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Fault for strong Earthquake name PGA PGV PGV/PGA
ground motion (g2) (cm/s) (s)
Near-Fault 1979 Imperial Valley (USA) 030g 428 0.15
Far-Fault 1979 Imperial Valley (USA) 030g 225 0.08
Near-Fault 1992 Erzincan (Turkey) 0.25g 69.6 0.28
Far-Fault 1992 Erzincan (Turkey) 0.25g 2038 0.08
Near-Fault 1999 Chi-Chi (Taiwan) 0.29g 369 0.13
Far-Fault 1999 Chi-Chi (Taiwan) 029g 214 0.08
Near-Fault 1999 Kocaeli (Turkey) 0.23g 69.7 031
Far-Fault 1999 Kocaeli (Turkey) 023g 183 0.08
Near-Fault 2010 Darfield (New Zealand) 0.27g 63.6 024
Far-Fault 2010 Darfield (New Zealand) 0.27g 20.8 0.08
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Inputs Thickness of cap t (m) 03-0.5
Peak acceleration of earthquake a g (m/s) 01-0.5
Sail's angle of friction phi (deg) 26-45
Inclination alpha (deg) 0-20
Mass of superstructure m (t) 40-120
Micropile diameter d (m) 0.25-0.45
Number of micropiles N (dimensionless) 3-5
Predominant frequency of superstructure f (Hz) 0.4-1.56
Slenderness ratio SR (dimensionless) 20-60
Spacing ratio s (dimensionless) 4-6
Relative stiffness E (dimensionless) 120-3666

Outputs Maximum shear stress s 100 (kN,’mZ) 13.04-207.2
Maximum bending stress M 1000 (kN/m?) 5.77-95.93
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Property Symbol Value
Density of Solid Particles Ps 2.65 Um’
10% finer Dy 0.30 mm
60% finer Dso 0.45 mm
minimum voids ratio Cmin 0.53
maximum voids ratio € max 0.83
Steady State Friction Angle s 33°
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[34] XS S Slasiw :(Y—O)de?

Parameters Soft Clay Medium Clay
Saturated mass density p (ton/m3) 1.30 1.50
Reference shear modulus Gr (MPa) 13 60
Reference bulk modulus Br (MPa) 65 300
Cohesion C(KPa) 18 37
Friction angle ¢ 0 0

Peak Shear Strain ymax 0.1 0.1
Pressure dependency coefficient 0 0

[44] dlails S Slascie (¥-0) Jgox

Parameters Nevada Sand
Relative density (%) 40 80
Saturated mass density p (ton/m3) 1.96 2.03
Reference shear modulus Gr (MPa) 46.2 88.4
Reference bulk modulus Br (MPa) 123.3 236
Friction angle ¢ 32 36.5
Peak Shear Strain ymax 0.1 0.1
Reference effective confining P’r (KPa) 101 101
Pressure dependency coefficient 0.5 0.5
Phase transformation angle o PT 30 26
Void Ratio 0.73 0.618

gty Dlasuiio (F-0) Jgax

Parameters  Mass Density  Poison’s ratio modulus of elasticity =~ Diameter

plkg/m3) E(GPa) D(m)

Concrete 2400 0.3 25 0.2
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[46] Femma P695- .5 3l ;50 slaaly); lasuin (0-0) Jgo=

