Determination of p-y Curves and

Pile Lateral Capacity by Direct
Use of CPT Data

Scott J. Brandenberg, Ph.D., P.E.

Professor, Civil and Environmental Engineering, UCLA

Shawn Ariannia, Ph.D., G.E.

President, Geo-Advantec, Inc.




* Background and Motivation

* Proposed Method for CPT-Based p-y Analysis

— PySimple3 Material Model

— Computing p-y Properties from CPT Data
— Partially Drained “Intermediate Soils”

— Layer Corrections

* Analysis of Case Histories

— Saturated Clay Site in Oakland
— Unsaturated Clay Site in Hawthorn
— Sandy Site at LAX

5/24/2017 OC Geo-Institute Chapter Page 2




Background and Motivation
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Background and Motivation

e Existing methods do not use the full CPT
record, and rely on engineers to define
layers.

 The CPT data contains nearly continuous
information about the subsurface.

* Our objective is to develop a method to
utilize the full CPT record to develop p-y
elements for lateral pile analysis.
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Background and Motivation

e Technical hurdles:

5/24/2017

Develop a code to extract soil properties from CPT data (at
every measurement point), and use these properties to
compute p-y material properties.

Current p-y material models are either for sand or clay.
What about intermediate soils (e.g., 2.3 </.<2.7)?

The CPT and laterally loaded piles are known to have
layering effects. How do we handle those?

Implementing a huge number of user-specified p-y
elements into LPile is not practical. How do we do the
calculation?
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PySimple3 Material Model

* Choi et al. (2015) and Turner (2016)

— PySimple3 material model implemented in OpenSees.
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Plastic Component
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PySimple3 Material Model

p,=0
P =P, +Pp,sign(y)
P = P, KP =

Distance to
Bounding Surface
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PySimple3 Material Model

e User Inputs for PySimple3:
— p, (ultimate capacity).
— p, (yield force).
— K¢ (elastic stiffness).
— C (backbone shape coefficient).

(py—py)|In(p,—p,)—In(p,)]+ p,[In(2) =0.5]+ py [l —In(2)]

(=
K¢yso—0.35p,
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Computing p-y Properties from CPT Data

* Sand (/. < 2.3)

— Compute peak friction angle, ¢, using critical state soil
mechanics framework by Robertson (2012).

— Assume critical state friction angle, ¢’_, based on soil
type (e.g., 34 deg for quartz sand).

O =¢'« + 15.84 [log Qunes] — 26.88
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Computing p-y Properties from CPT Data

* Clay (/. > 2.7)
— Compute undrained shear strength using traditional
equation s, = (q, - 0,,)/N,,

— Cone factor Nkt from site-specific laboratory tests
(ideal approach).

— In absence of site-specific tests, can assume N, = 15,
or use Robertson (2012).

Nt = 10.5+7 log(F,)
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Computing p-y Properties from CPT Data

e Use API (1993) equations for sand
e Use Matlock (1970) for clay
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Computing p-y Properties from CPT Data

* Intermediate Soils (2.3 </.<2.7)

— Two issues: partially drained shear strength
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Computing p-y Properties from CPT Data

* Intermediate Soils (2.3 </.<2.7)

— CPT bearing factor

!
Qu

le (N.TS.)
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Computing p-y Properties from CPT Data

* Intermediate Soils (2.3 </.<2.7)

— Adopted approach: Compute p, ;qineq as if soil is
drained using APl (1993).

— Compute p, ,,graineq @S if soil is undrained using
Matlock (1970).

— Linearly interpolate p, based on /..

— Note: This assumes drainage condition for p-y analysis
is the same as during CPT.

pu drained pu undrained
- H —I_ , ’ 2-7 - I
pu pu,undralned 27 . 23 ( c )
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Computing p-y Properties from CPT Data

e |nitial Stiffness

— Measure V. profile at site (ideal approach).
— Correlate V; with g, (last resort due to uncertainty).

5 _ 0.55Ic+1.68
Va1 = (Olvs Qm)ﬂ Olys = 10( ¢ ) Robertson (2012)
Ve=pg-al-f¢-5"7 i . (2012
s=a- q £°- o' Wair et al. (2012)

— Compute K¢

K® =0E,
E, =2(1+v)pV,°
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Computing p-y Properties from CPT Data

5/24/2017

Winkler Coefficient, &

s Syngros (2004), free-head

s Syngros (2004), fixed-head

s Gazetas & Dobry (1984), free-head
Gazetas & Dobry (1984), fixed-head

= == Roesset(1980)

s Dobry et al. (1982), fixed-head

E. vs. depth key:
s E_ constant w/ depth
= @ E linear increase w/ depth

~

T T e

1E+1

| | ||IIII| I
1E+2
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Computing p-y Properties from CPT Data

* Yield Force

— We know soil becomes nonlinear at small strains (e.g.,
0.001%).

