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Graphical abstract Abstract

i P The problem of soft upper soil on port construction leads to several serious issues such
e as cracking, fracturing, landslides, and structural failure due to consolidation
settlement. Moreover, reliably estimating the magnitude of settlement is challenging.
Therefore, research towards a more reliable method to predict embankment
settlement on soft soil is required. An essential factor in predicting soil settlement is
the compression index (Cc). Several researchers have introduced the empirical formula
to conduct Cc to generate the optimum prediction of settlement consolidation.
However, the appropriate results differ with different formulas in various locations.
Kijing Port, located in Pontianak Regency, West Borneo, Indonesia, has a soft soil issue.
Fourteen boreholes provided Cc from the laboratory, which divides into three zonas, A,
B, and C, with 3-8 settlement plate investigations for each Zona. This paper aims to
evaluate consolidation settlement based on Cc using several formulas from empirical
equations, field instrumentation monitoring, and laboratory results in the Kijing Port
Construction Area. Twenty various empirical formulas were analyzed to obtain the
magnitude of settlement, which included soil properties such as void ratio, Atterberg
limit, specific gravity and water content, divided into two categories, namely Normally
consolidated (NC) and over-consolidated (OC) soil. The results show the different result
among the source of Cc due to limited data and other factors like calculation mistakes
in the lab, the Cc existing data from the laboratory produces varied values when field
investigated from SPT soil sampling. This circumstance suggests that comprehensive
soil compression and other important data variables are necessary in order to assure
development in the field and to acquire correct soil settlement calculation prediction.
The general output is also suggested to generate a comprehensive understanding of
the soil compression properties of clay in the port project in West Borneo, Indonesia
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1.0 INTRODUCTION induces the failure of the upper structure. Moreover, structures
such as embankments of roads or port reclamation have
Soft soil is a problematic soil that usually occurs in several projects sensitivity to settlement. Although several methods that usually
in Indonesia. This circumstance is because of the high use to analyze the safety factor of embankments upper the soft
compressibility, void ratio, and also low bearing capacity [1]. This soil, cracking, fractures, and probable equipment failures can
soil has significant issues, namely consolidation settlement which result from excessive settlement under embankment
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constructions [2,3]. For example, Yan [4] shows that under
consolidated soft clay from recent marine and river delta deposits
made up the dredged slope that occur landslide, Australia's
coastal areas have a significant impact on the stability of
superstructures due to high differential settlement and
unbearable lateral deformation [5], and the long consolidation
rate during the port project operation[6].

Numerous soil improvement methods are usually conducted to
solve soft soil cases. Prefabricated vertical drains (PVD) with a
surcharge are often used for such long extended and thick filling

development over the soft ground to lower the cost of
construction. The PVD can accelerate radial consolidation by
decreasing drainage routes and reducing compression time by
almost ten times, and this approach is reasonably inexpensive and
straightforward to implement [7-10]. However, according to the
PVD function, PVD may only accelerate the consolidation of the
settlement's final processes; it cannot decrease the settlement's
magnitude. As a result, it is crucial to assess the factors that
influence the actual soil settlement.

Map Location

of Kijing Port

100°0'0"E 110°0'0"E 120°0'0"E
! L

- g

130°0'0"E 140°0'0"E

wr

Pontianak Regency R

\:l West Kalimantan Province E'

Indonesia

0°30°0"8
!

17008

0
2
e
e :
54 i
100°0'0"E 110°0°0"E 120°0'0"E 140°0°0"E

L d 108'%O‘O'E 109‘F'O'E WOQ'%O‘O"E 110"0‘0”E 0300°E 103’;’}4‘0”E 108755°30°E IO&".’:T‘O"E 108"58°30°E TGQ’P'O"E 109'1;30"E

egen = e :

Bengkayang Regency X
International Kijing Port £ S = 5
o Iing 2 L International Kijing Port 2| & £
b 2| 2 e

