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Influence of Water Content on Shear Strength and
Tangential Adhesion Strength of Sand by a

Modified Vane Shear Test Device
Zhongtian Chen1; Yong Fang2; and Adam Bezuijen3

Abstract: The shear strength of sand is important to the design and modeling of shield tunneling, and the tangential adhesion strength is a
key parameter when determining the pressure gradient along the screw conveyor, the clogging of soil, and the abrasion of the cutting tools.
This paper brings up an accurate vane and plate shear test device, which could increase the accuracy of measurements by quantifying and
eliminating the influence of torque fluctuation. The peak and residual values of the shear strength and tangential adhesion strength are mea-
sured at atmospheric pressure, with water contents from 0% to 25%, and rotation speeds from 0 to 5 r/min. The test results demonstrate that
the peak values increase to a maximum value and then decrease with water content. The water content that corresponds to the
maximum peak value was between 5% and 20%; the finer the sand, the higher the water content. The ratio between the tangential adhesion
strength and shear strength (ratio α) decreases with water content, from approximately 0.7 at a water content of 0% to approximatley 0.4 at
25%. The vane shear test reaches a peak value within 0.17 rotations, and the plate shear test reaches a peak value between 0.25 and 0.55
rotations. Both tests reach residual values after five full rotations. In addition, finer sands have higher shear strengths and higher ratio α.
DOI: 10.1061/IJGNAI.GMENG-10366. © 2024 American Society of Civil Engineers.

Author keywords: Laboratory test; Sand; Shear strength; Shield tunneling; Tangential adhesion strength.

Introduction

The shear and tangential adhesion strengths between soil and metal
play important roles during shield tunneling. The shear strength
is crucial in the numerical simulation and construction of shield
tunneling (Broms and Bennermark 1967; Wilson et al. 2013;
Ukritchon et al. 2017; Zhang et al. 2020; Chen et al. 2022a; Shi
et al. 2023; Wang et al. 2023; Xiao et al. 2023). Reasonable tangen-
tial adhesion strength between soil and metal helps to reduce tool
abrasion by reducing friction (Gharahbagh et al. 2011; Rostami
et al. 2012; Gharahbagh et al. 2013; Gharahbagh et al. 2014;
Tang et al. 2022; Ke et al. 2023), reduces clogging at the cutterhead
by reducing adhesion and removing soil that is stuck (Feinendegen
et al. 2010; Zumsteg et al. 2013; Barzegari et al. 2020; Avunduk
et al. 2021; Chen et al. 2022b), makes the tunnel face pressure con-
trol more accurate by reducing pressure asymmetry (Bezuijen et al.
2006; Bezuijen and Talmon 2014; Wang et al. 2019; Bezuijen et al.

2022), and allows a sufficient pressure gradient to be established
along the screw conveyor (Talmon and Bezuijen 2006; Merritt
and Mair 2008).

The laboratory vane shear test is widely adopted to measure
the undrained shear strength based on the assumption that the
cylindrical yield surface is equal to the surface described by the
vane diameter (Dzuy and Boger 1985; ASTM D4648, ASTM 2016),
the undrained shear strength can be calculated by the following
equation:

τv =
Tv

πd2v
hv
2
+
dv
6

( ) (1)

where τv= undrained shear strength; Tv= torque measured by the
vane; dv= diameter of the vane; and hv= height of the vane.
Meng et al. (2011) found that the shear strength of sand increased
with the confining pressure. Mori et al. (2018) demonstrated that
the shear strength increases linearly with the effective stress.
Yang et al. (2018) indicated that the torque that is measured by
the vane shear test device increases with the shear rate. Lee et al.
(2022) found that the yield stress of vane shear tests correlated
with slump tests. Zhong et al. (2023) found that peak shear strength
is not sensitive to shear rate when no vertical effective stress exists.

