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Model Studies of Laterally Loaded

Pile Foundations
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Formerly Graduate Student, University of Virginia

The purpose of the model studies reported in this paper are: (a) to find the lateral and
vertical load distribution in a laterally loaded pile foundation; (b) to compare the ex-
perimental values of pile loads with those given by some of the better known theories;
and (c) to compare the efficiency of pile groups with different arrangements of piles in
resisting lateral loading.

Three model piles, made of white oak, were used, each 114 in. square in cross-section
and 45 in. long. Pile loads were calculated from pile strains obtained by the use of SR-4
strain gauges. Displacements of model foundations were measured by mechanical dials.
A total of eight tests were made on model foundations, each with a different pile ar-
rangement.

The distribution of loads, particularly lateral loads, among the piles was found to be
largely dependent on the foundation movements. Pile loads as predicted by analytical
methods show reasonably good agreement with experiments if the horizontal load is
small. Pile groups with battered piles were generally more effective in resisting lateral

loads.

® A COMMON procedure in the analysis
of a laterally loaded pile foundation is first to
determine the load on each individual pile in
the foundation. From the load on each pile, or
the pile load, the stability of the foundation
can be estimated, based on information fur-
nished by results of loading tests on a single
pile or by some empirical rules. Therefore,
although the determination of pile loads does
not always give a direct solution to the analy-
sis of a laterally loaded pile foundation, (for
which the amount of any lateral movement is
usually the stability criterion), it has been
considered a step of fundamental importance
in arriving at a solution to the problem. While
many analytical methods for obtaining pile
loads in a laterally loaded pile foundation can
be found in the technical literature, experi-
mental data on this subject are extremely
scarce.

As in many other problems in foundation
engineering, there are no universally accepted
rules in the design of a laterally loaded pile
foundation. The geometric layout of such a
foundation is often simply a matter of engi-
neering judgement and experience, and per-
sonal preference of the individual designer.
The use of battered piles in resisting lateral

loads, for instance, while favored by some
engineers, is sometimes looked upon with
skepticism by others.

PURPOSE AND METHOD OF STUDIES

The chief purpose of the model tests de-
scribed in this paper was to obtain the distri-
bution of loads among the individual piles in
a pile foundation, and to compare experimen-
tal results with predictions of different analyti-
cal methods. These model tests were also
intended to compare the efficiencies of differ-
ent pile arrangements in resisting lateral loads.
The interpretation of foundation stability
which is dependent on the function of a
particular pile foundation or pile group* has
not been attempted.

In this study the problem was treated as a
two-dimensional one, i.e., piles were arranged
in the form of a bent. Test data were obtained
from laboratory controlled experiments with
models. Model piles were driven into a test pit

* If the foundation of an arch bridge pier moves 2 in., the
foundation may be described as unstable, while the same
amount of movement for a retaining wall is usually tolerable.
In some instances, a pile group may be permitted even
greater amounts of movement such as the anchor pile group
for a flexible bulkhead. There, the stability of the pile group

may be governed by the maximum stress criterion rather
than displacement criterion.
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containing fine dry sand, and were clamped
together by steel channel pieces simulating a
concrete pile cap. A constant vertical load was
applied to the model foundation throughout
every test. In each test, different horizontal
loads were applied to the model foundation in
the plane of the pile bent. For each value of
the horizontal load, displacements of founda-
tion, measured by mechanical dials, and pile
strains, measured by electric strain gauges,
were recorded. Pile loads were computed from
the strain gauge readings together with the
physical properties of the piles.

TEST EQUIPMENT AND PROCEDURE

A more detailed description of test set-up
and data obtained is included in a thesis,
“Model Studies of Laterally Loaded Pile
Foundations”, presented to the Civil Engi-
neering Department of the University of
Virginia, for partial fulfillment of the require-
ment for the degree of Master of Civil Engi-
neering.

Test Pt

The test pit used was a wooden tank, 214 ft.
wide, 6 ft. long and 4 ft. deep. It was filled with
dry beach sand, of which the effective size and
the uniformity coefficient were found to be
0.177 mm and 1.68 respectively. To give some
indications as to the density of sand, Table 1
shows a penetration record of a 37 in. pipe
driven by a 2 Ib. hammer with an 18 in. fall.
Figure 1 shows the location of the sounded
spots.

