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ABSTRACT: One difficulty in the use of dredged sludge for land reclamation is that the top surface is too soft for machines to go on 
top to carry out any types of soil improvement work. Therefore, a working platform has to be formed by treating the top few meters of 
soil. A pilot test on the use of vacuum preloading combined with short prefabricated vertical drains (PVD) method was conducted at a 
land reclamation site in Tianjin, China. The ground settlement, the applied vacuum pressure and the pore water pressure in the soil 
were monitored during the vacuum preloading. After 60 days of vacuum preloading, the average water content of the soil reduced 
from the initial 85% to final 43%. The undrained shear strength as measured by the vane shear tests increased from initial 2.3 kPa to 
final 26.4 kPa. The average degree of consolidation was 92.1% calculated based on pore water pressures. The pilot test data have 
shown that the vacuum preloading combined with short PVD method is an effective method to construct the working platform on the 
dredged clay. 

RÉSUMÉ : Une difficulté dans l'utilisation des boues de dragage pour la remise en état des terrains est que la surface supérieure est 
trop molle pour que les machines puissent aller au-dessus pour effectuer des travaux d'amélioration des sols. Par conséquent, une 
plate-forme de travail doit être formée en traitant les quelques mètres de sol. Un essai pilote sur l'utilisation de préchargement sous 
vide combiné à une méthode de drainage vertical préfabriqué court (PVD) a été effectué sur un site de récupération de terres à Tianjin, 
en Chine. Le réglage au sol, la pression d'aspiration appliquée et la pression d'eau interstitielle dans le sol ont été surveillés pendant le 
préchargement sous vide. Après 60 jours de préchargement sous vide, la teneur moyenne en eau du sol a diminué de 85% à 43%. La 
résistance au cisaillement non drainé mesurée par les essais de cisaillement des aubes a augmenté de 2,3 kPa initiaux à 26,4 kPa final. 
Le degré moyen de consolidation était de 92,1% calculé en fonction de la pression de l'eau interstitielle. Les données d'essais pilotes 
ont montré que la précharge sous vide combinée à la méthode PVD courte est une méthode efficace pour construire la plate-forme de 
travail sur l'argile draguée. 
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1 INTRODUCTION 

In the land reclamation project, the marine clays are often 
pumped into the reclamation site using cutter suction 
dredger. As the new pumped clay slurry is too soft for the 
surcharge to be applied, the vacuum preloading method is 
often adopted to improve its engineering properties (Chu 
et al., 2000, 2008, 2009; Bergado et al., 2002; Chai et al., 
2005; Seah, 2006; Indraratna et al., 2011; Artidteang et al., 
2011). One difficulty of using vacuum preloading method 
is that the top surface of the dredged clay is too soft for 
machines to go on top to carry out any types of soil 
improvement work. A working platform has to be 
constructed before soil improvement works by treating 
the top few meters of soil (Chu et al., 2012).  

The methods that can be used to create a working 
platform on top of the soft soil has been summarized by 
Chu et al. (2012) which includes (1) sun drying; (2) 
capping it with sand or other good soil (Chu et al., 2000; 
Yan and Chu, 2005); (3) use of geotextile (Arularjah et al., 
2009; Chu et al., 2009; Broms 1987); (4) cement mixing 
(Burgos et al., 2007; Chu et al., 2005); and (5) dewatering 
using drainage. A relatively cheap and quick method is 
dewatering using drainage (PVD) method is to dewater or 
consolidate a layer of soil at the top surface to form the 
working platform. As the clay is soft, it is possible to 
manually install the prefabricated vertical drains (PVDs) 
into the top few meters of the soft clay and improve it 
using vacuum preloading.  
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In this paper, pilot tests were carried out to investigate the 
performance of the dewatering method using vacuum 
preloading combined with short PVD method to form the 
working platform. The method consists of the short PVDs, 
the horizontal vacuum pipes, sand blanket layer, 
membranes layer and the vacuum pumps. During the 
pilot tests, the ground surface settlement and the pore 
water pressure in the soil were monitored. The undrain 
shear strength, unit weight and water content of soil in 
the subzones are measured at the specific period of the 
vacuum preloading. The average degree of consolidation 
were calculated based on the settlement and pore water 
pressure records.  

2 PILOT TESTS 

The pilot tests were conducted at a land reclamation site 
in Tianjin, China. As shown in Fig. 1, the site area is 1800 
m2 and was divided to two subzones to investigate the 
effects of different methods. The working platform in 
subzones, named as Zone B1 and B3, are constructed 
using vacuum preloading combined with short PVDs 
method. The dimensions of the two subzones are shown 
in Fig. 1.  