— Average shear strain in soil around pile (Kagawa and
Kraft 1980):

C(1+v)y
~ 2.5B

V
i

e

v e 25B(0.001%)
py - yyield T (1+V)
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Computing p-y Properties from CPT Data

 Shape Parameter, C

— Compute y.,

— API1 (1993) and Matlock (1970) equations can be used,
but should ideally be related to p, and Ke.

— Turner (2016) used 2-D continuum finite element
analyses to develop the following:
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Interface distance (m)
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Layer Correction

CPT tip resistance represents average soil
properties in zone of influence (10 to 20
cone diameters)

Tip resistance (MPa)
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-0.50 1 l 1 l
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- L Ahmadi and Robertson (2011)
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OC Geo-Institute Chapter

Page 19



Layer Correction

* Lateral pile loading also exhibits a layering

effect in zone of influence (about 1 pile
diameter).

Yang and Jeremic (2002)

Depth (m)

-200 0 200 400 600 -100 0 100 200
Shear Force (kN) Pressure (kN/m)
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Layer Correction

* Adopt Gaussian window weighting scheme

Sand
¢'=37.1°
v = 14.5 KN/m?

Clay
s, =21.7 kPa . b

y = 13.7 kN/m?

Depth, z (m)

Sand 4 (a) (b)
o'=37.1° L LI L B L I L L
v = 14.5 kN/m? 0 04 08 12 16 2 0 0.01 0.02 0.03 004 0 200 400 600
Weight, w 1/p, (kN/m)" p, (kN/m)

after Yang and Jeremic (2002)
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uclageo.com/CPTpy/

UCLA geotechnical engineering

CPTpy: A code for generating an OpenSees script from cone penetration test data.

Load a Saved File:| Browse... | No file selected.

— Pile Properties
Pile Diameter, B 1.0 m
Pile Length, L 20.0 m
Young's Modulus, E 2.0E8 kPa
Post-Yield Modulus, Ey 1.0E7 kPa
Cross-Sectional Area, A 0.1 m2
Moment of Inertia, | 0.1 m#
Yield Moment, My 10000 kM -m
Depth to Pile Top 0.0 m

— Boundary Conditions
Head Constraint: 1. Displacement, 2. Rotation ~
Constraint 1 Value 0.5 m or kN
Constraint 2 Value 0.0 rad or kM-m
Axial Load at Pile Head 100.0 kN
Number of Elements 100
Number of Increments 100

— Stratigraphic Detail
Groundwater Table Depth 0.0 m

Unit Weight

Shear Wave Velocity
Drained / Undrained |z cutoffs

Undrained Shear Strength
Friction Angle, @
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Critical State Friction Angle, 'z

Robertson and Cabal (2010) |

Robertson (2012) ~|

2.3 |1]2.7 |

Robertson (2012) Nkt ~|

Robertson (2012) |
32.0

deg

Plot CPT Data

Write TCL File

Upload CPT Data:
r— Delimiter

O 1ab

O semicolon
O Comma

® Space

O Other

Browse...

CPTdata2.dat

—Columns and Header
Number of header rows:
depth column:

gc column:

fg column:
Quz column:

1

units:
units:
units:

units:

— Preview Window

Depth(m) qt{kPa) fs(kPa)
05607088  |7901.49 45.69114
0.6007088  |7701.221 51.01483
0.6207088  |7524.255 52.09848
0.6407088  |7271.9 51.96883
0.6607088  |6997.311 62 37556
0.6307088  |6711.021 53.70959
0.7007088  |6413.295 62.38331
0.7207088  |6146.693 51.13221
0.7407088  |5862.298 50.15254
0.7607088  |5631.153 48.13797
0.7807088  [5367.713 46.50835
0.8007088  |5140.71 45.60747
0.8207088  |5037.408 45.11604
0.8407088  |4959.58 43.00222
0.8607088  |4863.359 41.28215
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uclageo.com/CPTpy/
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Mj cptPyOutput.tel - Notepad

