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ABSTRACT

The use of welded wire fabric as shear reinforcement has become

popuìar among precast concrete manufacturers because of its relative
ease of pìacement and saving of time and money due to reduction

of cutting, bending and labor. This thesis presents the test results

conducted to evaluate the effectiveness of weìded wire fabric as

shear reinforcement as compared to commonìy used conventional

sti rrups.

A total of six pretensioned prestressed sing]e T-beams with

identical flexural reinforcement and shear span-to-depth ratio were

tested statÍcaì1y up to failure. The tested beams featured different
shear reinforcement configurations incì uding conventional

sÍngle-ìegged, double-ìegged, ôrd three different types of

commercialìy available welded wire fabric (l,ll,IF). A beam without

web reinforcement uras al so incl uded in thi s study. Al I beams were

designed with a nominal flexural strength higher than the shear

strength.

All beams tested failed in diagona'l shear with cracks at an

incl ínation of less than 30 degrees to the horizontal . The concrete

shear strength corresponding to the initiation of diagona'l cracks

was exactly the same as the code predictions. The ul tjmate shear

strength of the tested beams was s3% to 83% higher than the code

predictions.
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Beams wi th def ormed l^ll.lF were superi olin comparì son to the

beams with conventionaì stirrups with respect to the number and

the djstribution of the diagonal cracks, and the stiffness of the

beams. The beam with smooth l./l.lF was the most superÍor in terms

of the stiffness of the beam. The effectiveness of l^lWF was almost

the same as that of conventional stirrups in terms of the maximum

crack width, total crack width, and the shear strength of the beams.

The presence of an additional horizontal wire at the mid-he.ight

of the beam had no significant infìuence on the crack pattern, maximum

crack width, total crack width, and the stiffness of the beam.

It did enhance the ducti'lity of the l.ll.lF mesh as well as the ductiì'ity
and ultimate shear strength of the beam.
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CHAPTER I

Introduction

1.1 General

In the design of concrete structures shear failure must

be prevented. Due to its brittle nature, shear failure might take

place suddenly and without warnÍng. In order to increase the shear

capacity of concrete members and to provÍde an adequate margin of

safety' shear reinforcement is generaìly used in concrete structures.

The use of welded wire fabric as shear reinforcement has become

popular among precast concrete manufacturers because of its relative

ease of placement and saving of time and money due to reduction

of cutting, bending and labor. But there are very few studies

available regarding the use of welded wire fabrÍc as shear

rei nforcement.

1.2 Objecti ves

The objective of this research program was to evaruate

the effectiveness of welded wire fabric as shear reinforcement in

comparison to conventional stirrups for thin-webbed prestressed

T-beams under static loading in terms of shear behavior and flexural

behavior, which includes shear crack initiation, shear crack pattern,

crack width, ultimate shear strength, flexural crack initiation,
flexural crack pattern, and deflection. The effectiveness of

different types of commercial ly available welded wire fabric was

aìso compared and evaluated.



2

1.3 Scope

A total of six pretensioned prestressed singìe T-beams

with identical flexural reinforcement and shear span-to-depth ratio

were tested staticalìy up to failure. The tested beams featured

different types of shear reinforcement including conventional

doubleìegged, sing'le-ìegged, and three different types of commercialìy

avai I abl e wel ded wi re f abri c (l.ll,lF) . A beam wi thout any web

reinforcement was also included in this program in order to evaluate

the contribution of concrete. Alì beams were designed with a nominal

flexural strength higher than the shear strength to ensure failure

model .

The background of welded wire fabric as well as resurts

of previ ous studi es regardi ng the use of l.lWF as shear rei nforcement

are presented in chapter 2. Thi s chapter al so presents a brief

review of shear in concrete beams and different analysis and design

approaches. A detailed description of the experimentaì program,

material properties, instrumentation, test set-up and testing

procedure is given in Chapter 3. chapter 4 summarizes all the test

results including recorded and observed data during testing.

Chapter 5 includes the calcuìations of concrete strains,

crack widths, and sl ides from the mechanical readfngs (demee

readings). Then the test resul ts are di scussed and compared in

detail in terms of flexural behavior and shear behavior.

Chapter 6 contai ns the concl usions based on thi s

experimentaì program and the areas where further research shouìd

be conducted regarding weìded wire fabric as shear reinforcement.



CHAPTER 2

Backqround and Literature Review

2.I Introduction

tlelded wÍre fabric (wwF) has been used in concrete wails,

slabs, pipes and pavements for many years. It has been proven to

be advantageous in control I ing cracking and slowing the rate of

deterioration after cracking. In recent years, l^,wF used as shear

reinforcement has become popuìar among precast concrete manufacturers

because of its relative ease of pìacement and saving of time and

money due to reduction of cutting, bending and labor. The use of

l.ltlF as shear reinforcement also offers promise in prestressed precast

concrete members with deep thin webs. This chapter reviews the

general background and existing codes for lll.lF as shear reinforcement

and the available pubìished studies regarding the use of welded

wÍre fabric as shear reinforcement ín beams 18, 25, 45, 47, 4gf.

Because of the brittle nature of shear failure in the design

of concrete structures an adequate margin of safety must be provided

to prevent shear failure. This chapter reviews recent research

results and design proposals concerning shear in prestressed concrete

thin webbed beams [1, 4n 9, L2,L4, 16, 17, 2L, 26, 27, 35f "

2.2 Helded Wire Fabric (l.ll.lF)

Welded wire fabric (WWf) is manufactured from

steel wires and generalìy tack-welded in an orthogonaì

coì d-drawn

mesh. The
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cold-drawing increases its strength but decreases its ducti ì ity
[18, 32, 54]. Thus the strength of l.ll.lF is usuaìly greater than

that of conventional stirrups. The strength requirements given

by ASTM and csA standards are shown in Tabìe z.l. The ultimate

strain of tll,lF is usua'lìy ìess than 2.L%, while the ultimate strain

of conventional stirrups is greater than L5%. The anchorage of

l.ll.lF is provided by bond of vertical wires and doweì action of

horizontal wires weìded on the vertical wires. The conventional

stirrups are hooked to both top and bottom longitudinal

reinforcements. They provide not on]y good anchorage but also good

confinement of concrete, and longitudinal bars can transfer some

shear force by dowel acti on , whi I e l,ll.lF coul d not. The wel d of t.ll.lF

is another weak point due to the stress concentration and weld

strength.

There are very few studies [8, 25, 45, 47, 49] availabìe

regardi ng the use of HI,JF as shear rei nforcement. Tayl or and

El-Hammasi [49] and Leonhardt and tlalther Ies] studÍed the shear

behavior of reinforced concrete T-beams with u-shaped l,ll,lF as shear

reinforcement. Leonhardt and l.lalther considered various anchorage

arrangements in the compression zone. Tayìor and Eì-Hammasi

investigated the eraeking behavior of beams and concluded that the

u-shaped l,ll.lF shear reinforcement is more effective in crack control

than the equivalent double-ìegged stirrups.

0bviously, the ease of p'lacement of tlt'JF would lead to savings

in both fabrication and handì ing if the standardized pìane sheets

of }.ll.lF could be used as shear reinforcement. In 1980, the Joint
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Prestressed Concrete Instjtute-Wire Reinforcement instjtute (PCIll.JRI)

Ad Hoc Committee on t.lelded l.lire Fabric for shear reinforcement 142)

recommended the methods of anchorage for both smooth and deformed

pl ane sheets of l^ll.lF used as shear rei nforcement i n thi n-webbed

concrete members. The recommendations are as follows:

1. For smooth l.lWF, two longitudinal wires with a minimum spacing

of 2 inches (51 mm) with the inner wire not less than the

greater of d/4 or 2 inches (St nm) from the mid-depth of the

member.

2. For deformed l.l[^lF, one'longitudinal wire not more than dl4

from the extreme faces plus a development length above and

below mid-depth in accordance with Section 12.8.2 of ACI

3r8r7-77.

The cross-sectional area of one horizontaì anchorage wi re

is recommended as 35% of the area of the vertical wires for smooth

vertical wires and 40% of the area of the vertÍcal wires for deformed

vertical wires. These proposals are shown in Figure 2.I and 2.2

respectiveìy. 0n the basis of these recommendations, the 1983 ACI

code provisions were revised to allow the use of pìane sheets of

l,Jl.lF as shear reinforcement. However, thi s code sti I I recommends

using two horizontaì anchorage wires at top and bottom for both

smooth and deformed vertical w'ires, as shown in Figure 2.2

In IgS2rKevin Baskin of the University of Alberta tB] studied

the shear behavior of reinforced concrete single T-beams with different

types of plane sheet of l,Jl,lF shear reinforcement, He tested eight
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beams with both smooth and deformed l.'ll,JF and two with conventionaì

singìe-legged stirrups in a 4 in. thick web. He concluded that

the best anchorage was provided by two horizontal cross-wires at

the top and bottom for smooth wl^JF. The anchorage by one smooth

horizontal wire at top and bottom for deformed l.lt.JF also showed

suitable performance. up to service load, the maximum crack widths

were essenti al 'ly the same for both smooth and deformed l,ll.lF, but ,

at higher loads, the maximum crack widths were larger for smooth

l'Jl,lF than that for the deformed l,ll.lF. He al so observed that the

ductility of the beams increased with the increase of the amount

of web reinforcement.

In 1985, Robertson and Durrani of Rice University l+11 tested

nine bonded and unbonded prestressed concrete single T-beams with

pìane sheets of l.ll.lF as shear reinforcement and one with conventionaì

single-ìegged stirrups made of #2(6.35 nm) smooth bars and three

wi thout shear rei nforcement. They concl uded that the anchorage

with two horizontal wires should be used to protect against localized

weakness in the mesh. They mentioned that the beams with less web

reinforcement than the minimum required by ACI and CSA codes carried

much higher loads than predicted.

In 1986, A. Ray and S. Rizkalla of the University of Manítoba

[+S1 studied the behavíor of thin-webbed prestressed concrete beams

wi th di fferent shear rei nforcement confi gurations. They tested

seven beams with different types of shear reinforcements incìuding

conventional singìe-ìegged, double-legged stirrups, and four different
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types of welded wire fabric and two beams without web reinforcement.

They concluded that the behavior of prestressed concrete beams with

l.ll.lF meshes was essentiaììy the same as that of beams with conventionaì

shear reinforcement under the service ìoad. No conclusion was

drawn at ultimate load because of the premature failure of the tested

specimen due to sìippage of the prestressed strands.

2.3 General Backqround of Shear Behavior

In spite of considerable research orì, and anaìysis of, the

behavior of reinforced and prestressed concrete in shear, no general

theory has been established for all types of concrete structures.

Extensive experimental work has greatly extended the identification

of various shear resisting mechanisms.

The ioint AScE-AcI committee 426 t3l on shear and Diagonar

Tension (AScE-AcI, 1973) prepared a very useful review of the shear

problem and the background of the current ACI code provisions ll, zl.

2.3.I Basic mechanisms of shear transfer

The main types of shear transfer are the fol'lowing: (a) shear

stress in the uncracked concrete; (b) interface shear transfer;

(c) dowel action; (d) arch action; and (e) shear reÍnforcement.

The forces acting at an inclined crack of a beam are shown in Figure

2.3 where
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Vcz = shear carried by the compression zone

Va = shear transferred by aggregate interlock along the

diagonaì tension crack

V¡ = shear transferred by dowel action by the ìongitudinal

steel

Vs = shear transferred by the stirrups.

Thus, the total shear capacity, VT, is:

VT=Vcz*Vu*VD+Vs (2.1)

The principaì mechani sms of shear

categorízed as: A) arch action; B ) beam

action, as shown in Figure 2,4.

resi stance

action; and

could be

C) truss

2.3.2 Types of inclined shear crackinq

Shear failures of beams are characterized by the occurrence

of incìined cracks. Inclined cracks in the web of a beam may develop

either before a flexural crack occurs in their vicinity or as an

extension of a previously developed flexural crack. The first type

of inclined crack is often referred to as a "web-shear crack"IFigure

2.5(a)]; the second type is often identified as a "fìexure-shear

crack" IFigure 2.5(b)].

In addition to the primary cracks (flexural and the two types

of inclined cracks), secondary cracks often result from spìitting

forces developed by the deformed bars, or from dowel actjon forces.
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2.3.3 Factors affecting shear strength

There are numerous factors which affect the shear strength

and serviceabi'lity of beams [3, 6, 11, 20,22,38, 43, 48, 54,55].

The main parameters which affect the shear behavior of a prestressed

concrete beam are:

a. the shear span-to-depth ratio

b. the compressive strength of the concrete

c. the percentage and type of web reinforcement

d. the percentage of longitudinal reinforcement

e. the size and shape of cross sections

f . the type of 'loading

g. the magnitude of effective prestressing force.

The shear span-to-depth ratio a/d or M/Vd is a very important variable

in defining the shear strength of a beam [3, 11] (see Figure 2.6).

The shear carried by the compression zone and interface along the

diagonaì tension crack is mainly dependent on the compressive strength

of the concrete t6]. The shear transferred by the dowel action

is directly affected by the percentage of longitudinaì reinforcement.

2.4 Tradi tiona I Truss Model and ACI Desiqn Procedure

l.lhen a web-reinforced concrete member is subjected to flexure

moment and shear force cracks, form when the principa'l tensile

stresses exceed the tensile strength of the concrete. In a region

of hi gh shear force , si gni fi cant pri nci pa'l tensj I e stresses may

be generated at an angìe of approximateìy 45o to the axis of the

member as shown in Figure 2.7.
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The ACI BuÍìding Code [], Z] assumes the resistance of a beam

member vn is made up of two parts; i.e., concrete contribution,

Vç, âlld tranverse reinforcement contribution, Vr:

Vn=V.+V, (2.2)

The shear carried by the concrete vc is taken equa'l to the

inclined cracking shear for web reinforced beams, and would be the

failure load for a beam without web reinforcement. The AcI code

takes into account the major factors infìuencing shear resistance,

such as the tensÍ I e strength of the concrete as measured by the

uìtimate compressive strength, f¿, and the shear span-to-depth ratio,

f| which is related to arch actÍon. When the effective prestressvud

force is equal to or greater than 40% of the tensile strength of

the prestressed reinforcement, the shear carried by the concrete,

Vçr could be evaluated as folìows:

v. = (# * u ffl u*o (kN) (z.s)

and

vc :$ u*o

Vc j 0.4 {r¿ bwd

IsS
Mu

(2.4)

(z.s)

(z.o)<1



where Vç

f¿

vu

MU

dp

d

bw

where

11

nominal shear strength provided by concrete, kN

ultimate compressive strength of concrete, MPa

factored shear force at section, kN

factored moment at section, kN.m

di stance from extreme compression

prestressed reinforcement, mm

distance from extreme compression

ìongitudinal tension reinforcement,

than 0.8h, mm

web width, ffirì.

Shear strength at incl ined "flexure-shear

strength provided by concrete, Vci, when diagona'l

from combined shear and moment, is
/-t

vci = f'#l bu,d + vd + ffi
fl

Vci . (i) bwd

Mc

V1-Vu V¿

f rt$l * rp. - r¿l

fiber to centroid of

fiber to centroid of

but need not be less

crack" or shear

cracking results

(2.7 )

(2.8 )

(2.e)

(2.10)

(2.11)

r

Mmax=Mu-Md
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Vd, f¿ and M6 refer to the shear force, the extreme fiber
flexural stress, and moment due to the unfactored dead load resuìting
from self-weight of the member only. And Vi and Þlmax are the factored

shear force and maximum factored momentatasection due to externa'lìy
appì ied I oads.

when the shear causes a pri nci pa'l tensi I e stress of
,rîT

approximately -f at the centroidal axi s of the cross-section,

web-shear ..u.Ornn, Vc* ¡ occurS. Vcw is predicted by the folìowing
equation:

Vcw = 0.3 (/4 * fp.) b*O + VO (2.r2)

The shear carried by the web reinforcement, vs, is based on

the truss analogy deveìoped by Litter t+01 and Morsch tlrl which

assumes that, after cracking, the concrete can carry no tension,

and the cracked web-reinforced concrete beam acts as a truss with
paraììeì ìongitudinal chords (compression zone and tensile steel )

and with a web composed of diagonaì concrete struts and transverse

steel ties (see Figures 2.4 and Z.g). Thus,

where Au =

c_,Vy

jd=

0=

U-

v, = Ayfyy (jo) (Siru coto + coso)/s (2.13)

area of shear reinforcement within a distance s, mm2

yie'ld strength of shear reinforcement, Mpa

moment arm of cross-section, mm

angle between incl ined stirrups and longitudinal

axis of member, degrees

angìe of incìination of diagona'l compressive stresses

to the ìongitudinal axis of the member, degrees.
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AcI assumes the angle of the compressive stress 0 as 4bo. Usually

0 Ís 90o and takes jd = d, then:

vr=lv-Prj e.r4)

However Vs I 
å 

Æ¿ bwd (2.15)

2,5 Canadian Standards Association

The method used in the National Buiìding Code of Canada lvas

semi-experimental and was exactìy the same as the re'lations in
AcI code (Acl 318) until the L97l code. The chapter for shear

and torsion of the new Code (CAN3-423.3-M84¡ tt+j presents

two aìternative design procedures, i.e., the Simplified Method and

the General Method

2.5.L Simplified Method

The Simpìified Method is almost the same as that in the Acl

code except ìoad factors are different. It uses 1.25 for dead load

factor, and 1.50 for live load, wind load, and earthquake ìoad factor.

The Code introduces new material resistance factors (O's)to providean

adequate margin of safety.

For members with an effective prestress force of not less

than 40% of the tensile strength of the flexural reinforcement:
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vc = (0.06 fff - 6 !41 dp) Oc bwd (kN) (2.16)

(z.v ¡

(2.18)

(2.le)

Vc I 0.2 Oc /fã bwd

Vq = / Vçb,

where
vf d^ / L.o
M¡Y

0c ís material factor for concrete and is equaì to 0.6

Vcw = 0.4 Oc fQ- (
pc

) bwdp * ôpvp (2.20)1+
0.4 ó r/î[

where

dp t o.8h

ôp is material factor for prestress strand and is

equaì to 0.9.

0s Av fvy d
vs

S (z.zt)

where ós is the material factor for stirrups and is equaì to 0.85

2.5.2 General l'lethod

The General llethod is based on the "compression fieìd theory,'

which is derived from l,lagner's "tension fie'ld theory" [s4]. In

1929,l'lagner studied the postbuckìing shear resistance of thin-webbed

metal girders. He assumed that after buckling the thin webs would

not resist compression and that the shear wouìd be carried by a

fieìd of diagonal tension. M.P. Collins and F. Vechio of the University
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of Toronto [52], and D. Mitchell of McGill Un'iversity [16] used

a similar concept to reinforced and prestressed concrete beams.

The basic idea is that the resistance and behavior of members

in shear can be investigated in detail by perform'ing a sectional

anaìysis that considers the equiìibrium, compatibi'lity and

stress-strain requirements for different portions of the section.

Such an anaìysis (see Figure 2.9) would show that the direction

of principal compressive stresses changes over the depth of the

beam. A more direct procedure, which concentrates on the conditions

at mid-depth of the beam is used with the following assumptions

( see Fi gure 2. 10 ) :

1. The shear stresses are uniformly distributed over an area

by wide and dy deep.

2. The inclination of the principal compressive stress, 0,

coincides with the inctinatÍon of the principaì compressive

strains.

3. The direction of the principaì compressive stresses remains

constant over the dePth, dv.

4. Concrete resists no tension after cracking.

5. If the web concrete is severeìy deformed (ìarge e1) its ability

to resist compressive stress, fZ, will be substantialìy reduced

(52). Thus the maximum vaìue of f2 should not exceed the

diagonal crushing strength of the concrete, f2ru*:

fzmax = þc f è,/ (O.A + 170 el ) (2.2r)

and f2max S óc få (2.22)
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where el = principal tensile strain in cracked

to factored loads.

Figure 2.LL shows the stress and strain

circle) at mid-depth after cracking. From the

c'ircles the foìlowing expressions can be derived.

f2 = (tanO + t/tano) V¡lbydy

el = Êx + (.x + 0.002)/¡¿¡129

concrete due

condi tions ( l-lohr's

stress and strain

(2.23)

(2.24)

In evaìuating sectional resistance,0 may be chosen to

have any val ue between 15o and ls" (see Figure z.lz). However,

the same value of 0 must be used in satisfying aìl the requirements

at a sectÍon. The transverse reinforcement must yield prior to

crushing of the concrete. This condition limits the maximum shear

that a given cross-sectÍon can resist, as shown by the dashed lines

in Figure 2.L2. The longitudinal reinforcement shall be designed

by the pìane sections theory to resÍst the factored moment, Mf,

and the axial load, Nf, together with the additional factored axial

tensile load, Nv, acting at mid-depth of the member.

Vç
Nv = tãnã (2.25)

For desígning in shear according to the General Method, the

folìowing steps should be followed:



Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

L7

Calculate the magnitude of e¡ at mid-depth for factored

external loads by plane section analysis.

Select a value of 0, (see Figure 2.I2).

Calculate f2 = (tano + l/tano) V¡/(bvdv)

Calculate el = Êx + (ex * 0.002)¡1¿¡r2g.

Calculate f2¡¿* = þcfè/ (0.e + 170 el )

Check whether f2 < fzmax, if not, return to "Step 2".

design transverse reinforcement by

vr = Or_AojyJS
s tano

+ôpVp:v¡ (2.26)

To obtain the ultimate shear capacity of a given section

requires extensive computations. It is suggested to write a computer

program with the foìlowing steps.

Choose a value of e1.

Estimate 0.

Estimate stirrup stress, fv.

Calculate V = 0s Av fv dv/ (s tano).

Calculate f2 = (tan0 + I /tan}) U/(bvdv).

Calculate f2¡¡¿¡ = 6rf[/(0.8 + 170 e1)

If f2 t fzmax, return to "Step 2" or "Step 1"

0 closer to 45o or lower el, respectively.

Calculate e 2 =-0.002 (1 - 2max

Calculate et = (el + eZ tan? o)(t + tan2o ).

Calculate fy = 0s Es e¿ but fy 5 ôs fy.

and choose
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Step 11: If necessary, return to "Step 3" with better estimate

of fu.

Step 12: Calculate ex = El + eZ - et.

Step 13: Calculate top strain with this e¡ at mid-depth of

the beam, and cal cul ate the correspondi ng moment, Mf,

and axial force, Np.

Step 14: Calculate net axial load acting on the section, N¡ = Np

- V/tan0

Step 15: If N¡ does not equal desired value, return to "Step 2'

and change 0 (increasing 0 increases N¡).

Step 16: To obtain compìete response, return to "Step 1" and choose

another value of e1.

Step 17: Plot e1 - V diagram.

2.6 Variable Anq le Space Truss Model

In the ìate 1960's, researchers in Europe were workÍng with

the ídea of a conceptua'l model to properly represent the behavior

of concrete members subiected to torsion and shear. The main

objectives were to rationalize andrat the same time, simp'lify the

design procedures in these areas.

Based on the studies of Thürlimann ISt1 and the compression

field theory [16, 52f, J.A. Ramirez and J.E. Breen of the University

of Texas at Austin Iaa] modified the traditional truss model with

vari abl e angì e of i ncl i nati on of the di agonaì compression stress

as a design model.
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A typical crack pattern of a beam with two symmetricaì

loads is shown in Figure 2.13. The corresponding truss model is

shown in Figure 2.14. The space-truss model uses a variabìe angìe

of inclination of the concrete strutS, 0, instead of Ritter's constant

45" angìe. This angìe of inclination is at ultimate load and not at

first inclined cracking. The angle is such that in the field where

fai I ure occurs when both the I ongi tudi nal and transverse

reinforcements reach their yield stresses.

Considering the cracked web of a beam (Figure Z.LS) and the

yielding of bottom reinforcement and stirrups.:

-vurc = ;- (Z.Zl¡- bw Z sin0 cos 0

-MuvuFyL =Ë * f cote (2.28)

Vsy = Av fvy _ Vu s tan0
7.

(2.2e)

(2.30)

(2.31)

tan0 =
vrJ¿

Vus

From (2.28) to (2.30)

,rr=?*
2U syL

u2u s

In the case of pure bending (Vu = o)

MLte = Fy¡Z (2 "32)
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In the case of pure shear (M, = o)

Vuo = (2FyL VryZls)0'5 (2.33)

Thus the interaction equation between bending and shear

for F¡ = Fyl_ and Vt = Vrt is

Mu
1 (2.34)l't-* +

vu

v*

The interaction diagram is shown in Figure 2.L6. Three types

of faiìure mechanisms can be expressed from this diagram. The bending

mechanism represents the yielding of the longitudinal reinforcement

without yieìding of transverse reinforcement. Similarly, the shear

mechanism represents the yielding of the transverse reinforcement

without yieìding of longitudinal reinforcement. And the combined

mechani sm represents the yieìding of both the longitudinal and

transverse rei nforcements.

