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Abstract

The basic principle of the three-dimensional stress state test is deduced based on the relationship between the normal stress
and the conventional stress state, and the relationship between the total stress state and the effective stress state is given
based on Terzaghi’s effective stress principle. On this basis, we made a three-dimensional earth pressure device by using a
pedestal obtained by 3D printing technology, 6 micro earth pressure cells, a pore pressure cell and an attitude sensor.
Considering the effect on the tested values of the dynamic change in the normal stress direction, the conversion relationship
between the absolute test direction and the relative test direction of the test device is deduced, which can be used to
dynamically test the three-dimensional total stress state and three-dimensional effective stress state. In addition, a method
to calculate the K, value is proposed based on the earth pressure device comparing with the direct test result by the K,
oedometer and indirect test results by direct shear test and triaxial test in laboratory. Two three-dimensional earth pressure
devices are used in a simulation experiment of tailings dam construction, and the results show that with the increase in pore
pressure, the calculated errors of the three-dimensional stress state caused by rotation angles will be more noticeable. This
study has engineering value for in situ geotechnical testing and soil strength prediction.
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1 Introduction

The stress state is the basic index for evaluating the
strength and deformation of soil and is also the vital
monitoring  index in  geotechnical  construction
[6, 7, 11, 15]. The stress state of soil is a dynamic three-
dimensional form, which is influenced by the scattered,
multiphase, discontinuous and anisotropic soil properties
[19, 31]. It is of great scientific significance and engi-
neering value to reveal the evolution of the three-
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dimensional stress state of soil under external forces for the
study of soil behavior.

Conventional stress test devices, such as earth pressure
sensors and stress gauges, can only test the stress compo-
nents in a certain direction. Clayton et al. [S] proposed
diaphragm-type boundary total stress cells. Zhu et al. [31]
proposed a new approach to conduct cell calibration and
characteristic modeling and verified the applicability of
miniature soil stress measuring cells in model tests. Horn &
Johnson et al. [10] proposed a device to test the stress state
in unsaturated soils without considering the angular rota-
tion of the device. Several other test devices, such as the
strain rosette pasting on the surface of a material [2, 4, 12],
can also be used to test the three-dimensional stress state of
continuous materials. However, soil is a typical discon-
tinuous media. The nonlinear properties of deposition,
creep, deformation, grain crushing, friction and the slip of
particles in the loading process will make the behavior
more complex [8, 20]; thus, the rotation of the test device
in soil cannot be avoided. Hence, a stress state test device
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in soil considering the effect of the device rotation during
the test should be developed.

Numerous literature studies have proposed several
devices to test the stress in different directions. The cali-
bration procedures, sensor stiffness, electrical measurement
method and application methods of the stress or pressure
cells are usually undertaken [1, 5, 18, 21-26, 28, 31]. All
the above studies can provide a foundation for the accurate
measurement of earth pressures. On this basis, the test
principle of the three-dimensional stress state is deduced
based on the relationship between the normal stress and
conventional stress state to explain that not all multidi-
rectional pressure sensors can calculate the stress state.
Moreover, the conversion relationship between the abso-
lute test direction and the relative test direction of the test
device is deduced to eliminate the test errors caused by the
device rotation. On the basis of this theory, we made a
three-dimensional earth pressure device (3D earth pressure
device) consisting of a pedestal made by 3D printing
technology, 6 pressure cells, a pore pressure cell and an
attitude sensor. In addition, a method to calculate the K,
value is proposed based on the 3D earth pressure device to
connect the 3D earth pressure device with the strength
parameters and to verify the test device. At last, this 3D
earth pressure device was used in a simulation experiment
of tailings dam construction.

2 Theory and method

2.1 Theory of the three—dimensional stress
state

In three-dimensional space, the stress state of a point in the
soil can be expressed by the stress component passing the
point [13, 17]. Considering the symmetry of shear stress,
the stress state of a point O can be expressed by 6 inde-
pendent components, i.€., 6, = {0y, Oy, 0, Oy, Oyz Oz}
The normal stress ¢ in any direction through point O can be
expressed by g, using the following equation [17].

