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Precast load-bearing shear walI panels ate used extensively in

high-rise consÈruction 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 strucËure. 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

programrne that was undertaken to investigate the behaviour and capacity

of multiple shear key connections.

Seven specimens with different connection configurations r'lere

tested, including one plain surface connection and two different

rnultiple shear key connections. To sinulate the effect of dead load and

post-tensioning, tr{¡o different levels of coropressive stress were applied

norrnal to the connections. For tÏ¡o of the connections, bond at the

joinË surface was destroyed prior to assenbly 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 connecÈion'

Failure of the plain surface connection lras 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 rnultiple

shear key connections. The ultimate shear capacity of the plain surface

connection lras also provided by shear friction at the slip surface. In

addition to shear friction, the ultirnate shear capacity of the nultiple

i

ABSTRACT



shear key connections was provided by bearing at the slip surface. An

examination of the joint interface after testing indicated that there

lras no bond between the drypack and the wa1l 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 leve1 normal to these connections l¡as 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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ô

xx

equivalent standard cylinder compressive strength of the

drypack/inf il1 concrere

fä cube compressive strength of the drypack /infirr concrete

ft tensile strength of the drypack/infill concrete

fy yield strength of the reinforcement

h maximum height of the shear key

h1 minimu¡n heighr of the shear key

hp maxinum height of the shear-key lug

H horizontal direction

rc,D2 strain in D2 direction imrnediately after the preload is
applied

n

N

Nt

P

R1

Ri',

Ri"

nunber of shear keys

gross load normal to the connection

net load normal to the connection

maxiraum compressive force in the struÈ

orientation of dernec gauge length (i L,2,3) before the

preload is applied

orientation of demec gauge lengths (i I,2,3) after the

preload is applied

orientation of denec gauge lengths (i:1,2,3) after the shear

load is applied

thickness of the connection

vertical direction

shear load

shear capacity imms¿i.¡.ly after cracking

shear friction of the struts

t

V'

4

1
V-

a



r7s
a

vcr

v"t
1vãt

,,Evcr

vr"*

vnax

;

\7

d

p

^l

6rd

61

-¿

eD1

€D2

€H

€ *r

0

þ

pd

XX1

shear resistance of the struts

cracking shear stress

cracking shear load

shear friction resistance at cracking

shear resistance due to the drypack tensile strength

maximum shear load

maxímum shear stress

ultimate shear stress

ultimate shear load

average width of the inclined portion of the strut

orientation of diagonal cracks to the horizontal

orientation of e1 from the D1 axis

f! coefficient at ultimate load

shear slip

shear dilation

principal tensile strain

principal eompressive strain

strain in the D1 direction

strain in the D2 direction

strain in the horizontal direction

strain in the vertical direction

shear key inclination to the horizontal

friction coefficient

friction coefficienÈ along the diagonal cracks

concrete density factor



o'Íl

v

compressive stress

strength reduction

xxii

normal to

factor for

the connection

cracked drypack



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 wa1l panels, the high

quality control achieved in the rnanufacturing 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 environnent. Ease

of assembly requires that t!¡o basic conditions be satisfied. These

conditions are (1) the use of a mininun number of connections during

assembly at the site and (2) the reduction or elimination of problems

related to dimensional tolerances. At times, these tl¡o conditions may

be contradictory and it is left to the engineer to find a satisfactory

balance i1l. The speed of assembly is direetly related to the first

condition and is influenced by the simplicity of the connection and the

use of a minimum anount of tenporary 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 uhe design of wa11 panel connections uÈilizes

1
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some conbination of continuity bars, mechanical shear connectors and/ox

post-tensioning. The gap between adjacent panels, which is required for

alignment, is fil1ed 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 engi-neers

tend to estinate 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 t2].

Thus, in order to provide some information on the behaviour and capacity

of load-bearing multiple shear key wall panel connections, this research

programme was undertaken.

I .2 0b'iective

The primary objecËive of this research is to investigate the

behaviour of multiple shear key connections for precast concrete load-

bearing shear wa1I 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 maxinum shear capacity and the ultinate shear

capacity.

1.3 Scope

Seven prototype wall panel specimens were tested in this research



programme. The seven specimens included three different joint con-

figurations-plain surface and two different multiple shear keys. The

rnultiple shear key connections rûere tested under two different levels of

load normal to the connection. ln addition, for two specimens with

shear key connections, the bond at the drypack-panel interfaces $ras

eliminated prior to assembly of the specimens in order to sirnulate 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 norrnal to the connection, 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 linit states of

concern. The predictions of the models are compared to the measured

test resulÈs to determine the reliabilitv of the rnodels.



2.L Introduction

During the last three decades there has been a tremendous increase

in the use of precast concrete elements in sLructures. Today, in most

reinforced concrete structures, precast rnembers are used either in

conjunction with cast-in-place rnembers 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 manufacÈuring plant, the speed and

ease of panel assenbly at the construction site, a reduction in

construction delays due to the weather, and the ease with v¡hich desired

architectural finishes may be achieved. Precast construction is

especially well suited Ëo aparÈment 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 conplete structure. These joints represent regions of high stress

concentration. In order to prevent a progressive collapse due to the

failure of a single connecLion, 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 sone combination of continuity

reinforcement, mechanical shear connectors and/or post-tensioning. The

gap between adjacent panels, provided for alignment of the wall, is

4
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usually filled with a drypack concrete. The connection serves to tie

the individual wall panels together in order Èo 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 connecÈor.

To increase the capacity of the connection, some fabricators cast

shear keys into the plaln joint surface of the precast wall panels, as

shor,¡n 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, nultiple shear k"y connections have been used in

vertical joints for rnore than two decades. Consequently, research in

Europe is not directly related to load bearing connections. The

effectiveness of Èhe 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 non-load-bearing

connections:

shear capacity of the
multiple shear key
connection

In addítion, the size of

shear capacity of
6 x the plain surface

connection

the reinforcement used in Europe is



substantially smaller

A-merica, although the

be similar.

In the following

the design of multiple

than the continuity reinforcement used in North

total area of reinforcement across the ioint may

2.2

Cholewicki t4l conducted thirty tests on trapezoidal shear key and

plain surface connections which were either reinforced or unreinforced.

None of these tests considered compressive forces nornal to the connec-

tion.

Based on his tests, Cholewicki showed that multiple shear k"y

connections have a higher shear capacity than plain surface connections.

In addition, two phases of behaviour l¡ere identified for the multiple

shear kev connection:

Behawi orrr of Mrrl ti nle Shear Kev Connections

section, the present state of knot¡ledge regarding

shear key connections is reviewed and summarized.

(1) before and

(2) after loss

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 nonolithic behaviour. Phase II could be divided into

thro 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.

up

of

to the loss of bond

bond, up to failure

at

of

the joint interface

the connection



Cholewicki showed that the shear stress distribution along the

connection was not uniforn. Furthermore, the maximum capacity of the

unreinforced multiple shear key connection was dependent on the infill

concrete tensile strength, the nurnber of shear keys and the area of the

shear keys. For the unreinforced multiple shear key connection, noË

subjected to compressive normal stresses, the maximum shear capacity,

Vr"x, was given by:

where f¡ : tensile strength of the infill concrete

n : number of shear keys

h : rnaximu¡o height of the shear key

t : thickness of the connection

Vmax : 0.7 fanht

The 0.7 factor was based on the average maximum shear stress, vmax,

along the connection for different specimens. Cholewicki found that

Vmax rnay be as low as 0.7 ft. 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. t5] have conducted thirty-six tests on reinforced

trapezoidal shear key connections subjected to shear and normal or

cyclic loading. The typical shear load-s1ip behaviour for the multiple

shear key connections is illustrated by the solid line in Figure 2./+.

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

no cracks were formed in the infill concrete nor at the 'ioint interface

(2.1)



until the maximu¡o load for the connection lras approached. In tests

where bond between the panel and the infill concrete ï¡as destroyed prior

to testing, the maximurtr load attained and the mode of failure q¡ere

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 r^¡ere larger than those for similar specimens urder 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 aI. I 5 I developed an empirical equation for predicting the maximum

shear capacity of a reinforced multiple shear k"y connection. This

equation is expressed as:

where fi : standard cylinder compressive strength of the infill
6

concrete

As : cross-sectional area of steel crossing Ëhe connection

f, : yield strength of the reinforcement

dn : colnpressive stress normal to the connection

A" : total cross sectional area of the connection

For an unreinforced connection, the A"fu term is neglected so that the

maximum shear capacity becomes:

Vmax : 0.09nhtf! + Asfy * ørrA" (2.2)



Equations 2.2 and 2.3 are restricted to values of r^}:,t/Ac between 0.2 and

0.5. In addition, the ratio betv¡een key height (h) and key ¿.pit (¿),

as illustrated in Figure 2.4, should not be more than 8, the depth of

the key should not be less than 10 nrn and Ëhe inclination of the key, 0,

to the horizontal should not be greater than 30 degrees.

Chakrabarti, et al. t6] conducted twenty-nine tests on plain

surface connections and on reinforced or unreinforced trapezoidal shear

key connections for precast wa11 panels not subjected to nor¡oal 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. t4l, the capacity of the multiple

shear key connections l,fas 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. In

addition, loca1 crushing of the infill concrete llas observed. After

slip occurred at the joint interface, Chakrabatt!, et al. observed that

the shear stress distribution along the connection became more unifor¡q.

The change frorn a non-uniform shear stress distribution to a uniform

stress distribution lras attributed to the loss of rigidity of the

connection after slip at the joint interface.

An empirical equation for the maximum shear capaciËy of the unrein-

forced shear k"y connection, using a best-fit straight line, was

developed by Chakrabarti, et aI. and is given by:

9

Vmax : 0.09nhtf! * ør.,4" (2.3)



where f[ : cube compressive strength of the infill concrete.

Neither the Canadian code t 7 ] nor the American code t 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:

Vmax : 0.093nhtfiö

10

where p friction coefficient, r¿hich 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 ultimaÈe

shear capaciËy 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 aÈ

the joint interface.

(2 .4)

Vr, : l.lørrA"

2.3

Many factors affect the capacity of any unreinforced sultiple shear

key connection. these include:

Sl qni fi eance of the Connee.ti on Parameters

(i) Strength of the infill concrete or drypack

(2.5)



(ii) Strength of the wall panel concrete

(iii) Shape, dimensions and number of shear keys

(iv) Adequate paeking/fi11ing 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 nornal to Èhe connection

Foerster t 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 frorn a number of sources, Hansen, et al.

t 5 ] have suggested that a relative increase in the shear key area will

likely increase the maximurn shear load. These researchers also point

out that there is a limit to r,¡hich the relative k.y area nay b€

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 t!¡o 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,

Ëriangular 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 ín

11
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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 F|gure 2.6, to be (1) the

key height in the drypack, h, (2) the key height in the panel,hp, (3)

the width of the gap between the shear-key 1ugs, b, (4) the depth of the

ke), d, and (5) the inclination of the key to the horizontal, 0. The

thickness of the connection is denoted as t in the figure. In Figure

2.7 , specific recommendations are given for the dirnensions of the shear

key based on experimental work carried out by Hansen, et a1. t5] and on

a report presented to the Prestressed ConcreÈe fnstitute by Speyer t9].

Hansen, et a1. have specified that the inclination of the shear key, 0,

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, 0, should

be less than 35 degrees and the ratio of the minimum key height to the

key depth, l:y/d, should be less than or equal to 6. Both recommenda-

tions assune that the drypack shear key height and the panel shear key

height are equa1. In addition, the widÈh 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 connection. In addition, non-unifornity of the drypack

rnay result in a highly non-uniform distribution of stresses along the

connection.

L2



Cholewicki t4] observed from his tests that the failure load for

connections in which bond was artificially destroyed at the joint

interface was lower than that f or connections in which bond r,ras intact.

This result, however, differed from that of Hansen, et al., who found

that the destruction of bond may have only a smal1 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 exËernally applied

normal compressive stress. It is accepted, though, that the presence of

compressive stresses normal to the joint can lead to a significant

increase in the capacity of the connection.

13



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 const,ant, except the joint configuration of the

panels and the level of compressive stress applied normal to the connec-

tion.

L4
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3.2 Description of the l,ia1l Panels

3.2.L Panel Dimensions

The overall dimensions of all the panels were identical, as shor,m

in Figure 3.1. The panel had a thickness of 200 nm (typical of the

elevator shear wall panels in strucËures), a height of 1660 mn, a width

of L29O 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 franed inÈo the

rnain 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



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 nm, the k"y depth, d, is 35 rnm and the

inclination of the key is approxirnately 23 degrees to the horizontal.

The sane dimensions are used for the shear keys and the shear-key lugs.

The SK or srna11-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 rnrn

and was inclined at approximately 7 degrees to the horizontal.
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All the test panels vrere 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. I gives

the shape and length of the reinforcement used.

The reinforcing bars had a nominal yield strength of 300 MPa. The

closed stirrup ties (designaÈed MK2, MK3, MK6 and MKB) used 10M bars and

all other reinforcing bars were 201{. A cover of 20 mm was allowed for

all the reinforcement. The shear-key lugs were not reinforced, as can

be seen in Figures 3.6 and 3.7.

3.2.3 Panel Reinforcement

3.3 SBecimen Assembly

All the panels used in this test programme were rnade by Con-Force

Structures Limited of l.Iinnipeg, Manitoba and delivered to the Structural

Laboratory at the University of Manitoba.



Each specimen consisted of two panels which rùere assembled in the

horizontal position on the floor of the laboratory, as shown in Figure

3.9. A gap of 20 mm $ras provided beÈween the individual panels. Figure

3.10 shows the two angle irons and the two brackets used to maintain the

specimen configuration as the specimen lras raised from the horizontal to

the vertical position. After all the specimens were in the vertical

position, forms ï¡ere 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 !¡ere 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 unÈil testing.
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3.4

In this experinental programme r a total of seven specimens with

three different joint configurations were tested. Each specinen

consisted of two panels connected together by neans of a drypack. The

three connection configurations used are illustrated in Figures 3.12 to

3.t4, for the typical no-key, large-key and small-key specimens,

respectively. In all the specimens, the drypack gap width, b, was 20

mm.

Specifically, the following specimens !¡ere tested for each

conneetion conf iguration :

NK series: drypack plain surface connection; specimen 1NK4

l)escr:i oti on of the Test Soecimens
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LK series: drypack 1-atge multiple shear key connection; specirnens 1LK2,

2LK2 and 3LK4B

sK series: drypack small nurtiple shear key connection; specimens 2sKz,

1SK4 and 3SK4B

The nurnber before the series identification refers to the order in r+hich

the specinen was tested and the number after the series identification

gives the leve1 of compressive stress normal to the connection. The

letter "8" 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 nonenclature

used in this programme.

The artificial elimination of bond at the joint interface, in

specimens 3LK4B 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 wiLh the drypack, the joint surfaces of rhese

specimens were brushed with oi1.

3.5 Material Soecifications

The concrete proportions used by

the panels, !¡ere as follows:

Coarse aggregate

Sand

3.5.1 Concrete

High Early Strength Portland Cement

Flyash

Con-Force Structures Liroited. for

884

6L2

234

ke/^3

kg/^3

kg/*3

32 kg/n3



Pozzolith

[,Iater

For each panel, six 150 mm x 300 nm standard concrete cylinders

I¡Iere cast according to CSA specifications in order to evaluate the

strength of the concrete.

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 vras able to maintain its shape rrhen com-

pressed in the palm of the hand, as shown in Figure 3.16.

The drypack proportions used were as follows:
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3.5.2 Drvpack

O.58 kg/n3

IL9 kg/n3

Concrete sand

Normal Portland

Water

A total of fifteen 75 mm

strength of the drypack ar the

cast in concrete moulds and

moulds.

by volurne

2 parts

Cement 1- part

approx. 0.5 parts

3.5.3 Concrete Sand

In accordance with the

by weight

2

1

approx . 0.2

drypack cubes were used

Ëime of testing. Six of

the remaining nine were

CSA Standard

to evaluate the

these cubes were

cast in wooden

cAN3 -A23 .]--y177 [ 10 ] , the



concrete sand

deternined by
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used in the drypack

sieve analysis:

Sieve Size

l0 mm

5mm

2.5 mn

1.25 nn

630 pm

315 pm

160 pm

had the following gradation, as

3.6 Instrumentâtion

Total Percentage

Passing by Mass

The concrete and drypack strains vrere measured using manually

operated rnechanical 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 eonnections, respectively.

A 50.8 mn (2 inch) demec gauge length was used on side B of each

specimen while a 200 mn (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 Èhe drypack and concrete. The 200 mn

3.6.1 Concrete and Drypack Strain

100

97 .3

88.s

76.L

54.6

L7 .2

4.0



demec gauge length neasured average strains across the connection.

These average strains were used to calculaÈe shear slip and dilation.

The accuracy of the 50.8 mrn and 200 mm demec gauges were *0.0023 mm and

+0.002 m¡0, respectively.

At each demec station, strains were measured in three directions, as

shown in Figure 3.20. Also shom in this figure are the six demec

points which typically make up a demec station. These stainless steel

demec points vtere attached to the concrete and drypack surfaces using a

"Five Minute Epoxy Adhesive".

rn addition to the calculation of shear slip and dilation, the

principal strains and the crack orientation were also calculated from

the denec readings.

