GROUP PILE LOADS IN PLASTIC SOILS

Hexsry G. Scrrrrr, Bridge Engineer, Nebraska Department of Roads and T rrigation

SYNOPSIS

TrIs PAPER presents the results of experimental tests made to determine the
relationship between the load carried by a single pile and that carried by a group
of piles driven into plastic soils. It also presents the load distribution, with re-
spect to depth, and the load transfer from the piles to the surrounding soil
and describes the instrumentation and the method of loading and establishes
a relationship between the capacity, at failure, of a single pile and the pile when
acting as a member of a group of piles.

This series of tests was prompted by a desire to obtain experimental data which
could be used as a basis for judging the adequacy of existing pile-group formulas
and design assumptions, and to correlate, if possible, soil constants derived from
laboratory analysis of soil samples with soil stresses calculated from field-test
data.

The data obtained from these tests indicate: (1) that the single pile carried
its load by friction between the pile and the surrounding soil with the greater
part of the pile load transferred from the pile to the soil in the upper half of the
pile and with relatively high shear values existing in the soil for a short length
of the pile; (2) that the load distribution to the piles in the group was fairly uni-
form, each pile, including the center pile, carrying a share of the load; (3) that
the effect of the pile spacing was reflected by the drop in the shear values be-
tween the corner piles, side-center piles and the center pile of the group; and (4)
that the load on the individual piles within the group was transferred to the soil
by shear, with the maximum values occurring at slightly higher levels than for
the single pile and these maximum values occurred over a much longer length of

the pile.

® Tur RELATIONSHIP between the bearing
capacity of a group of piles as compared to
that of a single pile when driven into plastic
soils has been the subject of much conjecture.
Several empirical formulas have been proposed
and some have been adopted and are in use
today. Until recently, however, very little ex-
perimental data or tests have been available
to substantiate these formulas.

The American Association of Railroads
very successfully carried out a series of load-
ing tests for the Missouri Pacific Railroad and
the Corps of Engineers. These tests were under
the direction of E. J. Ruble, structural re-
search engineer of the American Association
of Railroads, and the results obtained in those
tests were substantiated by the tests reported
herein. The tests were conducted by the Bridge
Design Section of the Nebraska Department
of Roads and Irrigation in codperation with
the Bureau of Public Roads. They were carried
on during the summer of 1950, at the time of
construction of a viaduct in Omaha, Ne-
braska. The contract provided for the use of
shell-type, cast-in-place concrete piles; the
contractor’s selection of the shell as manufac-
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tured by the Union Metal and Manufacturing
Company permitted the conduct of these
tests.

The testing procedure, tentatively proposed,
was to install SR4 strain gages on the interior
walls of each of seven 55-ft. piles prior to driv-
ing. To determine the load distribution, as
between piles and also with respect to depth,
these gages were to be installed at several
levels throughout the full length of these
piles.

Before attempting any field installations,
laboratory tests were carried out to develop
and check the installation techniques and
verify the accuracy of the measurement of
load-carrying capacities by the proposed
roethods.

The laboratory specimen (Fig. 1) was pre-
pared using a 6-ft. section of one of the pile
shells. Each end of the section was capped
with concrete. Strain gages of the type to be
used in the field tests were attached to the
exterior wall surface of this specimen. It was
placed in a large testing machine, and a com-
pressive load of 40,000 pounds was applied.
The shell stresses were computed from the
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strains measured while the specimen was
loaded. These calculations indicated a satis-
factory accuracy by the proposed procedures.

In the field installations it was necessary to
install the gages on the interior-wall surfaces
of the piles. Hand holes were required to per-
mit access to the interior of the pile shell. To
determine the effect of the hand holes, a 5-in.
diameter hole was cut in the shell of the
laboratory specimen (Fig. 1). The specimen
was reloaded and the effect of the hand hole
was noted in the stress pattern in the pile
shell. The portion of the shell taken out for
the hand hole was subsequently filled back
and the seam was butt welded. Some stress
diversion was noticeable; however, it was
evident that this diversion could be mini-
mized by the proper location of the hand
holes with respect to the gage lines.

The instruments used in both laboratory
and field tests consisted of a portable strain
indicator, an SR-4 calibration unit, and a
switch panel. The SR-4 gages were unidirec-
tional, 1-in. long, Type A-11, as manufactured
by the Baldwin Locomotive Works (Fig. 2).