0 = o> + oym* + 6,I* + 20, Im + 20,;mn + 20,nl (1)

where ¢ is the normal stress, [, m, and n are the cosine
values of the angles between the normal stress and the x-
axis, y-axis, and z-axis, respectively.

If the normal stresses in 6 directions of a point are
known, Eq. (1) can be expressed as a linear algebraic
equation regarding oy, 0y, 0, Oy, Oy, 0, as shown in
Eq. (2).
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which reduces to
{O’i} :T{O'j} (3)

where i =a, b, c, d, e, f, j=x,y, 2, xy, ¥z, zx; and T is a
transition matrix, which is as follows:

lﬁ mz ”3 2l,m, 2mun, 2n,l,
l%) m%, I’l% 21bmb 2mbnb 2}’lblb

T— lf mf nf 2lom. 2m.n. 2n.l, ()
o lei mﬁ nfl 21dmd 2mdnd 2ndld
l? mg ng 2l,m, 2m.n, 2n,l,
I omf o onp 2Umg 2mng 2ngly

If the existential conditions of inverse matrix T~ ' are
satisfied, the stress state of a point can be calculated from
the normal stresses in 6 independent directions and the
inverse matrix T_l, 1.e.,

{o;} =T"{ai} 5)

where T~ is the inverse matrix of T. If the inverse matrix
T~! of the transition matrix T exists, the test direction
i(i=a,b,c,d,e,f) should be independent from each other.
This means that the multidirectional pressure sensors
should test at least 6 different directions before it can be
used to calculate the stress state.

The effective stresses in any point of saturated soil can
be computed from the total normal stresses and the pore
water pressure, i.e., by Terzaghi’s effective stress principle
[27, 30]. Hence, the effective stress o/ in direction i can be
expressed by the following equation:

!

g, =0;—U (6)

l

where u is the pore water pressure in the soil. Introducing
the 6 effective stresses o, instead of the 6 normal stresses
c; into Eq. (5), the three-dimensional effective stress state
o/ can be calculated. To test the three-dimensional stress
state of a soil, at least 6 independent normal stresses should
be tested, while to compute the three-dimensional effective
stress state, the pore water pressure of the test point should
also be determined.

2.2 Dynamic test of the 3D earth pressure
In one-dimensional stress test, the test direction should be

consistent with the design direction. Similarly, in the three-
dimensional stress test, the space coordinate system (three
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axes) of the device should be consistent with the design
one. The soil is a granular material with discontinuous,
porous and multiphase properties [3, 8, 16]. The angles
between the initial space coordinates and the current
coordinates of the device can exist. To improve the testing
accuracy, the initial coordinates should be dynamically
consistent with the space coordinates of the test process
(i.e., the angle between the current coordinate and the
initial coordinate can be determined dynamically), espe-
cially in the embedment process after the position
calibration.

The 0g-xoyozp system is the absolute coordinate system
that does not change with motion (Fig. 1). The o-xyz and
o'-x'y'7 systems are the initial coordinate system and the
current coordinate system of the earth pressure device,
respectively. In the embedment process, the o0p-xgyozo
system was set, and the o-xyz system is consistent with the
00-XoY0Zo System. During the test process, the o-xyz system
rotates dynamically to the o’-x'y'7’ system under the effect
of load or environment, while the 0oy-x¢ygzo system remains
unchanged. The angle between the o-xyz and the o'-x'y'7
systems will produce calculation errors in the three-di-
mensional stress state.

