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Abstract

Generally, direct shear apparatus is used to determine the shear strength parameters of soil and rock for designing a geotechnical
engineering structure. However, the size of the shearing box and the soil sample is key for evaluating the shear strength parameters
of test materials, and also testing conditions in the laboratory are different from site conditions. This research aimed to focus
experimentally on the effect of particle size and the property of subgrade materials that were necessary keys for installing apparatuses
for the direct shear test. According to the experimental results based on a 5 x 5 cm shear box, an increase in average particle size
and coefficient of curvature could provide higher shear strength in terms of internal friction angle of the sample, but not for the
case of higher value of the uniformity coefficient. Using both 5 x 5 cm and 30 x 30 cm shear boxes, a large B/D_ . ratio is not the
key for determining appropriate parameters when testing with samples that have a nearly uniform size. Samples varied in thickness
of both the ballast and subgrade layers, were investigated and observed by a large shear box. It was found that good properties of
subgrade materials affected the shear strength of ballast materials, and they provided underestimates of strength when the bottom

of the shearing box was rigid. The modified parameter of ballast materials on the subgrade layer is suggested for obtaining strength

parameters reflecting the ballasted track system.
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1 Introduction

In the railway industry, the ballast material is a significant
part of the railway ballast track, and it is valuable to have
an optimal choice for low budget and low noise. The shear
strength of ballast materials plays an important role, due to
the movement of trains. However, it is degraded under the
load-term service of train loading. Therefore, the behavior
of ballast materials is a critical concern in railway design.
In order to improve the engineering properties of ballast
materials, many techniques have been proposed to satisfy
the economic and engineering aspects [1-2]. The fouling
of ballast materials is a key cause of track misalignment
and poor levelling [3—4], and a clean and dense ballast
layer is needed to replace the fouled ballast. In addition,
avoid contaminant index was suggested to be used, and the
index was incorporated with void ratio, specific gravity,
and gradation of both ballast and fouling materials [S—6].

Under-sleeper pads can reduce the settlement and the
degradation of ballast materials, and this technique can
provide larger contact areas between the ballast and the
sleeper layers [2]. To obtain the shear strength of the bal-
last materials for designing the ballast track system, which
transfers the vertical and horizontal loads to the ballast
and subgrade layers, a direct shear test was determined to
be an accurate and reasonable apparatus for testing this
physical condition but, a change in the shear-box size was
required to satisfy the particle size of the tested materials.

According to the findings from other research, the
direct shear test can be grouped into three types. The first
type is the standard test which is generally used to mea-
sure the shear strength of both cohesive and cohesiveless
soils [7-10]. The second type is the in-situ test [11-13].
This method is good for testing under real conditions, but
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the sample preparation and the shear plane are difficult to
prepare for tested samples. The third type is a large direct
shear box which is tested in the laboratory [1, 6, 14-22]
Although, this method can be used for testing large parti-
cle sizes, the effect of the box size and soil-bed properties
cannot be considered. In order to develop the large shear
test apparatus that reflects the site condition and the qual-
ity of the testing results, the summary of findings about
the direct shear test are discussed here.

A large shear box was used to investigate the granu-
lar materials, and it was found that the high non-homo-
geneity deformation of a shear band provides stress-dila-
tancy. This was different from the experimental results of
the small shear box [14]. Thus, there was a need to explore
the effect of the box size and the condition of testing to
the experimental condition. The width or diameter of the
shear box, B depended on the maximum particle size, D
and the ratio of B/D_,
shear test. In the case of a rock-filled dam, a coarse sam-

