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Abstract In Singapore, large volumes of excavated soils from the construction
industry are sustainably re-purposed in land reclamation projects as fill material.
The excavated soils are trucked to Staging Ground (SGs), where they are received
and categorized into two broad groups (“Good Earth” and “Soft Clay”). The soil
type categorization is traditionally done using properties such as particle size distri-
bution (PSD) and water content (w). However, due to the heterogeneity of soils and
non-uniform mixing during the excavation and truck loading process, the actual exca-
vated soils in each truckload received at the SGs may vary. As such, visual checks
of each truck are presently implemented at the SGs, which is labour-intensive and
can be subjective. Therefore, an objective rapid classification method is required at
the SGs. This can be achieved through an innovative system using computer vision
complemented by in-situ probe measurement to perform non-destructive and instan-
taneous soil classification on-site. An accurate classification of excavated soils is
critical in maximizing the recovery and reuse of natural resources in land reclama-
tion projects for long-term sustainability. This paper presents the assessment of rapid
soil testing methods that are suitable for integration with a recently developed novel
rapid soil classification using computer vision. The objective of this complementary
soil parameter measurement is to enhance the soil type prediction accuracy, as well
as the capability to detect soil type with depth. The methods that are deemed suitable
are the four-probe soil electrical resistivity measurement, cone penetration test (CPT)
and moisture content test using time-domain reflectometer (TDR).
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1 Introduction

1.1 Background

Staging Grounds (SGs) in Singapore performs two main roles—receiving excess
excavated soil from construction sites, as well as supplying suitable fill material
for land reclamation projects. Unwanted excavated soils are transported via dump
trucks (Fig. 1) from construction sites to SGs located along the coast of Singapore.
Subsequently, the soil is loaded onto barges and transported to land reclamation sites
to be used as infill material. For proper use and appropriate treatment methods, the
type of the excavated soils must be identified. With hundreds of trucks arriving at the
SGs daily, SG operators are looking into ways to improve the quality of inspection
and optimization of on-site operations in classifying soil received.

Excavated soils received at the SGs can be broadly classified into two groups,
namely “Good Earth” and “Soft Clay”, despite the varying geologies over Singapore.
Soil classification is made largely based on Particle Size Distribution (PSD) and water
content. According to the SGs’ classification criteria, “Good Earth” soils contain at
least 65% by weight of coarse particles (>63 pm) and water content of less than
40%. “Good Earth” soils generally have a higher percentage of coarse particles and
relatively low water content.

On the other hand, soils categorized as “Soft Clay” have a higher percentage of fine
particles, or a high water content, or both. These soils experience slow gain in shear
strength and large settlement over time, requiring more costly ground improvement
techniques to be effectively used as the infill material.
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Fig. 1 (left) Excavated soil transported by dump trucks to the Staging Grounds, (right) Excavated
soil loaded onto barges for transportation offshore
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1.2 Current Classification Methods

Housing and Development Board (HDB) operates two Staging Grounds (SGs) in
Singapore with daily throughput of thousands of truckloads. The current practice
of soil classification primarily uses the borehole log information obtained before
the excavation activities. After excavation, the excavated soil will be loaded onto
trucks which were tagged with “Good Earth” (GE), or “Soft Clay” (SC) based on
soil information obtained earlier. When truck arriving at the SGs, the weigh-bridge
operator will perform a quick visual inspection of the soil in the truck via Closed-
Circuit Television (CCTV) camera. In the case where the soil in the truck tagged
with “Good Earth” label was found to have a visibly high water content, it would be
downgraded to a “Soft Clay” soil.

The current practice fails to account for the highly varying geological formations
in some parts of Singapore, and possible mixing of different soil types during the
excavation activities on-site. Substantial amount of “Good Earth” soils may have
been misclassified as “Soft Clay” soils. In this case, the relatively useful sandy soil
that could have been used for revetment bunds were inefficiently utilized as general
infill material, which is a waste of resources. On the other hand, there may be an
occasion that “Soft Clay” was mistaken as “Good Earth” of which no treatment was
conducted, which resulted in poor foundation and/or excessive settlement.

This calls for a need to improve the soil classification operation at the SGs. In addi-
tion, the current system is also very time-consuming and labour-intensive. Hence, a
rapid in-situ soil classification method that is automatic, non-destructive and objec-
tive is explored for suitable use at the SGs. The research on the development of such
method using non-destructive techniques was conducted on a near-full scale, and the
initial version using computer vision technique was successfully developed [1].