Far-Field Record Set
ID Earthquake Recording Site Data
No. Station .
Name Year | M | PGA(g) Vs30(m/s) | Distance(km)
Imperial Valley, El Centro Array
1 USA 1979 | 6.5 0.38 411 196 13.5
2 Kocaeli, Turkey | 1999 | 7.1 0.36 Duzce 276 15.4
3 Chi-Chi, Taiwan | 1999 | 7.6 0.44 CHY101 259 15.5
. Beverly Hills -
4 Northridge, USA | 1994 | 6.7 0.52 Mulhol 356 17.2
5 Loma Prieta 1989 | 6.9 0.56 Gilroy Array#3 350 12.8
6 | Landers,USA | 1992 | 7.3 | 0.4 Yermo Fire 354 238
Station
[46] Femma P695- .5 SGop sledlJ; Slasivn (F-0) Jga=
Near-Field Record Set
1D Earthquake Recording Site Data
No. Station
Name Year | M | PGA(g) Vs30(m/s) | Distance(km)
Imperial Valley, El Centro Array
7 USA 1979 | 6.5 0.44 6 203 3.5
8 Kocaeli, Turkey | 1999 | 7.1 0.31 Yarimca 297 53
9 Chi-Chi, Taiwan | 1999 | 7.6 0.82 TCU065 306 6.7
10 | Northridge, USA | 1994 | 6.7 | 0.73 Sylmar - Olive 441 53
View
11 Loma Prieta 1989 | 6.9 0.64 Corralitos 462 3.9
12 Landers, USA 1992 | 7.3 0.79 Lucerne 685 3.7
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Inclined Micropiles | 464.11 495.96 305.98 316.72 344.19 331.33
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Record Model Oxx Txy Exx Yxy

Vertical Micropiles | 350.12 | 1409.31 | 0.0009 | 0.0305
Inclined Micropiles | 602.76 | 903.83 | 0.0034 | 0.0196
Vertical Micropiles | 337.75 | 1408.83 | 0.0009 | 0.0304
Inclined Micropiles | 603.33 | 903.93 | 0.0035 | 0.0196
Vertical Micropiles | 607.38 | 2299.33 | 0.0029 | 0.0466
Inclined Micropiles | 1186.95 | 889.55 | 0.0035 | 0.0196
Vertical Micropiles | 610.65 | 2370.45 | 0.0028 | 0.0465
Inclined Micropiles | 1183.86 | 904.48 | 0.0035 | 0.0196
Vertical Micropiles | 354.86 | 1411.89 | 0.0009 | 0.0306
Inclined Micropiles | 604.29 | 901.18 | 0.0034 | 0.0195
Vertical Micropiles | 363.25 | 1412.54 | 0.0009 | 0.0306
Inclined Micropiles | 611.89 | 904.88 | 0.0035 | 0.0196

Imperial Valley- Farfield

Imperial Valley- Nearfield

Kocaeli- Farfield

Kocaeli- Nearfield

Chi-Chi- Farfield

Chi-Chi- Nearfield
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Record Model Oxx Txy Exx Yxy

Vertical Micropiles | 519.31 | 4855.88 | 0.0015 | 0.0549
Inclined Micropiles | 291.25 | 1049.75 | 0.0003 | 0.0118
Vertical Micropiles | 545.95 | 4902.84 | 0.0015 | 0.0555
Inclined Micropiles | 322.44 | 965.92 | 0.0003 | 0.0109
Vertical Micropiles | 480.51 | 4780.72 | 0.0015 | 0.0540
Inclined Micropiles | 477.21 | 1798.8 | 0.0010 | 0.0204
Vertical Micropiles | 522.61 | 4860.07 | 0.0015 | 0.0549
Inclined Micropiles | 564.17 | 1788.53 | 0.0011 | 0.0202
Vertical Micropiles | 460.56 | 2754.92 | 0.0015 | 0.0238
Inclined Micropiles | 423.06 | 1798.58 | 0.0011 | 0.0204
Vertical Micropiles | 503.28 | 2168.93 | 0.0016 | 0.0245
Inclined Micropiles | 429.50 | 1791.73 | 0.0011 | 0.0202