The laboratory plate shear test, which is designed based on the
laboratory vane shear test device, is used to measure the tangential
adhesion strength between soil and metal. The tangential adhesion
strength is calculated by the following equation:

τp =
6Tp
πd3p

(2)

where τp= tangential adhesion strength; Tp= torque measured by
the plate; and dp= diameter of the plate. Previous plate shear
tests were mainly performed with clay. Peila et al. (2016) per-
formed plate shear tests in foam-conditioned clay and found that
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a foaming agent with the polymer works better at reducing the tor-
que measured. Wang et al. (2020) found that the tangential adhe-
sion strength reduces with a dispersant injection when the
concentration is lower than 4%. Wang et al. (2022) demonstrated
that soil particles smaller than 0.15 mm is crucial to clogging.

In mathematical screw conveyor pressure gradient models, the
shear strengths on the casing of the screw conveyor (τc), screw
shaft (τs), and screw flight surfaces (τf) are of vital importance
(Merritt and Mair 2008; Talmon and Bezuijen 2006). Merritt and
Mair (2008) found that the shear strength on the casing is approx-
imately equal to the undrained shear strength (su) of the discharged
soil, τs and τf are assumed to be equal, and a screw casing shear
strength ratio (α) is defined as follows:

α =
τf
τc

=
τs
τc

(3)

Zumsteg and Puzrin (2012) studied the influence of the surfac-
tant and polymer on ratio α by taking the tangential adhesion
strength as τs and τf; the ratio decreased in conditioned illite, in-
creased in conditioned bentonite and remained relatively stable in
conditioned kaolin. They concluded that the clay mineral type
has a significant influence on the ratio α. Zumsteg et al. (2013) per-
formed extra tests with amines-conditioned soil and observed that
amines could reduce the tangential adhesion strength. The shear
strength of the conditioned illite remained constant, which resulted
in a reduction of the ratio α.

In shield tunneling areas, many laboratory vane and plate shear
tests were performed, which provide valuable data for the evalua-
tion of clogging and soil strength (Mori et al. 2018; Wang et al.
2020). However, the comparison between the results of vane and
plate shear tests in sand is seldom studied, although this compari-
son could be very important in the abrasion of cutting device and
the pressure gradient along the screw conveyor (Merritt and Mair
2008; Rostami et al. 2012). In a screw conveyor, the soil pressure
is likely to drop to zero at the outlet to enable a fluent soil discharge
(Bezuijen et al. 2006; Vinai et al. 2008). However, most laboratory
vane and plate shear tests are performed with a confining pressure
applied, and a certain knowledge gap exists on soil behavior under
atmospheric pressure. During the pressurized vane shear test (Lee
et al. 2022) and pressurized plate shear test (Peila et al. 2016;
Liu et al. 2019; Wang et al. 2020), fluctuations exist. In pressurized
tests, this fluctuation has a limited influence on test results and
could even be neglected, because the fluctuation is reasonably
small compared with the value being measured. However, in

tests at atmospheric pressure, relatively large fluctuations reported
in the pressurized tests are no longer acceptable, because the value
being measured is quite small.

To solve this measurement accuracy problem and partly address
the current knowledge gap, this paper presents a laboratory vane and
plate shear test device, which could increase the accuracy of the mea-
surements by quantifying and eliminating the influence of torque
fluctuation. The peak and residual values of the shear and tangential
adhesion strengths are measured with accuracy at atmospheric pres-
sure. The ratio between the tangential adhesion strength and shear
strength (ratio α) in sand is studied, which is not well reported to
date. The results are believed to have a wider application range, be-
cause the mineral content of sand is much simpler than that of clay.

Methodology

Experimental Setup

The test apparatus in this paper could be used to measure the un-
drained shear strength and tangential adhesion strength between
sand and metal, as shown in Fig. 1. The test apparatus consisted
of a motor, torque sensor and monitor, loading frame, motor con-
trol, pressure signal collector, and soil container. The soil container
was a steel cylinder with an inner diameter of 200 mm and a height
of 235 mm. The bottom plate of the soil container had a circular
opening for placing the vane and plate shaft. The steel vane had
a diameter of 50 mm and a height of 50 mm, and the steel plate
had a diameter of 80 mm. The initial positions of the vane and
the plate shear device during the test are shown in Fig. 1. The
vane and plate shear device were connected to shafts, and the
shaft could be installed to the torque sensor by a connector. The tor-
que sensor in the test apparatus has a range of 10 N·m and an accu-
racy of 0.1%, and the torque was recorded at 1 Hz. The undrained
shear strength and tangential adhesion strength were calculated by
Eqs. (1) and (2), respectively. A hammer with a diameter of 50 mm
was used to fill the soil sample to the soil container, as shown in
Fig. 1. The hammer standardized the impact by freefalling the
weight of 1.25 kg from 150 mm.