File

Edit

Format View Help

# Script for performing lateral loading of a single pile with p-y springs along pile.

# material properties are based on CPT data using the file website www.uclageo.com/cptpy/
#
# Created by Scott Brandenberg (sjbrandenberggg.ucla.edu).

wipe

model basic -ndm 2 -ndf 3
set numilodes 188
set dz 8.2

#Define Pile Nodes:

node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node

[Ua I o I s A T Wy N T S
DD EDED DO

DD O D 00000323

18

12
13
14
15
16
17
18
19
28

—

e B« e T I v T v I %

ERe B e B e B o v T o T T T T o B v

.08
.8

-8.
-8
-8.
-B.
-1.
-1.
-1
-1.

| T T R T T [ T R O |
b L LY LD LD L) R R R R R

202020202082020202

.484848484048404083

6BEB60606AEB6EE61
Sece6es050808081
glelelelelelels2
2121212121212122

.4141414141414141

6lelelelelelelsl

.8181818181818181
.B282028202620203
L2222222222223223
LA242424242434243
.6262626262626263
.8282828282828283
.83830383603630303
.2323232323232323
LA343434343434343
.6363636363636362
.8383838383838382

LYY LY LY LY LY .YV
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Case Histories

PREDOMINANT SOIL TYPE

LOAD TEST MEASUREMENTS

REFERENCES

Oakland California

Hawthorne
California

Los Angeles
International
Airport

Soft Saturated Clay, San
Francisco Bay Mud

Stiff Partially Saturated
Sandy Clay

Sandy Fill

Load-Displacement at pile head, pile
slope, and back-calculated p-y
relations

Load-Displacement at pile head,
bending moment along pile, inferred
p-y relations

Load-Displacement at pile head

Lemke (1997)

Lemnitzer et al (2010) Khalili
Tehrani (2014)

Diaz Yourman Associates,
personal communications
(2015)




Caltrans Test Site 4 - Oakland
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Caltrans Test Site 4 - Oakland
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Sail Description
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Caltrans Test Site 4 - Oakland

Shawn Ariannia
Civil & Enwironmental Enginesring Department
ucLa CPT: CPT-01

Total depth: 90,35 fr, Date: 8/22/2015
Surface Elevation: 0.00 it

Project:  UCT54-Site 4
Location: Oakland

Coords: ¥:0.00, ¥:0.00

Cone resistance gt

Friction ratio

Pore pressure u

SBT Index Sail Behaviour Type
] n n o
14 14 14 1
2 24 24 24 Sand & =ity sand
:— ?— ?_ 3_ Sty =and & sandy salt
5 5 - 5 - 5 Silty sand & sandy st
i i . . Sand & =ity sand
T o T T T Sty sand & sandy st
L5 LE L [
- ¥4 7 ke Sand & sity sand
L0 L] L] k. 4 104 Silty sand & sandy silt
11 11- 11— 11— Clay
12 1214 124 124 Crganic sail
13+ 13+ 13| 13+ -
14+ 14+ 14| 14 Clay
15 15+ 154 | 15+ Crgamic sail
glrs— g 164 g 16 | gm— Clay
= 174 = 174 =174 | = 174 Organic sail
B 18- B 18- aisd | B 15 T
2 194 ERLE ERLE B & 19
20 20 zo4 20
214 214 214 | 21
IFE I3 E 224} 224
23 23 2341 23 Clay
FEE 14 24 ' 24
23+ 234 23 | 25
26 264 264 { 264
274 174 27 | 274
TR~ T+ 284 I| 28 Clay & sify clay
10— 16+ 16 | 164
30+ 30+ 30+ \ 30+
Il I+ I14 | 114
EFE EFE 31 ' EFE
33 334 334 | 334
34 34 34 § 34 Clar
It 35 rfTrrTrrrere b o i S B S B FEL o L L L
Q 5 10 15 20 25 30 a 2 A & E:] i0 0 5 10 15 20 25 30 1 10 12 14 14 18
Tip resistanca (tsf) RF (%) Pressure {psi) Ic SBT SBT (Robertson, 2010)
SBT legend
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80—

D30-32 (CE) 1-18
PD:7' (24"} CD: 0’

D30-32 (CE) 1-14
1 PD: 5'(24%) CD: 0'