max

= 10 was mostly used for the direct
ple with a size particle smaller than 150 mm was tested
by the size of the testing box was 15 x 15 x 15 cm [7].
Box sizes 122.5 x 122.5 x 16 ¢cm, 63.2 x 63.2 x 16 cm and
31.6 x 31.6 x 10 cm were recommended for the coarse
aggregate in the rock-filled dam, gravel, and sand materi-
als, respectively [11, 14]. The testing results performed by
the direct shear in the laboratory were equal to the results
tested by the in-situ-direct shear test, but the nonlinear
relationship of the shear and normal stress was apparent
when using the in-situ test. Also, the sample preparation
for direct shear testing in the laboratory might not reflect
the same conditions as the on-site environmental condi-
tions, so that in-situ-direct shear tests could be an alter-
native method to evaluate the shear strength parameters
of rock-fill materials containing large particles. Thus,
the cohesion parameter might be included if the Mohr-
Coulomb's envelope was occupied to obtain the shear
strength parameters. In practice, the cohesion parameter
could be ignored for design procedures where the sample
was rockfill materials [11]. A box sized 80 x 80 x 40 cm
was tested on a site of roller-compacted rockfill sandstone.
The peak shear strength occurred when the horizontal dis-
placement was about 4% of specimen length [12].

While the top box begins to shear, the gap between
the top and bottom boxes becomes apparent and directly
affects the direction of the shear force on the sample.
If this gap progresses, the result of the shear force is inac-
curate; therefore, the top box should be fixed for apply-
ing horizontal force [15—-16]. The opening gap caused the
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outflow of the sample during shearing and an inaccurate
shear strength. However, the reasonable shear strength and
shear behavior can be obtained when the gap is small [16].
If the shearing plane was not smooth, the lower shear
strength could occur due to reducing contacted area, espe-
cially in the case of direct shear testing on the rock mate-
rials [17-18]. The pattern and direction of the rock bed
affected the magnitude of the shear strength of the rock.
In consequence, the maximum shear strength of the rock
occurred when either the direction of shear testing was
perpendicular to the direction of the rock bed [19, 23-26]
or the increase of an angle between the bedding plane and
the shear plane appeared [24-25].

The factors that affect the quality of testing results
depended on the loading conditions, the shearing rate,
the size of the shear box and the initial vertical stress on
the samples [8—9]. The rate of shear loading for the direct
shear test influences the magnitude of the shear strength.
According to a numerical study, the effective rate is more
than 0.02 m/s. If the shearing rate is high, the direction of
the pushing load might not be on a horizontal axis [26].
The initial-vertical displacement will be a negative value,
while the particle size is small, and the maximum horizon-
tal shear force increases with decreasing layer height and
initial void ratio [27].

Not only the specification of the direct shear apparatus
affected on the magnitude of the shear strength of tested
materials, but also the inhomogeneous property of tested
samples contained with sand, gravel, or rock could pro-
vided the various results. So, the effect of composition of
the tested sample was needed for determining the poten-
tial shear strength of the sample. The tested sample mixed
with 30% rock mass, and tested with a minimum com-
pression load of 37.2 kPa on the direct shear box, showed
an increase of the internal friction angle and a decrease in
cohesion [13]. Also, the vertical displacement was always
positive during the test. However, the large particle size of
the sample caused the direction of the lateral force to devi-
ate from a pure horizontal axis. Thus, the lateral direc-
tion should be focused on during the test if highly accurate
results are required [28].

The increase of angularity and sphericity indexes
affected the shear strength of ballast samples [6, 20] in terms
of internal friction angle and dilation [4, 21, 27]. However,
the fine-material and water contents are the reasons for
lower shear strengths and higher axial deformations of bal-
last materials. The maximum size of the ballast layer was
65 mm, and the thickness of the ballast layer was 30 cm.
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However, the quality of ballast materials was degraded and
broken to poor quality by supporting heavy and high traffic
of train loadings. If the ballast material was crushed due to
train loads, this possibly leads to poor quality of drainage
materials, decreasing shear strength, reducing the internal
friction angle, and increasing cohesion and dilatancy [22].
On the other hand, non-crushed ballast leads to unchanged
porosity affecting the boundary and position of the shear
band zone [29]. The particle size effect was investigated
and suggested in the model test. It revealed that the varia-
tion in particle size affected the localization of maximum
shear strain and, the boundary movement [10].

