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Abstract: In Bangkok, the demand for housing is extensively high due to the city growing rapidly,
so some swampy areas are filled with soil. A Prefabricated Vertical Drain (PVD) with the Vacuum
Consolidation Method (VCM) is required to make the soil applicable for construction. However,
it is difficult to monitor the soil strength during the process because the airtight sheet will be broken.
This research aims to study the possibility of using the Spectral Analysis of Surface Waves (SASW)
test to monitor the effectiveness of the VCM method and to study the development of shear-wave
velocity over the consolidation period. Multiple instruments were installed on site, namely, vacuum
gauges, settlement plates, and a piezometer, as well as a borehole to monitor the pump pressure,
settlement, porewater pressure, and soil properties. Ten SASW tests were taken to measure the
change in shear-wave velocity (Vs) over 7 months. The results showed an increment in the Vs along
with increments in the settlement and undrained shear strength (Su), as well as a decrement in
pore pressure during the consolidation period. The correlation between Vs and soil settlement was
developed to predict the amount of settlement using Vs. These all indicated the potential of using the
SASW method for soil improvement monitoring purposes.

Keywords: Prefabricated Vertical Drain (PVD); Vacuum Consolidation Method (VCM); Spectral
Analysis of Surface Waves (SASW); shear-wave velocity (Vs); settlement; monitoring

1. Introduction

In Bangkok, the demand for housing is extremely high due to the city growing rapidly. This raises
the question as to where the new housing should be, since most of the area has already been occupied.
Some swampy areas were filled with soil to meet this demand. Soil improvement is vital because
the backfilled material with its soft soil properties is initially not feasible for construction due to the
settlement issue. The function of soil improvement is to increase the soil strength and performance in
order to be able to withstand the load applied to the soil due to the construction. One of the examples
of the soil improvement method is using a Prefabricated Vertical Drain (PVD) for a faster consolidation
rate [1]. Furthermore, a PVD can be applied together with the Vacuum Consolidation Method (VCM)
to replace the surcharge load. Many countries have been successfully using this method for land
reclamation and soil improvement work [2–7]

An airtight sheet is used above the installed PVD area, as an impermeable layer covering the
soil surface, allowing both the air and water to be sucked from the ground by the pump [8,9].
This airtight-sheet method has successfully been used for vacuum consolidation projects at soil
improvement sites [10,11]. The destructive soil test to monitor the soil parameters during the
improvement cannot be performed without damaging the sheet itself due to the presence of this airtight
sheet. Nevertheless, an in situ, non-destructive test is still an option, and one of the tests is the Spectral
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Analysis of Surface Waves (SASW) method. This will be the first SASW test to monitor the backfilled
soil at the PVD with the VCM at a site in Thailand.

The SASW method is a seismic method utilizing surface waves of the Rayleigh type and has
been developed to determine the shear-wave velocity (Vs) and shear modulus profiles of geotechnical
sites [12]. The test uses impact sources to produce the surface wave and receivers to retrieve the
data. A periodical SASW test is proposed as a method to monitor the development of the soil
stiffness overtime. This SASW test will be compared with various field-instrument results to check
the compatibility between the SASW test data and other instruments. The objectives of this research
are firstly to study the possibility of using the SASW method to monitor the effectiveness of the VCM
method; then, to study the development of the shear-wave velocity over the consolidation period; and,
lastly, to create a correlation between the Vs and settlement for a VCM settlement prediction based on
the Vs.

2. Methodology

2.1. Study Area

The VCM site is located in the north-eastern part of Bangkok, Thailand. It is located on an old
pond that has been filled with soil material. Figure 1 shows that the site is divided into 3 zones: Zone A,
Zone B, and Zone C. Figure 2 shows the boundary between Zone A and Zone B. In this research, only
Zone B that will be monitored with the SASW test. The area of Zone B is approximately 6700 m2 and
the original soil at the site was soft Bangkok clay. In the past, approximately a 15-m-thick slice of the
original soil was removed, turning the area into a pond. Recently, the pond was backfilled with the soil
for construction purposes. On top of the backfilled soil, layers of materials were placed in a particular
order, namely, a layer of geotextile, a layer of a 0.5-m-thick sand blanket, another layer of geotextile,
and then an airtight-sheet (geomembrane) layer at the very top to cover the surface.
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Figure 2. A photo of Zone A and Zone B, three months after the pumping started (camera facing south).

