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Applications of soil improvement have proliferated in recent years. To date, we have limited studies on the quantitative analyses of the
autoadaptive material and specifically to model its stress-strain relationship. +is paper explored an autoadaptive material, iron-
powdered Ottawa sand, which was temporarily solidified by applying an electromagnetic field. A series of compression triaxial tests
were carried out with various relative densities of specimens (60% and 80%), in four electromagnetic fields (0A, 0.5A, 1A, and 2A)
and under three confining pressures (103 kPa, 206 kPa, and 310 kPa).+e test results indicate that the strength of specimens increased
while initial stiffness and brittleness reduced by adding iron powder. Moreover, the strength of the specimens increased by increasing
the magnitude of the applied electromagnetic field. +e behavior of the iron-powdered sand was described by using a revised
Duncan–Chang model. +e revised model was evaluated by comparing the simulated results with the corresponding test data. +e
comparison showed that the revised model can better capture the nonlinear stress-strain behavior of the specimens. With the
application of the revised Duncan–Changmodel, the standard error of the estimate between the experimental and predicted results is
lowered down to 0.39 from 4.7. Future research is geared towards practical applications for temporary solidification of soil.

1. Introduction

Soil, the most abundant construction material in nature, is
entirely inseparable from any constructions and has been
used for engineering projects for thousands of years.
However, natural soil conditions are not always adequate for
required construction. Soil improvements have been in-
tensively studied and successively applied over the past
decades. For example, powder, sheets, and rods of polymeric
or metal materials [1–6] were placed in soil to increase its
yield stress and resistance. +ese processes of creating
reinforced soil are soil strengthening on a macroscale. In
comparison, soil stabilization is the process of soil
strengthening on a microscale. +e matrix of soil can be
changed by physically or chemically binding the particles of
soil and the reinforced material together [7]. Binding agents

include cement or other chemical products [6, 8, 9–11]; binding
processes involve heating or freezing [12, 13]. A possible
disadvantage of a reinforced soil is that the strengthening effect
depends on the orientation of inclusions. Specifically, a par-
ticular direction or surface can provide the maximum
strengthening effect. Conversely, a specific direction or surface
can weaken the strength of soil [4]. Moreover, the disadvan-
tages of the present available soil stabilization techniques are
that improvements in the stress resistance are accompanied by
reductions in permeability and ductility.

Despite soil improvement techniques of reinforcement
by including polymeric materials and stabilization by adding
binding agents, an inventive method, an autoadaptive ma-
terial has been successfully applied in other engineering
disciplines. +e autoadaptive materials, such as magneto-
and electrostrictive solids andmagneto- and electrorheological

Hindawi
Advances in Materials Science and Engineering
Volume 2018, Article ID 3281269, 15 pages
https://doi.org/10.1155/2018/3281269

mailto:jtxuxt@imu.edu.cn
http://orcid.org/0000-0002-3445-8517
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/3281269


fluids, are the materials that can sense external disturbances
and modify their characteristics intentionally to mitigate the
effects of the external influence. +is improvement charac-
teristic and mitigation property offer an excellent potential
application in earthquake engineering. For example, the
magnetorheological fluid (MRF) dampers in semiactive vi-
bration devices [14–16] are known to be well suited for
suppressing the vibration of structures and systems.

Hryciw and Susila [17] were the first researchers to apply
magnetorheological materials in geotechnical engineering.
In their study, when a pair of permanent magnets was placed
on top and bottom of a specimen, oil-based magnetizable
particles transformed from a fluid state into a solid state. As
a result, they observed a significant increase in the soil
stiffness and strength and a simultaneous decrease in hy-
draulic conductivity. +is innovative method of introducing
autoadaptive media causes changes in the properties of soil
and overcomes the shortcomings of the soil improvement
methods mentioned above.

It is complex to accurately model composite materials
consisting of natural (soil) and man-made materials
(polymeric, chemical, and binding products). Generally, the
constitutive model assumes soil is homogeneous. However,
this assumption is not suitable for composite materials with
a high degree of anisotropy. In spite of difficulties, some notable
achievements have been made in developing a constitutive
model and framework for composite materials, including the
introduction of Mohr–Coulomb theory into reinforced soil by
fiber [4, 18], the discrete framework accounting for potential
weakness at the soil-inclusion interface [19], and a more
complex simulation software developed in [20] for composite
materials mixed with chemical products [21].

+is research investigates the temporary reinforced effect
of iron-powdered Ottawa sand 20–30 under controllable
magnitudes of electromagnetic fields. It is interesting to note
that the behavior of soil is different from that of metals.
Specifically, the strength of soils decreases after peak
strength during progressive straining; this phenomenon is
termed as “strain softening.” In comparison, metal materials
exhibit “strain hardening”; an increase in strength occurs
during progressive straining. To explore this, it is required to
incorporate stress-strain theory with the behavior of Ottawa
sand and iron powder under electromagnetic fields. One
approach to study the strengthening effect of iron powder
temporarily solidified under the electromagnetic fields is to
analyze the stress-strain relationship and the strength crite-
rion. Based on the results from triaxial compression tests, we
present a stress-strain relationship for iron-powdered sand.

2. Test Conditions

+e objective of this experiment was to evaluate the effect of
different magnitudes of the electromagnetic field on the
stress-strain relationship of iron-powdered sand. Un-
drained compression triaxial tests were performed with
a triaxial cell apparatus capable of housing a specimen
3.56 cm in diameter and 7.11 cm in height. Axial compression
loading is under the strain-controlled mode with a strain limit
of 20% and strain rate of 0.3%/min. A detailed description of

testingmaterials, sample preparation, and testing procedure is
given below.

