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Abstract

An analytical and experimental investigation on the shear strength of High
Pertormance Concrete (HPC) beams with vertical shear reinforcement or stirrups was
carried out. The analytical work involved developing a theory based on the truss
analogy, capable of predicting the response and shear strength of such beams

subjected to combined bending moment and shear force.

The experimental work comprised forty-eight beam specimens in eight series of tests.
Most of the beams were 250 mm wide, 350 mm deep and had a clear span of
approximately 2 metres. The largest beam was 250 mm wide, 600 mm deep and had
a clear span of 3.1 metres. Test parameters included the concrete cover to the shear
reinforcement cage, shear reinforcement ratio, longitudinal tensile steel ratio, overall
beam depth, shear span-to-depth ratio and concrete compressive strength. The loading
configurations included using one, two or four symmetrically placed concentrated

loads on simply supported spans,

The theory predicted the shear strength of the beams in the present study well. When
beams from previous investigations were included, the theory also gave good
prediction of the shear strength. Apart from this, comparisons of shear strength were
also made with the predictions by the shear design provisions contained in the
Australian Standard AS 3600 (1994), American Concrete Institute Building Code
ACT 318-95, Eurocode EC2 Part | and Canadian Standard CSA A23.3-94. The
AS 3600 method was found to give the best correlation with the test results among all

the code methods.
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Notation

The following is a list of symbols used in this work and the definition of each symbol.

dmax

shear span of a beam (Theory)

maximum aggregate size (General Method of CSA A23.3-94)

gross cross-sectional area of a beam (Theory)

cross-sectional area of longitudinal tensile steel (CSA A23.3-94)

total cross-sectional area of longitudinal tensile steel (Theory)
cross-sectional area of longitudinal tensile steel attributed to flexure
(Theory)

cross-sectional area of longitudinal tensile steel attributed to shear (Theory)
cross-sectional area of transverse steel (Theory)

cross-sectional area of longitudinal tensile steel (AS 3600)

cross-sectional area of shear reinforcement (Theory and AS 3600)
cross-sectional area of minimum shear reinforcement (AS 3600)
cross-sectional area of shear reinforcement (EC2 Part 1)

cross-sectional area of shear reinforcement (ACI 318-95 and
CSA A23.3-94)

effective width of a beam for shear (Theory and AS 3600)

effective width of a beam for shear (ACI 318-95, EC2 Part 1 and
CSA A23.3-94)

nominal effective depth of a beam taken from the extreme compression fibre
to the centroid of the tensile force of the longitudinal tensile reinforcement

vertical midspan deflection (Theory)

1X



distance from the extreme compression fibre to the centroid of the
outermost layer of tensile reinforcement (AS 3600)

effective depth of a beam for shear taken as 0.9d, {Theory)

effective depth of a beam for shear taken as 0.9d (General Method of
CSA A23.3-94)

overall depth of a beam

modulus of elasticity of concrete

modulus of elasticity of steel

characteristic concrete compressive cylinder strength {Theory, AS 3600,
ACI 318-95 and CSA A23.3-94)

characteristic concrete compressive cylinder strength (EC2 Part 1)

concrete compressive strength at the relevant age (AS 3600)

concrete cracking stress (Theory)

longitudinal steel stress (Theory)

longitudinal steel yield stress (Theory)

transverse steel stress (Theory)

transverse steel yield stress (Theory)

yield stress of shear reinforcement {(AS 3600)

concrete tensile strength at the relevant age (AS 3600)

yield stress of shear reinforcement (ACI 318-95 and CSA A23.3-94)

yield stress of shear reinforcement (EC2 Part 1)

principal concrete compressive stress (CSA A23.3-94)

total length of a beam

clear span of a beam

moment at the critical section of a beam (Theory)

moment at a section of a beam (ACI 318-95 and CSA A23.3-94)

axial force in a beam (Theory)

spacing of stirrups



VRd1

Vraz

VRa3

ERE Y

<

u.max

=

spacing of longitudinal cracks in the web of a beam (General Method of
CSA A23.3-94)

shear stress in concrete (General Method of CSA A23.3-94)

shear stress in concrete (Theory)

shear force at the critical section of a beam (Theory)

concrete contribution to shear (ACI 318-95 and Simplified Method of
CSA A23.3-94)

concrete contribution to shear (EC2 Part 1)

concrete contribution to shear (General Method of CSA A23.3-94)

test shear strength of a beam

predicted shear strength of a beam (ACI 318-95)

predicted shear strength of a beam

predicted shear strength of a beam (Simplified Method of CSA A23.3-94)
predicted shear strength of a beam (General Method of CSA A23.3-94)
predicted shear strength of a beam without shear reinforcement
(EC2 Part 1)

maximum shear strength limited by web crushing (EC2 Part 1)

predicted shear strength of a beam with shear reinforcement (EC2 Part 1)
steel contribution to shear (ACI 318-95 and Simplified Method of
CSA A23.3-94)

steel contribution to shear (General Method of CSA A23.3-94)

predicted shear strength of a beam (Theory and AS 3600)

shear force at a section of a beam (ACI 318-95 and CSA A23.3-94)
concrete contribution to shear (AS 3600)

maximum shear strength limited by web crushing (AS 3600)

steel contribution to shear (AS 3600)

steel contribution to shear (EC2 Part 1)

crack width (General Method of CSA A23.3-94)
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Bi
B2
B3

Eer

£

£

Yo

Pe
Pe
Pe
Pt
Pw

Gd

enhancement factor for concrete contribution due to the effect of a
concentrated load near a support (EC2 Part 1)

factor for concrete contribution (General Method of CSA A23.3-94)
coefficient to account for the effect of depth (AS 3600)

coefficient to account for the effect of axial force (AS 3600)

coefficient to account for the effect of a concentrated load near a support
(AS 3600)

concrete cracking strain (Theory)

principal concrete compressive strain (Theory)

average concrete strain in the longitudinal direction (Theory)

strain corresponding to the peak concrete compressive stress (Theory)
principal concrete tensile strain (Theory)

strain in smeared longitudinal tensile steel (Theory)

strain in transverse steel (Theory)

average concrete strain in the transverse direction (Theory)

longitudinal strain at the level of the tensile steel reinforcement in a beam
(CSA A23.3-94)

principal tensile strain in concrete (General Method of CSA A23.3-94)
average concrete shear strain in the /-t coordinate system (Theory)
efficiency factor according to the Plasticity Theory

angle of inclination of the principal compressive stress direction with
respect to the longitudinal axis of a beam (Theory and CSA A23.3-94)
angle of inclination of the concrete compressive strut (AS 3600)
longitudinal steel reinforcement ratio Agpy/(0.9b,dy) (Theory)

nominal longitudinal tensile steel reinforcement ratio Agy/by,d (EC2 Part 1)
nominal longitudinal tensile steel reinforcement ratio Agp/bod,

transverse steel reinforcement ratio (Theory)

nominal longitudinal tensile steel reinforcement ratio (ACI 318-95)

principal concrete compressive stress (Theory)
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Oy

Gt

average concrete stress in the direction of the longitudinal axis of a beam
(Theory)

principal concrete tensile stress (Theory)

average concrete stress in the direction transverse to the longitudinal axis of
a beam (Theory)

stress and strain softening factor (Theory)
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CHAPTER 1

Introduction

1.1 Definition Of HPC

Conventional concrete contains the basic elements of coarse aggregate, fine aggregate,
cement and water. With additions such as silica fume and superplasticiser, the
strength and performance of this concrete can be improved. This has brought about
the terminologies "high strength concrete” (HSC) and "high performance concrete"

(HPC), which are used to describe this superior brand of concrete.

High performance concrete has properties or attributes which satisfy certain
performance criterta. These properties have been defined by the Strategic Highway
Research Program SHRP-C-205 (Zia, Leming and Ahmad (1991)) as follows:
(1) it shall have one of the following strength characteristics:
4-hour compressive strength > 18 MPa termed as very early strength
concrete (VES), or
24-hour compressive strength > 35 MPa termed as high early strength
concrete (HES), or
28-day compressive strength 2 70 MPa termed as very high strength

concrete (VHS).



(1) it shall have a durability factor > 80% after 300 cycles of freezing and
thawing.

(1i1) it shall have a water-to-cementitious materials ratio < (1.35.

HSC can be considered as HPC if it satisfies the above requirements for its intended
application. In most practical cases, HPC actually leads to HSC. In this study, there
is no clear distinction between these two terms and HPC is used to adequately

represent HSC as well.

Concrete of higher strengths have been produced with the progression of time since its
early history. Commercial concrete with compressive strength of 30 MPa was
available in the 1950s and during recent times, concrete with compressive strength

greater than 100 MPa is available (Lloyd and Rangan (1993)).

However, there is strictly no absolute strength value which distinctively separates low
strength and high strength concretes. A concrete is considered to be high strength
according to geographical location and the state-of-the-art concrete technology. At
present in Australia, concrete with strength greater than 50 MPa is considered to be in
the high strength concrete category. The Australian Standard AS 3600 (1994) is
intended to apply to concrete with a compressive strength in the range of 20 to

50 MPa.,

1.2 Aims Of The Work

Much research has been carried out with respect to shear in concrete beams but only
recent tests have focused on HPC. HPC has been accepted as a new material and is
notably different from conventional concrete which has been used extensively over the

past few decades.



The shear design provisions contained in current codes such as AS 3600 (1994) are
mainly semi-empirical and are based on test data from concrete with compressive
strength less than 50 MPa. The significant difference in behaviour between high and
low strength concretes lies in the fact that crack surfaces in HPC are relatively
smoother compared to those in lower strength concrete and this may affect
contributions to shear due to aggregate interlock action. Furthermore, bond action
between reinforcing bar and HPC may be different. Therefore, there is a need to
examine the shear behaviour of HPC beams and the design formulae in the current
codes should be updated accordingly. However, there is only limited number of test

data on shear strength of HPC beams compared to those for conventional concrete.

The aims of this research therefore are:
(1) to study the behaviour of reinforced HPC beams with vertical stirrups
subjected to combined bending moment and shear force.
(i1) to develop a rational model for determining the shear strength of
reinforced HPC beams.
(iii)  to evaluate the adequacy of the shear provisions in the current
Australian Standard AS 3600 and in other codes, and to study the

correlation with test results.

1.3 Scope Of The Work

The experimental work involved the testing of reinforced HPC beams with vertical
stirrups.  Only simply supported solid rectangular beams were tested. The test
programme comprising 48 beams covered a number of parameters including concrete
cover to shear reinforcement cage, shear reinforcement ratio, longitudinal tensile steel
ratio, overall beam depth, shear span-to-depth ratio and concrete compressive strength.

The loading configuration was also varied.



As far as the analytical work was concerned, a theory based on truss analogy was
developed to predict the response and shear strength of reinforced concrete beams. In
addition, the shear design provisions in several codes of practice (AS 3600 (1994),
ACI 318-95, EC2 Part]l and CSA A23.3-94) were examined in the light of the test

results.

1.4 Organisation Of Thesis

Chapter 2 describes previous research work related to the topic. Both analytical and

experimental components of past research are described.

The theory of the present work is detailed in Chapter 3.

Chapter 4 describes the experimental work. Materials and equipment used in the test

programme, the specimen details and the test procedure used are reported here.

The presentation and analyses of test data are given in Chapter 5. In this chapter, test
results from the present study together with other test results available in the literature
are compared with analytical predictions. The test shear strengths are also compared

with code predictions.

Chapter 6 summarises the findings of this investigation and presents a set of

conclusions. Recommendations for further work are also given in this chapter.

Complete test data are given in the Appendices.



CHAPTER 2

Background

2.1 Introduction

The literature on shear behaviour of reinforced concrete beams is very extensive as it
extends back to the turn of the twentieth century. As such, it 1s beyond the scope of
this study to encompass all preceding works related to this topic. A comprehensive
review is available in journal articles such as that by the ASCE-ACI Task Committee

426 (1973).

This chapter focuses on two recent theoretical concepts for shear in reinforced
concrete. Recent tests conducted on high strength/high performance concrete beams

are also described.

A brief review of the shear provisions in the Australian Standard AS 3600 (1994) is
given together with a modification to the minimum shear reinforcement requirement.
Other codes of practice such as the American Concrete Institute Building Code
AC]T 318-95, Eurocode EC2 Part | and Canadian Standard CSA A23.3-94 are also

discussed.



2.2 Theories For Shear

The prediction of the shear response of a reinforced concrete beam is complex. Two
of the more recent theoretical concepts are:
(1) Theories based on Truss Analogy.

(ii) Shear-Friction Theory.

These theories are briefly described below.,

2.2.1 Theories based on Truss Analogy

Early shear design for reinforced concrete beams was based on a truss analogy
developed by Ritter in 1899 and Moarsch in 1902. Postulation of this theory was based
on the assumption that a concrete panel, reinforced with longitudinal and transverse
steel bars, would develop diagonal inclined cracks when subjected to shear (Figure
2.1). These shear cracks were assumed to be straight and at an angle of inclination of
0 to the horizontal direction. The concrete struts between these cracks carried a

compressive stress 6y induced by shear.

Considering only shear action on the beam panel, the web region within the effective
depth d, is assumed to resist shear. Figure 2.1(b) shows axial force N induced by the

shear force and this is shared equally between the top and bottom stringers.

From vertical equilibrium (Figure 2.1(c}), the shear contribution from the stirrups at a
spacing of s with a yield force of Agfy ¢ in each stirrup can be evaluated from:

Agy foy.rdy cotB

Ve =
us S

(2.1)

Ritter and Morsch proposed that © may be taken as 45°. However, research in the past

three decades has shown that 8 is not always 45° once cracking occurs.
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Figure 2.1 Truss Model for Shear in A Beam Panel

Collins (1972) introduced compatibility equations to the truss model in order to
determine the angle of inclination of the concrete strut. This theory was referred to as
the "Compression Field Theory (CFT)". In 1978, Collins proposed that the principal
strain directions in the concrete coincided with the corresponding principal stress

directions.

Based on compatibility, equilibrium and constitutive material relationships, the CFT
was able to predict the behavioural response of a reinforced concrete member subjected
to shear. However, the CFT was based on the uniaxial compressive stress-strain
curve of concrete and was found to be inaccurate in predicting the strength and

deformation of reinforced concrete members.

Further tests by Vecchio and Collins (1981 and 1982) found that it was necessary to

take into account the reduction of the concrete compressive capacity due to the



principal tensile strain in cracked concrete. This improvement led to what is now
known as the "Modified Compression Field Theory" or MCFT (Vecchio and Collins

(1986 and 1988)).

Hsu (1988 and 1993) documented independent research which resulted in a theory

equivalent to the MCFT called the Softened Truss Model Theory.

Quite distinct from the CFT, MCFT and Softened Truss Model Theory is the more
traditional Plasticity Theory (Nielsen (1984)) which considers a truss model in a rigid-
plastic analysis. Such an analysis uses the assumption that concrete and steel are
perfectly plastic materials. As long as a stress field acting on a member does not cause
the material(s) to reach yield, no deformation is c_onsidered to occur. The load can be

increased until yielding is reached and the member collapses.

The theory presented in Chapter 3 is based on the truss analogy concept.

2.2.2 Shear-Friction Theory

The Shear-Friction Theory is based on the action of shear reinforcement crossing a
crack plane. As the shear interfaces on both sides of the crack separate and slip due to
loading applied to the concrete member, the reinforcement crossing the crack will be
"subjected to dowel action . . . and to tension, which presses the concrete interfaces

against each other” (Krauthammer (1992)).

Kriski and Loov (1996) proposed that the shear resistance (v;) transferred across a

crack is limited by the stress that can be sustained by bond and anchorage:

Ve k Vof, (2.2)



where

=
Il

shear-friction factor

c = normal stress on the plane

Kriski and Loov (1996) asserted that the Shear-Friction Theory could predict the shear
strength of beams which had major shear cracks where slip could occur. Theoretical

equations were derived from a free-body diagram shown in Figure 2.2.

Figure 2.2 Shear-Friction Model {(after Kriski and Loov (1996))

The total normal force acting on the inclined plane was designated as R; whereas the
total shear force acting across the same plane was designated as S;. The tension force
in the longitudinal reinforcement was represented by T and the sum of the vertical
stirrup forces crossing the inclined crack was given by Ty. The vertical shear force
which acted on the free body was V. In satisfying equilibrium for the free-body
diagram parallel and perpendicular to the shear plane, the following equations were
obtained:
R; = T sin® + Ty cos® - Vircosd (2.3)

54 = T cos® - Ty sin® + VrsinB (2.4)



Equation 2.2 was re-stated as follows:

3= k\/ L (2.5)

where A area of the inclined plane

Hence, solving for Vy, the following equation was derived for determining the shear

b [\/1 -¢cy/by? - 1] (2.6)

strength of a beam:

st =
(TcosO-Tsind)sind + 0.5k2f' Acosd
where b; = —
sin<0
(TcosB-Tysin®)? - k20 A(Tsin8+T cos8)
(] =

sinZ@

The determination of the shear strength is by trial and error since "all possible failure
planes between the inside edge of the support plate and the inside edge of the load plate
to a maximum angle of 90° should be checked" (Kriski and Loov {1996)). The plane

with the lowest calculated V¢ value gives the governing shear strength of the beam.

Kriski and Loov (1996) performed shear-friction analyses on beams tested by Clark
(1951), Kani, Huggins and Wittkopp (1979), Sarsam and Al-Musawi (1992) and

themselves in order to substantiate the accuracy of this theory.

2.3 Experimental Studies On Shear Strength Of HPC/NSC
Beams

Beams with shear reinforcement tested recently by other researchers are considered
here. The details and shear capacities of these beams are given in the following sub-

sections. The M/Vd, ratios for the test beams were determined consistent with the

theory in Chapter 3. Refer to the Notation for the meaning of symbols used.
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2.3.1 Vecchio and Collins (1982)

Various beam specimens were tested at the University of Toronto by Kani, Morawski,

Saddler and Arbesman (Vecchio and Collins (1982)). The cross-sections for the non-

prestressed reinforced concrete beams are shown in Table 2.1.

beams are given in Table 2.2.

Full details of these

Exact details of the spans of these beams were not given and further information could

not be obtained to determine the M/Vd, ratio. However, since Vecchio and Collins

considered these beams to have a critical section at approximately the zero bending

moment location, they are analysed as such in this study.

Table 2.1 Cross-Sections of Reinforced Concrete Beams Tested at the
University of Toronto (Vecchio and Collins (1982))

SA3 SA4 SK3 SK4 SPQ SM1
Dimensions (mm) 305 x 610 305 x 610 305 x 610 305 x 610 305 x 610 305 x 610
Yoid (mm) 152 x 406 152 x 406 - 121 x 381 152 x 406 152 x 406
Top Cover {(mm) 25 25 16 16 12 12
Bottom Cov.(mm} 12 12 16 16 12 12
Side Cover (mm) 0 41 5 5 12 12
Conerete 40.0 40.0 28.2 28.2 25.0 29.0
Strength (MPa) ' ’ ’ ’ ’ :
Stirrups #3 #3 #3 #3 #3 #3
Spacing (mim) 724 72.4 100 130 150 175
Yield Stress (MPa) 373 373 400 400 373 424
Long. Steel 12-#9; 4-#7 12-#9; 4-#7 16-48 16-#8 12-#7 12-#7
Yield Stress (MPa) 345; 462 345; 462 442 442 421 452

Note: #3: 10 mm (3/8 inch) diameter bar. #7. 22 mm (7/8 inch) diameter bar.

#8: 25 mm (1 inch) diameter bar.

11

#9: 29 mm (1.125 inches) diameter bar.




Table 2.2 Details of Reinforced Concrete Beams Tested at the
University of Toronto {Vecchio and Collins (1982))

Ream f'. b, D d d, Ay foey Y § [ V,
Mark | (MPa) | (mam) | (mm) | (mm) | (mm) | (mm?) | (MPa) {mm) | (MPay | (Exp)
(kN

SK3 28.2 | 305 610 540 372 | 4080 442 | 0.00515 100 400 } 725.0
SK4* 28.2 ] 305 o610 540 572 | 4080 442 | 0.00854 100 400 | 601.0
SMI® 29.0 | 305 610 560 576 | 2328 452 | 0.00587 175 424 | 427.0
SPo° 25.0 | 305 610 560 576 | 2328 421 | 0.00684 150 373 | 436.0
SA3® 40.0 | 305 610 548 576 | 4644 365 0.0142 72,4 373 } 730.0
SA4° 40.0 | 305 610 548 576 | 4644 365 0.0142 72,4 373 | 534.0

Note: * beams with centrally located void of 121 mm x 381 mm.

° beams with centrally located void of 152 mm x 406 mm.

A, is one-half the total longitudinal steel area.

In these tests,

. beams were tested in reverse bending with the centre of the test regions
subjected to a zero bending moment and a large shear force.

. the effect of concrete cover on shear strength was studied. Beams SA3 and
SA4 were similar except beam SA3 did not have any side concrete cover but
beam SA4 had a side clear cover of 41 mm.

L beams with rectangular solid and hollow cross-sections were tested,

The shear strength of beam SA4 was much lower than that for beam SA3. Vecchio
and Collins attributed the lower shear strength to the 41 mm side cover. However, it
is noted that the clear cover to the inside wall surface was only 25 mm. This small
cover and the large void in the middle of the beam may have affected the confinement
of the concrete within the stirrup cage, and caused the lower shear strength.

Therefore, this anomalous result was excluded from analyses in Chapter 5.

From this study, the following conclusions were drawn:

. the experimental response curves compared well with the analytical curves
predicted by the Modified Compression Field Theory developed by these
investigators.

U a spalled web thickness within the confinement of the stirrups was considered

to be effective for shear.
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. a uniform shear flow distribution could be used for analysing concrete beams.

. concrete softening was significant in predicting the behaviour of concrete.

. normal compressive stresses increased the shear resistance of reinforced
concrete but normal tensile stresses had the opposite effect.

. the MCFT smeared approach was suitable for reinforced concrete which had

well distributed cracking.

2.3.2 Mphonde (1984)

Twelve reinforced normal and high strength concrete beams were tested with a
constant M/Vd,, ratio of 2.58. All the beams had a clear span of 2134 mm and were
loaded by a concentrated load at midspan. The cross-section was the same for all the
beams but the shear reinforcement varied as shown in Table 2.3. Other details for
these beams are given in Table 2.4. It is noted that eight other beams with preformed

cracks tested by Mphonde (1984) are not included here.

In beams B150-3-3, B150-7-3, B150-11-3 and B150-15-3, stirrups with 3.2 and
4.8 mm diameter were bundled at each spacing location. A mean value of 280 MPa

was used to represent the yield stresses of these two types of stirrups (Table 2.4).

The following is a summary of the objectives of this study:

. to determine the cracking strengths and the ultimate shear capacities of
reinforced concrete beams.

. to examine the adequacy of the ACI shear design method for beams with
concrete compressive strength greater than 41 MPa.

. to determine the effect of concrete compressive strength (which varied from 22
to 83 MPa) on shear strength.

. to determine the effect of the amount of shear reinforcement on shear strength.

13



Table 2.3 Cross-Sections of Reinforced Concrete

Mphonde (1984)

Beams Tested by

B50 Series B100 Series B150 Series
Dimensions (mm) 152 x 337 152 x 337 152 x 337
Conc. Cover (mm) 25 25 25
to Long. Steel
Stirrups 3.2 mm@ 4.8 mm{3 3.2 & 4.8 mm@
Spacing (mm} %0 90 90
Yield Stress (MPa) 303 269 303 & 269

Long. Steel
Yield Stress (MPa)

2-#3(T); 3-#8(B)
448(B)

2-#3(T): 3-#8(B)
448(B)

2-#3(T); 3-#8(B)

448(B)

Note:  Yield stress for the top longitudinal steel bars is not known.
#3: 10 mm (3/8 inch) diameter bar.
#8: 25 mm (1 inch) diameter bar.
Table 2.4 Details of Reinforced Concrete Beams Tested by
Mphonde (1984)

BeamMatk | £, | b, | D | d | do | & | &do | M | Ay | fary o s | fay | Ve
(MPa) | (mm) | (mm) | {mm) | (mm) | (mm) Vd, | (mm?) | (MPa) (mm} | (MPa) | {Exp)

(kN)

B50-3-3 221 | 152 337 298 208 | 1067 3.38]2.58] 1470 448 | 0.001176 90 303 76.3
B30-7-3 39.8 | 152 337 298 298 | 1067 3.58)2.58] 1470 448 | 0.001176 90 303 941
B50-11-3 | 59.7 | 152 337 298 298 | 1067 3.58|2.58] 1470 448 | 0.001176 90 303 | 98.1
B50-15-3 83.0 } 152 337 298 298 11067 3.58|2.58] 1470 448 | 0.001176 90 303 111.5
B10O-3-3 | 27.9 § 152 337 298 298 {1067 3.58|2.58] 1470 448 [ 0.002646 90 269 | 95.4
B100-7-3 | 47.1 } 152 337 298 2981|1067 3.58|2.58] 1470 448 | 0.002646 90 269 [ 120.8
B100-11-3 | 68.6 | 152 337 298 29811067 3.58|2.58] 1470 448 | 0.002646 90 269 | 152.1
B100-15-3 | 81.9 | 152 337 298 29811067 3.58|2.58] 1470 448 | 0.002646 90 269 [ 1159
B150-3-3 | 28.7 | 152 337 298 29811067 3.58|2.58] 1470 448 | 0.003821 90 280 1 139.3
B150-7-3 | 46.6 | 152 337 298 2981067 3.58|2.58] 1470 448 | 0.003821 90 280 11338
B150-11-3 | 69.5 | 152 337 298 2981067 3.58]2.58] 1470 448 | 0.003821 90 280 1161.9
B150-15-3 | 82.7 | 152 337 298 298| 1067 3.58|2.58] 1470 448 | 0.003821 90 280 | 150.3
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The values of 50, 100 and 150 in the first term of the beam marks (Table 2.4) referred
to the web reinforcement (for example, the number 50 referred to pfyy = 50 Ib/in?
= 0.34 MPa). The subsequent numbers of 3, 7, 11 and 15 referred to four grades of
concrete (nominal target strengths were 3000, 7000, 11000 and 15000 psi or 21, 48,
76 and 103 MPa respectively). The number 3 behind indicated an a/d ratio of 3.6.

There was significant scatter in these results. For example, the shear strength
decreased from 152.1 to 115.9 kN when the concrete compressive strength increased
from 68.6 to 8§1.9 MPa in beams B100-11-3 and B100-15-3 respectively. Therefore,

the shear strength was not directly dependent on the concrete compressive strength.

Findings which transpired from these tests were as follows:

. the ACI code provisions for shear in these slender beams were conservative.

1 scatter in the shear strength tended to increase with greater amount of shear
reinforcement,

. shear reinforcement carried negligible shear prior to the occurrence of diagonal

cracking. It did not have an influence on the diagonal cracking shear force.

. as the amount of shear reinforcement increased, the beams failed in a more
ductile manner.
. beams provided with a reasonable amount of shear reinforcement generally

failed in shear compression. Sudden diagonal tension failures occurred if the
amount of shear reinforcement was very small.

L beams with shear reinforcement had greater ductility in diagonal tension
failures compared to beams without shear reinforcement. The failures were not

as sudden or explosive.

2.3.3 Elzanaty, Nilson and Slate (1986)

Three beams with shear reinforcement of 6.4 mm diameter smooth round bars were

tested by these investigators. The beams were 178 mm x 305 mm in cross-section

15



(Table 2.5). Two symmetrically placed point loads were applied on the beams. The
M/Vd, ratio and shear reinforcement ratio were kept constant at 3.00 and 0.00171

respectively. Other details for these beams are summarised in Table 2.6.

Beams G4, G5 and G6 were part of eighteen beams tested by Elzanaty, Nilson and
Slate (the other fifteen beams were without shear reinforcement). The main objective
of testing these three beams was to determine the influence of the concrete compressive
strength on the shear strength. It was noted that the cross-sectional area of the
longitudinal tensile steel for beam G4 was slightly greater than those for beams G5 and

Go6 although the concrete compressive strength was the main parameter.

Table 2.5 Cross-Sections of Reinforced Concrete Beams Tested by

Elzanaty, Nilson and Slate (1986)

Beam G5 Beam G6

Dimensions (mm) 178 x 305 178 x 305 178 x 305

Conc. Cover (mumn} 25 25 25
to Long. Steel

Stirrups 6.4 mm@ 6.4 mm@ 6.4 mmP

Yield Stress (MPa) 379 379 379

Long. Steel 2-6.4mm@NTY; 4-#7(B) | 2-6.4mmi(T); 3-#7(B) | 2-6.4mm@(T); 3-#7(B)
Yield Stress (MPa) 379(T); 434(B) 379(T); 434(B) 379%(TY; 434(B)

Note:  #7: 22 mm (7/8 inch) diameter bar.
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Table 2.6 Details of Reinforced Concrete Beams Tested by Elzanaty,

Nilson and Slate (1986)

Beam f. b, D d d, a ald, | M Ly fsey Py ] foey VY.
Mark | (MPa) | (mm) | (mm) | (mm) § (mm) | (mm) Vd, | MPa) (mm) | (MPa) | (Exp)
(kN)
G4 62.8 | 178 305 268 268 {1072 4.00]|3.00]0.033 434 [0.00171 210 379 [ 150.0
G5 40,0 | 178 305 268 268 | 1072 4.00]|3.00]0.025 434 [0.00171 210 379 j112.0
Go6 2007 | 178 305 268 268 | 1072 4.00]3.00]0.025 434 |0.00171 210 379 78.0

From this study, the following conclusions were drawn:

the ACI code was conservative for concrete compressive strength ranging from

20.7 to 62.8 MPa.

compressive strength.

shear strength of beams increased with greater concrete compressive strength.

The code was more conservative at greater concrete

stirrup strains monitored during the tests indicated negligible strain values up to

the diagonal cracking of the beams. This implied that the stirrups had little or

no influence on the diagonal cracking of the beams.

shear failure was more sudden and the cracked surfaces were smoother for

higher concrete compressive strength.

2.3.4 Johnson and Ramirez (1989)

Seven beams with shear reinforcement of 6.4 mm diameter deformed bars were tested

by Johnson and Ramirez (1989).

The beams had a cross-section of 305 mm x

610 mm (Table 2.7). Two symmetrically placed concentrated loads were applied on

each beam which had a clear span of 4254 mm. The M/Vd, ratio was kept constant at

1.97. The longitudinal steel reinforcement was also maintained the same for all the

beams. Other details of these beams are given in Table 2.8.
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Table 2.7 Cross-Sections of Reinforced Concrete Beams Tested by

Johnson and Ramirez (1989)

Dimensions {mm} 305 x 610

Conc.. Cover (mm) 38 (sides}); 25 (top and bottom)
to Stirrup

Stirrups 6.4 mm

Yield Stress (MPa) 479

Long. Steel 2-#9(TY; 5-#10(B)

Yield Stress (MPa) 540 (T); 325 (B)

Note:  #9: 29 mm (1.125 inches) diameter bar.
#10: 32 mm (1.25 inches) diameter bar.

Table 2.8 Details of Reinforced Concrete Beams Tested by Johnson
and Ramirez (1989)

Beam . b, D d d, a |ad, | M Ag foey Py ] fsty Ve
Mark | (MPa) | (mm) | {mm)} | (mm) | (mm) | (mm) vd, | (mm® | MPa) (mm) | (MPa) | (Exp)

(kN)
1 36.4 1 305 610 539 562 | 1670 2.97|1.97| 3960 325 | 0.00156 133 479 | 338.5
2 36.4 1 305 610 539 562 | 1670 2.97]11.97| 3960 525 | 0.00078 267 479 | 2219
3 7231305 610 539 562 |1670 297197 3960 325 | 0.00078 267 479 | 262.7
4 T72.3 1 305 610 339 562 | 1670 2.9711.97| 3960 325 1 0.00078 267 479 | 3159
3 55.8 1 305 610 539 562 | 1670 2971197 3960 525 10.00156 133 479 | 382.7
7 51.3 § 305 610 339 562 | 1670 297|197 | 3960 525 | 0.00078 267 479 | 280.8
8 531.3 ] 305 610 539 562 | 1670 2.9711.97| 3960 525 | 0.00078 267 479 | 258.1
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The primary objective of this study was to evaluate the adequacy of the minimum
amount of shear reinforcement in beams with relatively high concrete compressive

strength according to the ACI 318-83 code provisions.

The main conclusions from this study were:

. the reserve capacity provided by shear reinforcement increased significantly as
the amount of shear reinforcement was increased from the minimum amount
required to twice this amount.

L the number of inclined cracks increased with an increase in the amount of shear
reinforcement which indicated greater redistribution of internal forces.

. the shear force transferred to the stirrups during diagonal tension cracking was
greater for higher concrete compressive strength and caused stirrups to yield
and rupture, thus arresting the redistribution of internal forces and the ability to
carry greater shear force. This was evident when beam 3 failed after one of its
stirrups fractured.

. the shear contribution from the shear reinforcement was found to decrease with
increasing concrete compressive strength for beams with the minimum amount
of shear reinforcement. Therefore, it was proposed that the minimum amount

of shear reinforcement be increased for greater concrete compressive strength.

2.3.5 Ganwei and Nielsen (1990)

Five beams with a concrete compressive strength of 83.2 MPa tested by Bernhardt and
Fynboe were reported in Ganwei and Nielsen (1990). The beams had a cross-section

of 150 mm x 200 mm as given in Table 2.9. The M/Vd, ratios were 1.40 and 2.29.

The tests were carried out to study the shear behaviour of high strength concrete beams
reinforced with open stirrups. Further details of these five beams are provided in

Table 2.10. Beams S-7-A and S-7-B, and S-8-A and S-8-B were identical pairs.
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Table 2.9 Cross-Sections of Reinforced Concrete Beams in Ganwei

and Nielsen (1990)

Beam 5-5-A Beams S-7-A & B Beams S-8-A & B
Dimensions (mm) 150 x 200 150 x 200 150 x 200
Conc. Clear 15 15 15
Cover (mnm)
Stirrups & mm@ 8 mm 8 mmi?
Spacing (mm) 150 100 150
Yield Stress (MPa) 427 427 427
Long. Steel 2-8mm@(T); 2-8mm@(TY; 2-8mm@(TY;
2-20mmiA(B) 4-20mm@({B) 4-20mm@(B)
Yield Stress (MPa) 510(B) 510(B) 310(B)

Note: Yield stress for the top longitudinal steel bars is not known.

Table 2.10 Details of Reinforced Concrete Beams in Ganwei and

Nielsen (1990)

Beam f'a by D d d, a ald, | M | Ay fspy P, 3 fay Ve
Mark | (MPa) | (mm}| (mm) | (mm) | (mm)} | (mm) Vd, | (mm?} | (MPa) (mm) | (MPa) | {Exp)

(kN)
S-5-A| 83.2 | 150 200 167 167 | 400 2.40|1.40( 628 510 | 0.00447 150 427 | 110.0
S-7-A | 83.2 | 150 200 160 167 | 550 3.29(2.29| 1256 510 | 0.00673 100 427 |140.0
S-7-B{ 83.2 | 150 200 160 167 | 550 3.290(2.29| 1256 510 | 0.00673 100 427 |130.0
S-8-A | 83.2 | 150 200 160 167 | 550 3.29]2.29| 1256 510 |0.00447 150 427 |123.0
S-8-B| 83.2 (150 200 160 167 | 550 3.29(2.29| 1256 510 |0.00447 150 427 |135.0
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The main conclusions from these tests were as follows:

® the experimental shear capacities of the beams were only 60% - 70% of the
predictions from the Plasticity Theory.

. the low test shear capacities were attributed to the open stirrups used.
However, there were no independent tests to confirm if better stirrup cage

constructions would have produced beams with greater shear strengths.

2.3.6 Roller and Russell (1990)

A total of ten beams were tested with concrete compressive strength ranging from 72.4
to 125.3 MPa. These beams had rectangular cross-sections of 356 mm x 635 mm to
356 mm x 743 mm (beams 1 to 5) in the first series, and 457 mm x 870 mm (beams 6
to 10) in the second series as shown in Table 2.11. Except for the shear reinforcement
in beam 1, all the steel bars conformed to ASTM A615 (Grade 60). Swedish 6 mm

stirrups were used in beam 1 only. No top steel was used in any of the beams.
All the beams were loaded with a central point load in a simply supported span. The
shear spans were 1397 mm in the first series and 2286 mm in the second series. Full

details of these beams are provided in Table 2.12.

The main objectives of these tests were as follows:

4 to study the effect of the concrete compressive strength on the shear strength of
the beams.

. to study the effect of the shear reinforcement ratio on the shear strength of the
beams.

