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Abstract: The Screw Driving Sounding (SDS) is a recently developed in-situ testing method for
soil/site characterisation. To better understand the mechanism of testing, it is essential to create a
simulation model for the SDS test to assist in better understanding the response and in improving the
testing process, not to mention the development of empirical correlations to estimate geotechnical
parameters for use in design. Complex problems involving large deformations are usually difficult
to solve with the classical finite element (FE) method because large deformations can lead to large
mesh distortions and contact problems. In this paper, a computational model using the finite element
method is developed to simulate the drilling process involved in SDS tests; the Coupled Eulerian-
Lagrangian (CEL) approach is used to deal with large deformation problems. The SDS drilling process
in a sandy deposit with defined stress states (i.e., relative density and effective confining pressure) is
simulated, and the SDS-derived parameters are monitored. Based on the simulation results, a chart
was established to correlate the measured SDS parameter with the internal friction angle for different
vertical effective overburden stresses. The derived chart is validated with the results of laboratory
tests performed on samples taken from several sites in Christchurch, NZ, adjacent to the locations of
the SDS tests. The results show that the CEL FE framework can model complex physical processes
encountered during the SDS drilling. Moreover, the developed chart can be used to estimate the
friction angle of the sandy soil based on the SDS-measured torque at a given depth.

Keywords: screw driving sounding test; finite element analysis; coupled Eulerian-Lagrangian method

1. Introduction

The screw Driving Sounding (SDS) test is a relatively new in-situ test for soil character-
isation, recently developed in Japan [1]. This test consists of a machine drilling a rod into
the ground, with a screw point attached, in seven steps of monotonic loading. In this test,
the load increases at every complete rotation of the rod, with the load steps set at 0.25, 0.38,
0.50, 0.63, 0.75, 0.88, and 1 kN. The speed of rotation is constant at 25 rpm. The measured
parameters in the test are: the applied torque on the rod (T), the amount of penetration (L),
the penetration velocity (V), and the number of rotations (N) of the rod. These parameters
are measured at every complete rotation of the rod. After each 25 cm penetration, the rod
is lifted by 1 cm and then rotated to measure the rod friction. The machine used and the
procedure for doing the SDS test are shown in Figure 1. Further details of the SDS tests are
presented elsewhere [1-3].

To estimate the soil properties for use in geotechnical design from the measured SDS
data, it is necessary to develop correlations. Some theoretical and empirical relationships
between the SDS data and various soil properties have been developed. For example,
soil classification charts based on SDS-derived parameters have been developed [3,4] and
further refined with the availability of more data [5]. Correlations with parameters obtained
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from more popular in-situ tests, such as the N-value from standard penetration tests and
tip resistance, sleeve friction, and soil behaviour type index from cone penetration tests,
have been proposed [3,6]. Procedures to predict the liquefaction potential of sandy soils
have also been formulated and validated with the data observed in Christchurch according
to the Canterbury Earthquake Sequence [4,7,8]. Moreover, procedures to estimate other
index properties of soils, such as fines contents, plasticity index, and shear strengths, have

been recommended [9-11].
—
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Figure 1. (a) View of the SDS machine, and (b) the procedure of the SDS test.

Although several empirical correlations have been developed to estimate soil parame-
ters based on the data obtained from SDS tests, numerical simulation of the SDS drilling
procedure can be helpful to better understand the ground response and to identify poten-
tially important parameters that could contribute to the results obtained. As a result, the
accuracy of the empirical predictions can be improved.

In recent years, developments in high-speed computing have reduced the cost of
analysis and rendered the finite element method a powerful tool for solving geotechni-
cal engineering problems. Different types of constitutive models for soils can be imple-
mented in finite element (FE) methods, such as the Mohr-Coulomb plasticity, extended
Drucker-Prager plasticity, modified Drucker-Prager/cap model, and clay plasticity. Various
boundary conditions, initial stress states, void ratio distributions, or soil saturation can be
specified. Any combinations of loads, such as concentrated, gravity, or distributed, can
be applied in the models. Prescribed displacements can be defined, and, depending on
the problem, different contact conditions between the parts can be introduced. However,
complex problems involving large deformations are usually difficult to solve using the clas-
sical FE method. Large deformations can lead to significant mesh distortions and contact
problems. The frictional contact between soil and structure may become complicated.

In the FE method, the most common mesh approach used to model regions undergo-
ing small deformation is the Lagrangian approach; however, this is not suitable for cases
where excessive element distortion is expected. In such cases, the Eulerian meshing ap-
proach is more appropriate. Initially developed for fluid-structure interaction, the coupled
Eulerian-Lagrangian (CEL) method has been formulated to combine the advantages of the
Lagrangian and Eulerian formulations. That is, the CEL method allows the user to selec-
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tively mesh the analysis of components according to the physics being modelled, with the
Eulerian technique used in regions undergoing large deformations and the remaining using
the conventional Lagrangian technique. The CEL method has found many applications
in simulating geotechnical problems, such as in laboratory element testing [12], penetra-
tion tests in clays [13], ground improvement applications [14], and water-soil interaction
problems [15], among others.