1 D30-82 (GE) 1-18 D46-32 (CE) 1-6
PD; 7' (24") CD: 0' PD: 5'(247) CD:0"
70
| vm2-25000a1 (OE) 1-13 D46-32 (CE) 1-12
1 'PD:7 (24" cD:0' PD:7'(24') CD:0¢  VM2:25000All (OE) 1-13
] @ PD:7'(24) CD: 0'
s0.]
i D62-22 (CE) 119
i PD: 7" (24") CD: 0" D46-32 (OE) 1-6
PD: 5 (24") CD: 0
—_ D46-32 (CE) 1-10 D46-32 (CE) 1-12
501 Po:7(4) CD:O PD: 7 (24") CD: 0’
= N @ D46-32 (CE) 1-6
£ PD:5'(24%) CD:0'
E |
4 D30-32 (CE) 1-18
S ] PD: 7' (24') CD: 0'
k|
§ 40
g F
Py ‘oster IHC 580 (CE) 1-7 HPSI 2005 (CE} 1-11
'E' - PD:T(24) CD: O PD:7' (247 CD: 0
R
gaa — D30-32 (OE) 1-18

10

| g PD:7' (249 CD: 0

| Foster Hc ss0 (c8) 17
1 Po:7(24) CDi0

HPSI 2005 (CE) 1-11
PD: 7' (24") CD: Q'

1 VM2-25000Al1 & De2-22 (CE) 1-19820
1 D46-32 (CE) 1-13&14 PD: 7' (42") CD: 0"
PD: 7'(24') CD: 0' .

HPSI 2005 (CE) 1-11
PD: 7' (24") CD: 0"

Foster IHC 890 (CE) 1.7
1 Ppo:74 coio

-| NOTE: Excavation depth about 10.0 feet. Sheet pile earth retention system on all sides.
Arrows indicate direction of applied lateral load.

1
0 10 20 30
Approximate Excavation Width (feet)

Legend for Layout of Steel Pipe Piles (PP24x0.5 ), plle E PP42x0.625
Hammer, (OE = open end GE = closed end), Dats Instailed
PD: predrill depth (predrill diameter), CD: predrill depth after caving (nn = no caving noted)
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ELEV. (ft)
+7.0

33 T
-5.3 T (ZP-Y)
-7.3 T (4 P-Y)
-9.3 + (6'P-Y)
1.3 (8'P-Y)
-13.31 (10' P-Y)

I
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Caltrans Test Site 4 - Oakland

Lateral Load Test Set-Up

Slope Inclinometar Casing

~

1-3/8* Diameter High
Slrangth Threadbar

Displacement Transducers’

Mounted Harizontally at

2 Typleal 24*x 0.5
Siee] Pipa Pila

Both Sides of Each Plle

\'—/_,_\_—_'_A_,_’—ﬂ__

Load Celis

Profile View

\}’i\-\
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Plan View
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Caltrans Test Site 4 - Oakland

Site Specific Calibration of CPT

. A Unconfined Compression Test . 4 Unconfined Compression Test
ite 4 - Oaklan - .
S te O d Slte 4 Oakland = Su-Calibrated for Lab Test (Nkt)
Su (psf)) Su-Calibrated for L.ab Test (Nkf) Su (psf)) ——Su-Calibrated for Lab test and Heave effect
=) =) o =) =) o =) =) o 8 =) =) o =) o o =) o o 8
3 =] 1= 3 3 =3 3 3 1= 3 3 =] 1= 3 =3 =3 3 1= 1= 3
o - « & 5 ) @ ~ @ & - o - « & 5 e @ ~ @ & -
D L L D 1 1 1
5 5
10 TOP OF SOFT CLAY LAYER 10

TOP OF SOFT CLAY LAYER

Depth (ft)
S -
(=] [4)]
o

Depth (ft)
]
(=]

]
[4)]

]
[4)]
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Caltrans Test Site 4 — Oakland
Shear Wave Velocity