The effect of both the shear box size and the particle size
on the shear strength parameters of the soil and rock sam-
ples is still unclear for describing the controlled param-
eters in terms of shear strength parameters. Thus, this
research emphasized various effects of the B/D___ratio on
Mohr-Coulomb's parameters. The main findings of this
research can identify the suitable ratio of B/D___for the
direct shear with changes in the average particle size, D
The main finding is also useful to select the B/D__ ratio
for the size of the shear box when the particle size of mate-
rials is larger than 4.75 mm. For most of the sample prepa-
rations used for direct shear testing, the sample was pre-
pared in the shear box on a rigid plate. This might not be
reflected in the properties of subgrade materials because
the magnitude of shear strength parameters would be
decreased with high settlement of the subgrade layer. This
effect was not considered when the direct shear test was
performed with the standard apparatus. Therefore, the
properties of subgrade materials located at the lower layer
of the ballast layer are investigated in order to observe the
differential shear strength between the case of the ballast
layer placed on the subgrade layer and the case of the bal-
last layer placed on the rigid base. The findings will be
useful when the direct shear test is used to determine the
designed parameters of ballast and subgrade materials.

2 Test equipment and scheme

2.1 Test equipment

To investigate the particle size effect, shear boxes sized
5 x 5 cm (the standard shear box) and 30 x 30 cm (the devel-
oped shear box) were used to test and investigate the effect
of the B/D___ratio when the particle size is also varied but
the type of soil is sand. The shear box consists of top and
bottom parts, and the horizontal load was applied on the top
shear box. While testing the sample, the horizonal and ver-
tical loads were monitored and recorded by using the load

cells in horizontal and vertical directions. Also, the verti-
cal and horizontal displacements were measured with a lin-
ear variable differential transformer (LVDT) at two posi-
tions located on the top and lateral shear boxes as shown in
Fig. 1. This machine is developed for a 30 x 30 cm direct
shear box. The 5 x 5 cm shear box was tested by the stan-
dard apparatus based on ASTM D 3080 [30]. In the case of
subgrade properties affecting the shear strength parame-
ters, the 30 x 30 cm shear box with two layers was used in
this study, as shown in Fig. 1. The position of the shearing
test was on the top. The top layer is the ballast layer, and
the bottom layer was prepared and compared with the silty
clay reflecting the site conditions.

2.2 Test scheme

2.2.1 Properties of ballast and sand samples

The density and particle size of sand, ballast and subgrade
materials were investigated and tested. These proper-
ties were used for preparing samples for direct shear test.
The density of each sample was equally controlled in each
layer. The experiments of engineering properties were
performed. The results of sand properties are shown in
Fig. 2 and Table 1. The dry density of all sand samples was
13.6 kN/m3. All sand samples were poor grade, as deter-
mined by the coefficient of curvature (C, = 1-3) and the
uniformity coefficient (C, > 6).

The granite-ballast materials were collected from the
site of railway as shown in Fig. 4(a). The particle size of the
crushed ballast materials was shown in Fig. 3. The maxi-
mum particle size of tested ballast was 30 mm based on the
B/D_ ratio (10:1) and the dry density of ballast materials

max

in the field was 16 kN/m?.

Input and power supply

-8
________ ..,,I.

Fig. 1 Direct shear test with 30 x 30-cm shear box
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Fig. 2 Grain size distribution curves of tested sand
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Fig. 3 Grain size distribution curves of ballast material, tested ballast

materials and subgrade materials

Table 1 Particle size of sand samples tested by a box sized 5 x 5 cm

Group (m"l‘l"‘l‘) (nDnSl?l) C, ; :?;:%Ifll(:lg BID_
A-Sand 475 3.375 1.7 0.8 4.75-2 10.5:1
B-Sand  2.00 1.425 1.7 0.9 2-0.85 25:1
C-Sand  0.85 0.638 1.4 1.0 0.85-0.425 58.8:1
D-Sand  0.25 0.225 24 1.3 <0.25 200:1
E-Sand 475 0.600 2.3 1.1 <4.75 10.5:1

The subgrade material is inorganic silt of low to medium
plasticity (CL) where more than 50% of materials are larger
than 0.075 mm particle size, LL% = 33% and PI% = 17%.
The total density of subgrade material was 14.6 kN/m?>,

