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ABSTRACT

Precast load-bearing shear wall panels are used extensively in
high-rise construction because of the high quality control of the
panels, and the ease and speed of panel assembly at the erection site.
The connection between adjacent panels must be designed with adequate
strength, ductility and continuity in order to assure the integrity of
the structure. Recently, some fabrications have used multiple shear
keys at the connection between walls in order to enhance the shear
capacity of the connection. This thesis presents the results of a test
programme that was undertaken to investigate the behaviour and capacity
of multiple shear key connections.

Seven specimens with different connection configurations were
tested, including one plain surface connection and two different
multiple shear key connections. To simulate the effect of dead load and
post-tensioning, two different levels of compressive stress were applied
normal to the connections. For two of the connections, bond at the
joint surface was destroyed prior to assembly of the specimen in order
to determine the effect of cracks at the joint interfaces. The shear
load was applied along the centerline of the connection.

Failure of the plain surface connection was characterized by slip
along the joint interface. This suggested that the resistance of the
connection was provided mainly by shear friction. Cracking in the
drypack shear keys controlled the maximum shear capacity of the multiple
shear key connections. The ultimate shear capacity of the plain surface
connection was also provided by shear friction at the slip surface. In

addition to shear friction, the ultimate shear capacity of the multiple
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shear key connections was provided by bearing at the slip surface. An
examination of the joint interface after testing indicated that there
was no bond between the drypack and the wall panel.

A comparison of the behaviour of the different shear key configura-
tions, subjected to similar loading conditions, indicated that the
difference in key configuration had no effect on the capacity or
behaviour of the multiple shear key connections. An increase in the
load level normal to these connections was found to increase the shear
capacity, but not in the same proportion. The presence of shear keys in
the connection resulted in increases in the maximum and ultimate shear
capacities, over the plain surface connection, of up to 60 and 25
percent, respectively.

Rational mathematical models developed to predict the shear
capacity of the multiple shear key connection, at various limit states,

were in good agreement with the test results.
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CHAPTER 1

INTRODUCTION

1.1 General

Precast load-bearing shear wall panels are now used extensively in
high-rise construction. The attractiveness of precasting is mainly due
to such factors as the standardization of the wall panels, the high
quality control achieved in the manufacturing plant, and the ease and
speed of panel assembly.

Standardization and high quality control are easily achieved
because the panels are manufactured in a controlled environment. Ease
of assembly requires that two basic conditions be satisfied. These
conditions are (1) the use of a minimum number of conmections during
assembly at the site and (2) the reduction or elimination of problems
related to dimensional tolerances. At times, these two conditions may
be contradictory and it is left to the engineer to find a satisfactory
balance [1]. The speed of assembly is directly related to the first
condition and is influenced by the simplicity of the connection and the
use of a minimum amount of temporary falsework. In addition, construc-
tion in which precast elements are utilized is almost independent of the
building season.

Because the required strength and ductility can be easily achieved
for the individual wall panels, the most important factor in assuring a
safe structure is the detailed design of the connections. A well
designed connection should also be economical.

The current trend in the design of wall panel conmections utilizes
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some combination of continuity bars, mechanical shear connectors and/or

post-tensioning. The gap between adjacent panels, which is required for
alignment, is filled with a drypack concrete. Recently, some fabricat-
ors have introduced a system of multiple shear keys at the joint
surfaces of the shear wall panels. The behaviour and capacity of this
type of connection is not well-defined and as a result, design engineers
tend to estimate the capacity of such connections conservatively.

The information in the literature, though useful, is mainly ap-
plicable to vertical, non-load-bearing connections in which the joint
space is filled with a mortar as opposed to a drypack concrete [2].
Thus, in order to provide some information on the behaviour and capacity
of load-bearing multiple shear key wall panel comnections, this research

programme was undertaken.

1.2 Objective

The primary objective of this research is to investigate the
behaviour of multiple shear key connections for precast concrete load-
bearing shear wall panels subjected to static shear loading.

An additional objective is to develop rational mathematical models
to predict the various limit states of behaviour, including the

initiation of cracks, the maximum shear capacity and the ultimate shear

capacity.
1.3 Scope

Seven prototype wall panel specimens were tested in this research
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programme . The seven specimens included three different joint con-
figurations—plain surface and two different multiple shear keys. The
multiple shear key connections were tested under two different levels of
load normal to the connection. In addition, for two specimens with
shear key connections, the bond at the drypack-panel interfaces was
eliminated prior to assembly of the specimens in order to simulate the
effect of cracks or a lack of bond at these interfaces.

The effects of the difference in shear key configuration, the level
of load normal to the comnection, the absence of bond at the joint
interface and the presence of shear keys at the connection are deter-
mined by comparing the load-slip response of the relevant connections.
Based on the test results and the observed behaviour of the test
specimens, rational mathematical models are developed to predict the
capacity of the multiple shear key connections at the limit states of
concern. The predictions of the models are compared to the measured

test results to determine the reliability of the models.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

During the last three decades there has been a tremendous increase
in the use of precast concrete elements in structures. Today, in most
reinforced concrete structures, precast members are used either in
conjunction with cast-in-place members or by themselves.

The use of precast concrete members, such as shear wall panels,
offers many advantages. These include the high quality control of the
panels which can be achieved in the manufacturing plant, the speed and
ease of panel assembly at the construction site, a reduction in
construction delays due to the weather, and the ease with which desired
architectural finishes may be achieved. Precast construction is
especially well suited to apartment buildings where there is a sig-
nificant amount of repetition between floors.

In comparison to cast-in-place structures, precast concrete struc-
tures require the use of a larger number of joints in order to obtain
the complete structure. These joints represent regions of high stress
concentration. In order to prevent a progressive collapse due to the
failure of a single connection, the engineer must ensure that the
precast elements are effectively tied together.

A typical connection configuration used in the construction of
load-bearing shear walls utilizes some combination of continuity
reinforcement, mechanical shear connectors and/or post-tensioning. The

gap between adjacent panels, provided for alignment of the wall, is
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usually filled with a drypack concrete. The connection serves to tie
the individual wall panels together in order to achieve strength,
continuity and ductility when the shear wall is subjected to bending
moments and shear forces, as illustrated in Figure 2.1.

A recent study at the University of Manitoba [3] has shown that the
ultimate shear capacity of a plain surface connection may be determined
as the sum of the strength contributions from (1) the shear friction
resistance, (2) the shear resistance of the continuity reinforcement and
(3) the shear resistance of the mechanical connector.

To increase the capacity of the connection, some fabricators cast
shear keys into the plain joint surface of the precast wall panels, as
shown in Figure 2.2. The behaviour of load-bearing multiple shear key
connections is, however, not well defined. As a result, design
engineers have a tendency to estimate the capacity of multiple shear key
connections conservatively.

In Europe, multiple shear Lkey connections have been used in
vertical joints for more than two decades. Consequently, research in
Europe is mnot directly related to load bearing connections. The
effectiveness of the presence of shear keys in the connection has,
however, been recognized, and this is reflected in the Polish and

British National Codes which recommend that for mnon-load-bearing

connections:
shear capacity of the shear capacity of
multiple shear key = 6 x the plain surface
connection connection

In addition, the size of the reinforcement used in Europe is
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substantially smaller than the continuity reinforcement used in North
America, although the total area of reinforcement across the joint may
be similar.
In the following section, the present state of knowledge regarding

the design of multiple shear key connections is reviewed and summarized.

2.2 Behaviour of Multiple Shear Key Connections

Cholewicki [4] conducted thirty tests on trapezoidal shear key and
plain surface connections which were either reinforced or unreinforced.
None of these tests considered compressive forces normal to the connec-
tion.

Based on his tests, Cholewicki showed that multiple shear key
connections have a higher shear capacity than plain surface connections.
In addition, two phases of behaviour were identified for the multiple

shear key connection:

(1) before and up to the loss of bond at the joint interface

(2) after loss of bond, up to failure of the connection

Figure 2.3 illustrates the two phases described by Cholewicki. The
figure indicates that in phase I the presence of bond at the joint
interface ensures monolithic behaviour. Phase II could be divided into
two stages which describe slip at the joint interface (Figure 2.2 (b)),
and diagonal cracking in the infill concrete (Figure 2.2 (c)). Failure
of the connection occurred in the second phase, after slipping at the

joint interface.
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Cholewicki showed that the shear stress distribution along the
connection was not uniform. Furthermore, the maximum capacity of the
unreinforced multiple shear key connection was dependent on the infill
concrete tensile strength, the number of shear keys and the area of the
shear keys. For the unreinforced multiple shear key connection, not
subjected to compressive normal stresses, the maximum shear capacity,

Vpax: was given by:

Vipax = 0.7 finht (2.1)
where fr = tensile strength of the infill concrete
n = number of shear keys
h = maximum height of the shear key
t = thickness of the connection

The 0.7 factor was based on the average maximum shear stress, Vmax
along the connection for different specimens. Cholewicki found that
Vmax may be as low as 0.7 f.. To use Equation 2.1, the inclined por-
tion of the shear key should be less than 30 degrees to the horizontal.
This condition is imposed in order to ensure that slipping at the joint
surface does not occur prior to failure.

Hansen, et al. [5] have conducted thirty-six tests on reinforced
trapezoidal shear key connections subjected to shear and normal or
cyclic loading. The typical shear load-slip behaviour for the multiple
shear key connections is illustrated by the solid line in Figure 2.4,

In tests where a compressive force was applied normal to the connection,

no cracks were formed in the infill concrete nor at the joint interface
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until the maximum load for the connection was approached. In tests
where bond between the panel and the infill concrete was destroyed prior
to testing, the maximum load attained and the mode of failure were
similar to those specimens with bonded connections, but larger deforma-
tions were recorded, as illustrated by the dashed line in Figure 2.4.
In the tests involving cyclic loading (up to 20 cycles), the maximum
deformations were larger than those for similar specimens under static
loading. Failure occurred in the same manner as in the static case,
except diagonal cracks in the infill concrete developed in two direc-
tions compared to one direction under static loading.

Based on their test results and those of other researchers, Hansen,
et al. [5] developed an empirical equation for predicting the maximum
shear capacity of a reinforced multiple shear key connection. This

equation is expressed as:

Vmax = 0.09nhtfé + Asfy + opAc (2.2)
where fé = standard cylinder compressive strength of the infill
concrete
Ag = cross-sectional area of steel crossing the connection

fy = yield strength of the reinforcement
opn = compressive stress normal to the connection
A. = total cross sectional area of the connection
For an unreinforced connection, the Asfy term is neglected so that the

maximum shear capacity becomes:
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v = 0.09nhtf ]

g+ onbe (2.3)

max
Equations 2.2 and 2.3 are restricted to values of nht/A, between 0.2 and
0.5. In addition, the ratio between key height (h) and key depéh (d),
as illustrated in Figure 2.4, should not be more than 8, the depth of
the key should not be less than 10 mm and the inclination of the key, 4,
to the horizontal should not be greater than 30 degrees.

Chakrabarti, et al. [6] conducted twenty-nine tests on plain
surface connections and on reinforced or unreinforced trapezoidal shear
key connections for precast wall panels not subjected to normal loads.
These investigators observed that, in general, slipping at the joint
interface preceded failure of the connection. As in the case of the
results obtained by Cholewicki, et al. [4], the capacity of the multiple
shear key connections was significantly higher than that of the plain
surface connections.

Failure of the multiple shear key connections was characterized by
diagonal and vertical cracking in the infill concrete shear keys. 1In
addition, local crushing of the infill concrete was observed. After
slip occurred at the joint interface, Chakrabarti, et al. observed that
the shear stress distribution along the connection became more uniform.
The change from a non-uniform shear stress distribution to a uniform
stress distribution was attributed to the loss of rigidity of the
connection after slip at the joint interface.

An empirical equation for the maximum shear capacity of the unrein-
forced shear key connection, using a best-fit straight line, was

developed by Chakrabarti, et al. and is given by:
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Vipax = 0.093nhtfé (2.4)
where fg = cube compressive strength of the infill concrete.

Neither the Canadian code [7] nor the American code [8] contains
any provisions for the design of multiple shear key connections. For
their range of applicability, these codes use the shear friction theory.
This theory is based on the resistance to shear along a crack which is
provided by clamping forces acting normal to the slip surface of the

crack. The code equations give the shear capacity as:

Via = BoAc (2.5)

where p = friction coefficient, which depends on surface roughness.
Table 2.1 gives the friction coefficients recommended by the codes for
various surface conditions. Equation 2.5 implies that the ultimate
shear capacity of a given connection is proportional to the load normal
to the connection. Neither code accounts for the interlocking effect
which is provided by the presence of shear keys, even if cracks exist at

the joint interface.

2.3 Significance of the Connection Parameters

Many factors affect the capacity of any unreinforced multiple shear

key connection. These include:

(1) Strength of the infill concrete or drypack
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(ii) Strength of the wall panel concrete
(iii) Shape, dimensions and number of shear keys
(iv) Adequate packing/filling of the joint space
(v) Uniformity of the infill concrete or drypack
(vi) The presence of cracks in the connection

(vii) The presence of stresses normal to the connection

Foerster [3] showed that for trapezoidal shear key connections in
which the panel concrete strength is less than the drypack strength,
failure of the connection may result from shearing-off of the panel
shear-key lugs, as illustrated in Figure 2.5. On the other hand, if the
drypack strength is less than the panel concrete strength, failure
occurs as a result of cracking in the drypack shear keys.

Based on data collected from a number of sources, Hansen, et al.
[5] have suggested that a relative increase in the shear key area will
likely increase the maximum shear load. These researchers also point
out that there is a limit to which the relative key area may be
increased for failure to be induced by cracking in the drypack. Beyond
this limit, failure may occur as a result of cracking in the panel
shear-key lugs. Thus, there seemed to be two parameters which control
where cracks form in the connection: (1) the relative strengths of the
drypack and the panel concrete and (2) the size of the shear keys.

Hansen, et al. also compared the failure load for sinusoidal,
triangular and trapezoidal shaped keys. Their findings showed that
under similar loading conditions, the use of trapezoidal shear keys

resulted in substantially higher failure loads of the connection in
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comparison to the failure load for the other shear key configurations.

Different limitations have been set forth for the allowable dimen-
sions of trapezoidal shear keys. Cholewicki [4] has defined the
important shear key parameters, illustrated in Figure 2.6, to be (1) the
key height in the drypack, h, (2) the key height in the panel, h,, (3)
the width of the gap between the shear-key lugs, b, (4) the depth of the
key, d, and (5) the inclination of the key to the horizontal, §. The
thickness of the connection is denoted as t in the figure. 1In Figure
2.7, specific recommendations are given for the dimensions of the shear
key based on experimental work carried out by Hansen, et al. [5] and on
a report presented to the Prestressed Concrete Institute by Speyer [9].
Hansen, et al. have specified that the inclination of the shear key, 4,
should be less than or equal to 30 degrees, the depth of the key, d,
should be greater than or equal to 10 mm and the ratio of the maximum
key height to the key depth, h/d, should be less than or equal to 8.
Speyer has recommended that the inclination of the shear key, 4, should
be less than 35 degrees and the ratio of the minimum key height to the
key depth, hj/d, should be less than or equal to 6. Both recommenda-
tions assume that the drypack shear key height and the panel shear key
height are equal. In addition, the width of the gap between the shear
key lugs is not considered.

Adequate packing or filling of the joint space is also of impor-
tance since the presence of voids may cause premature and brittle
failure of the comnection. In addition, non-uniformity of the drypack
may result in a highly non-uniform distribution of stresses along the

connection.
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Cholewicki [4] observed from his tests that the failure load for
connections in which bond was artificially destroyed at the joint
interface was lower than that for connections in which bond was intact.
This result, however, differed from that of Hansen, et al., who found
that the destruction of bond may have only a small effect on the shear
capacity. In both investigations, however, the unbonded connections
exhibited larger deformations than the corresponding bonded connections.

To date, there has been a lack of research on the behaviour and
capacity of multiple shear key joints subjected to externally applied
normal compressive stress. It is accepted, though, that the presence of
compressive stresses mnormal to the joint can lead to a significant

increase in the capacity of the connection.
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CHAPTER 3

EXPERIMENTAL PROGRAMME

3.1 Introduction

This experimental programme was designed to investigate the shear
behaviour and capacity of load-bearing multiple shear key connections at
various limit states. The limit states included (1) serviceability:
cracking and excessive deformations during normal use of the structure,
(2) strength limit state: related to the maximum shear capacity of the
connection, and (3) ultimate shear capacity of the connection. All
parameters were held constant, except the joint configuration of the
panels and the level of compressive stress applied normal to the connec-

tion.

3.2 Description of the Wall Panels
3.2.1 Panel Dimensions

The overall dimensions of all the panels were identical, as shown
in Figure 3.1. The panel had a thickness of 200 mm (typical of the
elevator shear wall panels in structures), a height of 1660 mm, a width
of 1290 mm at the corbel end and an overall width of 930 mm on the
opposite end. The depth of the corbel was 540 mm and it framed into the

main portion of the panel over a width of 360 mm and a drop of 50 mm.

3.2.2 Joint Configuration

Three different panel joint configurations, as shown in Figures 3.2

to 3.4, were tested. The NK or no-key type configuration, illustrated
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in Figure 3.2, consisted of a plain joint surface. The LK or large-key
type configuration consisted of five shear keys, as shown in Figure 3.3.
The key height, h, is 100 mm, the key depth, d, is 35 mm and the
inclination of the key is approximately 23 degrees to the horizontal.
The same dimensions are used for the shear keys and the shear-key lugs.
The SK or small-key type configuration, shown in Figure 3.4, consisted
of eight shear keys. Each key had a height of 50 mm, a depth of 25 mm

and was inclined at approximately 7 degrees to the horizontal.

3.2.3 Panel Reinforcement

All the test panels were reinforced with the same reinforcement
layout and sizes. The only difference was in the length of the
reinforcement across the width of the panel which was adjusted depending
on the joint configuration. Figures 3.5 to 3.7 show the actual
reinforcement scheme for the three types of panels and Figure 3.8 gives
the shape and length of the reinforcement used.

The reinforcing bars had a nominal yield strength of 300 MPa. The
closed stirrup ties (designated MK2, MK3, MK6 and MK8) used 10M bars and
all other reinforcing bars were 20M. A cover of 20 mm was allowed for
all the reinforcement. The shear-key lugs were mnot reinforced, as can

be seen in Figures 3.6 and 3.7.

3.3 Specimen Assembly

All the panels used in this test programme were made by Con-Force
Structures Limited of Winnipeg, Manitoba and delivered to the Structural

Laboratory at the University of Manitoba.
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Each specimen consisted of two panels which were assembled in the
horizontal position on the floor of the laboratory, as shown in Figure
3.9. A gap of 20 mm was provided between the individual panels. Figure
3.10 shows the two angle irons and the two brackets used to maintain the
specimen configuration as the specimen was raised from the horizontal to
the vertical position. After all the specimens were in the vertical
position, forms were built on the side of the specimen with the angle
irons, in order to facilitate drypacking of the joint.

The drypack was compacted into the joint space, as shown in Figure
3.11, by an employee of Con-Force Structures Limited. The drypacked
connections were then covered with wet burlap and a polyethylene
tarpaulin and allowed to cure for seven days. After curing, the
coverings were removed and the specimens were exposed to the laboratory

environment until testing.

3.4 Description of the Test Specimens

In this experimental programme, a total of seven specimens with
three different joint configurations were tested. Each specimen
consisted of two panels connected together by means of a drypack. The
three connection configurations used are illustrated in Figures 3.12 to
3.14, for the typical mno-key, large-key and small-key specimens,
respectively. In all the specimens, the drypack gap width, b, was 20
mm.

Specifically, the following specimens were tested for each
connection configuration:

NK series: drypack plain surface connection; specimen 1NK4
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LK series: drypack large multiple shear key connection; specimens 1LK2,

21K2 and 3LK4B

SK series: drypack small multiple shear key connection; specimens 2SK2,
1SK4 and 3SK4B

The number before the series identification refers to the order in which
the specimen was tested and the number after the series identification
gives the level of compressive stress normal to the connection. The
letter "B" used in the specimen name refers to a specimen in which bond
at the joint interface was eliminated prior to assembly of the specimen.
Appendix A gives a full description of the specimen mark nomenclature
used in this programme.

The artificial elimination of bond at the joint interface, in
specimens 3LKAB and 3SK4B, was achieved by coating the joint surface
with varnish, as shown in Figure 3.15. After the varnish dried and
prior to packing the joint with the drypack, the joint surfaces of these

specimens were brushed with oil.

3.5 Materi Specifications
3.5.1 Concrete
The concrete proportions used by Con-Force Structures Limited, for

the panels, were as follows:

Coarse aggregate 884 kg/m3
Sand 612 kg/m?
High Early Strength Portland Cement 234 kg/m3

Flyash 32 kg/m3
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Pozzolith 0.58 kg/m3

Water 119 kg/m3

For each panel, six 150 mm x 300 mm standard concrete cylinders
were cast according to CSA specifications in order to evaluate the

strength of the concrete.

3.5.2 Drypack

The drypack had essentially the same composition as used in the
field and the mixing was done by Con-Force personnel. The drypack had a
grainy consistency, yet it was able to maintain its shape when com-
pressed in the palm of the hand, as shown in Figure 3.16.

The drypack proportions used were as follows:

by volume by weight
Concrete sand 2 parts 2
Normal Portland Cement 1 part 1
Water approx. 0.5 parts approx. 0.2

A total of fifteen 75 mm drypack cubes were used to evaluate the
strength of the drypack at the time of testing. Six of these cubes were
cast in concrete moulds and the remaining nine were cast in wooden

moulds.

3.5.3 Concrete Sand

In accordance with the CSA Standard CAN3-A23.1-M77 [10], the
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concrete sand used in the drypack had the following gradation, as

determined by sieve analysis:

Sieve Size Total Percentage

Passing by Mass

10 mm 100

5 mm 97.3
2.5 mm 88.5
1.25 mm 76.1
630 um 54.6
315 um 17.2
160 pm 4.0

3.6 Instrumentation

3.6.1 Concrete and Drypack Strain

The concrete and drypack strains were measured using manually
operated mechanical strain gauges (demec gauges). Strains were measured
at demec stations in the vicinity of the connection, on both sides of
the specimen. Figures 3.17 to 3.19 illustrate the position of the demec
stations on the two sides, A and B, of the no-key, large-key and small-
key connections, respectively.

A 50.8 mm (2 inch) demec gauge length was used on side B of each
specimen while a 200 mm (7 7/8 inch) demec gauge length was used on side
A. The smaller gauge length used on side B allowed the evaluation of

strains at localized regions in the drypack and concrete. The 200 mm
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demec gauge length measured average strains across the connection.
These average strains were used to calculate shear slip and dilation.
The accuracy of the 50.8 mm and 200 mm demec gauges were +0.0023 mm and
+0.002 mm, respectively.

At each demec station, strains were measured in three directions, as
shown in Figure 3.20. Also shown in this figure are the six demec
points which typically make up a demec station. These stainless steel
demec points were attached to the concrete and drypack surfaces using a
"Five Minute Epoxy Adhesive".

In addition to the calculation of shear slip and dilation, the
principal strains and the crack orientation were also calculated from

the demec readings.

