengths
of the 30%, 40% and 50% steel slag mixes were 8.7%, 16% and 13.1% higher, respectively,
than the clay. It showed that the steel slag was effective in improving the shear strength of
the clay.

The curve of the shear stress of 40% steel slag mix, with the number of cycles under
different shear amplitude conditions, is shown in Figure 8. The graph shows that as the
shear amplitude increases, the peak shear stress increases. Compared to the first cycle, after
10 cycles, the incremental peak shear stress was 81.7% at A =3 mm, 84.9% at A =4 mm and
100.6% at A = 5 mm. This is because the higher the shear amplitude the more compact the
alignment of the soil particles at the reinforced soil interface, resulting in a higher shear
strength.
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Figure 7. Mixed soil reinforced soil interface cycle number-shear stress peak relationship curve.
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Figure 8. The relationship curve between the number of cycles and the peak shear stress of the
reinforced soil interface with different shear amplitudes.

The variation in shear stress with the number of cycles for a 40% steel slag inclusion
mix at different moisture contents is shown in Figure 9. It was found that the peak shear
stress of the steel slag mix gradually decreased with increasing water content and remained
essentially the same around the optimum water content. The peak shear stress decreases
significantly at high moisture content conditions. The shear stress remains essentially
constant with an increasing number of cycles. The shear strength of the soil mix decreases
by 1.4% to 8.5% when the water content is increased from 9% to 12% and by 47.6% to 58.6%
when the water content is increased from 12% to 15%. This is probably due to the fact that
under high water content conditions, part of the water is present in the soil as free water to
act as a lubricant, weakening the friction between the soil particles.
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Figure 9. Moisture content to peak shear stress curve.

3.2.2. Shear Stiffness and Damping Ratio

The shear stiffness and damping ratio of the soil were the two main parameters to be
considered in the dynamic design of soil structures. Desai, Nye and Liu Fei yu et al. [23-26]
modified the stiffness damping ratio approach and used it to describe the dynamic response
analysis of the sand-concrete interface, as shown schematically in Figure 10. Based on
the shear stress and shear strain at the vertices of the hysteresis loop model. Consider
the asymmetry of the hysteresis loop in both shear directions. The shear stiffness K is
determined according to Equation (1) and the damping ratio D is determined according to
Equation (2).

. Ki+K; I e a5

K 1
2 2A M
Shear stress A

T,
A K
K A Shear
2 displacement
T,

Figure 10. Schematic diagram of shear stiffness and damping ratio calculation.

K1, K3 is the shear stiffness in both shear directions, 11, T is the peak shear stress in
both shear directions, A is the shear displacement amplitude.

_Di+Dy 1 S S S 1 1
P=—"%"73 (47151 + 47'[52>  4nA (Tl + 1'2> @

D1, D; is the damping ratio in both shear directions, S, Sy is the area of the shaded
portion in Figure 2, and S is the area of the entire hysteresis loop.

The shear stiffness of the soil mixture of different materials with the number of cycles
when subjected to 300 kPa vertical stress is shown in Figure 11a. It can be seen that the
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shear stiffness of the mixed soil increases with the number of cycles due to the low contact
between the particles and the shear interface in the initial stage [25]. As the number of
cycles increases, the particles at the interface rearrange so that the contact becomes larger,
leading to an increase in the stiffness of the interface. For the first cycle, the 30%, 40%
and 50% steel slag dosing corresponded to shear stiffnesses of 46.4 MPa/m, 40.8 MPa/m
and 37.7 MPa/m, and the clay corresponded to a shear stiffness of 41.4 MPa/m. The
more slag is incorporated the lower the initial stage shear stiffness. This was due to the
larger steel slag particles and the increased admixture resulting in less contact between the
particles and the interface, so the initial stage shear stiffness was less. Figure 11b shows the
variation of the damping ratio with the number of cycles for different material mixes when
subjected to 300 kPa vertical stress. The damping ratio increases with the amount of steel
slag incorporated, and both weaken with the increase in the number of cycles and then
stabilize. The damping ratio of one of the mixes with a high steel slag content decreases
significantly after the first cycle. This was due to the high number of pores between the
particles in the initial state, but the decrease in pores and the increase in force transfer paths
led to a significant decrease in the damping ratio during shear due to the low strength of
the particles, which led to their fragmentation [27,28].
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Figure 11. Shear stiffness and damping ratio of soil mixtures of different materials (a) shear stiffness;
(b) damping ratio.

