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theoretical predictions was found to be good.

It should be emphasized however, that. the above results
and statements are based on limited number of tests performed
in the field on the steel and timber posts. Due to the limited
time and the resources available to the authors, repeatability
of the test results was never verified. Therefore, it is
recommended that another series of tests be performed in the
future to check the repeatability of the above results.
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ABSTRACT

The Texas State Department of Highways and Public
Transportation (SDHPT) currently uses two types of guardrail
posts: (1) a circular wood post and (2) a steel w6x8.5 post.
The current specifications require the steel post to be

placed in a concrete footing. However, the concrete footing

is not required for the wood post. Because of this requirement,

the steel post guardrail systems are considered not as
economical as the wood post guardrail systems. This research
study was conducted to determine whether the concrete footings
are required for the steel guardrail posts to perform

satisfactorily as a traffic barrier system.

An analytical model was developed to model the guardrail
post as a laterally loaded drilled shaft. The model captures
the nonlinearity of the soil response and includes all
components of soil resistance, lateral normal stresses, and
all shear stresses acting on the shaft. The lateral earth
pressures developed against the shaft are related to the
fundamental earth pressure theory of Coulomb to avoid
unnecessary assumptions or empiricism. This model represents
the realistic behavior of drilled shafts under lateral loading
conditions adequately, while being simple enough for use in

day-to-day design of these shafts.
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A series of static load tests and dynamic impact tests
were conducted to determine whether the steel guardrail post
performs satisfactorily. The results of these tests indicate
that the steel guardrail post, embedded without the concrete
footing, performs similar to the timber post. The results of
these field tests were also used to verify the analytical
model, and the agreement with the theoretical predictions was

found to be good.

It should be emphasized however, that the above results
and statements are based on lTimited number of tests performed
in the field on the steel and timber posts. Due to the 1imited
time and the resources available to the authors, repeatability
of the test results was never verified. Therefore, it is
recommended that another series of tests be performed in the

future to check the repeatability of the above results.
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INTRODUCTION

Uses and Applications of Highway Guardrails

As traffic barrier systems located along highways,
the primary function of guardrails and median barriers is
to safely redirect errant vehicles. Guardrail
installations on shoulders prevent vehicle access to
steep embankments or fixed objects, whereas median
barriers are used between the roadways of divided
highways to prevent "across-the-median" collisions with
opposing traffic. Properly designed installations
accomplish the redirection of errant vehicles in such a
manner as to minimize the vulnerability of vehicle
occupants as well as the involvement of following and
adjacent traffic. Other desirable guardrail and barrier
system characteristics include minimal damage to vehicles
and barrier systems; economy in construction,
installation and maintenance; enhancement of highway
aesthetics; and performance as headlight glare screens or
highway delineators.

When a vehicle in motion collides with a guardrail,
a substantial portion of the energy of the vehicle is
absorbed by the guardrail. The lateral forces carried by
the guardrail are transmitted to the ground through the
guardrail posts. Because the resistance and the

subsequent energy loss are provided by the soil



surrounding the guardrail posts, the soil properties at
the site will determine the behavior of the guardrail
posts. Although extensive research has been done on the
efficiency of various types of guardrail systems as
highway barriers, very l1ittle work has been done on the
influence of soil properties on the performance of

guardrail posts.

Types of Guardrail Posts

The State Department of Highways and Public
Transportation currently uses two types of guardrail
posts: (1) a circular wood post and (2) a steel W6 x 8.5
post. The current specifications require the wood post
to have a minimum diameter of 7 inches, a minimum overall
length of 69 inches, and a minimum embedment depth of 38
inches with the top of the wood post domed. A minimum
overall length of 66 inches is required if the top of the
wood post is beveled. The specifications do not‘require
the wood post to be placed in a concrete footing.

The current specifications for the steel W6 x 8.5
guardrail post are the same as that for the beveled wood
post with one exception, that the steel post must be
placed in a concrete footing. Because of this
requirement for a concrete footing, the steel post
guardrail systems are not as economical as the wood post

guardrail systems. To date, no experimental work has



been performed to determine whether the concrete footing
is required in order for the steel post guardrail systems

to perform satisfactorily as a traffic barrier.

Scope of the Study

The State Department of Highways and Public
Transportation considers the wood post guardrail systems
to perform adequately as a traffic barrier. These
systems properly redirect errant vehicles while
minimizing the vulnerability of the vehicle occupants and
other adjacent vehicles. Any guardrail system which
performed similarly to the system using wood posts would
be considered as performing satisfactorily. With this in
mind, this study was conducted to determine whether
concrete footings are required for the steel guardrail
posts to perform satisfactorily. The procedure used in
conducting this study was:

1. A computer model for laterally loaded guardrail
posts was developed in which the guardrail post
was modeled as a laterally loaded drilled shaft
or pile.

2. Static field load tests were performed on steel
and timber guardrail posts in two different
soils.

3. The results from these static tests were used to

compare the static behavior of the two types of



posts. The results were also compared with the
results generated from the computer model.

4. Dynamic field tests were performed on steel and
timber guardrail posts in the soils used for the
static tests.

5. The results from these dynamic tests were used
to compare the dynamic response of the two types
of posts. These results were also compared to

the results predicted by the computer model.

Organization of the Report

The prime objective of this research study was to
determine if concrete footings are required for the steel
guardrail posts to perform satisfactorily. The studies
undertaken to achieve this objective are described in
subsequent chapters.

Chapter 2 contains a review of the available
literature and previous work on the analysis of laterally
loaded drilled shafts or piles.

Chapter 3 contains a discussion on the development
of a new theoretical model to analyze the behavior of
drilled shafts or guardrail posts subjected to lateral
loads.

Chapter 4 describes a series of static laterally
loaded guardrail post tests that were performed to

determine whether the steel guardrail posts perform

- . e



satisfactorily under static loading.

Ehapter 5 .describes a series of dynamic laterally
loaded guardrail post tests that were conducted to
determine whether the steel guardrail posts perform
satisfactorily under dynamic loading.

Chapter 6 contains conclusions of this study and

recommendations for further research.






SUMMARY OF PREVIOUS WORK

Field Tests on Guardrail Posts

Many crash tests have bheen performed on guardrail
systems to determine the efficiency of these systems as
highway barriers. Typically, these tests have
concentrated on the damage to the rail and the vehicle,
the redirection response of the vehicle, and the energy
dissipation capability of the guardrail system. The
vehicle redirection response and the energy dissipation
characteritics of the system are significantly influenced
by the soil conditions.However, the post-soil interaction
behavior has been rarely mentioned or studied in these
tests.

In 1970, Southwest Research Institute (28) conducted
a study of the post-soil interaction behavior of highway
guardrail posts. In order to evaluate the effects of
soil conditions and emhbedment geometry, a total of 72
tests were performed in two types of soils, with four
embedment depths and three post widths. The results of
these showed the following:

1. The dynamic resistance force (peak and average)
and the kinetic energy absorbed by noncohesive
soils are significantly related to the shear
strength of the soil.

2. The dynamic resistance force (peak and average)



and the kinetic energy absorbed by the soil are
directly related to the post width.

3. The dynamic resistance force (peak and average)
and the kinetic energy absorbed by the soil are
significantly affected by and directly related
to the post embedment depth. The embedment
depth has a more pronounced influence on post-
soil system properties for soils with higher
shear strengths.

4, The dynamic resistance force (peak and average)
and the kinetic energy absorbed by the soil are
greater than the static resistance force (peak
and average) and the energy absorbed by the
soil. )

This study clearly shows that the performance of a

highway guardrail system is significantly influenced by

the post-soil interaction characteristics of the system.

Theoretical Analysis of Laterally Loaded Shafts or Piles

The soil-structure interaction behavior of guardrail
posts can be analyzed by considering the guardrail post
to behave as a laterally loaded pile. Various methods of
analysis are currently used for Taterally loaded pile
design. Some methods permit the pile foundation to reach
some percentage of its ultimate capacity at the maximum

foundation load. Other methods assume elastic foundation



behavior up to the ultimate load. Other methods limit
soil pressures.as determined from elastic analysis to
allowable values, while still other methods design to
certain deflection and/or rotation criteria at various
load levels. Regardless of the design method used, the
pile must be safe against both structural collapse and
soil failure (excessive pile deflection and/or rotation).

These approaches used in pile design can be
classified into three categories:

1. Ultimate lateral capacity models

2. Linear load-deflection models

3. Nonlinear load-deflection models

Ultimate Lateral Capacity Models

The ultimate lateral capacity models assume that the
soil surrounding the pile is in a state of plastic
equilibrium and that the pile is sufficiently strong such
that flexural displacements or plastic hinges do not
develop. Because the soil is considered to be fully
plastic, little or no additional load is required to
produce additional deflection. Thus, only the ultimate
capacity of the loaded pile is calculated.

Most of the ultimate capacity models are based on
the assumption that the interaction between the pile and
the soil can be represented by net lateral soil pressures

acting on the pile. A1l other forces associated with the



stresses on the base and the vertical shearing stresses
on the perimeter of the pile are neglected. Thus, once a
distribution of ultimate lateral earth pressures has been
determined, the ultimate lateral capacity may be
calculated using horizontal force and moment equilibrium
for a rigid body. As shown in Fig. 1, the ultimate
lateral capacity is associated with rigid body rotation
about some point below the ground surface. The depth to
this point of rotation can be determined from the two
equilibrium equations.

Several previous researchers have proposed lateral
pressure distributions to be used in this type of
analysis. 1In 1932, Seiler (41) presented the soil
pressure distribution shown in Fig. 2 which was developed
empirically from field test data. Seiler used the
distribution to develop design charts for the embedment
depth of standard timber poles.