- Kijing Port Delineation Area | ~ ¢ Landak Regency = 5 &

$énggau Regency| .
o

0"26'30°N
T
0°25'30"N

International Kijing|Port pantianak Regency

V240N
H
T
0°24'0"N

0°22'30"N
!
T
0722'30"N

0"21'0°N

T T T
108°300"E 109" 00"E 109°30'0'E

- T T T T T T T
1M3°00"E 110°30'0"E 108°54'0"E  108"S§'30°E 108“57'0"E 108°58'30'E  109°0C°E 108*1°30"E

Figure 1 The location of Kijing Port project

Alaboratory test, field test based on instrumentation data, and
empirical correlation are used to determine the consolidation
parameters, which are then used to evaluate predicted
settlements. an essential factor in predicting settlement for
engineering grounds is the compression index (Cc). Furthermore,
Fakharianl [12] research show that the maximum settlement and
consolidation-time relations are both accurately approximated by
conventional theoretical solutions if consolidation variables are
specified appropriately based on laboratory measurements. The
empirical formula to conduct Cc has been introduced by several
researchers to generate the optimum prediction of settlement
consolidation. However, the appropriate result depicts a different
formula in a different location. Therefore, a specific formula is
required to analyze continuously to get a similar result for
settlement prediction.

The need of constructing a port project in Indonesia leads to
the new harbor infrastructure, namely the Kijing Port project- in
Indonesia. It is located in the western province of Borneo,

Indonesia. Since Port Dwikora development is taken into
consideration based on a feasibility assessment published in 2010
by the Ministry of Transportation, Kijing port in Sungai Kunyit
District is one of the prospective port options [13]. The detail of
this location has presented in Figure 1. This project has a soft soil
thickness with PVD and surcharge improvement, divided into
several zones. In addition, more than 15 points of settlement plate
were located in this site to support the investigation data for soil
instrumentation. The soil properties were also conducted by more
than fifteen boreholes and laboratory results such as liquid limit,
water content, unit weight, specific gravity, void ratio, and
plasticity index. However, based on the soil investigation and
settlement plate results, there are different settlement
magnitude results from laboratory test parameters and
instrumentation output. Consequently, the evaluation of the
settlement calculation based on the compression index is
required to receive the optimum design for soil improvement.
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This paper aims to evaluate consolidation settlement based on
compression index in several formulas from the empirical
equation, instrumentation field monitoring, and the laboratory
result. The research is expected to generate the whole picture of
soil compression properties in port locations in Borneo-
Indonesia. Moreover, a new approach to the appropriate
settlement compression index will occur to generate an optimum
prediction and lead the project-cost minimization. This study also
offers a further comprehensive initial assessment of the soil
subgrade related to the soft soil to support sustainable
construction projects in Indonesia, which are rarely conducted in
a specific location, especially in Borneo.

2.0 METHODOLOGY

2.1 Relevant works

In general, measuring the compression indices of clayey soils (Cc)
takes a long time and costs money, especially reconstituted clays
with high initial water content. The ability to consistently monitor
the consistency limitations of the clay soil and the compression
indices might be used to m mitigate these restrictions [14]. The
crucial process is determining the Cc based on laboratory tests in
huge soil properties and boreholes. Several empirical formulas
were established to offer alternatives and solve the problem. For
example, based on Chitra [15], the compression Index utilizes
index characteristics that are more simply identifiable and require
less time to be obtained in the laboratory to calculate the total
settlement.

Several variables are usually utilized to examine the
coefficient compression (Cc) based on an empirical formula from
soil test. Jain used several characteristics such as plasticity index
(P1), Liquid Limit (LL), and proctor test properties, including
maximum dry density (MDD), optimal moisture content (OMC),
also Differential Free Swell (DFS) [16-23]. Furthermore, another
study presented research that examined other physical soils'
properties, such as void ratio (e0), specific gravity (Gs), and water
content (wc) [24]. Lastly, the empirical assessment of Cc, including
the shrinkage index parameter, was generated [25].

Numerous research about compression index correlation
and the empirical formula have been conducted over several
decades. Sudu [26] shows that the compression index declines
with increasing porewater salinity and may be explained by a
second-order polynomial equation, where the impact of
porewater salinity is constrained as it approaches a threshold
value. Moreover, the experimental data demonstrated a clear
correlation between changes in the liquid limit, moisture content,
initial void ratio of the soil samples, and changes in a compression
index [27]. Another study described a contradiction between the
values of the Cc empirical formula and the outcomes of laboratory
testing soil data, according to a comparison of the current
empirical formula with the soil sample data [28]. Therefore, the
compression index research to find the suitable empirical formula
in certain areas has to develop.