The shear stiffness of the mixed soil after 40% steel slag incorporation with the number
of cycles at different moisture contents under 300 kPa vertical stress is shown in Figure 12a.
It was found that the mixed soil shear stiffness decreases with increasing water content.
At 9% and 12% moisture content, the shear stiffness increases with the number of cycles,
while at 15% moisture content, the shear stiffness remains essentially constant with the
number of cycles. It may be that some free water exists within the soil pores and that excess
water cannot be drained in time during cyclic shearing. The dynamic pore water pressure
is formed, which reduces the soil’s ability to resist deformation, so the shear stiffness is
less [27]. Figure 12b shows the variation curve of the damping ratio with the number of
cycles of the mixed soil after 40% steel slag incorporation at different moisture contents
under 300 kPa vertical stress. It was found that the damping ratio of the mixed soil increases
with increasing water content and weakens with an increasing number of cycles before it
stabilizes. This was due to the increase in free inter-pore water between the particles as the
water content increased. These pore waters dissipate energy as the pore pressure changes
movement during cyclic shear, so the damping ratio increases with increasing water content.
As the number of cycles increases, the contact between particles becomes closer, the force
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transfer pathway increases and the energy consumption in vibration decreases, so the
damping ratio decreases with the number of cycles [28].
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Figure 12. Shear stiffness and damping ratios at different moisture contents of 40% steel slag mixes
(a) shear stiffness; (b) damping ratio.
The variation in shear stiffness with the number of cycles for different shear amplitudes
of 40% steel slag incorporated into the soil mix at 300 kPa vertical stress is shown in
Figure 13a. It was found that the mixed soil shear stiffness decreases with increasing shear
amplitude and increases with the number of cycles, but the growth rate gradually decreases.
Figure 13b shows the variation curve of the damping ratio of 40% steel slag blended soil
with the number of cycles at different shear amplitudes under 300 kPa vertical stress. As
can be seen: the damping ratio of mixed soil decreases with increasing shear amplitude,
decreases with increasing number of cycles, and the rate of decrease gradually decreases.
For the first cycle, shear amplitudes of 3 mm, 4 mm and 5 mm correspond to damping
ratios of 0.43, 0.38 and 0.37. The reductions after 10 cycles were 23.3%, 23.7% and 24.3%,
respectively. It was suggested that the incorporation of steel slag gives the mix a better
energy dissipation capacity at smaller strains and as a backfill material can absorb more
energy in small earthquakes [17,28].
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Figure 13. Shear stiffness and damping ratio of 40% steel slag mixed soil with different shear
amplitudes (a) shear stiffness; (b) damping ratio.



Buildings 2023, 13, 3133 13 of 18

3.2.3. Vertical Displacement under Cyclic Load

As the shear surface area remains constant during shear, the volume change can be
represented by the vertical displacement. Figure 14 shows the curves of vertical displace-
ment and horizontal displacement of mixed soils of different materials at 300 kPa. Positive
values of vertical displacement indicate volume contraction [19]. The volume contraction
phenomenon in the graph was mainly attributed to the compaction of the pores between
the particles. The different material mixes all show a more significant increase in vertical
displacement in the first cycle and a decreasing trend in the increase of vertical displace-
ment with an increasing number of cycles. The corresponding final vertical displacements
were 16.1 mm, 15.8 mm and 17.4 mm at 30%, 40% and 50% of the steel slag admixture.
The clay corresponds to a final vertical displacement of 23.0 mm. It was shown that the
incorporation of steel slag was effective in reducing the bulk change of the clay for the
same shear area.
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Figure 14. Horizontal displacement-vertical displacement variation curves for mixed soils of different
materials (a) SS:C = 3:7; (b) SS:C = 4:6; (c) SS:C = 5:5; (d) C.

The variation curves of vertical displacement and horizontal displacement of mixed
soils with different moisture contents for a steel slag content of 40% are shown in Figure 15.
It was found that the vertical displacement increases with increasing water content, and
the change in vertical displacement was more significant in the first cycle. The final vertical
displacements corresponding to 9%, 12% and 15% moisture content were 12.8 mm, 15.8 mm
and 18.2 mm, corresponding to vertical displacement increments of 3.1 mm, 4.6 mm and
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7.6 mm for the first cycle. This was due to the fact that, with higher water content soils, the
surface of the soil grains had a thickened film of bound water. The viscosity of the water
was reduced, dissolving between the cementing substances in the soil and reducing the
cohesion. This resulted in a reduced interaction between the particles [28].
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Figure 15. Horizontal displacement-vertical displacement variation curves for different moisture
contents of 40% steel slag mix (a) 9%; (b) 12%; (c) 15%. (a) Cohesion and (b) Internal friction angle.

