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TECHNICAL SUMMARY

Introduction

This document reports on feasibility siudies, conducted for the National
Science Foundation, which indicate the feasibility of a proposed in situ
geotechnical testing procedure for obtaining in situ c¢cyclic and dynamic
engineering soil properries. The studies vepresent Phase 1 of a planned
three phase project. The projecr falls under the domain of the Earthquake
Hazard Mitigation program.

Purpose of Project

The purpose of the project is to develap an in situ geotechnical testing
procedure for obtaining accurate and detailed descriptions of the in situ
liquefaction and cyclic degradation characteristics of a soil, the low
amplitude dynamic shear modulus, and the variation in the dymamic shear
modulus with shear strain. This i-wformation is required for analyses which
predict the behavior of soil-structure-equipment syscems during earthquakes.
The level of accuracy and detail to be provided is intended to be appropriate
for the intermediate and final stages of the analysis and design of important
structures located in seismically active areas.

Existing Methods

While a number of important advances have been made in the area of
determining in situ cyclic and dynamic soil properties, further worthwhile
advancement is possible. We feel that there are no existing procedures for
determining in situ cyclic degradation and liquefaction characteristiecs in
the detail and to the accuracy that is needed for the effective use of the
costly and potentially powerful analysis procedures appropriate faor the
intermediate and final stages of analysis and design. Additionally, there
are significant limitations cr drawbacks in existing procedures for determining
dynamic shear moduli.

Currently, in situ cyrlic and dynamic soii properties are ocbtained by
laboratory and in situ testing. Laboratory testing of samples is plagued by
the serious problem of discurbance to in situ conditions. Generally, with in
situ testing, in situ conditions are preserved to a greater degree; however,
it is difficulr in situ to apply earthquake-type cyclic ghear loads to a
well-defined element of soil, to induce important phenomena observed during
earthquakes, and to obtain information in appropriate detail. The problems
with laboratory apnd in situ testing procedures may cause considerable
uncertainty and potential for error in defining in situ soil properries.

Uncertainty and error in defining in situ scil properties will create
uncertainty and error in the results of analyses relying on these properties.
In fact, the limitations in our ability to accura’ely and dascriptively
define in situ soil properties can severely limit the effectiveness of the
costly and potentially powerful analysis procedures which have been developed
during recent years. This can lead to either costly, excessively
conservative designs or unconservative designs.
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Proposed Method

The proposed testing procedure is intended to provide more accurate and
detailed descriptions of in situ cyclic and dynamic soil properties than can
currently be provided. It is to do so by effectively combining attractive
features of in situ testing and laboratory testing while minimizing
shortcomings.

The method will be direct. Cyclic earthquake-type shear loads will be
applied to a well-defined element of soil in a simple but effective manner.
The behavior of the test soil is expected to correapond closely to behavior
expected during earthquakes. Thus, uncertainties associated with the loading
of the soil and its mode of failure will be reduced. Tests will be conducted
in situ and a number of steps will be taken to minimize disturbances to in
situ conditions. Thus, the very important effects of in situ factors ace
expected to be captured in measurements. Several features are to be provided
to help induce the phenomena of interest and also to simplify the
interpretation of test results. The detailed information needed by
earthquake analyses will be directly provided, minimizing intermediate
interpretation. Also, the procedure is expected to apply to most soils of
interest. Finally, the method will require only a single borehole so that it
may be used in confined and harsh environments.

The probe of the testing system will consist of two concentric
thin-walled cylinders. In practice, the cylinders will be carefully
penetrated below the base of a borehole. The test soil will be the
well-defined annular zone of soil between the two cylinders. A cyclic or
impulsive torsional loading will be applied to the inner cylinder. In
response, the inner cylinder is expected to rotate in a wmanner dependent on
the shear properties of the test soil. Both torques and rotations will be
measured by transducers in an instrumented head. Soil properties will be
inferred by modeling tests analytically using descriptive procedures.

Potential Benefits

The proposed in situ testing procedure .s intended to provide
descriptions of in situ cyclic and dynamic soil properties to the level of
accuracy and detail appropriate for the intermediate and final stages of the
analysis and design of important structures located in seismically active
areas. This would allow more effective use of the costly and potentially
powerful analysis procedures used for this application. Defining in situ
cyclic and dynamic soil properties more accurately and in greater detail will
reduce error and uncertainty in predicted site-specific earthquake
excitations and predicted behaviors of soil-structure-equipment systems
(dams, buitdings, cffshore structures, embankments, etc.) during earthquakes.
In turn, this would advance our ability to economically insure the integrity
and reliability of soil-structure-equipment systems during earthquakes.

Potential Commercial Applications and Users

There are several potential commercial applications of the proposed
testing procedure. The main application is intended to be the design,
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construction, and maintenance of soil-structure-equipment systems to insure
resistance to earthquakes. Additionally, the procedure is expected to apply
to the design, construction, and maintenance of |) soil-structure-equipment
systems to insure resistance to water wave and blast loadings, 2)machine
foundations, and 3) delicate soil-structure-equipment systems to insure
isolation from vibrations. Potential users of the testing system or the
information provided by the testing system include agencies of governments,
universities, gectechnical engineering firms, o0oil companiesa, and power
companies.

Phase [ Objectives, Procedures, and Accomplishments

Phase | work included several studies: a theoretical feasibility stuay, a
supplementary theoretical feasibility study, and an operational feasibility study.

We conducted a theoretical feasibility study to determine the
theoretical feasibility of the proposed testing system. Tests were simulated
analytically considering expected ranges of selected soil properties.

Studies were carried out to determine the theoretical feasibility of the
testing system for determining |) the low amplitude dynamic shear modulus and
the variation in the dynamic shear modulus with shear strain, 2) the
degradation characteristics of clays, and 3) the degradation and liquefaction
characteristics of sands and silts.

Resuits from our study indicate that the proposed testing system 1is
thecretically feasible. The behavior of the testing system was predicted to
be sensitive to each soil property considered in a clear, physically
reasonable manner.

During our study, we identified one area requiring further study. The
configuration of the inner cylinder, specified for the preliminary design of
a laboratory res:arch prototype testing system, was thought to be torsionally
more flexible, relative to the test soil, than we had originally considered.
As a result, we carried out a cursory supplementary study in addition to our
proposed theoretical feasibility study. The purpose of the supplementary
study was to estimate roughly the rotational flexibility of the inner
cylinder, as configured in the preliminary design of the testin, system,
relative to the rotational flexibiliry of the test soil. The estimate was
made to help determine whether special attention would be required as a
result of such relative flexibility. The results of the study indicate that
the inner cylinder may be torsionally flexible relative to the test soil
under certain conditions. This may increase somewhat uncertainty in inferring
soil properties from test results. However, we concluded that because of the
many effective steps which could be taken, if necessary, to mitigate this
concern, the propcsed testing system should serve its stated purpose well and
advance our ability to determine in situ cyclic and dynamic soil properties.

An operational feasibility study was conducted to determine the
operational feasibility of a laboratory research prototype testing system.
This system will be functionally similar to the field system scheduled for
development during Phase 111, The mechanical engineering design firm of
Sweet & Aiken. Inc.. {Sweet & Aiken) conducted the study. Studies were
carried out to determine the operational feasibility of a laboratory testing
system for determining 1) the low amplitude dynamic shea: modulus and the



variation in the dynamic shear modulus with shear strain, 2) the cyclie
degradation characteristics of clays, and 3) the cyclic degradation and
liquefaction characteristics of sands and silcs.

Results from the operational feasibility study indicate that the
laboratory research prototype testing system is operationally feagible. The
main components of the system, which satisfy reasonably well design criteria
specified by our firm, were found to be either availabie or readily
producible and it was determined that these components cculd be assembled
into a convenient, workable arrangement. The operati nal feasibility study
resulred in a preliminary design for a laboratory res. .rch pro-otype testing
system.

Not all specified criteria were satisfied; however, the resulting
consequences are not expected to be severe. For example, Sweer & Aiken was
unable to find a transducer capable of accurately measuring the smallest
specified angles of rotation of the inner cylinder. However, it appears that
reasonably small angles will be able to be measured. Thus, the potential
increase in uncertainty in inferring soil properties from rest results was
judged to be only modest. Also, advances in appropriate technologies are
expected to advance our ability to infer soil properties using the proposed
testing system.

Sweet & Aiken estimated a cost of $78,2680 for the detailed design and
construction of a complete laboratory research prototype testing system.
This is a conservative estimate and such a cost is consistent with that ot
the design and construction of comparable testing systems. The benefits of a
working system are expected to grearly exceed the overall cost. The cost
saving alone, resulting from basing the design of a single major structure
on appropriately accurate and detailed information on in situ dynamic and
cyclic soil properties, is expected to greatly exceed the cost of the
development of the testing system.

Estimate of Feasibility

Based on the results of the feasibility studies discussed in this
report, we concluded rhar rhe proposed in situ testing system is feasible.
Ultimactely, the testing system is expected to effectively provide information
on in situ cyclic and dynamic soil properties to the level of acecuracy and
detail appropriate for the inrermediate and final stages of the analysis and
design of important structures located in seismically acrive arezs. The
Phase I studies indicate that a laboratory research prototype testing system
is theoretically, operarionally, and economically feasible. Since the
addictional equipment required for a field system is reasonably conventional,
and since the additional problems that could be encountered in the field
appear to be either small or surmountable, we believe that an in situ field
testing system is feasible.

Much research and development will be required before the full potentrial
of the testirg system can be realized. This is consistent with comparable
testing systems. Much effort will be needed because the problem of
determining in situ cyclic and dynamic soil properties is not a simple
problem, the testing system is somewhat complex, and the testing system has
considerable safety and economic implications.
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NOMENCLATURE
In this section, we define the nomenclature used in the main bedy of
this report and in Appendices A and B.
A = Surface area of active (unshielded) portion of inner cylinder
Cr = Coefficient of viscous damping

Cy = Paramerer of Ramberg-Osgcod equations; Parameter of
liquefaction and degradation submodel

Cy, €3, C; = Parameters of liquefaction and degradation submodel
DE = Energy lost in test soil due to viscous damping
D; = inner diameter o: inner cvlinder
Dy = Outer diameter of inner cvlinder
0, = Relative density
Bi = lnner diameter of circular shaft
50 = Quter diameter orf circular shait
Eg = Energy ratio
e = Void ratic
F. = Rotational flexibility of inner cylinder relative to
rotational flexibility of test soil during initial eycle of
lcading
f = Frequency in cycles per second
G = Tangent shez:i modulus of test soil
Gj = Shear nodulus of inner cylinder
Gmo = Undegraded low amplitude shear modulus
Gy = Low amplitude dynamic shear modulus
G = Shear modulus of circular shaft
g = Acceleration due to gravity

ho = Thickness of wall of inner cylinder {(mass moment of inertia
caleulations)

hg = Thickness of segment of test soil (mass moment of inertia
calculations)
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le

Total mass moment of inertia of effectively rotating mass
Polar moment of inertia of cross section

Tnstantaneous kinetic energy of rotating mass

Coefficient of earth pressure at rest

Tangent torsional spring constant

Low amplitude torsional spring constant

Parameter of liquefaction and degradation submodel

Length of circular shaft

Length of active (unshielded) portion of inner cylinder

Height of instrumented head (mass moment of inertia
calculations)

Length of inner cylinder (mass moment of inertia calculations)

Length of segment of test soil (mass moment of inertia
calculations)

Parameter of liquefaction and degradation submodel
Number of cycles

Bearing c.pacity factor

Bearing capacity factonr

Parameter of liguefaction and degradarion submodel
Parameter of Ramberg-Osgood equations

Radius of instrumented head (mass moment of inertia
calculations)

Radius of inner cylinder (mass moment of inertia calculations)

Radius of segment of test soil {(mass moment of inertia
calculations)

Radius
Outer radius of inner cylinder

Inner radius of outer cylinder



SE

Su

rué

- |

el

Sum of energy lost in test soil due to hysteresis and
instantaneous elastic strain energy stored within test soil

Rotational stiffness of inner cylinder relative to rotational
stiffness of test soil during ultimate cycle of louding

Torque applied to inner cylinder

Amplitude of cyclic torque applied to inner cylinder
Damping torque

Spring torque

Amplitude of cyclic spring torgque

Static torque a:ting throughout circular shaft

Time; Degradation parameter

Horizontal displacement

excess porewater pressure

Work done by applied load

Depth below surface of ground

Parameter of Ramberg-Osgood equations

Shear strair; Amplitude of cyclic shear strain
Amplitude of cyclic shear strain

Weight per unit volume of instrumented head

Weight per unit volume of inner cylinder

Shear strain developed in test soil in horizontal planes

Amplitude of eyclic shear strain developed in test soil in
horizontal planes

Peak shear strain developed in test soil in horirontal planes
during ultimate cycle of loading

Total weight per unit volume of test scil
Effective weight per unit vclume of soil

ratio of damping to critical damping
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@, O = Rotation and rotarional veloeity of rigid inner cylinder
O, = Amplitude of cyclic rotation of rigid inner cylinder

Qar = Limiting amplitude of cyclic rotation of rigid inmer cylinder
Oj = Static twist of active portion of flexible inner cylinder

Ogi = Static rotation of rigid inner cylinder embedded in undegraded
test soil due to static torque, T

@sQA = Amplitude of low frequency (inertia and viscous damping forces
negligible), cyclic rotation of rigid inner cylinder embedded in
fully degraded test soil caused by low frequency, cyclic
torque having amplitude, T

€ = Static twist between ends of circular shafte
p = Mass densitv of soil
0o = Average effective confining pressure
g4 = Initial effecrive vertical stress

3y = Effective vertical stress

Oyis O¢i = Initial effective vertical stress
T = Shear stress; Amplitude of cyclic shear stress

T, = Amplitude of cyclic shear stress
1p, = Amplitude of cyclic shear stress applied to horizontal plames

Tm = Average of shear strengths in horizontal and vertical planes

Tmo = Undegraded shear strength

Ty = Shear stress developed in test soil in horizontal planes

Tra = Amplitude of cyclic shear stress developed in test soil in
horizontal planes

Trs = Shear stress developed in rest scil, in horizontal planes, as
a result of shear strain

¢ = Effective angle of internal friction
w = Circular frequency in radians per second

wp = Damped natural circular frequency in radians per second

xii



INTRODUCTION

This report, to the National Science Foundation, covers work performed
during Phase I of a planned thrae phase project. The purpose of the project is
to develop an in situ testing procedure for determining in situ cyclic and
dynamic soil properties. Phase 1 was a feasibility study, Phase II will be a
research phase, and Phase III will be a commercialization phase. Phase I
work was supported by a Small Business Innovation Research (SBIR) grant
awvarded to our firm, Dynamic In Situ Georechnical Testing, Inc. The project
falls under the domain of the Earthquake Hazard Mitigation program.

In the remainder of this report, we present and discuss, in detail, the
purpose of the project, existing methods, the proposed method and its
potential benefits, Phase I objectiv.s, procedures, and accomplishments, and
our estimate of feasibility. We also present technical definitions and
terminology, discuss potential commercial applications and users, identify
recipients of this report, provide references, and provide supplementary
information in the appendices.



PURPOSE OF PROJECT

In this section, we state the purpose of our project. We also summarize
potential benefits, relevant definitions, and background information.

The purpose of our project is to develop an in situ geotechnical tesring
procedure for obtaining accurate and detailed descriptions of in situ eyclic
and dynamic engineering soil properties. This information is required for
earthguake analyses involving foundarion soils. The level of accuracy and
detaii to be provided is intended to be appropriate for the intermediate and
final stages of the analysis and design of important structures located in
seismically active areas. Based on our experiences, we feel that there are
no existing procedures for determining most of the soil properties of
interest in the detail and to the accuracy that is needed for the effective
use of the costly and potentially powerful analysis procedures used at the
later stages of analysis and design.

I1f successfully completed, the project should advance earthquake hazard
mitigation technology by advancing our ability to economically insure the
integrity and reliability of soil-structure-equipment systems during
earthquakes. These systems include earth structures (dams, embankments,
etc.) as well as concrete and steel structures (buildings, offshore
platforms, etc.). The testing procedure is intended to reduce potential for
error and unecertainty in predicting site-cpecific earthquake giound motions
and syscem response and stability. This should result in greater safety,
reliabiliry, and economy.

Specifically, we are developing an in situ testing procedure for
defining accurately and in detail the in situ liquefaction and cyclic
degradation characteristics of a soi', the low amplitude dynamic shear
modulus, and the variation in the dynamic shear modulus with shear strain.

Herein, liquefaction is defined as the almost total loss of the
stiffness and strength of a sand or silt. Liquefaction is caused by the
buildup of excess porewater pressure in the soil. Degradation, a relared
phenomenon, which may occur in sands, silcs, and clays, is the reduction in
the stiffness of a soil. Both phenomena may be cavsed by cyclic loads
resulting from earthquakes. The dynamic shear modulus is the shear stiffness
of a material under dynamic lcading. 1In soils, this property varies
considerably with shear strain (24).

These soil properties are important because they significantly affect
the excitation, response, and stability of soil-structure-equipment systems
during earthquakes. Liquefaction primarily affects stability. It does so,
for example, by reducing the bearing capacity of foundation soils, the
integrity of earth structures, and the resistance of pile-founded structures
to lateral loads. Liquefaction has caused considerable damage to
soil-structure—equipment systems during recent earthquakes, notably in Alaska,
1964, and in Niigata, 1964 (28) (38), The low amplitude dynamic shear modulus
of a soil deposit and the variation in the dynamic shear modulus with shear
strain affect the natures of both the excitation to and the response of
systems. The response of an earth structure is additionally affected by the
dynamic shear modulus of the structure itself. Cyclic degradation of a soil
during earthquakes affects excitation, response, and stability. Degradacion



changes the stiffness of a soil deposit during an earthquake, and thus,
changes the nature of the excitation to and the response of a system.
Degradation changes the stiffness of an earth structure itself, and thus,
additionally affects the nature of its response. Degradation, in a manner
similar to liquefaction, but to a lesser degree, also affects the stability
of soil-structure-equipment systems.

Because of the importance of these soil properties, they are required for
earthquake analyses which predict the excitation to, response of, and stability
of seoil-srructure-equipment systems. Such analyses serve as a basis for
earthquake resistant design and include: 1) earthquake site response
analyses used to estimate liquefaction potential and to obtain site-specific
ground motion histories and design response spectra, 2} earthquake
soil-structure interacti a analyses used to obtain the response of
soil-structure syster- or the excitation to supported equipment, and 3)
earthquake stability analyses used to predict the stability of natural slopes
or the slopes of earth structures. Examples of earthquake analysis
procedures are DESRA (12} and CHARSOIL (35).

Uncertainty and errov in defining im situ soll properties will create
uncertainty and error in the results of analyses relying on these properties.
In fact, the limitations in our ability to accurately and descriptively
define in situ soil properties can severely limit the effectiveness of the
costly and potentially powerful analysis procedures which have bean develcped
during recent years. To be effective, such analysis procedures, which are most
appropriate for the intermediate and final stages of the analysis and design
of important structures located in seismically active areas, require detailed
and accurate descriptions of the in situ properties of interest.

By improving our ability to define the in situ soil properties of
interest, in both accuracy and detail, we will reduce uncertainty and
potential for error in the results of earthquake analyses. This will allow, in
pirticular, the potential benefits of costly and potentially powerful analysis
procedures to be realized to a far greater degree. This will result in
greater safety, reliability, and economy of soil-structure-equipment systems
constructed in seismically active areas and may eliminate earthquake
resistance as a barrier to the feasibility of construction at a site.



TECHNICAL DEFINITIONS AND TERMINOLOGY

In this section, we define and explain important technical terms used in
this report. These terms include the low amplitude dynamic shear wmodulus,
the variation in the dynamic shear modulus with shear strain, relative
density, the degradation and liquefaction characteristics of sands and silts,
and the degradation characteristics of clays.

Low Amplitude Dynamic Shear Modulus, Gp,--Referring to Fig., 1, the low
amplitude dynamic shear modulus is the slope, at low levels of shear strain
(<0.001%), of the nonlinear shear stress-strain curve for a soil loaded
dynamically. Generally, stress-strain behavior of soils at these levels of
shear strain is linear. Reference 25 provides more detail.

Variation in Dynamic Shear Modulus with Shear Strain--As shown in Fig.
I, high levels of shear strain induce highly nonlinear shear stress-strain
behavior in soils. As a result, the tangent shear modulus, G, may vary
considerably with shear strain. Reference 24 provides more detail.

Relative Density, Dr, of a Sand or Silt~-The relative density of a
sand or cohesionless silt is a measure of the compactness of the arrangement
of its grains. Relative density is indicated with a scale of O to 100Z. A
sand with a relative density of 0% is a structurally "loose" sand in its
least compact state. A sand with a relative density of 1001 is a
structurally "dense" sand in its most compact state. The relative density of
a sand or silt has a strong influence on its cyclic degradation and
liquefaction characteristics. Generally, sands or silts with lower relative
densities (<507) have little resistance to degradation and liquefaction while
sands or silts with higher relative densities (>70%) have high resistance.
Reference 28 provides more detail.

Degradation and Liquefactign Characteristics of Sands and Silts—--Under
large, earthquake-type, cyclic shear loads, because of buildups in excess
porewater pressure, the shear stiffness (slope of straipght line through peaks
of shear stress-strain curve) of a sand or silt may decrease with an increase
in the number of cycles of loading. This cyclic decrease in shear stiffness
is referred to as cyclic depradation. As shown in Fig. 2, the degradation of
an element of soil, under a cyclic shear load having a uniform amplitude, may
be observed as an increase in the amplitude of the resulting cyclic shear
strain of the element with an increase in the number of cycles of loading.
Under loadings corresponding to large earthquakes, loose sands will generally
show severe degradation while dense sands will show only mild degradation.
After a sufficient number of cycles of loading, the loose sands may undergo
unrestrained deformation, which is termed liquefaction. Dense sands will not
liquefy because of the restraining effects of dilation, the expansion of the
volume of the structure of a soil due to shear load. Rather, a dense sand
will show only limited deformations regardless of the number of cycles of
loading. The frequently used term, initial liquefaction (28), identifies the
instant, during cyclic loading, when the excess porewater pressure of an
element of soil first rises to the level of the initial effective confining
pressure. Initial liquefaction may occur in loose and in dense sands.
References 28 and 29 provide more detail.

Degradation Characteristics of Clays--Under larpe, earthquake-type,
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cyclic shear loads, because of buildups in excess porewater pressure and
structural breakdown (21), the shear stiffnesses of clays may degrade
similarly to those of sands and silts. Clays, how.ver, generally do not
liquefy (29). Instead, like dense sands, clays urually develop limited
deformations after a large number of cycles of loiading (see Fig. 2).
References 20, 21, and 29 provide more detail.



EXISTING METHODS

In this section, we critically revisw the exisring methods for
performing the functions of the proposed testing system. These functions
include determining the cyclic degradation and liquefaction rharacteristics
of a so0il, the low amplitude dynamic shear modulus, and the variation in the
dynamic shear modulus with shear scrain.

We mainly discuss methods for determining degradation and liquefaction
characteristics of soils. Providing in situ cyclic degradation and
liquefaction characteristics, to a level of accuracy and detail appropriate for
the intermediate and finazl stages of the analysis and design of important
structures located in seilsmically active areas, is expected to be the main
capability of the proposed testing system. Methods for determining in situ
liquefaction and degradation characteristics are at an early stage of
development and thus, involve considerable uncertainty and potential for
error. Also, the consequences of uncertainty and error in estimates of in
situ degradation and liquefaction characteristics are generally expected to
be greater than those in estimates of dynamic shear moduli.

A number of significant advances have been made in the very active field
of dynamic and cyclic soil testing (37); however, because of the need for
safer., reliability, and economy in the massive or delicate
gsoil-s. ructure-equipment systems of the furure, there is still considerable
motivat.on for further advancement. The proposed testing procedure is
intended to advance our ability to determine in situ cyclic and dynamic soil
properties by overcoming some of the shortcomings of existing methods. These
shortcomings can create error and uacertainty vhich can severely limit the
effectiveness of costly and potentially powerful analysis procedures.
Curvently, the properties of interest are cbtained either by laberatory
testing of soil samples recovered from a site, in situ testing at the site,
or a combination of these methods.

Laboratory testing is attractive because the soil properties of interest
can be determined directly. That is, cyclic shear loads, representative of
earthquakes, can be applied to samples to induce appropriate respunses.
Detailed information (for example, cyclic strain history), required at the
intermediate and final stages of analysis and design, can be readily
ocbtained, and laboratory testing is applicable to all soils. Additionally,
laboratory testing offers the means to create conditions different from those
existing in situ. However, laboratory testing suffers from the problem of
disturbance to in situ conditions. This problem can lead to considerable
uncertainty and potential for error in interpreted soil properties. We feel
that this uncertainty and potential for error can be excessive for the
intermediate and final stages of analysis and design and inconsistent with
that introduced by analysis procedu-es appropriate for these stages.

Our experiences indicate that in situ conditions can be greatly
disturbed and difficult to recreate. For example, during the recovery,
transport, and test preparation of samples, loose sand samples may be
densified significantly (28) leading to considerable uncertainty and
potential for error in estimates of liquefaction resistance. In contrast,
dense sand samples may be significantly loosened. Additionaily, it is often
difficult to recreate the in situ state of stress. This is because it is



often difficult and costly to determine this state of stress. Even when the
state of stress has been aetermined, commonly used laboratory tests
frequently cannot adequately recreate the defined state of stress. This
difficulty leads to even turther uncertainty and potential for error in
estimates of liquefaction resigtance. While freezing of samples has been
offered as a means to min:mize disturbances, based on our experiences, this
process is complicated and can itself introduce considerable uncertainty and
potential for error. Also, the im situ state of stress and degree of
saturation may not be preserved. Arulmoli et al. (2) suggest the use of
electrical measurements to reconstruct a sample to its original in situ
state. This procedure may be difficult for two reasons: 1) we would expect
considerable uncertainty in relating electrical measurements taken in
laboratory samples to those taken in situ when in situ conditions are
complex (i.e., many factors such as age and cementation act on soil, Ref.
28), and 2) it would be very difficult to recreate complex in situ conditions
in laboratory samples. In addition to uncertainty and potential for error
in estimates of liquefaction resistance, disturbance to Ln situ conditions
may also cause considerable uncertainty and potential for error in
interpreted degradation characteristics and shear woduli.

In situ testing overcomes, to a degree, some of the problems with
laboratory testing since in situ conditions may be better preserved.
However, our experiences with in situ testing have given rise to concerns
which are unique to each property of interest.

Several concerns arise in determining liquefaction and cyclie
degradation characteristics of sands and silts by in situ testing, and as
pointed out by Woeds (37), "...in situ evaluation of liquefaction potential
remains elusive."” We feel that there are no In situ methods which can
provide the information on in situ cyclic degradation and liquefaction charac-
teristics to the level of accuracy and detail appropriate for the intermediate
and final stages of the analysis and design of important structures located
in seismically active areas. The basic problem of most metinods is that they
are indirect methods. That is, loads corresponding to earthquakes are not
applied to elements of coil and appropriate responses are not induced.
Cyclic degradation and liquefactrion are very complex phenomena which are functions
of many parameters. Thus, measuring these phenomena indirectly may result in
considerable uncertainty in deriving single parameters to describe liguefaction
and degradation characteristics (for example, amplitude of cyclic shear stress
needed for initial liquefaction in 10 cycles of loading. Ref. 29). As a
result of additional assumptions, even greater uncertainty may result in
deriving detailed information regarding cyclic degradation and liquefaction
characteristics (for example, iacrease in cyclic shear strain amplitude with
an increase in the number of cycles of loading). In situ methods for
determining liquefaction and degradation characteristics are discussed in the
following paragraphs.

Currently, tests for determining in situ liquefaction resistance involve
penetrating devices into the ground. Liquefaction resistance is estimated
from penetration resistance {29). Penetration tests are yseful for the
preliminary stage of analysis or design. Additionally, penetration tests may
be used to extrapolate detailed and accurate information over a site and to



identify locations where further detailed and accurate information should be
obtained.

However, penetration tests would not be expected to provide information
on cyclic degradation and liquefaction characteristics to a high level of
certainty. With penetration testing, one concern, believed to cause
considerable scatter in data relating penetrstion and liquefaction
resistances, is that the loading of the soil and its mode of failure are
considerably different from those induced by earthquakes. In the cone
penettometer test (CPT), a cone is slowly pushed into the soil, and in the
standard penetration test (SPT), an open cylinder is violently driven into
the s0il. In each case, the failu.e of the soil is immediate and severe. In
contrast, earthquake-induced loads are cyclic and generally of Llower
intensity. The soil fails by gradually losing its resistance to load over a
number of cycles of loading. A second concern, resulting from the fact that
penetration resistance is an indirect measure of liquefaction resistance and
also believed to cause considerable scatter in data relating liquefaction and
penetration resistances, is the effect of the numercus factors such as age,
past seismic history, and cementation which can affect the properties of a
soil (28). Although it is argued that these factors affect the two
resistances in directionally the same manner (28), because of the differences
in loading and failure discussed above, the factors are unlikely to affect
both resistances to the same degree. Thus, it is easily conceived that two
soils having & given penetration resistance may have two different
liquefaction resistances. As a result of scatter and the need for safety,
design curves relating liquefaction and penetration resistances are very
conservative. Use of such curves may lead to excessively, and possibly
prohibitively, costly designs. Furthermore, correlations are not available
for all soils which cov 1 liquefy {(for example, calcareous soils).

New in situ approaches for inferring in situ degradation and
liquefaction characteristics are being advanced. Sasaki and Koga (27)
propnse the use of a vibrating cone penetrometer to estimate liquefaction
resistance. The force required to advance a vibrated cone penetrometer at a
controlled rate or the difference between the forces required to advance the
cone penetrometer with and without vibrations is taken as an indicator of
liquefaction resistance. The static component of this test {penetration
without vibrations) is expected to share the advantages and
disadvantages of the CPT discussed in the previous paragraph. However, the
vibratory component is not expected to offer a strong advantage over the
conventional CPT in evaluating liquefaction resistance. While vibratory
loads are more appropriate for estimating the potential for
earthquake-induced liquefaction, the results from the vibratory component of
the vibratory cone penetrometer test would be expected to be dominated by the
cyclic properties of the zone of soil immediately adjacent to the tip and
sides of the cone. This zone would be highly disturbed as a result of
displacement by the cone. This displacement would be expected to alter
greatly the most important factors affecting liquefactivun resistance:
relative density, structure, the in situ state of stress, cementation,
effects of stress history, etc. (28).

Dobry et al. (10) and Stokoe and Nazarian (34) propose the use of in
situ shear wave velocity as an indicator of in situ liquefaction
susceptibility. Dobry et al. {10) combine shear wave velocity measurements



with the concept of the strain approach. This resulits in 2 convenient,
simplified procedure for predicting the threshold ground acceleration below
which excess porewater pressures will not develop. Shear wave velocity, used
with or withour the strain zpproach, is potentially a useful indicator of
liquefaction susceptibility appropriate for the preliminary stage of analysis
or design. Additionally, shear wave velocity measurements, which may be
conveniently made (at least for onshore sites) (34), are potentially useful
for extrapolating detailed and accurate information over a site and
identifying locations where further detailed and accurate information should
be obtained.

However, approaches based on shear wave velocity would not be expected
to provide detailed information on cyclic degradation and liquefaction
characteristics to a high level of accuracy. Shear wave velocity, like
penetration resistance, is an indirect measure of liquafaction resistance
during earthquakes. The low levels of loading generally induced in a sail by
shear waves and the responses developed do not generally correspond to the
loads and responses developed during large earthquakes. Thus, like the use
of penetration resistance, the use of shear wave velocity as a measure of
liquefaction resistance during earthquakes would be expected to involve
excessive uncertainty for higher stages of analysis and design. This is
supported by the work of DeAlba et al. (8). They observed, from laboratory
tests, that samples may show similar shear wave velocities but very different
resistances to liquefaction. Additionmally, it is difficult to determine
shear wave velocity offshore; however, considerable effort is being directed
toward this problem (33} (26).

Castro et al. (5) propose the useof an in situvane shear test toprovide an
indication of in situ liquefaction resistance. The difference hetween the in
situ shear resistance of a soil at high strain, and the shear resistance of
the soil at high strain under a constant confining pressure corresponding to
the initial in situ pressure, is taken as an indicator of liquefaction
resistance. This difference provides a measure of the in situ potential for
the contraction or dilation of a cohesionless deposit wunder shear loads.
Tnis procedure, although slightly more complicated than other in situ index
tests because of the need for additional information, is potentially a useful
indicator of liquefaction resistance appropriate for the preliminary stage of
analysis or design. The procedure is also potentially useful for
extrapolating detailed and accurate information over a site and identiiying
locations where further detailed and accurate information should be cbtained.

However, this approach would not be expected to provide detailed
information on cyclic degradation and liquefaction characteristics to a high
level of accuracy. Like the other index tests discussed, this method is
indirect. The high levels of noncyclic shear loads applied to the soil and
the noncyclic responses developed do not correspond to the loads and
responses developed during earthquakes. Thus, this method would be expected
to involve excessive uncertainty for advanced stages of analysis and design.
While Castro et al. did apply cyclic, earthquake-type loads with the vane,
they apparently did this only to compare static behavior before and after the
application of the cyclic loads. Since this meihod has much in common with
our proposed method, we mention further -:pects of this method in the
sections entitled PROPOSED METHOD, pg. 21, and ESTIMATE OF FEASIBILITY,
pg- 83.
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Arulmoli et al. (2) propose the use of electrical measurements to
determine liquefaction and degradation characteristics. Detailed information
concerning the in situ liquefaction and degradation characteristics of sandy
soils may be derived from correlations between liquefaction and degradation
characteristics and combinations of various electrical parameters. The
electrical parameters are obtained from the in situ measurement of electrical
quantities. The electrical parameters are potentially useful indicators of
liquefaction resistance appropriate for the preliminary stage of analysis or
design. Additionally, as with other index tests, the electrical method is
potentially useful for extrapolating detailed and accurate information over a
site and identifying locations where further detailed and accurate
information ghould be obtained.

However, electrical measurements would not he expected to provide
detailed information on cyclic degradarion and liquefaction characteristics
to a high level of accuracy. The electrical method is clearly an indirect
method. Additionally, it is not apparent how in situ factors such as the in
situ state of stress and cementation would be taken into account. For
example, Arulmoli et al. {2) appear to indicate that electrical measurements
are fairly insensitive to the state of stress. Thus, like other indirect
methuds, the electrical method would be expected to involve considerable
uncertainty in estimating liquefaction and degradation characteristics. The
level of uncertainty would be expected to be excessive for the intermediate
and final stages of analysis and design.

Esashi et al. (11) and Briaud and Meyer (4) propose the use of cyclie
pressuremeters for determining the cyelic degradation characteristics of
soils. Using this procedure, cyclic lateral pressures are applied through a
cylindrical rubber membrane to the cylindrical wall of the soil in which the
pressuremeter is embedded. The cyclic lateral movement of the membrane is
estimated. The procedure has two important features: 1) the procedure is
direct, and 2) the procedure is conducted in situ and when using the self
boring capability (1), would not be expected to introduce excessive
disturbance to the test scil. Thus, assuming adequate analytical procedures
exist for interpreting test results, the procedure would be expected to
provide information appropriate for advanced stages of analysis and design.
Because of the nature of the loading induced by the cyclic pressuremeter, it
would be expected to be effective for predicting the behavior of foundations
subjected to cyclic lateral loads generated from above the foundation (for
example, behavior of offshore piles subjected to wave loading).

However, the cyclic pressuremeter is expected to have several
significant drawbacks with respect to determining the behavior of soils
during earthquakes. These drawbacks would be expected to create excessive
uncertainty in deriving in situ cyclic degradation and liquefaction
characteristics to the level of accuracy and detail appropriate for the
intermediate and final stages of the analysis and design of important
structures located in seismically active areas. The drawbacks include 1)
apparent limitations on the intensity of the applied cyzlic loads, 2)
potentially excessive drainage from the test soil during testing, and 3)
poorly defined boundaries for the test soil.

The intensity of the cyclic load which can be applied appears to be
limited because the pressuremeter seems to be able to load the soil

1



effectively only after exceeding the original in situ lateral srress.
Unloading below this level appears to result in unrepresentative

stress-strain behavior (3). Thus, it would appear that the peak to peak
cyclic shear stress which may be induced in the test soil by the

pressuremeter may be somewhat less than 1/2 of that which could be induced by
targe earthquakes. This would be expected to limit considerably the ability
of the pressuremeter to induce cyclic degradation and liquefaction and may be
one reason why material degradation (see Degradation and Liguefaction
Characteristics of Sands and Silts, pg. 4) does not seem to be particularly
significant during a cyclic pressuremeter tear in a highly plastic clay (Fig.
2, Ref. 3). This may alsc be one reason why results from cyclic
pressuremeter tests presented by Esashi et al. (I1) do not appear to show the
level of cyclic degradation expected in soils subjected to earthquake
loadings. Their data indicates a decrease in the modulus of deformation of
only about 307 during the first 20 cycles of loading when testing a "soft silt".
After rthis the modulus stabilized. Their data also shows that the modulus of a
"comparatively hard" so0il remained unchanged over about 200 cycles of

loading.

Excessive drainage would be expected during th cyclic testing of
permeable sandy soils because the pressuremeter does not provide barriers to
drainage. When using a vane shear device, Castro et al. (5) observed
substantial drainage during somewhat comparable cyclic rtests in sandy soils.
The vane shear device also does not provide barriers to drainage. Generally,
earthquakes can induce high levels of degradation and liquefaction because
significant drainage does not occur leading to increased excess porewater
pressures and decreased effective stresses., Thus, when cyclically testing
sandy soils with the pressuremeter, the levels of cyclic degradation expected
during earthquakes may not be observed. Addi' lonally, the effects of
volumetric changes of the soil structure perritted by drainage are expected
to be complex and difficult to estimate. 1t could be easily visualized that
under cyclic loading a freely draining soil could densify, and in the absence
of high porewater pressure, actually increase in rigidity with an increase in
the number of cycles of loading. Excessive drainage may partially explain
the low levels of degradation which seem to have taken place during the tests
conducted by Esashi et al. (I1).

Finally, the poorly defined boundaries of the test scil may present some
difficulty. Drainage, stresses, and strains may be distributed over a
relatively large region in a complex manner. This may create uncertainties
in analytical modeling. As a result, interpretation of test resultfs in terms
of the cyelic degradation and liquefaction characteristics of the test soil
would be expe~ted to be relatively difficult.

To our knowledge, there are no commonly used in situ testing procedure:
for determining the in situ cyclic degradation characteristics of clays to
the level of accuracy and detail appropriate for the intermediate and final
stages of tie analysis and design of important structures located in
seismically active areas. The level of #fort that has been and still is
being directed at determining the in situ behavior of sands and silts during
earthquakes does not appear to have been directed at determining the in situ
behavior of clays.

An example of recent work in determining the cyclic degradation
characteristics of clays is the work of Briaud et al. (3). They discuss the

12



testing of clays using a cyclic pressuremeter. As indicated previously, the
cyclic pressuremeter offers considerable potential for certain important
problems, but is expected to have drawbacks with regards to determining the
behaviar of scils during earthquakes. We feel the most serious drawback with
regard to testing clayey soils would be the apparent limitation on the
intensity of the applied cyclic stress and thus, on the potentisl to induce
cyclic degradation. Drainage would not be expected to be a problcm when
testing clays using the pressuremeter. As a result, the difficulties
presented by a poorly defined sample would not be expected to be as large
when testing clays as when testing sands.

To our knowledge, there are no commonly used in situ testing procadures
for determining the in situ variation in the dynamic shear modulus with shear
strain. However, considerable effort has been directed toward developing
this capability. References | and 37 discuss in detail past efforts,
pointing out strengths and drawbacks of variocus proposed procedures.

Examples of recent work toward providing in situ testing procedures for
determining the in situ variation in the shear modulus with shear strain
include pressuremeter studies conducted by Esashi et al., (11) and Briaud et
al. (3) and developmental work undertaken by Sidey et al. (31).

The pressuremeter appears to be a potential means for determining the
variation in the shear modulus with shear strain. The greatest source of
uncertainty in interpreting shear moduli from test results would be expected
to be poorly defined sample boundaries. Since, in general,
volume change, porewater pressure buildup, and drainage would not be expected
to be dominant factars in tests for determining shear moduli, this
uncertainty may not be excessive.

Sidey et al. (31) presented feasibility and preliminary studies for a
borehole shear device. This device also appears to be a potential means for
determining the variation in the shear modulus with shear strain., With tuis
system, which is conceptually similar in some respects to our proposed
system, a single cylinder will be embedded into the test soil below the base
of a borehole. The cylinder will be excited cyclically in torsion and the in
situ variation in the shear modulus with shear strain will be inferred from
the response cof the system. Uncertainty would be expected in interpreting
soil properties since the boundaries of the test soil will not be
particularly well defined. However, as with the pressuremeter, this
uncertainty may not be excessive. The system does not appear to be compact
and portable; thus, the system would be expected to be difficult to use in
harsh (for example, offshore) or confined (for example, indoors)
envirconments.

There are a number of in situ methods in use for determining the in situ
low amplitude dynamic shear modulus; however, each has drawbacks or
limitatioans as discussed in detail in Ref. 37. For example, the widely
accepted seismic crosshole test, in which the wave propagation velocity in a
soil is measured, requires at least two boreholes; thus, this test may be
relatively expensive and difficult to use in ccurined or harsh environments.

Recently, testing procedures have been advanced for determining the low
amplituce dynamic shear modulus within a single borehole. These procedures
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include wave propagation procedures such as one developed by the Oyo
Corporation in Japan (no known reference) and one developed by K. H. Stokoe
et al. (33). With the Oyo system, the wavespeed of waves propagated along
the wall of a borehole is measured. Since these walls are generally quite
disturbed from the drilling process, measured wavespeeds are not expected to
correspond to wavespeeds in undisturbed soils. To our knowledge, the system
developed by K. H. Stokoe et al. has not yet been applied in practice. An
zlternative procedure developed by Hardin (14) involves a harmonically
rotating, cone-ended, torsional sleeve which may be either penetrated below
the base of a borehole or lodged against the walls of the borehole. In
either mode, the test soil is expected to be disturbed. The borehole wall
would have been disturbed by the drilling process, and, in penetrating the
cone-ended device below the base of a borehole, much of the soil in the test
zone would have been displaced by the device.

14



PROPOSED METHOD

In this section, we describe the proposed testing procedure in some
detail and discuss the major features of the procedure and various potential
modes of operation.

The proposed testing procedure is intended to provide accurate and
detailed descriptions of in situ cyclic and dynamic soil properties. This
information is needed for earthquake analyses involving foundation soils.

The level of accuracy and detail to be provided is intended to be appropriate
for the intermediate and final stages of the analysis and design of important
structures located in seismically active areas. Alternatively, the

procedure could be used as an index test.

The tesring procedure is intended to effectively combine attractive
features of laboratory and in situ testing while minimizing shortcomings.
The method will be direct. Cyclic earthquake-type shear loads will be
applied to a well-defined element of scil in a simple but effective manner.
The response of the test soil is expected to correspond closely to behavior
during earthquakes. Thus, uncertainties associated with the loading of the
soil and irs mode of failure will be reduced. Tests will be conducted in
situ and a number of steps will be taken to minimize disturbances to in situ
conditions. Thus, the very important effects of in situ factors are expected
to be captured in measurements. Several features are to be provided to help
indu_e the phenomena of interest and to simplify the interpretation of test
resuits. The information needed by sarthquake analyses will he directly
provided, minimizing intermediate interpretation. Also, the procedure is
expected to apply to most soils of interest. Finally, the method will
require only a single borehole s0 that it may be used in confined and harsh
environments.

