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Laboratory study for effects of vacuum preloading
on physical and mechanical properties of soft clayey soils
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Abstract: A new triaxial apparatus was designed and manufactured. It is able to apply surcharge and

combined vacuum-surcharge pressures on soil samples, and allows for monitoring of excess pore-water

pressure, axial strain or settlement, and volumetric strain during the process of consolidation. Tests were

performed using the apparatus on undisturbed soft clayey soil samples, which were collected from Wenzhou,

Zhejiang Province, China, at average natural water content 72. 5% . The consolidation behavior of the clay has

no rigorous difference, whether it is consolidated under the vacuum, surcharge, or combined vacuum-surcharge

preloading. The study shows that some physical properties of the soft clayey soils are changed and mechanical

properties are improved to support excessive loads transferred to the soil foundation due to construction.
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Vacuum preloading is a technique used to im-
prove the strength of soft clayey soils. The concept of
using vacuum preloading to improve the strength of
soils was first introduced in Ref. [ 1]. Vacuum pre-
loading has been applied extensively in land reclama-
tion projects with or without concurrent application of
surcharge preloading'”. The effectiveness of vacuum
preloading consolidation in eliminating excessive set-
tlement under static and dynamic loading on airport
runways was demonstrated in Ref. [3]. A successful
case study whereby vacuum preloading was used to
improve the soil strength at an oil storage station was
presented in Refs. [4 —6]; Ref. [ 7] postulated the ef-
fectiveness of using vacuum preloading in soft soil im-
provement. In vacuum preloading applications, the
surface of the ground is sealed with a membrane, and
through a vacuum pump a negative pore-water pres-
sure is generated in the sand cushion beneath the
membrane and in the installed vertical drains in the
soil. The change in the pore-water pressure produced
from applied vacuum preloading induces discharge of
the pore-water and consolidation thereby increasing
the shear strength of the soil and improving the me-
chanical properties of soil foundation. Permeability of
the soil governs such important mechanical properties
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as consolidation under loading'®'. Permeability & of in-
tact soft clays at their in-situ void ratio is a function
not only of void ratio and grain size but also of the
plasticity and fabric of the clay' . A triaxial consoli-
dation test has been conducted to describe the behav-
ior of clay subjected to consolidation pressure. The de-
formation due to pulling of water from within the soil
matrix occurs in both vertical and horizontal direc-
tions. In the case of a transient flow, water flow is
caused by a gradual change in effective stresses that
leads to a continuous rearrangement of solid particles,
thus effecting a volume change.

If the soil under vacuum consolidation or com-
bined vacuum-surcharge consolidation demonstrated
the same behavior as that of a surcharge pressure of
the same value, the design of vacuum consolidation
systems can be based on the conventional test results.
However, to do so, one must first examine the consoli-
dation behavior of soil under both vacuum and vacu-
um-surcharge preloading.

1 Test Apparatus

The following aspects are considered for the de-
sign of triaxial test apparatus: ability to apply vacuum,
surcharge, and combined vacuum-surcharge pressure
on soil sample at desirable value. The apparatus
should be able to measure the pore-water pressure, ax-
ial strain, and volume of expelled pore-water during
the test; monitoring is very important to understand the
mechanism of the vacuum preloading process. The ap-
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paratus is shown in Fig. 1. It is made of stainless
steel. A confining pressure cell over the loading frame
with a vertical surcharge load can be applied through a
hanger on the soil sample. A vacuum pressure pipe,
able to support the maximum vacuum pressure over 80
kPa, is used. A vacuum regulator is used to adjust the
required vacuum pressure and kept stable during tes-
ting. A regulator is plugged into a rubber plug fixed
on an airtight transparent glass bottle. A measured
tube is fixed inside the bottle (accuracy of 0.2 cm’)
to monitor the expelled water from the sample through
a vacuum pipe controlled by a valve, and in turn is
connected to the upper part of the soil sample. A sec-
ond pressure transducer is connected to the base of the
vacuum cell to measure the pore-water pressure at the
bottom of the soil sample. A dial gauge (accuracy of
10 wm) is mounted on a loading piston of the vacuum
cell to record the settlement. A thermometer is used to
measure the room temperature during the test period.
In the vacuum cell, there are two drainage pipes; one
is used to apply the vacuum pressure and the other to
measure the pore-water pressure. The cell can accom-
modate a soil sample 200 mm in height and 100 mm
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1—Vacuum pump (p,,.« =100 kPa) ; 2—Dial gauge and regulator

in diameter.