2.1. TestMaterials. +e study is undertaken on reconstituted
specimens of Ottawa sand 20–30 with various amounts of
iron powder. +e specific gravity of Ottawa sand 20–30 is
2.65, emax is 0.652, emin is 0.478, D50 is 0.6, D50 is 0.76, and
sphericity is 0.85.

+e particle size of iron powder in the specimens needs
to be determined by groutability ratio because of the
groutability issue of granular soil. +e precise groutability
ratio is difficult to determine and has been extensively
studied because this phenomenon is affected by the soil
parameters such as the grain size of the soil and grout which
mostly impacts the groutability, the fine contents, the relative
density, and the grouting pressure. To determine the grain size
of iron powder, we applied the empirical relationship of
groutability developed in [22], which involved only the grain
size of soil and grout. In Burwell’s theory, the groutability
index N was introduced to explain the grouting evenness:

N �
D15(soil)

d85(grout)
, (1)

where N is the groutability of soil, D15 is the diameter
through which 15% of the total soil mass passes, and d85 is
the diameter through which 85% of the total grout mass
passes. If N calculated by (1) is smaller than 11, the grout
cannot be injected into the soil successfully. If N from (1) is
larger than 25, the following equation should be checked
additionally:

N �
D10(soil)

d95(grout)
, (2)

where N is the groutability of soil, D10 is the diameter
through which 10% of the total soil mass passes, and d95 is
the diameter through which 95% of the total grout mass
passes. If N, calculated by (2), is larger than 11, grouting is
possible; otherwise, grout cannot be injected.

Based on these limitations of groutability provided by (1)
and (2), we selected the iron powder by its particle size
distribution, that is, d85 (grout) < 0.0228mm and d95 (grout)
<0.0472mm.

2.2. Sample Preparation. +e reconstituted specimens were
compacted in a three-piece mold with a diameter of 3.56 cm
and height of 7.11 cm. An adjustedmethod is developed for the
sample preparation within a cavity formed by a rubber
membrane that lined up with the three-piece split mold.
Compaction is achieved by tamping each layer of the speci-
mens by the Harvard Miniature with a circular base attached
to its tip. +e circular base has a slightly smaller diameter than
that of the three-piece split mold, so the shear distortion on the
membrane inside the three-piece split mold can be minimized
while being pushed downward by the Harvard Miniature.

When preparing the specimens, we choose relative
density as a control parameter because it remains constant
even when adding iron powder. First, sand is used to
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determine the sample speci�cations, such as the weight of
specimens and how many taps were needed to reach the
target relative densities (60% and 80%). In order to �nd the
speci�cations mentioned above, the maximum and mini-
mum void ratios of Ottawa sand are determined according
to the methods in [23, 24], which are 0.478 and 0.652, re-
spectively. �en, the void ratio at target relative density can
be calculated. Next, we calculated the weight of the sand
specimens based on the void ratio at target relative densities
(60% and 80%), the size of the specimen (3.56 cm of di-
ameter and 7.11 cm of height), and the speci�c gravity of
Ottawa sand. �e amount of iron powder added to the sand
is 10% of the total specimen weight.

�e iron powder content is 10% by weight of the
specimen, and iron powder is premixed with sand before
specimen preparation. For the relative density at 60%, the
sample is divided into 3 layers and each layer was tapped 3
times.�e preliminary trial with Ottawa sand at 80% relative
density using 3 layers yielded a poor distribution of speci-
mens, so to produce more uniform specimens, the number
of layers is increased to 5. At 80% relative density, the sample
is divided into 5 layers and tapped 10 times for each layer.
�e soil for each layer is weighed, placed in separate
containers, and kept sealed until placed into the three-
piece split mold. �e diameter and height of the com-
pacted specimens are measured after the vacuum is ap-
plied and the three-piece mold was removed. �e same
compaction procedure is followed to obtain a comparable
soil property index for both sand specimens and iron-
powdered sand.

2.3. Triaxial Test Apparatus and Procedure. �e GEOTAC
triaxial apparatus made by Trautwein Soil Testing Equip-
ment Company is employed for testing the new material. It
consists of GeoJacTM digital load actuators with a load ca-
pacity of 8896.44N, load frame, and pressure chamber
(Figure 1). �e test procedure of triaxial compression test
followed the procedure in [25–28] except for the following
adaptions. First, because the test material is cohesionless as
discussed in Sample Preparation, the soil compaction is done
in the three-piece split mode which sits on the cell base of the
triaxial apparatus and covers the rubber membrane wrapped
around the lower platen �xed on the cell base. �en, the
rubber membrane is �lled with the sand and iron power
mixture in layers, and each layer was compacted with
Harvard Miniature as described in Sample Preparation.
After sample compaction is �nished, the magnetic coil is
placed upon top of the three-piece mold, and the upper
platen attached with the vacuum line goes through the
magnetic coil and then is placed on top of the sample
(Figure 1 (left)). Next, the upper platen is wrapped by the
rubber membrane rolled up from the soil sample, vacuum is
applied so that the sample is sealed, and the three-piece split
mold is removed so the magnetic coil is around the sample
(Figure 1 (middle)). Lastly, carefully place the pressure
chamber on the cell base, align with the loading devicee with
piston, and leave the electric wires extended from the
magnetic coil to the precarved grooves on the cell base,
which avoids the wires being pinched by the weight of the

pressure chamber and the force from applied con�ning
pressure around the soil sample (Figure 1 (right)). �ese two
pieces of wire from the magnetic coil are then connected to
the power box capable of providing direct current and being
manually controlled. Finally, the magnetic wire around the
specimen was powered up before loading.