. to consider the adequacy of the ACI 318-83 code requirement for the

minimum amount of shear reinforcement extended to HSC beams.
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Table 2.11 Cross-Sections of Reinforced Concrete Beams Tested by

Roller and Russell (1990)

Beam 1 Beam 2 Beam 3 Beam 4 Beam 5
. ®
Dimensions (mm) 336 x 633 336 x 679 356 x 718 356x 718 356 x 743
Stirrups 6.4 mm@ 12.7 mm@ 15.9 mm@ 15.9 mm@ 15.9 mm
Spacing {mm) 216 165 127 80 64
Yield Stress (MPa) 407 448 458 458 458
Long. Steet 4-31.8mm3 3-34.9mm@; 3-34.9mm@; 4-34.9mm@, 4-31.8mm;
3-34.9mm@& 3-34.9mm; 4-34 9mmé; 4-31.8mm@;
3-34.9mm@ 4-34 9mm@ 4-31.8Bmmd;
4-34.9mmi3
Yield Stress {MPa) 472 431 431 431 472; 431
{a) First Test Series
Beam 6 Beam 7 Beam 8 Beam 9 Beam 10
® o s o .0
Dimensions {mm} 457 x 870 457 x 870 457 x 870 457 x 870 457 x 870
Stirmps 9.5 mme@ 9.5 mm 9.5 mm@ 9.5 mm@ 9.5 mm
Spacing (mm) 381 197 381 197 133
Yield Stress (MPa 445 4435 445 445 445
Long. Steel 3-34.9mmd; 4-31.8mm; 4-31.8mm@; 5-31.8mm, 3-34.9mmiJ;
3-34.9mm@ 4-31.8mm@ 4-31.8mm 5-31.8mmi? 5-34.9mmid
Yield Stress (MPa) 464 483 483 483 464

(b) Second Test Series
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Table 2.12

Russell (1990)

Details of Reinforced Concrete Beams Tested by Roller and

Beam fe b, D d dg a ald, | M_ Ay fsey h Y s Loy | Ve (Exp)
Mark | (MPa) | (me) | (mm} | (mm) | (mm) | (mm) Vdy | (mm?) | (MPa) {mm) | (mpay | (k)
e r——

1 120.1] 356 635 559 | 559 | 1397 2,50} 1.50| 3180 472 | 0.00074 216 407 | 297.8
2 120,14 356 679 559 | 599 | 1397 2.33}1.33| 5740 431 | 0.00431 165 448 | 1099.1
3 120.1) 356 718 559 | 635 | 1397 2.20| 1.20| 8610 431 | 0.00878 127 458 | 1657.5
4 120.1] 356 718 5539 | 635 | 1397 220 1.20| 11490 431 { 0.01255 89 458 | 19429
5 120.1] 356 743 559 | 660 | 1397 2.12| 1.12| 13370 460* | 0.01757 64 458 | 22379
6 72.4 | 457 870 762 | 793 | 2286 2.88| 1.88] 5740 464 | 0.00081 381 445 | 665.1
7 72.4 | 457 870 762 | 795 | 2286 2.88] 1.88] 6360 483 | 0.00157 197 445 | 787.6
8 125.3| 457 870 762 | 795 | 2286 2.88| 1.88] 6360 483 | 0.00081 381 445 | 482.6
9 125.3| 457 870 762 | 795 | 2286 2.88| 1.88] 7940 483 | 0.00157 197 445 | 749.1
10 | 125.3]| 457 870 762 | 793 | 2286 2.88| 1.88( 9560 464 | 0.00233 133 445 [1171.7

Note: *  refers to average yield stress representative of 12 - 31.8 mm@ bars (472 MPa) and

4 - 34,9 mm@ bars (431 MPa).

From their study, Roller and Russell concluded that:

the ACI 318-83 code provisions mainly over-predicted the shear strengths of

the beams.

the minimum amount of shear reinforcement in the ACI code of 0.35bys/fy

should be increased for higher strength concrete.

The beams were tested with open stirrups which may have resulted in the lower than

predicted shear strengths in beams 1, 8 and 9, due to poor anchorage of the stirrups.

2.3.7 Sarsam and Al-Musawi (1992)

Sarsam and Al-Musawi (1992) tested fourteen beams reinforced with 4 mm diameter
high yield cold-drawn smooth wire stirrups. The concrete compressive strength
ranged from 39.0 to 80.1 MPa. Overall dimensions of the beams were 180 mm x
270 mm as shown in Table 2.13. The shear spans varied from 580 to 940 mm with
M/Vd, ratios of 1.50 and 3.00, and the specimens were loaded with two
symmetrically placed point loads 400 mm apart.
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The three beam series of A, B and C corresponded to members with longitudinal steel
reinforcement of 3 - 20mm, 2 - 25 mm and 1 - 16 mm, and 3 - 25 mm diameter
deformed bars respectively. The complete details of these beams are given in
Table 2.14 (beams with M/Vd,, ratio of 3.00 are shown in italics while all other

beams have a M/Vd, ratio of 1.50).

The primary objectives of this study were as follows:

. to examine the shear strength of concrete beams made from HSC and
conventional concrete (including 107 specimens from literature).

. to study the influences of variables such as the concrete compressive strength,
shear reinforcement ratio, longitudinal steel reinforcement ratio and a/d ratio on
the shear strength.

. to compare test shear strengths with predictions from the ACI, Canadian, New

Zealand and British codes of practice, and also from Zsutty's (1968) equation.

Table 2.13 Cross-Sections of Reinforced Concrete Beams Tested by
Sarsam and Al-Musawi (1992)

Series A Series B Series C

— ———

Dimensions {mm) 180 x 270 180 x 270 180 x 270
Conc. Cover (mm) 25 25 25
to Long. Steel
Stirrups 4 mmi3 4 mm@ 4 mm@
Yield Stress (MPa) 820 820 820
Long. Steel 2-10mm@(T); 2-10mm@(Ty; 2-10mm@(T);

3-20mmiB{B) 2-25mm@+1-16mm(B) 3-25mm@(B)
Yield Stress (MPa) 450(TY; 495(B) 450(T); 543,525(B) 450(T); 543(B)
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Table 2.14 Details of Reinforced Concrete Beams Tested by Sarsam
and Al-Musawi (1992)

Beam fe by D d d, a aldy | M Ay foey P, 8 fary Ve
Mark | (MPa) | (mm} { (mm) | (mm} | (mm) | (mm) Vd, | (mmd) | (MPa) {mm) | (MPa) | (Exp)
(kN)

AL2-N | 404 | 180 270 235 235 940 100 3.00 943 495 0.00093 150 8§20 114.7
ALZ-H | 753 180 270 235 235 940 .00 3.00 943 495 0.00093 i50 320 1226
AS2-N [ 39.0 180 270 233 235 588 250 1.50 943 495 0.00093 150 820 189.3
ASZ-H | 755 180 270 232 232 580 250 1.50 943 495 0.00093 150 820 201.0
AS3-N [ 402 180 270 235 235 588 250 1.50 943 493 0.00140 100 820 199.1

AS3-H | 71.8 180 270 235 235 588 2.50 1.50 943 495 0.00140 100 820 199.1
BL2-H | 757 180 270 233 233 932 400 3.00 1181 540% 0.00093 is0 820 138.3
BS2-H 739 180 270 233 233 583 2.50 1.50 1181 540* 0.00093 150 820 2235
BS3-H 734 180 270 233 233 583 2.50 1.50 f181 340+ 0.00140 100 820 228.1

BS4-H 80.1 180 270 233 233 583 250 1.50 1181 540 0.00186 73 820 206.9
CL2-H | 70.1 180 270 233 233 932 4.00 3.00 1470 543 0.00093 150 820 1472

CS2-H 70.2 180 270 233 233 583 250 1.50 1470 543 0.00093 150 820 2472
C53-H 74.2 180 270 233 233 583 250 1.50 1470 543 0.00140 100 820 2472
CS54-H 757 180 270 233 233 583 250 1.50 1470 343 0.00186 73 820 220.7

Note:  *  refers to an average yield stress representative of 2 - 25 mm{@ bars (343 MPa) and
I - 16 mm® bar (525 MPa).
Beams with M/Vd,, ratio of 3.00 or a/d, ratio of 4.00 are given in ifalics.

From this research, Sarsam and Al-Musawi were able to conclude that:

. both the ACI and Canadian codes were conservative.

. the results suggested that size or depth factor did not have a significant effect
on the shear strength of beams with shear reinforcement.

. increasing the concrete compressive strength up to about 80 MPa did not
reduce the safety factor (i.e., ratio of test shear strength to predicted shear

strength) for the ACI code predictions.

2.3.8 Watanabe (1993)

Ten beams with HSC in the range of 50.7 to 111.0 MPa was used in this
investigation. Each specimen had a central test region which was 1100 mm long and

two end anchorage regions of 550 mm long effective for the bending moment. The
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specimen was loaded in reverse bending to give an anti-symmetric bending moment
diagram. This set-up can be visualised as being made up of two identical and
symmetrical simply supported bending moment diagrams, each due to a concentrated
load at midspan; connected to each other but on opposite sides of the beam. The
critical section of a beam was taken at d, from the location of maximum bending
moment in the direction of decreasing bending moment. The M/Vd, ratio was 1.04 for

all the beams.

All the test regions of the beams were 150 mm x 300 mm. Cross-sections for Series
B and PB are shown in Table 2.15. Full details of the beams are provided in Table

2.16. Equal top and bottom longitudinal steel reinforcement were used in all beams.

Table 2.15 Cross-Sections of Reinforced Concrete Beams Tested by
Watanabe (1993)

Series B Series PB

Dimensions (mm) 150 x 300 150 x 300
Conc. Cover {(mm) 29 72

to Long. Steel

Stirrups 6 or 8 mm@ 6 or 8 mm@
Yield Stress {MPa 257 -902 290 - 784
Long. Steel 6-D16(T), 6-D16(B) 8-D16(T); 8-D16(B)
Yield Stress (MPa} 953(T); 953(B) 996(T); 996(B)

Note: Beams B-1, B-4 and B-6 had 2-legged stirrups; other beams had 4-legged stirrups.

D16: 16 mm diameter deformed bar.
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Table 2.16 Details of Reinforced Concrete Beams Tested by
Watanabe (1993)

Beam | f, b, D d do | M} Ay | iy Pe 5 fty V,
Mark { (MPa) | (mm) | {(mm) | (mm)} | (mm) | Vdy | (mm?) | (MPa) (mm) | (MPa) | (Exp)

(kN
PB-1 | 1150} 150 300 255 270 1.04] 1600 996 | 0.00850 100 419 |352.0
PB-2 | 111.0} 150 300 255 270 1.04| 1600 . 996 | 0.02640 50 290 | 563.0
PB-3 | 111.0| 150 300 255 270 1.04| 1600 996 | 0.00850 100 784 |516.0
PB-4 | 111.0| 150 300 235 270 1.04] 1600 996 | 0.02640 50 727 1730.0
B-1 50.7 | 150 300 260 270 1.04| 12060 953 | 0.00500 75 297 |161.0
B-4 50.7 | 150 300 260 270 1.04| t200 953 | 0.00660 100 902 | 338.0
B-5 50.7 | 150 300 260 270 1.04] 1200 953 }{0.01710 50 846 | 478.0
B-6 73.5 | 150 300 260 270 1.04| 1200 953 | 0.00570 75 411 | 291.0
B-7 73.5 | 130 300 260 270 1.04] 1200 953 10.00850 100 846 | 435.0
B-8 73.5 | 150 300 260 270 1.04| 1200 953 | 0.01760 75 902 {471.0

Note: Ag, is one-half the total longitudinal steel area.

Serial spiral or welded closed loop stirrups were used for shear reinforcement. Beams
B-1, B-4 and B-6 had sets of stirrups with two legs across the beam width whereas all

the other beams had sets of four legs across the beam width.

These beams contained large amount of longitudinal reinforcement which is not

commen in most practical reinforced concrete beams.

The main objectives of this research were:
. to investigate the shear design methods for beams with HSC.
. to determine the effects of concrete compressive strength, amount of shear

reinforcement and amount of longitudinal steel on the shear strength of beams.

The following were the conclusions drawn from the tests:

. for beams with concrete compressive strength up to 110 MPa, Nielsen's truss
or the AlJ (Japanese) code method could be used to predict the shear strength
provided that the effective concrete strength was taken as v, = 1.7f 8667,

. the ACI code gave over-conservative predictions of shear strength for beams

with large amount of shear reinforcement.
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2.3.9 Gabrielsson (1993)

Six reinforced HPC beams with shear reinforcement and overall depth in the range of

200 to 300 mm, out of fourteen beams tested by Gabrielsson (1993b), are given in

Table 2.17 (also described in Gabrielsson (1993a)). Five beams which did not contain

shear reinforcement (i.e., beams HB1, SAR3, HP1, HP3 and HP5) are not included

here.

Two other beams, S4 and HS2, considered to have failed in shear by Gabrielsson,

appeared to have failed in flexure instead when their photographs taken after failure

(given in Gabrielsson (1993a)) were examined. In addition, beam HB3 was reported

to have suffered flexure failure. These three beams are also not included here.

The beams given in Table 2.17 are heavily reinforced with high strength steels.

Table 2.17 Details of Reinforced Concrete Beams Tested by
Gabrielsson (1993)

Beam | . | b, d d, a [ad, [ M| Aw | foy oy 5 fay | Ve
Mark | (MPa) | (mm) | (mm) | (mm) | (mm) Vdy | (mm?) | (MPa) (mm} | (MPa) | (Exp)

— (kN)
§2 | 72.8 1200 152 152|500 3.29|2.29| 1000 664 |0.00242 208 521 |172.5
§3 | 90.4 | 200 152 152|500 3.292.29] 1000 664 |0.00322 156 521 |210.0
HS1 | 81.6 | 200 260 260 | 800 3.08 | 2.08] 1600 664 [0.00296 170 521 |250.5
HPS1 { 98.4 | 200 225 225 | 550 2.44 [ 1.44] 1600 664 |0.00335 150 521 |324.0
HPS2 { 103.2| 200 225 225 | 550 2.44 | 1.44] 1600 664 |0.00335 150 521 |305.0
HB2 | 86.4 [ 200 223 223|500 216 1.16] 2000 475 |0.00405 124 521 |322.0

The concrete compressive strength for these specimens were derived from 100 mm

and 150 mm cubes. A conversion factor of 0.8 was used to establish the equivalent

cylinder strengths given in Table 2.17.

The aims of this research were as follows:

to check the applicability of the Swedish design rules for HPC beams where

a concrete contribution is added to a steel contribution for a 45° truss model.
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to compare Swedish shear design predictions to the predictions from the

Modified Compression Field Theory (Vecchio and Collins (1986)).

Based on fourteen beams tested, Gabrielsson made the following conclusions:

the Swedish design rules based on traditional truss theory overestimated the
shear strengths of beams with a/d ratio of 4.0 to 4.2 (not given in Table 2.17).
the MCFT described the failure reasonably well but it underestimated the shear
strengths of all the test beams.

for HPC beams, cracking began at a higher percentage of the ultimate strength
compared to conventional concrete beams. The compressive stress-strain
curve for HPC was quite different from that for Normal Strength Concrete
(NSC).

it was suggested that a shear analysis be performed on a section within the
shear span and not where the maximum bending moment occurred since shear
failure occurred inside the shear span where the bending moment was

considerably smaller.

2.3.10 Xie, Ahmad, Yu, Hino and Chung (1994)

Nine beams reinforced with 6.4 mm diameter smooth bars were part of a testing

programme by Xie et al. (1994). All the beams were 127 mm X 254 mm in cross-

section as shown in Table 2.18. These beams were loaded by a concentrated load at

midspan. The concrete compressive strength ranged from 42.4 to 108.7 MPa.

The experimental investigation was conducted to study the ductility of normal and high

strength concrete beams. Variables such as concrete compressive strength, shear

span-to-depth ratio and amount of shear reinforcement were considered in these tests.

Details of the beams are given in Table 2.19,
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Table 2.18

Cross-Sections of Reinforced Concrete Beams

Xie et al. (1994)

Tested by

Series NNW Series NHW
Dimensions (mm) 127 x 254 127 x 254
Stirrups 6.4 mm 6.4 mm@
Yield Stress (MPa) 324 324
Long. Steel 2-#4(T); 2-#4+2-#6(B) 2-#4(T); 4-#6(B)
Yield Stress (MPa) 421 421
Note: #4: 13 mm (1/2 inch) diameter bar.
#6: 19 mm (3/4 inch) diameter bar.
Table 2.19 Details of Reinforced Concrete Beams Tested by
Xie et al. (1994)
Beam f. b, D d d, a aid, | M Agy fopy Py s fory Ve
Mark | (MPa) | (mm) | (mm}| (mm) | (mm) | (mm) Vd, | (mm?) | (MPa) (mm) | (MPa) | (Exp)
(kND
NNW-1 | 42.4 | 127 254 203 213 | 200 0.9 - 826 421 10.00490 102 324 | 239.6
NNW-2 | 43.4 | 127 254 203 213 | 400 1.9 0.9 826 421 1 0.00490 102 324 123.3
NNW-3 | 42.9 | 127 254 203 213 | 600 2.8 1.8 826 421 | 0.00490 102 324 87.2
NHwW-1 | 97.7 | 127 254 198 213 | 200 0.9 - 1135 421 1 0.00510 99 324 | 324.1
NHW-2 | 95.7 | 127 254 198 213 | 400 1.9 0.9 1135 421 | 0.00510 99 324 | 178.6
NHW-3 | 103.4] 127 254 198 213 | 600 2.8 1.8 1135 421 |0.00510 99 324 | 102.6
NHW-3a | 94.7 | 127 254 198 213 | 600 2.8 1.8 | 1135 421 | 0.00650 76 324 | 108.5
NHW-3b | 108.7] 127 254 198 213 | 600 2.8 1.8 | 1135 421 | 0.00780 64 324 | 122.8
NHw-4 | 104.0] 127 254 198 213 | 800 3.8 2.8 | 1135 421 | 0.00510 99 324 54.0

Note: Clear concrete cover of 25 mm (1 inch) was assumed at the bottom of the beams.

A summary of the findings attained by Xie et al. from their tests is as follows:

beams with shear reinforcement gave stable and reproducible post-peak load

versus midspan deflection characteristics when tested in an energy-absorbing

stiff testing machine.
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. for beams with a/d ratio of 3 (i.e., NNW-3, NHW-3, NHW-3a and
NHW-3b), the shear ductility index (area under the load-deflection curve) was
not significantly influenced by an increase in concrete compressive strength.

. high strength concrete beams with a/d ratio of 3 (i.e., NHW-3, NHW-3a and
NHW-3b) demonstrated near plastic post-peak response when twice the

minimum amount of shear reinforcement according to ACI 318-89 was used.

2.3.11 Thirugnanasundralingam, Sanjayan and Hollins (1995)

These investigators tested nine beams altogether; three of which had shear
reinforcement. The three beams with shear reinforcement were 150 mm wide,
350 mm deep and 2000 mm long. The clear span in each beam was 1800 mm with a
constant shear span of 750 mm. Smooth 8 mm diameter mild steel round bar was
used for shear reinforcement. The cross-sections of these beams are shown in Table
2.20. Further details of the beams are provided in Table 2.21. Test yield stresses of
the stirrup and longitudinal steel bars were not available and nominal values were used
according to Thirugnanasundralingam (1996). Beams 7, 8 and 9 were tested to study
the effect of the amount of shear reinforcement on the shear strength of reinforced high
strength concrete beams. However, the test trend was not clear from these results.
The shear strength of beam 8 was almost double that of beam 7, but the reason for this

inconsistency is not known.

The conclusions from these tests with regard to beams with shear reinforcement were:

L the diagonal cracking shear force was not influenced by the stirrup spacing.
All the three beams had a cracking shear force of 70 kIN.

. the ACI 318-89 code predictions were conservative for these beams.

. crack widths were smaller in beams with shear reinforcement compared to
those in beams without shear reinforcement. In addition, the crack widths in
the beams with shear reinforcement did not grow until close to failure.

* shear reinforcement contributed to enhanced dowel action and aggregate

interlock which increased the post-cracking shear strength of the beams.
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Table 2.20 Cross-Sections of Reinforced Concrete Beams Tested by

Thirugnanasundralingam et al. (1995)

Beam 7 Beam 8 Beam 9
Dimensions {mm} 150 x 350 150 x 350 150 x 350
Conc. Cover (mm) 10 10 10
to Stirrup
Stirrups 8 mm@@ 8 mm@ 8 mm@
Spacing {mm) 200 250 300
Yield Stress (MPa) 250 250 250

Lang. Steel
Yield Stress (MPa)

2Y12(T); 3Y24(B)
400

2Y12(T); 3Y24(B)
400

2Y12(T); 3Y24(B)
400

Note: Y12:

12 mm diameter deformed bar,

Y24: 24 mm diameter deformed bar.

A nominal yield stress of 400 MPa was assumed for all longitudinal steel bars.

A nominal yield stress of 250 MPa was assumed for the stirrups.

Table 2.21 Details of Reinforced Concrete Beams Tested by

Thirugnanasundralingam et al. (1995)

Beam | f' b, D d d, a ald, | M | Ay fosy P § foy Ve
Mark | (MPa) | (mm) | (mm} | (mm} | (mm) | {mm) Vd, | (mm?) | (MPa) (mm) | (MPa) | (Exp)

(kN}
7 84.0 | 150 350 320 320§ 750 2.34| t.34] 1357 400 |0.00335 200 250 |111.0
8 84.0 | 150 350 320 320 ] 750 2.34| 1.341 1357 400 |0.00268 250 250 | 206.0
9 84.0 | 150 350 320 320 | 750 2.34|1.34| 1357 400 |0.00223 300 250 |113.0
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2.3.12 Kriski and Loov (1996)

Kriski and Loov (1996) tested twelve beams in their investigation. The cross-section
of these specimens are given in Table 2.22. All of the beams were 360 mm wide and
400 mm deep with an effective depth of 345 mm. The simply supported beams were
loaded at midspan by a concentrated load. Complete details of the beams are given in

Table 2.23.

Kriski and Loov concluded that the inclined cracks from the tests were steeper than
those predicted by the Shear-Friction Theory. It was argued that a steeper crack would
give a higher shear strength because the longitudinal steel which had a much larger
cross-sectional area than the shear reinforcement, was more perpendicular to the crack

and provided a larger clamping force (Kriski and Loov (1996)).

Table 2.22 Cross-Section of Reinforced Concrete Beams Tested by
Kriski and Loov (1996)

Dimensions {mm) 360 x 400

Cone. Cover (mm) 43
to Long. Steel

Stirrups 5.68 mmi
Spacing (mm) 150

Yield Stress (MPa) 600

Long. Steel 2-10mm@3(T}; 5-25mm@(B)
Yield Stress (MPa) 433(B)

Note: Yield stress for the top longitudinal steel bars is not known.
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Table

2.23 Details of Reinforced Concrete Beams Tested by Kriski and
Loov (1996)

Beam | f', by D d d, a |ad, | M| Ay | fery 0. s fsty Ve
Mark | (MPa) | (mm) | (mm) | (mm) | (mm) | (mm) Vd, | (mm?) | (MPa) (mm) | (MPa) | (Exp)

)
1 28.9 | 360 400 345 345 | 1052 3.05] 2.05 | 2500 433 | 0.00094 150 600 249.0
2 28.6 | 360 400 345 345 | 960 2,61} 1.61 | 2500 433 |0.00094 150 600 383.5
3 28.9 | 360 400 345 345 | 1052 3.05] 2.05 ]| 2500 433 | 0.00094 150 600 224.5
4 28.9 | 360 400 345 345 | 749 21771 L.17 ]| 2500 433 | 0.00094 150 600 444.5
5 30.1 | 360 400 345 345 | 900 2,611 1.61 | 2500 433 |0.00094 150 600 203.0
6 33.6 | 360 400 345 345 1 749 2,17 1.17 ]| 2500 433 | 0.00094 150 600 331.0
7 74.3 1 360 400 345 345 11052 3.05] 2.05 ] 2500 433 | 0.00094 150 600 304.5
8 77.8 | 360 400 345 345 F 900 2,611 1.61 | 2500 433 | 0.00094 150 600 391.0
g 77.0 | 360 400 345 345 1052 3.05] 2.05] 2500 433 |0.00094 150 600 242.0
10 76.3 | 360 400 345 345 | 900 2,61 ] 1.61 | 2500 433 | 0.00094 150 600 390.5
1} 81.5 | 360 400 345 345 | 749 2,17 1.17 ]| 2500 433 | 0.00094 150 600 512.0
12 T7.7 | 360 400 345 345 | 749 2017 117 | 2500 433 | 0.00094 150 600 594.5

Kriski and Loov also suggested that the shear strength of a beam with concrete
compressive strength up to about 80 MPa could be assumed to vary with JFC .
However, they also proposed that more work be carried out to evaluate the
applicability of the Shear-Friction Theory for determining the shear strength of

rectangular reinforced concrete beams with shear reinforcement.

2.3.13 Tests at Curtin University of Technology (1993)

Thirty two beams were tested with varying concrete compressive strength and amount
of shear reinforcement. These tests were part of a research project carried out by Ilyas
(1993) to study the shear capacities of reinforced HPC beams. Details of these

specimens are given in Table 2.24.

These tests were performed to study the effects of the longitudinal steel ratio,
transverse steel ratio and shear span-to-depth ratio on the shear strength. Three of the
beams (B11, C12 and D11) did not fail in a diagonal cracking failure mode as other
beams. Instead, concrete cracking along the level of the longitudinal tensile steel
propagated to the anchorage region which initiated the failure of the beams. Hence,

these three results are not considered in correlation analyses given in Chapter 5.
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The test results given in Table 2.24 have not been published before. The longitudinal

reinforcement ratio and shear reinforcement ratio were two of the main parameters of

the tests. The shear strength did not increase with the shear reinforcement ratio for
beams with M/Vd, of 1.16 or 1.17. However, for beams with M/Vd_ of 2.66 to 2.68,

the shear strength generally increased with the shear reinforcement ratio when the

longitudinal reinforcement ratio was kept constant. The scatter in the results for the

shorter beams may have been due to arch action effect in those beams.

Table 2.24 Details of Reinforced HPC Beams Tested at Curtin

University of Technology (1993)
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Beam e b, D d d, a afdy | M Ay fsey e 8 L5y Ve
Mark | (MPa) | (mm) | (mm} | (mm) | (mm) | (mm) Vdy | (mm?) | (MPa) {mm) | (MPa) | (Exp)
| ] {kN)
All 554 200 350 317 317 684 2.16 1.16 1240 450 0.000784 160 516 2700
Al2 554 200 350 317 317 684 216 1.16 1240 450 0.001255 100 516 313.0
Al3 5354 200 350 317 317 684 216 .16 1240 450 0.001673 75 516 2920
Ald 354 200 350 316 316 684 216 i.16 1240 450 0.001227 160 510 262.0
Al5 554 200 350 315 315 684 217 1.17 1240 450 0.001948 160 496 2700
BiI 56.1 200 350 317 317 684 216 116 | 1860 450 3.000784 160 516 534.0
BI2 j6.1 200 350 317 317 684 216 1.16 1860 450 .001255 100 516 496.0
BI3 56.1 200 350 317 317 684  2.16 1.16 1860 450 0.001673 75 516 401.0
B4 56.1 200 350 316 316 684 2.16 1.16 1860 450 0.001227 160 510 385.0
BI5 56.1 200 330 315 315 684 217 1.17 1860 450 0.001948 160 496 403.0
Cll 56.8 200 350 292 317 684  2.16 1.16 { 2480 450 0.000784 . 160 516 459.0
Ci2 56.8 | 200 350 292 317 684 216 Li6 | 2480 450 0.001255 100 516 601.0
Cl13 56.8 200 350 292 317 634  2.16 1.16 | 2480 430 0.001673 75 516 M7.0
Cl4 56.8 200 3530 291 316 684 216 1.16 | 2480 430 0.001227 160 510 364.0
Cl13 56.8 200 350 290 315 684 217 1.17 | 2480 450 0.001948 160 496 416.0
Dil 48.0 { 200 350 297 317 684 216 Li6 | 3100 450 0.000784 164 516 448.0
Di2 4.0 200 350 297 317 684  2.16 1.16 { 3100 450 0.001255 100 516 43.0
D13 480 200 3350 297 317 684 2,16 1.16 { 3100 450 0.001673 75 516 505.0
D14 43.0 200 350 286 316 684 2,16 1.16 3100 450 0.001227 160 510 499.0
D15 480 200 330 295 315 684 217 1.17 3100 450 0.001948 160 496 508.0
B21 63.2 200 350 317 317 1160 3.66 2.66 1860 450 0.000784 160 516 221.0
B22 632 200 350 317 317 1160 3.66 2.66 1860 450 0.001255 100 516 237.0
B24 63.2 200 350 316 316 1160 3.67 2.67 1860 450 0.001227 160 510 255.0
21 63.2 200 350 292 317 1160 3.66 266 | 2480 450 0.000784 160 516 256.0
22 63.2 200 350 292 317 1160 3.66 2.66 | 2480 450 0.001255 100 516 311.0
c23 614 200 350 292 317 1i60  3.66 266 | 2480 450 0.001673 75 5le 3790
24 63.2 200 350 291 316 1160 3.67 2.67 | 2480 450 0.001227 160 510 3010
D21 61.4 200 350 297 317 1160 3.66 266 | 3100 450 0.000784 160 516 256.0
D22 61.4 200 350 297 3t7 1160 3.66 2.66 3100 450 0.001255 100 516 290.0
D23 614 200 350 297 317 1160 3.66 266 | 3100 430 0.001673 73 516 3440
D24 614 200 350 296 316 1160 3.67 267 | 3100 450 0.001227 160 510 285.0
D25 614 200 350 295 315 1160 3.68 268 | 3100 430 0.001948 160 496 404.0
Note: Beams given in ifalics failed at the supports.




2.4 Shear Design Provisions In Codes

Four national codes of practice are considered for comparisons of test to predicted
shear strengths of reinforced concrete beams; Australian Standard AS 3600 (1994),
Eurocode EC2 Part 1, American Concrete Institute Building Code AC1 318-95 and
Canadian Standard CSA A23.3-94.

2.4.1 Aaustralian Standard AS 3600 (1994)

The Australian Standard AS 3600 (1994) shear design equations are based on a

variable angle truss model. Shear resistance is made up of concrete and steel

contributions:
A = Ve + Vg (2.7}
where
Voo = Bibabendo (g 28)
b, = effective web width
do = distance from the extreme compression fibre to the centroid of
the outermost layer of longitudinal tensile reinforcement, and
Ag = cross-sectional area of longitudinal tensile steel reinforcement.

The formula for the concrete contribution is similar to a statistically derived expression
by Zsutty (1968). The factors for determining V. according to AS 3600 (1994) are:
(i) B4 accounts for the size factor of a section. Deeper sectior_ls are

considered to carry lower shear stress at failure.

By = 1.1[1.6-%} > 1.1  (dy,inmm) (2.9)

(i) B> accounts for axial force effects.

By = 1.0 (when no axial force exists)
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(iii)  P3 accounts for the presence of a large concentrated load near a
support.

By = 2% (10<By<20) (2.10)

a

where a is the distance of the concentrated load from the support.

For vertical shear reinforcement, AS 3600 gives the stirrup contribution as:

Agy fgy £ dg cotfy

Vs = 5 = pifsyrby do cotby (2.1
where

A, = cross-sectional area of shear reinforcement

foyr = yield stress of shear reinforcement

0, = angle of inclination of the concrete compression strut

Pt = shear reinforcement ratio, and

s = spacing of the stirrup cages.

In order to avoid web crushing failure when a large amount of shear reinforcement is
used, AS 3600 limits the shear capacity to:

Viemax = 02 f.byd, (2.12)

AS 3600 (1994) also stipulates that a minimum arnount of shear reinforcement be used
before it 1s effective for shear contribution:

0.35by s

2.13
fsy.f ( )

Asv.min =

The angle of inclination 8y is "the angle between the axis of the concrete compression
strut and the longitudinal axis of the member" (AS 3600). It is assumed to vary
linearly between 30° when the minimum amount of shear reinforcement is used and 45°
when the limiting amount of shear reinforcement corresponding to web crushing is

used.
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It is proposed to modify Equation 2.13 by:

0.06 Affc by s

oyt (2.14)

Agymin =

so that the shear design method may be applied to concretes with compressive strength
up to 100 MPa instead of the 50 MPa upper limit currently imposed by AS 3600. In
the present study, Equation 2.14 is adopted as part of the AS 3600 method. This
modification is consistent with the minimum requirement proposed in the Canadian
Code CSA A23.3-94 (Section 2.4.4).

For most practical beams with relatively small amount of shear reinforcement, the
angle 0, remains close to 30° as the limiting amount of shear reinforcement
corresponding to web crushing is much greater than A, i, Therefore, the steel
contribution Vs will have negligible difference when determined using either Equation

2.13 or Equation 2.14.

2.4.2 American Code ACI 318-95

The ACI code adopts the 45° truss model with an additional term for concrete

contribution.

Vi = Ve + Vg ' (2.15)
where

vV, = (0.1@\/F;+ 17.2p, Vﬁ—ij bod (< 034T5 byd)

(2.16)

and

Pw = longitudinal tensile steel reinforcement ratio

Ve M, = shear force and moment at the critical section

bw = effective web width, and

d = effective depth.

The V,d/M, term is generally small. Therefore, ACI 318-95 allows the following

simplified equation to be used:

Ve = 0.17 4fT¢ by d 2.17
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The ACI code allows for arch action by applying a multiplier to V, for deep flexural
beamns. For beams with £;/d (clear span/depth ratio) of less than 5, the multiplier can

be applied to Equation 2.17:
My
Ve = (3.5 -2.53 ) 0.174ff; by d (2.18)
u

where the multiplier is in the range of 1.0 to 2.5.

For the stirrup contribution to shear, the conservative 45° truss solution is used:

Ay fy d
Ve = LSL (2.19)
where
Ay = cross-sectional area of shear reinforcement, and
fy = yield stress of shear reinforcement.

2.4.3 Eurocode EC2 Part 1

The Eurocode EC2 Part 1| does not encourage the use of concrete with compressive
strength less than 12 MPa or greater than 50 MPa for structural purposes. It is partly
based on the Plasticity Theory by Nielsen (1984). Two methods of design are given:
) the Standard Method, which combines a concrete contribution and a
stirrup contribution based on the 45° truss model.

(ii) the Variable Strut Inclination Method.

Shear design centres on three values of shear resistances stated as Vggi, Vra2 and
VRgs. Vggp refers to the shear capacity of a concrete member without shear

reinforcement determined from an empirical formula:

Vrai = Ta k(1.2 + 40py) by, d (2.20)
where

Ted = basic design shear strength = 0.25 £ 005

fo00s = the lower 5% fractile characteristic tensile strength = 0.7 foy

fom = mean value of the tensile concrete strength = 0.30 (f)%*
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fex = characteristic cylinder compressive strength of concrete
k = 1.0 for members where more than 50% of the bottom

reinforcement is curtailed; or otherwise,

k = (1.6-d) =1.0 (d in metres), and
A
pr = bw—“d <0.02.

It is noted that although p, in Equation 2.20 is limited to 2%, most of the beams in this

study have steel ratios greater than 2%. The large amount of longitudinal steel in the

beams is to ensure shear failure instead of flexural failure.

The above equation can be simplified to the following equation:

VRdl = 0.0525 k (f4)%3 (1.2 +40p;) by d (2.21)

When determining Vgrgqi, an enhancement factor can be applied if the member is loaded
by a concentrated load situated at a distance x £ 2.5d from the face of the support.

The multiplier is given as:

B = 2% (1.0< B <5.0) (2.22)

The resistance Vggp is the shear capacity of a beam when web crushing occurs
according to the Plasticity Theory (Nielsen (1984)). The maximum Vgg value that

can be attained is limited by the effective stress in the compressive strut such that:

Vg2 (max) = 0.5 v foq by, (0.9d) (2.23)
where
fa = design value of concrete cylinder compressive strength, which
equals the characteristic cylinder strength at 28 days, and
fi
v =  theefficiency factor = 0.7-=% >0.5.

200

For the purpose of analysis, {4 is assumed to be equal to .

The consideration for minimum shear reinforcement is given in Table 5.5 of EC2

Part 1. For concrete grade of 50 MPa and steel class of 400 MPa, the minimum shear
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reinforcement ratio is given as 0.0016. This requirement differs from that of the
ACI 318-95 and AS 3600 (1994) codes, and is almost twice the amount calculated

035

foo ) = 0.00088. According to Eguation 2.14, the minimum shear
sY.

0.06 e

reinforcement ratio is (

from

) =0.0011.
fsy.f

The difference between the Standard Method and the Variable Strut Inclination Method
is in the determination of the resistance Vgg3. The alternative methods of calculating

Vgaz are discussed below.

2.4.3.1 Standard Method

The Standard Method is similar to the provisions of ACI 318-95 with the total shear

resistance given as:

VeRaa = Ve + Vud (2.24)
where

Vg = concrete contribution and is taken as equal to Vggq;

Vag = Sswiwd gq) (2.25)

Ay = cross-sectional area of shear reinforcement, and

fywa = yield stress of shear reinforcement.