In this paper, the CEL method, implemented through the FE software Abaqus, has
been used to simulate and analyse the drilling process involved in performing the SDS
test in a sandy deposit with specified relative density and effective overburden pressure.
The simulation analyses various parameters recorded during a typical SDS test, from
which the measured maximum torque is considered. Based on the simulation results, a
chart was established to correlate the measured torque with the internal friction angle for
various effective overburden stresses. To validate the chart, the required friction angle for a
specified effective vertical stress and a monitored maximum torque are compared with the
friction angle obtained from laboratory tests performed on samples taken from several sites
in Christchurch, NZ, adjacent to the locations of the SDS test. The results show that the
CEL FE framework can model complex physical processes encountered during the screw
point penetration. In addition, the developed chart can be used to estimate the friction
angle of the sandy soil based on the SDS-measured torque at a given depth.

2. Estimation of Rod Friction during SDS

Due to the effects of rod friction on the measured torque and load, while the rod is
penetrated during the SDs test, the measured load and torque required for penetration are
more than the ones applied at the screw point, located at the tip of the rod. The rod friction
can be divided into a vertical component (W¢) and a horizontal component (Ty) as the rod
rotates and penetrates the ground [1]. Figure 2 shows the concept of measuring rod friction.

Applied load (W,) 79, Vo
Applied torque (T,) ,;"5(9 -

Horizontal component -
of rod friction (7)) >
} Vertical component
of rod friction (W)

1 2
7, V, T,V

(a) (b)

Figure 2. (a) Concept of friction acting on the sounding rod; (b) estimation of rod friction.
The load (W;) and torque (T,) applied by the SDS equipment are defined as follows:
Wo=Wr+W (1)

T,=T;+T )

where W and T are the load and torque (both corrected for friction) at the screw point,
respectively. The maximum shear stress acting on the rod body is computed as follows:

T
27tr2L

®)

Tmax =
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where T}, is the torque resisting the rod friction measured at the end of a loading set, r is
the radius of the rod, and L is the amount of penetration. If the direction of rotation velocity
(Vp) and the penetration velocity (V) are equal to those of the horizontal shear stress (1)
and the vertical shear stress (7;) on the rod surface, respectively, then the equations for
stresses can be given as follows:

Tg = Tmax- COS O 4)

T, = Tyax- SIN O ®)

The angle 0 can be derived from the ratio between Vj and V, i.e, tanf = V,/V,.
When Equation (3) is substituted into Equations (4) and (5), the vertical and horizontal
components of the rod friction are obtained as [1]:

Vo Ty
Ty = 2mr’L . (6)
f 2121
NAZER
T,
Wy = 27trL Vo n )

: 2
Jva+vg el

3. Coupled Eulerian-Lagrangian (CEL) Analysis

When a meshed (discretised) continuum deforms, the positions of the small continuum
elements change with time. These positions can be described as functions of time in two
ways: the Lagrangian description and the Eulerian description (Figure 3). The Lagrangian
method describes the movement of the continuum as a function of the material coordinates
and time. In this formulation method, the nodes of the Lagrangian mesh and the material
move together. Therefore, the interface between the two parts can be precisely tracked.
However, using the Lagrangian method, large deformations may cause severe element
distortions. The Lagrangian approach is a material description usually applied in solid
mechanics.

Le

%

(a) Lagrangian formulation (b) Eulerian formulation
Figure 3. Deformation of a continuum in (a) Lagrangian and (b) Eulerian formulation.

On the other hand, the Eulerian method specifies the movement of the continuum as a
function of the spatial coordinate and time. In this method, a Eulerian reference mesh is
fixed and remains undistorted, and the materials can freely flow through the mesh. The
advantage of this method is that no element distortion happens; however, the interface
between two parts cannot be described as precisely as when the Lagrangian formulation is
used [16,17]. The Eulerian method is a field description usually applied in fluid mechanics.

Coupled Eulerian-Lagrangian (CEL) analyses are those whereby Eulerian material
can interact with Lagrangian material through Eulerian-Lagrangian contact. This method
attempts to capture the advantages of both Lagrangian and Eulerian approaches [18]. This
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method is suitable for simulating problems involving large deformations, such as cone
penetration tests (CPT) or pile penetration problems [19]. In this method, the movement of
the Eulerian material is tracked and defined as it moves through the mesh by computing
its Eulerian volume fraction (EVF) within each element. The portion of a filled element
with the material is represented as a fraction. An EVF equal to 1 represents an element
fully filled with the material, while an EVF equal to 0 means the element is free of any
material. It is also possible that the Eulerian elements simultaneously contain more than
one material. If the sum of the EVF in an element is less than one, the remaining part of the
element is automatically filled with “void” material, which does not have mass, strength,
or stiffness [20]. Contact between Eulerian and Lagrangian materials can only be defined
using a general contact, where contact constraints are enforced with the penalty method. A
general contact has a simple definition of contact with very few restrictions on the types of
involved surfaces. It uses sophisticated tracking algorithms to ensure that proper contact
conditions are enforced efficiently [21].