2.2.2 Sizes of shear boxes

In order to observe the effect of the particle size on the
shear strength of sand, the various sizes of the sand sample
were used for direct shear testing. The 5 x 5 cm shear box
was used, and the preparation of samples could be classi-
fied into four groups, as shown in Table 1. The B/D_, ratio
was greater than 10. The corrected area of both 5 x 5 cm
and 30 x 30 cm shear boxes was considered to determine
the shear strength of tested materials in this investigation.
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2.2.3 Sample preparation of tested ballast and soil-bed

In order to investigate the effect of the soil bed under the
ballast layer on the shear strength of ballast materials, the
thickness of the ballast layer, H,, and the thickness of the
subgrade layer, H_were varied. The maximum size of bal-
last materials collected from the field was 63 mm, however
the size of the tested ballast was less than 30 mm for sam-
ples of the direct shear testing. The top layer was the tested-
ballast layer. This layer was compacted into a dense state.
The shape of the tested ballast, showed in Fig 4(b), was
nearly similar to an icosahedron, with a sphericity index
of 0.7. The ballast layer was prepared by controlling the
dry density of ballast materials. The subgrade layer was
compacted in the bottom layer by using OMC% based on
the standard -proctor test (y, = 14.6 kN/m?, OMC% = 19).

2.2.4 Parameters of gradation coefficient on the shear
strength of sand samples

The experimental results from the 5 x 5 cm and 30 x 30 cm
shearing boxes were summarized and analyzed to deter-
mine the relationship of Tpeale C, C, D, and o. Also, the

S O o e o <

E:

cm

(b)
Fig. 4 Ballasted track system and crushed ballast materials; a) Ballasted
track system, b) Particle shape of tested-ballast materials for this study
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effect of the B/D_ _ratio on the shear strength parameter
was revealed. The results of the direct shear test of ballast
samples on the rigid plate and on the subgrade layers are
illustrated.

3 Results and analysis

3.1 Particle size effect on the shear strength of sand
based on the 5 X 5 ¢m shear box

The 5 x 5 cm shear box was used in this section to inves-
tigate the effect of the particle size on the shear strength
of sand. The vertical stress, og(kPa), of the direct shear
test was 1.7, 40.8, 80.2, and 118.7 kPa. According to the
experimental result, the relationship of the vertical stress,
o(kPa), the peak shear strength and D, is shown in Fig. 5.
The shear strength of sand has the potential to increase
when D, increases. The correlation analysis (rxy) can
describe the relationship of the maximum shear strength,
the vertical stress, and the particle size. In the case that .
is a positive value, the particle size effect becomes appar-
ent when the sample is compressed by the high vertical
stress. The large particle size of samples can provide the
high shear strength of the tested sand (Table 2).

The increase of D, provided higher shear strength when
the vertical stress is more than 80.2 kPa and the Ty is from
0.8 to 0.9. However, the increase of D, did not affect the
increase of the shear strength when the low vertical stress
calo kPa)
and the internal friction angle (¢peak°) based on the Mohr-
Coulomb model can be seen in Fig. 6, which was derived
from Egs. (1) and (2). The coefficient of determination (R?)
in terms of cohesion and friction angle was 0.96 and 0.97,

was applied. The relationship of the cohesion (c

respectively, where D, (mm), C, and C,_ were used for pre-
dicting the shear strength parameters. The grain size of
E-sand varied widely when comparing with other samples
thus, it was not considered in this section (Table 3).

120 ¢
100 A— o=
+ .
< 80 r.—k—_——. 1.7kPa
& —— 40.8 kPa
o 60
P& 40 _X/X N x —@— 80.2kPa
—a&— 118.7 kPa
20 }
[ E—
0 L L L L L J
0 1 2 3 4 5 6

Dy, mm

Fig. 5 The variation of shear stress depended on the size of the soil
particles and the vertical stress s on the 5 x 5-cm box

