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Testing pilesis a
risky business.

. . ._. .. - i
¥ T _ g
3 & _1--' . -
I .
o o o - :




1. SWIVEL
PLATE
2 SPACER
b
3. LOAD CELE,

4. JACK

What do you
think could
happen to the
stack of four
pieces on the
pile head when
the load is
applied? And,
therefore, to the
three oblivious
persons next to
the pile?
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This is how experience taught the three, and others, to arrange the units on the pile head



Better safe than sorry
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The error can be small or it can be large. Here are results
from two tests at the same site using the same equipment
testing two adjacent piles, one after the other.

2,000
350 - Shinho-Pile August 2006
1 Head-down ] /
|1 O-—cell Pile . /
] August 2006 1 /
300 i //
] 1 y
. 1,500 2
i R /
250 ]
s N
= —_ ' N 15% Error
g =z
3 200 5 1
1,000
% 5 f
S TR
< 150 2 L ]
= i 2.5% Error 1
o i 1
w . {7’ ]
100 - ﬂ 500 1
50 5 ] _ — | 2.5% Error
i P4 |
0 ;1 L — S S B B I s e B S S B B S B p— —— 0 ;/ i T T T T
0 2,000 4,000 6,000 8,000 10,000 0 5,000 10,000 15,000
Loadcell (KN) Loadcell load (KN)

Note, the test on the pile called "O-cell pile" is a head -down test after a preceding O-cell test.



A routine static loading test provides
the load-movement of the pile head...

and the pile capacity?

LOAD

MOVEMENT
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The Offset Limit Method
Davisson (1972)

Q 500 -
400 -
) AE
£ 300 Q=—-AL
= L
O
T 200
o
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100 -
u 1 I I 1 1
0 1 2 3 4
Movement {in) AL
OFFSET (inches) = 0.15+b/120
OFFSET (Sl-units—mm) = 4 + b/120

b

pile diameter (inch or mm)
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The Decourt Extrapolation

2,000,000

1,500,000

1,000,000

500,000

Decourt (1999)

{Ult.Res =474 kips

0 100 200 300

LOAD (kips)

C, = Slope
C, = Y-intercept
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Other methods are:

The Load at Maximum Curvature
Mazurkiewicz Extrapolation
Chin-Kondner Extrapolation
DeBeer double-log intersection
Fuller-Hoy Curve Slope

The Creep Method

Yield limit in a cyclic test

For details, see Fellenius (1975, 1980)
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(TONS)

LOAD

300 3 l 1

COMPARISON OF FAILURE CRITERIA

DECOURT 235

CHIN 238

[ 2

BRINCH HANSEN 80% 211 | MAZURKIEWICZ 208
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200 —

UTLER AND HOY 185
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100 —
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|
0 1.0
MOVEMENT (INCHES)
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LOAD (KN)

2,500

2,000 H

1,500

1,000

500 A

Definition of capacity (ultimate resistance) is only
needed when the actual value is not obvious from the

load-movement curve

Offset-
' Limit
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30
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TOTAL LOAD (TONS)

Some results from Jones Island, Milwaukee

on 30 m to 50 m long driven piles (Fellenius et al., 1983)
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LOAD AT PILE HEAD (KN)

Pile Toe Movement

4,000

\

f

P —

HEﬂD LOAD vs. TOE MOVEMENT
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2,000 /

1,000

10

MOVEMENT (mm)

15
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30

65 ft long, 14 inch
pipe pile.

With a telltale to the
toe arranged to
determine pile
shortening. Don’t
have 1t measure toe
movement directly.
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LOAD AT PILE HEAD (KN)

Analysis of toe resistance

>'4V e il A\ HEA: An adjacent pull test on
- / ----- A a similar instrumented
/4\1/ 1NN p¥le estabhsh.ed that the
/ pile shaft resistance 1s
o { [ L about 2,000 KN
| j I approximately fully
R mobilized just short of
ol / 5-mm toe movement.
T%' et o oo The thereatter applied
/ load in the push test
/ V goes to toe resistance,
° 5 " MOVEMENT ) i * only.
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20 inch square diameter, prestressed concrete pile driven
to 58 ft embedment, through about 45 ft of soft silt and
clay, 5 ft of sand, and to bearing 6 ft into hard clay

Unloading-
reloading
once or a
couple of
times "on
the way up”
serves no
purpose and
may result
in distorted
analysis
results

LOAD (kips)

600

500 -

\\:&

300

200

100

AN

P

after driving

Push test three months

o

o
A
e
’
%
//

-

Ny

Pull test
five
months
after
driving

0.0

0.2

04

0.6

MOVEMENT (in)

1.2

Data from AATech Scientific Inc.

PUSH
and
PULL

To separate
shaft and toe
resistances.
The pile is
equipped with
a toe telltale.
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Combining the push and pull test results with the telltale
measurements to calculate the load-movement for the pile toe

600

"Toe
Telltale

500

400

300

LOAD (kips)

200

100 =

0.0 0.2 0.4 0.6 0.8 1.0 1.2
MOVEMENT (in)
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Suggestions for Routine Testing

It is not possible to interpret more than very approximately from the load-
movement curve how much of the pile capacity that is toe resistance and
how much is shaft resistance.

Adding occasional unloading and re-loading “cycles” only distorts the
figure. Cyclic loading requires a multitude of identical cycles — maybe
cycle 100 times at each load and unload magnitude, and cycle at several
load levels. This is not practical for routine tests, but anything less is
waste of effort.

The “standard” method of eight increments up to a maximum load is
probably the worst method of the lot. Instead of applying one increment
each hour (as a shock to the pile), use one a quarter of the increment size
and apply one every 15 minutes — a much more gentle approach. Or,
one small increment every 10 minutes — aim for a total of about 30
increments; a five-hour test duration.

On reaching the maximum load and holding it (say, for 10 minutes),
unload in, say five or six decrements.
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The routine static loading test with load applied to
the pile head and movement measured only at the
pile head provides very limited information —
Good enough for proof testing. However, if more

iInformation is desired, instrument the test pile, or
run an O-cell test.

36



Instrumentation
and

Interpretation
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Telltales

A telltale measures shortening of a pile and must never be arranged
to measure movement.

