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Abstract: Screw Driving Sounding (SDS) test is a new technique, which could be adopted as an
alternative technique for in-situ field characterization. This research has attempted to determine the
undrained shear strength of clay directly from SDS torque. It also aims to develop correlation equa-
tions between SDS torque, with undrained shear strength from various tests and Standard Penetra-
tion Test (SPT) number of blows, in Bangkok clay separately. Number of borehole tests with SPT
were conducted in central region of Bangkok. SDS tests and Field vane shear test (FVT) tests were
performed in vicinity of these boreholes. All field tests were performed in a highly controlled envi-
ronment. The confining stress and saturation of sample during unconsolidated undrained test and
anisotropy of Bangkok clay affects correlation equations. Plots of SDS penetration energy with nat-
ural moisture content and consistency index show that clays can be clustered in two distinct groups
based on its state and consistency. The SDS penetration resistance parameters are extremely affected
by difference in state of clay, which is dependent on the soil depositional history and depositional
environment, in case of Bangkok clay layers. This demands development of the separate correlation
equations solely applicable for Bangkok clay, which is accomplished in this research.

Keywords: geotechnical testing, Screw Driving Sounding (SDS), Bangkok clay, soil strength, for-

mation history, correlation

1. Introduction

There numerous methods for site investigation, some of the general tests are Stand-
ard Penetration tests (SPT), Field Vane Shear Test (FVT) and Swedish Weight Sounding
(SWS) test. All tests have their own limitations. Although SPT is still popular worldwide,
it suffers from many disadvantages such as poor repeatability and no continuous soil pro-
file [1]. Various empirical equations are required in order to find the undrained shear
strength of soil from SPT blows [2-5] and there exists uncertainties in those equations as
well as confusion in which one to prefer. In addition, it is relatively expensive compared
to FVT and SWS. FVT can be used to determine the undrained shear strength [6]. How-
ever, its application is limited to soft and silty soils. There is no direct formula which can
convert field torque to undrained shear strength and rather a correction factor is required
like Bjerrum et al. [7] and Chandler et al. [8]. In addition, continuous soil profile cannot
be obtained by FVT. It is important to obtain continuous soil profile so that even thinnest
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layer of weak or soft soil can be identified. In such case, development of options for in-
situ tests can give significant contribution in site investigation. SWS test is one of the op-
tions when continuous soil profile is desired [9]. SWS was officially recommended as an
investigation tool by the Ministry of Land, Infrastructure and Transport, Government of
Japan [1,9]. In 2020, the name of SWS in Japan was changed from Swedish weight sound-
ing to Screw weight sounding due to revision of Japanese Industrial Standards (JIS). There
exist various limitations of SWS, which have been discussed in various literatures [10-12].
It is highly labour intensive and particularly becomes more difficult as we go deeper due
to increase in repellent force. It classifies silt and organic soil as cohesive soils [12]. In ad-
dition to that, the result of SWS is highly influenced by the rod friction, but there is no
provision to measure it; making the results unreliable. The value of rod friction is signifi-
cantly high especially when earth fill consists of gravel resulting in overvaluation of esti-
mate [12]. Also, since the SWS test does not use the soil sampling, the result highly de-
pends upon the knowledge of examiner and the local site conditions. Hence due to these
several limitations of SWS, there was a need to develop a field test technique and a field
test machine which possessed the major advantages of the SWS yet, was rid of its serious
disadvantages. Thus, Screw Driving Sounding (SDS) machine is developed as a new
method for site characterization which is a modified form of SWS [11,12].

The SDS test is one of the alternatives for site characterization by in-situ geotechnical
tests. The test is quick and relatively cheap and gives continuous soil profile like SWS
[1,11,12]. It occupies smaller space for operation, making it ideal field characterization
technique in congested areas similar to CPT. Larger number of site investigation points
gives better understanding of soil profile and soil properties. SDS can be used together
with other tests to obtain greater number of soil exploration points. It is economical option
when area of soil exploration is large, since the number of exploration points can be in-
creased by using SDS test. For the soil exploration, there is a need of development of equa-
tions which can determine the undrained shear strength or SPT blows of the Bangkok clay
directly from SDS parameter.

The central region of Thailand is the soft marine deposit formed due to interaction of
Chao Phraya river and sea level change during Holocene period [13]. It is the immediate
subsoil layer in Chao Phraya River basin and typically has very low undrained shear
strength and high moisture content. It is mostly either in liquid or plastic state. The un-
derlaying layer is stiff clay whose engineering properties is completely different that of
soft marine clay. It has low moisture and clay is either in semi-solid state or plastic state,
with moisture content very near to plastic limit. This layer was formed in Late Pleistocene
period in fresh water environment [13,14]. The topmost 2m layer was exposed to the at-
mospheric environment for a long period of time which resulted this layer to weather and
have relatively higher undrained shear strength and lower moisture content than under-
lying soft marine clay [15]. Numerous researches have been performed in properties of
Bangkok clay deposit.

However, there is lack of equations to determine the undrained shear strength of clay
directly from SDS parameters in Bangkok clay. Though there are empirical formulae de-
veloped in Japanese alluvial clay as in Tanaka et al.[12] and Yoshida et al. [16], this cannot
be used in soft Bangkok clay. This is because the Japanese alluvial clay and soft Bangkok
clay have different mineralogy and microstructure which results in difference in their ge-
otechnical properties [17,18]. In addition, these two clays were formed in different depo-
sitional environment and have different depositional history. It has been recognized that
the mechanical properties of soil are strongly influenced by the composition of clay min-
erals and existing environmental conditions both during and after sedimentation [18].
Some literatures such as Tanaka et. al. [19] explain reason why most of the widely used
empirical equations developed from a soil deposit cannot be used in other soil deposit.
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Due to these reasons, there is an urge to develop separate correlation which particularly 97

deals with Bangkok clay. 98
99

2. Materials and Method 100

2.1. Screw Driving Sounding (SDS) 101

The screw driving sounding technique of in-situ field characterization is the impro- 102
vised form of the Swedish Weight Sounding technique. A typical SDS machine consists of 103
a screw point attached to a rod, which is attached to a rod rotation motor, responsible for 104
penetration into the soil layers. The principal of operation of SDS is same as that of SWS, 105
which is; the screw point attached to the rod is penetrated into the into the ground by the 106
help of fixed weights and torque [1,9]. However, the working procedure is slightly differ- 107
ent. In case of SWS, the vertical load and torque are applied separately and referred toas 108
static penetration and rotational penetration respectively [9]. While, in case of SDS, both 109
vertical load and torque are applied simultaneously for penetration. There exist several 110
empirical equations such as Inada et al. [20], Miki et al. [21] and Ueda et al. [22], which 111
correlates the penetration resistance of SWS with soil properties such as SPT-N and uni- 112
axial compressive strength. 113