3.6.2 Stroke Measurements

The stroke applied by the testing machine was measured using a
linear variable differential transformer (LVDT). The LVDT was set up as
shown in Figure 3.21. The range of the LVDT was +12.7 mm and its
accuracy was 0.5 percent.

The readings from the LVDT were recorded directly by a Hewlett
Packard 34702A multimeter and converted from volts to millimeters by

applying a conversion factor to the voltage readings.

3.6.3 Testing Machine

A Baldwin 2670 kN Universal Testing Machine equipped with an MTS

2310 signal amplifier, a 464 MTS data display, a Hewlett Packard 7044A
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X-Y plotter and a Hewlett Packard 34702A multimeter were used for

testing.

3.7 Testing Procedure

3.7.1 Test Setup

After the drypack was cured, the centerline of the connection was
marked on each specimen and the demec points were attached at predeter-
mined stations along the length of the connection, as described
previously.

Supported by two cranes, the specimen was then installed in the
testing machine with the connection oriented in the vertical position.
The centerline of the connection was aligned with the centerline of the
top and bottom platforms of the testing machine. After alignment, the
bottom platform of the test machine was brought into contact with the
specimen. Between the bottom platform of the test machine and the
specimen, a steel bearing pad and quick-set plaster-of-paris was used.
The plaster-of-paris was used to achieve uniform contact between the
specimen and the bearing pad. At this stage, the vertical alignment of
the specimen was rechecked and adjusted using a plumb bob and a mason’s
level. Following this, the top steel bearing pad was placed on top of
the specimen. Quick set plaster-of-paris was also used at the top
support to ensure uniform contact between the bearing pad and the
specimen. The top platform of the testing machine was then brought into
contact with the top bearing pad. Installation of the specimen was now
complete, as shown in Figure 3.22.

Each bearing pad, at the top and bottom supports, consisted of two
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steel plates separated by two 3.2 mm thick sheets of teflon, as il-
lustrated in Figure 3.23. The teflon plates allowed the specimen to
dilate freely without any resistance to sliding at the top and bottom
supports.

After hardening of the plaster-of-paris, a post-tensioning system
was used to apply compressive stresses along the ends of the specimen,
as shown in Figure 3.24, in order to prevent premature failure in the
individual panels. Each pair of post-tensioning bars was tensioned for
a total load of 200 kN * 10 percent. The prestressing forces were
monitored during the post-tensioning operation by an indicator conmected
to strain gauges on the bars. Figure 2.25 shows the hydraulic jacking
scheme used to apply the 200 kN load.

Next, the preload apparatus was attached to the specimen, as shown
in Figure 3.26. To achieve the desired level of preload a set of four
hydraulic jacks and eight Dywidag bars were used to apply a compressive
stress normal to the connection. Figure 3.27 shows the hydraulic
jacking system and Figure 3.28 shows the reaction end of the preload
system. At the reaction end, a system of rollers against a steel plate
was used in order to avoid any shearing distortions in the Dywidag bars
which may have added to the strength of the connection.

The post-tensioning bars were calibrated individually wusing the
Baldwin Testing Machine and a strain indicator while the four hydraulic
jacks, for the preload system, were calibrated as a unit using the
Baldwin Testing Machine and an Enerpac hydraulic pump equipped with a
pressure gauge.

The complete test setup is shown in Figure 3.29.
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3.7.2 Testing Sequence

Initial demec readings at each demec station and the stroke
displacement were taken and recorded at the beginning of the test, prior
to application of the preload. After the desired level of preload (2
MPa or 4 MPa) was applied, all the instrumentation was read and the
readings were recorded. The preload was kept constant throughout the
test by means of a regulator valve on the oil pump.

The test proceeded by increasing the vertical shear load along the
centerline of the connection, in a stepwise manner, in increments of 100
kN with a time interval of approximately ten minutes between increments.
The complete loading system is shown in Figure 3.30. After each
increment of load, the instrumentation was read and recorded, and cracks
that appeared in the connection were marked with a black felt pen.

Subsequent to achieving the maximum shear load, the test was
continued using stroke control. Each test was terminated after the
connection had undergone extensive deformation and crushing, and the
shear capacity of the connection was approximately constant.

During each test, the load-stroke behaviour of the particular
connection was plotted with the X-Y plotter. Photographs of the connec-
tion were taken at the maximum load and at the end of the test.

The duration of each test was approximately three hours.
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CHAPTER 4

TEST DATA

4.1 Introduction

In this chapter, the experimental data for the seven specimens
tested in this research programme are presented in tabular and/or
graphical form.

The data include the specimen material properties, the shear
capacity of the connections, the mechanical demec gauge readings and the

stroke measurements.

4.1 Material Properties

4.2.1 Panel Concrete

The average compressive strength and average tensile splitting
strength of the panel concrete at the time of testing are given in Table
4.1. The standard error in the estimated average strengths are also

given in the same table.

4.2.2 Drypack Grout

Table 4.2 gives the average compressive strength of the drypack, as
determined from the 75 mm cubes.

The average compressive strength that was measured using the cubes
from the concrete moulds was higher than similar cubes made in the
wooden moulds.

During the cube making process, it was observed that the wooden

mould absorbed water from the drypack as the drypack was being com-
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pacted. This absorption of water was not evident in the concrete
moulds. As a result, it was thought that the cubes from the wooden
moulds had a lower degree of hydration than the cubes from the concrete
moulds. This lower degree of hydration would explain the lower
compressive strength attained by the cubes made in the wooden moulds.

Since the strength of the cubes from the concrete mould is likely to
be more representative of the strength of the drypack in the comnection,
the average compressive strength of the drypack is taken as the average
strength of the cubes from the concrete moulds.

Table 4.2 also gives the equivalent standard cylinder compressive
strength of the cubes. The equivalent strength was estimated as 0.73

times the cube compressive strength [11].

4.3 Test Results
4.3.1 Shear Load

The load at which cracking was first observed, the maximum shear
load and the ultimate shear load for each connection are summarized in
Table 4.3 and illustrated in Figures 4.1 to 4.2, respectively, for all
the test specimens. Furthermore, the tables show that the cracking and

maximum load are coincident.

4.3.2 Mechanical Demec Gauge Readings

The measured demec gauge readings for all the specimens are given in
Tables 4.4 to 4.10. The demec stations labelled with an "A" correspond
to readings taken on side A of the specimen. Similarly, the demec

stations labelled with a "B" correspond to demec gauge readings taken on
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side B.
Each demec gauge division on side A represents 8.0 microstrain
whereas each division on side B represents 24.8 microstrain.
4.3.3 Stroke Measurements
Tables 4.11 to 4.17 give the stroke readings (as recorded from the
voltmeter) and the equivalent stroke displacements for all the speci-

mens.

The relationships between the applied shear load and the stroke

displacement are presented in Figures 4.4 to 4.10 for all the specimens.
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CHAPTER 5

ANALYSTIS AND EVALUATION OF TEST RESULTS

5.1 Introduction

In this chapter, the experimental data presented in chapter four are
used to compute the concrete and drypack strains and the shear displace-
ments (slip and dilation).

The crack patterns at the maximum and ultimate shear loads are also

presented.

5.2 Concrete and Drypack Strains

The concrete and drypack strains were calculated using the demec
readings given in Tables 4.4 to 4.10 and are presented in Tables 5.1 to
5.7 for all the test specimens. The strains were calculated after each
load increment by subtracting the specific demec reading from the demec
reading corresponding to the stage immediately after the preload was
applied. The difference in demec readings was then multiplied by the
appropriate conversion factor to determine the strains. The conversion
factors used for the 50.8 mm and 200 mm demec gauge were 24.8 and 8.0
microstrain per division, respectively.

The principal strains and their orientation were calculated from the
diagonal strains, ep] and €p2, and the horizontal strain, ey, measured

for the concrete and drypack, as follows:

€ + € € - € 2 €.+ € 2
D1 D2 D1 D2 Dl D2
we - [P [P [w- (B2) ] oo
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(5.2)

where €] = principal tensile strain
€9 = principal compressive strain
B = direction of the principal tensile strain from the D1 axis.

The magnitude of the principal strains are given in Tables 5.8 to 5.14,
for all the specimens. The angles given in these tables define the
orientation of the diagonal crack with respect to the horizontal axis of
the specimens,

The relationships between the applied shear load and the principal
tensile strain, for each specimen tested, are given in Figures 5.1
through 5.28. The strains do not correspond to the complete loading
history of the connection since the mechanical demec gauge ranges were
exceeded shortly after the maximum load was reached.

Figures 5.1 to 5.7 represent the shear load-average principal
tensile strain history of the connections with respect to the demec
stations on side A of the specimens. 1In Figures 5.8 to 5.14, respec-
tively, the initial part of the curves in Figures 5.1 to 5.7 are
magnified to allow a closer examination of the response of the connec-
tion. These figures indicate that the average strains measured at the
ends and mid-height of the connections were approximately the same.
This suggests that the stress distribution along the connection may be
uniform,

The principal tensile strains for the demec stations on side B of
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the test specimens are shown in Figures 5.15 to 5.21. In each figure, a
single representative demec station is shown for the load-principal
tensile strain behaviour of the concrete shear-key lugs. In Figures
5.22 to 5.28, respectively, the initial part of the curves in figures
5.15 to 5.21 are magnified to allow a closer examination of the
localized response of the concrete and drypack to the applied shear
load. These figures show that under initial loading, the connection
behaved monolithically. However, just prior to reaching the maximum
load, a large increase in strain is observed in the drypack only. This
indicates that close to the maximum load deformation of the connection

is primarily confined to the drypack.

5.3 Shear Slip and Dilation

The slip and dilation for a particular connection were calculated
based on the demec gauge readings in the D1, D2 and H directions at the
demec stations on side A of the specimen (see Figure 3.20). The strain
measurements on side A were used since these measurements were based on
the average conditions at the connection, in contrast to the localized
measurements at the demec stations on side B.

The shear slip and dilation of the connection at a particular load
level may be calculated using the gauge lengths between diametrically
located demec points and the corresponding measured strains. The
relevant derivations are presented in Appendix B. Based on the expres-
sions derived, the joint deformations are calculated as follows:
slip,

§g = dia cos R2' - d{a cos R2" (5.3)




30

and dilation,

§w = d14 sin R2" - di, sin R2’ (5.4)
where dq, = 200 (1 + Lc,D2) (5.5)
d14 = 200 (1 + Lc,D2 + €D2) (5.6)
! 2 2 ' 2
R2' = cos - (5.7)
(di4)(d46)
" 2 2 ’ 2
R2" = cos " (5.8)
(d14)(d46)
Lc D2 = 8 x 10'6 x (demec reading in the D2 direction after the
preload is applied—demec reading for the 200
mm demec gauge calibration bar)
€py = increase in strain in the D2 direction after the preload is

applied

The average shear slip and dilation for the test specimens are
contained in Tables 5.15 to 5.21. In Figures 5.29 to 5.35 and 5.36 to
5.42, the shear load-slip and shear load-dilation curves, respectively,
are given for all the specimens.

The complete shear load-slip and shear load-dilation relationships
could not be achieved using the demec gauge since the range of the gauge
was exceeded shortly after the connection had attained its maximum shear
capacity. The complete shear load-slip history of the connections,
shown in Figures 5.29 to 5.35, were, however, achieved by combining the
shear load-net stroke measurements, for the particular connection, with
the shear load-slip curve for that connection. The curves were extended
at the point where the demec gauge was no longer functional. Combina-

tion with the stroke measurements was possible since after the maximum
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tion with the stroke measurements was possible since after the maximum
load is reached, the net increase in slip is approximately equal to the
net increase in stroke [3].

In Figures 5.43 to 5.49, the dilation-slip behaviour of all the
connections tested in this programme is given. Negative dilations
correspond to a decrease in the width of the connection. The figures
show that as the load normal to the connection increases, the dilation

decreases, as expected.

5.4 Cracking Patterns

In this section, the observed crack patterns for each of the
specimens are given.

For all the connections tested, except specimen 1NK4, the crack
patterns corresponding to the initiation of cracking are shown in
Figures 5.51 to 5.55. 1In each case, diagonal cracks were initiated in
the drypack shear keys.

The crack patterns observed at the end of each test, for all the
connections, are shown in Figures 5.56 to 5.62. The drypack shear keys
were subjected to crushing and cracks were continuous along the connec-
tion. Figures 5.63 to 5.69 show close-ups of the top and bottom of the
connections, at the end of testing.

In contrast to the multiple shear key connections, the crack
pattern of the no-key specimen (specimen 1NK4) was characterized by slip
at the drypack-panel interface and the formation of a few cracks in the
drypack, parallel to the applied preload.

Figures 5.70 to 5.76 show the crack pattern at the end of each test
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with the individual panels of the specimen taken apart. The notable
features from these figures are (1) the lack of bond at the drypack-
panel interfaces and (2) the roughness of the slip surface for the

multiple shear key connections.
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CHAPTER 6

DISCUSSION OF TEST RESULTS

6.1 Introduction

In this chapter, the behaviour of each specimen tested in this
study is discussed.

On the basis of the test results presented in Chapter 5, the
effects of the various structural parameters, including the presence and
configuration of the shear keys, the load normal to the connection and
the interface bond strength are determined. Consistent with the
observed cracking behaviour, the mechanisms of shear transfer before and
after cracking are then presented. Rational mathematical models are
developed to predict the cracking, maximum and ultimate shear strengths
of the shear key connections. The predicted shear capacities are
compared to the test results in order to determine the reliability of

the proposed models.

6.2 Specimen Behaviour

6.2.1 General

The measured loads and the observed behaviour of the multiple shear
key comnections tested in this programme suggest that for the large-key
specimens, 1ILK2 and 2LK4, and the small-key specimens, 2SK2 and 1SK4,
the initiation of diagonal cracks in the drypack controlled the maximum
shear capacity of the connection. For specimens 3LK4B and 3SK4B, the
initiation of diagonal cracks did not coincide with the maximum shear

capacity. However, the extension of initial cracks and the formation of
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new cracks in the drypack shear keys determined the maximum shear
capacity.

The capacity of the plain surface connection, specimen 1NK4, was
dependent mainly on the friction resistance along the slip surféce of
the connection. The ultimate shear capacity for the specimens in this
experimental programme is defined as the shear load at 5 mm of slip
between the individual panels. This 5 mm of slip was chosen to define
the ultimate capacity because all the connections were tested to at
least this value and the shear loads attained at this value were ap-
proximately constant.

In the following sections, a detailed description of the observed

behaviour for each specimen is given.

6.2.2 Specimen 1NK4

Specimen 1NK4 comprised a plain surface drypack connection
subjected to a preload of 4 MPa normal to the conmection.

The relationship between the applied shear load and the slip in the
direction of the load is shown in Figure 5.29. The curve indicates that
there is no significant change in the stiffness of the connection up to
a shear load level of 400 kN, after which the stiffness of the connec-
tion gradually decreased.

At the maximum load of 540 kN, and a few cracks, parallel to the
applied preload, appeared in the drypack. At this stage, the shear
capacity suddenly dropped by 7 percent and remained constant. The
behaviour at ultimate, for this comnection, was characterized by a

considerable increase in the slip at constant load, as shown in Figure
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5.29.

The crack pattern for specimen 1NK4 at ultimate load is shown in
Figure 5.56. After the specimen was removed from the testing machine,
the individual panels were taken apart in order to examine the condition
of the interfaces. Based on the examination of these surfaces, shown in

Figure 5.70, the following observations were made:

i. the surface cracks did not extend through the thickness of the
connection;

ii. the slip surfaces were smooth;

iii. there were voids in the drypack;

iv. the slip surface area was less than the cross-sectional area of

the connection.

The load-slip history of the connection and the observed slip
surface suggest that no bond existed at the drypack-panel interface.
Therefore, the resistance to the applied load is mainly due to shear

friction along the drypack-panel interface.

6.2.2 Specimen 11K2

Specimen 1IK2 comprised a large drypack multiple shear key
connection subjected to a preload of 2 MPa normal to the connection.

Figure 5.30 shows that the initial stiffness of the connection is
approximately constant up to an applied shear load of 500 kN. The
corresponding slip in this range was very small. As the shear load was

increased further, the stiffness of the connection decreased and
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diagonal cracks were initiated in the drypack keys, as shown in Figure
5.50. Initiation of these cracks corresponds to the maximum shear
capacity of 569 kN for this connection.

After the maximum load was reached, an increase in slip resulted in
a relatively gradual decrease in shear capacity, as shown in Figure
5.30. At ultimate load, deformation of the connection was characterized
by crushing of the drypack, slip along the diagonal cracks, slip along
the interfaces between the drypack keys and the initiation of surface
cracks in the panels, as shown in Figure 5.57.

Similar to specimen 1NK4, the panels of specimen 1LK2 were taken
apart after testing to examine the crack surface at ultimate. Figure
5.71 suggests that the resistance to the shear load at ultimate was
provided by a mechanism of bearing and friction along a rough surface.
Furthermore, there was no evidence of bond at the drypack-panel

interface.

6.2.3 Specimen 21K4

Specimen 2LK4 was identical in configuration to specimen 1LK2.
However, it was subjected to a preload of 4 MPa normal to the connec-
tion.

In general, the behaviour of specimen 2LK4 was similar to that of
specimen 11LK2. The initiation of diagonal cracks in the drypack keys
coincided with the maximum shear load capacity of the connection. The
shear resistance of the connection decreased after the maximum load was
reached. As the slip increased further, the connection exhibited a

relatively constant shear load resistance. The ultimate capacity of
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this connection was also characterized by crushing of the drypack and

slip along the diagonal cracks and the vertical drypack-panel interface.

The relationship between the applied shear load and shear slip is
shown in Figure 5.31. The increased confinement provided by the 4 MPa
preload, normal to the connection, enhanced the tensile strength of the
drypack and increased the shear friction resistance of the connection.
As a result, both the maximum and ultimate shear capacities were higher
than the capacities obtained for specimen 11K2.

Figures 5.38 and 5.72, respectively, show the crack pattern at
ultimate and after the specimen was taken apart. As for the previous
connection, there was no evidence of bond at the drypack-panel inter-

face.

6.2.4 Specimen 31KA4B

Specimen 3LK4B was similar to specimen 2LK4, except the panel joint
surfaces were coated with a bond breaking agent in order to simulate the
effect of shrinkage cracks at the drypack-panel interface or a lack of
bond which is likely to occur when a drypack is used.

The initiation of cracks for this specimen began at a shear load of
500 kN. The cracks extended horizontally across the narrow section of
the drypack shear keys. The formation of these cracks did not have any
significant effect on the overall stiffness of the connection, as shown
in Figure 5.32.

At a shear load of approximately 1000 kN, the first diagonal cracks

appeared in the drypack shear keys. The measured maximum shear capacity
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of 1058 kN was characterized by extensions of the initial diagonal
cracks and the formation of new diagonal cracks in some of the drypack
shear keys, as shown in Figure 5.52.

Subsequent increase in stroke beyond the maximum load resulted in
crushing of the drypack shear keys and the formation of cracks in the
panels. The loss in load carrying capacity after reaching the maximum
load was quite significant, as shown in Figure 5.32.

The crack patterns at ultimate and after the specimen was taken
apart, are shown in Figures 5.59 and 5.73, respectively. As in the
previous specimens, the crack pattern at ultimate revealed a similar
mechanism of shear transfer which involved a combination of bearing and

shear friction along a rough surface.

6.2.5 Specimen 2SK2

Specimen 2SK2 comprised a small drypack multiple shear key
connection subjected to a preload of 2 MPa normal to the connection.

The observed behaviour of this specimen was similar to that of
specimen 1IK2. The initiation of diagonal cracking in the drypack shear
keys controlled the maximum shear capacity of the connection. After the
maximum load, the shear capacity decreased then became approximately
constant at large displacement, as shown in Figure 5.33.

The only significant difference in behaviour between the previous
multiple shear key specimens and specimen 2SK2 was the intensity of
cracking in the panels of specimen 2SK2, as shown in Figure 5.53.
Spalling of the surface of the shear-key lugs was also observed at the

mid-height region of the connection. At ultimate, the same mode of
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shear transfer described for the previous specimens was observed, as
shown in Figure 5.74. In addition, there was no evidence of the

presence of bond at the drypack-panel interface.

6.2.6 Specimen 1SK4

Specimen 1SK4 was similar to specimen 2SK2, except this specimen
was subjected to a preload of 4 MPa normal to the connection. It should
be noted that before testing, one end of the connection, approximately
156 mm x 20 mm x 100 mm, was repaired with epoxy because of the presence
of large holes in the drypack.

The behaviour of specimen 1SK4 was very similar to the behaviour of
specimen 2SK2. However, in comparison to specimen 28K2, the 4 MPa
preload level for specimen 1SK4 enhanced the tensile strength of the
drypack and the shear friction along the slip surfaces. As a result,
the load carrying capacity of specimen 1SK4 was higher than that of
specimen 2SK2,

In Figure 5.34, the load-slip history indicates that after the
maximum shear load was attained, there was a decrease in the shear load
resistance with increasing slip displacement. However, the shear
capacity was approximately constant beyond a slip displacement of 5 mm,
as observed for the previous specimens.

The crack patterns at ultimate and after the panels were taken
apart, are shown in Figures 5.61 and 5.75, respectively. There was no

evidence of bond at the drypack-panel interface.
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6.2.7 Specimen 3SK4B

Specimen 3SK4B was identical to specimen 1SK4, except, the panel
joint surfaces were coated with a bond breaking agent.

The initiation of diagonal cracks in the drypack shear keys occurred
at approximately 600 kN. These cracks did not extend completely across
the drypack key area. Furthermore, the initiation of cracking did not
have any significant effect on the stiffness of the commection, as shown
in Figure 5.35.

As the applied shear load was increased, some of the existing
diagonal cracks were extended and new diagonal cracks formed in the
drypack, as shown in Figure 5.55. The formation of these new cracks
controlled the maximum shear capacity of the connection.

Figure 5.33 shows that there was a significant loss of load carrying
capacity as the stroke was increased beyond the maximum load. At large
values of slip, the shear resistance was approximately constant.

The crack patterns at ultimate and after the panels were taken
apart, are given in Figures 5.62 and 5.76. As in the case of specimen
1SK4, cracking in the panel, spalling of the surface of the shear-key
lugs and crushing of the drypack were observed at ultimate load. In
addition, there was cracking in the drypack between the shear-key lugs

and there was no evidence of bond at the drypack-panel interface.

6.3 ect of Shear Key Configuration
6.2.1 Preload of 2MPa
The shear load-slip response of the large and small multiple shear

key connections tested at a preload of 2 MPa normal to the connection
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are shown in Figure 6.1.
The behaviour of specimen 1LK2 is virtually identical to the
behaviour of specimen 2SK2. This result suggests that the differences
in the shear key configuration, in this study, had no effect on the

behaviour or the capacity of the connections at the 2 MPa preload level.

6.3.2 Preload of 4MPa

The shear load-slip response of the large and small multiple shear
key connections tested at a preload of 4 MPa normal to the connection
are given in Figure 6.2,

The resistance of specimen 2LK4 is practically identical to that of
specimen 1SK4, up to the maximum load. At ultimate, the shear capacity
of the large-key (LK) specimen was approximately 10 percent higher than
that of the small-key (SK) specimen.

