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Behavior Analysis on Earthquake-Induced Deformation
of Structure and Ground Considering Soil Drainage
Condition

by
Hak-Ju, Lee

Department of Civil and Environmental Engineering
Graduate School of
Korea Maritime and Ocean University

Abstract

In this study, according to drainage condition(undrained and
drained) in soil, the settlement and horizontal displacement of
caisson quay wall and apron in Youngilman port were estimated which
was occurred due to earthquake-induced excess pore water pressure with
the magnitude of 5.4 earthquake in Pohang on November 15, 2017. In
general, seismic response analysis was carried out under undrained
drainage condition, but in this study, drain drainage analysis was
conducted to estimate displacement during earthquake as well as an
additional displacement due to dissipation of excess pore water
pressure after earthquake. These results of after earthquake can not
be known under undrained drainage condition. Results clearly showed
that the behavior of structure and ground was dependent on drainage
condition in soil. Especially, based on the drained drainage

condition, the additional displacement was clearly detected due to
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dissipation of excess pore water pressure after earthquake. Which
indicates that both results are different from drainage condition in
soil, and therefore, drained condition analysis 1S necessary to
accurately estimate the behavior of ground and structure in seismic

response analysis.

KEY WORDS: Earthquake; Drainage condition; Seismic response analysis;
Dissipation; Liquefaction
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Fig. 1.2 Soil liquefaction occurred due to earthquake at Christchurch Porritt
park in 2011 (Pender, M. et al., 2012)
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Fig. 1.3 Destruction of pilotis structure due to earthquake in Pohang on
November 15, 2017 (Kim et al., 2018)

Fig. 1.4 Destruction of external wall due to earthquake in Pohang on
November 15, 2017 (Kim and Kim, 2018)
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Excess pore water pressure ratio

Time(t)
Earthquake Earthquake Dissipation
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Fig. 1.5 Variation of excess pore water pressure during earthquake
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Fig. 2.1 Schematic diagram of multi-spring shear mechanism model
(Towhata and Ishihara, 1985)
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Fig. 2.2 Schematic diagram of liquefaction front, state variable S and shear
stress ratio (Iai et al.,, 1992a, 1992b)
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sttt =3 Multi-spring model®] 849 Y€ =2 FAE F5-Y 84
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Bl Table. 2.1 Zo] Yephdt)
Table 2.1 Liquefaction parameters under undrained drainage condition
Parameter Explanation
PHIP
Phase transformation angle.
(¢p)
S1 Parameters S, w,, p, and p, to define the relationship
() between liquefaction front parameter .5 and normalized
W1
plastic shear work.
(w,)
Pl S = 1—0.6(w/wl)p1 (IF w<w,)
(py)
P2 »
Sy = (04— 8 (w,/w)”+.S, (IF w>w,)
(p,)
c1 Coefficient ¢, which is multiplied by the elastic shear work
() when plastic shear work is computed by subtracting elastic
C
1 shear work from total shear work.
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2.3.2 W=

W=z HAFst slelulEl=  Cocktail-glass models 7|2 o2 3l
multi-spring model®.t} ©f Extsly @we A4st detvleE aHsoF o)
W27 A Y43l et e Table. 2.29F #Zo] Yephdt)

Table 2.2 Liquefaction parameters under drained drainage condition

Parameter Explanation
PHIP
Phase transformation angle.
(o)
EPSCM | &m(<0) is the ultimate value of volumetric strain due to
(—&" (>0)) | contractive dilatancy.
repsdc ) }
) .4 controls contractive dilatancy.
Tede
ql and @2 that control the shape of upstroke and later parts
ql in the process of buildup of excess pore water pressure, and
(q) the corresponding increase in strain.
When S > S, (=0.8),
ro =8 1S =S )a + 10— 50/ (1-8,)
Q2 When S, <, (=0.8),
(qz) Tso = *90 B
whereSJqZ:p”/po
Reduction factor r;”” of bulk modulus A, that is used to
calculate  the  virtual reference  volumetric strain
rkpp 124 r’ : : 144
) e (=p,/(ri/ Ky) for computation of the virtual pressure p
T
that is required to calculate the liquefaction front parameter
S,

Collection @ kmou



Table 2.2 Liquefaction parameters under drained drainage condition (continued)

rk Reduction factor 7, of bulk modulus in the process from

(ry) buildup to dissipation of excess pore water pressure.
Parameter [,- that represents the confining pressure

dependence of bulk modulus in the process from buildup to
dissipation of excess pore water pressure.
K, for arbitrary mean effective confining pressure p(>0.0)
plk is calculated by the following equation in program during
(1 liquefaction analysis.