The rotation angle between the o0-xyz and o’-x'y'7 sys-
tems can be decomposed as the rotation angle around the z-
axis, y-axis and x-axis, named 0, # and (. This rotation
obeys the right-handed coordinate system (i.e., the rotation
angle is positive if the rotation is in the counter-clockwise
direction). The test direction of i (i = a, b, ¢, d, e, f) in
Fig. 1 can be described as the vector i (%, i, z7) from point
0(0, 0, 0) to point Pi(x;, y;, z;)- The corresponding point
P/(x/, y{, z/) of point Pi(x;, y;, z) after rotation can be
calculated by the rotation angles 68, n and (, as shown in the
following Eq. (7):

20

Fig. 1 The rectangular coordinate system and the device coordinates
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Z

(7)

The new test direction of i/ (i’ = d’, b', ¢, d, €, f) at the
00-X0YoZo System can be described by the point O(0, 0, 0)
and the point P;/(x/, y/, z/), i.e., the vector ?/(xi’, v, 7).
The cosine value {I/, m/, n/} of 7’ can be calculated by the
vector ?/(x,-’ , ¥, z/) and the unit vector at the x-axis E.(1,0,
0), y-axis Ey(O, 1, 0) and z-axis EZ(O, 0, 1), respectively,

and the equations are as follows:

-

i -E,

=t (8)
IR
rd E:
ml = 9)
i ‘EV‘
rd E
n o= (10)
i|-|E|

Introducing the {I}' m/" n/} of i (' =d, V', ', d, e, f)
into Eq. (4), the matrix T’ and the inverse matrix T~ " can
be calculated. Combining the tested values of ¢,/ ¢, 6./ 0/
o, a7 and the rotation angles {, 1, 0, the dynamic three-
dimensional stress state can be obtained by Eq. (5).

2.3 Design of the 3D earth pressure device

The 3D earth pressure device was made based on Eq. (5)
and 3D printing technology. The structure of the pedestal
was designed by the following procedures (Fig. 2): (1) A
cube M\M,M;sM,—MsMsM,Mg with [ length on each edge
was chosen, and the central points of six surfaces were
named Qy, 0», 03, O4, Os and Qg respectively(Fig. 2a). (2)
The midpoints of lines M{Ms, MoMg, M3;M; and M Mg
were selected and named N;, N,, N3 and N,, respectively,
and the midpoints of lines Q1N;, Q|N>, Q1N3, Q1N4, Q>N
O>N,, O>N5 and Q,N, were selected and named Ty, T, T5,
T4, Ts, Ts, T7 and Tg. (4) The diamond surfaces Q17,0,7>,
Q1T2Q3T3, Q1T3Q4T4 and Q1T4Q1T1 were named a, b,
c and d, respectively, and the diamond surfaces 750,703,
13031704, T4Q4T3Q4 and T10,T50, were named e, f, g and
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Fig. 2 Three-dimensional earth pressure device: a test structural; b pedestal photo; ¢ side view of pedestal; d pressure cell; e pore pressure cell;

f 3D earth pressure device

h. (5) The installation slots and threading holes were made
on the surface (a, b, c, d, e, f, g, h), and the protruding
cusps, including Qy, O5, 03, Q4, Os, Qg, Were cut to prevent
stress concentration; the bottom parts which are symmetric
about a, b, ¢, d were cut. A photograph of the pedestal is
shown in Fig. 2b. Based on the rectangular coordinate
system in Fig. 2b, the direction vectors of the 6 test
directions can be deduced as in Table 1. Figure 2 and
Table 1 show that the normal lines (test direction) of planes
a, b, c, d, e, and f are independent of each other (satisfying
the existing requirements of inverse matrix 7' in Eq. (5)).

In one-dimensional earth pressure tests, in order to avoid
overload and test errors of large range cells in low pressure
stage, the measuring range of the test cell should be con-
sistent with the stress range of the material to be tested. In
the three-dimensional stress tests, in order to ensure test
accuracy and the stability of the relative angles in the 6 test
directions, both the measuring range of the test cell and the
pedestal performance should be considered. If the stiffness
of the pedestal is too small, the test unit will deform into
the pedestal during the test, which will underestimate the

Table 1 Direction vectors of three-dimensional earth pressure device

earth pressure and change the relative angles in the 6 test
directions. When the load is very small, the pedestal should
be lighter than the soil to avoid the test error caused by its
dead weight. In addition, the pedestal surface should be
smooth to reduce the boundary friction. Hence, the pedestal
should have the advantages of high stiffness, light weight
and smooth surfaces.

