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PREFACE 

This report presents the results of a comprehensive pile testing 

investigation made to develop information regarding the characteristics 

of different pile driving hammers; the load carrying capacity of 

different types of piles driven into alluvial sands of the Arkansas 

River; and the effect of group action on the behavior of laterally 

loaded piles. The study included field driving and loading tests on 

bearing piles, model and laboratory tests, driving and extraction tests 

on steel sheet piling, and evaluation of the test data. The study was 

performed for the U. S. Army Engineer District, Little Rock, in 

connection with the design and construction of the locks and dams for 

the Arkansas River Navigation Project. 

This investigation was made by Fruco & Associates, Engineers and 

Architects, under the direction of C. I. Mansur, Vice President. 

R. J. Dietrich, Senior Soils Engineer, participated in planning the 

investigation. Pile driving and field testing were under the supervision 

of J. C. Hicks, Civil Engineer. Evaluation of the field data was 

accomplished by A. H. Hunter, Principal Soils Engineer; M. Alizadeh, 

Senior Structural Engineer; and M. C. Skouby, Soils Engineer. The model 

studies were made under the direction of M. T. Davisson, Foundation 

Engineer. J. R. Salley performed the model testing and assisted in 

evaluation of the data. This report was prepared by C. I. Mansur, A. H. 

Hunter, and M. T. Davisson. General consultation services for this 

project were provided by Dr. R. B. Peck and Dr. M. T. Davisson, University 

of Illinois. H. J. Duffy of Washington University, St. Louis, provided 

consultation on electric strain instrumentation. 

The Raymond Concrete Pile Division, Raymond International, Inc., 

Kansas City District, drove the piles driven with steam and diesel 

hammers and was responsible for loading the piles. Driving tests made 

with the Bodine hammer were subcontracted to the C. L. Guild Construc¬ 

tion Company, Providence, Rhode Island. Site grading was accomplished 

by Steed and Jones, Contractors, Inc., of Pine Bluff, Arkansas. The 

dewatering wells were installed by the Layne-Arkansas Company. 

The Contracting Officer for this investigation was Colonel 

Charles D. Maynard, District Engineer, U. S. Arny Engineer District, 
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Little Rock. Administrative and technical supervision of the contract 

was provided by E. F. Rutt, Chief of the Engineering Division; F. W. 

Sine, Chief of the Foundations and Materials Branch; and H. A. Rabjohn, 

Assistant Chief of the Foundations and Materials Branch. John W. 

Gillmore was Project Engineer for the Corps of Engineers. 
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PILE DRIVING AND LOADING TESTS 

Lock and Dam 4 

PART I: INTRODUCTION 

Project Description 

IJax&aiisajsiaJsci 
1. Navigation of the Arkansas River from Catoosa, Oklahoma, 

near Tulsa to the Mississippi River through a series of low lift locks 

and dams is currently planned as a part of the multi-purpose program 

for development of the Arkansas River and tributaries in Arkansas and 

Oklahoma. The proposed navigation project includes construction of 

19 locks and dams, provision of a channel 9 ft in depth and 250 ft in 

width, together with related channel improvements and stabilization 

works. Development of the navigation project within the boundaries of 

the U. S. Arny Engineer District, Little Rock, Corps of Engineers, will 

require the construction of 12 locks and dams in Arkansas, four of 

which axe on the lower Arkansas River below Pine Bluff, Arkansas. The 

proposed lock chambers will be 110 x 600 ft with dams varying from 

low fixed weir overflow types to gravity types equipped with tainter 

gates as required by pool and terrain conditions. A schematic plan of 

the proposed navigation project in Arkansas is shown on Fig. 1. 

structural foundations 

2. Subsurface investigations made for the proposed navigation 

structures indicate that a deep sand stratum exists at four of the lock 

and dam sites in the lower Arkansas River Valley downstream from 

Pine Bluff, Arkansas. At these sites, strata of loose surface silts, 

sandy silts and clays of variable thickness overlie a stratum of medium 

to dense sand and silty sand with a thickness ranging from 90 to 150 ft, 

which in turn overlies a stratum of deeply bedded Tertiary clay. 
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Fig. 1 - ARKANSAS RIVER NAVIGATION PROJECT 
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Foundation piling were selected to support these structures to insure 

stability and minimize settlements. The piles will derive their 

support from combined friction and point bearing obtained from pene¬ 

tration into the deep sand stratum. The piling will be driven in 

dewatered excavations, but will be submerged during the operational life 

of the structures. High-capacity piling on relatively close centers 

will be required for the heavy semi-gravity type lock walls, gate 

monoliths, and dam piers. Compressive loadings will range from 100 to 

165 tons; and tensile loads will range up to 40 tons. Timber piles 

will be used for bearing and tension piles beneath the stilling basins 

for Dams 2, 3, and 4. Lateral loadings of vertical piles will approach 

15 tons at Locks 1 and 2, where unbalanced lateral forces will be 

resisted by bending in bearing piles and by struts extending across the 

lock chamber. Steel sheet piling will be used for seepage and erosion 

control in the cohesionless sands, for guide wall cells, and for coffer¬ 

dams. 

Pile Investition 

General objectives 

3. In view of the magnitude of the proposed construction and 

the lack of factual information regarding the driving and axial and 

lateral load carrying capabilities of piles in the lower Arkansas River 

Valley, a comprehensive pile testing program was initiated by the 

U. S. Arny Engineer District, Little Rock, Corps of Engineers, to develop 

criteria for design and construction of pile foundations for the locks 

and dams to be founded on sand. An engineering services contract was 

awarded to Fruco & Associates, Inc., Engineers-Architects, St. Louis, 

Missouri, for the investigation work which included development of the 

test site, driving and testing the piling, and analysis of the test 

data. The general objectives of the pile investigation were to establish 

the following criteria: 

£. Design and construction criteria for axially loaded 

piles, including: 

(1) Size and penetration of various types of bearing 

piling required to provide design capacities 

in compression and tension. 
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(2) Type and size of pile hammers required for 

economical driving of suitable bearing piles. 

(3) Relationship between driving resistance and 

compressive capacity of bearing piles. 

(4) Effect of jetting on the driving and load 

carrying characteristics of displacement piles. 

b. Design criteria for laterally loaded piles, including: 

(1) Behavior of isolated vertical and batter piles 

subjected to lateral loadings. 

(2) Effect of repetitive lateral loading on the 

deflection of isolated piles. 

(3) Relationship between the behavior of isolated 

piles and pile groups subjected to lateral 

loadings. 

(4) Influence of pile groups on the lateral deformation 

characteristics of opposed pile groups. 

(5) Validity of "Hrennikoff" type analysis for 

laterally loaded pile groups containing vertical 

and batter piles. 

c. . Driving and pulling criteria for sheet piles 

Scope 

4. The basic pile investigation included field driving and load¬ 

ing tests on a variety of pile types, field driving and pulling tests 

on sheet piles, and model tests on single and groups of piles. Field 

driving tests were made on square prestressed concrete piles, steel pipe 

piles, steel H-piles, and a timber pile, and on medium arch and Z-type 

steel sheet piles, using different types of hammers. All of the above 

piling, except the timber pile, were driven with both double-acting steam 

hammers and a Bodine sonic vibratory hammer. The timber pile was driven 

with a double-acting (65C) steam hammer only. Supplemental driving 

tests were made on prestressed concrete piles and a pipe pile using water 

jets and a douDle-acting (I4OC) steam hammer. A prestressed concrete 

pile was also driven with a DE-4O diesel hammer. The field tests included 

conpression, tension, and lateral loading of single piles. Strain 

instruments were attached to steel piles to determine the distribution 

of stress in the piles under conpression, tension, and lateral loads. 
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The lateral load tests were made to measure the horizontal load 

carrying capacity of a pil®* offset of cyclic loading on deflec¬ 

tion, and the soil modulus and its distribution with depth. The 

scope of the field testing progrem conducted to achieve the above 

objectives is summarized below and detailed in Table 1. 

Group I - Driving 12-in., 16-in., and 20-in. diameter steel 

pipe piles, 55 ft in leng\Ji, using a I40C steam hammer, and load test¬ 
ing to determine the effect of diameter on axial bearing and lateral 

load capacity, and to determine the soil modulus for displacement 

type piling. The 16-in. pipe pile was tested in compression, then 

subjected to cyclic lateral loading, and then retested in compression 

to determine the effect of repetitive lateral loading on bearing 

capacity. 

Group II - Driving 16-in. square prestressed concrete piles, 

45 ft and 55 ft in length, using a HOC steam hammer, and load testing 

to determine the effect of penetration on capacity of displacement 

type piling. 

Group III - Driving 14BP73 steel H-piling, 42 ft and 55 ft in 

length, using an 80C steam hammer, and load testing to determine 

the effect of penetration on capacity of non-displacement type piling. 

The 42-ft pile was also subjected to 100 cycles of a 20-kip lateral 

load to measure increase in deflection with repetitive loading. 

Group IV - Driving a Class A timber pile with a 65C steam 

hammer, and load testing to determine the capacity of a timber pile. 

Group V - Driving 14BP73 steel H, 16-in. steel pipe, and 16-in. 

prestressed concrete piles, 55 ft ir. length, with a Bodine hammer, 

and load testing for comparison of capacity with similar piles driven 

with double-acting steam hammers. Comparative driving tests were also 

made on a 20-in. prestressed concrete pile using a I4OC steam hammer 
and a Bodine hammer. This pile was also subjected to a 100-cycle 

lateral load test to measure increase in deflection with repetitive 

loading on a displacement type pile. 

Group VI - Driving 14BP73 steel H-piles, 45 ft in length, both 

vertically and on 3îl batter with an 80C steam hammer, and testing 

to determine the lateral capacity of pile and soil reaction to the pile. 
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Group VII - Jetting a 16-in. steel pipe pile and four surround¬ 

ing prestressed concrete piles to 38 ft, and driving the five piles 

to a penetration of 53 ft using a I4OC steam hammer, and load testing 

the 16-in. pipe pile to determine effect of jetting on capacity. 

Group VIII - Driving test on a 16-in. prestressed concrete pile 

with a McKiernan-Terry DE-4O diesel hammer for comparison with driving 

experience with other hammers used. 

Group IX - Driving and pulling tests on MP112 and MZ32 sheet 

pile using steam hammers and the Bodine hammer to determine driving 

characteristics and the depth to which these types of sheet piling could 

be driven with various types of hammers and extracted. 

Model tests 

5. Model tests were made to determine the relationship between 

the load-deformation behavior of isolated piles and pile groups. 

Scaled test piles were embedded in sand in a tank in the laboratory and 

were subjected to vertical and lateral loadings. Basic tests were 

made on isolated piles to verify the model and analytical procedures 

and to determine basic pile and soil constants. Model tests were also 

performed on idealized groups, and on prototype lock and dam pile 

groupings to determine the effect of group action and of repetitive 

loading on lateral deformation, and to check the validity of a 

Hrennikoff-type analysis for pile groups. The detailed scope of the 

model testing program in given in Table 2. A general description of 

the model tests and the specific test objectives are summarized below: 

Group I - Conpression tests on three sizes each of round and 

square test piles of variable penetration to determine the effect of 

size and length on bearing capacity. 

Group II - Lateral load tests on single piles of variable flexural 

stiffness to determine the effect of flexural stiffness of the pile 

on the lateral subgrade modulus of the soil. 

Group III - Lateral load tests to compare the lateral load- 

deflection characteristics of an isolated pile with those of a rigid 

wall. The effect of an opposing laterally loaded wall on the deflection 

of a laterally loaded wall located at a scaled distance equal to 

110 ft in the prototype was also evaluated. 
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Group IV - Load tests on a pair of vertical piles and two pairs 

of batter piles capped and subjected to vertical and lateral loads. 

Load distributions were measured and conpared with theoretical distri¬ 

butions conputed using a Hrennikoff-type analysis. The axial, 

translational, and rotational stiffnesses of the piles were experimentally 

determined for utilization in the theoretical analysis. 

Group V - Repetitive lateral load tests on a scaled model com¬ 

posed of three lock wall monoliths on vertical piles opposing three 

lock wall monoliths on batter piles. The walls were located at a 

scaled distance equal to 110 ft in the prototype. The lateral load 

versus deflection relationships were evaluated. 

Group VI - Repetitive lateral load tests on a scaled model of 

three monoliths of a typical dam section on battered piles for 

conparison with similar tests on single piles. 

Report 

6. The results and analyses of the field and model testing 

accomplished in this study are presented in this report. They include 

(a) driving and loading tests on bearing piles, (b) driving and pulling 

tests on sheet piles, (c) field and model lateral load tests, gnH 

(d) criteria for the design and driving of foundation piling for the 

locks and dams to be founded on sand in the lower Arkansas River Valley. 

Design criteria presented include curves for selection of size and 

length of steel pipe piles, prestressed concrete piles, steel H piles, 

and timber piles subjected to compressive and tensile loads, and 

general procedures for the design of laterally loaded piles. General 

driving criteria for bearing and sheet piles are also included. All 

of the driving data; compression, tension, and lateral load test data; 

analyses and evaluations; and design and driving criteria presented in 

this report are based on the foundation soil being cdhesionless sand 

with the water table at or within 2 or 3 ft of the ground surface. 

However, the results and analyses are also applicable to other water 

table levels provided appropriate adjustments are made for resulting 

changes in effective density of the foundation sand. 
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PART II: TEST PILES AND PILE DRIVING 

Pile Test Site 

tasaUsa 
7. The field testing phase of the pile test program was con¬ 

ducted at a site having subsurface conditions similar to the subsurface 

conditions at the four sites for the proposed locks and dame to be 

founded on sands in the lower Arkansas River below Pine Bluff, Arkansas. 

The site was located one mile downstream of the Rob Roy Bridge on the 

St. Louis and Southwestern Railroad, and about 500 ft east of the 

east bank of the Arkansas River near the proposed site for Lock and 

Dam 4. The location and general features of the test site are shown by 

the aerial photograph on Fig. 2. 

Foundation and soil conditions 

8. Soil conditions at the pile test site were determined by 

exploratory borings and laboratory tests made in connection with the 

foundation investigation for Lock and Dam 4, and by further explorations 

made specifically for this project. The locations of the borings 

applicable to the test site are shown on Plate 1. Phase I borings 

(zero and 100 series) were made to determine the subsurface conditions 

at Lock and Dam 4« The Phase II borings (200 series) were made to 

determine the effect of the 20-ft excavation, at the test site, on the 

relative density of the subgrade as indicated by standard penetration 

resistance. The supplemental Phase III borings (300 series) were made 

to determine the effect of pile driving operations on subgrade density 

and the cause for hard driving of test piles 8 and 11A at penetrations 

of about 15 ft. The characteristics and physical properties of the 

foundation soils at the site were determined from classification tests 

made by the U. S. Arny Engineer District, Little Rock, supplemented 

by detailed testing of selected sanples by the U. S. Arny Engineer 

Division, Southwestern, Laboratory, Dallas, Texas. 

9. Boring logs depicting the general subsurface conditions at 

the test site are shown on Plate 2. These logs indicate that three 

major soil strata exist at the test site: a surface blanket of silt 

and fine sand which extends from the ground surface at about el 198 to 

el 185; a deep stratum of relatively dense medium to fine sand which 
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extends to about el 92; and a basal stratum of Tertiary clay of 

undetermined thickness. Some thin seams of silt and clay are present 

in the deep sand stratum between el 160 and 137. The standard 

penetration resistance of the upper 60 ft of the deep sand stratum 

into which the piles were driven generally increases with depth 

varying from 16 to 67 blows per ft with an average of about 32 blows 

per ft prior to site excavation. The average dry density ranged from 

90 to 109 lbs per cu ft but did not show any significant trend with 

depth. After the 20-ft excavation for the sice was conpleted, the 

average penetration resistance of the same zone decreased to about 

27 blows per ft with no measurable change in density. No significant 

change in penetration resistance was noted from the 300 series borings 

made following the pile driving. Logs were encountered in several of 

these borings within the top 20 ft of subgrade; these logs may have 

caused the hard driving of test piles 8 and 11A at about this depth of 

penetration. Piezometer readings taken during driving and testing are 

plotted on graph (a), Fig. 3» The ground water table generally varied 

from 2 to 3 ft below the bottom of the excavation during this period; 

it was essentially level ac the site except for a slight slope riverward. 

Laboratory tests 

10. Results of mechanical analyses made on samples from the deep 

sand stratum at the test site are shown on graph (a), Plate 3; shear 

tests and mechanical analyses on conparab.’.e sands from borings made at 

the initial site for Lock and Dam 4 are presented on graphs (c) and 

(d)> Plate 4. The results of special shear tests made to determine the 

sliding friction between pile materials and foundation sands are given 

in Table 3, and are shown graphically on graphs (a) and (b), Plate 4. 

The physical properties assigned to the deep sand stratum for evaluation 

of the pile test results are presented below: 

Classification - Medium to fine sands and silty sands (SM-SP) 

Submerged Unit Weight of Sand - 62.8 lbs per cu ft 

Sliding Friction, Steel on Sand - 25° (Range 23°-30o) 

Sliding Friction, ifortar on Sand - 30° (Range 28°-360) 

Internal Friction of Sand Subgrade - 32° (Range 31°-350) 
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The standard penetration resistance as a function of depth at the test 

site prior to excavation and at the proposed sites for Locks and 

Dams 1 through 4 is shown graphically on graph (b), Plate 3. The 

curves permit comparing the relative density of the subgrades at the 

various lock sites with that of the pile test site for evaluation of 

pile behavior at the other sites. 

Site develonmant. 

11. An area was prepared at the pile test site to simulate 

insofar as practicable the subgrade and overburden stress conditions which 

will prevail during construction and operation of the locks and dams. 

Site preparation included excavation of an area 160 ft x 150 ft down to 

el 178 (20 ft depth), the top of the deep sand stratum and near the 

minimum ground water elevation expected during the driving and testing 

period. The excavated material was used to form a protective levee 

around the site as shown on Plate 5. A dewatering system consisting of 

five 16-in. diameter wells was installed around the perimeter of the 

excavation. These wells had a depth of 100 ft and were equipped with 

12-m., 1500-gpm deep well turbine pumps manifolded to discharge into a 

plastic lined ditch and swale leading to the river. Stand-by diesel 

units were provided for four pumps to insure continuous operation during 

critical flood periods. The pumping system was capable of maintaining 

the ground water below the surface of the test area for river stages 

up to el 198. Eight piezometers were installed within the excavation 

for observation of ground water levels during driving and testing, and 

for coordination of pumping. A clay-gravel surfaced road was constructed 

to the site from county road No. 53 connecting to Arkansas Highway 88 

and U. S. Highway 79. Ramps, aprons, and storage areas surfaced with 

clay-gravel were provided at the site to facilitate all weather operations. 

Field offices with utilities, telephone, and sanitary services were 

also furnished. Improvements and dewatering facilities at the site are 

shown on Plate 5. A general view of the pile testing site is shown 

by the aerial photograph on Fig. 4. 
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Pile types 

12. The basic types of bearing piles considered suitable for the 

proposed locks and dams included prestressed concrete piles, steel 

H-piles (14BP73), and timber piles. Steel pipe piles were driven and 

tested in order to provide instrumentation for displacement type piles 

for comparison with concrete piles. IÆ32 and MP112 interlocking steel 

sheet piling will also be used for guide wall cells, cofferdams, scour 

protection, and seepage cutoffs. Pile sizes and penetrations were 

initially based on design conpression loads and Terzaghi's bearing 

capacity equation for deep piers supplemented by test data for piling 

driven into similar soils. The results of these studies indicated that 

the following types and sizes of piling would be suitable for the 

navigation structures, and were included in the testing program: 

â. Steel H-piles (14BP73) 

b. Steel pipe piles (12-, 16-, and 20-in. diameter) 

£. Prestressed concrete piles (16- and 20-in. square) 

d. Timber piles (Class A) 

e. Steel sheet piles (MP112 and Jß32) 

¿train Instrumentation 

13* The steel pipe and H-piles were instrumented with strain 

gages below ground to determine the distribution of load and bending 

moments produced by applied axial and lateral loadings. Two types of 

strain gages were used: steel strain rods, designated as Type 1 

instrumentation, and electric-resistance strain gages, designated as 

Type 2 instrumentation. The strain gages were attached to the outsides 

of the pipe piles and to the webs of H-piles except for test piles 12, 

13, and 13A on which Type 2 gages were also attached to the insides 

of the flanges. Protective covers, consisting of channels on pipe piles 

and channels or plates on H-piles, were placed over the instruments to 

prevent damage during driving and testing. Cover channels and plates 

were welded to the piles so as to provide a conposite structural section. 

For piles instrumented with electric-resistance type strain gages, 

welding was limited to within 6 in. of the gages to prevent te riper ature 

damage. The space between the welds was filled with epoxy to provide 
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a watei^- and sand-proof gage compartment. The addition of the protective 

channels or plates not only modified the pile section, but for pipe 

piles also produced an increase in the effective point and wall 

surface area in contact with the soil. It was assumed that the covers 

for the H-piles did not change the contact surface as the covers were 

located inside the assumed mini mum perimeter and end failure areas. The 

location and details of the gages and protective covers are shown on 

Plates 6 through 9, and on Photo 1, Appendix Q. 

14. Strain rods. The strain rods extended along the longitudinal 

axis of a pile to measure its elastic shortening or elongation under 

compressive or tensile loads. The lower ends of the rods were fastened 

to the pile with blocks welded to the pile while the upper ends extended 

above subgrade through guides permitting unrestricted vertical movements. 

The blocks were tapped and the bottom of the rods threaded to permit 

placing the rods after the piles were driven. Extensometer gages reading 

to 0.001-in. were attached to the top of the pile by means of mounting 

plates welded to the pile. The gage stems rested on the upper end of 

the strain rods. Fabrication details of the strain rods and mounting 

plate details are shown, on Plate 6. The locations of the gages and 

details of the protective covers are shown on Plates 7 through 9. 

15. F.lftctric-resistanea strain gages. The electric-resistance 

strain gages consisted of Budd-Metalfilm temperature compensated 

(C6-I8I-E) gages fastened to the pile using Budd B-3 epoxy cement. The 

gages were waterproofed by coating them with Thiokol epoxy end enclosing 

them with a neoprene gasket and a metal coverplate. Beiden 8743, #22 

vinyl-insulated, U-wire cable was used for leads in the 3-wire circuits 

employed. The lead cables were wrapped with asbestos covering and 

securely attached to the pile 'ey cable clamps. The asbestos covering 

protected the lead wires when the channels and/or plates were welded to 

the pile. Gage wires were connected to junction strips for ready and 

positive attachment to the switch box leading to the strain indicator. 

The strains were measured using Budd HY—1 strain indicators. Dummy 

gage and leads were maintained at constant test pile temperature^ to 

minimize drift during testing. The locations of the electric-resistance 

strain gages are shown on Plates 7 through 9. 
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Fabrication 

16. St.pftl piles. The steel pipe and H-piles were shop fabricated 

in accordance with the instrumentation drawings. The basic pipe piles 

furnished were in conformance with the requirements of ASTM Specification 

A-252, grade 2, "Welded and Seamless Steel Pipe Piles." The average 

diameter and wall thickness of the pipe piles determined by actual 

measurement, conformed to the nominal tabular dimensions for the 

designated sizes. Mill certificates furnished for the basic H-piles 

(14BP73) indicated that the steel met the requirements of ASTM Specifi¬ 

cation A-36, "Steel for Structures." However, measurements made on the 

H-piles showed that the web and flange dimensions for all but test pile 6, 

obtained from another source, differed significantly from the assigned 

standard dimensions for a 14BP73 pile. The average of three measurements 

made on each H-pile is shown below. These measurements were used in the 

determination of the pile properties presented hereinafter. 

Test 
Pile 

7 

9 

12 

13 

13A 

Width 
(In.) 

14.67 

14.69 

14*79 

14-69 

14.65 

Depth 
(In.) 

13.77 

13.69 

13.81 

13.81 

13-56 

Flange 
Thick. (In.) 

0.580 

0.528 

0.532 

0.562 

0.487 

Web 
Thick. (In.) 

0.560 

0.519 

0.522 

0.550 

0.479 

17. Hnncrete piles. The prestressed concrete piles were commer¬ 

cially manufactured by F-S Prestress Inc., Hampton, Arkansas. These piles 

were made in accordance with the requirements of the Joint Committee, 

American Association of State Highway Officials Committee on Bridges and 

Structures and Prestressed Concrete Institute. The concrete piles 

were square and had Type SS reinforcement and Type 2 (flat) tips. They 

were cured for 3 hrs in air and 36 hrs in 135° F steam prior to trans¬ 

fer of the prestress load and removal from the casting bed. The 

compressive strength of the concrete at release of the prestress as 

determined by tests on standard 6 x 12-in. cylinders cast from the same 

batch used for the piles and cured with the piles, was in excess of 

4,000 lbs per sq in. Nine supplemental cylinders were cast and cured in 

the same manner. Seven of these cylinders were shipped to the job site, 
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stored in air at the site, and ultimately shipped to the U. S. Arny 

Engineer Division, Southwestern, Laboratory for physical testing. The 

two remaining cylinders were tested by F-S Prestress Inc. before the 

piles were shipped. 

