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. ' ABSTRACT 
/ Q -. , 

A non-linea,r finite element computerJ~'rogram capable of pre~ic~~ the complete 
'1 {l' • 

re&P0p.se of two-dimensional reinforced concrete meII!bers was developed. 'l'his tool , 
which accounts for the ~tre~s s'train characteristics of cracked concrete was used to pre-

did the responses of a number of members containing discontinuities. These members 
~ , 

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

results of tests performed by the author as weIl as tests performed by other researchers 

were' compared with the non-linear predictions. In additi~~~ simple' strut and tie IIÏod-
, . 

els suitable fOl: designing regions near discontinuities were developed. The predictions , . 

obtained by th.é~e models were com~ared with the non-linear fini!e elemer:t predictions 
. - ' 

..... and ~ith the test results . 
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RESUME t 

'" .. f " 

Un programme d'o~dinate~r ef.fectua.nl une an~lyse non-linéaire à él~ent fini afin 

de prédire le comportement d 'éléments bi-dimensionnel~ en béton armé fut conçu. Cet 
, .. ~ ......" j ., . 

out~t ana1ytique qui tient cpmpte, des caractéristiqu_es de déformation du béton fissuré 

fut utiliz~ afin de Rrédir le comportement d'un certain nombre d'éléments p<>,5sédant des 

régions discontinues, tels supports à encorellement, poutres aux extrémités enta~lleés, 

poutres possédant une ouverturt! dans l'âme, et poutres profondes. Les résultats d~ tests , . 
exéèutés ~ar 'l'auteur ainsi quE! ce~ exécutés par divers chercheurs furent comparés . -, 
~vec les prèdictions non-linéaires. De plus, des modèles ~imp~~onstitués de réseauX 

d'élémen~s agi~sant en compressi>n ou en tension furent conçus en ~ que méthode de" -- ') 

àesign des régions discontinues. Lës resùltats obtenus par ces modèles furent comparés 

avec les prédictions d'analyse non-linéaire à élément tini ainsi qu l.vec les. résultats de . , 

tests. 
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CHAPTER 1 

INTRODUCTION 

-
1.1 Introduction' 

i 

There are many situations in the design of reiIfforced concrete members where 

discontinuities, such as abrupt changes in geometry or the presence of concentrated 

loads or reactions, cause disturbances in the fiow of the internaI forces in the member. 

These disturbances in the fiow of interna.I forces around discontinuities result in "dis-

, . 

turbed regions" as shown in Fig. 1.1. For example, the concentrated reaction acting 

on the beam shown in Fig. ,LIa. interrupts the unifOrm field of compressive stresse; 

in the concrete and causes a disturbedftgion due to the fanning of the compressi~e '. 
. . 

stresses into the support. The nib of the dapped end beam shawn in Fig. 1.lb causes a . 

disturbance in the fiow of the forces resuIting in·fanning of the compressive stresses in 
\ 

the full dep,th portio~ of the b~~ and cpncentrated compressive stresses or struts in 

the nib. The disturbed region in the corbel is characterized by htgh local compressive . . 
stresses at the beam bearing area, with these stresses fanning into the column. The 

c·oncentrated load acting on the deep beam shown in Fig. 1.lc is transmitted directly 

to the supports by concentr~ted uni-directional compressive stresses in the concrete. 

Since the fiow of the fo~ces is transmited by cOJD.pressive struts the entire deep beam , . 

is considered a disturbed region. The concenbated loads acting on the wall shown in 
• 

Fig. 1.1d cause a disturbed region due ta the fanning of the high compressiv~ stresses 
J ' 

.. ~, 
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'Figure 1.1 Examples of Typical Disturbed Reglons. 

... 

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

types of disturbed regions using the us~al beaJP. theory which assumes that 'plane sec~ 

tions r~main pl~e. While elastic finite element ~ may be used to deteI:Jni!!e the 

siresses in the concrete prior to cracking, this analysis method may not be appropriate 
-' , 

fl)r design since considerable redistribution of stresses occurs aCter, cracking. 

The purpose of this research programme is to study the behaviour of disturbed . ~'. . 
regi0ns (zones near discontinuities) in reinforced concrete members. To meet this goal 

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

'the complete response of reinforced concrete members was developed. An additional 

design and ~alysis tool referred to as "the strut and tie model" wu aIso investigated . 

.In,this mode} the flow of the forces in a disturbed region is idealized by a truss in whi~ 
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the zones of concentrated compressive stresses are represented by compressive struts , . 
, . 

and the principal reinforcement is repr~ented by tension ties. In addition, a ~umber of 

" full scale exper~ments were carried out on reinforced concrete members which contained 

disturbed regid1ts. The n~n-linear fini te element analyses are compared with test results 
-

and with analyses using simple strut and tie,models. ~ 

. 1.2 ," Previous Research .) 

Truss equilibriuru models were developed b~ Ritter' âs èarly as 18991 to model 
Po. 

the behaviour of reinforced concrete members subjected to shear and moment. These 
l) , 

models were further generalized by Morsch in 1926.2 . - . 
'1:hese early truss models led to design procedures3 ,4 for shear in Europe and North'\, 

America which as~umed a çonstant angle of inclination, 8, of the diagonal compressive 

st\"Uts (i.~ .• B ~ 45 de~rees) and which -:t'0 inJUded an ~pirical concrete contribution. 

to resist a portion of the shear. ' 

More refined truss m~dels were developed by Thürlimann et al. 6 , Marti6 , and 

. Schlaich and Shafer7 ,in ord~r to predict not only regions containing uniform fields of . . ' 

compressive stresses, but also regions near discontinuities in1which these uniform fields 
Q 

are disturbed. The internaI flow of forces in these disturbed regions can be idealized by 
r-

a truss model in which the zones of concentrated compressive stresses are represented 

/ .' 
by co~rete compressive struts and the principal reinforcement is repr~ented by ten-

sion tie&- as shown in Fig. 1.1. The.-truss design approach suggested by Thürlimann , ' 

et al.6 and Marti6 assumes a Iimiting cèmcrete compressive stress hi the struts of 0.61:. 

Schlaich and Shafer7 have suggested a strut and tie design procedure for these dis

t'urbed reg10ns which involves choosin~ cQmprèssive struts oriented to appraximate the 

fiow of stresses obtained from an elastic analysis. . 
Recent de-xelopments8,{1,.10 leading to a rational model called the compression field 

theory, have enabled a better understanding of the behaviour of non-prestresdled and 
~ ; 
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Shear Panel Test Set-Up used by Vecchio and Collins . 
\ 

l' 

prestressed concrete members< subjected to shear and torsion. Unlik.e the eq'uilibrium 

truss' models the compre~sion field theory satisfies equilibrium, compatibility of strains 

and aIso utilizes the ap'propriate stress-strain relationships for the reinforcing steel and 
-lt 

1 the cracked concrete. 

A détailed study by Vecchio and CoÎlinsll,l'2 of the shear response of reinforcea . 
j:oncrete 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 fol' 
-

the, cracked cancrete were deteqnined by applying shear str~sses to, the test panels, in 

stages, üp to failure. At each stage, detailed strain measurements enabled the straip.s -
in both sets of reinforcement and\ the principal compressive strain direction, e,-to be. 

determined: ~nowing the' strains in the reinforcement ena:bl~d the stresses in the re-
-, 

inforcement to be determined. From equilibrium the principal tensile stress, * lel' al1d 

the 'principal compressive stress l tC2' in the concrete were obtained. ,Repeating these 

calcut~tions for'each load stage resulted in the determination A~' tensile and com- . 
\ 

press ive stress-strain relationships for cracked concrete. Vecchio and Collins found that 
, 

the maximum çompressive stress that the concrete, can carry was a tunction of bo;h 

( '. 

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

are tak~n as negative quantities. 
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/ the principal compressive strain, f2, and the principal tensile strain, fl. The, éompres-
, . 

.. 

sive stress-strain rel~tionship for the cracked concrete accounting for the softening and 

wea.k~ing effects je to., ~: 

Jd = J,,~. [2 (;,) - (;~) '] (1-1) 

where 
, ') 

and f~ = compressive strain in concrete corresponding to t~ 

peak stress obtained from a cylinder test. 

The principal tensile stress-strain relationship for the concrete can be assumed to 
1\,. 

be lineat up to the cracking stress, fer,.ofthe concrete, then after cracking the following 
. . 

ayera~e principal 1~msiIe" stress~strain relation~hip suggested by yecchio-and Collins is 

used: 

w 

.if fl ::; fer then fel = Eefl 
.j,. 

if fI > fer then J. fer 
cl = VI + 2qOfl 

= in.itial ta.I\Sent modulus of elasticity of concrete 

concxE\te strain at c~acking. 
_ D 

(1:.2) 

./ 

. ,Th~ sye;s-stra~ relationships for cracked concrete are descri~ed'in more detail in 

Chapter 2: In addition, the ability of the r~inforced concretE: to transmit forces across 

.cracks is dis.cussed in Chaptet 2. 

Vecchio and Collins developed a c'omputer programll (SMAL) which can be used 

to predict the response of a segment of a beam subjected to shear, moment anp. axial' 

" load. In or der 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 
• 

reinforcem,ent are given along with the material properties. In the analysis, an initial 

5 /, 
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Figure 1.3 'Discretization of Concrete Bearn. for Analysis Using Program SMAL. 
o 

-' shear stress distributiGl'l is first estimated and then using a. linear longitudinal strain ~.& 

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

, tribution until equilibri~ and compatibility are achieved. This incremen~al analysis 

enables the response of a short ~egment of the beam to be d~termined .. 

The 1984 C~nadiart Concrete Code13 introduced à. general method for shear and 

torsion design. This general method14 uses the compression~e theory for regions of 
, 4 

members having j{ uniform field of diagonal comJkession in the c ncrete. For regions -- ." 
near discontinuities a metho\ incorporating concrète compressive struts and reinforcing 

steel tension ties is given. This strut and tie design proced~re is described'in Chapter 2. 

, 
. . 
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1.3 Objectives 

1'he objectives of this reseârch programme are: , 

.. 

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

st"ress-strain characteristics of cracked concrete including the effects of strain sof-

1 tening in compression and the effects of tensile stresses in the' concrete between the 

cracks. 'The micro-:.computer program must be capable of predicting the complete 
• r ). , 

response of reinforced concrete merp.bers. 

• to design and test full .scale, well-instrumented reinforced concrete members with 
••• r e ~~ 

disturbed regions in order to study the complete responses. 
, . 

• to predict the responses of the memberSî,wi.th ~isturbed regions tested é1t McGill 

U~iver~ity and by other investigators using program FIELDS. ' 

• to compare. the response predictions with the experimental results . . 
• to provide design guidance on the use of simPle strut and tie mOSels for disturbed 

, t 

. regions. 
• 

J' 
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CHAPTER ;J 
ANALYSIS AND DESIGN METRODS 

,~ , 
,.' 

2.1: Introduction 
" 

• 

. , , 
DuriIig the early phases of this resehch programme the strut rd tie model design 

procedure for dist~bed regio:SgiVen in the 1984 C8J?adian conerte Code" was und.· 

dev~opment. The results from sorne of the tests performed in this reseârch programme, 

(de~cribed in ~haPter~ 3 and 4) p'rovid~d guidance for sample design examplesU ,15 of . 

corbeis and beams with dapped ends. A- 'description of the strut and tie model dèsign 
, 

procedure is given in Section 2!l2. Strut and tie.models and truss idealizations developed 

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

given in Section 2.2. 

Section 2.3 provides a brief description of program FIELDS. 
1 ~', 

~trut and Tie Models 1 

It is appropriate to ~esign regions of reinforced concrete members which contain 

, uniform fields of co'mpressive stresses in the conctete' by a sectional design approach 
, -

which assumes thàt the shear, stress is unifurmly distributed over the' depth of the 
1 

member and that the uhiform field can~e represented by a series of parallel cOplpressive . ~ 

, 
st!llts. Ho Never, in the desi~n of.disturbed regions (see Fig. 1.1) the flow of the forces in 

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

8 

) 

/ 

" 



, < 
- -~ -- '\ - ~~ ~ - - -~ r 

\ ' 

c '~;and reinforce'ment tension ·ties. These stfuts and ties are interconnected at nodal regions 
l 

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

truss members wh~re the truss nodes represent the nodal regions. 

The geometry of the strut and tie trlodel is determined by following the flow of the 
, . 

forces from the loading points to the support reactions. The intersection of compressive . , 

stru'ts with the tension ties or the support reactiOlrs deltneate the.nodai zones. Once 
---.l , 

~ -
the geometry of the truss is known the forces in tHe struts and ties are 'determined by 

st~tics. \ 

\ 
2.2.1 Design Procedure of the Canadian Concrete Code 

This section summar' he.design pro~edure for disturbed regions with reference 
.. 

adian Concrete Code.13 The design steps are summarized 
, 

to the provisions -of the C 
- , 

below witij reference to t e dapped end beam shown in Fig. 2.1. 
\ . 

(1) Sketch the flow of the forces in -the member under consideration. Identify regions. 

of uniform fields, fans, and concentrated compressive stresses in the concrete as , , 

shown in Fig. 2.la. Sectional shear design provides an estimate of the angle of 
.. . 

pt;incipal compressive stresses in the uniform field regions. Represent the fans 

and concentrated compressive stresses by eompressive struts acti~g along their 
, ~ 

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

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

forccll. 
• 

(2) Choose bearing areas at the loading points and the support reactions such that . 
~ 

the nodaÎ zo'ne stress limits are not "exceeded under the action of factored loads. 

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

a) O.854>eI! in nodal zones bounded by compressive st ruts and bear\,ng areasj 
J b) O.754>cf; in nodal1ones anchorihg only one tension tie; and ' 

c) O.604>d: in nQdal 30nes anchoring tension ties in more than one dir~ction. 
Q 

where 4>c = material resistance facto.! for concrete. 

9 , 
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effective area 
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" ) 
F.igure 2.1 Strut.and Tie/Modell~ng ct a Dapped E.nd Beam.. 

. 
(3) Deterhune thé geometry of the t'russ by first locating tlte nodes of the truss at 

~"'''~1 

'1 

- 11/ 

1 

--

• 

the points of intersection ôf the fo;ces in the truss members meeting at the nodal f' 

zones. 

(4) Solve f~r the forces in the members of the truss wh'en the truss iS subjected to 
~ è • / • \ -

factored 10ads. 

(5) Choo~the 'tension tie reinforcement assuming a factored resiitance of <P. A, Iv, 
.. 

where <P. ~ material resistance factoY'for reinforcement, A, -= area of tension tie 

reinforceme?t, and III = yield stress of reinforcement. 
. 

(6) Distribute the tension ti~reinforcement suçh that t~e stress limits in the nad al 

10 
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, . 

\ zones anchoring, the tension tie are not exteeded. 

(7) Detail the aqchorage of the tension tie 80 that it can develop·the required tensile , 
forée at the innermœt edge of the nodal zone .. 'If the embedment length is not 

~ . .. . , 
suffici~nt tlîen hooked or mechanical anchorages must be provided. 

, 
(8) Check that the compressive stress, IcI, in the strut is less than the crushing limit, 

Ic2mu' The strut compressive stress, Ic2, is determined by dividing the force in • 

the strut by the area of the strut. The cross-sectional area of a co~pr~ive strut 

is determined by the dimensi~ns of t~e nodal zones at the ends of the strut. The \ 

(. 

. 
maxim~m'.allowable stress, fc2mu, must be reduced to account for the presencé 

\ - ' 

or'the principal tensile strain, fI. This principal tensile str~in'.is determine&l from 

strain compatibility in the regions where a tension ties crosses a compressive strut. 

The p.rincipal strain may be determined by conservatively assuming that the str~in', 
" ~ . . .' ~ 

f" int,e tension tie, is 1" JE" where E, ·is modulus of elasticity of steel; and then. 

findin~ fI as follows:' . . f; . t. 

\ 
'" f, + 0.002 

El = E, + 2 
tan a, 

.:- J~l) 

where a, = the angle bet'ween the tie and the strut: 
,\ J 

The crushing strength,'/c2mu, accounting for the réductiop of strength due to the 

presence of the principal tensil~ striin, fI, is found from: 

• 

" 

~ 
. (2-2) 

wliere .\ is a factor to accoq.nt for low densi~ concrete 1.\ = 1.00 for normal 

densio/, 0.85 for structural semi-Iow density, and 0.75 fek structural fow density 

concrete): 

11 

_ H et ., , 

.... . 

'\ 1 



• 

! 

.J • 

\ 

2.2.2" Example Strut and Ti~ Model. and Tru .. IdeaUzation • 

" 

2.2.2.1 Bracket. and Corbel. j.. 

T.he strut and tie models, togeth~r with truss idealization,s for a variety of brackets 

and corbeIs are given in 'Fig. 2.2. 'The double-sid~d corbel resists the loads by compres

sive struts feeding direct,ly 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 illu,!3trates the flow of the for<:ls in a single-sided corbel. It is aB

sumed that the anchorâge of the main horizontal tens.ion tie takes place at the 90° bend 
1 

in thjs 'tie réinforcement. Therefore, two compressive struts are 'required to anchor the 
J ~ ~ 

tension tie. The capacity of a corbel depends greatly 011 the anchorage details 'of the 
. , 

'tension tie reinforcement., Recommended dètails for "anchorage of the tension ties are 

giveR in References 4 and 16. For example, a struqtural steel angle welded to the main 

tension tie reinforcement to enable th~ development of the yield stre~gth of the tie will 
. 

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

cQrbel. 

In the 1edger beam. shown in Fig. 2.2c the hangér steel transmits the vertical . ' 

component from the inclined compressive struts towards the tep of the beam. As can . ' 
'-") 

~ be s,een 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 ivith the single ledge support shown in Fig. 2.2d requires two ' 

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

i& interesting to note that the force in the vertical tension hanger! is larger than the ... ,. -

vertical force acting on .the le~ , , '-

'2.2.2.2 Oapped End Bearn. and Bellm. with Hole. in the Web 
, 

-Figure 2.3 illustrates the application of strut and tie .m~dels to members with 

dapped ends and -members with holes in the web. The change in ftow of forces from 
, ' , 

'12 

o 

î 



• 

J , 

• 

\~-

Figq:-e 2.2 
b~tr. 

... 

Ca) Colurnn with double corbel' 

(, , . 

EbJ Column with single c.orbel 

cross section side view 

,- t 

~" ~ , 
-,-;- '"'--;--, 1 

'\ ,/ 
, 1 

'.-_.' 

+ A. t t JI, 
" y 

~ ! .. ~ 
A 

" " , \ 

-?' .? ' 1 

Y-':''. 
.. 1 

Cc) Bearn wlth double ledge suppOrt 

l \! 
\ 1 

r-:-- \: 
.. \ A" ,. 

\v / 
\ . \r' 

td) Bearn with single ledge ~~ 
r . / 

Strut and Tie Models and Truss IdealizatioDs for Bra.ck~ts and Cor-

1 

13 " 



-. 
, , 

\. \ 

a unlform compression-field to a fan which delivers compression to the bottom of the 

main' 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 How into the support by means of a direct compre1sive strut. Horizontal 

tension ties Me required to b~lance the outward thrusts o(compression at the support f . . . 
reaction and at the bottom of the main vertical tension"tie. In order to anchor the 

horizonJ;al tension tie at the level of the support reaction the tie is welded to an angle 

at one end and the other end must continue weil into the regiôn 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 O.5ld beyond the' 

centre of the vertical tension tie, where ld is the tension development length. It is 

noted ~hat this reinforcement must
o 
continue weIl beyond this assumed anchor point 

into the full depth portion of the beam. 

Figure 2.3b -shows the strut and tie m0<l:el for an inc~ned dapped end beam. The 

bent-up tension tie creates large local stresses at the bar bend and must be aIfchored 

above 'the support reaction (e.g., a welded plate) in order to create a nodal zone. 

The manner in which an opening in the web affects the How of the for~n a 

uniformly loaded T-be~ is illustrated in Fig. 2.3c. The uniform field of diagonal 

compression ilf interrupted by the opening causing higher shear stresses in the section 

beneath the opening, requiring an increase in the amount of stirrup reinforcement in 

this region. In order to make use of the full depth of the section .beyond the opening, 

a vertica1 tension tie is provided to lift the shear force to the top or the beam. This 

)tvertical tension tie enables the force to flow into the _support reaction area by means . 
of a direct compressive strut. , 

2.2.2.~ D.eep Bearn. 
~ . v 

Figure 2.4 illustrates the strut and tie modela and tl'Ul8 idealizations for $ome 

deep beams. The simply supported deep beam ia euily modelled l'rith a statically 

1 
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Figure ~.'3 Strut and Tie Modela and Truss Idealizations for Dapped End Beams 
and Beams with H~les in the Web . 

, . 
determinate truss as s'hown in Fig. 2.4a. The design must ensure that premature 

~ ...\-\ 

. failures due to inadeq~ate amount of tension tie reinforcement, Ïnsufficient anchorage 

of tension ties, 'crushing of bearing areas, and crushin~~orripressive struts do not 
, ., 

/ , / 

~~o.;;..cc=-:ur. In addition to the main tension tie reinfo~cément, the Canadian Concrete Code 

requîres à minimum r.einforcement ratio in ihe/ transverse and longitudinal directidns 
-~ 

l, ' 
1 

of 0.002 in order to control cracking1lÎld to increase the ductility of the member. This . / 

·small amount of uniforml~~ibuted reinforcement is usually n~glected in designing 
~ \" , 

deep beams usin simple strut and tie model. Exampl~ of the design of simply 

-=-_~_eep beams are given in References 14 and 15._ 
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Ca) Simply supported deep beam 

Cb) Continuous deep beam 
--..J 

l l .---_ .. , , , , " , ,II lit, , , , , , , . . 
i r 

t Cc) Contlnuous beam with compressive strut and 
fan act\n •. 

Figure 2.4 Strut and Tie Models and Trus5 Idealizations for Deep Beams. 

- ... 
Strut and tie models and the resulting statically indeterminate truss idealizations 

f~ontinuous deep heams are shown in Figs. 2.4 band c. ln order~to solve for the tru88 

member forces, it is necessary to account for the relative stiffn~s8 of the members. If a 

signiticant amount of tran,!werse reinforcement is provided -in a deep beam then the load 

w;n. be carried by both comp~sive .truts and fans. The -tru.~ idealizalion fO~ch • 
case is given in Fig. 2.4c where it has been assumed that the ·transverse reinrorcement 

between the loading points and the reactions iS.'modclled as a single tension tic. Bearn! 

contain;ng transverse reinforcement that are in the transition regiori b~_~w~en deep beam 

action 'and shallow beam action can also he modelled in th~ manner. AI the bea.m 
.. 

becomes more shallow a ul1iform compression field cou Id develop between the fanning 
, 

regions near. the supporta and loading pointa. 
. . 

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

/a---Siinplified truss idealization in which the relative stiffness of the members is assumed . 

• Guidançe on the use of more sophisticated truss models is given by Rogowsky and 

MacGregor.11) ..) " " 

'2.3 Program FIELDS 
t 

2.3.1 Generat Description of Program 

A non-linear finite element program was developed for predicting the response of 

reinforced concrete members. 1t.is program, which uses two-dimensional plane stress 

elements, utilizes the compression field theory in the evaluation of th~ element tangent 

"\. stiffnesses. The reinforcemént and the cracking are assumed to be smeared uniformly 

within the element ... 

In analyzing the complete response of a member, the pro gram. starts with the 

self weight of the member and increments the appIied loading in steps chosen by the 

user. For a given load step the program uses an iterative solution teChniqu:YNewton

Raphson) where the;out-of-balance lqads and the tangent sti~ness from the last dis- . 

placed configura~ion are used to compute incremental displaceIhent~. Iteration contin

ues until convergence requirex:nents are metl that is, until the norms of out-of-balance 

loads and Ïncremental displacements are within tolerance limits. 

This program incIudes the following features: ~ 
\' , 

• choice of truss, triangular, and quadrilateral elements, 

• effects of compressive strain softening and tension stiffening of conc.rete, 

• personal computer based (IBM PC /XT / AT series), 
. 
\ 

• results saved to files for gr~phical post-processing and display, 

• ability to restart an analysis, 

• dynamic allocation of memory, - , 
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• selective output'of results, and 
, , 

• screen log sho~ing.the progress of the analyais. 

• 1 

Most of the program is written in Microsoft FORTRAN 77, with Bome subroutineis writ· -, 
ten in 8086 ~sembly language for speed (e:g., matrbc multiplication, vector '~'âdition, 
norInS of vectors, etc.). Program FIELDS" contains about 10000 lines of code. 

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

to incre~e monotonicaUy. Although effects such as spalling of the concrete coyer and 

local bond stresses are not .treated directly b,y the progr~m, ways of including these 

effects ~&ve been investigated. 

2.3.2 Program Logic ... 
The main steps in the program ar.e listefi below: 

(1) Read and verify the input data. The input qata includes: a) nodal coordinates, 

ob) nodal restraints, ,c) element propèrties (including concrete a~d reinforclng steel 

parameters), dtelement connectivity, and e) unit loa,ding case!! for '9'ariable loads 

and constant l,oad cases (self-weight). 

(2) Read unit load c,!Be multiplier, solution type (e.g., choice betwee~ iteration with 

constant stiffness or .with updated stiffnesses), max'imu\n number of equilibrium .. 
iterations, relaxation factor (a factor used to increas~ or decreaae the incremelltal 

1 

'displacements), convergence tolera.pces on out-of-balance loada and incremental ( ( -
displacements. '., 

(3) Determine.the total ~app1ied load for thia load increment. 

(4) Based on the diSplaced configuration from the lut iteration, evaluate the element 

tangent stiffnessea,and uaemble the gl6balstiffn'ess matrix (only if updated Itiff· 
~ . 

n~ solution technique is used). 

(5) Bued on the displaced configuration eva1~ate the internai fore. in the elementa 

and uaemble the global internai foree vector. 

J' ' 
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(6} Calculate the out-of·balance force vector which is the difference betwéen the total 

applied load vector and the global internaI force vector . .. 
(7) Solve for incremental di!iplacements based on the updated tangent stiffness matrix. 

and the out-of-balance loads. 

(8) Update the total displacements. 

(9) "Check for convergence by evaluating the llorm of the incremental displacement 

over the 'total displ~ements and the norm, of the~;>ut-of-bal~ce loads Qver the 

total applied load. 

(10) H the convergence tolerances are not both satisfied' and if the maximum number 
, 
of equilibrium iterations has not been exceede.d then go to Step 4. 

(11) O~tPut the c~rrent forces, displacements, strains and stresses and save aIl results 

on files for graphical post-processing. 