Let toe movement be the pile head movement minus the pile
shortening.

For a single telltale, the shortening divided by the distance between
the pile head and the telltale toe is the average strain over that
length.

For two telltales, the distance to use is that between the telltale tips.

The strain times the cross section area of the pile times the pile
material E-modulus is the average load in the pile.

To plot a load distribution, where should the load value be
plotted? Midway of the length or above or below?

38



Load distribution for constant unit shaft resistance

Awverage
0 Load

LOAD, Q

PILE HEAD 0

Midheight

Distribution

Q=az

PILE TOE h

DEPTH, z




Linearly increasing unit shaft resistance

and its load distribution

Unit Shaft veraqe
Resistance 0 ALoag LOAD, Q
0 0 > ax’
Al = —
az 3
X
a(h® —3x*h + 2x°
AD — ( )
. -oad 6
Distribution
Q = az?/2
" " Al = A2
VY DEPTH, z
h h
“X” is where the average load should be plotted X = ﬁ =0.58
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Today, telltales are not used for determining strain (load) in a pile
because using strain gages is a more assured, more accurate, and
cheaper means of instrumentation.

However, it is good policy to include a toe-telltale to measure toe
movement. If arranged to measure shortening of the pile, it can also
be used as an approximate back-up for the average load in the pile.

The use of vibratory strain gages (sometimes, electrical resistance
gages) is a well-established, accurate, and reliable means for
determining loads imposed in the test pile.

It is very unwise to cut corners by field-attaching single strain

gages to the re-bar cage. Always install factory assembled “sister
bar” gages.
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Vibrating, Tensioned,
Steel Wire .

Plucking Coil and End Block Fixed to
Permanent Magnet Surface Under Strain

y A
IO /NN

y h
VONNITINVII NN
f = Frequency of Vibration

L = Wire Length
T = Tension
m = Wire Mass per Unit Length

f = i'[E or f = K,,[E whauﬁ,=%j%

AE = K, (F-f)

(zokoN
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Rebar Strain Meter — “Sister Bar”

Hayes 2002

Cable

Reinforcing Rebar
or Strand

Rebar Strain Meter —_ |

Wire Tie

Tied to Reinforcing Rebar

Three

bars?!
Instrument Cables >§ ~ A >‘B
Reinforcing Rebar v e
or Strand \D >
‘ < e 4 >
< =
Wire Tie
(2 places) A( i >ﬁ
= =
>
Rebar Strain Meter — 7]
(3 places, 120° apart) A < SAn. & > .
~ ue < O
D
L
Ny .
7

Tied to Reinforcing Rings
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We have got the strain.
How to we get the load”?

 |Load Is stress times area

» Stress is Modulus (E) times strain

o = E¢

 The modulus is the key

44



For a concrete pile or a concrete-filled bored pile, the
modulus to use is the combined modulus of concrete,
reinforcement , and steel casing

comb

EA +EA
A+ A

combined modulus
modulus for steel
area of steel
modulus for concrete
area of concrete
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The modulus of steel is 200 GPa (207 GPa for those weak at heart)

The modulus of concreteis.... ?

Hard to answer. There is a sort of relation to the cylinder strength and the
modulus usually appears as a value around 30 GPa, or perhaps 20 GPa

or so, perhaps more.
This is not good enough answer but being vague is not necessary.

The modulus can be determined from the strain measurements.

Calculate first the change of strain for a change of load and plot the
values against the strain.

Ao
Et = — >Values are known
Ag
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TANGENT MODULUS (GPa)
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Example of “Tangent Modulus Plot”
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0 200 400 600 800
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In the stress range of the static loading test, modulus of concrete
Is not constant, but a more or less linear relation to the strain

do
E, =| — |=ac+b
de
Which can be integrated to:

a)
O=|—|& + bg But stress is also a function of
2 secant modulus and strain:
O = Es & Combined, we get a useful relation:

E. = 05a¢+b = Q=AE ¢
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Intercept is

) b!!

TANGENT MODULUS (GPa)
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90
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Example of “Tangent Modulus Plot”
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Note, just because a strain-gage has registered some strain
values during a test does not guarantee that the data are
useful. Unavoidable errors and natural variations amount to
about 50 microstrain to 100 microstrain. Therefore, the test
must be designed to achieve strain values at least of about 500
microstrain and beyond. If the imposed strain are smaller, the
relative errors and imprecision will be large, and interpretation
of the test data becomes uncertain, causing the investment in
instrumentation to be less than meaningful. The test should
engage the pile material up to at least half the strength.
Preferably, aim for reaching close to the strength.
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Example of evaluation and assessment of strain-gage values

Bored Pile, Singapore, 2007

@ 1,000 mm (39 in.)

- O
(&)}

10

T T #13

#12

Stiff marine clay |

A

#11

#9

#8

37.5m (123 ft)

#6

#5

#3

Saprolite
Sand, Silt, and clay as matrix in
weathered granitic bedrock

#2

—= Pair of Vibrating-Wire
Strain Gages (Sister Bars)
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LOAD (MN)

25

20

-
()]

N
o

UTP-3 Load-Movement

5 10 15
MOVEMENT (mm)

20

25

PILE HEAD LOAD (MN)

0 200

UTP-3 Load-Strain

400 600
STRAIN (pe)

800

—+—SGA1
——SG-2
—e—SG-3
—0—SG+4
—a—S8G-5
—o—SG-6
—e—SG-7
—a—SG-8
——SG9
——SG-11
——SG-12

—+—SG-13

1,000
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Tangent Modulus Lines

STAGE IlI, Tangent Modulus

Pile diameters are all equal to nominal value (1.00 m)

50

Strains are as
measured; all pile oSG2

diameters are s N fai\N —SGH1

assumed to be “ \‘\\Y‘\\/\M w soo
equal to the 2 I N

~—— A ——SG-8
nominal area 20 k/\% ——SG7

15

Y
45 \ \ /. X ——SG-13

AC/AE

x  SG-6

10 \ \ \ \ T —
0 200 400 600 800 1,000 1,200

STRAIN (ug)




In a trial-and-error approach, the piles diameters (pile areas) were
adjusted, and the strains were proportioned to the adjusted pile areas to
ensure parallel slope of load-strain curves and equal tangent modulus lines.