of the vacuum (p,,,, =100 kPa); 3—Measured tube to collect the
pore-water of soil sample; 4—Transducer to measure the pore-wa-
ter pressure of soil sample; 5—Dial gauge to measure the surround-
ing pressure; 6—Gas cylinder; 7—Dial gauge to measure settle-
ment; 8—Vacuum cell; 9—Soil sample; 10—In/outlet of water for
generating surrounding pressure; 11—Valves; 12—Airtight vacuum
bottle; 13—Stainless steel frame; 14—Stainless steel base

Fig.1 Description of the apparatus

2 Experiment

Three series of tests are conducted to examine
and evaluate the soil behavior during consolidation.
Undisturbed soil samples are used in tests after satura-
tion. Physical and mechanical properties of the soft
soil of Wenzhou, Zhejiang Province, China appear
very soft, with high water content (72.5% ), liquid
limit (67% ), plastic limit (28% ), plasticity index
(39%), specific gravity (2.72), and void ratio
(2.06). The soil can be classified as clay with high
plasticity and other properties as shown in Fig. 2.

From hydrometer test, it can be found that the soil
sample used in this study mainly consists of clay
(67.5%),silt (29% ), and sand (4% ). The grain size
distribution is shown in Fig. 3.
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Fig.3 Grain size distribution of the soft soil

2.1 Sampling

The quality of sampling is a key element in any
investigation of the behavior of natural clays. It has
been recognized in the past that common, small diam-
eter piston sampling techniques often adversely affect
the structure and the behavior of soft clay specimens.
New sampling methods have been developed to avoid
this problem, and are used in the present research. The
clays were sampled by means of a 100 mm diameter
thin tube sampler with overcoring device developed
for the specific purpose of undisturbed sampling of
soft sensitive clays.
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2.2 Sample preparation

The sample is carefully trimmed to 200 mm
height and placed in a vacuum-air chamber system to
make it saturated before test''”. Then the soil sample
is filled inside an airtight membrane between two wa-
ter-saturated porous discs, a filter paper is placed be-
tween the soil sample and the porous disc to prevent
clogging of the porous disc with fine materials during
testing. A brush is used to remove the bubbles or any
noticeable air voids, that form between the membrane
and the wall of the sample. However, it is quite possi-
ble that soil samples prepared by this method may not
be fully saturated at the beginning of testing.
2.3 Testing methods

The pipes at the base of the cell are examined
and filled with water, and the pressure transducers are
calibrated following the standard triaxial test. The cell
is filled with water, and tied very well. Then aniso-
tropic consolidation is applied, effective vertical stress
isoy=vy'hand k, = %, where k, is the coefficient of

1

earth pressure at rest for normally consolidated soil
(k, =1
stress, y' is the submerged unit weight of the soil sam-

. 11 . . .
—sing!'"), o} is the effective surrounding

ple, & is the depth of the soil sample (9 to 11 m), and
¢ is the angle of shear resistance. The piston is lubri-
cated and pushed carefully into the upper part of the
cell. After adjusting the vacuum pressure to the de-
sired value, the valve of vacuum pipe is opened. The
test is continued until the primary consolidation is
completed. This is normally determined through the
plots of excess pore-water pressure and axial strain
versus elapsed time where the end of primary consoli-
dation ( EOP) is at the lowest value of excess pore-
water pressure. During all of the tests discussed in this
paper, the room temperature is monitored and fluctua-
tions of less than 1 C are recorded.

3 Results and Discussions

With vacuum and surcharge combined, a three-
dimensional consolidation is modeled laboratorially to
study the vacuum preloading effects on soft clayey
soils in terms of the excess pore-water pressure, axial
strain and volumetric strain. The soil samples are sub-
jected to vacuum (80 kPa), surcharge (80 kPa), and
combined vacuum-surcharge pressures (40 kPa + 40
kPa). Pore-water pressure, settlement ( axial strain),
and volumetric strain have been monitored. The results
of the three series of tests are presented and discussed
in the following sections.

