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SOIL STRAIN RATE EFFECTS ON AXIAL PILE CAPACITY
by R. G. Bea, Ocean Engineering Division
PMB Systems Engineering, Inc.

San Francisco, California

ABSTRACT

Soil strain rate effects are known to have important influences on

the load and deformation response of axially loaded piles embedded in
cohesive soils. Generally, high rates of loading result in increased
load resistance and stiffness. Low rates of loading result in de-
creased load resistance and stiffness.

In this paper, results from recent deep-penetration pile load tests
(8,13) in which rapid rates of loading were applied, are used to de-
scribe strain rate effects. These results are compared with those
from laboratory soil tests employing high rates of strain. A viscous
damping coefficient is derived from these results.

The viscous damping coefficient is utilized in a recently developed
computer code (INTRA) intended for analyses of dynamic soil-structure
interactions (2). The code and damping coefficients are used in a
study of the dynamic response characteristics of a pile beneath a
1000 ft water depth platform located in the Gulf of Mexico.

Based on results from an empirical approach (5), and the analytical
approach discussed in this paper, substantial increases are found in
the load resistance of the pile foundation subjected to typical com-
binations of static and dynamic loadings.
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INTRODUCTION

Current (1982) offshore engineering practice is to design piles for

‘platforms using static analyses that have been calibrated with re-

sults of static pile load tests (11,18,20).

. Environmental lcadings acting on platforms are dynamic, since both

time varying and cyclic lpadings are involved. In addition, large
static loadings generally are present due to the dead weight of the
structure. and its operational loadings (5,25).

Recent research results from analytical models (22) and pile load
tests (3,5,13) show that high rate of loading effects, derived pri-
marily from soil strain rate effects, can substantially increase pile
force resistance over that for static loadings. Cyclic loadings. and
sustained ldadings inducing high soil strains can have offsetting ef-
fects (12,21).

Figure 1 shows a comparison of strain rate effects as indicated by
pile load tests (5) and laboratory tests on soil samples (7). The
pile load tests were performed on piles embedded in cohesive soils.
The laboratory tests were performed on cohesive soils of moderate to
high plasticity. Similar trends are noted.

A rate factor, 8, which is the ratio of dynamic, Pd’ to static, Ps’

resistance, can be expressed as:

Py A 4
B =§—; = F1+F2 log rs— (1)

“where A is the reference loading rate and A is the actual loading

rate. Based on the pile load test data in Fig. 1, Fl falls in the
range of 0.75 to 1.25, and F2 in the range of 0.10 t5 0.20.

Conventional static pile load tests are performed at a rate in the
range of 1 to 10 percent of ultimate capacity per hour. Extreme con-
dition wave forces actigg on a_platform can produce pile head load-
ings in the range of 10 to 10 percent of ultimate capacity per
hour. Thus, the empirical rate factor would be in the range of 1.6
to 1.8, indicating a 60 to 80 percent increase in resistance of the
pile.

This paper will examine the static and dynamic axial load displace-
ment characteristics of a typical pile in the foundation of a 1000
foot water depth, template-type platform located on the Continental
Slope of the Gulf of Mexico. -Soil conditions at the site consist of
plastic, underconsolidated, cohesive materials.

Pile, soil and design lcading conditions are utilized as input to a
computer code (INTRA) intended for analyses of dynamic soil-pile-
structure system interactions (2,15). Data from published pile load
tests (8,13) and laboratory soil tests (4,5) are used to describe -
pile-soil strain rate effects in the cohesive soils. Pile response
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is studied for a wide range in potential strain rate effects and com~
binations of static and dynamic loadings.

DEEPWATER PLATFORM FOUNDATION

Soil characteristics at the site of an example 1000 ft water depth
platform in the Gulf of Mexico are given in Figs. 2, 3 and 4.

The estimated soil undrained shear strength, SQ, based on triaxial
tests and the SHANSEP procedure (l4) increases linearly with depth to
a penetration of about 300 ft. The shear strength is then relatively
constant to a depth of 500 ft.

