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20..>.p.netration tests, static cone penetration tests, presiuremeter tests, *

bore hole permeability tests, and shear wave velocity tests. Concurrently
laboratory tests were conducted to investigate the strength and creep behavior
of the grouted sand. After completion of grouting, the site was excavated to
examine and evaluate the grouted sand. In the rock anchor test , inclined rock
anchors were installed in limestone through 130 feet of alluvial and glacial
deposits using a pneumatic down—the—hole hameer with an offset reamer. Load
tests were conducted on three ins trumentated rock anchors and the feasibility
of installation of the rock anchors was determined by evaluating loss of ground
during installation, performance of the installation equipment , and rate of
installation. The drilled—in pile test consisted of installation of large
diameter high capacity pipe piles by the Benoto method. The feasibility of
installing these piles was determined by evaluating los~~,~f ground during
installation, performance of the Benoto equipment, and ra~~ of installation.
In the pile driving effects test, pile founded monoliths veke constructed ,
supported on either one , eig~t or twelve timbez\piles j etted\and driven in al-
luvial sand to a depth of 35 feet. After apply 1~ig lateral and vertical load to
the monoliths, steel piles were driven at varyin~ distances f r~m the monoliths
while monitoring movement of the monolith and su~~orting piles;\shear, moment,and axial load i~ the timber piles; and por e pressure , movement , and particle
velocity, in the soil. Parameters examined were pile type being driven (sheet ,
pipe, or H—pile),\ pile driving hameer (diesel, air—steam , or vibratory) , dis-
tance of driven p~Lles from monolith, driving of multiple piles at the same
distance from the~monolith, load level applied to the monolith, and soil
properties (grout~d and ungrouted). Vertical and lateral load tests were con-
ducted on each pile founded monolith. Tests were also conducted to assess what
effect grouted soil has on piles. Piles were driven in both grouted and un—
grouted sand to examine driving characteristics and lateral load tests were con-
ducted on H and pipe piles in both grouted and ungrouted sand.
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0 SUMMARY AND CONCLUSIONS

0.1 PILE DRIVING EFFECTS TEST PROGRAM
The effects of nearby pile driving on axially and laterally loaded test

structures supported on timber friction piles in sand were investigated near Locks
and Dam No. 26 on the Mississippi River. The tests were designed to assess the
magnitude of permanent displacements of test structures caused by nearby pile
driving; assess the efficiency of chemical grout injection into the soil in reducing
these displacements; and investigate the mechanisms governing pile driving
effects. Adjunctly, the tests involved axial and lateral load tests on single timber
piles and timber pile groups in ungrouted and grouted soil. The effects of chemical
grouting on steel pile driving resistance and lateral load capacity of single steel
piles were also assessed.

The tests were designed from November 1977 to May 1978. The test
instrumentation was developed and installed from April to October 1978. The field
tests were conducted from August 1978 to March 1979. Six test structures
(monoliths) were constructed and tested. The test monoliths were founded on 46
instrumented timber piles having various con figurations. Forty-two prototype steel
piles were driven near the loaded test monoliths. Six prototype piles were laterally
load tested. A total of 65,500 gal of low-strength silicate grout was injected into
the soil surrounding two of the test structures. To a variable degree, these
conditions also model other similar navigation structures on the Mississippi River.
The tests involved a complex instrumentation system for manual and electronic
data acquisition.

0.2 TEST AREA SUBSURFACE CONDiTIONS
The test area was located on Ellis Island, about one mile downstream of

Locks and Dam No. 26 on the Missouri side of the Mississippi River. The
subsurface profi le at the location of the test area consisted of approximately

V 100 ft of sand and gravel of alluvial and glacial origin, overlying the limestone
bedrock. The subsurface conditions were investigated at the design stage, and
reassessed at various times during the tests to detect changes caused by timber

V 

pile jetting and driving, prototype pile driving, and chemical grouting. The
subsurface investigations relied primarily on the use of in situ testing methods
(dynamic and static penetration, pressuremeter and permeability tests, and cross

-
~ hole shear wave velocity measurements).

03 DESIGN AND CONSTRUCTION OF TEST FACU lTIES
0.3.1 Test Program Des~~

Test Monoliths. The pile driving effects test program was designed such
that the test conditions generally modeled the conditions at nearby Locks and Dam 

— - ~~
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No. 26. The test structures represented the structural conditions of the dam to an
acceptable degree of similitude; considerations were given to scale, timber pile
configuration, construction details, and load levels and history on the existing
structures. To a variable degree, these conditions also model other similar
navigation structures on the Mississippi River. The test variables were selected
consistent with the objectives of the program stated in Section 0.1.

Six monoliths were constructed; four were founded on 8- to 12-timber
pile groups; two on single timber piles. The number, configuration, and other
variables of the test monoliths permitted various comparisons and evaluations to be
made:

(1) effects of grouting on monolith performance; V

(2) effects of applied load level on monolith performance;
(3) single timber pile vs timber pile groups;

V (4) effects of other adjacent timber piles on monolith performance;
and

(5) behavior of interior vs exterior timber piles.

The performance of the monoliths was predicted using empirical data.
Only those aspects of performance which were necessary to meet the objectives of
the program were considered. An instrumentation system was designed to be
consistent with the ranking of the significant aspects of per formance and predicted
performance.

Prototype Piles. The prototype piles driven near the loaded monoliths
were primarily H piles, a type of pile likely to be used in potential future
construction on navigation structures. A few pipe and sheet piles were also driven
for comparison purposes. The primary pile driving hammer used for the tests was a
single-acting air hammer imparting a relatively constant impact energy to the
piles. Other hammers (diesel and vibratory) were also used.

Chemical Groutbig. The effects of grouting on monolith and pile
performance were evaluated. A low-strength silicate grout, tested earlier in the
chemical grouting test program (Volume U) was selected. The selection was based
on the previous test program results. In situ test results and visual observations

V indicated that piles could be driven through soil injected with this grout; soil
injected with all the other grouts tested in this program was considered to be too
hard for pile driving by conventional methods.

0.3.2 Couistnictlcu of Test Facilities
Earthwork and Dewaterbig. Construction of the test facilities Involved

extensive site preparation and construction of a dewatering and levee system to
protect the site from Mississippi River floods. The dewatering system was used to
maintain the groundwater level very close to the ground surface around the test
monoliths. By maintaining the soil surrounding the monoliths submerged, the tests
did not need to be conducted overwater.
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Reaction Structures. The conduct of the tests required design and
construction of appropriate reaction structures and systems capable of delivering
large axial and lateral loads to the test monoliths. The size and capacity of these
reaction structures were important factors in the selection of the scale and
configuration of the test monoliths.

Test Monolith Construction. The timber piles under the test monoliths
were installed by jetting and driving to a prescribed tip elevation; the installation
method was similar to that used during construction of Locks and Dam No. 26. The
timber piles were instrumented with inclinometer casings, and multiple levels of
strain gages and telltales. Per formance of the piles during driving was monitored
with a pile driving analyzer. After timber pile installation, the soil properties were
reassessed by in situ tests; the soil above the timber pile tips was generally made
denser and stiffer by the timber pile installation.

Chemical Groutbig. Chemical grout was injected In the upper 20 ft of 
V

soil surrounding two of the test monoliths. Grouting was done through sleeve pipes
at 4-ft spacing. The groutmg plant used was of the proportional type; the grout
components were pumped separately and merged just before entering the grout
pipes. Significant grout leakage and small grout takes were experienced under one
monolith (M3); the grout appeared to leak from around the timber piles. Grouting
was probably not very thorough under the monolith. Elsewhere, grouting was
accomplished satisfactorily. After groututg, the soil properties were reassessed by
in situ tests; the grouted soil propert ies were similar to those measured during the

V earlier chemical grout ing test program for the type of grout used (Volume II); that
is, an Increase of about 20 percent in resistance to dynamic and static penetration,
and to expansion of the pressuremeter was noted; somewhat greater increase in
shear wave velocity was also observed.

0.4 TESTING ACThruzS

0.4.1 Monolith Preloadbig

Each monolith was first laterally loaded and unloaded for a number of
cycles. This preconditioning was done to approximate the effects of load history
on actual navigation structures.

0.4.2 Pile Drlvbig Effects Teatbig
Prototype piles were driven at decreasing distances from a given

monolith. Only the monolith being tested was axially and laterally loaded; the
other monoliths were unloaded. The monolith displacement and surrounding soil
deformation were monitored during prototype pile driving. Performance of the
prototype piles during driving was monitored using a pile driving analyzer system.
The dynamic responses of the soil mass and test monoliths were also measured.
The prototype piles were generally driven 50 ft to 5 ft from the monoliths; for one
monolith, at the beginning of the program, prototype piles were driven as far as
200 ft from the monolith.

[V
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0.4.3 Monolith Load Teatbig
Upon completion of the pile driving effects stage of testing, each

monolith was load tested to failure, either axially or laterally.

0.4.4 Lateral Load Testing of Prototype Piles
Three instrumented H piles and three instrumented pipe piles were load

tested to failure under lateral load. Four piles were driven into ungrouted soil.
The soil surrounding two of these four piles was grouted (postgrouted); the soil
around the other two piles was left ungrouted. The last two piles were driven
through the previously grouted soil (pregrouted).

0.5 SUMMARY OF TEST RESULTS

0.5.1 Monolith Preloadhig
The predicted displacements of the monoliths were compared to the

displacements measured during initial lateral loading. The comparisons show that
the prediction overestimated the horizontal displacement of the monoliths, gen-
erafly by a factor of approximately two. A large part of the overprediction is
attributed to the presence of a berm in front of the monoliths; the effects of the
berm were not considered in the predict ions.

0.52 Prototype Pile Driving Effects
Performance of Prototype Piles During Driving. The maximum energy

V and compression force transmitted from the hammer to the pile butt were
predicted at 23 ft-k and 500 k, respectively. Measurements during driving Indi-
cated that these values were overestimated; maximum energy was generally
between 10 and 17 ft-k, and maximum force was generally between 300 and 400 k.
The differences are attributed to hammer assembly Inefficiency. The pile driving
resistance through grouted soil was approximately twice that In ungrouted soil.

Vibrations induced by Prototype Pile D14.~~~~ The observed displace-
ments of the monoliths during prototype pile driving correlated well with the
measured ground vibration characteristics. The cumulative effects of ground
vibrations were characterized by the summation with depth of the calculated
product of peak vectorial particle velocity observed for each foot of prototype pile
penetration times the blowcount for that foot (referred to as cumulative peak
velocity). Horizontal displacement of the monoliths correlated well with cumu-
lative peak velocity values derived near ground surface; settlement correlated well
with cumulative peak velocity values derived at a th of. 50 ft below ground
surface.

Detailed examination of the data for monolith MZ indicates that, after
each hammer blow, the monolith continued to oscillate horizontally at a frequency
close to Its natural frequency; however, the amplitude of the horizontal vibratory
motion of the monolith was much smaller than that of the ground at shallow depth.

L . 

V

V

~ 

- V -VV V~~ V - V~~~ ~~~~~~~ V -V V V
~~~~~~~~ -V ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~ VV -- 

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



~ -V -~ -- - -~ ~~~~~~~~~V~~-V V_ V~~~~~~~ V~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Y7C825 0—5
Phase N; Vol UI

The vertical motions of the ground at shallow depth and of the monolith were
similar.

Monolith Displacements. The following table summarizes the displace-
ments of the various monoliths during prototype pile driving. The total number,
location, and type of piles, and the type of hammer used were different for each
monolith; therefore, direct comparison of the values in the table cannot be readily
made. The evaluation for each case is discussed in pertinent sections of the report.

Measured
Total Displacement
No. of in.

Monoli th Timber Pile Load5 Prototype Average
No. Configuration Level Grouted Piles Driven Horizontal Vertical

Ml 3 x 4 High No 13 1.5 1.3
M2 2 x 4  High No 14 1.9 1.1
M3 2 x 4 High Yes 8 1.1 0.6
M5 2 x 4 Low No 7 0.7 0.4
M6 Single High No 14 2.0 1.5
M7 Single High Yes 8 2.3 1.0

* High-load level was 30 t/pile axially and 6 t/pile laterally; low-load level was
15 t/pile axially and 4 t/pile laterally

The following conclusions were drawn from the test results:

(1) significant cumulative displacements of the monolith (that is, displace-
ments larger than the accuracy of the measurements) were measured

V when prototype piles were driven at a distance of 50 ft or less from the
loaded monoliths;

V (2) the cumulative displacements of a given monolith increased with the
number of prototype piles driven;

(3) when as many as four prototype piles were successively driven at the
same distance from a given monolith, incremental displacement due to
each pile generally did not show a stabilizing or decreasing trend;

(4) grouting did not significantly reduce the displacement of the monoliths;
(5) the horizontal displacement of the monoliths at low-load level was

about 50 percent less than the displacement at high-load level; the
settlement at low-load level was about 30 percent less than at high-load
level;

(6) the single timber piles and the pile groups were equally affected by
prototype pile driving; and
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(7) the vibratory hammer induced much larger displacements of Monoliths
JZ and M6 than the impact hammers (air or diesel) ; the impact hammers
produced similar results.

0.5.3 Monolith Load Testing
Static lateral load at failure in ungrouted soil ranged from 14.3 to

15 t/p ile for the single timber pile and the two pile groups tested. It was
14.8 t/p ile for the timber pile group and 20 t for the single pile in postgrouted soil.
The timber pile group in grouted soil exhibited a stiffer response at low load levels
than the groups in ungrouted soil. The reverse was found for the single timber
piles ; however , the load at failure for the single pile was 33 percent larger in
grouted soil than in ungrouted soil. The response of the timber piles in grouted soil
was affected by the creep characteristics of the grouted soil, and incomplete
grouting near the ground surface under the pile groups (monolith M3, Section 0.3.2).
The static axia l load at failure for the single timber pile in ungrouted soil was
110 t; that for the pile group averaged 90 t/pile.

0.5.4 Lateral Load Testing of Prototype l’lIes
The results of the lateral load tests on the six prototype piles are given

below.

H Piles Pipe Piles
Load at 0.25 in. Load at 0.5 in. Load at 0.25 in. Load at 0.5 in.

Horizontal Horizontal Horizontal Horizon tal
Displacement Displacement Displacement Displacement

t 
— 

t t t V

Ungrouted Soil 8.5 15 5 5  10.5
Postgrouted Soil 12 16.5 4.5 8.5
Pregrouted Soil 7 10.5 8 12

The values for the ungrouted cases are in good agreement with the
predicted values. The measured loads at the corresponding displacements were
considerably smaller than the predicted values for the grouted cases. The
differences are attributed to the time-dependent properties of the grouted soil and,
to some extent , to the errat ic penetration of the grout at shallow depth. The piles

V in postgrouted soil exhibited larger creep displacement than any other piles. The
piles in pregrouted soil exhibited less creep than the piles in postgrouted soil;
however, the creep rate in pregrouted soil was much larger than in ungrouted soil.

06 INPERRID MECKAIII$M$

The behavior of monolith M2 was examined in detail in an attempt to
explain the mechanisms governing the effects of pile driving on the loaded, pile-
founded test structures. Mechanisms inferred from this analysis involve progres-
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- 
sive horizontal and vertical deformation of the soil in front of the monolith to a
large depth as prototype piles are driven. The fron t piles closest to the driven piles
deflect more than the rear piles. The deflection of the front piles is accompanied
by a horizontal translation of the pile tips. The loads on the front piles are
redistributed deeper along their shaft and to the other piles behind. This
mechanism is basically different from the mechanism during static lateral load
testing, which involves a uniform, shallow pile deflection, and small, shallow soil
deformation.

F
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1 PURPOSE AND OBJECTiVES

1.1 PURPOSE
The pile driv ing effects tests described in this Volume UI were part of

an investigation and test program designed to provide comprehensive technical
V bases for the evaluation of various overwater construction schemes and techniques

that could be used adjacent to existing loaded navigation structures such as Locks
and Dam No. 26. Like many existing structures, where additional construction may
be considered in the future, Locks and Dam No. 26 rest on short friction timber
piles installed in granular soil. Potential additional construction schemes may
involve driving high-capacity steel piles through the granular foundation soil to
bedrock in areas close to or within the existing friction pile foundations. Of major
concern are the effects such pile driving might have on the stability of the ex is t ing
foundations. The purpose of the pile driving effects test program was to provide
information regarding the magnitude of the effects of nearby pile driving on
verticall y and horizontally loaded pile-supported structures. Adjunctly, the test V

program was also designed to evaluate steel pile performance during driving and
lateral loading in grouted and ungrouted soil.

The investigation and test program was conducted on Ellis Island
approximately one mile downstream of Locks and Dam No. 26, on the Missouri side
of the Mississippi River. In addition to the pile driving effects tests, it also
included assessment of chemical grouting in alluvial sand (Volume U), and evalu- V

V ation of construction feasibility of drilled-in piles (Volume 1V) and rock anchors
(Volume V). Summaries of conclusions for each of these tests are presented in
Volume L

1.2 OBJECTIVES
The primary objectives of the test program were:

(1) to assess whether ornot test structures foundedonverticaltimberpiles
and subjected to vertical (axial) and horizontal (lateral) loads develop
permanent displacements in response to nearby pile driving; and

(2) to assess whether or not chemical grouting of the soil surrounding the
timberpile foundation of the test structuresprevents or mitigates such
displacements.

The secondary objectives of the test program were:
(3) to measure the response of the test structures, their timber pile

foundations, and the surrounding soil mass to nearby prototype pile
driving to help explain the mechanisms governing pile driving effects,
and establish relationships between pile driv ing parameters and ob-
served effects;

V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :VV ~~~~~~~~ V V ~~~~~~~ 
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(4) to measure ultimate axial and lateral load capacities of single timber
piles and timber pile groups in ungrouted and grouted soil; and

(5) to assess the effects of grouting on driving resistance and lateral load
capacity of steel piles.

1.3 ORGANIZATION OF VOLUME UI
The concept of the pile driving effects test program, including the

design approach, test variables, and expected performance , are discussed in
Section 2. The instrumentation selected for the tests is described in Section 3.
The subsurface conditions of the test area were thoroughly investigated and are
discussed in Section 4. Section 5 presents a summary of the construction activities
associated with the test program. Test procedures and results are discussed in
Section 6 (cyclic preloading) ; Section 7 (prototype pile dr iving effects) ; and

V Section 8 (monolith load testing). A detailed evaluation of the test results was
made for monolith M2 and is presented in Section 9. Results of lateral load tests
on prototype piles are given in Section 10. Observations of pile condition after
extraction at the end of the program are reported in Section 11.
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2 TEST PROGRAM DESIGN

2.1 CONCEPT OF TEST PROGRAM
2.1.1 Test Area Selecticm

At the onset of the project , the Government preselected four candidate
test site locations for the entire foundation investigation and test program. On the
basis of existing geotechnical and topographical data, it was concluded at the
design stage that , although no candidate test site location exactly matched the
conditions at Locks and Dam No. 26, Ellis Island was the most desirable location
for this investigation and test program. This preliminary test site location was
con firmed on the basis of subsurface investigations conducted at Ellis Island during
the winter of 1978.

2.1.2 Approach
The pile driving effects test program was designed such that the test

conditions generally modelled the conditions at nearby Locks and Dam No. 26. The
subsurface conditions at the test site approximately matched the conditions of
Locks and Dam No. 26 (Section 4). The test structures were designed and
constructed to reproduce the structural conditions of the dam to an acceptable
degree of similitude.

The significant aspects of performance that needed to be measured
during the tests to achieve the program objectives were selected at the design
stage. These are discussed in Section 2.3. These aspects were ranked to allow
first, measurement of gross performance, and second, understanding of mech-
anisms. By gross perfor mance, it is meant the total, unrefined observations and
measurements, free of any manipulation of data. The tests were designed to
ennance the aspects of performance that had been selected as significant to the
interpretation of the results.

V 

Predictions of the outcome of the tests were made by the following
process:

(1) assessment of test conditions;
(2) development of a simplified model for these conditions;
(3) selection of mechanisms believed to act in the tests;
(4) selection of a prediction method based on past experience (Section 2.3);
(5) selection of parameters involved in the prediction method and con-

sistent with the model developed in (2);
(6) analysis using selected method and parameters to calculate predictions;
(7) portrayal of the predictions to facilitate comparisons with measured

test results; and

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
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(8) comparison between predicted and measured test results to assess
reliability of prediction methods and, if necessary, improvement of
these methods.

On the basis of the predicted test performance, type, location, and
sensitivity of the instrumentation required to measure the significant aspects of
performance were selected. Instrumentation measurement schedule during testing
followed the priority ranking established for the aspects of performance, that is,
first , gross performance measurement and second, mechanisms detection.

2.1.3 General Description
Description of Tests. The concept of the tests is illustrated in Fig. 2.1.

The tests involved the construction of concrete test structures (test monoliths)
V resting on short , instrumented timber piles installed in sand. Vertical and

horizontal loads were applied to the test monoliths using vertical reaction rock
anchors and pile-founded, horizontal reaction blocks. With the monolith under
load, steel piles (prototype piles) were driven to rock at decreasing distances from
the monoliths. The effects of the driving vibrations were measured on the
monolith (vibratory movement and resulting static displacement), on the timber

V pile foundations (static de flections and strain redistribution) and in the soil mass
V immediately around and aw ay from the monoliths (dynamic and static defor-

mations, pore pressure changes).

Adjunctly, other tests were made during the program. They involved
cyclic preloading and load testing to failure of test monoliths, measurements of

V driving performance of prototype piles, lateral load testing of prototype piles, and
inspection of both timber and prototype piles after extraction.

Sequence of Activities. The pile driving effects test program included
the following activities. Actual durations and detailed sequence of these activities

V are given in Table 2.1.
(1) Initial subsurface investigations (winter 1977—1978);
(2) site preparation, excavation, and installation of dewatering system

(June to August 1978) ;
(3) instrumentation and calibration of test timber piles (May to September

1978);
(4) additional subsurface investigations and installation of ground instru-

mentation (September 1978);
(5) installation of test timber piles, construction of test monolith, and

construction of ancillary test facilities (October 1978 to January 1979);
(6) subsurface investigations to assess effects of test timber pile instal-

lation (November 1978);

(7) cyclic preloading of the test monoliths (December 1978 to February
1979);

L ——
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(8) grouting under two test monoliths (M3 and M7) (January and February
1979);

(9) driving of prototype piles at various distances from vertically and
horizontally loaded test monoliths (January to March 1979) ;

(10) subsurface investigations to assess effects of grouting and prototype
pile dr iving (February and March 1979);

(11) load test ing of selected test monoliths and prototype piles (January to
March 1979); and

(12) extraction of two test timber piles and four prototype piles (February
1979).

Configuration of Test Area. The location of the pile driving effects
test area within the Ellis Island test site is shown in Fig. 2.2. The general
configuration of the test area is shown in Fig. 2.3. The test area was approx-
imately 335 ft by 300 ft in plan. The major portion of the test area (monolith
trench) was excavated to approximately el 400. Subsequent crushed rock surfacing
raised the grade to ci 403. The area surrounding the test monoliths was excavated
to ci 391 to expose the top of the recent alluvial sand. The configuration of the
monolith trench was modified during the course of testin g; as disc ussed in
Section 5.2.2.

The test area was ringed by a flood-protection levee constructed to
ci 420. A dewatering system consisting of wells connected to vacuum manifolds

V was installed on the perimeter of the test area to draw down and maintain
groundwater at approximately el 390 in the monolith trench. In September 1978, a
supplementary system of seven deep, large-diameter wells with turbine pumps was
added as a precaution against river levels in excess of el 415. The performance of
the dewatering systems is discussed in Section 5.2.5.

2.2 SELECTION OF VARIABLES
2.2.1 General

V During formulation and design of the test program, a wide range of
potential test variables and parameters were examined. In identifying potential
test variables, att ention was focused on providing an acceptable degree of
similitude between the test and existing structures. Considerations were given to
scale, pile con figuration, construction details, and load levels and history on the

V existing structures. Other test variables examined were related to potential
rehabilitation schemes such as grouting prior to pile driving, and types of pile and
hamm er most likely to be used. Consistent with the purpose and object ives of the
pile driving effects test program stated in Section 1, only variables and parameters
essential to the satisfactory perfor mance of the program were selected. The test
variables are discussed below. A summary of the test monolith variables is given in
Table 2.2.

~~~V ~~~~~~~ -- - V ~~ ~~ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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22.2 Number of Test Monoliths
Six monoliths were constructed and tested. Four were founded on

timber pile groups; two on single timber piles. This number of test monoliths was
sufficient to make the following comparisons and evaluations:

( 1) single pile vs pile groups;
(2) effects of presence of adjacent timber piles on monolith response;
(3) behavior of interior vs exterior timber piles;

(4) high-level vs low-level applied loads; and

(5) grouted vs ungrouted soil.

In addition to the six test monoliths, an uncapped control pile group,
having a 2 x 3 configuration, was constructed. This control pile group was used to
assess changes in soil properties induced by timber pile installation and chemical
grouting, without interferr ing with or affecting the test monolith.

V 
22.3 Teat Monolith Configuration and Geometry

The dimensions of the test monoliths were selected on the basis of
available budget and schedule considerations and limitations imposed by the size of
the reaction structures needed to apply the test loads. The dimensions of the test
monoliths are given in Table 2.2 and Fig. 2.5. The test monoliths were founded on
clusters of two or three rows of four timber piles each (2 x 4 or 3 x 4 pile
configurations) or on single timber piles. The long axis of monoliths founded on
pile clusters coincided with the direction of applied lateral load (Fig. 2.4 and 2.5).

V The timber piles were embedded 2 ft into a reinforced concrete cap to approximate
the fixity conditions typicall y found in exist ing navigation structures such as Locks

V and Dam No. 26. The caps of the pile clusters were cast 3 ft above ground surface
to eliminate cap-soil interaction effects and facilitate interpretation of cap-pile—
soil load transfer. The caps of the single piles were only 6 in. above ground
surface.

2.2.4 Adjacent and b~ter1o~ Pile.
V Three test mono. ths were founded on a 2 x 4-pile configuration (Ma,

M3, and M5). In this configurat ion all piles were exterior piles. One test monolith
(Ml) was founded on a 3 x 4-pile configuration, so that the behavior of interior
piles could be investigated. Monolith Ml was also surrounded by one and two rows
of unloaded timber piles to model the effects of adjacent piles (Fig. 2.3). Two test
monoliths were founded on single ti mber piles (M6 and M7).

2.2.5 TImber Pile biatallation
All timber piles were jetted to a depth of approxImately 30 ft below

ground surface. Jetting was often accompanied by some driving to advance the
piles to the jetted depth. The timber piles were then driven for another 5 ft to
obtain a 35-ft embedment. This procedure generally was used in the construction
of Locks and Dam No. 26, according to available records.

~ 
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2.2.6 Applied Load Levels
Two different load levels were app lied to the test monoliths during the

pile dr iving effects phase of testing to assess the influence of applied load intensity
on monolith response. The lower load level (W 1) corresponded to the expected
normal maximum work ing loads delivered by the existing Locks and Dam No. 26
structures to their foundation piles. At the working load level, the horizontal load
H1 was 4 t/pile and the vertical load V1 was 15 t/piie. Monolith M5 (2 x 4) was
subjected to the working load level W1.

The higher load level (W 2) corresponded to that for which Locks and
Dam No. 26 were designed. At the design load level, the horizontal load was
6 t/pile and the vertical load V2 was 30 t/pile. Monoliths Ml (3 x 4), M2 and M3
(2 x 4) and M6 and M7 (single piles) were subjected to the design load level W2.

2.2.7 CyclIc PrejOadliTIg

All monoliths were subjected to cyclic preloading before the pile
driving effects phase of testing to approximate to some degree the effects of load
variations during the service life of existing structures. During cyclic preloading,
the vertical load was maintained at design level (V,), while the horizontal load was
varied between 0.1 H, and H2, until the horizon tal displacements of the monolith
reached a steady-state response. This usually occurred after approximately
40 cycles.

2.2.8 Grouted/Ungrouted Soil
The soil under monoliths M3 (2 x 4) and M7 (single pile) was grouted

between ground surface and a depth of 20 ft (Fig. 2.3). Grouting was done after V

cyclic preloading of the monoliths but before the prototype pile driving effects V

phase of testing. The purpose of grouting was to observe the effects of soil
treatment by chemical grout injection on monolith behavior. A low-strength V

silicate grout (2 5% silicate/aluminate; Volume ll~ was used.

The following ungrouted and grouted soil parameters were selected at
the design stage on the basis of laboratory tests and published data by Warner
(1972), Woodward-Cyde Consultants (1971), Clough et al (1977), and Koenzen
(1975): V

i
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Parameter Ungrouted Soil Grouted Soil

Total unit weight, y, lb/ft 3 130 130

Angle~~, degree
Static 40 40
Cyclic 38 -

Cohesion c, lb/ft2 0 1000
Unconfined compressive

strength q~, t/ ft2 0 1 to 3
Friction angle on steel

pile-soil interface 6 , degree 28 28
Coefficient of mass -l -3

permeability k, cm/s 2 x 10 10

2.2.9 Prototype Pile.

The primary prototype piles driven in the vicinity of the test monoliths
were H piles. The HP 14 x 73 section selected is the most likely candidate for
future construction on existing or proposed navigation structures. Five pipe piles

V (PP 14 x 0.375) and two sheet piles (MP 102) were also driven as secondary piles.

2.2.10 Pile D ivLig Hammers
The timber piles supporting the test monoliths were driven to final

penetration using a Velcan 1 (15,000 ft-lb rated energy) single-acting, air/steam
hammer. This hammer was generally used to install the timber piles supporting the
existing structures.

The majority of prototype piles were driven with a Vulcan 010
V (32,500 ft-lb rated energy) single-acting air/steam hammer. This hammer was

selected as the primary hammer because of its relatively constant impact energy
V characteristics. Also, a Vulcan 010 hammer had been used successfully in a

previous pile driving testing program for Locks and Dam No . 26 replacement
studies (Fruco and Associates 1973).

A few prototype piles were driven with a M KT DE 70B (42,000 to
63,000 ft-lb rated energy) single acting, diesel hammer (secondary hammer) . At
the design stage, It was assumed that a Delmag D22-02 (39,780 ft-lb rated energy)
would be used. The contractor provided the MKT hammer Instead, because of local

V availability. Two H piles and the two sheet piles were driven with a Foster 4000
low frequency vibratory hammer. Two timber piles and four prototype piles were
extracted with a Foster 40E vibratory extractor at the end of the testing program. 

_ _ _ _- -_ _
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2.3 SIGNWICANT ASPECTS OF PERFORMANCE
2.3.1 General

The tests were designed so that certain aspects of the monolith
performance during testing could be monitored. The significant aspects of
performance selected at the design stage were those that were considered
necessary to meet the objectives of the tests and to extrapolate the results.
Consistent with the objectives of the test program (Section 1.2), the aspects of
performance that were considered of primary importance were those reflecting the
gross behavior of the monoliths during pile driving. The secondary aspects of
performance were those reflecting the gross behavior of the monoliths during
static load testing, and those bringing to light the mechanisms governing gross
behavior during both nearby pile driving and load testing.

Significant aspects of performance and corresponding measurable char-
acteristics were identified for the pile driving effects test program for both the
grouted and ungrouted cases. They are listed in order of importance and priority in
Table 2.3.

2.32 PredIction Method
Pile Driving Effects. The present state of knowledge did not permit an

analytical prediction of the magnitude of permanent displacements of test mono-
liths caused by nearby pile driving. A prediction was attempted on the basis of the
limited amount of available pertinent information. Basically, the prediction was
based on:

(1) a study of pile driving effects on nearby soil by Lo (1977) relating pile
driving hammer energy, pile driving blowcount, and induced soil particle
velocity at a reference distance from a pile being driven;

(2) a seismic wave propagation and attenuation theory by Barkan (1962)
relating peak particle velocity and distance from source of vibration in
a soil medium; and

(3) data gathered by Feagin (1936) during pile driving effects tests at Dam
No. 11, on the Mississippi River, which provided a benchmark case
history of response of pile-founded structures.

P ile Driving Effects on Nearby Soil. On the basis of field measurements
during driving of 16.5-in.-dia octagonal prestressed concrete piles, Lo (1977)
generated a set of curves relating peak particle velocity V1 at ground surface and
at a distance of 1 ft from the pile axis to rated hammer energy and pileV 

penetration resistance expressed in blow/ft. He recommended that V1 be scaled
proportionally to the cross-sectional area for other piles. Accordingly, curves for
prototype 14-in, piles (HP 14 x 73 and PP 14 x 0375) were approximated and are
given in Fig. 2.6. Calculations supporting Fig. 2.6 are given In Appendix H,
Volume KIA.
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Propagat ion and Attenuation of Waves Through the Free- Field. For the
purpose of this investigation, it was assumed that the nature of wave propagation
phenomena in the vicinity of a driven pile could be effectively characterized by
peak particle velocities measured on the ground surface, at various distances from
the source of vibration. The velocities reflect both the geometric and material
damping effects as the waves propagate from the pile point through the soil.
Geometric damping occurs because of wave energy volumetric dispersion from the
source; material damp ing occurs because of mechanical dissipation of the energy in
the soil.

Based on field observations and wave propagation theory (Bark an 1962),
the peak particle velocity at a distance r from the energy source was expressed as:

V = V r ( ;!) 
‘ exp [-a(r_r 1)] (eq 2.1)

where: V = peak particle velocity at distance r from source;
Vr = peak particle velocity at distance r1 from source;
r 1 

= distance from source to observation point;
r1 = distance from source to point of known amp litude;
cx = coefficient of attenuation representing material damping effects;
n = coefficient, usually 0.5 to 1.0 representing geometric damping

effects.

For saturated fine-grained sand, Barkan suggested a value of 0.03 ft ’
for the coefficient of attenuation ~~~. Based on review of published data (for
example, Lo 1977 , Richart et al 1970), a value of 0.5 was selected for the
coefficient n for distances r in the range of 10 ft to 100 ft. Therefore, the free-
field attenuation law for the pile driving effects test area was expressed as
follows:

= v1/~ exp [—0.03 (r - 1)] (eq 2.2)

where: V = peak particle velocity at distance r from source, in./s;
V V1 = peak particle velocity at r1 1 ft from source, obtained

from Fig. 2.6, in./s; and
r = distance from source to observation point, ft.

Whereas eq 2.2 was considered to be sufficien t for a preliminary
prediction of peak particle veloci t ies at the ground surface, it could not be used to
rationally predict the wave amplitude at depth, or the frequency content of the
propagation waves. These two aspects were not predicted, although it was
recognized that they may be important in interpreting the observed behavior of
test monoliths during prototype pile driving.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Response of Test Monoliths. In assessing the behavior of a test
monolith due to arriving waves, the complexity of the problem, including the soil-
structure interaction and load redistribution effects, made it virtually impossible
to predict beforehand the deformation of a soil element near the pile grou p in any
direct way. It was, therefore, more appropriate to correlate a free-field wave
propagation parameter, such as peak particle velocity at the surface, with a
monolith gross movement parameter, such as permanent horizontal displacement
due to propagating waves. Data collected by Feagin (1936) at Dam No. 11 are
plotted in Fig. 2.7. Calculations supporting Fig. 2.7 are given in Appendix H,
Volume lilA. In Fig. 2.7 a, the cumulative displacement of Feagin’s monoliths (6 H~rat various distances r normalized with respect to cumulative displacement (6 ~

) 10’
measured at r = 10 ft for each 10 pile driving hammer blows, is plotted vs disfance
r. The influence factor I is defined as:

I = 
Cumulative displacement at r for 10 blows 

= ~H~r
u Cumulative displacement at r 10 ft for 10 blows (6&lo

Considering the uncertainties involved in Feagin’s data, Fig. 2.7a indicates that
data fit reasonably well the following attenuation law:

~
6H~r 

= 

~
6H~lo exp [_o.o3 (r — 10)] (eq 2.3)

or more generally:

= (6
H
)
~~ f exp [—0.03 (r_r

1)] 
(eq 2.4)

Equations 2.3 and 2.4 are indentical in form to eq 2.2 relating peak particle
velocity V and distance r. Therefore the following relationships appear valid:

_____ ~~H~r 
H r 1 (eq 2.5)

= 

~‘~i~r 1 

or 
~

‘
~r 

= (V1)

Equation 2.5 implies that the ratio of cumulative monolith displacement for 10
V hammer blows to peak particle velocity at ground surface is a constant independant

of r, as long as displacement and particle velocity are measured at the same
V 

distance from the source.

In Fig. 2.7b, the cumulative displacement of Feagin ’s monolith (6 ~
) for

each 10 hammer blows is plotted vs lateral load per pile for r = 10 ft and r .~‘Z~l f t.
Considering the uncertainties involved in Feagin’s data, Fig. 2 7b  indicates that
there is a reasonable relationship between (6 ) and horizontal load per pile. The
difference between Feagin’s monoliths 2 an could not be explained. Results
from monolith 2 were used for prediction purposes in this study because they
yielded larger predicted displacements.

_______________________________________________________________________
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No measurements of particle velocity were made at Dam No. 11.
Particle velocities were inferred on the basis of Fig. 2.6. Since Feagin used a
Vulcan 1 hammer (15,000 ft-lb) and the probable b)owcount for his piles was
B = 60 blow/ft, Fig. 2.6 indicates that V1 was probably around 2.5 in./s. Using
eq 2.2, the following particle velocities were calculated:

V = 0.604 in./s at r = 10 ft

V = 0.3 15 in./s at r = 20 ft

These values of V were used to normalize the data from monolith 2 in Fig. l.7b, to
obtain the curve presented in Fig. 2.8. In essence then, an assessment of the
effects of nearby pile driving on the behavior of loaded monoliths can be made by:

(1) estimating a value of re ference peak particle velocity V1 from Fig. 2.6
based on the rated pile driving hammer energy Eram and tlowcount B;

(2) attenuating that value V1 to a peak particle velocity value V as a
function of distance r between test monoliths and driven prototype piles
using eq 2.2; and

(3) deriving a value of cumulative horizontal displacement 6 H of the test
monolith caused by 10 hammer blows using Fig. 2.8 and the cor-
responding lateral load per pile.

Predict ions made in accordance with the above proced ure are discussed in
Section 2.3.3.

Statically Loaded Single Plies and Pile Groups. The response of piles
and pile groups to axial and lateral loads is a common problem in foundation
engineering; however, experimental and field data on full-scale pile groups often
are prohibitively expensive to obtain and many of the cases reported in the V

literature are only partially documented. The available experimental data per - V

t inent to the pile driving effects test program were reviewed, and methods of
analysis that were used to predict pile performance are discussed below.

Experimental Data. Feagin conducted several well documented field
V ‘ test programs in support of the design and construction of the existing Locks and

Dam No. 26. Axial load tests were performed on individual piles within the
cofferdams during construction (Feagin 1936a and 1937). Lateral load tests were
performed under similar conditions, both on single piles and on several pile groups
of different configurations (Feagin 1937a). Feagin (1948 and 1953) also sum-
marized results of axial and lateral load tests on single piles and pile groups
conducted at Locks and Dam No. 26 and elsewhere on the Upper Mississippi River.

Methods of Analysis.
Single Pile Axial Load Capacity. One-dimensional wave equation

solutions are commonly used to predict driving performance of single piles and
relate their ultimate axial load capacity ~ lt to dynamic resistance to driving R
The computer program Wav e Equation An~~ysis of Piles-WEAP (Goble and Raus~fie1976) was used in this instance to analyze the hammer assembly-pile-soil system
for single timber piles and steel prototype piles.

-- - --- .—~~ V V ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
VV ~~~~~~ -~~V - ~~~~ 
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Single Pile Lateral Load Capacity. The usual analytical approach to
predict lateral capacity of a pile involves the concept of subgrade reaction. The
subgrade reaction method is semi-empirical and involves a soil modulus E5, defined
by McClelland and Focht (1958), Matlock and Reese (1956), and others as:

E5 (z, y) ply = khD/unit of length

where: p = lateral soil resistance per unit length of pile, expressed as a force
per unit length;

z = depth below free ground surface;

y = horizontal displacement of pile;

= coeffic ient of hor izontal subgrade reaction (Terzaghi 1955); and

D = pile diameter.

In this instance, the pile-soil system was analyzed using the computer program V

Beam-Column 67 described by Bogard and Matlock (1977).

Pile Groups. Analyses of p ile group behavior under static loading
conditions were made using the solution developed by O’Neill et al (1977) and the
computer program GP3A. In this solution, the behavior of each pile in the group is
analyzed using elemental p-y (lateral) and t-z (axial) t representations of the load
transfer behavior of the surrounding soil The GP3A solution incorporates pile-soil-
pile interaction effects.

