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.o ABSTRACT .

N .

» / °

. ) . X ,
A non-linear finite element computer Brogram capable of predicting the complete

response of two-dimensional reinforced concrete members was developed. This tool
< ~ .
which accounts for the stress strain characteristics of cracked concrete was used to pre-
dict the responses of a number of members containiné discontinuities. These members
) AR

included corbels, dapped end beams, beams with web holes, and deep beams. The

" results of tests pe&ormed by the author as well as tests performed by other researchers

were compared with tRe non-linear predictions. In ad'diiibri; simple strut and tie mod-
els suitable for designing regions near discontinuities were developed. The predictions
obtained by thése models were compared with the non-linear finite element predictions

~and with the test results. . ‘ ’ ¥ '
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Un programme d’ordinateur eﬁ'ectuani une analyse non-linéaire & él@ment fini afin

de prédire le comportement d’éléments bi-dimensionnelg en béton armé fut Acaongu. Cet

. # '

outil analytique ciui tient cpmpte des caractéristiques de déformation dwr béton fissuré

fut utilizé afin de prédir le comportement d’un certain nombre d’éléments p sédant des
%

«

.

régions discontinues, tels supports a enco;bellement, poutres aux extrémités entailleés,

poutres possédant une ouverture dans I’dme, et poutres profondes. Les résultats de tests

~ . !
exécutés par 'auteur ainsi qué ceux exécutés par divers chefcheurs furent comparés

’

avec les prédictions non-linéaires. De plus, des modéles _simp% constitués de réseaux

d’éléments agigsant en compressjpn ou en tension furent congus en taft que méthode de

design des régions discontinues. Les resiiltats obtenus par ces modéles furent comparés

71 2

avec les prédictions d’analyse non-linéaire 4 élément fini ainsi quvec les résultats de

&

tests.
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CHAPTER 1
INTRODUCTFION '

1.1 Introduction’
| _ " ,

There are many situations in the design of reifforced ‘concrete members where
discontinuities, such as abrupt changes in geometry or the presence of concentrated
loads or reactions, cause disturbances in the flow of the internal forces in the member.
These disturbances in the flow of internal forces around disconfinuities result in “dis-
turbed regions” as shown in Fig. 1.1. For example, the concentrated reaction acting
on the beam shown in Fig. 1.1a interrupts the uniform ﬁel(& of compressive stresse;
in the concrete and causes a disturbed region due to the fanning of the compi'essi\;e :
stresses into the rsu;;port. The nib of the dapped end beam shown in Fig. lalb.causes a
disturbance in the flow of the f:orces resulting in-fanning of the compressive stresses in
the full depth portion of the beam and cpncentrated compressive stresses or struts in
the nib. Tlée disturbed region in the corbel is characterized by high local com?ressive
stresses at the beam bearing z;.rea, with these stresses fanning into the column. The
concentrated load acting on the deep beam shown in Fig. 1.1c is trqnsmitted directly
to the supports by concentrated uni-directional compressive st;esses in the concrete.
Since the flow -of the forces is transmitted by compressive struf:s the entire deep beam
is considered a disturbed regio’n. The, concentrated loads acting on the wall shown in’

Fig. 1.1d cause a disturbed region due to the fanning of the high compressivza stresses
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'Figure 1.1 Examples of ’I‘ypical Disturbed Regions.

Ry

W

into the uniform field of compressive stresses. It is not appropriate to design these

types of disturbed regions using the usual beamn theory which assumes that plane sec-

tions remain pfa.ne. While elastic finite element m%kqis may be used to determine the

sjresses in the concrete prior to cracking, this analysis method may not be appropriate

for design~ since considerable redistribution of stresses occurs after. cracking.

The purpose of this research programme is to study the behaviour of disturbed

regions (zones near discontinuities) in reinforced concrete members. To meet this goal

a two-dimensional non-lipear finite element program, FIELDS, capable of predicting

‘the cobmplete response of reinforced concrete members was developed. An additional

design and ;nalysis tool referred to as “the strut and tie model” was also investigated.

. 5

In this model the flow of the forces in a disturbed region is idealized by a truss in which




~alr B s \ ) {
‘ the zones of concentrated compressive stresses are represented by compressivg struts

and the principal reinforcement is represented by tension ties. In addition, a number of
LY

full scale experiments were carried out on reinforced concrete members which contained

disturbed regidns. The non-linear finite element analyses are compared with test results

and with analyses using simpfe strut and tie models. o

»

\ " 1.2 "Previous Research | - . ( ‘
4 ©

Truss equilibriuf models were developed by Rittg{. as early as 1899' to model

the behaviour of reinforced concrete members subjected to shear and momenti) These

b

models were further generalized by Mérseh in 1926.2

These early truss models led to design procedures®* for shear in Europe and North -

-
t

America which assumed a constant angle of inclination, 8, of the diagonal compressive

- struts (i.‘e., 6 = 45 degrees) and which also inﬁuded an empirical concrete contribution

’ A

Y

) ). to resist a portion of the shear.
‘ More refined trus; models were developed ,by Thiirlimann et al.®, Marti®, and

' Scl}laich and Shafer’ .in order to predict not only regions containing uniform fields of .
compressive stressea;l but also regions r;ear discontinuities in'which these uniform fields

are disturbed. The internal flow of forces in these disturbed regions can be idealized by
»
a truss model in which the zones of concentrated compressive stresses are represented
' / .
by concrete compressive struts and the principal reinforcement is represented by ten-

t

sion ties- as shown in Fig. 1.1. The,truss design approach suggested by Thiirlimann ‘
A et al.’ and Marti® assumes a limiting concrete compressive stress ini the struts of 0.6f. ..
Schlaich and Shafer’” have suggested a strut and tie design procedure for these dis-

turbed regions which involves choosing compressive struts oriented to approximate the

-~ Y S

.  flow of stresses obtained from an elastic analysis.

Recent developments®®-0 leading to a rational model called the compression field

‘ theory, have enabled a better understanding of the behaviour of non-prestressed and
» / .
3 B N »
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_Figure 1.2 Shear Panel Test Set-Up used by Vecchio and Qollins.

.

»

x 4
prestressed concrete members subjected to shear and torsion. Unlike the equilibrium

" truss models the compression field theory satisfies equilibrium, compatibility of strains

and also utilizes the appropriate stress-strain relationships for the reinforcing steel and

“~ ‘ |

A détailed study by Vecchio and Collins!'*!? of the shear response of reinforced
concrete panels (see Fig. 1.2).has enabled a better understanding of the inelastic re-

sponse of cracked concrete. The compressive and tensile stress-strain relationships for

»

the cracked concrete were determined by applying shear stresses to.the test panels, in

!

stages, Up to failure. At each stage, detailed strain measurements enabled the strains

in both sets of reinforcement and,the principal compressive strain direction, 8,-to be . -

determined.: Knowing the strains in the reinforcement enabled the stresses in the re-

-y .

inforcement to be determined. From equilibrium the principal tensile stress,* f,;, and

the'principal compressive stress, f.z, in the concrete were obtained. Repeating these

~

calculations for-each load stage resulted in the determination

pressive stress-strain relationships for cracked concrete. Vecchio and Collins found that

.

the maximum compressive stress that the concrete can carry was a function of both

<
*Note: Tensile stresses and strains are taken as positive quantities, while compressive stresses and strains

are taken as negative quantities. . ’

<
‘

N . . \
e tensile and com- '




a

‘ / the principal compressxve strain, €, and the prmc1pal tensile stram, €1. The,compres-

sive stress-strain relaitlonshxp for the cracked concrete accounting for the softening and

. weakening effects d/l/e to € ist

.

A

¢

- 2 ,
- fe2 = chrAfz [2 (%2') - (3") J - (1-1)

7 3
where
o fr
= < f
, . feamaz = G 0.34(ey/el) = fe
! and . € = compreséive strain in concrete corresponding to the

‘ peak stress obtained from a cylinder test.

The principal tensile stress-strain relationship for the concrete can be dssumed to
G

be linear up to the cracking stress, f.,,.of the concrete, then after cracking the following

a.ver’a.ge principal ‘ge;lsile\stress-strain relationship suggested by Yecchio‘and Collins is
used: - -
if ¢ S‘ﬂec, then ‘, fer=FE.q .
o fe (1:2)
if ¢ >e€ then =
1 cr 5 fcl ,-———-——-1 ¥ 2Q0€1

E. = injtial tangent modulus of elasticity of concrete " ,

concrete strain at cracking. : T

., The stfess—stra.'in relationships for cracked concrete are described in more detail in
Chapter 2. In addition, the ability of the rainforced concrete to t}'ansn{it forces across
.cracks is discussed in Chapter 2. .

Vecchio and Collins developed a computer program®! (SMAL) which can be used

to predict the response of a segment of a beam subjected to shea.r, moment and a.xxa,l‘

< load. In order to analyze a beam using this approach the cross-section is first divided
. into a series of horizontal strips (see Fig. 1.3) and the position and areas of the steel

‘ reinforcement are given along with the material properties. In the analysis, an initial
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Figure 1.3 Discretization of Concrete Beam for Analysis Using Program SMAL.

shear stress distribution is ﬁrst.: estimated and then using 2 linear longitudinal strain @b

distribution over the member depth,‘the program SMAL iterates the shear stress dis-

¥ tribution until equilibrium and compatibility are achieved. This incremental analysis
enables the response of a short segment of the beam to be determined,

The 1984 Canadian Concrete Code!? introduced a general method for shear and

torsion design. ;I‘his general method!* uses the compression fie theorz for regions of

A

members having 4 uniform field of diagonal compkession in the concrete. For regions
S . "
near discontinuities a metho\i incorporating concrete compressive struts and reinforcing

steel tension ties is given. This strut and tie design procedt‘xre is described’in Chapter 2.

-



1.3 Objectives

%

4

1 t

The objectives of this research programme are:
\ . :

o to develop a non-linear plane stress finite element program, FIELDS, using the

stress-strain characteristics of cracked concrete including the effects of strain sof-

s -

# tening in compression and the effects of tensile stresses in the concrete between the
cracks. "The micro:computer program must be cap%ble of predicting the complete

response of reinforced concrete members.

e to design and test full scale, weli-instrument'ed reinforced concrete members with |

disturbed regions in order to study the complete responses.

e to predict the responses of the members;with disturbed regions tested 4t McGill

University and by other investigators using program FIELDS."
e to compare.the response predictions with the experimental results.

e to provide design guidance on the use of sim;’;le strut and tie models for disturbed

4

¢
! -

. regions. ) .

L
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. CHAPTER 3
. ANALYSIS AND DESIGN METHODS

- - N - } ®

‘ ) (&' ¢
S/ g - ' ‘
2.1 Introduction - LR o

-

Duririg the early phases of this resedrch programme the strut afid tie model design
procedure for disturbed regions ﬂéiven in the 1984 Canadian Concréte Code!® was unde-

devéopment. The results from some of the tests performed in this research programme,

-

(de;cribed in Chapters 3 and 4) provided guidance for sample design examples!*1® of

corbels and beams with dapped ends. A description of the strut and tie model design
procedure is given in Section 22. Strut and tie models and truss idealizations developed

during the course of this research for a number of different disturbed regions are also

3

given in Sec}:ion 2.2. -

iy

Section 2.3 provides a brief description of program FIELDS.

2:2 gtrut and Tie Models /

2

It is appropriate to design regions of reinforced concrete members which contain

-

- uniform fields of compressive stresses in the concrete by a sectional design approach

which assumei that the shea.q stress is unif;)rmly distributed over the 'depth of the

$ "

i
member and that the uhiform field can-be represented by a series of parallel compressive

2

st;:uts. Ho wever, in the design of disturbed regions (see Fig. 1.1) the flow of the forces in

c . the member is more appropriately modelled by a series of concrete compressive struts




+
-

e

" .and reinforcement tension ties. These stfuts and ties are interconnected at nodal regions
v .

of multi-directionally compressed concrete. The struts and ties can be represented by

truss members where the truss nodes represent the nodal regions.
_ The geometry of the strut and tie gnodel is determined by following the flow of the
forces from the loading points to the support reactions. The intersection of compressive

struts with the tension ties or the support reactioms \(_lleli'neate the.noda] zones. Once

Ay

A) . -
the geometry of the truss is known the forces in the struts and ties are determined by

¢

statics. ‘ o .

\

2.2.1 Design Procedure of the Canadian Concrete Code

This section summari he design procedure for disturbed regions with reference

-

-

to the provisions of the C adian Concrete Code.'® The design steps are summarized

below with reference to tfe dapped end beam shown in Flg 2.1.

(1) Sketch the flow of the forces in the member under consic‘lerat'ion. Identify regions,
of uniform fields, ’fa,ns, and concentrate& compressive stresses ig the concreté as

shown in Fig. 2.1a. Sectional shear design provides an estimate of the angle of

14

principal compressive stresses in the uniform field regioﬁé. Represent the fans

and concentrated compressive stresses by éompressive struts acting along their

-

centrelines (see Fig. 2.1b). Sketch the tension ties required for equilibrium. The

tension ties and compressive struts form a truss representation of the flow of the

forces. .

(2) Choose bearing areas at the loading points and the support reactions such that |,

~

the nodal zone stress limits are not exceeded under the action of factored_loads.

The nodal zone stress limits, unless special confinement is present, are:

a) 0.85¢.f! in nodal zones bounded by compressive struts and bearing areas;
b) 0.75¢.f! in nodal Zones a.nchori}lg only one tension tie; and .

c) 0.60¢. f; in nodal Zones anchoring tension ties in more than one direction.

A}
where ¢, = material resistance factor for concrete. .
. ' y
9 4
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(3) Determine the geometry of the truss by first locating the nodes of the truss at

.

zones.

(4) Solve for the forces in the members of the truss when the ‘truss is subjected to

fa.cto;ed loads. ) . ) 4 . .

Kl

(5) Choo;e\the ‘tension tie reinforcement assuming a factored resistance of ¢,4,f,,

where ¢, = material resistance factorfor reinforcement, A, = area of tension tie -

»

reinforcement, and f, = yield stress of reinforcement.

(6) Distribute the tension tiglreinfbrcement such that the stress limits in the nedal

-
¢

' - 10

the points of intersection of the forces in the truss members meeting at the nodal -




. -

1 zones anchoring. the tension tie are not exteeded. , -

(7) Detail the a.r;c‘horage of the tension tie so that it can .develop-the required tensile

forée at the innermost edge of the r;odal zone, " If the embedment length is not

suﬂicibnt then hooked or mechanical anchorages must be provided.

(8) Check that the compressive stress, f.1, in the strut is less than the crushing limit,
feamaz- The strut compressive stress, f.;, is deterr.ninéd‘ by dividing the fc;rce in .
the strut by the area of the strut. The cross-sec—tional area of a cor_nprgssi.ve strut
is determined by the dimensigns of the nodal zones at the ends of the strut. The
rpaximpm"allowai)le stress, f.2maz, must‘: be reduced to account for thg presence
of the principal tensile strain, ¢;. This i)rincipal tensile strain'is determir&ed from
strain compatibility in the regions where a i;ension ties crosses a compressive strut.

The principal strain may be determined by conservatively assuming that the strain,

. 2. . -
¢,, in the tension tie, is fy/Ei, where E, -is modulus of elasticity of steel, and then.

-

ﬁndi-ng_ €; as follows: . L.
. v i .
) c €, + 0.002 - \
’ € = € ———————————— . - 1
1=6+ tan? a, oL A%1)

where @, = the angle between the tie and the strut

The crushing strength, f.2mae, accounting for the reduction of strength due to the

-

presence of the principal tensile strdin, ¢, is found from:

S

'/f _____.’Lé&fs'x__ < A f! (2-2)
. Amer T 08+170, =€ :
N .

wliere A is a factor to accoynt for low density concrete iA = 1.00 for normal

concrete? . ‘L . ' M ’

v T : 3

.

density, 0.85 for structural semi-low density, and 0.75 fé? structural fow density .

1
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°

corbel. *

2.2.2 Example Strut and Tie Models and Truss Idealizations

s -

2.2.2.1 Brackets and Corbels > R
The strut and tie models, together with truss idealizations for a variety of brackets
and corbels are given in Fig. 2.2. The double-sided corbel resists the loads by compres-

sive struts feeding directly into the column as shown in Fig. 2.2a. As can be seen, a

tension tie is required from equilibrium to resist the out-of-balance forces at the loading

. points. Figure 2.2b illustrates the flow of the forchs in a single-sided corbel. It is as-

sumed that the anchorage of the main horizontal tension tie takes place at the 90° bend

k]

in this tie réinforcement. Therefore, two compressive struts are }equired to anchor the
+ i

tensxon tie. The capacity of a corbel depends greatly od the anchorage details of the
tensxon tie relnforcement Recommended details for anchorage of the tension ties are
given in References 4 and 16. For example, a strugtural steel angle welded to the main

tension tie reinforcement to enable thg development of the yield strength of the tie will

also serve as a bearing surface and serve to armour the outer corner of the bracket or

~

~ In the ledger beam shown in Fig. 2.2c the hangér steel transmits the vertical

component from the inclined compressive struts towards the top of the beam. As can,

~

oy

« be seen this hanger steel can be spread over a short length of the ledger beam and

-

should be provided in addition to the shear and torsion reinforcement required in the

" _ledger beam. The beam With the single ledge support shown in Fig. 2.2d requires two

compression struts in tlie region of the ledge to anchor the horizontal tension tie. It

is interesting to note that the force in the vertical tension hanger!is larger than the

-y

vertical force acting on the led{:,' ¢ . \; e

-2.2.2.2 DNapped End Beams and Beams with Holes in the Web

‘Figure 2.3 illustrates the application of strut and tie.models to members with

dapped ends and members with rliloles in the web. The change in flow of forces from

+
»
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a umform compression field to a fan which delivers compression to the bottom of the

ma.m vertical tension tie in a dapped end beam is illustrated in Fig. 2 &a The role -

of this vertical tension tie is to lift the force to the top of the beam, thus permitting

the forces to flow into the support by means of a direct comprelsive strut. Horizontal

tension ties are required to balance the outward thrusts of compression at the support

reaction and at the bottom of the main vertical tension tie. In order to anchor the
hbrizon,tal tension tie at the level of the support reaction the tie is welded to an angle
at one end and the other end must contintie well into the region of fanning compressive

‘'stresses to achieve proper development. The anchorage of this tie is simulated by the

\
two struts radiating from an anchor point assumed to be located 0.5¢; beyond the

centre of the vertical tension tie, where £; is the tension development length. It is
noted that this reinforcement must cdntinue well beyond this assumed anchor point
into the full depth portion of the bea.m.-

* Figure 2.3b-shows the strut and tie model for an i*ncl(ined dapped end beam. The
bent-up tension tie creates la;ge local stresses at the bar bend and must be archored
abo;e ‘the support reaction (e.g., a welded plate) in order to create a nodal zone.

The manner in which an opening in the web haﬂ'ects the flow <;f the forcgd/in a
uniformly loaded T-bt_aam is illustrated in Fig. 2.3c. The uniform field of diagonal
compression is interrupted by the opening causing higher~shear stresses in the section
beneath the openi.ng, requiring an increase in the amount of stirrup reinforcement in
this region. In order to make use of the full depth of the sec?ion beyond the opening,

a vertical tension tie is provided to lift the shear force to the top of the beam. This

mvertical tension tie enables the force to flow into the support reaction area by means

of a direct compressive strut. -

2.2.2.3 Deep Beams

- . v
Figure 2.4 illustrates the strut and tie models and truss idealizations for some

deep beams. The simply supported deep beam is easily modelled with a statically

t
/

14
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Figure 2.3 Strut and Tie Models and Truss Idealizations for Dapped End Beams
and Beams with Holes in the Web. ° ' ‘ .

4

.
©

determinate truss as shown in Flg 2.4a. The design must ensure that premature

&
1

failures due to 1nadequate amount of tension tie reinforcement, insufficient anchorage

of tension ties, crushing of bearing areas, and crushipgof*com’pressive struts do not

L

occur. In addition to the main tension tie reinfox;eérilent, the Canadian Concrete Code

requires a minimum reinforcement ratio in the transverse and longitudinal directions

of 0.002 in order to control cra.cki/ngﬁild to increase the ductility of the member. This

‘small amount of uniformly/d’xﬁributeg reinforcement is usually neglected in designing

"
simple strut and tie model. Examples of the design of simply

-

15 ’ »
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| — . o
(a) Simply supported deep beam

s(c) Continuous beam with compressive strut and
fan action . s

Figure 2.4 Strut and Tie Models and Truss Idealizations for Deep Beams.

\
o
.

Strut and tie models and the resulting statically indeterminate truss idea_xlizations
fah¢ontinuous deep beams are shown in Figs. 2.4b and c. In order-to solve for the truss

. member forces, it is necessary to account for the relative stiffness of the members. If a
significant amount of transverse reinforcement is provided-in a deep beam then the load

w.il be carried by both compressive struts and fans. The‘truss idealization for shch a

/ case is given in Fig. 2.4c where it has been assumed that the transverse reinforcement
betwesn the loading points z—md the reactions is'modelled ‘as a single tension tie. Beams

containing transverse reinforcement that are in the transition region between deep beam

action ‘and shallow beam action can also be modelled in this manner. As the beam

.

becomes more shallow a upiform compression field could develop between the fanning

regions near the supports and loading points. '

16
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The design of these more complex transfer girders can be carried out by assuming

~a-sifnplified truss idealization in which the relative stiffness of the members is assumed.

. Guidance on the use of more sophisticated truss models is given by Rogowsky and

Machregor.”'> N .o

* 2.3 Program FIELDS

2.3.1 General Description of Program

A non-linear finite elément program was developed for predicting the response of
reinforced concrete members. “Fhis program, which uses two-dimensional plane stress
elements, utilizes the compression field theory in the evaluation of the element tangent
stiffnesses. T};e reinforcement and the crackiné are assumed to be smeared uniformly
within the element'. -

'In analyzing the complete response of 2 member, the program starts with the
self weight of the member and increments the applied loading in steps chosen by the
user. For a given load step the program uses an iterative solution technique [ Newton-
Raphson) where the',out-of-balance lqads and the tangent stiffness from the last dis-
placed configuration are used to compute incremental displacements. Iteration contin-

ues until convergence requirefnents are met) that is, until the norms of out-of-balance

loads and incremental displacements are within tolerance limits.

This program includes the following features: /-\>

e choice of truss, tria.ngufar, and qiuadrila.teral elements,

. effects of compressive strain softening and tension stiffening of concrete., -
e personal computer i)ased (IBM PC/XT/AT series), i\
e results saved to files for graphical post-pro;:essing and display, |

o ability to restart an analysis,

e dynamic allocation of memory,

17




selective output of results, and . L.

screen log showing the pfo"gress of the anﬁlysia.

Y
-

Most of the program is written in Microsoft FORTRAN 77, with some aubroutmes writ-

ten in 8086 assembly language for speed (e g matnx multiplication, vector a\&dmon,

norms of vectors, etc.). Program FIELDS contains about 10 000 lines of code

The analysis is limited to two-dimensional problems in which the load is assumed

to increase monotonically. Although effects such as spalling of the concrete cover and

local bond stresses are not treated directly by the pr"ogrirh, ways of including these

effects have been investigated. ' . ; N

2.3.2 Program Logic

.

The
(1)

.
'
’ b . N

main steps in the program are listed below: S

Read and verify the input data. The input dafa includes: a) nodal coordinates,

.b) nodal restraints, c) element properties (including concrete and reinforci'ng steel

)

parameters), d) element connectivity, and e) unit loading cases for variable loads
and constant load cases (self-weight). )
Read unit load case multiplier, solution type (e.g., choice between iteration with

constant stiffness or with updaied stiffnesses), maximum number of equilibrium

- iterations, relaxation factor (a factor used to increase or decrease the incremental

(3)
(4)

(5)

displacements), convergence tolera;,nces on out-of-balance loads and incremental

displacements.

Determine.the total'applied load for this load increment. -
Based on the displaced configuration from the last iteration, evaluate the element
tangent stxﬁnmes}md memble the global stiffness matrix (only if updated stiff-
ness solution technique is used)

Based on the displaced configuration evaluate the internal forces in the elements

and assemble the global internal force vector.

18
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(6] Calculate the out-of-balance force vector which is the difference between the total
applied load vector and the global internal force vector.
(7) Solve for incremental digplacements based on the updated tangent stiffness matrix

It t

and the out-of:balance loads.

(8) Update the total displacements.

(9) “Check for convergence by e»;aluating the porm of the incremental displacement

over the total displacements a.n(i the norm of thev out-of-balance loads over the
total applied load. _

(10) If the convergence tolerances are not both satisfied a.nd if the maximum number
of eqml\bnum iterations has not been exceeded then go to Step 4.

(11) OLtput the current forces, displacements, strains and stresses and save all results

on files for graphical post-processing.

(12) If more unit loading case multipliers-exist, go to Step 2. \

A Gaussian matrix solver with the stiffness matrix stored in “skyline format” has

been used. An in-core matrix solver is used in order to speed up the solution time.

\ ’ .
2,3.3 Element Formulations

N

An isopai'ametric quadrilateral element, CFTQ (‘with up to 9 nodes), and an
. .o\
isoparametric triangular element, CFTT (with up to 6 nodes), are ustd to model the

reinforced contrete behaviour. Within each element the reinforcement and any c;acking
that occurs are assumed to be smeared uniformly. Two different sets of reinforcement
may be specified for each element. The orientation of the sets of reinforcement within
the element are specified by angles, §,. and 6,,, measured from the global X axis. The
reinforcement ratio in the z direction, p,., is taken as the total area of steel in th;a

z direction divided by the gross concrete area in the z direction. The reinforcement

ratio in thei'y direction, p,,, is similarly defined.

19
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Figure 2.5 EV\luating Siresses at a Gauss Point in Element CFTQ.

¢

In order to account for the significant non-linearities within an element, which

could result in wide variations of stiffness, a number of/integration or Gauss points are

used to determine the tangent stiffness matrix. Figure 2.5/illustrates the manner in

which ‘the stresses are evaluated at each Gauss point. The principal tensile strain, ¢,

)

. the principal compressive strain, ¢;, the strain in the z direction, ¢,, the strain in the

y diiection, ¢,, and the angle of the principal compressivé strain, 0, af:‘e interrelated

. ¥
by the requirements of strain compatibility (see Fig. 2.5b). It is assumed that the

principal compressive stress direction coincides with the principal compressive strain

direction, 4.

7

For a given state of strain in an element it is straight forward to determine the

20
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“ o €.r = strain in concrete at cracking.
t . -

) L4

- -

steel stresses, f;z and f,,, corresponding to the strains,{e, and ¢, , from the stress-gjrain
\ 4

relationships of the reinforcement (see Fig. 2.5¢). A bi-linear stress-strain relationship

is assumed for the reinforcement with the ability to model strain hardening. It is not
J )

as easy to determine the’ principal stresses, f.; and fe2, in the ‘cracked concrete. For
-a given state of strain the principal compressive stress, f.2, in the concrete, can be

determined as shown in Fig. 2.6a. The principal compressive stress, f.2, is not only

r
a function of the principal compressive strain, €, but also depends on the prircipal
‘ } .
tensile strain, €;, if cracks are present. As € increases f.; decreases, an effect grhich has

° .

been termed as strain so’ftening. From the work carried out by Vecchio and Collins

]

I L]

11,12

’ . . v . Y
the compressive stress-strain relationship of the cracked concrete can be written as:

’

st (3)-(2)]

AY ,
.

where . .

1
{ = . <1.00 ’
. d 0.8 — 0.34(€, /€.) = ] .

and €. = compressive strain in concrete’at peak stress.

¢
After cracking, the principal tensile stress in the conerete varies from zero at 2

. - crack location to a maximum value between cracks. F“igure 2.6b illustrates the average
principal tensile stress-strain relagionship for the concrete as suggested by Vecchio and

)

Collins.'*+!? The average principal tensile stress is given by: .

C if €1 < e then fo1 = E.¢q )
. f‘cr (2-4)
if > €.y then R ———

, € fer = = 00e,

where E, = initial tangent modulus of elasticity of concrete

fer = concrete cracking stress

[ - 21 A
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As shown m Fig. 2.7 thxs average prmclpal tensxle stress, f.;, may be limited
by yleldmg of the steel reinforcement across the cracks or by sliding along the crack
s ( .

interface. Between the cracks the concrete and the steel are assumed to have average

values of stress, (see Fig. 2.7c)wwhile at a crack the tensile stress in the concrete is
zere, the stresses in the reinforcement, Joz,er a.nd foy,cr, are at a maximum and a shear
stress, v., may exist.at the crack interface (see Fig. 2. 7d‘) Based on‘the interface
shear transfer tests carried out by Walraven!® an approxxmate expression to limit the

shea.r stress along the crack was developed.!? This expression was further simplified as

I3

' 0.18y/—/f! ~ ‘
. = . 2-5
vamaz = 531 + 24w/ (a + 16) . (25)

follows:

. e

o

where : v,,mqsz = maximum shear stress permitted on a crack interface
w = average crack width assumed to be equal to the average
crack spacing, S, 4, times €, =
a = maximum aggregate size
and f. is in MPa unign;i w and a are in mm (for Imperial units of*
1

psi and inches rep the 0.18 by 2.16 and the 16 by 0.63)

The average inclined crack spacing s,,y is taken as:
4

Qs,,., _ [ sin(d,, — 9)

Smy

sin(d,, — 0) l N

r , (2-6)

where  s,,, = the crack spacing expected for axial tension in the z direction

Smy = the crck spacing expected for axial tension in the y direction.

9

Since the states of stress in Figs. 2.7c and d are statlca.lly equivalent it- ni possible
to mvestlgate whether yielding of the reinforcement across the crack (i..y foz,er oOF
fsy,cr equals f,) or sliding of the cra.ck interface (i.e., v, equals v, maqz) Will result in
a'value of Je1 lower than that given by Eq. (2-4) after cracking. The manner in-which
the average prihcipal tensile si;ress, fe1, after cracking can be calculated is described

below for different situations:
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Figure 2.7 Investigating Stresses at Crack Interfaée.

]

(a) Plain concrete element - since no reinforcement is present it is evident from equi-

librium that f., must be zero, i’

(b) Reinforced concrete element with reinforcement in one arbitrary direction - the

equations given below are for reinforcement assumed to be at an angle of 8,, from the

global X direction. From Figs. 2.7¢ and d, assuming A,y = 0, the average principal
]

tensile stress, f.,, is limited by the maximum shear stress that can develop on the crack

intefface and hence from equilibrium: ' ‘ N

b

4

] <!t

v fa = lvﬂ’mal tm(00°l - 0)[ ’ . (2~7)
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but it is also limited by the yielding of the reinforcement across the crack, that {s:

- L * ) M . .
' Je1 = paz Afye sin? (01: - 0) » . I (2'8)
, where  Af;: = fiz,er — foz = the stress iAcrease in the z reinforcement
at the crack. )
e

"(c) Reinforced concrete element with reinforcement in two arbitrary directions — the
w :

¥ equations derived below are for z a.n\a y reinforcement assumed to be at angles of 4,,
and 4,, from the global X' direction. Equating the stresﬁs conditions in Figs. 2.7c and,d

gives the following relationships:

j fcl = ;’::Afu: 8inz(écs - 0) + PlyAfty Sinz (olz —‘0) ‘ (2'9)

& ]

P .