2.2. Boreholes and Soil Properties

The two boreholes are located approximately 2.5 m apart with different times, from before the soil
improvement (26 February 2019) and after the soil improvement (15 March 2020). Boring log data of
30.45 m in Zone B provided information of the soil properties, such as soil strength, Atterberg’s limits,
the water content, and the unit weight of soil from a soil sample of 0.5 m long, which was collected at
every 1.5 m depth. A thin wall tube and spilt spoon sampler were used for soft clay layer and dense
sand layer, respectively. It is worth noting that the backfilled soil was collected from various locations.
In this study, however, the soil was assumed to be a homogeneous soil.

Before the pump started, the boring log data had shown that there were 2 layers of the soil profile
in Zone B. The first layer ranges from very soft to soft High Plasticity Clay (CH), according to Unified
Soil Classification System [13], with a depth of between 0 and 21 m. The second layer was dense to
very dense Silty Sand (SM), with a depth of between 21 and 30.45 m (end of borehole). The following
soil properties use an average value. For the clay layer, the undrained shear strength (Su) from the
Unconfined Compression Test was 9.68 kN/m2, the unit weight 1.6 t/m3, the water content 56.96%,
the Liquid Limit 77.33, and the Plastic Limit 27.44. For the sand layer, the (N1)60 value was 25 and
water content 19.85%.

After the pump stopped, there were some soil property changes that were observed from the
boring log data. From a 1.5 to 4.5 m depth, the strength was increased by 3.5 t/m2, the water content
was decreased by 30%, and the unit weight was increased by 0.36 t/m3. From a 4.5 to 21 m depth,
the strength was increased by 1.7 t/m2, the water content was decreased by 8.5%, and the unit weight
was increased by 0.12 t/m3. From a 21 to 30.45 m depth, there were insignificant changes in the SPT-N
value and water content. The summary of the boring log data before and after the soil improvement
are shown in Figures 3 and 4.
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Figure 3. Summary of Zone B’s boring log data before the soil improvement on 26 February 2019.
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Figure 4. Summary of Zone B’s boring log data after the soil improvement on 15 March 2020.

Soil properties from the consolidation test results were available from the borehole samples at 3
different depths. From a depth 6 to 6.5 m, the water content was 69.8%, the total unit weight 1.61 t/m3,
the preconsolidation pressure 5.6 t/m2, the Cc 1.193, the Cs 0.132, the OCR 1.19, and the Cv 5.09 cm2/sec.
From a depth of 12 to 12.5 m, the soil was a normally consolidated clay with a water content of 68.7%,
a total unit weight of 1.56 t/m3, a Cc of 0.707, a Cs of 0.083, and a Cv of 2.22 cm2/sec. From a depth



Geosciences 2020, 10, 300 6 of 15

of 18 to 18.5 m, the soil was a normally consolidated clay with a water content of 58.1%, a total unit
weight of 1.61 t/m3, a Cc of 0.546, a Cs of 0.074, and a Cv of 0.18 cm2/sec.

2.3. VCM, PVD, and Instrumentations

In the early 1950s, Vacuum consolidation was suggested by Kjellman [14]. The PVD and sand drains
were used to discharge the pore water and to distribute the vacuum load [15]. The vertical drainage
systems significantly reduce the drainage path, consequently accelerating the soil consolidation [16–20].
In this study, the airtight-sheet method was used for the seal system for the vacuum consolidation.
A vacuum pump was used with an average pressure of around −80 kPa—continuously during the
consolidation settlement process. A PVD was installed in Zone B with an average depth of 14 m with a
triangular pattern of a 1.0 m × 1.0 m spacing. The vertical drain penetrated the backfilled soil and
the original soil below that. Zone B was instrumented with multiple instruments for monitoring the
progress of the soil improvement.

Five vacuum gauges were placed to monitor the sub-surface pressure with a monitoring frequency
of once per day. Four settlement plates were placed on the sand blanket below the airtight-sheet layer
to observe the soil settlement. There were 3 monitoring plans for the settlement plates. Firstly, for the
first month it was one time per day. Secondly, after the first month to the last half month, it was two
times per week. Thirdly, for the last half month it was one time per day. A piezometer with a vibrating
wire sensor was placed at a depth of 8.5 m at the center of Zone B to observe the change in porewater
pressure over time. Figure 1 also shows the locations of the instruments.