The pedestal (weighing 137 g) in Fig. 2b was made
using 3D printing technology, and the pedestal surface was
covered with polytetrafluoroethylene (PTFE) to minimize
boundary friction. The micro earth pressure cells and the
pore pressure cell were selected and calibrated with the
references [5, 30], and all the basic parameters of the
pressure cells are shown in Table 2. In a compression test,
the stiffness of the pedestal was found to be 1840 to 2000
times larger than that of the pressure cell diaphragm when
the strain was 10 pm, which can ensure that the test values
are not affected by the pedestal deformation in the test
range of 0 to 0.18 MPa. The earth pressure cells and pore
pressure cells were made by the Tianjin Shineway Science
and Technology Co., Ltd. The micro attitude sensor was

Direction vectors a b c d e f g h

! -1/v2 0 1/V2 0 -1/v2 1/V2 1/V2 -1/v2
m 0 ~-1/v2 0 1/V2 -1/v2 ~1/V2 1/V2 1/V2
n -1/V2 -1/v2 -1/V2 -1/v2 0 0 0 0
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Table 2 Basic parameters of pressure cell and attitude sensor

Cell/sensors Test range Test accuracy Sizes Signal type

Micro earth pressure cells 0-0.10 MPa 10™ MPa d x h=28.00 mm x 10.00 mm Strain gauge signal
Micro pore pressure cell 0-30.00 kPa 10 kPa d x h=28.00 mm x 10.00 mm Strain gauge signal
Attitude sensor — 180°-180° 0.01° Lx Wx H=1524 mm x 15.24 mm x 2.00 mm RS-232

made by the Suzhou H-C Soil Water Science and Techno
logy Co., Ltd.

The fabrication process of a 3D earth pressure device is
as follows: (1) Place 6 micro earth pressure cells (Fig. 2d)
in the installation slots of planes a, b, ¢, d, e and f. (2) Put a
pore pressure cell (Fig. 2e) in the installation slot of plane
g or plane h. (3) Fabricate a micro attitude sensor in the
bottom spare slot of the pedestal. Thus, a 3D earth pressure
device was formed (Fig. 2f). By using this 3D earth pres-
sure device, normal stresses in 6 directions and the
hydrostatic pressure of the test location were tested, and the
rotation angles {,  and 0 of the 3D earth pressure device
can be tested by the micro attitude sensor. The three-di-
mensional stress state can be calculated based on Eq. (5).

Introducing the direction vectors (Table 1) of a, b, c, d, e
and finto Eq. (4), the matrix T and inverse matrix T~' can
be obtained. The three-dimensional stress state before
rotation (0-xyz) can be calculated as follows:

Oy 05 -05 05 -05 05 0.5
ay —-05 05 -05 05 0.5 0.5
o, | _ 0.5 0.5 0.5 05 -05 -05
Oy o 0 0 0 0 05 =05
Oy 0 0.5 0 -0.5 0 0
Oy 0.5 0 —-0.5 0 0 0

O-Ll

Op

Oc

04

Oc

of

(11)

where o, 63, 0, 04, 0. and oy are the test values of planes
a, b, c, d, e and f. By using Eq. (6), the test values of the 6
earth pressure cells and the one pore pressure cell can be
calculated. The effective normal stresses in 6 directions can
also be calculated. Thus, the three-dimensional effective
stress state before rotation (o-xyz) can be obtained by
Eq. (11).

3 Application in a tailings dam construction
simulation experiment

In order to verify the performance of this device, the 3D
earth pressure device was used in a simulation experiment
of tailings dam construction. Meanwhile, the mechanical
parameters determined by this device were compared with
the laboratory test values.

3.1 Details of the simulation experiment

A tailings dam is constructed by discharging tailings using
the upstream method. From the dam body to the reservoir,
considering that the early deposition properties of coarse
particles can block the reverse impact of fine particles, the
coarse particles were used as the bearing stratum of the
future subdam (Fig. 3) to save construction investment and
speed up solid deposition of the tailings. The tailings after
mineral separation are a porous medium with a high
moisture content, typically varying between 15-60%. The
tailings were in the saturated state for a long time during
the discharge and deposition processes.