3.6.2 Stroke Measurements

The stroke applied by the testing rnachine !¡as neasured using a

Iinear variable differential transformer (LVDT). The LVDT was set up as

shown in Figure 3.2L. The range of the LVDT r^¡as +L2.7 mm and its
accuracy v¡as 0.5 percent.

The readings from rhe LVDT were recorded directly by a Hewlett

Packard 3!+702A multimeter and converted from volts to millimeters bv

applying a conversion factor to the voltage readings.

20

3.6.3 Testing Machine

A Baldr¡in 2670 kN universal Testing Machine equipped with an MTs

23L0 signal arnplifier, a 464 MTS data display, a Hewlerr packard. 7044A



X-Y plotter and a

!^-Èi--LCs LrrÀB.

3.7 Testing Procedure

3.7 .I Test Setup

2L

Hewlett Packard

After the drypack was cured, the centerline of the connection was

marked on each specimen and the demec points were attached at predeter-

nined stations along the length of the connection, as described

previously,

Supported by tq¡o cranes, the specimen rtas 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 alignroenË, Èhe

bottom platform of the test rnachine was brought inÈo contact with the

specimen. Between the bottom platform of the test rnachine 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. AË this stage, the vertical alignment of

the specimen was rechecked and adjusted using a plunb bob and a mason's

level. Following this, the top steel bearing pad was plaeed on top of

the specimen. Quick set plaster-of-paris ï¡as also used at the top

support to ensure uniform contact between the bearing pad and the

specimen. The top platform of the testing nachine was then brought into

contact with the top bearing pad. Installation of the specimen was nor,r

cornplete, as shown in Figure 3.22.

Each bearing pad, at the top and bottom supports, consisted of two

34702}^ multimeter lrere used f.or



22

steel plates separated by two 3.2 mm thick sheets of teflon, as il-
Iustrated in Figure 3.23. The teflon plates allowed the specimen to

dilaÈe freely without any resistance to sliding at the top and bottom

supports.

After hardening of the plaster-of-paris, a post-tensioning system

l¡as used to apply conpressive 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 Lensioned for

a total load of 200 kN + 10 percent. The prestressing forces v/ere

monitored during the post-tensioning operation by an indicator connected

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 r{¡as 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

systen. At the reaction end, a system of rollers against a steel plate

was used in order to avoid any shearing distortions in the D¡uidag bars

which may have added to the strength of the connection.

The post-tensioning bars were calibrated individually using 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 ptunp equipped with a

Pressure gauge.

The complete tesÈ setup is shown in Figure 3.29.



Initial dernec 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) !¡as applied, all the instrumentation was read and the

readings v/ere recorded. The preload was kept constant throughout the

test by means of a regulator valve on the oi1 purnp.

The test proceeded by increasing the vertical shear load along the

centerline of the connection, in a stepwise manner, in incrernents of 100

kN with a time interval of approximately ten rninutes between increments.

The complete loading system is shor¡n 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 1oad, the test lras

continued using stroke control. Each test r¡as terminated after the

connection had undergone extensive deformation and crushing, and the

shear capacity of the connection was approxinately constant.

During each test, the load-stroke behaviour of the particular

connection v/as plotted with the X-Y plotter. Photographs of the connec-

tion were taken at the maximun load and at the end of the test.

The duration of each test r¡¡as approximately three hours.

3.7 .2 Testine Sequence
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4. I Introduction

In this chapter, the experimental data for the seven specimens

t.ested in this research programme are presented in tabular and/ot

graphical form.

The data include the specimen material properties, the shear

capacity of the connections, the mechanical demec gauge readings and the

stroke neasurements.
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CHAPTER 4

TEST DATA

4.1 Material Properties

4.2.1 Panel Concrete

The average compressive strength and average tensile splitting

strength of the panel concrete at the tirne of testing are given in Table

4.L. The standard error in the estimaÈed average strengths are also

given in the same table.

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 r{as higher than similar cubes made in the

wooden moulds.

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

mould absorbed water from the drypack as the drypack was being con-

4.2.2 Drypack Grout



pacted. This absorption of water sras not evident in the concrete

moulds. As a result, it ÌIas thought that the cubes frorn 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 rnade l-n the wooden noulds.

Since the strength of the cubes from the concrete mould is likely to

be more rePresentative of the strength of the d.rypack in the connection,

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 estirnated as 0.73

times the cube compressive strengÈh [ 1_1 ] .

4.3 Test Results

4.3 .L Shear Load
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Ihe load at which cracking was

load and the ultimate shear load for
Table 4.3 and illustrated in Figures

the test specimens. Furthermore, the

rnaximum load are coincident.

Ihe measured demec gauge readings for all the specinens are given in

Tables 4.t+ to 4.10. The demec stations labelled v¡ith an I'4" correspond

to readings taken on side A of the specimen. Similarly, the demec

stations labelled with a "8" correspond to demec gauge readings taken on

4.3.2 Mechanical Demec Gauge Readings

first observed, the maximum shear

each connection are su$marized in

4.I to 4.2, respectively, for all
tables show that the cracking and



side B.

Each demec gauge division on side A represents 8.0 microstrain

whereas each division on side B reDresents 24.8 rnicrostrain.

4.3.3 Stroke Measurements

Tables 4.11- to 4.17 give the stroke readings (as recorded fron 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 specirnens.
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5.1 Introduction

In this chaPter, the experimental data presented in chapter four are

used to comPute the concrete and drypack sÈrains and the shear displace-

ments (s1ip and dilation).

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

presented.

ANALYSIS AND EVALUATION OF TEST RESULTS
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CHAPTER 5

5.2 Concrete and Drypack Strains

The concrete and drypack strains were calculated using the demec

readings given in Tables 4./+ to 4.10 and are presented in Tables 5.1 to

5.7 for all the tesE specimens. The strains were calculated after each

load increment by subtracting the specific demec reading from the demec

reading corresponding to the stage imrnediately after the preload r.¡as

applied. The difference in demec readings was then multiplied by rhe

appropriate conversion factor to determine Ëhe strains. The conversion

factors used for the 50.8 mrn and 200 mm demec geuge lrere 24.8 and 8.0

microstrain per division, respectively.

The principal strains and their orientation nere calculated from the

diagonal strains, e¡1 and eD2, and the horizontal strain, €H,measured

for the concrete and drypack, as follows:

eL,e2:[+]ttry 2

].[" ¡ 
'or* jnz 

I ]2 (s.1)
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where e1 : principal tensile strain

€2 : principal compressive strain

B : direction of the principal tensile strain from the Dl axis.

The magnitude of the principal strains are given in Tables 5.8 to 5.L4,

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 betr¡een the applied shear load and the principal

tensile strain, for each specimen tesÈed, are given in Figures 5.1

through 5.28. The strains do not correspond Èo the conplete loading

history of the connection since the mechanical demec gauge ranges were

exceeded shortly after the maximum load was reached.

Figures 5.1 uo 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. In Figures 5.8 to 5.L4, respec-

tively, the initial part of the curves in Figures 5.1 to 5.7 are

rnagnified to allor¡ a closer examination of the response of the connec-

tion. These figures indicate that the average strains measured at the

ends and mid-heighÈ of the connections Ì¡¡ere approximately the sane.

This suggests that the stress distribution along the connection may be

uniform.

The principal tensile strains for the demec stations on side B of

2B

(s.2)



the test specimens are shor{¡n in Figures 5.15 to 5.2L, rn each f igure, a

single rePresentative demec station is shown for the load-principal

tensile strain behaviour of the concrete shear-key 1ugs. rn Figures

5.22 to 5.28, respectivery, the initial part of the curves in Figures

5.1-5 to 5.21 are magnified to allow a closer examination of the

localized response of the concrete and drypack to the appried shear

load. These figures show that under initial loading, Èhe connection

behaved monolithically. However, just prior to reaching the rnaximum

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 Èhe drypack.

5.3 Shear Slip and Dilation

zt

The slip and dilation for a particular connection were calculated.

based on the demec gauge readings in the Dl, D2 and H directions at the

demec stations on side A of the specimen (see Figure 3.20). The strain

measuremenÈs on side A were used since these measuremenEs were based on

the average conditions at the connection, in contrast to the localized

measurements at the dernec stations on side B.

The shear slip and dilation of the connection at a particular load

level nay be calculated using the gauge lengths between diarnetrically

located demec points and Ëhe corresponding measured strains. The

relevant derivations are presented in Appendix B. Based on the expres-

sions derived, the joint deformations are calculated as follov¡s:

s1ip,

6" : di+ cos R2' - di+ cos R2" (s.3)



and dilation,

. .lI^¡nere dL4 :
Å:' ,*r4 -

6* : dia sin R2" - dí4 sin R2'

200 (1 * t",D2)

200 (I + Lc,D2

R2' -1 ¡lGr,,7z¡2: cos l-
L
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R2" : 
"o"-1

+ 'o2)

+ G4ù2 - <arrlz>2

Lc,D2:8 x 1o

<a'ro/z>2

(di+) (d¿o)

+ {aor)2 - ørrtz>z

,DZ: increase

applied

The average shear slip and dilation for the test specimens are

conrained in Tables 5.15 ro 5.2L. rn Figures 5.29 ro 5.35 and 5.36 to

5.42, the shear load-slip and shear load-dilation curves, respectively,

are given for all Ëhe specimens.

The complete shear load-s1ip 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 maxirnum shear

capacity. The complete shear load-slip history of the connections,

shown in Figures 5.29 to 5.35, vrere, however, achieved by combining the

shear load-net stroke measuremenls, for the particular connection, with

the shear load-slip curve for that connection. The curves Ï¡ere extended

at the point where the demec gauge was no longer functional. Combina-

tion with the stroke measurements was possible since after the maxirum

- x (demec reading in the D2 direction after the

preload is applied-demec reading for the 200

mm denec gauge calibration bar)

in strain in the D2 direction after the preload is

c¿i¿) (d+o)

(s.4)

(s.6)

(s.7)

(s.8)



tion with the stroke measurements was possible since after the rnaximum

Ioad is reached, the net increase in slip is approximately equal to the

net increase in stroke i3].

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.
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5.4 Crackine 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. In 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, ac the end of testing.

In contrast to the multiple shear k"y connections, the crack

pattern of the no-key specimen (specimen lNK/+) 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



llith the individual panels of the specimen taken apar:u. 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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6.1 Introduction

rn 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 norrnal 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 mathernatical models are

developed to predict the cracking, maximum and ultinate shear strengths

of the shear k.y connections. The predicted shear capacities are

compared to the test results in order to determine the reliability of

the proposed models.
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CHAPTER 6

DISCUSSION OF TEST RESULTS

6.2 Specirnen Behaviour

6.2.L General

The measured loads and the observed behaviour of the multiple shear

key connections tested in this programme suggest that for the large-key

specinens, Lr-K2 and 2I-l<4, and the small-key specimens, 2sR2 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



34

new cracks in the drypack shear keys determined the maximurn shear

^^^-^i à-,LéP4sr LJ .

The capacity of the plain surface connection, specimen 1NK4, was

dependent mainly on the friction resist.ance along the slip surface of

the connection. The ultimate shear capacity for the specimens in this

experimental prograrnrne is defined as the shear load at 5 m¡n of slip

between the individual panels. This 5 nm of slip was chosen to define

the ultimate capacity because all the connections q¡ere tested to at

least this value and the shear loads attained at this value were aD-

proximately constant.

In the following sections, a detailed description of the observed

behaviour for each specimen is given.

6 .2.2 Soecimen lNKlr

specirnen 1NK4 comprised a plain surface drypack connection

subjected to a preload of 4 MPa normal to the connection.

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 Eo

a shear load level of 400 kN, after which the stiffness of the connec-

tion gradually decreased.

At the maxirnum load of 540 kN, and a few cracks, parallel to the

applied preload, appeared in the drypack. At Èhis srage, the shear

capacity suddenly dropped by 7 percent and remained constant. The

behaviour at ultimate, for this connection, was characterized by a

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



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 rnachine,

the individual panels were taken apart in order to examine the condition

of the interfaces. Based on the examination of these surfaces. shom 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.
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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 1LK2

Specinen 1LK2 comprised a large drypack multiple shear kuy

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 ltas very small. As the shear load was

increased further, the stiffness of the connection decreased and



diagonal cracks were initiated in the drypack keys, as shorrm in Figure

5.50. Initiation of these cracks corresponds to the maximum shear

capacity of 569 kN for this connection.

After the maximrrm 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 drypaek keys and the initiation of surface

cracks in the panels, as shown in Figure 5.57.

simirar to specinen 1NK4, the panels of specimen 1LK2 were taken

apárt after testing to examine the crack surface at ultinate. Figure

5.7L suggests that the resistance to the shear load at ultimace lras

provided by a mechanism of bearing and friction along a rough surface.

Furthermore, there u¡as no evidence of bond at the drypack-panel

interface.
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Specimen 2LJl.4 q¡as identical in configuration to specimen 1LK2.

However, it was subjected to a preload of 4 MPa normal to the connec-

tion.

6.2.3 SBecimen 2LK4

In general, the behaviour of specimen 2Il(4 was similar to that of

specimen 1u(2. The initiation of diagonal cracks in the drypack keys

coincided with the naximum shear load capacity of the connection. The

shear resistance of the connection decreased after the rnaximum load was

reached. As the slip increased further, the connection exhibited a

relatively consÈant shear load resistance. The ultimate capacity of



this connection IÄIas 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 1LK2.

Figures 5.58 and 5.72, respectively, show the crack pattern at

ultimate and after the specimen was taken apart. As for the previous

connection, there t¡as no evidence of bond at the drypack-pane1 inter-

face.
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Specimen 3LK4B was similar to specimen 2I-t<4, except the panel joint

surfaces ltere 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 narrotr 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

6.2.4 Specimen 3lK4B



of 1058 kN v/as 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 maximurn 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 maximr¡m

Ioad was quite significant, as shown in Figure 5.32.

The crack patterns at ultirnate and after the specimen was taken

apart, axe 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 Speci¡nen 2SK2

Specimen 2SR2 comprised a small drypack nultiple 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 1LK2. The initiation of diagonal cracking in the drypack shear

keys controlled the maximum shear capacity of the connection. After the

rnaximum 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 k"y specinens and specimen 2SK2 was the intensity of

cracking in the panels of specimen 25K2, 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 ultirnate, the same mode of

Jö



shear transfer described for the previous specimens was observed,

shoqm in Figure 5.74. ln addition, there was no evidence of

presence of bond at the drypack-panel interface.

Specirnen 1SK4 l¡as similar to specimen 25R2, 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 connecLion, approximately

156 nro x 20 mn x 100 nm, rlas 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 2sK.2. However, in comparison to specimen 2sK2, the 4 Mpa

preload level for specimen 1SK4 enhanced the tensile sÈrength of the

drypack and the shear friction along the srip surfaces. As a result,

the load carrying capacity of specimen 1SK4 n¡as higher than that of

specimen 25K2.

In Figure 5.34, the load-slip hístory indicates that after the

maximum shear load was attained, there was a decrease in Èhe shear load

resistance wiÈh increasing slip displacement. However, the shear

capacity nas apProximately constant beyond a slip displacement of 5 mm,

as observed for the previous specimens.

The crack patterns at ultinate and af ter the panels r¡rere taken

apart, are shown in Figures 5.61 and 5.75, respectively. There was no

evidence of bond at the drypack-panel interface.

6.2.6 Specimen 1SK4
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Specimen 3SK4B \¡¡as 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 connection, as shown

in Figure 5.35.

As the applied shear load was increased, some of the existing

diagonal cracks vtere extended and nelr 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 lras a signifícant loss of load carrying

capacity as the stroke was increased beyond the maximum load. At large

values of slip, the shear resistance r,¡as approximately constant.

The crack patterns at ultirnate and after the panels lrere 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 .2.7 Specimen 3SK4B
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6.3 Effect of Shear Key Confi&uration

6.2.I Preload of 2MPa

The shear load-slip response of the large and small multiple shear

connections tested at a preload of 2 MPa normal to the connectionkey



are sho\^rrr in Figure 6 . 1-.

The behaviour of specimen II-K2 is virtually identical to the

behaviour of specimen 25K2. This result suggests that the differences

in the shear k"y configuration, in this study, had no effect on the

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

6.3.2 Preload of /+MPa

key

are

The shear load-s1ip response of the large and snall multiple shear

connections tested at a preload of 4 MPa normal to the connection

given in Figure 6.2.

4L

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 approxinately 10 percent higher than

that of the small-key (SK) specimen.

Since cracking decreases the strength of concrete, the lower

ultimate shear capaeity of specirnen 1SK4 in comparison to specimen 2LK4

is probably due to the fact that at ultimate, more cracklng 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 conpared in Figure 6.3. The initial

stiffness of the two connections are essentially the sane and the

difference in ultirnate capacities is comparable to the difference

observed between specimens 2LK4 and 1SK4. The maximum shear capacities

of specimens 3LK4B and 3SK4B are, however, quite different. On the

basis of the test results, no explanation for this difference was



possible, and additional

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 l'lPa 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

ultirnate shear capacities. Specifically, the naximum shear capacities

of specirnens 2I-f<4 and 1SK4 were approxirnately 60 percent higher than

those of specimens 1LK2 and 25K2. This increase in maximum shear

capaeity 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 bv 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 Èhe same change in preload, the large-key connection exhibited

an increase of 80 percent in the ultinate load. These increases in

ultinate load are attributed to the enhancement in the bearing and shear

friction resistance which resulted from an increase in the confinement
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tests are recommended to investigate this

stresses .