Northridge -Farfield

Northridge -Nearfield

Loma Prieta - Farfield

Loma Prieta - Nearfield

Landers - Farfield

Landers - Nearfield
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Maximum Imperial Valley Kocaeli Chi-Chi
Horizontal
Displacement(m) Farfield | Nearfield | Farfield | Nearfield | Farfield | Nearfield
Vertical Micropiles 0.257 0.801 0.461 0.516 0.447 1.242
Inclined Micropiles 0.253 0.793 0.444 0.519 0.427 1.214
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Maximum Northridge Loma Prieta Landers
Horizontal
Dis pl(;iljr?lr; r?t( m) Farfield | Nearfield | Farfield | Nearfield | Farfield | Nearfield
Vertical Micropiles 0.138 0.389 0.134 0.121 0.415 0.281
Inclined Micropiles 0.189 0.428 0.128 0.122 0.419 0.274
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Maximum Imperial Valley Kocaeli Chi-Chi
Acceleration (g) Farfield | Nearfield | Farfield | Nearfield | Farfield | Nearfield
Vertical Micropiles 0.250 0.521 0.483 0.432 0.589 0.954
Inclined Micropiles 0.221 0.420 0.357 0.386 0.452 0910
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Maximum Northridge Loma Prieta Landers
Acceleration (g) Farfield | Nearfield | Farfield | Nearfield | Farfield | Nearfield
Vertical Micropiles 1.611 1.849 0.812 1.485 0.434 0.459
Inclined Micropiles 1.123 1.121 0.752 1.216 0.375 0.373
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Maximum Imperial Valley Kocaeli Chi-Chi
Shear Force(KN) Farfield | Nearfield | Farfield | Nearfield | Farfield | Nearfield

Vertical Micropiles | 718.84 809.97 838.26 890.27 851.67 988.09
Inclined Micropiles | 603.56 657.46 550.59 659.32 626.06 674.23
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Maximum Northridge Loma Prieta Landers

Shear Force(KN) Farfield | Nearfield | Farfield | Nearfield | Farfield | Nearfield
Vertical Micropiles | 627.32 789.6 512.12 585.95 585.96 568.46
Inclined Micropiles | 436.18 602.73 410.17 467.36 491.46 463.28

aA



S5 g 590 LAl Sl cod pelip ) 09,5 (Sloj azt U Judd

04t |

x/1

-0.8

Imperial Valley-1979 | “0.8 Kocaeli-1999 ChiChi-1999
Inclined Micropile-Farfield Inclined Micropile-Farfield Inclined Micropile-Farfield
Inclined Micropile-Nearfield | | e Inclined Micropile-Nearfield Inclined Micropile-Nearfield
WVertical Micropile-Farfield Vertical Micropile-Farfield WVertical l\-l!crupllc-}'_arﬁcld
Vertical Micropile-Nearfield Vertical Micropile-Neartield Vertical Micropile-Nearfield
1 R B T U S A
0 200 400 600 200 0 200 400 600 800 1000 0 200 400 600 800 1000
Shear Force(KN) Shear Force(KN) Shear Foree{KN)
0 — 0 -
{
02
0.4
El
aad| Northridge-1994 Loma Prieta-1989 08 Landers-1992
Inclined Micropile-Farfield Inclined Micropile-Farfield Inclined Micropile-Farfield
Inclined Micropile-Nearfield | | oo Inclined Micropile-Nearfield | |  ceeeeeeees Inclined Micropile-Nearfield
Vertical Micropile-Farfield Vertical Micropile-Farfield Vertical Micropile-Farfield
Vertical Micropile-Nearfield Vertical Micropile-Nearfield Vertical Micropile-Nearfield
0 200 400 600 800 200 400 600 0 200 400 600
Shear Force(KN) Shear Force(KN) Shear Force(KN)

Rl g 038 godin; Jsb o (B p 595 loges (VF-0) S
bugle o) oSl il p o) oL YL

2 lawgie g py oy S0 aedin ) Jsb olatel o phed (59,8 Dlpnki Soie (uizes
3 kb B melin, 09,5 lp e oy Alnian ol oad osle las (YV-0) S
5 B-YV) g0z 1o py oy oSl sl (27 5 RS oIy Jlsel o5 5 90 sladll;
5 Lanbogd s Suo 5 590 sloalily 1o hle 5 o3 madin) 05,5 slp (oo (o5 dnien