Model Prles

Three model piles, each 45 in. long and 114
in. square in cross-section, were made from
one piece of well-seasoned white oak lumber.
In order to differentiate bending strains from
axial strains, SR-4 strain gauges were installed
at two opposite sides of a pile in the plane of
loading. Strain gauges were provided at eight
elevations on one model pile and at seven
elevations on the other two piles.

The measured strains at the two opposite
sides of any particular cross-section of every
pile were found not exactly equal in a simple
beam test. By alternating the tension and
compression sides, further simple beam tests
provided correction factors that would equal-
ize flexural strains on the two opposite sides of
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TABLE 1

PENETRATION SOUNDING RECORD;
NUMBER OF BLOWS

2 Ibs. hammer at about 18” fall per blow

Hole Number (Fig. 1)

Depth
1 2 3 1 s | e
078" 1 2 1 1 1 1
67-12% 9 12 10 9 9 8
127187 17 11 13 11 13 12
187247 21 17 14 15 18 13
247-30" 20 20 21 27 27 22
307-36" 22 25 36 39 35 26
367-427 28 27 35 36 35 27

SAND SURFACE

HOLE NUMBER I_L_
D@0 @ 6 e |+
|5Il
LTy

f— 7 at103"= 72" — ]

Figure 1

a pile. The maximum correction was found to
be 10 percent, and the minimum was 2 percent.
The average was about 5 percent of the cor-
rected strain.

Correction Gauges

Although the compensating gauges were
glued on a block taken from the samne piece of
timber from which the model piles were made,
the strain gauge readings for some unknown
reason drifted with time when no load was ap-
plied to the pile. Fortunately, it was found
that all the gauges drifted in the same direc-
tion and by about the same amount. There-
fore, extra gauges installed on another block,
which was cut from the same piece of timber
as the piles, were used as correction gauges.
The correction gauges were the same as the
other active gauges on the piles in all respects,
except that they were not affected by the
stress conditions in the model pile foundations.
They simply gave the amount of drift to be
deducted from strain gauge readings on the
piles.

Test Procedures

The piles spaced at 6 in. center to center at
the sand surface (Fig. 2) were driven to an
embedded length of about 39 in., leaving 6
in. above the sand surface. After the piles
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Figure 2. Three vertical piles in place before being clamped. The stub, protruding out of sand surface near the
lower corner of the picture, is a short pile on which correction gauges are mounted.

Figure 3. Standard weights (50-1b. each) used as constant vertical load on model foundations during tests.

had been clamped, standard weights were
successively placed on top of the steel channels
which clamped the piles together. Fig. 3 shows
standard 50-1b. weights resting on a model
foundation. Below the weights were three
mechanical dials used to measure the founda-

tion displacements. The metal frame shown in
the picture is a lateral loading device. The
start of a test was made by applying horizontal
loads at a level about 5 in. above the sand
surface. Generally, increments of 100-1b. each
were used in lateral loading. The lateral load
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was reduced to zero before adding the next
increment. A total of eight tests were made.
The arrangement of piles for each test is shown
in Fig. 4.

PILE STRAINS AND PILE LOADS

From the strain gauge readings, diagrams
for the axial strain and the flexural strain of
the piles were prepared. Two typical diagrams
are shown in Figs. 5 and 6. In each of the
figures, the continuous curve along the axis of
a pile represents bending strains, which may
be considered to be, to some scale, the bending
moments in the pile. The distance from the
axis of the pile to the series of straight seg-
ments represents the axial strain of the pile.
The distances measured to the right and to the
left of the axis of the pile denote compressive
and tensile strains, respectively. The axial
load on a pile may be calculated directly from
the axial strain. The transverse load on each
pile was obtained by using the well-known
relationship from mechanies of materials be-
tween the shear and the bending moment. The
procedure is as follows: from the moment dia-
gram, the change in moment is determined
from the first gauge point (at the sand surface)
to a point one or two inches below; the trans-
verse load on a pile is obtained by dividing the
change in moment by one or two inches, as the
case may be. It is realized that on account of
the presence of the soil around the pile, the
transverse force obtained in the manner de-
scribed above is not exactly the shear in the
pile above the soil surface. However, trans-
verse forces on different piles obtained in this
manner may be compared on a ratio basis, and
their values as well as the values of the hori-
zontal force acting on each pile head, can be
computed from the equilibrium conditions of
statics.