2.7 The Theory of Plasticity

The formulation of a compìete theory of perfectly plastic

material was first given by Gvozdev. l,lithin the last decade, M.P.

Nielsen, et al., [10, 35, 36] at the Technical University of Denmark

applied this theory to reinforced and prestressed concrete members.

Similar research has been carried out at varÍous other institutions,

notabìy at the Swiss Federal Institute of Technology in Zurich by

Lampest l26f, Thürlimann [19, 50, 51], Grob [19], and Muller [36].

)2
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Appì ication of pìastici ty theory to shear in beams gives

ultimate load of coììapse and the angìe of major failure shear crack

in the shear span. To appìy the pìasticity theory to shear in beams,

the reinforced concrete is assumed as a rigid pìastic material and

the lower bound theorem and upper bound theorem are used to determine

the load-carrying capacity of concrete beams.

2.7.I Lower bound theorem

The definition of the ìower bound theorem can be stated as

follows: "If the load has such a magnitude that it is possibìe

to find a stress dÍstribution corresponding to stresses wÍthin yie'ld

surface and satisfying the equiì ibrfum conditions and the static

boundary condÍtions for the actual load, then this load will not

be able to cause coìlapse of the body".

In a sÍmply supported beam ìoaded by two symmetricar forces,

as shown in Figure 2.L7, the beam web is assumed to be a homogeneous

stress field as shown in FÍgure z.rB. The foìlowing equiìibrium

equations can be written.

fZ = v (tanO + cotO) (2.35)

Vs = Av fvd/(s tang) (2.36)

where v = externa'l appl ied shear stress at section

l,lhen the compression stringers are strong enough, the

lower bound solution is the largest load satisfying f. s fi
fs . fv'. Introducing ú as the degree of shear reinforcement:

best

and
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tl/
Av fvv
..............J

b¡a s fi (2.37 )

Thus, from equation (2.35) and (2.36)

v
T¿

/rtll - ul (2.38)

(2.3e)

The maximum value of v/fi is 0.5 which can be obtained for

ú = 0.5. The best lower bound solution is:

(2. 40 )

tano = frþ-Kl:rþT

V

rð

={ = 0.slg

q/ 1-ü ú r 0.5

rJl > 0.5 (2.41)

2.7.2 Upper bound theorem

The definition of the upper bound soìution is as folìows:

"If various geometricaì ìy possibìe strain fields are considered,

the work equation can be used to find values of the load-carrying

capacity that are greater than or equaì to the true one".

Consider again a beam with two symmetricaì forces, the shear failure

meehanísm Ís shown in Figure 2.17. The work equation is assumed

to take the following form:

fv
S

Pru
Av d corßu * f r¿ u tr - cosß) .!, (2.42)
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The first term on the right is the dissipation in the stirrups

crossing the yieìd line; the second term is the dissipation in the

concrete.

Using the degree of shear reinforcement, ú , and minimizing

v/fi with respect to ß, the upper bound solution is

t|,t 1-r¡ (2.43)

'l 1-{, /(I - 2,þ) (2. qq)

v
Tä

tanß =

ß=20 (2.45)

For {, = 0. 5, ß = 'n /2 corresponds to a verti cal yi el d

line, for q/ > 0.5, there is no increase in load-carrying capacity.

Thus, the upper bound solution is

tl,' 1-r¡ ti, S 0.5 (z.qa)

rJl > 0.5 (2.47 )

which is identical to the lower bound solution. Thus, this solution

is the "exact solution".

For design of shear reinforcement in beams, the amount of

transverse shear reinforcement is:

V 's 'tan 0rE

v
Fð

d= o.u

AV (z.qe)
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The concrete stresS, fc, has to satisfy the condition of f. s vf¿

where v Í s an effecti veness factor for the

compressi ve strength of the concrete. Based

experimenta'l test program [7, 10], y is taken as:

v=0.7-f¿/200 (2.4e)

2.8 Predictions by Different Desi qn Codes and Researchers

Based on extensive experimentaì studies of concrete beams,

there are many existing design equations for predicting the shear

strength of the concrete beam. In this section several design codes

and proposed equations considered to be the most suitable to this
research program wiìl be reviewed.

2.8.1 Recommendations bv the Japanese Society of Civil
Enoi neers ( JSCE )

(1) The JSCE Corrnittee [ZS1 recommended the folìowing relations

for design of shear strength of both reinforced and prestressed

concrete beams:

effecti ve pl asti c

on an extensi ve

where

Vn=V.+Vt

vc = o.e4 (r¿)l/3(l + ßd * ßp + ßr)H.
Vs = Av ruv Í (Sinc + coso)/yb

ßd = (ff.)L/4 - 1 ì o

ßp = /ÏU'OlnÇ

(2. so )

(2.51)

(2.52)

(2.53)

(z.sq)

(2. s5 )ß¡=Me/M¿ 51.0

1 s 0.73
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(2)

pw is the longitudinal reinforcement ratio pw = -At-bwd

y5 and y. are strength reduction factors, yb = 1.15,

and y6 = 1.30

z is the distance between the tension and compression forces

and Z = d/I.Lï.
The unit of fi is kglcmZ.

Okamura-Higai's EquatÍon

H. Okamura and r. Higai t39] in Japan proposed the following

design equation:

vc = 0.e4 (r.)1/3{o.ts + 1.40 *)(1 + ß¿ * ßp Bn) bwd (z.so¡

Niwa's EquatÍon

In 1983' J. Niwa of the university of rokyo [3g] studied the

shear resistant mechanism of reinforced concrete members and

presented the foìlowing equation. (a/d < 3)

vc = 0.53 (r¿)2/3(r * ffl[r + /f00-p-*)bwd,/(1 * (å)2] Q.st)

(3)

2.8.2 CEB FIP Code

The cEB/trP Model code for concrete structures of lgTg t15l
presented the design equations as follows:

Vc = fvo B¿ ßp ßn ßa bwd (2.58)
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where fvo = 0.26 + 0.008( f¿ - 20)(MPa)

for 20 s f¿ s s0 (MP¿)

ß¿ =1.6-mhàt.o

ßp =1+50pw

ß¡ = 1*I9 s z

2d^-Þ¿ - 
a

M¿

l1

T. Zstrtty's equation [56]

Yc = z.L3tz (få pw$ )t/t o*,

Pur = ot 
= o.o,

bwd

(2.5e)

(2.60 )

(z.ot)

(2.62)

(2.ø+¡

(e. o¡ )

?.8.3 Fredictions b different researchers tn the Un'ited States

1

2. A. Placas and P.E. Regen [41]

vc = o.z8ea (få 
"3#,t" ono (z.os¡

and

v, = 2(d' - t)+ fvy + 0.e056 (f¿)l/3 (bw + 1s2.4)t (e.oo)

where t is the thickness of the compression flange

d' is the distance from compression fibre to the tip of stirrups

in tension.

3. K. S. Ra jagopa'lan and P. N. Ferguson t43l .

Vc = 0.083 (0.8 + 100 pw)ÆFbwd s 0.166 /fä b*d (2.67)
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M.J. Haddadir, S. Hong, and A. H. Matlock [20]

Vc = (0.1577 {fl + 17.23 p* f I o*o = o.1s,rf¿- bwd

Vs = 1.75 Av fvy for
b¡a. s. sina

Av fv s 0.1 12 f¿Æ (2.6e)

or

(2. 68 )

d
s.slna

Vs = (0.5

for
Av fvy > 0.112 f¿

, ou tYt + 0.14 f:
Dbr. S. Sl no, u

E)
a

/{ (z.to)
b¡a.s.sinc



CHAPTER 3

Experimental Proqram

3.1 Introduction

The advantages of wel ded wi re fabr j c (Wl,lF) as shear

reinforcement are speed of fabrication of reinforcement and the

relative ease of hand'l ing and lower overal I cost. But it was

believed that as far as the structural behaviors were concerned,

þll.lF was less effective than conventional stirrups. The experimental

program in this thesis is designed to study the effectiveness of

Hl.lF as shear reinforcement in terms of the foìlowing:

1. Shear behavior as compared to conventional sti rrups in

terms of shear crack initiation, shear crack pattern, crack

width, and ultimate strength.

2. Flexural behavior as compared to conventional stirrups

in terms of flexural crack initiation, flexural crack pattern

and deflection.

3. Type and conf i gurati on of Wl,lF compari ng the di fferent types

of commercially available Wl.lF.

A total of six pretensioned prestressed T-beams with

identical flexural reínforcement and shear span-to-depth ratio

are designed in this program. In order to compare the behavior,

fi ve di fferent shear rei nforcement confi gurati ons i ncl udi ng

conventional double-legged, singìe-'legged, and three different

types of commercially available l.ll,lF were used. The shear

\frJcontributions of these shear reinforcements in terms of ffi
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beam without any web reinforcement

to investigate the shear contrÍbution

3.2 Test Specimen

The beam dimensions are mainìy control led by the steel

casting bed of a double T-beam donated by a local prefabricated

pìant, Genstar Structures Ltd., which is used for commercial beams.

The design was conducted according to the ACI code [1] and csA code

[14].

All the specimens tested had the same dimensions, as shown

in Figure 3.1. The cross-section of the þs¿¡5 vìrâs 650 mm fìange

width,490 mm overalì depth,60 mm fìange thickness, and a tapered

web with 85 rnm bottom to 140 mm top width. The beam length was

4500 mm. In order to make the beams critical in shear, the total

span was chosen as 3000 mm and the shear span-to-depth ratio

a/d was 2.9L .

A total of six pretensioned prestressed concrete single

T-beams were tested in this experimental program. The only parameter

varied among these six beams was the type and configuration of the

shear reinforcement. In order to identify the specimens, the

notations were designed to reflect the fo1'lowing parameters: (a)

type of beam (prestressed or reinforced); (b) type of ìoading

(static or cyclic); (c) consecutive number in this phase, and (d)

the type of shear reinforcement. A typicaì notation is shown

as fol lows:



PSN4.I,JDH
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deformed l,ltlF with an additional

height of the beam

consecutive number

nelv dimensions (to distinguish

by A. Ray)

under static ìoading

prestressed

horizontal wire at mid-

from the beams tested

The tested six beams and the types and configuratíon of

the shear reinforcement provided were:

(a)

(b)

(c)

(d )

PSNl.O

PSN2-t^,D

PSN3-D2

PSN4.I,IDH

PSNS-S6M

PSN6-l.ls

without shear reinforcement

with deformed WtlF

with conventional double-legged stirrups

with deformed Wl,lF with an additionaì

horizontal wire at mid-height of the beam

with conventÍonal single-ìegged stirrups

with smooth tlt^lF

(e)

(f)

The different types of stirrup configurations are shown in

Figure 3.2.
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3.3 Lonqitudinal Reinforcements

To ensure that shearing distress would occur before flexure

failure, the 'longitudinal reinforcements were designed to have

a nominal flexural capacity 85% greater than their predicted shearing

capacity with the heaviest shear reinforcement. The main

ìongitudinal tension reinforcements urere three 20M-400 MPa and

two 15M-400 MPa deformed bars, and two 13 mm 7-wire stress-relieved

prestressed strands with a specified minimum tensile strength of

1860 MPa. Typicaì longitudinal tension reinforcements are shown

in F'igure 3.3. Two #3 (9.5 mm) -400 MPa deformed bars were used

as ìongitudinal compression reinforcements. The total percentage

of longitudinal reinforcement was 3.0%. The bottom 2Ol'1 tension

rebar was anchored with the end pìates welded on it. The other

four longitudinal tension rebars were anchored using standard 90o

bends at the ends. The two tendons were anchored at the ends of

the beam by means of the anchor device as shown in Figure 3.4.

Because of high tensile spìitting stress that existed at the ends,

50 mm spirals u,ere used in addition to the double-legged stirrups

as shown in Figure 3.4.

A 4x4-W4XW4 (0.225 inch diameter) weìded wi re mesh was

provided in the fìange at 10 mm clear cover at sides and top.

The cross-section of the beam PSN1-0 without shear reínforcement is

shown i n Fi gure 3. 5.
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3.4 Shear Reinforcements

3.4.1 Conventionaì stirrups

Two types of conventional stirrups were used, i.e., sing'le-

ìegged and double-legged stirrups.

The single-ìegged stirrups were made of 6 mm deformed bars.

The anchorages at top and bottom were provided by standard 90o

and 180" hooks respectiveìy. At the top of the beam, the hook

was placed around the #3 ìongitudinal compression rebars and at

the bottom, they surrounded the bottom 20M bar. The beam with

singìe-ìegged stimups, PSN5-S6M, is shown in Figure 3.6. The

concrete covers' at the top and bottom of the stirrups were 24 mm

and 14 mm, respectively. The stirrups were placed at 150 rnm centre

to centre and they were off set by 13 rrìm f rom the centrel i ne of

the web.

The u-shaped doubìe-legged stirrups were made of #2 (6.25 mm)

smooth bars. The anchorage at the top was provided by standard

hooks. All the longitudinal tension rebars were enclosed by the

doubl e-l egged sti rrups , and the two #3 compression rebars were

tied at the top inner curvatures of the stirrups. The beam with

double-legged stirrups, PSN3-D2, is shown in Figure 3.7. The

concrete covers, at top and bottom of the stirrups were 30 mm and

14 mm, respectively.

3.4.2 tlelded wire fabric (!r,l,,F)

A total

chosen with the

of three di fferent types of p'lane sheet tll,lF was

anchorage arrangements sati sfyi ng both the PCIll,lRI
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Ad Hoc committee recommendations [41] and the ACI Code [1].

The l,ll.lF used i n beam PSNz-t^lD consi sted of 04.7 (6 .20 mm )

deformed vertical wires with two t.lz.5 (q.SZ mm) horizontal wires

spaced at 51 mm centre to centre welded at the top and bottom.

The t,ll,lF used in beam PSN4-þJDH consisted of the same wires as beam

PSNZ-I'ID, with an I additional horizontal wire of W2.5 welded at

mid-height of the beam. The l,ll.lF in beam PSN6-WS consisted of W4.7

(6.20 mm) smooth vertical wires with two W2.5 horizontal wires

welded at the top and bottom. Since there were only smooth hltllF

meshes with an additional horizontal wire at mid-height availabìe

in the structural laboratory, this lrlþlF was obtained by cutting

the mid-height wire. The clear concrete covers, at top and bottom

were 20 mm and 10 rnm, respectively. And the meshes were offset

from the web centreline by 13 rnm. The ìayouts and cross-sections

of these beams are shown in Figures 3.8 to 3.10.

3.5 Material Prooerties

3.5.1 Concrete

The nominal design strength of concrete was 35 MPa at 28

days after casting. The design sìump of concrete !,ras about 100 mm.

Concrete was supp'lied by a local concrete mix company. Ready-mixed

concrete with normal portland eement and 15 mm maximum aggregate

size was used. The fo'lìowing compositions were used in each mix

for one cubic meter of concrete:
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Normal portland cement:

Sand:

15 mm aggregate:

Water:

l^later reducer:

(Master Buiìder #322 N)

325 kg

925 kg

1000 ks

170 kg

1120 mc

The total quantity required for each cast was 1.0 cubic

metre. The idealized stress-strain curve of the concrete in uniaxial

compression is shown in Figure 3.11 [34,37).

3.5.2 Prestressed strands

The nominal tensile strength of the ll}-inch (13 mm) 7-wire

stress-rel ieved prestressed strands was 1860 MPa. Three sampìes

were tested by attaching an electrical extensometer with 50.8 rnm

gauge length. The average ultimate tensile strength obtained was

1823 MPa with an ultimate elongation of 6.5%. Figure 3.LZ shows

a typical stress-elongation curve for a prestressed strand.

3.5.3 Lonqitudinal reinforcements

The ìongitudinal tension reinforcements were two 15M (16 mm)

-400 MPa, and three 20M (20 mm) -400 MPa deformed bars. The

ìongitudínal compression reinforcements were two #3 (9.5 mm) bars,

and the slab reinforcement was 4x4-W4xW4 welded wire mesh. The

tensi I e tests were performed for two sampì es of each type by

attaching electrical extensometer. The typicaì stress-strain

relationships are shown in Figures 3.13 to 3" 15. The properties

of prestressed and ìongitudinal reinforcements are tabulated in

Tabìe 3.1.
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3.5.4 Shear reinforcements

3.5.4.1 Conventional Stirrups. Two types of conventional

stirrups were used. For singìe-ìegged stirrups 6 mm nominal diameter

deformed bars were used; for double-ìegged stirrups #2 (6.35mm) smooth

bars were used. Tension tests þJere performed in a similar way

for five samples in each case. The typ'ical stress-strain diagrams

for both cases are shown in Figures 3.16 and 3.17, respectively.

The yietd strengths for 6 mm deformed bars were determined

corresponding to 0.35% e'longation on the stress-strain diagram,

as indicated in Section 3.5.3.2 of the ACI Code [1].

3.5.4.2 Welded llire Fabric (tlt.lF). All the types of welded

wire fabric were tested in a similar way. For the wire fabrics

with the additional horizontal wire at mid-height, the extensometer

was attached around the cross-weld. It was observed that all the

samp'les of deformed wire fabric without welds broke suddenly

without any plastic deformation. The yield load for those cases

v,as considered as the maximum load carried by the sample, and the

stress-strain diagram is shown in Figure 3.18. For other wirel

samples, the yield strengths were considered by taking the average

values of stresses corresponding to 0.35% of e'longation according

to Section 3.5.3.2 of ACI Code t1l. The typìca'l stress-strain

diagrams for these cases are shown ìn Figures 3.19 and 3.20. The

properties of shear reinforcements are shown in Tabl e 3.2.
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3.6 Construction of The Specimens

3.6.1 Preoaration of the steel form

The specimens were constructed in the Structural Engineering

Laboratory at the University of Manitoba. A steel form of a double

T-beam, donated by Genstar Structures Ltd., was modified for casting

of two singìe T-beams at a time. The cross-section of the modified

form and an overall view of it are shown in Figure 3.21. The form

was cleaned and lubricated with pella oil before the reinforcement

cages were pìaced in it.

3.6.? Preparation for castin g

For each beam, the reinforcements were cut and bent into

the proper designed dimensions and tied together after fixing the

electrical resistance strain gauges. Typical reinforcement cages

are shown in Figure 3.22. These cages were secured in the proper

position inside the form by steel chairs" After prestressing the

strands, the slab reinforcements þrere then placed on the pìastic

chairs and tied together to the reinforcement cages.

3.6.3 Stressjng of prestressed strands

The prestressed strands were jacked against the abutments

fixed on the structural lab floor (Figures 3.23 and 3.24). The

strands were stressed one by one by means of hydraul i c jack

immediately prior to casting. The strain gauges attached to the

strands were monitored during stressing and curing. To get the

designed effective prestress force, the pressure of the hydrauìic

iack was up to 5400 psi based on the experimentaì results of A.

Ray [a5].
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3.6.4 Castins of Concrete

The s'lump of the ready-mÍxed concrete was checked in order

to faci ì i tate pl aci ng before casti ng. Two hand-hel d vi brators

were used when casting the concrete into the form. The vibrators

were applied uniformly, espec'ialìy inside the beam web, to achieve

less honeycombing. ,After casting, the beams were cured by

sprink'ling water on them and covering them with plastic sheets

for seven days. The prestress force was released at the eighth

day by cutting the prestressed strands at the ends with oxyacetyìene

flames. The readings of the strain gauges on the strands were

taken before and after the cutting to ascertain the exi sting

prestress force. Then, the specimens were lifted from the form

and cured in open air for at least 20 days before testing.

At each cast a total of 13 standard concrete cy'l inders

of 152 n¡m diameter and 305 mm length were cast to determine concrete

strengths. The compaction of the concrete cylinders b,as done with

tamping rods and according to CSA standards. The cylinders were

cured under the same conditions as the specimens to achieve similar

concrete properties. Three cyì inders were tested in compression

at the day of reìeasing to ensure the proper strength of at least

66% of the designed strength before cutting the prestress strands.

Five cylinders were tested at the day of testing for each beam,

three of which were tested in compression and two in spìitting.

The cyìinders were tested according to ASTM and CSA standards using

a 300,000 lb. eompression testing machine.
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3.7 Test Set-U

The testing was done using a 1000 kN MTs testing machine

which applied load from above the specimen. The testing floor
with the MTS machine and the H.P. Data Acquisition System is shown

in Figure 3.25. Two concrete blocks of size 650 x 650 x 700 mm

were designed to support the specimen, as shown in Figure 3.26.

The elevation view of the test set-up is shown in Figure 3.21.

Quick set plaster of paris mixed with water in a pìastic packet was

used between the beam web and steel shoes at the supports as wel I

as between the square hollow steeì sections and the beam fìange

at the load points to provide proper contact.

After the beam was properìy aìigned and levelled and the

strain gauges and LVDT's were connected, the H.P. Data Acquisition

system was run to zero-set LVDT's. The functioning of the strain

gauges was checked. Then all the parameters were initialized.

3.8 Instrumentation

3.8.1 Steel strain measurements

The electrical resistance strain gauges were fixed both

in prestressed and non-prestressed tensile reinforcements as well

as in stirrups. The main principle for attaching strain gauges

to the prestressed strands and for choosing the positions of the

strain gauges was to achieve the fol'lowing objectives: (a) to

monitor the prestressing force during prestressing and curing time,

and at the transfer; (b) to measure the stresses in the strands

duri ng testi ng ; (c ) to check for sì i ppage. The purpose for



39

attaching strain gauges on the ìong'itudinal tension reinforcements

was to measure the stresses on the reinforcements and to check

the bond forces close to the possibìe diagonaì cracking regions.

The purpose of attaching strain gauges on the web reinforcements

and for choosing the positions of the strain gauges were as follows:

(a) to measure the strains on the stirrups; (b) to determine

the distributions of the strains and stresses on the stirrups;

and (c) to check the anchorages and sìippages at ends and at crack

crossing positions.

The types of gauges used were N11-FA-5-120-11 and

N11-FA-5-350-11, manufactured by Showa Measuring Instruments Co.,

Ltd., Japan. The gauge 'length was 5 mm and the resistances of

the gauges were approximateìy LzO ohms and 350 ohms, respectiveìy.

The procedure of attaching strain gauges comprised the folìowing

steps :

1. Surface Preparation

The surface was smoothed with grinding wheel and file (for

deformed reinforcement), and fine sandpaper. Then the surface

was thoroughly degreased with chlorothene. SM M-PRtP conditioner

A (Acid) was applied with cotton tips and wiped and dried. Then

M-PREP Neutralizer 5 (Alkali) was used, wiped and dried in a similar

way. These preparation procedures should be appìied to an area

significant'ly larger than that occupied by the gauge. Surfaces

should be free from pits and irregularities.
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2. Gauge Instal lation

A transparent tape (Mylar J9 Tape, JFG-2 for prestressed

strands ' PCT-24 cel I ophone tape for 'l ongi tudi nal rei nforcements

and stirrups) was used to carry the gauge and a solder terminal

to the prepared surface. The bond-side of the gauge was wetted

carefuìly with a small amount of Catalyst CA-200S1. One drop of

M-bond adhesive (M-bond 610 for prestressed strands, l4-bond 200

for the others) was put on the position of the strain gauge of

the steel surface. The gauge was p'laced there very carefuììy with

the help of the transparent tape. It was kept under uniform pressure

for about five minutes with a thin cotton pad. The transparent

tape was removed careful'ly when the gauge was attached on the surface

of the reinforcement.

3. Heat Treatment

This step is onìy required for attaching strain gauges

on the prestressed strands The gauge was covered by a thin (0.070

rnm thick, 12 Ím wide) white teflon sheet, tied with 7 nrm thick

rubber pads and cìamped properly. It was heated at about L62.5"C

for two hours. The heating was done with high-temperature bulbs.

The consistency of the temperature was monitored by the reading

of a voltmeter graduated in millivolts. The standard table (in

this case, Table IV) of "Temperature vs. Thermoelectric Voìtage

in Absolute Milivolt is given in Temperature Measurements Handbook,

by Omega Engineering Inc. [39].
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4. Final Instal lation

The wires with the attached terminals were connected very

carefully with the heìp of a Mark V Soldering Station. Both the

workabi ì i ty and the resi stances were tested usi ng a d'i gi taì

multimeter. The M-coat D was appìied on the gauge as well as on

the terminal connections. The M-Coat G, which contains the

combination of Resin and curing agent in the proportion of I:2

by volume, was applied upon a relatively ìarger surface area to

protect the gauge after the M-Coat D was compìetely dry.