4. Modelling Screw Point Penetration into the Ground
4.1. Geometry and Modelling Steps

Due to the helical shape of the screw point, a three-dimensional modelling approach
needs to be adopted when applying the CEL method. The maximum diameter of the screw
point was 33.5 mm with a length of 200 mm. The diameter of the screw point at the tip
was 5 mm. The drilling tool was modelled as a rigid body because it was assumed that the
deformation of the screw point was negligible compared to the large deformation of the
soil. The screw point had a general diameter of about 33.5 mm, and the drill rod was about
20 mm. The screw point was precisely modelled with AutoCAD (version 20.0) software and
then imported into the Abaqus software. Figure 4 shows the schematic view of the screw
point and its dimensions, while Figure 5 shows the screw point drawn with AutoCAD.

The soil was modelled with Eulerian elements, and its shape was cylindrical, with a
diameter of 500 mm and a height of 750 mm. The boundary of the model was sufficiently
far enough that it did not influence the results. This was validated by analysing the stress
bulb created around the screw point that did not touch the boundaries. On the top of the
soil model, a void area of 2 cm thickness was provided so that the top surface of the soil
could move into this free space due to the effects of soil dilation and distortion generated
during the drilling process. The entire Eulerian area comprises 98,592 eight-noded three-
dimensional elements (with a reduced integration scheme). These Eulerian elements were
used to discretise the soil body (Abaqus element type: EC3D8R). The discretised model is
shown in Figure 6.
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Figure 4. Schematic view of the screw point with dimensions.
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Figure 5. Screw point drawn using AutoCAD software.
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Figure 6. Schematic view of the finite element model with mesh and boundary conditions in Abaqus.
The figure scale is indicated.

The drilling rod penetrated the soil at a constant speed of rotation (clockwise from the
top view). It was assumed that the soil response did not depend on the penetration velocity;
that is, the soil behaviour was assumed to be strain rate-independent, at least within the
depth considered. The rotational velocity was taken as 25 rpm (the same as the actual
field test). At the first stage of the model, the screw point was placed at the surface of the
model, and initial gravity loads were applied. Then, prior to applying the rod rotation, the
entire length of the screw point was pushed into the soil to simulate the subsequent drilling
process after completing one set of 25 cm of penetration. In the next stage, following the
stage in which the screw point was embedded into the soil, both the load and rotation were
applied to the drilling rod. The vertical load and rotation were applied simultaneously
with the overburden pressure at the surface of the model as a distributed load. The reaction
moment in the screw point along the vertical axis was recorded during the second step
by monitoring the value on a node defined as the reference point on top of the rod (as
shown in Figure 6). The vertical and horizontal displacements of the model ground were
constrained at the bottom, while the horizontal displacements were restrained at the sides.
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4.2. Constitutive Model

Various constitutive models for capturing soil behaviour have been developed and
reported in the literature, e.g., [22-24]. The models vary in terms of complexity in that some
are quite simple, while others are complex and require many input parameters. In this
study, to describe the behaviour of sand, a simple elastic perfectly-plastic constitutive model
based on the Mohr-Coulomb yield criterion is used [25]. This model has been adopted
because of its simplicity in its formulation and in terms of the input parameters needed and
the required computational time. Here, the elastic modulus describes the elastic behaviour
of sand, and the friction and dilation angles define the plastic deformation. In this study,
only clean sand was simulated, and therefore no cohesion was defined. The dilatancy of
the soil was described using a non-associated flow rule.

4.3. Interface Modelling

Abaqus/Explicit provides two algorithms for modelling contact and interaction prob-
lems: the general contact algorithm and the contact pair algorithm. In the CEL method,
only the general contact algorithm based on the penalty contact method can be used to
define the contact between the Eulerian material and Lagrangian material.

In the penalty contact method, seeds are created on the Lagrangian element edges
and faces, while anchor points are created on the Eulerian material surface. The penalty
method approximates hard pressure—overclosure behaviour. This method allows slight
penetration of the Eulerian material into the Lagrangian domain.

The general contact algorithm in Abaqus/Explicit is specified as part of the model or
history definition of the model. It allows very simple definitions of contact with very few
restrictions on the types of surfaces involved, and it uses sophisticated tracking algorithms
to ensure that proper contact conditions are enforced efficiently.

Currently, the finite-sliding formulation is the only available tracking approach for
general contact. The finite-sliding formulation allows arbitrary motion of the surface, such
as separation, large sliding, and rotation, and it is well-suited to simulate highly nonlinear
processes with large deformation.

The frictional sliding at the interface between the screw point and soil is modelled with
the Coulomb friction model. In this simulation, the normal contact is chosen as hard contact
and does not include any friction and thermal interaction in the normal direction. The hard
contact implies no limit to the magnitude of contact pressure that can be transmitted when
the surfaces are in contact.

For the tangential contact, the coefficient of interface friction (y) is defined as:

y =tand (8)

where ¢ is the angle of interface friction. Durgunoglu and Mitchell [26,27] recommended
using /¢ = 0.5 for most penetrometers, where ¢ is the peak angle of internal friction.

