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SYNOPSIS

Further investigations are described in the development of a biaxial
glass inclusion gauge as a practical instrument for internal stress determinations
in concrete. With this technique the magnitudes and directions cf the required
host stresses are interpreted from the induced stresses in the gauge by
photoelastic methods.

Before discussing the new work the concepts and principal features of
earlier stress gauges are described and existing knowledge of the photoelastic
stressmeter is summarised.

Some elementary aspects cf concrete shrinkage effects on the gauge
readings are then discussed; the experimental evidence includes the problem of
inclusion stresses produced by shrinkase and superposed external loads.

The discussion continues with an assessment of stressmeter behaviour
under the action of two-dimensional stresscs of oppesite sign. Experimental
evidence is compared with a theoretical solution and other indirect stress
measurements using conventional strain gauge techniques.

The experimental results from both the shrinkage and compression~-tension
tests reveal significant anomalies in the inclusion stress distribution when
comparisons are made with calculated conditions., This feature, which has not
been considered by previous investi-zators, is discussed with reference to
the assumptions implicit in the theoretical solutions. An explanation is
proposed for the observed behaviour,

Finally a practical application of the stressmeter in a buttress dam
is described and the readings are compared with calculated stress conditions
for the buttress. Recommendations are made for the benefit of similar
applications in the future.

The thesis concludes by discussing the implications of the present results
to the photoelastic stressmeter method of determining stresses in concrete and

suggestions are made for topics of further study.
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NOTATION

outer and inner radii, annular stressmeter.
constants, axi-symmetric stress function.
Hiramatsu inclusion constants.,

cross-section area, dam buttress.

stress optic coefficient.

diameter of a disc or cylinder.

position of section centroid from dam axis.
position of W, from dam axis.

lenmth of buttress section exposed to uplift.
Coutinho inclusion constants.

base for Narierian. legarithms,

eccentricity of resultant force through dam sectien.
eccentricity of resultant force with uplift.
Young's Modulus and Poisson's Ratio, host material,
Young's Mcdulus and Poisson's Ratio, inclusion.
Young's Modulus, dzm foundation.

Youne's Modulus, Poisson's Ratio in compressicn.
Young's Modulus, Poisson's Ratio in tension.
material frinse value.

shear modulus.

total horizental water load on dam buttress.
annular inclusicn constants.

stressmeter sensitivity parameter.

shrinkage and thermal constants, annular inclusion,
Coutinho's ririd inclusion constants.

axial lencth or thickness of a disc or cylinder.

axial length of glass inclusion



L! ¢ axial length of wniaxial stress pauge.
N(r,e) : isochromatic fringe order at point (r,8).
Ng : shrinkage frinee order.
Ny ¢ thermal fringe order.
Nop :+ resultant fringe order.
(pyq) ¢ principal stresses beinr measured in hest material.
DssDt s radial boundary tractions due to shrinkage and
thermal effects.
Pp ¢ radial compressive stress on loading arc of
' a disc,
p/ ¢ Jdiametrical force on a cylinder or disc,
(r,0) ¢ polar co-ordinates.
PysT ¢ radial distance from diametrical loadiner points.
R(=-% ¢ radius of a disc or cylinder.
R!? ¢  radius of uniaxial stress gauge.

resultant water lcad on dam buttress.

Ry =,/ Vw2 + Hw2

v../ 2 2

W resultant water load with uplift

Sn ¢ phctoclastic stressmeter sensitivity factor.

t ¢ change in temperature.

Urslg ¢ vradial and tan~ential displacements in host material,
up'yug! ¢ radial and tangential displacements in inclusicn.
Up ¢ maximum uplift pressure,

Uy ¢t total uplift force on buttress.

Vg = (Vw - UT) ¢! resultant vertical water load with uplift,

Vy ¢t vertical water load on buttress.,

We ¢ weipht of buttress cap.

WS s width of disc loadine arc,

XyVsZy ! rectangular co-ordinates.

X, ¢ position of buttress secction centrcid.

X ¢ distance along buttress section from centroid.
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position of resultant force R',

co-ordinates of centre of gravity of water
lead prism,

position of herizental force Hyo

coefficients of linear expansion, host material
and inclusicn.

Rhines' exponential decay factor.
unrestrained primary shrinkage.
principal strains in host material.

radial, tanrential and shear strain components
in host meaterial,

measured ncrmal strains from gauge Gl etc.
principal stresses in inclusion.
normal and shear stress components in host material,

radial, tangential andshecar stress comnonents
in host material.

radial, tengential and shear stress compcnents
in inclusion.

stress components due to shrinkase,
stress components Jdue tc thermal effects.
stress ccmpenents duc to applied loads,

normal and shear stresses on vertical and
horizontal planes in dam buttress.

normal stresses in z direction, host material
and inclusion.

measured strosses in gaume Gl, ate.

nominal tensile strength.

apnlied principal stress ratic.

angular pesitien freom direction of p.

angular position of p in dam buttress.
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Notes on Units Employed

Throughout this text the f.p.s. system of units is emnloyed; in
particular the units of stress, strain and angle are pounds per square
inch (abbreviated to "p.s.i."), microstrains (abbreviated to "ue"), and
degrees, respectively. Temperatures are referred to the Fahrenheit scale.

If necessary the imperial units cf the text may be converted to the

International System of Units (SI units) by means of the following

equalities:
Length ¢ lin. = 25,4 mm,
1l ft. = 3Nk ,8 mm,
Arvea H 1 in.2 = 45,16 mm22
1 ft.2 = 0,0929 m.
Volume ¢ 1in,® = 16387.1 mm.°
1f£t.3 = 0,283 m.3
Mass : 1l 1b. = 0,453€ ke,
Density : 1 1v/£3 = 16,0185 ke/m.®
Force H 1l .f. = L4482 N,
Pressure or Stress ! 1 1b.f/i§; £.8948 KN/m2
Manen't H 1 l.boft. = 103558 Nmo
Moment of Inertia " "
of an Area H 1l ft. = 0.00863 m,
2
Temperature : 1°°* = T of Kelvin unit.
(32°F = 0°C = 273,15%%)
Plane Angle ! 1° = T%- radians

It should alsc be noted that compressive effects are riven positive sicns

when discussing forces, stresses and displacements.
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CHAPTER 1

Measuring Stresses in Concrete:

Preliminary Considerations

l.1. Introduction

In recent years the universal application of concrete as a structural
material has prompted attention to the experimental determination of the
stresses produced by external and intermal forces. In this context the
stresses of interest are generally those average values which act over an
area of finite size in relation to the size of the matrix constituents,
i.es allowance is made for the heterogeneous structure and the fundamental
definition of stress is not extended to the limit of an infinitely small
area of action, It is these average stresses which are related to existing
engineering methods of analysis rather than those which occur on a microscopic
scale at discrete points in the mixture,

Conventional experimental methods of determining the average stresses
rely on measurcments of deformation which are subsequently converted to
stresses via an independent knowledge of the relationship between stress
and strain, With modern strain measurement techniques this indirect method
is satisfactory if the deformation is elastic but difficulties arise if the
elastic constants are not accurately known or when non-elastic strains occur.

Concrete may or may not be considered as an elastic material according
to its age, the stress magnitudes involved and the time during which loads
are applied. In short term loading tests it is usually unnecessary to
take inelastic effects into account, notably if the concrete is considered
to be mature. On the other hand in the computation of stresses due to
gravity or live loads which are applied very slowly, it is generally
necessary to consider the non~elastic increments of the deformation

measurements. Methods have been developed to take these increments into
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account (see for example (l)), but they involve extensive reiterative
computations supported by a large number of experimental observations and
independent laboratory tests. Furthermore, Hooke's Law is ultimately
invelved and like the short-term tests, the accuracy of the full stress
determination will largely be a function of the Young's Modulus and Poisson's
Ratio values applied to the experimental data.

More direct experimental methods are attractive and in recent years
several instruments have been developed which avoid an accurate knowledge
of the elastic constants and a direct response to strains not associated
with changes in stress. These instruments are generally called "stressmeters"
or "stress gauges", the name implying theirpreferential dependence upon
changes in stress rather than deformation in the surrounding material.

Some of the difficulties associated with an ideal stressmeter are

immediately obviousj for clarity, they may be enumerated as follows:

l. The device must always give readings which can be interpreted
solely in terms of host material stress components which would
otherwise exist in its absence. Thus the response produced
by shrinkage, swelling, thermal or creep displacements must
either be negligible or capable of systematic correction.

2. A well~defined directional response is required and the readings
should not include unknown effects from orthogonal stresses.
With this characteristic the stressmeter is amenable to a
rogsette application which allows the complete state of stress to
be determined at a pecint. (In practice the "point" will have
small but finite dimensions, depending upon the space occupied
by the component gauges of the rosette. Ideally a sufficient
number of individual stress components would be indicated by one
gauge but at the present time a full three-dimensional device

has yet to be developed.)



3., The device should respond to tension as well as compression,
bearing in mind that tensile stresses in concrete generally
have smaller orders of magnitude than compressive stresses.

4, For practical applications there are the additional requirements
of long-term and economic reliability, including the ancillary
equipment, which should allow remote observations so that the
device can be applied to internal locations within the concrete

mass.

Although the first attempts at the more direct method of stress
measurement were made about forty years agoc, none of the existing stress
gauges satisfy all the above requirements and this includes the photo-
elastic stressmeter which is the subject of the following discussion.
Nevertheless, there is sufficient evidence to encourage further study
and development of the general method. The photoelastic stressmeter in
particular has several potential advantages which are distinctly attractive
but before summarising the existing kncwledge of the device and the out-
standing problems, it will Dbe useful to trace the background of the general

methOdo

l.2. Existing Devices

Existing stressmeters can be classified into "active" and "passive"
gauges(2) according to the principle of the measurement technique.

In an "active" measurement the measuring apparatus must be actively
adjusted from an external source in order to achieve a balance. The
Glotzl cell is the best known example of a stressmeter working on this
principle.

In a "passive" measurement the apparatus is influenced only by the
object of the measurement which may be recorded as a deflection against a
graduated scale. Most existing stressmeters use this'principle; the first

(3) ()

attempts appear to have been made by Hast in Sweden and Carlson' "’ in the

U.S.A., about 1930,



1.2.1, The Glotzl Cell

The cell is shown in Figure l.1; a small space between two flat plates
is pressurised from an external supply and a relief valve opens immediately
after the condltion of force balance is achieved with the host material
stresses applied perpendicular to the plates. The maximum pressure gauge
reading is then very nearly equal to the applied compressive stress in

the direction of reference.
Tensile stresses cannot be measured and theoretically small corrections

are required for concrete shrinkage and mismatched thermal effects. The

device is used for measurements in soils as well as concrete.

l.2.2. The Hast Stressmeter

Hast used a small nickel alloy cylindrical inclusion which could be cast
into a concrete mix., A magnetostriction method was used to measure the
subsequent axial stress condition in the spool-shaped inclusion when the
matured concrete was subjected to load. The diameter and axial length of
the inclusion were approximately the same and it was designed to have an
effective modulus closely similar to that of the surrounding concrete.

A paper sleeve prevented a direct response tc orthogonal stresses and end
caps could be fitted for temsile stress conditions. The construction of

the stressmeter is shown in Figure 1.2.

The experimental behaviour of the device was found to be in reascnable
agreement with an approximate theoretical analysis (given in(s) and(ll)).
It was found to be sensitive to shrinkage which would necessitate systematic
corrections in general applications. The effects of creep on the gauge
readings were not investigated. It is interesting to note that the gauge
was used to investigate differential shrinkage stressaes in concrete prisms

but there appears to have been no further development of the device as a

practical instrument for general use,



l1.2,3. The Carlson Stressmeter

In contrast to Hast's device, the Carlson stressmeter is designed in
the form of a thin platej to preserve equilibrium through the thickness
the induced stress must then always be approximately the same as the
ccmpressive stress in the surrounding concrete. The stressmeter is shown
in Pigure 1.3; the deflection of the internal plate is measured by a
resistance strain wire and the mercury filled diaphragm is designed to give
an effective gauge modulus similar to the concrete.

Theoretical analyses have revealed the spurious response to mismatched
elastic modulii, shrinkage and creep under constant stress. Carlson alled
these phenomena "extraneous deformations" and showed that they could be
allowed for systematically together with the temperature corrections necessary
in long term investigations. Later independent tests(S) which included
creep investigations, generally confirmed the designer's remarks. Like the
Glotzl stressmeter, the device cannot be used to measure tensile stresses.

The theoretical analysis also revealed the important feature that the
effective modulus of the plate can be much larger than the concrete modulus
without causing any significant change in stressmeter response. Conversely,
serious errors can be produced if the plate is less rigid than the
surrounding concrete. Carlson also realised the importance of the height-
radius ratio of the diaghragm and pointed out that a long slender stress

gauge is acutely sensitive to extranecus deformations.

The influence of gauge shape was subsequently discussed by Loh (6) and

Rocha(7). Figure l.4, shows the variation of stress in the gauge with
modular ratio and shapej the remarks made by Hast and Carlson are consistent
with Loh's analysis. In Figure l.4, E' represents the effective modulus
of the inclusion gauge.

The size of the Carlson gauge limits its applications to mass concretej
as a result, it is mainly used for measurement in dams. Installation calls

for careful technique (8, 9) and its high cost appears to prevent comprehensive

rosette arrangements.



l.2.44 The Coutinho Stressmeter

The Hast and Carlson stressmeters are limited to a unidirectional response
and a need for installation at the time of concrete pouring. In 1948
Coutinho(lo) described a small biaxial surface gauge which could be applied
to concrete of any age and by virtue of the measurement method the readings
could be interpreted immediately in terms of principal stresses and
directions in the surrounding concrete.

The gauge consisted of a circular glass mirror bonded around its
circumference in the surface cof the concrete test piece; the back face of
the mirrcr was also in direct contact with the concrete. The induced
Stresses in the plane of the glass disc produced by subsequent concrete
stress changes were identified by a photoelastic technique. Coutinho showed
that the magnitudes of the inclusion stresses are approximately constant
for all systems invelving a high modular ratio between the gauge and host
concrete, an important feature which was subsequently discussed in more
detail (see below).

Although the experimental evidence did not conclusively demonstrate
the desired small effects of shrinkage and creep on the gauge response,
the device represents a significant step in the development of the direct
Stress determination method and it was used in several structural
investigations., The glass disc was cither pesitioned in the formwork during
pouring or grouted into a prepared hole on the surface of the mature concrete.
Despite an cbservation instrument which appears to have been inconvenient
for field use, 1t is claimed that the technique was used successfully to

identify both compressive and tensile stresses in magnitude and direction.

1.3, The Rigid Inclusion Principle

(1)

After his experimental observations Coutinho went on to discuss the
fundamental relationships between the induced stresses in spherical and disc

shaped inclusions and the stresses in the surrounding material. This second

-6 =



paper was based on existing two and three-dimensional analyses for elastic
inclusionsin elastic bodies (12, 13, 14).

Of particular interest is the two-dimensional solution for a disc shaped
inclusion in a thin plate, the interface between the two being continuously
connected., For example, from Sezawa and Nishimura's solution(la) the

principal stresses in the disc can be written:

cl' =§(D+H)+%(D-H)
(1.1)
R o}
o, = =(D-H) +~§ (D + H)

where: o, , 0, are the principal stresses in the disc
Ps @ are the principal stresses being measured
in the host material, i.e. those stresses
which would exist in theplzate in the absence
of the inclusion.

D, H are constants defined by Countinho.

Since D and H de not involve position co-ordinates, equations(l.1) show that
a homogeneous state of stress exists in the disc inclusion. (Equations are
also given for the stresses at any point in the disturbed area around the
incluison; for practical purposes the stress disturbance in the plate due
to the presence of the disc can be considered to extend over a distance from
its centre equal to three times the radius of the disc.)

For the required principal stresses in the host material, equations (1.1)
can be rewritten:

1
+ K, ..o

= K0y 9°%2

J
]

(1.2.)

[¥a]
i}

]
Kl.02 + K2'°1

where K, and K, are further constants given by:

- 7 =



o101
K, = %(T;*'EQ
(1.3.)
K, = 1 (G-2

These relationships allow the host stresses to be calculated from the

measured principal stresses in the inclusion.

The variations of Kl and K2 with modular ratio are shown in Figure

l.5 It can be seen that:

(a) Only small changes occur in K, and K, when g- > 3,
(b) The influence of Poisson's Ratio on K, is very small.

(c) Values of K, are approximately one-tenth of the corresponding

2
Kl values.

An important conclusion which is frequently referred to as the "rigid
inclusion principle" can be drawn from these cbservations, namely that the
stresses developed in a high modulus inclusiocn are practically independent
of the modular ratioc and if the inclusion is used as a stress transducer,
the sensitivity will be unchanged in a variety of low modulus host materials.

In the case of a solid glass inclusion, the Young's Modulus will
be of the order of E' = 10 x 106 pP.s.i., and therefore to a satisfactory
degree of approximation, it should function as z stressmeter in materials
with Young's Modulus E < 3,5 x 108 p.s.i., assuming that some means can be
provided to measure the induced stresses in the inclusion. This modulus
criterion can frequently be satisfied by concrete.

Coutinho extended the conclusion to consider a system in which the
modulus of the host material changed during the observation period; such a
system could represent a high modulus inclusion in concrete under sustained
loading. An example is shown in Figure 1.6, which indicates in conditions

of various initial modular ratice the small changes produced in an inclusion

when the host modulus changes by a factor cf 50 per cent,



Thus an unexpected situation is apparent which demenstrates the
attraction of the direct method of stress measurement; an elastic analysis
of the problem reveals that a carefully selected inclusion gauge can be used
for stress determinations in a range of materials whose Young's Modulus is
generally difficult to define.

Referring again toc Figure 1.5, it can be seen that Kl is less than
unity in "rigid inclusion conditions' and therefore the major principal stress
in the inclusion is higher than the corresponding stress being measured in the
host material. Despite the higher stress in the inclusion, the technique still
requires the determination of small deformaticnsy in practice, the inclusion
strains are approximately one-third of the elastic strains which would
otherwise exist at that point in the host material, The measurements in the
inclusion must therefore be made with considerable accuracy and this
requires careful technique for practical long-term applications. As an
example, the vibrating wire method has been used satisfactorily in a hollow
cylindrical stressmeter developed in Portugal(7). In the special case of a
glass inclusion, photoelastic methods present a simpler alternative, an
advantage utilised in the stressmeter which provides the subject for the

following discussion.



CHAPTER 2

The Photoelastic Stressmeter

2.1y Introduction

The preceding remarks have referred to some of the principles which
are involved with the rigid inclusion method of direct stress determination.
In recent years another photoelastic inclusion has been developed by
Roberts et al(ls) and although it is based on Coutinho's cbservations there
are several significant features which have prompted its independent
development.

Since the stressmeter has already been the subject of considerable study
it will be worthwhile to summarise existing knowledge before outlining the
outstanding problems, some of which will be considered in later sections of
this thesis, The scope of the present work will be explained at the end of

this Chapter,

The design and calibration characteristics cf the stressmeter have been

(16) and Dhir(17). Their results have been included

(15)

studied by Williams

in the more widely known publication which alsc describes the method of

taking readings. The stress-optical principles and terminology involved with

the photoelastic technique will not be described since these details are

readily available in standard texts(zs’ 33). Alternatively, reviews of the

basic principles are given in a more concise form in (34, 35). A descrinticn

of the glass from which the stressmeters are made is included with the

following summary.
It is interesting to note that an annular photoelastic inclusion has
(38, 37)

also been described by Hiramatsu et al but their method of

interpretation appears to ignore Coutinho's principle. The photoelastic
measurements are conpared directly with theoretical elastic analyses of the

inclusion stresses and thus the accuracy of the device depends on an accurate

- 10 -



(

knowledge of elastic constants and the realism of the calculated
stresses in the inclusion,

In the sense of the present discussion, Hiramatsu's device cannot
strictly be called a stressmeter. Although there are circumstances when
the Sheffield gauges also cannot be considered to be true stressmeters,
the terms "annular and solid stressmeters" in the following discussion

refer to the inclusions dewveloped by Roberts et al.

2.2, Description of the Instrument

The annular stressmeter consists of a thick walled glass cylinder (ratio
of outer to inncr diameters 5:1) which is bonded around its periphery into
the host material. The bonding agent is generally a thin layer of epoxy
resin adhesive. Normal and shear stresses are therebye transmitted to
the glass element and if circular polarised light is passed in an axial
direction through the annulus perpendicular to the plane of the applied
Stresses an isochromatic fringe pattern can be cbserved. Inspection of

this pattern can give the following information:

(1) The directions of the principal stresses in the host material, i.e.
the principal stresses which would exist at the same point in the
absence of the device. (In the general three-dimensional problem
the indicated stress components will be secondary principal stresses(al)
since the axis of the annulus will not necessarily be aligned with a
principal direction in the host material. Additionally, the indicated
stresses will not be absolute values unless the stressmeter has
experienced the total loading history of the host material.)

ii) The ratio between the magnitudes of these major and minor principal
stresses.

ii) The magnitude of the major principal stress and, since thelr ratio

is known, the magnitude of the minor principal stress.

iv) The signs of the principal stresses,
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The above information can be obtained without the observation of
isoclinics. Since circular polarised light is used, the gauge and polarising
filter do not require special orientation to identify the applied principal
stress directicns and the gauge is thus a self-orientating biaxial device,
the stress components in the direction of light propogation being excluded
from the photoelastic response. (Some of the effects of inclusion stresses
in an axial direction are discussed in Chapter 5).

The polarising filter is usually incorporated in the instrument with a
reflector unit, whilst the probe light source and hand-held analyser are
carried by the observer. Fractional fringe orders are measured by Tardy
goniometriccompensation. The polariser and analyser form a crossed circular
polariscope which displays full order isochromatics.

Hiramatsu (loc.cit.) and Williams (loc.cit.) have described reflection
polariscopes for use with glass stressmeters, in which case it is not
necessary to include polarising filters in position with the inclusion.

A diffused white light source without collimation is generally used for
illumination and the isochromatics then appear as coloured zones in
accordance with the scale of interference colours. If monochromatic light
is used then the pattern consists of a packground of monochromatic colour
with the integral fringe orders shown as dark lines. The fringe patterms

shown in Figures 2.1-2.5 have been photographed with a diffused monochromatic

sodium light source.

2.2.1, Inclusion Principal Stress Differences

The average through-the-thickness principal stress difference at any
point in the glass can be readily identified from the isochromatic fringe

order using the stress optic law which may be written:

- Co. ! '
N(r’e) = S8 (cl -0, ) (2.1.)
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where N is the observed fringe order in light of
(r,0)

wavelength )

!

t
Oy 49, are the principal stresses in the glass at the

2
point of interest in a plane perpendicular to the
axis of the annulus

lg is the length of the light path

C is the stress ptic coefficient for the glass and

wavelength employed.

Hiramatsu showed that the orientation of the applied principal stresses
perpendicular to the inclusion axis is given by the two axes of symme#ry
of the isochromatic pattern. Barron(aa)
stress solution and gave equations for the principal stress difference at

any point in terms of the applied principal stresses in the host material.

In the general case:

(c.'

p - 02') ={ kl(p+q)4<2(p-q)cos 2612 ﬂ<32(p-q)281n226}% (2,2)

]
where Ul"°2 s D and q are defined as before,

extended Hiramatsu's generalised plane

8 is an angular position in the inclusion (see Figure

1.7)
kl,k2,k3 are constants which vary with radial position;
definitions are given in Barron's analysis.
The fringe order N at any position in the glass is thus a function of
the required principal stresses. For transducer purposes the fringe order

at a particular point (see below) in the isochromatic pattern is related to

the applied major principal stress in the surrounding material.

2.2.2. Stressmeter Sensitivity

The sensitivity of the stressmeter can be defined as:

S = _2_ (2'30)
n N(r’e)



The units (£.p.s.) are generally expressed in terms of pounds per square
inch per fringe (p.s.i./fr.). The point (r,8) at which the fringe orders
are measured depends upon the applied stress system,

In the uniaxial case an easily identified datum point is used near the
centre of each. of the four sectors in the isocchromatic pattern. These peints
have. co-ordinates (§-= 1.60, 6 = 45°, 135°, 225°, 315°) and Barron showed
that they are the optimum points for instrument sensitivity. They are commonly
referred to as the "45° points" of the stressmeter pattern in uniaxial loading.

In biaxial stress conditions different points are used; the co-ordiuates
are (§-= 1.40, 8 = 90°, 270%°). The radial positions of the isochromatics
along the minor axis of pattern symmetry (8 = 90°-270°) are referred to the
edge of a circular opaque ccllar (radius 1.40b) held in the axial hole of the
stressmeter by the light scurce probe. The reasons for the choice of these
datum points have been discussed by Barron and Dhir (loc.cit.).

Sibstituting the above radial positions into the constant terms k,,
k2’ k3, the stressmeter sensitivity can be expressed in terms of the
inclusion properties by reference to equations (2.1)-(2.3).

For 8 = us5° etec:

f
s_ = : 24 (2.4)
2 2., 2 2
L[k, 2(14m) 24 P(2om)
(o] (o]
For & = 907, 270
£
s = & (2.5)
n
lg[(kl + k2)+n(kl-k2):l
where £ o= 2 (2.6)
g c
and n = -"} (2.7)
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The variation of stressmeter sensitivity in uniaxial loading with modulus
of the host material is shown in Figure 2.6; experimental values given by
Dhir (with a small difference in notation) are shown as squared points.

In this presentation the sensitivity is expressed by the parameter kp where:

Sn X lg (2 8)

g

The difference which is apparent between the cbserved and theoretical
results for the materials of particular interest in the rigid inclusion
technique (i.e. when E < U x lO6 D.s.i.) has been attributed by Dhir to
the difficulty of defining a satisfactory value of Young's Modulus for
low strength rocks and cementitious materials. This possible reason does
not explain the discrepancies with the two cbservations in high modulus
materials (i.e. the points in Figure 2.6 which correspond to E = 15 X lO6
p.s.i. and E = 30 x 10° pesS.il)e

The sensitivity decreases in biaxial stress conditions, the calibration
factor varying with the ratio of the applied principal stresses; values
for rigid inclusion conditions are shown in Figure 2.7. So far no

explanation has been offered for the difference between the theoretical and

observed values given in Figure 2.7,

2,3. Interpretation of Stressmeter Patterns

2.,3.1. Stressmeter Fringe Patterns

Fringe patterns characteristic of various biaxial loading conditions
are shown in Figures 2.1-2.5. The conventional interpretation of a typical
annular stressmeter fringe patterm in rigid inclusion conditions is illustrated
by Figure 2.8.

The patterns shown in the illustrations have two axes of symmetry, which
as mentioned before, are aligned with the principal stress directioﬁs in the

surrounding material. In the examples shown here the axes are vertical and
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in each case the major axis, corresponding to the direction of the major
principal stress, is vertical. The principal stresses are compressive
although the same patterns would be produced by two tensile stresses if the
host material, the interface bond and the inclusion had sufficient strength
to withstand the tensile stresses,

Combinations of compressive and tensile principal stresses produce very
different fringe order profiles unless the ratio of the magnitudes approaches
the uniaxial condition,

Figure 2.1 shows the patterms in a uniaxial stress condition with
increasing applied stress.

Figures 2.2-2.5, show the same fringe orders with increasing values of
minor principal stress. In the extreme case of equal principal stresses
the fringe pattern appears as a series of concentric circles arcund the
axial hole. In Figure 2.4, the black points seen on the major axis of
symmetry near the axial hole are isotropic points and should not be confused
with the first integral fringe order at high stress levels, It can be

(22
) that their radial pesitions are independent of the stress level

shown
but proporticnal to the ratio of the principal stresses in the surrounding
material. Isotropic points are not seen in uniaxial or hydrostatic fringe

patterns.,

2.3.2. The Sign of the Major Principal Stress

Depending on the optical alignment of the polariscope components with
respect to the axesof symmetry of the fringe pattern, the direction of
displacement of the fringe pattern during goniometric compensation enables
the sign of the major principal stress.- in the host material to be determined.
The fringes either move towards or away from the datum point on the
stressmeter pattern as the compensator is operated.

If the transmission plane of the polarising plate in the conventional
hand-held analyser used with photoelastic stressmeters is first aligned with

the major axis of symmetry of the fringe pattern, a major principal compressive
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stress 1is indicated when the lower fringe orders move towards the datum
points during gmiometric compensation. Tensile stresses are indicated by
higher fringe orders moving towards the datum points.

The alignment of the polarising plate presents no difficulty since the
analyser is so constructed that the transmission plane is parallel to the

handle of the analyser when the compensation pointer is set to zero.

2.3.3. The Minor Principal Stress

The simplest method of determining the magnitude of the minor principal
stress, but one which is clearly subject to some inaccuracy, is to compare
the observed pattern with the standard forms illustrated in Figures 2.1-2.5.
The minor stress is then estimated as a fraction of the major principal
stress. Since more refined methods were not available in the circumstances,
this method was used in the field investigaticns described in Chapter 6.

Alternative methods involve radial measurements of isochromatic
positions, or the consideration of fringe order ratios at different points
in the pattern(37). There are practical difficulties associated with
these methods and considerable errors are still possible. In particular, the
methods depend on the accuracy of the theoretical solution for the stresses
in the glass and it will be apparent from the discussion in Chapter 5
that there is experimental evidence to question the validity of the
existing theoretical solution for the inclusion stresses with current
methods of applying the device.

Another method of determining the minor principal stress uses a solid

stressmeter in conjuncticn with the annular instrument.

2.4 The Solid Stressmeter

Reference has been made earlier to Coutinho's solid inclusion in which
a homogeneous state of stress is induced by the applied principal stresses

in the host material.
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If the optical system used with the annular stressmeter is applied
to a solid inclusion, the limited information sc given is sufficient to
identify the principal stress difference in the inclusion and hence the
difference between the applied prinecipal stresses in the host material .

(It should be noted that Coutinho used a more elaborate observation system(lo)
to give a full interpretation cf the in-plane stresses within the inclusion.
Directions and individual magnitudes cannot be deduced by using circular
polarised light alone in the solid stressmeter.)

If an annular and solid stressmeter are exposed to the same stressfield
then the annular instrument will give the magnitude and direction of the
major principal stress. The solid instrument will give the difference
between the two stresses and hence the minor principal stress is known.

The value so fcund should correspond to the magnitude indicated by the
profile of the fringe pattern cbserved in the annular instrument.

With the exception of a narrow zcne near the boundary, the isochromatic
pattern seen in a solid instrument is one of uniform colour; the exact
colour will be a function of the average through-the-thickness principal
stresses in the glass.

Calibration characteristics were included in Dhir's investigations; the
rcsults are included in Figure 2.6, and the theoretical behaviour is included
for compariscn purposes., (In this instance the theoretical solution was
conveniently cbtained from the Muskhelishvili equaticncag)l Again, 'n
explanation has yet to be given for the considerable divergence between
the experimental and theoretical sensitivities in high modulus materials.

Readings are taken from the solid stressmeter in a similar manner to
that used with the annular stressmeter. The analyser is aligned with the
major stress direction in the inclusion and the uniform fringe pattern is
co pensated at the centre of the inclusion (r = 0) to the tint of passage

as the datum point between integral fringe orders.
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In general, without the use of plane polarised light the direction of
the major stress in the inclusion is not readily apparent. The directions
indicated by the neighbouring annular instrument and tle behaviour of the
fringe pattern during compensation have to provide this information.

Care has to be taken during the compensation process to avoid
miscounting the integral fringe order. The Tardy method enables observed
fringe orders to be compensated tc the nearest integral value, which in
turn has to be identified by inspection of the colour sequence during
compensation. When a uniform state of principal stress difference exists
in the test piece, the duplication cf colours in the interference colour
scale can produce ambiguous interpretations of the integral fringe orders
but this can be avoided by using additional filters in the manner suggested
by Pant(uo).

It may be noted that Dhir called the solid stressmeter a "shear

stressmeter" by virtue of the relationship between the maximum shear stress

and principal stress difference, viz:

T = m (2.9)

max 2

2.5. The Stressmeter Glass

Glass is a relatively strong material with good time-dependent
properties and it behaves as an almost perfectly linear elastic solid up to
stresses very near to its breaking strength at normal temperatures.

Although it is now rarely used in conventional photoelasticity, its
(41)

(42)

of the early investigators used glass models, notably Mesnager and Coker

birefringent properties were criginally recognised by Brewster and many

and Filon(33) It was Mesnager who first proposed the use of glass in

force and stress transducersj more recently transducer applications have been
(43) . (uu) . . . .

developed by Roberts et al and Hooper . Although for rigid inclusion

measurements it would be desirable for glass to have a higher elastic modulus,

its easily cbserved birefringent properties compensate for this small disadvantage.
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The physical properties of glass vary widely with chemical compositicn.
With some exceptions in early studies, photoelastic stressmeters are
prepared from a soda~lime plate glass which can be obtained and worked
without difficulty. The manufacturers give the following approximate

composition by weight:

. . " .
8102 Nao Ca0 Mg0 A1203 h20 SO3

73.3% 12.6% 9.2% 3.2% 0.8% 0.3% 0.3%
The thermal softening temperature and coefficient of linear expansion
are similarly given as 136C°F (739°C) and o' = 4-5 x 1078 per °F (8.0 x °
per °C) respectively. The static Young's Modulus and Poisson's Ratio
have been measured in compression by the present writer as 1l0.4 x lO6 PeSels

and 0,22 respectively.

