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Abstract
Shear strength of sandy gravel with cobbles is difficult to determine for usually an in situ test needs to be performed. Six

group of in situ tests were conducted to investigate the shear strength of sandy gravel with cobbles. However, the inner

friction angle was highly underestimated compared with those from the other methods. This failure result could be

explained comprehensively. The strength parameters were also investigated using a DCP test, an experimental method and

a theoretical method. Moreover, a numerical simulation method was also used to determine the failure mode of the in situ

test. Through comprehensive comparison of these results, the soil failure mechanism in the tests did not follow the direct

shear failure but did follow the bearing-capacity failure model. The bottom boundary could not provide enough capacity

during the test; hence, the shear strength was underestimated. Moreover, the in situ test results could be explained through

the Meyerhof bearing-capacity theory on shallow foundations subjected to inclined loads. With increasing normal load, the

horizontal force decreased, resulting in a small inner-friction angle. The theoretical result of the inner-friction angle of

sandy gravel with cobbles was 42 * 47.5� in these test, which coincided with the numerical simulation and empirical

methods.

Keywords Large-scale in situ direct shear test � Shear strength � Bearing capacity failure � Sandy gravel with cobbles �
Numerical simulation

List of Symbols
N The normal force

F The horizontal force

A The section area of the shear box

h The distance from the horizontal force to

the ground

r The normal stress

s The shear stress;

c The cohesion

/ The internal friction angle

d10 The particle size for 10% of the soil parti-

cles a finer

d30 The particle size for 30% of the soil parti-

cles a finer

d60 The particle size for 60% of the soil parti-

cles a finer

Cc The coefficient of grading

Cu The coefficient of uniformity

Nb, Nd, and

Nc

The bearing-capacity coefficients of the

foundation

B The width of the base
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ck The standard value of cohesion (kPa) in the

range of one times the width of the short

side of the foundation

N120 The number of drops in the dynamic cone

penetration test

nc, nb, and

nc

The shape coefficients of the foundation

fuk The standard value of the bearing capacity

of the foundation

h The angle between the combined force R

and vertical axis

B The plate width, 0.5 m in this test

L The plate length

D The plate depth

B’ The effective plate width

1 Introduction

Gravel or cobble mixtures are commonly encountered in

geotechnical projects, such as slopes, foundations, and

tunnels [1, 2]. For stability analysis, it is critical to deter-

mine the shear strength parameters of the materials,

namely, cohesion and friction angle.

The direct shear test was first used by Coulomb in 1991

[3], and it has been widely used to estimate the strength

parameters of soils. Although the direct shear test has

limitations compared to the tri-axial test, it is still prevalent

in practise [4–7]. This method has been included in test

standards in almost every country [8, 9]. The scale of the

shear box must be large enough compared to the size of the

soil particles to obtain reliable shear behaviour [10]. The

Department of Transport and Main Roads, Queensland,

suggested that the shear box should be no less than 300 mm

in width or ten times the maximum particle size for coarse-

grained granular materials. After consolidation, the sample

thickness should not be less than 120 mm or six times the

maximum particle size [11]. The testing of coarse soils for

shear strength could be problematic, particularly for cob-

bles with more than 20 larger sized particles because most

laboratory testing equipment is used for small-sized sam-

ples (relative to the size of soil particles) [12]. Researchers

have used a large shear box in the laboratory to study the

interface shear strength of sub-ballast reinforced with dif-

ferent types of geomembranes and geogrids [13]. The

remoulded frozen soil samples under frozen, transition,

freeze–thaw conditions were analysed [14], and large-scale

cyclic simple shear tests and post-cyclic monotonic simple

shear tests were performed on the gravelly soils [15].

In many cases, it is not practical or possible to use such

large nondisturbed samples in the laboratory for testing,

especially for noncohesive materials [16]. An in situ direct

shear test was performed by horizontally pulling a latticed

shearing frame embedded in the ground under a constant

vertical load on the sample [17]. The method has been used

successfully for testing rockfills, sands, and clays. A case

study used the simplified large in situ direct shear test to

determine the shear strength of roller compacted rockfills.