UTP-3 Load-Strain for adjusted areas

25
i —o0—SG-13

—o—8G-12

N
o

—+—sg-(11)

—0—sg-(9)

—_—
(&)
I T N

—m—SG-8

10 1 —0—s5g-(7)
| o sg-(6)

PILE HEAD LOAD (KN)

—aA—SG-5

—o—SG4

0 & ‘ —A—SG3
0 200 400 600 800 1,000 1,200
STRAIN (peg)

Adjustments ranged from increasing the diameter by 110 mm (#6) through 280 mm (#7) 1



STAGE II, Tangent Modulus
50 ‘ Pile diameters are adjusted
45 | ‘< —+—SG-13
40 \ ——SG-12
35 | )\(\k h —+—SG-11
w
<
3 30 XW\ e ——SG9
3 %/5 Xy
. DDA —%—SG-8
: = SG-7
x  SG-6
10 T T T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1,000 1,200
STRAIN (pe)

Note, you can also plot the tangent-modulus lines as tangent-stiffness (AE)
lines, i.e., plot change of load over change of strain as opposed to change
of stress over change of strain. Then, use the AE-values directly in the
load calculation. However, this does give you less reference to what the
actual differences are along the pile.
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Now, having determined the
relation between strain and
secant modulus (from knowing
the tangent-modulus), we are
ready to convert measured

strain to "'measured” load in the

pile: The load distribution.

10 -

DEPTH (m)
S

30 -

5

40 -

35

LOAD (MN)

5 10

&

20 25

;

YHH]

1]

—_
()]
Ll

Marine clay

Shaft Resistance is
not fully mobilized
below 20 m depth.

4_—_—

N
()]
I R T N T |

]
'
o

UTP-3

Saprolitic soil
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What we measure is the increase of
load in the pile due to the load applied
to the pile head. What about the
external-origin load in the pile that
was there before we started the test?

That is, the Residual load.

S7



I-<47Tmo

2
1

104
114
124
13-

141

Normalized Applied Load

Load distributions in
static loading tests on
four instrumented

piles in clay
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Example from Gregersen et al., 1973

LOAD (KN) LOAD (KN)
0 50 100 150 200 250 300 0 100 200 300 400 500 600

0'\ ' ' ' ' . 0 — T 1
- Residual
I\

1N IE AR
HAN o LN )

+

5 o
_ N\ - e
; " pie DA\:I\\X u Sand ; 8 \1 // / 1NTrue
£ / ° : O 10 /
B 12 - ; X a }V .

14- //1{ — : /

16 Pile BC,
- Tapered
18 ‘ 18
A. Distribution of residual load in DA and BC B. Load and resistance in DA

before start of the loading test for the ultimate load applied



Clay

DEPTH (m)
Ry Ey w w N N
(é)] o (&) ] o (@)] o

($)]
o

LOAD (KN)
500 1,000 1,500 2,000

1

2,500

C A

Fellenius et al. 2004

Static Loading Test
at Pend Oreille,
Sandpoint, Idaho, for the
realignment of US95

406 m diameter,
45 m embedment,
closed-toe pipe pile
driven in soft clay
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Distribution of Measured Loads (“False Resistance”)
and “True Resistance

LOAD (KN)
0 500 1,000 1,500 2,000 2,500

0 — 1 | 1

esidual Load
From Test data and
from Calculations

.
;
S
<
\
\ g
Y .
3 " .
\ .
15 »
s
{

*'/ True Resistance

y From Test data and
20 AR
25 : .

from Calculations
30 7, } 7{
35 it /
45 1 \
Measured Load

From Test data and
from Calculations

DEPTH (m)

50
Fellenius et al. 2004



Silty
Sand

FHWA tests on 0.9 m diameter bored piles

DEPTH (m)

10

12

One in sand and one in clay

(Baker et al., 1990 and Briaud et al., 2000)

Cone Stress and SPT N-Index
(MPa and bl/0.3 m)

0 10 20
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40

& =
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=
{' Sand
d

Jdc

i

D

<> {N
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] E
Sand {

<

—

Pile 4

10

12

Cone Stress (MPa)
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40

—

=

Clay

Clay

;
r
L
j
4

Pile 7
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DEPTH (m)

RESULTS: Load-transfer curves

LOAD (KN) LOAD (KN)
0 1,000 2,000 3,000 4,000 5,000 0 1,000 2,000 3,000 4,000 5,000
0.0 e L - L - oL e 0.0 = = ™ » .l m = - B |
2.0 1 20 |
. N Tree Residual
Distribution Load True
4.0 + : 4.0 A K Distribution
g ..
6.0 8 l\'}aasured L 50
; Distribution E :
/ ' wl ;
/|« Residual :
; /’/ Load o ;
8.0 |l|/) 4 8.0 1
,'. m}
|
10.0 A 10.0 A
PILE 4 PILE 7
SAND CLAY
12.0 12.0
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Results of analysis of a Monotube pile in sand
(Fellenius et al., 2000)

LOAD (KN)
0 1,000 2,000 3,000

5 j
Load Resistance

;f//

v

True
Resistance

DEPTH (m)
/

\

RN
(€}

20

25
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Method for evaluating
the residual load distribution

RESISTANCE (KN)

0 500 1,000 1,500 2,000
0 * Measured -
) ‘\ Load \x
4 by
Shaft m
Resistance .~ /
E S
b A
I '~
E 8 \ ) /" NTrue
LL | o . Resistance
SELE %l
PR
12 . \Ext lated
- rapolate
% - 0. True Resistance
14 A . . by ‘v\
16 - Residual Measured Shaft

Load Resistance
Divided by 2



Analysis Procedure

LOAD (KN)
0 500 1,000 1,500
2
Measured
Load
4 |
Residual
6| EA/ Load
8 1
£ \
< 10 | Shaft Resistance
a Distribution
A . \ Divided by2
14 ‘/ /
\6 True \
/ 'R Resistance
16 S .
> = \ExtenS|on
L. of Matching
18 -
1 o