2 Literature Review

2.1 Previous Research

In the first version of such rapid classification method, an Artificial Neural Network
(ANN) model was established using back-propagation network tested with 40 soil
samples collected from Tanah Merah Staging Ground (TMSG). It was found that the
trained ANN model was able to differentiate between “Good Earth” and “Soft Clay”
soils in less than a minute.

This has led to further research on using Grayscale Co-Occurrence Matrix
(GLCM) textural features as inputs (Contrast, Correlation, Entropy), Generalized
Delta learn rule and Sigmoid transfer function to refine the ANN model. A further
101 soil images and samples were obtained and used for training, which led to an
improved version of ANN model. Comparing the predicted soil type against the
actual soil type (determined by conventional laboratory testing), it was observed that
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Fig. 2 Prediction accuracy using Improved ANN model developed in previous research

the optimal improved ANN model occurs at 25,000 learning iterations with an overall
prediction accuracy of 85% on the selected representative soil images (Fig. 2).

However, this current improved version of the ANN model and its associated
hardware system can only capture data of the top surface of the soil mass in the truck,
and does not consider the variation of soil type with depth that may be possibly present
beneath the surface. This paper presents a complementary scheme, that make use of
additional soil parameters determined in-situ that can complement the computer
vision system to obtain a better soil classification of soil at various depth in the truck.
Apparent resistivity, moisture content and CPT strength were chosen to be possible
soil parameters.

2.2 Apparent Resistivity

By Ohm’ Law, the apparent resistivity of soil p (in a two-electrode soil box method)
can be calculated based on the following Eq. (1):

VA 0
PETL
where V = potential difference between two electrodes, I = current, and L and A
are the length and area of the conducting cross section of soil. Wet to moist sand has
a typical apparent resistivity of 20-200 2m, while that of clay ranges from 1 to 20

Qm [2].
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2.3 Moisture Content

Time-Domain Reflectometer (TDR) is an instrument which is capable to measure
in-situ moisture content and provide results almost instantaneously. By sending out
a fast-rise voltage pulse through the waveguides, wave propagation distance and
speed are used to calculate the velocity of propagation, where the apparent dielectric
constant can be derived. This apparent dielectric constant is subsequently used to
estimate the volumetric moisture content drawn from a relationship supported by
calibration data from numerous sources. A linear relationship was established, as
shown in Eq. 2 [3], to relate volumetric moisture content, 8,,, and apparent dielectric
constant, €,

0, = 0.115,/2,4 — 0.176 2)

2.4 Cone Penetrometer Test (CPT)

Cone penetration testing (CPT) is a common soil profiling technique and is a quick
and convenient testing method that may be suitable for rapid on-site soil classification.
CPT is performed by inserting a cone into the soil mass. CPT tip resistance q; is
generally approximated by the cone tip resistance . at shallow soil depth [4] where
pore water pressure is ignored, which is applicable in the context of this application
where the expected measuring depth is <1.5 m.

3 Methodology

3.1 Experimental Setup

A series of tests were performed to investigate the feasibility of the three soil param-
eter determination (apparent resistivity, moisture content, CPT strength) in classi-
fying soils at the SGs. The experimental setup mainly consists of a near-full scale soil
box with metal and plywood walls measuring 180 (L) x 1200 (W) x 1200 mm (H)
(see Fig. 3), sensors (discussed in further sections), soil mass filled up to a thickness
of about 1000-1200 mm thick in the soil box, and a frame with actuators to push the
sensors into the soil mass.
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Fig. 3 a Test set-up sensors atop soil box b Test frame atop soil box

3.2 Apparent Resistivity Using Wenner’s Array

Four electrodes were arranged with equal spacing, and current is passed through the
outer two electrodes (A and B). Potential difference between the two inner electrodes
(C and D) is measured (Fig. 4).

The apparent resistivity is calculated using the following Eq. 3:

Fig. 4 Schematic diagram of Wenner’s array
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where p = apparent resistivity (2m), a = electrode spacing (m), b = depth of
electrode (m) and R = resistance (£2), which is given by potential difference (AV)
divided by current (/).

3.3 Moisture Content Using TDR

The TDR sensor is inserted into the soil mass together with the other sensors. As
the volumetric moisture content measured is the average value across the entire
waveguide length, the value is taken to be at the mid-point of the waveguides. The
volumetric moisture content is measured and stored using a commercial datalogging
software.

3.4 In-House CPT Cone

CPT was performed using an in-house CPT cone, and data is captured continuously
every second. The CPT cone is 40 mm in diameter with a 60° tip and a shaft of
40 mm diameter and 120 mm length. It measures both tip and shaft resistances via
the installed strain gauges. The penetration rate of the CPT cone during measurement
is 8 mm/s, which is much lower than the standard rate of 20 £ 5 mm/s used in field
CPT test to ensure better sensitivity in a soil mass with shallow thickness in this case.