Ivey and Hawkins (22) proposed a procedure to
analyze drilled shafts to support highway sign
structures. They used Rankine's passive earth pressure
theory (5) with the soil distribution presented by
Seiler. The Rankine theory is based on an infinitely
long frictionless wall moving horizontally into the soil.
In reality, the rotation of a cylindrical pile is
resisted by friction or shear stresses on the sides of

the pile as well as shear stresses on the base. The
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presence of shear stresses along the face of the pile and
the nonfulfillment of the plastic equilibrium state
results in a very conservative solution.

Ivey (21) later developed an analysis procedure for
computing the ultimate lateral capacity of circular rigid
drilled shafts which takes into account all the shear
stresses acting on a drilled shaft. These stresses
include the shear stress in the horizontal direction
along the sides of the shaft, the shear stresses in the
vertical direction along the face of-the shaft, and the
shear stresses in the horizontal direction developed on
the base of the shaft. Consequently, the solution is a
three-dimensional analysis of the laterally loaded
drilled shaft problem.

Ivey originally used the Rankine earth pressure
theory in this analysis. As a result of the model tests
Ivey (23) conducted, a modifying factor for the Rankine
earth pressure coefficients was introduced. For purely
cohesive soils, the factor was less than one. For
typical sands, however, the factor ranged from 3.5 to
4.5. This new semi-empirical method proposed by Ivey
proved to be slightly unconservative by overpredicting
the ultimate loads.

Broms (6,7) presented a design procedure for short,
rigid piles based on two soil pressure distributions he

developed. For cohesive soils, Broms uses the

2



distribution shown in Fig. 3 in which the ultimate soil
pressure is a function of the undrained shear strength, c
and the pile diameter, B. For cohesionless soils, Broms
utilizes the ultimate pressure distribution shown in

Fig. 4 where Y is the effective unit weight of the soil,
D is the embedment depth of the pile, B is the pile
diameter, and Kp is the Rankine passive earth pressure
coefficient (5). For short, rigid piles, the base of the
pier moves toward the applied lateral load, and high
lateral earth pressures are developed near the base of
the pile. This high lateral soil reaction is represented
by a lateral concentrated load acting at the base of the
pile. The concentrated force can be calculated using
moment equilibrium, and then the Tateral capacity can be
determined using horizontal force-equilibrium. These
lateral pressure distributions developed by Broms are
widely used in practice to predict ultimate lateral
capacity of piles.

Brinch Hansen (18) proposed the lateral earth
pressure distributions shown in Figs. 5 and 6, which
accounts for the change in earth pressures with depth.
The ultimate lateral pressure, Piit ° at a given depth is
given by the equation:

Puit = q'Kq % cKC ok T 5 u % % By o TS YRR BT ml . (1)

where q' is the effective overburden pressure at the depth
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in question, ¢ is cohesion, &1 is an earth pressure
coefficient for overburden pressure, and Ko 1s an earth
pressure coefficient for cohesion. The earth pressure
coefficients, Kq and K., are functions of the internal
angle of friction of the soil and the depth to pier
diameter ratio at the point in question. Brinch Hansen
presented some charts for these earth pressure
coefficients. Unlike Broms' distributions, Brinch
Hansen's pressure distributions are directly applicable
to multi-layered soil profiles.

Reese (35) proposed equations for the ultimate

lateral pressure for a purely cohesive soil. The

ultimate lateral pressure is given by the equation:
Pyit = cKC S el B % B H o™ R e b 6 B W R v E s L)

The value of K. Reese calculated varies from 2 at the
ground surface to 12 at depths in excess of approximately
three pile diameters. Thompson (45) utilized the method
used by Reese for computing ultimate lateral pressures
with the additional assumption that the soil and pile
separate on the side of the pile away from the direction
of movement. Based on this, Thompson calculated a value
of 8 for K. for depths in excess of 1.5 pile diameters.
This compares favorably with the value of 8.14 determined
by Brinch Hansen (18) for great depth.

For soft cohesive soils, Matlock (26) presented the

18



following equation for the ultimate lateral pressure, Pult

(force/length):

Pyjg =3B +Q'B+0.5zc = 9B . . ... .. (3)

where z is the depth in question. The limiting lateral
soil pressure, 9cB, proposed by Matlock is identical to
the ultimate lateral pressure proposed by Broms for
cohesive soils.

Parker and Reese (32) developed._the following
equations for the ultimate lateral soil pressure, p,it

(force/length), for clean sands:

- ] - = A

B Sy z[B(Kp Ka) + zKp(tan o tan B)
+ zK tan B(tan ¢ - tan &)] ......... ¥ e @ (4)

- 3 2 )
Pure = ¥'2 B [K + 2Kk, tan ¢ - K, + 2K tan o] ... (5)
where

Y' = average effective unit weight of soil above

point in question
B = pile diameter

Kp = Rankine passive earth pressure coefficient
Ka = Rankine active earth pressure coefficient

Ko = at rest earth pressure coefficient

19



¢ = internal angle of shearing resistance for the
sand
o,8 = angles which define the geometry of the failure
mechanism
The smaller of the two pressures determined from Eqs. 4
and 5 is used as the ultimate lateral pressure.
Menard and his coworkers [see Gambin (16)] developed
a procedure for estimating the ultimate lateral soil
pressure from the pressuremeter 1imit pressure pj;. The
ultimate lateral pressure, Pylt> Was used for depths

greater than the critical depth, h At depths less than

c.
the critical depth, the ultimate lateral pressure is

computed as follows:

=0.5p1(1+%c)...... ........ S e e e (6)

Pult
where z is the depth in question. The value for the
critical depth, h., is a function of the soil
classification and the pile diameter.

Roscoe and Schofield (40) developed an ultimate
capacity analysis for stubby rectangular piles embedded
in sand and constrained to rotate about the ground line.
This procedure includes base shear stresses, as well as
classical active and passive pressures for rough walls.

Comparitive Study of Ultimate Lateral Capacity
Models

A study was conducted by Electric Power Research
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Institue (EPRI) (11) to compare the most commonly used
ultimate capacity analysis procedures. In this study
EPRI used the methods proposed by Brinch Hansen, Broms,
and Reese, where Reese's method includes the ultimate
pressure formulations by Matlock (26) for soft clay,
Parker and Reese (32) for sands, and Reese (35) for
purely cohesive soils. Ultimate lateral capacity values
were calculated for rigid shafts with diameters of 1, 3,
and 6 feet, and depth-to-diameter ratios (D/B) of 3, 6,
and 10 embedded in the following soil profiles:

1. Uniform soft clay (¢, = 500 psf)

2. Uniform stiff clay (g, = 2000 psf)

3. Loose sand (¢ = 30 )

4. Dense sand (¢ = 40 )

The results of this study are presented in Table 1.
From these results, EPRI concluded that the three
theories gave similar results, with the following
exceptions:

1. In cohesive soils with D/B less than 4, Broms'
method significantly underpredicts the ultimate
capacity value as obtained by either Brinch
Hansen or Reese because the top 1.5 pier
diameters of depth is neglected.

2. In cohesionless soils with D/B less than 3,

Reese's method underpredicts the ultimate

capacity value when compared to that
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Comparison Study of Existing Ultimate Capacity Methods
(From EPRI (11))

Table 1.
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obtained by Brinch Hansen's or .Broms' methods.
3. In cohesionless soils, Broms' method
significantly overpredicts the ultimate capacity
values in comparison to that by Brinch Hansen's
or Reese's methods. This overprediction is more

significant in loose sands than in dense sands.

Linear Load-Deflection Models

The linear load-deflection method approximates the
behavior of drilled shafts under lateral loading
conditions. This method of analysis predicts deflections
of laterally loaded drilled shafts, and thus an entire
load-deflection relationship may be determined. The
linear load-deflection approach assumes that the
deflections at low load lTevels are influenced by the
stress-strain characteristics of the shaft and the
stress-strain characteristics of the soil. The soil is
modeled using a linear relationship between lateral
deflection and lateral pressure (subgrade modulus
approach), or by assuming a linear relationship bhetween
stress and strain (elastic continuum approach).

Subgrade Modulus Models. In the subgrade modulus

approach, the soil is represented by a series of
independent springs in a manner similar to the beam on
elastic foundation problems addressed by Hetenyi (19).

In this approach the lateral pressure at any given depth

23



can be related to the lateral pier deflection at that

depth- through the subgrade modulus as follows:

(o)
n

shaft deflection (length)

lateral soil pressure (force/]engthz)

=
n

kh = subgrade modulus (force/]engthS)

The relationship given in Eq. 7 is an
approximation, since the lateral pressure is a function of
not only the deflection at the point in question but also
dependent on the deflection and the rotation at every
point along the length of the shaft. In this regard, it
is noted that the subgrade modulus is not so]e]y a
property of the soil, since it is also a function of the
shaft geometry and the relative flexibility of the shaft-
soil system.

The beam on the elastic foundation or subgrade
modulus approach has received considerable attention in
the engineering literature. Numerous solutions have been
presented for flexible shafts supported by elastic
foundations whose subgrade modulus variation with depth
can be described by mathematical equations. Some of the
most commonly used subgrade modulus variations are given
in Table 2, which was adapted from Woodward, Gardner, and

Greer (48). Matlock and Reese (27) have presented
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Table 2. Beam on Elastic Foundation Solutions (Subdrade Modulus
: Approach) (From EPRI (11)) -

Modulus Variation with Depth

Constant

Linear increase

Power function increase

Polynomial function of
increase

Two-layer system with the
subgrade modulus constant
in each layer

25

Solution Reference

Grandholm (17), Hetenyi (18)
Reese and Matlock (38), Hetenyi (18)

Palmer and Thomson (31), Matlock and
Reese (27), Davisson and Prakash (13)

Matlock and Reese (27)

Davisson and Gill (12)



generalized solutions in a graphical form for both rigid
and flexible shafts.

