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Abstract:

A membraneless vacuum preloading method is proposed in this paper for soft soil

improvement. The method offers several advantages over the conventional vacuum

preloading in which membrane is used to create the airtight condition and sand

blanket layer to distribute vacuum. To assess the effectiveness of the proposed method,

a pilot test was conducted at a land reclamation site in Tianjin, China. The ground

settlement and the pore water pressure (PWP) at different elevations in soil were

measured. After vacuum preloading, the average water content of the soft soils

reduced by approximately 12% and the undrained shear strength increased twofold.

The average degree of consolidation at the end of the vacuum preloading achieved

85.1% based on the settlement data and 84.5% based on the pore water pressure data.

The pilot test data have shown that the proposed method exhibits similar efficiencies

to the conventional vacuum preloading method.

Keywords: Geosynthetics; vacuum preloading; soil improvement; land reclamation
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1. Introduction

Vacuum preloading is one of the common methods used for the improvement of

engineering properties of soft soil (Holtan et al., 1965; Chu et al., 2000, 2009; Wang

et al., 2016; Bergado et al., 2002; Seah, 2006; Doyle and Qiu, 2016; Indraratna et al.,

2011, 2015, 2016a, 2016b). The conventional vacuum preloading system consists

prefabricated vertical drains (PVDs), horizontal pipes embedded in a layer of sand

blanket, membranes, and vacuum pumps (Qian et al., 1992; Chu et al., 2000). The

sand blanket acts as a drainage layer and distributes the vacuum pressure from the

horizontal pipes to PVDs. The sand blanket also contributes to the formation of a

working platform in soft clay soils (Chu et al., 2013). The membranes are used to seal

the whole area to create an airtight condition. As only a limited size of membranes

can be placed at one time, subsection of the site is required for a large land

reclamation project. In this case, internal dikes may have to be used for partition and

anchoring of membranes. Construction of the internal dikes on soft clay is expensive

and time consuming. Furthermore, clean sand is required for the sand blanket and it

may not be available. In this case, it will be desirable to have an alternative vacuum

preloading method that does not required the use of sand blanket and membranes.

When membranes are not used, internal dikes are not required either.
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In the past, a similar approach to use clay slurry as the sealing layer for vacuum

preloading was proposed, see Chu et al. (2008) for detail. However, this method can

be affected by the formation of tension cracks in the clay layer due to desiccation

effect. Once the cracks connect with the horizontal pipes or PVDs, the vacuum

pressure will leak. It should be mentioned that there is another membraneless method

to use airtight tubing system to connect PVDs directly with vacuum lines as presented

by Bergado et al. (2002), Seah (2006), Chai et al. (2008) and Chu et al. (2008).

However, the membraneless method proposed in this paper is different. The proposed

method uses special couplings to connect vacuum pipes directly with PVDs so to

remove the need for a sand blanket. It uses a layer of clay instead of membranes to

cover the horizontal pipes. A similar method of using horizontal band drains (HBDs)

to connect with PVDs loosely was also adopted in China in the past (Long et al.,

2015). However, the vacuum pressure transmission was not effective in this case

(Long et al., 2015).

In this paper, a membraneless vacuum preloading method is proposed in which the

airtight condition is provided by a layer of clay slurry pumped on the top of the

horizontal vacuum pipes. PVDs are connected directly to the horizontal vacuum pipes

using special designed connectors to act in lieu of the sand blanket. To evaluate the
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performance of the proposed method, a pilot test was conducted at a land reclamation

site in Tianjin, China. The ground settlement, the vacuum pressure in PVDs and the

pore water pressure (PWP) in the soil were monitored during vacuum preloading. The

average degree of consolidation (DOC) was calculated based on both settlement and

PWP data.

2. Membraneless vacuum preloading system

The proposed membraneless vacuum preloading method is schematically shown in

Fig. 1a. The horizontal vacuum pipes are placed in the middle of two-adjacent rows of

PVDs. Each PVD is then connected to the horizontal vacuum pipes through a special

couplings system in a way as shown in Figs. 1b. After connecting all the PVDs with

the horizontal vacuum pipes, an approximately 1.0-m-thick clay slurry is placed by

pumping to cover all the horizontal vacuum pipes. If the ground is too soft, one or two

layers of lightweight nonwoven geotextile can be laid to form a working platform

(Chu et al. 2013) for PVDs installation.