From the results of these preliminary tests
it was apparent that the testing program pre-
viously outlined could be carried on success-
fully in the field. Gage installations were com-
pleted in the seven 55-ft. piles. Each of the
seven piles consisted of one constant diameter
top section 12 in. in diameter and 25 ft. long
and a tapered lower section varying from 12
in. in diameter to 8 in. in diameter and approx-
imately 30 ft. long. The small end of the pile,
at the time of driving, was closed with a forged
steel shoe. All gage installations were made
at the Department of Roads and Irrigation
Testing Laboratory at Lincoln, Nebraska,
and the piles were transported to the viaduct
site by truck. The gages were installed at 11
levels, each 5 ft. apart, throughout the full
length of these piles. At the top and bottom
levels, and at the two levels adjacent to the
top and bottom levels, four active gages were
used. Two active gages were used at all other
levels (Figs. 3 and 5). Two inactive (tempera-
ture-compensating) gages were installed at
each level. Thermocouples were distributed in
the seven piles so that the temperature at
each level could be determined. Two bundles
of lead wires from the gages to the measuring
instruments were installed to keep the leads
from each gage to the cable bundle as short as

possible. Two steel messenger cables were
mounted and tensioned inside the pile and
the two lead-wire cables from the gages were
fastened to these cables by taping and tying.

Variations in temperatures within the body
of the several piles were recorded by installing
thermocouples in the piles. Temperatures were
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Figure 1. Preliminary test specimen showing gage installa-
tion in line with hand hole.

recorded using a 12-point Tag Celectray re-
cording potentiometer having a range from
0 to 300 F. This instrument was manufactured
by the C. J. Tagliabue Corporation of Newark,
N. J.

The footing design for the test-load group
consisted of nine piles arranged in a square
of three rows of three piles each. The piles
were spaced 3 ft. 9 in. on centers.
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Piles 1 thru 8 were 55 ft. in length while energy per blow. Piles 1 thru 7 weighed 1,275
Pile 9 was 65 ft. in length. Piles 1 to 7 inclusive  1b. each; Pile 8 weighed 1,070 1b. and Pile 9

R =
Figure 2. Instruments used in preliminary tests.

Figure 3. Waxed gage and lead wires.

and Pile 9 had 7-gage shells while Pile 8 had weighed 1,620 1b. The driving cap weighed
a 9-gage shell thickness. 650 1b. Piles 6, 7, 2, 8, 5, 4, and 3 were driven

All piles were driven with a No. 1 Vulean in that order. The pit for this test was ex-
Steam Hammer delivering 15,000 ft.-Ib. of cavated to Elevation 122.5 (about 6 ft. below
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the ground surface) prior to driving Piles 1
thru 8. A pilot hole 6 ft. deep was drilled
from the bottom elevation of the pit and the
piling were started in these pilot holes.

Pile 9 was driven as a test pile in the pre-
liminary foundation exploration and was test
loaded as a single pile to a maximum static

Figure 4. Method of measuring pile settlements and jack for
loading, single-pile test.

load of 111.5 tons. The load-settlement curve
indicated a yield point load of 80 tons. Since
strain gages were not installed at the time of
driving, it was necessary to install gages on
the outside shell surface of Pile 9 and Pile 8
to determine the load transmitted to these
piles when subjected to the group load test.
These piles were filled with concrete to the
lower level of the foundation pit.

The bearing values at final penetration for
these piles, as computed by using the Engineer-
ing News Formula, were: Pile 1, 17.6 tons;
Pile 2, 17.6 tons; Pile 3, 13.6 tons; Pile 4, 16.7
tons; Pile 5, 18.6 tons; Pile 6, 13.6 tons; Pile
7, 16.7 tons; Pile 8, 15.7 tons and Pile 9, 31.5
tons. The computed total bearing for the
group: 162 tons.

SINGLE PILE TEST

Pile 1 was driven in the southeast corner
of the pit diagonally opposite Pile 9. It was
the pile selected for loading as the single test
pile. It was loaded by a hydraulic jack of
150-ton rated capacity, backed against a
loading platform upon which was placed a
dead load of 126 tons. This pile was loaded
three times (Fig. 6). In the initial loading a
maximum load of 79 tons was attained at
which load the pile broke loose and settled
approximately 1} in. The load was reduced to
64 tons and the pile came to rest. This 64-ton
load was held for a period of 48 hr. during
which time a further settlement of & in. was
noted. Upon release of the load a total per-
manent settlement of 15 in. was recorded.