The accuracy of the subgrade modulus approach is
completely dependent on the value of the subgrade modulus
used in the analysis. Many methods have been proposed
for computing the subgrade modulus. Terzaghi (44)
proposed numerical values of the subgrade modulus for
laterally loaded piles embedded in - clays or sands. For
piles embedded in stiff clay, the lateral subgrade
modulus can be calculated from plate_load tests (one foot

square) on the surface of the clay as follows:

kh = lateral subgrade modulus
kSl = subgrade modulus for a one-foot square plate
B = shaft width
For stiff to hard clays where plate 1oad tests are not
available, Terzaghi (44) recommended approximate values
for kg ; as shown in Table 3.
For piles embedded in sand, Terzaghi (44) presented

the following empirical equation for the subgrade

modulus:
y n. 2
K, = 41 U (9)
1.35 B B
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Table 3. Values of the Subgrade Modulus (ksl) for One Foot
Square Plates Resting on Precompressed Clay (44)

Consistency of Clay Stiff Very Stiff Hard
Unconfined Compressive Strength 1-2 2-4 4
q, (tsf)

Range for Esi (tcf) 50-100 100-200 200
Proposed Values for Esi (tcf) 75 150 300
Note: 1 tsf = 95.76 kPa

1 tef = 3.20 x 10% kg/m

1ft =0.3048 m
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where

kh = lateral subgrade modulus

z = depth below ground surface

B = width of the pile
Y = effective unit weight of the sand

n, = constant of horizontal subgrade reaction

A = empirical coefficient which is a function of

the relative density of the sand
Values of h and A proposed by Terzaghi are shown in
Table 4.

Terzaghi also proposed a relationship between the
lateral subgrade modulus and the modulus of elasticity of
the soil. This relationship is based on an elastic
solution for the settiement of a uniformly loaded plate
resting on an elastic half-space. This relationship is

given by the following equation:

E. = modulus of elasticity of the soil
Broms (6) presented the following equation for the

subgrade modulus for piers embedded in cohesive soils:
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Table 4. - Previously Proposed Values of the Constant of Horizontal
Subgrade Reaction, ny (44)

Relative Density of Sand Loose Medium Dense
Range of values of A 100-300 300-1000 100-2000
Proposed value of A 200 600 1500
Dry or moist sand, value of nh(tcf) 7 21 56
Submerged sand, value of nh (tcf) 4 14 34

Note: T tef = 3.2 x 10% kg/m’
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where

m = influence factor which is a function of D/B (see
Table 5)
V = Poisson's ratio of the soil

Grandholm (17) developed the following equation for
the lateral subgrade modulus based on Boussinesq's
formula for the mean deflection of a beam resting on the

surface of an elastic half-space:

kh B 2m

E (1 -v)(1+21n Z“BD )

Vesic (46) developed an equation for the subgrade
modulus which gives a best-fit approximation to a
continuuh éolution for an infinitely long beam resting on
an elastic half-space and subjected to either a
concentrated load or moment. This solution is the
1imiting value of the subgrade modulus as D/B approaches
infinity. This equation indicates that the subgrade
modulus is relatively insensitive to pier f1éxib111ty for

long piers, and is given by

4
kh B _ 0.65 le Es B g e (13)
2
ES (1 - v°) EIp
where
EIp = effective flexural stiffness on the bheam
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Table 5. Numerical Values of the Influence Factor m (6)

o/B 1.0 1.5 2 3 5 10 100
m 0.95 0.94 0.92 0.8 0.8 0.71 0.37
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Baguilin, Frank, and Said (2) developed equations
for subgrade modulus by combining two-dimensional
continuum solutions for a rigid circular disk translating
in a finite elastic medium with three-dimensional
solutions for a slender flexible vertical rod. The

equations are as follows:

Kn B - ! (For v=10.5) ....... (14)
R
. 0.573 + 0.239 1n ( 1o5 )
Ky B ! (FoF v'= 0.33) . v v v+ « (15)
R
E 0.808 + 0.265 Tn ( 5z )
where

R = radius of effective soil boundary (see Table 6)

Davidson and Donovan (10) developed a semi-empirical
subgrade modulus equation for drilled piers. The form of
this equation was based on the analytical work of Douglas
and Davis (15). However, the coefficient of the equation
was adjusted to match the results from two field load

tests. The resulting equation is as follows:

hB=6(§);"‘(%)';5 ................... (16)
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- Table 6. Radius of Effective Soil Boundary-(2)

R = Radius
D/Ko* of Effective Soil Boundary
Loading Condition v = 0.5 v = 0.33
Lateral shear, no moment >2.4 R = 710* R = 3.51_°
<2.4 R=3D R =1.5D
(rigid)
Moment, no lateral shear #2.4 R = 320 R = 1.5!_0
<2.4 R=1.5D R = 0.75D
(rigid)
4 J4E1
%* = —T_);L
zo - kh
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where

modulus of elasticity of the soil as obtained

E. =
p
from the pressuremeter test
By = reference diameter of one foot

Another semi-empirical formulation for the subgrade
modulus based on the modulus of elasticity determined
from a pressuremeter tests was developed by Menard (3).

The value of the subgrade modulus developed by Menard as

follows:
kh B . 3 (for B > 0.6 meters) . . . (17)
2B B &0
=| o = (2.65)" + &
o3[ [RE" g
kh B . 18 (for B< 0.6 meters) . . . . . .. (18)
E 4 (2.65)% + 3a
where
B0 = reference diameter of 0.6 meters
@ = rheological coefficient as given in Table 7.

A critical depth, Z. . has been defined below in
which Eqs. 17 and 18 are valid. At shallower depths, the
recommended subgrade modulus becomes A, M] , where lz

is a reduction coefficient defined by:

where z, is on the order of 2B for cohesive soils and 4B

for granular soils.
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Table 7. Rheological Coefficient a (16)

Peat Clay Silt Sand
Type of Material Ep/p1 e Ep/pl f_ E_/pl o E_/pl @
Over consolidated - - 16 1 14 2/3 12 1/2
Normally
consolidated - 1 9/16 2/3 8-14 172 7-12 1/3
Weathered or
altered soil - - 7-9 1/2 - 1/2 - 1/2

1/2 for extensively fractured rock

1/2 for normal rock

2/3 for rock only slightly fractured or decomposed rock
1 Timit pressure from pressuremeter testing

T e
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Sand
and Gravel

E./pl «

10 1/3
6-10 1/4

- 1/4



Continuum Models. The continuum solutions for

laterally loaded drilled shafts or piles are based on
Mindlin's (29) elastic solution for a horizontal point
load in a homogeneous elastic half-space. Poulos (33)
presented solutions for the displacement and the rotation
of a flexible vertical strip embedded in a uniform
elastic half-space and subjected to a horizontal load or
moment applied to its upper edge. This solution assumes
that no slip or separation occurs between the strip and
the surrounding soil.

A similar procedure for determining the displacement
and the rotation of a thin, rigid vertical plate embedded
in a homogeneous elastic half-space and subjected to a
horizontal load or a moment applied to its upper edge was
proposed by Douglas and Davis (14). Similar to the
solution by Poulos (32), this solution assures no

separation or slip between the plate and the soil.

Comparitive Study of Linear Load Deflection Models

The Electric Power Research Institute (EPRI) (11)
conducted a comparative study of the linear load-
deflection models. This study was conducted to
investigate the relative magnitude of the deflection
predictions of the most commonly used linear load-
deflection models. This study addressed rigid piers with

a diameter of 5 feet and with depth-to-diameter ratios of
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3, 6, and 10. The following soil profiles were used in

the study.

Uniform soft clay (Eg = 0.3 ksi)

Uniform stiff clay (Eg = 1.5 ksi)

Loose granular soil with linearly increasing
modulus of elasticity (Eg = 0.714 ksi at a depth
of 1 foot)

Dense granular soil with linearly increasing
modulus of elasticity (Eg = 1.428 ksi at a depth
of 1 foot)

Ground-line deflections for an applied moment (no

applied shear) were predicted using the following

methods:

1.

7.
8.

Terzaghi 1 (Eq. 8 for stiff clay and Eq. 9 for
sands)

Terzaghi 2 (Eq. 10)

Broms (Eq. 11) (Cohesive soils only)

Davidson and Donovan (GAI) (Eq. 16)

Menard (Eq. 17 and 18)

Baguelin (Eq. 15)

Douglas and Davis (14) (Cohesive soils only)

Poulos (32) (cohesive soils only)

These methods were ranked from softest prediction

(greatest deflection) to stiffest prediction (least

deflection). In addition, the ratio of the deflection

obtained by Terzaghi's subgrade modulus equation (Eq. 10)
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versus the deflection obtained by the theory in question
was presented in order to determine the differences
between the various theories. Table 8 presents the
ranking of various solutions for the cases studied.
From Table 8, EPRI made the following observations:
1. The methods by Baguelin, Douglas, and Davis, and
Poulos predict nearly identical deflections.
2. The least deflection is typically given by GAI's
method or Menard's method.
3. Deflections predicted by the linear models can
differ by a factor of 7.
4, Excluding Menard's model, the differences
between the various theories decrease with

increasing depth-to-diameter ratio.