2.5.1. The Stress Optic Coefficient

For glass of a given chemical composition the stress optic coefficient
C can vary with wavelength, age and temperature. Referring to the work of
Harris(us) and Van Zee and Noritake(us), Hooper (loc.cit.) has pointed out
that C can be considered to be constant for soda-lime plate glass in
normal temperature ranges (i.e. 32°F-200°F). Age effects would alsc appear
to be of little consequence unless observations are carricd out over several
decades or unless the glass is freshly cast. Experience so far has been
gained from stressmeters that have been prepared from glass already several

years old,

In the present circumstances C is movec conveniently incorporated in

another constant, fg, which may be called the material fringe value(27) where:
= A
fg = ¢ (2.5)
Thus equation (2.1) may be rewritten:
] ]
(o, - s, )
Npo) = TF 18 (2.1a)



It can be seen that fg has units of stress per fringe per unit thickness;
with present notation these units could also be written in terms of "pounds
per fringe inch" (1bs./fr.in.). The material fringe value can be defined
in terms of maximum shear stress or principal shear difference, the latter
being preferred in the present discussion,

Since the constants C and fg vary with chemical compositicn, calibration
tests have been carried out throughout the development period cf the photo-
elastic stressmeter, For the investigations tc be described a specimen from

each batch of stressmeter glass has been tested according to the method

shown in Figure 2.9,

The diametrically loaded cylindrical test piece is particularly
convenient to use since it can be prepared with the same diamond drill as
the usual stressmeter element. The compressive loads have been provided
by a laboratory universal testing machine through two rigid steel platems;
the silicone rubber encapsulant in Figure 2.9 is of very low strength and
gives stability to the platens and test pieces for handling purposes.

The principal stress difference at the centre of the cylinder is given
by conventional calculation (see Chapter 4). =nd values have been compared
with incremental fringe orders observed with a diffused light source of known
wave length; in this case sodium and white light sources have been used.
(Although the fringe orders of Figure 2.9 refer to sodium light it has been
experimentally verified that the same results are given in white light
within the limits of experimental error. This is to be expected since the tint
of passage in white light closely corresponds to the extinction of the
sodium yellow region of the spectrum.)

The results shown in Figure 2.3, are representative of all the present
tests and no significant differences were observed in any of the many
calibration specimens, including examples tested before and after the four

year field applicaton to be described in Chapter 6.
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The material fringe value so determined (fg = 1220 p.s.i./fr./in. T 20
pes.i./fr./in.) has been independently confirmed by Hooper and Atkinson(u7)
with glass supplied to the same specification. This fg value is equivalent
to a stress optic coefficient of approximately 2.70 brewsters which compares
favourably with values of 2.62 brewsters given by Waxler(ug) and 2,68
brewsters determined by Van Zee and Neritake (loc.cit.) for similar plate

(18)

glasses. On the other hand, Dhir fives a fringe value of fp = 1050
Pes.i/fr./in. (C % 3,20 brewsters) for his stressmeter investigations and
this significantly different figure has to be allowed for if comparisons
are made in the following discussion.

It is also interesting to note from Figure 2.9 that doubling the
length of the test-piece has no effect on the observed fringe orders in the
glass. This is a requirement of the stress optic law as long as the diametrical
loads remain the same. In this\casc the double length specimen has been
prepared by cementing two normal test-ricces (length 1.5 in.) together
with a thin layer of polyurcthane adhesive and the experimental result shows
that this process has no significant effect on the birefringence of the

system. Double length stressmeter elements prenared in this manncr hawe

been included in the investigaticns to be described.

2.6, Existing Experience in Concrete

After discussing the stressmeter interpretation procedure Dhir went on
to consider some of the particular problems which occur when the device is
applied to concrete. Because of the scope of the subject his conelusions
were restricted to general remarks about the response of the annular
stressmeter in relation to aggregate size and extraneous deformatiors,

For example, as a general rule it was found that the stressmeture
pattern was not disturbed by aggregate effects so long as the inclusien
was larger than the .nominal maximum aggroagate size. Experimental evidence

also suggested that the stressmeter readingswere only affected to a very
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small degree by creep, shrinkage and temperature changes, but none of these
problems were investigated in sufficient detail to allow a systematic
assessment of the effects in a given practical application of the technique.
The necessity for & comprehensive knowledge of these effects has been
emphasised by the results from a limited number of field appliecations.
For example, stressmeter installations in a pre-stressed concrete'bridge(ug)
and an arch dam(ug) have demeonstrated the ability of the device to give well
defined photoelastic signals over long periods of time, but it has not been

possible to draw firm conclusions about the behaviour of the stressmeters

or the stresses in the structures because of the unknown quantitative effects

of the extraneous deformations.

For this reascn, some of the effects of creep and temperature changes on

the stressmeter response were studied separately(so’ 51), soon after

Dhir's original cbservaticns. Preliminary resultscso) from the creep tests
have tended to ccnfirm eariier impressions (also supported by Hawkes(sz)
with photoelastic stressmeter tests in frczen sand) but at the present time
the full investigation hasmot been reported in detail. Similarly the results
of the temperature investigations cannot yet be interpreted in general
terms., These results will clearly be of fundamental importance to the
technique if it is to be applied to long~-term measurements in concrete.
Another point which has only received brief attention so far concerms the
effects of stresses which act in an axial direction around the inclusion. As
far as the stressmeter readings are concerned, nc photoelastic response
should be produced by stress components which act in the direction of
propagation<32). Some disturbance might be expected near the boundary
with the host material but it is presumed that this does not extend into
the locality of the reading points on the stressmeter pattern. It would be

desirable to confirm the assumption experimentally and this will be left

as a suggestion for future study.
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2.7. Scope of the Present Work

The effects of shrinkage have not yet been considered beyond Dhir's
remarks, In a mechanical sense, shrinkage and temperature changes present
the same problem and althcugh it is possible that the temperature investigations
might give results which can be referred tc the shrinkage response, it is
clearly desirable to make independent experimental studies of the effects.

A detailed shrinkage study has been beyond the scope of the present work
but some elementary aspects of the rroblem will be discussed in Chapter 3.

The further effects of superposing stresses from an external load onto a
stressmeter already subjected to shrinkage stresses will also be discussed for
the first time with experimental evidence. The practical difficulties which
have appecred in the tests will be of interest to any ccmprehensive study
planned in the future.

Another feature which will be discussed fcr the first time concerns
the response of the annular stressmeter to hiaxial stresses of opposite
sign. This is relevant because in some circumstances the stressmetcr may
be required to measure a stress condition ccnsisting of a major compressive
principal stress in combination with a smaller minor tensile principal stress,
€.g. in the arch dam investigations mentioned previously.

For a given condition the fringe pattern produced in the stressmeter may
be calculated using the Hiramatsu-Barron equation (2.2) and the 8 tress optic
law equation (2.l1a) but it is desirable to check the behaviour experimentally
because tensile stresses are involved both in the inclusion and over z nortion
of the interface with the surrounding material.

Again, it has not been possible to carry out comprehensive tests which
provide for all circumstances, but with the aid of a disc-shaped calibraticn
specimen one particular combination of compression and tension has been
considered. The stressmeter results are discussed in Chapter 4 in compariscn
with the calculated stress conditicns and other indirect measurements using

electrical resistance strain gauges and a demountable mechanical strain

gauge .
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In both series of tests it will be seen that the observed stressmeter
sensitivity factor Sy does nct agree with the theoretical value, the
measured fringe orders being significantly higher than calculation predicts.
The same general observation is apparent from Dhir's earlier experimental
data. This important feature of the results will be discussed separately
in Chapter 5.

In the final chapter a description is given of a stressmeter application
in a large buttress dam. In so far as the results allow, an assessment is
made of stressmeter behaviour from the basisz of existing knowledge and
recommendations are given for the benefit of any similar applications in
the future. It may be noted here that it has not been nossible to discuss
applications of the photoelastic stressmeter to reinforced and prestressed

concrete in this account.

The thesis concludes by discussing the implications of the most important
results obtained from the present work and suggestions for further study are

put forward.
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CHAPTER 3

The Effects of Shrinkage on the Fhotoelastic Stressmeter

3.1 Introduction

Since it is not possible to match the physical properties of the stress-
meter and host concrete it is to be expected that shrinkage, thermal and
creep deformations will produce spurious stresses in and around the
inclusion. The preliminary results already referred to have indicated that

there is only a small response to each of these effects but more quantittive

evidence is clearly required.

Some aspects of the shirnkage problem have been referred to by Dhir<25)
who gives pesults from reinforced concrete columns involving differential
shrinkage. In this case the gradients of deformation produce internal
concrete stresses and as far as an inclusion is concernmed the stress system
is the same as that caused by an external load.

The problem of differential or "secondary" shrinkape is different
to the other case involving "primary" shrinkage. In this sense, primary
shrinkage defines the isotropic physical contractions associated with
unrestrained shrinkage. It is the primary shrinkage component which will
cause a spurious stressmeter reading and this can clearly occur with or
without the presence of an external load. This shrinkage increment of the
total stressmeter reading must be identified if the device is to be used
for measuring true intermal stresses, i.e. those stresses which would exist
in the absence of the inclusion.

In practice it is difficult to isolate primary and secondary effects since
shrinkage gradients will always occur as drying proceeds through the thickness
of the concrete structure or test-plece. In the later stages of drying

these gradients will be reduced and the differential shrinkage effects will

become less significant.
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In the absence of an external load the expected stressmeter response to
primary shrinkage will be as follows. Since the shrinkage deformations are
the same in all directions they will induce a symmetrical distribution of
radial and hoop stresses in the circular inclusion. To maintain equilibrium
a similar distribution of stress will occur in the surrounding matrix. In
the annular stressmeter this form of stress distribution produces concentric
isochromatic fringes around the central hole, a patterm which is ambiguous
with a two-dimensional hydrostatic stress condition produced by extermal
loads. (As fa» as the solid stressmeter is concerned no readings will be
produced in these circumstances; the fringe pattern will not change from zero
since a homogeneous state of compression and hence zero principal stress
difference will exist in the glass inclusion.)

If an external load is also present (and this might include a component
due to differential shrinkzge) then the annular stressmeter pattern will be
produced by the resultant of two superposed stress systems. The individual
increments will be difficult to separate at any arbitrary point in the stress-
meter pattern; in general the principal stresses in the glass due to external
loading will differ in direction to the stresses produced by primary shrinkage.

The only exceptions will be along the axes of symmetry of the pattern
where the fringe order increments will be directly additive. (Along the axes of
symmetry, the shzar stress rre' is zero; the radial and hoop stress components

o ! respectively then take principal values). This property suggests

]
r * %
a method of separating the stress components but the magnitude of the shrinkage
stress increment must still be known before p, the required major principal
stress due to external load, can be found. In addition the problem of
identifying the minor principal stress g will still remain.

The comments made so far have not taken into account the effects of

localised creep or relaxation which may occur simultaneously with the

development of shrinkage; its effect will be to relieve the stresses in the

concrete and inclusion. Creep will thus oppcse the generation of significant
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shrinkage stresses in the stressmeter, and althouph in some cases this may
be beneficial, the effect in general only complicates the problem.

It is clear that the identification of shrinkage fringe order increments
in a baded stressmeter will present several difficulties. It would appear
that the problem cannot be gencralised and in principle each installation
will have to be considered in terms of the appropriate shrinkage changes,
applied stresses and creep deformations. Since so little is known, it would
seem reasonable to begin an investiggiion of shrinkage effects with an
assessment of the orders of magnitude invelved in a stressmeter before it is
subject to stresses from external loads., It is possible to calculate a "worst
condition" by a simple elastic analysis of the deformations and stresses
which would occur in the absence of ereep or relaxation and this condition
can be compared with practice by cbserving the growth of shrinkage fringe
orders in laboratory specimens. A more rigorous study of what ls essentially
a time-dependent phenomenum is beyond the scope of the present discussion.

Subsequently it shouid be possible to consider the additional problem
produced by superposing stresses from an external load. If the shrinkage
fringe order distribution is known the resultant fringe pattern produced by a
controlled external load can be investigated and referred to the
appropriate theoretical solution available from the Hiramatsu-Barron
equation (2.2). In the examples discussed below the external loading has
been restricted to a simple uniaxial compressive stress applied to a

rectangular section element cr slab.

3.2, An Elastic Analysis of the Shrinkage Problem

In the simplest analysis of shrinkage stresses the host material is
assumed to be elastic, homogeneous and Isotrcpic throughout the time of the
shrinkage change. It will be appreciated that this assumption is necessarily
unrealistic in concrete but non-elastic effects will tend to oppose the

growth of shrinkage stresses and the elastic analysis will therefore describe
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the worst possible condition as far as the inclusion is concerned. The.
method of calculation is essentially the familiar "shrink-fit" problem of
two concentric cylinders; as before, compressive stresses will be given
positive signs.

Consider the annular stressmeter outer radius a, inner radius b, elastic
properties E', u', surrounded by an infinite host material, elastic
properties E, u, experiencing a uniform primary shrinkage strain §.

Because of the mismatched elastic properties and the absence of
shrinkage in the inclusion a localised boundary pressure, or radial compressive
stress, is set-up at the interface between the two materials. (The effect
of the out-of-plane restraint at the interface is assumed to be negligible.)
This radial stress is designated pg and it nroduces a radial displacement uy'

at the outer perimeter of the inclusion. Associated with the displacement

t

re - 0, because of geometrical

are inclusion stress components cr', 06' (
and stress symmetry). The system is shown diagrammatically in Figure 3.1.
At the same time the free shrinkage of the concrete is restrained by
the inclusion; the stress Ds only allows the limited interface displacement
up and localised stresses Op, Tos (Tpe = 0) are produced in the concrete.

Thus for the host materiai:

hoal ] loo
u, = e, dr = & [(o_ - uwoy)de (3.1)
r=(a-8a) r E a * 6
For the inclusion:
t rIa 1 1 a ' "t
u, = / e, dr = & / (o, - woag )as (3.2)
r=0 (o}
For compatibility:
]
da = u,+ up,
therefore:
15 1 a 1t
]
sa = f'£ (o, = uoy)de + & é (o' = u'o, )de (3.3)
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The stresses Tps Tg. Tps oe' can be found from the general axi-symmetric
?
stress function(SS):
o = A 4B+ 2logr) +2C (3.4)
r r2
A -
o, = == +B(3+21logr)+:C (3.5)
9 2

The same equations can be used for o', ce'. The constants A, B, C, A', B',

C', remain to be found from the boundary conditions for each material.

In the host material: o, =0g= Owhen r =
9. = Ps when r = a
therefore A = ps.az, B=C=0
2 2
Pg2 Pga
= = - .6
So o, * =5 g > (3.6)
r r
)
For the inclusion: o = Dg when » = a
1
o, = C when r =0>L
' D 'azb2 1 P 32
ther‘efore A = - —S-E———- ’ C = + g 2 2
(a®-b?) 2(a®-b?)

(The zero value for B' fcllows from an independent consideration of the

(53)).

displacements in the general axi~-symmetric stress problem

' Psa2 b2
o - SR —— e 307
Therefore o (a2'b2) [:;2 :] (3.7)

O'e' - + l (3.8)
(a b ) .

Substituting equations (3.6)-(3.8) into equation (3.3), integrating and

rearranging terms gives:
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§.E.E'(a2=b2) (5.9)

]
Ea )+t (b2 ] +E! [2-b )(1+u]

The interface stress Pg produced by a given shrinkage change § can thus

be found; the concrete and inclusion stresses follow directly. The
resulting stress distribution through the inclusion and the surrounding
concrete is shown in Figure 3.2. The tensile values of g given by equation
(3.6) are clearly apparent. It can be seen that the localised stresses in
the host material decrease parabolically with distance from the inclusion

and the disturbance level of stress falls to less than 5 per cent of the

peak value at a distance of 4a.

t 1
The stressss 9,9 04 produce a fringe order distribution in the glass

inclusion which can be expressed by the modified stress optic law:

! v 1 1
= - - . g 1) <&
Ne (0 -9, ) % (0g'~0,") ¥
8 g
where Ng = the fringe order due to shrinkage
lg = the optical path length through the inclusion (in

a transmitted polarised light system the optical
path length is equal to the axial length of the
inclusion)

£ material fringe value defined in Section 2.5.1.

g

From equations (3.7)(3.8):

2.Ps.a2.b2
(g,' =0') = —ge— (3.,10)
) r r2(a2_b2)

therefore: N. = kg . =B (3.11)

= 2.oaf-é-E + Dg-

where k =
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The fringe order distribution is thus parabolic with the peak value ocecurring
at the edge of the axial hole where‘§ = 1,0, The distribution is shown in
Figure 3.3,

For arithmetical convenience equation (3,9) can be rewritten;

Pg 12.E.E!

6 -
EEB-nuZI + L2E! E-!-EI

P
Using this expression the relationship between — and the modular ratio

(3.9a)

$
E' : .
F can easily be drawn for various Poisson's Ratic conditions, as shown in

D
Figure 3.4, The values of-?? are not significantly affected by small

variations in the combinations of Poisson's Ratio.

The master curves of Figures 3.4 enable the shrinkage fringe order to be
determined at any point in the stressmeter for a known condition of primary
shrinkage change and elasticity. Consider for example two cases, representing

reasonable extremes for concrete, where:

0.20

(a) E 2.0 x 10° DeSeis u

(b) E

6.0 x 106 P.Soia 0.27

=
"

The shrinkage change in both cases is 400 ue.

1
In (a) the modular ratio becomes E. 5.0« From the curve for

E
¥ = u' = 0,20 (no significant error will be introduced by taking u' = 0,20
p
in comparison with u' = 0,22) the value of-?a = 1.45 x 10° (in stress units)

is obtained. Thus:

6 6

p. = + 400 x 107 x 1.45 x 10° = + 580 p.s.i.
s

If the annular stressmeter constants are lg = 1.5 im,.fy = 1220 p.s.i./fr./in.

Then:

- 2,08 x 1.5 x 580
kg = ¥ 1220

= +1,48
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XNg
= 1,0 where kg = + 1.0

o

From Figure 3.3, the maximum fringe order occurs at
Therefore Ns = + 1,48 fringes.

(The fringe order at any other point in the glass can be obtained
in a similar manner. The two significant identification points recommended

by Dhir are marked in Figurc 3.3.)

' P
In case (b) the same nrocess gives '% = 1.67, 7? = 3.425 x lO6 DeSely
kS = + 3,50
N = + 3.50 fringes

S max

The concrete with the highest E value clearly produces a greater response
in the stressmeter for a given shrinkage change; this could be expected from
an initial qualitative assessment of the problem. In both cases the fringe
orders are by no means insignificant.

It is also possible to consider the lower limit of shrinkage which might be
detected photoelastically in the annular stressmeter. Beginning with a
uniform condition of zero stress throughout the glass inclusion the smallest
shrinkage fringe order at the inner edge (§-= 1.0) which can be measured
with confidence will be approximately +0.5 fringe. In practice a small
negative residual fringe order usually exists at this point; its magnitude is
approximately 0.25 fringe (deduced from observations with a double sensitivity
element - see Section 3.6.3.). The smallest effective shrinkage fringe order;
will therefore be (0.5 + 0.25) = + 0,75 fringe.

In the standard stressmeter element (length 1.5 in.) the corresponding

stress increment will be:

i

r_ VoL ls - . 0.75 x 1220
At b - loo’ 0'6 + g (] fg + l.s

The required interface stress pg can be found by rearranging equation (3.8)
for the pecint % = 1,02

L
0y (a2-b?)

7 = ¢
s 2a2
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. a +610 x 24 .
Since T2 5.0, Py = R a 202 p.s.d.

Figure 3,4 enables the shrinkage change ¢ associated with this interface
stress level to be determined.

For a lovw modulus concrete, e.g. E = 2,0 x 106 PeBoln,

he)
“_GE' = lohs X 106 pcs.io
b
202 x 10
therefore smin = —-Erug—-— 2 200 ue

For a high modulus concrete e«gs E = 6,0 x 106 PeSeie

D
1; s 3.425 x lO6 DeSeis

therefore 5 . = 80 ue

The standerd stressmeter will therefore be relatively insensitive to
shrinkage in low modulus concretes but the lower limit of shrinkage response
Wwill decrusse as the host modulus increasos.

The analysis and numerical oxsmples have been discussed without any
reference to creep effects. Considered as an elastic problem, the esctual
shrinkage response of the stressmeter will be exegperated, but with no
quantitative knowledge of the relaxation produced by creep it is not nossible

to estimate the degree of exapggeration involved.

343« The Thermal .Mismatch Problem

The shrinkage problem is directly analogous to the condition produced
by a change of environment temperature. The coefficients of expansion
and the elastic constents of the inclusion will not be matched to the
properties of the concrete and the restraints involved during thermal

expensions or comtractions will also produce spurious stresses in both
materials.
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In the steady state condition, i.e. no temperature gradients through

the inclusion-concrete system, the interface stress Py is given by:

' 2.2
pt - t(o=-a )EE'(&. b*) (3.12)

E[E%2+b2)+u'(b2 az:]+E'[: )(l+u:1

where t = the change in temperature

the coefficients of linear expansion for

2
-

Q

]

the concrete and inclusion respectively

Equation (3.12) can be derived in an exactly similar manner to equation
(3.9); in the thermal equation the sign of the term t(a-a') may or may not take

the sign of the earlier shrinkage term 6.

Comparing equations (3.9) and (3.12) for similar conditions of elasticity

and geometry it is apparent that:

Pg Py
+ % ey (3.13)

The relationship between %%h—a') and modular ratio %j is therefore
expressed by the curves alraady given in Figure 3.4. Similarly the fringe
order distribution in the inclusion takes the same form as before but
attention must be paid to the sign of Py If a temperature rise is involved
and o>a' then P, will occur as a tensile interface stress producing
corresponding tensik values cof cr' and oe'. (For consistency of sign convention
the temperature rise t would require a negative sign in this discussion).
Assuming that the boundary adhesive around the stressmeter can withstand
tensile stresses, a state of tension in the glass would be revealed by
the photoelastic identification technique. A decrease in temperature would
clearly involve a state of compression in the inclusion.

It is werth considering the orders of magnitude involved. The

coefficient of expansion for the stressmeter (soda-lime glass a' = 5 x 166/°F)

(55)

is at the lower end of the coefficient range published for concreta , the
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highest values being of the order of a = 8 x 10-6/OF. Suppose a temperature
rise of 50°F occurs (which would no*t be unreasonable in an outdoor location
in the British Isles) and the appropriate elastic, geometric and optical
parameters are the same as theshrinkage examples previously considered.

The terms become:

tla-a') = -50 x (8-5) x 10”° = - 150 pe
Case (a): E = 2.0 x 10° pusiie, u = 0,20
E' _ Pe -6 .
T ° 5.0, To=a’y - + 1,45 x 10 7 p.s.l,

therefore p, =-218 Des.i,

(This tensile stress could be tolerated by most concretes and the adhesive

bond around the stressmeters).
2.08 x 1,50 x 218

From . = o
Figure 3,3, Ntmax 1550
= - 0,56 fringe
Case (b): = 6 i = 0.9
. E = 6.0 x 10 p.s.la u= 0.20
E' - pt - 5 *
F S 1.67, ey ° + 3.425 x 10~ p.s.i.

P, = =515 p.s.i.

This tensile stress is of the same order as the tensile strengths quoted

for various concretes(ss) but assuming cracking does not occur the maximum

fringe order becomes:

N = - 1032 ft‘inge.
tmax

Although the result in case (a) is unlikely to be significant, bearing
in mind the parabolic distribution with radius, case (b) clearly

involves an appreciable fringe order.
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As with the shrinkage problem, non-elastic behaviour will oppose the
growth of thermal fringe orders, but in some cases the second steady state
temperature condition may be achieved in a short period of time. The effects
of creep and the degree of exaggeration involved in the elastic analysis
will then be reduced and the magnitude of the tensile o, stress component
may become critical. It should be remembered that the arithmetical examples
quoted here consider liberal circumstances which may not occur in practie.
In many cases the temperature change is unlikely to be as large as SOOF. the
coefficient of expansion of the concrete may also be more close to that
of the glass.

Further discussion of the thermal problems will be reserved since it is

currently included in another project(Sl).

3.4, Superposition of Shrinkage and External Load Stresses

In general the distribution of stress in the stressmeter will be the
result of superposed systems from shrinkage, thermal and external load

effects. The resultant fringe pattern will be defined by:

(3.14)

(;hbr

= ' ' .
No (ol 9, )T

where NT = the resutant fringe order at a given point
(Gl' -02')T = the resultant principal stress difference at the same
point,
lg, fg are defined as before,

The term (ol' - 62')T can be found by superpcsing the stress components
due to shrinkage and thermal effects (cr's, oe's, Tre's), (°rt"°6'to Tre't)
respectively, on the stress components On';, Oe'L, Tre'L due to external

load. From Sections 3.2, 3.3:

2 2
er's, Op,' = = ( ) ———|
r'ss rt PesPr? T2 |2 -1 (3.7)

log

»
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o' , 00" = +( ) -53-—- EE- +1 (3.8)
) s? 8 t pS' pt (a2_b2) r2 .

!

- 1 -
Tre s - Tre t - Y

For external stresses p, q, produced by the applied load, the stress

components are!

, /
' “an! BO 6B2 i 4D72_
Opr, = (p+q) 28, +~% |- (p-q) —5 + 2¢, +—5| cos 26 (38.15)
r r r

n/ /
! / o) 6B
= - — ]

% 1 = (pt+a) [%%o rz:]+ (p-q)[:;2A;r2 +-EZ +2C, | cos 20 (3.16)

r

2DI
v - t 2 .y 4 2 | .
Tre'p T (p-q) EA2r - 6B2r + 2C2 - -—rE sin 26 (3.17)
(38)

The constants Ao', A2', Bo', Dz', 02', D2' are written here with Barron's
modified notation of the original Hiramatsu(gs) definitions. Thus the

resultant stress components are given by:

't = ' ' ' 3.18)
T opg tOop *O (
og'  =9g's + 't + 'L (3.19)
T
! |
Tr\e T = Tre L (3020)
The principal stresses °1'T' 62'T at the point (r,8) can now be found:
1
(0. +0,)
' v = L ) + 't "2 12 3
o) g0 92 > T + 3 (0,7 =0, )7 + 4TrGT (3,21)
T
Hence the principal stress difference at the point is:
' ' ' t. 2 v 2|3
- = - 3.22
(J’l 9, )T Eo‘r ce)T + b Tre T] (3.22)
Using equations (3.7)-(3.8) (3.15)-(3.20) and simplifying terms:
' 1
(0, -0, )p = k,(p+q)~k,(p-q)cos 26 - k, (pg*p,) (3.23)
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!
2Tpg T © k3 (p-q) sin 26 (3.24)

B
= -
where kl 2 5
r
. 2, 4.2 2
ky = 4 3Ar *3 0, +—
. r r_j
'msmnd ey
B D (3.24a)
ky = 4| A xr-3-2 4 . 2
3 2 m 2 2
| r r_|
9 a?p?
ku = r2(a2-b2)

Thus:

!

(o, -02')T = [E%l(p+q)-k2(p-q) cos 25 - ku(ps+Pt)}2+k32(P'q)2Sin%;J% (3425)

Equation (3.25) is the same as cquation (2.2) for stresses due to p and q
only except for the modification term k,(pgtp,) .

The interpretation technique used by Dhir(2l) relies on the (p,q) fringe
pattern profile to evaluate the ratio~%; in addition, the stressmeter sensitivity
factor, S, varies with fringe pattern érofile. The term ku(Ps+Pt) clearly
modifies the required (p,q) fringe pattern; an infinite number of profiles
can be derived from equations (3.25)(3.14) for all possible combinations of
Ps Qs Dgs P+ It follows that the profile identification technique will
give erroneous results when significant shrinkage and thermal stresses are
present in the annular glass inclusion,

Equation (3.25) shows that the individuzl applied stresses p,q, can
only be found from one measurement on the fringe pattern if the ratio'%,
and the term (ps+pt) are known independently. (This statement is demonstrated
in Section 3.6.,4. below). If only (ps+pt) is known then two measurements

at different points on the fringe pattern will be required before p and q

can be found separately.
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It may be noted at this point that the above sclution of the super-
position problem is not exact as far as the inclusion stresses are
concerned becausec equations (3.7) (3.8) (38,15) - (3.17) do not take into

account othereffects which will be discussed in Chapter 5.

3.5, Primary Shrinkape Tests

A simple laboratory test has been carried out to consider the
shrinkage fringe orders which might ocecur in practical circumstances. From
the preceding discussion, the worst effects are to be expected in high modulus,
and therefore high strength, concrete mixes which show rapid shrinkage; three
such mixes have been considered for test purposes,

The first precblem is to create a test-piece which approximates to an
infinite plate shrinking ontc the stressmeter element without significant
differential effects occurring through the thickness. Thus a circular slab
or disc with a thickness to match the axial length of the strcssmeter element
should be least affected by differential shrinkage. (The photoelastic pattern
in the stressmeter gives an integrated respense to stress compenents in
planes perpendicular to the stressmeter mxis.) The diameter of the disc needs
to be consistent with the extent of the stress disturbance revealed in
Figure 3,2.

In addition, the maximum aggregate size used im <+he mix will be limited
by the thickness of the disc; it is general practice tc restrict the aggregate
size to a maximum of one-quarter of the smallest dimension of the concrete
member, This presentsno problem with a disc thickness equal to the standard
stressmeter length (l.5 in.) since a # in. aggregate can be used and this size

is frequently employed in high strength mixes. It is also apparent from Dhir's

(2%) 4hat a # in. aggregate

practical observations in loaded concrete specimens
will not produce any significant localised disturbances in the stress

distribution of the inclusion.
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Considering these points, a series of dises were preparcd for the high
strength mixes specified in Tables 3.1 and 3,2 (mixes A, B, C). River sand
and river gravel agpregates were used, Disc details are shown in Figure 3.5.

To eliminate the effects of early plastic shrinkage the stressmeters
were not applied until the specimens were eight days old. (The discs were
polythene wrapped for seven days after casting.before instrumentation and
subsequent shrinkage in a known laboratory environment.) The stressmeters
(length 1.5 in.,diameter 1.25 in,) were bonded in position in the usual
manner with a filled epcxy adhesive available commercially for this purpose*;
a constant radial thickness of resin was used (%E-in., equivalent to %5 for
these stressmeters).

Shrinkage was measured with an 8 in. Demec gauge on both sides of each
disc along four diametrical gauge lengths. According to the elastic analysis
the stress disturbance caused by the inclusicn does not extend far enough
to affect strains measured on the Demec cauge length. (This feature was
subsequently confirmed by shrinkage measurcments cn identical discs without

stressmeters.)

3.5.1, Results

The abserved shrinkage changes from discs with stressmeters are summarised
in Figure 3,6, Laboratory temperatures and relative humidities were measured
with a whirling hygrometer and hygrometric charts(as). For brevity, only
the results from four representative gauge lengths on each disc are shown in
Figure 3.6, An example of a laboratory data sheet is given in Appendix 1
(Table A,l.1)

It can be seen that the shrinkage varied between 300 ue and 500 ue after
65 days; in each case shrinkage proceeded at a slow rate after forty days.

In general the readings showed the expected radial symmetry although an

appreciable scatter occurred in the results from mix A,

* "yin Pack" Adhesive, SHEFFIELD
forstnan - UNIVERSITY

LIBRARIES
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Although well-defined shrinkage changes were thus successfully produced
no significant changes occurred in the stressmeter fringe patterns. From the
elastic calculation a change of at least +2.30 fringes would be expected at
the inner edge (§-= 1.0) assuming that the elastic modulus of each mix was
approximately E = 5.0 x 10° pPeseie In two cases (mixes A and B), the zero
condition in the stressmeter was maintained throughout the cbservation period.

An unidentifiable disturbance was produced in the stressmeter pattesn of
mix C after approximately twenty days but the change could not be related to
any internal or external system of stress, The isoclinics (indicating
stress directions) were discontinuous, and the low order isochromatics
(indicating stress magnitudes) were erratically distributed. Such behaviour
is consistent with stress variations in magnitude and direction through the
thickness of the photoelastic test-piece, (Frocht(28)). I+ is not known how
the disturbance would affect the response of this stressmeter to an cxternal
load but similar experiences with other rock and concrete specimens have
shown that systematic behaviour is soon achieved once the stresses due to
external load dominate the initial low order disturbances.

These results have shown that the stress distribution predicted by the
elastic analysis bears no resemblance to the practical circumstances involved
in these tests, a conclusion which is consistent with comments made by
previous users. If the stresses are absent from the inclusion the
associated stresses in the concrete must also be absent. Furthermore, it would
seem reasonable to expect that no significant response will be produced in
more general conditions involving stressmeters applied in a similar manner
to concrete mixes of lower strength.

