


Relaxation of Driven Pile Resistance
in Granular Soils

* Pile relaxation in granular soil

— Pile driving may generate negative pore pressures in
dilatant material (e.g. dense sand)

— Negative pore pressure will produce a temporary increase
in soil strength

— Pile resistance decreases with time, as pore pressures
return to hydrostatic conditions

— In Florida, relaxation has been encountered typically in
medium dense to very dense silty and shelly sands
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Driven Pile Capacity




Driven Pile Capacity
Densification Zone
— Pile driving densifies

the material (granular
soils)

Zone of densification for granular soils
due to pile driving. Broms, 1966



Driven Pile Capacity
Skin Friction

l Hammer impact

Frictional resistance vs.
displacement in dense granular soils

peak

residual
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Driven Pile
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Shear resistance vs. vertical displacement



Driven Pile Capacity
Skin Friction

=

Mobilized friction at increasing horizontal
distance from the pile face (not to scale!)

At the pile-soil interface, residual

Driven Pile
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Away from the pile, from residual to zero
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Driven Pile Capacity
Skin Friction

* Degradation of the
residual response
(fatigue)

e Possible scenario for
long piles

* Not uncommon to
apply > 1,000 blows




Driven Pile Capacity
End Bearing




Driven Pile Capacity
End Bearing




Driven Pile Capacity
End Bearing

End bearing as a function of shear modulus
(FB Multipier)
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Driven Pile Capacity
Preliminary (static) Design




Driven Pile Capacity
Construction QC

Pile Driving Analyz ata Collector (EDC)



Driven Pile Capacity
Design

TABLE 1 Factor of safety on ultimate
axial geotechnical capacity based on level
of construction control (AASHTO, 1997)

Basis for Design and Type Increasing Design/Construction
of Construction Control Control

BTN ASD (factor of safety)

tion

Static Calculation
Dynamic Formula
Wave Equati
CAPWAP Analy
Static Load Test
Factor of Safety

ombination of construction cc
static load test, FS

Table 3.5.6-1 Resistance Factors for Piles (all structures)

Pl De c © Method Resistance
ile Type Method onstruction QC Metho Factor, (P

Driven Piles | Compression Capacity Static Load Testing
with 100% PaClY | "EDC or PDA & CAPWAP &
Testing | EDCorPDAS CAPWAP | 060 |

RN | RFD (resist
Dr\vinzt:jitcel:iz‘ga:?c;l:a EDC re S IS an Ce
or PDA & CAPWAP

Driving criteria based on EDC f t - F D OT
Davisson | or PDA & CAPWAP & Static - aC O rS

" Capacity Load Testing
D‘:L\i/tf‘lpsl{lzs Driving criteria based on EDC
Dynamic or PDA & CAPWAP & 0.70
Testin Statnamic Load Testing
9 Dr\vmg criteria based on EDC
or PDA & CAPWAP
Uplift Skin Friction | Driving criteria based on EDC
or PDA & CAPWAP & Static
Load Testlng
Lateral | Standard Specifications |  1.00 |
All piles (ix\::T;e FBpier! Lateral Load TestZ

\
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Driven Pile
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Compression




Driven Pile Capacity




Effective Stress




Effective Stress




Effective Stress




Dilation

— Dilation is the observed tendency of dense
granular material to expand in volume as it is
sheared.

— In densely packed arrangements interlocking
prevents the grains from moving around each
other and they are forced to either shear or “roll”
over each other. It is the rolling action that can
generate suction into the void spaces created
during displacement.