Another recent empirical formula for the compression
index, Cc = 0.506 e, -0.11[29], was discovered through the
performance of another investigation on the subject. More than
130 undisturbed specimens from various depths that were the
product of two years of geotechnical research in Iran's southwest
were studied in their study and found a new Cc formula, namely

Cc = 0.6787eL- 0.1933 eP [30]. The best correlation for Cc is
0,2608e and Cc = 0,0093 Wc, according to Daoud, Kasama, Saleh,
and Negm [31]. In addition, many research have been focused on
the prediction of the compressibility behavior of soils using its
fundamental physical parameters in order to save the effort of
conducting consolidation tests [23,32—-34].

This research was conducted with twenty formulas that
proposed a significant result to estimate the total settlement from
the compression index. The detail has depicted in Table 1. The first
equation is Skempton which describes the formula in 1944 while
the last formula was Vinod and Bindu in 2020.

Table 1 The empirical formula list to determine compression index

No Cc Correlation Formula

1 0.007 (LL-7%) Skempton (1944)

2 1.15 (e0-0.35) Nishida (1956)

3 0.54 (e0-0.35) Nishida all clay (1956)

4 0.29 (e0-0.27) Hough (1957)

5 0.0115 Wc Moran (1958)

6 0.43 (e0-0.25) Cozzolino (1961)

7 0.009 (LL-10) Terzaghi and peck (1967)
8 0.75 (Wc-0.5) Sowers (1970)

9 0.006 (LL-9) Azzouz et al. (1976)

10 0.037 (e0-0.003LL-0.34) Azzouz et al. (1976)

11 0.59 Gs PI/100 Worth and Wood (1978)
12 (LL-13)/109 Mayne (1980)

13 0.01 Wc Koppula (1981)

14 0.01 (Wc-7.549) Herrero (1983)

15 0.54 (e0-0.23) Moh a kol (1989)

16 (0.156 e0)+0.0107 Bowles (1989)

17 0.009 (LL-8) Tsuchida (1991)

18 0.009 (LL-13) Biarez (1994)

19 0.014 (PI+3.6) Sridharan & Nagaraj (2000)
20 0.0055 (LL-1.8364) Vinod and Bindu (2010)

2.1 Settlement Calculation and Field Investigation

In order to provide a reliable estimate, the conventional method
of calculating consolidation settling in one-dimensional situations
entails soft layering ground [35]. The equation was divided into
two categories: normally consolidated clay and over consolidated
clay.
The detail of the formulas has shown as follow:
Normally consolidated (NC) clay:

H o+ Ao
SCi = Teo [CC IOg (—0 )] (1)

ao!

Over consolidated (OC) clay:
If (00’ + Ao) < ac and the equation:

= o)

If (00’ + Ao) > oc, the settlement consolidation has examined with

equation follows:
sa= [ o0 22+ [ coton (229) o
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Where the void ratio is eg, 6o means overburden pressure, H is the
thickness of soil layer, Cs presents swelling index, Cc is
compression index, Ao shows distribution of stress and o. means
pre-consolidation stress.

The established equations were developed as a result of the
analysis of inadequate test data consolidation at each depth,
especially as it relates to the pre-consolidation stress parameter
used to determine the over-consolidated ratio and further
calculate the status of the soil as either OC or NC. According to the
association between the N-SPT data and the consistency at this
level, which is a hard soil layer, to confirm it is not a compressible
soil layer, the pre-consolidation stress characteristic was only
identified at deep elevation with OC soil conditions. As a result,
the compression observed in the field was compared to the NC
and OC assumptions.

The soil investigation in the Kijing Port project was held in
several boreholes, namely BH 01-18. Each layer has been tested
to obtain soil parameters' physical and mechanical properties. The
Standard Penetration Test (SPT) was tested to get the consistency
of the layer. Based on SPT results, the area was dominated by soft
clay in 12-15m depth. Furthermore, according to the site
investigation, the settlement plate was conducted in various
points related to certain zona, representing the soil condition,
namely OC and NC.