Fellenius 2002 20



Fellenius 2002

Results

LOAD (KN)
0 500 1,000 1,500 2,000

—eo— CAPWAP
Determined
Resistance

—m— True Resistance

—¢— Residual

---&-- CAPWAP Shaft
Divided by 2

—o— True Shaft
Resistance
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Presence of residual load is not just of academic interest

LOAD (KN)

1,000 ‘ 1,000
1 No Strain Softening Residual Load 1 With Strain Softening Residual
| present & ] / Load present
800 | 800 f —
600 | _— Zz 600 — -=" —
. Y ] -
| No Residual = \ No Residual
1 Load g | Load
400 1 = 400 |
200 200 ]
| O OFFSET 1 O OFFSET
| LIMIT LOAD | LIMIT LOAD
0 T T f O g T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
MOVEMENT (mm) MOVEMENT (mm)
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A 1200

 TOE

1,000 —+

(o]
o
o

600

LOAD (KN)

400

200 -

Toe Resistance

TELLTALE

;;:;;;;';"—'_—_HEAD

.
\\\\\\\\\\\\\\\\\\\
T T T

MOVEMENT (mm)

Does not this shape of
measured toe movement

suggest that there is a
distinct toe capacity?
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A 1200

 TOE

1,000 +

600

LOAD (KN)

400

200 +

800 +

TELLTALE

//‘?’HEAD

B 1,200

LOAD (KN)
D
1S

MOVEMENT (mm)

1,000 +

800 +

HEAD

e o e e

.
.
.
/,/:'-'_’_.
- '
.

5 10 1

MOVEMENT (mm)

5

20 25

No, it only appears that way when we forget to consider the residual
toe load (also called the initial, or “virgin” toe movement)
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Residual load

 “Residual Load” is the same as “Drag Load”. The
distinction made is that by residual load we mean the
locked-in load present in the pile immediately before we
start a static loading test. By drag load we mean the load
present in the pile in the long-term

* Residual load as well as drag load can develop in
coarse-grained soill just as it does In clay soll

* Both residual load and dragload develop at very small
movements between the pile and the soll

71



The strain-gage measurement is
supposed to be the change of strain
relative the "no-load” situation (i.e.,

when no external load acts at the gage
location).

But, is the "no-load” situation really the
reading taken at the beginning of the test?
What is the true “zero-reading” to use?

72



We often assume — somewhat optimistically or naively —
that the reading before the start of the test represents
the “no-load” condition.

However, at the time of the start of the loading test, loads
do exist in the pile and they are often large.

For a grouted pipe pile or a concrete cylinder pile, these
loads are to a part the effect of the temperature
generated during the curing of the grout.

Then, the re-consolidation (set-up) of the soil after the
driving or construction of hte pile will impose loads on the
pile.
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Strain measured
during the 218-day
wait-period
between driving
(grouting) and
testing.

Do these strains
really represent
load in the pile, as
present before the
start of the static
loading test?

DEPTH (m)

STRAIN (pe)

400

I\

AN

% IR -
R/l WA,
W

<&
< L

GOéI

At an E- modulus of 30 GPa,
this strain change corresponds
to a load change of 3,200 KN

— 9d

— 156d

—23d

—30d

—a— 39d

—49d

—59d

—82d

—99d

—122d

—e—218d
Day of
Test
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Concrete curing temperature measured in a grouted
concrete cylinder pile

70
60 - Temperature at various
depths in the grout of a 0.4 m

50 - center hole in a 56 m long,
) 0.6 m diameter, cylinder pile.
& 40 -
|
|_
<
14
w 30
o S
& l _—
- &HI

20 —

10

0 T T T T T T T T T T T T T T T T T T T T
0 24 48 72 96 120 144 168 192 216 240

HOURS AFTER GROUTING

Pusan Case



TEMPERATURE (°C)

1 2 3
DAY AFTER GROUTING

TEMPERATURE (°C)

10 15 20 25 30 35
DAY AFTER GROUTING

Temperature records during curing of grout in the Golden Ears Bridge test
pile, Vancouver, BC. Data courtesy of Trow Engineering Inc. and Amec Inc.
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100 | |
vy ] Change of strain measured in a 74.5 m
= 0 long, 2.6 m diameter bored pile
Z _
&t ]
n ]
LL |
O _200 - -
Lu |
(D |
Z |
< -300 -
XL 7 < |

- light R f Sh i
(&) T Rebar Shortening Slight Recovery of Shortening
-400 I I I I | I I I I | I I I I | I I I I I I I I | I I I I I I I I

0 3) 10 15 20 25 30 35
DAY AFTER GROUTING

Change of strain during the curing of grout in the Golden Ears Bridge test pile



Submerging the short pile segment, letting it swell from absorption of water

STRAIN (ue)

100

50

-50

-100

-150

-200

100 200
Time (days)

300

400

500
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The strain gages are not temperature sensitive,
but the strain measurements may be!

The vibrating wire and the rebar have almost the same temperature
coefficient. However, the coefficients of steel and concrete are slightly
different. This will influence the strains during the cooling of the grout.
More important, for lower quality vibrating wire gages, the rise of
temperature in the grout could affect the zero reading of the wire and its
strain calibration. It is necessary to “heat-cycle” (anneal) the gage
before calibration. (A routine measure of Geokon, US manufacturer of
vibrating wire gages).
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Readings should be taken immediately before
(and after) every event of the piling work and
not just during the actual loading test

A series of No-Load Readings will tell what
happened to the gage before the start of the
test and will be helpful in assessing the
possibility of a shift in the reading value
representing the no-load condition

If the importance of the No-Load Readings is
recognized, and if those readings are reviewed
and evaluated, then, we are ready to consider
the actual readlngs durlng the test
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Of course,

we must consider also other aspects:
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KPa)

ess (

Change of Horizontal Str

60
50
40
30
20
10

Interpretation of a series of tests
performed at different times

Results thought due to set-up
and explained as “Increase in

Effective Stress”

Results plotted
According to
Movement Path
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Also the best field work can get messed up if the analysis and

conclusion effort loses sight of the history of the data

2,000 L DYNAMIC
TEST in Repeated _
a series STAT|C_ _ =
1,500 of bIows: _ 37

AN
L IR

0 100 200 300
MOVEMENT (mm)

LOAD (KN)

The dynamic test (CAPWAP) was performed after the static test.