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

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

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

\ 
2,3.3 

. 
Element Formulations 

" 

An isopai-ametric quadrilateral element, CFTQ (with up to 9 nodes) , and an 
, \ 

isopar,ametr,ic triangular element, CFTT (w.ith up to 6 nodes), are us~d to model the 

reinforced conhete behaviour. Within each element the reinforcement and any cracking 

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, 9.z and 9'1/' measu.red from the global X axis. The 

reinforcement ratio in the x direction, Ph, is taken as the' total area of steel in the 

x direction divided by the gross c0l!cr..ete area in the x direction. The reinforcement 

" 
ratio in the y direction, P.", is similarly defined. 
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Figure 2.5 

Cc) Determining stresses la Gauss pOint 
corn!sponding to stratn state 

Ev\uating Stress~s at a Gauss Point in ~~emcnt ~FTQ. 

.. 

In order to ,!-ccount for the significant non-linearities within ~n ~lemcnt, which 

could result in wide variations, of ~tiffness, a. number of~ation or Gauss point~ a.re 

used to determine the tangent stiffness matrix. FigUr:.2.stllustrates the ma.nner in 

",hich 'the stresses are evaluated at each Gauss point. The principal tensi1e IItrain, (l, 
" 

. the principal compressive strain, f2, the strain in the x direction, fi, the strain in the 

. y dhection, fil' and the angle of the principal compressivê strain, 9, Âle interrelated 
• (r 

by the requirements of strain compatibility (see Fig. 2.5b). It la assumed tha.t t,he_ 

principal compressive stress directipn coïncides with the principaJ compressive stra.in, 

direction, 9. 

For a given state of strain in a.n element it il strai,ht forward to 'determine the 
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,steel stresses, 1 ~ z and 1, JI , c()rrespond~ng to the strains, {f.:c and EII' froIIl the stress~rai~ 
, , 

relationships of the ;einforcement (see -Fig. 2.5c). A bi .. linear stress-strain relationship 
_1 . 

is assumed for the reinfor,cement with the abilitY to model strain hardening. It is not 

as easy to determine the"principal stresses, lel and fe2, in' the 'cracked concrete. For 
/ 

t 

..a giv~n state of strain tht! principal compressive stress, fe2' in the concrete, can be 

deterinined as shown in F,ig. 2.6a. The pr:ncipal compressive stress, IC2' is not only 
• 

a function of the principal compressive f,train, €2, but also depends on the priricipal 
, 1 . ~ . 

tensile strain, El, if cracks are present . .A3 El increases fe2 decreas.e~, an effect ..,hich has 

been termed as strain softening. From the work carried out by Vecchio and Collinsll ,12 . . ~ 

the compressive stress-strain' relationship of the cracked concrete can he written as: . , 

(2-3) 

\ 

where . . 
:5 1.00 , 
.. 

and E!: = compressive strain in concrete'at peak stress. ____ _ 

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

- crack location to a maximum val~e hetween' cracks. Figure 2.6b illustrates the average 

principal tensile stress-strain relafionship for the concrete as sllggested by Vecchio and 
• 

Collins. l1 •
l2 The average principal tensile stress is given by: , , 

if El ~ ler then lel ::;:: Ec El 

lèr 
1 -if El > fer th en lel Vl + 200fl 

where Et: = initial tangent modulus of elasticity of concrete 

1er = concrete cracking stress 

Eer ~ strain in concrete at cracking. 

21 

• 

(2-4) 



.' 

-Il 

,. 

, 

.k 

f~ -~------,_ ... ~ 
. , : .... , --, , , 

, l , 

1·: \ 
1 i 

1 : 
1 : 

1, : 
1 
1 
1 
1 

1, 
1 

€' c €2 

. Ca) Determining average concrete compressive stress, f c2, 
trom straif\ls € 1 and € 2 

n' 

/ 

f e1 t 

- -
l 

" ~---~-

Ecr E1 

(b) Determining average concr.ete tensile stress. f01 1 
from strain e: 1 

p 

./ 

Figure 2.6 Average Concrete Stren-Strain Relationahipa. 
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As shawn in Fig. 2." this average principal tensile stress, Icl, may be limited 
, ' 

by yielding of the steel reinforcement across the cracks or by sliding along the crack 
o ( • 

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

values of stress, (see Fig. 2.7c)'while at a crack the (ensile stress in the concrete is 

zero, ~he stresseS in the reinforcement, lu,cr and I,,,,cr, are at a maximum and a shear 
. . l , 

~tteSs, Vu may exist...p.t the crack interface (see Fig. 2.7d). Based on the interface 

shear transfer tests carried out by W~lraven~8 an approximate expression to limit the 

shea1- stress along the crack was developed.12 This expression ~as further simplified as 

follows: 

V
c1maz = 0.31 + 24wl(a + 16) 

where . Vcamaz = maximum shear sti-ess permitted on a crack interfac'e 

and 

w = average crack width assumed to be equal to the average 

crack spacing, Sm', times fI 
.. , 

a = maximum aggregate size 

I! is in MPa uni~ and w and a are in mm (for Imperial units of' 

psi and inches repl~the 0.18 by 2.16 and the 16 by 0.63) 

(2-'5) 

The average inclined crack spacing Sm' is taken as: , 

whel'e Sm. = the crack spacing expected for axial tension in the x direction 

sm" = the cI\.ck spacing expected for axial tension in the y direction . . 
, 

Since the states of stress in Figs. 2.7c and d are st~tically equivalent it· ~ possible 

to 'ï"nvestigate whether yielding of the reinforceme~t across the crack (Le., lu,cr or 

1,,, ,cr equals 1,,) or sliding of the crack interface (i.e., VCI' equals vc1mcu:) will result in . 
a'value of IcI lower than that given by Eq. (2-4) aft~r cracking. The manner in'which 

the average prihcipal tensile stress, Icl! after cracking can be calculated is described 

below for different situations: 
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(a) Cracked reinforced 
. concrete element 
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(c) Average stresses 
between cracks 
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(b) Transmitting shear across 
crack interface 

-

/~ 
2 ~ f.y,cr 

(d) Stresses at crack 
interface 

" 
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Figure 2. 'T Investigating Stresses at Crack Interface. 
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1 -

t 

, . 

(a) Plain coricrete element - Binee no reinforcement is present it is evident ~rom equi:" 

librium that 'cI must be zero, 1 

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

equations given below are for reinforcement 882!umed to be at an angle of 9,. from the 

global X direction. ,From Figs. 2.7c and d, 8Bsuming A" = 0, the average principal , 
tensile stress, Je l, is limited by the maximuIl\ shear ~tress that can develop 01) the crack 

inte~ace and hence from equiIibrium: 

(2-7) 

{ \ . 
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. 
but it is alsè) limited by the ~ielding of the teinforcem.ent &Cross the crack, that {s: 

. 
Ici = Pu: 1:11,. sin2 (8,. - 8) 

where ti},.,. = In,cr - ln = the stres~ ~lcre8Be in th~ :z: reini~rcemen,t 
at the crack. 

(2-8) 

·(c) Reinforced concrete element with reinforcement in two arbitrary directions - the 
, ... 

equations derived below I!-I'e for:t and y reinforcement assumed to he a,t angles of 8u 

and 8"1( from the global X direction. Equating the stress conditions in F(gs. 2.7c and d 
N ~ 

gives the following refationships: 

and 

. ' where 

'" ~,I' \ ~ 'ci = p,.â/ .. sinl (8 .. - 8) + p.,A/." sini (8,. - 8) 

1 

. 
1:11,. '= lu,cr --. lu = the stress increase in the :z: reinforcement 

: 
at the cr~ 

âl., = 1''1,cr - 1." = the str~B increase in the y reinforcement 

at the crack. 

-
(2-9) 

(2-10) 

". H beSth-sets of reWoreement in an element have average stresses, 1 •• an4/.fI, equal 
• a 

to the yield strength, fIl of the reinforcement then both AI •• and fj.1'fI will be zero if 
.. j III P 

, \ 
the reinforcing steel has no strain hardening and hence,"le! wiU»e,zero. 

, 
. H neither set of reinforcement is yielding a,t a crack then an additional Cd'mpatibility 

relationship is required in order to determine the strains and stresses in euh set of 
, 

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

&Cross the crack it was assumed that the crack opens in the direction of El and does 
~ '." 
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not sli~. The resulting rel.tionships are summarized below: 

1l.1,. = PuE .. sin" (8,. - 6) + p.,E., sin'(8., - B) 
(2-11) 

,. 

. 
and' 

~ . 
f 

ICIE"sin2(11,,-B) 
Il 'fi = - . 4 ( 8) E' "(.tI ..tI) PuE .. sm 8", - + P., " sm "'fI - v 

(2-12) 

v/ 
where Eu:; modulus of elasticity of reinforcement in % direction . -

E. fI = modulus of elasticity of reinforcement in JI direction 

li; can be seen from Eqs.(2-11) and (2-12) that !:lI,. and !:lI" are related by t~e 

following equation: . 
co 

AI '. _ AI E" sin
2 

(B" - Il) 
U 'II - U ,. • 2 _ 

Eu sm (Bu - Il) 
~ (%-13) 

If one of the sets of r~nforcement is yielding at the cr~k then !:lI", or 4/" will 

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

J 

It ie notedJhat in the above relationships Ici can never exceed the value obtained , 

from the average ten~ile stress':"'average tensile strain'relationship given in Eq. (2-4). In 
, ' 

o'rder to solve for the stresses and the strains in the cracked concrete and I!Iteel a value of 
• 

Ici is first aBsumed from ~q. (2-4) and then the conditionl!l in the l!Ietl!l of reinforcement 
, , , 

at the crack 8,Ild the' ~bility qf the crack to transmit the necetlsary I!Ihear ~e investigated, 

. For small values 'of principal tensile str"in ~here significant reinforcement ls present . 
then Ici will be governed'by Eq. (2-4). For large values of principa.l tensile strain, Ici 

" '; ... 

..... will be lower than the values given by Eq. (2-4) and hence will be governed by the 

condition at the crack. 

It is important to r~ognize'that the Aboye constitutive relationahips for the cr~ked 

concrete are not only highly non-line~ but also interdependent. Thua, in order to 

determine the incremental (tan~ent) streu-strain relationahips for- a given strained 0 

ftate, incre,mentalstrains were applied, on~ at a time, to the 4!?CÏltinl straina in order 

< .. '" J--)!." 
, ',~ 

"" 
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to find the corresponding changes hl stress. From-')t~e iner~mentp.l strains, and the 
" . 

. resulting changes in s,tress the incremental stress-str&Ïn oonstitutive matrix,'D, at the 

eurrent .load stage is determined and henee the incremental tangent stiffness,_ kT, of 

each element can be found from: 

where B = the strain-displacement matrix 

t > = eleQlent thickness 

A = etement surface area. 

(2-14) 

, , 

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 h{tS a smalI 

positiye stiffnes! (Ec / 10(00) beyond strains of ~ for determining the incremental 

element stiffness. It is noted h0w,ever that Eq. (2-3) is used to 4etermine the concrete 

stress. 

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

for modelling extemal steel reinforcement and support conditions is also provided. 
Q 

, " 
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CHAPTER 3 

EXPERUMENTALPROGRA~E ,,, 

. -

3.1 Introduction 

( 

. ) 

A series of experiments or reinforced concrete membeis with disturbed regioI\s \vas 
" 

carried out ID ordel; to investigate the complete response of thes-: members to provide 
, " 

comparisons with predicted responses. Although many tests hav becn carried out on a . 
num~er of different types of members with either load or geomet c discontinuities, they 

typically lack detailed strain measurements on both t~e concrete and the reinforcement. , . 
1.. The,test specimens were instrum~ntea with pair~ of targcts (DEMEC poiryts) glued 

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

in length b~tween target points, thus enabling the strai[l to 'be determincd. Sets of 

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

rosettes. -The horizontal and vertical readings had a gauge length of 100 mm while the 
i." 

diag0!1 readings were taken over a gauge leng.th of 141 mm. In addition t.o t},e strain 

re i gs on "the concrete surface, ta.rgets were epoxied directly to the rein forcing ba.rs 

belore casting. Small access holes in the concrete permitted atrain readings directly on 

the steel reinforcing bars. 
, 

Ail the specimens were designed using the strut and tie approach of the Canadia.n 

Concrete Code assuming materi.al reaiatance factors ~.o = ~. = 1.0 and ~ 
, v 

concrete compressive strength, f! = 35 MPa and a steel yield strength-, 1. = 0400 MP.a. 
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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 the course of thi& r:esearch programme the 
'-

-models used in design have been modified as more has been learned about appropriate 

modelling techniques. Chapter 5 presents the strut and tie-models and truss idealiza

tions \lsed to analyze aIl of the specimens tested. These analyses are based on measured 
, 

material properties and actual specimen ~imensions. 

J~ 
1 ~ ~ ..... , .. 

" 3.2 Materiel Propertiel 

~ 

3.2.1 Concrete • 1 

The concrete used in aIl specimens was obtained from a local concrete ready mix 

comp~ had the following specifications: (0 MPa design strength, Type 30 (High 

~arly s~th) cem~ 20 mm maximum aggregate size, 100 mm slump, and 4-6% 

entraÏI~ed air. The concrete was obtained in two batches, batt:h 1 was u~ed to cast 

d'apped end specimens D-1 and D-2, and web ho le specimens H-I and H-2, while dapped 

end specimens D-3 and D-4 and the corbel specimen C-l were cast from batch 2. The 

co,mpressive strengths as determined from a minimum of three cylinder tests on the 

date of each test are shown in Table 3.1. 
<J 

Table 3.1 'Jo Summary of Concrete Strengths. 

Test Specimen f! Age Batch 
" (MPa) (daYI) 

C-l 40.4 96 2 
D-l and D-2 29.8 78 1 

0-3 and D-" 36,S 18 2 
\ H-l and H-2 26.3 7 1 

" 

3.2.2 Reinforcinl Steel l 
The steel reinfbrcement used in all specimens consisted of deformed b'ars with a 

specifieâ )'ieJd strength of 400 MPa. The actual properties of the reinforcement as 
~ . 

" 
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determined from at least three tension testa are shown in Table 3.2. The #3 (9.5 mm 

diameter) and No. 10 stirrups and vertical tension ties in web ho le specimena 8-1 anà 
H-2 were heat 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 ClJ,rve8 for the rein forcement are shown in 

Fig. 3.1. The modulus of elasticity f~r the steel for ail design and analyais hu been 

taken as 200 000 MPa. c: 

Table 3.2 Reinforcem~nt Pro"perties . ... 

Test Specimen Sise Are a f. \; f. 
(mm') (MPa> 1: MFa) 

C-f #3 71 489· 626 
No. 10 100 436 643 
No. 15 200 444 702 

D-l and D-2 No. 10 100 445 676 
No. 15 200 4-&5 693 

1 No.oSO 700 430 688 

D-3 and 0-. No. 10 100 436 64~ 

No. 15 200 4,44 702 
flo.20 300 478 755 111 

-,-

No. 25 500 445 677 -
No. SO 700 443 743 

8-1 and H-2 *S" 71 388 561 
No. 10" 100 365 58S 
No. 10 100 «5 676 
No. 30 700 430 688 

• 0.2% oINt atrel', rounded .t ....... train corn 
•• aDnealed reworcement, 800° C for 75 mw., air cool 

;.,. 

3.3 Corbel Specimen C-1 

1 The ~etails of corbel specimen C-1 are shawn in Fi". 3:2 and,3.3. Thil.pecimen 1 
1 

containa both °a geometric .and a load diacontinuity. A horisont.al teDJile load .;quai te> 

20 percent of the vertical wu applied to the corbel durinl the telt. The corbel wu 

originally desillled for a vertical load of ~50 kN atld a horilOntal load of 70 kN uaina 

sa \ ' 

, 
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Figure 3.1 Typical Reinforcement Stress-Strain Relationships. 

the strut and tie model shown in Fig. 2.2. A strut and tie model analysis of the corbel 

using measured material.properties is described in Chapter 5 . 
• , 
The 350 mm wide corbeIs frame into a 250 x 350 mm colqmn. The depth of the 

corbel at the column face is 350 mm and the depth of the Gorbel is 290 mm at its 
f 

outer face. The main tension tie reinforcement consiated of four No. 15 reinforcing bars 

welded to a st~l plate which was embedded in the top of the corbel (see Fig. 3.2). 

The steel plate' was 50 mm wide, 25 mm thick and 300 mm long. The welding of 
k -

the reinforcement to the plate provides positive anchorage of the main tension tie. 

reinforcement. As required by the C~adian Concrete Codeu additional horizontal 

reinforcement (two No. 10 cl08ed 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 stirrupe. The column reinforcenient consisted of 'six No. 15 bars together 
-~-

with #3 ties at 225 mm spacing. Table 3.2 summarizes the material proper'{iê;(or the 
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Figure 3.2 Dimensions and Reinforcement Details of CorlMl SpeCimen C-l. 
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Figure 3.3 Photograph of Reinforcing Cage for Corbel Specimen C-l. 
~ 

reinforcing bars used in this specimen. The average concrete compressive strength was 

40.4 MPa .(see Table. 3.1). The coIumn-corbel unit was cast in a horizental position. 

The vertical Ioads were located 150 mm from the face of the column and the 
1 

hotizontalload (which is 20% of the verticalload) was applied through a loading block 

as shown in Flg.~.4. TQ f,:,i1itate testing th:column-corbel unit was tested in an 

inverted position as shawn in Fig. 3.4. 

Figure 3.4 also illustrates the instrumentation for strain measurements on the 

specimen. Targefs were placed on the concrete surface along grid Hnes spaced 50 IDm .. 
<1 

apart to form strain rosettes. 
«\. ri 

The loading procedure consisted of applying a vertical Ioad to the column by a 

universal ~sting machine which produced equal vertical reactions on the corbeIs (see 

Fig. 3.4). This loading was applied in small increments and the horizontal loa.d was 

made equai to 20% of the vertical reaction in each corbel in each increment by me ans 

of independent hydraulic jacks. The vertical loading was monitored by the ~a1ibrated 

loading machine, while load cells were used to de termine the horizontalloads applied to 
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/ 
the" corbeIs. Full sets of strain ~eadings. wete t~en at regular load i~rvals throughout 

the test. 0 1 
, 
< 

3:4 Dapped End Specimen. 0-1 and 0-2 

The details of dapped end specimens D-1 and D-2 are shawn 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 using 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 force 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 22J> mm spacing (see Fig. 3.5). 
\ 

Three No. 10 horizontal U-bars were Included at the ends of the main flexura,J. 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 vertical tension tie consisted of four No. 10 stirrups at 33 mm spacing. 

This main tension tie in sJ.>ecimen D-1 consisted of.closed stirrups which were anchored 

wità 1350 bends. The vertical tension tie in specimen D-2 consisted of open U-stirrups 
. -

anchored around the No. 10 longitudinal bars with 1350 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 embedded in the concrete at 

the bot tom of the nib. The welding provided positive anchorage of this reinforcement 

while the back leg of the angle prd'vided 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 ~ifference between specimens D-l and D-2 wU the detailing of the main 
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(a) Dapped End D-J 

\" 
\ 

(b) Dapped End D-2 
. 

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

vertical tension tie reinforcement in the upper nodal zone region. The purpose of 

performing tests on t~ese two different details was to demonstrate th'e need for careful 

detailing of the reinforcement. 

The material propertiès of the reihforcement used can be found in Table 3.2. The . . 
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average compressive strength of conc~&8 2sf.8 MPa (s~ Table 3.1) . 
...... 

Figure 3.7 illustrates the instr-pmentation used for taking strain meuurementa fpr . 

~specimens D-l and D-2. In addition, five dial gauges were us~o measure deflectiol'\8. 

T~e beam was initially loaded w~th a single point load at midspan as shown in Fig. 3.7. 

'\ The 16ad was applied in small increments by a universal testing machine. Full readings . . -

of a11 strains and defiections were taken at' regular intervals th~ughout the tests. After 

dapped end specimen D-~ failed a. support wàs inserted under the full depth portion of . 
,., dapped end D-2, 100 mm f.rem .the end of the dap, to permit furfth~r loading o.f ~apped 

end D-l. 

. 
3.5 Dapped End Specimen. O-~ and 0-4 

. ... 
The details of d~pped end specimens D-3 and D-4 are shawn in Figs. 3.8 and 3.9 . . 

The 3.275 m long by 300 mm wide dapped end be,am was 600 ~ deep at midspan and 

spanned 3.2 m. Specimen D-3 h~d a 137.5 mm long by 2,50 mm deep rectangular nib 

as shown in Fig. 3.8a and contained vertical hanger reinforcement and inclined tension , 
tie reinforcement. Specimen D-4 contained inclined tension tie reinforcement parallel . . . 
to the sloping end face of the beam as shown in Fig. 3.8b . 

.speci~ens D-3 andDD-4 were originally designed fo~ end !Support reactions of 250 kN 

using the strut and tie models shawn in Fig. 2.3. The detailed analysÎ8 'Of both of these . . 
sp,cimens is given in' Chapter 5. The main flexural reinforcement consisted of five 

c 

No. 30 bars placed in two layers and the transverse ~einforcement 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 consiated of two No. 10 vertical clOled 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 conaÎlted of two No. 16 bara 

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

1 
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Figure 3.7 Test Set-Up and Instrumentation for Dapped End Specimens D-l and 
D-2. 

, . 
'. ' • 

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

Instea:d of a combination of vertical and inclined hanger reinfôrcement specimen , 
D-4 containèd two No. 25 inclined bars as shown in Fig. 3.8. The main horizontal 

tension tie reinforcement in the nib ~onsisted of tKree No~ 10 bars welded to a steel 

plate. 

... 
39 

nO • 

/ 

--



• 

, 

J 

\ 

"! 

.. 

Ftgure 3.8 
and D-4. 

No. 10 U'bar Na. 10 U' 

x\ 745 1 IÙlTUO 

1 j !SO , 1, 2-Na. 15 barl ( t. 
ç. 1 Il ~ 1 / welCed 10 In;,e -jl 

350 

1;~~H~IÎi 
' 1 

~ i 1-' i ~~ 
1 52.5": 

lU~~R'''U ... 
1 

. ~.c:=:1 
1 ~ 1 -.--

l' '1 t 1 1 

/' ' 1 III j 1 140 mm -':9 III 290 1 ~ ... 1, __ 5_a_5 __ ?~~11~!î"='0 ___ C_OY_._r _(IY_O_)~!_' -1\ 

t!,;~i~ 100145\ 177.5 112".51 
txttndlno l , \ 

580 mm 137.5 40 

J 

(a) Oapped end 0-3 - r: eQ,x 50x Z-No. 25 

t 
le 

f 

No. 10 U 
Illrruo 

1 

!ll220 ' wI'ded 
No. la U'W (anlil" \ IQ anQ'1 

3-No. 10 WIlCld '" j !80 / to plltl \;... ----=~-___.;,\--11 
r- -....... 

I 1 1 ....., 
, 

.~ 1 -
.. ~ 1 <-, 

, , 1 

eL-1 t40mm 1 cOYlr (ryp) , . n!S 
1 11!0 

12.5 5 Il 2:5 

(b) Oapped end 0-4 '" 

Hel 25 
cronaar 

lS00 

"-

c-

]" 
~" 

1 • 

~: ~I 
1 LI -
P l\ A.1~,~ 1 

-1-1[:;1 , 

1 C 1 
250 1'00 ' 

1 1:lU , 

800 

S-NG. 30 

~oo 1 , 300 300 

Section A-A Section B-B Section C-C 

,. 

Dimensions and R~inforcement Deta.ils of Dapped End Speci~ns D-3~ 

40 

\ " . 

.. 

• 



.. 

.. 

l' 

\ 

r 

, 

~ ", 

" 

(a) Dapped End D-3 

(b) Dapped End D-4 

Figure 3.9 Plîotographs of Reinforcing Cages for Dapped End Specimens D-3 and 
D-4. 

The material properties of the reinforCement are given in Table 3.2. The averagê 
, ,~ 

co~pressive strength of the cOncrete was 36/MPa. 

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

tn additIon five dial gauges were used to"méasure the defiectiolÎs of the specimens. "The 
" -
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beam was initially loaded with a single concentrated load at mids,pan as shown in 

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

Full reactings of aU strains and deflections were taken at regular intervals throughout the 
- ~ 

tests. After d'apped 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 ~nd D-4 located 160 mm from the bot tom of the inclined dap and the loading 
" 

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

~ 

3.6 Web Hole Speè'imens H-l and H-2 

The details of the web ho le spedmens H-1 and H-2 are shown in Figs. 3.11 and 3.12. 
, 

Th~ 5.6 m long T-beam had a 800 mm wide, 100 mm thick Bange 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 rectangular web openings. The centre of the web ho le was 1.0 m from the 

support centreline for spècimen H-1, while for specimen H-2 it was 0.75 III from the 

support centr~1ine. 

Specimens H-1 and H-2 were originally designed using the simple strut "and tie 
1\ 

• 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 slab contained four No. 10 fulliength.longitudinal bars together with an addition al 

four No. 10 longitudinal bars in the region over the opening. The slao also contained 
.. 

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

the èentreline 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. Sorne additional stirrups were provided between the ho les and the , , 
supports as.,hown in Fig. 3.11. The details of the reinforcement properties are given 

• 
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Figure 3.10 Test Set-Up and Instrumentati~n for Dapped knd Specimens 0-3 
and D-4. 

in Table 3.2. The average concrete strength" at the time of testing was 26.3 MPa (see 

)Table 3:1). 

Figure 3.13 shows the instrumentation for strain measürements for both speci~e~s. 
, 

In aadition five dia! gauges were used to measure ,the deHections of the specimens. 

The bearrr was loaded with a series of point loads at 250 mm spa€ing simulating a 
~ 
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(a) Web Hole H-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 aIl strains and deflections were taken at regular 
\ 

... intervals throughout the tests. After the failure of the end containing opeping H-2 the 

support at this end of the beam was moved inwards by 1.16 m to permit further loading 

ef end H-1.' 
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CHAPTER 4 .-
EXPERIM-ENTAL RESULTS 

4.1 Int{oduction 

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 
1'-

near the column faces. A hairline crack had formed at the inner face of the bearing 
~ 

plate at a load of 169 kN. First yielding occurred in the tension tie between targets 

8 and 10 'at a lo~d, V, of 336 kN. A photograph of the cracking pattern in the corbel 

at first yielding is shawn in Fig. 4.1. At this load stag~ 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 

meas~red near the loading plates. This is due to the larger moment in the corbel doser 

to the face of the column. 

Figure 4.3a shows the magnitude of the principa.l strains and their directions as 

determined from the strain rosette readings at first yi,ld. 

The corbel reached a maximum s,hear load, V, of 502 kN with a correaponding 
\ 

horizontallôad 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-l at V = 336 kN. 

with yielding of the lower tension ties (see Fig. 4.2b) followed by crushing of the concret" 
~ 

under the bearing plate. As can be seen the tension tie is yielding aloI1g its length 

between the' face of the column and the loading plate. Figure 4.4 shows the specimen 

after failure. The rotation oC the bearing plate is evident. as weil 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 0-1 

First fiexural cracking occurred at midspan at a load causing an end reaction, V. 

of 40.0 kN. Cracking at the re-entrant corner waa observed a.t a load, V, of 73.3 kN. 