I
—
where K, and p, represent the initial values of A}, and p

at the start of liquefaction analysis, respectively.
sl The lower limit of the variable S, is .S,.

(S) S, corresponds to 5, of the multiple spring model element.
parameter cl controls lower limit of liquefaction resistance

cl curve.
() It is multiplied by the increment of virtual elastic shear strain
when the increment of virtual plastic shear strain is
calculated.
parameter ¢, controls how much influence .5 has on
q4 calculating reference strain ~,, when considering liquefaction.
(q,) The reference strain, which was given as ~, =7,,/(S/Su)

before, is calculated by v, =7,/ (S/S)" for § <8, (=1).
rrmtmp parameter -, controls the area in which the reduction

Yatmp) factor +,,, described above is set to 0.0 in tmp methods.
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Table 2.2 Liquefaction parameters under drained drainage condition (continued)

Parameter r,, that controls both contractive and dilative
dilatancy. The value is normally set to 0.2 more or less. The
parameter works so that behavior for liquefaction does not

change when reduction factor =, of bulk modulus described
repsd later is varied. It is given as inversely proportional to r,
(r,) under the condition of a constant r,,<r, in order to change

volumetric compression characteristics with no change of

liquefaction resistance curve that is obtained for the r

ed x TK

value. In the case, —¢&" shall be varied in proportion to r,,.

rr

In addition, r, " shall be set equal to r.
T, is used to scale the maximum shear strain

for calculating = described below. Because stress path can’ t

reach the intended limit line during cyclic shear under

anisotropic condition, 7 is calculated by referring to the

maximum shear strain + that is multiplied by r specified
rgamma

(r)

here in order to correct the deficiency.

Under the condition of same value of ~, 7/p is evaluated
smaller (that means stress path is deemed to approach the
failure line slowly) for r <1.0, and therefore the reduction
factor «,,, and contractive dilatancy increment 7, —are

evaluated larger.

Accordingly, stress path tends to come close to the limit line

in tmp methods and shear strain does increase.
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Table. 2.3 Wz ANA A-&5E A48 setu|E 7l FLIPCSIM 844§
oMol A e F & %
Zol BARHS AN weEEE 24T 5 Aok AW FefnE ] £
EES L R RS 8
AEHAE AAT W o Y sehulHE EFshe] Ao

Table 2.3 Liquefaction parameters under drained drainage condition

S2 20 o3

de vAEAE Yepa o

s
S

u|J

Mol wate] HEw g wZEITh 1A
aeh.

and their

effects to dynamic curve

Parameter Effect on liquefaction resistance
Liquefaction resistance becomes smaller for larger sing,.
I When r,,.sing, = const, the liquefaction resistance is almost
(b)) the same but when the shear stress ratio is large, then
P
liquefaction resistance is larger for smaller p sing, because
of the effect of the tmp method.
No effect on liquefaction resistance.
EPSCM | However, if a small value such as —&" =0.05 is specified,
(=&" (>0)) | then the shear strain reaches upper limit (hysteresis loop
closes) and the liquefaction resistance becomes larger.
repsdc Larger r,, gives smaller liquefaction resistance. 1/r,,. is in
(r.4.) proportion to number of load cycles for liquefaction.
. Larger ¢, gives smaller liquefaction resistance but the effect
q
(@) is minor. Liquefaction resistance curve tends to move in
1
parallel with respect to the logarithmic scale of load cycles.
) Larger ¢, gives larger liquefaction resistance with larger
q
() inclination. If ¢, is excessively large such as 5.0, then the
ds
effective stress path loop closes in the middle.
rkpp
., No effect on liquefaction resistance.
(rg")
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Table 2.3 Liquefaction parameters under drained drainage condition and their

effects to dynamic curve (continued)

rk
) Larger r, gives smaller liquefaction resistance.
Tk
plk Larger [, gives larger number of load cycles for liquefaction
(1 at smaller shear stress ratio.
sl
($) No effect on liquefaction resistance.
1
cl Larger ¢, gives larger lower limit of liquefaction resistance
(c)) curve.
q4 : \ : .
) Small ¢, give larger liquefaction resistance.
4y
rrmtmp
( ) No effect on liquefaction resistance.
’ymtmp
repsd Larger r,, gives smaller liquefaction resistance with larger
(r.y) inclination in the liquefaction resistance curve.
rgamma | Small r gives larger shear strain at large shear stress ratio
(r) and smaller liquefaction resistance at large stress ratio.
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Fig. 3.2 Grain-size distribution curve of sand at Youngilman (Mun, 2018)