In the first reloading test the pile was
loaded to a maximum of 70 tons for 48 hr.
and unloaded. The maximum settlement was
1 in. and the permanent settlement was & in.

The second reloading was to a maximum
load of 75 tons for 48 hr., after which time
the pile was unloaded. In this instance the
maximum observed settlement was % in.
and the permanent settlement was 5, in.

The load settlement relationship for the
loading of the single pile is shown in Figure
7. It is to be noted that the deviation of the
load settlement curve from a straight line
occurred at 70 tons.

From the values obtained from the gage
readings, calculations were made to determine
the load in the pile at each of the levels for
the three applications of load (Fig. 8). It is
to be noted that the gages of level one check
very closely with the total load carried by the
pile. This is the basis used in determining the
loads in the several piles in the group load
tests. Your attention is called to the shape of
these load curves and particularly to the very
small loads at the point of the pile. Only 2
tons of load were being carried at the point
when the pile carried 64 tons, 2.7 tons at the
70-ton load and 3.0 tons at the 75-ton load.
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The difference in load between adjacent
levels in the pile is equal to the load trans-
ferred to the soil in the length of pile between
each pair of gage levels. From these successive
differences the soil shear can be computed.
These values are expressed in terms of 1b. per
sq. ft. and are shown in Figure 9 and Table 1.
It is to be noted that the maximum shear
value for the 64-ton load was 1,280 lb. per
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driven. A platform of structural steel was
constructed on the pile group. It consisted of
three tiers of beams, adequately cross braced,
and spaced to provide a rigid cap.

Provision was made for obtaining the settle-
ments of the several piling in the group by
attaching # in. vertical rods to each pile by
welding. At the upper end of these rods was
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fastened a 6-in. rule graduated to & in.
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Figure 7. Load-settlement diagrams, single-pile test.

s8q. ft.; for the 70-ton load it was 1,425 b, per
sq. ft., and for the 75-ton load: 1,675 1b. per
sq. ft. These maximum values occur over a
rather short length of pile and are in the ta-
pered section of the pile, the first named stress
oceurring at 16 ft. above the point, the second
at 26 ft. and the last named at 19 ft.

GROUP LOAD TEST

Following the completion of the single-pile
test the remaining piles of the group were

Settlement readings were obtained by the use
of an 18-in. dumpy surveyors’ level, and a
permanent bench mark located beyond the
zone of influence of the pile group. The orig-
inal increment of load was 254 tons (Fig. 10).
This increment of load was held for 25 hr.
The gross settlement for the first increment of
load varied from # in. for Pile 4 to % in. for
Pile 6. The second increment of 80 tons was
allowed to remain in place for 42 hr. at which
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time the settlement readings varied from # in.
for Pile 4 to 2% in. for Pile 6.

Strain-gage readings were read and tabu-
lated for all operating gages for each incre-
ment of load at intermediate 3-hr. periods. It

DESIGN

first two increments of load, it was thought
advisable to remove all the load then in place,
and reéstablish the zero, or no-load, values
on both the strain gages and the settlement
rods. Accordingly, the 334-ton load was re-