The formula for Vg43 can be written as:

VR = B10.0525 k (fa)® (1.2+440py) byud] + 253% (0.9d)

< VRqz (max)

(2.26)

For analysis, the limits on py, B and v were adhered to when calculating Vrgs.
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2.4.3.2 Variable Strut Inclination Method

The Variable Strut Inclination Method is based on a truss with an angle 8 chosen
within the ranges of’
(i) 0.4 <coth <2.5 - for beams with constant longitudinal reinforcement, or

(ii} 0.5 <cotB < 2.0 - for beams with curtailed longitudinal reinforcement.

The shear resistance based on the crushing of the compressive strut is:

~ by(0.9) VEog
VR = {cotB + tan®) (2.27)

The shear resistance based on a truss model with stirrups yielding is:

Vegs = P&W—fﬂ‘—’ (0.9d) cotd (2.28)

A limitation based on the Plasticity Theory is placed on the effectiveness of the shear

remmforcement such that;

Aswlywd ¢ g5yf (2.29)
by s
In design, the applied shear force is equated to Vg to obtain the largest value of cot6,
which corresponds to the smallest amount of shear reinforcement. The amount of
shear reinforcement is then found from the equation for Vrg43. For analysis, a solution

can only be found by equating Vgys to Vrgp. The solution for 6 can be found from:

tand > 1 (2.30)

vied
Med
’\/(Pswfywd j
or  coth < \/(lf% 1) (2.31)
Pswiywd

The solution for tan® should also include the consideration of limiting pgwfywa as

stated in Equation 2.29 and restricting cot9 as described at the beginning of this sub-

section. After solving for tan@, the shear resistance Vgg3 may be calculated.
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2.4.4 Canadian Standard CSA A23.3-94

The Canadian Standard CSA A23.3-94 permits two alternative methods of shear
design for reinforced concrete beams: namely, the Simplified Metheod and General
Method. The former is based on the traditional "concrete plus steel contributions”

approach whereas the latter revolves around the Modified Compression Field Theory.

The Simplified Method is based on the 45° truss model with an effective depth of d.
However, the General Method has a variable angle truss. Although the General
Method is based on the MCFT, it is also formulated in the form of a concrete

contribution plus steel contribution approach.

The minimum shear reinforcement area is given by Equation 2.14.

2.4.4.1 Simplified Method

The shear resistance V, can be stated as follows:

V, =V, + Vi (2.32)

The concrete contribution is given by:

Ve

02 VFobyd when sz‘mfm
Y

or d £300 mm (2.33a)

or Ve = (720 )re bud 2 0.1VF byd when A, <QO6VEDS 24 45 300 mm

000+d fy
(2.33b)
The steel contribution is given by:
Ay fy d
Ve, = *SL < 0.8+f; byd (2.34)

43



2.4.4.2 General Method
Designing or analysing using the General Method requires the determination of the
effective shear depth (d,), which is assumed in the Canadian Standard as being not

less than 0.9d.

The nominal shear strength of a beam can be stated as:

Vi = Veg + Vg < 025 Fcbydy (2.35a)
where
Vg = BT, buwdy (2.35b)
Vg = A"f d, cotd (2.35¢)
0.33cotd 018
B = —— (2.35d)
1+V 5007 24w
(0 3+ a+16
3] = angle of inclination of the principal compressive stress direction

with respect to the longitudinal axis of the beam

£ = principal tensile strain in cracked concrete
w = crack width {mm), and
a = maximum aggregate size (mm).

Using the Mohr's strain circle, the principal tensile strain can be expressed in terms of
the longitudinal strain &4 and the principal compressive strain €; in concrete:

£ = £, + (&4 - £2) cot20 (2.36)

The principal compressive strain €,, can be found from the pre-peak branch of a

parabolic concrete compressive stress-strain curve (Collins, Mitchell, Adebar and

Vecchio (1996)):

& = -0002 (1 i \/1 ] ffz j (2.37)
2max
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where

fy

principal compressive stress in concrete, and

fomax = crushing strength of cracked concrete.

The principal compressive stress can be determined from a Mohr's stress circle as:

1) = v (tan@ + cotB) (2.38)
where

v = shear stress = % , and

Vu = shear force at the critical section.

When softening is considered, the crushing strength of cracked concrete can be
factored from the cylinder compressive strength ' as:

fe

Dmax = ©03+17067) <fe (2.39)

Substituting Equations 2.37, 2.38 and 2.39 into Equation 2.36, the principal tensile

strain can be re-stated as:

€1 = g+ [ax + 0.002 (1 - ‘\/ 1 - f,l(tan9+c0tﬂ)(0.8+l70£1) ﬂ cot20
c

(2.40)

The strain €, is taken as the strain at the level of the tensile reinforcement based on an

assumed linear strain gradient across the depth of a beam. Due to the effects of a

bending moment and a shear force, € can be estimated as:

My/dy + 0.5V ycotd

£x = B, A (2.41)
where

M, = moment at the critical section, and

A = cross-sectional area of longitudinal steel in the flexural tension

side of a beam.
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The determination of €4 is dependent on the location of the critical section which
dictates the values of M, and V. Visualising the beam as a variable angle truss, the
yielding of shear reinforcement occurs over a length of dycot® (Collins, Mitchell,
Adebar and Vecchio (1996)). It is reasonable to consider the section in the middle of
this length as being critical. Therefore, the critical section may be taken at a distance of
0.5dycotf from a concentrated load or support. In simplifying, the distance of

0.5dcot is taken as approximately equal to d,.

There can be several 8 values which will give satisfactory solution to the above
equations. However, values of @ and [} were given by Collins, Mitchell, Adebar and
Vecchio (1996) to ensure that the transverse stirrup strain (g,) was at least equal to
0.002 and the principal compressive stress in the concrete strut did not exceed the

softened concrete crushing strength (Table 2.25).

Table 2.25 Values of 0 and § for Beams With At Least the Minimum

Shear Reinforcement

_Vr.g._ Longitudinal Strain, &, (x1073)
bwduf'c
<0 < 0.25 < (.50 < 0.75 < 1.00 < 1.50 < 2,00
< 0.050 & 27.0° 28.5° 29.0° 33.0° 36.0° 41.0° 43.0°
B 0.405 0.290 0.208 0.197 0.185 0.162 0.143
< 0.075 & 27.0° 27.5° 30.0° 33.5° 36.0° 40.0° 42.0°
B 0.405 (0.250 0.205 0.194 0.179 0.158 0.137
<0.100 & 23.5° 26.5¢ 30.5° 34.0° 36.0° 38.0° 39.0°
B 0.271 0.211 0.200 0.18% 0.174 0.143 0.120
£0.125 & 23.5° 28.0° 31.5° 34.0° 36.0° 37.0° 38.0°
B 0.216 0.208 0.197 0.181 0.167 0.133 0.112
< 0.150 & 25.0° 29.0° 32.0° 34.0° 36.0° 36.5° 37.0°
B 0.212 0.203 0.189 0.171 0.160 0.125 0.103
< 0.200 & 27.5° 31.0° 33.0° 34.0° 34.5° 35.0° 36.0°
B 0.203 0.194 0.174 0.151 0.131 0.100 0.083
< 0.250 e 30.0° 32.0° 33.0° 34.0° 35.5° 38.5° 41.5°
B 0.191 0.167 0.136 0.126 0.116 0.108 0.104

The values of 0 and 3 given in Table 2.25 were based on an assumed diagonal crack

spacing of 305 mm and a maximum aggregate size of 19 mm. Collins, Mitchell,
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Adebar and Vecchio (1996) considered these values to hold for "the full range of

beams containing stirrups".

There is no direct solution to find the shear strength of a beam. The shear strength Vi,
is dependent on 6 and B, B in turn is dependent €; and 6, €; in turn is dependent on &,
and &y in turn is dependent on Vg (Vi replaces V, in Equation 2.41). The simplest

way to obtain a solution using Table 2.25 is to assume that the beam being analysed is

. v ... ] .
lightly shear reinforced with (b—dr}‘—) < 0.050 and an initial trial value of & is
whvl C

assumed. Then a set of 6 and B values can be found from Table 2.25 and Vg can be
calculated. The longitudinal strain €, can then be calculated and checked. This
process is iterated until €, converges and the final Vi, value is accepted as the predicted

shear strength. Linear interpolation can be used between values given in Table 2.25.

In analysing the test data, some beams were out of the range of the tabulated values.

A\
For g¢ > 2.0x10-3 and/or (b—wdr}‘—) > 0.25, the conservative assumptions of 6 = 45°
YiC

and B = 0.100 were adopted in Chapter 5.

However, not all the beams from the previous investigations have at least the minimum
amount of shear reinforcement as given by Equation 2.14. For beams with less than

the minimum shear reinforcement, the 8 and P values were determined from

Table 2.26.

The 9 and [} values are dependent on the spacing of the longitudinal cracks in the web
of a beam s,. This spacing is a function of the maximum distance between
longitudinal bars or between longitudinal bars and the flexural compression zone. For

beams with less than the minimum shear reinforcement and no intermediate layers of
longitudinal crack control reinforcement, the crack spacing parameter s, may be taken

as dy (or 0.9d).
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Table 2.26 Values of 6 and 3 for Beams With Less Than the Minimum

Shear Reinforcement

5z Longitudinal Strain, & (x10-3)
(mm)

<0 <025 £0.50 £1.00 < 1.50 <2.00

<125 & 27.0° 29.0° 320° 34.0° 36.0° 38.0°
B 0.406 0.309 0.263 0.214 0.183 0.161

<250 & 30.0° 34.0° 37.0° 41.0° 43.0° 45.0°
B 0.384 0.283 0.235 0.183 0.156 0.138

< 500 & 34.0° 39.0° 43.0° 48.0° 51.0° 54.0°
B 0.359 0.248 0.201 0.153 0.127 0.108

< 1000 & 37.0° 450° 51.0° 56.0° 60.0° 63.0°
B 0.335 0.212 0.163 0.118 0.095 0.080

<2000 & 41.0° 53.0° 59.0° 66.0° 69.0° 72.0°
B 0.306 0.171 0.126 0.084 0.064 0.052

2.4.5 Comparisons of Code Methods

The Australian Standard AS 3600 (1994) adopts a concrete plus steel contribution
approach which is easy to apply. This code assumes a variable angle truss with a
minimum angle of inclination of the principal compressive strut of 30° to give an
increased contribution to shear compared to a 45° truss. However, the minimum shear
reinforcement requirement and the limiting amount of shear reinforcement for web

crushing should be reviewed for HPC.

The American code ACI 318-95 is the easiest method to use but from previous work,

it has been found to be quite conservative, particularly for conventional concrete.

The Eurocode EC2 Part 1 methods provide generally conservative predictions,
particularly the Variable Strut Inclination Method. The applicability of the efficiency
factor v in Equation 2.23 to HPC is still debatable.

The Simplified Method of the Canadian code CSA A23.3-94 is comparable to the ACI

code method. In contrast, the General Method of CSA A23.3-94 is quite complex to

solve. The solution can be tedious and an iterative solution is required.

48



CHAPTER 3

Theory

This chapter presents a theory developed to predict the shear response and the shear
strength of reinforced concrete beams with vertical stirrups. The theory is based on
the stress analysis of the web portion of a beam and adopted from previous work by

Hsu (1988 and 1993) and Vecchio and Collins (1982 and 1993).

3.1 Analytical Model

Figure 3.1 shows a region of a reinforced concrete beam subjected to bending
moment M, shear force V and axial force N. The region is sufficiently away from the

disturbances caused by concentrated loads, supports and openings.

Figure 3.1(a) is the beam cross-section where A, is the total area of longitudinal steel
in the tension zone, by is the width of the web and d, is the distance from the extreme
compression fibre to the centroid of the outermost layer of tensile steel. The actions
acting on the beam are shown in Figure 3.1(b) and the internal forces are illustrated in
Figures 3.1(c), (d) and {e). The bending moment is resisted by the compressive

force C and the tensile force T. The force C is provided by the concrete and the
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longitudinal steel in the compression zone of the beam and T is given by that part of

Ag¢ designated as Agpm.

Oy Vo
| o e
d, _
Ay dy (=0.9d,)
o9 . T l
feTb, = " Internal Forces due to:-
Cross-Section Actions @ @ @
(a) (b) (©) (d) (e)

Figure 3.1 Segment of a Reinforced Concrete Beam

The resultant of the axial force is represented by a uniform stress o, (Figure 3.1(d)).
The shear force V is assumed to be uniformly distributed within a shear effective depth
d, taken equal to 0.9d, (Figure 3.1(c)). This assumption implies that V is primarily
resisted by the web of the cross-section. It satisfies the boundary conditions of zero

shear stress at the top and bottom of the beam and is considered to be reasonable.

The shear response and the shear strength of a region of a beam can be evaluated by

performing a stress analysis of a cracked concrete element within the depth d,.

The cracked concrete element may be represented in the form of a truss comprising a
concrete strut, tied together by reinforcing bars in the longitudinal and transverse

directions as shown in Figure 3.2.

Unlike an element in a structural wall which usually contains uniform reinforcement

(i.e., bars of the same diameter at equal spacing) in both longitudinal and transverse
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directions, reinforcement in the web portion of a beam is discrete. Some intuition,
therefore, is needed to visualise the truss model illustrated in Figure 3.2. It is assumed
that the part of the longitudinal tensile steel not utilised to resist the bending moment,
designated as Ay, is available to resist the shear force, i.e., Agv = Ay - Agm. The
vertical stirrups in the region of the beam constitute the transverse steel. Both these
reinforcement are considered to be smeared in the web of the beam in order to perform

the analysis of the truss. The reinforcement carry only axial stresses.

Reinforcing
Bars

G4 G,

Figure 3.2 Reinforced Concrete Element for Stress Analysis

The "stress analysis" of the truss can proceed by considering equilibrium, strain

compatibility and stress-strain relationships of concrete and steel.
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3.2 Stress Analysis
3.2.1 Equilibrium

In the truss model (Figure 3.2), the concrete strut which is inclined at an angle 0 to the
longitudinal direction (i.e., £-direction) develops a compressive stress Gy along its axis
(i.e., d-direction) and a tensile stress g, in the orthogonal direction (i.e., r-direction).
Both 64 and o, are taken as principal stresses. A convenient way to deal with these
principal stresses is to transform them in the #- and t-directions using a Mohr's stress
circle. These may then be superposed on the stresses in the reinforcement as shown in

Figure 3.3.

G4sin20 +G, cos?O o

= ]

2 2
Cqcos O +Crsin" 9
[ae]
%0—
(Y

Concrete Reinforcement Reinforced Concrete

Figure 3.3 Superposition of Stresses

For equilibrium, the equations are:

Oy = Gg c0s20 + G, sin?0 + pf, 3.1
o, = Gy sin26@ + G, cos28 + pfy (3.2)
Vi = - {04 - ©;) sind cosB (3.3)
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where

G, Gy

Vi

Py

Pt

ASV

8

fsz’fv fst

normal stresses in £- and t-directions respectively and are positive
for tension
average shear stress in the #- and t-coordinate system, is positive as

shown in Figure 3.3 and is taken as (b_(EYE.)E_))
viv-Ad0o
(bv(0-9do)j

Asy
bys
total area of all legs of vertical stirrup(s) across the width of a beam

spacing of stirrups along the longitudinal axis of a beam, and

stresses in longitudinal and transverse reinforcement respectively.

3.2.2 Strain Compatibility

The principal strain directions are assumed to coincide with the corresponding

principal stress directions. The average strains in the ¢- and t-directions may be related

to principal strains by means of a Mohr's strain circle as follows:

where

€
&

Vet

€ &

€4, &

Yet

It

£4 €0s20 + £, 8in%0 (3.4)
£4 5in26 + £, cos20 (3.5
-2 (&4 - &) sin@ cosO (3.6)

average strains in the element in £- and t-directions respectively and

are positive for tension

average principal strains in the element in d- and r-directions

respectively and are positive for tension, and

average shear strain in the element in the ¢- and t-coordinate system.
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3.2.3 Stress-Strain Relationships of Concrete and Steel

3.2.3.1 Softened Concrete in Compression

The ascending and descending branches of the stress-strain curve for high strength
concrete are steeper than those for normal strength concrete. A well-known stress-
strain relationship with a pronounced post-peak decay which satisfactorily modelled
high strength concrete was introduced by Thorenfeldt, Tomaszewicz and Jensen
(1987). However, Vecchio and Collins (1993) recognised that the effective
compressive strength of a strut in a reinforced concrete element was less than the
uniaxial concrete compressive strength due to the presence of tensile strains in the
perpendicular direction. This effect may be taken into account by means of a

softening factor. Figure 3.4 shows a softened concrete compressive stress-strain

curve, where { is the softening factor.

O
i
) S
- Unsoftened
Concrete
2O R

- Softenad
Concrete

lep &

Figure 3.4 Softened Concrete in Compression
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The stress-strain curve of softened concrete in compression may be described as

follows:

. Ceo < €4 <0 (the initial part of the curve where both stress and strain
softening are applied) -
o4 = -(fe (=% = K (3.7a)

&Eo n" -1+ (i)
Leo

. €, €89 < g, (the middle part where Vecchio and Collins (1993)
proposed a flat region throughout this range of &) -
cqg = -(f (3.7b)

. €4 < £, (the post-peak branch where only stress softening is applied) -
oy = -if (X . I (3.7¢)

d - C(aoj nl_1+(g_d)n .
€o
where
f'e concrete compressive cylinder strength
- fe
i 0.8+ i7
k' 1.0 when g4/6, < 1.0
0.67+ when g4/e, > 1.0, and
fo n'

€o "E. ( -1 )

The modulus of elasticity of concrete E, is taken as (Carrasquillo, Nilson and Slate

(198 1)):

E. = 3320+f. + 6900 (3.7d)
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Vecchio and Collins (1993) proposed a softening factor applicable to high strength
concrete as well as normal strength concrete. Based on the results of 116 test
specimens, the following softening factor was established:

1

where
Ky = 0.1825+f, =2 1.0,and
K. = 035 [ EE—fd ; 0.28)0'8 >10.

3.2.3.2 Concrete in Tension

The stress-strain relationship of concrete in tension is given by the following (Collins,

Mitchell, Adebar and Vecchio (1996)):

. € < € (ascending branch) -

C; = E e (3.8a)
L £ 2 g, (descending branch) -

P —— i S (3.8b)

(1+JTOS,)

where
. . f
€or = concrete cracking strain = f
C
for = concrete cracking stress = 033+, and
E; = modulus of elasticity of concrete as given in Equation 3.7d.

Figure 3.5 illustrates these equations.
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for 1-

fer i |
1+ 500

Figure 3.5 Concrete Tensile Stress-Strain Curve

3.2.3.3 Reinforcing Steel

In this study, the stress-strain relationships of longitudinal and transverse steel

reinforcement are represented by elasto-plastic curves as follows:

for = E g when g, < f;/Eg (3.9a2)
= fyy when £¢ > fy/Ey (3.9b)

st = E;g when g < fg,/Es (3.10a)
= fyy when € > f,/Eg (3.10b)

where

foey = yield stress of longitudinal steel

foty = vyield stress of transverse steel, and

E = modulus of elasticity of steel taken as 200x 103 MPa.
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3.2.4 Soluation

The stress analysis of the truss involves thirteen unknowns, viz., 6y, Gy, G4, Gp, Vit
E¢, €1, €4, €, Yer, 0, fgp and £, There are ten equations given by equilibrium, strain
compatibility and stress-strain relationships of concrete and steel, i.e., Equations 3.1

to 3.10. Still three more equations are needed for a solution.

At a certain region of a beam the axial force N (see Figure 3.1) is known. Assuming
that the force N produces a uniform stress on the beam cross-section, the intensity of
this stress in the web of the beam in the /-direction is equal to N/A;, where Ay is the
gross concrete area of the beam cross-section. This assumption is not entirely true as
the stress distribution is non-uniform due to flexural cracks. However, this is only an
estimate of the nominal average axial stress of the cross-section. For the case of a
reinforced concrete beam, N/A, will be zero and the accuracy of this assumption does
not affect the stress analysis of the beam. Therefore,

N

o1} K-g- 3.11)

Note that N is positive when it is tension and negative when it is compression.

As the beam region is not subjected to any axial force in the transverse direction (see

Figure 3.1), it is assumed that the resultant tensile stress in that direction is zero, i.e.,

of} = 0 (3.12)

In order to trace the load-deformation response of the beam region in terms of vy, and

Y. the strain £ can be specified for each load stage. This condition and Equations

3.11 and 3.12 provide the additional three equations required to complete the stress

analysis of the truss. However, the area of longitudinal tensile steel Agsv that resists

the shear force must be defined.
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As mentioned earlier,

Agv = Age - AgMm (3.13)

where A, 1s the total longitudinal steel in the tension zone and Ay is that part of Ags
required to resist the bending moment. Note that Agsy is always positive and taken as

greater than zero. The value of Ags may approximately be calculated by:

M

Agm = @940 Toty (3.14)

where M is the bending moment co-existing with the shear force V (see Figure 3.1).

For a constant moment-to-shear ratio, the magnitudes of M and V, and hence the

values of Ay and Agpy vary for each stage of loading. This makes the calculation of
Agpv extremely tedious. For simplicity, the value of Agsy is calculated at the load

stage corresponding to the peak of the vg-ys; curve, which represents the shear

strength Vy, of the region. Since V, is unknown in the beginning, some iteration is

required. Initially, a trial value of V, is selected and Ayey is calculated by Equations

3.14 and 3.13 for a known value of M/V. The stress analysis of the truss is then

performed to establish the peak of the vy-y, curve and hence V. Using this new

value of V, Agyv is calculated by Equations 3.14 and 3.13 and the stress analysis is
repeated. The entire process is continued until the trial value of V, converges to the

value obtained from the stress analysis of the truss. Calculations have shown that

convergence usually occurs after five or six iterations.

3.3 Solution Algorithm

The solution process is simplified by combining and re-arranging some of the

equations.

59



3.3.1 Longitudinal Strain &,

Equation 3.1 1s expressed as:

o = 04c0826 + 6,(1-cos?0) + p,fy, (3.15)
- G - pof
or cos?0 = (M) (3.16)
G4 - Or

Similarly, Equation 3.4 is expressed as:

€0 = £4c0520 + g,(1-cos28) 3.17)
or cos?f = (Eg - Er) (3.18)
£d - &;

Combine Equations 3.16 and 3.18 to eliminate 6 and obtain:

(Ef - Er) - (M_Sﬁ) (3.19)
£d - €r 04 - Or

The value of f, in Equation 3.19 is given by Equation 3.9a or 3.9b.

When the smeared longitudinal steel has not reached yield,

fse = E; g (3.9a)

Substitution of Equation 3.9a in Equation 3.19 and re-arrangement gives:

€(0g-Or) + (C7 - Op)(Eg-€r)
£/ = 6d- 0o % prEaEats) when €, < f4/Ey (3.20)

When the smeared longitudinal steel has reached yield,
fs = fsf.y (3.9b)

Substitution of Equation 3.9b in Equation 3.19 and re-arrangement gives:

(GE‘ - Or - pifssy
SE = ———— =

. )(sd-er) + &  when g > fyy/Eq (3.21)
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3.3.2 Transverse Strain g

Equation 3.2 1s expressed as:

G, = GasinZ0 + o,(1-5in20) + pyfy (3.22)
or sin20 = (M‘r-_p[f“) (3.23)
C4q-0r

Similarly, Equation 3.5 is expressed as:

EN = £4sin%6 + £,(1-sin0) (3.24)
or  sin20 = (M) (3.25)
€4 - £

Combine Equations 3.23 and 3.25 to eliminate 6 and substituting ¢, = 0 (Equation

3.12), the following equation is obtained:
(EI - Erj — (‘ Oy - PthtJ (326)
Ed - E[ Gd - Gr
The value of fy in Equation 3.26 is given by Equation 3.10a or 3.10b.

When the transverse steel has not reached yield,

fs[ = ES St (3. l Oa)

Substitution of Equation 3.10a in Equation 3.26 and re-arrangement gives:

— £{03-Op) - Gr(Eg-Ey)
& a 04 - Or + PEs(Ed-€p) when g < foy/E, (3.27)

When the transverse steel has reached yield,

o = fuy (3.10b)

Substitution of Equation 3.10b in Equation 3.26 and re-arrangement gives:

&

- 6;- pif
(W) (€a-€) + & wheng > f/E,  (3.28)
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3.3.3 Principal Concrete Tensile Strain &,

Combining Equations 3.4 and 3.5, the following equation is obtained:
g+8 = g+ & (3.29)

or & = E+&-8g (3.30)

3.3.4 Angle of Inclination of the Concrete Compressive Strut 0

From Equations 3.18 and 3.25,

€7 -Er

tan20 = (M) (3.31)

Equation 3.29 may be written as:
&-& = E4-8& (3.32)

€-8 = E1-§ (3.33)

Substitution of Equations 3.32 and 3.33 in Equation 3.31 and re-arrangement gives:

8 = tan-l(‘\f : . :; J (3.34)

3.3.5 Calculation Steps

For a given beam, the calculation steps are as follows:

Step 1: Input beam data, including geometrical, sectional and material

properties, and the M/V ratio.

Step 2: Assume a value of V.
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Step
Step
Step
Step
Step
Step

Step

Step
Step

Step

Step

Step

N

10:
11:

12;

I13:

14:

Select a value of gg4.

Assume a value of €.

Determine 6, by Equation 3.11.

Calculate 64 by Equation 3.7.

Calculate o; by Equation 3.8.

Take M = V,(M/V) and calculate Ay and Agyyv by Equations 3.14
and 3.13 respectively. Use A,y to calculate p;.

Calculate g; by Equation 3.20 or 3.21.

Calculate g, by Equation 3.27 or 3.28.

Calculate g; by Equation 3.30. Compare the calculated &, value with the
assumed value in Step 4. If there is convergence, proceed to

Step 12; otherwise, return to Step 4 and iterate.

Calculate 8 by Equation 3.34. Hence, calculate vy and v, by
Equations 3.3 and 3.6 respectively. Calculate V = v, (b,dy).

Repeat Steps 3 to 12 for other values of g4 in the range of
-0.0035 < g4 < 0. Plot the v~y (or V-yp) curve. The peak of this
curve gives the ultimate shear strength V.

Compare the calculated V,, value in Step 13 with the assumed value in
Step 2. If there is convergence, the solution is accepted; otherwise,

return to Step 2 and iterate.

3.4 Example

The solution algorithm is illustrated below for the beam S1-1 tested in this study.

Step 1:

Input Beam Data

The beam cross-section is shown in Figure 3.6.
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Figure 3.6 Cross-Section of Beam S1-1

The following data apply:
f'e = 63.6 MPa
Av = 2(B2E) = 392mm?
o= P = 2 = 157x10°
foy = 569 MPa
E; = 200x10% MPa
by = 250 mm
D = 350 mm
do = 292 mm
dy = 0.9d, = 262.8 mm
N = 0
Ay = 2046 mm?
fooy = 452 MPa

The beam was subjected to two equal concentrated loads placed symmetrically on the
span. The shear span was 730 mm. For the calculation of shear strength, the critical
section is assumed to be at a distance d, from the concentrated load. Therefore, the
M/V ratio is taken as (a-dy) = (730-292) = 438 mm.

Step 2: Assume V),

After several cycles of iteration, take:
Vu = 237.9 kN
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The selection of V, actually occurs' after performing an initial stress analysis where g4

is varied from 0 to -0.0035. The approximate peak shear force from this preliminary
analysis is then taken as the initial guess of Vy, for the refined iterative solution given in

this example. Otherwise, an initial value can be estimated using the AS 3600 method
" (Equation 2.7), but assuming a 45° truss.

Step 3: Select g4
The value of g4 selected for this example is the strain at the peak shear capacity Vy;:
&4 = -1.024x10-3

A reasonable starting value for g4 is -1.0x10-3,

Step 4: Assume &,

After several cycles of iteration, take:
& = 21.06x103

A reasonable starting value for &; is 1.0x10-5. As g4 varies from 0 to -0.0035, the first

guess of g, for the next g4 value is taken from the previous solution for €.

Step 5: Determine 6,
Because N=0, ¢, = 0.

Step 6: Calculate 64

L 636

n = 0.8 + = = 4541
Eq. 3.7d: E; = 332W63.6 + 6900 = 33.38x10° MPa

_ 63.6 4.541 _ 3
o = '33.38x103(4.541 1 ) = -2.444x10
K¢ = 0.1825 463.6 = 1455 (> 1.0)
_3 )
K, = . S(M- 0.28] %% _ 3889 (>1.0)
1.024x10-3
. - 1 _

Eq. 3.7¢: S = 0+ Tassxassy - 01502

CEO = 0.1502 x -2.444x103 = -0.3671x103 (g, <gy4< Cﬁo)

Eq. 3.7b: a4 = -0.1502 x 63.6 = -9.553 MPa
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Step 7: Calculate o,

for = 0.33v63.6 = 2.632 MPa
2632 _ 3
€or Bl - 0.079x10
Since €; > &, the following applies:
Eq.3.8b: o = 2.632 = 0.620 MPa

(1 + V'500x21.06x10-3 )

Step 8: Calculate Agzyy, Agev andpy

M = V,(M/V) = 237.9x10%x 438.0 Nmm
Eq.3.14: Agy = % = 877.2 mm2
Eq. 3.13: Agy = 2046.0-877.2 = 1168.8 mm?2
Therefore,
_ Asev 11688 \ _ 5
Pe = (bvdvj 250x2628) = 1779x10

Step 9: Calculate ¢4

Assume g; < {5 /Eq:

21.06x1073(-9.553-0.620) + (0.0-0.620)(-1.024x103-21.06x10"3)

Eq. 3.20: £
q ¢ -9.553 - 0.620 + 1.779x1072x200x103(-1.024x10-3-21.06x 1073}

2.260x10-3
fooy/Es = 452/200x10% = 2.260x103

Since € = foy/Es. Agpyv just yields and the assumption is satisfactory.

Step 10: Calculate &

Assume €; > g /Eq:

Eq. 3.28: €

(-0.620-1 57x1073x369

: 3 3 -3
5553 - 0.620 )( 1,024x10°3-21.06x10-3) + 21.06x10

17.77x10-3
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fuy/Es = 569/200x103 = 2.845x107

Since g, > f,/Es, the assumption is satisfactory.

Step 11: Calculate e,

The principal concrete tensile strain is calculated as:

Eq. 3.30: & 2.260x10-3 + 17.77x103 + 1.024x103

21.05x103

This value of €, is close enough to the assumed value in Step 4. Therefore, accept the

value.

Step 12: Calculate 8, vy, vy and V

The remaining quantities are calculated as follows:

s 0 - eI - e
Eq. 3.3: Vit = - (-9.553 - 0.620) sin22.69° c0s22.69° = 3.6204 MPa
Eq. 3.6: Yeét = -2 (-1.024x10-3 - 21.06x10-3) 5in22.69° c0s22.69°
= 15.72x 103
Therefore,
\Y% = va(bydy) = 3.6204x250x262.8 = 237.9x10°N
= 237.9 kN

Step 13: Other Values of €4

Repeat calculations for other values of €. The results are plotted in Figure 3.7.
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Figure 3.7 Predicted Response of Beam S1-1

Step 14: Check V,

The peak of the V-y,, curve is 237.9 kN, which is the calculated V. This value

agrees with the V, value assumed in Step 2. Therefore, the solution is acceptable.
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CHAPTER 4

Manufacture And Testing Of HPC Beams

4.1 Introduction

This chapter describes the experimental work. Details of the test beams, the materials
and equipment used and the manufacture of these beams are elaborated. The test set-

up, the instrumentation and the testing procedure are also presented.

The test program was established to study the behaviour of reinforced HPC beams
subjected to combined bending moment and shear force. The following is a list of
beam series and the parameter that varied within each series. Most beams were loaded
by two point loads placed symmetrically on the span.

(1) Series 1 - concrete cover to shear reinforcement cage.

(i) Series 2 - amount of shear reinforcement.

(i) Series 3 - amount of longitudinal reinforcement.

(iv)  Series 4 - overall beam depth.

{v)  Series 5 - shear span-to-depth ratio.

(vi)  Series 6 - same as Series 3 but with four point loads.

(vil)) Series 7 i single point load at midspan with stirrups at various spacings.

(viit} Series 8 - similar to Series 2.
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4.2 Test Specimens

Six beams were manufactured and tested in each series. All beams were rectangular in

cross-section, with a constant width of 250 mm.

4.2.1 Beam Details

The cross-sections of beams are shown in Figures 4.1(a) to 4.1(f). Complete details
are given in Tables 4.1 and 4.2. The longitudinal bars were provided with 90° cogs at
each end as shown in Figure 4.2. The two-legged vertical stirrups were anchored in

the compression zone by 135° hooks (Figures 4.1(a)-4.1(f)).

4.2.2 Concrete

The concrete was supplied by a ready-mix plant in Perth, Western Australia. Three
grades of HPC mixes were used, S65, S80 and S100, with nominal 28-day
compressive strengths of 65, 80 and 100 MPa respectively. The mixes contained
about 5% silica furme. Superplasticiser was included to increase the workability of the
mixes. The maximum size of aggregate was 7 mm. Slump of 150 mm was prescribed

for all the mixes. Other details of the mixes were not released by the supplier.

In each beam series, 100 x 200 mm cylinders were tested in compression at various
ages and at the time of beam test. At early ages. two or three cylinders were tested
each time. During the period of beam test, which lasted up to four days, five to nine
cylinders were tested. The results of the concrete compressive strength tests are given
in Table 4.3. The compressive strength development of concrete for each beam series

is shown in Figure 4.3.
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Figure 4.1 Beam Cross-Sections
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Figure 4.1 Beam Cross-Sections (Continued)
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Table 4.1 Beam Details

Beam D d d, Total Span | Over- a a/d, Concrete Cover
Mark Length Le hang (mm)
(mm) | (mm) | (mm) | (mm) {mm) | (mm) | (mm} top Jﬂ)ttoml sides

51-1 350 292 292 | 2700 1860 | 370 730 2.50 35 35 25
51-2 350 292 292 | 2700 1960 | 370 730 2.50 35 35 25
51-3 350 292 2921 2700 1960 | 370 730 2.50 35 a5 35
S51-4 350 292 292 | 2700 1960 | 370 730 250 35 35 35
S1-3 350 292 292 | 2700 1960 | 370 730 2.50 35 a5 50
51-6 350 292 292 | 2700 1960 | 370 730 2.50 35 35 50
821 350 292 292 | 2700 1960 | 370 730 2.50 35 35 35
§2-2 350 292 292 | 2700 1960 | 370 730 2.50 35 is 33
52-3 350 292 292 2700 1960 | 370 730 2.50 35 35 35
S2-4 350 292 292 | 2700 1960 | 370 730 2.30 35 35 35
§2-5 350 292 292 | 2700 1960 | 370 730 2.50 35 35 33
S2-6 350 292 292 | 2700 1960 | 370 730 2.50 35 35 35
S3-1 330 297 297 | 2700 1980 | 360 740 2.49 35 35 35
$3-2 350 297 297 | 2700 1980 | 360 740 2.49 35 35 33
§3-3 350 293 293 | 2700 1960 | 370 730 2.49 35 35 33
53-4 350 293 293 1 2700 1960 | 370 730  2.49 35 33 35
53-5 350 287 269 2700 1940 | 380 720 2.41 35 35 35
53-6 350 287 259 2700 1940 | 380 720 2.41 3s 33 35
S4-1 600 524 542 | 3800 3100 | 350 1300 2.40 35 35 35
54.2 500 428 444 | 3800 2640 §{ 580 1070 2.41 35 33 35
54-3 400 332 346 | 2900 2160 { 370 830 2.40 35 35 33
$4-4 350 292 292 2900 1960 | 470 730 2.30 33 35 35
54-5 300 236 248 | 2400 1680 | 360 590 2.38 35 35 35
54-6 250 198 198 | 2400 1500 | 450 300 2.53 35 35 35
§5-1 350 292 292 2900 2260 | 320 880 3.01 35 35 35
§5-2 350 292 292 | 2900 2100 | 400 800 2.74 35 35 35
§5-3 350 292 292 | 2700 1960 | 370 730 2.5 35 35 35
53-4 350 292 292 | 2400 1660 | 370 580 1.99 35 35 35
§35-3 350 292 292 | 2400 1520 | 440 510 1.75 35 35 35
55-6 350 292 292 | 2100 1380 | 360 440 1.51 35 35 35
86-1 350 297 297 2700 1980 | 360 810 2.73 35 35 35
S0-2 350 297 297 | 2700 1980 | 360 810 2.73 35 35 35
56-3 350 293 293 | 2700 1960 | 370 800 2.73 35 35 35
56-4 350 293 293 ] 2700 1960 | 370 800 2.73 35 35 35
56-5 350 287 299 2700 1940 | 380 790 2.64 35 35 35
56-6 350 287 299 | 2700 1940 | 380 790 2.64 35 35 35
§7-1 350 278 294 | 2700 1940 | 380 970 3.30 35 35 35
57-2 350 278 294 | 2700 1940 | 380 970 3.30 35 35 35
57-3 350 278 294 | 2700 1940 | 380 970  3.30 35 35 35
57-4 350 278 294 2700 1940 | 380 970 3.30 35 35 35
57-5 350 278 294 2700 1940 | 380 970 3.30 35 35 35
57-6 350 278 294 2700 1940 | 380 970 3.30 35 35 35
58-1 350 292 292 | 2700 1960 | 370 730 2.50 35 35 35
58-2 350 292 292 | 2700 1960 | 370 730  2.50 35 35 35
58-3 350 292 292 | 2700 1960 370 730 2.50 35 35 35
58-4 350 292 292 | 2700 1960 | 370 730 2.50 35 35 35
58-5 350 292 292 | 2700 1960 | 370 730 2.50 35 35 35
58-6 350 292 292 | 2700 1960 | 370 730 2.50 35 35 35

Note:  Far all beams, width b, = 250 mm.