3. Pilot Test

To access the efficiency of the proposed method, a pilot test was conducted at a land

reclamation site in Tianjin, China. The pilot test area covers the northeast corner of a
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land reclamation project as shown in Fig. 2. Four sides of the diamond-shaped test

area were of equal length of 40 m. The site investigations for the land reclamation site

included borehole sampling and vane shear tests that were conducted before and after

vacuum preloading. The field instruments included PWP transducers, surface

settlement plates, and multi-level settlement gauges. The layout of the instruments

and locations of the site investigation tests are shown in Fig. 2. Data were recorded at

frequent intervals during the entire consolidation process.

3.1. Subsoil conditions

The soil profile consisted of a 6.0-m-thick very soft marine clay (top layer), and an

11.0-m-thick soft marine clay layer (second layer) overlying a stiff silty clay layer

(bottom layer) as shown in Fig. 3a. The top layer (from EL 5 to -1 m) was dredged

marine clay that was placed as fill material for land reclamation. As a result,

consolidation took place in the second clay (from EL -1 to -12 m) and was still

ongoing. This will be explained more using measured pore water pressure data in

section 4.4 of this paper. The basic engineering properties of the soils are also shown

in Fig. 3. It can be seen that, except for the bottom layer, the water contents of the

soils were generally at or above the liquid limits, and the undrained shear strengths of
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the soils were very low. The proposed method was adopted to improve the

engineering properties of the two layers of soft clay.

3.2. Test procedure and instrumentations

The vacuum preloading test was conducted by following the procedure detailed in

Section 2. The PVDs (100 x 6 mm) spaced at 0.8 m in a square grid were installed 20-

m-deep into the clay. Each PVD is then connected to the horizontal vacuum pipes

using the PVD-pipe connector (Fig. 4c) and the pipe-pipe connector (Fig. 4d). A

picture of PVDs connected to horizontal vacuum pipes is shown in Fig. 4a. At the

boundaries of the vacuum preloading site, a temporary enclosed dike was constructed

using clay filled geotextile bags as shown in Fig. 4e. The ground below the dike was

reinforced using two-layer of bamboo mats and one-layer of lightweight nonwoven

geotextile (Fig. 4e). The temporary dike was 1.0-m-high, 0.5-m-wide on top and 1.5-

m-wide on the bottom. The surfaces of the temporary dikes were covered by

membranes to prevent the pumped slurry from seeping into the dikes.

The PWP transducers were installed at two locations, see PWP-1 and PWP-2 in Fig. 2.

For each location, five pieces of PWP transducers were installed into one borehole at

elevations of +3.0, 0.0, -4.0, -8.0 and -14.0 m, respectively. The vacuum pressures in
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the PVVD was measured from an additional PWP transducer inserted it into the filter of
the PVD at ground surface (EL +5 m). To prevent the soil from flowing into the PVDs,
the surface of the connecting area was sealed using geotextile. Nine settlement plates
(Fig. 2) were installed on the ground surface to measure the settlement during the
consolidation procedure. The multi-level settlement gauges were also installed at two
locations. For each location, seven pieces of multi-level settlement gauges were
installed at elevations of +4.3, +2.59, -0.45, -2.4, -6.35, -10.2 and -14.0 m,
respectively. All the monitoring data were recorded at frequent intervals during the

vacuum preloading.

After installation of the instruments, clay slurry was pumped into the reclamation site
(Fig. 4b). The slurry was mixed on the site using local marine clay. The water content
and unit weight of the mixed clay slurry were 120% and 14 kN/m?, respectively. The
thickness of the pumped slurry was approximately 0.8 m. After consolidation or
desiccation, the thickness of the clay slurry reduced. To avoid subsequent drying of
the surface of the clay slurry layer during vacuum preloading, the water was kept on
the top of the sediments as shown in Fig. 4b. The vacuum pressure was applied using

two jet pumps.
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4. Results and data analysis