4 Results and Discussion

Five (5) number of tests were conducted for this study. The configuration of the tests
is listed in Table 1.

Table 1 The configuration of

Test no Homogenous or layered Soil type
tests conducted genous or lay! 1l typ:

Test 1 Homogenous soil mass Good earth (GE)
Test 2 Homogenous soil mass Soft clay (SC)
Test 3 Layered soil GE on top, SC below

Test 4 Layered soil SC on top, GE below
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Fig. 5 (left) Apparent resistivity with depth for GE and SC, (right) volumetric moisture content
with depth for GE and SC

4.1 Homogeneous Soil (Test 1 with GE and Test 2 with SC)

The apparent resistivity and moisture content with depth for Test 1 (GE) and Test
2 (SC) are plotted in Fig. 5. Soil parameter data is captured from 400 to 1200 mm
depth.

Apparent resistivity is intuitively inversely proportional to moisture content, as
a higher moisture content would allow more ions to carry electrical charges and
conduct electricity. As the top part of soil mass is usually drier and uneven (presence
of voids), apparent resistivity registered is comparatively higher.

Comparing the results of the two soil types, it can clearly be seen that GE soils
have higher range of apparent resistivity and lower range of moisture content than
SC soils. These range of values can be used as guiding values for distinguishing
between the two.

Figure 6 shows the cone tip and shaft resistances as well as the friction ratio
with depth for GE and SC. It is to be noted that shaft resistance values are much
smaller than tip resistance values. Due to overburden pressure, soil at the bottom
experiences greater stresses. Hence, tip resistance is found to be increasing with
depth for GE, while that for SC is much less prominent, which is consistent with the
understanding for sandy and clayey soils respectively. The two soil types can also
be clearly distinguished from the difference in friction ratio (1% for sandy soil GE,
4-6% for clayey soil SC).

4.2 Layered Soil (Test 3 with GE-SC and Test 4 with SC-GE)

The apparent resistivity and moisture content with depth for Test 3 and Test 4 are
plotted in Fig. 7, where GE-SC refers to “Good Earth” soil atop of “Soft Clay” soil,
while SC-GE refers to “Soft Clay” soil atop of “Good Earth” soil.

From Fig. 7, the layering feature of the soil mass can be identified by the sudden
change in resistivity and moisture content. It can be identified that GE soils show
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Fig. 6 (left) Tip and Shaft Resistances with depth for GE and SC, (right) Friction Ratio with depth
for GE and SC
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Fig. 7 (left) Apparent Resistivity with depth for GE-SC and SC-GE, (right) Volumetric Moisture
Content with depth for GE-SC and SC-GE

a higher range of apparent resistivity and lower range of moisture content than SC
soils. For example, in SC-GE where GE soil is atop SC soil, apparent resistivity
drops from 300 2m to less than 100 2m at lower depth, while the moisture content
increases from ~15% at the top, to ~40% at the greater depth.

Figure 8 shows the tip and shaft resistances as well as the friction ratio with depth
for Test 3 and 4. Tip resistance is found to be increasing with depth for GE (sandy
soil), while that for SC (clayey soil) is much more uniform. The difference in friction
ratio is also very apparent (1% for sandy soil GE, 4-8% for clayey soil SC). Again,
the layering feature of soil mass can be identified from these plots.

5 Conclusion

This paper has presented the preliminary findings from the three soil parameter
determination: (i) apparent resistivity, (ii) moisture content, and (iii) CPT strength
with the objective of complementing the newly-developed rapid soil classification
technique using computer vision to classify excavated soils into “Good Earth” or
“Soft Clay”. This near-full scale proof-of-concept has shown the feasibility of the
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Fig. 8 (left) Tip and shaft resistances with depth for GE-SC and SC-GE, (right) friction ratio with
depth for GE-SC and SC-GE

above three methods to distinguish between the two different soil types and identify
certain foreign material located within the soil.

Further testing will be performed to obtain more data for calibration of models to
further refine the range of soil property values for “Good Earth” and “Soft Clay” soils.
An actual full-scale testing will be conducted to capture data with test dimensions
that resemble actual operations at the SGs.

In future, the soil parameter determination can be combined with the existing
computer vision method at the SGs to improve operational productivity, optimize use
of excavated soils and contribute to the long-term sustainability for land reclamation
projects and the construction industry in Singapore.
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