The thickness of preloading was applied in the area at various
heights, ranging from 4 to 6 meters. Based on the settlement plate
observations given in Figures 2 until 4, various compressions were
generated at each zona, and the settlement was shown on the soil
subgrade under the embankment load at each location. In
addition, the embankment was loaded at the highest elevation in
accordance with the predictions made by the Asaoka formula,
which indicated that the settlement times would range from 250
to 400 days.

3.0 RESULTS AND DISCUSSION

3.1 Soil Properties

The correlation between physical properties from laboratory tests
and each layer has depicted in Figure 5. The range of value in
particular characteristics varied in each item. Moreover, all the
data have shown in depth 0-70m. Regarding water content data
(Wc), the value varied between 20-80% at a certain depth.
Meanwhile, the specific gravity offers a distance between 2.3-2.9.
In terms of other properties, the unit weight is described in Figure
5. The rate in the range is 1.5-2.0 t/m3. Furthermore, the Liquid
limit value (LL) is 20-90%, while the void ratio shows a maximum
value of 2.1 and the smallest is 0.5. The plasticity index (Pl) depicts
all depth layers in the 10-60% range.

According to the data in Figure 2, not all the variables will be
calculated to determine the total soil settlement. This condition
was examined because the soil characteristic used is soft soil
consistency, which presents in a maximum 15m depth. Although
the soil parameters show until 70m depth, the calculation only
utilizes the suitable parameters that exactly soft soil consistency
(NSPT value between 0-10) [36,37].
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Figure 2 Settlement plate measurements in every research area section
Zona A (SP1-SP8)
Time (day)
0.00 g
0.08 50.00 100.00 150.00 200.00 250.00 300.00
-

-200.00 | @8
-400.00

-600.00

-800.00

Settelment (mm)

-1000.00

-1200.00

-1400.00

@®3P2 @SP4 @SPI
Figure 3 Settlement plate measurements in every research area section
Zona B (SP1, SP2, and SP4)

Time (day)

0.00 g
3 100 200 300 400 500 600

-200.00

-400.00

-600.00

Seftelment (mm

-800.00

-1000.00

-1200.00

@®SP1 @SP2 @SP3 @SP4 @SPS
Figure 4 Settlement plate measurements in every research area section
Zona C (SP1-SP5)

Based on varieties of water content and void ratio, the high
valueis in BH 3 and BH 11, with the slightest difference among the
two parameters being BH 01 in water content and BH11 in void
ratio. In addition, regarding another significant value, the liquid
limit is the most considerable value in BH 12, and the lowest is BH
18. The differences between the soil parameters are also affected
by the depth of the soil sample. The significant pattern of the
behavior only sometimes occurs based on the filed data, even
though the maximum and minimum ranges of void ratio values
and water content are almost similar.

The compressibility of soil and the amount of external load are
the main factors determining the overall settlement magnitude.
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PVD utilization speeds up water evacuation; they do not affect the According to Specific Gravity, the range's largest value is also in
soil'sinherent characteristics or the load's amount. As a result, the different places with 2.8 at BH04, and the minimum value is in BH
overall settlement volume does not change. Furthermore, the 09. Moreover, the Plasticity index also has the biggest value at BH
applied force and the soil's fundamental characteristics influence 01. The same trend with the Liquid limit parameters, although
its compressibility. PVD accelerates the process by which the different with the lowest value in LL condition.

material reaches its final stage, consolidated condition, but does
not affect these soil properties.
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Figure 5 The recapitulation of soil properties in Kijing Port.
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3.1 Settlement Analysis

The thickness of each layer was determined at various locations
using the results from the field boring test and the N-SPT test,
together with the settlement. The soil layers at each site were,
and the compression was estimated only at an incompressible
soil depth with an N-SPT value of less than ten. The data are
summarized into various comparison charts for each cluster area
under investigation and presented based on two assumptions
which are NC and OC soil, as shown in Figures 6-9.