In Table 2 are listed the values of the axial
and transverse pile loads, in percentages of the
total external axial and transverse loads, for
all of the piles in the model foundations tested.
Table 3 gives the different pile loads in per-
centages of the total external vertical and
horizontal loads.

For the sake of brevity in subsequent dis-
cussions, the following terminology will be
used to define the nature of the batter of a pile
and the relative position of a pile in a group.
A pile is an “in-battered” pile if it inclines in
the direction of the lateral load; it is an “out-
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battered” pile if it inclines against the direc-
tion of the lateral load. The “back pile” is the
first pile in a pile bent counted in the direction
of the external lateral load. The “front pile”
is the first pile in a pile-bent counted against
the direction of the external lateral load. The
meaning of the “middle pile” is obvious. In
Figure 7, Pile-A, an out-battered pile, is the
front pile; Pile-B, a vertical pile, is the middle
pile; Pile-C an in-battered pile, is the back
pile.

Distribution of Axial Load and Vertical Loads

A study of Tables 2 and 3 shows that the
axial pile load distribution is not substantially
different from the vertical pile load distribu-
tion. This is due to the small batter of the
piles.* As expected, the distribution of the
axial and vertical loads resembles that of the
stresses in an eccentrically loaded column.
With larger horizontal loads, the front pile
takes up a greater share of the total external
vertical load than the other piles. Generally,
with a horizontal load greater than 200 lb.,
the back pile has to develop a tensile force to
keep the foundation in equilibrium. In all
cases with the increase of the lateral load,
the compressive load increases in the front
pile and decreases in the middle and back
piles.

Figure 8 shows a plot of the percentage of
the total external vertical load taken by each
pile in Model T-8 against the external hori-
zontal load. It is clear from the figure that the
“neutral axis” of the pile group or of the
analogous ‘“‘eccentrically loaded column’ was
shifted toward the front pile with increasing

* In practice piles are seldom driven with a larger batter
than used in these models, e.g., & batter of 3:1.
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TABLE 2
DISTRIBUTION OF PILE LOADS IN
PERCENTAGE OF TOTAL AXIAL
AND TRANSVERSE LOADS
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TABLE 3
DISTRIBUTION OF PILE LOADS IN PERCENTAGE
OF TOTAL EXTERNAL VERTICAL AND
HORIZONTAL LOADS