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

in shear capacity is less than the percentage increase in the preload



normal to the connection. Therefore, the simple shear friction theory

of the ACI and CSA codes I I,7 ] seems inappropriare for predicting the

ultinate shear capacity of multiple shear key connections.

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 r,rith similar

key configurations at the 4 MPa preload 1eve1, as shown in Figures 6.6

and 6.7 f.or the srna11-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 1SK4 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 sirnilar to that of the snall-key connec-

tion, but under initial loading and at ultimate on1y. 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, Ì{as not possible since the

possibility of bond at the joint interface was eliminated prior Ëo

assenbly of the specimen. Moreover, after testing, when the individual

panels of specimens 3LK4B and 2LI<4 were taken apart, there !¡as no

43



evidence of bond at the joint interface of either specimen. Therefore.

the difference in maximum shear capacíties cannot be explained on the

basis of these test results.

that there was no evidence of bond between the drypack and. the panels in
any of the specimens tested. As a result, the effect of bond cannot be

determined from the results of the studv.

0.e

The influence of the presence of shear keys at the connection is
determined by comparing the load-slip responses of specimens 1SK4 and

2LK4 with specimen 1NK4, as shorrm in Figures 6.g and 6.9, respectivery.
rn 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 Ëhe

adjacent panels. This interlocking mechanism is not present in the
plain surface connections.

At ultimate, the capaciËies of specimens 1SK4 and 2LK4 were lg and

25 percent, respectively, greater than those of specinen 1NK4. These

increases in ultinate 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 conbination of bearing and shear

The test results therefore indicate
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friction along a rough slip surface.

6.7 Meeh¡ni sm of Sheer Transfef

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 dinensions of the shear keys

(3) the drypack strength

(4) the concrete strengËh

(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 rnultiple shear key connections are suumarized in

the following secÈions.

6.7 .2 Plain Surface Connection

(i) Initially, the applied shear load lras resisted by the

friction along the drypack-panel interfaces.

(ii) The maximum load, which is required to overcome the friction-

al resiscance, was accompanied by a relatively sma1l anount

of s1ip.

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

slip under constant load, rúas provided by the shear friction

6.7 .L General
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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 v¡hich is expressed as:

where p : friction coefficient at the drypack-pane1 interface

ør, : applied compressive stress normal to the connection

Ac : gross cross-sectional area of the connection normal

to the plane of the specimen

The friction eoefficient, þ, nay 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, ¡.r:0.62 for this study agrees

well with the results from the previous study.

6.7 .3 Multigle Shear Kel¡ Connections

(i) Cracking

Initially, the applied load is carried by friction along the

drypack-pane1 interface and the resistance to deformation provided by

the drypack shear keys. There are tsro possible shear fricËion paths, as

illustrated in Figures 6.11 and 6.1-2. Figure 6.11 (a) suggests that

shear slip may occur at the drypack-panel interface between the shear

Vr, : pør,rA" (6.1)



keys, aE the vertical interface within the drypack keys and arong the

bearing inclined surface of the drypack keys. The mechanism of shear

friction resistance related to the slip surface shown in Figure 6.Ll (a)

is illusrrated in Figure 6. L1_ (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.L2. This friction path neglects shear friction aË 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. tL2l . when the tensile stress reaches the

tensile strength of the drypack, diagonal cracks are initiated in the

drypack, as illustrated in Figure 6.1-3 (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 rensil-e srrengrh of rhe 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:

MODEL I

This rnodel is based on the shear friction mechanism provided bv

47
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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 .L4. Therefore, the cracking

shear capacity of the connection, Vcr, roay be estimated as:

frVcr : V", * V", (6.2)

Ìwhere V- : shear friction contributioncr
V:- : drypack tensile strength contriburion, which controlscr

the maxint'm bearing stresses along the sloped edge of

the drypack shear key

The shear friction contribution, Vf . mav be calculated as:' cr' "

fV-l- ¡¡ø-(A" - ndrxtan 0) (6.3)
CT'II

where n : number of shear keys

d : depth of the shear key

t : thickness of the connection

á : inclination of the key

These parameters are defined in Figure 2.5.

The drypack tensile strengËh contribution, U|r, nay be calculated

dÐ.

where vcr : cracking shear strength of the Iryp""t

ul, : tcrscr (6.4)



Acr : total cross-sectional area of

The cracking shear strength,vc' EêT

Mohr's circle representation for the state

6.L3, as:

where f¡ : tensile strength of the drypack

The tensile strength of the drypack could
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where

the diagonal cracks

be evaluated by using a

of stress given in Figure

The total cross-sectional area

computed as:

f! : equivalent standard cylinder compressive strength of the

drypack

ft:0.6 J={

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

as follows:

vcr : pørr(As - ndtxtan o¡ + ,ffi R",

be estiraated as I13 I :

(6.s)

A"t : nt

of the diagonal cracks can be

(6.6)

(6.7)

be estimated

(6.8)



Model II is essentially the sane as Model I, except, no slip is

assumed to occur at the interfaces around the drypack shear k"y, as

shown in Figure 6.L6. 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 connection, based on Model II, may be estimated as:

MODEL II
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Based on the material properties and the shear key configuration of

the connections tested in this study and using a friction coefficient of

þ : 0.6, the shear capacity of the small and large multiple shear key

connections, at cracking, were determined using the proposed nodels.

The results are cornpared to the test results in Table 6.1 and Figure

6.L7 .

From Figure 6.L7 , it can be seen that Model I provides more

accurate predictions of the cracking shear load, however, Ehe capacities

of three of the six eonnections tested are overestirnated. 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 Inore 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

vcr : ¡lørr(A" - nht) + "l/ffiT) e", (6.e)



data given in Table l+.2 and the connecLion configuration data given in

Figures 3.3 and 3.4.

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 shor,m in Figure 6.18.

The shear resistance contribution provided by the strut mechanism

depends nainly 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 nay be capable of resisting a higher shear load

than the load required to initiate diagonal cracks. This behaviour r¡as

observed for the pilot multiple shear key connection tested by Foerster

[3], as shown in Figure 6.19. On the oLher hand, a connection with a

relatively low drypack strength nay not have sufficienË capaciÈy to

accommodate a fu11 redistribution of the cracking shear load. In this

instance, the cracking load would represent the naximum shear capacity

of the connection, as was observed in the present study.

Based on the preceding discussion, the shear capacity, V",

immediately after cracking in the multiple shear key connections may be

calculated as:

(ii) Immediatelv after Crackins
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where --Ð

I
V-

: shear resistance of the strut mechanism

: shear friction resistance along the slip surface

tt5 ¡ tr!v- : v ? vdaa (6.10)



These two components of shear resistance will be discussed individually

as follows:

(a) Shear Resistance of the Strut Mechanism (Vs)

The panels may be assumed to act as rigid nrl"" connecred by n-l

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 sÈresses f.rom the to"¿ norr"t 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:
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where ú : compressive strength

w : average width of the

The reduction factor

strength of the drypack as

The average width .of

estimated as:

P : ?Þfåt(w)

reduction factor

inclined portion of the strut

,þ, accounts for the decrease in compressive

a result of diagonal cracking.

the inclined portion of the strut may be

(6.1_t-)

1w :î (b+d)
cos d

(6.L2)



r¡here b/cos d and d/cos 0 are as defined in Figure 6.18.

From statics, as shown in Figures 6.20 (b) and 6.2L, the shear

resistance of the strut mechanis -'sm, V-, can be predicted by the vertical

component. of the compressive force in the strut as:

where

s3

a : inclination of the diagonal crack

: ran -Lçtft)

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

6.2L 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:

(b) Shear Friction Resistance (Vf)
d

a
(n-1)Psin a

r

a

, (n-l)Pcos rr)
þ(on - *--ff (Ac - nht)

(6.13)

where F¿ : coefficient of friction along the drypack diagonal cracks.

The first term of EquaËion 6.15 represents the shear friction along the

vertical slip surfaces vhile the second term represents the shear

+ ¡r4(ø¡ -
(n-l)Pcos c) - .

A"c

(6.14)

(6.ls)



friction along the diagonal crack.

equal to ¡.r. and equation 6 .15 may be

Thus, the shear resistanc€, Va, of the connection immediately after

cracking may be estimated as:
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t
a

Conservatively, ¡r¿ may

simplified as follows:

p(on - (n-1)Pcos o)4"
'^c

For each connection tested, the compressive strength reduction

fac1cot, tþ, v/as calculated by equating Va to Vr"*,the maximum shear

load. Rearranging, the terms of equation 6.17 and setting Va: Vmax

gives:

V" : (n-l)Psin ø, * ¡-r,(on - (n-l)Pcos c)4"
A.

be assumed

Table 6.2 shows the calculated values of r/ for each connection tested

using Equation 6.18. The difference in the ry' 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 cornpressive strength of the cracked drypack. Collins and Mitchel

[15,16] suggested that the uaximum compressive strength of cracked

concrete, f"r"*, may be taken as:

(6.16)

(sin a - pcos a)(n-l)f!tw
V*"* - pot#c

(6 .L7 )

(6.1-B)



where

In terms

becomes:

61 : average principal tensile strain

fl: cyfinder compressive strength of

of the compressive strength reduction

çt*c
r:-cmax 0.8 + 170e1
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Equation 6.20 is assumed to be applicable to the cracked drypack

shear keys. In applying this equation, f¿ is taken as the equivalent

standard cylinder compressive strength of the drypack, f! as given in

TabLe 4.2.

From Tables 5.8 to 5.14, it is evident that e1 depends on the level

of load normal to the connection. Table 6.2 gives the calculated values

of rþ based on Equation 6.20. From this table, it can be seen that Èhe

calculated values of 1þ, based on the model (Equation 6.18), ate in good

agreement with the ry' factors predicÈed by Equation 6 ' 20.

In general, for the rnultiple shear key connections tested in this

study, the average principal tensile strain at cracking, €1, ranged

beËween 0.0026 and 0.004 strain. Therefore, based on these linited test

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

tested in this study may be conservatively estiroated as 0.005 strain.

<få

- 0.8 + 170e1

in the cracked concrete

the concrete.

factor, Equation 6.19

< 1.0

(6.le)

(6.20)



The corresponding value of rþ, using Equation 6.20, is 0.60. As more

data become available, a more accurate procedure could be developed to

estimate rl' 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 rneasured 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 Èo Èhe line of equality betveen

the predicted load after cracking and the measured maximuro load, shown

in Figure 6.22, suggests that mechanism of shear resistance imnediately

after cracking is capable of transferring the sane 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 saruple calculation for this rnodel, using

specimen 25K2. Calculations for the other uultiple shear key connec-

tions may be done in a sinilar nanner using the material strength data

given in Table 4.2 and the connection configuration daEa given in

Figures 3.3 and 3.4.
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The behaviour of the multiple shear key connections, at ultimate,

was characterized by a significant increase in slip at an approxinately

constant load. As a result, the ultiraate shear capacity was dependent

on a combination of the shear friction and bearing resistance along the

(iii) Ultimate



slip surface, as indicated in Figures 5.70 to 5.76.

A linear multiple regression analysis q¡as used to develop a nathe-

rnatical 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. t5l, Cholewicki t4l and Chakrabarti t6]. These resear-

chers have suggested that linear rnodelling is appropriate due to the

r¡ide 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 ultinate shear capacity of

the multiple shear key connections are, in nornalized form, B/Ac which

represents the ratio of the shear key area to the cross-sectional area

of the connection (B : nht) and oJf Ë r¡hich repfesents 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 n/fg which represents the ratio

of the average ulÈimate stress to the equivalent standard cylinder

compressive strength of the drypack (ür, : VJ^ò .

The required form of the regression model is:
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where C6, C1 and C2 are coefficients to be determined from the analysis.

These coefficients q¡ere determined using the data given in Table 6.4 and

the "Number Cruncher Statistical System" software package for the PC.

u
f ' - u0

8

^o+Cf;Ë+CZ#
"g

(6.2L)



The ultimate shear capacity of the tested multiple shear key connections

was subsequently estimated as:

Further investigation of the model given by Equation 6.22 revealed that

the standard error in the | "na þ coefficients were 0.045 and .062,¡rc tg
respectively. The standard error in thef coefficient is quite signi-

"c
ficant. As a result, the fu n"r"r"ter was considered not to be relevant

ç
for the present study and it t¡as consequently neglected in the

analysis. This is consistent with the behaviour discussed in Section

6.3, which indicated that the difference in shear key configuraÈion had

no significant effect on the shear capacity of the connection.

Using a simple linear regression analysis nodel of the forrn:

5B

u:
çl

I
0.024 + .025 B

;-+"c
0. ss6 n

Fl
E

and the data given in Table 6.4,

multiple shear key connections may

(6.22)

The

nay

o
standard error in the j,

'g
be re-writÈen to give the

o
Í1 -llvl Ft

o

!t
clLç

Þ

the ultimate shear capacity

be estimated as:

0.035 + 0.556

coefficient is

ultimate shear

n
ff

é

(6.23)

of the

0.0049. Equation 6.24

load directly as:

(6.24)



Equation 6.25 could be further sinplified as follows:

V., : 0.035 fåAc + 0.556 ør.,4"

The first term of Equation 6.26 lras calculated by taking two extrene

values of the drypack cornpressive strength (20 MPa and 40 MPa) and

equating .035fá t.o lffá. The average value of 'y for f! of 20 MPa and 40

MPa, 0.2, rlas then used for 1 in the equation. The first term of

Equations 6.25 and 6.26 represent the bearing resistance to the applied

shear 1oad. 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 ultimaÈe 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

agreenent 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

specinen 25K2. Sinilar calculations can be done for the other nultiple

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

and 3 .4.
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vu: o'2
oA

JT¿t" * j-

(6.25)

(6.26)



Sumrnarizing, equations were derived to predict the shear capacity

multiple shear key connections at various limits states including:of

i. Crackine

M0DEL r : v", - ¡-r,on(A. - ndtxtan o¡ + .r@ a",

MODEL II : Vcr : ¡rør.,(4" - nht¡ + u/T[7f,T-îlT e",

II. Immediatelv After Crackins

V":(n-l)Psina+ttf"o
L-'

iii. Ultimate

vu:o.2JTlo"*+

(n-1)Pcos a

'^c
]o"



7 .I Surnmary

The main objective of this research programme l¡as to investigate

the behaviour of multiple shear k"y connections for precast concrete

load-bearing shear wal1 panels under static shear loading, at various

limit states. These limit states aret the initiation of cracks, the

maximum shear capacity and the ultimate shear capacity.

Seven prototype specirnens r{¡ere tested in the experimental

programme. The specimens consisted of three different joint configura-

tions. The three types of joint configuration used !¡ere:

NK series : drypack plain surface connection

Il( series : large drypack nultiple shear key connection

SK series : sraa11 drypack multiple shear key connection

To investigate the effects of dead load and post-tensioning, the

multiple shear key connections were subjected to tr¡o different levels of

load nornal to the connection. The effect of cracks or the absence of

bond at the joint interface nas also studied by the elirninating bond at

the joint interface in two multiple shear key connections.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.2 CONCLUSIONS

Based on the test results of the seven specimens Èested 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 rnay change the mode of failure



of multiple shear k"y 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 1eve1 of compressive preload nornal to the

connection increases the shear capacity of the connection.

However, the percentage incre.ase 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 Èhe multiple shear k"y connection may be

safely estimated using design Model II. The resistance to cracking

is provided by shear friction aÈ 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 rnodel developed to predict the shear capacity of

the multiple shear key connection, irnms¿i.¡.ly after cracking, is

in good agreement with the test results. The resistance to s1ìear

is provided by shear friction along the slip surface and the

eompressive 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 rnultiple shear k.y

2.

J.

4.
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6.

7.



connections are in good agreenent 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 nornal to the connec-

tion, the shear friction component provides the higher resistance

of the trÀro comDonents.

7.3 Recommendations for Future Research

1.
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Multiple shear k"y connections ltiÈh significantly different k.y

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 nultiple shear key connections.

The behaviour of multiple shear k"y connections under repeated

loading should also be studied.

2.

3.

4.
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Table 2.1 FYiction Coefficients
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T\pe of Surface

Clracked rpnolithic corìcr:ete

Intentional-Iy rou$rened surface*

Non-inte¡rtiornlly rot¡$ened surface

* surface i¡tentiorally r^cn-l$rened to a naxi¡rn¡n anplitude of 5 nun.