The site investigation for the land reclamation site 
includes borehole sampling and vane shear test, which 
were conducted at the specific period of the vacuum 
preloading. The field instruments included the pore water 
pressure (PWP) transducers and the surface settlement 
plates. Data were recorded during the entire vacuum 
preloading process. The layout of the instruments and site 
investigation tests are also shown in Fig. 1. 
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Figure 1 Site information of the land reclamation project in Tianjin, 
China 

2.1 Subsoil conditions 

The soil profile consisted of a 4.0-m-thick new pumped 
soft clay layer, a 15-m-thick accumulated soft marine 
clay layer overlying a stiff silty clay layer. The basic 
engineering properties of the new pumped soft clay layer 
in the two subzones are shown in Table 2. It can be seen 
that the water contents of the soils in the two subzones 
are about twofold of their liquid limits, and the undrained 

shear strength of the soils are only 0.7 – 2.7 kPa. The unit 
weight and void ratio of the top two soft clay layers have 
similar magnitudes of 15 kN/m3 and 2.3, respectively. 
The specific gravity of the clay layers is 2.75.  

 

Table 2. Soil properties in the test site before and after vacuum 
preloading  

 
 Before Vacuum Preloading 

 w% Su kPa γ kN/m3 e 
wL 
% 

wP 
% 

B1 83.0 2.3 15.3 2.31 45 22 

B3 85.0 2.5 15.2 2.31 44 21 

 After vacuum preloading 

 Su (kPa) w (%) 

 10d 30d 60d 10d 30d 60d 

B1 4.8 7.1 13.1 55.0 48.5 46.2 

B3 13.8 21.4 26.4 46.5 44.2 43.4 

2.2 Dewatering Method 

The method of using vacuum preloading combined with 
short PVD method to form the working platform are 
tested in the subzones B1 and B3. As shown in Fig. 1, the 
area of the subzones B1 and B3 are 272 m2 and 268 m2, 
respectively. To investigate the influence from the 
spacing of PVDs, the PVDs in zone B1 are installed in 
square grids with spacing of 60 cm and that in zone B3 
are installed in square grid with spacing of 40 cm.  

 

Membrane x 2

Geotextile x 1

Sand x 300 mm

Geotextile x 2

PVD

Dredged clay

 

            (a)                                  (b)                             (c) 

Figure 2 Method to use vacuum preloading combined with short PVD 
method to form the working platform (a) sketch of the method, (b) 
photo of installation short PVDs and (c) photo of laying sand blanket 
layer. 

Before manually installed the PVDs, one open-end of the 
short PVDs were sealed to prevent clay particles from 
flowing into. A hole was usually predrilled in the soft 
clay to reduce the resistance when penetrating the short 
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PVDs. Then the short PVDs are installed manually into 
3.5-m-deep of the same holes in the soft dredge clay. To 
protect and support the workers, two layers of geotextiles 
were laid onto the surface of the dredged clay, see Fig. 2a. 
The two geotextile layers could also prevent clay 
particles flowing into the sand layer and uneven 
settlement of sand blanket layer. The end of the short 
PVDs were left about 0.5-m-long and tied directly onto 
the horizontal vacuum pipes with diameter of 40 cm as 
shown in Fig. 2a and 2b. The 30-cm-thick sand blanket 
layer are used to embed the horizontal vacuum pipe, see 
Fig. 2c. To protect the membrane from destroy during 
construction period, one more layer of geotextile was laid 
on the surface of sand blanket. After that, two layer of 
membranes are covered the whole area to create the 
airtight condition for the vacuum preloading. The edges 
of the membranes were embedded into the four 0.5-m-
deep trenches. The trenches were backfilled using slurry. 
One jet vacuum pump was used to pump the vacuum 
pipes in the subzones B1 and B3 for about 80 days. 

3 RESULTS AND DATA ANALYSIS 

3.1 Pore water pressure in soil 

The pore water pressures (PWPs) of soil measured at the 
two subzones are plotted versus duration in Fig. 3. It can 
be seen that the vacuum pressures in the soil could be 
maintained during the vacuum preloading. The sudden 
reduction of the pore water pressure in soils are due to the 
vane shear test and soil sampling when the vacuum 
pumps were switched off. The applied vacuum pressures 
in the two subzones are about 80 kPa.  