The estimated in-situ vertical effective stress, 0 ,based on oedomet-
er tests is shown in Fig. 3. Comparison with the total overburden
stress, 0__, indicates that these soils are generally underconsoli-
dated. Triaxial tests indicate a Su/OV ratio of about 0.25.

The Liquidity Index, LI, profile is shown in Fig. 4. Liquidity indi-
ces in the range of 0.8 to 1.0 at the mudline decrease to values of
0.3 to 0.4 at a penetration of 300 ft, whereupon they are relatively
constant to a penetration of 500 ft.

In this example, a 72-inch diameter, open-ended steel pile having a
wall thickness of 1.5 inches will be studied.

The computed axial static capacity of the pile based on API guide-
lines (1) and an effective stress method (10) are shown in Fig. 5.

In this particular case, the two methods for computing pile capacity
result in similar capacities. The pile is indicated to have a com~
puted ultimate static capacity of 10,000 to 11,500 kips at a penetra-
tion of 400 ft. : -

The computed dynamic axial loading acting on the pile head for the
design wave condition is shown in Fig. 6. The loading has a rise
time of 2 to 3 seconds and a period of about 6 seconds. The period
of the pile head axial loading is coincident with the fundamental
period of the platform. The first mode is a lateral bending or
flexural mode, with a large rocking component.

The peak dynamic load (compressive) is about 6400 kips. The static

load on this pile due to the platform weight and drilling~production
loadings is about 1800 kips. Thus, the total maximum design load is
8200 kips. Note that due to current, wind and wave drift loads, the
pile does not experience tensile loadings.

If one were to use a factor-of-safety of 1.5 as suggeéted by API (l),
then an ultimate design load of 12,300 kips would be required. This

" would require a pile penetration of 450 to 500 feet for an equivalent
static capacity.

If, based on the data in Fig. 1, one were to rationalize that the dy-
namic component of the design load could increase the effective re-
sistance of the pile by a factor of 1.4 to 1.8, then an equivalent
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static load of 3600 to 4600 kips could be computed (6400 kips/1.4 to
1.8). Adding this equivalent static load to the static load would
give an equivalent total static design load of 5400 to 6400 kips.
Again, using a factor of safety of 1.5 would give a design ultimate
load of 8100 to 9600 kips. Pile penetrations between 350 and 380 ft
would be reqguired.

For the purpose of this example, a pile penetration of 400 ft will be
assumed. - In lieu ofthe foregoing empirical approach, an analytical
approach based on more fundamental principles will be used to invest-
igate the response of the pile to static and dynamic loadings.

DYNAMIC MODEL

The computer code INTRA (2,5,15) was developed to analyze the nonlin-
ear response of pile-supported offshore platforms subjected to static
and dynamic loads. It is an efficient, design-oriented code capable
of performing time-domain analyses of platform system response to
three~dimensional loadings or motions.

The code utilizes a finite element idealization of the structure,
piles and surrounding soils. The finite elements are capable of mod-
eling the non-linear, hysteretic behavior of structural, pile and
soil elements. Other sources of damping are modeled with viscous
dampers. '

In this study, the pile-soil system was modeled as shown in Fig. 7.
The pile was modeled with INTRA linear truss elements (15) rather
than nonlinear truss elements, since elastic response of the pile
itself was expected.

Spacing between the pile nodes was chosen to develop a structural
discretization whose dynamic response satisfactorily approximated the
continuous system. Wave equation analyses indicated that node spac-
ing-should not exceed 8 to 10 pile diameters (48 to 60 ft).

The masses shown include the weight of the pile and the weight of the
soil inside the pile (pile assumed fully filled).

Soil response along the sides of the pile and at its tip are modeled
with elasto-plastic, non-softening hysteretic elements. In this
study, compressive and tensile branches of the force-displacement
characterizations were assumed to be the same.