3.1 Excess pore-water pressure and effective stress

Excess pore-water pressures generated due to ap-
plied pressures that have been monitored. Fig. 4 pres-
ents the relationship between the excess pore-water
pressure and elapsed time. It is shown that surcharge
preloading generates a positive pore-water pressure,
which falls down to zero with time, and that vacuum
preloading generates negative pore-water pressure that
approaches the applied pressure with time. In case of
combined vacuum-surcharge preloading, the consoli-
dation starts with an excess pore-water pressure equal
to the surcharge pressure and ends with a negative
pore-water pressure equal to the applied vacuum pres-
sure. As shown in Fig. 4, the excess pore-water pres-
sures in the three cases of loading converge to the ap-
plied vacuum pressure with the end of test, indicating
that vacuum preloading is equally effective under vari-
ous surcharge pressures.
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Fig.4 Excess pore-water pressure vs. time

3.2 Settlement and volumetric strain

Soil settlement ( axial strain) and volumetric
strain with elapsed time are shown in Fig. 5 and
Fig. 6, respectively. The combination of vacuum and
surcharge preloading is more advantageous than sur-
charge or vacuum individually. The settlement induced
by the surcharge is more than that induced by the vac-
uum case (see Fig. 5), but the volumetric strain in-
duced by surcharge loading is less than that induced
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Fig.5 Axial strain vs. time
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25 can assist the consolidation with draining the
0 pore-water to the drainage paths and the vacuum can
S assist consolidation by pulling the pore-water through
% 15+ the same drainage paths. Thus the drai-nage paths may
& . Sy
E not destroy or coagulate during consolidation.
% 10F The results of tests indicate that a vacuum can be
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t/h it without shear failure.

Fig.6 Volumetric strain vs. time

by vacuum preloading (see Fig. 6). This discrepancy
may be due to the fact that the vacuum preloading is
able to generate negative pore-water pressure and gen-
tly accelerate the soil sample consolidation by vertical
and radial flow of the pore-water, but the surcharge in
the point of the microstructure of the soil may cause
deformation faster than draining the pore-water out to
the drainage paths; consequently, the drainage paths of
the soils in vertical and radial directions may be de-
stroyed or coagulated. This also means that under
combination, expelling the pore-water will be more
than each one individually. Because in the case of
combined vacuum-surcharge preloading, the surcharge

The effects of the vacuum, surcharge, and com-
bined vacuum-surcharge preloading on the physical
and mechanical properties of soft clayey soils are pres-
ented in Tab. 1 and Tab. 2. The results of the tests
show that the changes of the physical properties and
improvements of the mechanical properties due to
using vacuum preloading method in which the soft
clayey soils became stiff and compacted. The reduc-
tions in void ratio, hydraulic conductivity K, and in-
crease in dry density vy, shear strength of the soils C,
and unconfined compressive strength ¢, in case of
combined vacuum-surcharge are more than those in
the vacuum, which are more than those in the case of
surcharge.

Tab.1 Test results showing the effects of using the vacuum preloading method on the physical properties of the soil

Dry density/ Permeability/(nm-s ~!)

. Water content/ % Void ratio
Applied pressure (grem™?) BT AT
BT AT BT AT BT AT K K, K, K,
Vacuum 80 kPa 72.72  54.32 2.06 1.54 0.911 1. 466 11.62 5. 66 3.9 3.56
Surcharge 80 kPa 72.17  58.21 1.98 1.52 0.930 1.410 8.85 5.34 3.3 4.30
Vacuum 40 kPa +
72.63  51.92 2.06 1.48 0.900 1.580 11.00 3.31 1.5 0.67

Surcharge 40 kPa

Note: BT—before tests; AT—after test.

Tab.2 Test results showing the effects of using the vacuum preloading method on the mechanical properties of the soil

Applied pressure c,/(m?*-y~ ) 4u/kPa C/kPa ¢
BT AT BT AT BT AT
Vacuum 80 kPa 2.21 20. 10 39.2 11.7 26.5 20.3 24.1
Surcharge 80 kPa 2.23 23.23 47.2 10.5 26.6 19.5 21.8
Vacuum 40 kPa + Surcharge 40 kPa 2.44 19. 30 49.1 11.8 30.5 20.5 27.5

Effective stress is the main stress which affects
the consolidation process, where it can be generated
directly by adding a surcharge load or indirectly by
generating a negative pore-water pressure within soil
by using vacuum pressure, while keeping the total
stress constant'”. Fig. 7 depicts the relationship be-
tween void ratio e and vertical effective stress o.. It
can conclude that, vacuum has the capability to con-
solidate the soft soil especially with combination of
surcharge, and the behaviors of e-g! curves are quite
similar for all applied pressures, but vacuum can pro-
vide an alternative in reducing the length of the pre-

loading period for soft soil consolidation.
3.3 Permeability anisotropy

Clays are anisotropic materials. Ref. [ 13] showed
the permeability anisotropy ratio; r, = k,/k, indicates
its typical values which are in the range of 1.0 to 1. 5
for marine clays, and of 1.5 to 40 for varve clays.
Tab. 3 shows the effects of using vacuum preloading
and its combination with surcharge on r, of the soft
clayey soils, where the reduction of r, in case of sur-
charge preloading is relatively more than that in vacu-
um preloading, which is also relatively more than that
in combined vacuum - surcharge preloading . It is be
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Fig.7 Void ratio vs. vertical effective stress