Dilation

— “It is a remarkable fact
that a dense sand, when
compressed in one
direction actually o
] ] - Befo.re:aj'.hear Expanq';g during
increases in volume. tal, o), shear
(Lambe and Whitman R
1969)
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LOOSE SAND OR FINE GRAINED

SO/L
Before shear Compression during

sheor

(c) (d)



Dilation

 “The angle of internal
friction, in spite of its name,
does not depend solely on
internal friction, since a
portion of the shearing
stress on a plane of failure is
utilized in overcoming
interlocking.”

t/c’ = (0y/oX) + 1

Donald W. Taylor

Fundamentals of Soil Mechanics, 1948



Dilation




Laboratory Shear Resistance




Dilation

— Dense sands tend to
dilate

— Initial compression
followed by an
expansion in volume

— Denser samples dilate ' ~—2uation
ompression Y
faster

— When the test is
performed under large
pressure ¢’ .,
approaches ¢’

crit

After Houlsby



Dilation

1/ =tan ¢’

the ratio of shear stress to normal stress



Dilation

Houlsby

Dilation |

Compression y M ;’-;:

Mohr’s Circle for Strain Rate

tan y is the ratio between a volumetric strain rate
and a shear strain rate



Dilation

Strain

tan (I)'IO =tan(¢’,, + V) (General form)



Dilation

— Terminology

“residual”, “critical state”,
“constant volume”




Dilation
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Dilation

— The angle of dilation
tends to increase
with density, that
process is highly
dependent on soil
mineralogy

Dilatancy-density relationship
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Berlin Sand (DeBeer, 1965)



Dilation

— Samples dilate until they
reach a constant volume
void ratio regardless of
their initial density

o+ o6
displacement: in

SCATTER
FROM

NINE TESTS
WITH 0 =20
LB./SQ.IN.




Dilation

— The largest rate of
dilation tan y coincides
With ¢’ cqp-

— dilation rate approaches
zero as ¢’ approaches
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Simoni & Houlsby

dil. rate dvidu

12 14

shear displacement - v (mm)



Dilation

— On the Critical State
Line (CSL) the rate of
dilation is zero

— Dilation will only
occur a certain
“distance” away from
the CSL in terms of
stress/strain
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Wroth and Basset, 1965



Dilation

 For direct shear

Rowe

(br — ¢:~;rit + ng Bolton




Dilation

— Stress-dilatancy relationship =2 “flow rule”
— Using Taylor’s energy correction equation;




Dilation

FLOW RULES |
= TAYLCRH

PLANE STRAIMN ANGLE OF FRICTION @ deg

¢ ROWE
x  BOLTON
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ANGLE OF DILATION : deg

Fig. 6. Comparison of flow rules in terms of the principal stress ratio and the angle of dilation in
the soil. Drawn for dense sand ¢, = 35°.

Jewell, 1988




THE PROBLEM

— Dilatant soil can
generate negative
pore water pressure,
having an overall
effect of a temporary
increase in effective - NN -
stress

2

Deviator Stress,
kN/m®, Dense sand
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Change in Pore
Pressure, KN/m*,
Dense sand
Change in Pore
Pressure, kN/m?
Loose sand

Axial Strain, %

After Leonards



THE PROBLEM

— At rest (at t,)
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Deviator Stress,

kN/m?

— During dilation (at t,)
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Effect of Density and Confining
Stress




Effect of Density and Confining
Stress

Empirical retation {18)
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Fig. 10. Triaxial test data for sands in Table 1 failing at various mean effec-
tive stresses




Effect of Density and Confining
Stress

Prmax ~ Perin = 3"

Io =1(10 -Inp)—1
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0.01 0.10 1.00
Mean Effective Stress (ksi)

ID = Relative density



Effect of Density and Confining
Stress

* Sands have been found to No
begin crushing at Crushing  dilation
pressures ranging from
0.15 to 0.58 ksi (Bolton).

Empirical retation (16)
4 |

i
. g‘,
!

 The Triaxial data collected
indicates zero dilation for
the materials tested at
approximately 1.45 ksi
(10,000 kN/m?)