Since cracking decreases the strength of concrete, the lower
ultimate shear capacity of specimen 1SK4 in comparison to specimen 2LK4
is probably due to the fact that at ultimate, more cracking occurred in
the small-key connection than in the large-key connection.

The behaviour of the unbonded specimens (specimens 3LK4B and 3SK4B)
tested at a preload of 4 MPa is compared in Figure 6.3. The initial
stiffness of the two connections are essentially the same and the
difference in ultimate capacities 1is comparable to the difference
observed between specimens 2LK4 and 1SK4. The maximum shear capacities
of specimens 3LK4AB and 3SK4B are, however, quite different. On the

basis of the test results, no explanation for this difference was
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possible, and additional tests are recommended to investigate this

behaviour.

6.4 Effect of the Preload Normal to the Connection

The effect of the level of preload normal to the connection is
shown in Figures 6.4 and 6.5 for the small and large multiple shear key
connections, respectively. In each figure the connection behaviour is
compared at the 2 MPa and 4 MPa preload levels.

It is clear from both figures that an increase in the level of
preload from 2 MPa to 4 MPa substantially increases both the maximum and
ultimate shear capacities. Specifically, the maximum shear capacities
of specimens 2LK4 and 1SK4 were approximately 60 percent higher than
those of specimens 1LK2 and 2SK2. This increase in maximum shear
capacity is attributed to the enhancement of the tensile strength of the
drypack and the increase in the shear friction at the drypack-panel
interface as a result of an increase in confinement provided by the
higher level of preload.

At ultimate, the small-key connection exhibited a 50 percent
increase in shear capacity as the preload was changed from 2 MPa to 4
MPa. For the same change in preload, the large-key connection exhibited
an increase of 80 percent in the ultimate load. These increases in
ultimate load are attributed to the enhancement in the bearing and shear
friction resistance which resulted from an increase in the confinement
stresses.

From the above discussion, it is clear that the percentage increase

in shear capacity is less than the percentage increase in the preload
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normal to the connection. Therefore, the simple shear friction theory
of the ACI and CSA codes [8,7] seems inappropriate for predicting the

ultimate shear capacity of multiple shear key connectionms.

6.5 Effect of Bond

The effect of bond may be determined by comparing the shear load-

slip relationships for the bonded and unbonded specimens with similar

key configurations at the 4 MPa preload level, as shown in Figures 6.6

and 6.7 for the small-key and large-key specimens, respectively.

The similarity in the curves shown in Figure 6.6 for specimens
3SK4B and 1SK4 suggests that either there was no significant bond at the
drypack-panel interface of specimen 1SK4 or bond at the interface did
not have any significant effect on the connection behaviour. An
examination of the joint surfaces of specimen 18K4 after testing
supported the former conclusion: there was no evidence of bond at the
drypack-panel interface. This lack of bond is not surprising since a
dry mix was used to connect the two panel surfaces.

The curves shown in Figure 6.7 for the large-key connections
indicate a behaviour that is similar to that of the small-key connec-
tion, but under initial loading and at ultimate only. The large
difference in the maximum capacities of specimens 3LK4B and 2LK4 could
be explained by the existence of significant bond strength at the joint
interface of specimen 3LK4B. This, however, was not possible since the
possibility of bond at the joint interface was eliminated prior to
assembly of the specimen. Moreover, after testing, when the individual

panels of specimens 31K4B and 2LK4 were taken apart, there was no
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evidence of bond at the joint interface of either specimen. Therefore,
the difference in maximum shear capacities cannot be explained on the
basis of these test results. The test results therefore indicate
that there was no evidence of bond between the drypack and the pan;ls in

any of the specimens tested. As a result, the effect of bond cannot be

determined from the results of the study.

6.6 Effect of the Presence of Shear Kevs

The influence of the presence of shear keys at the conmection is
determined by comparing the load-slip responses of specimens 1SK4 and
2LK4 with specimen 1NK4, as shown in Figures 6.8 and 6.9, respectively.
In general, both figures show that the presence of shear keys at the
connection can greatly enhance the shear capacity of the connection.

The maximum shear capacity may be increased by as much as 60
percent. This increase is due to the fact that, in addition to enhance-
ment in shear friction resistance, the keyed joints are capable of
resisting the applied shear by an interlocking mechanism between the
adjacent panels. This interlocking mechanism is not present in the
plain surface connections.

At ultimate, the capacities of specimens 1SK4 and 2LK4 were 18 and
25 percent, respectively, greater than those of specimen 1NK4. These
increases in ultimate capacity are attributed to the highly roughened
slip surface which resulted from diagonal cracking in the drypack shear
keys. Thus, instead of only shear friction along a flat slip surface,
as in the case of specimen 1NK4, the shear resistance at ultimate for

the keyed specimens is provided by a combination of bearing and shear
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friction along a rough slip surface.

6.7 Mechanis Shear Transfer

6.7.1 General

Based on the test results, the behaviour and shear capacity of the
connections may be dependent on the following six parameters.

(1) the presence of shear keys in the joint

(2) the dimensions of the shear keys

(3) the drypack strength

(4) the concrete strength

(5) the magnitude of the preload normal to the connection

(6) the bond strength at the drypack-panel interface

For the specimens tested in this programme, there was no evidence
of bond at any of the drypack-panel interfaces, as discussed in Section
6.5. Based on this observation, the mechanisms of shear transfer for
the plain surface and multiple shear key connections are summarized in
the following sections.

6.7.2 Plain Surface Connection

(i) Initially, the applied shear load was resisted by the
friction along the drypack-panel interfaces.

(ii) The maximum load, which is required to overcome the frictiom-
al resistance, was accompanied by a relatively small amount
of slip.

(iii) The ultimate shear capacity, characterized by an increase in

slip under constant load, was provided by the shear friction
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resistance along the slip plane, as illustrated in Figure
6.10.
Based on the above mechanism of shear transfer, the ultimate shear
capacity of the plain surface connection may be determined using the

simple shear friction theory which is expressed as:

Vy = uopAc (6.1)

where p = friction coefficient at the drypack-panel interface
o, = applied compressive stress normal to the connection
A, = gross cross-sectional area of the connection normal

to the plane of the specimen

The friction coefficient, pu, may be estimated by dividing the
applied shear load at ultimate by the total load applied normal to the
connection. For specimen 1NK4, the value of p is 0.62.

In a previous study [3], which included nine plain surface connec-
tions, the friction coefficient for slip at the drypack-panel interface
was calculated to be 0.7 + 0.1. Thus, u4 = 0.62 for this study agrees
well with the results from the previous study.

6.7.3 Multiple Shear Key Connections

(1) Cracking

Initially, the applied load is carried by friction along the
drypack-panel interface and the resistance to deformation provided by
the drypack shear keys. There are two possible shear friction paths, as
illustrated in Figures 6.11 and 6.12. Figure 6.11 (a) suggests that

shear slip may occur at the drypack-panel interface between the shear
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keys, at the vertical interface within the drypack keys and along the
bearing inclined surface of the drypack keys. The mechanism of shear
friction resistance related to the slip surface shown in Figure 6.11 (a)
is illustrated in Figure 6.11 (b).

If, however, the shear keys are rectangular or very close to being
rectangular, the friction path could be different as described in Figure
6.12. This friction path neglects shear friction at the interfaces
around the drypack key because the shear keys are assumed not to be
deformable.

Due to the difference in material properties between the drypack
and the concrete, in addition to the sharp changes in geometry at the
corners of the shear keys, high tensile stresses are induced at the
outer corners of the drypack key, as shown in Figure 6.13 (a). This
behaviour has been confirmed by finite element analyses performed
recently by Zhao, et al. [12]. When the tensile stress reaches the
tensile strength of the drypack, diagonal cracks are initiated in the
drypack, as illustrated in Figure 6.13 (b). The presence of load normal
to the connection enhances the tensile strength of the drypack and
delays the onset of diagonal cracking. Thus, prior to cracking, the
applied shear load is mainly resisted by the shear friction as described
in Figures 6.11. or 6.12 and the tensile strength of the drypack.

On the basis of this discussion, the mechanism of shear resistance
before cracking in the drypack may be described by two possible models
as follows:

oD I

This model is based on the shear friction mechanismbprovided by
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slipping along the vertical and inclined drypack-panel bearing surfaces,
in addition to the load required to initiate diagonal cracks in the
drypack keys, as illustrated in Figure 6.14. Therefore, the cracking

shear capacity of the connection, V.,, may be estimated as:

Vo = V. + V (6.2)

where Vir = shear friction contribution
Vzr = drypack tensile strength contribution, which controls

the maximum bearing stresses along the sloped edge of
the drypack shear key

. . . £
The shear friction contribution, Vcr’ may be calculated as:

£
\ér= pon(As - ndtXtan §) (6.3)
where n = number of shear keys
d = depth of the shear key
t = thickness of the connection
¢ = inclination of the key

These parameters are defined in Figure 2.5.
The drypack tensile strength contribution, Vzr, may be calculated

as:

t
VE = vopiey (6.4)

where Ver = cracking shear strength of the drypack
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A., = total cross-sectional area of the diagonal cracks

cr
The cracking shear strength, v.,, may be evaluated by using a
Mohr's circle representation for the state of stress given in Figure

6.13, as:

Ver = J Eglog + Fp) (6.5)

where fy = tensile strength of the drypack

The tensile strength of the drypack could be estimated as [13]:

fr = 0.6 /£ (6.6)

where fé = equivalent standard cylinder compressive strength of the
drypack
The total cross-sectional area of the diagonal cracks can be

computed as:
Aoy = nt J h2 + b2 (6.7)

where h = maximum height of the shear key
b = width of the drypack between shear-key lugs
These parameters are also defined in Figure 2.5.
Accordingly, the shear resistance based on Model I may be estimated

as follows:

Ver = pop(Ag - ndtxtan §) + / fo(o, + £) Agp (6.8)
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MODEL 11

Model II is essentially the same as Model I, except, no slip is
assumed to occur at the interfaces around the drypack shear key, as
shown in Figure 6.16. This assumption is admissible since striations--
an indicator of scraping action--were observed only at the drypack-panel
interfaces between the shear keys. As a result, the shear strength of

the comnection, based on Model II, may be estimated as:

Ver = #on(As - nht) + / £.(oy + £¢) Ay (6.9)

Based on the material properties and the shear key configuration of
the connections tested in this study and using a friction coefficient of
4 = 0.6, the shear capacity of the small and large multiple shear key
connections, at cracking, were determined using the proposed models.
The results are compared to the test results in Table 6.1 and Figure
6.17.

From Figure 6.17, it can be seen that Model I provides more
accurate predictioné of the cracking shear load, however, the capacities
of three of the six connections tested are overestimated. Model II, on
the other hand, provides more conservative predictions of the cracking
load for design purposes. This figure also indicates that a higher
levels of preload, Model II becomes more conservative.

Appendix C provides sample calculations based on Models I and II
for specimen 2SK2. Calculation of the shear capacity of the other

connections may be done in a similar manner using the material strength
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data given in Table 4.2 and the connection configuration data given in

Figures 3.3 and 3.4.

(ii) Immediately after Cracking

After cracking, the ability of the drypack to carry tensile
stresses is significantly reduced. As a result, the applied shear load
is mainly resisted by a system of struts between the diagonal cracks and
shear friction along the slipped surfaces, as shown in Figure 6.18.

The shear resistance contribution provided by the strut mechanism
depends mainly on the compressive resistance of the cracked drypack and
the size of the strut. Thus, for a high strength drypack, the multiple
shear key connection may be capable of resisting a higher shear load
than the load required to initiate diagonal cracks. This behaviour was
observed for the pilot multiple shear key comnection tested by Foerster
[3], as shown in Figure 6.19. On the other hand, a connection with a
relatively low drypack strength may not have sufficient capacity to
accommodate a full redistribution of the cracking shear load. In this
instance, the cracking load would represent the maximum shear capacity
of the connection, as was observed in the present study.

Based on the preceding discussion, the shear capacity, Vg,
immediately after cracking in the multiple shear key connections may be

calculated as:
f

a (6.10)

S
Vg =V, +V

shear resistance of the strut mechanism

where \Y

o w

shear friction resistance along the slip surface
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These two components of shear resistance will be discussed individually
as follows:

(a) Shear Resistance of the Strut Mechanism (Vzl

The panels may be assumed to act as rigid planes connected by n-1
struts, as shown in Figure 6.20 (a), where n represents the number of
shear keys in the connection. The vertical portion of the strut is
under high confinement stresses from the load normal to the connection
whereas the inclined portions are bounded on one side by a crack. Since
cracked concrete is weaker than uncracked concrete [14,15], the compres-
sive axial capacity of the inclined portion of the strut will control
the capacity of the strut.

The compressive strength, P, of the strut may be estimated as:
P = ¢fét(w) (6.11)

compressive strength reduction factor

i

where P

average width of the inclined portion of the strut

]
I

The reduction factor ¥, accounts for the decrease in compressive
strength of the drypack as a result of diagonal cracking.
The average width of the inclined portion of the strut may be

estimated as:

L (b+d) (6.12)

cos §
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where b/cos 6 and d/cos § are as defined in Figure 6.18.
From statics, as shown in Figures 6.20 (b) and 6.21, the shear
resistance of the strut mechanism, Vz, can be predicted by the vertical

component of the compressive force in the strut as:
V2 = (n-1)Psin a (6.13)

where a = inclination of the diagonal crack

tan ~l(h/b) (6.14)

(b) Shear Friction Resistance (Vﬁl

The resistance provided by shear friction consisted of two parts:
(1) shear friction along the vertical slip surfaces between the drypack
shear keys and (2) shear friction along the diagonal cracks. Figure
6.21 indicates that the horizontal component of the strut forces
reduces the compressive load normal to the connection from N to N’.
Thus, based on the net normal compressive load, the shear friction

resistance may be evaluated as:

{n-1)Pcos o)
vﬁ - uoy - . (A - mht)

+ palog - (n'l)ic°s ) (nht) (6.15)
C

where py = coefficient of friction along the drypack diagonal cracks.
The first term of Equation 6.15 represents the shear friction along the

vertical slip surfaces while the second term represents the shear
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friction along the diagonal crack. Conservatively, pg may be assumed

equal to p and equation 6.15 may be simplified as follows:

) .
V. = ulog -.Lgi)%a_s_g_)i\c (6.16)

C . - ‘:]:: ‘:;.:

Thus, the shear resistance, V,, of the connection immediately after

cracking may be estimated as:

Vy, = (n-1)Psin a + p(o, - (n-1)Pcos a)A, (6.17)
A, )

For each connection tested, the compressive strength reduction
factor, ¥, was calculated by equating V, to V.., the maximum shear
load. Rearranging, the terms of equation 6.17 and setting Vp, = Vg,
gives:

Vmax - Monfic

(sin a - ucos a)(n-l)fétw

(6.18)

Table 6.2 shows the calculated values of P for each connection tested HEEA
using Equation 6.18. The difference in the p values between the connec-
tions suggests that the large drypack shear keys have a higher after-
cracking compressive strength than the small drypack shear keys and an
increase in the level of load normal to the connection also increases
the compressive strength of the cracked drypack. Collins and Mitchel
[15,16] suggested that the maximum compressive strength of cracked

concrete, f.ph.y, may be taken as:
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fe
fomax “5 3 7 170 = fé (6.19)
where €] = average principal tensile strain in the cracked concrete

fé= cylinder compressive strength of the concrete.
In terms of the compressive strength reduction factor, Equation 6.19

becomes:

1
Y= 0.8 + 170¢;

<1.0 (6.20)

Equation 6.20 is assumed to be applicable to the cracked drypack
shear keys. 1In applying this equation, £} is taken as the equivalent
standard cylinder compressive strength of the drypack, fé as given in
Table 4.2.

From Tables 5.8 to 5.14, it is evident that €7 depends on the level
of load normal to the connection. Table 6.2 gives the calculated values
of ¥ based on Equation 6.20. From this table, it can be seen that the
calculated values of ¥, based on the model (Equation 6.18), are in good
agreement with the ¢y factors predicted by Equation 6.20.

In general, for the multiple shear key connections tested in this
study, the average principal tensile strain at cracking, €7, ranged
between 0.0026 and 0.004 strain. Therefore, based on these limited test

results, the average strain for all the multiple shear key connections

tested in this study may be conservatively estimated as 0.005 strain.
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The éorresponding value of 3%, using Equation 6.20, is 0.60. As more
data become available, a more accurate procedure could be developed to
estimate ¥ based on the level of preload and size of the shear keys.

The predicted shear capacities of the multiple shear key connec-
tions after cracking are compared to the measured maximum shear
capacities in Table 6.3 and Figure 6.22.

Since the maximum shear load also defines the cracking load in this
study, the proximity of the data points to the line of equality between
the predicted load after cracking and the measured maximum load, shown
in Figure 6.22, suggests that mechanism of shear resistance immediately
after cracking is capable of transferring the same shear load as that
required to cause cracking. This observation is corroborated by the
shear load-slip relationships shown in Figures 5.30 to 5.35. In these
figures, there is no sudden loss in load-carrying capacity after the
maximum shear load is reached.

Appendix C provides a sample calculation for this model, using
specimen 2SK2. Calculations for the other multiple shear key connec-
tions may be done in a similar manner using the material strength data
given in Table 4.2 and the connection configuration data given in

Figures 3.3 and 3.4.

(iii) Ultimate

The behaviour of the multiple shear key connections, at ultimate,
was characterized by a significant increase in slip at an approximately
constant load. As a result, the ultimate shear capacity was dependent

on a combination of the shear friction and bearing resistance along the
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slip surface, as indicated in Figures 5.70 to 5.76.

A linear multiple regression analysis was used to develop a mathe-
matical model to predict the ultimate shear capacity of the connec-
tions. A linear regression model was chosen based on the work of
Hansen, et al. [5], Cholewicki [4] and Chakrabarti [6]. These resear-
chers have suggested that linear modelling is appropriate due to the
wide scatter of data.

The basis of the multiple regression model is to relate the
dependent parameter, in this instance the ultimate shear load, to a set
of independent parameters. The two independent parameters considered to
be important in the model for determining the ultimate shear capacity of
the multiple shear key connections are, in normalized form, B/A. which
represents the ratio of the shear key area to the cross-sectional area
of the connection (B = nht) and Gn/fé which represents the ratio of the
stress applied normal to the connection to the equivalent standard
cylinder compressive strength of the drypack. The dependent parameter
is also used in the normalized form as Gu/fé which represents the ratio
of the average ultimate stress to the equivalent standard cylinder
compressive strength of the drypack (v, = V,/A.).

The required form of the regression model is:

el
B n
c

e

. =Co+ClK"’+sz—, (6.21)
g

h

where Cy, G} and Cp are coefficients to be determined from the analysis.
These coefficients were determined using the data given in Table 6.4 and

the "Number Cruncher Statistical System" software package for the PC.
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The ultimate shear capacity of the tested multiple shear key connections

was subsequently estimated as:

v B g
2 _ 0.024 + .025 = + 0.556
AC

i £
£
g

£ = (6.22)
g

Further investigation of the model given by Equation 6.22 revealed that
o

the standard error in the ﬁ— and E?‘ coefficients were 0.045 and .062,
c g
respectively. The standard error in thef— coefficient is quite signi-
c
ficant. As a result, the ﬁ— parameter was considered not to be relevant
c

for the present study and it was consequently neglected in the
analysis. This is consistent with the behaviour discussed in Section
6.3, which indicated that the difference in shear key configuration had
no significant effect on the shear capacity of the connection.

Using a simple linear regression analysis model of the form:

v, o
7 =C+C1 & (6.23)
fg fg

and the data given in Table 6.4, the ultimate shear capacity of the

multiple shear key connections may be estimated as:

v o
-2 _0.035 + 0.556 =2 (6.24)
f £
g g
g
The standard error in the'4%, coefficient is 0.0049. Equation 6.24

2
may be re-written to give the ultimate shear load directly as:
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Vy = 0.035 £1A, + 0.556 o A, (6.25)

&

Equation 6.25 could be further simplified as follows:

o A
Vy = 0.2 [EgA, + ¢ (6.26)

The first term of Equation 6.26 was calculated by taking two extreme
values of the drypack compressive strength (20 MPa and 40 MPa) and
equating .OSSfé to 7Jfg. The average value of v for fé of 20 MPa and 40
MPa, 0.2, was then used for vy in the equatiom. The first term of
Equations 6.25 and 6.26 represent the bearing resistance to the applied
shear load. In the second term, instead of using 0.556, the coefficient
may be conservatively estimated as 0.5. This term represents the shear
friction resistance of the connection at ultimate.

The predicted ultimate shear capacity of the tested connections,
based on Equations 6.25 and 6.26, are compared to the test results in
Table 6.5 and Figure 6.23. From Figure 6.23, it is evident that the
simplified equation agrees well with the model developed directly from
the statistical analysis. The predicted ultimate loads are also in good
agreement with the measured loads.

Appendix C provides sample calculations of the predicted ultimate
shear capacity based on the models given by Equations 6.25 and 6.26, for
specimen 2SK2. Similar calculations can be done for the other multiple

shear key specimens using the data given in Table 4.2 and Figures 3.3

and 3.4.
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Summarizing, equations were derived to predict the shear capacity

of multiple shear key conmnections at various limits states including:

i. Cracking

MODEL I : Vo = po,(A. - ndtxtan §) + J/ f¢(og + £r) Acr

MODEL II : V., = pop(A. - nht) + J/ fi(op + £1) Acy

ii. Immediastely After Cracking

(n-1)Pcos a ] A

C

Vg = (n-1)Psin o + p [ on -
iii. Ultimate

c A
Vy = 0.2 [E A, + —55
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary

The main objective of this research programme was to investigate
the behaviour of multiple shear key connections for precast concrete
load-bearing shear wall panels under static shear loading, at various
limit states. These limit states are: the initiation of cracks, the
maximum shear capacity and the ultimate shear capacity.

Seven prototype specimens were tested in the experimental
programme. The specimens consisted of three different joint configura-

tions. The three types of joint configuration used were:

NK series : drypack plain surface connection
LK series : large drypack multiple shear key connection
SK series : small drypack multiple shear key connection

To investigate the effects of dead load and post-tensioning, the
multiple shear key connections were subjected to two different levels of
load normal to the conmnection. The effect of cracks or the absence of
bond at the joint interface was also studied by the eliminating bond at

the joint interface in two multiple shear key connections.

7.2 CONCLUSIONS

Based on the test results of the seven specimens tested in this
study and one specimen tested in a previous study [3], the following

conclusions can be drawn:

1. The use of a high strength drypack may change the mode of failure
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of multiple shear key connections from cracking in the drypack
shear keys to cracking in the shear-key lugs of the panels.
The difference in the shear key configurations had no significant
effect on the behaviour or capacity of the connection.
An increase in the level of compressive preload normal to the
connection increases the shear capacity of the connection.
However, the percentage increase in shear capacity is less than the
percentage increase in the preload.
The presence of shear keys in the connection increases the shear
capacity of the connection in comparison to a plain surface connec-
tion.
The cracking load of the multiple shear key connection may be
safely estimated using design Model II. The resistance to cracking
is provided by shear friction at the slip surfaces and the tensile
strength of the drypack. Under moderate levels of load normal to
the connection, the drypack tensile strength contributes more to
the resistance of the connection.
The mathematical model developed to predict the shear capacity of
the multiple shear key connection, immediately after cracking, is
in good agreement with the test results. The resistance to shear
is provided by shear friction along the slip surface aﬁd the
compressive strength of the struts which form as a result of
diagonal cracking in the drypack shear keys. The more significant
resistance contribution is provided by the compressive strength of
the strut.

