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ABSTRACT 
 

Consolidation is a phenomenon in soil mechanics that often causes geotechnical 
problems. One solution to overcome consolidation phenomena is by speeding up 
process of pore water pressure dissipation. The type of soil improvement to upgrade 
the performance of soft clay is by applying pre-fabricated vertical drain (PVD) and 
pre-compression simultaneously. Geotechnical instrumentations such as settlement 
plates, piezometers, and inclinometers were installed at the field of study to monitor 
magnitude of settlement during consolidation process. After the final settlement was 
achieved, the consolidation parameters such as coefficient of consolidation, and rate 
of settlement, were back calculated. Prediction analysis of consolidations 
parameters was performed by means of Asaoka method. The results of this study is 
very interesting and provide useful engineering information. It is interesting to note 
that this case study may be beneficial use to practicing engineers and researchers. 
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INTRODUCTION 
 

Consolidation is a phenomenon in soil 
mechanics that often causes geotechnical 
problems. Soil consolidation is an event of soil 
subsidence due to the dissipation of excess pore 
water for a long time. By giving a load on the soil, 
will cause an increase in the stress acting on the 
soil. The pore water will initially bear the 
additional stress acting on the soil due to the 
incompressible nature of water. This will cause 
excess pore water pressure. This excess pore 
water pressure will be dissipated by flowing out of 
the soil pore water through the soil pores. In 
contrast, the additional stress initially borne by 
the pore water is gradually transferred to the solid 
soil particles. This will result in a decrease in the 
volume of the soil, causing a settlement of 
consolidation. 

The consolidation process will be faster by 
using the pre-compression method combined 
with installing a pre-fabricated vertical drain 
(PVD). PVD is an artificial drainage system that is 

installed vertically in a soft soil layer. This vertical 
drainage system has a shape in the form of a 
rectangular cross-sectional belt, consisting of a 
filter made of synthetic materials such as 
geotextiles, paper, or jute on the outside and an 
inside those functions as a water flow medium of 
plastic or organic fibres. The combination of this 
system aims to shorten the repair time for a thick 
layer of clay because the use of PVD will cause 
radial/horizontal pore water to flow which causes 
pore water pressure to be removed more quickly. 
The application of PVD is usually analysed using 
the finite element method to improve the 
performance of embankments on soft clay soils 
[1]. Furthermore, Basau et al. [2] performed an 
equal strain analysis in order to improve 
consolidation by considering the surrounding soil 
disturbances. 

However, predicted consolidation settlement 
in the field can be carried out without carrying out 
consolidation tests in the laboratory that can 
predict land subsidence based on field 
observations, by using the Asaoka [3] method. By 
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applying this method, the actual amount of soil 
settlement can be predicted without requiring the 
soil parameters used in the consolidation 
analysis, such as pore water pressure, drainage 
length, maximum soil strain, and coefficients of 
consolidation. Also, in the Asaoka [3] method, the 
consolidation coefficient can be recalculated 
using the settlement data from the settlement 
plate instrumentation readings in the field. For 
this reason, this study emphasizes the calculation 
of a coefficient of consolidation value in soft clay 
soils that have been improved. 

 
METHODOLOGY 

 
Related Theory of Consolidation Time 

 
The pre-compression method is an attempt 

to achieve a certain level of consolidation within a 
specified time limit. Based on a full-scale test of 
embankment consolidation installed using PVD, 
it shows that the soil subsidence due to 
consolidation that occurs is relatively smaller [4]. 
The average degree of consolidation, U, is 
measured by comparing the lost pore water 
pressure, Ud, with the initial pore water pressure, 
Uo, which is the pore water pressure when 
applied to a load or by comparing the settlement 
at a certain time, St, to the estimated primary 
settlement that will happen, Sf  [5]. 

f

t

o

d

S

S

U

U
U   (1) 

where U is the average degree of consolidation. 
The time required to reach the average 

degree of consolidation due to pore water flow in 
the vertical direction, Uv, calculated according to 
the approximation Equation given by Terzaghi [5], 
is 

 
for 0 % ≤ Uv ≤ 53 % 
Tv = 0,25 π (Uv/100)2 (2) 
or 
for 53 % ≤ Uv ≤ 100 % 
Tv = 1,781 – 0,933 {log(100 – Uv %)} (3) 
 
where Tv is a time factor. 