 
Figure 3 Measured pore water pressure at depth of 1 m in the two 
subzones 

The spacing of the vacuum preloading heavily influence 
the pore water pressure in soil. After 60 days of vacuum 
preloading, the pore water pressure reduction in subzone 
B1, where short PVDs were installed in square grid with 
the spacing of 0.6 m, are 20.1 kPa. However, the 
maximum pore water pressure reduction in subzone B3, 
where PVDs were installed with spacing of 0.4 m, are 
73.7 kPa. This measured data suggested that for 
consolidation time of 60 days, the PVDs installed with 

spacing of 0.4 m is suggested to be used to construct the 
working platform on the surface of the very soft dredged 
clay.  

3.2 Ground settlement  

The installation of PVDs induced additional settlements 
because the installed PVDs shorten the drainage path of 
the soft clay which will induce more degree of 
consolidation under self-weight of soil. The average 
settlements of ground surface in each subzone are 
summarized as shown in Table 2. It can be seen that the 
installation settlement for PVD penetrated with spacing 
of 0.4 m induced more settlement than that penetrated 
with spacing of 0.6 m. This is because the smaller 
spacing of the PVDs lessened the drainage path of the 
soft clay and thus induced more settlement at a certain 
consolidation period.  

Further settlements were developed after the application 
of vacuum preloading. Five surface settlement plates 
were installed in each subzones (Fig. 1) to measure the 
surface settlements. To make the lines more clearly, the 
average surface settlement in each subzone versus 
duration curves are plotted in Fig. 4. It can be seen that 
the surface settlement in subzones B3 developed much 
quickly than that in the other subzones. For example, the 
settlements in subzones B3 are about 1.5 times of those in 
the subzones B1 at the consolidation time of 20 days. 
Towards the end of the vacuum preloading, the settlement 
curves in subzones B3 show a tendency to converge. The 
maximum surface settlement in the two subzones are 
summarized in Table 3. 

 

Table 3. Calculation of the degree of consolidation (DOC) 

S
ub

zo
ne

 

Based on settlement data 

SPVD St=6
0 

Asaoka’s 
Method 

(Asaoka, 1978) 

Hyperbolic 
Method 

(Tan 1995) 

(mm) (mm) St=∞ 
(mm) 

U 
(%) 

St=∞ 
(mm) 

U 
(%) 

B
1 134 524.3 737.0 89.3 774.0 85.1 

B
3 312 570.7 938.6 94.0 917.2 96.2 

 

Based on pwp data 

(Chu and Yan, 2015) 

ut=60 
(kPa) us (kPa) Uh (%) 

B
1 20.1 80 25.1 

B
3 73.7 80 92.1 
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Figure 4 Average surface settlements in the two subzones 

3.3 Water content variations 

Soil samples at different depths were taken to measure 
the water contents after vacuum preloading. The average 
water content of soil at different durations and subzones 
after vacuum preloading are summarized in Table 1. The 
spacing of the PVDs influenced the average water content 
of soil. The average water content reduction for the cases 
of PVD installed in the spacing of 0.6 m (subzone B1) is 
34.5% after 30 days of vacuum preloading. However, 
similar water content reduction of 38.5% only needs 10 
days when the short PVDs installed in the spacing of 0.4 
m in subzone B3.  

3.4 Vane shear strength variations 

Field vane shear tests were conducted on each subzones 
after 10, 30, and 60 days of vacuum preloading and the 
results are summarized in Table 1. The spacing of the 
PVDs also influenced the vane shear strength of soil. The 
average vane shear strength for the cases of PVD 
installed in the spacing of 0.6 m in subzone B1 is 13.1 
kPa after 60 days of vacuum preloading. However, this 
strength was reached at 10 days for the cases of PVD 
installed in the spacing of 0.4 m in subzone B3.  

3.5 Degree of consolidation (DOC) 

The effectiveness of soil improvement can be estimated 
using the average degree of consolidation (DOC). DOC is 
usually calculated as the ratio of the current ground 
settlement (St) over the ultimate ground settlement (S∞). 
Asaoka’s method (Asaoka, 1978) was adopted to estimate 
the ultimate ground settlement using the ground surface 
settlement data shown in Fig. 5. As the vacuum surcharge 
was fully applied at the time of 13.6 days, the plot of 
settlement data Sn (n = 1, 2, … t) versus Sn−1 starts from 
this point. The results of using Asaoka’s method to 
estimate the ultimate preliminary consolidation 
settlement at subzone B1 are shown in Fig. 5a. The 
constant time intervals in this calculation is tn - tn-1= Δt = 
1.2 days. The estimated ultimate preliminary 
consolidation settlement is 0.737 m. As shown in Table 3, 