The shear strength of roller compacted rockfill could be

derived directly using the Mohr–Coulomb criterion [18]. A

large-scale direct shear test of a soil–rock mixture was

performed, and a digital image process was used to obtain

the proportion and distribution of the rock blocks [19]. The

ratio of rock particles controlled the deformation and

fracture mechanism of soil–rock mixtures.

During the construction of subways in Luoyang city,

deep excavations were needed for the subway stations.

Sandy gravels with cobbles were encountered during the

process. Six large in situ direct shear tests were carried out

at one of the sites to determine the shear strength param-

eters of the sandy gravel with cobble. The test method

followed the recommended guidelines in the Chinese Code,

and this method is also commonly used to measure in situ

rock strength according to ASTM. Through the analysis of

the test results, the friction angle obtained via shear tests

was nearly half that obtained via empirical methods and

reported in the literature. To explain why the in situ direct

shear test underestimates the strength of the soil, a finite

difference analysis was performed to simulate the in situ

shear tests and a test on a rock sample from the literature

for comparison. The comparison shows that the failure of

the sandy gravel with cobbles used in the test method did

not follow the failure mode indicated in the Chinese Code

or that of rocks. Instead, the failure of the sandy gravel at

the site was caused by bearing-capacity failure rather than

direct shear failure. The Meyerhof bearing-capacity theory

[20] was used to back analyse the friction angle of the soil.

2 Description of Site

The test site is located in Luoyang, which is approximately

50 km south of the Yellow River, as shown in Fig. 1.

Alluvial-diluvial plains formed during historic flooding of

the rivers, with a thick layer of alluvial materials. The

terrain is relatively flat, and the natural ground surface is

between 146.7 m and 148.2 m above sea level. As part of

the Luoyang subway Line 1 project, one pit was excavated

for the Control Centre Subway Station. The geological

profile of the site is shown in Fig. 2. A thick (* 20 m)

layer of sandy gravel with cobble was found approximately

6 m below the ground surface. The pit was approximately

International Journal of Civil Engineering

123



10 m deep below the ground surface. The base of the

excavation was located in this layer. Therefore, the sandy

gravel layer had a great impact on excavation performance.

The water table at the site was approximately 22 m below

the ground surface, which was well below the depth of

concern.

Several large-scale direct shear tests and dynamic cone

penetration (DCP) tests were performed at the site to

determine the shear strength parameters of the sandy gravel

at the base of the pit. Six in situ shear tests were performed

in the sandy gravel layer, 10 m below the ground surface,

at the base of the excavation, as shown in Fig. 2. The soil

to be tested was brown and grey in colour. The in situ

density of the soil was 2200 kg/m3, indicating that the soil

was in a moderately dense to dense state. The cobbles were

rounded and consisted mainly of limestone, sandstone, and

quartzite, as shown in Fig. 3. The particle size distributions

of the six sheared samples are shown in Fig. 4. Some

variation could be observed in the particle grading of the

samples. Most samples contained approximately 15 to 40%

cobble. The grading parameters are listed in Table 1. The

soil can be classified as sandy gravel with cobbles [21]. The

moisture content of the soils at the test sites ranged from

3.04 to 5.78%, with an average value of 3.92%. DCP was

Fig. 1 Location of in situ test

Fig. 2 Ground profile of the site

Fig. 3 Exposure of in situ soil columns

Fig. 4 Particle size distributions of the soil samples

Table 1 Grading properties of the soils at the shear test site

Grading

parameters

Test

site 1

Test

site 2

Test

site 3

Test

site 4

Test

site 5

Test

site 6

d60 (mm) 58 37 30 30 36 30

d10 (mm) 2 0.35 0.25 0.3 0.5 0.35

d30 (mm) 32 18 3 5 10 4

cu 29.0 105.7 120.0 100.0 72.0 57.1

cc 8.8 25.0 1.2 2.8 5.6 2.3

cu coefficient of uniformity, cc coefficient of curvature
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performed at the site using a 74 mm diameter cone with a

60� cone tip, driven by a 120 kg hammer with a free fall

height of 100 cm. The results showed that for 10 cm of

penetration, the corrected number of drops was

N120 = 22.9.