3.3. Post-Cycle Shear Test
Disintegration Rate

Controlled shear amplitude of 5 mm and steel slag dosing of 40% were used for
post-cycle straight shear tests. Figure 16 shows the shear stress-displacement relationship
curves for different vertical stress conditions. From Figure 16a it was found that at 200 kPa,
300 kPa and 400 kPa vertical stress conditions, compared to the pre-circulation mixed soil
interface shear strength, the post-circulation mixed soil interface shear strength increased
significantly, by 12.8%, 37.4% and 56.1%, respectively. This was because after experiencing
cyclic shear, the soil compactness at the interface was further increased, so the reinforcing
material restrained the steel slag mix more fully, and the increase of the interface compact-
ness made the frictional occlusion at the interface intensified, resulting in a larger shear
strength of the soil after experiencing cyclic shear. The shear displacement corresponding to
the smooth point of shear strength at the interface is shifted back. As shown in Figure 16b,
the interfacial shear strength of the mixed soil increased significantly after circulation at
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Shear stress/kPa
W
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9% and 12% water content, with increases of 79.0% and 56.1%, respectively. The interfacial
shear strength of the soil mix at 15% moisture content was slightly reduced by 11.7%. This
was caused by the fact that when the water content is high, the higher amount of water
on the one hand acts as a lubricant within the soil and reduces the cohesion and friction
between particles; on the other hand, there might be some free water within the pores of the
soil. During cyclic loading, a certain dynamic pore water pressure was developed, which
reduced the effective stress. As a result, the shear strength of the mixed soil interface is
reduced at higher water contents.
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—— Straight shear tes

—o— Straight shear test

w=9%
w=12%

400kPa

w
(=3
(=]

N
(=3
(=]

5%
(=3
(=]

w=15%

Shear stress/kPa

[\
(=3
(=)

15 20 25 30 0 5 10 15 20 25 30

Shear displacement/mm Shear displacement/mm

(a) (b)

Figure 16. Shear stress-shear displacement relationship before and after cyclic shear. (a) under
different vertical stress conditions, (b) under different moisture content conditions.

The shear strength envelope curves of the mixed soil interface for the straight shear
test and the post-cycle straight shear test are shown in Figure 17. By linear fitting, the soil
shear strength parameters for the pre- and post-cycle direct shear tests were obtained as
shown in Table 7. After the cyclic shear, it can be seen that the cohesion at the soil interface
increases slightly and the angle of internal friction also increases.
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Figure 17. Interface shear strength envelope curves.
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Table 7. ¢, ¢ values of straight shear test, straight shear test after circulation.

Test Type c/kPa ®/°
Straight shear test 87.7 321
Post-cycle shear test 95.4 50.3

4. Conclusions

This study presents straight shear tests, cyclic shear tests and post-cyclic shear tests
on steel slag mixes. We investigated the shear strength characteristics and cyclic shear
properties of mixed soils under different vertical stress, shear amplitude and moisture
content conditions. The main conclusions obtained are as follows:

(1) Steel slag incorporation improves the shear strength of the soil interface and increases
the cohesion and angle of internal friction of the soil mix. Vertical displacement
decreased. The cohesion of the soil mix decreases with increasing steel slag content
and the angle of internal friction increases. The shear strength of the soil interface
decreases as the water content increases and the mechanical parameters of shear
strength all decrease.

(2) In cyclic shear tests, under different vertical stress, shear amplitude and moisture
content conditions, it was found that:

(@)  The mixed soils all showed cyclic shear hardening and shear shrinkage. The
shear reduction decreases as the number of cycles increases. At high water
content conditions, the peak shear stress at the interface of the mixed soil
remains essentially constant with an increasing number of cycles.

(b) As the shear amplitude increases, the shear stiffness to damping ratio of the
soil interface decreases. As the number of cycles increases, the shear stiffness
of the soil interface increases and the damping ratio decreases.

(o) A decrease in soil interface shear stiffness and an increase in damping ratio
with increasing water content and an increase in the number of cycles increased
shear stiffness and reduced damping ratio at the soil interface. Shear stiffness
remained stable with an increasing number of cycles at 15% moisture content.

(8) Compared to the results of the direct shear test, there was a significant increase in
shear strength, a slight increase in cohesion and a significant increase in the angle of
internal friction in the post-cycle direct shear test soil mix.

(4) The shear resistance of the 40% steel slag mix was superior. Under cyclic shear loading,
better damping and energy dissipation can be demonstrated. For reference when
selecting ratios for practical engineering applications.

A 40% steel slag content was found to be the best choice for dealing with the problem
of low shear strength in clayey soils. The investigation showed that clay can be mixed with
steel slag for light traffic roads and some retaining structures. In this study, indoor mechan-
ical tests were conducted only on steel slag mixed clay, a new type of filler. Subsequent
indoor scale-down model tests or in-situ tests will be conducted to further validate this
new backfill application.
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