Table 2 Correlation of D, and peak shear stress

tpeak(kP a) Dy (mm) Loy
o=17kPa
A-Sand 6.55 3.375
B-Sand 6.58 1.425
-0.782
C-Sand 8.80 0.638
D-Sand 8.25 0.225
o =40.8kPa
A-Sand 30.39 3.375
B-Sand 45.20 1.425
-0.422
C-Sand 4271 0.638
D-Sand 33.41 0.225
o=280.2kPa
A-Sand 88.24 3.375
B-Sand 4271 1.425
0.938
C-Sand 82.09 0.638
D-Sand 76.94 0.225
o=118.7 kPa
A-Sand 97.85 3.375
B-Sand 94.49 1.425
0.895
C-Sand 94.50 0.638
D-Sand 91.33 0.225
. 4 1.20
o
ol 4 1.00
" 2—
Equation (1),R?=0.96 { 0.80 &
o R =
1 0.60 i
38 | =
{ 040 S
37
_ 4 0.20
Equation (2), R?=0.97
16 ] 0.00
0 1 2

C.Ds/C,

Fig. 6 Relationship of C_.D,/C and shear strength parameters tested by
abox sized 5 x 5 cm

€ pea (KPa) =10 (1)
Ppear () =2.194 +36.33 )
where

o =-0.4176 % +0.6316 3 +0.8139

ﬁ = CL‘DSO/CH

According to the regressions from Egs. (1) and (2), the
peak shear strength can be proposed in Eq. (3).

Tpeatc (KPa) =10% +tan (2.194 3 +36.33) 3)



Table 3 Mohr-Coulomb's parameters of sample groups A, B, C, and D
tested by a box sized 5 X 5 cm

Group Cheak (kPa) ¢peak° C.D,/Cu
A-Sand 4.676 40 1.718
B-Sand 10.508 38 0.768
C-Sand 11.471 37 0.449
D-Sand 7.370 37 0.124

The effect of S, 7, (kPa), and o (kPa) can be described
as the surface area, as illustrated in Fig. 7, and the vari-

eak

ation of peak shear strength of sand depended on both S
and the vertical stress on the sample. However, an increase
of vertical stress potentially leads to the increase of peak
shear strength. The increase of particle size might signifi-
cantly affect the peak shear strength when the uniformity
coefficient (C ) decreases. This means the higher value of
C, and the lower value of D, are reasons for reduction of
the shear strength of sand.

3.2 Effect of the B/D_ ratio on shear strength
The effect of the B/D_ ratio is generally used to control
the particle size of soil samples, and the B/D__ratio > 10
is widely recommended for the sample preparation before
testing with the direct shear apparatus. If the particle size
of the sample is large, the size of the shear box should be
enlarged in the recommended ratio. This ratio determines
the reasonable parameters of the shear strength to deeply
investigate the details of both soil and box size effects. The
experimental result of the direct shear testing with 5 X 5 cm
and 30 x 30 cm boxes is discussed in this section, and the
particle size of the soil sample is described in Table 4.
Although the two sizes of the shear box were inves-
tigated, the three groups of particle sizes could provide
the different responses of samples affected by the different
B/D_ ratio. The parameters obtained resulting from the
direct shear tests of sample groups B-Sand, C-Sand, and
E-Sand could be determined in terms of the peak cohe-
sion (cpeak) and the peak of internal friction angle (¢peak°)
as shown in the previous table. Mohr-Coulomb's parame-
ter was obtained by Fig. 6, and the experimental results of
testing on B-Sand, C-Sand, and E-Sand are illustrated in
Fig. 8. The results show that the internal friction angle test-
ing with a box size of 30 x 30 cm was higher than those sam-
ples testing with a box size of 5 X 5 cm by about +2 degrees.
According to Fig. 9, the shear strength parameter in
terms of cohesion was affected by the B/D,_ ratio and the
cohesion increased when the sample was tested by using
the 5 x 5 cm shear box. If the size of the box was changed
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T ,kPa

okPa O 5 S=" 1

Fig. 7 Relationship of gradation coefficient, 7, and o tested and

formulated using a box sized 5 x 5 cm

Table 4 Mohr-Coulomb's parameters of sample groups B, C, and E
tested by boxes sized 5 x 5 cm and 30 x 30 cm