The values of maximum static soil resistance along the pile are tabu-
lated in Fig. 7. The relative deformation between pile and soil at
yield was assumed to be 0.2 inches along the pile shaft (8) and as 10
percent of the pile diameter at its tip (26).

INTRA models radiation or geometric damping and strain rate dependent
components of soil behavior with viscous dampers. The velocity de-
pendent force, FD, is

F 2= C R civecesacessssacssessacsesscses

D cesesrnenne (2)
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where C is a damping coefficient and % is the relative velocity be- -
tween the pile and soil element.’

Radiation damping is due to propagation of energy away from the vi-
brating pile. This source of energy dissipation is dependent on
pile-soil stiffness, frequency and mode of loading and pile material
and geometry (length, radius) (19,23). '

For this problem, insight into the potential magnitude of this source

of energy loss can be gained by examining the magnitude of the
dimensionless frequency factor, ao:

s eeve v s v e s o0 s e s e e s s e TSR BIEOEENOGEETSI TP (3)

where r is the pile radius, W is the circular frequency of the load-
ing, and VS is the shear wave velocity of the soil (13,23).

For a pile radius of 3 ft, a loading period of 6 seconds and a soil
shear wave velocity in the range of 500 to 1000 ft/sec, @ 1is in the
range of 0.003 to 0.006. For this range, radiation dampigg effects
are indicated to be negligible (19,23). ’

The combined static and soil strain rate resistance, F, can be ex-
pressed as

F = KX + CX seveoveeeeascsesnosnassasosceneoaces (4)

where K is the elastic stiffness of the soil-pile element and x is
the relative displacement between the pile and soil element. Thus,

F = Fs b CX vevrsessesasesssssesrsssoansssnsonons (5)
Now, letting

C

Then

F = F 4 J'F_ R eecenseenencnenss cevenn et {(7)
s s

Solving for the damping parameter Jt,

. \F
J' = .S/ . E‘.

X X

tresacesser v cesessecenaesn (8)

The damping parameter is the same as that used in wave equation
analyses of pile driving (16,24).
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"Note in Egn. 8 that, given the static resistance, total static and
‘dynamic resistance, and the velocity of loading producing the total

resistance, one can determine the rate parameter, J'. The corres- e
ponding damping coefficient can then be determined from Egn. 6.

STRAIN RATE CHARACTERIZATION

Three sources of data on strain rate effects were used; pile load

.tests, laboratory soil tests, and laboratory rod-shear tests., Each

of these sources are discussed in the following paragraphs.

Pile Load Tests. Results from an extensive series of static and dy-

namic pile load tests performed in Gulf Coast plastic clays have been
published (8,13). These tests were performed on four short segments
of l4-inch diameter steel piles driven to penetrations of 115 to 360
fe. ‘

Load-displacement and load-displacement-time characteristics for one
of these pile segments is shown in Figs. 8 and 9. Displacements are
those of the test pile segment at the top of the soil interval test-
ed.

Comparison of static and dynamic ultimate capacities in Fig. 8 indi-

cate an increase in resistance of 80 to 90 percent (B=1.8 to 1.9).

The rate of loading was 3 to 3.5 times that used for the static

tests. Examination of the published data (13) indicates that the in-

itial static capacity loadings were developed in periods of 4 to 10 N
days. Thus, static loading rates, expressed as percent of ultimate

capacity per hour (3), of 1 to 0.5 percent per hour were used.

Other tests .in the series indicate B's in the range of 1.4 to 1.7 for
loading rates 3 to 3.5 times that for the static tests. Kraft, et al
(13) note that triaxial tests on the soils from this site indicated
B's in the range of 1.5 for 3 orders of magnitude change in strain
rate comparable to that determined in the pile tests.