Sivaram and Swamee [6] suggested an 
approximate calculation of the relationship 
between the average vertical consolidation 
degree and the consolidation time factor for the 
overall value, as shown in the following Equation 
(4). 
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The vertical consolidation time factor can also be 
obtained if the vertical coefficient of consolidation 
and thickness of the compressible soil layer are 
known. 

In soft clay soils that have not been improved 
using PVD, the water flow occurs only in the 
vertical direction. The calculation of the 
consolidation time in the absence of PVD can be 
done using Equation (5). Meanwhile, in soft clays 
whose soil quality is improved using PVD, the 
flow of water will also occur in the radial direction. 
Calculation of the consolidation time of soft clay 
soil improved using PVD can be calculated using 
Equation (6) [7]. 
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where Cv and Ch are the coefficients of 
consolidation in the vertical and horizontal 
directions in cm²/s, respectively. H is the 
thickness of the consolidated soil layer in cm and 
t in seconds which is the time required to reach 
the degree of consolidation U (%). 

 
Literature Review 
 

One of the critical conditions after 
infrastructure construction is a post-construction 
settlement. This greatly affects the service ability 
of the infrastructures. For this reason, 
consolidated settlements need to be predicted 
carefully. Based on the available settlement 
record for an embankment on soft ground, it can 
be concluded that the prediction of settlement 
using the hyperbolic method is significantly 
improved using the start of construction 
settlement data, notably, after more than 50% of 
the settlements have occurred [8].  

Long-term settlement prediction using the 
early-stage data could be misleading. Therefore, 
observation in the field should also be performed. 
Settlement that will occur in the future at a site 
due to embankment loading could be predicted 
based on what is already happening at present. 
Large residual settlement may occur years after 
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the construction is finished and enter into service. 
Tashiro et al. (2011) predicted settlement of 
naturally deposited clay ground due to 
embankment loading. The effect of modifying 
vertical section of the embankment by overlaying 
pre-compression layer to counter settlement was 
numerically analysed. Therefore, faster 
consolidation by applying a countermeasure 
could not be expected [9]. 

The long-term performance of the preloaded 
embankment was investigated. In order to predict 
the performance of the preloaded embankment, 
two fully coupled nonlinear finite element 
analyses were conducted by adopting an elasto-
viscoplastic and an elastoplastic modified Cam 
Clay model to represent the soft clay. However, 
the prediction was not really in agreement with 
the observation values from the field [10]. 
Farnsworth (2013) predicted the settlement time 
rate of soft, compressible clayey soils improved 
by means of PVD. Prediction analysis performed 
by utilizing the finite difference technique [11]. 

Li (2014) proposed a simpler method to 
predict the embankment settlement in soft clays. 
The potential settlement and a simplified method 
were based on the in-situ data. The proposed 
method was verified by utilizing the theoretical 
method and field test data [12]. Many different 
methods in predicting the settlement of soft clay 
roadbeds were performed in detail. One 
dimensional consolidation theory of Terzahgi’s 
theory [5] showed the correlation between 
consolidation degree, U, and time factor, T. The 
hyperbolic method [13] exhibited simple relation 
than the exponential curve. 

Even though a simpler theory was 
developed to predict consolidation settlement, it 
is important and necessary to implement 
geotechnical observation in construction and 
loading to asses degree of consolidation and 
residual settlement of soft ground. Theoretically 
calculated data based on settlement observation 
was commonly bigger than that of technical 
design records [14]. However, Benamghar and 
Boudjellal (2017) found that consolidation 
settlement predicted using the hyperbolic model 
and field observation of embankment 
construction on soft clays are comparable and 
nearly identical with the final settlement [15]. The 
consolidation coefficient results from the 
Asaoka's method [3] are slightly larger than the 
hyperbola method results. 

Furthermore, Shi (2018) found that Asaoka’s 
method predicted the settlement trends once the 
consolidation degree exceeded 0.6 [16]. 
Subsequently, the prediction results of the 

settlement of soft clay can also be used to re-
estimate the value of the consolidation 
coefficient. The assessment of the degree of 
consolidation prediction using the hyperbolic 
method is more conservative. It was 
recommended that determining the degree of 
consolidation from field settlement records was 
preferably [17]. Lakkoju et al. (2020) found that 
the hyperbola method was underestimating the 
consolidation coefficients by 1.26 times than that 
of the Asaoka’s method. Although both Asaoka 
and hyperbola methods gave very good 
predictions of final settlement and consolidation 
coefficients, the accuracy of each method should 
be studied in further studies [18]. 
 
