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Abstract: In this paper, roots and copper slag were used to overcome the weak-
ness and reinforce the mechanical property of soft soil. The experiments were
designed by the Response Surface Method (RSM), the content optimizing of
the root permeated copper slag mixed soil for achieving appropriate values of
shear strength and the final results evaluating were also conducted by RSM. Four
independent variables including moisture content (12–21% by dry weight of the
mixture), slag content (10–20% by dry weight of the mixture), roots content
(0–1.1% by dry weight of the mixture), and aspect ratio of roots L/d (5–40) were
studied and a generalized response model was built to predict the experimental
results. The optimum contents of the four independent variables were suggested
as 15.41% (moisture), 16.30% (copper slag), and 0.82% (roots) with an aspect
ratio of 28.14, respectively. It can be concluded from the verification experiments
that the predicted values of the soil mechanical property are almost equal to the
experimental values, which validate the response model. Moreover, a typical
subgrade model was built for proving the practical advantages of using the
above-mentioned mixture as subgrade fill.
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1 Introduction

Copper slag is a common kind of industrial waste that was collected during the ore smelting and the
copper refining process. The annual amount of copper slag produced by the metallurgy enterprises in
China is more than 20 million tons [1,2], disposing of the large amount of copper slag in a sustainable
method is a challenge in recent years [3,4]. A potential disposal of copper slag in subgrade filling is
mixing it with soil materials. However, the strengthening effect of mixing the soil materials with copper
slag is only prominent at the beginning, and the mixture is prone to become softer with time, possibly
lead to slope failures eventually [5,6]. On the other hand, mixing soft soils with slag is potentially a cost-
effective way to reinforce the soft soils [7–13].

Previous studies on the recycling of copper slag have shown that copper slag is harmless after reasonable
disposition in factories [14]. They have also demonstrated that in civil engineering projects copper slag can
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be used in various ways [15–17], such as the raw material substituting sand in cement mortar and concrete
[18,19] and aggregates in asphalt [20]. Such as Prasad et al. [21] studied the interaction between geogrids and
copper slag through the pull-out experiments, the results showed that copper slag can make an effective fill
for reinforcing soil structures. In sum, these previous studies mainly concentrated on the methods of
application, replacement ratio of copper slag in a mixed material, and the percentage of strength increase.

On the other hand, soil reinforcement using grass roots is considered as an advisable method which
relies on the interaction of the plant roots with the mechanical properties of the soil. This method is
effective in the medium–long term, which means that the reinforcing effect of grass roots will not be
weakened because of the natural regeneration of grass roots [22,23]. In the studies on roots-based soil
reinforcement as an effective bio-geotechnical method, the application of grass roots to enhance the
strength of soil has become popular in recent years [24,25]. The tensile strength of grass roots can
significantly improve the strength of soil [26–29].

Furthermore, mixing the soil with fiber can reduce the shrinkage strain up to 90% and increase the
strength of soil up to 70% [30] but the fiber increase the hydraulic conductivity up to 50 times the
hydraulic conductivity of the soil without fiber [31–33]. Therefore, the root is more effective in slag
treated soil tan fibers. Nano material is also one of the treatment materials used to reinforce the soil.
However, treatment by Nano material bring the soil to a more granular nature and decrease the water
absorption potential [34,35].

It can be concluded from the above-mentioned literature that the published works on soil reinforcement
by mixing with copper slag and grass roots are very limited. The reinforcement mechanism of the root
permeated copper slag mixed soil is an interesting investigation.

Since both reinforcement mechanisms of slag-mixed soil and root-permeated soil can function in the soil
reinforcement, this paper attempts to combine slag and plant roots for soil improvement. The influences are
examined of the slag content, the roots content, and aspect ratio of roots, and the moisture content on the
shear strength of root- permeated soil, to find the optimum values of the four independent variables. The
application of the mixture in geotechnical engineering is also worth to be studied. The study results are
expected not only to enhance the stability of geotechnical construction, but also help to recycle the
industry-generated copper slag.

To investigate the optimum contents and contribution ratio of each additive (i.e., copper slag and grass
roots), the shear strength tests and triaxial compression tests are conducted and the results are analyzed with
the response surface method. This method can efficiently determine the optimum values of variables for the
desirable response and assess the effect of one variable while the others varying at the same time, with no
need to be kept constant.