Lol 0dal (Y0-0) Jgoz 10 lawgie (ousy o83l gl 5,04

19



Sloj azs ;U Sl 9 go0e (53l S tpmiy Juad

pr s S S bl g @3B aaldin; 09,5 (i 595 anden (VF-0) S5

Maximum

Imperial Valley

Kocaeli

Chi-Chi

Bending Moment

Farfield | Nearfield

Farfield | Nearfield

Farfield
432.71

Nearfield
562.49

(KN-m)
Vertical Micropiles

356.14 362.21

415.25 427.77

276.82

Inclined Micropiles

262.16 273.07

360.71 359.93

270.29

Ja.w}uo‘swj

Sk o bl g 0B gy

09,5 (chad (59 Ao

(YO-0) Jsor

Maximum
Bending Moment

Northridge

Loma Prieta

Landers

Farfield | Nearfield

Farfield

Nearfield

Farfield

Nearfield
330.59

(KN-m)
Vertical Micropiles

587.04 701.48

548.16
485.49

420.95

350.08
253.56

233.19

556.73 637.24

Inclined Micropiles

409.75

600

— - 0 o
} N
b Ji
02 L 02 /A
\, f e
\ A7
Y -
4 /
Y 4
7 3 \_\' .
J: /M
ok Y
04t [/ 04 )
L/ 7
2
- -‘1/’ /'/’
El A ""
by
/
i /
06 -0.6
f
i
|
erial Valley-1979 I .
Imperial Valley-1979 08 Kocaeli-1999 08 ChiChi-1999
Inclined Micropile-Farfield Inclined Micropile-Farfield Inclined Micropile-Farfield
----------- Inclined Micropile-Nearfield o Micrond . iod Mictoni
! " Inclined Micropile-Nearfield | | e Inclined Micropile-Nearfield
Vertical Micropile-Farficld Vertical Micropile. Farfield Vertical Micropile- Farfield
Verieal Micronilereeattield Vertical Micropile-Farfiel ertical Micropile-Farfic
Vertical Micropile-Nearfield Vertical Micropile-Nearfield
To e w0 0 40 00 s0 -l 2
- N 0 200 400 500 0 200 400 600 800
Bending Moment(KN-m) Bending Moment(KN-m) Bending Moment{KN-m)
0 — - 0 e 0 Tt
7
]
02 pa -0.2
A
-
7
{
-0.4 04 L.
= P H
06 1 £ |
i ti 7}
! 4
08 Northridge-1994 08t Loma Prieta-1989 08 ’ Landers-1992
Inclined Micropile-Farfield Inclined Micropile-Farfield Inclined Micropile-Farfield
Inclined Micropile-Nearfield = | Inclined Micropile-Nearfield | |  ceeeeeeees Inclined Micropile-Nearfield
Vertical Micropile-Farfield Vertical Micropile-Farfield Vertical Micropile-Farfield
Vertical Micropile-Nearfield Vertical Micropile-Nearficld Vertical Micropile-Nearfield
-1 -1
200 400 600 0 200 400 600 ] 200 400
Bending Moment{KN-m)

Bending Moment(KN-m)

Bending Moment(KN-mj)

Jilo g @3B @oldin; Job 53 (oheS (S9y sl0ged (TV-0) S
Ly oy oS3 Les (0mal) oy sy oL (VL)



S5 g 590 LAl Sl cod pelip ) 09,5 (Sloj azt U Judd

ial )l BB 5 SIS 5o hle 5 @58 e 09,5 Slog s Gly (o) 5 ol s
gy Jlail doe 50 Sua5 5 590 Gladl )y ana Sl )0 Lded 5 (LD o jlade per3SLe ()
5 7 <06 Boc 0 (L Sy kS Lol pla o 5 39 0 oanlie (SEMS) oy oo &

ol o B T <07 Bos oy phas S Ol i

> g (S Soy At GRIBl cage JuS Seap sladl s 0,55, i oy oL o (Y
VELIN g sy o Slp TIVEY ke job 4y iol38l cpl ol oads (5B slogedyn, jo
P S Seop sy, Sl e et Glegys GRlBl Graes Wil e o5 Sl
Sl VRIYY (pies S9508 ln 9 VVIAT (:50ks pobo 0 (c2p S95 sn hbe @i 0955
2 bl aalin, 09,8 o Sles (oo g j90 Glaalil) 05,5 90 2 0 p gwy RSl o (F
So dwde e (a5 crge filo @ediy 09,5 9 Cewl e @B @edi; 095 Lol
b aedn, 09 Gl S Gon Aier Sl Cwl ol melin; 0 Shes 5 hp
o8 palin; 09,5 4 Cawd TYONAY Soop la aljly 1o 5 LYF/+ A Lawgie jsb 4y j90 sladll;
5k 4590 laalls ) hle malin) 09,5 (ln (sied oy dinden Hlade (LAl rizres el
ol @58 modiyy 09,5 Ay Cond LY /DY G035 sladly)y j0 5 VAN lavwgio

