this document downloaded from

vulcanhammer.info

the website about a
Vulcan Iron Works

Inc. and the pile

driving equipment it
manufactured

http:// ww.vulcunhumni

| L, — — ..-
| —

Terms and Conditions of Use:

All of the information, data and computer software (“information”)
presented on this web site is for general information only. While every
effort will be made to insure its accuracy, this information should not |
be used or relied on for any specific application without independent,
competent professional examination and verification of ifs accuracy, suit-
ability and applicability by a licensed professional. Anyone making use
of this information does so at his or her own risk and assumes any and all
liability resulting from such use. The entire risk as to quality or usability of
the information contained within is with the reader. In no event will this web
page or webmaster be held liable, nor does this web page or its webmaster
provide insurance against liability, for any damages including lost profits, lost
savings or any other incidental or consequential damages arising from the use
or inability to use the information contained within.

This site is not an official site of Prentice-Hall, Pile Buck, or Vulcan Foundation
Equipment. All references to sources of software, equipment, parts, service or
repairs do not constitute an endorsement.


http://www.vulcanhammer.info
http://www.vulcanhammer.org/

)

FIELD INSTRUMENTATION FOR PILES

by

Teddy J. Hirsch

Research Engineer

‘Harry M. Coyle

Associate Research Engineer

Lee L. Lowery, dJdr,

Associate Research Engineer
and

Charles H. Samson, Jr.

Research Engineer

Texas Transportation Institute
and
Civil Engineering Department
Texas A&M University

for presentation at the

Lonference
on
Design and Installation
of
Pile Foundations
and
Cellular Structures

Sponsored by
Lehigh University
Bethleaem, Pennsylvania

April 1970



FOREWORD

Instrumentation for use in pi]ing is probably subjected to some of the
most severe environmental conditions the average practicing engineer will ever:
encounfer. Impact stresses to 100,000 psi, accelerations of 1,000 g's, and
the need for absolute waterproofing to permit long-term measurements are but a
few of the problems encountered. "The consequences of this environment become
obvious when the large sums of money needed to fund experimentai piling pro-
grams are compared with the 1imited amount of data obtained. Nevertheless,
the necessity to supplement, support, and verify our ever increasing methods
of analysis with experimental data has caused rapid expansion in the use of

instrumented piles.
INTRODUCTION

Until about 1960,_a majority of the data taken centered around pile dis-
placements during driving. The equipment was usually quite simple, for ex-
ample, a transit for recording the average penetration per blow, paper taped
to the driven pile and marked with'a pencil moving horizontally to record
temporary and permanent set of the pile per blow, etc. This data was, of
course, for use in piie driving formulas, of which over 400 have been pro-

(1)

posed' "/, in an attempt to predict the pile's bearing capacityn’ However, with
such én array of variables known to affect the problem, it is no wonder that
little confidence was placed in the resu'ts. Even though an extensive amount

of data might be taken, every equation available neglected numerous important

*Numerical superscripts refer to corresponding items in the References.



parameters, and the complexity of the problem was so greaf that elaborate in-
strumentation was seldom considered necessary. Nevertheless, ambitious pro-
Jects were regularly funded in an attempt to at least determine all the ex-
perimental values needed for a specific area or stafen An excellent example .
of this was the recent experimenta]bstudy sponsored by thé Michigan State High-

(2)

way Commission s which was probably ‘the most extensive (and expensive) ex-
perimental pile program to date. The investigators hoped to take data on a
majofity of - the piles, driving hammers, and soil conditions commonly encount-
ered in the State of Michigan, and, after solving numerous instrumentation
problems, were highly successful in this attempt. Only by reading the report
can the volume of data taken be appreciated, but it was tremendous to say the
least. Even so, their work was highly criticized by persons who objected that
the number of problems analyzed were still in fact statistically insignificant
and in no way warrahted their conclusions of‘recommendations(a)o

This same program illustrated fhat major instrumentation problems can
occur regardless of the efforts made to prevent them. However, their work
should prove invaluable to future researchers, since not only final solutions
were given--the many problems, failures, and difficulties encountered are also
fully reported. For example, the load cells and accelerometers used in the
driving operations were constant sources of trouble. The placement of these
instruments and the driving assembly employed are illustrated in Figure 1, and
will be discussed later.

A surge of interest in the.instrumentation and field testing of piles was‘
generated in 1960 when E. A. L. Smith formulated and_pub]ished_the first“truly
general and mathematically correct analysis for the problem of pile driving(]),

For the first time, questions about driving stresses, what hammer is needed to



to drive a given p:le, and even its bearing capacity could be answered. How-
ever, the numerous variables influencing the problem could no longer be ignored.
They were required by the proposed analysis. Thus great quantities of experi-

mental data were suddenly needed on everything from driving hammers right down

-to the soil itself.