** À = 1.0 for nor¡nal density concrete

I: .85 for semi-Icn density conqrete

À = .75 for lcr¿ density concrete

FTiction Coef ficier¡t**

Agt

r_.4 tr

1.0 À

0.6 ),

CSA

1.25 tr

0.9I

0.s À
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TAbIe 4.1 PÀ}TEL OONCR TE SIRBTGTÍI

Specjlrert

Ccnpr.essive Strerqth at

the Ti:re of Testirg (¡æa)

1NK4

ILI(2

2Í_7<4

3LK4B

zSI(2

15K4

3SK4B

49. 1 + 0.9

42.6 + O.2

30.4 + 0.4

46.5 + 2.6

44.O + O.2

29.3 + t-.0

49.5 + 0.5

Tensile æIittirg Strength at

tlre Ti¡re of Testirg (l,Pa)

12.9 + 1.3

t_3.4 + t-.6

l-l-.1- + 0.1_

Ls.o + 1.8

13.4 + L.6

lL.o + 0.5

]..3.2 + 2.2



Þte of Paddrg

TAbIe 4.2 DRYPACK SIRE¡{GIÍI
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87 07 L3 (B{) *

87 07 13 (Idtl¡ **

87 07 L4 (Illtl¡ **

O:be St:I:erqth, f$

Average Ccnpressive Strerqbh

at the Ti¡re of Testfuq (l,Pa)

*

**

36.46 + 2.85

25.07 + 2.40

23.45 + 2.O4

concrete rrpt¡ld

v¡ooden rrrculd

specinrens 1NK4, 2SI{2 ard lSK4 r¡ere drypac:ked on 87 07 13

speci:rens LLJí2, 2T-I<4, 3LK4B ard 3SK4B rcre drapacked on 87 07 L4

Equivalent CrTtirder Strergth, fé

26.62 + 2.08

18.30 + I.75

L7.L2 + 1.49
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Table 4.3 SUMI-ßRY OF DGERIMENTÀL SHEÀR gTRE¡{GilTS

Configru::ation Specilûert

LK

Diagornl

O:acldrq

bad (kl{)

IL¡(2

2r_I<4

3LK4B

SK

¡faxi¡rn¡n

Load (ld.I)

569

867

L000

2ST(2,

15K4

3SK4B

NK

Ultirrìate

Load (lOI) *

569

867

L058

* defir¡ed at 5.o nun of slip
** appeaftuìce of diagornl cr:acks at 6O0 lOI, trut no loss of

stiffness

559

884

893*'t

1NK4

418

688

624

559

884

893

540

419

622

648

540 507
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Table 4.4 Demec Readings

r v (til)
0

À

D ll (llPa)

DiRBC?IOII

0l
D2

t
DI

D2

l|

DI

D2

ll

nt

n?

v

DI

ù2

I
DI

D2

H

0l
02

I
DI

D?

I
0t

D?

I
DI
n?

l{

lÀ

2À

I00

865 832

9t0 898

E93 835

8{6 Et6

9it 889

886 830

821 791

9i7 895

895 Eto

200

lr

1t|t|

IB

28

3B-t

3B-il

JB-R

t8

for Speciroen lNK4

825 8l? Eol

901 905 910

836 815 E32

Ell Eor ?98

891 895 901

E30 8ll 831

786 718 ?65

E9? 901 9ll
835 835 836

{00 500

915

906

920

988

889

913

959

Et6

930

911

056

906

922

919

919

956

t2l
90t

910

920

916

515

DHIEC RtÀDItfos

916 9t6

90{ 905

922 922

901 903

8ll to8
?91 793

968 96E

EE2 882

9?t 921

890 892

?t5 ?t3
786 ?8E

9lE 920

917 9t?

9n 9ll
E62 t63

738 731

110 ?70

912 912

921 921

915 916

182 698

925 t0l0
810 83t

781 696
glt 991

829 828

?t5 561

922 1000

8ri 82E

512 5r0 515

618 56t 505

t0?0 llt5 1209

813 Ei? 8{l
63? 565 506

105.l ll30 ltg{
812 835 8{0

599 528 t66
1050 ll33 lt9l
Elt 835 816

9t6 915

906 907

922 922

9 09 913

EOI ?EE

7t9 ?El

966 966

8t5 tEo

92t 921

896 900

111 ?6 5

7E6 182

921 919

916 915

913 9ll
E69 E?5

1?3 706

768 768

913 910

921 922

915 915

518

915 906 912 9ti
90? 905 908 908

921 9t9 921 922

927 99? 1055 ll?9
762 630 535 t?0
176 ?35 7It 519

957 965 969 957

882 8E2 EEz t8l
92f 9?6 9?6 926

9ll 979 1030 ll02
739 60E 5il 396

113 730 102 672

923 922 922 923

915 915 916 916

9t3 915 915 915

EE9 95? 1013 l0E0

575 5r0 t38 320

753 ?08 6El 650

90? 907 905 901

922 923 923 923

916 9il 9l? 9t3

5B

511

I

285

lt5i 2U3
852 9{t l0{8
2rl

1{29 2102

851 903 978

2t0
I{23 ?0?9

819 869 820

910

909

919

llET
3?5

557

96r

881

925

ll59
29E

5{{
920

9t5

9ll
ll{2

220

521

903

921

9t0

9u
90E

918

l{21

579

968

880

921

l3E0

558

9tl
9t5

13 59

532

902

923

9ll

9ll 9t0

909 90?

916 913

2013

3{6 I05
97t 969

EE6 882

932 9?6

2000

205 t2
925 923

917 916

9r9 9l?
l97E

273

90{ 903

922 920

912 9ll
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Table 4.5 Demec Readings for Specimen lLK2

DIRBC?IOH

Dl 141 ,I{E ?lE 125 711 695 5?l {20 2t1 3

lÀ 02 185 t62 166 179 t9t 212 2t0 566 E?0 lt{6 1610 2n5
l{ 9{0 878 8?8 8?9 881 882 889 I0l9 l05l l0?7 llll lll2 |lttl li02
Dl 882 t28 82t 8l{ 80{ ?89 ?66 5t2 l?6 129

2À D2 925 915 9l? 925 93t 952 98t lt02 l6lt 1896 189{
l{ 902 819 E52 E5l 856 859 857 996 1029 1055 1087 1il5 1200 l2t6
Dl 856 822 8ll 799 788 ?69 7t0 {85 113 70

3À D2 91t 915 9t? 928 931 956 988 1399 t6t3 1889 l8?9
fl 890 856 E55 85? 852 866 E5? 98? 1022 10{9 1090 ll2{ l2t9 l28t

Dl 9lt 9lt 915 9t1 9ll 908 905 905 906 905 90? 907 909

l8 D2 92t 925 928 925 925 925 926 925 925 928 928 921 926

tt 908 908 909 90.l 906 90{ 902 902 903 90t 901 905 905

Dl 915 912 9ll 913 9l{ 913 916 915 glt 9il 915 9lt 915 915

2B-r D2 921 920 922 9?l 920 918 918 915 916 916 9lS 9l? 918 919

fl 9ll 9ll 9ll 9ll 9ll 91{ 9lr 9t2 9l] 913 9l] 912 913 911

Dl 920 9I9 920 920 920 919 920 920 918 920 9l? 9tS 9t8 91E

2B-R D2 913 912 912 9ll 910 909 90? 902 902 905 9û5 907 910 9il
[ 912 909 909 909 910 910 911 9ll 910 910 909 909 910 9tl
Dt 1255 1256 l25E 1259 1250 1252 l?66 t6l8 lTl9 l8l9

2B-t{ D2 891 890 890 t90 889 886 8?3 ,l31 666 501

r il23 l1?9 ll30 u29 ll30 ll32 1l3l t212 1286 1335

Dl r91 891 t9t 893 Egt 895 t96 109? lt58 1262

lB-r{ D2 5{{ 5t5 5t9 51E 5t6 5t? 5t0 173 t39 121

lt l35t t35t H57 l3s? 1359 1359 1363 1512 155? t6i2
Dl 909 908 90E 906 90t 908 909 909 89t 910 909 912 909 908

lB-t 02 900 907 905 905 90t 901 90r 895 90E 895 S96 898 900 902

t l0t2 910 910 910 9il 910 910 908 9l? 90? 907 908 909 909

0l 915 9ll 9l? 913 9l{ 915 915 9l{ 907 9lt 913 9l{ 9lt 9ll
38-R D2 909 9ll 910 910 908 90.l 905 906 90E 90? 908 909 9lt 9ll

t 910 90t 90E 90E 908 908 908 906 908 908 909 910 910 9u
Dl 9ll 913 9ll 910 908 906 90{ 901 90t 905 905 905 901

{8 D? 90E 912 9ll 9lt 913 9t{ 9ll 9li 915 915 9l{ 9l{ 9t5
v 915 916 91? 916 9t5 9l{ 9ll 9i2 913 912 913 9ll 913
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Table 4.6 Demec Readings for Specimen 2lK4

DIRIClIOII

Dt 1E0 173 '166 757 'lt5 131 ?20 706 6,15 {80 i62
lÀ 02 92i 9t8 923 9ll 9l? 9{t 95t 913 1002 1258 t59t 2010

t{ ?92 792 'l91 ?93 ?91 192 ?9{ .196 800 83'l 860 E?l

0l 765 761 ?55 ?51 7t0 73t 122 70? 680 t90 l8l
2À D2 E66 868 E?l 8?,l 880 885 897 9t2 9t3 1205 l55l l9?0

H 8lt 810 8u 8n 8l{ 8t6 EI9 E2t E3l 883 909 9l?
Dl 115 161 157 ?50 ?38 129 710 591 655 ilt lll

lÀ 02 79t E95 903 9t0 912 920 91i. 955 995 I?56 t50E 202{

l{ 796 ,l99 799 800 801 801 800 802 8lt 860 881 t9l

11

0l 9lt 912 909 902 901 897 8e6 89t 8E? 8tE 8E,l 8E6 883 EE6

18 D2 913 9lr 9lr 9u 912 913 9l{ 9r5 913 916 915 915 913 9ll
v 911 912 913 910 920 910 gil 908 90? 90{ 905 906 906 906

Dl 919 912 9r0 9ll 915 9l{ 912 918 918 920 918 9lE 9r5 9r8

28-r D2 915 9ll 910 9lt 910 908 908 909 906 90t 903 905 90? 908

r 879 8?t E70 r73 ETt 8?t E?3 E?t 872 812 8?3 E?{ E?6 E7?

Dl 918 915 913 916 913 913 9lr 9lr 9r5 913 9t5 915 915 915

zB-R D2 9r{ 913 912 9lr 912 9ll 911 9ll 911 908 905 901 90E 910

[ 911 905 902 905 90r 90] 905 906 90? 905 90? 90? 905 90?

Dl 950 951 911 9t9 9r9 950 95? 953 95t 966 1202 126?

?B-|r D2 916 9{t 915 916 9r7 9t5 9t? 9{5 9{0 932 960 t0ll
[ 9r5 9rt 9il 9{6 9t5 9il 9t5 9{5 9t? 953 il35 l2l3
Dl 5il 5r{ 5r0 5il 5{0 5{l 5il 5il 5{5 srE 6{9 799

3B-il D2 916 EIE il5 El6 ll5 816 816 El{ nl 805 il2 il6
[ 935 93? 9]5 9r5 935 glt 9t? 9l? 93? 918 t02l ll55
Dl 915 912 90? 9t0 910 909 9t0 912 912 912 915 913 909

38-r D2 9lt 911 90E 909 909 908 90E 907 905 902 898 901 900

fl 920 90? 90r 90t 905 905 90E 908 90E 910 910 906 900

Dl 915 912 910 glt 912 glt 9t5 9l{ 9lt 9t6 9t? 9t8 916

lB-R D2 9lt 912 90E 908 90? 90? 90,l 905 902 901 901 tEE 885

fi 917 90? 905 905 906 907 908 909 90? 908 90? 900 89?

Dl 917 9l? 9il 916 915 9l{ 908 905 901 E9T 900 900 899 899

{B D2 921 921 920 920 921 922 923 9?r 921 922 923 922 92t 921

v 906 906 905 905 905 905 90{ 900 E9? 891 893 891 tgl 891
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Table 4.7 Demec Readings for Specimen 3LK4B

DIR8ClIOII

Dl 855 810 805 191 ?88 l?8 161 ?51 '116 ?l? 591 615 15{

tÀ D2 95t 886 892 895 900 9t0 919 929 912 96? 1000 l0El ii85 2001

I{ 892 802 E06 801 805 E0? 806 805 810 812 820 8l? 920 9{5

Dl 85{ 8il Elo 80r ?98 ,l89 ?El 11r 151 ?{0 121 6Es 19?

2À D2 932 8?0 8?5 8.16 882 888 895 905 919 9r0 959 1052 r3l? 1956

r 89t El5 El5 8ll ll7 820 8?0 823 f?5 829 El9 871 919 98{

Dl 8il 80r ?9E ,l91 ?83 112 ?61 718 731 112 692 610 105

iÀ D2 93? 891 889 895 901 910 9?0 929 9{5 9?0 1005 l09l ll99 2013

|| 89? 826 821 825 825 828 821 830 El3 815 839 865 922 915

Dl 926 998 992 9t? 9,l8 9?r 970 968 965 961 95t 957 95? 95?

18 ù2 925 99t 99t 99{ 99r 99t 996 996 996 99? 99.l 99E 998 997

v 90? 965 961 96t 962 962 951 961 95t 955 953 952 952 955

0l 925 gEl 981 gil 98{ 982 9t3 9E5 9E? 98? 98? 98? 989 989

2S-r D? 921 990 991 991 9t9 989 98? 9E7 985 9t2 980 9?9 968 962

r 9r2 9?3 9?l 9?3 9?3 9?l 9'l3 9?l 9?5 975 911 911 973 9?0

Dl 915 911 911 978 9?8 9?E 9?8 9?8 979 9?9 9E0 9il 98i 982

2B-R D2 92t 991 991 9r9 9E9 9t? 988 9E6 9t7 985 980 975 971 911

l| 9il 9?t 9?r 9?5 9?5 9?6 9?6 911 9?E 9?8 980 9E0 982 981

0t 919 981 9il 9t3 9il 985 985 9Et 985 9t7 989 1019 l3E{

?B-l{ D? 915 9E2 981 98t 9El 9il 982 982 980 9?6 9?l 95E 192

fl 897 95r 962 961 951 962 962 962 952 963 961 1000 l05t
0t 9i2 99r 99t 99t 995 995 995 996 99.l 999 1000 l00l 1219 r?00

38-il D? glt 9E3 9t3 9t2 9E2 9El 9E2 980 9,l9 9?l 95? 95E 923 961

[ 960 1026 1025 1025 1025 1025 1025 t025 1026 1026 1026 1030 ll{9 1228

Dl 926 985 9t{ 9Et 9t5 9E5 985 9E5 9E5 9E5 986 9EE 990 98?

3B-r D2 931 99t 993 995 99{ 99{ 99r 993 992 990 9E8 9El 9?3 9E0

r 915 961 96t 958 96E 959 969 9?0 9?l 912 9?3 973 9?3 913

Dr 915 9?3 9?l 9?2 9?l 9?l 911 971 9?6 9?E 9?9 9E0 919 9?8

tB-a D2 922 9t5 983 gil 9E2 980 g8l 9?9 975 973 9?0 965 955 898

fi 92? 9?8 911 917 9?8 9?E 9?9 9?9 9E0 9El 981 98{ 9?9 9.l9

Dl 918 911 9?5 9?5 9,ll 973 9?3 912 969 96? 951 962 952 965

tB D2 919 9E? 987 98? 986 985 988 9E8 988 989 988 988 988 988

v 912 981 981 9n 982 981 981 9E0 9?8 9'¡5 9?l 970 9'l0 975

72
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Table 4.8 Demec Readings for Specimen 2SK2

DIREClIOil

Dr 85,I 8{1 832 819 801 119 712 65? r8? 193

tÀ D2 92t 890 896 902 9t5 9{0 990 u62 U63 1906

fi 89E 861 863 861 863 865 8?6 9{t 1035 lt{t
0t 111 ?05 699 690 580 555 6{7 578 tot 100

2À D2 921 895 896 90t 917 93S 979 It39 ul6 lE69
fi 892 860 860 861 862 865 8E? 955 t0{t ll35
0r 855 8{{ 833 8t9 79E 119 1t2 5{5 t62 138

lÀ D2 921 898 906 9il 929 952 995 lltE l{35 lE50
lt 885 857 856 855 855 E59 86{ 910 985 105?

73

Dl 925 925 923 9t9 919 919 918 9l] 916 9t3 916

rB D2 921 919 921 92t 922 921 923 922 922 923 922
v 913 9t{ 913 9lt 9n 9lT 90? 90{ 9ts 905 906

Dl 920 919 919 916 920 gr8 921 920 925 919 920

2B-r ù2 916 9lt 9lt 9lt 9t3 912 910 909 91 3 el t 9ll
[ 909 90t 905 905 90t 906 90{ 905 90r 909 90?