~ "

and
) i’cl’maz = _puAfus Sin(aaz - 0)_506(015 - 0-) ! R
: : (2-10)

— by Aoy sin(,s = 0) cos(l,, —8) ¢

" where Af,; = fiser — foz = the stress increase in the z reinforcement

at the crack\ : !

Afy = fiyer — foy = the stress increase in the y reinforcement

. at the crack.

- If both.sets of reinforcement in an element have average stresses, f,, and f,,, equal
to j:he yield strength: fy of tlhe reinforcement then both ,A fi= and Af,, will be zero if
the reinforcing steel has no sltra.in hardening and hence, "f.; will be.zero.

_If neither set of reinforcement is yielding at a crack thenan additional compatibility
relattonship is required in order to determine tile strains and stresses in each set of

reinforcement. In order to examine the compatibility of strains in the reinforcement

across the crack it was assumed that the crack opens in the direction of ¢; and does

.
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not slix;. The resulting relstionships are summarized below:
3 _
Afie = " 4felE” =" (ou a). ] : (2"11)
. Pas E,e 8in* (0, — 8) + pay E,, sin®(8,, — 0)
and” . - ' -
. 2 _ .
Afwy = fe1 By sin' (6, ~ 6) (2-12)

o oz B,z sin(8,, — 0) + p,, E,, sin*(d,, — 0)

where E,. = modulus of elasticity of reinforcement in z direction

E,, = modulus of elasticity of reinforcement in y direction

It can be seen from Egs.(2-11) and (2-12) that Af,; and Af,, are related by the

following equation: -~

Afa; = Afu

~

E,, sin’ (6,, - 0)

E,, sinz (0.;' _ 0) ‘ ¢ (2’13)

L

If one of the sets of ra{nforcement is yielding at the crack then Af,,; or Af,, will

be zero and the system can be treated as case (b) above.

.8

l It is noted 'g.hat in the above relationships f., can never exceed the \va.lue obtained
from the average tensile tress;average tensile strain‘relationship given in Eq. (2-4). In
order to solve for the stresses and the strains in the crack‘ed concrete and steel a value of
fe1 is first assumed from Eq. §2-4) and then the condirt-ions in the sets of reinforcement
at the crack amd the’x;,bility of the crack to transmit the necessary shear e invgetigated,
For small values of principal temile‘ strain where significant reinforcement is present
then j;,; will be governed by Eq. (2-4). For large values of principal tensile strain, f,
will be lower than the values given by Eq. (2-4j and ht;nce will be governed by the
condition at the crack. |

It is important to recognize'that the above constitutive relationships for the cracked
concrete are not only highly non-linear but also interdependent. Thus, in order to

determine the incremental (tangent) stress-strain relationships for. a given strained ’

,ltate, incremental strains were applied, one at a time, to the existing strains in order

—
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to find the corresponding changes in stress. Fromsthe incrkmentual strains and the
_resulting changes in stress the incremental stress-strain oonstitutive matrix, D, at the
current load stage is determined and hence the incremental tangent stiffness, kr, of

each element can be found from: . -

4

kr = / BTDBtdA - . (2-14)
A .

where B = the strain-aisplacement matrix v
t = element thickness

A = element surface area.

Numerical integration is used to evaluate the above expression. In order to avoid
numerical instabilities in the solution process it is assumed that the concrete Ha.s a small

positive stiffness (E. / 10000) beyond strains of €, for determining the incremental

element stiffness. It is noted however that Eq. (2-3) is used to determine the concrete

[«
stress. )

~
In addition to the CFTQ and CFTT elements, a non-linear truss element, TRUS,

for modelling external steel reinforcement and support conditions is aiso i)crovided.

;>\’**‘\ o U
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CHAPTER 3

-

;

)

3.1 Introduction .

A series of experiments of reinforced concrete members with disturbed reglons was

o

carried out in order to investigate the complete response of these members to provide

- ]
comparisons with predicted responses. Although many tests hav¢ been carried out on a

number of different types of members with either load or geometrjc discontinuities, they

. typically lack detailed strain measurements on both the concrete’and the reinforcement.

C The test specimens were instrumented with pairs of targets (DEMEC points) glued

to the surface of the concrete. A mechanical gauge was used to determine the change

in length between target Eafnfs, thus enabling the strain to’be determined. Sets of

‘readings in the horizontal, vertical, and diagonal directions created a series of strain

~

rosettes. ‘The horizontal and verti€al readings had a gauge length of 100 mm while the
* diagonal readings were taken over a gauge length o’f 141 mm. In addition to the st;'ain
r@adj}é: on the concrete surface, taggets were epoxied directly to the reinforcing bars
before casting.‘ Small access holes in the concrete permitted strain readings directly on

the steel reinforcing bars.
All the specimens were designed using the strut and tie approach of the Canadian
Concrete Code assuming material resistance factors ¢, = ¢, = 1.0 and assuming a

@ concrete ucomprwsi“ve strength, f; = 35 MPa and a steel yield strength, f, = 400 MPa.
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During the design stage the strut and tie model design approach of the Canadian Con-
crete Code was evolving and hence, during th;a course of this research programme tlge
‘models used ini design have been modified as more has been learned about appropriate
modelling techniques. Chapter 5 presents the strut and tie\modelds and truss idealiza-
tions used to analyze all of the specimens tested. These analyses are based on measured

material prof)erties and actual specimen dimensions.

3.2 Material Properties

3.2.1 Concrete * ’

The concrete used in all specimens was obtained from a local concrete ready mix
company had the following specifications: Q)O MPa design strength, Type 30 (High
early ;st ngth) cem,e;i\ 20 mm maximum aggregate size, 100 mm slump, and 4-6%
entrained air. The concrete was obtained in two batches, batth 1 was used to cast
dapped end specimens D-1 and D-2, and web hole specimens H-1 and H-2, while dappe;i
end specimens D-3 and D-4 and the corbel specimen C-1 were cast from batch 2. The
compressive strengths as determined from a mini’mum of three cylinder tests on the

date of each test are shown in Table 3.1. -

R/

Table 8.1 Summary of Concrete Strengths.

x Test Specimen I Age  Batch

> (MPa) (days)
C-1 404 ~ 96 2 ¢
D-1 and D-2 29.8 78 1
© D-3andD4 363 18 2 \
H-1 and H-2 26.3 7 1 .

3.2.2 Reinforcing Steel ‘
(

The steel reinforcement used in all specimens consisted of deformed bars with a

specified yield strength of 400 MPa. The actual properties of the reinforcement as

29
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\(fetermined from at least three tension tests are shown in Table 3.2. The #3 (9.5 mm
diameter) and No. 10 stirrups and vertical tension ties in web hole specimens H-1 an
H-2 were ileat treated to reduce the yield strength and improve the ductility. The heat:
treatment consisted of heating the formed stirrups and ties at 800°C for 75 minutes,
followed by air cooling. Typical stress-strain curves for the reinforcement are shown in
rFig. 3.1. The modulus of elasticity for the steel for all design and analysis has been

taken as 200 000 MPa. “
Table 3.2 Reinforcement Properties.

1 4

Test Specimen Sise Area Iy fu
(mm?) (MPa) MPa)
, C-1 #3 71 489* 626 !
. No. 10 100 436 - 643
. No. 15 200 444 702
D-1 and D-2 No. 10 100 445 676
. No. 15 200 445 693
No. 30 700 430 688
D-3 and D-4 No. 10 100 436 643 ;
" No. 15 200 444 702
_ No.20 300 478 755 p
; No. 25 500 445 677 -
No. 30 700 443 743
H-1 and H-2 #3*e 71 388 561 i

No.10** 100 365 583
No.10 100 445 676
No.30 700 430 688

[}
¢ 0.2% offset stress, rounded stress-strain curve .
** annealed reinforcement, 800° C for 75 mins., air coo]

3.3 Corbel Specimen C-1 ) - ¢
£

contains both a geometric and a load discontinuity. A horisontal tensile load equal to

The details of corbel specimen C-1 are shown in Figs. 3.2 and 3.3. This lpecit.nen ’

20 percent of the vertical was applied to the corbel during the test. The corbel was
originally designed for ‘a vertical load of 350 kN and a horisontal load of 70 kN using

I
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Figure 8.1 Typical Reinforcement Stress-Strain Relationships.

-

the strut and tie model shown in Flg 2.2. A strut and tie model analysis of the corbel
using measured material :properties is described in Chapter 5.

The 350 mm wide corbels frame into a 250 x 350 mm coiqmn. The depth of the
corbel at the column face is 350 mm and the depth of the sorbel is 200 mm at its
bouter face. The main tension tie reinf(:rcement consisted of four No. 15 reinforcing bars
welded to a stebl plate which was embedded in the top of the corbel (see Fig. 3.2).
’The steel pla.te'.wa.s 50 mm wide, 25 mm thick and 300 mm long. The welding of
the reinforcement to the plate provides positive anchorage of the main tension tie
reinforcement. As required by the Canadian Concrete Code!® additional horizontal
reinforcement (two No. 10 closed stirrups) was provided over the depth of the corbel
to control cracking. Two No. 10 trim bars were used to support these No. 10 closed
horizontal stirrups. The column reinforcement consisted of six No. 15 bars together

e

with #3 ties at 225 mm spacing. Table 3.2 summarizes the material proper'ffe‘s«?or the
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Figure 3.2 Dimensions and Reinforcement Details of Corbel Specimen C-1.
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F«i.gure 3.3 Photograph of Reinforcing Cage for Corbel Specimen C-1.

+

reinforcing bars used in this sbecimen. The average concrete compressive strength was
40.4 MPa (see Table 3.1). The column-corbel unit was cast in a horizental position.

The vertical loads were located 150 mm from the face of the column and the
hotizontal load (which is 20% of the vertical Ioac\l) was‘ appiieé through a loadin; block
as shown in Flg.(é.zi. To facilitate testing the column-corbel unit was tested in an
inverte& position as shown ir; Fig. 3.4.

Figure 3.4 also illustrates the instrumentation for strain measurements on the
specimen. Targets were placed on the concrete surface along grid lines spaced 50 mm
apart to form strain rc:settes.

The loading procedure consisted c;f applying a vertical load to the column qby 2
universal testing machine which p;'oduced equal vertical reactions on the cl)rbels (see
Fig. 3.4). This loading was applied in small incre;nents and the horizontal load was
made equal to 20% of the vertical reaction in each corbel in each increment by means
of independent hydraulic jacks. The vertical loading was monitcsred by the calibrated
loading machine, .while load cells were used to determine the horizontal loads applied to
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Figure 8.4 Test Set-Up and Instrumentation for Corbel Specimen C-1.
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" the corbels. Full sets of strain readings were taken at regular load mTrvals throughout

3

the test. ‘

34 Dapped End Specimens D-1 and D-2
‘1
The details of dapped end specimens D-1 and D-2 are shown in Figs. 3.5 and 3.6.

The 3.275 m long by 300 mm wide dapped end beam was 600 mm deep, with 137.5 mm

_ long by 250 mm deep rectangular nibs at each end. The loading span was 3.2 m. Both

D-1 and D-2 were originally designed Psing the strut and tie-model shown in Fig. 2.3
for support reactions of 225 kN. The central region of the beam was over-designed by
20% to for?e failure to occur in the dapped end regions.

_ Five No. 30 main longitudinal bars in two layers were used-as flexural reinforcement
in the middle region along with No. 10 U-stirrups at 225 mm spacing (see Fig. 3.5).
Three No. 10 horizontal U-bars were included at the ends of the main flexura] rein-
forcement to provide anchorage for the nodal zone region which would develop fhere.

Two No. 10 longitudinal bars were used to anchor the stirrups along the top of the

beam.

-—

The main vertic'a.l’ tenéion tie consisted of four No. 10 stirrups at 33 mm spacing.
This main tension tie in specimen D-1 consisted of.closed stirrups which were anchored
with 135° bends. The vertical tension tie in specimen D-2 consisted of open U-stirrups
anchored around the No. 10 longitudinal bars with _135° hooks.

The horizontal.tension tie in the nib consisted of four No. 15 bars welded to a;,
75 x 75 x 6 mm thick by 300 mm long angle which was embedt_ied in the concrete at
the bottom of the nib. The welding provided positive anchorage of this reinforcement
while the back leg of the angle provided a reaction area for the compressive strut. Two
additional No. 10 horizontal U-bars were provided in the nib to control cracking as
required by the code.

The only difference between specimens D-1 and D-2 was the detailing of the main
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Figure 3.5 Dimensions and Reinforcement Details of Dapped End Specimens D-1 '
and D-2.
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(a) Dapped End D-}1 *

(b) Dapped End D-2 «

]

Figure 3.6 Photographs of Reinforcing Cages for Dapped End Specimens D-1 and
D-2.
¢ .

.

vertical tension tie reinforcement in the upper nodal zone region. The purpose of
performing tests on these two different details was to demonstrate the need for careful
detailing of the reinforcement. . i

The material propertiés of the reinforcement used can be found in Table 3.2. The

.y
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average compressive strength of concr\e’t}iwu 26.8 MPa (sée Table 3.1).

Figure 3.7 illustrates the instrumentation used for taking strain measurements for
wspecixnnens D-1 and 15-2. In addition, five dial gauges were use‘g)o measure deflections.
The beam was initially loaded with a single point load at mids‘pan as shown in Fig. 3.7.
The load was api)lied in small increments by a universal testing machine. Full readin_gs
of all strains and deflections were taken at\regula.r intervals th}oughout the tests. After
dapped end specimen D-2 failed a support was inserted under the full depth portion of
dapped end D-2, 100 mm fr‘?m the end (;f the da.p, to permit furt,ht_:r loading of c_lapped
end D-1. .

S
3.5 Dapped End Specimens D-3 and D-4
The details of dapped end specimens D:3 and D-4 are shown in Figs. 3.8 and 3.9.

The 3.275 m long by 300 mm wide dapped end beam was 600 mm deep at midspan and

spanned 3.2 m. Specimen D-3 had a 137.5 mm long by 250 mm deep rectangular nib

. as shown in Fig. 3.8a and contained vertical hanger reinforcement and inclined tension
)

tie reinfox;cement. Specimen D-4 contained inclined tension tie reinforcement parallel
to the sloping end face of the beam as shown in Fig. 3.8b. -

,Speciinens D-3 and®D-4 were originally designed fog end support reactions of 250 kN
using the strut and tie models shown in Fig. 2.3. The detailed analysis of both of these
spgcimens is given in Chapter 5. The main flexural ;einforcement consisted of five
No. 50 bars placed in two layers and the transverse reinforcement in the full depth
beam consisted of No. 10 U-stirrups at 225 mm spacing (see Fig. 3.8). Two No. 10
longitudinal bars were used to anchor the top of the transverse reinforcement. The
hanger reihforcement in specimen D-3 consisted of two No. 10 vertical closed U-stirrups
together with two No. 20 bars inclined at an angle of 52.5 degrees from the horizontal.

The main horizontal tension tie reinforcement in the nib consisted of two No. 15 bars

welded to an angle. Horizontal No. 10 U-bars were placed in the nib and at the level

4
" s
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Figure 3.7 Test Set-Up and Instrumentatxon for Dapped End Specimens D-1 and
D-2.

“
of the main flexural reinforcement as shown in Fig. 3.8.

Instead of a combination of vertical and inclined }1anger reinforcement specimen
D-4 contained two No. 25 inclined bars as shown in Fig. 3.8. The main horizontal
tension tie reinforcement in the nib consisted of three No, 10 bars welded to a steel
plate: .
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Figure 3.8 Dimensions and Reinforcement Details of Dapped End Specx{ens D-3,

and D-4.
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~ , (b) Dapped End D-4

Flgure 3 9 Photographs of Reinforcing Cages for Dapped End Specxmens D-3 and
D-4. .

<

The material properties of the remforcement are given in Ta.ble 3 2. The average

compressxve strength of the concrete was 36? MPa.

Figure 3.10 shows the instrumentation for strain measurements for both specimens.

In addition five dial gauges were used to méasure the deﬂegtioﬁs of the specimens. "The
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beam was initially lpaded with a single concentrated load at midspan as shown in

Fig. 3.10. The load was applied in small increments by a universal testing machine.

Full readings of all strains and deflections were taken at regular intervals throughout the

" tests. After dapped end D-4 failed the loading set-up was changed to permit further

loading of dapped end D-3. A support was added under the full depth portion of
dapped an D-4 located 160 mm from the bottom of the inclined dap and the loading

was shifted so that it was centred in the remaining 2.79 m span.

3.6 Web Hole Spedimens H-1 and H-2

The deta'ils of the web hole specimens H-1 and H-2 are shown in Figs. 3.11 a;xd 3.12.
The 5.6 m long T-beam had a 800 mm wide, 100 mm thick flange and a 200 mm thick
web. The beam was 400 mm deep, had a clear span of 4.8 m and had two 130 mm
x 500 mm rectar;gular web openings. The centre of the web hole was 1.0 m frc;rn the
support centreline for specimen H-1, while for specimen H-2 it :Nas 0.75 m from the
support centreline.
Specimens H-1 and H-2 werc;, originally designed using the simple strut and tie
* model illustrated in Fig. 2.3 for a uniform load of 130 _kN /m. Detailed analyses of
these specimens are given in Chapter 5. #

The main longitudinal reinforcement consisted of four No. 30 bars in two layers.

The stab contained four No. 10 full length .longitudinal bars together with an additional

" Your No. 10 longitudinal bars in the region over the opening. The slab also contained

pairs of No. 10 transverse reinforcing bars at a spacing of 250 mm. The stirrups between

r

the centreline and the holes consisted of #3 heat-treated U-stirrups at a spacing of

190 mm. Beneath the holes #3 closed stirrups were used as shown in Fig. 3.11. On the .

support sides of the openings two full-depth U-stirrups were provided to act as vertical

* tension hangers. Some additiogd stirrups were provided between the holes and the

supports as ghown in Fig. 3.11. The details of the reinforcement properties are given
3 .

42




¢

,}A‘? A
g
-9 B.
S %«T 7 ° <
Pl o,z el
v |3 A7 < :
E M
D2 D3
(a) Dapped End D-3 o target on reinforcement
lP e-target on concrete
o) .
| 4 3
) a
Pk R
L -
6 | 5 \,.& o
O———O ‘ {
= N
¢
SRNC
' D3
\ (b) Dagped End D-4
Figure 3.10 Test S¢t-Up and Instrumgntatic;n for Dapped *‘]nd Specimens D-3
and D-4.
in Table 3.2. The average concrete strength at the time of testing was 26.3 MPa (see
}jTa.ble 31).

Figure 3.13 shows the instrumentation for strain measurements for both specimens.
In addition five dial gauges were used to measure the deflections of the specimens.

The beanr was loaded with a series of point loads at 250 mm spa%ing simulating a
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(a) Web Hole H-1

'l

(b) Web Hole H-2

Figure'3.12 Photographs of Reinforcing Cages for Web Hole Specimens H-1 and
H-2. '

uniform loading as shown in Fig. 3.13. The simulated unjform load was applied in
small increments and full readings of all strains a.n? deflections w'ére taken at regular
intervals throughout the tests. After the failure of the end containing opening H-2 the
support at this end of the beam was moved inwards by 1.16 m to permit further loading

of end H-1.
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Figure 3.13  Test Set-Up and Instrumentation for Web Hole Specimens H-1 and

H-2.

16




CHAPTER 4 .

EXPERIMENTAL RESULTS

4.1 lnqoduction

The responses of the specimens tested in this research programme are described

in this chapter. Complete response data for each specimen are given in Appendix A.

4.2 Corbel Specimen C-1

First cracking in the corbel specimen occurred at a vertical load, V, of 102 kN
near the column faces. A hairline crack had formed at the inner face of thepl;earing
plate at a load of 169 kN. First yielding occurred in the tensior{ tie between targets
8 and 10at a loz‘xd, V, of 336 kN. A photograph of the cracking pattern in the corbel
at first yielding is shown in Fig. 4.1. At this load stage the maximum crack width
observed was 0.15 mm. Figure 4.2a shows the variation of strains in the reinforcement
at first yielding. The measured strains at the face of the column were larger than those
measured near the loading plates. This is due to the larger moment in the corbel closer
to the face of the column. .

Figure 4.3a shows the magnitude of the principal strains and their directions as
determined from the strain rosette readings at first yigld.

¢

\ The corbel reached a maximum shear load, V, of 502 kN with a corresponding

horizontal load of 99.5 kN. Failure occurred by yielding of the main tension tie together
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Figure 4.1 Photograph of Corbel Specimen C-1 at V = 336 kN.

with yielding of th(i/l\ower tension ties (see Fig. 4.2b) followed by crushing of the concrete
under the bearing plate. As can be seen the tension tie is yielding along its length
between the face of the column and the loading plate. Figure 4.4 sfxows the specimen
after failure. The rotation of the bearing plate is evider{t, as well as spalling of the
concrete in the region of the bearing plate. The presence of large principal tensile

strains together with concentrations of principal compressive strains is evident from

Fig. 4.3b. .

4.3 Dapped End Specimen D-1

First flexural cracking occurred at midspan at a load causing an end reaction, V,
of 40.0 kN. Cracking at the re-entrant corner was observed at a load, V, of 73.3 kN.
The first shear crack in the web occurred when the end reaction was 107 kN. At this
loading stage the maximum flexural crack width measured at midspan was 0.13 mm
and the maximum width of the cracks at the re-entrant corner was 0.25 mm. The

corresponding cracbing pattern for D-1 is illustrated in Fig. 4.5a. As can be seen,

-
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Figure 4.2 Measured Reinforcement Strains in Corbel Specimen C-1.
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Figure 4.4 Photograph of Corbel Specimen C-1 after Failure, V = 502 kN.
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v

inclined cracks had crossed the main vertical tension tie reinforcement.

Both the vertical and horizontal reinforcement §ielded at a.‘load of 173 kN.in the
region of the re-entrant corner. At this stage additional inclined cracks occurged in the
nib running from the centreline of the support up to the top of the vertical tension tie
reinforcement. Figure 4.6a shows the variations of measured strains.in the verticaf and
horizontal reinforcement for specimen D-1 at this load stage while Fig. 4.7a shows the
principz;.l strains calculated from the rosette readings. The fanning of .the compressi‘\}e

\

Figbré 4.5b shows the cracking pattern at an end reaction of )207 kN. By this

stresses into the bottom of the main vertical tensionkﬁa..isfefrdent.

3

)
stage, inclined shear cracking h(:he main beam was well developed and a number of
» V4

inclined cracks crossed the vertital tension tie reinforcement. The inclined cracking in

the nib outlines the compressive strut going from the top of vertical tension tie down

to the support reaction area. - . ‘ .
Loading progressed using the test set-up shown in Fig. 3.7. Howéver, after end

D-2 failed, an addition support was placed at the failed end, 100 mm from the end face
i \
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() Support reaction, V = 107 kN

. (b) Support reaction, V = 207 kN

Figure 4.5 Photographs of Dapped End Specimen D-1.
P

of the fu.ll depth beam. Specimen D-1 failed when the vertical reaction reached 307 kN.
Significant :pliﬁting and spalling of the concrete 'co'ver occurred. Figure 4.8 shows thd
appearance of specimen D-1 after failure.

The close;i stirrups used in specimen D-1 provided excellent anchorage for the
inclined compressive strut. It is clear from Fig. 4.8b that in highly stressed nodal
regions it is necessary to account for the spalling of the concrete cover. The 135° bend

anchorages in specimen D-1 performed very well. It is noted that spalling occurred
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Figure 4.6 Measured Strains in Vertical and Horizontal Reinforcement in Dapped
End Specimen D-1.

down to about the centreline of the vertical tension tie reinforcement. - -

At the maximum load level of 307 kN yielding took place over most of the height of
Tt \

the outermost vertical stirrup, with the innermost stirrup of the main vertical tension
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(b) Support reaction, V =307 kN

Figure 4.7 Principal Strains Determmed from Rosette Readings for Dapped End
Specimen D-1.

tie yieldiné in the region of the re-entrant corner. Yielding was also recorded in the two
. b

U-stirrups closest to the dapped end as shoK‘n in Fig. 4.6b. The zones of yielding in

these stirrups delineate a region of fanning ofthe compressive stresses near the dapped

end. The horizontal tension tie anchored in the nib had fully yielded at this stage.
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(a) Support reaction, V = 307 kN

' (b)  Close-up of nib after failure .

- - .

L 4 g .
r: ®. Figure 4.8 Photographs of Dapped End Specimen D-1.

.
- < i -

The yielding of the main horizontal and vertical tension ties precipitated failure of the

specimen. As can be seen from Fig. 4.7b large principal tensile strains occur in the

direction of the main tension tie and perpendicular to the highly stressed compressive

struts. At higher load levels the compressive strain in the strut located in the nib
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" dropped. This drop in the surface strains was due to spalling of the concrete cover in

this region. \

4.4 Dapped End Specimen D-2

First flexural cracking occurred at midspan at a load causing an end reaction, V,
of 40.0 kN. Cracking at the re-entrant corner was observed at a load, V, of 73.3 kN.
A hairline shear crack in the web occurred when the end reaction was 106 kN. At this
loading stage the maximum flexural crack width measured at midspan was 6.13 mm and
the maximum w{dth of the cracks at the re-entrant, corner was 0.25 mm. The cracking
pattern for specimen D-2 at an end reaction of 140 kN is illustrated in Fig. 4.9a. As
can be seen, inclined cracks had crossed the main vertical tension tie reinforcement.
When the vertical reaction reached 173 kN additional inclined cracks occurred in the
nib running from the centreline of the support up to the top of the vertical tension tie
reinforcement.

The main vertical tension tie reinforcement yielded at a load of 207 kN in the
region of the re-entrant co.rner where significant cracking had developed. Figure 4.10a
s;mws the vafiations of measured strains in the vertical and horizontal reinforcement
i'or specimen D-2 at this load level. Figure 4.11a shows the principal strains calculated
from the rosette readings. The fanning of the compressive stresses into the bottom of
the main vertical tension tie is evident in this figure. Figure 4.9b illustrates the cracking
pattern for D-2 at this loading stage. As can be seen, inclined shear cracking in the
main beam was well developed and a number of inclined cracks crossed the vertical
tension tie reinforcement. The inclined cracking in the nib outlines the compressive
strut going from the top of vertical tension ~tie down to the support reaction area.

Specimen D-2 failed when the end reaction reached 258 kN. Figure 4.12a illustrates

the cracking pattern at failure. The concrete cover on the top surfa}pof the bea.m and

on the 51des of the nib wak loose due to the significant splitting and spalling that had
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. (b)  Support reaction, V = 207 kN !
/ Figure 4.9 Photographs of Dapped End Specimen D-2. °
d [ /‘Y’
occurred. o PY

Specimen D-2 failed by crushing of the concrete compressive strut between the
top of the tension tie and the support. Only the concrete confined by the stirrup hook
anchc;rages was effective. The resulting reduction in the effective width of the nodal
zone caused a premature failure of the compressivg strut near the top of the vertical

tension tie (see Fig. 4.12b). .
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Figure 4.10 Measured Strains in Vertical and Horizontal Reinforcement in Dapped
End Specimen D-2. g

)

4.5 Comparison of Behaviour of Dapped End Specimens D-1 and D-2

Dapped end specimens D-1 and D-2 had identical reinforcement details except for

the detailing of the main vertical tension tie reinforcement at the top of the beams. This
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(b) Support reaction, V=240 kN
’

) 'Figure 4.11 Principal Strains Determined from Rosette Reddings for Dapped End
Specimen D-2.

[y

tension tie in specimen D-1 consisted of closed stirrups, while specimen D-2 contained

open U-stirrups (see Fig. 3.5 for details).

'

It is evident from the comparisons of the cracking patterns, reinforcement strain
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(b) Close-up of nib after removing spalled concrete
Figure 4.12 Photographs of Dapped End Specimen D-2 after Failure.
distributions and the principal strains given in Sections 4.3 and 4.4 that both of these
specimens behaved in a similar manner until specimen D-2 failed prematurely.
Q Figure 4.13 shows the condition of specimens D-1 and D-2 after failure. The
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premature failure of specimen D-2 was caused by crushing of the compressive strut at
the top of the main vertical tension tie. This failure was initiated by the strut losing
its support anchorage due to the inappropriate detailing of the vertical tension tie (see
Fig. 4.13b). The 15.9% reduction in capacity is attributed to the use of open versus
closed stirrups. '

It is also evident from Fig. 4.13 that it is necessary to account for spalling of the
concrete cover when detailing the end anchorages of tension ties. Hence, it is necessary
to detail such tension ties with closed stirrups having 135° bend anchorages, in order

to anchor the compressive struts and to develop yielding in the tension ties.

4.6 Dapped End Specimen D-3

First flexural cracking occurred‘at midspan at a load causing a vertical end reac-
tion, V, of 39.9 kN. A hairlire crack was observed at the re-entrant corner at a load,
V, of 73.3 kN. This crack had a width of 0.15 mm at an end reaction of 140 kN. The
first shear crack in the full depth web occurred when the end reaction was 207 kN. The
cracking pattern in the beam at this load stage is shown in Fig. 4.14a. At this loading
stage the maximum crack wid'th at the re-entrant corner was 0.20 mm. As can be seen,
inclined cracks had crossed the vertical and inclined tension tie reinforcement.

First yielding occurr:ad in the stirrups near the bottom of the full depth beam at
a load of 274 kN. Figure 4.15a shows the variations of measured strains in the vertical,
diagon'al, and horizontal reinforcement for specimen D-3 at this load level. Figure 4.16a
shows the principal strains calculated from the rcssette readings. The fanning of the
compressive stresses into the bottom of the main tension ties is evident.

When the vertical reaction reached 307 kN additional inclined cracks occurred in
the nib running from the centreline of the support up to the top of the vertical tension
tie reinforcement. Figure 4.14b illustrates the cracking pattern for D-3 at this loading

stage. As can be seen, inclined shear cracking in the main beam was well developed and
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, (a) Dapped End D-1

(b) Dapped End D-2

Figure 4.13 Photographs of Dapped End Specimens D-1 and D-2 after Failure.




(a) Support reaction, V = 207 kN

(b)  Support reaction, V = 307 kN

1

Figure 4.14 Photographs of Dapped End Specimen D-3.

a number of i}lclined cracks crossed the vertical and inclined tension tie reinforcement.

Loading progressed using the test set-up shown in Fig. 3.10, however, in order

i to permit further loading of end D-3 after end D-4 failed, an additional support was

placed at the failed end,’lG{Omm from the end of the full depth portion of the beam.
The concentrated load was positioned at the centre of this new span of 2.69 m. .

Specimen D-3 failed when the vertical reaction reached 372 kN. Figure 4.17 shows

the appearance of specimen D-3 after failure. Significant splitting and spalling of the

concrete occurred in the region near the nodal zone at the bottom of the full depth

beam. A large inclined crack occnrr&d after significant yielding of three stirrups near the
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end of the beam as shown in Fig. 4.15b. It is noted that the inclined and vertical tension
tie reinforcement did not reach yield, however, the horizontal tension tie reinforcement
in the nib yielded in the region of the re-entrant corner.

Figure 4.16b shows the large principal tensile gg{ains in the region of stirrup yield-

ing and the significant tensile strains in the diéctions’ of the vertical and inclined

tension ties.