TABLE 1
STRESSES IN PILE 1
SINGLE PILE TEST

| Initial Loading Test

|
Area | - —
Level | sa. | Guge Lond =20T | Load = 40T ‘ Load = 60T |  Load = 64T
| Rdg. | KI "Tot. ld.| Rdg. KI |Tot. ld.| Rdg. KI |Tot.ld.| Rdg. KI |Tot. 1d.
S R B e el ! ! [Tot. 1&-
1 |72 \ N \ 165 I|5.o | | 85 | 10.1 | gos | 15.2 | 546 | 164 |
E 166 | 5.0 . 367 | 1.0 | | 587 | 176 | 689 | 19.2
|8 | M0 142 32 | 10,0 526  15.8 580 | 17.4
W 177 | 53 | | 337 | 10.1 | | 498 | 14.9 | 537 | 16.1
| | Ave. | 162 ' 49 ' 357 ' 343 | 103 | 75.1 | 530 | 159 | 1159 | 576 ' 173 | 126.1
2 [724' N w7 44 302 9.1 45 136 482 14.5
> !137 | 41 | | 308 | 92 | | 48 | 15 | | BT | 161
s 151 | 4.5 38 | 10.7 . 58 | 170 611 | 18.3 |
| | w | 162 | 4.9 | | 348 | 10.4 | | 526 15.8 | 559 | 16.8
Ave. | 147 44 'm0 32 | 9 | 77 ! 508 | 132 | 100 | 547 | 164 |87
3 l7.00, N | 47 |44 [ oma 8.2 ! 85 | 130 ¢ 475 | 143
) 126 | 3.8 200 8.7 463 | 13.9 528 | 15.8 |
: ! Rve. 137 131 | 295 ' 282 ! 8.5 ! 61.1 | ol By era 132 | 151 L1086
4 (72l E | 9 |30 253 | 7.8 | I 419 | 12.6 | | 412 | 42
| W 9% |29, LB T8 417 | 125 a5 | 143 |
| Ave. | o8 |20 ;21 |22 7.6 | 541 ' 418 | 125 | 80 | 474 | 142 | 1001
5 '705' N ' 8 |23 C 17 6.5 ! 1 363 1 109 | , 414 | 124
| | § R AR g';|458|§gg |H'8|77e|:¥xls |}§g 88.1
ve. . . . .8 ! . . 5| 88.
6 | 675! E | [ 1.8 s s | U306 | 9.2 | R
! ! e @ | 19 ms 1% | i laee |37 1 93| e 386 | 08 ] g
7 el N | 4 |12 | | 14 | 43 | | B¢ | 70| I 7.9\
I+ | h |H g9 1 M6 | 44 im0 B | 77| w0 304 | 85 | 560
, Ave. 4 | : A4 1280 | 7 | | .8 -
8 'so4l 21 |06 Ioos | 29 | | 185 | 56 | vom |67 |
‘ | X | B |07 a2l W 28| we | 1% | 37 mo | 3 8% | w2
ve. . . . | | ..
o 540’ N R | 8 1 18 | 112 3.4 | 164 46 !
. | 8 4 o4 57 1.7 \ m | 33 | 40 | 42|
I Ave. 18 105 27 | 8 | 17 ] 93 | m2 | 84 | 187 , 47 | 4.4 | 242
0 |5 | N l 5102 | s | 1.8 | | 23 37 | 119 36 "
CE 5 |02 41 1.2 98 2.9 | 108 | 32 |
| |8 | | | | 48| 13 MRTCANT 1t 39
| Ave | 4 01 05 | 45 | 14| 70| 13 | 34| Bt || 3.6 | 183
n s N | | | | | | | |
| E o los | L 0.4 22 0.7 | | 30 09 |
' | | .
w 1
Y | 0 loal 14 - | o4 18] 22 | o7 | 32| 30 | o9 | 44

required approximately 13 hr. to read and
record the 231 values that constituted one
complete set of strain gage readings.

Because of the variations in settlements of
the several piling after the application of the

moved in decrements of 80 tons and 254 tons.
The first increment of load for the reloading
of the pile group was 115 tons. After a 4-hr.
waiting period the load was increased to 255
tons. Strain-gage readings and settlement read-
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Figure 10. Placement of portion of original load increment, group-load test.

Figure 11. Maximum load in place, 569 tons; group-load test.

ings were read and recorded upon completion next higher load, and at approximately 3-hr.
of the placement of each load increment, intervals between the above stated times.
immediately prior to the placement of the The load on the pile group was increased
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by the application of 83-, 56-, 54- and 58-ton
increments until a total load of 506 tons was
in place. This represented an average load of
54.2 tons per pile. This load was held for 116
hr. During this time interval the pile group
showed continued settlement during the early
part of the period but became stabilized during
the last 48 hr.

A review of the load-settlement curves (Fig.
13) indicated a nearly straight-line relation-
ship between load and settlement. Since this
would indicate that the pile group had not

Pie No |

Pile No. | Max. Gross Settlement Neéelzargx:&ent
1 i3 H
2 ) #
3 # L1
4 B #
5 # i
6 # il
7 i L
8 E i
9 # &

Following the procedure established for the
single pile test, charts were prepared showing
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Figure 13, Load-settlement diagrams, group-load test.

reached the failure point, an additional load
increment of 28 tons was applied. At the end
of a 2-hr. period this produced only a slight
settlement of the pile group and the final in-
crement of 35 tons was added. This brought
the total load on the pile group to 569 tons,
or an average of 62.6 tons per pile. This
maximum load was in place for a total elapsed
time of 713 hr. (Figs. 11 & 12).