. Transverse Vertical Horizontal
| Axial Load
External | External | Load External | External Load Load
Vfrtical Holrli‘zon- I I Vertical | Horizon-
oad tal Load Front| Back | Front| Back Load tal Load Front | Back |Front |Back.
pile | pile | pile | pile pile | pile | pile | pile
1bs. 1bs. 1bs. 1bs.
Model T-1 400 100 63 37| 14 86 Model T-1 400 100 60 10 | 90 10
400 200 85 15 17 83 400 200 77 23 62 38
400 400 120 | —20 79 21 400 400 118 | —18 83 17
400 500 129 | —29 80 20 400 500 128 | —28 81 19
Model T-2 400 200 124 | —24 49 51 Model T-2 400 200 114 | —14 43 57
400 500 139 | —39 80 20 400 500 125 | ~25 71 26
Model T-3 400 100 60 40 44 56 Model T-3 400 100 58 42 1 88 12
400 300 114 —14 55 45 400 300 116 —16 79 21
400 500 147 | —47 T4 26 400 500 159 | —59 86 14
Model T-4 400 50 59 41 51 49 Model T-4 400 50 5% 41 51 49
400 100 67 33 54 46 400 100 67 33 54 46
400 200 110 | —10 60 40 400 200 110 | —10 60 40
400 300 132 | —-32 62 38 100 300 132 | =32 62 38
. Transverse Vertical Horizontal
Axial Load Load Load Loa
External |[External External |[External
Vertical {Horizon- |~ 5 — Vertical |Horizon- = - T
Load |[tal Load 23‘%2 w2lueim el @ Load |talLoad|2e o8| 2 lg2iT5.8 .2
SEITE|YR S AIZE YA SE|ZEIYZISEITARE
= B | = [E |8 2 m |E E e
1bs. Ibs. bs. Ibs.
Model T-5 600 100 41| 46| 13} 20 | 24 | 56 Model T-5 600 100 39 47 1489 | 1 0
600 500 74| 431—17] 36 | 43| 21 600 500 68| 45/—13]| 52 | 28 | 20
600 600 12| 12(—24 41 | 40| 19 600 600 108 13|—21| 60 | 22 | 18
Model T-6 600 200 8| 22 0] 31 | 42| 27 Model T-6 600 200 72; 25 3138 | 30 32
800 300 95| 11| —6| 41 | 38 | 21 600 300 86f 16| —2| 44 | 32 | 24
600 500 138|—16|—22| 41 | 38 | 21 600 500 116] —4(—12] 37 | 38 | 25
600 600 154|—30|—24| 45 | 39 | 16 600 600 127(—13(—14] 40 | 40 [ 20
600 700 163 —37)—26| 53 | 35 12 600 700 134/ —18{—16] 47 | 37 | 16
Model T-7 600 200 31; 50| 19 32 { 30 | 38 Model T-7 600 200 30{ 50 20! 37 | 56 7
600+ 400 74 56/—30[ 39 1321 29 600 400 760 57(—33| 51 | 40 9
600, 600 111 36/—47{ 556 | 28 | 17 600 600 120| 37|—57| 67 | 26 7
Model T-8 600 100 49| 32 19/ 26 | 39 | 35 Model T-8 600 100 49| 32| 19|26 {39 | 35
600 1 200 62| 38 0} 40| 30 | 30 600 200 62| 38 0| 40 | 30 { 30
600 300 0 85! 26|—-11] 43 | 35 | 22 600 300 85| 26|—11| 43 | 35 | 22
600 400 11020 13|15 44 | 36 | 21 600 400 102| 13/—15| 44 | 35 | 21
600 ; 500 ”Ui —9|—21| 43 ‘ 37 ‘ 20 600 500 130 —9|—21] 43 1 37 | 20
! | 1

external loads. This seems to be due to the
fact that the back pile is not able to develop
sufficient tension to balance the compression
in the front pile.

Distribution of Transverse Pile Loads

The distribution of transverse pile loads
shown in Table 2 seems to indicate a general
pattern accompanying increase of the external
lateral load. The pattern is this: at small
lateral loads, the back pile is under a greater
transverse load than the front pile. With in-
crease of external lateral load, the situation
is gradually reversed. It seems that after the

lateral load exceeds a certain magnitude the
front pile is always much more severely loaded
in the transverse direction than the back pile.
This pattern was exhibited by practically all
of the model foundations despite the varia-
tions in their geometrical layout. This proba-
bly is due to the fact that the distribution of
the transverse force on each pile in a pile group
depends on the relative lateral rigidity of the
piles, that is, the resistance developed at a
unit horizontal displacement of the pile. In
these model pile foundations which contain
identical piles, having equal embedded
lengths, the relative lateral rigidity of a pile
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Figure 7. Schematic diagram showing nomenclature.
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Figure 8. Axial load distribution for model T-8§.

appears to depend on two factors: (1) the
stiffness of the soil, and (2) the direction of
batter with respect to the lateral load. The
stiffer the soil, the greater will be the resistance
of a pile. For a single pile, it has been found (7)
that an in-battered pile possesses a greater
lateral stiffness than a vertical pile, which in
turn possesses a greater stiffness than an out-
battered pile. For small horizontal loads, the
lateral foundation movement is small and the
stiffness of the soil or the density of the soil

DESIGN

may be considered not substantially different
for all piles. Thus for the configurations of the
pile groups tested as shown in Figure 4, the
back piles should develop greater transverse
forces by virtue of their batter. But as the
horizontal load becomes larger, the soil has to
undergo greater displacement at a higher rate
(see Fig. 10) in order to develop sufficient
lateral resistance. In the case of a two-pile
group, displacement of the soil in front of the
front pile compacts the soil, thereby increasing
its stiffness. However, the condition in the
soil in front of the back pile is quite different.
Because of the displacement of the front pile,
the sand immediately behind this pile will to
some extent flow to fill up the void caused by
this displacement. This decreases its density,
and impairs its ability to develop passive re-
sistance as compared with the soil in front of
the front pile. For a group of three piles, the
same process took place in the soil, resulting
in a change in the density of the sand near the
sand surface, which change varies from an
increase at the front pile to a decrease at the
back pile. Based on theories of statically in-
determinate structures, the stiffest pile takes
the greatest share of the external load. There-
fore, the front pile takes more transverse load
than the middle pile, and the middle pile takes
more transverse load than the back pile. It
should be pointed out that the change in the
density of the sand just described applies only
to that part of the sand near its surface.
Recent full-scale tests (2) have shown that the
bulk of lateral passive pressure developed
against a laterally loaded single pile is built up
at the upper part of the pile. Therefore, it
seems logical to believe that a variation of the
density near the upper part of the soil has a
greater bearing on its ability to develop pas-
sive pressure than a variation of the density
anywhere else.