The test circumstances in this instance dec not allow any explanation
for the observed results but they serve to emphasise that the time-dependent
properties of the combined concrete-epoxy system around the stressmeter

probably dominate the shrinkage stress process.
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3.6, Test-Pieces for the Superposition of Shrinkage and Loading Stresses

Considering the absence of a shrinkage response in the disc tests it
might be expected that the superposition problem will not exist in similar
practical circumstances and the stressmeter fringe patterms generated by
éxternal loads of short duration should be independent of preceding shrinkage
changes in the host material. This point was verified in additional tests on
rectangular specimens which were prepared before the results from the disc
tests became apparent. The response to shrinkage was again negligible despite
using double sensitivity stressmeter elements, but the rectangulgr specimens

revealed two important subsidiary features concerning:

(a) the uniaxial stress sensitivity factor of the annular stressmeter
in an elastic low mcdulus material.
(b) the behaviour of the epoxy resin adhesive at temperatures

above 80°F.

The first feature will be discussed separately in Chapter 5; the second
feature may be relevant tc future shrinkage investigations and the test
cbservations will therefore be described below, Clearly the performance of
the epoxy adhesive is fundamental to any stressmeter application and the

implications of these cbservations will not be restricted to shrinkage problems.

3.6.1. Specimen Details and Observations

A family of six identical specimens was prepared from a fine aggregate
mix intended to show large rapid shrinkage strains. In this instance coarse
aggregate was omitted from the mix to simplify the experimental conditions.
Mix details are included in Tables 3.1 and 3.3 (mix F); specimen dimensions
are indicated in Figure 3.7

All specimens were polythene wrapped for the first seven days before
applying Demec gauge points to the two wide faces. At this stage access holes

for the later stressmeters were diamond drilled and sealed off to restrict
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drying from the hole bore. The specimens were then transferred to an
automatically controlled test room maintained at 80°F, 50 per cent relative
humidity. Before transfer one specimen was coated with a thick layer of
bees wax to retard shrinkage. The wax contained a resin additive tc improve
handling properties.

The subsequent shrinkage characteristies are shown in Figure 3.10., The
open square points in this graph refer to the mean strain changes from one
of the fully exposed specimens (F1-2); nc significant differences were
cbserved in the cther five test-pieces.

It was originally intended to apply annular stressmeters at intervals
in the shrinkage process so that consideration could alsc be given tc age
effects in the stressmeter response to shrinkage and external locad. The wax
coated specimen was intended to provide a comparison base for age effects
independent of significant shrinkage changes. The first stressmeter was therefore
applied to one of the exposed specimens (Fl-1) after a steady state temperature
condition had been achieved in the controlled test chamber. An identical
Stressmeter was applied to the wax coated specimen (F1-6) soon afterwards.

A low fringe order disturbance similar to that already described for
the mix C specimen in Section 3.5, was cbserved in the Fl-1 stressmeter
after approximately fifteen days exposure to shrinkage. As hefore, the
disturbance could not be related to any uniform stress distribution along
the length of the gléss element. During a similar time interval no change
was cbserved in the F1-6 stressmeter; it was apparent by this time that the
wax coating was suppressing most, but not all, of the shrinkage in this
specimen, (Throughout the test pericd the shrinkage of the wax coated
specimen was 20-25 per cent of the exposed specimens),

A stressmeter was then applied to exposed specimen Fl-2 and after
forty-eight hours a compression load test was carried cut in the vig shown
This rig had previously been calibratad against a

in Figures 3.7, 3.8,

0-20 tons proving ring (Figure 3.9). It was immediately apparent that the
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induced stress condition in the inclusion was unstable; the stressmeter

fringe pattern relaxed continuously as the applied load was increased or
maiatained. The effect was conspicuous at an applied stress level as low as
200 pss.i. The same behaviour was observed in specimens Fl-1 and F1-6. After
considering the load applied by the rig, the deformation measurements on the
concrete specimen and the kncwn stability of the glass at this temperature,

it was concluded that the epoxy adhesive was incapzble of withstanding the
interface stresses caused by the applied load,

All specimens were therefore withdrawn from the test chamber and returned
to the lower temperature environment considered for the disc shrinkage tests.
(Specimen Fl-1 was damaged during this operation and was eliminated from
further load tests). Specimens Fl-2 and Fl-6 were reloaded forty-eight
hours after transfer and the response was found to be entirely consistent
with later results from this series where the epoxy adhesive had not been
exposed to temperatures above 72°F.

In all tests at the lower temperature the inclusion fringe orders were
observed to be stable and reproducible over the duration of loading.

It is concluded therefore that a significant change of rigidity occurred

in the adhesive within the temperature range 72-82°F. (This may or may not
be a particular property of the resin under consideration, but it seems likely
that epoxy adhesives in general will show similar behaviour.)

Since the adhesive is unstable in short-term loading at temperatures
above 80°F the question of its long-term stability at lower temperatures
must be raised., The limited evidence available from the field investigation
(see Chapter 6) suggests that the epoxy adhesives can maintain stressmeter
boundary loadings for several months at temperatures below 72°F but more
conclusive information will presumably be included in the full results

of the independent creep investigztions begun in reference(SO).
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As a result of the adhesive prcblem the effective shrinkage of the
Fl series specimens must be restricted tc the period after transfer from
the controlled test room, The cbserved shrinkage during this time was
approximately 350 pe (see Figure 3.10), and it is to be expected from the
disc test results that this change would be insufficient to produce a
response in the stressmeter of specimen Fl-2 (this was the only inclusion
exposed to the full change). Although the stressmeter sensitivity was
doubled for the Fl tests (achieved by doubling the axial length of the
inclusion) no shrinkage response was produced in any of the stressmeters during
a total observation period of one hundred and twewty days.

Uniaxial compression tests carried out throughout this time revealed a
reproducible linear response to applied stress. A typical result is shown
in Figure 3.11. Longitudinal deformations measured with the Demec gauges
were also linear over the stress range considered (0-900 p.s.i.). It is
shown in Chapter U4 that the 8 in. gauge length used on these specimens is not
significantly affected by end conditions and the strain readings have therefore
been accepted for the determination of Young's Mcdulus.

(The elastic modulus of the wax coated specimen Fl-6 was approximately
10 per cent in excess of the observed values for the exposed specimens but
the increase was not asscciated with a significant change in stressmeter
response. The cbserved Young's Modulus for the exposed specimens was
E = 3.4 % 106 peseis 1 6 per cent; the stressmeter sensitivity factor was

Sn = 185 p.s.i./fringe ¥ 2 per cent (white light illumination, lg = 3.0 in.,

£ 1220 p.s.i./fr./in). These values did not change over the effective

g
eighty five days of the observation period. Frinze order and deformation data

is detailed in Appendix 5.)

3.6.,2. Thermal Strain Corrections

One extra feature of interest in the results concerns the thermal strain

increments of the apparent shrinkage deformations.
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The thermal expansionsg and contractions were clearly shown at
transfer to and from the controlled test room, The initial expansion of
the exposed specimens was masked by the very fast rate of shrinkage and the
net expansion was restricted to approximately 50 ue (14°F temperature rise).
The effect of shrinkage on the initial expansion of the wax coated specimen
Fl-6 can be considered to be negligible and the coefficient of thermal
expansion for this mix can therefore be deduced from the observed increase

in strain (95ue for 11.5°F temperature rise)

95 x 10°°

e 22X LU 0 = -6 ,0
%pi g © Tt /°F 8.3 x 10 /°F.

The corresponding contraction observed on transfer to the lower

temperature envircnment gave!

-6
_ 100 x 10 o) - -6 ,0
Opig 77 /°F = §5,9%x10 /°F

Shrinkage was not dominant in the contractions of the exposed specimens
at the second transfer, the mean contraction from five specimens, including

' the damaged Fl-1, was 117 pe, Thus:

-6
- 117 z lO /CP = 6.9 x lO.S/OF

%F1~1 - F1-5 17

It would therefore seem reasonable to consider a value of o = 7.0 % lO’G/OF
for this fine aggregate mix throughout the considered test period. This
figure has been used to correct the apparent shrinkage strain rcadings
to a common temperature base of 70°F. The corrected points for the expcsed
and wax coated specimens show & good fit with the full line curves given in
Figure 3,10, Observed strains, corrections and net strains for specimens Fl-2

and F1-6 are given in Appendix Tables A.l.2., A.l.3.

3.6.3. An Example of Experimental Shrinkage Stresses

The evidence so far shows that primary shrinkage of up to 350 pe produces

no significant response even in the double sensitivity stressmeter when the
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device is bonded in position in the customary manner. This range will

cover most c¢f the shrinkage from many concrete mixes and it might, therefore,
be:« concluded that there is little chance of a significant response ever being
preduced in practical circumstances. Such a conclusion would be incorrect
because significant fringe orders have since been observed for a shrinkage
change of less than 500 ue in a specimen originally prepared for another
investigation (see Chapter 4). This specimen (F3-4) was never cxposed

to the higher remperature of the controlled test room but it was identical
in all other details, except age, to the Fl series rectangular slabs
described above,

The shrinkage history of specimen F3-u4 is shown in Figure 3.12., A double
sensitivity stressmeter (i.c. nominal length 3.0 in.) was applied thirty two
days after casting and for the fcllowing twenty three days the specimen was
involved in the loading tests descrihed in Chapter 4. Subsequently a fringe
order distribution similar tc that predicted by the elastic analysis was
generated around the axial hole of the inclusioni the fringe orders were
abserved at regular intervals with a telemicroscope and diffused light crossed
circular polariscope. A plane polariscope combination was also used on
several occasions to verify the radial display of isoclinics.

The development of fringe order with time at two positions at the edge
of the axial hole is shown in Figure 3.12. The same fringe orders plotted
with respect to shrinkage subsequent to the application of the stressmeter
are shown in Figure 3.13. Experimental data is given in Appendix Tables
A.l.4 and A,1,5.

The radial distribution of fringe order is illustrated by Figures 3.14,
and 3,15 which refer to the four radii of the inclusion parallel and
perpendicular to the long axis of the ccnecrete specimen. The distributions
along other radii lay within the limiting curves shown in these figures

(the fringe orders for radii at 45° are given in Appendix Table A.l.6.).
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In Figure 3.15 the observed fringe orders have been standardised for direct
comparison with the theoretical parabolic distributicn. A standardising
factor of ﬁi, has been applied, where Ng' is the white light fringe order
at the points (%; = 2.0, 6 = 0°,90°,180°,270%) , Thesc points were chosen
because of their remote positions relative to the inner and outer surfaces
of the annulus. All experimental data is given in Appendiz Table A.1.6,

Several features are apparent from these results. First, the fringe
orders at the pecints (§-= 1.0, 8 = 0 and 180°) were significantiy higher
than the fringe orders at the corresponding positions in the (& = 90° and 270°)
direction. (The long axis of the rectangular specimen was aligned with 6 = 0°).
The maximum and minimum values of fringe order at the inner boundary consistently
appeared at these four points and the cirecumferential distribution was thus
elliptical rather than circular with respect to the axis of the inclusionm,
the major and minor axes cf the ellinse being aligned with the principal
axes of the cencrete specimen. As Figure 3,12 shows, the eccentricity of
the ellipse increased with time. This feature must be attributed to
differential shrinkage (or a "shape effect"), an unavoidable possibility which
had been appreciated when the rectangular specimens were first prepared.

Since no transverse or internal shrinkage measurements were made, the
shrinkage gradients in this test-piece cannot be described quantitatively but
this behaviour would appear to be consistent with the concept of a column
in which drying predominantly occurs through the lcng faces. (The Demec gauge
lines on this specimen were originally prepared so that transverse strains
could be measured with a 2 in. Demec gauge. These readings were
reluctantly abandoned at a very early stage after repeated practical
difficulties with the available 2 in. gauge.)

Secondly, fringe orders showed a linear variation with shrinkage (see
Figure 3.13) over the range covered by the effective fringe order cbservations,
(275-500 pe). Ignoring unknown shape effects, the elastic analysis also

indicates a linear variation between fringe order and shrinkage but the orders
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of magnitude are significantly different to the practical results. The
cbserved values were approximately 40 per cent of the elastic values
calculated by the method discussed in Section 3.2, The implication of this
observation is that the "lag" in the inclusion stresses was produced by a

relaxaticn process which varied linearly with stress. This would be

consistent with the occurrence of creep in concrete(57) when the applied

stresses are small in comparison with the ultimate strength.

It will be noted that within these comments nc mention has been made of
the time dependent properties of the epoxy adhesive which presumably play
some part in the relaxation process. Results given by Mooreceu) show that
the adhesive used in these tests can exhibit significant time dependent
deformation under the action of sustained compressive stress but the stresses
in the adhesive layer and the properties of the epoxy resin neecd to he
investigated in morc detail before the importance of this effect can be
assessed.

Thirdly,it will alsc be noted from Figures 3.12 and 3.13 that small
negative fringe orders were measured at the edpe of the axial hole when the
stressmeter was first applied. This indicates the presence of residual
tangential tensile stresses produced during manufacture; they decreased
rapidly with distance from the hle surface and the zero fringe order
condition was achieved within the distance :-’:-‘}“2.0. The residual stresses
will be responsible for a decrease in the shrinkage stresses produced at the
bore of the stressmeter; th. displacements of the highest fringe crder points in
Figure 3,15 are probably explained by this effect.

The actual shrinkage fringe order produced at the bore was therefore
the sum of the residual and observed fringe orders. Hence the maximum

shrinkage fringe order produced during the cbservation period at points

(§-= 1.0, 6 = 0° and 180°) was:

+ 2,50 fringes

0.50 + 2.00

Nsmax



The corresponding stress oe'r—b becomes:

' - s g . 2.5 x 1220
(o} r= = +__lg +—_———3.0

+ 1015 p.s.i.

Referring this value to equation (3.8) for the corresponding interface

stress:
Dg = + 490 p.s.i,
For equilibrium to be maintained, it has been shown that:
At '131: = 5.0, 0, = +Dg 9y = -1, (3.6)

Assuming that the adhesive layer does not significantly modify the
boundary stresses, a maximum tangential tensile stress of 490 p,s.i. must
therefore exist in the host matrix at the interface. This tensile stress
is less than the nominal tensile strencth of the material at the same age
as indicated by the results of Brazil Tests on specimens from the F1 mix.
(Figure 3,16 (data in Table A.1.7) shows that the tensile strength increased
during the shrinkage observation period. When the stressmeter was first
applied (day thirty two) the observed tensile strength was already in excess
of 500 p.s.i.} an increase of approximately 20 per cent occurred during the
succeeding seventy days).

It may also be mentioned here that the measured inner diameter (2b)
of the stressmeter was 0,015 in, higher than the value of 0.25C in,.
required by the standard annulus ratio of 5:1., This 6 per cent increase
was consistently observed in the 1.25 in., diameter annular stressmeters
used throughout the present tests. With the aid of the computer programme
referred to in Chapter 4, it has been shown that the change in diameter produces
no significant change in the inclusion stress distribution for uniaxial

applied load, except in the immediate vicinity of the hole boundary. The
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fringe order measurement points for uniaxial and biaxial loadings ave
sufficiently remote from this boundary for the sensitivity of the device to
be unaffected, For convenience a standard value of 2b = 0,250 in, has
been used in the derivation of §'terms quoted in the results of this Chapter,
The fourth conclusion from the shrinkage stress observations refers tc
the radial distribution of fringe order. It is apparent from Figure 3,15
that the distribution was not truly parabolic as predicted by simple
analysis, Difficulties in experimental technique and the residual stress
prcblem prevent any firm conclusions about the distribution in the immediate
vicinity of the axial hole but an increasing fringe order gradient expected
from the elastic analysis was clearly apparent., Tcwards the cuter bcundary
low fringe arders, and the consequent difficulty of accrvate resnlution, were
necessarily involved but the observed deviations from the parabolic distribution
are significent. This feature shows that the boundary conditions are

different from those implicit in the simplified analysis, a point which will

be referred to again in Chapter 5.

3.6.4, Experimental Superposition of Shrinkage and Loading Stresses

After a significant shrinkage fringe order change had occurred in the
stressmeter, specimen F3-4 was loaded in uniaxial compression in the manner
originally intended for the Fl series specimens previously described., In this
case it was more convenient to use a universal testing machine rather than
the loading rig of Figure 3.7; the test was carried out when the initial
shrinkage fringe orders had the magnitude and distribution already given in
Figures 3.14 and 3,15,

Fringe orders were measured at the edge of an opaque collar (external
radius §-= l.40 after Dhir(20)) on the diameter defined by 6 = 90°-270°.
The mean values of the fringe orders at the ends of the collar diameter are
shown in Figure 3,17; individual readings are given in Table 3.4, The

observed fringe pattern profiles which appeared with increasing lcad are also
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given in Table 3.4, using Dhir's notation. The elastic modulus of the
concrete specimen was determined from longitudinal Demec gauge readings
(giving E = 3.4 x 10° PeSeie),

In these test conditions both the inclusion and concrete behaved as
Hockean materials and the fringe order measurements were therefore expected
to be linear with the extermal applied stress p. This was verified by the
experimental points shown in Figure 3.17; the thcoretical response predicted
by the superposition equations (3.14) (3,.25) is also shown in this Figure for

comparison.,

The following points refer to the arithmetical derivation of the theoretical

response, Restating equation (3.25) for convenience:

2
(ci'-°2')r =[E%l(p+q)-k2(p-q)cos 26'k4(ps+9t)}2 +k32(p-q)25in22E] (38.23)

In this case ¢ = 0, 6 = 90° and Py =0 (the constant test temperature was
the same as the stressmeter datum temperature; see Figure 3.12). Equation (3.25)

can therefore be simplified:
L ' = - 3.25
(oJ Oy )T l(k1+k2)p k, .p i (3.25a)

Using equations (3.24a), (3.7), (3.8) and the s tress optic 1l aw:

= (cr'-oe')s - (oe'-cr')-

4Ps

:

. 1 1
' - ' i-&-:

(N, - N.)
L > b3 (3.26)

p = .
lg kl+k2 g

- 53



The term (kl+k2) must be determined separately; in this case it can be
found conveniently by interpolation of data given by the computer programme
of Chapter 4 (see below).

From the computer results:
At == 1,40, 8 = 90%; (k,+k,) = + 1,71
b R * L2 *

Using numerical values for all constant terms, equation (3.25) becomes:

(NT - 1.06) x 1220
p= 3.0 X 1.71

= 238 NT - 282 (3.27)

o
1]

The line given by this equation represents the theoretical response of the
stressmeter in specimen F3-4 to a uniaxial compression stress p superposed
on the stated initial shrinkage condition,

It can be seen from Figure 3.17 that the theoretical and experimental
lines agree to within 7 percent and this is unexpected in view of the wider
discrepancies between theory and practice previously cbserved in the
uniaxial tests of Section 3.6.1. (In the earlier tests fringe orders were
measured at point (§-= 1.60, 68 = 457); the results are discussed in Chapter 5.)

Since fringe orders have been measured on a principal radius cf the
stressmeter the shrinkage increment N, and the external load increment NL
are directly additive. The experimental Np line may therefcre be transposed
as shown in Figure 3,17, by definition this line passes through the crigin.
The sensitivity factor expressed by this line (Sn = 222 p.s.i./fringe) is
in good agreement with the value deduced from Figure 5.6, which refers to a
similar stressmeter and concrete specimen in an independent uniaxial loading

test,

The photographs of Figure 3.18 show the observed fringe order profiles

(without the opaque collar) at two different increments of uniaxial load
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superposed on the initial shrinkage condition. Withcout knowledge of the
shrinkage fringe order distribution, these patterns would clearly be
ambiguous with Dhir's illustrations for biaxial stress systems produced by

external load without shrinkage (see Figures 2,1-2.5).

3.7. Coneclusions

As a result of the preceding discussion the following preliminary
conclusions can be made concerning the effect of shrinkage on the response of
the annular stressmeter.

First, the significant response predicted by a simple elastic analysis
was not observed in specimens from three hich strength concrete mixes, Shrinkage
changes of up to 450 pe over a period of sixty five days produced no measurable
response in the inclusion; this implies that any fringe order change produced
by shrinkage could not have exceeded 20 per cent of the value expected from
the elastic analysis.

However, a prominent response was chserved in a double sensitivity
stressmeter during shrinkage of 275-500 pe in a special mix containing no
coarse aggregate. Although differential or secondary shrinkage effects
occurred in the concrete specimen it is reasonable to conclude fram the
acbserved distribution of fringe orders that the response was largely due to
primary shrinkage. The magnitude of the observed response was approximately
40 per cent of the calculated value using a short-term elastic modulus cbtained
from separate loading tests. In comparison with this result, cbservations
from an identical specimen in another test series gave no indication of
a response to shrinkage of approximately 350 ue; from these tests alone it
is not possible to comment on the significance of the difference in behaviour.

Secondly, the observed shrinkage fringe orders deviate from the
thecretical parabolic distribution particularly near the outer boundary of
the stressmeter. It is considered that this effect was caused by the boundary

conditions provided by the concrete-epoxy adhesive combination, and since the
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fringe orders were produced by an integration of principal stress difference
through the axial thickness, it would appear that the anomaly was significant
along most of the length of the stressmeter. The test conditions do not
allow further comment on the boundary conditions or the distribution of
individual stress components in the glass.

Thirdly, the expected superposition of inclusion fringe orders
produced by shrinkage and short-term external lcads has been verified for
a point cn a principal radius of the stressmeter, This property provides
a means of correcting a stressmeter reading for the undesirable shrinkage
increments, The effect was demcnstrated satisfactorily for a simple uniaxial
lcading condition, but in general the leoad fringe order increment will he a
function of biaxial stresses and a single chservation of fringe order on
the minor principal axis of the pattern will be insufficient to determine
the individual applied stress components.

The superposition of shrinkage and load inecrements in the stressmeter
clearly produced fringe pattern profiles which were ambiguous with those
illustrated by previous authorities for external biaxial stresses applied
without shrinkage. The patterm profile method for identifying the applied
stressratio alone is therefore unsatisfactory when shrinkage is sufficient
tc produce a measurable response in the annular stressmeter.

From the laboratory observations it is clear that the shrinkage response
in the stressmeter cannot be predicted with accuracy at the present time.
However, it seems reasonable to conclude that nc measurable response will
be produced in either the standard or double sensitivity stressmeters for
shrinkage changes less than 250 ue. This statement should apply to a wide

variety of mixes including high strength concretes but it should be considered
with caution until more is known about the relaxation process which clearly
occurs around the inclusion during shrinkage especially in concrete at an
early age. Attention should be given to the possibility of relaxation
varying with environment temperature, particularly in view of the experience

with the epoxy adhesive at temperatures above 80°F.
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The environment temperature must also be referred to the mismatched
thermal properties of the stressmeter and host material. The brief
discussion of the fundamental similarity between thermal and concrete
shrinkage problems has implied that the conclusions relating to shrinkage
Sstresses will also apply to steady state thermal stresses, making due allowance
for the possible state of tension which can be produced in the stressmeter
by a rise in temperature. In short~term investigations with restricted
creep effects, the elastic thermal analysis should be sufficient, within
the limitations of the two-dimensional approach, to calculate the thermal
fringe order increment of a stressmeter reading., The method has not been

tested experimentally in view of a current independent investigationm,
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CHAPTER 4

The Stressmeter Subjected to Biaxial Stresses of Opposite Sign

4,1, Introduction

Since rocks and cementitious materials can only tolerate relatively low
tensile stresses earlier laboratory work by other investigators concentrated
on the calibration of the stressmeter in simple compressive stress conditions.
The resulting isochromatic patterns and sensitivity characteristics havs
already been summarised in Chapter 2.

In practice principal stress combinations of compression and tension
frequently exist in rock and concretej if an annular stressmeter is used in
such conditions the resulting distribution of isochromatics will not
necessarily be similar to cases which involve two applied principal stresses
both of the same sign.

The ability of the device to withstand tensile stresses will also be
brought into question since significant tensile stresses can be produced at the
bore and relatively small applied stresses in the host material may cause early
failure of the measuring element.

At the same time tensile stresses will occur over portions of the
interface between the stressmeter and host material and it is a requirenent
of the conventional theoretical analysis of the inclusion stresses that
continuity is maintained at all points on this boundary. The stressmeter
adhesive must therefore be able to withstand tensile stresses if the observed
photoslastic patterns are to be compared with the existing method of
caleculating the inclusion stresses.

Given these circumstances it is worthwhile to consider the behaviour
of the annular and solid stress meters in more detail, In theory the
behaviour of the solid stressmeter should be known from Dhir's calibration

data (see Figure 2.6), since the photoslastic response of the solid inclusion
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is a direct function of the difference between the applied principal stresses
in the hest material. It is independent of the ratio between the magnitudes
of the applied principal stresses.

For the annular stressmeter the photoelastic responsc is not independent
of the applied stress ratio and the presence of a minor tensile stress in
the host material can significantly effect the magnitudes and profiles of
the isochromatic fringes.

Oppel(ss) has described the effects of compression-tension combinations
in the similar problem of the annular photoelastic strain gauge. It can
be seen from Figure 4.1, that in annular disecs of his peometry isochromatics
for stress ratios between lr—%- and l:~1 (i.e. n values of «0,67 and ~1.0
respectively) bear little resemblance to the isochromatic patterns given by
Dhir for the annular stressmeter, but for conditions where the minor tensile
stress is less than one-third of the major compressive stress the pattemn
bears a distinct resemblance to the profile in Dhir's uniaxial stress condition.

The theoretical isochromatic pattern in an annular stressmeter for any
stated compression tension condition can be derived by substitution of
appropriate arithmetical values into the Hiramatsu-Barramequation (2.2).
This procedure becomes practicable with the aid of a computer although a full
study of the various combinations which might occur in practice would clearly
require extended computation directly similar to Barron's work (loc.cit.) with
a two-dimensional compressicn stress system.

On the other hand, experimental verification of the general problem could
involve several difficulties of technique, For example, the loading
system would have to be capable of applying infinitely variable combinations
of in-plane compression and tension to a plate of dimensions consistent with
the area of influence of the stressmeter. Such a system would clearly

require considerable care and effort to develop and might in itself justify

a separate programme of work.
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As an initial alternative a particular case can be considered by
taking advantage of the singular combination of compression and tension
which exists at the centre of a diametrically lcaded disc. This system
has the advantage of minimising the practical problem of load transmission
to the test-piece, (the disc is loaded only through two diametrically opposed
narrow bands at the rim) whilst the known theoretical symmetric stress
distribution allows different measurement techniques to be used in comparison
with the stressmeter method, In additon the disc test-piece may be turned
in a vertical plane so that the load can be applied across different
diameters. This property allows any directicnal bias to be detected either
in the disc material or in the instrumentation system under test., The
disc test-piece has therefore been used in the first attempt at a study of
the stressmeter in an applied two-dimensional state of compressive and tensile
stress.,

In the investigation descrilbed bdlow, both the annular and solid
stressmeters have been used at the centres of large fine aggrepgate concrete
discs loaded across a diameter. Surface displacements at discrete points
have also bee measured with electrical resistance strain gauges and a
demountable mechanical gauge (the Demec gauge). Where possible experimental

measurements have been comparcd with the appropriate thecretical values.

4,2. Theoretical Stresses in a Loaded Disc

The theoretical stresses in an elastic homogeneous and isotronic disc line
loaded across a diameter have been discussed by several authors, notably
Timoshenko(su) and Prochtcso). For discs of concrete and rock where the
assumptions of linear elasticity are necessapllyimperfect, the problem is
continuously discussed within the context of the Brazil Test for the
determination of tensile strength. A recent paper by Desayi(sg) and its
list of references may be quoted as an example.

In the linear elastic case the rectangular stress components at any
point are given by:
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The nctation is apparent from Figure 4.2, compressive stresses being

given positive signs as before. Knowing these three stress components, the

principal stresses at the point under inspection can be calculated either

from the followinsg equation or by the semi-graphical method using the Mohr

Circle for stress:
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(4.4)

For points along the loading diameter equations (4.1)-(4.3) can be simplified

to the forms:
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Equations (4.1)-(4.3) depend on an assumption of line loading which
in practice cannot be ideally achieved., It is more realistic to consider

the load distributed as a uniform radial stress over a short arc of the

(60)

circumference. Wright quoted approximate equations for the stresses

on the principal diameters of the disc in such a condition; more detailed
(61)

equations have since been derived by Hondros as follows (with minor
changes in notation):
For the loaded diameter 0Y:
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For a small loading arc, as might be expected from a consideration of
St. Venant's Principle, equations (4.5)=(4.10) are in close agreement
with the corresponding line loading equations for regions remote from the
loading points. At the centre of such a disc the two sets of equations
agree exactly.,

The simple line loading condition predicts a uniform value of tensile
stress (magnitude - ;%%; all along but perpendicular to the loading diameter
0Y, even as the infinite stress condition is approached at the loading point,
For loading along a finite arc the tensile stress rapidly changes sign and
magnitude as the loading arc is approached but an almost uniform tensile
stress still exists over much of the OY diameter. A particular condition
is shown in Figure 4.3, which also includes the corresponding strain
distribution along the principal axes for the plane stress condition.

For both plane stress and plane strain conditions the stresses along
and perpendicular to OY and OX axes take principal values since no shear
stresses exist along these diametrical planes. At the extremities of the
OX diameter all stress components are zerc. The principal stresses at the

centre of the disc are therefore given by:

: / ,
= = .._...GP = = -
o = P = + = 0 % qQ ?ﬁ (4.11)

The corresponding principal strains for the plane stress case can be

found from the relations:

= X -
€, = F (p ~ugq) (4,12)
€ = é. (q -1w) (4.13)
2 E

Equations (4.12) and (4.13) can clearly be applied to any point in

the disc if the principal stresses are already known as a result of equations
(u‘l)-(q‘os).
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For a given applied load the principal stresses and strains vary
continuously in magnitude and direction with co-ordinate position in
the disc. The maximum variations occur near the loading points where high
Stresses and straimsexist simultaneously with much lower valucs nearer the
centre of the disc.

The disc is not therefore an ideal calibration member for any stress
or strain sensor, but conditions may be acceptable for practical purposes
if the sensor has a small zone of influence or gauge length in comparison
with the gradient of the function to be measured. For instance, careful
selection of dimensions will allow the use of a small inclusion stressmeter
at the centre if the disc is large enough to give a reasonable approximation
to a field of uniform stress over an area which can accommodate the zone of
influence of the meter. Resistance strain gauges need not be restricted
to the same region since they are readily available with shortgauge lengths
and they can tkerefore be applied over a much wider arca of the same disc,
with the qualification that discrepancies may be expected at points near
the loading arcs where the strain gradients are severe. Similarly it is
unreasonable tc¢ consider the Demec gauge for rencral strain measurements
on the disc although it can be applied satisfactorily in the special casc
where the two location studs are equi-spaced about an axis of stress symmetry.

This feature is referred to below 1in Section 4.,6.u4,

4.3, Test~Piece Details

Three test discs of a low modulus finc zgpregate concrete were
required to provide the optimum conditions for the stressmeter and comparison
strain gauges. The mix was therefore prepared to the F specification already

described in Chapter 3.

The discs were cast in fully enclosed shutters with the faces verticalj
this ensured the same surface finish for the two faces of each disc, Silicore
rubber dowels were bolted through the shutter toc provide access holes in the
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disc for the later installation of photoelastic stressmeters. This method
provided minimum restraint to early shrinkage and the dowels were easily
removed with the shutter after twenty-four hours.

All specimens were then laboratory stored for seven days with a small
quantity of free water inside a sealed polythene wrapping. Subsequently
they were matured and tested in a known laboratory environment,

The disc diameter was govermed by the available testing machinej the
thickness was determined by considering the strength of the disc in relation
to the response of the central stressmeter, the aim being to secure a
reading range of appro:imatelyO-4 fringes without risking a tensile or buckling
failure of the disc. The resulting dimensions were 233 in. diameter by
3% in. thickness (see Figure 4.4).

To provide a further calibration base for the measurement techniques
two rectangular section slabs were prepared from the same concrete mix.
These slabs were identical tc those already described in Section 3.6.1,,
i.e. dimensions 15 in. x 8 in. x 3% in. Instrumentation details are shown
in Figure 4,6 . The slabs were kept in the same environment as the discs

throughout and were tested in uniaxial compression immediately before the

discs.

4.4, Instrumentation Details

The disc instrumentation layout is shown in Figure 4.4, and appropriate
co-ordinates are given in Tables 4.1 and 4.2, Both the annular and sclid
stressmeters were tested at the centre point of separate discs; resistance strain
gauges were mounted at the centre point of the third disc.

As a subsidiary demonstration of the stressmeter response in conditions
of non-uniform host stresses extra annular inclusions were used at discrete
roints in two of the discs. Since the photoelastic inclusion gives an
integrated response to the surrounding stresses it will be appreciated that
the results from these extra stressmeters cannot be considered for general

calibration purposes.
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In every case the stressmeter was bonded into a 1% in. diameter hole
with an epoxy adhesive forty-eight hours before test. The adhesive has
already been referred to in Chapter 3. The stressmeter dimensions were
1% in, diameter by 3 in. length.

With the exception of those gauges at the centre point of the third disc,
the resistance strain gauges were bonded to the disc surface in 3-gauge
45° rosettes which were matched on each side to reveal bending effects,

For convenience the rosettes were placed symmetrically to the subsidiary
stressmeters and the bridge circuit was arranged to give individual gauge
readings (by the "null-deflection"method).