3. Experimental Results and Discussion

3.1. Stress-Strain Relationship. A series of triaxial tests are
carried out at two relative densities (60% and 80%) under
four currents (0A, 0.5 A, 1.5 A, and 2A) and three con�ning
pressures (103 kPa, 206 kPa, and 310 kPa). Testing data of
deviator stress from 30 triaxial compression tests are col-
lected. �e corresponding stress-strain curves under three
con�ning pressures σ3 (σ3 � 103 kPa, 206 kPa, and 310 kPa)
and at two relative densities (Dr � 60% and 80%) are shown
in Figure 2. Apparently, the lowest peak stress is obtained
from the clean sand specimens. �e specimens consisting of
iron powder and Ottawa sand under the magnetic �elds
yield similar curves, all of which are slightly above the curve
from the clean sand. �erefore, the presence of the iron
powder and the electromagnetic �eld increases the peak
stress; adding 10% iron powder results in an increase of the
peak stress, and applying a magnetic �eld leads to a further
increase in peak stress. For instance, if the stress-strain curve
is under the same con�ning pressure and at the same
constant relative density, let us say σ3 � 103 kPa and Dr �
60%, the peak stress increases with an addition of iron
content (i.e., from 0% to 10%). As can be seen from Figure 2,
the impact of electromagnetic �eld on the iron-powdered
sand on the stress-strain relationship is evident. �at is, the
peak stress increases with the increase of current imposed
through (I � 0A, 0.5 A, 1A, and 2A). On the contrary, as can
be seen from Figure 2, if one selects a stress-strain curve with
the same current (i.e., I � 0.5 A) and same relative density
(i.e., Dr � 60%), the peak stress increases with the increase of
con�ning pressure (i.e., σ3 � 103 kPa, 206 kPa, and 310 kPa).
Similarly, another set of �gures can be drawn for the case of
the same con�ning pressure and the current, say σ3 �
103 kPa and I � 0.5 A (Figure 2), and peak stress is found to
increase with the increase of relative densities. Note that the
strain-softening phenomenon is observed in the stress-strain
curves in clean sand specimens and in iron-powdered sand.

�e hyperbolic model developed in [29–37] has been
applied extensively in geotechnical engineering to model
nonlinear behavior of soil and rock. �e model can re�ect
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piece
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Magnetic coil
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Figure 1: Triaxial apparatus with an electromagnetic coil attached.
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the elastic-to-plastic deformation of soil and rock and its
parameters have explicit meaning:

σ1 − σ3 �
ε1

d + eε1
, (3)

where σ1andσ3 are the major and minor principle stress,
respectively; ε1 is the axial strain; and constants d and e are
the fitting parameters which can be determined from the
conventional compression or the extension triaxial test:

d �
1
Ei

,

e �
1

σ1 − σ3( ult
.

(4)

Generally, the Duncan–Chang model can fit well for the
stress-strain relationship with the strain-hardening phe-
nomenon. However, the theoretical basis of the Duncan–
Chang model is an elasticity model based on the generalized
incremental Hook’s law, which limits its application in
geotechnical engineering. +us, (6) is proposed to describe
the soil strain-softening and the prediction of deviator stress
from a known axial strain:

σ1 − σ3 �
ε1

d + eε1
fε1, (5)

where σ1 − σ3 is the deviator stress, ε1 is the axial strain, and
d, e, and f are the fitting parameters.

One more fitting parameter is chosen for the iron-
powdered sand so that a better fit can be achieved be-
tween the predicted behavior and the strain-softening be-
havior observed in the triaxial compression tests. To show
the capability of the proposed constitutive model by revising
the Duncan–Chang model, we compare the observed and
the predicted behaviors by the revised Duncan–Chang
model and the Duncan–Chang model for each test. For the
purpose of demonstration, Figures 3(a) and 3(b) show one

set of comparison curves of the confining pressure under
103 kPa, the relative density at 60%, and the magnitude of
current at 0 A and 2A, respectively. As can be seen, the
predicted results by the revised model agree perfectly with
the observed response. +is good agreement suggests that
the revised model is capable of accurately predicting the
behavior of Ottawa sand and the iron-powdered sand in
which strain-softening is dominant.

3.1.1. Prefailure Behavior: Initial Stiffness. +e elastic
modulus for each testing condition is determined from the
corresponding stress-strain curve and summarized in Ta-
ble 1 and Figure 4. It is evident from Figure 4 that the
confining pressure had a significant influence on the elastic
modulus. As expected, the elastic modulus was found to
increase with increasing confining pressure for both sand
and iron-powdered sand under the electromagnetic field. In
contrast to the pronounced impact from confining pressure
to the elastic modulus, the impact of iron powder inclusion
on elastic modulus depends on the relative density of
specimens. First, the first three columns in Table 1 show the
elastic modulus of specimens at 60% relative density de-
creases with the increase of iron content. However, for
specimens at 80% relative density shown in the first three
columns in Table 1, the elastic modulus is relatively in-
dependent of the iron content. Second, as shown in Figure 4(a)
and Table 1, the elastic modulus increases with the increase of
magnitude of current imposed through for specimens at 60%
relative density under any confining pressure andmagnitude
of the electromagnetic field. However, at 80% relative density
(Figure 4(b) and Table 1), the elastic modulus increases with
the increase of magnitude of the electromagnetic field under
any confining pressure except 310 kPa. When investigating
the effect of relative density on elastic modulus, one can pick
two data points from Figure 4 with the same testing con-
dition (confining pressure and the magnitude of electro-
magnetic field) and find the specimens with higher relative
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Figure 2: +e stress-strain curves of sand specimens with different iron powder contents as well as under different confining pressures and
magnitude of the electromagnetic field: specimens at (a) 60% relative density and (b) 80% relative density.
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Figure 3: Comparison between the Duncan–Chang model and the revised model: (a) iron-powdered sand at 60% relative density and under
103 kPa con�ning pressure; (b) iron-powdered sand at 60% relative density and under 2A current and 103 kPa con�ning pressure.