The redriving (ten blows) forced the pile down additionally about 45 mm. 83



Does unloading/reloading add anything of value to a test?

Result on a test on a 2.5 m diameter, 85 m long bored pile

30

'LEVEL A Downward, STAGES 1and 5

SRS S S S O S - i w—
'FE analysis ./i?i.:‘ . = E
20 \ e ¥ |
Z j{ .
S N Test Data '
- L | e L
©
o
—
10
/
/
/
/
/
’
’
’
’
0 : o
0 50 100 150 200 250

Movement (mm) 84



2,000

1,500

LOAD (KN)
>
8

500

0 1 2 3 4
MOVEMENT (mm)

The above series of unloading/reloading has
added nothing but cost the client a lot of money.
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Good measurements do not guarantee good conclusions!

A good deal of good thinking is necessary, too
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Results of loading tests on 40 m long,

instrumented steel piles in a saprolite soil

LOAD (KN) UNIT SHAFT SHEAR (KPa)
0 2,000 4,000 6,000 8,000 10,000 0 50 100 150 200 250
0 0
5 5
10 10
15
— T 15
g 20 ;
= 20
= =
Q25 o
e Q o5
30
35 30
40 35
45 40
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A more thoughtful analysis of the data
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And a second pile:
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JORJ OSTEF
st CRBERG

Jorj Osterberg 2001

The Bi-Directional
Static Loading Test
The "O-cell Test"”
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Schematics of the Osterberg O-Cell Test
(Meyer and Schade 1995)

Grout pipes Dial gages
Ground surface Q C{ F'J%?éﬁ?%sﬁﬁég
/ /' Reég‘;::“ From pump
e
= [EETE
r-| E =
Telltales 7] | = Pile Head
and — ||
B =
Grout Pipe == =i
= =l
= Upward Load

THE O-CELL

Downward Load
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The O-cell can also be installed in a driven pile (after the driving).
Here in a 600 mm cylinder pile with a 400 mm central void.
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O-cell in a pipe pile inserted in a augercast pile after grouting. 95
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EXAMPLE 1

Results of an O-cell test on a
2.8 mby 0.8 m, 4 m deep
barrette in Manila, Philippines

Load (KN)
0 5,000 10,000 15,000 20,0C

B

£ -10}
Approximate e
extension of %
the toe =
movement to
the zero
conditions
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EXAMPLE 2

MOVEMENT (mm)

120 -

N A i O-Cell test on a
50 1,250 mm
60 Shaft diameter, 40 m
40 - long, bored pile
. UPPER PLATE .
20 kot gt US82 Bridge
1 o . .
0 1 iIn Washington,
20 - LOWER PLATE ) . . .
1 Weight N Ay DOWNWARD MVVINT MIiSSISSI p p|
40 1 of Residual . )
E ks \ Installed into
60 |-
a0 Toe dense sand
0 2,000 4,000 6,000 8,000 10,000
LOAD (KN)
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DEPTH (m)

Resistance Distribution

LOAD (KN) AVERAGE UNIT SHAFT RESISTANCE (KPa)
0 2,000 4,000 6,000 8,000 10,000 G.W 0 100 200 300 400
1 1 1 1 1 — 0 ! )
5 L
Strain-Gage ]
Level #4 10 \\
s \\\ \ \
Strain-Gage - Y \
Level #3 "
. z 20 = \
Strain-Gage o i
\ Level #2 w ]
\ Strain-Gage o 25 E NIV
T X, Level #1 1 ] T R \
e R R NRE AR N D N S
] \. \ \.\. o -y O-Cell Level 1
35 ] 35
[ (R PileToe | - — — — o~ 1
40 40

The unit shear resistance at shaft
“failure” corresponds to a beta
coefficient of about 1.0. 99



Load-Movement Curves

LOAD (KN)

9,000
8,000 /._..//o:o > o O-Cell
7,000 i
| Strain-Gage
6,000 /.’.——_ = Level #1
5,000 = il
4,000 -
Strain-Gage
Level #2
3,000 e+
2,000
gy O Po— - -& ® ®
1,000 Strain-Gage
. || ¢ —e ¢ Level #4
O T v v v )
0 0 40 60 80 100 120

MOVEMENT (mm)
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LOAD (KN)

Searching for the Residual Load

:— O-Cell Load /

//

INDICATED RESIDUAL LOAD

0.5 1.0 15
PILE COMPRESSION (mm)

20

/-'

P
e

/ O-Cell Load —

F 1

250 50.0 75.0 100.0 125.0 150.0

PLATE SEPARATION (OPENING) (mm)
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From the O-Cell results, one can produce the load-movement curve
that one would have obtained in a routine “Head-Down Test”

Equivalent Top Load Load-Movement Curve

Test Shaft #1 - US 82 over Mississippi River - Washington Co., MS
Equivalent Top Load ( MN )

0 2 4 & 8 10 12 14 16
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3 = 1 1
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MOVEMENT (mm)

120
100

- .

; et

e

0 2,000 4,000 6,000 8,000 10,C
LOAD (KN)

9,000 ; .
l Toe Shaft
8,000 ,‘l Movement / Movement
7,000 +— .
1 :" p/ /
__ 6,000 -
= ] :I // /./
X 5,000 4 2
(=) f /~/
< 4,000 1
2 ol
3,000 +
2,000
J/:r Residual Load
1,000 i i
&4—— Weight of Shaft
0% T 1 T .
0 20 40 60 80 100 120

MOVEMENT (mm)
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EXAMPLE 3

MOVEMENT (inches)

4 /{
3

UPPER PLATE

UPWARD MYMNT

1
| Q‘r.ﬁ’.{OWER PLATE
DOWNWARD MVMNT

/

OPMW

0 500 1,000
LOAD (tons)

1,500

O-Cell test on
a 43 ft long pile
socketed into
chalk bedrock
at US82,
Bridge at
Oktebbeha,
MS
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Measured Resistance Distribution

LOAD (tons)
0 400 800 1,200
Strain-Gage
Level #3
)
Q
D
= 20 Strain-Gage
L ] Level #2
= 25 1
o ]
"SEIARNNN
o 30: Strain-Gage
35 E \\‘\\\\\‘Eifuﬂ
40 i \ \ \ \\