Figures 3 and 4 show, schematically, the main componeats of the probe of
the testing system. Equipment above the probe is not shown. Using
conventional equipment and procedures, two concentric, thin-walled cylinders
#il11 be carefully penetrated below the base of the borehole. The test soil
will be the well-defined annular zone of soil between the two cylinders. A
cyclic or impulsive torque or cyclic rotation of selected amplitude will be
applied to the inner cylinder about its vertical axis to induce simple,
earthquake—type shear stresses and strains in the testr soil. In response,
the cylinder is expected to rotate or develop torque in a manner dependent on
the shear properties of the test soil. Both the torque and rotation will
be measured by transducers in the instrumented head'. Secondary responses
such as the buildup in excess porewater pressure could also be measured. The
torsional shear stress—-strain distributions that are expected to develop
within the test soil, while not complex, will be nonuniform; thus, soil
properties will be inferred by modeling tests analytically (soil-probe

'De Domenico (9)was awarded a patent in 1982 for a two cylinder testing
system for determining the static strength of soiis. This sysrem is
configured similarly to ours but functions differently than ours. After
penetration, the inner cylinder is removed leaving a pressurized membrane
in its nlace. Thus, lateral pressure is imposed on the test soil.

An annu.ar piston located between the two cylinders applies a vertical
load to the test soil causing the scoil to fail statically.
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interaction analysis) using available, well-tested, and easily adaptable
analysis procedures. Soil properties will be iteratively assumed until
computed and measured results agree acceptably. The final assumed properties
are expected to closely represent the in situ properties.

For demonstrative purposes, Fig. 5 presents, schematically, what we
would expect to be the most commonly used testing sequence. TFirst, an
impulse test would be conducted to determine dynamic shear moduli. An
impulsive torque would be applied to the inner cylinder. As shown in Fig.
5(a), the amplitude, frequency, and rate of decay of the oscillating
rotational response of the inner cylinder would be expected to be strongly
related to the shear stiffness of the test soil. For example, when testing
stiffer soils with higher shear moduli, we would expect the inner cylinder to
oscillate at lower amplitudes and higher frequencies.

After the impulse test, a law frequency, cyclic test would be conducted
to determine degradation and liquefaction characteristics. A cyclic torque
having a uniform amplitude would be applied to the inner cylinder. As shown
in Fig. 5(b), the rate of increase in the amplitude of the cyclic rotation of
the inaer cylinder and the ultimate value of this amplitude would be expected
to bc strongly related to soil characteristics. When testing highly
degradahble, liquefiable soils (loose sands), under appropriate levels of
loading, we would expect rapid inereases in the amplitude of rotation of the
inner cylinder with aa increase in the number of cycles of loading. When
testing such soils, if the excess porewater pressure were to rise to the
level of the confining pressure, liquefaction, resulting in virtually
unrestrained rotation 5f the inrer cylinder, would be expected. When testing
more easily liquefiable soils, we would expect liquefaction in fewer cycles.
As shown in Fig. 5(b), when testing moderately degradable, nonliquefiable
soils (dense sands, clays), we would expect only gradual increases in the
amplitude of the rotation of the inner cylinder with an increase in the
number of cycles of lezding. When testing dense sands, because of the
restraining effect of dilation, the inner cylinder would not be expected to
undergo unrestrained ratation regardless of the level of excess porewater
pressure. Generally, unrestrained rotations would not be expected when
testing clays either.

Currently, the testing procedure is to consist of a number of important
features and to involve important steps to preserve in situ conditions. Both
inner and outer cylinders are to have thin walls. As shown in Figs. 3 and 4,
the penetrating edges of the cylinders will be shaped to minimize
disturbance to the test soil during penetration. The inside of the outer
cylinder and the outside of the inner cylinder will be coated with a low
friction material to minimize disturbance to the test soi! caused by shear
during penetration and to minimize the development of residual shear stresses
in the test soil prior to testing. These surfaces are to be grooved
vertically to minimize slip during testing without excessively disturbing the
test soil during penetration. Additionally, we will relieve the penetration
force prior to testing to minimize static stresses developed in the test soil
as a result of penetration. We will also incorporate izatures to minimize
the influence of the soil within the inner cylinder on the mction of this
cylinder. The smooth inner wall of this cylinder will be coated with a low
friction material, soil will be diverted away from the inner wall by jutted
penetrating edges, shown in Fig. 4, and confining pressures acting on the
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s80il within the inmner cylinder will be minimized by providing excess volume.
The upper portion of the rotating inner cylinder will be shielded as shown in
Fig. 4. Thus, only the soil scme distance below the base of the borehole
will be excited and effects of the disturbances near the base of the borehole
will be reduced. An annular piston, shown in Fig. 4 and located between the
two cylinders, will apply an appropriate vertical pressure to the top of the
test soil to recreate, as clesely as possible, the vertical state of stress
existing prior to removal of soil from the borehole.

Two vertical pressure systems have been under consideration. The
simplest system would use a short stroke piston as shown in Fig. 6(a). Using
this system, a selected vertical pressure would be applied after penetration.
Because of the low friction o{ the walls of the innmer and cuter cylinders,
pricr to the application of the vertical stress the test soil would be
expected to be almost unloaded. After the application of the selected
vertical pressure, because of the low friction and the rigidity of the walls
of the cylinders, the lateral stress developed in the test soil would be
expected to correspond closely to that developed in a normally consolidated
level deposit. This is a very common practical condition and simple shear
tests have been contfigured to simulate this condition. In many practical
cases, the in situ lateral stress would be expected to either equal or exceed
the lateral stress corresponding to this condition. Thus, information on
liquefaction and degradation characteristics related to stability, obtained
under this condition, would generally bc conservative. Test results could be
corrected, if necessary, for different lateral pressures as is commonly done in
laboratory testing (28). Clearly, this would introduce uncertainty.

The second somewhat more complex system, shown in Fig. 6(b), will
consist of a long stroke piston which will move along the entire length of
the two cylinders. Similar piston systems have been used in samplers to
prevent excessive deformations during sampling (36). With this system, the
unloading of the test soil during penetration should be minimized and the
original in situ stresses acting on the test soil should be preserved
reasonably well. A selected vertical pressure would be applied at an early
stage during penetration. Because of the low friction of the cylinder walls,
elements of soil immediately ahead of the penetrating cylinders would be
expected to be subjected to approximately the vertical stress existing prior
to removal of soil from the borehole. The lareral stresses actin- on these
elements and the lateral deformations of these elements in response to the
applied vertical stress would be expected to be reasonably close to those
exigting prior to the removal of soil from the harehole. The passage of the
cylinders over an element would not be expected to alter the state of stress
and deformation of rhe element greatly because of the geometry, low friction,
and rigidity of the cylinders and tl - presence of the vertical pressure.
Thus, with this system we would expecr to preserve the in situ state of
stress reasonably well. Additionally, pressurizing the test soil early
during penetration is expected to reduce penetration-induced changes in void
ratio.

We plan to use the simpler system shown in Fig. 6(a) during the inictial
stages of research. During these stages, identifying the torque-rotation
characteristics of the testing system is of primary councern. This can be
done more effectively using the simpler vertical pressure system. Should the
testing system prove to be effective with the simpler system, we would then
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develop the second, more refined system.

Several features of the proposed testing system are expected toc help
induce the main phenomena of interest, cyclic degradation and liquefaction.
We expect to be able to apply shear loads to the test soil equally
effectively in either direction. Thus, there should not be test-imposed
limitations on the peak to peak amplitudes of the cyclic excitations which
can be applied. Therefore, we should be able to induce reasonably well the
eyclic degradation expected during earthquakes. The ocuter cylinder and the
piston are intended to impede the flow of water from the test soil during
cyclic tests carried out on permeable sands and silts. This should promate
the buildup in excess porewater pressure and thus, the developaent of cyclic
degradation and liquefaction. Alternatively, the outer and inner cylinders,
and the piston may function to impose approximately constant volume
conditions on the test soil. In this mode, instead of relying on excess
porewarer pressure, we would he relying on constant volume conditions (13) to
bring about the cyclic changes in effective confining pressure which give
rise to the cyclic degradation and liquefaction of sands and silts. Finally,
the ocurer cylinder would serve to confine the excitation energy in a
relarively small zone of soil. Thus, relatively high stresses should be
obtainable with a minimum ¢f power.

Also, several features of the proposed testing procedure are intended to
simplify the interpretation of test results bringing the test within the
descriptive capabilities of state-of-the-art analyses. The configuration of
the probe is intended to promote the development of a relatively simple state
of axisymmetric torsional shear stress and strain in the test soil. This
state is expected to be relatively easy to model with respect to stresses,
strains, and porewater flow. Additionally, the inner and outer cylinders,
and the piston will provide relatively well-defined boundaries which are
expected to be relatively easy to describe analytically. These boundaries
will also help isolate the test soil from its surrcundings. Thus, complex
interactions between the test svil and its surroundings should be reduced.
Such interactions were identified by Castro et al. {5) as possible
explanations for certain trends in the results from vane shear tests in sands.
Finally, the testing system will be designed to test relatively long samples
gso that effects of end conditions will be reduced.

We plan to use a descr., :ive soil-probe interacrion analysis to
accurately infer in situ soil properties from test results. References 17,
18, and 19, describe an applicable analysis procedure which was conceived and
developed by the technical advisor of our firm. This multidimensional,
dynamic, nonlinear, continuum analysis procedure has been proved capable of
accurately simularing the torsional, dynamic behavior of an axisymmetric,
soil-rigid body system. The analysis treats the soil as a nonlinear,
inelastic continuum and permits slip between the continuum and the rigid
body. This analysis will allow us to determine the low amplitude dynamic
shear modulus and the variation in the dynamic shear modulus with shear
strain. To be able to determine cyclic degradation and liquefaction
characteristics, we will extend the soil modeling to describe the degradation
of soil stiffness, liquefaction, and the flow of porewater within and out of
the test soil during testing. Appropriate modeling for these extensions is
discussed in Refs. 12, 20, and 22.
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Until appropriate models are well-developed, we will be unable to model
precisely the behavior of dense sands and silts at high levels of excess
porewater pressure, Current, commonly used, state-of-the-art models, such as
the ones we plan to use, do not model dilation. At this time, we do not
congider this limitation severely restrictive. The sands and silts that pose
the greatest problems in providing earthquake resistant structures are locser
sands and silits.

The proposed procedure should provide, with a minimum of intermediate
interpretation, the information required by commonly applied earthquake
analysis procedures such as DESRA (12) and CHARSQIL (35). This is because
the soil mcdeling to be used in the soil-probe interaction analysis will be
almost identical to that used in such analysis procedures.

Variations on tests are expected to be possible. Rather rhan an
impulsive torque, a high frequency, cycliec torgue could be applied to the
inner cylinder. This would be intended to give resonant response from which
shear moduli could be inferred. Similarly, low frequency, cyclic,
controlled-rotation tests could be used ro determine degradation and
liquefaction characteristics of sands and silts, rather than low frequency,
cyclic, controlled-torque tests.

Additionally, low frequency, cyclic tests involving sands and silts
could be conducted in two different modes, a constant pressure mode and a
constant volume mode. 1In the constant pressure mode, we would rely on excess
porewater pressure to cause the changes in effective confining pressure which
lead to the cyclic degradation and liquefaction of the test soil. In this
mode, the pressure initially applied by the vertical pressure system would be
maintained throughout a test. Tests would be carried out at frequencies high
enough to permit the development of significant excess porewater pressure, yetr
low enough to allow the effective simulation of earthquakes. In the constant
volume mode, we would rely on approximately constant volume condirions ([3) imposed
on the test soil to bring about the changes in effective confining pressure which
lead to cyclic degradation and liquefaction. In this mode, after the
applicarion of the selected vertical pressure, the position of the piston
would be maintained throughout a test. Some boundary flexibility would,
however, exist at the upper and lower ends of the test soil, Tests would be
carried out at frequencies low enough to avoid the development of significant
excess porewaler pressure.
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POTENTIAL BENEFITS

In this secrion, we discuss the main potential benefits of the proposed
testing system. These benefits, which include technical, safety, and
economic benefits, ore first discussed in general and then in detail.

The proposed in situ testing procedure is intended to advance our ability
to economically insure the integrity and reliabilicy of
soil=-structure-equipment systems during earthguakes. It is ro do so by
prcviding more accurate and detailed descriptions of in situ cyclic and
dynamic soil properties than can currently be provided. This would allow
more effective use of the costly and potentially powerful analysis procedures
used at the intermediate and final stages of the analysis and design of important
structures located in seismically active areas.

Currently, the effectiveness of such analysis procedures is limited by
our inability to define eyclic and dynamic soil properties accurately and in
detail. Thus, defining these properties more accurately and in greater
detail will reduce uncertainty and the potential for error in predicted
site-specific earthquake excitarions and predicted responses and stabilities
of soil-structure-equipment systems during earthquakes. In turn, this will
lead to greater safety, reliability, and economy of soil-structure-equipment
systems.

Technically, the proposed testing procedure should provide more accurate
and detailed descriptions of cyclic and dynamic soil properties by
effectively combining attractive features of in situ testing and laboratory
testing while minimizing shortcomings. The procedure will be direct. Cyclic
earthquake-type shear loads will be applied to a well-defined element of soil
in a simple but effective manner. The response of the test soil is expected
to correspond closely to behavior during earthquakes. Thus, uncertainries
associated with the loading of rhe soil and its mode of failure will be
reduced. Tests will be conducted in situ and a number of steps will be taken
to preserve in situ conditions. Thus, the very important effects of in situ
factors are expected to be captured in measurements. Several features are to
be provided to help induce the phenomena of interest and to simplify the
interpretation of test results. The method should apply to most soils of
interest. Also, by simulating tests analytically using models very similar
to those used in earthquak: analysis procedures, the methiod will provide,
with a minimum of inrermediate interpretation, the soil properties required
for earthquake analyses. Finally, the method will require only a sincle
borehole, so that it may be used in confined and harsh environments.

The technical benefits of the proposed resting procedure ar¢ expected to
produce significant safety benefits. For example, a ioose sand sample may
densify an unknown amount because of disturbances during recovery, transport,
and test preparation. As a result, the sample may show grester resistance to
liquefaction in a laboratory test than the sample had in the field. The same
sample may also lead to overestimates ir dynamic shear moduli or degradation
resistance. This may lead to unconservative estimates of site-specific
earthquake ground motions for soil-structure-equipment systems with low
natural frequencies (offshore structures, for example). Thus, laboratory
testing may lead to unconservative estimates of soil behavior. In contrast.
the proposed testing procedure, which is expected to minimize disturbances,
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would be expected to reduce the possibility of unconservative estimates of
soil behavior.

The technical benefits of the proposed testing procedure are also
expected to produce significant economic benefits without a reduction in the
targeted level of safety. For example, a dense sand sample may be loosened
during recovery, transport, and test preparation. As a result, in a
laboratory test, the sample may show less vesistance to liquefaction than the
sample had in the field. The same sample may also lead to underestimates in
dynamic shear moduli and degradation resistance. This may lead to
excessively conservative and costly predictions of site-specific earthguake
ground motions for soil-structure-equipment systems with low natural
frequencies (offshore structures, for example). Thus, laboratory testing may
lead to excessively conservative and costly estimates of scoil behavior. In
contrast, the propcsed testing procedure, which is expected to minimize
disturbances, would be expected ro reduce the possibility of excessively
conservative estimates of soil behavior.

Additionally, the proposed testing procedure may affect feasibility
decisions and design considerations. For example, using this procedure to
more fully and accurately account for in situ factors may prove a
liquefaction resistant structure to be economically feasible at a marginal
site. Similarly, for a superior site, use of the procedure may eliminate the
costly need to design and construct a structure to resist liquefaction. (The
additional cost for designing and constructing a large offshore platform to
resist a modest amount of liquefaction is conservatively estimated to be
several million dollars.) These possibilities arise as a result of the
very significant effects of in situ factors {age, stress history, etc.) on
liquefaction resistance {(28). For example, from Fig. 7 it may be inferred
that in situ factors can increase the resistance of a soil to initial
liquefaction by a factor of 2 to 3.5. Based on our experiences, we believe
that such and even lesser factors can have dramatic sffects on estimates of
the potential for liquefaction and its extent. Thus, using a procedure such
as the proposed procedure to preserve in situ conditions can be important to
feasibility decisions and design considerations.
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POTENTIAL COMMERCIAL APPLICATIONS AND USERS

In this section, we discuss the potential commercial applications of the
proposed tasting procedure. We also identify potential users of the
procedure or of the information provided by the procedure.

There are several important potential worldwide commercial applications
of the proposed testing procedure. Generally, the procedure is expected to
be useful for determining in situ cyclic and dynamic engineering soil
properties before, during, and after the construction of soil-structure-
equipment systems. The main application of rhe testing pracedure
is intended to be the design, construction, and maintenance of
soil-structure-equipment systems co insure resistance tc earthquakes.
additionally, the procedure is expected to apply to the design, construction,
and maintenance of 1) soil-structure-equipment systems to insure resistance
to water wave and blast loads, 2) machine foundations, and 3) delicate
soil-structure-equipment systems to insure isolat.on from vibrations.

Also, there are a number of potential users of the proposed testing
procedure or of tne information provided by the procedure. Potential users
include organizations involved in construction related activities, for
example, age.cies of governments, universities, geotechnical engineering
firms, o1l companies, and power companies.
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RECIPIENTS OF REPORT

The Office of Energy-Related Inventions (OERI) of the National Bureau of
Standards (NBS) is the only other organization, outside the NSF, which will
receive copies of this repnrt. Currently, the OERI is evaluating the
proposed testing procedure for possible support from the Department of Energy
(DOE). The proposed tesring procedure has been advanced to the second atage
of evaluation by the OERI.
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PHASE I OBJECTIVES, PROCEDURES, AND ACCOMPLISHMENTS

In this section, we discuss, in detail, the Phase I research objectives,
procedures, and accomplishments. The accomplishments cover the performances
of the proposed theoretical feasibility study, a supplementary theoretical
feasibility study, and the proposed operational feasibility study. First,
the theoretical feasibility study is presented, then, the supplementary
theoretical feasibility study is presented, and finally, the operaticnal
feasibility study is presented.

Theoretical Feasibility Study

Introduction and Summary

We conducted a theoretical feasibility study to determine the
theoretical feasibility of the proposed testing system. Tests were simulated
analyticallv considering expected ranges of selected soil properties.

Studies were carried out to determine the theoretical feasibility of the
testing system for obtaining 1) the low amplitude dynamic shear modulus, 2)
the variation in the dynamic shear modulus with shear strain, 3) the
degradation characteristics of clays., and 4) the degradation and liquefaction
characteristics of sands and silts.

Results from our study indicate that the proposed testing system is
theoretically feasible. The behavior of the testing system was predicted to
be sensitive to each soil property considered in a clear, physically
reasonable manner.

There were alsc secondary chjectives of the theoretical feasibility
study. These objectives were generally satisfied.

During our study, we identified one area requiring further study. The
configuration of the inner cylinder, specified for the preliminary design of
a laboratory research prototype testing system, was thought to be torsionally
more flexible, relative to the test soil, than we had originally considered.
As a result, we carried out a supplementary cursory study presented in the
subsection entitled Supplementary Theoretical Feasibility Study, pg. 63.

The study indicates that the inner cylinder may be torsionally flexible under
certain conditions. This may increase somewhat uncertainty in inferring soil
properties from test results. However, we concluded that because of the
number of effective steps which could be taken, if necessary, to mitigate this
concern, the proposed testing system should serve its stated purpose well.

Details are provided in the remaining subsections. We state the
objectives and general procedures of the theoretical feasibility scuady,
present and discuss analysis procedures used in the study, present and
discuss results from the study, and present conclusions.

Objectives

The main objective of the theoretical feasibility study was to determine
the theoretical feasibility of the proposed testing system for determining 1)
the low amplitude dynamic shear modulus, 2) the variation in the dynamic
shear modulus with shear strain, 3) the degradation characteristies of clays,
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and &) the degradation and liquefaction characteristirs of sands and silts.

There were also several secondary objectives of the theoretical
feasibility study. These objectives were |) to provide the design criteria
needed for the detailed design of the lahoratory research prototype testing
system scheduled for Phase 1I, 2) to develop an initial testing methodology
for Phase II laboratory research testing, and 3) to develop a simple but
effective analysis procedure for qualiratively checking, during Phase II, the
results from laboratory research tests and developmental results from
descriptive soil-probe interaction analyses, to be constructed as part of
Phase 1l research,.

General Procedures

The theoretical feasibility of the proposed testing system was
determined by simulating tests analytically considering expected ranges of
selected soil properties. If we predicted the behavior of the testing system
to be sensitive to a scil property in a clear, physically reasonable manner,
then we concluded that we could reasonably infer this property from the
behavior of the testing system and therefore, that the proposed testing
procedure is a theoretically feasible means for determining this property.

The secondary ohjectives of the theoretical feasibility study were
pursued in the following manners. We developed preliminary design criteria
needed for the prelirinary design of the laboratory research prototype
testing sysctem. We provided these criteria to the mechanical engineering
firm designing the system. Using these criteria, the firm developed a
preliminary design of the system. Using the preliminary design as a basis,
we had planned to revise our criteria to final design criteria, but
we did not carry out this last task. Therefore, this task will be proposed
for Phase II research. To satisfy the objective of developing an initial
testing methodology for Phase II testing, we reviewed the results of our
analytical simulaticns. Based on this review, we identified the most
promising modes of testing. Finally, the performance of the theoretical
feasibility study automatically satisfied the objective of developing a
simple, but effective, analysis procedure for use in Phase II research.

Analysis Procedures

In the following subsections, we present and discuss the analysis
procedures used for the theoretical feasibiliry study. Specifically, we
present and discuss our analyrical modeling, solution procedures, a solution
check procedure, assumptions, and validations of solution procedures.

Analytical Modeling--As shown in Fig. 8, the analytical model
developed for the theoretical feasibility study was a simple
single-degree-of-freedom, torsional spring-dashpot-mass moment of inertia
system. The spring represented the nonlinear, inelastic, degrading,
torsional reaction of the test soil to rotation of the ioner cylinder. The
dashpot represented viscous damping of the test soil. The mass moment of
inertia represented the rotational inertia of the inner cylinder, its
instrumented head, and an appropriate portion of the test soil.

The modeling involved the following elements: [) a relaricnship between
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the spring torque and the corresponding shear stress developed within the
test soil along the wall of the active {unshielded) portion of the inner
cylinder, 2) a relationship between the rotation of the rigid inner cylinder
and the shear strain developed within the test scil alcong the wall of the
active portion of the inner cylinder, 3) a relationship giving the tangent
spring stiffness of the single-degres-of-freedom system, &4) relationships
describing the nonlinear, inelastic, shear stress—-strain behavior of the test
soil, 5) relaticnships describing the cyclic degradation of shear
stress-strain behavior observed in clays, 6) relationships describing the
cyclic degradation of shear stress-strain behavicor observed in sands and
silts and the liquefaction of such soils, and 7) a relationship for the mass
moment of inertia of the effectively rotating =mass. These elements are
summarized below. Detailed derivations for e.ements 1), 2), and 3} are
provided in Appendix B.

Assuming a uniform distribution of shear stress in the vertical
direction within the test s0il along the wall of the inner cylinder (see Fig.
9), the following relationship was derived relating the charge in the spring
torque, ATg, to the corresponding change in the shear stress in the test soil
along the wall of the active portion of the inner cylinder, ATeg(r;):

AT

A[rs(t') - - —v 1
1 2 iril ( )
where ry = outer radius of inner cylinder

1 = active length of inner cylinder

A form of Eq. !, valid when damping and inertia forces are negligible, gives
the amplitude of the cyclic torque applied to the inner cylinder, T, as a
function of the corresponding cyclic shear stress ratio, TrA(ri)/avi=

Trpalr;)
2.= TA
TA = —Zﬂrilﬂui('Til) (2)
where Jyi = initial effective vertical stress

TrA(r{) = amplitude of cyclic shear stress

We derived a relationship between the change in the rotation of the
rigid inner cylinder, AC, and the change in the shear strain developed in the
test soil along the wall of the inner cylinder, AYy{(rj). For this, we
assumed an axisymmetric, linear, horizontal displacement distribution in the
test soil, as indicated in Fig. 10, and no slip between the cylinders and the
test soil. The derived relationship is given as:

AYr(r;) = -(+2-) 80 (3)

LT LT

where I, = inner radius of outer cylinder
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An expression for the tangent spring stiffness, Ky, was derived and is
given as:

2rrie,l
i*0
KT = t‘o-ri G(ri) (10)

where G{r;) = tangent shear modulus of test scil along wall of
inner cylinder

The tangent shear modulus, G(r;), needed to define the spring constant,
K, using Eq. &, was derived from the shear stress-strain model describing
the behavior of the test soil. #We used .wo models to represent the
undegraded, nonlinear, inelastic shear stress-strain behavior of the test
soil: a Ramberg-Osgood model (24) and a hyperbolic model (i2). The
hyperbolic model was used in simulating tests for determining the degradation
characteristics of clays and the degradation and liquefaction characteristics
of sands and silts, while the Ramberg-Osgood model was used in simulating all
other tests. The Ramberg-0Osgood model requires the definition of the low
amplitude dynamic shear modulus of the test soil, the shear strength, and
parameters describing the shape of the shear stress-strain curve. The
hyperbolic model requires only the definition of the low amplitude dynamic
shear modulus and the shear strength.

To represent the cyclically degrading shear stress-strain behavicr
expected when conducting low frequency, cyclic tescs in degradable clays, we
constructed a clay degradation submodel. This submodel corresponds to the
model presented in Ref. 20. Using this model, the cyclic degradation of
shear stiffness and strength was computed as a function of cyclic strain
amplitude and a degradation parameter describing the degradation
characteristics of the rest soil.

We used two models to represent the cyclically degrading shear
stress—strain behavio» expected when conducting low frequency, cyclic tests in
degradable sands and silts which could possibly liquefy. One model was
analytically-based and one was based on published test 4data.

The analytically-based method involved a sand and silt degradatioa and
liquefaction submodel corresponding to the model presented in Ref. 22. This
model is expected to predict, reasonably accurately, the behavior of loose,
liquefiable sands and the behavior of dense, nonliquefiable sands at lower
levels of excess porewater pressure. Using this model, excess porewater
pressure was computed primarily as a function of cyclic strain amplitude and
parameters describing the densification and rebound characteristics of the
test soil. Shear mol:ili and strength were cyclically degraded in accordance
with the computed excess porewater pressure. Liquefaction, the almosr compiete
loss of the stiffness and strength of a soil, was predicted if the excess pore-
water pressure rose to the level of the initial effective overburden pressure.
Alternatively, a shear failure could be pr-Zicted if the applied cyclic shear
stress exceeded the cyclically degraded shea: strength.
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We constructed the seceond model based upon published test data to more
realistically predict the behavior of dense sands at higher levels of excess
porewater pressure. One limitation with currently available sand and silt degra-
dation and liquefaction models, with which we are familiar, is that these models
do not fully take into account the restraining effects of ditation. These 2ffects
are gignificant for dense sands and prevent the unrestrained deformarion
which may develop in loose, liquefiable sands (see Fig. 2). The published
test data, which includes effects of dilation, relates the cyclic simple
shear stress applied to a commonly used test sand, the resulting cyclic shear
strain, and the relative density of the sand. Figure 1l taken from Ref. 28,
shows the test data. The figure gives the amplitudes of the cyclic shear
srrains developed in large, freshly prepared samples of Monterey No. O sand
subjected to cyclic simple shear stresses having uniform amplitudes.
Specifically, Fig. 11{a) presents the limiring shear strain amplirude
developed as a function of relative density. In this special case of freshly
deposited and identically prepared samples tested in the same pressure
environment, relative density essentially determines degradation and
liquefaction characterisrics. Figure 11(b) presents the shear strain
amplitude, developed after 10 cycles of loading, as a function of relative
density and shear stress ratio, TR/94. The quantities o} and T are the
initial effective vertical stress and the amplitude of the applied cyclic
horizontal shear stress, respectively.

The total mass moment of inertia was calculated assuming parameters for
the inner cylinder, the instrumented head, and the portion of the test soil
which we assumed would effectively rotate with the inner cylinder. Figure [2
presents assumed geometries and includes nomenclature. For our study, we
assumed a solid disk for the instrumented head and thin-walled cylinders for
the inner c¢ylinder and the zone of soil assumed to be effectively rotating.
Thus, using basic principles of mechanics, the total mass moment of inertia,
I, was estimated using the following expression:

. Y rqR1n] 1y . 2MYeRehe Lo R 21YgR3hglg (5)
g & 8

where g = acceleration due to gravity

Y14 = equivalent unit weight of Instrumented huad
= ynit weight of inner cylinder
= total unit weight of test soil

The remaining symbols are defined in Fig. 12.

Solution Procedures--We used two procedures for obtaining solutions:
a dynamic procedure and a static procedure. The dynamic procedure was used
ro simulare rescs for determining dynamic shear moduli and initially to
simulate tests for determining cyclic degradation and liquefaction
characteristics of sands and silts using the analytical model. The static
procedure was used later to simulate rests for determining cyclic degradation
characteristics of clays and cyclic degradation and liquefaction
characteristics of sands and silts afrer it was established that dynamic
effects were small (see Appendix A, pg. A-14). The dynamic effects were small
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because of the low excitation and response frequencies considered (leps).

With the dynam®c procedure, we simulated tests by solving the equation
of morjon for the single-degree-of-freedom system. Because of the
nonlinearity of rhe spring, we used a numerical integration procedure for
solving the equation of motion. Specifically, Je used the widely accepted
step-by-step procedure described in Ref. 6. This procedure is based on the
asgumptions of a linear variation in acceleration and constant properties
during computational time steps.

The basic steps used in the dynamic solution procedure are summarized
with reference to Fig. (3. At the beginning of a computational time step,
values are known fcr T, @, dO/dt, 426/dc?, and Kr. These values are either
specified as initial conditions, or are known from calculations for the
previous time step. The values for Ye(r;) and Tgg(r;) are obtained from O
and Ky, Past and curvent values for Ye(r;) and Tyg(r;) are used to obtain a
value for the strain-dependent, possibly degraded, tangent shear modulus of
the test spil along the wall of the inner cylinder, G{(r;). The corresponding
tangent spring stiffness, KT, is obrained from this tangent shear modulus
using Eq. 4. Values for 89 and A(dB/dt) are obtained for the rime step using
the above-mentioned numerical solution procedure. These values are used to
obtain new values for O, d9/dr, and 4°0/dt’. The process is rcpeated until a
solution has been obtained for the duration of interest.

With the static procedure, dynamic effects were neglected, and static
equilibrium was satisfied for selected times during the cyclic loading. With
this simplification, the torque applied to the instrumented head was equated
to the torque applied to the test soil. When using the analyticsl models to
describe cyclic degradation and liquefaction characteristics, w= obtained
solutions by satisfying equilibrium after each half-cycle of loading. The
shear modulus and streagth were degradea after each half-cycle. When using
the test data published by Seed ¢28) to define the degrading shear-stress
strain behavior of the test soil, we considered only a single time during any
test. As stated previously, this data relates the amplitude of the cyclic
simple shear stress applied to a test sand, the amplitude of the resulting
cyclic shear strain, and the relative density of the sand. To simulate tests
using the proposed testing system, we converted the stress amplitudes to
equivalent applied torque amplitudes using Eq. 2 and the corresponding strain
amplitudes to equivalent rotatjon amplitudes usingEq. 3. In the conversions,
we assumed the behavior of the soil to be independent of the planes on which
shear stresses develop. The converted data provided, for a range of cyclic
torque loadings and a given time during a test, the predicted amplitude of
the cyelic rotation of the inner cylinder as a function of relative density
(degradation and liquefaction characteristics).

Solution Check Procedure--We constructed an energy balance procedure
to help validate nonlinear dynamic solutions. The basic concept of the
energy balance is presented in Refs. it and 39 and is summarized in this
subsecrion.
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The key parameter of the energy balance is the energy ratio, Eg(t),
defined as:

SE{r) + KE{t) + DE(t)

oTey (6)

ER(I) a

where W(t) = work done on system by applied load
SE(t) = sum of energy lost in test soil due to hysteresis
and instantanecus elastic strain energy stored
within test soil
DE(t] = energy iost in test soil due to viscous damping
KE(t} = instantaneous kinetic anergy of rotating mass

The individual terms are given as:
a(c)
wit) = I(T(t) de (1)
)

o(e)
SE(L) = IOTS('_) de (8)

(c)
DE{t) = IUTD(t) do (9)

) dB,2
KE(t) = 7 1 (E) (10)

where T(t) = applied torque
9(t) = rotation of inner cylinder
Ts(t) = spring torque
Tpit) = damping torque
I = mass mowent of inertia of rorating mass

Equations 7, 8, and 9 may be effectively integrated by use of the
trapezoidal rule.

At any instant of time during a simulation, the value of the energy

ratio should equal one. That is, the work done on the system should equal
the sum of the energy lost by the system and the instantaneous energy stored
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by the system. A value cother than one may indicate either an invalid
solution or numerical ervor.

Agsumpt ions—-The simulations of tests involved several significant
simplifications or assumptiors: a lumped parameter system; a linear,
axisymmetric, horizontal disp.acement distribution in the test soil in
horizontal planes; uniform behavior ia the vertical direction; independence
in the behavior of the soil with respect to the planes on which shear
stresses develop; no apparatus friction or viscous damping; and no slippage.-
Also, we did not model the flow of porewater caused by gradients in excess
porewater pressure.

Even though the simple model was reasonably descriptive, because of the
simplifying assumptions and because not all important phenomena were
modeled, the model was expected to give results which were only qualitatively
accurate. However, the level of accuracy provided was judged sufficient and
appropriare for establishing feasibility and providing design criteria for a
prototype testing system.

Validations--Tn this subsection, we briefly degcribe the validations
which were carried out for the computer procedures used. The
validations are presented in detail in Appendix A. The computer procedures
validated included those which were used to simulate impulse and high
frequency, ecyelie tests for determining the low amplitude dynamic shear
modulus and the variation in the dynamic shear modulus with shear strain. and
low frequency, cyclic tests for determining the degradation characteristics
of clays and the degradation and liquefaction characteristics of sands and
silts.

Procedures were validated in various manners. Solutions were tested in
the linear range by comparison with closed-form solutions. Because
appropriate nonlinear, degrading, closed-form solutions were not found to be
available, we validated the nonlinear, degradation, and liquefaction
procedures by use of an energy balance {see Solution Check Procedure, pg.
36). We also studied solutions judgmentally to insure that they were
reasonable.

Presentation and Discussion of Results

In this subsection, we present and discuss the main results of our
theoretical feasibility study. To determine the theoretical feasibility of
the proposed testing system, we simulated representative tests analytically
considering expected ranges of selected soil properties. If the behavior of
the testing system was predicted to be sensitive to a soil property in a
clear, physically reasonable manner, then it was concluded that,
theoretically, the soil property could be inferred from test results and
therefore, that the testing system is a theoretically feasible means for
determining ¢his property. In the subsections that follow, we first discuss
model parameters common to most simulations and then, wediscuss, by property,
the simulations.

Model Parameters Common to Most Simulations--Several model paramerers
were common to most simulations. All tests were simulated assuming & probe
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having dimensions approximately compatible with commonly used drilling
equipment. The outer cylinder was assumed to have an inner diameter of 3 in,
and the inner cylinder, anouter diameter of | in. The active (unshielded)
length of the inner cylinder was assumed to be 8 in and the shielded length,
4 in. Thus, the annular element of rest scil was assumed to be 8 in rall and
1 in thick with an inner radius of 1/2 in. We roughly estimated a value of
0.00028 1b-sec’-ft for the mass moment of inertia of the rotating mass.
Referring to Fig. 12, for mass mouwent of inerria calculations, we assumed a
12 in long steel (weight per unit volume = 487 pcf) inner cylinder having an
outer radius of 1/2 in and a wall thickness of 1/16 in, and, arbitrarily, a
s0lid aluminum (weight per unit volume = 169 pcf) instrumented head having a
height of 1/2 in and a diameter of 3 in., The test soil considered to be
effectively rotating with the inner cylinder was assumed to be a cylindrical
volume of soil {(total weight per unit volume = 122 pcf) having a length of 8
in, a thickness of 1/2 in, and an inner radius of 1/Z2 in. We did not
consicer variations in the total weight per unit volume of the soil in our
predictions because variations in this parameter were expected to have little
effect on conclusions.

Low Amplitude Dynamic Shear Modulus--To determine the theoretical
feasibility of the proposed testing syscem for determining the low amplitude
dynamic shear modulus, we considered soil properties ranging from those
expected in a uniform, saturated, loose sand deposit at a shallow depth of 5
fr, to those expected in a uniform, dry, dense sand deposit at a depth of 50
fr. This range of properties is expected to cover reasonably well the
properties in deposits of clays and silts at similar depths. The depths
considered cover the shallower layers of a deposit. These layers usually
experience the greatest activity during earthquakes and therefore, require
the wost accurate definition for earthquake analyses. The lower bound of the
range for the low amplitude dynamic shear modulus was calculated to be
5. 14x10° psf while the upper bound was calculated to be 5.86x10° psf. These
bounds were calculated assuming a depth, effective unit weight, void ratio,
and coefficient of earth pressure at rest of 5 ft, 56 pcf, 0.85, and 0.6,
respectively, for the lower bound, and 50 fr, 122 pef, 0.35, and 1.0,
respectively, for the upper bound. The equation used to calculate the low
amplitude dynamic shear modulus is presented in Ref. 15. A value of viscous
damping correspording to 2T of critical damping was assumed. This is
representative of sands (25).

We simulated both low amplitude impulse tests and low amplitude, high
frequency, cyclic tests. The simulations of the impulse tests are discussed
first, after which the simulations of the high frequency, c¢yclic tests are
discusced.

For the simulations of low amplitude impulse tests, we considered a
torsional impulsive loading having a rectangular shape and a duration greater
than 1/2 the natural periodof the system. Thus, the impulsive loading was of
long duraticn Y6). The response of the inner cylinder to this type of
loading was a decaying rotaticnal oscillation. The amplitude of the loading
was 0.015 fr-1b. This induced only linear elastic behavior in the test soil
for the range of low amplitude dynamic shear moduli considered. The duraticn
of all loadings was 1.7 ms.
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Results are presented in Fig. 14. Figure l4(a) gives samples of the
predicted measured quantities while Fig. l4(b) gives selected parameters of
predicted measured quantities. The selected parameters include the peak and
the frequency of the cyclic rotation of the inner cylinder. The peak
rotation, in all cases, was the inirial peak.

The results of the study indicate that, during low amplitude impulse
tests, the behavior of the testing system will be sensitive to the low
amplitude dynamic shear modulus in a clear, physically reazsonable manner.
Referring to Fig. 14(b), the frequency of the oscillation of the inner
cylinder was predicted to be about 3 times larger when testing the most rigid
sand than when testing the least rigid sand while rthe amplitude of the peak
rotation of the inner cylinder was predicted to be about 10 times larger when
testing the least rigid sand than when testing the most rigid sand. In fact,
the peak rotation was predicted to be significantly more
sensitive to the low amplitude dynamic shear modulus than the shear wave
velocity {(tteoretically proportional to square root of low amplitude
dynamic shear modulus) measured in widely used seismic wave propagation tests
{in our example case, about 3 times more sensitive).

The results of this study are physically reasonable. One would expect,
for a given low amplitude loading, the peak roration of the inner cylinder
to be greate: and the frequency of oscillation to be
less, whan testing less rigid sand. Thus, it was concluded that conducting
impulse tests using the proposed testing procedure is a theoretically
feasible means for determining the low amplitude dynamic shear modulus.

For the simulations of low amplitude., high frequency, cyclic tests, we
considered a sinusoidal torque excitation. The response of the inmer
cylinder to this loading was a cyclic rotation consisting of a decaying
transient component and a steady state component. For a test soil of given
properties, frequency response curves were developed in the vicinity of the
damped natural frequency. The frequency response curves were developed by
maintaining the amplitude of the loading while varying the frequency. The
frequency response curves were based only on the steady state component of
the response. The amplictude of the loadings was 0.001 fc-lb. This induced
only linear elastic behavior for the range of low amplitude dynamic shear
moduli considered.

Results are presented in Fig. 15. Figure 15{(a) gives samples of
predicted measured quantities while Fig. 15/b) gives selected parameters of
the predicted measured guantities. The selected parameters include the
damped natural frequency of the cyclie rotation eof the inrer cylinder and the
amplitude of this rotation at the damped natural frequency.

The results of the study indicate that, during low amplitude, high
frequency. cyclic tests, the behavior of the testing system will be sensitive
to the low amplitude dynamic shear modulus in a clear, physically reasonable
manper. Referring to Fig. 15{b), the damped natural frequency of the
oscillation of the inner cylinder was predicted to be about 3 times larger
when testing the most rigid sand than when testing the least rigid sand and
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the amplitude of the cyclic rotation of the inmer cylinder at the damped
natural frequency was predicced to be about 10 times larger when testing the
least rigid sand than when testing the most rigid sand.

The results of this study are physically reasonable. One would expect,
for a given low amplitude loading, the amplitude of the cvelic rotation of
the inner cylinder ar the damped natural frequency to be less and the damped
natural fregquency to be greater when testing more rigid sand. Thus, it was
concluded that conducting high frequency, cyclic tests using the proposed
testing procedure is a theoretically feasible means for determining the low
amplitude dynamic shear modulus.

Based on our experiences in analytically simulating low amplitude
impulse tests and low amplitude, high frequency, cyclic rests, we cancluded
that the impulse test is a preferable test for determining the low amplitude
dynamic shear modulus. With the need to carry out a frequency sweep, the
high frequency, cyclic test is somewhat more complex than the impulse test.
Also, with the impulse test, it would be necessary to carry out simulations
only for a very shert duration te obtain the information required. 1In
contrast, because of the time needed to reach steady state conditions, with
the high frequency, cyclic test it would be necessary to carry out
simulacions for a relatively long duration.

Variation in the Dynamic Shear Modulus with Shear Strain--To determine
the theoretical feasibility of the testing system for determining the
variation in the dynamic shear modulus with shear strain, we varied the variation
in dynamic shear modulus with shear strain without varying other parameters. The
test soil was considered to have the same shear stress-strain behavior for low
levels of strain but we varied shear stress-strain behavior for high levels of
strain. To do this, we considered the test soil tc have a single low amplitude
dynamic shear modulus and shear stress-strain curve shape. However, we varied the
shear strength over 2 range that could be realistically expected for the selected
low amplitude dynamic shear modulus. Figure |6 presents the upper and lower
bounds for the shear stress-strain skeleton curves used for cur study.

For the study, we as 2d properties expected in sand deposits.
However, results are expected to apply equally to silts and clays.
The low amplitude dynamic shear modulus for each stress-strain curve was
2x10° ,sf. The Ramberg-0Osgood parameters defining the shape of the curves
were @ = |, C| = 0.8, and R = 5. The upper bound shear strength was
calculated to be 1500 psf while the lower buund was calculated to be 500 psf.
The low amplitude dynamic shear modulus and the shear strengrhs were
calculated assuming the followiang: depth = 6 ft, void ratio = 0.15,
coefficient of earth pressure at rest = 1.0, effective unit weight of soil =
122 pcf, and effective angle of internal friction = 42 deg for the lower
bound shear stress-strain curve, and depth = 77.5 ft, void ratio = (.85,
coefficient of earth pressure at rest = 0.6, effective unit weight of soil =
56 pcf, and effective angle of internal friction = 32 deg for the upper bound
shear stress-strain curve. The equations used tc calculate the low amplitude
dynamic shear moduli and the shear strengths are presented in Refs. 15 and
16. The shear strengths were averages of the shear strengths estimated
separately for horizontal and vertical planes. Intermediate values of
strength were also considered. The selected Ramberg- Qsgood shape parameters
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give stress-strain curves that closely match experimental data for sands
(24). A value of viscous damping corresponding to 2% of critical damping was
assumed. This value is representative of sands (25).