The standard form of SDS machine can penetrate only through approximate SPT N 114
value of 15 [1]. This is not sufficient for this research as we attempt to explore stiff and 115
hard clay layers, underlaying the soft clay layer, whose number of SPT blows are way 116
more. Due to this reason, the SDS machine was customized such that higher values of 117
vertical load and torque can be applied. This increases its ability to penetrate on deeper 118
and stiffer soil layers. Figure 1 shows schematic diagram of the screw point of SDS ma- 119

chine where all dimensions are in millimetres. 120
g 30
g
le—d33mm
«— $22mm
121
Figure 1. Schematic diagram of screw point of SDS machine 122
123
2.1.1 The Procedure of SDS test 124

While the standard form of SDS machine uses 7 steps of loading [1,10,11,23], the cus- 125
tomized machine uses 20 steps of loading with maximum 2.3 kN load. The screw is pen- 126
etrated with starting load of 0.05 kN. Load is increased by adding 0.05 kN after each com- 127
plete rotation of rod, for each of the next loading step, until the vertical load of 0.25 kN is 128
achieved. Then increased by 0.125 kN until the total vertical load reaches 2.3 kN or pene- 129
tration depth of 0.25 m, whichever is encountered first. Various SDS parameters are rec- 130
orded at the end of each complete rotation, which are; minimum torque (Tmin), average 131
torque (Tavg), maximum torque (Tmax), penetration velocity (V), number of rotations of rod 132
(N) and penetration length (L) [1,10,11,23]. Plenty of other SDS parameters can be calcu- 133
lated out using these parameters. When a penetration depth of 0.25 m is achieved, the 134
screw point goes up by 0.02 m and makes one full rotation to measure the rod friction, 135
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and comes back to the original position and another cycle of penetration starts. The pene- 136
tration is continued till the required depth of exploration. In case 0.25 m of penetration 137
depth is not achieved even at 2.3 kN load, the penetration is continued at 2.3 kN load until 138
0.25 m and the load required to penetrate 0.25 m is calculated by extrapolating the trend 139

line. 140
2.2. Background of research on correlations between soil Engineering properties and SDS 141
parameters 142

Correlation equation between uniaxial compressive strength and SDS torque has 143
been developed in Japanese alluvium clay [16]. The uniaxial compressive strength was 144
determined by unconfined compression test. The correlation between undrained shear 145
strength and SDS torque is then obtained by dividing the equation by 2. The correlation 146

equation between the uniaxial compressive strength and Torque as below: 147
q, = 3.6801 X T, + 14.346 (1) 148

Which gives, 149

Sy =" = 18x Ty + 7.15 (2) 150

Where 151

Su = Undrained shear strength of alluvial clay deposit 152

qu = Uniaxial compressive strength 153
To=Torque 154

The depositional history of Japanese alluvium clay and Bangkok clay is different. The 155
mineralogy, microstructure and properties of these two clays has huge variation [17,18]. 156
Due to this reason, these equations 1 and 2 may not give accurate results when applied 157
for Bangkok clay. Development of a correlation designed specifically for Bangkok clay 158

would be helpful for determination of undrained shear strength for this area. 159
Tanaka et al. [12] developed equation between the penetration energy (Eo2s) and SPT 160
number of blows (N) as follows; 161
Ey,5 = 0.268 N (3) 162

Where, 163

Eo2s = average penetration energy 164

N = SPT number of blows 165

The data used to obtain equation 3 are clay, silt, sand, organic clay, loam, which in- 166
dicates that the equation is developed from various types of soil data. Thus, this may not 167
give trustworthy result when applied for Bangkok clay, which demands the need of de- 168
velopment of an empirical equation especially made of the Bangkok clay. 169

2.3. SDS Penetration Resistance Parameters: 170

Various SDS parameters are obtained during the SDS test. Among many of those 171
parameters, the ones which are used in this research are the average torque and penetra- 172
tion energy, both of which are penetration resistance and are thoroughly explained as fol- 173
lows: 174

2.3.1. Average Torque (Tav): 175

The average torque is denoted by Tav and can be defined as the average value of cor- 176
rected torques of various number of loading steps to penetrate 0.25 m. It can be expressed 177

mathematically as: 178
Tay ==X T, Ty 4) 179

Where; 180

n =number of loading steps required to penetrate 0.25 m 181

Ti = Corrected torque at i loading step 182

Tav = parameter is influenced by both applied torque as well as vertical load. 183

184

2.3.2. Total Penetration Energy (Eo.2s): 185
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Total energy to penetrate the screw point by 0.25 m is designated by Eozs. Tanaka et 186

al. [12] described penetration energy at the end of each loading step can be defined as; 187
SE' = 2mrT 22t + W§s, () 188

Where, T is corrected torque, dnst is incremental half turns, W is corrected load and 189

Ost is incremental settlement due to load. 190
The total penetration energy can be written as 191

Y E= Y 8E; 192
Where i is number of loading steps required to penetrate 0.25 m. 193

Y. E is the sum of penetration energy of every incremental load step, which is the 194
penetration energy required for 0.25 m penetration, i.e., Eo.s. 195
196

2.4. Shearing Mechanism in SDS Compared with Other Conventional In-situ Tests and 197
anisotropy of soil 198

This research aims to correlate the undrained shear strength and SPT blow counts 199
with the SDS parameters. It thus becomes necessary to understand the shearing mecha- 200
nism in various tests, because the value of undrained shear strength is also affected by 201
orientation of failure plane. Various prevalent in-situ tests are conducted to obtain the 202
undrained shear strength of soils. Evaluation of undrained shear strength in clays can also 203
be performed by cone penetration test (CPT) [24,25]. The undrained shear strength of clay 204
is not a unique parameter and depends significantly on the type of test used, the rate of 205
strain, and the orientation of the failure planes [24]. So, it is necessary to consider the ori- 206
entation of failure surface on each test. 207

