UNCLASSIFIED

AD 631 848

DEADMAN ANCHORAGES IN VARIQUS SOIL
MEDI UMS

J.E. Smith, et al.

U.S.Naval Civil Engineering Laboratory
Port Hueneme, California

April 1966

Processed for . . .

CEFENSE DOCUMENTATION CENTER
DEFENSE SUPPLY AGENCY

/\\

CLEARINGHOUSE

FOR FEDERAL SCIENTIFIC AND TECHNICAL INFORMATION

— )

U. $. DEPARTMENT OF COMMERCE / NATIONAL BUREAU OF STANDARDS / INSTITUTE FOR APPLIED TECHNOLOGY

UNCLASSIFIED

_—-———>




A-631848

Technical Report

DEADMAN ANCHORAGES IN

VARIOUS SOIL MEDIUMS

April 1966

BUREAU OF YARDS AND DOCKS

U. S. NAVAL CIVIL ENGINEERING LABORATORY

Port Hueneme, California

Distribution ofthis.documant is unlimitad.
CLEARINGHMOUSE

FOR FEDERAL SCIENTIFIC AND
TECHNICAT INFORMATION

Hardcopy | Mié'f'éfi'che|

$ !3 t7ypp

ARGRIVE GOPY |




m

DEADMAN ANCHORAGES IN VARIOUS SOIL MEDIUMS

Technical Report R-434

Y -F015-15-01-010
by

J. E. Smith and J. V. Stalcup

ABSTRACT

A test program was conducted to investigate deadman anchorage holding
capacities under applied horizontal loads. Deadmen fubricated of concrete and
ranging in face area from 5 to 72 square feet were tested in depths of embedment
from ground level to 7 feet. The deadmen were pulled both singly ond in groups of
three, in sand and in two soils with cohesive characteristics. The test program also
included tests on a model scale.

The applied load versus horizontai displacement relationship exhibited o
basic recognizable farm for all conditions of tests. By graphic analysis, a series
of reaction-pattern curves was developed relating deadman holding power in each
cohesive soil to thrze factors: deadman foce area, depth of embedment, and
whether the deadmen were embedded singly or in a group. The results of the sand
tests which were described in o previous report were converted from the previous
analysis to a compatible form and presented with the cohesive soil test results.
These curves provide an empirical means for determining deadman holding capac-
ities ot different amounts of displacement within the range of conditions tested.

The investigation disclosed that multiple anchors develop a higher holding
capacity per net area than a single deadman with the same total face area. The
increase in holding capacity ranging from 5 to 20% depends upon such factors as
depth of embedment, the type of soil, and the spacing between deadmen. Under
most test conditions, up to a 30% increase in holding capacities was attained in
cohesive soils as compared to sand, but 2 to 3 times the horizontal displacement .
wos required to achieve the maximum holding copacity.

Distribution of this document is unlimited.

Copies available ot the Cleoringhouse (CFSTI) $3.00.
The Laboratory invites comment on this repert, particulerly on the
results obtoined by those who have applied the information.
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INTRODUCTION

The use of deadman anchorages to provide lateral support for structures such
as quay walls is an accepted engineering practice. High quay walls must remain
verticai for ship-docking purposes while containing and supporting large quantities
of fill material behind them on the dockside. Theoretical computations for the
holding power of deadmen generally are based on equivalent fluid pressure or on
an assumed failure of a soil mass along a shear plane. But the theories do not
readily account for the load=¢’,slacement characteristics of deadmen.

The U. S. Naval Bureau of Yards ond Docks sponsored an investigation,
Task No. Y-F015-15~01-010, conducted by the U. S. Naval Civil Engineering
Laboratory at Port Hueneme, California, to determine deadman reactions under
applied horizontal loads. The investigation has encompossed three separate phases
of testing. In Phases | and 2, full-scale tests were conducted in sand in which
deadmen were pulled singly and in rectilinear groups of three; the results were
previously reported. 172 In Phase 3, full-scale tests were conducted in two cohesive
soils with test conditions similar to those in sand; model tests were included. This
report describes the overall investigatiun; the results obtained from the cohesive
soil tests are presented along with the results previously obtained in the sand tests.

TEST PROGRAM

History

The three separate test phases of deadman anchorages were conducted at
intermittent times over o period of years. Phase 1 included tests of two sizes of
deadmen in sand and in depths to 3 feet. Subsequently, Phase 2 included tests of
deadmen of seven sizes in various depths to 7 feet. The results of the Phase 2 tests
were combined with those of Phase 1. By means of computer programming, a
regression analysis of the data was performed and an empirical equation was devel-
oped relating holding power at specific horizontal displacements to three variables:
depth, face area, and whether the deadmen were single cr in a group of three. By
means of a nomograph based on this equation, it was possible to rapidly determine
deadman holding capacities for different amounts of horizonta! deadman displacements
in sand.




The encouraging results obtained from the deadmar tests in sand prompted
Phase 3 of the program in which deadmen were tested in soils with cohesive charac-
ieristics. The intent was to combine and analyze the results of all three phases in
a manner that would enable the accurate determination of deadman holding powers
at various displocements, while considering such variabies as soil characteristics in
addition to the variables which were accounted for in the prior programs. To this
end, Phase 3 was designed so that o minimum number of tests could be integrated with
the previous tests to give a maximum amount of information. In addition, model tests
were incorporated into the third phase for two purposes: first, to investigate the
variables aoffecting deadman performance over o wider range of conditions than was
oractical te investigate on a full scale; ond second, to investigate the effect of
additional variables not practical to investigate on a full scale.

Framework of Tests

Full-Scale Tests. Fifty~seven full-scale tests were included in the program
covered by this report. Each test represented o separate set of conditions relating to
such factors as soil type, depth of embedment, face area of deadman, and whether
the deadman were pulled singly or in multiples of three. An outline of the full-scule
tests in a classified order is presented in Toble |. The test numbers represent a logical
order for classifying the tests. The sequence of the tests as actually conducted was
different and extended over o considerable period of time.

Thirty-three of the full-scale tests were conducted in sand, 12 in sandy silt,
and 12 in silty sand (Table ). An irregular variety of deadman sizes, depths of
embedment, and spacings was used to envelop the range of conditions investigated in
sand (Phases 1 and 2). This irregularity resulted because Phases 1 and 2 initially were
independent programs whose results were subsequently combined when computer anal-
ysis was undertuken. The cohesive soi! testing (Phase 3) was planned with results of
the sand tests considered as a base and with computer programming in mind. Conse-
quently, o more efficient coverage of the variables was possible. In Phase 3, deadmen
of three sizes were pulled singly at depths of G, 3, and 6 feet, and deadmen of one
size were pulled in multiples of three at these same depths in the two cohesive soils.

Model Tests. The model tests were comprised of two parts. First, all 57
full=scale tests were duplicated on a scale of 1 to 18. The intent was to obtain a
comparability factor that would permit a reliable determination of deadman anchorage
performance from model tests. Second, 37 additional tests (termed extra~variable tests)
were conducted for the purpose of studying the variables of the full-scale tests over a
wider range and for investigating additional variables not included in the full-scale
tests. Table 1 lists the 37 extra-variable model tests that followed the first 57 tests.
The purpose of each of these tests is indicated in the Shape and Spacing columns of
Table I1. In general, the effect of ond limits for spacing multiple deadmen, the
effect of shape and perimeter of deadmen, and the effect of additional moisture in the
cohesive soils were the additional variables included in the extra variable model tests.




Table I, Outline of Full-Scale Tests

Single Deadman Multiple Deadmen
el e
Test | Face Area Depthly Test | Face Area2/ Depﬂ'\l;T Spocingg’/
No. | (sq 1 M | No. | Gaf) () } )
Sand: Phases 1 and 24/
o T Bt
1-6 5 GL1,2,3,5,7 27 33 ] 4 6.5
7 9 6 28-30 54 GL2,4 3.5
8-11 10 GL1,2,3 31-33 60 GL,2,4 2.0
12,13 1 4,6
14 17 6
15-21 20 GL,1,2,2,3,4,6
22,23 45 GL2
24-2¢ 72 GL,2,4
Sandy Silt: Phase 3
34-36 13.5 GL3,6 43-45 27 GL3,6 4.5
37-39 27 GL3,6
40-42 54 GL3,6
- SN SR SUS
Silty Sand: Phose 3
ad i Abent ot w M - e Al """"~——4
46-48 13.5 GL,3,6 55-57 27 GL3,6 4.5
49-51 27 GL3,6
52-54 54 GL3,6 l
SRS SRR U AUy USSR
1/ GL = ground level
2/ The foze area includes the total face area of three single deadmen; e.g., 33

indicates three deadmen, each with a face area of 11 square feet,
3/ Distance between deadmen in multiple-deadman arouping.
4/ Tests 8=11, 15-17, and 19 are Phase 1; all others are Phase 2.




