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FOREWORD

This report, Techniques for Measuring Existing Long-Term Stresses in Prestressesed Concrete Bridges:
Volume 1. Analytical, Laboratory, and Field Studies, presents the techniques studied by Construction
Technology Laboratories under a contract with the Federal Highway Administration, Department of
Transportation, Washington, DC.

Volume 1 is the first of a 3-part series. It summarizes the analytical, laboratory, and field studies
conducted to evaluate and improve flat-jack direct stress measurement techniques. Volume II presents a
manual of instruction for using the equipment, while Volume III (previously published) summarizes the
findings of the entire project.

This research was conducted to develop a technique for measuring the existing state of stress in prestressed
concrete bridge members. This is needed to be able to evaluate the actual prestressing force and load
capacity of prestressed concrete bridge members that may have been damaged. This report summarizes the
results of analytical studies and laboratory tests on a concept that involves making small semi-circular saw
cuts into the concrete member and subsequent progressive use of a set of small flat hydraulic jacks to
measure existing stresses in prestressed concrete bridge girders. This report discusses the degree of
accuracy that may be achieved and limitation on use of the technique.

Several strain relief methods, including boring and slitting techniques, were evaluated by performing
analytical studies. The flat-jack slitting technique was determined to be the most promising. Laboratory
tests were performed on unreinforced, reinforced, and prestressed concrete specimens. Additional variables
included member thickness, magnitude of stress, and stress distribution. Various linear regression analyses
were performed to determine the best relationship between flat-jack canceling pressure and internal
concrete stress. Direct stress measurements taken on a 25-year-old prestressed concrete highway girder
were similar to those determined from laboratory testing on companion girders.

Copies of this report are available from the National Technical Information Service (NTIS), 5285 Port

Royal Road, Springfield, VA 22161.
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1.0 INTRODUCTION
In this introduction, application of prestressing to highway bridges is
briefly reviewed. The need for measurement of internal concrete stresses in

prestressed concrete bridges is emphasized.

1.1 Widespread Use of Prestressed Concrete Bridges

Since the Walnut Lane Bridge in Pennsylvania was built in 1949, applica-
tion of prestressing in the transportation industry has grown rapidly.
Annual reports of the Bureau of Public Roads for each fiscal year from 1954
through 1957 reperted that "Use of prestressed concrete in bridge construc-
tion continued to grow in favor because in many situations it permits large

savings in materials and cost."[z]

Most prestressed concrete highway bridges built in the United States in
the 1960's and 1970's were constructed of precast prestressed girders with
cast-in-place decks. This procedure has been used for spans up to 140 ft
(43 m). In California, 85% of all bridges are cast-in-place post-tensioned

(3]

box girders.

In the last decade, post-tensioned segmental bridge construction has
gained acceptance in North America. Originally developed in Western Europe
in the 1950'5,[4] this bridge type has proven to be the most economical
for spans from roughly one hundred to several hundred feet 1ong.[5]
Although the major application of prestressed concrete in the highway field
has been for bridge girders, it has also been used for deck elements, piers
and pier caps, piling, and culverts.

A recent survey of highway agencies reports that "Generally, prestressed
concrete bridges have displayed excellent performance" and “durability and
performance of pretensioned bridge girders were very good.“[3]



1.2 Need for Stress Measurement in Prestressed Concrete Bridges

In a prestressed concrete member, the prestressing force decreases
continuously with time at a decreasing rate. Decrease of prestressing force
is primarily due to creep and shrinkage of the concrete, and relaxation of
the prestressing steel. Guidelines and procedures for estimating prestress
[6] and in ACI Committee 343
Efforts to simplify and improve the
8] Recently, tests[g]
were conducted at the Construction Technology Laboratories on prestressed

losses are given in the AASHTO Specifications

nl7]

accuracy of estimating prestress losses are ongoing.

Report, "Concrete Bridge Design.

concrete bridge girders after 25 years of service. Measured prestress losses
were about 50% of values estimated using existing codes and standards.

Although there have been very few structural problems due to inaccuracies
in estimating prestress losses, serviceability and alignment problems have
occurred. Inaccurate estimate of losses can result in excessive camber or
sag of prestressed girders, thus causing ride discomfort. '

In segmental bridge construction, alignment problems have occurred where
precast elements are used. These problems may be due to inaccurate estimates
of prestress losses resulting from variable manufacturing conditions. The
actual age and strength of the concrete at the time of prestressing may be
controlled by the construction schedule rather than by the designer or
specifications.

In segmental bridge construction, different prestressing systems may be
utilized on one structure. Decks may be prestressed laterally. Webs may be
prestressed in a vertical plane or diagonally across construction joints.
Longitudinal prestressing is usually performed in stages as segments are
erected. As a result, a complex state of stress exists in the bridge
superstructure. Therefore, an accurate estimate of prestress losses and
accordingly of concrete stresses is very difficult in segmental bridge
construction.



Several other factors influence the effective prestressing force in
tendons. In statically determinate bridge superstructures, temperature
gradient across a cross-section may cause minor changes in concrete and
reinforcing steel stresses. If the bridge superstructure is statically
indeterminate, temperature variation and differential settlement of supports
will induce large stresses in the structure. In all cases, redistribution of
stresses in the concrete will occur due to creep. As a result, the magnitude
of concrete stresses will vary with time. Therefore, the exact state of
stress can only be determined through measurements on the actual structure.

In recent years, some of the first post-tensioned bridges have shown

signs of distress.[10] In addition, every year, several incidences of damage
to prestressed concrete bri%ge girders are reported due to fire or collision
[11

by overheight vehicles. In these instances, it may be essential to

determine the state of stress in the bridge to evaluate the extent of damage.

From the above, it follows that techniques are needed to measure the
existing long-term stresses in prestressed concrete bridges.



2.0 OBJECTIVE AND SCOPE

The objective of this dinvestigation was to develop techniques for
measuring existing long-term stresses in prestressed concrete bridges.

The above objective was accomplished within the scope of five tasks.

1. 1In Task A, a state-of-the-art survey was conducted to determine pre-
vious and current techniques used to measure stresses in materials.
Techniques inventoried were evaluated to determine the most suitable
approach to measure existing stresses in prestressed concrete
bridges.

2. Analytical studies were conducted in Task B to determine suitability
and accuracy of measurement techniques and/or equipment to measure
existing stresses in prestressed concrete bridges.

3. Task C included laboratory investigations to evaluate the developed
techniques.

4. 1In Task D, field studies were conducted on a selected bridge member
to evaluate the techniques under site conditions.

5. A Manual of Instruction was prepared in Task E for the users of
developed techniques.

Presented in this Final Report is a summary of Tasks A through D. The
Manual of Instruction (Task E) is published under separate cover.[1]



3.0 TASK A - STATE-OF-THE-ART SURVEY

Existing methods for measurement of stresses in materials are reviewed
in this section. Inventoried techniques are then evaluated. Potential
techniques for measurement of existing long-term stresses in prestressed
concrete bridges are identified.

3.1 Stress Measurement Techniques

Two approaches are possible to determine existing long-term stresses in
a prestressed concrete bridge. The first is to instrument the bridge at
construction time. The second is to instrument the bridge at some time after
construction. '

3.1.1 Instrumentation During Construction

[12,13] and to

During construction, it is possible to embed instruments
install measuring stations to determine physical changes during the 1ife of
the structure. These changes may include support reaction, tendon force,
deflection, displacement, curvature, temperature, humidity, strain, and

stress.

Measurement of support reactions in a continuous structure provides a
measurement of effectiveness of certain long-term predictions in design.
Support reactions are not sufficient to determine the absolute stresses in
the bridge. Hydraulic and electronic devices have been used to measure
support reactions. A hydraulic load measuring capsu]e[]4] developed in
France can measure reactions with extreme accuracy (0.2 percent) over the
life of a bridge. Measurement of a reaction requires several people and a
combination of hydraulic and electronic hardware at the location. Such a
device has shown the inf]uencé of temperature gradients on the abutment
reaction of a continuous bridge. A day with good sunshine produced a diurnal

[14]

variation of 26 percent in support reaction.



Change in support reaction in a single day can be measured with less
complexity by a hydraulic capsule or a strain gaged load cell connected to
an automatic data acquisition system. However, confidence in the long-term
reference to original zero may require the additional complexity such as in
the French system. The additional complexity allows the load sensing device
to remain in an unloaded condition except when readings are being made.
Reference to zero load is then available at any time.

Measurement of tendon force, 1like measurement of support reaction,
requires that instruments be installed at the time of construction. Force
in an unbonded tendon may be monitored with a hydraulic or strain-gaged cell
installed at the anchorage prior to stressing. Load measuring cells could
also be adapted to replace a short 1length of tendon at a desired

1ocation.[15’]6]

Determination of loss of tension requires confidence in
long-term reference to zero load that may not be provided by strain-gaged

systems.

Tendon force has also been determined by measuring the natural frequency
of vibration of a known length of tendon.[17] Although this technique has
only been used in precasting plants prior to casting of concrete, it may
potentially be applicable to members in which the strands are accessible.
Remote recording requires a means of initiating, sensing, and measuring
vibration frequency. Reference to initial zero is not required since each
measurement directly results in a calculated tendon force. Strain gages
mounted on individual wires of a tendon can also be used to monitor tendon
strain. Tendon strain must then be interpreted to produce tendon force.
Bonded strain gages do not provide the long-term reference to zero needed to
give confidence in Tong-term accuracy. However, short-term changes in strain
can be accurately recorded over the 1ife of the bridge.

Long-term monitoring of deflection requires early installation of bench
marks. These marks are used in precision level surveys to establish initial
vertical position and as zero reference for recording data from instruments
installed later.



Long-term monitoring of displacement and curvature requires early instal-
lation of reference points. Accurate measurement of distance between points
can be used as zero reference to establish initial horizontal position.
Reference points on initial parallel lines on the structure can be used to
detect curvature changes.

Temperature gradients through sections are needed to define source of
temperature effects. Embedded thermocouples and humidity sensors are placed
at time of construction.

Sensors embedded in the concrete are used to determine strain. Strain is
measured to give an indication of stress. The relationship between strain
and stress is affected by time in the form of creep and shrinkage strains and
temperature in the form of thermal strains. Strains are measured by embed-

[12]

Remote recording of data uses electrical equipment connected by cable to the

ding devices, such as Carlson* strain meters, at time of construction.
meter. An alternative is to secure points to the concrete surface of the
member. Distance change between points is measured externally through a
mechanical gage, for example, Whittemore Gage.[18] The time-dependent

deformations are then monitored individually.

Prestressed concrete box-girder bridges instrumented at time of construc-
tion in the United States include Turkey Run Bridge in Indiana, Kishwaukee
River Bridge in I1linois, Denny Creek Bridge in the State of Washington,
Linn Cove Viaduct in North Carolina, an experimental bridge in Pennsylvania,
and Red River Bridge in Louisiana, and six one- or two-span bridges in
California. The recently completed East Huntington Bridge over the Ohio
River between Huntington, West Virginia and Proctorville, Ohio was also
instrumented during construction. Two cable-stayed bridges currently under
construction (1985) are also being instrumented. They are the Mississippi
River Bridge at Quincy, IT1linois and the Sunshine Skyway Bridge in Tampa,
Florida.

*The United States Government and the performing organization do not endorse
products or manufacturers. Trade or manufacturer's names appear herein
solely because they are considered essential to the object of this report.
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In addition to measurement of strains and temperature at the bridge, data
from control specimens are needed to properly interpret measurements made on
the bridge. Creep and shrinkage properties of the Kishwaukee River Bridge

(191

under environmental conditions similar to those at the bridge site. Periodic

concrete have been measured at the Construction Technology Laboratories

measurements at the bridge and on control cylinders have been used to
evaluate and verify the time-dependent deformations and stresses in this

segmental box-girder bridge.[zo]

"Easy-to-measure"” items such as temperature and humidity as well as more
difficult items such as displacement, curvature, and strain are not easily
converted into stress. For example, during a single day the temperature
variation throughout a simple span bridge may cause major changes in deflec-
tion, displacement, curvature, and strain, without a corresponding change in
stress. However, in a continuous structure, a similar temperature variation

[14]

may produce major changes in stress.

In addition to short term disturbances, there are long-term effects that
are originally estimated in the design stage and included as Tloss of
prestress. Shrinkage and creep of concrete and relaxation of steel combine

(191

as losses. Shrinkage has been measure but the effect on the structure

is a complex redistribution of stress between concrete and reinforcement.

[19]

Creep of the concrete and relaxation of the steel have also been measured
using auxiliary tests. The final determination of stress may include an
uncertainty in the eyes of the design engineer who is asking for accurate

data to aid in minor adjustment of design prestress losses.

Direct measurement of stress has therefore been a major goal of experi-
mental work on bridges within the last decade. It has been suggested that
direct measurement of stress in concrete can be made with Carlson Stress
Meters.[12] These large pressure meters are embedded in the concrete at
time of construction. Measurements are recorded by electrical equipment con-
nected by cable to the meter. It should be noted with caution that Carlson
Stress Meters detect time-dependent movements and translate these movements



into stress. However, measured data must be corrected for sustained modulus
of elasticity and temperature variations.

[21]

for direct measurement of stress. Several bridges used the German-made

Stress meters of a different form have been used in Great Britain

Glotzl pressure cells with satisfactory results. At each measurement, it is
necessary to connect hydraulic equipment for pressurizing the cell to balance
the local stress. Automatic data acquisition is therefore not possible.
Large size, high cost, and measurement complexity have inhibited extensive
application of the Glotzl pressure cells.

Calculations of stress from strain in prestressed concrete members is
therefore neither practical nor possible unless time-dependent deformations
are taken into account. This necessitates measurement of creep and shrinkage
strains in the concrete and relaxation in the tendons. For this reason,
direct stress measurements, taken on prestressed concrete bridges, with
instrumentation installed after construction, provide a more reliable indica-
tion of stresses over a long period of time.

3.1.2 Instrumentation After Construction

The second approach that may be used to determine long-term existing
stresses is to instrument a structure at some time after construction. Two
methods are available for determining existing stress fields in structures
after construction.

1. Measure a property that is, of itself, a direct indicator of absolute
stress.

2. Relieve the existing state of strain in a Tlocal area 1in the
structure. The existing state of stress 1is calculated from
measurements made before and after the strain relief process.

Methods currently used to determine absolute state of stress include,

[22] [23] Ultrasonic

X-Ray Diffraction, Surface Hardness Testing,



[25]

[24] and Magnetic Measurements.

Techniques, 0f these methods, the

only technique presently suited to concrete is Ultrasonic. This method
utilizes the principle that the velocity of ultrasonic waves in a material
changes as a function of the elastic modulus, which in turn, experiences a
second order change as a function of stress. The second order modulus change
and the corresponding velocity change are very small and highly dependent on
physical and elastic properties of the material as well. The modulus of
elasticity of concrete varies with concrete mix, curing conditions, age, and
environmental conditions. Therefore, ultrasonic techniques do not appear
practical for stress measurement in concrete structures.

State of stress in prestressing tendons can be determined by exposing a
length of tendon and measuring its natural frequency of vibration.[]7] This
direct method has never been applied due to effort and danger involved in
exposing a tendon.

Strain relief methods have been used extensively to determine residual
stress in metals and plastics, and to determine the existing state of stress
in rock. The existing state of stress in rock masses is required to safely
conduct mining operations. Strain relief applied to rock stress determina-
tion is a highly developed technology. Since the mining engineer works with
a material similar to concrete, the geotechnical literature contains a wealth
of 1information, experience, and techniques directly applicable to mass
concrete. Applicability of these techniques to thin prestressed concrete
members will be assessed after briefly reviewing existing strain relief
methods.

Reference 24 is a bibliography published in 1971 listing 371 publications
devoted to determining existing stresses in rock. The following is a brief

summary of strain relief methods used in the geotechnical area.

3.1.2.1 Strain Relief Measured Adjacent to Relieved Area

Figure 1 shows one basic approach to measurement of relieved strain. The
strain field is relieved by drilling, coring, or slitting the materia]. The

10
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Figure 1. Strain relief measured adjacent to relieved area.
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relaxation adjacent to the relieved area is measured either with bonded elec-
trical resistance strain gages, mechanical displacement measuring devices,
photoelastic coatings, or optical displacement grids. Using elasticity
equations, the stress field existing in the material prior to the relief
process is calculated from measured relieved strain, geometry of hole or
slit, and elastic properties of the material.

It was noted that measurement of relieved strain with strain gages
adjacent to a drilled hole is presently the most common method used to
measure the existing state of stress in meta1s.[27] The technique is well
developed and is extensively discussed in the literature.

One of the drawbacks to use of the above method in rock and concrete is
the necessity of knowing the elastic properties of the material under
investigation. In metals, this is not a major consideration since metals
used in structural applications have elastic properties that do not vary
appreciably from sample to sample or with respect of time. In rock and
concrete, the elastic properties of the sample under study must be determined
since environment, age, and moisture affect these properties. Elastic pro-
perties may be determined by testing the material taken from the relieved
area. Another drawback of the strain relief method shown in figure 1 is
that in reinforcing concrete, the reinforcing steel adjacent to the relieved
area interferes with relief of concrete strain.

An 1interesting technique[28]

used in conjunction with the slitting
method of stress relief eliminates the need to know the elastic properties
of the material. After the slit is cut and magnitude of relieved strain
recorded, a flat pressure cell made to fit the slit is inserted. The cell,
generally referred to as a "flat jack," is pressurized until the relieved
(measured) strain is completely restored. The stress that existed in the
material perpendicular to the slit prior to cutting the slit may be derived
from the measured pressure in the flat jack. This method requires three

slits to obtain magnitudes and directions of principal stresses.
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Rocha and his colleaques at the Portugese National Laboratory of Civil
Engineering in Lisbon are the leading proponents of the flat-jack technique
and are the most expert in its application in the geotechnical field.
Recently, based on the work of Rocha, Abdunur has utilized the flat-jack
technique to determine absolute stresses in concrete structures.[zgj

3.1.2.2 Strain Relief Measured Within Relieved Area

The second basic approach to measurement of relieved strain is shown in
figure 2. In this method, the change in strain is measured within the
relieved area instead of adjacent to the relieved area.

The area where the relieved strain is to be measured is first instru-
mented. The instrumentation may consist of electrical resistance strain
gages, mechanical displacement measuring devices, or optical displacement
grids. The instrumented area is relieved of strain by slitting or over-
coring. Figures 3 and 4 illustrate commonly used overcoring techniques.

Figure 3 shows the ‘“doorstopper" strain cell method pioneered by
Leeman.[30’31] The doorstopper consists of a strain gage rosette prewired
to a connector and molded into a waterproof cell. Cells are bonded in place
and overcored either once to obtain surface conditions or successively to
obtain relieved strain variation with depth. A complication in using this
method to determine the variation of stress with depth is the stress concen-
tration which is present at the bottom of the advancing cored hole as shown
in figure 3d. The effect of the stress concentration must be compensated for
in interpreting the relieved strain measured by the doorstopper.

Research findings based on similar techniques have been published in
Great Britain,[32] the United States,[33] and the Soviet Union.[34]
However, the leading practitioners of this approach in the geotechnical com-
munity are Leeman and his associates at the National Mechanical Engineering
Research Institute of the Council for Scientific and Industrial Research in
Pretoria, South Africa. The method is highly developed and cells are

13
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Figure 2. Strain relief measured within relieved area.
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commercially available. Leeman's standard cell is 1-3/8 in (34.9 mm) in
diameter and is designed to be used in conjunction with a standard size
diamond drilled borehole which is approximately 2-3/8 in (60 mm) in diameter.

The method generally used in the United States for stress measurement in
rock is shown in figure 4. In this method, a small borehole is drilled well
ahead of the overcoring advance. A device known as a borehole deformation
gage, capable of measuring change in three diameters of the borehole, is
inserted and overcored. The diameter chan%gg]have been measured with Linear
)
lever arms.[36’37] As shown in figure 4, the device is inserted well into
the borehole so that it is out of the zone of stress concentration prior to

Variable Differential Transformers (LVDT or with strain-gaged canti-

overcoring. This method has been standardized by the United States Bureau of

[36,37] The Bureau of Mines standard instrument is designed to be

Mines.
used in a 1-1/2-in-diameter (38.1-mm) borehole. The overcore is 6 in
(152 mm) in diameter. The method was also adapted for use in determining
existing stress in concrete dams by the United States Bureau of Reclama-
tion.[38’39] The method has the advantage of using a sealed sensor which
mechanically measures deformation rather than a bonded-in-place doorstopper

cell which is less reliable under field conditions.

The two methods shown in figures 3 and 4 are used to measure two dimen-
sional strain only. To obtain the complete three dimensional strain field
utilizing these methods, three core holes with nonparallel axes must be used.
The complete three dimensional strain field can be determined from a single
overcoring operation, but additional measurements are required. Leeman[31]
has utilized three strain gage rosettes, each having three strain gages,
bonded to the wall of a small borehoie similar to the borehole shown in
figure 4. Relieved strains measured by these nine gages during overcoring
are used to derive the three dimensional state of strain that originally
existed in the rock mass.

A more elaborate borehole deformation gage has been developed by

Bonnechere and Cornet.[40] The gage utilizes sensors to measure radial
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and longitudinal displacements. The cell requires a 3-in-diameter (76.2-mm)
borehole with a minimum length of 6 in (152 mm).

Numerous types of inc1usions[4]’42] have been designed to be bonded in
boreholes prior to overcoring. The inclusions generally are instrumented
with electrical resistance strain gages although an inclusion made of a solid
photoelastic materia1[43] has also been used. The photoelastic inclusion
has been used in concrete bridges. When the strain field is relieved by
overcoring, the change in the shape of the drilled hole deforms the
inclusion. The original strain field is determined from the measured

deformation of the inclusion.

Inclusions have also been developed which incorporate flat pressure cells
along their 1eng’ch.[44:| When the strain field is relieved by overcoring,
the change in pressure in the cells is used to derive the state of stress in
the rock prior to the overcoring operation.

The methods of strain relief shown in figures 2, 3, and 4 require a
knowledge of elastic properties of the material in order to derive stress
from the measured strain. Although separate cores may be taken and tested
to determine elastic properties, the common method used is to test the
overcore obtained during the relief process. The overcore is placed in a
pressure chamber with the instrumentation used to initially measure the
relieved strain installed. Elastic properties are derived from the
relationship between the applied pressure and the corresponding borehole
measurements. Overcores may be tested immediately after removal from the
structure in a portable chamber so that creep and shrinkage effects are

minimized. This is the practice of the Bureau of Mines.[36]

A method analogous to the flat-jack method has been developed to deter-
mine stress directly by wutilizing a variation of the pressure chamber

[31]

technique. A chamber capable of applying two pressures is used. Each

pressure is applied to the overcore in ninety degree quadrants opposite each

18



other. The two pressures are varied until the relieved strain originally
measured is completely restored. Principal stresses that existed in the
material prior to coring are derived from the two pressures.

Elastic -properties of rock have also been determined by expahding
cylindrical pressure cells in boreholes using a dilatometer. The radial
displacement is either measured direct]y[45] or indirectly by monitoring

the volume change as the cell is pressurized.[46]

3.2 Evaluation of Techniques

Stress measurement based on instrumentation installed during construction
can provide information on distribution of reactions, displacement response
of the bridge to load and environmental conditions, and long-term behavior.
Definition of stress at a selected location may also require continuing aux-
iliary tests to define material characteristics and long-term deformations.
Uncertainty of stress results could be reduced if a specially designed
pressure cell had been embedded during construction at the selected Tocation.
Size of available pressure cells relative to cross-sectional dimensions and
cost may prohibit such embedment. Therefore, even the best application of
early installation of dinstrumentation may need the help of an on-site
determination if stress at a specific location is to be defined.

Strain relief or stress relief methods may provide the solution to
on-site determination of existing long-term stresses. However, developmental

work is required to adapt existing methods for use on bridges.

There are four basic elements of any strain relief method which must be
considered in determining which method to use:

1. Techniques of strain relief

2. Location of strain relief

19



3. Stress-strain relationship

4. Measurement of relieved strain

These four considerations are discussed in the following sections.

3.2.1 Techniques of Strain Relief

There are methods of cutting concrete without mechanical contact. These
methods include burning or use of laser. However, as a practical matter,
mechanical cutting continues to be the preferred technique. To be generally
applicable to concrete bridges, the strain relief, and therefore the cutting,
must take place from one side. To achieve sufficient surface speed to
efficiently cut concrete, the mechanical cutting action must take place on
the periphery of a rotating tool. There are four mechanical methods of
strain relief.

The first strain relief method is by sawing. With the rotating axis
parallel to the surface, a thin circular blade is used and the cut is a slit
as- shown in figures 1 and 2. The edge of the blade is generally surfaced
with a hard abrasive, such as diamond.

The second strain relief method is by drilling. The rotating axis of the
cutting tool is perpendicular to the surface. The cutting action produces
round holes. For comparatively small diameters, the entire cross-section of
the hole is abraded by the end of the tool.

The third strain relief method is by using percussion drills. The hole
is partially or completely advanced by impacting the concrete with the end
of the tool, thus locally fracturing the concrete immediately ahead of the
tool. Percussion drilling is not suitable for strain relief work as it not
only fractures the concrete immediately ahead of the tool, but to the sides
as well. This interferes with the measuring process that is the key element
in any strain relief method.

20



The fourth strain relief method is by coring. For Tlarger holes, a
tubular cutting tool (core barrel) is used. The leading edge of the rotating
tube cuts a circular slit which is advanced into the concrete. The material
in the center goes into the tube as cutting takes place and is periodically
broken off and removed. The cutting edges of core barrels are generally
surfaced with hard abrasive material.

Since concrete sawing, drilling, and coring are abrasion cutting methods,
heat is generated during the process. Typically, some form of cooling is
employed. Water is commonly used. O0il has been used. Cooling has also
been accomplished with jets of compressed air. Abdunur's experience[47]
indicates that water cooling is undesirable. The water causes dimensional
changes 1in the concrete which disturb the strain measurement process.
Abdunur has successfully used air cooling, but has had to supercool the air

with a bath of 1iquid nitrogen prior to directing it on the cutting tool.

In summary, for all strain relief methods considered, the strain is
relieved by concrete sawing, drilling or coring, without using water cooling.

3.2.2 Location of Strain Relief

Strain may be measured adjacent to the relieved area, figure 1, or within
the relieved area, figure 2. Also, strain may be measured either on or below
the surface, although measuring below the surface and adjacent to the
relieved area would be difficult to accomplish. Measurement within the
relieved area requires an area large enough to permit accurate measurement.
This means that inherently a larger area is affected by the relief process
when measurement is made within the relieved area than when measurement is
made adjacent to the relieved area.

Sawing affects a long but thin area compared to drilling or coring which
requires a large volume of concrete to be removed. A saw cut 3 in (76.2 mm)
deep at the center, made with a 12-in-diameter (305-mm) blade, leaves a slot
10-3/8 in (264 mm) long on the surface, whereas it is feasible to relieve

21



strain with a drilled hole about 2 in (50 mm) in diameter. Three separate
sawing operations are required to obtain principal strains. Only one coring
operation is required to determine principal strains.