4.7 Dapped End Specimen D-4

First flexural cracking occurred at midspan at a load causing an end reaction of
39.7 kN. Cracking at the re-entrant corner was observed when the end reaction reached
73.0 kN. When the reaction was 140 kN an inclined shear crack having a maximum
width of 0.10 mm intersected the inclined end face. This crack opened to 0.30 mm when
the reaction was 207 kN. The corresponding cracking pattern for D-4 is illustrated in
Fig. 4.18a. As can be seen there are a numb%r of inclined cracks which had formed
perpendicular to the ixiclined face.

First yielding occurred in the stirrups near the bottom of the full depth beam at
a load of 273 kN. Figure 4.19a shows the variations of measured strains in the vertical,
inclined, and horizontal reinforcement for specimen D-4 at this stage. Figure 4.20a
shows the principal strains calculated from the rosette readings. The fanning of the
compressive stresses into the bottom of the main tension ties is evident. Figure 4.18b
illustrates the cracking pattern for D-4 at this loading stage. s can be seen, inclined
shear cracking in the main beam was well developed and a number of inclined cra.ck’s
crossed the inclined tension tie reinforcement.

The inclined dapped end failed when the reaction reached 340 kN. Figure 4.21
shows the appearance of specimen D-4 after failure. Significant splitting and spalling of
the concrete occurred in the region near the nodal zone Fa.t the bottom of the full depth

<J

beam. This large inclined crack occurred after significant yielding of three stirrups
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(b) Support reaction, V = 273 kN

Figure 4.18 Photographs of Dapped End Specimen D-4.

A3

near the end of the beam as shown in Fig. 4.19b. It is noted that the inclined tension

tie reinforcement and the horizontal tension tie reinforcement in the nib did not reach
yield.

Figure 4.20b shows the large principal tensile strains in the region of_stirr;lp yield-

ing and the significant tensile strains in the direction of the inclined tension tie. ‘

e

%4.8 Web Hole Specimen H-1

«

Hairline flexural cracks first appeared at midspan at a load of 15.4 kN/m. At

a load of 32:4 kN /m the maximum flexural crack width was 0.1 mm with a negative

»
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(b) Support reaction, V=329 kN *

Figure 4.19 Measured Strains in Vertical, Inclined, and Horizontal Reinforcement
in Dapped End Specimen D-14.

Y

~

< ' - Ay . ‘
. moment flexural crack appearing i{l the portion of the web beneath the opening together
with positive moment cracks a.ppearing in the flange above the opening. Eirst shear
cracking was observed between the opening and the support reaction area at a load of

43.6 kN/ m. Fi 'igure 4.22a shows the appearance of the specimen at this stage. Positive
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Flgure 4.20 Pnnc1pa1 Strains Determined from Rosette Readings for Dapped End
Specimen D-4. ‘
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(b) Close-up of lower nodal zone region

Figure 4.21 Photographs of Dapped End Specimen D-4 after Failure.

and negative moment flexural cracks having a width of 0.15 mm were observed in the

flange at the ends of the opening.

At aload of 52.7 kN/m midspan flexural cracks were 0.2 mm and theShear cracking

below the opening had a maximum crack width of 0.15 mm. First yielding of the

+

71




o

. (a)  Uniform load, w = 43.6 kN/m

TAGE 10 M

(b)  Uniform load, w = 88.1 kN/m

Figure 4.22 Photographs of Web Hole Specimen H-1.

- stirrups beneath the opening occurred when the load was 88.? kN/m. Figure 4.22b
shows the appearance of specimen H-1 at first yielding, while Fig. 4.23a shows the
‘variations in the measured stirrup ;trains. At this load stage concrete crushing wa;s
evident in the web at the lov;er corner of the opening furthest from the support. The

maximum width of shear cracking between the opening and the support was 0.5 mm.

The maximum crack width in the web below the opening was 0.35 mm.

At a load of 97.3 kN/m significant crushing of the concrete occurred. in the web
near the upper corner of the opening closest to the support. At a load of 99.7 kN/m
the end of the beam with opening H-2 failed. Testing-was continued on specimen H-1
after a support was placed at the other end reducing the clear span to 3.64 m (see

Section 3.6).
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(b) Uniform load, wy=177 kN/m

Figure 4.23. Measured Stirrup Strains in Web Hole Specimen H-1.

Failure occurred at a uniform load of 177 kN/m by 'shear failure of the region
beneath the opening accompanied by spalling of the concrete cover in this region.
Figure 4.24 shows the appearance of specimen H-1 at failure. The varijation in the
stirrup straips in the region around the opening in the T-beam at failure is given in
Fig. 4.23b. The significantly higher strains in the stirrups beneath the opening and the

)
large strains in the main vertical tension tie are apparent.

4.9 Web Hole Specimen H-2

°

Flexural hairline Zra.cks first appeared at midspan at a load of 15.4 kN/m. At a load

of 32.4 kN/m the maximum flexural crack width was 0.1 mm with a negative moment

1y
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(b)  Detail of opening

Figure 4.24 Photographs of Web Hole Specimen H-1 at Failure, w = 177 kN/m.

“

flexural crack appearing in the portion of the web beneath the opening together with
positive moment cracks appearing in the flange above the opening. First shear cracking

was observed between the opening and the support reaction area at a load of 43.6 kN /m.

-~

Positive and negative moment flexural cracks having a width of 0.15 mm were observed
in the flange at the ends of the opening. Figure 4.25a shows the appearance of specimen

H-2 at this load level. ‘

At a load of 52.7 kN/m, midspan flexural cracks were 0.2 mm and the shear crack-

\
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(a) Uniform load, w = 43.6 kN/m

v i wir ol

(b)  Uniform load, w = 88.1 kN/m

Figure 4.25 Photographs of Web Hole Specimen H-2.

ing below the opening had a maximum crack width of 0.15 mm. First yielding of the
stirrups beneath the opening occurred between loads of 79.3 kN /m and 88.1 kN/ m‘with
significant strains developing at a load of 88.1 kN/m. Figure 4.25b shows appearance of
specimen H-2 at first yielding. At this load stage concrete crushing was evident in the
web at the lower corner of the opening furthest from the support. The maximum width
of shear cracking between the opening and the support was 0.8 mm. The maximum
crack width in the web below the opening was 0.5 mm. The measured stirrup strains
at first yielding are shown in Fig. 4.26a. |

At a load of 97.3 kN/m significant crushing of the concrete occurred in the weh near
the upper corne;r of the opening closest to the support. The maximum load reached was

99.7 kN/m when shear failure took place beneath the opening accompanied by spalling
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(b) Uniform load,wy=99.7 kN/m

Figure 4.26 Measured Stirrup Strains in Web Hole Specimen H-2.

of the concrete cover in this region. Signs of shear failure in the flange above the opening
were evident at this stage. Figure 4.27 shows the appearance of the specimen at the
failure load. Figure 4.26b gives the variation in the stirrup strains in the region of the

opening of the T-beam at the ultimate load stage. The significantly higher strains in
~

the stirrups beneath the opening and the large strains in the rﬁn\vertical tension tie
g ~

~

are apparent.
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(a)  Side view

‘ (b) Detail of opening

Figure 4.27 Pkwtographs of Web Hole Specimen H-2 after Failure.



CHAPTER 5
PREDICTIONS OF EXPERIMENTAL RESULTS

5.1 [Introduction

1

In this chapter the responses of a number of test specimens containing disturbed
r;gions are éompa.red with the predictions using the non-linear finite element analysis
program, FIELDS, and with the predictions using simple strut and tie models. In order
to validate the non-linear finite element program the predictions using this program
are first co’mpared with reinforced concrete members having uniform fields of diagonal

e Fompression. Recent experimental results that were well-instrumented are used in the
comparisons.

In the finite element analyses the compressive strength of concrete, f!, was taken

from the standard cylinder results given in Table 3.1. The tensile strength of concrete,

!
?1

2f!/(55004/~f!) unless otherwise noted. Poisson’s ratio was taken as 0.10. The steel

fer, was taken as 0.33,/— f! and the strain at peak compressive stress, €,, was taken as

reinforcement was modelled with a bi-linear stress-strain relationship. The yield stress,
; fy, assumed in the analy/'s‘és are given in Table 3.2. The initial steel elastic modulus, E,,
was taken as 200000 Mf’a, while the tangent modulus after yielding, E,;, was taken as
2 000 MPa, unless otherwise ﬁoted. ‘
The finite elements were nine-noded quadrilaterals (CFTQ) and six-noded trian-

@ gles (CFTT) with four b}; four quadrature used for numerical integration. In all cases

a
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the applied loads were simulated with consistent nodal loads. The analyses typically

used load increments equal to one tenth of the expected failure load.

, 5.2 Reinforced Concrete Shear Panels Tested i)y Vecchio and Collins

The program FIELDS was used to predict t,he résponses of a number of reinforced
concrete panels tested in pure shear by Vecchio and Collins'**? (see Fig. 1.2), in order
to verify the capabilities of elements CFTQ anci CFTT used in FIELDS.

These well instrumented tests were used to/develop!!'1? the stress-strain character-
istics of cracked concrete that are described injChapter 2. Since these specimens failed
in diﬂ'ere;lt ways they provide a means of chef:king the computer program in a v;xriety
of cir¢cumstances for simple elements displayi;ilg uniform ﬁejlds of diagonai,compressive
stressés in the concrete. /,
Each of the shear panels tested was 892 x 890 mm by 70 mm thick (see Fig. 1.2).

Some of the important parameters for six ¢f the shear panels are summarized in Ta-

® /

' /
Table 5.1 Parameters of Shear Planels Tested By Vecchio and Collips.

ble 5.1.

\ Specimen Longitudinal Steel / Transverse Steel Concrete
Psz fy Psy fy € fe

(MPa) | (MPa) (MPa)

. PV4 0.01056 242 ’ 0.01(556 242 0.00250 26.6

Pvil 0.01785 235 0.01306 235 0.00260 15.6

PVi12 0.01785 469 0.00446 , 269 0.00250 16.0

P)VZO 0.01785 . 460 0.00885 297 0.00180 19.6

PV22 0.01785% 458 0.01524 420 0.00200 19.6

pv27 0.01785 . 442 0.01785 442 0.00190 20.5

/
!
|
!

Each of the shear panels was idealized with either a single nine-noded CFTQ
element or with two six-noded CFTT elements. Consistent nodal loads were applied
to simulate the applied pure shear loads. The reinforcement tangent rglodulus after

~

yielding, E,:, was taken as 500 MPa for this series of analyses.
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Figure 5.1 compares the predicted shear stress — shear strain responses with the
test results for the six reinforced concrete panels described in Table 5.1.

Specimen PV4 contained equal amounts of reinforcement in the z and y directions
with failure occurring by yielding .of both set’s of reinforcement. As can be seen from
Fig 5.1a the predictions using program FIELDS agrees reasonably well with the test
response.

Specimen PYll containéd diﬁ'erent amounts of reinforcement in the z and y direc-
tions with failure taking place by yielding of the y reinforcement followed by yielding
of the z reinforcement. This mode of failure was predicted by program FIELDS.

Specimen PV12 contained about four times as much steel in the £ direction as in the
y direction. Observations d;lring the testing indicated that considerable redistribution
of stresses takes place after the yielding of the reinforcement in the y direction. Ascan
be seen the response is predicted well by program FIELDS.

Specimen PV20 contained twice as much reinforcement in the z direction as in
the y direction. In addition, the reinforcerﬁent in the z direction had a yield stress
of 460 MPa, while the reinforcement in the y direction had a yield stress of only
2907 MPa. Yielding was observed in the test at a shear stress level of 4.14 MPa with
failure ocgurring at a shéar stress level of 4.2€z MPa by sliding along a crack interface.
The preaicted yield load is 4.00 MPa with failure predicted to occur at a shear stress
of 4.49 MPa. At the maximum predicted load the principal compressive stress in the
congréte is about 90% of the crushing strength and there is a significant shear stress
on the crack interface. -

Specimen PV22 contained a slightly larger Amount of reinforcement in the z di-
rection than in the y direction. In addition, the rer orcement in the z direction had
a sligh)ﬂy higher yield stress. épecimen PV27 had identical reinforcement in the z and_
y directions. Specimens PV22 and PV27 failed by crushing of the concrete without

yielding of the reinforcement at shear stress levels of 6.07 and 6.35 MPa, respectively.
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Figure 5.1 Comparison of Predicted Responses and Measured Responses of Shear
Panels Tested by Vecchio and Collinst?+!?
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This crushing was followed by sliding shear failures in both cases. For specimens PV22

and PV27 failure is predicted to occur by crushing of the concrete with f.2maz equal

" to about 60% of f! at shear stress levels of 6.18 and 6.43 MPa, respectively.

In predicting the responses of these six shear panel tests it was assumed that the
concrete cracking stress was 0.33\/——7‘5 . In reporting the test ;esults of the panels
Vecchiq and Collins?*+1? found cracking stresses soméwhat higher than 0.33y/—f!. For
example, the cracking stress assumed in predicting the response of specimen PV22 was
1.46 MPa while the measured cracking stress was 2.42 MPa. It is noted that if higher

cracking stresses are assumed then greater values of f,; would be possible and the

response predictions: would be stiffer after cracking.

-5.3  Uniformly ‘.oaded Beams Tested by Mailhot

". In order to verify the ability of program FIELDS to predict the response of X- .

ural member containing large regions of uniform fields of diagonal compressiy€ stresses

and few disturbances, the program was used to analy‘ze a uniformly lgzéled T-beam.
The details of specimen B tested by Mf.ilhotlg are given in Fig. 5.2. This beam was part
of a research programme to investigate the “staggering concept” used for the design
of stirrups and to demonstrate the design procedures of the 1984 Canadian Concrete
Code.!3

The 'f—beam specimen was designedrfor a uniform load of 106 kN/m and the
stirrups were provided in bands of d, / tan 6 equal to 586 mm. The principal compressive
angle, 4, used in design was 27°.

Figure 5.3a shows the positions of the strain target; located on the concrete surface
and on the steel reinforcement for one end of the beam. These targets on the web
formed strain rosettes which enabled the principal strains and their directions to be

determined as shown in Fig. 5.3b. As can be seen the large principal tensile strains

and low principal compressive strains near midspan reflect the high moment and low
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Figure 5.2 Details of Uniformly Loaded Beam B Tested by Mailhot!?
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’ 4

L4

well beyond yield at ultimate. 'It is possible to identify a région between the support

and midspan’ in which relatively uniform fields of diagonal compression exist. .

.

As can Pe seen from Fig. 5.4 the finite element model consisted of four elementis
over the depth of the member. Due to the symmetrical naﬁure of the loading and of the .

supports only half the beam was modell\ed. Th; finite element _mesh was chosen such

s

the ste\el plate bearing surface was simulated with the truss elements shown in Fig. 54,

to account for the relatively small actuad bearing surface after the beam rotates on

- -

its sypports. Consistent nodal loads were used to simulate the uniform load applied
b .
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Figure 5.3 l Principal Strains Determined from Strain Rosettes for Specimen B1®

f

# o > -

e
to the top face of'the top rov'v of elements. The flow of the compressive stresses from
the top flange of the T-beam at midspan to the support reaction area is evident frpm
Fig. 5.4a. The finite element analysis \predigts a failure load of 122 kN/m by flexural
yielding of the longitudinal reinforcement after siéniﬁcant yielding occurred in some of
the stirrups. The test speéimen failed at a load of 1?30 kN/m after experiencing l/a.rge
strains in the longitudinal steel at midspan and after some stirrup strains reached /{bout

_ three ti{nes the yield strain. it is noted that the predicted response did not account for

the horizontal restraint at the ends of the beam due to the friction between the beam

and the steel bearing supports, thus giving a conservative strength prediction.

»

The predicted principal strains and their directions are given in Fig. 5.4b. As can
be seen these predicted strains agree reasonably well with the experimentally deter-
- : . A
-mined values (see Fig. 5.3b). » 4 '

A coEnparison of the predicted and measured strains in the transverse reinforcement
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] ° ~ s o <y
is given in Fig. 5.5. The strain measurements permit this comparison to be made for

« =
~

the top and bottom of each stirrup. As can be seen the general trend of the predicted

3 ’ ~ 1
values agrees reasonably well with the measured values taken at the load stage .closest.

-

to the predicted failuyte load. ' . . .

-

It is noted t¥at in comparing the predicted and measured strain values the discrete-

nature of the cracks result in sighificant flu¢tuations in the measured values, whereas

-

the predicted values are averages based on a smeared cracking pattern.
T - -
° .
L e ’ * ) <

‘5.4 Continuous Deep quamshTes‘ted by Rogowski, MacGregor and Ong

~

In order to demonstrate the versatility of program FIELDS it was usedte-predict

the responses of statically indeterminate members containing disturbed regions. Two of

the continuouys deep beams tested by Rogowsky; MacGregor and Ong?° demonstrate the

»
- o N
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- of the concrete. Specimen 5/1.5 exhibited an inclined crack which opened by 6 mm

shear span to depth ratios of 1.5 and 2.0 gespectively. The main reinforcement details
, A ) ] :

‘Figure '5..6b also shows the.predicted deflected shapes:for these two ieep beams.

vcenték\ of the elements predicted by program FIELDS at ultimate load. Specimen

‘int'er%)r shear span by yielding of the transverse reinforcement, followed by crushing

- - N

influence of shear span to depth ratio on the response.. Specimens 5/1.5 and 5/2.0 have
1} o ° -

are shown in Fig. 5.6a. In addition.to the \;einfgrcement shown the columns cor‘ltained
signiﬁcant an'zounts ‘of longitudinaI and trar\xsverse reinforcemeﬁt Both spec.imens have ’
similar concr’ete strengtﬁs (f! = 39.6 MPa and 41.1'MPa) and are 200 mm thick. /\

Figure 5. 6b shows the fini{g element mesh used to model these two beams. Due to
symmetry about the central supports only half the eams-were modelled with a 5 by

14 grid of CFTQ elpinents. Four additional elemerts were used to model the loading,

columns. All of the reinforcement in the deep beam and the columns was modelled. The

S Y

elements were chosen such that they were centred on.the main horizontal reinforcement.

2

Figures 5.6¢c and d Show_thg\%ﬁncipal stresses and the principal strains at the

5/1.5 failed in the north shear span when the applied load in this span reached 858 kN.
After strengthening/the north side th;e south shear si)an failed at; a load of 879 kN.
The predlcfed capacity’is 890 kN Specimen 5/2.0 failed q,t;\correspondmg loads of
677 kN and 693 kN which compare well wxil}'the predicted capac1ty of 695 kN Since

both specimens had the same total amount of transverse remforcement 1n each shear

- -
~ &

span, the 21% drop in load carrying capacity between these ‘two specimens is due
to the difference in their geometries. This geornetric difference resulted in a larger
direc& compressive strut action in the “deeper” specimen (5/1.5). As can be’ seen

from Fig. 5.6c, the compressive struts in both specimens become wider between the

loading point and the reaction areas. In both cases-failure is predicted fo occur in the J

which indicates that yielding of the fransverse reinforcement occurred. Specimen 5/2.0

also exhibited yielding of the transverse reinforcement. The fiegative moment near the
v . . 8
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C
A centga.’i support results in larger principal tensile strains (see Fig. 5.6d), thus softening

the concréte and reducing its compressive strength. Due to the large tensile strains

-

the principal tensile stresses are reduced to zero in some elements (see Fig. 5.6¢). The
regions of crushing of the concrete are illystrated in Fig. 5.6a for the west face of the
| beam. Although tﬁe concrete cover rema.med intact near the top and bottom of the

beams considerable spalling and sphttmg along the plane of the stirrup centrelmes were

observed in the middle regions. - ' .

. - 1

- 5.5 Corbel Specimen C-1

v,
Figure 8.7 summarizes the reinforcement details of the double-sided corbel speci-
.o men C-1. Further details about this specimen are given in Section 3.3 and the experi-
- . L \

. " mental results are given in Section 4.2.
. o |

* Fjg\ure 5.7 alsoillustrates the analysis of specimen C-1 using a simple strut and -

’ Ed

tie model. JUsing the measured material proﬁerties (all material resistance factors are
taken-as 1.0) the main ten)sion tie can supply a force of A, f, = 800 mm? x %44 MPa
= 355_ kN. 'If we assume that the yi‘eld:’ forc;a qf the ‘tension tie will govérn the corbel
failure then from the statics ofithe truss (see Fig. 5.7b) the predic‘ted failure loads
are 408 kN vertically and .81.6 kN horizontally. The fz'mning compressive strut has its
- maximurm stress in the nodal zone at the t;op of the corbel. The nodal zone stress under
the 50 mm wide by 300,n;m long by 25 mm thick bearing plate is 408 kN"/ (50 mm
X 300 mm) = 27.2 MPa. The nodal zone stress limit is 0.75f] = 0.75 x 40 4 MPa
= 30,\3 MPa. Hence, it is predlcted that® yleldmg of the main tension tie will mxtlate\
the failure of the corbel followed closely by crushing of the concre’ce in the top nodal
zoné. The actual remforcement details for this corbel are shown in Fig. 5.7c. As can
be seen addltlonal closed horizontal ties, having an area of at least 50% of 4, and
distributed within the top two-thirds of the\ corbel, have beep provided in- accordance

% ) with code detailihg requirements*:*® for brackets and corbels, In the analysis using
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Figure 5.7 Corbel Specimen C-1. )

! . .

the simplified strut and tie model this additional reinforcement was neglected. Failure

- A
-

occurred in specimen C-1 at a vertical load of 502 kN by concrete crushing under the |

bearing plate after large strains were recorded in the main tension tie and after the

i . -

occurrence of severe spalling of the concrete cover surrounding the bearing plate (see

A
'

Figs, 4.4 and 5.7c). , ) ‘. J

" 90 .
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Figure 5.7d shows the finite element mesh and the deformed shape predlcted by
progralrl FIELDS close to fallare Only half of the specimen was modelled due to e
the symmetry of the specxmen and the loadmg A total of 65 CFTQ and 8 CFTT
elements were used.. Flgure 5. 7e 1llustrates the principal stresses and principal strains

in the concrete }lredlcted by the finite element %?alysm. In the modellmg of this corbel,

stiff truss elements were used to simulate the presence of a steel loading blgck which

. was attached to the top of the steel bearlng plate The two elements in the top row ,

x -
_surrounding the bearlng area were glven thlcknesses of 300 mm to sxmulate the spalling -

‘of the 27 mm of concrete outside the bearing plate. As can be seenfrom Fig. 5.7d the

mesh £lso simujated the likely concrete s{palling zones in the unarmoured region outside '

of the bearing‘plate. All of the reinforcement in the corbel and column was modelled in
. 3V ; .
the finite element analysis. As can be seen from Fig. 5.7e the predicted flow of concrete

compressive’ stresses is soméwhat different than that assumed in the simple strut and

tie model. Due to the presence of the additional horizontal rei'nforcement and due to

o

the vertical cracking in the corbel, these comptessive stresses are more curved towards
4 * 4]

the outer surface of the corbel and become more concentrated as they funnel into the *
. ) . ) -

- column. Program FIELDS predicts failure to occur at a vertical load of 450 kN, thit

is,'at 90% of the actual failure load, by yielding of the main tension tie reinforcement.
The large predicted tensile strains are evident in Fig. 5.7e.
An addxtxonal finite element analysis“vas carried out with the horlzontal loadmg

located directly at the top of the steel bearing plate This resulted in a predlcted failure

.

- load of 525 kN which demonstrates the sensitivity of these types of connectlons to small

changes in load eccentricities. . T .

5.6 Dapped End'Beam Tests D-1 and D-2

{ .
Figures 5.8a and b show the strut and tie model and truss idealization used to

analyze the rectangular dapped .end test specimen D-1. The reinforcemént details are

v
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summarized in Fig. 5.8c. More, details about this specimen are given in Section 3.4

.g‘ }

and the experimental results are given in Section 4.3. The ‘additional horizontal bars,
. . A

provided in the nib to satisfy the céde-degailing requirements,*:?® were not included
in the simple truss idealization. In predicting the failure load it is assumed that the

ma\terial resistance factors were equal to 1.0. If it is assumed that failure will be
] . i
geverned by yielding of the vertical tension tie then the force in this tie will be A, f,

= 800 mm?® x 445 MPa = 356 kN. The forces in tl}e other '_truss members can be

determined from statics"(,s’ee Fig. 5.8b). .

In order tq, investigate the capacizy of the nodal zone region at the top of the ver-

tical tension tie we first assume that the concrete cover spalls off down te the centreline
of the stirrups inithis highly stressed region. Hence, the stress on the top, face of the
nodal zone anchoring this tension tie is 356 kN / 110 mm x 210 mm = 15.4 MPa. This

.

1s less than the nodal zone stress limit of 0.75f) = 0.75 x 29.8 = 22.4 MPa. /

’ The most critical section of the compressive strut going from the su:pport to the

top of the vertical tension tie is located at the interface with the top nodal zone. Sinceit

i§ assumed tpat the faces of of the nodal zone are equally stressed then the compressive

stress, f.s, i;} the st;ut at theface of the nodal zone is also equal to 15.4 MPa. The
: ~N

. . P . .
maximum compressive stress, f.2maz, that this strut can carry can be determined from

Eq. (2-2) if we assume that the strain ¢, in the vertical tension tie crossing the strut x

*

at the yield strain (2.23 x 10~2). Hence, fromyq. (2-1):
-

.

L 4 -
+ +0. ' . 0 -
- =+ 2002 ogpgg 4 20022840002 h55e3
. tan® q, tan® 47.3°
. . [}
. and from Eq. (2-2): .
Ly R 3 29.8
°3mez 0.8+ 170¢; 0.8 +170 x 0.00583
N -
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As can be seen the presence of the tension tie significantly feduces the compressive
.. strength of the strut. Since the compressive stress, f.2, is slightly less than fe2maz, the

strut and tie model‘predicts that the tension tie will just yield before the strut crushes.

., From an investigation of the bond characteristics of the longitudinal tensionsie at

the bottom of the main vertical tension tie, it can be shown that the available tension

tie. force is just sufficient. It can also be shown that, all of the other truss membets

are adequate, thus, it is predicted ‘that failure will occur when, the vertical reaction is
7 \ o

. ® il
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260 kN By y1eld1ng of the main vertical ‘tension tie. Failure ¢ccurred in spec1men D-1

L4

when tl%e reaction reached 3p7 kN. The condltlons of the beam at failure are shown in
Figs. 4.8 and 5.8c.

T}'1e results of the .ﬁniteﬁlement an\al}‘fsis’ of specimen D-1 are shown in Figs{. 5.8(},
e and f. Sixty-five CFTQ elements were'uséd to model halff the beamn with symmetrical
boundary conditions applied a;t the beam centreline. This was done even th.oilgh t‘;he
_ two ends of the beam were ﬁot-identical since’the differences were minor andqwould '

not affect the behaviou'r in the disturbed region.of the nib. The support conditions

were simulated” with a grid of truss elements which idealized the angle embedded. in

-

the concrete. All reinforcemtent was included in the finite element modelling. The

spalling of the concrete cover outside of the stirrups shown in Figs. 4. 8 and 5.8c was
simulated in the finite elemeyt model by reduf?/ the thickness of elements neaf the
vertical tensten tie and by adju-ting the mesh geometry (see Fig. 5.8d). The‘failure
load predicted by FIELDS is 270 kN, that is, 88% of the actual failure load. The finite
eleme_nt analysis predict;; a curving of the‘ compressi.ve' stresses which are flowing from
the top of the vertical tension tie to the squort (see Fig. 5.8¢). As can be seen from
the principal tensile strain§ shown invFig. 5.8f .the vertical tension tie yfelds before the
" concrete compressive strut crlfshes as was predicted by the sifnple strut andL tie modei.
Since the finite element analysis correc'tly a,ccounts for the changing stiffness of elements
as well as the presence of all remforcement it more accurately models the stress flow.
It therefore correctly predicts that the shear is transferred by both compressive struts
and fields into the n1b . T ' . .
pecimen D-2 failed at a shear 9f’258 .kNZ that is, ;.t 84% of the failure shear
of spe 'rgen D-1. As described in Section 4.4, failure of specimen D-2 Fook place by
crushing of :cHe concrete éompressive strut in the “region‘ near the top of the vertical

tension tie. Sincespecimen D-1 was close to crushing of the éompressive strut at failure

we can approximate the effective width of the compressive strut for specimen D-2 as

B
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0.84 x 210 mdn = 176 mm. The reduction in effective widtH of Specimen‘\D-Z is_ evident

from Fig. 4.13. This figyre also shows the lateral arching action of the cprﬁp‘ressiv; strut

as it seeks anchorage in the region of the vertical tension tie hooks. ‘A ‘aonservativ’e
- [

\ 1
estimate of the effective width is'the inside bend diameter of the tension tie.-hook plus

the diameter of the tension tie on each side of the specimen. This conservative éstirgxate

. would give an effective width of 2x (50+11.3) = 123 mm. It is clear that it is important

* L/
to a.ccog'nt for the detailing in the modelling of the response.

t 7

5.7 Dapped End Beam Te.st D-4

v

I?‘/igures 5.9a hn;i b show the strut and tie madel and truss idealization u¥sd to‘
analyze the inchhed dapped end test specimen D-4. The reinforcem—ent details are
summarized in Fig. 5.9c. More details about this specimen are éiyen in Section 03.5
and the experimental results are giveh in Section 4.7. The additipnal horizontal bars,
pr0V1ded in the nib were not included’ %he s1mple txuss 1deahzat10n It is noted thht
these bars are required to control cra,ckmg in the nib{nd would also be reqmred if
any horizontal force existed at the support. In predicting the failure load it is assumed '
that the ma.terla.l resistance factors are equal to 1.0. The truss 1dealxzatlon has two
vertxcal tension ties which represent groups of three stirrups. If it is assumed that
fa.llu;e wili be goxﬂrerned by yielding of the.stirrups then the force f',ryeach tieqwill he
A, f, = 3-x 200 mm? x 436 h‘IPa = 262 kN. The forces in the other truss members
can be determined from statics (see Fig. 5.9b).“It can be shown that none of the other

tension ties yield. The yield force in the two No. 25 inclined bars is 2 x 500 mm? x

445 MPa. = 445 kN which is less than requlred tension of 330 kN. The resulting end

N react)o‘h is 262 kN. . J

_In the test, first yielding occurred in the stirrup reinforcement at a load of 273 kN
with failure taking place %% load of 340 kN by general yielding of the transverse

reinforcement in the full depth) beam. The 'strut and tie model conservatively predicts

<
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Figure 5.9 Ijapped End Specimen D-4.

LY

~2

the failure load. .