The locations of the strain gauges on the ìongitudinal

and transverse reinforcements for all the beams are shown in Figures

3.28 to 3.33, respectiveìy. The strain gauges urere connected to

an H.P. 9825 Data Acquísition System and the strains in the

reinforcements were recorded during testing.

3.8.2 Concrete strain measurements

To measure the concrete strains in the beam' stainless

steel demec points were attached to the surface of the beam and

two demec aauges (with gauge lengths of 200 mm and 8 in. (203 mm)'

respectfvely) were used. The positions of the demec points

were chosen to determine the distributions of the concrete

stra'ins and cracks duri ng testi ng.

150 mm x 100 mm pencil grids were made on the beam web

by drawing horizontal lines at elevation 40, 240, and 340 mm from

bottom. The positions of prestressed strands, longitudinal tension
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reinforcements, transverse reinforcements, and strain gauge lOcations

were marked in different colours with felt pens on the beam surface.

The arrangement of the demec points is shown in Figure

3.34. The 200 mm gauge was used on side A and I in. gauge on side B.

The attachment was done by using 5 minute epoxy. The number of

steps involved to fix the complete set of demec points on one side

is shown in Figure 3.35. The number insíde the circìe indicates

the number of the step to attach that demec point. The demec

readings were taken manually with the demec gauges during testing.

3.8.3 Deflection measurements

To measure deflections and horizontal movements, a

total of seven LVDT's were fixed on the specimen. The typical

arrangement of LVDT's ii shown in Figure 3.36. The three LVDT's

fixed under the specimens were to measure the deflection at the

mid-span and the two load po\nts during testing. The others at

supports were mainly to monitor the movements of the beam at

supports. According to the data recorded from beams PSNI-0 and

PSN2-l.JD and the results in A. Ray's thesis Ia5], the movements

of the beam at supports were negìÍgibìe. Thus the LVDT's at the

supports were removed for the remajn'ing four beams. The LVDT's were

connected to the H.P. Data Acquisition System and the deflections

were recorded during testing.

3.8.4 Data acq ui sition system

Load and downward displacements of the cross-head of the

MTS machine (stroke) were monitored on the digital disp'lay of the
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MTS machine and recorded continuously by an X-Y plotter. All the

readings of the load, stroke, strain gauges and LVDT's were measured,

recorded and printed by the H.P. Data Acquisiton System which consists

of a controller (9825 B) digital mulimeter (34904), scanner (34954),

and printer (98714) as shown in Figure 3.37. Data were stored during

testing on cassette tape cartridges.

3.9 Testins Procedure

The beams were loaded under displacement control to prevent

any excess defìections due to the changes in stiffness during

measurements. The load was applied in increments of 30 kN up to

120 kN, then 10 kN up to 150 kN to find the initiation of the flexural

cracks. From 180 kN to 240 kN, 15 kN increments were used to

determine the initiation of shear cracks. Then 30 kN increments

were used unti'l the beam faÍled" After each load increment, the

dispìacement was held steady. The readings of loads, stroke, strain

gauges and LVDT's were recorded by the H.P. Data Acquisition System.

The lengths of the cracks were marked wÍth feìt pen and the end

of the crack marked with the current value of the load so that the

progression of cracks with load could be followed. At most of the

load stages, the readings of the demec points were taken, and

photographs of the crack pattern for pictures and slides were taken

if they were visible.
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Test Results

4.1 Introduction

This chapter contains all the test results in detail for

all the six specimens tested in this program. These results incìude

material properties and tested beam strengths, mechanical readings

of concrete strains (demec readings), readings of load, stroke,

electrical strain gauges on the steels and LVDT's recorded by the

Data Acquisition System, sketches and photographs of the crack

patterns, and the observations during testing.

4.2 Recorded Data

Material properties and test results including the concrete

strengths, applied loads correspondíng to the initiation of the

first fìexural crack, diagonal crack and the ultimate load for

each specimen are shown in Table 4.1. Mechanical strain readings

for the average concrete surface on both sides A and B are shown

in Tables 4.2. For each specimen, Table 4.2 is designated by the

notation of the tested specimeni ê.9., Table 4.2 - PSNI is the

mechancial strain readings (demec readings) for specimen PSN1-0.

The readings in side A were taken by a gauge of 200 mm gauge ìength.

One division of this gauge represents a strain of 8.07 x 10-6.

Similarly, the readings in side B were taken by the gauge of 8

in. (203.34 mm) gauge ìength. In that case, one division of that

gauge represents a strain of 10.20 x 10-6.
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The recorded data of the load, stroke, electrical resistance

strain gauges, and LVDT's are shown in Tabìes 4.3 for each specimen

The readings of the strains are in microns (tO-6) and those of

the stroke and LVDT's are in mm In order to prevent damage

to the LVDT's, for beam PSNl-0 the LVDT's under the specimen were

removed at a load leveì of 270 kN. However, the LVDT's at the

supports were removed at a load of 360 kN. For beam PSNz-l,lD, all

the LVDT's were removed at an applied load of 415 kN. The readings

of electrical strain gauges l.ll to l.l10 were lost for beam PSN2-l.lD

due to the problem of incorrect channel number input to the Data

Acquisition System. For beams PSN3-D2 to PSN6-l,lS, onìy the LVDT's

underneath the specimen were used, and the LVDT' s were removed

at an applied load of 430,420,420, and 450 kN, respectively.

4.3 0bservations Durino Testinq

This section presents all the observations during testing.

Sketches and photographs of crack patterns are shown in Figures

4.1 for each specimen. The measurement crack angles at different

stations and different load levels on both sides are shown in Tables

4.4 for each specimen.

The foìlowing are brief descriptions of the observations

recorded during testing for each specimen.
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4.3.1 Specimen PSNl-0

a. Flexural cracks at the centre span initiated at an

appìied load (2P) of about 130 kN.

b. A significant diagonaì crack formed in the shear span

of side B at about 45" and a smal I diagona'l crack

initiated on side A at about 208 kN.

c. Two inclined cracks formed on the bottom part of side

B at about 215 kN.

d. A significant diagonaì crack formed at about 30" on

side A at about 224 kN.

e. The significant crack on side B extended towards the

two incl ined cracks and a large shear crossing the

whole web was formed at about 224 kN.

f. A small inclined crack formed on side B cìose to the

support at about 270 kN.

g. The ìarge diagonal crack on side B opened gradual ìy

as the load increased, but no further cracks formed.

h. Shear fai I ure occurred suddenly at an appì ied load

of 375 kN on side B.

4.3.2 Specimen PSN2-l,lD

Flexural cracks initiated at about 120 kN"

A diagonal crack initiated on each side at about SSo

and 60o at 195 kN.

Another crack formed on each side at about 45o at 210

kN.

a

b

c
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d. At the app'lied load of about 216 kN, an additional

incl ined crack initiated on each side.

e. An inclined crack formed at about 30o on side A at

about 240 kN.

f. An inclined crack appeared at about 30" on side B at

255 kN.

g. Smal I cracks formed graduaì ìy towards the supports

on both sides during ìoad increasing.

h. After the appìied load reached 330 kN, the major crack

at about 30o on side B continued growing wider and

wider, and no further cracks appeared.

i . Shear fai I ure took pì ace suddenly on side B at the

appì i ed I oad of 435.2 kN . Three verti cal wi res of

the l.ll.lF crossing the failure crack were fractured as

shown in Figure 4.2 - PSN2.

4.3.3. Specimen PSN3-D2

Fìexural cracks initiated at an applied load (2P) of

about 130 kN at the centre span.

A díagonal crack initiated on side A at about 210 kN.

A diagonal crack initiated on side B at about 225 kN.

A significant diagonaì crack formed at about 30o on

side A at 240 kN.

A significant incl ined crack formed at about 30o on

side B at 255 kN.

Smal I incl ined cracks formed gradual'ly towards the

supports on both sides as the load increased.

a

b

c

d

e

f
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g. 0n side B after the app'lied load was 360 kN, the

si gni f i cant i ncl i ned crack opened graduaì ìy and no

further cracks formed on that side.

h. 0n side A small cracks continously initiated towards

the support on the bottom parts of the beam up to 420 kN.

i. At about 500 kN, a few cracks appeared on the top of

the beam slab at mid of the shear span of side B.

j. Shear failure took pìace suddenly on side B at 5L6.2

kN. A sp'litting crack formed between the web and slab

from the load point up to the middle of the shear span

of side B and three diagonal cracks formed from this

splitting crack towards the support.

4.3.4 Specimen PSN4-}J!H

Flexural cracks initiated at an app'lied load (2P) of

about 120 kN at the centre span.

A flexure-shear crack inÍtiated on side A at about

210 kN.

Two diagonal cracks on side B and one on side A formed

at about 225 kN.

A significant inclined crack formed at about 23" on

side A at about 240 kN.

A significant incl ined crack formed at about 35o on

side B at about 255 kN.

Small cracks continuously initíated towards the support

on the bottom parts of the beam on both sides under

load increasing up to 390 kN.

a

b

c

d

e

f
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The significant inclined crack on side A opened graduaì'ly

and seemed to dominate the failure.

Shear failure took place suddenly on side B at 494.2 kN.

Three vertical wires of the l,lNF crossing the failure

crack were fractured. The failure crack crossed over

the connection of the additional horizontal wire at

mid-height of the vertical wire, and the horizontal

wire was broken Ín the weld as shown in Figure 4.2 -PSN4.

A splitting crack formed between the web and slab from

the load point up to the middle of the shear span of

side B, and a diagonal crack formed from that crack

towards the support.

4.3.5 Specimen PSN5-S6M

a Flexural cracks initiated at an applied load (Ze} of

about 120 kN at the centre span.

A flexure-shear crack initiated at about 60" on side

A at about 210 kN.

A fìexure-shear crack initÍated at about 45" on side

B at about 225 kN.

A significant incl ined crack formed at about 30o on

side A at about 240 kN.

Two inclined cracks formed at about 30" on side B at

255 kN.

A horizontaì splitting crack appeared on the concrete

cover of the top 20M tension rebars on side A and small

b

c

d

e

f
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incl'ined cracks extended from that spì itting crack

gradua'lly towards the support up to 390 kN.

g. The significant crack together with the spìitting crack

on side A opened gradually as the load increased.

h. A big crack appeared on the top of the beam slab at

the middìe of the shear span of side B at about 475 kN.

i. Shear failure took pìace suddenìy on side A at 507.7 kN.

j. A spìitting crack formed between the web and slab from

the load point up to the middìe of the shear span of

side B and a diagonal crack formed from this spìitting

crack up to the horizontal splitting crack.

4.3.6 Specimen PSN6-HS

Flexural cracks initiated at an apptied load (Zp'l of

about 50 kN at the centre span.

A flexure-shear crack initiated on side A at

about 210 kN.

Another flexure-shear crack on side A and one on side

B formed at about 225 kN.

Another diagona'l crack initiated on side B at about

240 kN, and a significant incìined crack formed at

about 35o on side A.

A significant incl ined crack formed at about 30" on

side B at about 270 kN.

Small cracks init'iated continuousìy towards the support

on the bottom part of the beam up to 390 kN.

a

b

c

d

e

f
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g. The significant inclined crack on side B opened gradua'lìy

and no further cracks appeared.

h. Shear failure took pìace suddenly on side B at 5075 kN.

i. A spìitting crack formed between the web and slab from

the load point up to the middle of the shear span of

side B and one diagona'l crack formed from that crack

towards the support.

j. Three vertical wires of the l.lNF crossing the failure

crack were fractured at the connections of the vertical

wires and the additional horizontaì wire at mid-height

as shown in Figure 4.2-PSN6. (This llWF lvas obtained

by cutting the mid-height wire).



CHAPTER 5

Discussion of Test Results

5.1 Introduction

This chapter includes the calculation of the concrete strains,

crack widths and slides from the demec readings. Then it discusses

the test resul ts of the six specimens tested in this program.

Computer programs originally written by Professor K. Maruyama are

used to analyse and compare the test results of each beam to a total

of twenty predicted values available in the literature. The flexural

behavior and shear behavior of different specimens wil'l be discussed

in detail and compared to the various availabìe models.

5.2 Calculations of Concrete Strains and Crack Widths

Thi s section incl udes the cal cul ations of

principa'l strains, crack widths and slides

the concrete

from the demecstrai ns ,

readi ngs .

5.2.L Concrete strains

Tables 5.1 show the concrete strains based on the demec

readings for each specimen. The concrete strains were calculated

based on the demec readings of a particular load stage minus the

initia.l reading corresponding to zero load using the proper conversion

factor. The conversion factorsused lvere 8.07 x 10-6 and L0.20 x

10-6 for the 200 mm and I in. (203.34 mm), gauges respect'iveìy.
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The principal concrete strains and the directions of principal

strains for stations 11 to 18 (see Figure 3.34) were calculated using

the measured horizontal strain, eH, vertical strain, eV, and d.iagonaì

strain, eD, using Mohr's circle as folìowing:

e1 _ eH + ev- -----z-

e H + eV
e2= 2--

CH - EV----2-

CH . EV--z-

- eH + eV
+ + (.D

ÊH ev
) + (eo -

2

(s.1)

(s.z¡( )

(5.3)

where e1 = maximum principal tensile strain of concrete based

on the demec readings

e2 = minimum prÍncipa'l strain of concrete

0' = direction of the maximum principal tensile strain

with the horizontal axis of the specimen.

The principa'l strains and the directions of the maximum principaì

strains are given in Tables 5.2 for all the tested specimens.

5.2.2 Crack widths and slides

The definition of crack width in this study is the total

crack width within the gauge 'length of the two demec points. The

crack widths for stations 2 to 10 (see Figure 3.34) were calculated

using the measured horjzontal straÍn eg:

0 + tan-1 1'-!-l =!-- 3 =01¿ eH - eu
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w=.0(.u-ese-eç¡) (mm) (s.+¡

where w = total crack width within gauge length n

l, = gauge ìength, 200.02 mm for side A,

203.34 mm for side B

eco = precompression strain of concrete due to prestressed

force at that level

ect = maximum tensile strain of concrete, 100 x 10-6.

The crack widths for stations 11 to 18 could be calculated

using different sets of demec readings in two directions with the

measured crack ang'le as follows: (see Figure 5.1).

(a) Considering demec readings in horizontal and vertical

directions only:

wl = ø [(.H + eco - es¿) sine + (eV - ect)cose] (5.5)

where wl = crack width, mm

0 - measured crack angìe to the horizontal axÍs of

the specimen

(b) Considering demec readings in díagonal and vertical difections

onìY:

wZ = nWZ eD - eV + eco - Ê.¿)sinO + (eV - eet)cosol (5.6)

where wZ = crack width, mm
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(c) Considering demec readings in diagonaì and horizontal

directions onìY:

where

w3 = l,[(.H + eco - eç¡)sing+(/2 eD- eH+ eco- ect)cosO]
(s.i)

w3 = crack wjdth, fim.

After cracking, the rigid body movement of cracked portions

of the specimen involved the fo'l ìowing two components as shown in

Figure 5.1: (a) the crack width, w, which is perpendicular to a

crack surface, and (b) the slide, S, which is the movement along the

crack surface. In a similar way as the calculation of crack width,

the values of sìides along the crack surface could be calculated using

the different sets of demec readings with the measured crack angles

as fol lows:

(a) Considering demec readings in vertical and horizontal

d i rect i on s on'l y:

S1 = 0[(e¡1 + eco - ect)cose - (.v - ect)sino] (s.a)

where 51 = va'lue of sl ide, mm

(b) Considering demec readings in diagonal and vertical directions

only:

sz = LIVZ eD - ev + eco - ect)coso - (.v - ect)sinol (s.g)

where 52 = vaìue of slide, fim.

(c) Considering demec readings 'in diagonal and horÍzontal

directions only:

53 = l[(e¡ + eco- ect)cos0 - (/T.o- eH+eco- eç¿)sine] (5.10)
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The crack widths and sl ides for stations 11 to 18 couìd

also be calculated us'ing the principaì strains and the directions

of the principaì strains. Usually, the directions of the maximum

principaì strajns with the horizontal axis of the member based on

the measured demec readíngs were not perpendicular to the cracks.

The crack angìes to the horizontal axis of the specimens were measured,

thus the angìes for calculation the crack widths were modified as

shown in Figure 5.1. The following expressions were derived to

calculate the crack widths:

(5.11)

el = el - eCt * eCO COS 0' (s.12)

eZ = eZ - ect + eCO sin$' ( 5. 13)

w = o (el cos c* * e2 sin a*)

where el =

e2=

maximum principa'l

the precompression

strain, ect

minimum princÍpal

the precompression

strai n

strain with the

strain, Êg9r ôhd

influences of

the maximum tensile

strain with the infl uences

strain and the maximum

of

tensile

e1 = maximum principal tensile strain of concrete based

on the demec readings

e2 = minimum principaì strain of concrete

0' = direction of the maximum princìpaì tensile strain

with the horizontal axis of the specimen

a* = modified crack angìe as shown Ín Figure 5.1



In the same way, the

coul d al so be cal cul ated usi ng

expressi on :
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values of slides along the crack surface

the pri nci pa'l strai ns wi th the fo1 ì owi ng

( 5. 14)

where S = value of slide along the crack surface.

A computer program was used to calculate the crack widths

and slides based on the demec readings with the above expressions.

Tabìes 5.3 show the computed crack widths at different stations for

all the tested beams. Tables 5.4 present the calculated values of

sl ides.

5.3 Fìexural Behavior

5. 3. I Cal cul ated flexural strenqths

The flexural strength of all the specimens was predicted

using the idealized stress-strain curve of concrete as shown in Figure

3.11. An average compression strength of 34.3 MPa based on the ultimate

strengths of the concrete cylinder tests was used for all the tested

specimens. The ultimate compressive strain, Eco, was assumed

to be 3500 x l0-6. The ultimate tensile strain, ect, was assumed

as 100 x 10-6. The compression concrete strain, Eco, corresponding

to the maximum compression strength was assumed to be 2000 x 10-6,

as shown in Figure 3.11.

S = g (et sin o,* - e2 cos c*)



The yi el d strai n

to be 8560 x 10-6. The

was assumed as follows:

5B

of the prestressed strands was assumed

stress-strain relationship after yieìding

f =f (s. 15 )p pv

c-Ê^
'py - 'p tpy

fO = stress of the prestressed strand, MPa

fpy = yield stress of prestressed strand, MPa

fp, = ultimate stress of prestressed strand' 1860 MPa

ep = strain of the prestressed strand

epy = yield strain of prestressed strand, 8560 x 10-6

epu = ultimate strain of strain, 50000 x 10-6.

(5.16)

where

An effective prestress force of 220 KN was also used based

on the average prestress ìoss of 17.6% t+S1. The relationship of

moment-curvature calculated using a computer program is shown in Table

5.5. A typical curve of the applied shear force-curvature relatíonship

i s shown i n Fi gure 5.?.- The predi cted total appt i ed I oad (2P)

corresponding to the initiation of the first fìexural crack was 148.4

kN. The flexural strength of the specimens was 331 kN.m and the

corresponding total maximum appìied load (2P) was 575.2 kN. The bottom

'longitudinal reinforcement yielded at an applied load of 477.8 kN.

* a(fp, - fpy)(tp - tpÐ
'(epu+3ep-4epy)
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Figure 5.3 shows the pred'icted and the experimentaì results

of the responses of the appìied load to the strains in the bottom

longitudinaì bar based on the recorded strain gauge readings. The

trends of the curves for the specimens, except that for beam PSNl-0,

agreed very well with the predicted values. The same appearance could

be obtained using the strain gauge readings on the prestressed strands.

The phenomenon of the curve for beam PSNI-O is believedtobeduetothe

localization of the small strain gauge.

5.3.2 Flexural crackinq

The values of ultimate tensile strength were predicted

according to ACI Code [1]:

fcr = 0.5/f¿ (s.17)

where fct = ultimate tensiìe strength of concrete

f¿ = compressive strength of concrete.

From the test results, the predicted vaìue of applied load

corresponding to the initiation of the first flexural crack for beam

PSN6-l,lS was exactly the same as that from the test. For the others,

the predicted value was overestimated in a range of L2.6% to L9.3f'

of the experimental resul ts ( see Table 4.1 ) . One reason for thi s

difference is the idealized bi-linear response of the tensile stress-

strain of the concrete as shown in Figure 3.11.

For alì the beams, the propagation of flexural cracks at

the middle span of the beams was typ'icallyvertical. After the initiation

of the diagonaì cracks on the shear spans, the rate of the propagation



60

was significant'ly reduced. From Fìgures 4.1-PSN1 to 4.1-PSN6, and

Tables 5.3-PSN1 to 5.3-PSN6, the flexural crack patterns, in terms

of the number of flexural cracks and crack width, were similar. Thus,

the type of shear reinforcement has no s'ignificant influence on the

flexural crack patterns.

5.3.3 Stiffnesses of beams

Stiffnesses of the beams were studied using the recorded

load-stroke response and load-deflection responses of the beams.

The load-stroke response, the load-deflection responses at mid-span

and under the load point of the failure spans of all the tested beams

are shown in Figures 5.4 to 5.6,respectively.

The load-deflection behavior of all the beams was very similar

up to an applied shear of 105 kN, which corresponded to the initiation

of the first diagonal shear cracks of the beams. The stiffnesses

of the beams reduced significantly after the initiation of the diagona'l

shear cracks. From Figures 5.4 to 5.6 the deflection of beam

PSNl-0 without web reinforcement increased rapidly after initiation

of the shearcracks compared to beams with web reinforcements. And

beam PSN1-0 failed with the maximum dÍsplacement of the stroke of

16.5 mm. Thus web reinforcement increased the stiffness and ductility

of the beams.

The stiffness of beam PSN6-tlS was the highest compared

to the others. From Figures 5.4 and 5.5 the beams with l.llrlF as shear

reinforcements wereslightly higher than the beams with conventional

stirrups in terms of stiffness.
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The different appearance of Figures 5.5 and 5.6 was due to the fact

that the differences of the deflections under the two load points

were different. The differences were very significant for some beams,

but for others they were negì i gi bì e. For beam PSN2-l,JD, fai I ure took

place with a considerably lower value of deflection than that of the

others with shear reinforcements. This is believed to be due to the lowest

val ue of ducti ì i ty of the verti cal wi res of that l.ll,lF mesh. Beam

PSN4-WDH showed that the additional longitudinal wire at the mid-height

did not increase the stiffness of the beam. One reason that the

stiffness of beam PSN4-WDH was sìightly lower than that of beam PSNz-llD

and beam PSN6-tlS as shown in Figure 5.5 was considered as the lowest

concrete strength of that beam. But the additiona'l longitudinal wire

did increase the ductility of the beam.

5.4 Shear Behavior

5.4.1 Predicted shear strensth

There are many empiricaì relations in the I iterature for

estimating the diagonal cracking load and the ultimate shear strength

of beams. Several design codes and proposed equations considered

to be the most suitable to this research program have been used to

estimate the shear strength of beams with or without web reinforcement.

The discussions and explanations of these design methods are in Chapter

2.

Tables 5.6 and 5.7 show the typical calculated values of

the shear strength by twenty different methods discussed in Chapter

2. Column 2 of these tables contains the predicted values of shear strength
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contributed by concrete. Column 3 contains the predicted values of ultimate

shear strength. Column 4 contains ratios of the tested shear strength

corresponding to the first diagonal crack initiation to the predicted

shear strength contributed by concrete. Column 5 contains ratios of the

tested ul timate shear capaci ty of specimen PSNl-0 wi thout web

reinforcement, which was 187.5 kN, to the predicted shear strengths

contributed by concrete. Column 6 contains p¿fios of the tested ultimate

shear capacity of that beam (see Table 4.1) to the predicted ultimate

shear strength.

Method 1 was by the JSCE recommendations [23] without the

strength reduction factors ?5 and Tç. Method 2 used the strength

reduction factors for equation (e.St) in order to examine the

conservativity. Method 3 was proposed by Okamura and Higai [39] with

equation ( Z. SO). Method 4 was by Niwa ISa1 with equation (2.57) .

Methods 5 and 6 were according to the Simpìified Method of the CSA

Code [13] for reinforced concrete beams with axial forces and for

prestressed concrete members, respectively. The material factor for

concrete,0c. was 0.6. Methods 7 and I were the Simpìified Methods

of the CSA Code with ôc as unity. Methods 9 to 72 were according

to the ACI Code tll. Method 13 was proposed by Zsutty [56]. Methods

14 and 18 were by Pìacas and Regan [41]. Method 15 was by Rajagopaìan

and Ferguson [43]. Method 18 was by Matlock [20] and Method 17 was

according to CEB/FiP Code [15]. For Methods 1 to 16, the contribution

of the web reinforcement was predÍcted by the 45" truss model.

t4ethod ?0 was accordi ng to the General t'lethod of the CSA

Code [13]. Tables 5.8 and 5.9 present the typical calculated values
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by the generaì method using a computer program written by Professor

Maruyama. Columns I and 8 of these tables show the principa'l strains

of concrete at mid-depth of the beams. Columns 2 and 6 contain values

of the appl ied shear and the appì ied moment at critical section,

respectiveìy. Column 3 contains angìes of the inclination of the principal

compressive stresses. Column 4 contains stresses in the web reinforcement.