18. Timber pile. An untreated southern yellow pine timber pile 

was obtained from Southern Wood Treaters, Inc. of El Dorado, Arkansas. 

The pile conformed with current ASTM Specification D-25, "Round Timber 

Piles," Class A according to the certificate submitted by the supplier. 

Field measurements indicated that the dimensional characteristics of 

the pile met the specifications. 

Physical properties 

19. Laboratory tests. The physical properties of the steel and 

concrete piles were determined from external measurements and from tests 

made on specimens cut from the steel test piles and on the cylinders 

made from the specific batch used for casting the concrete piling. The 

results of the tests on the steel piles are tabulated below: 

Test 

JlSh 

2 

3 

7 

12 

Pile 
_IZEg_ 

16-in. Pipe 

20-in. Pipe 

KBP73 

14BP73 

Yield 
Point 

(Lbs/Sq In.) 

Ultimate 
Tensile Stress 
(Lbs/Sq In.) 

Elongation Modulus of 
in 2-In. Elasticity 
_ÍÜ_ (Lbs/Sq In.) 

54,500 

44.150 

37.150 

47,660 

75,750 

70,510 

62,360 

75,850 

28 30.3 X 106 

33 29.8 X 106 

39 29.0 X 106 

33 29.8 X 106 

The results of the tests performed on the concrete cylinders cast with the 

test piles are summarized below: 
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Piles Agea 
L&lMfiE Represented (Days) 

Strength 
(Lbs/Sa In.) 

Conçressive Static Jfodulus13 
of Elasticity 

.(Lbs/gq In,) 
8-10-A 

8-10-B 

8-10-C 

3-10-D 

8-10-E 

8-10-F 

8-14-A 

8-14-B 

8-14-C 

All but TP 11A 

TP 11A 

tf 

ff 

tf 

tf 

tt 

ff 

ff 

7 

75 

90 

90 

90 

90 

6 

90 

90 

5530 

4670 

6720 

5640 

5640 

6070 

5130 

5430 

5310 

Average - 6.4 X 106 

a ~ All cylinders steanv-cured for 36 hrs after casting. 

b - Static modulus of elasticity at 0 to l/3 ultimate strength. 
No appreciable change noted for static modulus tests at 
i/3 to 2/3 ultimate strength. 

The sections and physical properties of the test piles used in this program 

are presented in Table 4. 

20. Field flexure tests. Full scale field flexure tests were 

made on two of the 16-in. square prestrejsed concrete piles to determine 

the effect of driving with the I4OC steam hammer and the Bodine hammer 

on the prestress bond. This was done by comparing the load-deflection 

characteristics of the test piles before and after driving. These tests 

were made on test piles 5 and 11 which were driven with the I4OC steam 

and Bodine hammers, respectively. The "before-driving" flexure tests 

were made by applying a single load of about 6 kips at the center of a 

32-ft span of each pile when in a horizontal position. After being 

driven these piles were extracted by jetting and retested in flexure 

using incremental loadings. A 26-ft span was used in the retest of test 

pile 5, whereas a 20-ft span was used for test pile 11. The results of 

these flexure tests are shown on Plate 10; the "after-driving" tests are 

represented by curves and the "before-driving" tests by points. The 

deflections were corrected to the corresponding span lengths used in the 

"after-driving" tests on the basis that the deflections are proportional 

to the cube of the span. The agreement in deflection at the 6-kip load 
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indicates that the prestress was not affected hy driving with either the 

140C steam or the Bodine hammer. The load-deflection curves for test 

piles 5 and 11 are essentially identical when corrected for the spans 
used in the tests. 

21. A supplemental flexure test was made on an unused 16-in 

prestressed concrete pile, designated as test pile lib, which was cast 

and cured with the other concrete piles used on this project. The 

load-deflection curve for this "undriven" pile is shown on Plate 10. The 

close agreement between the load-deflection characteristics of test 

piles 11 and 11b, which were tested at the same span, confirms the 

prevrous conclusion that driving had no adverse effect on prestress bond. 

A flexure Jest was also performed on a 16-in. pipe pile (#2) to chech 

the theoretical computed value of El. 

22. The flexure tests also provided a verification of the El 

value computed from the physical properties and used in evaluating the 

results of the pile tests. A comparison of the adopted El values 

computed from the average test pile measurements and the physical'properties 

e pi e materials, with the values computed from the flexural tests 

shews fairly close agreement. The adopted theoretical values and those 

computed from the flexure tests are tabulated below: 

Test 

ms. 
2 

5* 

11* 

lib* 

Pile 
Type 

16" Pipe 

16" Cone. 

16" Cone. 

16" Cone. 

Vaille of a in fy 
_ From Flexure Tests 
Range 

22.9 - 23.6 

31.2 - 39.2 

33.1 - 39.8 

30.4 - 37.1 

Average 

23.O 

34.8 

35.5 

34.2 

From Physical ^es^s 
Average 

24.4 

34.5 

34.5 

34.5 

* EI determined for moments below the moment that would crack pile 

Pile Drivinpr 

Pile hammery 

23. Three types of pile-driving hammers were used in the driving 

ests: double-acting steam hammers, a Bodine hammer, and a diesel 

hammer. The specific pile hammers used to drive each test pile are 
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listed in Tables 1 and 5. Operational data for the steam and diesel 

hammers used in this investigation are given below: 

Hammer Manufacturer and Designation_ 
Vulcan Iron Works McKiernan-Terry 

flcsiallsoal Data 

Weight of ram, lbs 

Rated energy per 
blow, ft lbs 

Rated speed, blows 
per min 

Rated steam pressure, 
lbs per in.2 

Stroke, ft 

-L4QÇ 80C 650 

14,000 8,000 6,500 

36,000 24,450 19,500 

103 HI 120 

140 120 120 

1.3 1.38 1.33 

10B3 9B3 DË4Q- 

3,000 1,600 4,000 

13,100 8,750 32,000 

105 145 50 

100 100 

1.58 1.42 8.0 

The Bodine sonic vibratory hammer used was a Model B2 having a gross weight 

of 18,000 lbs. This hammer energizes a pile to its resonant frequency 

by the use of gear driven mechanical oscillators powered by two gasoline 

engines. The vibratory energy is transmitted to the soil, tenporarily 

displacing it, allowing the pile to penetrate the soil under the pile and 

hammer weight. Resonance is assumed to be reached at the maximum rate 

of pile advance as indicated by driving instruments. Power requirements 

are determinable using tachometer and manifold pressure data. 

Driving Bilfis. 
24. All of the bearing piles were driven using leads fixed at the 

top and bottom. Special care was taken to insure proper alignment of 

the piles in the leads before driving the vertical and batter piles. The 

driving head and cushion used in driving the test piles are summarized 

oni the next page. 
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Pile 
-Im Hammer 

Pipe I4OC 

Concrete I4OC 

Driving 
_Head 

Aluminum^ 
& micarta 
disks 

ti 

H 

Timber 

Concrete 

W.-32 

MP-112 

MP-112 

80C 

65C 

DE40 

80C 

10BC 

9B3 

„ (b) 

•i (c) 

None 

Al-Micarta 

None 

None 

aieito 

Cap Block 
Assembly 
Weight 

None 1710 Lbs 

3 to 5 sheets 3/4-in. 
plywood + 1 pad of 
1-in. manila rope 

None 

None 

3 sheets 3/4-in. plywood 

None 

None 

None 

1710 Lbs 

1220 Lbs 

950 Lbs 

1220 Lbs 

(a) Cap assembly consisted of 10 aluminum alloy disks and 10 Micarta 

disks 1-in. thick, 17-1/2 in. in diameter, with 4-l/2-in. bore; top 

steel anvil 4-in. thick, 17-3/4-in. in diameter, with 3-l/2-in. 

bore; bottom steel anvil 4-l/2-in. thick, same as top anvil; and 

steel shield 18-in. I.D., 22-in. O.D., and 27-in. high. 

(b) Cap assembly consisted of 11 aluminum alloy disks and 11 Micarta 

disks 1-in. thick, 14-3/8 in. in diameter, with 3-l/2-in bore; top 

steel anvil 3-l/2-in. thick, 14-3/8-in, in diameter, with 3-l/2-in, 

bore; bottom steel anvil 6-in. thick, 14-3/8-in. in diameter, with 

3-l/2-in. to 5-in. bore; and steel shield 14-1/2-in. I.D., 18-1/2-in. 

O.D., and 23-3/4-in, high. 

(c) Cap assembly consisted of 12 Micarta disks 1-in. thick, 11-3/8-in. 

in diameter with 4-l/2-in. bore, and 12 aluminum alloy disks 1-in. 

thick, 11-3/8-in. in diameter, with 4-in. bore; top steel anvil 

2-in. thick, 11-3/8-in. in diameter, with 3-l/2-in. bore; bottom 

steel anvil 6-in. thick, 11-3/8-in. in diameter, with 4-in. bore; 

and steel shield 12-in. I.D., 16-in. O.D., and 26-in. high. 

(d) Manila rope pad used only on test piles 4, 5, 11A, and 19. 

Records were maintained for each pile driven and included blows per foot 

of drive, hammer speed, steam pressure, net driving time, and any other 

pertinent notes for the steam hammers. The fall of the ram was also 
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measured for test pile 19 driven with the diesel hammer. For piling 

driven with the Bodine hammer, the engine speed, manifold pressure, 

penetration rate, and net driving time were recorded. The results of the 

driving tests are summarized in Table 5. Pile driving logs showing 

the blows for each foot of pile penetration for piles driven with steam 

hammers are plotted on Plate 11. Test piles 14 through 18 were jetted 

to a depth of 38 to 40 ft using double water jets extending along 

opposite sides of the pile to the pile tip; the piles were then driven 

to a penetration of about 53 ft with the I4OC hammer. Test pile 16 

was driven first in the center of the group of the five jetted piles. 

Photographs (2 and 3) of typical pile driving operations for both types 

of hammers are given in Appendix C. 

25. Penetration. All of the test piles were driven to the 

required penetration except for concrete test piles 11A and 11 driven with 

the Bodine sonic hammer. The initial attempt made to drive test pile 

11A, a 20-in. concrete pile, with the Bodine hammer at the originally 

selected location at the west end of the north pile line (see Plate l) 

was unsuccessful as refusal was encountered at a penetration of 16.5 ft. 

The pile was pulled with the Bodine hammer and redriven to refusal at a 

penetration of 35.5 ft at a new location on the east end of the north 

pile line. Several weeks later, test pile 11A was driven with the 

I4OC hammer from a penetration of 35.5 ft to a penetration of 44*4 ft, 

pulled with the aid of water jets, and redriven with the HOC hammer to 

a penetration of 52.2 ft at the final location on the east end of the 

south pile line as shown on Plate 1. Test pile 11, a 16-in. concrete 

pile, was driven with the Bodine hammer to refusal at a penetration of 

38.8 ft. The poor penetration achieved with the Bodine hammer for 

concrete piles is believed to be due to loss of vibratory energy in the 

friction clamp used to attach the hammer to the pile head. This attach¬ 

ment, shown in Photograph 4b, Appendix C, was made especially for 

driving the 16- and 20-in. concrete piles on this project. This attach¬ 

ment consisted of a steel cage which was clamped to the pile by five 

bolts on each side of the pile, A layer of hard asbestos was placed 

between the clamp and the pile. As a precaution against the pile 

accidentally slipping from the clamp, four bolts, two in each direction, 
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were placed through the clan* and pile. No attempt had previously been 

made to drive concrete piles of this size with a Bodine hammer. The 

Bodine head attachment for steel piles consisted of a welded fixture 

which was bolted to the hammer and provided a rigid connection. The 

head attachment foi H-piles is shown on Photograph 4a, Appendix C. The 

Bodine hammer tests clearly demonstrated the suitability of this hammer 

for driving steel bearing piles rigidly attached to the driving head, 

but the suitability of the Bodine hammer for driving concrete pile is 

questionable. 

26. ma mses.- teuege to piling from äriving was minor except 

for test pile 5, a 16-in. concrete pile, iriven with lie 140C steam 

hammer. The head of this pile was damaged at 13 and 54 blows per foot 

resistar.ce at penetrations of 29 ft and 48 ft, respectively, on account 

of eccentric driving on the pile head. The pile head was repaired 

before driving to the scheduled penetration. There was no damage to the 

head of the H-piles or timber pile. Damage to the pipe piles consisted 

of some slight bulging at one side of the pile head which is attributed 

to slight driving eccentricities. 
27. Trying time. The net driving time for all the piles driven 

with the double-acting steam hammers varied from about 5 to 15 minutes 

except for the 20-in. concrete pile which required 30 min. Partial 

water jetting reduced driving times to an average of about 4 ndn. for 

the jetted pipe and concrete piles, It was possible to drive the steel 

pipe and H-piles S3 ft deep in 2 to 4 nun. with the Bodine hammer whereas 

the concrete piles, as previously discussed, could not be driven to more 

ttian 35 or 40 ft, in about 30 min., with the Bodine hammer. Dnvxng the 

16-in. concrete pile with the DE4O diesel hammer required about 45 min. 

even though the hannær was apparently operating at 85 percent efficiency, 

The efficiency of the steam hammers is given in Table 5. The results 

of the field driving tests indicate that bearing and sheet piling of 

the sizes and penetrations required for the Arkansas River Project can 

be driven satisfactorily with conventional steam hammers, The time 

required to drive the individual test bearing piles with the selected 

double-acting steam hammers was relatively short for piling of the 

types considered for this project. However, the McKieman-Terry DE40 
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hammer appeared inadequate for driving the 16-in., 55-ft concrete pile. 

The DE4O driving test showed the effect of a lightweight ram on 

driving; similar piles were driven in less than a third of the time 

with a I4OC hammer which has only a slightly greater energy per blow 

than the DE40, but has a ram seven times as heavy as that of the DE40. 

The I4OC hammer is considered inadequate for driving 20-in., 50-ft 

long concrete piles on this project as the blows per foot of penetration 

were increasing very rapidly at 52-ft penetration. Densification of 

the sand from driving piles in groups may increase the driving time 

and/or require heavier hammers with greater energy. Although no driving 

or load tests were made with a lowered ground water table, such will 

increase the driving resistance and capacity of a pile for the same 

penetration into alluvial sands. The tests show that jetting speeded 

the driving of displacement piles, but it reduced the compression and 

tension capacity of the pile by approximately 30 percent. 

Driving sheet piling 

28, Conparable driving tests were made on MZ32 and MP112 steel 

sheet piling with the Bodine hammer and with the double acting steam 

hammers. In these tests, a line of eight sheets of each type piling was 

to be driven to Tertiary clay at a depth of about 95 ft or to refusalf 

The sheets were 60 ft long and were spliced as required. In the driving 

tests with the Bodine hammer, the sheets were driven singly to the splicing 

or final elevation. A hydraulic head clamp was used to grip the sheet 

piles. With the steam hammers, the piling was initially driven to 

refusal using a 10B3 hammer; driving was completed using an 80C hammer 

for the JÆ32 sheeting and a 9B3 hammer for the MP112 sheeting. Sheets 

were driven double with the 80C and 10B3 hammers and singly with the 9B3 

hammer. Stage type driving was used for the sheeting driven with steam 

hammers. Extractor tests were made at the completion of driving. An 

attempt was made to pull the piles driven with the Bodine hammer with 

the same hammer as an extractor, Mest of the piles driven with the con¬ 

ventional hammers were extracted with a Vulcan 80QA extractor, although 

a few of the Z-piles were pulled with the Bodine hammer. 

29. Bodine hammer. The results of the driving tests made with 

the Bodine hammer are shown on Plates 12 and 13. These results indicate 
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that IÆ32 and MP112 sheet piles could readily be driven to a penetration 

of about 45 to 50 ft in 2 to 9 min. when each sheet was driven 

individually. Driving times generally increased with the driving order 

with interlocks engaged. When the pile lengths were increased by 

splicing, driving either type of sheet became more difficult and only 

two sheets of each type piling could be driven to the Tertiary clay. 

The range of penetrations obtained for the ÎÆ32 piling was 46 to 94 ft, 

and was 50 to 94 ft for the MP112 sheeting. All but two of the MP112 

sheets were damaged at the welds or failed near the pile head from hammer 

vibrations. With the Bodine hammer, each sheet must be driven to the 

desired final penetration because of hammer interference or a follower 

must be used. In general, neither type of sheeting could be reliably 

extracted by this hammer when penetrations exceeded 60 ft. A summary 

of extraction information is given in Table 6. Inspection of extracted 

sheets indicates that heat and vibratory compaction of sand in the inter¬ 

locks were a deterrent to driving. 

30. Steam hammers. Results of the driving tests on sheet piling 

driven with steam hammers are shown on Plates I4 and 15. These data 

show that double sheets of M.32 piling, with interlocks engaged, can be 

successfully driven to average penetrations of about 55 ft with the 

10B3 hammer in driving times ranging from 17 to 30 min. The IÆ32 piling 

was driven from 55 ft to depths ranging from 85 to IO4 ft in about 20 min. 

additional driving time with the 80C hammer. All of these piles could 

have been driven to greater penetrations if desired. However, the 

MP112 piling could not be driven as double sheets with the 10B3 hammer 

more than about 30 ft; all of the piling were damaged by curling even 

though driving resistances were relatively low. The MP112 sheeting was 

subsequently driven to penetrations of from 86 to 95 ft with a 9B3 

hammer driving on single sheets with interlocks engaged; these sheets 

could have been driven deeper. Neither type of piling could be extracted 

using an 8OQA extractor if the penetration exceeded 60 ft. Extraction 

test data are summarized in Table 6. 
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PART Hi: FIELD LOAD TESTS 

i 

Compression Tests 

Test procedure 

31. Conçressive loads were applied to the test piles by means 

of a calibrated hydraulic jack reacting against a loaded test frame. 

The test frame consisted of a steel platform supported on spread 

foundations straddling the line of test piles. The supporting founda¬ 

tions were continuous and consisted of bolted crane timbers with 

12- X 12-in. timber cross ties capped with a longitudinal steel beam. 

This arrangement permitted movement of the test frame on rollers along 

the line of test piles and expedited the test set-up. The mats were 

spaced 16 ft on centers with 5 ft lateral clearance provided from all 

piles under test. The platform was loaded with 5.5- and 11-ton concrete 

blocks. Loads were applied to the platform in two increments at the 

start of a test and at one-half the estimated pile capacity, to minimize 

the surcharge delivered to the sibgrade by the frame reactions. A 

compression test ii’ame having a capacity of 500 tons was provided for 

each test pile line. Compression frame fabrication details are shown on 

Plate 16 and by Photo 5a, Appendix C. 

32. The test loads were applied in approximately 10 equal increments 

selected on the basis of the estimated pile capacity as determined from 

driving information and static calculations. All loads were applied 

and released at a rate of 2 tons per min. Each load increment was main¬ 

tained for a minimum period of one hour; no new loading was applied 

until the pile head movement was less than 0.010 in. per hr. Gas regu¬ 

lating equipment was used to apply and maintain the test load constant. 

At the estimated design load, no additional loads were applied until 

the pile head movement was less than 0.005 in. per hr. All piles were 

loaded to plunging failure (gross pile head deflection exceeded 0.01 in. 

per ton). The movement of the pile head was measured by three dial 

indicators, reading to 0.001 in., attached to the pile head with the 

dial stems resting on an independently supported reference beam. The 

reference beam was supported on adjacent piling when feasible or on posts 

securely driven into the subgrade at a minimum distance of 5 ft laterally 
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from the test pile. During testing, the elevation of the beam was 

periodically checked with a sensitive level to provide a basis for corree, 

tion of pile head movement if there was any movement of the reference 

beam. The dial indicators at the pile head were read before application 

of loads and at elapsed times of 1, 5, 10, 20, 30, 45, and 60 min. 

thereafter or until the rate of settlement did not exceed the established 

limits. Strain measurements were made before application of loads and 

after pile head movements were stabilized under a specific load. Testing 

was continued around the clock, and any test started was carried to 

completion without interruption. Protective covers were provided for 

the jacking, instrumentation, and reaction beam systems to minimize 

thermal effects on test measurements. 

Test data and analysis 

33* Applied load vs gross pile head settlement curves were plotted 

for each compression test. The gross settlement of the pile head was 

considered to be the average of the three dial indicator readings 

corrected for movement of the reference beam when required. Curves were 

also plotted showing the net pile head settlement vs applied compressive 

load for tests performed using cyclic loading procedures, and pile tip 

movements vs applied compressive load for piles instrumented with strain 

rods. Pile tip movement was considered go be the difference between 

the gross pile head settlement and the elastic shortening of the pile 

as indicated by the lower strain rod located one ft above the pile tip. 

These settlement curves are presented on Plates 17 through 27. 

34« The distribution of load in the instrumented piles was com¬ 

puted for selected applied loadings from the pile strain measurements. 

Loads were computed from the following formula: 

P = A E Ae/L 

where 

P = Average load in lbs at the center of the gage span 

A = Cross-sectional area of the pile in sq in. 

E = Modulus of elasticity of pile material ih lbs 
per sq in. 

Ae = Strain over the gage span 

L = Gage length in in. 
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For strains measured with strain rods, Ae/L = difference in movement 

of adjacent strain rod anchors divided by the distance between the 

adjacent anchors. Electric resistance strain gages measured Ae/L 

directly in microinches per in. Properties of the test piles used in the 

stress analysis are given in Table 4* In the calculation, it was 

assumed that no residual stresses existed in the pile at the start of 

testing. The computed load distribution curves e^'e included as 

graphs (b) on the plates showing the results of the compression tests 

on the steel test piles. Applied loadings on the piles are depicted on 

tiie graphs by a solid symbol whereas loads determined from strain rods 

and electric resistance strain gages are depicted by open circles and 

triangles, respectively. Extrapolation of these curves to the ground 

elevation indicates the load applied to the pile and provides a check on 

the jack calibration. Extrapolation to the pile tip permitted estimating 

the point load. Curves showing the variation in point load with applied 

load are presented as graphs (c) on the "Compression Test Results" 

plates. The wall friction load, considered to be the difference between 

the applied load and the tip load, is also plotted on the (c) graphs. 

35. Conçressive failure loads were determined from the applied 

load vs pile head settlement curves by means of the four criteria 

described below: 

a. Load on the gross settlement curve where the slope equals 

0.01 in. per ton. 

b. Load on the net settlement curve where the pile settle¬ 

ment equals 0.25 in. 

c. Load depicted by the intersection of tangents to the 

initial and final portions of the gross settlement curve. 

d. Load where the slope of the gross settlement curve 

became disproportionate to the load applied. This 

method was limited to tests wherein the load - pile 

settlement curve had a pronounced change in slope. 

The failure load for each pile test was considered to be the average of 

the loads obtained for the above methods. A summary of the conqpressive 

failure loads for the various piles tested is presented on Table 7. 

36. The results of the conpression tests were analyzed, and 

general design curves for pipe, concrete, timber, and H-piles were 
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developed for determining the size and penetration required to support 

oa ings within the range necessary for this project. The Terzaghi 

expression for deep piers (Ref. !) ras œed ^ ^ ^ ^ 
ip an waU friction portions of the failure load »ere equated to the 

■»responding term in the general expression. The Terzaghi eJssL 
IS presented below: expression 

Qu = At ^ (D Nq +$ r Nr) + 1/2 Af K D2 í'tan g 

where 

Si = Pile failure load in tons 

At = Area of Pile 'tip in sq ft 

fî = Bouyant density of sand - O.OJL tons per cu ft 
(water table at ground surface) 

D = Pile penetration in ft 

Nq & Njf = Terzaghi bearing capacity factors 

$ = Pile shaPe fee "tor - 0.8 for square piles 
0.6 for round piles 

r = a«“ 1CU^ SeCtl0n °r dimension of 

Af = i“8"11*131 of ?lle “ «/ft of pile 

K = Lateral earth pressure coefficient 

$ = Material friction angle - 32° sand on sand 

25° steel on sand 
30° concrete and wood on sand 

For piles in compression, the first term of the general bearing capacity 

“ “-t” r ■" --- *— - ™ 
P of the pile capacity due to shin or wall friction. 