We simulated both impulse tests and high frequency, cyclic tests. The
simulations of impulse tests are discussed first, and then, the simulations of
high frequency, cyclic tests are discussed.

For the simulations of the impulse tests, weconsidered an impulsive
loading having a rectangular shape. The responge of the inner cylinder to
this loading was a decaying, cyclic rotation. To study the effects of
loading amplitude, we considered two different amplitudes for the torsional
impulsive loading: a medium amplitude of 2.7 ft-1lb, and a relatively high
amplirude of 5.2 ft-1b. These amplitudes were intended to induce shear
strains on the order of 0.0537 and 0.152, respectively, in the test sail
having a medium strength of 1000 psf. The duration of all the loadings was
I.| ms which, in each case, exceeded the time of occurrence of the first peak
of the rotation of the inner cylinder.

Results are presented in Fig. 17. Figure 17(a) gives samples of the
predicted measured quantities while Fig. 17(b) gives selected parameters of
the predicted measured quantities for the two amplitudes of loading. The
selected parameters include the peak roration of the inner cylinder and the
time to this peak. The peak rotation of the inner cylinder, in all cases,
was the initial peak. The time to this peak was used as & measure of the
apparent natural period of the nonlinear system for the level of strain
irduced; the greater the time to this peak, the greater was the appare:t
natural periocd of the cyclic rorartion of the inner cylinder. Results were
not plotted for simulations in which the strength of the test soil was
exceeded.

The results of the study indicate that, during impulse tests which
induce nonlinear shear stress-strain behavior in the test soil, the behavior
of the tesring system will be sensitive to the variation in the dynamic shear
modulus with shear strain in a clear, physically reasonable manner. For
example, referring to Fig. 17(b), for the medium amplitude of loading, the
peak rotation and the time to this peak were predicted to be about 2 times
larger when testing the weakest sand than when testing the strongest sand.
Similar behavior was also predicted for the high amplitude of loading.
Additionally, an increase in the peak rotation of the inner cylinder and an
increase in the time to this peak were predicted, for each case considered,
as the amplitude of the loading was increased.

The results of this study are physically reasonable. For loadings which
induce nonlinear shear stress-strain behavior, one would expect the peak
rotation of the inner cylinder and the time to this pezk to increase with
decreases in the shear rigidity of the test soil at high strains.
Additionally, one would expect the peak rotation of the inner cylinder and
the time to this peak to increase with increases in the amplitude of locading
when testing a given soil at strains for which the soil behavior is
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nonlinear. Thus, it was concluded that conducting impulse tests at higher
amplitudes of loading using the proposed testing procedure is a thecoretically
feasible means for determining the variation in the dynamic shear modulus
with shear strain.

For the simulations of high frequency, cyclic tests for determining the
varjation in the dynamic shear modulus with shear strain, we considered a
sinusoidal torque excitation. The response of the inner c¢ylinder to this
loading was a cyclic rotation consisting of a decaying transient component
and a steady state component. For a test soil of given properties, frequency
response curves vere developed in the vicinity of the apparent natural
frequency to determine useful response parameters. The frequency response
curves were developed by maintaining the amplitude of the loading while
varving the frequency. The frequency response curves were based only on the
steady state component of the response. Two amplitudes of loading were
selected: 2 medium amplitude of 2.2 ft-1b and a relatively high amplitude of
4.8 ft-1b. These amplitudes were intended to induce shear strains on the
order of 0.05% and 0.15%, respectively, in the test secil having a medium
strength of 1000 psf, at the apparent natural frequency. These strains
corresponded approximately ro rhose induced in the simularions of impulse
rests discussed previously in this subsection.

Results are presented in Fig. 18. Figure 18(a) gives samples of the
predicted measured quantities while Fig. 1!8(b) gives selected parameters of
the predicted measured dquantities for the two different levels of loading.
The selected parameters include the apparent natural frequency of the cyclic
rotation of the inner cylinder and the amplitude of the cyclic rotation of
the inner cylinder at the apparent natural frequency.

The results indicate that, during high frequency, cyclie tests which
induce nonlinear shear stress-strain behavior in the test soil, some
parameters describing the behavior of the testing system will 1 - sensitive to
the variation in the dynamic shear modulus with shear strain, v .le, under
some conditions, other pavameters may not. The behavior of the testing
system was physically reasonable. For example,
referring to Fig. 18(b), for the medium amplitude of loading, the apparent
natural frequency of the cyelic rotation of the inner cylinder was predicted
to be about 1.3 times greater while the amplitude or the cyclic rotation of
the inner cylinder at the apparent natural frequency was predicted to be
slightly larger when testing the strongest soil than when testing the weakest
soil. A similar trend was predicted for the apparent natural frequency for
the high amplitude of loading; however, the amplitude of the rotation of the
inner cylinder was predicted to be about 1.2 times smaller when testing the
strongest soil than when testing the weakest soil for which data was plotted.
Additionally, a decrease in the apparent natural [requency of the cyclic
rotation of the inner cylinder and an increase in the amplitude of the cyclic
rotation of the inner cylinder at the apparent natural frequency were
predicted as the amplitude of the loading was increased for any given set of
soil properties.

The results are physically reasonable. For lcadings which induce

nonlinear shear stress-strain behavior, one would expect decreases in the
apparent natural frequency of the cyclic rotation of the imner cylinder with
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decreases in shear strengtl while holding other parameters describing
stress-strain behavior constant. The decrease in shear stiffness and the
increase in hysteretic damping accompanying the decrease in shear strength
would both contribute to a reduction in the apparent natural frequency. The
insensitivity predicted for the amplitude of the cyclic rotation of the inner
cylinder at the apparent natural frequency when considering the loading
having medium amplitude was the result of the compensating effects of changes
in shear stiffness and corresponding changes in hysteretic damping.

For sinusoidal torque loads at the apparent

natural frequency, decreases in shear stiffness would be expected to result
in increases in the amplitude of the cyclic rotation of the inner cylinder
while the corresponding increases in hysteretic damping would be expected to
result in compensating decreases in this amplitude. The relative magnitudes
of these compensating effects would be expected to vary with strain. Thus,
the relationship between the amplitude of the cyclic rotation of the inner
cylinder and the variation in the dynamic shear modulus with shear strain is
predicted to be complex and may not show obvious trends. Finally, one would
expect the predicted decreases in the apparent natural frequenecy of the
cyclic rotation of the inner cylinder and increases in the amplitude of the
cyclic rotation of the inner cylinder at the apparent natural frequency with
increases in the amplitude of the loading, assuming a given set of soil
properties. Thus, because at least one parameter of the response of the
testing system was predicted to be sensitive to the variation in the dynamic
shear modulus with shear strain in a clear, physically reasonable manner, we
concluded that conducting high frequency, cyclic tests using the proposed
testing procedure is a theoretically feasible means for determining the
variation in the dynamic shear modulus with shear strain.

Based on ou~ experiences in simulating impulse tests and high frequency,
cyclic tests which induce high levels of shear strain, we concluded that the
impulse test would be a preferable test for determining the variation in the
dynamic shear mocdulus with shear strain. With the need to carry out a
frequency sweep, the high frequency, cyclic test is somewhat more complex
than the impulse test.

Degradat ion Characteristics of Clays--To determine the theorefical
feasibility of the proposed testing system for determining the degradation
characteristics of clays, a range of soil conditions was established by
varying the degradability of the test soil while maintaining
constant the parameters describing the undegraded shear stress-strain
behavior (behavior expected during first cycle of loading). Thus, elements
of soil at a single depth in uniform, satuvated deposits were considered. We
did not vary depth since behavior for different depths was
expected to be qualitarively similar.

The degradability of the soil was varied by assuming three different
degradation parameter functions (20). These functions, which describe cyclic
degradation characteristics, are shown in Fig. 19. The ifunctions describe
the characteristics of a highly degradable, a moderately degradable, and a
nondegradable clay. The average degradation paramcter curve presented by
Idriss et al. in Fig. 12 of Ref. 20, was used to describe the degradation
characteristics of the highly degradab’e soil while 0.5 times this function
was used to describe the degradation characteristics of the moderately
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degradable soil. The base curve was converted to terms of shear strain from
terms of normal strain (20) by assuming Poisson's ratio = 0.5 and linear
elastic behavior. The degradation parameter function for the nondegradable
¢lay was 2ero over the entire range of shear strain.

The low amplitude dynamic shear modulus and shear strength were
calculated to be 720,000 psf and 660 psf, respectively. The depth, effective
unit weight, veid ratio, coefficient of earth pressure at rest, effective
angle of intermal friction, and cohesion were assumed to be 50 ft, 44 pcf,
1.3, 0.6, 28 deg, and O psf, respectively. The equations used to calculate
tie low amplitude dynamic shear modulus and the shear strength are presented
in Ref. 15. The shear strength was the average of the shear strengths
estimated separately for horizontal and vertical planes. Since solutions
were obtained by the static procedure, we did not assume a value for viscous
damping.

Guided by current laboratory practice for determining clay degradation
characteristics Y20), we considered a low frequency, cyclic excitation having
a uniform rotation ampiitude. The inner cylinder responded by
developing the low frequency, cyclic torque needed to maintain the imposed
rotation. Three amplitudes of rotation were considered: a high amplitude
equal to 0.02 rad, a medium amplitude equal to 0.0} rad, and a low amplitude
equal te 0,004 rad. These amplitudes, intended to induce various levels of
degradation, were predicted to cause cyclic shear strains in rthe test soil
along the wall of the inner cylinder having amplitudes of 3%, 1.8%, and 0.6%,
respectively.

Results are presented in Fig. 20. Figure 20{(a) gives samples of the
predicted measured quantities. Figure 20(b) gives a selected parameter of
the predicted measured quantities as a function of the number of cycles of
loading for the various levels of degradability and the various amplitudes of
excitation considered. The selected parameter was the
amplitude of the cyclic torque developed by the inner cylinder, averaged over
each cycle.

The results of the study indicate that the behavior of the testing
system will be sensitive to the degradation characteristics of a clay in a
clear, physically reasonable manner. For example, referring to Fig. 20(b),
with the high rotation amplitude impcsed on the inner cylinder, the amplitude
cf the cyclic torque developed by the inner cylinder was predicted to be
abour 50Z less after 50 cycles of loading when testing the highly degradable
clay than when testing the nondegradable clay, and about 30% less when
testing the moderately degradable clay. Qualitatively similar behavior was
predicred for the other amplitudes of loading. Also, as shown in Fig. 20(b),
it was predicted that, when testing the highly degradable clay, the amplitude
of the torque developed by the inner cylinder would decrease by about 502 in
50 . ¢les at the high amplitude of roiation, by about 257 at the medium
ampl itude, and by about 20% at the low amplitude. Qualitatively similar
behavior was predicted for the clay having medium degradability while
degradation was not predicted for the nondegradable clay.

The results of the study are physically reasonable. Because the test
soil will be more susceptible to degradation when it is more degradable and
subjected to larger loads, one would expect the amplitude of the cyclic
torque developed by the inner cylinder to be less after a given number of
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cycles of rotation when testing a more degradable clay at a given amplitude
of rotation and when testing a clay of given degradabilicy at higher
amplitudes of rotarion. Thus, it was concluded that the proposed testing
procedure is a theoretically feasible means for determining the degradation
characceristics of clays.

Degradation anj Liquefaction Characteristics of Sands and Silts--To
determine the feasibility of the proposed testing system for obtaining the
degradation and liquefaction characteristics of sands and silts, we modeled
the degradarion and liquefaction characteristics of the test soil
analytically and by the use of published test data (see Solution Procedures,
pg. 36). The published test data was used to more fully take into account
the restraining effect of dilation.

The range of soil conditions considered for the study based on the
analytical model was established by varying the degradation and liquefaction
characteristics of the test soil. Also, we varied the undegraded
shear stress-strain behavior (behavior expected during first cycle of
loading} to be consistent with the degradation and liquefaction
characteristics of the test soil. Elements of sand at a single depth
in uniform, saturated deposits were consideved. We did not vary depth since
behavior for difterent depths was expected to be qualitatively
similar. Also, silts were expected to behave similarly to the sands.

The test soil was assumed to have high, medium, and low resistance to
degradation and liquefaction. The parameters defining the three models are
presented in Table . Values for the parameters defining the degradation and
liquefaction characteristics, Cy, Cy, C3, C4, ky, m, and n, were obtained
from Ref. 23. The low amplitude dynamic shear moduli were calculated using
the equation presented in Ref. 15. Strengths were estimated iteratively such
that the sands having low, medium, and high resistance to degradation and
liquefaction showed approximately the same resistance to initial
liquefaction, under cyclic simple shear loading, as freshly deposited
Monterey No. O test sand (see Ref. 28) at relative densities of 547, 73%, and
907, respectively. For the strength estimates, we constructed a simple
model to simulate cyclic simple shear tests. We iteratively assured shear
strengths until the behavior predicted with this model agreed reasonably well
with the data presented in Ref. 28, Figure 2! shows comparisons between the
behavior predicted by our simple shear model at the final stage of iteration
and that observed during the tests reported by Seed. Because of the
approximate nature of our study, we did not distinguish between initial
liquefaction and shear failure (see Analytical Modeling, pg. 32).

The range of soil conditions considered for the study based on the
published test data was also established by varying the degradation and
liquefaction characteristics of the test soil. Elements of sand at a
single depth in uniform, saturated deposits were considered. We did not vary
depth since behavior for different depths was expected to be
qualitatively similar. Silts were expected to behave similarly to the sands.
The degradation and liquefaction characteristics of the test soil
were varied by varying the relative density. Figure !| presents the
published test data {see Solution Procedures, pg. 36). In this special case
of freshly deposited and identically prepared samples of sand tested in the
same pressure environment, relative density essentially determines
degradation and liquefaction rharacteristics. Broad ranges of degradation
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Low Medium High

Parameters Resistanc. Sand Resistance Sand Resisrance Sand
2 (ftr) 25 25 25
Gmo (psf) 1,550,000 1,700,000 1,810,000
Tmo (psf) 800 1200 1400
¥ (pcf) 63 66 68
e 0.66 0.59 0.54
D, (%) 54 75 90
Ko 0.50 0.45 0.40
z 0.02 0.02 0.02
C,‘ 0.6606 0.52 0.346
Gz‘ 1.968 2.518 3.536
Cy! 4.761 4.569 3.707
CQ' 1.865 3.706 3.025
m! 0.43 0.43 0.43
n! Q.62 .62 0.62
kz’ 2.0025 ’ 0.0025 0.0025

lAfrer Martin et al., (1981)

Table 1: Parameters Defining Anmalytically-Based Models - Degradation and
Liquefaction Characteristics of Sands and Silts Study
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and liquefaction characteristics were assumed. The sand was congidered to
have relative densities ranging from 401 (very licrle resistance to
liquefaction and degradation) to 1002 (highly resistant to liquefaction and
degradation). Consistent with the study based on the analytical model, we
« 1sidered an element of soil at a depth of 25 ft. A single effective unit
weight of 60 pcf was assumed.

Guided by current laboratory practice for determining the cyclic
degradation and liquefaction characteristics of sands and silts, we
considered a low frequency, cyclic, controlled-torque excitation having a
uniform amplitude. The response of the inner cylinder was
a low frequency, cyclic rotation. When using the analytically-based modJel,
tests we.e simulated assuming amplitudes of applied torque which induced
shear stress ratios ranging in value from 0.075 to 0.40, When using the
model based on the published test data, we simulated tests assuming
amplitudes of applied torque which induced shear stress ratios ranging in
value from 0.15 to 0.40.

Figures 22 and 23 present results. Figure 22(a) presents samples of
predicted measured quantities obtained using th2 analytically-based model.
Figures 22(b) and (c) present a selected parameter of the predicted measured
quantities as a function of the number of cycles of loading for the various
soil conditions and amplitudes of loading (indicated in Fig. 22 as high,
medium, and low stress ratios). The selected parameter was
the amplitude of the rotation of the inner cylinder. Expected responses when
taking dilation fully into account are sketched in Figs. 22(b) and (c).
Figure 23 presents parameters obtained using the model based on the published
test data. Figure 23(a) gives the estimated amplitude of the rotation of the
inner cylinder after 10 cycles of loading as a function of the amplitude of
the applied cyclic torque and relative density. Figure 23(b) gives the
estimated limiting amplitude of the cyclic rotation of the inner cylinder as
a function of relative density.

The results of the study inveolving the analytically-based model indicate
that the behavior of the testing system will be sensitive to the degradation
and liquefaction characteristics of a sand. Referring to Fig. 22, it was
predicted that for a medium torque amplitude (medium stress ratiol} it will
take about (5 times as many czcles of loading for the inner cylinder to reach
a rotation amplitude of 5x107" rad when testing the sand that is highly
resistant to degradation and liquefaction than when testing the sand having
low resistance. Also., it was predicted that when testing the sand having
medium resistance, it will take about 15 times as many cycles for the inner
cylinder to develop a rotation amplitude of Sx10™" rad when applying a torque
having a low amplitude of 1.4 fr-1b (low stress ratio) as when applying a
torque having a high amplitude of 2.9 ft-1b (high stress ratio). Finally, it
was predicted that the inner cylinder wculd develop unrestrained rotations in
about 16 times as many cycles of loading when testing the sand having high
resistance to liquefaction and degradation at the medium amplitude of loading
(medium stress ratio) than when testing the sand having low resistance.
Unrestrained rotation of the inner cylinder indicated either liquefaction of
the test soil or shear failure.

The results of the study are physically reasonable for 10ose sands and for dense

sands at lower levels of excess porewater pressure. Inthese cases, the amplitudeof
the cyclic rotation of the inner cylinder would be expected toincrease at a
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greater rate with an increasse in the number of cycles of loading when testing
sands less resistant to liquefaction and degradation and when applying higher
wmplitudes of torque to the inner cylinder. Additionally, when testing loose
sands the inner cylinder would be expected to undergo unrestrained rotations
if loadad sufficiently.

However, the results are not physically reasonable for dense sands at higher
levels of excess porewater pressure. Because of the restrainingeffect of dilation,
the inner cylinder would not be expected to undergo unrestrained rotation when
testing a dense sand regardless of rhe level of extess porewater pressure.
Rather, as sketched in Figs. 22(b} and (¢}, the inner cylinder would be
expected to develop a limited amplitude of rotation. As explained in the
section entitled PROPOSED METHOD, pg. 22, current, commonly used,
state-of-the-art analytical models, such as the one we used, do not model
dilation. As a result, we were unable to model effectively the behavior of
dense sands at high levels of excess porewater pressure using analytical
models. Thus, from the results obtained using the analytically-based model,
we were only able to conclude that the proposed testing procedure is a
theoretically feasible means for determining the degradation and liquefaction
characteristics of looser sands and silts and the degradation characteristics
of denser sands and silts at lower levels of excess porewater pressure.

The results of the study involving the published test data indicate that
the behavior of the testing system will be sensitive to the degradation
and liquefaction characteristics of all sands at higher levels of excess pore-
water pressure. For example, referring to Fig. 23(a), when applyinga cyclic torque
having an amplitudeof 3.3 ft~1b, itwas predicted that, after 10 cycles of loading,
the inner cylinder will develop a rotation .amplitude when testing a sand
having low resistance to liquefaction and degradation (relative density =
55%) about 5 times larger than that developed when testing a highly resistant
sand (relative density = 90X). Additionally, referring to Fig. 23(b}, the
liriting amplitude of the rotation of the inner c¢ylinder was predicted to be
about 4 times larger when resting the sand having low resistance to
liquefaction and degradation than when testing the highly resistant sand.
Also, as shown in Fig. 23(b), with sufficiently large amplitudes of applied
torque, virtually unrestrained rotations of the inmer cylinder were predicted
when testing the sand at relative densities less than abour 45Z. This
indicated liquefaction of the test soil.

These results are physically reascnable. One would expect both the amplitude
of the cyclic rotation of the inner cylinder after an arbitrary number of
cycles of loading and the limiting amplitude of this rotation to be less when
testing sands with greater resistance to liquefaction and degradation. Also,
one would expect liquefaction after a sufficient number of cycles of loading
at an appropriate amplitude when testing sands having little resistance to
liquefaction. Thus, it was concluded that the proposed testing system is a
theoretically feasible means for determining the degradation and liquefaction
characteristics of sands and silts.

Figures 24 and 25 are presented for demonstrative purposes. These
figures show plots of other information that was computed, using the
analytically-based model. This type of information could be derived from
measured data by soil-probe interaction analysis. Figure 24{a) gives the
buildup in the excess porewater pressure within the test soil as a function
of the number of cycles of loading at a high shear stress ratio, while Fig.
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25(a) similarly gives the amplitude of the cyclic shear strain within the

test soil. Such information may be used to develop typical presentations of
degradation and liquefaction characteristics such as those shown in Figs.

24(b) and 25(b). Figure 24(b) presents the shear stress ratic as a function of
the number of cycles of locading required to cause the excess porewater pressure
to trise tu the level of the initial effective vertical stress {liquefaction

in looser sands) or to cause shear failures for the various soil conditions.
Figure 25{(b) presents similar information in terms of a

specified level of the amplitude of the ¢yclic shear strain rather than a
specified level of excess porewater pressure.

Conclusions

In this subsection, we itemize the main conclusions resulting from the
theoretical feasibility study. These conclusions directly relate to the
objectives presented in the subsection entitled Objectives, pg. 28.

1) The proposed testing system is a theoretically feasible means for
determining the low amplitude dynamic shear modulus, the variation in the
dynamic shear modulus with shear strain, the degradation characteristics of
clays, and the degradation and liquefaction characteristics of sands and
silts.

2) The theoretical feasibility study served as a basis for rhe
preliminary design criteria needed to conduct an operational feasibility
study for determining the operational feasibility of a laboratory research
prototype testing system and to develop a preliminary design for such a system.

3) Based on the results of the theoretical feasibility study, an
initial testing methodology was established for Phase I1 research involving
the laboratory testing of a research prototype testing system. The impulse
test was selected as the preferable test for determining dynamic shear
moduli. Using conventional practice as a guide, the low fregquency, cyclic,
controlled-roration test was selected as the initial testing mode for
determining the degradation characteristics of clays, while the low
frequency, cyclic, controlled-torque test was selected as the initial testing
mode for determining the degradation and liquefaction characteristics of
sands and silts.

4) The analytical procedures, developed as part of the theoretical
feasibility study, will serve as simple, but effective means
for qualitarively checking, during Phase Il research, the results from
laboratory tests involving a research prototype testing system, and
developmental results from descriptive soil-probe interaction analysis
procedures, to be constructed as part of Phase II research.

5) We found two unexpected results in the theoretical feasibility study.
The peak rotation of the inner cylinder during long duration impulse tests for
determining the low amplirude dynamic shear modulus was predicted to be
significantly more sensitive to the low amplitude dynamic shear modulus than
the shear wave velocity. Laboratory testing would be required to confirm
this finding. Also, the results of our study indicate that the impulse test
may be preferable to the high frequency, cyclic test for determining dynamic
shear moduli.
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Supplementary Theoretical Feasibility Study

Introduction and Summary

We conducted a cursory supplementary thecretical feasibility study in addition
to our proposed theoretical feasibility study. The purpose of this supplementary
study was C0 estimate roughly the rotational Elexibility of the inner cylinder, as
configured in the preliminary design of the testing system, relative to the
rotational flexibility of the test soil. The estimate was made to determine
whether special acrention would be required as a result of such relative
flexibility. For our theoretical feasibility study, we assumed rigid
behavior for the inner cylinder. Rigid behavior is desired mainly so that
the measured rotational motions will be due entirely to the rotation of the
test soil. Because af project limits, we estimated the rotational
flexibility of the inner cylinder relative to that of the test soil only during
low frequency, cyclic, controlled-torque tests for determining the
degradation and liquefaction characteristics of sands and silts. This mode
of testing is expected to be the main capability of the proposed testing
system.

The results of our cursory study indicate that the inner cylinder, as
configured in the preliminary design of the testing system, may be
rotationally flexible relative ro the rest soil during the initial cycles of
loading. However, the inner cylinder was predicted to be rotationally rigid
in comparison to the degraded test scil during the later cycles of loading.

Based on the results of the study, we concluded that the estimated
rotational flexibility of the inner cylinder would increase uncertainty in
inferring soil properties from test results. Nevertheless, because of the
many promising mitigating steps which could be taken, if necessary, to reduce
the uncertainty caused by flexibility of the inner cylinder, we feel that the
proposed testing system will serVe its stated purpose well and will advance
our ability to determine in situ cyclic and dynamic soil properties.

We provide details in the remaining subsections. We state the objective
and procedures of the supplementary theoretical feasibility study and present
and discuss results, mitigating steps, and conclusicus.

Objective

The objective of this supplementary study was to provide a rough
estimate of the rotatienal flexibilicy of the inner cylinder, as configured
in the preliminary design of the testing system (see report from Sweer &
Aiken, Inc., in Appendix C), relative to the rotarional flexibility of the
test soil. The estimate was made te help determine whether any special
attention should be directed toward the issue of the rotational flexibilirty
of the inner cylinder. Rigid behavior is desired, mainly, so that the
measured rotational motions will be entirely due to the rotation of the test
soil. The study was conducted considering only the low frequency, cyelic,
controlled-torque test for determining the degradation and liquefaction
characteristics of sands and silts. This testing mode is expected to be the wmain
capability of the proposed testing system.
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Procedures

In this subsection, we discuss the procedures used to estimate the
rotational flexibility of the inner cylinder relarive to that of the test
soil during low frequency, cyclic, controlled-torque tests. This relative
flexibility was estimated for the initial cycle of loading, before
significant degradation of the test soil is expected to have taken place.
Estimates were also made for the ultimate cycle of loading during which the
test soil is expected to have either liquefied or developed limited cyclic
deformations. However, for the ulrimate cycle of loading we estimated the
rotational stiffness of the inner cylinder relative to that of the resr soil.
Estimates were made assuming expected ranges of soil conditions and applied
torque. In our estimates, we did not consider the rotational flexibility of
the inactive portion of the inner cylinder. Since this portion will not
interact with the test soil, the effects of the rotational flexibility of
this portion could be taken into account quite accurately.

The rotational flexibility of the inner cylinder relative to that of the

test soil during the initial cycle of loading, F;, was estimated using the
following relationship:

11/ 33 (05-05) ;]

F. =
! _(rﬂ'fi 1 T/27ril ] (rn
o (Gmo/Tmo) (~T/21ril) = Gpg
where r; = outer radius of inner cylinder
ro = inner radius of cuter cylinder
Do = outer diameter of inner cylinder
D; = inner diameter of inner cylinder

= shear modulus of inner cylinder
1 = active length of inner cylinder
= undegraded low amplitude dynamic shear modulus of
test soil
Tme = undegraded shear strength of test soil
T = applied torque

Equation 11 gives the ratio of the static twist of the active portion of the
flexible inner cylinder alone., caused by a static torque acting throughout
the cylinder, to the static rotation of a rigid inner cylinder embedded in
the undegraded test soil, caused by the same torque. Thus, the flexible
inner ecylinder and the test soil were considered independently. Also,
rotations estimated for the rigid inner cylinder were caused entirely by the
rotation of the rest soil. A derivation forEq. 1l is presented in Appendix
B, pg. B-4.

"he following equation was used to estimate the rotational stiffness of
the inner cylinder relative to the rotational stiffness of the test soil
during the ultimate cycle of loading, Sy:
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where Yeyalri) = amplitude of cyclic shear strain developed in test soil along
wall of inner eylinder during ultimate cycle of loading

Equation 12 gives the ratio of the amplitude of rhe low frequencv, cyclic

rotation of the inner cylinder caused by a eyclic torque assuming the inner
cylinder to be rigid and embedded in fully degraded test soil, to the

static twist of the flexible inner cylinder alone, caused by a torque equal invalue
to the amplitude of the cyclic torque and acting throughout the cylinder.

Thus, the flexible inner cylinder and the test s0il were considered

independently. Also, rotations estimated for the rigid inner cylinder were

caused entirely by the rotation of the rest soil. A derivation forEq. 12 is
presented in Appendix B, pg. B-6.

To apply Eq. 12, the amplitude of the cyclic shear strain developed in
the test soil along the wall of the inner cylinder during the ultimate cycle of
loading, Yryalr;), was estimared using the published rest data presented by
Seed (28) and shown in Fig. 11(a). This figure gives, as a function of
relative density, the limiting amplitudes of shear strain that developed in samples
of sand in response to cyclic shear stresses applied to the samples. The data
and the use of the dara are discussed more fully in the subsection enticrled
Solution Procedures, pg. 36. In using Eq. 12, we assumed that the limiting
strains were independent of the applied stresses (28). Thus, the applied
torque did not affect our predictions of the rotations developed by the test
soil during the ultimate cycle of loading.

Presentation and Discussion of Results

In this subsection, we present and discuss the results of our study of
the rotational flexibility of the inner cylinder relative to that of the test
soil. To estimate both the rotational flexibility and stiffness of the inner
cylinder relative to the test soil, we assumed a steel inner cylinder having
an active length of 8 in, an outer diameter of ! in, and a wall thickness of
1/16 in. These dimensions were based roughly on the configuration of the
inner cylinder in the preliminary design of the testing system {see report
from Sweet & Aiken, Inc., Appendix C).

The soil properties considered correspond to those expected in a loose,
uniform, saturated sand deposit having low resistance to degradation and
liquefaction and those expected in a dense, uniform, saturated sand deposit
having high resistance to degradation and liquefaction. The following
conditions were assumed for rhe loose and dense deposits, respectively:
coefficient of earth pressure at rest = 0.6 and 0.4, effective angle of
internal friction = 32 deg and 4! deg, void ratio = 0.85 and 0.534, and the
effective unit weight = 56 and 68 pcf. Properties were obtained for depths
of about 5 and 75 fr. For these depths, the strengths of the loose deposit
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were estimated to be 100 and 1450 psf, and the strengths of the dense

deposit were estimated to be 200 and 3600 psf, respectively. Alsoc, for
these depths the low amplitude dynamic shear moduli were estimated to be
514,000 and 1,990,000 psf for the loose deposit and 723,000 and 3,100,000 pst
for the dense deposit. respectively. The shear strengths for the loose
deposit and shear moduli for both deposits were calculated using expressions
presented in Refs. 15 and 16. These shear strengths were averages of the
shear strengths estimated separately for horizontal and vertical planss. The
strengths for the dense deposit were estimated by calibrating a simple shear
model to test data presented by Seed (28) (see Degradation and Liquefaction
Characteristics of Sands and Silts, pg. 53). Torques representing various
levels of applied shear stress ratio, T1p4(r;)/5,;. were considered. An
amplitude of cyclic shear strain equal to 407 was taken to represent
liquefaction (see Fig. 1i1{a)).

Summaries of results are provided in Table 2. Table 2(a) provides the
rotational flexibility of the active portion of the inner cylinder, relative
to that of the test soil, during the initial cycle of loading for the various
soil and test conditions considered. Table 2(b) provides the rotational
stiffness of the active portion of the inner cylinder, relative to that of
the test soil, during the ultimate cycle of loading for the various soil and
test conditions considered.

The results of the cursory study indicate that during the initial cycles
of loading during low frequency, cyclic, controlled-torque tests for determining
the degradation and liquefaction characteristics of sands and silts, the
inner cylinder of the testing system may be rotationally flexible relative to
the test soil. This relative flexibility may be a source of uncertainty in
inferring soil properties from test results. This relative flexibility, and
the uncertainty ic may introduce, is predicted to be greatest when testing
stiff, dense sand deposits at great depth using low levels of excitation.

The rotaticnal flexibility of the inner cylinder was predicted to decrease
relative to the test soil with higher levels of excitation because higher
torques caused decreases in the stiffness of the nonlinear test scil butr not
of the linear inner cylinder.

The results also indicate that, under all conditions, the inner cylinder
will be rotationally very rigid in comparison to the test soil during the
ultimate cycle of loading when the test soil has fully degraded. Thus, the
rotational flexibility of the inner cylinder relative to that of the test
soil should not be a large source of uncertainty in inferring soil properties
from the later, more important, stages of a cyclic test.

Mitigating Steps

In this subsection, we discuss some of the steps which could be taken,
if necessary, to decrease uncertainty introduced into test results by
rotational flexibility of the inner cylinder. Generally, such uncertainty
may be reduced by reducing the rotational flexibility of the inner cylinder
relative to that of the test soil and by taking into account the rotational
flexibility of the inner cylinder in the interpietation of test results.

There are a number of ways to greatly reduce the rotativnal flexibility
of the inner cylinder relative to that of the test soil. The most promising
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Depth (fr) Depth (ft)
5 75 ~5 75
Shear 0.05 1.0 3.5 Shear 0.2 1.2 4.5
Stress Stress
Ratio 0.15 0.7 2.3 Ratio 0.4 0.7 3.0
Loose Sand Dense Sand

(a) Relarive Rotational Flexibility, F;y - Initial Cycle of Loading

Depth (fr) Depth (ft)
5 75 ~3 75
Shear 0.05 13,0001900 Shear 0.2 500 27
Stress Stress
Ratio 0.15 4,0001300 Ratio 0.4 250 14
Loose Sand Dense Sand

(b) Relative Rotational Stiffness, $,;, - Ulcimate Cycle of Loading

Table 2: Rotational Flexibility and Stiffness of Active Portion of

Inner Cylinder Relarive to Rotational Flexibility and Stiffness of Test
Soil
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methods appear to be reducing the length of the inner cylinder or appropriately
increasing the diameters and wall thicknesses of the inner and outer cylinders.
Consistent with other in situ testing methods, testing may be optimized by

the use of differently sized systems for different conditions. Additionally,
for greater certainty in results from earlier stages of locading, the

rotationai flexibility of the inner cylinder could be reduced relative to

that of the test soil by conducting tests at higher levels of excitation.

The most promising means of raking the rotational flexibility of the
inner cylinder into account when interpreting soil properties from test
results is directly modeling the rotational flexibility of this cylinder in
the soil-probe interaction analysis. This is expected to be effective
because it is not expected to be difficult to describe, in reasonably
complete and accurate detail, the flexibility of the inner cylinder and the
interaction of the flexible inner cylinder with the test soil. The inner
cylinder will have a relarively simple geometry and relatively simplematerial
properties, and the predominate stresses developed in the inner cylinder and
the test soil during testing are expected tobe simple torsional shear stresses. To
additionally account for the rotational flexibility of the inner cylinder,
srz2ater weight could be placed on data obtained during the later stages of a
cyclic test.

Conclusions

In this subsection, we present the conclusions arising from the study of
the rotational flexibility of the inner cylinder relative to that of the test
soil. The conclusions apply only to low frequency, cyclic, controlled-torque
tests for determining the degradation and liquefaction characteristics of
sands and silts.

1) The inner cylinder of the proposed testing system, as configured in
the preliminary design, may be rotationally flexible relative to the test
soil during the initial cycles of loading. This relative rotational
flexibility is expected to be greater when tesring denser soils ar greater
depths and when applying lower levels of excitation. This relative
flexibility will be a source of uncertainty when inferring soil properties
from test results.

2) The inner cylinder was predicted to be rtotationally very rigid in
comparison to the test soil, under all conditions considered, during the
ultimate cycle of loading when the test soil has fully degraded. Thus, a
relatively high degree of certainty is expected when inferring soil
properties from test results obtained during the later stages of loading.

3) Uncertainty in the interpreration of test results, caused by the
rotational flexibility of the inner cylinder relative to that of the test
soil, may be reduced considerably by reducing this relative rotational
flexibility. The most promising methods [or reducing relative flexibility
include decreasing the length of the inner cylinder or appropriately increasing the
diameters and thicknesses of the inner and outer cylinders. Consistent with
other in situ testing procedures, testing may be optimized by use of
differently sized systems for different conditions. Additionally, to reduce
relative flexibility, tests may be carried out at higher levels of
excitation.
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4) Uncertainty in the interpretation of test results, caused by the
rotational flexibility of the inner cylinder relative to that of the test
soil, may also be reduced considerably by accounting for the rotational flex-
ibility of the inner cylinder in the interpretation of test results. The most
promising method for doing this is to directly model the rotational
tlexibility of the inner cylinder inthe soil-probe interaction analysisused to
infer soil properties. Also, greater weighr could be placed on data obtained
during the later stages of a test.

5) Prior to developing a final design for a laboratory research
prototype testing system, modest apalytical studies should De conducted to
optimize the dimensions of the probe.

6) Because of the many promising mitigating steps which could be taken,
if necessary, toreduce theuncertainty intest results caused by the rotational
flexibility of the inner cylinder, the proposed testing system is expected to serve its
stated purpose well and to advance our ability to determine in situ cyclic
and dynamic soil properties.

Operational Feasibility Study

Introduction and Summary

An operational feasibility study was conducted to determine the
operational feasibility of a laboratory research prototype testing system.
This system will be functionally similar to the field system scheduled for
development during Phase III. Since ocur firm did not have the necessary
expertige, Wwe arvanged for the mechanical engineering design firm of Sweet &
Aiken, Inc., {Sweet & Aiken) to conduct the study. Studies were carried out
to determine che operational feasibility of a laboratory testing system for
determining 1) the low amplitude dynzmic shear modulus and the variation in
the dynamic shear modulus with shear strain by impulse test, 2) the cyclic
degradation characteristics of clays by low frequency, cyclic,
controlled-rotation test, and 3) the cyclic degradation and liquefaction
characteristics of sands and silts by low frequency, cyclie,
controlled-torque test. Based on the results of our theoretical feasibility
study, these three testing modes were judged to be the most promising modes
of testing.

Results from the operational feasibility study indicate that a
laboratory testing system is operationally feasible. The main components of
the system, which satisfy reasonably well specified design criteria, were
found to be either available or readily producible and it was determined that
these components could be assembled into a convenient, workable arrangement.
The design criteria, developed by our firm as part of our theoretical
feasibility study, specified mechanical, excitation, and measurement
requirements. The operational feasibility study resulted in a preliminary
design for a laboratory research prototype testing system.

Not all specified criteria were satisfied; however, the resulting
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consequences are not expected to be severe. For example, Sweet & Aiken was unable to
find a transducer capable of measuring accurately the smallest predictedangles of
the rotation of the inner cylinder that might occur during low frequency,
cyclie, controlled-torque tests for determining degradation and liquefaction
characteristics of sands andsilts. However, it appears that we will be able to
measure reasonably small angles. Thus, the potential increase i: uncertainty in
inferring soil properties from test results was judged to be only modest.

Sweet & Aiken estimated a cost of $78,260 for the detailed desizn and
construction of a laboratory research protatype testing system. Thi: is a
conservative estimate. Based on our experiences, we feel the estimatedcost is
consistent with that of the design and construction of comparable testing
systems.

Details are provided in the remaining subsections. We state the
objectives and procedures of the operational feasibility study, define the
main components of the laboratory research prototype tesring system, present
and discuss our specified design criteria, present and discuss results from
the operational feasibility study conducted by Sweet & Aiken, and present
conclusions. In discussing the operational feasibility study, we concentrate
on the geotechnical aspects of the testing system., The report from Sweet &
Aiken, which summarizes the firm's work and is included in Appendix €,
concentrates on the operational aspects of the testing system. Thus, the two
reports are intended to complement each other.

Objectives

The main objuctive of the operational feasibility study was to determine
the operational feasibility of a laboratory research prototype testing system
for determining !} the low amplitude dynamic shear mcdulus and the variation
in the dynamic shear modulus with shear strain by impulse test, 2) the cyclic
degradation characteristics of clays by low frequency, cyclic,
controlled-rotation test, and 3) the cyclic degradation and liquefaction
characteristics of sands and silts by low frequency, cyclic,
controlled-torque test. These three testing modes were judged to be the most
promising modes of testing based on the results of the theoretical
feasibility study. The laboratory research prototype testing system will be
functionally similar to, but somewhat simpler than, the field system
scheduled for development during Phase II1I. TIf successful, the operational
feasibility study was to result in a preliminary design for a laboratory
reseéarch prototype testing system. A secondary objective of the operational
feasibility study was to develop an accurate cost estimate for the detailed
design and construction of the laboratory research prototype testing system.

Procedures

The operational feasibility of the laboratory research prototype testing
system was determined by determining whether rhe main components (see Main
Components, pg. 71), which satisfy specified design criteria, were
available, and whether these components could be assembled into a convenient,
workable arrangement. If it was found that the required components were
available and could be assembled into a convenient, workabie arrangement,
then, we concluded that the laboratory research prototype testing system is
operationally feasible.
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First, our firm specified design criteria for the testing system
including mechanical, excitation, and measurement requirements. Then, Sueet
& Aiken conducted the study to determine the operational feasibility of the
laboratory system for determining 1) the low amplitude dynamic shear modulus
and the variation in the dynamic shear medulus with shear strain by impulse
test, 2) the cyclic degradation characferistiecs of clays by low frequency,
cyclic, controlled-rotation test, and 3) the cyclic degradation and
liquefaction characteristics of sands and silts by low frequency, cyelic,
controlled-torque test.

The following main tasks were performed as part of the operational
feasibility study: 1) the evaluation and selection of the excitation
systems, 2) the evaluation and selection of rhe measurement systems, 3) the
design of the configuration of the probe (including sizing of main components
and selection of seals, bearings, and materials), 4) the design of the
vertical pressure system, 5) the development of a preliminary design layout,
6) the optimization of cylinder wall friction, 7) the evaluation and
selection of the power and support cables, 8} the idemtification of problem
areas, and 9) the development of an accurate cost estimate for the detailed
des.zn and construction of a laboratory system.

Main Components

The main components of the laboratory research prototype testing system
considered in the operational feasibility study were those components which
were judged essential to the performance of the stated functions of the
testing system and were not obviously feasible. These components included
mechanical, excitation, and measurement components and are expected to
resemble closely the corresponding components of a field unit. The main
mechanical components considered were the inner cylinder, the outer cylinder,
the shield, the vertical pressure system, the sealing systems, and the bearing
systems. The main excitation components considered included the pover, control,
and drive components required to provide the selected excitations. The main
measurement components considered included the sensing, transmission, display, and
recording components required to measure, transmit, display, and record
appropriate excitation and response information. Components, which were not
strongly addressed in the operational feasibility study, included a
laboratory penetration system and an air pressure system for the probe.

These items were considered feasible.

Design Criteria

in this subsection, we present the design criteria specified for the
design or the selection of the main components of the laboratery research
prototype te ting system. We specified mechanical, excitaticn, and
measurement requirements. The specified criteria, which are preliminary
criteria, are summarized in Table 3. In the following subsectiocns, we
present the mechanica! and the excitation and measurement requirements.

Mechanical Requirements--The mechanical requirements cover those
specifications which affect the design or selection of the mechanical
systems, including the vertical pressure system., The following items were
specified: the sizes and geometries for the inner and outer cylinders, the
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maximum penetration forces, the desired wall characteristics of the inner and
outer cylinders, the maximum differential lateral pressures acting on the
inner and outer cylinders, the maximum water pressure, and the tange of
differential vertical pressures to be applied by the vertical pressure
system. These items are discussed in the following paragraphs.
Specifications are summarized in Table 3.