4.4. Initial Stress

In this study, the SDS simulation was performed only for the last loading step, i.e.,
where the total applied load was 1 kN. The required torque for one complete rotation of
the screw point was recorded. The simulation was performed at five levels of effective
vertical stresses, up to a maximum of 110 kPa, which were applied as a distributed load at
the surface of the model. The coefficient of lateral earth pressure, Ky, is defined as follows:

Kog=1-sin¢ )

4.5. Dilation Angle

The dilation angle, i, for the non-associated flow rule model was calculated by
adopting the ‘saw blade’ model of dilatancy [28,29], as expressed by Equation (10):
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=t + ¢ (10)

where ¢, is the residual angle of internal friction (in degrees). In this study, a constant
value of ¢, = 33° was chosen based on test results for silica sands [28]. Ideally, the
dilation angle () should be modelled as a function of the soil strain; however, it was
assumed to be a constant value in order to simplify the problem. To examine the similar-
ity between Christchurch sand and silica sand, consolidated drained triaxial tests were
conducted on reconstituted samples from 3 different sites in Christchurch (NZ) located at
Avondale Rd, Pages Rd, and Bideford Pl. Sieve analysis was performed on the samples
based on New Zealand Standards NZS 4402.2.8 [30]; all the samples were found to be
sand with fines content, FC, of less than 5%. The relative densities of the in-situ sam-
ples were estimated with available CPT data based on the method proposed by Idriss &
Boulanger [31]. In determining the dry density of the samples, the maximum and minimum
densities of the samples were measured in the laboratory-based on New Zealand Standards
NZS 4402.4.2 [32]. Triaxial samples were remoulded to their in-situ densities in accordance
with the methodology described by NZS 4402.6.2 [33]. The measured peak and residual
friction angles of the samples at an effective confining pressure of 100 kPa are summarised
in Table 1. As seen from the table, the behaviour of Christchurch sand is almost similar to
Silica sand, with all three samples having critical state friction angles of 33°. Therefore, the
assumed critical state friction angle for the simulation is reasonable.

Table 1. Measured peak and residual friction angles of Christchurch sand samples from 3 different sites.

Site Depth (m) ¢ () Peo ()
Avondale Rd 5 36 32.8
Pages Rd 6.2 39.5 33.5
Bideford P1 6.1 33 32.5

4.6. Young’s Modulus

The stress-strain behaviour of any type of soil depends on many factors, such as
relative density, water content, fabric/structure, drainage conditions, duration of loading,
and strain state, among others. By conducting laboratory tests on samples under conditions
similar to the field conditions, it is possible to consider most of these factors. This concept
simplifies the procedures required to determine the soil’s stress-strain relationships and
avoids explicitly incorporating the complex factors in the constitutive models. Duncan and
Chang [18] developed a practical stress-strain relationship to determine the elastic modulus
(E¢). The proposed formulation is as follows:

Rf(1—sing)[oq — 03] 1> o3 \"
| Bf 93
Er=11 2¢ cos ¢ + 203 sin¢ } KEPQ(R;) )

where Ry is the failure ratio (=0 /0y4), 0 is the stress condition at failure, c is the cohesion,
¢ is the peak friction angle, and 0,); is the asymptotic value of stress. The value of Ry is
always less than unity. For a number of different types of soils, the value of Ry has been
found to lie between 0.75 and 1. Ry was calculated as 0.9(¢cv/¢) based on the work of
Byrne et al. [34], where ¢., = 33° for silica sand. K is the modulus number for primary
loading, n is the modulus exponent, P, is the atmospheric pressure (100 kPa), o3 is the
major principal stress, and o3 is the minor principal stress.

Kr was chosen as a function of ¢ in accordance with trends observed by Duncan and
Chang [23]. A typical range of n = 0.56 for dense sand to n = 0.66 for loose sand was used
based on the behaviour observed by Duncan and Chang [23]. Table 2 summarises all the
parameters used in this analysis.
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Table 2. Parameters used in the finite element analysis.

¢ () o’yo (kPa) P (°) E (MPa) v JZ n Kg R¢
32 15 0 1.894 0.3 0.287 0.66 380 0.9
32 30 0 2.993 0.3 0.287 0.66 380 0.9
32 60 0 4.193 0.3 0.287 0.66 380 0.9
32 90 0 6.180 0.3 0.287 0.66 380 0.9
32 110 0 7.056 0.3 0.287 0.66 380 0.9
34 15 1 2.677 0.3 0.306 0.64 480 0.874
34 30 1 4.171 0.3 0.306 0.64 480 0.874
34 60 1 6.500 0.3 0.306 0.64 480 0.874
34 90 1 8.427 0.3 0.306 0.64 480 0.874
34 110 1 9.581 0.3 0.306 0.64 480 0.874
36 15 3 3.687 0.3 0.325 0.62 600 0.825
36 30 3 5.667 0.3 0.325 0.62 600 0.825
36 60 3 8.710 0.3 0.325 0.62 600 0.825
36 90 3 11.199 0.3 0.325 0.62 600 0.825
36 110 3 12.683 0.3 0.325 0.62 600 0.825

4.7. Effect of Mesh Size

The mesh convergence study was conducted by analysing two FE models: the original
model comprising 98,592 elements and a finer mesh model (that had 136,896 elements).
The effect of mesh size on the reaction moment (see Section 5.3) was analysed. It was
found that the difference in the reaction moments at the end of one complete rotation and
the trend between the results of these two FE models are negligible; these demonstrate
the convergence of the original FE mesh. It can be said that making the mesh size finer
would simply increase the computational time, with no significant effect on the accuracy.
Figure 7 shows the reaction moments calculated using the two different mesh sizes. As
shown in the figure, the value of the recorded reaction moment (torque) is slightly different
during the rotation process. Still, the reaction moments from both models reach almost the
same value at the end of the one rotation (i.e., end of 2.4 s). As discussed later, the basis of
this analysis is to use the value of T4y, which occurs at the end of a complete rotation; the
difference between the torques calculated during the process can be ignored.