Triaxial data of Lee & Seed



Effect of Density and Confining
Stress

* Tip stresses from two different piles in sands

1 EME 747 kips
02 C5I 3.0 k=i
D Z5E 2.9 Lzl
04 CSB 1.5 k=i
(W Tan 0. a5 k=a
Qe EMI 395 k-ft
Q7 STE g.79 ft
02 BTA 100.0 (%)
09 RE7? 747 kips
LF-LI 36.50-1.00 ft
BC o« 19
FEAVEF 1 -1

VT 0.00 m=
01 RMX 765 kips
Q2 CSI 3.1 k=i
oy B 3.0 =1
04 CSBE 1.7 k=i
l.a:-i =r 0.2 k=1
Q& EMX 0.5 k-ft
a7 STKE g2.84 ft
8 EBETA 100.0 (%)
o9 R¥YV 740 kips
LFP-LI 0.00-1.00 £t
EC 0. 16
FEF-VF 1 -1

VT 0.00 ms

Tip stresses from PDA (CSB) > 1.45 ksi >> 0.58 ksi

No dilation and possible soil crushing at the soil-pile tip interface



Dilation at Pile Tip Shear Surfaces




Dilation Along the Sides

=

==

Frictional response goes from peak to residual, v > 0O,
However, every “segment” along the pile experiences
dilation only once during the drive, unlike the pile tip which
may feel the effect after every blow. The influence of
dilation along the side of the pile on the overall capacity is
generally minor due to this.

e
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Driven Pile
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Case History
SR 9B Phase | — Duval County

* Nominal Bearing
Resistance “NA”
(Research pile)

e 24” Pre-stressed
concrete pile

 Delmag D46-32
— Open end diesel




Tip Elevation (Feet)

Capacity versus Tip Elevation
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H DARK BROWN FINE SAND WiTH TRACGE ST
AND FEW ORGANKSS (SP)

BROWN FINE SAND WITH TRADE SILT (SF)

S LIBHT GRAY TO LIGHT BROWN FINE
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GRAY TO LIGHT GRAY FINE SAND (SP)

ez

S
H
3

|

i
il!esl RN

1;;«.1§a“| a:;;%‘::*

“..'..ij.’. Lk

40

1385

30

+25

+2{

+
-

+10

&
n

[ ]

i
&

f
—_
o]

;
i



Case History
SR 9B Phase | — Duval County

LIGHT GR —BROWN FINE
RK

v < GRAY T : :
7-15-10 9 SAMD WITH SILT ( ! - FINE

Zone of
measured
relaxation

FINE

Up to 150 kips of measured
loss of resistance (BOR/EQID




Case History
SR 9B Phase | — Duval County

— Seismic piezocone
soundings in piedmont
soils (ML and SM)

indicate negative pore

ol pressure generated from

i dilation is not a

permanent condition,

and “U” will return to a

hydrostatic stress level

after a period of time

After Mayne
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e Us= U: shoulde

— | porawater
pressure

(behind the tip). | J 1

q; = corrected
tlp stress

Case History
SR 9B Phase | — Duval County

|_|t = |_|‘I =
midface
porewater
pressure

U2 position is required

u1 (kPa)
500

1000

200

u2 (kPa)

0

200 400




Case History
SR 9B Phase | — Duval County

Safety Hammer

BORING No.: BE-2
STATION: 2400+72
DFFSET: 56" LT.
ELEVATION: +35.2°

T DARK BROWN FINE SAND WITH TRACE SILT
. AND FEW ORGANICS (SP)

SROWN FINE SAND WITH TRACE SHLT (SF)

- ——PW pressure

—Static PW

—
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£
=

=1
(1]
o

LIGHT GRAY TO LIGHT BROWN FINE
SAND (SP)

GRAY TO LIGHT GRAY SILTY FINE SAND (SM}
GRAY TO LIGHT GRAY FINE SAND (SP)

PorewaterPressure(psi) GRAY FINE SAND WITH SHELL (SP-SM)




Case History
SR 9B Phase | — Duval County

Dissipation Tests

Depth (feet)

+ 20feet
= 25feet
+ 30 feet
* 35feet
« 40 feet
* 45feet

50 feet

Porewater Pressure (psi)
55 feet

b=
1]
o
=
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Time (sec)