Sample Preparation

The grain size distributions of sands that were tested in this paper
are shown in Fig. 2. Some geotechnical properties of the tested
sands were tested following GB/T 50123 (MHURD 2019); the

(a) (b) (c)

Fig. 1. Showing: (a) test apparatus for vane and plate shear tests: (b) the soil container; and (c) the hammer to fill the soil container. Units=mm.

© ASCE 04024341-2 Int. J. Geomech.
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data is listed in Table 1. The tested sands were first placed in an
oven at 100°C for 24 h to remove any water inside the sand. The
dry sand particles were mixed for 2 min and water was added to
the dry sand and mixed for another 2 min to reach the desired
water content.

Test Procedures

The vane and plate shear tests were performed following the test
procedures listed as follows.
1. Prepare the sands with the desired water content described in the

previous section.
2. Install the vane and plate shear device. The vane was fixed in a

vertical direction, and the plate could move vertically to allow
close interactions between the sand and the plate shear device.
The initial positions of the two devices are shown in Fig. 1.

3. Fill the container with four layers. The first three layers were
hammered 30 times, and the final layer was hammered 50
times. After the sample has been filled and leveled, fix the
plate in the vertical direction with a screw that was installed
on the shaft.

4. Start the test with the desired rotation speed and record the tor-
que at 1 Hz. The test ended after 10 rotations of the vane or the
plate shear device. The shear and tangential adhesion strengths
using Eqs. (1) and (2) were calculated, respectively.

Test Groups

The parameters that were changed in the tests in this paper are listed
in Table 2. In the plate and vane shear tests, water contents were
selected in the range of 0%–5%, with 5% as an interval. The max-
imum water content was 25%, because all three sands became sat-
urated at this value. Therefore, the water content selection could
cover the scenarios from the tunneling above the water level to
the tunneling below the water level. The rotation speeds during

the plate and vane shear tests were between 1 and 5 r/min, with
1 r/min as an interval. The lowest and highest values of 1 and
5 r/min were selected, because they were in the typical rotation
speed range of the cutterhead and screw conveyor, respectively.
The selection of the rotation speed makes test results from this
paper useful in the study of the cutterhead and screw conveyor.

Initial Tests and Calibration

To ensure the accuracy of tests in this paper, the fluctuations in the
measured torque should be strictly controlled. To minimize the
fluctuations, calibration tests were performed in air, foam, water,
and some random sand samples. The test procedures for the calibra-
tion tests in air, foam, and water followed the description in the sec-
tion “Test Procedures,” except that the plate could be fixed in the
vertical direction in Step 2, and the hammer was not needed
when filling the container.

The torque fluctuation that was measured with the test apparatus
in this paper when conducting the tests in air is shown in Fig. 3.
Similar fluctuations could be observed with each turn of the
shear device. The highest torque in one rotation was defined as
the high value and the lowest torque as the low value; Fig. 3
shows that the peak high value of the measured torque curve in
air was 0.06 N·m, and the peak low value was 0.01 N·m.

To obtain data with accuracy and study the influence of rotation
speed, the fluctuations in tests with various rotation speeds should
be tested, and the test results should be calibrated. Tests at various
rotation speeds were carried out in the air, and the torque fluctua-
tions against rotation speeds are shown in Fig. 4. This figure
shows that the fluctuation range remained constant despite the
change in rotation speed; the peak high and peak low values
were 0.06 and 0.01 N·m.