Nonlinear Load-Deflection Models

A more sophisticated approach is the nonlinear load-
deflection method based on the concept of p-y curves.
Stress-strain behavior of soil is nonlinear, thus the
lateral resistance of the soil, p, is nonlinearly related
to the lateral deflection of the pier, y. This approach
yields predictions that better approximate the behavior
of piers under lateral loads. In this procedure, the
resisting forces of the soil at the base of the shaft
and the shear stresses at the perimeter of the shaft are

neglected even though these components of soil resistance
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Table 8.

(From EPRI (11))

Comparitive Study for Rigid Piers Using Existing Linear Load-
Deflection Methods+

Soft Clay Stiff Clay Loose Sand Dense Sand
D/B (Es = 0.3 ksi) (Es = 1.5 ksi) (ES = 0.714z ksi)* (ES = 1.428z ksi)*

3 GAI (0.14)** GAI (0.14) GAI (0.14) GAI (0.14)
Baguelin (0.23) Baguelin (0.23) Menard (0.16) Menard (0.22)
D&D (0.25) D&D (0.25) Baguelin (0.23) Baguelin (0.23)
Menard (0.31) Menard (0.56) Terzaghi 2 (1.0) Terzaghi 2 (1.0)
Terzaghi 2 (1.0) Terzaghi 2 (1.0) Terzaghi 1 (5.0) Terzaghi 1 (1.4)
Broms (1.0) Broms (1.0)

Terzaghi 1 (1.7)

6 GAI (0.20) GAI (0.20) Menard (0.16) GAI (0.20)
Menard (0.31) Baguelin (0.36) GAI (0.20) Menard (0.23)
Baguelin (0.37) D&D (0.37) Baguelin (0.36) Baguelin (0.36)
D&D (0.37) Menard (0.56) Terzaghi 2 (1.0) Terzaghi 2 (1.0)
Terzaghi 2 (1.0) Terzaghi 2 (1.0) Terzaghi 1 (5.0) Terzaghi 1 (1.4)
Broms (1.2) Broms (1.2)

Terzaghi 1 (1.7)
10 Menard (0.31) GAI (0.33) Menard (0.16) Menard (0.22)
GAI (0.33) Menard (0.56) GAI (0.33) GAI (0.33)
D&D (0.45) D&D (0.45) Baguelin (0.45) Baguelin (0.45)
Baguelin (0.45) Baguelin (0.45) Terzaghi 2 (1.0) Terzaghi 2 (1.0)
Poulos (0.48) Poulos (0.48) Terzaghi 1 (5.0) Terzaghi 1 (1.4)

Terzaghi 2 (1.0)
Broms (1.4)

Terzaghi 2 (1.0)
Broms (1.4)
Terzaghi 1 (1.7)

+ Pier diameter equals 5 feet (1.5 m)

() =

Deflection at Ground Line by Method in Question

Deflection at Ground Line by Terzaghi's Equation (Eq. 10)

*z7 in feet
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can significantly influence the response of laterally
loaded drilled .shafts. However, the p-y curve approach
has gained popularity, and consequently many p-y curves
for various soil types have been proposed.

Matlock (26) has proposed the following equation for

soft clays:

p = soil reaction pressure (force/unit length)
ultimate soil reaction pressure (force/unit
length)
y = pier deflection )
Ygg = pier deflection at one-half of the ultimate
lateral pressure
Reese and Welch (39) have proposed the following

equation for stiff clays:

1
P__ - o5(L7
Putt Y50

Both Eqs. 20 and 21 are defined once the ultimate
lateral soil pressure, Pult » and the deflection required
to develop one-half of this ultimate pressure, Ygg. are
known. Matlock (26) has proposed Eq. 3 for calculating

Py1t and has suggested that ygy can be computed using the
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following equation:

2 258 B G s en ma s s o % € % e kW G e o (22)

Y50 50

B = pier diameter
€59 = strain corresponding to one-half of the maximum
principal stress difference determined from an
unconsolidated, undrained triaxial compression
test.
Typical values for €50 suggested by Skempton [see Welch
and Reese (47)] are given in Table 9.
Parker and Reese (32) have proposed the following

equation for sands:

E_ .oy

P = tanh (22— ) ... e e T (23)
Putt Putt
where

Palg = ultimate soil pressure as defined in Eqs. 4

and 5
Em
Esi = 135 ° initial slope of the p-y curve
Em = initial slope of the soil stress-strain curve

The stress-strain curve of the soil could be
obtained, for example, from a consolidated, drained
triaxial compression test. If such a test is not

conduc ted, E, can be approximated as follows:
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Table 9. Typical Values for Y5

Consistency of Clay Y50
Soft 0.020
Medium 0.010
Stiff 0.005
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y' = effective unit weight of the soil
z = depth below ground surface
A = coefficient recommended by Terzaghi (44) for
computing the lateral subgrade modulus as shown
in Table 4
Reese and Allen (37) have proposed more refined
techniques for developing p-y curves for both sands and

clays to include strain softening.

Conclusions

It is clear from the preceding discussion that the
laterally loaded drilled shaft problem requires further
investigation. The ultimate lateral load capacity models
only predict the ultimate l1cad the drilled shaft will
withstand without failure in the soil. The Tlinear load
deflection models represent the soil as a linear elastic
material in spite of the fact that the soil is highly
nonlinear. The nonlinear load deflection approach better
approximates the nonlinear behavior of shafts under
lateral loading conditions. However, the resisting
forces and moments of the soil at the base of the shaft,
and the shear stresses on the perimeter of the shaft, are

neglected.

Development of an analysis procedure which captures
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the nonlinearity of the soil response and includes ali
components of soil resistance, lateral normal stresses,
and the shear stresses is necessary if the behavior of
guardrail posts is to be accurately predicted.
Furthermore, the Tateral earth pressures developed
against the shaft need to be related to the fundamental
earth pressure theories of Coulomb (5) to avoid

unnecessary assumptions or empiricism.
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ANALYTICAL MODEL DEVELOPMENT

General

One of the principal goals of this research study
was to develop an improved methodology for the analysis
and design of drilled shafts or highway guardrail posts
subject to lateral loads and overturning moments. This
section describes the development of an analytical model
for laterally loaded drilled shafts. The model is
adequate to capture the realistic behavior of drilled
shafts under lateral loading conditions while being
simple enough for use in day-to-day design of these
shafts. The analytical model development followed the

steps noted below:

1. Definition of the problem.

2. Development of equations to characterize the
nonlinear lateral stress-displacement response
of the soil.

3. Development of an equation to calculate the
horizontal shear stresses around the shaft.

4. Development of equations to calculate the

vertical shear stresses acting on the perimeter

of the shaft.
5. Development of equations to compute the shear

stress and the compressive force acting on the
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base of the shaft.

6. Development of an iterative solution to solve
the lateral force and overturning moment
equilibrium equations simultaneously.

The remainder of the chapter provides more details on

the development of the analytical model.

Definition of the Problem

The soil-structure interaction analysis for a
laterally loaded drilled shaft involves a complex
distribution of normal and shear stresses at the shaft-
soil interface. The analysis of these stresses is
further complicated by the nonlinearity of the stress-
strain behavior of the soil and the nonlinearity induced
by the slip and separation at the shaft-soil interface.
However, if the laterally loaded drilled shaft problem is
to be properly analyzed, these complexities cannot be
neglected.

In the development of this analytical model, the
shaft is considered to be divided into a finite number of
segments. The displacements of the segment are computed
and based on this, the stresses on the segment can be
calculated. Once the stresses are calculated for every
segment, these stresses can be resolved into forces and
added vectorially to satisfy equilibrium conditions.

The displacements of the shaft segments and the
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forces acting on the shaft are shown in Figs. 7 and 8,
respectively. -Both the applied and the resisting forces
are shown in Fig. 8. The applied forces acting on the
shaft are:
1. Lateral load or ground-line shear, PL
2. Overturning moment or ground-line moment,
M = PLH
3. Vertical or axial load, Pa
4. Effective weight of the shaft, W
The. forces acting to resist the motion of the shaft are:
1. Lateral force resultant acting on segment i,
Pi' This resultant is composed of the lateral
earth pressure resultant, the resultant of the
horizontal shear stress, and the drag force.
2. Vertical shear force acting on segment i, V..

i
3. Base shear force, V

B*

4. Vertical compressive force acting on the base of
the shaft, FB.
These forces acting on the drilled shaft must

satisfy moment and force equilibrium. Referring to

Fig. 8, the equations for the drilled shaft corresponding

to moment equilibrium summed about the ground-line,

lateral force equilibrium, and the vertical force

equilibrium, respectively are as follows:
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=
1]

where:

‘PH+Ioz

n m

L = :g: (for z; < R) - .;ngizi (for z; > R)
—+ m '
.Zv ~ By 4w 8 A (25)
i=1

n

Z (for z; < R) - ZP (for z; > R) - Vg (26)

= _ et R

n m

Z (for z; < R) - 2V, (for z,>R) + Fy =W (27)

= i=1 '

Height above the ground-line to the point of
application of the lateral load

Embedment depth of the shaft

Depth to the point of no lateral displacement
or rotation point

Depth to the center of shaft segment i

Number of shaft segments above the point of
rotation

Number of shaft segments below the point of
rotation

Lateral force acting on shaft segment i
including the lateral earth pressure resultant
and the resultant of the horizontal shear stress

Vertical shear force acting on shaft segment i

-
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Vg = Shear force acting on the base of the shaft
FB = Vertical compressive force acting on the base of
the shaft
W = Effective weight of the shaft
X: = entricity of the vertical shear force
relative to the shaft centerline for shaft
segment i
Xg = Eccentricity of the vertical compressive force
on the base relative to the centerline of the
shaft
I = Moment of inertia of the shaft and soil about
the ground surface
o = angular acceleration
The difficulty in analyzing the 1atera11¥_1oaded
drilled shaft problem lies in the calculation of the
resisting stresses acting on the shaft. These stresses
are functions of the geometry of the shaft, the
displacement or movement of the shaft relative to the
soil, and the properties of the soil surrounding the
shaft. Calculation of these stresses is presented in the

following sections of this chapter.