15 - 30 minutes




Case History
SR 9B Phase | — Duval County

Dissipation Tests

==—PW pressure

—Static PW

Depth (feet)

+ 20 feet
= 25 feet
+ 30 feet
« 35 feet
« 40 feet
* 45 feet

50 feet

Porewater Pressure (psi)
50.8 feet
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Case History
SR 400 Widening — Volusia County

* Nominal Bearing
Resistance ranged
from 520 to 734 Kips

e 24” Pre-stressed
concrete piles

* APE D-46-32
— Open end diesel




Case History
SR 400 Wldenmg Volusia County

~ GRAY FINE SAND (SP)

<z = ', GRAYISH-BROWN SILTY FINE SAND (SM) " Bent 6 1 Plle 3 EO'D

10—10-% “21. GRAY CLAYEY FINE SAND (SC)
Date Total  Skin E.B. e EMX
(kips)  (kips)  (kips) (ft-k)
9/30/13 948 426 522 0.26 30.7

BOR

.| LIGHT GRAY TO DARK BROWN FINE
©.| SAND WITH SILT (SP~SM)

7741 GRAY CLAYEY FINE SAND (SC)

Date Total  Skin E.B. J EMX
(kips)  (kips)  (kips) (ft-k)

.| ULIGHT GRAY TO GRAY FINE SAND
WITH SILT (SP-SM)

GREENISH-GRAY FINE SAND WITH SILT,
=HITH=TRACE=SHPEES SP=Sy)= == = =

10/9/13 859 330 529 0.44  34.7

| eomeop |

Time Total  Skin E.B. e
(days)

9 0.91 0.78 1.01 1.7

LIGHT GRAY TO GRAY FINE SAND TO
= FINE SAND WITH SILT (SP)(SP-SM)
10 7771
= .—GRAY CLAY (CH)
= GRA; SANDY CLAY, WITH TRACE SHELL

=
$
=
z
o
=~
<
o
—
r)

-_|GRAY FINE SAND WITH SILT, WITH
SOME SHELL (SP-SM)

~{GRAY CLAY (CH)
~GRAY CLAY)EY FINE SAND, WITH SOME

GRAY FINE SAND WITH SILT, WITH
H | SOME SHELL (SP-SM)

LIGHT BROWN WEATHERED LIMESTONE
AND LIMESTONE

CAPWAP Results
RB-1 (= -26.5) (EMX from PDA)



ELEVATION (feet)

Case History
SR 400 Widening — Volusia County

GRAY TO DARK BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

GRAYISH-BROWN SILTY FINE SAND
(s™)

GRAY 70 DARK BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

DARK GRAY SILTY FINE SAND (SM)

7*| LIGHT GRAY TO GRAY FINE SAND (SP)

GRAY FINE SAND WITH SHELL (SP)

;gi%;o' 50/4" = . ;
=gz | 90/3° -
n ydy

RB-2 (= -27.3)

Date

10/05/13

Date

10/12/13

Bent 6-2, Pile 8, EOID

Skin E.B. e
(kips)  (kips)
406 749

BOR
Skin
(kips)
519

EMX
(ft-k)

37.7

Total
(kips)

1154 0.28

EMX
(ft-k)

34.5

Total
(kips)
910

E.B. Jc
(kips)

390 0.53

| eogEoD |

Time
(days)

7

Total Skin E.B. e

0.79 1.28 0.52 1.89




Case History
SR 400 Widening — Volusia County

Bent 6-2, Pile 12, EOID

Date Total Skin E.B. e EMX
(kips)  (kips)  (kips) (ft-k)

10/9/13 1100 471 630 0.4 36.5
BOR

GRAY TO DARK BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

. 4
10-4-12
GRAYISH-BROWN SILTY FINE SAND

(s™)

] GRAY TO DARK BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

DARK GRAY SILTY FINE SAND (SM)

Date Total Skin E.B. Jc EMX
(kips)  (kips)  (kips) (ft-k)