The gauge length was selected by considering the shortest gauge which
could be used without large errors from aggrapate effects in the concrete discs.
In this case the coarse grit sand used as the agprepate had been purposefully
graded below f% in. (for grading details see Table 3.3), and since the
majority fell within smaller size ranges gauges with % in. gauge length were
chosen. (This gave a disc diameter-gauge length ratio of 47:1 which was

considered to be satisfactory for the strain gradients theoretically involved

at the instrumented points),

(62) and

It may be mentioned here that the conclusions of Binns and Mygind

(63) for bonded wire gauges suggest that the % in. gauge

Cooke and Seddon
length could involve serious erros but the overall results of this test
series seem to indicate that aggregate effects were not a major source of
error,

To minimise the effects of cross sensitivity foil gauges were usedj all
gauges were taken from one batch (resistance 120 2, gauge factor 2.18)
and bonded to the specimen with a cold setting epoxy adhesive three days
before test.

The demountable strain gauge technique (8 in. Demec gauge) was used

primarily to monitor surface shrinkage before and during the test period

The gauge lengths were matched on each side and diametrically arranged at

- 66 -



45° around the centre of the disec. Subsequently two perpendicular gauge
lengths from this series were made to coincide with the principal diameters
by careful orientation of the disc in the leocading machine. Extra deformation
measurements were thus readily accessible for comparison with the resistance
strain gauge data.

The discs were numbered F5-1, F5-2 and F5-3 and the comparison slabs
F3-2, F3-4, Centre point annular stressmeters were used in disc F5-1 and
slab F3-4; solid stressmeters were used in disc F5-3 and slab F3-3,

Active resistance strain gauges were not included in slab F3-3 but this

specimen provided the base for the temperature compensating gauges of the

other circuits.

4.5, Test Procedure

The slab specimens were first tested to provide the basic uniaxial
calibration data for all measurement systems used on the disecs. (At this
stage it is assumed that the stress-strain relationship for the concrete
is the same in compression and tension.) The loadingarrangement for each
slab has already been described in Chapter 3 (Figure 3.7). All readings
were taken under increasing load on the specimen's fourth load cycle.

Stressmeter fringe orders were cbtained from a crossed circular
polariscope (independent polariser and analyser) with diffused white
light illumination. In the case of the solid stressmeter in slab F3-3 the
0% and 90° isoclinics were easily confirmed in the early stages of loading
by converting the circular polariser and analyser to a plane polariscope
system, These isoclinics were clearly seen in orientation with the major
axes of the slab., (The same effect was subsequently observed in the solid
Stressmeter of disc F5-3).

In the disc tests the load was applied through a ball seating, flat steel
platens and carbon paper strips. (An arc loading width cf g in, i'%g in,

was indicated for the eight loading diameters in the test series,) All
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leading areas were dressed and cleaned before use. In each case the

disc required careful alignment in the testing machine to ensure loading
only along the required diameter. Eccentric loading also had to be
minimised although as the results subsequently showed, this effect was never
entirely eliminated.

Each disc was first loaded in the 1-1 orientation, and as before,
readings were taken under increasing load on the fourth cycle. Since no
attempt was being made to study the failure characteristics of the discs
or stressmeters, the applied load was restricted to a maximum value which
covered the normal white light fringe order reading range of the centre
point stressmeters (approximately O-4 fringes). This maximum laading
produced relatively small strains in the areas of primary interest;
deformation and fringe order measurements showed a linear variation with
applied load.

For the subsidiary stressmeters near the loading point in discs F5-1
and F5-2 the polariscope system had to include a colour filter to identify
the high fringe orders developcd at the 45° reading points (aprroximately
7 fringes). An Ilford 606 yellow filter was used to produce a clecse approximation
to monochromatic sodium lights this filter was separately calibrated for
fringe order measurements using the method described in Section 2.5.1. As
expected the filter revealed fringe orders clcsely similar to those
observed in sodium or white light for given conditions of stress and
birefringence.

For discs F5-1 and F5-2, the load test in orientation l-1 was repeated
in turn for erientations 2-2 and U~4, In the case of disc F5-2 the
compatibility requirement for the centre point could be checked by comparison
of gauge readings in any two of the three disc orientations. This feature
is discussed in the results. With disc F5-3 only two orientations were
used; in each position the theoretical alignments of the 0° and 90° isoclinics

were confirmed.
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4,6, Results

Experimental results are presented graphically in Figures 4,8-4,30; test

data is tabulated in Appendix 2.

4.6.1. Specimen History

Figure 4,8 shows the observed surface shrinkage of the disc and slab

specimens before and during the test period. Daily readings of laboratory
temperature and relative humidity were taken with the whirling
hygrometer referred to in Section 3.5.1.

Throughout the twenty=-three day test period shrinkage continued at a
significant rate; all specimens showed a change of approximately 260
microstrains during this time. Since simultaneous temperature changes
occurred the shrinkage readings necessarily include thermal strain increments
but they are clearly insufficient to affect the form of the general
shrinkage curve.

The shrinkage changes did not influence the stressmeter behaviour during
the test period; this would be expected from the experience described in
Chapter 3, Approximately ten days after application some of the stressmeters
showed a small disturbance ia their zero fringe orders but this could not be
related to any surrounding stress systam or cbserved shrinkage change. In
the slab specimens the disturbance did not produce a significant change in
stressmeter sensitivity. (Subsequent tc the completion of this test
series significant fringeorder changes were cbserved in the stressmeter of
slab F3-4 but this has been discussed separately in Sections 3,6,3=3.6.4).

It is of secondary interest to record that large shrinkape strains
occurred in all specimens over the period of interest between ages seven
and sixty days. A small variation in measured strains occurred between the
three discs and values were always lower than the corresponding strains

for the slab specimens. There was no difference between the measured strains

on both slabs,
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446,2, Uniaxial Compression Tests

Figure 4,9 shows the solid stressmeter results and the longitudinal
deformation measured by the Demec gauge for slab F3-3, (Experimental data
is given in Appendix Table A.,2.1.,) It can be seen that the theoretical

(39) for the "welded

solution based on the Muskhelishvili equations
boundary" condition clearly underestimates the response of the stressmeter

to applied stress. In other words the average through-the~thickness

principal stress difference created at the centre of the inclusion exceeded
the theoretical value, the cbserved difference being approximately 21 per cent.
The fringe order distribution was parabolic across the face of the inclusion
the peak value occurring at the centre.. {(This feature is discussed in

more detail in Chapter 5.) It will also be noted that the measured fringe
orders were higher than the values predicted from Dhir's earlier experimental
cbservations (see Figure 2.6).

The Demec gauge readings indicated a linear response between stress and
deformation; a small degree of in-plane and out-of-plane bending was
apparent., The slope of the stress-deformation line was in satisfactory
agreement with the corresponding values from the similar slab F3-u4,

Figure 4,10 shows the annular stressmeter response from slab F3-4,
(Experimental readings are given in Appendix Table A.2.2.) Again there is
a significant difference between the theoretical and experimental
sensitivities. In this case the measured fringe orders were 15 per cent in
excess of the theoretical valuesj this result is in good.agreement with
the similar test-pieces described in Section 3.6.1. The theoretical results
have been calculated from the Hiramatsu-Barron equation (2.2).

The resistance strain gauge and Demec gauge readings are shown in
Figure 4,11, If allowance is made for the cut-of-plane bending effect
revealed by both series of measurements the results are consistent with

each other and the Demec gauge results from slab F3-3.
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Assuming that end effects did not cause significant errors in these
test-pieces the results showed a linear compression stress-strain
characteristic for this fine aggregate concrete within the range 0-1000 p.s.i.
The three values of Young's Modulus deduced from these tests vary
between E = 3,15 x lo6 p.S.i.y, and E = 3,35 x 106 p.s.i. The corresponding
Poisson's Ratios are 0,18-0,20.

If the further assumption is made that tension conditions involve the
same elastic constants, they can be applied to the measured disc strains
for comparison with the calculated stresses, or alternatively the theoretical
disc strains can be computed for comparison with observed values, Both

methods are ineluded in what follows,

4,6.,3, Disc Tests: Resistance Strain Gaupe Results

Before considering the strain gauge data reference should be made to
the effect of the finite loading strip width on the disc stresses at the
points of interest., Table 4.3 compares the principal stresses at the
rosette points nearest the loading strip (where the most significant effect
would be expected) with the stresses calculated from the line loading
condition, There is no significant difference between stresses calculated
from the two boundary condtions and the simpler line loading equations
have therefore been used throughout the following discussion.

Resistance straingguge readings are shown graphically in Figures ¥.12
and 4,17-4,19; examples of experimental data are given in Appendix Tables
A.2.3.,, A,2.5, A.2,6, The full lines shown in comparison with the
experimental values represent the calculated gauge readings for an assumed
isotropic disc with the stated elastic comstants. It will be observed that
the constants obtained from the preceding uniaxial compression tests have
been modified before application to disc F5-1; the reason for this is

explained below (see page 75).
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Before considering the centre point strain gauges and the subsidiary
rosettes reference may be made to Table 4.4, which shows the calculated
gauge strains for each gauge at maximum test load in the three disc orientations.,
In some cases the calculated maximum strains barely exceed the lower limit
of resolution for the strain gauge circuit employed, i.e. 0=5 microstrains,
and many of the test readings from these gauges are likely to be of limited
significance, The results showed this effect and, in particular, the A
rosette, orientation 2-2, has been excluded from this discussion since all

three gauges were subjected to low strains,

4,6,3,(1) Centre Point Strain Gauges Disc F5-2

In disc orientation l-1 these guuges measured principal strains €,

and e,; the results are shown in Figure 4,12,in comparison with the calculated

nb
theoretical values for an isotropic disc using the elastic constants obtained
from the preceding uniaxial compression tests.

On preliminary inspection the measured and calculated strains might
appear to be in reasonable agreement but allowing for bending in the usual
namner the stresses calculated from the measured strains do not match the
theoretical values (see Table 4.,5). Specifically, the minor tensile stresses
differ by 20 per cent; the major compressive stresses show a smaller
difference of 7 per cent. Despite these discrepancies in the individual
principal stresses it is interesting to note the coincidental agreement
between the measured and calculated principal stress differences (p - q),

As an alternative approach, if it is assumed that the measured st:ains
are produced by the theoretical stresses, the calculated constants becoms:

E = 3,55 x 106 pes.i. ¥ = 0.29, Although not unreasonable these values are

somewhat higher than expected.
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The actual constants applicable to the discs were therefore checked
experimentally by preparing rectangular elements from two discs after
completion of the primary tests. The gauges were protected during the
dissection operation (carried out with a diamond saw) and the elements
were capped before test in the manner already referred to in Chapter 3.

One element carried the centre point gauges and smaller olements were
prepared for the A,B rosettes (see Figure u4,15),

The centre point strain gauges were thus retested in a condition of
uniaxial ccmpression at the centre of a slab element having the same
dimensions as F3-3 and F3-4, The results are shown in Ficure 4,13 (experimental
readings are given in Appendix Table A.2,4.,); they give constants E = 3,27 x 10°
W = 0.22, These values are in satisfactory agreement with the constants
previously obtained from slabs F3-3 and F3% (E = 3,25 x 108 pesele, 1 = 0.18)
and the diserepancies in the disc centre pcint strains must therefore remain.

(A further conclusion can be drawn from this rectangular element test.
Demec gauge points were specially incorporated to conform with the pattern
used on F3-3 and F3-4, As Figure 4,13 shows the measured strains were in
good agreement with the resistance strain gauge readings after allowing for
bending effects., From this test it is concluded that end effects produced
no significant error when using the 8 in, Demec gauge on slab elements of
this geometry.)

There is another point of interest in the centre point strain gauge
results., By loading the disc along different diameters the two gauges are
effectively turned about the centre of the disc and the readings in any two
positions should satisfy the fundamental compatibility requirement. Expressed

algebraically with the notation of this test series, the condition for

compatibility at the disc centre may be written:

(egy + €gy)1.17Cea) * €6y05 5 = (€61 * €Gplyy (4.14)
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This geometrical relationship must be satisfied on both sides of the disc
regardless of any bending or inelastic behaviour, Figure 4,14 shows the
measured strains considered in this manner; on both sides of the disc the
sum of the readings from any perpendicular point falls within a narrow band
of results and this can be considered to satisfy the compatibility condition
within the limits of the measuring system. Thus, it may be concluded that

the strain gauges functioned satisfactorily at the centre of the disec.

4,6.3.(ii) Rosette Readings

The subsidiary rosette readings, represented by the mean observed strains
at the maximum test load, are given in columns 4, 5 and 6 of Table 4.5. These
strains have been obtained by plotting the readings from each gauge against
disc load; for corresponding gauges from both sides of the disc lines have
been drawn through the experimental points and the mean value taken at
the maximum test load. These values have been used to calculate the
stresses at the rosette points for comparison with stresses derived from the

theoretical equations (4.1)-(4.3),

Of the several methods available for calculating the principal strains
from the rosette readings, a simple graphical construction due to Murphy(eu)
has been used. The magnitudes and directions of the principal strains are
given from the Mohr Circle produced by this construction; using the constants

available from the earlier uniaxial tests the principal stresses are then

easily found from the relations:

E
= rn————— (E + ue ) (uolS)
p (-4 L 2
E
Z  e——— (g, + UE.) (4,16)
4 (1 - %) 2 1
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Table 4.5 shows that the major principal stresses derived in this manner
are generally in rcasonable agreement with the theoretical values but
significant differences again occur in the minor principal stresses. In
four cases the orientations of the major principal stresses are also
appreciably different.

The subsequent behaviour of two rosette pairs on dissected disc elements
confirmed the assumed values of elastic modulus and Poisson's Ratio used
in Table 4,5 (E = 3,25 % 106 pPeS+si. w = 0.18). Details are given in
Figure 4,16, The B rosettes from disc F5-2 gave results (E = 3.25 x 106 PeS.is
U = 0.19) in satisfactory agreement with the similar test on the centre
point strain gauges from the same disc (E = 3,27 x 10° psSeie, u = 0.22).

The element with the A rosettes from disc F5-1 pave constants E = 3,5 x lO6
DeSeisy ¥ = 0,22, In the rosette calculations of Table 4.5, it has been
assumed that the measured elastic ccnstants apply in both compression and
tension.

Examples of the rosette strains measured during the lcading tests are
shown in Figuwres 4.,17-4,19, It can be seen that in general the measured
strains varied in a linear manner. (The lines through the experimental
points have been used to determine the mean cbserved strains at maximum
test load in Table 4.5 as mentioned above.) The most sisnificant discrepancies
in the illustrated comparisons appear in the minor tensile strains at the B
position orientation 1-1, i.e, gauges no. 3, Figure 4.18.

In Figure 4.19 the calculated strain lines for the A rosctte orientation
L-4 have been corrected for the gauge "position effect", It is already apparent
from Figure 4.4 that in each rosette two of the three gauges are offset from
the point of interest and some error will therefore be produced when the
three gauge readings are used to calculate the stresses at this point. The
effect is most noticeable with the A rosctte in orientation 4-4; as would
be expected, the comparison between measured and calculated strains for gauge

no. 2 is improved when allowance is made for the position of the gauge with
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respect to the stated co-ordinate position of the rosette. The calculated
strains shown in Figure 4,19 do not therefore refer to a single point on

the disc surface,

On the other hand Figures 4.17 and 4,18 show strains calculated for
the stated co-ordinates of each rosette (see Table 4.l) and no significant
improvement is achieved in the comparison with the measured strains by

allowing for the offset positions of some of the gaupes.

4b,6.3, (iii) Elastic Constants in Tension

Because of the repeated discrepancies in the calculated tensile
stresses for the discs a uniaxial tension specimen was prepared from disc
F5-2 to consider the elastic constants in tension. Axial and transverse
straingauges were applied to the shutter faces of the rectangular element as
shown in Figure 4.20., Loads were applied by a universal testing machine and
the loading rate was matched to the theoretical tension loading rate
applicable to the earlier centre point strain gauge measurcments on disc F'5-2,
The results are shown in Figure 4,21 (see Appendix Table A.2.7.).

Despite experimental precautions to maintain true axial loading the
longitudinal strains clearly show a significant bending cffect and confident
conclusions with regard to the effective elastic constants must be reserved.
Nevertheless, these results show that the modulus of elasticity intension
differs by- a small but significant amount from the equivalent value in
compression. (The tension value is approximately 12 per cent below the
compression value).

The same test also reveals an even larger difference in Poisson's Ratio
for stresses of opposite sign. This is significant because the value of
Poisson's Ratio is fundamental to the minor principal stresses calculated from
the rosette strain measurements.,

Assuming that the actual stresses in the disc are given by the theoretical
solution, it is worth considering what effect the different clastic constants
will have on the measured strains. In particular, consider the centre point

Strain gauge position of dise F5-2,



The principal stresses are given by equation (4.ll1), viz:

/ /
6P ) 2P
P =+33 e 7 T T (4.11)

Suppose that the elastic constants in compression and tension are (EC, uc)

(ET’ uT) respectively. Applying the principle of superposition, the

principal strains now become!

Hr q
€ =5 - -I——

1l EC E.r
HoP

82 - —1 - —%—— (4017)
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Substituting with equation (u4.11):
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Suitable numerical vdues fcr the elastic constants are pgiven by Figures

4.13, 4,21, viz:

3.27 X 106 poScil

3
|

Yo 0.22

[
It

T 2,90 x lO6 Desedis 0,09

Hp

Considering the maximum test load, the disc terms become:
p'= 21,000 1, 4 = 23.375 in., 1 = 3.265 in.

Therefore: €

+ 166 ue
€, = - 96 ue (4.17b)
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The ccrresponding strains calculated with the compression test elastic

constants applied to both compression and tension are:

+ 172 ue

o
1]

€ = =89 ue (4,17¢)

The differences between (4.17b) and (4.17¢c) are seen to be small (Ael = - 3,7
per cent and A52 = + 7.7 per cent in comparison with (4.17c)) although
the change in minor principal strain should be revealed experimentally.

The mean strains cbserved experimentally (see Figure 4.12) were:

+ 162 ue
- 92 e (4,17d)

(]
[
n

m
"

Considering the inherent experimental errors in these tests the
good agreement between (4.,17d) and (4,17b) is possibly fortultous to
some degree but the comparison serves to show that different elastic
constants in compression and tension could explain some of the apparent
discrepancies in the strain gauge results.

In the present circumstances the explanation should be regarded as
possible rather than conclusive because of the limited experimental
evidence of the elastic constants in tension. Furthermore, the argument does
nct successfully explain the comparison between the measured and calculated
strains in the B rosette orientation 1-1 (Figure 4,18). This can easily

be shown by trial calculation.

L.6.4, Disc Tests: Demec Gauge Results

The Demec points previously condidered for shrinkage readings were used
to measure straimgan the principal diameters of the three discs in each

loading ofientation.
Since for any diameter the disc rtresses are symmetrical about the

centre, the Demec gauge measured the radial strains at a point on the diameter
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covered by the gauge location stud. For the principal diameters (i.e. vertical
and horizontal diameters) the measured radial strain will be one of the two
principal strains at the point in question. Assuming the disc has uniform
elastic properties the theoretical radial strains are easily calculated

from equations (4,1), (4,2), (4.12) and (u4.13),

The mean readings from both sides for discs F5-1 and F5-2 are shown
in Figure 4,22; as an example of the experimental results,the readings from
disc F5-1 are summarised in Appendix Table A.2.8. Readings from vertical
and horizontal diameters are plotted against disc lcad in comparison with
theoretical values calculated with the elastic constants derived from the
uniaxial compression tests described in Section 4.6.3.(ii).

In every case the observed compression strains from the vertical diameter
were less than the theoretical values whilst tension strains from the
horizontal diameter were greater than expected from theory. The measured
strains were essentizlly the same in three separate disc orientations and this
would appear to indicate a satisfactory degree of isotropism in the disc
material. In addition the presence of the stressmeters in discs F5-1 and
F5-3 did not have a significant effect on the Demec gauge readings and the
repeated trend of the results appears tc be similar to that shown by the centre
point resistance strain gauges in disc F5-2 (see Figure 4,12).

In this instance it is not possible to derive reasonable altermative
values of E and u from the cbserved strain-behaviour. If the calculation is
attempted from the basic assumption that the theoretical disc stresses
occur at the studlocation points, then the resulting modulii take values
E = L4,1-4,3 x lO6 p.s.i. and Poisson's Ratio varies between 0.42-0.54,

No cther measurements on this material infer modulus values in this range and
more significantly, it is theoretically impossible for Poisson's Ratio to

exceed 0,5,

These observations lead to a further consideration of the elastic constants
of the disc material in compression and tension. At maximum test load, the

calculated stresses for the gauge points are:



Vertical diameter (x = 0, y =Y 4,0 in.)s p = + 617 p.s.i.

q = - 175 p.s.i,

Horizontal diameter ( x = ¥ 4,0 in,, y = 0): p = + 386 p.s.i.

q - 110 puSoio

Applying equations (4.17) and the previcus aumerical values to disc F5=-2

the corresponding strains are obtained:

€ + 194 ue

ly

€ - 64 ye (4,18)

2%

(These principal strains do not apply to the same point; €1y is the
major principal strain at (x = 0, y = ¥ 4.0 in.) and €,, 18 the minor
principal strain at (x =} 4,0 in, y = 0), i.e. ely and €y 2re the strains

measured by the Demec gauge in Figure 4,22)

If it is assumed that the elastic constants determined in the

compression tests also apply in tension then the calculated strains become:

ely = + 201 ue

z - .18
€ x 60 e (4,18a)

Again the differences between (4.18) and (4.18a) are small (de; = - 3.0

per cent and Ae, = + 6.25 per cent in comparison with (4.18a)).

The mean experimental strains from disc F5-2 for the maximum test load

were

+ 167 ue

™
"

ly

- 65 ue (H.leb)

™
n

2x
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It can be seen that the measured strain on the horizontal disc diameter
is consistent with the stated elastic constants applied separately in
compression and tension but thereis a clear discrepancy between the measured
and calculated strains on the vertical diameter, Specifically, the major
strain ely is approximately 16 per cent less than the value calculated with
equal elastic constants in compression and tension, and even if Poisson's
Ratio is assumed to be zerc in tension, the measured strain is still nearly
12 per cent less than the calculated value, It has not been possible to

deduce a satisfactory explanation for this relatively large discrepancy

from any other experimental evidence cbtained in the present series of tests.

4.6,5, Disc Tests: Photoelastic Stressmeter Results

4e645.(i) Solid Stressmeter in Disc F5-3

The observed fringe orders at the centre of the solid stressmeter
showed a linear variation with load in two disc orientations (sece Figure 4%.23
and Appendix Table A.2.9.). Applying the sensitivity factor previously
obtained from the uniaxial tests on slab F3-3, the principal stress
differences at the centre of the disc are found to be within 5 per cent Of
the values predicted by the theoretical solution for the disc stresses. It
will be noted that this result does not necessarily imply that the

individual disc stresses at the centre agree with the theoretical values.

The distribution of fringe order in the glass was the same as that
previously observed in slab F3-3, i.e., the fringe orders were symmetrically
distributed with a peak value at the centre of the observation face. The
stress gradients in the central region of the concrete disc therefore
appeared to have no significant effect on the average through-the-thickness
Principal stress differences in the glass.

If it is assumed that the thecretical principal stress difference occurs
at the disec centre then another scale of ordinates may be applied as shown

to Figure 4,23, With the same assumption, the theoretical response of the
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stressmeter can also be included after calculation from the Muskhelishvili
equations., A significant difference between experimental and theoretical
response is then apparent; the average principal stress difference measured
at the centre of the inclusion clearly exceeds the calculated value. This

observation agrees with the preceding results from slab F3-3,

4.,6.,5. (ii) Annular Stressmeter Results

Readings from the annular stressmeter in three disc F5-1 orientations
are shown in Figure 4.24 (see also Appendix Table A.2.9.). The pattern
clearly showed symmetric fringe order peaks in the region of the 45° points
and all readings refer to these positions. For each disc orientation the
fringe pattern showed the same linear response to disc load and the
isochromatic profiles were observed to be in alignment with the principal
diameters of the disc in accordance with the photoelastic properties of
the glass inclusion. The epoxy adhesive around the stressmeter appeared to
function satisfactorily throughout the test.

The fringe order profile showed some similarity with the uniaxial
case and this was confirmed by the pattern computed fr:m the Hiramatsu-Barron
equations, Figure 4.25 compares the two systems; thc *heoretical plots have
been obtained with the aid of the Fortran computer programme given in
Appendix 3. The assumed elastic constants are stated in Figure 4,25, It
will be noted that the observed fringe order profiles in the disc tests
show distinct similarity with the plotted values of principal stress
difference for the case'% = 1 --% (i.ean=- 2;23) (The photograph in
Figure 4,26 is subject to the effects of a non-collimated sodium light
source plus a significant "space effect" (Frocht(zg)) and it is therefore
unsuitable for precise comparisons with the theoretical plots of
principal stress difference particularly at the inner boundary.)

A comparison of the theoretical plots of principal stress difference

shows that several features differ in detail in the two czses (see Table 4.6).
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In particular, the stress concentrations at the inner surface of the stressmeter
are increased in the compression-tension loading condition. Assuming that

the adhesive bond can be maintained around the stressmeter throughout

loading, the increase in tensile stress concentration at the points (§'= 1.0,

8 = 0° and 90°), will be responsible for an earlier failure of the glass
annulus. In this instance the working range of the stressmeter (expressed

in terms of the applied major principal stress) will be theoretically

reduced by a factor of 52 per cent,

Assuming that the cbserved fringe pattern is caused by the theoretical
stresses, the experimental sensitivity of the inclusion can be described
in terms of the applied major principal stress., From the slope of the
line in Figure 4.24, the sensitivity becomes S, = 148 p.s.i./fringe which
represents a significant increase on the cbserved uniaxial sensitivity in
the slab specimen F3-4 (Sp = 192 p.s.i./fringe). It can also be seen that
the stressmeter is again more sensitive to applied stress than the theoretical
solution predicts (the theoretical sensitivity factor deduced from the
computed principal stress difference pattern is S, = 173 p.s.i./fringe).

Just as the strain gauge rosettes were subjected to further confirmation
tests, the annular stressmeter from disc F5-1 was also retested in uniaxial
compression after preparing a rectangular element from the centre of the
disc with the same dimensions as slabs F3-3, F3-4., The results of this
test are shown in Figure 4.27 (see Appendix Table A.2.10). The sensitivity
factor is in very good agreement with the value already observed in slab F3-u,
The axial strains measured by the Demec gauge were consistent with the

‘elastic modulus E = 3.5 x 10° D.S.is previously deduced from the A rosette

strain gauges from disc FS-1.

L.6.5, (iii) Subsidiary Stressmeter Results

The subsidiary annular stressmeters at the M2, M3 positions in
discs F5~1, F5-2 are shown in Figures 4.28-4.30, In each case the asymmetric

fringe orders were cbserved to be alipgned with the calculated principal stress

- 83 -



directions for the disc point corresponding to the centre of the stressmeter.
and this feature was consistently repeated for both discs in different loading
orientations., It can be seen from Figure 4,5 that the M3 inclusion is
positioned in a low stress condition in orientation 2-2 and taking into
account the lower limits of fringe pattern resolution, no significant response
can be expected in this case.

In the M2 position orientation 1l-1 the fringe pattern was symmetrical
about the major axis in line with the loaded diameter of the dise but the
two pattern quadrants nearest the disc loading point showed higher fringe
orders than the other pair. The increase was approximately 10 per cent at
the 45° points. This difference is consistent in a general sense with
the predicted stress gradients in the disc,

The pattern is shown in Figure 4.26 and measured fringe orders are plotted
against disc load in Figure 4.28. A conspicuous feature of these observations
was the "fringe loss" on the major axis of thé upper quadrants in the
pattern. Beyond a meter reading of 6 fringes the first fringe was no longer
visible on the major axis and a miscount of the integral fringe order at
the 45° point could easily occur. Confusion need not arise if loads are
applied incrementally as in this instance but this potential source of
exrror should be considered when high stress levels are to be measured with
stressmeters greater than the normal length of 1.5 in,

Similar results were cbserved with the M3 stressmeter in orientation u-u,
In :this case lower fringe orders were produced since the stressmeter was
nearer the disc centre and therefore further away from the loading point and
its associated higher stresses. Figure 4.29 shows the observed response.

Stressmeter M3 in orientation l-1 and stressmeter M2 in orientation u-i

take positions nemote from the principal diameters of the discs. The stresses

in this region of the disc vary continuously in direction as well as magnitude;
the major principal stresses are also much larger than the minor tensile

principal stresses. These conditions were reflected in the observed quadrant
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fringe orders for each case. The patterns were aligned with the general
directions calculated for the theoretical disc stresses (approximately 0 =
25°) and the fringe orders were of the expected magnitudes.

The observations from the M2 and M3 stressmeters clearly cannot be
considered for calibration purposes. The results merely show typlcal effects
on the annular stressmeter response of surrounding stresses which vary in
magnitude and direction, Similar effects would be observed in practical
applications with, for example, well defined gradients produced by bending
acticn or stress concentrations. No further comments will be made on the

subsidiary stressmeters in this test series.

4,7. Conclusions

The main conclusions from this investigation concern the annular and solid
stressmeters and their response to the theoretical biaxial combination of
compressive and tensile stresses at the centre of the disc test pieces. In
this instance the strain measurements are of secondary importance although
it is clear that this aspect of the results can be discussed at some length.

It seems fair to assume that the theoretical principal stresses were
produced at the centre of the disc specimens despite the fact that this is
not at first confirmed by the corresponding resistance strain gauge readings.
In this instance the assumption is supported by three other features of

experimental evidence:

(a) the similarity betweem the cbserved and calculated
fringe pattern profiles in the centre point annular
stressmeter.,

(b) the consistent results given by the corresponding
solid stressmeter.

(c) the satisfactory agreement with theory of the centre point
strain gauge readings when the fine aggregate concrete is
assumed to have different elastic constants in compression

and tension.



This being the case, the annular stressmeter results have demonstrated
two major features revealed by the thecretical calculation of fringe order
order distribution.,

0-33

First, = the fringe pattern for the stress ratioc n = - 6+6¥ has some
similarity with the uniaxial loading condition and the presence of the minor
tensile stress could easily be overlocked with the simple cbservation technique
recommended by previous authorities. This effect would be even more
significant within the range of principal stress ratios n = 0 ton = -0’33

Secondly, a well-defined fringe order peak still cccurs in the region
(-E- = 1,60, 6 = 45° etc.) and these can be used without difficulty as
measurement positions but the sensitivity of the device is then different
to the uniaxial case. Theoretically, the fringe orders should be increased
by approximately 25 ner cent for this particular ratio of the applied
principal stresses and this has been confirmed by the experimental
cbservations. However, the obscrved fringe crders in the disc stressmeter
were significantly lerger than the theoretical values, an cbservation which is
similar to that already mentioned in Chapter 38 for uniaxial loading.

These two features therefore provide an important limitation to the
general application of the annular stressmeter and its current method of
interpretation. It is clear that a two-fold error could be produced by
confusing a compression-tensicn fringe pattern with a fringe pattern produced
by uniaxial loading. Unless further precauticns canbe taken to minimise the
potential errors in the determination of the applied stresses, the device
should be avoided in practical applications which might involve principal
stress ratios in the range n = 0 ton = -8;§;.

This disadvantage is not shared by the sclid stressmcter for the present
tests have shown that this device has the same response to both uniaxial
compressive stresses and the compression-tension conditions at the centre

of the disc test-pieces. In this respect the results are consistent with

the theoretical behaviour of the solid stressmeter, but apain, the cbserved
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fringe orders at the centre of the glass inclusion were higher than
predicted by calculation; they were alsc hicher than the values deduced from
earlier published calibration data.

Nevertheless, it is apparent that the solid stressmeter can be used
satisfactorily, once the experimental sensitivity factor is known, to
determine the difference between the applied principal stresses in mixed
biaxial conditions. From this it may be inferred that the device could be
used to advantage with an annular stressmeter if principal stress combinations
cf compression and tension have to be considered in a practical application of
the technique.

Considering the resistance strain gaume rcsults from the disc rosettes,
several discrepancies are apparent between the measured and calculated elastic
strains., The differences are most obvious when the disc stresses are
calculated directly from the rosette readings, particularly in the values
of the minor principal stresses. As far as the present tests have allowed,
this feature has been investigated in some detail, and as a result, two
possible reasons for the discrepancies may be put forward,

First, there is evidence to show that the elastic constants of this
fine aggregate concrete are different in compression and tensionj; the Jdifference
appears to be particularly significant in the values of Poisson's Ratic.

This feature can be used to explain some bHut not all of the strain gauge
-readings. Secondly, it is likely that scme of the discrepancies arc
features of experimental technique, namely mecmetrical imperfections in the
disc specimens and the manner in which the diametrical loads were applied.
It would be desirable to substantiate these reascns with more experimental
evidence but this would require an extended study of the concrete properties
and further refinements in test technique.