Group Box sized 5 x 5 cm Box sized 30 x 30 cm
/Dmﬂx Cpcak ¢ czlko B/Dmax cpcak ¢ cako
(kPa) P (kPa) P
B-Sand 25:1 10.51 38 150:1 1.87 38
C-Sand 58.8:1 11.47 37 352.9:1 1.94 37
E-Sand 10.5:1 0 35 63.2:1 0 37

130 | =0 B-Sand.30x30 cm -Peak
= & = B-Sand.5x5 cm-Peak

wfF C-Sand.30x30 cm- Peak
- @ = C-Sand.5x5 cm-Peak

sy E-Sand.30x30 cm-Peak
100 ' — 4+ — E-Sand.-5x5 cm-Peak
i Average

T, kPa

50 F

0 L L .
0 50 100 150
o, kPa

Fig. 8 Relationship of normal and shear stress tested by box sizes of
5 x5 cmand 30 x 30 cm where r_ = 1 for all samples

to 30 x 30 cm, the results showed that the cohesion value
is nearly zero, which reflects reasonably on the behavior
of the shear strength of the coarse materials when using
the larger-sized shearing box. Thus, the B/D_  ratio
affected the magnitude of the peak shear strength and the
cohesion, but not the internal friction angle. The cohesion
might be ignored, despite being required for engineering
design, when the coarse sand was tested by the 5 x 5 cm
shear box in the direct shear test, where the ratio of B/D__

X

might be greater than 10.
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Fig. 9 Effect of shear-box and particle sizes on shear strength

parameters

3.3 Effect of the soil bed on the shear strength of ballast
materials

The shear strength of ballast materials is to support train
loads in horizontal and vertical axes. The horizontal load
is also vital when the train reduces speed and is trans-
ferred to rails, sleepers, and the ballast layer. If the ballast
layer cannot resist the horizontal load, the horizontal dis-
placement can be apparent and cause movement of the rail
in the horizontal axis. Also, the poor properties of both
ballast and subgrade layer leads to the difference in rail-
way levelling. According to the stress mechanism of the
ballast layer, the direct shear test could be used to mea-
sure the shear strength of ballast materials. However, the
lower layer under the ballast layer is not rigid, which had
a potential effect on the magnitude of the shear strength of
ballast materials when the shear strength was determined
by the direct shear test. In this section, the properties of
subgrade materials under the ballast materials were con-
sidered in the procedure of the direct shear test. The sam-
ple preparation of each sample can be shown in Fig. 10
and described as follows:

B-R was the first group of samples. The ballast materi-
als were placed in the shear box without a subgrade layer,
and the base of the shear box was a rigid plate. The total
thickness of this sample (/,) and the height of the shear
box were 21.5 cm.

B-S1 was the second group of samples. The tested-bal-
last material was placed on the top layer in the shear box,
and the bottom layer was subgrade materials. The soil
subgrade was prepared by the standard proctor test as
described in Section 2.2.1. The thicknesses of the tested-
ballast layer (H,) and the subgrade layer (H) were 14 cm
and 7.5 cm, respectively.

B-S2 was the third group of samples. The top and bot-
tom boxes contained the tested-ballast and subgrade mate-
rials, respectively. The thicknesses of the tested-ballast and
subgrade layers in the shear box were 6.5 cm, and 15 cm.

During the test, the shear plane for all tests was fixed
at 7.5 cm from top of the shear box. The maximum grain
size of the tested-ballast is about 30 mm and it was tested
with the shear box size of 30 x 30 cm. The comparison of
shear strength parameters is shown in Table 5 and Fig. 11.
It reveals that the shear strength of the pure ballast layer
on the rigid plate, B-R is lower than the case of B-SI.

Vertical load

Fig. 10 Ballast and subgrade layers in the shear box

Table 5 Mohr-Coulomb's parameters of B-R, B-S1 and, B-S2

Sample cpcak(kPa) ¢pcako
B-R 1.70 45
B-S1 10.88 54.5
B-S2 2.71 52.8
60
50 F

t=131650+2.7144
RE=10979
L]

©=1.4027c + 10.878
w0 | RE=08649

& 30
o
- ® B-R
® B-S1
10 %, =
7= 1.0015c + 1.699 ® B-S2
R2=0.9737
0 1 L L J
0 10 20 30 40
o, kPa

Fig. 11 Effect of the H,/H_ ratio on Mohr-Coulomb's parameters



However, the internal friction angles of both samples are
52.8° and 54.5° for the cases of B-R and B-SI, respectively,
and their internal friction angles were nearly the same angle.