37. ¿top pite;. The distribution of load in the pipe piles was 

thr^Tw fr0m the l0ad distributIon presented on Plates 17 

c!lt s' IT toe l0ad alStrlbUti- the point bearing 
^ i y ac or (Nq) and the lateral earth pressure coefficient (K) 

were ca culated for each test using the Terzaghi static bearing capacity 

“■ tte f0U^ «re Me in these 0^1 
(a) the term containing N^ = 0; (b) K constant over the embedded 

rrr t !iie: “d <o) ^siiding coeffioient 
san 25 as determined from laboratory tests. Point and 
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wall areas were adjusted to account for increases produced by the 

protective channels shielding the instrumentation. The load distri¬ 

bution, together with the calculated bearing capacity factor (N^) and 

lateral earth pressure coefficient (K) as determined from the pipe pile 

tests, are presented below. The load distributions and values of N 
'"i 

and K shown are those confuted for applied load at the time of failure. 

Test 
Pile 

1 

2 

2* 

3 

10 

16*-* 

Nominal 
Diameter 

ÜaJ 

12 

16 

16 

20 

16 

16 

Average 

Penetra¬ 
tion 

-InL 
53.1 

52.8 

52.8 

53.0 

53.1 

52.7 

53.0 

Average 
Failure 
Load 
(Tons) 

HO 

195 

210 

215 

180 

HO 

Load Distribution 
Point Wall 
Bearing Friction 

Tons Tons %_ 

34 

58 

67 

77 

46 

41 

24 106 76 

30 137 70 

32 H3 68 

36 138 64 

26 134 74 

22 99 21 

30 70 

Computed 

Values, 

22 

21 

25 

20 

18 

1Z 

21 

_£_ 

1.31 

1.29 

1.32 

1.17 

1.23 

0.99 

1.26 

* Retested after subjecting 
producing a deflection of 

** Not included in average 

pile to 5 cycles of lateral load 
0.5 in. 

These test results are also presented graphically on Fig. 5 wherein the 

total, wall, and point loads at failure are plotted vs the effective 

or equivalent pile diameter for the various pipe piles tested. The 

effective diameter for the point and wall portions of the load was com¬ 

puted for the pile section as modified by the addition of the protective 

channels. The effective diameter for the total load condition was 

assumed to be the weighted average of the point and wall loads. These 

curves are valid for pipe piles having a penetration of about 53 ft. The 

results of the load test on test pile 16 were not used in the curve 

fitting as this pile was jetted prior to final driving and was located 

at the center of a group of jetted piles. The jetting apparently 

produced a significant reduction in wall friction by loosening the sands 

adjacent to the pile and also caused some reduction in point bearing. 

It will be noted that test pile 10, which was driven with the Bodine 

hammer, had comparable load carrying characteristics to those of the piles 
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driven with the I4OC steam hammer. The compression test on test pile 2, 

after it was subjected to five cycles of repetitive lateral loading, 

indicates that the lateral loading had no significant effect on the 

compressive capacity. The failure and ultimte (plunging) loads were 
essentially the same for both tests. 

38* Sgfiçrgtá pijes • Tlie results of the conpression tests on the 

square prestressed concrete piles are shown on Plates 23 and 24. A 

summary of the field test results is tabulated below: 

Test Size 
Pil£ (In.) 

4 16 
5 16 

11 16 

Penetration 
_¿Hi 

40.2 

51.0 

38.8 

Average 

Average Failure 
Load (Tons) 

170 

240 

150 

Driving 
_JL Hammer 

1.59 I4OC 

1.45 I4OC 

1.45 Bodine 

1.50 

An evaluation of the above compression tests was made by means of the 

Terzaghi equation. The tip capacity of the concrete pile was computed 

by assuming the bearing capacity factor of the sand at the pile tip (N ) 

to be 21 as determined from the tests on the pipe piles. The wall fric¬ 

tion was assumed to equal the failure load minus the computed tip load. 

An average lateral earth pressure coefficient (K) of 1.50 was obtained for 

the skin friction portion of the load; the friction angle between con¬ 

crete and sand was considered equal to 30° as determined from laboratoiy 
tests. 

39. Stoeil H-PÍ3.ÇS. Pile settlement vs load and load distribution 

curves obtained from the field tests on 14-in. steel H-piles are pre¬ 

sented on Plates 25 through 27, A summary of the test results is 
tabulated below: 

Test Penetration 
ills (Ft) 

Average 
Failure Load 

(Tons) 

6 4O.O 140 

7 52.1 190 

9 53.2 210 

Average 

Load Distribution 
Point Wall 

-Bsarinfl fiction 
Ions Tons %_ 

21 15 119 85 

39 21 151 79 

25 12 185 M 

16 84 

Computed 
—Mas 
Nq JL_ 

12 1.88 

17 1.41 

Ü iíóó 

13 1.65 
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Theoretical calculations made following the methods described for pipe 

piles in paragraph yi indicate that the bearing capacity factor at 
the pile tips had an average value of 13 and that the lateral earth 

pressure coefficient (K) had an average value of 1.65, based upon the 

assunption that the failure surface between the pile and foundation sand 

followed the minimum perimeter of the H-pile. The difference in values 

of and K computed for the H-piles from the values confuted for the 

pipe and concrete piles can probably be attributed to unreliability of 

the assumptions made regarding the point and wall failure surfaces 

for this non-displacement type of pile. In the development of a 

general design curve for a constant size H-pile, the actual failure 

surfaces are of academic interest only as the developed design curves 

would not be affected within the penetration ranges tested. 

40. Timber piles. The load vs settlement curves for the compression 

test on the Class A timber pile is shown on Plate 24. The failure load 

for this pile was 80 tons. The timber pile tested had a 15.2-in. butt 

and a 10.7-in. tip. Load distribution in the pile was estimated 

assuming that the bearing capacity factor (N^) at the tip was 21 as 

previously determined for the displacement type pipe piles having flat 

tips. A lateral earth pressure coefficient of 1.25 was calculated for 

the wall friction portion of the failure load on the assumption that the 

sliding friction between timber and sand was 30°. 

Discussion of results 

41. The field driving and loading tests show that it is feasible 

to drive 12- to 20-in. concrete, pipe, or steel H piles into the alluvial 

sands of the lower Arkansas River Valley that will have compressive 

capacities of about 150 to 250 tons at penetrations of 50 to 55 ft. The 

test results also show that pile behavior can be reasonably predicted 

from the Terzaghi expression for deep piers using reasonable values of 

lateral earth coefficient (e.g. 1.5±), tip bearing factor (e.g. Nq = 21±), 

and coefficient of friction (6 = 25° to 30°). Confuted capacities of 

various types of piles were based on lateral earth coefficients (K), as 

determined from the field tests, of about 1.25 for the pipe and timber 

piles, 1.5 for the concrete piles, and 1.65 for the steel H piles: 

Nq = 21; S = 25° to 30° depending on type of pile, water table at the 
ground surface; and 62 pcf. 
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42. Load distribution and residual stresses. The distribution 

of congressive load in the steel piles was computed from the cnange in 

strain produced by the applied conpressive loads. This procedure 

neglected any residual loads in the piling which may have been induced 

during driving. An approximate estimate of residual loads produced 

by pile driving was made by comparing strain readings before and after 

compression and tension tests. The results oí this supplementary 

study are presented in Appendix D. The analyses presented in Appendix D 

indicate that significant residual compressive stresses exist in piles 

after driving with conventional steam hammers and that such stresses 

also remain after testing in compression. It appears that very little 

residual stress remained in the steel piles driven with the Bodine 

hammer. This is to be expected as sonic pile driving temporarily dis¬ 

places the soil by an energy wave, and penetration of the pile is 

achieved under the static weight of the pile and hammer. Residual 

stresses in the pile (16) that was partially jetted, with other surround¬ 

ing jetted piles, were appreciably less than the residual stresses 

produced in the piles driven with steam hammers without the aid of jet¬ 

ting. 

43. Design loads. Theoretical design curves showing the relation¬ 

ship between penetration and compressive failure load for a range of 

sizes of steel pipe piles, prestressed concrete piles, and steel H-piles, 

and a timber pile are presented on Plate'28. These curves were pre¬ 

pared on the basis of the Terzaghi expression and the load distribution 

in the pile as computed neglecting residual driving stresses. The 

failure loads from the field tests are plotted on the curves for concrete 

and H-piles which had sections conforming closely to the prototype 

piles. It should be recognized that these curves could be modified 

using the load distribution corrected for residual driving stresses which 

would resul'. in a slight change in the shape of the curve without alter¬ 

ing the total load cupability within the range of pile penetrations 

used in the field testing. 

44. Jetted piles. The compressive capacity of test pile 16, 

which was jetted to a depth of 40 ft and was surrounded by partially 
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jetted piles, was about 70 percent of the compressive capacity of 

similar piles driven without jetting. The design curves presented on 

Plate 28 are not valid for jetted piles. It is, however, recognized 

that the foundation sands will be densified by driving large displace¬ 

ment piles on relatively close centers making it more difficult to drive 

the piles to the desired penetration. This increase in driving resis¬ 

tance could necessitate some jetting of piling in construction. However, 

as jetting reduces the capacity of piles, no jetting of piles should 

be permitted unless field experience indicates that the piles cannot be 

practically driven to the required minimum penetration, and until load 

tests have been made and evaluated to determine the effect of jetting 

on the load carrying capacity, If the capacity of the pile has been 

reduced significantly by jetting, it may be necessary to redesign the 

pile foundation. 

Isneian yestg 

General t^st procedures 

45. Tension loads were applied to the test piles by jacking 

against each end of a loading frame which was attached to the pile head 

by steel rods. The rods were welded directly to the steel piles, and 

to steel collars pinned to the concrete and timber piles. Details of 

the frame are shown on Plate 29. The test loads were applied in approxi¬ 

mately 10 increments based on the estimated ultimate load as computed 

from static equations. Pile head movements and strain gage observations 

were recorded for each test load applied. The instrumentation of the 

pile head was similar to th^t used for the compression tests. All of 

the tensile tests were carried to ultimate failure. The testing 

procedure resembled closely the procedure described for the compression 

tests. A typical tension test setup is shown in Photograph 6a, 

Appendix C, 

46. Curves showing the load as a function of gross rise of the 

pile heads were prepared for each tension test, Moreover, curves 

showing load vs net rise of the pile head were prepared for the test 

piles subjected to cyclic loadings. For Lest piles instrumented with 
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strain rods, curves were also plotted showing load vs movement of the 

pile tip. These curves are presented on Plates 30 through 36. The 

gross pile head movements plotted on the curves are the average of the 

measurements made by the three dial indicators. The net rise of the 

pile head was considered to he the gross movement minus the rebound at 

zero load. Pile tip movement was considered to be the gross movement 

of the pile head minus the total movement of the lowest strain rod. 

The curves showing pile tip movements and the curves showing the net 

rise of the pile head are essentially the same. 

47. The distribution of load in the instrumented piles was 

determined for the tension tests in the same manner as for the compression 

tests. It was assumed that at the start of the test that no residual 

stresses or loads existed in the piles from the preceding compressive 

loadings. The load distribution curves for the instrumented piles 

are included along with the curves showing the pile head load vs deforma¬ 

tion on Plates 30 through 36. The influence of the residual stresses 

remaining in the piles from driving and/or the compression test is 

indicated by the apparently high tensile load existing near the pile tips 

on the load distribution curves. These apparent high tip loads are the 

result of a relaxation in strain from compression to tension in the 

pile and of residual tensions. The load distribution in tension becomes 

more rational when the load distribution is conputed on the basis of 

the change in strain from the final unloading at the end of testing 

(see Appendix D). 

¿ala .And apateg 
48. Tension failure loads were determined from the curves of 

applied .load vs rise of pile head by means of the four methods previously 

described for evaluating compression tests. In determining the failure 

load at a net set of 0.25 in., the net rise curves and tip movement 

curves were used interchangeably. Tension failure loads are presented 

in Table 8. 

49. The tension test data were analyzed to develop general 

design curves for the four basic types of piles tested. Lateral earth 

pressure coefficients were conputed from the test failure loads by means 

of the second term of the Terzaghi equation (C^ = l/2 A^, K D dP tan 5); 

presented in paragraph 36. The lateral earth pressure coefficient was 

assumed to be constant over the full length of the pile. Modifications 
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to the piling for protection of instrumentation were considered in com¬ 

puting the surface area of the pips piles• The failure surface for 

the steel H-piles was assumed to he the perimeter of the circumscribing 

rectangle. A summary of the tension test analyses showing the average 

failure load, computed values of K tan $, the assumed sliding friction 

angle between the pile and the foundation sand, and the conputed average 

K for each pile is presented below: 

Test Pile Failure 
Pile Troe Load (T) 

1 12" Pipe 70 

2 16" Pipe 91 

3 20" Pipe 90 

4 16" Cone. 71 

7 14BP73 41 

8 Timber 25 

10 16" Pipe 87 

16 16" Pipe 63 

Conputed Assumed Conputed 
K ian $ —g- -£— 
0.410 

0.394 

0.356 

0.532 

0.207 

0.346 

0.370 

0.308 

25° 0,88 

25° 0.84 

25° 0.76 

30° 0.92 

28,5o* 0.38 

30° 0.60 

25° 0.79 

25° 0.66 

*Average of tan 6 for minimum perimeter of H-pile 

The tension failure loads for the pipe piles, with about 53-ft penetration, 

are plotted vs effective diameter on Fig. 6. The effective diameter 

of a pipe pile was considered to be the diameter of a circle with a 

perimeter equal to the actual perimeter of the pile as modified. The 

data shown on Fig, 6 indicate that the tension capacity of pipe piles is 

directly proportional to the diameter of the pipe except for test 

pile 16, for which the capacity was considerably lower (30%) than that 

of the other 16-in. diameter piles. The low failure load of test pile 16 

was probably caused by the jetting of the test pile and adjacent piles 

which loosened the sand and reduced the lateral earth pressure coefficient. 

Disoussion of results 

50. Evaluation of the tabulation presented in paragraph 49 

sumnarizing the tension test results shows that the computed lateral 

earth pressure coefficient for all straight sided piles averaged O.84 

anri rapged between 0.76 and 0,92, excluding the h- and jetted pipe piles. 

51, Design curves for the four types of piles tested in tension 

were prepared on the basis of the average computed lateral earth 
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pressure coefficient and sliding friction values shown in the tabulation 

in paragraph 49. These design curves are presented on Plate 37. 

Individual test capacities for the concrete and steel H-piles are 

plotted on the applicable curves for comparison with the design curves. 

52. The very good agreement among the individual test results for 

pipe piles indicates that the design curves presented are reasonably 

valid and can be used for the design of tension pipe piling for this 

project. Similarly, the tension test results for the concrete and 

tapered timber piles also appear reasonable, and the design curves pre¬ 

sented can be used for the design of concrete and timber piles in 

tension. However, the design curve for H-piles appears quite conservative 

and additional tests are recommended to check its validity. The design 

curves are not considered valid for jetted piles. 

Lateral Load Tests 

General test procedures 

53» The lateral load tests were accomplished in general accordance 

with the schedules set forth in Table 1. The test piles were loaded 

normal to the longitudinal and major axis of the pile as close to the 

ground line as feasible by means of hydraulic jacks. Adjacent piles 

were used for reactions, except for test pile 12 where the reaction was 

provided by concrete blocks. Pile head deflections were measured by 

extensometers located near the ground line and approximately 18 in. above 

the ground line. Drawings of the testing frames and head instrumentation 

for lateral loading tests are shown on Plate 38» A typical test setup 

is shown by photograph 6b, Appendix C. Loads were applied in about 

10 equal increments for all tests except for the special repetitive load 

tests on piles 6 (14" H) and 1IA (20" concrete). The lateral loads were 

applied and released at the rate of 2 tons per min,, and were held 

constant for a minimum period of one hour and until the pile head move¬ 

ment was xess than 0.010 in, per hr. Tests were carried to lateral 

deflections approaching 2 in. except for piles scheduled for subsequent 

tensile tests and special repetitive load tests; in these instances the 

lateral deflection at the ground surface was limited to 0.50 in. In 

the repetitive tests, test piles 6 and 11A were subjected to 100 repeti¬ 

tions of loads of 20.3 kips and 30.6 kips, respectively. These loads 

-39- 



f 

were applied as single increments except for the first, fourth, tenth, 

fortieth, and hundredth applications wherein the loads were applied 

in three increments. Ground water levels during the lateral load tests 

varied from 2 to 3 ft below ground surface as shown on Fig. 3> except 

for test piles 6, 11A, and 12, where the area surrounding the pile was 

flooded to a height of 1 in. above the ground line in an attempt to 

simulate the ground water conditions which would occur in the prototype 

construction. Field experiments indicated, however, that seepage 

pressures produced in the subgrade by the ponding approached the addi¬ 

tional static pressure caused by the moist weight, of the top 2 to 3 ft 

of subgrade for the depressed ground water condition. Some reduction in 

the seepage pressures was obtained by introducing water below grade 

through wellpoints penetrating about 8 ft into the subgrade around the 

pile. It was concluded that the small reduction in surcharge on the 

subgrade did not warrant use of the flooding procedure and the disturbances 

associated with it. 

Load test data and analyses 

54» A summary of the lateral load test results is shown in 

Table 9, together with information regarding the method of loading, load¬ 

ing point, lower measurement point, and the lateral load carried by the 

piles at ground line deflections of 0.25 in. and 0.50 in. Plots of 

load vs pile deflection at the ground surface are shown for all tests on 

graph (a), Plate 39, for the first cycle of loading. Load vs deflection 

curves for the repetitive tests on test piles 6 and 11A are shown on 

graph (b), Plate 39. 

55. Theoretical expressions. The results of the field tests on 

laterally loaded piles were analyzed by means of the theoretical 

expressions arJ non-dimensional coefficients presented by Reese and 

Matlock (Ref 3) for single piles in cohesionless soil. These expressions 

are based on a triangular distribution of horizontal subgrade modulus 

(k) with depth (x) wherein k = n^x. Non-dimensional coefficients are 

available to sinplify computation of deflections, shears, slopes, and 

bending moments for various conditions of head fixity and pile penetrations 

for vertical piles loaded normal to their longitudinal axes. These 

coefficients involve the flexural stiffness of the pile relative to the 
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soil modulus for varying conditions of pile embedment. The relative 

stiffness factor T, in in., is defined as: 

T = or 
El 

^ " t5 

where 
. 2 

El = Flexural stiffness of the pile in lb in. 

E = Static modulus of elasticity in lbs per sq in. 

I = Moment of inertia in in.^ 

= Coefficient of horizontal subgrade reaction in lb per 

in.3 

T has a unit of length and, if divided by the embedded length of the pile, 

a non-dimensional depth coefficient can be defined. A study of these 

coefficients shows that a pile having a length of 5 T or greater 

behaves the same as a pile of infinite length. As all of the test 

piles had lengths in excess of 5 T, the following theoretical expressions 

are applicable for evaluation of the lateral load test data: 

Case I - For a moment in in. lbs, applied to the pile at 

the ground surface (x = 0), the deflection, Y , at the ground 
.o 

surface in in. is: 

Yg = 1.623 Mg n 

The slope of the pile, Ö , at the ground surface in radians is: 
ë 

e 
g 

= 1.75 M 
g 

X- 
El 

The maximum moment occurs at the ground surface, but the maximum 

soil reaction (w) in lbs per in. occurs at x = 0.65 T. The 

magnitude of the maximum soil reaction is: 

w 
max 

0.45 
-ë 
t2 

Case II - For a shear (Q ) in lbs, applied normal to the axis of 
g 

the pile at the ground surface, the deflection (Y ) at the 
o 

ground surface in inches is: 

ïg = 2-435 Qg g or T = > 2. 

El 

435 Q, 
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The slope of the pile (0 ) at the ground surface in radians is: 
ë 

% - i-“3 «g i 
The moment is zero at the ground line but reaches a maximum at 

X = 1.4 T. The magnitude of the maximum moment in in. lbs is: 

M = 0.772 T 
max g 

Similarly the maximum soil reaction occurs at x = 0.85 T and 

has a maximum value: 

w_ 
max 

0.96 
T 

For piling subjected to combined moments and shears, ground line 

deflections and slopes may be added algebraically. 

56. Coefficient of horizontal subgrade reaction. Values of 

were confuted for the initial loading cycle from the following equation 

using loads and deflections obtained from graph (a), Plate 39. 

^ = 

4.42 Q^1,667 

Y 1.667 (eI)0.667 

Pic os of n^ vs deflection are shown on graph (c), Plate 39. A recom- 

mended design curve for n^ vs deflection for one cycle loading for piles 

driven into submerged, alluvial Arkansas River sands is also shown on 

graph (c), Plate 39. 

57. Moment. The theoretical moment distribution was confuted, 

using the previous expressions and non-dimensional coefficients from 

Ref 3, for test piles 2, 10, 12, 13, 13A, and 16 for one of the applied 

lateral loads on each of these piles using the n^ value determined from 

the pile head deflection at the corresponding load. These theoretical 

moments are shown on Plates 40 s^nd 4I as plotted points for comparison 

with the moments computed from the strain gage readings for the same 

lateral load. For vertical piles, test piles 2, 10, 13A, and 16, the 

theoretical and computed moments verify the theoretical assumption 

regarding the distribution of subgrade modulus. However, for the battered 

piles, test piles 12 and 13, the theoretical moments are greater than 

the measured moments. A closer agreement is obtained for batter piles 
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if the theoretical moments are confuted using a parabolic distri¬ 

bution for the modulus of subgrade. Reese and Matlock (Ref 4) have 

given procedures for the theoretical incorporation of various distri¬ 

butions of subgrade moduli. 

58. RpnPtithvfi loading. The effect of repetitive lateral load¬ 

ing on pile head deflection at the ground line was determined using 

the data from the field tests made on test pile 6, a steel H-pile, 

and test pile DA, a 20-in. square prestressed concrete pile. The 

increase in deflection of the pile head with repetition of load is 

shown by graph (b), Plate 39. The data plotted on graph (b) show that 

the deflection of the H-pile at the ground surface for the initial load 

application was increased 190 percent by 100 repetitive loadings; for 

the concrete piles the increase was 170 percent. 

niapAission of results 

59. The results of the lateral loading tests demonstrate the 

validity of the theoretical expressions contained in Ref 3 by Reese and 

Matlock based on a linear variation of lateral subgrade modulus with 

depth. Isolated piling subjected to a single lateral load application 

may be designed by means of the above equations and the coefficient of 

horizontal subgrade reaction presented on graph (c), Plate 39. For 

isolated piles subjected to repetitive lateral loadings, the lateral 

deflections will, however, be about twice the confuted value for 

isolated piles. The relative lateral load capabilities of the test 

piles are evident from the data presented in Table 9 and from inspection 

of the load deflection curves presented on graph (a), Plate 39. In 

general, these curves illustrate that for a given deflection, the 

lateral load capacity increases with the flexural stiffness of the pile. 

It appears that except for the timber pile, any of uhe pile types 

tested can develop the required maximum lateral capacity if the proper 

flexural stiffness is provided. As the tests were conducted with the 

water table near the ground surface, the values of n^ shown on graph (c), 

Plate 39, are applicable for a water table at or near the ground sur¬ 

face. Values of n^ for an unsubmerged condition can be approximately 

obtained by multiplying the plotted values of n^ by the ratio of the 

moist unit weight of the sand to its submerged unit weight (Ref 13). 
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Pile Driving Criteria 

n™Amic eoufltianfi 

60. The compressive failure loads obtained from the tests were 

conpared with ultinate pile capacities confuted using tue Pacific 

Coast Uniform Building Code, Janbu, and the Engineering News dynamic 

equations. Dynamic capacities were computed for each test pile using 

the actual pile dimensions and physical properties, together with the 

driving resistance and efficiency for the last foot of penetration and 

driving characteristics of the hammer employed. The dynamic equations 

used in the capacity conparisons, as modified to include an efficiency 

factor, are given below: 

W + KyP 

!2 ef Bfa 
Janbu: \= ^ s 

12 ef Efa 
Engineering News : R.a = s + ¿.i 

Pacific Coast 
Uniform Building Code: 

-f "h W + 1 

+ üäi 
+ A E 

where 

Ru = Ultimate pile capacity in lbs 

Eh = Rated hammer energy in ft lbs per blow 

e^ = Hammer efficiency 

W = Weight of driving ram in lbs 

P = Weight of pile in lbs 

L = Length of pile in in. 

A = Average cross-sectional area of pile in sq in. 

s = Average pile set in in. per blow for last 20 blows 
(s based on average for last foot of driving in 
this report) 
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E = Modvilus of elasticity of pile material in lbs per 
sq in. 