Collection @ kmou



Table 3.1 Soil parameters for the 2-D effective stress analysis (Kim et al.,

2019)
: Internal
Unit . o Shear Bulk B
: Poisson’ s | friction Permeability
weight . modulus | modulus
Type ratio angle k
Y G K
v ¢ (m/s)
(kN/m?) ) (kPa) (kPa)
Backfill 19.0 0.25 30 9.3E+04 | 2.4E+05 1.0E-04
Sediment 19.0 0.25 30 1.2E+05 | 3.4E+05 1.0E-04
Riprap 18.0 0.3 40 1.8E+05 | 4.7E+05 1.0E-01
Caisson 23.0 0.3 - 2.5E+07* - -

*Young’ s modulus E

Table 3.2 Parameters of the excess pore water pressure generation model

(Kim et al., 2019)

Type 5 wy Y21 P G
Backfill 0.005 9.2 0.5 0.92 1.3
Sediment 0.005 23.5 0.5 0.80 1.0
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Fig. 4.2 Observed soil boiling (Kim et al., 2019)
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Fig. 4.3 Settlement of caisson (Kim et al., 2019)

Fig. 4.4 Horizontal displacement of caisson (Kim et al., 2019)
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Fig. 4.6 Acceleration measured stations during Pohang earthquake
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4.3 A<

Table 4.1 £ FX|s|4o] 283 A Folth A= FATe A
Al g AmzAL 259} aL TP FAH = o
et al.(2018)9} Shin(2003) & H=ste] AAsATh GAFTF] A5, s
FYrte] AutzAtEIA L HA s o]&IHAT ymA FL Kim et
al.2019)7F A A Fhe AMESIATH HEd S5 Y8 FLIPAT 3| oA A A
3 2]S B3] AAsAT Nx9] A9 Kim et al.(2019)0] ¢& gvr|&d T4
g B3 Nxo dgsts FHuEE Adt e o] &3

P

Nx 24 of 7FA%
T ARRSIAT AHESS YT AMEAE A A HAE 9 mygE
o] SHRZ st #e HoeS ol AT FEAAYS 45 F
THAEE 7|Eo % sto] AhEstdth. W irhEZe] A9, vt dLdwdd A
HEZALE DA o A AJF2AE ZhS o] &3kl e, Ur A F2 Kim et al.(2019)
7F AN #FS AFESEAT EFAIeE Kim et al.(2019)7F AIAIE ghe AFES)H

Aot AGA Gt A &A= FLIPSIM, FLIPCSIM 84 AlE# ol ZZ 150
A Ao R AFESI T ZolEHl= FLIPAT3| oA A
t}. Silty sand,= # % 1«] g Eolm NX|&= 15, MEE&2 576 %=

7F B gEo] 2 Z1o® AdEm Sedimentes WAIREY] E A Eo|m NX|
= 20, AIREES 3240 %= HHE Tk B4sir dAS 4 Qo doy
At
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Table 4.1 Soil parameters for the 2-D effective stress analysis

. Effective Internal
Unit Fines . o
. vertical friction
weight N content
Type stress angle
Y value rate ,
0y 10)
(kN/m?) (%)
(kN/m?) ()
*Silty sand, 19.00 15.00 5.76 31.35 30.00
*Silty sand, 19.00 15.00 5.76 121.65 30.00
Sediment 19.00 20.00 32.40 185.10 30.00
Weathered
20.60 50.00 - 194.90 33.00
rock
Riprap 18.00 50.00 - 180.00 40.00
Caisson 23.00 - - - -
Back fill 20.00 50.00 - 121.65 40.00