The tirst shear crack in the web occurred when the end reaction wu 107 kN. At this 

lo8.ding stage the maximum flexural crack width mea.sured at michpa.n wu 0.13 mm 

and the maximum width of the cracks at the re-entrant corner wu 0.25 mm. The 

corresponding cracjing pattern for 0-1 is illustrate"d in Fig. 4.5a. A.. tan be leen, 
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Ca) Load 1 V = 336 kN 
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Figure 4.2 Measured Reinforcement Strains in Corbel Specimen C-l. 
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Figure 4.4 Photograph of Corbel Specimen C-1 after Failure, V = 502 k~ . 
./ 

inc1ined cracks had crossed the main vertical tension tie reinforcement. 

Both the vertical and horizontal reinforcement yielded at a load of 173 kN .in the . 
region of the re-entrant corner. At this stage additional iIlcline(l cracks occuI):.ed in the 

nib runnin'g 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 vertical and 

hori~ntal reinforcement for specimen D-l ab this load stage while Fig. 4.7a shows the 

principal strains calculated from the rosette readings. The fanning of the compress~ve 

stresses into the bottom of the main vertical tensio~ent. ~ 
Figffre 4.5b shows the cracking pattern at an end reaction of }207 kN. By this 

1 
stage, inclined shear cracking ithe main beam was well developed and a number of 
~ / 

inclined cracks crossed the vertl 1 tensi~ij. tie reinforcement. The inclined cracking in 
. 

thé nib outlines the compressive strut going from the top of vertical tens"ion tie down 
. 

to the support reaction area. 4 

Loading progressed usil\g the test set-up shown in Fig. 3.7. However. after end 
~ 

D-2 failed, an àdditjon support was placediat the failed end; 100 mm from the end face 

~1 \ ) 
'r 
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(a) Support reaction, V = 107 kN 

(b) Support reaction, V = 207 kN 
a 

Figure 4.5 Photographs of Dappe~ End Specimen D-l. 

------
of the full depth beam. Specimen D-1 failed when the vertical reaction reached 307 kN. 

} 

Significant splitting and SJ>alling of the concrete cover occurred. Figure 4.8 shcMs tht\, 
, , 

appear~ce of specimen D-1 after failure. 

The closed stirrups used in specimen 0-1 provided excellent anchorage for the 

inclined compressive strut. It ia cleu from F:ig. 4.8b that in highly stressed nodal 

regions it is necessary to account for the spalling of the concrete cover. The 1350 bend 

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

down to about the centreline of the vertical tension tie reinfQrcement. . '. 

At the maximum load level o( 307 kN yielding took place over most of the heigM of 
~ 

\ 

the outermost vertical stirrup, with the innermost stirrup of the main vertical tension 
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Figure 4.7 Principal Strains Determined from Rosette Readings for Dâpped End 
Specimen D-l. 

, 

tie yielding in the region of the re-entrant corner. Yielding was also recorded in the two 
. ~ 

U-stirrups closest to the dapped end as shorn in Fig. 4.6b. The zones of yieldi:ng in 

these st~ps delineate a region ôf fanning ot\he compressive stresses near the dapped 
-

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

(b) Close-up of nib after failure .. 
r. Figure 4.8 Photographs or Dapped End Specimen, 0-1. 

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

specimen. As ca1. 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 Oapped End Specimen 0-2 

First flexurel cracking occurred at midspan at a loa~ 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 occurr"ed when the end reaction was 106 kN. At this 

loading stagé 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 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 rea€hed 173 kN addition al inclined cracks occurred in, the 

nib running from the centr~line of the support up to the top of the vertical tension ti'e 

reinforcement. 

The main vertical tension tie reinforcement yielded at a load of 207 kN in the 

region of the re-entrant corner where significant cracking had developed. Figure 4.10a 

shows the variations of measured strains in the vertical and horizontal reinforcem~nt 

for specimen D-2 at this load level. Figure 4.ila shows the principal strains calculated 

from the rosette readirigs. The fanning of the compressive str~sses 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 weIl 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 faHed when the end reaction reached 258 kN. Figure 4.12a illustrates 

the cracking pattern.at failure. The concrete cover on the top surf/orthe bea~ and 

on the sides of the nib wds Joose due to the significant splitting and spalling that had 
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(a) Support reaction, V = 140 kN 

(b) Support reaction, V = 207 kN 

Figure 4.9 Photographs of Dapped End Specimen D-2. 

occurred. • 
Specimen D-2 failed by crushing of the concrete compressive strut between the 

top of the tension tie and the support. Only the concrete confi;led by the stirrup hook 

anchorages was effective. The resulting reduction in the effective width of the nodal 

zone caused a premature failure of the compressiv;~ strut near the top of the vertical 

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

J 
4.5 Comparison of Behaviour of Dapped End Specimens 0-;1 and 0-2 

Dapped end specimens D-l 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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Figure 4.11 Principal Strains Determined from Rosett~ Re.(dings for Dapped End 
Specimen D-2. 

tension tie in specimen D-l consisted of closed stiirups,. while specimen D-2 contained 

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

It is evident from the comparisons <;>f the cracking patterns, reinforcement strain 
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(a) Sicle view 

(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 

sp~cimens behaved in a similar manner until specimen D-2 failed prematurely. 

Figure 4.13 shows the condition of speci~ens 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 detaiIing the end anchorages of tension ties. Hence, it is necessary 

to detail such tension ties with closed stirrups having 1350 bend anchorages, in or der 

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

4.6 Dapped End Specimen 0-3 

First flexural cracking occurred 1at midspan at a load causing a vertical end reac-

tion, V, of 39.9 kN. A hairline crack was observed at the re-entrant corner at a load, 

V, of 73.3 kN. This crack had a width of 0.15 riun at an enè 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 width at the re-eI\trant corner was 0.20 mm. As can be seen, 

inclined cracks had crossed the vertical and inclined tension tie reinforcement. 

First yielding occurred in the stirrups near the pottorn of the full depth beam at . 
a load of 274 kN. Figure 4.15a shows the variations of measured strains in the vertical, 

diagonal, an? horizontal reinforcement for specimen D-3 at this load level. Figure 4.16a 

shows the principal strains 'Calculated from the rosette readings. The fanning of the 

compressive stresses into the bot tom 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 

t.ie 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 weIl developed and 

61 

•• • 

\' 

, 



• 

(a) Dapped End D-l 

(h) Dapped End D-2 

• Figure 4.13 Photographs of Dapped End Specimens D-l and D-2 after Failure . 
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(a) Support reaction, V = 207 kN 

,{ 

(~) Support reaction, V = 307 kN 

Figure 4.14 Photographs of Dapped End Specimen D-3. 

a number of inclined cracks cro8sed the vertical and inclined tension tie reinforcement. 

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

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

placed at the failed end;î6Û mm 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 faiIed wh en 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 bot tom of the full depth 

beam. A large inclined crack occurred 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 strains in the region of stirrup yield-
~, 

ing and the significant tensile strains in the ditections' of the vertical and inclined 

tension ties. 

4.7 Dapped End Specimen 0-4 

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 number of inclined cracks which had fotmed 
G 

perpendicular to the inclined face. 

First yielding occurred in the stirrups near the bottom of the full depth beam at 

~ 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 bot tom of the main tension ties is evident. Figure 4.18b 

illustrates the cracking pattern for D-4 at this loading stage. Ks can be seen, inclined 

shear cracking in the main beam \vas weIl developed and a number of inclined cracks 

crossed the inclined tension tie reinforcement. 

The inclined dapped end faHed 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 at the bottom of the full depth 
,-' 

beam. This large inclined crack occurred after significant yielding of three stirrups 
. 
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(a) Suppor~ reaction, V = 372 kN 

(b) Close-up of lower nodal region after failure 
to 

, 
Figure 4.11 Photograp~ of Dapped End Specimen D-3. 
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(a) Support reaction, V = 207 kN 
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(b) Support reaction, Y = 273 kN 

Figure 4.18 Photographs of Dapped End Specimen D-4. 

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 ip. the nib did not reach 

yield. 

Figure 4.20b sho~s the large principal tensile strains hl the region of stirr;p yield-
\ . -

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

~.8 Web Hole Sp,ecimen H-l -
Hairline flexural cracks first appeared at midspan at a load of 15.4 kNJm. At 

o , 
a load of 32:4 kN/m the maximum~B.exural crack-width was 0.1 mm with a negative 
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Figure 4.19 Measured Strains in Vertical, Inclined, and Horizontal Reinforcement 
in Dapped End Specimen D-~ . 

.., ~ ~ 1-. ' ' 

: moment fi~xural crack appearing in the portion of the web beneath the opening together 
\ . 

~ith positive moment cracks appearing in the flange above the opening. First shear 
~. 

cracking was obser~ed between the opening and the support reactioÎl area at a load of 
, , 

43.6 kN /~. Figure 4.22a shows the appearance of the specimen at ihis stage. Positive 
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(~ Sicle view 

(b) Close-up of lower nodal zone region 

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

and negative moment fiexural cra.cks havin~ ~ width of 0.15 mm were observed in the 

flange at the ends of the opening. 

At a load of 52.7 kN lm midspan fiexural cracks were 0.2 mm. and theihear cracking 

below the opening had a. maximum crack width of 0.15 mm. First yielding of the 
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(a) Uniform load, w = 43.6 kN/m 

• "Ma 1. 

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

Figure 4.22 Photographs of Web Hole Specimen H-l. 

~ stirrups beneath the opening occurred when the' load was 88.P kN lm. Figure 4.22b 

shows the appearance of specimen H-l at first yièlding, while Fig. 4.238: shows the 

'variations in the measured stirrup strains. 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 0.5 mm. 

The maximum crack width in the web below the opening w~ 0.35 IXlID.. 

At- a load of 97.3 kN/m signific~t 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 eontinüed on specimen H-I 

after a support was placed at the other end reducing the' cleu span to 3.64 m (see 

Section 3.6). 
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Figure 4.23. Measured Stirrup Strains in Web Hole Specimen H-l. 

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 variation in the 

stirrup straiIfs 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 Hale Specimen H-2 

r' 

Flexural hairline cracks first appeared at midspan at a load of 15.4 kN lm. At a Ioad 

of 32.4 kN/m the maximum flexuraI crack width was 0.1 mm with a negative moment 
, , 
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(a) Sicle view 
\. 

(b) Detail of opening 

F'igure 4.24 Photographs of Web Hole Specimen H-1 a'i Failure, w = 177 kNfm. 

flexural crack appearing in the portion of the web beneath the opening together w~th 

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 f 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·~hows the appearance of specimen 

H-2 at this load level. 

At a load of 52.7 kNfm, midspan flexural cracks were 0.2 mm and the shear crack-
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(a) Uniform Ioad, w = 43.6 kN/m 

_1 . 
.... 

(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 O.i5 mm. First yielding of the 

stirrups beneath the opening occurre4~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 m'aximum 

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 lm significant crushing of the concrete occurred in the weq near 

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

{> 

,of the concrete coyer in this region. Signs of shear faHure in the Hange ab ove the opening 
, 

were evident at this stage. Figure 4.21 shows the appearance of the specimen at the 

faHure 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 ~ertical tension tie 
; ......, 

- "-

are apparent. 
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(a) Side view 

(b) Detail of opening 

Figure 4.21 P~tographs of Web HoIe Specimen H-2 after FaiIure. 

• 

?.77 



o 

• 

( 

CHAPTER 5" 

PREDICTIONS OF EXPERIMENTAL RES'tJLTS 

5.1 Introduction 

In this chapter the l'esponses of a number of test spe<;imens containing disturbed 

regions are compared 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 compared with reinforced concrete members 'having uniform fields of diagonal 
1 

compression. Recent experime'ntal results that were well-instrumented are used in the 

comparisons. 

In the finite element analyses the compressive strength of concrete, I~, was taken 

from the standard cylinder results given in Table 3).. The tensile strength of concrete, . 

fer! was taken as 0.33y' I~ and the strain at peak compressive stress, E~, was taken as 

2f~/(5 500y'-In unless otherwise noted. Poisson's ratio was taken as 0.10. The steel 

reinforcement was moq.elled with a bi-linear stress-strain relationship. The yield stress, 
1 

f", assumed in the analys~ are gîven in Table 3.2. The initial steel elastic modulus, E., 
1 

was taken as 200 000 MPa, while the tangent modulus aPter yielding, E,tJ was taken as 

2000 MPa, unless otherwise noted. 

The hnite elements were nine-noded quadrilaterals (CFTQ) and six-noded trian

gles (CFTT) with four by four quadrature used for numerical integration. In aIl cases 
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the applied loads were simulated with consistent nodal loads. The analyses typically 

used load increments equal ~o one tenth of the expected failure load. 

5.2 Reinfor.ced Concrete Shear Panels Tested by Vecchio and Collins 

The program FIELDS was used to predict the responses of a number of reinforced 
1 

concrete panels tested in pure shear by Vecchio and Collinsll ,12 (see Fig. 1.2), in order 
1 -

to verify the capabilities of elements CFTQ and CFTT used in FIELDS. 

These weIl instrumented tests were used tojdevelopll,12 the stress-strain character

istics of c~acked concrete that are described injChapter 2. Since these specimens ,failed 

in different ways they provide a means of chefking the computer program in a variety 
1 

of cirtumstances for simple elements displayihg uniform fi~lds of diagonaLcompressive 

1 , 
stressës in the concrete. 

Each of the shear panels tested was 89~ x 890 mm by 70 mm thick (see Fig. 1.2). 

Sorne of the important parameters for six ~f the shear panels are summarize!d in Ta-
I 

ble 5.1. 1 
! 

Table 5.1 Parameters o( Shear Panels Tested By Vecchio and COllf' s. 

Specimen Longitudinal Steel Transverse Steel Concrete 

Pu; fil P'II Iv €~ f~ 
(MPa) (MPa) (MPa) 

Each of the shear panels was idealized with either a single nine-noded, C~TQ 

element or with two six-noded CFTT elements. Consistent nodal loads were applied 

to simulate the applied pure shear loads. The .reinforcement tangent modulus after 
• 1 

yielding, E.t, was taken as 500 MPa for this series of analyses. 
.. 
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Figure 5.1 compares the predicted shear fuess - shear strain responses with the 

test results for the six reinforced concrete panels described in Table 5.1. 

Specimen PV 4 contained equal amounts of reinforcement in the x and y dire;ctions 

}Vith failure occurring by yielding of both sets of reinforcement. As can be seen from 

Fig S.la the predictions using program FIELDS agrees reasonably weIl with the test 

response. 

Specimen PVll contained different amounts of reinforcement in the x and y direc-
, 

tions with failure taking place by yielding of the y reinforcement followed by yielding 

of the x reinforcement. This mode of failure was predicted by program FIELDS. 

Specimen PVijn:ontained about four times as much steel in the x direction as in the 

y directio~. Observations during the testing indicated that considerable redistribution 

of stresse~ takes place after the yielding of the reiI).forcement in the y direction. As can 

be seen the response is predicted weIl by program FIELDS. 

Specimen PV20 contained twice as much reinforcement in the x direction as in 

the y direction. In addition, the reinforcement in the x direction had a yield stress 

of 460 MPa, while the reinforcement in the y direction had a yield stress of only 

r 297 MPa. Yielding was observed in the test at a shear stress level of 4.14 MPa with 

failure o~lro1Ting at a shear stress level of 4.26 MPa by sUding along a crack interface. 
" 

The predicted yield load is 4.00 MP<;lo with failure predicted ta occur at a shear stress 

of 4.49 MPa. At the maximum predicted load the principal compressive stress in the 

con~rëte is about 90% of the crushing strength and there is a significant shear stress 

on the crack interface.· . 

Specimen PV22 contained a slightly larger mount of reinforcement in the x di

rection than in the y direction. In addition, the rel orceme~t in the x direction had 

a s1ig~ higher yield stress. Specimen PV27 had identical reinforcement in the x~ 

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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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 concretë with Ic2maz: 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 sheal' panel tests it was assumed that the 
, 

concrete cracking str1ss was 0.33"; - I~. In reporting the test results of the panels 

Vecchio and Collinsll ,12 found cracking stresses soméwhat higher than 0.33"; - I~. 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 IcI would be possible and the 

response predictions' would be stiffer after cracking. 
, . 

-, 5.3 . Uniformly ~oade~ Beams Tested by Mailhot 

In order to verify the ability of program FIELDS to predict the response of 

upal member containing large regions of uniform fields of diagonal compress' 

and few disturbances, the program was used to anal;ze a uniformly 16aded T-beam. 

The details of specimen B tested by Mailhotl9 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.13 

The T~beam specimen was designed for a uniform load of 106 kN/m and th~ 
stirrups were provided in bands of du / tan () equal to 586 mm. The principal compressive 

angle, (J, used in design was 27° . 

Figure 5._3a shows the positions of the strain targets located on the concrete ~urface 

and on the steel reinforce~ent for one end of the beam. These targets on the web 

formed strain rosettes which enabled the principal strains and their directions' to be 

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

and low principal compressive strains near midspan reffect the high moment and low 
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shear in this region. It is apparent that at midspan the longitudihal reinforcement 'was 
( ,. 

weIl béyond 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 _he seenJ from Fig. 5.4 the finite element model éonsisted of four elements 

over the depth of the member. Due to the symmetrical nature of the loading and of the . 
" . 

supports only half the beam was modelied. The finite element mesh was chosen such 

. that the ~lements coincided with the r-ctua1 sÙrrup spacing. The ~upport condition of 

the steel plate bearing surface was simulated with the truss elements shown in Fig. 5.4, 
" 

to' ~count for the relatively small actud- bearing surface after the beam rotates on 

its s'Wports. Consistent nodal loads were used to simulate the uniform load applied 

l' 
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Figure 5.3 Principal Strains Determined from Strâin Rosettes for Specimen B~9 

.(', . 
ç c i 

, 

~o the, top face of the top row of el~ments. The How of the compressive stresses from 

the top fl~ge of the ~-beam at midspan to the support react.i0n area is evident f:q>m 

Fig.5.4a. The finite ~lement analysis ~redists a failure load 0(122 kN/m by flé~UTal 

yielding of the longitudinal reinforcement after significant yielding occurred in sorne of 
, 

the stirrups. The test specimen faHed at a load of ~~O kN /m after experiencing l,rge 

strains in the longitudinai steel at midspan and after some stirrup strains reached ~bout 

three times the yield strain. It is noted that the predicted response did not account for - ... ' ) , 

the horizontal restraint at the ends of the be~ 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. S.4b. As can 
, . 

be seen these predicted strains agree reasonably weIl with the experimentally deter-

-mined ~lues (see Fig. S.3b). 

A comparison of the predicted and measured strains in the tr~sverse reinforcement 
~ . . 
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\' .' 
,Il ~, '" 

is given in Fig. 5.5. ;l'he strain mea.S1lrements permit this comparison to be made for . --
the top and bottom o(,each stir~up. As can be seen the gen.eral trend of th~ predicted 

( .' 
values agrees r~asonably weIl with the measured values taken at th~ load stage ,closest. 

to tlle predicted faihfre load. 

It is ~ i~ comparing the ptedieted and ineMured strain value; th~ d.i~erete" ' 

nature of the cracks resuÏt in sighificant fluctuations in the measured values;wheleas 

the p:edicted val~e~ ~re avei~ges baseJ smeared eracki,:g ~at~~rn. < 

'5.~ Continuous Deep Beams Tested by RogQwski. MacGregor and Ong .' . 
• In order ta demon.strate the versa~ility of prpgram FIELDS it was used-to-predict 

the responses of staticall.y indeterminate members containing disturb~d regions. Two of 

the continu! dee~ beams tested ~y Ro.,gowsky; ~~cGregor an~ Ong20 demonstrate the, 
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influence of shear span to depth ratio <ln the response .. Specimens 5/1.5 and 5/2.0 have 
) d ta .. 

shear sp":.n to' depth r-atios of 1.5 and 2.0.;espectively. The main rei.nforcement detaiJs , " 

a$re snown in Fig. 5.6a. In addition.to the reinf9,rcement shown the colum~ co~tained 

signific~nt ~ounts ;'r lon?itudinal and t:a;;~verse reinforceme~t. Both specimens have ~. 
'similar condete strengtfis 't(J~ = 39.6 MPa and 41.l'MPa.) and are 200 mm thick. . 

Figure 5.6b shows the fini~ element mesh use~ to model these two beams. Due to 

syrrunetry about the central supports only half the ~ams'were modelled with a 5 by 

14 gtid of CFT:Q el.einents. Four additional elemerits were used to model the loa~.ng, 

columns. AlI of the reinforcemÉmt in the deep beam and the column~ was modelled. The 
, 

elemen~s were chosen such that they wère centred on· the main horizontal reinfQrcement. . . . , ... '" 

'Fi~ure 5.6b also sho~s the.predicte~ deflected shapesJfor these two tep beaIru]. " 

Figures 5.6e and d ~how. thf1nncipal stresses and the' principal strai~s at the 

'centr~ of the elements predicte<;l by progr~m FrELDS at ultim'ate load. Specimen 

5/1.5 failed in the north shear span when the applied load in this span reached 858 kN. 
~ 

After strengthening/the north side ~he s'outh shear span failed at a load of 879 kNo . 
The predicfed éapacityïs 890 lt1:l'. Specimen 5/2.0 failed q,t--.cnrresponding'·loads of 

.. .. 'V • 

677 kN and 6Q3 kN which compare weIl with the predieted capaeity of 695.kN. Sinee 
• ~ l 

both specimen~ had the sa~e total a.mount of transverse reinforcement in each shear , 
span, the 21% drop in load carrying capacity between these two specimens is due 

to the difference iJ1. their geometries. This geometric difference resulted in a larger 

direct-co~pressiye st~ut a~tion in the "deeper" specimen (5/1.5). Às can be' seen 

from Fig. 5.6c, the èompressive" struts in both ,specimens become wider between tHe 

Ioading point and the ;eaction areas. In botli cases-failure is predicted to occur in the 

interior shear span by yielding of the transverse reinforcement, foll<1Ned by crushing 
. '). 1 . ~ 

• of the c.oncrete. Specimen 5/1.5 exhibitèd an inclined crack which opened by 6 mm 

which indicates that yielding of the transverse reinforcement occurred. Specimen 5/2.0 , \ 

also exhibited yielding of the transverse reinforcement. The negative moment near the , 
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. 
/ 

88 

/' 

500 

. \ 



'. 

, . 

'. 

'., centrai support resu1ts in larger princ'ipal tensile strains (see Fig. 5.6d), thus softening 
~tf 

the ~oncr~nd reducing its c~mpressive strength. Due t? the larg~ tensile strains , 

the principal tensile stresses are reduced to zero in sorne elements (see Fig. 5.6<:). The 
, # 

regions of crushing o~ concrete are illll-strated in Fig. 5.6a for the west fa~e of the 

be!1m. Although t~e concrete c~v~r ~emai:qed intact near the top and bottom pf the 

beams considerable spallj;n.g and splitting along thë plane of the stirrup centreUnes were 
\ '. 1 a ... 

observed in the middle Jegions. " 

5.5 Corbel ,Specimen C-l 

t, ~ 

!figure 3.7 surnmarizes the reinforcement details of tue 'rlouble-sided corbel speci-

men C-1. Further details about this specimeI). are given in Section 3.3 and the experi
. " 

mental results are given ill Section 4.2. 
A 

, F,igure 5.7 alsolll~st~at~s the analysis of specimen C.-I using a simple strut and, 
\ , ,. 

tie mode!. ~Using the measured materiaÏ properties (aIl material resistaI).ce factors are 
, 

,tak~n'as 1.0) the main tension \ie œn supply a force of ~ lu = 800 mm2 x '144 MPa 
" . , 

= 35~ kN. 'If we assuFle that the yreld force ~f the ,tension tie will ~overn the ·c9rbe1 
1 

failure then from the statics of\ the truss (see Fig. 5.7b) the predicted failure loads 

are ~08 kN vertically and .81.6 kN horizontally. The fan,ning compressive strut ~as its 
1 ~ , 

maximùm stress in the nodal zone at the top of the corbel. The nodal zone stress un der 
• 0 , . 

the 50 mm wide by 300 mm lc;mg by 25 mm' thick bearing plate is 408 kN' / (50 mm . " 

"x 300 mm) ,= 27.2 MPa. The nçdal zone stress limit is 0.75f~ = 0.75 x 40:4 MPa 
./ 

. 
= 30\3 MPa. Renee, it ,is predicted that"yielding of the main tension tie will initiate, - ~ ... ' 
the failure of the c.orbel followed closely by crushing of the concrete in the top nodal 

zone. The actual reinforëement details for this corbel are shown in Fig. 5.7c. As can 

be s~en additional closed horizontal ties, having an area of at least 50% of Yi. and .. 
\ . 

distributed within the top two-thirds of the cocbel, have been provided in' accordance . , 

with code detailîng requirements4.13 for brackets and corbeIs. In the analysis using 
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Corbel Specimen' C-l. 

~ the simplifie'd strut and tie model this ~dditional reinfor.cem~nt was neglected. Failure 
, " 

occurred in specimen C-l at a verticàl 'load~ of 50'2 kN by concrete crushing un der the . , 

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

occurrence of seyere 15palling of the concrete 'cover surrounding the bearing plat~ (see 

Figs. 4.4 an~ 5.7c). J 
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Figure S.7d shows the finite ele~ent mesh ànd the deformed shape predicted by 
r ~( 

program FIELDS close to failnre. Only half of the speciplen was modalled due to 
...' c· 1 • 

the symmetry of the specimen and the loading. A total of 65 CFTQ and 8 CFTT 
, ~ , 

e1ements were used .. Figure ~. 7 e illustrates the principal stresses and principal str'l-ins 
r -', ' 

in the Cûllcret~ ~redicted by the finite element ~aly~is." In the modelling of this corbel,. 

stiff truss elements were used to simulate t:p.e presenc~ of a steel loading blS;lck which 
- ~ ':. p • 

. w~ att'à.ched to the top of the steel.bearing plate. The two elements in the top row 
"'r; '. • • 

, surroundin~ the bearini area were give~ \hickI'1:esse~ 'of 300 mm to simulate the spalling 

'Of the2 mm of concrete outside the bearing plate. As cau be seen 'from, Fig .... 5.7d the 
~ l, 

mesh Iso si~ulated the l~kel)C concrete spalling zones in the unarmoure,d region _~utside . 
of the bearing. plate. AIl of the reillforcement in the corbel Pand column w~ model~ed in 

.\ ' , -
the firiite element analysis. As can be seen from Fig. 5.7 e the predicted flow of concrete 

compressive' s,tresses is somewhat different than that assumed in the simple strut and . . . 
tie model. Due to the prese~ce of the additional horizontal re1'nforcerpent and que to .. , 

<J • 

the vertical cracking in the cor bel, these compressive stresses are more curved towards 
tj" (tl . , . 
the outer surface of th~ corbel and b'ecom~ more concentrated as they funnel into the . . .) ~ 

, colurmi. Program FIELDS predièts failure to occur at a verticalload of 450 kN, thàt 

is, rat 90% of the a~tual fail~rè load, by yielding of the main' ten~ion tie reinforcemen~. . . . 
The large predicted tensile strq,ins are evident in Fig. 5. 7 e~ 

\ 

An additional finite element analysis.~ carried out with the horizontal loading 

IQcated directly aot the t~p of the steel bearing plate. This resulted in ~ predicted failure 
, 

load of 52-5 kN which demonstrate~ the sensitivity of these types of connections to small 

changes in lôad eccentricities. 