Table 1. Outline of Model-Scale Extra~Variable Testsl/

Single Deadman Muitiple Deadmen
Test | Face Area Depth.z./ Shape3/ Test | Face Area Depthgl Spacing
No, (sq f) (1) pe Ho. (sq 1) (Ft) (Ft)
Sand

58-60 17 GL,2,4 U D D 67,68 33 4,4 13.75,5.25

[ 4 ’
61-64 20 |GLGL22

' QAOA
65,66 27 2,2 O.A
1
Sandy Silt
-

69-71 13.5 GL,3,6 D D D 76-78 27 GL3,6 | 3.00

14 4
72-75 27 |6L36L3| O,QAA] 79,80 27 GL3 | 6.00

Silty Sand
T ] [

81-83| 13.5 GL3,6 D U D 88-90 27 GL3,6 | 3.00

14 4
84-87! 27 |GL3GL3I|O,OANA| M2 | 27 GL3 | 6.00

Sandy Silt With Extra Moisture
93 27 3 —
Silty Sand With Extra Moisture

94 27 3 3

1, All fuil-scule tests outlined in Table | were duplicated on a model scale in addition to
the model-scale extra-variable tests outlined in Table Il.

2, GL = ground level

3, Shape symbols are as foilows:
Rectangle on end
Rectangle on side
Round
Triongle




Description of Deadmen

Full-Scale Specimens. All of the full-scale specimens were constructed of
reinforced concrete. Table lll summarizes their dimensions, weights, and face areos;
most of them were 3 feet high. With two exceptions, the deadmen were designed so
that a steel coupling pad could be attached with four bolts. The pad was designed
so that a coupling elevation of 0.3 h or 0.4 h could be achieved depending upon the
orientation of the pad, where h is the specimen height and the coupling elevation is
the location of applied force on a vertical axis of deadmen measured from the bottom.
Figure 1 shows representative deadmen used in the tests; the cougling pad may be
noted. The 10- and 20-square~foot deadmen tested in Phase 1 were designed with
a verticai slot in their faces (Figure 2) so their behavior with various coupling eleva-
tions could be studied. It was determined in Phase 1 that maximum holding power
could be attained with the coupling elevation at 0.3 h for ground-levei tests
and 0.4 h for all tests at greater depths. I This criterion wos used for all subsequent
tests.

The deadmen which were 20 square feet in face area and smaller had one
coupling; larger specimens had two or three couplings (Figure 1).

Mode! Specimens. The model specimens were shaped from blocks of redwood
and were sonded to a smooth but not fine finish. Their dimensions corresponded to
the full-scale specimens on o scale of 1 to 18. Round and triangular models were
clse included,

Soil Summary

The full-scale and model tests were conducted in three soils: sand, sandy
silt, and silty sand (Figure 3). The identifications are based on the U. 5. Amy
Corps of Engineers system for describing soils. 3 Table IV lists the characteristics of
the soils used in the test programs.

The sand was natural beach sand found ot the NCEL beach test locatior,. The
sandy silt was imported in the dry season from the bottom of a small inland reservoir
basin. One-thousand cubic yards of material wes transported to the test site and
utilized as explained under Equipment and Procedures. The silty sand was obtained
by blending the sand and the sandy silt. The characteristics of the soils in the full-
scale and model tests were maintained as nearly identicol as possible. However,
because of necessarily different methods of handling and compaction, slight differences
in characteristics did result as indicated in Table 1lI.

5
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Table [Il. Deadman Anchorage Sizes

F [ Dimensions ’ 7
Face Area [ ----=1- - e od Approximate Weight-3-/ :
(sq ft) Width Height Thickness (Ib) E
(ft) (f) (in.) -r
I VAU A o S
Prototype and Modell/ _—1‘
e g | o ]
5 2.50 2.00 12 | 730 ?
9 3.00 3.00 ' 12 | 1,320 7
10 3.54 2.83 1G ! 1,225
N/ 3.75 3.00 12 | 1,470 }
13.5 4.50 3.00 ! 12 , 2,310 :
172/ 5.63 .00 | 12 2,900 !
20 6.67 3.00 12 3,430 1
20 5.00 4,00 | 10 | 2,860 !
27 9.00 3.00 12 ' 4,600 !
- 45 15.00 3.00 12 8,400 §
54 18,00 3.00 12 10,000 |
72 24,00 3.00 | 12 l 13,200 |
Model Only
20 Round, D = 5,05 12 not applicable
20 friangle, W - 882 12 not applicable
27 Round, O = 5.86 12 not applicable |
27 Triangle, W = 7.90 12 not applicable QJ

1/ Models were 1-to-18 scale.
2/ Nominal face area.
3/ Weights do not apply to models,




Figure 1. Representative deadmen after use in test programs.
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EQUIPMENT AND PROCEDURES
Full-Scale Test Apparatus

The general layout of the apparatus used is shown in Figure 4. Essentially,
the test facility consisted of a 20-foot-gage railway about 250 feet long. A rail
cart and a BU-140 Type M two-drum winch were anchored seurely at one end of
the railway, and the site of embedment, an area about 75 feet wide by 100 feet
deep, was at the other end. For tests in sandy silt and silty sand, a U-shaped
enclosure 54 feet wide by 72 feet long was constructed to contain the imported soil
(Figure 5). The winch applied the load to the rail cart through a six-part line, ond
the rail cart in turn was connected to the deodmen; for some of the very high-capacity
pulls, it was necessary to two-part the dead end of the six-part line. A wire-rope
attachment was used in the tests of the single smaller deadmen. Multiple wire-rope
attachments were used with a spreader-bar arrangement (Figure 5) in tests of multiple
deodmen and in tests of single deadmen 9 feet wide or wider. Chains up to 2-3/4-inch
size were incorporated in the apparatus in lieu of wire ropes when especially high
loads were anticipated. A horizontal pull was maintained on the deadmen by passing
the loading wire rope through o looped bar attached to a 20,000-pound concrete
weight (Figure 6). The weight was buried in the sand more than 120 feet from the
deadmen so that the vertical component at the weight would be relatively minor and
not raise the weight.

Applied loads were measured by means of a dynamometer placed in the line
between the rail cart and the deadmen at a point where friction would not affect the
reading (Figure 7). For some high-capacity pulls it was necessary to place two
instruments in parallel to obtain the maximum readings. A 100,000-pound-capacity
Baldwin Type D SR-4 load cell and two specially fabricated 400,000-pound-capacity
dynamometers were used interchangeably as appropriate according to anticipated loads.

Full=Scale Test Procedures

Phases 1 and 2: Tests in Sand. The procedures for some of the 33 tests in sand
reported here varied somewhat because two separate phases of testing were involved;
however, the basic principles of the tests were maintained, and an examination of
the data indicated that the effects on the net results were negligible. The test numbers
that apply to each phcse are identified in Table 1.

Preparation for each test consisted of excavating sand within the embedment
area, positioning the anchorage(s), and backfilling the sand to a prescribed depth
(Figures 8 and 9). In the tests involving multiple deadmen, three deadmen were
aligned in rectilinear groups of three perpendicular to the direction of pull (Figure 10).
Depth was controlled by altering the overall elevation of the ground surface. The
backfill was compacted by applying fresh water for a prescribed length of time once
during and once again upon completion of backfilling.

1
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Figure 5. Cohesive soil containment area.




Figure 6. Twenty-thousand-pound concrete weight used to maintain
horizontal pull.
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Figure 8. Positioning deadman anchorage.
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Figure 9. Backfilling around deadman anchorage.