Dt 916 9lt 919 9lt glE 912 915 916 919 915 9lt
2B-t 07. 9lt 9lt 915 913 913 9ll 912 903 899 90? 910

r 916 9l? 916 9lt 9I5 916 917 9lt 9lt 918 916

0r 923 926 926 926 926 92t 921 917 1057 usr
zB-lt D? 923 925 926 925 926 925 92S 916 921 939

r 902 905 905 90.¡ 905 905 906 9t2 109{ 1369
Dt 915 925 921 925 922 925 9il l0t? il3t 1325

3B-il D2 95{ 95,t 96t 962 959 95E 955 9t8 96? 969

[ 952 95t 955 955 95t 955 955 t030 1083 1235

Dl 929 926 923 92t 928 926 92t 931 913

38-r D2 93? 93{ 912 931 929 925 919 910 t05
r EE2 872 812 8?3 t12 8?3 87{ 8?? 853

Dl 927 921 9?l 925 92t 922 925 92E 923 909

iB-B D? 9ti 90E 907 90E 90? 905 90t 89? 8?t 810

|{ 905 89? t98 t99 E9t E95 19? S9t 812 71t
0r 926 922 9?l 9lE 9l{ 9ll 90? 913 909 905 903

{8 D2 910 912 9lt 912 915 9U 9lt 90t 9t? 9t5 912

i, 910 9ll 909 906 903 898 898 897 898 898 E98
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Table 4.9 Demec Readings for Specimen 1SK4

OIRßCIIOT

Dl ?lE 6?1 563 6{8 62E 505 5E0 551 520 {?l 300 280

lÀ D? 925 852 E67 865 8El E90 905 932 950 l00i u?6 Il9{ 150? tE52 ll
l{ 890 801 E0{ 80i ?99 191 79t ?93 193 191 S02 S05 802 802 S28

Dl 851 El8 8l] 80{ ?91 111 ?60 ?{i 125 699 569 55t 2t0
2À D2 907 850 E5l t59 867 8?E 893 909 930 9?t Il?5 il85 l52t ISt5 39

l| 8?0 191 799 ?99 ?98 ?99 ?99 Eot 80E Ezl 86? E?0 881 EE9 95?
Dl 855 825 E17 E08 791 115 756 131 713 682 5iS 515 201

lÀ D2 910 869 875 8?8 8E6 901 915 932 951 99S t20l Lz?t l56E t9t? 19

ll 889 833 833 833 832 832 83t 8l? S35 8t? S92 S92 913 938 1055

Dl 909 909 9ll 9l{ 9l? 909 906 903 901 900 S99 900 900 901 901
lB D2 928 930 930 9lr 93t 9ir 933 913 93t 935 935 915 93{ 93t 916

v 912 9ll 913 9ll 919 9l? 915 909 905 90E 90{ t98 902 909 912

Dl 911 90t 909 910 910 910 910 908 910 919 92i 925 935 892

28-t D2 909 905 906 907 905 90t 905 t99 E95 886 86t S63 90E 152
[ 917 900 902 902 90] 901 902 900 900 900 89? E96 910 5?9

0l 903 899 905 901 902 90? 902 901 900 900 90t 906 900

zB-R 02 916 9ll 912 9i2 9ll 910 907 906 906 905 S9l 890 858

l| 909 EE9 E9l E92 t9l 891 E9r t90 t90 s9t sEE tE? E{r
Dl 921 920 92t 910 921 92t 921 921 922 920 9i0 932 935 939

28-ll D2 917 919 92t 92r 923 923 92t 923 926 925 t96 tEE t06 172
[ 912 91? 9lt 922 922 920 9t9 915 919 glt 92t 9?6 9]0 9?E

0l 905 905 90t 9ll 9t0 909 909 90? 90t 93{ l0?l l0E5 lt3t
l8-l{ D2 912 9l{ 9l? 919 919 9tt 918 9l? 9lt 919 t6E t5S 9lt

[ 9u 913 916 918 9l? 916 916 916 9t6 9]3 t006 l0t0
0l 9ll 910 913 916 915 9r{ 915 glt 915 9l? 922 922 926 922

l8-t D2 915 910 912 9ll 9t3 9t2 9il 9t0 938 935 9l? 9t2 906 901,t 922 909 910 glt 9l{ 9lt glt 9lt 915 9l? 919 919 915 900

0l 911 905 909 913 912 913 9ll 9li 9t5 916 919 918 9il 90{ 898
l8-R D2 917 919 915 9l? 915 915 9ll 9t2 9ll 910 909 909 908 90r 90?

}| 912 895 EgE 900 900 900 901 902 903 905 910 9u t9? 8E3 815

Dl 909 912 915 9l? 9t5 916 9t2 9t2 9ll 910 908 908 909 9l? 912

{8 D2 9ll 9ll 915 9l? 9t6 9l? 918 9t6 917 9t8 9t? 918 918 918 920

v 9lE 9{? 9lt 9{9 9t1 9{r 938 915 912 910 90S 90? 910 911 9l{

74

D8I{BC RTAD IIIGS



r v (nf) 0 0 100 200 i00 {00 500 600 ?00 s00 891 ?10 55s

Dilrtc 0

POIT? À

D ll(l{Pa} 0 | | { { { { { { { { I 1

Table 4.10 Demec Readings for Specinen 3SK4B

D IREC? I OII

0l 861 831 82t El{ 80t 'l91 115 758 ilo 678 186

iÀ 02 897 85? 858 86? S?l S?8 892 90? 916 1000 l3?l t171
fi 8?8 823 820 821 820 820 822 822 821 8t0 90{ 923

DI 86t 835 828 82{ 815 808 801 788 7?0 739 502 l2l
2À D2 896 I 5l I 55 860 85{ E,lI 881 891 9 I 5 9?6 I 150 1?68

l| 871 817 El? 8t8 8r8 820 822 82t 831 851 95t 9?3

Dl 861 839 8ll 82t 810 ?98 ?S5 161 ?{1 692 t0{ 23

3À D2 891 852 859 866 871 8S0 889 906 9lr 996 Il58 l??8
fi 8?l E26 826 825 825 825 82t S25 82E 8t0 90{ 926

75

Dt 981 980 9E0 919 979 9?9 911 911 911 9?3 9?r 9?t 9?5
lB D? 99? 99? 997 99S 997 99'l 99'l 99.l 99? 99? 99? 99't 9t6

v 951 961 960 950 960 959 95? 95? 956 95{ 95{ 955 955

Dl 981 979 980 9t0 980 982 982 983 986 i030 t251
28-H D2 986 9E7 9t5 9Et 9E2 9t2 9S0 9?8 9?t 960 858

H 9?t 91t 9?t 9,l3 9?5 97{ 9?5 975 911 1002 l0??
Dl 929 9?9 929 9?E 928 92E 92S 9?8 930 910 9t{ toll

2B-r, 02 95t 963 962 962 962 951 959 958 956 955 90t 921

l| 9E9 98t 9Et 9il 9t{ 9E{ 9E5 9Et 9Et 9St 9.l? 102?

0l 1050 l0l9 l0l9 1050 1050 1050 1050 1050 t05l 1052 1056 1052

2B-R D2 99t 992 992 991 991 991 990 989 9tS 985 9?5 980

fl 980 9?? 975 976 911 911 917 9?7 97E 9?8 9?5 9'll
Dr 992 991 991 991 991 99t 991 991 989 989 9?t 9t9

3B-r{ D2 925 92t 922 922 922 922 921 922 922 919 919 925

fl 9E2 9E0 979 9?9 981 981 981 981 98t 9E0 9E8 986

Dl 1020 l0l? l0l? l0l? l0l? l0l? r0t? l0lE l0l? l0tE 1020 l0l?
l8-r D2 999 9E6 9E5 986 98t 98{ 98t 983 9EI 9?E 969 9?5

[ 1002 99? 997 997 997 99? 997 997 997 998 998 99t
Dl 9{8 9t6 9t? 9{? 9t8 9{8 9{t 9tE 9{9 95? 966 965

3B-R D2 935 933 932 932 932 932 930 929 925 923 915 919

lt 9?5 970 9?0 9?0 9?0 9,l1 9?l 970 970 97t 9?l 9?l
Dt 9El 982 980 9?9 9?6 9?5 971 969 958 95{ 96{ 965 966

l8 D2 999 989 988 9t9 988 988 988 988 989 988 988 988 988

'l 9E | 986 9t5 98 | 98 | 982 982 981 979 9'l9 9.l8 979 9t0

DTI{TC RBÀDIIIGS



rolD, kr{ 0 0 100 ¿00 300 {l]|]

S180[t, volts 0,0000 0,0000 0,?1?l 0,3038 0,{085 0,6{]6
51ß0[8, ¡¡ t],0t]00 0,0000 L1608 1,62{{ 2,18{2 3,{{13

Table 4.11 Heasured Stroke for Specimen 1NK4

5i8

lcontinueriì 1,1+21

9. 3 180

76

sri 5r3 513

¿.0{28 ¿,0821 2, l2?6

r0.9226 1r,1328 1r,3?6r

51|j 508 50?

2,nl1 ?,2290 2.2151

li,6{39 1i,9182 i2,16{?

L0ÀD, Lfl 0

STß0Í8, volts 0,0000

STß0[ß, u 0,0000

500 5 16 532 5{0 5 t5

0,98lj9 r,i285 t.2315 1,3008 1,{312

5,2?69 6,01{|j ü,58{? ri,955¿ ?,6525

Table 4.12 Heasured Stroke for Specimen 1LK2

{0? 36? 361

(continued) 1.0896 l,?8f? 2,10{?

6,0003 e,8281 11,590{

0 100 200

0,0t50 0, 1530 0,203?

0, ?{?8 0,8{26 i , t2l8

300 {00 500 521

0.2{80 0.295? 0,35{3 0.5160

1.365? 1.628t 1,95il ?.8{16

{91 {55 {23

0,602{ 0,r0?2 0.89{5

3.31?{ 3,89{5 {.9?59



rûrD, kri 0 0 10t| 200 300 {00 500 600

S1&0ffi, r0Ìts 0.0000 0,0000 0,6360 0,?{95 1,0865 l,{99{ l,?399 1,9189

SlB0l[, ¡r 0,0000 0,0000 0,?910 l,{318 3,33{6 5,t659 ?,0238 8,03{5

Table 4.13 Measured Stroke for Specinen 2LK4

?{9 ?15 716

(continued) ¿,6000 ¿.8000 2.90û0

lr,880l 13.0093 13,5?{0

11

?06 699 688

i,0000 3, 1000 3.2000

1{, i386 r{, ?032 l5,26?8

[0tD, L¡ 0 0 100 200 300 {00 500 600 ?00 800 900

SlB0lE, volis 0,0000 0,0000 0,i8{2 0.2?59 0,363¿ 0,{?{1 0.6i?9 0.?80? 0.93?0 1,0639 1,1658

SlB0[8, n 0,0000 0.0000 0,98{9 l,{?52 1,9120 2.5350 3.3039 {.1?1{ 5.0101 5.6886 6.2335

Table 4.14 Measured Stroke for Specinen 3LK4B

?00 800 839

?,0?69 2,¿305 2,{153

8.9266 9,?938 r0.83?2

( co¡t i nued )

I 000

1.2?3{

6 ,8088

1058 800 129 ?{3 ?10 69¿ 6?5 651 6{5

l,{15? l,618l 1,90?3 1.956? 2.0{52 2.13{3 2,2589 2,391{ 2.{501

?,56?0 8.9?2? 10.i983 10.{62{ 10.9356 11,1120 12,0?82 12.?86? i3.1006



L0tD,kll 0 rl 100 ¿00 300 100 500 559 509 {56 {18

STB0KE, rolts 0,0000 0,0000 0.119{ 0,1982 0.2?93 0,{0?l 0,6065 0.?063 0.9630 1,1586 1,5000

STß0[i, r¡ 0,0000 0.0000 0,6?{2 Lll9l 1,5r?0 2.298t 3,{2{{ 3.98?9 5.{3?3 6,5{l? 8,{693

Table 4.15 Measured Stroke for Specinen 2SK2

{28 {21 {20 {2t {23 {21 {19

{continued} 1,5326 1.61i? 1,698? t,?92i 1,85?6 1,9690 2.0261

8,653{ Lt000 9,59i2 10.1185 10.{88{ ll,tl?{ ir,{39?

78

L0rD, tx 0 0 100 ¿00 300 {00 500 600 ?00 800 88{

S1B0[8, voits 0,0000 0.1368 0.29{0 0,36{6 0.{196 0.{?6{ 0,53{T 0,5968 0.6?23 0.?68{ 0.9056

S1B0[[, r¡ 0,0000 0,?315 1,5?20 1.9{95 2,2{36 2.5{?3 ?,8590 3,1911 3,5918 {,10E6 +,8+22

Table 4.16 Measured Stroke for Specimen 1SK4

8{0 t1.l
( cootinued ) 0, 9800 I . 1069

5.2{00 5.9186

6?? 6¿1 62{ 6?t 616

l.?5?? 1,5610 1.?000 1.9000 ?.0000

6,6981 8,3166 9,0898 10.159? i0.6939



TabIe 4.17 Measured Stroke for Specimen 3SK4B

L0AD, kil 0 c 100 t0{] 30ù {00 500 600 ?00 800 893

sli0H, rolts 0,0000 0,0000 0,169? 0,¿{60 0,3¿{l 0,{¿08 0,52?5 0,6632 0.?905 0,913? 1,0?90

SIBIXI, u 0,0000 0,0000 0.90?{ 1,315{ 1,?329 2.2500 2.8205 3,5{61 {,2268 {.8855 5,?69{

?i0 658 65{ 63? 628 620 61{ 606

(contiruedl 1,2960 l,{968 1,6031 1,6'196 l,?652 1.8562 1.9395 ¿,0111

6,929? 8,0033 8,5?1? 8,9808 9,{385 9,9250 10,3?0{ 10,??25

79



L v (k¡i) 0 0 100 200 300 400 500 516 532 540 515 518 511
DEMEC O

POINT A

D H(HPa) 0 4 4 4 4 4 4 4 4 4 4 4 4

Table 5.1 Concrete and Drypack Strains for Specinen 1NK4

EDI 0 -56 -tZO -224 -400 -LO72 -1552 -2t44 -2616 -4376
rA ED2 0 24 56 96 216 896 13?6 1976 2488 4424 9960

EH 0 I O -24 -40 -32 -16 16 72 216 848 1?04
ED1 0 -40 -72 -1{4 -280 -960 -1432 -2008 -2480 -{256

2A EDz 0 16 56 96 200 832 1344 1928 2440 {320 9?04
EH 0 0 24 I -8 -16 16 {0 80 168 584 1164t

EDl 0 -64 -128 -232 -392 -1064 -1560 -2128 -2624 -4432
3Â EDz 0 16 48 r28 216 840 1320 1904 2392 4224 9472

Efl 0 -32 -40 -32 -72 -96 -7? -40 -32 -8 232 -160

EDl 0 0 0 -25 -2,5 -198 -99 -74 -1{9 -L24 _rZ4 _149

lB ED¿ 0 25 50 74 74 25 99 99 t24 99 t24 74
Ev 0 0 0 0 25 -74 -25 0 -?4 -99 _149 _223
ÊDl o 50 198 298 645 2381 3819 5654 ?093 12896 29066

'2B EDz 0 -?4 -248 -5?0 -1215 -44E9 -68{5 -969? -l2os3 ---
EH 0 0 -99 -223 -422 -1438 -2034 -2821 -3373 -530? -11086 -1?062
EDI 0 0 -50 -s0 -25 -74 25 -25 0 0 149 25

3B-L ED? 0 0 74 -50 0 0 0 -25 -25 -50 99 o

8H00000505050257419850
EDl 0 50 r49 2¿t8 570 2207 3472 5258 6671 12152 27528

3B-Ìr BDz 0 -50 -r98 -496 -11{l -4390 -6795 -964? -120?8 ---
EH 0 50 0 -99 -322 -1389 -2083 -2827 -3522 -5654 -1{384 -l84sl
EDI 0 50 74 25 L?.4 99 99 r24 50 74 L74 t24

3B-R EDz 0 0 -25 -50 -50 -25 -25 -25 -50 -?4 0 -25
EH 0 ?4 50 50 50 99 99 99 74 99 198 149
EDI 0 25 L74 322 670 2356 3745 5406 6944 12326 27677

48 EDz 0 -174 -372 -?94 -1562 -4910 -7440 -10366 -12846
EH 0 0 -s0 -50 -422 -1538 -2207 -2976 -362r -5902 -12326
EDI 0 0 25 -50 -L24 -I24 -L74 -198 -223 -248 -198 -223

588D2000252550505005025-25
EH 0 0 0 -25 0 -50 -99 -74 -r49 -t24 -99 -L24

DIREClION

BO

I'ÍEASUBED STRAIN (uE)



L V (kN)
DEHEC O

POINT A

D lt (ltPa)

Tab1e 5.2 Concrete

DIRECTION

IA

81

0 t00 200

EDI

ED2

EH

EDI
ED2
EH
EDI

ED2

EH

zA

and Drypack SLrains

300 400

3A

0 -80 -184
0 32 136

008
0 -56 -ll2
01680
o2432
0 -72 -L84
0 16 104

008

IB

2R-L

2B-R

2B-¡r

3B-H

3B- L

3B-R

4B

500

2

-280 -424
232 400

24 32

-t92 -3L2
t52 296
56 80

-272 -424
176 328

48 80

EDI

ED2

EV

EDI

ßD2

EH

EDl

ED2

EH

BDl

ED2

EH

EDI

EDZ

EH

EDI

ED2

EH

EDI

EDz

EH

EDI

ED2

EV

521

|IEASURED STR.aIN ( uE )

for Specinen 1IX2

491 455 {23 407 367 361

-616 -2624 -4008 -5960
624 4032 5664 7872
88 1128 1384 1592

-496 -2288 -3616 -5592
528 3896 5592 7848
144 11?6 1440 1648

-656 -2696 -4072 -6016
584 3872 5584 7792
88 1048 1328 1544

-223 -22s -198 -r98
0-25050

-149 -149 -L24 -99
99 74 50 s0

-s0 -rz4 -99 -99
74 25 50 50

25 25 -25 25

-r24 -248 -248 -L74
50 50 25 25

248 8978 11482 14458

-422 -39{3 -5555 -?093
50 35{6 3894 5134

t24 5109 6870 9201
-r24 -1?86 -2629 -2926
223 3918 5034 689{
25 25 -347 50

-1{9 -298 25 -298
0 -50 174 -74

99 74 -99 74

- 149 -t24 -'t4 -99
0-5000

-223 -248 -223 -198
25 25 74 74

-L24 -99 -74 -99

025
050
025
050
050
0 ?{
025
00
00
050
00
025
o 74

099
o74
00
0 -50
00
0 25

0 -25
00
0 -50
025
0 25

-74 -74 -149
-25 -25 -25
-25 -50 -99
25 50 25

25 0 -50
50 74 74

2s250
-25 -50 -74

02525
74 99 149

o -25 -99
0 25 74

50 74 99

?4 25 50

74 I24 L24

000
-50 -?4 -99

0250
50 74 99

-25 -74 -99
000

-74 -t24 -t74
50 25 50

o -25 -50

11744 15784
1864 zlt?