Table 1: Elastic modulus.

σ3(kPa)
Sand
(kPa)

Iron-powdered sand
(kPa)

Iron-powdered sand under
0.5A (kPa)

Iron-powdered sand under
1A (kPa)

Iron-powdered sand under
2A (kPa)

Relative density at 60%
103 30409.68 16464.47 22983.93 31533.01 38477.60
206 42855.95 33820.75 42773.88 50010.53 56840.49
310 61040.02 55637.26 62280.16 65811.87 76135.43
Relative density at 80%
103 35069.21 33076.31 34522.15 37699.62 41039.19
206 48027.40 48448.40 54550.36 65218.19 68462.87
310 77618.35 80643.42 85292.63 66799.12 70504.34
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Figure 4: Elastic modulus: iron-powdered sand at (a) 60% relative density and (b) 80% relative density under di�erent magnitude of the
electromagnetic �eld.
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density which presents greater stiffness at the initial loading
stage. In parallel, the effect of relative density as related to
elastic modulus is captured from Figure 4 that the elastic
modulus is moderately increased with increasing relative
density.

From the above discussion, it concludes that the elastic
modulus is a function of relative density, confining pressure,
iron content, and the magnitude of electromagnetic field. It
also implies that the ability of specimens to resist de-
formation at the initial loading stage arises from void ratio
(which depends on relative density, confining pressure, and
iron content) and the internal friction between soil particles
(which depends on iron content and the magnitude of
electromagnetic field). +e confining pressure and relative
density determine the initial void ratio of specimens with
pure sand, and additionally, iron content and the magnitude
of electromagnetic field influence the initial void ratio of the
iron powder-reinforced specimens. +e internal resistance
for pure sand specimens is provided by interlock between
sand particles and frictional forces from unsmooth surfaces.
In comparison, the internal resistance for iron powder-
reinforced specimens is additionally governed by the iron
powder content and the magnitude of electromagnetic field.
As discussed in Section 2.2, the iron content is 10% by weight
of the sample, which implies that the specimen with relative
density at 60% contains less iron powder compared with the
specimen with relative density at 80%. At the sample
preparation stage, we observe that the iron powder coating is
around the sand particles. +erefore, at a relative density of
60%, most of the iron powder was coated around sand
particles and little powder is filled into voids between
particles to densify the specimens. Hence, the coating by iron
powder reduced the internal friction of iron powder-
reinforced specimens, and the elastic modulus decreased
if iron powder is added (as shown in Figure 4(a)). However,
compared with specimens with a relative density of 60%,
specimens at 80% relative density contain smaller voids and
more iron powder (iron powder is still 10% by weight of the
specimen but is with a heavier weight since the specimen is
heavier at higher relative density). +erefore, except coating
around sand particles, iron powder filled most of the voids
which densifies iron powder-reinforced specimens. More-
over, the densification effect from filling voids by iron
powder dominates over the coating effect around particles;
as a result, iron powder inclusion slightly increases the
elastic modulus of specimens. When the electromagnetic
field is applied by powering up the coil around the specimen,
the elastic modulus generally increases with the increase of
magnitude of current (Figure 4) except when the relative
density is 80%, confining pressure is 310 kPa, and current is
above 1A. Figure 4(a) shows that the elastic modulus of 60%
relative density sample increases with the current amplitude,
which is reasonable since a higher magnitude of electro-
magnetic field is generated to strengthen the specimens and
increase the internal resistance. However, at 80% relative
density and under 310 kPa confining pressure, the elastic
modulus has no continuous increase with the increase of
magnitude of current. +is is rational since the coating sand
particles are compacted at a denser degree, which makes it

easier for coating sand particles slide over each other with
a higher driving force on the iron powder particles from the
electromagnetic field. +erefore, the elastic modulus de-
creases with the increase of current amplitude at a higher
confining pressure.

3.1.2. Peak Stress. +e most impressive advantage of iron
powder inclusion together with electromagnetic field re-
inforcement is the improvement of peak strength. +e peak
stress from each test is summarized in Table 2. An absolute
measure to quantify this improvement is provided by
strength ratio defined as the ratio of peak deviator stress of
the reinforced specimen to that of the unreinforced speci-
men for similar conditions. +e effects from the magnitude
of electromagnetic field, confining pressure, and relative
density on the improvement of peak stress are presented in
Figure 5. As expected, the magnitude of the electromagnetic
field has positive impact on strength improvement. Addi-
tionally, for all reinforced specimens, the improvement of
strength is more obvious for specimens under 103 kPa to
206 kPa than those under 310 kPa, and similar trends are
observed at all relative densities. +is indicates that the
benefit of iron powder reinforcement as well as the elec-
tromagnetic field is more significant at medium to low
confining pressure. It is reasonable since the specimens
under high confining pressure is already stiff and the ef-
fectiveness of iron powder together with the electromagnetic
field is less remarkable. +e strength improvement is more
pronounced at 80% relative density. It verifies that iron
powder coating around sand particles at 60% relative density
reduces surface friction between sand particles in the mi-
croscopic view and reduces strength overall.