5~6 Dappe~ End Bearn Tests 0-1 and 0-2 
j 

/ 
Figur~s S.8a and b show the strut and tie madel- and truss idealiiation used ta 

an~lyze the rectan~ular da,pped ,end test specimen D-l. 'l'he reinforcemé'nt details are 

[ 
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\ 

0, 

c 

" , 

" \ . -
suqunanzed in Fig. 5.8c. More, details about this specimen are given in Section 3.4 .. . ... 

and the exper.imental fesults are given in Section 4.3. The 'additi6nal horizontal bars, 
- , - . '" ' 

-. provided in the nib to satisfy the code detailing requirements,4 .. !3 were not included 
~ \ .. , 

- ) 
i~ the simple truss idealization. In predicting the failure load it is assumed that the 

. 
mc;terial resistance factors were equal to .1.0. If it is assl1!Iled that failure will be . . ' 
gcgverned by yielding of .the vertical tension tie then the force in this tie will be A" lu 

= 800 mm2 x 445 MPa =~356 kN. The forces in tl},e other ·.tr~ss members can be 

determined from stati&s .,(;.'~e Fig. 5.8b). 

In order tq inves'tigate the capacity of the nodal zone region at the top of. the ver-
, . _.. , 

ticaI :fènsion tie we first assume that thç concrete cover spalls off down to the centreline 

of the stirrups innhis highly stressed region., Henc!:!, the stress on the tpp' face of the . -

nodal zone anchoring this tension tie is 356 kN / 110 mm x 210 mm ;:: 15.4 MPa. This 
." . '. ' , 

is less tha~ the nodal zone stress Iimit of 0.751: = 0.75 x 29.8 = 22.4 MPQ.. ( 
~ .. 1 

The most critical section of the compressive strut going from the support tq the 

top of the verti~al tension tie is located at the interface with the- top nodal zone. Since it 
-

is assumed that the faces of of the nodal zone are equally stressed then the compressive . - \ ,-
stress, Je 2, il! the stru t at the 'face of the nodal zone is also equal to 15.4 MPa. The 

r "-

maximum compressive stress, Je2ma:z:, that this strut can carry can be determined from. 

Eq. (2-2) if w~ assume that the strain €" in the vertical tension tie crossing the strut ÎIi 

\

-- -at the yield straÎn (2.23 x 10- 3 ). Renee, fror.a.Eq. (2-1): 
, ... , 

• -
, 02 0.00223 + 0.002 

= 0.0 23 + ---ta-
n
-02:-4-7-.-3-o -

= 0.00583 

and from Eq. (2-2): 
.. 

1. 

- f' 
le2maz \ 0.8 + ~ 70€! 

, \, 

29.8 
- ---------------

0.8 + '170 x 0.00583 
= 16.6 MPa. 

L 
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Figure 5.8 . Dapped End Specimen D-l. \ 

·1 
i 

. ~ 

As can be seen the presence of the tension tie significantly x'èduces the compressive 

.: strength ~f the strut. Since the compressive stress, fc2 , is sUghtly less than fc2max, the 

strut and tie modeI'predicts that the ten~ion ~ie will just yield before the strût crushes. 

From an investigation of the bond cnaracteristics of the longitudînal tension.tie at 
, " , 

the hott,om of the main vertical tension tie, it can he shown that the ~vailahle tension 

tie. force is jUêt sufficient. It can also he shown that aU of the othe! truss membets , . 
are adequate, ,thus, it is predicted 'that' failure will occur when. the vertical reactiop. is 

\ 
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'260.kN ~y yielding of the main vertical 'tension tie. Failure Qccùrred in speci~en D-l 
1 .. 1 

when the reaction reached 3j7 kN. The conditions orthe beam at failure are shown in , .( 

Figs. 4.8 and S.8c. 

The resuIts of the fini~Iement an~l>:,"sis' of spechnen I?-l are' shown in Figs{ 5.8~, 
• ~ r -

e and f. Sixty-five CFTQ eIements were .used to model haIf the beam with syIIÏmetrical 
~ . 

boundaty conditions applied at the beam centreline. This was done, even though the . ~ - , 
two ends of the beam were not' identical since·the differences we;e minor aI).d' would ' 

not 'affect the behaviour in the dieturbed region ,of the nib. The support .conditions 
1 

were siniulated' with a grid of truss elements which idealized the angle embedded, in 

• the concrete. AlI reinforce'rmnt WM included in the finite element modelling. The 

spalling of Ithe concrete cover outside of the stirrups shown in Figs. 4.8 and 5.8c was 

simulated in the finite element model by red~ the thickness of ele~ents near the . ) ' . . 
v:ertical tension tie and by adjui:ltilîg the m~sh geometry (see Fig~ S.8d). 'l'he failure 

load predicted by FIELDS is 270 kN, that is, 88% of the actual failure load. The finite 

element analysis predicts a curving of the compressive' stresses which are flow.ing from 
\ ,-

the top of the vertical tension tie to the support (see Fig. 5.8e). As cari be seen from 
'l' • 

the ·principal.tensile strains shown in F~. 5.8f the vertical tension tie yields before the 
• ,.J • l... 

concrete compressive strut crushes as w~ predicted by th~ simplp. strut and tie mode!. 
. 

Since the finite element analysis correctly a.,ccounts for the cha:nging stiffness of elements 

as weIl as the presence of aIl reinforcement it more accuratety models the stress fiow. 

It therefore correctly predicts th.}t the shear is tr'ansferred by both compressive struts 
~ . 

and fields into tl}e nib. , 
tpecimen D'9 failed at a shear of/258 .kN, that 'is, at .84% of the failure shear 

of sp~Len D-l. As described in Se~tion 4.4, ;ailure of specimen D-2 took place by 

crushing of the concrete compressive strüt in the regio~ near the top of the vertical 
" , . 

\ 
tension tie. Since<specimetl D-l was close to crushing of the compressive strut at failure 

we can approximate the effective width of the compressive ;:;trut for specimen D-2 as 

.... 
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"'. 
0:84 x 210 mtn = 176 mm. The reducti~n in effective widtli of ~pecimen'n-2 is evident 

. , \ .... 
f~om Fig. 4.13. This fi&J.lTe also shows the lateraÎ arching acti.on of the c~)!np'ressiv~ strut 

ai it seeks anchorage in the region. of the vertical tension tie hooks. 'A 'oonservativ,e 
"\ 

estima~e of the effective width is'the inside beild diameter of the tension tie,hook plus 
t . 

the diameter of the ~ension tie on each side of the specime,n: This conservative éstifate 

"Yould give an effective wfdth of 2 x (50+ 11.'3) = 123 mm. It is clear tha~ it is important , . 
c • • 

to acco~or the detailing in the mo~elling of the response. 
. . . 

5.7 Dapped End Bearn Te~~ D-4 

Figures 5.9a ~nd b show the strut and tie mQdel and trus3 idealization. u~ to 
J • 

analyze the inclined dapped end test specimen D-4. The reinforcement d~tails are 
. 

summarized in Fig. 5.9c. More detaUs about this specimen are given in Section 3.5 

and the experimental results are given in SectiQn 4.7. The additÎpnal horizontal bars, 

. provided in the nib were not included'Whe simple t~ss ideali.zatipn: It is n.oted th~t 
"', v • r '- , ,. 

, lhese bars ar~ required to control cTa,cking in the nibl n.d would also be required if , . 
any horizontal forcè existed at the ·suppOl:.t. In predicting the failure load it rs assumed • 

~ . 
that the materia.l resistance façtors are equal to 1.0. The truss idealization has two 

( ~ 

vertical tension ties which represent groups of three stirrups. If it is assurned that 
... 

failure will. be go~erned by yielding of lhe-stir'rups then the fo~ce jweach tie-i! ~ill ~e 
. , 

A 6 f ll = 3-x 200 mm2 x 436 %fPa = 262 kN. The for<;es in the other truss members 

c~etermined from statics (see Fig. 5.?b). 'It can be shown that none of the ~ther 
tension ties yield. The yield force in the two No. 25 inclined bars is 2 x 5ào mm2 x 

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

, reac,rn is 262 kN. . 

In the test, first yielding occurred in the stirrup reinforcement at a load of 273 kN 

with faihire takirtg ~lace Ir~ load of 340 kN by general yielding of the transverse 

reinforcement in the full deptll:+ beam. The 'strut ana tie model conservatively predicts 

95 

, 

, 



• 

.. 

., 

~ -.-

1210_ 210 00 31.1 

1 

(a) Strut and be mode! .,. (d) Foie elernenf mesh and deHected shaPe at f.aue 

\ 
...... 10 ... ~ 

Il - - - - -1- - 11"-" 
• 1 • . · . . 1%' .... ..... ... ... 
/. ." 'IXI . · 

· - ...; '" " .~ ~'Ir .[;' 

· . . . " "-I·W' 300 k N 

'LI.~_~ _______ ~ __ ~ _________ ~ __ --{ 

. . 
(b) Truss ideaization and men-ber ferces Il kN . 

No.10U-._ 
Il zn 

(c) RernO"cement detaJs êrd faue condbons 

• • . . . . 
. (e) Precicted ~ stress, 

-o..ootl. 

• . . • • l' . , , • • 1 ~ :/, 

? / / ./ / - :", ..- VI' / - - - .... ... 
(I? Preclcted ~ Stral'lS 

Figure 5.9 Dapped End Specimen D-4. 

the failure load. 

... \1 

• · . • • 17-1 • 

· • + Irilll 'v~ 
• · ... Il''' ~. 
~~ ~~,. T 

VIN 300 k 

~ 

, The results of the finite element analysis of specimen D--4 are shown in Figs. 5.9d, e 
. " 1 

and f. The specimen was modelled with symmetrical boundary conditions at the beam. 

centr~line and a \otal of 49 CFTQ and 21 CFTT elements were used. The bearing plate 

embedded in the nib was simulated with a series of truss 'elements. AlI reinforcement 
, 

was inclùded in the finite element modelling. The development of the -main longitudinal 
. . 

reinforcement ind the inclined tension tie was simulated by reduc~g the area of the 
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reinforcement to simulate the availa?le force. The faHure load' predicted by FIELDS is 

3t80 kN, that is, 88% of the actual faHure lDad. The finite element analysis predicts a 

curving of the comp~essive stresses which are flowing from the top of the beam into the 

nib (see Fig. 5.ge). 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 th~ full depth beam yield at 

failure. This corresponds with the observed large inclined cracking near the end_of the 

beam. (see Section 4.7). 
-.....; 

5.8 Datiped End Beam Test D-3 
1 \ 

r-'P~pped end beam
h

D_3 contains both inclined and ve~tical hasser re,inforcement 

near the dapped e~d an.d hence, has two means of hanging up' the load. In deciding 

on the strut and tie model and the truss idealization it is neces,sary <to account for 
" 

these two sets of hanger reinforcement.Q Figures 5.10a and b show the strut and tie 

model and truss .idealization used tq-lânalyze dapped end test' specimen D-3. The 
. 

reinforcement details are summarized in Fig. 5.1Oc. More details about this specimen 

are given in Section 3.4 and the experimental results are given in Section 4.6. The 
. : . "'-

additional horizontal bars, provided in the nib were not iiicluded in the simple truss 

idealization. It is Ifoted that these bars are required to control cracking in the nib and 
,1 

would also bè required if any horizontal force existed at the support. Four stirrups hi 
" 

the full depth beam w~re represented by a single tension tie located at the ce~tre of the 

group of stirrups. The truss' model is staticatly indetermipate because of the two sets 

of h~ger reinforcement. In the analysis to find the reaction it was assumed that both 

sets of hanger reinforcement yielded. The yield Torce in the incl~ned reinforcement js . 
A. /, = 2 x 300 mm2 x 478 MPa = 287 kN, while the yield force in the vertical.hanger 

is A,/, = 4 x 100 mm2 x 436 MPa = 174 kN. The forces in the other truss members 

have been determined from statics as shown in Fig. 5.l0b. It can be shown that none 
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" 

of the other tension ties yield. It is noted that the vertical tension tie representing four , , 
• 

stirrups has a tension of 34Î kN, Le., ..98% of the yield forc~e .. The force in the U-barJ 

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

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

is 341 kN. 
1 

In the test~ first yielding occurrèd in the-:stirrup reinforcement near the' end of the 

beam at ~ load 'of 274 kN with failure'taklg place at a load of 372 kN hi yield~ng of 

.... 
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the transverse reinforeement in the full depth beam. Significant str~ins were developed, 

-
in all the main tension ties in the region of the dap as shown in Fig. 4.15. The strüt 

"-> '" ~ 

an~ tië model conservatively predicts the failure load. 

The results of the fi~it: ~Iement anal~of sp~imen D-3 are shown in Figs. 

S.10d, e and f. The specimen was modelled with ~ymmetrical bounaary conditions 

at the beam centreline and ~ total of 55 CFTQ and 25' CFTT elements wer-e used 

~to model the beam. The angle embe<ided in the nib was simulated with a series of 

truss elements. AlI rein(~rc'ement W'as included in the finite element modelling. The' 
, 

development of the main longitudinal reinforcement and. the mclined tension tie was 

a~c~unted for by reducing the aréa of the reinfor~ement to simulate the~~ble force .. 

. In the region of the re-entrant corner and in the lower nodal zone region it Wa13 necessary 

to model three layers of ieinforc~ment, the inclin~d tension tie, the vertical stirr~';'\' 
rei~forcement, and horizont,al reinforeement: This was fiandled by adding a second", 

CFTQ ot CFTT element with a minimal concrete thickness (0.1 mm) and reinforcement 
j. , 

• t. 

equal to the stirrup contribution over the top of thé fùll thickness element containing the .. 
inclined and horizontal reinforcement. Since the thinner elements will ~ve a n;gligible 

, 
~ension stiffening 'contribution, it is important to model principal tension ties in the 

thicker elements so that their teQ.sion âtiffening effects will be included. The failure load 
, .'/ ' , 

predicted by FIELDS i~ 355 kN, that is, 95% of~tual failure load. Ah examination 

of the predicted principal coner,ete stresses and principal strains reveals that there ale ( 
. . 

actually three different major Ioad paths into the nib. These load paths are provided 
" , 

by both the inclined and vert'ical hanger reinforce~ent, as w~ll as compressive stresses 

which are flowbg directIy into the nib (see Fig: S.lOe). Th~ 'figure ~lso indicates a • 

con~entration of compression stresses which collect near the bottom of the inclined 
• 

re'inforcement. ' As can be seen from the principal tensile strains shown in Fig. S.lOf, . 
the jJtrrrups in the full depth beam yield at failure. This corresponds with the observed 

iarge inciined cracking 'near the end of the beam and with the measured strains in the , 

reinforcement (see Section 4.6). 
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5.0 Web Hole Specimen H-l 

Figure 2.3c illustrates a simple strut and~tie model and truS8 idealization for a 

~beam with a' web' opening: H it is assumed that the capacity will b~ governed by 

yielding of the main verticé\.l tension tie on the suppprt side of the opening then a , ~ .. 
prediction ôf the failure load can be made: The yield fore; of the four #3 legs ia 4 x 

, ,~ 1 

71 mm2
• x 388 MPa = 110 k:N. The simple strut and tie model assumes that the Bange . ~ 

is ineffect\ve in carrying shear and therefore, aIl of the shear past the centreline." Qf 

the opening is assumed to pass through the portion of Ahe beam b"eneath the opening. . , 

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

the distance from the bea.II1 çentreline to the centre of the opening, that is'$ 110 kN 1 . / 
4-t J -" .. 

(1.92 m - 1.00 m) ~ 120 kN lm. ' ~ 

Figure 5.)la shows t,he appearance of specimen H-l at failure. First yielding of 

the transverse reinf~rcement occurred ln the main tension tie at a uniform loading,of . , ,-" 

97.3 kN lm. Failure occurred at a uniform load of 177 kN lm and as can be seen failure 
1 • • 1 

took place aCter severe spalling of the. concrete cover in tlie region under the opening. 

" 

In addition extremely large strains developed in the sti!rups beneath the opening and .. 

in the main vertical'tension tie (see photograph in Fig. 4.24 and strain distributions . / 

in Fig. 4.23). At f~ilure there was also evidence of shear cracking in the slab over the 

opening indicating that there waa so~ she~ b~ing transferred through the, slab. 

The full span of ~pecimen H-l in the testing corifiguration ~ed to load the beam 
~ . 

to failure was modelled in the finite element idealization. Figure 5.11h illustrat~ the 
~ . 

portion of thè mesh up to the geometric centreline of the T-beam. A total of 20 . ,~ 

columns of CFTQ elements were used with 4 elements through the depth of the beam. 
o 

In the vic;inity of the opening the mesh was refined to include two elements . in the top 

Bange. The support conditions were mode lIed with truss element~ located such that 
, 

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

the tensile ~trèngth of conc'rete was taken as 0.37 y'=7f which was the value obtained 
~ , 

from split cylinder ~ests. The deformations shown in Fig. S.llc illustrate the significant 
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distortions in the regions immediately arou,nd the opening. Failure is predicted to <>tcur 

at uniform loading of 141 kN lm. The steeply inclined compressive field in" the region 

b~neath the opening is apparent from Fig. S.11d due to the ve~ high shéar.stress in ., 
this heavily reinforéed regi~n. The slight jnclination of the compressive 1"tresses in the 

'slab above the opening indicates ~at the finite element mode1 is predicting that some 

shear is transmitted directly by the 800 mm wide slab. The flow of compressive 'stresses 
, . 

. fr~m the tdp of the ma,in tension tie is also evident in this figu]"e. The principal strains 

shown in Fig~ 5.lle indicate that failure has taken place by yieldihg of the main tension 

tie reinf.orcement and by yielding of the stirrups in the region betwêen the support and 

the opening. 

The failure load predicted by the simple strut and tie model is 69% of the actual 

fà.itur\e load, w~ile ptogram FIELDS ~dicts the failure to be 80% of the actual failure 

l~ad.\ It is noted that the predicted resJonses did not account for the horizontal restraint . " , 
at the ends of the beam due to the friction between the bea.m and the steel bearing 

supports, thus giving consèrvative stren~th predictions . 

5.10 Web Hole Specimen H-2 

Using the simple strut and tie mode} and trUSs idealization shown in Fig. 2.3c and 
4. - <11~ n ~ 

assuming that the capacity will be governed by yielding of the main vertical tension 
1 0 --- / 

. tie o~ t sUPP,ort side of -the opening, the predicted failure shear can be obtained. 

The yield.force of the four No. 10 leg,\ is 4 x 100 mm2 , x '365 M;Pa = 146 kN. The 

simple strut and ,tie model assumes that the' flange is ineffecti've in carrying shear and 
<d - • ' 

therefore, aIl of the shear past ,the çentreline of the opening is assumed to pass throug~ 

. the portion of the beam beneath the opening. Thua, the corresponding uniform load is 

equal to the tension ti.e capacity divided by the distance from the" beam centreline to 
, 

the centr«: of the opening, that is, 146 kN 1 (2.5 ~ - .75 m) = 83 kN/m. 
, 

Figure 5.12a shows the appearançe 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 kNjm. Failure occurred at a uniform load of ... 99.7 kN/m. As with sp~cimen H-l, , ,. 

fa.ilure took> place after severe spalling of the conctete cover in the' region under the 

opening. A very large diagonal crack starting at the side of 'the opening furthest from 
, . 

. the support and extending beneath the opening caused the final failur~ (see phttograplr 

in Fig. 4.27 and strain distributions in Fig. 4.26). The shear cracking in thè slab- ~vet 
. ~ 

the opetlng indicate51 th~t there was som~ shear being transferred through the slab. 

, Figure 5.12b illustrates the finite eÎèment idealization of specimen H-2. The truss 
o 

elements shown are located such that their centre coincides with the inner edge of 
" . - \ 

the steel bearing support. ' Half of the span is modelled in the testing configuration 
, '" ' 

used to load the beam to failure. in the ~nalysis it was assumed that the bea. 

symmetrical about midspan. The tensile strength of concrete for th~s analysis was taken 

as 0.37 v' - f: which was the v~lue obtained from split cylif\der tests: The deformation:S 
, 

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 
, 4 

steeply incline& compressive field in the region benèath the opening is apparent from 
i1 • 

\ ,~ . 
Fig. 5.12d due to the verY\high shear stress in this heavily reinforced region. The slight 

1 

1 ) -

izrclination pf the compressive. stresses jn the slab above the opening indicates that 

t~e fini te , element model is predicting that sorne shear is transmitted directly by the 

800 mm wide slab. The fiow of compressive stresses from the top of the main tension -, .' " 

tie is aiso evident in this figure. The principal stiàins,hown in Fig. 5.12e indicate that 
• 

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

. :>pening furthest from the support. 

The failure load predicted by the simple strut and tie model is 83% of the actual . . 
, , 

failure load, while program FIELDS predicts the failure to be 78% of the actuaI failure 
.' . 

load. It is noted that the predicted responses did not account for the horizontal restraint 

at the epds of the beam due to the friction between the beam and the steel bearing , 
support&, thus giving conservative strength predictions. 
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CHAPTER' 6 

SÛMMARY AND CONCLUSIONS 

c , 

. . \ 

, 

\ 

A ·two dim~sional, non-linear nnfte element compùter

t 
pram, FIELDS, was 

developed in o'rder to provide a me~s of predicting the comp te response of rein

forced concrete members subjected to in-plane loading. It ace unts ·for the non-linear 

behaviour of the teinforeement as· well as the strain softening of the concrete in eom-

pression and the tension stiffening of the eopcrete' between the cracks. The program , 

e~ables the use of truss, tl'Ïangtilar, and quadrilateral elements. Thè triangular and 

quadrilateral elements permit the use of mid-side nodes. In order to enable the Use 
} ~ \ ,c. , • 

of larger elements w.ithout significant loss of accuracy FIELDS permits the use of up 
- . rl 

to four by four quadrature in th~ numerical integration of element stiffnesi!les. Rein.: , , 

forcement in two arbitrary directions is assigned t'o each triangular and quadrilateral 
, 

. element. This reinforcement is assUI{led to be smeared uniformly within the element. 

'~oncentrations 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 prbgram checks the ability of cracks to trans~it shear st'ress~ and the ability of . , , . 
the reinforcement to transfer tension' across cracks. Both slippage at the crack and 

yielding of the reinforeement across cracks reduce the tension stiffening of the eo:p.crete 

between the cracks and lead to ~igni1icant reductions in stiffness and strength. 
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Program FIELDS is particularly t:lS~ful in predicting the response of reinforced 

. 
concrete membe:rs containing major discontinuities or disturbed regions. The ability of . 
this non-linear 6.nite element progra.m to model the flow of the ~tresses around regions 

l ' 

of discontinuities thrQughout aIl stageà ,of loading provides a useful tool in studying 
---

the response of complex members. The predi~ttons of the responsesoof a number of' 

,test specimens <;ontaining regions of major discontinuities were compared with the test 
, 

tesults. The program predicted correctly the modes "of failure of a number of shear 

panels tested by Vecchio and Collins, a uniformly loaded beam' tested by Mailhot, and 

coptinuous deep beams tested by ,Rogowski~ Mac Gregor and Ong. 

As part of this .research progrâmme a. number of members with maj.or disturbances 

were \ested. T'hese tests included a corbel specimen, four dapped end specimens, and 
, 

two tests on uniformly loaded beams with web holes. These test specimens were heavily 
\ . 

instrumented in or der to permit à de~ailed study of the strains. These test specimens 
. ( 

provided useful data for non-line~ analyses using program FIELDS and were used to 

develop simple strut and tie,models suitable for design. 

J The test results and the predictions ùsing non-linear 6.nite element analyses demon-
o 

strate the.. need to account for the following important fea~ures of distu.rbed regions: 

a) since the ultimate cap.&Cities of corbeIs and dapped ended beams are sensitive 
~ . 

to small changes in load eccentricities it is necessary to carefully model the details of 

the bearing and loading areas, 

b) unrestrained concrete outside qf bearing areas and plain concrete co~er has th~ 

potential to spall and tlterefore, should be neglected in the analysis of the' ultimate 
, . 

failure conditions, 
1 

c) the termination of reinforcing bars results in significant bond stresses and vari-

ation of forces wong the ,length of the bar. In this stl1dy this was accounted for by 

redudng the area of steel ,along the devel~pment length. In the design using strut and . . ... 
, . 

tie models it ~ necessary to -ensùre t.hat the reinforcement is de)l-iled sulb that the 
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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 tiés should be chosen such 

tha~ the elements~e approxiI!1ately the same width as the effective zone around tne 
1 

tie. Elements modelling nodal zone regions should have a thickness consistent with the . . 
available anchorage details (e.g., the difference between open and closed stirrups can 

, be substantial). 

, Program FIELDS enables an ~essment of different strut and tie models for, the 

design of disturbed regions. Simple strut and tie models, along with truss ideaUzations . . - . 
for a variety of disturbed region!l'are presented. It was found that these simplè strût . ) 

- , 

and tie mod-eliil conserv~tively predicted the test failure load;. .Program FIELDS en-

abled hetter predictions of both the failure loads 'and the floir of the forces in the' test:" 
, 

~ speci~ns and hence provides a usefl!l tool for the ana:ly:~is of disturbecf regions . 

., 
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STATEMENT OF ORIGINALITY 

• . ...& non-l!near finite element computer prograItl was developed in order ta analyze . .. 
the full response of reinforced concrete members including regions near discontinuities. 

This program aceounts for th~ strain softening' and tensile stiffening effects on the 
~ .. . 

cr_acked concrete. The program aiso accour:ts for the nofi-linear response ,of the st~el 

and investigates the ability of the steel reinforceIlJ,ent ta tql.llsfer forces across the cracks . 
. 

A number of ,full seaie experimerits were carried out on members with a variety, 

of major discontinuities. These test results and the non-linear finite element computer . \ 

analyses enabled simple strut and tie mos:lels to be devel~ped for use in design. 
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A.t Introduction 

APPE.NDIX A , , 
EXPERIMENTAL DATA 

.. 

This appendix includes the experimelJ.tal da.ta for the corbel specimen C-l, the 

dapped end specimens D-l through D-4, and the beam specim~ns H-l and H-2 with 
• . s-. 

web openings. A complete description of the specimen, loading-, and instrumentation 
~ 

âetails are given in Chapter 3. 