A disadvantage of measurement adjacent to the relieved area is that rein-
forcing steel positioned around the area will interfere ‘to some extent with
relief of the concrete strain. As discussed in the next section on stress-
strain relationships, material testing done in conjunction with this method
should be done in place, so that the material relationships obtained will
include the effect of reinforcement.

Another disadvantage of measurement adjacent to the relieved area is that
surface strains are measured. Relieved surface strains contain the effects
of shrinkage as well as strains due to load. The need to separate shrinkage
and load strains is a drawback to any method that uses surface strain
measurements. Using a method that utilizes strain measured below the surface
has the advantage of minimal interference from shrinkage strain.. However,
it has the disadvantage of interference from stress concentrations that are
induced by the penetration made in the concrete to permit the below surface
strain to be measured. This difficulty is discussed in greater detail in
section 3.2.4.4.

A desirable attribute of a relief method is the capacity to determine
strain or stress gradients due to bending and axial loads. If the method is
sufficiently accurate, this can be accomplished in conjunction with measuring
strain adjacent to the relieved area by relieving the strain in discrete
steps, incrementally cutting deeper at each step while measuring the relieved
strain. Strain variation with depth can theoretically be determined in
conjunction with measuring strain within the relieved area in the same way.

Measuring displacements in a borehole within the relieved area has the
advantage that relieved strain can be measured at several discrete points
below the surface at the same time, as the strain relief progresses.
Obtaining measurements at a number of points below the surface simultaneously
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during the strain relief process results in a much superior strain profile
than can be obtained by taking measurements only on the surface or at one
depth.

3.2.3 Stress-Strain Relationship

In homogeneous materials, stress distributions are derived from measured
strain by use of stress-strain relationships. Depending on the degree of
homogeneity, these relationships are either based on published data, tests
of separately cast specimens, or determined from tests of material samples
taken from the actual structure being studied. For example, in metals,
stress-strain relationships are commonly taken from published data of tests
of 1ike composition material. Metals are highly homogeneous and even at
small scale have only minor variations in constitutive relationships for a
wide range of samples of material with similar composition and hardening
treatment.

On the other hand, rock and concrete are less homogeneous and generally
are tested for stress-strain relationship on a case-by-case basis. Testing
is needed particularly in old concrete, 1ike the concrete in existing
bridges, since age effects add even more variability to constitutive
relationships.

The flat-jack technique has the advantage of determining original stress
in the concrete directly. This is the method used by Abdunur.[29] The
flat-jack method overcomes the basic problem of reinforcement interference
with the relief process. However, since relieved strain is measured on the
surface, stresses due to shrinkage as well as load release are measured. As
discussed previously, the ability to separate shrinkage and load stresses is
a drawback to this method.

If the strain is relieved by drilling or coring, then a cylindrical
pressure cell dﬂatometer‘[45’46:| inserted in the hole should be used to
determine the response of the measurement system to known internal pressures.
Again, this method suffers from the fact that surface strain is measured.
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Figure 2 shows strain measured within a cored area or an area of inter-
connected slits. Since the stress-strain curve of the material would be
required, the interconnected slit approach is less attractive than the coring
approach. The process of coring and testing cores is more straightforward
than slitting and testing a straight-sided specimen.

If the strain is to be measured within a cored area, then the core itself
can be removed and tested in a portable cell with a single pressure[36] or
in an assimi]ator[3]] with two pressures. The assimilator has the advantage
of the flat-jack method in that original strain pattern restoration takes
place and original material stresses are derived directly from pressure
measurements. This method has the additional advantages over the flat-jack
method of being compatible with measurement techniques that measure strain
below the surface away from high shrinkage strains, and of being able to
determine principal stresses with one relief operation.

3.2.4 Measurement of Relieved Strain

Historically, relieved strain has been measured by a great number of
methods based on a variety of principles. The most common methods are:

1. Optical - relieved strain is indicated by a change in the optical
' characteristics of a material bonded to the material
under study.

2. Electrical - average relieved strain is indicated by a change in the
electrical characteristics of a material bonded to the

material under study.

3. Mechanical - average relieved strain is computed from the measurement
of a length change divided by the original length.

These three methods are described below followed by a subsection which
discusses strain measurement below the surface.
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3.2.4.1 Optical Methods

There are two optical methods of strain measurement. The Moiré technique
detects changes in geometry of a pattern. The photoelastic technique
detects changes in optical properties. Roberts points out in reference 43
that one of the principal advantages of the photoelastic technique of strain
measurement is that it measures strain on a point-by-point basis. While this
is an advantage for many materials, it is a disadvantage for strain relief
measurement in concrete for the following reason.

Prior to strain relief, the photoelastic coating would be bonded to the
surface of the structure. It would therefore be uniformly bonded to agare-
gates as well as cement paste. After strain relief, the coating would
respond to the different strain changes occurring in the different consti-
tuents of the concrete. Even aggregates below the surface could affect
readings. The resultant fringe pattern would be highly distorted locally and
therefore would be uninterpretable. This same difficulty would be present in
application of the Moiré technique.

Application of optical methods to concrete under field conditions would
present many practical problems. While optical methods have been used in the

[43] they require various pieces of auxiliary

field, as discussed by Roberts,
apparatus, such as light sources, viewers, cameras, etc. that require special

training to use and that are more suited for use in a laboratory environment.

For the above reasons, optical methods were not considered for the
experimental phase of this project.

3.2.4.2 Electrical Methods

The bonded electrical resistance strain gage is currently the most widely
used instrument for strain measurement. One of the principal advantages of
strain measurement with strain gages is that it lends itself to automatic
recording of data. This is a major advantage when many stages of measurement
are to be made. A strain gage measures average strain over the length of its
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sensing element, referred to as its gage length. Strain gages are available
in gage lengths of less than 1/8 in (3.2 mm). Small gage length is one of
the features that make strain gages attractive for general use since the
measurement of strain at a point can be approached. However, in concrete,
strain measurement at a point is not desired. In fact, it is generally
recommended that gage lengths of three to four times the maximum aggregate

size be used to compensate for the non-homogeneous nature of concrete.[48]

Gages of three to four times maximum aggregate size, or effectively a
minimum length of 3 to 4 in (76 to 102 mm), would be too long to satisfac-
torily respond to the local strain gradients that exist adjacent to an area
of strain relief. Gages of this length would be acceptabie, however, for
measurement of strain within a relieved area, but would generally require a
Targer relieved area than mechanical techniques.

It would be possible to install a strain gage with a small gage length
on the polished surface of an aggregate particle. During the relief process,
the gage would respond to the change in strain of a near homogeneous
material. Since the particle modulus of elasticity and loading would be
unknown, it would be necessary to rely on post-relief tests to determine the
response of the particle to known forces. While it is feasible to use post-
relief testing to determine the overall response of a relieved area, it is
not feasible to expect a post-relief test to strain an individual aggregate
particle in the same manner it was strained prior to strain relief.
Therefore, small gage length strain gages would not have application for
strain relief measurement of concrete.

The strain gage rosette used in Leeman's[:ﬂ:l
is 1 in (25.4 mm) in diameter. This diameter is too small for direct
application to concrete strain measurement.

standard doorstopper cell

While many advances have been made in the techniques of strain gage
installation, it is still an exacting procedure not easily accomplished in
the field. The gage length required to measure concrete strain with a strain
gage would be approximately the same as that required by mechanical strain
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measurement, as discussed in the next section. Since this is the case, there
would be no advantage from a measurement standpoint to the use of strain
gages over mechanical gages which are considerably easier to use 1in the
field.

3.2.4.3 Mechanical Methods

Strain was first measured mechanically. Before optical and electrical
methods, it was the only method available and many variations of instruments
were developed. A major disadvantage of mechanical methods for general
strain measurement work has been the comparatively long gage length required.
A gage length on the order of inches is required so that the change in length
is large enough to be within the resolution of the instruments available.
In concrete, gage lengths of several inches are required to average out
nonhomogeneity. Therefore, large gage length needed by each gage is not a
disadvantage.

Mechanical gages are well suited to field measurement as they can be more
easily designed to be resistant to adverse field environments, such as,
moisture and dust, than electric or optical gages. This is true even if the
mechanical gage includes optical or electrical components. These can be made
environment-proof during construction of the gage.

3.2.4.4 Measurement of Strain Below the Surface

In an existing bridge, the only possible way to measure relieved strain
below the surface is to first penetrate the surface to a given depth, place
a measurement device below the surface, and then relieve the strain around
the penetration. Two methods of measurement below the surface are shown in
figures 3 and 4. The most common way to get below the surface is to first
drill a small diameter hole as shown in figure 4. However, it is noted that
even a small hole partially relieves the strain field in the area adjacent
to it. The equations of elasticity are used to account for the fact.that the
strain field has been partially relieved. However, if reinforcement exists
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in the area, it may interfere with the relief resulting from even a small
diameter hole, thus giving an erroneous indication of total strain relief
during overcoring.

As discussed previously, the area surrounding the bottom of a hole in a
stress field is subject to stress concentration as shown in figures 3 and 4.
If an instrument is placed in this zone prior to overcoring, it will respond
to the relief of the stress concentration and not the original stress
distribution in the material. Theoretically, the effect of the stress
concentration can be compensated for analytically. Practically, the added
complication due to stress concentration is a definite drawback to the use
of Doorstopper strain cells (figure 3). The measurement of relieved strain
in boreholes (figure 4) does not suffer from this difficulty.

Once the hole has been drilled, there are many methods of measuring the
relieved strain. The method shown in figure 4 measures the change in
diameter of the drilled hole when the strain around the hole is relieved by
overcoring. As pointed out previously, this method has been extensively

[36,37] and is the current standard method

developed by the Bureau of Mines
in the United States for strain relief measurement in rock. Also as
discussed previously, the method has been used for strain relief measurement

in concrete dams.[38’39]

The instrument measures the change in three
diameters at a given level during overcoring. It is possible therefore to

derive principal strains from the measurements.

Another method for measuring relieved strain within the drilled hole is
to bond strain gages directly to the wall of the hole prior to over-

[31] Strain gages in general would not be well suited for strain

coring.
relief measurement in concrete particularly when compared to other methods

available.
Although there are numerous examples in the geotechnical 1iterature of

the use of inclusions bonded in place in boreholes which are subsequently
overcored, there appears to be no clear advantage to them over direct
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measurement of the change in diameter of the borehole. They could not easily
be reused and any procedure requiring bonding to concrete in the field would
be undesirable.

Based on the above discussion, mechanical strain measurement should be
used if relieved strain is to be measured on the surface. . Since the measure-
ment must take place across the area where the relief cut is actually taking
place, there would be no advantage to having a system that automatically
records strain since it would have to be moved each time the relief cut is
made deeper. A hand-type mechanical method would therefore be satisfactory.

3.3 Potential Stress Measurement Techniques

Existing techniques for stress measurement in rock and in steel have been
summarized in previous sections. The following are candidate stress measure-
ment techniques that could be adapted to concrete.

3.3.1 Flat-Jack Method

[29] with the flat-jack technique as applied

Abdunur's work in France
to reinforced concrete focused attention on the flat-jack method. Abdunur
not only constructed and tested flat jacks, but also developed the peripheral
slitting and measurement procedures required to make the method suitable for
use in reinforced and prestressed concrete structures. Although reference
to strain relief work in concrete is made in the geotechnical literature, it
appears that no other strain relief method is developed for use in concrete

to the extent and with the apparent success of Abdunur's flat-jack method.

Abdunur's flat-jack method utilized stress-relief procedures and tech-
niques that were entirely consistent with those summarized in the previous
sections. Abdunur claimed that he could measure compressive as well as
tensile stresses to an accuracy of 0.3 MPa (43.5 psi).[zg]
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3.3.2 Borehole Deformation Method

The borehole deformation method could have application in concrete. It

[38,39]

has already been used for this purpose in massive non-reinforced

concrete structures. The main disadvantage of this approach is that the
existing devices used in rock are too large for direct use in concrete
bridges. Smaller boreholes and overcores, on the order of 1 and 4 in (25.4
and 102 mm) maximum diameters, respectively, would be required. While
mechanical design could be patterned after what was being used in rock, mini-
aturized prototype hardware would require design and extensive development.

3.3.3 Dilatometer Method

The use of a dilatometer in conjunction with drilling to obtain strain
relief and the measurement of strain adjacent to the relieved area has good
potential. This method has the potential of requiring the smallest area of
damage and most complete stress picture of any method. However, this
technique also would require design and extensive development for miniaturi-
zation.

3.3.4 General Considerations

In evaluating various direct stress measurement systems, three factors
are important: costs, time to take measurements, and accuracy. Additional
factors include ease of measurement, level of preliminary work, level of
expertise required, acceptance of the concept by bridge engineers, and extent
of damage incurred when using the technique.

More peripheral considerations include (1) costs for review of drawings
and initial calculations, (2) direct equipment use, (3) time-on-site, (4)
further development, refinement, and calibration of equipment, (5) repair of
damage, (6) transporting equipment, (7) auxiliary testing of materials, (8)
development of custom analysis of each structure, and (9) analysis of data.
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Existing stress-relief methods require cutting a slot or coring a hole
in a bridge member, therefore, unrepairable damage to the structure is an
inherent part of measuring systems. The extent of damage must be 1limited
because the usefulness of a measuring scheme is dependent on the significance
of damage. A useful method must not destroy a structure's function.

As a result of temperature and humidity variations, stresses in a
continuous structure vary with time, therefore, it is important to limit the
time required to take stress measurements. Considering this factor, faster
methods would be more accurate because the stress variations with time are
minimized.

The most important factor 1in considering various stress measurement
techniques is their accuracy. To justify costs and damage to a structure,
and to gain the acceptance of bridge engineers, a stress measurement method
must be accurate and reliable.

Acceptance of a concept is dependent on confidence in results and under-
standing of the method. A well conceived approach based on clear engineering
principles should be readily accepted by bridge engineers if results are
within the accuracy needed.

In order to determine the accuracy of the above three potential stress

measurement techniques, mathematical analyses were performed. Results of
these analyses are reported in the next section.
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4,0 TASK B ~ ANALYTICAL STUDIES

Results of analyses are reported in this section. The analyses were
intended to establish accuracy of slitting and boring techniques in deter-
mining stresses. The time-dependent effects of creep and shrinkage on
measurement technique are reviewed. The importance of considering these
effects is emphasized.

4.1 Analytical Investigations of Measurement Techniques

In the following investigation, the boring and slitting techniques of
stress measurement are compared. From the analysis, it is determined that
the slitting technique, that 1is, the flat-jack method, can yield more
accurate stress measurements than the boring technique. The accuracy with
which compensating flat-jack pressures can be measured is then determined for
various slot depths and gage lengths across the slot. The accuracy of the
flat-jack model in reconstructing uniform, bending, and shrinkage stress
distributions is also evaluated. As a result of the findings of analytical
studies, recommendations for further analytical investigations are presented.

4.1.1 Evaluation of Boring and Slitting Techniques

Following a review of potential stress measurement methods, three
techniques were selected for further investigation. Two techniques (borehole
and dilatometer) invoived boring a hole into the structure, while the third
(flat jack) involved slitting the structure. As was discussed in previous
sections, there are many factors to consider in determining which method of
stress measurement should be used. Sensitivity and accuracy of the method
are of prime importance. The purpose of this section is to discuss one such
factor, that is, magnitude of displacement relative to size and shape of cut.

In general, the 1argér the displacement that can be obtained by cutting
into a stressed medium, the more accurate the stress measurement. However,
a stress measurement technique that requires a smaller hole will have a wider
range of applications and will minimize damage to the structure. In this
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section, investigation of displacements caused by boring and slitting in a
stressed medium, is based on analyses of an infinitely long plate under
uniform axial Toad.

As shown in figure 5a, to analyze displacements due to cutting a circular
hole of diameter 2a in a stressed plate, two points a distance 2(a + e) apart
are selected on the plate. The displacement, dc’ between the two points is

2
Ta 2 2
d = [4a° + (5 + v)(2ae + e“)] (1)
¢ E(a+e)

where T = uniform axial stress that existed in the plate before the
hole was cut |
a = radius of hole
e = distance from edge of hole to the point where displacement
is measured
E = modulus of elasticity

v = Poisson's ratio

Derivation of equation 1 is presented in section 10.0

A similar equation is derived for displacement caused by slitting a
stressed plate. This time, two points a distance 2e apart are selected on
the plate. When a slot of length 2a is cut into the stressed plate as shown
in figure 5b, the displacement, ds’ between the two points is

2 2
d=2T [23 + e “-\))_e“_\))] (2)

s E G;Z:?;?

Derivation of equation 2 is also given in section 10.0. For analysis

purposes, width of the slot is assumed negligible. The distance from the
edge of the slot to the point where the displacement is measured is termed

To determine how displacements are related to the shape of the cut, equa-
tions 1 and 2 were analyzed for various distances, e. If the displacement
js measured at the edge of the cut (e = 0), equations 1 and 2 reduce to
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Figure 5. Measurement points on plate.
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=4 =Aa
dc - ds T TE (3)

In the above equation, displacements due to cutting a circular hole of
Diameter 2a and a slot of Length 2a are identical. In other words, when
displacements are measured at the edge of the cut, the magnitude of the dis-
placement is determined by the size of the cut in a direction perpendicular
to the displacement, that is, length of cut. The displacements dC and dS do
not depend on the size of the cut in a direction parallel to the displace-

ment, that is, width of cut.

To investigate displacements at points away from the cut equations 1 and
2 are simplified as follows:

_ CTa
3 A (4)
and
_ STa
dg = (5)
where C = n[4n2 + (5 + v)(2n + 1)]
(n+1)°
2
s =2[ 2n” + (1 -v) _ (1 ; v)]
n4 + n2
_ a
n= e

In the above equations, C and S are constants determined by Poisson's ratio
and the ratio of e/a. For concrete, Poisson's ratio, v, varies between 0.11
and 0.21.[49] For this analysis, Poisson's ratio was taken as 0.17.
Values of C and S for v = 0.17 and various ratios of e/a are listed in
table 1. Table 1, along with equations 4 and 5, indicate that when 0 < e/a
_1/2 displacements are about 1% larger for the slot, while for e/a > 1/2
displacements are larger for the hole. The further the measurements are
taken from the edge of the cut the more significant the difference between
the two cuts becomes. At e/a 10, for example, displacement caused by
cutting the slot is only 67% of the displacement caused by boring a hole.
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Table 1. Coefficients C and S for equations 4 and 5.*%
Percent Difference
e/a in Displacements
dC and ds
0 4.00 4.00 0
1/8 3.71 3.79 1
1/4 3.54 3.57 1
1/2 3.11 3.12 1
3/4 2.74 2.7 1
1 2.44 2.34 4
1.68 1.44 14
1.02 0.77 25
10 0.47 0.32 33

*Above values were calculated using v = 0.17

Table 2. Displacements due to cutting into a stressed plate.*
Distance Difference in
from Edge Displacements (millionths in) Displacement due
of Cut to Hole and Slot
(in) Due to Circular Hole| Due to Slot | (millionths 1in)
0.00 200.0 200.0 0.0
0.25 188.7 189.4 -0.6
0.50 176.8 178.3 -1.5
1.00 155.5 155.9 -0.4
2.00 121.9 1171 4.8
4.00 84.0 7.9 12.1
8.00 51.2 38.6 12.6
20.00 23.5 15.8 1.1

*Displacements are computed from equations 4 and 5 with
T =100 psi, v = 0.17, E = 4x10% psi, a = 2 in

Metric Equivalents:
1 in = 25.4 mm
1 psi = 6.895 kPa
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Displacements taken far from the cut, however, are significantly smaller
than displacements near the cut. For example, displacements that would occur
with E = 4x’|06 psi (27,580 MPa), v = 0.17, T = 100 psi (0.69 MPa), and
a = 2 in (51 mm) are listed in table 2. At the edge of the hole or slot,
the displacement is 200 millionths of an inch (0.005 mm). However, at e =
20 in (508 mm), the displacement due to cutting the circular hole is 23.5
millionths (0.0006 mm). At the same point, the displacement due to slitting
is 15.8 millionths of an inch (0.0004 mm). Since larger displacéments lead
to more accurate stress measurements, it is advantageous to take measurements
as close as possible to the edge of the cut.

For the displacements listed in table 2, the difference 1in displacement
due to boring and slitting is not significant if gage accuracy is considered.
The smallest unit displacement that can be measured with the Pfender
(mechanical) gage is 39.4 millionths of an inch (0.001 mm). In table 2, the
maximum difference in displacements between boring and slitting is 12.6
millionths of an inch (0.00032 mm). This is less than half the minimum unit
displacement that can be measured with a Pfender gage.

If a stress of T = 1000 psi (6.9 MPa) is considered, then all displace-
ments in table 2 must be multiplied by 10. Since the maximum Pfender gage
length 1is about 4 in (100 mm), that is 2 in (51 mm) on each side of the
slot, only displacements for e < 2.0 in (51 mm) will be considered. For
these cases, the maximum difference between dc and dS is 4.8 mi]]ionths
of an inch (0.000122 mm). This would be a difference of only about

one-tenth of a unit on a Pfender gage.

The above examples indicate that for a large plate under a uniform axial
load the measurable difference 1in deflection caused by boring a hole of
Diameter 2a or cutting a slot of length 2a is negligible. Clearly, however,
the amount of material that would be cut from the plate in boring a hole of
Diameter 2a is greater than the amount of material that would be removed in
cutting a slot of length 2a.

Moreover, if coring is used, the practical range for the diameter of the
core is 2 to 3 in (51 to 76 mm). With slitting, the length of the slot can
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be as large as 12 in (305 mm) with a depth of only 3 in (76 mm). Since
displacements increase with increasing cut length, larger displacements can
be obtained with the slitting technique than with the boring technique. 1If
T = 100 psi (0.69 MPa), equation 4 indicates that at e = 0.25 in (6.35 mm),
the displacement due to boring a hole with a radius of 3 in (76 mm) would
only be 289 millionths of an inch (0.0073 mm). For a 12-in (305-mm) slot,
however, the displacement at the same point would be 590 millionths of an
inch (0.015 mm) as indicated in equation 5.

The slitting technique leads to larger displacements with less damage to
the structure than the boring technique. Since larger displacements yield
more accurate stress measurements, the slitting technique is preferable to
the boring technique. Therefore, in the remainder of this section only the
slitting technique, that is, the flat-jack method of stress measurement will
be investigated.

4.1.2 Model to Analyze the Flat-Jack Method of Strain Relief

The above analysis dealt with a slot in an infinite section under uniform
axial stress. However, to evaluate the flat-jack technique more precisely,
a slot at the edge of a finite section was considered. Also, in addition to
the uniform stress distribution, both bending and shrinkage stress distribu-
tions were investigated. Since simple closed form solutions do not exist for
these additional cases, finite element analyses were used for further evalua-
tions of the flat-jack technique.

4.1.2.1 Two-Dimensional Model

Cross sections of different bridge girders are shown in figure 6a. When
the flat-jack method of stress measurement is used to determine existing
stresses in portions of these girders, a slot is cut in the member perpen-
dicular to the direction of the unknown stresses. A slotted box girder is
shown in figure 6b. As a result of the slitting, a displacement occurs
across the slot. A flat jack is then inserted in the slot and a uniform
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(a) Sample bridge airder cross sections

(c) Cross section of wall (d) Longitudinal section of wall
with slot with slot

Figure 6. Slotted bridge girder.
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restoring pressure is applied to the walls of the slot. The purpose of this
analysis is to determine how accurately the restoring pressure represents the
existing stress in the structure.

A cross section of the slot is shown in figure 6c. In order to model
the slotted girder accurately, a three-dimensional model has to be used.
However, analysis of such a complex model is beyond the scope of this
investigation. Approximate displacements associated with the wmethod of
strain relief by slitting can be obtained by analyzing a two-dimensional
plane strain model of the section.

4.1.2.2 Boundary Conditions

A two-dimensional model obtained by cutting a Tongitudinal strip from the
wall of a bridge girder is shown in figure 6d. Results of analyses discussed
in the previous section indicate that displacements due to cutting a small
hole in a stressed plate are not significantly affected by the size of the
hole in the direction of displacement measurement. The width of the slot can
therefore be neglected and the simplified model shown in figure 7 used. In
this model, the slot is modelled as a straight, free edge. Slot depth is
determined by the number of rollers removed from the left edge. A section
with no slot is modelled by restraining all horizontal displacements along
the left edge. To model the slot, horizontal restraints are limited to the
area below the slot. A model without a slot is shown in figure 7a, and a
model with a slot is shown in figure 7b. The rollers along the edge allow
the material to expand and contract vertically when a horizontal load is
applied. This prevents the development of additional stresses due to
Poisson's effect. A vertical support is provided at the bottom left corner
of the model to prevent rigid body motion.

4.1.2.3 Dimensions of the Model

Displacements that would occur when the section in figure 7 js subjected
to various stress distributions were determined by a finite element analysis.
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(a) Model without slot

(b) Model with siot

Figure 7. Two-dimensional model.
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Since costs of computer runs depend directly on the number of elements in the
finite element model, it was advantageous to minimize the model's dimensions.

The walls of prestressed concrete bridge girders are usually 6 to 12 in
(152 to 305 mm) thick. For sections without slots, displacements due to
axial, bending, or shrinkage stresses can be found by analyzing a half-depth
model of the section. To determine whether such an approach would be valid
for sections with slots, consideration of stresses near the slot is

necessary.

When a section is slotted, large stresses known as stress concentrations
may develop near the slot. Stress concentration factors are used to describe
the magnitude of the maximum stress in the slotted section. For a section
under uniform axial stress, the stress concentration factor is the ratio of
the maximum stress in the slotted section to the constant stress in the
unslotted section.

While the stress concentration factor depends, in part, on the shape of

the slot, it is mainly determined by the ratio of the slot depth, d, to the
| section depth, w (ratio d/w). For a section of infinite depth, the stress
concentration factor does not change with changing slot depths. For finite-
depth sections, it has been found that for low values of ratio d/w, the
stress concentration factors remain constant. However, when ratio d/w
exceeds a certain value, the stress concentration factor increases signifi-
cantly with increasing values of d/w.

Presently, stress concentration factors are not available for the model
shown in figure 7b. However, they are available for the case of the tension
strip with symmetric opposite edge cracks shown in figure 8. The stress

[50]

concentration factor for opposite edge cracks remains approximately

constant if

2d
£ < 0.25 (6)

where d = depth of each crack

width of section

x
1]
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Figure 8. Symmetric opposite edge cracks.
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The above relation gives conservative values for the case of a single slot in
a tension strip. For a slot depth of 3 in (76 mm), the stress concentration
factors will be constant for sections deeper than 24 in (610 mm). For a
slot depth of 0.8 in (20.3 mm), the stress concentration factor will be
constant for sections deeper than 6.4 in (163 mm).

Equation 6 indicates that for small sections and large slot depths,
half-depth models of the section should not be used. If, for example, a
12-in (305-mm) section were modelled as a 6-in (152-mm) section (with
appropriate boundary conditions), then for slot depths greater than about
0.8 in (20.3 mm), stresses calculated using the half-depth, 6-in (152-mm)
model would be significantly larger than those found by analyzing the full-
depth, 12-in (305-mm) model. For slots with depths less than 0.8 in
(20.3 mm), however, approximately the same stresses would be found with each
model.