The predicted ultimate shear capacity of the multiple shear key
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connections are in good agreement with the test results. The
ultimate shear resistance is dependent on the shear friction along
the slip surface and bearing resistance due to the roughness of the
slip surface. Under moderate levels of load normal to the connec-
tion, the shear friction component provides the higher resistance

of the two components.

Recommendations for Future Research

Multiple shear key connections with significantly different key
dimensions and areas should be tested in order to fully understand
the effect of the key dimensions.

Tests should be conducted to investigate the capacity of reinforced
multiple shear key connections.

Research is needed to investigate the combined effect of flexural,
shear and axial loading on multiple shear key connections.

The behaviour of multiple shear key connections under repeated

loading should also be studied.
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Table 2.1 Friction Coefficients

Friction Coefficient**

Type of Surface

ACI CSA
Cracked monolithic concrete 1.4 ) 1.25)
Intentionally roughened surface* 1.0 0.9
Non-intentionally roughened surface 0.6 ) 0.5

* gsurface intentionally roughened to a maximum amplitude of 5 mm.
*% A= 1.0 for normal density concrete
A= .85 for semi-low density concrete

A= .75 for low density concrete
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Table 4.1 PANEL CONCRETE STRENGTH

Campressive Strength at

Tensile Splitting Strength at

Specimen | the Time of Testing (MPa) the Time of Testing (MPa)
1NK4 49.1 * 0.9 12.9 + 1.3
1TR2 42.6 * 0.2 13.4 £ 1.6
2IK4 30.4 + 0.4 11.1 = 0.1
31K4B 46.5 t+ 2.6 15.0 + 1.8
25K2 44.0 * 0.2 13.4 £ 1.6
1SK4 29.3 + 1.0 11.0 £ 0.5
3SK4B 49.5 £ 0.5 13.2 + 2.2
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Table 4.2 DRYPACK STRENGTH

Date of Packing

Average Campressive Strength
at the Time of Testing (MPa)

Cube Strength, fé

Equivalent Cylinder Strength, £y

87 07 13 (RM)*
87 07 13 (W) **

87 07 14 (WM)#**

36.46

25.07

23.45

*

*

+

2.85

2.40

2.04

26.62

18.30

17.12

+ 2.08

+1.75

+ 1.49

*%

concrete mould

wooden mould

specimens 1NK4, 2SK2 and 1SK4 were drypacked on 87 07 13

specimens 1IK2, 2LK4, 3LK4B and 3SK4B were drypacked on 87 07 14
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Table 4.3 SUMMARY OF EXPERTMENTAL SHEAR STRENGTHS

Diagonal
Joint Cracking Maxirmm Ultimate
Configuration | Specimen | Ioad (kN) | Load (kN) | Load (KN)=*
1TK2 569 569 418
IK 2IK4 867 867 688
31K4B 1000 1058 624
2SK2 559 559 419
SK 1SK4 884 884 622
3SK4B 893%* 893 648
NK 1NK4 540 540 507

* defined at 5.0 mm of slip

** appearance of diagonal cracks at 600

stiffness

KN, but no loss of
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Table 4.4  Demec Readings for Specimen 1NK4

0 0 100 200 300 400 500 516 532 540 515 518 51T

0 { 4 { § { 4 { i 4 { { {
DEHEC READINGS

865 832 825 817 804 T2 698 638 564 505 285

40 898 901 905 910 925 1010 1070 LL45 1209 1451 2143

§93 835 836 835 832 830 831 833 837 844 862 941 1048
846 816 811 807 798 781 696 637 565 506 284

931 889 891 896 901 914 993 10ST 1130 1194 1429 2102

§86 830 830 833 831 829 828 832 835 840 851 903 978
827 134 786 778 765 A5 661 599 528 466 240

937 895 897 901 911 922 1000 1060 1133 1194 1423 2079

836 840 836 835 836 831 828 831 835 836 839 869 820

IS 916 916 916 915 915 908 912 913 910 911 91l 910
06 304 905 906 907 907 905 908 908 909 908 909 907
920 9211 ! 912 922 923 919 92l 922 919 918 916 913
88 %01 903 909 913 927 997 1055 1129 1187 1421 M3

§89 811 808 801 788 762 630 535 420 325

913793 T3 T8y T84 776 M5 ML 679 657 579 36 105
363 968 968 966 966 967 965 969 96T 968 968 94  9§9
886 882 882 885 880 882 882 882 881 881 880 886 882
930U s 9 9 9 926 926 926 925 92T 932 9%
IT4 830 892 896 900 913 979 1030 1102 1159 1380 2000

§56 785 783 177 765 139 608  SI1 396 298

506 786 788 786 782 773 730 702 672 644 558 206 42
22 918 920 921 919 923 922 922 923 920 921 925 923
919 917 917 916 915 915 916 916 916 915 914 91T 916
919 91l sl 913 813 913 915 915 915 914 915 919 917
956 862 863 869 875 889 957 1013 1080 1142 1359 1978

820 138 T3 123 706 679 40 438 320 220

508 770 770 768 768 753 108 681 650 624 532 13

910 912 812 913 910 907 907 905 904 903 902 904 903
920 %21 %21 911 %22 922 923 923 923 921 923 921 920
916 916 916 916 915 916 914 912 913 910 9L 912 91l
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300
922
893

115

2010
§71

1970
17

W0
891

883
913
306
316
907
876
§15
908
905

309
300
300
916
885
897
899
321
893

116

886
14
906
318
908
877
916
10
907

899
24
894



DEMEC
POINT

1A

)

34

1B

18-L

1B-M

IB-H

IB-L

18-R

{8

LoV (kN)
0
A
D K (HPa)

DIRECTION

01
b?
i
0l
D2
i
)|
D2
i

bl
D2
v
D1
D2
i
bl
D2
i
bl
D2
#
bl
02
i
D1
02
i
D1
D2
i
D1
02
v

835
$54
892
854
9§32
894
841
937
847

26
325
307
925
23
912
915
§1
S
519
915
897
32
$14
560
926
931
915
915
822
922
918
919
312

Table 4.7
0 100
{ {
810 805
886 892
802 806
814 810
870 815
815 815
808 198
891 889
826 821
998 992
594 994
965 964
984 984
990 991
913 873
871 817
991 991
I I
983 984
982 981
961 962
994 994
983 983
1026 1025
985 94
994 993
968 968
9713 9N
985 983
978 bXh
81 975
987 987
981 981

72

Demec Readings for Specimen 3LK4B

200

191
895
§01
804
876
814
191
896
825

382
394
964
984
991
LAK]
978
389
975
983
981
961
934
982
1025
984
995
968
972
983
n
375
987
981

300

188
500
806
198
882
817
183
301
826

978
994
962
84
989
i
918
989
975
384
§81
§61
395
982
1025
985
994
968
9713
982
978
974
986
982

100

178
910
807
189
8838
820
1712
910
828

374
394
362
982
989
13
978
587
576
985
981
962
995
981
1025
385
994
969
3
980
978
§73
986
981

500

{

DEMEC READINGS

167
919
306
181
§95
820
161
§20
827

370
536
961
983
987
3
978
988
976
985
982
962
995
982
1625
985
994
959
§74
581
579
13
988
981

600

i

754
§29
805
m
505
8§23
748
929
§30

568
936
361
985
987
914
978
986
m
984
982
§62
996
980
1025
385
993
370
N
979
579
§12
988
980

100

136
42
810
197
19
825
131
945
833

965
996
958
587
985
975
19
987
$7%
985
930
962
97
979
1026
385
992
!
976
975
980
969
988
978

800

n1
1Y
812
140
940
829
12
370
835

961
397
956
987
982
576
479
985
978
987
976
963
599
974
1026
586
390
912
18
913
981
987
989
875

900

694
1000
820
121
369
839
692
1006
839

958
397
§53
987
580
n
980
380
980
989
971
564
1000
967
1026
986
988
13
19
970
983
964
988
813

1000

£45
1084
847
685
1052
871
640
1081
865

357
998
§52
987
19
m
581
915
980
1049
§58
1600
1001
§58
1030
388
381
m
980
965
984
962
988
70

1058

154
1385
920
197
1347
949
105
1399
922

957
998
952
989
968
13
983
n
982
1384
192
1068
1249
923
1149
930
973
313
979
555
979
962
983
370

800

2001
946

1956
984

2013
$45

357
997
955
989
962
970
982
817
981

1700
961
1228
987
930
13
978
898
979
965
988
375



DEXEC
POIN?T

14

1)

A

18

2B-R

2B-¥

31B-4

3B-L

{8

LV (kN)
0
A
D ¥ (KPa)

DIRECTION

D1
02
f
Dl
02
i
D1
D2
i

0l
D2
v
01
02
f
01
b2
i
01
b2
i
bl
D2
i
01
D2
i
D1
02
i
01
02
v

0

0

857
924
898
m
924
892
§55
n
885

925
921
13
520
316
909
316
911
916
923
323
982
915
964
§52
929
37
882
N
913
306
926
10
910

Table 4.8
0 100
1 1
84] 832
890 896
863 863
105 699
895 896
860 860
844 813
§98 906
857 856
925 913
819 924
$14 913
919 919
914 b3y
904 906
514 919
I 915
9117 916
926 926
925 92
305 905
925 §27
964 964
954 955
926 923
934 32
812 872
s 23
908 907
897 898
§21 921
§12 911
911 909

Demec Readings for Specimen 2SK2

200

819
902
861
690
964
861
819
$14
855

919
94
EL
$16
4
905
414
13
1Y
926
925
07
925
962
955
924
931
813
325
908
899
518
912
306

300

801
915
863
680
517
862
198
329
856

§19
922
11
920
913
904
918
13
915
926
926
806
322
959
954
928
929
&n
|
907
898
L
915
903

100

17
340
865
665
938
865
179
952
859

919
921
17
918
12
306
912
811
§16
24
926
505
925
958
955
926
925
873
n
905
895
911
Y
898

73

500

2

DEMEC READINGS

H2
930
876
647
979
887
142
995
864

918
923
967
321
910
04
915
912
Y
$24
928
506
943
955
565
§24
919
874
925
904
897
307
914
838

559

l

657
1162
941
578
1139
955
645
1148
910

13
§22
904
920
909
905
916
903
4
mnm
936
812
1042
948
1030
§31
10
877
928
897
8§94
313
304
897

509

487
1463
1035

{0
1436
1044

462
1435

385

916
922
915
925
913
308
§19
899
14
1057
m
1094
13
367
1083
13
806
863
$23
8N
872
909
17
898

§56

193
1906
1144

100
1869
1135

138
1850
1057

3
923
905
$19
11
909
315
907
918
1451
939
1369
1326
969
1235

909
810
13
506
315
898

118

916
n
906
920
914
367
911
910
916

903
412
898



DENEC

LoV (kN
0

POINT A

14

1)

1

1B

48

D N (HPa)
DIRBCTION

D1
02
]
Dl
02
]
01
02
i

i)\
D2
¥
01
D2
i
D1
n?
|
0l
D2
i
1
D2
B
1
02
i
01
D2
i
0l
b2
v

18
925
830
§53
907
870
855
910
889

509
928
12
$14
909
817
903
916
309
$24
17
12
905
912
11
$14
$45
922
94
b2y
$12
909
Y
948

Table 4.9
0 100
{ {
673 663
862 867
804 804
818 813
850 854
191 799
8§25 817
869 875
833 833
809 811
§30 930
913 913
908 909
505 506
900 902
89% 05
911 912
889 891
920 924
919 921
917 918
995 908
§14 :)
913 §16
9160 913
940 942
909 810
906 909
319 $15
895 898
912 915
913 415
947 948

74

Demec Readings for Specimen 1SK4

200

648
865
803
804
859
199
808
878
833

$14
934
$14
910
07
302
501
912
892
930
924
822
911
919
918
916
44
914
913
§17
500
17
911
949

300

628
881
199
191
867
198
183
886
832

12
I
919
910
306
903
302
1
891
i
923
9§22
910
519
117
915
943
$14
2
§15
300
315
916
347

100

605
894
197
m
818
199
15
301
832

969
934
911
910
504
901
502
10
891
E)E
$23
§20
909
918
916
914
42
4
3
915
560
916
m
944

500

4

DEHEC READINGS

580
505
194
160
893
199
7156
815
834

906
333
515
910
309
902
982
507
891
n
924
919
309
918
916
915
941
$14
913
13
901
912
918
938

600

§

553
i
193
143
909
804
137
§32
832

903
933
309
308
899
00
01
906
890
911
3
916
907
17
916
914
940
914
13
$12
902
12
916
315

100

520
959
193
125
330
808
13
993
§35

901
934
305
910
896
60
900
906
890
§22
926
919
508
318
916
915
938
915
916
1
903
§11
917
12V

800

i1
1003
197
699
§74
821
682
998
847

980
935
908
919
886
300
900
905
891
320
925
918
934
919
33
317
935
i
16
810
305
910
918
310

884

300
1176
802
569
1175
867
538
1201
892

899
935
904
923
864
897
S04
891
8838
930
896
324
1071
868
1606
n
117
319
319
909
910
308
917
908

840

180
1194
805
554
1185
870
516
1221
832

00
§35
898
925
863
896
906
890
887
932
888
926
1085
858
1010
522
812
319
918
509
1l
508
918
907

11

1507
802
140

1524
881
01

1568
913

60
934
902
936
308
§30
900
868
848
935
886
930
1438
11

926
506
915
511
908
897
909
918
910

872

1862
802

1885
889

1947
338

361
$34
509
892
152
679

939
m
928

922
904
900
904
904
883
312
318
311

621

13
§28

39
957

19
1055

504
936
312

898
07
846
12
920
914



DEXEC

LoV (kN)
0

POINT A

1A

3A

18

18-§

2B-L°

18-R

3B-M

18

D M (HPa)
DIRECTION

bl
i)
i
Dl
02
i
D1
D2
#

bl
D2
)

D1
D2
i

bl
02
i

0l
02
#

il
02
i

bl
02

01
2

bl
D2

864
897
878
861
896
871
§63
851
§71

381
997
961
381
586
n
979
964
989
1050
994
980
§92
925
982
1020
399
102
948
§35
875
981
999
584

75

Table 4.10 Demec Readings for Specimen 3SK4B

833
857
8§23
§15
853
817
819
862
826

980
997
961
979
987
N
929
963
984
1049
992
m
991
524
980
1017
586
997
346
933
870
382
989
586

100

824
858
829
828
855
§17
§31
859
8126

980
597
960
980
386
N
929
362
984
1049
992
976
391
322
979
1017
985
997
347
932
$70
380
988
985

200

§14
867
821
82
850
818
821
866
§25

979
998
560
580
384
3
528
962
984
1050
991
576
931
322
79
1017
986
397
§47
932
70
979
589
§84

300

804
871
§20
815
864
818
810
§71
825

979
997
960
580
982
375
528
962
9844
1050
591
§77
991
§22
981
11
984
997
948
932
970
§76
988
984

100

191
878
820
808
§71
820
198
880
§25

79
397
959
982
982
$74
928
961
984
1650
931
11
391
$22
981
11
984
597
943
§32
871
975
388
982

500

{

DBMEC READINGS

115
892
821
801
§81
822
185
§89
§24

17
397
957
982
980
975
928
959
985
1050
390
m
991
923
981
1017
984
937
948
330
71
911
388
982

600

4

158
907
§22
188
891
§24
167
306
825

i
97
957
583
§78
975
928
858
984
1050
989
17
491
§22
981
1018
983
997
948
929
970
969
988
981

100

130
936
821
m
915
831
141
931
§18

$74
997
956
986
$14
7
930
956
384
1851
988
978
989
2
581
iy
981
397
949
928
370
968
989
379

800

678
1000
840
139
376
851
692
396
840

13
997
§54
1030
560
1002
930
955
84
1052
985
378
989
19
380
1018
978
938
952
923
971
964
988
§19

893

386
1371
304
502
1350
951
104
1368
504

I
397
954
1257
858
non
4
308
nm
1056
§76
875
I
919
988
1020
969
398
966
915
13
964
988
978

110

1m
923
121
1768
8713
1
1778
926

I
997
955

1014
11
1027
1052
580
N
949
925
986
un
375
994
965
919
973
966
988
979

658

975
986
§56

966
988
980



104D, N
STROEE, volts
STROKE, u

{continued!

104D, N
STROKE, volts
STROKE, &

{continued)
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Table 4.11 Measured Stroke for Specimen 1INK4

0 0 100 200 300 409 500 §16 §32 540 §15
0.0000 0.0000 0.2171 0.3038 0.4085 0.6436 0.9889 1.1285 1.2315  1.3008 1.4312
0.0000 10,0000 1.1608 1.6244 2.1842 3.4413  5.2769  6.0340 6.5847 6.0852 7.6528

818 1 513 53 3t 508 507
L7427 0028 2.0820  2.1276 21777 2.2200  2.2751
9.3180 10.9226 11.1328 11,3761 11.6439 11,9182 12.1647

Table 4.12 Measured Stroke for Specimen 1LK2

0 0 100 200 300 400 500 §21 491 1] 23
0.0000 0.0430 0.1530 0.2037 0.2480 0.2057 0.3843 0.5160 0.6024 0.7072 0.8%45
0.0000 0.2478 0.8426 1.1218 1.3657 L6284 1.9511 2,848 3.31T4 3.8%45  4.9289

07 167 36t
10836 17847 2,104
6.0003 9.8281 11.5904



77

Table 4.13 Measured Stroke for Specimen 2LK4

LOAD, kK 0 0 106 200 300 400 §00 600 100 §00 83
STRORE, woits  0.0000 0.0000 0.6360 0.749% 1.086%  1.4394 17393 1.9189 2.076% 2.230% 2.4183
STROKE, =2 0.0000 0.0000 0.7310 L.4318 3,336 5.6689 7.0238 8.0345 B.9266 .7938 10.8372

49 (Y] 116 708 699 688
(continued) 2,8000 2.8000 2.3000 §.0000 3.1000 3.2000
11,9801 13,0093 13.8740 14,1386 14,7032 15,2678

Table 4.14 Measured Stroke for Specimen 3LK4B

L0AD, kB 0 0 100 200 300 £00 500 600 100 §00 900
SIRORE, volts  0.0000 10,0000 0.1842 0.2789 10,3632 0.4741 0.6179 0.7807 0.9370 1.063% 1.1658
§TROLE, ue 0.0000 0.0000 0.984% 1.4782 1.%420 2.8380 3.3039 41744 5.0101 5.6886 6.233%

1000 10%8 800 728 (LX) 110 §92 619 831 545
(continued) Lal3E 14152 L6781 L.3073  1.9567 2.0452 2.1343 2.2889 2.3%14 2.4301
§.8088  7.3670  8.9727 10,1983 10.4624 10.9356 11.4120 12.0782 12.7867 13.1006



LOAD. ki
STROKE, volts
STROKE, na

{continued)

LOAD, KB
STROKE, volts
STROEE, =n

(continued)
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Table 4.15 Measured Stroke for Specimen 2SK2

§ 0 100 200 300 400 500 559 509 §55 £18
§.0000 0.0000 0.1194 0.1382 0.2793 0.4071 0.606% 0.7063 0.9630 1.1586 1.5000
0.0000 6.0000 0.8742 L1181 L.AT70  2.2986  3.4244 3.9879  B.A3T3 6.541T  8.4693

128 21 £20 421 21 411 {19
15326 1.6017 1.6987 L.7921 1.8876 1.%6%0 2.0261
§.653¢  9.1000 9.5912 10.118% 10.488¢ 111174 11.4397

Table 4.16 Measured Stroke for Specimen 1SK4

0 0 100 200 300 400 500 §00 100 §00 §84
0.0000 0.1368 0.2940 0.3646 0.4196 0.4764 0.8347 0.5968 0.6723 0.7684  (.9056
0.0000 0.7318 L5720 19485 2,2436  2.3473  2.8890 3.1911 35048  £.1086 4.8422

840 124 672 A §24 §2l 816
0.9800 I1.1069 1.2627 1.5610 1.7000 1.%000 2.0000
§.2400 §.9186 6.6981 8.3466 S.08%8 10,1592 10.6939



LOAD, &N
STEOEE, volts
STROKE, a2

{continued}
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Table 4.17 Measured Stroke for Specimen 3SK4B

0
¢.0000
0.0000

110
1.2360
§.9297

¢
0.0000
0.0000

§58
1.4968
§.0033

100
0.16%7
0.9014

§54
16031
§.5717

200
02460
1313

6317
1.6796
§,9808

300
0.3241
1.1329

628
1.7652
§,438%

400
0.4208
2.2800

§20
1.8562
9,9280

560
b. 521
2.820%

614
1,939%
10.3704

600
§.6632
3. 5461

606
2,014
10,7728

100
0.7908
42268

800
0.9137
£.885%

893
1.0790
57654

&
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Table 5.1 Concrete and Drypack Strains for Specimen 1NK4

L V¥V (kN) 0 0 100 200 300 400 500 516 532 540 515 518 511
DEMEC O

POINT A
D M (MPa) 0 4 4 4 4 4 4 4 4 4 4 4 4
DIRECTION MEASURED STRAIN (uE)

ED1 --- 0 -56 -120 -224 -400 -1072 -1552 -2144 -2616 -4376 - -

1A ED2 --- 0 24 56 96 216 896 1376 1976 2488 4424 9960 -
EH -—-=- 0 8 0 -24 -40 -32 ~-16 16 72 216 848 1704

ED1 --- 0 -40 -72 -144 -280 -960 -1432 -2008 -2480 -4256 —— ——

2A ED2 -—= 0 16 56 96 200 832 1344 1928 2440 4320 9704 -
EH --- 0 0 24 8 -8 -16 16 40 80 168 584 1184

ED1 --- 0 -64 -128 -232 -~392 -1064 -1560 -2128 -2624 -4432 - -——

3A ED2 -0 16 48 128 216 840 1320 1904 2392 4224 9472 ——
EH --- 0 -32 ~40 -32 =72 -96 ~-72 -40 -32 -8 232 -160
ED1 --=- 0 0 0 -25 ~-25 -198 -99 -74 -149 -124 -124 -149
1B ED2 -=- 0 25 50 74 74 25 99 99 124 99 124 74
EV --- 0 0 0 0 25 -74 =25 0 ~-74 -99 -149 -223

ED1 -—-- 0 50 198 298 645 2381 3819 5654 7093 12896 29066 —

" 2B ED2 --- 0 -74 -248 -570 -1215 -4489 -6845 -9697 -12053 —— - —
EH -~= 0 -99 -223 -422 -1438 -2034 -2827 ~3373 -5307 -11086 -17062
ED1 --- 0 0 ~-50 -50 -25 -74 25 -25 0 0 149 25
3B-L ED2 -—-- 0 0 74 ~50 0 0 0 ~25 -25 -50 99 0
EH -—- 0 0 0 0 0 50 50 50 25 74 188 50