Immediately after the appearance of Smith's paper in 1960, the Texas High-
way Department, through Texas A&M'University, initiated an extensive research
program to experimentally determine input data needed by Smith's method of
analysis (generally referfed to as the wave equation). The experience and
recommended procedures mentioned in this report resulted largely from these
programs as well as from research presently funded by the U. S. Bureau of Public
Roads and private sources. |

It is interesting to note that once the needed input data was determined
experimentally, Smith's wave equation solution began to prove itself as one of
the most powerful methods of analysis available to the foundafion engineer.

An although there afe still questions to be answered, the wave equation has
already proved capable of answering such questions as whether the stresses in-
duced in the pile dufing driving will be excessive(g)’ (]0), can a given hammer
drive a pile to the required penetration, and if not, what hammer should be

(1) (5), (12)

used , pile bearing capacity » and many others. The Texas Highway
Department was so impressed by the reduction in pile breakage that the wave

equation was used to modify che State's pile driving specifications.
INSTRUMENTATION SELECTION

Because of the large number of variabies which influence the problem, pile

instrumentation necessarily involves many different types of instrumentation.
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However, a majority of these variables involve the measurement of
1. internal pile forces,
2. applied and resisting forces,
'30 ~displacements,
4. accelerations,
5, veiocities, and
6. pressures,

Normally, equipment selection will be greatly influenced by when the
measurements are to be made. For example, measurements will commonly be made
during: |

1. fabrication of the pile,

2. transportation and handling,

3. during driving,

4. immediately after driving,

5. during long-term testing, and

6. during service.
Fortunately, except for the third stage iisted above, each involves only low
frequency phenomena. This greatly simplifies the choice of equipment since
speciaf high frequency response instrumentation will be necessary only if
measurements are to be taken during the driving operation.

Figures 2 and 3 are presented to illustrate the types of instrumentation

commonly employed during driving and during static tests,

Performance Considerations

In the selection of instrumentation for piles, several factors must be

considered. In approximate order of importance, these factors include:



1. the accuracy of the unit,

2. its durability, or resistance to failure, -

3. its influence on the measured system,

4. simplicity of operation under field conditions,
5. ease of installation,

6. readily available maintenance,

7. auxiliary equipmeni necessary for opération,

8. cost, and

9. salvage value.

It is probable that the first three items are of vital impoftance, and that

even the slightest compromise in any one of them will drastically reduce the

chance of obtaining useful data.

The significance of items 1 and 2 above are obvious. As an example of
the}importance of item 3, a study using.the wave equation showed that in many
cases, the mass of the instrumentation utilized throughout the Michigan Pile
Study (see Figure 1) affected the results more than 40 percent(4). Obviously
there is Tittle purpose in trying to determine any parameter experimentally

if the equipment employed changes the value being measured.
'INTERNAL PILE FORCES

The instrumentation most commonly used to obtain data regarding the first
of the variables mentioned above is the strain gauge. However, because of the
uncommon environment in which it must survive, the choicé of gauge, method of
installation, and ifs subsequent protection from impact damagg and moisture

failure are critical.



Concrete Piles

Selection of gauges. Although standard strain gauges are often used,

there are a number of gauges manufactured especially for use in concrete.
These 'special' gauges will offen_out~perform standard gauges, and in many
cases are even less expensive.. _

Probably the best known gauge fo? use in concrete is Baldwin's Valore
gauge, model AS-9-S6, shown in Figure 4, and pictured in I1lustration 2. This
gauge consists of a standard Constahtan wire gauge wrapped in a 1-mil Valore-
Brass foil envelope. It is extremely flexible and delicate and must be care-
fully protected to prevent damage while pouring or vibrating the concrete in
the forms. 1In 1967 the Texas Transportation Institute installed several
hundred of these gauges in piles on various projects but had quite Timited

(5), (6)

suécess Moisture leakage was thought to have caused the failures,
but whatever the reason, the trouble consistently caused the 1055 of at least
one test point along every pile, and in many instances every gauge was lost,
Although some good driving stress data was obtained, the number of gauge
failures greatly increased during the long-term load tests.

| A second type of gauge, illustrated in Figure 4, was used to instrument
the remaining piles. This was a polyester mold gauge manufactured by the
Tokyo Sokki Kenkyujo Co., Ltd., of Japan, and consisted of a standard 300 ohm
gauge hermet®cally sealed between two thin polyester bTocksf This encapsu-
lation completely waterproofs both the gauge and lead wires, and provides an
extremely ‘tough protective shell which simplified installation greatly since

there was no need to protect the gauge against placement or vibration of -the

concrete. The faces of the gauge are coated with a sand grit to insure proper



~bond with the concrete whereas the foil-encased gauge was susceptible to bond
failure. These gauges proved completely reliable in every'resbect, and no
further failures were experienced, even though many ofvthe piles were driven
far below the water line and were not load-tested fdr months. To date, not

a single gauge failure has been ﬁoted.