Since slots under consideration are at least 0.8-in (20.3-mm) deep, and
since stress concentration effects become more significant with larger slots,
full-depth models were used when possible. Half-depth models were used only
for analysis of shrinkage stresses. This was done to take advantage of the
already developed finite element model. While results with these half-depth
models are useful in analyzing the flat-jack method of stress measurement,
they do not represent the behavior of slotted wall sections in bridge
girders. To determine the effects of slitting a bridge girder under
shrinkage stresses, a full-depth model of the particular wall should be used.

The 1length of the model was also determined by considerina stress
distributions around the slot. St. Venant's principle indicates that if a
hole is cut in a stressed medium, the stress distribution in the neighborhood
of the hole changes.[S]] However, at distances that are large compared to
the size of the hole, the change in the stress distribution is negligible.
A strip under uniform tensile stress is presented in figure 9. Figure 9a
shows the stress flow in a strip with no slot, while figure 9b shows the
stress flow in a strip with a slot. Near the slot the stress distribution
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(a) Stress flow before slitting

-

(b) Stress flow after slittina

AL2a

(c) Length of section

Figure 9. Stress flow near slot.
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is affected by the slot. At distances far from the slot, the slot has no
effect on the stress distribution in the section.

It is possible to calculate stresses near the slot by modelling only a
section of the strip as shown in figure 9c. This type of model, however, is
valid only if the section is taken sufficiently far from the slot. If "a"
is the minimum distance from the slot at which the stress distribution is no
longer affected by the slot, then the stress distribution in the model and
in the actual strip correspond only if the length of the model is greater

than or equal to "a". 1If the length is less than "a", then the model will
not reflect the stress distribution in the slotted strip.

Since no exact solutions were available to determine a minimum length for
the model, an approximate initial dimension was chosen. The approximate
dimension was based on an exact solution for stresses due to a uniform axial
load on an infinite plate with a circular hole. The radial stress in the

direction of the axial load is:L5!]
2 4
N T ,5a 3a
Gr" T" 2‘(7-—?) (7)
where T = the uniform axial stress
= radius of the hole
r = radial distance from the center of the hole to the point

where the stress is measured
Values of o for various r/a ratios are Tlisted in table 3. As long as
r/a Ei 8, the change in the stress distribution away from the hole is less
than 5%. Since the maximum slot depth would be about 3 in (76 mm), a length
of 23 in (584 mm) was used for the initial model. If a finite element
analysis of this 23-in (584-mm) model had indicated that the length was
inadequate, a longer model would have been developed.

4,1.2.4 The Finite Element Model

SAPIV, "A Structural Analysis Program for Static and Dynamic Response of

n[52]

Linear Systems was used to analyze the model in the linear elastic
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Table 3. Radial stress near circular hole.

r/a* op/T**
1 0
2 0.47
5 0.90
8 0.96
10 0.98
50 1.00

*a is the radius of the hole, r is the dis-
tance from the center of the hole to the
point where stress is measured.

**T is the uniform axial stress.
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range. A 6x23-in (152x584-mm) model and a 12x23-in (305x584-mm) model were
developed. Both of these models were divided into 1052 rectangular plane
strain elements. The 12x23-in (305x584-mm) model is shown in figure 10.
Thirty-three elements were used in each row of the mesh and thirty-two
elements were used in each column of the mesh. Small elements were used
where steep stress gradients were expected. For example, to model shrinkage
stresses along the surface, four rows of elements 0.1-in (2.5-mm) deep were
used. Near the slot, where large stress concentrations due to the slot were
expected, elements were either 0.1 in (2.5 mm) square or 0.1x0.2 in (2.5x
5.1 mm). The largest element in the mesh was 1.0x1.5 in (25.4x38.1 mm).
Slot depths of 0.8, 1.6, 2.4, and 3.2 in (20.3, 40.6, 61.0, and 81.3 mm) were
modeled. These depths approximately correspond to’the flat-jack depths.

Stresses were applied in the form of element pressures. As discussed in
detail Tlater, shrinkage stresses were modeled throughout the element by
varying nodal temperatures. The same linear elastic material was used in
all elements. Values for modulus of elasticity and Poisson's ratio were,
respectively, E = ax10° psi (27,580 MPa) and v = 0.17. This modulus
corresponds to a concrete compressive strength of 5000 psi (34.5 MPa).

4.1.2.5 Verification of the Model's Dimensions

Computer analyses using the finite element models confirmed that an
adequate length had been selected for the model. When subjected to a uniform
stress, the stress distribution away from the slot remained relatively
unchanged. In the 12-in (305-mm) model with the 3.2-in (81.3-mm) slot, the
stress distribution 10 in (254 mm) away from the slot varied by less than 5%
from the stress distribution at the loading edge. In the 6-in (152-mm) model
with a 3.2-in (81.3-mm) slot, the stress distribution 6 in (152 mm) away from
the slot varied by less than 5% from the stress distribution at the loading
edge.

Comparison of displacements near the slot in a 6-in (152-mm) section and
in a 12-in (305-mm) section confirmed the importance of using a full depth
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section to model the girder's behavior. Displacements due to applying a
uniform axial stress of 1000 psi (6.9 MPa) on a slotted section are listed in
table 4 for models with various slot depths. The displacements are calcu-
lated along the top surface for points 0.4 in (10.2 mm) on either side of the
slot. Displacements for both 6- and 12-in-deep (152- and 305-mm) sections
are presented. For unslotted sections, displacements in the 6-in and 12-in
(152- and 305-mm) models are equal. For a 0.8-in-deep (20.3-mm) slot, the
displacement in the 6-in (152-mm) section is about 7% larger than the dis-
placement in the 12-in (305-mm) section. The difference in displacement
between the two sections increases with increasing slot size. For a 3.2-in
(81.3-mm) slot, the displacement in the 6-in (152-mm) section is almost 160%
larger than the displacement in the 12-in (305-mm) section.

4,1.3 Accuracy of Flat-dack Method

4,1.3.1 Accuracy of Stress Measurements

Measurement of displacements is critical in determining stresses. Both
displacements due to cutting a slot and those due to restoring the stress in
a section by means of a flat jack must be measured accurately. Several types
of gages are available for measuring displacements. The most sensitive of
these is the Pfender gage. Each unit on the Pfender gage represents a
displacement of 39.4 millionths (0.001 mm). Other gages, such as the
Whittemore, Demec, and Huggenberger are less sensitive. For example, a unit
on the Whittemore and Huggenberger gages represents a displacement of 100
millionths of an inch (0.00254 mm), while each unit on a Demec represents a
displacement of 200 millionths of an inch (0.005 mm).

The amount of displacement that each unit on a gage represents gives some
indication of the accuracy with which displacements can actually be measured.
However, laboratory and field measurements using a particular gage must be
made to verify repeatability of measurement accuracy. For example, experi-
mental data may show that it is possible to repeat measurements consistently
to an accuracy of half a unit. On a Pfender gage that would mean an accuracy

50



Table 4. Displacement of slotted sections.
Displacements* (thousandths in)
Stot Depth 6-1n 12-1n
(in) Section Section
0 0.194 0.194
0.8 1.153 1.074
1.6 3.149 2.420
2.4 7.224 4.110
3.2 17.032 6.462

*Displacements are calculated along the top sur-

face 0.4 in from the edge of the slot.

Dis-

placements are due to a uniform axial stress of
1000 psi (6.9 MPa).

Metric Equivalent:

1 in = 25.4 mm
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of 19.7 millionths of an inch (0.0005 mm). On the other hand, tests may show
that consistent readings can only be made to an accuracy of two units. With
a Pfender gage that would mean an error of 78.8 millionths of an inch
(0.002 mm). Once the accuracy with which a displacement can be measured is
known, the analysis in this section can be used to determine accuracy of
stress measurements.

Six- and 12-in (152- and 305-mm) sections under a uniform axial load of
1000 psi (6.9 MPa) were analyzed to determine displacements due to slitting.
First, the displacements in an unslotted section with a 1000 psi (6.9 MPa)
stress were obtained. Then the finite element model was used to obtain
displacement in a slotted section under a stress of 1000 psi (6.9 MPa). The
difference in the two solutions is the displacement due to slitting a section
under a 1000-psi (6.9-MPa) stress.

Displacements due to slitting 6- and 12-in (152- and 305-mm) sections
under a uniform stress of 1000 psi (6.9 MPa) are listed in table 5. These
are displacements that would be measured across the slot. They are listed
for various slot depths. The slot depths are approximately equal to the
depth of flat jacks described Tater in section 5.0. The displacements have
been computed along the top surface for points 0.4 in, 0.8 in, 1.2 in and
2.0 in (10.2, 20.2, 30.5, and 50.8 mm) from the slot. These are the points
at which displacements could be measured using a Pfender gage.

4.1.3.2 Accuracy of Uniform Stress Reconstruction

Analytically, it 1is clear that if slitting a section under uniform
stress, T, causes a displacement, d, then to restore the section to its
original position a uniform stress of magnitude T would have to be applied
to the slot. It is unlikely, however, that actual measurements using a flat
jack and Pfender gage will reproduce the uniform stress, T, exactly. The
flat-jack restoring force may vary somewhat from the actual uniform stress
in the section due to the limited accuracy of the gage. However, if the
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Table 5. Displacements due to slitting a section under uniform stress.*
Displacement (thousandths in)
6-in Section 12-in Section
Slot
Depth Distance from Slot (in) Distance from Slot (in)
{in) 0.4 0.8 1.2 2.0 0.4 0.8 1.2 2.0
0.8 0.959 0.749 0.605 0.460 0.880 | 0.670{ 0.521 | 0.359
1.6 2.954 2.727 2.502 2.164 2.225 | 2.001 | 1.777 | 1.414
2.4 7.030 6.810 6€.577 6.156 3.915 | 3.742| 3.492 | 3.050
3.2 16.838 | 16.625 | 16.397 |15.956 6.268 | 6.060| 5.836 | 5.374

*Prior to slitting, section was under a uniform axial stress of 1000 psi

Metric Equivalent:

1 in =

25.4 mm
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accuracy of the gage has been determined, then the error in stress measure-
ment for various slot depths and measurement locations can be calculated.

The stress, O that corresponds to a unit displacement of a Pfender
gage is:

-6
_ 1000 x 39.4 x 10
op = 3 (8)

where d is the displacement taken from table 5. The displacement, d, varies
with section depth, slot depth, and measurement location. In the above
equation, 1000 corresponds to the uniform stress in the model while 39.4x10'6
represents a unit displacement on the Pfender gage. The stress, o
listed in table 6 for various size slots and measurement locations.

D’ is

If it is determined that displacement can be measured to an accuracy of
one Pfender gage unit, then % is the error in stress measurement. The
error in stress measurement decreases for smaller sections, deeper slots, or
when measurements are taken closer to the slot. In other words, the error
in stress measurement decreases when displacement increases.

If laboratory and field measurements indicate that the displacement can
be measured to an accuracy of one-half a Pfender gage unit, then to determine
the error in stress measurement, the values in table 6 should be divided by
two. On the other hand, if tests indicate that the displacements can only be
measured to an accuracy of two units, then all values in table 6 should be
multiplied by two.

Accuracy of the flat-jack method of stress measurement depends mainly on
two factors. First, as was discussed in the previous section, it depends on
the accuracy of the displacement measurements. Secondly, as will be dis-
cussed in this section, it depends on the accuracy of the flat-jack model
itself. '

To analyze the accuracy of the flat-jack model, it is assumed that no
errors exist in displacement measurements and that the measured flat-jack
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Table 6.

Flat-jack pressure causing unit displacement.*

Flat-Jack Pressure (psi)

Slot 6-in Section 12-1n Section
Depth
(in) Distance from Slot (in) Distance from Slot (in)

0.4 0.8 1.2 2.0 0.4 | 0.8 1.2 2.0
0.8 41 53 65 86 45 59 76 110
1.6 13 14 16 18 18 20 22 28
2.4 6 6 6 6 10 11 11 13
3.2 2 2 2 2 6 1 1 7

*Unit displacement refers to a

to 39.4x10-6

Metric Equivalents:

1 in = 25.4 mm

1 psi = 6.895 kPa.

Pfender Gage unit which is equal
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restoring pressures are exact. In other words, it is assumed that if a
section under uniform stress, T, is slit, the restoring force in the flat
jack is exactly T. Once the accuracy of the model has been determined, then
the analysis of this section can be combined with that of the previous
section to determine the accuracy of the method of strain relief by slitting.

4.1.3.3 Accuracy of Stress Gradient Reconstruction

White the flat-jack model is exact for sections under uniform stress, it
is not exact for sections with a non-uniform stress distribution. The error
due to compensating for a non-uniform stress in the section by a uniform
stress in the flat jack is investigated in this section. Two types of stress
distributions are considered. The first type simulates a bending stress dis-
tribution, while the second type simulates a shrinkage stress distribution.

The method for determining a stress distribution in a section using the
flat-jack model is illustrated in figure 11. First, restoring pressures for
several slot depths are found as shown in figure 1la. A stress distribution
for the slotted cross section is then constructed by distributing flat-jack
pressures at the centroid of the flat jack as shown in figure 11b. If
flat-jack stresses for all slot depths are the same, then a uniform stress
distribution exists in the structure. This case was discussed in the
previous section. If the flat-jack stresses are not the same for all slot
depths, then a stress gradient exists in the structure.

The calculated centroids of the nominal flat-jack depths are listed in
table 7. While the depth of flat jacks ranges from 0.8 in (20.3 mm) to
about 3.2 in (81.3 mm), the location of their centroids ranges only from
0.3 in to 1.3 in (7.6 to 33.0 mm) below the surface. Therefore, currently
available flat jacks, can determine stresses for points which are at most
1 in (25.4 mm) apart. If a stress gradient exists, the slope of this
gradient must be determined from data in this 1-in (25.4-mm) area. If the
slope of the stress distribution changes outside this 1-in (25.4-mm) area,
the flat-jack technique does not help determine this change.
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Figure 11. Reconstruction of a stress gradient.
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Table 7. Centroid of flat jacks.

Nominal Flat Jack Distance from Top of Flat Jack
Depth (1in) to Centroid (in)
0.8 0.322
1.6 0.648
2.4 0.979
3.2 1.316

Metric Equivalent:
1 in = 25.4 mm
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To determine the accuracy with which a bending stress gradient can be
detected, the model shown in figure 7 was used. Both 6- and 12-in (152- and
305-mm) sections were analyzed under linear stress gradients with a maximum
stress of 1000 psi as shown in figure 12b. Displacements due to cutting a
slot are listed in table 8. These displacements were calculated using the
procedure outlined for the case of a uniform stress. The displacements are
computed across the slot.

To determine the uniform restoring pressure, displacements in table 8
were compared with the displacements in table 5. The ratio db/du was
then calculated for all slot depths and measurement locations in a given
section. In this ratio, db represents the displacements given in table 8
due to slitting a section with a bending stress gradient. Displacement, du,
is given in table 5 and is due to slitting a section with a uniform stress
distribution. The uniform 1000 psi (6.9 MPa) stress which caused the
displacements in table 5 was multiplied by the above ratio. The resulting
stress represents flat-jack restoring stress for a slotted section with a
bending stress gradient.

For example, cutting a 1.6-in (40.6-mm) slot in a 12-in (305-mm) section
with a bending stress gradient as shown in figure 12b, and measuring 0.4 in
(10.2 mm) from the edge of the slot results in a displacement of 2.022
thousandths (0.051 mm). By pushing back on the slot with a pressure of
1000 psi (6.9 MPa) the magnitude of the displacement 0.4-in (10.2-mm) from
the slot would be 2.225 thousandths (0.057 mm). To restore a displacement
of 2.022 thousandths (0.051 mm), a stress of (2.002 s+ 2.225) x 1000 psi or
909 psi (6.3 MPa) would have to be applied. Aécording to the flat-jack
model, the restoring stress of 909 psi is the stress in the section located
at the centroid of the flat jack.

The centroid of a 1.6-in-deep (40.6-mm) flat jack is about 0.6 in
(15.2 mm) below the surface. The actual stress at that point is about
890 psi (6.1 MPa). The flat-jack model, then, overestimates the stress at
this point by about 2%. The stresses calculated using the flat-jack model
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Table 8. Displacements due to slitting a section with
bending stress gradient.*
Displacements (thousandths in)
STot 6-in Section 12-in Section
D??ﬁ? Distance from Slot (in) Distance from Slot (in)
0.4 0.8 1.6 2.0 0.4 0.8 1.6 2.0

0.8 0.871 0.676 0.544 | 0.413 0.836 | 0.635 | 0.494 | 0.340
1.6 2.413 2.203 2.008 | 1.725 2.022 | 1.807 | 1.598 | 1.266
2.4 5.055 4,851 4.650 | 4.312 3.401 | 3,194 | 2.981 | 2.585
3.2 10.445 | 10.244 | 10.046 | 9.697 5.122 | 4.920 | 4.711 | 4.299

*Prior to slitting, section was under linear stress gradient shown in

figure 12b.

Metric Equivalent:
25.4 mm.

11in =
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are listed in table 9. The errors in calculating stresses using the flat-
jack model are listed in table 10. The flat-jack model overestimates the
actual stresses by the percentages listed in this table.

With both the 6- and 12-in (152- and 305-mm) sections, the smallest
errors occur when a 0.8-in (20.3 mm) slot is used and when measurements are
taken 2.0 in (51 mm) from the slot. The largest errors occur in both
sections when a 3.2-in (81.3-mm) slot is used and displacement measurements
are made 0.4 in (10.2 mm) from the slot. Errors are larger for the 6-in
(152-mm) section than for the 12-in (305-mm) section. The maximum error in
the 6-in (152-mm) section is about 10%, while the maximum error in the 12-in
(305-pm) section is about 5%.

A comparison of the results indicates that the accuracy of the flat-jack
model in predicting bending stresses increases as the accuracy of measuring
compensating flat-jack pressures decreases. As indicated by table 6 for
uniform stress, accuracy of measuring compensating flat-jack pressures
increases when measurements are taken near the slot, when larger slots are
used, and when the depth of the section decreases. On the other hand,
table 10 for bending stress shows that accuracy of the flat-jack model in
predicting bending stresses increases when measurements are taken far from
the slot, when shallow slots are used, and when the depth of the section
increases.

4.1.3.4 Accuracy of Shrinkage Stresses Reconstruction

To determine the accuracy with which a shrinkage stress distribution can
be reconstructed using the flat-jack technique, the model shown in figure 13
was used. This model represents a half-depth section. Since shrinkage
stress distributions in a section are symmetrical, a full-depth model would
require a refined mesh along both the top and bottom surfaces. Rather than
developing this new and larger finite element mesh, the mesh shown in
figure 10 was used for this investigation. As shown in figure 13, vertical
displacements were restrained along the bottom surface of the half-depth

model. This reflects the fact that a full-depth symmetrical shrinkage stress
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Table 9.

Restoring flat-jack pressures for bending stress gradient.*

Flat-Jack Pressure (psi)

6-in Section

12-in Section

Slot
??ﬁgh Distance from Slot (in) Distance from Slot (in)
0.4 0.8 1.6 2.0 0.4 0.8 1.6 2.0
0.8 908 903 900 900 951 948 | 947 945
1.6 817 809 802 797 909 903 900 896
2.4 n9 n2 707 700 869 854 854 848
3.2 620 616 613 608 817 812 807 800

*Prior to slitting, section was under the linear stress gradient shown
in figure 12b.

Metric Equivalent:
1 in = 25.4 mm.

Table 10. Error in reconstruction of a bending stress gradient.*
Error (percent)
STot 6-in Section 12-in Section

??ﬁgh Distance from Slot (in) Distance from Slot (in)
0.4 0.8 1.6 2.0 0.4 0.8 1.6 2.0
0.8 1.7 1.2 1.0 0.9 0.9 0.5 0.5 0.2
1.6 4.0 2.9 2.2 1.5 2.0 1.4 1.1 0.6
2.4 5.9 4.9 4.1 3.1 3.8 2.0 2.0 1.3
3.2 9.6 8.9 8.3 7.4 4.8 4.1 3.5 2.6

*Prior to slitting, section was under the linear stress gradient shown
in figure 12b.

Metric Equivalent:
25.4 mm.

1 1in
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(a) Model without slot

(b) Model with slot

Figure 13. Half-depth shrinkage stress model.
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distribution would not cause any vertical displacement along the middle plane
of a full-depth section. Also, the right edge of the model was restrained
against horizontal displacements. This insured a uniform stress distribution
throughout the entire section.

Shrinkage stresses were simulated using a bilinear stress distribution.
The magnitude of the maximum tensile stress was based on a shrinkage stress
distribution given in reference 28. The magnitude of the compressive stress
was chosen to equilibrate the internal tensile stresses. Shrinkage stresses
were modeled in the finite element analysis by varying nodal temperatures.
Once the required stress, o, at each node was determined, the corresponding
nodal temperature, t, was found from the following equation:

t___'o’(l'\)) (9)
where o is the coefficient of thermal expansion. A value of a« = 5.5

millionths per °F (9.9 millionths per °C) was used. Two shrinkage stress
distributions were modeled as shown in figures 12c and 12d. In both cases
the maximum tensile stress was 435 psi (3 MPa). The depth of the tensile
stress area in one distribution was 0.6 in (15.2 mm) while the depth of the
tensile stress area in the other distribution was 1.0 in(25.4 mm). The
hal f-depth model was then analyzed for slot depths of 0.8, 1.6, 2.4 and
3.2 in (20.3, 40.6, 61.0, and 81.3 mm).

Displacements due to cutting a slot in the stressed section were obtained
by releasing the appropriate nodal restraints in the model. The displace-
ments are listed in table 11. The magnitude of the flat-jack stresses
required to restore the section to its original position are listed in
table 12. These stresses were calculated using the procedure discussed for
bending stress distributions.

According to the flat-jack model, the stresses in table 12 represent
stresses at the centroid of the flat jack. The magnitudes by which the
flat-jack technique overestimates or underestimates the actual shrinkage
stresses are listed in table 13. The accuracy of the calculated stress is
influenced by both the depth of the tensile shrinkage stress distribution and

the depth of the slot.
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Table 11.

Displacements due to slitting sections with

shrinkage stress distributions.

Displacements (thousandths in)

1.0-in-Deep Tensile
Stress Distribution (figure 16¢c)

0.6-in-Deep Tensile
Stress Distribution (figure 16d)

Slot
?$2§h Distance from Slot (in) Distance from Slot (in)
0.4 0.8 1.6 2.0 0.4 0.8 1.6 2.0
0.8 0.268 | 0.197 | 0.149| 0.096 0.204 | 0.145| 0.109 | 0.070
1.6 0.430 | 0.356 | 0.296| 0.212 0.292 | 0.232| 0.189 | 0.133
2.4 0.502 | 0.428 | 0.368| 0.278 0.332 | 0.273 | 0.229 | 0.171
3.2 0.540 | 0.466 | 0.406| 0.316 0.354 | 0.295{ 0.252 | 0.193

*Values are calculated for the 12-in, half-depth model shown in figure 13b.

Table 12. Restoring flat-jack pressures* for shrinkage
stress distributions. '

Flat-Jack Pressure (psi)

1.0-in-Deep-Tensile
Stress Distribution (figure 12c)

0.6-in-Deep Tensile
Stress Distribution (figure 12d)

Slot
??2§h Distance from Slot (in) Distance from Slot (in)
0.4 0.8 1.6 2.0 0.4 0.8 1.6 2.0
0.8 305 294 285 268 232 216 209 193
1.6 193 178 167 150 131 116 106 94
2.4 128 14 105 91 85 73 66 56
3.2 86 77 70 59 56 49 43 36

*Values are calculated for the 12-in, half-depth model shown in figure 13b.

Metric Equivalents:

1 in

= 25.4 mm

1 psi = 6.895 kPa
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Table 13.

Discrepancy in reconstruction of shrinkage stress distributions.*

Error (psi)
STot 1.0-1in-Deep Tensile 0.6-in-Deep Tensile

Depth Stress Distribution (figure 12c) Stress Distribution (figure 12d)

(in) Distance from Slot (1in) Distance from Slot (in)
0.4 0.8 1.6 2.0 0.4 0.8 1.6 2.0
0.8 16 5 -3 =21 37 22 14 -2
1.6 53 38 26 10 143 128 118 106
2.4 138 124 115 101 97 85 77 68
3.2 106 97 90 79 68 60 55 48

*Calculated for the 12-in, half-depth model shown in figure 13b.

Note: Negative values indicate magnitude of stress is underestimated.

Metric Equivalent:

1Tin =

25.4 mm

1 psi = 6.895 kPa

67




The above results indicate that two difficulties arise in the reconstruc-
tion of shrinkage stress gradients using the flat-jack method. First of all,
the flat-jack model does not accurately determine the shrinkage stresses in
the structure at the centroid of the flat Jjack. Second, presently available
flat jacks can only determine stresses at depths between 0.32 and 1.32 in
(8.13 and 33.5 mm). Changes in the slope of the stress gradient outside this
depth range cannot be accurately determined. Use of larger flat jacks would
increase this area slightly.

Several possibilities exist for overcoming these difficulties. One
possibility is to develop a method for monitoring displacements below the
surface where shrinkage stresses are smaller. Measurement of displacements
below the surface has disadvantages discussed earlier. A second possibility
is to use parametric computer models to interpret the stress measurements.
Both of these approaches should be investigated further. However, they are
beyond the scope of this investigation.

If parametric investigations are made, full-depth models of a section
should be used in all analyses. This includes analyses of shrinkage
stresses. Such models will insure that stress concentration effects, which
are dependent on slot depth to section depth ratios, are analyzed. A full-
depth model for analysis of shrinkage stresses is shown in figure 14.

In 1light of the fact that analysis procedures and assumptions may change

results somewhat, it does not appear that the flat-jack technique is suitable
1 [29]
S

that he has measured shrinkage stresses using the flat-jack technique.

for measuring shrinkage stresses. This is contrary to Abdunur claims

Laboratory results presented in section 5.0 confirm analytical studies.
With the existing flat-jack equipment and refined techniques, shrinkage
stresses cannot be determined using this technique.

4.2 Variables Affecting Stress Measurements

It is well known that concrete shrinks during exposure to a drying
environment. Upon application of stresses due to prestressing and dead load,
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Figure 14. Full-depth shrinkage stress model.
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elastic deformations occur. Under sustained stress, concrete creeps with
time. If exposed to a rise or fall of temperature, concrete expands or
contracts, respectively. In the previous section, analyses indicated that
the flat-jack method of stress measurement is the most promising technique
for prestressed concrete applications. Therefore, this section will focus on
how shrinkage, creep, and temperature variation can affect stresses measured
by the flat-jack technique.

4.2.17 Shrinkage

At time of casting, concrete has a pore humidity of 100%. Soon after
stripping the forms and exposing the concrete surface to air, drying of the
exposed concrete surface starts. Because of the diffusivity of concrete,
drying starts at the exposed surfaces and spreads inside the concrete very
slowly.

The moisture difference between the surface and the inside of the

concrete causes a differential shrinkage.[53]

The exposed skin of the
concrete shrinks more than the rest of the concrete. Consequently, the
exposed skin 1is restrained from shrinking by the center portion of the
concrete. The result is that internal tensile and compressive stresses are
induced in the concrete as shown schematically in figure 15. For equi-
librium, the sum of tensile stresses equals the sum of compressive
stresses. Procedures for computing shrinkage stresses have been suggested
by Pickett[53] and Acker.[54] Although Abdunur[zg] claims he can measure
magnitude and distribution of the shrinkage stresses using flat jacks,
analytical results discussed in section 4.1.3.4 indicate that shrinkage

stresses may not be easy to measure with the flat-jack technique.