For meaning of symbols, see Notation.
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Table 4.2 Reinforcement Details

Shear Reinforcement Longitudinal Reinforcement
Beam
Mark | Diameter | Spacing, P fory fory (MPa)
$ Top Steel Bottom Steel {Bottom

(mm) (mm) (MPa) Steel)
S1-1 3 100 0.00157 569 2Y12 2Y36 4352
S1-2 5 100 0.00157 569 2Y12 2Y36 4352
S1-3 3 100 0.00157 569 2Y12 2Y36 432
51-4 5 100 0.00157 569 2Y12 2Y36 452
51-5 5 100 0.00157 569 2Y12 2Y36 452
51-6 5 100 0.00157 569 2Y12 2Y36 452
52-1 5 150 0.00103 569 2Y12 2Y36 452
52-2 5 125 0.00126 569 2Y12 2Y36 452
52-3 5 100 0.00157 569 2Y12 2Y36 452
52-4 5 100 0.00157 569 2Y1z2 2Y36 452
52-5 5 75 0.00209 569 2Y12 2Y36 452
52-6 3 60 0.00262 569 2Y12 2Y36 452
53-1 4 100 0.00101 632 2Y12 2Y28 450
53-2 4 100 0.00101 632 2Y12 2Y128 450
53-3 4 100 0.00101 632 2Y12 2Y36 452
53-4 4 100 0.00101 632 2Y12 2Y36 452
§3-5 4 100 0.00101 632 2Y12 6Y2d4 442
53-6 4 100 0.00101 632 2Y12 6Y24 442
S4-1 3 100 0.00157 569 2Y12 4Y¥36 452
54-2 3 100 0.00157 569 2Y12 4Y32 433
54-3 5 100 0.00157 569 2Y12 4Y28 450
54-4 3 100 0.00157 569 2Y12 2Y36 452
S4-5 5 100 0.00157 569 2Y12 4Y24 442
S4-6 5 100 0.00157 569 2Y12 3Y24 442
§5-1 5 100 0.00157 569 2Y12 2Y36 452
55-2 5 100 0.00157 569 2Y12 2Y36 452
§55-3 5 100 0.00157 569 2Y12 2Y36 452
55-4 5 100 0.00157 569 2Y12 2Y36 452
§5-3 3 100 0.00157 369 2Y12 2Y36 452
$5-6 5 100 0.00157 569 2Y12 2Y36 452
S6-1 4 100 0.00101 632 2Y12 2Y28 450
56-2 4 100 0.00101 632 2Y12 2Y28 450
S6-3 4 100 0.00101 632 2Y12 2Y36 452
56-4 4 100 0.00101 632 2Y12 2Y36 452
56-5 4 100 0.00101 632 2Y12 6Y24 442
S6-6 4 100 0.00101 632 2Y12 6Y2d4 442
57-1 5 150 0.00105 569 2Y24 4Y32 433
357-2 5 125 0.00126 569 2Y24 4Y32 433
§87-3 3 100 0.00157 369 2Y24 4Y32 433
S7-4 5 80 0.00196 569 2Y24 4Y32 433
§57-5 3 70 0.00224 569 2Y24 4Y32 433
57-6 3 60 0.00262 569 2Y24 4Y32 433
58-1 5 150 0.00105 569 2Y12 2¥Y 36 452
58-2 3 125 0.00126 569 2Y12 2Y36 432
88-3 3 100 0.00157 569 2Y12 2Y36 452
S8-4 3 100 0.00157 569 2Y12 2Y36 452
58-5 5 80 0.00196 569 2Y12 2Y36 452
58-6 5 70 0.00224 569 2Y12 2Y36 452

Note:  The longitudinal tensile reinforcement shown in ifalics in Table 4.2 indicate bundled bars

{see Figure 4.1).
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Figure 4.2 Anchorage of Longitudinal Tensile Bars

Table 4.3 Concrete Compressive Strength

Age {(days) Cylinder No. { MPa) Average
Beam Averape { Strength
Series Early Beam Strength | at the time
Age Test 1 2 3 4 5 6 (MPa} of Beam
Period Test (MPa)
7 44.6 442 48.7 45.8
1 14 60.5 57.2 58.9
36 65.2 61.1 63.2
47 64.2 623 63.2
50 60.7 639 66.7 63.8 63.6
7 54.1 52,5 36.0 54.2
2 14 59.6 653 60.1 61.7
28 74.5 740 68.7 72.4
29 68.6 739 736 72.0
31 727 74.0 73.4 72.5
7 498 488 48.6 49.1
3 15 61.2 551 624 59.6
27 70.7 66.8 68.8
28 72.2  64.8 647 647 677 67.9 67.0 67.4
7 58.2 56.6 61.7 58.8
4 14 76.9 775 82.0 78.8
28 88.1 85,1 855 889 86.0 878 §6.9
28 87.7 90.1 86.3 88.0 87.3
7 59.2 674 6l.1 62.6
5 14 64.3 653 599 63.2
26 79.5 &l1.4 8l1.2 80.7
48 86.6 8§79 909 88.5
50 21,7 874 B91.6 90.2 89.4
9 §3.2 58.0 3533 54.8
6 15 60.5 656 6306 63.2
28 71.2  68.3 69.8
29 67.4 664 672 67.0
30 70.3 717 696 68.1 69.9 68.9
7 524 530 51.0 52.1
7 13 64.5 62.8 639 63.7
27 746 755 75.0
28 742 730 733 73.5
29 75.9 717.3 76.6 74.8
7 46.9 50.2 494 48.8
8 14 64.3 653 599 63.2
27 75.2 731 722 73.5
28 755 746 755 75.8 75.4 74.6
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Splitting tensile tests were carried out on 150 x 300 mm cylinders. These cylinders

were tested at the time of beam test. The results are given in Table 4.4. No tensile

tests were done for Series 1.

Table 4.4 Concrete Tensile Strength (Split Cylinder Test)

Cylinder No. ( MPa)
Beam Age Average
Series {days) | 2 3 Strength
_ (MPa)
2 28 3.79 3.91 3.13 3.61
3 28 3.91 3.49 3.51 3.64
4 28 4.48 3.95 3.95 4.13
5 48 4.63 5.85 5.51 5.33
6 28 3.77 3.55 3.53 3.62
7 28 4.13 4.07 4.06 4.09
8 28 3.63 4.01 3.65 3.76
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Compression tests were also carried out on two 100 x 200 mm cylinders in each series
to determine the modulus of elasticity of concrete. The modulus of elasticity was taken
as the secant modulus measured at 45% of the compressive strength of the cylinder.

The results of these tests are given in Table 4.5.

Table 4.5 Modulus of Elasticity of Concrete

Cylinder No. (x10° MPa) Average

Beam Age Maodulus of
Series (days) 1 2 Elasticity
(x103 MPa) |

1 47 302 31.9 31.0

2 28 314 314 31.4

3 28 29.5 30.0 29.8

4 28 32.5 334 33.0

5 48 339 32.8 33.4

6 28 30.7 309 30.8

7 28 326 33.6 33.1

8 28 293 29.2 29.2

4.2.3 Longitudinal Reinforcement

All beams were provided with both top and bottom longitudinal bars (Figure 4.1). All
bars were deformed bars (designated as Y-bars) used in the Australian practice. Y12
bars were used as top steel in all beams except for the beams in Series 7, where larger

Y24 bars were used. For bottom steel, Y24, Y28, Y32 and Y36 bars were used.

Large amount of longitudinal reinforcement was necessary to ensure shear failure in
the beams instead of flexural failure. In some cases, the bottom bars were bundled
(Figures 4.1 and 4.4). No space was allowed between the bundled bars. The

bundling of bars did not entail anchorage or bond failure in any of the beams.

Tensile tests were performed on samples of bars. The stress-strain curves for the bars

are shown in Figure 4.5 and the tensile test results are given in Table 4.6.
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Figure 4.4 Steel Cage with Bundled Bars (Series 3)
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Figure 4.5 Stress-Strain Curves of Longitudinal Reinforcement
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Table 4.6 Tensile Test Results of Longitudinal Reinforcement

Bar Mark Y12 Y24 Y28 Y32 Y36
Cross-Sectional Ar:,a (mm?2) 112 460 616 | 821 1023
Yield Strength (MPa) 462 442 450 433 452
Ultimate Strength (MPa) 577 544 562 541 559

4.2.4 Transverse Reinforcement

For shear reinforcement, 4 and 5 mm diameter smooth hard-drawn high tensile wires
(designated as W4 and W5) were used. The stirrups were vertical rectangular closed

ties with 135° hooks for good anchorage.

For the beams in Series 1, 2, 4, 5, 7 and 8, W5 was used as shear reinforcement and

for the beams in Series 3 and 6, W4 was used.

Tensile tests were carried out on samples of W4 and W5 wires. The stress-strain

curves are shown in Figure 4.6 and the results are given in Table 4.7,

4.2.5 Manufacture of Test Specimens

Six beams were manufactured during each casting, with three beams each in two
separate timber moulds. Steel cages were secured to the sides of the timber moulds by
using bar chairs and welding sacrificial steel bars to the steel cages. Figure 4.7 shows

the cages set in place in the moulds.
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Figure 4.6 Stress-Strain Curves of Shear Reinforcement

Table 4.7 Tensile Test Results of Shear Reinforeement

Wire Mark W4 W5
Diameter of Wire (mm) 3.96 4.94 ]

0.2% Proof Stress (MPa) 632 569

Ultimate Strength (MPa) 687 614
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Figure 4.7 Reinforcement Cage in Timber Moulds

Concrete was placed in layers into the moulds. Hand-held mechanical vibrators were
used to compact the fresh concrete. Control cylinders were compacted in layers on a

vibrating table.

Both the beam specimens and control cylinders were covered in hessian and plastic
sheets to minimise the loss of moisture after initial setting of the concrete. They were
kept moist and undercover for the first seven days after casting. After that period, the

beams and cylinders were left to air dry in the laboratory until the time of testing.
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4.3 Test Set-Up

The test set-up used for different beam sertes is illustrated in Figure 4.8. The beams
were loaded to failure in a 2500 kN capacity Avery testing machine. The load from
the test machine was transferred through spherical seats to a steel spreader beam which
in turn distributed the load as concentrated loads on the concrete beams. The spreader
beam transferred the load to a test beam through 255 mm long x 50 mm diameter steel
rotlers. To ensure a good dispersion of force, 100 mm wide x 250 mm long x
20 mm thick distribution plates were placed under the rollers. These plates in turn
rested on rubber pads or plywood strips which absorbed the irregularities of the top

surface of the concrete beam. Figure 4.9 shows a typical test set-up.

In the case of Series 6 with four concentrated loads, two smaller spreader beams were

used in between the main spreader beam and the test beam.

4.4 Instrumentation

4.4,1 Measurement of Vertical Deflection

The vertical deflections of test beams were measured using Linear Variable Differential

Transformers (LVDTs). In Series 1, 50 mm plunger travel LVDTs were located at

midspan and at each loading point as shown in Figure 4.10.

There were only small differences in the vertical deflections at these three locations

(Figure 4.10). Therefore, for Series 2 to 8, vertical deflections were measured only at

midspan, but at the bottom of both the front and back faces of a beam.
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Figure 4.9 Typical Test Set-Up
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Figure 4.10 Instrumentation for Series 1
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4.4.2 Measurement of Curvature

To estimate the curvature of test beams, four LVDTs were placed on the top and
bottom as shown in Figure 4.10. Each LVDT had a 5 mm plunger travel. A pair of
steel pins were fixed into drillholes set at 200-350 mm apart. The pins were attached

to the drillholes using a high grade epoxy.

4.4.3 Measurement of Steel Strains

Electrical resistance strain gauges were used to measuresthe strains in the longitudinal
tensile bars. The strain gauges had a resistance of 120 Ohm and a strain limit of 5%

of the gauge length.

The ribs on reinforcing bars were removed through a process of angle grinding, filing
and surface smoothing using emery paper. Just prior to the installation of a strain
gauge, the surface receiving the strain gauge was cleaned with a wetted emery paper.
The surface was then cleaned with a degreaser, methylated spirit, a conditioner and a

neutraliser.

For the attachment of the strain gauges, an epoxy gluing system was adopted. The
gauge and the terminal were coated with an air drying polyurethane before applying a
waterproofing system. The system involved priming vinyl-insulated lead wires
connected to the terminals with a layer of air drying nitrile rubber, covering the gauge
with a layer of teflon film, waterproofing with a layer of butyl rubber sealant,
mechanically protecting the gauge with a layer of neoprene rubber and then

encapsulating all these with a tough aluminium tape.
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The strain gauges were located at various positions along the lengths of the beams.
The strain gauge locations used in Series 1 to 7 are shown in Figures 4.11 to 4.17.

No strain gauge was used in Series 8.

Strain gauges were attached to longitudinal tensile bars in the following beams: S1-3
and $1-4 in Series 1; §2-3 and S2-4 in Series 2; 83-3 and 83-4 in Series 3; 84-1,
S4-4 and S4-6 in Series 4; S5-1, S§5-3 and S5-6 in Series 5; S6-3 and S6-4 in
Series 6; and §7-3 and S7-4 in Series 7.

In Series 1, some of the strain gauges were located at a distance of d = 292 mm from
the load positions. From this series, it was found that the main shear cracks reached
the level of the tensile reinforcement at a distance of about 1.6d to 2.0d from the point
loads within the shear spans. A distance of 1.8d from the load point was chosen as
being a reasonable estimation of the horizontal projection of the shear crack at the level
of the tensile steel. Therefore, strain ganges were located at distances of (d+0.5xwidth

of loading plate) and 1.8d from the load positions in Series 2, 3,4, S and 7.

The locations for S6-3 and S6-4 were slightly different. The distances of d and 1.8d
given in Figure 4.16 were measured from the centroid of the combined load of 2P on

one-half of the beam.

4.4.4 Measurement of Concrete Strains

Concrete surface strains were measured in Series 1 and 2 using Demec gauges. These
gauges were located in a rosette format as illustrated in Figure 4.10. An analyses of
these test measurements indicated that the readings were influenced by the
development of cracks and the results were inconclusive. Therefore, these data are not

reported in this work. No concrete surface strains were measured in other series.
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Figure 4.11 Strain Gauges in Beams S1-3 and S1-4 (Series 1)
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Figure 4.12 Strain Gauges in Beams S$2-3 and S2-4 (Series 2)
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Figure 4.13 Strain Gauges in Beams S3-3 and S3-4 (Series 3}
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Figure 4.14 Strain Gauges in Beams S4-1, S4-4 and S4-6 (Series 4)
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Figure 4.15 Strain Gauges in Beams S5-1, S5-3 and 85-6 (Series 5)
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Figure 4.16 Strain Gauges in Beams $6-3 and S6-4 (Series 6)
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All the bars shown are the bottom-most bars in the bundled bars construction.

Figure 4.17 Strain Gauges in Beams S7-3 and S7-4 (Series 7)

4.4.5 Data Acquisition

Two semi-automated data acquisition systems were used. One data logger system was
used to record the data from the test machine and the LVDTs. A second data logger
system was used to record the data from the strain gauges. Each system was
connected to a separate computer but both systems were triggered from a single

switch. All test data are given in Appendix A.
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4.5 Test Procedure

All beams were loaded to failure. Each beam was initially "exercised" by applying a
small load to ensure that the test set-up and the instrumentation worked properly. The

beam was then unloaded and datum readings were taken.

Initially, the beam was loaded in increments of 50 kN until the load reached 350 kN.
The rate of load increment was set in the range of 0.8 to 1.0 kN/sec. At higher loads,
a ram rate of 2.0 mm/min was used. Close to failure, the load increments were

approximately 10-25 kN.

After failure, each beam was photographed to show the crack pattern and the mode of

failure. Appendix B contains photographs of all the beams after failure.

The test results are presented in the next chapter.
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_CHAPTER 5

Presentation And Discussion Of Results

5.1 Introduction

The test results are presented in this chapter. The behaviour of the test beams are

discussed and the shear strengths are tabulated.

The effects of various parameters on the shear strength of the test beams are elaborated

in this chapter.

The test results are compared with predictions from the theory. Comparisons of
available test results from previous investigations with predictions from the theory are

also given.
All the test data from the present and previous investigations are compared with code

predictions. The codes which are considered here are AS 3600 (1994), ACI 318-95,
EC2 Part 1 and CSA A23.3-94.
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5.2 Test Results
5.2.1 Behaviour of Test Beams

All the beams failed in shear except for beams S$2-6, S4-5, S5-6, S6-1 and S6-2,
which failed in flexure. A summary of experimental results are given in Table 5.1.

Complete details are given in Appendix A.

The behaviour of all test beams was similar. Small flexure cracks occurred first.
Subsequently, the flexure cracks extended as tflexure-shear cracks. A main shear crack
developed suddenly and persisted in opening up with increasing load until the failure
of the beam. Figure 5.1 shows the typical progressive propagation of cracks in beam
S5-1 at increments of 50 kN of load (25 kN shear) up to 350 kN. The last
photograph in this figure shows the beam after failure. Photographs showing the

crack patterns and failure modes of other beams are given in Appendix B.

5.2.2 Effects of Test Parameters

The effect of each test parameter on the shear strength is discussed below. The shear
capacity of the test beams (V.) was divided by (b,d,) to give the nominal shear stress
V./byd, at failure.

5.2.2.1 Cover to Shear Reinforcement Cage

Vecchio and Collins (1982) reported that the concrete cover to the shear reinforcement
spalls at the time of failure and that the effective width of a beam in shear is equal to

the total beam width less the clear cover on both sides of a beam. Therefore, Series 1
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Table 5.1 Summary of Test Results

Beam| f. b Side D d, a a M Ay fssy P fory Ve
Mark | (MPa){ (mm}| Clear | (mm}| (mm) | (mm)| d, vd, | (mm2y | MPa) (MPa) | (Exp)
Cover (KN}
1 {mm;)
S1-1 ] 63.6 | 250 25 350 292 | 730 2.50 | 1.50 | 2046 452 0.00157 369 | 228.3
S1-2 ]| 63.6 | 250 235 350 292 | 730 2,501 1.50 | 2046 452 0.00157 569 | 208.3
S1-3 | 63.6 | 250 33 350 292 | 730 2.30 | 1.50 | 2046 452 0.00157 569 | 200.1
Sl-4 | 63.6 | 250 35 350 292 1 730 2.50 | 1.50 | 2046 452 0.00157 569 | 277.9
S1-5| 03.6 | 250 350 350 292 § 730 2.50 | 1.50 | 2046 4352 0.00157 569 | 2533
S1-6 | 63.6 | 250 50 350 292 | 730 2.50 | 1.50 | 2046 432 0.00157 569 2241
S$2-11 72.5 | 250 35 350 292 | 730 250 | 1.50 | 2046 452 | #.00105 569 | 260.3
§2-2 1 72.5 | 250 35 350 292 | 730 250 | 1.530 | 2046 452 |.00126 569 232.5
§2-3 | 72.5 | 250 35 350 292 | 730 2,50 | 1.50 | 2046 452 |#.00157 569 253.3
52-4 | 72.5 | 250 35 350 292 | 730 250 | 1.50 | 2046 432 | 0.00157 569 | 219.4
§2-5 ] 72.5 | 250 35 350 292 | 730 2.50 | 1.50 | 2046 432 {10.60209 565 282.1
8$2-6 | 72.5 | 250 35 350 292 | 730 2.50 | 1.30 | 2046 432 [0.00262 56% |[359.07
§3-1 | 67.4 | 250 35 350 297 | 740 249 | 1.49 |1232 450 0.00101 632 209.2
§3-2 | 67.4 | 250 35 350 297|740 2,49 ] 149 |1232 450 0.00101 632 178.0
§3-3 | 67.4 | 250 35 350 293 | 730 2,49 | 1.49 [|2046 452 0.00101 632 228.6
S53-4 | 67.4 | 250 35 350 293 F 730 2.49 | 1.49 |2046 452 0.00101 632 174.9
83-5) 67.4 | 250 35 350 299 | 720 2.41 1.41 2760 442 ¢.00101 632 296.6
53-61 67.4 | 250 35 350 299 | 720 2.4} 1.41 }27680 442 0.00101 632 282.9
§4-11 87.3 ] 250 35 600 3542 | 1300 2.40 | 1.40C | 4092 452 0.00157 569 354.0
54-2 | 87.3 | 250 35 500 444 | 1070 2.41 1.41 | 3284 433 0.00157 569 572.8
§4-3 | 87.3 | 250 35 400 346 | 830 2.40 | 1.40 | 2464 450 G.00157 569 243.4
84-4 | 87.3 | 250 35 350 292 730 2.50 | 1.50 | 2046 452 0.00157 569 258.1
54-5 | 87.3 | 250 35 3006 248 | 590 2.38 | 1.38 | 1840 442 0.00157 569 [321.1%
S4-6 | 87.3 | 250 35 2504 198 | 500 2.53 | 1.33 | 1380 442 0.00157 569 202.9
85-1 ] 89.4 | 250 35 350 292 | 880 3.01|2.61] 2046 452 Q0157 569 241.7
S55-2 | 89.4 | 250 33 350 292 | 800 2.74|1.74| 2046 452 0.00157 569 259.9
55-3 | 89.4 | 250 35 350 292 | 730 2.50)1.50] 2046 452 0.00157 569 243.8
55-4 | 89.4 | 250 35 350 292 | 580 1.992|0.99] 2046 452 (0.00157 569 | 476.7
S53-5 | 89.4 | 250 35 350 292 | 510 1.75|0.75]| 2046 452 0.00157 569 573.4
S5-6 | 89.4 | 250 35 350 292 | 440 1.51|0.51)| 2046 452 0.00157 569 | 647.7%
56-1 | 68.9 | 250 35 350 297 | 810 273 | 1.73 | 1232 450 0.00101 632 | 155.4%
S6-2 | 68.9 | 250 33 350 297 {810 273 | 1.73 11232 450 ¢.00101 632 | 155.1%
S56-3 | 68.9 | 250 35 350 2931800 273117320646 452 0.00101 632 178.4
56-4 | 68.9 | 250 335 350 293 1 800 273 ] 1.73 2046 452 0.00101 632 2i4.4
56-5 1 68.9 | 250 35 350 299 1 790 2064 ] 1.64 | 2760 442 0.00101 632 297.0
56-6 | 68.9 | 250 35 350 299 1 790 264 94 1.64 12760 442 0.00101 632 287.2
S7-1  74.8 | 250 33 350 294 1 970 330 ] 2.30 | 3284 433 | 0.00105 5690 217.2
87-2{ 74.8 | 250 335 350 294 | 970 330 | 2.30 | 3284 433 |0.00126 569 205.4
$7-3 1 74.8 | 250 335 350 294 [ 970 330 ] 2.30 | 3284 433 |0.00157 569 | 246.5
S7-4 1 74.8 | 250 35 350 294 | 970 330 | 2.30 | 3284 433 [0.00196 569 | 273.6
S7-51 74.8 | 250 35 50 294 | 670 330 | 2.30 | 3284 433 |0.00224 569 | 304.4
57-6 | 74.8 | 250 33 350 294 | 970 3.30 | 2.30 | 3284 433 |0.00262 569 | 310.6
S8-1 ] 74.6 | 250 35 350 292 | 730 250 | 1.50 | 2046 452 [0.00105 569 | 272.]
S8-2 1746 | 250 335 350 292 | 730 2.50 | 1.50 | 2046 452 [0.00126 569 250.9
58-3 1 74.6 | 250 33 350 292 | 730 2.50 | 1.50 | 2046 452 |0.00157 569 | 309.6
S8-4 ] 74.6 | 250 33 350 292 | 730 250 | 1.50 | 2046 452 |0.60157 569 | 265.8
S8-5]| 74.6 | 250 35 350 292 | 730 2.50 | 1.50 | 2046 452 | 0.00196 569 289.2
S8-6 | 74.6 { 250 35 350 292 | 730 2.50 | 1.50 | 2046 452 | 0.00224 569 283.9
Notes: (1) # flexure failure.

(2) The main parameter for each series of tests is highlighted in italics in Table 5.1.
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Figure 5.1 Progressive Cracking in the Back Face of Beam S5-1

99



was used to determined the effect of the concrete cover to shear reinforcement cage on

the shear strength.

There were three pairs of identical bearns, S1-1 and S1-2, S1-3 and S1-4, and S1-5
and S1-6. Table 5.1 indicates some scatter between the results of the pair beams.
Beams S1-3 and S1-4 showed the largest difference in shear strength. Apart from the
expected inherent scatter, the strain gauges used may have added to the variability of

the results.

Average values of the shear strength of the three pairs of beams were 218 kIN (51-1
and S1-2), 242 kN (S1-3 and S1-4) and 239 kN (S1-5 and S1-6). There was no
significant difference among these averages although S1-1 and S1-2 had slightly lower

shear capacities.

If there should be any difference, then beams S1-1 and S1-2 should have the largest
shear capacities since they had the smallest concrete cover and the widest stirrup cage
effective for shear. This would then imply that the "spalled web width" assumption
was valid. Evidently, the average of the shear capacities for S1-1 and S1-2 turned out
to be the smallest and it can only be concluded that the full width of a beam should be
taken as being effective for shear. In addition, spalling of concrete cover was not

apparent in any of these test beams.

The nominal shear strength of the beams were plotted against concrete cover in Figure
5.2. The test trend indicates that there is almost negligible effect of the concrete cover
on the shear strength. The shear strength only dropped slightly at the smallest concrete

cover of 25 mm.

5.2.2.2 Shear Reinforcement Ratio
In Series 2, 7 and 8, the shear reinforcement ratio was the test parameter. Series 8

was a repeat test of Series 2 and their results complemented each other. Series 7 had a

single point load at midspan instead of the two point loads used in Series 2 and 8.
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Series 2 and 8 had an a/d, ratio of 2.50 and their concrete compressive strengths were
respectively 72.5 and 74.6 MPa. Series 7 had an a/d, ratio of 3.30 and a concrete

compressive strength of 74.8 MPa.

Figure 5.3 shows a plot of the shear strength versus the shear reinforcement ratio for
Series 2 and 8. The scatter was very large and the test trend was not obvious. The
test procedure was the same for all the test beams but the results still showed large

variations. This anomaly could not be explained.

Figure 5.4 shows the shear strength versus shear reinforcement ratio relationship for
Series 7. The trend of increasing shear strength with increase in the shear
reinforcement ratio was clearly evident in this beam series. It seems that this trend is
more obvious in beams with the larger a/d, ratio of 3.30 than in the beams with the
a/d, ratio of 2.50. Greater degree of cracking due to flexure in the more slender beams
may have caused the trend to be more pronounced in these beams than in the shorter

beams.

5.2.2.3 Longitudinal Tensile Reinforcement Ratio

Series 3 and 6 were used to study the effect of the longitudinal tensile reinforcement
ratio (py = Ag/byd,) on the shear strength of beams. In Series 3, there were three
pairs of identical beams, S3-1 and S3-2, §3-3 and S3-4, and S3-5 and S3-6. The
beams in Series 6 were identical to those in Series 3, except four point loads were used

instead of two.

Series 6 was tested to investigate the shear behaviour of beams under a four point
loading configuration. The main parameter of this series was also the longitudinal
tensile reinforcement ratio. The shear force was stepped from -2P to +2P along the
length of each beam. Four beams in the series, $6-3, S6-4, S6-5 and S6-0, failed in
shear, and S6-1 and S6-2 failed in flexure. A general shear failure pattern is shown in

Figure 5.5.
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Figure 5.5 Shear Failure Pattern of Beams in Series 6

The concrete struts from A to B and E to F in Figure 5.5 did not show any sign of
distress during the tests. This implied that the loads at B and E were transferred
directly into the supports. The angles made by struts AB and EF with respect to the
horizontal were about 40°-42°. The loads at C and D were mainly causing the shearing

action in the shear spans between A and C, and D and F. Shear failure was attributed
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to the loads at C and D. Therefore, the shear strengths at failure for beams in Series 6

(Table 5.1) were taken as one quarter of the total failure load.

Although Series 3 had two point loads and Series 6 had four point loads, both these
sets of results were combined together since two of the point loads nearer to the
supports in each of the beams in Series 6 were directed straight into the supports and
were ignored for shear. Therefore, considering only the two inner point loads in
Series 6, the shear spans in Series 6 (a = 790, 800 or 810 mm) were only slightly

longer than those in Series 3 (a = 720, 730 or 740 mm).

Figure 5.6 shows the shear strength plotted against the longitudinal tensile

reinforcement ratio for both Series 3 and 6. The trend indicates a very small increase

in the shear stress Ve/bydy from py of 1.66% to 2.79%, which is in the range of

longitudinal reinforcement ratios for typical reinforced concrete beams.
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The shear strength increased with longitudinal tensile reinforcement ratio. However,

there seems to be a sharper increase in the shear strength for p, = 3.69%. This may

have been due to increased dowel action from the bundling of the longitudinal tensile

bars in the beams with p; = 3.69%.

5.2.2.4 Overall Beam Depth

In Series 4, the overall beam depth was varied from 250 to 600 mm. Two of the

failures in beams S4-2 and S4-5 were unexpected.

Beam S4-2 failed at a very high shear capacity with a loud explosion. Although all
shear failures were sudden, this was the most catastrophic compared to all other
beams. The damage to the concrete across the main shear crack was severe (Figure
5.7). The vertical legs of the stirrups fractured, and the compressive and tensile
longitudinal bars bent due to the shearing effect. It was also noted that the failure
crack was almost straight from the load point to the bottom of the beam towards the
supports. This was different to other failure shear cracks which were curved and
concave downwards in shape. This mode of failure is closer to the limit analysis
failure mode predicted by the plasticity theory (Nielsen (1984)). The plasticity theory
generally over-predicts the shear strength of reinforced concrete beams and may

explain for the large test shear strength of beam S4-2.

In contrast, beam S4-5 failed in flexure. According to preliminary design calculations
(based on AS 3600 (1994)), the ratio of the shear force for a shear failure to the shear
force for a flexural failure was 0.76. Therefore, this beam should not have failed in
flexure. It is suspected that the bundled bars may have contributed to the extra shear

strength of the beam causing it to fail in flexure.

Figure 5.8 shows the nominal shear stress at failure plotted against the overall beam

depth of the beams in Series 4.
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Figure 5.7 Failure Crack Pattern of Beam $4-2
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Figure 5.8 Shear Strength versus Overall Beam Depth
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The test result for beam S4-5 was excluded from Figure 5.8 as the beam suffered a
flexural failure. The shear strength for beam S4-2 was exceptionally high compared to
the other beams. However, if the results of the four remaining beams are considered,
it is clear that the shear stress at failure V./b,d, decreased with an increase in beam
depth. The loss of shear strength with increasing beam depth may be attributed to a

decrease in aggregate interlock and dowel action for deeper slender beams.

Some recent tests published in the newsletter of the Public Works Research Institute of

Japan confirmed the increase of the shear stress at failure with increasing depth.

5.2.2.5 Shear Span/Depth Ratio, a/d,
The shear span-to-depth ratio a/d, was varied from 1.51 0 3.01 in Series 5. Figure

5.9 is a plot of the shear strength versus the a/d, ratio. The test result of beam S3-6 is

not plotted in Figure 5.9 as the failure was flexure.
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Figure 5.9 Shear Strength versus Shear Span/Depth Ratio
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There is little difference in shear strength for a/d, from 2.50 to 3.01. However, the
shear strength increased sharply when a/d, decreased below 2.50. The higher shear
capacities of the short beams (i.e., beams S5-4 and S3-5) were due to arch action that

must have developed in those beams.

5.2.2.6 Concrete Compressive Strength
The concrete compressive strength varied from 63.6 to 89.4 MPa in the tests. In order

to study the test trend, the beams listed in Table 5.2 were considered. The results are

plotted in Figure 5.10.

Table 5.2 Effect of Concrete Compressive Strength on Shear Strength

Beam fe D do b | a/de Pt pe Ve
Mark (MPa) (mm) } (mm) | (mm) &Ny

S1-3 63.6 350 292 | 250 | 2.50 | 0.00157 | 0.0279 206.1
51-4 63.6 350 292 | 250 | 2.50 | 0.00157 | 0.0279 2719
52-3 72.5 350 292 | 250 | 2.50 | 0.00157 | 0.0279 2533
52-4 72.5 350 292 | 250 | 2.50 | 0.00157 | 0.0279 2194
S4-4 87.3 350 292 | 250 | 2.50 | 0.00157 | 0.0279 258.1
55-3 89.4 350 292 | 250 | 2.50 | 0.00157 | 0.0279 243.8
58-3 74.6 350 292 | 250 | 2.50 | 000157 | 0.0279 309.6
58-4 74.6 350 292 | 250 | 2.50 | 0.00157 { 0.0279 265.8

Figure 5.10 shows that the concrete compressive strength within the range of 60 to
90 MPa had little influence on the shear strength of the beams. This is contrary to the
conventionally accepted understanding of the effect of concrete compressive strength

on shear strength.
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Figure 5.10 Shear Strength versus Concrete Compressive Strength

5.2.3 Deformation of Test Beams

The deformation of the test beams were monitored in various ways as discussed in

Section 4.4. The test results are discussed in the following sub-sections.

From visual inspection during testing, the crack patterns of the reinforced HPC beams
of the present study were similar to those reported for beams from previous research.
5.2.3.1 Vertical Midspan Deflection

Figure 5.11 shows the shear force versus midspan deflection curves for beams S1-1 to

S1-6 which are typical for the test beams.

All the beams indicated a loss of stiffness as the shear force increased. This loss of

stiffness was caused by the flexure and shear cracks propagating in the beams.
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Figure 5.11 Shear Force versus Midspan Deflection for Series 1

For the prediction of the midspan deflection, Branson's formula (Warner, Rangan and
Hall (1989)) was used to estimate the effective stiffness of the beam when determining
the deflection component due to flexure. The shear strain v, from the present theory
was assumed to apply to the whole shear span. Therefore, the deflection component
due to shear was calculated as (0.5yxa). The total midspan deflection was equal to the
sum of the deflection contributions from shear and flexure. A detailed discussion and

derivation of the formula for predicting the midspan deflection is given in Appendix C.

Theoretical and experimental shear force versus midspan deflection curves for all the

test beams are compared in Appendix C.
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5.2.3,2 Curvature of Test Beams

The curvature measurements were influenced by cracking. Figure 5.12 shows typical

shear force versus curvature curves.

Curvature was measured in both the left hand side and right hand side shear spans.

250
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150 -
%\ ——o——  Left shear span
; 100 4 ——o—— Right shear span

50
0-¢ T : T : T T
0 2.5 5 7.5 10

Curvature (x10-6 mm-1)

Figure 5.12 Shear Force versus Curvature of Beam S2-4

Most of the beams behaved similar to beam S2-4 where the curvature on both shear

spans increased continuously until failure (Figure 5.12).

Test shear force versus curvature curves for all the beams are given in Appendix D.

111



5.2.3.3 Strains in Longitudinal Tensile Bars

Figures 5.13 and 5.14 show some typical curves of shear force versus strains in

longitudinal tensile bars. The data from other beams were similar.

Test shear force versus tensile steel strains for the beams are given in Appendix E.

5.3 Correlation Of Test Results With Predictions By Theory

5.3.1 Shear Strength of Beams

The shear strength of test beams was calculated using the theory presented in
Chapter 3. The specimens from previous investigations were included in the strength

comparisons. The test results of the previous studies were given in Chapter 2.

Only beams that failed in shear were considered.

Before studying the correlation between measured and predicted shear strengths, the

following points need attention:

1 The concrete compressive strength of test beams from various investigations
ranged from 20.7 MPa (beam G6 tested by Elzanaty, Nilson and Slate (1986))
to 125.3 MPa (beam 10 tested by Roller and Russell (1990)).