This paper aims to investigate the optimal ratio of each additive for achieving the maximum mechanical
properties based on the Response Surface Methodology (RSM) [36–39], and to demonstrate the advantage of
using the root-permeated, slag-mixed soil in enhancing a subgrade through the result of a numerical simulation.

2 Materials and Methods

2.1 Materials
In this study, the raw materials are including soft soil, copper slag, and grass roots. The copper slag is

collected from the Daye Metal Company in Huangshi city of China, the largest particle size of copper slag is
smaller than 5 mm. Tab. 1 shows the chemical composition of the copper slag, the majority components of
the copper slag are SiO2, Al2O3, and CaO, whose percentages of weight are 33.18%, 28.46%, and 22.50%,
respectively. The leaching tests indicate that the copper slag has limited hazards to the environment [40,41].
The soft soil is collected from the bank of the Yangtze River in Huangshi city of China. Tab. 2 shows the
mechanical indexes of the soil. The roots are collected from the Bermuda grass (scientific name is
Cynodondactylon), which are widely adopted for the slope protection of expressway. There are high
variances in root length (L) and root diameter (d), which approximately vary from 1 to 5 cm and 0.5 to
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2.5 mm, respectively. Therefore, to assess the influence of root length and root diameter on soil strength, the
aspect ratio of roots (L/d) is studied as an independent variable in the experiment design. These results of the
copper slag, roots are shown in Fig. 1.

2.2 Experiment Design and Response Surface Methodology (RSM)
The Box–Behnken Design (BBD), which is a widely used form of RSM, is one of the best approaches to

design the tests and reduce the number of experiments. Therefore, the experiments are designed by the BBD,
the content optimizing of the root permeated copper slag mixed soil for achieving appropriate values of shear
strength and the final results evaluating are all conducted by the RSM.

By running the experiments of Box–Behnken Design (BBD), four independent variables are considered
and designed, including the moisture content by the dry weight of the mixture, the content of slag by the dry
weight of the mixture, the content of roots by the dry weight of the mixture, and the aspect ratio of roots (L/d).

There are two test stages, one is the preliminary experiments which are conducted to obtain the value range
of each variable, and assess the effect of a single variable on the shear strength of root-permeated, slag- mixed
soil. The level of moisture content varies from 12 to 21%, the content of slag varies from 10 to 20%, the content
of roots changes from 0 to 1.1%, and the aspect ratio of roots (L/d) changes from 5 to 40. The other is the main
experiments, in this stage, the Design-Expert software is adopted to design a four-factor and three-level
response surface, and 29 experiment runs are designed in this stage. In the response surface analysis, the
experimental data are fitted to a second-order polynomial model as follows [42]:

Table 1: Composition of copper slag

Ingredient MgO Al2O3 CaO MnO P2O5 Cr2O3 SiO2 TiO2

Weight percentage (%) 6.35 28.46 22.50 5.21 0.03 2.35 33.18 1.92

Table 2: Mechanical indexes of soils

Moisture
content

Initial void
ratio

Plasticity
index

Optimum dry
density

Optimum
moisture content

Specific
gravity

27.6% 0.59 15.3 1.49 g/cm³ 19.57% 2.65

50

10

unit: mm

longest

(a) (b)

shortest

Figure 1: (a) Photograph of Copper slag after grinding and sieving and (b) The roots of Bermuda grass
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where F is the predicted response; b0, bi, bii, and bij are the regression coefficients for the intercept, linear,
quadratic, and interaction terms, respectively; Ni and Nj are the independent, variable parameters. Besides,
the statistical significance and the accuracy of the polynomial model are evaluated by the analysis of variance.

2.3 Test-Sample Preparation
There are 4 steps in test-sample preparation [43]:

Step 1, Dry the raw materials in an oven for about 24 h, then grind them with a pulverizer, and then
screen them.

Step 2, Cure the soil and copper slag in an airtight container, mix them after curing, and then pour water until
the optimum moisture content is reached, carefully stirring them to ensure the mixtures are uniformly mixed.