2.3.3 PredIcted Performance

The characteristics of the significant aspects of performance were
predicted. Documentation is provided in Append ix H, Volume mA.

Pile Driving Effects. Using the method described in Section 2.3.2, an
attempt was made to predict cumulative horizontal displacement of a test
monolith caused by 10 hammer blows on one prototype pile. These predictions are
presented in Fig. 2.9 and Fig. 2.10 for the primary hammer (Vulcan 010) and one
secondary hammer (Delmag D22)**, respectively. Wave equation analysis pre-
dictions of R and E (dynamic resistance to penetration and maximum energy
transferred a~ the pile%i~ t per ha mmer blow) vs blowcount, are given in Fig. 2.11.

As an examp le, using Fig. 29,  it was expected that 10 blows of a
Vulcan 010 hammer on a 14-in, prototype pile (HP 14 x 73 or PP 14 x 0.375), at a

V distance of 10 ft from a 2 x 4-pile test monolith would induce the following
permanent horizontal disp lacements in ungrouted soil:

V 

* t is the axial soil resistance, expressed as a stress per unit area , and z is the
settlement of the pile

** The actual secondary hammer used during the tests was an MKT DE 70B wtth
a rated energy of 42,000 to 63,000 f t - tb ;  a Delmag D22 has a rated energy of
39,780 f t - lb .  The actual energy used for  prediction purpose was 25,000 f t - l b
at low blowcount and 39,780 f t - l b  at high blowcount , to account for  mech-
an ical efficiency

V V~~~~~~~~~~~~~~~~~~ 
VV ~~~~~~ V~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Prototype Pile
Penetration Permanent
Blowcount B Displacement 

~ HLoad Level blow/ft in.

V 

1 
~ t/pile) 10 0.0

w 1
V1 = 120 t 50 0 1 3(15 t/pile)

H2 =48 t 10 0 0 7(6 t/pile)

V2 = 240 t 50 0 1 6
V (30 t/pile) .

V 

In essence, these data 
~
6 H per 10 blows) define the slope of a curve

representing cumulative displacement versus hammer blows based on Feagin’s test
results. It was unclear, however, from Feagin’s data, what the exact conditions
were during his test program. It was uncerta in whether his data describe maxi mum

-
V slope values or average slope values during the course of nearby pile driving. The

V depth of penetration of the piles during driving was not reported. Thus, the
meaning of the data presented by Feagin and these interpretations of his data are
questionable.

V The vertical and rotational displacements of the test monolith were
calculated approximately (based on static analyses) by multiplying the horizontal
displacement values express ed in inches by 0.12 to obtain the vertical displacement

in inches, and by 0.09 to obtain the rotational displacement 0 in degrees:

6v =0 . 12 611 
-

V 
0 (degrees ) = 0.09 6 11(inches)

The predicted peak particle velocity V at the ground surface was
estimated as a function of distance from pile driving, rated driving energy, and
penetration blowcount. These predictions are presented in Fig. 2.12. For example,
based on Fig. 2.12, the following predictions were made:

L V 111111 V Vi1~~~~~~~~~~~~~~~~~~ - : 5 ~~~~~~~~~~~~~_~~~~~~~~~~ ~
___1__ 
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Distance Predicted
from Penetration Peak Velocity at

Pile Driving r Blowcount Ground Surface V
ft Hammer Type blow/ft in./s

10 Vulcan 010 10 1.6
10 Vulcan 010 50 3.4

10 Delmag D21-02* 10 0.9
10 Delmag D22_02** 50 5.2

2.4*t* Vulcan 010 10 4
8 Vulcan 010 50 4

Delmag D22_02* 10 4
14 Delmag D22_0Z** 50 4

* At low blowcount, assumed E = 25,000 ft-lb
** At high blowcount, assumed = 39,780 ft-lb
*** The relationship is probably inva’fld for r <5 ft

Effects of Grouting. Predictions of driving resistance and driving
stresses for piles driven through grouted and ungrouted soil are presented in

V Fig. 2.13. The predictions were made using the WEAP computer program discussed
in Section 2.3.2. Blowcount was expected to be twice as large in grouted soil than
in ungrouted soil. Slightly higher driving stresses were also expected in grouted
soil.

Lateral Load Capacity of Steel Piles. Load-deflection relationships for
lateral load tests on H and pipe piles were predicted using the beam-column
analysis discussed in Section 2.3.2. These predictions were made assuming certain
stiffness characteristics for the piles. Actually, the stiffness of the test piles was

V significantly increased by various instrumentation protections welded to the piles.
This is discussed further in Section 10. On the basis of the general predictions
presented in Fig. 2.14, it was predicted that the following static lateral loads P0 25would produce a pile-head displacement tSymax of 0.25 in.:

V 
- -5—- -- - ---S.
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P0.25
Soil Conditions Prototype Pile t

Ungrouted soil HP 14 x 73 5.5
PP 14 x 0.375 5
(concrete-filled)

Pregrouted soil HP 14 x 73 4
(Pile driven through PP 14 x 0.375 3.8
grouted soil) (concrete-filled)

Postgrouted soil HP 14 x 73 27
(Soil grouted after PP 14 x 0.375 24
pile is driven) (concrete-filled)

Driving the piles through pregrouted soil was expected to cancel the
effects of grouting, and result in lateral load capacity similar to that in ungrouted
soil. Postgrouting was expected to significantly increase lateral load capacity of
the piles.

I
_ _  

_ _ _  
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MONOLiTH LOAD LEVEL
MONOLITH TIMBER DIM ENS IONS, f t  I/pil e

NUM BER C ONFIGURA TI ON HEIGHT WIDTH LENGTH HO RIZONTAL VERTI CAL CONDIT IONS

0 0 0 0 0 0
0 0  0

MI : ~~~~~~~~~~~~ 6 10 13 .6 V 2 . 30 Ungrauted
0 ~~• e oIO
0 0 0 0 0 0
0 0 0 0 0 0

(3 * 4)

MZ 6 7 13 H2 6 V2 30 Ungrouted

(2 *4)

M3 

E~1 
6 7 13 H2 ~ 6 V2 ~ 30 Grouted

(2 *4)

I . .1
MS . 6 7 13 H

~ ~~4 H 1 = 15 Ungrouted
I.. ’

(2 * 4)

V M6~
2
~ (~) 3 3 3 H2 . 6 V2 30

(Mi ~~l. pile)

E~J 3 3 3 R~ 6 V2 . 30 Grouted

(sIngI. pile)
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SUMMARY OFV 
lo*ded test timber ~)UC TEST MONOLITH VARIABLES

0 Unln.t,umented, unloaded timber pile
POUNOATION INVISTISATION AND TIC? PSOSSAM

SIPITINS LOCIS AND DAM N. IS
( I )  Timber piles were InstalLed at 3-ft centers •t (GN U e s,.,c~~. corn.. or INSINUISI.
(2) MI w d Mi were raised 0.3 ft above ground *irface; all •s c .os-r.-c -. .os

other monouths were ra tsed 3 ft above ground eirface
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Priority Aspect of Performance Mensurable Cbiracte~lstic

Primary
* 

1 Response of monoliths d*srtng -Perm anent displacement
nearby prototype p ile driving -Applied load

-Particle velocity
2 Perfor mance of prototype p11.. -Penetration resistance

during their driving -Force-time history at
butt

-Acceleration-time
history at butt

3 Wave propagation In soil -Particle velocity at
ground nirface

Secondary
4 Response of timber piles -Permanent pile

during nearby prototype pile deflection
driving -Cap-pile-soil load

tr ansfer

S Response of soil mass during -Permanent deformat ion
nearby prototype pile driving -Particle velocity at

depth
-Pore pressure

6 Ult Imate load capacity of -Ultimate load
timber piles -Pile deflectionV 

-Cap-pIle-soil load
transfer

7 Performance of timber piles -Penetratio n resistance
during their driving -Ferce-tiøe history at

butt
-Acceleration-time
history at butt

-Observation after
eztr*ction

8 Effects of pouted soil on -Dynamic pile penetration

pile driving resistance R
-Dynamic strJi~in pile a~~~~

9 Lateral load capacity of -Ultimate load P
piles driven In pouted and -Pile deflection r
ungrouted soil
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3 INSTRUMENTATION

3.1 INSTRUMENTATION REQUIREMENTS

3.1.1 General Requirements

The instrumentation required for the pile driving effects tests was
complex and extensive. It was designed to satisfy the primary and secondary
objectives of the test program by monitoring the significant aspects of per-
for mance. The instrumentation was designed to:

(1) measure the response of the test monoliths in grouted and ungrouted
soil during nearby prototype pile driving;

(2) monitor the performance of the prototype piles during driving into
ungrouted and grouted soil;

(3) monitor the wave propagation behavior in soil during prototype pile
driving;

(4) measure the response of timber piles in grouted and ungrouted soil
during nearby prototype pile driving;

(5) measure the response of the soil mass during nearby prototype pile
V driving;

(6) measure the ultimate load capacity of single timber piles and groups of
timber piles in grouted and ungrouted soil;

(7) monitor the performance of timber piles during their driving; and
(8) measure the ultimate lateral load capacity of instrumented prototype

piles driven through ungrouted and grouted soil.

The instrumentation installed and monitored during the program is
listed in Table 3.1. The instrumentation is discussed in detail in the following
sections.

3.12 Response of Monoliths Dw’hig Nearby Prototype Pile Drivuig
Scope of Instrumentation. During driving of prototype piles, the re-

sponse of the monoliths was monitored by measuring (FIg. 3.1):
(1) permanent displacements of the monoliths;
(2) applied axial and lateral loads; and
(3) transient movement of the monoliths.

Permanent DWlacements. Permanent (static) displacements of the
monoliths were measured using:

(1) displacement gages consisting of linear potentiometers and dial gages
attached to survey-controlled reference beams. The linear potenti-
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orneters were read through the automatic data acquisition system
(Section 3.2.6). The dial gages were read and the readings were
recorded manually;

(2) optical survey (vertical and horizontal) of the reference beams and
directly of reference points installed on the monoliths; and

(3) two-dimensional tiltmeters located on top of each monolith.

Applied Loads. Loads applied to the monoliths by the test jacks were
monitored with load cells. Depending on the applied load level, load cells having a
capacity ranging from 10 t to 350 t were used. The load cells were read both
manually using a digital millivoltmeter and through the automatic data acquisition
system.

Transient Movement. Three-dimensional velocity transducers (geo-
phones) were installed on or near the top of the monolith. The geophones were
read and the results recorded using a dynamic data acquisition system (Sec-
tion 3.2.7).

3.1.3 Performance of Prototype Piles Duri~~ vu~~

During driving of prototype piles, the pile penetration resistance was
monitored in terms of blowcount expressed as hammer blows per foot of pene-
tration. The response of the pile butt was monitored using:

(I) one or two accelerometers mounted near the butt of each prototype
pile; V

(2) one or two strain transducers mounted near the butt of each prototype
pile; and

(3) a Pile Driving Analyzer system, which included a field analog computer
(analyzer), a two-channel storage oscilloscope, and a four-channel
magnetic tape recorder.

This dynamic measurement and analysis system was used for evaluation
of the following, for any given hammer blow:

(1) the maximum energy (Emax) transmitted to the pile;
V (2) values (maxima and time histories) of force, velocity, and acceleration

at the pile butt; and
(3) an estimated value of dynamic resistance to penetration Rult.

3.1.4 Wave Propagation In Soil
During driving of prototype piles, seismic waves were monitored using

three-level arrays of three-dimensional geophones installed at designated locations
(FIg. 3.2). The geophones were installed at approximate depths of 1 ft, 15 ft, and
50 ft below ground surface to measure soil particle velocities induced by prototype
pile driving both in the free field and near the test monoliths. The geophones were 

~~~ _ - —- ~~~~ ~~~~~~~~~~ 
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read and the results were recorded using a dynamic data acquisition system
(Section 3.2.7).

3.1.5 Response of Timber Piles During Nearby Prototype Pile Driving
Scope of Instrumentation. During driving of prototype piles, the re-

sponse of timber piles supporting the test monoliths was monitored by measuring:

(1) timber pile permanent deflection;

(2) cap-pile-soil load transfer; and
(3) temperature distribution along the pile shafts.

Timber Pile Permanent Deflection. Permanent deflection of timber
piles was measured using (Fig. 3.3):

(1) small-diameter inclinometer casings installed on the four corner piles
of each monolith Ml through M5 and on the single piles of monoliths M6
and M7;

(2) four-position rod-extensometers (telltales) attached to linear potenti-
ometers installed on all the monolith timber piles.

These instruments were read manually at various intervals during
testing.

Cap—Pile—Soil Load Transfer. The manner in which applied lateral and
axial loads were transferred from the concrete monolith cap to each timber pile
and then to the soil was measured. The required instrumentation included
(Fig. 3.3):

(1) strain gages mounted on all monolith timber piles, except for two piles
under monolith M5. The strain gages were read through the automatic

V data acquisition system (Section 3.2.6); and
(2) four~posltion rod extensometers (telltales) attached to linear potenti-

ometers and read manually. All monolith timber piles were instru-
mented with telltales.

Most timber piles were instrumented with seven levels of four strain
gages each. Only six of the eight piles of monolith M5 were instrumented with
strain gages. Four of those six piles and the single pile under monolith M6 had
eleven levels of four strain gages each for monitoring deep pile-soil load transfer
during axial load testing to failure; the other two instrumented piles of monolith
M5 bad seven levels of strain gages.

Temperature Distribution. Twenty-six thermocouples were embedded in
epoxy near selected strain gage locations to provide means of measuring tem-
perature distribution along the pile shafts.

—~~~~ —_ —- -— --  —~~~~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ C_~ -~~ ~~~~~~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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3.1.6 Response of Soil Ma During Nearby Prototype Pile DrlvL4
Scope of Instrumentation. During driving of prototype piles, the re-

sponse of the soil mass, both in the free field and in the vicinity of the monoliths,
was monitored by measuring:

(1) permanent deformation of the soil mass;
(2) particle velocity at depth (Section 3.1.4);
(3) porewater pressure at various depths; and
(4) temperature.

Permanent Deformations Within the Soil Mass. Permanent static de-
formations within the soil mass were measured using (Fig. 3.2):

(1) settlement points installed at or near the ground surface; and
(2) three-dimensional deformation gages, consisting of inclinometer casings

and magnetic settlement devices (Sondex rings) installed at various
depths around the inclinometer casing.

Porewater Pressure. Porewater pressure in the soil mass during driving
of prototype piles was measured using piezometers installed in two-unit arrays at
depths of 5 ft and 15 ft below the ground surface.

Temperature. Up to six thermocouples were used at various times to
measure near-surface ground and air temperature.

3.1.7 Static Load Testing of M~~oliths
Scope of Instrumentation. During cyclic preloading and static load

testing of the monoliths, the following parameters were measured:
(1) applied loads;
(2) monolith displacements;

V (3) timber pile deflections; and
(4) cap-pile-soil load transfer.

Applied Loads. Load cells and jack gages were used to monitor applied
loads during load testing (Section 3.1.2).

Monolith Displacements. Monolith displacements were measured as
discussed in Section 3.1.2.

Timber PU. DeflectIon.. Timber pile deflections were measured as
discussed in SectIon 3.1.5.

Cap-Pile-Soil Load Transfer. Cap-pile-soil load transfers were
measured using:

(1) strain gages mounted on the timber piles (Section 3.1.5); and
(2) four-posItion rod-extensometers and linear potentiometers (Sec-

tlon 3.1.5).

r ___________________
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3.1.8 Driving Performance of Timber Piles
During monolith construction, driving and restriking of the timber piles

were monitored in terms of blowcount. The dynamic response at the pile butt was
also measured using the instrumentation system described in Section 3.1.3, that is:

(1) one or two accelerometers;
(2) one or two strain transducers; and
(3) the pile driving analyzer system.

3.1.9 Lateral Load Tests on Prototype Piles
Scope of Instrumentation. During lateral load testing of six prototype

piles, the performance of the piles was monitored by measuring (Fig. 11.2,
Section 11):

(1) applied load;
(2) pile-head displacement and slope;
(3) bending stress distribution; and
(4) pile deflection at depth.

Applied Loads. A lOO-t load cell was used to measure applied lateral
load (Section 3.1.2). V

Pile-Head Displacement and Slope. Pile-head displacement and slope
were measured with dial gages mounted at the ground surface and 18 in. above
ground surface.

Bending Stress Distribution. Stress distribution along the pile shaft was
obtained from measurements by strain gages mounted on the prototype piles
(Fig. 3.4).

Pile Deflection at Depth. Pile deflections were monitored using a
V small-diameter inclinometer attached to each prototype pile shaft (Fig. 3.4).

32 DESCRIPTION AND GENERAL EVALUATION OF D~STRUMENTATION

32.1 Optical Instrumentation and Controls
V As stated in Section 2.3, the primary aspect of performance of first

priority was the permanent displacements of the test monolith during prototype pile
driving. Although sophisticated electrical instrumentation (linear potentiometers
and automatic data acquisition system) was routinely used to track monolith
displacements almost continuously, absolute displacements were always referenced
to a fixed vertical benchmark or to fixed horizontal control points. This was done
either by direct measurements of control points on the monolith or by indirect
measurements of control points on reference beams, using a Wild NA KI self-
leveling level and a Wild TZ theodolite. 
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Vertical Benchmark. An as-built sketch of the vertical benchmark used
for the pile driving effects tests is shown in Fig. 3.5. The benchmark was located
in the southwest corner of the test area (Fig. 2.3). Surveying rods and machinist’s
scales were used for the vertical surveys.

Horizontal Control Points. Two pairs of horizontal control points were
installed at both extremities of the monolith trench (Fig. 2.3). An as—built sketch
of the horizontal control points is shown in Fig. 3.6. A specially designed vernier
caliper was used for the horizontal surveys.

Reference Beams. Two removable reference beams were used to mount
linear potentiometers and dial gages used for automatic tracking of the monolith
and t imber pile displacements. As-built sketches of the re ference beams and their
foundations are shown in Fig. 3.7. The reference beams were not perfectly
stationary, and their displacement was measured often during testing. These
measurements were used to correct data obtained using linear potentiometers and
dial gages.

3.2.2 Monolith Instrumentation
Several types of instruments were mounted on the monoliths or on the

portion of the timber piles above ground.

Survey Points. Direct opt ical measurements were made on the mono-
liths during testing. Vertical survey points were l-in.-dia steel hex-head bolts
affixed to the concrete and read with a level and a machinist’s scale graduated to

V 0.01 in. Horizontal survey points were mounted on angle or channel brackets
screwed into the concrete, and protrud ing on the front and back of the monolith.
The horizontal survey points were read using a theodolite and a specially designed
vernier caliper.

Dial Gages. Dial gages were used to measure displacements of mono-
liths and timber piles in three directions:

(1) y: direction of applied lateral load, approximately north;
(2) z: vertical; and
(3) x: direction perpendicular to applied lateral load, approximately east.

Starrett dial indicators were used (operating range: 2, 3, or 4 in ;  graduation:
0.001 in.). The dial gages were mounted on angle brackets welded to the reference
beams and bore on chromed, steel cubes screwed to the monoliths and the timber
piles, as shown in Fig. 3.8. The dial gages were read and recorded manually.

Linear Potentiometers. Each dial gage was paired with a linear
potentiometer, mounted on the same bracket and bearing on the same surface.
Sinco Model 51703, spring-activated pote~tiometers were used (operating range: 2
or 4 in.; sensitivity: operating range x 10 ). These potent iometers were connected
to the automatic data acquisition system (Section 3.2.6) and were read very often
during testing. Dial gage and linear potentiometer data compared well throughout
the program.

C -~V C ~~~~~~~~~~~~ CC~,C~C~~~~~ V _ V ~ ~CC• C~~_~~C~V CC _~C ~ _ C~ - C C ~~~~ -~~ - C - C-~ C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - —--



CC V - -

Y7C825 3—7
Phase IV; Vol III

Tape Exteusometers. Relative displacements between monoliths were
measured using two Sinco tape extensometers (operating range 100 ft;  sensitivity:
± 0.00 1 in.). The tape extensometers were stretched between survey points
mounted on monoliths and reference beams. Data obtained using the tape
extensometers were affected by changes in temperature. They were also sensitive
to the operator ’s technique.

Tiltmeters. The rotation of the monoliths was measured dire~4ly using
a Sinco tiltmeter (operating range: ± 30° from vertical; sensitivity: 10 ). The
ceramic base plates on which the portable readout unit was placed for measure-
ments were affixed by epoxy to the top surface of the monolith. Results of
tiltmeter measurements did not compare very well w ith rotation values calculated
from horizontal and vertical displacement measurements. Difficulties were often
experienced with chipping and breaking of the knobs of the ceramic plates. The
tiltmeters appeared to have been affected by the cold temperatures experienced
during test ing.

Geophones. Particle velocity measurements were made directly on the
monoliths. One to three geophones were mounted on the monoliths during
prototype pile driving. The geophones were Mark Products Model L-15B (standard
fr equency range: 4.5 to 40 Hz). The geophones were connected to a dynamic data
acquisition system (Section 3.2.7). Geophone data were very consistent.

Load Cells. The axial load was applied to the 2 x 4- and 3 x 4-pile
monoliths by a tandem of two hydraulic rams. A beam load cell custom-designed
and built by Evergreen Weigh, m c , Seattle, (operating range: 0 to 200 t; sensitivity:
0.05 percent of full range) was placed under each vertical ram. The load cel]s were
provided with a Teflon skid pad and a ball and socket assembly to allow relatively
free horizontal displacement. For monolith M5, which was axially loaded up to
800 t, 250-t and 360—t cylindrical load cells (Evergreen Weigh) were used under the
vertical hydraulic rams. The lateral load, or the axial load of the single pile
monoliths, was also applied to the monoliths by a tandem of hydraulic rams. A
cylindrical load cell built by Evergreen Weigh, Inc (operating range: 0 to 10 t, 0 to
50 t, or 0 to 100 t; sensitivity: 0.5 percen t of full range) and a ball and socket
assembly were intercalated between the ram and the reaction frame. The l-3ad
cells were read manually on a continuous basis using a digital millivoitmeter, and
were also connected to the automatic data acquisition system. The load cells
performed very well throughout the program.

32.3 TImber Pile Instrumentation
The 46 timber piles supporting the six test monoliths were heavily

instrum ented, as shown in Fig. 3.3. The instrumentation installation was done off-
site in Seatt le. The instruments were installed in longitudinal grooves in the piles
and sealed with epoxy (Sikadur Hi-Mod HV).

Strain Cages. The strain gages used were Micromeasurements Model
CEA -06-125UW-350 (nominal resistance: 350 S~; strain range: 30,000 ic; sensitl—
. ity:  2 to 4 ~~t) constantan on foil with polyamide backing. From the results of a 

fl~- -
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pilot test program (Section 3.3.1), it was determined that the best method of strain
gage installation was to mount the gages on 3/8-in.-dia aluminum tubing and
embed the tubes in the grooves with epoxy. Four gages were installed at each
gaging leveL Generally, seven gaging levels were located in the upper 20 ft of the
timber piles (Fig. 3.3). For four piles under monolith M5 and for the single pile of
monolith M6, eleven gaging levels were used along the entire length of the piles to
detec t complete strain distribution during axial load testing to failure. The strain
gages were connected to the automatic data acquisition system (Section 3.2.6).
The performance of the timber pile strain gages is discussed in Section 3.3.

Telltales. Axial deflections of the timber piles during testing were
measured using telltales embedded in epoxy-filled grooves in the piles. The
telltales consisted of rod-extensometers anchored at four different levels along the
piles, and attached to linear potentiometers connected to the top of the piles. The V
extensometers consisted of a 1/4 -in.-dia, stainless steel inner rod, sheathed with a
1/2 -in.-dia PVC tubing. The potentiometers (similar to those described in
Section 3.2.2) were read manually using a Sinco digital extensometer indicator.
Although the telltales appearec~ to have performed generally well, they were not
very sensitive (1 ic = 6 x 10 in. for a 5 ft gage length) and were affected by
temperature variation.

Inclinometer Casing.. Horizontal deflections of the timber piles during
testing were monitored using an inclinometer casing embedded in an epoxy-filled
groove in the piles. The four corner piles of the 2 x 4 monoliths (MZ, M3, and M5),
six piles of monolith Ml (3 x 4), and the single piles under monoliths M6 and M7
were instrumented with l.9-in.-od, L5-in.-id, flush coupled, ABS plastic inclin-
ometer casings, supplied by Sinco. The casings were surveyed manually with Sinco
Model 50325 inclinometer probe attached to Sinco Model 50309 digitilt indicator
(operating range: 0 to 30° from vertical; sensitivity: ± 0.005 ft/100 ft of casing).
Pile inclinometers performed well throughout the program. The inclinoineters
mounted on the single timber piles of monoliths M6 and M7 were rendered
inoperable during concrete cap construction due to excessive bending of the casing
to install steel reinforcement.

Thermocouples. Temperature measurements were made using Type T
copper-constantan thermocouples manufactured by Medtherm Corp. The thermo-
couples were read using a portable, calibrated, digital millivoltmeter. They
performed well throughout the program.

3.2.4 Ground Instrumentation
The following instruments were installed in the ground to measure soil

mass response during prototype pile driving.

L A
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Type of Number of
Instrument Instruments Corn ments

Surface 28 Rebar installed 2 ft below
reference point ground surface

3-D deformation 18 Inclinometer casings fitted
gage with Sondex rings

Piezometer 29 Pneumatic pore pressure trans-
ducers installed at various
elevations

3 -D geophone 38 Installed at various elevations

Casing for 12 50-ft-long, 4-in.-dia PVC or
shear wave steel casings grouted with
velocity cement in boreholes
measurements

Surface Reference Points. The surface re ference points consisted of a
No. 6 reinforcing steel bar with a diagonal saw cut at the top. An as-built sketch is
shown in Fig. 3.9.

3—D Deformation Gages. The three-dimensional (3-fl) def ormation
gages consisted of Sondex rings attached to a PVC inclinometer casing (Sinco
2.75-in.-od casing). The Sondex rings were placed 5 ft to 10 ft apart along the
casing. They consisted of stainless steel wire loops, attached to 12-in. -long
segments of thin, corrugated polyethylene casing. The segments of polyethylene
casing were attached to the PVC casings using plastic tape. A bentonite paste was
inserted between the two casings to reduce friction. This installation method was
developed in the field on the basis of observations made earlier during the chemical
grouting test program (Section 8, Volume II). An as-built sketch of a 3-D
deformation gage is shown in Fig. 3.10. Measurements were made using an
inclinometer readout (Section 3.2.4) and a Sinco Model 50812 Sondex settlement
probe (operating range: 250 ft; sensitivity: 0.01 in.). The reliability of horizontal
displacement measurements using the inclinometers was satisfactory. All inclin-
ometers functioned reliably. The accuracy of the instrumentation appeared to be
about 0.01 ft. The reliability of settlement measurements using the Sondex rings
was greatly improved from that experienced in the chemical grout ing test program

- 
- (Section 82.3, Volume II). Frequency of readings was low due to the long time

required for a complete set of readings. Therefore, data base was too small to
allow meaningful interpretation. The system accuracy appeared to be larger than
0.005 ft.

Plezometers. Porewater pressure was measured during testing using
Sinco Model 51481 pneumatic pore pressure transducers and a Sinco Model 51411
precision indicator (operating range: 0.60 lb/in~j sensitivity: 0.006 lb/in~ . A typical
as-built sketch of a plezometer installation is shown in Fig. 3.11. In some cases,
two pore pressure transducers or one pore pressure transducer and two geophones
were installed in the same borehole. In all cases, biodegradable drilling fluid

I

L - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~



Y7C815 3-10
Phase IV; Vol LU

(Revert) was used for p iezometer installation. The piezometer leads were fed into
a manifold system that enabled reading several instruments at the same time from
a sheltered, remote location. The accuracy of the piezometers was approximately
0.5 lb/in2 or about 1 ft of water. The piezometers reflected well the static
groundwater level. They did not detect any pore pressure changes; however, such
transient changes were not expected to be of sufficient magnitude to affect
response of the test structures.

Geophones. A typical installation of ground geophones is shown in
Fig. 3.12. Two materials were used to backfill the installation boreholes: low-
strength plastic grout and pea gravel Geophone data indicate that the instrument
response did not appear to be affected by the backfilling material Movable
surface geophones were installed 1 ft below ground surface at various locations
during testing. The instruments were similar to those described in Section 3.2.2.
All geophones performed well throughout the program.

Shear Wave Velocity Casings. Cross-hole shear wave velocity measure-
ments were made at several stages of testing. The measurements were made using
permanent casings installed in boreholes. The equipment used was developed by
WCC and is manufactured by Bison Instruments (Mir afuente el al 1975). The
energy signal source consisted of a down-hole hammer jacked against the wall of a
5-in.-dia steel casing grouted with cement in a 6-7/8-in.-dia borehole (PD-S3 and
PD-S8, Fig. 3.10). The down-hole hammer is designed such that an uniaxial impact
is imparted along the axis of the borehole. The direction of impac t, however, can
be either upward or downward, providing for symmetrical reversal of impact
motion. The polarity of the first arrival shear wave can be reversed by reversal of
impact motion. The shear wave motions detected along the vertical axis of the
source are uniquely reversed with source reversal, while other seismic waves
generated have constant polarity independent of source impact direction. The
signal generated by the hammer was detected in four sets of boreholes (for
example, PD-Si and PD-S2) using pairs of vertical geophones placed at the same
depth as the hammer in two adjacent boreholes. The geophones were housed in
PVC capsules containing both a geophone and a pneumatic bladder that was
inflated to couple the capsule firmly to a 3-in.-dia PVC casing. Seismic wave data
detected by the geophones were fed to a storage oscilloscope and a multi-channel
signal enhancement seismograp h, where trace and arrival time were displayed.
Polaroid photographs of the screen displays were taken for each recording. Shear
wave velocity was calculated from arrival times and distances between boreholes.
Borehole inclinometer measurements were made in each of the ten shear wave
boreholes to determine the precise distances between source and receiver at any
depth.

32.5 Steel Pile Instrumentation
Three H piles (HP 14 x 73) and three pipe piles (PP 14 x 0.375) were

instrumented and used for lateral load tests (Section 10). The instrumentation
consisted of strain gages and inclinometer casings. The strain gages were similar
to those descibed in Section 3.2.3, except that they were mounted on steel shim
stock, which was in turn welded to the steel pile surface. The inclinometer casings
were similar to those described in Section 3.2.3. The inclinometers performed well

--
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throughout the program. The performance of the strain gages is discussed in
Section 3.4.

3.2.6 Automatic Data Acquisition System (Cyber 11)

Load cells, strain gages on the timber piles, and linear potentiometers
used to track monolith and timber pile displacements were connected to an
automatic data acquisition system. The automatic data acquisition system was a
microcomputer designed and programmed to acquire, process, or playback data
from voltage- or bridge-type transducers. The equipment consisted of a
320-channel Cyber II system manufactured by Cyber Systems, Inc plus linkage
cables, connectors and junction boxes between the sensors and the measurement
and recording components.

The automatic data acquisition system performed remarkably well. The
presense of a full-time service engineer, completely familiar with system hardware
and software, made the Cyber II system very reliable. Use of the system for
instrumented timber pile recalibration at the site (Section 3.3.4), not only ex-
pedited that effort , but also provided an opportunity to establish efficient
hardware and software usage and troubleshooting procedures. During actual
testing, the interactive software-oriented features of the system made the
operation particularly flexible. The microcomputer calculation capabilities made
possible immediate on-line evaluation of primary test results, which provided
savings in time and manpower. Most of the difficulties experienced with the
system were related to connectors, cables, and junction boxes exposed to a
difficult field environment. Detailed description of Cyber U is given in Appendix I,
Volume ~~A.

3.2.7 Dynamic Data Acquisition System (Geopbones)

Geophones were connected to a dynamic data acquisition system
designed to accommodate simultaneous signals from 54 channels (that is, eighteen
3-D geophones) on three paper-strip-chart recorders, thus providing full geophone
monitoring capability during any one pile driving effects test step. Additional
features allowed simultaneous recording of peak vectorial particle velocity for any
four of the eighteen 3-D geophones, and simultaneous recording of data from 12 of
the 54 channels on two analog magnet ic tape recorders. Detailed description of
the dynamic data acquisition system is given in Appendix I, Volume LUA.

The geophone data collection system proved to be highly reliable in
terms of performance, and the agreement between results recorded by each system
component was found to be very good. Operation of the equipment during a test

r i required personnel thoroughly familiar with system usage due to the large volume
of data being generated. System calibration, maintenance, and data documentation
efforts produced a complete record of the vibrations monitored during the test.
Digitization of analog magnetic tape records was accomplished on site success-
fully, providing processed data for more rigorous analyses of the observed vibration
characteristics.

[ - A
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3.2.8 Pus Driviug Analyzer System
Driving of every timber and a number of prototype piles was monitored

using a pile driving analyzer system. The system consisted of one or two
accelerometers and strain transducers attached near the top of the pile to be
driven and of an analyzer (field analog computer) manufactured by Pile Dynamics,
Inc. Auxiliary equipment included a two-channel storage oscilloscope and a four-
channel analog magnetic tape recorder. Detailed description of the pile driving
analyzer is given in Appendix I, Volume ifiA.

The pile driving analyzer system performed very well during timber pile
installation operations; however, during the course of prototype pile driving, a
number of factors rendered the system partially or completely inoperable at times.
Difficulties generally involved damage to transducers, cable connections, and the
transmission cable, which resulted from the vulnerability of these components to
handling by the pile driving crew. For timber pile driving measurements, the
transducers were installed after the piles were jetted and seated, generally within
a few feet of final penetration, whereas continuous monitoring of prototype pile
driving was attempted from beginning of driving to refusal. Nevertheless,
documentation of the pile driving system’s performance was sufficiently complete
for the test program purposes so that significant trends could be established, as
discussed in Section 7.3.1.

3.2.9 Details of Instrumentation for Monolith 142
Most detailed analyses of test data presented in this report pertain to

monolith MZ. The instrumentation associated with this monolith is described in
detail in Fig. 3.13. Instrumentation for other monoliths was very similar.

3.3 CALIBRATION OF INSTRUMENTED TIMBER PU.ES

3.3.1 General
The calibration of the timber piles consisted of three different phases.

The first phase was primarily a pilot evaluation of different methods of installing
strain gages on the timber piles. As part of this pilot program, a calibration
method for the strain gages was developed and used in subsequent phases.

The second phase of the pile calibration was performed during the
instrumentation of the piles in Seattle, Washington. After each pile was instru-
mented and curing of all adhesives had taken place, the strain gages were
calibrated to relate bending stress to observed strain.

The third phase took place at the test site. This was a repeat of the
work performed in Seattle, with supplemental studies.

3.3.2 Pilot Test Prugram
The primary purpose of this program was to evaluate different methods

of installing strain gages on timber piles. At the same time, methods for installing
inclinometer casings and telltales were tested.
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Three different methods of installing the strain gages were evaluated
on two oak piles:

(1) the gages were mounted on a thin epoxy coating bonded directly to the
wood surface;

(2) the gages were mounted on stainless steel shim stock strips 0.001 in.
and 0.003 in. thick and 6 in. long. The strips were then attached to the
wood with wood screws; or

(3) the gages were mounted on 3/8-in.-dia aluminum tubing having a wall
thickness of 0.03 5 in. The tubing was then embedded in epoxy-filled
grooves cut in the pile.

In addition, vibrating-wire gages were mounted on the test piles. The
installation procedure was to attach the gage with epoxy and four small nails. The
exiter/pickup sensor was then placed over the vibrating wire and fixed to the pile
with wires and nails. The entire system was then protected by encapsulating it in
epoxy.

Load tests were then performed on the instrumented piles to check the
performance of all the strain gages in place and to calibrate them. In this
operation, the two piles were placed on a bench and were tied together 9 ft from
the butt with a cable. The tips were separated by a rigid strut. A hydraulic jack
and load cell were placed horizontally between the piles 1.5 ft from the butt. The

— piles were jacked apart. Strain readings were taken at different jack loads and
compared to the theoretical strains computed using engineering mechanics.

From these calibration tests, it was determined that the strain gages
mounted directly on the pile and those on the stainless steel strips did not perform
satisfactorily. Only the vibrating-wire gages and those mounted on the aluminum

— tubes perfor med reliably and predictably.

As part of the pilot test program, the two oak piles were driven near
Everett, Washington, in March 1978. After driving, the strain gages were checked
to evaluate their survival performance. Most gages mounted on aluminum tubes
survived the driving. Vibrating-wire gages and other gages installed by different
methods did not perfor m as well. The two test piles were loaded laterally by
jacking them apar t, and the strain gage performance checked again. The two piles
were extracted several months later in August 1978 to observe gage survival after
long-term submergence. The gages mounted gages on aluminum tubes were
generally still operative after extraction.

On the basis of the pilot test progra m, it was concluded that the best
strain gage installation procedure would be to mount the gages on aluminum tubes
and embed the instrumented tubes in epoxy-filled grooves cut in the piles.
Similarly, telltale assemblies and small-diameter inclinometer casings would be
installed in epoxy-filled grooves.

~ 
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Various types of epoxy were tested during this pilot test program.
Sikadur Hi-Mod HV was found to be the most appropriate for the purpose of the
testing program. It was found that the uneven shape of the oak piles used in the
pilot program seriously complicated grooving and instrumentation installation. The
decision was then made to use Douglas fir timber for the piles to be instrumented
for the actual tests. Douglas fir piles are straight and have a relatively circular
cross section.

3.3.3 InItial Calibration in Seattle

After each pile was instrumented and the epoxy cured, the strain gages
were calibrated to relate bending stress to observed strain. Although the setup for
the calibration was similar to that in the pilot program, its performance was much
more rigorous. Prior to testing, careful measurements were made of pile diameter,
depth of gage below pile surface, and dimensions and locations of the grooves so
that a pile moment of inertia and distance of gages from neutral axis could be
accurately computed for each gage.

Each pile was placed in the calibration setup. Details of the setup are
given in Fig. 3.14. The straps, jack, and load cell were positioned next. The
position of the jacks and straps was selected so that the resulting moment
distribution would be similar to that expected during the pile driving effects tests.
The pile was aligned so that one pair of diametrically opposed grooves containing
strain gages was in the same plane as the jack. These were the gages to be
calibrated. The first jack position selected resulted in strain measurements for
some gages that obviously were in error. After study, it was concluded that the
jack was causing a local stress concentration on the pile surface. As a result, the
jack was moved to another location, as shown in Fig. 3.15a. For the piles
instrumented with eleven levels of gages (monoliths M5 and M6), the position of the
jack and straps was changed to calibrate the lower four gage levels, as shown in
Fig. 3.15b.

The first step of pile calibration was to precondition the pile and gages.
Preconditioning consisted of cyclically loading the pile four or five times up to the
maximum calibration load. Preconditioning was necessary to set the gages and
pile. If this were not done, the gages would demonstrate non-linear behavior and
show significant zero shifts.

After preconditioning, final adjustments to the calibration setup were
- 

- made and the strain gages were connected to the readout devices. The readout
instrumentation consisted of Vishay SB-i switch and balance units connected to a
Vishay VS-20 strain indicator. The pile was loaded and unloaded in five increments
to the maximum calibration load. The maximum load was selected so that the
maximum bending stress In the pile was approximately 6 k/In2 or about 80 percent
of the ultimate strength of the wood. Strain readings were taken at each load from
each gage as the pile was being loaded and unloaded. Readings were taken for two
load-unload cycles.
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After calibration of one set of diametrically opposed gages, the pile
was rotated 90 degrees so that the other pair of strain gage grooves was placed in
the jack plane. Preconditioning was carried out followed by calibration using two
load-unload cycles. A pile was completely calibrated when each gage had been
calibrated in both tension and compression. I

After all gages had been tested, the strain values were related to the
theoretical stress values obtained from engineering mechanics. A linear regression
analysis was used to obtain an effective or gage modulus. Separate modulus values
were obtained for tension and compression. These modulus values were intended to
be used subsequently as multiplier constants in the Cyber U system programs during
actual testing. Actually, modulus values obtained during subsequent recalibration
of the piles at the site were used.

3.3.4 Recalibration of Timber Piles at Test Site
At the test site, a limited recalibration effort was anticipated. The

purpose of this effort was to determine if the modulus values obtained In Seattle
significantly changed during transit to the site. The modulus values would change
if the water content of the piles was reduced below the fiber saturation point. This
became a real concern when the first shipment of piles arrived, having not been
cont inuously soaked since their departure from Seattle because of a breakdown of
the watering system installed on the truck. After unloading at the site, these piles
were stacked, covered with burlap, and soaked by a spray system. The site spray
system was not kept in cont inuous operation because of difficulties with water
supply and contractor staffing over weekends. Eventually, soaking of the piles was
done on a cont inuous basis. The second shipment was kept soaked during transit
and was stacked with the first shipment at the site.

The recalibration was carried out using the same equipment and
following the same procedure as in Seattle with two except ions:

(1) most of the strain gage readings were made using the Cyber U auto-
matic data acquisition system instead of the manual system used in
Seattle. This permitted simultaneous reading of all gages on two piles;
and

(2) different load cells were used to measure the load applied by the jack.
In the first calibration effort in Seattle, a load cell furnished by
Shannon & Wilson, Inc was used. For the calibrations at the test site,
load cells purchased from Evergreen Weigh, Inc (Section 3.2.2) were
used.

As the recalibration effort proceeded, the results were found to differ
significantly from those obtained In Seattle. The modttlus values obtained during
recalibration were typically 35 percent lower than those obtained during initial
calibration. The differences could be due to many factors; among them are load
cell calibration and changes in timber properties due to changes in water content.
The uncertainties were such that It was decided to recalibrate all the Instrumented
timber piles at the site.

A
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Ini t ially, the maximum recalibration loads applied to the piles were the
same as those used in Seattle. However, during recalibration of pile No. 37, the
pile was broken prior to reaching the maximum load. Because of the speed at
which the failure took place, it was not possible to reconstruct the conditions
leading up to the failure. To reduce the possibility of a recurrence of this incident,
the maximum load was limited to 80 percent of that applied in Seattle. At the end
of the testing program, pile No. 37 was sliced tranversely at the location of the
failure. It was found that the growth rings of the timber were eccentric. This
weakness may explain the premature failure during calibration.

In addition to the regular calibration tests, two additional studies on
gage response were simultaneously undertaken at the site. One study was to
determine if the gages would creep under sustained loads. Two piles were
positioned in the calibration setup as for a calibration test and loaded to the
maximum calibration test load. This load was maintained for approximately two
days. Strain gage and thermocouple readings were taken hourly. When the strain
gage readings were corrected for temperature effects, it became apparent that the
gages or piles did not creep under sustained loads producing up to 800 il in./in. of
strain.

The other study was concerned with temperature effects. The strain
gages were installed on the piles as quarter—bridges for which temperature
compensation was not possible. To study temperature effects, a pile was exposed
to the sun for one day. During that day, the thermocouples and the strain gages
closest to the thermocouples were read at regular time intervals. It was found that
the gages showed an apparent average tensile strain of 5 1  in./in. per degree
Farenheit of temperature increase.

3.3.5 Summary of Calibration Results

From the calibration tests per formed at the site, modulus values were
obtained for all operating strain gages. It was expected that, if the gages were
complying with the strains in the wood, the gage modulus would be close to the
elastic modulus of wood. Upon examination of the data, it was found that some
gages were responding poorly. The response of other gages was questionable.
Therefore, a ranking system was initiated to reflect confidence In strain measure-
merits obtained from the gages.

Confidence in strain measurement was based on factors that could
affect the gage response. The ranking method consisted of assigning a pomt value
to each factor, and the sum of the points was taken as the rank of the gage. The
greater the rank, the greater the confidence in the strain readings from that gage.
A rank of zero indicated a useless gage. For each factor, an acceptability criterion
was established. These criteria reflected the expected variation and were

- 
- sufficiently sensitive to render the ranking meaningful. Based on previous

experience, general pract ice, and observations during the calibration efforts, the
following five criteria were established.

L 
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Absolute Value of Modulus. The moduli of the instrumented timber
piles were dependent o~i several factors. The average modulus for Douglas fir is
approximately 1.6 x 10 lb/in2 with a coefficient of variation of about 25 percent.
This value is for tests on clear, standard-sized specimens under controlled moisture
and temperature conditions. For the piles, the coefficient of variation was
expected to be larger. The modulus values obtained during calibration averaged
2 x 10 lb/in2. This higher modulus value was believed to be due to the composite
transducer-wood system and the relatively high quality of the piles selected ~or the
test. The criterion of sage accept~nce for modulus was selected as 2 x 10 lb/in2
±25 percent or 1.5 x 10 to 2.5 x 10 lb/in2.

Repeatability. Repeatability of gage readings is dependent on strain
level, accuracy of repeated readings, hysteresis characteristics of the composite
system, and gage stability. The criterion of gage acceptance for repeatability was
selected such that the difference between strain readings at the highest load level
for the two calibration cycles did not exceed 5 percent of the lower reading.

Resistance to Ground. The criterion for gage acceptance was that the
gage resistance to ground must be at least 50 megohms.

Linearity. The linearity of the gages was characterized by the
correlatIon coefficient from the regression analysis used to obtain the gage
modulus (Section 3.3.3). To be consistent with the above repeatability criteria, the
criterion of gage acceptance for linearity was selected as a correlation coefficient
of 0.95 or greater.

Gage Resistance. Significant changes in gage resistance after instal-
lation would indicate problems with the gage. The criterion of gage acceptance for
gage resistance was such that changes in resistance greater than 2 percent were
not acceptable.

Final Ranking. Using this system, all recalibrated gages were ranked (a
few gages were not recalibrated at the site; all these were gages at gaging levels 8
through 11 for piles under monoliths MS and M6). Seventy percent of the gages had
a rank of 5, which was the highest possible. Twenty-two percent of the gages had
a rank of 4, and the remaining eight percen t, a rank of 3, 2, 1, or 0.

The modulus values obtained from recalibration of the gages having
ranks of 4 and 5 were used to calculate stress values with the Cyber U system
programs during actual testing. The gages having ranks lower than 4 were not used
for data processing.

3.3.6 Detailed Calibration Results for Piles Under Monolith M2
The modulus values in tension and compression and ranks for the gages

on timber piles installed under monolith M2 are presented in Appendix J,
Volume LUA.

L - - ~~------ - - - - 
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3.4 CALIBRATION OF INSThUMENTED PROTOTYPE PillS

3.4.1 Calibration Procedures

Six prototype piles (three H and three pipe piles) were instrumented and
calibrated prior to driving. The calibration set up was similar to that used for
timber pile calibration (Section 3.3). Two prototype piles were calibrated at the
same time by jacking them apart. Details of the calibration procedures are given
in Appendix S, Volume WA.

3.4.Z Summary of Calibration Results

Gage modulus values were calculated from strain gage readings during
calibration, using a least-square regression method. Ezce%t for eIgl~t mal-
functioning gages, the gage modulus values ranged from 29 x 10 to 31 x 10 lb/in2.
These values were subsequently used for processing test data.

3.5 MEASUREMENT PRIORiTIES
The data to be obtained during the various testing phases were ranked

in terms of primary and secondary aspects of performance (Section 2.3.1). In a
similar fashion, test measurements to be made during prototype pile driving were
ranked as follows to be consistent with the test program objectives.

L
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Measurement Instrumentation
Aspect of Number Measured Item in

Performance and Rank Characteristic Table 3.1

Primary (P)

Structural response 1 -Disp lacement 1,2,3
of monolith 2 -Applied load 4

3 -Transient motion 5

Prototype pile 4 Dynamic measurements 6,7,8
behavior during at pile butt
driving 5 -Blowcount -

Wave propagation 6 -Particle velocity 5
in soil

Secondary (S)
Response of 7 -Dynamic measurements 6,7,8
timber piles during their driving

8 -Blowcount -

9 -Horizontal deflection 9
vs depth

10 -Axial and bending 10,11
strains

14 -Temperature 15

Response of 11 -Surface settlement 12
soil mass 12 -3-D deformation 13

at depth
13 -Pore pressure 14
14 -Temperature 15

The selection of frequency and timing of measurements was based on
both the reliability of the results under given conditions (for example, optical
survey data were of questionable value during a blizzard) and the relative changes
between measurements (for example, pile inclinometers were not measured, a time
consuming activity, unless the incremental monolith displacement from the last
pile inclinometer measurement exceeded 0.1 to 0.2 in.).

A computer program included in the Cyber U system software was used
to compute immediately rigid-body displacements of the monolith relative to the
reference system using linear potentiometer data. Periodic surveys were made to
monitor reference system displacements and correct the data acquired auto-
matically. A programmable calculator (Hewlett-Packard HP 67 or HP 97) was used
to reduce manually acquired linear potentiometer dial gage data to rigid-body
displacements using the same basic algorithm as the Cyber U system.

-— ~~
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NO. OF
ITEM UNITS
NO. INSTRUMEN T USED MEASUREMENT ASPECT OF PERPORMANCE

Displacement gage 60 Permanent monolith and tt b.r pile Structural reupon.. during
rod-,xtenso meter, displacement nearby p11 driving and

linear potentiometer, static toad testing
and dial gage

2 Optical survey with N/A Same as above Same as above
level and theodolite

3 Two-dimensional 6 Permanent monolith rotation Sam. an above
tiltmeter

4 Load cell 4 ateral b ids on blO and Mi Same as above
Axial loads, preloading and dynamic

testIng. MO and Mi

8 Axial toads, pvetos.dtng and dynamic Sam. as above
testing, Ml through US

Lateral loads, preloading and dynamic
testtna_, Ml through MS

Axial loads, static load testing,
MO s.d Mi

2 Axial loads, static load test ing, Same as above
Ml, M2, and M3

Lateral toads, stat ic load testing,
Ml, MZ, and M3

5 Geophon. 38 Particle velocity on monolith Response of monolith
during nearby pile driving

Particle velocity at ground Response of soil mam
surf ate and at depth during nearby pile driving

6 Accelerometer 2 lmpsct acceleration at pile butt Driving performance of pro-
totype piles and timber piles

7 Strain transducer 2 Impact strains at pile butt Same as above

8 PU. Driv ing Analy ser 1 Maximum energy and force Same as above
System transferred at pile butt

9 Small diameter 22 Permanent horizontal deflect ion of Response of timber piles
inclinometer timber piles during nearby pile driving

and static load testing

10 Four-pceitlon rod- 38 Permanent vertical deflection of Same as aboveezten.omete, with timber piles
linear potentiometer

11 Thermocouple 26 Temperature dlstributloiz Same as above
along pile shalt

12 StraIn gage 1344 Strain along timber pile Response of timber piles
during nearby pile driv ing
~~~ static load test ing

