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Behavior of piles under cyclic horizontal loading

Results of Hettler (1981) Results of Peralta & Achmus (2010)
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- General empirical approach desired
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Accumulation model of LeBlanc (2010)
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Model tests reported in literature - Overview

Table 1: Overview of models for cyclic displacement or rotation accumulation resulting from lateral cyclic loading

Reference Model Test type Load cycles  Pile-soil-system Model parameters
Peralta yu =¥ N 1g 10.000 D=6cm Rigid piles: ap = 0.12
(2010) V=¥ (1+t;-InN) 13 static L/D=333833 Flexible piles: tp = 0.21
21 cyclic h =240 mm = const.
D;=0.45 & 0.65
LeBlancet 6y =6, (1+ Ty Turg- 1 7400~  D=Scm a2 = 031 * 1g and ng model tests
al (2010)  yasis) 6 static 65.370 L/D =4.5 = const. Ty18(lp, D = 0.38) = 0.414 {;, — 0.023 *
15 eyelic WD =538 = const. Ty15(0p, Dy = 0.04) = 0.303 {,, — 0.044 . .
D =004&038 g (r)_aztibeiiciiidl e « Different accumulation models
Klinkvort v, = y, - NToxasTeras Centrifige  250-10.000 D=28cm&40em  Typep(f,) = 0614, — 0.013 W|th d ”-fe rent resu ItS
& Hededal 5 static L/D =6 =const. Texan(fe) = ({ +0.63) ({.— 1) ({, — 1.64)
(2013) 12 cyclic WD =15= const.
D:=079-09 » Effects of different parameters
Lietal Yy =¥y NL Field tests 3.173-5017 D=34cm @y, = 0.085
(2015) Yu=Vy- [-1 i, -]nN) 2 static L/D = 6.47 = const. ty, = 0.125 nOt Clear
Gy =6, N6L 2 cyclic WD =1.18 = const. gy = 0.060
Gy =6, (1+1tg,-InN) D:=10 te, = 0.080
Truong et vy = yp - N Centrifuge  50-1.500 D=1lcm&4cm @,y =(0.3-022D.)[12 (1—-.%) (1-0.32)]
al. (2019) 3 static LD=114&6
14 cyclic WD=2&3
D;=057-095
Lietal yn = yy - NToLTel Centrifuge  42-153 D=18ecm Ty, (p) = 0.07335
(2020) 2 static L/D =5 = const. T.1(Z. D, = 0.8) = —1.707({. + 0.31)* + 0.949
18 cyelic D=8 T,.({D, = 0.5) = —1.14(J, + 0.323)% + 1.263

D:=05&D:=038

*Ty and T, functions fitted based on the graphical representations given in LeBlanc et al. (2010)
** Polynomial factors for the determination of: T (o= -0.3): a=11333;: b=28856;c=23888:d=73.48:e=994
Te(fc=-03):a=3.06:b=-6.50;c=522;d=-276;e=099

Taken from Frick & Achmus (2022)
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1g model tests at IGtH/University of Hannover
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Test equipment and features:
¢ Aluminium model pile D = 50 mm, t = 3.2 mm - almost rigid
« Two different silica sands: fine to medium sand (F34)
coarse sand (S40T)
-> placed by air pluviation, D, = 0.4 & 0.6
» Actuator for monotonic and cyclic loading, high precision load cell
« 2 laser distance transducers + magneto-inductive displacement transducer
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Tests with monotonic loading