45

= .= 58,592 Elements
40 -
— 136,856 Elements e . om

o 0.2 04 0.6 0.8 1 12 14 16 138 2 22 24

Time (s)

Figure 7. Measured torque at the end of one complete rotation (Ty;ax) with two different mesh sizes
with a friction angle of 34° and a vertical effective stress of 110 kPa.
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5. Results and Discussion
5.1. Deformed Mesh

As discussed in the previous sections, the penetration during one complete rotation of
the screw point in the last loading step is modelled with the CEL method. Conventional
FE models often lead to large element distortions due to large deformations of the soil.
However, through the CEL method, it was shown that the drilling process does not cause
element distortion due to large deformation. While the CEL method is used, the Eulerian
mesh, which represents the soil, does not move, and the Lagrangian part can penetrate it.
Therefore, there is no element distortion when the soil experiences large deformations.

5.2. Stress Distribution

Figure 8 shows the distributions of the vertical and horizontal stress in the soil for
60 kPa overburden pressure and angle of friction of 34° after one complete rotation of the
screw point. The advancement forces of any screw or drilling tool are produced by its
wings (edges), which convert the applied torque into a vertical force during the penetration
by pushing the surrounding materials upward and sideways. The resultant concentration
of stresses can be observed in the contour plots. The stresses in the area around the edges of
the screw point have the highest values due to the concentration of stresses in the location
where shearing occurs.

10 cm ‘|7

533
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(a) (b)

Figure 8. Contour of (a) vertical stress (in Pa); and (b) horizontal stress (in Pa) in the soil after one
complete rotation. The figure scale is indicated.

5.3. Reaction Moments

As mentioned earlier, one complete rotation of the screw point is simulated with the
application of a vertical load of 1 kN at the top of the rod (which is the maximum applied
load) and a predefined constant rotational speed of 25 rpm. The reaction torque (moment),
which is caused by the interaction between the screw point (Lagrangian part) and the soil
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(Eulerian part), is recorded along the vertical axis (on a node defined on top of the rod),
which is conceptually similar to the measured torque in the SDS test during the operation.
Figure 8 shows the result of the analysis as smoothed measured reaction moment for the
soil with a friction angle of 34° and a vertical effective stress of 110 kPa. In the SDS test, the
maximum value of torque (T},,x) at each step of loading is measured, and the value for the
vertical load of 1 kN is taken and compared with the results of the simulations. The reaction
moment was measured for the different combinations of friction angle and effective vertical
stress listed in Table 2; the results are discussed below (refer to Sections 5.4 and 5.5).

As shown in Figure 9, the analysis indicates that the amount of reaction moment
(torque) increases with time and, after one-half turn (1.2 s), the slope of the curve decreases,
which means that the torque increases at a slower rate. At the beginning of the rotation, the
screw point is filled with soil. As the screw point starts rotating, it pushes the soil sideways.
Hence, in the second half turn (1.2 s to 2.4 s), the initial soil around the screw point is
pushed away completely, and the measured torque during the second stage changes less.
The measured torque at the end of one complete rotation is considered as Ty;qx (maximum
torque), similar to the actual SDS test.

45
Tmax

40 e

T (N.m)
(%]
tn

%
Y

] 0.2 04 06 03 1 1.2 14 16 1.8 2 22 24
Time (s)

Figure 9. Evolution of the smoothened reaction moment of the soil with a friction angle of 34° and a
vertical effective stress of 110 kPa (t = 2.4 s is the time for one complete rod rotation).

5.4. Effect of Friction Angle

Next, the effect of the friction angle on the reaction moment was studied. Three
different friction angles were used in the simulation. All the simulations were performed
on cohesionless soil. Figure 10 shows the effect of increasing friction angle for a given
effective overburden pressure on the reaction moment. As expected, increasing the friction
angle, i.e., corresponding to denser sand, the value of the torque at the end of one complete
rotation increases. It is also found that the rate of change of the torque with the friction
angle is more when the overburden pressure is higher, i.e., at a higher overburden pressure,
the torque increases more rapidly with friction angle. This can be explained by the fact
that a high overburden pressure prevents the soil from dilating; hence, for the dense sands
(dilation angles of 1° and 3°), a larger torque is required for penetration. Moreover, an
increase in the effective overburden pressure increases the shear resistance of the soil. As
a result, when the overburden pressure increases, the change in the required torque with
increasing friction angle becomes larger.
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Figure 10. Relationship between the peak friction angle and T}y for different overburden pressures.