Capplle-eoIl load transfer

13 Surface settlement 39 Settlement Response of soil mis.
points du~~~ nearby pile driving

and static load testing

14 Three-dimensIonal 18 Deformati on withi n soil ma Same as above
deformation gage

15 Plesometer 29 Pa,. Pressure Same as above
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4 TEST AREA SUBSURFACE CONDiTIONS

4.1 SUBSURFACE INVESTIGATIONS
4.1.1 Purpose and Scope

A progra m of subsurface explorations, and in situ and laboratory tests
was per formed at the test area to assess the initial soil proper ties prior to any pile
driving. In January and February 1978, several borings were made to obtain
disturbed and undistrubed samples and measure standard penetration resistances.
In October 1978, at the conclusion of test area preparation activities, an intensive
program of borings, sampling, and in situ testing was accomplished.

Boreholes were drilled at locat ions shown in Fig. 4.1. In situ testing
performed in these boreholes included: static cone penetration test soundings near p
the center of monoliths Ml, MZ, M3, M5, and M8; seven static cone penetration
test soundings in the prototype pile driving area; four pressuremeter borings with
standard penetration tests near monoliths M2, M3, M5, and M8; shear wave velocity
measurements in two arrays near monoliths MZ and M3; and three series of
borehole permeability tests near monoliths M4, M5, and M8. Laboratory testing
included: grain-size analyses on disturbed and undisturbed borehole samples;
triaxial compression tests on undisturbed borehole and laboratory reconstituted
samples. Subsurface exploration, in situ testing, and laboratory test ing provided
data for characterization of the following soil properties: stratigraphic profile;
grain-size distribution of various strataa; in situ stress state; in situ unit weight
and relative density; stiffness; shear strength; and permeability.

4.1.2 Soil Sampthig
Undisturbed and disturbed samples were obtained for laboratory index

• and strength property determination. Undisturbed samples were obtained in
borings D-1, D-2, D-5, and D-6 using Osterberg and Denison samplers. Sample
recoveries of 65 to 97 percent were obtained with these samplers in the upper sand

• deposits. Laboratory tests performed on these samples included: mechanical sieve
analyses, maximum-minimum density determination, and triaxial compression
tests.

Disturbed soil specimens were obtained in conjunct ion with penetration
tests. Visual classification of these samples provided ~nformatlon regarding the
subsurface stratlgrapbic profile. Laboratory grain-size analyses were performed on
samples from borings C-5, C-9, D-l , D-2, D-5, D-6, PD-PM1, PD-PMZ, PD-PM3,
PD-PM4, PD-Kl , PD-K2, PD-K3, and PD2-SP1. For the pressuremeter borings
(PD-PM) or the permeability borings (PD-K), dynamic penetration test samples
enabled a visual classification of the soil involv*l in the pressuremeter or
permeability tests.

L 
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4.1.3 Dynamic Penefratkm Testing

These tests consisted of driving a split-spoon into the soil. Two split-
spoons were used: standard 2-ln. -od spoon driven with a 140-lb hammer falling
30 in. (standard penetration test , ASTM D 1586-67) , and a 3-in.-od spoon driven
with a 350-lb hammer falling 18 in. (a procedure commonly used by the St Louis
District in alluvial deposits). The dynamic penetration resistance was recorded as
the number of hammer blows N or N3 required to drive the 2-in , or 3-in, spoon,
respectively, 12 in. into the soil.

Dynamic penetration tests using the 3-in, split spoon were made in
bor ings C-5, C-9, D-l , and D-2. The non-standard, larger spoon was used to
provide a correlation with prior bor ings made by the St Louis District.

Standard penetration tests were made in borings D-5, D-6, PD-PMI ,
PD-PM2, PD-PM3, PD-PM4, PD-K1, PD-K2, PD-K3, and PD2-SP1. N-values
from the permeability$orings were disregarded because these holes were advanced P
by driving casing and - washing with clean water. Without bentonite drilling fluid ,
washing was probably iii~ ffective in removing coarse sand and gravel, which caused
erroneous N-values. Standard penetration resistances obtained before and after
pile monolith trench excavation are plotted on Fig. 4.2. Above ci 358, N-values
obtained after excavation averaged 30 to 50 percent less than N-values before
excavation. Below ci 358, N-values remained unchanged. This is in good
agreement with the decrease suggested by the results presented by Gibbs and
Holtz (1953) relating N-value, vertical effective stress, and relative density.

4.1.4 Static Cme Penetraticis Testing

Static cone penetration tests were made in bor ings PD-Cl , C2, C3, C5,
C6, C7, C8, d O , Cli , C13, and C14. The cone system used was developed by

• WCC. The cone has a 10-cm2 cross sectional area, and an angle of 60°. The load
applied on the cone to push it into the soil at a constant rate of penetration of
4 ft/mm was measured by a load cell and was recorded on a strip chart.
Continuous cone penetration profiles were obtained by alternately pushing the cone
5 ft to 10 ft into the soil at the bottom of the borehole, and reaming the borehole
after each cone run by rotary drilling.

A pro file of static cone resistance for borings PD-C13, ClO , C7, and
Cl , which were made along the prototype pile driving centerline for monolith Ml ,
is presented in Fig. 4.3. The results of other soundings in the prototype pile driving
area are given in Appendix K, Volume ~~A. Static cone penetration resistance for
borings PD-C l, C2, C3, C5, and C6 that were made in the center of monoliths Ml ,
M2, M3, M5, and M8, respectively, are presented in Fig. 4.2. The ratio between
cone point resistance and standard penetration resistance q IN generally varied
between 5 and 6 for the upper 50 ft of alluvium In the pileCdrlving effects test
area. However , when gravel was encountered, the ratio increased to 7 to 11; when
clay was encountered, the ratio decreased to 3.5.

• . • - -
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4.1.5 Pre uiemeter Testing
Pressuremeter tests were made in borings PD-PM 1, PMZ , PM3, and

?M4 which were drilled after monolith trench excavation. The Menarci-type GAm
pressuremeter used for the measurements consisted of a EX-size probe that was
expanded at the bottom of a borehole. The volume change of the probe was
measured as a function of the applied pressure. The data were used to obtain
elast ic deformation and failure characteristics of the soil. The boreholes were
care fully prepared by slow drilling with a drag bit and thick Revert drilling fluid.

An idealized pressuremeter volume—change vs applied pressure curve is
shown in Fig. 4.4. At the beginning of the test, the probe begins to expand through
the drilling fluid with little lateral restraint, until it makes contact with the
borehole walls. This corresponds to the steep initial portion of the volume change
curve. As the probe continues to expand, the soil resistance is mobilized and the
volume-change curve is linear (pseudo-elast ic response) . At higher pressure,
plastic deformation occurs. The soil then sustains large deformations for small
pressure increases. The asymptote of the volume-change vs pressure curve
corresponds to the ultimate strength of the soil (or limit pressure).

Results of actual pressuremeter test s per formed in borings PD-PM 1,
PM2, PM3, and PM4 are presented in Appendix K, Volume lIlA.

4.1.6 Cro -Hole Shear Wave Velocity Measurements
Cross-hole seismic shear wave velocity measurements were made in

two arrays in the test area shortly before pile driving started (October 1978)
(Section 3.2.4). One array was near the future location of monolith M3 in an area
to be chemically grouted (boreholes PD-S6 through SlO; see Fig. 4.1); the other
array was near monolith M2 (boreholes PD-Si through S5).

Results of the shear wave velocity measurements before pile driving for
the two sets of arrays are presented in Fig. 4.5. Source-to-receiver hole velocities
were not used because of equipment difficulties with instrument triggering and a
high background noise environment caused by nearby construction act ivities. Since
two receiver holes were used with each source hole, the difference in arrival times
(t~ t) for the two receiver holes was used to calculate shear wave velocity.
Background noise also hampered identification of shear wave arrivals to some
extent. Some scatter of data is apparent as the velocities fall within a range of
450 to 800 ft/sec. The low velocity at a depth of 20 ft in array S-6 and 7
corresponds to a layer of clay tha t was not encountered in arrays S-9 and 10 and

• S-4 and 5. The wide range of shear wave velocities measured in array S-i and 2
was probably due to in ter ference from a rock anchor erroneously installed near
borehole S-2 and in the path of the seismic waves incoming from source hole S-3.
The average shear wave velocity in the upper 50 ft  below ground surface was

• 650 ft/s before any pile installation.

- 
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4.1.7 Borehole Perm eability Testing

Falling-head permeability tests were performed in borings PD-Kl , K2,
and K3. The tests were conducted by driving an NX-size, flush joint casing into
the soil to the desired testing depths, cleaning out the soil with a rotary drill bit
and circulating water, and flushing the casing with clean water to remove bottom
sediment. The casing was fi lled with water and the elevation of the water surface
in the casing was measured as a function of time.

The coefficients of permeability obtained from these tests are given in
Fig. 4.6, together with results fro m permeability tests performed in borings
throughout the site prior to site preparation. In general, the results before and
after excavation agree fair ly well. However, two tests were not carried out for a
time sufficient to allow for accurate determination of the permeability, and an
early test in boring PD-Kl had insufficient casing stickup to provide adequate
hydraulic head for the test. The water table was only 1 ft below ground surface
and at least 5 ft of head would have been needed for reliable results. Insufficient
test duration and casing stickup resulted in underprediction of permeability for
these tests.

4.1.8 Laboratory Testing

Grain-size analyses were made on disturbed split-spoon samples and
undisturbed Osterberg and Denison samples obtained in borings D-1, D-2, D-5,
D-6, and PDZ-SP1. Grain-size distribution curves for these samples are presented
in Appendix K, Volume lILA.

Maximum and minimum unit weights were measured in the laboratory
on undisturbed Osterberg samples obtained in borings D-1 and D-2. The maximum
density was determined by the modified Providence method using an electro-
magnetic jack hammer instead of the standard ASTM hammer. Minimum densities
were determined using the tube method developed by Lucks (1970), funnel method
on 0.1 ft 3 mold (ASTM), and small 432 cm 3 mold, and cylinder tilt method
(Kolbuszevski 1948) . Test results are discussed in Section 4.3.4.

Consolidated drained and undrained triaxial compression tests were
performed on undisturbed Osterberg samples from borings D-l and D-2. A
consolidated drained triaxial compression test series was also performed on
laboratory reconstituted specimens obtained using the 3-in.-od split spoon. The

• samples were reconstituted to a relative density of 70 percent. Confining stresses
and strain rates for these tests are given below.

Boring Sample Type Test Type Confining Stress Strain Rate

D—1 Osterberg CITJ 0.85, 1.73, 3.49 t/ ft2 0.05 percent/mm
D-2 Osterberg 0.72, 1.45, 2.17 t/ ft 2 0.05 percent/mm

D-25 3-In, split spoon 1.0, 2.0, 4.0 t/ft2 0.5 percent/mm

Triaxial test results are presented In Appendix K, Volume mA.
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42 STRATIGRAPHY
42.1 General Geol~gy

The pile driving effects test area is located within the Mississippi River
flood plain near Alton, Illinois, at the southwestern border of the Central Lowland
physiographic province. in the vicinity of Locks and Dam No. 26, the flood plain
surface is generally flat at el 410 to el 420. High bluffs, approximately 240 ft
above the flood plain, lie northeast of Locks and Dam No. 26 on the left bank of
the Mississippi River.

The area is part of a monocline that dips northeast into the Illinois
basin from the northwest flank of the Ozark uplift. The monoclin al structure is
interrupted by several anticlines and synclines trending northwest. The Cap au
Gres faulted flexure extends from central Missouri to central Illinois through the
area.

In the vicinity of Locks and Dam No. 26, bedrock rises uniformly from
el 270 on the Missouri side to el 330 on the Illin ois side. The bedrock is overlain by
soil deposits of glacial, alluvial, and colluvial origin. Five soil strata and one
bedrock unit have been identified; see Fig. 4.7. The strata are, in decending order ,
flood plain deposits, recent alluvium, alluvial outwash (reworked alluvium), Wis-
consinan outwash, and fllinoian ice contact deposits. Occasionally, glacial till
pockets are intercalated with the ice contact deposits and bedrock sur face. Till
was not present at the test area location. The rock units underlying the soil consist
of Mississippian limestone of the Meramecian (Valmeyer) Series. The upper
formation is the St Genevieve. The following is a description of each soil deposit
and rock unit.

4.2.2 Flood Plain Deposits

Flood plain deposits were removed from the pile driving effects
monolith trench, but remained in part in the prototype pile driving area. They
consist primarily of high to low plasticity clay, and varying amounts of silt, fine
sand, and organic material. The clay is very soft to fir m, and the sand very loose
to loose. The source of the flood plain deposits is the active and abandoned
channels, back swamps, and flood basin areas of the Mississippi River flood plain.
The river materials, mainly silt and clay, are deposited in relatively quiescent
waters, and new material is carried in during river flood stages or forms as
colluvial deposits.

• 42.3 Recent Alluvium

The recent alluvium was the surficial material in the monolith trench.
• It was mapped during the chemical grouting test program excavation, in an area

S approximately I mile north of the pile driving effects test area.

4 The recent alluvium originated during aggrading and meandering of the
Mississippi River across Its flood plain during post-Wisconsinan (Holocene to
Recent) time. The recent alluvium is a relatively uniform deposit because of a

L ___ ______ 
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common depositional environment and history, and because of the large scale of
the Mississippi-Missouri fluvial system. It is uniform in such characteristics as
composition, grain size, roundness, sorting, distribution and orientation of primary
depositional structures, and abundance and distribution of carbonaceous material.
The strata range in grain size fro m coarse silt to fine gravel, but are predominantly
fine to medium sand. These sediments are characteristically clean, well-sorted
(poorly graded) sand composed of at least 70 percent , and frequently more than
80 percen t, quartz grains. They also contain abundant concentrations of car-
bonaceous material including wood, charcoal, and lignite , which range in size from
coarse silt to large tree trunks. Fresh water shells are also abundant. All the
sediments are pervasively and consistently cross bedded; the majority of the cross
beds dip generally N to NE at an angle of 5 to 35 degrees. These cross beds are
broad and continuous, and they occur in sets fro m several inches to a few feet
thick. Associations of contiguous beds having similar grain size and sorting

S characteristics comprise the sheet and shoestring sands that make up the recent
alluvium of the valley. Laterally extensive sand sheets were deposited as a result
of continuous lateral migration of fluvial channels. Narrow elongate sand
shoestrings were deposited as a result of occasional, discontinuous channel shifts or
jumps, and subsequent infilling of the resulting abandoned channel. These
associations of cross-bed sets extend laterally as distinct geologic units. Contacts
between these geologic units are somewhat irregular, but are generally horizontal
to gently dipping. These contacts are either abrupt or gradational, and they are
usually fairly well defined by subtle discontinuities in grain size across the contact.

42.4 Alluvial Outwash
The alluvial outwash consists of medium- to fine-grained, poorly graded

sand, with some silty sand and gravel zones. Occasional cobble or boulder zones
are interspersed. The alluvial outwash is considered to be an intergiading of recent
alluvium and the underlying Wisconsin an outwash. It may have formed contem-
poraneously with Wisconsin glaciation. The major portion of this alluvial outwash
deposit, however, is believed to have formed during the in situ reworking of glacial
outwash in post-Wisconsin to Recent time. Variations in stream flow , channel form
and width, and obstructions easily led to renewed scouring of previously deposited
sediment (Wisconsinan outwash) and redeposition elsewhere.

4.2.5 Wisconsinan Outwash

The Wisconsinan outwash consists of coarse- to medium-grained, poorly
graded sand, silty sand, and gravel. The Wisconsinan outwash was deposited in the
Mississippi Valley during the Wisconsin glacial advance into areas west, north, and
east of the St Louis area. Major streams that carried outwash material included
the Illino is and Missouri Rivers, as well as the Mississippi River.

• 4.2.6 flhInolan Ice Contact Deposits

The fllinoian ice contac t deposits consist generally of fine- to coarse-
grained, poorly graded sand, with numerous boulder, cobble, gravel, and occasional
silty sand zones. The ice contac t deposits are generally dense. They formed
immediately adjacent to the glacial ice fron t, resulting in an extremely variable
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particle size. The deposits are discontinuous and may not be undisturbed glacial
deposits. Large particles from upstream glacial materials, along with alluvium,
may have been placed in some areas as channel lag deposits. Till-like material
(flow till) resulting from superglacial mud or debris flows are often found in the ice
contact deposits.

4.2.7 Limestone: St Genevieve Formation

The St Genevieve Formation is a light-colored, sandy, oolitic, cross-
bedded calcarenite. The upper beds are often separated by thin, shaley limestone
and thin shale partings. On the bluffs north of Alton, portions of the St Genevieve
massive cross-bedded oolite are abruptly replaced by thin-bedded shaley or slabby
oolitic limestone. Small faults and some solution activity have been noted in the
limestone on the bluffs.

4.2.8 Upper Strat~ rapblc Units
Nine distinct stratigraphic units have been identified in the upper 50 ft

of the subsurface sand pro file. This 50-ft-thick zone was thought to be the zone of
primary influence for the pile driving effects tests. The overlying flood plain
deposits were excavated. A subsurface pro file (A-A) along the centerline of the
pile driving effects test monolith trench was developed based on borehole sampling,
in situ testing, and information obtained dur ing the chemical grouting test program
(Volume U). On this profile, Fig. 4.8, the contacts between various stratigraphic
units have been inferred. Results and locations of in situ tests performed prior to
pile driving are also shown in this figure. These units are described in order of
stratigraphic position from highest to lowest.

Unit A. Unit A is a 1-ft-thick layer of fill that was placed at a few
locations in the monolith trench after the flood plain clay was removed to bring the
subgrade elevation to el 391. No fill was placed under or immediately adjacent to
the test monoliths. The fill consisted of a loose to medium-dense gray-brown fine
sand, which was occasionally infiltrated with cement grout, drilling mud, and other
materials from drilling and surface preparation activities. No specific compactive
effort was used in addition to the movement of a small front-end loader during
placement.

Unit B. Unit B is the highest layer of natural recent alluvial sands. It is
a medium-dense, gray-brown, fine to medium sand with a trace of silt and trace of
fine gravel (SP). Grains are generally rounded to subrounded and uniform in size.

Unit C. Unit C is also a recent alluvial deposit. it is medium dense to
dense, gray, fine to medium sand with a trace of silt and trace of fine gravel (SP) .
It is rounded to subangular, generally poorly graded sand, having occasional well-
graded cross beds of coarser material.

• Unit D. Unit D is medium-dense, gray, fine to coarse sand with a trace
of silt and trace of angular fine gravel (SP). Generally, this recent alluvial sand is
rounded to subangular and poorly graded. This unit Is very similar to Unit C,
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except that it is better graded, coarser grained, and contains local concentrations
of fine gravel.

Unit E. Within the recent alluvium, a 1-ft- to 3-ft-thick layer of firm,
gray, silty clay with a trace of fine sand (CL) was encountered. This clay is of
medium to low plasticity. This layer was deposited in a quiescent environment
between major depositional periods similar to that existing during deposition of the
flood plain deposits.

Unit F. Unit F was deposited during the same period as Unit E. It is a
very stiff , gray, fine sandy silt (SM-MU grading into a dense, silty fine sand. This
layer is discontinuous throughout the site, having differing thicknesses and amounts
of silt and fine sand.

Unit G. Unit G is the alluvial outwash deposit. It consists of medium-
dense, gray, fine to coarse sand with a trace of silt and trace of fine gravel (SP) .
Occasional shell, rock, and lignite fragments are also found. This unit is easily
identified by the wide variety of its particle mineral types.

Unit H. At the top of the Wisconsinan outwash deposit is a layer of
medium-dense to dense, gray, fine to medium sand with a trace of silt and trace to

• some fine gravel (SP) . Occasional coarse sand layers 1 ft to 3 ft thick are found in
this unit. Unit H is poorly graded and contains subrounded to subangular particles.

• Significant concentrations of black basaltic minerals were observed in the sand
particle matrix.

Unit L The intermittent fine to coarse zones become more continuous
in the underlying Unit L This unit is a medium-dense to dense, gray, fine to coarse
sand with a trace of silt and trace to some fine gravel (SP). Unit i is poorly graded
and contains subrounded to subangular particles.

4.3 SOIL PROPERTIES
4.3.1 General

The initial properties of the soil prior to pile driving were evaluated on
the basis of in situ and laboratory tests. Grain-size distribution, in situ stresses,
relative density, stiffness, shear strength, and permeability were assessed.

4.3.2 Grain-SIze Distribution
The grain-size distributions were evaluated in light of the stratigraphic

profile. The ranges of grain-size distributions for Units A through D, and F through
I are given in Fig. 4.9.

4.3.3 Stre es

The In situ state of stress was evaluated from pressuremeter test
results, groundwater level measurements, and observations of site preparation

L. ~~~~• • • ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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excavation . The excavation of the monolith trench resulted in removal of 22.5 ft
of flood plain clay and drawdown of the groundwater table to approximately el 390
by the dewatering system. This activity caused a reduction of vertical effective
stress and induced overconsolidation. The degree of overconsolidation due to
excavation can be expressed by an overconsolidation ratio OCR, that is: -

•

C

OCR = vn~ax
avo

where: & = maximum past vertical effective stress; andvmax
a presen t in situ vertical effective stress.vo

In this case, the maximum past stress equals the present stress plus the excavation
stress reduction. A plot of OCR vs elevation is given in Fig. 4.10.

The in situ horizontal total stress was measured dur ing pressuremeter
test ing as the cell pressure at which the undisturbed elastic resistance of the soil
was mobilized; that is, the stress at which the pressure-volume change curve
becomes linear. The horizontal effective stress was obtained by subtracting the
static pore pressure because the tests are assumed to be fully drained. The
inferred horizontal effective stress profile before pile driving from borings
PD-PM 1, PM2, PM3, and PM4 is presented in Fig. 4.11. Superimposed on these
stress measurements are profiles of stresses tha t correspond to certain values of

-
- The coefficien t of earth pressure at rest K is the ratio of horizontal to

vertical effectiv e stress. The influence of the ac?ual monolith trench con figuld-
S 

tion on vertical effective stress is included in this evaluation.

A pro file of stress corresponding to a K derived from excavation-
induced overconsolidation ratio is also shown in Fig. 4?l 1. The following equation
was developed by Schmertmann (1976) based on sand-tank tests:

K0 = (1 - sin ~
) (OCR) 0.42

where: K0 = coefficient of earth pressure at rest ;
= drained angle of internal friction; and

OCR = overconsolidatj on ratio.
• The in situ stress conditions derived from the pressuremeter test results are in

excellent agreement with stresses calculated on the basis of overconsolidation
induced by excavation of the monolith trench.

4.3.4 RelatIve Density
S 

Relative density profiles were derived fro m the results of static cone
penetration tests and standard penetration tests. Relative density was calculated
from static cone penetration resistance using an empirical correlation between

L -
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relative density, cone point resistance, and effective overburden stress. This
correlation developed by Schmertmann (1976) was based on usage of an electrical
cone (similar to WCC cone) in normally consolidated fine to medium sand (SF). It
is necessary to reduce the measured cone penetration resistance to account for
overconsolidation by a factor F, suggested by Schmertmann on the basis of sand-
tank tests:

Fq~

F =  1 
—j + 0.75 (OCR°42 
- 1)

where: 
~~~ 

= reduced cone point resistance;

F = reduction factor;

= measured cone point resistance; and

OCR = overconsolidation ratio.

The reduced q’ was used with Schmertmann’s correlation for normally consolidated
sand. RelatiFe density profi les calculated from cone penetration test soundings
PD-Ca, C2, C3, CS, and C6 are given in Fig. 4.12.

Standard penetration resistances were related to relative density using
Gibbs and Holtz ’ (1953) correlation, chosen because the sands tested in that study
were similar to Ellis Island sand. The effect of vertical effective stress is also
considered in this empirical correla t ion. The effect of overconsolidation can be
considered by multiplying the vertical effective stress by a factor K0/0.4. For
normally consolidated sand, that factor is one. The Gibbs and Holtz relationship
corrected for overconsolidation is closely approximated by the following equation:

D =30 iON
r

where: Dr = relative density

N = standard penetration resistance (N-value) blow/ft;

= vertical effective stress, t/ f t~
K = coefficient of earth pressure at rest.

S Relative densities calculated from N-values using the above equation for borings
PD-PM 1, PD-PMZ, PD-PM3, PD-PM4, and PDZ-SP1 are plotted in Fig. 4.12.

Comparisons of relative densities derived from N-values and static
cone resistance show excellent agreement throughout the profile. Above ci 365, an
average relative density ranges from 50 to 60 percent. Below ci 365, standard
penetration resistance indicates a relative density of 70 to 80 percent and cone 

~~~~~~~~~~~~~~~~~~~~ 
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penetration resist ance indicates a relative density of 70 to 90 percent. The larger
cone-derived densities are probably influenced by thin gravel layers, which in-
creased cone point resistance. This is illustrated by the series of sharp peaks at
ci 373 and below el 365 on the cone profile. Review of grain-size distribution of
samples obtained in strata exhibiting large cone resistance indicates the presence
of coarse sand and fine gravel.

Maximum and minir.um dry unit weights were determined on Osterberg
samples in the laboratory using the modified Providence, funnel, tube, and cylinder
tilt methods. Results of these laboratory tests are presented in Fig. 4.13.

4.3.5 Stiffne

Soil stiffness is characterized by the soil elastic deformation modulus,
which relates the stress-strain response of the soil up to a stress level where the
shear strength of the soil is exceeded. The elastic deformation modulus (Young’s
modulus) was inferred from the results of static cone penetration tests, pressure-
meter tests, laboratory consolidated drained tria.xial compression tests, and cross-
hole shear wave velocity measurements. Each of these moduli represent a drained
modulus; however, the strain amplitude and plane of deformation were different for
each test.

Static Cone Modnh~~ Elastic deformation modulus values can be deter-
mined from the static cone penetration test by using a strictly empirical
correlation first suggested by Vesic (1970) for normally consolidated sand:

E5 2 ( l + D ~) q~

where: Dr = relative density; and
= cone penetration resistance.

• A modification of this equation for overconsolidated sand was used. Derivation of
the equation is given in Appendix K, Volume lIlA.

E = a . E
$ 3 soc nc

- 0.42
a = 1÷  2(1 - sm$) (OCR

1+ 2 ( i — sin~~)

where: E = modulus in overconsolidated sand;
DC

E5 = modulus in normally consolidated sand;

= modulus correction;
= drained angle of Internal friction; and

OCR = overconsolidation ratio. 

- • ~~- 5—- --- - - - — - S - — - - - -~- ---- S5-  S
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Modulus values calculated from static cone penetration tests in borings PD-Cl , C2,
C3, C5, and C6 are presented in Fig. 4.14.

Pre uremeter Moduki.. Elastic deformation modulus values were cal-
culated from pressuremeter tests using the slope of the linear pseudo-elast ic
portion of the volume-change vs pressure curve. An equation for cylindrical cavity
expansion of a linearly elastic material under conditions of axial symmetry and
plane strain was used:

E = 2 V 0 (1+ v) AP/~~V

where: V = initial volume of measuring cell;

‘V = Poisson’s ratio;
= pressure increment; and

= volume increment resulting from CP

Modulus values calculated from pressuremeter tests in borings PD-PM 1, PMZ, PM3,
and PM4 are presented in Fig. 4.15.

Laboratory ModnLi.~ Elastic deformation modulus values were cal-
culated from laboratory CID triaxial compression tests on undisturbed borehole
samples and laboratory reconstituted samples. Initial tangent modulus and secant
modulus at peak deviator stress (failure) were obtained from stress-strain curves.
These inoduli are plotted on Fig. 4.15 at a depth corresponding to a stratigraphic
unit similar to that at which the sample was obtained.

Shear Wave Modubi& Elastic deformation modulus values can be deter-
mined from cross-hole shear wave velocity measurements using:

G = p ~~~ and E = 2 ( i + v) G

where: G = shear modulus;

p = mass density of soil;

V~ = shear wave velocity; and

V = Poisson’s ratio.
Arrays PD-S-6, 7, 8, and PD-S-8, 9, 10 yielded the most reliable shear wave
velocities; therefore, modulus values calculated from measurements in these arrays
are plotted on Fig. 4.16.

Comparison of Modulus Values. Modulus values derived from cone pene-
tration tests suggest that stiffness is relatively constant to approximately ci 365,
then increases sharply to a rather high value with large deviations from this value.
The pressuremeter modulus values corroborate this trend, although the modulus

—--- -
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increase below ci 365 is smaller. The shear wave modulus values increase gradually
with depth, except at el 370 where the clay layer was encountered. A reasonable
low average profile of cone-derived modulus is shown on Fig. 4.15. For most of the
tests made at the test site, the cone modulus exceeds the pressuremeter modulus
by 1 to 2 times due to differences in principal stress direction, stress duration, and
strain amplitude. Secant modulus at failure from laboratory tests appears to agree
with the pressuremeter modulus. The initial tangent modulus agrees fairly well
with the cone modulus, except when the cone results are affected by the presense
of coarse particles.

4.3.6 Shear Strength

The shear strength of the subsurface sand can be characterized by the
Mohr-Coulomb failure criterion:

= + af tan$

where: shear st rength;

c cohesion;

of = effective stress on failure plane at failure; and

= drained angle of internal friction.

Results of laboratory triaxial tests from which these parameters can be derived are
presented in Appendix K, Volume lilA. Results indicate that the sand is cohesion-
less and develops its shear strength from the frictional component between sand

— grains. The drained angle of internal friction derived from these tests on
undisturbed borehole samples and laboratory reconstituted samples is 39.5 degrees.

S The drained angle of internal friction was derived from the results of
static cone penetration and pressuremeter tests. Static cone penetration resis-
tance was correlated to friction angle 4 using an empirical chart developed by

• Meyerhoff (1974). ThIs correlation is independent of the in situ stress conditions.
Friction angles calculated from the cone point resistance are plotted with depth in
Fig. 4.17. The drained angle of internal friction was also determined from
pressuremeter tests using a method developed by Hughes et al (1977). Friction
angles calculated using this method are plotted on Fig. 4.17.