The location and orien'tation of the strain measurements is described by a numbcr 

suck as D2 H12F, which indicates that the reading is on sp~cimen D-2 in the horizontal 
, 

direction between lines 1 and 2 at level F (see Fig. A.2). .fi( 
It is noted that sorne specimens required a change in test sct-up due to ~failur(' 

\ 

of one of the- ends of the specimen during testing. The reloading after this change 
. ' 

in test set-up is referred to as "Loading 2'" in the folJowing tables. Details of thesc 

reloading test set-ups are given in C.hapter 3. The deflection readings were reset to 

zero Cdr reloading. 
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A.2 Corbel Specimen C-.1-

, 

H- O.2V 
-Joad cell LC 1 f 

' V 

(a) North face in$trumentation 

H- O.2V 
load cell LC2 . t 

V 

F 
5 

(h) South face i'1s1n.mentation . 

25 mm 

H:aO.2V 
load cell. LC2 

o target on 
reinforcement 

• target on 
concrete 

~ targe~ embeded 
25 mm in 
concrete 

25 mm 

H- O.2V t load cali LC1 

~ 

Figure A.1 Test Set-Up and Instrumentation for Corbel Specimen 9-1. 
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Ta~le A.I Corbel ~pecimen C-I - Measured Loads. 

1.- '" Meaaured Loads 
Load Shear* LC1 

, 
LC2 

Sta..ge (kN) (kN)' (kN) . 
' . 

OA-B 0.0 0.0 0.0 . \ 

I 33.4 6.9 7.7 
2 66.7 12.2 13.4 ) ( 3 100.1 18.9 20.4 - . \. . 

24.', 26.7 0 4 
" 

133.5 
5 • 166.8 31.9 34.1 

L 6 200.2 3~.7 41.3 
7 233.5 44.7 47.5 
8 266.9 50.6 53.8 

... ~ 300.3 57.8 61.2 
la 333.6 644 '68.1 « 
11 367.0 711 75.1 
12 -.J 400.3 780 Q.2.2 

wJr 13 4337 84.4 88.6 

'" 14 467.0 912 955 
15 500.4 97.3 1018 

\ 
• Does not include self.weight shear of 1 8 kN. 

~ 

Table A:2. Corbel Specimell C-1 - Strain Measurementa . 
,. 

. 
DEMEC Gauge Readings • Strain (mm/m) 

Load 1 2 3 4 5 6 7 8 
S,tage ~ N HI3C N H13E RH13F N H35C N H35E N ,H35F N H56C N H56~~ 

.,,---
DA 0.000 0.050 0.050 0.050 0.000 ·0 050 0.000 0000 
OB 0.000 -0.050 -0 050 ·0 050 0.000 a 050" 0.000 0000 
1 0.000 0,050 0.050 0.050 0.000 <tO.450 0000 -0.100 
2 0.100 0.050 0.050 0.150 0.100 ·0.450 0000 0'000 

'1 0.100' 0.050 0.150 0.050 " 0.100 -0.450 o 100 a lÔO 

0.100 0.050 0.050 0.050 0.100 -0250 0000 o 100 
5 0.100 0.050 0050 0.250 0500 . 0.350 0200 0300 
6 0.100 0.050 0.050 0350 0.500 0.750 0300 0.300 , 
7 0.100 0.250 0350 0.350 0.700 1250 0200 0400 
8, 0.500 0.650 0.750 0.650 0500 1.450 -.0..]00 0.500 
9 0.800 0.950 0.950 0.6HOO 1~ 0.300--~ 0 500 
10 0.900 1.050 0.650 0.750 0.900 ' 1. 50 0300 '(}~OO .. 
:1 1.100 1.250 0.950 0.8 a 1000 2.050 0300 0700 
1. 1.300 1.450 1.250 0.95.0 1.100 2.450 0400 ' 0900 
13 1.500 1.550 1.250 1050 1·200 2.650 0.400 1.000 

) n 1.700 1.750 l.350 1.150 1.200 2.950 0590 1.000 
15 1.600 1.750 1.650 1.150 1.300 3.250 0.500 1.200 

, 
• 6 
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Table A.2 (Cont'd) Corbet Specimen C-1 - Strain Measurements. 

C . 
DEMEC Gauge Readings - Stram (mm/m) 

Load 10 11 12 13 14 15 16 
Stage N N H68C N H68E N H68F N H810C N H810E N H810F N H13D 

DA .000 0.000 0.050 0.000 0.000 0.000 O.OiO 0.000 
~ 

OB 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 O.OO~ -0.200 0.000 0.150 0.000 
3 .0.200 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 00400 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 O.lÎoo 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 i.300 
10 1.100 '.1.250 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 0.900 1.600 JII 1.750 2.300 
13 

~ 
1.400 1.550 3.000 0.90p 2.300 1.750 2.7:' 

1 14 1.aOO 1.650 3.200. 1.700 1.800 2.250 3.0 
"\ 15" 1.800 ' 1.550 2.800 3.400 3.000 5.150 3.200 

... Table .N!2 (Cont'd) Corbel Specimen C-1 - Strain Jeasurements. 

DEMEC Gauge Readings - fi train (mm/m) 
Load 1,7 18 19 20 21 22 23 24 
Stage N H24B+ N H24B N H24D N H35B N H68B N H79B+ N H79B NH79D 

OA -0.050 0.000 0.000 0.000 0.000 0.050 0.000 0.000 
OB' 0.050 0.000 0.000 0.000 0.000 -0.050 0.00 o.oao 
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 O.Osq 0.000 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. 00400 

!" 

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 00450 00400 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 20400 
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 

1.000 1.050 .a.900 2.500 
15 1.850 1.800 , -0.100 1.900 1.000 0.850 0.900 2.200 

" 

c \ 
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Table A.2 (Cont'd) Corbel Specimen .C-l- Strain Measurementl . • '\ ' . 
DEMEC Gauge Reading. -'Strain (mm/m) 

Load 25 26 27 28 29 30 31 3Z 
Stage" N H810D N VlDF NV2BD NV2DF 1 N V3AC NY3BD N V4BD N V7BD 

, . 
..A DA 0.000 0.000 0.000 0.000 -0,050 0.000 0.050 c''-' 0.050 

OB 0.000 0:000 0.000 0.000 0.050 0.000 -0.050 -0.050 
1 0.000 0.100 0.000 0.100 0.050 0.200 0.050 '0.150 
2 , 0.000 0.100 -0.100 0.000 0.050 0.100 -0.050 0.050 
3 0.100 . 0.100 -0.100 0.000 -0.050 • 0.100 ~0.050 0050 
4 0.100 0.100 -0.100 0.100, -0.050 0.100 -0.150 0.150 

,5 0.100 0.100 -0.100 0.000 -0.050 o.oeo -0.150 0.150 
6 0.100 0.100 -0.200 " -0.100 -0 .. 150 -0.100 -0 l'tO A·I50 
7 0.200 0.000 -0.100 0.000 -0250 -0.100 -0 150 0250 
8 0.700 0.100 0.400 0000 -0.150 

. \ 
0.100 -0.150 '0.350 

9 1.000 0.100 0.700 0.000 -0.150 0.300' -0.150 0350 
10 . . 1.300 0100 0.900 0.000 0.450 0.500 ·0150 Q.350 
11 1.500 0.200 1.100 Qàoo O.~ 0.600 -0.150 0350 
12 1.800 0.100. ~.500 0.000 0.150 0;700 -0 2~ Ir' 0 350 - . 
13 2.000 0.100 1.700 -0.100 0.150 0.900 -0.2&0 0.350' 
14 .... 2.000 0.100 2.000 . -0.200 0.250 1.000 -0.150 0.450 

r 

15 2.500 0.000 2.100 -0.100 0.250 1.200 -0.150' o 45Q, 
) 

Table A.2 (Cont.'d) Corbel Specimen C-l .. Stra.in Measurements . 

. 
DEMEC Cauge Readings - Strain (mm/m) 

'l Load" 33 -34 35 36 37 38 39 40 
Stage N V8AC N V8BD NV9BD N V9DF N V10AC N D13DB N Ql·3FD N D24CA 

DA 0.000 0.000 0,050 0.050 0.000 0.060 -0035 '0 000 . 
OB 0.000 0000 -0.050 ,-0050 0.000\ 0.000 0035 0000 
1 0.100 0.100 -0.050 0050 0.000 -0.284 . -0 177 0000 
2 0.000 0.000 -0,2.50 -O.osa -0.100 -0071 0.106 0.000 
3 0.000 

,$ 

0.100 -0.150. 0.050 -0.100 ,-0.142 -0.035 -0071 
4 0.100 0.100 -0.050 0.050 -0.100 -0.071 o 106 ·0071 
5 0.000 0.100 ·0.250 0.050 -0.100 -0.142 ,-0 035 ~ ·0 0-71 
6 -0.200 0.000 ·0.250 -0.050 -0.200 . -0.142 -0.035 -0 . .213 
'[ -0.300 -0.100 -0.250 0.050 ' . -0.300 -0.142 0.106 -0.071 
8 -0.300 0.300 -0.350 ) 0.750 -0.300 -0.284 o 106 -0213 
g -0.300 0.400 ( ~0.450 

( 

0.950 -0.300 -0.426 0.177 -0.213 , 
1;) -0.200 0.600 -0.350 1.250 -0.300 -0.355 0.248 -0.142 

., 

li -0.200 0.800 -0.450 1.450 . -00400 -OAG6 0.106 -0284 
12 -0.100 0.900 -0.750 1.650 -0.500 -0.709 0.461 -0.142 
13 -0.100 1.100 -0550 1.950 -0.300 -0.7CX> 0.248 -0.496 
14 0.100 1.200 -0.750 2.050 -0.400 -0.567 0.319 -0.284 
15 0.000 1.400 -0.350 2.850 0.000 -0.496 1.312 ·0 "'00 - <r 

li 

" 

, 

•• 
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Table A.2 (Gont'd) Corbel Speçimen 0-1 - Strain Meas1Ù'emerÏts. • DEMEC Gauge Readings ~ Strain Jmm/m) 

-Load 
.. 

41 42 43 ·44 45 46 47 48 
Stage N D24DB N D24FD N D35DB N E68BD N D79AC N D79BD N D79DF N D810BD 

, 
OA 0.000 0.000 • 0.000 0.000 , 0.035 0.035 -0.035 -0.035 
OB 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 0.071 0.071 -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 '1' -0.035 
4 0.000 0.142 -d.o71 . 0.142 -0.106 -0.106 -0.035 -0.106 
5 -0.142 , 0.000 . ~~:~:; J 

0.142 -0.177 -0.177 -0.035 -0.106 
6 

" 
-0.213 ' 0.000 0.213 -0.177 -0.17.7 0.035 -0.177 

7 -0.142 6.000 -0.071 0.142 -0.248 -0.248, 0.106. -D.248 
8 -0.213 0.000 -0142 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 -0.148 0248 -0.319 , 

-'0.142 12 -0.071 o aoo 0.426 . -0.319 -0.177 0.319 -03S0 
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 -0.213 0.355 '-0.461 -0.603 -2.730 -0674 .. 

Table A.2 (Cont'~) Corbel Specimen 0-1 - Stram Measurements. 
u 

\ » . . DEMEC Gauge Readings - Stra~ (mm/m) 
Load' 49 50 51 52 5 54 55 56 
Stage N D810DF S H13E SH24C S H24D S H35B S H68B S H79C S H79D 

0 

DA -0.035 -0.050 0.000 -0 050 0.000 0.000- 0.050 0000 
OB 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 O.OQO 1 -0.100 -0.050 0.000 
4 -0.035 0.050 0.100 0.150 0.000 -0.100 -0.050 0000 
5 ,-0~106 0.050 0.000 O.osa 0.000 0.000 -0.050 0000 
6 -0.177 0.050 -0.100 -0050 -0.100 -0.100 -0.050 -0.100 
7 -0.106 0.550 0.100, \ 0.350 -0.100 -0.100 -0.050 -0200 
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 LO.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.Mo· 1.800 2.450 1.000 

. 
0.500 0.850 1.100 tJ 

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 Speèimen fJ-1 - Strain Measurements. . . 
C 

, 

1 DEMEC Gauge Readings - SU'ain (mm/m) 
Load 73 7~ 75 76 77 - 78 79 80 

~ Stage S D24D~ S D24EC S D24FD 3 D35CA S D35DB S. D68AC S D68BD S D79AC 

OA 0.035 0.000 0.035 0.035 , 0.035- -0.035 -11.035 0.000 
l' OB -0.035 O.OOQ -0.035 -0.035 -0.035 • 0.035 0.035 0.600 

1 0.035 0.071 0.106 0.106 0.035 0.10El- 0.106 , 0.011 
2 -0.035 Ô.OOO 0.035 0.035 -0.106 0.035 0.035 0.000 
3 -0.035 0.000' 

\ 
-0.106- -0.035 

, 
-0.071 

~ 
0.106 \ 0.035 -0.035 

4 -0.035 0.000 0.106 -0.035 - -0.055 -0.106 -0.0$5 ~0.213 

5 • ~ -0.035 -0.07! 0.035 -0.106 -0.035 -0.106 -0.035 -0.142 
6 -0.106 -0.071 0.035 -0.177 -0.106 -0.177 -0.106 -0:-213 
7 -0.177 -0.071 .Y 0.035 -0.1~ -0.177 -0.177- -0.106 -0.284 

, . 8 -0.177 0.000 -0.035 -0.1 . -0.177 -0.177 -0.106 :0.355 
9 -0.177 -0.071 -0.035 -0.177 -0.248 -.0.390 -0.177 -0.426 
10 -0.248 0.000 -0.177 -0.177 -0.319 -0.319 ~0.177 ~ -0.496, 
11 -0.532 '0.213 -0.532 -0.177 -0.319 -0.319 0.177 -0.355 

\ 12 -0.177 0.213 .0.177 . 0.035 -0.177 -0.390 0.177 -0.426 
13 0.035 0.142 0.319 -0.106 -0.177 -0.319 0.106 -0.284 
14 -0.248 0.567 -0.603 -0.100 -0.390 -0.106 0.177 -0.355 
15 1.028 2.766 0.177 1.099 0.461 -0.2218 -0.035 -0.426 

,-

Table A.2 (CO'llt'd) Corbel Specimen C-1 - St~ain Measurements. 

• . . DEMEC Gauge Readings - Strain (mm/m) 
Load 81 82 lJ 83 84 85 
Stage S D79BD S D79CE S D79DF S D810CE S 'D810DF 

DA -0.035 -0.035 -0.035 0.000 -0.03'5 
OB 0.935 0.035 0.035 0.000 0.035 
1 0.106 0.035 -0.035 -0.071 -0.035 
2 -0.035 -0.106 -0.035 -0.0~5 • -0.142 
3 0.ro5 -0.{)35 -0.035 -0.071 -0.106 
4 -0.106 -0.035 -0.106 -0.142 -0,106 
5 -0.106 -0.035 -0.106 -0.142 -0.177 
f\ -0.106 -0.177 -0:177 -0.213 -0.248 
7 -0.177 -0.106 -~.248 -0.213 -0.248 
8 -0~48 -0.248 - .248 -0.355 -0.,,319 
9 -O. 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 

~t. -0.319 0.390 0.106 -0.213 -0.248 
-0.177 0.106 . 0.319 -0.496 '-0.177 

14 -0.319 0.035 0.532 -O~ -0.106 @> 15 -0.603 0.248 . 0.674 -0 -0,035 

.... 
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A.3 Oapped End Specimen,s 0-1 ahd 0-2 
Jc \ 
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o target on r~inforcement , 
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Figurb A.2 Initial Test Set-Up and Instrumenta.tion for Dapped End Specimens . 
D-l and ù-2. 
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Table A:3 Dapped End Specimens D-1 and D-2 - Measured Loads - Loading 1. 

Load 
Stage 

1A-C 
2 
3 

'4 
5 
6 
7 
'8 
9 
10 

Shear* 
(kN) 

0.0 
33.4 
66.7 

100.1 
, 1~.5 

166.8 
200.2 
233.5 
251.3 

3.3 

Measpred Loads and Deflections 
Dia.l1 Dia.l2 Dial 3 
{mm) (mm) (mm) 

0.00 0.00 0.00 
0.05 0.51 0.99 
0.'05 -0.91 2.211 
O.oS lAD 3.35 
0.00 1.96 ~.72 
0.03 . 2.67 6.25 
0.00 3.51 &.:.33 

-0.03 4.29 10.26 
0.00 3048 10.52 
'0.10 2.41 7.04 

Dia.l 4 Dia15 
(mm) -(mm) 

' 0.00 0.00 
0.38 0.89 
0.61 , 1.24 
1.60 1.37 
2.~4 1.42 
2.95 1.40 
3.66 1.35 
5.11 1.27 

12.32 -0.79 
9.12 -1.55 

* Does not iltclude self-weight shear of 6.6 kN. , 
Table A.4 Da.pped End Specimens D-1 and D-2 - Strain Measurements - Loading 1. 

... 

DEMÈC Gauge 'Readings - Strain (mm/m) ..... 

L6ad 1 2~ 3 4 5 6 7 8 
Stage D2 HOA-A D2 B:12F D2 H12G D2 H12H D2 H121 D2 H12J D2 H12K D2 H2A-A .. 
lA 0.067 0.100 0.033 - 0.050 0.133 
lB -0.033 0.000 0.150 -0.067 0.100 -0.100 -0.167 
1C -0.033 -0.100 -0.150 0.033 -0.100 -0.050 0.100 0.033 
2 -0.133 -0.200 Q.050 0033 -0.100 0.050 0.100 0.133 
3 -0.033 -0.100 0.150 0.033 -0.200 0.050 0.200 0.033 
4 -0.133 -O.lqO 0.550 0.033 0.000 -0.250 0.100' 0.033 
5 -0.033 0.000 0.550 0433 8.200 0.150 0.000 0.233 
6 0.567 ù.300 0.850 0.833 00400 -0.050 0.200 00433 
7 1.06", -o.ioo 1.150 1.533 1.800 0.250 0.100 0.033 
8 2.267 ~ .. 0.200 1.150 2:233 2.600 0.150 0.200 -0.367 
10 '5.067 1.133 2.000 0.450 0.000 1.533 

, Table A.4 (Cont'd) Dapped End Specimens D-l and D..I2 - Strain Measurem.ents - Loading 1. . " 

'> ~EMEC Gauge Readi!lgs - Strain ~mm/m) . 
Load 9 10 11 12' 13 14 15 16 
Stage D2 H2A-D D2 H3A D2H3B D2 H3D ., D2 H3E D2 H4A D2 H4B D2 H4D 

lA 0.033 0.100 0.067 . 0.138 0.100 • -0.100 0.133 
lB' -0.067 0.000 -0.033 :0.067 0.000 0.000 -0.067 
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 <l.133 
7 -0.067 -0.100 -0.100 -0.333 2.033 o.obo 0.000 -0.067 
8 --0.067 -0.200 -0.200 -0.333 . 3.133 -0.200 0.100 -0.067 
10 -0.067 -1.400 -0.100 -0.333 1.333 0.000 0.100 -0.067 

.. 
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Tabl~ A.4. (Cont'd) Dapped End Specimens D-1 and D-2 .. Strain Measurementa - Loading 1. • DEMEC G~uge Readings - Strain -.Jmm/m} -
Load 17 23 1 24' 

! 
18 19 20 21, 22 

Stage D2H4E D2 H4AC D2 H4BC ______ D2-H4CC D2 HOA1B D2 H12B CL H56E CL H56K 

lA 0.067 0.200' O.13r 0.067· -0.035 0.000 0.14,2 \ -0.189 -
lB 

""- r O.033 0.000 -0.06 -0.033 0.000 0.071 O.02~ 

1C -0.033 '-0.200 -0~6 -0.033 0.035 -0.213 S.165 
2 0.167 0.100 . 0.133 0.067 0.248 -0.071 0.000 O!à78 
3 0.267 .0.200 -0.267 0.067 0.390 0.284 02~ 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 

. • ~o 4 0.367 0.900 0.933' 0.667 2.092 20482 LtB48 2 .. 009 
0.067 0.500' 0.833 0.267 5.142 2.199 0.355 . 0.875 

.,. 

Table A.4 (Cont'd) Dapped End Specimws q-1 and D-2 - Strain Measurements - Loading 1. 
, 

~ 

DEMEC Gauge Readi,ngs - Strain (mm/m) 
Load 25 26 27 28 29 . 30 --SI 32 
Stage D2 VOA-A 'D2 V1FG D2 V1GH D2 V1Gl D2 V1HJ D2 VlIJ D2 VlJK D2 V2FG 

lA 0.067 -0.100 0.133 0.118 0.133 -0.167 
" lB 0.067 0.100 -0.067 -0.035 0.118 -0.067 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 -0.067 -0.400 -0.067 
4 -0.033 0.500 0.733 0.319 -0.236 0.133 -0.500 0.033 
5 -0.133 00400 1.133 0.603 -0.236 0.333 -0.500 0.133 

" 6 0.861' 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 OADO' 1.033 
10 .. ' 16.167 0.898 0.633 1 0.000 

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

DEMEC Gauge Re.adings - Strain (mm/m) 
Load 33 34 ,35 36 37 38 39 40 
Stage D2 V2GH\ D2 V2Gl D2 V2HJ D2 V2IJ D2 V2JK D2 V2A-A 02 V2A-D D2 V3A 

lA -0.033 .. 0.000 0.033 0.050 0.033 
lB -0.Q33 0.000 0.071 0.033 -0.050 0.050 -0.067 

• 1C 0.067 0.000 -0.071 -0.M7 0.050 -0.050 -0.050 0.033 
2 -0.033 -0.071 -0.213 . 0.033 -0.050 0.050 -0.050 "-0...367 
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 -0.63â 

• 
0.000 -0.567 -0.250 -0.350 -0.350 -0.167 

6 .0.767 0.851, -0.267 -0.150 -0.350 -0.350 -0.067 
7 0.967 0.709 --0.067 0.250 -0.250 -0.450 -0.167 

-S 1.167 1.348 0.333 1.050 -0.250 -0.450 0.233 
10 -0.633 -s0.355 0.033" 0.350 -0.450 0.733 .' 
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Table A.4 (Cont'd) Dapped End Specim611s D-l and D-2 - Strain Measurements - Lo3.ding 1. , ... DEMEC Gauge Readings - Strain (mm/m) 
Load 41 42 43 44 45 46'" 47 48 
Stage D2 V3B D2 V3D D2 V3E D2V4A D2V4B D2 V4D D2 V4E D2 V4A-C -
lA ~ -0.067 -0.033 

... 
-0.100 ,0000) 0.033 0.000 0.033 0.000 

lB -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 0000 
2 0.133 -0.833 0.200 0000 -0.167 0.000 0.033 0.000 
3 0.033 -0.133 0.000 -0.100 -0.067 0.000 -0.267 OJOO 
4 -0.067 -~.433 -0.100 0.000 0.033 -0.100 -0.167 -0.2<l0 

• 5 -0.067 - .133 0.100 0.000 -0.067 -0..100 -0.067 -0.200 . 
6 0.133 0.167 0.500 0.200 0.133ot 0.000· -0.067 -0.200 

tf. 7 0.433 0.667 • 1.200 0800 0.733 0.100 -0.067 0.400 
8 0.833 1.567 2.000 1100 1.033 0.200 ,0.033 0800 
10 0.333 0567 0.900 0.400 0.433 0.100 - 0.133 0500 

\ Table A.4 (Cont'd) Dapped End Specimens D-1 ana D-2 '7 Strain Measurements - Loading 1. 
... 

\!l 
DEMEC Gauge Readings - Strain (mm/m), ), 

Load' 
, 

50 51 
, 

49 52 53 54 55 56 
Stage D2 V4B-C D2 V4C-C D2 DOA-A D2 D21F9 D2 D21GH D2 D21IJ D2 D2IJK D2 D12FG 

• c lA f -0.133 O.DOO -0.095 0.095 0.071 0.000 0071 . ' 
lB -0.033 -0~100 -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.OS5 -0071 

1 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 -Q.142 -0.461 -0.071 

" 5 0.167 -0.200 0.189 0.307 -0.142 -0.355' .. -0.319 0.142 
6 0.567 0.000 0.118 0.378 -0.142 -0.071 -0.390. 0.426 
7 . 0.667 0.200 0.118 0.733 0,426 ,-0.141 -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 -0.816 

Table A.4_ (Con t 'd) Dapped End Specimens D-1 and D-2 - Strain Measurements - Loading 1. 

DEMEC Gauge Readings - Strain {mm/ml 
Load 57 58 " 59 60 61 62 63 64 
Stage D2 DltGH D2 D12IJ D2 D12JK D2 D2A,-A D2 l)2A-D D2 D3A D2 D3B D2 D3D 

... lA 0.355 0.095 . 0.142 -0.024 0.024 0.047 -0.071 

l' lB -0.071 0.024 0.000 -0.071 0.04.1 0.024 -0.024 0.000 
lC -0.284 -0.118 0.000 -0.071 -0.024 -0.047' -0.024 D.p71 
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 -0.4,26 
8 2.624 3.641 1.206 -0.284 -0.378 -0.118 -0.307 -0.638 
10 1.939 0,496 -0.236 0.307 0.544 -0.355 , • 

. . 
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Table A.4 (Cont'd) Dapped End Specimens D-1 and D-2 - Strain Meuurements - Loading 1. 

• 1 

DEMEC Gauge Readinge - Strain (mm/ml 
\72 Load 65 66 67 68 69 70 71 

Stage D2D3E D2 D4A 'D2 D4B D2 D4D D2 D4E D2 D4A-C D2 D4B-C D2 D4C-C 

lA: , 0.024 0.024 . -0.024 0.000 0.095 0.047 -0.024 
lB 0.024 <) 0.024 0.071 '. -0.095 -0.071 -0.047 0.047 0.047 
lC -0.047 -0.047 -0.071 0.118 0.071 -0.047 -0.095 -0.024 
2 -0.047 -0.118 -0.142 0.0,41 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 O.OH -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 0:047 0.355 -0.047 -0024 '0.118 
7 -0.118 -0.189 -0.213 -(}.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 

.. '10 -0.189 -0.118 -0.071 -0.095 0.000 -0.047 -0.095 0.p8 

Table A.4 (Cont'd) Dapped -End Specimens D-1 and D-2 - S'train Measurements - Loading 1 ,. 

" DEMEC Gauge Readings - Strain ( m/m) 
Load' 73 74 75 76 77 78 79 80 
Stage D~BK HOAD2BK VQAD2BK DOA Dl HOA-A Dl H12F H12G Dl H12H Dl H121 

lA 0.033 0.033 0.142 0.200 -0.067 0.050 0.200 0.067 
lB 0.033 0.033 0.071 0.000 0.133 0.200 0.167 
lC -0.067 . -0.067 -0.213 -0.200 -0.067 -0050 -0.400 -0.233 

~2 -0.067 -0.267 -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 -0033 
5 -0.067 • -0.367 -0.426 -0.600 0233 0250 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.?33 0.150 1.600 1.167 
8 6.733 -0.067 -0.355 3.600 0.433 0250 2.000 1.567 
la 3.033 -0.06-7 -0.142 1.400 0,533 0.150 1.00Q 0967 

~ 
Table A.4 (Cont'd) Dapped End Specimens D-~ and D.:'2 - Strain Measurements - J,oading 1. 