System | Sandtype | L/D | Rel. Density D, Load eccentricity
1 F34 8 0.4 WL iﬂ-ﬁfﬂ-g /1.0 « Variation of sand type, L/D, rel. density
2 F34 8 0.6 VL = 1.0
3 F34 6 0.4 WL=08/1.0/12 2 5 systems .
4 S40T g 0.4 WL =1.0  Variation of load eccentricity (systems 1 and 3)
5 S40T 8 0.6 hL=1.0
Load-displacement curves
06 System 1: ==Z=ZZ= 06 System 3: .
Sand: F34 T T el Sand: F34
—_ D, =04 o WL=10 —_ WL=038
S04 =0 em s ] = =04 ] . :
R =l AR B = " TS » Good reproducibility confirmed by
ot AT = = e S
= 021 ! = 02 RIS repeated tests
Test results Test results —— Test results
— — Extrapolation L =40 cm |— — Extrapolation — — Extrapolation
T T T T 0 +rrrrrrrrrrrrrr e .
AN A 0 01 02 03 04 05 AN LA » Extrapolation of the measured curves acc.
e v L to Manoliu
0.6 0.6
Sants SAVT ] Send: saer > H,, taken as the asymptotic value
SYPE B =04 e determined by Manoliu extrapolation
= = 1 _ o AT hi' gl 9 _ /
= It = ] - G = Hmax/Hut
EO.Z— === ‘:‘:0.2-_
—— Test results ] Test results
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Cyclic tests — Programme and results

Pile-soil system description Load description
System  Test D L/D  Soil Dy | R/L G [ N

] series [mm|] [ [ [ | 1] 1] [1] [

1 1 50 3 F34 04 | 0.6 0.35 —0.75/—0.50/—0.25/0,00/0.25/1.00 2500
1 2 50 8 F34 0.4 | 0.8 0.35 —0.75/—0.50/—0.25/0,00/0.25/1.00 2500
1 3 50 8 F34 0.4 | 1.0 0.5 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
1 4 50 8 F34 04 | 1.0 025 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
1 5 50 8 F34 04 | 1.0 035 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
2 6 50 8 F34 0.6 | 1.0 0.15 —0.75/—0.50/—0.25/0,00/0.25/1.00 2500
2 7 50 8 F34 0.6 | 1.0 0.25 —0.75/—0.50/—0.25/0,00/0.25/1.00 2500
2 3 50 3 F34 0.6 | 1.0 035 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
3 9 50 6 F34 0.4 | 0.8 0.20 70.75/70.50/70.25/0,00/0.25/1.00 2500
3 10 50 6 F34 04 | 0.8 0.35 70.75/70.50/70.25/0,00/0.25/1.00 2500
3 11 50 6 F34 0.4 | 1.0 0.35 —0.75/—0.50/—0.25/0,00/0.25/1.00 2500
3 12 50 6 F34 04 | 1.2 0.35 —0.75/—0.50/—0.25/0,00/0.25/1.00 2500
4 13 50 8 S40T 0.4 | 1.0 0.15 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
4 14 50 8 S40T 0.4 | 1.0 0.25 70.75/70.50/70.25/0,00/0.25/1.00 2500
4 15 50 8 S40T 04 | 1.0 035 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
5 16 50 3 S40T 0.6 | 1.0 0.15 70.75/70.50/70.25/0.UU/U.ZE)/I.U(J 2500
5 17 50 8 S40T 0.6 | 1.0 025 -0.75/-0.50/-0.25/0.00/0.25/1.00 2500
D 18 50 3 S40T 0.6 1.0 0.35 70.75/70.50/70.25/0.00/0,25/1.0[} 2500

90 cyclic test (N = 2,500) and 18 monotonic tests
Development of pile head displacement with cycle number
for varying (.- and {_-values
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Model approach

yv = y1 N
ady = ay({c =0) - f((c)

f(C.)=1—1.4844-(, - 0.1568 - {.* + 2.4055 - {.°
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Results of the model tests with {_ =0