The sizes and geometries for the inner and outer cylinders were
specified with the primary objective of developing a probe which is
compatible with commonly used offshore drilling equipment. The field probe
is intended to be lowered with a wireline through a drillstring, latched to
the drillbit, and then operated (4}. Thus, the outer diameter of the outer
cylinder was specified tobe 3in. Larger systems could bedeveloped specifically for
onshore use. The diameter specified for the inner cylinder was judgmentally
selected to be large enough to provide sufficient contact with the test soil
and to allow soil to intrude into the inner ecylinder during penetrationm, yet
small enough to provide a sufficienvly large and reasonably undisturbed
sample, To avoid excessive disturbance to the test soil, the wall thickness
of the outer cylinder was specified to be the same as that of normal,
thin-walled, 3 in diameter sampling tubes. The wall thickness of the inmner
cylinder was specified to be even thinner to minimize disturbance to the test
soil, to facilitate the intrusion of soil into the inner cylinder, and to
minimize the amount of scil displaced by this cylinder. Alsc, we specified
that the volume inside the inner cylinder should be large enough to prevent
the development of significant confining pressure within the soil inside this
cylinder. This feature was intended to help reduce the effect of the soil
within the inner cylinder on the motion of this cylinder during testing. The
active length {(unshielded length) cf the inner cylinder was specified to be 8
in, so that sampleswill have a length comparable to the length of samples for labo-
ratory testing {(~6 in) with additional length toallow for end effects. The &4 in
length specified for the shield was judged sufficient rto place the exciration
at a depth below the base of the borehole where the soil is expected to be
relatively undisturbed by the dr'illing process. The total length specified
for the outer cylinder was equal to the sum of the shielded and unshielded
lengrhs of the inner cylinder. The penetrating edges of both cylinders were
specified to be sharpened in a manner that would minimize disturbances to the
test soil during penetration. Additionally, the penetrating edges of the
inner cylinder were specified ro be jutted inward to divert soil entering
the inner cylinder away from the wall of this cylinder during penetration.
This feature 1is intended to help minimize the effects of the soil within the
inner cylinder on the rotation of this cylinder during testing and also, to
prevent the plugging of the soil within this cylinder during penetration due
to wall fricrion.

We specified the following conservative maximum axial forces that might
normally be developed during penetraticon: inner cylinder - 4000 1b, outer
cylinder - 14,000 1b, and total - 18,000 1b. These forces correspond to
penetration forces that might normally be developed in a dry, dense sand
deposit at a depth of 50 ft or in a saturated, dense sand deposit at a depth
of about 80 ft. Based on our experiences, we feel these specifications
adequately cover penetration into the layers in which the greatest activity
is expected to take place during earthquakes. Reasonable bending forces which may
occur during penetration were covered partially by censervatismin our est’'mates
of penetration forces and partially by conservatism in design (see report
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from Sweet & Aiken, Appendix C). The following were assumed in calculating
maximum penetration forces: auniform, drydeposit of dense sand, depth = 50 f¢,
effective unit weight of soil = 122 pcf, coefficient of earth pressure at
rest = 3, cohesion = 0 psf, effective angle of internal friction of soil = 45
deg, and effective angle of friction between the soil and the cylinder (clean
steel) = 11 deg. The bearing capacities of the penetrating edges were
roughly estimated assuming the edges to be blunt and te act as long footings.
We used Meyerhof's conservative (maximum) bearing capacity factors {32): Ny =
280 and Nq = 130.

We specified the maximum differential lateral pressure which might act
on either of the two cylinders conservatively as 30,000 psf. For this
specification we assumed the conditions itemized inthe preceding paragraphs. The
maximum differential lateral pressure acting on the inner c¢ylinder was
expected to occur immediately following the penetration of the probe and the
application of vertical pressure to the test scil. At this stage, the test
s0il would experience full lateral pressure while the soil within the inner
cylinder would be expected to experience very little lateral pressure. The
maximum differential lateral pressure acting on the outer cylinder was
expected to occur during low frequency, cyclic, controlled-torque tests in
loose sands or silts at the occurrence of liquefaction. At this time,
the test soil within the ocuter cylinder would bear negligible effective
lateral stress, while the soil surrounding the outer cylinder would bear
the original high lateral stress.

The maximum water pressure under which the testing system should operate
was specified as 100,000 psf. This corresponds to a depth, in salt water, of
about 1500 ft.

The differential vertical pressure to be applied by the vercical
pressure system was specified to range from O to 6000 psf. The maximum
pressure corresponds to the effective przssure developed in a uniform, dense,
saturated deposit of sand at a depth of atout 80 fr. Two modes of operation
were specified for the vertical pressure system (see
PROPOSED METHOD, pg. 22). In one mode, the constant pressure mode, the
vertical pressure acting on the test soll is to remain constant throughout
testing. In the second mode, the constant volume mode, the position of the
piston of the vertical pressure system is to remain substantially fixed once
an appropriate vertical pressure has been applied. We also requested that
the feasibility of a piston system capable of operating along the entire
length of the inner and outer cylinders be addressed (see PROPOSED METHOD,

pg. 19).

We specified various characteristics for the inner and outer cylinders.
For both the outside of the inner cylinder and the inside of the outer
cylinder, we specified that the surface friction should be minimized in the
vertical direction but that the traction should be maximized in the
horizontal direction by providing appropriately sized vertical grooves along
these surfaces. Thus, disturbance to the test soil during penetration caused
by surface friction would be minimized while the tendency for sl.p between
the test soil and the cylinder walls Auring testing would alsoc be minimized.
The outside surface of the cuter cylinder was specified to have vertical
grooves to provide more effective anchoring to the surrounding soil during
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testing without causing excesgive penetration force. The inside surface of
the inner cylinder was specified to be smooth and to have 2 minimum of
friction to minimize the effect of the soil within the inner cylinder on the
motion of this cylinder during testing.

We specified that frictional torques developed by the sealing systems
and the bearings supporting the inner cylinder be kept to an absolute
minimum. This was to minimize the effects of bearing and seal friction
relative to the effects of soil properties on the rotation of the inner
cylinder during testing. For a similar reason, we specified that sources of
viscous damping be minimized.

Excitation and Measurement Requirements--In this subsection, we
present and discuss the requirements for the excitation and measurement
systems for the most promising testing modes. The specified criteria were
developed as part of our theoretical feasibility studies. To develop the
critcria, we evaluated the behavior of the testing system considering upper
and lower bounds for the appropriate soil properties. The specified
preliminary design criteria are summarized in Table 3.

To determine the low amplitude dynamic shear modulus and the variation
in the dynamic shear modulus with shear strain, an impulsive torque will be
applied to the inner cylinder, as shown in Fig. 3(a). The cylinder is
expected to respond by developing a high frequency., decaying rotational
vibration. The torque and angular acceleration will be measured.

We specified excitation and measurement requirements that would provide the
properties of interest over a practical range of soil conditions. The range
was roughly bounded at the soft end by conditions in a loose, uniform,
saturated sand deposit at a shallow depth of 5 ft and at the stiff end by
conditions in a dense, uniform, dry sand deposit at a significant depth of 50
ft. The corresponding range of properties is expected to cover the
properties of most clay and silt deposits at comparable depths. Properties
were calculated as described in.the subsections entitled Low Amplitude
Dynamic Shear Modulus, pg. 39, and Variation in the Dynamic Shear Modulus
with Shear Strain, pg. 43. A mass moment of inertia of 0.00028 Et-lb-sec’
was calculated for the rotating mass.

To determine the degradation characreristics of clays, a low frequency,
cyclic rotation having a uniform amplitude will be applied to the inner
cylinder. In response, the inner cylinder is expected to develop the cyeclic
torque required to maintain the selected rotation. The torque and
angular displacement will be measured. We provided excitation and
measurement specifications that would result in a2 system that could provide
degradation characteristics over a practical range of soil conditions. The
range was roughly bounded at the soft end by conditions in a uniform,
saturated, highly degradable deposit of clay at 2 depth of 5 ft, and at the
stiff end by conditions in a uniform, saturated, nondegradable deposit of
clay at a depth of 100 ft. Froperties were calculated for these depths as
described in the subsection entitled Degradation Characteristics of Clays,
pg- 49. It was not necessary to consider a mass moment of inertia for the
rotating mass since we used the statie procedure to obtain solutions (see
Sclution Procedures, pg. 313).

To determine the degradation and liquefaction characteristics of sands
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and silts, a low frequency, cyclic torque having a uniform amplitude will be
applied to the inner cylinder, as shown in Fig. 5(b}. The zylinder is
expected to respond by developing a cyclic rotation. The torque and

angular displacement will be measured. We provided excitation and
measurement specifications that would result in a system that could provide
degradation and liquefaction characteristics over a practical range of soil
conditions. The range was roughly bounded at the soft end by conditions, at
a depth of 5 ft, in a loose, uniform. <aiurated sand deposit having low
resistance to degradation and liquefaction and at the stiff end by
conditions, at a depth of 75 ft, in a dense, uniform, saturated sand deposit
having high resistance to degradation and liquefaction. Properties were
calculated for these depths as described in the subsecticon entitled
Degradation and Liquefaction Characteristics of Sands and Silts, pg. 53.

It was not necessary to consider a mass moment of inertia for the rotating
mass since we used the static procedure to obtain sclutions (see Solution
Procedures, pg- 33).

Presentation and Discussion of Results

in this subsection, we present and discuss the results of the operational
feasibility study conducted by Sweet & Aiken, concentrating on the geotechnical
aspects of rhe testing system. Using the design criteria provided by our firm,
Sweet & Aiken carried out the tasks itemized in the subsection entitled
Procedures, pg. 71. In Appendix C, we present the report from Sweet & Aiken,
which presents the results of the operational feasibility study, concentrating
on the operational aspects of the testing system.

The results of the operational feasibility study indicate that a
laboratory research prototype testing system is operationally feasible. The
main components, which satisfy reasonably well our design criteria, were
found to be either available or readily producible, and it was found that
these components could be assembled into a convenient, workable arrangement.
Thus, Sweet & Aiken developed a preliminary design for a laboratory research
prototype testing system and provided a cost estimate for the detailed design
and construction of such a system.

In the following subsections, we present the preliminary design cof the
laberarory research prototype testing system and the sequence of steps in the
operation of the system. Then, we discuss the mechanical components,
systems, and features, and the exci:arion and measurement systems of the
preliminary design. Also, the cost estimare for the laboratory system is
presented and discussed.

Preliminary Design of Laboratory Research Prototype Testing System--The
preliminary design of the laboratory research prototype testing system
consists of specified mechanical, hydraulic, and electronic compeonents con-
ceptually assembled into one possible arrangement. The preliminary design is
presented and discussed in the report from Sweet & Aiken. Drawing 850227-10,
attached to the report, is an engineering drawing showing the main components
of the probe of the testing system arranged in a convenient, workable manner.
Figure 2.1 in the report presents a schematic diagram of the drive and
measurement systems while Fig. 3.1 presents a schematic diagram of the
hydraulic circuitry for the excitation system. Sketch A-1 in the Appendix of
the report from Sweet & Aiken presents a sketch showing accessory
electronic compruents arranged in a circuit.
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Operation of Laboratory Testing System--To carry out a laboratory test
using a system corresponding to that of the preliminary design, the probe
would be carefully penetrated into the test soil to the proper depth. The
penetration force would then be relieved and the shield raised a small amount
to free the inner cylinder. Then, an appropriate vertical pressure would be applied
to the test soilusing thevertical pressure system. The vertical pressure systemwould
be set to operate in either the constant pressure or the constant volume mode
(see PROPOSED METHOD, pg. 22). A test would be condvcted by selecting and
activating the desired excitation and displaying and recording the measured
quantities. Recorded test results would be processed appropriately.

Mechanical Components, Systems, and Features—-The mechanical
components, systems, and features of the preliminary design of the laboratory
research prototype testing system satisfy reasonably well the mechanical
requirements specified in the subsection entirled Mechanical Requirements,
pg.- 7!l. The mechanical components, systems, and features are discussed, in
detail, in the following paragraphs.

The mechanical components satisfy most specified size and geometry
requirements. The only departure from specifications occurred as a result of
the shield. To provide an adequately thick inner cylinder, an adequately
thick shield, and adequate clearance between the cylinder and the shield, as
shown in the engineering drawing, it was necessary to constrict the inner
cylinder above the region of the bottom of the shield. The inside of thne
constriction was provided with jutted edges. These edges are intended to
funnel soil in the inner cylinder away from the walls above the constriction
to minimize the influence of the soil within the inner cylinder on the motion
of this cylinder and to prevent the plugging of s0il within the inner
cylinder during penetration.

The mechanical components, including thec inner cylinder, the retractable
shield, and the outer cylinder, were designed to withstand the specified
maximum penetration forces and maximum differential lateral pressures.
Addicionally, there should be enough reserve strength in these components to
withstand reasonable bending lvads developed during penetration.

The probe was designed to operate under the specified maximum water
pressure. The main systems which will enable satisfactory operation under
this pressure include the sealing systems and a chamber air pressure system.
The most imporrant seal separates the instrumented head from the
environmental fluids below. The seal can operate effectively only under a
small pressure differential; thus, the chamber above the seal will be
pressurized with air. This seal is the only seal which will provide
resistance to the rotation of the inner cylinder, as may be seen in the
engineering drawing. Effects of the seal on the motion of the inmer cylinder
during testing could be taken into account, if necessary, in soil-probe
interaction analyses (see PROPOSED METHOD, pg. 21). The seal is a low
friction seal estimated to develop a resisting torque of less than 0.15
in-1b. Air will be used, instead of a liquid, to provide the required pressure
differential across the seal to minimize extraneous damping of vibrations
during impulse tests. Ailr will be provided, at a controlled pressure, to the upper
chamber of the laboratory system by a laboratory source through an air line.
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The mechanical systems should perform required functions to
specifications. The vertical pressure system, shown in the engineering
drawing, will be provided with the selectable capability to mainrain either a
constant pressure on the top of the test soil or the position of the piston
after application of a selected pressure. Hydraulic fluid will be introduced
into the chamber at the top of the piston and the pressure or volume
of the fluid will be controlled remotely.

The mechanical features of the testing system should provide specified
performance characteristics. The cylinder walls will be provided with
several specified features. The outside surface of the outer cylinder will
be grooved vertically providing an effective reaction anchor to the
surrounding soil. Both the inside surface of the outer cylinder and the
outside surface of the ‘uner cylinder will be grooved verrically and covered
with a thin coat of polytetrafluoroethylene (PTFE), a low friction material.
The coefficient of friction between PTFE and soil was estimated by Sweet &
Aiken to be about 0.09. Thus, fricticn will be very low in the vertical
direction to minimize disturbance to the test soil during penetration, while
traction will be maximized in the tangential direction to minimize slip
between the cylinders and the test soil during testing. The inside wall of
the inner cylinder will be smooth and coated with PTFE to minimize friction.
This will help minimize the effect of the soil inside the inner cylinder on
the motion of this cylinder and the tendency of the soil to form
a plug within the inner cylinder during penetration. BSweet & Aiken estimate
that the PTFE coating should survive numerous tests without excessive wear.
PTFE coats may be reapplied when desired. To avoid excessive
difficulties with abraded cylinder coatings or grooves, the inner and outer
cylinders will be removable and exchangeable. This capability would also
prove useful in providing different grades of cylinder grooving for different
grades of soil.

The positioning bearings, required to position the inner cylinder, were
given special attention. To minimize the effects of bearing
friction on the interpretation of test results, these bearings were placed
above both the torque and motion measurement transducers in the preliminary
design. While bearing friction will still effect behavior somewhat, this
arrangement will help isolate the effects of soil properties on the behavior
of the inner cylinder. Special precision bearings were selected to serve as
positioning bearings to minimize friction and thus, the effects of the
bearings on the motion of the inner cylinder. Sweet & Aiken indicated that
the coefficient of friction of these bearings is 0.00018.

Excitation and Measurement Systems--The selected excitation and
Measurement Systems satisfy most of the preliminary design criteria specified
in the subsection entitled Excitation and Meagurement Requirements, pg. 753.
In the following paragraphs, we discuss the selected excitation and
measurement systems .

To determine the low amplitude dynamic shear modulus and the variation
in the dynamic shear modulus with shear strain, animpulsive torque will be
applied to the inner cylinder, as shown in Fig. 5(a). 1In response, the inner
cylinder is expected to rotate with a high frequency, decaying oscillation.
The selected excitation system includes hydraulic motors and the equipment

78



required to control and operate the motors. The selected measurement systems
include torque transducers, accelerometers, and the equipment required to
operate these components.

Not all specified criteria were satisfied; however, the resulting
consequences are not expected to be severe. The specified upper level of
torque was not satisfied. We conservatively specified the highest level of
torque to be applied to the inner cylinder to be 20 ft-1b. The motor and
torque transducer systems selected have upper limits of about 17 fr-lb.
Components could have been selected with higher limits but we preterred
sacrificing increased capacity for greater accuracy at lower torques. The
relatively small reduction in torque capacity should limit only moderately
the capabilities of the testing system. We would probably not be able to
define shear moduli at larger strains for stiffer soils at greaver depths.
This is not a serious limitation because, generally, it is the softer soils
at shallower depths that pose the greatest threat during earthquakes.

Secondly, the response time for the servovalve which will control the
motor is longer than ideal for producing an impulsive loading. Thus, we will
not be able to apply loads as quickly as desired. As a result, the vibratory
component of tke response of the inner cylinder to a load of given amplitude
may not be as pronounced as if the load were applied instantaneously. The
manufacturer of the servovalve states, in the literature provided by Sweet &
Aiken, that the time to develop 90% of the outpur in response to a step input
of current is 0.0025 sec. The vibration frequencies of the inner cylinder
during impulse tests were estimated to range from 700 (soft soil) to 2400 cps
(stiff soil) when testing soils in the linearly elastic range and from 400
(soft soil) to 1400 cps (stiff soil) when testing soils well into the
nonlinear range. Therefore, the ideal of an impulsive loading is approached
more closely when testing softer scils at higher strains. Since softer soils
driven to higher strains seem to cause the most problems during earthquakes,
the proposed testing system would be expecred to provide the greatest
accuracy in defining shear moduli when testing the scoils of greatest concern.
If necessary, steps could be taken toward approaching more closely the ideal
of an impulsive loading. One possibility includes reducing the nacural
frequency of the rotating mass either by shortening the active length of the
inner cylinder or by increasing the mass moment of inertia of the inner
cylinder.

Finally, neither a single motor nor a single torque transducer appears
to be capable of satisfying specified criteria over the entire range. Thus,
motors and torque transducers having different capacities will be
interchanged in the laboratory research prototype testing system to provide
the desired capabilities. Sweet & Aiken provided literature from a
manufacturer describing a single motor, currently being developed, which may
be able to satisfy our criteria. If we are unable to provide a single probe
for field use that covers the entire range of interest, then, consistent with
current practice, we plan to offer different probes covering different
ranges.

To determine the degradation characteristics of clays, a low frequency,
cyclic rotarion having a uniform amplitude will be applied to the inner
cylinder. In response, the cylinder is expected to develop the low
frequency, cyclic torque required to maintain the selected rotation. The
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selected excitation system includes the previously discussed hydraulic motors
and the equipment required to control and operate the motors. The selected
measurement systems include angular displacement transducers, the previously
discussed torque transducers, and the equipment required to operate these
components.

Not all specified criteria were satisfied; however, the resulting
consequences are not expected to be severe. Sweet & Aiken was unable to find
an available displacement cransducer which the firm feels could be
used to accurately measure angular displacements as small as those specified.
However, Trans-Tek, Inc., (Trans-Tek) indicated that its 600 series angular
displacement transducer could be medified and calibrated, for a modest cost,
to provide the required small measurements. A letter from Trans-Tek
confirming this information is included in the report from Sweet & Aiken.

Two interchangeable transducers may be required te cover the specified range
of angular displacements.

Also, Sweet & Aiken was unable to find a single torque transducer
capable of satisfying the specified criteria over the entire range. Thus, as
stated previously, for the laboratory research prorotype testing system,
interchangeable torque transducers having different capacities will be used.

Finally, Sweet & Aiken was uncertain whether a single hydraulic motor
could accurately provide the smallest torques specified. Thus, the lower
capacity motor required for iupulse tests may also be required for low
frequency, cyclic, controlled-rotation tests. The previocusly described motor
which is under development may be able to satisfy the entire range of our
criteria for these tests. As mentioned
previously, if we are unable to provide a single probe for field use that
covers the entire range of interest, then, consistent with current testing
practice, we plan to offer different probes having different ranges.

To determine the degradation and liquefaction characteristics of sands
and silts, a low frequency, cyclic torque having a uniform amplitude will be
applied to the inner cylinder, as shown in Fig. 5(b). In response, the
cylinder is expected to develop ¢ low frequency, cyclic rotation. The
selected excitation system includes the previously discussed hydraulic motors
and the equipment required to control and operate the motors. The selected
measurement systems include the previcusly discussed torque transducers and
angular displacement transducers and the equipment required to operate these
components.

Not all specified criteria were satisfied; however, the rtesulting
consequences are not expected to be severe. Sweet & Aiken was unable to find
a displacement transducer for accurately measuring the smallest
angular displacements specified. However, it appears that a transducer could
be provided that would accurately measure angles reasonably close to our
specified lower limit. We specified that angular displacement amplitudes as
low as 0.001 deg should be measured with reasonable accuracy. Trans-Tek
indicated, in a letter included in rhe report from Sweet & Aiken, that a
600 series angular displacement transducer could be modified and calibrated,
for a modest cost, to provide an angular displacement transducer with a
resoluction of 0.001 deg and a range of *0.5 deg. Sweet & Aiken reported that
Trans-Tek is certain that measurements down to 0.01 deg could be made
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accurately with the testing system, but that measurements below 0.0] deg
would be of questionable accuracy.

The consequences cof not being able to measure accurately rhe smallest
specified angles are nor expected to be severe for several reasons. The
conditions under which these small angles are expected are fairly limited.
These angles are expected only when applying very low levels of shear stress
to the test soil and only during the initial cycles of loading before
significant degradation haa taken place. To minimize uncertainty in
interpreting soil properties, when these conditions occcur we would place
greater emphasis on behavior during the later stages of tests, during which
measurements are more accurate. [t would appear that enormously useful
information such as the number of cycles to liquefaction or to any reasonable
level of specified or limited strain could be defined quite accurately under
all conditions with the testing system as currently designed. Thus, we
believe tliat the lower bound of the range for accurate measurements indicated
by Sweet & Aiken will lead to reasonably accurate and derailed descriptions
of in situ cyclic degradaction and liquefaction characteristics.

Additionally, improvements in transducer technology may result in
improvements in our abiliry to measure the smallest angles specified.

Two angular displacement transducers will be required in the testing
system to carry cut low frequency, cyclic, controlled-torque tests. A single
Trans-Tek angular displacement transducer calibrated to give high accuracy in
tae measurement of small angles cannot cover the entire specified range
of angular displacements. The entire specified range may occur during a single
low frequency, cyclic, controlled-torque test. For example, when testing a
loose sand at very low levels of stress, during the initial cycles of loading
the inner cylinder will undergo small angular displacements. At a later
stage during the test, after significant degradation has occurred, very
large, virtually unrestrained, anguiar displacements may develop. Although
Sweet & Aiken does not show two angular displacement transducers in the engi-
neering drawing in their report, the firm indicated that two angular displacement
transducers, each calibrated to a different range, may be included in the
testing system. Alternatively, low frequency, cyclic, controlled-rotation
tests may be carried out to determine the degradation and liquefaction
characteristics of sands and silts.

Also, Sweet & Aiken were unable to find a single torque transducer
capable of measuring the entire range of torques specified. As mentioned
previously, interchangeable torque transducers having different capacities
will be used in the laboratory research prototype testing system.

Finally, Sweet & Aiken was uncertain whether a single hydraulic motor
could accurately provide the smallest torques specified. Thus, the lower
capacity motor required for impulse tests may also be required for low
frequency, cyclic, controlled-torque tests. The previously described motor
which is under development may be able to satisfy the entire range of torques
specified for the low frequency, cyclic, controlled-torque test. As
mentioned previously, if we are unable to provide a single probe for field
use that covers the entire range of interest, then, consistent with current
testing practice, we plan to offer different probes having different ranges.

Cost Estimate--Sweet & Aiken estimated a cost of $78,260 for a
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complete laboratory research prototype testing system. The estimate includes
estimated costs for detailed design, purchases, manufacture, and construction.
Individual costs are itemized in the report from Sweet & Aiken. The cost estimate
is conservative. For the cost estimate, Sweet & Aiken assumed that all electronic
components will be purchased. It is likely that we will rent many of these
componenta for Phase II research leading to a considerable reduction in cost.

Conclusions

In this subsection, we itemize the main conclusions resulting from the
operational feasibility study. These conclusions directly relate to the
objectives presented in the subsection entitled Objectives, pg. 70.

1) Based on the results of the operational feasibility study conducted
by the mechanical engineering firm of Sweet & Aiken, we concluded that a
laboratory research prototype testing system for determining the low
amplitude dynamic shear modulus and the variation in the dynamic shear
modulus with shear strain by impulse test, the degradation characteristics of
clays by low frequency, cyclic, controlled-rotation test, and the degradation
and liquefaction characteristics of sands and silts by low frequency, cyclic,
controlled-torque test is operationally feasible.

2) Sweet & Aiken developed a preliminary design for a laboratory
research prototype testing system.

3) Sweet & Aiken estimated a cost of $78,260 for the design and
construction of a complete laboratory research prototype testing system.

4) Not all specified criteria were satisfied by the preliminary design;
however, the consequences are not expected to be severe and improvements are
expected with advances in related technology. It appears that we will be
unable to measure the smallest angles predicted during low frequency, cyclic,
controlled-torque tests for determianing *he degradation and liquefaction
characteristics of sands and silts. Thus, we may be unable to determine, as
accurately as desired, soil behavior during the initial cycles of loading from
tests conducted at lower levels of load. Also, Lt appears that we will not
be able to appl!y loads as rapidiy as desired during impulse tests. Thus, we
may not observe as pronounced a vibratory response from the inner cylinder as
would be expected during ideal impulse tests. Finally, to satisfy specified
design criteria, some components of the laboratory research prototype testing
system will have to be interchanged. If we are unable to praovide a single probe
for field use that covers entirely the range of interest, then, consistent with
current testing practice, we plan to offer different probes covering
different ranges. Each of the concerns identified is a product of
limitations in current technology. Therefore, advaances in appropriate
technology may be expected to reduce or eliminate each of these concerns.
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ESTIMATE OF FEASIBILITY

In this secrion, we provide our opinion concerning the feasibility of
the proposed in situ testing system. First, we provide our general opinion,
and then, we provide supporting details.

Based on the results of the feasibility studies discussed herein, we
have concluded that the proposed in situ testing system is feasible.
Ultimately, the system is expected to effectively provide information on in
situ cyclic and dynamic soil properties to the level of accuracy and detail appro-
priate for the intermediate and final stages of the analysis and design of
important structures located in seismically active areas. The Phase 1
studies indicate that a laboratory research prototype testing system is
thecoretically, operationally, and economically feasible. Since the
additional equipment required for a field system is reasonably conventional,
and since the additional problems that could be encountered in the field
appear to be either smail or surmountable, we believe that an in situ field
testing system is feasible.

Much research and development will be required before the full potential
cf the system can be realized. This is consistent with comparable testing
systems. Much effort will be needed because the problem of derermining in
situ cyclic and dynamic scil properties is not a simple one, because the
testing system i3 relatively complex, and because the testing system has
considerable safety and economic implications. As a result of our Phase I
work we have already identified several areas in which work is required. We
expect to identify more areas during later stages of work.

The tueoretical and operational feasibility studies presented herein
indicate that a laboratory research prototype testing system is
theoretically, operationally, and economically feasible. To determine the
theoretical feasibility of the laboratory testing system, we analytically
simulated tests considering expected ranges of the soil properties of
interest. The behavior of rhe testing system was predicted to be sensitive
to each soil property considered in a clear, physically reasonable manner.
As a result, we concluded that each soil preoperty considered could be
inferred from this behavior and therefore, that the testing system is a
theoretically feasible means for determining each property. A simple
analytical model was used to simulate tests. In practice, we feel that we
will be able to infer the soil properties of interest to the required level
of detail and accuracy by analytically simulating tests using descriptive
analytical procedures. Powerful analytical procedures are available which
are expected to be capable of describing, accurately and in detai', the
geometry and performance of tests and most of the important phenomena
occurring during tests. Alspc, results obtained using a testing system
somewhat similar, in principle, to ours (5} roughly support our estimate of
the theoretical feasibility of the proposed testing system.

Prior to and during the Phase I theoretical feasibility studies, areas
were ldentified in which future research and development could improve the
effectiveness of the proposed testing system. For example, advancing our
ability to describe the effects of dilation on shear stress-strain behavior
during cyclic loading is expected to improve our ability to accurately infer,
from test results, the behavior of dense sands under cyclic loads.
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Similarly, optimizing the dimensions of several of the components of the
probe is expected to improve our abilicy to accurately infer, from test
results, all properties of interest.

We arranged for the mechanical engineering firm of Sweet & Aiken, Inc.,
to determine the operational feasibility of the laboratory research prototype
testing system. Sweet & Aiken found that the main componencs, which satisfy
reasonably well specified mechanical, excirarion, and measurement
requirements, are either available or could be produced at modest rost.

Sweet & Aiken also found that these components could be assembled into a
convenient, workable arrangement. Thus, we concluded that the lahoratory
research prototype testing system is operationally feasible. The many
operating laboratory systems (37) which are similar, in principle, to our
system, and which measure similar parameters at comparable magnitudes support
this conclusion.

During the Phase [ operational feasibility study, several areas were
identified in which future development could improve the effectiveness of
the proposed testing system. For example, improvements in the ability to
measure small values of angular displacement would be expected to improve our
ability to infer the cyclic degradation and liquefaction characteristics of
sands and silts. Such improvements may realistically be expected as a result
of motivation by fields such as robotics for which small precision
measurement systems are required.

To help us determine the economic feasibility of the proposed testing
system, Sweet & Aiken provided a cost estimate for the detailed design and
construction of a laboratory research protoiype testing system. In view of
potential benefits and considering the estimated cost for the development of
comparable testing systems, the laboratory research prototype testing system
was judged to be economically feasible.

We believe that a field in situ testing system will also be
theoretically, operationally, and economically feasible. A field system is
expected to be theoretically feasible because the principle of operation of
the field system will be identical to that of the laboratory research
prototype testing system. However, under severe conditions, for example,
when testing offshore in high sea states, behavior may differ somewhat from
behavior under milder conditions. This may occur as 2 result of additional
disturbance induced into the test soil due to wave and current-induced
movement of the probe. A number of steps are routinely taken to reduce such
movements during offshore undisturbed sampling and cone penetrometer and
remote vane testing (4). Continued advancement in this area is expected.
Additionally, it is expected that other steps unique to our testing systemcould be
taken to further reduce the effects of such movements. Such difficulties are
not expected during onshore tests.

We feel that a field testing system is operaticnally feasible because
the additional components whicii may be required for a field testing system
are considered to be existing or feasible technology. At this time, though
other modes of operation may be possible, we intend for the field probe to be
lowered with a wireline through a drillstring, latched to the drillbit, and
then operated. The additional components which may be required include a
penetration system, a drillbit latching system, a downhole electronics
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package, an umbilical, and a winch. Such components have been used
successfully with orher in situ geotechnical resting systems (4) and also, as
indicated in the report from Sweet & Aiken in Apperdix C, in other comparable
applications.

Algso, we feel that a field testing system is operationally feasible
because the additional problems which we expect to encounter in the field are
expected tc be either swall or surmountable. Several problems may be
encountered. These include problems caused by a corrosive environment,
mechanical noise, and rocks.

As indicated by Sweet & Aiken, the effects of a corrosive environment
can be minimized by proper maintenance, care, and selection of
materials.

Mechanical noise, which may be present in the field, is expected to have
the greatest effect on the interpretation of results from tests involving
excitaticns and responses having small magnitudes. A number of seismic field
tests, which involve the measurement of small quantities comparable in
magnitude to the quantities to be measured by the proposed system (10) (17)
(26) (34) (37), have been successfully carried out. OQur proposed testing
system is primarily intended to provide information on the in situ shear
stress-strain behavior of a soil at higher amplitudes of strain. We do not
expect major difficulties from mechanical noise during higher amplitude
tests. Intuitively, it would appear that general mechanical noise would not
create large problems with the proposed testing system. Vertical
disturbances would not be expected to be sensed. Horizontal disturbances
which do not tend to significantly rotate the inner cylinder would be
similarly sensed by the two accelerometers and it would appear that the
electrical signals arising from such disturbances could be made to cancel
each other. Also, Stokoe et al. (33) have measured noise at the bottom of an
offshore borehole. They found that horizontal motions due to noise were
significantly less than vertical motions due to noise. Should mechanical
noise present problems, one possible soluticn is special signal processing
(33).

Rocks may damage the inner and outer cylinders during penetration. To
minimize this difficulty, we plan to include the feature of removable and
exchangeable cylinders in a field testing system. Also, we are considering a
larger, somewhat stronger probe for use in coarserdeposits.

We feel that a field testing system is economically feasible because
neither the additional equipment required for a field testing system, nor the
additional difficulty which may be encountered in the field is expected to
present an unusually large, excessive cost. As stated previously, much of
the additional equipment required for the field is relatively conventiomal
and all of this equipment has been used either for in situ
geotechnical testing or for other comparable applications. Also, as implied
previcusly, we do not believe that particularly unusual measures will be
required to minimize or avoid the problems which may be encountered in the
field. Finally, the benefits of a working field system are expected to
greatly exceed the overall cost. For example, based on our experiences, we
believe that the cost saving alone involved in basing the design of a single
major structure on appropriately accurate and detailed information on in situ
cyclic and dynamic soil properties could far exceed the cost of tha development
of the testing system.
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Appendix A - Validation of Computer Procedures

In this appendix, we present, in outline form, the validations of the
computer procedures used in the theoretical feasibility study for simulating
1) impulse tests for determining the low amplitude dynamic shear modulus, 2)
high frequency, cyelic tests for determining the low amplitude dynemic shear
modulus, 3) impulge tests for determining the variation in the dynamic shear
modu:lus with shear strain, 4) high frequency, cyclic rescs for determining

the variation in the dynamic shear modulus with shear strain, 5) low

frequency, cyclic, controlled-torque tests for determining the degradation
and liquefaction characteristics of sands and silts, and 6) low frequency.,

cyclie, controlled-rotation tests for determining the degradation
characteristics of clays.

1)

23

Validation of computer procedure for simulating impulse tests for
determining the low amplitude dynamic shear modulus.

Validation Procedure: Compared computer solution with closed-form
analytical solution (6).

Farameters Gy = ].72x|0 psf, Ky = 1. 88x10* fr-1b/rad, 1 =
2.8x107 1b ft-sec?’ v O = 0 fr-1b- sec/rad, o = 1 R=3,Cy =0.8, 1
= 6.6x10°psf, COmputatlnnal time step = 1x1077 sec.

Excitation: Rectangular, impulsive torque which induced only
linear behavior; amplitude = 10 ft-1b, duration = $.5x10™" sec.

Response: Decaying, cyclic, rotations.

Results: As shown in Figs. A-1(a) and (b), computed responses
agree <closely with theoretical responses. Also, as shown in Fig.
A-1(c), energy balance requirements are satisfied.

Conclusion: The procedure for simulating impulse tests for
determining the low amplitude dynamic shear modulus is valid.

Validation of computer procedure for simulating high frequency,
cyclic tests for determining the low amplitude dynamic shear
modulus.

Validation Procedure: Compared computer solution with closed-form
analytical solution {6).

Parameters: Go = 5. 14x10° psf, Ky, = 5610 ft-lb/rad, I = 2.8x107"
1b-fr-sec?, Cy = 0.50 fc-1b-sec/rad, a = I, R=35, C =0.8, 1 =
100 psf, computational time step = 3.5x107° sec.

Excitation: High frequency, sinuscidal torque which induced only
linear behavior; amplitude = 0.015 fe-1b, frequency = 570 cps.

Response: Decaying transient and steady state, high frequency,
cyclic rotations.
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3)

4)

Results: As shown in Figs. A-2(a) through (c), all compured
responses agree closely with theoretical responses. Also, as
shown in Fig. A-2(d), energy balance requirements are satisfied.

Conclusion: The procedure for simulating high frequency, cycl:c
tests for determining the low amplitude dynamic shear modulus is
valid.

Validation of computer procedure for simulating impulse tests for
determining the variation in the dynamic shear modulus with shear
strain.

Validation Procedure: Obrained compurter solution, checked energy
balance and torque-rotation behavior, and judgmentally checked
solution.

Parameters: Gp = 2x10° psf, Kgg = 2.2x10° fr-lb/rad, 1 = 2.8x10°°
1b-fr-sec’, Cr = 0.1 fr-1b-sec/rad, @ = |, R = 5, C} = 0.8, g =
1000 psf, computational time step = 8.9x107° sec.

Excitation: Recrangular, impulsive torque which induced nonlinear
behavior; amplitude = 5.2 fr-1b, duration = I.1x107° sec.

Response: Decaying, cyclic rotations and permanent rotation.

Results: As shown in Fig. A-3(d), energy balance requirements are
satisfied. Checking the solution judgmentally, as seen in Fig.
A-3(a}, during the initial period of higher amplitudes of motion,
the apparent natural frequency was lower than during the
subsequent period of lower amplitude motions. This is to be
expected with a test soil that decreases in stiffmess with
increasing shear strain. As would be expected, the frequency of
the later, lower amplitude free-vibrations corresponds closely to
the damped natural frequency of the system at low amplitudes of
rotation. The rate of decay of these free-vibrations corresponds
to that expected of a system having the specified level cf viscous
damping. Also, as shown in Fig. A-3(a), permanent rotation,
expected when festing a nonlinear. inelastic soil at high levels of
strain, was predicted. As shiwn in Fig. A-3(b), the computed,
nonlinear spring torque-rotation curve agrees closely with that

estimated directly using Ramberg-Osgood stress-strain equations (24).

Differences between these curves were found to decrease with
decreases inthe computational time step. The computed damping
torque-rotaticnal velocity curve, shown in Fig., A-3{c). 1is linear
with the correct slope.

Conclusion: The procedure for simulating impulse tests for
determining the variation in the dynamic shear modulus with shear
strain is valid.

Validation of computer procedure for simulating high frequency,
cyclic tests for determining the variation in the dynamic shear
modulus with shear strain.
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Validation Procedure: Obtained computer solution, checked energy
balance and torque-rotation behavior, and judgmentally checked
solution.

Parameters: Ggp = 5.14x10° psf, Ky, = 5610 ft-1b/rad, I = 2.8x10°"
lb-ft-sec?, Cp = 0.5 fr-1b-sec/rad, R = 3, ¢ = |, Cy = 0.8, 1 =
100 psf, computrational time step = 1.8x10°% sec.

Excitation: High frequency, sinusoidal torque which induced
nonlinear behavior; amplitude = 2.7 ft-lb, frequency = 570 cps.

Response: Decaying transient and steady state, high frequency,
cyclic rotations.

Resulcs: As shown in Fig. A-4(d), energy balance requirements are
satisfied. Checking the solution judgmentally, as seen in Fig.
A-4(a) and as would be expected, the frequency of the response,
under steady state conditions, 1is equal to that of the excitation.
As shown in Fig. A-4(b), the computed, nonlinear spring
torque-rotation curve agrees closely with the curve estimated
directly using Ramberg-Osgood stress-strain equations (24). Differences
between these curves were found to decrease with decreases inthe
computational time step. The computed, linear damping
torque-rotational velocity curve, shown in Fig. A-4(c), is linear
with the correct slope.

Canclusicn: The procedure for si-nlating high frequency, cyclic
tests for determining the variat.on in the dynamic shear modulus
with shear strain is valid.

Validation of computer procedures for simulating low frequency,
cyclic, controlled-torque tests for determining the degradation and

liquefaction characteristics of sands and silts.

Dynamic Solution Procedure

Validation Procedure: Obtained computer solution, checked energy
balance and torque-rotation behavior, and judgmentally checked
solution.

Parameters: Gmo = l.35x10° psf, Kpg = |.7x10" fr-1b/rad, 1 = 2.Bx10°"
1b-ft-sec’, Cy = 0.09 fr-lb-sec/rad, Tyo = 800 psf, C| = 0.666, C3

= 1.968, C3 = 4.761, C4 = 3.865, ky = 0.0025, m = 0.43, n = 0.62,
computational time step = 8x10™° sec.

Excitation: Low frequency, sinusoidal torque; amplitude = 1.7
ft-1b, frequency = } cps.

Response: Negligible transient rotation and low frequency, cyclie
rotation having an amplitude which increased with an increase in

the number or cycles c¢f loading.

Results: As shown in Fig. A-5(d), energy balance requirements are



APPLIED TORQUE
Vs
) TIME

NANANN
JV

(fr-1b)

T
'
e

| ROTATION
vs

| U/\/\ .
v

N ATV VAN

0 (107" rad)
o

(a) Excitation/Response

Figure A-4: Validation of Computer Procedure for Simulating High

Frequency, Cyclic Tests for Determining the Variation in Dynamic Shear
Modulus with Shear Strain

A-10



Tg (107! fe-1b)

SPRING TORQUE
VS
ROTATION

8 (107" rad)

=== Theory
—— Computed

Figure aA-4:

(b) Spring Torque-Rotarion Behavior

Tp (fe-1b)
DAMPING TORQUE .
US 1 - ft- b
ROTATIONAL Cr = 0.50 rad/sec
VELOCITY
) > d (rad/sec)
-1

(c) Damping Torque-Rocational Velocity Behavior

ENERGY RATIO

w o Theory Vs
— Computed TIME
t (ms)
0 S

(d) Energy Ratio

Modulus with Shear Strain

A-11

Validation of Computer Procedure for Simulating High
Frequency, Cyclic Tests for Determining the Variation in Dynamic Shear



L APPLIED TORQUE
2t TIME
>
n
S; 0 >t (s)
-2
6} ROTATION
vs
TIME
; /A\
A
.:D Q V v A -t (S)
- VY v
-6 o Static
— Dynamic
Shear
Failure

(a) Excitation/Response

Figure A-3: Validation of Computer Procedures for Simulating Low Frequency,
Cyclie, Controlled-Torque Tests for Determining Degradation and
Liquefaction Characteristics of Sands and Silcs

A-12



EXCESS POREWATER

SHEAR STRAIN

PRESSURE AMPLITUDE
Vs Vs
1.0 NUMBER COF CYCLES - NUMBER OF CYCLES
el
> A
0.1
f’; ¢ Static \ - * Sratic
0.3 Dynamic & — Dynamic
» Shear ﬁ !
12 Failure > Shear
Failure
2 4 6 2 4 6

"Number of Cycieas

Number of Cycles

{b) Excess Porewater Pressure and Shea

r Strain Histories

Ts (ft-1b)

SPRING TORQUE

VS 1
ROTATION -
0 (107" rad)
-4
Shear
Failure -1 ° Theory
7/ — Computed

(¢) Spring Torque-Rotation Behavior

1.0
= s Theory ENERC:SRATIO
— Compurted
TIME
0 —~t (s)
2 ]

{d) Energy Ratio

Figure A-5: Validation of Computer Procedures f

or Simulating Low Frequency,

Cyclic, Controlled-Torque Tests for Determining Degradation and

Liquefaction Characteristics of Sands and Silts
a-13




6)

satisfied. Checking the solution judgmentally, as seen in Figs.
A-5(a) and (b), the amplitude of the cyclic rotation, the excess
porewaler pressure ratio, and the amplitude of the cyclic shear
strain increased in the manner expected with an

increase in the number of cycles of loading. A shear failure of
the test soil was predicted during the 8cth cycle of loading. As
shown in Fig. A-5(c), the computed spring torque-rotation curve
shows the expected degradation and agrees closely with the curve
estimated directly using hyperbolic stress-strain equations (12). The
effects of viscous damping were found to be negligible because of
the low excitation and response frequencies considered.

Conclusion: The dynamic solution procedure for simulating low
frequency, cyclic, controlled-torque tests for determining the
degradation and liquefaction characteristiecs of sands and silts is
valid.

Static Solution Procedure

Validation Procedure: \Using static procedure, obtained computer
solution and compared solution to above-discussed dynamic computer
solution.

Parameters: Gmg = !.55x10% psf, K = 1.7x10"* fr-lb/rad, Tmo = 80C
psf, C; = 0.666, C7 = 1.968, C3 = 4.761, C; = 3.865, ky = 0.0025, m
= 0.43, n = 0.62.

Excitation: Cyclic torque having a uniform amplitude; amplitude =
b.7 ft-1b.