Several factors affect shrinkage stresses. One of the most important
factors is the ambient relative humidity. Concrete shrinks with a loss in
moisture and expands with a gain in moisture. Alternate wetting and drying

[55] Therefore, 1if

of concrete causes cyclies of shrinking and swelling.
stress measurement involves cutting the concrete, use of water to cool the

saw blade should be avoided to prevent any changes in concrete shrinkage
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around the cut. Variation of the shrinkage strains can upset the measured
stresses by several magnitudes.

4.2.2 Coefficient of Linear Thermal Expansion

Concrete expands as temperature rises and contracts as temperature falls.
An average value for the linear coefficient of thermal expansion of concrete
is about 5.5 millionths per °F (9.9 millionths per °C), although values
ranging from 3.2 to 7.0 millionths per °F (5.8 to 12.6 millionths per °C)
have been obser'ved.[ss:I Therefore, for restrained concrete with a modulus
of elasticity of 4x106 psi (27.6 GPa), rise of the temperature by 1°F
(0.56°C) results in an increase of the compressive stress by 22 psi
(152 kPa). Therefore, it will be important to maintain the temperature of
the specimen and the ambient air as constant as possible.

4.2.3 Creep

Creep is the time dependent deformation under sustained stress. 'Creep
depends on (1) the magnitude of sustained stress, (2) age and strength of the
concrete when stress is applied, and (3) the length of time the stress is
sustained.

Creep curves for two concrete mixes[55]

are shown in figure 16. Creep
tests were made on 6x12-in (152x305-mm) concrete cylinders. Concrete com-
pressive strength at 28 days was 3,000 psi (21 MPa) and 4,500 psi (31 MPa)
for Specimens A and B, respectively. The specimens were loaded to 600 psi
(4.14 MPa) at age 7 days. The figure indicates that an increase in the
concrete compressive strength results in a reduction in creep. If a specimen
is unloaded after a period of time, some instantaneous recovery occurs. This
is followed by a creep recovery as shown in figure 17. However, even if the
specimen remains unloaded, there is a residual deformation. The initial
length is never recovered.

For the laboratory tests of Task C, constant loads were to be applied to

the specimens. As it takes time to relieve the stresses and measure them,
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creep will occur. The rate of creep is higher immediately after loading as
shown in figure 17. The rate of creep is also higher the younger the
concrete. Therefore, to diminish the effect of creep on stress measurement,
it was important to load the specimens as early as possible prior to testing.
Also, specimens were aged as much as possible. For specimens previously
loaded, but then unloaded to measure shrinkage stresses, it was necessary to
wait after unloading to decrease the effect of creep recovery shown in
figure 17.

The above discussion emphasizes the importance of shrinkage, temperature,
and creep and how they can affect the stress measurement. Therefore, for the
laboratory tests, it was important to monitor the strains at the slitting
locations as well as away from the slitting locations.

4,3 Considerations for Field Tests

In the field, bridges are exposed tovcontinuous1y changing ambient humid-
ity and temperature. Rain causes wetting of some of the bridge concrete.
After the rain, wet concrete dries. Therefore, some of the bridge concrete
experiences cycles of wetting and drying. Consequently, differential
shrinkage occurs in different parts of the bridge concrete.

Concrete temperature varies seasonally and diurnally. Daily temperature
variation induces transient thermal stresses. Stresses as high as 500 psi
have been attributed to the effect of temperature.[ss]
several procedures have been suggested to compute stresses due to temperature
effects.[57]

In recent years,

These stresses are superimposed with the stresses due to
dead load, prestressing, and live loads.

Stress measurement using the flat-jack technique is accomplished in
several steps discussed in detail 1in section 5.0, Laboratory Studies.
Several hours may elapse between starting of the slitting and the stress
measurement by the compensating flat-jack pressure. During this time, the
stresses induced by temperature variation may vary. Therefore, it may be
difficult to account for transient thermal stresses accurately.
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5.0 TASK C - LABORATORY STUDIES

The flat-jack technique for measuring stresses in existing bridges is
discussed in this section. The equipment required and test procedure are
also described. Test variables and laboratory specimens are subsequently
detailed. Finally, test results are presented and analyzed.

5.1 Flat-Jdack Measurement Technique

Based on evaluation of existing techniques to measure stresses in mate-
rials outlined in the state-of-the-art survey in section 3.0 and the analyses
performed in section 4.0, it was concluded that the most promising technique
for measuring stresses in existing prestressed concrete bridges was the flat-
jack technique. Abdunur summarized the technique as follows. "It consists
of cutting a slot in the concrete, restoring the initial strain field with
an ultra fine flat jack and measuring the pressure.” |

Details of the technique are better understood through a review of the
test procedure. The following are the steps used in the stress measurement
technique:

1. Location and orientation of the unknown stresses on the structure are
determined.

2. The slitting jig is secured to the concrete surface such that the saw
blade cuts a slot perpendicular to the selected orientation of the
unknown stress.

3. Mechanical gage points are cemented to the concrete surface adjacent
to the location of the proposed cut to monitor the strains. At this
point a series of initial readings (zero readings) are taken using
the gage points and a mechanical gage across the location of the
proposed cut. '
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4. A slot is cut in the concrete to a predetermined depth (equal to the
depth of the flat jack) using the saw. The saw blade is then removed
from the slot.

5. The appropriate size flat jack is inserted in the slot. A series of
mechanical gage readings are then taken and averaged to determine the
zero pressure displacement.

6. The flat jack is pressurized incrementally. A series of mechanical
gage readings is taken and averaged at each pressure increment.

7. A1l gage readings of displacements are adjusted as indicated by

- changes in the standard bar readings. A least-squares 1linear
relationship is then determined from the wultiple pressure and
corresponding displacement readings. The pressure at which the
least-squares line intersects zero displacement is the canceling
pressure and corresponds to the initial zero reading.

8. Steps 4 through 7 are repeated for increasing slot depths selected
to fit the available flat jacks.

9. The individual canceling pressures are then averaged to obtain the
estimated concrete stress.

In Step 1, location and orientation of the slot are determined. The
location is normally selected at the point of the required stress, but some
modifications may be required to avoid cutting reinforcement. The stress
measured with the flat jack is a function of the stress in the direction per-
pendicular to the slot. Where combined stresses exist, it may be necessary
to make preliminary calculations to determine orientation of the principal
stresses. If principal stresses are required, it is possible to make two cuts
in orthogonal directions. In this case, the slots should not be too close to
each other. Care should also be taken to avoid disturbing the strain field
in the neighborhood of a slot prior to cutting the slot. When available,

76



construction drawings can be helpful to determine location and orientation
of the slots to avoid cutting any reinforcing steel. However, Abdunur claims
that existing stresses can be measured using the flat-jack technique even
when reinforcing steel is cut.

In Step 2, the slitting jig is secured to the concrete surface. Details
of the slitting jig are given in section 5.2.1. Expansion anchors are used
to secure the slitting jig to the concrete. Location and orientation of the
sTitting jig will correspond with those of the slot.

In Step 3, mechanical gage points are cemented to the concrete surface.
Gage points are used with the mechanical gage to measure the deformation
across the slot. Optimum location of the mechanical gage points will be
discussed later in section 5.4.1. Multiple readings are taken to accurately
determine displacements.

The depth of the slot cut during Step 4 corresponds to the size of the
flat jack. After a slot is cut, the blade is removed from the slot. In
Steps 5 and 6, the flat jack is inserted, along with shims, into the slot.
Shims are placed on both sides of the flat jack to reduce the jack expansion
during pressurization and to allow easy removal after pressurization.
Hydraulic pressure is applied to the jack. This causes change in displace-
ment across the slot. Hydraulic pressure is applied in increments. After
each increment, measurements are taken across the slot. The purpose is to
determine the pressure in the flat jack that restores the initial reading
taken with the mechanical gage. Care is taken not to overpressurize since
overpressurization may crack adjacent concrete and disturb displacement
readings. The compensating pressure is related to the stress in the concrete
at the level of the center of gravity of the flat jack and is determined from
a least squares linear regression analysis. To obtain more reliable results,
it is necessary to measure the stress at different depths. For this reason,
Steps 4 through 7 are repeated. This involves inserting the saw blade back
in the slot and cutting a deeper slot. Then the blade is removed and a
larger flat jack is inserted. This process can be repeated as many times as
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the number of flat-jack sizes. The canceling pressures at various cut depths
are then averaged to obtain the estimated concrete stress.

5.2 Stress Measuring Equipment

Equipment needed to measure stresses using the flat-jack technique
includes:

Slitting jig
Flat jacks
Pfender (mechanical) gage and/or

W N -
P S

Clip gage

5.2.1 Slitting Jig

The slitting jig consists of three main parts that facilitate sawing a
slot in increments of depth into a concrete member. The three main parts are
the base, the support frame, and the saw blade and motor assembly. The jig
also provides for pivoting the cutting blade away from the slot location for
stress measurement and then restoring the assembly for further cutting.

The base consists of a U-frame of steel that bolts to the concrete
surface at three locations. The pivot is located on one edge of the frame as
shown in figure 18. '

The support frame consists of a frame, guide rods, and a positioner. The
frame holds the guide rods at 90 degrees to the concrete surface. A matching
half pivot on one side of the frame connects to the base pivot. A bolt
connects the other side of the frame to the base.

The saw blade and motor assembly can be raised or lowered along the guide
rods with location established by the positioner screw on the upper part of
the support frame. The vernier shown in figure 18 is used to monitor cut
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depth. The raised and lowered positions are as shown in figures 18 and 19,
respectively. The saw assembly and support frame can be tilted to one side
using the pivot between the frame and the base.

To mount the slitting jig to the concrete surface, a template is used to
define Tocations for three holes to be drilled to secure the slitting jig to
the concrete surface. Holes are drilled and the base is bolted to the
concrete through expansion anchors. The remainder of the jig is positioned
on the base. A pivot pin is inserted on the one side, and a lock bolt is
tightened on the other side to complete the mounting.

To lower the blade, the positioner hand wheel is turned to cause the
rotating blade to cut a slot to a specified depth. The depth is indicated
on a scale attached to the saw assembly. The saw is then raised to bring the
rotating blade out of the sawed slot by again turning the positioner hand
wheel. The lock bolt is removed and the saw is tilted to one side to provide
access for measurement of stress. Further details are given in the User's
Manua].[1]

The motor used in the slitting jig is 1.5 hp (1.12 kN.m/s) and uses an
electric power supply of 110 volts. A diamond coated blade is used to obtain
slots of uniform thickness and precise size to house the flat jack.

5.2.2 Flat Jack

The flat jack plays an important role in the direct stress measurement
technique. The pressure applied by the flat jack to the walls of the slot
is intended to simulate the stress in the concrete. Therefore, the flat jack
should be sufficiently flexible to apply a uniform stress to the walls of the
slot equal to the pressure in the flat jack. Moreover, the size of the flat
jack should be reasonably small to facilitate use on prestressed concrete
members.
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Figure 19. Saw assembly with lowered blade.
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Flat jacks, developed for this research project, were manufactured in
France. They have been developed over the last few years at the French
government laboratory for bridges and highways (Laboratoire Central des Ponts
et Chaussees). Details of the flat jacks have been patented in France and
Europe, and a patent is pending in the United States.

A photograph of sample flat jacks is shown in figure 20. Dimensions of
the flat jacks are given in figure 21. The thickness of the jacks is approx-
imately 4 mm (0.157 in) Each jack consists of two sheet metal plates that
are joined with a special weld detail. The two fittings secured to the end
of the flat jacks permit air bleeding (bleed valve) and hydraulic pressure
application (quick disconnect valve).

Peripheral equipment needed in conjunction with the flat jacks includes
a hand pump, a calibrated pressure transducer, and a strain indicator.
Hydraulic flat-jack pressure is measured with the calibrated pressure trans-
ducer connected to the strain indicator. This equipment is portable and does
not require an external power source.

5.2.3 Pfender (Mechanical) Gage

The Pfender gage, shown in figure 22, is a mechanical hand-held device
to measure displacement. It is manufactured in West Germany and has several
features. The gage is sensitive, accurate, compact, and easy to transport.
It has the capability of measuring deformations over gage lengths of 20, 40,
60, and 100 mm (0.79, 1.57, 2.36, and 3.94 in). The smallest unit on the
dial gage is 0.001 mm (39.4 millionths in). Measurements can be repeated to
better than +0.0005 mm (20 millionths in). The maximum range of displacement
is +0.5 mm (+0.02 in). A standard bar is included with the Pfender gage to
monitor changes in the gage itself.

5.2.4 C(Clip Gage

An electronic, detachable clip gage, as shown in figure 23, is also used
to measure slot displacement. The clip gage, when connected to an amplifier
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Figure 20. Photograph of flat jacks.
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Figure 21. Schematic of flat jacks.

Table 14. Schematic of flat jacks.

mm 20 30 40 50 60 70 80
’ in | 0.79 | 1.18 | 1.57 | 1.97 | 2.36 | 2.76 | 3.15
m | 8.3 12.0 | 16.0 | 20.4 | 24.6 | 28.6 | 32.9
‘ in | 0.33 | 0.47 | 0.63 | 0.80 | 0.97 | 1.12 | 1.30
m | 150 180 204 224 240 254 265
) in | 5.9 7.1 8.0 8.8 9.5 10,0 | 10.5

Metric Equivalent:
1T mm = 0.0394 in
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Figure 22. Pfender gage.

\—Knife Edge B“thcke'r

G TN L

SREERS———— SEERRRRRRERS Seme e = Y

Figure 23. Clip gage.
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and plotter, is capable of measuring displacements of 0.001 mm (39.4 mil-
1ionths in) accurately. The working range of the clip gage used is 0.475 in
(12.1 mm) to 0.625 in (15.9 mm). The gage length between the centers of the
accompanying knife edges is 1.345 in (34.16 mm).

5.3 Laboratory Specimens

The main objectives of the laboratory tests were to experiment with the
flat-jack technique of stress measurement and to determine the accuracy of
the technique. To achieve these objectives, the following parameters were
considered in planning the laboratory test specimens:

Plain, conventionally reinforced, and prestressed concrete elements
Member thickness
Magnitude of stresses

oW NN -

Stress distribution

Once laboratory experimentation began, it became apparent that other
parameters were variable. These parameters, which will be discussed in
detail, include:

1. Individual flat jack characteristics
2. Time effects including creep and creep recovery
3. Stress history of a member

To verify the accuracy of the technique, it was necessary to conduct
tests under the simplest controlled conditions. Plain concrete specimens
helped achieve a condition of uniform stress. In a conventionally reinforced
specimen, stresses are resisted by the concrete and reinforcing steel. In a
prestressed member, creep of ‘the concrete plays an important role. Magnitude
and distribution of shrinkage stresses in concrete are a function of the
member thickness. In practice, a stress gradient exists in prestressed
concrete members. Keeping the above parameters in mind, the five specimens
shown in figures 24 through 27 were used in the laboratory tests. Details of
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each specimen are given in sections 5.3.1 through 5.3.5. Specimens S1, S3,
and S4 ‘were incorporated into one concrete block. The target concrete
strength for all specimens was 6000 psi (41.3 MPa).

5.3.1 Specimen S1

Specimen S1 was made with 8-in-thick plain concrete. The intent was to
determine how well the stress measurement technique predicted uniform
internal stresses with no reinforcement present. A target uniform stress of
approximately 500 psi (3.45 MPa) perpendicular to the plane of the slot was
applied to the specimen while cutting Slots 1 and 4. No stress was applied
while Slot 2 was cut. Canceling pressures were determined at 0, 200, 400,
and 600 psi (4.14 MPa) at Slot 3. Slot 5, a transverse slot, was cut with a
longitudinal applied stress of 500 psi (3.45 MPa).

5.3.2 Specimen S2

Specimen S2 was similar to Specimen S1 except that it was 12 inches thick
instead of 8 inches. The purpose of this specimen was to determine if member
thickness affects stress measurements. A uniform stress of approximately
500 psi (3.45 MPa) was applied for Slots 1, 2, 3, and 5. A uniform stress
of 750 psi (5.17 MPa) was applied for Slot 4. No external load was applied
for Slot 6.

5.3.3 Specimen S3

This specimen was similar to Specimen S1 but had No. 6 reinforcement in
the vicinity of all slots. The intent was to determine how the presence of
reinforcement affected the determination of stress. A uniform stress was
applied perpendicular to the plane of Slots 2, 3, and 4. Slots 3 and 4 had
only reinforcement orthogonal to the plane of the slot, while Slots 1 and 2
had additional reinforcement parallel to the slots. The reinforcement at
Slot 4 was cut to determine the effects of cutting through reinforcement.
Slots 5 and 6 had reinforcement parallel to the slots.
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5.3.4 Specimen S$4

Specimen S4 was similar to Specimen S1 except that the applied force had
a transverse eccentricity of approximately 0.85 in (21.6 mm). The purpose
of this specimen was to determine how stress gradients affect stress measure-
ments and to determine if the tethnique was sufficiently sensitive to detect
gradients through a member. The result was a transverse stress gradient
across the thickness of the specimen.

5.3.5 Specimen S5

Specimen S5 was used to determine the accuracy of the method in a
prestressed member. The prestressing force was eccentric to provide a
transverse stress gradient. The gradient produced extreme fiber stress of
approximately 450 and 800 psi (3.10 and 5.52 MPa). Load cells were used to
monitor prestress force. Slots were cut on both sides of this specimen to
determine the accuracy of the technique with positive and negative gradients.

5.3.6 Loading Scheme

A schematic of how Specimens S1 through S4 were loaded in the laboratory
is shown in figure 28. The reaction abutments were stressed to the
laboratory floor. Load was calculated from pressure transducer readings.
Specimen S5 was post-tensioned with four 1-in-diameter (25.4-mm) Dywidag
bars. In all cases, loads were applied at least four hours before cutting
slots.

5.4 Discussion of Test Results

The flat-jack direct stress measurement equipment and procedures were not
well defined at the outset of this research project. As a result, experimen-
tation was required to determine the best equipment and procedures. This
section outlines (1) preliminary experimentation with displacement and
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cutting equipment, (2) data reduction and analysis procedures, and (3) the
results obtained using the recommended equipment and procedures on laboratory
specimens.

Stress measurement data for all five specimens are given in section 10.0:
Appendix B - Laboratony Test Results. The appendix also includes Pfender
readings, linear regression line parameters, and graphs of measured canceling
pressures plotted with the applied internal stress.

5.4.1 Slot Displacement

To determine the best displacement measuring device, two types of equip-
ment were tested: a detachable clip gage and a mechanical Pfender gage. The
clip gage, when connected to an amplifier and a plotter, along with the
pressure transducer, produced a continuous pressure versus displacement plot
similar to those shown in figure 29. With the Pfender mechanical gage,
displacements were taken at discrete intervals. Note that tensile canceling
pressure was determined through extrapolation.

The clip gage measurement technique had several advantages and disadvan-
tages. Continuous pressure versus displacement graphs could be produced
quickly, by one person. In addition, canceling pressure could be determined
directly from the plots, so data reduction was not required. Electrical
drift, the need for extra equipment (that is clip gage, knife edges, ampli-
fier and plotter) and problems with remounting the clip gage consistently on
the knife edges were shortcomings of this technique.

An important concept was revealed by use of the clip gage. Plots of
canceling pressure versus displacement were always linear when the clip gage
was used as the displacement device. A sequence of lines connecting points
of canceling pressure versus displacement measured by the Pfender gage often
revealed a character other than a linear relationship. Pfender gage data
could only be interpreted by a statistical method designed to remove the
effect of random errors.
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Remounting the clip gage inconsistently resulted in erroneous canceling
pressures. This problem was overcome by using Pfender points mounted on the
knife edges, as shown in figure 30, to determine the zero pressure disp1aée-
ment. Problems with electrical drift between readings were also eliminated
with this technique. Speed and the ability to use only one person, which are
associated with use of only the clip gage, were sacrificed as a result of use
of the Pfender gage in conjunction with the clip gage.

Laboratory experience and anticipated field problems indicated that the
Pfender mechanical gage is the best displacement-measuring device. The clip
gage requires too much peripheral equipment, including the Pfender gage, to
be practical for field and laboratory use. The cycle time for Pfender
readings, taken at four pressures, approximated the cycle time for continuous
readings with the clip gage.

To determine the optimum Pfender reference point spacing, gage lengths
of 20, 40, and 60 mm (0.79, 1.57, and 2.36 in) were used. A gage length of
40 mm (1.57 in) was determined to be optimum. Mounting the Pfender gage on
points spaced at 20 mm (0.79 in) was difficult. The gage was unstable in
tight quarters at this gage length. Points located 60 mm (2.36 in) apart
were not sufficiently sensitive at most cut depths. The Pfender gage could
be used comfortably, and the points were sufficiently sensitive at a spacing
of 40 mm (1.57 in).

To increase the data base and to reduce sampling error, the Pfender
point layout included two sets of reference points (4 points) as shown in
figure 31. When two sets of measurements were taken on a slot (two sets of
Pfender points or one set of Pfender points and one set of knife edges) the
results were seldom identical, reflecting experimental scatter and effects
of point spacing and location.

5.4.2 Effects of Mineral 0il1 Coolant

Initial trial cuts were made using mineral oil as coolant. Figure 32
shows the flat jack canceling pressures plotted at the centroid of the
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corresponding jacks and indicates the scatter between results of two slots
sawn with the coolant. The slots were cut into concrete with the same
applied stress level. The scatter is probably the result of swelling due to
wetting of the concrete adjacent to the cuts. Eighty millimeter readings
could not be taken on either cut because of loosened instrumentation. To
determine how moisture affects slot displacement, an 80-mm (3.15-in) slot
was soaked with water. Pfender gage readings were taken before and at 5,
25, and 145 minutes after wetting. Figure 33 shows the results of this
experiment and indicates that moisture significantly affects displacement.

As a result of the problems associated with coolant cutting, all slots
reported in the Task C test specimens were sawn without lubricant. Some
increase in concrete temperature adjacent to the cuts was noted using the
"dry" cutting technique, but initial trial cuts indicated that this tempera-
ture increase was generally less than 10°F (6°C).

5.4.3 Data Reduction

The clip gage plots indicated a linear pressure versus displacement
relationship, therefore a linear regression analysis was used to interpret
Pfender gage results. The tables of linear regression parameters in section
10.0 indicate results of the 1linear regression analysis. The slope is
related to the concrete modulus of elasticity. A unique slope exists at each
cut depth for a given modulus. The Y-intercept indicates the canceling
pressure. The correlation coefficient is a measure of "fit." This value
varies from -1.0 to 1.0, with 1.0 being an exact positive fit or correlation
and -1.0 being an exact negative fit, that is one variable moves opposite to
the other variable. The large number of correlation coefficients that are
approximately equal to 1.0 indicates that a 1linear relationship is
appropriate. Values less than 0.95, which include many 20-mm cut results,
are unreliable.

Calculation of concrete stress from canceling pressure assumes homogene-
ous behavior of the material near the slot. Surface stresses which produce
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micro-cracking will destroy this homogeneity near the surface. As a result,
shallow cuts often give invalid results.

The last parameter listed in the tables of section 10.0 is the standard
error of estimate. This value is another indicator of correlation. The
larger the number, the poorer the fit or correlation.

5.4.4 Data Analysis

The measured flat-jack canceling pressures include the effects of shrin-
kage, creep, and peculiarities associated with each flat jack. Figures 34
and 35, which summarize all the vertical cut data from section 10.0, indicate
that the measured canceling pressures are consistently lower than the applied
concrete stress. The sloping 1ine in figure 34 represents exact correlation
between the two values. The cumulative frequency shown in figure 35 also
shows the skewed distribution. To determine if the difference between
measured and applied stress is a function of the applied stress, clip gage
readings were taken on a slot at four different stress levels.

Figure 36, which summarizes data from section 10.0, indicates that the
flat-jack technique accurately measures changes in applied stress. The graph
shows canceling pressure at the centroids of the 20-, 40-, 60-, and 80-mm
(0.79-, 1.57-, 2.36-, and 3.15-in) flat jacks for four applied stress
levels. These results were obtained by making a cut to the desired depth,
inserting the appropriate flat jack, and determining the canceling pressure.
The applied stress was then increased 200 psi (1.38 MPa) and the canceling
pressure was again determined. Two hundred psi increments were added until
800 psi (5.52 MPa) was reached. After canceling pressure was determined at
all applied stresses for a given flat jack, the jack was removed and a deeper
cut was made. The process continued at a unique slot until all four flat
jacks had been used. This procedure was similar to the procedure used by
Abdunur in that he cut slots prior to application of load "to eliminate
internal stresses and offer a straightforward test of the release method."
This procedure was helpful in the laboratory to verify Abdunur's technique
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but is unrealistic for field applications. Prestressed bridge members will
be stressed long before measurements are taken.

5.4.5 Multiple Variant Linear Regression Analysis

A multiple variant linear regression analysis was performed on all data
from vertical slots with 40-mm (1.57-in) Pfender point spacina. The
dependent variables 1included: longitudinal and transverse canceling
pressures. The results of the regression analyses for all slot depths are
shown in table 15. Also shown in this table are analyses for combined data
and for combined data exclusive of the 20-mm (0.79-in) cut results. The
20-mm cut data were excluded because of microcracking problems discussed in
section 5.4.3. The multiple correlation for the combined equation, 30
through 80 mm (1.18 through 3.15 in), when compared to the individual
values, indicates that segregation by slot depth is not warranted. Table 16
shows the accuracy of the combined equation for all 30 to 80 mm cuts (1.18 to
3.15 in). The table indicates a 90 percent confidence level at + 200 psi
(1.38 MPa).

As experimentation progressed, the Taboratory technician became more
skilled and important variables were controlled as much as possible.
Accordingly, stress measurements became more accurate. The multiple
correlation values for the last two equations in table 15 indicate better
correlation for the later specimens. (Specimen 2 was tested first, then
Specimens 1, 3, 4, and 5). The equations indicate that transverse canceling
pressures influence the calculated stress value only slightly.

Based on the results of laboratory experimentation, with applied concrete
stresses from zero to 1000 psi (0 to 6.90 MPa), the following equation is
recommended to determine concrete stress from canceling pressures:

200 psi + 0.80 x Longitudinal Canceling (10)
Pressure (psi)

1378 kPa + 0.80 x Longitudinal Canceling
Pressure (kPa)

Concrete Stress (psi)

Concrete Stress (kPa)
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Table 15. Results of multiple linear regression analyses.

Slot Depth Specimens Number Concrete Stress* Multiple
mm Considered of Points psi Correlation
20 1-5 36 424 + 0.47xA + 0,05xB 0.635
30 1-5 24 276 + 0.76xA + 0.11xB 0.879
40 1-5 36 415 + 0.66xA + 0.26xB 0.711
50 1-5 24 103 + 0.84xA - 0.27xB 0.830
60 1-5 36 309 + 0.70xA + 0.11xB 0.754
70 1-5 24 220 + 0.72xA - 0.04xB 0.890
80 1-5 31 311 + 0.61xA 0.722
20-80 1-5 211 335 + 0.63xA + 0.07xB 0.721
30-80 1-5 175 310 + 0.70xA + 0,12xB 0.772
30-80 1, 3, 4, 5 158 208 + 0.77xA - 0.03xB 0.872
30-80 4, 5 118 195 + 0.81xA - 0.03xB 0.897

*A
B

Metric Equivalents:
1 mm = 0.0394 in
1 psi = 6.895 kPa

Longitudinal Canceling Pressure
Transverse Canceling Pressure
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Table 16. Cumulative frequency data for
combined equation.

