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Investigating the soil consolidation via vacuum method by using numerical analysis
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ABSTRACT: Due to increasing population and urbanization and lack of suitable land in terms of
bearing capacity, construction is performed on soft soils, especially clays with low bearing capacity
and excessive conventional settling characteristics. In these types of saturated soils, the construction of
structures, such as large buildings, will release pore water pressure and therefore create a consolidation.
One of the ways to reduce consolidation to the permissible amount specified in the regulations is to use
a preload method that will require soil and embarkment operations and ultimately, necessity the removal
of those embarkments. Vacuum combined with vertical drainage is an effective way to reduce the
number of soil operations and associated costs, which in other words will accelerate the construction of
structures and reduce costs. In this study, the effect of several parameters on the amount of consolidation
was investigated by simulating soil consolidation via using the COMSOL Multiphysics and GeoStudio
software. Based on the results, it was found that increasing vacuum intensity in vacuum chambers,
increasing soil void ratio, and increasing bedrock depth, each of them accelerated the consolidation
process. However, the number of vacuum terminals does not have a significant impact on this process.
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1- Introduction

Considering the various simplistic assumptions used in
the extraction of the differential equation of the consensus of
consolidation, in recent years, many researchers have worked
on the real conditions of soil layers, their type of loading, and
their effect on consolidation. Chai et al., in 2005, proposed
a semi-experimental method for calculating the settlement
and displacement at the end of soil consolidation caused by
vacuum pressure [1]. Also, Chai et al. in 2008 introduced two
ways to apply vacuum to the soil [2]. Following Chai et al.
in 2010 proposed the method for calculating the time on the
edge of the vacuumed region [3].

In the pre-loading method with a vacuum, the surface of
the soil is covered with an airborne layer, and the negative
pressure (via the vacuum pump) applies to the section below
this coating. To distribute and spread the vacuum, drain wells
and horizontal layers are used under the airborne layer. At the
same time, the drainage and pumping system will drain water
and reduce the degree of saturation of the soil. The drainage
wells of each section are connected to a vacuum pump. If
they consider several sections simultaneously, drainage wells
of these sectors are linked to several drain pumps using
flexible pipes. This enhances simultaneous improvement but
increases the installation time and the launch will increase

[4].
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In this research, soil consolidation operations were
simulated by creating a vacuum in soil by numerical software
to investigate the effect of different parameters such as depth
of bedrock, vacuum pressure, soil poison ratio, and vacuum
distance interval on the consolidation process. The analysis
carried out in this research was first accepted by the Comsol
numerical simulation software.

2- Methodology

COMSOL Multiphysics Software [5] is a complete
simulation set that can analyze differential equations of
nonlinear systems by minor derivatives by finite element
spaces in one, two and 3D spaces. In this research, simulations
were performed by this software in a two-dimensional space
and then simulated in Geostudio software [6], and verification
was performed.

In choosing the soil profile information of Chai et al. in
2005 [1], which was a case study at the oil storage station in
the Tianjin region, was used according to Table 1.

To investigate the effect of vacuum intensity on the
amount of soil consolidation, the relative vacuum effect on
soil in each simulation 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1- and 2-
atmospheres are considered.

For simulations at this stage, 4 variables for soil void ratio
and 3 depths of bedrock depth are considered.
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Table 1. Soil characteristics for the consolidation area

Parameter Amount Unit
Yang Modules 60 ¢6 Pa
Poisson Ratio 0.3 -

Density 1900 kg/m3
Cohesion 14 kPa
Friction Angle 35 Deg
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Fig. 1. Diagram of vacuum settlement by changing the relative vacuum pressure, bedrock depth, and soil void ratio

To further investigate, the effect of soil void ratio was
evaluated to study the effect of this method in different
geographic regions in terms of soil.

To investigate the impact of the number of vacuum
terminals in the soil, the number of these terminals is changed
from one to ten.

3- Results and conclusion

Figure 1 shows a summary of the results. Based on this,
the general results of this research can be summarized as
follows:

1- As the amount of vacuum pressure increases, with
decreasing the pore water pressure, the overhead pressure
increases at the same time, and therefore the consolidation
settlement increases with a linear trend (according to Figure
1).

2- With increasing the void ratio of the soil, the amount of
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soil settlement has also increased the amount of this change
depending on the parameters and characteristics of the soil,
including the depth of the bedrock and the relative vacuum
pressure applied.

3- With increasing the depth of the bedrock and the relative
pressure of the vacuum in the soil, the effect of void ratio
increases. In the proportion of more void ratio, the rate of
settlement is increased. In other words, the change in internal
stresses in more porous soils is much greater and therefore
causes much more settlement.

4- With the increasing depth of the bedrock, the amount
of soil subsidence also increases. As the effect of the applied
vacuum decreases in distant places, the effect of the applied
vacuum will decrease with increasing the depth of the
bedrock.