yn = y1 N

Model test results Comparison with other test results
0.16 3
0.2 g 0.14 E Peralta (2010):
] 0.12 3 - o 7' =14.9 - 15.5 kN/m*
_ 0154 i - //' ~ a-level = 1
= 1 _ _ 5 _ _ _ 80.]-_ T = -
= ] 1 ; -
o0 I 0.08 /1—0-0'5 (@' /) 0-0’"7|/75" /l'_
bj;‘ ] System 1: F34 /D, =04/L/D =8 bj; 0.06 _: .
3 1| Suemips ipo e =t 3 {|rnis stway: Li el al. (2015): || Li el al. (2022):
0.05 7| Sovemsiess 10—04/1m -6 0.04 J{L=03-04m L=22m L=0.09m
| system 4z sa0m/0 = 0.4/ 10 =8 0.02 1 =150 16.7 kN/m2 | |y = 200 kN | | = 14.1 - 152 kN/m?
: System 5: S40T/ D, =0,6/L/D =8 . E g-lEVCl = l g—level = l g'level = 100
0 i 0 . — T T
F34 S40T 0.01 0.1 1
Soil type [-
type [-] C'i/Pa [1]
(e)
& System 1-TS1:4,=035WL=06 -+ System2-TS7:£ =025 WL=1.0 <& System4-TS13:{ =0.15;WL=1.0 ’
+ System 1-TS2:(,=035WL=08 O System2-TS8:{,=035NWL=10 - System4-TS14:{,=0.25hWL=10 O_ref
O System1-TS3:4,=0.15/L=10 ¢ System3-TS9:£,=0200WL=08 O System4-TS 158, =035 WL =10 - 5 ay((c = O) = 0.0707 — 0.0151n
Yr System 1-TS4:§,=025WL=10 4 System3-TS10:£,=0.35WL=08 < System5-TS16:£,=0.15WL=1.0 pa
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9  Martin Achmus — Behavior of monopiles in sand under cyclic lateral loading DGF Cyclic loading seminar, Copenhagen, September 24, 2024




Extension by numerical simulations

Yy Yl 1]

- To0 vy - 0 02 04 08 08 10
- Stiffness Degradation Method with i |
variation of pile-soil stiffness : : =
+ Pile-solil stiffness measure: S, L | — =041
0<S,<1(S,=1:rigid) i i “osl g 2053
/ : 0,8
EE | "
0.12
Sy =095 Results:
— 0.09 . : * Largest a,-value for rigid pile and high load level
S s [ ° * For high load level, a,, becomes constant
| : — > Agreement with experimental tests
. ) S,=0.15
 0.03} |° » Approach:
454,
. _ . . _ a,({. = 0) =[-0.12 - arctan(—2.84 - 5, + 1.35) + 0.22] - L 1154 (b]
0 0.1 0.2 0.3 04 0.5
¢, [1] _ Hypo
with ¢, = H(y = 0.05 D)
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Effect of load type (£.)

Model test results Comparison with other test results
0.2 1.4
] |%(C;)=O.l4~0.1466-CC—O.IIT-Q?+0.1238-CC‘ '2 ]
1.2 4
0.16 13
0.8
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S -4 2 04
57 0.08 2 E
] = 0.2 4
- é S
: 7 01
0.04 y W -0.2 _ —&—  Klinkvort & Hededal (2013) —%—  Truong et al. (2019)
] 8 o - = 0.4 3 —4— Lietal. (2022) D,=0.5 —/— Lietal. (2022) D, =0.8
. © |ﬂy(Cc)70.0J58—0.0858 C.-0.1576 L2 +0.1476 &, -U. ' —}— This study (L.B) —&—  This study (UB)
0 L LN 6+ v 7 rrrr7r v 71 v
-1 -0.75 -0.5 -0.25 0 0.25 0.5 -1 -0.75 -0.5 -0.25 0 0.25 0.5
G 1] G [1]
Results system 1: L/D=8,F34, D, =04 — —  Regression curve system |
Results system 2: L/D =8, F34, D, =0.6 —- - Regression curve system 2 ° GreateSt accumulatlon rate for asymmetrlC
Results system 3: L/D =6, F34, D =04 — —  Regression curve system 3

> % O+ O

Results system 4: L/D =8, S40T, D, =04 — — chrcsm:on curve system 4 tWO-Way Ioad | ng (CJC = _O . 25 . _0 . 4 )
Results system 5: /D=8, S40T, D, =0.6 — —  Regression curve system 5 o NO Clear trends (effect Of Dr, L/D’ SO|I type'?)

—  Conservative approach: f(Q)=1—14844-(.—0.1568 - {.° + 2.4055 - {.°
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Thanks for your attention !

E-Mail contact: achmus@igth.uni-hannover.de
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