Distribution of Horizontal Load

At large horizontal loads, the distribution of
horizontal loads is very similar to that of
transverse loads. The large difference between
the transverse and horizontal load distribution
at small horizontal loads for model founda-
tions with an out-battered front pile, such as
Models T-1, T-3, T-5 and T-7, is due to the
fact that at small horizontal loads, these
foundations depend little on the horizontal
component of the transverse resistance or pas-
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sive earth pressure to sustain the external lat-
eral load but instead, they rely more on the
horizontal component of the axial pile load. It
is when the horizontal component of the axial
load becomes insufficient to resist the external
lateral load that the lateral earth pressure
begins to take up a substantial share of the
external load. This, of course, is realized at the
expense of larger lateral soil displacement.
Under large horizontal loads, therefore, the
share of the total external lateral load that an
individual pile in a group takes seems to de-
pend more on its position relative to the entire
pile group rather than its batter. This “posi-
tion factor’” has been pointed out by Professor
Tschebotarioff in a discussion of his tests on
model dolphins (3).

For a pile foundation with vertical piles
only, such as Model T-8, the transverse pile
loads are identical to lateral or horizontal pile
loads. Fig. 9 shows the distribution of trans-
verse loads with increase of the external hori-
zontal load for Model T-8. At a horizontal load
of 100 Ib. the large share of the external
lateral load taken by the middle pile is proba-
bly due to the fact that the sand around this
pile was somewhat compacted as a result of
the squeezing action of the driving of its ad-
jacent piles.

FOUNDATION DISPLACEMENTS
Relation of Lateral Load to Lateral Displace-
ment and Rotation of Foundation

Figures 10 and 11 show the external hori-
zontal load plotted against respectively, the
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logarithm of horizontal displacements of the
model foundations tested and their rotations.
The measured foundation movements were
those of the center of the pile cap (relative to
the datum position before any horizontal load
was applied). At high lateral loads the large
rate of increase of displacements with respect
to the lateral load indicates that the founda-
tions are mainly dependent on the passive
earth pressure for lateral stability. Had the
horizontal components of the axial forces in
the battered piles been able to absorb all of the
lateral loads, the lateral displacement would
have been much smaller. It is interesting to
note that the relation between the external
horizontal load and the horizontal displace-
ment, or rotation for any model foundation can
be approximated by a straight line in these
semi-logarithmic plots.

Comparison of Effectiveness of Model Founda-
tions in Resisting Lateral Loads

Figure 12 gives the different lateral dis-
placements and rotations of the eight model
foundations tested for several horizontal loads.
The largest displacement, which corresponds
to the weakest foundation under a particular
horizontal load, is placed inside a rectangle.
The smallest displacement, which corresponds
to the most stable foundation, is placed inside
a circle. (The comparison is made for pile
groups with the same number of piles under a
fixed horizontal load.) The advantage of bat-
tered piles over vertical piles in resisting
lateral loads is clearly revealed by the large
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Figure 9. Transverse load distribution for model T-8.
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displacements of the vertical pile groups. It is
interesting to find that the symmetrically
arranged batter pile groups (T-1 and T-5) are
no more efficient in resisting lateral loads than
those groups with asymmetrically arranged
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piles such as Models T-2 and T-7. Under large
lateral loads, Model T-5 has actually under-
gone displacements greater than Models T-6
and T-7, and has rotated as much as the verti-
cal pile group, Model T-8. It can also be noted
that pile groups with in-battered piles (Fig. 7)
are just as strong in resisting lateral loads as
groups with out-battered piles. Similar obser-
vation has been made recently also by Mr. L.
B. Feagin (4).