Materials and Instrumentation 
 

The synthetic materials used for PVD in 
PLTU Riau was Colbond brand geotextile with 
type CX 1000, the width of 100 mm, and 
thickness of 3.80 mm, respectively. PVD 
diameter of 10 cm was installed with a distance 
from center to center of 150 cm. 

The synthetic materials used for PVD in the 
proposed Makassar – Pare-pare railway lines 
were Alidrain brand of geotextile with type AD 
230, the width of 100 mm, and thickness of 3.00 
mm, respectively. PVD diameter of 10 cm was 
installed in triangular configuration with a 
distance from center to center of 100 cm. 

The configuration of the PVD installation with 
a triangular and rectangular pattern is shown in 
Figure 1. Triangular and quadrilateral 
configurations underwent relatively the same 
time consolidation process. The consolidation 
settlement occurred by 3.80 meters with a time 
consolidation process of fewer than ten months. 
After ten months, the consolidation settlement did 
not occur again. This indicated that after ten 
months the degree of consolidation of 100% had 
been achieved. Without PVD, the consolidation 
settlement occurred at a maximum of 1.85 meters 
with a time consolidation process of more than 4 
months [19]. 

 
Figure 1. PVD Configuration pattern. [19] 
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In order to be able to monitor the magnitude of 
the settlement that occurs at the project site after 
the installation of PVD and the dissipated pore 
water pressure in the improved soil, it is 
necessary to install geotechnical instruments. 
The geotechnical instrumentation commonly 
used in pre-compression and vertical drain 
activities included settlement plates, 
piezometers, and inclinometers. 

The settlement platform which is commonly 
called settlement plate, was used to measure 
land subsidence that has occurred on the ground 
surface. The piezometer is used to observe the 
dissipated pore water pressure. The inclinometer 
is used to detect the presence or absence of 
lateral deformation. Figure 2 illustrates position 

of the instruments installed at the location of the 
study. Instruments installation at the site of study 
is shown in Figure 3. 

 
Figure 2. Typical instrument installation at PLTU 

Riau. 
 

  
Figure 3. Installed instrumentations at site. 

 
Interpretation of Monitoring Results 

 
In general, data from the readings of the 

instrument were required for recalculation of the 
predicted value of the degree of consolidation. 

One of these data is settlement plate reading 
data. This settlement plate is an instrumentation 
that measures land subsidence due to pre-
loading. The stages of the investigation to obtain 
the parameters needed in the study are shown in 
Figure 4. The interpretation of the observation 

results of instrumentation readings in the field has 
two main objectives: to evaluate the consolidation 
behaviour and assess the foundation's stability. 

 
Figure 4. Study flow chart. 

 
In order to achieve this goal, two analytical 

techniques are used; (1) the first is a direct 
estimation, for example, increasing the average 
rate of settlement and horizontal deformation 
indicating impending failure or pore water 
pressure measurements which provide data to 
estimate the vertical stress at a time required to 
stability analysis; and (2) secondly verification of 
design parameters, for example, the estimated 
horizontal coefficients of consolidation 
recalculated from piezometer and settlement 
data. 
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The method used to predict the coefficient of 
consolidation as a result of observations of the 
settlement in the field is Asaoka’s method [3]. 
Asoaka’s method is the most popular observation 
method and is often used because, in addition to 
predicting the final settlement, this method can 
also enable consolidation parameters to be 
obtained. In predicting the value of the 
consolidation coefficient by recalculation from 
observations of subsidence in the field, it is 
necessary to take steps as suggested by Asaoka 
[3]. From the plot of the time and settlement 

curves in Figure 5, select settlement points 1, 2, 

... n, such that n is the settlement time at the 

time of tn, and the time interval is the constant, t 
= tn.- tn-1. The meeting points are the coordinates 

of (n, n-1). Furthermore, as shown in Figure 5 
(b), these points form a straight line and are 
written in Equation (7). 

n =  n-10 (7) 

 

 
(a) Typical settlement vs. time curves 

 
(b) n vs. n-1 curves 

Figure 5. Estimated final settlement according 
to Asoaka method. [3] 

 

The final settlement, f, is expressed in 

Equation (8), while the settlement at time t, t, can 
be calculated using the following Equation (9). 