Lateral Force

The lateral force, Pi' acting on segment i of the
shaft is composed of three components: the resultant of

the lateral earth pressure, the resultant of the
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horizontal shear stress around the perimeter of the
shaft, and the drag force exerted by thé soil as the
shaft segment rapidly moves through the soil. Analysis
procedures for the computation of these stresses and the

resultants are considered in the following sections.

Lateral Earth Pressure

The stress-strain behavior of soils is highly
nonlinear. Thus, relating lateral earth pressures to the
movement of the shaft is not a simple task. This
relation between the movement and the lateral earth
pressures is shown qualitatively in Fig. 9.

Referring to Fig. 9, the active state is the state
of shear failure achieved by moving away from the soil
mass until the lateral earth pressure has readﬁed a
minimum. The ratio of the lateral earth pressure at the
active state to the overburden pressure is called the
coefficient of active earth pressure and is given the
symbol Ka' The passive state is the state of shear
failure achieved by moving into the soil mass until the
lateral earth pressure has reached a maximum. The ratio
of the lateral earth pressure at the passive state to the
overburden pressure is called the coefficient of passive
earth pressure and is given the symbol Kp. The ratio of
the lateral stress to the overburden stress, when no

movement has occurred, is called the coefficient of at-
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rest earth pressure and is given the symbol Kou

For both the active and passive states of shear
failure, the lateral earth pressure can be calculated
using the classical earth pressure theory by Coulomb (5).
However, for states of stress in between these two
states, the lateral earth pressure is not as easily
calculated. Earth pressure theories to calculate the
lateral earth pressure at a state of stress in between
the active and passive states have not been developed.
Thus, in order to calculate these lateral earth pressures
the curve shown in Fig. 9 must be completely defined.

The relation between the lateral pressures and the
movement used in the development of this model is shown
in Fig. 10.

Referring to Fig. 10, the lateral earth pressures
developed when the movement of the shaft is into the
surrounding soil mass are described by curve 1. The
lateral earth pressures developed when the movement of
the shaft is away from the soil mass are described by
curve 2. These curves are defined by the equations,

Curve 1:

- ] 2X ]
o, = [(Kp - K)oy + 2c\/Kp ] tanh [75] # Koy « o v s« . [28)
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Curve 2:

g, = [(Ko - K)o, + 2c\ﬂ§;] tanh [:§§] toKgoy ooe e (29)
where
cp = lateral passive earth pressure
0, = lateral active earth pressure
Kp = Coulomb's coefficient of passive earth pressure
Ka = Coulomb's coefficient of active earth pressure
K, = coefficient of at-rest earth pressure
OQ = effective overburden pressure
C = soil cohesion
X = movement of shaft
Xp = movement required to develop ultimate passive
pressure or passive state of shear failure
Xa = movement required to develop the active state of

shear failure
The coefficient of passive earth pressure, Kp , as given

by Coulomb is calculated as follows:

sin? (v - ¢)

. [sin(¢ + &) sin(p * B) |2
y sin(y + 6 ) [1 = Y sin(y * 8) sin(y * B)

p
sin2
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where

¢ = angle of internal shearing resistance of the soil

(o]
L]

angle of shearing resistance between the shaft

and the soil

Yy = the angle of inclination of the shaft from the
horizontal

B = ground slope

The coefficient of active earth pressure, K as given by

a‘
Coulomb is calculated similarly as follows: -

¢ 2
, - sin® (v + ¢) (31)

-

: . 2
sin® ¥ sin(y - 8) L 1+ 1J :}2E$ t g% §}2E$ v g; ]

The coefficient of at-rest earth pressure, K for

0 *
cohesionless soils, and normally consolidated ciays can

be calculated as follows:

where

¢' = effective angle of internal shearing resistance.
For over-consolidated clays, the value of K0 is a
function of the plasticity index and the over
consolidation ratio of the soil. Correlations have been
-developed by Brooker and Ireland (8) to determine the

value of Ky for over-consolidated soils.
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The shear strength parameters ¢ and ¢ can’ be
measured in the laboratory by performing triaxial
compression tests on soil samples. Measurement of the
wall friction angle § is much more difficult, however
extensive research has been performed to correlate these
values with soil types. Wall friction values for several
structural materials are presented in Table 10.

The amount of movement of any point on the shaft
necessary to produce either the active or passive state
is proportional to the width of the shear zone adjacent
to the point. As shown in Fig. 11, the minimum movement
consists of rotating about some point beneath the ground
surface. Typical values of the minimum tilt required to
develop active and passive states have been suggested by
Sowers (43) and are listed below in Table 11.

The lateral earth pressures given in Eqs. 28 and
29 are the maximum pressures developed for a given depth
and the horizontal movement. These pressures would be
developed if the shaft had an infinite width. Since the
shaft is not infinite in width, a complex stress
distribution develops around the perimeter of the shaft
cross-section. This distribution will vary with the
geometry of the shaft.

For circular shafts, the distribution shown in Fig.
12 is assumed to develop. As horizontal movement of the

shaft segment takes place, the stresses increase on the
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Table 10. Friction Angles & Between Various Foundation Materials
and Soil or Rock*

Friction angle,

Interface Materials §, degrees**
Mass concrete or masonry on the following:
Clean sound rock 35
Clean gravel, gravel-sand mixtures, coarse sand 29-31
Clean fine to medium sand, silty medium to coarse
sand, silty or clayey gravel 24-29
Clean fine sand, silty or clayey fine to medium
sand 19-24
Fine sandy silt, nonplastic silt 17-19
Very stiff and hard residual or preconsolidated
clay 22-26
Medium stiff and stiff clay and silty clay 17-19

Steel sheet piles against: -
Clean gravel, gravel-sand mixture, well-graded

rock fill with spalls 22
Clean sand, silty sand-gravel mixture, single-size

hard rock fill 17
Silty sand, gravel or sand mixed with silt or clay 14
Fine sandy silt, nonplastic silt 11

Formed concrete or concrete sheetpiling against:
Clean gravel, gravel-sand mixtures, well-graded

rock fill with spalls - 22-26
Clean sand, silty sand-gravel mixture, single

size hard rock fill 17-22
Silty sand, gravel or sand mixed with silt or clay 17
Fine sandy silt, nonplastic silt 14

Various structural materials:
Masonry on masonry, igneous and metamorphic rocks:

Dressed soft rock on dressed soft rock 35
Dressed hard rock on dressed soft rock 33
Dressed hard rock on dressed hard rock 29

Masonry on wood (cross grain) 26

Steel on steel at sheet-pile interlocks 17

Wood on soil 14-16%**

*Based in part on NAFAC (1971)
**Single values +20. Alternate for concrete on soil is & = ¢
***May be higher in dense sand or if sand penetrates wood.
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Table 11. Typical Minimum Tilt Necessary for Active
and Passive States

Soil Active Passive

Dense Cohesionless 0.0005R* 0.005R

Loose Cohesionless 0.002R 0.01R
Stiff Cohesive 0.01R 0.02R
Soft Cohesive 0.02R 0.04R

*R = Depth to the point of rotation.
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advancing surface and are reduced on the receding
surface. The maximum value of stress, given in Eq.
28, is developed on the portion of the advancing surface
at the point 6 = 0. This maximum pressure decreases to a
value of the original at-rest pressure at 6 = m/2 and 6 = -m/2
as shown in Fig. 12. The pressure on the receding
surface is rapidly reduced to a minimum value, as given
in Eq. 29, on the portion of the surface at the point 6 = .
For cohesive soils, the active pressure as computed by
Eq. 29 may be negative or tensile. However, the footing
usually loses contact with the soil, and therefore
tensile stresses do not act on the shaft.

A cosine distribution of pressure along the
advancing perimeter of the shaft will be used to decrease
the pressure from its maximum value. Thus the radial

pressure on the advancing face of the shaft is written

as:
= ' 2x
oy = < [(KP =ik dag + 2chp ] tanh Xp > cos 6
+ Koc& (for -m/2 =0 = 7w/2) . . . . (33)
where:
o.. = radial stress on the advancing face of the shaft

rp
The radial pressure on the receding face of the

63



shaft is similarly written as:

= - 1 s _-_21(_
s v ™ [(K0 Ka)cv + 2cVK, ] tanh [ Xa] cos 6

+ Koy (for m/2 = 8= 3m/2) . . . (34)

where

- radial stress on the receding face of the

shaft.