COMPARISON OF RESULTS OF MODEL EXPERI-
MENTS WITH RESULTS OF SOME EXISTING
ANALYTICAL METHODS

Experimental results of Models T-1, T-4 and
T-8 were compared with analytical results
obtained by means of several of the better
known theories on the analysis of laterally
loaded pile foundations. It is desirable to de-
scribe briefly those analytical methods which
have been used to calculate the pile loads of
Model T-1.

Culmann’s Method

Culmann’s Method, developed in 1866, as
remarked by Professor Terzaghi (5), is the
oldest and simplest method of calculating pile
loads for laterally loaded pile foundations. The
implied assumptions in this method are:

(a) the external forces are resisted by the
resultant of the axial forces developed
in the piles.

(b) two or more piles in a group with the
same inclination or batter may be re-
placed by an imaginary pile located at
the center of the pile sub-group.

The application of this method is limited to
pile groups with “hinged” ends and piles in-
clined in no more than three directions. As the
model piles were clamped at their heads, the
theoretical pile loads obtained by this analyti-
cal method are not expected to agree very well
with the model test results.

Vetter’s Method

Mr Vetter (6) introduced the idea that the
pile cap could be considered as a rigid joint
which provided fixity to the pile heads. In a
further effort to account for the Jateral resist-
ance of soil, he showed that the piles could be
assumed to be fixed at some depth under the
soil surface. By mathematical manipulations,
the fixed end conditions can be replaced by the
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addition of some imaginary or “dummy’’ piles
to the actual pile arrangement. Pile loads can
then be determined by considering the real
and imaginary piles as having ‘“hinged’” ends.
The “dummy” piles, being always perpendicu-
lar to the real piles, give the transverse pile
loads on the real piles.

The “effective length” (6) of the piles used
in computing the pile loads for Model T-1 by
Vetter’s Method is 39 in.

Hrenmkoff’s Method

Also based on structural mechanies, the
general approach of this method (7) is similar
to Vetter’s method. Longitudinal, lateral, and
rotational resistances of each individual pile
and those of the entire pile foundation are
considered. The assumptions are:

(a) all pile displacements are in direct pro-

portion to the external loads,

(b) the proportionality for each kind of dis-
placement is the same for all piles in a
group.

Pile loads are then determined by equating
the external forces to the total resistance of the
piles, and by satisfying the three equations of
statics. This method appears to be the only
one reported in the literature by which the
foundation movements can be determined in a
direct manner.

In the application of Hrennikoff’s method
to the caleulations of pile loads of Model T-1,
the axial pile constant n and lateral soil modu-
lus %, are taken as 40 kips perin., and 200 psi.,
respectively.

Compartson of Foundation Displacements for
Model T-1

Table 4 lists the displacements of Model
Foundation T-1 as calculated by Hrennikoff’s
Method and those measured by model experi-
ments. As explained before, Hrennikoff’s
Method is based on a linear relationship be-
tween the external load and the foundation
displacement, while experiments indicate that
the external load is approximately propor-
tional to the logarithm of the foundation
lateral and rotational movements. (See Figs.
10 and 11.) With this in mind, it is not sur-
prising to find that at large horizontal loads,
the experimental values of the displacements
are much greater than the theoretical ones.
However, it is interesting to observe that the
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TABLE 4
COMPARISON OF FOUNDATION MOVEMENTS
(For Model T-1)

Hori- ‘

Hori- zontal | Vertical
zontal is- | Displace- 1}?0‘:'
Load place- ment
ment
1. in. n. radian
100 Theory* 0.0079 0.0055 | 0.00014
Model experiments | 0.0059 0.0023 | 0.00033
200 Theory 0.0158 0.0055 | 0.00027
Model experiments | 0.0156 0.0068 | 0.00093
400 Theory 0.0317 0.0055 | 0.00054
Model experiments | 0.1110 | —0.0023}| 0.00623
500 Theory 0.0396 0.0055 | 0.00068
Model experiments | 0.2810 | —0.0743t| 0.01603

* Hrennikoff's Method.
t Minus sign denotes an upward displacement.

two sets of displacements agree reasonably
closely at small lateral loads (100~200 1b.).