K = Coefficient of restitution: 0.25 for steel piles; 
0.10 for all other type piles 

K 
u 

c 
d 

Xe 
ef EhL 

A E s2 

The efficiency of the steam hammers was considered to be 84 percent for 

a hammer in first rate condition operating at the required speed at the 

rated steam pressure as recommended by „he manufacturer. Where the 

steam pressure at the ultimate pile penetration was less than the rated 

value, the energy was adjusted downwards in accordance with the follow¬ 

ing ratio: 

e 
f O.84 

Eh(ad justed) 
x E^(rated) 

where 

Eh(adj) = d (W + a p) 

d = Hammer stroke in ft 

W = Weight of driving ram in lbs 

a = Effective downward hammer piston area in 
sq in. 

p = Steam pressure in lbs per sq in. 

The average confuted efficiencies for the hammers used to drive the 

test piles on this project were: 0.78 for pipe piles; 0.81 for concrete 

piles; and O.84 for H-piles. The capacities confuted from the above 

formulas and the compressive failure loads for the test piles driven 

with the steam and diesel hammers are shown in Table 11. The ratio 

between the test failure load and the pile capacity computed from the 

dynamic formulas are also shown in this table for each pile. These 

ratios indicate that pile capacities computed from the Pacific Coast 

equation generally agree with the actual test failure loads better than 
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those confuted from the other equations considered, although the 

Janbu equation did have good agreement for several piles. For the 

pipe and concrete piles driven with the 14OC hammer and the timber pile 

driven with the 6í¡C hammer, the test failure loads were all within 

eight percent of the computed capacity. The ratios of the test 

failure loads for the steel H-piles driven with the 80C hammer to the 

confuted capacity from the Pacific Coast equation ranged from 1.25 to 

I.34. A ratio of 1.5 was similarly obtained for the 16-in. concrete 

pile driven with the DE40 diesel hammer. The agreement between the 

dynamic pile capacity curves confuted from the Pacific Coast equation 

and the test failure loads plotted at the recorded final field driving 

resistance for the last foot of drive is graphically illustrated on 

Plate 42 for pipe, concrete, timber, and steel H-piles. 

Hamnipr selection 

61. The dynamic driving curves may also be used for evaluating 

the construction capabilities of various pile and hammer combinations. 

From the shape of the dynamic curves, it is apparent that there is a 

limiting conpressive capacity obtainable for any specific pile and 

hammer. The flattening of the curve as the number of blows per foot 

increases indicates that beyond a certain point a considerable increase 

in the number of blows has little effect on the pile capacity. When 

this point is reached, driving becomes uneconomical. A comparison of 

driving curves for several hammers will readily demonstrate the 

desirability of using a heavy hammer which has a reasonable margin of 

energy over and beyond that needed to produce the desired capacity. 

Working capacities up to about 80 percent of the ultimate capacity as 

determined from the dynamic equation are generally readily obtained. 

62. flYftmnlp. An exanple of the use of the Pacific Coast dynamic 

equation to evaluate the driving potential of several pile hammers is 

shown on graph (a), Plate 43. In this exanple, it was assumed that 

the water table is at the ground surface and that a 16-in. diameter 

steel pipe pile was to have a conpressive capacity of 160 tons. Inspec¬ 

tion of the graph shows that all of the hammers considered will 

theoretically drive this pile to the desired capacity although the 80C 

steam hammer is marginal and would not be conducive to economical 

driving. Dynamic curves have also been used to determine the maximum 



I 
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size hammer that can he used without damaging the pile by overstressing 

it in compression either at the pile head for straight sided piles 

or at the center of load capacity for tapered piles. Ghellis (Ref 5) 

suggests correlating pile behavior with compressive stresses produced 

by the hammer. Stress magnitudes would be obtained by dividing the 

dynamic capacity by the cross-sectional area of the pile. For convenience, 

the fiber stress produced by driving may be plotted as duplicate 

ordinates with capacity on the dynamic curve as shown on graph (a), 

Plate 43* Stresses produced by the hammer would be limited to the work¬ 

ing stress of the pile materials or the hammer blows restricted to an 

allowable maximum. 

63. Driving stresses. While the magnitude of compressive and 

tensile driving stresses developed in prestressed concrete piles is 

controversial, comparison of field measurements with stresses calculated 

by means of wave equations, Hirsch, Sampson, and Lowery (Ref 6), show 

fair agreement. Conclusions reached from the above study regarding the 

development of driving stresses in concrete piling are listed below: 

&. For a given ram energy, a heavy ram produces lower 

stresses and more permanent set than does a light ram. 

£. A light or weak soil resistance produces larger 

tensile stresses in a pile than a high soil resistance. 

£. In general, long piles have higher tensile stresses 

than short piles. 

d. The cross-section of a pile has little effect on the 

tensile stress. 

£. In general, tensile stresses are greater for friction 

piles than for point bearing piles. 

£. A proper cushion is effective in the reduction of both 

tensile and compressive stresses. 

Inasmuch as the piling for this project will be driven in a high resis¬ 

tance soil and hammer weights and energies carefully selected, it is 

unlikely that the tensile stresses produced during driving will be 

detrimental to the pile behavior. It should be noted that an examination 

of test piles 5 and 11, which were pulled following completion of test¬ 

ing, revealed that discontinuous cracks had developed in the muddle 

third of the pile either during driving or handling. The cracking was 
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essentially the same for both piles despite the fact that one pile was 

driven with the HOC hammer and the other with the Bodine hammer. 

Flexure tests made on these piles and cm an undriven pile, previously 

discussed, showed that all three piles had essentially identical load- 

deformation characteristics. It was therefore concluded that the cracks 

were superficial and would not affect the structural behavior of the 

concrete piles. However, for production piles, it may be beneficial 

to pull and examine several piles for crack development at the 

initiation of the project, particularly if very heavy hammers are used. 

64. Driving limitations for the prestressed concrete piling were 

established using criteria developed from a literature study made by 

the U. 3. Arny Waterways Experiment Station in connection with the 

driving of long and heavily loaded piling for the Morganza Control 

Structure (Ref 7). Conclusions reached from this study supplemented by 

construction experience on the project (Ref 8) indicate that no 

material damage to the piling will occur if the driving energy per 

inch of penetration does not exceed 5,000 ft lbs per square inch of pile 

cross-section. This assumes that local overstress from eccentric 

driving or irregular pile surfaces will be prevented by using proper 

alignment and a suitable cushion in the driving head. 

Discussion of results 

65. The results of the pile driving studies provide a guide for 

selection of pile driving equipment and establishment of field driving 

criteria for the locks and dams to be founded on sands in the lower 

Arkansas River Valley. Correlations between driving resistance and com¬ 

pressive capacity provided by the Pacific Coast Unified Building Code 

dynamic equations can be used as a guide for selection of pile driving 

hammers and for determination of pile capacity at penetrations in excess 

of minimums established after consideration of scour and tensile 

capacity, e.g., see Plates 43 and 44 for hammer selection and pile 

driving criteria for ground water table at or near ground surface. 
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PART IV: JODEL PILE TEST PROGRAM 

66* The early techniques used for analyzing pile foundations 

subjected to lateral loads conpletely ignored the soil resistance; the 

ends of the piles were treated as either pinned or fixed, and the problem 

became strictly an exercise in structural mechanics. It was generally 

recognized that these techniques were extremely conservative in many 

cases and attests were made to modify them to take into account the 

effect of the soil resistance. Empirical techniques employing the 

results of field load tests (Ref 9 and 10) on groups of piles were also 

need to determine the lateral load capacity of piles under structures. 

More recently, design procedures, e.g. the one developed by Hrennikoff 

(Ref 11), take the soil resistance into account by assuming that the 

pile acts as a beam on an elastic foundation. The history of the develop¬ 

ment of theories for laterally loaded pile groups is given by Prakash 
(Ref 12). 

67. Although the design procedure developed by Hrennikoff accounts 

for the properties of both the soil and the pile, the answers given by 

these theories cannot be better than the data used regarding the soil 

properties. The most inportant items not generally considered by the 

presently available design techniques are: 

£. Variation of the subgrade modulus along the embedded 

portion of the pile. 

i* Group effect, i.e., the effect of piles on the lateral 

resistance of adjacent piles. 

c. Effect of repeated loading. 

d. Shearing resistance offered by the soil to the lateral 

movement of the pile cap. 

If a theory is to predict the behavior of a laterally loaded pile group 

with a satisfactory degree of accuracy, the above itens must be taken 

into account. Hrennikoff's procedure can be modified to include the fore¬ 

going factors provided that information regarding these factors is 

available. The following paragraphs describe briefly the effects that 

these factors may have on the behavior of a laterally loaded pile founda¬ 
tion. 
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68. The lateral subgrade modulus Is usually assumed to have a 

constant value with respect to depth regardless of the soil type. 

Terzaghi (Ref 13) has shown that the actual variation of the subgrade 

modulus with respect to depth for preloaded cohesive soils is considerably 

different, having a value near zero at the ground surface and transition¬ 

ing smoothly to nearly a constant value at some depth. Therefore, in 

using the theories now available, it is possible to make a mistake 

both with respect to the magnitude of the subgrade modulus and with 

respect to its variation along the pile. The error may result in an 

underestimate of the deflections sind moments by a factor of two (Ref 14). 

Furthermore, for gremular soils, Terzaghi has shown that the subgrade 

modulus is about zero at the ground surface sind increases in a nearly 

linear fashion with depth. 

69. In designing friction pile foundations, it is common to take 

into account a reduction factor for group loading. This accounts for 

the fact that a group of piles may not have the same capacity as the 

capacity of an individual pile multiplied by the number of piles in the 

group. A similar approach is required for groups of piles subjected to 

lateral loads. It has been shown by Prakash (Ref 12) that pile spacings 

on the order of 6 to 8 diameters are required before group action is 

eliminated with respect to lateral loading. Because pile spacings are 

generally on the order of three diameters, it is clear that group action 

should be considered. The effect of ignoring group action is to under¬ 

estimate the deflection for a given lateral load by a factor of approxi¬ 

mately two. 

70. Very little definitive information is available regarding the 

effect of repeated loadings on laterally loaded piles in sand. The 

information that is available indicates that for a given lateral load 

the deflection observed at the end of the first load cycle is approxi¬ 

mately doubled under the action of repeated loads. 

Objective 

71. The relationship between the behavior of a single, isolated, 

laterally loaded pile and the behavior of various piles in a group of 

similar piles can hardly be determined from field tests because physical 

and economical considerations preclude testing full scale structures. 

However, the results of lateral load tests performed on single piles in 



the field can he obtained economically, if a practical design procedure 

is to be developed, it should use the results of lateral load tests 

on single piles along with some relationship between the behavior of a 

single pile and the behavior of groups of piles. Therefore, the primary 

objective of the model test program was to develop for lateral loads 

the relationship between the load-deflection behavior of a single 

pile and the various piles in a pile group. 

72. Some information is available regarding the behavior of 

model pile groups consisting of up to nine piles (Ref 12). However, 

the foundations involved in the Arkansas River Project have on the OTder 

of 100 piles per monolith; the extrapolation from nine model piles to 

100 prototype piles was considered too speculative without further tests. 

The model testing program was carried out as an extension of the work 

presented in Ref 12 in order that the previous experience could be 

utilized as background information. 

73. Another important object of the model pile test program was 

to check the validity of a Hrennikoff-type analysis. This was carried 

out by using, as input data to the Hrennikoff-type analysis, coefficients 

that were determined experimentally rather than analytically. In this 

manner a check was obtained between the experinental and analytical 

results wherein the conparison of the two indicated the applicability 

of Hrennikoff's procedure. An experimental check of the Hrennikoff 

analysis had never been perforiæd previously. 

74. The model pile test program also had several secondary 

objectives. A series of tests was perforad to illustrate the variables 

affecting the bearing capacity of vertical steel piles. Lateral load 

tests were performed on both steel and aluminum piles to show the effect 

of pile size, length, and stiffness on the lateral soil resistance. 

The lateral load tests also illustrate the variation of the subgrade 

modulus with respect to depth. Another series of tests was performed to 

illustrate whether or not one lock wall affected the behavior of an 

opposing lock wall. 

Scone 

75. The scope of the model pile test program is set forth in 

Table 2. Five series of tests were performed; each test series was per¬ 

formed in separate beds of sand. Those tests that were to be compared 
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directly with each other should have relatively minor variations in the 

soil properties because they were performed in the same bed of sand. 

The five beds of sand used in these tests have been designated A through 

E. The tests are numbered numerically within each sand bed designation, 

for exançle, Tests A1 through A22. 

76. Tests A1 through A18 were made to evaluate the effect of 

varying the size, shape, and length of a pile on the vertical bearing 

capacity of the pile. Tests A19 through A22 were made to evaluate the 

effect of the flexural stiffness of the pile on the soil resistance 

offered by the soil to the pile. 

77. Tests B1 through B3 were made to conpare the soil resistance 

offered to a single isolated laterally loaded pile with that offered to 

a wall. The tests also illustrate the influence that one lock wall 

may have on the movement of an opposing lock wall. 

78. Test Cl was made to verify those aspects of the Hrennikoff 

analysis related to structural mechanics. Three pairs of piles were 

capped to form a group; one pair was vertical, one was battered with the 

direction of the lateral load, and one was battered against the direction 

of the lateral load. The group was then subjected to both vertical and 

lateral loading. The test results were compared with theoretical 

predictions from the Hrennikoff analysis using the experimentally deter¬ 

mined axial and translational stiffnesses at the pile heads. 

79. Tests D1 through D3 were made on two carefully scaled model 

walls, each consisting of three lock wall monoliths; the walls were 

placed opposite each other at a scaled distance of 110 ft, the width of 

the locks in the Arkansas River project. One wall was supported on 

vertical piles only (Test Dl), and the other wall supported by batter 

piles only (Test D2). In Tests Dl and D2, the walls were loaded 

individually and the lateral deflection measured for various lateral 

loads. In Test D3, the walls and foundation piling for Tests Dl and D2 

were loaded simultaneously with repetitive lateral loads. 

80. Test El was made on a scaled model of three monoliths of a 

typical dam section supported on batter piles. Repetitive lateral 

loadings were applied to each monolith and the deflections measured. 
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Test Series A 

Purpose 

81. The general purpose of Test series A was to gain experience 

with the model materials that had been selected and to define numerically 

the parameters controlling their behavior. The test series also had 

as its purpose the verificâtion of the model techniques. Tests A1 through 

A18 show the effect on the vertical bearing capacity of varying the 

width, shape, and length of the pile. A consistent pattern of results 

was obtained, which indicated that model techniques could be used to 

determine the effect of these variables on the bearing capacity of a 

pile in sand. Tests A19 through A22 show the effect of varying the 

flexural stiffness of the pile on the soil resistance offered to the pile. 

These tests illustrated that the flexural stiffness of the pile has a 

minor effect on the soil resistance, and confirm that the subgrade modulus 

for granular materials has a triangular variation with respect to depth. 

Description of modgl 

82. Tests A1 through A18 consisted of applying compression loads 

on l/2-in., 3/4-in., and 1-in. diameter model piles with embedded lengths 

of 12 in., 24 in., and 36 i-i. for each of the three different diameters. 

A similar series was performed on square piles having dimensions of 

1/2 in., 3/4 in., and 1 in. The pile size and the embedded length for 

Tests A1 through A18 are given in Table 13. All the piles were made of 

steel and had a length 6 in. longer than the embedded length; the tips 

were flat. The extra length was required for instrumentation purposes. 

Lateral load tests were performed on piles in Tests A19 through A22. 

Test AI9 consisted of an instrumented, l/2-in. square, hollow, steel 

pile; the strain gage configuration was the same as that for the aluminum 

piles. Tests A20 and A21 were solid steel bars, l/2 in. square anH 

I/2 in. X 1 in., respectively. Test A22 was an aluminum monitor pile. 

83. The location in plan of each test in Series A is shown on 

(a), Plate 45. The tests were performed in a bin 4 ft in diameter with a 

depth of 4 ft. The pile spacing in plan was chosen so that neither an 

adjacent pile nor the wall of the tank was closer than 6 in. to the 

pile being tested. In addition, no two adjacent piles had the same length; 

this avoided disturbance of one pile by the soil motions that occur at 



an adjacent pile. A photograph (b) of the test set-up is 

shown or. Plate 45. 

84. All the piles were supported initially from cross members 

placed across the soil tank. The sand was then rained into the bin 

as described in Appendix A. After the tips of the piles of each of the 

three different lengths were embedded from 3 to 6 in. during the 

raining process, the piles were given a slight axial load to insure that 

they seated properly in the sand. The remainder of the sand was then 

placed and the falsework supporting the piles removed. 

Procedures 

ítesríflg capacity tests. The arrangement that was used to 

apply the axial loads to the piles and to measure the axial deflections 

is shown on (b), Plate 45. A hydraulic ram was mounted over the piles in 

series with a sensitive proving ring. A cantilever arm attached to the 

pile head served as a reaction for the dial indicator that was used to 

measure the axial deformation. The piles were loaded to failure in 

approximately 10 min. 

86. The observed test data consisted of the load applied to the 

pile and the corresponding deflection. The test data were plotted as 

the test progressed to insure that a sufficient quantity of data was taken. 

In general, the quantity of observations taken was more than double that 

needed to define the relationship between load and settlement. Tie 

proving ring had a sensitivity of approximately 0.0008 in. per lb of load. 

The axial settlements were measured with an extensometer with a 0.001-in. 

per division dial indicator. 

~te?ts • Lateral loads were applied to piles A19 

through A22 at the ground surface. This was accomplished by placing a 

string around the pile and carrying it horizontally over a pulley from 

which a hanger-and-weight system was suspended. The deflections were 

measured at the ground surface by means of a 0.0001-in. per division dial 

indicator. The loads were applied in 1-lb increments up to a total of 

6 lbs; the deflection was observed for each load increment. For Tests 

A19 and A22, the bending moments were observed along the embedded portion 

of the piles by means of SR-4 strain gage instrumentation for eacn 

applied load. 
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Analysis of 

88. Bearing capacity testa. The observed load-settlement 

relationships for Tests A1 through A18 are plotted on graphs (c) and 

(d) on Plate 45 and graphs (a) through (d) on Plate 46. Failure was 

defined by arbitrarily selecting a point on the load-settlement curve 

where it appeared to become tangent to a steep and straight line 

approaching ultimate failure. After the failure load had been defined, 

it was conected for the weight of the pile and attached equipment. 

All tests were treated in a similar manner to arrive at the corrected 

failure loads listed in Table I3. 

89. A lateral earth pressure coefficient of O.33 was arbitrarily 

assumed in analyzing the test data; however, this coefficient of 

earth pressure takes into account the fact that sand was placed around 

the pile instead of the piles being driven into the sand. The sliding 

friction angle for steel on sand was determined in the soils laboratory 

of the University of Illinois to be 23°. By use of the Terzaghi 

formula, 0-values were determined which make the theory and the test 

results compatible; this was accomplished by substituting the experi¬ 

mentally determined components and solving for 0 at the pile tip. The 

0-values were c nsistent and ranged from 36° to 38°. For comparison, 

the 0-value of the sand used in the model as obtained from a triaxial 

test was 36.4°. The ultimate capacity of the model piles as a function 

of the embedded depth is shown for round piles (a) and square piles (b) 

on Plate 47. The curves through the points indicate the theoretical 

values computed from the Terzaghi formula for the 0-value indicated. 

Therefore, the theory accounts satisfactorily for variations in size, 

shape, and length of the piles. 

90. Lateral 'tes-frs. The load-deflection relationship observed 

at the ground surface for the l/2-in. diameter aluminum monitor pile 

(A22) was analyzed according to the procedures described in Appendix B. 

The observed moments for lateral loads of 2, 4, and 6 lbs have been 

plotted vs depth on graph (a), Plate 48; the deflections corresponding 

to these loads are given in the accompanying tabulation. The coefficient 

of horizontal subgrade reaction (n^) was determined for each of the 

loads applied to the pile; 1^ has been plotted vs deflection on graph (b), 

Plate 48. It is clear that is dependent on deflection. The 

-55- 



I 

dependence is not as serious as it might appear because the deflections 

and moments depend on approximately the square root of the absolute 

magnitude of therefore, variations in have a relatively small 

effect on design calculations. From the relationship on graph (b), 

Plate 48, it is clear that high values of n^ exist at small deflections 

(0.01 in.), presumably corresponding to elastic behavior of the soil 

near the ground surface. The soil near the ground surface tends to 

become plastic at larger deflections (0.05 in.) with a resulting 

decrease in r^. Beyond the region of relatively low deflections, the 

vs deflection relationship is nearly constant; for the pile tested, 

the minimum value of n^ is approximately 8.5 lbs per cu in. Theoretical 

moments were confuted as described in Appendix B and are plotted as 

curves with the test data on graph (a), Plate 48. An excellent 

correlation between the theoretical and experimental results was obtained 

indicating that the assumption of a triangular variation of subgrade 

modulus in granular materials with respect to depth is correct. 

91. On the assumption that the n^ vs deflection relationship for 

the monitor pile (A22) is valid, theoretical moments were computed for 

test pile AI9 and the moments plotted on graph (a), Plate 49, along with 

the experimental data. In the calculations for moment at a given load 

(Qg) and deflection (Yg), 1^ was taken from graph (b), Plate 48, as the 

value corresponding to the deflection (Y ). Again, an excellent 
ë 

correlation of theoretical and observed moments was obtained. It should 

be noted that the pile used in the test, test pile A19, had a flexural 

stifiness of 7.30 x Hr lb-in. which is approximately five times that 

of the hollow aluminum monitor pile (1.5 x 10^ lb-in.2). Therefore, if 

the coefficient of horizontal subgrade reaction is dependent on the 

flexural stiffness of the pile, the dependency is minor and of no 

consequence. 

92. The theoretical deflections for test piles A20 (0.5 in. wide) 

and A21 (l.O in. wide) were predicted using the vs deflection 

relationship for the monitor pile on graph (b), Plate 48. The values 

of nh were taken from graph (b), Plate 48, at corresponding deflections, 

as for pile A19. A theoretical load-deflection curve for each pile 

has been plotted on graph (b), Plate 49, along with the observed data. 

As the correlation between the theoretical and experimental results is 
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satisfactory, it may be reasoned that 

pile (from 1/2 in. to 1 in.) does not 
modulus. 

a variation in the width of the 

significantly alter the subgrade 

93. The values obtained for the coefficient of horizontal sub¬ 
grade by evaluation of the monitor pile test data can be used with 

piles of different flexural stiffnesses and different widths. This 

allows the computation of deflections and moments for other types of 

piles embedded in the same soil. The tests also indicate the validity 

of the assumption that the subgrade modulus is essentially zero at 

the ground surface and increases linearly with depth. Therefore, it i£ 

concluded that the assumed variation of subgrade modulus with respect 

to depth is appropriate for granular soils and that the coefficient of 

onzontal subgrade reaction does not va^r significantly with changes 

m the width or flexural stiffness of the pile. Furthermore, the model 

materials and techniques selected give a reasonable representation of 
prototype behavior. 

assï aeries n 

Purpose 

94. This test series had two purposes; (1) to compare the soil 
resistance offered to a pile with that offered to a wall, (2) to 

demonstrate Aether or not one lock wall can influence the deformation 

of an opposing lock wan. The influence of opposing lock walls was to 

e determined by comparing the load-deflection curves for two walls whs 
loaded individually with those for simultaneous loading, 
description of moriPi 

95. A plan and section of the model walls are presented on draw- 

ings (a) and (b), Plate 50. The tests were performed in a tank 9 ft-4 i 

y ft-6 in. by 2 ft-6 in. deep. Two walls were nnnufactured from 

steel plate 10 in. x 36 in. x 3/4 in.; they were embedded 6 in. and 

spaced 33 in. apart, corresponding to 110 ft in the prototype. In addi 

tion, two V2-in. square x 10-in. long steel bars were used as individu 

Piles; they were also embedded 6 in. The walls were loaded at approxi¬ 

mately their lower third point to reduce the tendency of the walls to 

rotate as they were translated. A hydraulic ram was used to supply the 
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load to a 2-ft long arm welded to the back of the wall. The force was 

measured by means of an SR-4 strain gage dynamometer on the head of 

the ram. Deflections were measured by means of dial indicators reading 

to 0.0001 in. per division. Three dial indicators were used for each 

wall; one at each end of the wall and the other approximately 6 in. 

above one of the lower dials. Because the distance between the dials 

was known, the data could be converted to horizontal and vertical 

rotations in addition to the translation. A photograph of the test 

apparatus is shown (c) on Plate 50. 

96. The piles were loaded laterally at the ground line by means 

of weights suspended on a string running over a pulley to the piles. 

The movement of the piles was recorded at the ground surface by means 

of a dial indicator reading to 0.001 in. per division. 

97. The tests on the two piles vrere carried out by adding loads 

in increments and recording the deflection for each load. A preliminary 

test indicated that the wall models had an ultimate capacity of approxi¬ 

mately 250 lbs. The test loads were, therefore, limited to approximately 

150 lbs. Each wall was loaded up to 150 lbs and unloaded four times. 