𝝆𝒇 =  
𝝆𝟎

𝟏−𝜷
 (8) 

𝝆𝒕 = 𝝆𝒇 {𝟏 − 𝐞𝐱𝐩 ((𝐥𝐧
𝜷

∆𝒕
) 𝒕)} (9) 

The constant in Equation (9) is the slope 
gradient of the straight-line curve in Figure 5(b) 

and its value can be used to obtain the vertical 
and horizontal consolidation coefficients and are 
written as in Equation (10) and Equation (11). 

 

𝑪𝒗 = −
𝟒𝑯𝟐𝐥𝐧𝜷

𝝅𝟐∆𝒕
 (10) 

𝑪𝒉 =
(𝟏−𝜷)𝒅𝒘

𝟐 𝑭𝒏

𝟖𝜷∆𝒕

 
(11) 
where, 
Cv = coefficient of consolidation in the vertical 

direction, 
Ch = coefficient of consolidation in the 

horizontal direction, 
H = the thickness of the consolidated soil 

layer, 

 = slope of the curve, n vs. n-1, 

t = time interval during settlement 
observation, and 

Fn = vertical drain distance factor calculated 
using Equation (12).  

 

𝑭𝒏 = 𝐥𝐧 (
𝑫

𝒅𝒘
) −

𝟑

𝟒
 (12) 

 
dw = the diameter of one sand drain or the 

equivalent diameter (as in Figure 6) of 

one PVD, for the strip form is calculated 
by Equation (13) 

 

𝒅𝒘 =
𝟐(𝒂+𝒃)

𝝅
 (13) 

 

 
Figure 6. Synthetic drain vertical equivalent 

diameter. [19] 
 
RESULTS AND DISCUSSION 

 
Predicted Final Settlement 
 

Field observations of the installation of this 
instrumentation were carried out in two different 
locations with relatively different geotechnical 
conditions. Study location 1 was at the proposed 
PLTU Riau, and study location 2 was at the 
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proposed Makassar – Pare-pare railway line. In 
general, the geotechnical conditions were 
dominated by soft clays. At each study location 
where soil improvement carried out using PVD 
and pre-loading, were installed as many as ten 
settlement plate points to measure the settlement 
that occurred during soil improvement process. 
However, only 1 point of each location was used 
in this paper. In order to obtain the reasonable 
value of comparison between the calculation of 
the settlements in theoretical prediction and field 
observations, the locations of the settlement 
plates were arranged accordingly. The locations 
of the settlement plates point taken close to the 
result point soil tests used to calculate optimizing 
the use of the PVD. 

Figure 7 represents the results of settlement 
readings. The two curves above zero level are 
showing the heights of the fill for loading 
compression. The two curves below zero level 
are indicating magnitude of settlement during pre-
compression process. The horizontal axes is 
representing duration of pre-compression 
process in days. 

 
Figure 7. Settlement and fill heights plot of the 

settlement plate readings. 
 
Figure 7 shows that the fill heights of study 

location 2 are higher than that of study location 1. 
The fill heights to get final compression at study 
location 1 and study location 2 were 168 cm and 
519 cm, respectively. The compression process 
of study location 2 was achieved longer than that 
of study location 1. This indicates that the clay in 
study location 1 is softer than that of study 
location 2 to obtain similar pre-compression. The 
results of this observation were also shown in the 
settlement readings of the settlement plates. The 
settlement of study location 1 is bigger than that 
of study location 2. The settlement plate readings 
as in Figure 7 shows that the maximum 

settlement of study location 2 was achieved with 
a longer time of consolidation process. 