Error Number Percentage

Range of of

+ psi Points Points
25 43 25
50 81 46
100 125 n
150 144 82
200 158 90
250 168 - 96
300 172 98
350 173 99
400 174 99
500 175 100

Concrete Stress (psi) = 310 + 0.70 x Longitudinal Canceling Pressure
+ 0.12 x Transverse Canceling Pressure

Note: Table includes all 30- through 80-mm (1.18- through 3.15-1n)
slot data.

Metric Equivalent:
1 psi = 6.895 kPa
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The constant of 200 psi (1.38 MPa) represents shrinkage and creep stresses
which existed at all times. The 0.8 coefficient for longitudinal canceling
pressure indicates that the measured flat-jack pressure is greater than the
applied concrete stress. Testing of flat jacks in a testing machine, which
is discussed in section 5.4.6, confirmed that in most cases flat-jack
pressure is not equal to the applied stress.

The 90 percent confidence level for the recommended equation used for the
30- through 80-mm (1.18- through 3.15-in) cuts on Specimens 4 and 5, is at
+ 125 psi (0.86 MPa), which is significantly more accurate than the equation
which considered all the data. Table 17 summarizes the results of the
recommended equation. Figure 37 shows the corrected stress plotted versus
the internal stress for the data considered in table 17. Figure 38 shows the
distribution of these data.

The centroids of flat jacks range in depth from 0.33 to 1.30 in (8.3 to
32.9 mm). In this 0.97-in (24.6-mm) change in depth, stresses typically vary
by 100 psi (0.69 MPa) or less. As a result of this fact and the 90 percent
confidence level of + 125 psi (0.86 MPa), stress gradients could not be
determined accurately.

In 1ight of this, the data was reanalyzed using an average applied stress
and average canceling pressure for each data set. With 22 resulting data
points, the 90 percent confidence level was at + 90 psi (0.62 MPa). The 95
percent confidence level was at + 100 psi (0.69 MPa).

A final analysis was performed combining the results from the top and
bottom sets of Pfender readings. Again the 90 percent confidence level was
at + 90 psi (0.62 MPa). A word of warning is warranted at this time. As
the data base was reduced from over 100 points to 22 points and finally 10
points, the impact of individual points became significant. That is, one or
two. scattered points could change the distribution significantly. This must
be kept in mind when these reanalyses are considered.
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Table 17. Cumulative frequency data for
recommended equation.

Error Number Percentage

Range of of

+ psi Points Points
100 95 81
105 99 84
110 101 86
115 104 88
120 104 88
125 106 90
130 108 92
135 109 92
140 109 92

Concrete Stress (psi) = 200 psi + 0.80 x Longitudinal Canceling Pressure

Note: Table includes all 30- through 80-mm (1.18- through 3.15-in)
slot data for Specimens 4 and 5.

Metric Equivalent:
1 psi = 6.895 kPa
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5.4.6 Variables Affecting Canceling Pressures

The main purpose of Task C was to verify the flat-jack measurement
technique. During the verification process, it became apparent that several
unconsidered variables affect canceling pressures. These variables included:

Individual flat-jack characteristics

Time between completion of cutting and flat-jack pressurization
. Length of time specimen is loaded

Stress gradient

Presence of reinforcing steel

A AW N -
. . . . .

Characteristics of individual flat jacks

5.4.6.1 Individual Flat-Jack Characteristics

Three sets of flat jacks were available for testing purposes. A complete
set of jacks (20, 30, 40, 50, 60, 70, and 80 mm [0.79, 1.18, 1.57, 1.97,
2.36, 2.76, and 3.15 in]) was typically used to determine concrete stresses.
The 20-, 40-, 60-, and 80-mm (0.79-, 1.57-, 2.36-, and 3.15-in) jacks from
the three sets of flat jacks were compared on a single member with no applied
stress. Figure 39 indicates a scatter of 50 psi (0.34 MPa) for the 40-, 60-,
and 80-mm (1.57-, 2.36-, and 3.15-in) cuts. The 130 psi (0.90 MPa) range for
the 20-mm (0.79-in) cut confirms the inconsistency of shallow cuts as a
result of the overly sensitive nature of the 20-mm jacks due to surface
stresses and microcracking.

5.4.6.2 Time Between Completion of Cutting and Flat-Jack Pressurization

The interval of time between completion of cutting and flat-jack
pressurization influences canceling pressures. Figure 40 shows measured
canceling pressure 0, 10 and 40 minutes after completion of slot cutting.
In general, the canceling pressures increased with time, but previous delays
did not seem to affect subsequent deeper cuts at the same location. Since
the data base and data analysis equation in section 5.4.5 were based on
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virtually no time lag between cutting and flat-jack pressurization, this
procedure should be followed to increase the accuracy of results.

5.4.6.3 Length of Time Specimen is Loaded

Figure 41 shows the results of stress measurements taken before applica-
tion of any external load to the specimen and after load had been applied,
maintained, and subsequently removed. Both curves are for vertical cuts, and
indicate that time effects are important. With no creep and shrinkage the
stress profiles should be at zero. The differences between these stresses is
greater than that expected from experimental scatter, so the differences are
significant. In general, the measured canceling pressures increased after
application of load. This is an important observation for 1laboratory
studies, but since most bridge structures will be stressed when measurements
are taken, this should not affect the results.

5.4,.6.4 Stress Gradient

Stress gradient influences transverse as well as longitudinal canceling
pressures. Figure 42 shows the measured transverse canceling pressures on
both sides of Specimen 5. In general, the figure indicates that transverse
canceling pressure increases with longitudinal stress. If a relationship is
determined between transverse canceling pressure and longitudinal stress,
the magnitude of the longitudinal stress may have to be factored into the
measured transverse canceling pressure. Ultimately, the determination of
internal stress may be an iterative process.

5.4.6.5 Presence of Reinforcina Steel

When cuts were made adjacent to reinforcing steel, no significant devia-
tions of measured canceling pressure were noted. However, the presence of
reinforcing steel can affect readings. When cuts were made into reinforcing
steel, the measured canceling pressure increased drastically once the bar was
cut. Figure 43 indicates this change in measurements. The reinforcing bar
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was first encountered during the 40-mm (1.57-in) cut and was completely
severed during the 50-mm (1.97-in) cut. This figure confirms Abdunur's claim
that stresses can be determined when reinforcing steel is cut.[29] Prior
to the time the bar 1is encountered or cut completely, the bar appears to
restrain slot displacement, resulting in canceling pressures that are less
than applied stress. After the reinforcing steel is cut completely, reliable
results are obtained. The relationship between accuracy of results and
proximity of reinforcing steel was not determined in this study. Additional
study is needed to determine this relationship. At this time, the rein-
forcing steel must be cut completely or totally avoided to obtain reliable

readings.

5.4.6.6 Characteristics of Individual Flat Jacks

After extensive experimentation, refinement of techniques, and detailed
data analysis, it became apparent that Abdunur's claimed accuracy, that
canceling pressures were within 43.5 psi (0.30 MPa) of applied concrete
stress, was unrealistic. The measurement technique used in this test program
was prescribed in conversations with Abdunur. The equipment used was
similar, and in the case of the flat jacks, identical, to the equipment used
by him. Laboratory tests were performed in a controliled environment. Slot
displacement measurement techniques were refined and became extremely
consistent. The main component that was assumed to be accurate was the
patented flat jacks.

To determine if the flat jacks accurately measure applied stress at
various pressures and slot widths, the jacks were pressurized between plates
in a testing machine. The tests began by inserting a flat jack between two
plates in a testing machine and measuring the distance between the plates at
opposite corners. With a slight amount of o0il in the jack to prevent
crushing, the testing machine load was increased to a predetermined value.
As a result of the increased load, the jack was flattened slightly and its
internal pressure increased. These values were recorded. With the machine
load held at the initial value, the flat-jack pressure was increased causing
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the contact area between the plates and the flat jack to decrease and the
plate spacing to increase. This procedure was repeated for various applied
loads and flat-jack sizes. For comparison, the measured flat-jack pressure
(internal jack pressure) was divided by the applied pressure (applied load/
nominal flat-jack area). Typical values of this parameter cm/oa (measured
pressure/applied pressure) are plotted versus average displacement (average
spacing between plates measured through the two dial gages) in figure 44,
Measured values were less than the applied when the loading plates bore on
the weld along the jacks' edges. Ratios greater than one were measured when
the entire jack surface did not make contact with the plates. The figure
indicates that accurate readings (om/oa = 1) are only possible at a
unique displacement and this occurs only when flat jacks are squeezed to a
thickness less than the initial thickness of 4.0 mm (0.160 in). The measured
pressure is greater than the applied when the plate spacing is greater than
the jack thickness which is the typical condition in the sawed cut.

These calibration tests indicate that the flat-jack design has not been
perfected. The flat-jack pressures must be greater than the externally
applied pressures because of confinement caused by the edge welds. This may
explain the linear regression factor of 0.8 which is used to modify the
measured canceling pressures. If this is indeed the case, the factor
essentially reduces the overpressurization needed to resist the welds.

The results of a least square regression analysis to calculate concrete
modulus was inconclusive. Cut depth, pressure/displacement relationship
(slope), and applied stress were considered. Because only two different
concrete moduli were considered, the results of regression analysis was

meaningiess.

The equipment and techniques used for the field studies were based on
laboratory results. These recommended procedures and equipment include:

1. A Pfender gage to measure slot displacement.

2. Pfender reference points spacing of 40 mm (1.57 in).
121



0.8 F |
_ |
|
|
|
,'
0.5 - | Metric Equivalents:
| lin = 25.4 mm
] I kip= 4.48 Kn
0 L//? ! | ]
0 0.150 0.170 0.190
Plate Spacing, in
Figure 44. Measured to applied stress at various pressures
and plate spacings.

122



3. Use of two sets (4 points) of Pfender points with each set located
6.4 mm (0.25 in) from the centerline of the cut.

4. Although the technique is not sufficiently accurate to detect stress
gradients, all seven flat jacks are used to reduce experimental
scatter and because no tests were performed to determine the optimum
combination of cuts and the impact of eliminating one or more cuts.

5. No time lag between slot cutting and flat-jack pressurization.
The field studies are detailed in section 6.0. In that section, the

prestressed concrete bridge member is discussed along with the results of
stress measurements on that member.
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6.0 TASK D - FIELD STUDIES

Task D included field stress measurements on an existina prestressed
concrete bridge member. In this task, the flat-jack technique was evaluated
under outdoor conditions.

The specimen consisted of a full-scale prestressed concrete bridge girder
with slab. The girder was removed from an I1linois Tollway bridge that was
demolished after 25 years of service, due to highway realignment.

The bridge was built in 1958. It carried the southbound traffic on
Interstate 94 immediately south of the Wisconsin border. The bridge con-
sisted of three spans, each approximately 42 ft. The superstructure was
constructed using precast prestressed Illinois Tollway girders and a
cast-in-place, 7-1/2-in-thick, exposed concrete deck. Each span consisted
of five I-girders spaced 8 ft on center. In 1969, an asphalt overlay
approximately 2-1/2 in. thick was laid down. In 1971, a 1-1/2-in asphalt
overlay was added. The bridge was demolished in July 1983 after 25 years of
service.

Prior to demolition, three interior girders were chosen for testing. The
deck was saw cut half way between girders. Therefore, each test girder
included an 8-ft-wide portion of deck. Two girders, including the deck,
were tested under a separate study. The third girder was used for this
investigation.

The first two girders were subjected to an extensive experimental
program. Of interest to this investigation is the test to determine effec-
tive prestress. The deck-girder composite section was 1loaded under a
two-point load. The load was applied statically in selected increments until
the bottom of the girder cracked in the constant moment region. After
unloading the girder, the cracks were instrumented with surface bonded,
electrical resistance strain gages, and with crack gages. Then the girder
was loaded and unloaded several times to determine the required load to open
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the cracks. This condition corresponded to zero stress in the bottom fiber
of the girder. The load necessary to cause zero stress in the bottom fiber
of the girder and a knowledge of the girder geometry and location of the
prestressing strands were used to compute the effective prestress. As the
three girders were manufactured in the same plant, under the same strict
quality control, it was justifiably assumed that the three girders have the
same effective prestress. The effective prestress, computed from the first
two girders, was used to determine the existing stresses in the third girder
tested under Task D of this investigation.

Six slots were cut on the side of the girder and one slot on the under-
side of the lower flange. Figures 45 and 46 show the centerline and quarter
point cut locations.

As a result of gross assumptions about the effects of shrinkage, creep,
temperature, and plane section behavior, the actual stress in a prestressed
member may be quite different from the calculated values. The flat-jack
technique was used to measure existing stresses in a member. Existing stress
conditions in this girder, determined with the flat jacks, are compared to
the stress determined through recent load tests, on two similar girders from
the same bridge, performed in the structural laboratory of CTL.

6.1 Girder Slots

A total of seven slots were cut in the prestressed concrete girder to
determine its state of stress. Stresses at Slots 1, 2, 3, 5, 6, and 7 were
measured using all seven flat jacks from 20 through 80 mm (0.79 through
3.15 in). The prestressing strand at Slot 4 limited cut depth to 50 mm
(1.97 in). As a result, only the first four jacks were used. Prior to
making cuts, a pachometer was used to locate reinforcing and prestressing
steel. Consequently, no steel was encountered. As cutting on the girder
progressed, the cutting time increased significantly as a result of dulling
of the saw blade. The saw blade was damaged during initial cutting of Slot 8
and as a result, data were incomplete and are not reported. Section 11.0,
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Appendix C - Field Test Results, reports all cut data for Task D. The

appendix includes an explanation of the slot labels, slot displacements, and
corresponding pressures, and the resulting stress profile.

6.2 Data Analysis

The canceling pressure for all cuts was corrected using the equation
recommended in Section 5.0, Laboratory Studies:

Concrete Stress (psi) 200 psi + 0.80 x Longitudinal Canceling (10)
Pressure {(psi)
1378 kPa + 0.80 x Longitudinal Canceling

Pressure (kPa)

Concrete Stress (kPa)

To decrease experimental scatter, two sets of Pfender points were used
at each slot. The two separate readings (two sets of Pfender points at each
cut, as shown in figure 31) for each cut depth were modified by the above
equation then averaged. These individual predicted stresses, for each slot
depth, were also averaged. Averaging of all data was performed because
laboratory results indicated that stress gradients cannot be determined at
this time. In addition, the accuracy of the technique increases when the
results are combined.

Average measured stresses were then compared to stresses obtained from
laboratory tests. Figure 47 shows the average measured stresses, and their
bounds, at mid-span and quarter-span, respectively. The calculated stress
shown in figure 47 was the expected value based on laboratory load tests.
This stress is shown at the bottom of the section because this was the loca-
tion at which it was determined. At this location, the stress measurement
technique predicted the stress quite accurately.

Stress measurements at Slots 1 and 5 indicate little or no precompression
in the web. In contrast, calculations based on simplifying assumptions about
the effects of shrinkage, creep, temperature, and plane section behavior
indicate that these portions of the web should be in compression.
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The nonlinear stress profile given by the stress measurement technique
could be attributed to thermal gradient, differential shrinkage or creep, or
a combination of these factors.

The results of horizontal cuts at Slots 3 and 7 confirm the laboratory
finding that the stress measurement technique is not currently accurate
enough to detect transverse shrinkage stresses. The results of these
horizontal cuts were inconclusive. The apparent tensile stresses, which
were as high as 800 psi (5.5 MPa), did not seem realistic.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The objective of this investigation was to develop techniques for
measuring existing long-term stresses in prestressed concrete bridges. To
determine and develop the most promising stress measurement technique, this
project was divided into five tasks.

1. Task A consisted of conducting a state-of-the-art review of tech-
niques used to measure stresses in materials.

2. Task B involved analytical studies to assess the stress measurement
techniques and their applicability to prestressed concrete bridges.

3. Task C included experimenting with the selected technique of stress
measurement on laboratory specimens under controlled stress
conditions.

4, Task D included stress measurements on an existing bridge.

5. Task E consisted of preparing a manual of instruction for engineers
and technicians who will use the developed techniques.

This report summarizes the findings of Tasks A through D. The Manual of
Instruction, Task E, was prepared as a separate volume and is reference 1.

7.1 Conclusions

Based on the state-of-the-art survey, analysis of promising stress
measurement techniques and laboratory and field studies the following con-

clusions are made:

1. Analytical studies indicated that deformations resulting from
slitting are larger than deformations due to coring. Therefore, the
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slitting technique is more sensitive than the coring technique. As
a result, stresses measured through stress relief by slitting are
more accurate than stresses measured through stress relief by coring.

The flat-jack method of stress measurement, which involves slitting
the concrete, was selected as the most promising measurement
technique. With this technique, a slot is cut to a predetermined
depth, the saw blade is removed, and a flat jack corresponding to the
slot depth is inserted into the cut and pressurized. The pressure at
which the slot displacement equals the initial distance between two
reference points on each side of the slot is the canceling pressure.
This canceling pressure is related to the concrete stress.

Laboratory experience indicates that the Pfender mechanical gage is
the best device for measuring displacement between reference points.

A Pfender gage length of 40 mm (1.57 in) was determined to be
optimum.

Clip gage continuous plots versus flat-jack pressure indicate that
the pressure-displacement relationship is linear. Least squares

regression analyses for the Pfender data confirm this.

The canceling pressure scatter between flat jacks of the same size
is generally less than 50 psi (345 kPa).

Surface microcracking appears to make results unreliable when the
smallest [20 mm (0.79 in)] flat jack is used.

In general, the canceling pressure increases with time after the
completion of slot cutting.

The stress history of a member and longitudinal stress gradient
affect the transverse canceling pressure.

132



10.

11.

12.

13.

14.

15.

Application of water to a slot affects displacement readings
significantly.

For the specimen tested, internal stress could be determined when
reinforcing steel was cut.

Internal stresses, from zero to 1000 psi (0 to 6.90 MPa), of labor-
atory specimens could be measured to within + 125 psi (0.86 MPa) at
a 90 percent confidence level using the following equation:

200 psi + 0.8 x canceling (11)
pressure (psi)
1378 kPa + 0.8 x canceling
pressure (kPa)

Internal Concrete Stress (psi)

Internal Concrete Stress (kPa)
The accuracy of the stress measurement technique is not sufficient
to detect stress gradients.

The flat jacks' pressure-displacement relationships, which were
determined from tests in a testing machine, are not linear in the

range in which the jacks were intended to be used.

Shrinkage stresses are difficult to separate from applied stresses.

7.2 Recommendations

Based on the laboratory and field studies and the above conclusions, the

following recommendations are made:

1.

2.

Development of a new type of flat jack is recommended as a result of
the current jacks' nonlinear characteristics and potential avail-
ability problems.

Additional experimentation is needed to reduce the error in measured
stress that corresponds to the 90 percent confidence level. It is

133



anticipated that as a result of temperature and humidity changes and
Tess than ideal working conditions, the flat-jack technique will not
be as accurate in the field as in the laboratory. .

Field studies on bridges which have active instrumentation are recom-
mended to confirm the accuracy of the flat-jack technique.

To minimize technician training time and for more accurate displace-
ment readings, a detachable electronic displacement measurement
device, which can be remounted consistently and has a digital
readout, should be developed.
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9.0 APPENDIX A - DISPLACEMENT DUE TO CUTTING INTO STRESSED PLATES

9.1 Circular Hole in a Stressed Plate

An infinite plate under uniform axital stress is shown in figure 48. The
solution for radial displacement near a circular hole can be found from
equations given in reference 51. In general, the relation between strain
and radial displacement is:

au

. —r (12)
& T or ‘
where €, = radial strain in polar coordinates (r,o)
u. = the radial displacement in polar coordinates from center of

hole (r,o)

Hooke's law for plane stress is

e, = (dr - voe)/E (13)
where E = the modulus of elasticity
v = Poisson's ratio
o, = radial stress (figure 48)
9 = tangential stress (figure 48)
For a plate under uniform axial stress, T, o, and % are as
follows:
2 4 2 :
I a I 3a 4a
o, = 2(1 - 2) t s (1 + s - o )cos2e (14a)
r r r
2 4
I a I 3a
Oy = 2(1 + 2) - 2(1 * ycos26 (14b)
r r
where a = radius of the circular hole

uniform axial stress

Substituting expressions for radial and tangential stress into equations 12
and 13, 1integrating, and disregarding rigid body motion, the following
equation for radial displacement js obtained:
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VbR

(a) With circular hole

(b) With elliptical hole

Figure 48. Infinite plate models.
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a4 2

L a a 4a '
u. = Sp llr+ )+ (r- 3 + = )cos2e

2 4
- wI(r - 25 - (r - &) cos2e]} (15)
r

For radial displacement in the direction of the load (at © = 0) the above
equation reduces to:

2 4

U = gE (20 v (5 + - (1 v (16)
r

Equation 16 represents the displacement that occurs when a uniform stress is
applied to a plate with a circular hole. This is not the solution for dis-
placement due to cutting a circular hole in a plate under a uniform stress T.
In order to obtain the latter solution, the displacement due to a uniform
load on a plate with no hole has to be subtracted from equation 16.

The displacement due to applying a uniform stress T to a plate with no
hole is:

Ir
Yo ° E (a7

The radial displacement at @ = 0 due to cutting a circular hole of radius a
in a plate under uniform stress T can be obtained by subtracting equation 17
from equation 16.

2 4

U = 3 L5+ wE - (1 v v | (18)
r

Setting r = a + e, equation 18 can be rewritten as:

2
u. = ___Ié____§ [4a2 + (5 + v)(2ae + e2)] (19)
2E(a + e)
where e = the distance from the edge of the hole to the point where

the displacement is measured (figure 48).

If the displacement is measured over the diameter dc = 2r rather than the
radius r, the -equation for displacement 1is twice the value given by

equation 19, that is:
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2
d = ———19———§ [4a% + (5 + v)(2ae + e2)] (20)

E(a + e)

9.2 Slot in a Stressed Plate

Another infinite plate under uniform axial tension is shown in figure 48.
The solution for displacement near an elliptical hole can also be found from
equations given in reference 51. The displacements near an elliptical hole
are:

=2 (7) + 2%(2) - x(2) (21)

displacement in the x-direction

26(u - tv)

where

displacement in the y-direction

]

modulus of rigidity
V-1
x + iy

u
v
6
i
rd

¥(z), x(2) complex potentials

The overbar denotes a complex conjugate, while the prime denotes a derivative

with respect to z. The complex potentials for the plate shown in figure 48,

are
4¥(z) = Tc[e2§° cos2B coshz + (1 - e260 * 213) sinh¢] (22a)
4x(2) = -Tc?[(cosh2E - cos2B)C + % 250 cosh2(¢-f -18)] (22b)
where B = the angle the load T makes with the x-axis. (For the case
shown in figure 48, B = %)
¢ =% + in,
where £ and n are elliptical coordinates such that:
X = ¢ (coshg)cosn (23a)
Yy = ¢ (sinhE)sinng (23b)

The foci of the ellipses are at x = + c. & is constant on a given ellipse
while n, the eccentric angle, varies from 0 to 2. On the boundary of
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the elliptical hole E = Eo' The semiaxes of the elliptical hole, as
shown in figure 48, are a and b. Using equations 23a and 23b, these can be
written as:

da

c coshg0 (24a)
b

¢ sinhg ) (24b)

The ellipse upon which displacements will be measured is E = E]- As shown in
figure 48 its semiaxes are:

d

c coshs1 (25a)

e

c s1nh§1 (25b)

Setting n = % to obtain displacement at e, and using equations 22 through
25 with appropriate derivatives and conjugates, the following equations are
obtained:

¥z =13 22 e-a)-q (26a)

7%(2) = - ‘Ig 22 (e - ) + e] (26b)

x(2) = - 35 (a° (——1—;;2 [de(a® + b%) - ab(d?s €%)]) (26¢)
a -

Equations 25 are all purely imaginary. By taking the imaginary part of
equation 20, the solution for the displacement v becomes:

G{Im[1 L UI) v 2 wz) - x(2)]) (27)

where ¥(z), zwfz) and x(é) are defined by equations 26.

Equation 27 is the displacement due to a uniform stress on a plate with an
elliptical hole. To find the displacement for a slot, let b » 0 in equation
26. Equation 27 then reduces to:

_ =T 3—v

V=8 O+

- 2d) + S(2e - d) - %(az + de)] (28)

Since coshZE - sinhzs = 1, equations 23 and 24 can be written as:

[+ Y
1
o
]
(o)

(29a)
d“ - e =¢ (29b)
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If b = 0, then equation 29a indicates tha@ a 2 ¢ . d can then be eliminated

in equation 28 by setting d2 = e2 + a2. After some simplification equation

28 becomes:

I 2

V=g [ev + 2a

+ e2(1 - ), (30)

62+92

Equation 30 represents the displacement that occurs when a uniform stress T
is applied to a plate with a slot of length 2a. This is not the solution for
displacement due to cutting a slot in a plate under a uniform stress T. In
order to obtain the latter solution, the displacement due to a uniform Tload
on a plate with no slot has to be subtracted from equation 30. The displace-
ment due to a uniform stress T on a plate with no slot is:

v, = 1% (31)
Subtracting equation 30 from equation 29, the following solution for the dis-
placement at e due to cutting a slot of length 2a in a plate under uniform
stress T is obtained:

2 4 e2(1 - )
Vaz + 92

If the displacement is measured across the slot then the total displacement,

2a

v =1l —e(1 - )] (32)

)

ds’ is twice that given by equation 33:

2 2
ds=%[[26 +e(1-v)_e(-l_v)] (33)
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10.0 APPENDIX B - LABORATORY TEST RESULTS

This appendix contains data from all laboratory specimens. A descriptive
alphanumeric label was used for each slot:

XX
YY

abcdXX/YYef

is the specimen number as shown in figures 26 through 29.

indicates side of specimen cut was made on: N is the north side; S

is the south side.

indicates the slot location as shown in figures 26 through 29.

indicates the cut orientation: H denotes horizontal slots where the

transverse stress was measured; V denotes a vertical cut used to
determine applied stresses.

is applied stress divided by 10, in psi, on the side of the cut.

is the applied stress divided by 10, in psi, on the side opposite

the cut. .

indicates the Pfender points location. For vertical slots, T is the

top set of Pfender points and B is the bottom set. For horizontal

slots, E the east set and W is the west set. The orientation of

Pfender points is shown in figure 31.

indicates additional Notations as follows:

20 mm, 60 mm was the spacing of Pfender reference points used to
measure displacement. Spacings of "20 mm" and "60 mm"
are indicated in the label. If no value is given,
40 mm spacing was used. ;

10, 40 indicates the time in minutes between the end of slot
cutting and the beginning of flat-jack pressurization.
Time lags of "10" and "40" minutes were used. If no
value is given, immediate pressurization occurred.