Figure 10. Multiple deadman anchorages positioned for test.
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Figure 11. Protractor device for determining deadman anchorage
displacement.

Upon completion of preparations for the Phase 1 tests in sand, loads were
applied in increments of about 3,000 pounds. Horizontal, vertical, and rotational
movements were recorded between each load increment. These measurements were
obtained by means of a pencil and a protractor device suspended from o steel bar
fixed to the back of the deadmen (Figure 11). Field measurements of the horizontal
and vertical movements were later adjusted to apply to the center of the face of the
deadmen. No consistent pattern of load versus vertical-movement was determined
from the Phase 1 tests, and therefore, only total vertical movement was recorded in
later tests.

The procedure for the preparation of the Phase 2 tests in sand was similar to
that of Phase 1; however, the method of applying loads and measuring displacements
differed. Loads were applied continuously to the deadmen in a manner that resulted
in a rate of horizontal movement of 2 to 5 inches per minute. Because of limitations
of the control mechanism of the winch, this rate of movement increased to about
13 inches per minute as ultimate holding power was approached. Load magnitudes
were recorded on the continuous chart of o Consolidated Electrodynamics Corporation

18




oscillograph in conjunction with a Model 1-113 carrier amplifier. Corresponding
horizontal displacements were also recorded on the chort. These measurements were
obtained by means of o flexible rod extending to a helipot 10,000 ohms potenti-
ometer secured in open ground 10 to 15 feet back of the deadmen (Figure 12). At
the conclusion of each test pull, the total vertical displacements were measured.
On the occasions when the deadmen were exposed sufficiently, total rotational
movements were also obtained.

Soil samples were obtained periodically throughout both sand-test phases to
establish and define the standard sand condition and to verify czceptable uniformity
of sand conditions. The samples were obtained at different locations and depths in
the areas affected by displacement of the deadmen. Moisture content and wet and
dry densities were determined. The mechanical analysis was unnecessary after the
initial samples because variations in sand gradient were negligible.

Phase 3: Tests in Sandy Silt and Silty Sand. Procedures for applying loads
and obtaining measurements in the Phase 3 tests were the same as described for the
Phase 2 tests. Also, preparations were similar through backfilling and compacting
the soil. For each test, the cohesive soil within the entire area affected by the
movement of the anchorage(s) was excavated. The deadmen were then carefully
positioned so their face areas were perpendicular to the direction of pull, and so
the coupling elevation wos ot the necessary height to allow a horizontal pull.
Backfilling to the prescribed depth was done in 18-inch loyers. The desired meisture
content and compaction required for uniformity was achieved by sprinkling the area
with fresh water a prescribed length of time for each layer and then making four
passes with a 6~ton caterpillar tractor (Figure 13). For the cohesive soils, samples
were obtained for each test at 1-, 3~, and 5-foot depths at random locations in the
soil area offected by deadman displocements. Moisture content and wet and dry
densities were measured. The procedure followed for preparing the soils resulted in
reasonably uniform conditions with regard to all tests. Average values obtained are
listed in Table IV. Three triaxial shear tests for each of the two cohesive soils were
conducted on the samples taken at random times throughout the testing. The results
of the three tests agreed within 10% and the average cohesion values determined
for each soil (Table 1V) were considered to be valid.

Model Test Apporatus
The model apparatus (Figure 14) was designed and constructed to duplicate

the full=scale facility as closely as practicable. A scale of 1 to 18 was selected
to reduce the model tests to laboratory dimensions.

19
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Figure 14. Model test apparatus.

The model was assembled on a 3-foot 8-inch by 8-foot table. A smal! winch
powered by a 1/4-horsepower electric motor was mounted on one end of the table.
At the opposite end, the soil was contained in a 3- by 3-foot area with a 1-foot-
high buttress constructed of 1/2-inch-thick plywood at the back and 1/2-inch-thick
plastic glass at the sides. The area was open on the side toward the center of the
table. To avoid the possibility of the soil mass sliding on the bottom, 1/4-inch
strips of wood were tacked onto the bottom of the containment area crosswise to the
direction of pull. Behind the soil-containment area, a platform was constructed for
the support of three potentiometers used to measurz the horizontal displacements of
the model deadmen.

Mode! Test Procedures

The procedures for the model tests were essentially the some for all three types
of soil and corresponded to the procedures used for Phases 2 and 3 of the full=scale
tests. The model decdmen were embedded in the soil in the containment area and
positioned relative to the winch so that the applied loads would be perpendicular o
deadman face areas and level with coupling elevations. The soil then wes backfilled
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and compacted in a carefully prescribed manner. A hand-operuted vibrator compactor
was used to compact the soil as each 1-inch layer of soil wos added to the soil mass.
The 6-pound vibrator was constructed of a 1/6-horsepower motor, bolted to a 3/4- by
12- by 16-inch plyboard with a stainless steel bottom. A 3- by 1-1/4-inch round
meta: plate was attached to the shaft of the electric motor, 1/4-inch offset for vibra-
tion (Figure 15). The vibrator was used for precisely the same length of time ot each
level,

Controls were exercised to maintain o uniform moisture content. The procedure
for sand differed slightly from that used for the cohesive soils. It was learned by
experiment that the maximum practicable moisture content attainable for the sand
was 4%. Consequently, water was not applied after moistening the sond at the
commencement of backfilling. This procedure resuited in a relatively uniform 4%
moisture content at the time of each test pull. Between tests, a plastic cover was
ploced over the soil containment area. An amount of water equal to that removed
with the plastic sheet was applied to the soil prior to the next text. Soil-sampling
tests confirmed the validity of this procedure.

Once preparations were completed, the winch applied loads directly by o
single cable to single deadmen less than 9 feet wide (scale dimension). For single
9-foot-wide deadmen and greater and for multiple deadmen, o spreader-bar arrange-
ment similar to that of the full-scale tests was used. Loads were applied continuously
to the specimens in a manner to cause horizontal displacement at o rate of 5 inches
per minute in the model. The loads were measured by a 2,000-pound-copacity
electric dynomometer placed in the line between the winch and the soil mass and on
the single-part line side of the spreader bar when it was used. Corresponding hori-
zontal displacements were measured by three 10,000-ohm, 4-inch lineal Bourns
potentiometers mounted on the instrument platform behind the deadmen. The measured
loads and displacements were recorded on the continuous chart of a Sandborn 4-channel
oscillograph DC amplifier Model 67-3000.

Soil sampling procedures for tests in sand differed from those in the two cohesive
soils. In sand, it was established early that the density and moisture content remained
reasonably constant by following the preparation procedure previously described.
Consequently, it was not considered necessary to obtain samples for each test
thereafter.

For the two cohesive soils, samples were obtained prior to each model test from
outside the soil mass area affected by displacement of the test specimens. Since all
of the soil in the containment area was treated the same, the samples were considered
to be vclid representatives of the conditions within the soil-mass-resisting movement
of the deadmen. The samples were obtained by means of a 1-1/2-inch cube-shaped
box (Figure 16). The box was so constructed that the sample could be sliced to form
a near-perfect 1-inch cube. The correct density per cubic foot was calculated and
a correctional factor which was determined by comparison with results from larger
samples tested by normal procedures. The moisture content was also determined from
each sample. The cohesions were determined in the some manner as for the prototype
tests.
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Figure 16. Model test facility soil-sompling tools.
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RESULTS
General

The applied' load versus horizontal displacement relationship, herein referred
to as the deadmar anchorage reaction pattern, represents the primary data desired
from the tests on which this report is based. The reaction patterns observed for all
full-scale and model tests exhibited a basic recognizable torm, but with a consid-
erable range of variation. Typical configurations of the basic form are shown in
Figure 17. As load was applied to single or multiple deadman anchorages, they first
would adjust to a condition of equilibrium before finite motion occurred. Then the
deadmen would move in the direction of pull in a creeping uneven fashion. The net
result of this uneven motion, however, was a smooth even record of displacement for
the deadmen as a whole. Initial movements were so small that they could not be
accurately measured and can reasonably be assumed to be negligible. Consequently,
the deadmen essentially remained immobile until a breakaway load was reached
(kg, Figure 17). At this load, measurable anchorage movement occurred at an
ever-increasing rate os the load increased until the maximum attainable load was
reached. Here the load record would begin to undulate and gradually drop off.