743?

'::i
77 t2
L87? 2L44

-174 -L74
50 2s

-99 -74
74 50

-50 -74
50 25

-50 -25
-174 -L24

__:__:

-;; 
;;

-273 -223
-74 -50
50 74

-74 -50
25 s0

-198 -198
50 50

-74 -74

'!¡:'l!¡
2808 3176

,;;; .;;;

-L24
0 ---

-74
74 74

-50 -25
50 74

-25 -25
-50 -25
25 50

;; 
--;

-t71 -LZ{
-25 -25
74 50

00
50 74

-223
74

-74



L v (kN)

DEHEC O

POINT A

D U (HPa)

Table 5.3 Concrete and

DIREClION

IA

0 100 zoo 300 {00

82

EDI
ED2

EH

EDI

ED2

EH

EDI
ÊD2

EH

EDI

ED2

EV

EDI

ED2

EH

EDl

EDz

EH

ßD1

ED2

EH

ED ].

ED2

EH

EDI

ÊD2

EH

EDI

ED2

EH

EDI

ED2

EV

2A

3A

0

0

0

0

0

0

0

0

0

Drypack Strains

-56 -112
-40 0

08
-40 -88
16 40

-8 0

-64 -1{4
808 872
24 24

18

2R-L

2B-B

2B-Ìt

3B-H

3B-L

3B-R

,IB

500

-184 -280
64 ll2
8-8

-120 -208
88 1r2
t6 24

-200 -296
928 9{4
32 40

600

4

IIEASURED STRAIN (uE)

700

for Specimen 2LK4

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-344 -480
t44 248

016
-256 -352
160 248
40 64

-368 -520
1008 llot

40 32

-397 -{46
o25

-25 -99
0 1{9

-74 -50
-25 0

-25 -25
-50 -50
-25 0

25 50

-25 -74
-50 -74

0 -25
-50 -99

00
-50 0

-74 -99
25 2s

74 50

-L24 -t74
23 50

-223 -298
s00

-50 -149

-74
0

25

-50
-25
-99
-50
-25
-99
-99
-?4
-99
-99
-74
-50

-124
-74
-74
-50
-99
-50
-74
-25
-25

800

-248 -273 -372
-?4 -50 -25
-50 198 -50
50 74 50

0 -25 -74
-25 -74 -74
25 -50 -50
25 -25 -50

-25 -50 -74
-50 -50 -2s
-50 -25 -50
-50 -14 -99
-74 -99 -74
-50 -74 -50
-50 -50 -74
-50 -50 -74
-50 -50 -74
-74 -s0 -25
-25 0 50

-99 -124 -r24
-50 -25 0

-25 -50 -14
-25 0 25

-25 -25 -25

839 749 715 716

-592 -832 -2400 -4944
400 632 2680 5368
32 6{ 360 54{

-472 -688 -2208 -4680
368 616 2720 5{¡80
104 160 576 784

-672 -960 -2648 -5152
1288 1608 37?6 6512

48 1441 5lZ 696

-620 -595 -620
-25 s0 25

-L24 -198 -17{
1{9 r98 149

-L24 -174 -198
-50 -s0 -25

0-s00
-50 -L24 -l?{
2s -25 25
74 372 6225

-198 -397 298

-25 L24 4638
z5 99 2604

-L74 -322 -149
0 25 2133
0 0 74

-149 -223 -322
25 74 74

50 99 t24
-248 -273 -273

0250
-347 -496 -422

02550
-223 -322 -322

,;;; ___

632

8 832

8{8

9840

760

-6{5 -719 -645
25 -25 0

-149 -1{9 -149
149 99 149

-149 -99 -74
0 50 74

00?5
-r49 -L24 -74

2s -25 25

783?

1637

6572
6324

-50
5654

25 -74
-24A -273
-25 -L74
149 99

-595 -6?0

-L74 -248
-422 -446 -446

25 0 7,1

-322 -322 -298



L v (kN)

DEHEC O

POINT A

D ìt (HPa)

Table 5.4 Concrete

DI REClION

IA

83

100 200 300 400

2A

ED1

ED2
EH

EDI
BD2

EH

EDI

ED2

EH

3A

and Drypack Strains

0

0
0

0

0

0

0

0

0

-,t0 - 104

48 72
32 -8

-32 -80
40 48

0 -8
-80 -136
-16 40

E-8

-1{9 -39?
00

-25 -25
00

25 25

00
0 25

0 -50
0 25

250
-25 -25
250
00
o -25

-25 -?5
-25 -25
-25 25

00
-50 -25
-50 -50
-25 -25
-50 -50

00
00

IB

2 B-H

2B-L

2B-B

3B-H

3B-L

3B-R

4B

500

4

EDI

ED2

EV

EDl

ßD2

EH

EDI

ED?

EH

EDI

ED2

ËH

EDI

ED2

EH

EDI

ED2

EH

EDI

zD2

EH

EDl

ED2

8V

-r76 -256
t12 192
32 40

-LzE -ZOO
96 L44
16 40

-200 -288
80 t52
016

-{96 -595
00

-74 -74
0 -50

-25 -25
00

25 25

-s0 -99
25 50

25 50

-25 -25
o25

25 25

-25 -50
-25 -25

00
00
o25
00

-74 -L24
00

-74 -99
-25 -25
250

600

IIEASURED STRAIN (uE)

for Speciroen 3LK4B

700 800 900 1000 1058 800

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-344 -4{8
264 344
32 24

-264 -344
200 280

40 64

-3?6 -480
232 304

E32

-694 -744
50 50

-99 -99
-25 25

-74 -74
025

25 25

-74 -L24
50 74

50 25

00
?5 25

25 s0

-25 -74
-25 -25

00
0 -25

25 s0

25 25

-99 -149
25 25

-99 -L24
25 25

0 -25

-592 -744 -928 -1320
448 648 912 1584
64 80 144 360

-{56 -592 -744 -1032
392 560 792 1456
60 112 192 448

-616 -768 -928 -tg44t
432 632 920 1600

56 7? 104 312

-2848
3992 8920
944 1152

-2536
3816 8688
LO?2 1352

-3224
4064 89?6

768 952

-El8 -918 -992
50 74 74

-L74 -223 -298
74 74 74

-rz4 -198 -Z{8
50 74 99

s0 50 74

-99 -149 -2?3
99 99 149

50 99 149

-s0 -149 -2?3
zs 50 74

74 t24 149

-99 -223 -397
000
02525

-50 -99 -149
74 99 L24

74 L24 1{9
-248 -258 -372

50 74 L24

-t98 -2{6 -322
25 50 2s

-74 -149 -198

-r017 -r017 -1017
99 99 74

-322 -322 -248
74 L24 t24

-273 -546 -69{
99 0 -74
99 149 L24

-397 -496 -347
149 198 t74

1637 9945

-595 -4?r2
967 2654
174 632{ 17509

-620 -r4E8 -546
99 30s0 5010
74 L24 s0

-322 -52r -347
t24 L24 L24
L?4 149 t24

-496 -744 -2t58
149 25 25

-372 -372 -298
2s 25 25

-273 -273 -149



Table 5.5 Concrete

DEMEC

POINT

L V (kN)

o

A

D H (MPa)

DIRECl ION

and Drypack Strains

IA

84

0 100 200 300 400 500

EDI

ED2

EH

EDI

ED2

EH

EDI

ED2

EH

2A

3A

0

0

0

0

0

0

0

0

0

-200 -304

-224 -t76
-280 -296
-144 -216
-224 -t60
-256 -248
-176 -288
-168 -104
-232 -240

for

1B

2R-L

2B-R

2B-M

3B-ü

3B- L

3B-R

{B

Specimen 2SK2

EDI

ED2

EV

ED1

ED2

EH

EDI

ED2

EH

EDI

ED2

EH

EDl

ED2

EH

EDI

ED2

EH

EDI

ÊD2

EH

EDI

ED2

EV

-448 -624
-72 r28

-280 -?64
-296 -416
-56 112

-240 -2t6
-456 -608

16 200

-232 -208

559

ÌIEASUBED STBAI N ( uE )

509 456 418

-920 -1600
528 1904

-176 344

-560 -tll2
440 t720
-40 504

-904 -1680
5{4 1768

-168 200

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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L v (kN) 0 0 100 200 300 400 500 600 700 800 88tl 840 724 672 621
DEHEC O

POINÎ A

D M (MPa) 0 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Table 5.6 Concrete and Drypack Strains for Specimen 1SK4

EDI 0 -80 -200 -360 -544 -744 -960 -L224 -L592 -2984 -31{4
1A EDz 0 40 24 r52 224 34{ 560 704 1128 25L2 2656 5160 8000 -6632

EH 0 0 -8 -40 -56 -80 -88 -88 -56 -16 I -16 -16 192

EDl 0 -40 -1r2 -216 -328 -464 -600 -744 -952 -1992 -2LL2 -4624
zA ÊD2 0 32 72 136 224 344 472 640 992 2600 2680 5392 8280 -6488

EH 0 16 16 E 16 16 56 88 192 560 584 672 ?36 1280
EDI 0 -6rl -136 -256 -400 -552 -7O4 -896 -1144 -2296 -2472 -4992

3A ÊD2 0 48 72 136 256 368 504 6?2 1032 2656 2816 5592 8624 -66{0
EH 0 0 0 -8 -8 I -8 16 112 472 472 6{0 8¡t0 17?6

EDI 0 50 L24 74 0 -74 -149 -198 -223 -248 -223 -223 -198 -L24
18 EDz 0 0 99 99 99 74 74 99 I24 t24 t24 99 99 149

Ev 0 0 25 149 99 50 -99 -r98 -rZE -223 -372 -273 -99 -25
EDI 0 25 50 50 s0 50 0 50 273 372 422 694 -397

zB-L EDz o 25 50 25 -?,5 0 -149 -223 -471 -101? -1042 74 -3794
EH 0 50 50 74 25 50 0 0 0 -74 -99 744 -5481
EDI 0 149 50 ?4 74 74 50 25 25 L24 174 25

2B-R EÐ2 0 25 25 0 -25 -99 -tZ{ -L?4 -149 -496 -521 -1066
EH 0 50 74 50 50 s0 25 2s 50 -25 -50 -101?
EDl 0 99 248 99 99 L74 25 50 0 248 298 372 47L

2B-t1 EDz 0 50 r24 99 99 r24 99 17{ 149 -570 -?69 -2802 -s6{6
EH O 25 t24 L24 74 50 -25 50 25 r74 223 322 273
EDr o 14 1{9 L24 99 99 50 74 719 4tt7 4464 13218

3B-n EDz 0 74 L24 t24 99 99 74 99 124 -1141 -1389 -74
EH 0 ?4 t24 99 74 74 74 74 496 2306 2406
EDl 0 74 149 r24 99 L24 99 I24 L74 298 298 397 298

3B-L EDz 0 50 99 74 50 25 0 -s0 -L24 -5?0 -694 -843 -893
EH 0 25 t24 t24 t24 L24 124 149 198 248 248 1{9 -223
EDI 0 ?4 L74 r49 174 t74 174 248 248 322 298 L24 -50 -198

3B-R ED? 0 -99 -50 -99 -99 -149 -l?4 -198 -223 -248 -248 -273 -372 -298
EH O 74 L2,4 L24 L24 149 r74 r98 ?.48 372 39? 50 -298 -1215
EDt 0 74 L24 74 99 0 0 -?5 -50 -99 -99 -74 0 0

48 EDz 0 50 99 74 99 I24 74 99 L24 99 t24 L24 L24 L74
Ev o 25 50 0 -74 -223 -794 -868 -918 -967 -992 -918 -893 -818

DIRECTION
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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
DE}IEC O

POINT A

D H (HPa) 0 4 4 4 4 íl 4 4 4 4 4 4 4

EDt 0 -72 -152 -232 -336 -464 -600 -824 -1240 -3576
rA EDZ 0 I 80 112 168 280 400 632 lr44 4tL2 7360

EH O -24 -16 -24 -24 -8 -8 32 136 648 800

EDI 0 -56 -88 -160 -216 -272 -376 -520 -?68 -2664 -5712
2A EDz 0 16 56 8E t4{ 224 304 496 984 39?6 7320

EH 0 0 I I 24 ,r0 56 ll2 272 rO72 t248
EDI 0 -64 -L44 -232 -328 -432 -5?6 -?84 -1176 -3480 -6528

3/r EDz 0 -24 32 72 144 216 352 552 tO72 4048 7328
EH 0 0 -8 -8 -8 -16 -8 16 112 624 800

EDl 0 0 -25 -25 -25 -74 -74 -149 -r74 -149 -1{9 -L24
188D2002500000000-273

Ev 0 -25 -25 -25 -50 -99 -99 -L24 -L74 -L74 -149 -L24
BDl O 25 25 25 74 74 99 174 1265 6894

2B-Ì{ ED? 0 -25 -74 -L24 -L24 -t74 -?23 -322 -6?0 -3199
EH 0 0 -25 25 0 25 25 74 694 2554
EDI 0 0 -25 -25 -2s -2s -25 25 25 372 2108

?b-L zDz 0 -25 -25 -25 -50 -99 -L24 -1?4 -198 -1364 -1042
8H0000025000-1741066
EDl 0 0 25 25 2s 25 25 50 ?4 l7{ 74

2B-B BD2 0 0 -25 -25 -2s -50 -74 -99 -t74 -39? -298
EH0-25-2500002525-50-74
EDI 0 0 0 0 0 0 0 -50 -50 -422-Lo42

sB-u ¿Dz 0 -50 -50 -50 -50 -25 -50 -50 -124 -tz4 25

Eñ 0 -?5 -25 25 25 25 2s 25 0 198 149

8D100000025025740---
3B-L ED2 0 -25 0 -50 -50 -50 -74 -IZ4 -198 -422 -273

8H000000002525-74
EDl 0 25 25 50 50 50 50 74 149 496 47L

3B-B EDz 0 -25 -25 -25 -25 -74 -99 -t24 -248 -446 -347
EH 0 0 0 0 2s 25 0 0 2s 74 T4

EDl 0 -50 -74 -149 -174 -273 -322 -3{? -4{6 -446 -397 -397
¿lB ED? 0 -25 0 -25 -25 -25 -25 0 -25 -25 -25 -25

EV 0 -25 -50 -50 -99 -99 -L24 -L'.14 -L74 -198 -L74 -149

DIRECTION
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Table 5.8 Principal Strains and Crack Orientation for Specinen 1NK4

L v (kN) 0 0 100 200 300 400 500 516 532 540 515 518 5ll
DEMEC O

POINT A

D l,l (HPa) 0 4 4 4 4 4 4 4 4 4 4 4 4

El 0 31 62 r01 220 898 1378 1978 2192 4428

1A E2 0 -63 -126 -229 -404 -1074 -1554 -2146 -2620 -4380

^NGLE 
60 55 52 50 47 46 {6 47 46

Et 0 l8 64 100 zo2 833 13.15 1930 2442 4322
2A E2 0 -42 -80 -148 -282 -961 -1433 -2010 -2482 -4258

^NGLE 
57 5E 52 49 q7 46 46 46 46

El 0 17 48 L29 216 840 l32r 1905 2393 4225

3A 22 0 -65 -L28 -233 -392 -1064 -1561 -2t29 -?625 -4433
ANGLE 39 45 48 47 45 46 46 46 46

El 0 30 60 80 74 25 t02 r00 13? 129 194 180

lB E2 0 -5 -10 -31 -2s -1S9 -102 -?5 -162 -154 -r94 -254
ANCLE 23 23 32 45 {8 38 {l 33 26 20 15

Er 0 51 zto 306 655 2402 3E45 569? 7134

2B E2 0 -76 -260 -5?9 -1225 -4510 -6870 -9?39 -12094 ---
ANGLB --- 129 1{{ 141 139 138 138 138 r38

EI007605575250277720252
3B-L E2 0 0 -51 -99 -30 -132 -27 -99 -52 -LZ1 {6 -27

ANCLE 39 6? 78 99 99 97 99 99

El 0 ?0 151 249 5?1 222t 3489 5284 6?0?