2.4. The SASW Test

Surface waves were used by [21,22], one of the first researchers who tried to examine pavement
systems. The engineers were able to build more advanced tools and equipment due to the advancement
of technology. Because of these new tools, researchers were able to perform better and more accurate
calculations in very little time. Provided with the new, advanced equipment, [23] was able to change
from the empirical to the theoretical level regarding the surface wave method.

SASW is an in situ, low strain, non-destructive test. which has successfully been implemented
by researchers of the University of Texas at Austin, as well as other researchers, to investigate the Vs
and shear modulus of many pavements and highway materials [24–26] and to predict the long-term
settlement based on the Vs and damping characteristics [27]. In Thailand, many SASW tests were
implemented at several dams for material stiffness examination [28–31], measuring the Vs of a dyke
and liquefaction site [32–34], as well as investigating the small strain modulus of the silty sand
subgrades [35].

In this research study, a series of SASW tests were conducted 10 times in a 7-month period—before
the pumping of the VCM started until the pump was shut down; this was the time necessary for the
soil settlement to reach the desired target. The frequency of the SASW testing was twice a month for
the first two months and once a month after that. The test repetition was set in such conditions as the
soil settlement was expected more at the beginning of the consolidation settlement.

The SASW test used receiver spacings of 0.5, 1, 2, 4, 6, 12, and 20 m. This study used 2 different
configurations of the SASW test, namely, the common source array test configuration and common
receiver mid-point configuration, which are shown on Figure 5. For receiver spacings of 12 and
20 m, the tests were conducted with the former test configuration, while the rest of the spacings were
conducted with the latter test configuration. There are three impact sources used in this study, as shown
in Figure 6. A 300 kg drop weight was used for far receiver spacings, to generate a low frequency
wave to investigate the deep profile, but can only be dropped on the soil outside of Zone B to prevent
this from damaging the airtight sheet in Zone B. A 25 kg small drop weight and a sledgehammer
were used for the intermediate and short spacings and can be used on top of the airtight sheet to
preserve the membrane itself. Since the original backfilled soil was very soft, the sledgehammer could
not generate sufficiently high energy for the receiver spacings larger than 4 m without breaking the
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air-tight sheet; hence, the 25 kg small drop weight, which can generate higher energy, was used for the
intermediate spacings instead. Two 2-Hz geophones were used as the receivers. The procedure for
the SASW test consisted of the following: firstly, to acquire the data from the field that were collected
by the spectrum analyzer, and then to analyze the dispersion curves and shear-wave velocity profile
using the WinSASW program developed by Joh in 1996 [36].Geosciences 2020, 10, x FOR PEER REVIEW 7 of 15 
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short spacing.

The SASW test centerline was located as nearly as possible to a borehole location in Zone B in
order to be able to compare both test data sets. The 300 kg heavy drop weight cannot be dropped on
the surface of Zone B as mentioned above and, therefore, the heavy drop weight can only be dropped
outside of Zone B and from the edge of the zone as nearly as possible, so the centerline of the SASW
test is approximately 30 m away from the borehole location. It is worth noting that the centerline of
the 12 m spacing was different from the rest of the spacing for a similar reason as above. The SASW
centerline sometimes shifted in the vicinity of 5 m due to some submerged water area being trapped
on top of the membrane after rain. The duration of the SASW test varied between 30 min to 1 h;
the increasing amount of time was because of the noise presented at the site. A lot of construction
machinery was operating and creating noises and was captured by the geophones, rendering the data
unusable. The test must be repeated or even stopped until the source of the noises was cleared.

An average shear-wave velocity of 15 m deep of the improved soil (Vs15) was used as the
monitoring parameter because the Vs can be different at each depth and the approximate PVD length
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was 14.7 m. The Vs15 can be calculated by the following formula adapted from the Vs30, which was
used in the National Earthquake Hazards Reduction Program (NERHP) for site classification [37]:

Vs15 =
15

ΣN
x=1

(
hx
vx

) (1)

where hx and vx represent the thickness (in meters) and shear-wave velocity (in m/s) of the xth layer,
in a total of N, existing in the top 15 m.