Tests were terminatea before deadmen were pulled out of the ground, but it was
believed that this would be the eventual result with continued pull.

Verticcl and rotational movements in sandy silt and silty sand are comparable
to those in sond. Their effect on and relation to deadman holding capacities appeared
to be negligible. The total vertical movement at the termination of each pull ranged
from O to 5 inches regardless of the lcpth and size of the deadman. The rotational
movement, when obtained, also showed a random variation between rotation forwards
and backwards. Total rotation was always less than 4 degrees.

The extent of the soil mass affected by displacement of deadmen in both
cohesive soils in the full scale was indicated by a slight to pronounced bulging at
the surface depending on the depth of embedment (Figure 18). As nearly as could
be determinec!, the extent of the soil mass forward of the deadman that was mobilized
due to deadman movement was equal to about 1-1/2 times the depth to the bottom of
the deadman (Figure 19). Similarly, the extent of the mobilized soil mass to each
side of the deadman cue to its movement was approximately equal to half the depth
to the bottom of the deadman. On the model scale the definitions of affected soil
maoss were more clear. The same criterion for the extent of affected soil mass applied
on the model scale as on the full scale.

Analysis
Computer Approach. A computer progromming approach to analysic was

attempted first, The development and present status of the computer program is
described in Appendix B. It was believed that the influence of some or aii of the
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following variables on deadman performance and their interdependence might be
defined in equation form: (1) depth of embedment, (2) height of deadman, (3) width
of deadman, (4) multiple versus single deadmen, (5) height %o width ratio of deadman,
(6) perimeter of deadman, (7) cohesion of the soil, and (8) density of the soil.
Further, it was believed that by testing on a model scale, the same variables might

be investigated over a greater range and that the influence of the following additional
variables might be determined: (1) the most effective spacing of deadmen at various
depths for multiple pull effect, (2) the limits for spacing deadmen at various depths
for multiple pull effect, (3) the most effective shape for single deadmen, and (4) the
effect of excess moisture content on cohesive soils.

Two steps toward successful computer program analysis were accomplished. A
basic equation was developed that accurately fits a smooth curve through observed
dota points defining the deadman reaction pattern for each individual test in all three
soils. Also, it was determined that a good comparability factor exists between the
full=scale and model test results. However, the nature of a computer program analysis
effort encompassing the numerous variables mentioned is that of successive trials and
adjustments. Satisfactory determination of deadman anchorage performance and
definition of the effects of the variables by computer analysis were not achieved.
Thus, it was not possible to obtain meaningful computer results for this report nor to
utilize the model test results. [t is important to emphasize that the computer program
analysis previously reported? for tests conducted only in sand remains valid, and in
fact, is used to supplement the graphic procedure that is described next. Computer
programming for the sand phases was more successful because fewer variables were
involved, and also the reaction patterns proved more compatible throughout the
range of test conditions.

Graphic Procedure. When it became evident that the computer program
analysis combining results of tests in all three soil types was not promising, test
results were examined separately by soil type. A graphic analysis of the full-scale
test results in cohesive soils was undertoken. It was not necessary to include the
sand tests in the graphic procedure. These were the same tests encompassed by the
earlier test phases previously reported.2 The prior sand-test computer analysis is
valid and can be used. For this report, the sand-test results analyzed earlier were
reconstructed to a form compatible with the cohesive soil results so that direct
comparisons could be made.

For practical reasons, the graphic analysis of the cohesive soil tests cannot
account for the influences of all of the variables that were meant to be analyzed by
computer. Instead, it defines the deadman reaction patterns for the tests in cohesive
soils correlating three variables: (1) depth of embedment, (2) face area, and
(3) whether the deadmen were pulled singly or in multiples of three.
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Figure 19. Approximate extent of soil mass mobilized by horizontal displacement

of deadman.
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The observed data points recorded for all of the full-scale tests in the cohesive
soils and the curves graphically determined to fit them are shown in Figures A-1 to
A-14 of Appendix A. Figure A-15 presents an example of the observed data points
recorded for three of the tests conducted in sand together with the curves calculated
to fit them by meons of the equation previously developed from the sand tests. Com-
prehensive data for the model and full=scale tests are presented in Table B-1 of
Appendix B.

In large measure, the results of the first step in the graphic analysis are shown
in Appendix A. Three important factors were taken into account in achieving the
empirical curves shown for the deadman anchorages in the cohesive soils. First,
because of the difficulty in measuring initial small increments of movement of the
deadmen, it was known that the maximum holding powers, P(max), measured
(Figure 17) were the most accurate and reliable data points. Consequently, the
P(max)'s were used as the starting points for graphing each curve. Second, the
basic deadman reaction nattern was known from the overall results. In some tests,
load readings at small inzrements of movement were erratic and lower than they
reasonably should be. Therefore, the basic reaction pottern proceeding from the
P(max)'s was permitted to override the lower observed load readings for small
increments of movement. Third, for multiple deadmen, reaction patterns were
compared with those single deadmen having similar total face areas, and the
increased holding-power effect of the multiple pull as determined for sand? was
taken into account.

Once the initial curve fits for each individual test were achieved on the basis
described, groups of tests of deadmen with identical face areas were plotted, and
proportional adjustments were made on the basis of depth. Likewise, groups of tests
of deadmen embedded at the same depth were plotted, and proportional adjustments
were made on the basis of face areas. By several successive adjustments, the graphs
as presented in Appendix A were completed. Figures A-1 to A-3 illustrate the
empirical curves arrived at for deadmen with identical face areas at different depths
in sandy silt. Figures A~4 to A-6 illustrate the empirical curves for deadmen with
different face areas ot the same depth in sandy silt.

Upon completion of the curves shown in Appenaix A, further analysis was
necessary to convert the information into "design graphs." The development of
design graphs was achieved by a process similar to that described for the development
of the curves in Appendix A. However, this time it was possible to use a more direct
plotting method because the irregularities and inconsistencies in portions of the
reaction patterns for all the tests had been corrected in the earlier process used for
the curves in Appendix A. The first step was to plot the maximum holding power,
P(max), versus face area for the different depths in each type of soil. These "analysis'
graphs are shown in Figures 20, 21, 22, and 23. Smooth curves were drawn giving
weight to the dato points primarily according to depth and face area with secondary
considerations given to soil type. Then new data points on the curves coinciding with
the face areas desired for the design graphs were determined. From these data points
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the design graphs for the cohesive soils were developed (Figures 24 through 27).
Again because the maximum holding power is the most reliable reference point,
P(max) was used as the starting point for each curve. From here the curve could
be drawn accurately to the k, point by comparison with previous curves in the same
soil type that exhibited a P(max) close to the same value.

To complete the comparisons of deadman holding powers in the three soil types
covered by this report, corresponding design graphs were drawn for the sand condition
(Figures 28 and 29). These were obtained by plotting the reaction patterns of dead-
man anchorages using the graph of average holding power of deadmen in sand previously
developed and reported.2 Figure 28 shows the reaction patterns for single deadmen of
four face areas (10, 20, 40, and 60 square feet) embedded at three depths in sand:
ground level (GL), 3 feet, and 6 feet. Figures 24 and 25 give the reaction patterns
for the same four sizes of single deadmen at the same three depths in sandy silt and
silty sand. These sizes and depths were selected because they are practicable for
design aopplication and they offer a reasonable range for interpolation.

Figures 26, 27, and 29 show the reaction patterns for multiple deadmen of two
face areas (40 and 60 square feet) embedded at three depths (ground level, 3 feet,
and 6 feet) in sandy silt, silty sand, and sond respectively. The two face-area sizes
used in developing these graphs are considered to encompass the practicable design
ranges covered in the test programs.

Use of the design graphs for single deadman design is self-evident. The holding
powers per particular displacements for a particular size of deadman can be interpo-
lated from the graph representing the type of soil of interest. Use of the design graphs
pertinent to multiple deadmen is similar, but it must be kept in mind that the face
areas listed represent the aggregate total for the number of deadmen used; for example,
if three deadmen of 20 square feet each are used, the face area to use in referring to
the graph is 60 square feet.