" The results of the finite element analysis of specime.n D-4 areshown in Fiés. 5.9d, e
and f. The specimen was modelled with symmetrical boundary conditions at the beam
centreline and a total of 49 CFTQ and 21 CFTQT elements were used. The bearing plate
embedded in the nib was simulated: with a series of truss elements. All reinforcement
was included in the ﬁnife element modelling. The devel:opment of the main lofxgitudinal

reinforcement and the inclined tension tie was simulated by reducing the area of the
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re'in'forcement to simulate the available force. The failure load predicted by FIELDS is
3®80 kN, that i;, 88% of the actual failure load. The finite element analysis predicts a
curving of the compfessive stresses which are flowing from the top of the beam into the
nib (see Fig. 5.9¢). This figure also indicates a concentration of compression stresses

which collect near the bottom of the inclined reinforcement. As can be seen from the"
principal tensile strains shown in Fig.'5.9f, the stirrups in the full depth beam yield at
failure. This corresponds with the observed large inclined cracking near the end of the

beam (see Section 4.7). g

5.8 Deagiped End Beam Test D-3
4

-

~

,-"\pa‘,pped end beam D-3 contains both inclined and vertical hanger reinforcement
near the dapped er}d and hence, has two means of hanging up-the load. In deciding
on the strut and tie model and the truss idealization it is necessary 4o account forl
these two sets of hanger reinforcement.c Figures 5.10a and b show the strut and tie
model and truss idealization used tovanalyze dapped end test specimen D-3. The
reinforcement details are summarized in Fig. 5.10c. More details ai)out this specimen
are given in Sectipn 3.4 and the experimental results are given in Section 4.6. The
additional ht;rizontil bars, provided in the nib wer: not included in the simple truss
idealization. It is toted that these bars are required to control cracking in the nib and

. 2
would also be required if any horizontal force existed at the support. Four stirrups in

the full depth beam vx:ere represented by a single tension tie located at the centre of the
group of stirrups. The truss' model is statically indetermipate because of the two sets
of hagger reint:orceinent. In the analysis to find the reaction it was assumed that both
sets of ha.n"ger reinforcement yielded. The yield force in the inclined reinforcement is
A, f, =2 x 300 mm? x 478 MPa = 287 i(N, whileqthe yield force in the vertical hanger

is A,f, = 4 x 100 mm? x 436 MPa = 174 kN. The forces in the other truss members

have been determined from statics as shown in Fig. 5.10b. It can be shown that none °

-\
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of the other tension ties yield. It is noted that the verticé,l(tension tie representing four

1

stirrups has a tension of 341 kN, i.e., 98% of the yield force. The force in the U-bars

* together with the force developed in the three No. 30 longitudinal bars at the bottom

SR T )

is 341 kN.

In the test, first yielding occurréd in thetstirrup reinforcement near the end of the

/

of the beam is just sufficient to develop the required force. The resulting end reaction

beam at a load of 274 kN with failure ‘ta.k},ng place at a load of 372 kN by? yielding of

.
98

-
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the transverse reinforcement in the full depth beam. Significant strains were developed.

_ in all the mairi tension ties in the region of the dap as shown in Fig. 4.15. The strut

anc{ tie model conservatwely predncts the failure load. _

The results of the ﬁmte ‘element anal of specxmen D-3 are shown in Figs.
5.10d, e and f. The specimen was modelled with symmetrical boundary conditions_
at the beam centreline and a total of 55 CFTQ and 25°CFTT elements were used
‘to model the bea:m. The angle embedded in the nib was simillated with a series of
truss elements. All reinforcement was included .in the finite element modelling. The’
development of the main longitudinal reinforcement and the irnélined tension tie was
a.cco.unted for by reducing the area of the reinforéement to simulate the:mble force..

" In the région of the re-entrant corner and in the lower nodal zone region it was necessary
to model three layers of r'einforc;ement‘ the inclined tension tie, the vertical stirrt‘x‘i;”\,» .
remforcement and horizontal remforcement Thls was handled by a,ddmg a second*
CFTQ ot CFTT element with a minimal concrete thlckness (0.1 mm) and remforcement

equal to the stirrup contribution over the top of the full thickness element contalmng the
inclined and horizor:ta.l reinforcement. Since the thinner elements will have a n::gligible
tension stiffening 'c(;ntribution, it is important to model principal tens'ro‘n ties in the
thicker elements so .that };heir tension étiffening effects will be included. The failure load
predict;ed by FIELDS is 355 kN, that is, 956% of \ e actual failure load. An examination

of the predicted principal concrete stresses and principal strains reveals that there are L
actually three different ;najor load paths into the nib. The;zq load paths are provided

by botil the inclined and vertical hanger reinforcement as well as compressive stresses

which are flowing directly into the nib (see Fig. 5.10e). This 'ﬁgure ;.tlso indicates a -
c'onéentration of compression stresses which collect near the bottom of the inclined
reinforcement. As can 'be seen from the principal tensile strains shown in Fig. 5.10f, ,
the stirrups in the full depth beam yield at failure. This corresponds with the observed

large inciined cracking near the end of the beam and with the measured strains in the B

reinforcement (see Section 4.6). L ®
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5.9 Web Hogépmimen H-1

Figure 2.3c illustrates a simple.stru‘t andstie model and truss idealization for a .

*beam with a web opening: If it is assumed that the capacity will be governed by
yxeld.mg of the main vertical tension tie on the support side of the opening then a
prediction of the failure load ca.n be made. The yield force of the four #3 legs is 4 x
71 mm? x 388 MPa = 110 kN. The simple strut and tie model assumes that the flange
is ineffective in carrying shear and therefore, all of the shear past the centreline’ of
the opening is assumed to pass through the portlon of ,the beam beneath the opening.

Thus, the corresponding uniform load is equal to the tension tie capacity divided by

_the distance from the beam ¢entreline to the centre of the openmg, that isy 110 kN /

&

(192m 100m)—-120kN/m ’ , RN

.

Figure 5.11a shows the appearance of specimen H-1 at failure. Flrst yielding of

the transverse reinforcement occurred in the main tension tie at a uniform loading.of

97.3 kN/m. Failure occurred at a uniforni load of 177 kN/m and 25 can be seen failure_

!

took place after severe spalling of the concrete cover in the region under the epening.
In addition extremely large strains developed in the stirrups beneath the opening and
in the main vertical‘tensiotl tie (see 'photograph it Fig. 4.24 and strain distributions
in Fxg 4.23). At failure there was also evidence of shear cracking in the slab over the
~opening indiéating that there was somg shear being transferred through the slab.’
The full span of z;pecimen H-1 in the testing coﬁ‘ﬁguratidn tged to load the beam
to failure was modelled in the finite element idealization. Figure 5.11b illustrates the
portion of thff mesh up to the gegmetric centreline of the T-beam. A total of 20
columns of CFTQ elements were use;i with 4 elements through the depth of t};e beam.
In the vicinity of the opening the mesh was refined to include two elements in the top

flange. The support conditions were modelled with truss elements located such that

" their edge coincides with the inner edge of the steel bearing support. In this analysis

the tensile strength of concrete was taken as 0.37 v/ —f! which was the value obtained

- 1
from split cylinder tests. The deformations shown in Fig. 5.11c illustrate the significant
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distortions in the regions immediately around the opefling. Failure is predi'cted to occur
at uniform loading of 141 kN/m. The steeply vinclined compressive field in the region
beneatﬁ the opening is a"pparent from Fig. 5.11d due to the very high shear, stress in
this heavily reinforced region. The slight inclination of the compressive ptresses in the
'slab above the opening indicates\ﬁhat the finite element modet is predicting that some
shear is transmitted directly by the 800 mm wide slab. The flow of compressive ‘stresses
~frpr'n the top of the majn tension tie is a;.lso evident in this figure. The principal strains
shown in F'i~g.15.11é indicate that failure has taken place by yielding of the main tension

tie reinforcement and by yielding of the stirrups in the region between the support and

the opening.
i The failure load predicted by the simple strut and tie model is 69% of the actual
fairur‘e load, W}‘lile program FIELDS predicts the failure to be 80% of the actual failure
l;)ad.\ It is noted that \the predicted resgonses did not account f,or the horizontal restraint

at the ends of the beam due to the friction between the beam and the steel bearing

supports, thus giving consérvative strength predictions. X

. ) | ‘ &

5.10 Web Hole Specimen H-2

® ’

Using the simple strut and tie mode] and truss idealization shown int Fig. 2.3¢ and
4 - % ® ]
assuming that the capacity will be governed by yielding of the main vertical tension
' - 7

tie on tHe support side of the opening, t}:e predicted failure shear can be obtained.
‘ The .yield- force of the four No. 10 legs\is 4 x 100 mm’.x 365 MPa = 146 kN. The
simple strut and tie model assumes that the flange is ineffective in carrying shear and
therefore, all of tﬁe shear ;ast qthé centreline of the opening is assumed to pass through,
‘the portion of the beam beneath the opening. Thus, the corresponding uniform load is
equal to the tc;nsion tie capacity divided by the distance from the beam centreline to
the centre of the opening: that is, 146 kN / (25 m- .75 m) = 83 kN/m.

Figure 5.12a shows the appeara:nge of specimen H-2 at failure. First yielding of

the transverse reinforcement occurred in the main tension tie at a uniform loading of

* /102
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97.3 kN/m. Failure occurred at a uniform load of99.7 kN/m. As Witil speeimen H-1,
failure took\’ place after severe spa!ling of the concrete cover in the'régioh under the
opening. A very large diagonal crack starting at the side of the opening furthest from
the support and extending beneatlt the opening caused the final failure (see ph%tograph
in Fig. 4.27 and strain distributions in Fig. 4.26): The shear cracking in the slab over
the ope‘ng indicated that there was some s};ea.r being transferred through the slab.

1 Fiéure 5.12b illustrates the finite element idealization of specimen H-2. The truss
elements shown are located such that their centre coincides with the inner edge ;)f
the steel beari;lg support. Half of the span is modelled in the testing configuration
used u; load the beam to failure. In the analysis it was assumed that the beam@}ﬁ
symmetrical about midspan. The tensile strength of concrete for this analysis was taken
as 0.37\/—-—ff which was the value obtained from split cylinder tests. The deformations
shown in Fig. 5.12c illustrate the signiﬁcant distortions in the regions immediately
around the opening. Failure is predicted to occur at uniform loading of 78 kN/m. The
steeply 1nclmed/compressxve field in the reglon beneath the opemng‘ls apparent from
Fig. 5.12d due to the very\hlgh shgar stress in this heavxly remforced region. The slight
irfclination of the compresslve, stresses in the slab above the opening 1nd1cates that
the finite element model is predicting that some shear is transmitted airectly by the
806 mm wide slab. The flow of compressive stresses from the top ”(ff the main tension
tie is also evident in this figure. The principal str‘éins‘hown in Fig. 5.12e indicate that

1

failure has taken place by yielding of the transverse reinforcement on the side of the

. -

opening furthest from the support.
The failure load predicted by the simple strut and tie medel is 83% of the aetual
fail}xre load, while program FIELDS predicts the failure to be 78% of the actual failure
load. It is noted that the predicted response: did not account for the horizontal restraint -
at the ends of the beam due to the friction between the beam and the steel Bearingr
sup;orts, thus giving conservative strength predictions. g
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CHAPTER 6 ¢
SUMMARY AND CONCLUSIONS

v

-
! .

‘ -

A two dimepsional, non-linear finite element computer program, FIELDS, wa..s
develpped iI‘; order to prpvi&e a means of predif:ting the complete response of rein-
forced concrete members subjected to in-plane loading. It accdunts-for the non-linear
behaviour of-' the reinforcement as- well as the s;.ra.in softening of the concrete in com-
pression and the te'nsion stiffening ?f the concréte between the cracks. The program
enables the use of truss, tr'iangtilé.r, and quadrillateral elements. The triangular and
quadrilateral elements permit the\use of mid-side nodes. In order to enable the use

-

of larger elements without signiﬁca.nt". loss of accuracy FIELDS permits the use of up

3

to four by four quadrature in thé numerical integration of element stiffnesses. Rein-

forcement in two arbitrary directions is assigned to each triangular and quadrilateral

" element. This reinforcement is assimed to be smeared uniformly within the element.

‘Concentrations of reinforcement can be modelled by carefully choosing the mesh with

higher percentages of reinforcement in appropriate elements. Additional reinforcement

can be modelled using truss elements. Although a smeared crackihg model is. assumed,

the program checks the ability of cracks to transmit shear gt'resseé and the ability of

<

the reinforcement to transfer tension across cracks. Both slippage at the crack and
yielding of the reinforcement across cracks reduce the tension stiffening of the concrete

between the cracks and lead to éiéniﬁcant reductions in stiffness and strength.

- ’
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Proéra.m FIELDS is particularly useful in pre'dictir;g the response of reinforced
concrete members containin'g major discontin;xities or disturbed regioné. The ability of
this non-linear finite element program to model the flow of the stresses around regions
of discontinuities throughout all stages of loading provicief a useful tool in stua)"ing

the response of complex members. The predictions of the responses.of a number of

‘test specimens ¢ontaining regions of major discontinuities were compzlred with the test

+

tesults. The program predicted correctly the modes %f failure of a number of shear
partels tested by Vecchio and Collins, a uniformly loaded beam tested by I\;Iailhot, and
continuous deep beams tested by Rogowskl Ma,cGregor and Ong.

As part of this research programme a number of members with major disturbances
{vere tested. These tests included a corbel specimen, four dapped end specimens, and
two test’s on Jniformly loaded beams with web holes. Th%e\ test specimens were heavily
instrumented in order to permit a detailed study of the strains.. These test specimens
provid;ad useful data for non—l(inea‘r analyses using program FIELDS and were used to

)

develop simple strut and tie models suitable for desig;l.

- The test results and the predictions using non-linear finite element analyses demon-

strate the need to account for the following izilportant features of disturbed regions:

a) since the ultimate capgcities of corbels and dapped ended beams are sensxtlve
to small changes in load eccentricities it is necessafy to carefully ;110del the details of
the bea.ring and loading areas, '

b) unrestrained concrete outside of bea.nﬁg areas and pla.xn concrete cover has the
potentml to spall and tHerefore, should be neglected in the analysis of the ultimate
failure condmons, ,

c) the termination of reinforcing bars results in significant bond stresses and vari-
atio}n of forces along the.length of the bar. In this study this was accounted for by
reducing the area of steel along the deve!c;pment length. In the degigri using strut a.n<1

tie models it is necessary to ensure that the reinforcement is depiled su?h that the

ra
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required forces in the tension ties can be achieved.

d) the ultimate capacity is sensitive to the manner in which nodal zones are mod-

¢

_elled. Elements modelling the region around main tension ties should be chosen such

that the elements%e approximately the same width as the effective zone around the

§

tie. Elements modelling nodal zone regions should have a thickness consistent with the

available anchorage details (e.g., the differehce between open and closed stirrups can

,be subs.tantia.l). ’

I3

N ‘ 3r6gram FIELDS enables an assessment of different strut and };ie models for the
desién of disturbed re_gions. Simple strut and tie models, along with truss idealizatio;ls
for a variety of disturbed regions are presented. It was fdupd th;.t these simpie‘ strat
and tie models conservaltiv;aly predicted the te;st failure loads. Program FIELDS en-
abled b.etter predictions of both the failure loads and the flow of the forces in the test~

specimrens and hence provides a useful tool for the analysxs of dlst;urbed regions.

* . . . -
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) ++ ¥ .Anon-linear finite element computer program was developed in order to analyze

' e

the full response of reinforced concrete members including regions near discontinuities.
This progrvam accounts for the strain softening’ a.;ld tgnsile stiffening effects on the
cracked concr&te. The program also accounts for the nofi-linear response .of the st.gel
and investigates the ability of the steelﬂreinfo'rcerr_len‘t to transfer forces across the cracks.

A number of full scale éx’perimeﬁts were carried out on members with a variety,

: of ’;najoi' discontinuities. ;I‘hese test results and the non-linear finite element‘computér

i analyses enabled simple strut and tie models to be develaped for use in design.
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APPENDIX A B
. EXPERIMENTAL DATA

A.1 Introduction =t ' ’

This appendix includes the experimental data for the corb;al specimen C-1, the
dapped end specimens D-1 through D-4, and the beam speci\mgns H-1 and H-2 with
web .openings. A complete descriptién of the specimen, loading, and instrumentation
details are given in ChaI;ter 3. 4

The location and orientation of the strain measurements is described by a number
such as D2 H12F, which indicates that the reading is on specimen D-2 in the horizontal
dir‘ection between lines 1 and 2 at level F (see Flg A2). %

it is noted that some specimens required a change in test set-up due to th€ failure
of one of the ends ‘of the specimen during testing. 'fhe reloading after this change
in test set-up is referred to as “Loading 2" in the following tables. Details of these
reloading test set-ups are given in Chapter 3. The deflection readings were reset to

zero for reloading.

-
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A.2 Corbel Specimen C'-‘1~
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(b) South face instrumentation
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Test Set-Up and Instrumentation for Corbel Specimen C-1.
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Table A.1  Corbel Specimen C-1 ~ Measured Loads.

\ . .
Measured Loads 1
Load Shear* Lc1 LC2 —
Stage (kN) (kN): . (kN) R
0A-B 0.0 00 - 0.0 o
1 33.4 6.9 7.7
2 66.7 _ 12.2 13.4
‘- . '3 100.1 18.9 20.4
A 4 1335 . 249 26.7
5 © . 166.8 31.9 34.1
. 6 200.2 38.7 41.3
- 7 233.5 44.7 . 47.5
8 266.9 50.6 53.8
CLW9 " 300.3 57.8 61.2 . .
10 333.6 64 4 '68.1 4 .
11 367.0 711 75.1 !
. 12 - 400.3 780 . §2.2 -
) L 18 4337 84.4 88.6
¢ 14 467.0 912 955
- 15 500.4 97.3 101 8
* Does not include self-weight she:u'\of 18 kN. ¥
Table A'2. Corbel Specimen C-1 — Strain Measurements. . ) o

DEMEC Gauge Readings - Strain (mm/m)
Load 1 2 3 4 5 6 7 8
Stage |, NH13C NHi13E NHI3F N H3C NH35E N H35F N H56C N H56E

0A 0.000 0.050 0.050 0.050 0.000 -0 050 0.000 0 000
0B 0.000 -0.050 -0 050 -0 050 0.000 0050 .  0.000 0 000
1° 0.000 0.050 0.050 0.050 0.000  t0.450 0 000 -0.100
2 0.100 0.050 0.050 0.150 0.100 -0.450 0 600 0 000
\2 0.100°  0.050 0.150 0.050 - . 0.100 -0.450 0 100 0 100
0.100 0.050 0.050 0.050 0.100 -0 250 0 000 0 100

5 0.100 0.050 0 050 0.250 0500 + 0.350 0 200 0 300
6 0.100 ° 0.050 0.050 0350 0.500 0.750 0 300 0.300
7 0.100 0.250 0 350 0.350 0.700 1250 0 200 0 400
8. 0.500 0.650 0.750 0.650 0 500 1.450  _0.300 0.500
9 0.800 0.950 0.950 0.650 0.800 15 0.300 ~~_ 0 500
10 0.900 1.050 0.650 0.750 0.900 - 1.850 0300 0600
11 1.100 1.250 0.950 0.850 1 000 2.050 0 300 0 700
1. 1.300 1.450 1.250 0.950 1.100 - 2.450 0400° 0900
13 1.500 1.550 1.250 1050 1-200 2.650 0.400 ~  1.000
14 1.700 1.750 1.350 _ 1150 1.200 2950 . 0500 1.000
15 1.600 1.750 1.850 1.150 1.300 3.250 0.500 1.200

. A -
/
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Table A.2 (Cont'd)

Corbel Specimen C-1 - Strain Measurements.

DEMEC Gauge Readings - Strain (mm/m)

e A

Load 9 . 10 11 12 13 14 15 16
Stage N }{56F N H68C N H68E N H68F N H810C N H810E N H810F N H13D
0A '8.000 0.Q00 0.050 0.000 0.000 0.000 ,0.050 0.000
0B 0.000 *+ 0.000 -0.050 0.000 0.000 0.000 -0.050 0.000
‘1 -0.300 «~ 0.100 0.150 0.100 0.000 0.000 0.150 0.000
2 -0.400 0.100 0.050 0.00(, -0.200 0.000 0.150 0.000
3 — D.200 0.250 0.100 0.000 -0.100 0.150 0.000
4 — 0.200 0.250 0.600 -0.200 0.100 -0.050 0.000
5 — 0.400 0.550 1.100 0.100 0.300 -~ -0.150 0.100
6 — 0.500 0.750 1.500 -0.100 0.200 -0.050 -0.100
7 —_ 0.700 0.950 1.900 0.000 0.400 0.250° 0.100
8 — 0.800 1.050 2.100 0.200 0.800 0.850 0.900
9 — 1.000 1.150 2.100 0.400 1.000 1.050 1.300
10 —_ 1.100 g1.250 2.500 0.300 1.100 1.250 1.600
11 _ 1.200 1.350 2.700 0.600 1.300 1.450 1.900
12 — 1.400 1.450 3.200 0.500 1.600 , 1.750 2.300
13 . 1.400 1.550 3.000 0.900 2.300 1.750 2.700
14 — 1.300 1.650 3.200. 1.700 1.800 2.250 3.000‘3
15+ — 1.800° 1.550 2.800 3.400 3.000 5.150 3.200
Table A%2 (Cont’d)  Corbel Specimen C-1 ~ Strain I\'fea.surements.
DEMEC Gauge Readings - Strain  (mm/m)
Load 7 18 19 20 21 - 22 23 24
Stage N H24B+ NH24B N H24D NH35B N H68B N H79B+ N H79B N H79D
0A -0.050 * 0.000 0.000 0.000 0.000 0.050 0.00?J 0.000
OB’ 0.050 0.000 0.000 0.000 0.000 -0.050 0.00 0.000
1 -0.050 0.000 0.100 0.000 0.000 -0.050 0.000 0.000
2 -0.050 0.000 0.200 0.100 0.000 0.050 0.000 0.000
3 0.050 0.500 0.100 0.100 0.000 0.050 0.000 0.000
4 -0.050 0.000 0.100 0.000 0.000 -0.050 " 0.000 0.200
5 0.050 0.000 -~ 0.200 0.100 0.100 0.050 0.000. 0.400
6 -0.050 -0.100 0.100 0.100 0.000 0.050 0.000 0.600
7 . -0.050 -0.100 0.100 0.100 0.000 0.050 -0.100 0.800
8 0.250 0.200 0.100 0.300 0.200 0.250 0.200 1.400
9 0.550 0.500 0.000 0.700 0.400 0.450 0.400 1.700
10 0.850 0.700 0.000 0.800 0.600 0.550 0,500 2.000
11 1.050 1.000 » 0.000, 1.100 0.800 .° 0.750 0.700 2.200
12 1.350 1.200 0.000 ~ 1.400 1.000 0.950 0.800 2.400
13 1.550 1.500 0.000 1.600 1.100 1.050 1.000 2.500
14 1.750 1.600 0.000 1.800 1.000 1.050 0.900 - 2.500
15 1.850 1.800 , -0.100 1.900 1.000 0.850 0.900 2.200
- s
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Table A.2 (Cont’d)

Corbe! Specimen C-.1 - Strain Measurements.

DEMEC Gauge Readings - Strain  (mm/m)
29

O 00 -3 D U N

118

Load 25 26 27 28 30 31 o 82
Stage* N H810D N VIDF NV2BD NYV2DF 'NV3AC NYV3BD NV4BD N V7BD
0A 0.000 _ 0.000 0.000 0.000 -0:050 0.000 0.050 ¢ . 0.080
0B 0.000 0:000 0.000 0.000 0.050 0.000 -0.050 -0.050
0.000 0.100 0.000 0.100 0.050 0.200 0.050 °0.150
0.000 0.100 -0.100 0.000 0.050 0.100 -0.050 0.050
0.100 0.100 -0.100 0.000 -0.050 0.100 -0.050 0 050
0.100 0.100 -0.100 0.100 -0.050 0.100 -0.150 0.150
0.100 0.100 -0.100 0.000 -0.050 0.080 -0.150 0.150
0.100 0.100 -0.200 -0.100 -0.150 -0.100 -0 150 0.150
0.200 0.000 -0.100 0.000 -0250 , -0.100 -0 150 0250
0.700 0.100 , - 0.400 0 00Q -0.150 ' 0.100 -0.150 *0.350
1.000 0.100 0.700 0.000 -0.150 0.300- -0.150 0350
10 1.300 0 100 0.900 " 0.000 0.450 0.500 -0 150 G.350
11 1.500 0.200 1.100 q 600 0.050~- 0.600 -0.150 0350
12 1.800 0.100 . +.500 0.000 0.150 0,700 -0 250 #0350,
13 2.000 0.100 1.700 -0.10Q 0.150 0.900 -0.250 0.350°
14 2.000 0.100 2.000° -0.200 0.250 1.000 -0.150 0.450
15 2.500 0.000 2.100 -0.100 0.250 1.200 -0.150 0 450,
Table A.2 (Cont’d} Corbel Specimen C-1 « Strain Measurements.
: DEMEC Gauge Readings - Strain  (mm/m)
Load® 33 34 35 36 37 38 39 40
Stage NVSAC NVSBD NVIBD N VI9DF N VIOAC ND13DB N DIFD N D24CA
0A 0.000 0.000 0050 0.050 0.000  0.000 -0 035 0000 °
0B 0.000 0 000 -0.050 .-0 050 0.000} 0.000 0035 0000
1 0.100 0.100 -0.050 0050 - 0.000 -0.284 0177 0 ¢oo
2 0.000 . 9.000 -0.250 -0.050 -0.100 -0 071 0.106 0.000
3 0.000 0.100 -0.150. 0.050 -0.100 ;0142 -0.035 -0 071
4 0.100 0.100 -0.050 0.050 -0.100 -0.071 0 106 -0 071
5 0.000 0.100 -0.250 0.050 -0.100 *+ -0.142 ~0 035 -0 071
6 -0.200 0.000 -0.250 -0.050 -0.200 '-0.142 -0.035 -0.213
7 -0.300 -0.100 -0.250 0.050 ".0.300 -0.142° 0.108 -0.071
8 -0.300 0.300 -0.350 0.750 -0.300 -0.284 0 1086 -0213
3 -0.300 0.400 ~0.450 0.950 -0.300 -0.426 0.177 -0.213
19 -0.200 0.600 -0.350 1.250 -0.300 -0.355 0.248 -0.142
11 -0.200 0.800 +0.450 1.450 -0.400 -0.496 0.108 -0284
12 -0.100 0.900 -0.750 1.650 -0.500 -0.709 0.461 -0.142
13 -0.100 1.100 -0 550 1.950 -0.300 -0.700 0.248 -0.496
14 0.100 1.200 -0.750 2.050 -0.400 -0.567 0.319 -0.284
15 0.000 }.400 -0.350 2.850 0.000 -0.496 1.312 -0 496
L
’
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Table A.2 (Cont’d)

© N\

\

Corbel Specimen C-1 — Strain Measurements.

DEMEC Gauge Readings - Strain (mm/m)

*Load 41 42 43 44 45 46 47 48
~ Stage N D24DB N D24FD N D35DB NPBSBD ND79AC N D79BD N D79DF N D810BD
0A 0.000 0.000 « 0.000 0.000 , 0.035 0.035 -0.035 -0.035
0B 0.000 0.000 0.000 0.000 - -0.035 -0.035 0.035 0.035
1 -0.071 -0.142 0000 0.071 -0.035 -0.035 -0.035 0.035
2 0.07]1 _ 0071 -0.071 0.142 -0.035 -0.035 -0.035 -0.035
3 -0.071 0.000 -0.142 0071 -0.106 -0.106 -0.035 -0.035
4 0.000 0.142 -0.071 . 0.142 -0.106 -0.106 -0.035 -0.106
5 -0.142 . 0.000 . -0.071' 0.142 -0.177 -0.177 . -0.035 -0.106
6 -0.213 ' 0.000 -0.142 0.213 -0.177 -0.177 0.035 -0.177
7 -0.142 0.000 -0.071 0.142 -0.248 -0.248. 0.106 . -0.248
8 -0.213 0.000 -0 142 0.213 -0.248 . -0.248 0.035 -0.319
9 -0.284 0.000 -0.142" 0.213 -0.248 . -0.248 0.106 -0.319
10 -0.426 - 0.000 -0.142 0.213 -0.390 -0.248 0.177 -0.248
11 -0.213 \ 0.000 -0.071 ¢ 0.142 -0.319 -0.248 0248 -0.319
12 -0.071 0 600 -0.142 0.426 , -0.319 -0.177 0.319 -0 390
13 -0.071 -0.071 0.142 0.496 -0.390 -0.461 0390 -0.745
14 ~0.284 0.000 -0.213 0.284 -0.390 -0.319 0319 -0.390
15 -0.567 0.142  -0313 0355  ~0.461  -0.603  -2.730  -0674
Table A.2 (Cont’d) Corbel Specimen C-1 ~ Strain Measurements.
s > i)
. * DEMEC Gauge Readings - Strain_ (mm/m)
Load™ 49 50 51 52 & 54 55 56
Stage N D810DF S H13E S H24C S H24D SH35B S H68B S H79C S H79D
0A -0.035 -0.050 0.000 -0 050 0.000 0.000~ 0.050 0000
0B 0.035 0.050 + 0.000 0.050 0.000 0.000 -0.050 0.000
1 0.035 -0.050 0.000 0.050 0.000 0.000 -0.050 0.000
2 0.035 " 0.050 0.000 ° 0.150 0.000 0.000 -0.050 -0.100
3 0.035 -0.050 . 0.000 0.050 0.000 » -0.100 -0.050 0.000
4 -0.035 . 0.050 0.100 0.150 0.000 -0.100 -0.050 0000
5 .-07106 . 0.050 0.000 0.050 - 0.000 0.000 -0.050 0000
6 -0.177 0.050 -0.100 -0 050 -0.100 -0.100 -0.050 -0.100
7 -0.106 0.550 0.100. ' 0.350 -0.100 -0.100 -0.050 -0 200
8 -0.248 1.150 0.500 0.950 0.100 -0.100 -0.150 -0.200
9 -0.390 . 1.550 0.900 1.250 0.400 -0.200 -0.150 -0.200
10 V-0.177 2.050 1.200 |, 1.750 0:600 -0.100 0.150 0.200
11 -0.177 2.550 1.500 2.050 0.800 0.100 0450 0.600
12 -0.106 3.050 * 1.800 2.450 1.000 " 0.500 0.850 1.100
13 -0.177 3.350. 2.100 2.750 1.100 0.600 1.150 1.400
14 0.035 4.050 2.500 3.350 1.400 0.900 1.550 1.900 .
15 -0.106 9.950 5.500 ~7.850 2.900 1.100 1.950 1.900
/
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Table A.2 (Cont’d)  Corbel Specimen C-1 - Strain Measurements.

| ¢ "

DEMEC Gauge Readings - Strain (mm/m)

117

Load 57 58 59 60 61 62 | 63 64
Stage SHS810E SV2CE SV2DF SV3BD SV3CE SV4AC SV4BD S V7AC-
0A o 0.050 -0.050 -0.050 0.000 0.000 -0.050 -0.050 -0.100
0B -0.050 0.050 0.050 0.000 . 0.000 0.050 0.050 0.100
1 . -0.050 -0.050 -0.050 0.000 0.000 -0.050 0 050 -0.100
2 -0.050 -0.050 -0.050 * 0.100 0.100 - 0.050 0.050 -0.100
3 -0.050 -0.050 -0.050 -0.100 0,000 . -0.150 -0.050 -0.100
4" -0.050 0.050 0.080 0.000 0.100 0.050 0.050 -0 100
5 * -0.050 -0.150 '-0.050 -0.100 -0.100 -0.150 -0.050 -0.100 —
6 -0.050 <0.150 -0.050 -0.200 ~ -0.10Q -0 250 © -0.150 -0.200
7 -0.150 -0.250 0.350 -0.100 0.000 -0.250 -0150  -0300
8 -0.150 -0.350 0.750 © 0.200 0.400 -0.250 -0.150 -0 300,
9 -0.150 -0.350 " 1.150 , 0500 0.600 -0.150 -0 150 -0.300
10 0.450 -0.450 1.550 0.800 ' 1.000 0.050 -0.150 -0 200"
11 0.950 -0.550 1.950 1.000 1.200 0150 -0.250 -0.100
12 1.850 -0.550 .2.250 1.200 1 500 0.250 -0 150 0.100
13 2.350 -0.550 2.550 1.500 1.800 °  0.250 ° -0.250 0.200
14 . 7 3.250 -0.550 3.050 1.900 2.200 0450 -0 250 0 400
15 4.059 -0.750 7.250 3 100 4.300 " 1.750 -0 350 0.600
Table A.2 (Cont’d)  Corbel Specimen C-1 -~ Strain Measurementsa. .
DEMEC Gauge Readings - Strain  (mm/m)
Load 65 66 67 68 69 70 71 72
Stage .8ViIBD SV8BD SV8CE SVICE S VIDF SDISEC SDI3FD S D24CA
cA 0.000 -0.050 -0.050 -0.050 0.000 0.000 0.035 0.035
0B 0.000 0,0 " 0.050 0.050 0 000 0.000 -0.035 -0 035
1 0.000 0.05 -0.050 -0.050 0.000 -0 071 0.106 -0 248
2 . 0.000 0.050 0.050 -0 050 0.000 -0.142 0035 0035
3 0.100 0.050 -0.050 -0 050 0.000 -0.142 -0.035 -0 035
4 0.000 - 0.050 -0.150 -0.050 0.000 -0.213 0.106 -0.108
5 0.000 0.050 -0.050 -0.050 -0.00 -0.213 -0.035 -0 106
6 -0.100 -0.050 -0.150 -0.150 0.000 -0.284 ¢ -0035 -0 248
7 -0.200 -0.050 -0.150 -0.150 -0.100 -0.284 0.035 -0 248
8 -0.200 -0.050 -0.150 -0.250 -0.100 -0.284 0.177 -0 248
9 -0.200 -0.150 - -0.150 -0.150 -0.100 - \-0.355 0.177 -0.390
10 -0.200 -0.150 0.150 -0.250 -0.100 " -0.496 0.177 -0.461
11 '+ 0.100 -0.250 0.450° -0.250 -0.200 -0.638 0.248 -0.603
12 0.200 -0.250 0.750 -0 250 -0.200 -0.426 0 461 0674
13 0.400 -0.350 0.950 -0.250 -0.100 . 0.355 0,603 -0.248
14 0.600 -0.350 1.350 -0.250 -0.100 -0.567 0.332 -0.745
15 0.900 -0.250 1.550 ' 0.050 0.000 0.071 2.376 -0.177
. .
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Table A.2 (Cont’d)  Corbel Specimen C-1 - St}'a.in Measurements.