3. Results and Discussion

3.1. SASW Result

Figure 7 shows the Vs profiles for Zone B over the consolidated time. The first test was on the
30th of July 2019, before the pump started, and the last test was on the 2nd of March 2020, after the
pump stopped. The increment in Vs was noticeable over time. The top layer was the sand blanket
with a thickness of approximately 0.5 m, showing a high value of Vs. The middle layer was the very
soft soil with an approximate thickness of 10 m, showing a low value of Vs. The bottom layer was the
soil with a higher Vs from the layers before. Since the first test to the last, the Vs has changed around
40 m/s at the top layer and middle layer, and around 70 m/s at the bottom layer. The top layer has the
highest value of Vs because it is a sand blanket that was affected the most by the vacuum pressure
from the pump. On the other hand, the bottom layer has a high value of Vs, potentially because of
a high overburden pressure from the upper layer. Note that the Vs profile was measured from the
ground surface and the actual ground level at each time is different from the initial ground level due to
the settlement over time.
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3.2. Comparison of Settlement and Vs

The result from the settlement plates was recorded to determine the change in the soil settlement.
The settlement plate of SP-B-01 was used since the location was the closest to the SASW test line.
The initial SASW test was performed around 3 weeks before the installation of the PVD in the field.
Figure 8 shows the changing of the settlement and Vs15 over time. The Vs15 increased with the
increasing settlement of soil as the soil became denser during the consolidation process. While the
settlement is faster at the beginning and then starting to slow down through the end, the total settlement
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was 1.12 m. In contrast, the development of the Vs shows a steady increment over time, with the
maximum deviation from the “linear” trend line being 6.14 m/s.Geosciences 2020, 10, x FOR PEER REVIEW 9 of 15 
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Figure 9 shows the correlation between settlement and the Vs15. The correlation between settlement
and the Vs15 is well-suited with a straight trendline, where the Vs15 increases gradually with the
increasing settlement over time. The settlement roughly increased 0.25 m for every 10 m/s increment in
Vs15. An equation was made from this correlation to predict the amount of settlement by the value of
the Vs15. The equation can be written as

s = 0.00248 x Vs15 − 1.0484 (2)

where s stands for settlement (in meter).
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The field measurement result was then compared with the theoretical model of settlement
prediction from [38] and with a back-analysis model of the Vs15 from the SASW test, as shown in
Figure 10. The model of [38] was commonly used for settlement prediction, with the time based on the
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measured settlement data. The prediction was based on an observational procedure and derived from
a 1-dimensional consolidation equation. Vertical strain can be calculated as follows:

ε ε(t, z) = T +
1
2!

(
z2

Cv

.
T
)
+

1
4!

(
z4

Cv

..
T
)
+ · · ·+ zF +

1
3!

(
z3

Cv

.
F
)
+

1
5!

(
z4

Cv

..
F
)
+ · · · (3)

where ε(t,z) is the vertical strain of depth z at time t, T and F are unknown functions of time, and Cv is
the coefficient of consolidation.Geosciences 2020, 10, x FOR PEER REVIEW 11 of 15 
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The equations of settlement for double drainage can be written as in the following formula:

ρ+
1
3!

(
H2

Cv

.
ρ

)
+

1
5!

(
H4

Cv

..
ρ

)
+ · · · =

H
2
( ε+ ε ) (4)

where ρ is settlement, H is soil thickness, and ε is the vertical strain at its initial time.
Each individual time can be expressed as

t j = ∆t· j( j = 0, 1, 2, . . .) (5)

where ∆t is the time interval.
From Equations (4) and (5), the settlement equation at time j can be calculated as follows:

ρ j = β0 + β1ρ j−1 (6)

where ρj and ρj−1 are the value of settlement at the specific time of j and j − 1; β0 and β1 are
unknown parameters.

The final settlement can be calculated using the following formula:

ρ j = ρ j−1 = ρ f (7)

where ρf is the final settlement.
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The final settlement can be predicted by finding the intersection from the line ρj and ρj−1, which
has a 45◦ angle from the ρj and ρj−1 graph. Based on this, Equation (6) can be simplified by substituting
ρj and ρj−1 with ρf and can be written as

ρ f =
β0

1− β0
(8)

And finally, the settlement ρ(t) at specific time t can be predicted by the following formula:

ρ f =
β0

1− β0
−

(
β0

1− β0
− ρ0

)
βt

1 (9)

where ρ0 is the value of the settlement at its initial time.
The result from the back-analysis of the Vs15 prediction is very close to the field measurement

settlement, with the range of deviation being between 0.004 and 0.070 m, as well as to the result taken
from the predicted settlement from [38], with the range of deviation being between 0.002 to 0.202 m.