Using the load test data in Figs. 8 and 9, one can derive a rate
parameter and damping coefficient with Pg = 340 kips, and Pp = 625

‘kips. Thus,

> A
B = -2 = 1.8 v.ivirnn.. U € )|
P
S
From Fig. 9:
g = Ll AN g 16 N/SEC iereerineansinneneeneee  (10)
7 sec ' '
Thus,
1.8 - 1.0
gv = 28 -1.00 gy 88C | gy S8C ... (1)
0.16 in/sec in ' ft
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or

“a s 0 00

c = J'P_ = 62(P) LES i v (12)

For B = 1.4, J' = 31 sec/ft.

Laboratory Soil Tests. Figure 10 shows the increase in soil shear

strength per log cycle increase in strain rate, A S , versus the soil
Liquidity Index. These results were developed fro% triaxial tests
performed on clays from the Gulf of Mexico and other similar loca-
tions (6,9,27). The samples were tested at an overconsolidation ra-
tio, OCR, of 1.0. Other samples, tested at higher OCR's developed
trends parallel to the one shown in Fig. 10, with the ordinates mul-

. tiplied by the OCR (5).

These results can be expressed in the same form as EQn. 1, with Fy =
1.0 and, ’ ' :

P, = OCR oy HIZ2 e (13

Su/ ov 0.42

For the soils at the example platform site (OCR = 1.0y, Su/5v = 0,25,
and in the lower third of the pile, LI 2 .0.35. Thus,

B = 1.0 + 20 opp 223972344 %; eeeereaaeaess (14)
0.25 0.42 s
8 = A
= 1 4 0.07 10g G eeeecereesnaceeesnnnaene (15)
. s ‘
for a 3 to 4 order of magnitude increase in strain rate,B = 1.3 to

1.4.

These results indicate rate parameters in the lower range of that de-
termined from the pile load tests. ' '

Rod Shear Tests. Rod shear tests are laboratory tests in which a

steel rod is passed through the center of a soil specimen confined
inside a triaxial cell (4). After consolidation of the sample, the
rod is loaded and the soil-steel interface strength determined.

Two series of rod shear tests were performed on a normally consoli-~
dated silty clay from the Gulf of Mexico (4). The first series was
performed at a loading rate of 0.05 inches per minute, and the second
at 0.40 inches per minute. The higher strain rate produced interface
shear strengths that were approximately 30 percent greater than those
at the lower rate.

These results imply about a 30 percent increase in strength for each
order of magnitude increase in strain rate. This would produce a

of about 1.9 for 3 orders of magnitude increase in strain or loading
rate, at the upper bound indicated by the pile load tests.
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ANALYTICAL RESULTS :

Based on the foregoing results, the INTRA pile-soil model was sup-
plied with soils rate factors, J', of 0 sec/ft, 31 sec/ft, and 62
sec/ft. '

The viscous damping coefficients were then determined from the static
soil resistance for a given pile-soil element (Fig. 7) using Egn. 6.
This allowed an analytical description of the soil strain rate effect
that would vary continuously with time, depending on the computed re-
lative velocity between the pile-soil elements. To simulate energy
losses in the pile itself, a damping ratio of 2 percent of critical
was added to the soil damping coefficients.

To investigate response of the pile to the design loadings, multiple
cycles of the load time history in Fig. 6 were applied at the head of
the pile. The design static load of 1800 kips was simultaneously ap-
plied at the pile top.

The computed pile tip and bottom displacement-time histories during
the fifth cycle of loading are shown in Fig. 1l. This case is for a
J' =0, or no strain rate dependent resistance.

The static displacement at the pile head is about 0.04 ft. The peak
static plus dynamic displacement at the pile head and tip are about
0.26 ft. and 0.015 ft, respectively. At the design loading, the pile
displacements are within acceptable limits. o

To investigate response of the pile to ultimate state static and dy-
namic loadings, a constant value static load of 1800 kips was applied
at the pile head. Then the ordinates of the load time history in
Fig. 6 were uniformly scaled up to produce the maximum total {static
and dynamic) loadings indicated in Fig. 12. The displacements of the
pile tip were then determined using the INTRA model.