DISCUSSION

Application of Results

The test results may be considered valid for those conditions encompassed by
the test program. These conditions are (1) the types of soils described, (2) depths
of embedment from ground level to 6 feet, (3) deadman face areas from 5 to
72 square feet, and (4) spacing distance of multiple deadmen within the range of
0.6 h and 1.7 h. Interpolation within the range of conditions represented by the
graphs can give characteristic deadman reaction patterns under applied loads not
readily determined by analytical means.
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The amount of displacement corresponding to maximum holding power generally
increased with the depth of embedment, size of the deadman, and cohesiveness of the
soil. After the maximum load was attained the load would decrease. For uniformity
and practicability in presentation, all design graphs showing the reaction patterns
were extended to 14 inches of displacement. The pattern to failure occurred within
this distance for almost all test conditions. Deadmen in sand exhibited o pattern that
rises more abruptly with continued displacement than did deadmen in the cohesive
soils. The ultimate holding capacity and failure occurred at much less displacement
than that indicated by the graphs extended to 14 inches of displacement. Also, in
all three soil types the ultimate holding powers of the smaller dea.'men and the
deadmen ot shallower depths occurred before 14 inches of displacement was attained.
The validity zone shown on each design graph (Figures 24 through 29) defines the
approximate limits within which the curve is a valid representative of the reaction
pottern for the conditions specified.

Establishment of a level of confidence pertaining to deadman anchorage
performance is important in on application of empirical data for design purposes.

The basis for determining o lower confidence limit curve and its significance is
described in Reference 2. The immense number of calculations involved makes
impractical the precise mathematical detemination of confidence limits by any
means other than computer. Therefore, until such time as a computer program
analysis of the deadman anchorage test data is achieved, firm lower confidence
limits cannot be established. However, examination of the plotted curves and
observed raw data points given in Appendix A shows that if the ordinates of the
curves are reduced by 35%, over 95% of the observed data points will fall on or
above the new curves. Thus, use of the empirical curves reduced by 35% would
appear to give values with a confidence level of 95%. Also, reducing the ordinates
of the curves for the sand condition (Figures 28 and 29) gives o close approximation
of the Igwer-limif values having a 95% confidence level as discussed in the previous
report.

Computer Program Potential

The difficulties experienced in the computer program analysis stem from

several important conditions. These include (1) the problem of accurately measuring
initial small amounts of displacement and correlating them to specific holding powers,
(2) the wide range of variations in the form of the reaction patterns obtained between
the sand and the cohesive soils, (3) the limited range of and the lack of replication
and randomization in the experiment design, and (4) the large number of variables
not practicable or possible to record. The cohesive soil phase of testing was under-
taken with recognition of these limiting conditions, but in the belief that computer
program analysis could account for, or otherwise overcome, the problems presented.
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CONCLUSIONS

1. The design graphs provide a practicable means for determining deadman anchorage
holding capacities at various displacements in soils with characteristics within the

range tested in this report.

2. Deadman anchorage performance in a particular soil is largely influenced by two
variables, the depth of embedment and the face area.

3. Multiple anchors placed in rectilinear formation perpendicular to the direction
of applied force and within a spacing distance of 0.6 h to 1.7 h will develop a
higher holding capacity per net face area than a single deadman with the same
total face area. The percent increase varies with the depth of embedment, ranging
from about 15% ot ground level to 25% at 6 feet.

4. Soils with cohesive characteristics enable deadman anchorages to develop higher
maximum holding capacities than in sand, but 2 to 3 times the horizontal displacement
is required to attain the maximum holding capacity.
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Appendix A

OBSERVED DATA POINTS AND EMPIRICAL CURVES
FOR THE FULL-SCALE TESTS
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Figure A-2. Load versus horizontal displacement for single deadmen
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Appendix B
MATHEMATICAL ANALYSIS
S. H. Brooks, Sc. D., CEIR, I. W. Anders and W, L. Wiscoxson, NCEL

The data from the 57 tests of prototype anchors and 94 tests of model anchors
were analyzed. The data consisted of sets of ordered pairs of numbers (P, d) repre-
senting the holding power of each anchor at given displacements. In general, the
following properties appear to exist between the holding power and the displacement:

1. At small values of the holding power, the holding power is linearly related
to the anchor displacement.

2, As the holding power is increased, less additional holding power is
associated with a given further displacement.

3. There is a maximum holding power.

A simple relation consistent with these properties is
AP = R(m - P)ad o=1)

where  d = horizontal displocement of deadman
Ad = an increment of displacement

P = force, or deadman holding capacity, required to achieve that
displacement

AP = an increment of deadman holding capacity

m = maximum holding capacity which a deadman can attain without
continuous displocement

R = rate constant which indicates how a change in holding capacity (AP)
is related to a small change in displacement (Ad)

When the force P is small, the above formula becomes P = R (m) Ad so that
property 1 above is satisfied. Properties 2 and 3 can be confirmed by noting that as
P increases, (m - P) and therefore AP decreases for fixed Ad, ond that when P = m,
AP is zero. This relation expressed as a differentiol equation is

P'd) = R(m - P) (8-2)

A solution to this equation is

P = mll - et ~bh (8-3)
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where b is the displacement at which the force required is zero. This may also be
expressed as

Rd

P=m@-e ) + ke (B-4)

where k is the force at the zero point on the displacement scale. A representation of
this equation is shown in Figure B-1.

P

4

- d

b 0,0

Figure B~1. Graph of Equation B4,

Fitting the Curve to Equation B-4:

Let Am, Ak, and AR be identically equal to their differentials. An increment
of force may then be approximated by a function of m, k, and Ras

ap 2 R am s Rap s &

m * X AR (B=5)

Assume the parometers are some arbitrary value, say mg, kg, Rg. From Equations B-4
and B-5,

: P - P
P="Py*+ (m-my) kR*"‘ ko) 3k .
Mo "o’ "o o “or "0
s R-rRY)Z
OR|
o <o Ro




. 0
$myl-e )+ k tm-mdl-e 0)
-Rocl -Rod
+(k-kgde O+ (my - k)R - Ro)de (8-6)
Equation B-6 reduces to
-Rod -Rod -Rod
P=m(l -e ) + ke + (my - k)R - R )de (8-7)
0 0 0
-Rod
Lerting U=1-e
-R d
V=ce 0
(8-8)
-R.d
W=de °
Q = (mo-ko)(R-Ro)
there results P=mU + kV + QW
The statistical model to be fitted is then
Pi = Uim + V;k + wiQ + € (B-9)
-Rod. od.
where U; =1 -e » Vi = e ', W; = d;V;, P; and d; are the set of observations,

and €; is the devuahon of the i™h observation from the fitted curve. Rearranging,
squarmg, then summing over the n observations in Equation B-9 results in

i z . -Um-Vk-WQ) (8-10)
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To minimize the sum of squares of the errors, differentiate partially with
respect to each parameter and equate each of the results to zero. This leads to
the three simultaneous equations:

mz ui2 + |<S_1luivi " Qzuiwi - ZUiPi

2 )
'"Z‘ uv; + kai ¥ sziwi AGE (B-11)

d

minWi + k) VW, + Q,Twi2 - ywipi

N\ 2 _ _ _
Let Ch= LY G ZU;VV Ciz © Zuiwi' < ° Euipi
_ 2 _ _
Cyp = ZV; r Cy3 = Evawv Co = LY3P
(8-12)
_ 2 _\
C33 N Zwi ’ Csi N >_,wiPi
c. = Vp2
i - !
Also | A=C..Co -C,.2
so let B R < R K
B = C12C33 - €302
C=C.Co -Co2 (8-13)
2233 ~ C23
E = CCa3 - G533
F = CyCa3 - G5
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Using the symbols of Equations B-12 and B-13, it can be shown that the solutions to
Equation B-10 for m, k, and Q are

EC - FB

m= =2 (B-14)
AC - B2
_ F-mB
k=% (8-15)
C.. - mC,, - kC
Q-3 B 2 (B-16)
33

The analytical expression for the variance of the deviations of the observations
from the fitted curve is