Figure 8 represents the maximum settlement 
obtained from the settlement plate readings at the 
two locations of the study after maximum soil fills 
were achieved to find maximum pre-
compression. Figure 8 shows that the maximum 
settlement at study location 1 is more significant 
than that at study location 2. The consolidation 
process at study location 1 is faster than that at 
study location 2. This condition indicated that the 
soil condition at study location 2 is harder and 
stiffer than that at location 1. It was realized that 
the configuration pattern of the PVD at both 
locations were similar. The pre-compression 
process at study location 2 took longer period of 
time. After the maximum heights of soil fills were 
achieved, the maximum settlement readings of 
the settlement plates were observed, and the final 
pre-compressions were analysed. At the final 
stage of the pre-compression, the final settlement 
at study location 1, and study location 2, were 678 
mm, and 595 mm, respectively. 

 

Figure 8. Settlement plot at the maximum height 

of soil fills. 
 

Back Calculation of Consolidation Coefficient 
 

The final prediction of the soil settlement was 
obtained using Asaoka’s method [3], which can 
be seen in Figure 9. Figure 9(a) represents 
settlement prediction of study location 1, and 
Figure 9(b) represents settlement plot prediction 
of study location 1. The settlement prediction at 
study location 1 began to be carried out on the 
day 205 of the settlement plate readings. The 
settlement prediction at study location 2 started 
to be done on the day 250 of the settlement plate 
readings. The settlement plate readings were 
then plotted onto Figure 9. It can be found from 

Figure 9 that equals 0.9129, and equals 

0.8719, respectively. The values of and 
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were calculated based on linear regression 
using statistical analysis program. The values of 

1 and 2 indicated the linear regression gradient 

slopes. By corelating the value of n vs. n-1, the 
final settlement predictions were obtained. The 
final settlement prediction of study location 1, the 
settlement prediction of study location 2 were 723 
mm, and 595 mm, respectively. The degree of 
consolidation achieved at study location 1, and 
study location 2 were 94% and 97%, respectively. 
The settlement prediction obtained from 
Asaoka’s method [3] is greater than that of field 
observation using the settlement plate readings. 
This finding is in agreement with the results 
reported by Le et al. [14] and Shi [16]. 

 

 
(a) Study location 1 (the proposed PLTU Riau) 

 

 
(b) Study location 2 (the proposed KA 

Makasar-Pare-pare) 

Figure 9. Prediction of the final settlement using 

Asaoka’s method. 
 

Asaoka's method is better to be used in 
predicting the magnitude of total settlement that 

occurs in the field. The results obtained are closer 
to the settlement data which exists. In actual 
conditions in the field, many unexpected 
phenomena and external factors can affect the 
magnitude of the total settlement. This is because 
the Asaoka method is overrated to represent the 
actual conditions in the field. In addition, Asaoka's 
method predicts final settlement based on 
available field data [20]. 

Figure 9 shows values of , therefore by 

applying the afford mention  into Equation (10) 
and Equation (11), the coefficients of 
consolidation can be found. By considering 
interval time of settlement plates of readings at 
every additional five days, the predicted vertical 
consolidation coefficients (Cv) and the predicted 
horizontal consolidation coefficients (Ch) at study 
location 1 were 0.1626 cm2/sec and 1.979 x 10-6 
cm2/sec, respectively. At study location 2, the 
predicted vertical consolidation coefficients (Cv) 
and the predicted horizontal consolidation 
coefficients (Ch) were 0.2344 cm2/sec and 2.550 
x 10-6 cm2/sec, respectively. These values are not 
far from the values reported by Aspar et al. (2017) 
[21]. 

 
CONCLUDING REMARKS 

 
From the results of prediction analysis, the 

facts are obtained and are presented as follows. 
This paper has described prediction analysis on 
the coefficient of consolidation values in improved 
soft clays. By considering interval time of 
settlement plates readings, the coefficient of 
consolidation can be predicted accordingly. 

The geotechnical instrumentations installed in 
pre-compression and vertical drain activities 
during the field observation were beneficial in 
providing appropriate geotechnical data. Data 
from the readings of the instrument were utilized 
for back-calculation of the predicted value of the 
degree of consolidation, settlement, and the 
coefficient of consolidation. 

Field observations and analytical prediction 
results showed that the settlement prediction 
obtained from Asaoka’s method was greater than 
the settlement reported from the field observation 
using the settlement plate readings. 
Nevertheless, prediction by Asaoka's method is 
better to be used provided field observation 
readings giving accurate data. This is because the 
Asaoka method represented the actual conditions 
in the field. 
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