Above ci 378, the cone indicated a lower value of friction angle than
• 

- 
the pressuremeter. The pressuremeter indicated a relatively constant friction
angle value with depth, ranging from 38 to 42 degrees. Below el 378, both cone and
pressureineter yielded an average angle of 40 degrees. The low value of ~ derived
from the cone above ci 365 may indicate an effect of overconsolidation, which is
not accounted for In the empirical correlation. As discussed in the previous
section, the increase at ci 365 may be due to the influence of coarse particles in
the outwash deposits; however, cone-derived angles In these lower deposits
matched the laboratory-derived friction angle of about 40 degrees. 

- . - .. S - •- - - .~ ~~~~- - S~~-
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Preauremeter Limit Preawe. The pressure meter limit pressure
(asymptote to which the volume-change vs pressure curve tends at large strains)
has been used in design of shallow and deep foundations as representative of
ultimate soil strength. The limit pressure has been related theoretically to shear
strength in cohesive soils and friction angle in sands, but most often directly to
ultimate bearing capacity. For this program, however, it provided an index to
ultimate strength. Pressuremeter limit pressures from borings PD-PM 1, PM2 ,
PM3, and PM4 are plotted in Fig. 4.18. The pressuremeter limit pressure profile
indicates a gradual increase in bearing capacity and ultimate shear strength with
depth.

4.3.7 Permeability
Borehole permeability testing in boreholes PD-K1, K2, and K3 provided

a pro file of permeability coefficient with depth before pile driving, as shown in
Fig. 4.6. Also shown on this figure are permeability test results obtained in borings
before site preparation throughout the main test site. In spite of the wide scatter
of data, the latter tests fall within the range of values obtained before excavation
of the test area. A significant increase in permeability is noted around ci 360 to
ci 365, which corresponds to the stratigraphic contac t between alluvial outwash
and underlying glacial outwash 1deposits. In 4he coarser outwash deposits, perme-
abilities ranged from 6 x 10 to_26 x 10 cm/s whereas in recent alluvium,
permeabilities ranged from 3 x 10 to 1.6 x 10 cm/s. On the average, the
glacial deposits were approximately ten times more pervious than the recent
alluvium. 
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5 CONSTRUCTION OF TEST FACUlTIES

5.1 GENERAL TEST REQUIREMENTS

5.1.1 Test Area
The general requirements and selection criteria for the main test site

are discussed in Volume L The specific requirements for the pile driving effects
test area were:

(1) the test monoliths and their timber pile foundations must be con-
struc ted in the same stratigraphic units as the foundations for Locks
and Dam No. 26;

(2) the groundwater level at the location of the test monoliths must be
maintained very close to the ground surface;

(3) the test area, and part icularly the portion of the area where the test
monoliths were to be constructed, must be isolated from extraneous
vibrations due to construction equipment, traffic, and other testing
act ivities;

(4) the test area must be protected from flooding during the expected
durat ion of the tests; and

(5) a stable working platform must be provided and maintained to accom-
modate heavy construction equipment throughout the test program.

5.1.2 Reactitsi Sfri ~~tures

The conduct of the pile driving effects tests required design and
construction of appropriate reaction structures and systems capable of delivering
large horizontal and vertical loads to the test monoliths. The size and capacity of
these reaction structures were important factors in the selection of the scale and
configuration of the test monoliths. The maximum loads expected during the tests
were as follows:

L -- - — . .. 
___  ~~~~~~~~~~~ - - -. — -
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Monolith Number and Timber Pile Configurat ion

Ml M2 M3 M4~ M5 M6 M7
(3x4) (2*4) (2*4) (2*4) (2*4) (single) (single)

Sustained loads during H 72 48 48 32 32 6 6pile driv ing effects V 360 240 240 120 120 30 30tests, t

Maximum expected H 252 168 168 - - 21 21loads during lateral V 360 240 240 - - 30 30load tests, t

Maximum expected H 0 0 0 - 0 0 0loads during axial V 720 480 480 - 1000*~ 125 60load tests, t

* Monolith M4 was cancelled later in the program

** Axial load testing of monolith M5 was added to the program after design
was completed. Reaction struc tures were modified accordingly

5.1.3 Test Moaolitb Cceatructic.
The requirements set forth for construction of the test monoliths have

been presented in Section 2.2 discussing the selection of the test variables.

5.1.4 Chemical Gioutbig
One of the primary objec t ives of the pile driving effects test program

was to assess whether or not injection of chemical grout into the soil surrounding
the timber pile foundations would prevent or mitigate displacements of the test
monoliths when subjected to the effects of nearby pile driving. The program also
aimed at assessing the effects of grouting on the lateral load capacity of steel and
timber piles. -

On the basis of predictions (Section 2.3.3) that indicated that the
monolith displacements due to pile driving would be primarily lateral, it was
decided to grout only the upper 20 ft of soil beneath monoliths M3 and M7~ .
Grouting more than 20 ft of soil under existing structures was considered to be
prohibitively expensive and would not constitute a potentially feasible rehabil--

~ - itation scheme. Grout ing only the upper 10 ft would not produce the desired
grouted product due to lack of confinement.

* In itial ly, grout lng was also planned under monolith M4. Testing of monolith
M4 , Including chemical grouting was cancelled In November 1978; the
objectives of the tests scheduled for M4 were considered of secondary
Imp ortance
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Ideally, the strength of the grouted soil should be such that:
(1) it would prevent rearrangement or movement of soil particles due to

pile driving vibrations (that is, grouting would increase cohesion of the
soil, and increase the internal stability of the sand mass);

(2) It would not significantly increase soil resistance to prototype pile
penetration during driving, as some of the rehabilitation piles may have
to be driven through grouted soil; and

(3) it would increase the lateral load capacity of steel and timber piles.

5.2 TEST AREA PREPARATION ANI) DEWATERING
5.2.1 LocatIon of Test Area Within Main Test Site

The pile driving effects test area was located at the extreme southern
end of the main test site. With this configuration, the test monoliths were as far
away as possible from the other test locations and from general traffic.

52.2 Excavations
Monolith Tre~ch~ To approximate the foundation conditions at Locks

~~~ i)am No. 26, it was necessary to excavate the surficial flood plain deposits and
expose the underlying Recent alluvium over the portion of the test area where the
tests monoliths were to be constructed (monolith trench). At the design stage, it
had been expected that the alluvial sand would be found below ci 395. However,
the test area location was shifted riverward after the initial design was completed
to afford savings in site preparation cost. At the new location, the Recent alluvial
sand was slightly deeper, requiring excavation of the monolith trench to el 391,
approximately 24 ft below the surrounding natural ground surface. The general
configuration of the monolith trench is depicted in Fig. 2.3. Initially, the toe of
the excavation was 5 ft to 8 ft away from the front end of the test monolith.
During the course of the program, the monolith trench was widened in front of
monoliths M2, M3, and MS such that the toe of the excavation was 25 ft from the
front end of these monoliths. This was done to minimize the confin ing effects of
the berm leading from the bottom of the monolith trench at ci 391 to the surface
of the general excavation at ci 400 to ci 403.

The excavation of the monolith trench was done using a backhoe.
Careful control was exercised to ensure that the subgrade under and immediately
adjacent to the future test monoliths was not disturbed below ci 391. Elsewhere in
the monolith trench, local portions were overexcavated. These portions were later
backfilled with Mississippi River sand similar to the natural Recent alluvial sand
(stratigi aphic unit A, Section 4.3.8). 
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General Excavation. The portion of the pile driving effects test area
surrounding the monolith trench was excavated to ci 400. The clayey flood plain
deposits were not entirely removed in the general excavation. Over the course of
the program, the grade of the general excavation was gradually raised up to ci 403
at some locations by adding crushed rock for surface maintenance (Section 5.2.4).

52.3 Levee.
Downstream of the dam, the minimum water level is at ci 395. The

Mississippi River is known, however, to rise, sometimes very quickly, to as high as
ci 432 (April 1973). It was, therefore, decided to protect the pile driving effects
test area by a system of levees and a permanent dewatering system.

Considering the time of year during which the test act ivities were
scheduled (July to November), it appeared adequate to protect the area fro m
Mississippi flood stages up to ci 418. The likelihood of exceeding this river stage
was very low during that period. The levees ringing the pile driving effects test
area were designed and constructed to ci 420, to provide a 2-ft free—board above
design river stage. The levees were 3 ft to 9 ft high, and had slopes of 2 (hor) to
1 (vert) . They were constructed fro m clayey flood plain deposits from the general
excavation.

52.4 Surfacing

The bottom of the general excavation at ci 400 was initially surfaced
with 6 in. to 12 in. of crushed rock. Portions of that area were subjected to heavy
equipment traffic during construction of the test facilities and actual testing.
Large quantities of additional crushed rock were spread over the area to maintain
the working platform. In October 1978, it was decided to stabilize the worst
portions of the excavation bottom with a geotextile. Approximately 30,000 ft2 of
Mirafi SOOx (a polypropylene slit-film, woven fabric) were spread on top of the
previously placed mud-contaminated crushed rock. A 1-f t- to 2-ft-thick layer of
crushed rock was spread over the geotextile. Very little additional surface
maintenance was needed thereafter. These surfacing activities progressively
raised the bottom of the general excavation to ci 403 in some places.

5.2.5 Dewatermg System

The purpose of the dewatering system was to maintain the groundwater
surface at ci 390 ±0.5 within the monolith trench excavated to ci 391. Adjunctly,
the system was also intended to maintain the groundwater surface at or below
el 397 in the general excavation. The system was initially designed to drawdown
and maintain groundwater at ci 394 in the monolith trench. The monolith trench
was eventually excavated deeper (Section 5.2.2) and a supplementary system was
Installed to provide sufficient dewatering capacity for thIs 4- ft additional draw-
down at high river stages. 
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Original Dewatering System. The original dewatering system consisted
of approximately 90 wells connected to vacuum manifolds. The wells were
6-in.-dia screens installed by jetting in 16-in. -dia holes. The wells were installed
from ci 410 on the per iphery of the general excavation (Fig. 5.1). They were 61 ft
deep. The top of the gravel filter was at ci 387 , such that the upper portion of the
wells was sealed. The wells were individually connected to a 24-in.-dia header
consisting of two branches, each branch servicing the wells on two sides of the
rectangular excavation. The headers were maintained under vacuu m by a battery
of seven pumps located adjacent to the access ra mp to the pile driving effects test
area. That location was chosen to minimize vibrations at the monolith trench. De-
pending on river stages, four to seven pumps were kept in operation. The total
capacity of this system was theoretically rated at approximately 20,000 gal/min by
the dewaterin g contractor. However, at high river stages, the actual pumping
capacity was much less. During most of the testing period, the original system was
sufficient, pumping generally some 8,000 to 10,000 gal/mm for river stages at
ci 405 or below.

Supplementary Dewatering System. In September 1978, when it became
apparent that the monolith trench had to be excavated to el 391 instead of el 394,
a supplementary dewatering system was designed. The original dewatering system
could not maintain the groundwater surface at ci 390.5 for river stages in excess of
el 407. The supp lementary system was designed to handle approximately
18,000 gal/min, bringing the actual total capacity of the combined systems to over
20,000 gal/mm 5.

53 REACTION STRUCTURES

53.1 HorIzontal Reaction Blocki
Each test monolith was provided with companion horizontal reaction

block designed to deliver the maximum anticipated horizontal load (Section 5.1.2).
The reac tion blocks were 4-ft-high concrete blocks, cast at el 394, and supported
by vert ical and batter HP 14 x 73 piles (Fig. 2.4 and 2.5). The piles were driven to
a tip elevation of 350. The horizontal reaction blocks per formed very well during
test ing.

5.32 Reaction Rock Anchors
The vertical load applied to each test monolith was reacted by four

vert ical rock anchors, two on each side of the monoliths. Monoliths M2 and M6,
and M3 and M7 used the same reaction rock anchors. The anchors were of the VSL
type, similar to those tested in the rock anchor test program (Volume V). Their
design capacity varied fro m 500 k/anchor at monolith M5 to 60 k/anchor at
monolith M4 (which was not tested). The design anchorage length in rock varied
fro m 15.5 ft to 10 ft. The free length above rock was approximately 100 ft.

* The operation of the supplementary dewatering system reduced the volume of
water flowing into the original system
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The anchor holes were very difficult to drill. Various equipment was
used, ranging from a heavy-duty Drilltech rig using ODEX tools (Volume V) to a
Mobile Drill B61 soil boring rig using rotary techniques. Air tracks were also used.
The lengthy reaction rock anchor installation seriously affected the overall testing
schedule and may have disturbed the surrounding soil. After installation, the
reaction rock anchors performed well during testing.

After installation, the reaction rock anchors were tested to 120 percent
of their design capacity and locked off at about 10 to 20 percent of that load. The
anchor heads were attached to special chairs and bridge ropes connected to the
vertical reaction frames (Section 5.3.3).

5.3.3 Reaction Frames
Horizontal and vertical loads were delivered to the test monoliths by

steel reaction frames bearing on the reaction blocks and connected to the reaction
rock anchors. Two horizontal and two vertical reaction frames were built offsite
to accommodate the range of loads during testing. Typical frames are shown in
Fig. 2.4. The single pile monoliths (M6 and M7) were loaded by H beam assemblies
designed and constructed at the site as needed. The reaction frames were
supported with heavy timber cribbing.

Several modifications had to be implemented in the field to adjust the
vertical load frames because the reaction rock anchors were not installed exactly
as shown on the construction drawings. Notwithstanding these time-consuming
modifications, the reaction frames performed well during testing.

Load frames were also used to jack apart the three pairs of prototype
piles tested under lateral loads. These load frames are described in detail in
Section 10.

5.3.4 Jacking System
The test monoliths were loaded with hydraulic jacks placed between the

monoliths and the reaction frames. Tandems of two jacks were used to apply
horizontal and vertical loads. The jack controls were centralized in a shed located
on top of the horizontal reaction block for monolith M3. During simultaneous
test ing of monoliths M2 and M6, and M3 and M7, six jacks (four for M2 or Me; two
for M3 or M7) were used at the same time. The system was set up such that the
jack operator could monitor the load on any one jack using the jack gages and a
multi-channel millivoitmeter to read the load cell output, and was in constant
communication with the operator of the automatic data acquisition system through
an interphone.

Several difficulties were experienced with the jacking system. Most of
the difficulties were directly attributable to cold weather and freezing of the
hydraulic lines between control shed and jacks . The nitrogen-activitated jack
pumps were sometimes too slow, particularly during quick load changes In the
cyclic preloading activities; but generally, the system functioned well.

- -4
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5.4 TEST MONOLITH CONSTRUCTION

5.4.1 Timber Pile Installation
Equipment. The timber piles were installed by jetting and driving to a

prescribed tip elevation. This installation method was used during construction of
Locks and Dam No. 26 in the 1930’s. The jetting equipment consisted of a Z-in.-od
jet pipe with a 1-in.-dia nozzle connected by a 2-in.-dia rubber hose to a Peerless
variable-speed, multi-stage pump. Jetting water was tapped from the dewatering
system discharge and stored in a 6000-gal tank. The pump pressure and rate of
flow were varied within large limits depending on the jetting and driving results.

Driving accompanying and following jetting was done with a Vulcan 1
single-acting air hammer. Details of the Vulcan 1 hammer assembly are given
below.

Rated Energy, ft-lb 15,000
Rated Speed, blow/mm 60
Air Pressure at Hammer, lb/in2 80
Weight of Ram, lb 5,000
Capblock material5 Duracush55

(Mississippi Valley Equipment Co,
St Louis)

Capblock Thickness, in. 3 to 4

* During driving of timber piles at monolith Ml , 3-in.-thick plywood disks were
used as cushion; subsequent driving was done with Duracrush disks

** A 3/4-in.-thick plywood disk was included in the capblock to retain the
Duracush disks

The crane leads used for timber pile installation were fixed at ground
surface by stabbing them into the soil and on the crane platform with outriggers.
This was done to minimize shifting of the piles as they were jetted and driven.
This measure proved to be moderately successful. Restriking of the piles
(discussed below) was done with swing leads (outriggers detached from the crane).

Dynamic measurements of strain and acceleration at each timber pile
butt were made using the pile driving analyzer system described In Section 3.2.8 to
monitor timber pile behavior dur ing driving. Prior to driving, sonic wave speed
measurements along the pile shaft were made for each timber pile to obtain elastic
parameters used in the analyzer calculations.

Procedures. The uninstrumented timber piles surrounding monolith Ml
were installed first to establish optimal jett ing and driving combination required to
reach a final pile tip penetration of 35 ft (ci 356) with minimal soil disturbance and
within acceptable position tolerances. For the hundreds of timber piles under
Locks and Dam No. 26, the aggregate effects of position deviation and Installation
technique tended to average out; however, for the small pile groups supporting the 
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test monoliths, commonly accepted position tolerances or variations in installation
technique would have large effects on test results.

Monolith M l .  The timber piles (12 instrumented, 36 un instrumented) at
monolith MI were installed start ing at the southwest corner of the group and
moving northward along the north-south row of outer, uninstrumented piles. This
sequence was repeated for the second north-south row of uninstrumented piles, and
for the remaining rows of either instrumented or uninstrumented piles. This
installation sequence afforded the opportunity to experiment with depth and
duration of prejetting, jetting pressure and rate of flow, and relative position of jet
pipe and pile for several uninstrumented piles before installing the timber piles
supporting monolith Ml. It was originally intended to jet the piles to a depth of
30 ft and drive them for another 5 ft , attain ing a final blowcount of 50 blow/ft.

Actual Insta llat ion Procedure On the basis of observations during
installation of the first few timber piles at monolith Ml , the following procedures
were developed and generally followed for installing the remaining timber piles:

(1) prejet at a pile location to a depth of approximately 25 ft;
(2) lower the timber pile into the prejetted hole and tap it with the

Vulcan 1 hammer to seat it;
(3) begin driving; if driving resistance becomes too high (that is, more than

40 to 50 blow/ft) , assist pile penetration by additional jetting, but
keeping the jet pipe no deeper than el 356;

(4) mount the strain transducers and accelerometer on the pile when pile
tip is at ci 361±2 ;

(5) continue driving until prescribed tip elevation; and
(6) restrike each pile one to several days after initial driving after having

remounted the pile driving analyzer transducers to assess relaxation and
group installation effects.

The installation sequence for piles other than those of Ml was reversed.
These piles were installed in east-west rows of two piles, starting at the southern
row and proceeding northward. The sequence was altered after Ml to minimize
effects of asymmetric installation relative to the north-south axis of lateral
monolith loading.

Summary of Observations
Jetting . The presence of occasional clayey seams, particularly at about

ci 370, disrupted jetting operations. Jetting water return to the ground surface
completely ceased at times. Elsewhere, the jet pipe could not be lowered to the
desired depth despite repeated attempts. In a few cases, these occurrences made
timber pile installation very difficult. Nevertheless, every timber pile was
successfully installed to within 3 in. of design penetration, with the exception of
monolith M5; a surveying error resulted In these piles being installed to a tip
elevation of 355.5.

5 
4
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Driving. A summary of pertinent timber pile installation data, includ-
ing depth of jetting, blowcount and pile driving analyzer results, is given in
Table 5.1. This table should be used in conjunction with Fig. 5.2 showing as-built
location and identification number for each timber pile. Comp lete field logs for
these piles are included in Appendices L through Q, Volume mA.

In general, hard driving with the Vulcan 1 hammer was needed to reach
design tip elevation; blowcount commonly exceeded the intended 50 blow/ft. This
was of concern because of potential for damaging the timber piles (Section II) .
The restrike blowcount was generally much higher than that experienced at the end
of initial driving; this may be an indication of significan t increase in soil resistance
caused by pile group effects and/or soil setup, or less efficient hammer operation.
A comparison between maximum transferred energy at the pile butt E dur ing
initial and restrike driving indicates that the restrike values averaged Z~~~~-ft less
than the initial values (a 21 percent decrease). The decrease may have been the
result of misalignment between driven pile and hammer (swinging leads were used
for restriking the piles) and equipment ‘war mup difficulties. The lower Emax values
during restrike are consistent with the higher blowcount experienced.

Static pile capacities derived from pile driving analyzer results do not
show a uniform trend between initial and restrike values. The mean timber pile
axial capacity after restriking was 146 k which was about 7 percent larger than the - -

initial value. The capacity increase from initial driving to restrik ing was marked
for monolith M5 and slight for monolith Ml. Monoliths M2 and M3 showed a slight
decrease. These variations illustrate the complex effects of jetting and driving
piles in closely-spaced groups and the influence of installation details.

5.4.2 Concrete Work

The test monoliths were lightly-reinforced concrete structures. High
early strength Portland cement, Type UI, was used to provide a minimum com-
pressive strength of 4000 lb/in2 at seven days. The timber piles were embedded
2 ft into the concrete. Forming was done by constructing a 3-ft-high box around
the timber piles and filling the box with sand. In that manner, no complicated
forms were needed to cast the bottom of the 2 x 4- and 3 x 4- pile monoliths 3 ft
above ground (Section 2.2.3). The concrete forms were then constructed on top of
the sand—filled box. After setting of the concrete, the forms and sand boxes were
removed. The sand fill was shoveled and washed out from under the monoliths.
The single pile monoliths (M6 and M7) did not require sand-filled boxes because
they were cast 6 in. above ground.

Monolith Ml was cast as two separate blocks, 3 in. apart. Initially, it
was proposed to test monolith Ml as a 3 x 4- pile group dur ing cyclic preloading by
connecting the two blocks using shims and stressed Dywidag thread bars. During

L -
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pile driving effects testing, the two blocks would be disconnected and only the
2 x 4-pile portion of MI would be tested. Then, for final load testing, the two
blocks would be reconnected, this time using both shims and Dywidag bars, and
epoxy to fill the gap between the two blocks. Dur ing testing, this procedure was
not followed. Monolith Ml remained as 3 x 4-pile group throughout testing because
it was realized that the amount of work required to connect and disconnect the two
blocks would not permit adherence to the testing schedule, which was seriously
delayed. Cyclic preloading was done with the two blocks held together with the
shims and Dywidag bars. Immediately after cyclic preloading, the epoxy (Sikadur
Grout Pack) was placed in the gap. The connection performed very well throughout
the tests.

5.4.3 Effects of Timber Pile Installation on Soil Properties
In situ soil testing was performed between the six (2 x 3) timber piles of

control group M8 (Section 2.2.2) and within the 2 x 4-pile group of monolith M4* to
evaluate the influence of timber pile installation on the properties of the natural
sand. In situ soil testing included: a continuous standard penetration test boring
PD2-SP 1 near M8; static cone penetration test soundings PD2-CI and C2 within
M8 and M4, respectively; two pressuremeter borings PD2-PM 1 and PM2 in M8, also
including standard penetration tests; cross-hole shear wave velocity measurements
near M8, M3, and M4; and a falling-head permeability boring PD-Kl in M8. The
locations of these borings are shown in Fig. 5.3. Results obtained after timber pile
installation are compared with results obtained before pile installation (Section 4)
in the following sections.

Standard Penetration Tests. Standard penetration test results (ex-
pressed as N-values, Section 4.1.3) from borings PDZ-PM 1 and PM2 are compared
to results from boring PD-PM4 and PD2-SP 1 in Fig. 5.4. Boring PD2-SP 1 was
located 4 ft from the nearest pile and was, therefore, influenced to a much lesser
extent by the driving and jetting act ivities than borings made within M8.
Figure 5.4 indicates some increase in N-values in the upper 20 ft in boring
PDZ-SPI , but data is well within the scatter experienced before driving. Results
from borings PD2-PM 1 and PMZ show additional increase in N-values in the upper
20 ft. Below el 370, all N-values agree reasonably well. The increase in N-value
in the upper 20 ft would suggest an increase in relative density of 20 to 30 percent
due to timber pile installation; this apparent increase, however, may be due in part
to change in in situ stress conditions.

* After plans for  test ing monolith M4 were cancelled , M4 was used for this
p urpose because I ts timber piles had already been installed

a— -
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Static Cone Penetration Tests. Static cone penetration resistance pro-
files after timber pile installation from borings PD2-C1 and C2 are compared in
Fig. 5.5 to the profile from boring PD-C6 made before pile installation. Above the
clay layer located at el 380, there was a significant increase in cone penetration
resistance due to timber pile installation. Boring PD2-CZ was performed in
monolith M4 and shows the same increase from measurements before timber pile
installation. Below the clay layer, the after-installation cone resistances from
boring PD2-Cl and C2 are slightly larger down to el 357 than those obtained before
installation in sounding PD-C6. Below el 357, the after-installation cone resis-
tances are somewhat lower than those before installation, especially in boring
PDZ-Cl. Increases in cone resistance usually indicate increases in relative density,
stiffness, and shear strength; the small decreases below el 357 may indicate some
loosening. In the upper 20 ft , the cone resistances would suggest an increase In
relative density of 20 to 40 percent; this apparent increase, however, may be due in
par t to change in in situ stress conditions.

Pres*iremeter Testing. In situ horizontal stress, elastic deformation
modulus, angle of internal fric tion, and limit pressure were derived after timber
pile installation from pressuremeter tests in borings PDZ-PMI and PD2-PMZ.
Pressure meter test curves for PD2 series borings are presented in Appendix K,
Volume mA. Results of pressuremeter tests in the upper 35 ft of boring PDZ-PM 1,
located between piles 91 and 92, indicate extremely low soil strength and stiffness.
These results could be attributed to a void around the piles or inadequate hole :1
preparation (this hole was drilled with bentonite) . Below the tip of the piles,
however, pressure meter test results indicated normal soil stiffness and strength.
For boring PDZ-PM2, Revert drilling fluid was used and good quality test results
were obtained. These test results indicate normal stiffn ess and strength properties
and give no indication of a void around the pile. In fact, in all other in situ tests
near timber piles, no void-like response was encountered. It is, therefore, believed
that the pressuremeter results from boring PDZ-PM 1 were influenced by hole
preparation method.

In Situ Stress. Pressuremeter tests results from boring PDZ-PMZ were
used to infer the in situ horizontal effective stress profile shown in Fig. 5.6.
Comparing these stresses with stresses measured before timber pile installation in

— boring PD-PM4, there appears to be an increase in stress in the upper 20 ft and a
decrease below that level. Stresses below the clay layer at 20 ft decreased to a
normally consolidated stress level, indicating that jetting and driving may have
obliterated the effects of overconsolidation (Section 4.3.3).

Observations dur ing the jett ing operations revealed that below the clay
layer return of the jetting water was often poor. The clay acted as a cutoff and
resulted in a concentration of jetting water action in the sand below the clay. The
increased jetting act ivity may have resulted in an increase in pore pressure,
decrease in effective stress, and possible liquefaction of the soil some distance

- _ _  
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away from the jet pipe. After jetting, the excess pore pressure dissipated and the
sand consolidated under overburden weight. This explains the measurement of
stresses indicative of a normally consolidated sand. Above the clay layer, the
jett ing action was confined to a smaller area surrounding the pile. Pile driving
following jetting created dynamic shear stresses and densification, which increased
lateral stresses. Effects of driving apparently dominated above the clay; effects of
jetting dominated below the clay.

Modulus. Elastic deformation modulus values were also derived from
the pressuremeter tests in boring PD2-PMZ and are shown in Fig. 5.7 with the
values fro m boring PD-PM4. These results indicate an increase in stiffness due to
timber pile installation. The modulus increase may have resulted from pile driv ing-
induced densification and a confining effect due to adjacen t timber piles. As the
pressure meter probe expanded, the zone of stressed soil surrounding the probe
increased, until it extended to the stiffer pile.

Friction Angle. A value of drained angle of internal friction was
calculated from the failure portion of the pressuremeter curves for boring
PD2-PM2. These test results are plotted vs depth in Fig 5.8 and compared with
friction angles determined before timber pile installat ion. Pressuremeter results
from boring PD2-PM2 indicate a slight decrease in friction angle due to timber pile
installation, but this decrease is almost insignficant.

Limit Pressure. Pressuremeter limit pressure is a measure of the
ultimate shear strength of the soil. Limit pressures measured in boring PD2-PMZ
are plotted vs depth in Fig. 5.9 and compared with pressuremeter results before
timber pile installation. Above the clay layer, a significant increase in limit
pressure was observed, probably caused by pile driving-induced densification.
Below the clay layer, the limit pressure remained practically unchanged from
before pile installation, suggesting that the influences of loosen ing due to jetting
and timber pile confinement may have cancelled each other.

Shear Wave Velocity Meaurements. Results of cross-hole shear wave
velocity measurements made in arrays PD-S6, 7, 8, and PD-S8, 9, 10 after timber
pile installation are shown in Fig. 5.10. Both arrays indicate a large increase in
velocity above the clay layer in comparison with velocity measured before timber
pile installation; the largest increase was noted near the piles of MB. Below the
clay, shear wave velocities also increased, but by a smaller amount. These
measurements would suggest increases in stiffness and density some distance from
the jetted and driven timber piles.

Borehole Permeability Tests. The results of falling-head permeability
tests performed in boring PDZ-K 1 are compared in Fig. 5.11 with test results fro m
borings PD2-K1 and K3 made before timber pile installation. Both borings PD-K3
and PD2-K1 were located in control group M8; PD-K1 was located near monolith
M4. The higher permeabilitles measured in boring PD-Kl are representative of the
scatter inherent in the alluvial deposit. Results indicate that permeability after
timber pile installation increased by almost an order of magnitude above the level
of prejetting and did not change below that level 

—~~~ 
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5.5 CHEMICAL GROUTING

5.5.1 Sequence of Activities

Grout pipes were installed in October 1978. Monoliths M3 and M7 were
cyclically preloaded in J anuary 1979. After preloading, the area surrounding the
two monoliths was prepared for grouting (pea gravel roof and sand surcharge,
Section 5.5.3). Grouting started a few days later and was completed in mid-
February. The sand surcharge and pea gravel roof were removed and the area
regraded at el 391. Monoliths M3 and M7 were reloaded and the pile driving
effects phase of test ing proceeded.

5.52 Grouting Method and Equipment

Grout Pipes. Injection was done through sleeve pipes in three, and
sometimes four grouting stages. This grouting method (Method S3

) is described in
detail in Section 2, Volume II. The sleeve pipes consisted of 1.5-in. -dia steel pipes
having openings every 13 in. The openings were covered with rubber sleeves. The
sleeve pipes were installed by driving and air-flushing a casing with an air-track,
fi lling the casing with a cement-bentonite grout (sleeve-grout), inserting the
sleeve-pipes into the grout-filled casing, and withdrawing the casing. Air-flushing
the soil inside the air-track casing, at times, produced air bubbles escaping fro m
the surrounding ground surface. This phenomenon may have had a disturbing effect
on the soil.

Injection of silicate grout was done by inserting a double packer inside
the sleeve-pipe and position ing the packer assembly so it straddled one sleeve.
Grout was pumped from the plant into the packer assembly under sufficient
pressure to force the rubber sleeve to expand and crack the surrounding cement-
bentonite sleeve grout. The silicate grout flowed through the sleeve and into the
soil. After a predetermined volume of grout had been injected at one sleeve level,
the packer was positioned on the next sleeve (above or below depending on the
injection stage) , and the process repeated.

Grouting Plant. The grouting plant was of the proportioning type. It is
schematically shown in Fig. 5.12. This grouting plant was basically different than
the batching type plant used for the chemical grouting test program, described in
Section 4, Volume II; theoretically, both plants should be equally adequate. Com-
pared to the batching plant, the proportioning plant did not perform as well. The
major reasons appeared to be:

(1) more fragile plant components (pumps, flow meters, valves, pressure
gages, and pressure recorders) ;

- - (2) the proportioning plant was more under the control of local operators
having little or no training or experience in chemical grouting;
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(3) the working conditions were much more difficult during winter than
during spring when the batching was used; and —

I

(4) various incidents, such as sand thrown into the mixing tanks which
jam med the flow meters, were experienced during operation of the
proportioning plant.

The chemical grout components (sodium silicate and sodium aluminate)
were proportioned and diluted with water in two separate tanks. Both diluted grout
components were pumped and metered separately into two hoses merging into a Y
just before entering the grout pipe inserted in the sleeve pipe. The grout
components flowed together into the Y and grout pipe where they mixed, before
being injected through the sleeve and into the soil. Four sets of two pumps were
used to inject a maximum of four grout holes at a time. Generally, only two to
three sets of pumps were in simultaneous operation. Theoretically, the flow in
each hose could be regulated by needle valves to modify grout composition. In
fact, metering difficulties due to clogging of the flowmeters did not allow perfect
control of the grout composition at the beginning of the operation. In time,
equipment difficulties and operator inexperience were resolved.

Overall, despite these difficulties, grouting during the pile driving
effects test program appeared to have been accomplished satisfactorily, in a
manner which is probably more representative of production work than the earlier,
more controlled chemical grouting tests. Further evaluation of grouting effective-
ness is given in Section 5.5.5.

5.5.3 Pattern and Sequence of Grouting.
On the basis of the results of the chemical grouting test program,

(Volume II), a 4-ft spacing between grout holes was selected. The location of the
grout holes in relation to the test structures is shown in Fig. 5.13.

The major difficulty faced in injecting grout into the upper 20 ft of soil
under the monoliths was the lack of confinement. To reduce losses due to upward
seepage of grout, the area to be grouted was covered with a 8-in.- to 1Z-in. -thick
layer of pea gravel. The pea gravel was flooded with a slow-setting silicate grout
with the intent of creating an imp ervious layer or roof. It was hoped that the grout
would not only permeate the pea gravel, but also seep down several inches into the
underlying natural sand. Subsequent observations indicated that this did occur.

A 3-ft-thick layer of sand was then placed on top of the grouted pea
gravel to provide nominal confinement. The first stage of grouting consisted of
injecting 28 gal of grout through each sleeve located between el 391 and el 385.
This was done starting at the upper sleeves and proceeding downward. The rate of
pumping was kept below 2 gal/mm . Grouting pressure varied between 20 and
120 lb/in2. A short grout setting time on the order of 10 mm was used. Subsequent
grouting stages did not start until the previous stage was substantially completed in
the entire area to be grouted. The sequence of injection was such that grouting
proceeded from the east end towards the west end of the area.

- - 
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In the second stage of grouting, grout was injected start ing at the
bottom of the sleeve-pipes (ci 371) and proceeding upward to ci 391. Between
el 371 and ci 385, a maximum of 37.5 gal of grout were injected through each
sleeve. Between el 385 and el 391, a maximum of 19 gal of grout were injected
through each sleeve. The rate of pump ing was maintained at 2 gal/min or slightly
less. Grouting pressure varied from 20 to 120 lb/tn2.

In the third stage of grouting, grout was again injected starting at the
bottom of the sleeve-pipes and proceeding upward. Between ci 371 and ci 385, a
maximum of 19 gal of grout were injected through each sleeve. Between ci 385
and ci 391, a maximum of 9.5 gal were injected through each sleeve. The rate of
pumping was kept at about 1.5 gal/min. Grout ing pressure varied from 20 to
150 lb/in2.

A fourth stage of grouting was implemented in some grout ho!~ s at
selected levels where low grout take or leaks had been observed in the previo~isstages. Some grout holes received much less than the intended volume of grou t
because of leaks. Grout take, pumping pressure, and rate of grout I io~ for every
grout hole are given in Appendix K, Volume lilA.

5.5.4 Grout

On the basis of the chemical grouting test program results (Volume 11),
a low-strength silicate/aluminate grout was selected. This grout was chosen

— because results of in situ tests and visual observation during the chemical grouting
test program indicated that this was the only grout in which pile driving would be
feasible; an increase in soil properties was also measured by in situ and laboratory
tests.

The grout used to saturate the pea gravel layer and upper soil had the
following composition:

sodium silicate (grade 40) (70°F): 30 gal

dry sodiu m aluminate (NALCO) (68°): 12 to 13 lb
water (55°F): 70 gal

The setting time of this grout at an ambient air temperature of 35°F to 25°F varied
from 1 hr to 6 hr. A total of 3800 gal of this grout was pumped into the pea gravel
layer.

The remainder of the grout injected through the sleeve-pipes had the
following composition:

sodium silicate (Grade 40) (70°? to 80°?): 25 gal

dry sodium aluminate (NALCO) (68°F): 15 to 18 lb

water (55°?): 75 gal

~.1
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The setting time of this grout at an ambient air temperature of 40°F to 0°F varied
fro m 7 mis to 60 min. The setting time was constantly adjusted as a function of
components and air temperatures and somewhat erratic operation of the propor-
tioning mechanisms of the grouting plant.

5.5.5 Evaluation of Grouting
Grout Take. A total of 61,700 gal of 25% silicate/aluminate grout were

injected in the grouted area. In addition, approximately 3800 gal of 30%
silicate/aluminate grout were used to saturate the pea gravel roof. The theoretical
volume of soil to be grouted was 22,400 ft 3 or 167,500 gal. The average grout take
was 37 percent. Actually, the grout take was somewhat less because of losses by
leakage. Leakage up to the top of sand surcharge was often experienced. This was
to be expected considering the small overburden confinement on the area to be
grouted. When a leak was noticed, injection was discontinued for several minutes
to allow setting of the grout. If leakage persisted when injection was restarted,
the packer was moved to another sleeve. The sleeve which produced the leak was
generally reinjected in a later grouting stage.

Significant leakage was observed around monolith M3, and several grout
pipes extending through the monolith became obstructed after early grouting
stages and could not be completely injected. Leakage is attributed to conduits
forming around the piles. Once a conduit formed, the grout strength was
insufficient to prevent further leakage. Leakage and obstructed grout pipes
resulted in poorly grouted zones near ground surface under monolith M3.

Grouting was done in January and February often in subzero tem-
peratures, particularly during night shift work. Grout lines had to be protected
from freezing with tarps and forced-air heaters. Setting time of the grout was
difficult to control, requir ing numerous adjustments in grout composition.

Grouted Soil Propertie s. A program of in situ testing was performed
after grouting to evaluate the properties of the grouted soil mass. These
properties were used to evaluate behavior of monoliths M3 and M7 , and prototype
piles Ti , T2, T5, and T6. In situ testing included: two static cone penetration test
soundings in control group M8 (PD3-C1) and near pile T2 (PD3-CZ); three pressure-
meter test borings with standard penetration tests in M8 (PD3-PMI), near pile T2

F 
(PD3-PMZ), and near pile Ti (PD3-PM3); one falling-head permeability test boring
PD3-K 1 in M8; and cross-hole shear wav e velocity measurements in arrays PD-S6,
7, 8, and PD-S8, 9, and 10. Locations of these borings are given in Fig. 5.14.

Standard Penetration Tests. Results of standard penetration tests
performed in borings PD3-PM1, PMZ, and PM3 are compared to the range of
results before grouting in Fig. 5.15. Orouting increased standard penetration
resistances. Standard penetration resistances increased slightly more inside the
timber pile group than outside. Disturbed samples obtained during standard
penetrat Ion tests indicated that grout extended beyond the theoret ical lower limit
(ci 371) of the grouted zone to at least ci 369.5.
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Static Cone Penetration Tests. Static cone penetration resistance
profiles from borings PD3-Cl and PD3-C2 are compared in Fig. 5.16 to results
from boring PDZ-Cl obtained before grouting. In boring PD3-C1 which was
located within M8, there was a significant increase in cone resistance in the
grouted zone. In boring PD3-C2 outside M8, the cone resistance after grouting was
lower than that measured before grouting in M8 in the upper 10 ft of the grouted
zone. Boring PD3-Cl did, however, indicate higher cone resistances than measured
before timber pile installation. The higher resistances in boring PD3-C1 illustrate
the influence of adjacent pile driving and the confining effect of the piles which
tended to concentrate grout penetration in the area bounded by the piles. The
resistance measured below ci 380 indicates a thoroughly grouted soil mass; this
conclusion is based on results of similar tests and visual observations during the
chemical grouting test program. Below the grouted zone and the clay layer at
ci 370, a significant decrease in cone resistance was noted after grouting. For
boring PD3-C2, this decrease could be exp lained by disturbance due to installation
of reaction rock anchors. For boring PD3-Ci , this decrease followed the
decreasing trend established after timber pile installation. Below the tip elevation
of the timber piles, cone resistances from boring PDZ-C1 and PD3-C1 matched
fairly well.

Pressuremeter Tests. In situ horizontal stress, elastic deformation
modulus, and limit pressure were determined from pressuremeter tests in borings
PD3—PM 1, PD3-PM2, and PD3—PM3. Pressuremeter test curves from P1)3 series
borings are presented in Appendix K, Volume ifiA. In situ horizontal effective
stresses measured after grouting are compared in Fig. 5.17 to stresses measured
before grouting in borings PD2-PM2 and PD-PM4. All three borings indicate a
significant increase in horizontal stress due to grout ing. Below the grouted zone,
the stresses tend back toward the pregrouted level.

Elastic deformation modulus values determined from pressuremeter
tests in bor ings PD3-PM1, PMZ, and PM3 are presented in Fig. 5.18, along with
modulus values measured before grouting. In pile group M8, boring PD3-PMI
showed an increase in modulus due to grouting. This increase is not large and
indicates that grouting did not significantly increase soil stiffness near this boring.
Modulus values from boring PD3-PMZ must be compared with measurements before
timber pile installation (boring PD-PM4) because this boring is outside the zone
influenced by timber pile installation. Grouting also increased soil stiffness near
this boring. Below the grouted zone, modulus values equivalent to those obtained
before grouting were measured.

Pressuremeter limit pressure measured in borings PD3 -PM 1 and
PD3-PM2 are compared to results obtained before grouting in Fig. 5.19. Both
borings indicate an increase in limit pressure due to grouting. Results from boring

L - -  ~~~~~~~~~~~~~~~~~~~~ - 4
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PD3-PMZ must be again compared to results from boring PD-PM4. Czrouting
generally increased limit pressure. The shape of volume-change vs pressure curves
for tests ir boring PD3-PM 1 are indicative of a strain-hardening behavior of the
grouted soil, as it yielded to the expanding pressuremeter probe. The ultimate
strength (limit pressure) derived from these curves is overpredicted. The strain-
hardening behavior was observed in laboratory tests in support of the chemical
grouting test program. it is probably due to the ductile nature of the low-strength
grout, coupled with the confining effects of nearby timber piles. The grouted soil
around the expanding probe yielded to a point above which it could not accom-
modate any futher stress. The increasing stresses were transferred farther from
the probe, increasing the radius of the deformed soil zone until it extended to the
adjacent piles. The stiff piles did not yield, thus stabilizing the soil deformation
and increasing the apparent limit pressure. Below the grouted zone, limit pressures
measured before and after grouting were identical.

Cross-Hole Shear Wave Velocity Measurements. Shear wave velocities
measured in arrays PD-S6, 7, 8 and P0-58, 9, 10 after grouting are compared with
measurements made before grouting. In the grouted zone, the average shear wave
velocity increased by an average of 62 percent due to grout ing. Increases in shear
wave velocity are indicative of increased soil stiffness and density, but are also
influenced by grouting effectiveness between the source and geophone. The
increase measured here indicates a thoroughly grouted soil. A 50 percent increase
in shear wave velocity was measured for the same grout in the chemical grouting
test program.

Borehole Permeability Tests. The results of falling-head permeability
tests in boring PD3-Ki revealed a significant artesian head in the grouted zone.
Instead of the water level falling during the test, water flowed out of the casing.
Subsequent measurements of pore pressure using a pneumatic piezometer in
monolith M3 indicated a pressure head equivalent to 5 ft above groundwater level.
It is not known whether or not the piezometer was still functioning properly after
grouting; however, the excess head detected using the piezometer agreed well with
the observed head during the permeability tests. The excess pore pressure
developed during grouting because the grouted pea gravel roof , created to
eliminate vertical grout leakage, effectively locked-in the pressure while water
flow was cut off horizontally by the previously grouted perimeter. During pile
driving effects testing of M3, no such artesian head could be detected. 
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6 MONOUTU PRELOADDIG

6.1 SCOPE OF TESTS

Each test monolith was laterall y loaded and unloaded for a number of
cycles prior to any other tests. The cyclic lateral preloading of the test monoliths
was more a preconditioning than a test, done to approximate the effects of the
load history on an existing navigation structure, such as Locks and Dam No. 26. It
was believed that without this preconditioning, the test monoliths would creep
under sustained test loads mak ing interpretation of pile driving effects tests
difficult.

Each test monolith was first axially loaded to V2 load level (30 t/p ile).
The ax ial load was maintained constant throughout the cyclic preloading activities.
After initial application, the lateral load was slowly varied from H, (6 t/pile) to
0.1 H2 (0.6 t/pile) for a number of cycles. The number of loading cycles was based
on the observed response of each monolith. The cyclic preloading was halted when
the lateral displacement of the monolith under full lateral load remained essen-
tially unchanged for each successive cycle; that is, when the monolith load-
displacement behavior reached a steady state.

Scheduling of monolith preloading activities incorporated timing of
other test events. Monolith Ml was preloaded first, followed immediately by
monoliths M3 and M7 to afford sufficient time for the chemical grouting operations
around these two test structures. The pile driving effects tests were then made on
Ml. The remaining monoliths (M2, M5, and M6) were tested sequentially from
cyclic preloading through pile driving effects and, finally, load testing to failure.
Monoliths M3 and M7 were subjected to pile driving effects and were load tested to
failure last.

62 TEST PROCEDURES

62.1 General
General test procedures had been established at the design stage and

were essentially followed in the field. Detailed test procedures, measurement
techniques, and instrumentation reading frequency and schedule were developed on
the basis of the experience gained during cyclic preloading of monolith Ml. Actual
field procedures remained consistent with the objectives of the tests and with the
priority ranking of significant aspects of performance established in Section 2.3.1.

The lateral load was applied using a tandem of two hydraulic jacks,
actuated and adjusted independently using direct load cell measurements. As a
result, the prescribed load levels were achieved with reasonable accuracy through-
out the preloading and subsequent test operations. The duration of sustained
maximum and minimum loads for most cycles was brief, normally less than 5 mm ,

- ~~~~a. .S~~_~’ s a ~ _.~~~~s b W~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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providing only enough time to acquire data with the automatic system. Sustained
load cycles, dur ing which selected primary and secondary mesurements were made,
were 1 to 3 hr in duration.

