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An Assessment of the Loading Efficiency on the
Process of Consolidation in Unsaturated Soils
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ABSTRACT

Due to the uneven distribution of water resources during wet and dry seasons in
Taiwan, the extraction of groundwater has become one of the most rapid and convenient
supply options. In addition, the lack of a concept for national land conservation has led
to overpumping of groundwater, thus causing land subsidence. In recent years, because
of the development of the transport infrastructure, the impact of the loading of surface
structures on land subsidence regions has become a crucial issue. The Taiwan High
Speed Rail Corporation has been monitoring the vertical displacement of the railroad pier
every year since 2003. The latest monitoring results show that land subsidence in
Changhua and Yunlin counties is respectively around 3 to 5 centimeters every year, which
threatens the safety of the high speed rail. Thus, it remains a necessity to develop a
rational approach to solving these engineering problems based on theoretical analysis.
To date, the most widely-used theories of consolidation are those of Terzaghi (1925) and
Biot (1941). However, these two theories are different in many aspects, especially in
terms of developing initial pore fluid pressure. In the current study, we apply the
consolidation theory of poroelasticity developed by Lo ef al. (2014) to illustrate the effect
of loading efficiency on one-dimensional consolidation in unsaturated soils. Based on
Lo et al. (2014), closed-form analytical solutions describing the excess pore air and water
pressures along with the total settlement in response to time-invariant external loading
under three boundary drainage conditions are formulated by employing the Laplace
transform. In Terzaghi’s (1943) theory, at the instant the external loading is applied, it is
assumed to be sustained entirely by pore fluid, while in Biot’s (1941) theory, the external
loading is partially sustained by pore fluid according to loading efficiency.

As illustrated through the use of samples, three initial water saturations (i.e., 0.7, 0.8,
and 0.9) with respect to various elapsed time periods (i.e., 1 min, 1 hr, and 1 day) are
selected for (i.e., clay) soils. Our numerical results show that, in the early stage of
consolidation (T = 1 min), excess pore water pressure with loading efficiency is well
represented and is less than that by ignoring loading efficiency. For a longer elapsed
time (T = 1 day), the differences between excess pore water pressures induced with or
without loading efficiency included are quite small. We also demonstrate that the total
settlement is significantly different between these situations in the early stage of
consolidation. As the process of consolidation undergoes one day, the total settlement
achieves the same magnitude with respect to these two situations. Thus, in the early
stage of soil consolidation, if loading efficiency is not well represented, initial total

settlement will be underestimated.

Keywords:  Consolidation theory of poroelasticity, Unsaturated soils, Loading efficiency,

Total settlement.
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b (@ + e + ) @09

/ﬂ\:qj Dy, ~ Dy, > D3,,)5_2 Dy, %EU&DTF‘E% :

D, =w .................................................................................................................. (41.1)

D, =% i e (41.2)

D, = e ) e (41.3)

D = ettt (41.4)
(KIEE - (33)= 5 Ry (36)=AI(39)z0Z Al -
P, =(4, +B,,)exp(—a,,t) +(4,, + B,,)exp(—a,,t) + By, cos(wt) + B, SIN(@t) .....ccoeerveuennec. (42.1)

Dy, (1) = (4, + By, ) exp(—a,,t) + (4,, + B,,)exp(—a,,t) + B,, cos(at) + By, sin(@t) ........c.cocuuee. (42.2)

HH g E B EEEHE () =—p))FF * pi) B paz) 3BT RFTR -

p(z,t)= il’m(f) cos(4,z) = Z[Aln exp(—a,,t)+ A, exp(—t,,1)1C0S(A,2) wevvevveineiieiniecnennn (43.1)
(D)= 3 P (1)cos(A,2) = 3 [ Ay, exp(—cty 1) + Ay, eXP(—ty ]COS(A,Z) roovrrrrrrerrrsserssrreoe (43.2)

HAYIPE R (U PR -

cos( ) e

= N g P (1) +15 Z COS("”)—;n(r) ........................................ (44)

s(t) =~

Z:

n

4)2

(K+G
3

BB () = —p' cos (;j)ﬂ% s DB paet) S BT R -
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A@ﬁ=2ﬁﬁNWAﬂ

= i [(4, +B,,)exp(—a,,t) +(4,, + B,,)exp(—a,,t) + B, cos(at) + By, sin(at)]cos(4,z)
n=0

pa(zit) = ioﬁz,,mcosu,,z)

= i [(4;, + B;,)exp(—a,,t) + (4,, + B,,)exp(—a,,t) + B,, cos(at) + By, sin(awt)]cos(4,z)
n=0

HEDIbER s(Oal TR

A p hcos’ (—j .
s(t):—ja—wdz: 2 +rlzcos(n7r)_
0 Oz

(Kb + %G] n=0 l"