From the discussion above, we conclude that peak stress
is a function of four variables: iron content, confining
pressure, relative density, and current. +e contribution of
each variable could be evaluated by regressing the fitting
parameters with the test variables. +e fitting parameters d,
e, and f (shown in Table 3) are assumed to be a function of
the testing variables, that is, relative density, confining
pressure, and current. +e function is expressed as follows:

d � a1 σ3( 
a2(  × 1 + mdIi + ndI

2
i + ldI

3
i ,

e � b1σ
2
3 + b2σ3 + b3  × 1 + meIi + neI

2
i + leI

3
i ,

f � c1σ
2
3 − c2σ3 − c3  × 1 + mfIi + nfI

2
i + lfI

3
i .

(6)

Next, the determination of the function is as follows.
Taking the determination of the parameter d at 60%

relative density as an example,

d � F σ3, I, Dr, Fe%( , (7)

which can be written as a piecewise function:

d �
f0 σ3( , if Fe% � 0,

f1 σ3(  × f2 Ii( , if Fe%> 0.
 (8)

First, f0(σ3) is obtained by regressing the fitting pa-
rameter d and confining pressure values:
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Table 2: Peak stress.

σ3(kPa) Sand (kPa) Iron-powdered
sand (kPa)

Iron-powdered sand
under 0.5A (kPa)

Iron-powdered sand
under 1A (kPa)

Iron-powdered sand
under 2A (kPa)

Relative density at 60%
103 287.82 298.78 307.69 312.49 318.65
206 580.43 596.19 612.23 622.92 641.42
310 842.89 870.30 890.86 904.56 938.83
Relative density at 80%
103 306.25 344.63 364.64 370.05 377.42
206 627.93 673.69 692.13 746.95 774.36
310 871.28 952.53 986.80 1027.91 1041.62
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Figure 5: Variation of strength ratio with the magnitude of the electromagnetic �eld for di�erent con�ning pressures and relative densities:
specimens at (a) 60% relative density and (b) 80% relative density.

Table 3: �e �tting parameter.

σ3 (kPa) Sand (kPa) Iron-powdered
sand (kPa)

Iron-powdered sand
under 0.5A (kPa)

Iron-powdered sand
under 1A (kPa)

Iron-powdered sand
under 2A (kPa)

d at 60% relative density
103 61.77 54.18 59.03 67.01 64.64
206 138.25 130.01 148.96 129.76 159.71
310 189.05 205.85 216.72 196.42 243.50
d at 80% relative density
103 58.96 67.91 86.09 91.19 93.30
206 169.67 171.83 168.42 190.48 237.16
310 194.13 219.43 239.95 286.44 309.82
e at 60% relative density
103 0.0089 0.0051 0.0055 0.008 0.0062
206 0.0127 0.0095 0.0140 0.0077 0.0144
310 0.0124 0.0125 0.0112 0.0102 0.0163
e at 80% relative density
103 0.030 0.010 0.014 0.0138 0.015
206 0.020 0.015 0.013 0.016 0.02
310 0.010 0.0111 0.012 0.019 0.019
f at 60% relative density
103 −212.69 −138.50 −195.51 −263.63 −246.68
206 −546.91 −469.56 −537.34 −445.84 −591.54
310 −556.91 −750.52 −881.63 −679.92 −882.90
f at 80% relative density
103 −556.90 −207.54 −368.15 −419.67 −411.32
206 −577.91 −689.71 −650.82 −758.04 −1153.73
310 −590.40 −770.31 −831.82 −1116.84 −1399.20

Advances in Materials Science and Engineering 7



f0 σ3(  � 3.8504σ1.0337
3 , if Fe% � 0. (9)

Second, in order to determine f1(σ3), by regressing data
from column 1 and column 3 in Table 3, we obtain

d � 2.006σ1.2202
3 . (10)

f2(Ii) can be expressed as follows:

f2 Ii(  � 1 + mIi − nI
2
i + lI

3
i , (11)
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In order to obtain m, n, and l, (15) is differentiated:

zΠ
zm

� 2 m

j

i�1
I
2
i + n

j

i�1
I
3
i + l

j

i�1
I
4
i − 

j

i�1
Iiyi + 

j

i�1
Ii

⎡⎢⎣ ⎤⎥⎦ � 0,

zΠ
zn

� 2 m

j

i�1
I
3
i + n

j

i�1
I
4
i + l

j

i�1
I
5
i − 

j

i�1
I
2
i yi + 

j

i�1
I
2
i

⎡⎢⎣ ⎤⎥⎦ � 0,

zΠ
zl

� 2 m

j

i�1
I
4
i + n

j

i�1
I
5
i + l

j

i�1
I
6
i − 

j

i�1
I
3
i yi + 

j

i�1
I
3
i

⎡⎢⎣ ⎤⎥⎦ � 0,

m �
1
Δ

·



j

i�1
Iiyi − 

j

i�1
Ii

⎛⎝ ⎞⎠ 

j

i�1
I
3
i 

j

i�1
I
4
i



j

i�1
I
2
i yi − 

j

i�1
I
2
i

⎛⎝ ⎞⎠ 

j

i�1
I
4
i 

j

i�1
I
5
i



j

i�1
I
3
i yi − 

j

i�1
I
3
i

⎛⎝ ⎞⎠ 

j

i�1
I
5
i 

j

i�1
I
6
i





,

n �
1
Δ

·



j

i�1
I
2
i 

j

i�1
Iiyi − 

j

i�1
Ii

⎛⎝ ⎞⎠ 

j

i�1
I
4
i



j

i�1
I
3
i 

j

i�1
I
2
i yi − 

j

i�1
I
2
i

⎛⎝ ⎞⎠ 

j

i�1
I
5
i



j

i�1
I
4
i 

j

i�1
I
3
i yi − 

j

i�1
I
3
i

⎛⎝ ⎞⎠ 

j

i�1
I
6
i





,

l �
1
Δ

·



j

i�1
I
2
i 

j

i�1
I
3
i 

j

i�1
Iiyi − 

j

i�1
Ii

⎛⎝ ⎞⎠



j

i�1
I
3
i 

j

i�1
I
4
i 

j

i�1
I
2
i yi − 

j

i�1
I
2
i

⎛⎝ ⎞⎠



j

i�1
I
4
i 

j

i�1
I
5
i 

j

i�1
I
3
i yi − 

j

i�1
I
3
i

⎛⎝ ⎞⎠





,

(13)
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Based on the experimental results, we obtain the fol-
lowing parameters: m � 0.30, n � −0.46, l � 0.17, and j � 12,
in this study.

+us,
f2 Ii(  � 1 + 0.30Ii − 0.46I

2
i + 0.17I

3
i ,

d �

3.85σ1.0337
3 , if Fe% � 0,

2.006σ1.2202
3( 

× 1 + 0.30Ii − 0.46I2i + 0.17I3i( , if Fe%> 0.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(15)

+e same process is applied to relate fitting parameters e
and f at different test conditions.

At relative density 60%, the following can be obtained:
If no magnetic field is applied, then we have the fol-

lowing equations:
d � 3.85σ1.0337

3 ,

e � −9E− 06σ23 + 0.0007σ3 + 0.001 ,

f � 0.72σ23 − 54.71σ3 + 445.77 .

(16)

If a magnetic field is applied, we can obtain

d � 2.006σ1.2202
3  × 1 + 0.30Ii − 0.46I

2
i + 0.17I

3
i ,

e � −3E− 06σ23 + 0.0004σ3 − 0.0007 

× 1− 0.21Ii − 0.14I
2
i + 0.13I

3
i ,

f � 0.11σ23 − 27.08σ3 + 242.64 

× 1 + 0.72Ii − 0.97I
2
i + 0.34I

3
i .

(17)

At 80% relative density, the following can be obtained:
If no magnetic field is applied,

d � 4.41σ1.0398
3 ,

e � −5E− 05σ23 + 0.003σ3 − 0.03 ,

f � 0.71σ23 − 53.81σ3 + 400.71 ,

(18)

If a magnetic field is applied,

d � 3.64σ1.0969
3  × 1 + 0.316Ii + 0.076I

2
i − 0.057I

3
i ,

e � −2E− 05σ23 + 0.001σ3 − 0.0042 

× 1− 1.200Ii + 2.154I
2
i − 0.746I

3
i ,

f � 0.892σ23 − 72.303σ3 + 676.21 

× 1 + 0.720Ii − 0.066I
2
i − 0.021I

3
i .

(19)
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3.1.3. Postpeak Behavior. +e postpeak behavior of the iron
powder-reinforced autoadaptive material was examined in
terms of brittleness (IB) and energy absorption capacity
(EAC).

(1) Brittleness. We can observe from stress-strain curves in
Figure 2 that the residual strength of autoadaptive speci-
mens remains higher than that of unreinforced specimens
after peak strength, which suggests that the autoadaptive
material would sustain greater load even at a larger de-
formation compared to unreinforced sand. To quantify this
behavior, the brittleness index (IB) defined in [38] is
applied:

IB �
σd,peak

σd,res
− 1, (20)

where σd,peak is the peak deviator stress and σd,res is the
residual deviator stress of the specimen. +e ductility be-
havior increases as IB decreases towards zero.

As expected, the brittleness is found to be greater for
specimens with higher relative density (Figure 6 and Table 4).
+is implies that the relative density dominates the ductility
behavior of sand and unreinforced sand over the magnitude
of electromagnetic field. It is interesting to note that the
inclusion of iron powder improved ductility of specimens;
however, the existence of electromagnetic field decreased
ductility (Figure 6). +e peak and residual stress have been
improved (Figure 2) by the inclusion of iron powder but with
a greater improvement of residual stress; as a result, the
brittleness index for the iron-powdered sand was reduced.
+is validates again that iron powder coating around the soil
particles, which made soil particles easier to rearrange in the
microscopic view and makes specimens easier to deform even
at a relatively larger strain. Applying the electromagnetic field
can strengthen the specimens and decreases the ductility of
iron powder-reinforced specimens (Figure 6).

(2) Energy Absorption Capacity. As defined in [39], the
energy absorption capacity is introduced to describe
toughness of fiber-reinforced concrete under flexural
loading condition. +e energy absorption capacity (EAC) is
defined by the area under the stress-strain curve up to
a reference strain (8% is selected in this study).