6.22 Test Set~~ and Instrumentation
The monoliths were generally cyclically preloaded indiv idually, although

the test setups were common for monoliths M2 and M6. Monoliths M3 and M7 were
simultaneously preloaded. The loading schemes are described in Section 5.3. Only
the instrumentation related to static structural response of the monoliths, response
of the timber piles, and response of the soil mass (Sections 3.1.6 and 3.1.7) was
utilized during cyclic preloading, consistent with the measurement priorities
established in Section 3.5.

The configuration of the monolith trench was essentially the same
during cyclic preloading of all monoliths (that is, the toe of the berm was 5 ft to
8 ft from the north edge of the monolith) . The berm was modified only after cyclic
preloading (Section 5.2.2).

62.3 Sequence of Operations

The general procedures used in cyclic preloading of each monolith are
given below. Minor deviations from these procedures are described within the
presentation of results for a particular monolith.

(1) Make initial static primary and secondary measurements (load cells,
linear potentiometers and dial gages, optical surveys, tiltmeters, tape
extensometers, ground and pile inclinometers, telltales, strain gages,
and thermocouples) ;

(2) apply an axial load equivalent to 30 t/pile (that is, 360 t for Ml; 240 t
for M2, M3, and M5; and 30 t for M6 and M7); make periodic
measurements using the automatic data acquisition system (load cells
and linear potentiometers) as the axial load is slowly applied, and at full
axial load until settlement of the monolith stabilized to less than
0.01 in./hr;

(3) make selected automatic and manual measurements (dial gages, optical
surveys, inclinorneters, telltales) ;

(4) apply a lateral load equivalent to 6 t/pile (that is, 72 t for Ml ; 48 t for
M2, M3, and M5; and 6 t for M6 and M7) ; make periodic measurements
using the automatic data acquisition system (load cells and linear
potentiometers) as the lateral load was slowly applied, and at full
lateral load until the lateral displacement of the monolith stabilized to
less than 0.01 in./hr.

(5) repeat step (3);
(6) decrease lateral load to a level equivalent to 0.6 t/p ile (that is, 36 t for

Ml; 24 t for M2, M3, and M5; and 0.6 t for M6 and M7); make selected
automatic and manual measurements;

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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(7) repeat steps (4) to (6), making only automatic measurements (load cells
and linear potentiometers) at maximum and minimum lateral load levels
and make selected manual measurements every five to twenty cycles
(the frequency of these measurements varied from monolith to mono-
lith) ; continue step (7) until load-unload cycles resulted in negligible
change in observed displacements, in general, less than 0.01 in. in 5
cycles;

(8) repeat all static primary and secondary measurements made in step (1)
at full lateral load;

(9) remove lateral load; make all primary and selected secondary auto-
matic and manual measurements; and

(10) remove axial load from monoliths Ml , M3, and M7. Axial loads on
monoliths M2, M5, and M6 were not removed. These monoliths were
immediately tested for prototype pile driving effects.

The original test procedures called for a relatively complete set of
measurements to be taken every tenth load cycle. This procedure was somewhat
modified during cyclic preloading of monolith Ml to document only relatively large
changes in monolith displacement vs cycle number. Manual data acquisition was
more fr equent in early cycles when rapid changes in displacement occurred, and
less frequent in later cycles when stable behavior was approaching. A summary log
of manually acquired data is given as part of the measurement details for each
monolith in Appendices L through P, Volume lilA.

6.3 TEST RESULTS

6.3.1 General
A description of monolith displacements vs number of load cycles

follows for each monolith. Raw linear potentiometer data (uncorrected for
reference beam movement) form the basis for the figures illustrating the results;
optical survey measurements are shown separately. A summary of cyclic preload-
ing results is also given in Table 6.1. In general, the displacement of the reference
beams was small and only minor or no corrections to the linear potentiometer data
were required.

6.3.2 Monolith Ml
Results of cyclic preloading of monolith Ml are presented in Fig. 6.1.

Uncorrected linear potentiometer data agree closely with reference point survey
data, obtained only for cycles 1, 10, 30, and 40. The small differences between the
two types of measurements are attributed to reference beam displacement and to
tilting of the monolith, as discussed in Section 7.3.4.

Deviations from the planned sequence of operations involved complete
lateral unloading at cycle 3 due to jacking difficulties; removal of wooden wedges

L -~ . ~~~~~~~~~~~ -
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inadvertently left between the monolith and the cribbing supporting the axial load
reaction frame (Section 5.3.3); and complete axial and lateral unloading after
cycle 10 to rebalance the strain gage channels of the automatic data acquisition
system.

Stabilized load-displacement behavior was reached after 40 cycles.
From cycle 30 through cycle 40, the horizontal displacement of the monolith under
maximum lateral load H2 was 1.26 in. and did not change by more than ± 0.02 in.
Cyclic disp lacement’ from maximum to minimum lateral load levels was reasonably
constant throughout most cycles (0.53 in.). The residual horizontal displacement
after complete axial and lateral unloading was 0.53 in. During early load cycles,
the horizontal monolith displacement stabilized after 2 to 3 hr both at maximum
and minimum lateral load levels. During these periods of time, the displacement
changed by approximately 0.05 in and the jacks were adjusted to maintain constant
lateral load. For late load cycles, monolith stabilization occurred almost immedi-
ately after load change, requiring less jack load adjust ment.

6.3.3 MonOlith M2
It was originally intended to cyclically preload monoliths MZ (2 x 4

timber piles) and M6 (single timber pile) simultaneously. After full axial and
maximum lateral loads were applied to the two monoliths for a period of about
2 hr, the three axial jacks (two for M2 and one for Me, Fig. 2.4) suddenly slipped
out of position, resulting in complete ax ial unloading of both monoliths. This
incident occurred on a Saturday night during a severe snow storm. Testing
operations were halted. The lateral loads, probably seriously affected by the
sudden axial unloading, remained applied to both monoliths for the next 36 hr. The
exact cause of the incident is unknown; it may have been the result of eccentric
positioning of the axial reaction frame with respect to reaction rock anchors and
monoliths. It was decided to proceed with cyclic preloading of monolith MZ alone.
Monolith M6 was preloaded later. As a result of these events, the trend of
displacement vs load-unload cycle for monolith M2 and M6 deviates from that
observed for the other monoliths. Because the primary objecti7e of cyclic
preloading was to precondition the pile-soil system, it is not believed that deviation
from the preestablished sequence of operations at this stage would influence subse-
quent monolith response to prototype pile driving effects and load testing to
failure; however, comparison with the detailed preloading displacement history of
other monoliths is less meaningful.

Results of cyclic preloading of monolith M2 are presented in FIg. 62.
The maximum horizontal displacement after 29 cycles was approximately 1.07 in.
under maximum lateral load. The maximum displacement did not change by more
than 0.02 in. during the last 10 cycles. Cyclic displacement from maximum to
minimum lateral load levels ranged from 0.48 to 0.52 in. Following cyclic
preloading, monolith M2 was unloaded laterally only; the full axial load was
maintained to minimize difficulties In applying axial load on monolith M6 using the
same axial reaction frame. Residual monolith horizontal displacement was 0.49 in.
The pile driving effects tests were conducted Immediately following preloading of
M6.
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6.3.4 Monolith M3
Cyclic preloading of monolith M3 was done prior to chemical grouting.

No major difficulty was experienced. Results of cyclic preloading of monolith M3
are presented in Fig. 6.3. Maximum horizontal displacement of the monolith after
47 cycles was approximately 1.32 in. Cyclic displacement from maximum to
minimum lateral load levels ranged from 0.47 to 0.52 in. Upon complete lateral
and axial unloading, the residual monolith horizontal displacement was 0.6 in. The
loading setup was disassembled and moved to monolith M2. The pile driving effects
tests were conducted later, following grouting.

6.3.5 Monolith MS
No major difficulty was experienced during cyclic preloading of mono-

lith M5. Results are presented in Fig. 6.4. Maximum horizontal displacement of
the monolith after 40 cycles was approximately 105 in. Cyclic displacement from
maximum to minimum load levels ranged from 0.49 to 0.56 in. For this monolith,
the minimum lateral load level was approximately 3.5 t or slightly more than
0.4 t/pile, as compared to about 0.6 t/pile for the other monoliths. The maximum
lateral load level was 48 t, or 6 t/pile. Upon complete lateral unloading, the
residual monolith horizontal displacement was 0.45 in. The pile driving effects
tests were conducted immediately following preloading.

6.3.6 Monolith M6
Comments concerning difficulties experienced during cyclic preloading

of monolith M6 are given in Section 6.3.3. Results are presented in Fig. 6.5.
Maximum horizontal displacement of the monolith after 23 cycles was 0.91 in.
Cyclic displacement from maximum to minimum load levels was 0.16 in. Upon
lateral unloading (axial load was maintained upon comp letion of cyclic preloading),
the residual monolith horizontal displacement was 0.42 in. The pile driving effects
tests were conducted immediately following preloading.

6.3.7 Monolith M7
Cyclic preloading of monolith M7 was done prior to chemical grouting,

simultaneously with preloading of monolith M3. Results are presented in Fig. 6.6.
Maximum horizontal displacement of the monolith after 47 cycles was approxi-
mately 0.85 in. Cyclic displacement from maximum to minimum lateral load levels
ranged from 0.34 to 0.38 in. Upon complete lateral and axial unloading, the
residual monolith horizontal displacement was 0.25 in. The loading setup, commonto monolith M3 and M7, was disassembled and moved to M2 and M6. The piledriving effects tests were conducted later.

6.4 EVALUATION OF TEST RESULTS

6.4.1 EvaluatIon of Predictions
Predictions of timber pile group behavior under lateral loads were made

at the design stage (Section 2.3.2). These predictions were representative of virgin

L -~~~~~~~~~~~~~~~ - - ‘~~~
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and repeated loading conditions, which were the case for the first and last
preloading cycles. Therefore, the predict ion must be compared to the results of
initial cyclic lateral load application, and not to final monolith load tests discussed
in Section 8.

A comparison between predicted and measured horizontal monolith
displacement is given in Table 6.1. The differences between predicted and
measured results are discussed in the following sections.

6.4.2 Monolith Ml

For monolith Ml , the predic ted horizontal displacement under the first
lateral load application was 2.1 in. The measured value was 0.74 In. or less than
one-half the prediction. Part of this difference is attributed to the low soil and
timber pile modulus values assumed for prediction purposes (GP3A). Part of this
difference is also attributed to the effects of the timber piles installed around the
monolith (Section 2.2.4). These piles stiffened the soil medium in front of the
monolith.

Another condition which probably had a stiffening effect was the berm
in fron t of the monolith. The effects of a berm had not been included in the
predictions. The berm induced horizontal stresses in the soil, which increased the
lateral soil resistance. The magnitude of the stress increase due to the berm
depends on geometry (distance to toe, slope, height) and unit weight of soil
constituting the berm. it is estimated that the berm increased the lateral soil
resistance by 15 to 30 percent.

At the end of cyclic preloading, the horizontal monolith displacement
was 1.26 in., compared to a predicted value of 2.1 In. The reasons for the
difference are the same as for the virgin loading case.

6.4.3 Monoliths liZ, M3, and M5
These monoliths were identical and were cyclically preloaded under

essentially the same conditions. Their horizontal displacements under the first
lateral load applicatiot were almost the same: 0.92 in. for M2, 0.9 In. for M3, and
0.7 in. for M5. Dur ing the last cycles of preloading, the respective displacements
were 1.07 in., 1.32 in., and 1.05 in. These results are less than the predicted value
of 1.66 in. The assumed p-y behavior was too soft. The berm probably also had an
influence, as discussed above.

The displacement predictions were made using a semi-empirical method
(O’Neill et al 1977) developed for driven piles. The fact that the method
overpredicted displacement Implies that jett ing followed by driving did not deduce
lateral soil resistance. This is consistent with the increased soil properties
discussed in Section 5.4.3.

Monolith M3 required a larger number of cycles to reach stable cyclic
response than M2 or M5. This result may be due in part to the effects of grout pipe
installation around and within M3, and difficult reaction rock anchor installation at
nearby monolith M5. Repeated air-flushing of the grout holes may have loosened
the soil in the general area (Section 5.5.2).
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6.4.4 Monolitl~ 146 and 147 .

Monoliths M6 and M7 were identical and were cyclically preloaded
under essentially the same conditions. Their behavior under cyclic preloading was
generally comparable, well within expected soil property and struc tural variability;
however, monolith M7 required a larger number of preloading cycles than M6. The
reason may be the same as for M3 (Section 6.4.3).

I
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Ml 142 143 M5 M6 M7

Observed dlsplacement W on first
applicationof full lateral load,ln. 0.74 0.92 0.90 0.7 0.78 0.66
Predicted dlsplacementW on
first applic~~ on of full
lateral load ‘,in. 2.10 1.66 1.66 1.66 — -

(1)Observed displacement at
end of cyclic loading with
full lateral load, in. 1.26 1.07 1.32 1.05 0.91 0.85
Predicted dlsplacement W at
end of cyclic lo~~~ng with
full lateral load ,ln. 2.10 1.70 1.70 1.7 — —
Total number of load cycles
applied 40 29 47 40 23 47
Residual horizo~~a1 displacement (3) (3)after unloading ,in. 0.53 0.49 0.60 0.45 0.42 0.25

Notes
(1) Horizontal displacement measured

at 3 f t  above ground surf ace
(2) Toe of berm w c z s 5 f t t o 8f t j n f ,~ont

of monoliths c~irlng pre loadlng;
berm height and slope were about
9 f t  and .1 on 1, respectIvely; eff ect
of berm not considered In predic-
tions

(3) HorIzontal displacement measured
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7 PILE DRIVING EFFECTS TESTING

7.1 SCOPE OF TESTS
The objectives of the prototype pile driving eff ects phase of the tests

were to examine the factors affecting the response of axially and laterally loaded
test monoliths to nearby prototype pile driving operations. The test variables were
selected such that monolith M2 represented a reference case on which to base the
comparisons discussed in Section 2.2.2.

The great majority of the prototype piles were HP 14 x 73 driven using
a Vulcan 010 single-acting, air hammer. This pile-hammer combination was
referred to as the primary driving system. A few secondary piles (pipe piles
PP 14 x 0.375 and sheet piles MP 102) and two secondary hammers (MKT DE 70B
single-ac ting, diesel and Foster 4000 vibratory) were used as secondary driving
systems, for comparison with the primary system.

The six test monoliths (Ml , M2, M3, M5, M6, and M7) were successively
tested. Only the monolith or monoliths being tested were loaded when prototype
piles were driven. The others were unloaded to minimize the effects of pile
driving. Pile driving effects testing generally followed cyclic preloading to
minimize setup delays. This was not done for monoliths M3 and M7. The soil
surrounding these two monoliths was grouted after they were cyclically preloaded.
The reaction frames were dismantled at the end of preloading and reinstalled later
for the pile driving effects and load testing phases which took place after
completion of grouting.

72 TEST PROCEDURES
72.1 General

General test procedures had been established at the design stage and
were essentially followed in the field. As was done for the cyclic preloading phase
(Section 6), detailed procedures, measurement techniques, and instrumentation
reading frequency and schedule were developed dur ing pile driving effects testing
of monolith Ml. Actual field procedures remained consistent with the objectives
of the tests and with the priority ranking of significan t aspects of performance
established in Section 2.3.1. Deviations fro m initial procedures generally resulted
from unexpected performance or from weather-induced difficulties, as discussed
below.

Reference System. Frequent checking of the position of the reference
beams became necessary and measurements were made more often when it became
apparent , early in monolith Ml testing, that the reference beam supports were
moving under the effects of pile driving and resulting timber pile deflection.
Frequent optical surveys of the reference beams were incorporated to the routine
test procedures to correct displacement data obtained by the automatic data
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acquisition system (linear potentiometers) and quickly calculate actual monolith
displacement values needed to select the next test stage.

Weather-Induced Difficulties The cold weather which was experienced
during the test program resulted in various difficulties. The following example
illustrates how an adjustmen t made to accommodate one constraint introduced
other difficulties. Heating the instrumentation (linear potentiometers and dial
gages) and ground surface beneath and surrounding the test monoliths became
necessary when subfreezing (and often subzero) temperatures were experienced.
The heat , in turn, produced temperature fluctuations in upper strain gage levels
mounted on the timber piles and in the reference beams. The heat waves distorted
the optical line of sight and reduced the accuracy of monolith and reference beam
displacement measurements using the theodolite.

Another example is the manner by which loads were maintained and
adjusted. The large changes in temperature often resulted in slight jack overloads
of approximately 10 percent or less. Sluggish response of the jacks caused by
extreme cold did not permit an immediate correction of the overloads. The
overloads usually produced small increases in monolith displacement, typically of
as much as 0.01 in. to 0.02 in. As discussed later in this section, this amount of
displacement is of the same order as that observed during pile driving at a distance
of 50 ft or more from the monolith.

Test Area Ccs~ gurat1on. The additional 4-ft-deep excavation required
for the monolith trench (Section 5.2.2) resulted in a considerable berm approx-
imately 8 ft from the north edge of the monoliths. The berm was approximately
9 ft to 10 ft high and was at a slope of 1 to 1 or steeper. A brief analysis indicated
that the presence of the berm would reduce the magnitude of monolith dis-
placement by about 20 percent. As a result, prior to pile driving effects testing of

• all monoliths after Ml , the berm was excavated such that its toe was at least 25 ft
away from the monoliths. The berm excavation was done only after cyclic
preloading of each monolith to replicate the conditions under which monolith M l
was preconditioned.

72.2 Test Set~~ and Instrumentation

Test Monolith.. The monoliths were tested individually (Ml and M5) or
in pairs (M2 and M6, M3 and M7). Only the monolith(s) being tested were loaded.
The loading scheme is described in Section 5.3. The instrumentation described in
Sections 3.1.2 and 3.1.5 was utilized during the tests, consistent with the measure-
ment priorities established in Section 3.5.

Soil 54o~~ The instrumentation described in Sections 3.1.4 and 3.1.6
was utilized during the tests.

Prototype Piles. Prototype steel piles were generally driven to refusal
(120 blow/ft) at approximately a tip elevation of 295. They consisted of 50-ft to
55-ft-long steel sections spliced by butt-welding. A few piles were driven as single

-— ——-• VV ~~~~~~~~~~~~~~~~~~~~~ ,--V-V -
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55-ft sections. In all, 42 prototype piles were driven using a Vulcan 010 single-
acting, air hammer (31 HP 14 x 73 H piles and 3 PP 14 x 0.375 pipe piles), an
MKT DE 70B single-acting, diesel ha mmer (3 HP 14 x 73 and 1 PP 14 x 0.375), and
a Foster 4000 vibratory hammer (2 HP 14 x 73 and 2 MP 102 sheet piles). Pertinent
information regarding the three types of piles and the three types of hammers are
given in Table 7.1. All the prototype piles driven with the Vulcan and MKT
hammers were installed with swinging leads freely suspended on a crane line.
Driving operations were frequently halted to permit monolith and ground instru-
mentation measurements.

Throughout prototype pile driving operations, measurements were
made. Complete blowcount me3surements were supplemented with dynamic
measurements of force and acceleration at the pile butt. Dynamic measurements
were recorded on analog magnetic tape and simultaneously processed using a pile
driving analyzer system (Section 3.2.8). The analyzer system provided a direct
output of two parameters: maximum transkrred energy Emax and maximum
compression force at the pile butt F The energy was computed by the
analyzer by integration as a function of%me of the product force times velocity.
The maximum compression force Fm was obtained using strain transducers. The
velocity was obtained by integration o~f accelerometer measarements.

7.2.3 Sequence of Operations
The general sequence of operations is given below; minor variations did

occur. The notation P indicates a primary measurement, S indicates a secondary
measurement, and the measurement number, for example P(1,Z), refers to
measurement number in Table 3.1.

(1) Make initial static primary and secondary measurements (zero
readings);

(2) apply first axial load, then lateral load and maintain both loads at or
W2 levels, depending on monolith; make measurements PU,2) until
monolith displacement has stabilized;

On several occasions, interruptions of testing oper-
ations required the loads be left unattended for ex-
tended periods, such as a two-day holiday. During these
periods, the hydraulic lines between the pumps and
jacks were closed at the prescribed load level. Usually,

V the decrease in load was small, rarely exceeding 10 per-
cent of the load in any one jack. Upon resumption of
the tests, the jacks were readjusted and resulting
monolith displacements were allowed to stabilize be-
fore beginning prototype pile driving operations.

(3) make static primary and secondary measurements after full load
application; these measurements constituted the initial readings to
which subsequent measurements of pile driving effects were compared;
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(4) drive a prototype pile using the primary driving system, beginning at a
distance of 200 ft for monolith Ml , 50 ft for monoliths M2/M6, and
40 ft for monoliths M3/M7 and M5; dur ing pile driving, make dynamic
measurements P(3,4,5); stop driving and make stat ic measurements
P(l,2) at selected pile penetration intervals (10 ft to 25 ft) ; adjust
applied loads as needed;

( 5) while splicing a prototype pile half-way through driving and upon
reaching refusal, make a complete set of primary static measurements
P(1,2) and selected secondary static measurements S(9 through 14);

During testing of monolith M2, displacement measure-
ments P(1,2) were also made on unloaded monolith Ml;
no significant displacement was observed. Monolith MI
settled approximately 0.1 in. and moved laterally less
than 0.05 in. The selection of secondary measurements
was based on the magnitude of observed monolith
displacement. Time-consuming secondary measure-
ments were made only after significant primary mea-
surement changes were detected (for example, pile
inclinometers were measured only if incremental dis-
placement exceeded 0.1 in.).

(6) move pile driver closer to monolith(s) and repeat step (4);

For monolith Ml , the first pile was driven at a distance
of 200 ft from the monolith; the next piles were driven
at 150 ft , 125 f t, 75 ft , and 50 ft, repeating steps (4)
and (5). The objective of this procedure was to define
the distance at which the gross monolith displacement
would begin to increase at a faster rate. Such increase
was observed at a distance of 30 ft for monolith Ml. A
second pile was driven at 30 ft to assess the trend of
incremental monolith displacement per pile. For the
remainder of monolith Ml testing and for all subsequent
monoliths, the distance at which several piles were
successively driven to assess the displacement trend
was 20 ft.

(7) continue driv ing piles at closer distances from the monoliths, repeating
steps (4) and (5).

For monoliths MI , M2, and M3, the secondary pile
driving systems were used af ter completion of testing
with the primary pile driving system.

4
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7.3 TEST RESULTS

7.3.1 General
Plan and elevation views of each pile driving effects series for

monoliths Ml , M2/M6, M3/M7 , and M5 are shown in Fig. 7.1 through 7.4, respec-
tively. Also summarized on these figures are the location and type of prototype
piles driven, location of geophones, and the type of hammer used.

The observations reported in this section characterize the different
components of an extremely complex interaction problem. The results form the
data base from which the influence of various test variables (grouted vs ungrouted
soil, high-level vs low-level load, single pile vs group, 2 x 4-pile group vs 3 x 4-pile
group, and primary vs secondary pile driving systems) can be examined. As stated
previously, monolith M2 constituted a reference case to which other monoliths
were compared. More detailed considerations of both primary and secondary
aspects of performance for monolith M2 are given in Section 9.

7.32 Prototype Pile Driving

General. A summary of available dynamic prototype pile driving
measurement data is shown in Table 7.2. Difficulties with field handling of the pile
driving analyzer transducers and connectors (Section 3.2.8) limited the amount of
data collected; however, sufficient data were obtained to make pertinent obser-
vations. Complete driving records of all prototype piles driven with impact
hammers are included in Appendices L through P, Volume ifiA.

Blowcount vs pile tip elevation are shown in Fig. 7.5 through 7.8 for
monoliths Ml, M2/M6, M3/M7, and M5, respectively. Blowcount increased slowly
from ground surface to approximately el 310. Below ci 310, blowcount increased
sharply as bedrock surface was approached and reached at approximately el 295. A
decreasing or constant blowcount trend was noted between el 350 and el 330; this
can be explained by the presence of a softer soil stratum generally encountered at
these elevations. Blowcount data for the primary pile driving system, shown within
the shaded areas, indicates consistent performance.

Primary Pile Driving System. Maximum transferred energy Em and
maximum compression force Fm at the pile butt • ~tained using the pile giving
analyzer system, are shown vs bile tip elevation in Fig. 7.9 through 7.12. Pre-
dictions based on wave equation analyses, made assuming an 80 percent hammer
efficiency, yielded Em approximately equal to 23 ft-k and Fmax approximately
equal to 500 k. Actulf~measurements show significantly lower values resulting
from lower hammer assembly efficiency. Factors tending to decrease the hammer
assembly efficiency and, therefore, the maximum force on the pile, included losses
due to:

(1) mechanical deficiencies of the compressor and/or hammer;
(2) deterioration of the capblock material between ram and pile helmet;

and

(3) misalignment between hammer and pile.

~
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In addition, the discontinuous nature of the pile driving operations in extremely
cold weather did not permit the equipment to warm up to normal operating
conditions. This is particularly noticeable for the first pile driven at the beginning
of a prototype pile driving series (for example, prototype pile 1 at monolith Ml ;
Fig. 7 5  and 7.9).

Several steps were taken to improve the pile driving system perfor-
mance. The contractor was asked to replace the compressor several times and to
maintain both compressor and hammer more frequently. Oak capblocks, used early
in the tests, were replaced by Conbest capblocks (an asbestos composite material
sold by Conmaco m c , Kansas City, Kansas) for the remaining tests. The
improvement was noticeable as shown in Fig. 7.9 and 7.12 for prototype pile 3 at
monolith Ml when the capblock was switched from oak to Conbest midway through
pile driving during splicing.

The persistently low Emax values, however, were no doubt related to
mechanical inefficiencies of the hammer. The Vulcan hammer did not reach its
rated speed of 50 blow/mm until the pile reached bedrock. Above bedrock, the
hammer speed was consistently 42 to 45 blow/mm . At shallow pile penetration, the
hammer would lift off the pile butt when the air pressure exceeded 90 lb/in2 at the
compressor.

Careful attention to these conditions did, however, produce a remark- V

ably consistent exitation input from the primary pile driving system to all the
monoliths; this relatively constant input made comparisons between the different
monoliths responses more meaningful.

SecnnJi.ry Pile Driving System. Maximum transferred energy E ax and
maximum compression force Fm at the pile butt are shown vs pile tip e?~vatIon
in Fig. 7.13 for prototype pipe p~les 12 (open-ended) and 13 (close -ended). These
piles were driven with the Vulcan 010 hammer in front of monolith Ml. The
combination Vulcan 010-open-ended pipe pile showed little change in blowcount
(Fig. 7.5) from the primary pile driving system, although E ax and F were
somewhat lower for the secondary system (Fig. 7.13). The ~iose-ende~?~p~~e pile
drove somewhat harder than the open-ended pile at shallow depth and again below
el 310, due to point displacement. The observed increase in Fmax coincident with
the decrease in Emax for the close-ended pipe pile cannot be explained at this
time.

Emax and Fm are also shown vs pile tip elevation in Fig. 7.14 for
instrumented prototype pigs 13 (H pile) and 14 (pipe pile). These piles were driven
with the MKT diesel hammer in front of monoliths M2 and M6. The relatively large
blowcount required to drive these two piles may be explained by two factors:

(1) diesel hammers do not operate efficiently under easy driving conditions,
as was the case above ci 310 at the test site; the hammer stroke
increases with increasing pile penetration resistance, as demonstrated
by the trend of measured forces in FIg. 7.14; and

~
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(2) the hammer behaved somewhat erratically during testing due to warm-
up and fuel pump difficulties; this is also clearly demonstrated in
Fig. 7.14.

The performance of the Foster 4000 vibratory hammer in driving two H
piles (prototype piles 9 and 10) and two sheet piles (prototype piles 11 and 12) in
front of monoliths M2 and M6 is illustrated in Fig. 7.15. The cumulative time
duration of driving is plotted vs pile tip elevation. These data were affected by the
operator ’s procedure, which actually controlled the rate of pile penetration.

Pile Driving Through Geouted SoiL Prototype piles 7 (instrumented H
pile T5) and 8 (instrumented pipe pile T6) were driven through grouted soil in fr ont
of monolith M3. The pile driving blowcount records for these piles are shown in
Fig. 7.7, along with the range of blowcounts obtained for prototype piles 1 through
6 driven through ungrouted soil. Pile driving resistance through grouted soil
penetration was larger (4 to 15 blow/ft) than through ungrouted soil (2 to
10 blow/ft), with the largest increase corresponding to the open-ended pipe pile.
These results are consistent with the increase in dynamic and static cone
penetration resistance measured during in situ testing in the grouted soil (Section
5.4.5).

7.3.3 Ground Vibratiun

General. Analysis of pile driving records suggests that, during driving
of the prototype piles (Section 7.3.2) , only a minor portion of the energy trans-
mitted from the hammer to the pile butt Em was spent to overcome friction
resistance along the pile shaft. The major port?&i of the energy was required to
overcome the soil resistance at the pile tip. The amount of energy which is
reflected back fro m the soil into a pile depends on the relative impedance to
motion of the soil and pile driving system (hammer assembly plus pile) . During
easy driving, that amount is minor. For hard driving, that amount increases. The
soil adjacent to the driven piles receives the pile driving energy from the pile and
dissipates it by two related mechanisms: (1) permanent soil deformation dis-
sipa ting energy directly, and (2) elastic vibration dispersing energy into the
surrounding soil mass.

Emphasis was placed on examination of peak vectorial particle velocity
measured using 3-D geophones (Sections 3.2.1 and 3.2.4) at various locations in the
soil mass and on the test monoliths, as a primary index to vibration effects. Peak
velocities for pure shear waves are directly proportional to the peak shear strains
induced in the soil by propagating shear waves. The prototype pile tips constituted
buried point sources acting along vertical axes and, not unlike the shear wave
ham mer described in Section 3.2.4, the seismic waves they generated are expected
to have been predominantly shear waves. Therefore, the history of peak particle
velocities recorded by the ground geophones may also represent an approximation
of the history of peak shear strains within the soil mass.

Particular attention was given to the peak vectorial particle velocity
data obtained fro m the near-surface geophones installed 1 ft below ground surface,
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immediately north of each monolith, adjacent to the timber piles. As shown in
Fig. 7.1 through 7.4, these geophones were 03-1, G5—1 , G7— 1, and G15-l for

V 

monoliths Ml , M2, M3, and M5, respectively. These geophone data (near-sur face
peak velocities) were selected for detailed analysis because they characterize the
transient movement of the soil in the zone expected to control the lateral
displacement of the monolith caused by prototype pile driving.

Primary Pile Driving System. Near-surface peak velocity recorded
during prototype pile driving using the primary pile driving system are shown in
Fig. 7.16 through 7.19 vs pile tip elevation for monoliths Ml , M2, M3, and M5,
respectively. The data in these f igures is arranged by distances between monolith
and prototype piles. When more than one pile was driven at one distance, the data
is shown as a range of values.

Three observations can be made on the basis of the data in these
figures:

(1) the magnitude of near-surface peak velocity generally increased with
decreasing distance between monolith and prototype pile; this is con-
sistent with the law of geometric or spatial attenuation (Section 2.3.2),
although test area geometry and soil stratigraphy complicate the
relationship;

(2) as the distance between prototype pile and monolith increased, the
velocity data tended to become more uniform with depth, because the
waves were filtered by complicated reflections and refractions, and
because the distance from pile tip to geophone did not vary much with

• pile penetration for large distances;
(3) the data obtained from various piles driven at the same distance are

very consistent, corroborating the consistency observed in prototype
pile driving measurements (Section 7.3.2) and monolith displacement
measurements (Section 7.3.4).

Influence of Pile Tip Elevation. A closer examination of the near-
surface peak velocity data in Fig. 7.16 through 7.19 suggests three discernible pile
tip elevation ranges worthy of further comment. The following discussion refers
principally to results obtained from prototype piles driven 20 ft from the monoliths
(shaded areas in the figures) .

(1) At shallow pile tip elevation (approximately el 391 to el 375), the near-
surface peak velocities were generally larger than at lower elevations.
This was probably caused by surface waves propagating from the
shallow point source (pile tip). The point source is closer at shallow
depth and these waves decay less with distance than body waves.

(2) for pile tip elevation between el 375 and el 310, approximately the
near-surface peak velocity remained relatively constant, in spite of in-
creasing dist ance between pile tip and geophone. The small increase In
blowcount (Fig. 7.5 through 7.8) experienced within that elevation range
probably contributed to offset the attenuation caused by increasing

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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distance. Further discussion of these effects is provided in Section 9.3
in regard to the detailed evaluation of monolith MZ behavior;

(3) for pile tip elevation approximately below el 310, the near-surface peai
velocities decreased, although the blowcoun t (Fig. 7.5 through 7.8)
increased sharply. An explanation of this phenomenon may be that the
energy emanating from the pile tip produced elastic waves which
propagated primarily through the stiff , deeper soil and underlying
bedrock, minimizing the upward propagating body waves which dom-
inated at shallower depth in less stiff soil. Some reflection of the
driving energy from the soil back into the pile may have contributed
also to the observed peak velocity decrease.

The peak velocity decrease at depth is a particularly important
observation. Previous invest igations (Section 2.3.2) have related peak velocity and
blowcount. The results obtained here indicate that , within the soil mass, where
body waves predominate, the trend of blowcoun t and peak velocity were similar (an
increase in blowcowit corresponds to an increase in peak velocity and vice versa) .
This trend was reversed when the pile tip approached a stiff bearing stratum.

Cumulative Effects  of Vibration. The deformations of granular soil
under cyclic loading are related to both maximum strain level and number of strain
cycles (strain history). It appears desirable to consider the cumulative effects of
pile driving vibrations when attempting to quantify the relative intensity of a given
pile driving episode. One way of characterizing the cumulative vibration effects is
to calculate the product of peak vectorial velocity observed during each unit length
of pile penetration times the blowcoun t (number of hammer blows per unit length) ,
and accumulate the sum of these products with increasing depth. This was done to
obtain Fig. 7.20(a) through (d) for the respective monoliths. The trend of the
product velocity times blowcount is very similar for prototype piles driven 40 ft to
15 ft from the monoliths. Results from prototype piles driven at 50 ft (monolith
M2) and 8 ft (monolith Ml) deviate from the others. This approach is discussed
further in Section 9.3 in regard to the detailed evaluation of monolith M2

• performance.

Secon~’.ary Pile Driving Systems. Near-surface peak velocity vs pile tip
elevation is shown in Fig. 7.21 for prototype piles 11 (H pile), 12 (open-ended pipe),
and 13 (close-ended pipe) driv en with the Vulcan 010 hammer 7 ft to 8 ft away
from monolith Ml. The close-ended pipe pile 13 generated large peak velocities
for the first 40 ft of penetration. This was to be expected with a point-
displacement pile. The decrease in peak velocity associated with pile 13 below
el 360 can be explained by the presence of a softer soil stratum generally
encountered at this elevation. Below el 350, the effects of pile 13 are more

V difficult to explain on the basis of peak vectorial particle velocities alone. A
complete study would involve examination of components of the vectorial velocity,

• similar to what has been done for monolith MZ in Section 9; this study has not been
attempted for Ml.
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The velocities induced by open-ended pipe pile 12 closely matched those
induced by H pile 11 driven at similar distance from the monolith, for the first
60 ft of penetration. Below el 330, the open-ended pipe pile induced larger peak
velocity than the H pile. This phenomenon was not explained.

