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Evaluating aseismicity of an embankment constructed
with the mixture of steel slag and fine grained soil
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ABSTRACT: In this paper, the physical and mechanical properties of a fine grained soil
mixed with two types of steel slag were thoroughly examined in the laboratory. The behavior
of a full-scale test embankment of the steel-slag-mixed soil when subjected to traffic loading
was also observed over the period of nearly two years. Moreover, numerical analysis was car-
ried out in order to evaluate aseismicity of the embankment based on the results of in-situ and
laboratory tests. It was manifested that the performance of the steel-slag-mixed embankment
was satisfactory by showing no harmful deformation. The result of numerical analysis clearly
showed that the factor of safety of the steel-slag-mixed embankment was much higher than
that of a comparative embankment without the steel-slag. In addition, the amplification of
horizontal response acceleration decreased noticeably for the steel-slag-mixed embankment,
suggesting strongly that the steel slag may improve greatly aseisimicity of fine graded soil in
used for fill material.

1 INTRODUCTION

A large number of embankments for road, railway, dam, housing and etc. were severely dam-
aged in the preceding events of the 1995 Hyogo-ken Nanbu Earthquake (Okimura et al.,
1999), the 2007 Noto Peninsula Earthquake (Mohri et al,, 2008) and the 2011 Great East-
Japan Earthquake (refer to for example, Mori et al., 2012). It has been pointed out that the
damaged embankments were neither well compacted nor well drained (Tanaka et al., 2014).
In general, the construction of fills using on-site local soil is cost-effective. In Japan, however,
such local soils often contain a considerable amount of fine-grained soil particles, which in
turn brings about poor compaction efficiency and low permeability. Accordingly, the demand
to use fine-grained local soil mixed with steel slag as fill material in geotechnical engineering
practice has recently been increasing for improving resistance against earthquake attacks in
Japan. In this paper, the physical and mechanical properties of a fine grained soil with two
types of steel slag, i.e., a by-product of steel industries, were thoroughly examined in the
laboratory. A comparative set of full-scale test embankments with and without the steel-slag
were constructed, and they were subjected to traffic loading over the period of nearly two
years. Moreover, pseudo-static limit equilibrium analysis as well as FEM seismic analysis
were carried out in order to examine aseismicity of the embankments.

2 FULL-SCALE EMBANKMENT

2.1 Properties of fill materials

A fine grained soil and two types of steel slag (n.b.; called hereafter “soil”, “slag A” and “slag
B”, respectively) were employed in this study. The soil was mixed with slag A or slag B, of
which the mixture ratio was approximately 3:1 in terms of the volume (n.e.; called hereafter
“slag A mixture” and “slag B mixture”, respectively). Table 1 shows the physical properties of
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the materials. Three sections of the embankment with 2m high were constructed by using three
types of materials by compacting them (i.e., soil, slag A mixture and slag B mixture). Figure 1
shows the grain size distribution curves of all the materials. As seen in Table 1 and Figure 1,
both of the fines content as well as the optimum moisture content decreased, whereas the max-
imum dry density of the soil increased by mixing the soil with slag A and slag B.

2.2 Construction of full-scale embankment

As seen in Figure 2, the full-scale test embankment was constructed comprising three sections
of the soil, slag A mixture and slag B mixture, respectively. Each section with 3.5m in length,
2m in height and 4m in crown width was divided by wood planks. The test embankments were
constructed by compacting every layer of 0.25m in thickness, which brought about the pre-
scribed degree of compaction, Dc, of about 90% after the Guideline for Road Earthworks in
Japan. The compaction was performed using the fill material having each optimum water con-
tent. Note also that the slope gradient was 1:18, i.e., approximately 30 degrees from the hori-
zontal. Figure 3 shows the results of on-site measurement of the Dc. The Dc of the slag
mixtures were higher than that of the soil without slag, noting that the prescribed Dc of 90%
was not achieved for the fine grained soil due to overcompaction.

Table 1. Physical properties of the materials (Kataoka, 2018)

soil slag A mixture slag B mixture

Soil particle density, ρs (g/cm
3) 2.65 3.45 3.03

Maximum dry density, ρdmax (g/cm
3) 1.73 1.88 1.78

Optimum moisture content, wopt (%) 16.8 14.8 16.5

gravel fraction (%) 24.8 71.9 71.8

Grain size distribution sand fraction (%) 43.8 26.8 33.6

fine fraction (%) 31.4 1.3 5.4

Figure 1. Grain size distribution curves (Matsuo, 2017)

Figure 2. Photos of a full scale test embankment; (a) side view and (b) aerial view
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3 EXAMINATION OF FULL-SCALE EMEBANKMENTS

3.1 In-situ tests

After the full-scale embankment was completed, the deformation of the embankment sub-
jected to traffic load, together with the influence of alkaline was investigated on the site
(Kataoka, 2017, 2018). In addition, the standard penetration test (SPT) was performed on
each section at immediately after the construction, 1 month, 6 months, 1 year and 2 years
after the construction. Figure 4 shows the results of the SPT. Note that the SPT N-value of
the soil section ranged from 10 to 15 by showed no change over the period of 2 years. Con-
versely, the N-value of the steel-slag-mixtures exhibited substantial increase to reach above 50
one-year after the construction. This increase in N-value may be attributed to the effects of
hydraulicity of the steel slag.