Step 3, Put the mixture evenly into the container of compaction test apparatus and compact it for three or
four times, then uniformly insert the roots into the mixture (the lengths of roots should be perpendicular to the
diameter of the specimen, and the lengths of roots should be parallel to each other), and then compact the
mixture again to meet the maximum dry density.

Step 4, Maintain the mixture in a sealed container for 24 h, after that, remeasure the moisture content and
compensate the loss in moisture content, then vertically push the cutting ring to the compacted mixture and
get the test samples (see Fig. 2), then shear the specimens, and then calculate the shear strength.

1 1

Mixed material

Root
R50 FCutting ring

Mixed material with roots

61.8

20

100

30

Specimen

R30
.9

(a) (b)

(c)

Figure 2: (a) Plane figure of compacted mixed material specimen (unit: mm), (b) 1-1 Profile of the specimen
(unit: mm) and (c) Plane figure of the shearing specimen (unit: mm)
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The shear test is conducted by the strain-controlled direct shear apparatus [44,45], the vertical stress on
the shear surface is set to be 100, 200, 300, and 400 kPa, the area of the soil sample is 30 cm2 and the shear
rate was 0.8 mm/min.

3 Results and Discussions

3.1 Preliminary Experiment Results
Fig. 4 shows the results of the preliminary experiment.

The shear strength of prepared test samples is tested through a strain-controlled direct shear apparatus.
Based on the prepared experimental samples, the shear stress displacement curves are plotted for each of the
samples. A typical plot showing the stress displacement relationship of the soil sample is shown in Fig. 3
when the parameters of slag content, roots content, moisture content, and aspect ratio are all constants
with the actual values of 16%, 0.8%, 14.5%, and 30, respectively. It is easy to see that the shear stress of
the sample increases with the increase of the displacement before the failure of the sample, the peak
value of the curves can be collected as the shear strength value under different vertical stress.

The influence of moisture content. In this group of experiments, the parameters of slag content, roots
content, and aspect ratio are all constants with the actual values of 16%, 0.8%, and 30, respectively. It
can be known from Fig. 4a that the shear strength is improved with the increasing of moisture content
when it is less than 15% and after then the shear strength begins to decrease. Therefore, the advisable
lower, middle, and upper values for the moisture content in the RSM design should be 13%, 15%, and
17%, respectively.

The influence of slag content. The value of moisture content is set to be 15%, the roots content is 0.8%,
and the aspect ratio is 30. The variation of the shear strength with the slag content is shown in Fig. 4b, the
shear strength increases with the increase of slag content up to 16% and then begins to decrease after that.
Therefore, the appropriate middle level for the slag content in the RSM design should be 15%.

The influence of roots content. The value of moisture content is set to be 15%, the slag content is 16%,
and the aspect ratio is 30. Fig. 4c shows that when the content of roots ranges from 0.7 to 0.9%, the value of
shear strength is near the peak. Therefore, the appropriate middle level for the content of roots in the RSM
design should be 0.8%.

The influence of the aspect ratio of roots. In this group of experiments, the parameters of slag content,
root content, and moisture content are all constants with the actual values of 16%, 0.8%, and 15%,
respectively. It can be known from Fig. 4d that the shear strength is slowly improved with the increase of
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Figure 3: Shear stress-shear displacement curve (1 day curing time)
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aspect ratio, and when the value of the aspect ratio varies from 25 to 35, the shear strength is near the peak.
The mechanism of strength improvement by roots is that the contact between the soil and roots enhances the
friction angle of the root-permeated, copper slag-mixed soil.

Moreover, it can be concluded from Fig. 4 that the range of variation of shear strength resulting from the
increase of the aspect ratio of roots is smaller than that resulting from the increase of any other parameter.
Therefore, among the 4 studied parameters, the aspect ratio of roots shows the least influence on the
shear strength.