+e EAC of the autoadaptive specimen is from energy
dissipated from the soil matrix deformation (EAC)s and the
energy dissipated through iron powder particles movement
driven by electromagnetic force (EAC)i. Hence, the total
energy absorption capacity (EAC) of the autoadaptive
material can be expressed as follows:

EAC � (EAC)s +(EAC)i. (21)

Table 5 and Figure 7 present the energy absorption
capacity of each specimen. Figure 7 demonstrates the impact
of the magnitude of electromagnetic field and confining
pressure on energy absorption improvement. +e general
pattern interpreted in Table 5 and Figure 7 is quite similar to
that previously demonstrated in Table 2 for the peak stress
response. All of the testing factors noticeably affected
the energy absorption capacity positively of both sand and

iron-powdered sand under the electromagnetic field. As
shown in the first three columns in Table 5, the effect of
inclusion of iron powder is found to be more pronounced
for the specimens under higher confining pressures. Fig-
ures 7(a) and 7(b) show the increase in magnitude of the
electromagnetic field leads to a higher improvement of
energy absorption capacity. If one picks one data point from
Figures 7(a) and 7(b) for the same testing condition (the
confining pressure andmagnitude of current) except relative
density, it can be noticed that the relative density has positive
effect on the energy absorption.

Alternatively, the energy absorption capacity can also be
evaluated by normalizing the EAC over the entire stress-
strain curve, which is expressed as [(EAC)ε/(EAC)εref]. +e
(EAC)ε represents the area up to any axial strain ε on the
stress-strain curve, and (EAC)εref is the area to a reference
strain εref (8% in this study). To make a distinction of effect
from different variables (relative density, magnitude of the
electromagnetic field, and confining pressure) on soil be-
havior, Figures 7(c) to 7(e) show three examples of nor-
malized energy absorption against the axial strain with
variation of parameters in each plot. First, the normalized
energy absorption for iron powder-reinforced sand increases
with the axial strain at an almost constant rate (Figure 7(c) to
Figure 7(e)). +e increase of relative density, confining
pressure, and the magnitude of electromagnetic field leads to
a lower energy absorption rate, which indicates soil behaves
predominantly brittle. +is agrees well with the deviator
stress-strain curves shown in Figure 2 and brittleness index
shown in Figure 6.

3.2. Shear Strength Parameters. To investigate the influence
of the electromagnetic field on the friction angle and co-
hesive coefficient, we plot the Mohr–Coulomb failure en-
velopes at different test conditions. To precisely assess the
friction angle and cohesive coefficient, we employ the
method of linearizing triaxial test failure envelopes [40].
Generally, the friction angle and the cohesive coefficient are
obtained by drawing a tangent line to a series of Mohr’s
circles. However, it is easier and more accurate to regress on
the scattered points from the stress path than to draw
a tangent line to a series of circles. Additionally, linear re-
gression on the scattered points gives the statistical evalu-
ation of the data fitting. Handy [40] pointed out that
variability biases exist either by best fit by eye or by re-
gression of the p-q diagram from the triaxial test data, which
leads to an overestimation of the friction angle. +e reason
for these biases is that the variability is 45° to the y-axis if
lateral stress σ3 is constant. As can be seen in the Mohr–
Coulomb envelope equation,

τ � c + σ × tan α. (22)

+e independent variable is σ, and it is assumed that
the test variability is parallel to the y-axis. However, as
shown in Figure 8, the variability of τ is not parallel to the
y-axis, and it is a line inclined with the y-axis. +is var-
iability bias leads to the overestimation of the friction
angle and will be involved when regressing p-q data points
on the p-q plane.
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Figure 6: Brittleness index: e�ect of the magnitude of electromagnetic �eld on the brittleness index of specimens under (a) 103 kPa, (b)
206 kPa, and (c) 310 kPa.

Table 4: Brittleness.

σ3 (kPa) Sand (kPa) Iron-powdered
sand (kPa)

Iron-powdered sand
under 0.5A (kPa)

Iron-powdered sand
under 1A (kPa)

Iron-powdered sand
under 2A (kPa)

Relative density at 60%
103 0.09 0.07 0.11 0.13 0.14
206 0.09 0.08 0.08 0.09 0.08
310 0.09 0.07 0.07 0.07 0.11
Relative density at 80%
103 0.11 0.08 0.12 0.16 0.15
206 0.11 0.10 0.10 0.11 0.11
310 0.13 0.08 0.08 0.08 0.14

Table 5: Energy absorption capacity.

σ3 (kPa) Sand (kPa) Iron-powdered
sand (kPa)

Iron-powdered sand
under 0.5A (kPa)

Iron-powdered sand
under 1A (kPa)

Iron-powdered sand
under 2A (kPa)

Relative density at 60%
103 3173.38 3253.88 3500.11 3518.13 3802.56
206 6355.85 6453.01 6432.52 6812.96 6773.75
310 8865.79 9128.71 9585.37 9443.23 9745.08
Relative density at 80%
103 3541.93 3554.64 3788.64 3864.91 3819.25
206 6349.85 7497.74 7359.33 7959.01 7762.73
310 9117.75 10255.34 10546.79 10721.98 10820.73
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�is problem is simply solved by regressing q on p on the
polar planes and rotating q and p axes by an angle θ
(normally 45°). Consequently, the y-axis is parallel to the
data variability direction as shown in Figure 9.

It is solved as follows: �rst, the abscissa of the center of
the Mohr circle and the radius are calculated based on the
minor principle stress and major principle stress from the
triaxial tests:

p � σ1 + σ3( )/2,
q � σ1 − σ3( )/2.