5- With other soil characteristics and applied vacuum being
constant, changing the number of vacuum terminals has had a
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negligible effect on effect on the amount of settlement. After
giving enough time to the simulation system, the vacuum in
the soil will expand to a certain extent in the whole range and
the number of these terminals will only increase the speed
of the result and will practically have no effect on the final
settling rate.
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Fig. 1. Overview of soil consolidation by vacuum method [18]
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Fig. 13. Diagram of the average displacement of the desired surface due to the vacuum in the void ratio of 0.25,
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Fig. 14. Diagram of the average displacement of the desired surface due to the vacuum in the void ratio of 0.45 at
the bedrock depth of 20 m and relative pressures of 0.5 atm in the number of different vacuum terminals

S5 a0
SRy 9 o5 b bl b gldl ) s
Oliee o el pl p ail o Byleite w3l iy S
ool ghyls laoyas )3 9390 Ol 19,5 2,6 Goub 5l cosSos Cond
o9y ) sl Cants pl GEalS sahg, (o il Slojuy
" JguaolS” (gl 35l 5 5 3l byl i 5 A5l oo eV
e bl sl pSU g 485 )18 (pwyp 3)90 M lags @S5S )
5 S 555 o M sloyglS 3l o Jlasl M5 s ol
2 wdd Jlel M ogad ) Casl 01538 o i S Bos
o Dge Az b Al ¥ sl 4 iagh gl S (sl
10 S5 53 bl e g 1osloges 345 4 dags b (sl a8 S 15

o) IS s bl gl 5t ol 0 423l les 4 gl ) slaods

1 COMSOL Multiphysics

Yvoo

ool dlawly 4 wuSo8 liae jd M gladibl slasd W36 wyp =Y -
S s
i «SB 0 M Jloel sl yglS dlawi yuiie wyp slinly 5o
aan Mo VY IS gillas g 00l yuss 00 220 U SS l) aaslly ol
o) i (Jlos! M5 g SB ladasetio plu g ol b a5 13,8
dor el lgss Cands Gl g wgale £yl bels dlaws
Olej o1 5l &5 w8l ol el nl (g 5l ol slaciils
S 55 008 e (e 4 S BB M (giludind s 4 (S
o Juols sy s bl cpl slaws g Col dalgs 1S 6dga50e
381535 g et ion 1 (5555 Mos 9 2905 0ls iy | don
@) by rl 09 )8 9 o9 (des dje Slgioe yal )il

sy (Ko Sl



YYOA 5 YVYYQ dxbo MY+ ) JL-J A% b)l.e..f') OHY 0,9 ‘)..S)..ol ul)o.c (eWARR 4;).-“)

2500
[atm] 2ed &34
m-2
2000 o |
=0
0.1

m0.2

[mm] - R
[
174
=

=03

bl l

UJSMJ\JyS

12,025 12,045 12,065 12,085 20,025 20,045 20,0.65 20,085 28,025 28,045 28,065 28,085
l.l...,,. ’[m] - ; (& -

A S 5SS Comd g g S B0 ¢ o M HLiS g1 ol )by pudtd U oWE g & Canndlis (IS 5113505 .Y 0 JSUS

Fig. 15. Diagrams of vacuum settlement by changing the relative vacuum pressure, bedrock depth, and soil
void ratio parameters

Mo Gl 38 S cants Glie pie Siw Gos 13 LY
256 33,5 o yieS Cawdygs bli 3 Jlael M 156 45 bl a8 e
W Aled 1aS ity K Bes 0]581 L Jlasl M5
oy b SB M el slaoyglS sl 180 jogads 30
L oS €85 ai Glgice (0oys yie Vr) ol adys L5 )5 olel &
byl Slasi s (Jlas! M 5 S eladaseio plo o9 cob
Jols slaciily p dles 5l ol Al Cands e g wsele U
s & B Gloj (bl am & ailoe cnl el oyt ]
O S 03945 JS' 53 0 (pme (e 4y S B S ((giluaud
sd 1y dont 0l ol ey s bl cpl sliss g <l dals

Cably aalezs oled Gt (lixe 1 (5550 Mas g D903 Jalgs

g0 AN 5 Oygo 4 Glgi oo |y B

i gals e SB oy osd Jlesl M e Liol53] L)
b 2S00 o 1 g b oo l381 )l (69505 )33 (lojons slo i
b ol (V0 S5 illas) (ad sy,

il aal3dl 35 SB ot sme S 5SS Capnd )33l LY
s des I S sladasuie 9 Lfo)la‘)li A s L').)“ ol 9 Q‘)’.:.a 9
ol Ay 00 Jlog! a5 ME i Cpaitrod 5y S

e 56 SB 3 oM s i g s K Gas a3l LY
S JHIZS Cannd )3 (i 9390 g0 Yl S0 i O g0 4 JoI5T
S s (Gile & Adloe yidin S cpl GRIEI Oliee i
wl).oduwww|JJ50.>9;)IMJ)LM)JJ>JML§LQ&I>)D‘_,’.:9)D
Do yioS oSS L duslie )3 6yl

Yvor



YYOA B YV¥R ais 0¥+ ) Jlo Y o)lous F 0,93 S sl (3lpos swigen 4 s

deformation.
Geotextiles and Geomembranes, 28(6), (2010) 525-535.