Near-surface peak velocity vs pile tip elevation is shown in Fig. 7.22 for
prototype piles driven with the Foster 4000 vibratory hammer in front of monolith
MZ. Prototype piles 9 and 10 were H piles; prototype piles 11 and 12 were MP 102
flat-web sheet piles. When the pile tips were above el 370, results from H pile 10
agree reasonably well with results from the two sheet piles driven at the same
distance of 15 ft from the monolith. Below el 370, the two H piles produced
similar peak velocities, although H pile 9 was 21 ft from the monolith; the two
sheet piles produced considerably larger velocities. One proposed explanation is
that these larger velocities were the results of more intense surface waves induced
by eccentric driving on the extremely flexible sheet piles. The sheet piles were
driven with the webs oriented east-west, normal to the monolith load application
direction.

Near-surface peak velocity vs pile tip elevation is shown in Fig. 7.23 for
prototype piles 7, 8, 13, and 14 driven in front of monolith M2. Prototype piles 7,
8, and 13 were H piles; prototype pile 14 was an open-ended pipe pile. All were
driven using the MKT diesel hammer. Prototype piles 13 and 14 were instrumented
piles (refe rred to as T3 and T4 in Section 10) and therefore were somewhat stiffer
than uninstrumented piles due to additional steel used to protect the instru-
mentation. The velocity data for these piles fall within a relatively narrow band.

Near-surface peak velocity vs pile tip elevation is shown in Fig. 724 for
prototype piles 7 and 8 driven approximately 5 ft from monolith M3 using the
Vulcan 010 air hammer. These piles were instrumented and are referred to as T5
and T6 in Section 10. The piles were driven through grouted soil. H pile 7 (T5)
induced large peak velocities (up to 1.8 in./s) as it was driven through the grouted
soil which theoretically extended to el 371. In fact, the peak velocity remained
large down to el 360. These results should be compared to those obtained with
prototype H pile 11 at monolith Ml (Fig. 7.21) driven through ungrouted soil at a
comparable distance. Peak velocities for the latter pile were about half of the
values induced by pile 7 at M3. Pipe pile 8 (T6) also induced large peak velocities
(up to 1.5 in./s) as it was driven open-ended through the grouted soil. These values
are about 50 percent larger than those induced by open-ended pipe pile 12 driven

• through ungrouted soil 7 ft from monolith Ml. The relative increase in velocity for
pipe pile 8 relative to H pile 7 at monolith M3 was not observed at Ml. This could
be due, in part , to formation of a soil plug at the bottom of the pipe pile as it was
driv en through the 20 ft of grouted soil (Section 10.2.2).

• 7.3.4 Monolith Displacements
General. Gross monolith displacements constituted the primary aspect

of performance of highest priority for the pile driving effects tests. The
cumulative displacements of a monolith during prototype pile driving refers to total
displacements with respect to position of the monolith at the beginning of pile
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driv ing and after application of the full lateral and axial loads prescribed for that
$ monolith (W 1 or W2). Unless otherwise stated, the horizontal cumulative displace-

ment is either the arithmetic average of the horizontal displacement values
measured by the four corner linear potentiometers corrected for reference beam
displacement, or the arithmetic average of the horizontal displacement values
measured directly by optical survey of the four corner reference points installed on
the monolith. The north-end cumulative settlement of a monolith is either the
arithmetic average of the two northern linear potentiometer data corrected for
reference beam settlement , or the arithmetic average of the two northern
reference point survey data. A similar definition applies to the south-end
cumulative settlement of a monolith.

The incremental displacements of a monolith due to the driving of each
prototype pile were obtained by substracting the cumulative displacements at the
beginning of the given prototype pile driving from that at the end of driv ing.
Incremental and cumulative displacements of each monolith due to prototype pile
driv ing are summarized in Tables 7.3 through 7.8. These values are based on
corrected linear potentiometer data. The displacement monitoring system was
redundant. It was used to describe the displacements of relatively rigid concrete
monoliths from independent measurements at four corners. A statistical assess-
ment of displacement data scatter was made as described in Appendix P.,
Volume lIlA. Standard deviations for the displacement data are also shown in
Tables 7.3 through 7.8.

Monolith Horizontal Displacement.

Cumulative Horizonta l Displacement. The cumulative horizontal dis-
placement of each monolith as a function of the number of prototype piles driven is
shown in Fig. 7.25a through 7.30a. The displacement values plotted are both
corrected linear potentiometer and reference point data, except for monoliths M6
and M7 (Fig. 7.29a and 7.30a, respectively), which did not have reference points.
The numbers along the abscissa in these figures represent the prototype pile
numbers, and the abscissa length above each prototype pile number is proportional
to the final prototype pile penetration depth (for example, for monolith Ml ,
Fig. 7.25a, pile No. 1 was driven to a final depth of about 50 ft , whereas pile No. 2
was driven to a final depth of about 100 ft; the abscissa length for pile No. I is
about one-half that for pile No. 2). Tables 7.3 through 7.8 give cumulative
horizontal displacement values for all cases.

There is a good agreement between corrected linear potentiometer and
reference point data. The slight difference observed during driving of the closest
prototype piles can be explained by the rotation of the monoliths. The referenceV points were installed a few feet above the linear potentiometers. There is

• evidence that the monoliths tilted northward, inducing a larger apparent horizontal
displacement at the reference point level than at the linear potentiometer level.
The difference between the two instrumental results increased with monolith tilt.
Results from monolith M7 (Fig. 7.30a) were affected by difficulties experienced• with tilting and readjustment of the axial jack.

L. •
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Two observations can be made from Fig. 725a through Fig. 7.30a:
(1) the horizontal displacement increased with the number of prototype

piles driven and as the distance between driven prototype pile and
monolith decreased; and

(2) larger horizontal displacements were generally induced by driving the
second half of the 100-ft-long prototype piles ( from a depth of 50 ft to
100 ft) than the first half ( from ground surface to a depth of 50 ft).
This observation is consistent with the trend shown by particle velocity
data (Section 7.3.3).

Incrementa l Horizontal Displacement. Incremental horizontal displace-
ment of the monoliths due to each prototype pile vs distance between prototype
pile and monolith are shown in Fig. 7.31 a through 7.36a, for monoliths Ml , M2, M3,
M6, and M7, respectively. These figures are based on corrected linear potenti-
ometer data for the primary pile driving system. Tables 7.3 through 7.8 give
incremental horizontal displacement values for all cases. For monolith Ml , M2,
M3, and M5 (Fig. 7.31a through 7.34a), standard deviations calculated for the data
are also shown. Inasmuch as twice the standard deviation averages 0.05 in., any
incremental horizontal displacement less than 0.05 in. should be considered tin-
reliable.

The incremental horizontal displacement data for the 3 x 4- and
2 x 4-pile monoliths (Ml , M2, M3, and M5) are combined in Fig. 7.37a. Froz1~ this
figure, it can be concluded that a detectable monolith horizontal displacement
occurred when a prototype pile was driven at a distance of 50 ft or less from a
monolith. At distances greater than 50 ft , the measured horizontal displacement
was less than the accuracy of the measurements.

Stability of Horizontal Displacement. Several prototype piles were
driven at a distance of 20 ft from each monolith to assess the stability of the
monolith horizontal displacement under repeated pile driving at a constant

• distance. In addition, two piles were driven at 30 ft from monolith Ml and two
piles were driven at 15 ft from monolith MS. In all cases of repeated prototype
pile driving, the primary pile driving system was used. The data from these
repeated driving tests are presented in Fig. 7.38a through 7.45a.

It is apparent in these figures that evaluation of the displacement
stability cannot be made if less than three prototype piles were driven at the same
distance. For example, for monolith M5, two piles were driven at 15 ft. On the
basis of measured displacement (Fig. 7.43 a), it would be concluded that monolith
MS showed a stable response because the second prototype pile caused less
horizontal displacement than the first. The same conclusion would be drawn on the

• basis of the response of monolith M2 dur ing driving of the first two piles at ao ft
(Fig. 7.40a) . However, the third and fourth prototype piles driven at 20 ft from
monolith M2 invalidate this conclusion, as they induced larger displacements than
the second piles. 
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On the basis of the data presented in Fig. 7.38a through 7.45a, it can be
concluded that, when as many as four prototype piles were successively driven at
the same distance from a given monolith, the horizontal incremental monolith
displacement of the monolith due to each pile generally did not show a decreasing
trend. It is also clear in these figures that, as stated earlier, larger horizontal
displacements were induced during driving of the prototype piles from a depth of
50 ft to 100 ft , than from ground surface to a depth of 50 ft.

Monolith Settlement.
Cumulative Settlement. The cumulative settlement of the north end

(opposite end with respect to lateral load application) and south end of each
monolith as a function of the number of prototype piles driven is shown in
Fig. 7.25b through 7.30b. These figures are similar to those depicting cumulative
horizontal displacement (Fig. 7.25a through 7.30a) . Unlike the cumulative hori-
zontal displacement data, there is no geometric reason for the difference between
corrected linear potentiometer and re ference point settlement data. In this case,
the small difference may be explained only by the accuracy of measurements.
Results for monoliths M3 (Fig. 7.27b) and M7 (Fig. 7.30b) were affected by
difficulties experienced with tilting and readjustment of the axial jacks.

Three observations can be made from Fig. 7.25b through 7.30b:

(1) the north end of the monoliths settled more than the south end, which
was the end on which the lateral load was applied; the cumulative
monolith tilt was approximately 0.2 to 0.3 degrees for all monoliths;

(2) the monolith settlement increased with the number of prototype piles
driven and as the distance between driven prototype pile and monolith
decreased;

(3) larger settlements were generally induced by driving the second half of
the 100-ft-long prototype piles (from a depth of 50 ft to 100 ft) than

• the first half (from ground surface to a depth of 50 ft); this trend is
• especially clear for prototype pile 11 at monolith Ml (Fig. 7.ZSb) , and

for prototype pile 9 at monoliths M2 (Fig. 7.26b) and M6 (Fig. 7.29b).

Incre mental Settlement. Incremental monolith settlement due to
driving of each prototype pile vs distance between prototype pile and monolith is
shown in Fig. 7.31b through 7.36b, for monoliths Ml , M2, M3, M5, M6, and M7,
respectively. These figures are similar to those depicting incremental horizontal

• displacement (Fig. 7.31a through 7.36a). Monolith settlement values for all cases,
including data from secondary pile driving systems, are given in Tables 7.3 through
7.8. Standard deviations for the settlement data differ more from monolith to
monolith than the standard deviations calculated for horizontal displacement data.

V The incremental settlement data for the 3 x 4- and 2 x 4-pile monoliths
(Ml , M2, M3, and M5) are combined In Fig. 7 37b. From this figure, it can be
concluded that detectable monolith settlement occurred when a prototype pile was
driven at a distance of 50 ft or less from a monolith. At distances greater than
50 ft, the measured settlement was less than the accuracy of the measurements.
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Stability of Settlement. The data from repeated prototype pile driving
at a constant distance are presented in Fig. 7.38b through 7.45b. As was the case
with horizontal displacement data, it is impossible to evaluate the settlement
stability if less than three prototype piles were driven at the same distance. When
as many as four prototype piles were successively driven at the same distance from
a given monolith, the incremental settlement of the monolith due to each
prototype pile generally did not show a stabilizing trend. In fact, for monoliths M2
and M6 settlement increased progressively when four prototype piles were succes-
sively driven 20 ft away (Fig. 7.40b and 7.44b). Monoliths M2 and M6 exhibited
unstable behavior with respect to settlement caused by repeated pile driving at a
constant distance.

7.4 INFLUENCE OF TEST VARIABLES
7.4.1 General

The results of the pile driving effects tests were discussed with respect
to the primary aspects of performance in the preceding sections. The influence of
the test variables (grouted vs ungrouted soil, high load-level vs low load-level,
timber pile configuration, and pile driving systems) on observed monolith behavior
is reviewed in the following sections. Monolith M2 is used as the reference case on
which the comparisons are based. In particular, emphasis is placed on results
obtained from prototype piles (H piles) driven using the primary pile driving system
at a distance of 20 ft from the monoliths. Test results obtained from prototype
piles 2 through 4 driven with the primary pile driving system approximately 20 ft
from monolith M2 are referred to as M2 standard case hereafter. A fourth
prototype pile (pile 5) was also driven at 20 ft from M2. That pile is not used for
comparison purposes because no more than three prototype piles were driven for
the other monoliths.

Few piles were driven with the secondary pile driving system and data
on which to base comparisons for this variable are limited. Comparison between
monolith Ml and other monoliths is complicated by the fact that the berm was left

• at 8 ft from Ml , whereas it was removed to 25 ft from the others, and Ml was
surrounded by unloaded timber piles. Additional comparisons and evaluation of test
data are provided in Section 9. -

7.4.2 influence of Grouting

The influence of granting is evaluated by comparing test results
obtained from prototype piles 3 through S (H piles) driven with the primary pile

-• driving system 20 ft from monolith M3 (referred to as M3 grouted case hereafter)
with M2 standard results.

Ground Vibrations. Near-surface peak vectorial particle velocities
recorded at M2 and M3 are shown in FIg. 7.46. The velocity data are from the two
near-surface geophones located immediately north of the two monoliths. The

F velocity range for M3 grouted case is clearly lower than that for M2 standard case.
The grouted soil surrounding M3 probably reflected back and filtered incoming
vibratory waves, thus reducing observed peak particle velocity. • From this results,
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it is concluded that grouting significantly reduced near-surface peak particle
velocity induced by prototype pile driving.

Monolith Displacements. Horizontal displacement and settlement of
monoliths M2 and M3 are compared in Fig. 7.47. For the first three prototype H
piles driven at both monoliths, the results are similar. Horizontal displacement for
M3 grouted case is slightly less than for M2 standard case. The reverse is true for
settlement. The apparent discrepancy at the end of the third prototype pile is
believed to have been caused by difficulties experienced at that time with surveys,
axial jack s, and load cells during testing of M3. From these results, it is concluded
that grouting had only a small influence on monolith displacement caused by
prototype pile driving.

Grouting under and around monoliths M3 and M7 (Section 5.5) was very
difficult due to the lack of confinement (small overburden) and incipient grout
travel paths along the jetted timber piles. Grout leakage was generally exper-
ienced during grouting. Considering these difficulties, grout coverage beneath
monolith M3 was as good as could be attained, but was probably not sufficient to
reduce monolith displacements.

7.4.3 influence of Load Level

The influence of load level is evaluated by comparing test results
obtained from prototype piles 3 through 5 (H piles) driven with the primary pile
driving system 20 ft from monolith M5 (referred to as MS low-load case hereafter)
with M2 standard results. Monolith M5 was loaded to the W load level
(V1 = 15 t/pile; H1 = 4 t/pile) ; monolith M2 was loaded to the load level
(V2 = 30 t/piie; H2 6 t/pile).

Gro~md Vibraticuis. Near-surface peak vectorial particle velocities
recorded at M2 and M5 are shown in Fig. 7.48. As expected, the velocity ranges
for M2 standard and MS low-load cases are very similar. The monolith load level
did not influence level of ground vibration caused by prototype pile driving.

Monolith Displacements. Horizontal displacement and settlement of
monoliths M2 and M5 are compared in Fig. 7.49. Horizontal displacement for M5
low-load case was about one-half that for M2 standard case. Settlement for M5
low-load case was slightly smaller than for M2 standard case. From these results,
it is concluded that horizontal displacement of the monolith was reduced by about
50 percent, and settlement of the monolith was reduced by about 30 percent when
the load level was reduced from 6 t/pile to 4 t/pile laterally, and 30 t/pile to
15 t/pile axially. These results are highly dependent on the marked increase of
monolith M2 horizontal displacement during driving of prototype pile 2.

7.4.4 influence of Timber Pile Cc,uiflguratlon
The influence of timber pile configuration is evaluated by comparing

monolith Ml ~ x 4-pile configuration and adjacent unloaded timber piles) with
monolith M2 (2 x 4-pile configuration), and monolith M6 (single pile) with monolith
M2. The first comparison is based on results obtained from prototype piles 8
through 10 driven 20 ft from monolith Ml using the primary pile driving system
(referred to as Ml 3 x 4 case). The second comparison Is based on results obtained
from prototype piles 2 through 5 driven 20 ft from monolith M6 also using the
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primary pile driving system (referred to as M6 single case). The comparison
between Ml 3 x 4 and M2 standard cases is complicated by the monolith trench
berm configuration discussed in Section 5.2.2 and the surrounding timber piles. The
comparison between M6 single and M2 standard cases could be made also for all
prototype piles driven because both monoliths were tested simultaneously; the
overall comparison will be addressed.

Gro~~~ Vibrations. Near-surface peak vectorial particle velocity data
recorded at Ml and M2 are shown in Fig. 7.50. The velocity range for Ml 3 x 4
case is lower than that for M2 standard case, except for the first 10 ft of prototype
pile penetration. From these results, it is concluded that the unloaded timber piles
adjacent to monolith Ml contributed to reduce the level of vibration; the proximity
of the berm probably also contributed to the reduction.

Monoliths MZ and M6 shared the same geophone system during their
simultaneous testing. No comparison can be made.

Monolith Displacements.
Ml (3 x 4) vs M2 (2 x 4). Horizontal displacement and settlement of

monoliths Ml and M2 are compared in Fig. 7.51. Horizontal displacement for Ml
3 x 4 case was approximately 35 percent lower than that for M2 standard case;
most of that difference is attributable to prototype pile 2 at monolith M2.
Cumulative settlement after three prototype piles driven at 20 ft was almost
identical for both cases; incremental settlement for Ml was larger than that of M2
for the first piles, and smaller for the second piles. From these results, it is

• concluded that the larger monolith moved less horizontally than the smaller
monolith; this is believed to be partly a result of the presence of the monolith
trench berm which was closer to Ml (8 ft) than to M2 (25 ft) . There was no

-
• difference in settlement for the two monoliths.

M2 (2 x 4) vs M6 (Single) . Horizontal displacement and settlement of
monoliths M2 and M6 are compared in Fig. 7.52. Both monoliths moved essentially
in unison. This result is somewhat unexpected because:

(1) timber pile configurations were different (2 x 4 vs single) ;
(2) the pile-head for M6 was almost completely free, whereas the pile

heads for M2 were essentially fixed;
(3) the soil stress bulb associated with M6 was much smaller than that

associated with M2; and
(4) the sing le pile under M6 was much closer to the prototype piles than the

average pile under M2; only the north-end piles of M2 were at• comparable distance.
From these results, it is concluded that the single timber pile and the 8-pile group
were affected to the same extent by nearby prototype pile driving. 

~~~~~~~~~~~~ 
•. • •~~~~~~~~•~~~~



— 
—--- -n -- —- -, ‘ 

- —.
- - 

- .

Y7C825 7—17
Phase W; VoI UI

A 7.4 5 influence of Pile Driv iiig System
The influence of pile driving system on ground vibrations is discussed in

Section 7.3.3. The influence of pile driving system on prototype pile driving
behavior is discussed in Section 7.3.2. The influence of pile driving system on
displacement of the monoliths is evaluated by comparing results obtained for
monoliths Ml , M2, and M3. In making these comparisons, it should be noted that
the effects of pr ior prototype pile driving and prior monolith displacements are
likely to have had an influence on the results obtained for any given single
prototype pile; comparisons based on incremental displacements must be quali-
tative, because it is not possible to eliminate or account for these prior influences.

Table 7.9 summarizes pertinent data for monoliths Ml , M2, and !v13.
The following observations are made on the basis of the data in Table 7.9.

(1) Prototype H pile 11 induced a larger horizontal displacement of mono-
lith Ml than any of the two pipe piles driven at similar distance (7 to
8 ft) with the same hammer (Vulcan) . The H pile was driven first and at
very close distance from the monolith; this fact may account for the
difference. The displacement of monolith Ml caused by close-ended
pipe pile 13 differ from the trend observed with other piles; it increased
linearly with pile penetration. For other piles, the displacement was
much larger during prototype pile driving from a depth of 50 ft to
lOG ft than from ground surface to 50 ft (Section 7.3.4). The displace-
ment associated with the close-ended pipe pile was larger than that
caused by the open-ended pipe pile 12. These differences are attributed
to the point-displacement nature of the close-ended pipe pile;

(2) the diesel hammer-H pile combination induced somewhat smaller hori-
zontal displacement of monolith M2 than the primary system (Vulcan-
H pile) . The settlement induced by both combinations is very similar;

(3) the vibratory hammer-H pile combination resulted in much larger
displacements of monolith M2 than either Vulcan- or diesel-H pile
combinations at 15 ft and especially 20 ft; however, settlement induced
at 15 ft by the vibratory hammer-H pile combination was comparable to
that induced by the primary pile driving system. The displacements of

- monolith M2 induced by the vibratory hammer are larger at 20 ft than
at 15 ft; this may be exp lained by the fact that the vibratory hammer
was first tried at 20 ft. The monolith may have moved so much under
the influence of the hammer at 20 ft , that effects of subsequent use of
the equipment were lessened;

(4) the vibratory hammer-sheet pile combination induced much less dis-
placements of monolith MZ than the vibratory-H pile combination, even
when consideration is given to the fact that the sheet piles were driven
only to a depth of 50 ft. It is possible that the very large displacements
caused by prior H pile driving with the vibratory hammer may have
desensItized the monolith to the effects of sheet pile driving. In any
case, driving the two sheet piles did produce over 6.04 in. horizontal
displacement and 0.05 in. settlement. These values are less, but of the
same order of magnitude as values obtained with H piles driven at a
distance of 20 ft from the monolith; and

L ~~~~~~~~~~~~~~~~~
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(5) the instrumented H pile driven with the Vulcan hammer approximately
5 ft from monolith M3 induced less displacements of the monolith than
its companion instrumented open-ended pipe pile at the same distance.
The H pile was driven first. The comment made in item 1 above
regarding the influence of driving sequence of prototype piles 11 and 12
at monolith Ml may also apply here.

~~~~~~~-~~~~~~~ --  -
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IMPACT HAMMER ASSEMBLY DETAILS

Vulcmi 010 MKT DE 7DB
Hammer Characteristics

p Hammer type sIngle-actIng, air single-acting, diesel
)iaalmum rated energy, ft-lb 32,500 42,000 to 63,000

Rated ~~.ed, blow/mb 50 40 to 50
Air pressure at hammer, lb/in ’ 105 N/A
Weight of ra m, lb 10.000 7,000

Helmet/ Capblock

Weight, lb 1645 unknown
Capblock material oak (U , canbest~~

1

Capblock thickness, In: oak 2 to 4 2 to 4
conbest 5 to 6.5 In.

VIBRATORY HAMMER DETAILS

h amme, type Foster 4000 (hydraulic)
Eccentric moment 4000 m.-lb
Frequency range (variable pump speed) 0 to 1400 rpm
Driving fcvce at maximum steady-state frequency 223 k
Driving amplitude range 5/16 to 1-1/4 In.
Suupmided weight 18,500 lb

CHARACTERISTICS OF PROTOTYPE PILES

H Piles Pige Piles Sheet Piles

• Type RP t4 *.73 PP 14 *0.315 MPIO2
W.lgh~ lb/ ft 13 54.6 40
Minimum perImeter13

~, in. 57 44 N/A
Web thickness, in. 0.506 N/A 0.315
cr .ectioual izea~~, bn~ 21.46 16.05 N/A

(1)  Ookaapb kused f erallp r ototyp.pUesat ul and d(e.eZ- PILE I)RIVING EFFECTS TEST PROGRAM
Piven piles thereof ts~ compression peraHel to the groin

(2) Conbest disci used for all prototype plies &ivmi with

(3) Stun p iles used far lateral load tostU~ were instrumented CHARACTERISTICS OF
with biclhwm.t.rs mid stra in gages, with protective steel PROTOTYPE PLES AND HAMMERS
covers ødded to the net pits ~~ct1~n. Refer to SectIon 10 ___________________________________________
fa r deta ils •ouueayoa v,ST,sau Ow *NO t ($T pe osna w

ernst.us seas awn saw we . a.
Si LswIs ,IsTni C,. caere or ses iusi ms .

e’ws~i
_ia

~
scsnma.iasj Table 7 1

V? C 551 Psesi N
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DEPTH RANGE~~
1 DEPTH RANGE 13

~
FOR WHIC H B FOR WHICH I

MONOLITH NAMMER~PU.EW DATA AVAILABLE IS AVAILABLE IS AVAILABLE
NO. COMBIN ATION FOR PILE NO. ft ft

Ml 1 1 >12 >12
3 l3 to ZZ l4 to l S

Z$ to 32 lT to U
35 t o42 2$ to 3Z
45 1o 55 35 t o424 . S$ to 6S 44 to 55
bB to 70 5$ to6 5
72 to 81 6l to lO

03 to 102 72 to $1
$3 to 103

4 54 1o 57 54 to 54
>60

5 >47 >12

6 hl to 6O 12 to 92
64 to 65 >94
11 to 92

7 >55 >55

9 46 to 51 46 to 51
>53 >53

10 ll toSl hl to3O
>53 32 to 44

46 to 49
53 to 59
61 to ll
74 to 77
19 to 52
$4 toSS
$9 to 90
92 to93

11 6to 9 6to 9
>16 >16

2 12 Tto7 7 >7
>79

3 13 11 to 51 lI to SI
‘54 >54

Ml 1 1 >1 1 >11

- 2 >61 >61

3 57 to 66 57 to 66

4 4 7 >62 >62

S 34 to 47 14 to47
49 to $0
$2 to 90

“4
13 >8 >5

5 14 >0 >8

H M3 1 5 6to lZ
>16 16 to 62

>64
6 Sto 4$ 5to 37

- >53 39 to 4$
>53

MS 1 1 none 2 t o 47
2 >54 >54
7 >53 >53

Noten
PILE DRIVING EFFECTS TEST PROGRAM

(I) Hammer-pile comblnaticna
I = Vulcan 010 - HP 14 173

: ::: :~::;: ~ 
SUMMARY OF AVAILABLE

4 = MKT 05 708-HP 14 ~~ DYNAMIC PILE DRIVING DATA
5 = MKT DE 708- PP 14 xO.375 cusu•anou ssvg sy isay .ou awn Tie, ruoseaw

(2) tmax - maximum em.rgy b anV.nwd at p ile ~~tt s.. ,,~ s ~~~~ awn sa. us es
~~~~ ~

‘max . Maximum comprreslan fares at pile ~~~~ St L VI S sistuic i. C*RPS u SuSiutiCs.

~~~~w .t~~I~~~~ CUn.t*M1I
J Tabl e 7.2

~ 1cS5i  Passe N

U
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Dist ance From Horizontal Displacement, in. Settlement, In.
Prototñ.. Prototyp. PU. (2) (Z) (3)

Pile No. 
- 

To MonolIth. ft  Incremental Cumulative Incremental Cumulative

200 0.000 0.000 0.000 0.000
2 150 -0.008 -0.005 0.014 0.014
3 125 0.019 0.03 5 •0.0l? 0.013
4 75 0.038 0.054 0.013 0.025
5 50 0.005 0.093 0.014 0.006
6 30 0.044 0.136 0.043 0.056
7 30 0.065 0.199 0.03 1 0.102
$ 20 0.078 0.200 0.046 0.154
9 20 0.121 0.404 0.031 0.171

10 20 0.054 0.459 0.08 1 0.256
11 8 0.483 0.960 0.391 0.656
Ii 7 0.151 1.141 0.280 0.955
13 7 0.357 1.517 0.354 1.329

Standard Deviation

Cumulative HorIzontal DIsplacement 0.015 Ia.
Incremental Hcr1za~tal DIsplacement 0.022 In.
Cumulative Settlement 0.019 1*.
Incremmital Settlement 0.026 Ia.

PILE D R I V I N G  EFF ECT S TE ST PR O G R A M

D I S P L A C E M E N T S  O F
M O N O L I T H  M l  D U E  TO

(I )  Location mid type of p r ototyp e ~~~~ ~ ~~~ 0 T 1’ V 0 0 I I  I “.3 I~~ G
(2) Cumulatfw displ acement Is not exact n.m of incremental ~ I I I I~ I U 1 i V I

valuss b.cmise It refl.cts small displac.ments occurring p~~~NDAt ,ON INV($TISATIO N aND TE ST PCOØNAM
•II5v,.~ Locas AND baN N.. 50

(3) Settlement is average of settlement.. at north mid south
mid of monolith ST LOUt S bI St *,CT . 600PU Sc SuciussuS .

•acw es-vs -c SISS

~~~
ws.duIrd.cs .cssu.sa.tau

1 Table 7.3
Yl c i s s  Pass. N

___________ ________ - ~~ 
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Distance From Horizontal Displacement. in. Settlement , In.
Prototype~~

1 Prototype PIle 
(2) (2)13)Pile No. To Monoli th, ft Incremental Cumulative Incremental Cumulative

50 0.019 0.019 0.033 0.03 3
2 21 0.153 0.160 0.037 0.085
3 20.6 0.076 0.238 0.050 0.147
4 21.1 0.149 0.387 0.057 0.223
S 20.8 0.159 0.545 0.112 0.338
6 14.0 0.176 0.725 0.115 0.465
7 20.6 0.126 0.850 0.079 0.544
8 14.9 0.139 0.956 0.103 0.644
9 20.6 0.302 1.2S9 0.215 0.859
10 15.4 0.253 1.543 0.114 0.901

0.04 Z~~~ I.622~~ o.oso~~ 1.066 w
13 10.4 0.055 1.698 0.007 1.058
14 11.65 0.16$ 1.870 0.033 1.093

Standard Deviation

Cumulative Horizontal Displacement 0.022 In.
In cremen tal Horizontal Displacement 0.03 1 In.
Cumulative Settlement 0.003 In.
Incre mental S ttlement 0.004 In.

PILE DRIVING EFFECTS TEST PROGRAM

D I S P L A C E M E N T S  OF( I )  Location and type of p r ototype pile given in F ig. 7.2
(2) Cumulative displacement Is not exact aim of Incremental

values because it ref lec ts small disp lacemen ts occurring P R 0 T 01 Y P E P I L E D R IV IN Gbetween driving of each p ile
(3) Settlement is average of settlements at north and south COUN OaTI ON M VISTUSaTiuN AND TE ST puosuawends of monolith

EIIITIuS LOCUS a.. øaw Ne SSIncrementa l displacement die to driving of both 
~~ LOU~5 ~~~~~~~ CO uPS Sc SuSN,EE.S .

.ac..s ,S.c..es.e 
~~~~~~~~~~~~~ 

Tabl e 7.4
V ICISS Pass e N 

.-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. - -.
~~

-—
~~

-
~~

-..-- -



. -~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~
—--. ,

~~~~~
- -

~~~~~~~~~
. _ . . _ - _-

~~~--~
—-..

Distance From Horizontal Displacement, in. Settlement, In.

ToMoni tb. ft IncrementsL. CumulatIve~
21 Incremental CumuJative 12

~
3
~

0 155 0.155 0.06 1 0.06 1
I 40.5 

0 011 0.176 0.043 0.106
2 

20 0:136 0.313 0.064 0.171
0 105 0.421 0.07 2 0.243
0 11$ 0.540 0.040 0.284

• 0 703 0.134 0.41$
6 15 

0 233 0 936 0.111 0.532
0:178 1:118 .0.031 0.558

Stendard Deviatlmi

CumulatIve Horizontal DIsplacement 0.020 in.
Incremental Hor Izontal Displacement 0.025 I..
Cumulative Settlement 0.011 In.
Incremental Settlement 0.015 In.

PIL E DRIVING EFFECTS TEST  P R O G R A M

DISPLACEMENTS OF
MONOLITH M3 DUE TO

(2)  Location ond type cf p r ototyp ep (le given f n Ff g. 7.3 PROTOTYPE PILE DRIVING
(2) Cumulative disp lacement is not exac t n.m of incremental

values because it reflects small li,p lacements occurring SO UN OA T ION INVESTISaTION aND TES T puosu aw
between driving of each pile •iii ~iwn LOC U S aNn DAN Ne. R U

(3) Settlement is average of settlements at north wid south ST LOUIS I ISTuIC’ . coup s Or E.SlNEUuS.
end of monolith ,ac.e,-,s C .•SS

Table 7.5
v ,c $s s  Pa... N
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.~ - —~ —~ --.

Distance From Horlioutsl Displacement, In. Settlement, In.
Pvototyp.111 Prototype PIle (2) (21(3)Pile No. To MonolIth. ft Inc*ementsl Cumulative Incremental Cumulative

1 39.5 0.030 0.030 0.00$ 0.000
2 23 0.059 0.094 0.022 0.054
3 19.7 0.061 0.160 0.034 0.069
4 20 0.044 0.202 0.022 0.059
5 20 0.110 0.314 0.051 0.147
6 14.6 0.201 0.516 0.1’é 0.29 2
1 14.8 0.155 0.672 0.0 0.356

Standard Deviation

CumulatIve Horizontal DIsplacement 0.014 In.
Incremental Horizontal Displacement 0.020 in.
Cumulative Settlement 0.003 in.
Incremental Settlement 0.003 In.

PILE DRIVING EFFECTS TEST PROGRAM

D I S P L A C E M E N T S  OF
( I )  Loc tIon and type of pro totype pa e g iven In F~g . 7 4  MONOLITH MS DUE TO
(2) Cumula Uvediplacemen no ex aj m of fr.cr,menea l P R O T O T Y P E  P I L E  D R I V I N G

between driving of each p ile c wN,a TloN mVE STI SATroN AND TEST ~uosuau
(3) Settlement Is average of setttementa at north and south EUSTINS LOCUS AND SAN N.. ieend of monolith

ST L WI S D I S T U C T .  CSScS Sc EuSN~~ENS.
.ac .IS.VS.c .SSSs

~~~~W 1 . i d CI ds C~ Iki1u ~ T able 7.6
v i ce S .  pie s. N
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Distance From Horizontal Displacement, In. Settlement. In.

Increm ental Cumulative~~ Incremental Cumu2atlve~~

062 0.062 0.047 0.04750 
132 0.194 0.065 0.1122 22 . 

0.295 0.043 0.1553 20.6 
42 0.431 0.140 0.2954 21.1 
40 0.511 0.120 0.4155 20.8 

0 2 2 3  0.800 0.151 0.564
0.101 

~~$ 14.9 0. 
1$ 1.349 0.301 1.09 19 

1 54  0.230 1.579 0.162 1.253
15

• 
o.o67~~ 1.646 w 0.213~~~ 1.464

12 15 
54 1.780 0.006 1.384

0.206 0.095 1.479

PILE DRIVING EFFECTS TEST PROGRAM

D I S P L A C E M E N T S  OF
MONOLITH M6 DUE TO

(1) Locatfon w1d t>~iof protot,~.pile gIven ln Flg, 7.1 P R O T O T Y P E  P I L E  D R I V I N G(2) CumulatIve rlsplacer nent l.a not exact aim of incremental _____________________________________________________

values because It r eflec ts small displ acements occurring P OUN OAT IO N INVIUTI SAT IO N AND TES T PSO NSAWbetween drIving of each p ile 
ElISTINS LOCUS ANO DA N N.. SI

(3) Total incremental displacement die to driving of both 
ST LOUIS DISTINC T .  comes or ENSINEEuS .sheet piles

~~~~
1L

~~~~~~
fl.JS_

~ 1 Table 7.7
~ ,cs ts Pa .s. N 
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Distance Prom Horizontal Dlsplace.NDt. In. Settle.ent, In.

PRototype Prototype PIle (2) (2)Pt). No. To MonolIth. ft Incremental cumulative Incremental Cumulative

1 40.5 0.105 0.105 0.003 0.003
2 24.3 0.101 0.206 0.113 0.116
3 20 0.631 0.543 0.261 0.383
4 20 0.140 0.983 0.053 0.436
$ 20 0.432 1.415 0.742 0.670
6 15 0.236 1.651 0.113 0.791
7 5.5 0.410 2.069 0.315 1.106
$ 4.8 0.263 2.332 0.154 0.952

P*LE DRIVING EFFECTS TEST PROGRAM

DISPLA CEMENTS OF
~~osss M O N O L I T H  M7 D UE TO

(1) atlon and type of~~ototype pae glven bi Fig. 7.3 PROTOTYPE PILE DRIVING
(2) CumulatIve displacement is not exoct aim of incremental

values because it reflects small dispLacements occurring • U NOAT ION INVESTISATION AND Tilt PSOSNAN

between driving of each p ile SS*TIISS LO CUS awn Da. Ne. SI

(3) Total incremental displacement die to driving of both 51 LOU IS DIST R ICT. CO R PS G~ lNe~~~ERS.
sheet piles •ac ..s .rs .c .s .es

Table 7.8
‘ices ,  Pa ... N
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flICREMZNTAI. DISPLACEMENT
In.

MONOLITH PROTOTYPI DISTANCE VER1ICAL
NO. PILE NO. 

— 
ft ROR~~ONTA1.. (SETTLEMEN 1~ RAMMER-PILE COMBR4~~ 2ON

Ml 11 1-1 0.413 -0.391 Vulcsa-HPUe

Ml 12 1-0 0.181 -0.201 Vulcs. - Open-Ended Pipe Pile

Ml 13 1-0 0.354 -0.354 Vulcs. - Close-Ended Pip. Pile

142 2, 3, 4,5 20 0.134 -0.071 Vulcan-RPtI.
avansge

142 7 20 0.126 -0.079 M ItT-H PU.

142 9 20 0.302 -0.21$ Vlb,atoey-RPtls

Mi 6 15 0.176 -0.115 Vulcsa-H Pile

142 S 15 0.139 -0.103 Diesel - H Pile

142 10 1$ 0.253 -0.114 Vibrsta~y - H  PIle

Mi 11, 12 15 0.021 -0.025 VIbratory - Sheet Pile
avan. $I

t 143 7 $ 0.233 -0.110 Vulcan - 1nat,u~~ented H Pile

143 S 5 0.178 -0.031 VuIcan - Inatru~ s.ted Open-Ended Pipe Pile

Hamm.i

VuLcmu v olo sl octngalr lmnmmer PILE DRIVING EFFECTS TEST PROGRAM
Mitt : MItT 0$ 708 Mnpte-act(ng diesel hammer
Viivatary ~ Foster 4000 Vthrataey hemmir

Prototype Plle& 
PILE DRIVING SYSTEM

H Ptte: HP 14 x T3, 100 ft long ON MONOUTH DISPLACEMENTS
Pipe Pi le: PP 14 x 0.375, 100 f t  tang PINJNSATION INV ESTISATION AND TEST P R OS R AN

ERISTIUS LOCUS AND AN
H Pile: HP 14 x 73 wIth Instrumentation protectIon, S Re. U

55 f t  tong St LOUI S SIS T RIC ,.  CORPS OP INSINEIRS .

Instrwnented SAC 04$-PS-C

Pipe Pile: PP I 4z O . 3 75  with InstrumentatIon protection, 
~~~~~~~~~~~~~~~~~~ ~~ T able  7.9

Sheet Pile : HP 102,50 f t  long ‘b esS Pa... N - .  -

a
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MONOLITH Ml

Dist ance Between
Prototype Prototype Pile And Final Tip

Pile Monolith Prototype Hammer Elevation
No. ft - Pile Type Type ft

1 200 HP 14x73 VuIcan 010 350
2 150 N N 297
3 125 N N 297.3
4 75 e 295 5
5 50 U 350
6 30 N 297.9
7 30 5 U 298
8 20 U N 299
9 20 298
10 5 5 298.3
11 8 5 N 295.6
12 7 PP 14x0.375 N 

296.9

(open-ended)
13 7 PP 14x0.375 N 298

(close -ended)

‘
I

~~~o/i: e’4 ~e~~ 4ove

2/ 4 Iy~~~
~ ~ 376 / ~,e~.v.,d~’v’)  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

/9~~~~~~~3~~5 ~/os.-~~de’d) PILE DRIVING E F F E C T S  TEST PROG RAM

PLAN AND SECTION
FOR MONOLITH Ml

P OUNSATION RY ISTISA T IOS AND TEST PU O SRAN
EII STI NS LOCUS AN SAN Ne. 55

ST LOUIS SIS T RICT .  CORPS OP EUSIUUSRS.
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MONOLITHS M2 AND M6

Distafice Between
1rototype Prototype Pile And Final Tip

Pile Monolith Prototyp e Hammer Elevation
No. ft Pile Typ~ Type ft

1 50, HP 14z73 Vulcan 010 296.8
2 21 U U 295
3 20.6 U N 295.9
4 21.1 N U 295.6
5 20.8_. 295.4
6 14.8 296
7 Zth.6 

N MKT DE 703 296.1
8 1’s.9 N U 296.1
9 20.6 U Fost er 4000 296
10 154 N N 296.5
11 15 MP 1O2 344
12 15 U U 337 3
13 10.4 HP 14x73 MKT DE 703 340

(Instrumented T3)
14 11.7 PP 14x0 .375 N 340

(open-ended)
(Instrumented T4)

~i..d ,eo,ak.se
wo/,/4 95ofr#OJ’S

,*v 4376 /opsv-s~d~d) 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

/V,~~375 (~/0~~d~~~.’~4id) PILE DRIVING EFFECTS TEST PROSRAM

,OZ.
PLAN AND SECTION

FOR MONOLITHS M2 AND MS
POUNOATIOU IOVSST,SATION AND TEST POUSRAO

•ZISTINS LO CU S AND SAN N•. 55
ST LOUIS SISTRICT. CORPS OP SuS~~~ES .