*Silty sand, : MHE AFol A= AEZA AHE ARHA|SF49] AHoll EA)
HE

*Silty sand, : ui

ol
el
z
=2
s

= AEd APE AN 7 AN
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Table 4.1 Soil parameters for the 2-D effective stress analysis (continued)

Shear
Shear Bulk .
wave Poisson’ s
Permeability _ modulus | modulus _
Type velocity ratio
coefficient G K
VS v
(kPa) (kPa)
(m/s)
*Silty sand, 1.00E-4 246.62 117,800 307,204 0.33
*Silty sand, 1.00E-4 246.62 117,800 307,204 0.33
Sediment 1.00E-4 271.44 142,704 372,151 0.33
Weathered
- 368.40 285,000 743,235 0.33
rock
Riprap 1.00E-1 368.40 249,029 649,429 0.33
Caisson - - - - 0.25
Back fill 1.00E-1 368.40 276,699 721,588 0.33

*Silty sand, : HE Fol e AEH AHE AQKA| st Al EA))

*Silty sand, : MHE stFol Ae HAEH AHE AWHYFE 7Hs ZHh
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44 9’33 sEv g 2%

FLIP siHZ2a8e4 239 #5839 42 s 993 seuest
et 7 stelEE AYBFEe Fobel T fESHY 28 A

3= A3 A dEWSE el goklai et al, 1992b). YulAR o2 o
A8t vl E = A E Aol FARAIEENSUSAE) AT o AAE
o},

441 vz

AT NEA G FHLFAATT glo] FLIPSIM olgb= 84 AlEdold ==&
TR A NX|, AEEs, S o83 7MY (Easy set parameter) O =
HlHj 2o Ao Hgst gefueE 24t 248 vinsEZad 49 o
33} vhetrlE &= Table 4.20] A A= o] St

Table 4.2 Liquefaction parameters of undrained drainage condition

PHIP S1 W1 P1 P2 Cl
(6,) (S) (w) (p) (py) ()
Silty sand, 28 0.005 5.592 0.5 0.918 2.301

Type

442 wj¢z4

Hlul el 5ol FLIPSIMS ZzagiolA Haie B3l 9yl shet
MEE T 5 Atk AR wezde] Asde seuEHE TE] 96
FLIPCSIMo| 2k @ AN Belold Z2ao] gt 7w e FaA st
GEEE T = glo} G4s HEEE Toby] AAAE FALGARS B
asith 2A dAR e FALEANI} 9] @B wFEANA T
45l etuEHE ol §ote] FAIHEL FASHOT FLIPCSM E2 1ol A
22 ABHNAL ANGE Fe THL 24T FHAIM0 WG S

o

AolA el axst seEE 24sAd. Fig 411

L

o

F43¢ 54 3/d(Dynamic

Collection @ kmou



curve)2 FLIPCSIMo A 4-& 4 E(Simulation N)& I &3 Axjo|th, B A
Edold Ayt AT M 23 FAdESimulation 1, Simulation 2,
Simulation 3)FNA F8g FHFH 71 ZHSHA &= Simulation 39
AlEFeld AFRE ol &ty UL FEHEHE sz Y d4E st 2
AAstatt. 2489 wlgzdoAe] A4d3st setrE = Table 4.3 A A ¥ o
ATt

025 -
—+— Dynamic curve
—u. « Simulation 1

0.2 m | — I
& Simulation 2

Simulation 3

1 10 100
Number of cycles

Fig. 4.11 Result of element simulation (CSR-N)

Table 4.3 Liquefaction parameters of drained drainage condition

PHIP EPSCM repsdc ql q2 rkpp

Type , "
(¢p) (—&" (r,4) (¢) (gy) (r")

Silty sand, 28 0.07 0.34 8 0.5 0.1
rk plk sl cl q4 rrmtmp

Type

(ry) (1) (Sp) (¢)) (g Yty

Silty sand, 0.5 2 0.005 2.4 0.5 0.5
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Time : 0.00 sec

(a) Before earthquake (time - 0Osec, scale - x10)

Time : 20.00 sec

(b) After earthquake (time- 20sec, scale - x10)
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Time : 3620.00 sec

(c) During dissipation in the apron (time- 3620sec, scale - x10)

Time : 25200.00 sec

(d) Completely dissipation in the apron (time- 25200sec, scale - X 10)

Fig. 5.1 Distribution of excess pore water pressure ratio and displacement
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