• 
DEMEC Gauge Readings - Strain {mm/ml 

Load 81 82 83 84 85 86 87 88 
Stage • Dl H12J Dl H12K Dl H2A-A Dl H2A-D : Dl lf3A' Dl H3B Dl H3D Dl H3E ... lA 0.400 0.100 0.000 0.033 -0.067 0.067 0.000 0.033· 
lB 0.300 0.100'" 0.000 0.133 0.033 * '0.067 0.000 0..133 
1C -0.700 -0.200 ' 0.000 -0.167 0.033, -0.133 0.000 -0.167 
2 -0.400 -O.~OO . , 0.000, -0.367 \ -0.067 0.067 0.000 -0.367 
3 -0.200 -0.400 0.000 -0.467 0.033 0.167 ~ 0.100 .. 0.161 /1 

-..f 
4 -0.600 -0.100 O.QOO -0.567 0.033 0.067 0.200 -0.067 

... 5 -0.400 0.100 0.000 -0.467 0.133 -0.033 0.200 -Q.167 
6 J O.7oo 0.000 -0.200 -0.667 0.133 -0.033 0.200 0.233 0 

7 -0.200 0.500 -0.300 -0.567 0.2'33 -0.033 -0.100 1.833 .. 
8 -0.300, 0.500 -0.200 -o. iQ7 0.133 -0.033 -0.100 2.633 

.. 10 -0.100 0.600 -0.200 -\.1.567 0.233 0.067 0.100 . 0.833 

0 l. 
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Table A.4 (Cont'd) Dapped End Specimens D-1 a.nd 0.2 - Str&Ïn Measurementa - Loading 1. 

-G . 
DEMEC Gauge Readinga - Stram (mmim) , 

~LOad 113 114 115 116 11'7 118 119 120 

\; Stage Dl VSA Dl V3B Dl VsD Dl V3E Dl V4A Dl V4B Dl V4D Dl V4E 

lA -0.167 0.000 0.100 0.033 -0.067 0033 0.000 0.000 
lB 0.133 0.100 0.000 0033 0033 -0.067 0000 0.000 
le 0.033 40.100 .. 0.100 -0.067 0033 0033 0.000 0000 ) 
2 -0.067 -0.10Ô -0.100 -0.8th -0.067 0.033 -0.100 -0.100 
3 -0.067 -0.100 .... . 0.000 -0.167 -0.067 (033 0.000 0000 
4 -0.067 0.000 0.000 Ô.133 -0 067 0.033 0.100 0000 
5 0.133 0.100 0.100 -0.067 -0.067 0133 0.100 0100 

" 0.200 6 0.133 0.100 0.10.0 -0.067 0033 0.233 0.400 

) 7 0.433 00400 1.100 1.533 0.333 1633 1400 0.700 
8 0.333 0.900 1.500 L733 . - 0.633 1.833 1700 0800 
10 0.133 0.600 0.800 0.433 0.433 0533 0400 a GOO 

) 

Table A.4 (Cont'd) Dapped End Specimens D-1 and D-2 - Stra.ill Measurt'Illents - Loadlllg 1. 

DEMEC Ga.uge Rea.dings - Strain (mm/m) 
Load 121 122 123 124 125" 126 127 128 
Stage Dl VoiA-C Dl V4B-C Dl Y4C-C Dl DOA-A Dl D21FG Dl D21GH D10211J Dl D2lJK 

------
lA -0.067 -0.033 0.000 crû.047 0213 -0.118 ·0 106 -0 165 

."- . lB 0.133 0.067 0.100 -0.095 0..000 0.095 o Ill! "'f'~ ... -

lC -0.067 -0.033 -0.100 0.047 -0.213 0.024 0106 0047 
2 -0.067 -0.033 .. 0.100 ':0.024- 0000 0.024 0248 o 1111 
3 -0.067 -0.033 0.000 -0.095 0.000 0.,024 0319 0260 
4 -0.167 -0.133 -0.100 -0.307 

-0'
14r 0.165 0.390 0.401 

5 -0.067 -0.033 -0.100 -0.236 000 0449 0.461 0514 
6 -0.167 0.167 0.000 -0.165 0.35 0.662 0.532 
7 0.133, ·0.033 -0.10cr -0.095 0.709 1.229 0.390' 03:11 
8 0.033 -0.133 0.000 -0 095 0.993 1.584 0100 o IR'} 

, 
10 -0.167 ·0.033 . 0.000 0.047 0.709 1017 0.248 0514 

Table A.4 (Cont'dJ' Da~ed End Specimens D-l and D-2 - Strain Measurelllénts - Loadlllg 1 

... ~.-..._-----

DEME_C Gauge Readings - Strain (mm/m) 
Load 129 130 131 132 133 134 135 131\ 
Stage 1 Dl D12FG Dl D12GH Dl D12IJ Dl D12JK DI-D2A·A Dl D2A·D DID3A Dl V3U 

~- _.~--- .. 
lA . 

0.142 0.095 -0.047 -0.213 -0024 0.165 002" 0 

l~ 0.000 0.095 -0.260 0071 0047 -0,118 -0.035 0.024 
lC .0,142 -0189 0.307 0.142 -0.024 -0.047 0035 -00·47 
2' cOO71 0.307 0.236 0.000 0.118 -0.118 0035 -0 CH7 
3 ~ 0.591 0.307 -0 355 -0024 -0.118 -0 106 -0 III\) 

,1.087 
r 

4 0.851 0.378 -0.284 -0.09$ -0118 ·0.106 -0331 
5 1.277 1.513 0.946 0.142 -0.024 -0.118 ·0035 -0 1111 
6 1.418 1.726 1.513 0.071 -0.095 .0 Uf9 -0 106 -0331 
7 1.418 1.797 2.009 0426 -0.236 .0260 -0.100 ·0 l8\) 
8 1.418 2.009 2.506 0.142, -0.2~6 -0.331 -ro:15 -0331 
10 0.213 0.591 0.875 o 142 -0.165 -0.118 . 035 -0 1~'J 

.~ 
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Table A.4 (Cont'd) Dapped End Specimens D-1 and D-2 - StraÏn Measurements - Là:J\.ding 1. 

DE~EC Gauge Readings - StraÏn (mm/m) 
Load 137 138 139 140 141 142 143 ,144 

- Stage D1°D3D Dl D3E Dl D4A DlD4B Dl D4D Dl D4E Dl D4A-C Dl D4B-C 

lA' -0.095 0.047 0095 -0.035 -0.071 -0.024 -0.024 -0.095 
lB 0.118 0.047 0.095 0.035 - 0.142 -0.024 0.047 0.047 
le -0.024 -0.095 -0.189 -0.071- 0.047 -0.024 0.047 
2 0.047 0.118 0.024 -0.035 0.071 0.118 -0.024 -0.024 
3 1 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 

l 
5 0.047 -0.095 -0189 ~o 2.48 0.000 0.'189 -0.095 0.047 
6 -0.095 -0.165 -0.189 -0.177 -0.071 0.118 -0.024 -0.024 
7 -0.236 -0.307 -0260 -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 -0047 -0.248 -0.071 O.l1p -0.024 0.047 

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

EMEC Ga.uge Readings - Strain (mm/m) 
Load 145 146 147 148 

. Stage &tC-eD1BK HOADIBK VOAD1BK DOA 

. lA -0.071 ) -0.033 0.000 0024 
lB 0.071 -0.033 0.000 0.024 
1C 0.000 0.067 0.000 

) 

-0.047 
2 0.000 -0.133 0.000 -0047 
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 
6 0.142 -0.233 -0.300 -0.331 

'7. 0.142 1.167 1.100 -0.402 ",.... 

8 -0.071 1.767 2.200 -0.118 . <ft 

10 0.000 0.567 0.700 -0.118 

Table A.5 Da.pped End Specimen D-1 - Measured' Loads - Loading 2. 

r\ 
Measured Loads and DeBections 

Load Shear* Dial1 Dia12 Dial 3 
Stage (kN) (mm) (mm) -(mm) 

, 

BI 10.4 0.00 0.00 0.00 
B2 31.1 0.00 0.20 \ 0.61 
B3 155.7 -0.05 1.68 .. 4.27 
B4 218.0 -0.08 2.41 6.05 
B5 238.7 -o.io 2.82 6.91 
B6 259.5 -0.10 3.30 7.82 
B7 280.2 

\ 
-0.15 3.86 8.8\1 

B8 
~ 

301.0 -0.20 4.88 10.29 
B8A 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. 1 
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( Table A.6 Dapped End SpecU;nen 0-1 - Strain Meuurementa - Loa.dina 2. 

O· DEMEC Gauge Readings - StrlÙn (mm/m) 
Load 23 24 76 77 78 79 80 81 
Stage CL H56E CL H56K Dl HOA-A Dl Hl2F Dl H12G Dt H12H Dl H12I Dl H12J 

. BI 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 ~OO 1.667 0.000 
B4 1.489 2.364 2.900 0.la3 0.750 2.100 1.767 0.000 
B5 1.560 2.577 3.000 0.133 0.2Sa 1.800 1.567 -0.100 
B6 1.631 2.577 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 0500 
B8 4.300 -0.06T-- 0.350 3.100 2.267 -0600 
B9 0.496 1.584 6.800 -2250 1600 1 267 -0800 

, -. ) 

Table A.6 (Cont Dapped End Specimen D-1 - ~tr:l.in \asurelilenta - LoaJlIIg 2 

--.-~-------- '. .. 
DEMEC Gauge Reading! - Strain (mm/m) 

Load 82 83 84 . 85 86 87 88 SU 
Stage Dl H12K Dl H2A-A Dl H2A-D Dl H3A Dl H3B . Dl H3D Dl lUE .Dl H4A 

------~--

BI 0.500 0000 -00467 0.133 0067 0.100 0.733 o 0:J3 
B2 0.600 -0.500 -0.567 -0.061 -0033 0.200 1433 0233 , B3 O.7cq -0.100 -00467 0.233 0167 -0.300 1 733 -0067 
B4 

1 
0.900 -0.300 -0567 0233 0167 0100 2 733 -0.167, 

B5 0.800 -00400 -0.567 0133 -0.033 -0.400 2 133 
\ 

-0 161\ 
, B6 1.500 -00400· -0.567 0033 -0.133 -0 100 3033 -0067 

B7 0.800 -1.300 -0.867 0033 0067 -0300 3433 -0267 
B8 1.100 -0700 -0767 0133 0.067 -0400 " 733 -0367 
B9 0.200 ~.o.600 -0.567 0.033 -0033 -0.200 1 133 -6067 

Table A.6 (Cdnt'd) Dapped End Specimen D-I - Strain MeiUuremenls - Loading 2 .. -----_._--- -~-~ 

DEMEC Gauge Readmgs - Strain (mm/m) 
Load 90 91 92 93 94 95 96 91 
Stage Dl H4B Dl H4D Dl H4E Dl H4A-C Dl H4B-C Dl H4C-C Dl HOAIH Dt 111213 

----~---- --~-----

BI 0.000 0.200 0.333 0.133 0.16'7 o 40a 1.300 1.111 
B2 0.100 OAO(] 0533 0033 0.167 0.(00 1 584 i 466 
B3 '0.100 0.200 0.233 -0.067 0.167 0.000 2.577 2033 
'94 0.100 0.300 0.533 -0.167 0.067 0.000 3.2156 2 noo 
B5 . 0:000 0.200 0833 -0.167 0.067 . 1 200 3783 2.H2 
Bt! -0.100 0.100 0433 -0.167 -0.033 1.500 3.')95 2.955 
B7 0.000 0.200 0733 -0.167 -0033 umo 4.634 ~ 3.5tll 
B8 -0.100 0.100 0.533 -0.267 70.033 2.200 5.485 4.444 

'0 

, B9 -0.100 0.200 O.03~ -0067 
. 

0.067 0.500 9.740 13U5 

..-

.... ,) 

\l , 0 
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Table A.6 (Cont'd) Dapped End Specimen 0-1 - Strain M,easurements - Loading 2.' 

e DEMEC Gauge Readings - StraÏn {mm/ml , 
• Load 98 99, . 100 101 102 103 104 105 

Stage D~ VOA-A, Dl V1FG Dl V1GH Dl V1GI Dl V1HJ Dl VlIJ Dl VIJK Dl V2FG 

BI -0.133 0.833 . 1.300 1.040 0.544 0.833 0.833 0.~67 

B2 -0.133 0.833 1.500 1.324 0.615 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 
H6 -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.6 (Cont'd) Dapped End Specimen D-1 - Strain Measurements - boading 2. 

DEMEC Gauge Readings - Strain (mm/m) 
Load 106 107 108 109 110 111 112 113 
Stage Dl V2GH Dl V2GI Dl V2HJ Dl V2IJ Dl V2JK Dl V2A-A Dl V2A-D Dl V3A 

BI 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 

BS 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 
B5 1.250 1.241 0.567 0567 0.967 -0.233 -0.300 0:433 
B6 1.550 ~ 1.241 0.213 0.467 0.967 0.067 -0.300 0.533 

Ci B7 1.750 1.667 0.49S 0.667 ·1.267 -0.233 -0.300 0.633 
B8 2.350 1.067 1.967 -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.6 (Cont'd) Dapped End Specimen 0-1 - Strain Measûtements - Loading 2. 

1 

" DEMEC Gauge Readings - Strain (mm/m) 
Load 114 Ü5 116 117 p8 119 120 121 
Stage Dl V3B Dl V3D Dl V3E ~ Dl V4A Dl V4B 'Dl V4D Dl V4E Dl V4A-C 

" 
'BI 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 

lBs . 
-0.067 1.000 1.700 2.033 0.533 1.933 1.500 0.800 

Ba:- 0.800 1.900 2.133 0.633 2.133 1.700 0.900 -0.061 
B7 

\ 
1.400 2.300 2.533 0.633 2.533 2.100 1.300 -0.167 

B8 " 1.700 2.400 ~ 0.833 3.533 3.500 1.200 0.033 
B9 ,0.300 0.800 , .433 0.333 wr 0.400 -0.067 

,_/ 
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Table A.6 (Cont'd) Dapped End Specimen D-1 - Strain MeuUJ"ementa - Loading 2. 

'" 
/ DEMEC Gauge Reading! - St~ain (mm/m) / LaM 122 123 124 125 126 127 128 129' 

Stage Dl V4B-C Dl V4C-C Dl DOA-A Dl D21FG Dl D21GH Dl D211J Dl D2IJK Dl D12FG 

BI Q.067 0.000 -0.024 0.709 0.875 '0.035 0.260 0.142 
B2 -0.033 -0.100 0.189 0.780 1.087 0.461 0.473 0.355 
B3 0.067 0.000 0.260 1.277 1.726 0.106 0.686 0.709 
B4 0.067 -0.100 0.047 1418 1.939 1.170 0473 0.922 
B5 -0.133 -0.200 0.118 1.418 2.009 0.887 0.757 0.993 
B6 -0.133 -0.400 0.331 1.844 2.364 0674 0.402 1277 ", 

t -0.233 -0.300 -0.095 1.773 2.364 0.248 0.544 1348 
-0.033 -0.300 -0.024 1915 2.719 -0.035 -0.095 1.844 

B9 -0.033 -0.300 -0 993 2.080 0.177 0.473 

"-
Table A.6 (Cont'd) Dapped End Specimen D-1 - Strain Me.fSurements - Loadmg 2. 

.. - DEMEC Gauge Readings - Strain (mm/m) 
Load 130 131 132 133 134 135 136 137 
Stage Dl D12GH Dl D12IJ Dl D12JK Dl D2A-A Dl D2A-D Dl D3A • D1D3B Dl D3D 

BI 0.378 0.804 0.496 0.047 -0047 -0.035 0.024 -0 095 
B2 0.662 1.158 0.638 -0.024 -0 189 -0.Q35 -0047 -0024 
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 -0331 0.248 0.165 -0.165 
B5 2.364 2.364 1.418 -0.024 -0047 0.106 "'.095 -0.095 
B6 2.648 3.144 2.128 0.118 -0.189 0.319 0307 -0307 
B7 _L 3.499 3.499 2.128 0615 -0.189 0248 0.165 -0307 
B8 4.208 3.712 2.695 1678 -0260 0.319 0.520 -0662 
B9 0.449 1.371 1.064 0402 -0.331 -0:035 -O.O'lo; 

Tabl~ A.6 (Cont'd) Dapped End Spechpen D-1 - Strain Mensurementa - Loading 2. l 
DEMEC Gauge Reading! - Strain (mm/m) 

LaM 138 139 140 141 142 143, ~ 144 145 
Stage Dl D3E Dl D4A Dl D4B Dl D4D Dl D4E Dl D4A-C Dl D4B-C Dl D4C-C 

BI 0.047 0.024 -0248 -0.071 0.118 -0.024 . ~ .0.118 -0 142 
B2 -0.095 0.095 0.035 2.\28 0.118 0.047 0.118 0071 
B3 0.118 -0.047 -0.390 -0.213 0.118. o 118 0.047 0071 
B4 0.189 -0.047 -0.177 .0.071 0.118 0.047 -0.095 0.213 
B5 0.118 -0.047 -0.461 -0.142 . 0.260 0.047 0.118 0000 

• B6 -0.024 -0118 -0319 -0.284 0.189 -0 165 0.189 ·0071 
B7 -0.378 -0.260 -0.390 -0284 0.047 -0.024 0.118 0,142 
Ba -0.378 -0.118 -0390 -0."213 0.118 -().OU5 --- ,. 
B9 -0.236 0.024 -cIl48 0.000 0.118 0.047 0118 -0.071 

1 o 
129 



• 
.. 

c Table A.6 (Cont'd) Dapped End Specimen D·1 - Str~ Measurements - Loading 2. 
, 

DEMEC Gauge Readings • Stra.in (mm/m) 
Load 146 147 148 
Sta"se D1BK HOAD1BK VOAD1BK DOA 

. (" BI 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 
B5 3.467 4.600 0.095 
B6 3.3qr 4.900 0.236 \ ... 
B7 3.467 5.300 0.165 
B8 3.467 6.000 
B9 16.700 2.931-'0 

,.. 

1 

( 

.( 
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A.4 Oapped End Sp~cimens 0-3 and 0-4 
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(a) Dapped End 0-3 
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(b) Dapped End D-4 
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.. target on concrete 
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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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Dapped End Specimens D-3 and D-4 - Measured Loads - Loading 1. l' 

C' Measured Loads and Deflectf~ s 
Load Shear* , Dial! Dial2 Dial3 Dial4 Dia15 
Stage (kN) (mm) (mm) (mm (mm) (mm) 

COA-B 0.0 0.00. 0.00 0.00 0.00 0.00 
Cl 33.4 -0.10 -0.20 0.43 0.25 0.13 
C2 \ 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 ." 

'.J' 
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 
C6 200.2 0.13 1.70 5.31" 2.90 0.46 
eT, 233.5 0.20 2.03 6.68 3.76 0.53 
C8 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 
ClO 322.5 0.84 \ ~.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-wei@t shears of 6.6 kN for specimen D-3 
and 6.3 kN for. specimen D-4 < 

, 
Table A.a Dapped End Specimens> D-3 and D-4 - Strain Measurements - Loading 1. 

DEMEC a'auge Readings - Strain (mm/m) 
Load 1 2 f 4 5 6 7 8 
Stage D3 HOA-A D3 HIA D3 HIB D3 HIC D3 H1D D3 H2A D3 H2B ., D3 H2C 

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 -0050 
Cl 0.000 0.000 -0.100 0.000 -0.100 -0.050 -0.050 -0.050 
C2 0.000 0000 0.000 -0.100 0.000 -0,050 -0.050 -0.050 
C3 -0.100 -0.100 0000 -0.100 -0.100 -0.150 -0.050 -0.050 
C4 -0.100 -0.100 O,4go 0000 0.000 -0.150 -0.050 0050 
C~ 0000 -0.100 0800 0200 -0.100 -0.050 -0.050 , 0.050 
C6 0.000 O.iOO 1.400 0.500 ·0.100 -0.1.50 -0.050 -0.050 
C7 0.000 0.100 1.400 0.900· -0.100 -0.150 0.050 -0.150 
C8 -0.100 0200 1.400 0.900 -0.100 -0.150 0.150 -0.150 
C9 0.000 . 0.400 1.500 0.900 -0.100 -0.150 0.350 -0)50 
ClO 0.300 0.400 1.600 0900 0.000 -0.150 0.450 -0.050 

r 

, 
132 



III 

Table A.8 (Cont'd) Dapped' End Specimens D-3 and D-4 - Strain Mea..surements - ~oa.ding 1. 

G / [ 
DEMEC Gauge Readings - Strain (mm/m) 

Loa.d. . 9 1'0 \11 12 13 14 15 16 
Stage Da H2D D3 H3A D3,H3B D3 H3e D3 H3D D3 H4A 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 0050 0.000 -0050 0.000 
Cl '0.000 -0100 0.000 0050 0.100 -0.050 0.000 
C2 0.000 -0.100 -0.100 0.050 0100 -0.150 O.OQO 
C3 0.100 -0.200 -0.100 0.050 0.100 -0.150 0.300 .. -o. 0 , 

0.30b C4 0.100 -0.200 -0.100 0.050 0100 -0.150 -0.25 
CS 0.100 -0.100 -0.100 0.050 0.300 -0.250 C\700 -0.350 
C6 1.700 -0200 -0.100 2.350 1000 -0.150 0.800 -0.350 
C7 2.800 ~0.200 -0.200 3250 1.000 -0150 0900 ... -0.350 

1 
C8 2.700 -0.200 -0 100 4.050 0.900 -0150 0600 -0450 
C9 2.700 -0200 -0.100 4.950 0.800 -0150 0500 -0350 
CIO .. 2.800 -0.200 -0.100 5.750 , 0.800 -0150 0.590 -0450 

Table A.8 (Cont'd) Dapped End Spec~mens D~ and D-4 - Strain Meuuremenls -.~:a.dlng ~ 

DEMEC Gauge Readings - Strain (mm/m) • 
Load 17 18 19 20 21 22 23 24 
Stage D3 HsD D3 VOA-A D3 VIA D3 V1B D3 VIC D3 VID D3 V2A D3 V2B 

COA 0.100 0.000 0.050 0050 0.050 0050 -0050 0100 
COB -0.100 0.000 -0.050 -0.050 -0050 -0.050 6.050 -d 100 
Cl 0.000 -0 100 -0.050 0.050 0050 0.050 0.050 ,-0.100 

, 
Cz, O.ÔOO -0.200 0.050 " 0.050 0050 -0050 0050 0000 \ C3 0500 -0.200 0150 0050 -0050 -0050 0.050 -0100 ~ 

C4 0.900 -0.300 0.550 0,350 0150 -0050 0.150 -0.100 
C5 1.300 -0.200 0.350 04-50 0.250 -0.050 a 150 0.000 
C6 1.800 -0.100 0.550 0.650 0.550 0150 0050 o DaO 
C7 ( 2.200 -0.200 0.750 0850 0850 0450 o 150 0100 
iJ8 2.400 -0.100 0.950 1.050 1150 0650 0.250 0.200 
C9 2.800 0.100 1.050 1.150 1.250 0950 0350 0300 
CIO 3.000 0.300 1.150 1.250 1450 1.150 0450 0300 , 

Table A.8.(Cont'd) Dapped End Specimells D-3 and D-4 - Stram Mea..surements - Loading 1 . ' 

DEMEC Gauge Readings - Strain (mm/m) 1 
.' Load 25 26 27 28 29 30 31 32 

Stage D3Vic D3 V2D D3 V,3A D3 V3B D3 V3C D3 V3D D3 V4A D3 V4D 

COA 0.000 0.000 0.050 0!050 0.050 -0.050 0.050 0.000 
COB 0.000 0.000 -0050 -0.050 -0.050 0050 -0.050 O~OO 

Cl ' 0.100 0.300 -0.050 -0.050 -0.050 0.050 -0050 -0.200 
C2 0.100 0.100 0.050 0.050 -0.05(J' -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 
C5 0.100 0.000 ~.O50 0.050 -0.050 0.050 -0.050 0.300 
C6 • 0.200 0.400 0.050 0.450 1250 0.750 0.550 0.200 
C7 0.400 0.800 .250 0.150 1.750 1.050 0.850 0.200 
C8 0.600 1.700 0.250 0.950 2.350 1.350 1.050 0.500 

• C~ 0.600 2.000 0.250 1.050 3.850 1.350 1.250 0.600 
CIO 0.600 2.400 0.150 0.950 5.350 1450 1.550 0.600 
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Table A.8 (Çont'd) , Dal?ped End Specimens D-3 and D-4 - Stram MeasuremeI\ts - Loading 1. 

DEMEC Gauge Readings - Strain (mm/m) 
Load 33 34 35 36 1 37 38 39 40 
Stage D3 V5A D3 V5D D3 DOA-A D3 DIA D3 DIB D3D1C D3 D1D D3 D2A 

COA 0.000 0.000 0.035 0.035 0000 0.000 -0.035 0.000 
COB 0.000 0.000 -0.035 -0.035 0.000 0.000 0.035 0.000 
Cl -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.i42 
C4 0.000 0.100 0,035 0.035 0.071 0.213 -0.106 -0.142 
C5 0.000 0.100 -0.106 0.035 0.284 0.213 -0.106 ":0.213 
C6 0.100 0.300 -0.106 -0106 0.496 0.426 _0.°248 -0.071'" 

'" , C7 0.200 0.500 -0.177 -0.106 0.496 0.638 -0.248 -0.142 - .... 
C8) 0.600 0.600 -0.177 0.035 0.709 0.709 -0.177 -0.142 
C9 0.700 . 0.700 -0 . .106 0035 0.780 0.638 -0.106 0.000 
CIO 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 
il 

DEMEC Gauge Readings .. Strain (mm/I"fl) 
Load 41 42 43 44 45 46 47 48 
Stage D3 D2B D3 D2C D3 D2D D3 D3<A D3 D3B D3 D3C D3 D3D D3 D4k 

'COA 0.035 0.000 O.OÔO 0.000 -0.035 -0.035 -0.035 -0.035 
COB -0.035 0.000 0000 0.000 _ 0.035 0.035 0.035 0.035 
Cl -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 -0035 -0.035 -0.035 -0.035 
C4 -0:177 -0.142 -0.071 0.000 -0.035 -0.035 -0.035 -0.035 
CS -0.177 -0.lj2 )0 -0,071 -0.071 -0.106 -0.035 -0.035 -0.177 
C6 -0.106 -0.1 2 -0.213 -0.142 -0.106 -0.106 -0.106 , -0.106 
07 -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, 
C9 -0.106 -0.213 -0,496 -0.213 -0.248 0.390 -0.319 -0.177 
CIO -0.106 -0.213 -0.4'26 -0.142 -0.177 0.674 -0.177 -0.035 

,/ Table A.8 (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurements - Loading 1. 