In this test, the tailings reservoir will be used by two
mining companies, while the particle compositions (Fig. 4)
and flow rates (i.e., 39% and 18%, respectively, from dif-
ferent product parts) of the two mineral materials from the
two mining companies are different. To ensure the safety
of the reservoir and the dam, the two kinds of tailings
should be mixed together and prepared for discharge on the
dam. In the process of tailings discharge, the flow rate,
deposition rate, and dissipation rate of the pore pressure
can be reflected by the stress state and the effective stress
state. By reducing the width of the dam on the site and
considering the practice of the pipe discharge in turn (de-
position height of each time less than 1 m), the test was
simulated in a trough with a size of 300.00 m (Iength) x

1.50 m (width) x (1.50-2.00) m (height), as shown in
Figs. 5 and 6. The internal side of the trough was a
waterproof boundary (covered by waterproof geotextiles),
while the bottom was a permeable boundary (dry beach
formed by pre-deposited tailings). The waterproof geo-
textiles were buried at a certain depth off the bottom to
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--Future subdam
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Fig. 3 Schematic diagram of tailings dam construction
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Fig. 4 Grain size distribution curve of tailings

prevent the water from flowing out from the junction part
of the tank.

3.2 Application of the 3D earth pressure device

The buried location of the 3D earth pressure device is
shown in Fig. 5, and the particle compositions of the tested
location is shown in Fig. 4. The data wires of the 6 earth
pressure cells, 1 pore pressure cell and 1 attitude sensor
were connected to the acquisition system. The values of all

Tailings entrance

WA gitator

the sensors were recorded by the computer connected with
the acquisition system.

Firstly, the two kinds of tailings with different propor-
tions were mixed in a cylindrical mixing facility with a
diameter of 2 m (Fig. 6). Secondly, the mixed tailings were
discharged to the trough until the test location reached a
height of 10 cm. The bottom 3D earth pressure device was
embedded in the midpoint of the dry beach (24 h inter-
ruption test). In the embedment process, a horizontal
platform (lower than the midpoint of the dry beach) was
cleaned on the dry beach with the aid of a leveling
instrument, which made the coordinate system of the 3D
earth pressure device parallel to the initial coordinate
system on the horizontal platform (space coordinate system
in Fig. 5), thus, the rotation angles 6, n and { of the device
were calibrated as (0, 0, 0). Then, covering and consoli-
dating the tailings on the 3D earth pressure device lightly,
the rotation angles between the initial coordinates were
recorded by the acquisition system in the covering process
(rotation angles are shown in Fig. 7), and the angles of 0, n
and { were set to zero (an optional operation) by consoli-
dating the tailings, although imperfectly. After embedment,
the tailings surface is consistent with the dry beach surface,
to avoid the impact on the flow and consolidation of tail-
ings. Then, the mixed tailings were discharged to the
trough until reaching the buried height at the top of the 3D
earth pressure device. The top of the 3D earth pressure

300.00m

20.00m 280.00m

la¢——Mixing facilities
&
=
b
- Flowmeter
L =~ Tailings flume pipe
2.00m -
I<—D| Pulp density|
is 20.58 %
Z)
(S TS TN
lAbsolute coordinate
system
o ¥

3
F
y

Fig. 5 Embedded position of three-dimensional earth pressure devices
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Fig. 6 Photograph of simulation experiment of tailings dam construction
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Fig. 7 Rotation angles of the test device in the embedded process

device was embedded in the midpoint of the tailings (After
30-min interruption test, the deposited surface can bear the
load of a 75 kg man), and its burial method is the same as
that of the device at the bottom.