C..-mC,, - kC,. - QC,.
2 - _i W_ 2 3i (8-17)
n-3
which should, upon convergence, be nearly the same as
n : L
1 2
3, i) ~ Bin? = 73 2 Picabe)
i=1 i=1
—Rdi -Rdi 2
-m(l-e )~-ke ] (2-18)
From Equation B-8,
Q
R=R +— (8-19)
0 my ko
iterate, letting RO =R, ko =k, and my = m, until
1o B ics, [ <o, [ 1-g]<s (B-20)
0 0 0

where 8 is some piedetermined small number, (The minimum value for 6 was
determined as 1.0 x 10-5 for the IBM 1620 floating point subroutines. Smaller values
caused endless wandering or resulted in oscillatory values for the parameters. )
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Compared to k and R, m was found to be relatively stable; i.e., the value
obtained for m on the first iteration was nearly the same as the final value. Therefore,
let m = mq in Equation B-19. This changes Equution B-6 tu

PP + (k-k)2x yR-r)E
0 0" ok KR 0" &R k. R
00 00
. ~Rgd ~Rod Red
= m(l -e ) + ke + (m - ko) R - Ro)de (8-21)
Since the data is in an ascending ¢ der, let
- (8-
ko P' 8-22)
A procedure to construct the initial quess of Ry is
‘3) Assume
m=P (B-23)
n
(b) Chense some value Pi such that
1 -
P> By *P) (B~24)
(c) From Equation B-4,
1 -ROdi
(P +P)<P - (P -P)e (8-25)
or R. > — In2 (8-26)

v d.
}

(d) Therefore, choose




Example:

Using the multiple deadmen at a depth of 4 feet (Test No. 27), with the
following observations:

i d; P; i d; P,

! 0.00 57 9 1.26 287
2 0.07 95 10 1.63 290
3 0.11 137 n 2.15 296
40) 0.16 183 12 2.56 298
5 0.31 225 13 3.20 "

6 0.36 243 14 3.88 300
7 0. 40 250 15 4,52 300
8 0.86 277 16(N) 5.20 302

Let kg = 57 and assume m = 302, then P; > 179.5. Frum the observations,

P; = 183 dj = 0.16. Equation B-27 then gives Rg = 1/0.16 = 6.25. Next, perform
the transformations indicated in Equation B-8 and fit the model of Equation B-9
using Equations B-12 through B-19. Repeot this procedure until Equation B=20 is
satisfied. For this example, six iterations were required for 6 = 1 x 10=3,

Results:
b m k R s2 Sum of Differences
-0.456 295.96 50.46 4.098  66.96 -0.0001
P = 295.96(1 - e 4-098d) | 50 4574078

Figure B-2 shows the observations and the corresponding fitted curve.

The procedure of the foregoing example was followed using all the test data.
Table B-1 lists the values of m, k, R, and 52 respectively for all anchor tests along
with the completed holding power at displacements of 0.5, 1.0, 2.0, 4.0, 8.0, and
14.0 inches for the full scale and 0.01, 0.02, 0.04, 0.08, 0.016 and 0.28 inches
for the model.

In an attempt to determine the relationship of the experiment variables to the
parameters of Equation B-4, numerous combinations of experiment variables were
investigated. The best results of the investigation arrived at within a reasonable
time is o set of relationships of five experiment variables to the parometers (m, k,
and R) of Equation B—4 for the model and prototype anchors which was determined
by the least-squares method of curve fitting.




00 - i oWl o SN ©) Q 0o _©o

250

200

100 §

\P = 295.96(1 ~ o 4:098d) 4 50 46 ,74-0984

oM 1 1 1 1 J
( 2.0 3.0 4.0 5.0
b = -0.0456 4 —

Figure B-2. Graph of example for the multiple deadmen at a
depth of 4 ft (Test No. 27).

These relationships are as follows:

m=A]X]X + A X, + A XX X, + A X +A5(x4+X5)+A

2 2°3 3124 41 6

k = B,X.X, + B,X, + B, X X,X B X +85(X4+X5)+B

1712 2°3 3717274+ 747 6

R = C]X]X2 + C2X3 + C3X]X2X4 + C4X] + C5 (X4 + XS) + C6

where X] = number of anchors
X2 = area of the anchors
X3 = cohesion of the soil




i

X4 Depth to the top of the anchor

X5 Height of the anchor

For the prototype:

A Values B Values C Values
Al = 1,444 BI = 0.882 C] = =0.006
A2 = 32.628 B2 = -0, 920 C2 = =0, 119
A3 = 1.077 B3 = 0,717 C3 = .00}
A4 = 12.306 B4 = 18.419 C4 = 0,012
A5 = 5,926 B5 = 4,216 C5 = 0,082
A6 = 59.564 86 = -29.418 C6 = 1.367

and for the model:

A Values B Values C Values
Al = 0.152 3] = 0,044 Cl = 0,391
A2 = 40.515 B2 = 11.337 C2 = 4,213
A:3 = 0.516 83 = 0,197 C3 = 0.043
A4 = 3.033 B4 = 0,033 C4 = 0.729
A5 = 3.510 85 = 2,566 C5 = 3,060
A6 = 55,883 86 = 20.728 C6 = 56,321

Statistically, there is a high correlation between observed data and calculated
results using the derived relationships in Equation B-4. However, for certain combi-
nations of the variables, inexplicable inconsistencies occur. Thus for engineering
design purposes, application of Equation B~4 with the listed coefficients would be
hazardous and impractical.
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Table B-I. Values of m, R, k, and 52, and Holding Powers at
Different Displacements for all Tests