~ 

DEMEC Gauge Readings - Strain> (mm/m) Il 

Load 49 50 51 52 53 54 ' 55 56 
Stage D3 D4D D3 D5A D3 D5DD3BK HOAD3BK VOAD3BK DOD D3 IOA-A ~D3 IOA1B 

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 > 

Cl 0.035 0.000 0.142 -0.050 -0.050 0.177 0.035 0.035 

1 C2 0.106 0.000 0.142 -0.050 -0.150 0.035 0.248 . 0.177 
C3 0.106 -0.071 0.284 -0.050 -O.~O 0.106 0.390 0.319 
C4 0.177 -0.142 0.355 -0.050 -0.050 0.035 0.532 0.603 
C5 0.177 '-0.142 0.284 0.050 -0.150 0.035 0.745 0.957 • 
C6 0.248 -0.142 0.355 0.050 -0.150 -0.035 0.957 1.170 
C7' 0.177 -0.213 0.284 0.050 -0.150 -0.03S 1.170 1.170 
C8 0.035 0.071 0.284 " -0.050 -0.150 -0.106 1.454 1.454 

C 
C9 . 0.035 0.213 0.284 -0.050 -0.250 \-0.106 1.738 1.454 
CIO 0.106~ 0.355 0.355 -0.150 -0.250 -0.035 1.950 1.738 
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, Table A.8 (Cont'd) Dapped End sp~:ns 'D-3 and D-4 - Strai~ Meilllureme.nta - Loading 1. 

0 DEMEC Gauge Reading! - S'train (mm/m) Si 

. Load 57 58 59 60 61 .,.. 62 63 .64 

Stage D311C D3 H12B D3 HOA1B CL H56D CL H56E_D4 HOA-A D4,HOB-A D4 HIA 

'\ 
COA 0.035 ~ 0.035 ' 0.000 0.000 0.000 -0.050 -0.050 -0.050 
COB -0.0$5 - -0.035 0.000 0.000 0.000 0.050 0.050 0:050 
Cl -0.035 0.106 0.000 0.071 0.071' -0.050 0.050 -0.050 
C2 0.D35 0.106 0.000 0.142 0.2. \-0.050 0.050 -0.050 
C3 0.D35 0.035 -0 .. 071 0.213 0.284 -0.050 0.050 -0.050 J 

C4 0.106 -0.035 ·0.355 • 0.'496 0.496' -0.050 0.050 0.150' 
Cs 0.248 0:035 0.92Z 0.567. 0.709 -0.050 0.150 0,150 
C6 0.603 -0.031 '1.277 0.780 0.851 -0.050 0.150 0.1,50 

COl C7 0.957 0.03 1.348 0.922 0.993 0.050 0.250 0150 
C8 1.241 0.177 '1.489 1.064 1.206 0,050 0.350 0.0$0 
C9 1.454 0.177 1.702 1.206 1.348 \ 0.050 0.350 0050 
CIO . 1.667 0390 \.348 

JI 
0.050 0.350 0050 1.844 1.560,7" 

Table A.8 (Cont'd) Dappe,d End Specimens D-3 'and D-4 - Strain Measurements ,- Loading 1. 

DEMEC Gauge Reading! - Strain (mm/m) 
Load 65 66 67 6g 69 70 71 72 
Stage D4 HIB D4 HIC D41HD D4 H2A D4 H2B D4 H2C D4 H20 D4 Il3~ 

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 
Cl 0.100 0,050 '0.050 -0.050 0,050'" 0.050 0.100 0.050 
C2 0.000 0050 0.050 -0 050 0.050 -0050 0.000 -0050 

"') C3 0.1fXl 0050 0.050 -0.150 0050 0.050 0,100 -0,050 
C4 0.000 0.050 a 050 -0.050 0.550 0.050 0.100 -0050 
CS 0.000 0.050· 0.050 ~0.050 0.450 -0.150 0800 -0050 
C6 0.000 -0.050 0050 -0.050 0.5pO -0.150 1.000 -0050 
C7 -0.100 -0050 -0050 -0.150 0.450 -0250 - 2.300 -0,050 
C8 0.000 ~.050 -0.050 -0 050 0.550 ~0.250 3.300 -0.050 
C9 0.000 -0.050 0.250 1 -0.050 0.550 -0.250 6.700 0,050 
ClO 0.000 0.150 0.950 -0.050 0.550 -0.250 13400 0,550 

.,- . 
Table A.8 (Cont'd) Dapped End Specimens Dl3 and 0-4 L Strain Measurementa - Loading 1-

~ .. DEMEC Gauge Reading!! - Strain (mm/m) 
Load 73 74 75 76 77 78 "" 79 80 
Stage D4 B3D D4,H4A D4 H4D D4 VOA-A D4 VOB-A 04 VIA D4 V1B D4 VIG 

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 -O.~O 
Cl 0.050 0.000 0.050 0.050 0.050 0.100 -0.050 -0.050 
C2 0.050 0.000 0.150 -0.050 -0.050 -0.2QO • -0.050 -0.050 
C3 ) 0.250 -0.100 0.150 0.050 0.050 0.100 -0.050 -0150 
C4 0.350 -0.100 0.150 0.150 -0.050 0.000 0.050 -0.150 
C5 0.350 -0.200 0250 0.050 0.050 0.000 0.050 0.050 
C6 0.250 -0.200 0.250 0.050 0.250 0.100 0.150 0.051'0 
C7 0.150 -0.500 0.350 0.150 0.750 0.300 0.050 0.050 
C8 0.150 -0.300 0.350 0.250 1.250 0.200 0.150 0.250 

9. t9 0.150 -0.300 0.450 0.350 1.650 0.300 0.250 0.350 
'" CIO 0.050 -0.300 

~ 
0.450 O.Q,SO .. 0.550 0.450 1.850 0.500 , 

1 l' c 
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Table A,a (Cont'd) 

Load 81 
Stage 04 V10 

COA 
COB 
Çl 
C2 
C3 
C4. 
CS 
C6 
C7 
C8 
C9 
CIO 

0.050 
-0.050 
0.050 
0.050 
O.OSO 

-O.OSO 
0.4S0 
0.550 
0.7~0 

1.050 
1.850 
5.750 

Table A.a (Cont'd) 

... l' 

Oapped End Specimens 0-3 and D-4 - Strain Measurem~nts - Loading 1. 

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

D4 V2A. 04 V2B 04 V2C D4 V20 04 V3A D4 V30 D4 V 4A 

0.050 
-0.050 
0.150 
0.050 

( 0.050 
0.050 
0.250 
0.250 
0.350 
0.450 
0.450 
0.650 

0.100 
-0.100 
-0.200 
0.000 
0.000 
0.100 
0.5 .. 00 
0.700 
1.000 
1.300 
1.700 
7.400 

.0.000 -0.050 
0.000 0.050 
0.000' -0.050 
0.000 -0.050 
0.000 -0.050 
0.000 -0.150 
0.500 ' 0.450 
0800 0.650 
1.400 1.650 
1.900 ~ 2.450 
2.100 • 8.850 
7.000 15.750 

\ 

-0.050 
0.050, 
0.150 
0.150 
0.2S0 
0.3S0 
0.450 
0.6S0 
1.050 
1.SSÇY 
2.65b 
8.250 

0.000 
0.000 . 
0.000 
0.000 
0.000 
0.100 
0.200 
0.200 
0.200 
0.300 
0.600 
1.100 

0.050 
-0.050 
0.150 
b.150 
0.150 
0.150 
0.250 
0.250 
0.250 
0.250 
0.350 
0.650 

Oapped 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 V40 D4 DOA-A D400B-A 04 DIA D4 DIB 04 DlC D4 DlO 0402A 

COA 
COB 
Cl 
C2 
C3 
C4 
CS 
C6 
C7 
C8 
C9 
CIO -:-

0.000 
0.000 

-0.100 
-0.100 
-0.100 
0.000 
0,.000 
0.000 
0.100 
0.100 
0.000 
0.300 

Table A.8 (C~nt'd) 

0,000 
0.000 
0000 

-0.142 
-0.071 
-0.071 
-0.142 
-0.213 
-0.213 
-0.071 
0.000 
0.071 

0.000 0.000 0.000 -0.071 -0.071 
0.000 0.000 0.000 0.071 0.071 
0.071 0.000 0.000 0.071 0.071 
0.000 0.071 0.071 0.071 0.011 
0.142 0.071 0.071 0.071 0.J.42 
O.OGO -0.142 0.000 0.071 0.071 
0.213 0.000 0.000 -0.071 -0.142 
0.142 0.000 -0.071 -0.071 -0.142 
0.142 0.071 0.000 -0.071 .. 0.213 

-0.035 
0.035 

-0.035 
-0.035 
-0.106 
-0.035 
-0.177 
-0.,248 
-0.248 

0.355 0.213 0.071 -0.071 -0.142 -0.177 
0.709 0.213 0.142 -0.071 -0.071 -0.248 
O.B\h 0.284 0.142 -0.142 0.496 J.- -0.248 

,,/ ~ 
Dapped End Specimens D-3 and 0-4 - Strain Measurements - Loading L 

DEMEC Gauge Readings - Strain (mm/m) 
Load 97 98 99 100 101 .102 103 104 • Stage 04 D2B D4 D2C D4 D2D 04 03A 04 D3D D4 D4A 04 D4004BK HOA 

COA 
COB 
Cl 
C2 
C3 
C4 
CS 
C6 
C7 
ca 
C9 
CIO 

.. 

-0.035 
0.035 
0.177 
0.177 
0.100 
0.100 
0.035 

-0.035 
-0.035 
-0.100 
-0.100 
-0.390 

-0.035 
0.035 
0.106 
0.177 
0.106 
0.106 
0.106 

-0.106 
-0.106 
-0.106 
-0.106 
-0.106 

-0.071 
0.071 
0.071 
0.142 
0142 
0.142 
0.071 
0.000, 

-0.142 
0.000 

-0.071 
-0.071 

0.000 
0.000 
0.071 
0.071 
0.071 
0.071 

-0.071 
-0.071 
-0.142 
-0.071 
-0.071 
-0.071 
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-0.035 
0.035 
0.035 
0.177 
0.177 
0.177 
0.177 
0.106 
0.035 
0.106 
0.106 

-0.106 

-0.071 
0.071 
0.000 
0.071 
0.000 
0.000 

-0.071 
-0.142 
-0.213 
-0.213 
-0.071 
-0.213 

, 
-0.035 
0.035 
0.106' 
0.177 
0.106 
0.106 
0.106 
0.035 
0.106 
0.177 
0,177 
0.177 

-0.100 
0.100 
0.100 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.100 
0.000 
0.000 
0.000 

, . 
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Ta1ile A.8 (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurementa - Loading 1. • .. 
'i ~ DEMEC Gaug. R •• din ... St'''n . Jmm/m) 

Load 105' 106 . 107 .108 109 1rO 111 
Stage D4BK "OA 4BK DOD D4 IOA-A D4IOAIB D4 Ile D4 H12B D4 HOAlB 

i 

COA 
1} 

-0.050 0.035 -0.035 -0.071 0.000 0.000 0.035 '" ~ 
COB' 0.050 -0.035 0.035 0.071 0.000 0.000 -0.035 
Cl 0.050 -0.035 0.106 0.071 0.071 ",0.000 0.035 
C2 '0.050 0.035 0.106 0.213 0.071 0.000 0.248 
C3 0.050 0.035 0.117 0.355 0.2Q - 0.000 0.532 
C4 -0.050 -0.106 0.248 0.496 0,496 0.142 0.674 
CS -0.050 0.035 0.319 0.709 0.780 0.284 0.887 
C6 -0.050 ( -0.035 0.461 0'.851 0.993 C1.355 1.028 
C7 -0.0501' -0.035 0.603 0.993 1.135 0.355 1.170 
C8 -0.050 -0.106 0.887 1.135 1.206 0,426 1.383 
C9 -0.050 -0.177 1.099 1.348 1348 0,426 1.525 
ClO 0.0,50 -0.177 1.241 . 1.631 1.206 0.284 1.525 

Table A.9 Dapped End Specimen. D-3 - Measured Loads - Loà.ding 2. 

.-' 
Load 

Measu~ed Loads and Dellections 
Shear· Dial1 Dial2 Dial3 

Stage (kN) (mm) (mm) (mm) 
1 

EO 0.0 0.00 0.00 0.00 
. El 200.2 -0.36 2.03 4.14 

E2 289.1 -0.56 2.84 5.99 

l-; E3 
E4 
End 

333.6 -0.58 3.30 6.98 
367.0 1.80 ..; 6.25 909 " 

00 0.69 6.32 6.45 

• Does not include self-weight shear of *,4 k.N 
" 

Table A.IO Dapped End Specimens D-3 and D-4 - Strain Me3.8urement~ - Loading 2. 
'< 

• D3\11 

DEMEC Gauge Readings - Strain {mm/ml 
Loa. 1 3 4 5 6 - 7 .g 
Stage 03 HOA-A D3 HIB D3 HIC D3 HID D3 H2A D3 H2B 03 H2C 

EO 0.000 QI 0.300 0.200 -0.100 -0.150 -0:050 -0.150 
El 0.200 Q. 00 1.000 0.400 -0.100 -0.150 0.250 -0.250 
E2 0.300 0.3 0 1.400 0.500 -0.100 -0.250 0.450 -0250 
E3 0.500 0.3 0 1.500 0.600 -0.100 -0.250 0.550 -0250 
E4 0.400 0.3 0 1.200 0.500 -0.300 -0.250 0.650 '2.650 

Table .1\.10 (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurementll - Loading 2. 

p, 
DEMEC Gauge Reading!! - Strain (mm/m) 

Load 9 10 11 12 13 14 15 16 
Stage D3 H2D \ Da H3A D3 H3B '03 H3C D3 H3D D3 H4A 03 H4D D3 H5A 

EO 1.200 -0.300 -0.100 1.750 0.500 -0.150 0.100 -0.150 

f 
El 1.500 -0.300 -0.100 4.250 0.600 -0.250 0.200 -O.~50 
E2 1.600 -0.400 -0.200 5450 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 <3 0.000 20.850 0.400 0.350 0.100 .0.350 
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'l'able A.IO (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurements - Loading 2. 

DEMEC Gauge Reading! - Strain (mm/m) .. Load· 17 18 19 20 • 21 '22 23 24 -j 

Stage D3 H5D D3 VOA-A D3 VIA D3 V1B ,D3 VIC D3 V1D D3 V2A D3-V2B 

EO 0.600 -0.100 0.050 0.150 0.250 0.150 0.150 0.300 
El 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 00400 1.050 1350 1.350 1.250 0.450 0.600 
E4 2.100 00400 0.950 1.050 1.050 1.550 0.650 1.300 

Table A.IO (Cont'd) Dapped End Specimens D:'3 and D-4 - Strain Measurements - Loading 2. , 
DEMEC Gauge Readings - StraiTJ. (mm/m) 

Load 25 26 27 28 29 30 31 32 

\ 
Stage D3 V2C D3 V2D D3 V3A D3 V3B D3 V3C D3 V3D D3 V4A D3 V4D 

EO 0.100 1.600 0.050 0.050 \;.850 -0.250 0.650 0.200 
El 0.300 2.800 .0.250 0750 .050 0.650 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 A 6.750 5.950 0.800 

. 
r Table A.IO (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurements - Loading 2. 

DEMEC G~ùge Readings - Strain (mm/m) 
Load 33 34 35 36 37 38, 3!i 40 
Stage D3 VSA D3 VSD D3 DOA~A D3 DIA ~3 DIB D3 D1C D3 D1D D3 D2A 

EO 0.100 < 0.200 0.177 0.248 0.213 "'00426 -0.106 0.071 "-

El 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 0.7D9 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 -0.106 0.000 

Table A.IO (Cont'd) apped End Specimens D-3 and D-4 - Strain Measurements - Loading 2. 

4{ 
DEMEC Gauge R:eadings - Strain (mm/m) 

~oa<;l 42 43 44 45 46 47 ~ 48 
Stage D~ D2B D3 D2C D3 D2D D3 D3A D3 D3B D3 D3C D3 D3D D3 4A 

EO -0.035 ~ -0.071 -0.071 0.142 0.106 (\ ""t"O_ 
\,' 001 0.035 (Ù77 

El -0.035 -0.071 -0.213 0.000 -0.035 0.674 0-0.106 -0.U35 
E2 -0.106 -0.142 -0.355 --0.071 -0.106 0.745 -0.106 0:035 
E3 -0.106 -0.213 -00426 -0.142 -0.248 0.674 -0.248 -0."035 
E4 -0.106 0.213 2.270 -0.071 . -0.248 2.092 9.035 0.319 

--~\' ..... 1 

C 
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Table A.ID (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurements - Loadin.,g 2 . 

Load 49 
Stage D3 D4D 

EO 
El 
E2 
E3 
E4 

0.177 
0.177 
0.106 
0.177 
0.035 

50 
D3 D5A 

0.284 
-0.071 
-0.142 
-0.213 
-0.284 

DEMEC Gauge Readings - Strain {mm/ml 
51 52 53 54 

D3 D5DD3BK HOAD3BK VOAD3BK DOD 

0.071 -0.050 -0.150 0.106 
'0.567 -0.050 -0250 -0.035 
0.709 -0.150 -0.350 -0.035 
0.709 -0.150 , -0.350- -0.106 
0:709 -0.150 -0.350 -0.106 

. 

5.s 56 
D3 IOA-A D31OA1B 

0.461 ~0.2~8 

1.241 1.099 
1.738 1.809 
1.879 1.950 
1.667 1.950 

Table A.IO (Cont'd) Dapped End Specimens D-3 and D-4 - Strain Measurements - Loading 2 

DEMEC Gauge Readings - Strain {mm/ml 
Load 57 58 59 't, 60 61 

~ 
Stage 

J D3lle D3 H12B D3 HOAIB CL H56D CL H56E 

EO .0.106 0.106 0.426 0.142 0.213 
El 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 

... 
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A.5 Web Hole Specimens H-l an~ H-
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il (b) Hale H-2 
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200 mm 

i fë2tC3 C4~ 

05 

1 target on flange 

o target on reinforcement 

• target\ on concrete . 

Cc) Section showing location of concrete targe,ts on flange 

Figure A.4 Initial Test Set-Up and Instrumentation for Web Hole Specimens H-l 
and H-2. 
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~able A.ll Web Hole Specimens H-l and H-2 - Meaaured Loada - Loadin, 1. • Me'aaured~ Load. &nd Deflectionl 
Load Loa.ding· Dial1 Dia.l 2 Dia! 3 Dia.l4 Dial 5 
Stage (kN/m) (mm) (mm) (mm) ,(mm) (mm) 

lA-D 0.0 0.00 0.00 0.00 0.00 0.00 
'\ 3 11.1 0.46 1.57 1.96 1.37 0.61L 

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 la 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 2~.4~ 31.22 22.20 10.69 
11 -93.0 1544 29.74 37.80 28.07 13.49 
12 l' 95.4 1875 33.83 43.00 33.73 17.15 
13 43.6 12.85 , 25.37 32.16 2672 14.53 
13-1 30.4 13.49 23.98 30.23 25.58 14.15 
13-2 0.0 800 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 3$:.56 45.56 36.20 21.31 
17 90.8 ~ 53' 39.45 50.80 4Ô.75 23.60 
18 94.9 4.69 44.20 , 67.10 47.17 27.36 . 
19 92.4 26.72 48.19 ~4 31 53.85 30:68 
20 72.5 27.58 49.25 8.91 63.99 > 3!l.96 .. 20-1 61.0' 2tH4 47.30 66.42 62.46 36.22 
20-2 45.3 24.51 43.64 61.41 58.93 34.52 
20-3~ 30.2 22.~3 39.65 5595 5487 32.46 
20-4 14.4 19.81 34 57 49.10 49."8 29.72 
éQ-5 0.0 16.61 21S.60 40.46 "1.94 26.06 

• DO;5 not include uniform 8elf-wei~ht roading-oC 4.3 kN/m. 
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Table A.i2 Web Hole S cimens H-1 and R-2 - Strain Measure,ments - Loading 1. e ---- DEMEC Gauge Readings - Strain (mm/m) 
Load 1 2 3 4 5 • 6 7 8 
Stage Hl C14 Hl C2 4 Hl C3 4 Hl C4 4 Hl C5 4 Hl ClIO Hl C2 10 Hl C3 10 

lA 0.000 -0.230 -0.024 
lB 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 

f· 0.024 0.124 
-0.047 0.106 0.177 0.035 0.213 0.053 -0.024 -S;142 

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 O.~- -0.851 0.975 -0.875 -1.064 
8 -0.898 0.319 1.170 0390 -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 9·3.19 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 p83 0.177 -1064 1.543 -1.158 -1.418 
15 -1.395 -0.106 1.879 0.319 -1.489 ,2.394 -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:'003 -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 

, . 
Table A.12 (Cont'd) Web Hole Specimens H-1 and H-2 - Strain Measurements \:' Loading 1. 

DEMEC Gauge Readings - Strain (mm/m) 
Load 9 10 11" 12 13 14 15 16 

~SJ4e Hl C4 10 Hl C5 10 CL Cl12 CL C2 12 CL C3 12 CL C4 12 CL C5 12 H2 Cl15 

lA -0.071 -0.047' 
lB -0.035 0.000 -'\ 0000 0.000 0.000 0.024 -0.071 
1C 0.035 0.000 -0.071 0.000 0.000 n.071 0.024 -0.071 
!D 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.~96 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 85l", -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 • -1.206 0.024 8.794 
13 -1.596 2.482 -0.496 -0.851 -0.851 -0.78'0 -0.118 7.660 
14A -1.099 1.348 -0.638 -0.496 -0.496 -0.567 -0.260 5.177 
14B -1.110 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 -1.631 -1.631 -1.702 0.024 11.277 
18 - , -2.730 2.270 0.142 -1.631 -1.844 -1.631 -0.118 14.326 

C 19 \ -2.801 3.830 0,426 -1.844 -2.057 -1.915 -0.189 15.957 
20 -2.447 , 4.184 -0.071 -1.631 -1.844 -1.702 0.095 21.844 
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• 'table A.12 (Cont'd) Web Hole Specimens H-1 and H-2 - Stra.in Mell!urement. - Loading 1. 

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

Load 17 18 19 20 21 22 23 24 
Stage Hz CZ 15 HZ C3 15 H2 C4 15 H2 CS 15 H2 Cl 21 H2 C2 21 ,H2 C3 21 H2 C4 21 

lA -0.071 -0.095 -0.047 0.071 -0.024 ( -0024 -0047 
~B 0.000 0.047 0.024 0000 -0.095 -0.024 -J -0 OU 0.024 

~~ 0.071 0.047 0.024 -0071 0.047 0047 0.047 0.024 
0047 

, 3 0.142 . 0.189 0.095 0.000 0.189 0.189 0.118 0236 
4 -0.355 -0.095 -0.260 0000 -0.236 0.118 0.189 0095 
5 -0,426 -0.591 -0.331 0~13 -0.307 0402 

,. 
0.54'4 0.307 

6 -0.567 -0.591 -0.615 0.284 -0.662 0.898 0.969 0449 
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 -0946 2.388 2459 1.655 
9 -1.348 -1.300 -1.395 1 702 -1087 3.310 3.452 2222 
10 -1. 773 -1.868 -1.678 1.702 -1.229 4586 4.799 3 215 
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 8~,6 
13 -1.631 -1.513 -1.678 2695 -2364 8983 9 125 6.974 
14A -1.064 -1229 :1.111 1.844 -1.939 6.5i2 6.785 ,520'1 
14B -1.135 -1.300 -1 324 1.773 -1.726 6572 6714 5 1:30 
15 -1.773 -1.797 -1962 2553 -2648 8629 8.771 6690 
16 -2.340 -2.364 -2.530 3.262 -3002 10.756 10.009 8818 
17 -2.553 -2506 -2600 3.475 -3499 12.459 12.000 9669 
18 -2.624 -2.648 -2.742 3.262 -4.279 15579 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) wei Hele Specimens H-! and H-2 - Strain Me3.8urementa - LeadlOg 1. 

DEMEC Gftuge Reading!! - Strain (mm/m) 
Load 25 26 27 28 29 30 31 32 

" Stage H2 C5 21 Hl HIA Hl HIC Hl VlA ' Hl VIC Hl DIA Hl DIB III Ole 
\ 

lA 0.000 -0.067 -0.067 -0.067 -0067 0035 
lB 0.000 0.033' 0.033 0033 0~33 -0035 -0071 
1C 0.000 0.033 0.033 0.033 o 33 -0035 0.035 0071 
ID 
3 -0.142 0.133 o 133 -0 067 -0.067 -0035 0.177 -0071 
4 -0.355 0033 0.133 -0.067 -0.067 -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 -0.067 -0.248 0106 -070U 
7 -0.567 0.033 0.033 0.033 0.033 -0248 -0035 -0284 
8 -0.851 0.033 0.033 0033 0.033 ·0674 -0.248 -0.709 
9 -1.277 0.033 0433 0.133 0.333 -0.603 -0319 .0426 
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 -03UO -0.355 
12 -2.624 -0.267 1.333 0.333 .0.833 -0.603 -0.003 -0567 
13 -2.411 -0.267 0.933 0.433 0633 -0.532 -0.532 -o.·no 
14A -1.915 -0.067 0.933 0.333 0.633 -0.674 -0003 -0.400 

, 14B -1.915 -0.267 0.833 0.333 0.533 -0.60.3 -0.390 -0.496 
15 -2.482 -0.267 1.233 0233 0.633 -0.745 -0.674 1-0.567 
16 . -2.979 -0.467 1.533 0.333 0.833 -0.816 -0.674 -0.7W 

1 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 -O.7(X) 

1 
19 -4.752 -0.567 1.933 0.433 1.033 -0.887 -0.816 -0.709 
20 -4.752 -0.367 1.733 0.333 0.833 ·0.957 -0.887 -0.780 
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Table 'A.12 (Gont'd) Web Hole Specimens H-1 and H-2 - Strain Measurements - Loading,1. 