The fourth load cycle gave essentially the same behavior as the second 

and third load cycles; therefore, it was concluded that the behavior 

under the fifth load cycle could be predicted from the fourth load cycle. 

By this procedure, the effect of the opposing wall could be determined 

when both walls were loaded together. After the cyclic loading of each 

wall, both walls were loaded simultane,usly. 

¿flato? is sL data 
98. In order to compare the data for both the piles and the walls, 

the load on the walls has been expressed as that acting on a l/2-in. 

width. In this manner, a direct conparison is obtained between the soil 

resistance offered to an isolated pile l/2-in. wide and that offered to 

a wall that is essentially infinitely long. The load for a l/2-in. 

width has been plotted vs the corresponding deflection on graph (d), 

Plate 50. The load-deflection relationships for the individual walls 

are those for the fourth cycle which is presumed to be nearly that which 

would have been observed for the fifth loading cycle for each wall when 

loaded individually. The walls encountered more resistance when loaded 
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simultaneously than when loaded separately; this resulted in a 10$ to 

15$ reduction in deflection for a given load. For a given load 

per unit of width, the walls deflect approximately 10 to 15 times as 

much as the piles. 

99. The tests clearly illustrate the striking difference in the 

behavior of a wall as conpared to that of a single isolated pile. The 

reduced deflection observed ’under a given load when both walls were 

loaded simultaneously, as opposed to when they were loaded individually, 

is to be expected on theoretical grounds. However, the reduction in 

deflection is not significant enough to warrant a change in design 

procedures. 

Test Series n 

Purpose 

100. Test series C was designed to conpare the behavior of a pile 

group, containing vertical piles and batter piles oriented in different 

directions with respect to the load, with the behavior theoretically 

predicted according to a Hrennikoff-type analysis. The axial and 

translational stiffnesses of the pile head were determined experimentally. 

On the basis of these measurements, the rotational stiffness of the 

pile head could be conputed. The experimental data supply the infornation 

required for the structural mechanics aspects of the Hrennikoff analysis. 

Description of mndPl 

101. The piles in Test C were located in the same 4-ft diameter 

tank used for Test series A. The layout of the pile group is shown 

(a) on Plate 51, which also shows the location of the monitor pile. Two 

rows of three piles each were oriented in the direction of the horizontal 

loading; the space between the rows was 3 in. center to center. In the 

direction of loading, the piles were spaced 5 in. center to center. 

According to Ref 12, these pile spacings should assure that the behavior 

of one pile does not interfere with the behavior of an adjacent pile; 

therefore, group action under lateral loading was eliminated as a 

variable. The six piles were divided into a pair of vertical piles at 

the center of the group, a pair of piles on a 3:1 batter in the direction 

of the lateral load, and a similar pair battered away from the load 
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(shown on (b), Plate 51). The piles were embedded 21 in. into the sand 

and extended 4 in. above the sand surface. A 9 x 15 x 2-l/2-in. thick 

pile cap was poured around the piles; the cap material was "hydrocal." 

102. Vertical loads were added to the pile group by placing weights 

directly on the cap. A photograph of the loaded pile cap with the 

attached instrumentation and horizontal loading equipment is shown (c) 

on Plate 51. Two dial deflection indicators reading to 0.0001 in. per 

division were placed behind the group; these indicators measured hori¬ 

zontal rotation as well as translation. A level bubble with a sensi¬ 

tivity of 5 sec per division was placed on the pile cap to measure 

rotation in a vertical plane. The horizontal load was applied with dead 

weights and a pulley system. 

PrQcgflqrq 

103. The pile group was tested under two different loading condi¬ 

tions. First, vertical and horizontal loads were added up to loads of 

50 lbs vertically and 51 lbs horizontally (see loading schedule, Table 

14). In this case, the pile cap was in contact with the sand which 

offered some resistance to both vertical and horizontal movements. A 

second loading condition was produced by removing approximately I/8 in. 

of sand from beneath the pile cap. In this case the pile cap and the 

loads added to the cap were supported entirely by the piles. A maximum 

vertical load of 50 lbs and a maximum horizontal load of 31 lbs were 

applied. The rotations and horizontal deflections of the pile cap were 

measured for each loading condition along with the bending and axial 

strains acting in the piles. 

104. Before the piles were capped, the axial and lateral stiffnesses 

of each pile were determined by measurement. These values were used to 

determine the input data to a Hrennikoff-type analysis. The axial stiff¬ 

ness was obtained by adding axial loads up to 6 lbs, repetitively; the 

load-deflection relationship for each cycle was observed until it became 

clear that the behavior was essentially elastic and that the relationship 

for the next cycle of loading could be predicted. The lateral modulus 

was obtained by applying a 4-lb load at the ground line, and measuring 

the deflection at the same point. Generally from four to five cycles of 

loading were required before the behavior became nearly elastic and the 
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load-deflection relationship for the next cycle could he predicted. 

Both moduli were determined for the last loading cycle; these moduli were 

expected to apply after the piles were capped and loaded as a group. 

Analysis of data 

105. The load-deflection relationships at the sand surface and 

the moment vs depth relationships have been treated in the manner 

described in Appendix B. The moment vs depth relationship for a 4-lb 

load applied to the single isolated monitor pile is shown on graph (a), 

Plate 52. It should be noted that this pile is useful for judging the 

relationship of Test series C to any other test series performed in this 

investigation, but it is not applicable directly to the pile group for 

the reasons given below. The moment vs depth curves for a 4-lb normal 

load applied to each of the pairs of piles tested are given on 

graphs (b), (c), and (d), Plate 52. It was assumed that batter piles 

could be treated in the same manner as vertical piles. The deflections 

and T-values are also given for each pile in the accompanying tabulation. 

The T-value for the monitor pile is approximately 40$ higher than that 

for the pair of vertical piles because the T-value for the pair of 

vertical piles is for the fourth or fifth load cycle, whereas that for 

the monitor pile is for the first cycle. If a standard of comparison 

is desired for the six piles in the group, it is suggested that tne two 

vertical piles be used as the standard. 

106. The horizontal load has been plotted vs the horizontal deflec¬ 

tion on Plate 53 for each of the two pile cap conditions (resting on the 

sand and clear of the sand). The solid line represents the case with 

the pile cap resting on the sand; the numbers preceding the letter V 

represent the total vertical load in lbs that is on the pile group at the 

point in question. Ir this manner, a complete load-deflection history 

of the pile cap is given. The dashed line represents the load-deflection 

relationship when the pile cap was not touching the sand. This has 

been plotted as though it started from the same zero point as the first 

load test. Note that considerably more deflection is observed when 

the pile cap does not touch the sand than when it rests on the sand. 

Hrennihoff theory 

107. The experimentally determined pile constants have been inserted 

into the Hrennikoff-type analysis for the purpose of predicting the 
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deflection of the pile cap and the moments at the pile heads. Tf.ble 15 

lists the pertinent information regarding the pile stiffnesses. By 

using the T-value and the expressions in par. 55, the translational and 

rotational stiffnesses of the piles have been computed as recommended 

by Hrennikoff (Ref 11); the stiffnesses have been divided by the axial 

stiffness to get the Hrennikoff ratios, r^, r2, and r^. For the condi¬ 

tion where the pile cap was not touching the sand, and for a horizontal 

load of 31 lbs and a vertical load of 50 lbs, the moment, shear, and 

axial loads at the pile head were confuted by a Hrennikoff-type analysis 

and are listed in Table 15. The experimentally determined moment, 

shear, and axial loads are also listed in Table 15 for conparison. The 

conparison of moments is remarkably good and the conparison of the shears 

is quite acceptable. However, the axial loads in the pair of piles 

battered away from the hoxizontal load is approximately 2.5 lbs higher 

than the computed values of 0.4 lb, whereas the axial load in the pair 

of vertical piles is approximately 3*5 lbs lower than the conputed value 

of 9.5 lbs. A good check was obtained for the pair of piles battered 

with the load (15.4 lb conpared to 16.1 lb conputed). If the pile cap 

was not perfectly rigid the observed discrepancies would be anticipated. 

Considering that the possible experimental error in determining the 

snailer axial loads (described in Appendix A) is near the magnitude of 

the actual loads under consideration, the conparison of the axial loads 

can be classified as acceptable. For the maximum pile load, which is 

the load upon which a design is usually based, the discrepancy is less 

than 5fo. A lateral deflection of 0.0074 in. was predicted theoretically 

whereas the msasured value was 0.0088 in., or 19$ more than the predicted 

value. 

108. Test C demonstrates clearly that a triangular variation of 

the subgrade modulus is appropriate for conputing the pile head constants 

for use in a Hrennikoff-type analysis. Furthermore, the fixity of the 

pile head should be considered in the analysis (the foregoing conparison 

between experiment and theory assumed that the pile head was fixed). 

If these refinements are accounted for, then a Hrennikoff-type analysis 

will probably give results that are sufficiently accurate for design 

purposes. 
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Test Scries D \ 

Purpose 

109. The purpose of Test series D was to perform lateral load 

tests on scaled models of the actual pile groupings under consideration 

for two of the lock wall monoliths. Two wails, consisting of three 

monoliths each, were constructed opposing each other as they would in an 

actual lock; the distance between them was equal to 110 ft in the 

Prototype, or 44 in* in the model. The influence of the piles beneath 

one lock wall on the deformation of the piling beneath an opposing 

lock wall was to be determined by testing both walls at the same time. 

The lock walls were also to be subjected to repetitions of load to 

evaluate the influence of cyclic loading. In addition, the behavior 

of single isolated piles was to be determined for comparison with the 

behavior of piles within the groups. 

Description of mod-1 

110. Pile groups. A plan of the model used for Test series D is 

shown (a) oi Plate 54* The three monoliths labeled VI, V2, and V3 

comprise thî wall founded on vertical piles. Similarly, the three mono¬ 

liths labeled Bl, B2, and B3 conçrise a wall supported by batter piles. 

Two single isolated monitor piles were placed near monoliths V3 and 

B3; these were tester and removed before the monoliths were tested. A 

photograph of the pile caps on the piling for the two model walls is 

shown (a) on Plate 54. All tests were performed in the same tank used 

for Test Series B. 

111. The scale factor for the pile group is the width of the model 

pile (:i/2-in.) conpared to the width of a prototype pile. For a 14-in. 

wide pile the scale factor is approximately 1:28; the scale factor for 

other piles can be determined similarly. The center to center pile 

spacing in terms of pile width is the important variable with respect 

to group loading. The B monoliths contained 96 piles each, part of 

which are battered 3s1 towards the lock chamber while the remainder were 

battered 5:1 away from the lock chamber. A plan is shown (a) on Plate 55 

of the pile layout for the B-monoliths which are essentially models of 

the land wall monoliths for Lock 3. The V-monoliths had 99 piles each 

with a pile spacing of four diameters in both directions (see (b), 
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Plate 55). This contrasts to the pile spacing of four diameters 

laterally in the battered pile groups, and 3*2 diameters parallel to 

the load. For the batter pile groups, the significant spacing is 

the 3.2-diameter spacing parallel to the load. 

112. Construction of models. Sand was placed in the tank up to 

a level 16 in. below grade. Then a jig was placed that would hold the 

model piles in position while the sand was placed around them. The 

piles were put into position at their proper location in plan anu given 

the proper batter; they were then tapped to grade with a small hammer. 

Photographs of the piling for the two lock walls during construction 

are shown on (a) and (b), Plate 56. After the piles were positioned, 

the sand was placed as described in Appendix A. Forms were made with 

3/8-in. plywood and the pile caps were poured using "hydrocal." The 

pile caps were separated by 3/8-in. and had a height of 8 in. at the 

rear sind 4 in. on the lock chamber side. Masonite strips l/8-in. thick 

had been placed between the pile rows beneath the pile cap before the 

cap was poured. These strips were removed after the forms had been 

stripped in order to separate the pile cap from the subsoil. This 

allowed the entire weight of the pile cap to be carried by the piles. 

113. Loading and instrumentation. Six hydraulic jacks, each 

having SR-4 strain gage dynamometers mounted cm the head, were used to 

load the model monoliths (see (b), Plate 54). The load was applied 

6 in. above the sand surface, thus applying a moment as well as a lateral 

load. Each monolith had three dial indicators mounted on the back; 

two of the dial indicators were near the sand surface whereas the third 

was 6 in. above one of the lower dials. Because the distance between 

the dials was known, both the vertical and horizontal rotations could be 

computed in addition to the horizontal translation. A total of twelve 

instrumented piles were installed in the monoliths. Five of the vertical 

piles were instrumented, three in monolith V2 and two in monolith V3. 

Seven of the batter piles were instrumented, five in monolith B2 and two 

in monolith B3. The instiumented piles were located as shown on (a) 

and (b), Plate 55. 

Procedure 

114« The procedure for loading the model foundation piling was to 

load each monolith individually for two or three cycles before loading 
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Analysis of data 

117. The relationships between lateral load and lateral deflection 

for monoliths V2 and B2 are shown on graphs (a) and (b), respectively, 

Plate 57. In order to have a standard of comparison throughout the 

test program, the lateral load has been plotted in terms of pounds per 

pile. The lateral deflection at the surface of the sand was determined 

by averaging the two deflection dial readings and then correcting them for 

the observed vertical tilt of the monolith, taking into account the 

distances that the gages were located above the sand surface. 

118. The load-deflection curves show the loading history of each 

monolith. The cycle numbering sequence begins with the 4-lb load; 

these are labeled 1 through 3 on Plate 57. Under the cyclic loading, 

when both walls were loaded together, the numbering sequence for the 4-lb 

loading continued consecutively starting with cycle 4. 

119. It should be noted that end monoliths VI, V3 and Bl, B3 were 

included in the test program for the sole purpose of assuring that 

the center monoliths, V2 and B3, behaved as typical interior monoliths. 

Considerable distortion of the end monoliths was observed during testing. 

As was anticipated, more resistance to movement was observed along the 

outer edges of the end monoliths than occurred at the edges adjacent 

to the center monoliths. Because of this, the end monoliths twisted in 

the horizontal plane. No proven analytical techniques are available for 

pile groups in torsion; therefore, the analysis of the end monoliths is 

outside the scope of this investigation and the data are not presented 

herein. 

120. The moment vs deflection relationships for the two monitor 

piles (1 and 6) are given on graphs (a) and (b), Plate 58. Moments have 

been plotted for loads of 2, 4, 4 lb after 5 cycles of loading, and for 

zero load at the end of the test. Some increase in both deflection and 

maximum moment was observed under the cyclic loading in monitor pile 1. 

However, the first 4-lb load on monitor pile 6 was accidentally applied 

with i.4>act; therefore, the deflection and moments on the first cycle 

exceeded those for the fifth cycle. As in previous tests, the conparison 

of theoretical moments with the observed moments supports the assumption 

of a triangular variation of subgrade modulus with respect to depth. 
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121. The moment vs depth relationships for the eight instrumented 

piles under monoliths V2 and B2 are shown on graphs (a) through (d) 

of both Plates 59 and 60 for the initial 2-lb loadings when the mono- 

liths were loaded individually and also when they were loaded as part 

of a wall. In addition, a theoretical curve has been plotted for one of 

the loads for each pile. The theoretical curves support the conclusion 

that a triangular variation of the subgrade modulus with respect to 

depth is appropriate, regardless of the wide variation in the behavior 

of different piles in the pile group. Large variations between the 

theoretical curves and the experimental data occurred for several piles 

m the end monoliths because they were subjected to torsion in addition 

to lateral load. Pile 4, which was located in the center of monolith V2 

attracted approximately twice the shear anticipated. The cause of this 

unexpected stiffness is unknown. However, piles 3 and 5 in monolith V2 

behaved as anticipated and may be considered representative of the piles 

in the group. Generally, for the batter piles, the maximum theoretical 

moment exceeded that observed experimentally; this is consistent with the 

remainder of the test program, including the field tests. 

122. grÇMP fictiçn. Before group action is considered, the effect 

of one lock wall upon an opposing lock wall deserves some comment. The 

load deflection histories for the center monoliths, V2 and B2, show 

three cycles of the 4-lb per pile loading while each wall was being tested 

individually. The feurth cycle is the first 4-lb per pile loading when 

both walls were loaded together. An insignificant reduction in deflection 

was observed for monolith V2. The change in deflection between cycle 2 

and cycle 3 is several times that observed between cycle 3 and cycle 4. 

However, for monolith B2 only a veiy small change was noted. It was con¬ 

cluded from Test Series B that the influence of one lock wall on an 

opposing wall would be negligible for design purposes. The foregoing 

interpretation of the load deflection relationships for Test Series D sup¬ 

ports this conclusion. 

123. In the analysis of group action, only monoliths V2 and B2 will 

be discussed. It can be noted from Plate 57 that the behavior of 

monoliths V2 and B2, when loaded individually, is very similar to that 

when loaded as part of a wall. Therefore, the conclusions drawn for the 

center monoliths as individuals will apply when they are loaded as part 

of a wall. 
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124* A Hrennikoff-type analysis was performed for monolith V2 

when subjected to a lateral load of 2 lbs per pile. The analysis 

indicated that tension loads in several of the piles exceeded the tension 

capacity of the piles. In a supplementary test, it was determined 

that the axial stiffness in tension was 1000 lbs per inch and that a 

failure occurred at approximately 6 to 7 lbs per pile. Therefore, the 

test results at a lateral load of 2 lbs per pile would be expected to 

give deflections that are higher than would be the case if the tension 

capacity were not exceeded. To avoid this difficulty an analysis was 

made for a load of 1 lb per pile. An average T-value of 4.4 in. was 

computed for monolith V2 assuming that the pile heads were fixed at 

the pile cap and making an allowance for tilt of the pile group 

(0.0005 rad). If this T-value is compared to that for the monitor piles 

(T = 3.39), the T-multiplier (T for the group/T for an individual) 

becomes I.30. However, the T-values for the monitor piles were somewhat 

less than those for certain individual piles that were tested around 

the periphery of monolith V2 because the sand adjacent to the piles 

within the pile group was less dense than that around the isolated 

individual piles. It is believed, therefore, that a more reasonable 

comparison can be made using the T-values for the piles tested at the 

periphery of monolith V2 as individuals than by using the monitor piles. 

The T-value for the individual piles in monolith V2 was 3.53 in.; on 

this basis, a T-multiplier of 1.25 is obtained. The T-multiplier of 

1.25 obtained for a pile spacing of four pile widths equals the value 

for a spacing of three pile widths observed by Prakash (Ref 12). There¬ 

fore, the T-multiplier for large groups is slightly higher than that 

for the smaller groups tested by Prakash. 

125. A Hrennikoff-type analysis for pile group V2 was performed 

using T = 4*4 in., El = 1.5 x 10H lb-in.an average load of 1 lb per 

pile, and an axial stiffness of 1600 lbs per in. as determined by 

calibration of several piles in the pile group. A theoretical lateral 

deflection of 0.0062 in. was computed using these data compared to the 

0.0075 in. actually observed. Therefore, a Hrennikoff-type analysis 

gives a reasonable prediction of the actual deflections. 

126. A Hrennikoff-type analysis was performed for monolith B2 with 

the same input data as for monolith V2. No tension loads were computed 
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that exceeded the tension capacity of the piles. The observed lateral 

displacement was 0.0038 in., whereas the computed displacement was 

O.OO33 in. It is probable that the discrepancy between these two values 

could be reduced considerably if a T-value higher than 4.4 in. were 

used. It should be noted that the pile spacing in group B2 is 3.2 pile 

widths compared to 4*0 pile widths for group V2. Under these conditions, 

a higher T-multiplier number should be expected; this corresponds to 

a higher T-value. Therefore, a higher computed displacement would 

result if this correction were made. The comparison is considered 

satisfactory without the correction. It is concluded that a Hrennikoff- 

type analysis provides a reasonable method for predicting the deflection 

of a laterally loaded pile group provided that the proper axial stiff¬ 

nesses and the proper variation of the subgrade modulus with respect to 

depth are used in the analysis. 

127. Repetitive loading. The aforementioned considerations, 

including the fact that the tension capacities of the piles were exceeded 

in the vertical pile monoliths at 2 lbs per pile load, and in the batter 

pile monoliths at 4 lbs per pile load have obscured somewhat the results 

obtained from the cyclic loading portion of the test program. An 

inspection of the load-deflection curves on graph (a), Plate 57, for 

monolith V2 indicates that at the 4-lb load the ratio of the deflection 

for the last cycle of loading to that for the first cycle of loading is 

1.5. An extremely large deflection was noted under the first cycle of 

4-lb loading. The cyclic loading produced an increase in deflection 

of approximately 50 percent, whereas a value of approximately 100 percent 

was anticipated (Ref 12). It is clear that this behavior must be 

related to the fact that the tension piles were not fully effective 

and that the compression piles were apparently becoming more effective. 

128. An inspection of the load-deflection curves on graph (b), 

Plate 57, for monolith B2 shows that the ratio of the deflections for 

the last cycle of 4-lb per pile loading to the first cycle is 2.87. 

This behavior probably was caused by tension piles that were failing 

progressively, thereby increasing the deflection of the monolith. There¬ 

fore, the deflection ratio of the last cycle to the first cycle should 

be interpreted downwards from 2.87. It is probable that the deflection 

ratio has a value between 1.5 and 2.87. 
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129. Tension pile behavior. In both of the aforementioned 

Hrennikoff-type analyses, 1600 lbs per in. was used for the axial stiff¬ 

ness of the piles. If those piles that were in tension were treated 

as though they had a stiffness of 1000 lbs per in. as determined by 

test, the confuted deflections would have been somewhat higher and would 

have agreed more closely with the observed deflections. 

Test E 

Purpose 

130. The purpose of Test series E was to perform lateral load 

tests on a scaled model of the piling beneath three dam monoliths. The 

dam monoliths were to be subjected to repetitions of load to evaluate the 

influence of cyclic loading. In addition, the behavior of single 

isolated piles was to be determined and compared to the behavior of piles 

within the group. 

Description of model 

131. Pile groups. A plan (a) and photograph (b) of the model used 

for Test series E are shown on Plate 61. The three monoliths, labeled 

MI, M2, and M3> represent a pier monolith and two sill monoliths on 

either side of the pier. The pier monolith was chosen as the center 

section because it has the largest number of piles and, therefore, should 

be subject to the greatest effects from group action. A single isolated 

pile was placed near monolith M2 as shown on (a), Plate 61. 

132. A- plan (a) and photograph (b) of the piles in monoliths ML 

through M3 are shown on Plate 62 on which the directions of the batter 

of each row of piles are indicated. A total of 245 piles was used for 

test E. The sill monoliths had 47 piles each, whereas the pier monolith 

had a total of 150 piles. All piles in the group were battered 3:1. The 

pile spacing was approximately three pile widths in the direction of 

the loading, but somewhat greater in the sill monoliths in the direction 

normal to the loading. For pier monolith iß, the spacing was three pile 

widths in both directions. For 14-in. wide piles, the scale factor is 

approximately 1:28; for other sizes of prototype piles the scale factor 

would be proportional. 
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133. finnat.-nifvhion of models. Sand was placed up to a level 12 in. 

below grade. Then a jig was placed to hold the model piles in position 

while sand was placed around them. The piles were put into position 

at their proper location in plan, given the proper batter, and then 

tapped to grade with a small hammer. It should be noted that the piles 

were tapped a greater distance into the sand in these tests than was 

the case in Test series D. Therefore, their axial stiffness should be 

expected to be somewhat higher. After the piles were in position, sand 

was placed as described in Appendix A. The tank was the same one used 

for Test series B and D. Forms were made for the pile cap and the 

construction generally proceeded as described for Test series D. The 

pile caps had a height of 8 in. at the rear and 4 in. at the front. 

134. Trading and instrumentation. The loading equipment and deflec¬ 

tion measuring equipment used on Test series E was identical to that 

used in Test series D. Eight instrumented piles were used in this test 

series, a monitor pile and seven within the pile groups. The locations 

of the instrumented piles are shown on (a), Plate 62. Three of the 

instrumented piles were located in monolith MLj the other four weie 

located in monolith M2. 

Procedure 

135. The test procedure was generally similar to that used for Test 

series D. All the monoliths were tested individually before they were 

loaded simultaneously as a wall. Monoliths ML and M3 were subjected to 

two cycles of 2-lb per pile loading, whereas monolith M2 was subjected 

to three cycles (see Table 17). Then all three monoliths were loaded 

simultaneously up to 4 lbs per pile. An additional 25 cycles of the 4~lh 

per pile load were applied as indicated in Table 17. 