This distribution of lateral pressures has been
previously used in the solution of e{asticity problems.
Since the plastic flow concept allows the development of
additional stresses in areas adjacent to the point of
maximum stress, this cosine distribution may be slightly
conservative. | i
Once the radial stresses are completely described,

the resultant lateral force on a shaft segment of length,

t, can be calculated as follows:

/2 . /2 !
F]p = 2/(;ch cos 8 ?t de - Zlcra cos 6 -2—t de (35)

F,.= lateral earth pressure resultant force on a
shaft segment

B = shaft diameter

t = shaft segment thickness

Substitution of Eqs. 33 and 34 into Eq. 35 and
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rearranging yields

T/2°

F]p = Btﬁ{([(Kp - Ko)c\'/ + 2C\/-K;] tanh [)Z(_x:l ) cos 9

P

- ([(KO - K)oy, + 2c\/§] tanh ['—)Z(Z-Dcos e}cos 6 do (36)

after integration, Eq. 36 can be written as

- T | 2%
F]p = Btz ([(Kp - Ko)cv + 2c\/Kp| ?anh[x ]

P

- I:(K0 - K)oy + ZCVR:] tanh [1)2-(-:]) . » mes b bBT7)

For noncircular shafts, the distribution of lateral
earth pressures is more complex than that for the
circular shafts. For rectangular cross-sections, the
distributions shown in Fig. 13 are used to describe
lateral stresses on the shaft. These assumed
distributions were derived from contact pressure
distributions beneath rigid footings. As in the case of
circular shafts, once a distribution is known, the
resultant lateral force acting on a shaft segment is
calculated by integrating the lateral stresses over the
area on which they act. The lateral force acting on the

shaft segment can be written as:
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. " ' 2X
Flp = Bt sf<[(|<p K)ol + ZCVKp]tanh[xp]

& [(Ko - Ka)°¢ + 2cxﬁ§:] tanh [:%i] ). . . . (38)

where

Sf shape factor

B shaft width

The shape factor, Sf, is a function of the geometry
of the shaft. For circular shafts, the value of the
shape factor is m/4 as shown in Eq. 38. For
noncircular shafts, the value of S varies between 2/3

and 1.0 depending on the type of soil.

Horizontal Shear Stress

Considering the shear stresses developed by the
movement of a circular shaft, it is apparent that the
greatest tendency for the development of horizontal shear
stresses acting around the perimeter of the shaft is at
& = w/2 and 6 = -w/2 as shown in Fig. 12. As with the
lateral earth pressures, a distribution to describe the
horizontal shear stresses must be assumed in order to
compute the resultant lateral force. It is seen that a
sine function of 6, could be used to describe this
distribution.

Since the maximum shear stress the soil can develop

at the shaft-soil interface is '
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where
Ty = maximum shear stress
a. = strength reduction factor
0, 8= normal stress on the plane

the distribution of the horizontal shear stress between

8 = 0 and 6= w/2 is assumed as
Ty = & (cr tanp + c)sino . ... .. . B e .s a Sl @ LAD)

The strength reduction factor, ®., is less than or equal
to 1.0 and may reflect, for example, soil disturbance
associated with the construction process.

Significant horizontal shear stresses at the shaft-
soil interface are assumed to develop only on the
advancing face of the shaft. Thus, the resultant lateral
force of the horizontal shear stresses acting on a shaft

segment is calculated as follows:

/2
: - B
Fig * 2[ [“r (or‘tanq& + ¢) sin e] sing >t d . . . (41)
0

F]s = lateral force resultant of the horizontal

shear stresses on a shaft segment
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0. = radial stress on the advancing face of the
shaft as given in Eq. (31)
Substituting Eq. 33 into Eq. 41 and integrating gives
the following:

_ tan : ) 2X
N
+ %‘<Ko°b tan ¢) + %-c ) B P ¢4

Equation 42 is an expression for the lateral force
resultant of the horizontal shear stresses acting on the
advancing face of a circular shaft segment. This
expression is not valid for noncircular shafts. However,
for rectangular shafts, the lateral force resultant of
the horizontal shear stresses can also be calculated.

Horizontal shear stresses are developed only on the
sides of rectangular shafts. The normal stress
distrikbution for rectangular shafts is shown in Fig. 13.
Since the normal stress is a constant over the side of a
rectangular shaft segment, the resultant lateral force is

easily calculated as follows:

- ]
F = ZBwtar (Kocv B F L) W v s s g @ 2 A B o d 437

B, = length of the rectangular shaft segment
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Drag Force

As the -shaft rapidly rotates through the soil, a
drag force is exerted on the shaft by the soil. This
drag force will be analyzed assuming that the soil is
a viscous medium flowing around the shaft. Thus, the

drag force on shaft segment i is calculated as follows:

where

F]d = drag force or shaft segment

CD = drag coefficient
A; = projected area of the body on a plane normal
to the flow
- P = mass density of the soil
v.: = velocity of the soil or shaft

i
The drag coefficient, qD‘ is a function of the shaft

geometry and the Reynolds Number. The drag coefficient
curves for both circular and square shafts are given in

Fig. 14.

Total Lateral Force

The total Tateral force acting on segment i of the

shaft, P;

;7 . 1s the sum of the lateral earth pressure

resultant, the resultant of the horizontal shear stress,
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and the drag force. Thus, the total 1apera1 resisting

force-on segment i is computed as follows:

P, = F ++ F + F]d ............ Az 5 s = = (05

1s

where ﬁp 5 ﬁs , and ﬁd were defined in Eqs. 37 or 38,
42 or 43, and 44,

Vertical Force

As a drilled shaft rotates under an applied
overturning moment and ground-line shear, each point
along the shaft moves horizontally and vertically. The
vertical movement of a segment of the shaft causes
vertical shear stresses to develop on the advancing face
of the shaft. These shear stresses resist the rotation
of the shaft. ”

Referring to Eq. 39, the ultimate shearing strength

at the shaft-soil interface is:

-
1}

o oy (Ur tan g 5 - E) % o & ol W « Bl L S (39)

Since the magnitude of the resultant of the horizontal
shear stress Tpg and the vertical shear stress T,m Must
be equal T the following distribution is assumed for

the maximum vertical shear stress on a circular shaft:

Tam = O (Gr fat i ¥ o) 0% BR wriie e v o e He & N S (46)
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where
T,n - Maximum vertical shear stress on shaft-soil
interface
The vertical shear stress, however, is a function of
the vertical movement of the shaft segment, as well as
the horizontal movement of the shaft. Thus, the vertical

shear stress on the shaft-soil interface is calculated as

follows:
T = T tanh gx (47)
rz Zm Q . L] . ® e e ® o o N St
where
Tey = vertical shear stress

y = vertical movement of shaft segment
Q = vertical movement of shaft segment required to
develop maximum vertical shear stress,
sometimes called quake
The vertical force resultant of the vertical shear
stress on a circular shaft segment is caiculated by
integrating the vertical shear stresses over the area of
the advancing face of the segment on which it acts, and

this is given by:

= B
vi-szrz'Z'tde ............ e v e e e . . (48)

Substitution of Eq. 47 into Eq. 48 followed by

integration yields:
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% i - 1 | 2_><_
V1. = Bt “r{4 ([(Kp Ko)ov + 2c Kp] tanh [X] ) tan ¢

p
- 2y
+ Koov tan ¢ + ¢ } tanh [Q ] ........ (49)
where
Vi = vertical resultant force acting on shaft
segment i

For noncircular shafts a different distribution of
vertical shear stress must be assumed. Vertical shear
stresses are assumed to develop only on the advancing
face of rectangular shafts. The normal stress
distributions on rectangular shafts are shown in Fig. 13.

The vertical resultant force due to the vertical
shear stress on a rectangular shaft segment is calculated

as follows:

L 2X
V. = Bta, {Sf <[(Kp - Ko)o\', + 2c Kp] tanh [le

+ Koc\', ) tan ¢ + c } tanh [%l] ....... (50)

where

Sf = shape factor

B pile width

Base Compressive Force

As the shaft rotates under an applied lateral load,
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a vertical normal force develops on the base of the
shaft. This vertical normal force can be determined

directly from the vertical equilibrium equation given by:

m

n
Fg = P+t W - ;Vi (for z; < R) +1'=Zl:vi (for z, > R) . . (27)

This base normal force is usually compressive,
however, if Eq. 27 yields a negative or tensile
value, the base normal force is set equal to zero. This
implies that tension is not allowed éo develop on the

base of the shaft.

Base Shear Force

As the base of the shaft translates horizontally, a
shear force is developed on the base. To determine this
shear force, it i¢® assumed that one-half of the shaft
base maintains contact with the soil. It is further
assumed that the normal stress on the base of the shaft
increases linearly from the base centerline. Therefore,

the base area in contact with the soil is:

2

Ab = I%— (elroular shaft) . & s & = % o « 5 wia wm & = » (51a)
BwB

Ab = -5 (rectangular shaft) . . . . . . . . . . . . . .. (51b)
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where

AB = area.of base in contact with soil

B = pile width or diameter

Bw = shaft cross-section length for rectangular
shafts

and the effective moment arm of the resultant base

vertical compressive force from the centroidal axis of the

shaft is:

Thus, the resisting moment acting on the base of the

shaft is calculated as follows:
Mp = 0.3 B FB ................... IR (53)
where

Mb = moment or base of shaft

The base shear force is calcualted as:

Vg = o, (cAb +*Fgtang) ... . . (54)
where

VB = base shear force

¢ = cohesion of soil beneath the base

¢ = angle of internal shearing resistance of the

soil beneath the base.
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Calculation of the Moment of Inertia

In order to calculate the moment of inertia, I, of
the shaft-soil system, the amount of soil within the
failure zone is related to the movement of the shaft. As
the movement or rotation of the shaft increases, the
amount of soil within the failure zone increases. Thus,
several assumptions must be made in order to evaluate the
moment of inertia.

The assumed shape of the shear failure zone when the
soil has completely failed is shown in Figs. 15 and 16.
The failure zone for circular shafts is shown in Fig. 15,
and the failure zone for rectangular shafts is shown in
Fig. 16. These failure zones are developed when
suffiéient movement has occurred to develop the ultimate
passive pressures. For movements less than that required
to develop passive pressures, the size of the failure

zone is assumed to be proportionately smaller.