OFJ, 1FJd, 2FJ indicates that flat-jack set number used to determine
canceling pressures. Flat-jack sets used are "0," "1,"
and “2.* In most cases, set number 0 or 1 was used.

The stress gradients indicated (XX/YY) in the alphanumeric labels were

determined using a Whittemore mechanical strain gage with gage points
located adjacent to the slots and are labeled on graphs by a dashed line.
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The following results are organized by specimen number followed by slot
number. Positive cancelina pressures indicate compressive stresses while
negative (-) pressures indicate tensile stresses.

This appendix includes tables for modified Pfender gage readings at
various. pressures and linear regression, least squares, -results at various
pressures. The Pfender readings were modified based on changes in standard
bar readings. This appendix also includes graphs of measured canceling
pressures and internal applied stresses at various distances from the surface
of the specimen. The canceling pressures were plotted at the centroid of
individual flat jacks. The centroids are given in figure 21.
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Table 18. Stress measurement data for specimen 1S1V50/55T20MM.

i
% ! i
. ' :
t ! i i | !
'\ | -: S ;
O ° : s ! R S
1 i
i H i i i
; P | SO v ; o
i t ! { i i t i
. t B 3 1 . ~ :
: i P R U S ! P { i
i

H
i
Sy i
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Table 19. Stress measurement data for specimen 151V50/55B.

FFENDER READIMNGES

Flat Jack Internal Fressure
{psi?

0 | 100 { =00 | Z00 | 400 | o0 ! &0

.

—7.0

=100

£
. I

3 -
|

o

- . ’ .

N B i
i

if

~18.0

LEABT Z0USRES CURVE FPARAMETERS

Cut

8}
et
]
kel
1Tt

Y-Intercept Correlation Standard

Depth Ervror O+

!
l
!
| (Canceling
i
f

Cmimi} (el /lin: [

i

Frezs ,p=s1) timats

ifl

! !

20 4.0% ! E44 D.6626 i 05,3
! !

10 1.&7 ! 42.4

RN

g
4
i
r
.
Al
-

420

150



*8GG/0SALSL 40} 9|1404d SS3US PIIIIJU0dU QG 94nbL 4

up ‘ssoer 3e|4 $0 PloJlue) O] 8auess|(q

b1 21 81 8°0 g'e v'o 2'o

4 - 1] — 1 — k ] — 11 — 1 — T — | &

- 201
} sd
- 8@z
i ‘odnssoddg
-1 @0€ Buj [eoue)
) Moefl v |4
-1 2ev
00s
$88J31g5 |[evUJOQUT

— 889



Table 20.

Stress measurement data for specimen 1S2V00/00T.

Flat Jack Interrmal Fressurs
ipsil

Gepith

|

{mmy 0 ! 100 ] 200 | J00 ! 400 i S
i ] ] | i i

20 | &0 i &1 | 8.0 | Gl | &, 0 ! YO
! | ! i i ]

40 { 1o, Q | 14,0 | L &a O i 18,0 f R ! ]
i i i ! i i

A0 i L&, 0 i 1.0 i 2.0 | SH. 0 ! L0 i 5.0
! i ! . ! { !

g1 | 15.0 | 15,0 ! 24,0 ] S, O { 270 ! 44,0

LEAST SRUAREES CURVE FARAMETERS

Y-Intercept

Coetficient

I
!
l
] (Canceling
i
!

{l=Ewact Fit:

Standard

Error OF

1

metimat

4. 44 —&54 T, GE07

—
8]
8l
i
S
[s
o

0.
1.01 —i8a 0, FFEE
!
O. 58 —E26 ! D.FP4E
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Table 21. Stress measurement data for specimen 1S2V00/00B60MM.

FFENMDER READIMNGS

Flat Jack Internal Fressure
(psi}

jo

. P

z e} [
+ B

O | RaIN | AT | Z00 | 400 | Elate

{ ! ! ! ! {

o | L0 Lo TL0 .00 4.0 | 4,0
i i f i ! {

40 | 7000 P00 12,0 | 14,0 | 1%.0 1 18.0
| ! i i { !

& i L& i oo i i 200 | EE.Q ! 2.0 ! 2.0
l i ! i i {

20 | F.0 1Z2.300 ] Sl.0 EL-PNS ! IE.0 8.0

LEAST SCQUARES CURVE FARAGMETERS

Correlation Standard

L

]
B

T

Y—Intesrcept

Coetficient Evrror OF

Chal /Find (i=Exact Fit) Fztimate

0.8281

G FITO

=301 ! 0.985%

-+
-
L ]
- i8] :
- « - F

{4
Il
Lh
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Table 22. Stress

measurement data for specimen 1S4V38/49TK.

FFEMDER READINGS

Flat Jack Internal Fressurs

(psi)
s i 200 i GO0 | &

0y

e

RN

L
-

1.0
-2, 0

—&. 0

-7.0

iy,
i), )

Za

SCUARES

i

]

!

! !

{ NSEY ! 5
! i

! Denth !

! N

] {min |

{ks1/71nMm)

Y—Intercept

(Canceling

Fress.psi?

=60
a0

100

14,0

ey
‘.-7 u Wl
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Table 23.

Stress measurement data for specimen 154V38/49B.

FFENDER READINGS

Flat Jack Internal Freszsure
{ps1i)

s ! 20 o 400 !

&

! ! ] !
] 1.5 f 1.5 i 1.5 [
| ! ! !
| -1.5 i 0.3 ! 2.9 !
! ! ! !
| —4.5 i 0.3 ! D5, {
I ! ! |
| -5.0 ! =003 ! S.5 !
! ! l !
{ -2.3 | —~0 . 5 ! 2.5 I
! ! I !
! —-7 .5 | —1.5 ! 2.5 !
! ! | |
! —G. D i ~0. 5 f 10.3 !

1&.5
e

LEAST SAQUARES CURVE FARAMETERS

{fin 3

Slope Y—Intercept Correlation

(Canceling Coefficient

(ksi1/in) Fress,psi) {1=Exact Fit}

Standard

Ervror {OF

Costimate

s
e

—_—
O

i o= “r
e S&E

.87 211 1. Q000G
0,95 203 0O.7%95%

170 0.7899
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Table 24.

Stress measurement data for specimen 1S5H50/50W.

FFENDER READINGS
l -
Dt | Flat Jack Internal PFPressure
! (psi?
Lepth !
i
{mm) ! [ eiale ! 400 ! SO0
! ! i i
0 f 4.0 | 5.0 ! 8.0 { 13,0
I | ! !
EO ! —5.0 ! 1.0 | 4.0 i .0
i ! { I
4i% ! .0 ! 10,0 i 17.0 ! 24,010
} i | !
& { .0 { 2E2.0 [ 28.0 ! 41.0
! ! | |
80 ! 8.0 I 20,0 | RIS ! 42,0
LEAST SGQUARES CURVE FPARAMETERS
! I i !
Cut { Slope | Y-Intercept | Correlation ! Standard
I | { !
Depth ! | {(Canceling I Coetficient I Error 0Of
i ! i |
{mm?} ! tksi/im) | Fress,psi) I (1=Exact Fit) | Estimate
| ! i i
20 | T.63 I TEE ! 0. 2845 ! 8. 4
| | ] !
0 i 2.37 f 164 f 0.997E ! EE01
! | | !
40 ! 1.12 ! —-86 ! 1.0000 { 2,0
I ! | |
&O i Q.E= ! ~77 i i, 9804 | 2g. 0
| | | ]
80 o 0. 70 ! —-146& ! 0.9997 ! 10,¢
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Table 25. Stress measurement data for specimen 2S3V50/50T.

FFENDER READINGS

l -
Cut | Flat Jack Internal Fressure
! {psi}
Repth |
!
fminy | O | 100 | 200 i SO0 ! 400 | 500
| f J | ! !
20 =20 -1.0 i o.0 1.0 ! 2o E.0
! ! ] ! ! ]
410 o —1.0 | Q. 1.0 | S.0 Er o £ l 2.0
! f I i | I
L booo=5.0 Pk R DL S.00 2.0 | 11.0
! ! | ! ! {
20 Po—10.0 —H.0 ] -l.0 4.0 g.0 | 14.0
LEAST SLUIARES CURYE FARAMETERS
! | | !
Dot ! Slope | Y—Intercept | Correlation i Standard
I ! ! |
Depth ! ! {(Carnceling ] Cecetficient { Error OF
! ! ! !
{mm) 1 {hsisinty | Fress,psi? I {l=Exzct Fit! | Estimate
I ! ! i
2 { Z.94 ! S0 ! 1.0000 ! g
{ ! [ !
417 | 1.8& ] 10& ! 0.9726 I 7.z
] I ! I
& ! 1.15 i 172 ! O.940 { 4% .9
] { f !
20 | 1. 8% | 219 | 0.9785 f 1.8
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Table 26.

Stress measurement data for specimen 2S3V50/50M.

FFENDER READINDGS
| .
Cut { Flat Jack Internal Pressure
I ipsi)
Depth |
!
{(mm) | i | 100 ! 200 ! TO0 i &0 { =500
i I ! | | i
o0 i 1,0 i 2.0 | e i .0 i 4.0 ] 4,
{ | ! I ! !
40 1 —-1.0 | 1.0 | 2.0 4.0 ! &0 ! 10.0
! | ! | ! ]
& b =H. -2.0 | Q.0 5.0 I F.0 i 12,0
! | ! ! ! i
go 1 =1G.0 | =5.0 0.0 5.0 10,0 16.0
LEAST SQUARES CURVE FARAMETERS
i ! f i
Tt ! Slope | Y—Intercept I Correlation ! Standard
! ! ! i
Depth ! ! (Canceling | Coefficient i Error Of
! i | !
{mm? ! ihksiliny | Press,psi) I {i=Ex=ct Fit) | E=timate
{ i | i
20 I 5.71 | =150 ! Q,9710 I 10,0
| | | i
40 | 1.83 ! 7Y ! 0. 97B& ! 2&6.1
{ [ ! !
& i 1.03 I 167 | 01, 9958 l 8.2
| | ! i
2o I 0.7& | 198 ! i 13,4

0.99%3
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Table 27.

Stress meashrement data for specimen 2S3V50/50B.

FFENDER READINGS

! . )
Cut ! Flat Jack Intermal Fressure
i {psi)
Depth |
A
Cmim) 1 0 f 100 I 200 ! Z00 ! 400 I B0
! { f ! | !
LT 0.0 | .0 1.0 ] .o 1 4.0 1 Lo
! ! I i i |
41 =200 | 1.0 2.0 S.00 | 5.0 | g.0
I { ] | | !
& b 10,0 —&.0 0 —1.0 1.0 1 L 12,0
i i i ! ! I
g 1 -9.0 ! =40 1.9 i 7.0 2.0 1 E0.0
LEAST SRUARES CURVE FPARAMETERS
i ! ! |
Cut ! 51cpe ! Y—Intercept I Correlation I Standard
! i i ' !
Depth | ] (Canceling f Coetficient | Error Of
| ! ! I
(mm} ! thkeisZin) | Fress, psi) I fl=Exact Fit) | EFetimate
{ ! f !
2 i 20768 ! 110 ! D.F165 ! 1&67.%
! ! { !
40 ! 1.99 ! g | 0, P05 i 7. A
! ! | !
S0 ] .92 { 242 ! 0O.993E0 ! 49 .4
! ! i !
= | Q.69 ! 171 f 0,787 [ Z4.0

166



*80G/0GAESZ 404 3Ltjoad SS3UIS PajIdAUL0OdUf  °8G a4nbt 4

uj ‘syoer 3|4 FO Plouzus)y o] soueisi(

8°1
l

8°0
|

9'0
|

b°0
|

2o
i

1

L
=
=

ss8J43S

RuUJBGUT

aae-

8a1-

201

aae

%171

%1734

2as

} sd
‘eunsssJdyd
Bu} [eour)

woer v |4

167



Table 28.

Stress measurement data for specimen 2S4V75/75T.

FFENDEFR READINGS
Cut ! Flat Jack Internal FPressure
| ipsi)
Depth |
|
{mm? | Q b 200 1 400 | S0G | GO0 | TOo | 800
! f ! ! ! ! !
20 0 1.0 1 -4.0 1 =-4.0 | 1.0 Z.0 | .00 5.0
{ ! I ! | ! i
40 | 1o i oo 1Z.0 | 14,0 1 Z1.0 1 Z1.0 1 2.0
! ! I I { ! !
& —gan 1 =E0n | 2.0 H.0 | ?.0 1 17.0 1 i8.0
! ! 1 { { ! ]
g 1 —-15.0 0 —&.0 | 4.0 | 12,0 4 18.0 | 24.0 | Z24.0
LEAST SQUARES CURVE FARAMETERE
i ! | i
HREE N i Hlope | ¥-Intercept | Correlation ! Standard
| ! 1 !
Depth ‘ | {Canceling ! Coetficient ! Erraor Of
i ! | {
{mim? | {ksi1/1in) | Frese,psi) I (I=Exact Fit) | Estimats
| I | |
2 { Z2.41 ! 471 I 0.7701 ! 440, 7
i ! ! !
40 I 35 f -1 [ 0. 9866 i 112,182
| 1 [ |
&0 ! 1.14 | 284 f 0.9815 | 1322
| i i {
80 | 0,73 i 294 f 0.7913 ! HELD
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Table 29. Stress measurement data for specimen 254V75/75M.

FREMDER READINES

{mm) ] 0 ! polale ] 400 ! 500 ! & ! T ' S
i ! i i i ]
2 i —Z. i | —&. —1.0 =1 .0 ~2. 0 L. S
! i i i
i i =IO B =4, 2 I . 02 P 11.0

16,0

20 i
L

-
m
]‘}
n
~
i
i
-
)
m
m
41}
g
=
m
pS
Xy
D
iy
I
i
_..i
m
oo
i)

Cut Y-Intercept Standard

(Canceling Error (Of

O
Q
m
4
-+ !
pae
n
3]
2
rt

i
!
!
Depth {
|
!

Crnm ) Fress,psi) Eztimate

0, 7180

E=20

0. 990

—

a
o S
. TP
2 S B !

a0 1.21 378 2.5814 132.3
S0 fnL oo T9T 0. F9FF0 BEL4
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Table 30.

Stress measurement data for specimen 2S4V75/75B.

FFENMDER

READIMNGS

Cut

epth

Fiat

A

B Internal Pred

ipsi)

C - P .o e oy - o =
{enm} O o200 1 400 | SO0 | SO0 O | BOG
20 E.0 2.0 .0 2.0 5.0 N H. i

403

fas s

12.0

T

¢
;o

bt

LEAST SQUARES

CURVE FARAMETERS

1

=

Neoth

Crnm

Slope

Y~-Inter

(Cancel

Fress

JPE1

cept

ing

Cosft

oy 1y l
- a

i~

i1
~{
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Table 31.

Stress measurement data for specimen 2S5H50/50M.

FFENDER READINGS

Cut
Depth

{mim

Flat Jack Internal Fressure

(psi)

100

F00 i 400

| SO0

20

st

40

&0

80

a

12,0

18.0

25 0

14.0

22,0 2.0
S0.0 23.0

LEAST SRQUARES

CURVE FARAMETERS

Slope

Y-Intercepth
(Canceling

FPress,psi?

!
!
!
1
f
!

Dorrelation

Coefficient

(l=Enact Fit)

IXE

Etandard

Evriror 0Of

Estimalse

~340

~4721

=509

—EZ05

0.278&
0. 57904

0.97%1

0.298%5
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Table 32.

Stress measurement data for specimen 2S6H00/00MOFJ.

FFENDER READINGS
l .
Cat Flat Jack Internal Pressure
1 (psi)
Lepth |
[
(mmy | Q | 100 f 200 | E00 } 400 i =00
! | ! ! l !
20 { 4.0 | 4.0 I 4.0 ! baid i .0 i 2.0
I l f i ! i
40 S | VAR S 10,0 12.0 | 15.0 | 12.0
! i | | I |
&0 F.0 L= 17.0 | JE{ SIS B 29.0 1 29.0
I ! _ ! t ! !
=TI AR 14.0 | 12.0 2500 I0.0 L EFFLO
LEAST SEUARES CURVE FARAMETERS
| { ] !
Cut i Slope | Y—Intercept i Correlaticon ! Standard
i ! ! !
Denth | ! {(Canceling I Ceoefficient I Error Of
! ! ! b
{mm} ! {(ksisiny | Fress,psi) I {l=Exact Fit) | Estimate
! l | l
20 i 4.17% I —314 ! Q.9165 ! 167.%
t ] ] |
40 ] 1.42 ! —-158 ] D.9937 { 45,7
| | ! i
&5 ! 0.99 ! —-Z2E I 0, 9985 ! 2.8
{ { ! !
g0 ! .72 | —-144 ! 0.796% ! EFIL0
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Table 33. Stress measurement data for specimen 2S6H00/00MIFJ.

!

| FFENDER READIMNGS

!

! ! .

| Cut ! Flat Jack Internal Fressure

! ! (psi?

i Depth |

i |

! {mm) ! £ i 100 1 20 | Z00 | 4010 ! S0
i

] i | ! | ! !

{ 20 i RS | 5.0 ] 4.0 i .0 | 6.0 | 2.0
! | | i ! | i

i 4 { &2 { .0 | 11,0 ! 14,0 | 17.4 ! 21.0
i | i ] ! i |

! &0 i gZ.0 ! 1Z.0 | 17.0 ! 2.0 ! 230 ! I 0
! ! i t ! i !

! g0 ! 11.4G ! 16.0 ! 22,0 ] 28.0 ! ZE.D | 4.0
i

|

! LEAST SOUARES CURVE FARAMETERS

|

i ! | ! |

I Cut ! S5lops ! /—Intercept I Correlation [ Standard
! | | | |

{ Depth i | (Canceling ' LCoefficient I Errer Of
] ! | | |

] L} | (keisin) | Fress,psi? I (i=BExact Fit: ! Estimate
i i i ! i

i 20 | S.85 | 255 | 0, FOO0 i 182.4
! | ! ] i

i 4103 | 1.34 { -19Z | 0.929%4 i 40,0
] i i ] |

! 50 ! .21 | -193 | 0. 99873 ] 24,73
] i i | !

] g0 ! Q.68 | -18% | . 7991 { 18,0
i
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Table 34.

Stress measurement data for specimen 2S6HO0/00M2FJ.

FFENDEFR READINGS

F

l1at

Jack

Internal Freszzure
(psi)

0 f 1

00

| 200

00

| 400

! =00

41

S0

80

]
A ]
|
o !
!

i ] 1

P
o ld
2.0
2.0

p—
—
.

)

1

19.0

4.

LoV

o

.0

0

T

~

,f':;_u‘x
20,0

SGUARES CURVE FARAMETERS

1

{

! Cut
|

I Depth
!

(mm?

¥Y—Intercept

(Canceling

Fres

n

peil

i
i
!
!
!
!

Correlation

Coetficient

{1

Ex

act Fit)

Standard

0+

Error

Ezstimate

-192

~-198

—210

G, Q583

1., 92983

0D.9913

Q.9F75

180
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Table 35. Stress measurement data for specimen 3N2V70/75T.

FFEMDER READINGS
f .
Cut ! Flat Jack Internal Pressure
J (p=sild.
Depth I
!
{mm) ! O { 00 ! EO0 ! 00
! i } i
=0 ! —&. 4 | -4, 5 ! —2.6 | 0.4
! I ! [
S0 I -6. 3 | ~3.7 ! =, 5 I 5.4
! ! I l
417 f -15.& ! -83.46 ! -1.0 ! 7.4
1 | | !
SO ! ~1&6.4 I ~7 .6 ! 2.4 ! 14,3
] ! ! i
50 ! ~24.,2 ! —13.5 | ~5.7 ! 12,0
! f | !
FG ! -30.6 ! -14.4 | 0.4 i 16.4
LEAST SEUARES CURVE FARAMETERS
! i ! |
Cut ! Slope b Y-Intercept I Ceorrelation I Standsard
! | 1 !
Depth ! 1 (Canceling | Coefficient | Errcr OF
| ! ! !
{mm) ! {ksi/in) | Fress,psid ' (i=Exact Fit}) | Estimeate
! ! ! i
20 ! 5.19 ! 83% ! 0.9927 ! B3I.2
| | ! !
0 ! 2.48 | 572 { 0,.9542 ! Fo0.8
I f I I
A ! 1.524 | 524 ! 0.999% ! 2704
! | 1 i
=50 ! 1.13 | 505 ! 0.,2930 i 42,7
! i ! !
G { 0,79 | S3I0 ! 0, 9937 ] Ta4.7
! i ] i
Fin { Q.75 { 587 ! 0.999% ! 8.4
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Table 36.

Stress measurement data for specimen 3N2V70/75B.

FFENDER READINGS

Cut

Depth

Flat Jack

Internal

(pei)

Fressure

Crom ) 0 i FZO0D | HOO ] 200
20 -&5. 1 -4.1 —0, 3 2.7
S -10.4 -5.3 1.7 7.7
40 ~1&6.73 A .7 7.7

-17.

w
~

LEAST

SQUARES CURVE FA&RAMETERS

in
s
]
|
i

Y-Intercept
(Canceling

FPress.psi)

I
!
!
|
|
|

Correlation

Comfficient

{1=Emact Fit)

Standard

Error Of

0,9
D, P

oy
.72

O, 996

2. 9985

0. 2997

0. 9599

0. 9992

0., 9959

26.8

1Gal
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Table 37. Stress measurement data for specimen 3N3V51/42T,

!

i FPFENDER READINGS

I | A

| Cut ! Flat Jack Internal FPreszure

i ] (psi)

! Depth [

! !

! {mm ] G ! 200 ! 400 ! SO
! ! | ! !

! 20 ! 5.9 ! ~& .4 ! —Z2.4 ! ~2.4
l ] ! i 1

I 0 I —7 .4 i 5.8 { —Z.4 | 0.5
! i | I |

! 41 I -1Z2.4 ! ~¥.b [ —-Z.4 { .2
! ' l ! !

! S ! -15. 4 ! -2.4 i -2 ! 4.5
! | | i !

! HO i ~-18.8 I -11.4 { -2 7 ! b3
i | ! i }

f 7 ! —2%.8 | ~-1%.4 | —-Z.6 i 7.2
i ! | | !

' g i 2401 f -18.& ! -7.1 ! G0
I

i

i LEAST SQUARES CURVE FARAMETERS

[ .

f i ] ! i

| Cut ! Slope I Y=Intercept | Correlation | Standard
! ! I ! }

i Lepth ! | {(Canceling I Coefficient I Error OF
! { ! { !

| {mm? ! (kei/in) | Fress,psi) I {l=Ewxact Fit) | Estimate
!

i | ! ! i

i 20 H 4. 24 ] a7 [ G.9978 ! 27.5
{ ! | ! |

! 0 i 2.34 ! =84 | 0,955 I 41.83
! ! | i |

| 4% i 1.50 ! 494 | 0.9932 i 17,2
! i I ! !

! Sl | 1.17 1 470 { D, 9993 | 16,73
{ | [ f i

I & { 0,93 ! 458 | 1. 9989 ! 20.7
| ! | ] !

! 70 ! 0.79 | 4567 | 0.9994 J 1.3
i | 1 | ) |

! g0 ! D.74 | 532 i 0.9959 ] 40,7
|
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Table 38. Stress measurement data for specimen 3N4V55/46T.

FFENDER EREADINGS

{
Cut ! Flat Jack Internal Fressure
| (psi)
Bepth |
i
{mm? i i ! 200 [ 400 ! SO0
[ ! ! f
2 { 0. l Q.2 ] 1.8 ! S0
! I | !
RN | ~Z. i ! -1.8 | 2. | 5.3
! [ i |
4 ! ~8.0 | ~3.0 ! -1.0 { 4ok
| ! f !
S0 { —-20.4 | -16.2 | -%.9 | -2.2
! | | !
& ! =25 .0 | —-18.0 [ —10.3 ! 2.0
| | ! i
70 ! —20. | -17.5 ! —8.0 ! I 0
! { 1 !
80 ! —2F. 0 | -21.7 I -11.83 | S
LEAST SQUARES CURVE FARAMETERS
! i ! i
Cut f Slepe I ¥Y=Intercept I Ceorrelation I Btandard
i ! ! [
Depth | | {Canceling i Coefticient I Error Of
i ! ! ]
{min? [ {ksisinJ | Fress,p=1? I {l=Exact Fity | Estimate
] i ! !
=0 ! 7.08 ! ot i D.7487% ! 141.%9
! ! ! I
D { 2. &0 ! 252 ! O.7811 I B&. D
] ! ! !
4 { 1.85 i 410 ! 0. P04 { 651.9
I ! ! !
S0 ! 1.27 ! HPE i G.9918 i 57.2
! ! ! !
&1 { L.o03E ! HED ! 0. P99E ! 16£.9
i » | ! |
7 | 0.84 { S92 1 C.2955 ! 7.4
| i ] ]
g0 I D.30 | 616 1 0.394% i 48.0
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Table 39.

Stress measurement data for specimen 3N4V55/46B.

FFEMDER READINGS

Cut

Depth

Flat

Jack

Internal Fressuwwe
(psti)}

{mm? ] | 200 | 400 | SO0
20 —. ~0. 8 0.8 i.8

~17.1

-17.1

-20.5

Slope

(ksi/ind

Y-Inter
iCancel

FPress,

cept
ing

psil

Correlation

Coefficient

(1=Exact Fit:

Errocr OF

Eztimate

7

8a

S.70

Z.82

1.90

.20

1.03

0. 84

.78

Q.9958
G, FEET
0. 7549
0.9921
0.9597
0.9979

Q.97949

16.%

435,35
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Table 40.

Stress measurement data for specimen 3S5H50/50E.

FFEMDER READINGS

Flat Jack Internal Fressure
(psi)

‘mm) 0 | 100 | SO0 | RINIS
i

20 | 1.7 1.7 0.7 1.7
|

0 i 2.7 S 7 4.7 6.7
i

40 i 4.7 5.7 7.7 10,7
i
]
|

4

11.2

11.7

12.7

-0
)

LEAST SQUARES CURVE FARAMETERS

Slope

{(ksi/im?}

|
!
|
!
i
!

!
!
I
!
[
!

Correlation

Coetficient

{(1=Exact Fii}

Standard

Error

Estima

i

=

e

!
!
|
|
!
|
]
|
!
{
{
i
|

-19z

=218

T ey
g

-201

-161

!
i
!
|
l
|
!
!
[
f
!
I
l
!

—. 2582

Q.2827

1 =l
0, 9757

0.9790

0. 9593

0.59938

0.9973%

21600

41,4

48.

jig}

8.2

4.8

16.4

192



*30G/0GHSSE 404 9lLjoud ssauls pa312094402uf)

ut

‘syoelf B[4 $0 PlOJIUB) O] Bourassi(
&hﬁ mm& wma M& 2

a——

T _ T — 1 _ ¥ 1

*LL d4nbL 4

-1 BBE-

-1 B2~

i sd

-1 001~

i .m;:wwmg&mu
-& .L
“ ! ") Buyj {eouen

i Noer 3e|d

-1 001

-1 082

— BDOE



Table 41.

Stress measurement data for specimen 3S5H50/50WK.