3 In Situ Direct Shear Test Procedure

In situ direct shear tests were performed per the specifi-

cations for field shear tests commonly used in China [22].

A diagram of the setup is shown in Fig. 5. Unlike normal

shear box setups, which include a top and a bottom shear

box, the setup in situ has only one shear box made of a 0.5

m cubic-shaped hollow steel column to provide confine-

ment to the soil. The lower part of the soil is confined by

the foundation soil, as shown in Fig. 5. A vertical load is

applied on the top surface of the soil column confined in

the steel column via a loading plate, and the column is

sheared laterally to measure the resistance of the soil. This

setup is similar to that used for in situ tests of rocks [23].

To form one soil sample, a 2.5 m long 9 3 m wide 9

0.8 m deep test pit was excavated at the base of the

excavation to form a soil column (1 m long 9 1 m

wide 9 0.8 m tall) at the centre of the test pit. The soil

column was carefully shaped to fit into the steel column.

The top surface of the soil column was flattened, and the

voids were filled with fine sand to ensure the even distri-

bution of loading from the load plate. Loading was applied

via two square steel plates with a thickness of 3 cm and a

width of 49 cm wide; these steel plates were placed on the

soil surface, with eight roller steel bars (49 cm long, 3 cm

diameter) sandwiched between the two plates.

A 2 m long 9 0.5 m wide 9 0.8 m high concrete beam

was placed on one side of the pit as the reaction beam for

horizontal loading. A 3 cm thick steel plate (70 cm 9 50

cm) was fixed on the inner side of the beam as the footing

of the lateral loading jack. Steel beams and concrete blocks

were used to provide reaction forces for vertical loading.

Four linear variable displacement transducers (LVDTs)

were installed on the four corners of the loading plate, and

four LVDTs were installed on the other side of the shear

box to measure vertical and lateral movement, respectively.

Figure 6 shows photos of the test system. The vertical and

lateral loadings were applied using hydraulic jacks. The

tests used six vertical loading levels: 12.5 kN, 25 kN, 50

kN, 75 kN, 100 kN, and 150 kN. The vertical and hori-

zontal loadings were applied as per Chinese Standard

recommendations [24].

4 Test Results and Discussion

Figure 7 shows the load–displacement curves of the sam-

ples under shear. The positive displacements in Fig. 7b

indicate downwards movement. The shear displacement

curves of the samples show that the samples behave sim-

ilarly to those of medium-density sand. The nearly linear

relationship between the normal stress and shear stress at

failure shown in Fig. 8 indicates that the friction angle (/)
of the soil is approximately 26.7� (assuming that the

cohesion is zero), as calculated using Eq. (1):

Fig. 5 Diagram of the test setup
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tan/ ¼ s=r ¼ F=N ð1Þ

where r is the normal stress, s is the shear stress, N is the

vertical load, and F is the horizontal load.

The strength parameters of the gravel can also be esti-

mated based on the DCP results. N120 is used to calculate

N63.5 (the number of drops for 63.5 kg of the hammer

dropping from 76 cm high to penetrate 10 cm) [25, 26]:

N63:5 ¼ 3N120 � 0:5 ð2Þ

This gives N63.5 = 68.2 using N120 = 22.9. The friction

angle of the material should be greater than 48�; this value
is much greater than the value obtained based on in situ

direct shear tests [27].

Carter suggested that the friction angle of well-graded

sand-gravel mixtures should be greater than 38� [28]. The
friction angle of soils can be obtained using the following

empirical formula [29]:

/ ¼ 36þ /1 þ /2 þ /3 þ /4 ð3Þ

where /1, /2, /3, and /4 are empirical parameters affected

by the soil type, relative density, soil gradation, and par-

ticle shape, respectively. Based on the characteristics of the

soil tested at the site, 1� (gravel ? sand), 6�( very dense,

0�( medium), and - 3� (subrounded) were used for /1, /2,

/3, and /4, respectively, in the test soil [29]. According to

this method, the friction angle of the soil at the site should

be 40�; this value is also much greater than that obtained

from Fig. 8.