In case of SPT, the clay samples are obtained by use of certain sampler. The sampler 208
penetrates the soil and cuts it vertically using dynamic loading. Since the direction of ap- 209
plied force is vertically downwards, the soil is sheared in vertical direction as indicated 210
by the direction of penetration of sampler as in figure 2a [3]. In case of field vane shear 211
test, the vane is inserted into certain depth and the shearing force is applied in the form 212
of torque [26]. The soil hence shears in radial direction as indicated in figure 2b, makinga 213
cylindrical shear surface [27,28]. The shearing plane in this case is not similar to that of 214
SPT, but is totally different and rather cylindrical in shape. In case of FVT, the shearing of 215
soil takes place between soil and soil unlike SPT, CPT and SDS where shearing occurs 216
between soil and the surface of sampler, CPT cone and screw respectively. For CPT, as the 217
cone advances below, the soil touches the cone and continuously shears in direction par- 218
allel to the slant length of cone as indicated in figure 2c. Since the cone tip usually has 219
apex angle of 60°, the direction of shear plane of soil will be at 60° with horizontal. How- 220
ever, in case of SDS, the soil is sheared by application of vertical load as well as torque. 221
The screw head is responsible to shear the soil, which contains 4 helices. Hence, the soilis =~ 222
sheared in vertical as well as radial direction as depicted in figure 2d. This shear direction 223
in case of SDS test is unique due to the presence of helices in screw point and combination = 224
of vertical and rotational loads. Figure 2 shows the direction of shear in various popular 225
in-situ tests. The direction of arrow in each figure shows the direction of shear of soil. 226



Geosciences 2021, 11, x FOR PEER REVIEW

6 of 29

Hammer C,/
Action lorgue
C-‘N
Pl T Idealized
> A ¥ failure cylinder
ot ! N
Spoon
Sampler
Depth of H
Testing
T ? Skin
| t.- Resistance : |
Q) = ‘
— K
} ! gl Ty
Point et temagan
Resistance - »
Q) n
a b
Screw

Direction of

shear of soil

Figure 2. Direction of shear of soil in a Standard penetration test [3], b Field vane shear test [26], ¢ Cone penetration test, d SDS test

Natural soil deposit is anisotropic in nature due to its mode of deposition which is
rather one dimensional. Several studies have been conducted on the effect of anisotropy
of soft Bangkok clays on its Engineering properties [29,30]. Bangkok clay is anisotropic
and is stiffer in horizontal direction [30]. The Engineering properties of Bangkok clay in
vertical direction is different than that in the horizontal direction. Hence, the difference in
shearing direction gives different values of those properties. During SPT, since the sam-
pler shears the soil vertically, the soil properties in vertical direction is dominant. In con-
trast, during FVT, since the direction of shear is radial, the soil properties in horizontal
direction is dominant. Similar case as in SPT occurs in case of CPT, on the soil around
sleeve portion. Whereas for soil in cone portion, soil properties in both vertical and hori-
zontal directions are equally prominent. In case of SDS, the screw rotates as well as pene-
trates vertically downwards, so, the soil properties in both vertical as well as horizontal
direction are equally significant. This case is the combination of shearing mechanism of
FVT and SPT and it is completely different than that for the cone of CPT. This is because
in case of CPT, no torque is applied and hence no radial shear of soil is present. In order
to study the difference of anisotropy between Bangkok clay and Japanese clay, Tanaka et
al. [18] defined the strength anisotropy by undrained shear strength ratio of the extension
and compression strengths from the recompression triaxial test (Sue/Suc). For Japanese ma-
rine clays, this ratio increased with an increase in plasticity index, whereas, for the Bang-
kok clays, it is relatively high despite the moderate value of plasticity index [18]. The dif-
ferences between SPT, FVT, CPT and SDS tests are tabulated in table 1.
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250
Table 1. Comparison between SPT, FVT CPT and SDS 251
Standard Pene- Field Vane Shear Cone penetration Screw Driving
tration Test Test (FVT) Test (CPT) Sounding (SDS)
(SPT) Test
Load dynamic torque Static or dynamic static
Shearing device Various types of Vane Cone Screw
samplers
Shearing between  Soil and wall of Soil and soil Soil and CPT surface Soil and screw
two surfaces sampler
Direction of shear- Vertical Radjial Vertical and 60° to Both vertical and
ing force horizontal radial
Direction of shear  Vertical direction =~ Horizontal direc- Vertical and hori- Vertical and hori-
of soil due to ani- tion zontal direction zontal direction
sotropy
252
2.5. Soft Bangkok Clay 253

Bangkok clay is a typical marine deposit with non- pyroclastic origin distributed in 254

the Chao Phraya plain of central Thailand [17]. The history of formation of soft Bangkok 255
clay deposit has been described by past research [31]. Bangkok was covered by shallow 256
marine sea. The soft marine clay was deposited 5000-3000 years ago which gradually sub- 257
sided and formed 0-20m thick clay layer referred to as Bangkok clay [14,32]. The upper- 258
most 2m of soft clay was exposed to the surface and weathered for over 2700 years [33]. 259
Due to this, the chemical and mineralogical characteristics of the sediments were altered. 260
Ohtsubo et al. [17] invested the pore water chemistry and mineralogy of Bangkok 261
clay and concluded that Bangkok clay can be separated into three zones: (a) upper zone 262
which consists of 0-2m of weathered clay, (b) middle zone consisting of soft clay or marine 263
clay and (c) bottom zone of medium soft clay or intertidal clay. Below the intertidal clay, 264
there exist very stiff to hard clay layer called alluvium clay. The surface and deeper zones 265
were deposited on less marine environment than the middle layer. Atterberg’s limit (liq- 266
uid limit and plastic limit) of stiff to very stiff and hard layer is almost practically similar. 267
But this highly differs from the Atterberg’s limit of soft to medium stiff clays [32]. Thisis 268
because, stiff to very stiff and hard layers (alluvium clay) were formed near the end of 269
Pleistocene Epoch in fresh water environment, while soft to medium stiff clay (marine and 270
intertidal clay) was formed during Holocene Epoch in marine environment [13,14]. Figure 271
2 shows the profile of these deposits along with their deposition period. 272
273
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Figure 3. Composite stratigraphic succession of unconsolidated sediment in Lower Central Plain 275
[13] 276