Comparison of Pile Loads For Model T-1

Table 5 gives the axial and transverse pile
loads and bending moments at the pile heads,
as calculated by the three analytical methods
mentioned above, and those found in experi-
ments for Model T-1. It can be seen that the
experimental values are reasonably close to
those given by Hrennikoff’s Method for a
horizontal load equal to 100 1b. With increas-
ing external horizontal loads, the discrepancy
becomes larger. Generally, at high values of
the lateral load, the axial loads are not as large
as the analytical methods have predicted.
However, the transverse loads determined by
experiments, were found larger than those
given by the analytical methods.

1t is interesting to compare the discrepancy
between the different analytical methods and
experiments. In Fig. 13 is plotted the dis-
crepancy between theories and experiments
against the external lateral load for Pile A in
Model T-1. It is seen that the discrepancy is
the smallest between Hrennikoff’s Method and
the model experiments.

Comparison of Vertical Pile Loads (Models T-4
and T-8)

The model foundations with only vertical
piles were analyzed by the so called “Conven-
tional Method”, i.e., the use of the following
formula for the stresses of a column subjected
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TABLE 5
COMPARISON OF RESULTS OF PILE LOADS OBTAINED BY DIFFERENT ANALYTICAL
METHODS AND MODEL EXPERIMENT FOR MODEL T-1

Front Pile Back Pile
Axial Transverse Axial Transverse
load load End moment load load End moment
1bs. 1bs. in.-lb. Ibs. 1bs. in.-lb.

Horizontal load = 100 1b

Culmann......................... 368.00 — — 55.00 — —

Vetter.......... 351.24 6.00 —140.00 69.88 6.22 —145.00

Hrennikoff....................... 325.38 10.40 —46.71 93.80 17.80 —85.83

Experiment. . .. 255.50 9.90 (—42.00)* 150.20 60.60 (76.00)*
Horizontal load

Culmann..... .. . 528.00 — — —106.00 — —

Vetter . . ......................... 491.91 12.09 —283.40 —70.79 12.31 —287.82

Hrennikoff. . . 441.24 24.50 —112.99 —22.08 31.91 ~152.11

Experiment . . 333.00 20.00 (22.00)* 63.00 100.00 (—110.00)*
Horizontal load

Culmann. .. .. 846.00 — — —425.00 — —

Vetter . . ... 773.28 24.29 —570.00 —352.16 24.51 —574.00

Hrennikoff. .. 672.91 52.70 —245.56 —253.75 72.45 —284.68

Experiment. . 555.00 163.00 (138.00)* —92.50 43.40 (17.00)*
Horizontal load

Culmann 1003.00 — — —581.00 — —

Vetter . ... . 913.96 30.49 —710.00 —492. 84 30.60 —715.00

Hrennikoff . ... .. 788.53 66.71 —311.31 —369.37 7111 —350.43

Experiment. . . 615.00 | 221.00 (290.00)* —138.00 55.20 (—240.00)*

* Culculgted from the bending strain of piles at the elevation of the sand surface (1st gauge point).
Minus sign designates tension for axial loads; counter-clockwise for end moments.
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Figure 13. Comparison of theoretical axial pile loads to model measurements for pile A of model T-1.

to a lateral force in addition to an axial force:
s =P/A & Mc/I

The results so obtained were compared to the
experimental values of the vertical pile loads.
It was not anticipated that the theoretical
values would check very closely with the ex-

perimental results, since the conventional
formula is applicable only to piles with
“hinged”” ends. Nevertheless, this is not too
important so far as the point that the com-
parison brings out is concerned. Tables 6 and
7 show, respectively, such comparisons for
Models T-4 and T-8. It is seen again that the
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TABLE 6
COMPARISON OF AXIAL PILE LOADS IN
PERCENTAGE OF TOTAL EXTERNAL
VERTICAL LOAD FOR MODEL T-4

. . Mc
Theoretical pile load = g:ﬁ: =L

1
§=42ﬂ’=2001h.; C==x3in; I=2X%=18
M = horizontal load X 5 in.