O-Cell Level \ \0

45

N

NN N

1,600

Clay
and
Sand

Chalk
Bed-
rock
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Shaft Shear Distribution

AVERAGE UNIT SHAFT RESISTANCE (ksf)

0 5 10 15
2
5
1 Ground & Level #1 Clay
] and
10 1 \\ sand
= 15 1
Q . \ \ \\ Level #1 & #2
£ 20 ] ~
|:_: o5 \ \ \\ Levels #2 & #3 Chaik
o 1 cK o x \ \ \\ \\ Beds
g 30 3 \ rock
ol VL
O-Cell & Level #1 \o \ l \ \o 3
40 A
1 O-Cell Lewel
45 -

Residual Load not considered

DEPTH (feet)

AVERAGE UNIT SHAFT RESISTANCE (ksf)

0 5 10 15 20 25
Clay
AFTER CORRECTION FOR and
Sand
RESIDUAL LOAD
to#2 Ghalk
\ Bed-
\ rock
\%\ #2 to #1
#1 to Cell
35 E Estimated Ll < \
| Residual NS N NN N N
+' Shear
40
1 O-Cell
45 1 '

Corrected for Residual Load
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Example 4
Finding a "soft" toe

20

A D) eeessecesseeeneeens

g
vvav

" COMPRESSION OF
SOET SOIL AT TOE |5t

N
o

MOVEMENT (mm)

0 2 4 6 8 10 12 14 16
APPLIED LOAD (MN)

Toe load-movement for a pile with a soft toe at Albuquerque, New Mexico
(Data from Osterberg and Hayes, 1999) 108



EXAMPLE 5

Kahuku Bridge across
Kamehameha Highway, Hawaii
Test on 600 mm, 17 m long, bored pile
In hard clay and weathered rock

UPWARD

MOVEMENT (inches)

0 gq=é:

] DOWNWARD

0 50 100 150 200 250 300 350 400
O-cell Load (kips) 109
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The load distribution after tangent-
modulus evaluation of pile stiffness

The "head-down" load distribution and
speculative fully mobilized resistance

DEPTH (ft)
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60 -

70 A

80

LOAD (kips)
0 100 200 300 400 500 600 700 800
K\N\ Silti stiff clai
Buoyant
] Weight
__J l _&_ XLVD O-cell
r " Silty hard clay
Shaft and toe resistances
are not fully mobilized
below the O-cell
JA{
DATA FROM O-CELL TEST
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EXAMPLE 6

Test at Bangkok Airport
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‘Teli-tale Rods

X
Nominal Pile Diameter 1000mm

S.G Level 1 _D 15.0m

S.G Level 2 >U .............. 20.5m

S.G Level 3 LD 24.0m

>

S.G Level 4 ...28:5m

900T Hydrauli T bR 30.0m
S.G Level 5 _D 30.5m

S.G Level 6 > v 38.0m

S.G Level 7 »(] ....39.0m

360T Hydrauli I | |.....40.0m
__Pile Toe L..41.0m

Stage 1

Lower Cell activated
Upper cell closed

Stage 2

Lower Cell open
Upper Cell activated

Stage 2

Lower Cell closed
Upper Cell activated

Data from

Fox, 1., Du, M. and Buttling,S. (2004)

Buttling, S. (2006)
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Downward load-movements during test phases 1, 2, and 3.

LOAD (KN)
0 2,000 4,000 6,000 8,000 10,000
] \\ 1112| |3
25
= | P1 \{2 g3
50 |
E  — % 6,000 < 8,000 KN??
= 75 =5,000 KN
P4 1
L ]
= 100 | \ N .
g ] ~3,000 KN
O 125 -
s ] L
150 1 _ EEE |
B Active Cell

175 O Inactive, Open Cell

M |nactive, Closed Cell

Concern was expressed (Buttling 2006) that the toe resistance (Phase 1) was #3,000 KN and
the shaft resistance for the lower segment was =5,000 KN (Phase 2), while in Phase 3 the
combined shaft and toe resistances were only =6,000 KN. Should not the Phase 3 resistance
be =8,000 KN rather than ~6,000 KN (i.e., the sum of the values =5,000 KN and =3,000)?
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Downward toe movements

are best plotted per sequence of testing. Particularly when considering the
example toe resistance, one must evaluate the load-movement response in
comparing Phase 1 + Phase 2 to Phase 3 (i.e., P2 shaft below cell plus P1 toe).

DOWNWARD MOVEMENT (mm)

LOAD (KN)
2,000 4,000 6,000 8,000 10,000
1] [2] [3]
P1 and P2 H E B
_“data ,

X combined H
\ . pmy |

B Active Cell

J Inactive, Open Cell
B |nactive, Closed Cell
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EXAMPLE 7

O-Cell tests for Hacienda Elena
Development, Guaynabo, Puerto Rico
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NOTE:
= NOMIMAL SHAFT 36°/914 mmd

TELLTALES

A B

DEPTH
(FEET/METERS)

TOP OF REBAR = +352.2/+107.34

GROUMD = +347.2/4105.62

Clayey Silt

"
+326.1 /49041

+512.2/495.15
Saprolite
+307.2/+93.63

Hard Clay

4300.2/491.49

Weathered
Bedrock

U 0 56 2 (27271, .72) —— +308.2/+93.93
L 0O SG 1 (27275, .76) —— +302.2/+02.10
)
E-E LVWOTs (27633, .34, ..35)
330mm 0=Call (13=-6-001) —— +297.6/480.78
Ei SHAFT TP ——  +295.2/+89.97

2531-D MW 41t St
Il‘.‘I‘l‘llI Gainesville, FL 32606

Phone 800- 3681138
LOADTEST ™ 35 375 004

SCHEMATIC SECTION OF TEST SHAFT

Hacienda Elena Bridge BR—1 EAST ADUTMENT - Guaynaba, PR

DWN_ BY: DAK

[oare: 11/27/06 [ cHECKED Bioag [ LT=9192-2

REVISED BY: SAE

[ oares a/19/07 | ScaLE: wrs

| FIGURE A

MOVEMENT (mm)

O-cell Test Results

20
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|
|

:

¥
S
L

.