Response: Cyclic rotation having an amplitude which increased with
an increase in the number of cycles of loading. The static
procedure was programmed to give response parameters only at every
half-cycle.

Resulrs: As shown in Fig. A-S5(a), the peaks of the cyclic
rotation, computed using the static solution procedure, agree
guite well with those computed using the validated dynamic
procaedure. Additionally, as shown in Fig. A-5(b), the histories of
the excess porewater pressure ratio and the amplitude of the cyclic
shear strain, computed using the static solution procedure, agree
quite well with those computed using the dynamic procedure.
Finally, as implied by Fig. A-5(a), the peaks of the
torque-rotation history, computed using the static procedure,

agree well with those computed using the dynamic procedure.

Conclusions: The static sclution procedure for simulating low
frequency, cyclic, controlled-torque tests for determining the
degradation and liquefaction characteristics of sands and silts can
provide good approximations of dynamic soluticns when excitation
frequencies are low. The static solution procedure for simulating
such tests is valid.

Validation of computer procedure for simulating low frequency,

A-14



cyclic, controlled-rotation tests for determining the degradation
characteristics of clays.

Dynamic Solution Procedure

Based on our experiences with the dynamic solution procedure for
simulating low frequency, cyclic, controlled-torque tests for

determining the degradation and liquefaction characteristics of

sands and silts, and considering the reasonable similarity between

the characteristics of clays and those of sands and silts, we decided

that it was unnecessary, for the theoretical feasibility study,. todevelop

# dynamic solution procedure for simulating low frequency, cyclic controlled-
rotation tescs for determining the degradation characteristics of clays.

Static Solution Procedure

Validation Procedure: Obtained computer solution, checked
torque-rotation behavior, and judgmentally checked solution. An
energy balance was not carried out because the energy balance is
not an effective methed for checking static solutions.

Parameters: Gpg = 7.2x10° psf, Kpp = 7900 fr-lb/rad, degradation
parameter curve for highly degradable clay (see Fig. 1%, pg. 50), Tpe
= 660 psf.

Excitarion: Cyclic rotation having uniform amplitude; amplitude =
0.02 rad.

Response: Cyclic torque having an amplitude which decreased with
an increase in the number of cycles of loading. The static
procedure was programmed to give response parameters only at every
half-cycle,

Results: As shown in Fig. A-6, the peaks of the cyclic torque
decrease with an increase in the number of cycles of loading as

would be expected. additrionally, the peaks of the cyclic torque
computed using the static solution procedure, agree closely with

those estimated directly using hyperbolic stress-strain equations (12).
This also implies that the spring torque-rotation peaks obtained

using the static sclution procedure agree closely v°th those
estimated directly using hyperbolic stress-strain equations (12).

Conclusions: Based on our experiences in validating the procedures
for simulating tests for determining the degradation and
liquefaction characteristics of sands and silts, the static
solution procedure was judged to be an effective means for
simulating low frequency, cyclic, controlled-rotation tests for
determining the degradation characteristics of clays. The static
solurion procedure for simulating such tests is valid.

A-15
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Appendix B - Derivations for Key Relationships

In this appendix, we present our derivations for 1) the equation
relating the spring torque, Tg, to the corresponding shear stress developed
in the test scil along the wall of the inner cylinder, Tralr;). and related
equations, 2) the equation relating the rotation of the inner cylinder, 0, to
the shear strain developed in the test soil along the well of the inner
cylinder, Ye(r;), 3) the equation for the tangent spring stiffness, Kr, of
the single-degree-of-freedom system, 4) the equation defining the rotational
flexibility of the inner cylinder relative to the rotational flexibility of
the test soil during the initial cycle of loading, F;i, and 5) the equation
defining the rotational stiffness of the inner cylinder relative to the
rotational stiffness of the test soil during the ultimate cycle of loading,
Su.

1} Derivation for the equation relating the spring torque, Tg, to the
corresponding shear stress developed in the test s0il along the wall of
the inner cylinder, T,yg(r;}, and related equations.

From Fig. 9 and basic principles of wechanics, we may derive the

following relationship assuming a uniform distribution of shear
stress in the vertical direction within the test soil:

Tg = -Trglrjlarg (B-1)

where A = surface area of active (unshielded) portion of inner
cylinder
r; = outer radius of inner cylinder

Using basic geometry and rearranging terms, Eq., B-1 may be rewritten as

follows:
Ts
T lr:) = - \B-2)
TS 2nril
where 1 = length of active portion of inmer cylinder
We may infer, from Eq. B-2 the equation of interest:
ATg
Arrs(ri - 7 (i)
Zﬂril



2)

If viscous damping and inertia forces are negligible, T = Tg, and
Telrj) = Trg(ri) and we may rewrite Eq. B-2 as follows:

T
Telry) = -
r 1 2“!’?1 (8‘3)
1
where T = torque applied to inner cylinder

Tr(ri) = shear stress in test soil along wall of inner cylinder

Equation B-3 wmay be rearranged and rewritten in terms of the amplitudes
of cyclic quantities, T, and Teplr;), giving the following expression of
interest:

s = L,Tralr:)
TA - ‘27Tl'ilcvi(‘“£'§'—l) (2)
vi
where 8yi = initial effective vertical stress

Teal{r;)/3yi = shear stress ratio

Derivation for the equation relating the rotation of the inmer cylinder,
O, to the shear strain developed in the test soil along the wall of the
inner cylinder, Y (r;).

Assuming an axisymmetric, linear, horizontal displacement distribution in

the test soil, as shown in Fig. 10, we may write the following equation:

u(e) = 285 ulry) (B-4)

where u{r) = horizontal displacement of test soil
r = radius
r, = inner radius of outer cylinder
r; = outer radius of inner cylinder

From basic principles of mechanics (16):

Yolr) = asir) _ u(:) (B-5)

where Y¢{r) = shear strain in horizontal planes



3

Applying Eq. B-5 to Eq. B-4 leads to:

Yo le) = -(—f0yulrj)

Fo-ri r (B-6)

Evaluating Eq. B-6 along the wall of the inner cylinder gives:

. ()
Ye(ri) = '(?;%?’ L’n;'-lL (B-7)

The following equation is based on the assumption that slip does not
occur between the test soil and the wall of the inner cylinder:

u(ri) - Gri ({B-8)
where O = rotation of inner cylinder

Substituring Eq. B-8 into Eq. B-7 gives:

Yelr,) = -(r—o‘?;or—i) 0 (B-9)

We may infer from Eq. B-9 the equation of interest:

Mp(r;) = () 40 (3)

Derivation for the equation for the tangent spring stiffness, ¥p, of the
single-degree-of-freedom system.

We derived the tangent spring stiffness, Ky, from the following shear
stress-strain relation:

ATrs(ri)

G(ri) -
AYt(ri)

(3-10)

B-3
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vhere G(ry) = shear modulus of test soil along wall of inner cylinder
Trglri) = shear stress in test soil along wall of inner cylinder
caused by shear strain
Ye(ri{) = shear strain in test soil along wall of inner cylinder
ri = outer radius of inner cylinder

Substituting Eq. 3, pg. B-3, and Eq. 1, pg. B-1, into Eq. B-10 gives the
following equation:

Glr;) = o (fe%iy ATs (B-11)
1 ZTTri l‘o

The term ATg/A0 in Eq. B-11 may be recognized as the tangent spring
stiffness, Ky, of the single-degree-of-freedom system. Substituting Kp

for ATg/AQ in Eq. B-11 and rearranging terms gives the equation of
interest:
2mele,l
Ky = —320 ¢(r;) (4)
l‘o‘l"l

Derivation for the equation for the rotational flexibility of the inner

cylinder relative ro the rotational flexibility of the test soil during the

initial cycle of leading, Fj.

We defined the rotational flexibility of the inner cylinder relative
to the rotational flexibility of the test scil during the init:al cycle
of loading, Fi’ as:

F et

: =

i® 5, (B-12)
where 0f = static twist of active portion of flexible inner cylinder

due to static torque, T, acting throughout cylinder
Dgi = static rotation of rigid inner cylinder embedded in
undegraded tesc soil due to static torque, T

To determine @f, we considered the following expregsion (7), giving
the static twist between the ends of a circular shaft, Y, caused by a
static torque, T, acting throughout the shaft:

0 =

-2
=

(B-13)

[21]
e
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where = shear modulus of shaft
length of shaft

= polar moment of inertia of cross secticn of shaft

S L1}
L}

For a hollow, circular shaft, (7),

J = 55 (D5-D}) (8-14)

where Eo = outer diameter of shaft
Di = inner diameter of shaft

Substituting Eq. B-14 into Eq. B-13 and writing the resulting
expression in terms of the variables used in the theoretical feasibility
study, an expression may be obtained for the staric twist between the
ends of the active portion of the flexible inner cylinder caused by a
static torque, T, acting throughout the inner cylinder:

T1

0, = — 1
m Y (B-15)
§5(D;-Di)Gi

i

where Gj = shear modulus of inner cylinder
1 = active length of inner cylinder

Dy = outer diameter of inner cylinder

D; = inner diameter of inner cylinder

To determine Qgj, we assumed the static torque, T, to bhe applied to
a rigid ianer cylinder embedded in the undegraded test soil. The shear
strain developed in the undegraded test soil along the wall of the inner
cylinder, Ygulrj), as a result of the applied torque, T, may be estimated
using the following relationship based on hyperbolic shear
stress-strain relationships (12):

Telry)

0 -
m Tr(ri) Gmo

Yr(ri) = -

(B-16)

where T,(r;j) = shear stress in test soil along wall <:r inner
cylinder caused by applied torque T
Gmo = undegraded low amplitude shear modulus
Tmo = undegraded shear strength

The gshear stress, Tr(ri), induced in the test so0il as a resulc of the
applied torque, maybe estimared using Eq. B-3. Equation B-16 is valid
only for positive shear strains. A similar equation is used far negative

B->
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shear strains.

Using Eq. B-9, the static rotation of the rigid inner cylinder, O4;,
resulting from the applied torque, T, may be estimated in terms of the

shear strain developed in the test soil along the wall of the inner
cylinder, Ye(r;), as:

Bei = (&) v, () (8-17)

Apprupriately combining Eq. B-3, Eq. B-l6, and Eq. B-17, we may u.btain
the following expression for the static rotation of the rigid inner
cylinder embedded in undegraded test soil due to torque T:

Ly~ ; T/2ned1
G5 = -« L -

- Yo ' (Gmo/Tmo) (~T/27r?1) - Gmo

] (B-18)

Equation B-15 and Eq. B-18 may be subsrituted iato Eq. B-12 giving
the desired expression for Fj:

Tl/[%(pg-n‘i’) G;
LS T/2mell ] an
To  “(Gmo/Tmo) (~T/27cil) - Gmo

Derivation for the equaiicn for the rotational stiffness of the inner
cylinder relative to the rotational stiffness of the test soil duriag the
ultimate cycle of loading, Sy-

We defined vhe rotational stiffness of the inner cylinder relative
to the rotacional stiffness of the test soil during the ultimate cycle of
loading, Sy, when the test soil has either liquefied or stabilized at
some limiting cyclic deformation as:

€]

Sy » —SuA (B-19)
CH
where Oj = static twist of active portion of flexible inner

cylinder due to torque, T, acting throughout cylinder
Ogua = amplitude of low frequency (inertia and viscous damping

forces negligible), cyclic rotation of rigid

inner cylinder embedded in fully degraded test soil caused

by low frequency, cyclic torque having amplitude, T.

B-6



The quantity ©j may be determined using Eq. B-15. To determine
OguA, we assumed that the cyclic torque having an amplitude T was
sufficient to induce either liquefaction in loose soils or limiting
deformations in dense socils. Using Eq. B-9, we may write the following
expression giving Ggya in terms of the peak shear strain developed in the
test soil along the wall of the inner cylinder during the ultimate cycle
of loading, YruA(fi)' when the soil has fully degraded:

Osua = —(—lr";:') (Ypualri?] (B-20)

Substituting Eq. B-15 and Eq. B-20 into Eq. B-1%, gives the desired
expression for Sy:

| g K]
(75 Veualr)l

T1/(35 (05-0)) 6; )

Sy = - (12)




Appendix C - Report on Operational Feasibility
Study from Sweet & Aiken

In this appendix, we present the entire report on the operational
feasibility study from Sweet & Aiken, Inc. The report includes a presentation
and discussion of the opera:cional aspects of the proposed testing system,
an engineering drawing presenting a preliminary design of a laboratory
research prototype testing system, and an appendix which includes discussions
of electronic equipment and provides appropriate literature from

manufacturers.
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EBELININABY REI1GN OF 4 EBQIQIYRE 1N 3IIU 20IL IRSTING TQOL

1.0 INTRODUCTION

A prototype tool has been designed for in situ measuresant of
cyclic and dynaaic soil properties. The final field tocol ias

intended to he used to teat soil on dry land or on the ocean

floor. The prototype has most of the important featurea of a
field tool, but ia intended to be used primarily for

laboratory testing.

This report summarizes the tool. A discussion of mechanical
aspects and explanations of modificationa and special
features are included in this report. A discuseion of
slectronic systems is provided in twa reporta from an

independent consultant, included in the Appendix.

The preliminary design criteria for the tool are presented in
Table 1.1, and were taken froa documents provided by Dynamic

In Situ Geotechnical Testing, Inc.

In operation the tool will be pushed into the soil to be
tested. The test apecimen will ba an annular volume of asoil
captured betveen an inner barrel and an outer barrel. The
outer barrel will remain stationary with the surrounding soil

and the inner barrel will be rotated in various fashions.

g 2
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The tool was designed for teating in two modes:

1. Imspulse Teating

2. Cyclic Teating.
For the impulse mode, a step torque will be input to the
inner barrel. The torque will ba held conatant for a
fraction of & sacond and rapidly released. The inner barral
will be allowed to freely vibrate in reaponse tc the
impulse. The tool will messure the input torque and the

rotational reaponse of the inner barral.

Cyclic testing caean be done in two different ways. In one way
a cyclic rotation can be input to the inner barrel. The
response will be the cyclic torque necessary to generate thia
motion, .In the othsr way, a cyclic torqua will be input teo
the innar barrel and the response will be the resulting
cyclic rotation. Torquea and rotational motions will be

asasuread vhen testing in either way.

The limita of penetration forces, environasntal preasure,
applied pressure, torgue, rotation, power, acceleration,
time durstion, and frequency are presented in Table 1.1.
Nanufscturer‘s literature on all available components are
presented in the Appendix. Calculations are provided in

Section 7.0.



2.0 DESCRIPTION OF TOOL

Figure 2.1 is & achematic diagram of the drive and
measursaent syatems while Drawing 830227-10 showas a full
acale sasenbly drawing cf the prototype in situ soil testing
tool. The overall length excluding a latch/psnetration
device is 44 inches, and the cuter dismeter is 3 inches.
These dimensions ¢ e such that the tool will fit inside a

atandard coring bit for testing cocean floor scil.

The acil tast apecimen is contained betwesen the cuter barrael
and the inner barral. Its dimensiona ere

Quter Diameter - 2.833 inches

Inner Diasmeter - 1.000 inch

Length - 8.000 inchas.
The tool capturss an additional 4 inches of scil above the
teat specimen. Thia scil is expected to ba disturbed and is
not intendad to be taated; it is isolatad from the rotating
inner barrel by a shield which remains stationary and does

not touch the rotsating inner barrel.

The tool simulatea the overburdan effect of the ascil removed
fros the borehole by applying a force to the top of the aocil
specimsn. The force is spplied hydraulically through the
vertical pressure piston. Tha pressura will ba meaaured by a

preasure tranaducer.
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The lower ends of the innar and outar barrela asre designed
with tapera that drive the displaced scil awvay from the teat
specizen. The soil displaced by the outer barrel is forced
into the aurrocunding ecil; the solil displeced by the hollow
inner barral ia forced inaide tha inner barrel. Jutted edges
ar® provided in this barrel to force soil away from the wall
of this barrel. The volume of space inaide the inner barrel
and the soil holding chambar was designed to hold all soil
diapleced by the inner barral and shield. The variousa
aurfacea of the barrels will be treated for differant
characteristics. Relief ports are providad for soil chambers

to preavent porewater pressure build-up during penetration.

The force neaesaary to drive the inner barrel into the soil
is larger than thes tranducers and bearings can support.

Thus, the inner berrel driving force is tranaferred to the
shiseld through a load shoulder. Then it is transferred to
the ocuter barrel through ;ﬁ§§Ll whare it coambinea with the
outer barrel driving force and is trensferred to the coring

tool.

It is prabable that the inner barrel will be tranaversely
loaded during the driving operation. Thia may inducs
axcessive shsar and bending on the inner barrel and
tranducers, unlesas lateral support is provided. The tool wvas
designad with two lateral support shouldere: one at the

lower end of the shield and one at the uppsr end of the
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ahisld, These support shouldera are designed so that

reasonabla banding loads will not damage the tool.

The lateral supports can induce frictional resistance to
rotation that sight ba of the same order of megnituds as the
input torque. Since torque is nesasured sbove the supports,
the support induced torque would contaminats ths teat
reaulta. To alleviate this prcblea the shield was designed
so that it could be moved axiasily upwerd after the driving

oparation, eliminating all contact with the innsr barral.

Exceasive transversa forces developed during sctual t-lting’l @
may cauase the inner barrel to contact the shield. This will
pravent the completion of the test:; however, it should slac
prevent dasmage to the tranaducers due to excess bending.

This is not axpected to occur under normal ccnditions.

The only cosponent that will touch the inner barrel below tha
tranducers is a lip seal between the inner barrsl and ocuter
barrel. This seal is necessary to keap the in situ fluid
awvay from the tranaducers and bearinga. The seal used is a
Parker U pecking seal designed to reduce contact forces to s
minisum. The pressure differential across the seal will be
kept below 10 pai. Thia low preasure, along with the low
friction featurea of the seal, should reduce signal

contamination by saal contact to leas then 9.1% inch lbs,
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One {aportant requirement of the cacillating componenta for
tasting in the impulse mode ia that thay be underdamped.
Underdanped behavior wea promoted by limiting contact with
atationary parts to a bars minimum and enclosing all but the
inner barrul in air inetead of oil. During teating the only
contacts between moving and stationery parts are in the
hydraulic motor, at the two tapared roller bearinga, and at

the lip seal.

Neasurement tranducers are located betwesn the inner barrasl
and the drive shaft. Thasa transducers messure inner barral
rotation, torqua on the inner barrel, and rotational

acceleration of the inner barrel.

Based on the sesrch conductqd for the preliminary deaign, it
vwas concluded that the torque rangs requirements are too
large for a single torqua transducer. Thus, for the
prototype system, two intarchangeabls transducera will be
vsed: a low range torque transducer and & high renge torque
tranaducer. Sasall torques will bs mesaured uaing a Lebow
Nodel 2127 torque tresnaducer, and large torques will be
neasured using a Lebow Model 2102 torque traneducer. A
second Lebow Nodel 2127, with a lower cepacity, could ba used
for accuracy in the lowest torgque ranga. Separate tools

would bes considered for field use.

Angular acceleration will be measured using two PCBR



Piezotronica model 303A quartz accelerosetera. The two
acceleroneters are aocunted on the inner barrel 180 degrees
apart at a known radial distance from the centerline. They
Reaaure lineer sccelerstion vhich is converted to rotational
acceleration using the kinematic relationships betwveen
rectilinear and anguler motion. Using two accelearoasters
avoide imbalance and more accurately provides rotational

motion.

Angular rotstion will be messured using a Trens-Tek Series
604 anguler displacement trenaducer. The housing of the
tranaducer will be connected to the ocuter barrel and the

tranaducer shaft will be connected to the mnain shaft.

Inner barrel excitation is provided by a miniature orbit type
hydraulic motor manufactured by Lamina. This motor will run
with squal torque in either direction and is instently
raversible. Its houaing ia alesvaed into tha couter barrel and
ita shaft i=m slessved into the drive shaft. Based on the
ssarch conducted for the preliminary design, it waa concluded
that, just as with the torque trasnsducers, the torque range
requireasnts may bs too large for a aingle motor. Thus, for
the laboratory prototype, two interchangsable motors may be
required. For the field, two tools may be required. The
snall torgques will be provided by & Nodel A-25F moter, and

the large torques will be provided by a Nodel A-SOF motor.
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The torque or rotetion output of the motor is to be
controlled by a Moog type 30 Series 30 servovalve. The
position of the valve stem will be controlled by a signal
fron the torque tranaducer or angular rotation transducer. It
will compare the signal with the desired value. If the
signal is too low, the valve will open and 1f it is too high,
the valve wil) clese. The teat operator will control the
servovalve through a Noog series F120 reck mounted

elactronics package.

3.0 DESCRIPTION OF CONPONENTS

3.1 Outer Barrel

The outer barrel serves aa the housing for the test specimen
and all internal components of tha soil testing tocol. The
removable lower end of the outer barrel contains the tsat
specimen. The upper portion containa ths internal components
and will connect, in the field model, to the coring bit or

thread into a pipe.

The ocuter barrel has a uniform diameter of 3 inches, ia 44
inches long, and ia mnade of type 410 stainleas steal. The
lower portion hes & nominal wall thickness of 1/1¢ inch and

is 12 inchea long.

Type 410 is a general purpose atsinless steel that has good
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corrosion res.xtancs, ia atrong snough to resist psnetration
forces, is rsadily available, and is low cost compeared to
aost other stainless steels. The upper end is made of
annealed 410 having a ainiaua tensile strength of 795 ksi and
& aininua yield strength of 3% kai. The lower end is nade of
quenchaed and teapared type 410 having & ainiaum tenaile

strangth of 110 kai and a ninimum yield atrength of 85 kai.

The lower end, containing the sail specimean, will be
hydraulically pushed at a controlled rate into the asoil
formation. It has special inside and ocutside surfece
treatments soc that disturbances are mninimized and it properly

interacts with the surrounding soil and the teat speciman.

It is necesasary that the outside surface provides reesocnably
low exial resistance with the soil to reduce the penetration
force., More importantly, it must have high rotational
resistance 80 that it helps transfer the driver reaction
torque to the surrounding #oil. These characteristices

are developed by machining axial groovesa all around the ocuter
circumference of the lowvar end. Cylinders with different

grocove dimensions would ba used for different soils.

The inner surfsce mnust be as frictionleas as possible in the
axial direction. Thias sinimizxes disturbancea to the test
specimen, As with the outer surface, this surface muat have

a high rotational resistance to minimize slip betwesen the
£12



outer barrel and the eoil specimen. Theas charactaristics
are achieved by machining axial grooves slong the ilnaide of
the lower end and coating the surfece with a
polytetrafluorcethylene (PTFE) costing. This will preduce a

aurface cosfficient of friction of lsas than 0,090,

PTFE ia & fluoroplastic having excellent chemical inertness.
good high and low tempsrature stability, and very low
friction. The stetic cosfficient of friction decressss with
increasing load. Thus, PTFE bearing surfaces do not seize,
even under extremsly high loadsa. PTFE is relstively asoft and
is not resistant to wear unleeas improved by compounding the
reains with inorganic fibers or particulate smateriala. Noat
PTFE coating companiea include propristary additives to
improve wear characteriatica. Thaeaas iaproved PTFE coatings
will allow numercus in aitu scil tests besfore wvear makas thea
nonfunctional. When this occurs, the barrels can be returned

to the coating company for recoating.

The lower end of the outer barrel is provided with & taper so
that displaced acil will bes pushed into the aurrounding soil

inatead of into the tesat soil.

A fluid relief port ias provided at the top of the lowver end
of the outer barrel so that entrepped fluid will displace
during penetration. A filter atone will be provided in the

port to prevent the eacape of aoil.
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3.2 Inner Barrel

The inner barrel is the lowermost portion of the ocscillating
componenta. It forms the inside of the aoil teat apecisan
and trasnafars the input torques and rotationa to the
spacimen. It has a 1 inch outer diameter et the lower end, a
1.8 inch diameter at the upper end, and is about 18 inches
long. The lower and adjacent to the scil teat specimen has a
wall thickness of 1/16 inch and is threadad into tha uppar

section for easy removal for repairing or recoating.

The inside of the inner barrel is hollow to resduce tha amcunt
of scil diaplaced during penatration. Tha lowar end haa a
taper to drive the displaced soil inaide the bores inatead of
outside to the teat specimen. The top of this taper is
Jutted to minimize contact between the tool surface and the
801l inaida the bore. A asecond jutted taper is provided near
the base of the shisld where tha innar cylinder is
conatricted. The top end has a larger bore to provide rooa
for the scil]l displeced by its wall. A relief port is
provided at the uppermost part of the inner barrel wall to
allow entrapped fluid to sscape during penetretion. A filter
atone will be provided in the port to prevent the sscape of

soil.

The ocutside surfece of the inner barrel muat have the same
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characteristics as the inside surfece of the outer barrel;
thua, it has the same surface treataents. The ocutside
surface ia axially grooved and coated with PTFE resin so that
it will properly trensfer driver actions to the taeast
apacinan, but will not axcessively disturb the test apecimen
during penetration. Thae inside surface is to be machined to
& 16 RNS finish and coated with PTFE resin ao that
interaction with the antrappad bore aoil is minimized.
Durability charscteristics described for the ocuter barrel

coatings also apply to the inner barrel coatings.

The inner barrel ls made of quenched and tempered type 410
stainless stesl having a minisum tensile atrength of 110 ksl
and a minimua yield strength of 85 ksi. Thia material has
adequate strength to resist the penetretion force, is hard
enough to reaiat damage from soil contact, and ia corroaion

resjistant.

3.3 Vertical Pressure Systea

A hydraulic piaton is provided in the top of the annular
space betwean the inner snd outer barrels. This piston may
be preasurized after penetration to aimulate the vertical in

situ force removed by the coring opare“ion.

The ocutsida diasater is 2.833 inchea, the inaide diamnetar is

1.0 inch, and the length is 0.75 inch. The piston ia made of

s



annealed type 410 atsinless steel for its corrosion

resistanca.

The presaura area of the piaton ia the same as the croas
sectional area of the soil specimen: thus, the applied soll
pressure is approximately tha sane as the hydraulic presaurs
applied to the piston. The pressure ia menitoraed by a
praasure tranaducer locatad at the top of the tool. This

tranaducer is described in Sectiocn 3.5 of this report.

The vertical pressure system is designed either to provide a
conatant pressaure on the specimnen regardiess of the soil
moveaant or to remain atationary during testing. A valve is
providad to control the vertical pressure system mode. Thus,
in the conatant pressure mods, with the valve open, if the
soil specimen contracts during testing, the piston is
conpliant and will move down so that the pressure resmains
conatant. In the stationary mode, after pronsu;izinq the
piaston, the valve ia cloaed ao that tha piston remsins

atationary regardleaa of the aoil movement.
3.4 Shield

A 12 inch long soi]l specisen is trappad betwesn the inner and
outer barrels. 0f this, the lower 8 inches is conaidered the
test specisen and the top 4 inchea is probably disturbed and

not intended to ba tested. A ststionary shield ias provided
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between the oscillating inner cylinder and the top 4 inches
of the soil apacimen. This shiaeld prevents the inner
cylinder movementa from being transferred to the inner

surface of the diaturbed part of the scil specimen.

Another function of the shield is to react the penetration
forcea and trenamit them directly to the cuter barrel so that
they do not damage the transducers or besarings. The axial
penetration force on the lowver end of the inner barrel is
transferred to a bearing shoulder loceted on the lowermoat
and of tha shiald. It pasases axially up the ahield to the

three radial pins connecting tha shiald and ocuter barrel.

It ia vary likely that tranaverse forcesa will act on the
inner barrel during penetretion due to nonuniform soil
propertisea. Thia causez an end moment as well as tranaverse
shear forces. Thase actions are tranaferred to the shield by
circunferential bearing areas located at the bottom of the
shield and near the top of tha shield. Thua, reascnable

tranaveree forces may be sustained.

Since the input torques may ba very small, it is nacessary
that contact between the shield and inner barrel bes
elininated during testing. This is schieved by applying 400
psi hydraulic preaaure to the bo%;::‘fl of the shield

flange. The prasaurs forces the &£md connecting pins out of

engagement on the shield and slowly drivea tha shield upward
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3/32 inch where it contacts a landing surface on the inner
barral. This axial movemant disangages thea shield bearing
surfaces from contact with the inner barrel lesving snough
clearance betwesn the shield and inner cylinder to preveat
contact under norsal conditions. The ashileld can be raangaged
in two ways. It can be moved back into position by hand
after disassembling the tool. Altertatively, a aacond
hydraulic line can be provided to apply pressure to the upper
face of the shield flange so that the shield can be driven
downward until tha connecting pins resngage. The second

method would be praferred in a field toeol.

3.5 Transducers

The tool incorporates three types of transducers to measurs
actions and moticns input to the inner barrel. These include
an angular displacesent treansducer, a torqua tranaducer, and
two accslercometera. The sngular displacemant transducer will
mainly provide measuremeanta during low frequency cyclic
tests;: whereas, the accelercmetars will provide measursments
during impulse tests. The torque trenaducer will provide

neasurenants during both teata.

A Trans-Tek series 604 angular diaplacement transducer is
attached to the upper end of the inner barrel. It meassures
the angular position of the inher barrel relative to the

outer barrel and converts it into a DC voltage directly
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proportional in amplitude and polarity to displacement fros
the electrical null position. It ls a precision differential
capacitor device and has integ:al voltage regulation,
oacillator, demoduletor and output buffer. The DC ocutput can
be fed directly into voltasters, recorders, A/D converters or
other devicea. The standerdized ocutput allows intarchanging
units without aystem recalibration. A locking wedge is
provided between the inner barrel and shield at the upper
support aurface. The locking wedge prevents rotaticn of the
inner cylinder and shaft to prevent deviations from zeros
during running and penetration. The lock is disengaged when

the shield ia moved cut of contact with the inner burrel.

Standard series 604 tranducers ara designed to measure a 60
degree rotation range. Thia is much larger than required for
the in situ scil]l testing tool which requires a meximum psak
to peak rotation range of 30 degrees and a minimum range of
0.002 degree. Trane-Tek specifies factory calibration toc any
specified output sensitivit nd Treans-Tek technical edperts
ars certain the seriea 602 can ha calibrated to accurately
read rotations down tc 0.01 degrea with a ressclution of 0.001
dagrea. Accuracy below 0.01 degree is questionasble. The
range would be :20.5 degree. As indicated in a letter from
Trans-Tek included in the Appendix, they are willing to make

the necessary modificationa at a reaacnable coat.

The full range of rotations can be messured with s single
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tool uaing two angular diaplacement transducars in saries.
One would be calibrated for the large rotations and the other
for the amaller rotationa. All but tha very asmallest
rotationa (laaa than 0.01 degreses) would be accurataly
neasaured with this saystem. The full acsle assembly drawing
shows only a aingle sngular displacement tranaducer. The
Trana-Tak serisa 604 meets all othar requirements including

pressura and temperasture reaquiresants.

Tha shaft of the angular displacement tranaducer fits into a
pracisjion hola in the upper end of the inner barrel. It is
hald in place with a amall set acrew. The body i1s attachad
te the outer barrel with three mounting brackets bolted to
the three tapped holes in tha bottom face of the transducer.
Thess brackets pass throuygh alots in the shaft coupler to the

outer barrel.

The two accalarometeras are PCB Piezotronics model 303A. They
are quartz sensors having built in slectronics so they can
operate over a coaxial or two conductor cable; one lead
conducta both signal and powar.

The two accalerometers are mounted 180 degrees apart on angle
bracketa attached to the shaft coupler juat above the anguler
diaplacemant transducer. They are oriented to measure
tangential acceleration at a radiuya of 0.75 inch. These

transducars reet all requirements. including pressure and

£ 20



temparaturs requirements.

The torque tranaducer is mounted between the motor shaft and
the angular displacement tranaducer. A Lebow model 2127 with
a 50 in-oz capacity will ba uaad to messure torques less than
0.26 ft-1lbs and s Lebow model model 2102-200 will be used t>
Reasure torques between 0.26 and about 17 ft-lbs. 1If
necessary, a Lebow mcdel 2127 with a 10 in-oZ capecity can be
usad to measura very ssall torques more accurately. The
upper limit is scmevhat lesa than spacified by the client,
but was judged scceptsble by the client. These are all in-
line reaction torque devicea using foil type satrain gages to
asasure toraionsl shear straina. They producs ainimal

friction error.

The model 2127 haas a flange at one and with 3 holes for
boltup. Thia end will attach to the shaft coupler. The
other end has s shaft that will fit into & mating hole in the
lowar end of the drive shaft. It will be held rigidly to the

drive shaft with a amall st acrew.

The higher torque tranducer has different end fittings. Both
ends of this tranaducer have four drilled and tapped holes
for flanges, For tha prototype tool, a flange adapter will
be necessary to make the high tarque transducer

interchangeable with the low torque tranaducer.
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Both torque transducers have lead terminel boxes extending
radially ocutward. Since these boxes will interfere with the
outar barrel they will be removed and pigtail lead wires
will be draped out of the main body. The torque tranaducers
aatisfy all requirements including tesparature and pressurs

requirenents.

The tool will also include three pressurs transducers. These
will be used to mesaure the differential presasure between the
vertical pressure piston end aambient, between the
transducer/bearing chamber and ambient, and between tha spacse
under the shield flange and the ambiant. If the upper face
of the ahield flange is pressurized, a fourth pressure
transducer will be used. All trensducers will be Entran
nodel EPX10l strain gage sensors that can be specified with a
pressure range froa 5 to 35000 pai. These pressure tranducers
neet all requirements. They will be threaded into a mounting

plate attached to the inner barrel above the driver.

3.6 Drive 3haft

The drive shaft connects the drivar to the transducers. It
is guided by two tapered roller bearings. It ia about 7
inches long and has a maxiaum diameter of 1.25 inchea. It is
nade out of annealed type 410 stainleaa steel having a
ainimum ultimate strength of 75 kai and & minimum yield

atrength of 3% kei. The shaft is very lowly stressed during
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operstion; thus the aaterial wes selscted solely for

availablity., cost, and corrosion resistance.

The lower end of the shaft has & precision drilled hole for
the torque transducer sheaft and the upper end has a precision
drilled hole for the motor sheft. Both ends have radial
drilled and tapped holes for aet screws to hold in the mating

shafts.

3.7 Drive Shaft Coupler

The drive shaft coupler is used to connect the inner barrel
to the torque tranaducer. The lower end is provided with a
fenale thread which connects with & mating male thread on ths
top end of the inner barrel. A set screw will prevent
unthreading during tests. The top end has drilled and teppsec
holes for bolts which connect it to the torgque transducer and

acceleronatars.

The drive shaft coupler ia sade out of annesled typs 410
stainleass stesl. Thias mnaterial was choaen for its

availability, coat, and corrosion resistance.

3.8 BEARINGS

The bearings supporting the shaft that drives the torque and

angular displacemant transaducers are single row, straight

{23



bore Timken precision bearings, idantified by the number

07100-07196.

The aspproximate 4.5 inch apacing of the besaringa in the
“indirect” inatsllation mode provides high shaft atsbility
and accurate alignment with the axis of the tool. The
tapsred roller bearing slements 'ot only minimize shaft axial
moveaent, but also are ideal for ocscillatory sarvice of the
type anticipated for the tool. Each bearing has &
ccafficient of friction of approximately 0,00018, The
torsional reaiatance of the bearings will not contaminate the
torgue measurenents of the tocl since the torque transducer

is betveen the scil test spacimen and the bearingas.

The very low radial and thrust loads that will be isposed on
the bearings in the anticipated application of the tool
ahould insure long bearing life provided lubrication is

adequate and the operating environment is ¢lean.

3.9 SEALS

The aingle dynamnic aeal isclating the trsnsducers,
acceleromsters, motor, servovalve, and other components from
the snvironment in which the tcol is operating is a Parker
8300 series U-ring. Parker’s identifying number ia 83506-

0175.

<
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The very low friction characteriatics of the Parker seal
result from ita croaa asectional deaign end froa the seal
material. The crosas section is a nominal "U“ ghape, but
actually reseambles a truncated Y”. Thia shape providas
almost knife adge contacts between the sealing sdgss and the
asaling aurfeacea. The seal naterial ia a very low friction
polyurethana compound having optisum wear and abrasion

reaiatanca.

As stated previcualy, the pressure differential scross the
ssal will be kept below 10 pai. Tha upper chamber of the
tool will be pressurized with air to 10 pai above ambient
using a standard air line and surface contrel unit. The
pressure will be monitored with a pressure tranaducer

described in Section 3.5.

All other seals are conventional "0" ring seals uaed as
atatic or gasket type seals or as piston seals. There is

nothing unique or unususl about thesa “0"-ring type seals.

3.10 Hydraulic Hotor

As stated previously in Section 2.0, excitation of the inner
hbarrel comes from a ministure, high torque, medium apaed
orbit type hydraulic motor built by Lamina under license from
Char-Lynn, a diviaion of Eaton Corporation. Alsac as stated

previocusly, two aizes of this motor will ba requiraed to
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hendle tha range of torgque reaquirements: the A-2SF modal
for the lower torgue range and tha A-350F model for the higher

torqua range.

Theae lctﬁrl will run in each direction with equal torque and
are inatantly reveraible. Naximum torque output ia 100 inch
pounds for the A-25F model and 200 inch pounda for the A-SOF
model. Aa with ths torque transducers, this maximum tarque
is alightly less than that specified by the client, but was
judged to ba adequate by the client. Otherwise the motors
meat all requirsmeants including temperature and pressure

requirements.

Mounting in the prototype toocl will require some
ncdification, ineluding turning down tha mounting flange
diameter, turning down the shaft diameter, and chenging the

hydraulic ports as illuatrated in the assembly drawing.

3.11 Hydraulic Controller

A Moog standard series 30 asrvovalve provides control of
torque output and of rotation. The torque tranaducer sends a
signal to the servovalve, which will compere the signal with
the deaired torque value and make the requiraed adjustment.
Similarly, the angular displacemant or rotation transducer
will send e signal toc the servovalve giving the msasured

angular displacament for comparison with the desired value



and correction if required. The frequency rasponse of the
servovalve is satisfactory for low frequency cyclic teata.
During impulse tests, in which an impulsive rectangular
torque will be applied, an accusmulator will be used to insure
constant preasure, and thus, constant torque. Thia is neesded
because thes searvovalve could not follow the high frequency

fluctuaticns that would otherwise develop.

The servovalve does not have as rapid a rise time aa desired
by the client. As indicated in the manufacturer’s
specificationa the approximate time tc develop 90% cutput in
response to & step input of currsnt is 0.0025 amcond. The
client haa accepted this liritation. Additionally, the
ssrvovalve doas not appear to aatisfy environmental pressure
requiresantsa. MNoog provides special designs for high
pressurs applications and such s design may be required.
Alternstively, in the field unit, the controller may be
placed in the low pressure environment ¢f the downhold
slactronics package (see Appendix for discuasion of
eslectronics package). The standard servovalve will satiafy
all other requirements including tempersture resquirementas.
The servovalve can be mounted on a plate in the interior of

the tocl as indicated in ths asaembly drawing.

The servovalvae can bs contrclled by the operator uaing a Noog
series F120 rack mounted glectronica package. The package

1
will conaiat of sn F12$-101 modular cage with the following
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@lectronic cards:

F128-201 Power Supply
F122-202 Servo Amplifier
F123-202 Teat Module

F123-206 Signal Gansrator.

3.12 Hydrsulic Drive Schematic

Figure 3.1 shows a schamatic layout of the hydreaulic drive
ayatem for operation of the tool. Thia achematic diagram
illustretes the functions of the various components and how

they relate to sach other.

For the laboratory prototyp?, the Moog servovalve and the
Leaaina motor will be houasd in the tool. All other hydraulic
coaponents will be outaide the tool for convenience. For thas
field tool, the accumulator will also be housed in the tool.
Including the accumulator in the tool is feasible. The
ramaining hydraulic componentas are standard and poae no

fessibility problema for remote operation over 1500 of cabla.

3.13 Power and Support Cable

It will be necessary to support the field tool from the
surface with a cable, and to run electricel wires, hydraulic

lines and a pnesusatic line from the surfece to the tool. The
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field tool will uae a single umbilicel with all the wires,
hoaes, and support cable contained within an overall jachket.
There are several local cable companiea that routinely

nanufacture custom cables like thia.

For the laboratory prototype a hand made uabilical will ba
formed by strapping or taping the hoses and slectrical wires

together.

Electricel noilse is 8 source of potential problem especially
vhile taking small readinga when the electrical signals will
be very small. 1t will ba neceasary to shield all sensor
cablea and eliminate any sources of electrical noiase while

teating.

3.14 Letching and Penetration Systems

BPased on ay sxperiences, I believe that & drill atring
latching unit and a ceoatrolled-rate penetration aystem for &
field tool will inveolve only current technology, and thus,

should not present sny feasibility problens.

3.139 BElectronic Systems

Required slectronic ayatems wers established by Lionel
Nilberger, a consultant. His work is discussed in two brief

reports given in the Appendix. Coat estinates sre included.
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4.0 POTENTIAL PROBLENS

The major source of potential problems is the very amall
rotations required to be measured by the tocl. Based on the
study, it was concluded that probably the amalleat angular
displeacenant that can sccurately be messured with the tool is
0.01 degreea;: thus,. it seesa that the requirements for the
torque-controlled cyclic tests cannot be fully satisfied.
Ractilinear capacitance transducers and LVDT davices were
conaidered but rejected because they are extremaly sensitive
to electrical noise and temperature effects. Optical
ancoders wers also conaidered. A standard optical encoder
was not found that would meet the criteria of the in situ
teat tool. Howeaver, an optical encoder could probably be
deaigned that would meet the criteria. This is a very

definite possibility for the fiald units.

3.0 POTENTIAL I¥2:OVENENTS

The moat important improvemsent would bs replacement of the
angular displacement tranaducer with a transducer that could
ASASUTe shaller angles. Optical sncoders sre devices
currently under development that might do thisa. Theae ars
relatively assall displacemsnt transducers that messure light
paasing through a perforated target. As the measured
displecesment changes mors or feder perforations ere sxposed

or coverad. The perforations are calibrsted to measuras

&3l



displacesent.

Other developmeants in control and messureasnt tachnology.
motivated by the robotica industry, may improve tool design.
One example is a miniature servovalve/ocacilletor unit
currently being developed by Moocg. This would replace both
the servovalve and hydraulic motor incorporated in the
prototype design. MNanufacturer’a information on this unit ia
provided in the Appendix. It ia very possible that a single
Moog servovalve/cacillator that meets the criteriea of the in
situ test tool will be availeble when the field units are

designed.

Another improvesant which seems to be feasible will be to
aodify the vertical preassure piston so that it can be at the
bottom of the inner barrel prior to penetration and will

apply a load tec tha soil specimen as the tool penatrates.

£ 32



6.0 COST ESTINATE FOR LABORATORY PROTOTYPE TESTING SYSTENM

Deteil Design and DPrafting........... $#16900.00
Nachined Components.......scccc00eees 12900.00
Four Pressure TransduCers.icecccosee. 1860.00

Angular Displascesent Transducars

Saall Anglea....... essemcasnas - 1500, 00
Large AngleB...ccocveosvaaasaassse 300.00
THO ACCRlOrometers. v ccrcsssatnsnnnasye 90¢.00

Hydraulic Components (Including

Servovalve, Twoc Motors,

Controller, and, Nisc., Itema).... 13000.00
Accessory Electronic Equipment....... 20400.00
Torque Transducers

High Torque. .. cisevvescovsacnsss 1400.00

Low Torque - 10...ccccucvvncsncasn 2300.00

Low Torque - %0.......... vaenaaas 2300.00
Two Roller Bearings.....cccscvececanes 100.00
- T Y T $59Q.00
Miscellanecus Hardware......... sessan 3%0.00

Laboratory Penetration System........ 4400.00

Total Cost Estinmat®..scir00s0cssecsaes B78260.00

7.7 CALCULATIONS
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TECHNICAL PRODUCTS, INC.

10219 HEDGEWAY DRIVE 1710 DAIRY ASHFORD. SUITE 208
DALLAS, TEXAS 73229 HOUSTON, TEXAS 77077
214-357-98013 713—-4%3.-8320

July 10, 1985

Mr. Willfam B. Aiken, P.E.
Sweet & Aiken, Inc.