. Nearly all the test beams were simply supported and loaded by one or two
concentrated loads. The critical section for shear failure was taken to be at a
distance d, from the concentrated load in the direction of decreasing bending

moment. Only beams with M/Vd, ratio at the critical section greater than or
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Figure 5.13 Shear Force versus Tensile Steel Strains for Beam S1-4
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Figure 5.14 Shear Force versus Tensile Steel Strains for Beam $5-3
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equal to 1.12 were considered (except for beams tested in reverse bending by
Watanabe (1993) which had an M/Vd, ratio of 1.04 and beams reported by
Vecchio and Collins (1982) which had a critical section at the zero bending

moment section).

In beams with very small M/Vd, ratio, the failure region is disturbed by the
proximity of the load and the support. In such cases, the concept of uniform
stress field assumed in the development of the theory presented in Chapter 3 is

not valid.

The beams in Series 6 of the present study were subjected to four concentrated
loads. It was observed that the two concentrated loads closest to the supports
did not cause much distress in the beams. These loads must have been
transferred directly into the supports. The critical section for failure was,
therefore, assumed to be a distance d, from the second (or third) concentrated

load from the support.

Figure 5.15 shows two possible cases of V-y; curves. Curve 1 depicts the
usual shear response of a beam where the ultimate shear force, given as Vy,, is
greater than the predicted cracking shear, V. However, when a beam has a
high concrete compressive strength and a small insufficient amount of
transverse reinforcement, then it is likely that the V-y,, relationship will follow
the path of Curve 2 as shown in Figure 5.15, where the ultimate shear capacity
Vy, is less than V. This behaviour is also more likely to occur when the a/d,
ratio is large and the longitudinal steel area is insufficient to resist the combined

effect of bending moment and shear force.

In the present analysis, the test beams with a predicted response similar to
Curve 2 were considered to be inadequately detailed and ignored from the

correlation study.
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Figure 5.15 Shear Force versus Shear Strain Curves

Comparisons of test shear strength to prediction by the theory are presented in
Table 5.3. There were 147 test results altogether. The mean V/V, value of the
ultimate shear strengths is 1.23 with a coefficient of variation of 32.8%. The
correlation of test versus predicted shear strengths of the beams is shown in Figure
5.16. The majority of the test data fall either within a £20% band of the ideal 1:1 test

shear capacity versus predicted shear capacity line, or above this band.

A summary of correlation is given in Table 5.4.

Only the shear strengths of beams tested by Roller and Russell (1990) are greater than
800 kN. Most of the other resuits are lumped into the lower region of the graph in
Figure 5.16. These results can be seen more clearly if the data points for Roller and

Russell are excluded as shown in Figure 5.17.

The mean V./V, value for the five beams reported by Vecchio and Collins (1982) is
1.03 with a coefficient of variation of 3.9%. The theory predicted the shear strength

well.
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Table 5.3 Correlation of Test and Predicted Shear Strengths

V. Vo Ve

Source Beam Mark {Experimental) (Theory) P
_ @ | N

SA3 730.0 707.8 1.03
SK3 725.0 739.9 0.98
Vecchio and Collins SK4 601.0 597.5 1.01
(1982) SM1 427.0 419.0 1.02
SPO 436.0 401.7 1.09
B50-3-3 76.3 82.2 0.93
B50-7-3 94.1 97.3 0.97
B50-11-3 98.1 107.8 0.91
B100-3-3 95.4 112.1 0.85
B100-7-3 120.8 125.3 0.96
Mphonde B100-11-3 152.1 132.3 1.15
(1984) B100-15-3 115.9 135.6 0.85
B150-3-3 139.3 133.0 1.05
B150-7-3 133.8 139.4 .96
B150-11-3 161.9 145.0 1.12
B150-15-3 150.3 147.7 1.02
G4 150.0 125.8 1.19
Elzanaty, Nilson and G5 112.0 102.3 1.09
Slate (1986} Gb 78.0 94.7 0.82
1 338.5 448.4 0.75
2 2219 349.8 0.63
Johnson and Ramirez 5 382.7 477.0 0.80
{1989) 7 280.8 381.0 0.74
8 258.1 381.0 0.68
S-5-A 110.0 105.8 1.04
$-7-A 140.0 151.0 0.93
Ganwel and Nielsen S-7-B 150.0 151.0 0.99
(1990) S-8-A 125.0 133.7 0.93
S-8-B 135.0 133.7 1.01
2 1099.1 909.7 1.21
3 1657.5 1470.5 1.13
Roller and Russell 4 1942.9 1934.6 1.00
(1990) 5 2237.9 2533.7 0.88
10 1171.7 1246.9 0.94
AL2-N 114.7 95.1 1.21
AS2-N 189.3 114.5 1.65
AS2-H 201.0 125.4 1.60
AS3-N 199.1 131.2 1.52
AS3-H 199.1 139.6 1.43
BL2-H 138.3 121.0 1.14
Sarsam and Al-Musawi BS2-H 223.5 137.9 1.62
(1992) BS3-H 228.1 160.6 1.42
BS4-H 206.9 177.4 1.17
CL2-H 147.2 133.4 1.10
CS2-H 247.2 141.5 1.75
CS3-H 247.2 170.3 1.45
CS54-H 220.7 194.2 1.14

Continued
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Table 5.3 Correlation of Test and Predicted Shear Strengths (Continued)

Ve Ve Ve
Source Beam Mark {Experimental) {Theory} Vp
(kN) KN
PB-1 352.0 329.5 1.07
PB-2 563.0 486.0 1.16
PB-3 516.0 453.6 1.14
PB-4 730.0 710.9 1.03
Watanabe B-1 161.0 171.4 0.94
(1993) B-4 338.0 335.1 1.01
B-5 478.0 416.1 1.15
B-6 291.0 2331 1.25
B-7 435.0 402.1 1.08
B-8 471.0 525.3 0.90
S2 172.5 124.4 1.39
§3 210.0 142.8 1.47
Gabrielsson HS1 250.5 234.0 1.07
{1993) HPS1 324.0 238.9 1.36
HPS2 305.0 241.3 1.26
HB2 322.0 258.6 1.25
NNW-3 87.2 95.5 0.9
NHW-3 102.6 126.1 .81
Xie et al. NHW-3a 108.5 133.4 .81
(1994} NHW-3b 122.8 141.4 0.87
NHW-4 94,0 108.8 0.86
7 I11.0 157.5 0.70
Thirugnanasundra- 8 206.0 148.9 1.38
lingam et al. (1993) 9 113.0 142.2 0.79
1 2490 252.9 0.98
2 383.5 265.4 1.44
3 224.5 252.9 0.89
Kriski and Loov 4 4445 274.7 1.62
(1996) 5 - 293.0 268.0 1.09
6 331.0 284.9 1.16
11 512.0 336.1 1.52
12 594.5 333.0 1.79
All 270.0 145.8 1.85
Al2 313.0 165.9 1.89
Al3 292.0 179.5 1.63
Ald 262.0 163.9 1.60
AlS 270.0 183.9 1.47
B12 496.0 1B5.6 2.67
B13 401.0 208.3 1.92
Bl4 385.0 182.7 2.11
B15 403.0 217.2 1.86
Cl11 459.0 170.5 2.69
Cl3 447.0 239.6 1.87
Cl4 364.0 192.7 1.89
C15 416.0 227.2 1.83
D12 443.0 193.9 2.28
Tests at Curtin D13 505.0 215.7 2.34
University (1993) Di4 499.0 191.2 2.61
D15 508.0 224.5 2.26
B21 221.0 152.2 1.45
B22 237.0 169.2 1.40
B24 255.0 167.5 1.52
Cz21 256.0 165.4 1.55
c22 311.0 189.5 1.64
C23 379.0 207.7 1.82
C24 301.0 186.7 1.61
D21 256.0 173.9 1.47
D22 290.0 197.8 1.47
D23 344.0 219.6 1.57
D24 295.0 195.1 1.51
D25 404.0 228.3 1.77
Continued
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Table 5.3 Correlation of Test and Predicted Shear Strengths (Continued)

Vv, Vi Vv,
Source Beam Mark (Experimental) (Theory) v,
{kN) (kN)

S1-1 228.3 237.9 .96
51-2 208.3 237.9 0.88
51-3 206.1 237.9 .87
51-4 277.9 237.9 1.17
S1-5 253.3 237.9 1.06
51-6 2241 237.9 0.94
52-1 260.3 215.0 1.21
52-2 2325 227.4 1.02
52.3 253.3 242.4 1.04
52-4 2194 242.4 0.91
$52-5 282.1 262.7 1.07
§3.3 228.6 216.9 1.05
§3-4 174.9 216.9 0.81
§3-5 296.6 234.6 1.26
53-6 282.9 234.6 1.21
S4-1 354.0 483.1 0.73
54-2 572.8 386.7 1.48
54-3 243 .4 300.7 0.81
S4-4 258.1 2491 1.04
Present 54-6 202.9 166.6 1,22
Study 55-1 241.7 232.7 1.04
§5-2 259.9 241.9 1.07
55-3 243.8 250.0 0.98
56-3 178.4 213.6 0.84
56-4 214.4 213.6 1.00
856-5 297.0 233.6 1.27
56-6 287.2 233.6 1.23
§7-1 217.2 232.1 0.94
§7-2 205.4 246.2 0.83
573 246.5 267.5 0.92
87-4 273.6 289.0 0.95
37-5 304.4 300.9 1.01
57-6 310.6 3jl4.4 0.99
S8-1 272.1 216.3 1.26
58-2 250.9 228.5 1.10
S8-3 309.06 243.4 1.27
58-4 265.8 243.4 1.09
S58-5 289.2 256.0 1.12
S58-6 283.9 268.6 1.06
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Figure 5.16 Correlation of Test and Predicted Shear Strengths
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Table 5.4 Summary of Correlation

Source Number of Beam :[LZ Ratio
Specimens Mean Coefficient
of Variation
Vecchio and Collins (1982) 5 £.03 39%
Mphonde (1984) 11 0.98 10.1%
Elzanaty, Nilson and Slate (1986) 3 1.03 18.5%
Johnson and Ramirez (1989) 5 0.72 9.2%
Ganwei and Nielsen (1990) 5 0.98 5.0%
Roller and Russell (1990) 5 1.03 13.2%
Sarsam and Al-Musawi (1992) 13 1.40 16.0%
Watanabe (1993) 10 1.07 10.0%
Gabrielsson (1993) 6 1.30 10.7%
Xie et al. (1994) 5 0.85 5.0%
Thirugnanasundralingam et al. (1995) 3 0.96 38.6%
Kriski and Loov (1996) 8 1.31 24.9%
Tests at Curtin University (1993) 29 1.85 20.6%
Present Study 39 1.04 15.4%
All Test Data 147 1.23 32.8%

For the beams tested by Mphonde (1984), the mean V./V, value is 0.98 with a
coefficient of variation of 10.1%. Beam B50-15-3 was inadequately detailed and the
predicted V., and V,, values were 122.6 and 116.9 kN respectively. Therefore, this

beam was not considered in the correlation of test and predicted shear strengths.

For the beams tested by Elzanaty, Nilson and Slate (1986), the prediction by the
theory was more conservative for beam G4 with the highest concrete compressive
strength of 62.8 MPa than for beam G6 with the lowest concrete compressive strength
of 20.7 MPa. The overall mean V./V,, value is 1.03 for the three beams tested, with a

fairly large a coefficient of variation of 18.5%.
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The specimens tested by Johnson and Ramirez (1989) gave a mean V./V, value of
(.72 with a coefficient of variation of 9.2%. The theory over-predicted the shear
strengths most severely in this set of data. A primary reason for the lower shear
strength of these beams may be the attachment of as many as 18 strain gauges on the
stirrups and longitudinal bars. Excessive number of these gauges might have
debonded the steel reinforcement. These gauges might have also served as initiators of
cracking and failure regions, which might have decreased the shear strength. Beams 3
and 4 were identical beams which were inadequately detailed with V., = 432.9 kN and

V,; = 414.4 kN; and were not included in the correlation analysis.

For the beams reported by Ganwei and Nielsen (1990), the theory predicted the test

strengths well, with a mean V¢/V;, value of 0.98 and a coefficient of variation of 5.0%.

The beams tested by Roller and Russell (1990} had fairly deep sections which gave
some of the largest shear capacities compared to all other beams reported here. The
mean Vo/V,, value is 1.03 for these beams, with a coefficient of variation of 13.2%.
Beams 1, 6, 7, 8 and 9 were inadequately detailed with V., values of 647.7, 913.8,
918.1, 1207.9 and 1207.9 kN, and V, values of 469.6, 736.3, 880.4, 876.9 and

1073.2 kN respectively, These beams were excluded from the correlation analysis.

For the beams tested by Sarsam and Al-Musawi, the mean V/V,, value is 1.40 with a

coefficient of variation of 16.0%. The test results were conservative when compared

with predictions from the theory. The small M/Vd, ratio of 1.50 contributed
significantly to the conservative shear strengths of this set of beams. The beams with
M/Vd, ratio of 3.00 (i.e., AL2-N, BL2-H and CL2-H) gave V¢V, values which
were closer to 1.0 than the other beams with M/Vd, ratio of 1.50. Beam AL2-H was
inadequately detailed with a V; value of 109.0 kN and a V,, value of 101.7 kN. This

beam was excluded from the correlation of test and predicted shear strengths.
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The beams tested by Watanabe (1993) under anti-symmetric moment distribution gave
a mean V./V, value of 1.07 with a coefficient of variation of 10.0%. The theory

predicted the shear strength quite well for this set of beams.

The predictions for the beams tested by Gabrielsson (1993) were conservative with a

mean V/V,, value of 1.30 and a coefficient of variation of 10.7%.

The beams tested by Xie et al. (1994) gave a mean V./V, value of 0.85 and a

coefficient of variation of 5.0%. The predictions were slightly unconservative.

There is much variation in the results for beams tested by Thirugnanasundralingam
et al. (1995). The mean V./V, value is 0.96 with a large coefficient of variation of
38.6%. The inconsistency in the test results may have been due to the low M/Vd,

ratio of 1.34.

For beams tested by Kriski and Loov (1996), the mean V./V, value is 1.31 with a
coefficient of variation of 24.9%. The predictions were conservative, particularly for
beams 4, 6, 11 and 12, with an M/Vd, ratio of 1.17. Beams 7, 8, 9 and 10 were
inadequately detailed with V., values of 318.0, 3254, 323.7 and 322.2 kN, and V,
values of 290.6, 313.0, 292.3 and 312.0 kN respectively; and were ignored in the

correlation analysis.

Tests at Curtin University (1993) gave the most conservative results with a mean
V/V,, value of 1.85 and a coefficient of variation of 20.6%. The large shear capacities
were mainly due to beams with M/Vd, ratios of 1.16 or 1.17. The scatter in the
results may have been due to the small amount of shear reinforcement used in many
beams, particularly those with less than the minimum shear reinforcement according to
the AS 3600 method (i.e., beams All, C11, B21, C21 and D21). In addition, the
scatter was more pronounced in beams with the smaller M/Vd, ratios of 1.16 or 1.17

than in beams with M/Vd, ratios of 2.66 to 2.68.
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The mean V/V,, value for the present study is 1.04 with a coefficient of variation of
15.4%. The theory predicted these test results well. Two pairs of identical beams,
S3-1 and S3-2, and $6-1 and S6-2, were inadequately detailed with predicted V,
values of 181.0 and 183.0 kN, and V values of 176.5 and 170.1 kN respectively.
These beams were ignored in the correlation analysis. It is also noted that beams S6-1

and $6-2 were also excluded due to flexure failure.

In order to consider the effects of certain parameters on the predictions from the
theory, the V/V, values were grouped according to different categories of concrete
compressive strength, amount of shear reinforcement and M/Vd, ratio. The results of
the analysis are summarised in Table 5.5. Since the previous tests at Curtin University
(1993) gave over-conservative results, the correlation analysis was performed not only

for all the test results, but also after excluding this set of results (Table 5.5).

Table 5.5 Test Shear Strength/Predicted Shear Strength Values

Ve/Vp Ratio
P All Test Results Excluding Previous Tests
arameter Category at Curtin University (1993)
n | Mean | C.O.V. n | Mean [ C.OV.
Conc. Compressive fe <50 MPa 29 1.24 41.7% 25 1.06 239%
Strength fo 250 MPa 118 1.23  30.5% 93 1.09  209%
Amount of Agyl/Agy min < 1.0 9 1.37 46.7% 4 0.83 16.6%
Shear 1.0 2 Ag/Agy min < 2.0 78 1.27 33.4% 60 1.10 23.4%
Reinforcement Agv/Agy min = 2.0 60 1.17 28.2% 54 1.08 18.3%
Moment-to-Shear 1L.O<M/Vd, < 2.0 101 1.27 35.3% 24 1.11 23.0%
Ratio M/Vd, = 2.0 46 1.16 24.3% 34 1.02 14.4%

Note:  Agy min refers to the minimum shear reinforcement given by Equation 2.14.

n is the number of beam specimens.

C.0.V. is the coefficient of variation.

From Table 3.5, it can be seen that [ did not have a significant effect on the V/V;

values. The predictions were conservative for ¢ < 50 MPa and f'¢ = 50 MPa.
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The amount of shear reinforcement had a significant influence on the V./V,, values
when the previous tests at Curtin University (1993) were not considered. When the
amount of shear reinforcement used was less than the minimum amount required by
the AS 3600 method, the predicted shear strength of a beam could be unconservative.
For greater amount of shear reinforcement (1.0<Ag/Agy pin<2.0 or

Aso/Asy.min = 2.0}, the theory gave conservative predictions of shear strength.

The M/Vd, ratio had a discernible effect on the V./V values. The theory gave
generally more conservative predictions for beams with small M/Vd, ratios in the

range of 1.0 < M/Vd, < 2.0 than for more slender beams with M/Vd, = 2.0.

The previous tests at Curtin University (1993) contributed to the large scatter in the

overall set of test results.

5.3.2 Load-Deformation Behaviour

The deformations from the theory could not be compared directly to test results from
the present study. Firstly, the surface strains from the tests were affected by the
development of cracks. Therefore, test shear strains could not be determined.
Secondly, the predicted longitudinal steel strains from the theory are based on a
smeared steel concept and these strains cannot be compared to the strains measured on
the longitudinal tensile bars. Thirdly, the theory does not predict the deflection of
beams although this was measured in the tests. However, when combined with
Branson's method as described earlier, the midspan deflection for each beam was
predicted. Figure 5.18 shows the comparison of a typical midspan deflection curve

with the predicted curve. Other curves are given in Appendix C.

The midspan deflection was measured at the front and back faces of the beam. The
predicted curve in Figure 5.18 is fairly close to the test curves although it shows

greater stiffness compared to the test curves.
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The deformation predicted by the theory can be compared with test results given by
Vecchio and Collins (1982). Figures 5.19 to 5.23 compare shear force versus shear
strain (V-y,,) test graphs with the predictions by the present theory and the Modified
Compression Field Theory (Vecchio and Collins (1982)). The present theory

predicted the V-y relationships well for these beams.

5.4 Correlation Of Test Shear Strength With Predictions
By Codes

Various code provisions for shear strength of concrete beams were described in
Chapter 2. The experimental shear strengths of the 147 beams tested in the present
study and previous investigations are compared to the predictions by the following:

(i) Australian Standard AS 3600

(i) American Concrete Institute Building Code ACI 318-95

(i)  Burocode EC2 Part 1

(iv)  Canadian Standard CSA A23.3-94

The comparisons of test shear strengths to predictions by the AS 3600 and
ACI 318-95 codes are given in Table 5.6. Similar comparisons with respect to the
EC2 Part 1 and CSA A23.3-94 codes are given in Table 5.7. A summary of the

correlation is given in Table 5.8.

The summary of correlation in Table 5.8 indicates significant scatter in the predictions
by the codes. For the six methods of prediction, the coefficient of variation ranged

from 36.2% (AS 3600) to 55.9% (Variable Strut Inclination Method of EC2 Part 1).

AS 3600 gave the best prediction with the smallest scatter. The mean V¢/V, value is
1.22 with a coefficient of variation of 36.2%. Figures 5.24 and 5.25 show the

correlation of test versus predicted shear strengths for this code method.
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Table 5.6 Correlation of Test and Predicted Shear Strengths

130

Ve Vo Ve Vp ¥
Beam Mark (Exp) (AS 3600) v, (ACIL) \A
| (kIN) (kN) (KN}

Vecchio and Collins (1982)

SA3 730.0 646.7 1.13 334.2 1.37

SK3 725.0 666.0 1.09 488.0 1.49

SK4 601.0 533.6 1.13 429.1 1.40

SM1 427.0 378.7 i.13 291.7 1.46

SPO 436.0 363.3 1.20 291.4 1.50
Mphonde (1984)

B50-3-3 76.3 85.0 0.89 52.3 1.46

B50-7-3 941 98.6 0.95 64.7 1.45

B50-11-3 98.1 108.8 0.90 75.6 1.30

B100-3-3 95.4 115.3 0.83 72.9 1.31

B100-7-3 120.8 129.2 0.93 §5.1 1.42

B100-11-3 152.1 139.9 1.09 96.0 1.58

B100-15-3 115.9 145.3 0.80 101.9 1.14

B150-3-3 139.3 138.6 1.01 §9.7 1.55

B150-7-3 133.8 154.0 0.87 101.0 1.32

B150-11-3 161.9 166.6 0.97 112.7 1.44

B150-15-3 150.3 172.2 0.87 118.5 1.27
Elzanaty et al. (1986)

G4 150.0 142.1 1.06 95.2 1.58

G5 112.0 122.1 0.92 82.2 1.36

G6 78.0 105.4 74 67.8 1.15
Johnson and Ramirez (1989)

1 338.5 398.0 0.85 291.5 1.16

2 221.9 295.5 0.75 230.0 0.96

5 382.7 430.7 0.89 331.6 1.15

7 280.8 318.0 0.88 201.6 1.07

8 258.1 318.0 0.81 261.6 0.99
Ganwel and Nielsen (1990)

S5-5-A 110.0 128.6 0.86 86.7 1.27

§5-7-A 140.0 176.2 0.79 106.2 1.32

S5-7-B 150.0 176.2 0.85 106.2 1.41

5-8-A 125.0 141.6 0.88 83.0 1.51

S5-3-B 135.0 141.6 0.95 83.0 1.63
Roller and Russell (1290)

2 1099.1 1035.7 1.06 755.0 1.46

3 1657.5 1848.4 0.90 1171.0 1.42

4 1942.9 2411.9 0.81 1514.6 1.28

3 22379 3169.8 0.71 1972.1 1.13

10 1171.7 1238.4 0.95 10237 1.14
Sarsam and Al (1992)

Musawi

AL2-N 114.7 115.2 1.00 78.0 1.47

AS2-N 189.3 114.4 1.65 77.2 2.45

AS2-H 201.0 129.6 1.55 93.5 2.15

AS3-N 199.1 139.4 1.43 94.2 2.11

AS3-H 199.1 155.8 1.28 109.5 1.82

BL2-H 138.3 135.9 1.02 94.0 1.47

BS2-H 223.5 135.2 1.65 93.3 2.40

BS3-H 2281 161.2 1.42 109.2 2.09

BS4-H 206.9 188.8 1.10 127.8 1.62

CL2-H 147.2 139.7 1.05 91.7 1.61

CS2-H 247.2 139.8 1.77 91.7 2.70

CS3-H 247.2 167.6 1.47 109.6 2.26

CS84-H 220.7 192.9 1.14 126.0 1.75

Continued




Table 5.6 Correlation of Test and Predicted Shear Strengths (Continued)

Ve Vi Ve Vo Ve
Beam Mark {Exp) (AS 3600} vy (ACT} v
_ (kN) kN) (kN)
Watanabe (1993)
PB-1 352.0 325.2 1.08 204.7 1.72
PB-2 563.0 531.8 1.06 361.4 1.56
PB-3 516.0 486.5 1.06 3234 1.60
PB-4 730.0 887.4 0.82 802.6 0.91
B-1 161.0 164.2 0.98 105.1 1.53
B-4 338.0 352.0 0.96 279.4 1.21
B-5 478.0 410.7 1.16 611.4 0.78
B-6 261.0 227.3 1.28 148.2 1.96
B-7 435.0 447.6 0.97 337.3 1.29
B-8 471.0 595.4 0.79 676.0 .70
Gabrielsson (1%93)
52 172.5 128.7 1.34 82.4 0
53 210.0 154.2 1.36 100.1 2.1
HS1 250.5 237.2 1.6 160.0 1.57
HPS1 324.0 233.9 1.39 154.4 2.10
HPS2 305.0 2359 1.29 156.3 1.95
HB2 322.0 258.9 1 164.6 1.96
Xie etal (1994)
NNW-3 87.2 111.9 0.78 69.6 1.25
NHW-3 102.6 142.0 0.72 85.0 1.21
NHW-3a 108.5 158.6 0.68 94.6 1.15
NHW-3b 122.8 179.9 0.68 108.1 4
NHW-4 24.0 142.2 (.66 85.1 0]
Thirugnanasun- (1995)
dralingam et al.
7 111.0 159.0 0.70 115.0 0.97
8 206.0 145.6 1.41 106.9 1.93
9 113.0 136.5 0.83 101.5 1.11
Kriski and Loov (1996)
1 249.0 260.4 0.96 183.6 1.36
2 383.5 259.9 1.48 183.0 2.10
3 224.5 260.4 .36 183.6 1.22
4 444.5 260.4 1.71 183.6 2.42
5 293.0 262.7 1.12 185.9 1.58
6 331.0 268.8 1.23 192.4 1.72
11 512.0 323.4 1.58 260.7 1.96
12 594.5 320.2 1.86 256.2 2.32
Tests at Curtin (1993)
University
All 270.0 136.4 1.98 105.9 2.55
Al2 313.0 162.2 1.93 121.3 2.58
Al3 292.0 184.3 1.58 135.0 2.16
Ald 262.0 159.5 1.64 119.5 2.19
AlS 270.0 193.4 1.40 140.5 1.92
B12 496.0 175.9 2.82 121.8 4.07
B13 401.0 198.0 2.03 135.5 2.96
B14 385.0 173.2 2.22 120.0 3.21
B13 403.0 207.1 1.95 141.0 2.86
Cl1 459.0 161.3 2.85 98.5 4.66
C13 447.0 209.1 2.14 125.3 3.57
Cl4 364.0 184.3 1.98 111.0 3.28
C15 416.0 218.2 1.91 130.2 3.20
D12 443.0 188.8 2.35 108.5 4.08
D13 505.0 210.4 2.40 121.3 4.16
D14 499.0 186.1 2.68 106.8 4.67
D15 508.0 219.2 2.32 126.4 4.02
B21 221.0 154.4 1.43 111.4 1.98
B22 237.0 180.4 1.31 126.8 1.87
B24 255.0 177.7 1.44 125.0 2.04
Continued
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Table 5.6 Comparisons of Test to Predicted Shear Strengths (Centinued)

Ve Ve Ve Vp Ve
Beam Mark (Exp) (AS 3600) v, (ACI) v,
(kN) {kN) (KN}
Tests at Curtin (19923)
University
C21 256.0 165.5 1.55 102.6 2.50
C22 311.0 191.5 1.62 116.8 2.66
C23 379.0 212.5 1.78 128.3 2.95
C24 301.0 188.7 1.60 115.1 2,62
D21 256.0 173.6 1.47 103.2 2.48
D22 290.0 199.5 1.45 117.6 2.47
D23 3440 221.7 1.53 130.5 2.64
D24 283.0 196.8 1.50 1159 2.55
D25 404.0 230.9 1.75 135.5 2,98
Present Study
S1-1 228.3 237.7 0.96 164.2 1.39
51-2 208.3 237.7 0.88 164.2 1.27
§1-3 206.1 237.7 0.87 164.2 1.26
51-4 277.9 237.7 117 164.2 1.69
S51-5 2333 237.7 1.07 164.2 1.54
81-6 224.1 237.7 0.94 164.2 1.36
52-1 260.3 208.1 1.25 1492 1.74
§52-2 232.5 222.5 1.04 157.9 1.47
52-3 2533 2439 1.04 170.9 1.48
52-4 219.4 243.9 0.90 170.9 1.28
§2-5 282.1 278.7 1.01 192.7 1.46
§3-3 228.6 210.0 1.09 148.8 1.54
53-4 174.9 210.0 0.83 148.8 1.18
53-3 296.6 226.6 1.31 143.7 2.04
53-6 282.9 226.6 1.25 145.7 1.94
S4-1 354.0 4249 0.83 3252 1.09
54-2 572.8 363.2 1.58 265.6 2.16
54-3 243.4 293.8 0.83 206.0 1.18
S4-4 258.1 253.0 1.02 181.2 1.42
54-6 202.9 178.3 1.14 122.9 1.65
83-1 241.7 254.2 0.95 182.6 1.32
55-2 259.9 254.2 1.02 182.6 1.42
S$3-3 243.8 254.2 0.96 182.6 1.34
S6-3 178.4 211.0 0.85 149.9 1.19
S6-4 214.4 211.0 1.02 149.9 1.43
S56-5 297.0 2277 1.30 146.8 2,02
S56-6 287.2 22779 1.26 146.8 1.96
§7-1 217.2 2334 0.93 143.6 1.51
§7-2 205.4 248.0 0.83 151.9 1.35
§7-3 246.5 269.6 0.91 164.3 1.50
§7-4 273.6 296.0 0.92 179.8 1.52
S7-5 304.4 314.5 0.97 190.9 1.39
S7-6 310.6 338.8 0.92 205.7 1.51
S8-1 272.1 209.4 1.30 150.7 1.81
58-2 230.9 2239 1.12 159.4 1.57
S8-3 309.6 245.3 1.26 172.4 1.80
S8-4 265.8 245.3 1.08 172.4 1.54
S&-5 289.2 271.6 1.06 [88.7 1.53
58-6 283.9 290.0 0.98 200.4 .42
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Table 5.7 Correlation of Test and Predicted Shear Strengths
Ve Ve Ve Vi Ve A Ve A Ve
Beam Mark (Exp) (ECZ.5) v, |®ew | v, |cansy| v, |cans | v,
(kN) (kN) (kN) {kN) (kN)
Vecchio and Collins (1982)
SA3 730.0 508.0 1.44 | 6659 1,10 | 530.3 1.38 | 667.0 1.09
SK3 725.0 475.2 1.53 | 763.4 0.95 | 514.2 1.41 | 618.0 1.17
SK4 601.0 407.9 1.47 | 580.8 1.03 | 4449 1.35 | 535.0 1.12
SM1 427.0 280.2 1.52 | 448.7 0.95 | 305.5 1.40 | 361.0 1.18
SPO 436.0 276.7 1.58 | 423.5 1.03 | 304.3 1.43 | 3630 1.20
Mphonde (1984)
B50-3-3 76.3 63.3 1.21 36.3 2.10 58.7 1.3G 38.0 1.32
B50-7-3 94.1 86.7 1.09 36.3 2.59 73.3 1.28 70.0 1.34
B50-11-3 98.1 1091 0.90 36.3 2.70 g6.1 1.14 78.0 1.26
B100-3-3 95.4 86.0 1.11 72.5 1.32 80.1 1.19 78.0 1.22
B100-7-3 120.8 109.8 1.10 72.5 1.67 94.4 1.28 9.0 1.36
B100-11-3 152.1 132.8 1.15 72.5 2.10 107.3 1.42 97.0 1.57
B100-15-3 115.9 145.8 0.79 72.5 1.60 | 1142  1.01 102.0 1.14
B150-3-3 139.3 101.7 1.37 | 109.0 1.28 97.0 1.44 94.0 1.48
B150-7-3 133.8 123.8 1.08 | 109.0 1.23 | 110.3 1.21 101.0 1.32
B150-11-3 161.9 148.3 1.09 | 109.0 1.49 | 1240 1.31 109.0 1.49
B150-15-3 150.3 161.2 093 | 109.0 1.38 | 130.8 1.15 1140 1.32
Elzanaty et al. (1%8¢6)
G4 150.0 133.2 1.13 69.6 2.16 | 106.5 1.41 95.0 1.58
G5 112.0 105.9 1.06 69.6 1.61 91.3 1.23 79.0 1.42
G6 78.0 78.1 1.00 69.6 1.12 74.3 1.05 69.0 1.13
Johnson and Ramirez (I9%989)
1 338.5 311.7 1.09 276.4 1.22 321.2 1.05 296.0 1.14
2 221.9 256.4 0.87 { 138.2 161 | 2598 0.85 | 241.0 0.92
5 382.7 378.0 1.01 276.4 1.38 368.4 1.04 326.0 1.17
7 280.8 308.1 0.91 138.2 2.03 260.3 1.08 224.0 1.25
8 258.1 308.1 0.84 | 138.2 1.87 | 260.3 0.99 | 224.0 1.15
Ganwei and Nielsen (19290)
S-5-A 110.0 118.0 0.93 | 107.6 1.02 93.5 1.18 83.0 1.33
S-7-A 140.0 131.2 1.07 | 155.2 090 | 112.8 1.24 | 105.0 1.33
S-7-B 150.0 131.2 1.14 | 155.2 0.97 | t12.8 1.33 105.0  1.43
S-8-A 125.0 110.4 1.13 | 1031 1.21 89.6 1.40 87.0 1.44
S5-8-B 135.0 110.4 1.22 103.1 1.31 89.6 1.51 87.0 1.55
Roller and Russell (19%0)
2 1099.1 875.5 1.26 | 864.6 1.27 820.4 1.34 716.0 1.54
3 1657.5 1249.9 1.33 | 1800.5 0.92 |1236.4 1.34 | 11490 1.44
4 1942.9 | 1559.2 1.25 | 2573.7 0.75 | 1580.0 1.23 |1512.0 1.28
5 2237.9 1970.9 1.14 | 3603.1 0.62 |2037.6 1.10 |2059.0 1.09
10 1171.7 1240.5 0,94 | 812.4 1.44 |1140.7 1.03 | 9420 1.24
Sarsam and Al- (1992)
Musawi
AL2-N 114.7 100.4 1.14 72.6 1.58 86.0 1.33 73.0 1.57
AS2-N 189.3 98.8 1.92 72.6 2.61 85.1 2.22 80.0 2.37
AS2-H 201.0 135.8 1.48 71.7 2.80 | 104.4 1.93 94.0 2.14
AS3-N 199.1 114.8 1.73 | 109.3  1.82 | 102.2 1.95 98.0 2.03
AS3-H 199.1 148.4 1.34 | 109.3 1.82 | 1202 1,66 | 106.0 1.88
BL2-H 138.3 136.5 1.0t 72.0 1.92 | 1050 1.32 86.0 1.61
BS52-H 223.5 1348 1.66 72.0 310 104.1 2.15 100.0 2,24
B53-H 228.1 148.9 1.53 [ 168.3 211 1200 1.90 | 112,00 2.04
BS4-H 206.9 169.4 1.22 | 1439 144 | 1390 1.49 | 1260 1.60
Cl2-H 147.2 131.1 1.12 72.0 204 | 1022 1.44 90.0 1.64
C82-H 247.2 131.2 1.88 72.0 3.43 1023 242 | 102.0 2.42
CS83-H 247.2 149.6 1.65 108.3 2.28 120.4 2.05 120.0 2.06
C54-H 2207 165.3 1.34 143.9 1.53 136.9 1.61 136.0 1.62
Continued
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Table 5.7 Correlation of Test and Predicted Shear Strengths (Continued)