More calibration tests were carried out with air and foam as the
test materials. The torque fluctuation values of the plate shear tests

Fig. 2. Grain size distribution curves of tested sands.

Table 1. Geotechnical properties of tested sands

Soil properties Soil 1 Soil 2 Soil 3

Specific gravity (Gs) 2.63 2.65 2.64
emax 0.62 0.80 0.89

Note: emax=Maximum void ratio.

Table 2. Parameters changed in the tests in this paper

Test types Sand samples
Water content

(%)
Rotation speeds

(r/min)

Vane and plate
shear tests

Sands 1, 2,
and 3

0, 5, 10, 15, 20,
and 25

1, 2, 3, 4, and 5

Fig. 3. Torque fluctuation curve in air with rotation speed 1 r/min.

© ASCE 04024341-3 Int. J. Geomech.
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against rotation speeds are shown in Fig. 5. This figure shows that
the fluctuations remained quite stable despite the change in rotation
speed and test material. The peak high value was between 0.05 and
0.06 N·m, and the peak low value was between 0 and 0.01 N·m.
The change in rotation speed had a very limited influence on the
fluctuation; the test results that were performed with sands under
various rotation speeds were not influenced by the change in fluc-
tuation that was caused by the rotation speed change. In addition,
most of the low values were 0 N·m, and the peak low values re-
mained at a very low value, which agreed with the zero-shear resis-
tance hypothesis for tests in air; the low value measured could be
considered the actual value. Therefore, the torque curve during
the tests could be obtained by subtracting the fluctuation curve
(which will appear with the residual shear strength) from the re-
corded torque curve. The fluctuation in the vane and plate shear
tests were the same, because they shared the same sealing system
and motor.

The typical torque curves for the plate and vane shear tests are
shown in Fig. 6, which were obtained in tests with a rotation

speed of 5 r/min in random sand. After the measured torque
value was relatively stabilized, by taking the torque in one random
rotation as the standard fluctuation and repeating it for the test pro-
cess, the fluctuation curves could be determined. This shows that
the torque fluctuation increased to 0.5 N·m due to the increased
resistance during tests in the sand. The calibration was performed
by subtracting the fluctuation curve from the recorded torque
curve; the residual torque value was taken as the average torque
value after five rotations. Of note, the accuracy of this calibration
could only be guaranteed when the low value in the increased
fluctuation curve represented the actual torque. To verify the accu-
racy of this calibration, a torque wrench with a range of 5 N·m,
with an accuracy of 0.1 N·m, was used to measure the peak torque
of the plate and vane shear tests; the tested values are shown in
Fig. 6. This figure shows that the values that were measured by
the torque wrench were quite close to the calibrated peak values
of the torque curves, which indicated that the accuracy of the cal-
ibration could be guaranteed.

Fig. 4. Torque fluctuation of tests in air with various rotation speeds. Fig. 5. Peak high and peak low values of torque fluctuation of plate
shear tests in air and foam with various rotation speeds.

Fig. 6. Typical time history torque curves, left plate shear test, and right vane shear test.

© ASCE 04024341-4 Int. J. Geomech.
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Test Results

Influence of Water Content

Fig. 7 shows the shear and tangential adhesion strengths of sands
with various water contents that were tested at various rotation
speeds. The peak values first increased with water content and
then decreased to lower values. However, the residual values de-
creased with increasing water content. The different behavior be-
tween the peak and the residual value was probably caused by
the capillary pressure. The capillary pressure increased with
water content at low water content, then decreased with water con-
tent until it disappeared when the sample was saturated. Therefore,
the peak value changed with the same pattern. Unlike the peak
value, which was reached at the beginning of the test, the residual
value was achieved after five rotations of the shear device. The
sample was already sufficiently sheared at the interface; therefore,
the influence of the capillary pressure no longer dominated.