On the other hand, the existing experimental evidence eliminates several
other possible reasons which might be susgested for the discrepancies., For

example, the results from the uniaxial compression specimens, the similar tests

- 87 -



on elements dissected from the discs and the compatibility check at the
centre of one specimen all infer that the gauges were applied satisfactorily
to the test-pieces. The same tests also indicate that the gaupe readings
were not influenced by aggregate effects from the underlying concrete.,

In addition, the elastic constants applied to the rosctte readings
would also appear to be satisfactory, for the same tests revealed a
consistent value of Young's Modulus and only a small variation was cbserved
in Poisson's Ratio. Furthermcre, the Demec gauge readings from the loaded
discs infer that the deformation characteristics of the concrete are
independent of direction in the plane of the discs, i.e. the material can be
consicered tc be isbtropic.

The position of the individual gaures has also been considered and it is
apparent that, with cne exception, no significant improvement can be obtained
in the comparison between measured and theoretical strains by allowing for the
off-set positions of some of the gauges in indivilual rosettes.

The rossibility of different properties in compression and tensicn can
also be used to explain the Demec gauger realings on the herizontal diameters
of the loaded discs, but the readings on the vertical or loaded diameters were
consistently smaller than predicted by calculation. Within the limitations
of the present investigation it is not possihble to give a satisfactory
explanation for this aspect of the results.

The preceding remarks refer to the experimental measurements but the
conclusions would be inccempletse without some reference to the cheice of a
diametrically loaded disc for a biaxial calibration condition of compression
and tension. It was peinted out early in the discussion that the disc is not
ideal for calibraticn purposes but the stress distribution in the centrzl
region of a larpge disc shouldl be suitable for the calibration of a small
inclusion stressmeter to a satisfactory degree of accuracy. In this respect
the present testa appear to be satisfactory for they have demonstrated two

fundamental features of the annular stressmeter response to the theoretical
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biaxial stress condition at the centre of the disc., It is considered that
alternative experimental methods of achieving the same results would be
considerably more complicated.

However, the results from the strain measurements have emphasised the
necessity for a2 comprehensive knowledge of the stress-strain characteristics
of the host material if the behaviour of an inclusion stressmeter is to

be compared with conventional indirect methods of stress measurement.,

- 89 -



CHAPTER 5

Stress Conditions in the Sclid and Annular Inclusions

5.1, Introduction

Reference has been made in Chapters 3 and 4 to the discrepancies between
simple theory and experiment which have been cbserved in the response of both
forms of stressmeter to uniaxial loading.

Using Dhir's measurement point defined by (§-= 1.60, 6 = 45°) for the
annular stressmeter a uniaxial sensitivity factor S, = 185 pes.i./fringe t 3
per cent has been repeatedly cbserved for a 3 in. length mater in specimens
with a Young's Modulus in the range B = 3,0~4,0 x lO‘5 p.s.i. (Comparablc
results have also been cbtained by the writer for 1.5 in. length meters
in tests not described here. Examples of the present results can be found
in Appendix 5, Tables A.5.1, A.5.2., which refer to the Fl series fine
aggregate concrete specimens already described in Chapter 3, Similar results
are also shown in Figures 4,10, 4,27.)

The fringe order readings given by the annular stressmeter in this study
are thus approximately 17 per cent in excess of the theorctical responsc.

An even larger discrepancy of approximately 28 per cent has been observed
for solid stressmeter specimens (see Figures 4.9, 4,23). The response
in the compressicn-tension tests of Chapter 4 was also higher than expected.

Throughout the test programme there has only been cne specimen which gave
results comparable with the theoretical sclutionj this was the annular
stressmeter of specimen F3-4 described in Secticn 3.6.4. In this case fringe
orders were measured at different datum points (§-= l1.40, 6 = 900, 270°),

It shculd be mentioned that compared with earlicr experimental results
given by Dhir (see Figure 2.,6), the nrresent annular stressmetcr sensitivity

factcrs appear to be satisfactory although a significant difference occurs
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in the solid stressmeter results. (It is possible that the second feature
could be explained by an error in the material fringe value appropriate to
Dhir's solid stressmeter (fg = 1050 p.s.i./fr./in. compared.with fg = 1220
Pesell/fr./in, of the nresent tests) but this could only be checked by
repeating the carlier calibration tests.)

As far as the present results are concerned the consistent discrepancies
between theory and experiment require further investigation and in what foliows
the theoretical solutions and their underlyins assumptions are briefly
discussed, with mention of two associated independent studies described in
the literature, The discussion of stress distribution, with one exception,
will be restricted to values of average, through-tho-thickness princinal
stress difference since this funcion has been conveniently available from
existing test specimens. A nossible explanaticn is sugmested for the

experimontal chservations of the nresent work,

5.2. Theoretical Soluticns for Stresses In and Arcund the Inclusion

The relevant theorctical sclutions refer to plane elastic conditicns in
which the axis of the cylindrical inclusion is perpendicular to the in-plane
loading of the host material. Ths loads are uniformly distributed in a
unizxial or biaxial sense remote from the inclusion, In this instance twe

particular solutions are appropriate namely thosa due t» Muskhelishvili(sg)

and Hiraematsu et al(as). These writers employ different mathematical
methods, Muskhelishvili giving results for the 30lid inclusion only whereas
Hiramatsu ccnsiders both the solid and annular forms., As mentioned earlicr
in Chapter 1, the problem has been discussed analytically by several cther
writers.

For reference at this point the Hiramatsu two-dimensional solutions will
be restated, Using the foregoing notation in nolar co-ordinates the solution

for a solid inclusion in a state of uniaxial stress rives:
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Inclusion stresses:

o' = 20" - 26," cos 26 5.1)
o' = 28." + (128" p? + 2C.") cos 20 (5.2)
) o 2 2 “ *
To' = (64,'r2 +2C,") sin 20 (5.3)

Host material stresses:

B 6B 4D

o, 2A° * = ( Tt 202 + 2) cos 26 (5.4)
bal r r
BO 6B2 .

0y = 28 -~ = + (— + 2C2) cos 28 (5.5)
r r

6B2 2Dy .
Tg = - -;"I - .?C2 + -::_-; ) sin 26 (5.6)

where Ao' Bo’ BZ’ 02, D2, AC', AQ'. C2' are ccnstants depending upon the
elastic properties of the two comronent system. Definitions are given in
reference(ss). (It should be noted that three of these constants arc stated
incorrectly in the original and subsequent publications(se)’ (37). The
cerrected terms calculated by the present writer are given in Apnpendix 4, onéd
with these corrections the Hiramatsu seolution agrees with Muskhelishvili's
independent result). By applying the principle of superpesition equations
(5.1)-(5.6) can be mcdified without difficulty to accomnodate two-dimensional
biaxial loading in the host material.

The similar sclution for the annular inclusion gives:

Inclusion stresses:

t

/ /
B 63 4D
o' = 280" + = - (=2 4 20" + ~—2) cos 20 (5.7)
r 2 4 2 2
T r r
4
B 6Bn?
1 = v _ 9 tpd 4 2 1 A .
gg' = 2A, = + (124,'0° + 5 + 2C,') cos 20 (5.8)
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L}
1 '-(sq'z-ff-?f+2c' 2D2) in 26 (5.9)
ro A2 r ru 9 - r2 sin .

The host material stresses are again given by equations (5.,4)-(5.6)
although the constants Ao, B s A2'...D2' generally teke different values.
It will be remembered from earlier remarks that the rhotoelastic
response of a hirefringent inclusion at any point in the plane of
observation is proportional tc (ol'-GZ') whera cl', g,' are the
principal stresses associated with cr', oe', Tre" Hence the Hiramotsu stress
solutions enable the resprcnse of the photoelastic stressmeter tc be calculated
for applied uniaxial or biaxial stresses in systems of known elastic properties.
The above sclutions assure the inclusien and host material to be in a
state ocf "generalised plane stress" with a joined or '"welded" interface betwcen

the two materials. The external bhoundary conditions for the inclusion (sse

Figure 5,1) implicit in this descripticn arc:

1 !
u

- - - - t
Iy = crr"(r'=z1)’ Tre = Tre (r=2)* 1 Ur (p=a)* Y5 ¥ U8 (pea) (5.10)

An alternative extreme conditicn which might De considered for the

interface can be defined by:

' (5.11)

=g ! T =T

= = '
°r T (p=a)’ T rd Or=a)? Yr = ¥ (r=a)

This definition implies that an "unbonded" interface exists which is incapable
of transmitting shear and tangential stress components, i.e.the twe
materials can be displaced tangentially with respect tc each ather on either
side of the boundary., This situation mMicht be approachad by an "exact-fit"
inclusion in radial contact with the hcst materiz) but with a lubricated
interface to eliminate friction. The exact fit solution to the stressmeter

problem is included in the results desceribed below.
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For the more generally considered welded boundary condition, the

Hiramatsu sclution does not take intec account:

(a) Inclusion and host stresses in the z direction (parallsl
to the axis of the cylindrical inclusirn) necessarily
involved in an imperfect plane stress situaticn.

(b) The out-of-plane restraint at the boundary which also

s . . 1
procuces a distribution of o _, 9, stresscs.
-

(c) The inevitable finite thickness of an interface adhesive with

physical properties different tc the inclusion and host

materials.,

5:2.1. The Plane Stress Appreximation

With respect tc the first point the concept of '"meneralisel planc
stress" (first described by Filon(Gs) and subsequently apnlied by most othor
writers in the theory of elasticity) ecnsiders the average values of the in-plane
stress components in 2 plane stress preblem and assumes thet any Tyr Tpys

Tgg Stresses can be neglected. (When ccnsidering the stresses around a
transverse hole in a thick plane (a situation which has some relevance to

the axial hole of the annular stressmeter) this concept produces an acceptable
approximaticn in the calculation of .5 9g3Tgy stres;compcnents(as)'<67)‘68)
although stresses are produced in the z direction by virtue of the variable
transverse contractions in the vicinity of the hole. Two exceptions aprroprizte
to this example (assuming no out-of-plane restraint nt the boundary) would

occur if the annular stressmeter was subjecta? te isotrepic external sxpansions
or contractions,e.g. primary shrinkage (s;é equations (3.7), (3.8)), cr two-
dimensional hydrostatic mechanical lcading in the host material, In both

cases the term (or' + ce') remains constant along the thickness of the annulus

and the ideal plane stross condition is ~chieved. For the solid stressmeter

equations (5.1)-(5,3) show that (or' + de') is also constant for simnle
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uniaxial loading (A2' & 0, see Appendix 4) and it can be shown that this is
true for general biaxial lozading as well as apnlied isotropic expansion
or shrinkage.,)

Since the photoelastic observaticns in the slass inclusion are produced
by an integrated response through the thickness a generalised plane stress
calculation should therefore give a satisfactoryiexplanation of stressmeter
sensitivity as long as the reading points are remote from the boundary.

This reservaticn leads to the second pnint,

5.2.2. Out-of~Plane Restraints

The out-of-plane restraint at the Lcundary is much more cifficult to
assess. The assumption of a welded beoundary is inconsistent with the requirement
that no boundary restraint is produced in the z Jircction anl localised stresses
wizl Le nreduced in both materials whenever diffcrent clastic preperties
are involved, This is the "ninching effcet" Jescribed by Durelli<69)’(7o)’(7l)
although the stressmeter problem for both shrinkage an mechesnical loading is
considerably mere complicated than the simplified examnles of ninching
discussed in the literature. Thz prchlem is nartinlly illustratsd by
Sampson's experiment(72) and its possille appreoximate solution as troposed Ly

Rhines(73).

Sampson's model is shown in Figure 5,23 the curinn prccess of an annular
epoxy resin disc invelved thermal shrinkare which was restrained by a rigid
poxry : 3

circumferential ring. The disc was allowed to bond with the ring at the suter

rim,

Sampson gives results for the dr" oe' (Tro' = 0 by symmetry) stress
components determined photoelastically from the cured model. For the purpose
of this discussion the results have been recc ined tc show dimensionless
isochromatic fringe orders against radial position (see Figure 5.2). In this

form the results can be compared with the previously mentioned annular stress-

meter shrinkage frinse orders (see Figure 3.15) within the limits of the
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fundamental differences which exist befween the two models, It will be
observed that the epoxy mcdel is bonded tc a "ririd" host material without
an intermecdiate achesive.

In both cases the generalised plane stress solutions prediet a parabolic
distribution of fringe order; The epoxy model results are in reascnable
agreement with this theory over mest of the radius but a larpge discrepancy
appears at the outer boundary. In the annular stressmeter a disercpancy 2lseo
occurs at the outer boundary but it is less pronownced. (Comment has already
been made on this Zistridution in Section 3,6.3.)

The cut-of-plane restraimtin Sampson's model has subsequently been
discussed Ly Rhines (loc.cit.) who nrcposes that the restraint preduced

an average out-of-nlane stress cz' which dacrved exponentially with distance

anito the epoxy model.

o' = 1 B(x-2) (5.12)

wherc 8 is an assumed exponential “ecay factor and A is o constant to be
determined from the boundary conditicns (it is not to & cenfuscd with the
same symbol used elsewhcre in the oresent discussion). Equation (5.12)
has been evaulated by Rhines to consider twe cases in which cz' decayed to
1 rer cent and 3 per cz:nt of its maximum value at a distance from the outer
boundary equal tc the disc thickness. Modified in-nlane averayce stresses,
or', ce' were then derived for direct ccmrarison with Sampson's results.
O, 1=0,4t
Translated intc terms of dimensimnless princinal stress difference (—ETET%-)
Rhine's "1 per cent sclution" is shown in Figure 5.2. Good aszreement is
achicved with the experimental data. Rhines therefore concludes that the
prominent rise in the frinme crder distribution near the outer boundery of
the epcxy model can be explained by the out-of-plane rostraint at the interface.
Rhines' method clearly cannot be applied directly to the znnular stress-

meter shrinkage results but it scems reascnable tc conclude that the rise in

fringe order Zistribution near the outer houndary shown in Ficures 3.14, 3.15,
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could be produced by an out-of-plane restraintcendition., The stressmeter
adhesive presents a complicating factor in this instance.

Of greater sicnificance is the fact that the out-of-plane effects
appear to be ccnsiderably diminished at the stressmeter rcading points remote
from the cuter boundary. Althoush the inclusion stress Jistributicn produced
by mechanical loading is, in general, different t» that in the shrinkage
problem! it therefcre seems unlikely that the cut-of-plane boundary restraints
can explain the ancmalies in the stressmeter loading tests of this study. This

leads to a copsideration of the boundary adhesive effccts cn the inclusion

stresses,

5.3, Inclusion Stresses in Practice

The welded boundary condition defined by equation (5.10) is assumed
to be achieved when an inclusion gauge has been cast into a wet concrete
mix. When this is not possille and the inclusion has to be applied to an

existing structure or test-piece 2 thin layer of achesive is assumed to

provide the same condition.
As the dimensions of the inclusicn decrease it becomes mcre difficult

tc maintain a "thin" layer of adhesive, With the standard size cf photoelastic

stressmeter for instance (diameter 1.25 in.) a circumferential thickness cf

1l . . . . .
iz in. (T%) is commenly used, as in this study; this thickness is a

reasonablg minimum for the current anplication technique and has so for
(19)

been accepted as satisfactery in view cf Dhir's results with different

thicknesses for a variety of enoxy adhesives,

At this point it is worthwhile to consicder the inclusion stresses
produced in practice during mechanical loading with or without the presence of
an achesive layer. Considering the photcelastic stressmeter cast into a
concrete specimen for test without an adhesive, the difficulty of superposed

shrinkage stress arises durinc mechanical loading, From the discussion of

Chapter 3 it seems unlikely that the initial inclusion shrinkape stresses
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could be simply defined in such 3 snecimen and tha test has not therefore
been attempted. However, some indication of the inclusion stress
distribution might e deduced from a similar test with a copper inclusion

described by Stephen and Pirtz(7q).

5.3.1. Bonded Inclusion:Stephen and Pirtz

In this test a sclicd cylindrical copper inclusicn was cast inte a fine
aggregate concrete specimen very similar in mix and dimensions to the F series
specimens described in Chapter 3. The problems of supernosed shrinkare stresses
during uniaxial mechanical lcading were climinated by using a rhotoelastic
coating to measurc the distribution of nrincipal stress difference in both
materials, the single piece coating being anplied to onc surface of the two
component specimen immediately befere test. The authors claim that the coating
satisfactorily rerroduced tie underlying strain conditicns in both materirls
although the results at the inclusien boundary misht be questioned in this
raspect,

The results are reproduced in Firure 5.3 in comparison with the theoretical
elastic distributions calculated by the Muskhelishvili sclution equivalent to
equations (5.1)-(5,6). The princiral straoin distributicns were measurcd aleng
the axes of symmetry; the strain compnents €rs€; in Figure 5.3 thus represent
orincipal strains but the (r,9) notation has been preserved for clarity.

In two-dimensional elastic conditions the principal strain difference and

principal stress difference are related by:

(e, =€) = 3.6, (o) = 0p) = (BE(o, = 0, (5.13)

where G is the shear modulus for the material, As the authors infer, there is
scme doubt about the validity of equation (5.13) for the measured principal

strain differences in the stress concentration zone of the host material nzar

the inclusien.
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It can be seen that the stress distribution in the inclusion is approximately

uniform over the central area but a sharp rise occurs in the principal

strain differences ncar the boundary. It is nct possible to deduce from the
results why the general level of principal strain difference is significantly
higher than theory predicts or why the experimental readings are incompatible
at the centre point of the inclusion. On the 8 = 90° axis the sharp
transiticn of principal strain difference at the interface is not revealed by
the coating measurements. (It shoull be ncoted that in the criginal naper

the calculated maximum shear strains at the noint are incorrectly agiven direct
equality., From funcamental considerations, this cannot be thc case. The
appendix of the paper alsc wrongly states two cf the Muskhelishvill constants
(x, xc) for this problem and gives wrong sigms in the equations for the hest
stresses T,, T, The theoretical distributions of jrincipal strain difference
in Figure 5,3 have been recalculated in the correct manner,)

On the major principal axis ( 6 = 0°) the rrincipal strein cifferences
in the inclusicn near the interfoce are more similar to the predicted values
but in the host material the measured values are sisnificantly different to
the calculated elastic distribution., On this axis the stress disturbance
extends te at least four times the inclusion radiusy on the minor axis the
disturbance would appear tc . extend to approximatcly half this value.

Frcm the point of view of this discussion the Stephen and Pirtz results
are not entirely satisfactory, but it would appear that the concentration of
principal stress difference in a relatively rigid inclusion honded to the
host material without an acthesive is simnificantly higher than the caleculated
two-dimensional elastic value (approximately 40 per cent higher in this
instance). As might be expected from previous considerations the maximum
divergence between the theoretical and experimentcl values occurs near the

interface; in this case the principal stress differcnce is hicher than the

central resion of the inclusion,

- 99 =



5.3.2, Adhesive Bonded Inclusion: Solid Photoelastic Stressmeter

The distribution of principal stress difference in a solid inclusion
athesive bonded to the hest material can be illustrated by the solid stress-
meter from specimen F3-3 already described in Section 4.6.2,

Figure 5.4 shows principal stress Jifferences (direct functions cf
fringe order)along the principal diameters as measured photoelastically by
Tardy compensation in a 2diffused lirht cressed circular polariscope; a radially
graduated graticule was introduced between the inclusion and analyser
tc give reference positions and a telemicroscope was incorporated in the
analyser,

Three values of applied uniaxial compressive stress within the range
0-900 p.s.il. were considered, the results being siven in dimensionless ferm
in Figure 5.4. All experimental data is given in Aprendix Table A.5.3. No
attempt was made to identify the individunl averase throuph-the-thickness
stress components ob', 00'. As in the Stephen and Pirtz experiment these
stress components are principal stresses for the diameters considered.

The stress distribution in the host moterizl around the inelusion was
not determined experimentally; it was considered that the thecretical maximum
value of maximum shear strain (calculatsd to be approximately 33C ue at the
points %% =5,0, 8§ = O°, 180°) was tco small for satisfactory rescluticn by
readily available photoelastic ccating techniques. No comment can therefore
be made about the effects of the interface alhesive on the lncal stresses in
the host material. For reference purpcses the stress distribution riven by
the generalised plane stress solution for the two component system without
an acdhesive is shown in Figure 5.5,

It can be seen from Figure 5.4 that the distribution of principal stress
difference in the inclusion was again not constant along the diameters as
the planc stress solution predicts for a welded boundary. Contrary to the

Stephen and Pirtz experiment without an interface adhesive, the maximum value
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of principal stress difference occurs at the centre noint of the inclusion
and the function decreases towards the inclusion-adhesive interface. In this
instance the minimum values occur at the interface cn the major diameter, i.e.
parallel to the direction of the apnlied stress p. Along the minor diameter
the curvature of the nrincipal stress difference line is less pronounced.

At thc centre, the principal stress difference is 28 per cent in excess

of thec calculated plane stress soluticn.,

For purposes of comparison the "exact Fit" sdution to this problem haos
been inc;uded in Figure 5,4. This calculation is more readily accomplished
by Jdirect substitution in the Muskhelishvili solution(ag) rather than by the
Hiramatsu method., It is werth noting that 1f an exact fit situation was
feasible in nractice for this system, parting would occur during uniaxial
loading on the minor diameter at the interface., » valid stress calculation
therefore has to include a symmetric radial prestress to maintain continuity
at the intcrface, If the localised racdial “rectirns are just suffieient to
maintain continuity the cr" 59' stresses take zerc values at the peints
(§-= 5.0, 6 = 900, 270°) anc henee, as in this example, the curve of principal
stress difference passes throush zerc at these positions., (The curve alsc

passes thrcugh zero for the corresponding peints con the major axis but in this

Y - ]
case 9y, %% #£ 0.)

The fringe nattern produced in the inclusicn by these conditions would
appear as a series of concentric rings decreasing in fringe order awny from the
centre point, but in reality the provisicn of appropriate radial interface

tractions would present some difficulty.

5.3.3. Achesive Bonded Inclusion: Annular Photcelastic Strassmeter

The annular stressmeter of specimen F1-3 (see Section 3.6.1,) has
been considered in the same manner as the solid inclusion described above.
Firure 5.6 shows the standardised experimental distributions of principal stress

difference along the principal axes of thz inclusion for uniaxial coempression
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loading in the direction 6 = 0°. (Experimental reacdings are ziven in

Appendix 5, Table A.5.4.)., The overall fringe pattcrn produced in this
Stressmeter is illustrated in Figure 5,7; the aencral similarity with the
theoretical full field isochromatic distrihution can be confirmed by corparison
with Firgure 4.25,

Alon7 the major axis the principal stress difference anain decreases
towards the glass-adhesive interface; at the Doundary the value is appreximately
one-third of the generalised plane stress solution., Moving in towards the
inner free boundary the experimental values differ from the thecretical
distribution particularly in the region of f-: 1,50 but it is possible that the
discrepancy is exagperated by the inherent experimental errors of the non-
collimated polariscone.

At the inner boundery it is apparent that the tangential stress component
is of the same crder as that predicted by the welded boundary theory Lut it
should be rememberc’ that localised rcsidual stress and a degree of cversize
in the axial hole is involved in this recicn (sce Section 3.6.3.), Allowing
for the oversize factor (the resilual stress compenent is independent of

' -0
8 r
- ) becomes =1,83 ermpared

applicd loads) the theoretical value of (

b |

with the experimental values of -1,25. This c¢ifference is inercosed still
further by the realisaticn that the tangential residual stress at this point

has the same sign as the oe' stress due to load (compression loading sives

tensile values of Ge' at %.: 1.0 8 = OC, 180°),
On the minor axis the experimental principal stress difference also
decreases towards the outer boundary (limiting value approximately 40 per cent

of the plane stress sclution). At the inner boundary there is a large difference

between theory and experiment; allowing for the oversize facter, the theoretical

g.,' o
value of (—m——X-) becomes + 4,95 in compariscn with the experimental values

In this case the residual stress and loading stress
G' 0'

have opposite sense and low values of (--—é%—ELJwill thus Le recorded in

of approximately + 2.60,

practice.
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It is important to note that away from the inner boundary there is a
region where the experimental principal stress difference is similar to the
theoretical solution. At the points corresponding te Dhir's "eollar edpe"

(defined by-% = 140, 0 = 900, 270%) the experimental and theoretical lines

b
agree to within 7 per cent. Comment has already been made about the
Stressmeter response as measured at this point (see Secticn 3.6.4,). The
effects of residual stress and inner boundary cversize diminish rapidly,
before this point is reached,

An "exact fit" soluticn has also been prepazred for this annular stress-
meter by appropriate modification of the Hiramatsu cquations (5.4)-(5.9),

The new definitions cf the constants Ay By eose D2' in this case are given

in Appendix 4, for refarence. It may be ncted that perting doas not nccur on
the minor axis at the interface with the annular inclusion., This is consistent
with a decrease in inclusion rigicity nroduced by the axial hole, a feature
which is also reflected in the theoretical distribution of host material
stresses on the principal axes. The stresses in the surrcunding material

for beth the annular and solid inclusiems are presentel for compariscen in
Figure 5.8,

If required the full field fringe pattern for the "exact fit" conditien
could be computed by substituting the ccnstants of Appendix 4, into the
programme of Appendix 3. In the absonce of ocut-of-nlane restraints, Figure
5.6 shows that the "exact Fit" fringe pattern in uniaxial loading would display
three isotropic points (defined by (Gl'-GQ') = 0) on each semi-major axis and

one isotropic point on each semi-minor axis near theé outer boundary.

5.4, Interim Conclusiocns

It has been shown that the generally considered two-dimensional welded
boundary condition does not allow a satisfactory calculation of the actual

stress distributicn in the simple inclusicn-host material systems of this
study.
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For both the sclid and annular adhesive bonded inclusicns censidered,
it is clear that the principal stress differences in planes perpendicular
to the axis of the inclusion Jecresase from the centre towards the boundary.

In both cases the principal stress difference distribution in the bcundary
region appears tec represent a situation between the idcalised welded and
exact-fit condition,

In the snlid inclusion the maximum value, which is significantly greater
than expected, cccurs at the centre point, This is contrary to published
results for a bonded inclusion withcut an adhesive although the centre point
principal stress Jifference was then still hicher than the calculated value,

On Loth axes of the annular inclusion the tancsential strass concentration
at the inner Doundary is considerably lower than expected, a feature which
will be beneficial to the strength of the device in uniaxial loading.

Along rart of the minor axis the experimental distribution of principal
stress dffercnce approaches thae thecretical solution and it is convenient
that the "eollar edme" measurement noint for biaxial lcading is located in
this region. For these state’ test conditions it appears that the "collar
edge" could be used satisfactorily for measurements in uniaxial lcadinm if
comparisons with systematically calculated sensitivity factors are required,
In principle this measurement point should be repardced with caution because
of the severe fringe order gradients in this re~ion, but in practice the
errors of measurement are unlikely to be comparable with the existing sensitivity
discrenancies at the ny50 point" which criginally prompted this ciscussion.

The increased values of principal stress difference at the my5° peint" in
the annular stressmeter reflected in the uniaxial sensitivity data contrast
with the measured values at the inncr boundary. Therc need to no inconsistency
in the fact that the principal stress difference is increased in one region and
decreased in encther, and in the present state of understanding it seems

reasonable to assume that the acdhesive layer influences the noint-to-point
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stress distribution in the glass annulus. Since a finite thickness of
adhesive is inevitable for practical applicaticns of the technique it is
suggested that further attenticn be given to the cffect of the adhesive
on the inclusion stresscs, bepginning with the obvious parameters of the
layer thickness and physical properties.

Although in practice the inclusion stresses are threc-dimensional, a
two~dimensional approach may give a satisfactory approximate explanation of the
observations, particularly in view of integration effects thrcupgh the thickness
which are inherent in the photoelastic measurements. Experimentally, the
inclusicn stresses will need to e investigated in detail and there are several
improvements consistent with the established photoclastic methods which should
be made to the simple cbservational techniques applied in this instance.

However, Lefore proceding with further experimental tests the rresent
results should e compored with a medified two-Jdimensional Hiramatsu solution,
which includes a stress function for the achesive loyer with an initial
assumption of welded boundary conditions in the three component system,

If a satisfactory approximation is achieved for the irclusion stresses in
the region of the measurement pcints it will then be possible to derive a
general solution to which any given practical application méy be referved,

Implicit in this approach will be an assumption of a linear elastic
adhesive layer, This assumption is rrchably not unreasonable in short-term
cbservations with stiff adhesives, for carlier compression tests carried out
by the writer indicate that there are several filled ercxy resin formulations
which behave in an-almest linear elastic mannar over a stress range which
should be adcquate for the maximum achesive stresses renerated in a stressmeter
epplication, (Since these tests have so far been of a preliminary and comparative
nature, they will not be discussed in detail here, They have been concerned with
uniaxial compression stresses in the range 0-2,000 p.s.i. with loading rates

of the order of 100 p.s.i./min. The clastic constants arpropriate to these
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conditions for a variety of filled resins proposed for use with photoeclastic
stressmeters occur in the ranges E = 0,8 « 1,5 X 106 Des.i. and
u = 0,28 - 0,33,)

However, it has already been pointed out in Chapter 3 that the epoxy
adhesives can show sipnificant inelastic behaviour under sustained compressive
stresses and this shculd be remenbered when a theoretical analysis is attempted
which includes & finite thickness of achesive. It should be mentionel here
that the desirability of a thin layer of stiff adhesive has been appreciated
and applied in nearly all of the laboratory and field investigations so far

considered in the development of the photoelastic stressmeter.
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CHAPTER 6

A Photoelastic Stressmeter Annlication in a

Buttress Dam

The present account of some of the characteristics of photoelastic
Stressmeters will be concluded by a description of a practical application in
a buttress dam., In this instance the stressmeters formed part of a wider
instrumentation programme under the direct cecntrol of the consulting engineers
who designed the dam. In so far as the exercise allows, the following
discussion attempts to assess the performance of the stressmeters and to make
recommendations for the benefit of any future applications of a similar nature.

Before discussing the interpretation of the stressmeter results, the

circumstances of the problem will be outlined,

6.1, The Dam Buttress

The stressmeters were installed in one buttress of the Clywcdeg Dam,
Mid-Wales, completed in 1967 to impound a river regulating reservoir. The
dam is 237 ft. high and at the time of its completion was the tallest dam in
the United Kingdom. The completed dam is shown in Figure 6.1.

The structure consists of eleven rcund head buttresses; in each case the
profile is based on a 60° equlilateral triangle. The three central buttresses
are of equal height and one of these was used for the principal instrumentation
investigation. Since the dam is designed to spill over the full length of
crest between the buttress sactions the downstream spaces between thé webs
are covered by stepped precast concrete spillway beams. The dam terminates at

each flank in a short gravity section.
The dcwnstream face is convex to make the best use of existing geological
features; these also provide a foundation which cannot be considered to be

either uniform or homogeneous(75).
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6.2, Calculated Buttress Stresses

The design of the buttress included a conventional elastic stress
analysis in the full dam ccndition with a linear distribution of normal stresses
on horizontal planes. A summary of the principal stress conditicns aleng two
particular planes is shown in Figure 6,3,

To cenfirm the design stresses a finite element analysis was carried out
by Professor Zienkicwicz of the University of Wales(76). This analysis was
able to take into account a variety of elastic properties of the buttress and
foundation as well as stress conditions which might occur with the presence
of pore pressure in the loaded buttress. In certain conditicns the analysis
predicted tensile stresses in the buttress heel and scparate calculations
considered the stress Jdistribution which would result from postulated cracks
in the heel and foundation. (The possibility of undesirable tensile stresses
provided one cf the reascns for the later disposition of the internal strain
gauges - sce below). The results cf one calculation with the full water load,

pore pressure and gravity stresses, are illustrated in Figure G.4. The finite
element analysis alsc derived stress components for the empty rescrvoir
cendition.

The maximum stresses in the buttress occur in the downstream toe and
both methods of calculaticn predict compressive principal stresses of the
order of 450 p.s.i, in this locality. It will be realised that neither
methcd takes into account the incremental censtruction scnedule or the occurrence
of thermal and shrinkase stresses during construction, Any knowledme of such
stress components will derend entircly on practical sbservations. In additiom,
thermal stresses will necessarily exist during the life cf the completed
buttress and these cannot be calculated withcut an accurate knowledge of the

appropriate thermal parameters. Any redistribution of stress sroduced by

creep alsc remains unconsidered.,
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6.3, Instrumentation:

Within the instrumentation programme only two techniques are directly
concerned with stresses in thebuttress, namely vibrating wire (scnic) strain
gauges and the photoelastic stressmeters. The chosen sonic gaure positions are

unfortunately not comparable with the stressmeter positions.

6.3.1. The Sonic Strain Gauges

The Davall sonic gauges are arranged in four-gauge 45° rosettes in the
plane of the buttress; only one rosctte is situated in the dcwnstream toe,
the remainder being positioned’ at the upstrecam face sc as to include readings
of the possible tensile stresses.

To eliminate the deformations caused by non-stress dependent rhencmena
isolated sonic gaupes are embedded in the concrete near each rosatte (see
Figure €,2). The isolated sonic gauge readings thus provide bases for the
rosette gauges. The creep increments in the resultine~ measured strains have been
systematically allcwed for using a modified "rate of creer' method (753, (1)
the creep characteristics cf the Dutiress concrete Leing determined in an

independent laboratory investigaticn(77).