There have been numerous studies on Engineering properties of soft Bangkok clay 277
in [34-36]. Oonchittikul [37] gave the values of range of properties of soft Bangkok clay, 278

which are arranged in tabular form in table 2. 279
Table 2. Range of values of Engineering properties of Bangkok clay [37] 280
Clay layer Natural mois-  Undrained shear Total unit

ture content (%) strength (kN/m2) weight (kN/m3)

Weathered clay 30-100 20 16-19
Soft clay 40-110 6-27 15-18
First stiff clay 15-40 30-270 18-22

281

Luckily, Bangkok clay layers by their nature itself, are quite homogeneous and have 282
consistent soil properties. Figure 4a and 4b shows the profile of undrained shear strength 283
and natural moisture content of soft Bangkok clay respectively. The undrained shear 284
strength has been obtained by unconfined compression test. It can be observed in these 285
figures that there are two unique characteristics of clays. The first layer lying immediately 286
below the ground level refers to clays with softer consistency, with low undrained shear 287
strength and high moisture content. They are either in liquid state or even if they are plas- 288
tic state, their natural moisture content is high enough to remain near to the liquid state. 289
They are marine and intertidal clays formed in Holocene epoch. These clays have uniform 290
and consistent characteristics. The soil layer underlying this layer is stiffer clay whichis 291
characterized by higher undrained shear strength and lower moisture content. They are 292
either in semi solid state or even if they are in plastic state, their moisture content is so low 293
that it is near to their plastic state. Hence, they are of stiff to hard consistency. They are 294
intertidal clays formed in Pleistocene epoch, and have consistent and uniform soil prop- 295
erties in themselves. The environment of deposition; marine and fluvial has direct effect 296
on the property of soil even when the sediments are from the same parent material [13]. 297
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Figure 4. Profile of a Undrained shear strength, b natural moisture content [13]

clay on various locations near gulf of Thailand is shown in figure 5.

The depth of soft Bangkok clay is not uniform throughout. It is thicker near the gulf
of Thailand and gets thinner as we go farther away. The thickness of typical soft Bangkok

M) = =, BANGKOK sOFT CLAY
g . THICKNESS
i 3
\
5 ; ¢
e 2
{ By
S % o
% g
Gulf of Thailand L THAILAND
[ 14 [y 1 2y
‘ d, i
\ Ueag
o F ¢ Y
Wy
s ©. [ N
< =Y ®

Figure 5. Thickness of soft Bangkok clay [38]

The main purpose of developing correlation equations in this research is to use it for

pile driving. The common construction practice in soft Bangkok clay requires pile foun-
dation, the depth of which depends upon the type of superstructure as shown in figure 6.
For residential houses, the pile can rest over stiff to very stiff clay, whereas for larger
buildings, the pile must rest on the underlaying 15t sand layer as shown in figure 6. So, it
is required for SDS machine to penetrate up to that layer, since the 1+t sand layer ends at
that depth. This was also one of the reasons that SDS machine was customized for this
research to penetrate into stiffer clay layers.
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Figure 6. Required depth of pile foundations during construction in Bangkok according to type of

superstructures [39]

2.6. Study Area

The test site is located in Kasetsart University in Bangkok province having soft Bang-
kok clay deposit. This research is based intensively on the in-situ field tests and laboratory
tests where all SDS tests were performed by customized SDS machine. All field and labor-
atory tests are performed in highly controlled environment, so that errors in result could
be minimised from every possible way. Since, Bangkok soil deposit is itself unform, ho-
mogeneous and consistent, it is particularly easy to control the tests. 6 SDS tests are per-
formed on rugby field of Kasetsart University at a distance of 12 m with each other such
that all of the test points lie on a straight line. For this, a plot of 72x10 square meter is
divided into 6 equal plots of size 12x10 square meter as shown in figure 7a. Six borehole
tests with SPT and six field vane shear tests were performed on the vicinity of the SDS
tests such that each of their distance between SDS tests are 3m as shown in figure 7b.

=

NSy

Plot 1

r————

Plot 2

Plot 3

Borehole
Plot4 Plot 5 Plot 6

a SDS FVT

Figure 7. a Test details of plot, b Test details of each plot (all dimensions are in meters)

Figure 8a and 8b show SDS test being carried out in field on the vicinity of borehole

test and customized SDS equipment during operation.
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a
Figure 8. a SDS test performed simultaneously with borehole, b SDS equipment in action 332
2.7. Soil Properties 333

Sampling from borehole test and SPT is done at each 1m depth. The samples were 334
extracted, transported, handled and tested in extremely controlled environment to mini- 335
mize every possible source of error in the result, as far as possible. Undrained shear 336
strength, number of SPT blows, moisture content and Atterberg’s limit are determined. 337
Undisturbed undrained shear strength from field vane shear test (FVT) was also deter- 338
mined by FVT. Various soil properties obtained and used in this research, along with total ~ 339

number of tests performed is summarized in table 3. 340
Table 3. Soil properties and number of tests 341
Soil property Number of tests
Undrained shear strength from Uncon- 54
fined Compression (UC) test
Undrained shear strength from Unconsol- 60
idated Undrained (UU) test
Undisturbed undrained shear strength 58
from FVT test
SPT number of blows 44
Natural moisture content 105
Vertical effective stress 104
Consistency Index (CI) 105

342

The undrained shear strength for soft to medium stiff clay is obtained by unconfined 343
compression test and stiff to hard clay is obtained by correlation between SPT N and un- 344
drained shear strength as per Terzaghi, Peck and Mesri [5]. This profile can be seen in 345
figure 9a. The marine clay and intertidal clay deposits have undrained shear strength of 346
8.28 kN/m? to 54.48 kN/m2. These layers extend approximately from 2-3m depth to 13m 347
depth. From 13m to 20m lies very stiff to hard clay having SPT N value of 15 blows/ft to 348
53blows/ft. The natural moisture content of clay sample is calculated in laboratory. The 349
natural moisture content of clay decreased with increase in depth. Figure 9b shows the 350
natural moisture content profile with depth obtained from all boreholes. The soft Bangkok 351
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Figure 9.

clay layer, lying from 2m to 13m depth has consistent moisture content of 43% to 87%.
This layer of clay is soft to medium stiff clay. The clay layer below 13m has sharp decrease
in moisture content from 18% to 34%. This underlying layer is stiff to hard clay layer.
These graphs show that Bangkok clay layers is divided into two distinct categories with
large variation in their moisture content resulting distinct difference in their properties.
However, in each group, their properties are consistent and uniform.