Tab.3 Test results showing the effects of using the vacuum pre-
loading method on the permeability anisotropy ratio of the soil

Anisotropy ratio r,

Applied pressure

BT AT

Vacuum 80 kPa 2.05 1.10
Surcharge 80 kPa 1.66 0.77

Vacuum 40 kPa + Surcharge 40 kPa 3.32 2.24

cause the vertical strain in the surcharge case is more
than that in the vacuum preloading case. The variation
of k with the void ratio during the compression of the
soft natural clays has been investigated by Ref. [9]
and described as

e, —e

log(k) =log(k,) -~ (1)

where k is the hydraulic conductivity; k, and e, are in-
situ permeability and void ratio, respectively; C, is the
permeability change index for volumetric strain less
than 20% and C, has a direct relation with e, as in
Eq. (2) within a simple linear relation.
C,=0.5e, (2)
In this study, the application of the above two e-
quations may be valid and can be used to predict the
permeability and permeability change index in our
case of study confirming the design of the apparatus,
and its validity to design vacuum preloading projects
under the same prevailing conditions ( see Fig. 8).

2.2 -
—— ky, (surcharge 80 kPa)
20l o ky, (vacuum 80 kPa)
—o— ky ( vacuum 40 kPa +
© surcharge 40 kPa)
s 18 L —— k, (surcharge 80 kPa)
%’ ’ —= k,( vacuum 80 kPa)
= —e— k, ( vacuum 40 kPa +
16k surcharge 40 kPa)
1.4 L ! .
10-° 1076 1077 10-%

Permeability/(m*s 1)
Fig.8 Variation of horizontal and vertical permeability
(k, and k,) with void ratio

4 Conclusions

Vacuum pressure generates the same effect as
that of surcharge pressure under one-dimensional con-
solidation conditions''* . However, the lateral displace-
ment of soil is quite different between vacuum pre-
loading and surcharge preloading as reported in Refs.
[2,15].

This research studies three-dimensional consoli-
dation behavior of soft clayey soil subjected to vacu-
um, surcharge, and combined vacuum-surcharge pre-
loading. A new triaxial apparatus is introduced to ac-
commodate designated consolidation pressure. The re-
sults indicate that vacuum pressure generates different
effects from those of surcharge pressure under three-
dimensional consolidation, where the lateral displace-
ment in the case of vacuum pressure induces inward
displacement ( shrinkage) but in the case of surcharge
induces outward displacement ( bulging). Vacuum
preloading can be effectively used in combination with
surcharge loading to consolidate the normally consoli-
dated soils as indicated by this study. The conclusions
of this study are as follows.

1) The new triaxial apparatus can simulate the
consolidation behavior of the soils well. Therefore, the
apparatus can be used in the design of soil improve-
ment projects that use vacuum preloading when three-
dimensional consolidation prevails.

2) The application of Egs. (1) and (2) may be
valid and can be used with confidence to predict the
permeability property in our case of study confirming
the design of the apparatus, and its validity to design
vacuum preloading projects under the same prevailing
conditions.

3) Vacuum preloading has the ability to change
the physical and mechanical properties of soft soils
under consolidation, see Tabs. 1,2, and 3.

4) The discrepancy between vacuum and sur-
charge in terms of volumetric and axial strain may be
due to the fact that the vacuum is gently accelerated
during the consolidation by vertical and radial flow of
pore-water but the surcharge may cause deformation
faster than draining the pore-water out to the drainage
paths; consequently, the drainage paths of the soils in
the vertical and radial directions may be destroyed or
coagulated. Hence, under combination, water drainage
will be more than under each one individually, be-
cause the vacuum may assist and accelerate the sur-
charge consolidation by pulling the water out without
destroying or coagulation of the drainage paths.

5) Vacuum pressure generates identical effects
compared to surcharge pressure of the same value un-
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der three-dimensional consolidation as evidenced by
pore-water pressure, axial strain, volumetric strain, co-
efficient of vertical and horizontal consolidation due to
vertical and radial flow respectively, and hydraulic
conductivity. Consequently, the soil characteristics ob-
tained in accordance with the consolidation tests can
be used for design of soft clayey soil improvement by
vacuum preloading.
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