. DEMEC Gauge Readings - Strain (mm/m)

Load 81 82 o 83 84 85
Stage S D79BD S D79CE S D79DF S D810CE S D810DF
0A -0.035 -0.035 -0.035 0.000 -0.035
0B 0.035 0.035 0.035 0.000 0.035
1 0.106 0.035 -0.035 -0.071 -0.035
2 z0.035 -0.106 -0.035 -0.142 -0.035
3 0.035 -0:035 -0.035 -0.071 -0.106
-0.106 -0.035 -0.106 -0.142 -0,106
-0.106 -0.035 -0.106 -0.142 -0.177
-0.108 -0.177 -0.177 -0.213 -0.248
-0.177 -0.106 -Q.248 -0.213 -0.248
-0,248 -0.248 -0.248 -0.355 -0.319
9 -03 19 -0,248 -0.248  ,-0.284 -0.248
10 -0.319 -0.319 * -0.177 -0.284 -0.319
11 -0.035 0.106 0.106 -0.213 -0.177
1 -0.319 0.390 0.106 -0.213 -0.248
13- -0.177 0.106 ' 0.319 -0.49 0,177
14 -0.319 0.035 0.532 -0.35 -0.106
15 -0.603 0.248 ‘ 0.8674 -0:4% -0,035
~y
: ' ‘ 118
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' Table A.2 (Cont'd)  Corbel Spetimen {C-1 - Strain Measurements. D
DEMEC Gauge Readings - Sttain (mm/m)
Load ' 73 74 75 CoT8 7 - 78 79 80
Stage SD24DB S D24EC SD24FD 5 D35CA S D35DB S D68AC S DésBD S D79AC
0A 0.035 0.000 0.035 0.0353 . 0.03% -0.035 -Q.035 0.000
0B -0.035 0.000  -0.035 -0.035 -0.035 . 0.035 0.035 0.600
0.035 0.071 0.106 0.108 0.035 0.108, 0.106 , 0.041
-0.035 0.000 0.035 0.035 -0.106 0.035 0.035 0.000
, -0035 0000  0.106, 0.035  -0106  -0.035  -0.035  -0.071
-0.035 0.000 0.106 -0.035 " -0.085 -0.106 -0.035 -0.213
*--0.035 -0.071 0.035 + -0.108 -0.035 -0.106 -0.035 -0.142
-0.106 -0.071 0.035 ' -0.177 -0.108 -0.177 -0.106 -0.213
-0.177 -0.071 . 0.035 -0.177 -0.177 -0.177 -0.106 -0.284
-0.177 0.000 -0.035 ° -0.108 °  -0.177 -0.177 -0.106 -0.355
-0.177 -0.071 -0.035 -0.177 -0.248 -0.390 -0.177 -0.426
) -0.248 0.000 -0.177 -0.177  ° -0.319 -0.319 . :0.177 v -0.496
T .0.532 ‘0.213 , -0.532 -0.177 -0.319 -0.319 0.177 -0.355
-0.177 0.213 -0.177" 0.035 -0.177 -0.390 0.177 -0.426
0.035 0.142 0.319 -0.106 -0.177 -0.319 0.106 -0.284
-0.248 0.567 -0.603 -0.166 -0.390 -0.106 0.177 -0.355
* 1.028 2.766 0.177 1.099 0.461 -0.248 -0.035 -0.426
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Table A:3 Dapped End Specimens D-1 and D-2 ~ Measured Loads — Loading 1.

. Measured Loads and Deflections :
Load Shear* Diall Dial 2 Dial 3 Dial 4 Dial 5
Stage (kN) [mm) (mm) (mm) (mm) «(mm)
1A-C 0.0 0.00 0.00 0.00 - 0.00 0.00
2 334 0.05 0.51 . 0.99 0.38 0.89
3 ) 66.7 0.05 0.91 2.2¢8 0.61 | 1.24
"4 100.1 0.03 1.40 3.35 1.60 1.37
5 . 1935 - 0.00 1.96 4.72 2.24 1.42
6 166.8 0.03 ° 2.67 6.25 2.95 1.40
7 200.2 0.00 3.51 833 . 3.66 1.35
L] 233.5 -0.03 4.29 10.26 . 5.11 1.27
9 251.3 0.00 3.48 10.52 12.32 -0.79
10 3.3 0.10 2.41 7.04 9.12 -1.55

* Does not ixfclude‘self-weight shear of 6.6 kN.

Table Ad Dapped End Specimens D-1 and D-2 - Strain Measurements — Loading 1.

*

“

DEMEC Gauge Readings - Strain  (mm/m)

5

-

-~

' Table A.4 (Cont’d)

Load 1 2? 3 4
Stage D2 HOA-A D2 Hi12F D2 H12G D2 Hi2H
1A 0.067 0.100 — 0.033
1B -0.033 0.000 0.150 -0.067
1C -0.033 -0.100 -0.150 0.033
2 -0.133 -0.200 0.050 0033
3 -0.033 -0.100 0.150 0.033
4 -0.133 -0.140 0.550 0.033
5 -0.033 0.000 0.550 0 433
6 0.567 0.300 0.850 0.833
7 1.067) -0.100 1.150 1.533
8 2.267 #0.200 1.150 2.233
10 -5.067 —_ — 1.4133

0.100

« -0.100
-0.100
-0.200
0.000
8.200
0.400
1.800
2.600

6 - 7 8

D2 H121 D2 H12J D2 H12K D2 H2A-A
0.050 — 0.133
— -0.100 -0.167
-0.050 0.100 0.033
0.050 0.100 0.133
0.050 0.200 0.033
-0.250 0.100° 0.033
0.150 0.000 0.233
-0.050 0.200 0.433
0.250 0.100 0.033
0.150 0.200 -0.367
0.000 1.533

2.000

0.450 ,

Dapped End Specimens D-1 and D+2 - Strain Measurements - I‘Joad‘ing 1.

v DEMEC Gauge Readings - Strain {mm/m)

Load 9 10 11 12 13 14 15 16
_Stage D2 H2A-D D2zH3A D2H3B D2H3D--D2H3E D2H4A D2H4B D2 H4D
1A 0.033 — 0.100 0.067 * 0.133 0.100 . -0.100 0.133
1Bs -0.067 0.000 — -0.033 0.067 0.000 0.000 -0.087
1C 0.033 0.000 -0.100 _ -0.033 -0.067 -0.100 0.100 -0.067
2 0.033 -0.100 0.000 - -0.233 0.033 0.100 0.200 0.033
3 0.133 -0.500 0.000 0.067 0.033 0.000 - 0.100 0.033
4. 0.033 -0.200 -0.100 -0.133‘ 0.033 -0.100 0.000 . -0.067
5 0.033 -0.200 _-0100 -0.033 0.133 -0.200 0.000 0.233
6 0.033 -0.300 -0.100 -0.233 . 1.033 -0.300 0.000 0.133
7 " -0.087 -0.100 -0.100 -0.333 2.033 0.000 0.000 -0.067
8 --0.087 -0.200 -0.200 -0.333 " 3.133 -0.200 0.100 -0.087
10 -0.0687 -1.400 -0.100 -0.333 1.333 0.000 0.100 -0.067
N
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Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 -~ Strain Measurements - Loading 1.

-

. : DEMEC Gauge Readings - Strain _ (mm/m) {

Load 17 18 19 20 21 ‘ 22 23 24°
Stage D2 H4E D2 H4AC D2 H4BC .D2-H4CC D2 HOA1B D2 H12B CL H56E CL HS6K
1A 0.067 0.200 0.133 0.067 - -0.035 0.000 _ 0.142 V' .0.189
1B ‘-0.033 0.000 -0.06 -0.033 -_ 0.000 0.071 0.024
1C ™ 0033 0200  -0%6A  -0.033  0.035 — -0.213 0.165
2 0.167 0.100 + 0.133 0.087 0.248 -0.071 0.000 04378
3 - 0.267 +0.200 -0.267 . 0.067 0.390 0.284 0284 0.875 «
4 0.367 0.000 0.033 0.267 0.532 , 0.638 0.4 —
5 0.467 0.100 0.233 0.367 0.745 0.780 0.780 1.300
é 0.567 0.100 0.133 0.467& . 1.241° 0.993 0.851 1.584
7 0.667 0.400 0.233 0.567 1.525 1.560 1.064 1.797
8 0.367 0.9500 0.933" 0.667 2.092 2.482 14848 2.009
1 0.067 0.500" 0.833 0.267 5.142 2.199 0.355 . 0.875

2

Table A.4 (Cont’d}] Dapped End Specimgps -1 and D-2 - Strain Measurements ~ Loading 1.

n

Table A.4 (Cont’d)

.

. DEMEC Gauge Readings - Strain (mm/m)
Load 25 26 27 28 29 ° 30 “31 32
Stage D2 VOA-A ‘D2 VIFG D2 VIGH D2 V1GI D2ViHJ D2VilJ D2 ViJK D2 V2FG
1A 0.067 -0.100 0.133 — 0.118 . 0.133 — -0.167
1B 0.087 0.100 -0.067 -0.035 0.118 -0.087 0.000 0.133
1C -0.133 0.000 -0.067 0.035 -0.236 -0.067 0.000 0.033
2 0.067 0.000 -0.167 -0.177 -0.024 0.133 = -0.100 0.233
3 -0.033 0.200 0.333 -0.106 0.047 -0.087 -0.400 -0.067
4 -0.033 0.500 0.733 0.319 -0.236 0.133 -0.500 0.033
5 -0.133 0.400 1.133 0.603 ,  -0.236 0.333 -0.500 0.133
6 0.867 0.800 1.533 1.099 0.686 1.233 -0.100 0.433
7 1.767 1.000 2.033 1.454 1.324 2.033 0.100 0.633
8 3.867 - 1.100 2.733  ~1.596 1.608 2.833 0.400 1.033
10 - 16.167 — — — 0.898 0.633 ' 0.000 —

Dapped End Specimens D-1 and D-2 - Strain Measurements — Loading 1.

4

DEMEC Gauge Readings - Strain {mm/m)

<0.355

121

-0.450

Load 33 34 35 36 37 38 39 40
Stage D2 V2GH, D2V2GI D2 V2HJ D2V2lJ D2 V2JK D2 V2A-A D2 V2A-D D2 V3A
1A -0.033°  0.000 — 0.033 — 0.050 — 0.033
1B -0.033 0.000 0.071 0.033  -0.050 —_ 0.050 -0.087
1C 0.067 0.000 -0.071 -0.067 0.050 -0.050 -0.050 0.033
2 -0.033 -0.071 -0.213 - 0.033  -0.050 0.050 -0.050 0,387
3 -0.133 -0.071 -0.426 -0.067 ©  -0.050 -0.050 -0.150 -0.167
4 0.067 -0.071 -0.567 -0.467  -0.050 0.050 -0.250 -0.267
5 0.467 0.000 -0.638 -0.567 -0.250 -0.350 -0.350 -0.167
6 0.767 0.851,  -0.14 -0.267 -0.150 -0.350 -0.350 -0.067
7 0.967 0.709 ~-0.067 0.250 -0.250 -0.450 -0.187
3 1.167 1.348 0.333 1.050 -0.250 -0.450 0.233
10 -0.633 0.033 0350 / —

0.733




~

Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 — Strain Measurements - Loading 1.

a

DEMEC Gauge Readings - Strain  (mm/m) . g
Load 41 42 43 44 45 46 -~ . 47 48
Stage D2V3B D2V3D D2VSE D2V4A D2V4B D2V4D D2 V4E D2 V4A-C
1A ¢« -0.067 -0.033 ~ -0.100 . 0000, 0.033 0.000 0.033 0.000
1B -0.167 0.067 . 0.000 0000 / 0.033 * 0.000 0.033 0.000
1C 0.233 -0.033 -0.100 0.000 -0.067 0.000 -0.067 0 000
2 0.133 -0.833 0.200 0 000 -0.167 0.000 0.033 0.000
3 0.033 -0.133 0.000 -0.100 -0.067 0.000 -0.267 0.100
4 -0.067 -0.433 -0.100 0.000 0.033 -0.100 -0.167 -0.200
5 -0.067 -0.133 0.100 0.000 -0.067 -0.100 -0.067 -0.200
6 0.133 0.167 0.500 0.200 0.139= 0.000. -0.067 -0.200
7 0.433 0.667 « 1.200 0 800 0.733 0.100 -0.067 0.400
8 0.833 1.567 2.000 1100 1.033 0.200 ,0.033 0 800
10 0.333 0 567 0.900 0.400 0.433 0.100 “0.133 0 500

Table A.4 (Cont’d)

Dapped End Specimens D-1 and D-2 - Strain Measurements — Loading 1.

wJ

DEMEC Gauge Readings - Strain  (mm/m), : »
Load* . 49 T 50 51 52 53 54 . 55 " 56
Stage D2 V4B-C D2 V4C-C D2 DOA-A D2 D21FG D2 D21GH D2 D211J D2 D21JK D2 D12FG
1A ¢« -0.133 0.000 -0.095 | 0.095 0.071 0.000 —_ 0071
1B -0.033 -07100 -0.024 0.024 0.071 _ 0.071 "-0.035 0.000
1C 0.167 0.100 0.118 -0.118 -0.142 -0.071 0.035 -0071
2 0.267 0.100 0.189 -0.189 -0:284 0.071 -0.319 -0.142
3 0.167 0.200, 0.118 -0.047 -0.213 -0.071 -0.887 -0.142
4 0.067 -0.100 0.189 0.095 -0.071 -0.142 -0.461 -0.071
5 0.167 -0.200 0.189 0.307 -0.142 -0.355«  1.0.319 0.142
6 0.567 0.000 0.118 0.378 -0.142 -0.071 -0.390. 0.426
7 v 0.667 0.200 0.118 0.733 0.426 ,-0.14% -0.248 0.496
8 0.667 -0.200 0.118 0.875 0.851 -0.213 .-0.816 0.284
10 1.067 -0.200 -0.165 — -0.922 -0.426 -0.818 —

‘Table A.4 (Cont’d)

»

-

Dapped End Specimens D-1 and D-2 — Strain Measurements — Loading 1.

DEMEC Gauge Readings - Strain  (mm/m)
Load . 57 58 ™ 59 60 61 62 63 64
Stage D2D12GH D2 D121J D2 D12JK D2 D2A-A D2D2A-D D2D3A D2D3B D2D3D
1A 0.355 0.095 — -+ 0.142 -0.024 0.024 0.047 -0.071
1B -0.071 0.024 0.000 -0.071 0.047 0.024 -0.024 0.000
1C -0.284 -0.118 0.000 -0.071 -0.024 -0.047 -0.024 0.071
2 0.071 0.095 -0.213 -0.142 -0.095 -0.118 -0.095 -0.071
3 0.284 0.095 -0.142 -0.071 -0.165 -0.118 -0.165 -0.071
4 . 0.567 0.236 -0.142 0.000 -0.165 0.024 -0.095 -0.071
5 1.348 0.591 0.071 0.000 -0.236 -0.189 -0.307 -0.213
6 1.844 "1.442 0.071 0.000 -0.236 -0.047 -0.165 -0213
7 - 2.128 2.506 0.496 -0.071 -0.236 -0.118 -0.236 -0.426
8 2.624 3.641 1.206 -0.284 -0.378 -0.118 -0.307 -0.638
10 — 1.939 0.496 L :0.236 0.307 0.544 -0.355
) 122



1y

-
[ \ ’

Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 - Strain Measurements —~ Loading 1.

DEMEC Gauge Readings - Strain  (mm/m)

Load ’ © 65 66 .. 67 68 69 70 71 \72
Stage - D2D3E D2D4A D2D4B D2 D4D D2 D4E D2 D4A-C D2 D4B-C D2 D4C-C
1A, 0.024 0.024 — - -0.024 0.000 0.095 0.047 -0.024
1B 0.024 ¢ 0.024 0.071.. -0.095 -0.071 -0.047 0.047 0.047
1C -0.047 -0.047 -0.071 0.118 0.071 -0.047 -0.095 -0.024
2 -0.047 -0.118 -0.142 0.047 0.071 0.024 0.047 0.047
3 0.024 -0.189 -0.071 -0.024 0.000 0.024 -0.024 0.047
4 0.024 -0.189 -0.071 -0.024’ 0.071 -0.047 -0.024 0.118
5 -0.047  -0.047 -0.071 -0.024 0.142 -0.047 - -0.095 0.047
6 -0.047 -0.118 -0.142 70.047 0.355 -0.047 -0 024 +0.118
7 -0.118 -0.189 -0.213 -0:024 0.284° -0.118 -0.165 0.118
8 -0.189 -0.189 -0.142 0.047 0.284 -0.047 -0.236 -0.024
-1

o -0.189 -0.118 -0.071 -0.095 0.000 -0.047 -0.095 0.118

Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 - Strain Measurements - Loading 1
~ ¢ » ‘\ - .

. ° DEMEC Gauge Readings - Strain (Xm/m)

Load - 73 74 75 76 77 78 79 80
Stage D2BK HOAD2BK VDAD2BK DOA D1 HOA-A D1 HI2F D1 H12G D1 H12H D1 Hi2l
1A 0.033 0.033 0.142 0.200 -0.067 0.050 . 0.200 0.087
1B 0.033 0.033 0.071 0.000 0.133 -— 0.200 0.167
1iC -0.067 . -0.067 -0.213 -0.200 -0.067 -0 050 -0.400 -0.233

2 -0.067 - -0.287 -0.071 -0.300 -0.167 -0.150 -0.300 -0.133
3 0.033 *.0.267 -0.284 -0.300 -0.067 0.050 «0.400 -0.533
4 -0.167 -0.267 ° -0.355 -0.500 -0.067 0.150 0.100 -0 033
5 -0.067 - -0.367 -0.426 -0.600 0233 ¢ 250 0500 0.367
6 1.933 . -0.267 -0.355 2.300 0.333 0.150 = 0.700 0.467
7 4.033  -0.167 -0.426 2.800 0.333 0,150 1.600 1.167
8 6.733 -0.067 -0.355 3.600 0.433 0250 2.000 1.567
1

0 3.033 -0.067 -0.142 1.400 0.533 0.150 1.000 0 967
o ’ 1 =
Table A.4 (Cont’d) Dapped End Specimens D-]1 and D - Strain Measurements — Lcading 1.

. +

DEMEC Caug‘e Readings - Strain  (mm/m)

Load 81 82 83 84 85 86 87 88
Stage © D1 H12J D1 H12K D1 H2A-A D1 H2A-D ‘D1 H3A- D1H3B D1H3D D1 H3E
1A 0.400 0.100 0.000 0.033 -0.067 0.067 0.000 0.033 -
1B 0.300 0.100 0.000 0.133 0.033 ., -0.087 0.000 0.133
1C -0.700 -0.200 - 0.000 -0.167 0.033 . -0.133 0.000 -0.167
2 -0.400 -0.300 ©~ - 0.000. -0.367 \  -0.087 0.067 0.000 -0.367
3 -0.200 -0.400 0.000 -0.467 0.033 0.167 +0.100 +0.167
4 -0.600 -0.100 ' 0.000 -0.567 0.033  0.067 0.200 -0.087
5 -0.400 0.100 0.000 . -0.467 0.133 -0.033 0.200 -Q.167
6 -0.700 0.000 -0.200 _ -0.667 0.133 -0.033 0.200 0.233
7 -0.200 0.500 -Q.300 -0.567 0.233 .0.033 ~  -0.100 1.833
8 -0.300. 0.500 -0.200 -0.:67 0.133 -0.033 -0.100 2.633
10 -0.100 0.600 -0.200 -0.567 0.233 0.067 0.100 " 0.833
123 . .
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Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 - Strdin Measurements — Loading 1.

\\]
| . DEMEC Gauge Readings - Strain  (mm,/im) :
Load 89 80 91 92 93¢ 94 ° 95 96
Stage =~ DIH4A DI H4B D1HiD D1 H4E D1 HA-C D1 H4B-C D1 H4C-C D1 HOA1B
1A 0.033 0.300 — -0.167 -0.167 -0.033 0.200 ~ 0.024
1B 0.033 -0.100 0.000 -0.067 0.133 -0.033 0.0QO 0.024
1C -0.067 -0.200 0.000 0.233 0.033 0.067 -0.200 -0.047
‘2 -0.067 -0.100 0.100 -0.567 0.033 0.167 0.000 -0.047
3 0.033 -0.200 0 200 0233 . 0.133 0.267 0.000 - 0.449
4 0.033 -0.100 0.200 0.533 0.133 0.1687 0.400 0.875
5 0067  -0.100 0500 0833 0033  -0.033  0.600  1.442
6 -0.067 -0.100 0.600 0.833 -0.167 0.067 0.800 2.222
7 -0.067 0.100 0.500 0.833 -0.067 0.067 1.000 2.931
8 -0.067 0.000 0.400 0.733 -0.267 0.167 - 1.100 3.215
10 -0.067 -0.100 - 0.300 0.333 0.033" 0.167 0.400 1.442

>
—r 0

Table A.4 (Cont’d) Dapped End Specumens D-1 and D-2 - Strain Measurements — Loading 1.

2

DEMEC Gauge Readings - Strain  (mm/m) \
Load 97 98 ‘99 100 101 102 103 104
Stage | D1 HI12B D1 V0A-A D1 VIFG D1 V1GH D1VIGI D1ViHJ Di1Vil) DiV1JK
1A 0.047 -0.133 -0.167 -0.100 -0.165 -0.024 -0.067 -0.167
1B - -0.024 0.067 0.033 -0.100 0.118 -0.095 0.133 0.133
1C -0.024 0.067 0.133 0.200 0.047 0.118 -0.067 0.033
2 -0.024 -0.133 0,133 0.300 0.331 0.402 0.133 -0.067
3 -0.024 -0.233 0.433 (42000 0.615 0.260 0.433 0.133
4 0.189 -0.233 0.633 1.400 1.08 0.615 0.433 0.533
5 6.331 -0.333 1338  1.700 1.537 0.615 0.533 0.433
] 0.686 -0.133 1.833 2.200 2.388 ~ 1.08 1.433 0.333
7 1.324 -0.233 2.533 2.900 2388 1.678 1.733 0.633
8. 2.104 0.567 2.733 3.400 2.671 2.246 2.133 0.833
10 1.324 -0.133 1.033 1300 1.040 - 0.331 0.433 "0.533

.

Table A.4 (Cont’d) Dapped End Spgcimens D-1 and D-2 - Strain Measurements — Loading 1.

DEMEC Gauge Readings - Strain  (mm/m)

-
Load 105 106 107 108 109 116~ 111 112
. Stage D1 V2FG D1 V2GH B.LVZGI D1 V2HJ D1V2lJ D1 V2JK D1V2A-A D1 V/éA-D
1A -0.233 -0.050 ! = — — -0.133 .  -0.033 0.167 .~ 0.000
1B 0.167 0.050 ~0.177 0.071  0.167 -0.033 -0.233 0.000
1C 0.067 — -0.177 -0.071 -0.033 0.067 0.067 0.000 |
2 \ 0.067 0.050 7 -0.106 -0.567 -0.033 0.067 0.067 -0.100 |
. 3° 0.267 . 0.550 -0.177 -0.426 0.267 0.167 - 0.067 -0.100
4 0.567 0.350 -0.177 -0.355 -0.133 0.167 0.067 -0.100
5 0.667 0.550 0.603 0.213 0.267 0.167 -0.033 -0.100
6 0.867 0.950 0.745 0.000 0.567 0.267 -0.033 -0.100
7 0.967 1.050 0.887 0.638 0.567 0.767 -0.133 -0.100
. 8 1.167 1.550 0.887 0.567 0667 0.967 -0.233 -0.200
10 0.467 0.350 0.818 - 0.213 0.067 0.367 0.167 -0.100
€
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Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 - Strain Measurements — Loading 1.
& ‘ DEMEC Gauge Readings - Strain (mm/m)
s Load 113 114 115 116 117 118 119 120
\’\ Stage D1V3A D1V3B D1V3D D1V3E Di1V4A D1V4B Di1V4D D1 V4E
y
1A -0.167 0.000 0.100 0.033  -0.067 0033 0.000 0.000
1B 0.133 0.100 0.000 0033 0033 -0.067 0 000 0.000
1C 0.033 «0.100 «0.100 -0.067 0033 0033 0.000 0 000
2 -0.067 -0.100 -0.100 -0.867 -0.067 0.033 -0.100 ~0.100
3 .0.067 . -0.100,. -0.000  -0.167  -0.067 §o33 0000 0000
4 -0.067 0.000 0.000 0.133 ° .0087 0.033 0.100 0 000
5 0.133 0.100 0.100 _ -0.067 -0.067 0133 0.100 0 100
() 0.133 0.100 0.100 -0.087 0033 0.233 0.400 0.200
- 7 0.433 0.400 1.100 1.533 0.333 1633 1400 ) 0.700
. 8’ 0.333 0.900 1.500 1.733 © ° 0.833 , 1.833 1700 0 800
10 0.133 0.600 0.800 0.433 0.433 0533 0 400 ) 0 600
Table A.4 (Cont’d) Dapped End Specimens D-1 and D-2 - Strain Measurements — Loading 1.

. DEMEC Gauge Readings - Strain  (mm/m) ) .
Load 121 122 123 124 125, 126 127 . 128
Stage D1 V4A-C D1 V4B-C D1 V4C-C D1 DOA-A D1 D21FG D1 D21GH D1 D211J D1 D21JK
3 R 1A -0.067 -0.033 0.000 «0.047 0213 -0.118 -0 106 -0 165
-7 1B 0.133 0.067 0.100 -0.095 0.000 0.095 —_ 0118
1C -0.067 -0.033 ~ -0.100 0.047 -0.213 0.024 0106 0 047
2 -0.067 -0.033 ~0.100 <0.024 0 000 0.024 0248 0118
3 -0.067 -0.033 0.000 -0.095 0.000 Q024 Y0319 0 260
. 4 -0.167 -0.133 -0.100 -0.307 -0.142 0.165 0.390 0.40?
5 -0.087 -0.033 -0.100 -0.236 0 OOZI 0449 0.461 0 544
6 -0.167 0.167 0.000 -0.165 0.35 0.662 0.5632 .
7 0.133. -0.033 -0.100 -0.095 . 0.709 1.229 0.390 0331
8 0.033 -0.133 0.000 -0 095 0.993 1.584 0106 0189

1

0 -0.167 -0.033 * 0.000 0.047 0.709 1017 0.248 0 544

Table A.4 (Cont’d) DA[;ped End Specimens D-1 and D-2 - Strain Measureménts - Loading 1

13

DEMEC Gauge Readings - Strain  (mm/m) ) :
Load 129 130 13} 132 133 134 135 136
\ Stage f D1 D12FG DIPIZGH D1 D121J D1 D12JK D1°D2A-A D1 D2A-D DID3A D1 D3B
iA / ,0.142 0.095 -0.047 -0.213 -0 024 0.165 —_ 0024
1 0.000 0.095 -0.260 0071 0047 -0.118 -0.035 0.024
1C -0,142 -0 189 0.307 0.142 -0.024 -0.047 0035 .0 047
2° . 0071 0.307 0.236 0.000 0.118 -0.118 0035 .0 047
3 0-496—"  0.591 0.307 -0 355 -0 024 -0.118 .0 106 -0 189
4 0.851 .1.087 © 0.378 -0.284 -0.095 0118 -0.106 20 331
5 1.277 1.513 0.946 0.142 -0.024 -0.118 0038 0118
6 1.418 1.728 1.513 0.071 -0.095 -0 189 -0 106 -0 331
7 1.418 1.797 2.009 0 426 -0.236 .0 260 -0.106 -0 189
8 1.418 2.009 2.506 0.142 . -0.238 -0.331 0,035 -0 331
. 10 0.213 0.591 0.875 0 142 -0.165 -0.118 -0 035 -0 189
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Table A.4 (Cont’d)

.

Dapped End Specimens D-1 and D-2 - Strain Measurements ~ Lagding 1.