If the ballast layer was installed on the soil bed layer
in the shear box, the internal friction angle and the cohe-
sion of the ballast materials decreased when the thickness
of the subgrade materials increased. The parameter of the
peak-shear strength of the ballast material has potential to
be reduced if the ballast layer is supported by a poor and
voided subgrade layer. In the case of B-R, the pure ballast
layer in the shear box, the development of shear strength
depended partially on the movement of ballast materials
in all layers. If the vertical displacement increased, the
expansion of contacted areas was developed until reaching
an equilibrium state. If the vertical displacement became
large, and it signified the expansion of the contacted area
was developed until reaching the equilibrium state.

However, in the case of a higher vertical displacement
that provides lower shear strength, compared to the case
of lower vertical displacement, as shown in Fig. 12, the
vertical displacement of B-R sample is higher than that of
B-SI sample because the discontinuous contact area was
a key for degrading the shear strength of the sample based
on the direct shear test. If the bottom layer in the shear box
was on rigid materials, the ballast material in the top layer
might move upward and the displacement was higher than
of the real track.

3.4 Movement and behavior of ballast due to loads

The shear strength of ballast materials can be evaluated by
Mohr-Coulomb's envelope. This model is the relationship
of vertical stress and shear stress, and it provided higher

3 =

——B-R, 13kPa
—O—B-R, 24kPa
——B-S1, 13kPa
—8—B-S1, 24kPa

dv, mm

25

dh,mm

Fig. 12 Effect of the /,/H_ ratio on vertical and horizontal
displacements where g, = 13 kPa and ¢, = 24 kPa
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cohesion when the ratio of B/D___was low, and the parti-
cle size was large. Therefore, the shear strength parame-
ter of ballast materials in terms of cohesion might appear,
although the ballast materials are cohesionless materi-
als. Fig. 13 displays the mechanism of coarse aggregate
resisting an inclined load. The direct shear test was used
to explore the shear strength and the displacement of bal-
last materials. The relationship of inclined load was for-
mulated by using the equilibrium equation as in Egs. (4)
and (5) when +d /d, and tan y = d /d,.

2 F.=0:Tcosy —Vsimy =N, -sin¢ )
2 F,w=0:Tsiny +Vcosy =N, -cos¢ o)

The relationship of shear strength and vertical stress
can be determined as in Eq. (6) when the vertical displace-
ment is a position value.

B (1+coty tang) ©
(coty —tang)

The variation of shear strength of coarse aggregate under
vertical and horizontal loads can be evaluated by changing
w(0-20°) and ¢(30-50°). In this study, it was found that the
increase of w induced by the positive vertical displacement
leads to an increase of the 7/ ratio; however, if the y angle
is smaller than the ¢ angle, the increase of ¢ directly affects
the increase of shear strength. So, the effect of y angle on
the development of shear strength can be ignored when the
particle size is very small. The variation of the 7/o ratio
affected by y and ¢ angles is illustrated in Fig. 14.

The ratio of w/¢ depended on the particle size of the
ballast materials, and the magnitude depended on the ratio
of 7/0. The magnitude of 7/o is greater than 1 when the
internal friction of ballast materials is higher than 45°,
as shown in Fig. 15. The peak shear strength might be
greater than vertical stress when the internal friction

Fig. 13 Sliding of coarse particles
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0 30 o,

Fig. 14 Relationship of displacement, friction angle, and /o ratio
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Fig. 15 Variation of friction angle when increasing the y/¢,and /o ratio

angle is higher than 45° with the lower 0.8 of the y/¢ ratio.
Thus, the horizontal displacement has the potential to be
reduced when the friction angle of the ballast material is
higher than 45°.