Analysis of data 

136. The load-deflection relationships observed for monolith Iß. 

is presented on Plate 63. Iu ell cases the lateral load has been 

converted to pounds per pile, and the deflections have been corrected 

for tilt to arrive at the lateral deflection at the sand surface. As 

for Test series D, the data from the end monoliths were not used in the 

analysis and, therefore, the data are not presented herein. 

137. The moment vs depth relationship for the single monitor pile 

is presented on Plate 64. The moments were conputed for lateral 
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loads of 2 lbs and 4 lbs. In addition, the moment relationship for 

the fifth and one-hundredth cycles of 4-lb loading are shown. The 

moment vs depth relationships for the four instrumented piles included 

in monolith M2 are presented on graphs (a) through (d), Plate 65. 

The data points are for the initial 2-lb loadings on the monoliths 

when loaded individually and when loaded as part of a wall. A 

theoretical moment curve has been confuted for one of the pile loadings 

for each of the instrumented piles, assuming that the subgrade modulus 

has a triangular variation with depth. A reasonable check is obtained, 

although the theoretical moments are usually higher than the observed 

moments. This agrees with the observations made in the field on batter 

piles. 

13Í“. Group action. In order to perform a Hrennikoff-type analysis 

for a pile group, information regarding the behavior of batter piles 

loaded normal to their axes is required. A T-value of 3.67 was measured 

for piles loaded in a direction tending to pull the pile upwards, and 

3.04 for piles loaded downwards towards the sand. In the analysis, the 

piles were assigned T-values corresponding to their batter; a T-multiplier 

of 1.3 was used. Because the piles were tapped further into the sand 

in the preparation of Test series E than they were in Test series D, 

higher axial stiffnesses were observed; this stiffness was 2300 lbs per 

inch. However, the modulus in tension is not likely to be significantly 

more than 1000 lbs per inch determined for the other tests. A Hrennikoff- 

type analysis was performed for a load of 2 lbs per pile and a flexural 

stiffness of 1.5 X 10^ lbs in.2 (Appendix A). A theoretical deflection 

of 0.0056 in. was computed which is much less than the 0.0130 in. that 

was observed. However, several of the piles had computed tensions 

exceeding the tension capacity of the piles. In order to make comparisons 

in the elastic range of behavior an analysis was performed at a load of 

1 lb per pile. On this basis the observed deflection is 0.0030 in., 

which compares favorably with the 0.0028 in. that was confuted. 

139. The analysis of the dam monoliths using a Hrennikoff-type 

analysis indicates that a T-multiplier of I.3 is appropriate for a pile 

spacing on the order of three pile widths. Furthermore, the deflections 

conputed with the analytical procedure check very closely with the 

observed deflections, providing the proper axial stiffnesses and the 

-72- 



proper variation of the subgrade modulus with respect to depth is used 

to obtain the Hrennikoff ratios. 

k+O* Repetitive loading. For monolith M2 the ratio of the deflec¬ 

tions for the twenty-sixth cycle of 4-lb per pile loading compared to 

the first cycle was 2.1. This is likely to be higher than would have 

been observed if the tension capacity of soiæ of the piles in the pile 

group had not been exceeded. Therefore, the ratio of 2.1 can be 

interpreted downwards. Additional information on repetitive loading is 

available from the monitor pile (Plate 64). The deflection for the 

one-hundredth cycle of 4-lb loading was 1.7 times that obtained for the 

first cycle. 

141* Tension pile behavior. The same discussion given in para¬ 

graph 129 for Test series D will apply in this case. 
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PART V: SUMMARY OF FIELD AND MDDEL TESTS 

US. The results of this investigation relevant to driving and 

the load-carrying capacity of single piles penetrating the alluvial 

sands at the pile test site are summarized in the following paragraphs. 

The results are considered applicable to other sites in the alluvial 

valley of the Arkansas River where the foundation sands are conparable 

and the water table is at or close to the ground surface. Appropriate 

allowance must be made in relating the test results to driving and 

load capacities of groups of piles. 

Pile Driving 

Bearing piles driven with steam or diesel hamirars 

143. Single piles were driven into the alluvial sands at the test 

site with the indicated hammers in the following net driving times: 

Driving 
Time 

HIS_ Size Hammer 

Steel pipe 
ti 

h 

Concrete 

12 in. 
16 in. 
20 in. 

16-in. sq 

I4OCJ 

:: 110 to 15 

" ) 

Penetration RemarkR 

53 ft 

" 20-in. sq I4OC 

Steel H 14BP73 80C 

Timber 11- to 15-in. 65C 

Concrete 16-in. sq DE40 

Steel pipe 16-in. L4OC 

Concrete 16-in. sq I4OC 

30 

10 

8 

45 

4 

4 

52 

52 

39 

53 

53 

53 

Jetted 40 ft 

Jetted 38 ft 

144. A conparison of the results of flexure tests made before and 

after driving a 16-in. prestressed concrete pile with the I4OC double¬ 

acting steam hammer indicates that the prestress bond was unaffected by 

the driving stresses. 

-74- 

1 



Bearing piles driven with the Bodine hammer 

145. Steel H and pipe piles were driven to a penetration of 53 ft 

in 2 to 4 ndn., respectively, with one Bodine Model B-2 so.^.ic vibratory 

hammer. The Bodine hammer, equipped with the friction-type head 

attachment used in this testing program, required about 30 min. to 

drive 16- and 20-in. prestressed concrete piles to refusal at a pene¬ 

tration of about 35 ft. This hammer, with the head attachment used, is 

not considered suitable for driving heavy concrete piles for this 

project. 

146. A comparison of flexure tests made on a prestressed concrete 

pile before and after driving with the Bodine hammer indicates that 

the driving stresses had no effect on the prestress bond. 

Sheet piling driven with steam hammers 

147. Double sheets of MZ32 piling were successfully driven to an 

average penetration of about 55 ft with a McKieman-Terry 10B3 double¬ 

acting steam hammer in driving times ranging from 17 to 30 min. Double 

sheets of MZ32 piling were driven to an average penetration of about 

100 ft with a Vulcan 80C double-acting steam hammer in net driving times 

ranging from 35 to 50 min. 

148. Double sheets of MP112 piling could be driven with a McKiernan- 

Terry 10B3 double-acting steam hammer to a penetration of only 30 ft; 

the sheets were also damaged by rolling and bending at low driving 

resistances. Single sheets of MP112 piling were successfully driven 

with a McKieman-Terry 9B3 double-acting steam hammer to a penetration in 

excess of 90 ft at a rate of about 3 ft per min. 

149. Sheet piling having a penetration in excess of 60 ft could not 

be pulled with a Vulcan 800A extractor. 

Sheet niling driven with Bodine hammer 

150. Single sheets of Jß32 and MP112 steel sheet piling were 

driven to a penetration of about 45 ft in 2 to 9 min. with the Bodine 

hammer. This sheeting could not be driven more than about 50 ft with 

the sheets in interlock with the Bodine hammer driving the sheets 

individually. A follower is necessary to permit stage driving of sheet¬ 

ing with the Bodine hammer. Under hard driving conditions the Bodine 

hammer damaged the top and welds of MP112 sheet piling. 
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151. Four of the sheet piles having a penetration in excess of 

60 ft were extracted with the Bodine hammer. 

Bearing Capacity of Isolated Piles 

Compressive capacity 

152. On the basis of the field tests made at the site, compressive 

and tensile capacities of single piles driven to a penetration of 50 ft 

would be approximately as follows for the water table at the ground 

surface. 

Pipe 

tl 

It 

Concrete 

t! 

ff 

H 

Timber 

_Siz£_ 

12-in. 

16 

20 

12-in. sq 

16 

20 

14BP73 

11-in. 

_Capacity (Tons) 
Compressive Tensile 

100 

140 

190 

170 

235 

300 

190 

105 

45 

68 

80 

80 

112 

135 

37 

37 

There is no appreciable difference in the conçressive capacity of piles 

driven to the same penetration using either double-acting steam hammer 

or the Bodine hammer. 

153* Partial jetting of piling with double jets during driving 

causes a reduction in compressive capacity. The compressive capacity 

of a pipe pile jetted to 40 ft and driven to a penetration of 53 ft 

was 70 percent of the capacity of similar piles driven to the same pene¬ 

tration without jetting. The reduction in capacity is attributed to a 

lesser driving resistance at the completion of driving and the loosening 

of the sand caused by jetting the test pile and four surrounding piles. 

154. The compressive capacity of piling driven into the alluvial 

sands at the test site may be predicted reasonably accurately by means 

of the Terzaghi expression for deep piers. The sliding friction angle 

between pile materials and the sand, as determined from laboratory tests, 

ranged from about 25° to 30°. Lateral earth pressure coefficients in 

the range of 1.25 to 1.50 were indicated by the field tests. 
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155. The compressive capacity of displacement type bearing piles 

driven with the double-acting steam hammers may be estimated from the 

Pacific Coast Uniform Building Code dynamic pile driving equation. The 

conpressive load capacity of H-piles may be estimated from the above 

pile driving formula by adding 25 percent to the conputed capacity. 

Tension capacity 

156. Tensile capacities of piles driven to a penetration of 50 ft 

are summarized in paragraph 152. For any given design load, the 

required penetration for any size of tbe four types of piles tested 

can be selected from the general tension design curves presented on 

Plate Jl. A factor of safety of 1.75 to 2.0 should be applied to the 

general design curves for selection of pile penetration requirements. 

The higher factor of safety should be used for piles located adjacent to 

channels where loss in surcharge from scour is possible. 

157. There was no significant difference in the tensile capacity 

piles driven with double-acting steam hammers or the Bodine hammer. 

158. Partial jetting the test piles, using double jets during 

driving, reduced significantly the tensile capacity. A comparison of 

the tensile capacities of pipe piles driven to a penetration of about 

53 ft without jetting and with double jetting to 40 ft showed that the 

jetted pile capacity was only 70 percent the capacity of piles driven 

without jetting. This reduction in tension capacity is attributed to the 

loosening of the sand caused by jetting the test pile and four surround¬ 

ing piles. 

159. The tensile capacity of piles in sands may be reasonably 

predicted by means of the frictional term of the Terzaghi expression for 

deep piers. Lateral earth pressure coefficients of about 0.80 were 

measured for the straight-sided displacement piles driven without jetting. 

The indicated lateral earth pressure coefficient for the H-piles was 

0.40. The lateral K value for the jetted pile was 0.66. 

Lateral capacity 

160. The lateral capacities of the piles tested (single pile and 

first application of load) were about as follows: 
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EI (IO6 K In.2 
_Lateral Load (K)_ 

= 9,^?” Deflection = 0.25" 

20-in. Concrete 

Timber 

All others tested 22 to 35 

84 

3.2 

12 to 18 

28 

6 

20 to 32 

44 

10 

161. The coefficient of horizontal subgrade reactions decreases 

with pile deflection to an essentially constant value at deflections 

in excess of about 0.5 in. The subgrade modulus vs deflection curves 

for a single load application shown on Plate 39 are considered valid for 

submerged alluvial sands. The lateral subgrade modulus is essentially 

a property of the soil and is not affected significantly by the width 

and flexural stiffness of the pile. 

162. Repetitive lateral loading of piling (to a given load level) 

increased the deflection to 1.7 to 1.9 times the deflection produced by 

the initial load application 

Bearing Capacity of Pile Groups 

Axially loaded piles 

163* The conpressive and tensile capacities of piles of the same 

penetration in groups may be some greater than the capacities indicated 

by the field load tests due to the increase in subgrade density produced 

during group driving. Therefore, the effect of group driving on the 

capacity should be checked by field load tests performed on typical piles 

within driven groups at each site where piles are to be driven. 

]64. The increase in density produced by driving displacement 

piles on relatively close centers may increase the driving resistance 

to the extent that it would be impractical to drive the piles to the 

minimum penetration required for scour or tension without damage to the 

piles. If jetting is required, it should be of a minimal nature, and 

its effect on compression, tension, and lateral load capacities should 

be determined by supplemental field tests. If the jetting reduces 

the pile capacities significantly, the piling should be redesigned to 

allow for the reduction in capacity caused by the jetting. 
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Laterally loaded piles (model iSfite) 
165. For a given load per unit of width, a wall in the model 

tests deflected approxinately 10 to 15 times as much as an isolated pile. 

Simultaneous loading of two opposing walls located a scalar distance 

of 110 ft apart, as in the prototype, results in a deflection which is 

10 to 15 percent less than the deflection of an individually loaded wall. 

The reduction in lateral deflection resulting from simultaneous loading 

of opposed walls is not of sufiieient magnitude to warrant consideration 

in wall design for walls located 110 ft apart. 

166. The behavior of laterally loaded piles in groups can be pre¬ 

dicted by means of a Hrennikoff-type analysis wherein the pile constants 

are confuted using a triangular variation of subgrade modulus for sands, 

together with consideration of the fixity of the pile head. 

167. For pile groups wherein the center-to-center spacing in the 

direction of loading is less than six pile widths, the expressions used 

to determine the pile head constants for the Hrennikoff-type analysis 

should be modified by the introduction of a T-multiplier, The experimental 

values of the T-multiplier determined from the model tests on typical 

lock and dam monoliths were 1.30 and 1.25 for pile centers of 3 and 4 

widths, respectively. 
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PART VI: DESIGN AND CONSTRUCTION RECOM/ENDATIONS 

168. The findings of the field and laboratory phases of this 

investigation clearly demonstrate that it is feasible to support the 

lock and dam structures in the lower Arkansas River Valley on piling 

penetrating the deep stratum of alluvial sand. Recommendations relevant 

to the design and construction of the pile foundations for this project 

are summarized hereinafter. 

Compression and tension canacitv 

169. The size and penetration requirements for bearing piles in 

compression and tension can be determined from the general design 

curves presented on Plates 28 and 3?, respectively. These curves are 

applicable for isolated piles driven without jetting with the water table 

2 to 3 ft below the ground surface. 

170. A fautor of safety of 1.5 applied to the compression design 

curves is considered adequate for selecting pile sizes and penetrations 

due to the similarity of the foundation sands at the proposed lock and 

dam sites, and because the sands at the sites have somewhat higher (sample) 

driving resistances than the sands at the test site. For piles 

subjected to tensile loadings, a factor of safety of 1.75 is suggested 

for Lock and Dam 1 and Lock 2, whereas a factor of safety of 2.0 is 

recommended for Dam 2 and Lock and Dam 3 and 4 located in the Arkansas 

River. 

171. When bearing piles are suut ;ed to both compression and 

tension loadings, the greater length required by either type of loading 

should be proviõed. 

172. All bearing piles, except tension piles, should be driven to 

a minimum penetration of 35 ft as a precaution against the possibility 

of a reduction in capacity from scour, except at Lock and Dam 3 and 4 

where a minimum penetration of 40 ft should be required for piles support¬ 

ing the river walls. Tension piles should be driven to the design 

length. 

173. The general design curves may require some adjustment for 

displacement piles located in groups jn relatively close spacings because 

of the possible increase in density which may take place during driving. 

The effect of group driving on bearing capacity should be evaluated by 
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supplemental load tests performed during construction as indicated by- 

driving conditions, 

lateral load capacity 

174* The design of laterally loaded piles can be accomplished by 

trial and error methods involving comparison of permissible and 

theoretical stresses and deflections for a selected pile system. 

Theoretical pile stresses and deflections can be determined using the 

following methods which utilize the experimentally measured subgrade 

modulus and axial pile stiffness, together with indicated modifications 

for group effect and load repetition; 

a. Isolated piles. 

U) Single load application - Determine the coefficient 

of horizontal subgrade reaction (n^) at the permissible lateral deflec¬ 

tion from Plate 39, and calculate the load vs stress relationships using 

the expressions presented in paragraph 55. 

<2) Repetitive loading - Calculate load vs stress 

relationships as for (1) above, except that n^ should be determined at 

one-half the permissible deflection value. The ultinnte deflection 

will be double the deflection calculated from the expressions presented 

in paragraph 55 for repetitive loading. 

£. Eilg grWPff (spacings less than eight pile diameters in 

direction of loading) 

(1) Single load application - Calculate loads, stresses, 

and deflections using a Hrennikoff-type analysis wherein the axial and 

translational stiffness of the pile head are determined from the 

experimental data. The relative stiffness factors for the pile (T) 

should be multiplied by 1.25 and I.30 for a four and three pile diameter 

or width spacing in the direction of loading, respectively, The 

coefficient of horizontal subgrade reaction should be selected from 

Plate 39 at the permissible lateral deflection and the axial stiffness 

in compression evaluated from Table 10 for the type and size of pile to 

be used, 

(2) Repetitive loadings - Calculate loads, stresses, 

and deflections as for single load application above, except that n^ 

should be selected at one-half the permissible deflection. The ultimate 
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deflection confuted from the Hrennikoff-type analysis will he approxi¬ 

mately double that computed for repetitive loading. 

Pile driving 

175. Field driving criteria for conpressive piles having pene¬ 

trations in excess of the minimum penetration set forth in paragraph 172 

should be based on the Pacific Coast Uniform Building Code dynamic 

equation. For piles driven with steam hammers, the steam pressure at 

the hammer should be used in the computation of the field driving curves. 

The conputed dynamic capacities for H piles may be increased by 

25 percent for field usage. The depth of the water table below the 

ground surface should be taken into account in preparing field driving 

criteria curves. 

176. The following factors of safety are suggested for determination 

of required driving resistance for the last foot of pile penetration. 

a. For piles having penetrations between the minimum and 

that required by the conpressive design curves, the conpressive design 

load should be multiplied by 1.5 or 1.6. 

For piles having penetrations equal to or greater than 

that required by the conpressive design curves, the conpressive design 

load should be multiplied by 1,25. 

177. The permissible maximum number of hammer blows to be applied 

to bearing piles should not exceed the values determined using the 

criteria presented in paragraphs 63 and 64 of this report. 

178. No jetting of piles should be permitted unless field experi¬ 

ence indicates that the piles cannot be driven to the required minimum 

penetrations previously specified without damaging the piles or requiring 

excessive driving tine. Pile loading tests indicate that jetting 

reduces the conpression, tension, and lateral load capacity not only 

of a pile being driven but also of adjacent piles previously driven; 

therefore, no jetting should be permitted until load tests have been made 

and evaluated to determine the effect of jetting on the load carrying 

capacity of the pile. Any jetting procedures permitted must not reduce 

the conpression, tension, and/or lateral load capacity below mini mum 

values required by design unless the pile foundation is redesigned to 

allow for such reduction. 
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NOTATIONS 

A 

El 

ef 

r' 

I 

K 

k 

L 

M 

Cross-sectional area of pile, in,2 

Area of pile tip, ft2 

Circumferential area of pile, ft2/ft of pile length 

Effective downward hammer piston area, in.2 

Uniformity coefficient 

Pile penetration, ft 

Material friction angle 

Hammer stroke, ft 

Effective grain size, mm 

Modulus of elasticity, psi, unless otherwise noted 

Strain over gage length 

Rated hammer energy, ft lbs per blow 

Flexural stiffness, lb in,2 

Hammer efficiency 

Buoyant or submerged density of sand, T/ft^ 

Moment of inertia, in.^ 

Lateral earth pressure coefficient, or kips 

Horizontal subgrade modulus, lbs per in.2 

Coefficient of restitution 

Length, in. 

Pile moment, in. lbs 



Pile moment at ground surface, in. lbs 

Terzaghi bearing capacity factors 

Coefficient of horizontal subgrade reaction, 
lbs per in.3 

Load or weight of pile, lbs 

Steam pressure, psi 

Pile failure load, T 

Load normal to pile axis at ground surface, lbs 

Load normal to pile axis above ground surface, lbs 

Radius of circular section or l/2 side dimension of 
square section 

Ultimate pile capacity, lbs 

Average pile set, in. per blow 

Relative stiffness factor 

Slope of pile at ground surface, radians 

Weight of driving ram, lbs 

Soil reaction, lbs per in. 

Depth below ground surface, in. 

Lateral deflection of pile at ground surface, in. 

Non-dimensional coefficients 

Pile shape factor 
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Table 1 

FIELD DRIVING AND TESTING PROGRAM 

Type Type 
Test Pile Pile Length Driving Load Test Instrumentation 
Pile Type Size (Ft) Hammer £ H X 1 ¿ Remarks 

flBSIiE I-- Effect of Diameter on Bearing Capacity - Steel Pipe Piles 
1 Pipe 12" 55 HOC X - X X - 
2 Pipe 16" 55 HOC X X X (R) XX 
3 Pipe 20" 55 HOC X - X X - 

^Test C, H 5 cycles to 
|^2" deflection, C and T 

GROUP n—- Effect of Length on Bearing Capacity - Prestressed Concrete Piles 
4 Concrete 16s 45 HOC X - X (R) - - 
5 Concrete 16" 55 HOC X X - (Flerure) - - Jet-pull for flexure 

GROUP III - Effect of Length 
6 Steel "H" HBP73 
7 Steel "H" HBP73 

on Bearing Capacity - Steel H-F-.Hs 
42 80C X X - (h) 
55 80C X - X (R) 

GRQVP tv—-. SaBaçito <?f liateai 
8 Timber Class A 40 65C XXX (R) 

X - Jîest H 100 cycles under 
X X [20 kip load 

mil: 
9 

10 
11 
1U» 

—- 9i Lilse Mwa a ggjtnn HwiBfir 
Steel "H" HBP73 55 Bodine X - - X 
Pipe 16" 55 Bodine XXX X 
Concrete 16" 55 Bodine X - - (Flexure) - 
Concrete 20" 55 Bodine, HOC - X - (R) 

M?P YÏ_- Lateral Load Capacity of Battered H Piles 
H Steel "H" HBP73 45 80C - X 
13 Steel "H" HBP73 45 80C - X 
13A Steel "H" HBP73 45 80C - X 

X 
X 
X 

Jet-pull for flexure 
-fTest H 100 cycles under 
[30 kip load 

3 on 1 batter to north 
3 on 1 batter to north 
Drive vertically for 
conparison with 12 and 13 

GROUP VXI - Effect of Jetting on Pipe Pile Capacity 
H Concrete 16" 
15 Concrete 16" 
16 Pipe 16" 
17 Concrete 16" 
18 Concrete 16" 

55 HOC - X 
55 HOC - - 
55 HOC X X 
55 HOC - - 
55 HOC - - 

- Drive in following order: 
16, I4, 15, 17 and 18. 

X Jet w/double jets to 38-ft 
- penetration, drive to 
- final penetration w/o jets. 

GROUP VIII - Driving Concrete Pile Using a Diesel Hummer 
19 Concrete 16" 55 DE-40 - - 

GROUP IX_- Tests with Steel Sheet Piling 
2QA Sheet Piling JE-32 60-120 10B3 & 80C Drive & Pull 

20B Sheet Piling IE-32 60-120 Bodine Drive & Pull 

21A Sheet Piling MP-112 60-120 10B3,80C & Drive & Pull 
9B3 

21B Sheet Piling MP-112 60-120 Bodine Drive & Pull 

Drive with 10B3 first, 
then 80C 
Drive to maximum depth or 
to Tertiary clay 
Drive with 10B3 first, 
then 80C, finally 9B3 
Drive to maximum depth or 
to Tertiary clay 

C - Coapression Test 
H - Lateral Test 
T - Tension Test 

(R) - Cyclic Loading 

* After cixving with Bodine, pull using jets and 
redrive with HOC at new location. 
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Table 3 

SIBMRÏ OF SLIDING FRICTION TESTS QF PILE MATERIALS ON SAND 

Ref 
l&j. Samóle Depth Description 

Boring LD4-1 

la S-12889 
lb ï 
2a S-12890-C 
2b 
2c 
2d 
2e 
2f 

2g 
2h 
21 

Boring LD4-1Q 

3 S-12893 
4 S-12896 
5a S-12897-C 
5b 
5c 
5d 
5e 

5f 

13-1-13.6 Brown 

23-2-43-4 Tan 

15.0-15.5 Tan 

25.6-26.3 Tan 
35.5-47.0 Tan 

Mechanical 

Analysis Before Test 
$ i Type f 

Classification Sand Fines lest jü£ w_i 

Sandy gravel GP-uM 4b 

Sand SP 

5 S-M 125 11 92 
S-S 125 12 94 

S 85 9 26 
S 100 9 37 
S 110 9 48 

S-M 86 9 26 
S-M 100 9 36 
S-M 107 9 45 

S-S 84 9 24 
S-S 100 9 37 
S-S 116 9 56 

Siltj sand SM-SP 88 12 
Sand SP 50 2 
Sand SP-SM — 

S 100 17 71 

S 100 21 84 
S-M 90 19 60 
S-M 100 19 77 
S-M 111 19 100 
S-S 90 19 60 
S-S 100 19 77 
S-S 110 19 99 

Boring LD4-31 

6a S-13127 32.9-33-5 Brown, numerous Iclay (CH) lunçs 

7 S-13128 52.0-52.5 Brown, gravelly, 
few clay (CH) 
lumps 

8 S-13129 53.0-53.5 Brown 
9a S-I313O-C 62.8-82.6 
9b 
9c 

9d 
9e 

9f 

9g 

Bating; 
10 S-I29O/ 11.0-11.5 Brown, few clay 

(CH) lunps 

lia S-12905-C 20.8-61.0 Brown 

11b 
11c 
lid 
lie 
Ilf 

llg 

Silty sand 

Sand 

Silty sand 
Sand 

Silty sand 

Sand 

SM 

SP 

SM 
SP 

SM 

SP 

97 3 

S-S 100 

S-M 100 
S-S 100 

S-S 100 
s 100 

S-S 89 
S-S 100 
S-S 107 
S-M £7 
S-M 99 
S-M 108 

15 63 

16 64 
13 51 

14 59 
19 77 
20 62 
21 86 
21 100 
21 60 

21 83 
21 99 

S 

93 3 S 
S-S 
S-S 
S-S 

S-M 
S-M 
S-M 

100 10 39 

1U1 15 62 
86 18 53 

101 15 60 
107 18 88 

86 19 55 
98 18 67 

107 19 88 

NOTES! 