Ve Vp Af) Vo Vo Ve
Beam Mark (Exp) (EC2.5) (EC2,V) (CAN.S) {CAN.G) \A
| (kN) (kN) (kN) (kN) (kN)
Watanabe {1993)
PB-1 352.0 247.4 306.5 1. 2168 1. 215.0 .64
PB-2 563.0 388.3 658.9 0. 3734 1. 336.0 .68
PB-3 516.0 354.2 573.5 0. 3355 1. 327.0 58
PB-4 730.0 785.5 908.7 0. 403.0 1. 697.0 .05
B-1 161.0 127.3 130.3 1. 113.5 1. 116.0 .39
BR-4 338.0 284.1 377.2 0. 277.7 1. 262.0 .29
B-3 478.0 444.9 444.9 1. 2777 1, 445.0 .07
B-6 291.0 178.5 205.6 1. 158.2 1. 154.0 .89
B-7 435.0 348.7 511.7 0. 3344 1. 282.0 .34
B-8 471.0 645.0 639.0 0. 3344 1. 587.0 0.80
Gabrielsson (19923)
S2 172.5 115.1 86.2 2. 90.2 1. 83.0 2.08
53 210.0 139.0 1147 1. 108.8 1. 95.0 2.21
HS1 250.5 209.8 180.4 1. 174.1 i. 157.0 .60
HPSI1 324.0 212.3 176.7 1. 167.8 1. 161.0 2.01
HPS2 305.0 216.9 176.7 1. 170.0 1. 163.0 87
HB2 322.0 2252 2117 L. 177.0 1. 183.0 76
Xie et al (1294)
NNW-3 87.2 83.2 92.1 74.7 72.0 .21
NHW-3 102.6 118.9 93.5 92.7 88.0 17
NHW-3a 108.5 124.6 119.2 101.9 97.0 A2
NHW-3b 122.8 141.5 143.0 116.0 108.0 14
NHW-4 94.0 119.3 93.5 92.8 80.0 .18
Thirugnanasun- (1995)
dralingam et al.
7 111.9 168.2 90.5 128.2 123.0 .90
8 206.0 160.9 72.4 120.1 113.0 .82
9 113.0 156.1 60.2 114.7 110.0 .03
Kriski and Loov (1996)
1 249.0 217.2 157.6 203.6 189.0  1.32
2 383.5 216.1 157.6 202.9 194.0 1.98
3 2245 217.2 157.6 203.6 189.0 1.19
4 444.5 240.5 157.6 203.6 201.0  2.21
5 293.0 221.4 157.6 206.3 197.0 1.49
6 331.0 259.3 157.6 214.0 210.0  1.58
11 512.0 417.3 157.6 2943 265.0  1.93
12 594.3 406.2 157.6 289.0 261.0 2.28
Tests at Curtin (1993)
University
All 270.0 165.7 1. 57.8 118.9 95.0 2.84
Al2 313.0 179.5 1. 92.5 135.5 126.0 2.48
Al3 292.0 191.9 L. 123.3 149.2 138.0  2.12
Ald 262.0 177.5 1. 89.0 133.6 123.0  2.13
AlS 270.0 195.9 1. 136.8 154.5 144.0 1.88
Biz2 496.0 182.0 2. 92.5 136.1 139.0 3.57
B13 401.0 194.4 2. 123.3 149.8 153.0 2.62
Bl4 385.0 179.8 2. 89.0 134.2 137.0  2.81
B15 403.0 197.9 2. 136.8 1551 159.00 2.53
Cl1 459.0 147.8 3, 533.3 111.7 102.0  4.50
C13 447.0 171.9 2. 113.6 138.5 148.0  3.02
Cl4 364.0 138.5 2. 82.0 124.2 131.0 2.78
Cl5 416.0 175.1 2. 126.0 143.3 152.0 2.74
D12 443.0 131.2 2. 86.7 120.8 131.00  3.38
D13 505.0 162.7 3, 115.5 133.7 150.0 3.37
D14 4990 149.2 3. 834 119.1 133.0  3.75
D15 508.0 166.2 3. 128.2 138.6 158.0 3.22
B21 221.0 158.6 1. 57.8 125.2 96.0 2.30
B22 237.0 172.5 1. 92.5 141.9 123.0  1.93
B24 255.0 170.8 1. 89.0 140.0 121.00.  2.11
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Table 5.7 Correlation of Test and Predicted Shear Strengths (Continued)

Ve Vp Ve | Vo [ Ye | Vo [ M f Vp [ ¥
Beam Mark (Exp) (EC2.5} vV, || v, [ans) | v, |(canG) | v,
(kN) (kN) (kN) (kN) (kN)
Tests at Curtin (19923)
University
C21 256.0 148.6 1.72 53.3 4.80 | 116e.5 2.20 | 92.0 2.78
c22 311.0 161.3 1.93 85.2 3.65 | 130.7 2.38 | 124.0 251
C23 379.0 170.3 223 1 1136 334 | 1420 2.67 | 1340 283
C24 301.0 159.7 1.88 82.0 3.67 | 129.0 2.33 | 1220 2.47
D21 256.0 148.1 1.73 54.2 472 | 117.2  2.18 88.0 2.61
D22 290.0 161.1 1.80 86.7 334 | 1316 2.20 | 13060 2.23
D23 344.0 172.7 1.99 | 115.5 298 | 1444 238 | 141.0 2.44
D24 295.0 156.5 1.85 83.4 354 ] 1298 2,27 | 128.0 2.30
D25 404.0 177.0 2.28 [ (28,2 3.15 | 1493 271 147.0 2.75
Present Study

S1-1 228.3 218.5 1.04 | 1468 1.56 | 181.7 1.26 | 178.0 1.28
51-2 208.3 218.5 0.95 { 1468 1.42 | 1817 1.15 | 178.0 1.17
S1-3 206.1 218.5 0.94 ) 146.8 1.40 | 181.7 1.13 | 178.0 L.16
S1-4 277.9 218.5 1.27 | 146.8 1.89 | 181.7 1.53 | 178.0 1.56
S1-5 253.3 218.5 1.16 | 146.8 1,73 | 181.7 1.39 | 178.0 1.42
S1-6 224.1 218.5 1.03 | 1468 1.53 | 181.7 1.23 | 178.00 1.26
S52-1 260.3 213.5 1.22 97.9 2.66 | 167.8 1.55 | 157.0 1.66
§2-2 232.5 221.3 1.05 | 117.4  1.98 { 1765 1.32 | 168.0 1.38
§2-3 253.3 233.0 1.09 | 146.8  1.73 | 1856.6 1.34 | 179.0 1.42
52-4 219.4 233.0 094 | 146.8 1.4% | 1896 1.16 | 179.0 1.23
52-5 282.1 252.6 1.12 1 1957  t.44 | 211.3  1.34 | 199.0 1.42
S3-3 228.6 208.9 1.09 | 104.7 2.18 | 166.8 1.37 | 158.0 1.45
S53-4 174.9 208.9 0.84 | 1047 1.67 | 166.8 1.05 | 158.0 1.11
§3-5 296.6 204.9 1.45 | 102.6 2.89 | 163.4 1.82 | 165.0 1.80
S3-6 282.9 204.9 1.38 } 102.6  2.76 | 163.4 1.73 | 165.0 1.71
54-1 354.0 398.9 0.890 | 263.4 1.34 | 3619 0.98 | 3490 1.01
S4-2 572.8 345.2 1.66 | 2152  2.66 | 295.6 1.94 | 285.0 2.01
54-3 243.4 284.2 0.86 | 166.9 146 | 2293 1.06 | 2140 1.14
S4-4 258.1 256.0 1.01 | 146.8 1.76 | 201.7 1.28 | 188.0 1.37
54-6 202.9 183.2 1.11 99.5 2.04 | 1367 1.48 | 128.0 1.59
§5-1 241.7 259.2 0,93 | 146.8 1.65 | 203.3 1.19 | 1790 1.35
55-2 259.9 259.2 1.00 | 146.8 1.77 | 203.3 1.28 | 184.0 1.41
55-3 243.8 259.2 0.94 | 146.8 1.66 [ 203.3 1.20 [ 190.0 1.28
56-3 178.4 210.8 0.85 | 1047 1.70 | 168.1 1.06 | 159.0 1.12
56-4 214.4 210.8 1.02 | 1047 2.05 | 168.1 1.28 | 159.0 1.35
56-3 297.0 207.3 1.43 | 102.6 2.89 | 1647 1.80 | 166.0 1.79
56-6 287.2 207.3 1.39 | 102.6 2.80 | 1647 1.74 | 166.0 1.73
57-1 217.2 208.5 1.04 93.2 2.33 ) 1616 1.34 | 156.0 1.39
57-2 205.4 216.0 0.95 | 111.8 1.84 | 1699 1.21 167.0 1.23
57-3 246.5 227.2 1.08 | 139.8 1.76 | 1823 1.35 | 177.0 1.39
57-4 273.6 241.1 1.13 | 174.7 1.57 | 197.9 1.38 | 196.0 1.40
57-5 304.4 251.1 1.21 | 199.7 1.52 ]| 209.0 1.46 | 203.0 1.50
57-6 310.6 264.4 1.17 { 232.9 1.33 | 223.7 1.39 | 214.0 1.45
58-1 272.1 216.8 1.26 97.9 2.78 | 1696 1.60 | 1539.0 1.71
58-2 250.9 224.6 112§ 117.4 2,14 | 1783  1.4i 17.0  1.48
58-3 309.6 236.4 1.31 { 146.8 2.11 | 191.3 1.62 | 180.0 1.72
58-4 265.8 236.4 1.12 | 146.8 1.81 | 191.3 1.39 | [80.0 1.48
S$8-5 289.2 251.1 1.15 | 183.5 1.58 | 207.7 1.3% | 194.0 1.49
58-6 283.9 261.6 1.09 | 209.7  1.35 | 219.3  1.29 | 207.0 1.37

135




Table 5.8 Summary of Correlation of Code Predictions

Code Method \_{e[; Ratio
Mean Coefficient of
Variation__=
AS 3600 1.22 36.2%
ACI318-95 1.81 41.4%
Standard Method of EC2 Part 1 1.37 36.9%
Variable Strut Inclination Method of EC2 Part 1 2.14 55.9%
Simplified Method of CSA A23.3-94 1.66 39.3%
General Method of CSA A23.3-94 1.72 37.0%

In Figure 5.24, most of the results fall either within the £20% band, or above this
band. For beams 3, 4 and 5 tested by Roller and Russell (1990), the predictions by
AS 3600 were unconservative. These three beams had fairly large depths (D =718
to 743 mm) and were most heavily reinforced. If the minimum shear reinforcement
requirement according to AS 3600 was used as a datum, then beams 3, 4 and 5
contained approximately 6, 9 and 12 times the minimum shear reinforcement
respectively. These beams were also the most heavily reinforced in the longitudinal

direction with nominal longitudinal reinforcement ratio Ax/b,d, of 3.8%, 5.1% and

5.7% respectively.

Only the test shear capacities of the beamns tested by Roller and Russell (1990) are in
the range of 800 to 2200 kN. Figure 5.25 shows a clearer picture of the correlation
between the test shear strength and shear strength predicted by AS 3600 after

removing the data by Roller and Russell (1990).

All other code methods apart from AS 3600 gave overall conservative predictions.
The most conservative predictions were given by the Variable Strut Inclination Method
of EC2 Part 1 followed by the ACI code method, the Canadian code methods and the
Standard Method of EC2 Part 1.
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The comparisons in Section 5.3.1 and above identified the present theory and the
AS 3600 method as the most promising methods for determining the shear strength of

slender NSC and HPC beams with vertical shear reinforcement.

5.5 Trends Of Test Parameters

This section compares the trends of test parameters with those predicted by the theory
and the AS 3600 method. The parameters considered are the concrete cover to shear
reinforcement cage, shear reinforcement ratio, longitudinal tensile reinforcement ratio,

overall beam depth, shear span-to-depth ratio and concrete compressive strength.

5.5.1 Shear Strength versus Cover to Shear Reinforcement Cage

The concrete cover to shear reinforcement cage was the variable in beam Series 1.

Figure 5.26 compares the test results with predicted trends.

Figure 5.26 shows that the shear strength was not significantly affected by the
concrete cover. Both the theory and the AS 3600 method gave similar predictions.
This contradicts the "spalled width" concept advanced by Vecchio and Collins (1982).

It is reasonable to consider the full width of a beam as being effective for shear.

5.5.2 Shear Strength versus Shear Reinforcemeni Ratio

In Series 2, 7 and 8, the transverse steel ratio was the test variable. The results from
Series 8 complemented those from Series 2. After combining the results for Series 2

and 8, a plot of the shear strength versus the shear reinforcement ratio is shown in

Figure 5.27.
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The theory and the AS 3600 method predicted the test results reasonably well

although the predictions were slightly conservative. For larger p, values, the test

results are closer to the predictions by the AS 3600 method. The AS 3600 method is

less conservative for shear reinforcement ratio greater than about p, = 0.0015.

However, the trend shows that the code predictions are still relatively conservative.

The shear strength versus shear reinforcement ratio for Series 7 is shown in

Figure 5.28.

The test trend is similar to that predicted by the theory. It is clear that increasing the

amount of shear reinforcement in a beam will lead to an increase in the shear strength.

The AS 3600 method also has a trend similar to the tests but it is less conservative for

p; greater than about 0.0015, which is consistent with the trends observed for Series 2

and 8 in Figure 5.27.

5.5.3 Shear Strength versus Longitudinal Tensile Reinforcement Ratio

In Series 3 and 6, the longitudinal tensile reinforcement ratio (ps = Ag/byd,) was the

test parameter. Figure 5.29 shows the test shear strengths and the predicted trends.

The test results follow the trends given by the theory and the AS 3600 method

reasonably well except at py = 3.69%. The large increase in shear strength when

pe = 3.69% may have been due to the bundling of the tensile bars resulting in greater

shear strength.

The test results, the theory and the AS 3600 method indicate that the shear strength

increased with the longitudinal tensile reinforcement ratio.
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5.5.4 Shear Strength versus Overall Beam Depth

The effect of overall beam depth on the shear strength was studied in Series 4. The
test results and predictions by the theory and the AS 3600 method are shown in

Figure 5.30.

Beam S4-2 had a very high shear strength at failure (V/bod, = 5.16 MPa). If this
result is ignored, then the trends predicted by the theory and the AS 3600 method are
fairly close to the test data points. The theory predicted an almost horizontal trend,
with an almost negligible increase in shear strength as the overall depth increased. In

contrast, the AS 3600 method predicted a slight decrease in the shear stress at failure

V/byd, with an increase in the overall beam depth. Indeed, the test results (apart from
beam S4-2) confirmed that the shear stress at failure decreased with increasing D.
Therefore, the theory was not as conservative as the AS 3600 method at large D
values. Both methods of prediction overestimated the shear strength at D = 400 and

600 mm.

5.5.5 Shear Strength versus Shear Span/Depth Ratio

The a/d, ratio was varied from 1.51 to 3.01 in Series 5. A comparison of the test

results and theoretical predictions are given in Figure 5.31.

Results for the beams with a/d, = 2.50 (85-1, $5-2 and 55-3) agreed well with the

predictions by the theory and the AS 3600 method. However, for short beams with
a/d, < 2.50, both the theory and the AS 3600 method severely underestimated the

shear strength. A strut-and-tie method would be more appropriate in such cases for

determining the shear strength of the beams.

It is noted that the test shear strength did not vary greatly for slender beams where
a/dg 2 2.50.
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5.5.6 Shear Strength versus Concrete Compressive Strength

The comparison of shear strength versus concrete compressive strength for beams
S1-3, S1-4, S2-3, S2-4, $4-4, S5-3, S$8-3 and S8-4 is shown in Figure 5.32. In

these beams, the concrete compressive strength was the test variable.
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Figure 5.32 Shear Strength versus Concrete Compressive Strength

Figure 5.32 shows that the shear strength is not significantly affected by the concrete
compressive strength. The theory predicted an increase of 5.1% in the shear strength
when the concrete compressive strength was increased from 63.6 MPa

(Vp =237.9kN) to 89.4 MPa (V,=250.0kN). The trend shown by the

AS 3600 method is almost identical to that of the theory.
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. _ ______CHAPTER6

Conclusions And Recommendations

6.1 Introduction

This chapter presents the conclusions of the present study. The findings from the
experimental and analytical work with regard to the response and shear strength of
reinforced Normal Strength Concrete {NSC) and High Performance Concrete (HPC)

beams subjected to combined bending moment and shear force are highlighted here.

The analytical work involved the development of a theory capable of predicting the
deformation and shear strength of a reinforced concrete beam. The theory was based
on a truss analogy approach, with due consideration given to equilibrium,

compatibility and material relationships.

In the theory, the stirrups were assumed to be uniformly smeared. The longitudinal
tensile steel was divided into two parts, one part for sustaining the bending moment at
the critical section of a beam and the other part for resisting the shear force. That part

of the longitudinal tensile steel attributed to shear was also assumed to be smeared.
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The experimental part of the study involved testing of eight series of beams, totalling
to forty-eight specimens. Of the forty-cight beams tested, forty-three beams failed in
shear and the remainder failed in flexure. The parameters studied were concrete cover
to shear reinforcement cage, shear reinforcement ratio, longitudinal tensile steel ratio,
overall beam depth, shear span-to-depth ratio and concrete compressive strength.
Most of the beams were subjected to two symmetrically placed concentrated loads.
Some beams were subjected to one or four concentrated loads. The deformations in
terms of midspan deflection, curvature and strain in the longitudinal steel bars were
monitored during the tests. Most of the beams were 250 mm wide and 350 mm
deep, with an effective span of about 2 metres. However, there were other beam sizes
with the largest beam being 250 mm wide and 600 mm deep with an effective span of
3.1 metres. The concrete compressive strength ranged from 63.6 to §89.4 MPa. In

most cases, the shear span-to-depth ratio was approximately 2.5.

Test results from previous investigations were also studied. The shear design
provisions given by the Australian Standard AS 3600 (1994), American Concrete
Institute Building Code ACI 318-95, Eurocode EC2 Part 1 and Canadian Standard
CSA A23.3-94 were also examined. Comparisons were made between the test shear

strength and predictions by the various codes of practice.

Recommendations for future work are proposed at the end of the chapter.

6.2 Conclusions

6.2.1 FEffect of Test Parameters

4 There was no significant difference in the shear strength of the reinforced HPC
beams with different concrete cover to shear reinforcement cage. The full

beam width was effective for shear.
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6.2.2

An increase in the shear reinforcement ratio increased the shear strength of the

reinforced HPC beams.

An increase in the longitudinal tensile reinforcement ratio increased the shear

strength of the reinforced HPC beams.

An increase in the overall beam depth caused a decrease in the nominal shear

stress at failure Vo/byd, of the reinforced HPC beams.

When the shear span-to-depth ratio a/d, = 2.5, there was no significant
difference in the shear strength. However, for beams with a/d, < 2.5, the

shear strength increased significantly with a decrease in the a/d,, ratio.

There was negligible influence of the concrete compressive strength on the
shear strength of the reinforced HPC beams within the range of 63.6 to

89.4 MPa.

Shear Strength of Beams

The theory predicted the shear strength of the reinforced HPC beams in the
present study well. Of the forty-three beams that failed in shear, beams S3-1
and S3-2 were inadequately detailed, and beams $5-4 and S5-5 were short
beams with a/d, < 2.0. Hence, these four beams were not considered in the
correlation analysis between the test and predicted shear strengths. For the
remaining 39 beams, the mean test/predicted shear strength ratio V¢/Vj was

1.04 and the coefficient of variation was 15.4%.
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6.2.3

The theory also predicted the shear strength of reinforced NSC and HPC
beams from other investigations well. For 147 beams from the present and
previous investigations, the mean test/predicted shear strength ratio V./V,, was

1.23 with a coefficient of variation of 32.8%.

The V/V,, ratio was not affected much by the concrete compressive strength
and the moment-to-shear ratio M/Vd,, provided that the amount of shear
reinforcement was not less than the minimum specified by the Australian

Standard AS 3600.

The AS 3600 method gave the best prediction of shear strength among the
various code methods considered. For 147 beams, the mean test/predicted

shear strength ratio V/V, was 1.22 with a coefficient of variation of 36.2%.

All other code methods were generally conservative. The most conservative
code method was the Variable Strut Inclination Method of the Eurocode
EC2 Part 1, followed by the ACI code method, the Canadian code methods

and the Standard Method of the Eurocode EC2 Part 1.

Deformation of Beams

Prediction of the midspan deflection of beams by combining the theory with

Branson's method compared reasonably well with test results.

The theory gave good prediction of the shear force versus shear strain

relationship for the beams reported by Vecchio and Collins (1982).

Crack patterns of the reinforced HPC beams of the present study were similar

to those reported for beams from previous research.
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6.3 Recommendations For Further Research

The following is a list of areas where future research may be directed:

. The bundling of bars may contribute to an increase in the shear strength of a

beam. More tests should be done to confirm this behaviour.

° Very few reinforced HPC beams with large depths have been tested before.

More tests on beams with overall depth greater than 1.0 m should be carried

out.
. Tests with multiple point loads and uniformly distributed load should be done.
. The minimum shear reinforcement requirement stipulated in the codes of

practice should be examined in the light of rational shear strength calculation

methods.

. Beams with thin webs, for example I, T or rectangular hollow section beams,
should be tested to extend the theory to such specimens. These beams should
also be tested for web crushing to examine the accuracy of the theory in
predicting the response and strength of beams which are over-reinforced with

shear reinforcement.

. Axially loaded beams and prestressed concrete beams should be tested to

determine whether the rational theory is applicable to such beams.
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APPENDIX A_

Test Data

Table A.1 Test Data for Beam §1-1

v Curv. (Lef) | Curv. (Right) T
(™) 10 mm) (x10°° mm™") (mm)

0.0 .00 0.00 0.0
253 0.23 0.09 1.0
50.5 0.62 0.57 1.6
50.5 0.63 0.64 1.6
75.4 1.29 1.18 2.2
757 1.42 1.22 23
100.6 2.58 1.78 31
100.6 2.68 1.70 34
125.8 3.57 2.01 473
1259 3.46 2.04 4.5
150.1 37N 2.32 5.3
1501 3.72 2.35 5.5
175.1 4.10 2.62 6.3
175.2 4.11 2.62 6.4
185.1 422 2.71 -
195.0 4.40 2.81 -
2011 4.50 2.84 -
205.1 4.57 2.86 -
2101 4.66 2.90 -
2151 4.76 2.93 -
220.1 4.84 2.93 -
2251 495 2.93 -

Al



Table A.2 Test Data for Beam S1-2

v Curv. (Left) Curv. (Right) Ao
(kN) (x10-® mm!) (x10°% mm1) (mm)
0.0 0.00 0.00 0.0
12.7 0.08 0.05 0.3
252 0.27 0.24 0.4
25.0 .30 0.26 0.5
37.8 0.47 0.46 0.7
50.2 0.73 0.89 09
50.0 0.84 1.02 1.0
62.8 1.15 1.49 1.2
75.3 1.64 2.04 1.5
75.3 1.62 2.04 1.5
74.8 1.65 2.10 1.5
87.8 1.85 2.46 1.8
100.4 2.19 291 2.1
99.8 232 2.97 2.1
113.2 2.67 3.26 24
125.4 3.06 2.95 3.0
126.0 2.84 2.89 33
137.6 2.83 2.89 3.7
148.1 2.89 2.87 4.2
146.6 2.88 2.87 4.2
162.5 3.01 2.93 4.6
175.1 3.12 3.00 52
172.6 312 3.00 52
1759 3.12 3.00 -
180.1 314 3.01 -
185.1 321 3.04 -
190.1 3.25 3.04 -
195.1 3.26 3.05 -
200.1 3.30 3.02 -
205.1 3.31 2.94 -
202.8 327 3.50 -
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Table A.3 Test Data for Beam S1-3

v Curv. Curv. inax €elA | £841B | &41C | &42D | e, 2E £,2F | £,2G

(kN) | (Left) | (Right) [ (mm) | (x10:) | (x10:6) | (x10) | (x106) | (x106) | (x10%) | (x106)
(x106 | (x10®
mm'!) | mm)

0.0 0.00 0.00 0.0 0 0 0 0 0 0 0
12.4 0.08 0.12 0.3 115 153 204 139 159 158 188
25.0 0.22 0.30 0.5 184 277 208 180 205 196 230
37.5 0.29 0.74 0.7 305 370 287 267 328 275 316
50.0 0.37 1.43 L0 448 507 350 3653 445 438 a7
62.5 0.46 1.91 1.3 558 608 422 430 514 527 593
75.1 0.62 2.46 1.7 657 717 524 543 645 631 710
87.8 0.77 2.92 20 728 653 601 606 718 712 812
1003 | 097 3.41 23 837 768 698 699 803 831 899
1127 | 1.19 3.80 2.6 920 933 773 796 928 928 963
1253 | 120 4.45 38 1044 | 1075 969 926 1019 | 1050 | 1104
1374 | 131 4.74 4.1 1086 | 1193 | 1039 960 t1o2 | 1131 | 1177
1496 | 129 5.09 4.7 1180 | 1264 | 1100 | 1092 | 1190 | 1192 | 1231
1625 | 1.34 5.39 5.1 1272 | 1353 | 1167 | 1129 | 1216 | 1270 | 1288
1749 | 1.32 5.89 5.7 1377 | 1473 | 1222 | 1267 | 1320 | 1363 | 1387
1754 | 130 5.90 5.8 1355 | 1461 } 1242 | 1279 | 1310 | 1349 | 1381
179.7 | 1.32 5.99 5.9 1363 | 1481 | 1259 | 1290 | 1345 | 1367 | 1383
1848 | 1.34 6.13 6.0 1412 | 1486 | 1285 | 1322 | 1357 | 1380 | 1421
190.0 | 1.36 6.24 6.2 1439 | 1541 | 1328 | 1349 | 1393 | 1431 | 1444
1949 | 1.37 6.34 6.4 1494 | 1567 | 1334 | 1385 | 1420 | 1465 | 1456
1999 | 1.37 6.49 6.6 1504 | 1604 | 1367 | 1426 | 1469 | 1504 | 1496
2002 | 137 6.68 6.8 1518 | 1626 | 1399 | 1450 | 1456 | 1494 | 1468
2003 | 137 6.72 6.8 1516 | 1595 | 1436 | 1426 | 1461 1475 | 1488
2009 | 137 6.77 6.8 1540 | 1624 | 1428 | 1432 | 1461 1490 | 1498
2023 | 138 £.84 6.9 1532 | 1606 | 1446 | 1450 | 1461 1477 | 1488
2044 | 138 6.99 7.0 1553 | 1642 | 1438 | 1454 | 1479 | 1514 | 1499
2046 | 138 7.31 7.1 1557 | 1648 | 1452 | 1461 1491 1518 | 1507
2047 | 138 7.37 72 1563 | 1652 | 1469 | 1459 | 1493 | 1506 | 1509
2049 | 1.38 7.42 72 1559 | 1654 | 1444 | 1485 | 1491 1502 | 1507
2053 | 1.39 7.54 73 1581 1657 | 1434 | 1473 | 1499 | 1516 | 1494
2041 | 139 7.92 7.4 1547 | 1648 | 1434 | 1475 | 1489 | 1526 | 1501
187.8 | 1.28 8.54 7.6 1508 | 1555 | 1346 | 1420 | 1424 | 1467 | 1426
1845 | 126 8.63 7.6 1457 | 1539 | 1401 1408 | 1428 | 1459 | 1422
185.8 | 126 8.79 7.7 1473 | 1535 | 1360 | 1418 | 1422 | 1475 | 1399
1850 | 126 8.94 7.7 1487 | 1526 | 1358 | 1375 | 1414 | 1467 | 1385
181.8 | 1.24 9.34 78 1459 | 1514 | 1328 | 1401 1404 | 1463 | 1365
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Table A.4 Test Data for Beam S1-4

(kN)

0.0
12.2
24.8
373
50.0
62.3
75.0
87.4
100.1
112.3
125.0
141.4
134.1
145.4
146.9
146.0
146.0
1471
150.1
162.2
174.6
175.1
178.9
184.9
189.6
194.8
199.9
204.6
200.8
214.6
2199
224.6
2299
234.5
239.8
244.4
249.6
254.7
259.6
264.7
269.3
268.9
268.5
269.1
2699
2722
274.6
277.0
271.4
269.6
268.7
262.1
180.2
168.1

CUI'V. CUIV. dmax Esf?)H 8g3I 8533\] ESf4K ES£4L 8524M 85;4N
(Left) | (Right} | (mm) | (x10:% | (x10:% | (x106) | (x10) | (x10%) | (x10%) | (x10°%)
(x10:6 | (x10®
mm™) | mm*) . 1
0.00 0.00 0.0 0 0 0 0 0 0 0
0.08 0.08 0.1 236 169 187 153 172 139 157
0.22 0.31 0.3 246 244 217 177 197 191 163
0.79 1.34 0.6 360 378 411 290 299 330 376
1.41 1.91 0.9 449 511 497 401 414 432 477
1.94 2.38 1.2 560 610 603 504 522 521 544
220 2.89 1.5 696 737 677 601 631 614 624
253 3.36 1.8 773 808 769 672 738 639 683
2.96 3.85 2.1 883 859 869 770 801 783 760
3.31 429 2.4 960 1000 927 835 928 858 834
378 4.76 2.7 1060 | 1085 | 1014 948 1007 953 905
4.62 532 3.0 1152 | 1185 | 1098 1041 1112 | 1032 988
4.57 4.62 3.3 1091 1140 | 1120 | 1041 1073 1028 | 1004
5.17 4.83 3.6 1188 1197 | 1183 1135 1146 | 1103 | 1055
5.59 4.88 3.8 1239 1227 | 1187 1190 | 1140 | 1109 | 1045
5.55 4.88 3.9 1262 | 1215 | 1179 | 1204 | 1140 | 1095 | 1047
5.52 4.88 3.9 1231 1243 | 1189 | 1171 1159 | 1097 | 1061
5.52 488 3.9 1274 | 1235 | 1207 1208 1138 1099 | 1073
5.58 496 4.1 1278 1274 | 1211 1220 | 1207 | 1139 | 1079
5.81 5.17 4.4 1392 | 1335 | 1263 1288 1246 | 1213 | 1140
6.15 5.45 4.8 1470 | 1432 | 1346 | 1381 1337 | 1279 | 1207
6.15 5.43 49 1562 1528 | 1462 | 1430 | 1376 | 1348 | 1302
6.22 5.48 5.0 1580 | 1513 | 1460 | 1456 | 1434 | 1360 | 1278
6.34 5.60 5.1 1550 | 1550 | 1497 | 1485 | 1447 | 1397 | 1339
6.44 5.70 5.2 1639 1621 | 1561 1514 | 1487 | 1431 1355
6.57 577 5.4 1639 | 1636 | 1568 1569 | 1491 1435 | 1406
6.69 5.83 55 1689 | 1656 | 1578 1571 1532 | 1482 | 1390
6.81 5.90 5.7 1725 1707 | 1594 | 1618 | 1623 1515 | 1426
6.94 5.97 5.9 1766 | 1742 | 1644 | 1660 | 1601 1557 | 1475
7.05 6.02 6.0 1758 1772 | 1672 | 1689 | 1627 | 1592 | 1512
7.20 6.10 62 1803 1817 | 1721 1720 1668 1621 | 1520
733 6.14 6.4 1865 1851 | 1755 1761 1719 | 1671 | 1548
7.46 6.22 6.5 1826 | 1878 | 1779 1791 1735 1700 | 1589
7.59 6.26 6.7 1898 | 1902 | 1808 | 1818 1739 { 1741 | 1609
7.74 6.32 6.9 1986 1964 | 1822 1840 | 1776 1767 | 1650
7.87 6.38 7.0 1963 1972 | 1842 1881 1819 | 1798 | 1638
8.02 6.44 7.2 2021 2047 | 1895 | 1906 1833 1828 | 1717
8.17 6.51 7.4 2062 | 2056 | 1919 1949 | 1884 | 1871 | 1723
8.31 6.95 7.6 2097 | 2107 | 1988 1969 | 1914 | 1920 | 1770
8.47 7.78 79 2101 | 2134 | 2033 | 2018 1941 1991 1791
8.61 8.76 8.2 2177 | 2168 | 2087 | 2061 1947 | 2087 | 1831
8.64 9.21 8.2 2130 | 2193 | 2073 | 2047 | 1945 | 2104 | 1835
8.63 9.40 8.3 2156 | 2185 | 2092 | 2029 1986 | 2087 | 1831
8.64 9.59 8.3 2119 | 2144 | 2124 | 2053 | 1961 | 2120 | 1829
8.66 9.69 8.4 2129 | 2160 | 2108 | 2061 1977 | 2116 | 1829
8.74 9.99 8.5 2175 | 2211 | 2140 | 2096 | 2016 | 2134 | 1843
8.81 10,27 8.6 2201 | 2209 | 2156 | 2104 1994 | 2151 | 1825
8.87 10.49 8.8 2205 | 2252 | 2166 | 2112 | 2014 | 2165 | 1839
8.85 10.92 8.9 2195 | 2213 | 2104 | 2092 | 2018 | 2161 | 1827
8.84 11.00 8.9 2195 | 2213 | 2075 | 2070 | 2012 | 2161 | 1839
8.82 11.13 9.0 2158 | 2221 | 2075 | 2072 1996 | 2161 | 1833
8.72 11.84 9.1 2150 | 2183 | 1978 | 2084 | 1961 | 2122 | 1780
- - 9.6 1973 | 1862 - 1740 1686 - -
- - 9.6 1875 1792 - 1752 1664 - -

A4




Table A.5 Test Data for Beam S1-5

v Curv. (Left) Curv. (Right) donax
(kN) (x105mm1) (x105 mm') (mm)
0.0 0.00 0.00 0.0
12.5 0.05 0.07 0.2
25.0 0.14 0.22 0.4
251 0.16 0.23 0.4
37.5 0.29 0.40 0.6
50.1 0.47 0.85 0.9
50.3 0.50 0.98 1.0
62.6 0.75 1.49 1.2
75.3 1.31 2.19 1.5
75.4 1.37 2.30 1.6
87.7 1.63 2.64 1.8
100.3 2.00 3.65 2.2
100.4 2.06 3.99 2.3
112.7 2.29 3.01 2.6
125.2 2.67 a.11 3.0
125.2 2.64 6.36 32
137.8 279 6.84 3.5
148.2 275 7.90 4.1
144.8 2.73 7.90 4.1
162.6 2.84 8.55 4.4
175.1 2.89 9.46 5.0
172.8 2.89 9.45 5.0
179.8 292 9.62 -
184.7 294 9.82 -
189.8 2.98 10.05 -
194.9 3.00 10.31 -
199.4 3.01 10.59 -
204.8 3.03 10.87 -
2099 3.03 11.16 -
214.8 3.03 11.44 “
2199 3.05 11.70 -
225.1 3.05 11.98 -
2298 3.06 12.25 -
235.1 3.06 12.57 -
2399 3.04 12.89 -
244.9 3.07 13.21 -
249.6 3.04 13.55 -

AS




Table A.6 Test Data for Beam S§1-6

A% Curv. (Left) Curv. (Right) dinax

{kN) (x10¢ mm-!) (x10°* mm™) (mm)

0.0 0.00 0.00 0.0
i2.4 0.05 0.05 0.3
24.8 0.13 0.27 0.5
24.8 0.14 0.30 0.5
37.2 0.25 0.60 0.8
49.8 0.67 1.18 1.1
49.8 0.71 1.23 1.2
62.3 0.97 1.58 1.4
749 1.44 1.91 1.7
75.0 1.52 2.02 1.7
87.3 1.84 2.55 2.0
100.0 243 4.08 2.3
100.1 2.58 472 2.4
112.5 2.92 5.74 2.7
124.8 3.60 7.17 32
124.8 387 7.39 33
137.4 4.26 8.04 35
149.1 6.65 927 4.2
146.4 6.79 9.25 472
162.1 749 10.02 4.5
174.6 8.68 11.22 5.1
171.7 8.68 11.22 5.1
174.6 8.75 11.29 5.1
180.0 8.93 11.52 52
184.6 9.16 11.79 53
189.8 0.46 12.12 5.5
194.7 9.80 12.48 57
199.4 10.09 12.84 5.8
204.6 10.30 13.23 6.0
2099 10.52 13.67 6.2
214.5 10.75 14.15 6.4
219.7 11.00 14.64 6.6
2208 .21 16.39 1.0
215.8 11.12 16.85 7.1
2124 11.02 17.37 7.2
194.7 10.53 18.22 73
190.1 10.40 18.57 73
185.4 10.27 19.03 7.4
182.0 10.17 19.44 1.5
180.4 10.13 19.87 7.6
179.8 10.09 20.15 1.7
179.2 10.08 20.39 7.7
178.9 10.07 20.61 7.8
178.6 10.05 20.79 7.8
1773 10.03 21.23 7.9
1771 10.01 21.52 8.0
176.8 10.01 21.70 8.1
176.0 - - 8.3
174.6 - - 8.4
170.8 - - 8.7
166.9 - - 9.0
161.1 - - 9.2
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Table A.7 Test Data for Beam S2-1

A% Curv. (Left) Curv, (Right) diax (Front) dppa (Back)

(kN) x10*mmY) | (x10°mm™}) (mm) _ (mm)

0.0 0.00 (.00 0.0 0.0
12.6 0.01 0.04 0.6 -1.1
25.1 0.04 0.10 0.7 -0.6
37.5 0.16 0.19 0.8 -0.3
50.2 0.56 0.24 1.1 0.2
62.7 0.81 0.31 1.4 0.5
75.2 1.08 0.40 1.7 0.9
87.7 1.38 0.52 1.9 1.2
100.2 2.09 1.44 23 1.6
112.8 242 1.72 2.6 19
125.1 2.86 2.13 2.9 22
1375 3.25 245 33 25
149.9 3.96 297 3.7 29
162.6 5.12 3.66 4.4 35
174.9 577 4.42 4.9 3.9
180.0 6.04 4.84 5.1 4.1
184.9 6.31 5.19 5.3 43
189.9 6.60 5.45 5.6 4.5
194.9 6.87 5.69 5.8 4.7
200.1 7.18 5.96 6.0 49
204.9 7.42 6.20 6.2 5.0
207.5 7.55 6.33 6.3 5.1
209.9 7.70 6.45 6.4 52
212.5 7.90 6.58 6.5 5.3
214.9 8.03 6.72 6.6 5.4
217.4 8.17 6.85 6.7 55
2199 8.30 6.99 6.8 5.6
2224 8.44 7.15 6.9 5.7
225.1 8.59 7.29 7.1 5.8
227.5 8.74 7.43 7.2 59
229.9 8.89 7.56 73 6.0
232.6 9.07 7.72 7.4 6.2
235.1 9.24 7.86 7.6 6.3
2374 9.4 7.97 7.7 6.4
240.4 9.59 8.13 7.9 6.5
242.5 9,71 8.26 8.0 6.6
2449 9.84 8.42 8.2 6.8
247.8 10.00 8.58 3.4 7.0
249.9 10.12 8.74 8.6 7.1
252.4 10.25 8.92 3.8 7.3
255.1 10.43 9.09 9.0 7.5
2575 10.59 9.39 9.3 7.7
2599 10.76 9.79 9.6 8.0
260.0 10.78 10.01 9.7 8.1
259.4 10.78 10.19 9.8 8.2
2574 10.77 10.52 10.0 8.4
249.5 10.61 11.50 10.5 9.1
179.1 8.74 16.34 12.7 11.1
150.4 7.69 2371 15.2 13.6