5.5. Effect of Overburden Pressure

The obtained relationship presented in Figure 10 can be transformed into a chart
that can estimate the friction angle of the soil based on the measured torque in the SDS
test. Figure 11 shows the relationship between the torque, effective overburden pressure,
and peak friction angle derived from the FE analyses. Due to the complexity and high
computation cost, only two cases of overburden pressures of 15 and 30 kPa, respectively, at
a friction angle of 38° were analysed. The dashed line in the figure represents extrapolation
based on the observed trend. It can be seen that for a specific peak friction angle, the
maximum torque increases as the overburden pressure increases, as expected in sandy
soil with a drained behavior. This change is more significant for denser sands that have a
higher peak friction angle. Moreover, for a constant overburden pressure, the difference in
torque between peak friction angles of 32° and 34° is more significant than that between
34° and 36°. This is due to the assumption of a constant value of 33° for the critical state
friction angle (i.e., ¢y = 33°) and the assignment of a dilation angle of 1° and 3° for the
cases with friction angles of 34° and 36°, respectively. These assumptions imply that the
behaviour of the soil with a friction angle of 32° is contractive, while soils with friction
angles of 34° and 36° have dilative behaviour. When the drilling tool moves into a dilative
soil under a specific confining pressure that prevents the soil from expanding, it needs
more torque to move the soil away when compared to that when moving into the soil with
a contractive behaviour. It should be noted that, as the whole soil domain is not simulated
in the FE model, the effect of rod friction is not included in the analysis to obtain T;y.
Therefore, the value of Ty, obtained from the FE model is equivalent to the corrected
torque of the SDS test.

The proposed chart can be used for predicting the angle of internal friction of soil
using the SDS results. Caution should be exercised for shallow deposits, as the assumed
elastic modulus is based on effective overburden pressure, and soils at shallower depth
may be dense due to compaction and applied dynamic load on the ground surface, such as
moving vehicles.
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Figure 11. Relationship between the corrected Ty;ax, effective overburden pressure and friction angle.

5.6. Model Evaluation

To verify whether the model can predict the friction angle of the soil with sufficient
accuracy, the results of the SDS tests and laboratory element tests on samples taken at five
different sites are compared to the results of the numerical modelling. For each test site
described in Table 3, the peak friction angles of the samples taken from specific depths
were measured in the laboratory with consolidated drained triaxial tests [11]. To use the
chart shown in Figure 11, the corrected Ty,;qx from the SDS tests, and the effective vertical
stress (for the depth considered) are used to estimate the corresponding friction angle.
The laboratory-derived friction angles, as well as the predicted values from the numerical
model and summarised in a chart form, are presented in Table 3. From the summary table,
the proposed chart could estimate the peak friction angle with a high degree of accuracy.

Table 3. Comparison between the predicted friction angles from the FE model and laboratory-
measured peak friction angle.

) , Values of ¢ (°)
Test Site Depth (m) 0’y (kPa) Corrected Ty,x from SDS (N.m) Lab FEM
Avondale Rd 5 46 44.52 36 36
Pages Rd 6.2 56 46.35 39.5 37
Bideford P1 6.1 58 25.72 33 335

It should be noted that there were several assumptions and limitations in both the
modelling and experimental studies. Some of the model input parameters were assumed or
estimated from empirical relationships, such as the coefficient of interface friction between
the soil and the screw point, the value of Young’s modulus derived from an empirical
relationship (Equation (10)), and the use of a simple constitutive model for the soil. For
the experimental work, there were also uncertainties in the results of the laboratory tests
conducted on reconstituted samples and the preparation of samples based on the estimated
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relative density from CPT. Considering these factors, the FE model predicted and correlated
reasonably well with the laboratory results.

However, the results could be further improved with the use of more sophisticated
constitutive models that can take into account other factors, such as the nonlinear behaviour
of the soil, different stiffnesses for loading and unloading, and the dependency of soil
stiffness on the stress/strain rate. Moreover, a more accurate estimation of the coefficient
of interface friction is recommended, which can be obtained from laboratory tests. It is
worth noting that one of the drawbacks of CEL analyses is the long computational time.
The average computational time for simulation of the drilling process in this study was 36
h on a normal computer with a Core i5 processor.

6. Conclusions

This study presents the computational modelling of the drilling processes involved in
the screw driving sounding (SDS) test of clean sand with the coupled Eulerian-Lagrangian
(CEL) method. It was shown that the CEL method can circumvent problems associated
with large deformations and can avoid numerical problems, such as high distortion of
elements due to severe mesh deformation commonly encountered in the conventional finite
element method. The sand was modelled with a simple elastic perfectly plastic constitutive
model based on the Mohr-Coulomb yield criterion, and a non-associated flow rule was
used to describe the dilatancy of the soil. Despite the use of a simple constitutive model
for sand, the finite element model was able to simulate the drilling process of the SDS
test with a high degree of accuracy, as the predicted friction angles were very close to the
measured values in the laboratory. The effect of friction angle on the corrected measured
torque was investigated. It was shown that the amount of torque increases with an increase
in the friction angle; moreover, this rate of change increases for cases with higher effective
overburden pressure. A chart was proposed for estimating the friction angle of clean sand
directly from the corrected torque measured in the SDS tests. In light of the results of
the laboratory tests, it was found that the proposed relationship was in good agreement
with the results of the laboratory tests. Estimating friction angle directly using the SDS
test data makes it a powerful tool for soil characterisation, as this test is straightforward
and economical.