Column 5 contains sträins in the web reinforcement. Column 7 contains the \

crushing strength of the diagonal concrete struts. Column 9 contains axial

concrete strains at mid-depth of the beams. Column 10 contains concrete

strains in the top fibers. Column 11 contains the net axial forces.

Figures 5.7 and 5.8 are typical histograms for the comparison

of the predicted shear strength using the above mentioned 20 methods

and the experimentaì results. Figure 5.9 shows the comparison of

the ratios of the tested result to the predicted shear strengths by

the 20 methods.

5.4.2 Comparison of pred Ícted and exoerimental values

From Tables 5.6 to 5.9 and Figures 5.7 to 5.9 it is clear

that the ACI and CSA approaches provide the best predictions to the

experimental results for this research program. Table 5.10 shows

the estimated shear strengths according to the ACI Code and the

experimental test results of the shear strengths of the six tested

specimens. Figures 5.10 and 5.11 show the histograms of the predicted

and tested shear strengths.
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The predicted nominal shear strengths provided by the concrete

when diagona'l cracking resuìts from excessive principaì tensÍle

stress in the web by ACI code and csA code are very close to the

tested val ues of appì ied shear force corresponding to the fi rst

initiation of the diagonaì cracking. The ultimate shear capacity

of the beam PSNl-0 without web reinforcement was 809l higher than

the shear strength provided by the concrete when diagonal cracking

initiated. The reasons for this phenomenon are that the shear span

to depth ratio a/d was less than 3, that the arch action becomes

more dominant, and the rat'io of flange width to web width, bflbw

was very large (bflbw = 5.91) t3l. Thus, the Codes underestimated

the contribution of concrete.

The ultimate shear capacity of the tested beams with web

reinforcement were 53% to 83% higher than the predicted shear

strenghts by AcI and csA codes. One reason is that the angles of

the major diagonaì crack to the axes of the beams were about ZS"

to 35". Thus, the Codes using a 45" truss model also underestÍmated

the contributions of the web reinforcement.

The General Method of the CSA Code underestimated the ultimate

shear strength of the beams between 90% to 148%. The reason of

that is the amounts of shear reinforcement used were very ìow [16].

The compari son of the relationships between amounts of shear

reinforcement and shear strength predicted by the General Method

of CSA Code and ACi Code is shown in Figure 5.12 [16].



65

5 . 4. 3 St'i rrup stra i n s

The electrical resistance strain gauges attached on stirrups

for different beams are shown in Figures 3.27 to 3.31. The readings

of the strain gauges recorded by the Data Acquisition System are shown

in Tables 4.3-PSN2 to 4.3-PSN6. From these tables, it can be seen

that the strains in the stirrups were negligibìe before diagonaì cracks

crossed the stirrups. After diagonal cracks crossed the stirrups,

the readings of the strain gauges in the stirrups were dependent on

the relative positions of the cracks to the strain gauges andonthe

crack widths. Typical strain distributions in the stirrups are shown

in Figure 5.13.

I,lhi I e r i ncreasi ng the appì ied I oad , the sudden reductíon

of strain could be used as an indicator for the loss of bond or

anchorage in the stirrups. From Figure 5.13 and Tables 4.3, there

was no sudden reduction of strain readings before failure took p'lace.

Thus , the two horÍ zontaì wi re anchorages of the l'lt.JF were

suffi ci ent.

From Tables 4.3, all the stirrups of the beams PSN2-l.lD,

PSN3-D2, PSN4-l^lDH, PSN5-S5M, and PSN6-l,JS crossed by the diagonaì cracks

yielded at an applied shear force of 195, 165, 195, 195, and

225 kN, respectively. The reason that the stirrups of the beam PSN3-D2

yielded earl ier is that the yielding strain of the double-ìegged

sti rrups was smal I er than those of the other types of sti rrups.

These test results indicate that the two horizontal wire anchorages

of the l^lt^lF meshes were sufficient and the shear reinforcements of

these tested beams were effective. From the crack patterns shown
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in Figures 4.2, the failure shear cracks of the beams crossed at least
5 stirrups. But according to the 45o truss moder used

only 2.6 stirrups courd contribute to the shear transfer

in the Codes,

Accordi ngl y,
the Codes predíct onìy one hal f of
reinforcement for these types of beams.

5.4.4 Crack patterns

the contribution of shear

The crack patterns of all the beams are shown Ín Figures
4.1. The number of diagonaì cracks at the mid-height of the beam

was 4, 9, 6, 9, 6, and 7 for beams psNl-O, psNz-l.JD, psN3-Dz, psN4-lrlDH,

PSNS-s6M, ôrìd PSN6-l'JS respectively. The distributions of the cracks
along the beams PSNZ-t'lD and PsN4-I.JDH with deformed I.JHF meshes þrere

the most unÍform. The distribution of the cracks of the beam pSN5-S6M

was worst compared to that of other beams with web reinforcement

in terms of unÍformity. The reason could be attributed to the fact
that the concrete covers of the two top 20M longitudinaì bars were sìighgy
smaller than that of the other beams because of the standard bottom
hooks of the single-legged stÍrrups (see Figure 3.6). A horizontal
splitting crack about 500 mm long extendingfrom the diagonal crack
paralleì to the ìongÍtudinal bars was formed on side A. And no further
diagonal crack were formed up to failure. From Figures 4.1, the

confinement of shear reinforeement caused an increase in the number

of cracks and the crack patterns to be welr dÍstributed. As far as

the number and the distribution of the diagonaì cracks were concerned,

the beams wÍ th deformed l.JtJF

ìongitudinal wire on the l.lIIF

And the beam wi th smooth t^,HF

were the best. The additional

influence to the crack pattern.

no significant inferior in

meshes

had no

showed

comparison to the beams with conventionar stirrups.
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5. 4. 5 Crack wi dth

In this program, the total average crack width within the

demec gauge length will be used to study the cracking behavior rather

than the crack width of the individual crack. From the test results

and the previous research by A. Ray [a5], the trend of the total

average crack width within the demec gauge ìength agreed very well

with the actuaì measured crack width of the sing'le crack. The crack

widths calculated from the demec readings are shown in Table 5.3.

For the stations 11 to 18 (see Fìgure 3.34), the totaì average crack

width was calculated based on the average of the four values, w, wl,

wZ, and w3 described in Section 5.2.2. Figure 5.14 shows the response

of the appìied shear load and the maximum crack widths of the six

tested beams. The maximum crack width for each appl ied load l.las

caìculated by comparing the crack widths of the 35 stations on the

concrete surface in each load stage (see Figure 3.34).

Figure 5.15 shows the curves of the appl ied shear-total

crack widths of the six tested specimens. The total crack width was

the summation of the crack widths of the 35 demec stations in each

load ìevel. The number and the position of the demec stations were

designed to cover all the concrete surface where cracks would form.

The crack width and slide aìong the crack surface as shown in Figure

5.1 represent the relative movement of the two portions of the beam.

The total relative movement inside the beam at each load stage was

based on the summation of the crack widths and slides of the 35 demec

stations. From Tables 5.3 and 5.4, the values of slides were found

to be much smaller in comparison to the crack width Thus the total
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relative movement inside the beam couìd be accounted only by the total

crack width without consideration of the slide of the crack.

From Figures 5.14 and 5.15, the maximum crack width and

the total crack width of all the beams brere essentÍal'ly the same before

the initiation of diagonaì shear cracks. Thus as expected, the shear

reinforcement has no infìuence on the fìexural crack w'i0tn. After

the initiation of diagonaì cracks, the maximum crack width and the

total crack width of beam PSNl-0 without web reinforcement were much

greater than that of beams with shear reinforcement Thus, it is

well known that the shear reinforcement transfers the appìied shear

force as wel I as conf i nes the concrete . l,Jhen the appì i ed I oad was

increased, from 104 kN to II2 kN, the maximum crack width and the total

crack width of beam PSNl-0 increased significantìy. As the load was

increased no further significant cracks were formed and the rate of

increase of maximum crack width and total crack width was reduced

for beam PSNI-O. It i s bel i eved the appl i ed I oad was transferred

by the arch mechanism.

For the beams with shear reÍnforcement , the maximum crack

widths were almost the same up to the applied shear, P, of 135 kN.

Accordingìy, the type of web reinforcement has no significant influence

on the maximum crack widths of the beam during the formation of the

diagonal cracks. From Figure 5.14, at an applied shear of L20 kN,

the maximum crack widths of beam PSN4-IJDH, PSN3-D2 and PSN2-l.lD were

sìightly greater than thatofthe other two beams with web reinforcements.

The reason is due to the fact that quite a few cracks formed
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at that stage for these three beams. After an appìied shear of 135

kN, beams PSN6-l^IS and PSN3-D2 had the smallest maximum crack widths.

This behavior could be attributed to the 'larger amounts of shear
Av fvv

reinforcement, ffi , used in comparison to the other beams (see

Table 5.10). Beam PSN5-S6M had the ìargest maximum crack width, which

could be due to the relatively small amount of shear reinforcement

used in this beam. From Figure 5.15, the same trend could be found.

Beams PSN3-D2 and PSN6-hlS showed superior, and beams pSN4-l^lDH

and PsNs-s6M showed inferior in terms of total crack width. Thus

it can be concluded that the maximum crack width, or in generaì, the

total crack width of the beams with shear reinforcements is stronsl.y

dependent on the amount of shear reinforcement after the formation

of diagona'l cracks. The maximum crack widths of beams PSNz-l,lD and

PSN4-WDH were almost the same. The total crack width of beam PSN4-WDH

u,as even greater than that of beam PSN2-WD, Since the ultimate

concrete strength of beam PSN4-[.JDH was the I owest of the si x beams

while that of beam PSN2-l.lD was the highest (see Table 4.1). Thus,

the additional horizontal wire at the mid-height of the beam in

l,ll.lF made no improvement i n terms of maximum crack wi dth and total

crack width. From Figures 5.14 and 5.15, the beams with WI.JF showed

no inferiority in terms of maximum crack width and total crack width

in comparison to the beams with conventional stirrups.
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5.4.6 Fai I ure mechani sm

From the observations during testing and the crack patterns

shown in Figures 4.1-PSNl to 4.2-PSN6, diagonal shear cracks initiated
in each shear span at about 45o to 6so to the axis of the beams as

the load increased. For beam PSNl-0 without web reinforcement the

diagonaì crack on side B propagated up to the load point and down

to the bottom of the beam at the support. The beam began to deflect

rapidly, and the flanqe kinked Ín the reqion near the load point

of side B. Suddenìy the segment farthest from side B dropped down

relative to the segment of side B and failure occurred.

For beams with shear reinforcement, after the Ínitiation
of diagonal shear cracks the confinement of shear reinforcement caused

further diagonal cracks to form with flatter ang'les down to z5o,

and the crack widths were much smaller in comparison to the beam wÍthout

web reinforcement (see Figure 5.14). For beam psN2-!,JD, as the major

crack on side B widened, the vertical wires of l^ll.lF crossed by the

crack began to yÍeìd. Due to the lack of ductiìity and yieìding plateau

of such wire mesh (see Figure 3.18), three vertÍcal wires crossed

by the cracks were fractured. Then shear failure suddenly took pìace.

For the other four beams with shear reinforcement r âS one

of the major cracks widened and the stirrups erossed by that crack

yieìded,stress redistribution took pìace inside the beams. As the

load increased, deflection increased rapid'ly, and the flange kinked

downwards in the region near the load point. Transverse cracks formed
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across the top of the fìange at the central region of the faiìure

shear span. The failure cracks propagated up to the ìoad point and

down to the bottom of the beams at the support. The bottom anchorages

of stirrups close to the support and the top anchorages of the stirrups

close to the ìoad point were damaged and the load transferred by these

stirrups dropped significantly. Thus the tension force intheremaining

stirrups crossed by the faÍlure crack increased suddenly. For beams

PSN4-I^JDH and PSN6-Ì,JS wi th l^ll¡lF , three verti cal wi res were

fractured. For the other two beams with conventional stirrups, it
was observed that the anchorages of the rest of the stirrups crossed

by the failure crack were damaged. Thus, the stresses in the concrete

caused to form the horizontal crack from the failure crack along the

transition of the web and fìange and additiona'l diagonaì cracks from

that horizontal crack in the upper region of the web near the support

(see Figures 4.1). Then the segment farthest from the support of

the failure side dropped and failure took place.

From Figure 5.4, the area under the load-stroke curve is

considered as input energy that the beam had absorbed. The energy

absorbed before the initiation of diagona'l cracks was identical for

all the beams at any load level. At failure, beam PSNl-0 absorbed

much less energy in comparison to the beams with shear reinforcement

Accordingìy,the shear reinforcement increases the absorbency of energy

of the beam. Before failure beam PSNZ-WD absorbed exactìy the same

amount of energy as beams PSN3-02, PSN4-WDH, and PSNS-S6M djd at any

ìoad level. Because of the brittle nature of the vertical wires in



72

beam PSN2-l,lD (See Figure 3.18), it absorbed much less energy than

the other beams with web rejnforcement. Thus, it is believed that

if the ductiìity of the vertical wire is less than a certain ìimit,

the absorbency of energy of the beam will be reduced. From Figure

5.4, the amounts of energy that the other two beams with l.ll.lF absorbed

were the same ôs, or even sl ightly greater than (PSN6-l^lS), that

of the beams with conventional stirrups at failure. Accordingly

if the ductility of the vertical wires is greater than a certain

limit, the absorbency of energy of the beam with l.llrlF as shear

reinforcement is the same as that of the beams with conventional

stirrups. From the test results, the ductility of l.llrlF meshes in

beams PSN4-WDH and PSN6-WS is sufficient.

5 .4.7 Compa ri son of beam strenqth

From Table 5.10 and Figures 5.10 and 5.11, the tested values

of applied shear corresponding to the first initiation of the diagona'l

cracki ng of al I the beams , except beam PSNZ-I'JD ' were exactl y the

same. For beam PSN/-WD, the tested value was only 7f" lower than

that of the others. This could be attributed to the scattered test

results of shear behavior. The tested ultimate shear strength of

beam PSN3-D2 with double-legged stirrups was the greatest because

it had the largest amount of shear reinforcement. The effectiveness

of shear reinforcements in beams PSN4-l.lDH and PSN6-WS with l.lt,JF as

concerned the uì timate shear strengths was greater than that of

the double-legged stirrups in beam PSN3-D2 and lower than the singìe-

legged stirrups in beam PSN5-S6M. Bui the variation was very small
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(see Figure 5.11 and Table 5.10). The ultimate strength of beam

PSNz-l.lD with I,Jl^lF uras considerably lower in comparison to that of

the other beams with shear reinforcement. This is attributed to

the lack of ducti ì ity of that l.lt^lF. Accordingly, the effectiveness

of l.ll.lF i s the same as that of conventional sti rrups in the sense

of utlimate shear strength.



CHAPTER 6

Concl usion

6.1 Concl usi on

The obiective of this research program was to evaluate

the effectiveness of welded wire fabric as shear reinforcement in

compari son to conventionaì sti rrups for thin-webbed prestressed

T-beams under static loading. A total of six pretensioned prestressed

singl e T-beams with identi cal fì exural rei nforcement and shear

span-to-depth ratio were tested statically up to failure. The tested

beams featured different types of shear rei nforcement incl udi ng

conventional double-legged, single-legged, and three different types

of conmercially available welded wire fabric (l,lllF). A beam without

any web reinforcement was also included in this program. All beams

were designed with a nominal flexural strength higher than the shear

strength. Based on the test resul ts , the fol I owi ng concl usi ons

may be drawn:

1. ACI Code and the Simplified method of the Canadian Code

provide the best prediction of the shear strengths for

this type of beam. Because of the low amounts of shear

reinforcement, the Generaì Method of the Canadian Code

underestimates the ultimate strength of the beams.

2. The prestressed T-beams in this study failed with diagonaì

shear cracks at an i ncl i nati on general ì y I ess than 30"

to the horizontal axis of the beam. The concrete shear

strength corresponding to the initiation of diagonal cracks

was exactly the same as the Code's predictions.
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The ul timate shear strength of the beam without shear

reinforcement was 80% greater than the shear strength

corresponding to the 'injtiation of the diagonaì cracks

because the shear span-to-depth ratio (2.9I) was less

than 3, arch action dominated failure, and the ratio of

flange width-to-web width of the beam was very large (5.91).

Because of the shallow angìe of the shear cracks, more

verti cal wi res were effecti ve i n shear transfer than

considered by the 45" truss model i n the Codes. The

contribution of shear reinforcement, Vs, was almost twice

the Code prediction. Accordingly, the ultimate shear

capacity of the tested beams with web reinforcement was

53% to 83% higher than the Code predictÍons.

The type of shear reinforcement has no influence to the

flexural cracking patterns. The maximum crack width and

the total crack width of all the beams were essentiaìly

the same up to the appìied shear of 135 kN. At higher

load levels, the maximum crack width and the totaì crack

width were influenced by the amount of shear reinforcement.

The stiffness of all the beams was identÍcal up to the

initiation of diagonaì shear cracks. After shear cracking

initiated, beams with welded wire fabric tvere slightly

than that of the beams wi th conventional sti rrups

fn terms of stiffness of beams.

4

5

6
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Anchorage of the welded wire fabric by means of doub'le

horizontal wires at top and bottom of the vertical web

wires as recommended in the code was sufficient.

Using deformed l,,WF sl ightly improved the di stribution

of the diagonal cracks in comparíson to the conventional

sti rrups. The ef fecti veness of l,ll.lF was almost the same

as that of conventional stirrups in terms of the maximum

crack width, total crack width, and the shear strength

of the beams.

The presence of an addi tional hori zontal wi re at the

mid-height of the tll,lF mesh did not have significant

influence on the crack pattern, maximum crack wídth, total

crack width, and the stiffness of the beam. But it did

enhance the ducti ì ity of the l^ll,lF mesh itself as wel t as

the ductility of the beam and the ultimate shear strength

of the beam.

The dissipated energy was almost the same for all the

beams (except beam PSNz-l,lD) with shear reinforcement.

Three verti cal wi res of al I the l.ll^lF meshes crossed by

the failure cnack fractured at failure due to the relatively

low ductiìity. Accordingly, it is concluded that if the

ductiìity of the vertical wires is greater than a certain

I imi t, the absorbency of energy of the beams wi th l,lt^,F

^L^-.^ .^^i-f^.^^^-^--r J^ rr--d5 sftedr. f'eIilIuf'ueiltenL I5 Lne Sdtne as EnaI oT f,ne Deams

with conventional stÍrrups.

I

9

10
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6.2 Suggestions for Future Reearch

Because of the many factors affecting shear strength and

serviceability of beams, more research should be performed

on T-beams while varying such parameters as: shear span-

to-depth ratio, ald, spacing, s, fìange width-to-web width

ratio, b¡lbç, and the amount of shear reinforcement, to

evaluate the effectiveness of welded wire fabric as shear

rei nforcement.

Research is required on similar T-beams under cyclic loading

conditions. This would give valuabìe information about

how the weld reduces the strength of the wire, the possibìe

defects of l,ll.lF as shear rei nforcement such as bond ,

anchorage, ductiìity, and confinement of concrete.

2
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Table 2.1 ASTM and CSA Standards for Welded l.Ilre Fabrtc
(w^lr¡

ÀS1ïl SÈandard CSÀ Standard Tltlc

ASTil A 82 csÀ c30.3 Cold-dravn Stcel f{ire
for Concrctc Rclnforccment

ASTIr A .l85 cs^ c30.5 glcldcd Steel lllre
for Concrete Relntorccnent

ASrl{ À {96 csÀ c30.1{ Ileformed Stccl Hlre
for Concrctc Rclnforccment

ASTH A {97 csA G30. t5 f{elded Dcformed Stccl t{Írc Fabric
for Concrete Rcinforccmcnt



Table 3.1 Properties of longitudinal Reinforcements

*Value corresponding to 1% of. exÈension.

æ
Ol

Modulus of
Elastisity

(t'tpa )

1 .9585

2.04F.5

2.0485

1.91E5

2.00E5

Ult imaÈe
Elongat ion

(%t

6.s

11.s

11 3

29.5

7.3

Ul t imate
St rength

(t'tpa )

1823

679

698

593

726

Yi eld
St rengEh

(upa )

1 560*

434

437

432

600

Àrea

(mm2 )

99

300

200

73.72

25.8

Type of
Reinforcement

1/2 in. 7-wire
Prestressed SÈrand

20M-40oMpa
Deformed Bar

1 5M-40OMPa
Deformed Bar

#3
Deformed Bar

4x4 W4xlf4
Welded Mesh



Table 3.2 Properties of Shear Reinforcements

*YieId strength computed according to clause 3.5.3.2 ot ÀCI 3118M-83

Shear Reinforcement
Ratio

Pv=Avf.vy/( f c'bws )

0.00291

0.0372

0.0294

0.0266

0.0308

Ul t imate
Elonga t i on

(%)

6.0

28 .0

6.0

10 .5

8.5

Ul t ima te
St rength

fvu
(upa )

587

510

603

693

6r8

Yield
St reng th

fvy
(upa )

58 7r

344

59 3*

483*

57 8*

Spac i ng

(mm)

152

150

152

150

152

Size
( Àrea )

(mmz )

D4.7 Deformed
(2e.41

#2 Smooth
(61 .221

D4.7 Deformed
( 28.4 )

6mm Deformed
(31.17)

f{4 .7 Smooth
(30.s8)

Type of
Shea r

Reinforcement

None

HT{F

Double-Legged
Stirrup

wt{F

S ingle-Legged
Stirrup

wwF

Beam

PSN 1 -0

PSN2-WD

PSN3-D2

PSN4-WDH

PSN5-S5M

PSN6-WS

co\¡



lab1e 4.1 Concrete Properties and Test Results

UI t ima te
r,oad ( 2p)

(KN)

3'15

435.4

516.2

494.2

507.7

507.5

Shear Crack
¡nitiation (2p)

(x¡¡)

208

19s

210

210

210

210

Flexural Crack
Initiation (2p)

(xN)

130

120

130

120

120

150

fsp

(¡rpa )

3.30

4.00

3.63

3.39

3.29

3 .08

fcn

(MPà;"

36.1

38. 1

33.3

31.s

32.5

34.3

Àge

( oays )

40

42

36

30

28

33

fca
7-Da
(upa

t
v-
)

24.9

24.9

25.2

25.2

24.4

24.4

SIump

l¡m)

60

50

100

100

105

105

Beam

PSN 1 -0

PSN2-WD

PSN3-D2

PSN4-WDH

PSN5-S 6tt

PSN6-WS

co
@
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Tabte l+.2-pStil' Concrete Demec Read.ings for Bea¡n PSNI-O
APIÞL I ED

SIATIOI{ SHEARfXI{)

t2

13

14

l5

1ó

L7

r8

0. t) Sti. O 6rl. (1
SIDE E

75. O 90. (') 1e8.0 I 12. OÞernec ReacJing=
1 029 1Cr31 I o31 10681010 1012 ro29 to471084 1090 1 138 I 1591036 tO46 1rl9(ì IIOgIOóB 1087 IlrlB II20992 ?qZ 9A7 gBCr
1(143 1Q44 1031 1Ct2?
97(t 973 t O2B t 09ó1016 1015 tO22 to271O2ó 1028 lO2Cr 9931Ocl5 t QO4 I O2S t=79ro4ó 1049 1 104 16391021 LA22 10óo l21r-)
994 993 t2l2 1B4B1C'ó2 1065 1523 18921084 10g6 I 13ó tr24

1031 1030 1344 189ó
1OCr6 1006 t 506 1821to22 1055 1045 1052
ro19 1019 to24 lo24
974 988 996 1000993 9?4 985 97t
999 999 _ 996 998
995 997 9?t 9e9

1O(ì8 1OO9 996 985
998 998 1085 1614

lcl5c'l l OSC) 1357 tA7 |
I C¡(17 t OOB 1093 t 2Og
1063 1063 1338 1828
I O51 1(¡55 1327 t7 61
l 01 I 1021 1042 1 C)52
1(¡ri9 l rlrì9 1c11 1 10 1 1

937 948 96A 973

12O. Ct 1?7.3 l33. Cr t4î. S
2
3
4
Ê*,
6
7
I
I
A

l1

9

1C)?5
999

1(ió8
1C) 15
1018
99?