Depth (ft)
1™
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50

Lateral Load at Pile Top (kips)
[ () r w w 8 o
w [=] u (=] w (¥,

=
o

Site 4 - Lateral Load-Displacement at Ground Surface
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Pile Displacement at Ground Surface (inches)
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Caltrans Test Site 4 — Oakland

p-y Curves

" " A Field Test Measurement
P-Y Curve for " 7Z=2.0 ft ‘
500.00 = = Puline
450,00 K = 10577 Ib/in2 Model
! = = = Kmax-Line
400.00 4
|
350.00
—_ ]
= 300.00
=
=
S 250.00
o 200.00 A
A A
150.00 -
A A
100.00
50.00 -
0.00 ! ! { {
(=] o (=] (=] o (=1 o f=1 f=] o f=]
S ~ = =] @ S ~ < D @ S
o o o o o — — — — o~
Lateral Deflection, Y (inch)
A Field Test Measurement
P-Y Curve for " 7Z=4.0 ft" .
500.00 — == == Puline
I —
450.00 tK =76721b/in2 Model
1 — = — Kmax-Line
400.00 +—
350.00 - :
= 1
= 300.00
< —
£ 250.00 4
2% A
o, 200.00 yu
[
150.00 ¢ A A
1
100.00 7k
50.00 -'(“A.
0.00 { { ! ! 4
[=] (=) (=] f=] f=] o (=] (=1 (=3 f=) [=]
=1 ~ < 3 L] S ~ < 3 @B =1
o o (=] o o — . H- — - ~
Lateral Deflection, Y (inch)

5/24/2017 OC Geo-Institute Chapter




Caltrans Test Site 4 — Oakland

Initial Stiffness Variation

P-Y Curve for " 7=4.0 ft"

50.00 .
1K= "!’?éinl a=—V/s from Mayne & Rix, 1995
_" =33801b/in2
1 /
[/

40.00 = \/s from Robertson, 2009

P (Ib/inch)
] <]
8 3

: ]
/
10.00
0.00 j/
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Site 4 - Oakland

Sensitivity of Pile Response to Pu
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Site 4 - Oakland

Sensitivity of Pile Response to ke
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Site 4 - Oakland

Sensitivity of Pile Head Deflection to P, and K,

Site 4 - Lateral Load-Displacement (Sensitivity to Pu Variation) Site 4 - Lateral Load-Displacement (Sensitivity to Ke Variation)
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Site 4 - Oakland

Sensitivity of Pile Head Deflection to P, and €5

Site 4 - Lateral Load-Displacement (Sensitivity to Py Variation)
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Hawthorne Site- Los Angeles
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Simplified representation of soil undrained shear strength (Su) profile and stratigraphy at Hawthorne site
(Khalili Tehrani et al., 2012)
(Lemnitzer et al., 2010)
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Shawn Ariannia
PhD Shudant

Civil & Emvisnnmental Enginesring Department
LICLA

Project: Caltrans/UCLA
Location: Hawthorne

thorne Site- Los Angeles

CPT: CPT-02

Total depth: 75.81 1Y, Date: 127142014
Surface Elevation: 0.00 it

Coords: 3:0.00, Y:0.00

Cone Typs: Linown

Cone Operator: Linown
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Hawthorne Site- Los Angeles

Test Set Up
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The reaction block and the configuration of 0.6m diameter specimens
(Khalili Tehrani et al., 2012)
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Hawthorne Site- Los Angeles

Site Calibration for

Su and Vs

Site: Hawthorne/UCLA Su -Site Specific Profile {Calibrated)

A Unconfined Compression Test
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Hawthorne Site - Los Angeles

= == Model
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: ®  Field Measurements P-Y Curve for " Z=3.0 ft" Model
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LAX Site - Los Angeles

Legend
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LAX Site - Los Angeles

Soils Stratification
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LAX Site - Los Angeles

Soils Stratification
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LAX Site - Los Angeles

CPT

Shawn Ariannia

Civil & Environmental Enginesring Department
WOLA

Project: LAX PILE TEST FROGRAM
Location: Los Angeles International Airport

CPT: CPT-01

Tolal depth: 35.43 M, Date: 2772015
Surface Elevation: 0.00 M

Cioords: 30,00, ¥0.00
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Soil Behaviour Type
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LAX Site - Los Angeles
Test Set Up

Lateral load testing set up for pile test 1 at LAX
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LAX Site - Los Angeles

Pile Head Force-Displacement
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Summary

«  Mapping algorithm involves smoothing procedure that takes into consideration the layering effect
» Real or close to real initial stiffness of the soil at each depth

« Overcomes to the common problem of the currently in practice p-y curves by explicitly including

a finite elastic stiffness and small-strain nonlinearity.
»  Unlike other models, predetermination of soil type/behavior is not required.
» Predicted pile head load-displacement vs. field measurements: Good Agreement

* Predicted p-y curves from the model vs. backcalculated p-y curves from case histories: Good

Agreement
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