The bottom 3D earth pressure device worked from Aug.
21, 2019 to Sept. 10, 2019 (from 0d to the end), and the top
3D earth pressure device worked from 10.9d to the end.
The discharge process of the mixed tailings was stopped 10
times affected by the production process. From 20d to the
end, we applied a 200 kg load with an area of 0.5 m
(length) x 0.5 m (width) on the tailings above the upper
3D earth pressure device to observe the behavior of the

| Inclination cell

Three dimensional
earth pressure sensors

external load on the consolidation of the tailings. The 10
time intervals and the test details are listed in Fig. 8. The
pressure values in 6 directions, the pore pressure values,
and the rotation angles of 0, n and { are shown in Fig. 9.

4 Results and analysis

Figure 7 shows that the rotation angle that affects the test
results cannot be avoided in the embedded process. The
value of 0 reached 4°, and the values of n and { also
reached 3°. Therefore, the consideration on the correction
of the dynamic change in angles was suitable and neces-
sary. Figure 9 shows that the angles will rotate with time
during the testing and loading processes, in addition, the
changes in angles will be aggravated with the monitoring
process. The changes of 1 and { were significantly greater
than those of 0 in both the bottom and the top devices,
which indicates that the soil is more inclined to produce the
angle difference caused by uneven settlement than to rotate
in a certain horizontal plane. The test values of a, b, ¢, and
d are different while they are nearly at the same height and
symmetrical angles, which shows that the anisotropy of the
load distribution still exists in the flow and deposition
process of tailings. The test values show that the earth
pressure cell in directions a, b, ¢, and d approximately
obeys a > d > ¢ > b, and all the earth pressure test values
are larger than that of the pore water pressure.

The angle X ({) is rotated gradually to negative, and the
test value in direction d is much larger than that in direction
b. Compared with the rigid boundary in directions b and d,
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Fig. 8 Tailings emission process and testing process

directions a and ¢ are more susceptible to the transverse
effect of tailings flow. Hence, the pressures in directions
a and c are larger than those in directions b and d. Because
the angle Y (0) is rotating gradually to negative (i.e., the
direction a is more parallel to the Z-axis), the pressure in
direction « is larger than that in direction c¢. In summary,
the rotation angles affect not only the prediction accuracy
of the initial coordinate system but also the scientificity of
the test values. Compared with the test values of the bottom
3D earth pressure device (Fig. 9c), the test values of the top
3D earth pressure device (Fig. 9d) increased rapidly during
the loading stage (20 d to the end), which is consistent with
the diffusion law of additional stress.

The three-dimensional stress state and the three-di-
mensional effective stress state can be calculated with
Eq. (11). Similarly, using Eq. (5) to Eq. (10), the three-
dimensional stress state and the three-dimensional effective
stress state, which consider the effects of the rotation
angles of the 3D earth pressure device, can be calculated,
and the results and the numerical differences between
different calculation methods are shown in Figs. 10 and 11.
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Figures 10 and 11 show that the values of normal stress
and shear stress at different depths increase gradually with
the continuation of the test process. The differences
between the 3 normal stresses are small at the small depth
of the tailings deposited on the upper 3D earth pressure
device (see Fig. 5). Along with the increase of the upper
deposition load, the vertical force (o,) is larger than the
force (o) in the flow direction, and the force (o,) in the
flow direction is larger than that (o) at the lateral bound-
ary, while o, and o, are at the same horizontal height. The
same conclusions can be obtained considering the influence
of pore water pressure on the test results (Figs. 10b and
11b).

Comparing the three-dimensional stress state [61,] with
the three-dimensional effective stress state [6,] (Figs. 10c
and 11c¢), it can be found that the stress [6,] constitutes the
vast majority of the total stress [61;], and the pore pressure
affects the normal stress but does not affect the magnitude
of the shear stress (Figs. 10c, d, 11c, d). The stress errors of
three normal stresses affected by pore water pressure are
consistent, and the values are consistent with the pore



Acta Geotechnica

(a) 0.2 T gl T T T T T T T T
—e— 1
01fp = 0 .
0.0 .
E
.01 .
<
-02 b
-03 .
0.4 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8§ 10 12 14 16 18 20
Time/day
(c) 40 T T T T T T T T T T