DEMEC Gauge Readings - Strain (mm/m)

Load L 187 138 139 140 141 142 . 43 44
- Stage ~ D1D3D DI1D3E D1D4A DID4B D1D4D D1 D4E D1 D4A-C D1D4B-C
1A’ -0.095 0.047 0095 -0.035 -0.071 -0.024 -0.024 -0.095
1B - 0.118 0.047 0.095 0.035 - 0.142 -0.024 0.047 0.047
1C -0.024 -0.095 -0.189 — -0.071 0.047 -0.024 0.047
2 0.047 0118 0024  -0.035 0071 0118  -0.024  -0.024
3 , 0.047 -0.024 -0.047 -0.177 0.000 0.189 -0.095 -0.024
4 . -0.024 -0.024 -0.118 | -0248 0.000 0.189 -0.024 -0.024
5 0.047  -0095 0189 40248  0.000 0189  -0.005  0.047
] -0.095 -0.165 -0.189 -0.177 -0.071 0.118 -0.024 -0.024
7 -0.236 -0.307 | -0 260 -0.390 -0.284 0.047 -0.024 -0.024
8 -0.378 -0.307 -0.260 -0.461 -0.355 0.047 -0.165 -0.165
10 -0.165 -0.165 -0 047 -0.248 -0.071 0.118 -0.024 0.047

+

Table A.4 (Cont’d)

Dapped End Specimens D-1 and D-2 — Strain Measurements — Loading 1.

EMEC Gauge Readings - Strain (mm/m)
Load 145 146 147 148
» Stage -DPPB4C-CD1BK H0AD1BK VOAD1BK DOA
- 1A / -0.071 \) -0.033 0.000 0024
1B 0.071 -0.033 0.000) 0.024 4
1C 0.000 0.067 0.000 -0.047
2 0.000 -0.133 0.000 -0 047
3 0.071 -0.133 -0.200 -0.047 )
4 0.071 -0.033 -0.100 -0.118
5 0.071 -0.233 -0.200 -0.331
8 0.142 -0.233 -0.300 -0.331
T 0.142 1.167 1.100 -0.402
8 -0.071 1.767 2.200 -0.118
10 0.000 0.567 0.700 -0.118 ’
- Table A.5 Dapped End Specimen D-1 - Measured' Loads - Loading 2.
N Measured Loads and Deflections
’ Load Shear* Dial 1 Dial 2 Dial 3
Stage (kN) (mm) (mm) (mm)
B1 10.4 0.00 0.00 0.00
B2 311 0.00 0.20 0.61
B3 155.7 -0.05 1.68 v 4.27
B4 218.0 . -0.08 241 6.05
BS 238.7 -0.10 2.82 6.91
B6 259.5 -0.10 3.30 7.82
B7 280.2 -0.15 3.86 8.8u
B8 ‘ 301.0 \ -0.20 4.88 10.29
BSA { 138.0 -0.61 12.90 11.13
‘B9 0.0 -0.53 9.55 *5.51

* Does not include self-weight shear of 6.2 kN.

L
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) Table A.6  Dapped End Specimen D-1 — Strain Measurements - Loading 2.
, DEMEC Gauge Readings - Strain  (mm/m)
Load 23 24 78 77 78 79 80 81
Stage CL H56E CL H56K D1 HOA-A DiHI12F D1 H12G D1 Hi2H D1 H12l D1 Hi2J
. Bl 0.284 1.017 _ 1.200 0.333 0250 0.800 0.867 -0.300
B2 0.284 1.158 1.100 0.033 0.250 0.600 0.767 -0.400
B3 0.922 1.797 2,300 - 0.233 0.550 (Noo 1.667 0.000
B4 ) 1.489 2.364 2.900 0.183 0.750 2.100 1.767 0.000
BS 1.560 2.577 3.000 , 0.133 0.250 1.800 1.567 -0.100
Bé 1.631 2.5717 3.300 0.033 0.650 2.400 2.067 -0.700
B7 ’ 1.915 2.861 3.600 0.133 0.550 2.600 2.267 0 500
B8 — — 4.300 -0.067~ 0.350 3.100 2.267 °  -0600
B9 0.496 1.584 6.800 _— -2 250 1 600 1 267 -0 800

e
v

¢ Y
Table A.6 (Cont\ﬁ Dapped End Specimen D-1 - Strain \Qasuren'\enta - Loading 2

-

DEMEC Gauge Readings - Strain  (mm/m) :
Load 82 83 84 - 85 86 87 88 89

Stage D1 H12K D1 H2A-A D1 H2A-D D1 H3A D1 H3B D1 H3D D1HIE .Dl1H4A
B1 0.508 0 000 -0.467 0.133 0067 0.100 0.733 0033
B2 0.600 -0.500 -0.567 -0.087 -0 033 0.200 1433 0233
B3 0.700 -0.100 -0.467 0.233 0167 -0.300 1733 -0 0687
B4 0.900 -0.300 -0 567 0233 0167 0 100 2733 -0.167,
B5 0.800 -0.400 -0.567 0133 -0.033 -0.400 2133 -0 167?
" B6 1.500 -0.400 - -0.567 0033 -0.133 -0 100 3033 -0 067
B7 0.800 -1.300 -0.867 0033 0067 -0 300 3 433 -0 207
B8 1.100 | -0700 -0 767 0133 0.067 -0 400 4 733 -0 367

B9 0.200 -0.600 -0.567 0.033 -0 033 -0.200 1133 -0 067

Table A.8 (Cont’d) Dapped End Specimen D-1 - Strain Measurements - Loading 2
LS 3

DEMEC Gauge Readings - Strain  (mm/m)

Load 90 01 92 93 94 95 96 97
Stage D1 H4B D1 H4D D1 H4E D1 H4A-C D1 H4B-C D1 H4C-C D1 HOAIB D1t H12B
B1 0.000 0.200 0.333 0.133 0.1674 " 0400 1.300 1.111
B2 0.100 ~ 0.406 0533 0033 0.167 °  0.400 1584 i 468
B3 *0.100 0.200 0.233 -0.087 0.187 0.900 2.577 2033
84 0.100 0.300 0.533 -0.167 0.087 0.900 3.286 2 600
B5 " 0.000 0.200 0833 .0.187 0.087 . 1200 3783 2.742
By -0.100 - 0.100 0433 -0.167 .0.033 1.500 3.995 2.955
B7 © 0.000 0.200 0733 -0.167 -0 033 1.800 4.634 ¢  3.593
B8 -0.100 _ 0.100 0.533 -0.267 -0.033 2.200 5.485 4.444
‘BQ -0.100 0.200 0.033 0087 ' 0.067 0.500 9.740 . 1139%
, . A ’
!
[ S 3

127




¢

Table A.6 (Cont’d)

Dapped End Specimen D-1 - Strain Measurements - Loading 2.°

‘ DEMEC Gauge Readings - Strain  (mm/m) .

* Load 98 99 100 101 . 102 103 104 105
Stage Dl VOA-A. D1V1FG D1VIGH D1VIGI DiViHJ D1VilJ Di1VLK D1 V2FG
B1 -0.133 0.833 , 1.300 1.040 0.544 0.833 0.833 0.467
B2 -0.133 0.833 1.500 1.324 0.815 0.533 0.833 0.567
B3 -0.333 1.933 2.600 2,175 1.182 1.333 0.533 1.067

.B4 - -0.233 2.333 3.300 2.813 1.891 1.633 1.033 1.267
B5 -0.333 2.233 3.500 2.600 2.317 1.633 1.033 1.067
Bs -0.233 2.833 © 3.900 3.310 1.891 ,2.133 0.833 1.467
B7 0.267 2,933 5.100 4.161 2.033 2.133 1.333 1.367
B8 1.767 3.933 7.300 —_ -~ 3.333 1.833 2.067
B9 41.767 — 6.000 . 4.090 0.047 0.633 1.033 0.967

Table A.8 (Cont’d) Dapped End Specimen D-1 — Strain Measurements ~ Loading 2.

: DEMEC Gauge Readings - Strain (mm/m)

Load 106 107 108 109 110 111 112 113
Stage D1V2GH D1V2Gl D1 V2H] D1V D1V2JK D1V2A-A D1V2A.-D D1 V3A
B1 0.250 0.745 -0.142 -0.133 0.467 0.167 -0.100 *0.333
B2 ° 0.550 , 0.532 0.284 -0.333 0.567 .0.233 -0.100 0.333
B3 1.050 1.099 0.426 0.367 0.867 -0.033 -0.200 0.433
B4 1.050 1.525 0.780 0.567 0.967 -0.033 0.000 0.633
BS 1.250 1.241 0.567 0 567 0.967 -0.233 -0.300 0.433
D6 1.550 -« 1.241 0.213 0.467 0.967 0.067 -0.300 0.533
B7 1.750 1.667 0.496 0.667 -1.267 -0.233 -0.300 0.633
B8 2.350 — — 1.067 1.987 -0:333 -0.300 0.733
B9 0.850 7.553 -1.844 -0.033 0.667 -0.333 -0.200 0.333

. Table A.8 (Cont’d) Dapped End Specimen D-1 ~ Strain Me\asixfements - Loading 2.
! ~ DEMEC Gauge Readings - Strain  (mm/m)

Load 114 115 116 117 J18 119 120 121
Stage ' D1V3B D1V3D D1V3E® D1V4A D1V4B DiV4D D1 V4E D1 V4A-C

‘Bl 0.500 0.800 0.633 0.533 0.633 0.300 0.400 0.033
B2 0.200 0.700 0.633 0.333 0.833 0.600 0.500 0.033
B3 0.700 1.400 1.333 0.533 1.433 1.200 0.800 0.033
B4 0.800 1.600 2.333 0.633 1.833 . 1.600 0.900 0.133

s 1.000 1.700 2.033 0.533 1.933 1.500 0.800 -0.067
Beé 0.800 1.900 2'{33 0.633 2.133 1.700 0.900 -0.067
B7 1.400 2.300 2.533 0.633 2.533 2.100 1.300 -0.167
B8 1.700 2.400 ;}Zﬁ 0.833 3.533 3.500 1.200 0.033
B9 .0.300 0.800 37433 0.333 — —  "0.400  -0.067

*
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Table A.8 (Cont'd) Dapped End Spec‘imen D-1 - Strain Measurements - Loading 2.
¢

DEMEC Gauge R;adings - Strain (mm/m)

127
D1 D211)

/

Load 122 123
Stage D1 V4B-C D1 V4C-C
Bl 0.067 0.000
B2 -0.033  -0.100
B3 0.067 0.000
B4 0.067  -0.100
BS -0.133  -0.200
B6 -0.133  -0.400
g;z 0233 -0.300

‘ -0.033  -0.300
B9 -0.033  -0.300

1

Table A.8 (Cont'd)

124 125 126

D1 DOA-A D1 D21FG D1 D21GH
-0.024 0.709 0.875

" 0.189 0.780 1.087
0.260 1.277 1.726
0.047 1418 1.939
0.118 1.418 2.009
0.331 1.844 2.364
.0.095 1.773 2.364
-0.024 1915 2.719
— -0 993 2.080

Dapped End Specimen D-1 - Strain

i1

0.035
0.461
0.106
1.170
0.887
0674
0.248
-0.035
0.177

128 © 129
D1 D21JK D1 D12FG
0.260 0.142
0.473 0.355
0.686 0.709
0473 0.922
0.757 0.993
0.402 1277
. 0.544 1348
-0.095 1.844
0.473 -

Measurements - Loading 2. ,

'y DEMEC Gauge Readings - Strain  (mm/m)

Load 130 131 132 133 134 135 136 137
Stage D1 D12GH D1D121J D1 D12JK D1 D2A-A D1 D2A-D Di1D3A- D1D3B D1D3D
B1 0.378 0.804 0.496 0.047 -0 047 -0.035 0.024 -0 095
B2 0.662 1.158 0.638 -0.024 -0 189 -0.Q35 -0047 -0 024
B3 1.513 2.080 0993 -0.024 . -0.047 0.248 0.095 -0.165

- B4 2.080 '2.222 1.135 -0.024 -0 331 0.248 0.185 -0.165
B5 2.364 2.364 1.418 -0.024 -0 047 0.108 ».095 -0.095
Bé g 2.648 3.144 2.128 0.118 -0.189 0.319 0 307 -0 307
B7 o, 3.499 3.499 2.128 0 615 -0.189 ' 0248 0.185 -0 307
B8 ' 4.208 3.712 2.895 1678 -0 260 0.319 0.520 -0 662
B9 0.449 1.371 1.064 0402  -0.331  -0:035 —  -0.09%
Table A.8 (Cont’'d) Dapped End Specignen D-1 - Strain Measurements - Loading 2. ‘

- DEMEC Gauge Readings - Strain  (mm/m) -

Load 138 139 140 141 142 143 ¢ 144 145
Stage DID3E DiD4A D1 D4B D1 D4D D1 D4E D1 D4A-C D1 D4B-C D1 D4C-C
B1 0.047 0.024 -0 248 -0.071 0.118 -0.024 "% .0.118 -0 142
B2 -0.085 0.095 0.035 2.128 0.118 0.047 0.118 0071
B3 0.118 -0.047 -0.390 -0.213 0.118. 0118 0.047 0071
B4 0.189 -0.047 -0.177 -0.071 0.118 0.047 -0.095 0.213
BS 0.118 -0.047 -0.461 -0.142 = 0.260 0.047 0.118 0 000
. +Bé -0.024 -0 118 -0319 | -0.284 0.189 -0 165 0.189 -0 071
B7 -0.378 -0.260 -0.390 -0 284 0.047 -0.024 0.118 0.142

B8 -0.378 -0.118 -0 390 -0213 0.118 -0.095 -— -
B9 -0.238 0.024 -08248 0.000 0.118 0.047 0118  -0.071

v
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Table A.6 (Cont’d) Dapped End Specimen D-1 ~ Strain Measurements ~ Loading 2.

-

DEMEC Gauge Readings - Strain  (mm/m)

Load 148 147 148
Stage D1BK HOAD1BK VOAD1BK DOA
B1 0.767 0.900 0.024 ,
B2 0.967 1.100 0.165 -
B3 2.467 2.800 0.024 ]
B4 3.267 3.900 0.165 .
Bs * 3.467 4.600 0.095
B6 3.3¢47 4.900 0.236
B7 3.467 5.300 0.165
- B8 C o 3.467 6.000 —
B9 — 16.700 2.931_, ‘
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s A.4 Dapped End Spédcimens D-3 and, D-4
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Figure A.3 Initial Test Set-Up and Instrumentation for Dapped End Specimens
D-3 and D-4.
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{able A.7  Dapped End Specimens D-3 and D-4 -~ Measured Loads ~ Loading 1.

, Measured Loads and Deﬂectiﬂg}xs !
Load Shear* - Dial 1 Dial 2 Dial 3 Dial 4 Dial 5
Stage (kN) (mm) (mm) (mmJ (mm) (mm)
COA-B 0.0 0.00 . 0.00 | 0.00 0.00 0.00
C1 334 -0.10 ., +0.20 0.43 0.25 0.13
C2 -1 66.7 -0.10 0.41 1.04 0.58 0.23
C3 100.1 -0.13 0.66 1.80 0.94 *0.28 "
C4 133.5 -0.08 0.91 2.74 1.37 - 0.30
Q5 166.8 . 0.05 1.22 3.99 2.34 0.36
Cé 200.2 0.13 1.70 5.31° 2.90 0.46 .
67‘\ . 233.5 0.20 2.03 6.68 3.76 0.53
cs . 266.9 0.30 2,74 8.20, 4.67 0.61
C9 300.3 0.41 3.30 10.19 6.45 0.71
. C1o 322.5 0.84) 3.76 13.31 10.54 0.94
Max 333.6 147 4.14 17.27 \16.92 1.27
End 0.0 1.30 1.37 8.31 12.07 1.32

* Does not include self-weigBt shears of 6.6 kN for specimen D-
and 6.3 kN for.specimen D-4 .

Table A.8 Dapped End Specimens D-3 and D-4 - Strain Measurements — Loading 1.

1y

DEMEC Gauge Readings - Strain  (mm/m)

Load 1 2 3 4 5 6 7 8
Stage D3 HOA-A D3 HiA D3 H1B D3 HiC D3 HiD D3 H2A D3 H2B 7D3H2C

CoA 0.000 0.100 0.100 0.000 0.000 0.050 0.050 0.050
CoB 0.000 -0.100 -0.100 0.000 0.000 -0.050 -0.050 -0 050
C1 0.000 0.000 -0.100 0.000 -0.100 -0.050 -0.050 -0.050
C2 0.000 0 000 0.000 -0.100 0.000 -0.050 -0.050 -0.050
C3 -0.1060 -0.100 0 000 -0.100 -0.100 -0.150 -0.050 -0.050
C4 -0.100 -0.100 0.400 0 000 0.000 -0.150 -0.050 0050
Cs 0 000 -0.100 0 800 0200 , -0.100 -0.050 -0.050 . 0.050
Cé 0.000 0.100 1.400 0.500 -0.100 -0.150 -0.050 -0.050
cr . 0.000 0.100 1.400 0.900- -0.100 -0.150 0.050 -0.150
c8 -0.100 0 200 1.400 0.900 -0.100 -0.150 0.150 -0.150
Co 0.000 . 0.400 1.500 0.900 -0.100 ~ -0.150 0.350 -0.150
C10 0.300 0.400 1.600 0900 0.000 -0.150 0.450 -0.050

4
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Table A.8 (Cont’d)

L)

Dapped End Spi;:/imens D-3 and D-4 - Strain Measurements - Loading 1.

I

s DEMEC Gauge Readings - Strain (mm/m)
Load. . 9 10 « 11 12 13 14 15 18
Stage D3H2D D3H3A D3 H3B D3H3C D3H3D D3H4A D3 H4D D3 H5A
coA 0.000 0.000 0.000 -0.050 0.000 0.050 0.000
coB 0.000 0.000 0.000 0030 0.000 -0 050 0.000
C1 ‘0.000 -0 100 0.000 0 050 0.100 -0.050 0.000
c2 0.000 -0.100 -0.100 0.050 0 100 -0.150 0.000
C3 0.100 -0.200 -0.100 0.050 0.100 -0.150 l0.300 ¥
C4 . 0.100 -0.200 -0.100 0.050 0100 -0.150 0.300
C5 ’ 0.100 -0.100 -0.100 0.050 . 0.300 -0.250 0700
Cé 1.700 -0 200 -0.100 2.350 1000 -0.150 0.800
Cc7 2.800 ~0.200 -0.200 3 250 1.000 -0 150 0900 - .
C8 2.700 -0.200 -0 100 4.050 0.900 -0 150 0 600 -0 450
C9 2.700 -0 200 -0.100 4.950 0.800 -0 150 0 500 -0 350
c10 * 2.800 -0.200 -0.100 5.750 ' 0.800 -0 150 , . 0.580 -0 450

‘

Table A.8 (Cont’d)

Dapped End Specimens D

% and D-4 - Strain Measurements - Loading 1.

DEMEC Gauge Readings - Strain

. (mm/m) ¥
Load 17 18 19 20 21 22 23 24
Stage D3 H5D D3 VOA-A D3 VIA D3ViB D3VIC D3ViD D3V2A D3 V2B
COA 0.100 0.000 0.050 0 050 0.050 0 050 -0 050 0 100
CoB -0.100 0.000  -0.050  -0.050 -0 050 -0.050 0.080  -0100
C1 0.000  -0100  -0.050 0.050 0050 0.050 0.050  -0.100
C2- 0.000  -0.200 0.050 0.050 + 0050 -0 050 0 050 0 000
C3 0500  -0.200 0150 0 050 -0 050 -0 050 0.050  -0100
C4 0.900  -0.300 0.550 0.350 0150 -0 050 0.150  -0.100
Cs 1.300  -0.200 0.350 0 450 0.250 -0.050 0 150 0.000
Cs 1.800  -0.100 0.550 0.650 0.550 0 150 0 050 0000
o € 2200  -0.200 0.750 0 850 0850 0 450 0 150 0100
£8 2400  -0.100 0.950 1.050 1150 0 650 0.250 0.200 -
Co 2.800 0.100 1.050 1.150 1.250 0 950 0350 0300 -
C10 3.000 0.300 1.150 1.250 1450 ' 1.150 0450 0 300

Table A.8 (Cont’d)

Dapped End Specimeks D-3 and D-4 - Strain Measurements - Loading 1

/

DEMEC Gauge Readings - Strain  (mm/m) !
Load P25 26 27 28 29 30 73 32
Stage D3v2C D3V2D D3V3A D3V3B D3V3C D3V3ID D3IV4A D3 V4D
CoA 0.000 0.000 0.050 %050 0.050  -0.050 0.050 0.000
CoB 0.000 0.000  -0050  -0.050 -0.050 0050  -0.050 0:000
C1 '0.100 0.300  -0.050  -0.050 -0.050 0.050  -0050  -0.200
C2 0.100 0.100 0.050 0.050  -0.050  -0.150  -0.050 0.000
C3 0.000 0.200  -0.050 0.050  -0.050  -0.050 0.050 0.100
C4 0.100 0.100  -0.050  -0.050 -0.150  -0.050  -0.050  -0.200
Cs 0.100 0.000  1,-0.050 0.050  -0.050 0.050  -0.050 0.300
Cé . 0.200 0.400 0.050 0.450 1250 0.750 0.550 0.200
c7 0.400 0.800 250 0.750 1.750 1.050 0.850 0.200
Cs ©0.600 1.700 0.250 0.950 2.350 1.350 1.050 0.500
C9 0.600 2.000 0.250 1.050 3.850 1.350 1.250 0.600
C10 0.600 2.400 0.150 0.950 5.350 1450 °  1.550 0.600
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Table A.8 (Cont’d) 'Dapped End Specimens D-3 and D-4 - Strain Measurements ~ Loading 1.

DEMEC Gauge Readings - Strain (mm/m) ‘

Load 33 34 35 36¢ 37 38 - 89 40
Stage D3V5A D3VsD D3DOA-A D3DiA D3DiB D3DIC D3D1D D3D2A '
COoA 0.000 0.000 0.035 0.035 0000 0.000 -0.035 0.000
CoB 0.600 0.000 -0.035 -0.035 0.000 - 0.000 0.035 0.000

Ci -0.100 0.000 0.035 0035 0071 - 0.071 -0.106 -0.071

C2 0.000 0.000 -0.035 0.106 -0.071 0.071 -0.035 -0.07¢

C3 0.100 0.100 -0.035 0.035 -0.071 0.142 -0.248 -0.142

C4 0.000 0.100 0.035 0.035 0.071 0.213 -0.106 -0.142

Cs 0.000 0.100 -0.1086 0.035 0.284 0.213 -0.106 -0.213

Cé6 . 0.100 0.300 -0.106 -0 106 0.496 0.426 -0.248 -0.071°
(OF SN 0.200 0.500 -0.177 -0.106 0.496 0.638 -0.248 -0.142

Cg 0.600 0.600 -0.177 Q.035 0.709 0.709 -0.177 -0.142  °
C9 . 0.700 0.700 -0.106 0035 0.780 0.638 -0.106 0.000

C10 » 0.900 0.800 -0.035 0.035 0.780 0.851 -0.106 0.071

Table A.8 (Cont’d) Dapped End Specimens D-3 and D-4 - Strain Measurements — Loading 1

v

'

DEMEC Gauge Readings « Strain (mm/m)
Load 41 42 43 44 45 46 47 48
Stage D3D2B D3D2C D3D2D D3D3A D3D3B D3D3C D3D3D D3 D4A
‘COA 0.035 0.000 0.0b0 0.000 -0.035 -0.035 -0.035 -0.035
COB -0.035 0.000 0 000 0.000 . 0.035 0.035 0.035 0.035
C1 -0.035 0.000 0.071 0.000 0.035 0.035 0.035 0.035
C2 -0.035 0.000 0071 0.071 0.177 0.035 0.035 0.035 ‘
C3 -0.106 -0.071 0.000 0.000 -0 035 -0.035 -0.035 -0.035 |
C4 -0.177 -0.142 -0.071 0.0060 -0.035 -0.035 -0.035 -0.035 ‘
C5 -0.177 -0.1}2 I -0,071 -0.071 -0.106 -0.035 -0.035 -0.177
Cce -0.108 -0.142 -0.213 ~-0.142 -0.106 -0.106 -0.106 .-0.106
G7 -0.248 -0.213 -0.355 -0.142 -0.248 0.035 '-0.106 -0.177
C8 -0.177 -0.142 -0.426 -0.142 ~0.177 0.248 -0.248 -0.106 - i
C9 -0.106 -0.213 -0.496 -0.213 -0.248 0.390 -0.319 -0.177 |
C1o -0.106 -0.426 -0.142 -0.177 0.674 -0.177 -0.035 ‘

# Table A.8 (Cont’d)

-0.213

Dapped End“Specimens D-3 and D-4 - Strain Measurements — Loading 1.

DEMEC Gauge Readings - Strain, (mm/m)

A

Load 49 50 51 52 63 54 - 55 56
Stage D3D4D D3D5A D3 D5DD3BK HOAD3BK VOAD3BK DOD D3 I0A-A “D3 I0A1B ‘
CoA -0.035 0.000 0.000 0.050 ,0.050 -0.035 0.035 0.035 ‘
CoB 0.035 0.000 0.000 -0.050 -0.050 0.035 -0.035 -0.035 '
C1 0.035 0.000 0.142 -0.050 -0.050 0.177 0.035 0.035 l
Cc2 0.106 0.000 0.142 -0.050 -0.150 0.035 0.248 ©0.177
C3 0.106 -0.071 - 0.234 -0.050 -0.950 0.106 0.390 0.319
C4 0.177 -0.142 0.355 -0.050 -0.050 0.035 0.532 0.603
Cs 0.177 -0.142 0.284 0.050 -0.150 0.035 0.745 0.957 -
Cc8 0.248 -0.142 0.355 0.050 -0.150 -0.035 0.957 1.170
CcT 0.177 -0.213 0.284 0.050 -0.150 -0.035 1.170 1.170
Cs8 0.035 0.071 0.284 - -0.050 -0.150 -0.106 1.454 1.454
co . 0.035 0.213 0.284 -0.050 -0.250 -0.106 1.738 1.454
C10 0.108 0.355 0.355 -0.150 -0.250 \-0.035 1.950 1.738
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S Table A.8 (Cont’d) Dapped End Specikens D-3 and D-4 - Strain Measurements - Loading 1.

* Load 57

s DEMEC Gauge Readings - Strain (mm/m)

, 58 59 80 61 4. 62 63 . 64
Stage D311C D3 H12B D3 HOA1B CL H56D CL HS6E D4 HOA-A D4 HOB-A D4 H1A
CoA 0.035 ~ 0035  '0.000 0.000 0.000  -0.050 -0.00  -0.050
CoB -0.03 - -0.035 0.000 0.000 0.000 0.050 0.050 0:050
C1 -0.035 0.106 0.000 0.071 0.071° _-0.050 0.050 ~ -0.050
c2 0.035 0.106 0.000 0.142 028 \-0.050 0.050  -0.050
C3 0.035 0.035  -0.071 0.213 0.284  -0.050 0.050  -0.050 ,
C4 0.108 -0.035 0.355 - 0.496 0.496°  -0.050 0.050 0.150°
Cs 0.248 0:035 0.922 0.567.  0.709  -0.050 0.150 0.150
ce 0.603 -0.03 "1.277 0.780 0.851 -0.050 0.150 0.150
c7 0.957 0.03 1.348 0.922 0.993 0.050 0.250 0150
c8 _ 1.241 0.177 1.489 1.084 1.206 0.050 0.350 0.050
C9 1.454 0.177 1.702 1.206 1.348 ., 0.050 0.350 0050
C10 . 1.667 0390 1.844 1.348 15607  0.050 0.350 0050

Table A.8 (Cont’d)

Dapped End Specimens D-3 and D-4 - Strain Measurements - Loading 1.

DEMEC Gauge Readings - Strain (mm/m)
Load 85 66 67 68 69 70 71 72
Stage D4 HIB D4HIC D4HID D4H2A D4 H2B D4 H2C D4H2D D4 H3fh
COA 0.000 -0.050 -0.050 -0050 - -0.050 +0.050 0000 0.050
CoB, 0.000 0.050 0.050 0.050 0.050 0,050 0.000 -0.050
C1 0.100 0.050 0.050 -0.050 0.050" 0.050 0.100 0.050
C2 0.000 0 050 0.050 -0 050 0.050 -0 050 0.000 -0 050
Cc3 0.300 0050 0.050 -0.150 0 050 0.050 0.100 -0.050
C4 0.000 0.050 0 050 -0.050 0.650 0.050 0.100 -0 050
Cs . 0.000 0.050: 0.050 -0.050 0.450 -0.150 0 800 -0 050
Cé 0.000 -0.050 0 050 -0.050 0.550 -0.150 1.000 -0 050
c7 -0.100 -0 050 -0 050 -0.150 0.450 -0250 «~ 2300 -0.050
Cc8 - 0.000 29.050 -0.050 -0 050 0.550 <0.250 3.300 -0.050
C9 - ) 0.000 -0.050 0.250 ' -0.050 0.550 -0.250 6.700 0.050
019 0.000 0.150 0.950 ~0.050 0.550 -0.250 13 400 0.550

Table A.8 (Cont’d)
LY

Dapped End Specimens D-3 and D-4 + Strain Measurements — Loading 1.

DEMEC Gauge Readings - Strain (mm/m)

. -
Load 73 74 75 76 77 78 “ 79 80
Stage D4 H3D D4 H4A D4 H4D D4 VOA-A D4 VOB-A D4 VIA D4VIB D4 VIC
COA -0.050 0.000 0.050 0.050 0.050 0100 0050 0.050
CoB 0.050 0.000 -0.050 -0.050 -0.050 -0.100 -0.050 -0.0%0
C1 0.050 0.000 0.050 0.050 0.050 0.100 -0.050 -0.050
Cc2 0.050 0.000 0.150 -0.050 -0.050 -0.200 - -0.050 -0.050
C3 ) 0.250 -0.100 0.150 0.050 0.050 0.100 —0.0QO -0 150
C4 0.350 -0.100 0.150 0.150 -0.050 0.000 0.050 -0.150
Cs 0.350 -0.200 0 250 0.050 0.050 0.000 0.050 0.050
(o] 0.250 -0.200 0.250 0.050 0.250 0.100 0.150 0.050
c7 0.150 -0.500 0.350 0.150 0.750 0.300 0.050 0.050
cs 0.150 -0.300 0.350 0.250 1.250 0.200 0.150 0.250
&9 0.150 -0.300 0.450 0.350 1.650 _  0.300 0.250 0.350
. C10 0.050 -0.300 &= 0.550 0.450 1.850 0.500 0.450 0.050

X




Table A.8 (bont’d)

[ *

Dapped End Specimens D-3 and D-4 — Strain Measurements ~ Loading 1.

DEMEC Gauge Readings - Strain (mm/m)

Load .81 82 83 84 85 86 87 88
Stage D4VID D4V2A. D4V2B D4V2C D4V2D D4aV3A D4VID D4V4A
COA 0.050 0.050 0.100 -0.000 -0.050 -0.050 0.000 0.050
CoB -0.050 -0.050 -0.100 0.000 0.050 0.050. 0.000 - -0.050
(0] 0.050 0.150 -0.200 0.000’ -0.050 0.150 0.000 9.150
C2 0.050 0.050 0.000 0.000 -0.050 0.150 0.000 0.150
C3 0.050 0.050 0.000 0.000 -0.050 0.250 0.000 0.150
C4, -0.050 0.050 0.100 , 0.000 -0.150 0.350 0.100 0.150
Cs 0.450 0.250 0.500 0.500 ' 0.450 0.450 0.200 0.250
Ceé 0.550 0.250 0.700 0 800 0.650 0.650 0.200 0.250
C7 0.750 0.350 1.000 1.400 1.650 1.050 0.200 0.250
Cs8 1.050 0.450 1.300 1.900 b’ 2.450 1.55 0.300 " 0.250
Co . 1.850 0.450 1.700 2100 ' 8.850 2.65 0.600 0.350
C10 5.750 0.650 7.400 7.000° 15.750 8.250 1.100 0.650

Table A.8 (Cont’d)

Dapped End Specimens D-3 and D-4 —\Strain Measurements — Loading 1.