4.1. Vacuum and pore water pressures

The applied vacuum pressure versus duration curve is plotted in Fig. 5a. The slightly
increase in positive pore water pressure before 8" day was caused by water level
changes due to the newly pumped clay slurry. The vacuum pressure was applied on
the 8™ day which caused the vacuum pressure in PVDs to increase. On the 37" day,
vacuum was stopped to conduct vane shear tests and soil sampling. This explained the
sudden reduction in the vacuum pressure on 37 days as shown in Fig. 5a. Conducting
vane shear tests during vacuum preloading would not have been possible if
membranes were used. The decrease in the vacuum pressures on the 76™ day (see Fig.
5a) was due to cracks occurring on the surface as a result of desiccation of the top
clay slurry layer at one area. This problem was fixed by pumping another layer of clay

slurry and subsequently the vacuum pressures were recovered.

The PWPs measured at locations PWP-1 and PWP-2 (see Fig. 2) are plotted versus
duration in Figs. 5b and 6¢, respectively. It can be seen that the vacuum pressures in
the soil could be maintained during the vacuum preloading. The cracks in the clay
slurry only influenced the PWPs in the soil up to 3.0 m deep. When another layer of

clay slurry was placed on top (on the 76" day in Fig. 5a), the cracks were sealed and
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the PWPs in soil recovered, see the PWP on the 90" day in Figs. 5b and 5c.

4.2. Ground settlement

During PVDs installation, an average settlement of 0.552 m was recorded due to the
dissipation of pore water pressure during installation procedure of the PVDs. Further
settlements were induced by vacuum preloading. The average settlements versus time
curves measured at different elevations are plotted in Fig. 6. For clarity, only four out
of the seven measured settlement curves are plotted. It can be seen that settlement
developed at every elevation down to -13.17 m (or 18.17 m below the ground
surface). This indicates that the vacuum preloading was effective for the entire soft
clay. The average ground settlements measured from the nine settlement plates is also
plotted in Fig. 6. Towards the end of the vacuum preloading, the settlement curves
show tendencies to converge. The average ground settlement due to vacuum

preloading was 1.2 m.

4.3. Degree of consolidation
The effectiveness of the vacuum preloading can be estimated using the average degree
of consolidation (DOC). One method to calculate the average DOC is using

settlement data in which DOC is defined as the ratio of present ground settlement (S;)

10
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to the ultimate primary consolidation settlement (S.). In this paper, the Asaoka’s

method (Asaoka, 1978) was adopted to estimate S. using the ground surface

settlement data (Fig. 6). Based on a plot of settlement data S, (n =1, 2, ... ) versus

S,-;, at a time interval of 4 days (t, - t..= At = 4 days), the ultimate ground

settlements for the reclamation site is estimated to be 2.082 m. The final DOC is

calculated as 85.1% as summarized in Table 1.

The DOCs can also be estimated using the 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 elevation z at a given time uy(z) and the

suction line us(z), and the area covered by the initial PWP line u;(z), and the suction

line us(2),

U -1 [[u.@)-u,@)]dz "
" u@-u,@)]d
Us(z) = yw (h - 2) — 80 )

where U,y Is average degree of consolidation, ui(z) is the initial PWP at elevation z,

Ui(z) is the PWP at elevation z and at time t, us(z) is the suction value at elevation z, h

is elevation on the ground surface and h = +5 for the site, and yy, is the unit weight of

water.

11
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The PWP distribution profiles at both locations are plotted in Fig. 7 based on the

measured PWP data as shown in Fig. 5b. The hydrostatic water pressure was

calculated based on the water level of +5 m in the reclamation site. It can be seen

from Figs. 7a and 7b that the excess water pressures in the second layer (soft marine

clay) is a sign that the soil was still undergoing consolidation. The measured PWPs at

elevation of -14 m at the initial state, such as 171kPa by PWP-1 and 174kPa by PWP-

2, are lower than the hydrostatic water pressure (190 kPa). This is because the bottom

layer, stiff silty clay (see Fig. 3a), had lower water content and higher undrained shear

strength and was likely to be overconsolidated. For this reason, some negative PWPs

might have been induced during the installation of the pore pressure transducers.

Another possible reason could be the small seepage force acting at this point. The

water level at the reclamation site was at +5 m and the average sea level was at +1.56

m. This created a seepage from the reclamation side to the seaside although the flow

was small due to the low permeability of the soil. It should be pointed out that the

average DOC is estimated based on the hydrostatic water pressure with the water

level at +5 m.