Iterative Solution

The moment equilibrium and the lateral force
equilibrium Eqs. 25 and 26 can be solved iteratively to
determine the lateral force, q_. and the ground-line
moment, M, assuming that the height to the lateral load,
H, is known and is constant. If the shaft is assumed to
be rigid, a convenient approach to solving these

equations is outlined as follows:
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Step 1: Assume a depth to the center of rotation, R, and
an angle of rotation.

Step 2: Compute the moment about the point of
application of the lateral load.

Step 3: If the moment calculated in Step 2 is non-zero,
assume a new depth to the center of rotation and
repeat Step 2.

Step 4: Once the moment calculated in Step 2 is within
some tolerance, calculate the lateral load using
the lateral force equilibrium equation.

However, if the shaft is not rigid, the iterative scheme

is significantly more involved. The displacements of

each segment of the shaft are not interrelated by some
angle of rotation. A relaxation approach is 9§ed to
solve for the flexible shaft solution. The iterative
scheme used to solve the moment and lateral force
equilibrium equations for an elastic shaft is outlined as
follows:

Step 1: Assume a value for the ground-line displacement

of the shaft.

Step 2: Assume the shaft to be rigid and solve for the
rigid iterative solution using the above
procedure.

Step 3: Apply all the forces from the rigid solution as
loads on the elastic shaft. Use the rigid angle

of rotation for the ground-line slope of the

L4
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Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

shaft.

Calculate the deflections of every segment of
the shaft.

From the deflections calculated in Step 4,
compute the resisting forces acting on the
shaft.

Check moment equilibrium at the point of
application of the lateral load. If this moment
is within some specified tolerance, go to Step
9. '
Use the forces used in Step 3 as loads or the
shaft. Assume a new ground-line slope.

Repeat steps 4 thru 7 until the resisting
forces calculated are in moment equf}ibrium.
Check to see if the computed deflected shape
matches the assumed deflected shape. IT the
deflected shapes agree within some specified
tolerance, go to Step 12.

If the computed defliected shape does not agree
with the assumed deflected shape, average the
resisting forces calculated in Step 5 with the
forces used in Step 3. These averaged forces
will be the loads applied on the elastic shaft
in Step 3 for the next iteration.

Repeat Steps 4 thru 10 until the solution

converges to the flexible configuration of the
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shaft.

Step 12: The computed deflected shape and the
corresponding resisting forces are used to
calculate the lateral load and ground-1line
moment of the flexible shaft.

The iterative scheme outlined above is easily coded
into a computer program. This computer program LATPIL
was written to solve for the lateral load and the
overturning moment for a particular ground-line
displacement using the theory and the iterative scheme as
outlined in this chapter. A listing of the program and the
input guide for LATPIL are given in Appendix III.

Comparison of Computer Predictions With Published
Field Observatons

In this section, the theoretical model previously
described is used to predict the load-deflection curves

for a number of published field load tests.

Texas A&M University Tests

The Texas State Department of Highways and Public
Transportation conducted lateral load tests on 3 drilled
piers. The results of these tests are contained in the
research reports by Coyle, et al (8, 20, 24). A1l three
piers were constructed in similar subsurface conditons
consisting of slightly overconsolidated clay. The

details of the piers used in these tests are presented in
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Table 12. The soil properties at the site, utilized for
the predictions in this report, are presented in Tables
13 and 14.

The load test results and the predictions from the
analytical model for the three piers are presented in
Figs. 17 to 19. For each of the load tests, four
predictions were made using the program LATPIL, varying
the type of earth pressures used in the analysis. For
all these tests, the test results and the analytical

predictions compare favorably.

Southern California Edison Tests

Southern California Edison Company (SCE) conducted
Tateral load tests on 12 drilled piers. The results of
these tests are contained in a paper by Bhushan, Haley,
and Fong (7). A1l piers were constructed in similar
subsurface conditions consisting of hard, heavily
overconsolidated clay. The details of the piers are
given in Table 15, and the soil conditions for each test
are presented in Table 16.

The load test results and the predictions generated
using the program LATPIL are presented in Figs. 20 to 22.
The predictions for pier no, 2 and pier no. 4 compare
favorably with the load test results. The prediction for

pier no. 7 under-predicts the load test results. Reasons
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Pier No.

w N

Table 12. Pier Details

Pier Embedment
Diameter Length
(ft) (ft)
3 20
3 15
2.5 15
84

Height
of Load
(ft)
2.6
2.6

2.6
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Table 13. Soil Properties for Coyle's Test Shaft No. 1
??gi):h deg. | 6 deg. (k;li) wg?;ﬁt ;E éﬁ K0 a
(pcf)
0-4 -- 22 2.4 126 0.02 0.01 1.1 1.0
4 - 8 -- 22 2.4 131 0.02 0.01 1:1 1.0
8 - 12 -- 22 2.4 128 0.02 0.01 1.1 1:0
12 - 16 -- 22 2.4 121 0.02 0.01 o 1.0
16 - 20 ~- 22 2.4 120 0.02 0.01 1+ 10
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Table 14. Soil Properties for Coyle's Test Shafts No. 2 and No. 3
Depth ¢ deg § deg. c Unit X X K a
(ft) (ksg) Weight 2 = .
(pcf)

0-3 -- 22 2.2 127 0.02 0.01 1.1 1.0
3-6 -- 22 2.2 127 0.02 0.01 1.1 1.0
6 -9 -- 22 2.4 124 0.02 0.01 1.1 1.0
9 - 12 -- 22 2.8 128 0.02 0.01 Tl 1.0
9 - 15 -- 22 3.2 125 0.02 0.01 11 1.0
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17.-Lateral Load Vs. Pier Rotation for Coyle's Test Shaft No. 1 (1977)
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FIG. 18.-Lateral Load Vs. Pier Rotation for Coyle's Test Shaft No. 2 (1978)
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19.-Lateral Load Vs. Pier Rotation for Coyle's Test Shaft No. 3 (1979)




Table 15. Pier Details

Pier No. Pier Embedment Flexural
Diameter Length Stiffness

(ft) (ft) (k=1in.)

2 4.0 15.0 8.19x10

4 4.0 12.5 8.19x10

7 Zal) 9.0 5.08x10
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Table 16.

Pier Test

Soil Properties for

Soil Type Depth
(ft)
Sandy Clay 0.9
Sandy Clay 0.16
Sandy Clay 0.16

91

SCE Tests.
Unit
Weight Cy
(pcf) (psf)
130 5,500
130 4,750
130 4,750
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FIG. 20.-Lateral Load Vs. Ground-Line Deflection for Bushan Shaft No. 2
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Coulomb with tensile active pressures

Load test ._\\\

Rankine with tensile active pressures

/

//

Al ,
A v Rankine with no tensile active pressures 1
L
Coulomb with no tensile active pressures
1 | 1 i 1 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0

Ground-Line Deflection (inches)




v6

Lateral Load (kips)

250

200

150

100

50

Coulomb with tensile active pressures

Rankine with tensile active pressures

()
Load test
J
-—-——'_—___—-
‘-"'-'
e
.
v

Coulomb with no tensile active pressures

Rankine with no tensile active pressures

e | 1 . | 1 1

0.25 0.50 0.75 1.00 1.25 1.50

Ground-Line Deflection (inches)

FIG. 22.-Lateral Load Vs. Ground-Line Deflection for Bushan Shaft No. 7

1,75




for this conservtive prediction are most likely due to

errors in the measurement of the soil properties.

Electric Power Research Institute Tests

The Electric Power Research Institute (10) conducted
lateral load tests on 14 drilled piers. The piers tested
were designed as foundations for large electric
transmission poles. The height of the applied lateral
load above the ground surface used in the tests was 81
feet. The test results and the analytical predictions
are pesented for the piers listed in Table 17.

The soil conditions at the test sites were
thoroughly investigated, and many laboratory tests were
performed on soil samples. The soil properties for each
test site, obtained from the subsurface investigation and
the laboratory testing, are presented in Tables 18 to 23.

The l1oad test results and the predictions using the
program LATPIL are shown in Figs. 23 to 28. The
predicted load settlement curves for pier no. 1 compare
favorably to the load test results. Test pier no. 1 is
the only pier embedded in clay. For the other five
piers, the predictions using Rankine earth pressures
(§ =0, y=90) significantly underpredict the results
from the load tests. The predictions using Coulomb earth
pressures, with values of § selected from Table 10,

overpredict the results from the load tests. Thus, the
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Table 17
Pier Detail for ERRI Tests

Test Pier Embedment Flexural
No. Diameter Length Stiffness
(ft) (ft) (k=in )

d 4.5 14.0 1.5x10
3 5.0 21.0 2.24x10
5 5.0 15.9 2.29x10
8 5.3 16.2 2.34x10
10 4.82 16.0 1.72x10
11 5.D 20.3 2.60x10
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Table 18. Soil Properties for EPRI Test No. 1.
Depth ¢ deg. | & deg. o Unit X X K
(ft) (ks::) Weight — == 2
(pcf)

0-5 0 20 1.9 132 0.02 0.01 0.6 .0
5 - 6.5 0 20 0.7 132 0.02 0.01 0.6 .0
6.5 - 8.5 35 25 0 126 0.005 0.0005 0.426 .0
8.5 - 11.5 35 25 0 123 0.005 0.0005 0.426 0
1.5 - 14 35 25 0 123 0.005 0.0005 0.426 i)
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Table 19. Soil Properties for EPRI Test No. 3.
??ggh ¢ deg. | & deg. (kzg) wg?gﬁt ;E. ég_ K0 a
(pef)
0-2 28 25 0 110 0.01 0.002 0.531 1.0
2 -9.5 29 25 0 110 0.01 0.002 0.515 1.0
9.5 - 11 30 25 0 110 0.005 0.0005| 0.5 1.0
11 - 18 30 25 0 125 0.005 0.0005| 0.5 1.0
18 - 21 28 25 0 125 0.01 0.002 0.531 1.0
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Table 20. Soil Properties for EPRI Test No. 5.
?ﬁggh ¢ deg. | & deg. (kzg) wg?;ﬁt éﬂ' éﬁ K0 a
(pcf)