77| LIGHT GRAY TO GRAY FINE SAND (SP)

10/15/13 831 483 348 0.59 36.6

I TR

Time Total  Skin E.B. Jc
(days)

3 0.76  1.03 0.55 1.48

-5.-_

A
46 _—
4
3

VST 1 50/4" =
-200=80 =
LL=92 S0/

n . R

ELEVATION (feet)

RB-2 (= -26)



Case History
SR 400 Widening — Volusia County

Bent 6-3, Pile 7, EOID

Date Total Skin E.B. e EMX
(kips)  (kips)  (kips) (ft-k)

9/18/13 1079 198 881 033 414
BOR

Date Total Skin E.B. Jc EMX
(kips)  (kips)  (kips) (ft-k)

GRAY TO BROWN FINE SAND TO —
FINE SAND WITH SILT (SP)(SP-SM)

GRAY SANDY CLAY (CH) =
"~ GRAY CLAYEY FINE SAND (SC) =
"_|LIGHT GRAY FINE SAND WITH SILT _—
(sP-SM) =
LIGHT GRAY FINE SAND WITH TRACE
SHELL (SP) :

10/23/13 945 575 370 0.5 37.2

I TR

Time Total  Skin E.B. Jc
(days)
35 0.88 2.9 0.42 1.52

LIGHT GRAY SHELLY FINE SAND (SF —

GREENISH~GRAY CLAYEY FINE SAND ~——
WITH TRACE SHELL (SC)

ELEVATION (feet)

RB-3 (= -27.3)



Relaxation - Design




Relaxation - Design

GRAY FINE SAND (SP)
GRAYISH-BROWN SILTY FINE SAND (SM)
GRAY CLAYEY FINE SAND (SC)

I!I‘.f’Hl

»

(5

Y

LIGHT GRAY TO DARK BROWN FINE
SAND WITH SILT (SP~SM)

rurNo0o wou

GRAT FAME SAND WITH S

- NN

LA

UGHT GRAY CLAYEY FIME SaND |

ZHT CHEEM
nT-1 SILT (5P

I

GRAY CLAYEY FINE SAND (SC)

RS
Y
‘PN

— — — —
AAY T GREEMESH=CRAY FRIE

LIGHT GRAY TO GRAY FINE SAND
WITH SILT (SP-SM)

IRTRARTRIRTRTRRRRRY ARTTACYaRt AN AVRRY RAVRART)

-
U LD, 0D

- o b b s

GREENISH-GRAY FINE SAND WITH SILT,
=HITH=TRACE=SHPEES SP=Sy)= == == =

W o

o

|HH|*HH|H1]HIIEH!

&
o N

THT I-EEr SH=CHAY SILTY FINE
SAND |5

LIGHT GRAY TO GRAY FINE SAND T
FINE SAND WITH SILT (SP)(SP-SM)

T
S
ELEVATION (feet)

.—GRAY CLAY (CH)
GRA)V SANDY CLAY, WITH TRACE SHELL
C

LIGHT GREEMISH—GRAY FINE SAND
WITH PHOSPHATES (57)

[

-
[

oy vl'nllimlfuwlnHl:mimllmr]u:l!m'luu

{1

GRAY FINE SAND WITH SILT, WITH
“|SOME SHELL (SP-SM)
GRAY CLAY (CH)

~|GRAY CLAYEY FINE SAND, WITH SOME
SHELL (SC)
GRAY FINE SAND WITH SILT, WITH
SOME SHELL (SP~SM)

LICHT CRAY FIKE SAND
LIGHT GRAY 3 ATEY FINE {(5P—5w}
SAND WITH PHOS HJIL, {5 JMARL )

1
RNAREEN]

2 LIGHT GRAY TO GRE
SHT GRAY TO GREENES Y SILTY - 12 3 u LM.‘ FIKE &
5SRO WITH PHESFHATES { =z
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SGAING CHILLED LIGHT BROWN WEATHERED LIMESTONE