Fig. 6 Test setup for the in situ large-scale direct shear test
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5 Failure Mechanism Analysis Using
the Finite Difference Method

The above discussion indicates that the applicability of the

in situ direct shear test can be problematic in certain sce-

narios. For some in situ tests, the shear force location may

generate momentum along the shear surface [17, 30–32].

Additionally, due to the lack of a bottom shear box, the

shear surface may not follow the predefined conditions at

the interface of the upper and lower shear boxes used in

normal shear tests. However, Eq. (1) is used in practise, as

recommended in the Chinese Code [24].

Finite difference analyses were performed using a finite

difference method in FLAC3D (FLAC3D, 2018) to study

the discrepancy between the friction angles obtained from

the empirical methods and the direct shear test results.

Considering the symmetrical nature of the shear box, a half

model was built for the numerical analysis, as shown in

Fig. 9. In the figure, L is the width of the shear box, which

is 0.5 m, and H is the height of the shear box. The ground is

surrounded by horizontal constraints on three sides except

for the right face for the symmetry boundary, whilst the

shear box experiences vertical constraints at its base. The

size of the shear box was 0.5 m 9 0.5 m 9 0.35 m, and the

box was modelled as rigid walls. A total of 122,040 ele-

ments were generated in the model. A friction angle of 48�
was assumed for the soil with a cohesion of 1 kPa to avoid

numerical instability. Four in situ direct shear tests were

simulated with the finite difference model, except for the

case with 200 kPa of normal loading, where the horizontal

load–displacement behaviour was clearly abnormal. The

Young’s modulus of the soil was calculated using

E = 25(p/pa)
0.5 MPa as recommended by Jiang et al. [33]

and Oztoprak and Bolton [34]; here, p is the normal

loading applied and pa is the atmospheric pressure of 100

kPa. The dilation angle was assumed to be 19� and cal-

culated using the method recommended by Bolton [35] for

sand with a postulated critical state friction angle of 33�.
For comparison, a test on a rock sample [36] was also

simulated to compare the applicability of in situ rock test

methods [23] to rock samples. Considering the symmetry

of the model, to enhance computational efficiency, only

half of the model was constructed and analysed, with a

symmetry boundary set at the centre of the model. The

ground was 10 L (L is the length of the sample) in length

and 5 L in width and depth. The ground was surrounded by

horizontal constraints on three sides except for the right

face for the symmetry boundary, and the ground experi-

enced vertical constraints at its base. A test under a normal

load of 433 kPa was modelled. The cohesion and friction

angle of the rock obtained from the shear tests were 423

kPa and 52�, respectively [36]. The values were used in the

numerical modelling with an assumed Young’s modulus of

600 MPa and a Poisson’s ratio of 0.25. Mohr–Coulomb

failure criteria were used for both the soil and the rock in

the analyses.

Figures 10 and 11 compare the shear displacement

curves of the soil and the rock obtained from in situ tests

with those from the numerical analyses. With the assumed

soil friction angle, which is almost twice that of the value

calculated with Eq. (1), the results from the numerical

analysis compare quite well with the in situ test results.

This indicates that Eq. (1) cannot be used to obtain soil

shear strength parameters with the test method used at the

site but is suitable for the rock tested [36].

To further explain the discrepancy between the perfor-

mance of the test on rock and soil, the failure plane

observed in the numerical simulations is presented in

Fig. 12. For the rock sample, the shear plane is along the

base of the shear box (Fig. 12b). For the soil sample, the

shear failure (Fig. 12a) occurs deep in the ground rather

than along the base of the shear box. The shear surface in

the soil is similar to that of bearing-capacity failures of

shallow foundations [37]; this type of failure is different

from the shear failure mechanism observed in soil cracking

box direct shear tests and rock in situ shear tests [23].

Therefore, the friction angle obtained using Eq. (1) would

be lower than expected since the incorrect failure mecha-

nism was used.