Undrained Shear strength (kN/m?2) Natural moisture content (%)
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Profile of: a Undrained shear strength and SPT N with depth, b Natural moisture content from laboratory test

The soil profile is such that the stiffness of clay increases as we proceed to deeper
depth. Hence, during SDS test, the value of torque required to penetrate through clay layer
increases with increase in depth. The profile of SDS torque along depth from all SDS test
is shown in figure 10. The value of average SDS torque (Tav) throughout the soft Bangkok
clay layer is quite similar and ranges from 8 Nm to 24 Nm. This layer extends from ap-
proximately 2m to 13m and correspond to soft to medium stiff clay since it is soft marine
clay and intertidal clay deposit. When SDS screw point reaches depth below 13m, it shows
sever rise in value of torque. This layer is stiff to hard clay, which had been deposited at
Pleistocene epoch. The value of SDS torque in this layer is 32 Nm to 347 Nm.
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Figure 10. Torque profile from SDS test

3. Results and Discussion

3.1. Derivation of formula for determination of undrained shear strength of clay by Screw
Driving Sounding (SDS) technique

The SDS screw is a tapered screw with 4 helices as shown in figure 11a. When rotated
on its vertical axis, it creates the shear surface by stiffer clays sticking on the helical de-
pression and filling the voids on the screw. In simpler form, this shear surface can be as-
sumed to be an assembled shapes of frustrum on top, cylinder and frustum on middle
and cone at bottom as shown in figure 11b. However, this is an approximation and the
real shear surface may indeed be along the helix. Figure 11b shows two-dimensional fig-
ure of these shapes with their exact dimensions in millimetres.
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Fig 11. a SDS screw point and b SDS screw point depicted in simplified form, dimensions in milli-
metres

The torque (T) required to penetrate through the soil is equal to the sum of resisting
moments from each shape, i.e., 1, 2, 3 and rod portion. All SDS parameters such as torque
are measured by the SDS machine as an average of 0.25m, however, the length of screw
point is just 0.2m. Hence, it is necessary to include the resisting moment from rod with
length 0.05m.

T =M, +M,+M; +M, + M,
Where;
T =torque
M = Resisting moment from shape 1
M2 = Resisting moment from shape 2
Ms = Resisting moment from shape 3
M4 = Resisting moment from shape 4
Ms = Resisting moment from 5 cm length of rod

Shape 1: the frustrum:

The uppermost part of the screw is a frustrum as shown in figure 12 with:

upper radius (rv) = 9.5 mm = 0.0095 m

lower radius (r1) = 16.5 mm = 0.0165 m

moment arm (rp) = 0.0095+(0.0165-0.0095)/2 = 0.013
Height (h) = 12mm = 0.012m
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165
|

403
Figure 12. Top most part of simplified screw point as frustrum, dimensions in mm 404
Resisting moment due to shape 1 (M) is: 405
M = Force x perpendicular distance 406
= (Cux surface area) xperpendicular distance 407
= Cy X{m X (1, + 1) X/ (ry —1)*> + h?} xr, 408
= Cy X {1 X (0.0095 + 0.0165) X 1/(0.0095 — 0.0165)2 + 0.0122} x 0.013 409
= Cux1.5x107° 410
411
412
Shape 2: the cylinder: 413
The middle part of the screw is a cylinder as shown in figure 13 with: 414
radius (r) = 16.5 mm = 0.0165 m 415
Height (1) = 60mm = 0.06m 416
—116.5 =—
Y
M~ |
60.0

L T

~ 1
417
Figure 13. Middle portion of SDS screw point as a cylinder, dimensions in mm 418
Resisting moment from shape 2 is (M2): 419
Mz = (Cux surface area) xperpendicular distance 420
=Cy X2nrl Xr 421
=(C, X 2m X 0.0165 x 0.06 x 0.0165 422
= Cu x1.026x107* 423
424
Shape 3: the frustum: 425
The next middle part of the screw is a frustrum as shown in figure 14 with: 426
upper radius (rv) = 16.5 mm = 0.0165 m 427
lower radius (r1) = 12 mm = 0.012 m 428
moment arm (rp) = 0.012+(0.0165-0.012)/2 = 0.01425 429
Height (h) = 52mm = 0.052m 430

431
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432
Figure 14. Middle part of simplified screw point as frustrum, dimensions in mm 433
Resisting moment due to shape 3 (Ms) is: 434
Ms = Force x perpendicular distance 435
= (Cux surface area) xperpendicular distance 436
= Cy x{mx (r,+1) X/(y —1)?+h?} X, 437
= Cy X {1 X (0.0165 + 0.012) x /(0.0165 — 0.012)2 + 0.0522} x 0.01425 438
= Cu x6.66x107° 439
440
Shape 4: the cone: 441
The lowermost part of the screw is a frustrum as shown in figure 15 with: 442
radius (r) =12 mm = 0.012 m 443
moment arm (rp) = 0.012/2 = 0.006m 444
Height (h) = 76mm = 0.076m 445
—12.0
446
Figure 15. End part of simplified screw point as cone, dimensions in mm 447
Resisting moment due to shape 4 (M) is: 448
M = Force x perpendicular distance 449
= (Cux surface area) xperpendicular distance 450
= Cy X {m xXr XVr2 + h?} x, 451
= C, X {m X 0.012 X v0.0122 + 0.0762} X 0.006 152
= Cux1.74x107° 453
454

Resisting moment from the rod portion: 455
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It is crucial to include the resisting moment from 0.05m length of rod as well. Thisis 456
because the length of screw is only 0.2m, whereas, the torque and all other SDS parameters 457

are taken as an average in 0.25m depth. 458
radius of rod (r) =11 mm =0.011 m 459
Height of rod (1) = 50mm = 0.05m 460

461

Resisting moment from rod portion is (Ms): 462
M2 = (Cux surface area) xperpendicular distance 463
=Cy X2nrl Xr 464
=(, X 2w X 0.011 x 0.05 x 0.011 465
= Cu x3.8013x107° 466
467