= - HERE

3.1 fRIKHAHR
B ARSI L& 5 R EREATIRGE - 1 iR
JKEEE SR ERIRE T b, BARASEERIES S, &
FIRIBASRIE © ATHSEIE LA van Genuchten (1980)
AR N FAHE K Bl 5k 7 B e BRI B2 I B
£ BoR i ER 2K
0,-0,
o-o

Hefh, =p. [(p,g) 5 S5 Rl MET RS AR
& b 7 SRR Lo er al. (2005)83% S, = S¢ >

O, BIRTHTRASRERE &~ 0 e 0 A iR T
HEEEFIRERE S BRI R R s 7

[+ (xh)'T" =S5

mFln EREEZH > Hm=1-1/n » 52
iR EHERSE]
1 -1
ds,

22 sy sy
APy, X

32 KNBEERH

FORIG K T B ok B2 B 7 3 i i R
7K Hif#(van Genuchten, 1980)Ed Burdine (1953)5z
Mualem (1976)8E & MEFLER A /N it =iz Rk

..(45.1)
..(45.2)

e, cos(nr) _
pln(t)—i-rz;) o Don (@) e (46)

WS A o BRI - SRR B IR
EJERVIGEENIEESRESHA N S PP T & = A1

ko (S,) = (1-8,)" [1 (s, Tm ............ (49.1)

e {1 Li-sor ] }

ot Iy Bz ko 73 R R M RS BRI M T A
ZAHEREE R s n BB ES Y -

M~ FEREETR

ARWFFELARE L (clay) R B - R $5E L 8 S 1 e
N E R B E - R A R RIAA /K AR
JEE B A6 5 g o B SR IR o SR TR R FLB 7K R e
MapibeE ML - BRI R FLBA /K R B - R
JFEE A8 {1 ) B AT B R B R A ] o s SR 2L
e v e

1 218 3 BFi HAEEEHRE T - SRS
BRI MR R FLBR 7K R BE 1 S R b
» H 2 =M EWIAETRIEE (0.7 » 0.8 52 0.9)
ZAER - WA AR FRRERE (1 minute, 1 hour
e 1 day) » 8 FUEA R BRI R K g BLA SR
el R R B U T AN B K (L HEAGE SR
4 FoRh L EEERE NS R ENCRR 2
HaY b R B B LR AR - 28 =FE AR
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- with loading efficiency
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0 L
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Time (hr)
(¢) w=0.01 (Hz), S, =

0.9

-=-with loading efficiency
-=-without loadmg efficiency

Time (hr)
(d) @ =0.001 (Hz), S, =0.9

7 BIERBHET  F£:2-05 BESEBHEVXRFEEIELLKEBEFBELE(S, =0.9)

100
< 80
E 60 |
£ 2
0
Time (hr)
B8 ¥ IAEETEHET BESEHENRE &
AEREMNE NRIEENES D L EFRHE

L8 -
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The difference value

& 9

—14—

o

I

o

g

o

e

o

I

e

8 Sp=0.7
2 i ! ! o w=0(H)
Py = — [ [ [ '|-e-w=0.1 (Hz)
| @=0.01 (Hz)
4l [ (I 1]-©- 0 =0.001 (Hz)
it | |
0
S,=0.8
8q ; ; — :
! ! e =0 (Hz)
6 [ [ R |- w=0.1(Hz)
| =001 (Hz)
4 . N |- =0.001 (Hz)
2R - P RRRSEESSEE oo oo
0 | |
0 1 2 3 4 5 6
Time(hr)
S,=0.9
8 12 T T T
! ! ! = w=0(Hz)
6 R [ A |-~ =0.1 (Hz)
1 1 e w=0.01 (Hz)
4 i e =0.001 (Hz)
e, O S — e ]
0 | |
0 1 2 3 4 5 6
Time(hr)
HIARARRCESEHEN " £2=05"8

BRERHERXRFER
EARFRIEMEE o

RILBRKEAEER



©=0.01 (Hz) 0015
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4.1 FEFTREBRTHET Z21EH

PR SRV - [ 1 28 3 RE A
[ e B TS A SRR A e 1 S SR A Fy 7K Jig B
KSR 5 R i BT AN E K (L HEKE
5 » 5 h8 A R E ORI o SR R ALK A £
gErhryEM b T VB A EWIGEERIE Ry 0.7
0.8 8¢ 0.9 » & THERREYIIH(T = | min) * HHE

K1 TIEMBIBH
e | &g £N HT "
P N S A R T T A P R A
so3n| 7(my | TR BRLE T T ey | 2O
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XD
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AHHR IR : Rawls et al. (1992)
K2 BRAZEESH
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B 2 Ry (& A 7 ) p* 0.1 MPa
T RERE h Im
2] 5% Rk 2 SRR K, 35 GPa
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FHAR Lo et al. (2007)
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