The maximum gross settlement and the
net permanent settlement for each of the
nine piles in the group are as follows:

the load at each gage level in each pile. Like-
wise charts were prepared indicating the values
of the shear, or friction, between the pile sur-
face and the earth.

It is interesting to note that the pile reac-
tions and the shear curves for Pile 1 when
test loaded as a single pile and as a member
of the pile group indicated a marked differ-
ence in the manner in which the pile carried
its load (Fig. 14). The maximum shear in the
earth when this pile was loaded as a single
pile was 1,675 1b. per sq. ft. and occurred over
a very short length of the pile in the region of
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the 20-ft. level. When loaded as a member of
the group, the maximum shear was 1,230 1b.
per sq. ft. In this latter case, however, the
shear value was in excess of 1,100 lb. per sq.
ft. from the point of the pile to the 34-ft.
level with the above mentioned maximum oc-
curring between the 25 ft. and 30 ft. levels.
These shear values were obtained when the

center piles varied from 1,140 Ib. per sq. ft.
to 800 Ib. per sq. ft., and that of the center
pile was 900 lb. per sq. ft. (Fig. 16). The
average load carried by the 4 corner piles was
74 tons; by the side-center piles, 61 tons; and
the center pile, 65 tons. These values are
based on the strain-gage values, and their
total exceeds the known load by 6.5 percent.

TABLE 3
SUMMARY OF TEST DATA
GROTP-LOAD TEST

| Single | Group
Pile Number | | —— —
1 | 1,2 | 3 4 | 5 | 6 7 8 9 | Ave
l— — = —_———— _——— —_—t . —
Diameter butt end—inches [l o1lozlo12, 12 fi2l1z1l12112! 121 1
Diameter 28’ from tip-inches 12 12 12 12 12 12 12 12 12 | 12 12
Diameter tip end-inches | 8 | g ! 8 | 8 | g1 g1 gl gl 3 g ! 8
Length of pile—feet | 5588 55.98 | 5560 | 85.80 | 55.48 | 55 54 85.34) 55.54 55.03 70.00% 57.33
Weight of pile—Kips 1261 126 126 126! 128! 1260 1126 1126 105 .62 1.2
Total penetration—feet | 5142 | 5142 5178 | 5150 | 5163 | 51.06 51.89' 51.64 51.21! 04.00 | 5296
Total driving—blows® 460 , 460 | 342 300 333 | 401 | 357 ,365 209 , 1009 429
Blows last foot _ bo1e b 16 | 18 12 | 15 ["1i7 12 ""15 *"14 * 32 185
C:igmuteld b:grmg—E.N.R. | 17 6 | 17.6 | 17.6 | 13.6 | 16.7 |18.6|13.6,16.7 157 315 | 18.0
ormula—tions
Co}xlx;lput%i beuliLngt—Modlﬁed | 198 | 199 | 199 | 158 | 19.0 | 20.0 158 19.0|18.6 | 313 | 20.0
iley Formula—tons
Penetration contact area—sq. ft. | 150.5 | 154.5 | 155.7 l'155 1 | 155.2 ‘ 155.3| 155 4' 155.3! 153.9] 196.6 | 150 7
Maximum test load—Kips , 150 1548 1560 | 1161 | 1503 |120.3  130.8 03.8 124.8 1713  135.2
Dixratmn maximum test load— 48 71| 71 71 17 mnmn -0 7| 7t
hours I
Gross settlement—8éths. of aninch | 181 3¢ | 38 | 301 35 |33 138 30! 30! 19! 2
Net (permanent) settlement— ab 8 1! 13 | 9 11 12 14 9 | 13 6 104
I | | I
64ths of an inch | L I ! R |
Minl):r?umf:.verage skin friction— | 971 | 1002 | 990 | 749 | 968 | 775 |sa2 |604 |su | sm 846
./8q. . '
Mﬁz;mumfmeasured skin friction— | 1675 | 1280 | 1140 © 1120 | 1400 | 910 900 |80 | — | — | 1071
/8q. ft. ,
Poriof total load carmed by | — ! 127 1 127 0 95 | 123 | 99'10.8! 770 108" 141 | 11
each pile | | | ' | | | | | |

2 Driven with a No. 1 Vulecan Hammer operating at 55-58 blows per minute.

2nd reloading test.
¢ At time of driving.

loading at the top of the bile was 75 tons in
the single test and 77.4 tons in the group test.