0-1.5 45 30 0 140 0.005 | 0.0005 0.293 1.0
1.5 4 5 0 18 0.7 135 0.01 0.01 0.6 1.0
5-10.5 46 25 0 132 0.005 | 0.0005 0.281 1.0
10.5 - 12 42 25 0 132 0.005 | 0.0005 0.331 1.0
112 - 15.8 37 25 0 132 0.005 | 0.0005 0.371 - 1.a
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Table 21. Soil Properties for EPRI Test No. 8.
l();ergt):h ¢ deg. | & deg. (k::—) wgri‘;ﬁt ép- I);_a Ko a
(pcf)
0-4.5 32 25 0 110 0.01 0.002 0.470 1.0
4.5 - 6 38 30 0 110 0.005 0.0005 0.384 1.0
6 - 12 36 30 0 110 0.005 0.0005 0.410 1.0
12 - 13.5 45 30 0 110 0.005 0.0005 0.293 1.0
13.5 - 16.2 36 30 0 110 0.005 0.0005 0.410 1.0
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Table 22. Soil Properties for EPRI Test No. 10.

?iggh ¢ deg. | & deg. (kzg) wg?gﬁt 29- ég K0 o
(pcf)
0- 3.5 30 25 0 120 0.01 0.02 0.5 1.0
3.5 =7 32.5 25 0 120 0.005 0.0005 0.462 1.0
7-10 43 25 0 130 0.005 0.0005 0.318 1.0
10 - 15 38 25 0 130 0.005 0.0005 0.384 1.0
15 - 16 45 25 0 130 0.005 0.0005 0.293 1.0
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Table 23.

Soil Properties for EPRI Test No. 11

Depth ¢ deg. | & deg. c Unit X X K a
(ft) (ksg) Weight ER -Ri o
(pcf)

0-6 35.5 25 0 110 0.005 | 0.0005 0.419 1.0
6 - 10 30 25 0 110 0.005 | 0.0005 0.5 1.0
10"= 12 0 18 1.7 125 0.005 | 0.0005 0.6 1.0
12 - 15 38 25 0 125 0.005 | 0.0005 0.384 1.0
15 - 20.3| 35 25 0 125 0.005 | 0.0005 0.426 1.0
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FIG. 23.-Ground-Line Moment Vs. Pier Rotation for EPRI Test Pier No. 1
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actual angle of wall friction, which woqld cause the
predicted load-deflection curve to match the field load
test results, must be less than that obtained from Table
10.. From these, it appears that for-piers embedded in
cohesionless soils the angle of friction between the pier
and the soil has a significant effect on the predicted

load-deflection curve.
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STATIC LOAD TESTS

Introduction

One of the objectives of this research study is to
perform a series of static load tests on guardrail posts.
The results from these tests will aid in determining if
the steel guardrail post performs satisfactorily without
a concrete footing. The specifications currently require
the steel (W6x8.5) post to be placed in concrete.
However, if the steel post placed wifhout a concrete
footing can perform, under lateral loading, similar to
the standard timber post, then the requirement of a
concrete footing may be unnecessary.

To assess the effects of varying soil conditions, it
was decided to perform a series of tests in two soils
with different properties. A suitable test site was
located at the Texas A&M University Research and

Extension Center.

Testing Program

The static guardrail post tests which were conducted
are summarized in Table 24. Three tests were performed in
each soil type, one using a standard timber post and two
using steel posts. The two tests on the steel posts were
performed with different embedment depths in order to

bracket the response of the timber post.
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Table 24. Summary of Tests

Test Post Embedment Height Soil
No. Type Depth of load Type
(in.) (in.) :
1 Wood 38 21 Cohesive
2 Steel 38 21 Cohesive
3 Steel 44 21 Cohesive
4 Wood 38 21 Cohesionless
8 Steel 38 21 Cohesionless
6 Steel 44 21 " Cohesionless
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Placement of Posts

In order to assess the effects of varying soil
conditions, the tests were performed in two soils with
significantly different properties. A stiff cohesive
soil and a cohesionless gravel were used for this
purpose. The soil at the test site is a stiff cohesive
soil, thus only one soil pit had to be constructed of
gravel material. The test set-up and the location of the
posts are shown in Figs. 29, 30, and 31.

The posts were placed in the cohesive so0il by
augering and tamping the soil around the post. A 24 inch
diameter auger was used, and the soil was tamped around
the posts in several 1ifts. 1In a cohesionless soil
however, augering is very difficult, due to the soil
caving into the augered hole. Thus, after the excavation
of the pit, the posts were held in place with struts, and

the gravel was placed and compacted around the posts.

Soil Conditions

For the cohesive soil, soil conditions at the test
site were determined using two soil borings. The boring
locations, designated B-S1 and B-S2, are shown in Fig. 29.
Undisturbed soil samples were taken with a 2.0 in.
diameter thin-wailed tube sampler. Laboratory tests on
the undisturbed sampies included Atterberg limits,

moisture contents, unit weights, and triaxial compression
- A
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FIG. 31.-Test Site for Static Tests
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tests to determine the undrained shear strength of the
cohesive soil. The results of these tests are summarized
in Table 25.

The test results indicate that the site consisted of
stiff to very stiff clay. The shear strength of the soil
increases near the surface due to a decrease in moisture
content. This decrease in water content near the surface
is a result of drying of the upper layer of soil.

The cohesionless soil used was crushed limestone
gravel. The soil condition at the site were determined
using a McGuin water pycnometer to obtain the in-site
unit weight and by taking soil samples for laboratory
testing. The pycnometer is shown in Fig. 32.

Laboratory testing of the samples included sieve
analysis and water content determinations. The gradation
curve obtained from the sieve analysis is shown in Fig.
33. The gravel was classified as a GW material by the
Unified Soil Classification System. Since the maximum
particle size of this material is too large to permit
determination of the shear strength using a standard
triaxial compression test, the angle of shearing
resistance was found from correlations with the gradation
curve, maximum particle size, relative density, and the
overburden pressure. These correlations were developed
by Leps (25) and are shown in Fig. 34. From these

correlations a range of 48 to 52 degrees was chosen for

-
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Table 25.

Properties of Cohesive Soil.

Depth Generalized Unit ¢ deg. c
(ft) Description Weight (k¥f)
(pcf)
126 0 3.0
L 0.5 = Dark, grey
stiff clay 125 0 2:5
1.0
123 0 1.5
L 15
123 0 1.6
2.0
125 0 1.9
3.0




FIG. 32.-McGuin Water Pycnometer Used to Obtain In-situ Unit Weight
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the angle of internal friction. The properties of the

cohesionless soil are summarized in Table 26.

Equipment and Instrumentation

In order to conduct these tests, it was necessary to
develop a loading system capable of (1) applying a
horizontal force on the post at a uniform displacement
rate, (2) measuring the load acting on the post at known
displacements, and (3) measuring the displacement of the

post at the ground surface.

Loading System

A hydraulic loading device was used to apply the
lateral force to the posts. The loading system is
illustrated in Figs. 35 and 36. A hydraulic c}]inder
was attached to the concrete anchor and the post. The
ram of the hydraulic cylinder was fully extended at the
beginning of the test. A small hydraulic pump was used

to retract the ram and to apply the load to the post.

Load Measurement

The load applied to the post was measured by means
of a force transducer attached between the post and the
hydraulic cylinder, as shown in Figs. 35 and 36. The
transducer was calibrated up to a maximum load of 10,000

pounds. The force transducer was constructed of a metal
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Table 26. Properties of Cohesionless Soil.

Depth Generalized Unit ¢ deg. Cy
(ft) Description Weight (ksf)

(pcf)

115 48 - 52 0
0.5 Well graded

crushed limestone 115 48 - 52 0

1.0 gravel.

120 48 - 52 0
1.5

120 48 - 52 0
2.0

125 48 - 52 0

3.0
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FIG. 36.-Static Testing System
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bar instrumented with a full bridge of strain gages. The
output from these strain gages were measured with a
digital microvoltmeter calibrated to read the load

directly.

Displacement Measurement

For the static load tests, the post deflection at
the ground surface was measured. Since the soil around
the post deforms as the post is loaded, the post
displacement must be measured from a _fixed point some
distance away from the post. A wooden stake was driven
into the ground about 15 feet away from the post. A
metal tape was attached to the stake and the post
displacements were measured from this fixed point as shown

in Fig. 37.

Test Procedure

The procedure used in these tests is summarized
below.

A specially constructed loading bracket was attached
to the post at the height of 21 inches above the ground.
This bracket, shown in Fig. 38, assured the pull to be
horizontal and eliminated the development of stress
concentrations in the post itself. The load transducer
was attached to the loading bracket. The hydrualic

cylinder was full extended and positioned between the
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FIG. 37.-Measurement of Post Displacements
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FIG. 38b.-Loading Bracket for the Steel Post
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concrete anchor and the load transducer. A fork 1ift was
used to hold the cylinder at a height of 21 inches in
order to keep the weight of the equipment from applying
an initial load. The load transducer was then calibrated
and zeroed. The wooden stake was driven, and the tape
positioned for displacement measurements. The hydraulic
pump was turned on and the load was applied to the

post. The load was read off the digital voltmeter at
every 1/4 inch of movement of the post at the ground
surface. The tests were term<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>