ED1 --- 0 50 149 248 570 2207 3472 5258 6671 12152 27528 -—-

3B-M ED2 --- 0 -50 -198 -496 -1141 -4390 -6795 -9647 -12078 - -— -—-
EH -0 50 0 -99 -322 -1389 -2083 -2827 -3522 -5654 -14384 -18451

ED1 --=- 0 50 74 25 124 99 99 124 50 74 174 124

3B-R ED2 -—-- 0 0 =25 ~-50 -50 -25 -25 -25 -50 -74 0 -25
EH -~ 0 74 50 50 50 99 99 99 74 99 198 149

ED1 -—— 0 25 174 322 670 2356 3745 5406 6944 12326 27677 -——

4B ED2 --- 0 -174 -372 -794 -1562 -4910 -7440 -10366 -12846 - -—— ———

EH --- 0 0 -50 -50 -422 -1538 -2207 -2976 -3621 -5902 -12326 -—
ED1 --= 0 0 25 -50 -124 -124 -174 -198 -223 -248 -198 -223

5B ED2 -—— 0 0 0 25 25 50 50 50 0 50 25 -25
EH --- 0 0 0 -25 0 -50 -99 -74 -149 -124 -99 -124



DEMEC
POINT

1A

2A

3A

1B

2B-L

2B-R

2B-M

3B-M

3B-R

4B

L V (kN)
0
A
D M (MPa)

DIRECTION

ED1
ED2
EH

ED1

ED2
EH
ED1

ED2
EH

ED1
ED2
EV
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EV

Table 5.2
0 0 100 200 300 400
0 2 2 2 2 2
-—- 0 -80 -184 -280 -424
-—- 0 32 136 232 400
-~ 0 0 8 24 32
-~ 0 -56 -112 -192 -312
-—-= 0 16 80 152 296
--- 0 24 32 56 80
~-- 0 -72 -184 -272 -424
--- 0 16 104 176 328
-~- 0 0 8 48 80
-—- 0 25 -74 -74 -149
--~ 0 50 -25 -25 25
--—- 0 25 -25 -50 -89
--- 0 50 25 50 25
-——- 0 50 25 0 -50
-——- 0 74 50 74 74
-~ 0 25 25 25 0
s 0 0 -25 -50 -74
== 0 0 0 25 25
--== 0 50 74 99 149
.- 0 0 0 -25 -99
-—— 0 25 0 25 74
-—- 0 74 50 74 99
-== 0 99 74 25 50
-~ 0 T4 74 124 124
-~~~ 0 0 0 0 o0
--- 0 -50 -50 -74 -99
-—-—~ 0 0 0 25 0
~-- 0 25 50 74 99
--= 0 -25 -25 -74 -99
-~ 0 0 0o o0 o
--- 0 -50 -74 -124 -174
-—- 0 25 50 25 50
-——-= 0 25 0 -25 -50

81

500 521 491 455 423

MEASURED STRAIN (uE)

-616 -2624 -4008 -5960 -——-
624 4032 5664 7872 11744

88 1128 1384 1592 1864
-496 -2288 -3616 -5592 ——

528 3896 5592 7848 7832
144 1176 1440 1648 1904
-656 -2696 -4072 -6016 -——

584 3872 5584 7792 7712
88 1048 1328 1544 1872

-223 ~223 -198 -198 -174

0 -25 0 50 50
~149 ~-149 -124 -99 -99
99 74 50 50 74
-50 -124 -99 -99 -50
74 25 50 50 50
25 25 -25 25 -50
~124 -248 -248 -174 -174
50 50 25 25 0

248 8978 11482 14458 -——
~422 -3943 -5555 -7093 -——

50 3546 3894 5134 -———
124 5109 6870 9201 -—
-124 -1786 -2629 -2926 ~——
223 3918 5034 6894 -

25 25 -347 50 25
-149 -298 25 -298 -273
0 -50 174 -74 ~74

98 74 -99 74 50
-149 ~-124 -74 -99 -74
0 ~50 0 0 25
-223 -248 -223 ~-198 -198
25 25 74 74 50
-124 -99 -74 -99 -74

407

-174
25
-74

-198
50
-74

367

~124

-74

-174
-25
74

50
-223
74
-74

Concrete and Drypack Strains for Specimen 11K2
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L VvV (kN)

DEMEC ©

POINT

1A

2A

3A

1B

2B-L

2B-R

2B-M

3B-L

3B-R

4B

A
D M (MPa)

DIRECTION

ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH

ED1
ED2
EV
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2Z
EH
ED1
ED2
EH
ED1
ED2
EV

Table

o OO0 00 0o oo

e I -~ T T - B - - B Y I - I — S R A N~ N - T =)

100

808
24

-74

124

-74
-50

~-50
-74

-25

82

5.3 Concrete and Drypack Strains for Specimen

200 300
4 4
-112 -184
0 64

8 8
~88 -120
40 88
0 16
~144 -200
872 928
24 32
-248 -273
~-74 -50
-50 198
50 74
0 -25
-25 -74
25 -50
25 -25
-25 -50
-50 -50
-50 -25
-50 -74
-74 -99
-50 -74
-50 -50
-50 -50
-50 -50
-74 -50
-25 0
-99 -124
-50 -25
-25 -50
-25 0
-25 -25

400

-280
112

-208
112
24
-296
944
40

=372

-74
-74
=25
50
~-124

-74
25
-25

500

MEASURED

~344
144
0
-256
160
40
-368
1008
40

-74
25
74
-124
25
-223
50

-50

600

700

STRAIN (uE)

-480
248
16
-352
248
64
-520
1104
32

-446
25

149

-174
50
-298

-149

-592
400
32
-472
368
104
-672
1288
48

-620

-124
149
-124

-198
-25
25
-174

-149
25
50

-248

-3417

-223

800

-832
632
64
-688
616
160
-960
1608
144

-595
50
-198
198
-174

-50
-124

372
-397
124
99
-322
25

-223
74
99

-273
25

-496
25

-322

839

-2400
2680
360
-2208
2720
576
-2648
3776
512

-620
25
~174
149
-198
-25

-174
25
6225
298
4638
2604
~-148
2133
74
-322
74
124
-273

-422
50
-322

749

-4944
5368
544
~-4680
5480
784
-5152
6512
696

~645
25
-149
149
-149

~149
25
7837
1637
6572
6324
-50
5654
25
-248

149
-585
-174
-422

25
-322

715

8696
632

8832
848

9840
760

~719
-25
-149

-273
-174

99
-670
-248
-446

-322

2LK4

716

-645

-149
149

74
25
-74
25
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Table 5.4 Concrete and Drypack Strains for Specimen 3LK4B

L V (kN) 0 0 100 200 300 400 500 600 700 800 900 1000 1058 800
DEMEC 0O

POINT A

D M(MPa) O 4 4 4 4 4 4 4 4 4 4 4 4 4
DIRECTION MEASURED STRAIN (uE)

EDI  --- 0 -40 -104 -176 -256 -344 -448 -592 -744 -928 -1320 -2848  ---
1A ED2  --- 0 48 72 112 192 264 344 448 648 912 1584 3992 8920
EH ~-- 0 32 -8 32 40 32 24 64 80 144 360 944 1152
EDl  --- 0 -32 -80 -128 -200 -264 -344 -456 -592 -744 -1032 -2536 —--
2a ED2  --- 0 40 48 96 144 200 280 392 560 792 1456 3816 8688
EH === 0 0 -8 16 40 40 64 80 112 192 448 1072 1352
EDI  --- 0 -80 -136 -200 -288 -376 -480 -616 -768 -928 -1344 -3224 -—-
3A ED2  --- 0 -16 40 80 152 232 304 432 632 920 1600 4064 8976
EH --—- 0 8 -8 0 16 8 32 56 72 104 312 768 952
EDl  --- 0 -149 -397 -496 -595 -694 -744 -818 -918 -992 -1017 -1017 -1017
18 ED2 --- 0 0 0 0 0 50 50 50 74 74 93 99 74
EV --- 0 -25 -25 -74 -74  -99  -99 -174 -223 -298 -322 -322 -248
DL  --—- 0 6 0 0 -50  -25 25 74 74 T4 T4 124 124
2B-M EDZ  --- 0 25 25 -25 -25  -74  -74 -124 -198 -248 -273 -546 -694
EH --—- 0 0 0 0o o© 0 25 50 74 99 99 0 -74
EDI  --- 0 0 25 25 25 25 25 50 50 74 99 149 124
2B-L BD2Z --- 0 0 -50 -50 -99  -74 -124  -99 -149 -273 -397 -496 -347
EH -—- 0 25 25 50 50 74 99 99 149 149 198 174
EDl  --- 0 25 0 25 50 50 25 50 99 149 1637 9945 ---
2B-R ED2  --- 0 -25 -25 -25 -25 0 0  -50 -149 -273 -595 -4712  ---
EH -—-—~ 0 25 0 0 25 25 25 25 50 74 967 2654 ---
EDI  --=- 0 0 0 25 25 25 50 74 124 149 174 6324 17509
3B-M EP2 --- 0 0 -25 -25 -50  -25  -74  -99 -223 -397 -620 -1488 ~-546
EH --= 0 -25 -25 -25 -25  -25  -25 0 0 0 93 3050 5010
EDL  --- 0 -25 -25 0 0 0 0 0 25 25 74 124 50
3B-L ED2  --- 0 -25 25 0 0 0 -25  -50 -99 -149 -322 -521 -347
EH --—- 0 0 0 o0 25 25 50 74 99 124 124 124 124
EDI  --- 0 -50 -25 0 0 25 25 74 124 149 174 149 124
3B-R ED2 --- 0 -50 -50 -74 -124  -99 -149 -248 -298 -372 -496 -744 -2158
EH -—-- 0 -25 -25 0 0 25 25 50 74 124 149 25 25
EDI  ~--- 0 -50 -50 -74 -99  -99 -124 -198 -248 -322 -372 -372 -298
4B ED2 --- 0 0 0 -25 -25 25 25 25 50 25 25 25 25
EV -——- 0 0 0 25 0 0 -25  -74 -149 -198 -273 -273 -149




DEMEC
POINT

1A

2A

3A

1B

2B-L

2B-R

2B-M

3B-M

3B-L

4B

Table 5.5

L V (kN)
o}
A
D M (MPa)

DIRECTION

ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH

ED1
ED2
EV
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED}
ED2
EH
ED1
ED2
EVY

0

0
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Concrete and Drypack Strains for Specimen 2SK2

o 00 o0 o 0o o 0

[~ =R~ - - - - I I T = B — T — B - T~ Y - T - T = S~ R - I~ T - T - T -

100

-200
-224
-280
-144
-224
-256
-176
-168
-232

-50
124

124

-50

200

~304
-176
~296
-216
-160
-248
-288
-104
-240

-124

0

50
-99
0
-124

300

~448
~72
-280
-296
-56
-240
-456
16
-232

-149

-124
0

50
-124
0

25
~25
25
-198
74
-198

400

-624
128
-264
~416
112
-216
-608
200
-208

-149

~149
25

-223
25
-25
-74
-50
-273
50
-322

509 456

MEASURED STRAIN (uE)

-920
528
-176
-560
440
-40
-904
544
-168

-174
99
-174
50
-99
0

25
-50
0
-50
74
25
446
-223
273
~50
-372
50
50
-99

~372
50
-322

-1600
1904
344
-1112
1720
504
-1680
1768
200

-298
74
~248
25
-124
25
50
-273
-74
-223
273
174
2302
-397
1885
124
-595
124
124
-273
-74
-223
~198
-347

-2960 -5312
4312 7856
1096 1968

-2504 -4936
4096 7560
1216 1944

~-3144 -5736
4064 7384

800 1376

-223 -298
74 99
25 =223

149 0
-25 -74
99 124
124 25
-372 -174
-74 25

3249 13020
50 3417

4687 11507

5183 9945
74 124

3199 6969

-322 -—

-3174 ———

-223 -

-843 -2430
-620 -3075
-322 -397

124 74
-322 -322

418

-223
74
-198



DEMEC
POINT

1A

2A

3A

1B

2B-L

2B-R

2B-M

3B-M

3B-L

4B

L V (kN)
0

A

D M (MPa)

DIRECTION

ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH

ED1
ED2
EV
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EH
ED1
ED2
EV

0

0

Table 5.6
0 100 200
4 4 4
0 -80 -200
0 40 24
0 o -8
0 -40 -112
0 32 72
0 16 16
0 -64 -136
0 48 72
0 0 0
0 50 124
0 0 99
0 0 25
0 25 50
0 25 50
0 50 50
0 149 50
0 25 25
0 50 74
0 99 248
0 50 124
0 25 124
[V} 74 149
0 74 124
0 74 124
0 74 149
0 50 99
0 25 124
0 74 1174
0 -99 -50
0 74 124
0 74 124
0 50 99
0 25 50
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Concrete and Drypack Strains for

300

-360
152
~40

-216
136

-256
136

74
99
149
50
25
74
74

50
99
99
124
124
124
99
124
74
124
149

124
74
74

400 500
4 4
MEASURED

-544 -744
224 344
-56 -80
~328 -464
224 344
16 16
-400 -552
256 368
-8 8
0 -74
99 74
99 50
50 50
=25 0
25 50
74 74
=25 -99
50 50
99 174
99 124
74 50
99 99
99 99
74 74
99 124
50 25
124 124
174 174
~-99 -148
124 149
99 0
99 124
-74 -223

600

700

STRAIN (ul)

~-960
560
-88
~600
472
56
-1704
504
-8

-149

-124
25
25
99

-25
50
74
74
99

0

124

174

-174

174

0
74
-794

-1224
704
-88

-744
640
88
-896
672
16

-198
99
~1988
50
-223

25
-124
25
50
174
50
74
99
74
124
-50
149
248
~-198
198
-25
99
~868

800

-1592
1128
-56
-952
992
192
-1144
1032
112

-223
124
~-124
273
-471
0

25
-149
50

0
149
25
719
124
496
174
-124
198
248
-223
248
-50
124
-918

884

-2984
2512
-16
-1992
2600
560
-2296
2656
472

-248
124
-223
372
-1017
-74
124
-496
=25
248
~-570
174
4117
~-1141
2306
298
-570
248
322
-248
372
-99
99
-967

Specimen 1SK4

840

~-3144
2656
8
-2112
2680
584
-24172
2816
472

-223
124
-372
422
-1042
~99
174
-521
-50
298
~769
223
4464
-1389
2406
298
-694
248
298
-248
397
-99
124
-992

724

5160
~16
-4624
5392
672
~-4992
5592
640

~223
99
-273
694
74
744
25
-1066
~1017
372
-2802
322
13218
~74
397
-843
149
124
-273
50
-74
124
-918

672

8000
~16

8280
736

8624
840

-198

621

-6632
192

-64388
1280
-6640
1776
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Table 5.7 Concrete and Drypack Strains for Specimen 3SK4B

L V (kN) 0 0 100 200 300 400 500 600 700 800 893 710 658
DEMEC ©

POINT A

D M (MPa) 0 4 4 4 4 4 4 4 4 4 4 4 4
DIRECTION MEASURED STRAIN (uE) i

ED1 -—— 0 -72 -152 -232 -336 -464 -600 -824 -1240 ~3576 -~  —=-
1A ED2 -0 8 80 112 168 280 400 632 1144 4112 7360 ---
EH --- 0 =24 -16 -24 -24 -8 -8 32 136 648 800 ---
ED} --- 0 -56 -88 -160 -216 -272 -376 520 -768 -2664 -5712 ---
2a ED2 --- 0 16 56 88 144 224 304 496 984 3976 7320 ---
EH -0 0 8 8 24 40 56 112 272 1072 1248  ---
ED1 --- 0 -64 -144 -232 -328 -432 -576 -784 -1176 -3480 -6528 ---
3A ED2 -—- 0 -24 32 72 144 216 352 552 1072 4048 7328 ~--
EH -— 0 0 -8 -8 -8 -16 -8 16 112 624 800 ---
ED1 -— 0 0 -25 -25 -25 ~74 -74 -149 -174 -149 -149 -124
1B ED2 - 0 0 25 0 0 0 0 0 0 0 0 -273
EV -——= 0 -25 -25 =25 <50 -89 -99 -124 -174 -174 -149 -124
ED1 --- 0 25 25 25 14 74 99 174 1265 6894 ---  ---
2B-M ED2 --- 0 -25 -74 -124 -124 -174 -223 -322 -670 -3199 - ~a-
EH - 0 0 -25 25 0 25 25 74 694 2554 ~=-  w--
ED1 -—- 0 0 -25 -25 -25 -25 -25 25 25 372 2108 ---
2B-L ED2 --- 0 =25 -25 .25 50 -99 -124 -174 -198 -1364 -1042 ---
EH -— 0 0 0 0 0 25 0 0 0 -174 1066 ---
ED1 -— 0 0 25 25 25 25 25 50 74 174 74 ---
2B-R ED2 “—— 0 0 -25 -25 -25 -50 ~-74 -99 -174 -397 -298  ---
EH --—- 0 =25 =25 ] 0 0 0 25 25 -50 -74 ---
ED1 - 0 0 0 0 ] 0 0 -50 -50 -422 -1042  ---
3B-M ED2 --= 0 =50 -50 =50 -50 -25 -50 -50 -124 -124 25  ---
EH --- 0 =25 -25 25 25 25 25 25 0 198 149 ---
ED1 - 0 0 0 0 0 0 25 0 25 74 0 ---
3B-L ED2 -—— 0 =25 0 -50 -50 -50 -74 -124 -198 -422 -273 ---
EH ~—— 0 0 0 0 0 ] ] 0 25 25 74 ---
ED1 --~ 0 25 25 50 50 50 50 74 149 496 471 -
3B-R ED2 wm= 0 -25 -25 -25 25 ~-74 -99  -124 -248 -446 -347 ---
EH -—— 0 0 0 0 25 25 0 0 25 74 74 ---
ED1 --= 0 ~50 -74 -149 -174 -273  -322 -347 -446 -446 -397 -397
4B ED2 --—- 0 -25 0 -25 -25 -25 -25 0 -25 -25 -25 -25
EV --- 0 -25 -50 -50 -~99 -99  -124 -174 -174 -198 -174 -149




DEMEC
POINT

1A

2A

3A

1B

2B

3B-1L

3B-M

3B-R

4B

5B

Table 5.8

L V (kN)
o
A
D M (MPa)

DIRECTION

El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE

El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE

0

0
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0
0

0
0

100 200
4 4
31 62
-63 -126
60 55
18 64
-42 -80
57 58
17 48
-65 -128
39 45
30 60
-5 -10
23 23
51 210
-76 -260
129 144
0 76

0 -51
--- 39
70 151
-70 -200
113 131
80 80
-31 =31
103 122
50 178
-198 -376
--~ 117 130
Q 30

0 -5
--- 157

300

101
-229
52
100
-148
52
129
~-233
48

80

32
306
-579
141

249
-497
133
60
-85
105
353
-824
126
27
-52
36

400

500

516

532

PRINCIPAL CONCRETE STRAINS

220
~-404
50
202
~282
49
216
-392
47

67
571
-1142
136
125
-50
131
670
-1563
134
40
-139
62

898
~-1074
47
833
-961
417
840
-1064
45

25
-199
48
2402
-4510
138
57
-132
78
2221
~4403
138
125
-50
113
2365
-4920
137
50
-125
41

1378
-1554
46
1345
-1433
46
1321
-1561
46

102
-102
38
3845
-6870
138
52
~-27
99
3489
-6812
137
125
-50
113
3756
~-7452
137
56
-180
36

1978
-2146
46
1930
-2010
46
1905
-2129
46

100
-15
41
5697
-9739
138
50

5422
-10382
137

50
-198
45

(uE)

2492
-2620
47
2442
-2482
46
2393
-2625
46

137
-162
33
7134
-12094
138

27

-52

99
6707
-12113
1317

89

107
6967
-12869
137

-229
36

4428
-4380
46
4322
-4258
46
4225
-4433
46

129
-154

-199
42

511

-223
45
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Table 5.9 Principal Strains and Crack Orientation for Specimen 1LK2

L V (kN) 0 0 100 200 300 400 500 521 491 455 423 407 367 361
DEMEC O
POINT A

D M (MPa) 0 2 2 2 2 2 2 2 2 2 2 2 2 2

DIRECTION PRINCIPAL CONCRETE STRAINS (uE)

El - 0 37 139 236 402 630 4059 5696 7901 —— - .- -~

1A E2 -— 0 -85 -187 -284 ~-426 -622 -2651 -4040 -5989 -— - ——— -

ANGLE === === 57 51 50 48 49 49 48 48 -—- ——— --- -——

El -—- 0 37 91 168 308 544 3918 5614 17868 --- ——— -— -—-

2A E2 - 0 -77 -123 -208 -324 -512 -2310 -3638 -5612 -—- -— -——— -——-

ANGLE -——— --- 70 58 57 53 52 48 48 47 -—- -—- ——— -

El - 0 24 112 196 349 596 3904 5618 7823 -——- -—— -—— -

3A E2 -— 0 -80 -192 -292 -445 -668 -2728 -4106 -6047 -— --- -—— -—-

ANGLE == === 61 54 57 54 51 49 48 48 -——- - --- ———

El --- 0 55 -15 =25 -24 6 -22 3 52 56 25 1 -

1B E2 -—- 0 20 -85 -74 -150 -229 -226 -201 -201 -180 -174 -125 -——-

ANGLE ———-  --- 23 67 45 39 36 38 38 39 36 45 39 -

El --- 0 T4 50 80 82 114 86 80 80 85 60 85 95

2B-L E2 -—- 0 25 0 -31 -107 -65 -136 -130 -130 -60 -85 -60 -45

ANGLE I R Lk 102 118 122 113 113 120 120 120 113

El -— 0 30 25 40 35 74 100 60 66 16 15 26 50

2B-R E2 —— 0 -5 -25 -65 -110 -174 -323 -332 -215 -239 -164 -100 -99

ANGLE -~~~ =--= 157 135 113 105 108 110 107 113 105 107 96 -—-

El - 0 50 90 100 158 275 9059 11533 14556 -——— -——- -—— ———

2B-M E2 -—- 0 0 -15 -26 -109 -448 -4025 -5606 -7190 --- -——- ——— .-

ANGLE --~ =--=- 135 157 141 124 124 130 132 131 —— -—- - ---

El -—— 0 104 80 128 130 255 5782 7692 10270 - -—— - -—

3B-M E2 -— 0 69 44 -29 19 -255 -2459 -3452 -3996 -—- - -—- -——

ANGLE --— -=-- 23 67 99 103 105 118 119 119 -——- - -——- ---

El - 0 10 10 35 21 45 47 222 57 33 100 37 10

3B-L E2 -—= 0 -60 -60 -110 ~120 -169 -319 -544 -305 -281 -224 -185 ~-134

ANGLE ==~ =--= 113 113 105 113 117 121 75 127 126 133 122 120

El -——— 0 25 52 74 93 102 71 1 75 60 85 76 80

3B-R E2 -— 0 -25 -27 -74 ~99 -151 -127 -174 -100 -85 -60 -2 -31

ANGLE -=- ~-=-- 135 144 135 135 128 142 86 131 120 120 126 103

El -— 0 40 51 29 50 27 25 74 79 50 50 74 -

4B E2 - 0 -65 -76 -128 -174 -226 -249 -223 -203 -198 -198 -223 -

ANGLE ---  --=- 67 51 54 48 39 43 45 317 45 45 45 ———



DEMEC
POINT

1A

2A

3A

1B

2B-L

2B-R

3B-L

3B-R

4B

89

Table 5.10 Principal Strains and Crack Orientation for Specimen 2LK4&4

L V (kN)
o]
A
D ™ (MPa)