[12] Kosaka T, KawaidaM, Yamada K and ToyotaM., 10
meters of ground settlement behaviors induced by

vacuum consolidation and

high embankment highway construction. Proceedings of the
46th Annual Meeting of Japanese Geotechnical Society,
Kobe, Japan, (2010)

pp. 853—854 (in Japanese).

[13] Chai JC, Ong CY, Carter JP and Bergado DT., Lateral
displacement under combined vacuum pressure and

embankment loading.
Ge’otechnique 63(10), (2010) 842-856

[14] Indraratna, B., Recent advances in the application
of vertical drains and vacuum preloading in soft soil

stabilisation, (2010).

[15] Kargar, S., Moosavi, A. Bidirectional water transport
through non-straight carbon nanotubes, J. Mol. Liq. 276
(2019) 39-46.

[16] Rujikiatkamjorn, C., Indraratna, B., Chu, J. 2D and 3D
numerical modeling of combined surcharge and vacuum

preloading with
vertical drains, Int. J. Geomech. 8 (2008) 144—156.

[17] Reihani, A., Soleimani, A., Kargar, S., Sundararaghavan,
V., Ramazani, A. Graphyne Nanotubes: Materials with

Ultralow Phonon

Mean Free Path and Strong Optical Phonon Scattering for
Thermoelectric Applications, J. Phys. Chem. C. 122
(2018) 22688-22698.

[18] Dam, L.T.K, Sandanbata, I and Kimura, M., Vacuum
Consolidation Method-Worldwide Practice and the

Latest Improvement in
Japan (2006)

[19] Walker, R., Indraratna, B. Consolidation analysis of a
stratified soil with vertical and horizontal drainage using

the spectral method,

yvyoy

&be
[1] Masse, F., et al., Vacuum Consolidation -A Review of 12

Years of Successful Development, (2001)

[2] Schiffman, R.L. Consolidation of soil under time-
dependant loading and varying permeability, in: Highw.
Res. Board Proc., 1958.

[3] Wilson, N.E., Elgohary, M.M. Consolidation of soils
under cyclic loading, Can. Geotech. J. 11 (1974) 420-
423.

[4] Alonso, E.E., Krizek, R.J. Randomness of settlement rate
under stochastic load, ASCE J Eng Mech Div. 100 (1974)
1211-1226.

[5] Olson, R.E. Consolidation under time-dependent loading,
J. Geotech. Eng. Div. 103 (1977) 55-60.

[6] Baligh, M.M., Levadoux, J.N. Consolidation theory for

cyclic loading, J. Geotech. Eng. Div. 104 (1978) 415—
431.

[7]1 Ying-chun, Z., Kang-he, X., Xi-bin, L. Nonlinear
analysis of consolidation with variable compressibility
and permeability, J. Zhejiang

Univ. A. 6 (2005) 181-187.

[8] Chai, J.-C., Carter, J.P. and Hayahsi, S. Ground
deformation induced by vacuum consolidation. Journal

of Geotechnical and

Geoenvironmental Engineering, ASCE, 131(12), (2005)
1552-1561.

[9] Chai, J.-C., Miura, N. and Bergado, D. T. Preloading
clayey deposit by vacuum pressure with cap-drain:

Analyses versus

performance. Geotextiles and Geomembranes, 26(3), (2008)
220-230.

[10] Toufigh, M.M., Ouria, A. Consolidation of inelastic
clays under rectangular cyclic loading, Soil Dyn. Earthq.
Eng. 29 (2009) 356—

363.

[11] Chai, J.-C., Hong, Z.-S. and Shen, S.-L. Vacuum-drain

consolidation induced pressure distribution and ground



YVOA B YVFA docio VF) Jlo &Y 0,loud OF 095 ¢S ool (ol pos susio 4y

Consolidation at Port of Brisbane. Journal of Geotechnical

and Geoenvironmental Engineering, ASCE, 137(5),
(2011) 550-554.

[22] “COMSOL Modeling Software”. COMSOL.com.
Comsol, Inc. Retrieved 20 November 2015.

[23] GEO-SLOPE International Ltd, GeoStudio 2007 Add-
Ins Programming Guide and Reference[M]. 2007.

(2009).

[20] Mohamedelhassan, E., Shang, JQ., Vacuum and
surcharge combined one-dimensional consolidation of

clay soils, Canadian
Geotechnical Journal 39 (5), (2002) 1126-1138

[21] Indratna, B., Rujikiatkamjorn, C., Ameratunga, J.
and Boyle, P., Performance and Prediction of Vacuum

Combined Surcharge

DOI: 10.22060/ceej.2022.18264.6812

M. Karimi, M. Yazdi, A. Ali Zad, Investigating the soil consolidation via vacuum method by
using numerical analysis , Amirkabir J. Civil Eng., 54(7) (2022) 2739-2758.

o0 gl ] el 4 digS

YYOA