3B-Ìt R2 0 -?0 -200 -497 -1142 -4403 -6E12 -9674 -12113 ---
/TNCLE --- 113 131 133 136 138 137 13? 13?

El 0 80 E0 60 r25 125 125 139 89 t24 228 t?4
3B-R E2 0 -31 -3r -85 -50 -50 -s0 -40 -89 -124 -55 -74

aNcLE --- 103 122 105 r3l 113 113 118 107 108 109 108

El 0 50 178 353 670 2365 3?s6 s42Z 696?

48 22 0 -198 -376 -824 -1563 -{920 -74s2 -10382 -12869
ÂNCLE --- ll? 130 L26 134 137 13? 13? 13?

El0030274050565065225-25
58 E2 0 0 -5 -52 -139 -L25 -180 -r98 -229 -250 -199 -223

ANGLE --- 157 36 62 ¡ll 36 45 36 40 42 45

DIRECT ION
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Table 5.9 Principal Strains and Crack Orientation for Specinen 1LK2

L v (kN) 0 0 100 200 300 400 500 521 491 455 4?3 40? 367 361

DE}IEC O

POINT À

D M (ftPa) 0 2 2 2 2 2 2 2 2 2 Z 2 Z Z

El 0 37 139 236 402 630 4059 5696 7901

lÂ E2 0 -85 -187 -284 -426 -622 -2651 -41040 -5989
ANGLE 57 51 50 48 49 49 48 48

El 0 37 9l 168 308 544 3918 5614 7868

2^ E2 0 -77 -123 -208 -324 -312 -2310 -3638 -5612
ANGLE ?0 58 37 53 s2 48 {8 47

El o 24 lr2 196 349 596 3904 5618 7823

3A EZ 0 -80 -19? -292 -4¡15 -668 -2728 -4106 -6047
ANCLE 61 54 5? 54 5 I 49 48 48

El 0 55 -15 -25 -24 6 -22 3 52 56 25 I ---
18 E2 0 20 -85 -74 -150 -229 -226 -20r -201 -180 -174 -L25

ANGLE 23 67 45 39 36 36 38 39 36 .15 39

El o 74 50 80 82 114 86 80 80 85 60 85 95

zB-L E2 0 25 0 -31 -10? -65 - 136 -130 -130 -60 -85 -60 -45
ANGLE --- 103 102 ll8 r22 ll3 113 120 120 L20 113

El 0 30 25 40 3s 74 100 60 66 16 15 26 s0

2B-B E2 0 -5 -25 -65 -110 -L74 -323 -332 -2r5 -239 -164 -100 -99
ANGLE --- 15? 135 113 105 108 110 l0? rl3 105 10? 96

Bl 0 50 90 100 158 275 9059 11533 14556

zE-H Ê,2 0 0 -15 -26 -109 -448 -4025 -5606 -7190
ANGLE --- 135 15? l4l L24 124 r30 132 131

El 0 104 80 128 130 255 5?82 7692 10270

3B-r1 E2 0 69 44 -29 19 -255 -2459 -3452 -3996
ANGLE 23 67 99 r03 105 r18 119 119

El 0 10 l0 35 2L 45 47 222 57 33 100 37 l0
3B-L E2 0 -60 -60 -ll0 -r20 -169 -319 -544 -305 -281 -224 -r85 -134

ANCLE --- 113 113 105 ll3 117 l21- 75 L27 126 r33 122 L20

Ero25527499r027717560857680
3B-R E2 o -25 -27 -74 -99 -151 -L27 -L74 -100 -85 -60 -2 -31

^NCLE --- 135 144 r35 135 129 L4? 86 13r 120 120 126 103

El 0 40 5l ?.9 50 27 25 74 79 50 50 74

48 E2 0 -65 -76 -128 -l?4 -226 -249 -223 -203 -198 -198 -223

ANCLE 6? 51 54 48 39 48 45 37 45 45 45

DIRECTION
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Table 5.10 Principal Strains and Crack Orientation for Specimen 2LK4

L v (kN) 0 0 100 200 300 400 500 600 700 800 839 749 715 716

DEIIEC O

POINT A

D t't (ltPa) 0 4 4 4 ,t il 4 4 4 4 4 4 4 4

DI RECTION

El 0 I 29 81 126 164 271 416 650 2690 53?9

l,{ E2 0 -97 -141 -201 -294 -364 -503 -608 -850 -2{10 -4955
ANGLE 85 69 59 56 56 55 52 51 47 47

El 0 16 44 93 127 178 270 396 645 274L 5494

zA E2 0 -40 -92 -125 -223 -274 -374 -500 -717 -?229 -4654
ANGLE 49 55 54 57 56 56 55 53 49 47

El 0 930 9?5 1018 1006 1063 l1{5 L322 1621 3776 6512

3^ E2 0 -186 -247 -290 -35E -423 -561 -706 -9?3 -2648 -5152
ANGLE 26 28 30 33 34 36 38 41 45 {5

2r 0 35 -20 2L5 30 65 50 35 58 48 62 41 44

18 E2 0 -lr0 -303 -538 -427 -462 -471 -680 -604 -643 -682 -?85 -689
aNcLE 75 7l 8l 65 66 58 62 51 56 58 61 59

El 0 26 80 136 75 2 161 162 208 149 149 111 lss
zB-L E? 0 -100 -31 -86 -100 -76 -61 -13? -184 -198 -149 -l1l -80

ANCLE 6 16? t6? r57 126 148 L47 r44 135 135 L22 126

El 0 26 74 -20 -25 -20 2 3t -14 55 s0 10 45

2B-B E2 0 -100 -25 -55 -74 -55 -?6 -80 -159 -22A -198 -134 -95
ANGLE 6 --- 23 113 99 103 r05 109 108 120 113

El 0 -69 -50 Z 26 55 75 ?9 39s 6s29 8339

zB-n E2 0 -10{ -50 -?6 -100 -55 -100 -203 -420 -6 1134

^NGLE 
23 I 174 167 157 127 125 123 120

El 0 -48 -44 -48 -44 l0 l0 50 139 2875 ?198

3B-¡r R2 0 -126 -80 -126 -80 -60 -134 -198 -363 -420 -924

ANCLE 8l 6? 8l 23 113 105 r17 ll9 118 116 --:
El 0 -64 -25 -50 -25 26 40 s0 105 15? 50 -74

3B-L E2 0 -134 -74 -50 -L24 -150 -r39 -198 -329 -405 -273 -273
ANCLE 6? 94 107 108 105 113 119 135

El 0 -39 -23 l0 s7 86 96 80 130 13? r52 101

3B-R Ê,2 0 -109 -101 -r3{ -132 -136 -2,20 '278 -304 -286 -598 -6?1

ANCLE tl3 126 120 123 L22 113 118 120 125 l3l 132

Elo-15-250255507398657?L97
48 Í,,2 0 -85 -25 -50 -74 -228 -298 -354 -510 -458 -454 -467 -469

ANGLE 6? 45 45 53 45 37 36 30 30 33 33
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Table 5.11 Principal Strains and Crack Orientation for Specimen 3LK4B

L v ( kl'i ) 0 0 100 200 300 400 500 600 700 800 900 1000 lo58 800
DEMEC O

POINT A

D M(MPa) 0 4 4 4 ,t .l 4 4 4 4 4 { 4 4

Et 0 56 72 t26 203 272 351 465 660 924 1602 4OL2
lA E2 0 -48 -r04 -190 -267 -352 -455 -609 -?56 -940 -1338 _2868

^NGLE 6t 48 57 54 52 50 52 50 50 49 48
El 0 40 48 r00 r57 2rl 294 407 574 810 1478 38415

2A E2 0 -32 -80 -132 _2L3 _275 _35S _47L _606 _?62 _tos4l _2565
AÌ¡GLE 42 {9 53 56 54 54 52 51 51 50 {9

Er 0 16 49 92 16? 242 322 452 646 926 1611 4o8r
3Â E2 0 -lr2 -L45 -2L2 -303 -386 -498 -636 -782 -934 _r3s5 _32{1

ANCLE 75 57 S7 55 52 54 53 51 48 {9 48

E1 0 15 65 55 74 1ll LzL 98 113 98 116 116 118
lB Ê2 0 -164 -462 -551 -6?0 -?56 -815 -86? -956 -1016 -1033 -1033 -1061

iTNGLE 62 66 62 63 60 61 58 56 53 SZ SZ 56
El 0 30 30 5 ? 6 45 99 131 159 164 185 rls

2B-Ì{ E2 o -s -5 -30 -?6 -lo5 -95 -149 -255 -333 -363 -606 -746
ANCLE 23 23 lr3 81 r03 lr3 lt? 113 rlo lrl 119 121

Bl 0 0 40 40 69 65 95 r20 129 204 239 319 258
?B-L E2 0 0 -65 -65 -144r -114 -194 -169 -228 -402 -536 -666 -482

ANGLE 113 113 t08 t0? 105 lo5 10? to7 rl0 llo llo
El 0 35 S ZS s2 50 30 55 r2O t8g t7Z3 99rts

zB-R E2 0 -35 -30 -25 -27 o -5 _55 _169 _3r3 _681 _4?12
ar{clE 113 tl3 135 126 135 113 L22 120 rl9 L24 135

El O 25 5 35 27 35 51 75 131 r?6 288 63?5 18t53
3B-u E2 0 -25 -30 -35 -52 -35 -?6 -loo -230 -424 -734 -1539 -1190

ANGLE 152 t5? t4¡l 15? t4l 13r LZ? rZ3 lr5 130 146
El 0 0 2s 0 25 25 51 77 tt3 143 194 258 189

3B-L s2 0 -50 -25 0 -25 -25 -?6 -L27 -18? -267 -442 -654 -486
AXCLE 45 96 9? 102 103 109 1r3 108

El 0 -25 -20 ls 26 50 61 L24 179 240 295 253 528
3B-R E2 0 -74 -55 -90 -150 -125 -185 -298 -352 -463 -61? -848 -2562

ANGLE rl3 lr3 rl3 113 rl3 115 116 r.l,¡ 114 1r? lr4
El0101029103529255832484825

48 ß2 0 -60 -60 -128 -134 -110 -128 -199 -256 -329 -395 -395 -298
ANGLE 6? 67 81 75 60 54 48 36 37 32 32 43

D I RECT ION
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Table 5.12 Principal Strains and Crack Orientation for Specimen 2SK2

L v ( hN ) 0 0 100 200 300 ,100 500 559 509 456 {18
DEMEC O

POINT A

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

D IRECTION

El 0 -143 -155 -71 L28 528 1914 4336 ?893
lA E2 0 -28I -325 -449 _624 _920 _1610 _29E4 _5349

A-t{cLE 1.?5 24 42 44 46 48 48 48
El 0 -t02 -t22 -40 L20 440 1?34 4123 ?592

2A E2 0 -266 -254 -312 _424 -560 _1126 _2531 _4968
ANCLE 165 13 31 38 46 49 49 48

El 0 -112 _94 16 200 544 L7?5 {080 7407
3A E2 0 -232 -298 -¡156 _608 _904 _16S? _3160 _5?59

ANCLE 2 32 44 45 45 48 48 47

El 0 1{4 59 80 109 156 rl9 ¡.04 135 tlg
rB E2 0 -69 -208 -155 -208 _230 _342 _253 _333 -268

9L

El 0 50 35 25 50 54 56 156 128 ?6
zb-L B2 0 -50 -110 -2s _125 _103 _155 _s2 _203 _sl

ANCLE ?s 135 94 L26 lt3 123 96 96
El 0 185 51 L44 _23 27 54 r29 66 _24

zB-R Ê2 0 -37 -?6 -69 -lot _52 _277 _377 _2t5 _r5o
ANGLE 167 L74 162 99 126 129 129 ll3 96

El 0 30 50 30 27 ?6 314 5083 1{64?
28-ü E2 0 -5 -50 _5 _52 _51 _264 _l?8{ _1280

At{cLE 23 6? 54 51 60 104 116
El 0 50 31 3 50 483 3019 s2{6 10312

3B-H E2 0 0 -80 -2or -198 _260 _514 11 _243
ANGLE 135 103 9? 108 L22 L25 129 t24

El 0 I 26 57 65 95 273 3{O
3B-L t2 0 -125 -rso -132 -288 _51? _744 _3836

ANCLE 84 94 123 1r0 106 113 112
El 0 27 60 35 _25 54 L24 44 593

3B-R E2 0 -52 -10 -35 _74 _103 _273 -888 _33?l
AïGLE 99 113 ll3 135 126 135 148 164

El 0 0 40 131 154 1011 _74 216 L24 15
48 E2 0 -50 -139 -255 _377 _427 _348 _4I5 _447 _487

ANCLE l7 23 19 26 3 23 28 35

PRINcIP.ÀL CONCBETE STRAINS (uE)

ANCLE 27 101 36 7L 23 27 62 29 25



Tab1e 5.13 Principal Strains and Crack

DE¡.IEC

POINT

L V (kN)

o

A

D H (HPa)

DI BECT ION

EI
E2

AHCLE

EI
E2

ANCLE

EI
¿2

ANCLE

IA

92

0 100 200 300

2A

3A

0

0

0

0

0

0

400

f

PBINCI PAL

EI
IB E2

ANGLE

E1

zB-L R2

ANGLE

EI
zB-R E2

ANCLE

E1

zB-n E2

AI{GLE

EI
3B-ì,t E2

AI{CLE

EI
3B-L E2

ATGLE

EI
3B-R E2

ANCLE

EI
4B E2

ANCLE

43

-83
54

3?

- ¿15

60

49

-65
49

50 160

-226 -368
63 52

79 142

-LLg -222
56 53

77 143

-l4l -263
5{ 52

199 150

24 24

176 8{
50 76

50 -2
99

76 ?6

-2 -Z
99 126

214 L24

98 74

IJ I

t54 149

119 99

157

149 t3{
99 64

135 113

t90 184

-66 -134
120 116

175 r49
48 0

I74

Orientation for

500 600

4

238 357

-558 -757
53 51

232 351

-336 -471
52 50

262 3?9

-406 -563
51 51

CONCRETE STR¡,INS (uE)

060
0 -10

--- 157

050
00

0 159

014
--- 150

0 130

019
--- 16?

o 74

o?4

0 101

023
--- 1?l
0 110

0 -135
--- I 13

0 r0r
0 23

--- l7l

I UU

4

Specim-en 1SK4

800

568 719 lt39 252I
-968 -1239 -1603 -2993

49 50 49 47

485 6541 1007 2614
-613 -758 -967 -2006

51 51 50 48
511 682 10{5 2673

-711 -906 -1157 -2313
¡19 50 .19 {8

8841 840 7?4 672 621

120

-2L
6?

52

-27
126

80

-31
r22
t24

74

t24
74

130

l9
103

199

-L24
rl9
273

-_r_^

89 90

-89 -165
62 30

60 31

-10 -180
113 lr.3
9{ 69

-ltg -144
1l? 117

251 156

47 -32
173 L2

LZ4 80

74 44

b,

145 139

4 -40
113 107

224 246
-199 -246
lr5 rl3
354 869

-230 -?94
61

266 7

-3155
47

2699 5400

-213r -4632
49 47

2833 5603

-2489 -5003
48 47

161 139 184 3l?
-260 -238 -308 -416

23 33 25 l{
75 286 415 451

-248 -484 -1060 -1071
119 L28 t25 L27

s6 79 163 195

-ls5 -203 -535 -542
113 109 Lzt r25
r99 164 368 468
24 -15 -690 -939
23 28 115 115

104 728 424L {590
69 tls -1265 -1515
23 128 126 L27

179 253 443 469

-104 -204 -716 -866
r09 110 114 1t4l

308 346 477 486
-258 -32L -403 -43?
116 1r3 ll0 108

945 996 972 1023

-870 -922 -972 -998
2333

203 107 r54
-327 -206 -L29

l9 36 37

859 1692

-90 -5883
110 t6?
2L7

-1258
156

995 1187

-3425 -4361

--- --. ---

500 302

-9{6 -897
120 131

160 -?8 720

-308 -394 -1216
119 1{9 179

972 1019 996

-923 -895 -823
323



Table 5.14 Principal Strains and Crack Orientation for Specimen 3SK4B

L v (kN) 0 0 100 200 300 ír00 500 600 ?00 800 893 ?10 658
DEHEC O

POINT A

D Ìr (HPa) 0 { 4 4 4 4 4 4 4 4 4 4 4

El 0 I 82 116 175 289 408 643 1158 4131
lA E2 0 -73 -154 -236 -343 -473 _608 _835 _1254 _3595

ANGLE 51 50 51 52 51 50 50 49 4E

Et 0 21 60 96 154 232 316 5ll 999 {002 ?335
z^ E2 0 -61 -92 -168 -226 _280 _388 _535 _783 _2690 _5727

Al{cLE 60 54 55 54 52 53 52 50 49 47
Er 0 { {4 88 159 229 364 565 lO84 4063 7340

3,t E2 O -92 -156 -248 -343 -445 -568 -?9? -tr88 -3,195 -65{0
At{cLE ?8 59 58 55 53 51 51 49 48 47

8102535527353515365031_93
lB E2 0 -25 -35 -30 -52 _lto _ll0 _164 _zLO _198 _180 _304

ANGLE 23 23 9 15 15 28 23 18 23 113
El o 25 25 s6 77 95 L?t 2rs 1343 6944

zB-rf E2 0 -?,5 -?4 -155 -L27 -194 -245 -364t -?48 -3248

^NCLE --- r35 135 ll3 128 120 LzL 120 t24 131
810500232155055{302196

zB-L E2 0 -30 -s0 -50 -?6 _156 _164 _198 _228 _L422 _Ltzs
at{clE --- 113 99 102 r0? 11? 116 125 126

El 0 2s 35 25 25 27 31 65 95 180 78
2B-R E2 0 -25 -35 -25 -25 -52 -80 _114 _194 _{03 _3or

.rNcLE --- 157 135 135 126 t22 1r8 t3o 129 129
810003131273125822r338

3B-n E2 0 -50 -50 -80 -80 -52 -80 _L24 _181 _?6? _1355

^NGLE --- 135 135 t03 103 99 103 r02 81 ?O

8105010101031267t14413
3B-L E2 0 -30 0 -60 -60 _60 -80 _ 150 _245 _491 _286

ANGLE --- 113 --- 113 113 ll3 L22 lr3 113 116 123
Er 0 25 25 52 52 60 54 77 162 499 47L

3B-R E2 0 -25 -25 -27 -?7 _85 _103 -L27 _26t _449 _347
,tNcLE --- 135 135 144 126 L20 126 LZ1 L25 132 134

Er 0 -20 2 -t4 -25 -15 _t7 o _16 _22 _Zt _15

4B E2 0 -55 -76 -159 -l?{ _282 _330 _347 _455 _450 _400 _40?