12
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Using Eq. (1), the average DOC on the 60" days are estimated as 62.68% and 59.94%
for PWP-1 and PWP-2, respectively. The DOC on the 108 days are 83.65% and
83.30% for PWP-1 and PWP-2, respectively. As an average DOC of 84.48% was
achieved within 108 days, the proposed method is just as effective as the conventional
vacuum preloading. A comparison of the DOCs measured using settlements and
PWPs is also given in Table 1. The DOCs calculated based on PWP distribution

profiles and settlement data only has difference of 2% in 108 days.

4.4. Water content and vane shear strength variations

After vacuum preloading, soil samples at different depths were taken to measure its
water contents. Fig. 8a shows the average water contents profiles at different
elevations at initial, 40" days and 120" days of the vacuum preloading. It can be seen
that the average water content of the soil in the top two layers reduced approximately
12% after vacuum preloading. However, the water contents of the soil at the bottom
layer was low and the change induced by consolidation was low too. The water
content reduced from 24.7% to 23.55% at 40 days and to 22.7% at 120 days of

consolidation.

Field vane shear tests were conducted in the site at initial, and on 40" days and 120"

days of the vacuum preloading, and the results are plotted in Fig. 8b. It can be seen

13
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that the undrained shear strengths of the soils in the top two layers after vacuum

preloading have increased 2 to 3 folds. The average undrained shear strength of the

soil in the top layer increased from 5.6 kPa to 20 kPa after vacuum preloading, and

that in the second layer increased from 14 kPa to 30 kPa. Although the change in the

water content of the bottom layer was small, the change in the undrained shear

strength was still of 65%. This phenomenon has also been observed by another

vacuum consolidation projects at similar locations in Tianjin (Yan and Chu, 2003).

5. Conclusions

A pilot test was conducted to investigate the performance of a membraneless vacuum

preloading method. In this method, the airtight condition is provided by a layer of clay

slurry covering on the top of the horizontal vacuum pipes. The prefabricated vertical

drains (PVDs) are connected directly to the horizontal vacuum pipes using the special

designed connectors. The results of the pilot test show that the proposed method

exhibits similar efficiencies to the conventional vacuum preloading method. After

vacuum preloading, the total settlement on ground surface was 1.77 m. The undrained

shear strength of the soils measured by the vane shear tests increased twofold. The

average degree of consolidation of soil at the end of vacuum preloading was 85.1%

based on the settlement data and 83.48% based on the pore-water pressure data.

14
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340
341 Table 1. Calculation of the degree of consolidation (DOC) using the measured
342  settlement and pore water pressure data

343
Based on settlement data Based on PWP data
(Asaoka, 1978) (Chu and Yan, 2005)
Spvp St=120 St=w U= Ut=30 Ut=60 Ut=120
(mm) | (mm) [ (mm) (%) (%) (%) (%)
PWP-1 39.47 62.68 83.65
572 1200 2082 85.11 PWP-2 41.85 59.94 83.30
Avg. 40.66 61.31 83.48
344

345
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351 Fig. 1 Schematic arrangements of the proposed membraneless vacuum preloading
352  method using slurry as sealing cap (a) the whole system and (b) the tubing connectors.
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360  Fig. 3 Basic soil properties at the site: (a) simplified soil profile, (b) water content w,
361  liquid limit wy, and plastic limit wp; (c) unit weight y, (d) void ratio e, and (e) vane
362  shear strength cy.
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368 Fig. 4 Method of using the proposed method in the site (a) photo of the site after
369  connecting the PVDs with horizontal vacuum pipes, (b) photo of the site after
370  pumping the slurry into the site, (c) photo of the PVVD-pipe connector, (d) photo of the
371  pipe-pipe connector, and (e) sketch of the temporary dike
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379  Fig. 5 Measured vacuum and pore water pressure versus time curves (a) vacuum
380  pressure, and total PWPs measured at (b) PWP-1 and (¢c) PWP-2
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Fig. 7 PWP profiles used for DOC calculation
measured by (a) PWP-1 and (b) PWP-2
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Fig. 8 Properties of soil after membraneless vacuum preloading (a) water content, and
(b) undrained shear strength