Al




Table A.8 Test Data for Beam S2-2

A% Curv. (Left) Curv. (Right} dpax (Front) dax (Back)

(kN) (x100mm!} | (x10¢mm!) (mm) (mm)

0.0 0.00 0.00 0.0 0.0
13.1 0.05 0.12 1.0 -0.8
25.6 0.19 0.25 1.2 -0.4
38.0 0.31 0.39 1.4 0.0
508 0.44 0.53 1.7 0.4
632 0.78 0.62 1.9 0.9
753 1.24 0.66 2.2 1.3
88.2 1.56 0.72 2.5 1.7
100.8 1.98 0.75 2.8 2.1
113.2 4,76 1.34 3.5 2.7
125.8 5.51 1.88 3.9 3.1
138.1 6.04 2.15 4.3 3.5
150.4 6.69 2.67 4.8 40
1629 7.42 3.50 52 4.4
175.4 8.20 4.03 5.7 4.8
187.9 9.14 452 6.2 53
200.4 10.40 5.05 6.7 58
205.4 10.92 525 6.9 6.0
210.2 11.41 5.59 7.2 6.2
215.4 11.97 5.84 74 6.5
220.6 12.57 6.11 1.7 6.7
2256 13.25 6.36 8.0 7.0
2299 14.14 6.60 8.4 7.4
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Table A.10 Test Data for Beam §2-4

v Curv, Curv. e inax £,:3F £,:3G g, 3H
(kN (Left) | (Right) | (Front) | (Back) | (x10%) | (x10°6) | (x10-6)
x10% | x10¢ | (mm) | (mm)

mm!) | mm-) .
——————— S
0.0 .00 0.00 0.0 0.0 0 )] 0
12.6 0.07 0.09 0.3 0.1 74 76 116
249 0.19 0.20 0.5 0.3 83 154 119
37.6 0.33 0.34 0.7 0.6 152 268 147
50.0 0.44 0.45 1.0 0.9 235 340 211
62.5 0.55 0.57 1.3 1.2 319 413 281
75.2 0.97 1.10 1.6 1.6 393 505 382
87.6 1.62 1.45 1.9 1.9 454 603 412
100.3 2.09 2.00 23 2.4 524 654 518
1128 2.36 232 2.6 273 579 679 643
1253 2.85 2.89 3.0 32 693 772 707
137.6 3.12 3.19 34 3.5 853 853 733
150.0 4.27 4.05 3.9 4.0 871 922 785
162.1 4.70 4.45 4.3 4.4 965 992 895
174.8 5.37 5.31 4.8 4.8 1071 1103 909
187.4 5.96 6.14 5.3 5.3 1139 1177 960
199.7 6.53 6.92 5.7 5.8 1157 1263 1093
2127 7.14 7.61 6.2 6.3 1224 1369 1106
2179 8.03 7.95 6.7 6.7 1265 1403 1172
217.9 8.13 7.95 6.8 6.7 1317 1443 1134
148.7 15.51 5.74 8.9 8.8 - - -
107.3 23.70 5.44 t0.1 10.0 - - -
1087 | 2599 5.48 10.7 10.5 - - -
1045 | 27.04 5.45 10.8 10.6 - - -

£,41 )
(x10%) | (x10%)
0 0
129 74
168 200
218 304
277 377
368 459
428 561
475 622
523 661
599 723
689 751
748 839
848 881
889 1020
1013 1074
1108 1221
1272 1248
1305 1368
1386 1396
1449 1381
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Table A.11 Test Data for Beam S2-5

A Curv. (Left) Curv. (Right) d,.x (Front) Ay (Back)

(kN) (x10°5 mm1) (x10°% mm1) {mm) {mm)

0.0 0.00 0.00 0.0 0.0
12.4 0.07 0.08 0.3 0.0
25.0 0.20 0.21 0.5 (.3
374 0.34 0.35 0.6 0.5
50.0 0.44 0.43 09 09
62.4 0.55 0.52 1.2 1.2
74.9 0.67 0.97 1.5 1.6
87.6 1.32 1.26 1.8 1.5
99.8 1.71 1.58 2.1 2.2
1127 1.99 1.84 2.4 25
125.1 237 2.27 2.8 2.8
137.3 271 4,08 33 33
1499 5.06 4.59 4.0 4.0
162.1 5.42 4.99 44 4.3
174.6 5.87 5.49 4.8 4.7
187.1 6.36 5.98 52 5.1
188.1 6.52 6.20 5.5 5.3
199.8 6.84 6.58 5.8 5.7
212.1 7.29 7.02 6.3 6.1
224.6 7.79 7.59 6.8 6.5
229.6 7.98 7.80 6.9 6.7
234.6 8.18 8.03 7.1 6.9
239.6 8.36 8.28 7.4 7.1
244.6 8.54 8.53 7.6 7.3
2495 8.73 8.83 1.8 7.5
254.7 8.92 8.99 8.0 7.7
259.6 9.11 9.18 8.3 7.9
264.5 9.31 9.40 8.5 8.1
269.5 9.51 9.66 B.8 8.4
2722 9.62 981 89 8.5
274.6 9.73 9.98 9.1 8.7
277.0 9.32 10.10 92 8.8
279.6 9.93 10.25 9.4 8.9
280.5 10.01 10.72 9.6 0.1
280.0 10.01 10.79 9.6 92
279.1 9.99 13.04 59 o4
2474 9.47 13.55 10.0 9.4
2434 9.40 13.58 99 9.4
240.4 935 13.58 9.9 9.4
237.0 9.26 13,56 9.8 9.3
241.1 9.21 13.61 59 94
241.5 9.21 13.63 99 9.4
243.6 9,23 14.08 10.0 9.5

All




Table A.12 Test Data for Beam S2-6

v Curv. (Left) Curv. (Right) dppax (Front) A sy (Back)

(kN) (x10% mm1) {(x10%mm™") (mm) | (mm)

0.0 0.00 0.00 0.0 0.0
13.5 0.09 0.12 0.5 0.1
252 0.22 0.24 0.7 0.1
37.5 0.34 0.38 0.8 0.4
50.2 0.45 0.49 1.1 0.8
62.8 0.58 0.61 14 1.1
75.2 0.73 0.73 1.6 1.3
87.9 1.49 1.32 1.9 1.7
100.2 1.94 1.68 2.1 1.9
1129 2.34 2.03 2.4 2.2
125.2 3.02 2.52 2.7 2.5
137.4 3.42 2.79 3.0 27
1499 4.24 322 34 3.1
162.4 4.62 3.64 3.7 34
1749 5.29 422 4.0 3.7
187.4 5.80 4.65 4.4 4.1
199.9 6.60 5.14 4.7 4.4
212.4 7.36 5.67 5.1 4.7
2249 8.04 6.45 5.5 5.1
2372 8.69 7.29 5.9 55
249 8 9.35 7.85 6.3 59
254.9 .59 8.04 6.5 6.0
259.8 0.83 8.24 6.6 6.2
264.9 10.07 8.45 6.8 6.3
269.9 10.31 8.62 6.9 6.5
2748 10.54 B.75 7.1 6.6
279.6 10.78 8.92 7.3 6.8
284.9 11.02 9.08 7.4 6.9
289.8 11.25 921 7.6 7.1
295.0 11.4% 9.39 7.8 7.2
299.3 11.73 9.56 79 7.4
302.5 11.85 9.65 8.0 7.5
304.9 11.97 9.75 8.1 7.6
306.7 12.05 983 8.1 7.6
307.5 12.09 9.36 8.2 7.6
308.2 12.14 2.89 8.2 7.7
300.8 12.22 995 8.3 7.7
312.5 12.35 10.04 8.3 7.8
314.8 12.47 10.12 8.4 7.9
3175 12.60 10.22 8.5 8.0
3199 12.72 10.30 8.6 8.1
322.5 12.85 10.38 8.7 8.2
323.7 12.91 10.42 8.8 8.2
324.1 12.93 10.44 8.8 8.2
324.6 12,97 10.46 8.8 8.2
327.4 13.11 10.57 8.9 8.3
3209 13.23 10.67 9.0 8.4
3324 13.39 10.78 9.1 8.6
335.0 13.50 10.88 9.3 8.7
3374 13.63 10.99 94 8.8
339.9 13.77 11.12 9.5 8.9
3424 13.89 11.25 9.6 9.0
3448 14.05 11.40 9.8 9.2

Continued
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Table A.12 Test Data for Beam S2-6 (Continued)

v Curv. (Left) Curv. (Right} drax (Front) d,.x (Back)
{KN) (x10:° mm) (x10 mm™) {mm) {mm)
3478 14,22 11.57 10.0 0.3
350.0 14.36 11.69 101 9.5
3549 14,66 11.98 10.4 0.8
355.7 14.76 12.06 10,6 10.0
355.2 14.76 12.06 10.7 10.1
354.6 14.76 12.05 10.8 10.1
354.2 14.76 12.04 10.9 10.3
3543 1476 12.04 11.1 10.4
3545 14.76 12.04 11.2 10.5
3548 14.76 12.04 11.3 10.6
355.0 14,76 12.05 11.5 10.7
355.8 14.77 12.07 11.7 10.8
356.4 14.79 12.09 11.9 11.0
3578 14.85 12.14 12.5 114
3574 14.91 12.16 142 12.4
347.6 14.56 12.01 152 12.8
345.5 14.42 11.99 - 12.4
3447 14.35 11.98 - 130
3432 1427 11.97 - -
336.6 14.17 11.93 - -
327.0 13.94 11.86 - -
325.6 13.77 11.61 - -
3139 13.54 11.60 - -
312.0 13.46 11.55 - -
3103 1335 11.52 - -
308.5 1334 11.50 - -
308.6 13.32 11.50 - -
308.2 13.29 11.48% - -
307.9 13.26 11.48 - -
308.4 1324 11.48 - -
307.4 13.15 11.44 - -
303.0 13.05 11.40 - -
301.9 13.03 11.36 - -
301.8 13.01 11.34 - -
300.5 12.99 11.32 - -
299.2 12.96 11.27 - -
297.1 12.91 11.21 - -
2924 12.76 11.11 - -
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Table A.13 Test Data for Beam S3-1

v Curv. (Left) Curv. (Right) d,..« (Front) dpnax (Back)

(kN) (x10¢ mm™) (x10% mm) (mnm) {rmm)

0.0 0.00 0.00 0.0 0.0
12.6 0.10 0.04 1.0 -0.8
24.9 0.24 0.15 1.2 0.5
37.5 0.38 0.29 1.4 0.0
50.0 0.51 0.40 1.9 0.6
62.5 0.70 0.68 2.2 1.1
75.1 1.62 2.19 2.8 1.7
87.6 2.16 3.03 3.3 2.2
100.1 2.73 3.86 38 2.7
1127 4.15 4.75 4.4 32
125.1 499 5.82 49 3.7
137.3 6.60 6.95 5.6 4.4
1499 8.26 8.02 6.3 5.0
154.8 9.21 8.41 6.7 54
159.7 9.61 8.82 6.9 5.7
164.6 10.00 9.22 7.2 59
169.6 10.39 9.64 7.5 6.2
174.6 10.83 10.08 7.8 6.4
179.6 11.27 10.51 8.1 6.7
184.6 11.70 14.97 3.4 7.0
189.7 12.17 11.47 8.7 7.3
194.9 12.69 12.03 9.1 7.7
199.4 13.13 12.55 95 8.0
204.5 13.77 13.24 10.0 8.5

Table A.14 Test Data for Beam S3-2
A% Curv. {Left) Curv. (Right) dpax (Front) dypax (Back)

(kN) (x10* mm) {(x10* mm) (mm) {mm)

0.0 0.00 0.00 0.0 0.0
12.5 0.07 0.05 0.6 -0.5
24.9 0.18 Q.15 0.8 -0.1
375 0.31 .28 1.0 0.4
50.0 0.40 0.39 1.4 0.9
62.5 (.48 1.14 1.8 1.4
75.1 0.93 1.77 2.3 1.9
87.6 1.52 2.80 2.7 24
95.9 1.83 3.81 32 2.9
112.4 2.23 476 3.6 33
125.1 2.68 5.76 4.1 38
137.4 3.12 9.05 5.2 4.8
149.8 5.48 10.21 6.3 5.7
154.8 6.05 10.62 6.7 6.0
159.7 6.54 11.09 7.0 6.4
164.6 6.95 11.61 7.4 6.7
169.8 7.31 12.16 77 7.0
174.9 7.71 12.91 8.1 7.4

Al4




Table A.15 Test Data for Beam §3-3

v Curv. Curv. dnax dinax g41A | £41B £,2C £,2D £y2E

(kN) | (Lefty | (Right} | (Front) [ (Back) | (x10:6) | (x10%) [ (x10%) | (x106) | (x109)
(x10% | (x10% | (mm) [ (mm)
mm') | mm")

0.0 000 | 0.00 0.0 0.0 0 0 0 0 0
125 | 000 | 004 0.3 0.0 76 103 79 100 67
250 | 0.05 0.12 0.4 0.2 107 135 119 144 119
375 | 013 0.23 0.7 0.5 168 172 147 282 198
500 | 0.19 0.33 0.9 0.8 290 290 225 326 305
626 | 038 0.41 1.2 12 340 360 282 441 330
751 | 0.67 0.79 L5 1.5 429 400 303 521 477
87.9 1.06 1.20 1.8 1.7 506 496 384 558 473
100.1 | 133 1.65 2.2 2.0 583 587 438 607 605
1127 | 169 | 236 2.6 2.4 712 661 473 783 625
1252 | 243 3.04 3.1 2.8 728 776 584 957 796
137.6 | 297 | 4.09 3.6 3.3 835 811 686 956 856
149.8 | 356 | 490 4.1 37 990 888 738 1101 | 885
1549 | 387 | 521 4.3 3.9 1074 | 906 766 1144 | 957
160.0 | 416 | 571 4.6 4.2 1080 | 959 797 1144 | 1022
1649 | 476 | 6.06 4.9 4.4 1074 | 902 847 1080 | 1047
1699 | 510 | 631 5.1 4.6 1084 | 1025 | 8i2 1270 | 1015
1749 | 546 | 6.54 53 4.8 1179 | 1002 | 828 1199 | 1119
1798 | 5.91 6.78 55 5.0 1162 | 1064 | 859 1324 | 1195
1849 | 641 7.02 5.8 53 1215 | 1158 | 890 | 1268 | 1164
1899 | 670 | 7.29 6.0 55 1333 | 1131 | 937 1382 | 1190
1949 | 6.95 7.53 6.2 5.7 1280 | 1175 | 871 1332 | 1184
1999 [ 726 | 7.82 6.4 59 1321 | 1230 | 102t | 1334 | 1184
2048 | 7.57 8.12 6.7 6.1 1329 | 1273 | 991 1452 | 1230
2099 | 7.86 8.41 6.9 6.3 1350 | 1369 | 1008 | 1445 | 1245
2149 | 8.14 8.71 7.1 6.5 1423 | 1325 | 1110 | 1556 | 1284
2199 | 844 | 9.01 7.4 6.8 1519 | 1362 | 1151 [ 1535 | 1376
2249 | 874 | 936 7.6 7.0 1524 | 1463 | 1109 [ 1586 | 1387
2206 | 895 | 11.84 | B89 8.4 1593 | 1405 | 1210 - -




Table A.16 Test Data for Beam §3-4

v Curv. Curv. dinax inax e3F | £,3G | £,3H £,4 g4

(kN) | (Left) | (Right) | (Front) | (Back) | (x10:6) | x10:6) | (x106) | (x10:6) | (x10%)
(x10¢ | (x10° | (mm) | (mm)
mm!) | mm")

0.0 0.00 0.00 0.0 0.0 0 0 0 0 0
12.8 0.07 0.01 0.3 0.1 74 110 37 79 71
251 0.13 0.06 0.5 02 120 148 93 142 134
37.7 0.21 0.10 0.8 0.4 187 254 146 254 187
50.2 0.30 0.16 1.1 0.7 276 359 178 373 294
62.9 0.38 0.34 1.4 1.0 325 396 265 416 368
75.2 0.62 0.66 1.7 1.3 443 510 279 527 515
87.8 1.40 0.95 2.1 1.6 475 579 390 733 557
100.3 1.70 1.25 2.4 1.9 638 701 410 843 699
112.8 1.99 1.83 2.7 2.2 T 754 511 983 747
123.6 2.72 517 3.5 3.0 751 B77 578 1052 877
124.1 2.91 5.17 35 3.0 779 893 571 1081 896
137.6 4.50 5.96 4.3 3.6 951 930 622 1187 955
150.0 5.27 6.68 4.8 4.1 1058 967 693 1380 1037
155.1 3.01 6.960 5.0 4.3 1054 1052 767 1516 1075
165.0 6.22 7.51 55 4.7 1166 1116 812 1540 1209
1701 6.50 7.5 5.7 4.9 1219 1191 853 1661 1220
174.9 7.27 8.08 6.2 5.5 1330 1237 910 1749 1226
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Table A.17 Test Data for Beam S3-5

v Curvy. (Left) Curv. (Right) dpax (Front) dax (Back)
{KN) (x10° mm) (x10®* mm) (mm}) L (mm)
0.0 0.00 0.00 0.0 0.0
12.4 0.02 0.04 0.3 0.0
24.8 0.10 Q.13 .5 0.2
374 0.21 024 0.8 0.4
499 0.45 0.31 1.0 0.7
62.5 0.63 0.47 1.2 09
74.9 0.81 0.63 1.4 1.1
87.5 1.02 0.82 1.7 1.4
99.9 1.25 1.03 1.9 1.6
1124 1.46 1.27 21 1.8
122.5 1.65 1.54 23 2.0
125.6 1.70 1.87 24 2.1
137.4 1.91 2.86 2.8 2.5
149.6 2.18 3.68 3.2 2.8
162.1 4.18 437 38 3.4
174.6 4.90 497 4.3 3.8
187.1 5.49 5.46 4.6 4.1
199.6 6.00 5.94 5.0 4.5
204.6 6.21 6.14 5.1 4.6
209.6 6.41 6.35 53 4.8
214.4 6.61 6.55 5.4 4.9
2197 6.83 6.76 56 5.1
224.5 7.04 6.95 5.7 52
229.6 7.25 7.15 59 5.3
234.6 7.45 7.35 6.1 5.5
239.6 7.66 7.57 6.2 5.6
2447 7.87 7.78 6.4 5.8
2494 8.07 7.99 6.5 59
254.6 8.29 821 6.7 6.1
259.6 8.49 8.44 6.9 6.3
264.5 8.70 8.66 7.0 6.4
269.5 8.92 8.88 7.2 6.6
274.5 9.14 9.12 7.4 6.8
279.5 9.36 9.36 7.6 6.9
284.5 9.60 9.62 7.8 7.1
289.5 9.85 9.90 8.0 73
294.6 10.20 10.18 82 7.5
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Table A.18 Test Data for Beam S3-6

A% Curv. (Left) Curv. (Right) dpax (Front) dipax (Back)

(kN) (x10°% mm1) {(x10® mm") {mm) (mm)

0.0 0.00 0.00 0.0 0.0
12.2 0.03 0.04 0.3 -0.1
247 0.07 0.16 0.5 0.1
373 0.11 0.31 0.6 0.4
49.8 0.18 0.50 0.8 0.6
62.3 0.27 0.71 1.0 0.8
74.8 0.54 0.92 1.3 i.l
873 0.78 1.13 1.5 1.3
99.8 1.08 1.32 17 1.5
112.4 1.32 1.58 1.9 1.7
124.8 1.58 1.83 2.2 1.9
136.9 1.91 2.11 24 2.1
142.4 278 2.39 2.7 23
142.4 3.08 241 27 24
141.8 3.41 2.42 28 24
1429 359 2.44 2.8 2.5
149.4 397 3.91 33 2.9
161.9 4.60 4.40 37 3.3
174.1 5.10 4.87 4.1 3.6
179.2 5.31 5.10 42 3.7
184.4 5.53 5.30 4.4 39
189.4 5.78 5.48 45 4.0
194.4 6.01 5.66 4.7 4.1
199.0 6.21 5.85 4.8 4.2
204.4 6.46 6.06 5.0 4.4
209.4 6.67 6.24 5.2 4.5
2144 6.89 6.43 53 4.6
2194 7.11 6.61 5.5 4.8
224.4 7.35 6.82 5.6 49
2292 7.57 7.00 5.8 5.1
2344 7.78 7.20 5.9 52
239.2 7.99 7.37 6.1 53
244.4 8.21 7.57 6.3 55
2491 8.41 175 6.4 5.6
2544 8.65 7.97 6.6 58
259.4 8.86 8.16 6.8 59
264.2 9.09 8.35 6.9 6.1
269.5 9.34 8.56 7.1 6.2
274.4 9.61 8.76 7.3 6.4
2794 9.96 8.95 7.5 6.5
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Table A.19 Test Data for Beam S4-1

A" Curv. Curv. doan dinax ;1A | g,1B €,:2C £,42D
(kN) | (Left) | (Right) | (Front) | (Back) | (x10°6) | (x10%) | (x10%) | (x106)
(x10% | x10% | (mm) | (mm)
mm) | mm)

0.0 0.00 0.00 0.0 0.0 0 0 0 0
12.4 0.05 0.05 03 0z 25 i9 24 25
25.0 0.06 0.06 0.5 04 64 36 28 34
37.5 0.10 Q.11 0.7 0.6 50 68 70 52
50.0 0.15 0.15 0.9 0.7 146 103 61 73
62.6 0.21 0.20 1.1 0.9 171 79 71 105
75.1 0.27 0.24 1.3 1.0 181 132 126 206
87.7 0.33 0.28 1.4 1.2 223 141 121 233
99.9 0.46 .29 1.8 1.5 260 167 161 273
1127 0.56 0.31 2.0 1.8 241 168 130 250
1251 0.70 0.35 23 2.0 258 120 140 273
137.5 0.84 0.40 2.5 2.2 250 204 165 301
149.6 0.97 0.67 28 2.5 347 219 241 362
1744 1.12 0.83 32 29 340 324 240 480
187.4 1.23 0.93 34 3.1 419 373 279 508
169.5 1.33 1.06 38 34 385 358 360 574
212.5 1.40 1.24 4.2 38 437 432 300 564
224.6 1.47 1.21 4.4 4.1 394 396 323 587
237.2 1.57 1.17 4.8 4.5 478 450 403 633
2499 1.64 1.18 5.1 4.8 517 465 431 616
262.1 1.62 1.27 5.5 5.2 565 546 529 682
2748 1.47 1.44 6.1 5.7 603 617 633 788
2884 1.46 1.55 6.5 6.2 572 575 631 857
299.7 1.45 1.64 7.0 6.6 679 649 665 806
3124 1.31 1.79 7.5 7.1 719 718 767 863
324.6 1.23 1.97 8.0 7.6 718 737 795 903
337.1 1.17 2,12 8.5 8.1 843 776 863 924
349.7 1.12 227 93 8.9 844 803 921 945
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Table A.20 Test Data for Beam S4-2

v Curv, (Left) Curv. (Right) dynay (Front) dax (Back)
(kN) (x10° mm!) (x10% mm") (mm) {mm)

0.0 0.00 (.00 0.0 0.0
12.2 0.06 0.06 0.4 0.3
26.1 0.08 0.07 0.6 0.4
313 0.13 0.13 0.7 0.6
499 0.21 0.20 0.9 0.8
62.3 0.28 0.27 1.1 1.0
74.8 0.39 0.39 1.3 1.2
87.6 0.45 0.52 1.6 1.4
100.0 0.62 0.76 1.9 1.7
112.6 0.75 0.92 2.1 1.9
124.9 1.05 1.16 2.3 22
137.3 1.24 1.32 26 2.4
149.6 1.48 1.56 2.8 2.7
163.5 1.67 1.72 31 2.9
174.4 1.85 1.94 33 3.1
187.3 2.02 2.23 3.5 3.4
199.2 2.44 2.49 39 3.7
2120 2.96 2.79 4.5 43
224.0 3.12 335 48 4.6
237.1 3.26 3.63 5.1 4.9
249.6 3.38 392 5.4 5.2
262.1 3.53 427 58 5.6
274.5 3.67 449 6.1 59
287.0 3.83 4.68 6.5 6.3
299.6 3.08 4.88 6.8 6.6
311.8 4.13 5.09 7.2 7.0
324.6 4.29 5.33 7.5 7.3
3370 4.44 555 18 7.6
349.4 4,59 576 8.1 7.9
362.0 4.76 5.96 8.5 8.3
374.5 4.91 6.15 8.8 8.6
387.1 5.06 6.33 9.1 9.0
39595 521 6.51 9.5 9.3
412.5 5.36 6.69 9.8 9.7
4250 5.70 7.02 10.4 10.2
4375 5.88 724 10.7 10.5
450.0 6.04 7.44 11.1 10.9
462.5 6.20 7.66 11.5 11.3
475.0 6.36 791 11.8 11.6
487.5 6.52 8.18 12.2 12.0
5004 6.70 8.48 12.7 12.5
512.5 6.87 8.78 13.1 12.9
525.0 7.11 922 13.7 13.5
537.5 7.32 9.70 142 14.0
550.0 7.56 10.34 14.9 147
562.5 7.81 11.06 15.6 154
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Table A.21 Test Data for Beam S4-3

v Curv, (Left) Curv, (Right) dypax (Front) dipax (Back)
| (kN) (x10%mm) | (x10° mm!) (mm) (mm)
0.0 0.00 0.00 0.0 0.0
13.1 0.12 0.10 04 0.3
27.0 0.18 0.13 0.6 0.5
37.9 0.27 0.22 0.8 0.7
50.7 0.37 0.34 1.0 0.9
62.9 0.48 0.46 1.3 1.3
75.6 0.72 0.80 1.6 1.6
88.2 0.92 1.03 1.8 1.9
100.7 1.19 1.46 2.1 22
113.2 1.40 1.84 2.4 2.5
125.6 1.60 2.19 2.6 2.8
137.4 1.79 2.60 29 3.1
150.6 2.49 4.14 37 39
162.6 3.00 4.59 4.3 4.5
175.1 3.33 478 4.7 49
187.6 3.56 5.03 5.1 53
200.4 3.79 5.30 5.6 57
2127 3.94 5.57 6.0 6.1
225.1 411 5.83 6.5 6.6
237.9 4.27 6.13 71 7.2
Table A.22 Test Data for Beam S4-4
v Curv. | Curv. dinax dinax £,3E g.3F | &4G | £,4H
(kN) | (Left) | (Right) | (Front) | (Back) | (x106) | (x10) | (x10:6) | (x10)
(x10¢ | (x10°¢ | (mm) | (mm)
mm') | mm!) ]
0.0 0.00 (.00 0.0 0.0 0 0 0 0]
12.6 0.18 0.09 04 02 160 48 70 89
25.0 0.22 .12 0.6 0.4 228 107 100 178
37.5 0.38 0.21 0.8 0.6 286 110 189 191
50.0 0.60 0.31 1.1 0.8 368 149 238 312
62.6 0.92 .40 1.4 1.1 447 242 298 366
75.2 1.22 0.47 1.7 1.4 416 276 328 422
87.8 1.46 1.04 2.1 1.7 631 295 371 535
100.2 2.0 1.56 2.4 2.1 593 408 433 646
112.8 2.49 2.16 2.8 24 702 405 452 721
125.2 2.92 2.59 3.1 2.7 803 473 518 765
1374 4.04 3.47 3.7 32 993 594 635 825
149.9 4.81 4.43 42 37 1099 697 722 969
162.4 5.30 5.14 47 4.1 1059 815 759 991
175.1 5.75 5.73 5.1 4.5 [ 188 874 842 1112
187.4 6.15 6.20 5.5 4.9 1194 962 916 1177
199.9 6.70 6.87 6.0 5.4 1224 952 998 1214
212.3 7.23 7.53 6.4 58 1349 1059 1075 1402
224.9 1.72 8.12 6.9 6.3 1439 1179 1110 1488
237.2 8.20 871 7.4 6.7 1480 1187 1144 1498
2498 8.73 945 8.0 7.3 1582 1246 1235 1594
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Table A.25 Test Data for Beam S5-1

Vv Curv. Curv. dma.x dmax SsélA Esf_lB 8532(: EséZD
(kN) | (Left) | (Right) | (Front) | (Back) | (x10%) | (x106) | (x10%) | (x10%)
x10¢ | x10% | (mm) | (mm)
| mm) | mm?) | L _
0.0 0.00 0.00 0.0 0.0 0 0 0 0
12.6 0.13 0.18 0.5 0.1 135 92 93 108
25.1 0.20 0.25 0.7 0.3 323 238 199 159
37.7 0.38 0.45 1.0 0.7 386 312 224 255
5001 1.05 0.81 1.5 1.2 492 285 270 267
62.8 1.78 2.00 2.0 1.7 725 383 510 485
75.3 2.33 2.76 2.5 2.2 864 547 600 646
87.8 2.65 3.32 29 2.6 632 674 716 750
100.2 2.99 4.07 34 31 975 699 692 818
112.8 3.37 4.62 3.8 35 1211 829 837 973
125.2 3.81 5.40 4.3 4.0 1125 910 903 1172
137.3 4.19 5.92 4.7 4.4 1277 9268 966 1102
149.6 4.82 6.95 53 5.0 1365 1109 1070 1236
162.3 5.14 7.80 6.2 5.8 1503 1324 1210 1451
174.6 5.25 9.53 72 6.7 1659 1373 1330 1626
187.2 5.23 10.77 7.9 7.4 1703 1494 1345 1705
199.6 5.20 11.79 8.6 8.1 1783 1457 1448 1803
2124 5.19 12.76 9.4 8.8 1805 1570 1628 1881
224.7 5.32 13.67 10.1 8.5 1913 1689 1684 1958
2374 5.72 14.66 11.0 10.3 2070 1826 1781 2107
Table A.26 Test Data for Beam S5-2
v Curv. (Left) Curv. (Right} dpmayx (Front) dpax (Back)
(kN} (x10® mm™") {(x10°mm1) {mm) (mm})
0.0 0.00 0.00 0.0 0.0
12.9 0.17 0.12 0.3 0.2
25.2 0.22 0.18 0.5 0.4
31.7 0.38 0.32 0.8 0.7
50.0 0.60 0.45 1.1 i1
62.7 1.06 .62 1.5 15
75.2 1.59 1.01 1.9 1.9
87.7 1.96 1.44 2.2 2.2
100.2 2.57 2.08 2.7 26
113.0 2.96 2.36 29 2.9
1251 3.66 311 34 34
137.6 4,14 342 3.7 38
150.0 5.82 4.34 4.5 4.4
162.9 6.50 4,83 49 49
1749 7.35 5.52 54 54
187.4 7.98 5.99 59 3.8
199.8 8.89 6.84 6.5 6.4
212.2 9.68 7.83 7.1 7.0
224.7 10.39 8.57 1.6 7.5
2373 11.12 9.36 5.2 8.1
2498 12.03 10.18 8.9 8.7
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Table A.30 Test Data for Beam §5-6

v d_.. (Front) | d_... (Back) £.51 £,,6] £,6K
(kN) (mm) {mm) (x10°5) (x10%) (x10°)
0.0 0.0 0.0 0 0 0
12.4 0.2 0.1 89 36 66
25.1 0.3 0.2 138 77 88
37.8 0.3 0.3 211 106 142
50.2 0.4 0.3 300 173 151
62.7 0.4 0.4 304 241 200
75.1 0.5 0.6 390 269 235
87.8 0.6 0.6 463 268 265
100.1 0.7 0.7 563 326 333
112.7 0.8 0.8 579 325 347
125.1 0.9 0.9 657 390 420
137.4 1.0 1.0 630 441 421
149.6 1.1 1.2 728 513 487
162.4 12 1.3 820 531 512
174.1 15 1.4 870 553 577
187.2 1.6 1.6 921 611 642
199.1 1.7 1.7 992 615 618
212.2 18 1.8 1029 668 660
224.0 2.0 1.9 1176 753 726
237.2 2.0 2.0 1177 756 767
249.6 22 2.1 1247 810 817
262.1 23 2.2 1256 847 842
272.1 2.4 2.3 1317 874 884
287.2 25 2.4 1309 847 786
299.6 2.6 2.5 1370 943 985
311.9 2.7 2.7 1410 1031 998
324.6 2.8 2.8 1502 901 932
337.0 29 2.9 1552 1060 1069
349.8 3.0 3.0 1625 1046 1106
362.0 32 3.1 1648 1152 1157
374.6 33 32 1685 1173 1146
387.0 34 3.3 1749 1150 1213
399.5 3.5 3.4 1780 1229 1287
412.5 3.6 35 1887 1273 1303
425.0 37 3.6 1953 1359 1393
437.5 3.9 37 1999 1445 1380
450.0 4.0 38 2061 1463 1427
462.5 4.1 3.9 2153 1503 1512
475.0 42 4.1 2193 1475 1520
487.5 43 472 2201 1590 1535
500.0 4.5 43 2286 1641 1571
512.5 46 4.4 2282 1555 1625
525.0 47 4.5 2402 1596 1637
537.5 4.9 4.7 2393 1647 1732
550.0 50 4.8 2466 1713 1696
562.5 52 4.9 2499 1752 1826
575.0 53 5.1 2576 1790 1810
587.5 5.5 5.3 2765 1870 1850
600.0 5.7 5.5 3116 1876 1852
612.5 6.0 5.7 3213 2016 1933
625.0 6.3 5.9 3345 2108 1953
637.5 6.9 6.4 3479 2230 2102

A27




Table A.31 Test Data for Beam 56-1

vV Curv. (Left) Curv. (Right) dax (Front)
(kN) {x10°° mm") (x10 mm™") {(mm)
0.0 0.00 0.00 0.0
6.3 0.01 0.03 04
12.5 0.03 0.09 0.6
18.7 0.11 0.16 09
25.0 0.21 0.29 12
312 0.30 0.87 1.6
37.5 0.81 1.25 2.1
43.8 1.24 161 2.4
50.1 1.76 1.97 2.7
56.3 2.23 327 3.2
62.5 2.68 384 3.5
68.7 3.26 434 3.9
74.8 3.75 495 43
81.2 4,25 552 4.6
87.3 4.85 6.15 5.0
93.6 5.48 6.84 54
99.9 6.03 7.59 5.8
102.3 6.27 7.97 6.0
1048 6.56 8.38 6.2
107.3 6.85 8.70 6.3
109.8 7.15 9.05 6.5
112.3 7.43 9.40 6.7
114.8 7.74 9.70 6.9
117.4 8.09 10.00 7.2
119.8 8.47 10.23 74
122.3 9.08 10.49 7.6
124.8 9.62 10.75 7.9
127.3 10.07 11.03 8.2
129.8 10.46 11.30 8.4
1323 10.88 11.62 8.7
1348 11.31 11.94 8.9
137.3 11.69 12.30 9.2
139.8 12.13 12.69 95
142.2 12.53 13.21 98
1447 13.00 13.79 10.2
147.3 13.53 14.35 10.7
1499 13.97 14.83 13.0
151.1 14.68 15.54 15.1
151.2 14.70% 15.54 15.3
151.1 14.71 15.53 15.5
151.1 14.73 15.54 15.8
152.3 14.92 15.67 16.6
152.9 15.10 15.78 17.1
153.2 15.24 15.86 17.5
1522 15.30 15.93 18.7
152.5 15.30 15.93 19.0
153.4 15.31 16.03 19.5
154.4 15.50 16.30 20.8
154.8 15.56 16.45 215

dypay (Back)
{mm)

0.0
0.0
0.1
0.3
0.7
1.1
1.6
2.0
24
27
31
34
3.7
4.1
4.4
4.8
5.2
53
55
5.7
5.8
6.0
6.2
6.4
6.6
6.9
7.1
7.3
7.6
7.8
8.0
83
8.6
89
5.2
9.7
12.0
14.0
14.2
14.4
14.7
15.5
16.0
16.4
17.5
17.8
18.4
19.6
20.3
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Table A.32 Test Data for Beam §6-2