•ASOSS ?S-C-OS•S

~~~~~ S.1~u.u1á,d. C.rnst~~~~ t
V 

(v ic e s.  •~... = ~ 
FIg. 7.2

- - 
~~~~~ -,~ 

-— 
_____



4r
~~~~fte*~ C~~ /f lM, v,a.o4~/ 4 MS. ,t
~0~~~~~ O f /9~~~~~~~~~~~~~~~~~~ O~~4O

41/SW ~ V$s/4øZ
#4,?-, ~~~

—

~~~~~Iv, H
- 

-

~~~~~ • 

~
( L~~~ ±~~~

’
~~~~~~.itdV 

~~dFdI.Z14/4,dPu/ I “-‘ “~~~~ 
-

#fl3 J
‘I~*L’/M 4~- iiiii~ ~~ -

le~esd
.~~~~ 

,sO~ S

a’-
390 

c

330 H/ ~ P 4

0 PPi
310.

3/0

/

b~ect,o,p

~~

( 

_
V _ _   

V~ .~~~~~~~~~~~~~~~~ .
,V ’ ••

•
•~



_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~~~ 
V~_—  —

1 VV_ V_;:~~
_  

~~~~

MONOLITHS M3 AND N?

Distance Between
Prototype Prototype Pile And Final Tip

Pile Monolith Prototyp e Hammer Elevation
No. ft Pile Type Type ft
1 40.5 HP 14x73 Vulcan 010 295.4
2 24.3 N 295.4
3 20 U U 295.3
4 20 N U 294.9
5 20 N N 295.4
6 15 N U 295.5
7 5.5 HP 14x73 U 340.8

(Instrumented T5)
8 4.8 PP 14x0.375 N 340.3

(open-ended)
(Instrumented T6)
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MONOLITH M5

Distance Between
ype Prototype Pile And Final Tip

Monolith Prototype Hammer Elevation
ft Pile Type Type ft

39,5 HP 14x73 Vulcan 010 297
23 U 295
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8 MONOLiTH LOAD TESTING

8.1 SCOPE OF TESTS
Upon completion of the pile driving effects stage of test ing, each

monolith was load tested to failure either axially or laterally. The objective of the
monolith load tests, ranked as a secondary objective for the overall pile driving
effects test program, was to measure ultimate axial or lateral load capacities of
single timber piles and timber pile groups in ungrouted and grouted soiL

Each monolith was tested to failure under a different combination of
axial and lateral loads. The following table presents a summary of the various test
load combinations.

Monolith No.
and Timber Soil

Pile Configuration Conditions Test Load Combination

Ml Tingrouted Constant axial load of 360 t
(3 x 4) Increased lateral load to failure

M2 Ungrouted Constant axial load of 240 t
(2 x 4) Increased lateral load to failure

M3 Grouted Constant axial load of 240 t
(2 x 4) Increased lateral load to failure

M5 Ungrouted Increased axial load to failure
(2 x 4) Zero lateral load

M6 Ungrouted Increased axial load to failure
(single) Zero lateral load; then

Constant axial load of 30 t
Increased lateral load to failure

M7 Grouted Constant axial load of 30 t
(single) Increased lateral load to failure

83 TEST PROCEDURES
1.2.1 IImflIa.GtatIcn mid Tist S.t~~

Load tests were made immediately after driving prototype steel piles.
The monolith setup generally was unchanged from this earlier stage of testing. The
instrumentation monitored was essentially the same as that monitored during pile
driving effects tests, except that the geophones, pile driving analayzer system, and
dynamic data acquisition system were not used during the load tests.
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8.2.2 Axial Load Teds

Axial load tests in compression to fa ilure were made on monolith M5
and M6 in ungrouted soil No lateral load was applied to the monoliths during these
tests. The actual procedures for each test did not significantly depart from the
general test procedures described below:

(1) make initial readings and measurements, the monolith being unloaded
(load cells, linear potentiometers and dial gages, optical surveys,
tiltmeters, tape extensometers, telltales, strain gages, piezometers and
thermocouples) ;

(2) apply the axial load in increments of 30 t/pile ( that is 240-t increments
for monolith M5, and 30-t increments for monolith M6); make periodic
measurements using automatic data acquisition system (load cells and
linear potentiometers) until settlement of monolith stabilized to less
than 0.01 in./hr;

(3) make selected automatic and manual measurements (dial gages, optical
surveys, telltales) ; the actual instruments read were selected by the
shift leaders on the basis of monolith settlement and axial load level;

(4) increase the axial load in 30-t/pile increments, repeating steps (2) and
(3) until failure occurred;

The failure criterion was different for the single pile
(M6) and the pile group (M5). The single pile was
considered to have failed axially when the pile tip
settled In excess of 1.5 in. Jacking was halted and the
failure load was taken as the load recorded by the load
cell 15 min after the jack ing stopped. During applica-
tion of what was the final load increment on monolith
M5, the southeast corner of the monolith bad settled so
much and the monolith was tilting to a point where the
stability of the jacks and load frame system was of
concern. Rather than risk a collapse of the system,
jacking was halted. The load stabilized and the stabil-
ized load was taken as the failure load.

(5) most instruments were read at failure and the axial load was removed;
and

(6) readings and measurements were repeated after unloading.

82.3 Lateral Load Tests
Lateral load tests to failure were made on monoliths Ml , M2, and M6 in

the ungrouted soil, and monoliths M3 and M7 In grouted soil. The general test
procedures were as follows:

L - 
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(1) make initia l readings and measurements, the monolith being un loaded
(load cells, linear potentiometers and dial gages, optical surveys,
tiltmeters, tape extensometers, ground and pile inclinometers, telltales,
strain gages, piezometers, and thermocoup les) ;

(2) apply an axial load equivalent to 30 t/pile (that is, 360 t for Ml , 240 t
for M2 and M3, and 30 t for M6 and M7) ; make periodic measurements
using the automatic data acquisition system (load cells and linear
potentiometers) until settlement of the monolith stabilized to less than
0.01 in./hr;

(3) make selected automatic and manual measurements (dial gages, optical
surveys, inclinometers, telltales) ;

(4) apply a lateral load equivalent to 6 t/pile (that is, 72 t for Ml , 48 t for
M2 and M3, and 6 t for M6 and M7) ; make periodic measurements using
automatic data acquisition system (load cells and linear potentiometers)
until the lateral displacement of the monolith stabilized to less than
0.01 in./hr;

(5) repeat step (3);
(6) increase the lateral load in increments equivalent to 3 t/pile (that is

36 t for Ml , 24 t for M2 and M3, and 3 t for M6 and M7) ; make periodic
measurements using the automatic data acquisition system at each load
level until the lateral displacement of the monolith stabilized to less
than 0.01 in./hr; repeat step (3); apply the next load increment;

(7) repeat step (6) until failure occurred. Failure was defined as structural
failure of piles or concrete cap, or continued di splacement of the
monolith under sustained load (this latter failure mode occurred in all
cases) ;

(8) maintain failure load long enough to make automatic and selected
manual measurements;

(9) remove lateral load and repeat automatic and manual measurements;
and

(10) remove axial load and repeat automatic and manual measurements.

8.3 TEST RESULTS
8.3.1 Monolith Ml (Lateral Load Test)

Monolith Ml rested on a 3 x 4-pile group. The soil around the timber
piles was not grouted. At the time of the lateral load test, the toe of the berm
leading fro m the bottom of the monolith trench at el 391 to the bottom of general
excavation was approximately 8 ft from the north end of the monolith. The berm
had a slope of approxImately 1:1 and a height of 9 ft.
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The behavior of monolith Ml under constant axial load of 360 t and
increasing lateral load is depicted in Fig. 8.1. The lateral load at failure was 172 t ,
or an average of 14.3 t/p ile. Under the failure load, the monolith displacement did
not stabilize. The test was terminated at that load because it was feared that the
vertical jacks and load frame would slip and collapse. At the time the test was
terminated, the monolith disp lacement was almost 6 in. from beginning of lateral
load app lication. About 4 in. of displacement occurred when the lateral load was
increased from 144 t (12 t/p ile) to 172 t (14.3 t/p ile). Residual horizontal disp lace-
ment was 2.2 in. after complete unloading (axial and lateral) .

There was no evidence of structural failure of the timber piles during
the test. The timber piles emitted creaking sounds at the two highest load levels.
Gaps about 2 in. wide were observed between the soil and the rear of the piles.
Soil deformation at ground surface in front of the piles was obscured by water and
snow cover; the ground was not frozen, however, because forced-air heaters were
used throughout the test under and around the monoliths, and the groundwater was
maintained near ground surface.

8.3.2 Monolith M2 (Lateral Load Test)

Monolith M2 rested on a 2 x 4-pile group. The soil around the timber
piles was not grouted. The berm in front of monolith M2 was excavated after
cyclic preloading such that its toe was about 25 ft fro m the north end of the
monolith. The berm was approximately 10 ft  high and had a nearly vertical slope.

The behavior of monolith M2 under a constant axial load of 240 t and
increasing lateral load is depicted in Fig. 8.2. The lateral load at failure was 120 t
or an average of 15 t/pile. Under the failure load, the monolith eventually
stabilized after more than 5 hours. At this time, the total horizontal displacement
was 5.3 in. fro m beginning of horizontal load application. Residual lateral
displacement was 1.4 in. after complete unloading.

There was no evidence of structural failure of the timber piles during
the tests, although creaking sounds were heard. Gaps about 1 in. wide were
observed between the soil and the rear of the piles. Soil deformation at ground
surface in fr ont of the piles was obscured by water and grout spillage from
monolith M3.

8.3.3 Monolith M6 (Axial Load Test)

Monolith M6 rested on a single timber pile. The soil around the pile was
not grouted. Monolith M6 was on the east side of MZ and was more than 25 ft from
the berm.

The behavior of monolith M6 under no lateral load and increasing axial
loads is depicted in Fig. 8.3. The maximum axial load applied was 110 t, but the
pile continued to settle under that load. At the time the test was discontinued, the
total monolith settlement was 2 in. and the pile had significantly deflected
laterally in the y-dlrection (north) . 
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8.3.4 Monolith M6 (Lateral Load Test)

Monolith M6 was also loaded to failure laterally after the axial load
test to failure. Behavior of monolith M6 under a constant axial load of 30 t and
increasing lateral load is depicted in Fig. 8.4. The maximum sustained lateral load
was 15 t producing a displacement of 2 in. near ground sur face. Attempts to
increase the lateral load to 18 t were discontinued when it appeared that the axial
jack was about to kick out.

8.3.5 Monolith M3 (Lateral Load Test)

Monolith M3 rested on a 2 x 4-pile group. The soil around the timber
piles was grouted to a depth of approximately 20 ft below ground sur face, after the
monolith had been cyclically preloaded. The toe of the berm was 25 ft from the
north end of the monolith.

The behavior of monolith M3 under a constant axial load of 240 t and
increasing lateral load is depicted in Fig. 8.5. The lateral load at failure was 118 t
or an average of 14.8 t/pile. When attempting to load to 120 t, the monolith kept
moving and the test was halted for safety reasons. At the failure load, the
monolith displacement was 3.2 in. Residual horizontal displacement was 1.4 in.
after complete unloading. There was no evidence of structural failure of the
timber piles.

8.3.6 Monolith M7 (Lateral Load Test)

Monolith M7 rested on a single timber pile to the west of M2. The soil
around the pile was grouted. The berm was 25 ft from the north end of the
monolith.

Behavior of monolith M7 under a constant axial load of 30 t and
increasing lateral load is depicted in Fig. 8.6. The maximum lateral load applied
was 20 t. Larger loads could not be sustained nor was a stable monolith
displacement obtained. At the failure load of 20 t, the monolith had deflected
2.4 in. near ground surface.

8.3.7 Monolith MS (Axial Load Test)
Monolith M5 rested on a 2 x 4-pile group. The soil around the timber

piles was not grouted. The berm was 25 ft from the north end of the monolith.
The behavior of monolith MS under no lateral load and increasing axial load is
depicted in Fig. 87. The maximum sustained axial load was 720 t or an average of
90 t/piIe. This load was taken as the failure load. Settlemen t at the failure load
was 2.3 in. at the north end of the monolith and 3.2 in. at the south end. When the
load was increased to 750 t, the monolith continued to settle quickly and unevenly,
and the settlement did not show signs of stabilization. There was no evidence of
structural failure of the timber piles.

The axial load test on monolith M5 will be further discussed in a
separate document to be prepared for the Corps of Engineers and Department of
Transportation.

~ 
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8.4 EVALUATION OF TEST RESULTS

8.4.1 Evaluation of Predictions
Results of the lateral load tests are summarized in Table 8.1. The load-

deflection predictions made at the design stage do not compare well with actual
measurements because of differences between assumed and actual conditions. The
monoliths were cyclically preloaded and subjected to the effects of nearby pile
driv ing prior to being load tested. This was not taken into account in the
predictions. For this reason, the lateral behavior predictions are compared to the
monolith response during initial loading at the beginning of cyclic preconditionmg
(Section 6).

8.4.2 Effects of Groutmg
Grouting in the upper 20 ft of soil surrounding the timber piles in

monoliths M3 and M7 (Section 5.5) had different effects on the pile group (M3) and
single pile (M7) . Comparing monolith M3 (grouted) with monolith M2 (ungrouted) ,
the two monoliths mobilized the same lateral load capacity, but the grouted
monolith exhibited slightly stiffer elast ic response. The stiffer response in the
case of monolith M3, may be the result of a shorter duration of each load
increment and incomplete stabilization of horizontal displacement.

Typically, soil grouted with the type of grout used in the tests exhibits
a time-dependent deformation response and some strain hardening at large strains.
This response was observed in the results of laboratory and in situ tests (Sec-
tion 9.5.2, Volume U and Section 5.4.2, above) performed on this grout, and lateral
load tests on prototype piles (Section 10). No significant creep or strain hardening
behavior was noted for monolith M3. This atyp ical grouted soil behavior may be
the result of incomplete grouting near ground sur face caused by grout leaks around
the timber piles (Section 5.5.5).

The single pile under monolith M7 mobilized a lateral load capacity
33 percent larger than monolith M6 in ungrouted soil. The lateral load—deflection
curve in Fig. 8.6 indicates a marked strain hardening response of monolith M7; this
is believed to account for the larger load at failure. Lower grouted soil stiffness
was also mobilized early in the test , at low lateral load level, as indicated by the
elastic portion of the load-disp lacement curve; this may be due to some creep
effects, although the stress duration for this test was short compared to the test in
ungrouted soil. On the basis of the results of the lateral load on monolith M7 , it
can be concluded that grout was effectively injected around the single timber pile.

8.4.3 Effects of Pile Groups

There was some difference in response to lateral load between the two
timber pile groups of monolith Ml (3 x 4 pile) and monolith MZ (2 x 4 piles), and the
single timber pile of monolith M6. Table 8.1 shows that the lateral load per pile at
failure was the same for monoliths M2 and M6. The lateral load per pile at failure
for monolith M2 was 5 percent larger than that for monolith Ml. The load at

_ _ _ _ _ _ _L - — ~~~~~~~~~~~~~~~~ -~
_

~~~~~--~~~~~~~~ —~-~ 
- -



-- 
- - -

Y7C825 8-7
Phase N; Vol UI

failure for monolith M6 may have been slightly underestimated due to early
termination of the test. The single timber pile showed a stiffer response early in
the test; the slope of the elastic portion of the load-displacement curve is
30 percent larger for monolith M7 than for monolith MZ, and 12 percent larger for
monolith M2 than for monolith Ml.

Several factors must be considered in comparing the lateral load test
results. Monolith Ml was located only 8 ft from the monolith trench berm;
monolith M2 was 25 ft away from the berm. The proximity of the berm increased
the in situ confining stress which would tend to increase the lateral resistance of
the soil and stiffen the response of the monolith. Under similar stress conditions
monolith Ml would probably have shown a greater disparity with monolith M2.
Also, monolith Ml was surrounded with unloaded timber piles; these piles tended to
confine the soil around the loaded timber piles and increase its apparent stiffness.

In compar ing the pile groups with single piles, it must be remembered
that the heads of the piles in the groups were fixed against rotation. The single
pile heads were partially fixed against rotation due to the axial load; this fixity was
less than complete, however, because rotation of the pile cap and tilting of the
axial jack were observed during the tests, Tilting and translation were so severe at
times, that the axial jack had to be unloaded and repositioned on the single pile
monoliths. Typically, the deflection of a free-head pile should be twice that of a
fixed-head pile under otherwise same conditions. Accordingly, because the :1
observed response of the single timber pile wider monolith M6 was somewhat - -

stiffer than that of the pile groups, the lateral resistance of this single pile is
larger than that of the eight-pile groups. 
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9 DETAILED EVALUATION OF BEHAVIOR OF MONOLiTH MZ

9.1 SCOPE OF DET MLm EVALUATION

Monolith M2 is selected as a reference case on which to base compar-
isons made to evaluate the influence of various test variables. The detailed
behav ior of monolith Mi is examined to explain the mechanisms governing pile
driving effects. Predicted and measured displacements and peak particle velocities
at ground surface are compared.

9.2 MONOLITH DISPLACEMENTS CAUSED BY PROTOTYPE PILE DRiVING
9.2.1 General

A study was made to investigate potential correlations between ob-
served ground vibration characteristics, such as near-surface peak vectorial
particle velocity, and observed monolith displacement. As discussed in Sec-
tion 7.3.3, the trend of the relationship between cumulative peak velocity (ex-
pressed as the summation of the product of peak vectorial particle velocity for
each foot of prototype pile penetration times the number of hammer blows
required for each foot of penetration) and the prototype pile penetration depth was
similar for primary prototype pile driving systems at 40 ft to 15 ft from the
monoliths. Plots of cumulative peak velocity vs prototype pile tip elevation are
shown in Fig. 7.20 for the various monoliths.

9.2.2 Cumulative Peak Velocity vs Monolith Diiplacementa

Incremental horizontal displacement and settlement of monolith Mi
caused by dr iving prototype piles 1 through 6 are shown in Fig. 9.1 vs prototype pile
tip elevation. The data is based on corrected linear potentiometer data; incre-
mental settlement is based on data (Section 7.3.4) obtained at the north end of the
monolith, closest to prototype piles. The trend towards larger displacements
during the second half of each prototype pile driving is again clear in these figures.
More importantly, the general trend of the curves is very similar to that exhibited
by the curves in Fig. 7.20 of cumulative peak velocity vs prototype pile tip
elevation.

Cumulative peak velocities were calculated for each prototype pile 1
through 6 driven at monolith M2 for corresponding pile tip penetration depth.
Examples of these results are shown for prototype piles 3 and 4 in Fig. 92. The
cumulative peak velocity data was generated for the near-surface geophone G5-1
(1 ft below ground surface) and for the deep geophone 05-50 (located directly
below G5-1 and 50 ft  below ground surface, Fig. 7.2). The trends of the curves in
Fig. 9.2 are similar to those of the curves in Fig. 9.1. The horizontal displacement
of monolith Mi correlates better with the near sur face geophone data; the
settlement of monolith Mi correlates better with the deep geophone data. This is

— 
to be Intui t ively expected.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Incremental displacements shown in Fig. 9.1 are plotted in Fig. 9.3 vs
corresponding calculated cumulat ive peak velocity values. Although there is a
certain degree of scatter, there are definite trends in the data of Fig. 9.3. As a
first approximation, the data can be fitted by eye by straight lines drawn through
the origin. In Fig. 9.3a (horizontal displacement) three lines (A, B, and C), appear
to fit the data for distances between prototype pile and monolith of 50 ft , 20 ft and
iS ft , respect ively. The slope of these lines is plotted in Fig. 9.3b vs distance
between prototype pile and monolith. In Fig. 9.3c (settlement) the data corres-
ponding to all distances appears to be fitted best by a sing le straight line. The
relationship between settlement and cumulative peak velocity is approximately
independent of the distance between prototype pile and monolith.

The incremental displacement of a monolith caused by driving any
prototype pile at any distance and to any tip penetration depth, can be estimated
by multiplying the appropriate value of slope from Fig. 9.3b (horizontal displace-
ment) or Fig. 9.3c (settlement) by the appropriate measured or expected cumula-
tive peak velocity. For example, incremental horizontal displacement caused by
prototype pile 3 at 20 ft can be estimated by multip lying the cumulative peak
velocit’j5data of Fig. 92 by the slope value corresponding to 20 ft (that is,
34 x 10 in./in./s per blow/ft in Fig. 9.3b); simj~arly, the monolith settlement can
be calculated using the slope v alue of —57 x 10 in./in./s per blow/ft in Fig. 9.3c.
The curves generated in this manner for prototype piles I through 6 at monolith Mi
are shown as dashed lines in Fig. 9.1. The agreement between calculated and
measured data is reasonably good, considering the approximations involved in the
calculation procedure. This good agreement emphasizes the good correlation
between cumulative peak velocity and displacements.

The procedure described above has a number of shortcomings; in
particular:

(1) it grossly oversimplifies a complex pile—soil-pile interaction proble m by
only considering vibration characteristics of a single point in the soil
mass (that is, either near-surface geophone G5-1 or deep geophone
G5—50) ;

(2) it does not take into account prior loading or displacement history of
the monolith; and -

(3) it is probably dependent on many of the test variables and specific site
conditions.

Nevertheless, the relationship between observed ground vibration char-
acteristics and monolith displacements established above constitutes the first step
in the attempt to quantify the mechanisms governing monolith behavior under

• various conditions. This cumulative peak velocity-displacement relationship is
consistent with the approach used for prediction (Section 2.3.2).

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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9.3 DYNAMIC RESPONSE CHARACTERISTICS

9.3.1 General

Purpose of Study. The study presented in this section demonstrates the
techniques and procedures that may be used to interpret detailed aspects of ground
and monolith vibrations, and better understand the dynamic response of the
monolith-timber pile foundation system. The scope of this study is by no means
complete; it does show an approach for evaluating dynamic mechanisms contri-
buting to the observed behavior of the monoliths.

Data Base. The characteristics of ground vibration caused by nearby
prototype pile driving, in terms of peak vectorial particle velocity recorded by a
near-surface geophone adjacent to the monoliths, are discussed in Section 7.3.3. A
potential relationship between cumulative peak velocity and monolith displacement
caused by nearby prototype pile driving is presented in Section 9.2.2. Examination
of additional dynamic data recorded during the tests (Section 3.2.7), such as peak
vectorial and component particle velocity from geophones other than the two
mentioned above, and digitized velocity time histories from analog magnetic tape
records, indicates a reasonable consistency in the vibration data; vibration data
from all these instruments complement each other and can be used in elucidating
the mechanisms governing pile driving effects.

Compatibility of Data. The time history for the three components
(x = transverse, y = longitudinal, and z = vertical) of particle velocity were re-
corded for all geophones used in a given prototype pile driving test on oscillographs
(Section 3.2.7). The peak values of each velocity component can be scaled for any
prototype pile tip elevation fro m the oscillograph traces. The peak values of
velocity components for prototype piles 1, 2, and 6 at monolith M2 , scaled from the
oscillograph traces, are shown at the left side of Fig. 9.4 through Fig. 9.6,
respectively. The corresponding ratios of transverse to vertical (x/z) and longi-
tudinal to vertical (y/z) components are shown in these figures. The velocities
calculated as:

x2 + y 2 + z 2

and referred to as the square root of the sum of the squares (SRSS), are compared
to peak vectorial velocities directly recorded by the S4 peak vibration monitors
(S4) (Section 3.2.7 and Appendix 3, Volume UIA) at the right side of Fig. 9.4 through
Fig. 9.6

Theoretically, the SRSS values should form an upperbound envelope of
the peak vectorial velocity values, because the peaks of the three componen t
velocities did not necessarily occur simultaneously. This is generally corroborated
by the data In the figures. DurIng a given test, only selected geophones were
monitored through the S4 peak vibration monitors or analog magnetic tape
recorders; the output of all the geophones was recorded on oscillographs. The
compatibility of SI data (either recorded during the tests or played back from the
magnetic tapes after the tests) and oscillograph data confirms that the lImited S4
data can be supplemented by the more complete oscillograph data, if necessary. 

~
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9.32 Con,p(ment Peak Velocities

From Fig. 9.4 through Fig. 9.6, it appears that generally the values of
peak x-component velocity (transverse) were relatively large near ground surface
(geophone G5-1), and relatively small at depth (geophone G5-50) for all cases.
Considering the radial distribution of the seismic waves generated at a prototype
pile tip, the large tr ansverse (x) component observed near ground surface is
unexpected.

There is a noticeable difference in the shape of the curves depicting
peak vectorial particle velocity vs prototype pile tip elevation for G5-1 at 20 ft
and 15 ft in Fig. 9.5 and 9.6, respectively. This difference is mainly due to
variations of the peak x-component velocity; the z-component, and to a lesser
degree the y-component, are reasonably similar in both cases. The z-component -

-data from geophone G5-l5 (15 ft below ground surface) are very similar for both
prototype piles driven at 20 ft (Fig. 9.5) and 15 ft (Fig. 9.6) from the monolith.

A summary plot of peak vectorial particle velocity vs prototype pile tip
elevation for geophone G5-S0 is shown in Fig. 9.7. The peak vectorial velocity for
this deep geophone reflects the general trend of the z-component velocity shown in
Fig. 9.4 through 9.6. There is also a marked similarity between the trend of the
velocity range for prototype piles driven at about 20 ft and the trend of the
blowcount range for the same piles (Fig. 7.6) .

It was noted in Section 92, that the incremental horizontal displace-
ment of monolith M2 caused by nearby prototype pile driving correlated well with
the data from near-surface geophone 05-1; the incremental settlement correlated
better with the data from deep geophone 05-50. It appears that the horizontal
displacement of M2 was more affected by the x- and y-component velocities near
ground surface; the settlement appears to have been more affected by the
z -component velocity.

9.3.3 Velocity and Acceleratiat Time Histories

Digitized data recorded during the tests on analog magnetic tape
(Section 3.2.7 and Appendix I, Volume mA) were processed through a computer.
Examples of this analysis are presented in Fig. 9.8 in the form of velocity time
histories. The data in these figures are from geophones G5-1, G5-15, and G5-50
(Fig. 7.2) for prototype pile 6 at monolith M2, when the pile tip was at a depth of
about 50 ft (el 341). Again, it is clear from Fig. 9.8 that near the ground surface, a
soil particle motion was in three directions; at greater depth (50 ft), the motion
was primarily vertical (z) and longitudinal (y).

The peak values from component velocity time histories for geophone
05-1 data in Fig. 9.8 are summarized below. These values are compared with
corresponding values scaled from oscillograph traces, and with SRSS values
(Section 9.3.1) calculated from digitized records and oscillograph traces.

L ~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - - -~~ ~ - - -~~~~. -~~~ - 
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Peak Velocity, in./s
Prototype Pile Digitized Oscillograph Vectorial (54
Tip Elevation Data Data Peak Vibration

ft x z SRSS x z SRSS Monitors)

el 341 0.29 0.12 0.23 0.39 0.24 0.17 0.2 1 0.37 0.36

The consistency apparent in the three sets of data above existed for almost all the
data examined.

The digitized velocity time histories were also converted to ac-
celeration and displacement time histories by numerical differentiation and inte-
gration techniques. The acceleration and displacement time histories thus cal-
culated are shown in Fig. 9.9 for near-surface geophone 05-1 (solid curves) and
geophone MGi mounted on the north face of monolith M2 (dashed curve) ; the
velocity data, also shown in Fig. 9.9, were recorded during driving of prototype
pile 6, as the prototypepile tip reachedatdepthof70 ftbelowground surface (el 321). The
ground motion was characterized by high acceleration (0.2 g maximum) and low
displacement (0.004 in. maximum). The monolith motion in x- and y-directions was
considerably smaller than that of the ground; however, vertical motions of the
ground and monolith were similar.

Fro m these time histories, it can be seen tha t the monolith was
oscillating both in x- and y-directions at a relatively constant period or fr equency
during the later part of a hammer blow. The period was 0.14 s in the x-direction
and 0.1 s in the y-direction. The period of 0.1 s in the y-direction is consistent
with the natural period of monolith M2 that can be calculated on the basis of the
lateral load test results.

9.3.4 Re~~ mae Spectra

Time history plots can be used to derive peak values and duration of
vibratory movement; they are not convenient to observe frequency content of the
movement. The combined effects of frequency and amplitude can be represented
by means of a response spectrum. The velocity or acceleration response spectrum
of a given vibration is a plot showing the maximum velocity or acceleration
induced by the vibrations in single-degree-of-freedom oscillators of different
fundamental periods, but having the same degree of internal damping. The
maximum velocity or acceleration is plotted as a func tion of the fundamental
period of the single-degree-of-freedom osciilators.

The velocity and acceleration response spectra at 5 percent damping
corresponding to the motions shown in Fig. 9.9 are presented in Fig. 9.10. The
ground motion is shown by solid lines; the monolith motion is shown by dashed lines.
The relatively small monolith motion, when compared to that of the ground In both
the x- and y-dlrections, is again apparent. For the monolith motion, a small peak

L III 
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is noted at approximately 0.14 s for the x-direction and 0.1 s for the y-direction.
These values represent the free vibration periods of the monolith discussed in
Section 9.3.3.

9.3.5 Co.iclusiccs
The main purpose for conducting detailed analyses of selected geophone

data was to present the type of analyses that can be performed with •he large
amount of vibration data collected during the tests, and illustrate the nature of the
results derived from such analyses. The importance of the motion in x-direction
near ground surface was established. The analyses of digitized records showed a
clear relationship between ground and monolith vibratory motions.

9.4 DEFORMATION OF THE TIMBER PILE-SOIL SYSTEM

9.4. 1 General
The deflection of the timber piles of monolith M2 and the deformation

o’ the surrounding soil during prototype pile driving and subsequent lateral load
t~~.cing are examined in some detail in the following sections. This detailed
examination provides a perspective of the timber pile-soil interaction mechanisms.
Only selected cases are used to highlight the dominant trends. The data obtained
at the end of cyclic preloading are in excellent agreement with the data obtained
upon reloading of the monolith before prototype pile driving; the former data are
not considered herein. An itemized description of all measurement events is
summarized for each monolith in the respective Appendices L through P,
Volume lilA.

9.4.2 Deformaticm Durb~g Prototype Pile DriviI~g

Ho,izc~ tal Deformaticm. The results of timber pile inclinometer mea-
surements (Section 3.1.5) made dur ing prototype pile driving for monolith M2 are
summarized in Fig. 9.lla through 9.lle. In these figures, corresponding horizontal
displacements of the monolith, measured three above ground surface, and of
the four corner timber piles, measured a few inches above ground surface, are also
shown. The monolith and timber pile displacements above ground are based on
corrected linear potentiometer data. The cases shown in these figures correspond
to:

(1) initial deflection at W~ load level (30 t/pile axial load and 6 t/pile
lateral load) ; this load Tével was maintained throughout prototype pile
driving;

(2) deflection after driving prototype pile 3, except for timber pile 10
(prototype pile I was driven at 50 ft , piles 2 and 3 were driven at
approximately 20 ft from monolith MZ);

(3) deflection after driving prototype pile 6 (prototype piles 4 and 5 were
driven at approximately 20 ft from monolith M2) and pile 6 at approxi-
mately 15 ft; and

(4) deflection after driving prototype pile 12 (prototype piles 7 and 8 were
driven with the diesel hammer, H piles 9 and 10 and sheet piles 11 and
12 were driven with the vibratory hammer, all at 15 ft from monolith
M2, except pile 7 and 9 that were driven at approximately 20 ft) . 
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In all cases, the inclinometer deflection and monolith displacement
values are with reference to initial readings made before cyclic preloading of
monolith M2. The inclinometer deflections are projections of vectorial deflections
on a vertical, north-south plane (y-direction) . In general, the x-components of the
inclinometer deflections were at least one order of magnitude smaller than the
y-co mponents.

The timber pile-head and monolith displacements derived from the pile
inclinometer measurements are less than those measured directly using the linear
potentiometers and reference beams. The differences increased with the number
of prototype piles driven. The difference was larger for the two northernmost
timber piles 10 and 20 (0.6 in. at end of prototype pile driving) than for the two
southernmost timber piles 14 and 30 (approximately 0.2 in. at end of prototype pile
driving. This tendancy was also observed for the other monoliths. The bottom of
the pile inclinometers was at 27 ft below ground surface (el 364). The results
shown in Fig. 9.11 assume that the bottom of the indlinometers remained
stationary. The deviations from the linear potentiometer data above ground
surface indicate that this was not the case; progressive lateral deflection of the
timber piles occurred below el 364, with larger deflection occurring at the north
end of the monolith.

The ground inclinometer data (Section 3.1.6) tend to substantiate the
above observation. Ground inclinometer deflections are shown in Fig. 9.12a
through 9.lZc. Ground inclinometer PD3-D4 was inside the timber pile group and
it extended upward through the concrete monolith. Ground inclinometers PD3-D5
and D6 were located immediately north of the timber pile group. The bottom of
these inclinometers was approximately 60 ft below ground sur face (el 331). The
ground inclinometer data in Fig. 9.12 correspond to cases (1), (2), and (4) above.

Results from ground inclinometer PD3-D4 (Fig. 9.12a) within the
timber pile group indicate a horizontal deflection on the order of 0.25 in. at the
timber pile tip elevation (el 356). This deflection is represented by the sharp kink
in the deflected shape of the inclinometer casing at that elevation. The magnitude
of this deflection is in agreement with the difference in horizontal displacement
above ground between the linear potentiometers and the timber pile inclinometers,
particularly for timber piles 14, 30, and 46 (Fig. 9.11) surrounding inclinometer
PD3 -D4.

The deflected shape of inclinometers PD3-D5 and D6 at the end of
prototype pile driving shows a steep slope at the base of the casings, indicating
some horizontal deformation of the soil to a depth of at least 60 ft. This is not
seen for inclinometer PD3-D4 within the timber pile group. The deflected position
of inclinometer PD3-D5 (Fig. 9.12b) assuming the casing bottom was stationary
(curve A) has been translated by matching inclinometer deflection and timber pile
displacement at ground surface to obtain curve B. Curve B can be considered as
representative of an upperbound of the soil deformation at depth. At comparable
depths, the soil deformation is larger on the north side of the monolith than within
the timber pile group.

L --
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Average pile and ground inclinometer results are shown in Fig. 9.13 at
beginn ing and end of prototype pile driving. The deflections shown in this f igure
confirm that deep-seated horizontal soil deformation and timber pile deflection
occurred during prototype pile driving; the soil deformation and pile deflection
progressively increased fro m the north to the south end of the monolith, the larger
movement occurring at the point closest to prototype pile driving. Timber piles 10
and 20 (north end) punched laterally into the soil by as much as 0.6 in. Timber
piles 14 and 30 translated by only 0.25 in. The bulge in the deflected shape of the
ground inclinometers (average of PD3-D5 and D6) implies very deep soil horizontal
deformation of the order of 0.5 in. at a depth of 50 ft (ci 341). This deep soil
deformation was due to the axial and lateral loads applied to the monolith and
timber piles, and/or a net volume change in the surrounding soil.

Settlement. The settlement measured at ground surface and on
monolith M2 during prototype pile driving is shown in Fig. 9.14. The figure
indicates that large areal settlement occurred at ground surface. The vertical
distance between the solid lines in the f igure represents the settlement of monolith
M2. The tilting of the monolith, discussed in S€~ction 7.3.4, is also apparent here.
The monolith tilt closely followed the trend of ground surface settlement observed
several feet from the monolith; this implies tha t redistribution of the axial load to
resist overturning due to application of the lateral load had little influence on the
settlement of the monolith.

The distribution of settlement at depth can be best described from the
settlement of the reference beam supports. Sondex measurements (Section 3.1.6)
were made only sporadically because they were time consuming; the accuracy and
reliability of the measurements were also questionable at times. The reference
beam supports are described in Section 3.2.1 and are shown in Fig. 3.7. During the
course of prototype pile dr iving, the supports settled. The settlement was about
80 percent of that observed at ground surface, implying that a large portion of the
observed surface settlement was caused by settlement at depths exceeding 40 ft.

9.4.3 Defceniati~~ During Lateral Load Testing

Timber pile de flection and soil deformation measurements were made
at selected lateral load levels during lateral load testing of monolith M2. Timber
pile inclinometer deflection is shown in Fig. 9.15 for lateral loads of 0, 48 t, 72 t,
and 120 t (equivalent to 0, 6, 9, and 15 t/pile) ; ground inclinometer deflection is
shown in Fig. 9.16 for lateral loads of 0, 48 t, and 96 t (equivalent to 0, 6, and
12 t/pile). Initial values for these data are based on measurements made prior to
cyclic preloading of the monolith. Monolith and ground surface did not settle
appreciably during lateral load testing, except for the symmetric rotation of the

— 
monolith about the x-ax is depicted in Fig. 8.2.

~ I. ----- - -
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The horizontal deflection pattern observed during lateral load testing
indicates a differen t behavior of the timber piles and surrounding soil than during
prototype pile driving. The horizontal deflection occurred only at shallow depth, as
can be seen in Fig. 9.15; the deflected shapes of the timber pile inclinometers did
not change appreciab ly below a depth of about 10 ft below ground surface (el 381).

The difference between displacement above ground surface measured
using linear potentiometers and inclinometers remained constant throughout lateral
load testing of the monolith; this observation indicates that ground deformation at
depth was very small. The results from ground inclinometers PD3-D5 and D6
(Fig. 9.16) corroborate this conclusion. The somewhat larger deflection at depth of
ground inclinometer PD3-D4 within the timber pile group is probably due to inter-
action between the monolith, timber piles, and soil; above a depth of 10 ft below
ground surface, the inclinometer deflection is due to the fact that the top of the
inclinometer casing was cast into the concrete monolith and, therefore, followed
the monolith displacement. As the lateral load in the monolith increased, there
appears to be a reversal in deflection of inclinometer PD3-D4, occurring between
6 ft and 8 ft below ground surface.

9.5 MONOUTH-PILE-SOIL LOAD TRANSFERS

9.5.1 General
A substantial effort was mobilized for this test progra m to measure pile

strains for interpreting the monolith—timber pile-soil load transfer mechanisms
involved during prototype pile driving and lateral load testing. The instrumentation
of the piles is described in Sections 3.1.5 and 3.1.7. The location of the upper
strain gage levels on the timber piles (36 in. and 18 in. below bottom of the
concrete) and the configuration of the test monoliths (3 ft above ground surface)
were selected to measure the shear load transfer from the monoliths to the piles in
the absence of soil resistance*.

During testing, strain gage data were directly converted to stresses
(Section 3.3) and stored on floppy disks for future processing. The data were later
tran ferred to computer-compatible digital magnetic tapes. The data for monolith
Mi were analyzed to derive moment , shear, and axial load distribution in each of
the eight timber piles. Telltale data were also used in the analysis. Details of the
analysis, including data preparation, geometric relationships, computer programs,
and strain gage ranking considerations are given in Appendix T, Volume ifiA. A
summary of strain gage measurement events for each monolith is given in
Appendices L through P, Volume ffiA.

* In the absence of external forces and stress concentration effects , the shear
load transferred from the monolith to timber pile is equal to the slope of the
moment distribution curve along the p ile shaft 
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9.52 Load Transfer During Prototype Pile Driving

Analyses of monolith-timber pile-soil load transfer were made from
data obtained during driving of prototype piles 2 through 6, 8 through 10, 12, and 14
at various distances from monolith Mi.