1. Teste were made by Corps of Engineers, 
Southwestern Division Laboratory, 

Dallas, Texas. 

2. Sample numbers correspond to numbers in 

SWDGL Report No. 7920 and 7932. 

3. All tests were made, on remolded samples. 

NOMENCLATURE 

S - Drained direct shear test 

S-S - Sliding friction test for sand 

S-M - Sliding friction test for sand 

mortar 

Test 
Result 

c 

29 0.1 
23 0.1 
32 0.0 
31 0.1 

33 0.1 
25 0.1 
32 0.0 
29 0.1 
28 0.0 

24 0.0 
25 0.0 

31 0.1 
35 0.0 
28 0.0 

31 0.0 
35 0.0 
25 0.0 
26 0.0 
28 0.0 

30 0.0 

36 0.0 
23 0.0 

29 0.0 
27 0.1 
21 0.1 
27 0.0 
24 0.0 
29 0.0 
32 0.0 
30 0.0 

34 0.0 

35 0.0 
29 0.0 
25 0.0 
22 0.0 
32 0.0 

33 0.0 
29 0.1 

on steel 

on 
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Table 6 

SUMAHÏ OF SHEET PILE 'ION TESTS 

Test Penetrrtion Extractor Extraction Extraction 
Eilfi. -iüíu- -Type- Tim (Min.) Length _Remarks 

TEST SERIES 2QA - 1C-32 Sheeting Driven with steam hummera 

20.1 
20.2 
20.3 
20.4 
20.5 
20.6 
20.7 
20.8 

59.2 80QA 37 
59.2 80QA 8 

104.5 80QA 11 
104.5 80QA 5 
85.0 Bodine 22 
85.0 80QA-Bodine I3-I3 
86.0 80QA-Bodine 11- 7 
86.0 80QA-Bodine 46-IO 

59.2 
59.2 

0 
0 

85.0 
0 
0 
0 

TEST SERIES 2QB - 1C-32 Sheeting Driven with Bodine Hummer 

20.9 52.0 
20.10 60.7 
20.11 90.7 
20.12 73.6 
20.13 52.0 
20.14 83.6 
20.15 93.0 

Bodine 4 
Bodine 
Bodine 17 
Bodine 12 
Bodine 2 
Bodine 5 
Bodine I4 

52.0 
60.7 
90.7 
73.6 
52.0 
83.6 

0 

20.13a 53.5 
20.14a 54.7 
20.15a 94.0 
20.16a 55.5 

Bodine 2 
Bodine 1 
Bodine 18 
Bodine 2 

53.5 
54.7 

0 
55.5 

TEST SERIES 21B - MP-112 Sheeting Driven with Bodine H^r 

21.9 53-6 
21.10 69.0 
21.11 94.3 
21.12 91.6 
21.13 59.9 
21.14 50.1 
21.15 50.1 
21.16 50.9 

Bodine 1 
Bodine 8 
Bodine 25 
Bodino 13 
Bodine 1 
Bodine 4 
Bodine 3 
Bodine 3 

53.6 
69.0 

0 
0 

59.9 
50.1 
50.1 
50.9 

Driven out of interlock at 30' 
Pulled w/20.9 

Pulled 12' w/20.11 
Pulled 15' w/20.12 

Driven out of interlock at 57'+ 

Pulled 15' w/21.10 

Pulled 13' w/21.14 

Note: Test Series 2IB, MP-112 
hammers to penetrations 
with 80QA extractor and 

sheeting driven with steam 
of 90 ft Í could not be extracted 
40 ft double jets. 
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Table 10 

mil STIFFNESS OF TEST PTT.RS 

Test 
Pile 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

16 

Pile Type & 
Nominal SizP 

12" Pipe 

16" Pipe 

20" Pipe 

16" Concrete 

16" Concrete 

Steel-H (14BP73) 

Steel-H (14BP73) 

Timber 

Steel-H (14BP73) 

16" Pipe 

16" Concrete 

16" Pipe 

Aaial Stiffness (Tons ner In. Deflection^ 
Compressive 

690 

650 

775 

1130 

1000 

370 

470 

295 

490 

670 

1100 

565 

570 

433 

485 

1000 

770 

390 

695 

370 

Note: Axial stiffness determined from gross load versus pile head 
deflection curve at pile working capacity (failure load/ 
factor safety = 1.5) 

1 
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Table 12 

DENSITY OF SAND IN M3DEL TESTS 

Test 
Series. Samis. 

Depth to 
Center of 
Sample 

Dry- 
Density 

¿¿fcZEli) 

Relative 
Density 

(11 

Average 
Relative 
Density 

(11.. 

A 1 10.0 102.8 

2 4.0 103.7 
3 27.5 105.2 

68 
71 
76 

72 

B 1 2.5 103.8 
2 2.5 104.1 
3 2.5 105.5 

72 
73 
80 

75 

C 1 5.0 104.7 75 
2 6.0 105.2 76 

75 

D 1 3-5 102.3 
2 3.5 101.8 
3 3.5 102.0 
4 3.5 100.4 
5 3.5 102.6 
6 3.5 101.0 
7 3-5 102.5 
8 3.5 103.0 
9 3-5 103.9 
10 3-5 102.0 

67 
65 
66 
60 
68 
62 
67 
69 
72 
66 

E 1 
2 
3 
4 

4.5 102.4 67 
5.5 103.0 69 
4.5 103.0 69 
9.5 103.1 69 

66 

69 



Tatile 13 

PILE DATA - M3DEL TEST SERIES A 

Pile 

Plis gscjjias 

1 1/2" Rd 

2 3/4" Rd 
3 1" Rd 

4 1/2" Sq 

5 3/4" Sq 

6 1" Sq 

7 1/2" Rd 

8 3/4" Rd 

9 1" Rd 

10 1/2" Sq 

H 3/4" Sq 

12 1" Sq 

13 1/2" Rd 

14 3/4" Rd 

15 1" Rd 

16 1/2" Sq 

17 3/4" Sq 

18 1" Sq 

19a 1/2" Sq 

20 1/2" Sq 

21b 1/2"xl" Rect 

22° 1/2" Rd 

Embedded 

Length Type of 

(In.) _Test_ 

Corrected 

Failure 

Load 

_(Lbs)_ 

12 Compression 

12 " 

12 

12 

12 

12 " 

24 " 

24 " 

24 " 

24 " 

24 " 

24 " 

36 " 

36 " 

36 " 

36 " 

36 " 

36 " 

19 Lateral 

24 " 

24 

21 " 

8.9 

15.5 

29.0 

13.1 

24.O 

42.O 

26.9 

45.7 

50.1 

28.3 

65.0 

90.1 

45 • 4 

84-9 

109.2 

50.5 

87.0 

135.0 

a - Hollow steel tube, instrumented with SR-4 gages, 

b - Loaded normal to 1" side. 

c - Hollow aluminum tube, instrumented with SR-4 gages 

Deflection 

at Failure 

_( In.,.)_ 

0.08 

0.08 

0.08 

0.09 

0.10 

0.10 

0.09 

0.09 

0.10 

0.09 

0.10 

0.12 

0.14 

0.11 

0.11 

0.13 

0.16 

0.15 



Table 14 

LOADING SCHEDULE - M3DEL TEST SERIES C 

Horizontal 
Load 
_(Lbs) 

Vertical 
Load 

(LEal 

SR-4 
Gages 

Q^gXvgd Remarks 

0 
0 
11 
11 
21 
21 
31 
31 
51 
0 
0 

0 
10 
10 
20 
20 
30 
30 
50 
50 
50 
0 

All Pile cap in 
Top Only contact with 

All the sand. 
Top Only 

All 
Top Only 

All 
Top Only 

All 
All 
All 

0 
0 
31 
0 
0 

0 
50 
50 
50 
0 

All Pile cap free 
Top Only from contact 

All with the sand. 
All 
All 
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Table 16 

Monoliths 
leaded 

VI 4 V3 

V2 

VI,V2 4 V3 

B1 4 B3 

B2 

B1,B2 4 B3 

Both Walls 

LQtf LHQ St m - ^ b 

Average 
Load per 
Plle-O; 
(L*r 

0 
1 
2 
0 
2 
0 
0 
1 
2 
0 
2 
0 
2 
0 
0 
1 
2 
4 
0 
4 
0 
4 
0 
0 
1 
2 
0 
2 
0 
0 
1 
2 
0 
2 
0 
0 
1 
2 
4 
0 
4 
0 
4 
0 
0 
2 
4 

4* 
4* 
4» 
4* 
4* 
4 
0 

3R-4 Strains 
itecorded 

for 
Piles 

2, 3, 4, 5, U 

2, H 

3, 4, 5 

2, 3, 4, 5, 14 

2, 3, 4, 5, U 
2, 3, 4, 5, 14 

7,8,9,10,11,12,13 

7, 9 

8, 10, 11, 12, 13 

v,8,9,10,11,12,13 

7,8,9,10,11,12,13 
7,8,9,10,11,12,13 

All 

All 

AU 
ff 

Deflection 
Dials 

Qframfl 

au 
tf 

ft 

ft 

ft 

ft 

tf 

tf 

ft 
ft 

ft 

tf 

ft 

tf 

ft 

tf 

tf 

tf 
ft 
ft 

tf 

ff 
ft 

ft 

H 
tf 

tf 

ft 

tf 

ft 

tf 

ft 

ft 

tt 

ft 

it 
ft 

ff 

ft 

•? 
ff 

ft 

ft 

tt 

ft 

ft 

ft 

1 ea, V2,B2 
AU 

1 ea, V2,B2 
AU 

1 ea, V2,B2 
AU 

Initial aero 

Initial aero 

Initial aero 

Initial zero 

Initial aero 

4th cycle of 4-lb 
loading 
Cycled 8 tines 
13th cycle 
Cycled 9 tines 
23rd cycle 
Cycled 29 tines 
53rd cycle 

Load cycled from 0.5 lb to 4 lbs 

\ 



Table 17 

Monoliths 

Ml & M3 

y¡¿ 

ML, M2, M3 

LOADING SCHEDULE - MODEL TEST SERIES E 

Average SR-4 Strains 
Load per Recorded Deflection 
Pile-Qg for Dials 
to) _EUSS_ Recorded _Remarla 

0 
1 
2 
0 
2 
0 
0 
1 
2 
0 
2 
0 
2 
0 
0 
1 
2 
4 
0 
4 
0 
4* 
4* 

Overload 
4* 
4* 
4 
0 

All 

1, 5, 14 

2, 3, 4, 7 

All 
ff 

All 
it 

h 

ti 

h 

h 
h 

h 

h 

h 

h 
u 
h 

ti 

n 
it 

h 
it 

h 

it 

h 
it 

1 dial - M2 
All 

1 dial - Aß 
All 

it 

it 

Initial zero 

Initial zero 

1st cycle of 4-lb loading 

Cycled 8 times 
Cycled 3 times 
14th cycle, M1,M3=6.9 lbs 
Cycled 10 times 
25th cycle 
26th cycle 
Final zero 

* Load cycled from 0.5 lb to 4 lbs. 
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L D4-4I LD4-I68 

LEBEND 

»VBBOL» 

a ti- NlU'gré*—* ysvt/t, frsvl’ 
pßSj tfnd mitiurn, fitt!» or no finot. 

sc-*<tw ténét, ÊOnd iioy 
m/wkirto. 

TO THE BIBHT Of LQ« 
vr- Very fino Sond. 
r - Uno Jond. 
14 - 14odi um sond. 
C - desroo tsnd. 
V - tory caeros send 

S 
Hi 

V 
O 

áP'fiooriu-frtdid *wm% r***' 
rnittyjrmm, Utfto or no 
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ML-inortonic silfo sJfy or elsysy 
fino sends or deyso si/fl m'ffl 
sUfM pies Hal fy- 

I CL-inoryenio aloys of foot to 
I medium plestiolty. 

kUf- moryenie silfo of hiyh 
compress-Si Iffy. 

V - Very caeros send O 
L - thiri lignite particles <5 

MSl-With send lens or len-rj "¡¡¡fc 
SO Stonderd pe—tretion rsoh 

140-14) hn-tsner, SO-ioch 

ml 
rests 

toll, 2 

A 
SfA-Silty sondo, OOnd-sl'f 
fñigiur09. 

rmsnu 
fiJsabcity. 

SP'SM- 'wkêlévl etomftcëfif*. 

TO THE LEfT Of LOO 

OJO - effective grdtn sue, OiO 
99 - Dry unit tteight in tbs per < 

BORING LOGS 



4* 167 L 04 * 169 LD4-I65 
14'N 

- S**dv - S'ity -Ci*u0y. 
- With bouldfra 
-Wr-M Qrosm'c mottriê! 
* IN‘in LooL!+é or «if //y. 
- ft */) 'ens or Jen sex. 
■ N fb orlS*it f 
**nce Tb/o**t per /bo* of ptnetrptmn 
•nch OkC. 3ph* spoon)(30'OÒ\ JO6/rms perotó 

NOTES 

/. ioqt of borfftou wprp furnImhmd dy LitUt Dock. Qimtrlct, 
Conpp of £nqfneprM, U 5 Army. 

2 tmborptony tmmt dofo *i0ro fumiehoH toy LtffjD 
Poe^ Dlpftrleti Corpm of Cnyinporp, U-S. Army. 

for )ecoi>on of Section end Ji Defer to P/ote / 
p/mn of óor/nçã. 

4 Clsmeificotion of eoHs ¡0 in oce or donee with tbe Corpt 
of fnyine+rp Unified Solis Cleomificoiion Syttem. 
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I c«WLt. F h,l louai —FBT- SILT OS CLAY 

a. TYPICAL GRADATION CURVES FOR TEST SITE SANDS 

NOTES: 

/. PtoHed points are average for 
/0 feet intervals and from 
borings located along lock 
walls 

£. Zero depth af pile test site is 
bottom of excavation. 

LEGEND: ,Va Existing 
ßlow/ft Tests Oierburden(ft) 

o-Lock / 
o-Lock 2 
O-Lock 3 
o-Lock4 

43 
G! 
49 
30 

7-A/e test 32 
site 

<37 
24 
222 
96 
55 

50 
65 — 

20-50 
IO 
20 

40 GO 60 IOO /20 /40 
Penetration resistance in blows per foot 

/CO 

b. STANDARD PENETRATION RESISTANCE VS DEPTH 

FOR TEST SITE AND LOCKS AND DAMS 1 THRU 4 

FIELD AND LABORATORY SOIL TEST RESULTS 

PLATE 3 
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LEQEND: 

ï OF PIEZOMETERS 

PLAN OPMENT 
PLATE B 



L Tap far ^*-IINC~l& 

i"'1 
I 

! VSN» 

bi 'A 

'HP 

X 

Y--t 
» 
i 

J 
-fa 

FOR PIPE PILES 

». STRAIN ROD ANCHOR DETAILS 

i *■£ * hole for safety . 
pin m ea section Js. 

Tap- %*-HNC-3 
' /'(fyP f°r bottom i intermediate rods) 

tp-ZONC-3 (or i'*V/$»' 
socket head cup point 
set screw 

Rnttom strain rod- length varies 

As* U NC-3 
Drill4 tap intermediate roc 

Tod or Intermediate rod 
length vanes 

S Drill ï*holes m neb' X d. FXTENSOMETER MQUNTINfi 
PI ATE AT H-PILES 

e. EXTENSOMETER MOUNTING 
PI ATE AT PIPE PILES 

STRAIN ROD. STRAIN ROD ANCHOR AND 
EXTENSOMETER MOUNTING DETAILS 

PLATE B 
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d TYPICAL PLAN FOR 12*, 16'. AND 
20* DIAMETER PILES 

Tg -a; 
Continuous meid "here there are no strain 

gagea - Intermittent meld located midmay 
between strain gages ~ ind of welds G“ from 
gages. 

NOTES: 
/ /Vo melding mithin (¿"from any strain gage. 
2 For details of strain rod anchors, see Fig. a, 

Plate 6. 
5. Ad cover channels seated with epoxy 

cement. 

Í 

1 

I 

; 

PIPE PILE INSTRUMENTATION AND FABRICATION DETAILS 
TEST PILES 1, 2. 3, 10 AND 16 

PLATE 7 
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d. SECTION A-A 
FOR 7 

e. SECTION A - A 
FOR 6 AND 9 

f. SECTION B - B 
FOR 7 

g. SECTION B - B 

FOR 6 AND 9 

NOTE 'A' 
Continuous »eld »here there are no strain 

aaoes-In term it tent Held located rrndray between 
Strain gaqes-ind of welds (¡"from s fra in gages. 

NOTES: 
/ No welding within 6" from any strain gage. 
2. For de fa ils of strain rod anchors see Plate 6>. 
3. All cover channels sealed wifh with epoxy 

cement. 

H - PILE INSTRUMENTATION AND 
FABRICATION DETAILS 

TEST PILES 6, 7, AND 9 
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-S'»« ^ o 

• K only 

SECTION A-A 
SECTION B-B 

• ELEVATION SIDE A b. ELEVATION SIDE C 

NQTE'A’ 

Conttn-Jous mefd nhere there are no 
jtram qaoes - Intermilfenf ne/d located 

y be/neen s!ram oaoea-fnd of i dnay c 
ne Ida G" from gagea. 

NOTES: 

/ No neldtng nifhm G" from any strain gage 
?.. For delai fs of strain rod anchors see rio. « 

Plate <Z. 
5 AU cover channels seated nith epoxy 

cement. 

H - PILE INSTRUMENTATION AND FABRICATION DETAILS 
TEST PILES 12. 13, AND 13A 

PLATE 9 
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/70 

/60 

150 

IAO 

130 

IZO 

no 

—r 
TT 

— 
WZ>I 

V 
V 
(1¾ 

b 
/ ï r V 
\\ 
sr 

•/ 
— \ 1 

s s 

f 

T*i*t 
Pile 

6 

V 

12 

13 

13A 

UBPV3 

UBP'O 

UBP73 

UBF/3 

UBP73 

Pile 
Length (FÜ 

42 

55 

45 

45 

45 

N'JTg;: 

1. Pile« driven with Vulctn 0OC 

2. Pile« 12 end 13 driven on 3 on 1 

---£*üfifc---r- 

C>Q <90 

/56 

/70 

sT 

/60- 

/50f 

C 
0 

/30 

/00 /20 
//0 

—"TT 

p—i- 

\ 

\v 

L _ 

i Teat Typ* & SlM PH* 
Pil* of Pin Unrth Ifll 

% 8 U" Timber 40 

19 16" Sq Concrete 55 

j 

15 

17 

L6" Sq 

16" S«j 

Conor 

Concn 

ite 55 

te 55 r > 

'S, 

i. 

i «: 
)- —^ r J_ 

’ 

"2 IT 
1. Pile 8 driven with Vuloen 65C heneer. 
2. Pile 19 driven wi«h ítoKiemen-Terry DE-40 heneer. 
3. Pile 15 Jetted to el 139, Pile 17 Jetted to 

el UO. 
4. Pile« 15 end 17 driven with Vuloen UOC banner. 

1 1 )_1-1-1-1 J. -1—B 1 

c. 14 INCH H-PILES 
6, 7. 12, 13 AND 13A 

Blows per fooi 

d. MISCELLANEOUS PILES 
8. 15, 17 AND 19 

DRIVING RECORDS FOR BEARING PILES 
DRIVEN WITH STEAM HAMMERS 

PLATE 11 
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PLATE 13 
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a. TYPICAL CROSS SECTION THRU LOADING FRAME. 

jj'-'Ql 

Scale in ft 

^Symmetrical abouti. 

/6V70- 

SECTION A-A SECTION B - B 

Cn.yoke_ Support 

Rod gage mounting plate 
both aides of pile. 
w'Mumw' mm mw vnmw »Mm 

i ;i 

'Protective channels for strain 
rods and electric resistance gages 

b. TYPICAL PILE HEAD INSTRUMENTATION 

10 12 
Scale m ft 

COMPRESSION LOADING FRAME AND 
PILE INSTRUMENTATION PLATE IB 
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a. TYPICAL CROSS SECTION THRU LOADIN0 FRAME 

Scale in ft 

Scale in ft 

TENSION TEST FRAME AND PILE DETAILS 
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a. TEST PILE 2 b. TEST PILE 10 

LEGEND: 
— Measured moment 
« Theoretical moment 
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c. TEST PILE 13A d. TEST PILE 16 

LATERAL LOAD TESTS - MOMENT DIAGRAMS 
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--- Measured moment 
* Theoretical moment 
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Hammer blows per foot 
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bt DRIVING CRITERIA 

PILE DRIVING CURVES - 16-INCH PIPE 

PLATE 43 

U
n
it
 
s
tr

e
s
s
 
in

 p
i/
e
 
in
 
k
s
i 

U
n

it
 
s
tr

e
s
s
 

in
 p

i/
e
 
in

 k
s
i 



i 

Hammer b/otvs per foot 

•> 
«: 

ç 

Ò 
I 

S' 

't) 
«I 
0 

p_ 
TT 

1 

-Æ 

1 U/ 

0/ 

c 
J ; 1 

1 
^1 

— 

For pile oenel raft onA 
•33 to j* tt. 
Or ■!60*100’!i 

-1-1-f 

“I- 
,07^ 

For pile 
oenetration à 
•39’* qT / 
l.25*IOOmÍ25T. 

1 - 

J- 
1 L_ 

. i6 in. sq concrete 
p . Vulcan I4OC (80Í eff) 

Building Code 

(ainiau») (F.S. * 
«sign penetration 1 

(F.S. - 1.5) 
allowance for varia* 

teriatics ■ +2 ft 

i X 106 pei 
.oad = 100T 
- 25T 
m « 35 it (minima®) 
'or tension lc*d * 35 ft 
2.0) 

. 2 ft 

Lion SiaJi Blore °»r rogt 

Up to 200 
24 
17 
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h DRIVING CRITERIA - 18-INCH CONCRETE 

PILE DRIVING CURVES - 16-AND 18-INCH CONCRETE 

PLATE 44 



T«»t

Locotlon of 
dtn«tv GfwO(

PLAN b. TEST PILES AND TANK

*>M IM< to I
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a. TESTS A7-A9 b. TESTS A10-A12 
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c. TESTS A13-A15 d. TESTS A16-A1B 

PILE SETTLEMENT VS LOAD 

COMPRESSION TEST RESULTS - TEST SERIES “A" 
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b. SQUARE PILES 

BEARING CAPACITY VS DEPTH - TEST SERIES “A" 
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a. MOMENT VS DEPTH 

b. COEFFICIENT of horizontal subgrade 

REACTION VS DEFLECTION 

LATERAL LOAD TEST RESULT’S - MONITOR PILE A 22 

MODEL TEST 
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a. MOMENT vs DEPTH - PILE Alá 

b i ATFRAL LOAD VS DEFLECTION - Pil 55 A20nA21 
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a. MONITOR PILE 

Momtnt in inch pounds 

c PILES 5 AND 7 

Msm«nl in inch pound! 

b. PILES 1 AND 3 

Momml in itch pound! 

d PILES 2 AND 4 

MOMENT VS DEPTH - TEST SERIES “C" 
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a. MONOLITHS B2 AND B3 

b. MONOLITHS V2 AND V3 

PILE SPACING -TEST SERIES “D" 

MODEL TEST 
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a. MONOLITHS B1 - B3

m
b. MONOLITHS VI - V3

CONSTRUCTION OF MODEL - TEST SERIES ’‘D"

MODEL TEST
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a. MONOLITH V2 

32 loadtd 

b. MONOLITH B 2 

LATERAL LOAD VS DEFLECTION - TEST SERIES “D" 

MODEL TEST 
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a. MONITOR PILE FOR MONOLITHS B1-B3 

Meoiint in inch pound* 

b. MONITOR PILE FOR MONOLITHS VI-V3 

MOMENT V3 DEHTH - TEST SERIES “D" MONITOR PILES 

MODEL TEST 
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a. MONOLITH V2. PILE 3 b. MONOLITH V 2. PILE 4 

Mofnant In Mi pound« MmmM in Mi pound) 
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c. MONOLITH B2. PILF 19 
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MOMENT VS DEPTH - TEST SERIES “D" 
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PILE SPACING - TEST SERIES "E“

MOOCL TEST
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Appendix A 

M3DEL MATERIALS AND CONSTRUCTION 

1. In a model testing program it is usually desirable to use 

the smallest model that will still represent the behavior of the 

prototype and that, in addition, can be instrumented with sufficient 

precision to obtain accurate test data. For the laterally loaded pile 

problem, the properties of the soil and the pile had to be selected 

in conjunction with each other because the pile behavior depended upon 

the mutual interaction between the soil and pile. 