DIRECTION

El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE

El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE

0

0

100

-97
85
16

-40
43

930

-186
26

35
-110
75
26
-100

26
-100

~69
~-104
23

-126
81
-64
~134

200 300
4 4

29 81
-141 -201
69 59
14 93
-92 -125
55 54
975 1018
-247 -290
28 30
-20 215
-303 -538
71 81
80 136
-31 -86
167 167
74 -20
-25 <-55
--- 23
-50 2
~-50 -76
-—— 9
-44 -48
-80 -126
67 81
-25 -50
-74 -50
-23 10
-101 -134
126 120
~-25 0
-25 =50
--~ 45

400

600

700

PRINCIPAL CONCRETE STRAINS

126
-294
56
127
~223
57
1006
-358
33

30
-427
65
75
-100
157
-25
-74
26
-100
174
-44
-80
23
-25
-124

57
-132
123
25
-74
45

164
~364
56
178
-274
56
1063
-423
34

65
-462

113
55
-55
167
10

113
26
-150
94
86
-136
122
55
-228
53

271
-503
55
270
-374
56
1145
-561
36

-100
157
10
-134
105
40
-139
107
96
-220
113

-298
45

416
-608
52
396
-500
55
1322
-706
38

35
-680
62
162
-137
147
31

103
79
-203
127
50
-198
117
50
-198
108
80
-278
118

-354
317

800

(uk)

650
-850
51
645
~717
53
1621
-973
41

58
~-604
51
208
-184
144
-14
-159
105
395
-420
125
138
-363
119
105
-329
105
130
-304
120
39
-510
36

839

2690
-2410
47
2741
-2229
49
3776
-2648
45

48
-643
56
149
-198
135
55
-228
109
6529
-6
123
2875
-420
118
157
-405
113
137
-286
125
86
~-458
30

749

5379
-4955
47
5494
-4694
47
6512
-5152
45

62
-682
58
148
-149
135
50
-198
108
8339
1134
120
7198
-924
116
50
-273
119
152
-598
131
57
-454
30

-273
135
101

~-671
132

21
-467
33

-689

126




DEMEC

Table 5.11 Principal Strains and Crack Orientation for Specimen 3LK4B

L V (kN)

0

POINT A

1A

2A

3A

1B

'2B-M

2B-L

2B-R

3B-L

3B-R

4B

D M (MPa)

DIRECTION

ANGLE

El
B2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE

0

0

4] 100
4 4
0 56
0 -48
-——— 61
[} 40
0 -32
-——- 42
0 16
0 -112
-~ 75
0 15
0 -164
- 62
0 30
0 -5
- 23
0 0
0 0
0 35
0 -35
--- 113
0 25
0 -25
0 0
0 ~50
] -25
0 -74
0 10
0 -60
-—— 67

200

72
~104
48
48

49
49
~-145
57

65
-462
66
30

23
40
-65
113

113
10
-60
67

300

126
~-190
57
100
~-132
53
92
-212
57

55
-551

113

40
-65
113

25
-25
135

35
-35
157

113
29
-128
81

400

90

500

600

700

PRINCIPAL CONCRETE STRAINS

203
-267
54
157
-213
56
167
-303
55

74
-670
63

2
~76
81
69
-144
108
52

126
27
-52
144
25
-25

26
-150
113
10
-134
75

272
-352
52
211

-2175

54
242
-386
52

111
-756
60

-105
103
65
-114
107
50

135

35
-35
157

-125
113
35
-110
60

351
-455
50
294
-358
54
322
-498
54

121
-815
61
45
-95
113
95
-194
105
30
-5
113
51

141
51
-6
96
61
-185
113
29
-128
54

465
-609
52
407
-471
52
452
-636
53

98
-867
58
99
-149
117
120
-169
105
55

122
75
-100
131
77
-127
97
124
-298
115
25
-199
48

800

(upk)

660
-756
50
574
-606
51
646
-782
51

113
-956
56
131
-255
113
129
-228
107
120
-169
120
131
-230
127
113
-187
102
179
~-352
116
58
-256
36

900

924
-940
50
810
-762
51
926
-934
48

98
-1016
53
159
-333
110
204
-402
107
189
-313
118
176
-424
123
143
-267
103
240
-463
114
32
-329
317

1000

1602
-1338
49
1478
-1054
50
1611
-1355
49

116
-1033
52
164
-363
111
239
-536
110
1723
-681
124
288
-734
115
194
-442
109
295
-617
114
48
~395
32

1058

4012
-2868
48
3845
-2565
49
4081
-3241
48

116
-1033
52
185
-606
119
319
-666
110
9945
-4712
135
6375
-1539
130
258
-654
113
253
-848
117
48
-395
32

800
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Table 5.12 Principal Strains and Crack Orientation for Specimen 2SK2

L V (kN) 0 4] 100 200 300 400 500 559 509 456 418

DEMEC O
POINT A
b M (MPa) 0 2 2 2 2 2 2 2 2 2 2
DIRECTION PRINCIPAL CONCRETE STRAINS (uE)

El - 0 -143 -155 -T71 128 528 1914 4336 17893 -—-
1A E2 -— 0 -281 -325 -449 -624 -920 -1610 -2984 -5349 -——
ANGLE --- === 175 24 42 44 46 48 48 48 -——
El --- 0 -102 -122 -4¢ 120 440 1734 4123 7592 -——
2A E2 - 0 -266 -254 -312 -424 -560 -1126 -2531 -4968 -——
ANGLE --- -~= 165 13 31 38 46 49 49 48 -——
£1 -—— 0 -112 -94 16 200 544 1775 4080 7407 -
3A E2 -—- 0 -232 -298 -456 -608 -904 -1687 -3160 -5759 ———
ANGLE -——— === 2 32 44 45 45 48 48 47 -——
El ——— 0 144 59 80 108 156 119 104 135 119
1B E2 -— 0 -69 -208 -155 -208 -230 -342 -253 -333 -268
ANGLE ——— —e- 27 101 36 71 23 27 62 29 25
El -——— 0 50 35 25 50 54 56 156 128 76
2B-L E2 -— 0 -50 -110 -25 -125 -103 ~-155 -32 -203 -51
ANGLE ——— me— —-- 75 135 94 126 113 123 96 96
El -——- 0 185 51 144 -23 27 54 129 66 -24
2B-R E2 -— 0 -37 -76 -69 -101 -52 =277 -377 -215 -150
ANGLE -~- =--- 187 174 162 99 126 129 129 113 96
El -— 0 30 50 30 27 76 314 5083 14647 -——
2B-M E2 —— 0 -5 -50 -5 -52 -51 -264 -1784 -1280 -—-
ANGLE ——— —-- 23 --- 67 54 51 60 104 116 -—-
El -—- 0 50 31 3 50 483 3019 5246 10312 -—-
3B-M E2 - 0 0 -80 -201 -198 -260 -514 11 -243 ——-
ANGLE --- --- 135 103 97 108 122 125 129 124 ——
El -——- 0 1 26 57 65 95 273 340 -——- -——
3B-~-L E2 - 0 -125 -150 -132 -288 -517 ~-744 -3836 --- ——
ANGLE ——— w-- 84 94 123 110 106 113 112 -—— -
El -—- 0 27 60 35 ~-25 54 124 44 593 -
3B-R E2 -—— 0 -52 -10 -35 -74 -103 -273 -888 -3371 -——-
ANGLE ——— - 99 113 113 135 126 135 148 164 -
El -— 0 0 40 131 154 104 ~-74 216 124 15
4B E2 - 0 -50 -139 -255 -377 ~-427 -348 -415 -447 -487

ANGLE me-  emm ee- 17 23 19 26 3 23 28 35
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Table 5.13 Principal Strains and Crack Orientation for Specimen 1SK4

L Vv (kN) 0 0 100 200 300 400 500 600 700 800 884 840 724 672 621
DEMEC ©

POINT A

D M (MPa) ] 4 4 4 1 4 4 4 4 4 4 4 4 4 4
DIRECTION PRINCIPAL CONCRETE STRAINS (uE)

El ——- 0 43 50 160 238 357 568 719 1139 2521 2667 -——- -—- -
1A E2 - 0 -83 -226 -368 -558 -757 -968 -1239 -1603 -2993 -3155 ——— -—- ———
ANGLE -==- ~-- 54 63 52 53 51 49 50 49 417 417 -——- —— -—-
El -— 0 317 79 142 232 351 485 654 1007 2614 2699 5400 -— -——
2A E2 -—— 0 -45 -119 -222 -336 -471 -613 -758 -967 -2006 -2131 -4632 --- -——
ANGLE —-- --- 60 56 53 52 50 51 51 50 48 49 47 - -
El -—- 0 49 77 143 262 3179 511 682 1045 2673 2833 5603 ——— -
3A E2 - 0 -65 -141 -263 -406 -563 -711 -906 -1157 -2313 -2489 -5003 --- ———
ANGLE --=- ~-~= 49 54 52 51 51 49 50 49 48 48 47 -~ -
El -—- 0 60 199 150 120 89 90 161 139 184 317 203 107 154
1B B2 —-— 0 -10 24 24 -21 -89 -165 -260 -238 ~308 -416 -327 -206 -129
ANGLE --- --- 157 176 84 67 62 30 23 33 25 14 19 36 317
El -——— 0 50 50 76 52 60 31 75 286 415 451 859 1692 -—-
2B-L E2 -—— 0 0 50 -2 =27 -10 -180 -248 -484 -1060 -1071 -90 -5883 -—-
ANGLE mm= mm- eee -e- 99 126 113 113 119 128 125 127 110 167 -——
El -——- 0 159 76 76 80 94 69 56 79 163 185 2117 -— -——
2B-R E2 - 0 14 -2 -2 -31 -119 -144 -155 -203 ~-535 -542 -1258 -— -—
ANGLE --- === 150 99 126 122 117 117 113 109 121 125 156 -—— -
El -—- 0 130 274 124 124 251 156 199 164 368 468 995 1187 -—
2B-M E2 -—— 0 19 98 74 74 47 -32 24 -15 -690 -939 -3425 -4361 —-——-
ANGLE --=- =~~~ 167 157 - e—— 173 12 23 28 115 115 113 114 -—
El --- 0 74 154 149 124 124 80 104 728 4241 4590 -—- -— ---
3B-M B2 ~——— 0 74 119 99 74 74 44 69 115 -1265 -1515 --- ——— -—-
ANGLE —== —e=  --- 157 ——— m=- ~—— 67 23 128 126 127 -—- - -—
El -——— 0 101 149 134 130 145 138 179 253 443 469 500 302 -—
3B-L E2 -—— 0 23 99 64 19 4 -40 -104 -204 -716 -866 -946 -897 -——
ANGLE --- =-=-- 171 135 113 103 113 107 109 110 114 114 120 131 ———
El -— 0 110 190 184 199 224 246 308 346 477 4186 160 -28 720
3B-R E2 -—— 0 -135 -66 -134 -124 -199 ~246 -258 ~-321 -403 -437 -308 -394 -1216
ANGLE --- =--- 113 120 116 119 115 113 116 113 110 108 119 149 179
El -—- 0 101 175 149 273 354 869 945 996 972 1023 972 1019 996
4B E2 -——- 0 23 48 0 -74 -230 -794 -870 -922 -972 -998 -923 -895 -823

ANGLE --= === 171 174 L L 6 1 2 3 3 3 3 2 3
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Table 5.14 Principal Strains and Crack Orientation

L
DEMEC O
POINT A

D M (MPa)

DIRECTION

1A

2A

3A

1B

2B-M

2B-L

2B-R

3B-M

4B

vV (kN)

ANGLE

El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE
El
E2
ANGLE

0

0

100 200
4 4
9 82
-73 -154
51 50
21 60
-61 -92
60 54
4 44
-92 -156
78 59
25 35
-25 =35
--- 23
25 25
-25 -74
135 135
5 0
-30 -50
113 -—
25 35
-25 =35
--~ 157
0 0
-50 -50
135 135
5 0
-30 0
113
25 25
-25 -25
135 135
-20 2
-55 -76
67 36

300

116
-236
51
96
-168
55
88
-248
58

5
-30
23
56
-155
113
1]
-50

25
-25
135

31
-80
103

10
-60

—-- 113

52
-217
144
-14

-159

60

400

500

600

700

PRINCIPAL CONCRETE STRAINS

175
-343
52
154
-226
54
159
~-343
55

~-52
9
171
-127
128
2
-76
99
25
-25
135
31
-80
103
10
-60
113
52
=217
126
-25
-174
45

289
-473
51
232
-280
52
229
~-445
53

35
-110
15
95
-194
120
32
-156
102
217
~-52
126
27
-52
99
10
-60
113
60
-85
120
-15
-282
56

408
-608
50
316
-388
53
364
-588
51

35
-110
15
121
-245
121
15
-164
107
31

122
31
-80
103
31

122
54
-103
126
-17
-330
54

643
-835
50
511
-535
52
565
-7917
51

15
-164
28
215
~-364
120
50
-198
117
65
-114
118
25
-124

26
-150
113
77
-127
128

~-347
45

for Specimen 3SK4B

800

(ug)

1158
-1254
49
999
-783
50
1084
-1188
49

36
-210
23
1343
-748
124
55
-228
116
95
-194
120

-181
102
71
~245
113
162
-261
125
-16
-455
53

893

4131
-3595
48
4002
~2690
49
4063
-3495
48

50

-198

18

6944
-3248
131

-1422
125
180

-403
129

221
-767
81
144
-491
116

499
-449

132

-22
-450
50

710

~286
123
471
-347
134
-21
~-400
51

658

-304
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Table 5.15 Average Shear Slip and Dilation for Specimen 1NK&4

LOAD, kN 0 100 200 300 £00 500 316 32 4l Y It
AVG. SEIP, nm 0.0000 0.0072 0.0181 0.0324 0.0662 0.2515 0.3%15 0.5576  0.69% 0.69%6 1.227%
STA. 1A-DILATION, wn 0.0000 -0.0023 -0.0045 -0.0091 -0.0130 -0.0127 -0.0129 -0.0026 -0.0102 0.0003  ---
STA. 2A-DILATION, mx 0.0000 -0.0017 -0.0011 -0.0034 -0.0057 -0.0092 -0.0066 -0.006¢ -0.0039 0.0016  ---
STA. JA-DILATION, mn 0.0000 -0.0017 -0.0011 -0.0034 -0.0057 -0.0092 -0.0066 -0.006¢ -0.0039 0.001  ---

3t sl 513 513 §10 508 507
L8330 LASTT O LT078 49517 5.2190  5.4933  5.7398
(continued) --- --- .- -~ - --- -

Table 5.16 Average Shear Slip and Dilation for Specimen 1LK2

LOAD, kB 0 100 200 300 400 §00 52l 1 55 23 {07
AVG. SLIP, ma 0.0000 0.0091 0.0305 0.0836 0.0948 0.1567 1.0058 1.4563 2.0706 2.3904 3.4648
ST 1A-DILATION, a 0.0000 -0.0034 -0.0033 -0.0032 -0.0014 0.0009 0.1002 0.1170 01330 0.4026 0.6846
STA. IA-DILATION, sw 0.0000 -0.0028 -0.0023 -0.0028 -0.0012 0.0022 0.1120 0.1363 0.1505 0.0185  ---
STA. 3A-DILATION, e 0.0000 -0.0028 -0.0023 -0.0028 -0.0012 0.0022 0.1120 0.1363 0.1525 0.0785  ---

367 361
1.2928  9.0548
(continued) --- —--



Table 5.

LOAD, k¥

AYG, SLIP, =

$Th. TA-DILATION, ua
STA. 2A-DILATION, wm
STA. JA-DILATION, ma

(continued)

Table 5.

L0AD, kA

VG, SLIP, mm

STA, IA-DILATION, wa
STA. 2A-DILATION, ma
STA. JA-DILATION, me

(continzed)

95

17 Average Shear Slip and Dilation for Specimen 2LK&4

0
0.0600
0.0000
0.0000
0.0000

100
0.021%
-0.0634
-0.0011
-0.0017

200
0.0313
-0.064
-0.0034
-0.0034

300
0.0458
-0.0681
~0.0023
-0.0023

400
0.0830
-0.0685
-0.0068
-0.0068

706
3.7630

699
£33

688
£,8983

118
2.6398

118
3.2044

18 Average Shear Slip and

300
0.0317
-0.0045
-0.0021
-0.0023

400
00484
-0.0046
-0.0040
-0.0040

0
0.0000
¢.0000
0.0000
0.0000

100
0.011%
0.0006
0.0006
0.0008

200
0.0181
-0.0023
-0.0023
-0.0023

800
2.4143

128
3.6399

¥
3.8040

(U
£,3172

1058
1.0088
0.0789
0.0888
f.0889

$00
0.0718
-0.0708
-0.0068
-0.0068

100
0.13%4
-0.0703
-0.0074
-0.0074

§00
0.2027
-0.0709
-0.00%2
-0.0082

819
6.7537
-0.0381
0.0351
0.0351

600
00994
-0.0731
-0.007¢
-0.0074

Dilation for Specimen 3LK4B

800
8.1708
-0.0069
-0.0023
-0.0023

300
02334
-0.0013
0.0633
0.0033

500
0.0675
-0.0087
-0.0045
-0.0045

§00
0.0907
-0.0074
-0.0046
-0.0046

100
0.1226
-0.0103
-0.0046
-0.0046

645
§.5422

632
£.8536

875
5.5198

§81
§.2283

143
1.§106
0.0312
0.0823
0.0823

1000
0.3817
g.0182
0.0297
0.0297



Table 5

LOAD, k§

AVG, SLIP, »a

STA. 1A-DILATIOR, um
3TA. ZA-DILATION, =8
STA. JA-DILATION, s

{continued)

Table 5.

LOAD, R

AYG, SLIP, ma

8T4. 1A-DILATICE, ua
STA. 2A-DILATION, ue
STA. JA-DILATION, un

{continued)

0
£.0000
§.0000
1.0000
£.0000

{21
£,5601

20 Average Shear Slip and Dilation for Specimen 1S5Ké4

0
§.0000
0.0000
0.0000
8.0000

124
1.4708
0.0506
1.0506

100
-0.0168
-0.0108
-0.0260
-0.0260

120
§.0813

100
0.0111
-0.0028
-0.0006
-0. 0006

§72
2.2504

200
00015
-0.0147
-0.0266
-0.0266

§21
§.3786

200
9.0219
-0.012%
-0.0028
-0.0028

§21
3.8988

300
0.0307
-0.0176
-0.0249
-0.0249

£23
§.9485

300
§.0486
-0.0148
-0.0087
-0.0087

f2¢
£.6421

96

400
0.0784
-0.0159
-0.0218
-0.0218

{21
§.5174

100
0.0758
-0.0221
-0.0074
-0.0074

f21
§.7118

500
0.1669
-0.0086
-0.0088
-0.0086

413
§.8998

§00
g. 1124
-0, 0284
-0.008%
-0.0085

516
§.2462

883
0.4872
0.0402
0.0424
80424

600
0.1573
-0.028%
-0.0091
-0.0081

509
1.0312
§.1127
0.1103
0.1103

100
0.2042
-0.0311
-0.0074
-0.0074

£56
2.0018
0.1928
0.1786
0.1786

§00
0.3028
-0.0334
¢.0027
0.0021

.19 Average Shear Slip and Dilation for Specimen 2SK2

£18
3.9294

884
0.7096
-0.03%0
0.0422
0.0422

428
{1134

g0
0.740%
-0.0363
§.0393
0,0393
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Table 5.21 Average Shear Slip and Dilation for Specimen 2SK4B

LOAD, kR 0
A¥G. SLIP, mm 0.0000
STA. 1A-DIGATION, sx 0.0000
STA. 2A-DILATION, wx 0.0000
§TA. JA-DILATTON, as 0.0000

§58
3.0304
{continued) ---

100
0.0072
-0.0043
-0.0028
-0.0028

654
3.5968

200
0.0213
-0.0051
-0.0023
-0.0023

§31
£,0078

300
0,033¢
-0.0085
-0.6051
-0.0081

528
44655

£00
0.0503
-0.0113
-0.005!
-0.0051

620
£.9821

§00
0.0752
-0.0130
-0.0034
-0.0034

614
§.387%

§00
0. 1031
-0.0142
-0.0081
-0.0081

100
0.1588
-0.0137
-0.0017
-0.0017

800
0.285%
-0.0070
0.0151
0.0151

§33
1.0629
0.03%7
0,011
0.0%1

10
19567
0.1078
0.1076



Table 6.1 Predicted Cracking Shear Ioad

98

Cracking shear load, kN
Specimen | Model I | Model II | Test
1IR2 632 530 569
2IXK4 931 727 867
31KX4B 931 727 1000
2SK2 580 490 559
1SK4 882 701 884
3SK4B 882 701 893
SP25% 1101 1059 1300

* specimen from a previous study [3)]
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Table 6.2 Drypack Compressive Strength Reduction Factors

Reduction Factor,y

Specimen | Equation (6.18) | Equation (6.20)

1IK2 0.7064 0.6787
2IK4 0.8200 0.7565
31K4B 1.7718 0.9382
25K2 0.6257 0.6620
1SK4 0.7800 0.8048

3SK4B 1.0155 1.000
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Table 6.3 Predicted Shear Capacity Immediately After Cracking

Shear capacity immediately
after cracking, kN
Specimen - Model Test*
1IK2 569 569
21K4 813 867
3IK4B 813 1058
2SK2 598 559
1SK4 843 884
3SK4B 843 893
SP25%% 1018 1527

* maximm load

** specimen from previocus study [3]
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Table 6.4 Parameters for Regression Analysis

PARAMETER

Specimen 4 £ B/A. o/t

1IR2 0.0770 0.4902 0.0752
2IK4 0.1268 0.4502 0.1504
31K4B 0.1150 0.4902 0.1504
25K2 0.0772 0.3922 0.0752
1SK4 0.1146 0.3922 0.1504

3SK4B 0.11%94 0.3922 0.1504
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Table 6.5 Predicted Ultimate Shear Ioad

Ultimate shear load, kN

Regression | Simplified
Specimen Model Model Test
1TXK2 417 414 418
2IK4 644 618 688
31K4B 644 618 624
25K2 417 414 419
1SK4 644 618 622
3SK4B 644 618 648
SpP25* 764 677 988

*

specimen from previous study [3)
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CRACK
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Figure 2.5 Failure Mode for High Strength Drypack
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d Hansen: et al.