Monolith-Timber Pile Load Transfer. Changes in bending moment in
the timber pile 18 in. below concrete and in shear force transferred to the piles are
computed with respect to values at the start of prototype pile driving after full
axial (V2) and lateral load (H,) application. These values are shown in Fig. 9.17 for
each timber pile under mornThth Mi. Changes in axial load near the pile butt are
computed using the strain gage level 2 ft below ground sur face; changes in pile tip
strain are based on the two bottom telltales 1 ft and 6 ft above the pile tips. These
values are shown in Fig. 9.18.

Equilibriu m of axial and lateral forces was found to be satisfied within
15 percent of applied loads in all cases. The large temperature variations
experienced above ground surface during test ing (Section 7.2.1) were apparently
sufficient ly uniform at a given strain gage level to make moment calculations
meaningful; the axial loads were derived from strain gages below ground suface
because uniform changes in temperature above ground resulted in apparent changes
in strain of -5 ~ic (7 to 10 lb/in~ per degree F (Section 3.3.4). Considering that long-
term strain effects and temperature changes were neglected, and that the errors
tended to overestimate the actual loads, the equilibrium agreement is remarkable.
The results of monolith-timber pile load transfer analyses demonstrate some
revealing trends which are discussed below.

Shear Force. The shear force (Fig. 9.17) transferred to the north-end
timber piles 10 and 20 decreased steadily by approximately 2.5 k (a 20 percent
decrease fro m the initial values averaging 13.3 k) as prototype piles were driven.
The other timber piles mobilized larger shear forces in compensation; the southern-
most piles 14 and 30 received larger shares of the shear force than the inter-
mediate piles 46, 8, 9, and 17.

Bending Moment. The bending moments in the timber piles show the
same trend as the shear forces. They increased in magnitude more for the
southermost piles than for the northernmost; this indicates an increased fixtty
moment for the south piles.

Axial Load and Pile Tip Strain. The redistribution of axial loads at the
pile butt and strains at pile tip is more complex. On the basis of observed
differential ground settlement, a transfer of axial compression load from the north
to the south of the monolith would be expected. The axial load changes show such

a tendency, but the axial load decrease is larger for intermediate (piles 8, 17, and
46) piles than for the northernmost piles. The telltale data reflect a complex
behavior in regard to changes in axial load near the pile tip. For example, it -
appears that , although the ground and monolith settled more at the grnrth end, the
axial tip load in timber pile 10 increased by 21.6 k (a strain of lx lO corresponded -

to a change in axial load of 1.2 k at the level of the two bottom telltales). Because 

~~~~--~~~~~— 4
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the axial load above ground did not change appreciably, a phenomenon akin to
negative skin friction is probably the cause of the observed behavior. This
phenomenon may not be truly a negative skin friction manifestation, but rather a
decrease in shear resistance of the soil along the pile shaft.

Timber Pile—Soil Load Transfer. The timber pile-soil load transfer
mechanism is examined in the light of the two extreme cases discussed above:
before prototype pile driving and after driving of the last prototype pile 14. The
computed shear force, bending moment, and axial force distribution along each
timber pile are shown in Fig. 9.19, 9.20, and 9.21, respectively. The absence of
data points in some of the figures signifies that computed values were obviously in
error or, more likely, two or more strain gages at that level malfunctioned and
prohibited determinatio~ - of moment or force altogether.

Shear Force. The shear force distribution vs depth is shown in Fig. 9.19
for - each timber pile. The data suggest that, in the upper 10 ft below ground
surface, the soil shear resistance diminished somewhat around the timber piles in
the northern half of monolith M2 and increased slightly around the south piles
(furthest from prototype pile driving). This conclusion is based on the fact that,
for the north piles, the slope of shear distribution vs depth becomes less steep with
respect to depth; this implies that the shear force is transmitted over a longer 

- 
-

portion of the shaft length because the shear resistance of the soil has decreased.
The reverse is true for the south piles.

Bending Moments. The bending moment distribution vs depth is shown
in Fig. 9.20 for each timber pile. There is a tendency for the bending moment to
redistribute during prototype pile driving in such a manner that the soil resistance
must be mobilized at a greater depth to resist the constant applied lateral load for
all the timber piles.

Axial Load. The axial load distribution vs depth is shown in Fig. 9.21
for each timber pile. The phenomenon of apparent negative skin friction discussed
above is again illustrated for timber piles 10 and 20. The tendency of the slope of
the axial load distribution curve to flatten out (or decrease), or even reverse sign in
the case of pile 20, implies a net decrease in soil resistance. This decrease
requires a larger soil resistance to be mobilized at greater depth or a decrease in
the axial load transferred from the monolith to the timber pile. The result is a
redistribution of axial load along the shaft of the northern timber piles and/or to
the other piles in the group. That redistribution is apparent for timber piles 8 and
17, and In the deeper portion of piles 10 and 20.

9.5.3 Load Transfer During Lateral Load Testing

As it was the case in the analyses of load transfer during prototype pile
driving, the force equilibriu m was satisfied within 15 percent for force values
computed during lateral load test ing of monolith M2. The computed shear force,
bending moment, and axial force distributions along each timber pile are shown in
Fig. 9.22, 9.23, and 9.24, respectively. The data shown in these figures correspond
to lateral loads of 48 t, 72 t, 96 t, and 120 t (equivalent to 6, 9, 12, and 15 t/p ile).

- ~~~~~~~ - ~~~~—----
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The trends in shear force and bending moment distributions show a
relat ively uniform increase as the lateral load increased; this indicates a linear
response of the timber pile foundation. Examination of strain gage data collected
after unloading of the monolith showed only minor residual gage offsets, if any;
this indicates no structural failure of the timber piles occurred during lateral load
testing. Failure was exclusively due to excessive soil deformation. Two timber
piles were extracted after load testing and visual inspect ion of the piles corro-
borated this conclusion.

Shear Force. Examination of the slope of the curves in Fig. 9.22
indicates ~he shear force transferred from the timber piles to the soil was
significantly greater for the northernmost piles 10 and 20 than for those towards
the south end of monolith Mi (p iles 14 and 18). Timber pile 17 was an exception.
The softer response of piles tracking the piles in front of them was reasonable.

Axial Load. The axial load transfer for timber piles 10 and 14
(Fig. 9.24) is characterized by parallel curves; this imp lies that full shaft resistance
to axial load was mobilized at the strain gage levels (upper 20 ft) and that the load
had to be redistributed deeper or shared with the other piles. Piles 17 and 20 show —

a change in slope which is characteristic of a shaft load increase In response to the
axial load increase caused by the behavior of piles 10 and 14. The trend for pile 8
denotes an increase in compression at the pile butt that is amplified at depth by
negative skin friction, possibly as a result of the behavor of pile 10 which, having
mobilized full shaft resistance, settled more rapidly than pile 8.

The deformation mechanisms of the soil mass surrounding the timber
piles in response to the increase in lateral load was reasonable. They differed
fundamentally from those exhibited during prototype pile driving.

9.6 COMPARISON Birrw~ EN PREDICTED AND OBSERVED MONOLITH
RESPONSE

9.6.1 General

A method was established at the design stage to predict displacements
of a test monolith caused by nearby prototype pile - dr iving; displacements were
predicted using the method for a few selected conditions (Section 2.3.2). Other
predictions were made, such as particle velocity induced by pile driving. The
prediction process undertaken at the design stage was not so much directed at
obtaining numerical values, but more to formulate a procedure based on the best
available data at that time.

On the basis of the findings discussed in the preceeding sections, it is
L obvious that the prediction method grossly oversimplified the prob lem at hand.

The parameters used to predict were based on empirical data obtained from a
previous pile driving effects test program conducted some 40 years ago, and for

— which very limited detailed in formation was available. In addition, among the
empirical data, only those yielding the most conservative displacement predictions
were used (Section 2.3.2). Nevertheless, the predicted displacements are compared
to the actual measurements for monolith M2.

L - ~ — ————~~- - -~~ -~~~~~
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9.62 Predicted Performance

Prototype Pile Driving Blowcount. The horizontal displacement of a
monolith was predicted as a function of prototype pile driving blowcount. Piles,
similar to those used during this test program, were test driven at the site of the
proposed replacement structures for Locks and Dam No. 26 (Fruco 1973). The
blowcoun t reported for the replacement site test piles was as follows:

Pile Tip
Depth Range Average Blowcount Total Number of Hammer

ft blow/ft Blows for Depth Range

0—5 0.5 2.5
5—10 2.5 12.5

10—15 5 25
15—20 7 35
20-25 9.5 47 .5

Total Number of Hammer Blows For First
25 ft of Pile Penetration: 122.5

Prototype pile penetration resistance was assumed to be identical to that of the
replacement site test piles.

Mcniolitb Displacement. The horizontal displacement of a monolith,
regardless of its pile configuration, was predicted for each series of 10 hammer
blows for the Vulcan 010 hammer, as a function of blowcoun t and applied lateral
load level (Fig. 2.9). For a load level of 6 t/pile, the following values were
predicted using the design prediction method, and the average blowcount and total
number of hammer blows assumed above. Horizontal distances from prototype
piles to monolith M2 of 50 ft , 20 ft , and 15 ft were selected, because they
correspond to prototype piles 1, 2 through 5, and 6, respectively. Details of the
calculations are shown in Appendix R, Volume lIlA. 

4
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Horizontal
Distance Average

From Pile Distance rPrototype Tip Fro m HorizontalPile to Depth Pile Tip to Displacemen tMonolith Range Monolith Hammer of Monolithft ft ft  
— Blows 

— 
in.

50 0—5 50.1 2.5 0.0001(Prototype s— io 50.6 12.5 0.0012Pile 1) 10—15 51.5 25 0.003315—20 53 35 0.005120—25 _ 54.8 
— - 45 

— 0.0074
0—25 52 122.5 0.0171

122.5 blows
10 blows

Average displacement per 10 hammer blows
for first 25 ft of prototype pile penetration : 0.0014

21 0-5 21.1 2.5 0.0004(Prototype 5-10 22 .3 12.5 0.0042piles 2 10-15 24.4 25 0.0107through 5) 15—20 27 .3 35 0.015320-25 
— 30.8 _ 45 0.0204

0—25 25.2 122.5 0.0510
122.5 blows
10 blows

Average displacement per 10 hammer blowsfor fIrst 25 ft of prototype pile penetration: 0.0042

15 0—5 15 2 .5 0.0006(Prototype 5—10 16.6 - 12.5 0.0058Pile 6) 10— 15 19.4 25 0.013915—20 22.9 35 0.019020-25 26.9 _ 45 0.0246
0—25 20.2 122.5 0.0639

122.5 blows
10 blows

Average displacement per 10 hammer blowsfor first 25 ft of prototype pile penetration: o.oosz
The settlemen t of a monolith was predicted to be about 12 percent ofthe horizontal displacement. The rotation in degrees was predicted as 0.009 timesthe horizontal displacement in inches.

L~
_

~
_ 
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Particle Velocity. Predictions of particle velocity are depicted in
Fig. 2.12. For the range of prototype pile driving distances for monolith M2, the
peak particle velocity was expected to vary from 0.2 in./s to 2 in./s.

9.6.3 Comparaons

Prototype Pile Driving Blowcosmt. A comparison between assumed and
measured blowcount for the first 25 ft of penetration for prototype piles I through
6 at monolith M2 is shown below.

Pile Tip Assumed Measured
Depth Range Blowcount Blowcount

ft blow/ft blow/ft

0-5 0.5 N/A
5—10 2.5 2

10—15 5 2
15—20 7 3
20—25 

- 
7.5 4

Average 4.9 2.75

Monolith Displacements. A comparison betwen predicted and measured
displacements of monolith M2 caused by the first 25 ft of penetration for prototype
piles I through 6 is shown below.

Horizontal Displacement Settlement
per 10 Hammer Blows per 10 Hammer Blows

in. in.
Prototype

Pile
No. Predicted Measured Predicted Measured

1 0.0014 0.0002 0.0007 0
2,3,4,5 0.0042 0.00176 0.00050 -0.00136(average)

6 0.0052 0.00196 0.00062 -0.00107

The prediction method overestimated horizontal displacement. Had the
prediction method been based on Feagin’s monolith 3 (Section 2.3.2), the agreement
would have been closer. The settlement was underpredicted. This underprediction
would have been larger if the predictions had been based on Feagin’s monolith 3.

Llk~ - - ~~~~~ --- - —- ----
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Particle Velocity. Measured particle velocities normalized for a blow-
• count of 10 blow/ ft are compared in Fig. 925 with predicted values. Normali-

zation procedures are given in Appendix P., Volume UIA. The agreement is good,
indicating that the attenuation law (eq 2.1) considered is reasonable. The agree-
ment is better with the peak vertical component tz) of the particle velocity than
with the peak vectorial values.

9.7 APPARENT DEFORMATION MECHANISMS

9.7.1 General

On the basis of the analyses presented in the preceeding sections, it is
possible to infer some deformation patterns of the monolith, its timber pile
foundation, and the surrounding soil mass. The behavior of these elements is
illustrated in the for m of schematic representations of horizontal and vertical
components of deformation; however, the effects of the combination of these two
components on total deformation during prototype pile driving is not entirely
understood at present.

9.7.2 Pattern of Deformations During Static Lateral Load Testing

The pattern of horizontal and vertical deformations under an increasing
lateral load is depicted in Fig. 9.26. The horizontal deflections of the various
timber piles (Fig. 9.26a and b) is similar, with only local variations due to
structural differences (for example, timber pile properties, fixity conditions, and
pile installation conditions). The soil within the pile group deforms and tends to
follow the pile deflections; the soil outside the pile group exhibits much less
deformation. This tracking effect results in a softer soil response towards the rear
(south) end of the monolith where the lateral load is applied. The timber piles at
the front (north) end of the monolith punch into the surrounding soil. The effects
of prior cyclic loading history tend to reduce the difference between the front and
rear pile behavior.

The vertical deformations under static loads are much smaller than the
horizontal deformations. These vertical deformations are almost completely re-
coverable upon unloading. The application of the lateral load results in a small

— symmetrical tilting of the monolith, imperceptible at the relative scale in
Fig. 9.26c.

9.7.3 Pattern of Deformations During Prototype Pile Driving

The pattern of deformation associated with prototype pile driving is
significantly different than that observed under static loading. The deformations
inferred from detailed observation of monolith Mi data are depicted in Fig. 9.27.

L 1______ -
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At shallow depth, the soil experiences a transient loss of strength under
the effects of nearby pile driving. This transient loss of strength is probably
caused by a temporary soil volume change, as no signifcant pore pressure changes
were observed dur ing prototype pile driving. The timber piles, under the static
lateral load and because of this temporary soil resistance decrease, deflect towards
the prototype pile being driven. The upper part of the timber piles deflect more
than the soil defor m, and the piles punch into the soil. This deformation is more
pronounced for the front timber piles, closer to the driven prototype pile, than for
the rear timber piles. As the front timber piles lose support at shallow depth, the
axial and shear loads on the piles are transferred deeper along the pile shafts and
are redistributed from the front piles to the rear piles.

At greater depth below ground surface, although the soil probably also
experiences transient loss of strength, the axial and shear loads on the pile shaft
are smaller, and the pile moves laterally with the soil, with no relative pile-soil
movement.

The vertical deformation associated with prototype pile driving is
characterized by deep settlement of the soil at or beneath the timber piles tip
elevation. Although the vertical deformations are probably affected by the axial
load, the effects of areal ground settlement dominate.

The gross monolith displacements correlate reasonably well with cumu-
lative peak particle velocity (Section 9.3) which can be considered to be an
approximation of transient shear strains in the soil. To extrapolate the results of
this correlation to any other structure or to different conditions will require site
specific assessment of ground vibration characteristics. The relationship between
ground vibrations and structure displacements could then be evaluated on the basis
of the data from this test program and the inferred mechanisms of deformation
proposed above.

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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10 LATERAL LOAD TESTING OF PROTOTYPE PILES

10.1 SCOPE OF TESTS

Lateral load tests were performed on six instrumented prototype piles.
The objective of the tests was to examine the lateral load-deflection behavior of
prototype H and pipe piles under three conditions:

(1) piles driven into natural (ungrouted) soil;
(2) piles driven into natural soil which was subsequently grouted prior

to load testing (postgrouted) ; and
(3) piles driven into grouted soil (pregrouted).

A secondary aspect of performance of interest was the effects of
grouting on pile driving resistance. These effects are discussed in Section 7.3.2,
where it was noted that pile driving blowcoun t increased on the average from
5 blow/ft in ungrouted soil to 10 blow/ft in pregrouted soil.

Three prototype HP 14 x 73 and three PP 14 x 0.375 were driven as test
piles; one H and one pipe pile were tested together as a pair in three different
setups. The piles were instrumented with strain gages to measure bending strains
and with inclinometers to measure pile deflection at depth. Pile—head horizontal
displacement at and above ground surface was measured using dial gages. A
detailed description of the instrumentation is given in Section 3 and Appendix 5,
Volume lilA.

Grouting procedures and grouted soil profiles are discussed in detail in
Section 5.5. The grout was a low strength 25% silicate/aluminate. It was injected
in the upper 20 ft of Recent alluvium between ci 391 and ci 371. A static cone
penetration sounding (PD4-C1, Fig. 5.14) was made 2 ft from pregrouted H-pile T5
to assess the influence of pile driving on grouted soil properties.

Prototype pile perfor mance during driving and lateral load testing was
predicted. The prediction method and predicted performance are discussed in
Sections 2.3.2 and 2.3.3.

102 PILE INSTALLATION AND TEST CONFIGURATION

10.2.1 Pile Driving

Locations of the six test piles TI through T6 are given in Fig. 10.1. The
piles were 55 ft long. They were driven from the bottom of the monolith trench at
ci 391. The pile driving hammer was either a Vuican 010 air hammer or an
MKT DE 70B diesel hammer. Details of these hammers are discussed in Sec-
t ion 7.3. The H—Piles (TI , T3, and T5) were fitted with APF cast steel shoe
No. BP7 5000. The pipe piles (T2, T4, and T6) were driven open-ended, and were
fitted with an APF cast steel inside cutting shoe No. D-14001.

~~~~~ 
_ _ _ _
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During driving, pile per formance was monitored with a pile driving
analyzer system (Sections 3.1.3 and 3.2.8). Pile driving resistance in terms of
blowcount was recorded for each foot of penetration. An evaluation of pile
performance during driving through ungrouted or grouted soil is given in Sec-
tion 7.4.2. Pile driving records are presented in Appendices M (T3 and T4
ungrouted soil) , N (T5 and T6 pregrouted soil), and S (Ti and T2 postgrouted soil),
Volume lilA.

10.2.2 Grout PIaceni~ it in Pipe Piles
The 55-ft-long pipe piles were driven open-ended. After driving, the

soil plug inside the piles was measured. The following results were found:

Depth of Soil Plug
Soil Conditions Below Ground Surface

Pile No. At Time of Driving ft

T2 ungrouted 31
T4 ungrouted 33
T6 grouted 40

Installation of the inclinometer casing and filling of the pipe piles with
cement grout were done differently for each pile, because of construction and
scheduling difficulties.

Pipe Pile TZ. Pipe pile ‘F?. was driven on 8 November 1978 into
ungrouted soil. The soil plug was flushed out using bentonite drilling fluid and
water to a depth of approximately 47 ft below the top of the pile. The pile was
left full of water. The inclinometer casing was inserted into the pipe and
positioned with centralizers at 10-ft intervals. A sand-cement grout was pumped
through a grout pipe lowered to approximately 1 ft from the soil plug surface at
the bottom of the pile. As the grout was pumped, the grout pipe was raised slowly.
The cement was high early strength Portland, Type UI, without any additives. The
sand was obtained at the site. The cement content or the water-cement ratio was
not carefully controlled. Six standard cylinder grout samples were taken. They
were tested by ANCO Test ing Laboratory in St Louis. Results are discussed in
Appendix 5, Volume WA. The 28-day strength of the grout samples was 2989 lb/in2.

Pipe Pile T4. Pipe pile T4 was driven on 17 January 1979 in ung~outed
soil. Flushing of the soil plug was attempted on 10 February 1979, but could not be
done because of insufficient pump capacity. Grout was placed in the ç%le as-
driven. The inclinometer casing was installed and a sand-cement grout K!rixture
was pumped as was done for T2. Two standard cylinder grout samples were, taken
and tested (Appendix S, Volume WA). The 7-day strength of the grout samp~~s was
3059 lb/in2.

Pip. Pile T6. Pipe pile T6 was driven on 28 February 1979 into ~~outed
soil. This pile was not filled with grout because of insufficient time for pla ~ement
and curing. After Installation of the inclinometer casing, the pile was fihl sd with
sand. Near the top, some compaction of the sand fill was attempted using a 2 x 6
board.

(
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102.3 Test Seti.~~
A schematic of the lateral load test setup is shown in Fig. 10.2. A 50-t

hydraulic jack was used to apply the load to a pair of piles. The jack was mounted
in such a way that the piles could be pushed apart or pulled together. The jack
loads were measured with a 100-t , hollow-cylinder load cell (Section 3.2.2).

The pinned joints at the load frame-collar connections ensured that only
zateral thrust and no moment was applied to the piles. The collars were placed on
the pipe piles so as to be just above the angle steel covers protecting the strain
gages. The collar was then moun ted on the H piles so that the entire system was
level.

Angle sections supported by two remote posts were installed as
displacement reference systems for each test pile. Dial gages were mounted on
the angles to measure pile-head displacement at three different levels to deter-
mine the slope of the pile head. The location of the supporting posts was designed
to avoid displacement of the reference system caused by soil deformation in front
of the piles.

10.3 TEST PROCEDURES
10.3.1 InitIal Me~.urem~~ts

The first step of a test was to make initial measurements for all
instrumentation (dial gages, strain gages, and inclinoineters). The as-built geo-
metry of the test setup was also recorded at that time.

10.3.2 Sbtwt-Term Static Load Tests
— The purpose of the short-term static load tests was to assess the

ultimate lateral load capacity of the test piles. In all cases, the short-term static
load tests were per formed jacking the piles apart. The test procedure was as
follows:

(1) apply the lateral load in 5-t increments;
(2) allow pile deflection to stabilize at each load level. Stabilization was

assumed to have occurred when the pile head deflection was less than
0.01 in./hr. During this period, the applied load was maintained
constant;

(3) read dial gages and strain gages; make slope inclinometer measure-
ments; and

(4) apply next load increment unless failure was observed. Failure was
defined as continued deflection of the pile as the load increment was
applied.

The load tests were per formed while prototype piles were driven, and it
was necessary to minimize the effects of pile driving on test results. Therefore, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.--
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the load was reduced to zero each time pile driving operations were underway.
Afterward, the load was reestablished in increments to the previous level

10.3.3 CyclIc Load Testa
The purpose of the cyclic tests was to assess the degradation in

prototype pile lateral resistance due to repetitive loading. The load was cycled
from 0 to one-half the observed load at failure for approximately 25 cycles for the
piles in ungrouted soils (TI and T4) and postgrouted soils (Ti and ‘12). The piles
driven into pregrouted soil were not cyclically tested. In all cases, the cyclic tests
were performed by pulling the piles together. The test procedure was as follows:

(1) load to 17 t and hold for two minutes, then read dial gages; and
(2) unload to 0 t and hold for two minutes, then read dial gages.

The load was cycled in this manner throughout each test. Strain gages were read
and slope indicator measurements were made generally at both load levels everyfive cycles. During adjacent pile driving operations, the piles were unloaded as itwas done during the static tests.

10.4 DATA ACQWsmON AND REDUCTION
10.4.1 G~~eral

All test measurements were made manually. The data acquired were:

(1) pile-head displacement, using dial gages;
(2) bending strains, using strain gages; and
(3) pile deflection, with depth, using inclinometers.

10.4.2 Pile—Head Displacement
Pile-head displacement was measured at two or three levels above the

ground surface. The actual measurement heights are given in various figures in
this section. The purpose of the multiple-level displacement measurements was to
derive of the pile—head slope. 

-

The displacement at each level was determined by subtracting the dial
gage reading fro m the initial reading. Pile-head displacement at the ground
surface was computed based on a linear approximation using these data. The
displace ment at ground surface computed in this manner were compared with that
obtained using the inclinometer and showed general agreement within tO.07 In.

10.4.3 Binding Moment
Strain gages were mounted on the piles so that bending strains could be

measured, from which bending moments along the pile were computed. Details of
gage installation, circuitry, and calibration are given in Appendix S, Volume WA.

-—-----5—-- --5—. _~____s_ __ --- —-- —
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For the H piles, measured changes in strain were converted to bending
moment using Euler beam theory. Values of elastic modulus for each bridge were
obtained from the calibration tests described in Appendix 5, Volume WA.

Computation of the bending moment from the measured changes in
strain was more complicated for the grout-filled pipe piles because concrete has
different properties in tension than in compression. Therefore, the composite
flexural stiffness of the pile varies with the bending moment.

Moment-curvature relationships were computed for each pile to assess
the relationship between strain and bending moment for the concrete-filled pipe
piles. Grout strength and stress-strain relationships were evaluated from com-
pression tests on standard cy linders of grout. Test results are given in Appendix S,
Volume WA. Typical stress-strain curves were used for the steel, as tests were not
per for med. Bending moment was computed for various values of bending cur-
vature. The bending curvature can be related to measured strain by:

c = ~~d

where: e = strain;

= curvature; and

d = distance from centerline of pile to gage along axis of
loading.

The resulting strain-bending moment relationships for T2 and T4 are presented in
Fig. 10.3.

Pipe pile T6 was filled with sand, not grout. The sand did not
contribute to the flexural stiffness of the pile. Therefore, the appropriate linear
elastic modulus and geometric relationships were applied based on elastic beam
theory.

10.4.4 Pile Defl.ctloa With Depth
The deflected shape of each pile was measured using the inclinometer.

The inclinometer readings were reduced to pile deflection using standard methods.

10.5 TEST RESULTS
10.5.1 General

Measured pile response to lateral loads is compared to the predicted
response for each of the three cases investigated: piles in ungrouted soil; piles in
pregrouted soil; and piles In postgrouted soil For the comparison, two aspects of
performance were considered: pile displacement at ground sur face and maximum
bending moment. These two aspects generally provide the limiting criteria in
design of laterally loaded piles. A summary of test results and predicted values is
presented in Table 10.1.

L ~~~-~~~- - - --.~~~~ -_--_---- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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10.52 Piles Driven Into Ungro~ited Soil
Figure 10.4 presents the observed and predicted pile displacement at

ground surface caused by the applied lateral loads for H pile TI and pipe pile T4.
The predicted values account for the corrected flexural stiffness of the test piles
considering the various instrumentation protections welded to the piles (Sec-
tion 2.2.3). The difference between measured and predicted values is not large,
except at lateral loads greater than 20 t.

As seen in Fig. l0.4a, the predicted H pile-head displacement is about
25 percent higher than the observed displacements for loads up to 20 t. At higher
loads, the predicted displacement is about twice the observed values.

The predicted displacement at ground surface is in very good agreement
with the observed value for pipe pile T4 (Fig. 1O.4b) for loads up to 25 t. At higher
loads, the pile underwent considerably more deflection than predicted. It is
believed that the pile failed structurally at about 25 t and formed a plastic hinge.
This is borne out by the moment data presented later.

The comparison between observed and predicted maximum bending
moments is presented in Fig. 10.4c for H pile T3. The maximum deviation is about
15 percent, with most of the values within 10 percent. For pipe pile T4, the
comparison between predicted and observed maximum bending moments is given in
Fig. 1O.4d. In general, the observed values are 20 percent higher than the
predicted values. Overall, the agreement between observed and predicted behavior
is good, considering the approximations made with regard to soil and pile
parameters prior to the testing program:

Soil Assumed Value Measured
Parameter For Prediction Value

Friction Angle, degree 41 40
Effective Unit Weight, lb/ft 3 70 68
Cohesion, lb/ft2 0 0

The distribution of bending moment with depth for piles TI and T4 is presented in
Fig. 10.5 and Fig. 10.6, respectively.

10.5.3 Piles In Postgrouted Soil
The observed and predicted pile displacements at ground surface c*used

by the applied lateral loads for H-pile TI and pipe pile TZ are presentrd in
Fig. l0.7a and b. For both piles, the observed displacements are considaably
greater than the predicted values.

Figures 10.7c and d present a comparison between predicte~4 and
observed maximum bending moments for Tl and T2. As with the displacer~ents,
there is poor agreement. The observed bending moments are considerably greater
than predicted. This is to be expected because deflections induced greater pile
curvature than predicted, and bending moment is proportional to curvature.

L 
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Two reasons are believed to account for the large discrepancy between
predicted and observed results. The first concerns the assumed strength para-
meters of the grouted soil:

Soil Assumed Value Measured Value
Parameter For Predic t ion (From Vol U)

Friction Angle, degree 40 35

Cohesion, lb/ft 2 1000 700

However, analyses performed using the actual measured values for
friction angle and cohesion, and stress-strain relationships from triaxial compression
tests on grouted soil (Volume II), still did not agree with the observed results.

The second, and probably more important, reason concerns the time-
dependent properties of grouted soil under sustained load. The grouted soil near
the loaded piles underwent considerable deformation with time. Results of triaxial
creep tests on grouted sand samples (Section 9.5.2, Volume Ii) and of pressuremeter
tests in borings PD3-PMZ and PD3-PM3 (Section 5.5.5) indicated that sand grouted
with 25% silicate/aluminate grout does creep and that creep rate is dependent on
stress level

The distribution of bending moment with depth for piles Ti and TZ is
presented in Fig. 10.8 and Fig. 10.9, respectively.

10.5.4 Piles Driven Into Pregrouted Soil
- 

- Horizontal displacement at ground surface for piles driven into pre-
grouted soil (H pile T5 and pipe pile T6) is presented in Fig. 10.i0a and b. Observed
bending moments are also shown In Fig. lO.l0c and d for piles T5 and ‘16,
respectively. As with piles Ti and T2, the agreement between predicted and
observed behavior is poor. The reasons are believed to be the same as those cited
previously for piles TI and T2. The distribution of bending moment with depth for
piles T5 and T6 is given in Fig. 10.11 and 10.12, respectively.

A profile of static cone penetration resistance measured in boring
PD4 -C1 near H pile ‘15, after the pile was driven into pregrouted soil, is compared
in Fig. 10.13 to a similar profile obtained in boring PD3—C2 near pile Ti , after the
pile was driven into ungrouted soil The difference between the two profile s is
Insignificant. The short stress duration during a cone penetration test, however,
does not model the long-term stress duration associated with the lateral pile load
tests; the load test results are affected by the time-dependent properties of the
grouted soil.

10.5.5 Cyclic Load Test.
The reduction In lateral soil resistance due to repetitive load ap-

plications is manifested by increased deflection and bending moment with each
load application up to a steady-state limit. After that limit Is reached, additional
applications of load do not cause further increase in these values.

L ~~~~~~ . 
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Figure 10.14 presents pile displacement at ground surface at both zero
lateral load and maximum applied lateral load (17 t) for various cycles for the four
piles cyclically tested. Most of the increase in displacement occurred in the first
five load cycles. After that, the displacement Increased only slightly with each
cycle. For the piles in ungrouted soil (TI and ‘14), the cyclic degradation was
greater than for the piles in postgrouted soil (TI and Ti).

The maximum bending moment also increased, as shown in Fig. 10.8, 9,
5, and 6 for piles Ti through ‘14, respectively. Again, most of the increase
occurred in the first five cycles for the H piles Ti and TI. The pipe piles T2 and
T4 did not show an increase because the piles had failed structurally during the
previous static lateral load tests.

10.6 EVALUATION OF TEST RESULTS

10.6.1 Pile. Driven Into Ungrouted Soil
At loads less than 20 t, there was good agreement between the

predicted and observed values of maximum bending moment and pile displacement
at ground surface. The soil properties assumed were reasonably close to those
observed in the subsequent field and laboratory investigations. A comparison is
presented in Section 10.5.2. Use of the actual values would not significantly affect
the results. The prediction method worked well for piles in ungrouted soil. A
sum mary of measured and predicted results is given in Table 10.1

The loads applied to the test piles were sustained for a relatively short
time. For a particular load, the duration ranged from about 1 hr at the 5-t load
level to about 12 hr at the 30-t load level. Compared to duration of load
application on actual structure, these times are short. However, for a sustained
lateral load of 15 t, Fig. 10.15 indicates that further displacement with time should
not be anticipated; the rate of displacement is 0.000 1 in./log cycle of time.

The cyclic load tests showed that repetitive load applications result in
increased pile deflection for the same load (on the order of 50 percent). However,
the number of cycles to reach a stable response and the stabilized pile deflection
was dependent on the duration of each cycle and the load level.. It is also
important to note that, upon release of the load, the pile did not return to its
original position. The induced permanent pile deflection was relatively large,
about 100 percent of the deflection observed during initial static loaditig.

10.63 Piles In Poetgrouted Soil

The lateral test results showed poor agreement with predicted values
for piles In postgrouted soil (Ti and ‘12); the differences are attributed to the
assumptions made regarding the behavior of the grouted soil The lateral load-
displacement curves presented in Fig. 10.7 for piles in postgrouted soil indicate a

— different response for these piles than for those in iu~grouted soil (Fig. 10.4). The
H pile Ti exhibited a marked strain hardening behavior for displacements at ground
surface larger than 0.5 In.; the pipe pile ‘12 exhibited a response similar to that of 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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pipe pile T4 in ungrouted soil. The strain hardening phenomenon tended to stabilize
the pile deflection, resulting in a larger load at failure. The strain hardening
tendency of the grouted soil was demonstrated by pressuremeter test results
(Section 5.4.5).

The time-dependent behavior of the grouted soil adjacent to the
laterally loaded piles is illustrated in Fig. 10.15 which is a plot of horizontal
displacement vs time of sustained load application. The piles in postgrouted soil
exhibited larger creep displacement than any other pile; the average creep rate for
the postgrouted piles was 0.117 in./log cycle of time. During the first hour
following each lateral load increment, the piles continued to deflect. The rate at
which this creep deflection took place was examined; creep displacement rate of
each pile measured at ground surface is shown vs lateral load level in Fig. iO.16a.
For the piles in postgrouted soil, the creep displacement rate increased faster with
load level than for the piles in ungrouted soi; and was similar to that for the piles
in pregrouted soil. The time required for the lateral displacement due to each
lateral load increment to stabilize is shown in Fig. 10.1 6b vs lateral load level for
each pile. The stabilization time (displacement rate less than 0.01 in./hr) for the
piles in postgrouted soil is much larger than that for the piles in ungrouted soil, and
is similar to that for the piles in pregrouted soil.

The creep tendency of the grouted soil surrounding the piles resulted in
a softer response to lateral load than for the piles in ungrouted soil; however, the
lateral load, at failure, was not very different in all cases. The large displacement
observed for pipe pile T2 could be explained by the formation of a plastic hinge,
similar to that noted for pipe pile T4.

10.6.3 Piles Driven Into Pre~routed Soil
Driving the prototype piles into pregrouted soil (T5 and T6) did not

significantly affect the response of the piles to lateral load. As shown in
Table 10.1, pipe pile T6 underwent less deflection than the pipe piles in postgrouted
or ungrouted soil at the same lateral load levels. The contrary is true for H pile
T5. Strain hardening phenomenon was more pronounced for T6 than for T5
(Fig. 10.10). The creep rate for the piles driven into pregrouted soil averaged
0.057 in./log cycle of time (Fig. 10.15) much larger than that for piles driven into
ungrouted soil; however, it was less than that for piles in postgrouted soil. The
creep displacement and the load stabilization time (Fig. 10.16) were slightly less
for the piles in pregrouted soil than for the piles in postgrouted soil; they were
much larger than those observed for piles in ungrouted soil. The small differences
for the pregrouted and postgrouted cases were probably due to effects of driving.
Pile driving through the pregrouted soil appears to have reduced the creep behavior
of the grouted soil and magnified its strain hardening behavior more so for the
point-displacement pipe pile than for the H pile.

IL — -. — --- - ~ — —
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Piles Driven Piles Driven Through
Unipouted Sand Followed by Grouttog Granted Soil

H-Pile Pipe Pile H-Pile PIpe Pile H-Pile Pipe PU.
T3 T4 TI T2 T5 T6

Predicted Load for
025 1.. DeflectIon 6.5 toe 5.0 ton 26.5 ton 12.5 ton 4.0 ton 3.5 tcn

Observed Load for
025 1.. Deflec t ion 8.5 ton 5.5 ton 12.0 tOn 4.5 ton 7.0 ton 8.0 toe

Predicted Load for
0.5 1.. Deflection 11.5 to n 8.5 ton >40 ton 24.5 ton 8.5 ton 7.1 tom

Obierv d Lotd for
0.5 to. DeflectIon 15 ton 10.5 ton 16.5 ton 8.5 ton 10.5 ton 12 tom

Predicted Load for
1.0 to. DeflectIon 18.0 ton 15.5 ton >40 ton >40 ton >35 ton 32.5 tom

Observed Load for
1.0 In. DeflectIon 21.5 to n 17.0 ton 25.0 ton 15.5 ton 16 tan 18.5 tom

Predicted Deflec t ion at
30—ton Load 3.15 1.. 2.65 1.. 0.30 In. 0.65 to. 0.92 1.. 0.95 to.

Observed Deflection ~t
30—ton Load 1.65 to. 3.85 in. 1.30 In. 3.50 to. 2.30 In. 1.7$ to.
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11 PHI INSPECTION AFTER EXTRACTION

11.1 T~~~ ER PILES

At the end of the test progra m, two timber piles under monolith M2
(piles 17 and 13, FIg. 5.2) were extracted. The concrete monolith was partially
demolished using a large jack-hammer mounted on a backboe boom. The timber
piles were extracted using a Foster 40E vibratory extractor. No difficulty was
experienced during this operation. Photographs of the two piles after extraction
are shown in Fig. 11.1. Information concerning the Installation of the two piles is
given below:

Final Elowcount Blowcount Upon
Jetted Depth During Installation Restrikuig

Pile No. ft blow/ft blow/ft

17 27 25 148
30 27 100 334

Complete driving records for these two timber piles are given in Appendix M,
Volume UIA.

Timber pile 30 was not seriously damaged, except for longitudinal
cracks at the butt (probably caused by the jackhammer and extractor). Timber
pile 17 was much more damaged. The butt of that pile was damaged by the jack-
hammer and extractor; more importantly, the pile tip was split and a large piece of
wood was missing. Undoubtably, the hard driving required to install pile 17 to the
desired tip elevation was the cause of the observed, substantial damage. Other-
wise, none of the two piles showed signs of structural failure which could be
attributed to lateral load testing.

112 PROTOTYPE PILES
One H, one open-ended pipe, and the two steel piles were extracted at

the end of the test program, using Foster 40E vibratory extractor. No difficulty
was experienced in these operations; the pipe pile required somewhat more effort
to extract.

The H pile which was extracted was prototype pile 3 driven at 125 ft
from monolith Ml using the Vulcan 010 hammer. Driving records for this pile are
given in Fig. 7.6 and Fig. 7.10, and In Appendix L, Volume UIA. A photograph of
the H pile tip after extraction Is shown in PIg. 1 1.2a. No damage was observed.

_ _ _ _  _ _ _ _  

_ _ _ _ _  

g
____ — - .-- 

.~~~~~~
- - :~~ 

L ~~~~~~~~~~~~ 
--. -- —- . 

~~~~~- - -  -~~~~~ - -  ~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~ 
. - -—- -— —— -



— - - — — , —
~~~~~~

- — - - -
~

- - ‘ - :  

~~~~~~~~~ 
— -

_ TI~~~~~P~ LTh~~ -‘ -
~
- 

~~~~~~~~~~~~~~~~~~~~ -- -

P
- Y7C825 11—2

Phase IV; Vol ID

The pipe pile which was extracted was prototype pile 12 driven open- -

ended at 7 ft from monolith Ml using the Vulcan 010 hammer. Driving records for
this pile are given In Fig. 7.5 and FIg. 7.13, and in Appendix L, Volume ~~A. No
damage was observed.

The two sheet piles which were extracted were prototype piles 11 and
12 driven as a pair at 15 ft from monolith MZ using the Foster 4000 vIbratory
hammer. Driving records of these piles are shown in FIg. 7.15. They were also
extracted as a pair. A photograph of the tip portion of the sheet piles after
extraction is shown in Fig. 11.2 b. No damage was observed.
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