For the peak values of Sands 1 and 2, the shear strength at a
water content lower than 10% was quite comparable, because
water will first fill in the fine voids. The grain size distribution in
Sands 1 and 2 was close for particles smaller than 0.25 mm. For
water contents between 10% and 20%, Sand 2 was finer for parti-
cles larger than 0.25 mm. This led to a smaller capillary tube diam-
eter inside the soil, higher capillary pressure, and higher shear
strength. Sand 3 was the finest; therefore, the maximum shear
strength reached was the highest among all sands that were tested.
The influence of capillary pressure disappeared when the sand was
saturated at a water content of 25%; therefore, the shear strength
that was measured in the three sands was comparable.

Ratio between Tangential Adhesion Strength and Shear
Strength

Fig. 8 shows the ratio between the tangential adhesion and shear
strengths (ratio α). For all three sands, ratio α decreased with in-
creasing water content. The low ratio α at higher water content in-
dicated that when tunneling in sandy soils, the pressure gradient
along the screw conveyor should be paid attention because, with in-
creasing water content, the decreasing ratio αmade the reduction in
the tangential adhesion strength greater than that of the shear
strength. The low tangential adhesion strength at a high water con-
tent made it difficult to establish a pressure gradient along the screw
conveyor. With this low-pressure gradient, the pressure in the exca-
vation chamber had to be low to ensure zero pressure at the screw
conveyor outlet. This low pressure could make it hard to create a
stable tunnel face. For water content lower than 25%, the ratio α
values for all three sands were higher than 0.35; the results for
Sand 1 show that the ratio α tended to be stable after 0.35 was
reached, which agreed well with the range of 0.4–1.0 described
in Merritt and Mair (2008).

Ratio between Peak and Residual Values

The ratio between the peak and residual values is defined as ratio β
and is shown in Fig. 9. This figure shows that the value of ratio β
was between one and two for all sands at a water content of 0% and
increased to the maximum values at water contents of 10%, 15%,
and 20% for Sands 1, 2, and 3, respectively. Then, ratio β decreased
to between two and three at a water content of 25% for Sands 1 and
2. For Sand 3, the value decreased to between three and four. In ad-
dition, Fig. 9 shows that the maximum value of ratio β could be
higher than five; therefore, it is important to test and use residual

values in the tunneling area, because the difference between the
peak and residual values could be significant.

Influence of Rotation Speed

This section shows the influence of rotation speeds on the shear and
tangential adhesion strengths, Ratio α, and Ratio β. To plot the re-
sults with fewer data points, the average values for sands with water
contents from 0% to 25% were analyzed instead of individual val-
ues. The standard deviations were not plotted, because the water
content had a significant influence on the test results, which
made the plot of the standard deviations less meaningful. In addi-
tion, the large deviations could make the data points difficult to
distinguish.

The influence of rotation speeds on the shear and tangential ad-
hesion strengths is shown in Fig. 10. The shear and tangential ad-
hesion strengths increased with the rotation speed; however, the
increase was very limited. A possible explanation is that the rota-
tion speeds that were selected in this paper were much higher
than the typical rotation speed of laboratory vane shear tests,
which is between 60°/min and 90°/min (ASTM D4648; ASTM
2016). The remarkably high rotation speed reduced the influence
of the rotation speeds on shear strengths, because the lowest rota-
tion speed was already high enough.

The influence of rotation speed on the ratio α is shown in
Fig. 11. Because the tangential adhesion and shear strengths in-
creased slightly with the rotation speed, the ratio α (ratio
between the tangential adhesion and shear strengths) remained
relatively constant despite the change in the rotation speed. The
influence of the rotation speed on the ratio β is shown in Fig. 12,
which shows that with peak and residual values increased
with rotation speed, the ratio β (ratio between the peak and residual
values) remained relatively constant despite the change in rotation
speed.

Influence of Tested Sands

The results in the previous section show that the influence of the
rotation speed on the test results was limited. Therefore, the influ-
ence of the tested sands was observed by studying the average val-
ues of the shear and tangential adhesion strengths, ratio α, and ratio
β at various rotation speeds.