The main fecatures of the strcssmeter installation are described Lalew,
The instrumentaticn propramme alsc included measurements of buttress

displacements, cencrete temperatures, seepage and uplift pressures below the

dam,

6,3.2. The Photoelastic Stressmeters

The stressmeter positions are indicated in Figfure C.5. They were
installed in two stages at each position, the first during constructicn,
the second immediately befere impounding. The optic axes of the stressmeters
Te

are perpendicular to the buttress plane except at positicns 204, 212.

allow clear access the the stressmeters at position 204 are installed with
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their optic axes at 60° to the buttress plane. The stressmeters at position
212 have their axes perpendicular to the western face of the buttress head,

The first stage instruments, which inclpded nine annular and two solid
Stressmeters, were honded with a thin layer of epcxy adhesive into graded
8 in. cubes, (maximum aggrepgate sixe 3 in.) which were subscquently included
in the appropriate buttress lift, The temporary supports shown in Figure 5.6
were removed before the mix solidificd, leaving the thia walled steel tubes
to provide visual access from catwalks on the wastern face cf the huttress,
The principal details of the concrete used arcund tho stressmeters are civen
in Table 6.1,

At any one time, the readings of the first stase stressmeters clearly
represent a resultant condition from several Jifferent scurces of stress,

The second stage instruments were therefore used as an attempt to simplify
the interpretation of the observel stress changes ‘luring the important
period of impeunding, These nine stressmeters werec applied to empty cubes
purposefully included in the buttress construction alongside the preceding
first stage stressmeters. Th2 procedure involved a modified version of the
simple setting tool previously described elsewhere(l7).

The specification given in Figure £.9 applies to the annular stressmeters
of both stages. The diameter was chosen fcr clear visibility of the photo-
elastic pattern, the length bheing ccnsistentwith a required optical response
of approximately O-4 fringes over the estimated stress range of 0~900 p.s.i.
(The maximum calculated stresses were arbitrorily multiplied by a factor of
two to allow for thc unknovm stress conditions produced during construction.)

The circular polarising filter fcr each annular stressmeter was
incorporated with the plass element, illumination heing provided by 2 prcbe
light source inserted by the observer for each reading. The white light
fringe orders were measured by Tardy ccmpensation frem a hand-held analyser at

points defined by (§-= 1,40, 6 = 900, 270°)_ on the stressmeter patterm.
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The principal stress ratios were estimated by the pattern profile technique
previously described, The majer stress directions were also visually
estimated with reference to the upward vertical, the clockwise direction in
the western elevation being given a positive sigm.

The probe light source could not be used with the two sclid stressmeters
and in each casc additional access was provided frem the eastern side of
the buttress for a lantern containing the circular polariser. Schematic

details for both forms of stressmeter are given in Figure 6.7,

Cslts Stressmeter Intermretation

Before discussing the stressmeter readings it is worthwile to consider
the various causes of stressmeter res-onse within the buttress and this
consideration must necessarily include the possibility of spurious readings

asscciated with mismatched shrinkace and thermal characteristics. The

spurious effects will be considered first.

6.4.1, Shrinkage Effects

The response of the annular stressmeter toprimory shringaga has already
been included in Secticn 3.5, but it will be apparent from that discussion
that the observed behaviour is not yet fully uncderstood and for the time
being, each practical application must be considered with reference to its
own particular circumstances.

In this instance the shrinkage behaviour of the buttress concrete is
indicated by the isclated sonic gauges. Figure 6.1C shows the results from
four such gauges over a three year pericd. From this data it is concluded
that, after the first few wecks of installation, a small degree of swelling
occurred in the buttress consistent with a larse mass of conerete in which
little or no drying takes place. This feature is deduced from the small
upward trend of the gauge readings, the cyclic behaviour heing a function

of the mismatched thermal properties of the gauges and surrounding concrete
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(see below). The small magnitudes and the simms of the observed strain
changes will be noted from Figure 6,16,

None of the isolated gauges installed at nine separate locaticns,
reveal any significant shrinkase ecffects and it is therecfcre further
concluded that the stressmeter readings do not contain any increments
caused by primary shrinkage. It is not knewn if the readings involve sccondary
(differential) shrinkage increments hut it seems likely that these would
be small because the outer faces of the buttress have generclly heen expcsad
to a high ambient humidity both durins and after construction., (Humidity
measurements in the spaces between completed bDuttresses have indicated

relative humidities in excess of 90 per cent.)

S.4.2. Thermal Effects

The mismatched thermal oroperties of the stressmeter and concrete were
considered by refercnce to the simple analysis described in Section 3.3. In
the completed buttress it was consilered that temperature changes would f~llow
a gradual seasonal variation of the order of * 9°F (F 59C). Also assumed
were an effective modulus of E = 3 x 10° p.s.i., Poisson's Ratio u=C,20,
and a coefficient of linear expansion a = € x 107°/% (10.8 x 13%/°).

Applying these values to the calculation of Section 3.3 gives a
possible spuricus thermal fringe crder ANy = ¥ 0,05 fr. ceccurring during an
annual cycle, This increment is of the same order of magnitulc as the smallest
fringe orler change which can he confidently measured by the normal technique
and a systematic investigation of the thermal mismatch problem was not
therefore included in the buttress instrumentation,

Subsequently, the independent laboratory investipgation of the buttress
concrete revealed arithmetical terms E = 5.0 x lO6 PesSei. (see below),

B =013 and o = 6.4 x» lO'G/OF (l1.5 % 10-6/00). The oricinal estimates of

seasonal temperature variation were verified by measurements in the dam
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(see Figures G.16, 6,17). A new calculation now shows a maximum nossidble
spuricus fringe order increment of AN, = ¥ 6.10 fr. Althoupgh the effect has thus
become more significant it will be appreciated that the calculation depends cn
an elastic analysis and it is not known if this approach adequately explains

the practical situaticn.,

There is net sufficient evidence from the remainder of the instrumentaticn
programme to justify more detailed comment and in this instance the prcblem
must remain open to question. Neverthecless, it seems reasonahble to
conclude that the problem will not be sufficient to significantly effect
the present discussion cf stressmeter reacdings. Preliminary experimental
results(sl) appear to show that the elastic method of calculation over-
emphasises the effects of mismatched thermal nroperties.

(In the precedinm comments on shrinkare effects reference was made to the

cyclic Lehaviour of the isolated sonic pauce results, In this instance the
behavicur illustrated a degree of Yover-commensation" inthe sonic gauges,
i.e. the effective coefficient of exnansicn of each gause is greater than
the concrete valuc and when the environment temperature rises a state of
compression is induced in the gaure. The effect is reversible, From the
independent laboratory concrete data and the comments of Section 3.3, it
is apparent that the photoelastic stressmeter should be very slightly

"under-compensated" in this application.)

6G.4,3, Buttress Stresses

The preceding comments refer to increments of the stressmeter
readings which might Le wrongly translated in terms of huttress stresses,
It is now necessary to comsicder the real stresses in the buttress; their
principal causes have already been briefly referred to in Section 06.2.

To assess the stressmeter performance it is clearly necessary to
identify those components of the readings which are asscciated with the
calculated conditions and when gravity stresses are involved there exists

fundamental difficulty.
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Immediately before impounding the first stage stressmeter readings
include gravity effects but at that time the response has already been
complicated by additional stresses occurring during construction which
cannot be allowed fer by calculation. These additional stresses are
procduce] for instance by complex thermal and shrinkace effects as new 1lifts
of ccncrete are added tc the partially completed buttress, and together
with the gravity stresses, they eventually form a system of residual stresses
in the final structure. (The significant stressmeter rezdings observed
before the heginning of impounding will bhe seen later in Figure 5.9-6,15).,
Experimentally, it is not possible to isolate the gravity stresses frem this
residual stress condition before impounding and consequently the gravity
stresses cannot be included in the later compariscn between stressmeter
readings and calculated stresses in the full dam condition.

It might alsc Le argued that similar cemplications are produced by
thermal stresses and creep Juring the impounding reriod, but by making two
additicnal assumptions, it is nossible to .Jerive increments from the
stressmeter readings which can be attributed sclely te the total water lead.

The calculation of corresponding Luttress stresses presents no fundemental

difficulty. The twc assumptions are:

(a) Creep and stress redistribution do not significantly
effect the buttress stresses during the impounding period.
(b) Thermal stresses in the completed buttress are repeatad

in a regular annual cycle.

Although there is very little evidence to suprnort it, other than the
relatively small stress levels predicted by desim, the first assumption is
probably not wunreasonahle. (It will alsc be implicit in any comparison which
involves the original design or finite element calculations,) The second
assumption is justified by practical -hservation (sece Figure 6.17 and referance
(75)) and it implies that differences between annual stressmeter readings are

independent of thermal stress conditions,
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In this instance it is convenient that impounding took place in just
less than thirteen months. The total water load increments at a given
position can therefore be cbtained by subtracting the readings taken
immediately before impoundins from the first reading in the full dam
conditicn, The resulting values Ffor all stressmeters along one horizontal
plane in the buttress are then to be compared with a calculated full dam
stress distribution from which the gravity stress compcnents have been
removed.

To minimise the arithmetical computation involved with the relatively
complicated geometry of the bLuttress, the linear analysis has not proceded
beyond the vertical normal stress components along the lower instrument level
(745'0.D,). This form of presentation alsc has the advantage of not
requiring further independent assumptions for the distrilution of shear stress
along thebuttross cress-section which woull he necessary hefore a system of
principal stresses could be derived,

The distribution predicted by the finite elerent calculation has been
found by subtracting the vertical stresses due to eravity only from the
vertical stresses due to gravity and tctal water lcad. Linear interpolation
has been necessary to derive stresses applicahle to the cross-section of
interest. For the sake of brevity, arithmetical werking has not been
included in this account; appropriate values can be found in the independent
mport(76).

The corresponding vertical stress components in the stressmeter rcadings
have been cbtained by applyins the Mohr Stress Circle construction to the
readings relative to a datum at the beginning of impounding.

The comparison of water load stresses outlined above represents the
nearest approach which can be made to a funcamental assessment of stressmeter

performance. The comparison must therefore be considered as the primary

feature of the results and although some other aspects of the stressmeter
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readings are included in what follows, these must remain secondary to the

discussion of water load stresses.

B.4.4s Stressmeter Sensitivity

A note of explanation shculd be given for the sensitivity faetor
necessary to convert the stressmeter readings into buttress stresses. The
factor has been derived from Dhir's(za) earlier experimental data, taking
into account the material fringe value for the Clywedog stressmeter glass
(see Figure 2,9), and the instantancous elastic modulii chbserved in the
independent laboratory tests on the buttress concrete (see Figure 6,18).

It will be seen from the results that the stressmeter patterns indicatel
hbiaxial stress conditions throughout the measurement pericd. The apprepriate
sensitivity factors for verious compressive principal stress combinations
have alrealy been summarised in Figure 2.7, but in the present circumstances
it seems reasonable to apply @ mean value for the variable biaxial conditions
of the buttress. The arithmetical terms require’ for the sensitivity
factors of Figure 2.7 are fg = 1220 p.s.i./fr./in, and 15 = 3.C in. The
mean sensitivity factor then becomes S, = 213 p.s.i./fr., values for all
principal stress rétios lying with I 5 per cent of this fisure,

The limited data of Figure 6.18 shows that the instantaneous elastic
modulus cf the concrete increased with time to a value of E = 5,0 % lO6 r.s.l.
thus exceeding the original estimate made before the huttress was constructed,
and also the low modulus conditions implied in Figure 2.7. The mean
sensitivity factor should therefore he modified to account for the increase
in concrete modulus.

With existing information the correction can only be deduced by
assuming proportionaiity between the biaxial and uniaxial respense of the
Stressmeter for a given mecdulus condition. The variation of uniaxial

response with host modulus is indicated in Figure 2.6; the difference

s . . 6
in sensitivity between conditions E = 3.0 x 10° p.s.i, an? E = 5.0 x 10" p.s.i.
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is seen to be small and after correction for the higher modulus the mean
sensitivity factor becomes Sy = 230 pus.il/fr. Although it has not Leen
pessible to verify this figure in the buttress results,it has been applied
to all annular stressmeter readings in the fellowinz discussion.

After the comments of Section 5.3.3. concerning the fringe corder
distribution around the point (£ = 1.40, 0 = 90°, 270°) it might be
argued that in this instance the stressmeter sensitivity fector could be
calculated from the Hiramatsu generalised plane stress soluticn. Such a
calculation indicates a higher mean sensitivity fisure, bDut at the presént
time its validity wculd depend on one laboratory test and it is more
reasonable to rely cn the value which has been derived from a wider
experimental background., Nevertheless, the possibility should be
acknowledred that the sensitivity of the buttress stressmeterscould be
exaggerated by the independently deduced sensitivity factor and this point

would clearly merit further attention in Ffuturc investigationms.

£.5. Stressmeter Results

Stressmeter readings until Spring, 1969, are shown in Figures ©6,9-C.15.
All readings are tabulated in Appendix Tables A.6.l.-4.6.9. For each
station the cbserved fringe order, indicated major stress direction and
indicated principal stress ratio are plotted apeinst time. The development
of buttress construction and water levels are shown in each Figure for
purposes of comparison. The principal stressmeter constants are given in
Figure 6.9,

It should he noted that since November, 1967, staticn 213 has been
inaccessible on all but cne occasion. Meters 210/21, 212/21, and 214/22
have ceased to operate after a period of satisfactory use hecause of

failure of the polarising filters, lcters 302/22 and 204/22 were damaged

during the second stage installation procedure.
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C.5.1. Readings during Construction

In general the first stage instruments gave readings approximately two
months after installation and from the beginning, biaxial stress conditions
were indicated by the clearly defined syrmetrical fringe patterns, In all
cases both principal stresses were compressive and the magnitude of the
minor principal stress was approximately three-quarters of the major principal
stress. There was some fluctuation of indicated principal stress directicns;
these subsequently diminished once the buttress was subjected tc a stable
external loading condition,

The highest stresses appeared in the Luttress web at positien 298 and 214,
When impounding began the indicated major stress level at position 214 was
approximately 650 p.s.i. in a nearly vertical direction, hut elsewhere
stresses did not excced 450 p.s,.i, and were frequently much lower, €.f.
in the buttress head (position 204),the buttress toe (position 213) and tha
upper level positions 302, 304, In this respect the distribution of stress
magnitudes through the Luttress Joes not appear to be unreasonahble but the
absence of comparative measurements prevents & critical assessment of the

stressmeter readings Auring the complex strass conditins of the censtruction

period,

€.5.2. Readings during Impounding

In general the net changes in the stressmeter reddings during this
period were less significant than the changes produced in the preceding period
of construction,

It has not been possible to trace the development of water load stress
increments in the stressmeter readings taken throughout impounling hecause
of simultaneous thermal stress changes but the assumption discussed in
Section 6.4,3, enables thce thermal stresses tc be eliminated on the

occasion of the first full dam condition.. Using this assumption, the
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vertical normal stress increments implicit in the stressmeter readings
produced.sclely by the total water load are summarised in Table €.2. With
the excertion of the two stressmetors at the higher instrument level
(795'0.D.) the vertical stress increments in the last column of Table (.2.
are included in Figure 6,19,

Using conventicnal elementary bLeam theory, the linear variation of

vertical stress along the buttress section is given bhys

V“v V, e X,
= 2+ WeN, S .
Oy o W (6.14)

The appropriate definitions and arithmetical terms are summarised in
Figures 6,20, £,21, and the result is included (line AB) in Figure €.19, The
maximum and minimum values of oy occur at the dovmstream and upstream faces
respectively.
The foregoing solution assumes an impervious -lam foundation; when the
buttress is subjected to uplift forces the corresrondine gtresses are
derived in a similar manner. For the purposes cf this cemparison, it has
been assumed that wplift pressure varies lincarly from the full hydrostatic
head to zero over the buttress head (sce Fisgure €,22). This would appeer
to Dbe the worst case and in reality the measured pressureson site have
revealed a smaller effect. Appropriate terms are indicated in Figure $.22;
the resulting vertical stress distribution is shown by line CD in Figure .19,
Alsc included in Figure G.19 are the corresponding results from the
finite element calculationy two cases are considered, the first for an
impervious dam and foundation , the sacond for a given condition of buttress
pore pressure (which includes an implicit definition of urlift). The main
reason for the Jifference hHetween these results and the linear theory is that
the finite element method takes into aceount the stress distribution in

the foundation (excluding in-situ residual stresses).
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Before commenting on the comparisons revealed by Figure 6,19, ; further
point should be raised., It is assumed in the calculated stress distributions
that the water loadis applied to a completed buttress but in reality
this was not the case. At the beginninsg of impounding the highest butfross
level was 860'0.D., nearly 70 ft. below full height and construction of
the buttress cap was eventually ccmpleted approximately seven months
afterwards. The cap represents a sipnificant preportion of the total
buttress weijht and consequently it nrovides a sipnificant increment cof
vertical stress at the lowerM5'0.D, level of interest., This increment is
necessarily included im the stressmeter results.

In practice the additional stress Jdistribution caused by the cap is
unknown nor can a possible scluticon be deduced from existing finite
element data. Alternatively, & likely order of marmitude can be deducec from
the preceding method of linear analysis. To reducc tha arithmetical
computation the buttress cap has been simplified to a combination of
prismatical forms. This simplification is purncsefully exaggerated;
appronriate terms are summarised in Fisure €,23, Evaluating another equation
of the form (C.l) gives a2 maximum deownstream vertical stress increment of
50 p.seis with a minimum upstream value of 24 p.s.i. Superncsing the line
Jdefined by these two values onto the preceding distributions, the lines EF,
GH are obtained in Figure 6,19,

It can Le seen that the distribution is still sigmificantly different
from the stressmeter result and althoupgh improvements micht be made te the
preceding representation of the buttress cap, further inspection shows that
it is not possilLle to derive a lincar Jdistribution of vertical stress which
gives stress components similar tc the stressmeter results.

It is possible that the comparison could be improved by a separate finite
element calculation which purposefully considers the construction of the

cap during the impounding period. Until such a calculation is made, the

- 120 -



divergence betwern stressmeter results and the calculated stress distribution
must remain, and in the circumstances of this exercise it is not possible

to say whether this is due to some feature of stressmeter technique

or the the unrealistic nature of scme of the assumptions which are implicit
in the theoretical calculations,

The preceding remarks refer to the stress compenents produced solely by
the total water load, In absolute terms =t the end of impounding, the
comparisons botween stressmeter readines and calculated conditions are
illustrated by Table ©.4 and Figure 6,24, It can be seen that the indicated
stress magnitudes are substantially higher than calculation predicts, although
thereis an encouraging agreement in stress Jirections. The indicatel minor

compressive principal stresses are still conspicuous.

64543 Readinas after Completion of Impoundine

Since the completion of imnoundins the buttress has been subjected to
an approximately constant water lecad. There are not yet sufficient stressmeter

readings available to comment on the siomificance of tiie chmpes which have

occurred during the full dam condition (see Ficures C.9-7,15),

C.5.4, Stressmeter 213/21

The annular stressmeter 213/21 is situated in the viecinity of the highest
buttress stresses produced by water and gravity loadinz. It is also the
nearest stressmeter to a sonic strain gaupe rosette (no. 102). The results
from this stressmeter during the impounding period are therefcre of scme intarest.
The readings are shown on Fiéure 6.23 Hut for rurpcses cf comparison with
calculated stresses, it is necessary to consider the readinpms with reference
to o datum level ot the beginning of impoundins. The stress condition on
22nd December, 1966, has therefore been subtracted from the subsequent
readings to give the rclative principal stresses and directions shown in

Figure 0.25 (Also see Appendix Table A.G.10), As before, this excludes the
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gravity stresses, but the relative principal stresses will include the
effects of thermal stresses and thebuttress capping operation. As a
result, the stresses given by the stressmeter readings do not necessarily
increase in phase with the changes in water level,
Also included in Figure 6,25 are the corresponding results piven by
the 102 rosette strain gauges (see Appendix Table A.6.11). (The results
have been ocbtained from the data shown in Figure 6.17 in which the sonic
gauge stresses have already been cecrrectel for creep but not gecmetric
compatibility. In common with the method used in the independent assessment
of the strain gauges, the error in compatibility, (oGl+cG2) - (oggtog,) has
been distributed equally between the four stresses before deriving the
principal stresses of Figure 6,25,) An alternative method of comparison
is shown in Figure 6.2€6., In this case the principal stress conditions of
Fipgure 6,25 have been resolved into normal and shear stress components in
vertical and herizontal planes (using the notation Aoy, Aoy, Atyp).
When cbserving the differences between the stressmeter and strain gauge
results, allowance should be made for the dissimilar instrument positions
in the buttress. The geometry of the cross-section is differcnt
in the two cases and in the independent instrumentation report it has alsc
been concluded that the 102 rcsette rcadings have been influenced by the Jdifferent
thermal properties of the concrete and foundation. (The stressmeter is installed
in the downstream nilaster (width 12 ft.) of the buttress, wherecas the sonic
gauge rcsette is situated in the lower stressed region of the buttress
footing. The maximum width of the footing, which is intended to reduce the
stresses in the foundation Delow the buttress, is 30 ft.)
The significance of the low readins shown by the stressmeter in
Novenber, 1967, is nct known and its occurrence emphasises the importance
of frequent instrument readings in the finzl stages of impounding. A reduction
in compressive stress could be predicted during winter months by considering

the restraint provided by the main body of the buttress to cooling of the
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exposed downctream face. The existence of a temperature gradient in this
region is confirmed by the isclated sonic gauses 209/11, 211/11 (see
Figure 6.26) but approximate calculations show that it is an unlikely
explanation fcr the stress decrease indicated in Fipures 6.25, 6.2C. This
deduction is supported by the reading in March, 1968, for the same
reasoning would alsc predict a stress value sirnificantly lower than that
actually observed,

Since the 213/21 stressmeter was inaccessidle on the occasion of the
first full dam (January, 1968) the March, 196% reading is the only one
available for comparison with the total water loal condition., From the
measurec. concrete temperatures it is reasonable to translate the March
reading in terms cf the first full dam condition althoush, as before, this
approach assumes that creep produces a nersligible redistribution of stress
during the two month interval,

Considered in this manner, the relative major principal stress from
the stressmeter result is at least 30 per cent highnw than predicted
by calculation. , a feature which is already apparent Ffrom Section 6.5.2.
In (p, q,6 p) notation, the stressmeter result is €370 p.s.i,+3Y p.s.i.,
+1500). (It is interesting to note that, making Adue allowance for Dbuttress
geometry, the relative major principal stress indicated by the sonic gauge
rosette is also higher than expected by rcughly the same amount.)

The angle.of the relative major stress is clearly satisfactory, and
although equilibrium dictates a zerc vﬁlue of the minor princiral stress
at the downstream face, it should be ncted that the instrument is situatecd
approximately -2 ft. from the free surface and a small minor principal stress
might therefore Le expected. The simmificance of the results from this

stressmeter could be improved by repaining access for further chservatioms

in the full dem condition: .
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6.5.5. Stressmeters208/21 and 214/21

The response of stressmeters 208/21 and 214/21 4o the total water load
has already been included in Secticn 6,5.2. but theiy results throushout
the impouncéing period are of some interest because of the assumed plane
stress loading condition in the suttress web, Meter 208/21 is situated
on the buttress centre line and although 214/21 is close to one of the free
faces both instrumentswould be expected to show similar behaviour in the
assumed absence of stress variations through the thickness of the web,
(Although the two positions differ by approximately 20 ft. along the
buttress section the finite element calculations predict ~nly very small
differences between the stress cenditions at each point,) It should also he
mentioned that the independent report(75) conclules that no significant
stress differentials occur thrcugh the thickness of the completcd web as a
result of thermal or shrinkage effects, although the measurements for this
deduction were not made in the vicinity c¢f the two . stressmeters.

It is apparent from Figure 6.27 that in practice no consistent similarity
exists between the respense of the two s*vessmeters., (Data is given in
Appendix Tables A.6.12, A.C,13) In thisiresentation the instrument recadings
have been referred to a datum level at the beginning of impounding =nd the
okserved principal stress-conditions have been resclved into ncrmal and
shear stress comnonents in vertical and horizontal plancs. As hefore, it is
not possible to say whether the differcnces arc due to some feature »f the
stressmeter technigue or the actual stress ccnditions in the wel.

Two additional points might be raised here. First, stressmeter 214/21
is situated very close to a "flat jack" pressure transmitter and it is not
known how this affacts the instrument rezdings. (The flat jack consists of
a2 thin flexible steel envelope which is only rarely pressurised for demonstration
purposes.) Secondly, the lower access gallery through the buttress web

passes between the two instrument positions and it might be pcstulated that
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this aperture could be responsible for a dissimilar redistribution of stress
in the vicinity of each stressmeter,

On futther inspection, this explanation would appear to be unlikely;
the finite element calculation purposefully considered the elastic stress
cencentrations around the gallery and the results predicted negligible
effects at the stressmeter positions. In addition, there is cvidence in the
literature to question the occurrence of elastic stress concentraticns arcund
apertures in concrete(78)’(79) and it is possible that even the finite

element calculation does not realistically represent the effect of the gallery.

6.,5.6, The Second Stage Stressmeters

The results from the second stage stressmeters (shown by the code nunbers
204/22, 206/22, etc.,) are included in Figures 5.9-G,15,

During impounding and the early part of the full dam condition the
indicated changes of major principal stress, principal stress ratio and stress
direction generally differecd from the corresponiing changes in the first
stage instrument readings. A proper' comparison is therefore difficult to
visualise from the presentation of Figures €.9-6.15, and the indicated
principal stress conditions are best resolved into comnonents in vertical

and horizontal directions.,

An example is given in Figure 6,28 which shows normal and shear stress
components in the plane of the buttress as implied by the two annular
Stressmeters at position 206. (see Appendix Tables A.6.14, A,6.15). The
stress components have been ocbtained directly from the indicated principal
stress conditions of Figure 6.1C, Similar comparisons have been made at
positions 206 and 3043 the results show similar fcatures to position 226,

From the first stage instrument (206/21) it can be seen that the
significant changes in the wertical normal stress component occurred before
impounding and the subsequent fluctuations were relatively small in

magnitude. The horizontal normal stress and shear stress components appear
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in a similar manner although the later fluctuations are more simificant
in relation to the initiél values when impounding began.

From the second stage instrument rcacdings the verticzal ncrmzal stress
compenent increased throughout impounding and at the full dam condition this
Stress compenant had achieved a value corresponding to that indicated by the
first stage stressmeter. Subsequently, both stressmeters indicated similar
values of vertical normal stress. The horizontal normal stress components
followed a similar pattern, although towards the end of impounding, and also
in April, 1969, the second stage stressmcter indicated a higher value than
the first stage instrument. The significance of this feature, and the
associated differences in shear stress components, is not understood but it
seems likely that most of the Jdifferences could be explained by experimental
errors in the stressmeter readings, particularly in the estimation of the
principal stress ratic n.

On this evidence the behaviour of the second stare stressmeters is
inconsistent with the concept of an elastic inclusion applied to an
isotropic elastic host material. This chservation is not entirely unexpected
since the buttress concrete cannot be described in purely elastic terms over
long periods of time, the time dependent deformation characteristics being
more relevant to linear viscoelastic Lehaviour,

The problem of a rigid ineclusicn in these circumstances has sc far
received little attention. Hult(so) has briefly discusserl one aspect of
the problem which involves the state of stress in a rigid inclusion cauge
applied to a linear viscoelastic material already subjected to a constant
external lcad. Berry and Fairhurst(al) described the principles of the
same problem with particular reference to a solid cylindrical inclusiem,
Both contributions show, in specified conditions, that the stress in the
inclusion increases until it reaches a level required by elastic

equilibrium, In other words, the gauge reading will increase continuously until
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it "catches up" with the reading from a similar device which has experienced
the full loading history of the viscoelastic material. Thereafter, the
inclusion stress level stays constant as long as the host materizl stresses
remain unchanged., A limited experimental verification of the phenomena

has recently been described by Hawkes(SQ) with particular reference to the
photoelactic stressmeter applied to frozen sand,

The period of time required for the "catch-up" process will depend upon
the creeprarameters of the system and in the present state of understanding
it is not possible to predict the times which might Le required at the variocus
stressmeter positions in the Luttress. From the evidence of Figure 6,28
the process appears to have occurred within twelve menths at pesition 206,
This relatively rhort neriod of time clearly prevents interpretation of
the second stage: stressmeter readings, as was oririnally hoped, solely in
terns of the buttress stress changes durins impounding,

Subsequently, the readings should be reliable as duplicates of the first
stage stressmeter results although it would be desirable to improve the
comparison by continuinpg observations at frequent intervals in the full dam
condition.

Similar comments apply to the results at the other positions where both
Stressmeters are still operative, e.g. 208, 304, it is also interesting to
note that the failure of stressmeters 217/21, 212/21 may now be less sirmnificant
for stability apparently exists in the corresponding second stage instrument
readings (Figure 6.,12), From the abcve discussicn it may be poessible to
justify interpretation of these second stage readings aftor impounding
in terms of buttress stresses. The major principal stresses and the
stress directions derived by this approach aprear to ke in reasoneble agreement

with the results frem the cther stressmetersin the buttress,
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6.5.7. The Solid Stressmeters

The limited readings available from the two sclid stressmeters at
positicns 206/23 and 208/23 are given in Tahble A.G.5, Appendix G.

Throughout the pregramme these instruments could not be used
satisfactorily. Illumination difficulties occurrcd in hoth cases and at
position 208/23 it was not possible to rectify an early fault in the light
unit, When readings were available, the cbserved fringe orders were erratically
distributed in the glass inclusion and Tardy compensaticn could not he
applied with confidence.

This behaviour was inconsistent with earlicr laboratory tests and in a
strict sense it is not possible to make a comparison with the corresponding
principal stress differences deduced from the neighbeuring annular stress—eter.
If such a compariscn is attempted, as in Anpendix Table A.C.5., the general

lack of agreement is immediately apparent.

6.6. Conclusicns
The following conclusions may be drawn within the limitaticms of the

results so far available:

(1) The isclated sonic strain gauge results show that shrinkage can make
no significant contribution to the stressmeter response in this application.
From the observed concrete temperatures it woull alsc appear to be
unlikely that mismatched thermal characteristics have any significant
effect. Although the thermal characteristics of the stressmeter
require further investigation , it must be concluded that, as far as
present infermation allows, the clearly defined symmetrical fringe
patterns can only be interpreted according tc the procecdure described
by previous investigators.

(2) The stressmeter readings during the construction neriod therefore

indicate the presence of significant biaxial compressive principal
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(3)

(4)

(s)

stresses in the plane of the buttress, and in some cases, their
maonitudes excecd the subsequent calculated stresses in the

loaded structure., In the abscnce of comparative measurements,

the true significance cf these stressmeter readings cannot he
assessed and the results must await comparison with similar
applications in the Ffuture.

The significance of the construction stresses was reflected in the
stressmeter readings at the end of impounding when the

indicated absclute principal stresses clearly exceeded the
calculated values. The two stressmeters near the centre of the

web at the lower imstrument level indicated the hichest stresses,
the maximum value being approximately twice the hirhest stress

level in the buttress predicted by calculaticns which irnore

the stress history during the construction pericd, At the same

time the indicated mincr compressive nrincipal stresses were

hisher than expected by calculation hut desrmite these differ:nces

in stress magnitude, the indicated stress directions after impounding
were similar to the calculated conditicns.

The increments of the stressmeter readinms at the lower instrument
level produced solely by the total water load imply a distribution of
stress which does not asree with calculated distributiosns. Althourh
the comparison has been hindered by the final stapges of buttress
construction, nc satisfactory explanation can yet be given for

this fundamental aspect of the stressmeter results.

It is not possible to trace the development of water load stresses
within the series of strcssmeter readings cbtained during
impounding since there is insufficient data to allow separation

of the varying thermal and water load stress increments. Similarly

more instrument readings are required before detailed comments
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(6)

(7)

(3)

(9)

can be made abeut stressmeter hehavicur during the approximately
constant water load condition which has existed in the huttress
swsequent to impownding.,

The two stressmeters near the centre of the web at the lower

level do not demonstrate the plane stress loading conditions
during the impounding period which are assumed in the calculations,
There is no independent experimental evidence of the plane stress
assumption and it is therefcre difficult to make further comments
dbout the significance of these two stressmeter results in this
respect,

The behavicur of the two solid stressmeters was unsatisfactory
throughout the programme; the reading difficulties experienced in
this first field applicaticn appear to ¢ featurcs of practical
technique and further develepment cf the device is clearly
necessary.

The second stage annular stressmeter readings during impownding

do not agree either with the earlier stressmeters or the expected
buttress behaviour. In all cases thc res;onse appears to be
consistent with that of an inclusion applied to a linear visco-
elastic material which is already subjected to long-term loading,
The problem requires fundamental investigation; in this instance,
clarification would be improved by further recadings. There is
sufficient evidencce to show that the second stasge instruments have
been wnsuccessful in uniquely identifying the stress changes which
occurrec during the impouriding period, but it is expectel that the
subsequent readings will ke available for comparison with the first
stage stressmeters,

Cantinued observotions in the buttress would Le justified. A

particular objective should bz to ohtain a clesely spaced series of
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(10)

(11)

readings in all the operative stressmeters throughout at least

once coemplete annual cycle in the full dam condition, It will then
be pessible tc attempt a separation of the thermal and water ioad
stress increments.