—a—g—— ph——

3sp—d e f

—— Pore water pregsure
30

25

20

Stress/kPa

0 2 4 6 8 10 12 14 16 18 20
Time/day

O_OM_

Testing stage

Loading stage

12 14 16 18 20
Time/day
(d) 35— P - ro— T T T
30 —v—g—+—o—<+— f
| —— Pore water pressure 7
2L Loading stage 1

Testing stage

Stress/kPa

Time/day
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cells on the bottom device; d value of pressure cells on the top device

water pressure. The errors of three-dimensional stress state
are affected by the rotation angles (Figs. 10g, h, 11g, h),
and this influence will increase with the increase of test
values and rotation angles. Figures 10i and 11i show that,
there is a correlation between the stress errors and the test
values, i.e., the larger the value of normal stress is, the
greater the error is, in addition, the greater the absolute
value of shear stress is, the greater the error is.

Figures 10 and 11 show that, the average errors and
standard deviations of the stress errors caused by pore
water pressure are consistent, regardless of the rotation
angles; and the average errors and standard deviations of
stress errors caused by rotation angles are also consistent,
regardless of the pore water pressure. When considering
the both effects of pore water pressure and rotation angles,
the errors of normal stresses are close to those caused by
pore water pressure, and the errors of shear stresses are
consistent with those caused by rotation angles. Therefore,
it can be proven that, the pore water pressure does not

affect the shear stress, while the rotation angle has a greater
influence on the normal stress.

The three-dimensional stress state can be expressed in
different space coordinate systems, and those values will be
dependent on the coordinate systems. Literature studies
show that, the stress state of a point can be expressed by
three principal stresses, and those directions can be
expressed by the direction cosines. On the basis of [6,,] in
Fig. 10 and Fig. 11, and the equation > 4+ m® + n = 1,
the principal stresses (g, 05, 03) and the stress directions
Iy, my, ny) (k=1, 2, 3) can be calculated by the three-
dimensional stress state, and the results are shown in
Fig. 12. The o4, 0, and o5 in Fig. 12 increase gradually
with the increase of time and load, and has the similar
evolution trend with the three normal stresses (o, oy, 0.).
The direction cosine expresses the relationship between the
principal stress and the initial coordinate system. When the
additional load on the tailings is small or instantaneous, the
direction cosine transformation is complex, and even
occurs a shift in the stress direction. With the increase of
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additional load, the principal stress direction is gradually
stable.

Literature studies enhanced the theory to calculate the
stress state in soils, while it is difficult to simulate the stress
state in the gradual increase process considering the ani-
sotropy behaviors. To verify the reliability of the three-
dimensional stress state test results, an indirect method was
used to compare the test results with the strength parame-
ters tested in the laboratory. The verification procedure is
as follows: (1) calculate the K, value by the results of the
three-dimensional stress state; (2) use the K, value to cal-
culate the friction angle (¢) of the tailings material; and (3)
test and compare the values of K|, and friction angle (¢) of
the tailings by different laboratory test methods.
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By using the relationship among ¢, o, and gy, the Kj
value was obtained from Fig. 10e. As shown in Fig. 13, the
blue line indicates the relationship between o, and a,, and
the green line indicates the relationship between ¢, and o,
Meanwhile, the K, value of the in situ tailings can be tested
in laboratory with the K, oedometer (GBSL237-1999)
[9, 14], and the result is shown by the dotted red line in
Fig. 13. Because the tailings in the test location are a sand
(Fig. 4), and using the Jaky’s formula [Ky =1 — sin(¢)]
for sand, the value of K, can be estimated based on the
friction angle (¢). Based on the direct shear test and triaxial
test, the tailings taken from the testing site were tested with
a dry density of 1.725 g/cm® (the in situ density), and the
comparison of ¢ and K|, are shown in Table 3. Setting the
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K, tested by the oedometer and the ¢ tested by the triaxial
test as their true values, respectively, the relative errors of
Ky and ¢ can be calculated (Table 3).