Author Contributions: Conceptualization, S.Y.M. and R.P.O.; methodology, S.YM., RP.O. and R.D,;
software, S.Y.M. and R.D.; validation, S.Y.M. and R.P.O.; formal analysis and interpretation, S.Y.M.
and R.P.O.; writing, S.YM. and R.P.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received financial support from Japan Home Shield (JHS) Company.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Some or all data supporting the findings of this study are available
from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to acknowledge Nitto Seiko Company for providing
the SDS machine and the Japan Home Shield (JHS) Company for offering assistance to this research.
We also would like to acknowledge the Canterbury Geotechnical Database (CGD) for providing the
borehole data and CPT records in Christchurch and the Christchurch City Council for access to the
test sites.

Conflicts of Interest: The authors declare no conflict of interest.



Geotechnics 2022, 2 455

References

1. Tanaka, T.; Suemasa, N.; Ikegame, A. Classification of strata using Screwdriver Sounding test. In Proceedings of the 22nd
International Offshore and Polar Engineering Conference, Rhodes, Greece, 17-22 June 2012.

2. Orense, R.P; Mirjafari, S.Y.; Suemasa, N. Geotechnical site characterisation using Screw Driving Sounding method. In Proceedings
of the New Zealand-Japan Workshop on Soil Liquefaction during Recent Large-Scale Earthquakes, Auckland, New Zealand,
2-3 December 2013.

3. Orense, R.P; Mirjafari, S.Y.; Suemasa, N. Screw Driving Sounding: A new test for field characterisation. Geotech. Res. 2019,
6,28-38. [CrossRef]

4. Mirjafari, S.Y. Soil characterization using Screw Driving Sounding. Ph.D. Thesis, The University of Auckland, Auckland,
New Zealand, 2016.

5. Mirjafari, S.Y.; Orense, R.P. NZGD and SDS: Calibration of novel in-situ testing method using geotechnical database. In Pro-
ceedings of the International Conference on GIS and Geoinformation Zoning for Disaster Mitigation (GIZ2018), Auckland,
New Zealand, 15-17 November 2018.

6. Mirjafari, S.Y.; Orense, R.P.; Suemasa, N. Correlation between CPT and Screw Driving Sounding (SDS). In Proceedings of
the 13th Congress of the International Association for Engineering Geology and the Environment, San Francisco, CA, USA,
17-21 September 2018; Volume 2, pp. 47-54.

7. Mirjafari, S.Y.; Orense, R.P.; Suemasa, N. Evaluation of liquefaction susceptibility of soils using Screw Driving Sounding method.
In Proceedings of the 15th Asian Regional Conference on Soil Mechanics and Geotechnical Engineering, Fukuoka, Japan,
9-13 November 2015.

8.  Mirjafari, S.Y.; Orense, R.P.; Suemasa, N. SDS-based liquefaction prediction using artificial neural network. In Proceedings of the
3rd International Conference on Performance-Based Design in Earthquake Geotechnical Engineering (PBD-III), Vancouver, BC,
Canada, 16-19 July 2017.

9. Mirjafari, S.Y.; Orense, R.P.; Suemasa, N. Soil type identification and fines content estimation using the Screw Driving Sounding
(SDS) data. In Proceedings of the 20th NZGS Geotechnical Symposium, Napier, NZ, USA, 24-26 November 2017.

10. Mirjafari, S.Y.; Orense, R.P.; Suemasa, N. Estimation of fines content and plasticity index of clayey soils using screw driving
sounding. In Proceedings of the 6th International Conference on Geotechnical and Geophysical Site characterization, Budapest,
Hungary, 26-30 September 2021.

11.  Mirjafari, S.Y.; Orense, R.P.; Suemasa, N. Determination of shear strength parameters using Screw Driving Sounding (SDS).
In Proceedings of the Geotechnical Earthquake Engineering and Soil Dynamics V, Austin, TX, USA, 10-13 June 2018.

12. Tatnell, L.; Dyson, A.P; Tolooiyan, A. Coupled Eulerian-Lagrangian simulation of a modified direct shear apparatus for the
measurement of residual shear strengths. J. Rock Mech. Geotech. Eng. 2021, 13, 1113-1123. [CrossRef]

13.  Zhang, S.; Yi Tao, ]J.T. Application of the Coupled Eulerian-Lagrangian finite element method on piezocone penetration
test in clays. In Proceedings of the 2nd International Workshop on Renewable Energy and Development, Vienna, Austria,
19-21 November 2018; Volume 153, p. 052054.

14. Ko, ].; Jeong, S.; Kim, J. Application of a Coupled Eulerian-Lagrangian technique on constructability problems of site on very soft
soil. Appl. Sci. 2017, 7, 1080. [CrossRef]

15. Wang, C.; Ye, G.; Meng, X.; Wang, Y.; Peng, C.A. Eulerian-Lagrangian coupled method for the simulation of submerged granular
column collapse. J. Mar. Sci. Eng. 2021, 9, 617. [CrossRef]

16. Qiu, G.; Henke, S.; Grabe, J. Applications of Coupled Eulerian Lagrangian Method to Geotechnical Problems with Large
Deformations. In Proceedings of the SIMULIA Customer Conference, London, UK, 18-21 May 2009; pp. 420-435.