3.2 Laboratory tests

Triaxial compression test was performed under the consolidated-undrained conditions by using
undisturbed samples obtained at 2 years after the construction (Kataoka, 2018). Table 2 shows
total stress strength parameters from the results of triaxial tests. It can be seen that the cohesion
of the steel-slag mixture increased to approximately 200kN/m2 due also to the hydraulicity effect.

4 NUMERICAL ANALYSIS

It was verified in in-situ and the laboratory tests that the strength as well as the stiffness of the
soil increased substantially by mixing the steel slag. By considering these results, numerical
analysis was carried out in order to examine aseismicity of the embankment. In the numerical
analysis, the behavior of full-scale test embankment with 2m in height, together with the arbi-
trary embankment with 10m in height, having the same properties, was examined.

Figure 3. Results of on-site density test (Kataoka, 2017)

Figure 4. Results of SPT test (Kataoka, 2018)
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The parameters used in the numerical analysis are summarized in Table 3. The strength by
the triaxial compression test on undisturbed samples retrieved at 2 years after the construction
of embankment was employed. Note that the slag A mixture and the slag B mixture were con-
sidered as cohesive materials under low confining pressures. Meanwhile, the shear stiffness of
each materials was estimated from the shear wave velocity, which was obtained by the surface
wave investigation.

4.1 Slope stability analysis

A pseudo-static limit equilibrium analysis when subjected to earthquake loading was carried
out in order to compare the factor of safety, Fs, of fills with and without the steel-slag mix-
ture. It was performed along the circular slip by following the modified Fellenius slice
method. In this analysis, seismic coefficient (kh) varied 0.16, 0.30, 0.60 and 0.81 which corres-
pond to the maximum horizontal acceleration 8.12m/s2 at the Hyogo-ken Nanbu Earthquake
(1995).
Figure 5 shows the results the analysis. Note that Fs of the steel-slag mixed embankment

was much higher than that without the steel-slag for both the embankments with 2m and
10m in height. Moreover, it was confirmed that the Fs of the 10m high embankment with
steel slags was more than unity even when subjected to strong earthquake attack like
Hyogo-ken Nanbu Earthquake, whereas the Fs of the other embankment with soil was 0.83
(Figure 5b).

Table 2. Strength parameters from triaxial tests

cohesion (kN/m2) friction angle(˚)

Soil 78 15.2

Slag A mixture 207 18.9

Slag B mixture 215 25.0

Table 3. Material properties

unit weight cohesion friction angle shear wave velocity shear stiffness*
γt, (kN/m3) c, (kN/m2) φ, (˚) Vs, (m/s) G, (MN/m2)

Soil 20.78 78 15.2 120 30

slag A mixture 21.25 207 0 240 120

slag B mixture 20.68 215 0 180 60

* G = ρ·VS
2.

Figure 5. Factor of safety; (a) embankment with 2m in height and (b) embankment with 10m in height
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4.2 FEM seismic response analysis

FEM seismic response analysis by using the strong motion data recorded in Kobe at the
Hyogo-ken Nanbu Earthquake (Figure 6) was carried out to examine the response character-
istics of these embankments. After setting the viscous boundary conditions at the base as well
as the side boundary of the model, the horizontal acceleration was applied at the base. Note
that the embankment was modelled using the Hardin-Drnevich soil model comprising a non-
linear shear stress-shear strain relationship.
Figure 7 shows the contours of horizontal response acceleration at the instant when the max-

imum acceleration occurred. As seen in Figure 7, when the earthquake motion was applied, the
response acceleration increased gradually towards the top of embankments. The maximum hori-
zontal response acceleration, together with the amplification ratio (i.e., response acceleration/
input acceleration) is shown in Table 4. It should be noted that the amplification of horizontal
response acceleration decreased dramatically for the embankment with the steel slag mixtures.
Moreover, this effect is more significant for the higher embankment. There observed 2.60 of the
amplification ratio for the embankment with the soil, while the embankment with the slag A
mixture and the slag B mixture showed much lower values of 1.43 and 1.74, respectively.

5 CONCLUDING REMARKS

In this paper, the physical and mechanical properties of a fine grained soil mixed with two
types of steel slag were thoroughly examined. As a result, it was confirmed that the strength

Figure 6. Horizontal acceleration data at Kobe during the Hyogo-ken Nanbu Earthquake (1995)

Figure 7. Contours of horizontal response acceleration; (a) embankment with 2m in height and (b)

embankment with 10m in height
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and the stiffness of fill materials increased substantially by mixing the soil with steel slag.
Based on these results, pseudo-static limit equilibrium analysis as well as FEM seismic analysis
were carried out in order to examine aseismicity of the embankment with the mixture of steel
slag and fine grained soil. As a result, it was well demonstrated that the factor of safety of the
steel-slag mixed embankment was much higher than that without the steel-slag under seismic
load. Moreover, it was verified in the FEM response analysis that the amplification of hori-
zontal response acceleration decreased for the embankment with the mixture of steel slag and
fine grained soil. This trend was more significant for the higher embankment. In summary, it
may be described that the aseismicity of embankment was greatly enhanced by using mixing
steel slag into the fine grained soil.
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Table 4. Horizontal response acceleration and amplification ratio

Hieght of
embankment(m) Fill material

Maximum input
acceleration(m/s2)

Maximum response
acceleration(m/s2)

Amplification
ratio

soil 8.89 1.09

2m slag A mixture 8.12 8.40 1.03

slag B mixture 8.48 1.04

soil 21.11 2.60

10m slag A mixture 8.12 11.61 1.43

slag B mixture 14.14 1.74
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