DEMEC Gauge Readings - Strain {mm/m)

Load - 89 90 91 92 93 94 95 96
Stage D4 V4D D4 D0A-A D4 DOB-A D4D1A D4D1B D4 DIC D4 DID D4D2A
CoA 0.000 0,000 0.000 0.000 - 0.000 -0.071 -0.071 -0.035
CoB 0.000 0.000 0.000 0.000 0.000 0.071 0.071 0.035
C1 -0.100 0 000 0.071 0.000 0.000 0.071 0.071 -0.035
C2 -0.100 -0.142 0.000 0.071 0.071 T 0.071 0.071 -0.035
C3 -0.100 -0.071 0.142 0.071 0.071 0.071 0.142 -0.106
C4 . 0.000 -0.071 0.060 -0.142 0.000 0.071 0.071 -0.035
C5 Q.000 -0.142 0.213 0.000 0.000 -0.071 -0.142 -0.177
Cé 0.000 -0.213 0.142 0.000 -0.071 -0.071 -0.142 -0.248
c7 0.100 -0.213 0.142 0.071 0.000 -0.071 ~0.213 -0.248
Cs8 0.100 -0.071 0.355 0.213 0.071 -0.071 -0.142 -0.177
Co “a 0.000 0.000 0.709 0.213 0.142 -0.071 -0.071 -0.248
C10 0.300 0.071 0.8&1\; 0.284 0.142 -0.142 0.496 -0.248
Yo

Table A.8 (Cont’d)

Dapped End Specimens D-3 and D-4 ~ Strain Measurements — Loiding 1.

DEMEC Gauge Read’ings - Strain  (mm/m)

Lgad 97 98 99 100 101 102 103 104
Stage D4D2B D4D2C D4D2D D4D3A D4D3D D4 D4A D4 D4ADD4BK HOA
COoA -0.035 -0.035 -0.071 0.000 -0.035 -0.071 -0.035 -0.100
CoB 0.035 0.035 0.071 0.000 0.035 0.071 0.035 0.100
C1 0.177 0.106 0.071 0.071 0.035 0.000 0.106° 0.100
C2 ©0.177 0.177 0.142 0.071 0.177 0.071 0.177 0.000
C3 0.106 0.106 0142 0.071 0.177 0.000 0.106 0.000
C4 0.106 0.106 0.142 0.071 0.177 0.000 0.106 0.000
Cs 0.035 0.106 0.071 -0.071 0.177 -0.071 0.106 0.000
Cse -0.035 -0.106 0.000 -0.071 0.106 -0.142 0.035 0.000
c7 -0.035 -0.106 -0.142 -0.142 0.035 -0.213 0.106 -0.100
cs . -0.106 -0.106 0.000 -0.071 0.106 -0.213 0.177 0.000
Co -0.106 -0.106 -0.071 -0.071 0.106 -0.071 0.177 0.000
C10 -0.390 -0.106 ° -0.071 -0.071 -0.106 -0.213 0.177 0.000
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Table A.8 (Cont’d) lgapped End Specimens D-3 and D-4 - Strain Measurements ~ Loading 1.

o DEMEC Gauge Readings - Strain _(mm/m) =
Load ,1051l~ 106 - 107 108109 1Yo 111
Stage D4BK VOAD4BK DOD D4 I0A-A D410A1B  D4IIC D4 Hi2B D4 HOA1B
CoA °.0.050 0035  -0035  -0071 0000 0000  0.035
COB* 0.050  -0.035 0035 0071 0000 0000  -0.035
c1 0.050  -0.035 0106 0071 0071 0000  0.035
c2 0.050 0035 0106 0213 0071 0000 - 0.248
c3 0050 0035 0177 0355  0213- 0000  0.532
C4 0050  -0.106  0.248 0496 0496 0142  0.674
C5 005 0035 0319 0709 0780 0284  0.887
Cs 0050 , -0.035 0461 0851 0993 0355 1028
cr - -0.050° ( 0035 0603 0993 1135  0.385 1170
Cs .0.050 ' -0.106 0887 1135 1206 0426  1.383
C9 005  -0.177 1009 1348 1348 0426 1525
C10 0.050  -0.177  1241- 1631 1206 1.525

0.284

- Measured Loads and Deflections

Load - Shear* Dial 1 Dial 2 Dial 3

‘ Stage (kN) (mm) (mm) (mm)
EO 0.0 - 0.00 0.00 0.00

< E1 200.2 -0.38 2.03 4.14

¢ E2 289.1 -0.58 2.84 5.99
E3 333.6 -0.58 3.30 6.08

E4 367.0 1.80 ~ 68.25 909

6.45

End 00 0.69 6.32

* Does not include self-weight shear of §.4 kN

Table A.10 Dapped End Specimens D-3 and D-4 ~ Strain Measurements — Loading 2.

-

Table A.9 Dapped End Specimen D-3 — Measured Loads - Loading 2.

=

DEMEC Gauge Readings - Strain  (mm/m)

" Load 1 2 3 4 5 86 7 8
Stage D3 HOA-A D3 HiA D3 H1B D3 H1C D3 H1D D3 H2A D3 H2B D3 H2C
E0 0.000 0.000 0.300 0.200 -0.100 -0.150 -0:050 -0.150
E1 0.200 4.200 1.000 0.400 -0.100 -0.150 0.250 -0.250
E2 0.300 0.300 1.400 0.500 -0.100 -0.25Q0 0.450 -0 250
E3 0.500 0.300 1.500 0.600 -0.100 -0.250 0.550 -0 250
E4 0.400 0.300 1.200 0.500 -0.300 -0.250 0.650 2.650
Table A.10 (Cont’d) Dapped End Specimens D-3 and D-4 — Strain Measurements - Loading 2.

DEMEC Gauge Readings - Strain (mm/m)
Load 9 10 11 12 13 14 15 16
Stage D3 H2D D3 H3A D3H3B °'D3H3C D3H3D D3H4A D3 H4D D3 H5A
E0 1.200 -0.300 -0.100 1.750 0.500 -0.150 0.100 -0.150
El 1.500 -0.300 -0.100 4.250 0.600 -0.250 0.200 -0.350
E2 1.600 -0.400 -0.200 5 450 0.600 -0.250 0.200 -0.250
E3 . 1.700 -0.400 -0.200 6.250 0.600 -0.350 0.200 -0.250
E4 6.700 -0.100 4 0.000 _20.850 0.400 0.350 0.100 -0.350
hd - 137 ‘ S °




.

3

Table A.10 (Cont’d) Dapped End Specimens D-3 and D-4 - Strain Measurements — Loading 2.

-~

DEMEC Gauge Readings - Strain  (mm/m)

Load. 17 18 19 20 21 - 22 23 24
Stage D3 H5D D3 VOA-A D3ViA D3ViB D3VIC D3ViD D3V2A D3-V2B
E0 0.600 -0.100 0.050 0.150 0.250 0.150 0.150 0.300
E1 1.600 0.200 0.650 0.750 0.950 0.850 0.350 0.500
E2 2.100 0.300 0.850 1.050 1.250 1.150 0.350 0.500
E3 2.300 0.400 1.050 1350 1.350 1.250 0.450 0.600
E4 2.100 0.400 0.950 1.050 1.050 1.550 0.650 1.300

Table A.10 (Cont’d)] Dapped End Specimens D-3 and D-4 - Strain Measurements — Loading 2.

DEMEC Gauge Readings - Strain  (mm/m)

Load 25 26 27 28 29 30 31 32
Stage D3V2C D3V2D D3V3A D3V3B D3V3iC D3V3D D3V4A D3 V4D
Eo 0.100 1.600 0.050 0.050 3.850 -0.250 0.650 0.200
E1 0.300 2.800 .0.250 0750 .050 .0.850 1.150 0.500
E2 0.400 3.200 0.250 1.050 ¢ 5.950 1.050 1.550 0.600
E3 0.400 3.500 0.250 1.150 6.650 1.250 1.750 0.800
E4 0.600 18.000 0.450 1.450 19.550 6.750 5.950 0.800

\

<

Table A.10 (Cont’d) Dapped End Specimens D-3 and D-4 — Strain Measurements ~ Loading 2.

DEMEC Gauge Readings - Strain  (mm/m)

Load , 33 34 35 36 37 38 39 40
Stage D3V5A D3VsD D3DOA*A D3Di1A D3DIB D3DiC D3DID D3D2A
Eo 0.100 0.200 0.177 0.248 0.213 -« “0.426 -0.108 0.071
E1 0.200 0.200 0.177 0.177 0.426 0.567 -0.177 0.071
E2 0.100 0.300 0.106 0.248 0.709 0.709 -0.177 0.071
E3 0.000 0.300 0.106 0.177 0.780 0.780 -0.177 0.071 -
E4 0.000 0.300 0.177 0.248 0.638 0.496 -0.108

Table A.10 (Cont’d)

0.000

apped End Specimens D-3 and D-4 - Strain Measurements — Loading 2.

DEMEC Gauge Readings - Strain  (mm/m)

Load - 41 .+ 42 43 44 45 46 47 {D 48
Stage © D3D2B D3D2C D3D2D D3D3A D3D3B D3D3C D3D3D D3 D4A
Eo 0.035 . -0.071 -0.071 0.142 0.106 ¢ 357 0,035 0.177
E1l -0.035 -0.071 -0.213 0.000 -0.035 0.674  ,-0.106 -0.U35
E2 -0.106 -0.142 -0.355  -0.071 -0.106 0.745 -0.108 0.035
E3 -0.108 -0.213 -0.426 -0.142 -0.248 0.674 -0.248 -0.035
E4 -0.106 0.213 2.270 -0.071 - -0.248 2.092 0.035 0.319
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Table A.10 (Cont’d) Dapped End Specimens D-3 and D-4 - Strain Measurements — Loading 2.

DEMEC Gauge Readings - Strain (mm/m)

" E1

Load 49 50 51 52 53 54 55 56
Stage D3D4D D3 D5SA D3 D5DD3BK HOAD3BK VOAD3BK DOD D3 I0A-A D3 I0A1B
Eo 0.177 0.284 0.071 -0.050 -0.150 0.106 0.481 ¢0.248

0.177 -0.071 *0.567 -0,050 -0 250 -0.035 1.241 1.099
E2 0.108 -0.142 0.709 -0.150 -0.350 -0.035 1.738 1.809
E3 0.177 -0.213 0.709 -0.150 , -0.350r -0.106 1.879 1.950
E4 0.035 -0.284 0709 -0.150 -0.350 1.667 1.950

Table A.10 (Cont’d)

v

DEMEC Gauge Readings - Strain  (mm/m)
Load 57 , 58 59 < 80 81
Stage D3 I1C D3 H12B D3 HOA1B CL H56D CL HS6E
E0 0.106 0.106 0.426 0.142 0.213
E1l 0.957 0.319 1.277 0.638° 0.851
E2 1.383 0.461 1.915 1.135 1.206°
E3 1.667 0.603 2.199 1.206 1.418
E4 0.887 0.674 1.986 1.064 1.277
v b
..M
' Y 4
N
4
~
7 L
-
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Jable A.11  Web Hole Specimens H-1 and H-2 - Measured Loads - Loading 1. .

MeasuredLoads and Deflections .
Load Loading* Dial 1 Dial 2 Dial3 . Dial4 Dial 5
Stage (kN/m) (mm) (mm) (mm) +(mm) (mm)
1A-D 0.0 0.00 0.00 0.00 0.00 0.00
3 11.1 0.48 1.57 1.96 1.37 0.61
4 18.0 0.89 3.07 . 3.96 2.67 1.12-
5 28.¢° 2.34 5.11 - 6.65 4.42 1.78
6 39.3 3.23 , 8.00 10 26 6.93 2.79
7 48.4 9 6.35 11.30 14.48 9.86 3.84
8 64.2 6.73 15.49 19.89 13.59 5.21
9 75.0 9.83 19.61 24.99 17.30 © 6.48
10 83.8 12.65 24.49 31.22 22.20 10.69
11 +93.0 15 44 29.74 37.80 28.07 13.49
12 » 95.4 1875 33.83 43.00 33.73 17.15
13 43.6 12.85 . 25.37 32.16 26 72 14.53
13-1 30.4 13.49 23.98 30.23 25.58 14.15
13-2 0.0 8 00 15.32 18.92 17.48 10.49
14A-B 0.0 8.00 15.32 18.92 17.48 10.49
15 42.6 .) 15.85 25.78 32.69 27.18 17.25
16 82.1 20.73 35.56 45.56 36.20 21.31
17 90.8 2253 . 39.45 50.80 40.75 23.60
18 94.9 4.69 44.20 . §7.10 47.17 27.36 -
19 92.4 26.72 48.19 4 31 §3.85 . 30.68
20 72.5 27.58 49.25 8.91 63.99 . 36.96
20-1 : 61.0° 26.44 47.30 66.42 62.46 38.22
20-2 45.3 24.51 43.64 61.41 58.93 34.52
20-3~ 30.2 22.43 39.65 55 95 54 87 32.46
20-4 14 .4 . 10.81 34 67 49.10 49.48 29.72
20-5 0.0 16.61 28.60 ,4046 . 41.94 26.06
* Does not include uniform self-weight loading™of 4.3 kN/m. i
s @
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Table A.12 Web Hole Spécimens H-1 and H-2 - Strain Measurements ~ Loading 1.
‘ - DEMEC Gauge Readings - Strain  (mm/m)

Load 1 2 3 4 5+ ] 7 8

Stage H1Ci4 H1C24 H1C34 Hi1C44 Hi1C54 H1C110 H1C210 H1C310

1A _— —_ —_ — 0.000 -0.230 -0.024 —_

1B 0.024 -0.035 -0.035 -0.035 0.000 0.195 -0.024 0.000

1C -0.047 0.035 0.035 0.035 0.000 -0.089 0.047 0.000

y) 0.024 — — — — 0.124 — —

/P - -0.047 0.106 0.177 0.035 0.213 0.053 -0.024 -Q142
4 -0.189 0.106 0.177 0.106 -0.426 0.124 -0.165 -0.355

5 -0.402 0.177 0.390 0.177 -0.567 0.124 -0.307 -0.496

6 -0.402 0.319 0.461 0.106 -0.638 . 0.904 -0.591 -0.851

7 -0.544 0.319 0.674 0.248&~ -0.851 0.975 -0.875 -1.064

8 -0.898 0.319 1.170 0 390 -0.780 1.046 -1.229 -1.277

9 -0.969 0.390 1.667 0.603 -0.993 1.684 -1.442 -1.560

10 -1.395 0.319 2.234 0.603 -1.348 2.323 -1.655 -1.915

11 -1.324 0.319 2.376 0.674 -1.418 3.174 -2.009 -2.199

12 -1.466 0.319 2.518 0.674 -1.631 3.245 -2.222 -2.340

13 -1.466 0.177 2.092 0.532 -1.418 2.394 -1.655 -1.773

14A -1.040 -0.035 1.454 ~ 0.248 -1.064 1.543 -1.087 -1.277

14B -0.969 -0.177 1.383 0.177 -1 064 1.543 -1.158 -1.418

15 -1.395 -0.106 1.879 0.319 -1.489 12.394 -2.009 -2.057

16 -1.749 0.106 2.518 0.461 -1.915 3.103 -2.364 -2.624

17 -1.820 0.177 2.801 0.603 -1.986 3.316 -2.648 -2.766

18 -2.600 0.106 3.085 0%03 -2.766 | 2.819 -2.790  © -2.979

19 -2.104 -0.035 3.227 0.674 -2.199 2.961° -3.712 - -3.050

20 +-1.749 0.106 3.085 0.674 -1.986 3.528 -2.648 -2.837

L Table A.12 (Cont’d) Web Hole Specimens H-1 and H-2 - Strain Mea,surements\: Loading 1.
DEMEC Gauge Readings - Strain (mm/m)

Load 9 10 1 - 12 13 14 15 16

\;\\Sj{ge Hi1C410 H1C510 CLC112 CLC212 CLC312 CLC412 CLC512 H2C115

1A — — —_— — —_ -0.071 -0.47 —

1B -0.035 0.000 — 0 000 0.000 0.000 0.024 -0.071

) 1C 0.035 0.000 -0.071 0.000 0.000 0.071 0.024 -0.071
1 —_ — 0.071 —_ — —_ —_ 0.142
3 -0.106 0.284 0.000 0.000 » 0.071 -0.071 -0.047 0.142
4 -0.319 0.071 -0.355 -0.142 -0.071 -0.142 -0.331 0.284
5 -0.390 -0.142 -0.567 -0.284 -0.213 -0.284 -0.189 0.355
. 6 -0.674 0.213 0.142 -0.426 -0.567 -0.496" 0.024 1.277
7 -0.887 0.780 -0.284 -0.496 -0.567 -0.496 0.165 1.773
8 -1.241 « 1.206 0.355 -0.851 -0.851 -0.780 -0.615 2.411

9 -1.454 1.489 0.426 -0 851\3 -0.922 -0.851 0.307 3.191
10 -1.667 1.915 -0.284 -0.993 -0.993 -0.993 -0.047 3.830
11 -1.950 3.191 0.284 -1.206 -1.277 -1.206 0.165 5.816
12 -2.092° -3.191 -0.142 -1.206 -1.277 ¢ -1.20'6 0.024 8.794
13 -1.596 2.482 -0.496 -0.851 -0.851 -0.780 -0.118 7.660
14A -1.099 1.348 -0.638 -0.496 -0.496 -0.567 -0.260 5.177
14B -1.170 1.418 -0.426 -0.496 -0.567 -0.496 -0.189 5.390
15 -1.879 2.411 -0.213 -0.922 "-1.064 -0.993 -0.118 7.447

‘ 16 -2.305 3.262 -0.142 -1.348 -1.489 -1.489 0.024 9.645

- 17 -2.589 4.255 -0.284 -1.831 -1.631 -1.702 0.024 11.277
18- v -2.730 2.270 0.142 -1.631 -1.844 -1.631 -0.118 14.326

y 19 v -2.801 3.830 0.426 -1.844 -2.057 -1.915 -0.189 15.957
t 20 -2.447 - 4.184 -0.071 -1.631 -1.844 -1.702 0.095 21.844
142
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Table A.12 (Cont’d) Web Hole Specimens H-1 and H-2 - Strain Measurements — Loading 1.

DEMEC Gauge Readings - Strain (mm/m)

~

Load B | 18 19 20 21 22 23 24
Stage H2C215 H2C315 H2C415 H2C515 H2 Cl21 H2C221 _H2C321 H2C421
1A -0.071 -0.095 -0.047 0.071 — -0.024 , 0024 -0 047
1B 0,000 0.047 0.024 0 000 -0.095 -0.024 -0 024 0.024
1\2 0.071 0.047 0.024 -0 071 0.047 0047 0.047 0.024
1D — — — —_ 0 047 — — —
3 0.142 " 0.189 0.095 0.000 0.189 0.189 0.118 0 236
4 -0.355 -0.095 -0.260 0 000 -0.236 0.118 0.189 0 095
5 -0.426 -0.591 -0.331 013 -0.307 . 0402 " 0.544 0.307
6 -0.567 -0.591 -0.615 0.284 -0.662 0.898 0.969 0 449
7 -0.851 -0.733 -0.757 0.567 -0.520 1.608 . 1.608 0.946
8 -1.135 -1.300 -1.111 0.851 -0 946 2.388 2 459 1.655
9 -1.348 -1.300 -1.395 1702 -1 087 3.310 3.452 2 222
10 -1.773 -1.868 -1.678 1.702 -1.229 4586 4.799 3215
11 -1.986 -1.939 -2.104 3.475 -1.939 7.069 7.423 5272
12 -2.128 -2.009 -2.175 3.404 -2.364 9976 10 189 7 896
13 -1.631 -1.513 -1.678 2 695 .2 384 8 983 9125 6.974
14A -1.064 -1 229 21111 1.844 -1.939 6.572 6.785 . 5201
14B -1.135 -1.300 -1 324 1.773 -1.726 6572 6714 5 130
15 -1.773 -1.797 -1 962 2 553 -2 648 8 629 8.771 6 690
16 -2.340 -2.364 -2.530 3.262 -3 002 10.756 10.969 8 818
17 .2.553 -2 506 -2 600 3.475 -3 499 12.459 12.600 9 669
18 -2.624 -2.648 -2.742 3.262 -4.279 15 579 15.437 12.151
19 -2.482 -2.648 -2.813 2.908 -4.563 20.827 20.331 16.336
20 -1.773 -1.797 -1.891 2.908 -5.626 27.494 26.714 22.719

Table A.12 (Cont’d) WeB/Hole Specimens H-1 and H-2 - Strain Measurements - Loading 1.

DEMEC Gunuge Readings - Strain  {mm/m) '

Load 25 28 27 28 29 30 31 32
Stage H2C521 H1HIA H1HIC H1iViA' HiViC H1DIA Hi1DIB HIDIC
1A 0.000 -0.067 -0.067 -0.007 -0 067 0035 —— -

1B 0.000 0.033" 0.033 0 033 0,833 — -0 035 -0 071
lg 0.000 0.033 0.033 0.033 0033 -0 035 0.035 0071
1 — — —_ — — —_ — —

3 -0.142 0.133 0133 -0 067 ~0.087 -0 035 0.177 -0 071
4 -0.355 0033 0.133 -0.067 -0.087 -0.035 0.248 0.000
5 -0.567 -0.067 0.033 0.033 -0.067 0.177 0.106 0.071
6 -0.567 0.033 0.033 0.033 -0.087 -0.248 0 106 -0 709
7 -0.567 0.033 0.033 0.033 0.033 -0 248 -0 035 -0 284
8 -0.851 6.033 0.033 0033 0.033 -0674 -0.248 -0.709
9 -1.277 0.033 0433 0.133 0.333 -0.603 -0 319 -0 4260
10 -1.702 -0.167 0833 0.233 0.533 -0.461 -0.461 -0.496
11 -2.057 -0.167 1.233 0.433 0.633 -0.603 -0 390 -0.355
12 -2.624 -0.267 1.333 0.333 .0.833 -0.603 -0.603 -0 567
13 -2.411 -0.267 . 0.933 0.433 0633 -0.532 -0.532 -0.426
14A -1.915 -0.067 0.933 0.333 0.633 -0.674 -0 603 -0.498
14B - -1.915 -0.267 0.833 0.333 0.533 -0.603 -0.390 -0.496
15 -2.482 -0.267 1.233 0 233 0.633 -0.745 -0.674 -0.567
16 -«2.979 _-0.467 1.533 0.333 0.833 -0.816 -0.674 -0.700
17 ) -3.333 ™ -0.467 1.633 0433 1.033 -0.816 -0.816 -0.780
18 -4.610 -0.467 1.833 0.433 0.933 -0.887 -0.887 -0.709
19 ° -4,752 -0.567 1.933 0.433 1.033 -0.887 -0.816 -0.709
20 -4.752 -0.387 1.733 0.333 0.833 -0.987 -0.887 -0.780
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Table'A.12 (Cont’d) Web Hole Specimens H-1 and H-2 — Strain Measurements — Loadiné(l.

IS

DEMEC Gauge Readings - Strain (mm/m)
Load | 33 34 35 36 37 38 39 40
Stage H1H2A H1H2C H1V2A HiVv2C H1D2A HiD2B H1D2C HlH3A
1A -0.100 -0.175 -0.10D _ 0.047 0.118 -0.142 0.000
1B 0.000 0.025 0.000 -0.100 -0.165 -0 095 0.071 0.000
1C 0.100 0.025 0.000 0 000 0.118 -0.024 0.071 0.000
1D — 0.125 0.100° 0.100 — —_— —_— 0.000
@3 0.100 0.125 0.000 -0.100 -0.095 . -0.165 -0.142 0.000
4 - 0.100 0025 0 000 -0.100 -0.236 -0.307 -0.071 -0.100
5 0.100 0.025 0.000 -0.100 -0.307 -0.165 -0.071 0.000
6 0.100 0.125 0.000 0.000 -0.024 -0.520 -0 213 -0 300
7 0.000 0.525 0.100 0.200 -0.378 -0.449 -0.142 -0.400
8 0.000 1.425 0.500 0.800 -0.520 -0.733 0213 0.200
9 -0.100 1.725 0.900 1.200 -0.449 -0.591 0.426 1.000
10 -0.200 2.025 1.200 1.400 -0.378 -0.520 r 0.426 2.500
11 -0.300 2.325 1.300 1700 ~0.307 -0.520 0.496 4.300
12 ~0.400 2.425 1.500 1.800 -0.520 -0.875 0.567 5.500
13 -0.400 2.025 1.000 1.200 -0.307 -0.733 0.284 5.000
14A -0.100 1.425 0.400 0.700 -0.378 -0.591 0.218 ..~ 3.600
14B -0.100 1.225 0 400 0.600 -0.307 -0.591 0.284 3.600
15 -0.400 2.025 0.900 1.100 -0.733 -1.229 0.213 5.100
16 -0.400 2.125 1.400 1.700 -0.662 1 -1.017 0.355 6.100
17 -0.5 2.825 1.600 2.000 -0.733 -0.946 0.426 6.900
18 -0.6 3.125 1.700 2.100 -0.591 -0.875 0.496 7.700
19 -0.7 3.125 1.900 2.000 -0.662 -1.017 0.496 8.200
20 -0. 2.925 1.800 1.800 -0.662 -0.875 0.496 _ 8.000
Table A.12 (Cont’d) Web Hole Specimens H-1 and H-2 - Stfain lr(easuremencs ~ Loading 1.
DEMEC Gauge Readings - Strain (mn‘l‘?m)
Load 41 42 43 44 45 46 47 48
Stage Hi1H3C H1V3A H1V3C HiDMM Hi1D3B H1D3C Hi1H4C H1V4A
1A -0.325 -0.225 -0.275 — — 0 095 0.075 -0.200
1B 0.075 -0.025 -0.075 0071 -0.035 -0.118 -0.125 0.000
1C 0.075 0.175 0.225 -0.071 0.035 0.024 -0.025 0.100
1D 0.175 0.075 0.125 —_ —_ — 0.075 0.100
3 0.175 -0.225 -0.075 0.000 -0.106 . -0.118 0.075 0.000
4 0.175 -0.225 -0:075 0.142 -0.106 -0.047 0.375 0.000
5 0.175 -0.125 -0.075 -0.142 -0.248 -0.189 0.975 0.200
6 0.975 0.275 0.225 -0.426 -0.390 -0.473 1.275° 0.600
7 1.475 0.575 0.525 -0.142 -0.674 -0.118 1.575 0.800
8 1.675 1.175 0.825 -0.284 -0.674 -0.047 2.075 1.200
9 1.775 1.575 * 1.125 -0.213 -0.745 -0.331 3.075 1.500
10 2.175 2.075 1.325 -0.426 -0.887 0.024 3.575 1.600
11 .2.675 3.375 1.525 -0.709 -1.028 0.378 4.375 1.600
12 2.875 4.275 1.525 -0.993 -1.099 0.307 4.875 1.700
13 1.975 3.475 10.925 -0.993 -0.8186 0.378 3.275 1.000
14A 1.475 2.575 10.325 -0.851 -0.887 0.024 2.275 0.400
14B 1.475 2.475 10.325 -0.709 -0.745 -0.047 2.375 0.300
15 2.275 3.275 10.825 -1.418 -1.028 0.165 3.575 1.000
16 3.075 4.275 11.425 -1.348 -1.170 0.378 5.175 1.600
17 3.275 5.175 11.725 -1.418 -1.312 0.449 5.875 2.100
) 3.575° 6.075 11.725 -1.418 ©.1.383 0.520 7.075 2.300
19 3.475 , 6.475 11.725 -1.631- -1.241 0.591 7.075 2.300
20 .3.275 6.175 11.425 -1.560 -1.312 0.591 6.975 1.900
144 -
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Table A.12 (Cont’d) Web Hole Specimens H-1 and H-2 — Strain Measurements - Loading 1.

DEMEC Gauge Readings - Strain  (mm/m)

Load 49 50 51 52 53 54 55 56
Stage H1V4C H1D4C H1HS6B H1H56D H1 VS5C H1 VeC H1 D56DB Hi D56BD
1A -0.150 -0.024 -0.025 -0.025 — — -0.118 -0.071
iB -0.050 -0 095 -0.025 -0 025 -0.067 0.000 0.024 0.071
1C . 0.150 0.118 -0 025 -0 025 _0.033 0.000 0 095 -

1D 0.050 — 0.075 0.075 0.033 0 000 —_ —

3 0.050 0.047 0075 -0.025 -0.067 0.000 -0 047 0071
4 0.050 0.118 0.075 -0.025 -0.067 0 000 0.095 *  0.142
5 0.250 0.331 0.375 -0.025 -0.167 -0.100 0.095 0213
6 0.450 0473 0175 0075 -0.167 0 000 -0.331 0.213
7 0.650 0.615 0275 0.175 -0.067 0 300 -0 260 0638
8 0.950 0898 0.575 0.375 0.03 0 800 -0.047 1135
9 1.350 1.253 0.375 0.575 0.23 1 400 0.185 1.560
10 1.450 1820 0475 0.775 0.933 2 300 -0 331 2 695
11 - 1.550 2.600 0375 0.875 1.933 2 700 -0 473 3.546
12 1.650 3026 0475 0.975 2.533 3 000 -0.473 3.972
13 - 0.950 2.104 0.175 0575 2 433 3 000 -0.473 3.546
14A 0.450 1.111 0075 0575 1.833 2.500 -0 686 2624
14B 0.450 1111 -0.125 0475 1833 2.500 -0 686 + 2768
15 1.050 1.962 0475 0.775 2 233 3 000 -0 688 3.548
16 1.750 2.884 0575 1.175 2.833 3.600 -0.757 4.752
17 1.950 3.310 0.575 1275 3 433 3 900 -0 757 5 106
18 1.950 4.303 0.675 1275 3.833 3.900 -0.757 5.461
19 1.850 4.657 0375 1075 4 033 4 000 -0.898 5 248
20 1.550 4.303 0175 0975 3 933 4 000 -0.827 5035

Table A.12 (Cont’d)  Web Hole Specimens H-1 and H-2 ~ Strain Measurements ~ Loading 1.
i

DEMEC Gauge Readings - Strain  {mm/m)

Load \H 57 58 59 60 61 62 63 64
Stage 1 H7C H1 ViC H1 D7C Hi1 H89B H1 H89D H1 V8C H1 veC H1 D8eDB
1A -0.025 -0.175 0 000 0 050 0.025 -0 325 -0.325 - —

1B -0.025 0.025 0.000 -0 050 0.025 -0 125 0075 0 000
1C -0.025 0.025 0.000 -0.050 -0.075 0275 . 0.075 0000
1D 0.075 0.125 —_ 0 050 0.025 0.175 0.175 -

3 -0.025 -0.075 0071 -0 150 -0 075 -0.025 -0 125 0.000
4 0.275 -0 075 0.142 -0 050 -0.075 -0.025 -0 125 0.071
5 0.175 0.125 0.000 -0.150 0.225 0.07% -0.125 0071
6 0.375 0125 0071 -0 350 . 0825 0.175 -0.225 0 000
7 ., 0.875 0.325 0071 -0 350 1.225 0275 -0 225 0000
8 0.975 0.925 -0213 -0.550 1.725 0 575 -0.325 -0213
9 0.975 1.625 -0.284 -0 850 2.225 1.17% -0.025 -0 496
10 0.475 2.325 -0 355 -0 850 2.725 2.675 0.175 -0.709
11 0.275 2,925 -0.355 -1 050 3.525 3.975 0375 -1.064
12 0.175 3.525 -0 355 -1 050 3.825 4.675 0.775 -1.208
13 0.073 3.125 -0.385 -1.250 2.725 T 4.375 1078 -0 922
14A 0.175 2925 -0.496 -0 #50 1.625 3.575 1.475 -0 709
14B 0.175 2,925 -0.496 -0 850 1.625 3.675 o 1,375 -0.922
15 0.075 3425  -0567 -1 050 3.025 4.475 1.375 -1.064
16 : -0.025 4.225 -0.567 -0.950 4.225 5.376 1.075 -1.560
17 -0.025 4425 -0 587 -0 950 4.825 5875 0.975 -1.418
18 -Q.125 4.625 -0.587 -0 950 8.325 6.175 1.075 -1.489
19 -0:125 4725 -0.638 -1.050 5.325 6.375 1.075 -1.702
20 -0.225 4.425 -0638 -1150 , 5.025 6.175 1.075 -1.773
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Table A.12 (Cont’d) * Web Hole Specimens H-1 and H-2 ~ Strain Measurements - Loading 1.