1O5(t
972

1(r15
I r)22
I C)C)5

1(i42
1Ct 13
994

1(r55
1070
1 033
997

1 (rcr 1

tt.t22
961
99Cr

1OCtZ
988

1(jC,5
?99

1C)4:
999

I C¡ó5
I (:)4-=.

t tlcrS
l()1?
9?7

1(t2ó
1(rti2
1 Q73
1(r23
l Ct2g
99?

1(t45
97r

1013
1 023
1OCr4
1 045
1013
993

1 057
L077
1 033
r ooo
t 0(16
11120
962
99r

n ooo
991

i, CrC)5

99'.¿
1 045
1ö(i2
1(r55
1(14é'
I Ctr)B
1r)lCr
929

1C,29
1Oc')7
I O80
lCrSt
1('45
992

1Cr45
969

1(rtS
I O24
1OCr4
1()45
1019
993

1 0óo
1082
1031
10()4
r o12
lol9
9ó8
992

1O(ìO
994

I OO7
997

7Ct47
t CrOq

1 064
1Cr49
1Cr 1 (l
t (¡r)9
933

1 0BO
l o57
tt73
T L ¿.'J

I 141
979

1015
113r
1 031
989

1 805
r837
1281
i- L ¿-+)

2747
L r32
276Q
zct62
1 0éo
1 024
1Ocl5
9ó5
996
988
98l

1871
2t t7
t267
2C,68
19É¡r
1(161
1012
982

l O9cl
1t163
1 181
lr?e¡ ¡r)-,
..FâL LÉ'2.

979
1012
I 154
1035
976

t977
zitL9
1322
2327
¿.JJL,

1 136
Z,JÈJv
2240'
roó4
L026
101C)
962
99=
988
975

20ó5
?294
13c)6
?242
¡L l sl-l

1069
10r2
990

1C)99
1 063
1 189
I t43
I 16ó
973

1008
| 177
1034
968

2157
2t87
I 3é6
2342
2520
1 139
õÈÊ,¿..JJO

24t9
I O70
t026
1012
9=9
9?6
9A7
97A

2266
2472
t34t
?43|o
2297
1071
1011
996

1011
1 0ó9
7?C,7
I a F?
I À sJsl

1 18(:'
972

I O05
7?t-t7
1 037

9óO
23ó8
2383
7 42')
9999
9999
tL42
9999
9999
tQ74
L026
1012
953
996
986
973

251 Ct

9999
I 386
9999
9999
I QBCI

Ir)t I
l C,OO

(.o
O

H
v
D
H
v
D

H
v
D
H
v
D

H

D
H

D

H

D

H

D



Table 4.e-psue concrete Demec Readings for Bean psN2-I.rD

APPL ¡ TD

sTtII0lt SH€ARtxill 0.0 30,0
SIDE A

90.0 97.5 t05.0 il2.5 t20.0
Demec Readi ngs

t35.0 t50.0 r69,0 r80.0 t95.0 20?.3

(O

ó0.0 75.0

898 t0ó
88e 892

950 960

9ô9 i87
ilt 933

898 t00
96t 959

92J 927
jtl 9r
857 812

902 903

90? 900

908 909

921 j?7

93ó 95{
930 9Jó

935 9{0
905 90t
9n 937

935 ?{3
9t7 9tó
93{ 9{l
9r t 9ló
9ót 162

92{ i26
965 968

897 898

9t r 956

928 ?3t

923 e?6

9{2 9{1

953 996

906 901

921 923

H
v
D
H
v
D

H
v
D
H
v
D

H
v
D

H
v
D
H
v
D
H

D

2
3
4
ÉJ
6
7
E]

9
9A
lo

l1

r2

13

x4

IFIJ

1ó

t7

89t

875

930

950

880

902

959

925

iló
8?8

903

10t

90t

9t{
931

921

9?t

9t0
970

9t8

9t8

9t9

9t I

9ót

9t9

t60

898
j26

92t

927

912

9{ I

907

918

897

881

9r3

958

89t

899

96t

925

9t2

8{0

899

903

907

921

9t6
i?i
930

908

927

i21
9t6
j?6

9t5

9åt

92t
9óJ

899

9J0

923

927

936

9{6

907

92J

905

897

9ó8

r99

9{0
?0t

961

92ô

9t9

897

905

905

9t0
i29
9J{

936

9t5
905

912

9J0

9t9
e53

9t9
9ót

129

970

897

9J8

93r

926

9{3

9ó5

902

9t9

90J

8?7

980

t 010

t57
818

9å0

?28

931

910

?09

903

9tJ
936

9lt
9{5

952

9t{
96ù

990

95t

I 008

îr9
96t

93t

967

899

9J6

929

926

912

999
j27

965

t06

899

?97

t0?5

970

897

9ôt

925

955

9t9
905

90t

9tJ
931

9J8

9ôó

981

147

t0t2
117

176

t023

92t

lbz
935

163

81'
9Jl
9{l
937

975

I 0t8
9{3

996

9il
9t8

t029

t0t8
98t

897

?53

9t8
979

9J7

90ó

905

925

9ót

99J

I 0ó7

r0tI
r05i
il{5
r000

t80
I 02t

il5
9ó2

9JJ

955

9ôt
9Jt

t0t I

t 05J

t09ô

r 020

978

r0t8

9t5

n8
t0{7
105{

185

8i2
9r8

15{

980

9{7

105

92t

962

991

I 055

il{6
l0¡8
llt0
l2n
r0t0

98{

toJt
t09

9ô0

928

9JJ

998

t00ó

I olj
t099

I t:ó
t0tó

988

l0r8

939

9ôó

r 070

I 088

¡0tl
888

9r9

t003
e83

965

9t2
r032

I 128

I 063

l2t5
¡ 3{ I

I 03t

¡ tó9

1219

I 02{

988

I 030

902

t0tó
927

990

I r5J
It79
t 09r

r 205

t2i4
I 023

999

t02t

958

983

I 087

I t08

r055

890

91ó

I 0{7

il9
990

9{0

I tJt
t220

l09 t

r3t?
t{70
r 038

u{5
r 259

I 0Jt
992

I 055

8e5

r098

966

I 0ó6

r2ót
t3il
t07t
t29{
1il0
I 02t

I 00{

r 0?8

97i
I 003

lilr
It26
t050

883

9t2
I 091

?77

l0¡0
975

r 323

l Jl{
illt
A27

tót9
I 0{9

1il7
t237

I 0r9

997

I 068

89¡

rt88
I 020

I tóó

t388
I {68

t032
t39r
¡53i
r 0J2

,00ó

I 03?

998

I 024

r r3ù

iló0
t07t
880

9J5
I I ?a¡TJJ

976

¡ 03{

I 000

t3r{
I {J8

ltól
¡ 519

n67
I 060

ilt5
t25t
I06t
l 00{

I 087

88á

I 269

r 060

r 2{0
t509
r åt2
t0ró
r {95

t662

I 0{0

r0t2
r 039

l0t I
t0r9
il92
I rs7

109 I

t79
0t1

¡r85
980

I 055

r 0?9

I {15

t5óó

I 2u8

t7l5
I 9ó0

1012

I t?0

r2óô

1077

r0t5
I t0t
878

t3ó7

I t 0{

I 3?0

r ó73

179{

r 035

t626
¡8t3
I 0{9

t 0t7

l0{ó

I 02J

I ù6{

il6t
i t99

lr00
gll
i27

r2ri
971

lùó{
r 018

I5t l
tóit
¡ llJ

I 8?l

?03 i
r 07r

l t2i
r ?75

r0a{

I 020

I t09

872

t{t7
il?6
r 37J

I78t
I9t0
¡ 0J3

l7l',t
r9t5
t052

r02t

l05t

18



Table l+.2-psNe concrete Demec Read.ings for Beam psN2-wD

APNIED

SIrII¡0ll SItEAR(Kx)

L2

l3

14

l5

16

L7

0.0 J0.0 60.0 75.0 ?0.0
SIDE B

97.5 t05.0 I 12.3
Denec Readi

r02å t02ó t02t
t032 t0J3 t057
totô t062 t080
uot tl59 il50
1il2 il25 il35
t007 t003 t00t
t060 toJt toJJ
t006 toil t0t0
roJt t0{8 t052
1028 t028 t02t
t0?t t022 t035
r052 t0J3 r066

t0J5 1052 ilot
t0t{ t025 I t08

r035 t0t2 lt78
r0t7 t070 t07t
r03t il00 il93
tort il37 t22i
1058 t06r t0t0
r0{t t0t8 t0t9
t078 t085 t090
roil tou t005

1026 t02'l t02r
1030 t0J0 t02t
rotó toil t005
1000 t0J6 il25
t0?5 t0{8 u53
t027 t0ô7 l ilt
r03t t095 il7t
r03s il09 t208
t022 t0Jt t03{
1022 t0t2 1016

106? r08i 1090

l0t9
t0t8
t0t5
r 0J9

t0Jt
I0t2
r 06J

I 007

1022

t027

t0?2

t 021

t022
l0t7
I 021

r 021

r 033

r 021

l0t0
r 0?8

I 023

t0t¡
t022
I 0?2

t0t2
I 000

t0t5
r 0?t

l 0J0

I 020

990

r 015

I 0?6

r 02t

t02l
r02t
r 0ôô
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Table {.4-PSNI Heasured Crack Anglcs Ior Bc¡m pSNl_0

Side B

SÈåÈlon

r8

70

55

17

{5

r6

20

15l{

80

80

t3

50

90

t2

20

20

ll

t0

Side A

Station

t8

90

60

40

t7

30

t6

25

r514

45

r3

50

28

t¿

25

ll

15

Loa d
(2P)
(xx )

r50

r 80

208

224

Table 4.4-PSN2 Heasured Crâch Anglc, !or Beam pSNZ_HD

O\¡Slde I
Statlon

r8

70

l7

45

25

30

30

t6

20

20

t5

20

1{

55

80

r3

60

33

12

30

20

20

tt

t5

Side A

SÈation

t8

50

t7

{0

t6

30

t5l4

55

l3

58

t2

20

35

lt

30

30

Loa d
(2P)
(xx)

r95

2r0

225

240

255

265

2't 0

330



lable ¡1.4-PSN3 Measured Crack Angles for Beam pSN3_D2

Table 4.{-PSN4 Measured Crsch Àngles !or Bcam pSNi-HDH O
co

Side B

SÈation

18

80

17

50

{0

30

16

30

15t4

73

13

45

45

12

35

30

1t

30

30

30

Side À

Stat ion

18

85

17

50

30

16

30

l51413

35

12

25

30

't 
1

2?

40

30

30

Load
( 2P)
(x¡l)

r95

210

225

240

255

270

300

360

420

Side B

SÈâtion

18t7

60

{0

{0

35

r6

25

t5l4

80

70

13

38

l2

20

t1

25

80

Side A

Station

l8

60

17

{5

30

t6

23

15

23

t4

70

13

55

30

12

30

23

t1

22

Load
(2P)
(xx)

180

210

225

240

255

270



SIde B

StaÈlon

18

70

r8

17

30

30

16

30

15fl

t5

13

30

30

12

30

l1

3.0

25

20

Side A

StaÈion

18

60

17

30

t6

30

15l4

60

50

r3

50

30

12

30

lt

30

Load
(2Pl
(KN)

r95

2r0

225

240

255

270

300

Table 4.4-PSN5 Heasured Crach Angles tor Beam pSN5-S6H

Table 4.4-PSN6 Measured Crack Angles for Beåm pSN6-HS

Side B

StaÈion

r8

85

60

17

55

35

30

30

16

30

t514

60

13

35

12

3s

30

il

30

30

Sidc À

SÈation

r8

80

55

17

3s

l6t514

55

40

13

35

35

12

25

30

ll

20

20

Load
(2P)
(KN)

r80

210

22s

249

270

300

a\o



Tabl-e 5.I-PSNI Concrete Strains in Beem pSNl-O

APPL ¡ TD

SIAT I OII SIIEAR (l(II)
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IJ
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9(l . o I (j5. cl 1 1?. (j 1 2Cr. tj
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Table 5.I-PSNI Concrete Strains in Beem PSNI-O

APPL I ED

SIATI0II SHEARIKIII S(:r. rl
SIDE B

9ö. C) 1C)5. C, I l?. C) 1ZO. C)

Concrete Strains (x1O6)
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316 763 ?18 1122
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- I () 304 5855 81å{)

7 t ó3.? é:crB9 8313.
1Ö2 49o 2(:,?() ']7 44
-1(l "12î 8,7rL 1151ó
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APPL ¡ TD

slAr¡0ñ srEARtri) 30.0 ó0.0

Table 5.1-PSN2 Concrete Strains in Ben'n PSN2-WD

SIDE A
7i.0 90.0 97.5 t05.0 t12.5 t20.0 HJ.0 t50.0 ló5.0

Concrete Strains (x 1O6)
r80.0 t95.0 202.5

2
3
4
Ê
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I
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9A
10
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72

13
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16

l7

l8

t8
{8

å05

65

89

-?{

ló
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I 2{3

783

I 1ô9

-?óô

3276

r {93

290S

625{

7005

920

ióil
7t t0

872

888

r033

I 065

r 523

I 8ór

2009

t773
-20?
-258

2321

1?2

r 905

I 089

r 93I

ó2t1

¿OJ J

7t71
?3il
r ?15

l7l9
28 å5

t3{0
82J

r 531

-3t 5
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I ó70
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7 t?6

79ll
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ô359

7933
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920

I 073

97 r?t
r78 Iil
r0{ 5{t
{8{ 605

621 726
-32 -t0

I tô
?t0
18ó il5
öb2 73{
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Table 5.1-PSN2 Concrete Strains in Beam PSN2-!ID

SIDE B
90.0 97.5 t05.0 il 2.5 t20.0 t35.0
Concrete Strai ns ( x I O6 )

t50.0 tóJ.0 t80.0 t95.0 ?02,5

2
3
4
É
.J

6
7
a
9

9A

1l

L2

l3

T4

15

T6

t7

1B

20

3l
6t

7t

r 43

-20

-10

-10

-t0
20

t0

3t

3r
()

1t

ól
0

{t
r33
-20

7r

l0
l0
('

t0

0

JI

3l
0

1l

2A

0

{t

il
7l

r33

l{l
?7i
-{t
-3t
-?r

-10

{t
0

3t

ôt

0

1l
t02
-20

ôt

20t
-il
r02

20

t0

3r

ól
0

82

1t
-10

6l
7t

0

7l

7t

102

lôl
r9l
{69
-20

-3t
-20

-t0
3t

-t0
ôt

9?

-20
o1

¡.ìJ

-3r

9?

?65

-4t

r r3

.rl

l(l
1t

5r
-20

82

ót
-3¡

i2
92

-3t

t02

6t

t22
atÊ(.rJ

?73

70r
-{l
-t I

-10

20
a.
.Jl

-t0
1l

il2
-3r

9?

r33

-3r
i2

306

-1t

?8ó

3t

0
C.
.r¡

5t
-?0

r r2

7l
-3t
il2
r33
-ôt

¡51

7t

il3
3tô
428

82ó

-5 r

-31

-10

9?

6t
-t0
92

¡33
-3t

r02

?15

il
?45

t90

133

56¡

3t

1t

82

{t
0

102

6t
1t

r Èt
¡ J.)

JlÒ

7t

367

u2
500
tÊa

t2lI
r 20t
-82

-92

439

3ró
-5t

30ô

73r

r 0{0

I 285

t?79

5t0
200?

?417

ô73

?t5
7ll
-82

0

20

-71

t 8lô
r 82ó

r t73
r 809

?2t3
{r9
3{7

ô9{

5t0
I {ó9

r 33ó

r8ó7

I 989
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ti3
I 5t0

3?8
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127 t
5090

t 6'12

^t7718t I
8{7

2?J{
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t32ô
-377

1t72

3682

226t
ó599

7120

I09t
50r I
5óô I
7t5
57t

ttt?

ót2
t785

I ô73

?08t

2112
-30ó
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I 138

{t8
?020

ó059

ó821

tó12

860?

17ô3

938

2t07

3271

I 20{

56t

I 189

-{t9
6222

37?1

?8?5

8650

90ó8

t 09l
5?9{

5ôt0
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ór3
t214

ó73

2009

I ó0t
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-33 7
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I t59
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ót?
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It0?
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ô8J
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2662 ??eS 2817

80ô 887 t0t0
?9ô 3J7 t28
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-rJs -t73 -28ó

867 t632 2570
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337 877 ts{o
2927 37t3 {80t
3233 1til 5375

t37't t275 lt83
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7i6 898 989
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Table 5.1-PSN3 Concrete Strains in BEA-td pSN3-02

SIDE A
ó0.0 75.0 90.0 97.5 t05.0 tt2.5 t2o.o ß5.0 t30.0 tô5.0

Concrete Strains (xlOó) r80.0 t95.0 2t0.0
F)

3̂
4
5
6
7
€}

9
9A
ro

11

L2

l3

14

l5

1ó

L7

l8

{8

t0
It

t05

?7

ð

-8

-ló
I

tót
t8

0

lå

5ó

tÀ

t0
t6
-8

t0
t8

-ló
5ô

ló
0

2{

32

s

t8
?1

-8

å5

5å

I
{8

73

r2t
r53

323

299

0

0

0

0

3lt
73

-1,)

10

t05

0

3r
r05
-2{

97

r37
-32

89

{0
0

97

5ó

I
r05

5ó

-8

t2l
t2t
-?t
st

17

r18

202

{60

t7t
tô

0

8

?t
t52

89

-21

73

r{5
8

89

t05
-32

t{5
22¿

-+8

89

5ô

-tô
r05

t3
I

il3
t rl
-8

lJ7
tóî
-21

r29

F7
t9t
2t2
ôt3
ôt3
{8

-{0
56

56

7r8

97

-t2
r05

rô9

0

r2î
23t
-2t
202

2s0

0

tat
89

-8

t2t
7l

0

t53

tór
-8

?02

2åô

-5ó

2t2

il3
2t0
26ó

7t2
t67
3?

-tó
5ó

ill
920

r{5
-Jl

rtJ
178

-lô
l8ó

339
.0
323

29r

0

2t8
7l
0

l?9

97

I
t53

tåt
5ó

2A
3t5
-5ó

JJI

t53

22b

{n
t089

880

It
-ô3

307

I tl
t0t7
t5l
-16

t37

ló9

7l
3{l
,75
565

1202

J7t
I

2t2
65

I
lt7
l0

-{8
ll5
å62

73r
r t38

2it
-32

323

tô9

155

557

It86
t00t
-t8
-5å

ilr
81

t 08t

l2r
-16

tô9

202

3r5

93ô

t93
i20

tô95

395

8

258

t8
8

il5
2t

-2t
l15
880

l08t
r53J

299

-2t
3il

212

ôt8
8t5

rJ80

I tJ8
-5å

-?7

888

t2t
t26l
t78

{il
952

7t?
tå38

2{37

t08r
I 138

t880

t28

0

29r
-J2

565

81

51t
t285

t509

90t

2050

27tb
3Jt
-tô
J23

$?
835

888

tô06

r¡r¡
-17

-l J7

ilr¿
ilJ

ll?0
250

t0?5

lôtô
t0t?
2l¿t
JJ89

t2l I
tzt I
2030

17t
?t

stt
-89

r00t

tôt
tot 7

20Jr

23r0

?20

?¿95

J6r5

37t
'-32

37t

t0{
r03J

t033

t8tó
I 56ô

-l 2t
-tÂt

ilt?
2o?

ró{ô
r¡ ¿J

r533

2252

l]J?
J2?0

rïn
1323

I l0r
?3r0

319

t0
t20

-l l3
r372

2t2
t3{8
2n6
Jt{7
l0{l
51ó?

{s03

37t
-{0
{0r

t92

t267
ll{ô
?0J1

In5
-tr5
-1r¡1

t7t9
712

r 856

282

223s

3r88

t50t
{083

557ô

il53
tó95

2ô79

ôt3
73

{7ó

-l2t
2t22
t009

I 759

J809

{t80
I t06
{r39
56{9
t0{
-t0
ß6

ó29

I r5l
t283

22tl
I 98s

-t6t
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2098

r 098

2009

lll{
3r55

{382

t5r I

57t{
7t02

1566
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30r0
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89

5il
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Jt9ó
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22t9

5t00
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I t78

5ó8t
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{28
-32
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r735

I {69

2{ tJ
22?t
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il7
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{358
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tô95
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335t
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-307

1ôt ô
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t 009
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Table 5.1-PSN3 Concrete Strains Ín Bea¡r PSN3-D2

SIDE B
75.0 90.0 17.5 t05.0 il2.5 t20.c ¡¡J.0 tso.Concrete Strains (xlOó) 0 tó5.0 t80.0 t95.0 2t0.0

2
3
4
5
6
7
I
I

9A

1l

t2

13

l4

l5

16

L7

18

t0
3t

t0
82

r r2
-?0
-20

-lt
-t0

?0

-10

?0

0

5t

20

JI
-?0

n2
l0
3t

6l
-10

{l
0

-20

t0
3t

-10

20

20

5t
-Jt
l0

5l
It
{t

255

2J5

-5t
-20

-6t
-t0
t0

-{t
5t
5l
JI
5t
5t

-?0

??

82

-20

?2

t0
20

3t
-20

0

5t

0

-Jt
5t

ót
-lt
{t

82

ót
t?

357

137

-{t
-r02
-5r
-t0
il

-3t
6t

5t
0

7l
82

-20

t{J
t91

t0
97

0

20

ót
3t

-t0
6t
t0
0

82

{t
20

s2

t?0
{t8
-?0

-82

-20

0

t0
-31

3l
ót

0

7t
20t
- 10'

il3
221

t0
82

-5t

3t
82

6l
0

7r

t02
-il
n

t02
-3t

12

ó83

ó53

-5t
-{t
-il
6t

-10

-5t
?2

{l
t0
9?

r7l
-t0
t9{
r{9
3r

28ô

-t0
5l
82

ót
20

12

t{3
-20

82

32ó

20

2?t

7r5

755

0

-20

t0
lt?
-3t
-3t

82

lJ3
t0

u2
2r5
-10

?15

683

82

388

lr
JI
82

il
20

i2
l]3
-?0

ll?
306

5t
3tô

{{9
lt22
8{7

I 85ô

t 75{
-ß3
663

åt3

367

887

223r

il72
785

J835

{5t9
ß67
t265

2091

il32
i2

2050

-t73
t8t6
tJ50

t377

J 132

3r07

llBS
t7å5

n02
{59

t02
t{?

ô73

ß57
t 020

209 I

2030

-¡73
928

ô9r

167

r 33ó

337ó

15t9

75s

5il7
ót6t
I 6J2

t{{8
?3só

122+

82

2371

-224

309 r

2968

t8rô
{6t0
{988

1221

2050

60t9

t28
il3
{59

887

t520

I t{?
?387

?l0t
-?0r

il91
ó9t

{28

t907

r896

6232

73t

7t 87

8lt9
1721

l60l
2óll
t367

82

267?
-3?6

{{88

{5{ 9

2211

6569

ó5??

r 377

2305

78il
1{9

t73
{90

I t?2

I 663

I t 73

2637

217I
-3!6

1530

7?1

{59

2l{6
ó?å3

8t {å

755

I 00?7

l05ró
I 0qo

I 805

2907

l5 {0

t02
2978

-557

ó0{9

6293

2785

8797

8670

I {99

259t

989t

56t

t9{
520

92 ttz t33
tsJ t8t ?2t
l{t 2ó5 29ô

F.
F¡
(tr

t22 ßJ t73 ?35

255 3ô7 il¡ toôt
{{9 500 'tzl 701

n22 t3tô rJJ' tlt{
l0l0 t2¡5 J2ô 156l
-{t -?0 -7t -il]
-3r -Jt 273 tJ?
22t 388 J?0 58t
2{5 255 U 3t6
?0 -t0 ill 32ô-Jt t0 87t tl08
t22 235 il69 1765

ilz r9t 70t 80ó

5t 28å ßn 2ô9J
2{5 ó02 237t 328t
óô3 9ó9 t08t lzt{
337 79ó t030 t t53
8tó t128 ßn t82ó
70{ 765 83t t06t
9?82nn

r t8J t387 tsôt tt75
-20 0 -ttz -t53
51 82 37t 959

tg2 61 4t 3{?
0 0 óit3 tô9
t0 -20 tsrô tôt3
i2 7t t57t 2t6ô
5{t 8{t 171 toót
r90 9r8 t2{{ ll79
755 130å 26J2 35t9
J77 357 377 398

82 82 t02 il
lr7 3{t .3J7 388
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Table 5.I-PSNI+ Concrete Strains in Bee¡n PSNI+-WDH

SIDE A
75.0 ?0.0 97.5 r05.0 nz,i t20.0 t35.0

Concrete Strai ns (x lOó)
rJ0,0 tó5.0 t80.0 ¡95.0 ?o?.3

2
3
4
F
J

6
7
I
9

9A
10

l1

t2

t3

14

It5

tó

77

1A

21

?4

65

8l
2l
tó

-?1

-tå
I

ró9

ô0.0

48

r05

tó9

169

r2t
-24

-{0
-8

7t
3r7

ó5

0

89

8t
-8

7J

r?9
-Ió
r05

t8ó
-?r
t2t
t8
ì1

ó5

65

-8

40

8r

0

t05

l t3
-8

7l

I l3
lå9

2r0

??6

282
-16

-16

-tó
I

387

97

-tó
97

t29
-t6
r05

t6t
-1,}

97

307

-8

r8ó

89

ló
ó5

8?