C DEMEC Gauge Readings - Strain (mm/m) 
Load 33 34 35 36 37 38 39 40 
Stage Hl H2A Hl H2C Hl V2A Hl V2C Hl D2A H11)2B Hl D2C Hl H3A 

lA -0.100 -0.175 -0.100 0.047 0.118 -0.142 0.000 
lB 0.000 0.025 0.000 -0.100 -0.165 .- -0095 0.071 0.000 • 
lC 0.100 0.025 0.000 0000 0.118 -0.024 0.071 0.000 
ID 0.125 0.1OC1' 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 0000 -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 -0213 -0300 
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 , 0.426 2.500 
11 -0.300 2.325 1.300 1700 .... 0.307 -0.520 0.496 4.300 
12 il -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 0.2~ 5.000 
14A -0.100 1.425 0.400 0.700 -0.378 -0.591 0.21 . y 3.600 
14B -0.100 1.225 0400 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 -1.017 0.355 6.100 
17 -or 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 2.00(1 -0.662 -1.017 0.496 8.200 
20 -o. 2.925 1.800 1.80(/ -0.662 -0.875 0.496 _ 8.000 

Table A.12 (Gont'd) Web Hole Specimens H-1 and H-2 - Sttain easurements - Loading 1. 

DEMEC Gauge Readings - Strain (m m) 
Load 41 42 43 H 45 46 47 48 
Stage Hl H3C Hl V3A Hl V3C H1DM Hl D3B Hl D3C Hl H4C Hl V4A 

lA -0.325 -0.225 -0.275 0095 0.075 -0.200 
lB 0.075 -0.025 -Q.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 
ID 0.175 0.Q75 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 J 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 -0.7~ -1.028 0.378 4.375 1.6QO 
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 -0.816 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 3.27~ 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 -1.41& -1.312 0.449 5.875 2.100 
l'6 3.575 ' 6.075 11.725 -1.418 "'-1.383 0.520 7.075 2.300 ~ 

C 
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 

) 
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a Table A.12 (Cont'd) Web Hole Specimens H-l and H-2 - Strain Mea.aurementl - Loa.ding 1. 

DEMEC Gauge Readings - Strain (mm/m) 
Load 49 50 51 52 53 54 55 56, 

,Stage Hl V4C Hl D4C Hl H56B Hl H56D Hl V5C Hl V6C Hl D56DB Hl D56BD 

lA -O.lSO -0.024 -0.025 -0.025 -0.118 -0.071 
lB -O.OSO -0095 -0.025 -0025 -0.067 0.000 0.024 0.071 
1C , 0.150 0.118 -0025 -0025 0.033 0.000 0095 
10 0.050 0.075 0.075 0.033 0000 
3 0.050 0.047 0075 -0.025 -0.067 0.000 -0047 0071 
4 0.050 0.118 0.075 -0.025 -0.067 0000 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 0000 -0.331 0.213 
7 0.650 0.615 0275 0.175 -0.067 0300 -0260 0638 
8 0.9SO 0898 0.575 0.375 O.O~, 0800 ,0.047 1 135 
9 1.350 1.253 0.375 0.575 0.23 1400 0.165 1.560 
10 1.450 1820 0475 0.775 0.933 2300 -0331 2695 
1l 1.5SO 2.600 0375 0.875 1.933 2700 -0473 3.546 
12 1.6SO 3 026 0475 0.975 2.533 3000 -0.473 3.972 
13 0.950 2.104 0.175 o 57'S 2 433 3000 -0.473 3.546 
14A 0.450 1.111 0075 0575 1.833 2.500 -0686 2624 
14B 0.450 1 III -0.125 0475 1 833 2.500 -0686 2766 
15 1.050 1.962 0475 0.775 2 233 3000 -0686 3.546 
16 1.7SO 2.884 0575 1.175 2.833 3.600 -0.757 4.752 
17 1.950 3.310 0.575 1275 3 433 3900 -0757 5106 
18 1.950 4.303 0.675 1 275 3.833 3.900 -0.757 5.461 
19 1.850 4.657 0375 1075 4033 4000 -0.898 5248 
20 1.550 4.303 0175 0975 3 933 4 000 -0.827 5 035 

Table A.I2 (Cont'd) Web Hole Specimens H-1 and H-2 - Strain Mea.aurernenta - Loadmg 1. "-

DEMEC Gauge Readmgs - StralU (mm/m) 
Load 57 58 59 60 61 62 63 64 
Stage 1 H7C Hl V7C H1D7e Hl H89B Hl H89D Hl VBC Hl V9C Hl DB9DB , ----
lA -0.025 -0.175 0000 0050 0.025 -0325 -0.325 
J.B -0.025 0.025 0.000 -0 050 0.025 -0 125 0075 0000 
1C -0.025 0.Q25 0.000 -0.050 -0.075 0275 0.075 0000 
10 0.Ù75 0.125 0050 0.025 0.175 0.175 
3 -0.025 -0.075 0071 -0 150 -0075 -0.025 -0125 0.000 
4 0.275 -0075 0.142 -0050 -0.075 -0.025 -0 125 0.071 
5 0.175 0.125 0.000 -0.150 0.225 0.075 -0.125 0071 
6 0.375 0125 -0071 -0350 .0625 0.175 -0.225 0000 
7 0.675 0.325 -0071 -0350 1.225 0275 -0225 0000 
8 0.975 0.925 -0213 -0.550 1. 725 o 575 -0.325 -a 2)3 
9 0.975 1.625 -0.284 -0850 2.225 1.175 -0.025 -0 496 
10 0.475 2.325 -0 355 -08'50 2.725 2.675 0.175 -0.109 
11 0.275 2.925 -0.355 -1050 3.525 3.U75 0375 -1.064 
12 0.175 3.525 -0355 -1050 3.825 ".675 0.775 -1.206 
13 0.075 3.125 -0.355 -1.250 2.725 4.375 1075 -0922 
14A 0.175 2925 -0.496 ·07050 1.625 3.515 1.475 -0109 
1413 0.175 2.925 -0.496 -0850 1.625 3.615 .- 1,375 -0.922 
15 0.075 3425 -0567 -1050 3.025 ".475 1.375 ·1.06" 
16 -0.025 4.225 -0.567 -0.950 ".225 5.375 1.075 .1.1:)60 
17 -0.025 " 425 -0567 -0950 •. 825 5875 0.975 -l..U8 
18 -0.125 4.625 -0.567 ·0950 8'.325 6.175 1.075 -1.489 

" 
19 -0:125 4725 -0.638 -1.050 5.325 6.375 1.075 .1.102 
20 -0.225 ·4.4~5 -0638 -1 150 5.025 6.175 1.075 -1.173 
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Table A.12 (Cont'd) fi> Web Hole Specimens H-1 and H-2 - Strain Measurements - Loading 1. 

----- DEMEC Gauge Readings - Stram (mm/m) 
, 

Lo~ 65 66 67 68 69 70 71 72 
Stage -Hl D89DB Hl H10C Hl V10A Hl VlOC Hl DlOC Hl H11A H1H11C H1V11A , 
lA 0.000 0.000 -0.125 -0.2cxt -0.150 -0.OV5 -0.150 
lB 0.000 0.000 0.075 -0.100 -0.035 0.050 0.025 0.050 
10 0.000 0000 -0.025 0.200 0.035. 0.050 0.025 0.050 
ID 0.000 0.075 0.100 0.050 . 0.D25 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.G75 -0.100 -0.177 0.350 0.725 0.050 
6 Oj13 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 2550 1.525 1.750 
12 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 0100 0177 1.150 0.425 0550 
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 0500 1.075 0.700 0.887 2.750 1.725 1.950 
17 6.809 0.700 1075 0500 1.241 2.950 1.825 2.150 
18 7.234 1.500 1.075 0500 1.879 3 050 1.925 2.450 
19 7.589 1.500 1.175 0700 2.163 2.950 1.725 2.450 
20 7.234 1.300 0.975 0.100 1.879 2.550 1.425 2.050 

~I 
Table A.12 (Cont'd) Web Hole Specimens H-1 and H-2 - Strain Measurements - Loading 1. 

DEMEC Gauge .Readings - S~rain (mm/m) "- 1 

1 

Load 73 74 75 76 77 78 79 80 
1 

Siage Hl V11C Hl D11A H1D11B Hl DllC CL H12C CL H12D CL H13C CL H13D 
.j 

lA -0.100 -0.095 -0.0'95 -0.118 -0.118 -0.095 
lB 0.000 -0.035 -0035 0.047 -0095 -0.047 -0.047 0.047 
1C O.OQO 0.035 0.035 0047 0.189. 0.165 0.165 0.047 
ID 0.100 
3 0.100 0.177 0035 0.189 0.118 0.095 -O.lœ -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 • 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 

-A 10 0.900 0. 17Z 0.177 0.827 1.608 1.371 1.371 2.175 
11 1.000 0.319 0.177 (\.969 1.749 1.442 1.584 2.600 
12 1.200 0.603 0.106 0.~69 21033 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 -0.106 0.118 0.331 0.236 O.OU 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 0.031' 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 

C 
19 1.200 ~ 1.028 0.106 0.969 5.012 5.414 2.080 2.530 
20 . 1.200 0.957 -0.106 -0.024 4.728 9.173 1.726 2.600 
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Table A::t2 (Cont'd) Web Hole Specimens' H-l a.nd H-2 - Stra.in Meaaurement. - Loading 1. 

ri DEMEO Gauge Readings - Strain (mm/m) 
Loa.d 81 82 83 84 85 86 87 88 
Stage H2 H14A H2 H140 H2 V14A H2 V140 H2 D14A H2 D14B H2 D14C H2 H1SC 

lA 0.000 0.025 -0.075 -0.100 0.024 -0 025 
lB , 

-0.100 -0.075 0.025 O.OQO -0.118 -0035 -0.035 -0.125 
1C 0.000 0.025 0.025 (100 0.095 0.035 0.035 0.075 
10 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 -0075 -0 100 -0.260 -0.106 -0.035 -0025 
5 0.000 0.325 0.025 -0.100 -0.260 -0106 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 o 5:1:! 0275 
8 0.000 1.225 0.425 0300 -0.260 0319 0.816 0375 
9 0.000 1.425 0.625 0.400 -0331 0461 1099 0375 
10 -0.300 .1.625 0.825 0500 -0.402 0.745 ' 1.525 0375 
11 -0.600 1.525 0.925 0600 -0544 0.674 1596 0575 • 
12 -0800 1.325 1.425 0800 -0473 0532 1.454 0975 
13 -0.400 1.025 1.025 o ~OO -0.189 0319 1.099 ~ 0675 
14A -0.400 0.425 0.425 0400 -0473 0.035 o 390 0175 
14B -0.500 0.525 0.525 0400 -0 402 o 177 0532 0075 
15 -0600 0.825 0925 0.500 -0402 0.106 0.957 _ 0575 
16 " -0.600 1 325- 1425

1
0 -0331 ' 0390 1'.454 0.975 

17 -0.700 1.425 1.825. 0 00 -0189 (}.532 1 525 1575 
18 -0.600 1.025 2.325 1 0 0165 o 2~8 1.383 2575 
19 3800 0.925 2.825 1 0 -0.402 -0.532 1.312 3.075 
20 10.400 2.525 2.225 0 0 -3 381 -0.957 2.234 '\ 9075.. 

Table A.12 (Cont'd) Web Hole Specimens H% and H-2 - Stram Measurements - Loading 1 

DEMEC Gauge Readings - Strain (mm/m) 
Load 89 90 91 92 93 94 95 96 ' 
Stage H2 ylSA H2 VISO H2 DI5C H2 H167B H2 H167D H2 V16C H2 V17C H2 D16BD 

lA -0.050 0050 -0.125 -0.100 -0.150 0071 
lB -0.050 0033 -0.106 -0.150 -0.025 0.000 -0.050 -0.071 
lC j O.05Q 0.033 0.106 0.050 -0 025 0100 0.150 0000 
ID 0.050 -0.067 0050 0.175 0000 0.050 
3 . -0.050 0.033 -0035 -0150 0.175 0.000 -0.050 -0071 
4 -0.050 -0067 -0.035 -0 250 0.075 0.000 -0.250 ~ 0.000 
5 -0.050 0.033 o 177 -0.450 0.275 0.000 o 150 0.071 
6 0.250 0.033 0.319 -0.550 0675 -0.100 0050 0000 
7 0.850 0.333 0.319 -0,750 0.875 -0.100 0.450 -0071 
8 1.050 0.433 0.248 -0,850 1.275 -0200 0.750 -0.142 
9 1.350 0.633 03')0 -1.150 1.875 -0100 1.550 -0213 
10 2.256 0.833 0106 -1.450 2.675 0.100 2350 -0496 
11 3.250 0.833 -2.150 3.875 0.400 3050 -0780 
12 3.350 0.833 -2.750 3.475 0.100 5.4.50 -1 206 
13 2.750 0.733 -2.550 3.075 0.200 6.250 -0993 -
14A 2.250 0.233 -2.550 2.375 0.400 5.150 -0851 
14B 2.350 0.333 -2350 2.275 0.500 5.350 -0922 

<" 
15 2.6~ 0.733 -2.750 2.775 0.300 5.950 -1.271 
16 3.250 -0.667 -2.650 3.275 0.300 7.150 -1.489 
17 3.450 0.833 -2.950 3.575 -0.100 0.050 -,1.489 

ta 3.350 1.533 -4.850 2.275 0.100 15.050 -1.702 i' 19 0.950 4.033 -6.850 7.075 9.500 34.050 5.603 
20 14.850 21.075 52.250 5.887 
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Table A.12 (Oont'd) Web Hole Specimens H-1 and H-2 - Serain Measurements - Loading 1. 

C DEMEO Gauge Readings - Strain (mm/m) 
Load 97 98 99 100 101 102 103 104 
Stage H2 D160B H2 H18C H2 V180 H2018C H2 H192B H2 1920 H2 V190 H2 V200 

lA -0.142 0.100 -0.075 -0.024 -0.033 0.000 0.025 
lB 0.142 ~100'- 0.025 -0024 -0.033 .200 0.025 -0.100 
10 0000 0.025 0.047 0.067 0.100 0.025 0.100 
10 0.000 0.025 0.100 -0.075 
3 0.000 0000 0.125 -0095 0.267 0.000 -0.075 -0.300 
4 0.071 0.100 0.025 -0024 0.367 0.000 -0.075 -0.200 
5 0.213 0.300 0.025 -0095 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 0825 -0.165 1.367 0.300 0.925 0.900 
9 1.631 0400 1.325 -0.236 1.567 0.600 1.725 1.600 
10 2.553 -0.100 2.425 -0.095 1.6'67 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 11537 1.167 -0.700 5.525 5.200 
14B ~ 0.100 12.825 11537 1.267 -0600 5.525 . 5.300 
15 . 84 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 0100 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 26525 2.367 1.ij)O 9.625 8.700 

• Table A.12 (Gont'd) Web Hole Specimens H-1 and H-2 - Strain Measurementa - Le:tding 1. 
1 

~ 

OEMEC Gauge Readings - Str~n (mm/m) 
Load 105 106 107 108 1 9 .. 110 111 112 
Stage H2 D19BO H2 D1'90B H2 H210 H2 V21A H2 \r21C H2 D21C • H2 H22A H2'H220 

lA 0.118 -0.033 -0.100 0.000 -0.165 0.0'25 0.050 
lB 

.", 
-0.106 -0.095 -0.033 0.000 0.000 0.118 0.025 -0.050 

10 0.106 -0.024 0.067 0.100 0.000 0.047 -0.075 -0.050 
ID 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.D50 
6 -0.035 .. 0.260 1.167 0.500 0.600 0.260 0.925 0.550 
7 0.035 0686 1.767 0.700 0.900 0.473 1.725 0.550 
8 -0.177 1.678 

Sr 
0.900 1.200 , 0.757 2.825 0.550 

§ -0.248 " 2.813 2.667 1.200 1.500 1.040 4.025 0.550 
10 -0.745 4.870 .467 1.100 1.500 \ 1.466 7.125 0.750 

.11 -1.312 6.927 4. 67 1.700 1.400 , 2.459 10.025 0.850 
12 -2.447 8.487 6.267 2.500 2.100 2.813 12~425 1.050 
13 -1.809 7.920 ;.967 1.700 1.700 2.459 11.225 1.250 

- 14A -1.525 6.501 3.167 1.400 1.100 1.820 7.325 0.650 
14B -1.667 6.430 ~ 3.167 1.400 1.100 1.820 7.525 ~ 0.750 
15 -1.950 7.707 4.567 2.100 2.100 2.175 10.725 . 1.150 
16 -2.16.,3 9.054 6.267 3.100 3.100 2.671 13.425 1.450 
17 -2.234 10.118 7.867 3.600 3.600 3.239 15.225 1.850 
18 -2.1& 11.111 10.967 4.400 '4.400 4.161 18.025 3.1.00 . 
19 -2.163 11.678 14.167 5.300 3.900 5.934 22.025 3.950 

C 
\ 

20 -2.021 11.962 17.567 6.500 3.800 7.494 26.125 5.550 
1 
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Table A.12 (Cont'd) Web Hole Specimen. H-1 a~d H-~- Strain Measureme~t.s - Lo~ 1. 

t DEMEC ~auge Readings _ Strain ' (mm/m) 
Load 113 114 <îl 'i15 116 117 
Stage H2 V22A H2 V22C H2 D22A H2 D22B H2 D22C 

lA ·0.075 ·0.047 -0.035 -0.213 
lB -0.133 -0.075'" -0.047 0.035 0'.071 ~ 
1C 0.167 0.125 0,095 0.142 
ID ·0.033 0.025 
3 -0.133 0.025 -0.118 -0..035 0.000 
4 -0.133 0.025 -0.189 -0.106 0.000 
5 -0.133 0.025 -0.189 -0.106 -0.071 
6 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 2.767 l.925 -l.537 -0.171 -0.213 
12 2.767 2.225 -1.891 -0461 -0.709 
13 2.267 l.625 -1.537 -0.106 -00426 , 
14A 1.767 1.125 -1.182 -0 111 -0'.567 " 14B l.767 ~ '1.225 -1.111 -0.117 ~.638 
15 2.3.f17 1.625 -1.608 -0.106 - .567 
16 . 2.867 2.225 -2.175 -0.300 -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 

1 20 3.367 1.025 -2.600 0390 -0.567 

.. 
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Table A.l3 Web Hole Specimen H-1 - easured Loads - Loading 2. 

~ 

Measured Loads and Deflections . 
Load Loading* Dial1 Dial2 Dial3 
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 ~.90 9.50 8.51 
B4 93.1 .56 10.80 9.65 
B5 108.8 6.48 12.55 11.28 
B6 124.4' 7.47 14.50 13.18 

\, 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' 
B9-1 29.2 2.62 4.95 4.24 
B9-2 57.0 4.27 8.23 6.05 
B9-3 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 
BIO 157.4 • 9.80 19.46 17.15 
BU 170.4 11.76 24.99 20.57 
B12 173.1 17.22 38.40 26.57 
IH2-1 .118.7 16.18 36.60 2,4.79 
B12-2 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 

. , 
17.45 9.75 . . 

_. Does not include uniform self-weight loading of 4.3 kN lm. 

Table A.l4 Web Hole Specimen H-1 - Strain Measurements - Loading 2. 

\ 
DEMEC Gâuge Readings - Strain (mm/m) 

Load' 1 . 2 . . 3 4 5 6 7 8 
St~ge ·Hl è3 4 

, 
Hl C14 Hl C2 4 Hl C4 4 Hl CS ,e Hl Cl 10 Hl C210 Hl C3 10 

B1A -1.182 -0.177 1.950 0.106 "-1.418 1.968 -1.726 -1.844 
B1B -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 t 
B6 -2.104 -0.106 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 
BlO -2.317 -0.035 3.014 0.390 -2.624 4.167 -3.357 -3.759 

1 

B11 -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 Specime~ H-1 - Strain Meaaurementa - Loading 2 . • , 
\e DEMEC Gauge Rea.dings - Strain (mm/m) 

Load 9 - • U 12 13 14 15 26 
Stage ID C4 10 Hl CS 10 C~Cl12 CL C2 12 CL C3 12 CL C4 12 CL C5 12 Hl HIA 

BIA -1.596 2.128 -0.496 -0.993 -1.206 -1.064 -0.118 -0.467 
BlB -1.596 2.,270 -(),426 -1.064 -1.206 -1.135 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 0095 -0.767 
B6 -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 
BlO -3.298 4.752 -0.284 -1844 -1.915 -1.915 0.165 -0.667 
Bu -3.865 5.887 -0.142 -2.057 -2057 -2.057 0.165 -0967 
B12 -4.504 7.376 -0213 -1.915 -1.986 -1.986 o 165 -0.807 

\ c Table A.14 (Cont'd) Web Hole Specimen H-1 - Strain Measurements - Lq,ading 2. 
1> 

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

Load 27 28 29 30 31 32 33 34 
Stage Hl HIC Hl VIA Hl VIC Hl DIA Hl DIB Hl D1C Hl H2A Hl H2C 

~ BlA 1.033 0.133 0233 -0.745 -0.532 -0.426 -0.300 1.725 
B1B 1.133 0.133 0.333 -0.145 -0.603 -0.426 -0.400 1.725 
B2 1.233 0.333 0.633 -0.887 -0.8,16/ -0567 -0.600 2.225 
B3 1.433 0.233 0.833 -0.957 -0.816 -0638 -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 
B6 1.933 0.433 1.133 -1.241 -1.099 -0.780 -0.800 3.125 
B8 2.233 0.333 1.233 -1.312 -1.383 -0.922 -0.800 3.525 
BIO 2.433 0.333 1.333 - -1.454 -1.738 -0.993 -0.900 3925 
Bll 2.733 0.533 1533 -1.454 -1.454 -1.064 . -1.000 4.325 
B12 3.133 0.433 1.633 -1.596 -1.596 -1.064 t.1.200 5.025 

4-

Table A.14 (Cont'd) W~b Hole Specimen H-I - Strain Measurements - Loading 2. 

DEMEC Gauge Reading! - Strain (mm/m) 
Load 35 36 37 38 39 40 41 42 
Stage Hl V2A Hl V2C Hl D2A Hl D2B Hl D2C Hl H3A Hl H3C Hl V3A 

B1A 0.700 0.600 -0.591 -0.733 0.284 4.800 1.575 4.475 
BlB 0.700 ~ 0.700 -0 5~0 -0662 0.355 4.700 1.575 4.575 
B2 1.200 1.000 . -0.662 -0733 0.284 6.400 1 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 
B5 1.600 1.500 -0.804 -lr7 0.426 7.800 3.175 ,.. 5.775 
B6 1.900 2.000 

f 
-0804 -1 87 0.496 8.100 3.475 6.175 

B8 2.400 2.100 -0.946 -1. 58 0.496 9.100 3.775 6.675 
BIO 2.500 2.400 -1087 -1.229 0.426 10.300 3.975 7.275 

&11 3.300 2.800 -1.087 -1.229' 0.355 12.500 4.275 9.475 -
\Y 

B12 4.200 3.700 -1.300 -1.158 0.213 14.200 6.775 14.975 
1 
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Table A.14 (Gont'd) Web Hole Specimen H-1 - Strain Measurements ~ Loading 2. 

C DEMEC Gauge Readings - Strain (mm/m) 
Load 43 44 45 46 41 48 49 50 
Stage Hl V3C H1"D3A Hl D3B Hl D3C Hl H4C Hl V4A Hl V4C Hl D4C 

\ 

• 
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 '-l 277 -0957 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 -6':378 6:575 1.600," 1.050 3664 
B5 11.125 -1560 -~24l 0.520 6.975 1.600 1.250 3.948 
B6 11.425 -1.773 -I.383 0.520 7.375 1.800 1.550 4.161 

-' B8 ~1.525 -2.128 -1.525 0.378 "7.875 2.000 1.750 4.303 
BlO 1.625 -2.553 -1.525 0.520 8.175 2.000 1.750 4.657 
Bll _ 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. 

DEMEC Gauge Readings - Strain (mm/m) 
Load 51 52 53 54 55 56 5'7 58 
Stage Hl H56B Hl H56D Hl V5C Hl V6C Hl D56DB Hl D56BD Hl H7C Hl V7C 

B1A 0.075 0.575 1.933 2.200 -1.040 3.191 0.075 3.025 
BlB 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 -1.04d 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 
B6 0.375 1275 , 3.533 3900 -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 
BIO '" 0.675 1.575 4.033 4.300 -1.111 6.170 -0.225 5.625 

l1V 0.575 1.675 4.633 4.500 -1.040 6.525 -0.325 5.625 
.. 12 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 (m'm/m) 
Load 59 60 61 62 63 64 65 66 
Stagé Hl D7C Hl H89B Hl H89D Hl V8C Hl V9C Hl D89DB Hl D89DB Hl HIOC 

• '1 ~ 

~ 
-0_709 -0.850 2.725 3.775 '~ 1.27~ -1.064 4.326 0.600 

<'0 -0.709 -0.850 2.625 3.675 1.275 -1.135 4.326" 0.700 
2 - -0.780 -0.950 3625 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 

• B6 -0.638 -0.950 5.225 5.975 0.875 -1.631 7.305 1.600 
B8 -0.709 -0.750 5.725 6.375 0.775 -1.844 7.801 1.700 
BIO -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 

t B12 -0.426 -6.050 15.125 10.075 -0.725 -4.184 13.262 5.600 

" 
r.:: 
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Table A.U (Cont'd) Web Hole Specimen H-1 - Strain Measurements - Loading 2. 

0 DEMEC Ga Readings - Str.ain (mm/m) 
Load 67 68 69 70 71 72 73 74 

\ Stage JI VIDA Hl VlOC Hl DI0C Hl UA Hl HllC Hl VIlA Hl VllC . Hl D11A 

BIA 0.375 0.100 1.170 1.250 0.525 0.550 0.300 0.461 
, BIB 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 ,,--J B3 0.5'115 0.000 1.454 2.050 1.225 1.25.0 0.700 0.603 

B4 0.475 -0.100 1.454 2.250 1.425 1.350 0.800 0.532 
B5 0.575 -0.200 1.596 2.450 1.525 1.550 0.800 0.674 
B6 0.775 0.100 1.738 2.650 1.825 1.650 1.000 0.674 
B8 0.775 0.100 1.738 2.850 1.825 1.850 1.000 0.745 
BlO 0.875 0.000 2163 3.050 2.025 1.950 1.100 0.816 
BU 0.975 0.300 3.936 3.350 2.125 2.050 1.200 0.816 
B12 0:"775 0.100 5.993 2.650 '2.025 1.150 0.900 - 0.390 

Table A.14 (Cont'd) Web Hole Specimen H-l - Strain Measurements - Loading 2. 

DEMEC Gauge Readings - Strain (mm/m) 
Load 75 ' 76 77 78 79 80 
Stage Hl DllB Hl D11C CL HI2C CL HI2D CL H13C CL RI3D 

B1A -0.035 0.260 3.381 3.712 0.307 0.898 

• BlB 0.035 0.189 3.381 3:7r2 0.236 0.898 
B2 -0.106 0.402 3.806 4.279 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 4.30& 14.846 1.371 2.033 
B6 -0.035 0.827 4.444 5.059 1.584 2.317 
Ba -0.035 0.898 4.586 5.201 1.655 2.530 
BlO 0.106 0.969 4.728 ' 5.485 • 1.868 2.813 
B11 -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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