468

Now, total torque (T) is: 469
T =M, + M, + Ms + M, + Ms 470

ie, T=C,24x10™* (6) 471

Substituting these values in equation 11, 472
C,=4166 X T (7) 473

The SDS machine measures torque in Nm, however, the undrained shear strength of 474
soils is measured usually in kN/m2 Hence, for ease, converting equation 7 such that 475

torque is in Nm and undrained shear strength is in kN/m?, 476
C,=41xT (8) 477

where, T = average corrected torque obtained by SDS in Nm 478

Cu = undrained sear strength in kN/m? 479

480

Equation 8 can estimate the value of undrained shear strength of clay in field by av- 481
erage torque. However, this equation overestimates the value of undrained shear strength 482
when compared with the valued obtained by FVT, UC and UU tests. Hence, correction 483
factor is required to convert this field value of undrained shear strength to correct value. 484
This is done empirically from plasticity index, in case of marine and intertidal clays. Fig- 485

ure 16 shows the average correction factor in case of marine and intertidal clays. 486
487
1.6 -
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488
Fig 16. Correction factor for marine and intertidal clays 489

An average correction factor of 0.65 is obtained from the plot. Hence, the value of 490
undrained shear strength obtained from equation 8 should be multiplied with 0.65 for 491
marine and intertidal clays. The correct value of undrained shear strength is taken as that 492
obtained from unconfined compression test. 493
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494
3.2. The Correlation Equation or Relation between SDS Penetration resistance and Soil 495
Properties 496

From soil samples obtained from borehole, common and important soil parameters 497
such as undrained shear strength, SPT N, moisture content and Atterberg’s limit are de- 498
termined. Each of these parameters are either correlated or plotted with suitable SDS pa- 499
rameter to develop a correlation or suitable plot respectively. While doing so, a number 500
of SDS parameters expressed in various forms such as torque, energy, load etc. are exam- 501
ined, which best can correlate with that particular soil property. The correlation or plot 502
between SDS parameters and various soil properties obtained from this research are as 503

follows: 504
505
3.2.1. Undrained Shear Strength (Su) 506

The undrained shear strength of soil sample obtained from unconfined compression 507
(UC) test unconsolidated undrained (UU) triaxial test and FVT test separately are corre- 508
lated to the SDS parameter obtained at same depth. It is found that average torque; Tavis 509
most suitable parameter for this case. The correlation equation between undrained shear 510
strength from UC test and average torque as well as upper and lower prediction intervals 511

is shown in figure 17. 512
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P 2=
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e 2
80 - Stiff clay 0, - a4
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513

Figure 17. Relationship between the undrained shear strength from UC test and average torque 514

The correlation equation between the undrained shear strength (Su) from UC testand 515
average torque (Tav) is written as; 516
Sy = 25X Ty, -8 9) »517

The value of undrained shear strength (Su) obtained by this equation, by keeping a 518
particular value of Tav as input is indeed the mean value of undrained shear strength. With 519
a single value of Tav, many values of Su are possible. The range of value of Su from a single 520
value of Tav can be obtained by the prediction interval (PI). Upper and lower prediction 521
intervals (PI) is calculated for future Su values. For this, students t-test is used with 95% 522
significance level. 523
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The equation of upper and lower prediction interval bands is written in following 524

equations 10 and 11 respectively: 525
S, = 2.5xT,, + 89 (10) 526

Sy = 25%xT,, - 26.73 (11) 527

528

The undrained cohesion of clay samples was also determined in laboratory by un- 529
consolidated undrained (UU) triaxial test. These values were correlated with correspond- 530

ing value of average torque as in Figure 18. 531
532
100 -
90 A
80 A
e
70 1 C,=141T, +2055 .~  C,=141T, +6.13
— o " . R2=10.56
o 60 o 2
E D .
g 507 - - .
~ . U e Correlation
G 40 A R "
o - equation
30 ~ = = = 95%upper PI
20 1 .~ C,=141T,-828
== 95% lower PI
10
0 T T T T 1
0 10 20 30 40 50
Tay (Nm) 533
Figure 18. Relationship between the undrained cohesion from UU test and average torque 534

The correlation equation between the undrained cohesion of clay samples with aver- 535

age SDS torque is; 536
C, = 141 x T, - 6.13 (12) 537

The upper and lower prediction intervals of the equation is respectively as follows: 538

C, = 141 xT,, - 20.55 (13) 539

C, = 141 xT,, - 8.28 (14) 540

541

The undisturbed undrained shear strength of clay was determined by field vane 542
shear test (FVT), performed in vicinity of SDS test and borehole test. This value was cor- 543
related with the average SDS torque and result is shown in figure 19. This value of undis- 544
turbed undrained shear strength used in the plot is not applied to any correction factors, 545
so that the designers have freedom to use the correction factor by their choice. 546
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Figure 19. Relationship between the undisturbed undrained shear strength from FVT test and av- 548
erage torque 549

The correlation equation between the undrained cohesion of clay samples with aver- 550

age SDS torque is; 551
Sy = 253 X T, - 65 (15) 552

The upper and lower prediction intervals of the equation is respectively as follows: 553

Sy = 253 X Ty, - 2.72 (16) 554

Sy = 253 X T, - 15.7 (17) 555

556

22 boreholes with SPT and 22 SDS tests were performed in 8 different locations in 557
Bangkok and vicinity of Bangkok. Unlike the field tests performed in Kasetsart University, 558
these field tests were not performed under controlled environment. The distance between 559
borehole with SPT and SDS test is were not as near as that performed in Kasetsart Univer- 560
sity. Figure 20 shows the correlation between undrained shear strength from UC test from 561

those boreholes and average torque. 562
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563
Fig 20. Correlation between the undrained shear strength and average torque 564
The correlation equation obtained from these tests is: 565

S, = 23XT,, +28 (18) 566
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A linear correlation can be obtained from these data, as suggested by our previous 567
correlations between undrained shear strength and average torque. Higher undrained 568
shear strength indicates stiffer clay demands higher value of torque to penetrate through 569
it. Very low coefficient of determination and large scatter can be observed in the correla- 570
tion. This is because of various sources of error in the data since the field tests were not 571
performed in a controlled environment as in Kasetsart University. 572

As the undrained shear strength of clay increases, its resistance to externally applied 573
forces is increased and it behaves stronger. This requires greater torque to penetrate 574
through it. In all three cases, the required torque increases with increase in the undrained 575
shear strength of clay. This correlation is only applicable to soft to stiff clay of Bangkok 576
subsoil, as all the data points used to derive this equation is such. To understand the dif- 577
ference in these three correlation equations better, they are plotted in the same chart which 578

is shown in figure 21. 579
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580
Figure 21. Correlation between the average SDS torque and undrained shear strength obtained 581
from UC, UU and FVT tests 582