Foll-Scole Factors P(kips) for Displocement (in.) of
Test m R k 52 0.5 1.0 2,0 40 8.0 14.0
1 8.20 1.09 5.2 0.0041 6.52 7.23 7.87 8.16 8.20 8.20
2 2.2t 0.96 9.14 0.0036 10.32 11.04 1.76 12,14 12.21 12.21
3 24,22 1.46 15.32 0.0351 19.94 2216 23.74 24.19 24,22 24,22
4 32.00 0.65 18.49 0.1560 22.25 24.96 28,34 31.00 31.92 31.99
5 46.15 0.59 20.35 0.0431 26.99 31.92 38.31 43.77 45,93 46.15
é 75.07 0.62 39.41 0.0242 49.00 56.02 64,89 72,16 7483 75.07
7 150.23 0.33 103.34 0.6475 110.54 116.63 126.16 137.87 146,97 149.79
8 19.48 0.95 8.25 0.0014 12.51 15.16 17.82 19.23 19.47 19.48
9 27.00 0.67 12,55 0.0776 16.67 19.62 23.23 26.02 26,93 27.00
10 35.94 0.76 21, 0.0493 25.96 29.13 32.77 35.26 35.91 35.94
1" 41,87 1.05 22,12 0.1908 30.20 34.98 39.47 41,58 41.87 41,87
12 79.25 0.49 54,39 0.0534 59.87 64,14 70.07 75.86 78.79 79.23
13 154,62 0.32 11.97 0.6348 118.35 123.77 132,31 142,95 151.43 154,17
14 173.11 0.33 113.09 0.8130 122,35 130.19 142.42 157.42 169.01 172.56
15 32.07 114 15.99 0.0442 23.01 26.97 30.45 31.90 32,07 32,07
16 40,49 1.09 25.78 0.1554 31.98 35.56 38.84 40.31 40.49 40.49
17 73.26 1.02 49,53 0.0429 59.08 64,78 70.23 72,87 73.25 73.26
18 73.26 1.02 49.53 0.0429 59.08 64.78 70.23 72.87 73.25 73.26
19 81.81 0.78 58,88 0.4669 66.34 71.37 77.06 80.82 81.76 81.81
20 148.44 0.57 103.90 1.6965 115.00 123.33 134,28 143,94 147.99 148.43
21 259.40 0.43 182.77 4,2583 197.74 209.78 207.77 245,93 257.03 259.23
22 63.50 0.66 30.85 0.1697 40.14 446,78 54,94 61.26 63.35 63.50
23 167.95 0.38 85.59 0.4609 100.16 112,16 130.15 150.60 164,30 167.60
24 84.65 0.63 48.41 0.3183 58,25 65.42 74,45 81.78 84,42 84.64
25 222,54 0.46 124,11 3.4268 144.42 160.54 183.48 207.04 220.10 222.39
26 373.46 0.46 272,62 3.2026 293.47 310.01 333.54 357.66 370.99 373.31
27 304.93 0.73 255,23 1.0971 270.48 281.05 293.45 302.28 304.79 304.93
28 93.36 0.82 63.27 0.5960 73.40 80.12 87.54 92.23 93.32 93.36
Y44 232,41 0.67 183.19 4.23%0 197.37 207.47 219.83 229.30 232.39 232.61
30 322,09 0.66 277.84 0.7653 290.34 299.31 310.36 318.98 321.88 322.09
31 108.63 0.63 83.4) 0.4673 90.30 95.31 101,59 106.67 108.48 108.63
32 242.48 0.52 200.23 1.7820 210.00 2017.54 227.75 237.35 241.86 242,46
33 328.09 0.57 267 .69 11791 282,70 293.98 308.82 321.94 327.46 328.07
34 74.72 0.44 13.93 0.5620 26.11 35.84 49.86 64.55 73.02 74.60
35 122,62 0.23 39.61 0.9711 48.95 57.24 71.12 90.67 110,32 119.68
36 171.99 0.22 73.36 5.8523 83.89 93.29 109.19 132.01 155.78 167.81
37 131.35 0.42 32.44 1.5193 51.29 66.55 88.90 113.14 128.00 131.09
38 283.02 0.19 91.11 3.5559 109.17 125.53 153.78 195.98 243.54 270.946
39 347.76 0.22 166.67 1.3753 186.28 23.77 233.27 275.38 318.83 340.45
40 201,38 0.45 72.77 2.8938 102.75 122.68 15i.27 181.07 198,04 201.16
41 399.44 0.33 157.57 32.937 194.96 226.57 275.89 336.33 382.98 397.25
42 568.08 0.23 300.71 39.681 329.81 355.74 399.45 461.73 525.78 557.47
43 135.48 0.55 79.61 2.0553 93.09 103.32 116.97 129.34 134.80 135.45
44 273.43 0.29 127.96 27.358 147.87 165.06 192,70 228.63 259.63 .07
45 345.50 0.34 174.66 43.155 201.68 224.43 259.70 302.41 334,63 344.12
46 67.09 0.34 16.28 1.0350 24.34 312 41.62 54,33 63.88 66.68
47 103.71 0.33 40.21 1.9878 9,99 58,27 71.19 87.05 99.34 103.13
48 164.35 0.47 82.82 0.1373 100.14 Nn3.77 132,98 152.28 162.56 164.25
49 147.24 0.58 65.83 0.8009 86.58 102,04 122.14 139.50 146,50 147.21
50 239.30 0.39 121,63 10,978 142.48 159.64 185.37 214,58 234,10 238.80
51 359.62 0.35 207.02 8.9149 231.94 252.80 284.84 322.98 350.82 358.59
52 207.06 0.75 89.67 17.397 126.40 151.63 180.89 201.23 206.77 207.06
53 349.77 0.37 197.99 56.362 224.11 245,74 278.46 316.27 342.38 349.01
54 543.44 0.29 299.21 21.899 33254 361.33 407.64 467.93 520.10 539.43
55 127.05 0.82 41.42 0.8247 70.26 89.39 110.49 123.85 126.93 127.05
56 270.29 0.26 86.82 11.283 109.31 129.04 161.55 205.84 247.65 265.58
57 334.48 0.30 164.92 21,571 189.20 210.01 243.10 285.24 320.18 332.24
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Table B-I. Values of m, R, k, and $2, and Holding Powers at
Different Displacements for all Tests (Contd)

Model Foctors P(Ib) for Displacement (in.) of
Tost m R k 52 0.01 0.02 0.04 0.08 0.16 0.28

1 951 | 3.2 309 | 0.0351 490 6.21 7.81 9.06 9.48 9.51

2 1277 | ss.8 3.27 | o0.0849 790 | .28 | 212 | w273 | 277 | 27

3 17.20 | 48.61 691 | 00648 | 1087 | 1330 | 1572 | w9 | 7.9 | 17.20

4 19.5 | 50.78 888 | 0.1587 | 1313 | 1569 | 1816 | 19.38 | 19.56 | 19.56

5 2502 | 4226 | 1380 | 0.2524 | 17.67 | 2202 | 2295 | 2463 | 2500 | 2502

s 174 | 1892 | 1825 | 02627 | 2230 | 25.65 | 3072 | 36.57 | 40.60 | 41.62

7 4280 | 1068 | 2627 | 09514 | 2795 | 2945 | 3202 | 3877 | 98 | 4197

8 15.51 | 3.2 468 | 0.1392 7.58 971 | 1241 | 1462 | 1544 | 155

9 19.36 | 26.39 732 | 00551 | wn | 122 | 1507 | w790 | 1908 | 1935
0 204 | 3.5 | 1222 | 002006 | 1541 | 17.47 | 2040 | 2245 | 2310 | 23.14
n 26.04 | 5078 | 1445 | 00918 | 1907 | 2185 | 2452 | 25.85 | 2604 | 2604
12 3135 | 2573 | 2060 | 0.0210 | 2304 | 2493 | 2751 | 298 | 3117 | 31.34
13 4485 | 1021 | 29.85 | 0.1027 | 31.31 | 3263 | 34.88 | 38.23 | 41.93 | 43.99
14 4182 | 007 | 2441 | os019 | w57 | .7 | 3402 | 3833 | 492 | 4176
15 18.06 | 24.65 798 | 02551 | 1008 | 1o | 1430 | 1666 | 1787 | 1805
16 24.26 | 26.68 8.63 | 0.651 | 1229 | 1509 | 18.88 | 22.41 | 24.04 | 24.25
17 3138 | w65 | 1078 | 01938 | 1576 | 1953 | 2456 | a2 | 3z | 3w
18 3138 | Z765 | 1078 | 0.1938 | 1576 | 1953 | 245 | 2.2 | 3.3 | 3137
19 3554 | 2578 | 1492 | 01817 | 1961 | 23.23 | 2819 | 3292 | 3520 | 3552
20 41.60 | 1850 | 2231 | 03542 | 2557 | 2828 | 3240 | .21 | 40.60 | 41.49
21 54.65 | 2681 | 3248 | 0.1325 | 37.69 | 41.68 | 47.06 | 5205 | 5435 | S04
22 25.06 | 18.47 6.56 | 0.0480 968 | 1228 | 1622 | 2084 | 2410 | 2495
P% 4340 | 1953 | 149 | 07277 | 19.95 | 24.11 | 3035 | 37.43 | 4215 | 43.28
2 4037 | 2804 | 1385 | 04115 | 1931 | 2364 | 2982 | 3617 | 3970 | 4033
25 5717 | 1293 | 20.27 | 0.2661 | 2475 | 2868 | 3518 | 4406 | 5251 | 56.18
2 o684 | 1508 | 2777 | 03220 | 33.28 | 3801 | 4556 | 55.25 | 63.40 | 66.29
7 5848 | 1574 | 2983 | 01103 | 3401 | .57 | 4322 | 5036 | 5618 | 58.14
28 3588 | 2158 | 13.95 | 00852 | 1821 | 2164 | 2663 | 31.98 | 3519 | 3583
2 5143 | 1770 | 2339 | 0.202 | 27.94 | 3176 | 3762 | 4463 | 4978 | s51.23
% 76.89 | 1505 | 3835 | 0.2672 | 4374 | 48.37 | 5579 | 65.33 | 73.42 | 76.32
31 3652 | 311 | 1434 | 0.2422 | 2027 | 2461 | 3013 | 3468 | 3636 | 365
32 6122 | 2037 | 2798 | 0747 | 3am | .00 | 451 | s | 5994 | &mn
33 76.33 | 19.41 | 3853 | 0.136) | 4520 | so70 | 5894 | 68.33 | 7484 | 76.16
34 ©17 782 | 1260 | 07338 | 2148 | w2 | was | a2 | 4875 | a9.16
3s 96.3 | 1371 | 3360 | 47741 | 4163 | 4864 | 6007 | 7536 | 89.31 | 9495
3% 14250 | 1819 | 4489 | 01233 | 61.13 | 7446 | 9535 | 11973 | 13719 | 19
37 7719 | 17.42 | 2841 | o0.062¢ | 3621 | 4276 | 5290 | e5.0 | 7409 | 76.82
38 15801 | 943 | 5178 | 1.5069 | 61.36 | 70.07 | 8522 | 108.14 | 13463 | 15055
39 | 23533 | 9.96 | 9581 | 4.0145 | 109.04 | 121.02 | 141.68 | 172.46 | 207.00 | 226.76
P ne7e | 1262 | 3174 | v.av8a | 4206 | 106 | es24 | 87.07 | w0722 | ns22
4 21885 | 9.24 | 7690 | 0.7904 | 89.44 | 10067 | 12080 | 151,12 | 186.53 | 208.20
42 | 36931 | 913 | 14743 | 3.5054 | 166.80 | 184.47 | 21532 | 262.44 | 317.84 | 352.10
9 10773 | 1402 | 2066 | 17544 | 3205 | 41.96 | 5805 | 79.39 | 98.50 | 106.02
“a | 20165 | 990 | 47.43 | 0212 6198 | 7516 | 9790 | 131.85 | 170,06 | 192,03
s | 24629 | 1330 | 9033 | 21528 | 10976 | 128677 | 15469 | 19249 | 22773 | 24253
% 4388 | 31.48 757 | 1.0444 | 17.38 | 24.54 | 3358 | 40.96 | 43.65 | 43.88
47 7625 | 19.09 | 2298 | 03109 | 3224 | 9.9 | 5143 | o468 | 7374 | 7599
48 12003 | 19.87 | 4878 | o0.4833 | &1.63 | 7216 | 8788 | 10550 | n7.07 | 1976
e 70.59 | 1449 | 1657 | 08299 | 2386 | .17 | 40.34 | 53.65 | 65.28 | 69.66
0 | 12967 | 1401 | 2673 | 16614 | 48588 | so.45 | 7661 | 99.38 | 119.80 | 127.84
51 195.57 | 18.18 | 63.54 | 22.652 8550 | 103.00 | 131.78 | 16475 | 188.38 | 194.76
52 10579 | 11.40 | 1771 | 00764 | 27.20 | 3566 | 4996 | 70.40 | 9157 | 10217
53 | 20062 | 8.6 | 7294 | 53403 | 8348 | 9315 | 110,16 | 136.53 | 168.45 | 189.18
sa | 35622 | 68 | 135 | 2888 | 12951 | 14448 | 17146 | 21557 | 27470 | 320.26
55 8658 | 16.17 | 19.25 | 07973 | 2930 | 37.85 | 51.32 | 8.2 | 8152 | 85.86
56 153.72 | 14.35 | 4691 | 1.4730 | 6120 | 73.57 | 93.57 | 119.85 | 142.98 | 151.80
s7 | 23708 | 1304 | 7228 | 0.3631 | 9258 | 11037 | 139.66 | 179.49 | 21695 | 2292
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Table B-l. Values of m, R, k, and 52, and Holding Powers at