Figure 6 describes settlement calculation based on various
empirical methods based on Table 1, which combines with Cc
existing (compression index from laboratory test) and field
investigation from settlement plate. The picture depicts the
comEI)ete analysis of Zona A with the soil condition as Normally
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consolidated (NC) clay. Based on the figure, The maximum
settlement is in Nishida (1956) in number 2, and the lowest is in
Azzouz (1976) (variable 10). This trend occurs in all the research
Zonas. Moreover, Bowles (1989) (variable 16) has the second
small value after Azzouz's (1976), which offers appropriate value
with instrumentation results. Meanwhile, the Cc existing
produces larger than settlement plate output which presents
about 0,65m for this area. Therefore, there were significant
differences between the compression estimated using
laboratory data and those observed in the field. According to
[38] and [39], the application of the one-dimensional
consolidation theory under-consolidated clays using laboratory
tests to estimate consolidation parameters provided reasonable
estimates of the magnitude of consolidation settlement.

mBHI

20 Cclab SP
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Figure 6 Results of settlement calculations in Zona A with NC condition
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Figure 7 Results of settlement calculations in Zona A with OC condition

-~ [Z-N -

w

Settelement (m)

1l “ “ b i II |‘ I || I I\ |I i | || I 00 i Il
1 2 3 4 5

EBH8 ®=BH9 BH10 ®=BHI11 =BHI2

20 Cclab SP

Variable Empirical Model

Figure 8 Results of settlement calculations in Zona B with NC condition
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A similar trend has described in Figure 7, which shows that
Nishida's (1956) output is unreliable for settlement calculation
because of irrational value. Furthermore, Bowles (1989) also has
the second level after Azzouz's (1976) in OC soil, the result is
suitable for settlement plate value. The OC condition in this
figure shows different behavior in Variable 11 and 19, which
means Worth and Wood (1978) and Sridharan & Nagaraj (2000).
The value describes a big gap between NC and OC conditions. In
addition, all these categories utilize the plasticity index in their
formula. As moisture content and Atterberg limits are
fundamental characteristics of soils, it is possible to determine
the soil's compression index using these index parameters.
According to recent findings, the Compression Index (Cc) will rise
along with the Plasticity Index (Pl) value. The association
between the Plasticity Index (P1) and the Compression Index (Cc)
is developed due to this research [40,41].

In terms of Figure 8, this picture depicts the settlement
calculation based on a similar variation of the empirical formula.
The location is Zona B which presents the NC soil. The highest
point in this area is similar to Zona A, the biggest being Nishida
(1956) and the lowest being Azzouz (1976). Furthermore, the top
border was Nishida (1956), even though Nishida all clay (1956)
(variable 3) gives more analytical results than the other formula.
Based on Al-Khofaji et al. [42], the Nishida all clay (1956) formula
[Cc = 0.54(e, - 0.35)] was the best match for the whole range of
void ratios and that (Nishida 1956) seems to establish an upper
bound estimation for the compression index for void ratios
larger than 0.50. Therefore, this indicates that Nishida all clay
(1956) was preferred by past investigations over Cc = 1.15(e, -
0.35), resulting in excessively conservative compression index
estimates.

However, the appropriate result in NC soil in Zona B is
Sridharan & Nagaraj (2000), Biarez (1994), and Skempton (1944)
gives logical result compared to instrumentation data, despite
Sridharan & Nagaraj (2000) having the smallest gap among the
three formulas. Meanwhile, the Cc data from laboratory also has
different output to settlement plate. Songyu et al. [43]
observations that the CPTU procedure can forecast the
settlement amount better than the laboratory-calculated
estimates using parameters obtained from the consolidation
tests supported by their results. Meanwhile, it was thought that
the lack of consolidated data drove the significant difference in
these results.

Figure 9 shows the settlement in the OC condition of Zona B.
The matching behavior is in the nearest result of settlement
prediction from field instrumentation which shows in Sridharan
& Nagaraj (2000). Moreover, the biggest range between OC and
NC soil is in Nishida (1956), Nishida all clay (1956), and Moh a kol
(1989). All these variables utilize the void ratio as the dominant
factor to predict the compression index. According to Khafaji
[42], although the void ratio significantly estimates the
settlement value, the Liquid limit also has an important role in
determining the compression index formula. The results of the
other research show that there is the almost complete
agreement between the ratings for compressibility based on
plasticity index results and the ratings for compressibility based
on liquid limits values, which range from low to high
compressibility [44].