ÀNCLE 67 36 60 45 56 S{ ¡15 53 50 51 54

DIRECTION

93

PRINCIPAL CONCRETE STRAINS (uE)



Table 5.15 Average Shear Slip and

L0ÂD, kl| 0

l9C, SilP, ¡¡ 0,0000

STt. lt-0lttll0[, rr 0.0000

S1À, 2t-DlLÀl10||, rr 0,0000

STt. 3^-DlttllOfl, u t],0000

94

( continued )

100 ¿00 300

0,00?2 0,018i 0,032{
-0.0023 -0.00{5 -0,0091

-0,001? -0,0011 -0.003{

-0,001? -0,rl0ll -0,003{

5tl 513 513

{,{9?? {,?0?9 {,95i2

5r8

2,8931

Dilation for Speci¡oen 1NK4

{00 500

0.0662 0.2515

-0,0130 -0,0i2?

-0, 005 ? -0.0092

-0,005? -0.0092

5 r5 532 5{0

0.3915 0.55?6 0.6996

-0,0129 -0,0126 -0,0102

-0 , 0066 -0, 006{ -0, 0039

-0,0066 -0,006{ -0,0039

Table 5.16 Average

[0t0, lt 0

lVC. $ülP, ¡r 0,0000

SIt, lt-Dl[t110[, ¡¡ 0.0000

SÎt. ¿t-DI[l1l0X, u 0,0000

51Â. 3t-01[tÎl0X, u 0,0000

510 508 501

5.2190 5.{933 5,?398

(f( (r(
JIV JIJ

0,6995 1,2¿75

0, 0003

0 , 0016

0,00r6

Shear Slip and

( co¡t,inued )

100 ?00

0.0091 0,0305

-0.003{ -0.0033

-0. 00?8 -0 . 0023

-0.0028 -0,0023

36? 361

?::e_26 
',-ll*t

300 {00

0,0536 0.09{8
-0,0032 -0.001{

-0.0028 -0, 0012

-0, 00¿8 -0.0012

Dilation for

500 521

0. l56r 1.0058

0.0009 0,100?

0,0022 0, 1 120

0,002? 0. ll20

Specimen 1LK2

{9i {55

l , f563 2,0?06

0, ll?0 0,1330

0, i363 0, 1s25

0. 1363 0, 1525

{¿3 {0?

2.390{ 3. {6f8

0, {026 0,68{6

0.0?85

0.0?85



Table 5.17 Average

L0AD, klt

ÅlC, SLIP, rr
s1r, 1t-DILllt0n,

s1r,2l-DILtlt0[,
s1t, 3t-DI LÂ1t0x,

0 100

0,0000 0,0215

0,0000 -0,063{

0,0000 -0,00i?

0.0000 -0.001?

?r5 ?16

2,6398 3,20{{

TI

tl
IT

95

Shear Slip and

( contianed )

200 300 {00

0,0313 0.0{58 0.0590

-0.06{5 -0,0651 -0.0685

-0,003{ -0.0023 -0.0068

-0. 003{ -0, 00?3 -0 , 0068

?06 699 688

'_]!'o '_ll" 
*:l]''

Dilation for

500 600

0.0?18 0,099{
-0.0?08 -0. 0?3 I

-0,0068 -0,00?{

-0.l]068 -0.00?{

Specimen 2LK4

Table 5.18 Average Shear Slip

[0t0, Lx 0

l9t, SilP, r¡ 0,0000

SÎt. ll-DIL,tll0l, ¡r 0.0000

Sl,t, 2A-DI[tÎl0l, r¡ 0.0000

$Ît. 3t-DItAll0X, rr 0,0000

?00 800

0.135{ 0.20?7

-|],(]?03 -0,0?09

-0.00?{ -0,0052

-0,007{ -0,005?

839 719

0,?53? 1,5106

-0.038 I -0. 03 12

0,035r 0.0523

0,0351 0,0523

( conlinued I

r00 200 300

0.01r5 0.0181 0.031?

0.0006 -0.0023 -0,00{5

0. 0006 -0 . 0023 -0 . 00¿3

0.0006 -0,00¿3 -0,0023

t 05I

1,0086

0.0?89

0, 0889

0,0889

and Dilation for Specimen 3LK4B

800 ?¿e

"::" 

'.::"

{00 500

0.0{9{ 0.06?5

-0. 00{6 -0. 005 ?

-0.00{0 -0.00{5

-0.00{0 -0,00{5

?{3 ?10 692

3,90{0 t.3112 {,8536

600 ?00 800

0,090? 0.1¿26 0.1?05

-0,00Í{ -0.0103 -0,0069

-0.00t6 -0.00{6 -0.0023

-0,00{6 -0. 00t6 -0,0023

6?5 65i t{5
u:ll" t:11t' t-11"

900 1000

0.233{ 0,39??

-0.0013 0,0r82

0.0033 0,029?

0,0033 0.029?



Table 5.19 Average

L0ÀD, k[ 0

ll0, SLIP, ¡¡ 0.0000

SÎt, ll-DlLAll0l, n 0,0000

51.{. 2t-DItlll0[, ¡r 0.0000

STt, 3l-DIIATI0l|, n 0.0000

96

Shear Slip and

{ continued )

100 200

-0,0168 0,0015

-0.0r08 -0,01{?

-0,0260 -0.0266

-0, 0260 -0, 0266

121

*-1lo'

300 {00

0, 030? 0, 0?8{

-0,01?6 -0,0159

-0,02{9 -0.0216

-0,02{9 -0,0216

{20 {2t {23 {21 {19

':ll" u:11" 
'-ll'u ':llt* 

t-ll"

Dilation for Specinen 2SK2

500 559

0, 1669 0,{8?2
-0 , 0086 0.0f|]¿
-0,0086 0,0{?{
-0.0086 0. 0{2{

Table 5.20 Average Shear

l,0tD, i¡
ll0, SilP, r¡
Sll.1l-0lLÀÎ10[, r¡
STt, Zl-DILÄ110||, u
Sl,t. 3t-01ilÎ10[, ¡r

509 {56

i,0912 ¿.0018

0, li2? 0,1925

0,1103 0,1?86

0,11l]3 0.1?86

{18 {28

'_11" 
*_11',*

0 100

0.0000 0.01il
0, 0000 -0.00?8

0.0000 -0, 0006

0,0000 -0.0006

( conlinued )

Slip and Dilation for Specinen 1SK4

¿00 300

0,0219 0.0186

-0,0125 -0,01{8

-0,0028 -0.005?

-0,0028 -0,005?

12i'

i, {?08

0. 0506

0,0506

6t?, 62 I

':1lo* '-ll"

{00 500

0.0?58 0, I l2{
-0.0221 -0,0¿8{

-0,00?{ -0.0085

-0.00?{ -0,0085

62{ 62i 616

'-::" '.ll" ',::"

600 ?00

0.15?3 0,?0{?

-0,0285 -0,03?l

-0, 009 I -0, 00?{

-0.0091 -0.00?{

800 88{ 8{0

0,3025 0. ?096 0, Í{0s
-0.033{ -0,0350 -0.0363

0.002? 0.0{22 0,0393

0.002? 0, 0f22 0,0393



Table 5.21 Average

[0t0, klt

AlC, SLIP, u
S1t. lt-Dl[t110[, u
STt, 2t-DILÄ1ll)li, u
s1l, 3t-DlItTI0ll, u

0 i00

0,0000 0,00?¿

0 , 000l] -0, 00{5

0, 0000 -0 , 0028

0, 0000 -0 , 0028

97

Shear Slip and

(continued)

20lr 300

0,0213 0,033{
-0 , 005 I -|]. 0085

-0, 0023 -0 , 005 I
-0, 0023 -l], 005 I

r58 65{ 63?

':llo' '-lltt 
*:l!t'

Dilation for Specimen 2SK4B

{00 500 600

0,0503 0,0?5¿ 0. l03l
-0,0il9 -0.0130 -0,01{2

-0.005 I -0, 003{ -0 , 005 I

-0 , 005 I -0, 003{ -0. 005 I

628 620 6l{
r_11'u 

'_11" '_1lru

?00 800

0,1588 0,2855

-0,013? -0.00?0

-0,001? 0,0151

-0,001? 0,0151

893 7i0

1,0629 t,9567

0,035?

l],09i1 0, t0?6

0,0911 0, l0?6



Table 6.1- Predictred OracJ<irg Shear load

SpecfurÊn

O:ackùq sFrear load, Ì<N

ILI(2

2TJK4

3LK4B

2SI(2

15K4

3SK4B

l,fodel I

632

931_

931

580

882

882

Èlcdel- II

530

727

727

490

701

70I

Test

SP25'k

569

867

1000

559

884

893

* speci:nen fisn a previcnrs str¡fy t3l

l_t_01 1059 1300



Tabl-e 6.2 D¡fpack Ccxrpr-essive Strerglth Reduction Factors

99

SpeciJnen

ILT?

2T_I<4

3LK4B

2Sr(2,

15K4

3SK4B

Equation (6.18)

Reduction Fäctor,ú

o.7064

0.8200

I.77I8

o.6257

0.7800

1.0155

Equation (6.20)

o.6787

0.7565

o.9382

o.6620

0.8048

L.000



Tabre 6.3 Prledicted sheår capacity r¡rcnediatery After o:acr<i-rg

100

SpeciJûen

Shear capacity i:rurediately

after cr:acJ<irg, l<}I

ILI(2

2Tf<4

3LK4B

2SI(2

L5K4

3SK4B

lrÍ¡de1

569

813

8t-3

598

843

843

Têst*

sP25**

569

867

l_058

559

884

893

* maximr¡n load

** stræcinen fiun pretrio:s sbrfy i3l

1018 L527



Table 6.4 Pa::areters for Regir"essionA¡lalysis

101

Specilren

IL¡A

2TJ<4

3I](4B

z9t(2,

15K4

3SK4B

PÀRÀMEIM.

r'"/fù

o.0770

0.1268

o. t-150

o.0772

o.1t-46

0.1194

B/þy

o.4902

o.4902

o.4902

o.3922

0.3922

o.3922

oÍ/fà

o.0752

0.1504

o.1504

o.0752

0.1504

o. r-504



Table 6.5 kedicted Ultinate Shear Load

L02

Speci:ûen

UItinBt€ sfrear load, kN

Regr:ession

l'lodel

ILI(2

2TJ<4

3LK4B

2SÍ{2,

15K4

3SK4B

Sinplified

lfcdel

4L7

644

644

4L7

644

644

4L4

618

618

4L4

618

618

SP25:t

TÞst

* speci:ren fiun prerio:s strdy t3l

418

688

624

4L9

622

648

764 677 988
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CRACK
ÏHROUGH
SHEAR KEY
LUGS

Figure 2.5 Failure Mode for Hlgh Strength Drypack
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Figure 2.7
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Figure 3.2 NK or l¡o-f"y Pane1 Configuration
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TL4

3-MKl

6.MK8

- -E. F.

Figure 3.5 No-Key Panel Reinforcenent
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3-MKl

6-MK3

Figure 3.6 Large-Key Panel Reinforcement
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10 - MK2

3_MKl

6-MK6

Figure 3.7 Small-Key Panel Reinforcement
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Figure 3.9 Horizontal Assenbly of the Specimens
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BRACKET

ANGLE
IRONS

BRACKET

Figure 3.10 Temporary Bracing Systen
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Figure 3.13 Typical Large-Key Specimen
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Figure 3.15 Panel with Bond Breaking Agent



::.
 :

 ,
',1

':a
";

'':
 i."

.)
. 

:',
.

F
ig

ur
e 

3.
16

 
D

ry
pa

ck
 C

on
si

st
en

cy

F l\) ul



T
Y

P
 I

 C
A

L 
1A

D
E

M
E

 C
S

T
A

T
 I

 O
N

r)
:,.

]i.

!::
.:

D
lm

en
sL

on
s 

in
 u

m
.

F
ig

ur
e 

3.
17

 
D

en
ec

 s
ta

tlo
n 

La
yo

ut
 fo

r 
th

e 
N

o-
K

ey
 s

pe
ci

ne
n

38
-R

 -
--

--
-r

38
-M

 -
--

.-
3B

-L
 _

O
H t\) O

r

;i:
,:i

a-

ii;
i,;

i,



T
Y

P
 I

 C
A

L 
1A

D
E

M
E

C
S

ÏA
T

IO
N

$r ,li
,

D
im

en
sL

on
s 

fn
 m

m
.

F
ig

ur
e 

3.
18

 
D

em
ec

 S
ta

tio
n 

La
yo

ut
 f

or
 

th
e 

La
rg

e-
K

ey
 S

pe
ci

ne
n

IB J 
--

=
-

t= '\.
s-

* 
I 
25

Ç
Jt

t
í(

1
,)

 
16

8

'¿
+

"
/3

8-
R

l 
2s

E
B

 -L 2B
-

38
-

3B
.L

5Ø 5 Ø 5

, 
:..

 
i. 

.1
:.

'.:
'.:

 . 
:t 

:ì,
:,;

'. 
.il

:
.i 

. 
.:'

H t\) {



T
Y

P
 I

 C
A

L
D

E
M

E
C

S
ÏA

ÏIO
N

t;:
rÍ

í
,3

,j,
ir:

ül
$:

j

üi
'

"l'
1.

.:

D
Ím

en
sL

on
s 

in
 ru

m
.

F
ig

ur
e 

3.
19

 
D

en
ec

 S
ta

tio
n 

La
yo

ut
 fo

r 
th

e 
S

m
al

l-K
ey

 S
pe

ci
m

en28
-L

 I
2B

.H

3B
-r

,l
38

-L
 (

5Ø
--

-

1B o-
--

-F
-

l--
-r

:5
 l

sz
iF

'-^
l

r¿
 -T rC

 
le

e
4t IF

ilE
T

-
r/

 
13

2

../
 t. ;ì'

sø 2 47 ? 47 2

P N
)

oo

,.'
J:

'
'l 

:.:
:,:

'1
:. 

: 
.;



-.
--

.-
Q

\

,/
ar rf 

- 
a

(\
v 

/

T
Y

P
IC

A
L 

D
E

I"
1 

E
C

,/ 
P

o 
r 

N
T

f

Íi i¡i
l'

i.l
l

'\v
 

z
'. 

I

\ ./ /H

\

F
ig

ur
e 

3.
20

'--
¿

'
-'-

-.
ô-

.,-
'-

\J

\. \ ! I ^.'r
I I ¡ I

D
em

ec
 P

ol
nt

 L
ay

ou
t 
at

 E
ec

h 
S

ta
tlo

n

v

V of
us

ed
 l

ns
te

ad
H

 l
n 

th
e 

co
nb

el
s.

H l.J \o

::.
,:'

.
r:

i',
t,



F
ig

ur
e 

3.
21

 
LV

D
T

 to
 M

ea
su

re
 S

tr
ok

e 
D

is
pl

ac
er

ne
nt



Figure 3.22 Installation of Èhe Specinen in Ehe Testj.ng Machine
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Figure 3.24 Specinen Ends Post-tensioned
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Figure 3.27 Preload Hydraulic Jacking System



Figure 3.2g Reaction End of Ehe preload SysÈen
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Flgure 5.50 Crack Pattern at l,faxiEu.E Load for Specimen 1LX2



Figure 5.51 Crack Pattern at Maximum Load for Specimen 2IX4



Figure 5.52 Crack Pattern at Maxinurr Load for Specimen 3LK4B



Figure 5.53 Crack Pattern at ¡laximr¡-n Load for Specimen 2SK2
























































































