The details of practical technique empliye” ‘n this excrcise appear
to have been generally satisfactory and those failures which have
occurred in the annular stressmeters are understcod and could ke
prevented in future work., The prcbe light source provided a simple
and reliable means of illuminating the annular stressmeters
although its assembly and dismantling accounted for a significant
proportion of the total site cbscrvation time. In this respect the
light source employed with the solid meters is mere cenvenient,
although it requires additional access to the cther side” of the
buttress. The method of casting in empty cubes, or briquettes,
during construction alsc prescnts an cconomical and simple means

of access fcr later stressmeters and the method could bHe used to
advantage in tests requiring the investigation of stress

increments produced by short-term loading.,

The results of the programme are suci that it is not possible tc
comment on the practical techniques used in measuring fringe orders,
principal stress ratios and stress directions. However, it is
clear that in ficld applications of this nature an assessment of
stressmeter performance will depend on cbserved changes in the
stressmeter frinse pattern rather than the absolute condition at
any given time. It therefore seems reascnable to conclude that the
value of the annular stressmeter could be improved by further
developments in the olservational techniques which are currently

employed with the device,
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6.7. Recommendations

Several recommendations can be made for obtaining the additonal data
necessary for a substantial assessment of stressmeter performance in

future investigations of this nature:

(1) There is an immediate need for direct compariscns between stressmeter
results and a conventional in-situ strain or stress measuring technique

to confirm the nature of the biaxial stress conditicns indicated by the
stressmeters in this application. The ocbvicus recommendation would be

to install at least one stressmeter in the immediate neishbourhood of a
strain gauge rosette (which should alsc inclufe transverse rauges to

allow evaluaticn of the full three-dimensicnal state of strain), If the
comparison position was situated near the downstream face of a Luttress
there would also be easy visual access for a second stressmeter installed

perpendicular to the first, thus suprlying further comparisen data.

(2) More quantitative evidence is clearly.desirable for the response of
the meter in concrete subjectced to long-term stresses. In some respects
stressmeter interpretation is more complicated than crirventicnal strain
or stresssensing metheds in sc far as the stressmeter is a biaxial rather
that 2 uniaxial device. Attention should he paid to its response in both

uniaxial and biaxial applied stress conditions.

(3) An in-situ calilration facility could be used to distinct advantage.
This would provide realistic experimental evidence of the stressmeter
sensitivity factor which, as in this instance, might otherwise have tc he
deduced from earlier independent laboratory calibration data. In principle
a uniaxial test facility coculd be provided by a simple modification of the
isolated strain gauge installations empleyed in the Clywedog huttress, the
stress source being a "flat jack" pressure transmitter mecunted between the

top of the concrete colum and the roof of the chamver.
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By including an annular stressmeter, together with axial and transverse

sonic strain gauges in the concrete column, the advantages would be:

(a) Regular stressmeter calibration tests could he carried out
throuchout the life ¢f the buttress in realistic conditions
of temperature and moisture content. The uniaxial
sensitivity factors so indicated would also enable the
biaxial sensitivity factors to be determined with
considerable confidence. .

() The same tests would indicate the variation of instantaneous
elastic modulus and Poisson's Ratio with time. This sonic
gauze data would also provide independent comparative
evidence for the supporting laboratory crecp tests, etc.,
required by the strain gaupme rosettes in the dam.

(c) In the pericds hetween calibration tests the strossmeter
could ba observed in the free standing column to provide
for the possibility of spuricus fringe orders caused by

shrinkage, swellinc or mismatched thermal rropertics.
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CHAPTER 7

Conclusions

The individual ccnclusions from the investigations described in this
account have already been given at the end of each chapter, but it now
becomes necessary to review their implicaticns to the photoelastic
stressmeter technique as a practical method of measuring stresses in
concrete, Although several fundamental features have been beyond the scope
of the present investigation, the overall conclusions arc perhaps best
referred to the appropriate requirements of an ideal stress gauge which werc
stated at the beginning,

The first requirement concerned the ability of the device to respond
to stress changes in the host material withcut confusing effects from what
have been’called extraneous deformations. In this respect the only new
evidence frem the present discussion concerns some of the effects cf
shrinkage on the stressmeter readings, although one asnect of the creep
problem has also been revealed by the buttress dam measurements. In
addition scme other features of the stresses in the inclusion have been shown
by the laboratcry work with shrinkame and stresses from externmal loads.

As far as shrinkage is concerned, it is clear that the stressmeter
can be influenced tc a significant degree, although the effects aprear to
be much smaller than predicted by conventicnal elastic calculation. From
the experimental observations with a specimen subjected to shrinkage and
uniaxial compression, it must be concluded that considerable errcrs of
interpretation will be possible if the existing methods cf taking readings
are pelied upon to identify the two principal stresses in the plane of the
stressmeter when larse shrinkage strains occur around the device. Specifically,
the superposed effects of shrinkage and stresses from external loads can
produce stressmeter patterns which are ambipgucus with cther patterns produced

by external biaxial stresses alone.
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To remove this ambiguity improvements should be made to the
interpretation technigue sc that the shrinkage increment of the stress-
meter fringe pattern can be isclated and thus allow measurements on the
fringe pattern which can be interpreted solely in terms of the two applied
princinal stresses., Due allowance must be made in this procedure for the
differences revealed earlier which can occur between the calculated and actual
fringe order distribution in the inclusion.,

However, it must be admitted that the above remarks are based on omly
one experimental test-piece; other results from the shrinkage tests were
inconsistent with this examnle in that most of the specimens showed no
sisnificant response in similar circumstances (these "no response" specimens
were prepared from concrete mixes both with ond without coarse agmresate).
The reascn for the inconsistency remains to be nroved but it is possible that
the adhesive layer behaved inconmsistently throughout the series of test
specimens, At the same time, creep and relaxation rresumably occurred
in the concrete around the inclusion, but the relative significance of the
adhesive and concrete properties on the stressmeter response cannot be
determined from the existing results alcne. This feature could be clarified
in futwre work by carrying cut comparable tests without a boundary adhesive.

The importance of the adhesive layer on the stressmeter response to
shrinkage can also be deduced from the ccmparison between the cbserved
and calculated distribution of frinpge orders in the one specimen which
showed the significant. shrinkare response. It is recommended therefore,
that the preperties and effects of the achesive layer should be considered
in any future study of the stressmetecr's response to shrinkase. Such a
study should also include the possible effocts on the photoelastic pattern
of shrinkage which occurs in an axial direction around the inclusion. In the
meantime applications of the annular stressmeter which are likely tc involve
a sisnificant degree of shrinkage should be considered with caution or be

supported by purnoseful tests to allow for the possible extraneous response

of the ineclusion,
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As far as the effects of mismatched thermal properties and creep
are ccncerned, these have not been investipated here and the only extra
evidence from the present work concerns the stressmeter response when'
the device is applied to a concrete structure already under load. The
buttress dam measurements have 'shown that readings tcken over a leng pericd
of time cannot be simply interpreted in terms of concrete stress chanaes
which ccecur subsequent to the apnlication of the stressmeter. Since this
could be a relatively common situation in structural applications of the
technique this aspect ¢f the creep problem clearly requires further
consideration.

On the other hand, it seems reasonable to infer that the device could be
used in a structure already under load if the stress changes to be measured
are of short duration only., In addition it might also he suggested
that an inclusion type stress gauge could be used to determine the absolute
state of stress in concrete already under load, assuming that sufficient time
would be available for the gauge readings to reach equilibrium, However,
this second interesting possibility has yet to be demonstrated conclusively
by the experimental readings in the dam.

Reference must also be made to the inclusion stress conditions
ooserved in the laboratory loading tests. In both the shrinkage and disc
loading tests it has been shown that the generalised plane stress
solutiens for the inclusion stresses dil not fully apgree with the experimental
observations, and of three features discussed to explain these effects,
the one which appears to be most likely concerns the presence of the
adhesive layer at the outer boundary of the stressmeter. It is considered
that this aspect of the results could be clarified for both the solid and
annular stressmeters by extending the existing theoretical sclutioms to
include the presence of a finite thickness of adhesive. Since in this

instance the measured frinse orders were significantly different from the
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calculated values at the centre of the solid stressmeter end at the
45° points of the annular stressmeter, this feature should be considered
in further detail,

In the same context the present results appear to be in reasonable
agreement with earlier results aiven by Dhir as far as the annular stress-
meter in uniaxial loading is concerned, but a siegnificant difference
occurs in the solid stressmeter observations. It has also been pointed
out that Dhir's results for the bilaxial sensitivity of the annular stress-
meter do not agree with the theoretical values and anomalies also occur in
his figures for uniaxial sensitivity in high modulus materials. Although
the last point is not impoertant for rigid inclusion conditions, the ancmalies
require explanation. It would be desirable tn repeat Dhir's experimental
work and extend the range of tests particularly in the cases of the annular
stressmeter biaxial sensitivity factors and the solid stressmeter data.
However, these features of the stressmeter do not of themsselves prevent
the application of the device provided that the appropriate calibraticn
factors can be determined experimentally for a given situation.

The second fundamental requirement of an ideal stress gause concerned a
well-defined directional response and in this context the annular stressmeter
appears to have 2 distinet advantage over other levices. As far as the
present results are concerned the self-orientating property of the device
and the immediats visual indication of the applied stress directions have
been clearly demcnstrated in both series of laboratory testsi the stresse
meter readings in the buttress dam also appear to be satisfactory in
this respect. No other contemporarv instruments for intermal stress
determinations in concrete possess a similar characteristic,

The third requirement referred to the desirable response to small tensile
stresses. This aspect of the photoelastic stressmeter has been discussed

in the account of the loaded disc investipration where the tension was
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produced as a minor principal stress in combination with a major principal
compressive stress,

The results have shown that the current method of tzking stressmeter
readings is not entirely suitable for use in these circumstances becausc
a double error is pcssible in the stress determinaticn. First, the stressmeter
fringe pattern is similar to the uniaxial case and the presence of the
tensilc stress could be cverlocked. Secondly, the stressmeter sensitivity,
as determined at the u5° points of the pattern, can be significantly different
to the uniaxial value and thus the major principal stresses deduced from
the fringe order measurements would then also be in ervor,

This conclusicn applies to conditicns in which the maegmitudes of the
tensile stresses arc less than one-third of the associated ccmpressive
stresses. Conditions outside this range have not been considered but
other evidence in the literature suggests that the appearance of the
stressmeter fringe pattern then chanzes apprcciably. If necessary, tie
appropriate theoretical fringe order nrofile can Le caleulated from the
Hiramatsu-Barron solution for the inclusion stresses, but in practice the
stressmeter respense will depend on the tensile strengths of the glass
and the circumferential bond.

On the cther hand, the laboratory results show that the existing
method of taking readings is satisfactory for the solid stressmeter in
compression-tension conditions. This conclusicn is consistent with existing
knowledse of the solid stressmeter's response to biaxial comnressive stresses
although as mentioned previously, the sensitivity factor needs to be
clarified in rigid inclusicn conditions. It is unfortunate that the first
field application of the solid stressmeter in the buttress dam did not
vindicate the potential advantages of this device.

The dam application has alsc revealed several desirable features of
practical convenience possessed by the photoelastic stressmeter. For :

instance, no difficulty was experienced in applying the stressmeters to the
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buttress both during and after concreting and readings have been taken

with a minimum of ancillary equipment over a relatively long period of time.
The simple construction of the device and its accesscries is an advantage
from the point of view of cost and also for long-term applications,

although in this instance several instruments were lost after the polarising
filters were destroyed by moisture. A recent desimn modification will
eliminate this problem in the Ffuture,

However, there is one feature of practical technique which may be a
disadvantage in some circumstances. In the present state of development
the stressmeter has to be visible to the observer and in this sense the
technique only provides semi-remote cbservations. (The possibility of
remote observations from photoelastic transducers is considered in a current
project(ul).)

As far as the fundamental features cf the buttress measuremants are
concerned, there are several inconeclusive faatures in the results which make
it difficult to assess the accuracy of the stress conditions incdicated by
the photoelastic stressmeters. In this instance it has not been sufficient
to compare the stressmeter results with thecretically calculated conditions
and it seems reasonable to conclude that in applications of this nature
a satisfactory assessment of stressmeter performance will only be achieved
by comparing the results with stresses determined by other independent
experimental techniques. Nevertheless, the experience derived from the
buttress Jdam application is sufficient tc justify further similar
investigations and several recommendations have already been made which
should allow a clearcr demonstration of the photoelastic stressmeter's
characteristics in a future application.

In summing up this discussicn it may be said that the present werk has
demonstrated several features of the photoelastic stressmeter which have

not been conaidered by previous investigators., Some of these features have
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encorsed the potential advantages of the technique whilst others must be
added to the existing preoblems requiring further study which were referred
to in the summary of earlier work.

O0f the cutstanding praoblems, the stress distribution in the inclusion
and its probable dependence upon the boundary achesive is considered to
be particularly significant since this clearly affects the sensitivity
of the device as a stress transducer. At the same time, more quantitative
informaticn is necessary for the response of the stressmeter in concrete
swijected to creep in both uniaxial and biaxial stress conditions.

These two problems are considered to be the most important of those
mentioned in the discussion. All together, the several outstanding
problems provide ccnsiderable scope for further study if a comprehensive
assessment. is tc be made of the photoelastic stressmeter as a practical

device for in-situ stress determinations in conecrete.
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TABLE 3,1

Details of Concrete Mixes used in

Shrinkage Tests

(For Grading Details, see Table 3.2)

Mased mum Desi Observed Strength
A en Ageregate/|Water/| (Average of 3x6 in. cubes)

. ggregate Strength A
Mix Size (28 day x 6 in.cube) Cement Cement PeSei.

in y e i * ‘1 Ratio Ratio

* Pe8ode 7 Days 28 Days

A 3 7500 2.6 0.36 8600 9800
B Z 6500 2.7 0.40 8730 8200
c g 5500 3.4 0.45 5760 7200

3
F 16 - 1.4 0. 44 7500 8800




Aggregate Gradings used in Concrete Mixes A, B, C.

TABLE 3.2,

Percentage Passing
Sieve
Number Coarse Fine Combined Gzigznf Gzzginf
Aggregate | Aggrepgate | Aggregate (Ref.82) (Ref£.82)
in. 100
% in, 85 100 8% 100 100
13-6 in. 0.5 97 25 30 45
7 90 z23 20 33
1y 83 21 17 26
25 68 17 13 18
52 24 7 5 8
100 2 1 0 3

Grading tests carried out in accordance

with B.S.812; 1967:

"Methods for Sampling and

Testing of Mineral Aggregates,

Sands and Fillers".



TABLE 3.3,

Aggrezate Gradings used in Concrete Mix F

Sieve Percentage Passing
Number

F1 Specimens F3, F5 Specimens
fz in, 98 100 100 100 100 100
7 92 92 91 86 92 91
14 86 85 83 73 84 82
25 73 73 70 57 72 67
52 26 29 3u 19 36 B
100 3 9 7 3 8 7
200 0.5 1.5 1 0.5 1 1

Test procedure is referred to in

Table 3.2




TABEE 3.4,

Superposition of Shrinkage and Uniaxial Compression Stress

Fringe Orders - Annular Stressmeter, Specimen F3-4, Day 106

Specimen details: See Tables 3.1, 3.3, and Figure 3.7

Stressmeter Dimensions: 1,250 in. diameter x 0,265 in. diameter x 2.992 in.

fg = 1220 p.S.i./f!"./in.

Initial Shrinkage Fringe Order at (§-= 1.40) = + 1.06

Long-Strain Whlie Lignt Fr;ngg Ordir at Observed
Specimen { Applied uz (-b- = 1.40, 6=90 -270") Pattern
Load Stress |(Average of Profjle
lbs. pPeSeis 6 Demec Ma~n | Corrected |(Dhir{21))
Readings) | 6=90° 0=270° | Value Value
Np (Np=Ng)

0 0 o) 1.10 1,04 1,06 0 1:1
3000 115 33 1,55 1,45 1,50 0,4 1:1
6000 231 65 2,15 2.18 2,16 1.10 1:3
3000 346 97 2,66 2,60 2,63 1,57 1:

12000 462 133 3,24 3,18 3.21 2,15 1:%
15000 577 170 3.67 3.87 3,77 2,71 1:%
18000 693 200 4,12 4,05 4,08 3,02 1:%
21000 808 235 4,97 | 4.83 4.90 3.84 133

* ®
All fringe orders have positive signs - associated with (o, - o )
stress differences.



TABLE k.1

Instrument Centre Po_i‘nts - Disc Rectmﬁt_xlar Co=ordinates

l-]l Orientation

Disc No., « Dimensions in Inches
F5=1 F5=2 F5-3
Point Diameter: . 23.1437 23.375 23.437
Thicknesss 3.265 3.265 3.265
A: hg !'1 !‘2 x h'd rl Ty ry Y] )
A 45,625 | «54625 | 18.312 8.250 | +5.312 | =5.312 | 17.875 8.250 - -
B o «8,L06 | 20,125 34312 0 ~8.375 | 20,068 3.312 - -
C ‘- - - - 0 ) o) 11.687 11.687 - -
Meter 1 0 o 11.719 | 11.T29 - - - - 11.719. | 11.719
Meter 2 0 +8,468 3,250 | 20,187 0 - 48,562 3.125 | 20.250 - -
Meter 3 | =5.,625 | +5.625 | 8,125 18,250 | «5.550 | 4+5.550 8.270 | 18.101 - -
L




TABLE 4,2

Instrument Ceintre Points -~ Disc Rectangular Cc-ordinates

Orientaticns 2-2, u-u

Disc F5~1 -~ Dimensions in Inches
Point Orientation 2-2 Orientation 4-4
% y v r, X y ry r,
A +7.,954 0 14,163 14,163 0 -7,.,954 19,672 3.765
B +5,945 | -5,945 | 18,637 8,287 | ~5,%45 | =5,945 | 18,637 8,287
Meter 2| =-5,990 +5,990 8,280 18,701 +5.999 +5,890 £,280 2,701
Meter 3f -7.838 0 14,181 14,121 0 +7.,938 3,781 19,656
Disc I'S-2 - Dimensicns in Inches
Point Orientation 2-2 Orientation 4-4
% y r, r, x y vy r,
A +7,511 0 13,893 13,893 0 -7.511 19,198 4,176
B +5,923 -5,923 18,579 8.265 -5,923 -5,.,923 18.,57¢ 8.265
Meter 2! =6,050 +£,050 8,270 18,781 +6.050 +6,050 8,270 18.781
Meter 3] -7.843 0 14,081 14,081 0 +7,843 3.344 19.531




Canﬁinon of Calculated Stresseg near Disc Loadigﬁ Point

Disc diemeters:

TABLE 4.3

Foml = 23.375 in-. FSul = 23-"37 in.

‘fhicknesss - 3.265 in.
Width of Strip Loading: 0.625 in.
Loads: 21,000 1b.
Calculated Principal Stresses = n.s.i. % Difference
) '] 2 Y . . (&-b) )
Point | Disc |Orientation fgzngﬁzpmﬁ) (v) m‘cz; di':;':::s ——— x 100%
P q P q. P q
A F5-1 heh 1 +1115 «1T1 +1123 | =175 =0,7] =~2.3
B FSel 1-1 +1256 «170 - 3266 | =175 -0.8] «2.9
A J_Frs-e hals +1013 «172 +1020 | =175 «0.7| 1.8
B | PSe2 1-1 +1252 T -168 ' +1266 | =175 «1.1] =k,2




TABLE 4,4

Disc Strain Gauge Rosettes

Calculated Strains for Disc Load of 21,000 lbs

Calculated Strains - jue

Disc . . . .
Rosette Of%ii:?gizn E Blgfsri-ioglg?s.i. E =Dg?§5ﬁi-§ogl;?s.i.
Diameter) W= 0.22 u = 0,20
@Gauge 1| Gauge 2| Gauge 3] Gauge l} Gauge 2| Gauge 3
A 1-1 +60,5 -17.0 -8,5 +74.0 -13.0 ~7.0
B 1-1 +373 +121 -130 +400 +134 -132
c 1-1 - - - +171 -85,0 -
A 2-2 +14,.3 =16,5 +14.3 +18.2 -19.5 +18.,2
B 2=2 -15.0 =5.0 +61,0 -15,0 -3,0 +86.0
C 2-2 - - - +43,.0 +43,0 -
A Yl +108 +283 +122 +103 +277 +120
B L4 -15.,0 +50.5 +61,5 =15,0 +53.5 +66,.0
¢ T - - - +43,0 | +43.0 -




TABLE 4.5

Cmison of Rosette Point Stresses at Maximum Test Load
(E = 3.25 X 106 p.ﬂ.i., us 0018.

P = 21,000 Ib,,

1= 3,265 in.)

i . Voan Calculated Stregsses - p.s.i. ? bf" ;ferences
ose 8C s . . a8
Point Number | Orientation Observ::. Strains (a) Prg:r(:g::rved (b) From Disc Theory | —5— X 100%
G, | G Gy P q p P q ® P q
C F5=2 1-1 +162| «92 | —=— |+189 |~211 - +525 | <175 0° +6.,9 | -20,5
A F5-1 lal +61| -20 9 l+221 | 55| +18.5° | 4273 | 43 | +25,5° +19.0} -28.0
A F5=2 1-1 +76] =19 T |+277 | <49 | +28.5% ) 4310 | 31 | +25 +10.6 | -58.0
B F5=1 1-1 +390 | +122 | <210 | +1085 {133 1 +2° +126G | =175 | 0o° +1.7 | +29.7
B F5=2 1al +360 } 4150 | =98 |+1150 |-111 | -1° +1266 | =175 | 0o° +9.2 | +36.6
B F5-1 2.2 161 6 | +87  leoulh | b2 | +28,5° |- 236 | <32 | +27° | -3.4 | -31.3
R F5=2 22 -1} o +72  |+256 | 27 | +17° +237 | =34 | +27° | -8,0 +7.6
A FSw=1 bl +117 [+274 | +118  [+972 [<10b 0° +1123 |-175 | 0° +13,4 | +40.6
A F5-2, kol +93 | +263 | +115 4905 | =77 | =3.5° +1020 | <175 o° +11.3 | +56.0
B F5=1 bl 20| +50 | +66 {4228 | =50 | =29° +236 | =32 |-27° +3.4 | -56.3
B F5=2 haly 1 | 458 | +12 {4256 | -29 | -28° +237 | =34 | -27° 8.0 | +1h.7
1 2 3 I 5 6 T 8 9 10 11 12 13 1k




TABLE 4.6

Summary of Significant Features from Computed

Principal Stress Difference Patterns in the Annular Stressmeter

(

o [+

Bo=u' = 0.20)

= 5' E s 3.5 X 106 p-S.l..., E' = lo X 106 plSni.

Applied Stress Ratio n

Feature
O "0.33
Tangential stresses at inner boundary:
(a) Maximum tensile stress (6 = 0) 1.26p 2.61lp
(b) Maximum compressive stress (8 = 90°) 4.08p 4,45p
Minimum principal stress difference on major axis
(6 = 0):
(a) Mapnitude 0.30p 0.83p
(b) Position, §. 1.40 1.60
Minimum principal stress difference on minor axis
(e = 000):
(a) Magnitude 1.17p 1.42p
(b) Position, f;' 5.00 2,08
Co-ordinates of optimum reading pointzf' 1.60 1.50
8 459 500
Principal stress difference at optimum reading point 1.83p ?2.36p




TABLE 6,1,

Details of Concrete used arcund Stressmeters

Class of 8 in. Cube Strength
Concrete| Maximum W/e Coment Average
and Mix | Size of . . 7 Day 28 Day Density
Desion |Aggregate Ratio|Ratiof Ibs/cu.yd. Strength Strength {1lbs/cu.yd.
Number poSoio poSoio
C - 29 an 0.66 372 2700 4000 153,56
(Av. of 15){(Av, of 15)
C - 31 gn 0.63 514 2950 4500 152.5
(Ave cf 2){(Av. of 3)
A - 53 13" 0.60 | 7.14 430 2350 4339 152,30
(Av. of 28)[(Av. of 26)
A - 57 g 0453 540 2700 3200 151.5
(Av. of 3)|(Av. of 3)
C - 4y 3" D.61 375 2950 4450 153,5
1% . (Av. of 3){(Av. of 3)
Flasti-
ment
C - 33 g 0.63 514 LO50 595¢Q 152,0
(AV. Of 2) (AV. Cf 2)
C ~ 55 3" 2,66 375 2550 3850 155,n0
(Av. cf 30){(Av. of 27)
C - 58 %" 0L,6€ 499 2550 3925 150,0
(Av, of 6)|(Av. of )
TABLE 6,1(a)
Mixes used around Stressmeters
Mix Design ¢ 55 - 3" C 4y - §" C 55 - 3"
Number cs31-23"|c3g-3"|cCsg8-~ 3"
Stressmeter 214 219 200
213 206
204
212




TABLE 6.2

Yertical Stress Increments from Stressmeter Readings

Due to Total Hater Load

Indicated Principal Stress Condition

8tress Units = n.s.i.

Vertical Normal

Position - Stress = oy Aoy
Enpty Dam Full Dam PeBede Peseis

) q ®po P a 80 Empty Dam | Full Dam !
20h/21 295 | 221 55 313 235 100 246 237 -9
206/21 ko3 302 165 L87 2hY 160 395 458 65
208/21 391 195 170 600 | 172 160 398 633 235
213/21 235 176 60 548 274 150 191 479 288
214 /21 611 458 15 860 430 155 603 786 183
302/5; 92 69 10 288 14k 15 92 2ko 148
304/21 115 58 50 202 151 1ks 83 186 103

All terms teke positive signs unless otherwise stated,




TABLE 6.3

Calculated Vertical Stresses at Upstream and Downstream

Facaes for Total Water Load

Buttress Level 745' 0.D.

Assumed Conditions

Vertical Stress
P.Sli.

(Lines AL-GH shown in Figure 6.19)’
Upstream | Downstream
Face Face

1. Linear analysis, impervious dam and

foundaticn (line AB) + 6 +139
2. Condition (1) including buttress car

(line EF) +30 +189
3. Linear analysis with uplift

(line CD) =56 +169
4, Condition (3) ineluding buttress cap

(line GH) -32 +219
5. Finite element analysis, impervious dam

and foundation -TY4 +129
6. Finite element analysis with pore pressures

and uplift -86 +154

-




TABLE 6.4

Comparison between Observed and Calculated

Stress Conditions at 745' 0.D. after Impounding

Finite Element Analysis, E-Ef =5
Absolute Stressmeter
Position Impervious Dam With Pore Pressure Readin:;
r q b D q 83° D a eg®
204/21 160 0 150 160 -18 150 313% 235% 100%
206/21 350 8 150 350 -20 146 ug7 243 160
208/21 315 7 150 320 € 150 630 172 160
210/21 280 25 150 310 20 150 - - -
213/21 345 5 150 380 15 150 547 273 150
214/21 336 6 1eQ 330 4 148 860 430 158

*Out-of-plane valuas - see pages 109-110

A1l terms take positive signs unless otherwise stated.
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FIG. 2.4, Applied Principal Stress Ratio n = 0.75



(AY ONE FRINGE (B) TWO FRINGES

(C) THREE FRINGES
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Measurement  point 2 (Vb = 1-40 ©=z 90°, 2.10°)
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® Exparimantal rasults from ref. (23 ) For hosk
makerials E = 1-0 — 3-0 x 10° psi.

FIG. 2.7, Annular shtressmeter sensitiviky  in
biaxial quding.



Fhird Fringe

second Prinsa.

First Pr‘msa,
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Measured fringe order ar X (7o =140 ©:90° 210°) = + 305
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Applied strass ratio , ] = 0-50
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3-0Q
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%\’
\‘t

+0-50 xp =+ 316 psi.

FIG. 2.8. Annular  shressmerer pattern and ks
inkerprebation  in a  low modulus makerial.
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Test Rig Calibration with 0-20 Ton
Proving Ring.
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Rcci'ansular coordinates

Polar coordinates
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FiG. 4.2. Stress notation For  discs
(thickness L =, d/-, )
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Stressmatars
(3:0"x 1-25")

Demac Gauss pointe
(radial diapl. on\’)

Resistance  strain
gauge rosertes both sides
(3« 0'5"3cu3u x 45‘)

Disc diametar : 23-375 in.
Thickness ¢ 3268 in.
.Load'sna width ' 0-625 in.

Disc F5-1 : Annular stressmeter replaces C rosebte.

Disc F5-3 : Demac poinfs and solid strassmatar
ar centre only.

FiG. 4.4 InsFrument \aycul’ disc F§-2
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FiG. 4.5 Test oriantabions For discs FS-1 L F8-2
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Centre Point Strcecssmeter
Disc Lecad = 21,000 lbs.
Calculated Disc Stresses:

P +525 poS.io

q = =175 p.s.i.
Mean Fringe Order at

"y50 Points' =+3,55

Glass Fringe Value £_ = 1280 p.s.i./fr./in.

GClass Length l, = 3.0 in.
M S I " . .'1_“

Nom. Radius Ratio = = 5,0
Adhasive Thicksess f%

Stressmeter Near Loading Arc (M2)
Disc Load = 18,000 lbs.

Calculated Disc Stresses:

9]

+ 1170 peSseis
q = - 175 TOSOil

Mean Fringe Orders:

Upper "45¢ Points" =+46.62
Lower "u5C Points" +6.10

"

FiG. UW.26 tbserved Annular Stressmeter Fringe
Patterns, Disc F5-1, Orientaticn l-l,
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FIGs 6.6 Installation of Styessmeter Cubes
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APPENDIX 3

Data for Chapter 3



Surface Shrinkape Readings for

TABLE A.l.1.

Concrete Mix A

Mix Details

Specimen Details

See Tables
See Figure 3.5.

3.1, 342

Surface Shrinkage - Microstrains

Conditions
Age Gaizzn ;exl;':':lels Gai:zk Lzzgihs
(Days) | Temperature % 2 ” ’
RHe 3 | o] 3| w | 2| 2| 3 [ &
7 6645 40 0 0 0 0 0 0 0 0
8 66 40 45 35 30 20 80 100 30 30
9 66 45 105 95 50 40 | 100 | 115 60 80
12 G6 45 190 180 125 105 150 170 130 135
16 66 42 255 230 180 160 185 205 175 185
20 65 40 270 { 255 ] 270 | 175 205 | 210 | 190 | 195
24 70 32 315 265 240 | 215 250 250 240 2uS
29 6745 39 325 280 | 2u5 225 | 260 | 260 | 255 255
36 68 | 38 360 310 280 2556 295 295 290 295
40 66.5 38 370 330 290 1 260 310 300 300 3ans
45 69 35 375 325 300 | 265 315 308 31N 315
50 72 38 390 335 315 280 | 325 315 320 325
57 68,5 51 380 330 305 270 315 325 315 320
65 70,5 40 390 335 310 | 280 | 325 330 325 325




TABLE A.l.2.

Observed Longitudinal Surface Strains and

Temperature Corrections - Slab Specimen Fi-2

(o = 7 x 10°8/°F)

condizichs prorete, | comuetion | gueiirage

(Days) Strain to 70°F at 70°F
Temperature % ue ue e
or R.H.
7 69 - 0 -7 -7
7 82 51 -30 +34 +54
8 02,5 50 n +37 +37
9 82 51 +50 +04 +134
11 82 53 +125 +84 +209
14 84 50 +200 +9° +293
17 82 50 +270 +CU4 +354
20 83 51 +325 +91 +416
24 82.5 55 +390 +87 +477
28 33 52 +4510 +31 +541
30 34 52 +475 +98 +573
35 83 51 +5U45 +91 +636
35 66 35 +6E0 28 +632
36 69 40 $G70 -7 +663
33 70 40 +670 0 +670
42 6645 34 +745 -25 +720
L6 65 .5 39 +775 -32 +7u3
52 65 L5 +830 =35 +795
€60 Ol Bl +870 -42 +0208
65 6645 36 +885 =25 +3G0
7 70.5 32 +895 +2 +897
73 65 42 +305 -7 +898
78 3 39 +330 «lh +916
Su B6,5 34 +950 -25 +925
93 70.5 L0 - +985 +2 +967
1ou 70 48 +1002 0 +1000
112 71 39 +1015% +7 +1022
by




Observed Longitudinal Surface Strains and

TADLE A.l.3.

Tempcrature Corvections - Slab Specimen Fle6

(¢ =7 x 10-5/°F)

Age Room Average Corrected §et
(Days) Tempg;ature Ogizzzzd to 70°F nglggg%e
uE He ue
9 71 0 +7 +7
9 82.5 «-95 +87 -0
10 82 -85 +84 -1
11 82 =70 +64 +6
14 ) =75 +98 +23
17 02 -60 +24 +24
20 43 -U45 +91 +46
24 82,5 -25 +07 +62
28 83 ~10 +91 +81
30 eL -5 +30 +93
35 a3 +20 +91 +111
35 66 +120 -2 +92
36 69 +125 -7 +110
38 70 +130 0 +130
42 66.5 +155 =25 +130
46 65.5 +170 -32 +133
52 "65 +205 -35 +170
60 64 +224 ~4§2 +102
65 66.5 +215 =25 +190
70 70.5 +200 +2 +202
73 69 +215 -7 +208
78 60 +225 -1l +211.
84 66.5 +255 25 +230
93 70.5 +245 +3.5 +2u9
104 70 +255 0 +255
112 71 +265 +7 +272




TABLE A.l.4.