3.2 Main Experimental Results
3.2.1 Statistical Analyses

Based on the results of the preliminary experiment, the actual values of each variable adopted in the
design of the main experiment are chosen and shown in Tab. 3.
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Figure 4: (a) Impacts of moisture content on shear strength of mixture with vertical stress of 300 kPa,
(b) Impacts of slag content on shear strength of mixture with vertical stress of 300 kPa, (c) Impacts of
roots content on shear strength of mixture with vertical stress of 300 kPa and (d) Impacts of aspect ratio
of roots (L/d) on shear strength of mixture with vertical stress of 300 kPa
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The results of all the runs of the main experiment are obtained (see Tab. 4) and analyzed by the RSM. In
Tab. 5, the R2 of 0.9547 indicates the fitness of the model is acceptable and there is a strong conformation
between the test data and the predicted data, the “Model p-value” of 0.0001 shows the high significance of
the model and implies only a chance of 0.01% for the failure of the model.

Table 3: Independent parameters and their actual values used for optimization

Serial number Independent variables Units Symbol Level

−1 0 1

N1 Moisture content % A 13 15 17

N2 Slag content % B 14 16 18

N3 Roots content % C 0.4 0.8 1.2

N4 Aspect ratio of roots (L/d) – D 5 25 40

Table 4: The variables and responses obtained from the bench-scale experiment

Run Variables Responses

Moisture content A (%) Slag content B (%) Roots content C (%) Aspect ratio of roots D (L/d) Shear strength (kPa)

1 15 16 0.4 40 191.68

2 17 14 0.8 25 200.72

3 17 16 0.8 10 215.04

4 15 16 1.2 40 191.68

5 13 16 0.4 25 162.04

6 17 16 0.4 25 174.35

7 15 18 0.4 25 178.37

8 15 14 0.8 10 180.88

9 13 16 0.8 40 206.33

10 15 16 0.8 25 228.11

11 15 16 0.8 25 225.60

12 15 18 0.8 40 210.77

13 15 16 0.8 25 221.58

14 15 16 0.4 10 178.11

15 15 14 0.8 40 176.86

16 13 16 0.8 10 181.38

17 15 18 0.8 10 192.69

18 15 16 1.2 10 191.68

19 15 16 0.8 25 221.58

20 17 18 0.8 25 195.70

21 15 18 1.2 25 178.11

22 15 14 1.2 25 176.10

23 17 16 1.2 25 190.17

24 13 14 0.8 25 163.04

(Continued)
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Fig. 5 shows the actual values and predicted values of shear strength (s) are all around the diagonal
line, indicating the high precision of the proposed model. Therefore, the model can be considered as a
well-fitted model. The mathematic relation between the variables and the corresponding responses can
be written as Eq. (2).

s ¼ 221:68þ 8:83Aþ 7:24Bþ 4:58Cþ 3:75D� 8:23ABþ 1:00AC� 8:12AD� 3:58BC

þ 5:53BD� 3:39CD� 14:46A2�21:31B2�28:57C2�6:51D2
(2)

Table 4 (continued).

Run Variables Responses

Moisture content A (%) Slag content B (%) Roots content C (%) Aspect ratio of roots D (L/d) Shear strength (kPa)

25 13 16 1.2 25 173.84

26 13 18 0.8 25 190.93

27 15 14 0.4 25 162.04

28 15 16 0.8 25 211.53

29 17 16 0.8 40 207.51

Table 5: The verification index of experimental results of RSM

Source Sum of Squares df Mean Square F Value p-value

Model 10071.50 14 719.39 21.09 <0.0001 significant

A-Moisture content 935.26 1 935.26 27.42 0.0001

B-Slag content 629.62 1 629.62 18.46 0.0007

C-Root content 252.24 1 252.24 7.40 0.0166

D-L/d 169.08 1 169.08 4.96 0.0429

AB 270.76 1 270.76 7.94 0.0137

AC 4.04 1 4.04 0.12 0.7359

AD 263.78 1 263.78 7.73 0.0147

BC 51.26 1 51.26 1.50 0.2404

BD 122.18 1 122.18 3.58 0.0793

CD 46.01 1 46.01 1.35 0.2649

A2 1355.83 1 1355.83 39.75 <0.0001

B2 2946.40 1 2946.40 86.39 <0.0001

C2 5293.37 1 5293.37 155.20 <0.0001

D2 275.14 1 275.14 8.07 0.0131

Residual 477.51 14 34.11 – –

Lack of Fit 317.76 10 31.78 0.80 0.6512 not significant

Pure Error 159.75 4 39.94 – –
Note: RSM: Response Surface Method.
R2 = 0.9547.
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Furthermore, the significance of each variable and their combination on the responses can be checked by
their “p-value” in Tab. 5. The smaller is the “p-value”, the more significant would be the variable or the
combination of variables in the model, and if the “p-value” is smaller than 0.05, the corresponding
variable is significant. Therefore, the variables can be ordered by their significance as moisture content,
slag content, roots content, and aspect ratio of roots. It also can be seen in Tab. 5 that variables of
moisture content, slag content, root content, and aspect ratio (L/d) are all significant, indicating that the
four parameters can significantly influence the shear strength of root-permeated, copper-slag-mixed soil.