FFEMDER READINGS

! .
Cut I Flat Jack Intermnal Fressure
] (psi}
Depth I
]
{mm) ! 0 ! 10 ] 200 | SO0
! [ 1 {
20 ! 2.9 { 2.9 | 2.9 f 4.9
i ! ! {
IO f .9 | 5.9 | bHa? I 8.9
| ! ! !
40 { .9 { ?.9 ! 11.9 ! 1%.9
! | | !
S i 7.9 i 2.9 ! 12.9 ! 16.4
i I ! !
&0 1 7.9 | 14.9 { 17.9 I 21.9
| | ! |
76 ! 11.9 i 12.9 ! 17.9 ! 22.9
i ! | !
80 | 13,4 ! 15.7 | 20,5 ! 23,48
LEAST SLHJARES CURVE FARAMETERS
! | I f
Cut ! Slope I ¥=Intercept I Cerrelation I Standsard
{ ! i !
Dephh | I {Canceling ! Coefticient | Error 0OF
! | ! |
{mn ) { {ksi1sin) | Fress,psi? I (i=Exact Fit}) 1 Estimate
I ! { |
=0 ! 3.94 f —-190 ! 0D.7744 ! 141,04
| I i !
0 1 2042 i ~244 ! 0.9923 | 27,7
i ! | !
40 | 1.&% I —308 { Q.2744 ! 5.7
i f ! |
50 i 1.756 | -257 l 0. FFE0 ' e
! | ! |
& i 1.00 f =240 ! 0.9954 I 1.4
! | | [
7 ! 1.03 | ~283 ! 0. 9836 { 40,73
] ! | !
80 ! 1.11 ! —267 ] 0.9%01 | 1.4
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Table 42. Stress measurement data for specimen 3S6H00/00E.

FFENMDER READINGS

Flat Jack Internal Préssure
(psi)

Cut

Depth

{mm? i ! 100 f 2090 ! E00 f 400

! ! ! ! I

el | 1.1 ! -2 2.3 ! 2.5 ! s Y
[ ! [ | f

40 | 2.6 f 2.6 i a7 | 10.0 | 12,0
! ! ! ! !

B0 ! .3 I 1.7 I 12.4 i 1&. | 22,9
i f ! ! !

20 | 73 ! 11.0 ! 24. 48 f i, s | 25.0

LEAET SLUARES CURVE FARAMETERS

Cut Y-Intercept Correlation

Depith (Canceling Coefficient

o

K

‘1 B

0
P

i

_+*‘

Lmm) Fress,.psil (l=Exact Fit}

=0 I.92 =3 Q.779% 1%8. 2

50 0.9 —-122 0. 9BEY 22,7

[3%
Ln
b

!
J
i
-0
]
o
o
—
~j

—-103

196
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Table 43. Stress measurement data for specimen 3S6HO0/O00WK.

FFENDER READINGS
| .
Cut ! Flat Jack Internzal Fressure
! {nsi)
Depth !
!
{mm { 0 { 100 ! =200 ! Z00 i 400
! | ] i !
Z0 | -1.4 | —-0.F 0.6 | -1.4 | R
! I i { f
4 | —0.5 | Z.0 4.8 | A S F.0
! l ! ! !
&1 ! 4.5 | Fo | 1Z.0 | 17.0 | 22.8
| ! ! ! !
i ! 4.7 1 .7 14.3% 19.7 1 Z5.0
LEAST SQUARES CURVE FARAMETERS
! l f !
Cut | Slope i ¥Y—-Intercept I Correlation I Standard
i { ! !
Depth | I (Canceling I LCoetficient I Error OF
! | ! !
s ! (ksi/in) | Fress,psi) I {i=Exact Fi1t) | Estimate
! I ! i
&0 i Zo01 [ 193 ! n.710% i ERE2.8
! f I i
40 ! 1.6% | 2 { 0.9925 i S =
! ! i !
&0 | .38 ! —-25 ! 00,9974 ! 22.8
I | I !
8o | 0.78 | -0 ! 0.9996 ! E

198
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Table 44.

Stress measurement data for specimen 4N1V00/00T.

FFEMDER READINGS

Dt

Depth

Flat Jack

Internal
{(psi)

Fressure

{mim) 0 i 100 | 200 | 00
{ { { !

i ! b2 { 5.9 { .6 i Z. 7
i ! I |

G i Sl ! .7 | 7.7 i 1.0
I ! | i

A4 | 3.9 { &, 2 i 9.8 ! 1.3
I | | !

=0 ! 7.0 f 10.& [ 14.4 { 18.5
| i { !

&0 ! 7.5 ! 11.3 | 17.5 ! 21.8
! { f |

7O i 16.8 ! 21.0 | 2h.0 | 2.9

LEAST SQUARES CURVE FPARAMETERS
Cut Slope Y-Intercept Correlation Standard

(ksi/in

(Canceling

Fress,psi?

Erroer Of

Estimate

.80

0.83

—. 0778

0.9769

- JU—
GLRT7ET

3.9985

0.9971

0.92%3

22,9

it

[y

"
44
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Table 45,

Stress measurement data for specimen 4N1V00/00B.

FFENDER READINGS
! .
Cut ! Flat Jack Internal Fressure
i (psi)
Cepth !
!
{mm? ! Q | 1030 | 200 i TO0
! | | {
20 ! 4, = | 5.0 f 9.3 i a0
! ! ! i
0 ! 4.8 { T.B I .8 i ?.8
! ! i !
41 l 20T i Teb ! 10,4 | 13,6
! ! | |
=0 | .6 ! 10.6 | 14.4 i 18.6
! i ! i
S0 ! Tab ! 11.9 I 16.& ! 21.6
! ! ! !
70 ! i5.1 ! 19.4 | 25.1 ! 2901
LEAST SEUARES CURVE FARAMETERS
! ! ! !
Cat ! Slope I Y-Intercept I Correlation | Standard
i ! i {
Depth | f (Canceling I Coefticient b Error 0OF
! f I |
(mim ) ! (ksi/in) | Fress,psi) I {l=Exact Fit) | Estimate
| i l !
20 | 713 | —-7873 ] 0.9892 ! 2.8
| | i |
=i I 2.27 | 255 | 0, 9898 i 1.9
! ! i |
40 ! 1.20 ! —12G | 0.9977 | 13.0
f [ I |
SN i .98 | -165 i 1. 0000 ! Q.0
I | I i
&HO ! Q.84 | —-139 ! 0.99%4 ! 7w
! ! i i
7 ! .82 I -Z13 | 0.9278 ! 14.8

202
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Table 46. Stress measurement data for specimen 4N2V95/118T.

FFENDER READINGS

Flat Jack Internal Fressure
(psi?

Cut

Depth

{mm) O | 00 | &HO0 ! QG

20 -Z. 1 —2.3 —i3. 7 2.8
Z0 -11.73 -7.5 —-Q. 4 5.7

1¢.4

14.4

{
b3
D.
P

|
-
s
)

12.1

Slope Y-Intercept Correlatioen Standard

Error 0OFf

1 i
| !
{ !
! (Canceling i Coefficient
1 {
l |

{(ksi/in? Fress,psi) {1=Exact Fit) E=stimate

i | ! |

=0 i 5.35 l =570 ! 1, G457 i S )
| ! 1 !

0 ! 2,00 | &21 l 0, FHEE ! LB
] | ! !

41 I 1.731 I =TT ! IR ! R
! i ! i

S { Laini i =8 i U, R i 13,4
! i I !
i 0. ! & ! G, HRRg ! (D
i ! ! {

F I G, FE i S { O, WRHE f 12,9
i I l

Bl | . &4 ! 7l i 1000 ! 1.5
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Table 47. Stress measurement data for specimen 4N3V93/22T.

FFENDER READINGE

Cut Flat Jack Internal Fressure

(psi)

Depth

{mm) ! 0 | 00 i SO0 f GO0

5
|
o
“~
i
o~
s

RN -17.3 ~i2.8 —~7.3 —1.%
40 —Z1.5 -14.3 —H.5 2.

o =29 .8 =203 -9.7 1.4
-25.9 =12.4 0.0
70 -0, 5 34,05 -18.0 —-1.

iy
l
4
~§
9

a0 -51.1 -3, 8 —-15.73 2.0

LEAST SLRQUARES CURVE FPARAMETERS

S Cut Slope Y-Intercept Correlaticon

| ! !
[ i i
i ! !
Lepth | | iCanceling Coefficient [ Error
[ ! i
| l i

{ Mt ) tk=i/sin) Fress,psi) (1=Exact Fit)

4.80 27

. R o
I GT7E 0.9986 SIS

2.11

i .14 370
[=1% O.HAE G0 D.2%%98 12.0

0, 73

!
|
!
|
!
0.F990 i 27.4
!
i
i
!
f
!

0.9999
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Table 48.

Stress measurement data for specimen 4N3V93/22B.

FFENDER READINGE

! .
Cut I Flat Jack Internal Fressure
! (psi)
Depth !
l
fmm? | | 00 | SO ! FOO
! | ! !
=i | ~-F. 35 ! -7.= ! -4, ! -1.3
| i ] !
A0 I -1%.1 ! -14,1 ! -8.1 | -1.1
! ! { !
4 ] -23.1 ! —1&01 | =71 f 1.6
! ! | |
S50 ! =20, 4 ! -20.9 | -8.5 ! D.b
i | ! !
&0 l =40, 0 | ~27. 2 | -12.5 ! 0.5
i | { i
7o | -51.8 | -35.8 ! -18.0 ! —1.6
! I ] !
80 i —-47 .2 ! —-EZ0.7 1 -11.7 ! 5.2
LEAST SEUARES CURVE FARAMETERS
! ! ! i
Gt ! 51ope I Y-Intercept I Correlation I Standard
i i | |
Depth | ! (Canceling ! Cecefficient ! Error 04
{ i ! !
(mm?} t (k=i/ind | Fress,psil I (l1=Exact Fit) | Estimats
i J ! !
20 | 4.73%4 i 1048 ! O, 9959 i L. &
| ! i |
F0 1 1.96 | 979 | O.9972 | 49.9
] | ! !
4 1 1.41 i 831 { 0.5985 ! . 8
! | | I
S R 1.11 | B&9 | 0. 99835 { x8.9
l ! ! ]
&D | .39 | 712 ! 0. 9995 ! 8.4
| | I !
702 ! G. 69 ! L0 | Q. 9998 ! 12.5
! f [ !
g0 ! Q.67 ! 809 [ 0. 299% ! 20,2
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Table 49,

Stress

measurement data for specimen 4N4V84/37T.

FFENDER READINGS
i .
Cut ! Flat Jack Internal Precssure
| {psi)
Depth |
!
L mm ) | Q | T00 | HOO I 00
! ! ! {
20 i -4.3 ! =L 0 ! 0,0 ! 2.0
i { } f
0 { —-10.2 ] ~7 0 J —2. 10 ! 4.0
i | I [
40 { -14.% I ~8.3 | -1.3 | &.5
! [ f i
50 ! ~1F.0 l -11.2 | -2.0 ! 8.0
| f ! !
Al | ~24 .8 f —-146.5 { -4.5 ! 8.0
i ! ! _ [
70 ! -31.8 { =Z20.5 | 7.5 | 8.7
| ! { !
219 } —-35.0 ! -21.8 ! —H. i 1.0
LEAST SOUARES CURVE FARAMETERS
! ] | !
Cut | Slope I Y—-Intercept I Correlatien | Standard
i { | !
Depth { ! (Canceling I Ceefficient | Error OGFf
I ! i ]
{mr) ! {ksisin) | Fress,psl) I {l=FExact Fit) | Estimate
} | | f
20 | S9.29 ! 6HZ8 ! 0. F900 I F4.8
] ! ! 1
0 ] 2.44 | H85 f 0.99173 i B8, -
! | | {
40 i 1.72 | 41 | 0. 9984 ! RPN
! | i i
S0 ! 1.31 | 651 ! 0. 7985 { T&.8
] i I |
&0 | 1.08 ! 704 ] G, 9945 ! S5, T
] I i !
70 ! .87 ! 7EE ! 0.2766 ! F3.0
I [ ! |
20 f .77 | FOX f 0. 9985 | 9.2
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Table 50. Stress measurement data for specimen 4N4V84/37B.

FFENDER READINGS

Flat Jack Internal Fressure
(pel!l

i | OO0 ] &0 ] Q00

i ~-12.2 -8.0

£od
.
L
[y
i
m

o0 2100 1=, e

t

!
4

|
4

7 ~EE.E 2.2 ~7.0 7.
B0 ~-37.7 ~24.,0 ~7.5 =

LEAST SBUARES CURVE FARAMETERS

in
s
O
T

il

Y-Intercept Correlation

[
h
3
)

! !
I |
| I
[ Canceling I Coefficient
! !
] {

Fress,peid {l=Exact Fit)

803

791

706

S0 .36 &2 0. 5788 SE.

0
8

b 0l AN w
2
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Table 51. Stress measurement data for specimen 4NSH88/22E.

FFEMDER READINGS

Cut Flat Jack Imnterral Fressure
{psl/
Depth

L) 0 f 100 ! 200 ! 200

1
20 4.7 4ob 5.8 ! 2.7
]
EO s.7 5.8 .8 ! ?.7
A0 10,0 1.4 .0 14.9

=0 g.2 .G 13.8 16.8
HO 11.0 14.G

7O 15,7 18.2 2. E Zaa.d

LEAST SQUARES CURVE FARAGMETERS

!
Cut i Sloepe Y—Intercept Correlation Standard
I

! ! !

{ ! !

| | !
Depth | {(Canceling i Coefficient I Error Of
! ] |
1 | i

{mm) | (ksi/ind Fress,psl) (1=FExact Fit) Ectimate

20 7 .80 —850 GLFLER 1.4
O .39 ~517 0.9ET7 87,5

a0 2. 14 ~E05 =
50 1.8 (L 681 T

1.06 0.9978

—t
a
[XR}

.....

I
!
!
i
I
0.9687 ! S5
!
!
!
!
!

!
il
¥4
D

70 1.1 —-42% . 7947 i 23,0
!
80 .86 -311 Q.9927 | E7.0
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Table 52.

Stress measurement data for specimen 4N5H88/22W.

FFENDER READINGS

c

Depth

;
L

Flat Jack

Internal

{psi)

Freszure

Cmm? i O | 10 | D0 i B

20 5.l 4.1 4.1 4.1
A S b 6.3 7.3 P2
40 gL 5 ?.5 11.8 1Z.5

£

[

12.2

15.

n

21.2

JENEI =

7.3

LEY

2

h

3T SQUARES

CURYE FARAMETERDS

{min

}

Slope

(ksi/in?

Y1

ntercept

{iCanceling

Correlation
Coetfticiznth

(l=FEwart Fii)

~391

o L
. ; !

~. 7746
0. 9TIY

oy

0. F4E59

0.9705

0. 9785

P
e =
wdets 7
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Table 53.

Stress

measurement data for specimen 4S6V23/117T.

FFENDER READINMGS

Cut

Depth

Cmom )

Flat Jack Imternal Fressure
{psi)

200 ]

A0

[ T ‘ 3
e =G . U 2.5

-9, 1 5.0 5.8
-1, 3 2.4 7.0

i
m
0
i
!
0

1%.32

LEAST SCUARES CURVE FPARAMETERS

Cut : Slope : Y-Intercept : Correlation : Standard
Lepth ; : {(Canceling : Coefficient : Ervror Of
{mm) : {ksl/in) ; Fress,psi) ; (l=Exact Fit) ; Estimate
=20 .34 16 0.9718 37,2
E0 2.79 157 0.%831 &a8.5
40 1.6 EFE G845 TE. 4

O, 90

0

254

LW ol
ey S

—

L
fd
]
o]
-0

1
w

Rl

. G0

Zd.hH

218
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Table 54.

Stress

measurement data for specimen 4S6V23/117B.

FFENDER READINGES

Depth

(min

Flat Jack Internal Freszsure
; i

0 | 00 ] 400

HO

20

34

. -
—7 Wi Lal Z.7
—_ 7

7

|
i
o
i
*
D)

[

Slope

Y-Intercept Correlation

! |
I |
| !
! (Canceiing I Doefficient
] |
| [

Standard

Error 0Of

() i (ksi/ini Fress,psi) (1=Exact Fit) Estimate
! i
=20 &H.33 f H0 .887¢ { Q&0
| i
10 noea ] el i 00,9958 { 2Z%.35
[ 1
; |

a4
4

295 0. P95

Oy

Q.7225

PR

ZE0 C.P965

271 0.997%

.

=94 0.9%974
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Table 55. Stress measurement data for specimen 5S0V43/87T.

FFENCER READINGS

Fiat Jack Internal Fressure
(psi)

0 ! 2010 ! 400 ! 0

!

=0 | 2.2 . | 2.9 4.4
i

S0 ! 2.4 -0, 4 Z. 6 D.a

n
O
.

2}
h
—
N

~4
sl
»
i

&
!
8

w

LEAST SOUARES CURVE FARASMETERS

Cut Y—-Intercept Correlation Standsard

“h

et

[}

i ! !
i { !
f { I
Depth | (Canceling oo icient I BEreaor Of
| ! {
1 I 1

{mm: {kgisin: Fress,psi) (1=Exact Fit) Estimate

(LT S

1 ] | {

20 i 9.26 ! -4597 | 0.8%97 i 195, 2
| i | |

RN ] 2.93 ] 201 | 0. 92&3 ! 8.3
! | | |

410 i .79 i 137 i 0.99590 t 2.3
| ! ! |

S0 | 1.27 240 ! 0. 2889 ! Y T
| i

& | 1.05 261 0,795 | 15,8
i i
|
|
]

1)
0
o
N
~a
1
In
4

]

it e e ca o v — e
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Table 56.

Stress

measurement data for specimen 5S0V43/87B.

FFENDER READINGS

Dot
Depth

{mm)

Flat Jsck Internal Fressure

{(psi)

F00

40

&0

{

i -0.3
i

i -Z.5
i

| -5, 1
i

| I £
{

! —1{1

}

i ~12.1

-
J

Q-
4.2

LEAST SHUARES

CURVE

FARAMETERS

ut

Depth

Cm}

S5lope

(ksi/7in?}

!
f
|
1
!
!

Y—Intercept

{Canceling

Fress,psil)

Correlation

Coetficient

(1=Exact Fit:

Stamdard

Error

Eztimata

1+

1.469

LR ]

1.06

.9

0. 80

17ZE

ey f

= P

0,903

0.9992
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Table 57. Stress measurement data for specimen 5N1V82/54T00.

FFENDER READINGS

Flat Jack Internal Fressurs
{psi)

Cut

Depth

{mm? 0 | 200 | 400 ! &0

20 e =32 -1.8 D04

=0 —-8.9 —-5.6 — e A Q.2
-10.6 -5.5 =, &
i) -17.4 -13.64 —&a i 0.4

wa mme mmm e e mmm o e oa = e o paan —

SOUARES CURVE PARAMETE

R { =lope i Y—=Intercept

i
!
|

i I (Canoeling |
i
!

{ i ) i fheiliny | Fress,psil

{ ;
@01 4,95 | SR 1 . .
; l ! |
30 i 257 i OB i 0. FFIP % 47,2
; i | |
an 176 ) &30 ! L5941 | 43,7
| l |
S LeE7T S0F ! 0,995 ! LS
1 | |
50 | oLeE £16 0. 9797 : £
!
i
i
|

:U
L
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Table 58. Stress measurement data for specimen 5N1V82/54B00.

FFENDEF READINGS

Flat Jack Internal Fressurs
{(ps1)?

g
iu
h»]
i
0

i ! EO0 i 400 i &00

—-10.4

% ~E1.3 —-22.5 -13.4& -5 &

|
-
-
.
1
-
T
-
|
[34]
|
—
5y

-17.4

LEAST SQUAREESE CURVE FARAMETERS

Curt Slaope Y—Intercept I Correlation

Denith

['J
J
i1}
+
_’,l
=
[l
e
i 1D
. a
ol
m
5
k
=

!
!
{
| {(Canceling
|
!

Cmim } | (k=171 Fire

S5,psll

m

20

4,90

R 2.93 7IT 0,996 =

1.79
1,28

G596

&l 1. Q000

1-"::x
o~

70 G b 45 0. 9795 15,9
an 0.78 7EO 0. 5883 6B. T
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Table 59. Stress measurement data for specimen 5N1V82/54T10.

FFENDER READRINGS

! ;
Cut | Flat Jack Internal FPressure
I (psil
Deapth !
!
{mm) i O | 200 | GG i S0
! ] | |
=0 i -5, 73 ! . | —-2.5 ! ~1.&
! | | !
40 { ~17. 6 | -11.8 f —b.& i -1.5
I ! i |
&0 [ ~Z7 .6 i -19.6 | -10.6 ! -2, &
I | | |
i ! -Z8.7 i -Z%.1 | -1E.6 ! iy &
LEAST SHUARES CURVE FARAMETERS

Slope

(sl /1n?

Correlation

“h

Coetficient

{l=FEwact Fik}

Standard

o

Estimate

24

&H. 07

1.48

Q.94

G.74

. PPEE

0.9994

O.7997

0.9987
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Table 60. Stress measurement data for specimen 5N1V82/54B10.

Flat Jack Internal Fres
{pei?

e

i

]
n

1]
o
r‘_!‘ I

0 ! S00 | 400 ! S0

i~
i
C2d -
Ny 0 O
.
I
-
i3
0~

-3. 1 -z
A0 ~28. & ~20. 4 -11.64 -3,
30 ~3F.6 ~T0. & -19.6& -8,

o-

.,\j

i

LEAST SQUARES CURVE FARAMETERS

Cut Correl ation

i
o
s
0

!
Denth i Coefficient

!

i

{mm {(1=Ewact Fit:

i
H

! | ] i

2 | 4,54 ] 301 ! 0, 9898 i H5.83
} | | |

0 i 1.54 | TS5 | L A ! i7.
| | | i

&0 | 0.%94 | A37 } 0,598 | 7.8
i | ! |

a0 ! .78 | 774 ! 0O, P90 i 20,
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Table 61.

Stress measurement data for specimen 5N1V82/54T40.

FFENMDER READINGS

Flat Jack Internzal Fressurs
psi)

O | 200 | 400 ! SO0

e ud b

B

—5.4

=
RS o e

!
—
[

~4

|
fou
i

~40, 4

i
i
!
et

il
o
1

I

LEAST SOUARES CURVE FARAMETERS

Cut
Gepth

(i

Slope Y-Intercept Correlation Standa

| l

! !

! !

! (Canceling I Coefficient Error
| !

i !

{(ksilin (l=Exact Fit:

i
0
]+
e
a

Fress,psl )

o

! ! |

4.5 ! 778 ! 0,78394 ! a4, 7
| | !

1.48 | & ! 0.7%8% ! L
i | ]

G.97 ! 714 ! Q.95 ! 18. &
| ! }

.72 1 748 I 0,97%0 1 2.1
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Table 62.

Stress

measurement data for specimen 5N1Y82/54B40.

FFEMDER

READINGS

Cut

Pepth

{rmm?

Flat Jactk

(psi)

Internal

Fresgura

O i

400 !

|

!

!
—-1Z.7 |
!

-22.6 {
|

1

~Z0.7

—14.6

|
oM
Ja

20.6

LEAST SEUARES CURVE FARAMETERS

Slope

(lksilin)

|
|
!
1
|
!

Y-Intercept
(Canceling

Fress,psi?

g
O
it
~+

L

mdar

l.-'-l

Estimate

ga

84z

79

744

797

0.9848

Q.

Loos
RIS

0.9%980

0.2973

T

n

RS S

14,1

28.4
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s w—. . oo mm— e e e asem

Table 63. Stress measurement data for specimen 5S1V43/87T.

FFENMDER READINGS

Flat Jack Internal Fressurs

Dapti

|
!
] : (psi)
|
|
i

Cmm? O ] 200 | G0 | &0

)

0

403

!
..
ot
k-

-18.%2 -1d.8

-Z1.1

{2,
Loaln ol

24,0

~10.6 —E L E

LEAST SQUARES CURVE FARAMETERS

Cut Blopm> Y~Intercept Correlation St andard
|

(Danceling Coeftficient Ervor O

! ]
I !
i [
Dezppth ] !
{ {
i i

{imm: (k=i sing Fress,psi) {l=Exact Fit) Estimate

0. PEIY

~
Litn oo

=0 2. 456 A, Q. 9263 2.5

40 0.5929

ey
ot

S0 099G

0.99%8

!
!
!
!
i
!
i
75T ! 1.0
|
i
!
{
i
|

]
N}
]
g

L2871
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Table 64. Stress measurement data for specimen 5N4V72/48T.

FFENDER READINGZD

Flat Jack Internal Fressure
(psil)

Cut

Depth

{mn:) O ! 200 i 4000 | &

I —&H..% =T ~Z. 8 -0,

-10.1

—-16.0

-15.4

~E2. 1

i

Lo

S S ST
- 3 P

!

0

[

|

—

-327.1

LEAST SGUARES CURVE FARAMETERS

Y—Intercept Correlation

!

!

|

| {(Cenceling Coefficient
!

|

(sl ind (i=Ewant it}

=0y =40 e 0. 210 474

0 T.31 &4 . 9710 107,

&) 0.9 513 0.958% 71

o
]
~J
a8
0
—

i i

~[1

e e o o i come e wwap e bes e
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Table 65.

Stress measurement data for specimen 5N4V72/48B.

FFENDER READINGS

Flat

Jdack

Internal

(psi)

Fressure

&I

|
1

|
o
r

LEAST SRUARES CURVE FARAMETERS

5l ope

(ksi/in)

1
f
i
i
i
!

Y-Inter

Dancel

Fress,

ceni
ing

P5L !

|
t
i
!
I
!

Correlation

Coefficiant

(i=Exact Fit:

Standard

Error Of

Estimate

.82

D.467

[

=8€

D.B709
0.9531
. F908
0. 9989
O.97¢8

0.9991

0.99%6
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Table 66.

Stress measurement data for specimen 554V39/82T.

FFENDER READINGS

Cut

Depth

{(mm?}

Flat Jack

Internal

(psi!

Fressure

i 200

| 400

foLuIn}

20

—i e 0}
-4 F
~-5.5

10.¢

LEAST

SGUARES CURVE FARAMETERS

Cut

Dept

b

Cinm?

Slepe

(keisdin)

Y—Intercept

(Canceling

FPress,psi?

Correlation

Coefficient’

(1=Exact Fit}

Standard

Error 0Of

—

iou

it

=tim

ate

394

0. 9655
Q.97

0.9933

0. 9958
0.9957

Q.5997
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Table 67. Stress measurement data for specimen 5S4V39/82B.

FFENDEFR READINGS

Flat Jack Internal Fressure
(psll

Cut

Depth

{Wim) %] ! 200 ! 400 | &00

-1.7 -1.2 .2 E

40
10.3
S50

12,0

—-4.2 i4.2

i
i
S
P

|
1
|
!
|
|
i
=i } -5 7
|
|
i
|
|
]

-0 7

LEAST SGUARES CURVE PORAMETERS

Cat Slope Y-Intercept Correlation Standard

Dapth (Canceling Ceetficient Eriror Of

{mml {ksi/s1n) Fress,psi) (l=Exact Fit)

214

=04

214

246 . 2004
Ha IR ST 27 1. 00060 2.9
70O 1. 9% =82 (. 9967 IE.E

u
) b el "

4

~J

Iy

1

-0

19= 0. 9994 15,0
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Table 70.