13810 Champion Foreat Drive
Suite 235

Houston, TX 77069

Dear Mr. Aiken;

Confirming our past conversations, Trans-Tek will be able to furnish
a modified 500 Series angulsr displascement transducer on 2 state of
the art best effort basis.

The proposed specifications are nominal values which we believe
are sttainable at a reasonable cost.

SENSITIVITY: 100 millivolts per 0.01 degree
RANGE: + 0.5 degrees
OUTPUT : 5 volts
POWER: 15 volts at approximetely 30 millismps

The transducer will not have an electrical zero adjustment on the
transducer. Zero output will have to be achieved by the mechsnical
position of the transducer. Because of the high sensitivity of
this device the success of your application will depend on whatever
degree of mechanical isolation from extreneous loads your fixture
will allow. We slso understand that the transducer will not be
subject to extremes of temperature, humidity, electromsgnetic
interference, shock or vibration.

The unit price for this transducer will be approximstely $1500.00
including sll materiasls, calibration, and special engineering

charges. Shipment should be about 12 weeks after receipt of a
firm order. Should you have any further questions, plesse do not

hesitate to contasct us.
Best Regu'ds. 7

el B. Stone
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Nodel 2108 206

L o LOAD CARRYING CAPACITY
I -t s W = weight of 1ot device § = diatance to carter of gravity
'l'"" W x $ = overhung moment of tost unit
w Do not sxcesd moment (W x 8} or sheae (W), whicheve: valus is
Model 2108 Model 2102 ttainad first. P = thrust.

e ool ]

Model 21602 ne m“mm“m“m-:m-n- "
Specifications Standard “H” Option* Specifiostions Standard *H" Option
Output st rated capacity: Temperature range.

millivcits per volt useable: °F. ... . ... .. -65t0 +200 -65to +200
nominal .. ... ....... 2t025 5 Temperaturs range,
Nonlinesrity: of udesble: °C. ... ... ... —18to +93 —18to +93
rated output . .. .. ..... £0.1% +0.15% Temperature eftect on
Hysteresis: of rated cutput . 2d1% +0.15% output: of reading per °F. +0.002% 20.003%
Repestabiity: of Temperature effect on o
rated QUYL . ... ... ... +0.05% =0.07% output:of reading per °C.  £0.0036% +0.0036%
Zero balince: of Tempersturs sffect on zero:
ratedoutput . .. .. ... .. =1.0% =1.0% ofrltodoutputp.r F... =0.002% +0.003%
Bridge resistance: Tempersturs sffect on zero:
ohms nominal ... .. ... 350 50 of rmadoutputper°C. .. +0.0036% x0.0036%
Tempersture ron%c Excitation voltage,
compenseted: +70t0 +170 +70t0 +170 maximum: oC
T qurln%o orACrms .. 20 20
compensated: . *21 10477 +21t0+77 ""“"'”';g::""“ -
Number of bridges . . ... .. 1 1 gsvoc ..... >5000 >5000

"Not svailable on Mo 2108-50 end 2105-100



FEATURES -« Reaction measurements eliminate * No maintenance of slip rings,

2
g

speed limitations bearings. or brushes
» Minimal friction error » Compact “low mass” phygicai size
[} .
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ANGULAR DISPLACEMENT TRANSDUCER

o R EAL Va4 :‘ w4

rd
FEATURES
O =0.25% zero base — terminal linearity
O 60°* linear range
QO DCin, DC out
O 100 mv output per degres of rofation
O Infinite resolution
O Pracision ball bearings for long lite
O Builtin voliage reguiator
O Can be battery excited
0O Shaft rotational speed up 1o 3000 rpm

THEQRY

Series 504 Angular Displacement Transducers (ADT's)
are precision differential capacitors with integral voltage
reguistion, oscilator, demodulator and output butfer
amplifier. The anguiar position of the shatt is converted
into & DC voltage diractly proportional in amplitude and
polarity to dispiacement from the siactrical nuli position.

EASE OF USE

After mechanical instaliation. connect the transducer 1o
a dua! polarity power supply. The 0604 series internai
voltage regulator aliows it 10 operate trom widely ranging.
unreguiated voitage sources or ragulated ones, such as
Trans-Tek's D15.100. The high level, DC output can be
fed directly into volimeters, recorders, A/D converters or
other devices. The standardized oulput allows inter
changing units without system recalibration.

BULLETIN 5012-0056 EHB

SERIES 804
(A%
:'51 ™ -
L -
- M
g
™
1
"‘.
‘ - 7
7 ~.
~
-, S
* v e 8 § . /\’<
1Y 1 - Py .
[t ~
APPLICATIONS
Series 604 ADT's are ideai for use in:
O Servo position feedback
O Rotary actuators
O Robotic wrist and elbow position
0 Rotary valves, throtiie and antenna position
0O Torgque displacement
O Inclinometers, vertical references
0 Positioning optical devices
O Web or film tension control
CONSTRUCTION

Optimum performance and relisbility is obtained by our
selection of compenents and factory calibration.
Mechanical paris are machined ioc sxacting folerances
fromn stabie materiale and are corrosion protected where
required. The shaft is supported by ball bearings for low
torque, resistance to skie ioad and to insure a long life.

INSTALLATION

The precision piot diameter and tapped mounting holes
on the bass piate are provided for quick installation.
Once mounted, approximate machanical zaro ia estak-
lished by aligning the mark on the shalt midway between
the zerc and spen controls on the cover. The electrical
zero =3iL3tment can then be used to correct for small off-
sets. Electrical connections are via termingl strip, elimi-
nating the need for mating conneciors of terminal lugs.

1av 3a-2d
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ELECTRICAL SPECIFICATIONS

LINEAFF" MAX. NON-LIN® USABLE MAX. NON-LIN. QUTPUT TYP. TEMP.

MODEL NO. | DISPL RANGE | LINEAR RANGE | DISPL RANGE | USABLE RANGE | SENSITIVITY | COEF. OF SPAN
< 2001%

0604-0000 % 30° x0.25% +35° +1.0% 100mvDG/ " Oulput/*F__|
-5*10 <2001%
0604-0001 0 to 80* CW +0.25% +65° CW +1.0% 100mvOC/* Output! *F
-5%t0 < £001%
0804-0002 0 10 60* CCW +0.25% +85° CCW £1.0% — 100mVDC!* Output/*F

(1) CW aefined as clockwise direction of Shait rotation, whan viewad fram shaft end.

(2) Zero base MeMINEl AVErSQR. SXDIISISd &8 MAX % cevialion of towl range.

VOLTAGE + 145 to » 30VDC
unreguiated, REPEATABILITY | < .02% of range.
POWER inpul polarity protecied. RESOLUTION | infinite.
SUPPLY CURRENT + 20maDC maximum when i0ad | [ZERQ CONTRCL]  10% of tolal linsar
current is less than + SmaDC. fange via mulli turn pot.

VOLTAGE Factory calibrated to deliver SPAN CONTROL| 20% range via multi turn pot.
100mVDC per degree of rotation
uniess otherwiss ordered.

CURRENT Losd can draw up 10 +5maDC ANGULAR 2% max. attenuation of
without significant effect on VELOCITY signal when operating at
non-linearity, Output is protected 10.000 */second.
sgainst short circuits to power
supply lines {50maDC max.

QUTPUT short circuit current).
RIPPLE Max. paak-to-peak rippie voltage
i8 0.5% of total DC voitage
Over linsar range; rippie is at
500KHz nom.
IMPEDANCE | Less than 1 ohm when output
current is lsss than = SmaDC.
MECHANICAL SPECIFICATIONS
DISPLACEMENT RANGE Continuous; thers are nNo S10pS. TEMPERATURE
TORQUE STARTING 5 gram-cm maximum. OPERATING 0=-70°C
AUNNING 3.5 gram-cm maximum. STORAGE -85%to0 +125°C
MOMENT OF INERTIA 0.8 gram-cm?
(SHAFT)
LOAD RADIAL 10 lbs. maximum. MOUNTING Any position.
AXIAL 7 Jos. maximum. ' gravity insensitive
BEARING LIFE ex: 17,000 hours expectad at 10 RPM with NET WEIGHT 4.3 oz. {120 grams}

10 b. radial load at shaft end.

OPTIONS:

The following options sre availabie al added cost at time of purchase.
1. Factory calibrated (0 any 8pecitied output sengitivity, ouilput voltage limited 1o = 8VDC.

2. Calibrated for inverse siope; standard output with reversad shafi rotation.
3. Operation over —55°C 10 + 125°C, weight increases to 7.4 oz. (210 grams).

N
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SPAN — ZERO
ADJUST Amlusr
! 1
+0C INO VOLTAGE VARIABLE BUFFER 4
3 FHE!I.ATOH LLATOR DIFFERENTIAL +——DEMODULATOR: AMPUIFIER —0O SIGNAL
~DC INO— GAPAGITOR our
2 5
weuro— I l L3
RETURN SIGNAL
CASE, SHAFT, TERM. 2 AND TERM. 5 ARE COMMON ooriva
CIRCUIT BLOCK DIAGRAM
TYPICAL UNEAR RANGE
a°
OUTPUT |+4 -—— ENLARGED
DETAIL
+VOC | . \ AT RIGHT
42
4 2 4
vV a8
1+
* / D 38
ZERO C 34 bt
OuTPUT ; a2
= a0
-2 203338 04245465154 5760
OUTPUT ™
-VDC -3 DEGREES
- TYPICAL PEAK DETAIL
-4 0 45 90 13 180 25 20 35 30
NS 30 -4 0
ANGUILAR DISPLACEMENT — DEGREES

OUTPUT FUNCTION

The illustration above is a plot of outpul voltage versus shalt position 1or Model 0604-0000. By delinilion the cutput is 0
VvDC at the zero position. Aotating tha shaft CW provides a positive voltage proportional to the angular displacement from
the zero position. CCW rotation from the zero position produces a negative voltage, again proporiional 1o the shafis posi-
tion in relation to 0°. The 0604-0001 is designed to provide a 0 ta + 6 VDC output proporiional a 0° to 80° CW rotation,
Model 0604-0002 gives a 0 to -6 VOC output proportional to a 0* to 60* CCW rotation.

-~
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DC-DC ADT

237
[— TERMINAL STRIP
ACCEPTE WIRE
2.85 MAX SIZES TO NO. 14 AWG. i
DIMENSIONS IN INCHES J
DIMENSIONAL DIAGRAM
WIRING CALIBRATION RECORD
TERMINAL FUNCTION This section will be completed during linal inspection.
1, + DC input
2 Input raturn Modsi No. Date Code
3 - DC input
4. Signal output Serial No. (optional)
5. Signal common
NOTE: Case, shatt, and terminals 2 & 5 are common Calibration Tsmparature *F

CALIBRATION

This Model 0604 ADT has been factory calibrated as
noted below. User shouid check calibration before
placing insifumant in service. To chack calibration, of to
recelibrate, proceed as follows:

1. Secura the housing and shatt to a suitabie test rig.

2. Power the ADT and aliow a 10 minute warmup.

3. Rotate the shaft to the 2610 position (Coarsely iden-
titiad by aligning mark on and of shaft batwaen zero
and span access holes.)

4. The span pol 18 used to adjust the output for
6.000 £0.001VDC difference between the —30*
and + 30" or 0" and 60° positions, depending on
the mocel. Units ordered with special zero and sen-
sitivity values shouid be caliprated to these.

INSTALLATION

The ADT shouid ba maunted and bolted in position with
dus cars taken 1o avpid damage o the precision ball
bearings. Rotate the shalt to the proper zero position,
coarsely identified by aligning mark on shaft end to be
between ZERO and SPAN controls. After powering the
ADT, sat the mechanism to be monitored at its zero posi-
jon, and then lock the ADT shafl to the rolating
mechanism. Small misalignments Detwaen the ADT zero
position and the machanism zero position can be elimi-
nated by using the ADT ZERO control.

MODIFICATIONS
Transducers for special applications are available. Consult
TRANS-TEK, incarporated on your particular requirement.

TELEX 9-9207 (TRANS TEK ELLG)

PrntedinU S A

Calibrated to deliver 0.1000 VDC per dagree of rotation
wilhh input power £ 14510 + 15 s VDC uniass otherwigs
noted below.

Special Calibration(optional)

Unit is suppliad with {oliowing options {checked if applies)
O 1. Special Sensitivity
Zero Offset

O 2. Calibrated for Inverse Siope.
O 3. For -55°C to + 125°C Operation.

NOTES

All specifications are subject to change without notice.
Contact TRANS-TEK for quantity discount prices available
on ali modeis. (For areas beyond the United Slates —
contact the international represeniative )

ORDER PLACEMENT

Orders shouid be made out to TRANS-TEK, Incorporated.
sent in care of your local TRANS-TEK representative, or
directly to Box 338, Ellington, Connecticut 06029.

WARRANTY
All TRANS-TEK transducers are warranieed against
defective materials and workmanship tor one year.

'U[PBM%EE

INCORPORATED
Box 338, Route 83, ENington, Connecticut 08029(203)872-8351
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PCB PIEZOTRONICS, INC.
3425 WALOEN AVENUE
DEPEW, NEW YORK 14043-2495
TELEPHONE. 716-684-G001
TWX 710-263-1371
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ICP QUARTZ

ACCELEROMETERS
with built-in srphitiorsit)

Series 300

STANUARD DESIGN CONFIGURATIONS -
Photos are not proportional to sach other. See
pege following chart for dimensional drawings.

gi

308804 308812

MINIATURE, LOW MASS GENERAL PURPOSE - HIGH
Soud Mg [ Svod Mog | Adk Mg | ign Omw (ow  [Godw |Gagw | imagroiw |MiSens | Migh High Sie
Applization Sida Yop Side Som Beam Swvm |l Ly |ine Mog Bose Lo Mo | Sem Freq Connector
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[rewTrm———
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fange flor 15V out) gt ] 500 so0 s i |00 fson {s00 [s00 [i0021v)ise " 5 50 100
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Tw It kL) e Iw Ite e Tie Tt L) L) T Tis
Freqfonge < 10%"  Wilogoop  |20000 [20000 [z0000 |20000 |io000 |toooo |~  |toooo |soox 7000 [15000 [so00 |so00
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-
presredmmsfint] | ) 1 ' ' | ! o ' ' ) ! 1
Mvtpot inprdancysr <shen | 100 e |10 100 100 wa |we e [10m 100 100 100 wo |00
Tansverse Sena imar) %{5 § 5 % 5 5 5 § 5 5 ' 5 5 s
Suse Sems  g/umim| 05 s 05 05 005 (] ) 0 |ow 08 o 1 05 ™
, -40w 0w |-Ow 0w -40w -100w | -1001s|-100te | -1001e |-1001e |-85w -100ta |-1001e |-100H
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Tomp Costhoem %% | 03 03 T} 0 a5 a o3 |oa | 2 0 0 0 0
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Strwet } ! . L " M
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-
Sue (hes x - 8 = 28l n Hix M 2k | S0x 8= S0« 0 Y 62 » 825 x LT T
eyt i " " 4 30 13 s | s 110 X7 1% tiz |rer
Weght wlow 230 frow I * 2% n 5 |u 554 e n 1) 5
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Commrctar o e o Vol e (eey” rea2 |02 Jwa |wa ez jre: ez en |0
Cave Marenl ss] e ne e e e ne e |38 e 55 1T 13 55 55
Sesing opory wory  |epany opany pexy epory {epery |opexy |epory  {heomerc [mermete  [Meomat  [epery | epany
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OFTIONAL MODH\S 0M13 N3A07 0 e84 200008 | 300811
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NOTES: (» cenctes sxceptional characiensic)
() PCB unis provice 2 1o 20 mA from
+1810 -28v OC supply For 10V output, +24 10
+28V DC s required For driving cables longer

Bhan 100 ft, use 4 mA

(2} Discharge hme cansiant relales to lima

frequency response pes chart and 1o irengien)
events lasling up {0 several parcenl of

wscherge TC For nair pine gvents, discharge

TC should be 25 umes event Juration Use

4848 o« 484802 Series power unnis 10 utihize

the Tult transducer chacharge TC

{3) Standardized (o tolerance iIndcated

nomunal otherwnse

{4) Specia) Cryogenc models operate to
440°F Special high tamperature to * 3259

5) Supphed with attached 10 h nbbon wire
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DIMENSIONAL DATA
MOTION ACCELEROMETERS
shack & vibratron . . writh budt-in amplifiars
. Series 300

PIEZOTAONICS
TRANSDUCER CONFIGURATION DIMENSIONS:

Ses specific data sheet for transducers not shown.

1 Ranices 578 Thd, Tweg Piny
\%: s t: "hf,;” € lectrcat Connactor
27 0w - (6 1) Colot -
Tvo 9/32 Hax 460 D m gm *
{ Coaxial
Il Soow 10.321na 1 Condd
Terminais (2) RN |one Each azis)
48 /_i Connector 15716 Hes
‘r—o I I o5 % ) !.;o ]
P 172 Hex 312y
/ ] 1 vp 13} Aars l 25
5.40 Tno |
Imegeul Mig Stud L‘; 18
*Suppived with snscnea 10 & I 32T
Fibbon Wwe terminsting in = e MZ"
10-32 Thd Coaxal Connector ! ! q‘/ 9
484 Dia NI pa
303A 302A 13) Axsa —j"-:‘.
e
27 Dia 5-44 Thd MOUNTING STLUS i
o | Connut Mod 081805 Fe—100u
A Conrctor 27 13-32 Thd 19 10 32 Tha 306A06 1/4-28 Thd
{supplad) Mg Hole
9,32 Hex Mod MOBIBOS »
& 10-32 Thd to M6 1 0 75 Thd 3288
[optionsl) SOLDER CONNECTOR
ADAPTOR Model 070A09
i 540 Tha 575 0 —e——— {sccessory) 3
r M‘mgwgw E |~ 10:32Tha MOUNTING STUDS
; / Coaneat Mod 081820
303A02 — Connector S/ Pww 1{/4423 ;r;e 101,428 Thd
ona Mod MCB1B20 ,
1/4.28 Thdo M6 x O 75
1032 Thd
Coazsnl Conneior 10.32 Thy Thd (optronal)
kALY T 15
Tvp 5/8 Hex
$/16 Hex
- )
10-32 Tha i J TYPICAL SYSTEM:
Integral Mig Siug e

Dim A Y4 e
Models 305403 E‘:‘T Coamal Cable Output Cable
JOSADE. J0SALS

=

f—10-32 Tha
Dim A= 29 ter 580 Dea Mg Hole 2N ’
Modeis JO5A, ’ =
305A 305402 < > F {
1 g 307A N @
75 . JL—— Transducer PCB Powaer Unn Scops
I O 274 MOUNTING STUDS 1ot suooied)
Mog 081
' ) 10-32 Thd 10 1032 Tnd
Mo MOS1805
eo32Id 1032 Thd 1o ME20 75 Tha TYPICALKIT:
{opronal)
3/4 Hex Connectar Inctudes accelerometer, 10 #t input cable, power supply,
132 \ / RV Protectve Coat and 3 fi cutput cable in a convenient carrying case
Designate and order as follows

230w o to accelerometer Model

e gm «-l For battary power ki add ‘K’

10.32Tha ——/ —"I kL o No (8¢9 K302A).
Mo 3088 For lin¢ power kit add "KL
08 10 accelerometer Model No
61 Cable with 10 32 Thg (e.g KL302A}

7 MOUNT Comx C 100
M”&z’:&s’”"s oan Lonmeete T . Special length cables to 50 f1

10 32 Tha1610:32 Tho ':D==‘ supplied in kits a1 no additional Typical Kit
n:;:p} NI';:EOE charge, f specified.

10 32 Thd 10 MG =0 75 Thd 309A
86 {optronal}




MINIATURE 2GRAM

QUARTZ ACCELEROMETER MOTION
i shock & vibration
Series 303A
PIEZOTROMICS
with built-in microelectronics & 10 mV/g sensitivity
303A 2170w 9/32 Hex
Meature shock and vibration in applications requiring small tize, 11 Mt /— Solder
low mazs or very high frequency retpanss. ¥ @
i @

Series 303A CQuartz Accelerometers function to transfer 108
shock and vibratory motion into high-level, low-innedance (100 Supplied with atisched A .]-E 3 Ty
ohm) voltage signals compatible with readout, recording or V0’ ribbon wire verminating "L s agome
analyzing instruments. These tiny sensitive (10 mV/g) sensors in 10-32 Micro connactor Ireegrsl Wng. Stua
operate reliably over wide amplitude and frequency ranges
under adverse environmental conditions. 303A02 2700 — 5-44Tha

They are structured with permanently polarized compres- | Connecior
sion-mode quartz elements and a microelectronic amplifier 81 9/32 Hen
housed in a lightweight metal case. Three different case and 1t | 5.40Tha
connector configurations give you a choice in mounting and L“ ! insegrsl
cabling, The built-in electronics operate over a coaxial or \wo- 2 2 D:" Stud

conductor cable; one lead conducts hoth signal and power.
Solder terminal versions are normally supplied with g ribbon
wirg cable {10 ft. long; Model 0078 10) attached. Model 303A.02
requires Modet 002G cuaxial cable with a Micro §-44 connector
on one end.

Test rescits of the behavior of the Madel 303A are presented
befow. Note especisily the tharp clean signals free of cable noise
and the exceptionally high frequency respanse. Because of the
low mass, Series J03A sensors messure n.otion of many light
structures without sppreciably changing the structure or behav-
ior of the tast object during the measuring transaction.

Frequency Response (mounted)

O
818

.
z.0n

303A03 1oa 9/32 Hex
ks /" %T-mm(a
@ .’_
a8
L i

Supplied with sttached A Mourt 06(Typ
10" ribban wirs terminating _J E{Tm_}

in 10-32 Micro cannector

TYPICALSYSTEM: Model GKK303A Accelerometer Kit

Cabie

SPECIFICATIONS' Modei No. 303A & 303A03
Range (fa- 15 sutput) 9 500
Retolution 9 o
Sensitivity [nominal} mV/g 10
Resorant Frequency (maunied)  kHz 70
Frequency Har je (15%! N 1 10 10000
Discharge Time Constant ac 1

Linearity % 1

Output impedancs ohm 100

Outr -t Biss inominal v "

Oweriaad Recovery MICrOsec 10
Transverse Sentitivity (max.) k) S

Strain Sentitivity Qluinfin 0.05
Tempersiure Coatficiant %/'F 0.03
Tampergturs Range

{operational ta +250°F) F -40 to +200
Vibtation 9 11000
Shock (protacted) q 2000

Size thex. x heightl in 028 x .48
Waeight lapprox,) gm 2
Connecror (soider terminals) 2

Case Material 53

Sesl epoxy
Excitption Voitege v +18t0 24

E xcitwstion Cyrrent (constant) mA 21020

Fiton Cabie a0n2¢o3
007810
T 5.1
= / > <)
A
Accelecomater Powar Unit Readout
303A 450 tnatincluded)

Note Coanpl shusided for Wodal JOJAQZ only
002G 10. 10H iong 5-441hd plug to 10-32hd plug
002G ‘X spacidy length ~X test

Nates:

Model 303A0Z hat 8 5-44 micro-cannector. Othar soecifications are the
same

Ogtiont include DBOA1S achesive mounting base. OBOA 16 thrae.axis
mounting adagtor (10-32 thread) and traxial Model J03A06




EPX Series

Miniature Threaded Pressure Transducers

STATIC & DYNAMIC PRESSURE

Entran's EPX Miniature threaded prassure sensors
represent a unique approach in transducer design based
on mounting ease and flexibility of use. Devaloped with a
wide range of applications in mind, the EPX offers an
optimsm combination of charactarislics which permit
static and dynamicC pressure maasuremenis when small
size and ease of attachment are of prime importance.

The EPX has a slainiess steel disphrapm construclion
which eliminates the cracking and shatiering probiems
normally assaciated with silicon diaphragm transducers.
Available in either a 10-32 UNF or M5 metric thread, with
built in O-ring seal, it allows simple mounting o test
otjects or systoms. A custom tiwead length option
enables matching the EPX directty to existing require-
mants and allows specification of the exact tranaducer
length batween 0.250" and 1.500"(6.3mm and 40mm),
instead ol machining the fixture to Match the transducer.
Anotter standard option incorporates two varieties of
“"Welded" diaphragm seals for use in water or corrosive
fluids compatible with 304SS. !n shorl, it is possible i
customize he transducer diractly from this data bullatin
withoul the necesaity ol complicated special order
procedures.

5 PSl to 5000 PSI (.35 BAR TO 350 BAR)
10-32 UNF OR M5 METRIC THREADED MOUNT
O-RING SEAL, STAINLESS STEEL. CONSTRUCTION

The EPX is a semiconductor strain gage device which
combinas & fully active Wheatstons bridge with state of
the art transducer design. The semiconductor alements
arg bonded dirsctly 10 the stainless stasl disphragm
thereby providing uxiremeiy high frequency response
coupled with sxtremely low sensitivity t0 sxtraneous
accalerations, vibrations and shocks. its high outpyt
enables the EPX to drive most recorders and data
maonitoring systems directly, without amplification and
costly signai conditioning. The semicanductor clruitry
is fully companaated for temperaturs changes in the
snvironment.

The EPX is ranged for the presswes which are commonly
axparienced in rasearch, testing and control, fram 5 to
5000 psi (.35 1o 350 ban) (tor ranges highsr than 5000 psi
or 350 bar, contact Entran directly) Typical uses have
varied in scope from missile engine and skin pressure
studies, automotive fuel line and brake hydraulic tests,
ship model impact and perturbation studies to chemical
process control and general university laboratory
research.

Entran

Specification EPXS-185




SPECIFICATIONS

EPX-10
NANGE psi 5 10 15 25 50 100 250 500 1000 2500 5000
ODVERMANGE pl 50 50 50 50 100 200 300 1000 2000 4000 6000
SENSITIVITY n¥/pl 3 25 2 2 15 12 5 25 A2 05 025
(sem) m¥ £S. 15 25 0 50 75 125 125 125 125 125 125

'AES. FAEQUENCY pem. | 45KHz | SOKHz | 65KHz | 65KHz | 75KH2 | BOKHz | 120KHz | 150KHZ |1 200KH2 | 300KHz | 450KH2
COME. NON-LIN. & HYST, 21%F 5. TURFS +%%F.S

TERD +imvA00°F +2%F.S/100°F +1%%F S/100°F
TEMP. SHIFT

SENS, +2%/100°F (£3%%/100°F for EPX6-)
g SENS. mm %F8/g] 015 007 | 0048 | 003 | 0016 | .00%2 | 0006 | 0004 | 0003 [ 0002 | 0001

1 Unstut Froquamcy Asmgn 13 20% of Nossant Fraquency

SPECIFICATIONS COMMON TO ALL RANGES AND THE METRIC SERIES

CUSTOM OPTIONSE
EPX- EPX6- {s00 Solaction Manusl)
EXCITATION 10 VDC 6 VDG 31015 VOO 2 VAC
INPUT| 1200 &2 nom. typ. (350 0 min.) | 700 2 nom. typ. (350 a min.) 200 @ to 250 0 nom.
IMPEDANCE
DUTAUT| 350 0 nom. 350 q nom. 120 0 to 500 12 nom,
REPEATABILITY +025% 10.25% +0.1%
RESOLUTION INFINITE
® o o o o =100"F 10 450°F
COMPENSATED TEMP. TO°F 10 170°F (21°C to 77°C) Ranges within. ~ _pa.un', “paner
OPERATING TEMP. —40°F to 250°F (—40°C 10 121°C) =100°F to 509°F (=73°C 10 260°C)
zen0 OFRSET (71 +£10mV 10mV +1%ES.
Hustom opbuns may ter other specifications and are not necessanty available on 3l models and .1 sk combinations,
Contact Entran disectly for your specific req irements.
WIRING DIAGRAM
rED — = — — —3n
f i +iNpyT
\ { |
\ LUE : |
| onEEN : W‘. \ oREEN A
[] | i
/ ! !
BLACK ] ! sunex T
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METRIC SERIES

EPX-MS

RANGE W | 035 0.7 1 1.5 35 ? 15 35 il 150 350

OVEARANGE e 35 s 35 35 T 14 30 70 140 240 42

SENSTIVITY L1/ 40 35 k)| 30 20 17 8 35 1.7 8 35
(e L 15 25 ac 45 15 125 125 125 125 125 125

'nNES. FREQUENCY mem | 45KHz | SOKHz | 65KHEZ | 65KHz | 75KHz | 80KHz | 120KH2 | 150KH2 | 200KH2 [300KH2 [450KH2Z

COME NON-LIN. & HYST. £1%FS. H%F S, +%%FS.
IERD +1mVi50°C 12%F S5/50°C +1%%F.S/50°C

TEMP. SKIFT —
SENS, £29%/50°C (£3%%/50°C for EPX6-)

9§ SENS. mem. %F3)) 015 007 | 0043 | 003 |.0016 | 0012 | 0006 | 0ODA | 0003 | 0002 | .0001

T Usehd Fromusncy Nange 1t 20% of Assanani Framsncy

MOUNTING STYLES
PUNA-N OR TEFLON-O-ANG

EPX-10 Extonat o R X NATTSSawnth.Imm

or Cambein \_.“ar oL L.
EPX-MS ‘ (P16 & PRID snly)
EPX-101 intornal

or Comparusion Coe
EPX-M5! mm .

DM "X 98 RONEWY wans = A38°(11 1 rem)
EPX-10U FOR WATER QR CORROBIVE # . LIDS COMPATIELE WITH 30458
EPX Iow Exvomgl ummuwcmmn-—n-—q—um —qmmlm-numm
gl gpony, Mlert EAEN'S “OVATS WeM, 0peR U Fer e R W 30888,
Eg§-usu ARG EVTIN'Y B M, OPEOn W YT mmn_mﬁm-unmn-nmndnﬂnw
MSW 11072 e

EPX-101Y )
mﬂh e/
ng(.agwl L“ Dl ~X™ on stanears waits = A8°(1 Y 1w

CUSTOM SCREW LENGTH OPTION

Standard EPX units are supplied with DIM “X", ths distance from sealing surfaca te diaphragm, as 716" {11.1mm).
You can ordet any length you desirs betwean 0.250" and 1.50" {8.3mm and 40mm). Just add the custom “X"
dimangion ta the model numbar as shown on the back page and consuit the price list for the additional charys. Al
EPX-10.units have “X" sxpressed in inches and EPX-M5 units have “X" expressed in mm.

LEAD WIRES & COMPENSATION MODULE

AH units are supphed with 24"(81cm) ot Teflon insulated shielded cable with the Compensation Module located 18°
{48cm) Irom the transducer {except for internal compenaation units). The module is supptiad with sach unit wired into
the leads. If you desire longer lead lengths or moduie location other than 18™ {46cm), please consult pnce list and
specify at time of order.

o= s afeiwrm twlﬂ'h Ao
lum—ﬁ: -3 ¢ e | )
I WMV o —J

-




TO ORDEﬁ AN “EPX" SERIES PRESSURE TRANSDUCER

EPX —
II CUSTOM THREAD

SERIES STYLE WELDED OPTION PRESSURE RANGE REFERENCE:

Examplea: EPX-10-50 Standarg 10-32 UNF Thvead, 50 PSIG rsoe.

&N -

. Salect Desired Input Voltage Option EPX or EPX8.

. Select Desired Mounting Style in Standard or Metric Versions.
. Select Weided Version If Required.

. Select Pressure Range.

. Specity Pressure Reference Gauge, Absolute, Diffsrential or Sealed Gauge.

If Not Specified, Unit Will Be Supplied as Gauge.
Specify Custom Thread Length If Required.

10 U - 100 G - (XX}

LENGTH

G-Gauge {Relative)

D-Ditterential (Wet/Ory or Ory/Dry)
S-Seaied Gauge

A-Absolute

(Gauge it not specified)

EPX-MS-35 M5 Metric Thread, 3
EPX-10U-100A(.37) Braze Weided 10-32 !
EPX-MSW-7410)  Beam Wolded MS Metric Thraad with 7 bar range and custom thread length of “X™ = t0mm.
EPXB-10-5000 EPX mmsglﬁnm option on 10-32 UNF Threaced Housing with internal Compensation

ACTUAL SIZE

TYPICAL INSTALLATION

ErX-10 or EPX-MS

-

10-32 UNF

o
MS METRIC

REFERENCE
PRESSUAE PORT

INSTALLATION TOROUE

e
o Rpngn bl...|

(LT ] § [
Owis wm

” 0 » 500 pui 10 12
MS METRIC 4 mlSbm

500 t 5000 po 18 [}
40 w250

BUILT-IN

O-RING 10-32 UNE

REFERENCE
PRESSURE PORT

Spacitications tubjact to chaage withoul netice.

0



—3HP

ORBIT-TYRE
HYDRAULIC MOTOR

Medium Speed — High Torque — Miniature Sizg

Bul.lt b{ Lamina under Heengy

:l them motoa am

lhe Orbn p:ln ple to obtain e

duced speed on tbhe output shafy

wi fncreased torque. Best opep
ation is in 8 moderate 3

with 4 to 6 GPM. Will run 'l=
equll torque in either

is instantly reversible.

Body leng;lh_%ul" on Model A-100: ;I.Ilhtly shorter on other model
l'ront mount. ” diameter. Folir mountin hd.%: diameter
mleo on a b-hole J"""'" \vm: one hale omitted in line wi rm

1 iameter. Shaft 5/8" diameter x ** long with od-
ruff keyway. Motor body diameter 1-3/4”, Oil p ne !ttdlht
with O-ring seal, 9/16-18. For foot mounted motors see lis below.

Motor shaft will tolerate full zide Ioul.ln but tlu'un Ioad lhould ln
kept as low as possible. Recommended ge transmision fl
hydraulic oil with viscosity not less t.hnn 60-‘ U (lt 100°F). Four db
placements are offered in the chart below. Choose the one which most
closely matches load lpoed and torque requirements.

[

Choose From Five Displacements
— o

MODEL No. A-25F A-37F__ASOF _A.¢2F A-100F
Displacemant, Cubie Ins/Rev. 0.81 1.21 1.62 2.03 3.256
Maximum Ofl Flow (Supply) All models 8 GPM .
Maximum Opera &Premre All Models 1500PSI - Ti
No Load RPM @ 8 GPM 2272 1517 1137 809 568
Full Losd RPM @ 8 GPM 2107 1385 1038 B43 5{0 5
No Load RPM @© 1 GPM 284 189 142 113 17 %
Full Load RPM @ 1 GPM 21 a 3
Maximum HF @ 8 GPM* All models 3 HP
Maximum Toraue. Inch-Lbs. * 100 150 200 250 &
Approximate Weight All models 344 Lba

Foot Mounted Lamina Motors.

To order .hove motors for lool
mounting, ad ' after m
number, az A-u FM elc, Bm:llel
must be specified at'time of o
nal order; it cannot be added
mn& mnted mat::c ’u'; the field.
extends l'&" beyond bracket. Tha
welfht of motor and foot brachet

ORBIT MOTOR PRINCIPLE

Lamina motors listed above and Chu-L;mn ORBIT motors on Plf’
96D to 96J obtain_their desirable siow speed, high torgue characteristic
o rating’ on the ORBIT* principle. This gives a built-in -glged reducuon
thout the use of extenui &:u boxes or speed reducers. The result is
llw ﬂn!t ed at a greater efficiency than could usually be produced by l
ydraulic motor operating through an exiemnal speed reducer.

'Nou. ORBIT is a registered trademark of Char-Lynn Division, Eaton Corp.
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TYPEZD), S

H flow control

FA

VALVES

¥ double nozzie

W twostage B mechanical feedback
FIVE BASIC SIZES
PORT CIRCLE MAX. RATED FLOW VALVE
OIAMETER gm '“m( min WEIGHT
a il
in. mm 3000 psi | 210 bars ibs kg
a Series 30 0.480 12,19 3.1 12 0.42 0.19
- ; Serien 31 0.625 15.88 6.8 26 0.81 0.37
vz Serles 32 0.780 1981 14 54 0.81 0.37
(< &  sees3¢ 0.780 | 1981 19 73 1.16 | 050
w Series 35 1.000 25.40 44 170 213 097
THIS CATALOG CONTAINS

& general information un Type 30 servovalves
u information on standard valve designs

STANDARD DESIGNS

m are assembled from standard parts
& offer cheice of

0

i3 o1

rated Flow

i rated pressure

rated current (coil resistance)
internal coif cannection
electrical connector or cable
connector or cable location

o seal compatind

&/ give standard performance (per Moog specification)

2 ehminate non-recurrning start-up costs

¥ minimize lead-time; cartain models carried in stock

POSITION SERVC -
THE USUAL APPLICATION OF FLOW CONTROL SERVOQVALVES

—

1068

Y- -

servavalve supplied with constant pressure Pg (e g, 3000
psi or 210 bars)

servoualve controls flow to and from pisten end cham-
ters in respanse to electnical signal

pistaan dnves load

pos, wn feedback signal obtained fram pot, LVDT, DCD*"
etc.

differerce betasan pos.ticn cnmmand signal and oY
tion fcedback signal (s error signat

errar signal 1s ampidied to drive servgvalve

load moves to reduce errar ta near e



MAGNET

MOTOR COIL
. APFER POLEPIECE

ARMATURE

FLEXURE TYBE ——

FLAPPER
NOZZLE

FEEDBACK WIRE —

DESIGN FEATURES

FLOW METERING SLOT
BUSHING
SPOOL

HYDRAULIC
AMPLIFIER
FILTER

SPOOL

BUSHING

\s peet
MATERIALS wsed in Standard Type 30 Servovalves \=, P
Bedy®, end caps and accasseries 174 PH strinless steel HYDRAULIC AMPLIFIER FILTER
Speol and bushing* 446-C stainless steel INLET ORIFICE
Filter (35 micren absoluts) Sintered stainkess stesl wire mesh
Flexure tube Baryllium copper
Poleplaces and armature 4750 Nickel-iron steel
Magnets Alnics Vi W rugged, stainiess steet body
FaedBack wire S40-C staniess steel

Torqus metor cover Anedized aluminum slley
ﬂc Series 0 has an integrai dushing and body made from 440.C.

QUALITY CONTROL
B conforms to MIL-Q-9858A

B valves asssmbled and tested in clean room
(per FED STD 209 Class 100,000)

ENVIRONMENTAL CAPABILITY OF STANDARD DESIGNS®

B meet or exceed MIL-V-27162 (SAE ARP 490C)

B suitable for Type | and || missile and aircraft hydraulic
systems per MIL-H-8775C
[ Type ! —65°F to +160°F (—54°C to +71°C)
O Type 1 —65°F to +275°F (—54°Cto +135°C)

H maeet or axceed following as tested per MIL-STD-8108

[] high temperature — normal parformance at 4 275°F
fluid and ambient with MIL-H-5606 fluid

[l low temperaturs — normal parfermance at G'F fluid
and ambient with MIL-H-5606 fluid

{J extramae low temperature — valves will respand to in-
put commands at —65°F fluid and ambient on MIL-

one-piece bushing with EDM flow slots*®

B bushing slip-fit in dody bore
O eliminates bushing land O-rings
0 bushing easily removed for cleaning or replacemant

M O-ring sealed spoof stops
{3 eliminates pressure icading of endz of bushing

B spool bushing toierances for diametral clearance held within
20 microinches (1 uwm)

H 20 um nominal filter (35 .« m absoclute) for pilot flow

il symmaetrical, double nozzis hydraulic amplifier
O3 provides consistent performance over wide temperature
range

W hydraulic amplifier integrated into main valve body
[0 eliminates severai O-rings

8 torque motor in environmentally sealed coripartment

@ frictionless, fexure tube supported armature/ flag.per
O isolates hydraulic fluid from torque motor

W balanced, doubia cail, double air gap torgue motor
O reduces tempersture centershift
O minimizes external magnetic fieids

H-5606 flui [ reduces sensitivity to external magnetic materials or fields
sititude — normal performance ta 100,000 feet alti-
tude H motor coils hava resilient potting

random vibration — wilt withstand 25 g rms (5 to
2000 Hz) 30 minutes per axis

sinusoidal vibration — wilt withstand sweep from 16 ¢
at 25 Hz, to 35 g at 2000 Hz, 30 minutes per axis
accaleration — will withstand 50 g any axis

shock — will withstand 6 msec sawtooth, 100 g
peak, any axis

sait spray, fungus, humidity, sand and dust — will
withstand all exposures per MIL-STD-8108

O useful lite — > 10 yeara with normal overhaut

[j cyclic lite — >10% cycies with normal wear

30 Servovalves irs not recessarily limited By the environ.
mmu listed,
:rcehl designs are svallably that consideratly extand thess caps-
it

O ago o o a

O cushions coils during thermal and vibration extremes

B mechanical feedback with simple cantilever spring
3 rolling ban contact with spool minimires weer
O feedback removable without damage to valve

8 locating pin in base of valve prevents improper instailation

*EOM = slactric dischace machinad
Saries 30 doas not hava a bushing (slats are EDM'J In vaive Body}

Design featyres of Typs 30 Servovaives are coverad by U. S. Patants
3023,782; 3. 228 4 J angd 4,017,706 10gether with corresponaing
patanis in seversi 'ermtn countmes



SPECIAL DESIGNS

major programs usuaily warrant a speciai servovalve design

W specisl Type 30 valves are designed to satisfy customer speci-
fication
[ provides optimum servovalve configuration
O sllows customer configuration control

# maybe
O special performance
) special environmants
O special testing
7 special biss
0O special guality control

O special mournding
O special porting

C special connector
3 special materials
D special handling

B any change from standard is a special

B special designs carry a unique model number, parts list, test
procedures, etc.