Although these gauges-were'quite inexpensive, their performance proved
totally reliable. As shown in I]Sustration 1, severa1 types.of gauges are
bavai1ab1e, Tnc]uding both 2- and 3-axis rosettes.

Probably the most interesting~of the special gauges is the vibrating
wire strain gauge shown in Figure 5. One such gauge, distrfbuted by Geo-
measureménts‘Southwest of Arlington, Texas, is shown in Illustration 3.

In this case the applied strain gauge changes the tension in a fine
vibrating wire; thereby changing its natural frequency, which is translated
into strain. Although special readout equipment is required, and the gauge
is relatively large, its ]ong-terﬁ stability makes it highly useful in many
situations. | |

Possibly the most highly moisture resistant gauge évai]ab]e is manu-
factured by‘thegStruéturaI Behavior Engineering Labs, Inc., of Phoenix,
Arizona. Termed the “Stres;meter," it consisfs of a 4-foot section of de-
formed A-432 steel réinforCIng bar, turned down to accept placement of a full
4-arm bridge. The gaugelfé illustrated in Figure 6. The transducer is com-
pletely waterprobfed and no special handling is necessary during transpor-
tation or installation. The strain gauges are éttached to the bar by re-
sistance welding, insuring a strong bond and continued performance in presence
.of shock and vibration. By we]ding‘the gauge to the metal it théreby becomes

an integral part of the test structure, rather than a cemented addition to it.
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Since these gaugés,are specially made to order, they are relatively ex-

pensive. However, this also gives them a number of advantages, including the

following:
| 1. Can be made to measure low and high concrete stresses or forcesf
2. Can be curved to conform to structural shape.
3. Can be 1engthened and mu]t1p1e -gauged along their length for
1nsta]]at10n in areas of rapidly changing static or dynam1c stress.
4. Can be shortened for measurements in tight and confined areas.
The characterlstlcs of each of the previously mentioned 'special’ gauges
are summarized and compared in Table 1,

Interior installation of gauges. As mentioned previously, problems in-

herent with the use of strain gauges are magnified when they are used under
field conditions, the greatest of which is probably moistureproofing the
system. The method shown 'n Figure 7 is recommended for use at all splice
points. It has proved entirely reliable and highly superior to other methods
attempted by the authors during the past 10 years(s),

The method of installation is.a]sd important, as was discovered early in
1962 during a research project conducted at Texas A&M(6)° Figure 8 shows a

sketch of a typical gauge point installation used in this study. Since the

~gauge connections and lead wires were to be cast in the pile, adequate mois-

ture protection during manufacture of the pile was imperative. The entire
system also had to be protected from moisture until the pile was driven, and
subsequently from the time of driving until the static load test could be run.
The gauges also had to be installed in such a manner that they would not_pe
damaged during the manufacture of the pile. It was found that the polyester

mold .gauge used required no additional waterproofing, and that it was



TABLE 1.

CHARACTERISTICS OF STRAIN GAUGES FOR USE IN CONCRETE

Baldwin Vibrating Polyester
Brass Foil S.B.E.L. Wire Mold
Gauge “Stressmeter" Gauge Gauge
Accuracy Excellent Excellent Excellent Excellent
Durability -
Moisture
Resistance Poor Excellent Excellent Excellent
Resistance ' '
to Mechanical
Impact Poor Excellent Excellent Excellent
Resistance
to Bond
Failure Good Excellent Excellent Excellent
Influence
on System None Low Some Low
Simplicity ‘
of Operation Excellent Excellent Good Excellent
Maintenance (a) (a) (b) (a)
Ease of
Installation Fair Good Fair Excellent
Auxiliary
Equipment Standard Standard Special Standard
Cost per Gauge $15.00(c) $102.50(d) $115.00 (d) $3.00(c)
Availability Excellent Good Good Poor
Salvage None None ‘Possible(b) None
Application
Static Yes Yes Yes Yes
Dynamic Yes Yes No Yes

—
a0 oo
— e e et

Not feasible.