3.2.2 Effect of Variables on Shear Strength
Based on the predicted model and the experimental results, the response surfaces of the interaction

between different variables on the strength of root-permeated slag-mixed soil are drawn in Figs. 6–12.

In the response surface of Fig. 6, the actual value of root content is 0.8%, and L/d is 25. Before the
moisture content of 15.41% is reached, increasing the moisture content significantly boosts the shear
strength, but after that, the shear strength decreases. Similarly, when the moisture content is constant, the
shear strength increases at first and then decreases with the slag content. Besides, a value of 0.0137 for
the “p-value of AB” (Tab. 5) shows that the combination of moisture content and slag content is
significant on the shear strength since the metal oxides (i.e., Al2O3) of copper slag can react with the
water to form hydration products, which will affect the mechanical properties of the soil mixture.

In the response surface of Fig. 7, the actual value of slag content is 16.0%, and L/d is 25. At a constant
moisture content, the increase of root content contributes significantly to the increase of the shear strength,
but the shear strength will decrease after the root content reaches a higher value of 0.82%. Similarly,
increasing the moisture content also results in significant enhancement (when the moisture content is less
than 15.41%) and reduction (when the moisture content is more than 15.41%) of shear strength.
Furthermore, a value of 0.7359 for the “p-value of AC” (Tab. 5) shows that the combination of moisture
content and root content is insignificant on the shear strength since the moisture content of soil mixture
does not determine the sharing ratio of shear force on the roots.
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Figure 5: Plot of the predicted values vs. actual value for shear strength

JRM, 2020, vol.8, no.11 1399



  13.00
  14.00

  15.00
  16.00

  17.00

14.00  
15.00  

16.00  
17.00  

18.00  

161  

178  

195  

212  

229  

Sh
ea

r 
st

re
ng

ht
 (

kP
a)

Moisture content (%)    Slag content (%)  

Figure 6: Response surface of moisture content and slag content on shear strength
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Figure 7: Response surface of moisture content and root content on shear strength
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Figure 8: Response surface of moisture content and aspect ratio on shear strength
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Figure 9: Response surface of slag content and root content on shear strength
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Figure 10: Response surface of slag content and aspect ratio on shear strength
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According to the response surface in Fig. 8 where the actual value of root content is 0.8%, and the slag
content is 16, it can be seen that before the aspect ratio (L/d) of 28.14 is reached, increasing the L/d results in
significant enhancement of shear strength, but the shear strength decreases slowly after that, and the effect of
moisture content on the shear strength is similar with that of L/d. Besides, a value of 0.0147 for the “p-value
of AD” (Tab. 5) shows that the combination of moisture content and L/d is significant on the shear strength
since the combination is partly decided on whether the roots adhere to the mixture tightly and the tensile
strength of roots is mobilized.

According to the response surface in Fig. 9 when the actual value of moisture content is 15%, and L/d is
25, it can be seen that the increase of root content at a constant slag content contributes significantly to the
increase of shear strength; however, the shear strength will decrease after the root content reaches a higher
value of 0.82%. The roots and copper slag are both effective additives which could enhance the mechanical
properties of soil separately; therefore, a value of 0.2404 for the “p-value of BC” (Tab. 5) shows that the
combination of the slag content and root content is insignificant.

Fig. 10 shows the effects of slag content and aspect ratio of roots on the shear strength. In Fig. 10, the
actual value of root content is 0.8%, and the moisture content is 15%. Before the slag content reaches
16.30%, increasing the slag content results in significant enhancement of shear strength, but after that, the
value shear strength value decreases. Similarly, when the slag content is constant, the shear strength
increases at first and then decreases with L/d. Besides, a value of 0.0793 for the “p-value of BD” (Tab. 5)
shows that the combination of slag content and L/d has an insignificant effect on the shear strength.