Another location is Zona C which has the OC condition in
Figure 10. The borehole shows two different parameters, BH 16
and 17. The trend followed the Zona B that indicates Sridharan
& Nagaraj (2000) is the best formula for prediction compression

index, which has suitable results with settlement plate
investigation. In addition, the highest and lowest border is
similar to all the areas, namely Nishida (1956) (variable 2) and
Azzouz (1976) (variable 10). In this area, the cc existing from the
laboratory provides almost the same value with field
investigation as all the research locations.

The result shows a similar trend in the highest and lowest
prediction in all Zone, namely Nishida (1956) at 1.15 (e,-0.35)
and Azzouz (1976) at 0.037 (e,-0.003LL-0.34). However, the
relevant results among locations are different. The Bowles
(1989) describes (0.156e,) +0.0107 as suitable for Zona A in NC
and OC conditions, but in other locations, Sridharan & Nagaraj
(2000) means 0.014 (P1+3.6) has the most relevant result. The
result is because of the big gap between the value at BH 01 in
liquid limit and index plasticity parameters, which makes the
output of the correlation bigger than others. this condition
makes the settlement consolidation calculation more relevant in
the zone.

The different results between the Cc factor and one or more
other factors, including the 1) invalidated laboratory test results
due to changes in soil situations from undisturbed to disturbed
affected by the condition of the test sample, laboratory assistant
operating the test, and condition of the equipment, are believed
to be the causes of the difference between the theoretical
settlement calculations and field observations. 2) Incorrect input
of data such as Cc, void ratio, compressible layer thickness,
overburden pressure, and applied stress above ground level; 3)
Misclassification of the soil profile as homogeneous or in layers
when it is heterogeneous; 4) Error-causing interruptions in the
field; and 5) the condition of saturated or unsaturated in soil
conditions [2]. Furthermore, the other proposed approach is
using another method. Several criteria based on the MEP (multi-
expression programming) model were used to validate the
model to calculate settlement. The outcomes show that the
suggested model settlement offers accurate Cc calculations. The
resulting model performs noticeably better than the current
conventional models [24].

Figures 11 and 12 present the result of all the settlement
estimations in two conditions, NC and OC. In the NC soil case,
Borehole 3 has the maximum estimates to predict settlement
which is the lowest, dominated by Borehole 11. In addition, this
soil parameter is located in a different area, Zona A and Zona B.
Regarding OC soil, the maximum and minimum point fluctuates
more than NC soil. However, all the soil parameters have been
analyzed to obtain a confident level of data that reaches 90%
reliability. This condition means that the varied soil parameters
usually generated different NC and OC soil results to predict
settlement consolidation. Consequently, empirical equations
with high correlation coefficient values predict the soil
compression index of the current research area with great
accuracy since there is a strong correlation between the soil
characteristics proposed in the study and the compression
index.

4.0 CONCLUSION

In general, the two conditions of soil, namely NC and OC soil and
all zona, have similar trends regarding the maximum and
minimum border of settlement prediction. The highest border is
the Nishida (1956) at 1.15 (e, -0.35), and the lowest is the Azzouz
(1976) at 0.037 (e,-0.003LL-0.34). However, the appropriate
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calculation between the empirical formula and settlement
instrumentation differs between Zona A and Zona B, although
Zona B and Zona C have the same result. Consequently, the
Bowles (1989) describes (0.156 e, )+0.0107 as suitable for Zona
A in NC and OC conditions, but in other locations, Sridharan &
Nagaraj (2000) means 0.014 (PI+3.6) has the most relevant
result. The Cc existing data from the laboratory obtained
produces different values with field investigation because of the
lack of data and other factors such as errors of calculation
procedure and laboratory. This condition implies that in order to
obtain accurate calculation results and ensure development in
the field, it is required to have thorough soil compression and
other key data factors. Therefore, further research in other areas
and data must still be collected.
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