Shrinkapge Fringe Order Data
Annular Stressmeter in Specimen F3-4

See Tables 3.1,3.3, and Figure 3.7
1.250 in. dia. x 0,265 in. dia
%X 2,992 in. length

Specimen Details
Stressmeter Dimensicns

s e

fg + 1220 pes.i./fr./in.
age Conditions Shrinkage &mi.l;c:n L;:h;t Féi:gi'?ﬁ;er .
(Days) Tempg;ature R%H ( Av:;a;:e of b
*f+l 6 Readings) | 0 = 0°=280° | 0 = 90°-270°
7 74 35 0
10 65 35 140
12 65 38 185
15 63 46 2u45
18 70 L3 300
22 71 y2 360
26 70 48 Ly5
29 71 42 430
32 71 45 540 -0,50 -0,60
36 71 50 590
490 72 ug 640
u5 70 40 695
51 70 4c 750
58 67 ag 625 +0.80 +0,6§
64 66 40 870 +1,00 +0,.80
71 66 y2 885 +1.30 +0.,90
80 7¢ 32 910 +1.u45 +1,08
89 67 38 960 +1,72 +1,23
97 €9 34 990 +1,85 +1.35
106 70 35 1010 +2,03 +1,50
116 70 4g 1020
125 70 46 1050
133 70 42 1045 +2.08 +1.58




TABLE A.l.5,

Annular Stressmeter, Specimen F3wi

Shrinkage Frinpe Orders at §'= 1.0 and Relative

Shrinkage Changes

(Data Derived from Figure 3,12)

Specimen Details
Stressmeter Dimension
fo

See Tables 3,1, 3.3, and Figure 3.7
1.250 in, dia. x 0,265 i{n, dla, x 2.992 in,

1220 pesele/fre/in,

Shrinkage A8 Whits Licht Fringe Order
Age ue (§ - 550) atr = 1.0
(Days) (8) ue 2
Datum: 7 days Datum: 33 days = 0°-100° 0 = 90°-270°
33 550 0 =0,50 =0,60
58 825 275 +0.33 +0 .66
64 867 317 +1.07 +0,°
71 900 350 +1.27 +0.92
30 qus 395 +1.53 +1.12
89 975 425 +1.73 +1.25
97 993 443 +1.85 +1.35
106 1013 453 +1.,96 +1.,46
133 1050 500 +2,1C0 +1.€)




TABLE A.l.6.

Shrinkage Fringe Order Distribution
Annular Stressmeter of Specimen F3-u4, Day 106

Specimen Details : See Tables 3,1, 3.3, and Figure 3,7
Stressmeter Dimensions : 1.250 in., dia. x 0.265 in. dia. % 2.992 in,
fg + 1220 pes.i./fr./in,

White Light Fringe Order, +Ng
bod

i
nches (fgr nominal 8 Value in Deprees

Y-*- = 5.0)

- 0 45 90 135 180 225 270 315
0.132 1.06 2.C5 1.82 1,52 1,55 2.00 1.82 1.59 1.25
0.156 1,25 1.0 1.60 1,40 1.40 1.60 1,68 1.30 1.55
0.18C 1.50 1.33 1.20 0,97 C.87 l.25 1.20 N.H0 l.13
0.250 2.00 0.83 { 0,75 [0.5¢ | 0.60 ] 0,75 | 0,75 | 0.5 | 0,70
0,375 3.00 0,58 Q.47 0.35 0,30 0148 O.u45 0.20 0,45
0.625 5.00 0.,5C | 0.u3 1 0,25 | 0,25 | 2,30 | 0,30 | 0,22 | 2,40




TADLE A.l.7.

Brazil Test Data - Mix Fl

See Tables 3.1, 3,3, and Figure 3.10
Nominal length 1 = 4,0 in,

Diameter d = 4.0 in,

Flat steel nlatens plus paper layer
4480 lbs./min.

Mix and History
Cylinder Details

Platen Details
Loading rate

H oo

c - 2P
tens ot
Nominal Tensile
Length Failure Load Strength
(Ase 1l p’ o]
Days) inches Ibs., tens
oSl
4,00 11950 475
7 3.35 13550 545
4,00 15200 605
3.90 12500 510
28 3.90 13000 530
4,00 14200 565
3.95 13¢50 550
Ly 4,00 14300 570
4,00 15700 625
4,05 15100 585
70 3.95 15150 610
3.95 16000 6YS
4,00 15050 680C
102 4,00 16200 6us
4,05 17050 670




APPENDIX 2

Data for Chapter 4



TABLE A.2,.1.

Slab F3-3 Solid Stressmeter and Demec Gauge Data

(Slab Cross-Section:26.,0 sq.in. £y = 1220 pes.il/fr./in,
¢ 3 in,)

Meter length

Demec Gauge Readings

Meter Fringe Microstrains
Total |{Applied Order ,
Load Stress (Centre Point Front Back
lbs, p.s.i. | ~White Light)
Ll L2 L3 Ll L2 L3
0] 0 0 0 0 0 0 0 0
3000 115 0,33 35 30 35 30 35 40
6000 231 0.85 €5 65 70 70 75 90
9000 3u6 1,32 175 100 119 105 110 125
12000 L62 1.78 145 135 wun 140 145 160
15000 577 2,25 1an 170 175 175 180 190
18000 692 2.68 215 215 205 220 | 220 | 230
21000 808 3.11 250 2u5 245 250 265 27C
24000 924 3.52 200 235 290 295 300 305

Fringe order and strain readinss. have positive sigms,




TABIE A.2.2.
Sleb F3=i Annular Stressmeter and Deformation Data

(Slab Cross-Section : 26,0 sg.in. fg = 1220 p.s.i./fr./in. Meter Length : 3 in.
Fringe Orders (vhite light) Measured at L5° Points in Stressmeter)

Resistance Strain Cauge Readings = uc Demec Gauge Readings = uc
Load Applied | Fringe
1bs, St:f;: O:g.er, Front Back Front ) Back
pe ' Gl 2| o3 ¢t | a1 G2 | 63 ek | 1| 12 L3 1A 12 L3
0 0 0 ) 0 o 0 o o 0 0 o] 0 0 0 o} 0

3000 115 0455 +32 0| +26 0| +40 | <16 | +28 | -4 | +40 | +20 | +25| +15 +ho | +ho

6000 230 1,22 +72 | =10 +60 0 +Th | «18 +70 -8 +T70 +50 +50 +55 +7T5 +70
9000 345 2.75 +107 | =23 |. 490 | =12 | +112 | «20 |+10k }-10 | 4100 | 490 | +T5 | +95 | +115 | +100
12000 460 2.h% +138 | =25 | +118 | <15 }+150 | =30 | +138 |{-10 | 4130 | +130 | +110 | +135 | +150 | +140
15000 ST5 3.0b 4169 | =28 | 4145 | ~16 | +18% | =36 | +170 |-24 | 4380 |+170 | +41k0 | 42385 | +190 | +180
18000 690 3,85 4207 | <h2 |4375 | <28 |4220 | <uh 4208 |-36 | +210 |+190 | 4170 | +215 | +220 | 4205
21000 805 b,16 +238 | <48 [+208 | ~28 14255 | -M8 |[+245 (=36 | 4245 (4220 | +210 | +265 | +260 | +250
24000 920 4,84 4268 | =52 |+2h2 | =36 [+292 | 60 |+280 |-LO | +280 |+260 | 4250 | +305 |+295 | +280




TABLE A4.2.3.

Strain Gauge Rogsette Data
'C' Rosettes Disc F5«2
Observed Strain Readings in Microstrains

Disc Orientation l-l Disc Orientation 2«2} Dise Orientation L=l

gz:g Front Back Front Back Front Back

1bs. et | e e | 2 ;| 2| 1] e || @] & | o

0 0 o | o ol ol of o] of of of o o
3000 | 422 | <10 | +20 | ~1h] 46| +0 +4 ] 48 | 48| 4101 48 | +b
6000 | +52 | <2h [+48 | —28 | 410 | 15| +6 | 410 [#12 | +18 | +10 | +6
9000 { +76 | =h2 | +70 | =42 | +16 | +20 | +10 | +16 |+1% | +19 | +1k (416

12000 | 496 | =52 | 490 | ~56 | +22 [ +23 | +16 | 420 (+18 | +25 | +18 (+20
35000 | +120 | 6L |+112 | 66 | 426 | +28 | +22 | 426 [+27 | +31 | +21 |+23
18000 | +146 | «T6 [+134 | 80 [ +36 | +32 | +27 | +30 |+32 | 436 | +26 |+30
21000 | +16k4 | =90 |+160 | -9k | +h2 | +36 | +30 | +34 [|+bO | +36 | +33 |+36




TARIE A.2.k,

Uniaxial Compression Test

Centre Element from Disc FS-2

Observed Strains in Microstreins

(Element Cross-Section Area : 26.6 sq.in.)

Total |Applied Re:::;:n §§£§§$" Demec Gauge Readings
Load ({Stress
lbs. |p.s.i. Front Back Front Back

Gl 62|61 | G| L (2 |13 | | |13
0 0 o} of o o| © 0 0 0 0 0
3000 | 113 +34 | O 434 ~12 | +#3h | +36 | +36 | +34 | +36 | +32
6000 226 462 |=21 | +70] =12 | #60 | +66 | +66 | +72 | +T2 | +76
9000 | 339 +93 [=20 |+310] =26 | +90 | +9L | +08 [+112 [+116 {411k
12000 | k52 | +130 |-28 |+150] =32 [+12h [+126 [+132 |+139 |+1k2 [+150
15000 | 565 +160 |=b2 {+181] «34 [+160 |+156 |+157 {+180 |+188 |+185
18000 | 678 | +197 |46 |+220] =43 [+188 |+191 |+196 |+231 [+230 [+216
21000 | 791 +231 [«58 |+260| =50 [+220 [+220 |+23L K26k [+265 |+252
24000 | 9ok +262 | =66 |+290| =58 |+25L [+26L [+266 [+298 |+302 [+28L




TABLE A.2.5

Strain Gauge Rosette Data : 'A' Rosettes Disc FS-l
Observed Strain Readings in Microstrains

] Disc Orientation 1-1 Disc Orientation 2-2 Disc Orientation Ll
DI;:: Front Back Front " Back Front Back
e 61 | c2 |63] 61| e |a3]ea| @ |63 {ca]| 2| a3| & c2 c3 Gl G2 G3
0 0 0 ] 0 o o}l o 0 ] 0 0 0 0 0 Q 0 0 0
3000 | +12 0 (o] +8 0 0 0 0 +h4 0 0 ‘o +2h +34 +22 +12 +40 +18
6000 | +22 0 0] +1k -6 0 0 0 +8 +6 0 +2 +36 +76 +38 +28 +8h +h2
9000 |+32 | =5 [ b fe2u | B8 |2) ob | 26 {+30 |+6 | -6 | | +66 | 114 | +58 | +uk {4226 | 452
12000 | +b1 -9 -6 | +28 | =11 <4 | +h -8 |+12 |+10 |-10 | +6 +78 | +154 | +68 +62 | +160 +70
15000 | 450 |1k | =8 | 439 |16 | 6] +8 |-10 |+16 |10 }-10 | +8 | +100 | 4188 | 484 | 472 l+20k | 492
18000 +62‘ «16 | =8 | +4kh | @18 |6 |410 |-16 [+18 1k |-12 | +8 | +118 | 4230 | +94 +82 {+2k0 (4102
21000 | +70 | =18 {-12 | +52 | =21 -6 {+10 (=20 [+18 r12 -1k [+10 | #136 | +266 | +112 |+100 |+280 [+118




TABLE A.2.6.

Strain Gauge Rosette Data : 'B' Rosettes Disc FS5-1-

Observed Strain Readings in Microstrains

Disc Orientation el

) Disc Orientation 2-2 Disc Orientation L~k

2::: Front Back Front Back Front Back
e 61 c2 ¢3 Gl G2 G3 L |c2 {63 | 62| g2 63| oa| G| 63 {61 | G2 | ¢3
0 ) 0 0 ] 0 0 0 0 0 0 o}y o 0 o{ *o ) 0 )
3000 | 454 | +2k | 30 | +66 | +20 | -10 0 o [+10 | 00 0 | +10 0] +6 ] +1b 0 |+10 | +
6000 | +110 +50 -h0 } +120 +30 =24 -6 0 |+18 0 +2 | +20 0| #16 { +26 -6 | +20 |46
9000 | #4150 | +60 | -50 | +180 +46 | -b0 | -6 0 |+2h 0 42 | 430 | b |.436 | 430 | -6 | +22 |+26
12000 | +210 +8h =T0 | +2ko +70 «50 | =12 o0 |+ko -6 0] +k2 |12 | 428 | +k0 6 | +30 }+32
15000 | +260 |- +98 |84 |+306 | +82 | -68 |-18 0 |+50 | =8 | -6 | +54 }-12 +38- +5h  1-18 | +ko | 446
18000 | +300 | +120 |-108 }+360 |+100 |-80 |-18 |-b |4su | -8 | -6 | +64 |20 | +38 | +60 |-20 | +uB +56
121000 ‘| +360 | +130 =120 | +4k0 |+110 -100. 1-20 «8 456 }-16 |-10 | +72 ]|-20 | +40 | +68 |-24 ]+3h |} +60




TADLE A,2,7.

Uniaxial Tension Test

Element from Disc F5-2

(Element Cross-Section : 7.42 sq.ins.)

Strain Gauge Readings
Tensile Applied Microstrains
ig:? ;f;?i? Front Dack
Gl G2 ¢l G2
0 0 0 0 0 0
180 -25 -6 0 -10 0
370 -50 =14 0 =22 -2
560 -75 =20 +2 =32 -2
740 =100 -26 +i4 =40 +4
920 ~125 -36 +4 «50 +4
1110 -150 -l +h -60 +2
1300 -175 =46 +4 -50 +6
1430 -200 =57 +9 -79 +6
1560 | ;225 Failure




TABLE A.2.8.

Observed Strains on Principal Diameters of Disc FS-1

Demec Gauge Readings - Microstrains

Dise
Load
1bs.

Dise Orientation 1-1

Dige Orientation 2-2

Disc Orientation 4=k

Front Back

Front Back

Front Back

Dl D3 | Dl D3

D2 Dk | D2 DL

Ds | D2 { D4 | D2

3000
6000
9000
12000
15000
18000

21000

0 ol o 0
+25 (=10 | +30 | +5
+45 [«20 | +45 |10

+T0 | =25 | +65 | =20

+90 | =35 | 485 | =30 |+100 |=L0 | +85 {0
+120 | =50 | +115 {=LC | 4125 | =60 |+100 | =50
+140 1 =60 | +135 | =55 |+150 |65 |+120 | =65
+170 {=TO [+165 | =65 {+1T5 |=T5 |+15C [=80C

0 0 0 0
+25 | =15 | +20 [=10
+45 =15 | +40 |=20

+70 | =30 | +05 {=30

0 o| o 0
+30 |=15 | +30 | =5
+45 |=25 | +55 |=20
+65 [=b0 | 490 =25
+05 =50 [+115 {-k4n

+105 {=65 [+140 [=55
+130 |=T0 |+167 |=65
+160 |=80 {+190 |=T5




TABLE A.2.9.

Discs F5-1 and F5-3
White Light Fringe Order Data

Centre Point Stressmeters

(Meter length = 3 in, £, = 1220 p.s.i./fr./in.)

Annular Stressmeter Disc F5-1 Solid Stressmeter Disc F5-3
Fringe Orders at 45° Point Frinme Orders at Centre
Disc Orientation Disc Orientation
Load - Load
lbs. -1 2-2 Qe lbs. iB-1B 2-2
0 0 0 0 0 0] 0
3000 0450 0.u8 0.58 2500 0.32 0,30
6000 0.98 1.08 ¢ 1.0 5000 0.60 0,63
9000 1.58 1.54 1.57 7500 0.93 0,96
12000 2,07 2.04 2.07 10000 1.21 L2y
15000 2.52 2.56 2.53 12500 1.52 1.52
18000 3.03 3.05 3.Cc1 15000 1.84 1.83
21000 3.55 3.54 3.57 17500 2.13 2.18
20000 2,45 2.u42
22500 2.77 2.80

Fringe order readings have positive siens.




TABLE A,2.10

@entre Element from Disc F5-1

Uniaxial Compression Test
Annular Stressmeter and Demec Gauge Readings
(Element Cross=-Section Area : 2640 sq.in. fq = 1220 pes.i/fr./in
Meter Length : 3 id.)

Demec Gauge Readings
Total | Applied Metgidgiinge Merostrains
ig:d St:eis | N Front Back
SR | Omtte e TT T o0 | s | o | w2 | 1o
0 0 0 0 0 0 0 0 0
3000 115 0.50 B0 .25 -30 35 ‘40 30
6000 231 1.18 .75 70 70 65 -+65 60
9000 3u6 1.77 110 110 -10% -100 100 95
12000 462 2.u48 150 145 us 135 130 135
15000 577 3.01 180 175 170 165 165 160
18000 692 3.61 215 210 210 205 200 195
21000 8038 4,23 245 245 240 235 230 235
24000 924 4,74 290 235 280 270 260 265

Fringe order and strain readings have positive sims




APPENDIX 3

Theoretical Isochromatic Fringe Patterms
in the Annular Stressmeter



Theoretical distributions of fringe order in the annular stressmeter
and stressmeter sensitivity factors have been calculated for uniaxial compression
and the mixed biaxial loading conditoons discussed in Chapter 4. The
calculations are based on the Hiramatsu-Barron stress solution for the
inclusion; they have been carried out with the aid of a FORTRAN 1900 computer
programme and an I.C.T. 1907 computer.

The programme input conditions were as follows:

(a) Pi = 3,1415925
Stressmeter external radius = 0.625 in,
Stressmeter internal radius = 0.125 in,

Glass E' value Ey = 10 x 10° PeSeis
Glass u' value AMUL = 0.24

Glass fg value 1230 p.s.ie/fr./in.

Glass annulus length = 3.0 in.

Concrete E value Eq = 3.5 x 10%p.s.1i.

Concrete u value AMU2 = 0,18

Loading condition P = 4570 DeSeiae, Q = 0.
(b) As in (a) above but with AMUL = AMU2 = 0,20

(c) As in (a) and (b) above but with P +520 p.ssi,, Q = =173.3 p.s.i.

0.132 in.

(d) As in (a) and (b) above but with A 0.628 in and B
The specimen programme given below refers tec cases (a) and (d) with
Poisson's Ratio values of case (a). The appropriate flow diagram is also
given.
It can be seen that the programme includes the computation of the
constant terms in the Hiramatsu equations (3.15)-(3,17); definiticns of

3
these constants can be found in references(ae)’ (37) or ( 8).

The accuracy of the programme has been confirmed by an independent hand

caleulation for scveral discrete (r,0) positions in the case (2) condition.



JOB MI4STRESS,1307MI4C,ATKINSON
FORTRAN 1,CRO(MI4PRES),300,9400

federesd

DOCUMENT MIu4PRES

25

55

40

LIST(LP)

SEND TO (ED,RUN.FILE)
PROGRAM(MILM1907MILC)
INPUT1=CRO
OUTPUT2,(MONITOR)=LPO
TRACE

END

MASTER ROSE
E)=3.5

E2=10

AMU1=0.18
AMU2=0,24
PI=3,1415925
A=0.625

B=0.125

AO=ARR2

BO=B%#2

AP=AMhy

BP=Bity

ES=A0/BO
SE=AP/BP
TE=AO/BP
TB=AP/BO
TC=BP/AP
TD=BO/AP

TF=A/BO

EN=E1/E2

EP=1l/A

EQ=1/B0
WRITE(2,40)
OFORMAT(66H1 ALPHAl BETAL
1 GAMMA2 ///)
CA=3-AMUL
DA=1+AMUL
FA=1+AMU2
AD=1-AMUL
AC=3+AMU1KNAMU?2
AE=3-AMU2
AF=AMU1-AMU2
AG=1~-AMU2
AL1=CA/El + FA/E2
AL2=4%(1-ES)
ALPHA1=AL1%AL2
BE1=2/A0
BE2eCA/EL
BE3=1-SE
BE4=FA%SE
BES=BE4+AE
"E6=BE5/E2
DE=BE2#DBE3
BET=DE-BEG -
BETAL=BET®BE
GAMMAl= ~4/E1 .
ALK= TC -4%ES +3.0
ALK1=0%iC*ES
ALK2=2%CA*TC
ALK3=6%DA
ALKY=ALY2 -ALK3
ALKS=ALKUATA

GAMMAL

ALPHA2

BETA2



45

50

60

98

65
66
68

ALP=ALK/El
ALP1=ALK1 +ALKS5
ALP2=ALP1/E2
ALPL==2*DARCA
ALP3=ALP®ALPY
ALPHA2=ALP3+ALP2
BT=TD~-TE
BT1=AC*TE
BT2=FARCA*TD
RT3=3%AF/AO
BTu=BT/El
BT5=BT1+BT2+BT3
BT6=4*BT5/E2
BT7=2%ALP4
BT8= BT7*BTh4
BETA2=BT8+BT6
GAMMA2=6%DA/E1
GA=ALPHAl* BETA2
@B=BETA1* ALPHA2
G1=BETA2#GAMMAL
G2=BETA1*GAMMA2
G3=G1-G2
Gu4=GA-GB
C22G3/6k
G5=ALPHA2%GAMMAL
G6=ALPHAL®GAMMA?2
G7=65=G6
G8=GB-GA
D2=G7/G8
V1=AGATF
V2=FA/A
V3=V1+V2
Vi4=V3AEN
V5=EP=-TF
V6=DAMVS
V7=V4=V6
0==A/V7
AK=2C2
AK1=D2%EQ
AK2=AK+AK1
A2=-AK2%EQ/3.0
BK=2%D2#EQ
BK1=C2+BK
B2=-BK1#BP/3.0
WRITE(2,45) ALPHAl,BETAl,GAMMAL,ALPHA2,BETA2, CAMMA2
FORMAT(3X F8.4,3X, PB 3, 3x F8,5,3X,F0.4,3X,I'3.3 ,3%,F8.6)
WRITE(2, so)
OPORMAT(QOHI c2 D2 BO
1 A2 B2 /17)
WRITE(2,60) C2,D2,B0,A2,B2
FORMAT(ax F15, 9 ax F15.9 ,3X,F15,9,3X,F15.9,3X,F15. 9)
WRITE(z,gn)
OFORMAT(1N9H1 X1 X2 X3
1 FRINGE P Q - THETAR///)
P=- 570
-
THETA=0.0
R=0.125
X1=2%BO/Rit*2
R1=Rit%2
R2=R¥*y
R3=1/R1l
R4=1/R2

SIGMA



100

110

120

140
190

200

Wl=A2*R1

W2=B2%Ru

W3=D2#R3

Wh=W1+W2

W5=W1-W2
X2=U% ( 3RWL4C24H3)

X 3=tk ( 3*W5 +C2-H3)
PE=P+Q

PF=P-Q

THE=2%#THETA

SG=X1#PE
SG1=X2#PF#*COS (THE)
SG2=X3*PF*SIN(THE)
SG3=(SG~SG1)#*2
SGU=5G2*#2
SIGMA=SQRT(SG3+SGY4)
FRINGE=3%SIGMA/1230
THETAR=THETA* 180/P1 :
WRITE(2,100)X1,%2,X3,SIGMA,FRINGE,P,Q,R, THETAR
OFORMAT(3X, F10.7, 3X,F10.7, 3X,F10.7,3X ,F20.8,3X ,F8..5,3X,F6.1,3X,F6.1
1,3X,F5.3,3X,F6,1)
IF(R-0.375)110,120,120
R=R+0.025

GO TO 68

R=R+0.125
IP(R~0.625)68,68,140
THETA=THETA+ 5%P1/100
IF( THETA-PI/2)66,66,190
A=0,628

B=B+0.0075
IF(B-0.136)25,25,200
STOP

END

FINISH
fedie



START $ToP

Inpur  values of

Ei, E2, AMU |, AMU2 As O-628

PL ,A,B Bx 8+0-0015

>

* [ THETA =
<

AO = A THETA+ SPI/ 180

{

Compute 80, AP, < -
BP,ES ,SE,TE ,TB,
Tc, T8, TF, EN,EP
£a
\ RzR +0-125
Cpan’s ) .
he.a.du\s line. <
Rz R+O-025
Compure ALPHA |
BETA | , GAMMA |,
ALPHA 2 , BETA 2 Y
GAMMA 2 | hance WRITE XI, X2, X3, Y
c2 ,p2 , 8, FRINGE SIGMA , P
A2, B2 &,R THETAR
| }
WRITE , ALPHA 1, Computre X2, X3,
BETA |, GAMMA | "SlGMA , FRINGE
ALPHA 2 , BETA 2 THETAR
GAMMA 2
WRITE
(hm.dms line ) Xt = 23¢/R" Y .
(vpm‘re ,€2, D2 .ﬂ [R =oj-nzs f——
A2, 82 )
[ P= 520 Compubrer Flow Diagram.
WRITE Q= o
( haading line ) THETA = O

. - |




APPENDIX 4

Mechanical Loading of Inclusions in Thin Plates

(A) Solid Inclusion with a "Welded" Interface

(B) Amnular Inclusion with an "Exact-Fit" Interface



(A) S0lid Inclusion in a Thin Plate Mechanical Loading - '"Welded" Interface

The Hiramatsu solution(se) bepins with Airey Stress functions for the

domains r > a (host material, i.e. the thin plate) and r < a (inclusion):

Fer r 2 a:
2 5, 2
¢ = Aor” + Bo log r + (-3-+ Cor” + D,) cos 260 (Ak:1)
r

This leads to equations (5.4)-(5.6) for the stress components Ops Tg 9 Trg

and displacement components, un, Uy given by:

B B
= 2(1-whor - (L) == + {2(1+n) =

Y
r
4Dy cos 26
- 2 (l+y) C2r + T} —_—F (Aot,2)
B D
= 2 2 4 sin 20
ug = {2¢1+w) 3 + 2(1+n) C,r - 2(1-y) = } T (A.u.3)
For r R a:
' = Ao'r2 + (A2'ru + Cg'rz) cos 26 (Aol4)

This leads tc equaticns (5.,1)-(5.3) for the stress components or', oo', Tro'

and displacement components ur', u,' siven byi

P
1
ur' = [2(1-u")Ao'r - {uu' A2'r3 + 2(l+u')02'r} cos 2E] £ (AJ4.5)
" 3 in 20
uy' = 2(3+u')A2'r + 2(1+u')c2'g] 53%7-— (As4.6)

In uniaxial loading the host material external boundary conditions ares

(0),zw = = (1+ cos 20)
(04) nze = '8 (1 - cos 20)
D i
(t,9)p=e = =75 8in 20 (Ak.7)



For a "welded" internal boundary equalities (5.10) also apply.
Considering equations (A.4.1)-(A.4.7) and (5.1)=(5.6) all the constants

Ao, Bo, By Cos D2, Ao', A2' can be derived as shown below:

Ao

2

R o E'(1-y) - EQl-u')  pa‘
O -1l 6o B ¢ v M
. E'(l+p) - EQQ+y") pa . _D
B % ENawy v ECm & G ¢ -%

2
pa’
m

. EQ+") - E'Usy)  pa’
Dy * ENan T E(IAD * 2
E'

1 2 '
Aot = ET(1+u) + EQ1-p') ' 2° Ayt =0

-0

t =
© CETGD fEGhT P
The soluticn given above satisfies equilibrium and stated boundary conditionsy
(39)

it anreds with Muskhelishvili's alternative derivation . The errors in

Hiramatsu's paper appear in the definitions of s Dy c2'.

(B) Annular Inclusion in a Thin Plate Mechanical Loading = "Exact-fit" Interface

For the host material, the stress and displacement components are pgiven
as before by equations (5.4)-(5.6), (A.4,2)=(A,4.3); the external boundary

conditions for uniaxial loading (A.4.7.) alse apply.

In the inclusion. the stress components are given by equations (5,7)=(5.9)

and the displacements may be written:

'

- ' 1 o' th 1,3 ' B2
u ' = (2(1-p")Ao'r = (1l4p" )= - {Hu'A.'r" - 2(1+p' )=z
r r 2 r,3

' ' ’4D2' l
+ 2(1+u'") C,'r - = }  cos 26 T (A.4,8)



D
2(3+u")A, "% + 2(14u") 24 2(14u')C, 'r

r
D2'] sin 2
- 2(1-u") _r—] E—E'r-e' (A.4,9)

Considering she new interface boundary conditicns:

t = [] - ' - B} .
or c (I" a) Tre B Tre O(r'=a) ur ur (r:a) (5.11)

simultaneous equations for all the constants Ao, Do, B2, C2' D2’ Ao', Bo',

Ay's By'y C'y D' may be chtained, Their solution gives:
Ao = & ’ a2 {50!
a
at 1 T 2.2
By, = - B3 {c,a"b") + 2D, "(a%b")}
- 2 - -J_-' b ou ' 2_ 2 a
C, w s Dy= 2 {c,*(a’=b™) + 2D, '(a"-b") +-9—-2 }
' ! ' -1
Ao' = - 2.0_2. . Bo! = - p?a_ {(l }12)u + (IJ;-':’}I ) - (lEE)(i_ 22)}
2b " Eb a b
' 2
1 e b 2
A = cme | 201 4 e , B' =~ E'b +2D]
2 b2 2 52 2 I 2
T 1
' = __'L_'“ . Nt o= B8
% aBT=a'p °* Py %BT1-a78
where o = -2-2 {E Eu( 322- )+L'(3 Bﬂ - L (a2-52) (5-u)}
b

8 = {E2(a*b*)(5-p) + EbZ(1+u")(3a"+p™) - uEaCu'}

4, 2
3E'a b".p

<
]



Q
1]

o]
a’(a* + by - 1°

52 |b2(a + b*) - 2a°

B'

The inclusion stress components can now be written for the geometry under
consideration, The principal stress difference at any point can be

conveniently obtained from the relation:

(cl' - 62') =\/(°r' - 0'6)2 + urre'z (3.22)



APPENDIX 5

Data for Chapter 5



Slab Specimens Fl-2 and Fl-€ in Uniaxial Compression

TABLE A.5,1,

Annular Stressmeter Data

(Meter length

31

n. fy = 1220 p.s.i./fr./in
Specimen details: see Figure 3.7.)

White Light Fringe Orders at 45° Points
Gauge Slab |Applied
Pressure{ Load Stress Specimen Fl-2 Specimen Fl-6 (wax coated)
Pes.ie. | 1bs. pPeS.i.,
Day { Day { Day | Day | Day | Day | Day | Day | Day | Day
37 50 T4 94 112 37 50 T4 oy 112
0 0 0 0 0 0| 0.05] 0,02 0 ] 0.,10{ 0.,20f 0,28 0,30
700 3050 117 0.65] 0.63] 0.61] N.66] 0.60] 0,641 0,75] 0.84§ N,90( 0,92
1400 6300 242 1.33f 1,31} 1,30] 1,35) 1,37] 1.35| l.44} 1,57} 1.59] 1,65
2100 3550 367 1.97] 1.95] 1.98| 2.70| 1.98] 2.05| 2.11| 2.32] 2.u42| 2.80
2800 12750 496 2.71f 2.68] 2,67 2.70] 2.62] 2.76| 2.83] 2,98] 2.95] 3,05
3500 15950 613 3,32] 3.35| 3,28] 3.42| 3.40| 3,38 3.46| 3,52] 3.60f 3,60
4200 19200 738 3.98] 3.95{ 3.97| 4.05] 4.0} L.05| 4.1lu| 4.24; 4,26] 4,33
4300 22590 BES 4,73] 4,06| 4,64 4.70] 4.80( 4.09] 4.84| 4,86] 4,901 5,00
Sensitivity:p.s.i./fringe| 184| 186( 185{ 185( 184} 182{ 182| 181} 183| 184

All terms have positive siems.




TADLE A.5.2.

Longitudinal Strain Data: Slab Snecimens Fl1-2 and Fl-6

in Uniaxial Compression

(Demec Gauge (8 in.) Sensitivity: 10ue/division
Specimen Details: see Figure 3.7)

Slope of Line from Demec Readings ~ p.s.i. x lOG
Line Specimen Fl-2 Specimen Fl-6 (Wax Coated)

Day Day Day Day Day Day Day _5éy Béy Vﬁay

37 50 74 9y 112 37 50 74 Sl 112
Fl 3,74 | 3.80 | 3,31 | 3.5 { 3,41 (4,00} 4,03 | 4,05 | 4,20 | 4,10
F2 3.70 3.78 3.24 3,56 3.37 3.89 3.97 3.98 4,08 | 4,02
F3 3.58 3470 | 3.21 