The correlation between average SDS torque and undrained shear strength obtained 583
from UC test, UU test and FVT tests are different. This is because the undrained shear 584
strength of clay is not a unique parameter and depends significantly on the type of test 585
used, the rate of strain, and the orientation of the failure planes [30]. These significantly 586
vary in UU, UC and FVT tests. This results in difference in their correlation equations. 587

The correlation between the torque and undrained shear strength obtained by UC 588
and UU test are significantly different. The correlation from UU test gives higher un- 589
drained shear strength for clay for clay with undrained shear strength lower than 25 590
kN/m? compared to that from UC test and vice versa. Clays having undrained shear 591
strength below 25 kN/m? are soft clays. In UU test, the sample is subjected to the confining 592
pressure, due to which, undrained shear strength is greater than from UC test, which has 593
no confining pressure. However, in stiffer clays, the effect due to confining pressure does 594
not make the sample prominently stiffer than it really is, since it is already stiff. There 595
would rather be significant influence of moisture content. Unlike UC test, the sample in 5%
UU test is first saturated before the test, which increases the moisture content in the sam- 597
ple. It is obvious to have lesser undrained shear strength for soil with higher moisture 598
content. Stiffer soils have lesser moisture content, and increase in small amount of mois- 599
ture content on them largely decreases its strength as it becomes softer. Same situation 600
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will not be true for soft clays. Soft clays already have higher moisture content and further 601
increase in moisture content will not have equally significant effect on their strength. In 602
addition, the moisture content of clays having undrained shear strength less than 25 603
kN/m? are near the liquid limit. For medium stiff and stiff clays, it is significantly less than 604
liquid limit and rather is in midway between plastic and liquid limit. So, due to saturation 605
of sample in UU test, when moisture content of stiffer clays is increased, it approaches 606
near liquid limit or even might exceed that, decreasing strength of clay sample and hence 607
decreasing required torque. In contrast, since the moisture content in soft clays is already 608
near the liquid limit, increase in water content will not prominently decrease its strength. 609
According to Yimsiri et al. [30], Bangkok soil deposit is anisotropic and it is stiffer in 610
horizontal direction. Which means, value of undrained shear strength in horizontal direc- 611
tion can be expected to be higher than in vertical direction. It has also been discussed in 612
earlier section, that the shear surface during FVT test is radial and, in that case, the un- 613
drained shear strength of soil is from the horizontal direction. In contrast, in case of UC 614
test, the failure surface is at the angle of 45° to horizontal, indicating that the undrained 615
shear strength in that case is the combination of horizontal and vertical direction. This 616
value can be expected to be lesser than what is obtained from FVT test. Hence, the un- 617
drained shear strength from FVT is higher than by UC test. In addition, the sample in UC 618
test is disturbed during transportation and handling and loses moisture content, while it 619
is undisturbed and moisture content is preserved during FVT. So, it is expectable for la- 620
boratory determined undrained shear strengths to have lesser value than that obtained in 621
field by in-situ tests. While using correlation equations to estimate the undrained shear 622
strength of clay, it is best to use the one obtained from FVT as it excludes the soil disturb- 623
ance as well as loss in natural moisture content in the sample. 624
This correlation from above specifically deals with Bangkok clay which is uniform 625

and homogeneous by nature and has quite consistent values of Engineering properties. 626
All the data points are marine or intertidal clays, with soft to stiff consistency and formed 627
during Holocene Epoch. However, the correlation between the undrained shear strength 628
and SDS torque in equation 1 by Yoshida et al. [16] consisted of Japanese alluvium clay, 629
alluvium silt and peat. In addition to this, since there is difference in mineralogy, micro- 630
structure, depositional environment and history of Bangkok clay and alluvium clay, equa- 631
tion 1 cannot give accurate result. Due to these reasons, for application of SDS technique 632
on sites with Bangkok clay, these equations gives better and relevant results. 633
Since different equations are obtained from different tests, hence, an attempthasbeen 634
made to convert all equations into a same baseline. Figure 22 shows equations which can 635
be used to obtain the undrained shear strength from UC test by using equations 8, 12, 15 636
and 18. 637
638
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Figure 22. Undrained shear strength obtained from other tests converted to undrained shear
strength from UC test

3.2.2. SPT Number of Blows (N)

SPT test is one of the most popular in-situ tests in the world. A large number of equa-
tions have been developed between various Engineering soil properties and SPT N in past
research. The ability to estimate N directly from SDS parameter will help SDS test result
to connect with numerous Engineering properties of soil. This research attempts to esti-
mate the number of blows of stiff to hard clay, directly from the SDS penetration re-
sistance. Figure 23 indicates the relation between N value and average SDS torque.

N (blows/ft)
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Figure 23. Relationship between SPT blow count and penetration energy

This equation can be written as follows;

N = 8.15 x In(T,,) — 8.48

(19)
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The upper and lower prediction intervals were calculated with 95% significance 654
level. The equation of 95% upper and lower prediction intervals are given in equation 20 655

and 21 respectively. 656
N =8.15x%In(T,, ) +5.7 (20) 657
N =8.15 x In(T,,) — 22.6 1) 658

The equation suggests that higher value of N requires more torque. Higher number 659
of blows in clay indicates that it is stiffer, denser and harder which makes difficult for 660
screw point to penetrate, requiring higher amount of torque. Since SPT test is not signifi- 661
cant for soft clay, the data points obtained in this equation are stiff to hard clay layers, 662
which is formed in Pleistocene period. The scatter in the plot is due to difference in shear 663
surface between these tests, as well as difference in penetration mechanism of SPT and 664
SDS test. SPT applies dynamic loading whereas penetration in SDS is by static loading. 665

The nature of correlation between SPT N and Eo2s from Tanaka et al. [12] was a linear 666
equation. The data from clay, silt, sand, organic silt, loam of Japanese alluvium clay is 667
used in order to generate that equation. The data from sand have significant effect on this 668
equation. Also, the clay samples used are only soft clays. However, the equation devel- 669
oped in this research, as shown in equation 19 uses only clays with stiff to hard consistency 670
i.e., alluvium clay, formed during Pleistocene Epoch and avoids any soft to medium stiff 671
clays and does not contain sand or organic soil. In addition, the mineralogy, microstruc- 672
ture and depositional environment of Bangkok clay is different from alluvium clay. Equa- 673
tion 19 exclusively deals with Bangkok clay deposit. Due to this reason, the equation de- 674
veloped in this research gives better result when tests are performed for Bangkok clay 675

deposit. 676
677
3.2.3. Moisture Content (w«) 678
The natural moisture content of clay is plotted with the penetration energy (Eo2s) and 679
shown in figure 24. 680
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Figure 24. Variation of between natural moisture content with penetration energy 682