The loading reactions and shear diagrams
for the other two corner piles show a some-
what different pattern than that of Pile 1. It
is to be noted that these two piles carried
loads of 58 and 75 tons and the maximum
shear values occurred at elevations of 28 ft.
and 27 ft. above the tip.

Of interest, also, is the variation in the
manner in which the three corner piles carried
their loads when compared to the three side-
center piles and the center pile (Fig. 15).
This may be influenced somewhat by the
longer corner pile, Pile 9, but there is some
indication of the effect of the spacing of the
piles within the group in these stress patterns.
The maximum shear stress in the three corner
piles varied from 1,400 lb. per sq. ft. to 1,120
Ib. per sq. ft., while that of the three side-

The distribution of these loads under the
several load increments is shown graphically
in Figure 17 and in Table 3.

SOIL TESTS

A series of soil samples were taken for the
purpose of laboratory study and for obtaining
shear tests representative of the true strength
of the soil in the undisturbed ground under
the actual foundations. Two laboratory speci-
mens were prepared from each field sample.
These specimens were carved by hand from
the 3§-in.-diameter field core. The specimens
were 6 in. high by 2.80 in. in diameter. Ap-
proximately 15 min. were required to carve
each sample and the triaxial tests were per-
formed immediately after carving.

The data shown in this report were obtained
from triaxial tests performed at a deformation
speed of 0.1 in. per min. Lateral pressures of
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5 psi. and 20 psi. were used. An open system
was maintained (internal specimen pressure
= atmospheric pressure). Perforated alumi-
num plates were placed on the top and bottom
of the test specimen. These plates permitted
moifture drainage during the testing of the
specimen. Some drainage was observed.

The results of the soil analysis are shown in
Table 2.

.

CONCLUSIONS

These tests afforded an opportunity to
study the load distribution within a pile un-
der static loads and to compare stresses in a
single pile statically loaded with stresses in
that pile when it was incorporated into a group
of piles under static load.

The tests furnished information as to the
efficiencies of individual piles when driven in
a group into plastic soils and permitted a
study of the variation in the soil stresses at
various depths of penetration for the single
pile as well as for the individual piles within
a group.

While many interesting observations were
made, it must be borne in mind that these
tests were for a particular soil condition and
for a short time of application of the load.

From the data obtained in these tests, the
following conclusions may be drawn:

(1) The load on the single pile was carried
by friction between the pile and the clay in
the upper half of the pile. Relatively high
shear values existed in the soil for a short
length of the pile.

(2) The load on the individual piles within
the group was transferred to the soil by shear,
with the maximum values occurring at slightly
higher levels than for the single pile. These
maximum values were lower than those for
the single pile and occurred over a much longer
length of the piles. ’

(3) The effect of the pile spacing was re-
flected by the drop in the shear values between
the corner piles, side-center piles, and the
center pile of the group.

(4) The distribution of load to the various
piles in the group was fairly uniform, each
pile, including the center pile, carrying a por-
tion of the load.

(3) The normal dynamic formulas are poor
criteria for establishing bearing values for
piles in plastic soils, as is the number of blows
required for the final foot of penetration.

(6) The point at which failure is considered
to occur in a test load provides the basic
value for the assignment of a safe design
load. Failure is considered to occur when the
rate of movement begins to increase sharply
in proportion to the increase in load, rather
than when a pile has reached a specified per-
manent settlement.

DISCUSSION

Puiuip Keeng, Connecticut Highway Depart-
ment—The author is to be complimented on
his thorough presentation of these tests,
which mark another step forward in the knowl-
edge of the behavior of friction piles. Com-
paratively little is known of the behavior of
piles and the soil surrrounding them, but in-
terest in this highly complex subject is strong,
as evidenced by the articles and papers in eivil
engineering literature in recent years. A pio-
neering step is the use of SR4 strain gauges
for measuring the loads in the piles. The mag-
nitude of the work described by the author is
evidenced by the fact that 231 such gauges
were installed, under rather difficult condi-
tions. Borings, including undisturbed soil
sampling taken close to one or more piles after
they were driven, would have been highly
desirable to ascertain the effect on the soil by
pile driving; apparently time did not permit
taking such supplemental borings.

The author’s six conclusions are clearly
stated and appear to the writer to be correct,
with the following exceptions:

Conclusion 1—The load on the single pile
was carried by friction between the pile and
the clay throughout the pile, and not along
the upper half of the pile. Figures 8 and 9 show
that about half the load was still in the pile
at midheight.