17.  Qiu, G.; Henke, S.; Grabe, J. Application of a Coupled Eulerian-Lagrangian approach on geomechanical problems involving large
deformations. Comput. Geotech. 2011, 38, 30-39. [CrossRef]

18. Sillem, A. Feasibility Study of a Tire Hydroplaning Simulation in a Finite Element Code Using a Coupled Eulerian-Lagrangian
Method. Master’s Thesis, Delft University of Technology, Delft, The Netherland, 2008.

19. Pichler, T,; Pucker, T.; Hamann, T.; Henke, S.; Qiu, G. High-performance Abaqus simulations in soil mechanics reloaded—
Chances and Frontiers. In Proceedings of the SIMULIA Community Conference, Providence, RI, USA, 15-17 May 2012.

20. Henke, S.; Hamann, T.; Grabe, ]. Coupled Eulerian-Lagrangian simulation of the deep vibration compaction process as a plasto-
dynamic problem. In Proceedings of the 8th International Conference on Structural Dynamics, Leuven, Belgium, 4-6 July 2011;
pp. 482-489.

21. ABAQUS. ABAQUS/CAE 6.13 User’s Manual; Online Documentation Help; ABAQUS: Providence, RI, USA, 2013.

22.  Drucker, D.C.; Prager, W. Soil mechanics and plastic analysis or limit design. Q. Appl. Math. 1952, 10, 157-165. [CrossRef]

23.  Duncan, ].M.; Chang, C.Y. Nonlinear analysis of stress and strain in soils. J. Soil Mech. Found. Div. 1970, 5, 1629-1653. [CrossRef]

24. Gudehus, G. A comprehensive constitutive equation for granular materials. Soils Found. 1996, 36, 1-12. [CrossRef]

25. Heyman, J. Coulomb’s Memoir on Statics; Cambridge University Press: Cambridge, UK, 1972.

26. Durgunoglu, H.T.; Mitchell, ].K. Static penetration resistance of soils: I-Analysis. In Proceedings of the Conference on In Situ
Measurement of Soil Properties, ASCE, New York, NY, USA, 1-4 June 1975; Volume 1, pp. 151-171.

27.  Durgunoglu, H.T.; Mitchell, ] K. Static penetration resistance of soils: II-Evaluation of theory and implications for practice.

In Proceedings of the Conference on In Situ Measurement of Soil Properties, ASCE, New York, NY, USA, 1-4 June 1975; Volume 1,
pp- 172-189.


http://doi.org/10.1680/jgere.18.00024
http://doi.org/10.1016/j.jrmge.2021.06.003
http://doi.org/10.3390/app7101080
http://doi.org/10.3390/jmse9060617
http://doi.org/10.1016/j.compgeo.2010.09.002
http://doi.org/10.1090/qam/48291
http://doi.org/10.1061/JSFEAQ.0001458
http://doi.org/10.3208/sandf.36.1

Geotechnics 2022, 2 456

28.
29.

30.

31.

32.

33.

34.

Bolton, M.D. The strength and dilatancy of sands. Geotechnique 1986, 36, 65-78. [CrossRef]

Strahler, A.; Armin, W.; Pedro, W. Stress-strain response and dilatancy of sandy gravel in triaxial compression and plane strain.
J. Geotech. Geoenviron. Eng. 2016, 142, 04015098. [CrossRef]

NZS 4402.2.8; Methods of Testing Soils for Civil Engineering Purposes, Part 2.8: Determination of the Particle-Size Distribution.
Standards New Zealand: Wellington, New Zealand, 1986.

Idriss, LM.; Boulanger, R.W. Semi empirical procedures for evaluating liquefaction potential during earthquakes. Soil Dyn.
Earthg. Eng. 2004, 26, 115-130. [CrossRef]

NZS 4402.4.2; Methods of Testing Soils for Civil Engineering Purposes, Part 4.2: Determination of the Minimum and Maximum
and Relative Density of a Cohesionless Soil. Standards New Zealand: Wellington, New Zealand, 1988.

NZS 4402.6.2; Methods of Testing Soils for Civil Engineering Purposes, Part 6.2: Determination of the Compressive Strength of
Specimens Tested in Undrained Triaxial Compression. Standards New Zealand: Wellington, New Zealand, 1986.

Byrne, PM.; Cheung, H.; Yan, L. Soil parameters for deformation analysis of sand masses. Can. Geotech. |. 1987, 3, 366-376.
[CrossRef]


http://doi.org/10.1680/geot.1986.36.1.65
http://doi.org/10.1061/(ASCE)GT.1943-5606.0001435
http://doi.org/10.1016/j.soildyn.2004.11.023
http://doi.org/10.1139/t87-047

	Introduction 
	Estimation of Rod Friction during SDS 
	Coupled Eulerian-Lagrangian (CEL) Analysis 
	Modelling Screw Point Penetration into the Ground 
	Geometry and Modelling Steps 
	Constitutive Model 
	Interface Modelling 
	Initial Stress 
	Dilation Angle 
	Young’s Modulus 
	Effect of Mesh Size 

	Results and Discussion 
	Deformed Mesh 
	Stress Distribution 
	Reaction Moments 
	Effect of Friction Angle 
	Effect of Overburden Pressure 
	Model Evaluation 

	Conclusions 
	References