Fig. 11 shows the effects of root content and aspect ratio (L/d) on the shear strength. In this response
surface, the moisture content is 15%, and the slag content is 16%. When the aspect ratio (L/d) is
constant, the shear strength increases with the root content up to 0.82%, and after that, the shear strength
decreases. Similarly, when the root content is constant, the shear strength increases at first and then
decreases with the aspect ratio. Furthermore, a value of 0.2649 for the “p-value of CD” (Tab. 5) shows
that the combination of root content and aspect ratio has an insignificant effect on the shear strength, the
combination indicates that the sharing shearing force on roots doesn’t fully depend on the aspect ratio (L/d).

3.2.3 Optimization
In the optimization process, the maximum desirable value of shear strength is considered at the optimum

amount of variables. Only one desirable solution is obtained using RSM. The result (Tab. 6) shows that the
maximum shear strength of the root-permeated, copper-slag mixed soil could be improved to 223.67 kPa by
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adding 15.41% of water, 16.3% of copper slag, 0.82% of roots, and 28.14 of aspect ratio when the vertical
stress on the shear surface is 300 kPa. The desirability value of this result is 0.907.

3.2.4 Comparison of the Shear Strengths of Different Samples
For better understanding, the effect of roots on the strength of copper slag-mixed soil, some samples of

soft soil, and copper slag-mixed soil are well prepared with the optimum water content. Samples of mixed
material with roots are also prepared with the optimum amount of variables (Tab. 6). Through the standard
direct shear tests, the shear strengths of the soft soil, mixed material, and mixed material with roots are
obtained and the results are shown in Fig. 12. When the vertical pressure is low, the differences are small
among the shear strengths of all samples under the same vertical pressure, and the differences between
the three types of soil samples all become larger with the increasing of the vertical pressure. It also shows
that the soft soil is remarkably reinforced by mixing with copper slag. The copper slag mixed soil can be
further reinforced by adding grass roots, which could be tightly embedded in the mixed soil, so the
tensile strength and adhesion strength of roots can bear parts of the shear force on the shear surface.
Before the failure of the specimen, the shear force has to cut off the roots.

Moreover, the curves in Figs. 13 and 14 help to show the contributions of root content on the cohesion
and friction angle more clearly. When the cohesion is changed from 34.3 to 51.8 kPa, the friction angle is
changed from 25.2 to 29.7°.

According to the above analysis, the mechanical properties of the root-permeated, copper slag-mixed
soil are well characterized. However, it still needs further study on whether this soil performs well in
practical applications. Hence a further investigation is conducted using the FLAC3D in the following section.

Table 6: The verification indexes of the results of RSM

Moisture (%) Slag (%) Root (%) Aspect ratio (L/d) Shear strength (kPa) Desirability

15.41 16.30 0.82 28.14 223.668 0.907

y = -38.403x2 + 50.812x + 32.308 
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Figure 13: Cohesion of the mixture with different roots content

JRM, 2020, vol.8, no.11 1403



4 Application in Subgrade Construction

The subgrade of Wuhan to Huangshi expressway in China is taken as the research background, a typical
subgrade model is used in this study for demonstrating the practical advantages of the root-permeated copper
slag-soil mixture in decreasing the subgrade settlement.

4.1 Basic Model
In this subgrade model, the soil layers are ideal elastoplastic bodies with the Mohr–Coulomb failure

envelopes, and the soils are identified as isotropic and homogeneous materials.