9 e oy dde GRIP czge oS Suop ladlil) 055, dhwgie ) oSl o (F
5 9 Gom Sl IIVIFY (:Slee ok 4 Galidl ol sl oal 3B slagadinn; )0 (cde>
Se05 slos,sS ) Sl 0 gedi, oy Gl Geizen adlioe (i 9 sl VYOS
o oy Sl g VIIPY oS8l jsb & (hn o Sl bl @edin, 095 0 S
L YWY O

2 le @adin 095 3es «Su35 9 590 ey 09,5 93 8 50 lawgie (ow) oSl 10 (O
So dwden lade S czge blo @odiy 095 9 Conl g oI medin; 09,5 b Ayl
b aedn; 09 Gl Shr Gop Ater Sl Cwl odd melin; S SeS g SO p
W8 aods; 09,5 4 Cand YVINY o3 sl il )0 9 UVV/FF Lawgie jobo 4 550 slaal3l;
5k 4590 laalls 5o hle melin) 09,5 (Sln (pheS Goy dnian JlaBe 18l (izres ol
el 305 gy 09,5 & s LYVIAR S35 sloalil 1o 5 VF/-A Lagic

€9 3 Sl galin; 09,5 ol 53U Cod padiy ) (g s Frly o g0 LiS (S jsbo 4 ol (P
Syfles Sgge Sl 1ol melny slag s jlake )5 (66T b (699, W) Sl g olSL

Mo&mmtafghuww)o&}bwélda})&&busmLaaé.o..w).:) o> S 96":’)'5

Vo



Sloj azs ;U Sl 9 go0e (53l S tpmiy Juad

Dolitte SISl 4 az gl poil (ehed 5 hn Gomdandi, Sy Bl 350 o 3 (Y
@ lrady ) ol Gl p oyes, cnl (AS5SU 5l Jl GBro dils se 0 S Sho5 sles S
Laldy >0 50 g abl 490 0,65, OISl alie by S0 0 cwl (Saw J1 00l J.JGA Cawd

Sei gl yo alasde b Lolas g0

S xbas G 9 T Ol oS —F-1e-d

90 ;0 1y gediypw 65518 Yoo jo S (b (5,5 9 (A5 @l ((YV-0) 9 (YP-0) Jglox

oS (Ol a5 dinden polie oz (nl )3 aedoe LiS bawgie 5 p 5 odiinsr SIS

Zooyay 095 50 SAoF g 590 13,95, slp (Vxy) b p (5,5 9 (Ex0) by (36,5 (Txy) b

Al oo qoye ey FsshS w5 polie Casl 0ad (B)15 ble g o3

Py sy Ble o S daw (13,5 9 (i aion (YP-0) oo

Record Model Oxx Txy Exx Yxy

Vertical Micropiles | 595.24 | 2795.05 | 0.0098 | 0.0368
Inclined Micropiles | 627.18 | 1389.7 | 0.0171 | 0.01069
Vertical Micropiles | 587.06 | 2846.31 | 0.0098 | 0.03728
Inclined Micropiles | 632.41 | 1366.62 | 0.0261 | 0.01051
Vertical Micropiles | 822.45 | 2730.44 | 0.0065 | 0.0561
Inclined Micropiles | 1979.98 | 1558.74 | 0.0247 | 0.0429
Vertical Micropiles | 826.05 | 2734.84 | 0.0065 | 0.0565
Inclined Micropiles | 1879.03 | 1521.09 | 0.031 | 0.0393
Vertical Micropiles | 650.66 | 2864.96 | 0.0098 | 0.03742
Inclined Micropiles | 856.48 | 1548.25 | 0.0223 | 0.0421
Vertical Micropiles | 750.95 | 2104.5 | 0.0144 | 0.03921
Inclined Micropiles | 999.75 | 1636.99 | 0.0252 | 0.049