(23)

Second, we convert the data set p-q from rectangular
coordinates to polar coordinates, which are designated as θ
and r. �ird, 45° is added to θ, which gives us θr. Fourth,
convert θr and r back to the rectangular plane, which are
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Figure 7: Energy absorption capacity: e�ect of the magnitude of electromagnetic �eld on energy absorption capacity improvement of
specimens at (a) 60% relative density and (b) 80% relative density and e�ect of (c) relative density, (d) con�ning pressure, and (e) magnitude
of the electromagnetic �eld on normalized energy absorption capacity.
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pr-qr data points. Last, perform regression on pr-qr data,
and the slope and intercept of the regression line are termed
as α and ar, correspondingly. Finally, the following re-
lationships are applied to relate α and ar to friction angle ϕ
and cohesive coefficient c:

sinϕ � tan α,

c � a/cos ϕ,
(24)

where

a � ar

sin(90−Δθ− α)

cos α
 . (25)

By following the procedure above, the friction angle and
the cohesive coefficient can be obtained. +e friction angle
and the cohesive coefficient are listed in Table 6. +e results
of the nonrotated method compared with Handy’s method
are shown in Figure 10 and Table 6; Handy’s method

generally agrees with the corresponding test results com-
pared with the nonrotated method.

4. Conclusions

+e improvement of soil strength by inclusion of iron
powder and magnetic field was evaluated in this study. +is
investigation included the performance on triaxial tests of
Ottawa sand and iron-powdered sand under different
magnetic fields and development of the stress-strain re-
lationship. A revised Duncan–Changmodel was proposed to
simulate the strain-softening behavior of specimens. +e
following main conclusions and observations can be made
from this investigation:

(1) +e most impressive advantage of iron powder in-
clusion together with electromagnetic field re-
inforcement was the improvement of peak strength
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and shear strength. +e positive impact was more
significant at medium to low confining pressure. It is
reasonable since the specimens under high confining
pressure are already stiff and the effectiveness of iron
powder together with the electromagnetic field is less
remarkable.

(2) +e addition of iron powder to pure sand increased
the peak stress, energy absorption, and brittleness.
+e initial stiffness improved with the addition of
iron powder for the specimens at 60% relative
density; however, the initial stiffness of specimens at
80% relative density was insensitive to the iron
powder inclusion. Moreover, the addition of iron
powder slightly improved internal friction angle and
most importantly introduced the cohesive coefficient
to specimens which were zero for pure sand.

(3) By applying the electromagnetic field, the peak stress,
energy absorption, friction angle, cohesive co-
efficient, and strength ratio, the initial stiffness im-
proved with the increase of the electromagnetic field
except for the specimens with 80% relative density
and under confining pressure of 310 kPa. +is is

explained by that the specimens with 80% relative
density and under 310 kPa confining pressure are
already stiff, and therefore, the improvement is not
apparent. In parallel, the brittleness of specimens
increased with the increase of magnitude of the
electromagnetic field which agrees well with the
increase of stiffness.

(4) +e initial stiffness of iron-powdered sand was de-
termined by the confining pressure, relative density,
iron powder content, and magnitude of the elec-
tromagnetic field. Among these controllable testing
variables, the confining pressure and stiffness have
major impact on the elastic modulus. +e effect of
the inclusion of iron powder on the elastic modulus
was positive for specimens at 60% relative density
and was less obvious on the specimens at 80% rel-
ative density. By applying the electromagnetic field,
the initial stiffness improved except for the speci-
mens that were already stiff (80% relative density and
under 310 kPa confining pressure). It can be stated
that the combination of the inclusion of iron powder
and electromagnetic field has great potential in
improvement of initial stiffness.

(5) At a relative density of 60%, most of the iron powder
was coated around sand particles and few was filled
into voids between particles to densify the specimens.
Hence, the coating by iron powder reduced the
surface friction of iron powder-reinforced specimens
in the microscopic view and made the coating soil
particles easier to rearrange. As a result, it reduced the
initial stiffness and overall brittleness by making
specimens easier to deform. However, compared with
specimens with a relative density of 60%, specimens at
80% Dr contain smaller voids andmore iron powder.
+erefore, except coating around sand particles,
iron powder filled most of the voids which densified
iron powder-reinforced specimens. Moreover, the
densification effect from filling voids by iron
powder dominates over the coating effect around
particles; as a result, the strength improvement was
more pronounced at 80% relative density.

We conclude that this innovative method of autoa-
daptive media has the potential to be a valuable means of
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Figure 10: Sand with iron powder at 60% relative density under 2A
current.

Table 6: Friction angle and cohesive coefficient.

Type of the specimen
Friction angle, ϕ (°) Cohesive coefficient, c (psi)

Nonrotated method Rotated method Nonrotated method Rotated method
Sand at 60% Dr 35.082 35.080 0.004 0.001
Iron-powdered sand at 60% Dr 35.686 35.683 0.031 0.818
Iron-powdered sand at 60% Dr and 0.5 A 35.799 35.785 0.220 1.322
Iron-powdered sand at 60% Dr and 1A 36.408 36.404 0.374 1.361
Iron-powdered sand at 60% Dr and 2A 37.543 37.544 1.044 3.857
Sand at 80% Dr 37.413 37.415 0.005 −0.0001
Iron-powdered sand at 80% Dr 37.608 37.581 0.372 0.573
Iron-powdered sand at 80% Dr and 0.5 A 38.007 37.981 0.727 3.09
Iron-powdered sand at 80% Dr and 1A 39.276 39.167 0.738 3.104
Iron-powdered sand at 80% Dr and 2A 38.716 39.538 0.752 3.721
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strengthening the soil by temporary solidification. +is
characteristic is applicable in earthquake engineering by
sensing and intentionally mitigating the external distur-
bance. However, the development and evaluation of this
investigation still require intensive laboratory tests. +e
challenge in practice is mixing the iron powder with sand
uniformly in the field and effectively placing a magnetic field
on-site.
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