AND LIMESTONE
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ELEVATION (feet)

GRAY TO DARK BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

GRAYISH-BROWN SILTY FINE SAND
(s™)

GRAY 70 DARK BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

DARK GRAY SILTY FINE SAND (SM)

LIGHT GRAY TO GRAY FINE SAND (SP)

GRAY FINE SAND WITH SHELL (SP)

GRAY FINE SAND, TRACE SHELL (SP)

[ GRAY CLAY (CH)
GRAY SILTY FINE SAND WITH TRACE

Relaxation - Design

GRAY TO BROWN FINE SAND TO
FINE SAND WITH SILT (SP)(SP-SM)

GRAY SANDY CLAY (CH)

GRAY CLAYEY FINE SAND (SC)
LIGHT GRAY FINE SAND WITH SILT
(SP—SM)

LIGHT GRAY FINE SAND WITH TRACE
SHELL (SP)

LIGHT GRAY SHELLY FINE SAND (SF ~—

LIGHT GRAY FINE SAND WITH_SILT __
PN - -

GREENISH~GRAY CLAYEY FINE SAND
WITH TRACE SHELL (SC)

ELEVATION (feet)




Relaxation - Design

G.r anular Materials

csPT N-V alue
Relatn e Densm (Blﬂ“ /F (mt}
RY Very Luuae Leas than 4
Loose 10

Medium Deuse_ IU — 10

Very Dense

SPT N-Value

(Blow/Foot)
May
dilate
during
Greater than 40 pile

driving



Relaxation - Design




Relaxation - Design

Nd = 15+[0.5(N-15)]

—Terzaghi & Peck

—Bazarra
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Field Blow Count "N"




Relaxation - Design

51| ——FBDEEP
-s-FBDEEP Terzaghi
FBDEEP Bazarra

&
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Ty g e
& N ~ W
i

Resistance (tons)

Four re-strikes at different elevations



Relaxation - Design

o

—FBDEEP
FBDEEP Terzaghi
—FBDEEP Bazarra
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K
Ll

Pile Resistance (Kips)




Relaxation - Design

Dissipation Tests

Depth (feet)
Normalized Pore Pressure (psi)
o ©o o o 0o o 0 o O »r B »
= ~N w = w o ~ co w o = S

o
o

Porewater Pressure (psi) Time (sec)

« CPT-U with shoulder pore pressure transducer.
Check for areas where U goes negative
« Perform dissipation tests at depths of concern




Case History
SR 9B Phase | — Duval County
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At approximately 20mm/second
penetration rate (0.066 ft/second).

R
e vel lly>4 f
Pile veGOOCIty typically > 4 _J--

-15 -10 5 0 5
Porewater Pressure (p5|)




Relaxation - Design

 What is the impact
of shearing velocity
on dilation?

— CPTu vs. pile
driving?

How fast do we load?

N
()]

20

Q
Q
c
E
k%
v
U
o
o
2
5
©
[7]
o

=
n

1.0
0.00001 0.00010 0.00100 0.01000 0.10000 1.00000 10.00000 100.000001000.00000

Velocity of load application in ft/s

Source: Dr. Frank Rausche
(2015 DFI Osterberg Lecture)



Relaxation - Construction




Relaxation - Construction

Production Pile Capacities at Various Time of Testing
Max. NBR of 608 kips

CAPWAP
* Time of . Pile Tip . WS wcC Pile CAPWAP
Testing . Elev (ft) (ft/sec) | (ft/sec) | Capacity MQ

[ 90 | 105 | 172 |

Terracon (M. Kim)



Relaxation - Summary

Recognize potential problem areas during SPT
exploration

Perform CPT-U, with dissipation tests at
various elevations

Use corrections on blow count to estimate
test pile length in FBDEEP

Re-strike piles below minimum tip where NBR
is achieved to confirm capacity. Revise
minimum tip elevation if required.



Relaxation of Driven Pile Resistance

Granular Soils
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