-40 |
O IS— 3
0 | B
70 |
-80 7 T T

0 1,000 2,000 3,000 4,000

LOAD (KN)

5,000
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Resistance (%)

Measured load-movements can be
simulated (fitting) to t-z and g-z relations
Pile shaft by t-z relation; Pile toe by g-z relation

R = MVMNT”Exp

100 e
——
o e
80 SHAT R2 52
TO
o0 O
Exp. =0.05
40 \ Exp. =0.10
I \ Exp. = 0.20
Exp. =0.33
20
/ Exp. = 0.50
Exp.=0.75
0
0 20 40 60 80 100

Movement (%) 117



O-cell Test Results
with UniPile Simulation
15,000
10,000
=
X
[m]
<
(@]
-
5,000
0 q
0 10 20 30 40 50 60 70
MOVEMENT (mm)
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EXAMPLE 8

410 mm diameter, 22 m
long, precast concrete
pile driven into silty sand

s» (Havana)
L 3

’:\'v

- (Mexict_:r City)

)
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Pensacola, Florida, USA

60

50

40

30

20

MOVEMENT (mm)

10

./

-10
0 500 1,000 1,500 2,000 2,500

LOAD (KN)
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EXAMPLE

Bridge over Panama Canal, Paraiso Reach, Republic of Panama

O-cell test on a 2.0 m (80 inches) diameter, 30 m (100 ft) deep shaft
drilled into the Pedro Miguel and Cucaracha formations, February 2003.
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Load-Movements. Measured and Fitted to UniPile Calculation.

NOTE:
= NOMINAL SHAFT 2,00m®
TELLTALES ELEVATION
(METER
. B (METERS)
GROUND EL = +71.14
Iy TOP OF REBAR —— +70.80
FLL
+63.00
TOP OF COMCRETE ——  +68.30
OVERBURDEN
+66.00 509 (24300,.81) ——  +65.90
568 (24385,.89) ——  +63.90
PIEDRO MIGUEL FORMATION
SG7 (24386..87) —— +61.90
5060 S66 (24384, 85) —— 45000
1 Strain-Gage
5G5S (24387, 83) —— +56.90
Locations
CUCARACHA FORMATION
SG4 (24380,.81) —— +53.90
LYWDT (23349,.50,..51,.52)
bk, = 4) B.SOMN 0—Cells —  +5188
2021-16,..~9,.~18,.~15)
503 (24376,.79) —— +40.88
ECT (23353,.54)
562 (24376,.77) —— 4683
LVWOT (23346,.47,..48)
bovek o whott 3) B.90MN 0—Cells —— b4458
5 2021-10,.~17,2011-4)
£l SG1 (24374,.75) —— +43.38
TP OF SHAFT —— +41.88
= O-cell
CROUNDWATER (CANAL LEVEL) —— +27.00
2631-D NW &1st St T-2183-2  2nd Bridge

| "If‘ I | Gainesville, FL 32606

Phene B00-388-1138
LOADTES FAX ~ 352-378-3334

SCHEMATIC SECTION OF
TEST SHAFT P2

Over Panama Care
Forgisa Reach, Panama
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Test Results Processed for Design Analysis
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EXAMPLE 10
Torre Chapultepec, Mexico City, Mexico

O-cell Test on a 700 mm diameter 34 m deep bored pile

Om-26m  desiccated clayey silt

5m-34+ m dense sand and silt
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Torre Chapultepec, Mexico City, Mexico

O-cell Test
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Torre Chapultepec, Mexico City, Mexico
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Torre Chapultepec, Mexico City, Mexico

DOWNWARD MOVEMENT (mm)
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EXAMPLE 11

O-cell Testsonan 11 m
long, 460 mm square
precast concrete pile
driven in silica sand in

North-East Florida

(Data from Data from Bullock et al. 2005) % ‘*‘L‘?'::aé‘;." lstand

i wHarbanlsland

ﬂl:_ll!.‘l.ﬂ:ﬁl-il [E ]

|
The!Bahamas ™ -9
, " "\:’

nd

. ‘\. o " ¢

A study of Toe and
Shaft Resistance S g,
Response to ﬂlm
Loading



Cone Stress, q; (MPa)
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concrete pile driven in silica sand in North-East Florida

Data from Bullock et al. 2005
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Toe Resistance

Response
1,600
1,400
J " /

__ 1,200

51000- f//

< 4 , —
S 'l W[ 2
e _ s
S w8
Ll
5 14N

400 // //
200 A

0 - 1 L L L T 1
3-2-101 2 3 4 5 6 7 8

TOE MOVEMENT (mm)

Load-movement curves for the pile toe.

DT (i The two first cycles and beginning of the third cycle 130
Bullock et al. 2005




1,600

Data from Bullock et al. 2005

1,400 /‘/‘/\t
__ 1,200
g " !
X 1,000
2 ] / 7
a 600 — :
o //V /
200 4 ﬂ ‘//
0 - T _ u .
- 25 35 45 55 65 75
TOE MOVEMENT (mm)
Load-movement curves
for the pile toe during all four load cycles
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Data from Bullock et al. 2005
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Shaft

Resistance
Res ponse SHAFT LOAD-MOVEMENT DIAGRAM FROM O-CELL TESTS
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N
o
o
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LOAD (KN)
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200 f
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UPWARD MOVEMENT (mm)

Data from Bullock et al. 2005 133



EXAMPLE 12

O-cell Tests on a
1.4 m diameter
bored pile in North-
West Calgary
constructed in silty
glacial clay till

A study of Toe and Shaft Resistance
Response to Loading and correlation to
CPTU calculation of capacity
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Cone Penetration Test with Location of Test Pile

icti Pore Pressure (KPa
Cone Stress, q; (MPa) Sleeve Friction, f; (KPa) ( ) Friction Ratio, fg (%)
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= T 15 T T -
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Pile Profile and O-cell Location O-cell Load-movement Up and Down