Imperial Valley- Farfield

Imperial Valley- Nearfield

Kocaeli- Farfield

Kocaeli- Nearfield

Chi-Chi- Farfield

Chi-Chi- Nearfield
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Record Model Oxx Txy Exx Yxy

Vertical Micropiles | 450.33 | 5455.99 | 0.002 | 0.0242
Inclined Micropiles | 940.54 | 1036.39 | 0.0046 | 0.034
Vertical Micropiles | 449.02 | 5444.47 | 0.002 | 0.0241
Inclined Micropiles | 1073.21 | 1082.33 | 0.0048 | 0.0347
Vertical Micropiles | 1178.21 | 5456.2 | 0.0019 | 0.0833
Inclined Micropiles | 1778.08 | 2511 0.0057 | 0.024
Vertical Micropiles | 1248.59 | 5441.23 | 0.002 | 0.096
Inclined Micropiles | 1807.64 | 2296.49 | 0.0056 | 0.025
Vertical Micropiles | 1250.37 | 4392.28 | 0.002 | 0.0243
Inclined Micropiles | 859.46 | 2072.63 | 0.0009 | 0.0512
Vertical Micropiles | 1154.24 | 4262.41 | 0.00194 | 0.0237
Inclined Micropiles | 894.14 | 2375.83 | 0.0009 | 0.0563

Northridge -Farfield

Northridge -Nearfield

Loma Prieta - Farfield

Loma Prieta - Nearfield

Landers - Farfield

Landers - Nearfield
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ABSTRACT:

Studying the performance of micropile system as an effective and affordable method
and with high executive capability for seismic retrofitting of the site and foundation and
considering the different characteristics and effects of nearfield and farfield earthquakes
on structures, justifies the need to study the performance of micropile group under
nearfield and farfield earthquakes. In this research, by using Opensees software, a
standard model of soil-micropile-cap consists of two types of granular and cohesive soil
with elastoplastic behavior and different mechanical characteristics including loose
granular soil (Dr = 40%), dense granular soil (Dr = 80%), soft clay and medium clay
which were reinforced with two groups of vertical and inclined concrete piles with
linear elastic behavior. The system was affected by three sets of farfield and nearfield
earthquakes due to the site shear wave velocity (Vs3o).

The results of time history analysis including the responses of the micropile group
(acceleration, horizontal displacement and internal forces) and soil (surface stress and
strain) were compared and evaluated and important points for using the micropile group
in order to seismic retrofitting in areas close to epicenter and far from it were presented.
The results showed that the effect of near-fault records significantly increases the
horizontal displacement in weaker sites such as loose sandy soil and soft clay. The
increase in lateral displacement due to near earthquakes compared to far earthquakes is
125% and 124% for the vertical and inclined micropile group in the loose granular site
and 15% and 13% for the vertical and inclined micropile group in the dense granular
site, respectively. Also, the increase in lateral displacement due to near earthquakes
compared to far earthquakes is 119% and 125% for the vertical and inclined micropile
group in the soft clay site and 15% and 12% for the vertical and inclined micropile
group in the medium clay site, respectively. The results in both granular and cohesive
sites showed that the inclined micropile group showed almost the same performance in
controlling horizontal displacement and system acceleration and performed better in
controlling internal forces than the vertical micropile group. Also, the inclined micropile
group has a better effect in controlling the soil surface shear stress and shear strain,
while the performance of the vertical micropile group is better in controlling normal
stress and normal strain .

Key words:

Micropile group, Nearfield and farfield earthquakes, Time history analysis, Finite
elements, Opensees.

V&



Shahrood University of Technology

Faculty of Civil Engineering

M.Sc. Thesis in Geotechnical Engineering

Time history analysis of micropile group for farfield and nearfield
earthquakes

By:
Ehsan Mohamadi Esfahani

Supervisor:

Dr. Reza Naderi

February 2021

Y