-tó
ô5

7l
()

r05

t53

0

I tl

97

It9
2¡0

3r5

3ó3

tô
-8

0

21

13ó

lt3
-lô
t03

tót
-16

r2¡
t9l
'2t
202

363

-2t
33r

8t

I
il3
il3
-tå
65

t?l
0

t?i
202

-32

137

r2r

rô9

250

395

{ô0

21

0

tô
73

5tó
t2l
-8

l??
2t0
-tå
r37

2t0
-Jl

3t5
525

-8

128

i7
ló

l2l
ll3
-1t

ô5

t2i
-2t
t86

26ô

0

2t0

?s0

710

702

I 089

óó2

-t8
-8t
767

i7
712

533

9?8

r 332

hzi
r 888

2300

ó70

23J2

3309

7!0

0

ô05

-t8
t?ô7

I ¡?1

0

r9ll
r 8r8

t5r7
2t+7

28tó

250

i7
27t

ll5
8?3

83r

I ?83

87?
-8t
-8î

¡ ló2
H5
9?0

?93

1792

221?

662

3002

35r0

702

2ó95

3333

751

8
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-t rl
22bS

2r45

4t?
30r2

309 I

l57r
3050

3898

2t9
9l
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39t
993
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I {28
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-t?9
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il{5
¡9t

t2t3
r r20

2ó23

32t2
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{t08
lô97
7it
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8óJ
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r2ô9
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3987

50t I
387

73
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Ir6
r ?35

r 558

r 2rl
-r29
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I 687

27t
t 50t

r87?

3ó07

{30t

775
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t053

888

?873

3502

90t

t8
839

-lil
r382
1729

212t
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¡348

50tr
bt7 t
ôr3

ô5
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ó05

I 3ôt
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t7ll
r {20
- 18ô

-212

201 7

355

I ô87
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sil5
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óó90

7 12t
9fi
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9ó8

t05
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ó01{

296?

óô09

ó803

r307

6085

7368

71?

8l
9il

75t

t622

r 558

t?05

I 571

-212

-307

?4ót

112

r9tJ
3l 39

6238

7t98
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8788

9595

1057

338r

l95r
r057

178

I tó?
-33 r

737ô
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370{

8595

87{ I
t2tI
773t
9t 7ó

896

I
il70

817

I75t

I ó?5
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l7t9
-258

-37 I

2 7ô8
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207 t
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I r0tt
lul
3J5t

{0Jt
r08t
2r0
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-355
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9.105
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It62
8829
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ù

18
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Table 5.2-PSN1 Principal Strains 1n Beam PSNI-O
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Table 5.2-PSN2 Principal Strains in Beem pSN2-ÏfD

APPL I TD

STAIION SHEAR(KX)

11
e1
e2
e'

30.0 s0.0 75.0

53

-it)
36. ó

SIDE A
e0.0 97.5 t05,0 il2.5 t20.0 t35.0

Principal Strains (x106)
73 î? 97 r9t {99 r ?ó3

-25 -J{ -8t -t5t -3?t -67?

t9.7 38.0 t?.{ 4{.3 50.t 57.9

r50.0 t65.0 t80.0 t95.0 ?02.3

L2

13

14

le¡-,

16

l7

IB

e1
e2
ø'

r3l
-¡0

r5.5

?09

-3t

2t.t

353

-7t
29. s

758

90

30.9

t0{
-t0

3t.7

8ô

-11LL

3r.7

9?

-36

21.7

3r1
-r75

39, ?

J5r

ô9

5r. ó

I 80ô

-19?

19.9

?167

-70

5{. 6

9tó
32e

J5. I

73

-?7

{ó. I

885

-r3r
i{.0

I 838

55t
53.8

809

450

18.9

l4 50

?0

54. 0

4553

-71
Êr t

73

tó
r.l

8l
l6

0.0

r?l
-tó

20. I

l t56
-300

{ó.9

57
C'

t9.l

OJ

-73

41.3

l8t
-ó0

19.8

?7ó5

-ót0

58.7

105{
-68

ôó.6

582ó

-9ó

5ô.0

?ô00

l0r
3?. I

, ?ó0

l]5
?i,7

r 832

-t62
89. r

I óô6

-551

5?.6

7ltó
-r33
57.0

?69.j

78

50.9

5S?8

- 50?

ó0.7

88t5
-t40

58.0

281 3

t00

50. l

I 5?3

50?

3r.6

J27ó
-266

89.8

7J27

¡ 633

ó2,3

7779

-l?t8
ó0.8

r 0Il
7?6

{ó.5

ó748

-7?0

ó0.3

?895

-óó

58.5

e1
e2
ø'

e1
e2
øt

e1
e2
øt

lll
-73

il.3

l7l
-t00
7'l.t

ut5
-r 39

85.0

3680

-3r 5

89.8

ó0

-t1
'L

3r.7

l?r
-?5

.l¡1.

8¡
-¿{

r6.2

r2r
-{9

t?,7

J¿

0

0.0

t 57

-?7

r8.9

23t
-13

t8. 9

68

-36

23t
-78

20. r

32?

-5ô

24.?

90

-2b

28.2

ilt
-39

2ô. ?

il8
-2t

r7.I

2t?
-59

r5.2

r8{{
sl

JI. L

898

?ól
t7.6

?80t

t77

58. ô

2óô9

n2
5ó.2

289ó

68

{9.9

I ó02

56t

30. I

757

t2
36.8

85?

251

ló.8

r37

-t8
33. {

59

-l
35

I 08ô

33r

33. ô

I t.\8

J93

3r. {

Iil3
tJi

Jr.0

2{8ó
-202

89.9

995 I

r 239

62.3

Á170

-7ts
60. 0

978

óô8

19.5

N)Þ
ct
tJJ

-3

ró.8

e1
e2
et

.t (l

-t8
tt,,)

2r23
-r23

ó7.8

3000

ó{0

55. J

Jr89

293

ó5. ?

t05{
167

38. 0

47 4j
8ó8

ó3. I

8538

I 920

ó?.5

872:
-r46?

ôt. ?

34

-7

3r.7

:,{
-t7

JJ. tl

1l
-10

28.3

ilt
-10

2ó. I

90

-?ô

28,2
3

I

509

-{(t
89.2

I3t6
397

53. ?

e1
o2

ø'

el
e2
e'

5?30

-{01

59. {

{9
-8

j7
-8

aa

48¡

118

il.r

88{

520

5r. r

?23

ót0

50.9

I 07t

712

17,t

ó9ó

2ró
'}?,'

8t0

{0t
10.5

897
caa

5r. ô



Tab1e 5.2-PSN2 PrincipaJ- Strains in Beam PSN2-WD

APPL ¡ TD

STATIOH SHTAR(Xll) 3O.O

e1
e2
ø'

SIDE B
90.0 97.5 t05.0 il2.5 t20.0 t35.0

Principaf Strains (xlO6)
80 rot t08 {t5 7å0 2088

-39 -50 -t7 -323 -505 -t97
29.5 30.8 33.t 50.1 53,2 Só.9

¡50.0 I 65.0 I 80.0 I 95.0 202.560.0 75.0

11

t2

13

14

el
eZ
e'

el
e2
ø'

108

-37

t9.ó

t29
-17

17.8

112

-10

r3.3

36r
-99

20.7

5l
-24

33. {

I t9
-88

14. ?

r25

-85

30.5

t88
-lló
23.2

t17

-45

I å.0

?87

-l
22,3

82

-¡0
r8.2

520

-132

34.9

I 583

r82

ró.9

22tB
-t 2ó

59. r

I 988

J38

19.3

2ó39

-r?0

6t, J

3601

33{

55.8

2ô07

-il?B
{7.3

15?ô

2?9

'r7.7

30?0

-52

ó0.7

I r t7

t27

?8.8

ró52

-¡93
8r. I

4ó?3

-33

ó3.8

5J89

801

ô5.3

J083

-8{
59,0

r 258

t80

28,7

2753

-tô8
76,?

59tr
r30

63.3

590?

-153

60. 3

999

l9:
J8.8

ô59 I

I 539

8r. I

3 t88

-88

37.7

l{il
t?0

2i,7

1789

-99{

70.9

7885

979

6{. t

86?8

, ô23

87. 0

8785

781

ó3.8

¡0r6t
r ó07

83. ô

JI
-¡

33.8

{3

n.3

15

-t{
29. 5

381 3

3

59.5

54 86

307

ól.t

7 47i

599

ó3.0

ô5

-t5
3{. t

8?

-20

26. ö

63

-2

9.2

t12
- 1(l

rt t
¡J.J

105

-2t
9.?

2 93r

-7

62.7

3{35
-8t

57. l

1569

t9ó

lt. r

7Jt I
-t538

ó?.5

l0lól
t 3l1
ó5. ó

t593
-r05

57,2

t677

?30

30.9

8800

-t821

ó9.3

r 3J3

?07

10. ó

n77
-9

J0.0

e1
e2
ø'

e1
e2
ø'

JI
-t

3s.8

2ó8

-{t
Ét

53

I
r3.3

9l
-ó0

30. q

105

-7a

29. 5

¡25
-63

24,7

ô8ó

å9

27.?

87

-3ô

57.?

4?5

-68

70..0

97t
?il

52.9

ô3r

62

37.7

7Ii
78

26,8

37

-78

ó7.5

I ó41

-{ó0

ô1. 5

I 958

129

5r.l

8t0
98

2ô.0

33

-ll{
ôt.8

22n
-{ô?

67.3

227i
ó99

5ó.8

973

t21

26,t

870

-r35
87. I

3692

-1?8

6{.5

34

11

.7

20

0

,()

?0ó

-4?

4,7

ô18

{
27.?5

5

l\)(tr

IJ

16
e1
e2
ê'

L7
el
e?
e'

e1
18 e2

êl

tJ

-l{
29. I

68

-17

30.9

J'

-41

4t.8

90

-?e

29.3

t05
-ô{

38.0

t5l
J¿2

12.1

il7r5
r 535

66,2

1599

l.tJ

59. ô

67 b7

26

ó6. 5

4?

-,,.,

15. 8

8ó

-t5
2?.5

4t0
-!?

26. I

åól

t0l
38. r

ó98

98

{0. I

3ó0ó

545

58. ó

802

l?b

39. J

907

¡5r
38.7

ó3r I
-208

ó3. 3

u20
l9ó

39.6

ó39ó

-t0
65.5

r 250

t88

r0.9



APPL I TD
STATI(]H SHIAR(Kll) 30.0 Áû.0 75.0

TabLe 5.2-PSN3 Principal Strains in Bea¡r PSN3-D2

SIDE A
90.0 97.5 i05.0 tlz.s 120.0 t35.0

Pri nci paL strai ns (x lOd )
ln t62 t78 r88 96ô l7l8-ô5 -{9 -t0 -83 -3t5 -{t3

21,2 tå.2 19.5 ?9.8 Í0.9 Í5.t

150.0 163.0 t80.0 195.0 2t0.0

7å

-3å

t0.5

r02

-37

t7.I

t?t5
-t8t

3t07
-t8ó

5ô.3

{7 {?
-35

57. å

9029

80

39. I
11

L2

e1
e2
ø'

e1
e2
et

e1
e2
ø/

e1
e2
ø'

e1
e2
ø/

50

-t
9.2

2r69
-il63
35.8

6602

20t

58. 9

2't76
-t327

35.9

tt5
I

t0.7

t07l
-t ó3

75.8

2r8ó

ló5
ôt.0

ô0 5

57

tå
q?

105

-0

2,2

t1ó
1

5.0

r80

-t I
r3.8

2?3

-62

21. ó

9J8
-122

t7. r

?5t5
-r3{
3{.9

{99t
-373

62.3

6957 9352

-755 -t t30
t3.7 65. I

r 2302

-r520

å6. I

5rJ
-30r

il.?

152ó

-5¡
Jó. ]

355r
-53

ô0.8

13

l4

.E
IJ

1å

t7

1A

1?

-ll
35. I

r26

-t5
?0.6

2ó6

-56

tg.{

398

-51

2t. r

r2r3
t27

19. r

tó9ó

2t7
{3. ô

t65
-92

?00

t88t
338

rô.0

20J0 1827

sil 5ó0

t3.0 rJ.2

236t

7t9
{l.s

26r3
'¡t2

{3.2

?9 t0

85{

{2.9

2093

5r9
{t. I

å8

-36
tst

il5
-{0

il.Á

226

-{8
0.0

..1

-il
33. {

Iôa

-{{
35. I

r20

-19

31. 0

25s
-5

I, l

108

-17

r3.3

379

I
8.t

103

0

8. t

ilt
-r3
9.9

t869
-iló
3{.0

zil¡
-9t7
35. r

J095
-il53

35. I u
f\)
Oì

?6

-10

3t.7

9?

-59

37.ô

il2
-1''

33. {

l3r
-51

??. 5

t3ô
-61

11.3

l{l
-ó8

37. 2

t17
-90

{0. I

6t{
-8t

i{. å

962

-t56
87. t

205{
-112

7t.9

lê92
-826

68. å

55?9
.IJå7

ó7. I

7552

-t 8å0

6ó. {

el
e2
e'

r39

-8ó

36. {

163

-58

Jl. r

r52

-ló0
16. 7

t{7
-l{7
10. l

I ó0{

276

ó0.5

3? I I

8t8

63.9

5117

?5{

61.1

?{8å

r 3?7

ó7. 3

995 I

I å2ó

ó8. r

212 {
2t8

5t.3

e1
e2
gt

67

-51

17. 0

t?ó

-78

35.8

r57
-5?

27.2

282
-65

3å.2

I tJ?

2s7

{7. {

{7 t5
-17 67

{?. ó

6068

-2711

17 ,7

7852

-{ló9
17.2

99t3
-5823

{7.0

228
-71

27.1

'317
-107

?0.2

t5{3
{2ô

t0. I

ni7
57

5ó.9

I82? 3S?e

-20ô -989

38. I lt.l

ts
-¡ tô
n,,

e1
e2
e'

ôt

l
tó.8

r28

-3t
r2.0

t85
-39

15. I

t03
-ll5
23,7

38r
-123

25. I

389

-lr5
25. r

160

-t
2t.ô

526

t5
2t.7

5r0
ól

?J.3

ór0

l{5
18.9

397

-82

2l.l

5t7
86

2b,2



Table 5.2-PSN3 h^incipal Strains in Bea¡r PSN3-D2
SIDE BAPPL I EI)

STAIIf]I{ SHEAR(KT) 30.0 å0.0 75.0 180.0 t95.0 2t0.0

11

L2

13

14

15

16

L7

1B

e1
e2
øt

e1
e2
ø'

2l
-17

22.5

52

-t
81. 3

il5
-2

tå.8

218

-63

22.3

36ô

-9

23. ó

ô0¡
-125

r8. ô

il35
330

r0.5

TÃÉ
3ô

Jg.2

l9r
-tn
79.t

lô58

3il
59. t

t2t
tt

20.2

1J0.0

2383

-527

t7.3

lsr0
t?

51.3

{808
-305

59. I

tô5.0

3{?t
-903

58. {

60?7

-553

60.0

l 2?17

-t28?

62.5

å{7
-tr7
)1 7

5ó

-8å

3{.5

72

-ôt
28. B

{å0J
-33{

37.2

6lôl
-7t

37. r

586t
-21'r

5?. r

?ô80

-{25

60.5

9863

-86t

ó1.?

90.0 97.5 t05.0 [2.5 t?0.0 tJl.o
Principal Strains (xlOó)

ts 93 82 t25 215 tJtt
-5ô -t55 -t{5 -lts -235 -5t7
31.7 t0.3 {5.0 59.3 {ô.2 5J.t

8022

20t
3.4 1

55

?6

22,5

1622

t89
t3.,

2r8
-8t

Jt.7

9t
-t3

38.5

8?

-20

26.6

78

-27

30.5

t5{
-93

32.8

e1
e2
gt

il5
-t05

3S. 3

2t3
-20

lt.t

221

-63

25. {

85ô

l{l
Jr.t

?3t I

387

rô. 2

?ô86

tåt
t8. I

30?8

523

19.8

l31t
ór I

3r. t

3758

??t

92.6

100

-69

32. 5

e1
e2
et

el
e2
e'

L2

.??

52. 0

il0
-1?

25. r

t9t
l0

3.2

230

I
9.2

r5t
26

6.2

683

8?

0.5

t2r I
-1 {5

3t. I

I{r6
-599

35.2

tazt
-t0J
tJ.5

5i8
il

r3.I

{5
-11

71.5

62

-{2
50.7

90

-t r I

57. ù

83

-t
52. 0

109

-78

5å. 2

H6?
-208

16.?

)177

-t2t
89. I

l-1ó6

-397

77 ,7

70t?
-t2{l

?0. ô

6il
12

t3. r

705

t{
t5.0

8r0

69

17. 6

933

r08

tó.9
N)
!

el
e2
ø' 5{.?

3 8ó

-5

7 6.7

89

-{8
58. 3

5t9
-t5ó

21.1

559

-t63
25.2

52 t8
-oôq

7r.7

605

-t53
2ó.0

l{
-{1

5å. ó

Ê^
JL

-12

19.7

ó5

-{5

31. I

82

-20

26. å

96

-ll
11. I

93 1?

-3t -82

t0.3 1ô.7

12

-92

{1.{

336 I

?ó3

ô1.7

r5t6
I 052

ô3. r

6000

I 320

ó1. 0

7837

I 73r

6s. 2

987 I
?t ?0

65. 7

e1
e2
e/

?7

-17

67. 5

5J

-83

t8. 5

82

-7?

{3. I

lt3
-52

t{.9

il5
-?3

7.0

l5l
-3r

t8.I

t307

t57

{7.t

5t
-Jr
0.0

68

-37

11.5

83

-?t
39. 3

335

12

9,2

il8
il

t9.2

t80
-l r9
2r. ó

75ô

21t
12.0

2ô3r
-t3{
t?.5

7ô55 95t2
-7?5 -t t27
ôl.t 6t.7

rr53t
-r395

ô2. r

e1
e2
e'

t23
-5t

t0?
52

2l.l20



APPL I ED

STAI¡oil SHEAR(Xlll 30.0 å0.0 75.0

Table 5.2-PSNI+ PriuC-1päI 'Strains in, Bee¡r PSN\-IIDH

SIDE A
90.0 97.5 105.0 ll?.5 t20.0 115.0

Principal Strains (x106)
l3t l5l 157 20ô l3ôl 2Í17

-37 -lt -27 -3ô i7 108

?0. ô 21.7 ?6. I J2. I 51. I 57.0

150.0 ró5.0 t80.0 195.0 202,3

11

t2

13

e1
e2
o'

17

- ?1

30.1

l4l
-ll

16.8

t20
-t0

22.5

I 11

-Jl
16.8

r ö7

-38

9,2

Iil
-fl

3¡. I

tôt
-8

t2,7

3355

ô88

58. r

r52ô

15J

59.5

ô83r

-bi7

ô3.8

3782

-2t
60.7

I 037

-35

î0. ?

558 {
-t395

å5. 5

5703

l?b2

5t.7

8r55
-950

6{.3

7638

r739

60.8

ll0t0
-H52
ót. I

89tt
2037

ôl.l

t2120
-r?69

65. I

il39
??s

62.7

I 0?81

-27t I
ô5. 5

r r55B

-r567

ê2,9

e1
e2
e'

l7l
-?8

r 1.3

215

-75

IJ. J

42?

-8J

19.9

t?2
-33

3r. t

l5ô
-?1

22,5

2r3
-t3

t2.l

2t7
-23

9.8

315

-rå8

30.9

l3l
-20

29. 0

r 17

-36

9.2

20ô

-t0t
30.0

t83
-tö

23.9

883

r50

{8.8

20t5
-t7t
5t,2

772

-78

r9. I

88S

-83?

15.3

ô8t
-3

g0,i

t73r
172

50.7

3t8
2t

r0.3

2r75
.2

å0. ô

I 190

-27 |

ô9. 2

226t
-35r

68.5

28ôô

t98
53.9

300

t7

2b.1

3878

-21 I
ó2. r

3åt3
-?lJ
ô0.7

?8el
-73ó

6J.5

tô22
-168

ô7.0

r0ót
563

5r.5

5250

-392

ó3.3

3650

-t07

60.7

938

t5.9

ll24
-r009

ô5.8

3338

l0l
59.5

CA

-lJ

27,?

{i
-?

9?

9{
-?t

r9.å

l1
-11

li.J

3{? r
-489

57.3

{308

ßt
ôr.9

{03ô

-LJ

60.8

el
e2
e'

el
e2
ê'

I ()7

-l{r

8.0

1,9

-31

r7.8

14

aÉ
IJ

1ó

L7

t8

I IJ
-?î

l('.5

3il
-12

C). J

574

t6.7

789

-7i
r7.ô

o11

-65

16. ô

ó51

-1r(
37. r

801

-68

t9.1

r {l
-6

13.8

óó6

-21

3i.3

r r53

-80
11 0

ß17
-81

t4t8
-r?7

?7.8 f\)

el
e2
e'

lf

?2.5

ó6
IC¡J

33.8

9r

l{
i,2

b7

-10

9.2

il5
-t8
7.0

187 I

30?

ôó.3

r l3{{
ti?2
6ó.8

7lt2
- t818

ô3. ?

91 ?8

-2383

ô3. r

97 t7
2J8t

ó6. ó

t0t93
-l2ll

ò2. r

el
e2
o'

e1
e?
gt

e1
e2
d

t1
-l

r5.5

ll6
-3ö

?1. 0

t7
-,1?

r7.8

il6
-t I
O't

1039 t29b
-?r5 -39?

21.1 29. t

9{
-21

33. r

9ó

-23

t{.2

s22
-62

28,7

387

-?t
33.7

?81

-20

r5.0

32t
7t

t8.ô

t12l
-r53
n,7

ó0ô I
I 695

ô5.9

ôô90

-310

ó0.7

8t7
-rô9

?8.7

7505

20ô6

6ô. I

8077

-ó8r

ôr .5



APPL I TD
sïAt t0r{ sHtAR(Kll)

Table 5.2-PSN\ Principal Strains in Beam PSNI+-IIDH

10.0 å0.0 75.0

SIDE B
90.0 97.5 t0J.0 il2.5 t20.0 t35.0

Principal Strains (xl06)
153 t2l t6{ 208 2tó 2120

t0 -35 -t -21 -12 -355

0.0 9.? 3.6 7.å r3.3 61.6

t50.0 ró5.0 t80.0 t95.0 202.5

11

t?

IJ

14

15

1ó

t7

18

e1
e2
e'

e1
e2
gr

e1
e2
a/

el
e2
o'

el
e2
e'

e1
e2
gt

e1
e2
6/

el
e2
Øt

lr 50

-i80
6?,7

ß27
-798

63. ó

5992

679

63. I

óót5
-3ó37

{ó.3

5365

-735

63. {

765r

5ró

6{. {

805r
-5022

15. ?

7t3ô
-931

ô3.5

995 I

8{r
65.5

I 0069

-68?6

{5.5

7895

-18¡ó

59. ?

il184
-808 î
{5.3

l0
-t0

t5.0

CTJI
-6t

t7. q

t7ó

I
7.0

{t
-5t

I t.8

JJ

-63

7t,t

at
JJ

-1

t5.5

92

-?r
7.6

r5?
-17

r6.5

93
10

?,2

l?t
-11

5.7

20r
-ôt
ll.3

JOt

-2i
t9.1

il3
-52

59.9

r25

-85

30.5

258

3B

6.7

ló5
-ô3

r3.3

2t8
-8ó

23,7

500

-97
ìJ. I

ll9
-77

35.8

213

-20

il.ô

r32

-t0r
13. I

tJI

-t55

3t. I

776

-236

?{. 5

tö1

-t3J
12.0

t7ó
-7t

TI.J

745

428

55. r

r{55
68ó

ô2.3

JILJ
-?ô?ó

{ó.1

ó68

- t18

49,7

3?27

t5ó

60.9

r 1169,

i21
ôó.0

19

-70
,)o E

i?
-11

30. ¡

I ó08

38t

{9. t

3î07
-l7l{

r5.3

1a

-0

49.1

?î7
.?

t7.5

I 510

-929

35. ?