Speyer

8 ¢ 30 to 36 degress

Nt h v
X

Figure 2.7 Recommended Shear Key Dimensions
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PLAIN
SURFACE

Figure 3.2 NK or No—Key Panel Configuration




N
—
v

0L

Q07T

QL

£

S€

QL

uotieandiyuon Toueg Lof¥-a8ae J0 NI

‘Wm UF SUOTSULWI(

001

021

QL

£'¢ aand1y




113

. S2 ]

i

uotawIndTFuoy Tousq AL)-TTBUWS 10 S

‘W Ul SUOTsu2wWr(qg

9S1

¢ aand1g

0S8 —

v




114

10 - MK2

3 - M1

¢ MK4 - E.F.

6 - MKS8

MK9 - -E.F.

Figure 3.5 No-Key Panel Reinforcement
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10 - MK2

3 - M1 > MK4 - E.F.

6 - MK3

MK5 - E.F.

Figure 3.6 Large-Key Panel Reinforcement




116

10 - MK2

3 - MK1 > MK4 - E.F.

6 - MK6

MK7 - E.F., ———

Figure 3.7 Small—Key Panel Reinforcement
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Not to scale

Dimensions in mm.

Figure 3.8 Reinforcement Details
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Horizontal Assembly of the Specimens

Figure 3.9
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- BRACKET
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fl
BRACKET-——;Q
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/
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Figure 3.10

Temporary Bracing System
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Figure 3.11 Drypacking of the Specimen
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DRYPACK
Dimensions in mm.
Figure 3.12 Typical No—Key Specimen
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1880

—f— 20

1020

DRYPACK

' Dimensions in mm.

Figure 3.13 Typical Large-Key Specimen
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1880
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DRYPACK

Dimensions in mm.

Figure 3.14 Typical Small-Key Specimen
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SHEAR KEYS
WiTn BOND”

Panel with Bond Breaking

Agent
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Figure 3.22
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Installation
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of the Specimen in the Testing Machine
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Specimen Ends Post-tensioned

Figure 3.24
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Figure 3.27 Preload Hydraulic Jacking System
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Figure 3 28

Reaction End of the Preload System



138

dnisg 13s9]

62°¢ 2an31y




139

smayos Buipror (Ogg 8and1yg

ONINOISNIL-1S0d
=

avoi3ydd

v

AJ¥dAda

-
fF ONINOISNIL-180d

avo0l YVY3IHS (03I17ddV




Ll ;,_'.:;;‘_' ......

B SR
f | i ] | { PR
wf:czoz«z'\.@.m.vt"zw.'-.q
OOOOOOOOOOOOO




| i ] l
DDDDDD

OOOOOOOOO

mmmmmmm

- - - ©

L ey 7 2 5 0 8 8 et



o
(@)
1 o)

M B T oA Ao s



143

074

YANT uswroads 103 d1ysuotjetay 9j0135-prOT IBOYS pariddy ¥y aanl1yg

Ww ‘3y0y1s
81 91 14 cl o1 8 9 14 c 0

(PYNL) avoT1 WAWIXYI

(AN

N4 000l "Qvo1 ¥v3HS a3nddv




144

0c

CXIT uswioadg 103 diysuoizeysy oa3s-pro] aeays poiyddy G % aan81yg
ww ‘IN0HLs

81 9l vi 4% ol 8 9 14 2 0
1 L 1 ] i ] l l l I l 1 ! ] ] 1 l ! I 00

(2311) avo WNNIXYW N/

[Al

N1 0001l ‘Qv01 ¥V3IHS a3rddv




YX17 uswmidadg 1oy drysuorjeyey 8401315-peOT aBOYS petyddy 9°'% aan81y

Www ‘I)o¥1s

0c 81l 9l 14 Zl oL 8 9 14 4 0
] 1 1 ! | ] ! ! 1 1 1 1 1 I ] 1 ] ! 00

L°0

0

£°0

S0

n
<
—

9°0

L0

80

(+M12) avo1 WNWIXYW

N3 000! ‘avO7 ¥v3IHs d3nddv

TAN?




146

074

gyA1E uswyideds io3 diysuoriesy 3j0138-prOT IwBYg pa11ddy

gl gL

14"

i

ww ‘3xo¥Ls

oL 8
1 ! 1

L' 8an81y4

(@¥X1) avol NNWIXYN

AN}

N3 000l ‘Qv01 ¥V3IHS Q3ddv




¢ASZ uswidadg 103 drysuotierey 901315 -peOT 1PEys porrddy g% aand1y

Ww’3noyLs

oc 81 9l vi gl ol 8 9 14 [4 0
L 1 ! I 1 1 ! 1 1 ! 1 1 !

e
o
b

>
RY
v
C
m
O
5 7
(23s2) avol Wnmixvi m
o
~ L0 3
—- 80 8
- O
— 60 z
— 0L

(AN




148

HAST usmtdadg 103 diysuorieray 9j01315-prOT aBays peryddy 6'% aandty

Ww ‘3xoyls

074 81l 9l 143 cl oL 8 9 14 4 0
1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 I ! 1 00

N 000l ‘QvOT ¥V3IHS Q3Mddy

($YS1) avo WNWIXVA L 60

AN




149

0c

aIse usmioedsg 103 drysuotietey 9j0135-prOT Ieays porrddy

8l 9l
L ! 1 1 1

143

i

ww ‘3)0o¥Ls

oL 8
1 ] 1

0T"'% @an31yg

(a¥ysE) avol NNWIXYW

o't

L'l

¢l

NX 000L ‘Qv01 ¥V3IHS a3Nddy




o
1]
i

#INT uswyoads Jo y apIg uo drysuotiersy

uteils arsusl Tedidourag sfwiasay-peo aeays poriddy 1°6 2an81yg

37 0001 ‘NIVMLS FUSNIL TVdIONING ‘OAVY
8L 14 oL 9 c

1 1 . | | I 1 1 1 1 ‘*
'

ve “ld O3N3ag ¢
V¢ “ld J3N3a +

Vi “ld O3W3ao v 3ais

(FINL) avoT WNNIXYN

00

i0

[ALY)

£0

G0

9°0

8°0

6°0

o't

Lt

rANS

N3 000} ‘Qv0O7 d¥V3HS Q3nddy




CXIT uswmtoadg Jo y aprs uo d1ysuorje1ey

urel1ls ayrsusy Tediourag a3e19Ay-prOT Ieayg patrddy

31 0001 ‘NIvylS FUSNIL IVAIONING *9AY
vi oL

Z'G @an314

151

VE ‘ld 03N3a ¢

VZ °ld O3W3a +

Vi "ld 03W3a O

//

(2X11) avol WNWIXY

00

L°0

0

£°0

+°0

S0

9'0

L0

80

6°0

o'l

!

'l

N 000! ‘av01 ¥v3IHS d3nddv




152

#X1¢ uswiveds jo vy apIs uo d1rysuorieyrey

urealg arrsus] Tedyourag 98easay-peorq aways parrddy m.m. aan81yg

31 0001 ‘NIVMLS FUSNIL TVdIONRNd "OAY

81 14 o]} 9 4 (4
! ! 1 1 1 1 !

ve ‘ld O3NW3qg ¢

V¢ 'ld O03N3a +

Vi "ld O3W3d o

(#>112) avo WNWIXYA

o0

)

¢0

€0

70

S0

2°0

L0

80

6°'0

o't

L'l

(A"

N 000l ‘AvO7 ¥V3HS d3rddy




153

gyM1¢ uswyoads jo v apis uo drysuorawyey

ure1ls eTIsusl Ted1doutig eBersay-pro] iesys parddy ¢ aan81y

31 0001 ‘NIVHLS FUSNIL TVdIONING ‘OAY

8l 14 oi 9
1 I | 1 1 1 1

ve ‘ld O3NW3a ¢
V¢ ‘1ld O3N3a +

Vi "ld 03W3d O

(8¥>12) avol WNWIXYN

o

00

L'0

¢0

€0

¥'0

g0

2°0

L0

8°0

60

oL

'l

[AN"

N4 000l ‘QvOT ¥V3HS d3inddv




154

¢ASg uswydads jo v opts uo diysuorqeyey

ureils ayfsus]l Tedyourag a8exeAy-prO] Irayg patrddy 66 a2an81yg

31 0001 ‘NIVM1S FUSN3L VAIONING “OAVY
8l . vi oL 9 4 c-

Ve "ld 03KN3a ¢

VvZ'ld 03N3Q +

Vi “ld 03N3a o

(21s2) avoT WNWIXYW

00

e

(ALY

€0

+°0

G0

9’0

L0

80

8’0

o't

1*l

'l

N 000l ‘av01 Y¥V3IHS g3nddy




155

YAST uswioeds jo v opts uo diysuorjeley

UTe13s o1rsus] Tedioutig s8eisay-peoq Ieaysg parrddy 9°¢ 21n81yg

37 0001 ‘NIVALS FTISNIL TVdIONINd “OAY

8l vi ol 9 Z c—
I 1 1 1 1 ! 1 L 1

Ve "ld O03N3d ¢

VZ °ld 03N3qg +

Vi "ld 03W3a o

(¥S1) avoT WNNIXYN

00
1’0
c'0
0]
¥°0
G0
9°0
L0
80
60
o't
(8

(AN}

N% 000l ‘QvO1 ¥V3HS d3Mddv




156

gyds¢ uswroeds jo v opIs uo drysuorieyay

uteils aTIsusl [edyoutig a8eiasAy-proT ivayg pa1T1ddy

31 0001 ‘NIVMIS FUSNIL TVAIONING "OAY

8l ¥l ‘ ol
1 I 1 1 1

9
.

L°G @an31g

ve 'ld 03N3a ¢

V¢ ‘ld 03N3Q +

VI “ld 03n3a o

(8¥XSE) avoT WNWIXYA

00

0]

2’0

£°0

v'0

S0

9’0

L0

80

60

o'l

'L

¢l

N3 000! ‘AvO1 ¥VAHS g3ddv




I~
[Te)
i

oL

#ANT uswidads yo v apIs uo dIysuoraeToy ureilg a1ISuay

PXINL NINIDIAS v 3aais

Ted1outag e8visay-pro aweys poyrddy ay3 jo uoraeoryTulEl 8°'¢ aand1g
31 0001 ‘NIVMIS FUSNAL TVAIONINA “OAY
8°0 9°0 ¥°0 20 00 2°0—
1 ! ) i 1 ) 1 1
Ve "ld O3N3d ¢ —
VC °ld O3N3a + —
Vi "1d 03nN3a o —
%' -

SNIVYLS TVLLNI 40 NOLLYOLJINOVA

0°0
10

0

¥°0
G0
9°0
L0
80
6°0
oL
(M1

AN

N3 000} ‘Qv0T ¥V3HS A3IiddvY




158

o'l

¢XIT uswidads jyo v aprg uo drysuorierey ureils o9[Isua]

Ted1outag s8easay-peoq Ieays patrrddy aya jo uoT3eoTITUSRY

37 0001 ‘NIVMLS ITSNIL VdIONING "OAY

8°0 9°0 ¥°0 c0 00

| l i i | ! 1 1

6°G6 @2an31y

Ve 'ld 03N3q ¢

V¢ 'ld 03N3a +

Vi "ld 03n3ao

ZATL N3INIO3dS v 34is

SNIVYLS TWVLLINI 40 NOILVOIJINOVIA

00
L°0
(ALY
€0
v'0
S0
9’0

L0

60
01
L*]

'l

dvOl dV3IHS g3ddv

N3 Q00!




o't

¥X¥1¢ uswidads jo v apIs uo diysuoilefay ureils aTISsuay

Tedoutag e8easay-peo] aeays pstiyddy ay3 jo uoTaeoTITUdERY

31 0001 ‘NIVYLS FIISNAL IVdIONINd "OAY

80 9°'0 ¥°0 (A 00

| | I | I ! 1 |

01°¢ 2an81g

159

Ve ‘ld 03NW3a ¢

V¢ "ld O03N3ag +

Vi "ld 03nN3a o

YX1C NIWIO3JS . vV 34is

SNIVYLS VILINI 40 NOILVOLIINOVYI

00

1°0

¢'0

£°0

+°0

S0

9°'0

L0

8°0

6’0

o'l

L'l

<l

N% 0001l ‘AvO7 ¥V3HS Q3riddv




(=)
0
—

o'l

g901¢ uswuidoeds jyo v ep1s uo dyysuorzeysy UTBI3S 9ISua]
Tedioutrag a8easay-pro] 1eays parTddy sya jo uor3eoryTufel
31 0001 ‘NIVHLS FUSN3L TVAIONRNA “OAY

80 90 0 20 00
1 ! ! ! L l 1 1

11°6 2an31g

2'0—
00

ve "ld O3N3a ¢

V¢ 'ld O3N3Q +

Vil 'ld 93n3d o

g8yX71¢ NINIO3dS Vv 34is

fA?

SNIVYLS WVILINI 40 NOILVOIHINOYA

N3 000l ‘dv07 ¥V3IHS g3riddv




le6l

o't

¢ASg uswidads jo v apts uo diysuoraeyey uteils ayIsuay
Tedtoutig sS8exeay-peoq Ieaysg pat1ddy ay3 jo uoTlBOIFIUSRN  Z1°C axn31g
, 31 0001 ‘NiVilS FUSNIL TVAIONING "OAY
8’0 9'0 ¥°0 ¢0 00 c'0-

i | I | 1 | i { 1

ve 'ld 03N3a ¢ —
VZ'ld O3N3a + —

VI "ld O3N3a o —

ZAST N3NIO3dS v 3dis —

SNIVYLS TIVILINI 40 NOILVOIJINOYA

0’0

1’0

¢o

€0

v'0

G0

9°0

L0

80

6°'0

o'l

[

'l

N1 0001l ‘QvO1 ¥V3IHS g3nddy




162

o'l

%AST uawtdadg jJo y apr§ uo d1ysuotriwiey uTeIlS 3TISua]

€1°6 sinS1y

Tedioutag a8e1aay-prog Ieays parrddy aya jo uotrieOoTITURY
N 0001 ‘Nivyls M...__mzu._. VAIONIN "OAY
8°0 9'0 0 ¢'0 00 20—
1 | I i 1 | i 1

Ve ‘ld O03N3g ¢

VZ "ld 03W3a +

Vi "ld O3W3a o

YASL N3IWIO3dS v 34IS

SNIVYLS VILINI 40 ZO_F<0_L_ZO<§

00

L°0

A

€0

0

S0

9’0

L0

80

6°0

o'l

!

(AN

N4 000l ‘AvO1 ¥V3IHS Q3riddy




o
0
~

o'l

aydse uemrdads Jo v epIg uo drysuoriersy uyeasg aT1ISUs]

Tedioutag a8evxaay-prOT] Iesys par1ddy ayj jo UoTIedTJTUdR H1°¢ aan314

3 0001 ‘NIVMIS TUSNIL IVAIONIRd "OAY

80 90 +'0 20 00
1 1 1 I 1 | 1 1

c'o—-

Ve 'ld 03N3Q o
V¢ "ld O3N3a +

Vi ‘ld 03W3ao

gy)SE NINIDAJS v 3ais

SNIVYLS TVLLINI 40 NOLLYOIIINOVI

00

1°0

[Ale]

£°0

+'0

G0

9'0

L0

80

6°'0

o't

'L

(AN

N1 000l ‘avol ¥V3IHS d3Nnddv




~
O
—

INT uswrosds jyo g 8pI§ uo sdrysuotae(ay ureisg 9TTSuUa]

Tedioutag joedfaqg pue 33315u0)-prOT 1®AYS potTddy

31 0001 ‘NIVMLS FTUSNIL TVdIONING "OAVY

8L 14 0] 8 9
1 ] 1 1 1 1 1 1

61°¢ aan31y

8¢ "ld 03N3d ¢

W—-8¢ “Id O3N3a +

8¢ °Id 93W3adn

g 3ais

(FINL) avoT1 WNWIXYI

00

L0

20

0

G0

9°0

L0

8°0

6°0

oL

'L

A S

N3 000l ‘QvO1 d¥V3HS Q3nddy




165

CHIT uewrdadg Jo g epyg uo sdTysuotieray uTeIlg STTSUa]
Tedtoutag qoedLi1q pue 93910u0)-prOT 1PAYSg pa11ddy 91°'¢ san81y

37 0001 ‘Nivyls JNSN3L IVdIONING

8l 14" ot 9 A A
I 1 1 ! 1 ! 1 1

00
v n  W—8E ‘ld 93N3Ig o — 10

(tood Aip) W—gz ‘14 03N3ag + —- 20

(I001d43) 3138¥0N0D NO ‘1d 03N3a O g 3ais —~ €0

//& e - m.o
,// S~ e —

(211) avo NNWIXYW ———— —=

N3 000! ‘avO1 ¥v3Hs da3nddv

AN




YX1Z uawioadg jo g apig uo sd1ysuoijeyey UTeI3lS aJIsusy
Tedtoutag soedLiq pue 913.10u0)-proTT IBLYS patyddy L1°6 aan81y
31 0001 ‘Niv¥lS JTSNIL TVJIONING

81 vi oL 9 4 -
! ! 1 1 ! 1 L !

0’0

7] " Elmn .._.n_ OMEUQO — _‘.O
(1o0d Lup) W—8Z °I1d 93IN3Ig + — 20

(I001dA}) 31340NOD NO “Id 03n3a o g 3ais — €0

166
|

0

Q

/ a m.o
(¥X12Z) avo WNNIXYW ./ ——

N4 000l ‘av01 ¥V3HS Q3nddy

ANt




~
\O
—

gyX1¢ uswioads jo g oprs uo sd1ysuoijerey ureIls ayrsusy,

Tedtoutag yowdLiq pue ®3910u0)-pro] aeayg poayrddy 81°¢ 9an81yg
31 0001 ‘NIvilS JNSNIL IVJIONING
8l 14’ oL 9 4 -
{ 1 | ] | I i i |
W—8¢ ‘1d 03IN3ag o -
W—82 °1d 03N3a + -
(Io21dA3) 31340N0D NO '1d 03nW3a o 8 3ais —

(8+>1€) avo1 NNWIXYW

00

L'0

20

£0

¥'0

S0

90

L0

8'0

6°0

o'l

[

¢t

N% 000l ‘Qv01 ¥V3IHS d3nddy




168

¢AST7 uawidads Jo g oprs uo sdiysuotieroy uyeasg aTIsua]

Tedtoutag yoedLig pue 3381du0)-pro] Ivays peotyddy 61°G6 2an814
37 0001 ‘NIVMLS JSN3L VdIONINd
8l 14} oL 9 c (A
I 1 ! l ! ! ] 1 ]
« o W—8F ‘ld 03N3g o —
(tood Lip) W—g2 “1d 03IN3a + -
(Io01dA3) 31340NOD NO “Id O3IN3g o 8 3ais —

(2X1s2) avoT WNWIXYN

00

1°0

€0

+°0

g0

9°0

80

60

o't

1°1

A

N3 000l ‘avOl ¥V3HS a3rddv




169

81

%AST uswidadg jo g apys uo sdTysuor3eTay ureilg aTIsus]
Tedtoutag joedLag pue 93131d5u0)-pro] 1eAYS patddy
31 0001 ‘NIV¥LS JTSN3L TVdIONING

vl oL 9
I ! 1 1 ! 1

0Z°6¢ @an31g

(1001d43) 313YONOD NO "Ld O3W3a O

(tood Aip) W—82 ‘1d 03INIA +

v n) N—8F2 °Id 03IN3g ©

(FMSL) avo WNWIXYN

00

1°0

(A

€0

¥'0

>N 0)

9°0

L0

8'0

6’0

o'l

L'l

[N

N4 0001 ‘av01 ¥V3IHS Q3Mddv




170

gyAs¢ usmioedg jo g apys uo sdiysuorzeyey uTeIlg aIIsuay

Tedioutag jyowd{aqg pue 9318adu0)-peo] aeays poirddy 12°¢ @an31y
31 0001 ‘NIVMlS FUSN3L TVdIONING
81 . 14’ ot 9 [4 c—
! ! 1 1 1 ] | 1 1
W—8¢ 'Id 03N3a ¢ —
W—8¢ ‘1d 03N3a + —
(1021d43) 3134ONOO NO “Id 03W3A O g 3ais -

———

(8¥XsSE) avon WNWIXYA

00

L'0

[Ale)

€0

¥'0

G0

9'0

L0

8'0

60

o'l

1"l

A}

avol ¥V3IHS 43anddv

N34 0001




1
M~
i

oL

#INT uswidoadg 3o

9 op1S uo sdiysuor3zeay ureal§ STIsusy Tedtoutag joedLaq

Pu® 983aidouo) - peo] Ieays pariddy aya 3o uotramoryTulER

8°0
I

31 0001 °NIVMLS FUSNIL TVAIONING "OAY

90 +°0 20
1 1 ] 1 1 1

0°0

2’6 8and1y

20—

a¥ ‘ld 03nN3a ¢

W—-8¢ °1ld 03N3a +

8¢ “ld 03N3d o

¥XNL N3IWIO3dS g 3ais

SNIVYLS TVLLINI 40 NOLLYOIJINOYW

0°0

L0

ALY

€0

LAY

S0

9°0

L0

8°0

6°0

o°L

¢

¢l

N4 0001 ‘AvO1 ¥V3IHS Q3rddv




™~
~
—

o'l

M1 uamioadg Jo
g °pTS uo sdiysuoyle(ay ureIls 9TIsusy ediourig joedLaqg
pue ajaiduop - peo1 aways. pairddy sya 3o uotaeoryTudel €Z°6¢ 9an81yg
31 0001 ‘NIV¥1S JTNSNIL TVdIONING

80 9’0 ¥'0 c'0 00 A
1 1 1 ] 1 1 I

" " lemn .._-& OUINO o
(1o0d Aup) W—-gZ °L1d D3IN3IA +

(1001dA3) 313¥ONOD NO “1d D93W3A O

CATL N3NIO3dS 8 3ais —

SNIVAYLS TVILINI 40 NOILYDIHINOVYA

00
L0
(ALY
€0
+°'0
S0
2'0
N.o
8°0

6’0

bl

(A"

N3 000l ‘avO1l ¥V3IHS d3nddv




o
I~
—

%)1¢ uswioadg joO
g 9pT1S uo sdiysuorie(ay ulerls ayrsusl jedioutrig yoed4ag

pue ajarouo) - peo] awayg parfddy sy3z Jo uorjeoTyTUSEY
3 0001 ‘NIVYLS FTSNIL VdIONINd

o'l 80 9’0 0 ¢0 00
| I 1 1 1 ! 1 1 !