External h
Horizontal Pile A | Pile B
Load
1bs.
50 Theory 60 10
Model experiments 59 11
100 Theory 71 29
Model experiments 67 33
200 Theory 92
Model experiments 110 —10
300 Theory 113 —13
Model experiments 132 3279

TABLE 7
COMPARISON OF AXIAL PILE LOADS IN
PERCENTAGE OF TOTAL EXTERNAL
VERTICAL LOAD FOR MODEL T-8

Me
Theoretieal pile load = % 4 ¢

1
%:‘53—0=2001b.; ¢ = +6in,; —2xX6=T2
M = horizontal load X 5 in.
External
Horizontal : Pile A | Pile B | Pile C
Load
1bs.
100 Theory 40 33 27
Experiments 19 32 19
200 Theory 47 33 20
Experiments 62 38 0
300 Theory 54 33 | 13
Experiments 85 26 —11
400 Theory 62 33 5
Experiments 102 13 —15
500 Theory 68 33 —1
Experiments 130 -9 —21

experimental values agree reasonably well with
the theoretical values at small horizontal
loads. The larger the external horizontal load
is, the greater is the discrepancy between
theory and experiment. Under large external
lateral loads, the conventional method of
analysis gives pile loads smaller than those
found in experiments, since both the com-
pressive load in the front pile and tensile load
in the back pile are greater in magnitude than
found in the experiments. This seems to indi-
cate that in order to have the experimental
values in agreement with those given by the
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conventional formula for vertical pile loads,
the moment arm for the external lateral load
should be increased with increase in the magni-
tude of the lateral load. In Tables 6 and 7 the
theoretical pile loads given have been calcu-
lated with a moment arm for lateral load equal
to the distance from the point of application
of load to the surface of sand, a constant dis-
tance of 5 in.

CONCLUSIONS

Because of the numerous variables involved
in the problem of laterally loaded pile founda-
tions, it is not felt warranted to make general
conclusions based on these model studies. The
following summary of findings may be made,
however, and is to be read with considerations
of the limitations of the test set-up.

(a) The distribution of external loads,
particularly lateral loads, to the differ-
ent piles in a laterally loaded pile
foundation is largely dependent on the
foundation displacements. At high lat-
eral loads, the front pile always takes
the greatest share of the external lateral
load, and among the piles in a group, it
is the most severely stressed by bending.

(b) The distribution of pile loads can be
satisfactorily predicted by such an exist-
ing analytical method as Hrennikoff’s
Method, if the external lateral load is
small. However, at large horizontal
loads, the discrepancy between pile
loads obtained by the analytical meth-
ods and the experiments increases as a
result of large soil displacement and the
deficiency of the back pile in resisting
tensile force.

(¢) Pile groups with battered piles have
more resistance to lateral loads. Pile
groups with symmetrically arranged
hattered piles do not offer more resist-
ance to lateral loads than asymmetri-
cally arranged pile groups. For 3-pile
groups, the syvmmetrically arranged
battered pile group tends to displace
more than the asymmetrically arranged
pile groups under equal lateral loads.
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Load Studies on Drilled Shafts

LawrexceE A. DvBosk, Assistant Research Engineer,

Texas I'ngineering Experiment Station

The cast-in-place concrete pile is frequently the most economical type substructure
for bridges and buildings. However, there is a certain amount of disagreement among
engineers concerning the proper design of these piles, especially in evaluating the rela-
tive importance of skin friction and bearing from the standpoint of load supporting ca-
pacity. To help answer some of these questions, field load tests have been conducted in
a research program between the Texas Highway Department and the Texas Iingineer-
ing Experiment Station. Two series of tests have been completed. In the first group of
tests the pile diameter was kept constant and the effective length varied from 6 to 18
feet. In the second series the effective length was kept constant and the pile diameters
varied from 13 to 24 inches.

The test procedure and the results of these field load tests are discussed in this paper.
A special pressure cell (based on electrical resistance gages) was developed to measure
bearing at the base of the pile. This type pressure device was successfully installed at the
base of several piles. Readings of the cell during the load test indicated only a small part
of the total load to be carried as bearing. This was also indicated to be the situation for
special tests conducted on a “greased pile” (representing a condition of no skin friction)
and a “false bottom’’ pile which gave a condition of no bearing.

THE cast-in-place concrete pile is fre-

of those piles. The evaluation of the relative

quently the most economical type substrue-
ture for bridges and buildings. There is,
however, a certain amount of disagreement
among engineers concerning the proper design

importance of skin friction and bearing from
the standpoint of load supporting capacity is
especially controversial. To help answer some
of these questions, field load tests have been