It can be observed very clearly that the energy required to penetrate increases tre- 683
mendously with decrease in moisture content of clay. Moisture content of a clay sample 684
isa crucial clay parameter. Clay samples in the plot can be divided into two distinct groups 685
which is as specified as in figure 4b. The clay whose moisture content is above 40% is soft 686
to medium stiff clay, which is marine or intertidal clay. They were formed in Holocene 687
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period in saline environment. The moisture content of these clay layers is very high which 688
is near their liquid limits or higher than that. They are either in liquid state or even if they = 689
are in plastic state, they have considerably higher moisture content and is about to achieve 690
liquid state. So, very small amount of penetration energy is enough to penetrate through 691
it. Further increase in moisture content in these clay layers would not have profound effect 692
on its strength and similar value of penetration energy is required to penetrate through 693
these clays. Hence, penetration energy is insensitive to moisture content for marine and 694
intertidal clays. However, the soil having moisture content below 40% is very stiff to hard 695
clay. This is alluvium clay layer and was deposited in Pleistocene period, in fresh water 696
environment, and was formed before overlying layer was formed in Bangkok plain. These 697
clays have significantly low moisture content which is near to plastic limit or even less 698
than that. They are either in semi solid state or have just entered plastic state. This indi- 699
cates that they are dry and stiff, and requires more penetration energy than marine and 700
intertidal clays to disintegrate the lump and intrude the SDS screw through it. Penetration 701
energy is very sensitive to moisture content of this layer. This is because addition of even 702
small amount of moisture on it can change its state or have huge effect on its strength, so 703

significantly lesser penetration energy would be enough to penetrate through it. 704
705
3.2.5. Consistency Index (CI) 706

The consistency index indicates the degree of firmness of clay. It provides infor- 707
mation on the state of clay i.e., within or outside plastic state or liquid state. Figure 25 708

shows the plot of penetration energy with consistency index. 709
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Figure 25. Variation of between consistency Index with penetration energy 711

As per the plot, higher values of consistency index correspond to higher value of 712
penetration energy. Higher consistency refers to stiffer soil, which will require higher pen- 713
etration energy to penetrate through. The prominent point of bend in the plot, i.e., con- 714
sistency index value of 0.8 correspond to the moisture content of 40%. This indeed indi- 715
cates the difference in types of clay deposit, environment of formation and state of these 716
clay layers, based on moisture content, as discussed in previous section of plot between 717
SDS parameter and moisture content. Most of the alluvium clays have consistency index 718
of more than 1, which indicates that they are in semi solid or solid state. The value of CI ~ 719
of some alluvium clays even being less than 1, almost approaches 1. This indicates they 720
are very near to plastic limit. Hence, they will require more penetration energy to 721
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penetrate through it. Increase in moisture content even by a small amount can change
them to plastic state and significantly less penetration energy will be enough. Due to this,
penetration energy is very sensitive to the consistency index of alluvium clay. In contrast,
all marine or intertidal clays have consistency index less than 1 and some are even lesser
than 0. This indicates they are in either plastic or liquid state, which means they require
lesser penetration energy by the SDS machine to penetrate through them. In addition,
since they already have high moisture content, further minor increase in moisture content
in them will not have same level of reduction in penetration energy as in alluvium clays.
Hence, penetration energy is insensitive to consistency index of marine and alluvium clay.

4. Concluding Remarks

Following conclusions were obtained from the research:

1. The undrained shear strength of clay can be found directly from SDS average torque,
using an analytical formula. However, a correction factor is required which is and
average of 0.65 in case of marine and intertidal clays.

2. The correlations between the SDS torque and undrained shear strength of Bangkok
clay samples, determined from UC, UU and FVT tests are all linear but, are different
from each other. Only marine and intertidal clays samples are used for these correla-
tions.

3. The correlation equations between SDS torque and undrained shear strength ob-
tained from UU and UC test intersect at undrained shear strength value of 25kN/m2
This value separates the soft clays from stiffer clays. The clays having undrained
shear strength less than 25kN/m? have their natural moisture content very near to or
even greater than their liquid limit. However, the stiffer clays having undrained
shear strength greater than 25kN/m? have their moisture content rather mid-way be-
tween liquid limit and plastic limit. Indicating that they are in plastic state. Greater
torque is required to penetrate through these clays. The confining stress and satura-
tion of clay sample in UU test also has significant effect on the correlations.

4.  Similarly, anisotropy of Bangkok clay has profound effect on the correlation obtained
by FVT test. The shear surface of FVT is cylindrical where strength from horizontal
direction is dominant. While in case of UC test, the shear plane is 45° to horizontal
and strength from both vertical as well as horizontal direction are equally prominent.
Since Bangkok clay is anisotropic and stiffer in horizontal direction, FVT gives higher
value of undrained shear strength than UC test. In addition, strength obtained from
in-situ tests are usually higher than that obtained from laboratory tests due to dis-
turbance in sample.

5. The correlation between SPT N and SDS penetration resistance is also developed.
This equation specifically deals on alluvium clay deposit and excludes marine and
intertidal clays. These equations allow prediction of those properties from the SDS
parameter directly and quickly without sampling. Due to these correlations, the use
of SDS can increase the number of site exploration points, where other field tests are
being performed, without spending much time, fortune and effort.

6. The state of clay has significant effect on the behavior of SDS penetration energy. The
state and consistency of clay is dependent on formation history and deposition pe-
riod, in case of Bangkok clay layers. The marine clays and intertidal clays have mois-
ture content near their liquid limit, whereas alluvium clay have moisture content
close to plastic limit or even less. Hence, the penetration energy is either highly sen-
sitive or insensitive to the moisture content based on the depositional history respec-
tively.
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7. When these equations are to be applied in other clay deposit than Bangkok clays, the
consistency and state of clay should be given utmost importance. These equations
can or cannot be used in a particular clay deposit, or chosen appropriately, based on
its state; semi solid, liquid and plastic state. It is a coincidence that the Bangkok clay
layers have two distinct properties of clay state.
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