the average ground surface settlement at subzone B1 is 
0.524 m excluding the settlement of 0.134 m during PVD 
installation. The degree of consolidation based on surface 
settlement in subzone B1 after 60 days of vacuum 
preloading is calculated was 89.3 % as shown in Table 3. 
Similarly, the estimated ultimate preliminary 
consolidation settlement in subzone B3 and their degree 
of consolidation are calculated and summarized Fig. 6a 
and Table 3, respectively. The results indicated that the 
DOCs are higher in the subzones where PVDs were 
installed in the spacing of 0.4 m than those in the 
subzones where PVDs were installed in the spacing of 0.6 
m. 

 

 

(a) 

 

(b) 

Figure 5 Estimate the ultimate settlement of soil in subzone B1 using (a) 
Asaoka’s method and (b) hyperbolic method. 

The hyperbolic method has been induced as a potential 
alternative method to monitor and predict the ultimate 
preliminary settlement of soil (Tan 1995; Tan and Chew, 
1996). The method uses slope of the linear relationship 
between t/S versus t curve, where t is consolidation time 
and S are measured settlement, to calculate the settlement. 
More details of the method and its application in case 
records can be refer to published literature (Narasimha 
Rao et al., 1981; Sridharan and Sreepada Rao, 1981; Tan 
1995; Tan and Chew, 1996). The results of using 
hyperbolic method to estimate the ultimate preliminary 
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consolidation settlement at subzone B1 is shown in Fig. 
5b. During the calculation, the drainage depth H = 3.5 m, 
spacing s = 0.6 m, the equivalent diameter of PVD d = 
67.5 mm, equivalent diameter of soil influenced by PVDs 
D = 1.05 s =0.63 m, drain spacing ratio n = 9.3, H/D = 
5.6. As the soft clay is new dredged under-consolidating 
marine clay and its engineering properties are quite 
uniform, the ratio between vertical and horizontal 
coefficient of consolidation is assumed as c

v
 / c

h
 =1.0. 

The calculated ultimate settlement based on Si is 774 mm 
which is slightly higher than that predict by Asaoka’s 
method. The degree of consolidation based on ultimate 
settlement predicted by hyperbolic method in subzone B1 
after 60 days of vacuum preloading is calculated was 
85.1 %. Similarly, the estimated ultimate preliminary 
consolidation settlement in subzone B3 and their degree 
of consolidation are calculated and summarized Fig. 6b 
and Table 3, respectively. The results indicated that the 
degree of consolidation calculated using ultimate 
settlements predicted by Asaoka’s method and hyperbolic 
method are matched.  

 

 

(a) 

 

(b) 

Figure 6 Estimate the ultimate settlement of soil in subzone B3 using (a) 
Asaoka’s method and (b) hyperbolic method. 

The DOCs can also be estimated using the pore water 
pressure (PWP) distribution profiles (Chu and Yan, 2005). 
In this method, the average DOC is estimated as the ratio 

between the area covered by the PWP distribution curve 
at a given time and the suction line, and the area covered 
by the initial PWP line, and the suction line. However, as 
only one pore water pressure at depth of 1.0 m was 
measured in each subzone, the calculation using the PWP 
data in this method is only the DOC at the specific 
location, h = 1.0 m. Table 3 indicates that the DOC at 
depth of 1.0 m after 60 days of vacuum preloading in 
subzone B1 are only 25.1%. These results are much lower 
than that calculated using surface settlement data. 
However, the calculated DOC using PWP data in subzone 
B3 generally match with those calculated using surface 
settlement data. The results of DOC also indicate that the 
method is an effective method.  

4 CONCLUSIONS 

A Pilot test was conducted to investigate effects of 
vacuum preloading combined with short PVD method to 
form the working platform on the surface of very soft 
dredged clay. The influence of the spacing of short PVDs 
are investigated in the pilot test. The ground settlement, 
the applied vacuum pressure and the pore water pressure 
in the soil were monitored during the vacuum preloading. 
The pilot tests improved that the method is effective to 
form the working platform on the surface of soft clay. 
The effect of improvement for short PVDs installed with 
spacing of 0.4 m are much more effective than those 
installed with spacing of 0.6 m. The undrained shear 
strengths and degree of consolidation of the soil after 60 
days of vacuum preloading are more than 26.4 kPa and 
92.1%, respectively, which meet the requirements of the 
working platform. 
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