B special Type 30 Jdesigns that require a non-standard manifoid
pattern wili be assigned a Series 33 model number

UNUSUAL ENVIRONMENTS

high temperature — to 400*F (200°C) fluid and ambient with

. Viton seals (limited iife)

— to §50°F (3%0°C) fuid and smbient with
metallic seals, ceramic insu.
lated magnet wire, and special
magnetic Mmaterials

@ high sccelerations — to 400 g with special mass balsnced
urmature/flapper and stainless steel flexyre tube

W& high vibratian — 10 100 g rms (20-2000 Hz) with silicon damp-
ing fluid and srmature motion restraint

8§ high shock — to 5000 g with damping fluid ang stainiess stesl
flexure tube

B nuclesr radistion — to 2 x 10° rads (c) with standard tefion
insuiated magnet wire; higher radiation levels wit) ceramic
insulation and metailic seals

B external pressurization — to hundreds of psi with special motor
cap or with motor cavity vented to pressure equalized return

SPECIAL 32 SERIES FOR
OPERATION TO 600°F.
DIl AND AMBIENT

SPECIAL 33 SERES FOR SHORT DUTY
DURING MIGH ACCELERATION

SPLCIAL B2DY CONFIGURATIONS

B dismond pz:l patiern Series 10

W plug-in slactrical cor yector mounted flush with manifold surtace
B plug.n hydraviic marifoid with aunular hydraclic ports

SPECIAL 33 SERIES WITH
PLUGIN MANIFOLD AND
THREE-WAY SPCOL

SPECIAL 30 SERIES WITH
PLUG-IN ELECTRIC2L CONNECTOR

SPECIAL FLUIDS
B other hyaraulic fluids including water
B most fuets, prapeliants, and oxidizers

B pneumatics

SPECIAL SPOOL DESIGNS
B three-way spools having single control port

B spool stops for imiting Maximum flow
[ timit flow usually held to =10%,

B special spool null cuts
3 prescribed smounts of underiap or overlap, Symmetsncal or
unsymmetricai

B graphite impregnation af spool for pneumatic and water appli-
cations

& mnondinear siot width
O different fliow gain for each valve polarity as used with snme
three-way actuators
O stepped width siots for dual flow gain

L] L




OPERATION

UPPER POLEPIECE

L] D

ARMATURE

TORQUE MOTOR
® charged permangnt magnets polanze polepieces s LOWER POLEPIECE
& dc currmnt in coils causes incrcased farce in diagonally e COIL
apposite air gaps
8 magnetic charge level sels magnitude of decentering lorce
gradient on armature r 1
[: SERMANENT !
TORQUE TO
ROTATE ' WACNET
FORCE
PERMARENT
"AAGNET oM FLL
FLux
ARMATUAE
HYDRAULIC AMPLIFIER I
B armature and {"apper rigidly icined and supported by thin-wall FLAPPER
flexure tube INLET FLEXURE TUBE
. . . OMFICE ~NOIILE
B fluid continuousty flows from pressure Py, through both infet ’ "
orifices, past nozzles info Rapper chamber, through drain ori- ' r j
fice to return R
A DAMN
B rocking motion of armature/flappe: throtties flow through one OmACE
nuzile or the other "
W this diverts flow to A or B (or builds up pressure it A and B
are blocked) O0L AT NOLL FEEDIAGR PRI SPOOL
NG
" ] ] [
Wi,
A — —_— ]
VALVE SPOOL
@ spool slides in bushing (s'eeve), or directly in 3 body bore for
Series 30 =4 ¥]
® bushing contains rectangular holes (slots) or annular grooves
that connect to supply pressure Py and return R
. . $POOL DISPLACED TO LEFT
8 at “null” $pool is centered in bushing; spool lobes (lands) just
cover P and R openings
® spool motion to either side ¢! null allows tiuid to flow from

Pg !0 one cantrol port. and fraom other control port ta R




VALVE RESPONDING
TO CHANGE It
X ELECTRICAL INPUT

OPERATION
B electrical cizrrent in torque motor coils cre-
ates magnetic forces on ends of armature

8 armature and flapper assembly rotates
about flexure tube support

N flapper clgses off one nozzle and diverts
flow to that end ot spooi

# 3paol moves and opens Pg ta one control
port; opens other cantrol port to R

3 4 y
VALVE CONDITION
J FOLLOWING CHANGE

® spool pushas ball end of ‘eedback spring
creating restoring torque on armature/ p
flapper

‘I as feedback torque becomes equal to taroue

irom magnetic forces, armature/{lapper

noves back to centarad position

8 spool stops at a position where teedback
spring torque equals torque due to input
current

B tharefore spool position is proportional to
input current

® with constant pressures, flow to load is
proportional to spool position

t
€2 ¢

FLow
U ACTURTAR
TYPICAL TYPE 30 SERVOVALVE SIZES

Tousandths Micre

of an inch Meters
air gap spacing (each gap} . 20to 1S 250 to 380
maximum armature motion in air gap +3 =75
maximum torque on armature . +0.3 in-lbs *0.03 N.m
inlet arifice diameter L S to 10 125 to 250
nozzle diameter e 10 to 20 . 250 to 500
nozzie flapper maximum opening 24 to 30 60to 75
drain orifice diameter . 10 to 15 250 to 380
spool stroke . e 10 to =20 =250 to =500
spool/bushing radial clearance . . 0.03 to 0.06 071015
bushing/body radial clearance .. 0.08 . . .. 20



ELEGTRICAL GHARAGTERISTIGS

STANDARD COIL CONFIGURATIONS

; N : L - B k™ D
_CODE FOR PARY NUMBER - R i B O o
™ OF STANDARD VALVE ’ L i T e p e T :
&\... . ‘ -t PO PARALLEL COILS SERIES COtLS DIFFERENTIAL COILS INDIVIDUAL COILS li
X RS S i
INTER” AL COML CONFIGURATION ™ LU v :
sﬁ"» ¥ M - ,';;. : J i
"nnsoroo«umom ; i 8 A B A B A C B AD C
QDI.OB (IFCABI.E) ,‘72 s grn  red grn red grn red blu grn redyel blu
Not possible B+ A— B C— B+ TieAD C— |
. . Tie B.D+
B+ A-— Not possible Naot possible Tia AC -
Not possible Not possible for A+ TieAD Q
when current for A.D+
AtoB<AtoC when current
for A— AtwB<DtoC
wnen current for A, D—-
BtoA>Cto A whencu nt
2 BtoA>( 10D
>
: ‘Esmsu: i f Notpossicle | Notpossible B+ A— B+ A—or D+ C—
_f_._.f ~_. or A+ C—
ELECTRICAL CONNECTOR DITHER
B standard configurations (see table below) B servovalve performance normaily maasured without dither
[1 Bendix pigmy [] dither current may be applied to Type 30 Servovalves
0 18.inch long cable [ usually will improve servovalve and sctuator threshoid
B special Type 30 connectars O will increase spool null leakage
[J connector type and locatian per specification B dither characteristics
O fush manifold plug-in connector availah's O usually 100 to 40D Hz {selected to suit system)

[0 peak-to-peak dither amplitude may be as high as =20%
servovalve rated current without degradation of valve life

LalL CODE FOR |
CONFIGURATION CONNECTOR TYPE PART '
AVAILF LE NUMBER
PS50, [ *PC-QZE-8-47 4 pin screw 4PC
P 5.0 4 PC-02€-8-3P 3 pin screw i DITHER ABPLITUOL
£5.0.1 * PT.02E-8-4P 4 pin bayonet 49 - [
P.S.D *PT.02E-8-3P 3 pin bayonet i g
| 4 wira cable, 18" long “*4 CA
0 3 wire cable, 13" long - ICA
[ 2 wir. cable, 18~ lang 2CA -

* Bendix Corporatian cart number
*%only choica for Series 30




RATED CURRENT

M choice of coil resistance and coil connactions determine valve
rated current (see table below)

@ other coil resistance and rated current combinations can ba
supplied for special valves
[ lower rated current can be specified for standard coils, but
with corresponding degradation of valve performance

M triple rated current can be supplied indefinitely with no damage
to servovalve

COIL IMPEDANCE

¥ composed of
O dc coil resistance
O 8¢ coil resistance « -
O spparent coil inductance Q0N RESISTANCE

COSL MDUC EANCE

M dc coil resistance
O nominalty equal for both cails, but may vary =10% as ceils
are wound for desired number of turns
O will vary with temperature (approximately 0.002 ohms/
ohm *F)

2c coil resistance
O represents work done in moving arinature
O becomes significant above 200 H2

W coil apparent inductance

0 includes coil self inductance plus mutual inductance of
ather coil
— mutual coupling of coils is approximately 509,

O wilt vary considerably with motion of armature (back emf's)
— affected by valve supply pressure, signal amplitude, and

signal frequency

—~ Mmay become capacitive at highet frequéncies
— usually specified at 50 Hz with normal operating con-

QUIESCENT CURRENT

SERVOAMPLIFIER

may be present with push-pull operatinn of three and four wire
cail configurations

[J signal input current i = iy —t;

[0 quiescent current ig :-—2-—" bl 1 'z

when i; =i, ;
O quiescent current iq should be iy > ig >-2-
O small null shift and gain change may occur with changes in
Quiescent current amplitude and polarity

MODEL 82-300 SERVOCONTRQLLER

should provide dc cument into torque motor coils

O irespective of ccil inductance and resistar._e

O requires current feedback ampiifier

O large shunt capacitance at output ol amplifier may produce
undesirable resonance with servovalve coil impedance

current feedback amplifier

[J eliminates apparent servovalve gain changa due to changes
in coil impedance

[ minimizes phase lags due to coil inductance

standard servovalve drive amplifiers available frony Moog
O rack mounted laboratory units

ditions O tow cost industrial units
[ aerospace units on special order
2 ’
e ¥

. 34 Paraliet Coity :

¥ 3] E'*.‘ | “h,
0040 20 Q.10 30 80 Q.36 25 40 .19 50 a0 0.12 50
0080 40 0.18 40 160 0.66 20 80 0.34 40 80 Qa.22 40
0130 €5 0.30 30 260 1.1 15 130 0.58 30 130 Q.37 30
0200 100 0.59 20 400 2.2 10 200 1.1 20 200 Q.72 20
36500 250 1.1 15 1000 4,1 7.5 500 2.1 15 500 1.3 15
1000 500 2.6 10 2000 9.7 5 1000 5.0 10 1000 az 10
1500 750 3.4 8 3000 - 125 4 1500 64 8 1500 4.1 8

NOTE: Rasistance values at 68°F (20°C) = 10% toleranca

Indystance valuas are typical for 30 Mz, servoviive pressurizedt. inductance is not normally measured on individus) servovaives.

* Ihductance waluss pear coil with difterential operation (Ciass A push-pun).
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HYDRAULIG GiIARAGTERISTICS

SUPPLY PRESSURE

@ 500 psi to 4000 psi for standard designs
[J valves are set up and tested at supply pressure specified
O valves can be used at other supply pressures, but some nutl

STANDARD SEALS, FLUIDS, AND TEMPERATURES

shift may oceur RECOM- CODE ;
; . : O-RING MENDED FOR
W valves suppiied for pressures beiow 500 psi should b all i
devinad P g especidlY  mas | mecommenoed | TEme. | TEst | pamrt |
O Type 30 Servovalves are usable with supply pressures as TOMER FLUIDS RANGE* FLUID NO.
low as 50 psi ,
S MiL-H-
[ servovaive performance, especially threshald and dynamic Buna N P‘:’:J;“:; :’:an;"g: _go F H-5606 BUN
response, is degraded with low supply pressure MIL-H-6083, DTE, ) +275°F
Regel, Brayco
PROOF AND BURST PRESSURES MIL-H-23243
8 proof pressure capability: (synthatic
O at supply and contrcl ports = 1.5 &, hydracarhan)
0 atreturnport = 1.0% Freon 12, 13, 14,
. 113, 114
W burst pressure capability: )
{1 at supply and control ports = 2.5, Sificane Fluidy
O at return port = 1.5P, or 5000 psi maximum Flucracarban| Petroleum Base Fluids —20f | micnssos] wir 0
Rubber such as Typs R to
RETURN PRESSURE (Viten) Transmission Fluid, 1 400°F
P-4 495
l may vary widely with minimal valve null shift Superrefined Mineral
B should never exceed supply pressure to avoid back flowing hy- Qils
draulic amplifier Silicone Fluids
RATED FLOW Silicata Ester Fluids
such as MIL-H-8446,
W each valve Series cavers a range of rated no-load flow to the MLO-3200, [5-45,
maximum shown (for MIL-H-5606) mzy
20 Industrial Phosphate
Ester Fluids such
as Cellulube,
d
o 'ﬂﬁsi/ﬁﬂ Pydraul, Pyrogua
" a0 Di-Ester Baze Fluids
] such as Mit-|,. 7808,
. - Houghton Safe
]
° wrt i ] , Tri-Ester Base Fluids
s such ay
e L— o R Trichlorosthylens
o i —
Ethylens | Aircraft Phosphate —65°F Hyjet IV EPR
B o ] Propylens Ester Fluids such t
2 Trowst! Rubber ay Skydrol, +300°F
z o Hyjat. Aercsafe
= /
- el |+ Freon 22, 31, 32, 115
10
T L Hydrazing**
i, P (e UDMH ‘
1 e Water, steam, air w
5 "] . . . .
* Qowrating temperature range may be further restricied by fuid.
L LY
- ” e "~ ™m0 on Standard Type 30 Servovaives are recommaended for shont term

WATED WALVE PRESSURE DROP P50

use with this fuid Special designs with ail
stainiess atesl wetisd parts ars availabie.




FLOW-LOAD CHARACTERISTICS

— RATED WO LOAD FLOW

T

lw JUARENT

VI

j /2*4//

© 0
&, LOAD PRESSURE OROP % SUPPLY
e [ ] [ ] L] ] ’
&F, VALVE PRESSUM DROP % SUPPLY

B naminal flow ta load

Qv:KI ﬂAPV

where Qy = valve flow to load

K = servovaive sizing factor
i =irput currant
APy = valve pressure drop

APy = (Pg —R) —AP,

where Ps = supply pressure
R = return pressure
. AP, = load pressure drcp

H some flow saturation wiil occur with servovalves having maxi-
mum flow capacity
O saturation causes droop at the high end of the flow curve

SPOOL LAP

B standard servovaives have zero lap within limits of flow line.
anty shown on Page 12

B prescribed amounts of under or overlap can be specified on
special order
J undertap (or open center)
— increases flow gain at null
— reduces valve pressure gain at null
— increases valve nul leakage
O ocverlap
— reduces flow gain at null
— reduces null leakage flow
— degrades pressure gain {into a load)

g 5 ThRE PLOW

MULL LEANACE —= \
|

INTERNAL LEAKAGE - “u +
moyT CuRsEw

B inciudes first stage hydraulic amplifier flow, spoci null leakage
flow, and bushing laminar leakage flow
3 spool null isakage How is essentially zero when spoal is
off-null
0 servovalve internal leakage excluding spoot null leakaga is
called Tare Flow

8 hydrautic amplifier flow 1aigely determines servovalve frequency
response
(] lower flow degrades respcnsa

B spoal null leakage flow is relaied to maximum valve flow (sict
width) and nyll cut
O table gives internal leakage of standard Type 30 Servo-
valves (with MIL-H-5606)
O speciai fow leakage versions of the miniature Series 30
available with <0.25 cis at 3000 psi

MAXIMUM LEAXKAGE OF STANDARD TYPE 30 SERVOVALVES

YALVE | TARE LEAKAGE FLOW CIS SPOOL NULL LEAKAGE FLOW
SERIES | #t 1000 psi | #13000 psl | (% robed flaw at rated pressure}
30 < 0.20 < 0.35 <a
31 < 0.25 < 0.45 <4
32 <028 | <os0 <3
34 <035 | <060 <3
as <045 | <075 <3

11
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STATIC PERFORMANGE

CONTROL FLOW

B servovalve control flow to the load is nominally proportional to
electrical input current
O standard production acceptance test limits for no load flow
shown below
[ limits do not include servovaive hysteresis or null bias
O limits at =1009% input for maximum flow designs may be
+10,—20%, due to non-lineanties caused by How saturation

A i
sy /~-- -1

a 4 [

i W

x - A /

E /(me sindoe

H / e LoACl Low Lo
hid ¥

@ corntrol fiow non-linearity is greatest in null region
3 may be from 50% to 2009, nominal gain within range of
of =39, electrical input for standard null cut
1 can be held to closer limits on special order

B maximum valve flow may be 120 to 1409% rated flow with
oversignat
1 spocl stops to limit maximum flow can be provided on
special order

W corntral fow charscteristic may chaage with fluid temperaturs
[1 a +100°F temperatute rise may cause control flow to in-
crease as much as 3% due to Muid viscosity effects
[J at very high temperatures (over 400°F) a -100° tempera-
ture rise may cause ~ontrol flow to decreass by 3%, dus to
magnetic effects

PRESSURE GAIN

B blocked load AP changes rapidly from --Py to +Pg in null
region
O minimum pressure gain will ba 0.4 Py/1.2%iy for standara
servovalives
O maximum pressure gain may be three times higher
7 pressure gain will degrade with spoal null edge wear

W special pressure gain requiremaents may interact with desired
flow gain at null, spool null leakage, and nominal control port
pressures at null

HYSTERESIS

W maximum hysteresis for standard Type 30 Servovalves with
normal operation conditions is <<3%
{J hysteresis may increase to 47 at --30°F
{J hysteresis limit for special high temperature servovalvis
(>400°F) is <4%

THRESHOLD

@ maximum threshold for standard Typa 30 Sarvavalves with
normat operating conditions is <14 % (without dither and with
supply pressure grester than 1000 psi)

O with Py below 1000 psi THEESHOLD

threshold fimit is 1% ¢ L
(] threshoid limit should be ¢ Q\
doubled at —30°F / /
{0 with dither, threshold=0%
l " 153




NULL BIAS SPOOL DRIVING FORCE

# hydraulically created force to movs spool for standard Type 30
/7 Servovalves is 1 1b/ 9% input {(with 3000 psi supply)
- .+ 0 spool driving force gradient will be >0.6 1b/% input for
— UL A8 operation at 1000 psi supply

B maximum spool driving force far standard servovalves at
3000 psi supply is

MAK. SPOOL FORCE
SERIES (POUNDS)
0 55
o . . 35 55
B electrical input current to give valve null includes both tempo- 2 110
rary null shifts and permanent changes in null bias 3 140
W null bias is measured under standard valve operating condi- 35 160
tions (pressures, temperatures, etc.) 3 special servovalves with lower hydraulic amplifier flow will have
nuli bias measurements exclude valve hysteresis higher ;DOO' driving force gradients (but lower dynamic re-
sponse
A initia! servovaive null bias on standard valves (as shipped) is
fess than 29} ra'2d input *
SUMMARY

W long-term null bias after expdsure to anvironments and use can
be expected to be <5%

NULL SHIFT

W change in null bias with environment and operating conditions
will vary from unit to umt, but is generally:

NULL SHIFT
TEMPERATURE
50°F to 150°F < 2%
0°F to 200°F < A%
ACCELERATION
10 40 G SPOOL AXiS <0.3%/G
TO 40 G TRANSVERSE AXIS < 0.1%/G
SUPPLY PRESSURE
60% 10 110% <4%
QUIESCENT CURRENT
50% TO 200% RATED CURRENT < 6%
BACK PRESSURE
0% T0 20% OF SUPRLY <4
W special mass balanced torque moxar dasign available for
<0.06%/gto 400 ¢g

H null shifts ars not narmally measured during production accept-

Q ance testing
tighter null shift specifications can be imposed by providing
100% valve testing under critical environment

Reproduced trom
best availabie copy
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DYNAMIG PERFORMANGE

FREQUENCY RESPONSE

B will depend upon signal amplitude, supply prassure, and in-
ternal design configuration

B plot below shows typical responsc, for standard Type 30 Servo-
valves

+
~

s ] | T
a 0
- N \\\ﬁ
; SR
-4 —
N A
- resjonsy t N . AV
-1 o s l 7 »
106°F DA T ,1 v, 1
]
/] 2
/] »3 ®
L] by ° g
1L . z
== i
s [0 n X WY 100 Y D
FREQUENCY Mt

8l for system design these characteristics can be approximated by

Vaive Equivalent First Order Equivalent Second Order
Serie Tims Canstont Netursl Froquency  Demgping
ad . Mt ekl
w .. G.00YS .. 200 . 0.8
n.. ..000s .. ... . .. 200 ... .05
2 0.0020 .. .18 _ .. 058
u . 0.002% - Sne 08
35 . D035 % .. ... 09

H frequency response of specially designed valves can be im-
proved by
[ increased hydraulic amplifier leakage flow
[0 shorter spoal stroke (larger slot width)
O use of stub shalts on spool ends
[] higher rated current (stiffer feedback wire)

STEP RESPONSE Retpanse Fims
8 time response to step input of current  Yalve e 0% Oulpet
depends on valva design parameters e,
0.0025
M approximate transient response of 31 0.0075
standard Typs 30 Servovalves operat- 2 0.0045
ing at 3000 psi is i 0.007

35 o.012

INTERNAL DYNAMICS OF TYPE 30 SERVOVALVES

See Technical Bulletin 103 for a discussion of servovaive dy-
nami¢ characteristics and resp. muasuning iques

T0MQUE

HMATION | ATSATUA FPER oo

m ~ % I ml?!n‘-ﬁi: o¢ "",“l s n“u: L"v. |
]
Fipmc |
o f

TYPICAL PARAMERERS

FOR SERIFS 31*

) = terque mator curmust +10 ma .

% = Repper displacoment st narzies . 00012 In max.
1y = spasl displacemant #0015 [n max.
AQ = hydroulic amplifier differsntisl flow . =018 in*/sec
Qy = stvovaive contrel flow . =4 pm
0.025 in-ibe/ma J

. 150 InYime

K, = tarque motor gain

Ky = hydaulic amplifier flow gain .

Ky = fow galn of spobi/bushing . . . . 1m-|!:|£|5-
A = spool end arma . 0.028 in?
k¢ = oot stiffness on armature/flapper ... 115 inlbs/in
Ny = feedbock wire stitfress ... 187 isibesin
b = mat damping on srmatere/flapper ... GOI6 1'5'&
iy = rotatienst mass of armatura/Mapper _._._.. 44 x 10 #Er
wy =,/-:— matwrat frequency of it atage  _ $14 He

= H_”' damping ratio of fiest slage . 04

Ky = %_l:_ sanvevsive fosp gain . S0 me?

* Consult fectary lar paramatars of athar serias valves.
¥




INSTALLATION DETAILS

Weight ... 042153 (0 19 hp) e g i -
] §! A‘m{,‘,f -
' B -
AANE PLATE
NOTE CABLE SWwR OVER RETURN PORT (CODE A
DIRECTION CAN BE OVER PAESSURE PORT (CODE P
] .L 280
ot 20 ) aedat 20 1ot
NAL | MAX
' i
| 54 1 e l
'{‘3‘3 ! I L}
4 s
T
0128 G
{ o (16 G b ot 4S Cy (73BN
st RETURN PORT
187221 W A0 22
CONTROL PORT C 1 1)

PORTS 0 160 (4 06} MAX v
CBOREDO20010 503100 voooup| 0316 Dok e ®
1

i
50827470076 (3

] < A
L A

015243 36) A 4 MOUNTING HOLES

PRESSURE PORT ™" 249
in A in Y {5 10)

v i
PSS S
et o

CONTROL PORT €7

Typical frequency response for Standard Series 30
Servovalves shown below

1

e,

- AP . e - A
APLTVOE W 08
L4

v,

L R lm.m.'v A

Reproduced from
best available copy.
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MOTHER BOARD FRAME F127-101

DESCRIPTION

The MOOQG rack mount module cage F127-101, is
especially designed 10 accomodate the MQOG plug-
bosrds F120. The cass will fit the standard 18"
dquipment racks of cabinets.

The cages are completaly assembled with card guides
inswlied for ten modules ; one location reserved for
the power supply unit.

The motherboard pravides large buses for the supply
voitagas and GND,

The pin of sach receptacle is also wired to a terminal
strip to aliow sasy sccess for external wiring.

The MOCG modules allow access to all controls and
test points on the front panel of each module.

SPECIFICATIONS

~ standard 19" & rack moum module cage

— 1 plugboard location ressrved for power upply i
{DIN 41612 style M}

— 9 plughboard locations (DIN 41812 style C)

— terminat strip for main power supply connection |
1220/11a VAC) . - i

— termingl strip for output voltage of power supply .
35V, 24V, and 8V {option) i

- 9 (32 pm;} terminal unps, one for each plugbowd .
lacation

- any supply failure tnggln | rthv !

— contact rating : 0,25 A/24 VDC .

~ wuight: 2.5 kg !
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Dimensions in millimeters
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POWER SUPPLY

F128-201

DESCRIPTION

The stabilized, (C regulated power supply F128201 was
designed to operate the cards of the saries F120. The entirs
power supply convenisntly mounts in the chassis F127-101.
Front panel controls include ON/OFF switch_ jacks o measurs
the ragulatad 15 V ana 5V {option) outputs and LED indicators
to show the presence of all voitages.

SPECIFICATIONS
input voitage range  : 210-230 VAC/50 Hz
option 106115 VAC/60 Ht
Output voltage :+ 15 VDC stab : 1.0 A max
—15VOCstab: 1.0 Amax
+ 24 VOC not stab : 1.2 A max
— 24 VDC not stab : 1.2 A max
+ 5VDC stab : 1 A max. (optional)
nota : the total source current of
15 and 24 voit supplys may
not sxceed 1.2 Amp. ;
24 VDC fuses H ‘ : :
Primary fuse : 1 Amp (slow blowing)

Power feilure detection : 15 V or 5 V supply failure wiggers »
o i .+ relay contact rating : 0,25 A/24 VOC
Weight <. oLl kg Lo B i 1

Testpoints - £t [acks provided on front panel for‘
. GND, +18VDC, —16VDC, . ¢
* - (and 5 VDC) outputs. S
Ca b el Ao - aa [ e e L
BLOCK DIAGRAM
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SERVOAMPLIFIER F122-202

DESCRIPTION

The wevoamplifier card F122-202, i a ditferential amplifier
with PID control sction, which supplias a servovalve with a
current proportionsl to the difference of control and feed-
back voitage.

Controls to adjust amplifiar gain, input ssnsitivity, null offset
as well as test points for input and output sighals are |acated
30 the front panel to allow fast and saty satup of an electro-
hydraulic contral system,

VH? *P3{0.. 100%)

-~

d'lllo'l.mlnletlthinJ

" gignat of terminal 7 at jack Vin 7

: “signal of terminal 9 at jack VR?

B “(mduhnmpomumu

ph -dmdlrl

ontuh:k !lv {voltage drop scovom
2+ A 31 proportional 10 srvovaive
:‘*‘mmaat-zooumm R

BB R gt Ml 4

USE

The wrvosmplitier 122202 is ud in slectrohydravlic control devices to dicectly drive a servovalve. This card can acco-
modate servovalves of up to 60 mA reted current.

FUNCTION

The wevosmplitier F122-202 consists of :

— acomparator with nbmﬂ.'r

- three ampiifiers, comprising PO control action with gain of aach amplifiar indapentiend oi the others

— sn output driver stage including an operstional smplifier and two power transistors (this output stags employs current
tesdback 10 reduce the effects of coil impedancs veristions dus to temperature).




SERVOAMPLIFIER ' F122-202

INITIAL INSTALLATION
Tha setpaint voltage is applied 10 pin 3 of the servoamplifier. This voitage can be taken from a potentiometer supplied by
115 V or by any type of voltage generator es eg. the card F124-202.

The feedback voltsge is then spplisd to pin 7. This voltage is generally derived from some sort of transducer (as eg. position,
force) and must be of opposite polarity to the setpoint voltage. Potentiometer P7, is used to adjust the input sensitivity.

An additions! input i3 available, wich can sccomooate the higher voitages encountered when using a tachomater for mea-
wring spesd. ‘

Adjust the loop gain using P2 10 tha largest poisible valus to achieve best systam performance regarding accuracy and spesd.
Increasing loop gain is iimited by the system becoming unstabls.

It integral contral action is required. close jumper & | » to activate the integrator and adjust gsin using P5 on front panel.

lrmg:al con;:'ol llows to eliminate static arros in control loops. To disabie intagral control, jumper points 8 and 15 (relay K1
<an be used).

To schieve differentisl control, closs jumper « D » and adjust gain using P6 and PB. Diffarential control improves system
reponse and damping which ha 8 stabitizing effect on the contro) element.

To sctivate the dither, close jumper « DITHER ». Use P4 to adjust dither amplitude and P3 tor dither frequency.

To use voltage output clow jumper ¢ U n. :
To use current output close jumper ¢ | ».

BLOCK DIAGRAM




TEST MODULE

F123-202

DESCRIPTION

The card F123-202 allows to chack twelve
different voltages prewired on the mother
board terminals. This card facilitates system
sdjustments, modifications or maintenancs.

SPECIFICATIONS :
' Power supply

" Resolution
Input Selection
“Range Selsction

BLOCK DIAGRAM

USE

This card allows permanent checking or
adjustment of up to tweive different system
paramaeters requiring frequent calibration or
verification.

[r— e —————.

RANGE LOGIC LY

F 123-808

g




ANALOG RAMP GENERATOR : F123-203

DESCRIPTION

The card F123-203 generates a ramp of adjustable siope. The
output voltage of the card is ramped from it's current value w0
the voitage apdliad to the card input. Tha siopa can be either
ssconding or descanding. depending on whether the input
voitage is grester or less to the input voltage. When the remp is
completed, the output voitage is equal to the input voltage in
amplitude and sign.

SPECIFICATIONS
Power supply . ,: 12 1svoc"

. Input voltage ™ J 1£10VOCm
Output voitage »t 2 10 VOO

m-’* -

) S‘opormu

.! ' .c‘“" g

3' T

Eoooe e

- Adjustments ;-
Axending slops PZ nn

{ Dssceing slope : P3 o on front ¢

[ Nl shite

t Aoundingatend - ; USE

:L_‘aidopo ‘*F4 ¢byjunwl

Testpoints: | Ay The card F123-203 can be utad in a tpeed control device
"\Nt volage  :jack Vin3 on frg to allow precise control of acceleration and decelsration.

Qﬂwt Vdﬂﬂ! o in a position controlling device it allows movement at a

constant and adjustabie speed.
BLOCK DIAGRAMG
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OSCILLATOR/DEMODULATOR

F123-204

DESCRIPTION

The card F123-204 is a position demodulator intanded for use
with a LVDT position sncoder. The ascillator circuit generstes
s sinusoidal waveform to drive the primary coils of the LVDT.
The demodulator ttage uses the tignal returnad by the secondary
cails to generats a DC voltage dirsctly proportional to the
displacement of the core within the LVDT.

SPECIFICATIONS

Oclllllnroumut'
- Voltage  :4.B.. -11Vpp(500mA3
+ Frequency: 0'tw 2500 Ha 3
Demadulator cutput ¢ R
- Voltage o..uovoc-dmu.
- Load impadancs : 2 kOhm min. -

Adjustments
Oscillator ;

- Frequency adjustment : P1
+ Output voitage P2
Demodulstor :

- Output voitage
- Zoro offset

Test points

— Oscillator output voitage

= Demodulator input voltage :jack
s -Dlmdulltofnutputvomp kdtVouﬂl

R

Y

e

BLOCK DIAGRAM

USE

This card is used in slectrohydraulic control loops using
LVOT position encoders to supply a continuous voltage in
direct proportion to sign and amplitude of the positioning
slement.
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COMPARATOR : F123-205

DESCRIPTION

The F123-205 card can compars two variable analog voltages .
or can be usad as a thrashaid dat.ctor regarding s presst voltage.

The two relays Ki or K2 will be switched according to the
reault of the comparison.

K1and K2 = OFF for Uy =Ug .
K1 = ON, K2 = OFF for 0 < (Uy - Ug)
K1 = OFF, K2 = ON for (Uy - U3} <0

Two adjustable trigger threshok, adjustable hystarseis effsct :
and adjustable delay time are employsd to provide reliable
switching charscteristics. ‘

indicators
Two LED indicators on front panal show ON/OFF state
of relays.

USE

The F123-205 card has besn specially adapted 10 the use in
snalogic circuits whaere it is necessary to monicor the smpli-
tude of a voitage that represents eg. position or speed.

The output of this card can then be used to give an slarm
when a prest maximum value has besn axcesdad or t
signal a ssquence comrolisr that the mt point has bean
reached.

BLOCK DIAGRAM




FUNCTION GENERATOR ' F123-206

DESCRIPTION

The F123-206 card gonerates a sinusoidal,
trianguiar or square wave voltage of adjustable
amplituds and frequency.

This card can be used as a controller for
position, speed, force, for sxample in
sutomated test stands and fatigue test stands
or wherever 3 st point voltage is required
that varies socording to sinuscidal, triangular
or square wave functions.

SPECIFICATIONS &

L Ampiituds  : 210V pp mex gl
.. Losd impedance .>2k0hm‘*$k :
g* Frequancy range : rangs A ;0,110 1.5

: 10 wrrs potentiometsr with vernier scale
rangeB: 116

+ 10 wrns potentiometer with vernier scale

N rengeD:100% 2098 o
BLOCK DIAGRAM
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RELAY CARD F123-207

DESCRIPTION

Thacard F123-207 consists of :

— a potsntiometar and resistor voitage divider which allows 1o
adjust sn output vaitags batween + 15 Vand —15 V.

This output voltage can also be switched by a relay sxternally
controlled.

— A relay with a high contact rating to switch sxternal devices.

l— Power supply - '315\1 _
av@

l . jJumpers select input voltage forlp
2+ 18V (J2), 16 V {J3) or
}* . Jumpen: select output voltage ;
1

- ominmhmmm_
35 - wmllmmbmmw




PERMASET POINT CARD F123-208

DESCRIPTION

The card F123-208 aliows four set point voltages to be st
betwsen —15 VDC to + 16 VDC. Thess woltages can be used &
st point values for a control devics such as position or velocity
controller. The set point voltagas can also be switched by relays
axternsily controlied.

BLOCK DIAGHAM

nuaply :t 15 vnc Stub
24 VDC

nonlm'pﬂon = 15 mA/24 VDC
""muct rating = 2 A/24 VDC

R1-R2-R3)
R6-R7-RB}
R11-R12-R13)
R18-R17-R18)

e

Wm.lualrpnvolnphru:hm
) ,m-r 16V, ~16V or ext. voitage

e ‘.HLJU 418,426
"o omputh output direct
wy»—0) ' J.-I‘IZ J1D .126
s J o mtputispobnﬂmhrnitch-dhvrdw
18 s oo et

2
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SINGLE SIGNAL CONDITIONER F123-209

DESCRIPTION :

The card F123-200 supply sensors like strain gages pressure
transducers and load cells with necessary supply voltages and
amplifies their output signai.

The supply voitage can be monitored via & ramote sansa line
10 provide temperature compensation and compensation of
line voltage drop when using excessively long connections
batwean sansor and conditioner card.

Thres selectable amplifier ranges allow adaptation to & wide
range of sensors.

The output from the sensor can be passed through a low pass
filter to provide a smoother signal.

plml
1 4 - wire sansor - cloniump-lu J5
% 8 < wire sansor - open jumpers 44, J6
$: P2 on front psne! H
; close J1 10 salect 0,76 t0 1,6 mV/V
B close J2 10 select T 10 2 mV/V
G5 close J3 to select 1,50 3 mV/V
. R7, RB, RO (see table 1)

* Unfiltared Output -:.; J-ckVout
. Filtarad Qutput ) :_Joek_!a‘qm 4 & front panel (or ext. contact) . _,/

o~

USE

The card F123-209 is used with pressure transducers or similsr gages integrated into a control loop using 8 servo amplifier
card like the F122-202.

INITIAL INSTALLATION

— Select the power upply mode of the sensor (4 wires or 8 wires for remats sensing) and adjust the supply voltage to 10 VDC.
= Adijust the sensor 2870 offset at null pressure.

— Adjust the zero offset of the cutput stage to read 0 VOC.

= Adjust the output lsvel of the amplifier st Max. Pressure, or use the calibration resistor.

- Eventusly readjust the Zero Mtting of the CUTPUT STags.




SINGLE SIGNAL CONDITIONER F123-209
TABLE 1
Fitter cut off Frequency
F (HZ) A9 (K R8 (K2} R7 (KQ)
2 oo L o0
] 1270 2050 383
10 523 806 154
50 40 137 28,7
100 44 2 68,1 133
500 8,66 13,3 2,61
1000 432 8,85 1,3
5000 0,866 1,33 0,261
BLOCK DIAGRAM
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AUXILIARY FUNCTIONS UNIT

F123-210

DESCRIPTION

The F123-210 card containa 8 number ot suxiliary anslog
functions often needed to implement an analog control

scheme. This card makes availabls two

inputs sach and s precision rectifier.

BLOCK DIAGRAM
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SPECIFICATIONS

' Powsr Supply 2 15 VDC stab (15 mA sach)
Output Voluages : £ 10 V max

. input Impadancs :amp 1 = 100 kohm

N s amp 2 = 100 kohm
et i : rectifier = 20 kohm

i Losd impedance : 2 kohm min

p camplandamp 2=t 1
PR tractifier = +1

'~ < amp 2 gain ; PS5, P8, P7, P8

i
Fg:lmp 1 gain ;: F1, P2, P3, P4

r ¥
;. Test Points

.- ampli 2 output ; jack Vout 10
.+ recitifier cutput : jack Vour 18

USE

The amplitiers on this cerd can be used s
sither adders, subtractors or inverters nesded
to complets a control ichems beeing reaiized
with MOOG swandard cards of the ssrias F 120.

The pracision rectifier can be used t obuin
the magnitude (absolute valus) of a voltage,
which ¢an then bs compared to s tixed voi-
tags for threshold detsction using MOOG
card F124 208,

N,

i V




DUAL SIGNAL CONDITIONER F123-211

OESCRIPTION

The card F123-211 supplies two sansors like strain gages, pres-
wre transducers and load cells with the necessary supply
voitages, amplifies their output signal and delivers an slsctrical
signal proportional to thair sum or their difference such as
A =t @P11 §P2a and B being comprised within zere and ona.

Thres selectable amplifier ranges allow adaptation to a wide
tange of transducars.

Trimming potsntiometers and test points are located on the
front panal.

PN O N LRI Y Y

.SPECIFICATIONS

4 svn .:‘Vr-':-(_iy.,‘:.‘.'.—v". -\"f"’f; .

1closs J1-J4 to select 0,76 w0 1,6 mV/V
i close J2-6 to select 1 to 2mV/V
< | Clos J3-J6 to select 1,6 0 3 mV/Vv

’a

USE

The card F123-211 is witable 10 De used in 8 control loop using servo-amplifier card like F122:202 in conjunction with two
pressure ransouceri, sach output baing used differentially or independently.

INSTALLATION

— Connect the sensors [+ excitation ; 1-2, — eacitation 3-2)
— Select the proper sensor gain
~ Adjust the sensor supply voltage by Pt
= Adiust sach zero oftset with @ null pressure by P8 and P/
= Adjust sach output lsvel by P4 and PS
— If differential outut is used, wieci the mode

{closs jumper J11 and J12)

and adjust the dividers = snd £.

»

i



F123-211

" 1n3-8

=

e

DUAL SIGNAL CONDITIONER

-k R -



PROGRAMMABLE FUCTION GENERATOR F124-201

i

DESCRIPTION e

The card F124-201 is & function generator which converts a
function stored in PROM meamory in digital form to an analog
voitags. This allows uny type of function onca defined and
storad into PROM 10 e usad in a control system.

Tha $107ed function can be regenerated as sither 8 continuous
voltage-time waveform (X-T mode) using » clock frequency
or &5 4 vollage-voltage convertar (X-Y moda) using an sxternal
input voltaga.

Seversl cards F124-201 can be coupled W generats mors
compiexs syncronizec waweforms.

CATIO Output volﬁot:
SPECIFICATIONS J j98. 0 to + 10 VDC ar —10 10 + 10 VOC
. Power supply tISVDcmh(lnmA.L r B 1ot/ Conti s:
5. A by R A RESEIPR 10, %T mode, stop efter ane pass thru PROM
f:.; h mur. \ _“" ~n3- . g ar generats continuous waveform
Prom : Yo ‘9-' . -

type 2704 cices m-n:me-.m 1512 -
4 « type 27008 closs J11-J1M16417. umm
« type 2716 clos JINIH'INW |1 02 “&”

qmu_m stops clock genarator (waveform)
EEnd of cycle :
anTtnnhli- SVpuimofbms

. 2. durstion PROM
Function resolution : U signals end of pass thry PRO

¢, 8 bit resotution (0-265) E _'wil,m"umm evets

3, . O\ M

k; %7 made : ‘utput adjustable voltage : jack Vaut 10

h‘(.rul: :

!,"'r Jrange:2

FeoLrenge 3:20 ' e I'lnnfromuml '

4o Qe 4 ; extarnal clack oA _ ) wumwm.mwnammmcmuwuj

F o, (Voo =5V) - 4y s TR SR Amp] ituds

¥ B #5 on front penel

py %Y mode : Rpodesisction: -
.'uncﬂonlnl'ﬁou : B output voltage ~ :aee table

13 RN * inoyut voltage . :tes table 1

- voltaga rangs : 0w + 1o AL TR b { ea vabl 1

\‘,‘Q‘A X .

USE

Espacisily designed to be used in sutomatic control of ditferents typss of hydraulic devices, the card F124-201 is used as »
progmmmhlo function ganarator between classic designs (sine, trisngle and squarewsve generators) and more evolved systems
Using MICTOpProcessors.




PROGRAMMABLE FUNCTION GENERATOR F124-201

TABLE 1

~ NOTE
= 1n X-T mode always spply + 16 VDC to pin 8.

-'Ifﬁuumd witch 10 sslect frequency rangs is
. notused, jumperpin 1 topin 3,50r 7.

. 51

Ilm o/ +10v
tngut —10V/+10V

Output 07+ 10V
Dutput -10V/+ 1

X - T Made

X - Y Moca 1
Internal clock
[External clock

8

il-lebi 1 10 {8

~dilel=ft 1 1]|E
tjrpr i pr=tela

“ilol-jiii 14

ol-l<ih |t |18

i l=lofi 8

= RS- RN RN L

BLOCK DIAGRAM




DIGITAL RAMP GENERATOR F124-202

DESCRIPTION -y

The card F124-202 is a ramp generator with output amplituds and siope besing adjustable. The card can producs either
symewical wiangle o mwtaoth waveforms. Pressing STARY does one cycle ; is. ramps the output voltage to tha set paint
value and then back 10 the initial valus. The ramp can be stopped st any time by pushing the ¢« STOP » button and then
resumed by pressing START again.

To stop the output voitage at the sat point vaiua closs jumper J3. The descending ramp will start by an externsl signal
{pin 1B} or by pushing tha START button.

s s s e e

1

\ AW s i e
AU T

USE

The card F124-202 is an automatic voitage genarator for control of spesd, position, pratsure or force whers very sliow et
point voltage ramps are required.

N




DIGITAL RAMP GENERATOR F124-202
BLOCK DIAGRAM
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PRESELECTION COUNTER F124-203

Reproduced from

bes! avaiiable copy.
DESCRIPTION

The card F124-203 consists of an up/down countsr which can
be prewt via front panei BCD switches.

This card then counts the number of presat pulaes, sither digital
(TTL or CMOS compatibia) or analog signals via a schmitt:
trigoer input.

When the final count is reached (0 whan counting down from
presat value, or preset valus when counting up from Q) a relay
and an analog switch are toggled.

The up/down countsr is startad, stoppad and reset sither using
the front pansl push buttons or via external signals.

SPECIFICATIONS

W
o
-t

, J

\-lnt Vahne

BLOCK D|AGRA A . . . . . _, ' | | | —_%
| F&w 585888] -] |
I ,CI:HF—L.D— g p— |

o DE?
*——_rﬁ: —7 J
|
|
|

' G decimais)

, | Loew
L4 '_/._..I. vy

| o= ZEHET
L__ e e ma-aca,

USE -

The card F124-203 is espacially designed to be used in automatic sequence control, wharever the number of cycles to do are
pradetsrmined or the number of cycles executed are to be countad, as for example in fatigue test stands.




MOOG

FRANCE

MOOG S.ar.l.

38, rus du Morvan
Silic 417

94573 Rungis
Tél.: (1) 687.33.63
Twx 200427

WEST GERMANY

MOOG GmbH
Hanns-Klemm-Straste 28
0-7030 86blingen

Tel. : (07031) 6220
Twx 07265777

GREAT BRITAIN

MOOG Controis Ltd
Ashchurch, Tewkesbury

Glos. GL 208 NA

Tel. Tewkesbury (0884) 206600
Twx 43229

ITALY

MOQOG Italiana Sr.l.
Via dei Cavalli 52
1-21100 Varesa

Tel. (0332) 261080
Twx 380682

SWEDEN . .

MOOG Sweden AB
Datavregen 18

543800 Askim, Sweden
Tel, (031) 681020

Twx 21176

JAPAN

'MOOG Japan Ltd

1-6285 Tamurs
Hiratsuka, Japan 264
Tel. (0483) 55-3816
Twx 3882436

AUSTRALIA

MOOG Australia Ltd
Gatwick & Kelvin Rds.
N. Bayswatar,

3153 Victoria’Australia
Tel. (03} 729.00.44
Twx 36375

BRASIL

MOOG da Brasil

Rua Prof. Campas de Oliveria 338
Jurubatubs-Santa Amaro
Sao-Paula/S P., Brazil CEP 04675
Tel. (011} 522.45.10/ 521.65.81
521.65.44

Twx 01132874

UE.A.

MODG INC.