I 788

-r t05

l7. r

I 86ó

-il?t
1r ?

?00J
-1095

34. ?

u0
-59

Ji,J

I 33ó

-80å
tÉ t
.ìJ. J

?(r8l
-107{

t1.5

r 20?

-3s5

77.8

ó40ó

I 38å

ó7.5

7775
-758

59.8

?2?8

-l ló7

3{.8

t9t0
-t3 I

77,2

8519

I 783

ó8.0

??e8
-l?0ó

H
f\\o

6l
-84

ór.8

76

tô
å0.5

il3
-31

19. I

il3
'Jt

18. ó

100

-r3t
å9.3

t?1
-73

19.3

?8

-t60
J5. I

?8t

26

37.9

ô70

-ór9
t0.7

t03
-95

5?. {

t7il
32å

13.0

ll7
-r78

73.2

3J95

ó23

ô8. 7

?032

-2001

13. ?

598

-2t I

8t.9

18{1

11?

67.7

6?7?

-1t7
58.9

234 {
- t7l
78. ó

5l
-s7

17.?

74

-lóå
5t. I

?7

-77

31. I

137

-259

39. r

3iló
-?ór

66.3

998 I

20{5

ô8. I

3l
ro¡u

??.|)

80

-8

li.8

il9
l{

H.5

lô?

l1
ll.6

il0
-2t7

3t.0

371 5

56. 0

{983

-118
Rt,)

1093r

-l 50ô

6t.ó

9ót9
-l l7{
ó1.2

83

t9
o1

¡ l.r

-?t
4, t

151

I
1. t

2bt
-88

37.1

I l5{
-l I t3

{3.5

r 950

-r838

13.8

t9ó r

-19{0

{3.7

?0t0
-2030

{t.{

l9r0
-t727

13.1

I 898

-178Á

{t.0



Table 5.2-PSN5 hlncipal Strains in Bean PSNS-S6M

APPL I ED

STATIotl SHEAR(XX) t0.0 å0.0 75.0
SIDE A

90.0 97.5 t05.0 t20.0 t35.0
Principal Str¡lns (

88 8r7 96 250 t{Jt
-r5 -728 -3t -2t0 -t90

22.5 -{3. I 25. I {{.5 55.3

2t88

28r

52. å

t32
-81

38.5

t08
-52

.tr.5

t?å
-b2

n.5

u5
-ô5

33. t

33??

-nts
51.5

150.0 165.0 180.0 t95.0 2t0.0
x t06 )

lt,

L2

l3

14.

ae
ÁJ

16

L7

18

e1
e2
øt

e1
e2
øt

2$t
-799

58. I

3999

-158ô

59.9

5t73
-2r95

ó0. I

?s

-l
35.8

il
-{9

12. I

ô955

-3tt{
59.8

8698

-ilt6
:9. I

7J

-1t
?2.5

3

50

-sq

8.5

ó0

-20

2.5

r02
-70

2{. I

ltt
-36

rq ô

163

-ó6

2?,5

t86
-89

2{. 9

r58ô

-ó58

5ô. I

332?

-t22t
5r.5

6295

t20

63. ?

9078

-t?t
60. I

il5ó9
$t

ó0. l

il7
-?0

?2.3

l9t
-16

rå.2

212
-2t

t7.å

{t72
-72

58.3

7775

-{07

60.7

t 5?63

-2172

6r.t

226
-ó5

r 6.8

370

-96

25,2

{709

lt2
5å.7

5595

-2t2
51.7

I r72

37t

29,7

9{3
-r68
77. I

t658
-29t5
52.8

r J93ô

r 502

60.5

e1
e2
et

el
e2
ø,

e1
e2
gr

7

282
-{0

t8.{

I8t9
-595

ót.t

r ?253

-t05?

6¡.ó

68

-rq
t¿r 0

t6t
-32

0.0

2t9
-il
t.ó

2?3

-3{
t0. I

ô90

{
23. s

1072

28{

27. s

t282
3r0

28. r

I 88{
-17I

2ó. 8

t92t
5{9

32.5

2132

668

J3. s

2359

?{8

3{. 0

3{
-17

51. ?

t7
-?r

l?. I

1t
-t?

t8.0

I tå
-68

37. {

t27
-62

J5.0

97

-8t
{5.0

53r

-8t
17.2

908

-206

79. ô

892

-303

8t.t

469

-J3ó

8r.0

8{l
-121

82. Á

2r5
-{l
5.7

(¡.)o

el
e2
et

el
e2
gl

t256

7il
57.2

90

-38

18.5

57

-32

{2. 1

7t
-t2

?s.2

t0?
-37

27,2

t590
-n2l
{1.9

85 r3
-r8Á5

53.9

óó{9
-3871

53. ô

IOTJó

''r8?2

5{.5

19t9
-t?91

il.t

95

-It
25. r

138

-33

22.5

il9
-{

ró.0

t89
-28

r3.3

170

-{8
26.5

tô85

98

5t. r

3r88

r7ó

55.5

t033

J55

3ó.0

38å5

I l2l
58.3

7362

t580

59.7

9r tl
203t

39.9

It0l5
?581

ô0.2

1

2
e
e
e

45

-rl
r6.8

99

-t2
r5.5

ll0
-68

ri.8

t92
-71

t3. 7

t1ó
-91

t 0.8

r89

t1

t9. t

8{8

2lt
33.0

il29
3å5

39. 3

tô t0

6r2

{t.l

t8tó
i09

13.5

?009

775

r5.2

t2t I
{60

5¿.6



Table 5.2-PSN5 Prlncipal Strains in Beam PSNS-S6M

APPL I El)

SIAï¡0ll SHEAR(Ktil 30.0

1t
e1
e2
o'

t2
el
e2
ø'

13
e1
e2
e'

14
e1
e2
øt

15
e1
e2
e'

16
e1
e2
ø'

l7
e1
e2
ø'

SIDE B
90.0 97.5 ¡05.0 t20.0 t35.0 t50.0
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Table 5 .I+-PSNI S1id.es in Beam PSNI-O
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Table 5.1+-PSN2 Slides in Beam PSN2-WD

APPL I TD

SIATI0N sHEARil(li) 73.Ct 9(j. C) 97.3 1C)5. C,

SIDE A
1 12, 5 1?Cr. Cr 1 35. O

Sl i des (mn)
(). o() 0. crs (1. 12
c). (,cr (,. c) 1 O. r I
c¡. (l(J -(1. 04 -(). og
(_r. C)O (1 . (:)4 C,.3?

-(j. cr2 -Ö. (13 -(). c)5
C). C,l C). C,? ö. C,4

--cr.14 -t-t.14 -C), 19
O.05 (l.C)9 C). 14
(1. 15 C). 1 9 r). 25
o.13 ö.20 0.27
cr,oó (). lc) (1. 1g(i.22 Cr.34 C).37

-.C). O(:) --(j, (j2 .-(:1 . (:13

('. (12 rj . t-r? (j. C) 1

(j. (:) I (.r . (j 1 C,. ()(j
(:) . (:,.1 -(i . (:r 1 -Cr. (:l 1

(1. O(l (J. ()() (j. CrO
(:,. C)C, (:). (jO C¡. C)()
(). (lQ (J. (J() C,. c)c)
{:r. crc, c)" c)(j c). c)(j
C). ()(J C). Cr() f.). C)9
ö. C)C) C). (:lö Cl. I I
O - C'() C). OCr ö. Cr9
C). C,C) C). (,(:t ,J.74

--O. 02 -(j. 05 -C). C)3
Cr. C)4 ö. C)5 O. 1(j
(:). C,2 C,. C)? (). (:)2

r:). Cl4 (:,. ClS (i. 1 4
--(:r. ()4 -(). 03 -(). C)4

Ct. C)2 Cl. (-r4 (:r-Cr4

c). 03 0, ()5 cr. ()ó

-(j.C, 1 -C).(J(J -().C)(-)

1 5C). () I 65. Cr I 8(l , C) I 93. Cr Z1:r?. j

1l

L2

IJ

L4

IJ

16

t7

18

. (:) (:)

. ()(.)

. (:)(j

. t)(j

. (.1(j

. (-)i )

(:). (:)()
ii " (:r(j
r_r. tjr)

. ()0

. r_rr)

. tjr_r

. (iö
(). t)()
(). ()(:l

i:) . (:) (-)

4:) - r'r(j
(j . ()(.J

(j. (:)()

(j. ()(j
(). (j(J
O. (l()
t.r. r)r)
ri. (rt)
(:) 

" i) (j
{-). i:)()
i'). (j(-)

{_) ^ (:ì (:}

(j . r)C)

t_) . i) (j
(:,, (:l()

(_). (:)C)

{j. (_}(j

r_r. r_lrj

r:) . ()(:)
(:1 . (j(:)
(). 0(j
tj. (rr_r

(j. (){j
l). (i(J
{). (:)(:)

i). i)()
(i. (:l(j
(:l . (:) (:)

(i. 0C)
(1. (:)4
(:r. 0 1

-(:). ()2
(i. C)2

--(:). (l 1

l't f-t?

(1,(Jl
t.). i)C)
(i. (:)Ö

(). (j(:,
(1 . (j(J
0. c)(')
(j. C)(j
(-). ()Ll
(i. (:,c,

{1. cro
(i, ()s
C). ()1
(i. (l 1

(j. (_-) 1

-(j. (.)4

-í-r. (:,?
--(). ()2
-(:). (j4

s
s1
s2
s3
5
sl
s2
s3
5
s1
s2
s3
5
s1
5Z-
s3
S
sl
s2
s3
S
s1
sZ
5-l

5
s1
s2
s3
5
s1
s2
s3

(j. (:)(:l

(l . (j(:l
(j - (J(j
(:). (j()
(). (:,(.)

(:) 
" 

(-r(j

{j. ()1j
(:). (:)0
(j. ()()
(). {'i}

C, . (J (:)

(j. ()(:)

() , (-i()
(-). ()(:)
(j. ()rj

(). (j()
(,. (:)(:,

(:). (j()
(¡. Õ(l
(:) . {J()
(-). (j()
(). ()0
{j. C}(j
(1. (:)(j
(:1, (:)(J

(). o()
Cr. C)(:)

(:r . (-) I
-(i. () I
-{:}. ()f,
--(:) . () 1

(:i, ()(:)
(:) . (j C)

(). (J(j

{). öc)
Ö. (i()
(j. (:)0
(), (:u:)

(i. ()(:)

(J. (:)(j
(-). (_l(:)

(:). ()()
(). ()(j

--(J, {:}f,

-r-r, t)!1
--(J. (:) 1

--(:1. C)f,

. Cr(j

. 0()

. {)()
, Cr(:l

. ()(j

(:l(:)

c,. 11
(r.17

-(i. ()9
O. J.O

-rl. (i9
ct. o7

-(,. 24
l'r 1',

.'ì n-
c}.23
(i.15
C). f,4

--(J. (:)5
(). ()1
(j. (:r(:,

-Cl. C'?
(j. (j()
C). Cr(r
(). (:,C)

c). (l(J
(). ()4
(t. L7

. C). (.-)7
(t 1?
(1. l1
C)" "l{j. (:r2

-(l " 
()3

(i. C)5
r-t. (t7

-Cr. Cr(:,

0. 1(r
C,. 2Él
Cr. 11
0. só

-(i. 1 (j
(i. I (l

-(:', î8
1.r.29
(i. 19
(). 19
rl. Cr9

C). :r. 1

-.(:). (:)'Z

-(r. (rr_l

.-.(:). (J(:)

-rj. (:)j
() . (J()

i). C,(:)

(j. (Jr)

{). (:,i:}

-Cr. r)B
(). 14
C,. ()4
C). 18

Cr.34
(i. (:)?

O. 6(j
-Cr, (i5
(i. (14

t-, . t:t7

-O. C) 1

ç-). I (l
().24

-(:). 1 1

cr. 4?
-(). (")9

(1 . 15
-(i. f,?
(i.38
c,. 19
ct. 17
Ct. C,7

c,, 31
-C). (:ló

-(j. C)C)

-.(:,. (:) 1

-C). (:lî
(j. (j(l
O. ()c,

C) . {)(j'
(j. (:)()

-c), 1 6
(1 . I-T.
('). (12

o.18
(1. 37
C,. 46
(). (14

Cr.79
-C). C)7

c). cr4
t.t. t:r7

-C). (l?

(i. 11
o. 29

-1.). 1 Cl

o. 50
-(r. (19

c). î1
-C). 34
().49
c). 19
ct. 77
C). (:)ó
(:,. f,2

-.(1. c)8
(J. C)C)

-(). ()()

-(j. (:)2

rJ. t)(r
C,. Cr(:,

Cr. r-r0

O. (-)()
-- a'r ') -l

o. 15
O. (:r2
C,.21

Cr. óC'
t:, . Lr7
1.()4

-C). (,t7
C). (:r4

{). C)g

-O. C)3

(i. 1ó
C}.34

-(i. 1 f,
r:). ó()

-(). 1 1

c'. ?4
-(,, 36

EÊ

(1. 2(j

. (,6

.1C)

. (rri

. (:) ()

. ('f,

0(-)

C,(j

C)

t)
(J

(j
{)
()
(j

r_). öC)

(:)

()
t_)

(j
()

(.1

(._)

{)
C) (.r

Ct

rJ

(r
--()

-(l

-rj
- (:)

(j
(l

è
cc

t-¡ (.1

(.) (:)

, (j(j
. (j(:)

(j. (j(:)

tr. ri(r
-c-t. ?7
(l- 16
o. c)3

c). 62
C,. 7C)

ö. c)9
1.19

-Cl . (i?
Cr. Cl4

O. C)B

-(). (')3

(_)

(:)

r'.',

()

(J
:

(-)



Table 5.\-PSN2 Sl,id.es j.n Bea.m PSN2-I{D

APPL I ED

SIATlOli SHEAR(Kl0 25. CÌ ?(). U 97 .3 1 (r5. ()
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() . (j(:)
rj. t_rrj

(1 . ()C,

(j. (:)(J

(). (j(_)

(j . (j(J
(j. C.)(_t

r). r)r)
(j. C)(J

(:). (j(j
-'i). (,C)

(). (JC)

-C). (j()
(_). (:)rJ

0. (if,
-(j. (:)2

-(). ()4
--ri ,-r'f

t-r. irtJ
(i. o()
rj. i_¡r)

(j. ()()

0, (:!(-)

(). lgì()
(). (:)C)

(1. (:)(J

(j. (:)0
r.r. tjtJ
0. C)ö
(). (:)(j
(). () 1

-(J - (:r 1

--(:). ():
-(i. (l I

i). (io
(:r. (J(r

i'. O()
(j. ()(:)

(i. C)0
(:).0(:)
(:). i_l()
(:). (:)()
(:'. (j 1

(i. {15

-(i. (i3
(:). (-r?

c). 01
-() . () 1

-(i. (lJ
-(i. ()2

C). (JC)

(:r. OC,

ö. Cl(l
(J, C,C)

(). ()(--)

Cr. ()C)

(). (:)(:)

(j. Cr(j
(:). (J2
(1. (14

{:). o?
(l, ()5
cr. cl5
(). (l?
r_r. (l 1

(r. t)3

L L¿...J

s
C). Cr(:)

Cr. ()Cr

C). C)()
(). (J(l

-Cr. C)5
.-(). (l I
-(i. I c)

(). Cr2
(). I C)

t:) - L7
rl. (r4
Cr.2ó
Q, Cr1

-(). ()2
-C,. C,4

-.o. ()f,
Cr. CtC,

(J. (JC)

C). (l(l
t). tjtj
(j. (JCl

rJ. rJtj
O. C)0
(:l, (:r()

-C). C)"
(r. tJó
a). Cr 1

(i. ()9
(:). (-)4
(J. (:)J
(j. (:) 1

(t. tlf,

-c!. cr2

-(). C)?

-0.45
(J. (:,?

-c). 11
(1 . (i6

-Cr, 2(r
(). 1ó
C'. l3
(i. 23
c). cr8
(i. 34

-c). cr I
-(). ()I
-r.l . r_15

.--(:). ()?
(J. Cr()
(,. oc)
Cl . r-)(,
(:r. C)O

-(:,. (:r9
(). li

-Cl .12
{). 31
C.r. C)9
,'r 'rF)

-(-). o 1

(). 36
(). (i5
(J. (:r4
Ct. t-t2
(). (ló

-(1. t.5
(1, () I

-(:r. ?4
(). (16

-(). 1 4
(i. 11

-(i. () 1

(). 15
(i. l2
C,. 21
Cr. Cr4
(i. f,4

-(i, C,î
-C). (1f,

-ö. {:)ér

-ö. (:r2

cr. 13
(:r. t7
t-r. 17
0. 19

-{:r. 18
Ct.1.r7

-ct. L7
(i.15
(). 18
{:r. 34

-(1. c)3
(i. 5i:l
(1. (15
(). (15

fl . (i3
(i, ()ó

-tr.27
-C). Ll'l
-(1 . -?.c)

(:). Cl4
(-r. C)B

\.t. i-J

C). 5()
(). l3
(). t 1

(i - 2(l
c]. Cr2
(i. 33

-C). ()2
-.(i. ()3
-O. ('6
-o. c¡2

.-r t)')

Cr. 28
c'. I 3'
(i. 37

-Cr. f, 1

(:). C)6

-cr. 1 7
c). 14
(). 23
rl. 4f,
o. 11
(). ó4
c). oó
t-,. ()3
(:). Cr4
(:). (:rB

-(:r. 38
-(). r:,3

-C). 3'4
(1. 05
c). 34
(.).4î
(1. 68
(). 1 --,

o. 11
(:). 2 I
C). C) 1

(i. f,S
-(r. (r?
-(-'). (:)J

-(r. (r7
-(). (lc)

(1. 3c,
Cr. 43
(). c)9
Cr. 59

-o.38
o. 1c)

-c). 16
Cr. 18
C,. ?3
Ct. 46
ct. ?c-t
(:,.63
O. ()7
r), (:,ó

o. c)4
(). 1 C)

-().44
-(i. (:) j.
-t't = 

L

tJ. t-'5
(i. f,î

4t.79
(i.1,-'
Cr. l. ?
(:r. 2 t
C). (l 1

t)..37
-c). c)3

-(), (ll.
-(:,. Ö7

-(J. () 1

(:,. 5 I
Cr. C)9

cr.7L
-(). 42

(). 1?
-cr. 1 5

(1. 2?
C). f,()
(1. 5l
Cr. ?6
tr.67
Cl. c)B
Cr. Cr7
(:). CÌ4
(i. 11

I 5(1. O 1 ó3. O 1 8C). () 195, C) 2Cr2. 5

11,

T2

13

14

LJ

16

r7

l8

s
s1
c2

s3
5
s1
s2
s3
5
s1
s2
:aJ

5
s1
=2s3
s
s1
e 'l)

5-\

5
s1
>L

s3
5
s1
=2s3
5
sl
C}

Þ
rO

() 0(j



Table 5.\-PSN3 S]-1d.es in Beem PSN3-D2

APPL I ED
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TabJ-e ).) Calculated. Values of Monent-curvature Relationship

Ecc
( *E-ó )

èz_

-64
- 104

f ÉÉ

-200
-ioo
-400
-500
-óoo
-650
-700
-750
-BOO
-850
-900

-1000
-r loo
-1500
-2000
-2500
-3000
-3500
-4000
-4500

11

( KN*1,1)
o- oo

43. ó6
62" 63
-EC]J. J.¿

97 "76
I 30. OO
164.07
19ó"59
229 "79
245" 5ó
260 " 96
274 "79
246 " 66
29ó" 83
502 " 60
308"71
311"23
318¡09
323. 68
326"=6
324 " 07
329 " L6
330" 02
33O{ 7 I

Phai
( +E-6lmm)

-o. 6l
o. oo

Ho O -21
llcr O. 51

o. 89
1.86
2- A5
3.77
4.7 4
s.19
5.64

l1y 6. 13
6.76
7.34
8.21

10.34
12.65
23. 08
3ó. 55
51.49
65.22
7A-A4
92.50

10ó. 19

Dens
( *E-6)

o
177
246
321
452
796

1 150
1473
181 9
1979
2136
2308
2552
2745
3LL7
3995
4961
9359

15053
2L424
27240
33007
3A790
44584

Denp
(*E-ó)

o
147
r92
260
3ó8
654
949

1277
1 504
t637
1767
1910
2LL6
23t2
2594
3344
4L7L
7944

12850
18305
23297
24246
33210
3818ó

v
(KN)

o.o
38. O

54. 5
74.2
85. O

113. O
742.7
170.9
199.8
215.5
226.5
238.9
249 "3
258.1
263. L

26€3.4
27o^. &
276. ë
291.5
2A4. O
285.3
246.2
287.4
2A7. ê

Sts4
(tlPa )

-50
-15
-1
l7
44

115
147
254
,AEJZ.J

358
390
400
400
400
400
400
400
400
400
400
400
400
400
400

Stp2
(MPa)
1111
1139
I 148
t1ó1
1 181
a 

^-eI Z.JJ

129 L

1342
1397
1422
t447
1474
1513
I 550
1 óO4
1640
1 ó5ó
77 L2
1 758
1792
1813
LA29
1841
1851

X

( rnrn )
É?
JJ

48ó
303
223
161
141
133
r27
{õEL.¿-J

124
t22
118
115
110
97
a7
65
eÉJJ

49
46
44
43
42

co



Table 5.6 Predicted Shear Strengths for Bee¡r PSN3-D2 Using 20 Different Methods

No. Vc (KN) Vu (KN) Vcr /Vc Vcmx /Vc Vrnx /Vr¡ Ref .

1

2
-"

+
*J

6
7
oU
9

10
11
l,]

IJ

l4
ac
J,J

16
L7
18
19
20

ó5. ?1
44. 09
Bl. 13
57 .96
30. 54
62.4A
50.89

I 04. 13
44. O1
a7- 34
92. TT

t 04. 37
ó5.59
58.95
42.24
44.5A

114.45
92.6L

129. ó5
I Oó. 4A
79.06

11l.OO
99.42

152.66
92.3s

I 35. 87
140. ó3
I 52. 89
L 14. L2
1 07. 48
9u.77
97.10

150.64
141 . Oó
L22.Ot
125.50

1.59
2.3El
1.29
1. A1
3.44
1. 6A
2.A6
1. O1
2.39
L.20
1.14
1. O1
1. óO
L.7A
2.49
2. t6

(2.59)
1.34

2.84
4.23
.¿.. Jl,

3.24
6.14
3. OO
3.6A
1. BO
4-26
2. 15
2.04
1.80
2.A6
3. 1A
4.44
3.8ó

2.26
2.79
r.99
2.42
3 .26
2. 33
2- 60
1.69
?.79
r.90
l. 84
1. ó9
2.26
2.40
2.A4
2.66
1.7 |
1.A3
2. L2
2. 05

JCI Basic
JCI 1./SF
JCI Exact
Niwa for a/d=(S
CAN RC
CAN PC
CAN RC /RFc
CAN PC /RFc
ACI RC
ACI PC Vc
ACI PC Vci
ACI PC Vcw
Zsutty
Pl acas
Ra5 agopal an
ASCE-ACI
Placas 2
llattock
CEB/FIP '7A
CAN EENERAL

( 44.O1)
78.4t

4.26
2.39



Tabl-e 5.7 Predicted Shear Strengths for Beam PSNI+-WDH Using 20 Different Method.s

No. Vc (KN) Vu (KN) Vcr /Vc gcmx /Vc Vmx./Vu Ref .