Sand and Placement Procedure 

2. The sand used in this investigation was a fine to medium 

sand (graph (a), Plate A-l) from the Sangamon River, obtained from the 

Pontiac Stone Co., Mahomet, Illinois; it was designated as their "blend 

sand." It was dried by the Champaign Asphalt Conpany in their aggregate 

drier. The sand may be described as sub-angular with an effective size 

(D10) of 0.089 mm and a uniformity coefficient (C^) of 2.36. The 

maximum and minimum void ratios (e) were 0.960 and 0,462, respectively, 

corresponding to dry densities of 85.0 pcf and 113.8 pcf. The minimum 

void ratio was obtained by placing the sand in a 205 cc brass cylinder 

in l/2-in. layers while the sides of the cylinder were vibrated. The 

maximum void ratio was obtained by placing the sand in a calibrated 

flask containing water. Tht water and sand were mixed and the volume 

of the sedimented sand was read directly from the calibration marks on 

the flask. 

3« A technique was developed for placing the sand with a uniform 

density following the general recommendations given in Ref 15. Accord¬ 

ing to this reference, a uniformly dense sand can be obtained by a 

raining technique, provided that each particle has a uniform fall and 

that a umiform rate of flow is used. It .ms found that a relative 

density of approximately 70 percent could be obtained by raining the 

sand from a 2-in. radiator hose and allowing it to fall 3 ft. The rate 

A-l 



of flow was approximately 0.3 cfm. This technique was used throughout 

the model testing program. 

4. A summary of the sand densities obtained in each test series 

is presented in Table 12. The average relative density for each 

series varied from 66 percent for series D to 75 percent for series C, 

The variation in average density correlates with the interference 

encountered during the raining of the sand. Very little interference 

was encountered in Test series B and C; therefore, they have the higher 

densities. A large amount of falsework was used to support the model 

piles in Test series D and E; this interfered with the free fall of 

the sand and lower densities were observed. Test series A was inter¬ 

mediate both in interference and density. 

5. The angle of internal friction {¡6) was determined by a 

triaxial test on a dry specimen. For a confining pressure of 9.2 psi 

and a density of IO4.O pcf (72 percent relative density) a j6 value 

of 36.48 was obtained. 

6. The coefficient of friction of steel against sand was required 

for use in the analysis of the bearing capacity of the piles in Test 

series A. The coefficient was obtained by laying a 1-in. square steel 

bar (this was actually one of the piles) on the surface of the sand. 

A lateral load was applied to the end of the bar and the load at which 

sliding took place was measured. Additional tests were performed with 

weights placed on the bar so that the coefficient of sliding friction 

could be determined '’or varying normal pressures. An angle of sliding 

friction (6) of 23° was observed. 

Pile Properties and Instrumentation 

7. All of the instrumented piles, with the exception of the pile 

used in Test A19, were made of l/2-in. 0,D. aluminum tubing with an 

0.035-in, wall thickness (alloy 3OO3-HI4), The total length of the 

piles was 25 in.; 21-in. was the embedded length. The flexural stiff- 
4 2 

ness (El) averaged 1.5 x 10s lb in. , as determined by calibration. A 

description of the non-standard piles utilized in this program is pre¬ 

sented in the sections describing those tests. 

A-2 



8. A total of 28 strain gages was used on each of the 14 instru¬ 

mented aluminum piles. The locations of the gages with respect to 

depth are shown (b) on Plate A-l. Starting at 1 in. below the ground 

surface, the gages were placed in diametrically opposed pairs at 1-in. 

intervals to a depth of 12 in., and then at 2-in. intervals to a 

depth of 16 in. Tatnall metal film epoxy strain gages, type No. C12- 

141B, were used because their l/4-in. gage length was compatible with 

the small scale of the models. The gages were temperature compensated 

for the pile materials at normal laboratory temperatures. In addition, 

the strain measurement circuitry provided temperature condensation. 

The strain gages were obtained from the Budd Company of Phoenixville, Pa., 

with the requirement that the gage factor for all gages be essentially 

the same. The strain gage specifications are listed below: 

120Í 0.2 ohms 

2.08 

Q.5% 

Resistance 

Gage factor 

Gage factor tolerance 

9. The manufacturer's instructions were carefully followed in 

applying the strain gages to the model piles. The gages were applied 

with GA-1 contact cement and allowed to dry for at least 12 hrs. The 

gages were then covered with two coats of epoxy, Gage Coat 5 and Gage 

Coat 2, manufactured by the Budd Company. The epoxy coatings served as 

a waterproofing and also protected the gages and exposed lead wires 

from direct contact with the sand. 

10. The lead wires were connected in the following manner: 

Holes 3/32-in. in diameter were drilled in the pipe, front and back, 

between each pair of gages. The lead wires were put through the holes 

and into the inside of the tube, whence they ran to the top of the tube 

No. 32 stranded phono-pick-up wire was used for this purpose, and care 

was taken that each wire had the same length. These wires were spliced 

to No. 20 stranded wire which formed the remainder of the leads. 

11. Each opposing pair of strain gages was wired through switch 

boxes to a Baldwin type N strain indicator. The switch box consisted 

of rotary switches and provided a switch point for each pair of gages. 

A four-arm Wheatstone bridge circuit was used to permit the separate 

reading of strain outputs that were correlated with both flexural and 



axial loads. One bridge arrangement placed both gages of each pair 

on the same side of the bridge as shown (c) on Plate A-l. In this 

case the sum of the individual gages was balanced against the two 

temperature compensating gages (dumny gages) on the opposite side of 

the bridge. This arrangement canceled the strains due to axial load, 

and only flexural strains were read on the strain indicator. The 

theoretical behavior was confirmed during the calibration of the piles 

described below. 

12. The axial loads in the pile were read directly with the 

bridge circuit shown (c) on Plate A-l. In effect, the two lower arms 

of the bridge were reversed from the arrangement used to read moment 

strains, and one gage was balanced against its diametrically opposed 

partner. This canceled the flexural strains and only strains due to 

axial loading were read on the strain indicator. The direct comparison 

of the gages in this manner automatically compensated for temperature 

changes, and the dumny gages served only to confíete the bridge. 

13. A dummy gage was a typical strain gage mounted on a 3-in. 

long section of the model pile material; it was placed near the active 

gage so that temperature changes would affect both gages similarly. 

Thus, with identical resistance changes occurring in both the measuring 

and compensating gages, no change due to temperature would occur in 

the indicator reading. 

Calibration 

14. Gage constants for bending were determined for each pair of 

gages on each instrumented pile. This was acno^lished by supporting 

each pile on a set of knife edges and placing equal loads on each of 

two equal cantilever projections. This introduced a condition of pure 

moment over the central portion of the pile. Care was taken to place 

the odd-numbered gages on the tension side of the pile, both in the 

calibration and in the tests. The gage constant was determined by com¬ 

paring the observed strain with the applied moment for each pair of 

gages. Preliminary tests showed that the gage constant was essentially 

the same for different magnitudes of moment. Therefore, the calibration 

was performed under a moment of 12 in. lb, a moment on the order of 

that anticipated in the model tests. 
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15. The gage constants for axial load were determined for the 

top three pairs of gages on each instrumented pile that was subjected 

to axial loading. This was accomplished by placing dead weights on an 

upright pile., The strain readings were compared with the applied load 

to obtain the gage constant. The gage constant changed very little 

with a change in the load level. 

16. Any errors in the observed strains could be due to two 

causes; namely, reading errors and calibration errors. Reading errors 

refer to the accuracy with which the indicator can be read, estimated 

as 1 to 2 microinches. For bending, the gage constants were approxi¬ 

mately 0.03 in. lb per microinch; with bending moments above 4 in. lb, 

the reading error would rarely exceed 2 percent. However, the axial 

load constants are approximately 0.3 lb/microinch, and the reading 

error could be 20 percent for a 2-lb load. The percentage error decreases 

with increasing axial load. The second main cause of error would be 

in the calibration. The gages were calibrated for only one load. It 

was found that the gage constant actually varied slightly with the load 

level. The errors may be as large as 4 percent, but generally are 

less than 2 percent. 
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Appendix B 

AMALYTICAL PROCEDURES FOR MODEL STUDIES 

1. The procedures used to analyze the lateral load test data 

obtained in the model program are described in the following sections; 

a complete discussion of the analytical techniques is given in Ref 12. 

The same techniques were used to analyze the data from each of the 

five model test series. 

2. On the basis of experience (Ref 13), the modulus of hori¬ 

zontal subgrade reaction applicable to a pile was assumed to be zero 

at the ground surface and increase linearly with depth. Non-dimensional 

coefficients are available (Ref 3) that facilitate the solutions for 

deflections, rotations, moments, shears, and soil reactions for this 

variation of the horizontal subgrade modulus. 

Isolated Piles 

3, All the isolated piles were tested with a load applied 

normal to the pile axis at the ground surface. The deflections were 

observed at the same point. Moments along the embedded portion of the 

pile were determined from the SR-4 strain gage instrumentation. The 

load-deflection relationship for the pile at the ground surface and the 

bending moment diagram vs embedded depth for the piles were determined 

from the above observed data. 

4. If a triangular variation of horizontal subgrade modulus is 

assumed, it is possible to determine experimentally the coefficient of 

horizontal subgrade reaction on the basis of the load-deflection relation¬ 

ship that was observed at the ground surface. This is acconplished by 

using the analytical expressions obtained from Ref 3 which are summarized 

in paragraph 55, The deflection at the ground surface is related to 

the load at the ground surface by 

Q r 
= V ir 
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3/y ei v 
or T 

Y 1.667 Q 1.667 

for 

where 

Y = Lateral deflection of the pile at the ground surface in 
g in. 

' = A non-dimensional coefficient that depends on the ratio 
ZC1 embedded length/T. For embedded length/T >4j 

Yzq = 2-435 

Q = Load normal to the pile axis at the ground surface in 
g lbs 

2 
EI = Flexural stiffness of the pile in lb in. 

T = Relative stiffness in in. 

n^ = Coefficient of horizontal subgrade reaction in lbs per 

EI) into the above equations along with the appropriate value of 

deflections, rotations, moments, shears, and soil reactions with respect 

to depth by using the non-dimensional solutions in Ref 3» 

5. The foregoing use of experimental data to determine the 

coefficient of horizontal subgrade reaction involves an assumption regard¬ 

ing the variation of subgrade reaction with respect to depth. A check 

on this assumption can be made by using the experimentally determined 

moments. On the basis of the solutions given in paragraph 55, together 

with a knowledge of the load at the ground surface and the magnitude 

of n^ determined by the above procedure, a theoretical moment diagram 

for the embedded depth of the pile can be confuted. This theoretical 

moment diagram can be compared with the moment diagram determined 
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experimentally. If the theoretically determined moment diagram fits 

the experimental data, then the assumption that the subgrade modulus has 

a triangular variation is verified. 

Piles in a Group 

6. The data collected from the tests on the pile groups included 

the total horizontal load acting on the group, the horizontal deflection, 

and the bending moments in the instrumented piles in the group. Except 

for the instrumented piles, it is not possible to analyze each pile 

individually; it is possible only to treat the behavior of each pile 

on the basis of an average contribution to the behavior of the group 

because the distribution of the horizontal load to each pile in the group 

is uaknown. 

7. For the instrumented piles it is possible to extrapolate the 

experimentally observed bending moment diagram to the ground surface. 

The slope of the bending moment diagram at the ground surface is, 

theoretically, the shear at the ground surface. The extrapolation of 

the moment data and the determination of the slope have been carried out 

graphically. With the moment, shear, and deflection known at the ground 

surface, it is possible to determine the magnitude of the subgrade 

modulus on the basis of the assumption that the variation of the modulus 

is triangular. The deflection at the ground surface is related to the 

moment and shear acting on the pile at the ground surface by 

Y- = Y „ Q 
¿ 

g zq g EI + Yzm Mg EI 

where 

= A non-dimensional coefficient that depends on the 

ratio, embedded length/T. For embedded length/T > 4 

Y 
zm 

= 1.623 

M = Moment in the pile at the ground surface in in, lbs 

By inserting the experimental data into the above equation, a cubic 

equation involving T is obtained. The foregoing analysis involves the 

assumption, as before, that the subgrade modulus has a triangular 

variation with respect to depth. However, it is possible to compute the 
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theoretical moments with respect to depth, by using the non-dimensional 

solutions in Ref 3, and to compare them to the experimentally determined 

values. If a reasonable fit is obtained, then the assunçtion regarding 

the variation of the subgrade modulus is reasonable. 
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2b 

3a 

3b 

4a 

4b 

5a 

5b 

6a 

6b 

PHOTOGRAPHS 

Title 

Timber, Steel Pipe, and Prestressed Concrete 
Piling at Site 

Steel Pipe and H-Piles Showing Channels for 

Protection of Instrumentation 

Placing Timber Pile in Leads Prior to Driving 

with Vulcan 65C Hammer, Test Pile 8 - 

Class A Timber Pile 

Driving Steel Pipe Pile with Vulcan HOC 

Hammer, Test Pile 3 - 20-In. Steel Pipe Pile 

Driving Pipe Pile with Bodine Sonic Hammer, 

Test Pile 10 - 16-In, Steel Pipe Pile 

Driving Steel-H Pile with Bodine Sonic Hammer, 
Test Pile 9 - L4BP73 

Head Attachment for Driving H-Piles with the 
Bodine Sonic Hammer 

Head Attachment for Driving Concrete Piles with 
the Bodine Sonic Hammer 

Conpression Load Testing Frame 

Compression Test Assembly and Apparatus, Test 

Pile 1 - 12-In. Steel Pipe Pile 

Typical Tension Test Loading Apparatus and 

Instrumentation, Test Pile 16 - 16-In, Steel 
Pipe Pile 

Typical Lateral Load Test Apparatus and 
Instrumentation, Test Pile 6 - 14BP73 

Page 

C-2 

C-2 

0-3 

0-3 

C—4 

C—4 

C-5 

C-5 

C-6 

C-6 

C-7 
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Photo la - Timber, Steel Pipe, and Prestressed Con­

crete Piling at Site

Photo lb - Steel Pipe and H-Piles Shovdng Channels 
for Protection of Instrumentation

Photo c-i. TYPICAL TEST PILES
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Photo 4a - Head Attachment for Driving H-Piles with the 
Bodine Sonic Hammer 

Photo 4b - Head Attachment for Driving Concrete Piles 
with the Bodine Sonic Hammer 

Photo c-4. HEAD ATTACHMENTS FOR THE BODINE SONIC HAMMER 
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Photo 5b - Compression Test Assembly and Apparatus, 
Test Pile 1 - 12-In. Steel Pipe Pile 

Photo c-5. COMPRESSION LOAD TESTING 

Photo 5a - Compression Load Testing Frame 
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Photo 6-a - Typical Tension Test Loading Apparatus and 
and Instrumentation, Test Pile 16 - 16-In. Steel Pipe 
Pile 

Photo 6-b - Typical Lateral Load Test Apparatus and 
Instrumentation, Test Pile 6 - 14BP73 Pile 

Photo c-6. PILE TESTING SYSTEMS 
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ABPen^ix p 

RESIDUAL STRESSES IN TEST PILES 

1. Tlu-oughout the analysis of the load distribution in the 

test piles as presented in the nain text of this report, the assumption 

was made that no stresses, parallel to the axis of the pile, existed 

at the beginning of each test. Strain measurements of the piles 

indicated that this was not always the case. Test program limitations 

prevented an accurate determination of these stresses at the various 

stages in the testing sequence;’however, an analysis of the load 

distribution data obtained for tv/o identical steel pipe piles (2 and 

10), driven with the I4OC and Bodine hammers, was made to estimate 

residual stresses in the piles after driving and testing. The results 

of this analysis are presented in the following paragraphs. 

General Considerations 

2. The magnitude of residual stresses remaining in a pile 

after driving depend largely on soil conditions and method of driving. 

Other possible factors would be size, shape, length, and conposition 

of the pile. Residual stresses after driving or testing a pile in sand 

affect the apparent distribution of stresses in the pile but probably 

not its total capacity. 

3. Test piles 2 and 10 were selected to illustrate the possible 

effect of residual driving stresses on the distribution of load in the 

piles. Measured and estimated load distribution curves are shown on 

Plate D-l for these test piles. 

Test Pile 10 

4. Test pile 10 was driven with the Bodine hammer. Curve 1 

illustrates the measured load distribution for a compressive load of 

23O tons assuming no stress in the pile at the start of the test. Upon 

removing the compression load, the measured compressive stresses 
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remaining in the test pile were as shown hy curve 2. The stresses 

shown by curve 2 are residual stresses remaining from the compression 

test. Curve 3 represents the measured load distribution in the pile 

for a tension load of 105 tons assuming no stress in the pile at the 

start of the test; curve 4 represents the measured tensile stress in the 

pile, under no load condition, after the tension test. Curve 4 indicates 

an apparent tensile stress in the tip of the pile of about 50 tons. 

As this is not likely, the curve (4) probably represents residual 

compressive stresses from driving and conpression loading which were 

released during the tension test plus tensile stresses remaining in the 

pile after the tension test. As it is known that the conpression 

load test created residual conpressive stresses in the pile as shown by 

curve 2, and as no residual conpressive stress should exist after 

testing a pile to failure in tension, the numerical difference between 

curve 4 and curve 2 should represent the residual conpressive stress 

from driving plus the residual tension stress from the tension test. 

There is no way of determining the portion represented by released 

conpressive driving stresses and remaining tension. As there was a time 

lapse of several days between the end of the conpression test and the 

start of the tension test, there may have been some loss of residual 

conpressive stresses during this interval. Assuming curve 4 to 

represent only conpressive stresses released during the tension test, 

the estimated distribution of tensile stress can be obtained by sub¬ 

tracting curve 4 from curve 3 as shown by curve 5> On the basis of the 

above assumption, the conpressive load distribution during the conpression 

test would equal the measured distribution (curve 1) plus the numerical 

difference between curves 4 and 2 as shown by curve 6. The small 

difference between curves 1 and 6 indicates that residual conpressive 

stresses from driving with a Bodine hammer were small as might be 

anticipated because of the driving action of such a hammer. 

Test gil? 2 

5. Test pile 2 was driven with a I4OC steam hammer. In general 

the load distribution curves are similar to those for test pile 10, 

except that the stress in the pile after the conpression loading test 
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was the same as at the start of the test, From this, it is concluded 

that the compression test resulted in no increase in residual 

compressive stress in the pile, and that the residual stresses created 

by driving and load testing the pile were the same. The difference 

between curves 1 and 6 indicates that relatively high residual 

compressive stresses remained in the pile after driving with the 

I4OC hammer. It may be noted that the estimated residual stress, from 

driving, at the tip of pile 2 driven with the I4OC hammer approximately 

equals the measured residual stress after the compression loading test 

on pile 10 driven with the Bodine hammer, which created little or no 

residual stress in the tip during driving. 

Other Test Piles 

f 

6. All other test piles with strain instrumentation that were 

loaded in both tension and conpression were driven with a steam hammer. 

Except for test pile 16, these piles (test piles 1, 3, and 7) showed 

the same load distribution pattern as test pile 2. In test pile 16, 

which was jetted, residual stresses in the pile from driving were lower 

than for the other piles. This was evidenced by the increase in 

compressive stress in the pile from the conpression load test. The 

lower residual driving stresses were probably due to the jetting of the 

pile. 

Conclusion 

7. The primary effect of residual conpressive stresses in piles 

is on the measured distribution of the load in the pile. For design 

of piles in tension the residual driving stress or distribution of load 

in the pile has no effect on the conputed pile capacity. In the design 

of piles in conpression, the distribution of load in the pile may have 

some effect on the conputed pile capacity in that the load is carried 

by both point bearing and wall friction. In order to check the effect 

of load distribution on the design curves, the conpression load distri¬ 

bution curves for the pipe piles (test piles 1, 2, 3, and 10) were 

adjusted as illustrated previously and design curves were conputed from 

the adjusted data. For the adjusted curves the average point bearing 
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load was 50 percent of the applied compression load and the remaining 

50 percent was wall friction, and the average confuted values of 

and K were 35 and 0.88, respectively. These values conpare with an 

average point bearing of 30 percent of the applied conpression load and 

70 percent wall friction as obtained from unadjusted load distribution 

curves, and conputed values of and K of 21 and 1.26, respectively. 

For the range of lengths and pile diameters in question, the adjusted 

values of and K generally indicate pile capacities slightly higher 

than conputed from unadjusted data. The maximum effect on the conputed 

pile compression capacity is about 5 percent. 

8. In view of the lack of measured data and the numerous 

assumptions that of necessity had to be made to estimate the residual 

driving stresses for the test piles, it is considered that the parameters 

developed from the measured distribution of loads are the most reliable 

for interpolating or extrapolating the conpression load carrying 

capacity of other size and length piles. 
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PTI.K DRIVING CRITERIA FOR WATER TABLE BELOW GROUND ¿HEMS 

1. The pile driving criteria set forth in Part III, paragraphs 

62 and 65, apply to the ease where the ground water table during driving 

is at or close to grade. When the water table is below the ground 

surface, the static load capacity of a pile increases considerably; 

thus, the pile must be driven harder in order to achieve the required 

capacity under actual service conditions (ground water at or above the 

top of the piling). 

2. Evaluation of the adequacy of driving resistance for any 

given size of pile, design load, and steam pressure (at hammer) for vari¬ 

ous water table depths can be made by use of the graphs plotted on 

Plates E-l and E-2. 

Graph (a) on Plate E-l is a plot of penetration vs pile 

capacity for an 18-in. concrete pile for different assumed water table 

depths. This graph is based on Terzaghi's static equation for pile 

capacity and parameters developed from the Pile Test Program. 

Graph (b) on Plate E-l is a plot of pile penetration vs a 

correction factor that must be applied to indicated pile capacities 

at various water tables in order to obtain the capacity of the pile when 

the water table is at graae. 

Graph (c) on Plate E-l is a plot of driving resistance vs 

capacity for an 18-in. sq concrete pile and steam pressure = 120 psi 

for a 200C hammer for various lengths of piles regardless of depth of 

water table. 

3. Plate E-2 is a plot of pile penetration vs required driving 

resistance for various water table depths. The curves on this plate 

are obtained from the graphs on Plate E-l by the following procedure: 

For various assumed penetrations obtain factor F for 

different water table depths from graph (b) of Plate E-l. 

b. Multiply design load by factor of safety of 1.5 and 

factor F for each penetration depth and water table depth. 

c. Obtain required driving resistance for each load obtained 

in step b from graph (c) on Plate E-l. 
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Plot pile penetration vs required driving resistance for 

various water tables. 

3« Graphs similar to Plates E-l and 2-2 can be prepared for vari¬ 

ous design load, pile size, pile length, and steam pressures. 

4. Required driving resistances shown on Plate E-2 do not apply 

to local hard driving resistances encountered due to discontinuity in 

the type of subgrade, capillary forces above the water table, or to 

driving resistances immediately after an interruption in driving. 
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Static Fámula: Terzaghi's expreesicn for the static capacity of 
deep piers 

Tip Bearing Capacity Factor - 21 

Lateral Earth Pressure Coefficient K » 1.5 

Friction Angle of Concrete on Sand » 30“ 

Hoist and Suhaerged Density of Sand • 124 pcf, * ¿2 pcf, 
respectively 

Dynaaic Fomula: Pacific Coast Uniform Building -Code 

Hamer: Super-Vulcan 2000 

Concrete Modulus of Elasticity - 5 x 106 pel 

DESIGN AND DRIVING FOR 18-INCH 

:rete COMPRESSION PILE 
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Hammer b Super Vulcan 200 C 

Pile Size = 18" Sq 

Pile Length = 50' 

Pile Design Load = 170 Tons 

Steam Pressure = 120 psi 
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