Feasible if gauge can be retrieved from test specimen.
Four units required for full 4-arm br1dge
Only one unit required.
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sufficiently strong to withstand the placing and vibrating of the concrete
without being'damagedc

In earlier projects at Texas A&M, each gauge point was pre-fabricated in
the ]aboratony, and consisted of a completely waterproofed module including
the gauge bridge, main lead wires, and surface conneztors. This module scheﬁe
permitted fast field installation with a mihimum of interference in the field
to the pile fabricator. Each module could also be tested, Zzeroed, balanced,
etc., before ieaving for the job site, This module is shown fn I1lustration 4.

The main lead cables were laid along the upper surface of the pile and
secured to the reinforcing strands at frequent intervals with plastic tape as
shown in Figure 9. Care must be taken to insure that the main lead cables are
not placed in one bundle but are spread uniformly across the surface. Other-
wise, considerable crosstalk between channels may result. At the head of the
pile the main lead cables are bundled and wrapped with plastic tape to form a
common exit. Approximately 5 feet of lead cable was left exposed at the head
of the pile, thevconnections having earlier been completely waterproofed by
potting with RTV silicone rubber as illustrated in Figure 9. This potting
compound proved completely reliable and was easily cut off the connectors
immediately prior to testing. After te:ting, the connectors were again potted
for future tests. | |

The gauges should be Tnosely attached with light tape or wire to the pre-
stressing strands or reinforcing bars as shown in Illustration 5. Sufficient
space betweeﬁ the gauge and.bar should be Teft to allow the‘grout to com-
pletely surround the gauge-

As noted in Figure 9, the 1ead wires extending from the biTe should be

kept as short as practical!, since very long leads are highly subject to damage



il

during handling and transportation of the pile. Extremely long leads are also
a great temptation to workmen needing a length of rope, or some hook-up wire
for their stereo or extra telephone at home.

Exterior installation of gauges. In some cases the pile to be tested has

already been fabricated. This obviously prevents the use of embedded gahges,
forcing the use of surface gauges. The use of surface gauges is normally less
desirab]e because both the gaugeg and wiring are fully exposed, thereby re-
quiring either more elaborate protection or extreme caution during handling,
transportation, and testing of the pile. Illustrations 6 and 7 show how poly-
ester mold gauges were recently used to determine the importance of stresses
induced during the handling and transportation of pi]es(7)ﬂ In each case a
full 4-arm bridge was employed, with the mold gauges simply bonded to the pile
surface with epoxy. No waterproofing of the gauées was necessary and the only

preparation of the pile was the removal of any loose surface scale with a

stiff wire brush.

Steel Piles-Gauge Selection _and Installation

The use of stréin gauges on a steel pile poses many of the same problems
mentioned for concrete piles. However, in the case of steel piles, mechanical
profection for the gauges and wiring must always be provided to prevent the
soil, and hammer impact, from destroying the gauges or tearing out the wir-
ing. Also, the choice of adhesive to resist dynamic stresses, and the water-
proofing compounds employed should be carefully considered. Fortunately,
gauge manufacturers are fully able to provide sufficient information on which
(8)

to base the selection. Recent tests by the Texas Transportation Institute

happened to employ Micro-Measurement gauges, C-2 epoxy, and Gaugecoat 5
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waterproofing compound, from which excellent data was obtained. Because the
pile tested was a pipe pfle, the instrumentation was installed throughvaccesé
ports which were later welded back in place. Asbestos wrapping was used to

protect the lead cables as the pile was welded together.,
LOAD CELLS

As was noted earlier, the load cell used in the Michigan Pile Study often
affected the problem significantly because of its size. However, the tre-
mendous 'oads generated beneath the driving hammer would not permit a re-
duction in its size, as was noted in the Michigan Report(z)° However, the use
of the load cell was not absolutely essential, since strafn gauges could have
been mounted directly beneath the head of the pile, acting in effect as a load
cell, Thfs obviously would be far more expensive, and calibration might have
caused problems, but all facts considered, the author wouid strongly recom-
mend gauging the pile head rather than using any equipment which so drastically

influenced the variables being measured.
DISPLACEMENT TRANSDUCERS

Probably the most common method for recording dynamic pile displacements
is to run a pencil horizontally across a'sheet.of paper fastened to the pile,
a method which is stﬁ]l frequently used., However, 1f an accurate time base
is needed, more elaborate equipment must be empioyede
| Although research personnel at Texas A&M tried many different displace-
ment transducers, including linear wire-wound resistance géugeS'as well as
optical tracking cameras, the only satisfactory field method discovered thus

far employed a linear variable displacement transducer, or L.V.D.T.
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"\ ) The LgVnDeT, s basically a transformer, with primary and secondary wind-
ings coup1ed by a free-floating cylindrical core of magnetic material moving
through the center bf the instrument. The unit has many advantages, 1ng1uding:
1. it will not "bottom out" if an excessive deflection is applied,
when éonnected as shown 1n Figure 10,
2. there is.but one moving part and wear is minimal, and
3. there are no_slidiﬁg electrical contacts such as in wirewound
resistance gauges.