I
2
3
4
E
J

6
7
B
9

lo
11
t2
13
14
tÊl.J

16
t7
18
t9
20

65.91
44.09
8r. 13
57.96
30.54
é2.4A
50. a9

104. 13
44.O1
87.34
92. LL

104.37
ó5.59
58.95
42.24
48.58

104.20
82.38

Lt9.42
96-25
ê8.83

LOO.77
89. 19

142" 4s
82.50

125.64
150.40
142.66
103.89
97 .23
8O.54
86.a7

t?s.72
120. óO
t20.73
104.90

1.59
2.38
L.29
1.81
3.44
1.6A
2. 06
1. 01
2.39
1.20
1. 14
1. 01
l. óo
L.7A
2.49
2. L6

(2.59)
I .34

2. 84
4.25
2.31
3.24
ó.14
3. OO
5.6El

Ol
O

2.37
3. OO
?.07
2.57
3.59
¿--.+J
2"77
I .75
3. OO
7 .97
1. 89
1.73
2.38
2.54
3. 07
2. A4
1.97
2. 05
2. 05
2.27

JCI Basic
JCI 

'/SFJCI Exact
Niwa for a./d=(3
CAN RC
CAN PC
CAN RC /RFc
CAN PC /RFc
ACI RC
ACI PC Vc
ACI PC Vci
ACI PC Vcw
Zsutty
Pl acas
Ra¡ agopal an
ASCE-ACI
Pl acas 2
I'lattock
CEB/FT.P '7tJ
CAN BENERAL

1.80
4.26
2. 15
2. 04
1.80
2. A6
3.1A
4.44
3. A6

( 44.O1)
7A.4L

?6
39

4
2



Tabie 5.8 Predicted Shear Strength for Beam PSN3-D2 by the General- Method of Ca.nadian Cod.e

enl
( *E-ó )

v
(KN)

51. ó
84"5
97.9
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115.9
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-ó 16
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-56 I
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-58 1
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Tabte 5.9 Pred.icted Shear" Strength for Bea,n PSN\-\./DH by the General- Method of Ca¡adian Code

enl
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TabIe 5.10 Beam Strengths (ÀCI Predictions and Test Results)

Shear Reinforcement
Ratio

Pv=Avf vy/( fc' uws )

0.0291

0.0372

0.0294

0.0266

0.0308

vu(exp. )

/vu ( code )

1 .80

1 .53

1.69

1.73

1.83

1.76

Vu
by ÀCI Code

(xN)

104.4

142.3

152.9

1 42.7

139.1

144.6

vu
Expe r imen ta I

(KN)

187.5

217 .7

258 .1

247.1

2s3.9

2s3.8

Vc (exp. )

/vc ( coae )

1 .00

0.93

1 .01

1.01

1.01

1 .01

Vc
by ÀCI Code

(KN)

1 04.4

104.4

104.4

104 .4

104.4

104.4

vc
Expe r imen ta I

(KN)

104

97 .5

't 0s

105

r05

105

Beam

PSN 1 -O

PSN2-I{D

PSN 3-D2

PSN4-I{DH

PSN5-S 5M

PSN 5-I.rS

Oì
(^J



164

llorlzonral Anchoragc U(¡q

d/(, (m¡x.)

T
L
d

d/2

Vercical lJfre

Long . Re inf .

HorlzoncaL
lJlre

llorl¿oncal
lJircs

Anchorage

9-

d

Anchorage

I oto (¡oax.)

Figure 2.1 PCI/WRI Anchorage Requlrernent for Deforned WWF

llor lzontal, Anchorage Ufres
Clause t2.tl.l
of ACI

5r

Cr ea ter of
dl4 or 5L
¡nm

d/2

Verrlcal lJlre
Cre¿rer of
d/4 or 5t
fntn

Long. ReÍnf

5l

+

Cl¡use l2.ll.l
of ACI

Flgure 2.2 I'CI/wRI Ânchorage Requlrement for Smoorh TJIJI-.

an<l ÂCI for Deformed an<J Smooth WLJF-



165

iP
I

Y

I c
I ú ll
Ir

(t

\-- : -:-- --:--

P

.l c¿

{-c

_>_ T

__)__ c

_<__ T

P vo

Flgure 2.3 Basfc Mechanism of Shear Transfer

I

Y s

P

l)I

I

i

A) Arch Action

B) Beam Action

P

I P

I

Y

I

Yv=
T

--F-
j.d

L

C

C ) '-[r'us s Act ion
i 1,.

I),
y+, _-*íl

Å

I P

l'igure 2. l+ The Princ Ípal- MecÌianisms of Shear Resi stance



166

P

0 ö

t

0 û
pP

lJeb S hea r Crac k

ö

û û
p p
Shear-Tenslon Fa flure

P PI cxu riì I Crac k-s

Flgure 2.5 Dtfferenc Types of Cracks

Flexure-Shear Crack

ö

Shear-Compresslon Fa llure

I

p

0



t..tn

r67

ear-Compresslon
Capaclry

Fle¡ural Homenc
Capaclt v

I nc I lned
Capac lry

.o

t:
o

Crac klng

c
o

f

Deep
B e¡ms

Shear-Tens fon
Shc¿r-Cooor 

_

Fa f Lu r e

l-
T

2f

Dlagona ).
¡ ens lon
Fa f lu r e

Flexure
F¿ llure

I t, 567
ã/d

Flgure 2.6 Effecc of a/d on Crackfng of Recrangular
S lmply-suppor t ed Beams



Applìed Lood 1

168

I-Itt

FLEXURÂL ANO
FLCXURE _ SII[ÂR

l-r-

CONIINUOUS
SUPPOR T

FL€XURÂL ÂNO
HE_ÁR

slMPLt
SUPPORI

WEB_
9€AR w€ B-

SHIÂR- --r-

Figure 2.1 TyPo. ol crecklng ln concrote boam¡

-<

ïI
^A A

Fi¡itrrc 2. B 'lru:;r; Yocl cl



d

169

Iong Irud ina I
strarn

).ong I rud lna I
straln

princlpaL compressive
sLress rraj ec cor ies

---Þ T

section

ð /2

shear
srrcss

sÌle¿r
s cress

F-i¡iure 2-9 Theorecica.L Scress and Scraln Dlscrfbuclons

L

D
î b Hc

x

(d

\¡
seccfon f orc es

Figure 2.I 0 Assumcd Scress and Scraln Dfscrlburlons

////

,
'/'./,/

././/
:1-*':1.'-



170

0 c2

Figure 2.I I Scress and Scrafn Condfcfons in Cracked vleb

0.4

0.3

ó

\ lz

c¡

c
x

c

f
2

c c

0.2

0.1

0
10" 20" 30" 40.

0

(. = 0

c. = 0.002

{¡ = 0.0O15 -
(, = 0.002

I,'igure 2.12 \/:tlt¡cs o[ 0 :tt rtlricl¡ f t = f ,,,'..

50" 60"



T7T

Figure 2J3 Typlcal Crack Pacrern

pP

p p

P P

PP

I¡igure 2,Ìl+ Variable A:rgJ-e Space Truss



172

7-/ 2 cocS

f
---( "

2
f

F

r

tan6 : 2

I
t

s

Z cocô

Flgure 2.15 Force Sysce-m Ín Cracked Lleb

U

u0 Shear
Hec ha n lsm

canB : !

t.0

Coob f n ed
Hechan lsrn

Flgure 216 Moment and She¿r Inceraccion
Diagram

-
B end fng
Heclurnlsm

o t -o
U

lt

--

H
u0



173

P

q

Flgure 2JJ Beam r¿fch Two-poinÈ Loadfng

V

p

a

P

P

C

M

----->

h

T

s

Figure 2. IB Diagonal Çompression Scress Fletd in Web

Pp

k--;
p

P

I

\_

I

II
o{-

T

B

II I

_-)

Figure 2.19 Fa ilure llcclurnlsm



r- 4500

650

Figure J.1 Dimensions of the Specimens

--1

\J
Þ

o
Ol
-t

L



175

38
->l k_

8

342 460

38 I t6 3B

?6

PSN3-D2

04.7
Deformed

l5l

l9l

5l

B

26

6 ¡n¡

De fonne

PSNS-S6M

?6

t2
Sr¡ooth

l'" ,, 
l*--

452

460

II

460

D4.7

De formed
1r4.7

Smooth

5l

8

PSN2_WD PSN6-WB

I

figure 3.2 Stirrup Configurations

PSNI+-WDH



20M

r 5r,.1

20v

\¡
tY)

4000

Top Tr¿o 20M Bars

4t 00

Tt¿o ItM Bars

45 00

Bottom 20M Ba¡

-t-
!
Or

O
c'ì
r-,ì

t-

Fi.gure 3.3 TypicaÌ Longitud.inal- Reinforcement s



L77

Double-Legged S!1 rrups

örO ñ Spirals

13 n¡¡ Plate

l/2 ln. chuck

] l/2 BoIt end t¡ut
I O n¡l

Figure 3.1¡ End Zone and End Anchorage Device



^ I
3 000

!
co

\xL wLxw$ llelded ltire Mesh

2-t Deforned Be¡s

2-I/2 ;n. 7-Hire P,/S Stra¡rds

2-20M Deforned Ba¡s

2-1lM Deforned Ba¡s

20M DeforÐed Bar

Figu:'e 3.5 Beam PSN.L-O without Shear Reinforcement

c)
V)

@
-t-{



.''ì'
-T-r.-

-----r----t-

mTr
lllli

-+--_+____
I

^

+

-{
(.o

t frru rt n

6 B! Dclorncd !¡r¡

Figure 1.6 Beam PSN5-S6M with Singte-Legged Stirrups

.+



'{
Il

^^

rt6

nooth l¡r

Figure 3.7 Beam PS}'13-D2 with Double-Legged St irrups

co
O

ol
.ñl
l_
T

:L
I
I

izot



^ ll V¡r¡lc¡l utrr¡ 0 152 a¡ c/c

Figure 3.8 Bea¡n PSr'tr2-WD r.¡ith Deformed i{WF

st-{l
r---1 ---1-
I

co

D (.? Dclorncd Vcrttc¡l vlrc



.+'----+----F-

^ 2l Vrr¡lc¡l Vlr¡¡ ! ljl ¡¡ c/c

Add t f o v2 5v

D t.l Drforood Vcrttc¡I V!rc

-l
l'igure 3.9 Beam PSNI+-V,DH vith Deformed. WI{F with

Additional_ Horizontal Wire

I

Rl

î H
@
l\l



^ I

ll Vrrt;lè¡l Vtrc¡ Q lJl ¡¡ c/c

ol
NI

-l--r
(,

V t.7 Saoorh Vcrr!c¡l vlrc

_-l
Figure 3.ì0 Beam pSirt6-WS vith Smooth l{WF



184

ct
fct tco Ecu

Concrete Strain

fc<n
a
OJ

¡ip
U)

OJ

P
(-)

tr
(J

o
O

Irigure 3.li Ideal-ized, Concrete Stress-Strain Curve



185

Ul(ihåtc Lo¿d - 10,OO0 Pænds

!c)
o

!

o
J

¿ooo0

I 2000

24OO0

I 000

Næln¡l 
^rq 

- 99 *2

Cagc Lcngth - lO.8 m

I 6C00

0.8 l -6 2.1

l. lon6rt ton (m)

Figure 3.12 l-oad-elong,atlon Curve for Prestress Scrand



ULT II{ATE L¡AD =

186

OOPOUNDS

No¡¡lnal- Area = 300 m2

cege Length = 50.8 m

Ir

øõ
5

3
1J
aú

s

30000

lr oooo

20000

L0000

0.1_ o.2 0.3 0.1¡

Elongatlon (rm)

0.5 0.6

Figure 3.1 3 Load-elongation Curve for 20M Deformed Bar



T87

_uL!þg,lgef.oad = 3l_Loo þ*dÉ¡ _

<t
5
o
3
d
d

s NonfnaL A¡ea = 2OO run2

Gage Length = 50.8 m¡n
10000

n o.2 o.! 0.6

Elongatfon (nn)

0.8

Figure 3.14 Load-elongation Curve for 15M Deformed Bar

l0

Ulcl¡are Load - 9150 pounds

7 500

-ó
!
c
o
: ¿5oo

r5

o¿
Nm(¡¡l Arcr - 71.7? m2
Cagc l.cngch - 50-B m

0.4 O.8 1..)

l-lon¡;rt i<rn (nn)
t.6 2.o

F-igurc 3.I5 l.oa<i-elong,acion Curve for //3 tteformed Uar



lBB

1 500

1000

I 500

I500

I too

Ulc(o¡cc t4Í - 4jOO pænd¡

!c
t

!

-3

Aro - )l.tl b¡
Cr6c lcngch - !O.8 m

0. ¿

!c)
o

!

o
J

ooo

t.l 2.0 ?.4
f longr¡ lon (6)

Ffgure 3.I6 Load-elongacLon Curve for 6 n¡m þdqrued Bar

_Ulrl.nrtc Lord - )6O0 p_gy.d_L

Nølul ,c,¡ø - )O.6t *2

Ca¡¡c Lcn6th - lO.g m

1.6

ó 2.0
o 0

l.¿.

Elongrc ton (u)

Flgure 3 .17 Load-elonga clon Curve f.or ll 2 Smooch Bar



( 000

189

U¡( lÈ(< Lo¡d ) I 1O Pound ¡

ooo

c
o

o
J

No¡tul 
^rq 

- 2E.)S *
Cegc lcn6ch - 50.8 m

2000

I O00

o.¿ 0.8 1.2

Elonge ¡ too (ø)

1.6

Figure 3.18 Load-elongaÈion curve for D4.7 Deformed Llire

4 500

Ul c fÃ¡ (c Lo¡d - Jg JO pænd ¡

1 )OOo

o
N@f.Ml Arq

Cagc Lcngrh

28.4O m

t0.8 ññ

o- ¡too

o- 4 o.8 t.6

f lon¡rt lon (m)

F igure 3.19 Load-elongarion
r/it h Add it iona.l_

Ct¡rve Ior ¡¡¿.7 Def ormed wire
Hor i zont al_ Wi re



¿ 500

I 000

190

UltLrnåre Load - 4250 Pourrds

A¡e-¡ - lO.53

C:gc Lcngch -

o.L 0.8

flongrcton (m)

1.2

.o
c)
o

A.
Y
!

o
J

a^?

50.8 ¡rn

t 500

l.ó

Flgure 3.20 Load-eLonga tlon Curve f or Lltt .7 Smooch Wlre



19r.

6s0

5 t¿0

J
r-oi

Figure 3.21 Stee] Fornt fo¡' Casting oi Two Bea¡ls



192

Figure 3.22 Typical Reinforcennent Cages



193

720t0
0

I
I
I

I
a

670

-l

Figure 3.23 Abut¡nent for Prestressing Strands in South



194

0

'L-- -

800

!

ø-0

o

o

I
t-

I
1--- - J t----

r
:l

-cLl
I
I

I{-

l-!.

I

I

s

cl
ts

I
o:. o.

t00.¡--1

a rrs 
I

Figure 3.21¡ Abutment for Prestressing Strands in ÌJorth



ooo

o

oo

ooo

6so

7lf

195

o

o

o

ô

o

o

c

o

o

o

o c)

o

Pol-e of IvflIS

Load Cefl-

o

o

I

o

¡O-o

ord .-{
{r -tJ Écú '-i oJ
âû+)

'.1 U))ò
Ê¡dO

a)

.-t

O
d

U)î¿
H-]

Ø

--J@
OC)

tr\
co
O

oôo--t-ô o

O
O
Lr\

L_ _ _l
o

aa

o o

1
o

(l o

00

I.-igure 3 .25 Test ing l;'l-oor

o



196

r0 2 2t0

J

oo

ao
^¡

oo

rÞ
O

o
Oc\

-t-r,u1
I

M20+
--l

r

Figure 3.26 Concrete Bl-ock at Support



L97

T
l¡

lr

lr

n

Load CeII

tl

Test Beam

Figure 3.27 Test Set-Up



P1

7507ro^ 700

l+ 5OO

Lb

Top Tvo 20M Bars

\o
@

L1

L¿ L¡+

Tvo I5M Bars

Ll0

Bottom 20M Bars

Figure 3.28 El-ectrical Stririn Gage Locations in Beam pSNl -0



WCr

Ht

r{!

15

i-L 27
l{3

1{g

r{B

750l- tto

---l--

^ ?oo

l SOO

L] Lb LO
\o

Top Tuo 20M Bars

L3

LL0

L1

L2

Tvo 15M Bars

LII

L9

Bottom 20M Bars

Figure 3.29 El-ectrlcaL Strain Cage Locations in Beam pSN2-WD



¡¡ Dr.1

Dr8

DI7

+

o\'
L'

lop Tvo 20M Bars

/g
o,o

f\)o
O

o

Lll

Tvo l- 5M Bar s

fa

Bottom 20M Bars

Figure 3.30 E.Lectrical Strai.n cage Locations in Beam psN3-D2



lJìô

'l..ll 
Iun2

tI{l-5
l{l l¡

,t/l i

l HLS

\t17

,wl 6P,2
P]

1{9

UÂ

vt7.

wõ

Hlr,

Ulwa

h'l

^ 7ro 7oo

ll 5oo

750

Lb

Top Tvo 20M Bars

N)
O

L3

Ll¡

'lvo I5M Bars
t)

LL

B<¡ttom ZOM Bars

Figure 3.31 ELectricar- str¿rin Gage Locations in Bea.¡n psril-\//DH



0

L

,
SLì¡

¡LÕ

s17

sI6

s9

st

7ro750

00

^ 700

!

f\)
O
N)

sl
T

?l
-l

t
-+
¡

LO

N

\'o

c{

Top Tvo 201'l Bars

Llr

l?

lvo l- 5M Bar s

L2

Figure 3.J2 El-ectrical Strain Gage Locations in Bea:¡ pSN5-S6M

LI

llottogr 20M Bars



o
4

w9

l,/8
r./tl-l oo

ht8t{I5

7I{t!

^ U 700

L, 5Oo

7ro

L'

L6

Top Two 201'1 Bars

l'\)
O(,

L3

Ll¡

ilvo 15M Bar s

L2 LL

Bottou¡ 20M Bars

Figure 3.33 ElectricaÌ Stra;in Gage Locations in Beam pSN6_WS



204

Figure 3.34 De¡nec point Locatfons

C/L
SYMHE f RICAL

SIDE A

9a

I



c/t
SYlrMt tR lC a L

o o oe
o

e
o

oo
SIDE A

f""f " .ob"
N)
O(tr(,ooo

rnsEal¡nenrt sequence for Demec potnt Locat,ione

o

Flgure 3.35



LVDTS

LVDTI+

LVDTT

oL

^ L
t\)O
OìLVDT3 LVDT] LVDT2

Figure 3.36 LVDT Locations



207

Figure 3.37 Data ,tcquisition System
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Figure 1.2-PSN2 Failure Crack of Beam PSN2-WD



t\)
H
CN
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Figure .q.e-pStl6 Failure Crack of Beam PSN6-WS



217

Typical Dernec Polnt

V
S

Typlcal Scaclon

H

\

Typfcal Crack

Gage Length = 1,

Figure5.fCrackWidtharrdS]idearl<1l'lodifiectA.ngl.e

el
tu
I

I

.c[*
e2
H



l\)

c
l(

0-
L-
o
q)

_c
U)

!
q)
'=
o_
o_

300

2BO

260

240

220

200

180

160

140

120

100

BO

60

40

20

o
o 20 4tC 60 BO

Crurvoture (x 1 06 / ^^)

100

Figure 5.2 Cal-culated Load.-curvature Curve of Specimens



200

280

260

210

220

1 80

lou

110

1)4,

IUU

RÔ

60

20

0

f\)

ro

c
-Y

c-
L
o

-c

cJ
'_=
o.
o-

o Il lL o.8 1.2 1.6

the Bottom

2 2,4 2.8 3,2

Stroins in longitudinol Bo. (x t Oi)

Theoretr cal
O PSNl-O
+ PSN2-I.JD
o PSNS-D2
ô PSN4-I.IDH
X PSNS-SóI1
v PSN6-WS

Figure 5.3 Steel- Strain in the Bottom Longitudinal- Bars



r\)
f\)
O

cj<

0-
L
n
0)
.c

p
n)

'-=
o-
o_

260

240

220

200

180

160

140

120

100

BO

60

40

20

0

o 2 + 6 B 10 12 1+ 16

Stroke (- -)
Figure ).l+ Load-stroke Curve of Specimens

18 20

O PSNl-O
+ PSN2_I,JD
Ô PSNS-D2
A PSN4-WDH
X PSN5-S6I.I
V PSN6-WS



f\
l\)

c
.<

0-
L
o
q.)

_c
U)
-o

e
o-

240

220

200

1BO

160

140

120

100

BO

60

+o

20

o
6+o 2 B

Deflec,tion ot Mid-sPon (--)
10 12

O PSNl-O
+ PSN2-[¡D
o PSNS-D2
ô PSN4-t,lDH
x PSN5-Só1"1
v PSN6-WS

Figure 5.5 Load-d.eflection at l"lid-span



1BO

210

220

200

160

140

120

100

BO

60

10

20

o

l\)
f\)
f\)

c
l(

0_

L-
n
q)

_c
U)

1l

e
o_
o-

O PSNl-O
+ PSN2-T4D
o PSNS-D2
A PSN4-L.JDH
X PSNS_SóI'I
V PSNó_[.JS

2468
Deflection under Lood Point (tt'''rn)

Figure 5.6 Load-deflection und.er Load Point at Failure Span

10o



200

260

210

220

1BO

lou

140

120

100

BO

60

+U

20

o

N)
f\)
C^)

c
-)(

0_

t-
o
q)

_c.
(/)

!
e
o_
o_

r 2 3 )+ 5 6 T I g rO 11 L2 l-3 1\ r' úL7 I8 19 20

Different Methods
Figure ).7 Predicted Shear S.brengths for Beam PSN3-D2 Using 20 Different Methods

Ø

N

1¡^

Vu



200

260

240

220

180

160

140

120

100

80

60

20

o

l\)
t\)è

c

0-
t-
o
s)

_ç.

U)
'u

3
o-
o_

+o

L 2 3 L' 6 .r I 9 rO rr L2 13 l\ L' 16 r7 18 19 20

Different Methods
Figure 5.8 Predicted. Shear Strengths for Bee¡r PSNì+-WDH Using 20 Different Methods

a

ñ

Vc

Vu



1

l\)
f\)
(tr

-ìc

C)
4J
U)
q)

t--
-r'!

o

.9
IJ
q)
L-
0-

o.9

0.8

4.7

o.6

o.5

o.4

; 03

o.2

0.1

ô

r 2 3 l+, 6 ? B 9 Ì0 rt Lz 13 r).+ 15 16 L7 r8 19 20

Different Methods
Fj-gure 5.9 Vu (Pred.icted/Tested) for Beam PSNL-r.lDH Using 20 Different Methods



!
O

U)

0)
F

!
a)

0-

o

1.1

^o

o.8

o.7

o.6

0.5

u.+

0.3

o.2

0.1

1

f\)
N)
oì

o
PSÌ'I2-WD PSN3-D2 PSNI+-WDH PSN5-S6M

Specimen
Figure 5.tO Beam Strength Vc( eCf I'redicted/tested)

PSN6-WSPSI,ll-0



'rc

a)

U)

a)
F
!
q)

1J

.9
!
q)
L
0-

o.7

0.6

o.5

o.4

o.3 l\)
N)\¡

f
o.2

ô

o
PSI{t-0 PSN2_hD PSN3-D2 PSNI+-vfDH PSN 

'-S6M
Specimen

Figure ).lJ- Beam Strength Vu(ACI Predicted/Tested)

PSN6-WS



fct

0.1-

a.2

N)\)

0 AT

0.3 r*;0.1 0.2

Figure 5.Ì2 Relationship between Amourts of Shear Reinforcement a¡rd Shear Strength
Pred.icted by General Method and ACI Code

General Method.

ACI Method



fl

]Jo

ñE

D)+

ò

WI

I.^/1 7

wt 6

PSi¡ 3-D2

-..\..- õat.Ì-ùri)-ÞOlvi

PSN)+ -!rDH

o 120
a l3t
c) 150
Oú,
A 19'
E 2Ì0

l+ OOO

N)
l\)(o

I

.rl
I

I

S)+l

l{l5

\,¡l_ l+

3

00

ht_

1000 2010 3000

Ì,li c ro st ra in

l-l OCIO 1000 2000 3000

l4icro strain
PS}I6-WS

Figure 5.1-3 Typical Strain Distribution in Stirrups



170

210

200

190

180

160

r5u

¡.f\-/

lJu

i20
'1',10

100

Õ^

80

70

f\
(^.)
O

c

0_

t-l
a)c

Lr)

Ð
e

O PSNl_O
+ PSN2-I{D
O PSNS-D2
A PSN4-þ.IDH
X PSN5-S6¡r
V PSNó-I{S

?o 12
Moxinrum Crock-wìdth (-rn)

Figure 5.1ì+ Applied Shear-Maximum Crack Width Curve



tr PSNl-O
f PSNz-I^JD
O PSNS_D2
A PSN4-I4DH
X PSNs-SóTT
V PSNó-T{S

170

210

200

i90

180

160

150

i+u

130

120

110

100

90

BO

70

f\
C^)

c

0-

U
q)

-c.
U)

!
0)

=o-
o.

Io 12 16 20

Tot.ol Crock-width (--)
Applied Shear-Total Crack Width Curve

aÀ1-+ 28+

I'i-,'-^ ( l(r ¿e5q¡- /.L/