ELEV.(m)
EL = +0.00 TOP OF CASING —— +0.40 80
. 70
e e I
60
— 50 -
£
E 40
ASEE — | B %
L
s 20
n|f #5 S65 (05-5702,.03) —— —-10.95 1T}
> 10
o
nlf #4 S64 (05-5700,.01) —— —13.45 = 0
h -10 4
7| g SG3 (05-5698,.99) —— —-15.95 '\\ L
—— —
LVWDT (05-4468,..69,..70) -20
breok ?‘I0,0 MN O—-Cell (4038.11) —  _17095
#2 -30 T T T
" SG2 (05-5696,.97) —— -19.45
0 1,000 2,000 3,000 4,000 5,000 6,000
nl #1 SG1 (05-5694,.95) —— -20.95
TP OF SHAFT —— —-22.11 LOAD (KN)
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Results from Strain-gage Levels 1 through 5

STRESS (GPa)

Stress-Strain
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Load Distribution
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After consideration of potential presence of residual load and applying judgment

Load Distribution
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DEPTH (m)
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N
(63}

20
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Load Measured Distribution Compared to
Distributions Calculated from the CPTU Soundings

DEPTH (m)

LCPC with
max. limits

LOAD (MN)
10 15

| Schmertmann)

LCPC without
max. limits

m
-

20
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The Test Data for Shaft and Toe and Evaluation of
Head-down Movement Using -z and g-z evaluations

14,000
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4,000

2,000

0 20 40 60 80 100 120
MOVEMENT (mm)
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EXAMPLE 13

O-cell Tests on a 2.5 m diameter, 121 m deep bored pile for the
Sutong Bridge Project - Jiangsu Province, China, constructed in

compact to dense to very dense sand.

a

o i
Taiyuan Shijiazhuang= 11

: £ d Jinan
o Handan o

Tianshui
\Luoyang

Xianyang Zhengzhou

Hefery Naning k.

o Wuhan

Chongqing

Nanchang
~Changsha
o g

Guiyang

Guangzhou {Canton) .’;j’ r) Taiwan

-DEEJBC‘I'"I
ores
Kwangjuy

ol

egu

Busan

Note, two-level O-cell test

DEPTH
{METERS)
Top of Parmenent Casing +7.38
1| Top of Pile Concrefe ——  +6.50
Water elevati L — 00
Seabed
o —  -1660
Trpditional Telltales (2nos.) — #8Level 8 strain gauges —46.10
Bottom Permanent Casing _53.62
121 m I#7Leva\ 7 straln gauges ——  —56.10
I
(
:. ECTs Level 3 (2nos.)
(##GLevel 6 strain gouges ——  -68.00
I
(
I
I |lggtevel 5 strain gauges -77.50
I#5‘
| —ECTs Level 2 (2 nos.)
|#4.eve| 4 stroin gauges -92.00
\##3Level 3 stain gouges —— :g‘z'_gg
\_—LM)T; {4 nos.)
2 x 870mm Osterberg Cell
I#Z.ml 2 sirain gauges ——  —110.00
}.. ECTs Level 1 {2 nos.)
f -118.00
I#1Lave| 1 stroin gauges k]
Tip of Plle — 12100

LVWDTs (4 nos.)
2 x 660mm Osterberg Cell

[ESFER] |l ™| Smamc sonov or— [555
LOADTES'I Tal +(B5) B377 5685 TEST PILE [T]‘—Sﬁ] F[[;U‘RE ;”

Fax +(65) 63773359
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TEST

MOVEMENT (mm)

Upper O-cell, Stage 3
RESULTS 120
100
s T~ Upper O-cell
o "“\\Pile Head
£ 80
£ /
- 60
P4
7 /
E 40 /
Lower O-cell, Stages1and2 |5 /
(@)
20 s 20
10
-10 \ .
‘20 -20 T T T T
-30 T 0 10 20 30 40
-40 LOAD (MN)
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-50 N
-60 N
-70 — N
‘80 ——— L -—-—k.\-\
-90 " —T [Repeated test after
-100 \( grouting the pile toe
110 F—on—
-120 I P o
-130
0 10 15 20 25 30
LOAD (MN)
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EXAMPLE 14

Zambezi River Bridge,

Caia, Mozambique

1.5 m diameter
60 m embedment

Bored Pile




WOTE:
— NOMINAL CASING DIMMETER 1550 mm
— NOMNAL PILE DIAMETER 1500 mm
— WATEE TABLE EL ESTIMATED AT +323.25m

.

GROUND WATER ——=

SAND

LOGSE TO MEDIUM DENSE
SILTY SAND

CLAY

FIRM TO HARD
CLAY & SILTY CLAY

SAND

MEDILWM DENSE TO VERY DENSE
SILTY SAND

FRIASLE SARDSTOME

EL {m}

o 43535

)\38 TOF OF CONC. —  +2475
T OF TEMP CASING ——  +19.90
SGLEVEL 3 (2) +15.25

SG LEVEL 2 {7) ——  -6.20

——BOTTOM PLATE VENT FPE (1)

| ——TOP PLATE TELLTALE (2)

LVADTs (1)
S540mm O-cell

—ECTs (2)
SGOLEVEL 1 (2)
PILE TIP
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w
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|<:_—l—:—
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~—_ —~._ | Down
\ \




y = 0.031x + 2.6804 y = 0.0228x + 0.4653
y = 0.0352x + 3.9114 R? = 0.9984 R? = 0.9995
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N w AN (@) » ~

QO -
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U

The O-Cell test with a couple of strain
gages, judiciously placed, will provide:

Separate values of shaft and toe resistances
Estimate of residual load

Load-transfer for the pile

Pile-toe load-movement curves (g-z function)
Results that can be extrapolated to other piles

Data necessary for settlement analysis
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Closing remarks

« Not recognizing that test data can be affected by residual load is the
reason for delusive concepts such as the Critical Depth.

 |tis unfortunate that this fact is still not generally recognized. As
should be obvious, this means that poorly thought-through results
keep confusing the practice.

 The E-modulus is an important factor in the evaluation of the O-cell
data that must not be left to chance.

« The analysis is not completed before the test data have been
processed in an effective stress calculations and the t-z and g-z
relations have been evaluated.

* |nstrumentation and taking the readings must be planned, executed,
and evaluated by persons who are experienced in all the various
phases.
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