Figure 12 shows the makimum displacements at the pile tip at the end
of the fifth cycle of loading for various magnitudes of maximum pile
top loading. The static load-displacement response is shown as ref-
erence to two computed dynamic load-displacement responses, one for

_ J' = 31 sec/ft and one for J' = 62 sec/ft.

The results in Fig. 12 indicate that the soil strain rate and dynamic
loading effects are producing an effective ultimate resistance that
is 12,500 to 15,000 kips as compared to 10,500 kips static resistance
( B= 1.2 to 1.4).

Applying a factor-of-safety of 1.5 to the total static and dynamic
design load of 8,200 kips results in an ultimate design load of
12,300 kips. The 400 ft penetration pile is indicated to be satis-
factory from a load resistance standpoint, even though the static:.
capacity is only 10,500 kips.

The concern now shifts to the permanent displacements developed in
the pile during extreme loadings. To investigate this behavior, the
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cumulative permanent displacements at the pile tip were analyzed as a
function of the magnitude and cycles of dynamic loading.

In this study, the ordinates of the design load-time curve in Fig. 6
were increased by factors of 1.5 and 2.0. The gravity load of 1800
kips was held constant. The load-time curves were repeated for a

" large number of cycles. It is to be noted that it is not reasonable

to expect a large number of cycles of these extreme ultimate state
loadings; the results generated give a picture of expected response
at the ultimate or limit state.

Figure 13 summarizes the results. The maximum cumulative displace-
ments at the pile tip are plotted against the number of cycles of ap-
plied dynamic loadings. Results are shown for the design load, 1.5
and 2.0 times the ,design load, and a soil rate parameter of J' = 62
sec/ft. : -

The results indicate maximum cumulative permanent displacements at
the pile tip of less than 0.03 ft for a dynamic load factor of 1.5
for up to 10 cycles of loading. Much larger displacements are shown
at a dynamic load factor of 2.0. '

Satisfactory performance of the 400 ft penetration pile is indicated
for' dynamic load factors less than 1.5 times the design load, even

though the static ultimate capacity is only about 1.25 times the de-
sign load. '

It is important to remind the reader that the resistance reducing ef-
fects of cyclic loadings have not been taken into explicit account in
the analyses. Pile load tests (5,12,13), model tests (17), and lab-
oratory rod shear tests (4) indicate that as long as one is concerned
with a small number of one-way cyclic loadings in which the applied
loadings or displacements are less than 70 to 80 percent of the stat-
ic yield load or displacements, cyclic deterioration will be small,

These observations applied to this example indicate that the 400 ft
penetration pile can be expected to perform satisfactorily, i.e., the
permanent displacement of the pile can be expected to be within ac-
ceptable limits with a sufficient factor-of-safety.

CONCLUSIONS

The principal conclusion from this study is that soil strain rate ef-
fects are important to the response of deep penetration, high capa-
city offshore piles subjected to dynamic loadings and embedded in co-
hesive soils. An analytical and design method, based on pile load
tests and laboratory tests, has been presented to account for such
effects.

For a realistic example of a pile supporting a 1000 ft water depth
platform in the Gulf of Mexico, increases in load resistance of 20- to
40 ‘percent were found for design static and wave induced dynamic
loadings. Permanent displacements were found to be within acceptable
limits for design loadings. Factors-of-safety between design and ul-
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timate state resistances on loadings and displacements were found to
be acceptable.

In terms of pile penetration, recognition of strain rate effects for
dynamic wave loadings indicates a pile penetration of about 400 ft
compared to a penetration of 450 to 500 ft based on static methods.
Due to the high costs associated with driving such piles offshore,
significant cost savings are implied if the design is based on re-
cognition of strain rate effects.

~Much work remains to be done before this approach can be commended to

everyday design use. Additional pile load tests and laboratory tests
are needed.
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