Conclusion 6—A safe design load may be
based on tolerable differential settlements for
the structure to be supported, rather than on
a certain percentage of the load at incipient
failure of the piles.

As stated by the author, it is interesting to
note that the pile reactions and shear curves
for the single pile test show a marked differ-
ence from those of the group pile test.

Another feature is that the center pile, No.
6, settled more than the other piles. The fol-
lowing comments are offered as possible par-
tial explanations of these phenomena:

When studying the pile load reactions for
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single-pile tests (Fig. 8) and for group-load
tests (Figs. 15, 16, 17), the writer marked the
points on the load curves at which 50 percent
of the pile load was still carried in the pile.
For the single-pile test, these “50 percent
points” were at about 34 to 40 ft. above pile
tip for the smallest load increment and
gradually shifted down to about 25 ft. above
pile tip for the maximum loads. In other
words, as increments of load were added to
the pile, the lower part of the pile took a large
percentage of the load.

In the case of the group-load tests the 50
percent points were very close to 25 ft. above
pile tip for all but one of the 23 load increments
reported. There was only a very slight tend-
ency for the 50 percent points to shift down-
ward with increasing load increments.

Two of the important factors which influ-
ence the load distribution in the piles can be
considered. One factor is the effect of dis-
placement of the soil by the volume of the
pile. The upper part of the pile is larger in
diameter and hence causes more soil displace-
ment. In a loose sand, this would cause a
large densification, but in the soil at this site,
it would cause much disturbance of the clay
and possibly considerable loss of shearing
strength. (Tests on remolded soil would indi-
cate approximately the loss to be expected.)
Hence the soil adjacent to the lower part of
the pile may be stronger and stiffer and have
a higher modulus of elasticity in shear than
the upper clay. With each load increment
and accompanying small settlement, the lower
clay could mobilize a larger unit shearing re-
sistance than the upper clay.

Another factor is the increase, as the pile
settles under load increments, in the lateral
(passive) pressure in the clay adjacent to the
tapered portion of the pile. This increase does
not oceur in the upper clay, as the pile there
is not tapered. Thus, as load increments are
added, the upward resistance of the lower clay
increases. This increase is equal to the vertical
component of the pressure increase normal
to the pile plus whatever increase in shearing
resistance results from the increased compres-
sive stress in the clay.

Both of these factors could explain why
the lower clay takes a larger share of the load
from the pile as load increments are increased.

In the case of the group-load tests, the effect
on the soil around a pile due to the stresses
imposed by an adjacent pile must be con-
sidered. The tapered portion of the adjacent
pile, when loaded, causes further increase in
the passive pressure around the lower half of
the first pile. This tends to increase the shear-
ing resistance of the lower half of the first pile
as increments are added.

On the other hand, the vertical shearing
stresses in the soil caused by the load on the
adjacent pile are in the reverse direction to
those caused by the first pile. In less tech-
nical language, the soil adjacent to the first
pile is dragged downward while it is support-
ing the pile; when the adjacent pile is loaded,
it tends to drag the same soil in the opposite
direction. This reduces the shearing resistance
which is supporting the first pile and results
in a slight vertical yield or settlement. Since
reduction is about proportional to stress, the
greater reduction is in the lower clay.

Examination of the group-load-test data
shows that the center pile, No. 6, settled more
than the rest. Since it carried only about the
average load per pile, its greater settlement is
probably due to its being located in the cen-
ter. Since it settled more than the other piles
immediately upon loading, its greater settle-
ment probably is not due to consolidation of
the soil beneath its tip. Hence its greater settle-
ment may be due to greater soil disturbance
by pile-driving or to decrease in shearing re-
sistance due to shearing stresses in the reverse
direction as described in the preceding para-
graph.

It is noted that in the group-load tests,
Pile 1 settled about 40 percent more, for the
same load imposed on it, as in the single-pile
tests. This may be due chiefly to the reasons
given above, or else chiefly to the added soil
disturbance created after the single-pile test,
when the remaining piles of the group were
driven.

It can be assumed that the soil is rather
homogeneous. In the boring log in Figure 8
is listed “some sand and gravel,” but appar-
ently this material is of small importance, as
Figure 19 shows no sand and gravel and the
undisturbed samples were taken at very close
intervals.