Fig. 13 shows the shear and tangential adhesion strengths of
sands that were tested at various water contents, which were aver-
aged over different rotation speeds. The shear and tangential adhe-
sion strengths of Sand 1 were the lowest in most scenarios, and
Sand 3 had the highest values. At a water content of 0%, even
the residual values of Sands 2 and 3 were higher than the peak val-
ues of Sand 1. This might be because Sand 1 was the coarsest, and
Sand 3 was the finest in the sands tested. In addition, the standard
deviations decreased with increasing water content.

Fig. 14 shows the average values and standard deviations of the
ratio α and ratio β of the tested sands at various water contents. This
figure shows that the ratio α remained relatively constant at low
water content and then decreased with water content in all the tested
sands. This might be because the ratio α indicates the friction be-
havior between the metal and the sand, which is more sensitive
to the water content. The trend in ratio α and the results shown
in Fig. 7 agree with the results of Rostami et al. (2012), where
the abrasion first increased and then decreased with water content.
Sand 3 had the highest values for all water contents, and Sand 1 had
the lowest values, because finer sand has closer contact between the
metal and the sand, which increases the friction. The conclusions of
Hamzaban et al. (2020) show a similar trend, where the influence of

© ASCE 04024341-5 Int. J. Geomech.
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confining pressure on friction is less obvious in fine soil, because
the soil particles are already in close contact with the metal at
low confining pressures. In addition, the ratio α values of the
peak and residual values were quite similar.

The ratio β for all sands first increased to a peak value and then
decreased to values of approximately three. The peak ratio β value
of Sand 3 was the highest, and that of Sand 1 was the lowest. This
was because the peak values increased to maximum values at low

(a)

(b)

(c)

Fig. 7. Shear strengths and tangential adhesion strengths with changing water content: (a) Sand 1; (b) Sand 2; and (c) Sand 3.
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water contents, and the residual values constantly decreased with
the water content, as shown in Fig. 7.

The test results for all tested sands in Fig. 14 show that Sand 1
had the lowest shear and tangential adhesion strengths and ratio α.
This indicates that the pressure gradient along the screw conveyor
could be hard to establish when tunneling in coarse sands. For fine
sands, the shear strength and ratio α were relatively higher, and the
pressure gradient could be easier to establish; however, the tool
abrasion could be serious. In addition, the value of ratio β that
was tested in Sand 3 could be up to eight, which indicated that it
was necessary to ensure that the residual values were used during
the design and numerical simulation of tunneling in fine sands, be-
cause the differences between the peak and residual values were
quite large.

Time Required to Reach Peak and Residual Values

Fig. 15 shows the time and rotations that are required to reach the
peak values during the vane and plate shear tests. This figure shows
that the time required to reach the peak values gradually decreased
with increasing rotation speed for the vane and plate shear tests. In

addition, Fig. 15 shows that vane shear tests reached the peak val-
ues faster than the plate shear tests. By changing the vertical axis
from time to rotation, all vane shear tests reached peak values
within 0.17, and all plate shear tests reached peak values between
0.25 and 0.55 r. The water content, rotation speed, and test type
have very limited influence on the rotations that are required to
reach peak values.

Some typical time history torque curves before calibration are
shown in Fig. 16. All curves shown were obtained from tests in
Sand 2 with a water content of 5%. This figure shows that the
shape of the vane and plate shear curves remained the same despite
the change in the rotation speed. The vane shear tests reached peak
values faster than the plate shear tests; however, the plate shear tests
reached the residual values faster. All curves reached a relatively
stable value after five rotations.

Discussions

The results in this paper have some practical meaning for shield
tunneling. The maximum value of the ratio between the peak
and residual values (ratio β) was higher in finer sands, and the

(a) (b)

(c)

Fig. 8. Ratio α with changing water content: (a) Sand 1; (b) Sand 2; and (c) Sand 3.
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(a) (b)

(c)

Fig. 9. Ratio β with changing water content: (a) Sand 1; (b) Sand 2; and (c) Sand 3.