Figure 13 and Table 3 show that, the test values and
calculate values of K, are between 0.414 and 0.498, and
those of ¢ are between 30.1° and 35.9°. The determination
coefficient (R2 = 0.204) of the Ky values calculated by o/
gy is distorted, which cannot reflect the tailings behavior as
a whole, while the K, value (0.423) obtained by some
stages is equal to that (0.423) obtained by o,/0. The dis-
charge process of tailings has little difference from the
consolidation process of soils, i.e., the latter first has a soil
loading process, while the former nearly has no initial load.
When the upper load and the soil thickness is small, the

relationship between o, and ¢ has a poor correlation, thus,
the liner relationship between o, and ¢ are inconsistent in
different stages, and the R* of ¢,/o in Fig. 13 has little
value when setting inception as 0.

Table 3 shows that, for the K, values, a 2.17% relative
error exists between the test result (0.414) of K, oedometer
in the laboratory and the linear regression result (0.423)
from the 3D earth pressure device in-situ test, and a
20.29% relative error exists between the K, oedometer
value and the linear regression result (0.498) by setting
inception as zero. For the friction angle, a 2.02% relative
error exists between the test result (34.5°) of Triaxial test
and the calculate value (35.2°) from K, tested by the 3D
earth pressure device. In summary, most values of K, and
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Fig. 13 Calculated and oedometer test value of K|,
¢ determined by the 3D earth pressure device are mostly

close to the values tested by the K, oedometer and triaxial
test. Hence, the performance of the designed 3D stress state
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testing device is applicable in the model tests, and the
three-dimensional stress state and the K, values can be
determined by this method.

A few suggestions combined with the previous study
[29] are summarized as follows: (1) The embedded depth
should be greater than 2 times the size of 3D earth pressure
device, i.e., 11 cm, to ensure that the stresses in all direc-
tions can be sensed at the same time. (2) The device can be
directly used for testing after in-situ calibration and out of
site calibration, and the angle is set to zero only as a
selective operation. (3) Different upper loads should be
provided to obtain the relationship between vertical force
and lateral force, so the value of Kj is calculated.

5 Conclusions

The relationship between the test direction and the three-
dimensional stress state test is deduced. Considering the
test errors caused by the rotation angles in the embedded
and tested processes, the relationship between the absolute
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Table 3 Kj and the drained friction angle (¢)

Method Ko oL

Value Relative error/%  Test/calculate method Value/°  Relativeerror/%  Test/calculate method
a,loz 0.423 2.17 3D earth pressure device  35.2 2.02 Calculated by K
o,/o7 (setting inception as 0)  0.498  20.29 3D earth pressure device  30.1 12.76 Calculated by K,
o,/c7 (stages values) 0.423 2.17 3D earth pressure device  35.2 2.02 Calculated by K,
K, oedometer method 0.414 0.00 K, oedometer 35.9 3.86 Calculated by K
Direct shear test method 0473  14.25 Calculated by ¢ 31.8 7.87 Direct shear test
Triaxial test method 0.433 4.59 Calculated by ¢ 34.5 0.00 Triaxial test
test direction and the relative test direction of the test References

device is derived to reduce the errors caused by the rotation
angles.

A 3D earth pressure device is constructed by using a
pedestal made by 3D printing technology, consisting of 6
earth pressure cells, a pore pressure cell and an attitude
sensor, thus, the soil pressure in 6 directions, pore pressure,
and the rotation angle of 3 axes can be tested with the 3D
earth pressure device.

A method to reconstruct the space coordinate system is
deduced based on the vector calculation and the method of
Euler angle conversion, and the three-dimensional stress
state in both the total stress form and effective stress form
can be calculated dynamically.

A method to calculate the K, value is proposed based on
the 3D earth pressure device. Comparing with the direct
test result by the K, oedometer and indirect test results by
direct shear test and triaxial test in laboratory, it indicates
that the performance of the designed 3D stress state testing
device is applicable.

The consolidation characteristics of tailings are signifi-
cantly affected by external boundary conditions, the pore
pressure has a significant effect on the three-dimensional
stress state, and with the increase of pore pressure, the
calculated errors of the three-dimensional stress state
caused by rotation angles will be more noticeable.
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