Industrial Division

Seneca and Jamison Rds

East Aurora, New York 14052
Tal. {(716) 652-2000

Twx 7102641442 + 91-393
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REVIEW OF DOWNHOLE GEOTECHNICAL TOOL
GENERAL

This report is a review of the slectronic portion of a downhole
geotechnical tool intended fnr use in ma ing so0il measursments
during uvffshore geotechnical drilling. It consists of a mechani-
cal section designed to be run inside the drill string, land and
lock in the drill string and extend a tubular sember into the
soil at the bottom of the borehole. The tubular member is then
moved or oscillated in a rotary manner by a hydraulic powered
servo mechanism. The response of the tube is then measured
electronically by transducers. These electrical signals along
with signals from other transducers are transmitted to the sur-—
face via electrical conductors.

OPERATION

The use of the tool is envisioned to be operated from a norasal
geotechnical drilling vessel and is to be wireline operated.
Since the tool is hydraulically powered, it will be connected to
a surface contral console by an umbilical containing at least a
single hydraulic conductor along with the necessary electrica?
conductors for power, control, and data. During operation, the
umbilical should be stored on a powered winch and paysd out over
an appropriately sized sheave to minimize chances for damage to
the umbilical. 7The winch can be air or electrically pawered. 1t
should contain a live hydraulic swivel and an electrical slip
ring assembly to allow operation of the tool without having to
disconnect the umbilical.

Because of the hostile offshore environment, the operation of the
overall system should be kept as simple as possible simplicity
should be considered through out the design process. As shown in
sketch 1, the successful operation aof the tcol will necessitate
the following major components or subsystems:

Surface hydraulic control console.

Surface electronics/data acquisition/data recorder con-
sole.

Powered winch and sheave system.

Umbilical.

Downhole tool including sensars and cownhole electron-
ics package.

ACTUATOR

The actuator is defined as a hydraulically operated rotary sotor
coupled to a servo valve using either torque or angular displace-
ment feedback. This system is technically feasible, but will
require great care in the design, and ultimately during operat-
ion, %o insure cleanliness of the hydraulic +fluid. Adequate
filtration should be designed into the system. There are two
ways to handle the hydraulic system: either a return to surface

AT
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system uzing a prassure and a return line in the usbilical, or a
waste to sea system that requires only a single pressure line in
the umbilical for the actuator. For this tool a waste to sea
system is the recommended approach but care must be taken in the
design of the vent components to insure that sea water and con-
taminants do not intrude into the hydraulic fluid. In a waste to
sea system, the issue of environsental contamination must be
considered. Other considerations for the selection of the hyd-
raulic fluid include specific gravity relative to sea water,
viscosity, compatibilicty with components, and corrosion potential
on hydraulic components. One of the water based fluids should be
considered.

As an alternative to the hydraulic actuator, an mlectrical torgue
motor should be considered for the tool provided that a small
size adequately powered motor can be located. A manufacturer
such as Globe is a potential supplier for the wmotor. Al though
more electrical conductors would be required in the umbilical,
the problems associated with maintaining cleanliness of the hyd-
raulic fluid would be eliminated along with the power hydraulic
fluid conductor in the umbilical.

Command inputs to the servo motor will be sine wave wmotion and
step inputs. Frequency will be O.1 sec/cy to 50 mec/cy at ampli-—
tudes ranging from approximately plus and minus 0.01 degrees to
plus and ainus 15 degrees.

SENSOR. ENVIRONMENT

The sensors or transducers defined for use in the geotechnical
tool are to be located inside the tool body and operated in a dry
nitrogen environment at just above ambient sea pressure. Since
the tool will be operated at water depths up to 1500 feet, the
internal pressure will reach approximately 700 psi. This is a
technically +easible approach and presents several advantages as
far as the transducers are concerned. Intrusion of seawater and
contaminants into the tool body will be minimized. The main seal
which separates the seawater from the tool bady cavity will be
pressure balanced thereby minimizing frictional drag that will be
seen 2u an error in some of the measurements. Although seal
friction drag can probably be cancelled during calibration, var=~
iations in the quantity during operation cannot be accounted for
in the calibration.

The approach of using a one atmosphere chamber for the sensors
should not be considered; but, using a pressure balanced chamber
filled with a dielectric fluid such as Dow Corning fluid number
200 is a good approach and should be considered for this tool.
The attached sketch 2 illustrates this concept.

In either case, the selected sensors and transducers must be
carefully reviewed with the vendors te insure that they can
operate in the elevated ambient pressure environment and that
they will maintain their performance characteristics over the

2



defined pressuvre and temperature ranges.

SENSORS

The +following is a list of the sensors defined for use with the
geotechnical tool.

A single torque sensor will be required. The LLebow strain gage
unit which has been selmcted is an excellent choice provided that
it can perform at the plevated pressure environment and that it
will $it into the allocated space envelope.

A single angular displacement transducer will be resquired. The
Trans-Tek unit which has been sslected should prove to be an
axcellent choice if, like the torque sensor, it can operate in
the envirorment and it will fit into the toecl.

An  angular accelerometer has been defined and will be wade by
mounting a pair of linear PCB quartz accelerometers on egual
length arms 180 degrees apart. This approach should prove satis-
factory if calculations show that the accelerometers have the
proper range and sensitivity to operate over the freguency and
amplitude ranges. 0f course operation at the elevated pressure
must be checked with PCB engineering.

Three pressure sensors have been defined, two of which will be
differential types. The PCB pressure sensors selected are not
satisfactory for this application because the PCB quartz sensors
are not capable of measuring static pressures. Therefore another
selection must be made such as those smanufactured by Entran.

DOWNHOLE ELECTRONICS PACKAGE

The successful operation of this tool will require the use of a
downhole electronics package for transducer signal conditioning,
switching and control, amplification, distribution of command
signals to the servo drive motor, and multiplexing of data sig-
nals to minimize number of conductors in the umbilical. It is a
critical component and will be a custom design. There are no
known off-the-shelf units to meet the needs of this tool. Unlike
the cavity where the transducers and sensors are located, the
electronics package should be of the one atmosphere design. HMany
electronic components will not operate satisfactorily at the
elevated pressure of 700 psi. To do so would require special
components to be manufactured and qualified over the pressure
range. This would be more expensive and time consuming than
designing and building the one atmosphere chamber. The design
must consider the external pressure and must be carefully sealed
to prevent intrusion of either ssawater or nitrogen. 1§ possible
the seal should be a sealweld and tested for leakage prior to use
downhole.

f1ee



DATA TRANSMTYSSION

Pased on the known operational requirements and environment for
this tool, it is recomasnded that the data be transmitted Jrom
the downhole slectronics package via the umbilical to the surface
electronics console in analog form. This approach will minisize
the electronics component count in the downhoie electronics pack-
age, thereby irproving reliability. It will also give the equip-
sent operator and field engineer maximum flexibility in the use
and interpretation of the data. Digitization, other processing
and recording can then esasily be done in the surface package
where space is not at such a premiuams.

An analysis of the sensors and required data shows that the
following number of electrical conductors will be required.

1. Electrical power-—probably 12 or 24 volts DC.
2. Power common, signal ground, and shield.

3. Command signal—--includes servo cosmand ancoded with
calibration ON/OFF signal.

4, Mgll.
S. Torque.
6. Angular acceleration.

7. Pressure signals, 3 fach--multiplexed together using a
frequency modulation technique. These are rearly sta-
tic signals and do not require wide bandwidth. Center
frequencies of 100 Hz., S00 Hz., and 2500 Hz. should be
satisfactory. )

8. Spare.

Data transmigsion reliability will be ieproved if very low imped-
ence amplifiers having sufficient current capacity are used to
drive the wumbilical even in the presence of minor salt water
shorts.

UMBILICAL

The electro-hydraulic umbilical will be a critical component and
must perform properly to insure long-term reliable operation in
the +ield. Initially, during field testing of the prototype
tool, the umbilical can be made from a multi-conductor hose
bundle strapped or taped to a well logging cable. The well log-
ging cable will also have a good tension strength member included
in the cable. Ultimately the umbilical should have the hoses and
electrical conductors all inside an overall jacket and strength
member. During operation, it will be necessary to store the
umbilical on a powered winch to insure that it does not bheccae

../f{(‘



entangled and kinked.

Do not have any connections or splices in the umbilical. Have a
single connection betwaen the tool and the umbilical so that it
can be disconnected for repair or storage. As much as possible
kaep the entire system connected together to minimize the chances
for trash and contaminants to enter the hydraulic system. Also
it is important to keep the hydraulic umbilical free of entrapped
air.

OTHER DESIGN CCNSIDERATIONS

The +following are a few tips to consider in the design that will
impact the reliability of the data obtained and the successful
operation of the tool in the hostile offshore environment.

Minimize the use of dissimilar metals which can cause electrical
potentials to be set up in the presence of the salt water elec-
trolyte. A small sacraficial annode might have to be incorpor-
ated onto the tool.

Provide for easy repair and disassembly of the tool to the extent
possible,. Routing of electrical wires inside the tool body must
be done in a careful manner.

Conduct extensive calibration and testing prior to going to the
field. Try to work put as many bugs as possible first.

Keep in mind that the various stainless steel alloys that may be
used in the torl body are subject to galling, particularly in the
threaded areas. Proper tolerencing and lubrication are impor-
tant.
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INSTRUMENTATION FOR (ABORATORY TEST PHASE
GEOTECHNICAL TOOL

INTRODUCTION:

This document discusses the instrumentation needed during a lab-—
oratory test phase of a Geotechnical Tool designed to abtain
measurements on sails. During this phase the tool will be proto-
typed and connected to wvarious instruments and computers. This
instrumentation set up is not intended to be taken to the field,
except for the Field Caomputer.

This information 1is furnished in response to your comments and
those of Ms. Hj&nke following the issuance of our report dated
July 12, 198%S.

Sketch 1 shows a block diagram of the various instruments and
thier interconnections.

FEATURES OF THE SYSTEM:
1. Ease of set-up and operation.

2. Flexibility to meet changing requirements during this
phase of testing.

3. Includes analog signal recording on hard copy strip
chart record for quick observations.

4. Analog to digital converter and computerized processing
of data. Allows development of software on the comput-—
er that is suitable for inclusion in the §final field

system.
S Majaority of components can be either purchased or
ranted.
DISCUSSIDN:

Although this labhoratory instrumentation is more bulky and cum-
bersome than the components that will be eventually used in the
field systemlexcept for the Field Computer), 1t provides a high
degree of flexibility that is needed during the laboratory test
phase. During this phase 1t 1s expected that exact test techni-
ques will evolve along with the software., The use of this system
will itn 0no way degrade the eventual peréformance of the +Ffinal
field wunit which will include a downhole electronics package.
Litewise the degree of sensitivity and accuracy can be duplicated
with the final field unit if proper care is taken during the
design of the downhole electronics package, wumbilical, and sur-
face electronics pacikage.



At this time it is not expected that the oscilloscope and strip

chart recorder will be required in the final surface electronics
packaqe.

FEASIBILITY OF DOWNHOLE ELECTRONICS PACKAGE:

Based on the known requirements for the Geotechnical Tool, the
use of a downhole electronics package is feasible and well within

the state of the art for such packages. They are routinely used
in well logging tools and, to a tain degree, subsea geotechni-
cal tools such as cone penetrg ers. The unit will have to be

a custom design to meet the specific requirements of this tool
because of size, number of channels, and limited cable conduc-
tors, etc, No known off-the-shelf units can meet the specific
requirements of this tool.

The package can be designed to fit intg the Geotechnical Toaol
which has an ID of 2.8 inches and operate successfully in the
offshore geotechnical environment 1in water depths up to 13200
feet. Although the exact length of the package cannot be deter-

mined at this time, it is expected to be approximately 2 tao &
feet long.

The <cost for such a downhcole electronics package also cannot be
precisely determined ac this time, but it 15 expected that a
single wnit might range between $25,000 and $40,000. It will
probably bhave to be constructed on a cost plus basis for
materials plus design and fabrication costs.

INSTRUMENTATION LIST:

The appended documents list the required laboratory instrumentat-

ion along with sources of supply, and costs both for purchase and
rentals. An overall cost estimate is included.

It should be noted that the component called servo amplifier
shown on sketch 1 is not listed nor costed in this document. it
is peculiar to the hydraulic servo valve and actuator that will
be used in the prototype tool.

SOFTWARE :

The cost for software development shown on the cost estimate is
not intended to be a lump sum amount to cover the cost of all
software that might eventually be needed by the laboratory sys-
tem. It should however be considered reasonable for the develop-
ment of certain acquisition routines peculiar to this test tool
and allow for the training of the test engineer and or tech-
nician 1n further software developments as may be required.

David W. Hughes in Houston is a particularly talented and knowl-
edgeable software development engineer. It is recommended that

S ]



he be retained to do this portion of the work.
either be arranged through EDC or directly.

His services can
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LARORATORY TEST FPHASE 18 July 8%

INSTRUMENTATION COST ESTIMATE LamM
MAJOR INSTRUMENT COMPONENTS: Furchase Rent/mo.
Power supply for Angle Trans. £159
Fower supplies for angle accel. $S00
Strain gage signal conditioners. $2700 £35S0
Field Computer #7200 650
Strip Chart Recorder. (used) $3100 £720
Oscilloscope. 52665 $£235
Signal Generator $407S $440
Furchase Total #203%0
Rental Total/ma. $2395
plus purchase $5650
LABOR COST FOR SET-UF
Instrumentation Des.--50.00/hr., est. 40 hrs. $2000.

Instrumentation Technician—-25.00/hr, est 150hrs= $3750.

Software Eng.--50.00/hr.,est 150 hrs=

OTHER EXPENSES
Shipping and Freight
Telephone

Travel Expenses(if any) at cost +10%,
local 21 cents/mi. *
S00 mi. 109
Lodging, = —————
Air Travel ==

105 + 10%

Misc wire, cable, connectors, lab supplaies
and digirtal volt meter, etc.

Stri1p Chart paper, floppy discs, prainter paper,
and other expendable supplies

$£13250.

$000.

$150.

$116.

$&400,



INSTRUMENTATION LIST

Item: Fower Supply

Namenclature: D100 Transducer Fixed Voltage Power Supply
Description: Fower for use with Trans-Tek FRotary Angular
Transducer. Flugs 1nta 117VAC power and provides the correct

stable voltage for the transducer.

Reason for Selection: Economical. Compatible with the transduc-—
er. Manufactured by the same manufacturer as the transducer.

Source of Supply: Techanical Products, Inc.
1710 S, Dairy Ashford
Houston, Texas 77077
713 493 6320

Number Required: 1 each

Cost: $150.00 each, Purchase

£/

-



STENRAE 110

Trans-Tek's power supphies are precise, reguiated, preset voit:
3age sources, [deally surted for DC excited transducers, discrele
and IC funchon modules Al components are encapsulated 1o
provide. felabla continuous operation to rated specdications v
aboratory and factory environments

They are equipped with an on-o!f switch. ine cord, binding post
lerminals. rubber feel and two #4-40 tapoed holes spaced 1 00
Mch apart. (ocated on the bottom side 1or permanent meounting
The hoies are connectad 10 2arth ground via the power une cord
ground terminal

COMMON SPECIFICATIONS

Input. 105 40 125 VA C | 50 1o 400 Hz*
Quiput Voliage tolerance = 1% {(Fixed)
Regulation Line 0 0! % max
L0ad 0.05% max .

Temp. Coet 0.02%/°C Typicai
Ripple ana Noise' tmv RMS max
10 Isolation 50 MEGOHMS
Overcurrent Protection

Cuyrrent Limittng Either output 10

common or pther ouiput, ingefinitely

A lnSOUI i)

INCORPORATEO

3 .

NLS SERIES DYOD

CONDMULR BIVES
e FRSUPRIIES

yOH T AF

7 Compatible with Trans Tek DC Excied Transducers
i Regulalion 01% Line. 05% Load
.J Shorl circunt protected

D une cord dwire

Dual vollage power supplies allow the user to choose the
transducer gvcitgauon voltage. for example, Mogel D12 100 can
be used to powet a transgucer with 12 VDT ¢. 24 VOC Toexcile
the transducer with 12 YOO, connect the transducer + INPUT
and = INPUT to the power supply +V and COM terminals,
respectively (or 10 Ihe power supply COM and - ¥ terminals,
respectively]. To excite the transgucer with 24 vDC_ connect the
transducer + INPUT and - INPUT 10 the power Ssupply +V ang
— ¥ lerminais. respactvely

Storage Temperalure - 40° 10 +85°C
Termination
Line cora. 3-wire, S feet Iong. terminated in ing plug with
®arth ground
Cutput Terminals 3-Binding post. G-way
Red - Positive Voltag:
Black - Common
Violet - Negative Voitage
Dimensigns 25° Wige x 4 45°
(83 x 113 x 32mm}

Long x 1 25° High

Operating Temp. Range -25% 1o + 71°C Approx Wewght 125 1bs (575 gm )

*210 10 250 VAL aphongily avaitabic Dy addidg K 10 mendes orambes g {310 1) beecomes D17 1000
Ouput VD C £12 212 15 £15
Current. MA 100 200 100 200

Al senes D100 Trans Tok products are warranted against
getective malerials ana workmansnip for one year. hrom dale of
shipment

TEIb X Yoz (THAND TR 1Ly

At e b TINSOLD O 44 0 At

SEYCMICATHINS e T PO CrAaNGE WIHTHOUT NOTICE

Orgers should be made out 1o TRANS-TEK, INC . sentn care of
your 1ocal Trang Tek represeniatve. or diracty 1o Box 338,
Route 83 Clington. Conn 06009  Tel (203)872-8351

PrntatinU S A

€

CAIAANC UZANT AN

e

T e
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INSTRUMENTATION LIST
Item: Foawer Supply
Nomenclature: PCE Piezotronics Model 482A Line Power Unit.
Description: Fower supply for FPCR Accelerometers. Plugs 1i1nto

i117vAC power and provides the correct stable excitation voltage
for the accelerometers.

Reason for Selection: Economical. Compatible with the
transducers. Manufactured by the same vendor as the
accelerometers.

Source of Supply: Tectnical Froducts, Inc.

1710 5. Dairy Ashford
Houston, Texas 77077
713 493 6520

Number Required: 2 each

Cost: $250.00 each, Purchase

Total Cost: $#500.00

A



A. C. MODE, BASIC
LINE POWER UNIT

for voltage-mode transducers Model 4B2A
MEFOYADNICS

+ powers transducers with built-in or attached am-
plifiars

+ supplies power over signal lsad

+ eliminates hias on output

« monitors normal or faulty system operation

« provides adjustable constant-current excitation

For powaring low-imped-nce piezoelectric transducers
with built-in or attached amplifiers and coupling them to
versatile readout instruments; and eroecially for driving long
transducer cables.

Model 4B2A Line Power Unit powers the transducer over

S e kil
¥,

3 ) i
A T MUITS T

the signal lead and couples seif-ampiifying PCB transdcuers SPECIFICATIONS: Mode! No. ag2a
10 oscilioscopes, recorders or other readout instruments. in Transducer Excitation vDC +22
the coupling process, it eliminates D.C. power bias from the Excitation Current
output by means of a coupling capacitor. It aiso moritors (adjustable]'® mA 21020
normal operation of the system with a meter that detects Voltage Gain 1
such faults as cabie and connector open or short circuits and Cougling Capacitor uF 10
ransducer amplifier trouble. With a 24V D.C. regulator, g:::‘:: g'fr'::'r'lf‘s' ;v:“s :‘?]Q
WModel 482A provides an output signal range linear to t 10 Noise, Wideband
voils. Constant current excitation adjustable from 2 10 20 {pk-pk max.) uv 500
mA (factory set at 12 mA/ is supplied to transducer to 1m- Size in 1 8x4.3x6
prove linearity and cable driving capabilities. Higher magni- Weight b 2
tude supply currents drive longer cabies and provide more Transducer Connector micro 10-32
available output current. With medium length cables, output Output Connector BNC
current is gemerally available to within 2 mA of the supply Power Cord (3-wire) ft 6
current, Power Required (60 H2) V/IA 100-125/0.3

OPTIONAL MODELS:

Four Channel Version 482A04

. Fixed Constant - Current Supply (2mA Diade) | 482A07
Like the transducer discharge circuit, the capacitive three Posinon Gam Switch (X1, 10. 201

coupling circuit to the readout instrument also eliminates

D.C. signal components at an exponential rate. When the NOTE 11} Faciory set ar 7dmAn
, 12} Qutpur Cable nor sup

readout load impedance is one megohm or mare, the coup-

ling time constant exceeds 10 seconds, which is sufficiently

{with 4mA Constant-Current Suppiy} ! 4B2A10

ithed. Oraer Mogel 012A03

fang for most apgiications
BLOCK DIAGRAM:

Mosm-

For static calibrating or ather purposes, Model 482A can v‘/w
be operated in a D.C. mode by taking the output signal
directly off the transducer lead thraugh a "T cannectar or
by shorting across the internal coupling capacitar. The re

Teprmitn v

Comnbag
C apge 1o

sulting 11V D.C. bias on the output lead can be eliminated,
if necessary, by a series batiery or tloating D.C. supply.

Lunent

Arqusiolon

—— o

LB
Rgsiatn

3 AC Pome-

,ﬁ,ﬂ—

67

-
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INSTRUMENTATION LIST
Item: Strain Gage Signal Conditioner

Nomenclature: Vishay Muiti channel Signal Conditioner/Amplifier
2100 System. Configured with power supply and & channels of
signal conditioning.

Description: Unit accepts strain gage transducers and others,
amplifies the signals to appropriate levels for recording and
processing. Unit 1ncludes calibration capability.

Reason far Selection: Easy to set up and operate. Economical.
Frovides extra back-up channels for flexibility in laboratory
test program. Universal type +0r use with wide range of other

instrumentation and computers needed 1n the lab test program.

Scurce of Supply: (Furchase)
Technical Products, Inc.
1710 S. Dairy Ashford
Houston, Texas 77C77
713 493 6520

(Rental)
General Electric, Quick-Rental Service
Q00 South Loop West ,Ste 180
Houston, Texas 77054
713 741 8137
1 800 GE RENTS
Number Required: 1 Unit.

Cost: $2700_00 (estimated?, each, Purchase.

$350.00/month, Rental.

(;hu)
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QUICK-RENTAL
service

DESCRIPTION RATE/MO. DESCRIPTION RATE/MO.
Signal Conditionen (Continued)
Goutd 13-4715-09 $ 6 Soltec 3410 4968 $ 115

Med. gain multi-span dec amp. Maasurement
range 400 .V FS to 100V FS; in 20 steps;
accouracy 10.1%FS; zero suppression tfull scale.

Gould 13-4715-40 $ 110
Thermocouple amplitier type J. Range —150° to
1000°F or *C. Zero suppression.

Gould 13-4715-401 $ 110

Thermocoupis ampilifier type K. Range —200° to
1000°F or *C. Zero suppression.

Gould 13-4715-42 $ 10

Thermocouple amplifier type T. Range —200° to
+400°F or °C. Zero suppressian,

Gould 13-4715-43 $ 110

Thermocouple amplifier type E. Range 0* to
+1000* F or *C. Zero suppression.

Gould 13-4715-44 $ 125

Thermocouple ampiifier type R. Range +500° o
+1760°F or *C. Zero suppression.

Gould 13-4715-48 $ 128

Thermocouple amplifier type S. Range +50* to
+1760*F ar *C. Zero suppression.

if you have any questions,
Just ask our rental specialists.

Honeywell Accudata 117-08 $ 210

Driver ampiifier. Gain 0.01-10 in 10 steps, 0.01-25
with vernier, input £100mV to £300V, 8
channels,

Honeywsll Accudata 118-1 $ 95

Strain guge excitation, control and amptification
in a single unit: constant voltage of currem gage
excitation. : .

Honeywel Accudaia 120 $ T
Difterential dc amplifier. Input 2.5 mV to 250 mV,;
output £2.5V, B5mA, gain 10-1000 X. 8 steps,
can be used with 105-2 above.

Honeywell Accudsts 218-1 $ 140
Gage cantrol amplifier. Selectable gage excita-
tion voltages, three independent signal outputs,
calibrated input suppression,

Soltec 1280 SM26 $ 70
High speed input module for use with SU-100
transient storage unit and 1286 recorder. Fre-
quency response 5 kHz. Measursmant range 50 mv
10 200V in 12 steps. £100% zero adjust. Overall
accuracy +0.7% of full scale at 23°C.

Soltec 1200 VMES $ so

Muiti-span dc plug-in module for use with 1266
recorder. Measurement range 1 mV 10 200V in 17
ranges. +100% 2erC adjust. £400 zerosuppression
Overall accuracy 10.25% of fuli scaile at 23°C.

T0

Plug-in dc preamplifier for 3400 series recorder.
1mV/cm 10 20V/cm in 19 ranges. Calibrated zero
suppression.

Soltec SU-100 $ 600

32 Kk word (12 bit) 6 channel storaga modgyle allows
transient/wavetorm data to be stored and outpu!
to 1286 recorder. Sampling frequency from

200 kHz to 200 Hz2. internal or external triggering.
pre and post triggering and an AUTO mode that
sampies data, prints oul data and resets system.

Vishay 2310 $ 18§

Signal conditioning amplitier for strain gages,
transducers, potentiometers and dc displacement
transducery. All bridge completion built-in in-
cluding 120 and 350 1 dummies. Bridge excita-
tion selectable 0.5-15.0 Vdc. Continuously vari-
able and calibrated amplifiar gain: 1.0-11,000.
Electronic bridge balance. Three simuitansous
buffered outputs: £10V @ SmA, tape output
11.414V @ SmA and galvanometer oulput £10V
@ TOmA.

Vishay 2350 $ 5§

10-channe! rack adapter for Vishay 2310
amplifiers

Vishay 2350 § 55

Portable cabinet for 1 te-4 channels of Vishay
2310 amplifiers.

Watanabe AH 3101 $ 55

High gain amplifier. Range 4mV FS to 500V FS:
vernier gain control.

Watanabe AL3101 $ 3

Low gain amplifier. Range 20 mV FS 1o 400V FS.
verniar gain cantrol.

Watsnabe AS3101 $ 15

Differential ampiifier with zero suppression. Range
20mV FS to B0V FS: calibraled zero suppression;
salsctable 3 pola input filter; vernier gain control.

UGHT BEAM OSCILLOGRAPHS

Honeywell 1508 8 $ as0

24-channel, 4 event, visicorder with d¢ lo 25kHz
rasponse, wide range {1200.1) dec servo record
drive aystem, 42 apaeds, 0.1-120ips drive speeds,
internal record 1ake-up, accentuated tanth time
line; requires galvanometers.

Honeywell 1038 $ 200
Up to 18 channels, expandabie to 32 channsis
with Mode! 1870 amplifier housing. Fiberoptic
CRT visicorder, dc to 5 kHz response at up to
7.2" trace amplilude, 1 mV to 300V input sensitiv-
ity, 300 V caommon mode. 42 speeds from
0.1-120ipa, time interval marker, time lines
recorder at 5 selectable intervals with 10-line
accentuation, better than 0.5%FS accuracy.
Requires plug-tn signal conditioner nex! column

)



INSTRUMENTATION LIST

Item: General FPurpose Storage 0Oscilloscope.

Nomenclature: Tektronix T912 Dual trace, storage oscilloscope,
or equivalent.

Description: General purpose oscilloscope that can be used for
general viewing of signals and for set up and calibration of the
instrumentation system. Allows for the quick and easy look see

of specific signals.
Reason for Selection: Economical. General purpose oscilloscope.

Number Required: 1 each.

Source of Supply: General Electric Quick Rental Service
00 South Loagp West, Ste. 180
Houston, Texas 77054
713 741 8137 Rent
1 3900 GE RENTS

Tektroniy, Inc. Purchase
P. Q. Box 4307

Houston, Tx 77210

713 933 3000

Cost: $235.00/month rental.

$26465.00 Purchase



QUICK-RENTAL

service
DESCRIFTION RATE/MO. DESCRIPTION RATE/MO.
Portable Oucllloscopes [Continued)
Tektronix 475 $ 440 Tektronix SC502 $ 235

DC to 200 MHz, duali trace, 2 mV/div to 5Vdiy,
lime base 0.01 us/div to 0.5 8/div, 10 X magnifier,
calibrated sweep delay. 8 X 10cm CRT, trigger
View .

Tektronix 475A § 475

DC to 250 MHz at S mV/div, otherwise very sim:tar
to model 475.

Tekironix 4750M44 $ 495

Model 475 with 3%-digit multimeter and temper-
ature probe, 4 delayed sweep with direct
numerical readout.

Tektronix 485 $ 750

DC to 350MHz, dual trace, 5 mV/div to 5V/div;
time base 0.5s/div {o 1 us/div; 8 X 10 div display.
0.8cm/div CAT.

Tektronix 2213 $ 120

DC to 60 MHz, dual trace, 2mV/div sensitivity:
time base 0.05 us to 0.5 3/div, delayed sweep.
Lightwaight and portable.

Tektronix 2215 $ 150

Same as Tektronix 2213, except aliow simuitane-
ous viewing of deiayed and main waveform. “ali-
brated delayed sweep.

Tektronix 223§ $ 178

Two-channel, d¢ to 100 MHz bandwidth oscillo-
scope. Trigger view, dual time base, delayed
sweep and X-Y operation.

Tektronix 2238 $ 275

Same oscilloscope specifications as the 2235 but
with built-in 100 MHZz, microprocessor-controtied
counter/timer/multimeter. Totalize, d¢ volts, true
rms volts, 4 time. frequency and period.

Tekironix 2335 § 2088

DC to 100 MKz, vertical channel deflections from
5 mV/div tc 5 V/div, 10 X magnilier 10 increase
sweep rate to 5Sna/div, dual trace and delay
sweep.

Tekironix 2338 $ 275
Same as 2335 with A time.

Tektronix 2337 $ IS
Same as 2335 with A time/DMM.

Tekironix 2445 $ 30

150 MHz bandwidth 4-channel oscilloscope.

1 ns/div swasp speed. 2 mV/div vertical sensitiv-
ity. CRT readout: scale factors, trigger level, volt-
age. time, frequency. phase and ratic measure-
mants and mods indicators.

Tektronix 2483
Same as 2445 but with 300 MHz bandwidth,

Taktronix SC501 $ 118
DC to 5 MHz. single trace, 10 mV/div to 10 V/div,
time base 1 s/div; 5 % magnifier, & X% 10 div,
0.203"/div CRT, requires TM500 power module.

$ 430

OC to 15 MHz; dual trace, 1 mV/div ¢ 20 V/d1v,
time base 0.5 s/div 10 0.2 us/div 10 X magnifier,
triggear view, enhanced automatic trigger.
Requires TM 500 power module

Tektronix $C503 $ 345

OC to 10 MHz, dual channel bistable storage
scope. SmV/div 10 20 V/div; time base 2s/div to
0.5 us/div, 10 X magnifier. Variable enhancemeant
and integration, autc-erase and X-Y capability
Reguires TM500 power module.

Tektronix SCS04 $ 33¢

DC to 80 MHZ; dual trace; SmV/div to 10 V/div;
time base 0.28/0iv 10 0.2 us/div; 10 X magnifier;
X-Y capability. 8 X 10 div, 8.25"/div CRT, requires
TMS500 multicompartiment power module.

ektronix T912 $ 235
DC 1o 10 MHz, dual trace, bistable storage scope,
2mV/div to 10V/div; time base 0.55/div to
0.5 us/div, 10 X magnifier, 8 X 10cm CRT,
250 cm/ms stored writing rate.

Tektronix T922 $ 150

DC to 15 MHz, dual trace, 2mV/div to 10 V/div,
time base, 0.5s/div to 0.2 ps/div, 10 X magnifier,
88X 10cm CRT, 110 Vac operation.

Tekironix T935 $ 230

DC to 35MHz, dual trace, 0.5s/div to 0.1 us/div,
10 X magnifier, 2 mV/div 10 10V/div, 8 X 10cm
CRT, delayed sweap, 110 Vac operation.

Vu Data PS935/975 $ 275

Miniscope with DMM and counter, dual trace, dc
1o SOMH2. Waighs {aaa than 15 Iba. and battery
operated.

Full Size

H-P 19808-811 $17150

QOscilloscope measurement system includes
19800A waveform measurament library, 19860A
digital waveform storage module, 1950A 100MHz,
2-channel expansion module and 19811A plot/
sequence ROM. HP-I18 programmabie, with

10X 12¢m CAT display.

H-P 1950A $ 2680

Two-channet expansion module. Adds two

100 MHZ vertical channels to the 1980. It features
continuously calibrated variable defiection factors
from 2mV/div 10 10 V/div.

Nicolet Explorer | 2000-2 $ 740

DC to 1 MHz, dual channel digital storage scope,
complets with 206-2 plug-in amplifier.

Nicolet Explorer [ 204-2 $1200
Same as Explorer 11 above sxcept with pen out-
put, diskette, binary digital 1/0, Also Inciudes
204-2, 2-channgl plug-in and 2081 {EEE-488
interlace.

¥



INSTRUMENTATION LIST
Item: Signal Generator
Nomenclature: Hewlett Packard HP3325A Function Generator.

Description: General purpose signal generator to provide command
signals to the servo actuator. Can command sinewaves,
squarewaves, triangle waves, and ramps.

Reason for Selection: General purpose unit having the capability
to meet the expected command functional reguirements.

NMumber Reqguired: 1 each.

Saurce of Supply: General Electric Quick Rental Service
00 S. Loop West, Ste. 1BO
Houston, Texas 77054
713 741 8137
1 BOO GE RENTS Rent

Hewlett Fackard Purchase
10525 Harwin Drive
Houston, Texas 77042
713 776 &A00
Cost: $440.00/month Rental

$4075.00 Purchase



Reproduced from
best available copy

Modet 3325A

Posaan Frin. NN

HP 3325A

The HP 3325A Synthesizer; Function Generator v an uncompro-
misiag, high performance synthesizer with 11 digt resolution, a (unc-
ton gencrator with preomion wavelorms. o wideband sweeper. and o
fully programmablc systems instrument

The HHP 1325A 15 first with microherte resolution below 100 kM
along with frequency coverage from .0000GT Hz to 20.999 999 999
MH:z. Signal purity. accuracy and stability arc as good or better than
earher stand-alone HP synthesizers Huarmonics arc 65 dB down be-
fow SO KEE and you can exnternally modulate with AM aind A

The HP 33,.5A is also a high performance Tunction generator pro.
viding precisin wavelorme with synthesizer accuracy sed resolution
Syuarewaves 1o (0999 999 494 M1, have M0 ns rise and tal! ones
Triangies and ramps with .057% [incarity are available up to 10999
999 999 kHz. All waveforms can be dc and phase offsc!

A major contribution 1s wideband phasc continuous sweep, cover:
ing up to the full frequency range of vach wavelornn. Sweep log o
Itnear, single or continuous without the phase discontinuities usually
associated with synthesizers. Phase lock [oop testing is made eister

Make convenient swepl frequency aciwark measurement on hlters,
amplifiers or any passive or active network. Use the TTU miarker 1o
cheek the frequency of points of interest on a swept frequency display
desired Use the convemicnt “room”™ funciions 31+ 2 and J3F 210
quickly change the freguency span lor the displey doseeed

AW necessary Functons are progranmiable on (e HE TR echidiog
fregquency, amphivde. all faenctons phuse sod de vllser, nealoladnm,
Al sweep paromctens, cupitude cal armd el test g the TP
INVEA g overy versatde and powerlol additun to anlaonain est sy
e he snolated ioter i e conthred we b loadome cutpits and
pots ol talk oo make the PR 3ECSA Coasy froane e Aasfonanateg
Fast Naarems

wuh 0y e ode

tene Pl pca v ofvame s d e s bbb watlyse uat bbb

e phooe ob i cmpmn e b s hogaf o o
LRTRITITS

c0 999 999

AoNe V300

phase Two HP 31254 unns can be phase fouked together 7or Jual
phuase oupun apphications

DC oflset i capitble of 35 Vde on 1he staindard mnsirument The
I vollage optron (OPCON2) allows g voltages up to 40 Vpp and ac
s duupto 8V total tac peak * dod

Ten stovage regraers can be proprammed with wen different combs
sattoas of (uactony purameter wettags from the front panel. stored
and then recalled

The HP 33254 can display 11 dagits of Trequency and 4 digits of
volis or millivolts from 1 mV to 10 volts peak to eak Converson to
RS or dBm v vmple with the togek of o budon

The HP 3325A prowvides unprecedentied performance per dollar
thanhs 1o several mier contnbuteons from advances in HP sechnolo-
ey N simple lsop Fractnoaal-N sy rthests techngue allows synthesizer
accurscy with 11 digits of 1esolution and, as an added bonus. phase
continuous frequency sweep. Fewer parts and integrated circust iech-
nologs make the difference A unique method of triangle and ramp
wavetorm geperunion provides excellent lineanty  Add mucroproces-
s control and Hewlett-Packard Interfuce Bus (HP-1B) operation
and the rosalt i more performance. fleability and versatlity on 1he
hench ar i automatic et systems than previousis available, and at 2
ower cant

Speclfications
Roefor tothe HIP 30254 dat sheet 1o complete spegimeations

Sem, Sepasy, brasple acpanie aml posase Ramps

Range
SIRe: | bl ter T DG OB DGO KL,
SQUSTE: | 401 (o 1R 9w B AL,
Trianghe/ramps: | wll/ o H)p 590 090 i k| s

Resolulion: | u11/ ELIRARY
bl [ELL AN A V]
Agirg rate. ¢ i i T o dn

Warm-up lime Mt boowmdn o b b ononaey

LY



impedance: 0\
Conmecion: HNC | switchuable to tront ae rearn parcl notaowtahebly
with option 002, excep” by internalcable chanpe

Range: | mV 10 10V p-pin R amphinde canges. 13- HY sequence (30
dB weps), into 50 4 load

Funcien ne Square T Traagu/hemps
" unts
Ll mas e il [ L
prshpoat 1O00mY | 10.00Y [1000mY | [A00Y | LOGCMY | 1000V
| ™ 004 mV | 1SV (0N0mY | SOV (020¥mv . 2HTYV
|- (80 1 -84 02 -2 L4101 2N i1n Ly ¥

Resolution: (101X of Tull range or § 01 4B {4 digas)

. (withuut de offser, relative 10 programmed
amplilude and accuracy)
Sinewave Amplituds Acci.racy

V7w 100kH2z +0 1 dB, -3 Vpp, «+02dB, - 3 Vpp

10U kHz 10 20 Mi17. 204 dB, >3 Vpp, +06dB. 01103 Vpp
Squarewave Amplitude Accuracy

Fondlz o TOO KK 1T, ¥ ¥pp 2200 3\ pp
100 kHz 10 TOMH, 11 1%, -3 Vpp, 110
Triangle Ampiitude Accuracy
Foddsw 2k 155 3 NVpp 2 T8,
JAH710 10 kHz 5%, -3 Vpp, 627,

LN pp

Ivpp
Ivpp

Phase noise: -60 dB for a ) kHs band ventered on a 20 MH/
carrrer (excluding 2 1 1£7 about the caraee ) with highstabibity uption
07 1nstalled.

Spurious: all non-harmanically related output signals will be more
1than 70 dB below the carrrer (A0 dB with do atfser), or less than -9
JBm, whichever is greater.

Sinewave harmonic distortion: harmonically relaied signals wili
be fess than the lollowing levels (relsuve to the Tundamental) st full
vuatpus fur each range:

Frequency Range Harmonic Level

0.8 Hr o 50 kH/ -65d8
SO Mz o 200 kM, -60 dB
X0 kHz 102 MH? -40 dB
2MHz 10 15 MH2 3648
15 MHz to 20 M, 25 4R

Rise/tall time: - 20 oy, 10% 10 90% a1 full output
Overshoot: < <7 of peak to peak umplitude. at full vutpui
Senlng time: - | us tosett’e twithin 087 of tinal value

Range: 719 9° with respes! to arbitraty starling phase or assigned
ser0 phase

Resolution: (0 | *

Accuracy: 10 2°

Range: do only (no ae mgnal) Qe 3OV 0

dv + ac. Maximum dc offset 4.5V on highest range, decreasing to
1 4.5 mV on lowest range

Resolution: 4 digis

Modulstion depth at tull output lor each range: 0 100
Modulation irequency range: dc to 400 ks t0 21 MElz carnier
frequency)

Sensitivity: S V peak for 100% modulavion

Sinewave Phase Moduiation
Range: :350°. + 35 V inpul
Modulstion frequency range: dc -5 k7

N T »
Sweep Time
Linear: 0.0l 5t0 99995
Logarithmic: 2 s to 99 99 s single. 0.1 5 to Y9 99, continuous
Maximum sweep width: full frequency range of the mam signal
vutput for the waveform n use, except mumimaent log start frequency
SNV

.

Phase continuity: swoeep v phase costinuosus over the lul! frequency
range of the pLar outpat

Reference input, (or phasc-locking HF 3325A 10 an external fre.
quenyy reference wignal from 0 4Bm tw + 20 dBm into 50 1. Reference
aignal must be a subharmomc of [0 Mtz from | MH7 0 10 MH2

Auxillary trequency output: 21 MH/ 1o 60.999 999 999 MH7,
under range coverage to 19.000 000 001 MH., frequency sclection
from front panel; 0 dBm: output impedance 5012

Syne output: squarc wave with V (high) >1 2V Vi{low} < 02V
ne SO

X-Axis drive: 0 10 -+ [0 V d¢ hinear ramp proportiond! 10 sweep
frequency, linearity, 10-90%, ¢ @17 of final value.

Sweep marker output: high to low TTL companble voltsge transi-
ton at selected marker requency.

Z-Axis DIank gutput: TTL compatibie vollage levels capable of
sinking 200 mA from 4 positive soufce

1 MHz reference output: 0 dBm vutpul for phasc-tocking addition-
alinstruments to Lthe HP 3325A.

160 MHZ oven output: 0 dBm internal high siability frequency refer-
ence sutput fur phase-locking TP 3135A (Op. 0010 only)

HP-IB Interface Functions: SHI, AH[, Té, L3 SRI, RL1, PPO.
neyL, BTo, Co, EY
R ded A

ten

y: HP T090A Mcasurcment Plotting Sys-

Aging rate: = § > 10 */weck (72-h warm up), «1 x 10 “/manth
(after 15 days continuous operalion},

Ambient stability: +5 x 10 ' (0° to +55°C).

Warm-up time: reference will be within =1 x 10-7 of final value 18
munytes after turn-on for an off time of less than 24 hours,

Frequency range: | yHz toc | MHz

Range: 4.00 mVpp o 40.00 Vpp (500 2, <500 pF load).
Accuracy and Flatness at Full Output

Sine, square, and trisngle waves: ;2% a1 2 kHz

Ramps: =2% at 300 Hz

Flatness: +10% relutive to programmed amplitude
Sinewave distortion: harmoncally related vignals will be the same
as the standard insirument to | MHz
Maximum sutput current: 8¢ mApp.
Output impedance: - 2atdc. < 10Qat | MHz

DC offset range: 4 tmes the speaified range of the standard instru-

meni

Operating environment
Temperature: 0°C 10 55°C.
Relative humidity: 95'%, 0°C ta 40°C
Altitude: < 15,000 fi.
Gtorage temperaturs: - 40°C 10 +75°C,
Storage altitude: < 50.000 fi
Power: 100/120/220/240 V. +5%. 107 48 to 66 Hz; 90O VA 120
VA with all options; 10 VA stundby
Weight: 9 kg (20 1b) nev; 14.5 kg {32 1b) shipping
Size: 1326 Hx 325 5 W x 4978 mm D (525" x 1675 " x 19637}

HP 3315A Frequency Synthesizer

Opt. 004 High Stability Frequency Reference

Opt. 002 High Voltage Output

Opt 807 Front Handle Kit (standalone orders P/N
HP S061-008Y4)

Opt 08 Rack Flunge Kit (standalone vrders

P/N HP 5001-0077)

Opt 809 Rack Flange and Handle Combination Kit
(~tandalone orders P/N HP 5061-0081)

THP.1B cable 0ol supphed Sev Doge §75