Fig. 9 Finite difference model (half model) of the in situ shear tests
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6 Back Analysis Using the Meyerhof
Equation

Based on the previous numerical analysis, the shear box

enclosed soil can be considered a shallow foundation under

an inclined load. Therefore, the failure of the shear tests

performed at the site is a bearing-capacity failure rather

than a direct shear failure. There are many methods

available for calculating the bearing capacity of shallow

foundations under inclined loads [20, 38, 39], and the

following equation is used to back analyse the friction of

the soil tested at the site:

qult ¼ cNcdcic þ qNqdqiq þ 0:5cB0Ncdcic ð4Þ

where the following terms are defined as follows:

Fig. 10 Shear displacement curve of sandy gravel with cobbles obtained via in situ tests and numerical modelling
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Nq ¼ ep tan/ tan2 45þ /
2

� �
ð5Þ

Nc ¼ Nq � 1
� �

cot/ ð6Þ

Nc ¼ Nq � 1
� �

tan 1:4/ð Þ ð7Þ

As the shear box is square shaped and sitting on the ground

surface, the shape factors (sc, sq, sc), depth factors (dc, dq,

dc), and inclination factors (ic, iq, ic) can be derived using

the following [20, 40]:

sc ¼ 1þ 0:2 tan2 45þ /=2ð Þ ð8Þ

sq ¼ sc ¼ 1þ 0:1 tan2 45þ /=2ð Þ for /[ 10o ð9Þ

dc ¼ dq ¼ dc ¼ 1 ð10Þ

ic ¼ iq ¼ 1� ho

90o

� �2

; ic ¼ 1� ho

/o

� �2

ð11Þ

where h is the angle between vertical and horizontal

loading and B is the footing width and is considered to be

0.5 m. Under inclined loading, the effective footing width

B0 can be derived as follows [40]:

B0 ¼ B� 2
F � h
N

ð12Þ

In this test, the shear force is applied at 0.1 m above the

ground, and h = 0.1 m; hence, the following is obtained:

Fig. 12 Shear strain contours on the plane of symmetry for direct shear tests on (a) sandy gravel with cobbles sample and (b) rock reported in

Xing et al.
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B0 ¼ B� 0:2
F

N
¼B� 0:2 tan hð Þ ð13Þ

In the back analysis for this in situ test, the cohesion

c and foundation depth were set to zero, the width and

length of the plate were both 0.5 m, and the weight of the

sandy gravel with cobbles was 22 kN/m3. The variation in

F/N with N for different soil friction angles is plotted in

Fig. 13, along with the in situ shear test results. Based on

the bearing-capacity theory, the friction angle of the soil

was within the range of 42� to 47.5�, which was close to the
values obtained from the empirical methods, DCP tests,

and the value used in the finite difference analysis dis-

cussed earlier. This again confirmed that the test results

obtained from the shear tests could not be analysed directly

using the direct shear theory described in Eq. 1. Therefore,

back analysis is recommended using the bearing-capacity

theory of shallow foundations to obtain the shear strength

of the soil.

7 Conclusion

A set of large-scale single box (50 cm cubic shear box)

direct shear tests were performed on sandy gravel with

cobbles at the base of an excavation at a metro station. The

main conclusions were as follows:

Because the bottom boundary condition was not fixed

during the in situ test, the friction angle of sandy gravel

with cobbles obtained (26.9�) through the in situ direct

shear test was much lower than the values ([ 40�) obtained
through empirical equations and the value (48�) derived

from in situ DCPs and finite difference analysis.

Compared with the rock direct shear test, the failure of

the sandy gravel with cobbles during the in situ direct shear

test did not occur along the base of the shear box, as

observed in the rock sample, but it did occur at the bottom

of the sample due to the bearing-capacity failure.

The test results were back-analysed using the Meyerhof

bearing-capacity equation. The analysis indicated that the

direct shear test results obtained at the site could not be

analysed using the direct shear failure mechanism without

a fixed bottom. Therefore, back analysis using bearing-

capacity theory is recommended for obtaining the soil

strength parameters when a single box large shear test is

performed on this type of soil.
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