\

i —— DEMEC Gauge Readings - Strain (mm/m)
Load 65 66 67 68 69 70 71 72
Stage -H1D89DB H1 H10C H1 VI0A HiVioC H1D10oC HiH11A H1 H1IC H1 V1A
1A 0.000 0.000 -0.125 -0.200" — -0.150 -0.095 -0.150
1B 0.000 0.000 0.075 -0.100 -0.035 0.050 0.025 0.050
1C 0.000 0 000 -0.025 0.200 0.035 0.050 0.025 0.050
1D — 0.000 0.075 0.100 — 0.050 0.025 0.050
3 0.071 0.200 0.075 0.000 0.106 0.150 0.225 0.050
4 0.000 0.100 0.075 -0.100 -0.035 0.150 _ 0.325 0.050
5 0.071 0.300 0.075 -0.100 -0.177 0.350 0.725 0.050
6 0.213 0.400 0.175 -0.100 0.035 0.450 0.825 0.050
7 0.426 0.600 0.375 0.000 0.248 0.750 1.025 0.250
8 1.064 0.600 0.675 0.300 0.248 1.250 1.125 0.750
9 1.773 0.700 0.875 0.200 0.390 1.950 1.325 1.150
10 3.191 0.600 0975 0.500 0.461 2.250 1.425 1.450
11 4.752 0.500 0.875 0.400 0.674 2 550 1.525 1.750
13 5.532 0.600 0.975 0.400 1.099 2.650 1.525 1.950
13 4.539 0.100 0.675 0:900 0.745 1.850 1.025 1.150
14A 3.475 -0.400 0.375 0 100 0177 1.150 0.425 0 550
14B 3.546 -0.300 0.575 0.300 0248 1.150 0.525 0.450
15 4.681 0.100 0.775 0.500 '0.461 2.050 1.125 1.250
16 . 6.028 0 500 1.075 0.700 0.887 2.750° 1.725 1.950
17 6.809 0.700 - 1075 0 500 1.241 2.950 1.825 2.150
18 7.234 1.500 1.075 0 500 1.879 3 050 1.925 2.450
19 7.589 1.500 1.175 0 700 2.163 2.950 1.725 2.450
20 < 7.234 1.300 0.975 1.879 2.550 1.425 2.050

Table A.12 (Cont’d)

0.100

Web Hole Specimens H-1 and H-2 - Strain Measurements — Loading 1.

) DEMEC Gauge Readings - Strain  (mm/m) ™
Load 73 74 75 76 77 78 79 80
Stage = H1V11C Hi1 D1i1A H1 D1u1B HiDiiC CLH12C CLHi12D CL Hi3C CL H13D
1A -0.100 — - -0.095 -0.0%95 -0.118 -0.118 -0.095
1B 0.000 -0.035 -0 035 0.047 -0 095 -0.047 -0.047 0.047
1C 0.000 0.035 0.035 0047 0.189. 0.165 0.165 0.047
1D 0.100 — —_ — — — —_ —
3 0.100 0.177 0035 0.189 0.118 0.095 -0.118 -0.024
4 0.100 0.035 0.106 0.189 0.331 0.236 -0.047 0.118
5 0.100 0.035 0.106 0.260 0.473 0.449 0.165 0.331
6 ) 0.200 -0.035 0.177 0.331 0615 0.591 0.307 0.615
7 0.200 -0.106 0.319 0.473 o 0.827 0.875 0.804 1.040
8 0.500 -0.106 0.248 0.757 1.111 1.087 1.017 1.466
9 0.700 0.106 0.248 0.827 1.253 1,300 1.371 1.820
10 0.900 0.177 0.177 0.827 1.608 1.371 1.371 2.175
11 1.000 0.319 0.177 Q.969 1.749 1.442 1.584 2.600
12 1.200 0.603 0.106 0.969 2,033 1.584 1.797 2.671
13 0.700 0.390 0.035 0.615 2.388 0.875 0.946 1.608
14A 0.500 0.248 -0.108 0.118 0.331 0.238 0.024 0.544
14B 0.500 0.177 -0.106 0118 0.331 0.095 0.024 0.473
15 0.900 0.319 -0.106 0.473 1.040 0.875 0.875 1.466
16 1.200 0.603 0.038 0.827 1.678 1.442 1.726 2.530
17 1.400 0.745 -0.035 0.827 1.749 1.513 1.868 2.742
18 1.400 0.887 -0.106 0.827 1.962 1.868 2.222 3.097
19 1.200 .1.028 0.106 0.969 5.012 5.414 2.080 2.530
20 7 1.200 0.957 -0.106 -0.024 4.728 .9.173 1.726 2.600
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Table A12 (Cont’d) Web Hole Specimens-H-1 and H-2 - Strain Measurements - Loading 1.
DEMEC Gauge Readings - Strain (mm/m)
Load 81 82 83 84 85 86 87 88
Stage H2 H14A H2 H14C H2 Vi4A H2 V14C H2 D14A H2 D14B H2 D14C H2 H15C
1A 0.000 0.025 -0.075 -0.100 0.024 — —_— -0 025
iB -0.100 -0.075 0.025 0.000 -0.118 -0 035 -0.035 -0.125
1C 0.000 0.025 0.025 (&100 0.095 0.035 0.035 0.075
1D 0.100 0.025 0.025 0.000 —_ — —_ 0.075
3 0.000 0.125 0.025 0.000 -0.189 -0.177 0.035 -0.025
4 0.000 0.325 -0 075 -0 100 -0.260 -0.106 -0.035 -0 025
5 0.000 0.325 0.025 -0.100 -0.260 -0 108 0.035 0175
6 0.200 0.725 0.025 0.000 -0.260 -0.035 0.177 0.175
7 0.100 0.925 0.325 0300 -0.189 0.177 0 532 0275
8 0.000 1.225 0.425 0300 -0.260 0319 0.816 0375
9 0.000 1.425 0.625 0.400 -0 331 0 461 1 099 0375
10 -0.300 +1.625 0.825 0500 -0.402 0.745 ¢ 1.525 0375
11 -0.600 1.525 0.925 0600 -0 544 0.674 1596 0575
12 -0 800 1.325 1.425 0 800 -0 473 0532 1.454 0975
13 -0.400 1.025 1.025 0500 -0.189 0319 1.099 » 0675
14A -0.400 0.425 0.425 0 400 -0 473 0.035 0 390 0175
14B -0.500 0.525 0.525 0400 -0 402 0177 0532 0075
15 -0 600 0.825 0925 0.500 -0 402 0.106 0.957 0575
16 . -0.600 1325 1.425 900 -0 331 <0390 1.454 0.975
17 -0.700 1.425 1.825 0%00 -0 189 0.532 1525 1575
18 -0.600 1.025 2.325 1 100 0 165 0248 1.383 2 575
19 3 800 0.925 2.825 1100 -0.402 -0.532 1.312 3.075
20 10.400 2.525 2.225 0400 -3 381 -0.957 2.234 ) 9 075w

Table A.12 (Cont’d)

Web Hole Specimens HA and H-2 - Strain Measurements — Loading 1

DEMEC Gauge Readings - Strain  (mm/m)
Load 89 90 91 92 93 94 95 96
Stage H2 ViSA H2 Vi5C H2 Di5C H2 H167B H2 H187D H2 V1eC H2 V17C H2 D16BD
1A -0.050 —_— — 0050 -0.125 -0.100 -0.150 0071
1B -0.050 0033 -0.106 -0.150 -0.025 0.000 -0.050 -0.071
1 - = 0.050 0.033 0.108 0.050 -0 025 0100 0.150 0 000
1D ) 0.050 -0.067 - 0050 0.175 0 000 0.050 —
3 * -0.050 0.033 -0 035 -0 150 0.175 0.000 -0.050 -0 071
4 -0.050 -0 067 -0.035 -0 250 0.075 0.000 -0.250 ™ 0.000
5 -0.050 0.033 0177 -0.450 0.275 0.000 0 150 0.071
6 0.250 0.033 0.319 -0.550 0475 -0.100 0 050 0 000
7 0.850 0.333 0.319 -0.750 0.875 -0.100 0.450 -0 071
8 1.050 0.433 0.248 -0.850 1.275 -0 200 0.750 -0.142
9 1.350 0.633 0390 -1.150 1.875 -0 100 1.850 -0 213
10 2.250 0.833 0108 -1.450 2.675 0.100 2350 -0 498
11 3.250 0.833 -_— -2.150 3.875 0.400 3 050 -0 780
12 3.350 0.833 - -2.750 3.475 0.100 5.450 -1 2086
13 2.750 0.733 —_ -2.550 3.075 0.200 8.250 -0 993
14A 2.250 0.233 — -2.550 2.375 0.400 5.150 -0 851
14B 2.350 0.333 — -2 350 2.275 0.500 §.350 -0 922
15 2.650 0.733 -_— -2.750 2.775 0.300 5.950 -1.277
16 3.250 -0.687 —_ -2.650 3.275 0.300 7.150 -1.489
17 3.450 0.833 — -2.950 3.575 -0.100 9.050 -1.489
18 3.350 1.533 — -4.850 2.27% 0.100 15.050 -1.702
19 0.950 4.033 —_ -6.850 7.075 9.500 34.050 5.603
20 14.850 — - - 21.078 — 52.250 5.887
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Ta})le A.12 (Cont’d) Web Hole Specimens H-1 and H-2 - Strain Measurements - Loading 1.

L DEMEC Gauge Readings - Strain (mm/m)
Load 97 98 99 100 101 102 103 104
Stage H2D16DB H2 H18C H2 Vi8C H2 D18C H2 H192B H2 }{192D H2 V19C H2 v20C
1A -0.142 0.100 -0.075 -0.024 -0.033 0.000 0.025 —_
1B 0.142 ;100 ° 0.025 -0 024 -0.033 .200 0.025 -0.100
1C —_ 0 000 0.025 0.047 0.067 0.100 0.025 0.100
1D — 0.000 0.025 — — 0.100 -0.075 —
3 0.000 0 000 0.125 -0 095 0.267 0.000 -0.075 -0.300
4 0.071 0.100 0.025 -0 024 0.367 0.000 -0.075 -0.200
5 0.213 0.300 0.025 -0 095 0.667 0.000 -0.075 -0.300 .
6 0.284 0.300 0.225 -0.165 0.867 -0.100 -0.075 0.000
7 0.567 0.400 0425 -0.165 1.067 -0.100 0.225 0.400
8 1.064 0.400 0 825 -0.165 1.367 0.300 0.925 0.900
9 1.631 0 400 1.325 -0.236 1.567 0.600 1.725 1.600
10 2.553 -0.100 2.425 -0.095 1.687 1.000 3.625 2.600
11 3.404 0.900 6.825 4.941 1.867 -0.900 5.125 6.500
12 4.681 0.200 | 16.425 13.735 1.767 -1.300 6.625 7.100
13 3.333 0.300 16.325 13.806 1.867 -0.800 6.325 6.700
14A 3.333 0.100 12.825 11 537 1.167 -0.700 5.525 5.200
14B 3.26 0.100 12.825 11 537 1.267 -0 600 5.525 + 5.300
15 7184 " 0.100 15.325 13.097 1.567 -0.700 "~ 6.325 6.100
16 5.390 0.200 19.525 16.288 1.867 -0.900 7.625 7.000
17 6.170 0 100 22.625 19.480 1.867 -0.400 8.325 7.600
18 7.943 -0.400 27.625 26.785 1.967 0.100 9.325 8.000
19 16.454 -0.300 —_ 31.537 2.167 0.200 9525 8.300
20 36.383 -0.600 26 525 — 2.367 1.100 9.625 8.700

Table A.12 (Cont’d)

L It

Web Hole Specimens H-1 and H-2 - Strain Measurements — Leading 1.

i

DEMEC Gauge Readings - Strain  {(mm/m)
Load 105 108 107 108 i%g . 110 111 112
Stage H2 D19BD H2 D19DB H2 H21C H2 V21A H2 \’210 H2 D21C - H2 H22A H2'H22C
1A — 0.118 -0.033 -0.100 0.000 -0.165 0.025 0.050
1B ~* . -0.106 -0.095 -0.033 0.000 0.000 0.118 . 0.025 -0.050
1C 0.106 -0.024 0.067 0.100 0.000 0.047 -0.075 -0.050
1D — —_ —_ —_ — — 0.025 0.050
3 -0.177 -0.165 0.267 0.000 0.100 -0.095 -0.075 -0.150
4 -0.035 -0.095 0.367 0.000 0.300 -0.024 -0.175 -0.150
5 . -0.035 | 0.047 0.767 0.100 0.400+ 0.118 -0.175 -0.050
6 -0.035 ~ 0.260 1.167 0.500 0.600 0.260 0.925 0.550
7 0.035 0686 0.700 0.900 0.473 1.725 0.550
8 -0.177 1.678 0.900 1.200 0.757 2.825 0.550
9 -0.248 2 2.813 . 1.200 1.500 1.040 4.025 0.550
10 -0.745 4.870 1.100 1.500 ‘ 1.466 7.125 0.750
.11 -1.312 6.927 4.700 1.400 + 2.459 10.025 0.850
12 -2.447 . 8.487 2.500 2.100 2.813 12.425 1.050
13 -1.809 7.920 1.700 1.700 2.459 11.225 1.250
14A -1.525 6.501 1.400 - 1.100 1.820 7.325 0.650
14B -1.667 6.430 1.400 1.100 1.820 7.525 » 0.750
15 -1.950 7.707 2.100 2.100 2.175 10.725 . 1.150
16 -2.163 9.054 - 3.100 3.100 2.671 13.425 1.450
17 -2.234 10.118 3.600 3.600 3.239 15.225 1.850
18 -2.183 11.111 4.400 '4.400 4.161 18.025 3.150
19 -2.163 11.678 5.300 y 3.900 5.934 22.025 3.950
20 , <2021 11.962 i 6.500 3.800 7.494 26.125 5.550
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DEMEC gauge Readings - Strain (mm/m)
Load 113 114° 115 116 117
Stage H2 V22A H2 V22C H2 D22A H2 D22B H2 D22C
1A — -0.075 -0.047 -0.035 -0.213
iB -0.133 -0.075 -0.047 0.035 0.071
1C 0.187 0.125 0.095 - 0.142
1D -0.033 0.025 — — -
3 -0.133 0.025 -0.118 -0.035 0.000
4 -0.133 0.025 -0.189 -0.108 0.000
5 -0.133 0.025 -0.189 -0.108 -0.071
8 0.167 0.325 -0.331 -0.177 -0.213
7 0.367 0.525 -0.402 -0.248 -0.213
8 0.867 0.925 -0.615 -0.461 -0.213
9 1.667 © 1225 -0.757 -0.461 -0.284
10 2.2 1.625 -1.182 -0.319 -0.355
11 2.75;1 1.925 -1.537 -0.177 -0.213
12 2.767 2.225 -1.891 -0 461 .0.709
13 2.267 1.825 -1.537 -0.106 -0.426 .

14A 1.767 1.125 -1.182 -0 177 -0.567
14B 1.767 » 1.225 -1.111 -0.177 -0.638
. 15 2.367 1.625  -1.608  -0.108 7 0.567
16 - 2.867 2.225 -2.175 -0.390 -0.780
17 , 2.967 2.225 -2.317 -0.248 -0.780
18 0.267 2.325 -2.530 -0.106 . -0.709
19 18.967 2.225 -2.530 0.035 -0.567

20 3.367 1.025 -2.600 0 390 0567 4

{ - -~
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Table A.12 (Cont’d) Web Hole Specimens H-1 n.x‘xc.I H-2~ Strain Measurements - Load:r 1.
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Web Hole Specimen H-1 - hr}ea.sured Loads - Loading 2.

Table A.13
. Measured Loads and Deflections

Load Loading* Dial1 Dial 2 Dial 3
Stage (kN/m) (mm) (mm) (mm)
B1A-B 0.0 0.00 0.00 0.00
B2 43.0 2.59 5.03 4.47
B3 82.3 4.90 9.50 8.51
B4 93.1 .56 10.80 9.65
B5 108.8 6.48 12.55 11.28
Bé 124.4 7.47 14.50 13.18

v B7 0.0 0.53 1.37 0.89
B7-1. . 29.8 2.39 4.47 4.04
B7-2 58.0 401 7.72 6.93
B7-3 85.6 '5.51 10.64 9.47.
B7-4 111.4 6.88 13.31 12.01
B7-5 133.8 8.10 15.70 14.27
B8 143.1 8.71 16.87 15.27
B9 0.0 69 1.45 0.97!
Bo-1 29.2 2.62 4.95 4.24
Bo-2 57.0 4.27 8.23 6.05
Bg-3 85.7 5.82 11.28 9.96
B9-4 114.1 7.29 14.20 12.60
B9-5 141.1 8.66, 16.92 15.06
B1o 157.4 9.80 19.46 17.15
B11 170.4 11.76 24.99 20.57
Bi12 173.1 17.22 38.40 26.57
Bl2-1 . 118.7 16.18 36.60 24.79
Bi12-2 89.2 14.63 »  33.40 22.00
B12.3 59.3 - 12.83 ©29.62 18.82
B12-4 30.0 10.62 24.89 15.16
B12-5 0.0 7.32 1745 9.75

-* Does not include uniform self-weight lgading of 4.3 kN/m.

Table A.14  Web Hole Specimen H-1 — Strain Measurements - Loading 2.

' : DEMEC Gauge Readings - Strain (mm/m)

Load" 1 2, -1 3 4 5 6 L7 8
Stage Hi1Ci4 H1C24 H1C34 HIC44 H1C54 H1C110 H1C210 HiC310
BiA -1.182 -0.177 1.950 0.106 *-1.418 1.968 -1.726 -1.844
BiB -1.395 -0.248 1.879 0.035 -1.418 1.897 -1.655 -1.915
B2 --1.608 -0.248 2.234 0.177 -1.702 2.394 -2.080 -2.340
B3 -1.820 -0.177 2,518 0.248 -1.986 2.890 -2.506 -2.695
B4 -1.962 -0.177 2.660 0.248 -2.340 2.961 -2.648 -2.908
B&. -2.033 -0.319 2.730 0.319 -2.411 - 2.961 -2.790 -3.050
B6 -2.104 -0.108 2.943 0.390 -2.199 3.387 ~2.931 -3.262
B8 -2.175 -0.106 2.943 0.319 -2.411 3.670 -3.144 -3.475
B10 -2.317 -0.035 3.014 0.390 -2.624 4.167 -3.357 -3,759
Bi1 -2.600 --0.177 3.440 0.390 -2.766 5.160 ° -3.924 -4,397
B12 -2.884 -0.177 3.085 0.603 -3.333 9.060 * -7.896 -4.113
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Table A.14 (Cont’d) Web Hole Specimen H-1 - Strain Measurements - Loading 2.

L

e

DEMEC Gauge Readings - Strain  (mm/m)

15

Load 9 ) 11 12 13 14 26
Stage H1C410 H1C510 CL.C112 CLC212 CLC312 CLC412 CLC512 HI1HIA
B1A -1.596 2.128 -0.496 -0.993 -1.206 -1.064 -0.118 -0.467
B1B -1.596 2.270 -0.426 -1.064 -1.206 -1.13% 0.024 -0.467
B2 -2.021 2.766 -0.426 -1.277 _=1.277 -1.277 -0.047 -0.567
B3 -2.376 3.333 -0.355 -1.489 -1.489 -1.489 -0.047 -0.767
B4 -2.518 3.617  -0.355 -1.489 -1.560 -1.631 -0.189 -0.667
B5 — -2.730 3.688 -0.213 -1.631 -1.631 -1.702 0 095 -0.767
Bé -2.801 3.830 -0.284 -1.702 -1.773 -1.702 0.095 -0.667
B8 -3.014 4.113 -0.213 -1.844 -1.844 -1.844 0.165 -0.767
B10 -3.298 4.752 -0.284 -1844 -1.915 -1.915 0.165 -0.687
Bi11 -3.865 5.887 -0.142 -2.057 -2 057 -2.057 0.165 -0 967
B12 -4.504 7.378 -0 213 -1.915 -1.986 -1.9886 0 165 -0.867
Table A.14 (Cont’d) Web Hole Specimen H-1 - Strain Measurements - Loading 2.
e DEMEC Gauge Readings - Strain  (mm/m)
Load 27 . 28 29 30 31 32 33 34
Stage Hi1 H1IC H1V1A H1ViIC Hi1D1A H1Di1B H1D1C HiH2A H1H2C
B1A 1.033 0.133 0233 -0.745 -0.532 ° -0.426 -0.300 1.725
B1B 1.133 0.133 0.333 _-0.745 -0.603 -0.426 -0.400 1.725
B2 1.233 0.333 0.633 -0.887 -0.816 /  .0567 -0.600 2.225
B3 1.433 0.233 0.833 -0.957 -0.816 -0 638 -0.700 2.725
B4 1.633 0.233 0.833 -1.099 -1.099 -0.780 -0.700 2.825
B5 1.733 0.233 0.933 -1099 -1.454, -0.780 -0.800 2.925
Bsé 1.933 0.433 1.133 -1.241 -1.099 -0.780 -0.800 3.125
B3 2.233 0.333 1.233 -1.312 -1.383 -0.922 -0.800 3.525
B10 2.433 0.333 1.333 = -1.454 -1.738 -0.993 -0.900 3925
B11 2.733 0.533 1533 -1.454 -1.454 -1.084 ; -1.000 4.325
Bi2 . 3.133 0.433 1.633 -1.598 -1.596 -1.064 9‘-‘-1.200 5.025
Table A.14 (Cont’d) Web Hole Specimen H-1 - Strain Measurements ~ Loading 2.

. DEMEC Gauge Readings - Strain  (mm/m)

Load 35 6 37 38 39 40 . 41 42
Stage H1V2A HiV2C H1D2A H1D2B HiD2C H1H3A HiH3IC HI1V3A
BiA 0.700 0.600 -0.591 -0.733 0.284 4.800 1.575 4.475
BiB 0.700 , 0.700 -0 520 -0 662 0.355 4.700 1.575 4.575
B2 1.200 1.000 - -0.662 -0 733 0.284 6.400 ' 2.175 5.075
B3 1.500 1.500 -0.662 -0.875 0.355 7.300 2.775 5.475
B4 1.600 1.500 -0.804 -0.946 0.355 7.500 2.975 5.575
BS 1.600 1.500 ,  -0.804 -1.987 0.426 7.800 3.1 ¢+ B.775
B6 1.900 2.000 ©  -0804 -1€87 0.496 8.100 3.475 6.175
Bs 2.400 2.100 -0.946 -1.158 0.496 9.100 3.775 6.675
B10 2.500 2.400 -1087 -1.229 0.426 10.300 3.975 7.275
Bi1 3.300 2.800 -1.087 -1.229 0.355 12.500 4.275 9.475
B‘lz 4.200 3.700 -1.300 0.213 14.200 6.775 14.975

-1.158
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Table A.14 (Cont’d)  Web Hole Specimen H-1 - Strain Measurements ~ Load

»

v

ing 2.

DEMEC Gauge Readings - Strain (mm/m)

Load 43 44 45 46 47 48 49 50
Stage H1 Vv3C Hl'DL"»A H1D3B H1D3C HI1H4C H1V4A Hi1V4C H1D4C
B1A 10.225 -0.638 -0.887 0.024 4.475 0.500 0.450 2.388
B1B* 10.325 -0.496 -0.816 0.024 4.475 0.600 0.550 2.388
B2 10.525 +1277 -0 957 0.236 5.375 0.900 0.650 2.884
B3 10.825 -1.560 -1.170 0.378 6.275 1.300 0.950 3.452
B4 10.925 -1.631 -1.241 (7378 6.575 1.600, 1.050 3 664
B5 11.125 -1 560 -1.241 0.520 6.975 1.600 1.250 3.948
B6 11.425 -1.773 -1.383 0.520 7.375 1.800 1.550 4.161
B8 11.525 -2.128 -1.525 0.378 '7.875 2.000 1.750 4.303
B10 \J 1.625 -2.553 -1.525 0.520 8.175 2.000 1.750 4.657
B11 1.825 -2.766 -1.525 0.662 11.875 2.300 1.850 7.210
B12 12.425 4.468 -9.184 1.584 17.475 3.900 2.750 8.771
Table A.14 (Cont’d) Web Hole Specimen H-1 - Strain Measurements ~ Loading 2.
X DEMEC Gauge Readings - Strain  (mm/m)
Load 51 52 53 54 55 56 57 .. 58
Stage H1 Hs6B H1 Hs6D H1VsC H1VeC H1D56DB H1 D56BD H1H7C  H1V7C
Bl1A 0.075 0.575 1.933 2.200 -1.040 3.191 0.075 3.025
B1B 0.075 0.575 2.033 2.300 -0.969 3.191 0.075 3.125
B2 0.275 0.775 2.433 2.900 -1.040 3.972 -0.025 3.625
B3 0.175 0.975 2.933 3.300 -1.111 4.681 -0.125 4.325
B4 0.275 1.075 3.133 3.500 -1.111 4.823 -0.125 4.425
B5 0.275 1.175 3.233 3.600 -1.040 5.177 -0.125 4.625
Beé 0.375 1275 -~  3.533 3 900 -1.111 5.532 -0.125 5.025
B8 0.575 1.575 3.833 4.200 -1.182 5.957 -0.225 5.425
B1io > 0.675 1.575 4.033 4.300 -1.111 6.170 -0.225 5.625
B11 0.575 1.675 4.633 4.500 -1.040 6.525 -0.325 £.625
/W 0.475 2.875 5.033 5.800 -1.537 -8.440 -0.025 8.325
Table A.14 (Cont’d]  Web Hole Specimen H-1 - Strain Measurements — Loading 2.
DEMEC Gauge Readings - Strain  (mm/m) .
Load - 59 60 61 62 63 64 65 T 66
Stage H1 D7C H1 H8SB H1H89D H1V8C H1 V9C Hi D89DB H1 D89DB H1 H10C
B1A——= -0.709 -0.850 2.725 3.775 % 1.275 -1.064 4.326 0.600
B - =0.709 -0.850 2.625 3.675 1.275 -1.135 4.326 0.700
2 - -0.780 -0.950 3 625 4.575 1.175. -1.206 5.319 0.900
B3 -0.780 -0.950 4.425 5.275 1.075 -1.348 6.383 1.200
B4 -0.709 -0.950 4.625, 5,475 0.875 -1.560 6.596 1.300
B5 -0.709 -0.950 4,925 5.575 0.775 -1.631 6.809 1.400
Bé -0.638 -0.950 5.225 5.975 0.875 -1.831 7.305 1.600
B -0.709 -0.750 5.725 6.375 0.775 -1.844 7.801 1.700
B10 -0.709 -0.650 6.625 6.675 0.675 -2.057 8.652 2.300
B11 -0.709 -0.950 9.325 7.475 -0.025 -2.553 10.355 3.900
Bi2 -0.426 -6.050 15.125 10.075 -0.725 -4.184 L{ 13.262 5.600
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Table A.14 (Cont’d) Web Hole Specimen H-1 — Strain Measurements ~ Loading 2.

DEMEC Gagg\ieadings - Strain (mm/m)
Load 67 68 89 70 71 72 73 ! 74
Stage ygl V10A H1V10C H1DI10C HiMIA HiH1IC Hi1VilA Hi V1IC  Hi DliA
BiA 0.375 0.100 1.170 1.250 0.525 0.550 0.300 0.461
B1B 0.275 0.100 1.170 1.350 0.525 0.550 0.300 0.532
B2 0.475 0.100 1.241- 1.750 0.825 0.950 0.500 0.461
B3 0.5%5 0.000 1.454 2.050 1.225 1.250 0.700 0.603
B4 0.475 -0.100 1.454 2.250 1.425 1.350 0.800 0.532
Bs 0.575 -0.200 1.596 2.450 1.525 1.550 0.800 0.674
Bé 0.775 0.100 1.738 2.650 1.825 1.650 1.000 0.674
B3 0.775 0.100 1.738 7 2.850 1.825 1.850 + 1.000 0.745
B10 ) 0.875 0.000 2 163 3.050 2.025 1.950 1.100 0.816
Bi11 0.975 0.300 3.936 3.350 2.125 2.050 1.200 0.816

B12 0775 0.100 5.993 2.650 2.025 1.150 0.900 ©0.390

Table A.14 (Cont’d) Web Hole Specimen H-1 - Strain Measurements - Loading 2.

DEMEC Gauge Readings - Strain  (mm/m)

Load 75 <76 77 78 79 80
Stage Hi1D1iB Hi D1i1C CL Hi12€C CL Hi2D CL Hi3C CL Hi3D
BiA -0.035 0.260 3.381 3.712 0.307 0.898 .
BiB 0.035 0.189 3.381 3::712 0.236 0.898
B2 -0.106 0.402 3.806 4279 0.591 1.324
B3 -0.035 0.615 4.090 4.563 1.087 1.749
B4 -0.035 0.615 4.161 4.704 1.158 1.891
B5 0.035 0.827 4.303 #4.846 1.371 2.033
B6 -0.035 0.827 4.444 5.059 1.584 2.317
B8 -0.035 0.898 4.586 5.201 1.655 2.530
B10 0.106 . 0.969 . 4.728 ' 5.485 - 1.868 2.813
Bl1 -0.035 0.969 4.799 " 5.556 1.868 2.884
B12 0.248 1.111 4.657 5.414 1.726 2.671
. »
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