The only real disadvantage used to be a limited stroke range (2 to 3
‘inches), but new equipment has constantly appeared with increased ranges.
Crescent East, Inc., of E1 Monte, California, makes é.heavy duty model with a
linear range of 16 inches (Mode1 HC;28-16)9 |

It should be noted that the Michigan Pile Study also tried a number of
unsuccessful devices for determining pile deflection, and they also con-

cluded that the L.V.D.T. was superior(?).
~ PRESSURE TRANSDUCERS

Probably the most important factor in selecting a pressure transducer
for measuring soil pore water pressure is the ability to withstand the high
accelerations during driving. In recent tests by the Texas Transportation

8), pore water pkessure measurements were obtained with Consoli-

Institute(
dated Electrodynamics Corporation Type 4-326 pressure transducers, Impohtant
design features included corrosion resistant housings, 0-100 psi gauge
ranges, and the ability to withstand a 1000-g half sine wave pulse for one

millisecond without damage. The pressure transducers were mated to.the pile

r wall as shown in Figure 11. The transducer support was necessary to protect
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the instrument from breakage through bending during driving.“Porous bronze
p1ates-were employed to prevent the entry of foreign material into the trans-
ducer diaphragm chamber. In order to lower the response time of the instru-
ment, the pressure-transducer was filled with water before the protective
porous bronze plates were fastened in position with epoxy. The pi]é was
transported with the porous bronze plates oriented upward and sealed to
prevent loss ofvwater from the transducer through seepage and evaporation.

Upon arrival at the test site the installation was checked and the
bronze plates moistened again as an added precaution. - A thin 1ayer-of.é1ay
was app]iedAto the porous bronze plates to minimize loss of contained water
by seepage, and the pile was hoisted to a vertical pbsition and driven,

These precautiohs were taken in order to lower the response line of the in-
struments to the extent that pressure measurements recorded, other than those
due ﬁo shock waves during driving, were considered to be those existing in
the soil, even during rapid pressure fluctuations.

Although the pressure transducers used in this study were bonded-gauge
with a single range (0-100 psi), the use of a variable reluctance, multiple-
range transducér such as the Pace P-3D might be less expensive. The pressure
range of a variable reluctance pressure transducer, unlike bonded gauge
types, is determined by the thickness of a special plate bolted between two
pressure sensing elements. vFurthermore, the range of the transducer can be
changed by merely purchasing a new (and relatively inexpensive) plate from
the manufacturer.

However, regardless of the transducer selected, it will propab]y reguire

an external bracket support to withstand the driving stresses involved.
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ACCELEROMETERS

The selection of an accelerometer to withstand the environment of ‘pile
'driving is quite simple. Actually, it is probable that any of the known manu-
| facturers can supply an accelerometer which will prove satisfactory, except
for the following: |
1. The mounting studs are invariably weak. This results in rapid
Toosening of the accelerometer, which must be bolted down tight for use-
ful readings, and ofteh even complete failure of thevmounting stud.
2. The lead wires to the accelerometer are either microscopic in
sfze, or the electrical connector is made of extremely weak material.
In either case, it is usua]iy anyone's guess as to whether the lead wires or

the whole accelerometer will be the first to break off. This same problem

(2)

was encountered in the Michigan Pile Study'“’, and no solution was repofted,

Of the several types of accelerometers available, the piezo-electric
type is probably superior as far as resistance to internal damage, having
proven far more durable than the bonded strain-gauge type. Typical of the
piézo-e]ectric accelerometers, and most commonly used for pile instrumenta-
tion by the authbrs is the Endevco mocel 2211C.

Special care should be excercised when mounting accelerometers to in-
sure that the.mounting base itself is extremely rigid, having a much higher
natural frequehcy of vibratjon than that being measured. Otherwise the

vibrations of the base may well obscure the data being measured.
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Figure 10. Linear Variable Displacement Transducer
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Polyester Mold Gauges

[Hustration 1.

Brass Foil Envelope Gauge
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Vibrating Wire Strain Gauge
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Hlustration 4.  Prefabricated Gauge Point
Ready for Installation in Pile
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Hlustration 5. Installation of Embedded Gauéeé
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Hustration 7. Full 4=Arm Bridge Mounted on Surface of Pile