3.3. Comparison of Pore Pressure and Vs

The result of pore pressure was obtained from the piezometer installed at a depth of 8.5 m (in
the middle of the improved soil layer) at the center of the study zone. Figure 11 shows the change in
pore pressure over time versus Vs at the 8.5 m depth over time. The pore pressure decreased because
the water dissipates out of the soil through the PVD, making the soil stiffer, which, in turn, increases
the Vs. Both pore pressure and Vs are nicely suited as both parameters increase linearly over time.
Unlike the SASW test, the pore pressure data from the piezometer was monitored roughly 1 time per
day while the SASW tests were performed only 10 times during the settlement period, about 7 months
since the pump had been started until it was stopped.
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Additionally, the effective vertical stress was calculated from the change in pore pressure over time.
Figure 12 shows the correlation between effective vertical stress and Vs at a 8.5 m depth. The Vs had
linearly increased along with the increase in the effective vertical stress as the pore pressure dissipated
out and made the soil stiffer.
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3.4. Comparison of Su and Vs

The Su data were acquired from an unconfined compression test of undisturbed soil samples
collected from bore holes from two different times, before the soil improvement (26 February 2019) and
after the soil improvement (15 March 2020). It is worth noting that the Vs values that were used for the
comparison were the ones measured from the closest times to the Su measurements. Figure 13 shows
the comparison between Su and Vs at those times. After the pump had stopped, Su from the first 5 m
range increased significantly to an approximate of 30 kN/m2, considering the stress distribution of the
atmospheric pressure is higher at the top layer than the layer below. At the middle part of the soil,
from 5 to 9 m depth, the Su values increase only to an approximate of 7 kN/m2. At the bottom part of
the soil, from 9 to 15 m depth, the Su values increase approximately 15 kN/m2. The Su of the bottom
part of the soil layer increases potentially more than the middle part due to the higher overburden
pressure and dissipation of water to the sand layer below.
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Figure 13. Su and Vs from before the soil improvement and after the soil improvement.

The SASW data shows an increment at the top of the layer, the sand blanket, of approximately
40 m/s. In the middle part of the soil, from 1 to 11 m depth, the Vs increase around 40 m/s in comparison
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with the initial Vs number. At the bottom part of the soil, from 11 to 15 m depth, the Vs increase around
70 m/s. It is noticeable that the increment in Vs at the bottom part of the soil layer is higher than the
middle part, which is similar to the increment in Su due to similar reasons.

4. Conclusions and Recommendations

The change in Vs and soil properties were studied over time during the VCM process. The SASW
testing was able to investigate the soil down to 15 m deep. The results showed the change in Vs along
with the alteration of the conventional soil monitoring parameters, including the settlement, Su, and
pore pressure during the consolidation period. The Vs15 had increased linearly from 45 m/s to 98 m/s
from the beginning until the end of the consolidation process, while the total settlement was 1.12 m,
Su increased about 7 to 15 kN/m2, and the pore pressure decreased about 40 kPa. The settlement
prediction curve using Vs was created and good compatibility was shown with the settlement curve
from field measurements and the settlement prediction curve from [35]. These results indicated the
likelihood of using the SASW method for soil improvement monitoring purposes.

There were several difficulties of testing SASW at the PVD sites. Firstly, the location of the SASW
center line and borehole data location is different as the 300 kg drop weight could not be used on top
of the airtight-sheet region. Secondly, sometimes the test line was shifted within the range of 5 m
knowing that the water is being trapped at the testing spot after rain. Thirdly, the presence of noises
in the field from a moving truck to a working backhoe, which creates poor quality data, meant that
the operations on site had to be interrupted during the SASW test in order to improve the quality of
the data. It is important to note that the correlation was made from backfilled soil material that was
characterized by high plasticity clay and an assumption of homogenous soil. The study of other soil
types is encouraged.
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