Different Displacements for all Tests (Contd)

Model Factors P(Ib) for Displacement (in.) of
Test m R k 52 0.01 0.02 0.04 0.08 0.16 0.28
S D _
58 3456 | 19.72 9.86 | 0.4285 | 14.28 | 17.91 | 2334 | 29.46 | 33.51 | 34.46
59 4794 | 1931 | 243t | 05988 | 2846 | 31.88 | 37.03 | 42.90 | 46.86 | 47.83
60 60.22 | 15.97 | 3360 | 0.0380 | 37.53 | 40.88 | 46.17 | 52.81 | 58.16 | 59.92
61 39.39 | 1,10 | 1090 | 03773 | 13.90 | 16.58 | 21.12 | 27.648 | 34.58 | 38.12
62 3403 | 11.59 813 | 06107 | 1096 | 13.49 | 17.74 | .78 | 29.98 | 33.02
53 4583 | 1234 | 1354 | 04510 | 1729 | 2060 | 2602 | 33.80 | 41.35 | 4481
54 5192 | 13.41 | 1531 | 14431 | 1991 | 23.93 | 30.51 | 39.40 | 47.68 | 51.07
65 61.59 | 1975 | 2793 | 0.0845 | 3396 | 3891 | 4831 | 54.66 | 60.16 | 61.46
66 58.38 | 1540 | 2079 | 0.0488 | 26.16 | 3076 | 38.08 | 47.42 | 5518 | 57.88
67 8612 | 1717 | 2530 | 0.9314 | 3490 | 42.98 | 5552 | 7073 | 8222 | 8562
68 1077 | 203 | 29.42 | 17164 | 4875 | 63.49 | 83.29 | 101.49 | 109.71 | 110.73
69 8775 | 524 | 1247 | 73392 | 1632 | 1997 | 2673 | 38.28 | 5524 | 70.43
70 121.51 | 4.84 | 2580 | 0.2212 | 30.33 | 34.64 | 42.66 | 56.55 | 77.42 | 96.86
71 131.50 | 5.57 | 26.86 | 1.2134 | 3254 | 37.91 | 47.79 | 8453 | 88.64 | 109.56
72 139.62 | 487 | 2371 | 63090 | 29.22 | 34.47 | 4423 | 6112 | 86.45 | 109.98
73 187.93 | 472 | 4070 | 1.6325 | 47.49 | 53.97 | 66.04 | 87.02 | 11877 | 148.68
74 118.86 | 7.27 | 3260 | 0.6620 | 38.65 | 44.28 | 5437 | 70.65 | 91.92 | 107.60
75 173.56 | 7.31 | 6270 | 05019 | 7053 | 77.80 | 90.84 | 111.83 | 139.19 | 159.28
76 12267 | 9.73 | 4056 | 0.1432 | 4818 | 55.09 | 67.05 | 84.99 | 105.38 | 117.29
77 | 21.37 | 844 | 67.65 | 0.2058 | 79.30 | 90.00 | 108.87 | 138.26 | 174.18 | 197.87
78 | 30408 | 9.2v | 12231 | 8.6656 | 13831 | 152.90 | 178.35 | 217.11 | 262.47 | 290.3)
79 143.26 | 1204 | 5993 | 07214 | 6939 | 77.77 | 9179 | M4z | 13113 | 140.40
80 | 208.65 | 9.87 | 87.01 | 0.4949 ' 98.45 | 108.81 | 12670 | 153.44 | 183.59 | 200.98
81 79.02 | 9.45 | 1238 | 09275 | 1839 | 23.86 | 3336 | 47.73 | 64.33 | 74.29
82 93.43 | 822 | 2230 | 12.076 2791 | 33.08 | 4223 | 5658 | 7434 | 8631
83 128.51 | 7.69 | 3401 | 1.0820 | 41.01 | 47.49 | 59.05 | 77.45 | % 42 | 117.55
84 1653 | 8.1 | 27.20 | 0.5915 | 34.16 | 40.57 | 51.95 | 69.84 | s2.13 | 107.31
85 175.61 | 620 | 59.06 | 50768 | 6606 | 72.65 | 84s6 | 104.64 | 132.39 | 155.07
86 82.87 | 10.98 821 | 0.6684 | 1598 | 22.94 | 3476 | 51.87 | 70,00 | 79.43
87 164.22 | 8.28 | 43.60 | 3.4327 | 53.09 | 6202 | 77.63 | 102,06 | 13219 | 15237
88 100.54 | 13.00 | 20.48 | 03493 | 384 | 4575 | 58.30 | 75.43 | 91.67 | 98.67
89 167.01 | 1074 | 58.59 | 0.4506 | 69.63 | 79.55 | 96.46 | 121.10 | 147.57 | 161.65
9% | 287.87 | 8.01 |108.80 | 0.2889 | 122.59 | 135.32 | 157.91 | 193.56 | 238.20 | 268.88
91 123.22 | 13.62 | 46.54 | 07890 | 5631 | 6484 | 7877 | 97.45 | 114.56 | 121.54
92 183.24 | 1059 | 73.74 | 07469 | 8474 | o464 | 111.55 | 136.31 | 16313 | 177.60
93 14622 | M.y | 2738 | 77127 | 3978 | s0.88 | 6973 | 96.98 | 125.82 | 14078
94 19.35 | 8.02 | 1238 | 04729 | 2063 | 2824 | #4175 | 63.06 | 89.73 | 108.05
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