This mixture to be used as the subgrade filling for building a subgrade is assumed to be the optimal root-
permeated, slag-mixed soil obtained in the above study. The width and height of the subgrade are 34 m and
10 m, respectively (half of the subgrade is studied in the model), and the subgrade foundation in this study
has a width of 100 m and a height of 30 m. The slopes of the subgrade have the height-over-width ratios of
1:1.5 and 1:1.75. A uniform load ranging from 0 to 300 kPa is applied by a vehicle at the top of the subgrade.
Eight monitor points are set at the surface of the model. The detailed information is plotted in Fig. 15.

y = -3.6282x2 + 7.82x + 25.046
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Figure 14: Friction angle of the mixture with different roots content
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Figure 15: Schematic diagram of the model (unit:m)
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The software FLAC3D is used to perform the numerical analysis. Since the subgrade is perfectly
symmetric, the analysis will only investigate half of the soil subgrade. In terms of boundary conditions,
the horizontal displacements at both sides are constrained and the vertical displacement along the bottom
is also constrained. The water could drain out freely at the surface of the ground. The bottom boundary
of the numerical model is also assumed impervious because of the low permeability of soil layers. The
type of mesh for the numerical model is the eight-node quadrilateral.

The information on the soil conditions in the model is provided. The first layer is the soft soil, which will
be replaced by the root-slag-soil mixture. Further deeper soil layers are the clay soil layer and sandy soil
layer. The root-slag-soil mixture simulated in the model is in the best and desirable practical condition
obtained by the laboratory experiments in Section 3.2.3, and more detailed information can be found in
Tab. 7. It is assumed that the consolidation settlement of foundation soils is finished.

4.2 Results and Discussion
Fig. 16 shows the distribution of vertical settlement for the subgrade foundation when the vertical

pressure is 300 kPa. The settlement curves at the monitoring points under different pressures are shown
in Fig. 17, demonstrating that the settlement of the model decreases with the increase of horizontal
distance and vertical distance from the monitoring point 1. Before the vertical pressure reaches 200 kPa,
the settlement of the model is approximately increasing linearly, and the deformation is still within the
elastic limit of the model.

Table 7: Information of soil conditions

Layer Soil texture Thickness of
soil (m)

Moisture
content (%)

Poisson’s
ratio

Deformation
modulus (MPa)

Cohesion
(kPa)

Friction
angle (°)

1st Before
replacement

5.5 27.68 0.37 12.4 35.17 7.05

After
replacement

5.5 15.41 0.34 16.1 51.84 29.76

2nd Clay 4.5 21.52 0.35 14.7 40.52 18.09

3rd Sandy soil 30 22.76 0.25 15.33 27.9 25.53

0.000e+00
0.500e+00

-1.000e-01

-2.000e-01

-5.000e-01

-6.000e-01

-9.000e-01
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-7.000e-01

-8.000e-01

-1.200e+01

Figure 16: The vertical settlement contours of the model when p = 300 kPa
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Furthermore, Fig. 18 shows the vertical settlement along the central line of the model when the vertical
pressure is 50 kPa. It can be seen that after replacing the soft soil by the root-slag-soil mixture, the settlement
is relatively lower. Compared with the model with soft soil at the ground surface, the settlement is decreased
by 54.76% in the case with the root-slag-soil mixture. This further proves the applicability of the root-
permeated, copper slag-mixed soil in the subgrade.

5 Conclusion

Response surface method (RSM) is adopted to assess the enhancement of the shear strength of a soft soil
stabilized by the Bermuda grass roots and copper slag. Based on the finding and results, the following
conclusions can be drawn:

Plant roots and copper slag are effective, environmentally friendly, and inexpensive additives to
reinforce soft soil.

Statistical analyses indicate that the predicted values from the RSM model are similar to the test values,
which validate the response model. Therefore, RSM can be used to seek the optimal conditions of additives
for the stabilizing of soils.

According to the analysis of variance and percentage of contribution, the moisture, slag content, root
content, and its L/d are all considered as effective parameters on increasing of the soil strength. Also, the
combined effect of moisture and slag content has the most effect on increasing the soil strength.
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Box–Behnken Design (BBD) of RSM is employed to optimize the practical condition of the soil
additives, and the optimization result shows that the best and desirable practical condition for the root-
permeated soil mixture is collected by adding 15.41% of water, 16.30% of copper slag, 0.82% of roots,
and 28.14 of root aspect ratio, which it caused improvement of 40.62% in shear strength.

Through a numerical study conducted to study the settlement of a typical subgrade which utilizes
the root-permeated soil mixture as subgrade filling, it is proved the use of root-permeated soil mixture
could help to reduce soil settlement by about 54.76% and the strength is improved sufficiently for
engineering applications.
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