The vertical displacement of the ballast layer depends on
the relative density of the subgrade layer. If the subgrade
layer is ballast materials, the vertical displacement increases
because of the properties of voided and unbounded mate-
rials. However, if the lower layer is dense without a voiding
effect, the vertical displacement is positive, which leads to
the increase of the shear strength of ballast materials. This
explanation is based on the equilibrium equation. In order
to compare, the shear strength parameters obtained by
Mohr-Coulomb's concept and, the equilibrium equation,
the testing results of B-R and B-S1 samples were com-
pared with both mentioned results in Fig. 16.

In the case of B-R sample, the results show that the
shear strength parameter determined by Mohr-Coulomb's
envelope can provide the same parameters obtained from
the experiments. So, the Mohr-Coulomb's envelope can be

used if subgrade properties are not considered. However,
in when considering the property of subgrade materials,
the shear strength of ballast material was predicted by
Eq. (6), which provided more reliable results than those
of the Mohr-Coulomb's concept, especially in the case of
B-S1 sample. The shear strength from the experiment is
lower than the result predicted from the equilibrium equa-
tion. So, the failure line of the ballast layer on the subgrade
layer can be formulated when the relationship of H /H, and
the modified internal friction angle is equal to Eq. (7).

¢m(0) — ¢De*0.078HS/Hb (7)

The yield surface depended on the ratio of the verti-
cal displacement and the horizontal displacement (d /d,)
illustrated in Fig. 17 where ¢ is the internal friction angle

50 r
A
40 | ol
I’ ¢
30 A
ﬁ\ ’f’ 4
T2
—a— Mohr-Coulomb,B-S1
—=@— Equation 6, B-S1
10 = =& - - Mohr-Coulomb, B-R
- -0 - - Equation 6, B-R
0 . . n i ;
0 10 20 30 40 50

Tiesrs KPA

Fig. 16 Comparison between shear strength predicted by models and

experiment results

400 f --o - dv/dh=172
- -0 - - dv/dh=1/3
350 b --a- - dvidh=1/4
300 }~7% dv/dh=1/6
- -+ - - dv/dh=1/10 ’1’
250 |} =@ Decrease (dv/dh) e
© ——@— Increased (dv/dh) | .}
< 200 ‘
ﬁ. Mohr-Coulomb 7]

150
100
50
0 ;
0 50 100 150 200 250

G, kPa
Fig. 17 The failure line of cased d /d, = 1/2, 1/3, 1/4 1/6, 1/10, and Mohr-

Coulomb's model of ballast materials, ¢, = 30° on the subgrade layer



without the effect of the subgrade materials's thickness
and ¢ is the internal friction angle affected by the sub-
grade materials's thickness. The ratio of d /d, means the
magnitude of dilation of the coarse materials. The failure
line might shrink when the ratio of d /d, decreased.

4 Conclusions
This research aimed to investigate the shear strength
parameters of ballast and sand materials by using the
direct shear test. The main findings of this research can be
described as follows:

According to the experimental results performed on the
shear box sized 5 x 5 cm, the shear strength parameters of
the Mohr-Coulomb's concept are influenced by the parti-

cle size, D, the uniformity coefficient, C,, the coefficient

50°
of curvature, C_ and the normal stress o. If the ratio of
C.D,,/C, increases, the internal friction angle increases.
However, the cohesion affected from small-shear box
of sand sample, decreases when the ratio of C D, /C is

higher than 1. The increase of C , the decrease of D,, and

50°
the decrease of C, that caused the expansion of the void
size, leaded to the lower internal friction angle and shear
strength of the sand sample.

The different results obtained from shear boxes sized
5 x5 cm and 30 X 30 cm concerned the shear strength in
terms of cohesion, but the internal friction angle is not evi-
dently different. This effect will be apparent, despite the
ratio of B/D_ being greater than 25:1, when the particle
size is nearly single sizes, and the gradation of soil is poor.
The results of well-graded materials tested by 5 X 5 cm
and 30 x 30 cm shear boxes are the same, and this can be
used to determine similar parameters. In the present study,
the ratio of B/D__when is higher than 10:1 results in good
agreement for well-graded materials. Thus, higher ratio of
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