$7'6 @2and1y

c'0—

w w  WN—8E 'ld 03IN3Q o
(1ood Aip) W—8Z ‘1d 03IWAC +

(I001dA}) 313¥ONOD NO °1d D3IW3d O

PHIC NINWIO3dS g 3ais

SNIVALS TVILINI 40 NOILVOIJINOVYA

00

1°0

0

0

S0

9°'0

L0

8°'0

60

o'l

L'l

¢l

N3 000! ‘Qv07 ¥V3IHS d3lddv




~F
~
~

g7X1e usmioadg jo
4 ®p1S uo sdiysuorieay ureilg 8TIsua] Tedroutag yoedLiq
PUE 33315u0) - peOT 1vays partddy ey3 Jo uotiedryTudey ¢z'¢ eandiy
31 0001 ‘NIVMLS JFUSNAL IVdIONIMNd
oL 8°'0 9°0 0 [AlS) 00 20—

1 I | 1 1 | 1 i | : |

W—8¢ "1ld 03N3a ¢
N—8Z '1d O3IN3a +

(I001d43) 3134ONOO NO ‘Ld 93W3d O

8¥X1e NINWIO3IdS

SNIVYLS TVILINI 40 NOILVYOIJINOVYI

00

1°0

¢0

€0

¥'0

S0

9°'0

L0

8'0

6°0

o't

[

[AN)

N3 000l ‘QvOl ¥V3IHS g3nddy




175

o'l

¢AST usmyoads jo

€ 9p1S uo sdrysuorleTay UIRIIg 8TTsus] TedIoutag yoedLiq

PU® 8331du0) - prOT aBAys patrddy oya 3o uorzedTITUTBY
31 0001 ‘NIVMLS FUSNIL “IVdIONRId
8°0 9'0 ¥°0 [Alo) 00

| ] 1 | 1 | 1 I |

9Z°'6¢ ain31y

(A

# o WN—8€ °ld D3IN3Iq ©
(ood Lip) W—-82Z “1d D3IN3A +

(I001dA3) 3134ONOD NO °1d O3W3d o

CYST N3NIO3dS g 3ais

SNIVALS VILINI 40 NOLLYOI4INOVA

00

1°0

c'0

£0

+'0

G0

9°'0

L0

8°0

o'l

!

(AN}

N3 000l ‘av0T ¥V3IHS a3nddv




176

72ST uswydadg jo

g 9pTIS uo sdiysuolie[ay ureaag 81Tsus] Tedioutag NoedLiq

PUe 93181duc) - peo] ieveys parrddy 9yl 3o uoriworyrudEy L2°6 aan81yg
311 0001 ‘NIVHLS FTSNIL VHIONING
o'l 80 9'0 +'0 rA{) 0’0 Z0—-
| | 1 1 1 1 | | l
( v o) N—82 ‘Ild OIN3IA ¢ -

(ood Aip) W-8Z ‘1d 03IW3Q +

(Ioo1dAY) 3134ONOD NO ‘Id 03IN3A o

¥XS1 N3INWIO3dAS

8 3ais

SNIVYLS TVILINI 40 NOILVOIHINOV

00

L°0

[AlY

€0

70

S0

9°0

L0

8'0

60

o'l

[

'l

N3 000l ‘QvO1 ¥V3HS d3rddv




177

ayISE usmyoadg jo

4 @pIS uo sdiysuolie[ay ulvIIS a1Tsusl Tedioutagd qoedLag

pPue 91si1du0) - peo] aeays parrddy ayz Jo uorjeorzTuldel
ard ooot .z_<m.rm JFUSNIL TIVdIONINd

o'l 80 9°0 +'0 (4] 00
1 ! ! 1 I ! 1 ] ]

8Z°6¢ 2in31yg

Ao b

W—8¢g 'ld O3W3a ¢
W—82Z "1d O03W3d +

(1001dA}) 3134ONOD NO ‘Id D3an3a o

g8¥ASE N3IWIO3dS 8 3ais

SNIVYLS TTVILINI 40 NOLLVOIJINOVA

0'0
)
z'0
€0
0
S0
9'0
L0
80
8'0
oL
o

A"

N3 000!l ‘AvO1 ¥V3HS d3Iddy




#NT uswroadg 103 drysuorizerey dr1s-peoq xeayg patrddy gz ¢ san31g

ww *'dns y¥v3aHs

6 L S , g b L=
I J ! _ 1 ! I 1 !

[sul

00

178

GE-8a55 — S0
(¥YMNL) avo WNWIXYA 2 =

il
il

avol dV3IHS d3nddvy

N> 0001

[4a




[=))
~
—~

CXIT uswtidoadg 103 diysuoiieysy dI11s-pro 1eAYs poyiddy

ww ‘drs ¥vaHs

]
] I

£
!

0£°6 @and1yg

(TX11) avol WNWIXYA

00

1'0

¢'0

£0

¥°0

S0

9'0

L0

8°0

6°0

01l

L'l

<l

N 000t ‘dvO7l ¥VAHS d3nddv




o
<0
~

%17 uswydads 103 dyysuoriersy di{g-peo] aesyg po11ddy

Www *di1s ¥vaHs

S
I ]

e
!

1€°6 2an31g

VN

(FM1Z) avo NNWIXYW

L

00

1’0

20

€0

v°0

G0

9'0

B0

6°0

o'l

Ll

N3 0001 ‘QvOT ¥V3HS d3rlddy




—
[oo]
~—

g701¢ uswrosds 103 dyysuoraerey diTs-peoT Ieeys peryddy

ww ‘dIis ¥vaHs

5]
I 1

¢

2€°¢ aan31yg

(8¥X1€) avo1 WANWIXYA

dvOl ¥V3IHS d3rddy

.

N 0001




(]
[>]
~

¢ASz uswrdads 103 diysuotieTsy dyTs-peo Ieweys periddy

ww ‘dris ¥vaHs

]
I I

¢
I

€€°6 aan31y

(ZXSZ) avol WNWIXYA

00
10
¢'0
€0

¥°0

9'0
L0
8°0
6°0
o'l
[

'l

N> 0001 ‘dvO7l ¥V3HS d3lddv




™
e}
—t

¥AST usmyoadg 103 diysuotie(ey di[sS-peo] 1reys poriddy
Ww ‘dqI1s ¥vIHs

S
! I

%€°G eand1y

(PXSL) avol WNWIXYA

00

10

0

0

v°0

S0

9'0

L0

8°0

60

o't

Lt

N> 000l ‘QvO7T ¥V3HS a3ddy




184

gys¢ usmioads 1oy diysuoraersy dyS-peo] Ieeys porddy

ww ‘d1S ¥vaHS

G
] I

1
I

G¢°6 21n31y

(avMsSEe) avol WNWIXYN

00

10

0

£0

¥°0

S0

9'0

L0

8°0

60

o'l

L'l

4N

N3 0001l ‘Qv07 ¥V3AHS d3lddy




185

920

7INT uswrdadg 103 dIysuoTaeTay UOTIIBRTIQ-PBO] Ieays poatiddy 9¢ G 2ian31yg
Ww ‘NOLLYIQ ¥V3HS
LAl 8L°0 ¥i°0 oLo 90°0 Z0°0 20°0— 90°0—
H 1 1 i 1 1 i 1 1 1 1 00
Ve “ld 03N3a ¢ ~ L0
VZ "ld D3N3a + ~ 20
VI ‘1d 93nN3ao - €0
- +°0
(#3INL) avol WNWIXYW - S0
~ 9°0
— L°0
— 8°0
—~ 6°0
~ 0L
~ L1
rAdl

N3X 000l ‘Qv0O7 ¥VIHS d3Nddv




O
[>e]
i

92'0

ZATT uawydoadg 103 dIysuorle|oy UOTIRTIQ-PEOT Ieayg patTddy

ww ‘NOILYIIQ ¥V3HS

2z’0 8L°0 v1°0 oL0 920°0

| | | | ! 1 1 | 1

¢0°0
1

L€' G @an31y

¢0°0—
I

90°0—
00

ve ‘ld O3W3A ¢
vZ ‘ld O3N3a +

Vi ‘ld O3N3a O

S ees

(2X11) avo1 WNWIXYA S S

A%

N% 0001 ‘QvO1 dVIHS 43Ilddv




92'0

~
oo}
i

\ ¥X1Z uswydads 103 dTysuoilesy UOTIBTIQ-PEOT IBOys pojyddy 8€°¢ aand1g
ww ‘NOILY1Id ¥V3IHS
rAAL) 81'0 ¥1°0 10 90°0 z0'0 Zo'0- 90°0—

I | l 1 1 1 I 1 | 00
Ve ‘Id 03IN3d o - 10
vZ ‘ld 03IN3a + AL
¥l ‘ld 03W3aao - €0

~ $°0

~ S0

~ 9'0

L 0

($31Z) avOT WANIXYI /V - 80
— 8'0

~ 01

S

z'l

N3 000l ‘dvOTl ¥V3HS d3Iiddv




uswyoadg 103 diYysuorar{ey UOTIBTIQ-PPOT IBAYS ps11ddy

[4ALe) 810

6€°G dan31yg

ww ‘NOILVIG ¥V3IHS

188

ve ‘ld O3N3a ¢

V¢ "1ld 03NW3a +

Vi "ld O3W3Q O

(8¥X1€) avo1 NNNIXYA

90'0—

0’0

1'0

20

£0

v'0

S0

9°0

L0

80

6°0

o't

[

[4n°

N3 000!l ‘avO1 ¥V3HS d3nddv




189

¢ASg uewroadg 103 drysuoraelay UOTIBTIQ-peoT Ieays patlddy  gv'¢ eanS1g
ww ‘NOILY1Ig ¥V3IHS
920 rAALY) 8L°0 ¥1°0 oL'0 80°0 rAe)o) rAoNo 90°'0—
| | ] | ] ] i i 1 ] | 00
ve ‘ld O3N30 ¢ - 1°0
VZ ‘ld O03W3a + - 20
VI 'ld 93N3d O — €0
— $°0
mIIT
— S'0
(2XSZ) avoT WNWIXVA 4’/\

— 9°0
— L'0
— 8°0
— 8'0
- 0L
- 1l
rAlt

N3 Q00! ‘avO1l ¥V3HS d3riddv




190

#ST uswidadg 103 diysuorieyey UOTIBRTI]-PBOT] aeays patiddy %' aan81g
wuw .ZO_._.j_Q. dV3IHS

9¢'0 [4ALe 81°'0 vi'0 oiL'o 90°0 ¢0°'0 c0'0—- 90°0—
| ] 1 1 1 ! A 1 1 I | 1 ! f 0’0

ve ‘ld O3NW3d ¢ — 1°0
V¢ 'ld O3N30d + — C°0
Vi ‘ld 03W30 O — £°0
— ¥°0
— S0
— 9°0
— L'0

— 8°0

N3 000l ‘QvO1 ¥VIHS A3Mddv

($YIS1) avoT WNNIXYIN & 60
!

—~ 171

<L




191

awiase
uswtoads 103 drysuorawey UOTIBRTIQ-PEOT Iwvays perddy ZH°6 aan81y
ww ‘NOLLYTIQ ¥V3HS

g9¢'0 (AAN) 810 v1°0 oL'0 90°0 ¢0°0 ¢0'0— 90°0—
1 1 ] 1 1 1 1 ] ] 1 1 ! 0'0

ve ‘ld 03NW3a ¢

VZ ‘ld O3N3a +

Vi ‘ld O3W3da

N3 000l ‘AvO7 ¥V3HS a3iddv

(8¥XSET) avol NNWIXY




MINT usmrdads 103 diysuorie(sy dI1S-uoTarIIq Q.m. aan3 1y
ww ‘drs ¥vaHs

o'¢ 0z o't 0'0 o'L—-
1 1 1 1 1 L 90°0—
- ¥0°0—
- Z0'0—

U\% 00°0
Ve °ld 03N3ad ¢ — Z20°0
VZ "ld 03N3a + — ¥0°0
Vi "ld 03N3a O — 90°0
— 80'0
— 0L'0
— Z1°0
~ ¥1°0
- 91°0
— 81°0
YINL NINIOIdS — 02°0
— 220
— ¥2°0
9z'0

N
(o))
—

ww ‘NOILVTIA ¥V3HS




o
(2]
~

o'e

CYIT uawioedg 103 drysuoilersy dI[S-UOTIBTIQ  44'¢ oandig

ww ‘drs y¥vaHs

0'¢C o't
1 1 1 1

00

oL—-

ve ‘Ild 03N3d ¢
V¢ 'ld 03N34 +
Vi ‘ld O3N3a O

SOl N3INIO3dS

90°0—
+0'0—
¢0'0—
00°0
¢0'0
¥0°0
90°0
80°0
oL0
[4N¢)
¥1°0
91°'0
8L°0
0Z'0
(44l
vZ°0
9c¢'o

WWw ‘NOILVTId ¥V3IHS




<
[=,]
—

o'e

417 uswioadg 103 diysuorierey diIS-uoravTIqQ

o'c

ww ‘drs ¥vaHS

oL
1 L ]

0’0

Gt'¢ aand1y

ol

%

ve ‘ld J3W3a ¢
V¢ ‘ld O3N3a +
Vi ‘ld O3W3d O

R

YATC NINIOILS

90°0—
¥0°0-—
00—
000
¢0°0
¥0°0
90°0
80°0
oL0
Lo
¥1°0
910
8L°0
0c'0
rAA)
¥2'0
920

Www ‘NOLLY1IQ dV3HS




195

o'

guy1g uswyoads 103 diysuoiielsy d11s-uotawr1q

0'¢C

wuw ‘dris y¥vaHs

oL
| !

00

9%°'G aan3d1y

00

Ve ‘1d 93IN3Id o
VZ 1Id O3N3a +
vl ‘1d 93W3a O

8¢ NIWIO3dS

90'0—
¥0'0—
¢0'0—
00°0
¢0'0
¥0°0
900
80°0
oLo
¢L'0
14N
910
8L°0
0c'0
¢e'o
¥2'0
9¢'0

Ww ‘NOILYTIQ ¥V3HS




196

o'e

gAsg usmroadg 1oy drysuoraeysy difs-uorieTIq

0

ww ‘dris y¥vaHs
oL

1 1

L% G 2an31g

ve “ld O3N3a ¢
V¢ ‘1ld O3N3Q +
VI "ld 03N3a O

ZIST N3NIO3dS

90°0—-
¥0'0—
¢0'0-
00’0
¢0'0
¥0°0
90°'0
80°0
otL'o
AN
v1i°0
91°'0
810
0c'o
[AALY
¥Z°0
92’0

Ww ‘NOLLYId ¥V3IHS




197

o'e

#3ST uamrdadg 103 dyysuorietay d11s-uocrieTIq

)y 4

wuw ‘dris ¥vaHs

o'l
| I

00

8%°G aan31g

O

Ve ‘ld O3N3a ¢
V¢ 'ld O3NW3Q +
Vi 'ld 03W3d O

¥XSI N3INID3dLS

90°'0—
y0'0—
¢0'0—
00°0
¢00
¥0°0
90'0
80°0
oL0
(4N
¥i°0
91'0
810
0¢'o
[4ALY
¥Z°0
9¢'0

Www ‘NOILVIIg ¥Vv3HS




(-3

198

oe

gyisg uewrosds 10y drysuoryeysy diys-uorleyIq
ww ‘drns y¥vaHs

o'c o'l 0)0)
1 1 1 1

6% 6 2an31g

(00 R

ve ‘ld O3N3a ¢
V¢ 'ld O3W3a +
Vi "ld O03W3ano

8¥ASE N3IWIO3dS

90°'0—
¥0'0—
¢0'0—
00°'0
¢00
¥0°0
90’0
80°0
oL0
(AN
¥1i°0
910
8L°0
0c'0
[4ALY
¥¢'0
9¢'0

Ww ‘NOILYId ¥V3HS




199

CRACKING OF |

Figure 5.50 Crack Pattern at Maximum Load for Specimen 1LK2




200

MAY.LOAD * 839 KNy

DECEMBER 22 107

Figure 5.51 Crack Pattern at Maximum Load for Specimen 2LK4
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Lo Figure 5.52 Crack Pattern at Maximum Load for Specimen 31LK4B
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Figure 5.53 Crack Pattern at Maximum Load for Specimen 2SK2



Figure 5.54
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Crack Pattern at Maximum Load for Specimen

15K4
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Figure 5.55

Crack Pattern at Maximum Load for Specimen 3SK4B
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Figure 5.56 Crack Pattern at Ultimate Load for Specimen 1NK&
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Crack Pattern at Ultimate Load for Specimen 1LK2

Figure 5.57
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Figure 5.58 Crack Pattern at Ultimate Load for Specimen 2LK4
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Figure 5.59 Crack Pattern at Ultimate Load for Specimen 3LK4B
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Figure 5,60

Crack Pattern at Ultimate Load for Specimen

28K2
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Figure 5.61

Crack Pattern at Ultimate Load for Specimen

18K4
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Figure 5.62

Crack Pattern at Ultimate Load for Specimen

3SK4B
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INK4 Taken Apart at Ultimate

imen

Spec

.70

Figure 5
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Figure 5.71 Specimen 1LK2 Taken Apart at Ultimate
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Figure 5.72

Specimen

2LK4 Taken Apart at Ultimate
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3LK4B Taken Apart at Ultimate

73 Specimen

3.

Figure
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Figure 5.74

Specimen 2SK2 Taken Apart at Ultimate
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Figure 5.75 Specimen 1SK4 Taken Apart at Ultimate T
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Figure 5.76

Specimen 3SK4B Taken Apart at

Ultimate
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SHEAR [~ -]
FRICTION - oy )
RESISTANCE

=
|-
e

NORMAL STRESS

Figure 6.10 Mechanism of Shear Transfer for the Plain Surface Connec-

tion
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with the Experimental Results
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A2
KEY TO SPECIMEN DESIGNATION

The designation used to identify each specimen has the form iXKjB.

The first letter, i, may take on values between 1 and 3 depending
on the order in which the specimen was tested, within its series.

The second and third letters, XK, go together to define the con-

figuration of the connection as follows:

NK : no-key or plain surface connection

SK : small multiple shear key connection (h=50 mm, d=25 mm and §=7
degrees)

1K : large multiple shear key connection (h=100 mm, d=35 mm and

§=23 degrees)

The fourth letter, j, represents the level of compressive stress

normal to the comnection. For this study j is defined as follows:

j=2 : 2 MPa prestress normal to the connection

j=4 : 4 MPa prestress mnormal to the connection

The last letter, B, defines the connections in which bond at the

joint interface was artificially eliminated before assembly of the

specimen.
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Appendix B



B2
SHEAR SLTP AND DILATION

Shear slip and dilation are calculated using the diametrically
opposite distance between demec points.

Consider the typical demec point layout at the demec stations on
side A of each specimen. Using the numbering system shown in Figure B.1
and noting that dij defines the distance from point i to point j, the
following assumptions, corresponding to the situation before the preload

and the shear load are applied can be made:

d4 = 200 mm = d,, (B1) f::f
RL = 90° (B2) L
R2 = 45° = R3 (B3)
Knowing that,
dog = 1/2 dqy (B4)
dgg = 1/2 dag (B5)
and dgg = dggcos R2 + dggcos R3 (B6)

then R1, R2 and R3 can be related to dos4, dgg and d4g using cosine rule,

as.
) ow)® + (d4e)” - (dgg)”

R2 = cos ( 2(dgs) (dag) (B7)

1 (dog)” + (d46)” - (ags)’? ag

R3 = cos™* ¢ 2(dgg) (dgg) ) (B8)

and Rl = 180 - R2 - R3 (B9)

Assuming that dgg does not change in length and orientation when




B3
the prelocad and shear load are applied, then R1, R2 and R3 may be

recalculated based on the new values of dog (= d54) and dgg (= das).
The doubled primed quantities represent conditions under which the
preload and an applied shear load exist.

Before the preload or shear load is applied, the horizontal
component of dlh’ dp, is given as:

dy, = dy4 sin R2 (B10)
and the vertical component of d14’ d,, is:

dy = d14 cos R2 (B11)
Similarly, as shown in Figure B.3, after the preload and shear load are

applied, the new horizontal and vertical components are defined as

follows:
dé - dia sin R2" (B12)
d; = dia cos R2" (B13)

In this study, shear slip and dilation are measured after the preload is

applied. Therefore, the shear slip, §; may be calculated as follows:

614 cos R2' - d" cos R2" (Bl4)

[}

The primed quantities refer to the condition immediately after the
preload is applied, as illustrated in Figure B.2. Expanding the terms
in Equation Bl4 gives:

r

di4 = 934 A+ Lo )

- 200 (1 + L, ) (B15)
djy = dy, L+ Ly o+ epy)

- 200 (1 + Ly 1o+ ep)) (B16)
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' 2 2 .
1 [ (dpg )7 + (d 0% - (dpg) ]
cOoSs

R2' = Y (B16)
2(dg)(dy6)
_ ! 2 2 . ! 2
[ d1/D2 (4,02 - (dy./2)
= €08 (d' (d, ) (B17)
- 14746 -
) 1 9% 4 (4,07 - (a5 /22
R2" = cos (d" d ) (B18)
- 1472746 -
where L, pp = strain in the D2 direction immediately after the preload
is applied
-8x10° (demec reading after the preload is applied
- demec reading of the 200 mm demec gauge
calibration bar)
€po = increase in strain in the D2 direction after the preload

is applied

In a similar manmer, the shear dilation, 8y, may be calculated as:

" '

w = dn - dp
~ dj4 sin R2" - dj, sin R2' (B20)

)
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B.1 Demec Point Locations Before the Preload is Applied
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B.2 Demec Point Locations After the Preload is Applied
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B.3 Demec Point Locations After the Shear Load is Applied
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c2
SHEAR STRENGTH PREDICTIONS
Prediction of the shear strength of specimen 2SK2 at the various
limit states.
DATA;
Applied stress normal to the connection, op = 2 MPa

]

Equivalent drypack compressive strength, fg 26.6 MPa

i

Friction coefficient, u = 0.6

Number of shear keys, n = §
Total cross-sectional area of the diagonal eracks,

Ay = 86162 mm?

Cross-sectional area of the connection, A, = 204000 mm?
Inclination of the shear key, 4 = 6.8°
Height of the shear key, h = 50 mm
Depth of the shear key, d = 25 mm
Slope of the diagonal crack, « = 68°

Thickness of the connection, t = 200 mm

(a) Cracking Shear Capacity, Equivalent (6,8)

Model I1:

Vor = pop(Ae - ndt x tan §) +/ i (o + £¢) Aoy

The tensile strength, f., is estimated as:




Cc3

I
w
o
O

MPa

therefore, V., (0.6 x 2 x (204000 - 8 x 25 x 200tan 6.8)

+,/3.09(2 + 3.09) x 86162]/1000

580 kN,

(b) Cracking Shear Capacity, Equation (6.9)
Model I1:

Vor = wop(Ag - nht) +/ £.(on + £¢) Agy

it

[.6 x 2 x (204000 - 8 x 50 x 200)

+,/3.09 x (2 + 3.09) 86162]/1000

490 kN,

il

(c) Shear Capacity Immedistely After Cracking, Egquation (6.17)

V. = (n-1)Psin a + B(On - (n-1)Pcos a)Ae

a AC

The crushing load, P, for the strut is estimated as
P = O.Gfét(w)
-0 6F7¢ x [ 1_b+_d1}

2 2 cos 4§ |
- [Q§§ % 26.6 x 200 x §SS+6?S 1/1000

= 72 kN.




Cé
Therefore, Vg = (8-1) x 72 x sin(68)

(8-1) x 72 % cos 68 x 1000
+[0.6(2 - 505000

Yx 204000] /1000

= 598 kN.

(d) Ultimate Shear Capacity, Equation (6.25)

Regression Model:

<
i

u = 0.035£5A, + 0.5560,4,

i

[.035 x 26.6 x 204000 + .556 x 2 x 2040001 /1000

417 kN.

(e) Ultimate Shear Capacity, Equation (6.26)

Simplified Model:

c_A
' S o
u = 0.2/E5A, + 2

<
i

I

[0.2./76.2 x 204000 + 2 x 20200) ;1000

414 kN,