(a) (b)

Fig. 10. (a) Average shear strength; and (b) tangential adhesion strength with changing rotation speed at water contents 0%–25%, S1, S2 and S3 refer
to sands tested.
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maximum value in this paper was over eight. During shield tun-
neling, because the cutterhead and crew conveyor constantly ro-
tate, it is important to use the residual value to evaluate the
abrasion of the cutter, and the pressure gradient of the screw con-
veyor, or the abrasion and pressure gradient will be over-
evaluated. In addition, after the shield machine stops for segment
ring building, when the shield machine starts again, the torque re-
quired will probably be higher than the torque during constant
tunneling, because the peak values should be used in this
scenario.

The results in this paper show that the ratio between the tangen-
tial adhesion and shear strengths (ratio α) decreased with water con-
tent, and the ratio was lower in coarser sands. When the shield
machine tunnels in sand layers with a high water content or in
sand layers under the water level, the water intrusion risk in the
screw conveyor could be high. The high water content reduces
the tangential adhesion strength and ratio α, which leads to a low-
pressure gradient along the screw conveyor. To avoid this water in-
trusion risk, the valve at the end of the screw conveyor should be
partly closed to increase the total pressure drop. In addition,
when tunneling in fine sands with limited water content, the
tool abrasion could be serious due to the high shear strength and
ratio α.

During shield tunneling in sand, foam is usually injected at the
cutterhead to decrease the permeability of the foam–sand mixture,
decrease the abrasion of the cutting tools, and decrease the torque
that is required during the cutterhead rotation. Future studies
should be performed with the foam–sand mixture to make the
study closer to reality. In foam-conditioned sand, the void ratio
is usually higher than the maximum void ratio of the sand to en-
sure the efficiency of soil conditioning. The high void ratio de-
creased the shear and tangential adhesion strengths that were
measured. Therefore, the device that was described in this paper
could have some advantages in future studies, because it has a
higher accuracy.

However, in most shield tunneling scenarios, sand is under con-
fining pressures. The significance of the high accuracy in this paper
becomes less meaningful, because the values that were being mea-
sured were large. In addition, whether the device that was described
in this paper could operate smoothly with high accuracy under con-
fining pressures remains unclear.

Fig. 11. Ratio α (average values of sands with water content 0%–25%)
with changing rotation speed.

Fig. 12. Ratio β (average values of sands with water content 0%–25%)
with changing rotation speed.

Fig. 13. Shear strengths and tangential adhesion strengths of various sands.
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Conclusions

A new vane and plate shear test device was built, which could in-
crease the accuracy of measurements by quantifying and eliminat-
ing the influence of torque fluctuation. The new device enabled the
measurement of the shear and tangential adhesion strengths at at-
mospheric pressure, together with the study of ratios α and β,
which addressed the knowledge gap. Some key conclusions
could be drawn from the numerous tests that were performed in
this paper.
1. The peak values of the shear and tangential adhesion strengths

first increased to a maximum value and then decreased with
water content. The residual values decreased with increasing
water content.

2. The shear strength reached its peak value faster than the tan-
gential adhesion strength. In this paper, the peak shear strength
appears after 0.1 revolution (r), and the peak tangential
adhesion strength appears after 0.4 r. However, the shear
and tangential adhesion strengths approached residual values
after 5 r.

(a) (b)

Fig. 15. Showing: (a) time; and (b) rotations required to reach peak values.

Fig. 16. Typical time history curves for vane and plate shear tests (be-
fore correction).

(a) (b)

Fig. 14. Showing: (a) ratio α: and (b) ratio β of various sands.
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3. The ratio α decreased with increasing water content. For sands
that were tested in this paper, the minimum ratio α was approx-
imately 0.4, which appeared at a water content of 25%. The ratio
β increased to the maximum value and then decreased with
water content. The maximum ratio β in this paper was eight.

4. In the range of 1–5 r/min, the influence of rotation speed on the
shear and tangential adhesion strengths, ratio α, and ratio β was
rather limited.

5. The shear and tangential adhesion strengths, ratio α, and the
maximum value of ratio β were higher in finer sands.
Although the conclusions in this paper could have some practi-

cal meaning, further research is required to make this paper closer
to tunneling reality. In future research, tests will be performed with
a foam–sand mixture at atmospheric pressure and with confining
pressure applied.
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