Stress measurement data for specimen 5S5H38/80T.

FFENDER

FEADINGS

Internal Fressure

Cut i Flat Jack
! (psi)
Depth i
|
L min ) t O ! 100 ! 2007 | 0
20 5.8 =.7 7.8

14,0

w01
atall v

40,

et

LEAST SQUARES CURVE FARAMETERS

Cut
Depth

(mm?)

Slope

(ksi/in)

l
i
f
!
]
f

Y-Interocept

(Canceling

Fress,psin

|
|
|
|
1
i

Dorrel ation

Comfficiant

{(i=Exact Fit)

Standard

Ervor

Estimate

af

0, 8870

GLFTED

Q7962

954546

0.9853

0. 9999




b°1
]

-

ut
e°'1
I

*108/8EHSSSG 404 3L L40ud SSAULS PIFIBUL0IUf

‘syoer 3e|4 #0 PloJjue) o}

| B

a°1
]

8°0
i

|

9'0
I

1

ssuesis|(g

v'0
1

i

2'n
1

*20L d4nbi 4

| &

a0 9-

85—

1%]7% ) 2

eeeE-

802~

aai-

{ sd

‘ednssoedy

Bu} [eoue)

woer w4

253



Table 71. Stress measurement data for specimen 5S5H38/80B.

FFEMDER READINGS

Cut Flat Jaclk Internal Fressurs

(si)

!
{
|
Depth |
l
!

{mm? ¥ | 1o | 200 i 200

20

o
o

A Q.9
1606

14.2 RER

70 12.4 14.8 19.5 241

— e e mw aen e e e ma e

14,

~J

40.9

LEAST SGUARES CURVE PARGHMETERS

Elope Y-Intaercspt Correlation

!
!
i
| {Carceling
|
!

[
1]
g»!
i+
J

|
1
i
Cosfficiont 1 Eriror
!
{ksi/Zin) i

Fress,psi)

1491

—5bo

=0 1.60% -E1Z 72
A L -239 0.28732 2i.6

i)

]

; ~J
fi i it

~

i)

.

70 1.0D9 —-3536 0.2738 29.
8 0.79 =235 1.00006 i Coa G
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Table 72. Stress measurement data for specimen 5S6H38/80T.

FFENDER FREADIMNGS

Cut Flat Jack Internal Fressure
(psi?

Depth

(mm? 8] | 1Q0 { 200

{ ! !

41 | 1241 ! 13,7 ! 1&.4
! i |

S0 ! 11.9 | 12,2 | 16.%
! | !

&0 ! 15.5 f 165.9 ! 19.
i ! !

7o ! 2.0 I Z24.5 { 28.5
! ! !

20 ! 25.1 f 2hH.1 | Z0.1

LEAST SQUARES CURVE FARAMETERS

Cut Y~Intercept Correlation

lepth (Canceling Coefficient

!
|
{
i
i
!

(mm} fhksl/in) {l=Exact Fif)

S0 1.46 =423
&0 0. G%00 19.7

ae
7
|
]
ey
%3
]
I
Ny
§
m




*108/8EHISG 404 [Ljoud SSa4IS pajIaauodun "ol aJnbL 4

-1 601~
-1 B@8-
- } sd
7
-1 8@9~- ‘ednssedd

— Bu} [eour)

-1 80v~ Aoer e 4

-1 Bae~-

Uuj ‘syoer el 4 0 PlOJUS]) O] eouelsi(g
b1 2’1 &mﬂ mm& wm& ¢h& Nm& B

~ 1 L 1 1 &



Table 73. Stress measurement data for specimen 5S6H38/80B.

FFENDER READINGS

i .

Cut | Flat Jack Internal Fressure
! {psil
]

Depth

{mm} | 0 ! 100 ] )

11.2 ! 13,53

14.4

14.

4

R 0

;T L
L ltw

LEAST SHGUARES CURVE FARAMETERS

Cut Slope Y-Intercept Correlation

Depth (Canceling Coefficient Erroar Of

imm) tk=sisin) Frese,psi) (1=Ewact Fit? Estimate

0. 999

oo 1.53 —-3FE

i
|
[
0. 9TAE | 14, %
z
s
i
1.74 |
i

-
a
]
|
o
I.FI

27

258
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11.0 APPENDIX C - FIELD TEST RESULTS

This appendix contains data from all field cuts. A descriptive alpha-
numeric label was used for each slot:
TWabce

TW indicates that cuts were made on the tollway girder.

a indicates side of specimen cut was made on: S is the south side; B
is the bottom side.

b indicates the slot Tocation as shown in figures 45 and 46.

¢ indicates the cut orientation: H denotes horizontal slots and V
denotes vertical slots.

e indicates the Pfender points location. For vertical slots, T is the
top set of Pfender points and B is the bottom set. For horizontal
slots, E the east set and W is the west set. For bottom side cuts,
N the north set and S is the south set. The orientation of Pfender
points is shown in figure 31.

The following results are organized by slot number first then Pfender
point location (top, east, or north first, bottom, west, or south second).
Positive canceling pressures indicate compressive stresses while negative (-)
pressures indicate tensile stresses.

This appendix includes tables for modified Pfender gage readings at
various pressures, and also contains linear regression, least squares,
results at various pressures. The Pfender readings were modified based on
changes in standard bar readings. This appendix also includes graphs of
measured canceling pressures and internal applied stresses at various
distances from the surface of the specimen. The canceling pressures were
plotted at the centroid of individual flat jacks. The centroids are given
in figure 21.
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Table 74.

Stress measurement data for specimen TWS1VT.

FFENMDER READINGS
{ .
Cut i Flat Jack Internal Fressure
! (psi)
Depth l
I
{mm?) | 0 ! 200 b 400 ] AHOC
| ! ] !
0 ! 4.0 i 5.0 | &5 ! 8.0
! I | |
i ! 4.4 I 7.1 ! 1.8 ! 1Z2.1
! 1 I |
40 ! 5.6 ! b f 14.6 ! 18.4
I | 1 i
S0 ! 8.3 | 12.1 { 17.8 ! 2303
! ! ! !
&0 I 11.1 | 15.7 { 20.9 ] 27.4
! | | I
7O | 1006 | 16.4 ! 2.6 ! 0.6
! ! ! !
80 I F.1 I 17.0 f 25.% ! AT
LEAST SLUARES CURVE FARAMETERS
f | { ]
Cut | Slope I Y-Intercept I Correlation b Standard
! ] | |
Depth ! ! (Canceling ! Coefficient I Erroeor Of
| | ! i
{mm? I (ksi/Zind | Fress,psi) I {l=Exact Fit: | Estimate
! ! ! |
Z0 | S5.84 I ~574 ! 0.9931 | S2.4
! i { !
0 | 2.67 ] 309 i 0.5959 ! 40,2
| l ! i
4 I 1.93 | —ET I 0. 9959 { 40,4
f i ! I
S50 M 1.54 I —Z305 ! G.9264 ! 8.5
! ! ! !
&0 ! 1.45 f —-I92 ! £.9968 { 5.5
] ! ! ! )
7 | 1.17 | 305 | 0. 2987 l 2.8
| i I !
g0 | 0.89 ! -196 f G. 9990 ! Z0. 4
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Table 75.

Stress measurement data for specimen TWS1VB.

FFENDER READINGS

J .
Cut | Flat Jack Internal Fressure
l (psi)
Depth |
i
{imm?} ! 0 | 200 | 400 i LOO
{ ! ] ]
=0 i 2.0 | 2.4 | .4 | 5.6
i ! ! i
I ! .0 | 4.0 ! 75 | 10,3
! ! | i
40 I 4.0 ! 7E ! 11.2 | 15,7
| ! ] 1
H0 | 5.7 ! F.9 | 14.9 | 20.5
1 f ! f
&0 I 8.3 l 3.1 ! 18.3 | 24.5
i ! | |
7 ! 8.% ! 14,0 [ 20.7 f 27.7
i | ! |
20 | H. 05 | 14.0 ! A0 { ZE.8
LEAST SGUARES CLRVE FPARAMETERS
{ i | !
Cut i Slope ! Y—Intercept i Ceorrelation | Standard
| ! ! !
Depth | ! (Canceling I Ceoefficient [ Ervor Of
! | ! !
{mm) { {ksi/indy | Fress,psi) I (1=Exact Fit) | Estimate
i ! ! !
20 ! S5.96 f -218 ! 0.9454 i 145.8
I I ] !
0 | 2.98 | -174 i 0.9801 i 28.7
i ! ! |
40 ! 2.01 ! -191 ! 0,9974 I T0.T
| i ! {
S o 1.3%9 ! -217 ! ¢.9930 | =8,
! ' ! ! |
&0 | 1.46 ! —297 { 0.9982 i e
| ] { o
70 ! 1.21 l —244 I 0.39982 | Ea &
i { | l
80 | Q.89 i —-130 ! 0.998¢4 { 23.8
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Table 76. Stress measurement data for specimen TWS2VT.

FFENDER EEADINGS

! ;
Cut | Flat Jack Internal Fressure
I (psil
Depth i
I
{mm? ! O | F00 l A0 | GO0
| | | !
0 ! 2.0l | 2.4 ! =l ! 7.1
| I ! !
30 ! el ! 4.4 i 7.l I 1006
i ! ! i
40 ! 0.3 ! 4.0 ! 8.0 { 12.7
! | I i
50 I .9 ! 4.9 | 10.9 ! 14.9
! [ ! !
& | = ! 12.1 | 20.0 l 19.3
i | | !
7o ! 0.4 I 4.6 ! 11.3 I 18.6
f | ! !
80 { -Z.4 i 4.1 ! 12.1 1 19.8
LEAST SCOUARES CURVE FARAMETERS
i ! | .
Cut { Slope I ¥-Intercept | .Ceorrelaticon |  Standard
| ! i |
Depth | ! {Canceling I Coefficient | Error
I f { |
{mm? | {ksi/iny | Fress,psi) I {il=Exact Fit) | Estima
I ! ! |
el | 4,30 { -187 ! Q.8957 | 198.72
I | | |
0 | 2.77 I -1328 | 0. 2954 ! 4.8
! { | !
30 | 1.91 I —4 ! 0O.F9EE ! 4.4
! ! ! |
e ! 1.590 | -119 ! 009705 ! 137.%
I ! | i
i ! a5 { -297 | 0.2 ! 162,10
f i ! !
g9) f 1.22 ! 25 | 0,969 | RIS
! | | |
g0 ! 1.3 ! 21 i 1. 0000 l 4.2
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Table 77.

Stress measurement data for specimen TWS2VB.

FFENDER READINGS

|
Cut j Flat Jack Internal Fressure
{ (psi)
Depth |
|
{mm} i Q | 200 | LA ! &00
! ! ! !
20 f 1.9 i 1.3 | T i 5.8
! | | 1
0 ! Gu7 ! 00 | 5.7 { 7.8
f f I i
40 ! -9 | 2.1 ! Sl | g.7
| f ! i
S0 ! -1.2 ! 1.8 f &I ! 12,0
{ ! | !
& ! -1.3 | 3.7 | i0.7 | 12.7
| | { i
70 | ~5.9 . ! 0.5 | H.8 ! 2.5
! { | !
SHi f 7.9 I —D. 1 i 5.6 l Hek
LEAST SOUARES CURVE FARAMETERS
i ! I !
Cut ] Slope | Y—Intercept | Correlation i Standard
! ! ! f
Depth | | (Canceling i Coefficient | Error 0Of
! ! | !
{mm) ! (k=i/in) | Fress,psi? | (i=Fxact Fit) t Esztimate
i ! ! i
20 ! 4,42 1 —E7 i 0. 3671 ! SEE.7
| | ! !
E0 | 3. 27 ! ~58 ! 0.2%940 ! 20,4
| J ! !
4 ! Hae B | A ! G.99I7 I B, O
| f | f
50 ! 1.462 ! 5 ! 0, 9848 ! T7.6
| { i |
HO ! 1.54 § 26 | 0.9713 [ 106.4
! ! | |
70 | 1.28 f 187 ! GL.9P948 { 11.%
! | I 1
80 ! 1.12 ! 221 ! 0. 9980 1 28.1
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Table 78.

Stress measurement data for specimen TWS3HE.

FPFENLDEFR READINGS

f ;
Cut I Flat Jack Internal Fressure
! (psi)
Depth !
|
(mm) | 4] | 100 | =00 | 00
! ! ! !
20 l 4.4 ! 5.5 1 7.2 | 9.1
I I | |
() ! .8 ! 7.7 ! 7.9 | 8.7
! ! i |
40 I 10,1 [ 10.7 | 12.7 ! 14.7
i ! l i
S0 { 16,2 ! 17.7 i 19.8 ! 2E01
! [ i !
& { 19.%9 | 2.7 i 2.8 I 27.7
{ ! ! !
7o | 262 i 29.7 | 4.7 ! 4C, =
! | i !
80 ! 2707 | 2.7 | Q.7 f 45,7
LEAST SQUARES CURVE FARAMETERS
i I ! !
Cut | Slope | Y-Intercept | Correlation I Standard
{ { ! !
Depth I | {Canceling | Coefficient | Ertor Of
{ ! | !
{mm) i (ksidin) | Fress,psi) | {(l=Exect Fit) | Estimate
i ! ! i
20 | 2.58 i —Z0D ! 0.9845 { IRLE
] ! ! !
0 ! .87 | -597 i Q.FI53 | 7e.1
1 | ! |
40 | 2.38 I —-583 f D.977% ! 47.4
| ! i f
S0 ! 1.47 ! —5H69 i 0, 9844 [ RAE
i f ! !
T i i.E7 ! -&54 | . FbLED ! 57.8
I | | !
70 ! .83 ! —~541 ! 0, 9955 ! 1.7
| ] ! !
80 { Q.64 ! —447 ! 0. 9981 | 12.7
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Table 79. Stress measurement data for specimen TWS3HW.

FFENDER READINGS

Cut Flat Jack Internal Fressure

Depth

I
!
| (psi?
!
i
t

0] ] 100 | 200 ] =0

{mim )

20 Z.7 .4 Z.4 4.4
30 4.4 5.4 7.4 9.4

1.9

19, 0.8

n

S0 21.4 21. 6 24,4 8. 4
70 7.8 0.6 55, 7 403, %
g0 1.0 %4, 2 40. 4 4oz

LEAST SLUARE

O}
]
C
A
Tl
X
D
pi
D
=
m
_..‘
m
n

Dut Y-Intercept Correlation Standar

LDepth {(Canceling Doefficient Error OF

{mimm } tksisinm) Fress,pnsi ) {i=Evact Fit? Estimate

20 6.19 ~447% Q.5747

0 2,27 —23& 0.5898 31.9

40 0,7187

S50 .98357
& D0.940%

(.9920 2e.2

9]
jad)
|
(¥1]
-
fand

el
~
4

0.9905 0.7

80
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Table 80. Stress measurement data for specimen TWBAVN,

FFENDER READINGS

Fressure

!
Cut ! Flat Jack Internal
! {psi)
Depth f
I
Lmml ! 0 [ 200 | 400 | &HO0
i ! ! !
20 ! -4.9 ! 2.0 f -1.5 ] -5
} i ! |
0 ! 4.5 ! ~-5.73 ! -2.5 ! 0.3
{ | | !
40 | -11.4 ! —-8.1 ! =51 i -1.4
! ! { |
S50 | —1%.4 ! ~-11.8 ! -7.4 ! 2.4
LEAST SOUARES CURVE FARAMETERS
I ! | !
Cut ! Slope I ¥-Intercept I Correlation | Standard
| ! ! {
Depth | { (Canceling | Coefficient | Error OFf
! ] | , |
{mm | {ksisin) | Fress,psi} i (1=FEwact Fit) | Estimate
! i | ]
20 ! S.04 i 585 ! 0. FIELE | 157.2
1 | ! !
EF0 1 F.60 | A4 I 0.98%4 ! &4.9
1 { | |
40 | 2.7358 f LT ! 0.999E ! i8.2
| ! ) f ]
50 | 2.02 ! 748 ! 0.9785 ! Fz.b

273

!
!
!
{
l
!
1
!
i
i
!
1
{
!
;
|
!
!
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Table 81. Stress measurement data for specimen TWB4VS.
FFENDER READIMGS
i ;
Cut ! Flat Jack Internal Fressuwre
! {psi)
Depth !
i
{mm) ! I 200 ! 400 [ &0
] ! | ]
20 | -11.4 | -1i.4 ! -9.4 | ~-7.4
d | ! !
] | -14.1 { -13.1 | -11.4 | ~-g. 4
| ! ! !
4.0 i -19.5 ! -16.5 ! -12.5 ! -9.7
| 1 ! !
=18 I —22.1 ! —-19.3% ] —-16.73 ! ~-12.3
LEAST SQUARES CURVE FPARAMETERS
! ! i {
Cut i Slope I Y—intercept I Ceorrelation I Standard
! ! ! |
Depth l ! (Canceling ! Coefficient I Error 0Of
! f | !
{inm ) ! (k=i/inY | Fresz.,.psi? | (1l=Exact Fit) | Estimate
| ! ! !
20 | 5.0 ! 1561 ! 0.9439 ! 147.7
| [ I !
RAS ! .96 ! 1487 I 0.9724 ! 14,4
f i ! {
40 1 2.42 I 1211 f 0.9982 ! 27.0
] ! I }
S0 ! 2.41 { 1373 ! 0.9963 | EB.G
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Table 82.

Stress measurement data for specimen TWS5VT.

FFENDER READINGS
i _
Cut ! Flat Jack Internal Fressure
| {p=i)
Depth |
!
Lmm ) I 0 I 200 ! 400 ! SO0
| ! | [
20 | .2 ] 5.9 ! sHo1 ] 7.7
{ : | ! !
30 ! 6.2 | 3.2 ! 10,0 i 12.2
{ i I {
410 I 11.9 ! 14.8 } 17.8 | 2106
! ! ! |
=0 ! 156.9 ! 19.7 | 2ELT f 27.7
! I I |
&0 I 17.2 l 21.3 ! 26.1 I I2.6
| | i |
70 i 18.2 i 21.9 | 27.9 ! IE.9
! ! ! !
8o | 11.2 { 16.7 ] 24.4 { 2.9
LEAST SQUARES CURVE FARAMETERS
| ! | !
Cut ! Slope ! Y—Intercept I Correlation I Standard
{ | ! !
Depth ! ! (Canceling I Coefficient | Error OF
i | | !
{mm) { (ksi/in) | Fress,psi) I {1=Exact Fit) | Estimate
| | | !
20 t F.046 1 —-1145 { 0.2411 ! 151,32
i ! i !
0 i 3.97 ! —5E7 ! 0,992 ! 16.9
i I ! f
40) ! 2044 ] ~-729 { 0.2978 ! 29.4
! ! | !
S | Z.15 f —204 ! 0. 7968 ! ThH.0
i ! f |
&0 ! 1.5= ! —-&44 ! 0. 99473 ! 47.6
| I ! !
70 1 1.47 I -6351 i 0.9944 ! 47 .2
] ! | !
80 ! 1.07 ! —-282 ! 0.9954 | 41.9

277

|
1
I
|
|
!
!
!
{
i
I
|
l
!
i
!
!
!
f
[
1
!
!
|
!



*LAGSML 404 911404d SSBUIS Paldaduodun  “pLL dunbid

- BB21-

e

-1 0001~

. 1 sd

-1 8@8-

L tgunsseJdd m

- B@9- Buj eour)

yorgpg R[4
-1 B6av—-

-1 80e-

uj ‘syoer el 4 $0 PloJzue) o] eourys|i(g -
b1 el &mﬁ mma wm& vm& mh& .

I { | 1 1

— 1 — L 1 &



Table 83.

Stress measurement data for specimen TWS5VB.

FFEMDER READINGS

Cut

Depith

Flat

Jack

Internal

(psi}

Fressure

{mm? o ! 200 ! 400 { L0
20 5.2 &4 7.1 7.9

0

40

1o

y—_
AT
aat e S

26.73

27.9

,_'é o
a Ot a

LEAST

SEUARES CURVE

FARAMETERS

! f { ]
Coizt I Slope i Y-Intercept ! Correlation I Standard
| ! ! i
Depth | | {(Canceling | Ceoefficient | Error 0Of
i ! ! !
{mm) | (ksi/Zin) | Fress,psi) | (1=Exact Fit) | Estimate
i ! { I
20 ! 8.82 ! -1208 i 0.9956 i 54,5
| ! | !
0 ] 2.47 { ~-S=7 ! 0.97&% ! 7.0
! | ! !
40 ! 2.35 ! —-686 [ 1, 9992 ! 1.1
! ! . ! !
S ! HaoE1 i -S54 | 0. 9747 { 4%, &
I ! ! !
&0 ! 1.48 ! = ! G774 | A3
! i I i
70 ! 1.4% ! ~ S I 0, F879 ! &HF .3
| | l *
50 i 1.0z i —ZE4 f 0, 9955 ! 40, &
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Table 84. Stress measurement data for specimen TWS6VT.

FFENDER READINGS

Flat Jack Internzl Fressure
ipesil)

Cut

Depth

{om o | 200 ] 416 ] L0

2

H
]

!
]

i
~

|
1
|
~d

4
|
-
0

s
€
~{

L
~J

Lh

m

A -2.7 -4.7 1.3 10,2
Q0 i ~1l&. 4 -8.9 -1 11,163

LEAST SOUARES CURVE FPARAMETERS

Cut Slope Y—-Intercept Correlation Standard

Depth (Canceling

} i
I !
| ]
! Coefficient ! Ervror OF
| i
] i

{fripn } {(ksisin} Fress,psi) (1=Exact Fit) Estimate

20 S5.51 =18 0.98%99 E3.E
30 D.07 287 0.2993 8.4

0.,9997

Py
o
H

[y

10 L. 55 .0
&0 1.26 E0e 0, 7989 10,4
T 1.17 =21 0.9911 3%.56

]
r
i
i g
-0
1y
s
k.
i

79
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Table 85. Stress measurement data for specimen TWS6VB.

FFENDER READINGS

!
Cut ! Flat Jack Internal Pressure
| {p=si?
Depth !
|
{mm ) | £ ! 200 ! 400 ! SO
! f ! |
=20 ! 0.6 [ 0.4 ! 2.4 { 2.9
[ ! ! !
AN ! —. 4 f -1.6 ! 1.1 ! 4.3
} ! I !
40 ! 7.2 f —5.5 ] 0.2 | 5.2
| ! ! !
0 | -3.8 i -1.6& ! 4.7 ! 8.8
i ! i i
&0 ! 5.7 | -1.5 ! 2.9 | 11.°3
f i | {
7 | -5.9 | -Z.1 ] 4.2 ! 11.5
| | i !
=18 I -11.8 { -4.9 ! 4,7 i 1Z.7
LEAST SEUARES CURVE FARAMETERS
! : | 1 '
Cut | Sleope I ¥-Intercept | Correlation | Standard
i | ! !
Depth i ! (Canceling I Coefficient t Error OF
f ! ! I
{min) | {ksi/in) | Fress,psi) | (il=Exact Fit) | Estimate
! ! ! I
20 i 4.44 { 116 | 0. 8459 ! 238, 4
| I ! 1
=0 | R ! 229 I 0. 8540 ! 232,56
| ! | !
4 ! 1.90 ! &5 | 0.9972 ! FILE
{ ! ! |
S50 i 1.72 f 212 ! 0.9851 ! 75.9
i ! f !
5D ! 1.21 ! 251 i 0.98%7 ! &4, 0
I | ! !
7o | 27 | 244 ! 0.9832 { 81.5
i ! ! !
8o ! D.91 ! 290 ] 0.2980 [ 8.4
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Table 86. Stress measurement data for specimen TWS7HE.

FFENDER READINGS

| .
Cut f Flat Jack Internal Fressure
! {psi)
Depth J
!
{rmm) | 0 | 100 i L200 | Z00 i 400
i ! ! ! !
20 ! 0.0 —0.0 1.0 | R 112.8
! ! i ! ]
20 ! 7.9 7.0 9.7 10,9 | 12.9
! i | _ i !
4 ! 2.7 | 2.7 | 12.2 17.0 | 48.1
! f i | !
S0 | 16.4 17.4 | 21.7 1 24.9 Z.h
! | | | !
L | 21.7 22.0 | 2904 I FIEIL3
! ! ! I |
70 ! TE.8 RIS 42.7 | 42,7 | I2.E
! { ! ! !
B0 ! zF.T7 41.9 | 50.7 | D609 ETL0
LEAST SEUARES CURVE FARAMETERS
{ ! ! |
Cut | Slope I Y-Intercept | Correlation | Standard
! ! ! !
Depth [ ! (Canceling | Coefficient i Ervror- OF
! ! ! !
{mm?} | {ksi/in) | Fress,psi) I (i1=Exact Fit) | Estimate
l ] | |
20 ! D32 | =9 I 0. 8220 | 80.5
{ i | I
0 l 2.464 i 404 ! Q.93T27 I 1i4.0
] l | !
4 ! 1.31 ! —~254 ! 0.97Z=8 i S0.9
! f ! !
a0 ] 1.24 ] —49% I Q.R753 ! 48. 4
f i ! !
&0 | 0,87 | —-404 | Q.9547 } s&. b
1 | ! I
70 I 02,569 | —-540 i Q.9772 | 47 .5
i ! i i
8 ! 0. haE | -599 ] 0.2782 ! 45.5
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Table 87. Stress measurement data for specimen TWS7HW.
FFENDER READINGS
! .
Cut | Flat Jack Internal Fressure
] (psi)
Depth !
!
(mm) | 0 ] 100 | 200 | 00 | ERgty
| ! ! i {
20 l Se7 | 4.7 | 4.7 | 5.7 1 &.5
I ! | ! !
0 | 7.0 5.7 | 2.0 | 10.7 1 12.9
! I ! i !
40 ! 7.2 2.4 | 1Z2.7 16.7 48.1
! i i , ] |
50 i 15.6 | 18.2 | 21.6 | 25.4 | 4Z.6
f | ! i i
=1 ! 20.5 | 21.9 | 29.0 | 3.9 IZ.3
! ! f | !
T ! 2. ! /.20 42.7 1 49.2 | ZEL2
| f ! i !
80 ! 8.7 | 41.2 i 49.9 | S6.2 0 | Z3.0
LEAST SCQUARES CURVE FARAMETERS
! { | !
Cut i Slope I Y-Intercept | Correlatiaon | Standard
! ! ! |
Depth | l (Canceling ! Coefficient | Ervror O+
! ] ! ]
{min} | {(ksi/in) | Fress,psi) I (1=Exact Fit) | Estimate
! 1 ! !
20 | 4.35 1 -404 | 0.5%61 | 266.9
! 1 i {
0 | 2.30 | -Z41 ! 0. 2606 i B7.9
i ! 1 !
40 t 1.18 ! ~Z05 ! 0.99322 I 2&.0
1 ! { !
S0 | 1.19 I —4462 I 0.9966 ! 18.4
! | | !
&0 i .77 ! —~377 ] Q.B7ZE5 i 5103
! | | !
70 | .67 ] -527 ! 0. 9825 | 41.5
! | | |
80 ! 0,62 ! -581 ! 0.9810 ! 3.E
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