Vv Curv. (Left) Curv. (Right) dipax (Front) i (Back)
(kN} (x108 mm™) (x10° mm™) (mm) {mm)
0.0 0.00 0.00 0.0 0.0
6.3 0.01 0.03 -0.5 0.8
13.0 0.03 0.09 -04 0.9
18.8 0.08 0.15 -0.1 1.1
251 0.10 0.22 0.2 13
31.5 0.15 0.26 0.7 1.7
37.6 0.17 0.39 1.1 2.0
43.8 0.81 1.16 1.5 2.4
50.1 1.16 1.96 1.8 27
56.4 1.50 2.50 2.1 3.0
62.6 1.84 297 2.5 33
68.7 2.20 3.37 2.8 36
74.9 2.62 3.87 3.1 3.9
81.2 2.99 4.30 34 4.2
87.5 332 4.69 3.8 4.5
93.7 374 5.12 4.1 4.9
100.0 4.14 5.56 4.5 5.2
102.4 4.26 575 4.6 53
104.9 4.44 593 4.8 5.5
107.3 4.65 6.15 49 5.6
109.8 4.97 6.50 51 58
112.3 5.27 6.77 53 6.0
115.9 6.56 7.06 57 6.4
117.4 6.93 7.27 3.8 6.5
119.9 7.28 7.68 6.1 6.8
122.4 7.57 7.99 6.3 6.9
1249 7.96 8.45 6.5 7.2
1274 8.41 9.16 6.8 7.5
129.8 8.79 9.61 7.1 7.8
132.4 9.16 14.03 7.3 8.0
135.1 953 10.60 7.6 8.3
137.3 9.85 11.09 7.8 8.5
139.9 10.17 11.56 8.1 8.7
142.4 10.54 11.99 8.3 9.0
144.9 10.92 12.42 8.6 93
147.3 11.43 12.86 9.0 9.7
149.9 11.99 13.26 9.5 10.1
152.3 12.41 13.48 11.3 119
153.6 12.61 13.62 12.2 12.8
154.8 12.85 13.76 13.0 13.5
154.9 13.01 13.88 13.6 142
154.4 13.04 13.88 13.9 : 14.5
153.6 13.04 13.87 142 14.8
1534 13.04 13.87 14.4 15.0
153.2 13.04 13.87 14.6 15.2
153.4 13.04 13.87 14.9 15.5
153.6 13.04 13.89 151 15.7
153.7 13.04 13.91 15.3 15.9
153.8 13.04 13.92 15.5 16.2
154.2 1311 14.03 16.4 17.0
154.6 13.17 14.09 16.9 17.5
154.9 13.25 14.16 17.4 18.0
154.9 13.30 14.20 17.9 18.5
146.2 13,31 1395 18.7 19.2
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Table A.33 Test Data for Beam S6-3

v Curv, Curv, dmax dmax EsflA Es_ng ESfZC Essz Esf-ZE

(kN) | (Left) | (Right) | (Front) | (Back) | (x106) | (x10%) | (x10°%) | (x106) | (x106)
{x1 o {x10-¢ (mm) {mm)
mm') | mm1

0.0 0.00 0.00 0.0 0.0 0 0 0 0 0
6.1 0.00 0.05 0.3 0.0 60 56 43 65 21
12.4 0.0 0.10 0.5 0.1 119 92 109 117 26
18.7 0.01 0.15 07 0.3 235 151 149 178 42
25.0 0.03 0.21 0.9 0.5 263 216 204 257 34
31.2 0.05 0.26 1.2 0.8 334 259 198 289 40
37.5 0.10 0.59 1.4 1.0 403 283 275 429 98
43.8 0.84 0.90 1.7 1.3 493 317 352 459 60
50.0 1.08 1.14 2.0 1.5 462 425 393 553 111
563 1.28 1.34 22 1.7 571 503 514 593 80
62.6 1.50 1.56 2.4 1.9 599 521 551 687 125
68.6 1.69 1.76 2.6 2.1 656 664 547 734 115
752 1.91 1.97 29 2.3 697 694 626 838 273
81.1 2.14 2.17 32 2.5 795 696 671 814 330
87.3 226 231 3.4 2.7 840 743 718 934 379
93.6 2.43 2.46 3.6 2.9 952 894 797 975 432
99.8 2.65 2.63 39 3.2 964 919 862 1095 444
106.1 2.88 2.85 4.1 34 1088 | 1007 952 1130 530
1122 | 3.19 3.01 44 3.7 1085 | 1029 | 1049 1226 521
118.6 | 3.74 3.18 4.7 4.0 1201 | 1112 | 1159 1285 609
1248 | 4.29 3.33 5.0 4.3 1219 | 1115 1213 1338 633
131.1 5.26 3.50 55 4.7 1269 | 1207 | 1192 1418 658
1373 | 5.96 3.66 5.8 5.1 1352 | 1203 1217 1478 711
1435 | 6.68 3.79 6.2 5.4 1388 | 1277 1266 1548 742
1498 | 7.42 3.92 6.6 5.8 1457 | 1375 | 1313 1595 802
1522 | 7.63 4.44 6.8 6.0 1474 | 1379 | 1346 1626 817
1548 | 7.88 4.55 7.0 6.2 1523 | 1436 | 1354 1685 8§57
157.3 8.10 4.63 7.1 6.3 1562 | 1502 | 1403 1695 864
159.8 8.32 4.70 73 6.5 1591 1486 | 1393 1777 898
162.3 8.57 4.78 7.4 6.6 1550 | 1572 | 1435 1769 898
1649 | 8.83 4.86 7.6 6.7 1603 | 1556 | 1435 1796 931
1672 | 9.05 4.93 7.7 6.9 1642 | 1554 | 1468 1812 911
1698 | 9.30 5.01 7.9 7.0 1632 | 1574 | 1532 1792 943
1723 | 956 5.08 8.0 7.2 1704 | 1587 | 1521 1878 946
1747 | 9.81 5.14 8.2 7.3 1738 | 1634 | 1546 1923 986
1772 | 1013 | 5.19 8.4 7.5 1734 | 1714 | 1579 1923 | 1041
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Table A.34 Test Data for Beam S6-4

v Curv. Curv. dinax dimax e43F | €3G | g,3H £,4 £q4]
(kN) (Left) | (Right) | (Front) | (Back) | (x10) | (x10%) | (x106) | (x10%) | (x10%)
(x10° | (x10¢ | (mm) | (mm)
mm!y | mm!) -
0.0 0.00 0.00 0.0 0.0 0 0 0 0 0
6.2 .00 0.03 0.2 0.2 61 31 30 61 17
12.4 0.02 0.08 0.4 0.3 122 77 51 131 38
18.6 0.09 0.14 0.6 0.5 185 51 73 202 48
250 0.15 0.21 0.8 0.7 221 77 75 277 98
31.2 0.20 0.26 1.1 0.9 294 114 109 277 64
374 0.67 0.35 1.4 1.1 381 124 174 431 86
437 0.84 1.09 1.6 1.4 438 161 245 506 98
50.0 1.05 1.37 1.9 1.6 505 243 246 569 102
56.2 1.26 1.61 2.1 1.8 557 302 299 644 106
62.5 1,49 1.86 2.4 2.1 GO0 286 332 688 94
68.6 1.72 2.11 2.6 2.3 647 371 423 823 140
748 1.94 234 2.8 2.5 681 467 423 883 142
81.1 2.18 2.59 3.1 27 828 482 481 978 134
87.3 2.44 2.86 3.3 3.0 832 495 488 1010 147
936 2.74 3.21 37 34 889 640 573 1048 196
99.8 3.07 3.29 4.0 37 991 691 602 1136 222
106.1 3.41 3.37 4.3 39 1138 681 663 1249 263
112.3 3.74 3.46 4.6 4.2 1203 774 757 1289 322
118.5 410 3.56 4.8 4.4 1259 791 756 1310 397
124.8 4.62 3.65 5.1 4.7 1308 842 871 1357 385
131.0 5.33 3.77 5.5 50 1365 862 977 1453 425
137.2 6.52 3.89 59 54 1495 907 1095 1580 472
143.5 7.09 4.01 6.2 5.8 1551 999 1133 1605 490
149.8 7.52 4,10 6.5 6.1 1623 1072 1230 1669 566
152.2 7.69 4.12 6.6 6.2 1605 1105 1210 1661 572
154.7 7.97 4,12 6.8 6.3 1629 1140 1294 1698 552
1572 8.38 4.13 6.9 6.5 1705 1154 1398 1738 582
159.8 8.68 412 7.1 6.6 1672 1210 1399 1774 609
1622 8.92 411 7.2 6.8 1719 1228 1460 1763 609
164.8 9.39 4.09 7.4 6.9 1705 1249 1565 1829 654
167.3 9.359 4.09 7.6 7.1 1728 1286 1563 1848 621
165.6 9.75 4.09 7.7 7.2 1765 1282 1588 1835 654
172.3 9.93 4.07 7.8 7.4 1841 1372 1608 1927 641
174.6 10.09 4.08 8.0 7.5 1855 1451 1636 1979 664
177.2 10.28 4.09 8.1 7.6 1867 1435 1692 1956 690
179.8 10.46 4.10 8.2 7.8 1865 1505 1692 1969 688
182.3 10.64 411 8.4 7.9 1892 1458 1736 1996 693
184.8 10.82 4,12 8.5 8.0 1937 1559 1766 2014 699
186.1 10.91 4.12 8.6 8.1 1982 1567 1746 2097 688
187.3 10.98 4.12 8.7 82 2032 1589 1758 2111 688
188.5 11.08 4,12 8.7 8.3 2013 1616 1782 2090 695
189.8 11.16 4.12 8.3 83 1942 1575 1844 2085 693
1912 11.26 422 89 8.4 1973 1649 1787 2085 707
192.4 11.34 4.30 920 85 2081 1671 1842 2088 678
193.6 11.42 4.35 9.0 8.6 2067 1632 1844 2103 701
1947 11.50 4.42 9.1 3.6 2097 1663 1842 2187 688
1962 11.61 4,50 9.2 8.7 2116 1632 1846 2175 670
197.3 11.69 4.55 9.3 8.8 2089 1684 1865 2128 685
198.6 11.78 4.61 2.4 3.9 20096 1674 1881 2116 687
195.7 11.85 479 95 9.0 2139 1690 1941 2191 658
201.0 11.94 5.23 9.6 9.1 2134 1766 1906 2208 678
Continned

A3l




Table A.34 Test Data for Beam S§6-4 (Continued)

v Curv. Curv. Ao drax g, 3F £,3G g,,3H £,41 g,41
(kN) | (Left) | (Right) | (Front) | (Back) | (x10) | (x10%) [ (x106) | (x10%) | (x10°)
(x10% | (x10¢ | (mm) | (mm)
mm¥) | mm)

2023 12.05 5.55 9.7 92 2151 1706 1934 2197 713
203.5 12.16 5.81 929 94 2172 1772 1925 2231 719
2047 12.25 6.04 10.0 9.5 2161 1827 1953 2245 727
207.5 12.34 6.21 10.1 9.6 2166 1789 1915 2168 744
210.0 12.44 6.42 10.2 9.7 2223 1805 1976 2257 760
2125 12.54 6.66 10.3 9.8 2250 1865 1982 2273 784
209.2 12.62 6.89 10.5 16.0 2193 1840 1951 2274 780
2055 1275 7.12 10.7 10.2 2250 1844 2011 2272 829
i99.2 12.93 7.32 11.0 10.4 - - - - -

186.8 13.17 7.71 11.3 1.8 - - - - -
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Table A.35 Test Data for Beam S6-5

v Curv. (Left) Curv. (Right) dyax (Front) dpnax (Back)
(kN (x10° mm") (x105 mm1) (mm) (mm)
0.0 0.00 (.00 0.0 8.0
6.2 0.02 0.01 02 0.1
11.2 0.03 0.03 0.4 0.3
12.4 0.06 0.03 0.4 0.3
18.7 0.12 0.08 0.6 0.5
25.0 0.21 0.12 0.8 0.7
31.3 0.35 0.12 1.0 0.9
37.5 0.50 0.12 1.2 1.1
43 8 0.63 0.16 1.4 1.3
50.0 0.79 0.25 1.6 1.5
56.3 1.00 0.34 1.7 1.7
62.6 1.23 0.47 1.9 1.9
68.7 1.42 0.61 2.1 2.0
748 1.59 0.76 2.3 2.2
81.2 1.76 0.93 24 2.4
873 191 1.13 2.6 2.6
93.6 2.10 1.57 2.8 2.7
99.8 2.50 1.86 3.0 2.9
106.1 3.13 2.27 33 3.2
112.4 3.51 3.04 3.6 3.4
118.6 3.85 3.41 3.8 3.6
124.8 4.15 3.70 4.0 39
131.0 4.41 395 4.2 4.0
137.2 4.66 421 4.5 4.3
143.6 4,90 4.49 47 4.5
149.8 5.14 4,74 49 47
156.1 5.40 4.97 51 4.9
169.9 6.25 5.50 5.7 5.4
174.7 6.44 5.65 59 5.6
181.1 6.71 5.85 6.1 5.8
187.4 7.00 6.06 6.3 6.0
193.5 7.28 6.25 6.6 6.2
199.7 7.59 6.44 6.8 6.5
202.2 7.71 6.50 6.9 6.5
204.8 7.86 6.57 71 6.7
207.5 8.02 6.63 7.2 6.8
210.0 8.15 6.68 73 6.9
212.5 8.27 6.68 7.4 7.0
215.0 8.40 6.64 7.6 7.2
217.5 8.53 6.64 7.7 7.3
220.0 8.68 6.64 7.8 7.4
222.5 8.80 6.64 79 7.5
2250 8.92 6.66 8.0 7.6
2275 9.06 6.68 8.1 7.7
230.0 9.18 6.71 8.2 7.8
232.5 9.31 6.75 8.4 7.9
235.0 9.45 6.84 8.5 8.1
2375 9.58 6.94 8.6 8.2
240.0 9.72 7.03 87 8.3
2425 9.86 7.11 88 8.4
2450 9.99 7.20 89 8.5
2475 10.21 728 9.1 8.6
250.0 10.34 7.35 92 8.7
Continued
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Table A.35 Test Data for Beam S6-5 {Continued)

v Curv. (Left) Curv, (Right) Gmax (Front) d,.x (Back)

(kN) (x10°¢ mmr?) (x10°6 mm1) (mm) {mm}
252.5 10.49 7.44 9.3 8.8
255.0 10.64 7.51 9.4 9.0
257.5 10.79 7.61 9.5 0.1
2600 10.95 7.69 9.6 9.2
262.5 11.11 7.77 9.8 9.3
263.0 11.26 7.85 9.9 9.4
267.5 11.41 7.95 10.0 2.6
270.0 11.56 8.03 i1 97
272.5 11.74 8.11 103 9.9
275.0 11.84 B.18 104 10.0
277.5 11.82 8.32 i0.6 10.2
280.0 .71 841 10.8 10.4
282.5 11.71 8.49 11.0 10.6
2850 11.73 8.55 11.2 10.7
287.5 11.79 8.60 11.3 10.9
290.0 1191 8.66 11.5 1i.1
292.5 12.03 3.71 11.7 11.3
295.0 12.17 8.77 12.0 11.6

A34




Table A.36 Test Data for Beam $6-6

v Curv. (Left) Curv. (Right} dpyax (Front) dpax (Back)
(kN) (x10® mm1) {x10* mm") {mm) (mm)
0.0 0.00 0.00 0.0 0.0
6.2 0.02 0.02 0.2 0.1
12.5 0.04 0.05 0.4 0.3
18.7 0.09 0.10 0.5 04
250 0.15 0.13 0.7 0.6
312 0.21 0.15 0.9 0.8
37.5 0.35 021 1.1 1.0
437 0.50 0.26 1.3 1.2
50.0 0.67 0.33 1.5 1.3
56.3 0.89 0.44 1.7 1.5
62.5 111 0.62 1.8 1.7
68.6 1.33 0.97 2.0 1.9
74.9 1.62 1.19 2.2 2.1
gl.1 1.88 1.41 2.4 2.3
87.3 2.13 1.62 2.6 2.5
93.7 3.39 1.86 29 2.8
99.9 3.76 2.09 31 3.0
106.1 4.05 2.30 33 3.2
112.4 4.37 2.54 35 34
118.6 4.68 3.05 318 3.6
1249 5.02 3.38 4.0 3.9
131.1 5.33 3.83 43 4.1
137.4 5.64 4.18 4.5 4.3
143.6 596 4.48 4.7 4.6
1499 6.25 4.75 49 4.8
156.1 6.54 5.01 52 5.0
162.4 6.84 5.27 54 52
168.60 7.15 5.54 5.6 5.4
174.9 7.47 5.78 5.8 5.6
177.8 7.62 5.87 59 58
179.9 7.73 5.94 6.0 5.8
182.3 7.90 6.06 6.2 6.0
184.7 8.03 6.13 63 6.1
187.3 £.14 6.14 6.4 6.2
189.9 8.26 6.19 6.5 6.3
192.4 8.37 6.24 6.6 6.4
194.9 848 6.29 6.7 6.5
197.2 8.80 6.32 7.0 6.8
199.9 9.10 6.39 7.2 7.0
2024 9.18 6.45 73 7.1
204.9 9.26 6.53 7.4 7.2
207.5 9.36 6.59 7.5 7.3
210.0 9.45 6.62 7.6 7.4
212.5 9.54 6.64 7.7 7.5
215.0 9.63 6.68 7.8 7.6
217.5 973 6.71 7.9 7.7
220.0 9.82 6.73 8.1 7.8
222.5 9.93 6.74 g2 7.9
225.0 10.03 6.77 8.3 8.0
2275 10.13 6.79 8.4 8.1
230.0 10.25 6.82 8.5 8.3
232.5 10.35 6.87 8.6 8.4
235.0 10.46 6.91 8.7 8.5

Contirued
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Table A.36 Test Data for Beam $6-6 (Continued)

\Y Curv. (Left) Curv. (Right) drmax (Front) dpp,ax (Back)
(kIN) {(x10°6 mm1) (x10° mm') (mm) (mam)
2375 10.57 6.99 8.8 8.6
240.0 10.69 7.02 5.0 8.7
2425 10.81 7.08 g 8.8
245.0 10.93 7.15 9.2 8.9
247.5 11.05 7.22 9.3 9.1
250.0 11.18 7.30 9.4 9.2
252.5 11.30 7.38 9.6 9.3
2550 11.42 7.46 9.7 9.4
2575 11.55 7.56 9.8 9.6
260.0 11.67 7.65 10.0 9.7
262.5 11.79 7.77 10.2 9.9
265.0 12.07 8.01 10.5 10.2
267.5 12.28 8.21 10.8 10.5
270.0 12.51 8.34 11.0 10.7
272.5 12.74 8.45 i1.2 10.9
275.0 12.92 8.57 1.5 11.1
277.5 13.15 8.68 1.7 11.4
280.0 13.36 8.79 12.0 1.7
282.5 13.59 8.91 12.3 12.0
285.0 13.80 9.02 12.7 12.4
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Table A.37 Test Data for Beam §7-1

v Curv. (Left} Curv, (Right) dinax (Front} d.. (Back)
(kM) {(x10° mm") (x10° mm) (mm) {mm)

0.0 0.00 0.00 0.0 0.0
12.1 0.06 0.07 0.5 0.0
24.6 0.24 0.24 0.7 0.0
37.2 0.57 0.54 0.9 0.5
49.8 0.99 0.90 1.2 04
62.2 1.52 1.26 1.5 0.8
74.7 1.89 191 1.8 12
87.3 2.29 2.40 2.1 1.5
99.8 2.67 2.83 23 1.5
112.4 3.13 3.07 27 22
124.8 4.20 3.50 3.1 24
132.4 427 390 35 3.0
137.2 4.24 4.07 3.7 32
149.6 429 437 4.3 37
162.1 4.42 435 5.1 4.4
174.5 4.50 4.52 5.7 4.9
187.1 4.49 4.82 6.3 5.8
199.6 4.40 5.17 7.0 6.5
204.5 431 5.31 7.3 6.7
209.4 4.19 5.56 7.7 7.0
214.4 3.75 575 8.2 7.6
214.6 3.00 5.79 8.5 3.0
2119 2.51 5.72 8.6 8.1
2109 1.68 5.48 8.9 8.6
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Table A.38 Test Data for Beam S7-2

v Curv. (Left) Curv. (Right) d,.. (Front) dinax (Back)
(kN) (x10-6 mm-1) {x10* mm") (mm) (mm)
0.0 0.00 0.00 0.0 0.0
12.6 0.07 0.08 0.1 0.1
25.2 0.31 0.24 0.3 0.3
37.7 0.56 0.45 0.5 0.5
50.2 0.83 0.72 0.7 0.7
62.8 1.42 1.23 0.9 0.9
75.2 1.98 1.54 1.1 1.2
87.8 2.50 1.87 1.4 1.4
100.3 311 2.28 1.6 1.7
112.9 3.62 2.66 1.9 2.0
125.4 4.10 3.05 22 2.3
137.6 4,75 3.50 2.5 27
1429 5.15 4.31 3.0 32
145.8 5.15 437 31 3.2
147.2 5.18 4.40 3.1 33
147.8 5.21 4.40 3.1 3.3
1499 5.31 4.43 3.2 3.4
162.5 5.81 4.62 37 3.9
175.0 5.58 4.64 4.3 4.6
187.6 4,22 461 5.7 6.1
199.9 322 4.55 6.8 7.3
204 9 2.00 4.55 7.6 8.0
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Table A.39 Test Data for Beam §7-3

V CUI'V. CUI'V. dmax dma“ EsflA E’Sle EszC ESEZD E’SZZE
(kN) | (Lefty | (Right} | (Front) | (Back) | (x106) | (x10:6) | (x10) | (x106) | (x10°%)
(x10°% | (x10¢ | (mm) | (mm)
mm?) | mm)

0.0 0.00 0.00 0.0 0.0 0 0 0 0 0
12.6 0.10 0.15 0.2 0.2 55 58 44 62 29
25.0 0.31 0.43 0.4 0.5 79 142 69 136 93
377 0.53 0.75 0.6 0.7 137 194 103 202 125
50.2 0.77 1.09 0.8 0.9 236 253 183 227 164
62.7 1.07 1.49 1.1 i1 308 320 229 £ 216
75.2 1.40 1.95 13 1.4 348 389 252 354 224
87.8 1.86 2.26 1.6 1.7 345 409 317 434 301
100.2 2.47 2.64 19 2.0 411 487 376 458 340
112.8 293 3.07 2.2 2.3 521 588 400 568 452
1253 337 3.50 2.5 2.6 586 640 459 589 509
137.4 3.81 3.98 2.8 2.9 739 769 582 702 664
146.9 4.20 4.16 33 34 868 982 751 728 879
147.8 4.20 4.13 33 3.5 855 945 743 744 902
147.8 4,20 4.01 34 35 935 1008 847 T2 885
148.1 4.21 3.99 3.4 3.6 894 1037 745 758 871
148.9 4.22 3.99 34 36 884 929 776 734 898
149.5 4.24 4.01 35 3.6 872 974 786 784 206
149.9 4.26 4.03 35 3.6 843 1000 804 770 910
162.4 5.07 4.21 4.2 43 984 1076 866 813 986
174.9 5.49 4.46 4.6 4.8 1082 1197 948 891 1094
187.3 5.92 4.66 5.1 5.3 1229 1263 1003 1000 1164
193.5 5.74 4.69 56 5.8 1234 1288 1253 1024 1170
194.6 572 4.70 56 58 - - - - -
1954 5.70 4,70 57 58 1276 1312 1226 1018 1183
195.9 5.70 471 57 59 1285 1343 1171 1016 1205
196.4 5.69 4,72 5.7 5.9 1242 1271 1313 1019 1213
199.8 5.70 4.77 59 6.1 1285 1341 1233 1095 1303
2123 5.88 4.81 6.5 6.7 1418 1415 1380 1168 1344
222.5 5.88 5.26 7.4 7.5 1514 1617 1427 1174 1451
2237 5.88 5.38 7.5 7.6 1465 1702 1458 1207 1447
2244 5.88 5.45 7.5 7.6 - - - - -
2248 5.89 5.50 7.5 7.6 1496 1743 1460 1217 1494
225.1 5.90 5.53 1.5 16 1443 1673 1432 1214 1454
2299 5.92 5.83 7.8 7.9 1538 1724 1554 1206 1494
2349 5.94 5.91 8.1 8.2 1545 1788 1539 1314 1540
239.8 5.93 5.91 8.5 8.6 1553 1830 1640 1358 1577
2448 5.90 5.80 8.9 9.0 1644 1864 1645 1410 1587
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Table A.40 Test Data for Beam S7-4

V| Curv. | Curv. | do | do | &3F | €3G | &3H | 64l | e.d)
(kN) | (Lef) | (Right) | (Front) | (Back) | (x109) | (x106) | (x10) | (x10) | (x10)
(x10% | (x10° | (mm) | (mm)
mm?y | mmH
0.0 0.00 0.00 0.0 0.0 0 0 0 0 0
12.6 0.01 0.19 0.0 02 77 78 65 69 57
25.1 0.02 041 0.2 0.3 141 169 130 140 155
37.7 0.29 0.73 0.4 0.5 237 205 206 190 236
50.2 0.58 1.24 0.6 0.5 322 334 278 263 307
62.8 0.90 1.81 0.9 1.0 384 387 344 376 445
72.8 1.13 2.26 1.1 1.2 395 434 417 407 465
87.8 1.88 2.86 1.4 1.6 472 569 539 525 541
100.2 2.29 3.37 1.7 1.8 558 618 562 604 617
112.8 2.81 391 2.0 2.1 655 722 620 623 721
125.4 3.38 470 2.3 2.4 693 773 718 699 799
137.6 3.95 5.60 2.7 2.8 826 947 708 837 906
150.1 4.93 6.35 3.1 3.3 925 976 868 853 940
162.4 5.52 6.95 35 3.7 1049 1101 921 924 1037
174.9 6.10 7.63 3.9 4.1 1146 1185 1011 986 1078
184.9 6.90 8.17 4.5 4.7 1185 1273 1069 1062 1180
185.6 6.93 3.20 4.5 4.7 1204 1240 1059 1042 1133
187.5 7.02 8.2% 4.6 4.8 1204 1308 1073 1083 1180
199.9 7.51 8.96 5.0 5.2 1320 1374 1158 1237 1306
2124 8.05 9.63 5.5 57 1369 1450 1137 1304 1295
224.9 8.63 10.31 5.9 6.2 1530 1597 1327 1375 1479
230.9 8.91 10.62 6.2 6.5 1553 1659 1424 1468 1500
234.8 9.11 10.80 6.4 6.7 1583 1604 1367 1381 1524
2399 9.38 11.01 6.6 6.9 1613 1698 1520 1511 1620
2449 9.64 1124 6.8 7.1 1642 1659 1468 1446 1598
2498 9.91 11.46 7.1 7.4 1746 1661 1635 1567 1682
2549 10.22 11.70 73 7.6 1778 1700 1629 1580 1706
2599 10.54 11.95 7.6 79 1800 1793 1702 1681 1701
264.9 10.88 12.27 7.9 8.2 1874 1809 1743 1817 1731
269.8 11.17 12.50 8.1 8.5 1928 1882 1755 1836 1864

A.40




Table A.41 Test Data for Beam §7-5

v Curv. (Left) Curv. (Right) Gax (Front) dax (Back)

(kN) (x10% mm1) (x10% mm'!) {mm) {mm)

0.0 0.00 0.00 0.0 0.0
12.6 0.14 0.16 0.2 0.2
25.1 0.36 0.40 04 0.4
377 0.76 0.85 0.6 0.6
50.2 1.11 1.34 0.5 0.9
62.8 1.37 1.62 1.1 1.1
73.3 1.68 1.85 1.4 1.4
87.8 1.99 2.14 1.6 1.6
100.3 233 2.45 1.9 1.9
112.9 2.72 2.74 2.1 2.1
125.4 3.1 3.04 2.4 2.4
137.6 3.46 333 2.7 2.7
149.9 3.81 3.75 3.1 3l
162.4 4.14 4.24 35 3.5
174.9 4.43 4.48 3.9 4.0
187.4 4.73 4.69 43 4.4
199.9 5.05 5.06 4.7 4.9
2124 5.37 5.55 5.2 5.3
2248 5.65 6.07 5.8 5.9
237.3 6.14 6.46 6.3 6.4
249.9 6.40 6.97 6.8 7.0
2549 6.50 7.22 7.1 7.3
259.8 6.58 7.40 7.3 7.5
264.8 6.67 7.58 7.5 7.7
269.8 6.77 7.76 7.8 8.0
274.8 6.86 7.98 8.0 8.3
279.9 6.94 8.15 8.3 8.5
284.9 7.02 8.32 8.6 8.9
290.0 7.08 8.47 8.9 9.2
294 8 7.10 8.62 92 9.5
269.8 7.12 B.75 95 9.8
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Table A.42 Test Data for Beam S7-6

v Curv. (Left) Curv. {Right) d,.. (Front} diax (Back)
(kN) (x106 mm) (x 1068 mm!) (mm) {mm)
0.0 0.00 0.00 0.0 0.0
12.5 0.09 Q.10 0.1 0.3
250 0.30 0.30 0.3 0.7
37.6 0.78 0.72 0.6 1.1
50.1 1.27 1.12 0.8 1.5
62.8 1.71 1.49 1.1 1.8
75.2 2.15 1.83 1.3 22
87.8 2.57 2.18 1.5 25
100.3 2.82 2.5] 1.8 2.8
1127 3.18 2.86 2.0 3.2
122.8 3.55 3.15 22 35
137.4 4,10 3.75 2.6 39
1498 4.58 4.17 2.9 4.3
162.4 5.06 4.57 33 4.7
174.8 5.62 5.04 37 52
187.3 6.22 5.60 42 56
199.8 6.75 6.11 4.6 6.1
212.1 7.66 6.64 52 6.5
2247 833 7.08 5.6 7.0
2372 891 7.46 6.0 7.4
2497 9.47 7.88 6.4 7.9
2622 10,06 828 6.9 8.4
2747 10,72 8.67 7.5 8.9
2874 11.39 218 8.2 9.5
299.6 11.67 9.62 8.9 10.3
309.9 12.34 9.24 9.8 11,3
308.6 12.36 9.82 99 11.4
308.9 12.43 9.81 9.9 11.4
309.1 12.58 9.81 10.0 11.5
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Table A.43 Test Data for Beam S§§-1

V Curv. (Left) Curv. (Right) dpnax (Front) diax (Back)
(kN) (X]O'ﬁ ITIITI'I} (X10'6 mm']) (mm} (mm)
0.0 0.00 0.00 0.0 0.0
12.7 0.02 0.07 0.2 0.2
252 0.13 0.15 0.4 0.4
37.7 0.25 0.24 0.6 0.7
50.4 0.38 0.25 0.9 0.9
62.8 0.61 0.31 1.2 1.2
75.3 0.81 0.43 1.4 1.5
88.0 1.08 0.64 1.7 1.7
100.7 1.41 1.04 2.1 2.1
113.2 1.85 1.41 2.4 2.4
125.4 2.81 1.94 2.9 2.9
137.5 3.64 3.58 3.7 3.7
149.9 4.44 422 472 4.2
162.4 5.18 4.82 4.7 4.7
174.6 5.84 5.32 5.2 5.1
187.5 6.51 5.87 5.7 5.6
201.4 7.23 0.38 6.2 6.2
204.7 7.49 6.48 6.4 6.3
210.0 8.02 6.66 6.6 6.5
2147 8.28 6.82 6.7 6.7
220.1 8.56 7.01 7.0 6.9
2248 8.82 717 7.1 7.1
2294 9.06 7.34 7.3 7.2
2349 9.33 7.52 7.5 7.5
239.7 9.58 7.72 7.8 7.7
2448 9.85 7.94 8.0 7.9
249.8 10.10 g.14 82 8.1
2549 10.40 8.36 8.5 8.3
259.8 10.67 8.57 8.7 8.6
264.7 10.96 8.88 9.0 3.9
269.7 11.26 9.21 9.4 9.3
270.8 11.42 922 9.8 9.6
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Table A.44 Test Data for Beam S§8-2

\Y Curv, {Left) Curv. (Right} dax (Front) dpax (Back)

(kN) (x10* mm!) (x 105 mm!) {mm) (mm)

0.0 0.00 0.00 0.0 (.0
12.5 0.02 0.09 03 0.2
249 0.10 0.19 0.5 0.4
37.6 0.23 0.31 0.8 0.7
50.1 0.32 0.61 1.1 (.9
62.8 0.36 091 1.4 1.2
75.3 .47 1.18 1.6 1.5
87.8 0.74 1.42 1.9 1.7
100.2 1.19 1.92 22 2.1
1127 2.06 2.81 2.6 2.5
1253 2.67 592 3.5 33
137.4 3.26 6.68 4.0 3.7
1498 4.50 7.33 4.5 4.2
162.1 5.28 7.93 4.9 47
175.1 6.04 853 53 5.1
187.2 6.68 9.13 5.8 5.5
199.9 7.38 9.72 6.2 6.0
204.5 7.61 9.96 6.4 6.1
209.8 7.86 10.21 6.6 6.3
214.8 8.09 1345 6.8 6.5
219.7 8.31 10.69 6.9 6.7
224.7 8.60 10.94 7.1 6.9
229.6 8.91 11.22 7.3 7.0
234.5 9.21 11.49 7.5 7.2
2398 9.55 11.79 7.8 7.5
2452 983 12.16 8.0 7.7
249.5 10.13 12.50 g2 7.9
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Table A.45 Test Data for Beam S8-3

A% Curv. (Left) Curv. (Right) dinax (Front) Aoy (Back)
(kN) (x10%mmy | (x10%mm) (mm) ()

0.0 0.00 0.00 0.0 0.0
12.6 0.03 0.06 0.3 0.3
252 0.12 0.14 0.5 0.5
37.8 0.23 0.22 0.8 0.8
499 0.34 0.32 1.0 1.0
62.7 0.47 0.82 1.4 i.4
75.2 0.99 1.21 1.7 £7
88.0 1.24 1.55 1.9 2.0
101.5 1.55 2.28 2.3 2.3
112.6 1.82 3.06 2.6 2.6
125.4 2.32 5.29 3.3 33
1374 291 6.13 3.7 3.8
1499 349 6.90 4.1 4.2
162.3 432 7.53 4.6 47
174.8 5.12 8.07 5.0 5.1
187.3 596 8.63 54 5.5
199.6 6.82 9.10 5.8 59
212.5 7.54 9.67 6.3 6.3
2248 8.30 10.24 6.7 6.7
237.2 9.03 10.86 7.1 7.2
249.6 5.69 11.55 7.5 7.6
262.8 10.35 12.37 8.0 B.1
274.8 10.99 13.19 8.5 B.5
2874 11.68 14.19 9.0 9.0
299.8 12.50 15.38 9.0 9.6
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Table A.46 Test Data for Beam S8-4

v Curv. (Left) Curv. (Right) dipax (Front) d iy (Back)
(kN) (x10 mm") (x10® mm!) (mm) (mm)
0.0 0.00 0.00 0.0 0.0
12.4 0.0 0.09 0.3 0.2
25.1 0.06 021 0.5 0.3
37.5 0.13 0.31 0.8 0.6
50.0 0.20 0.33 1.2 0.9
62.6 0.23 0.37 15 1.2
75.3 0.24 0.45 1.8 1.4
87.5 0.25 0.71 2.1 1.8
101.1 0.38 0.98 2.5 2.1
112.5 0.56 1.54 2.8 2.5
125.2 1.04 3.89 3.5 3.3
137.3 1.99 4.49 4.0 37
150.8 3.34 4.99 4.5 4.3
162.3 3.92 5.46 4.9 4.7
175.1 4.66 596 5.4 5.1
187.3 5.38 6.41 5.8 55
199.6 6.47 7.06 6.3 6.0
2123 7.08 7.69 6.7 6.4
2251 7.68 8.38 7.2 6.9
2374 8.26 9.10 7.6 7.4
250.5 8.87 9.98 8.1 7.9
2622 945 11.14 8.7 8.5
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Table A.47 Test Data for Beam S8-5

A\ Curv. {(Left) Curv. (Right} dynax (Front) dpar (Back)
(kN) {x10-¢ mm) (x10¢ mm!) (mm) (mm)

0.0 0.00 0.00 0.0 0.0
12.5 0.04 0.05 0.4 0.1
25.0 0.14 0.13 0.7 0.3
37.7 0.33 0.24 1.0 0.5
50.1 0.73 0.38 1.3 0.8
62.6 0.98 0.58 1.6 1.1
75.2 1.35 0.84 1.9 1.3
87.6 1.74 1.16 2.1 1.6
100.0 2.15 1.47 2.4 1.9
112.8 2.71 1.85 2.8 2.3
125.2 3.20 3.06 3.3 2.7
137.4 374 420 3.8 3.3
149.9 4.27 4.88 472 3.7
162.1 4.85 5.34 4.6 4.1
174.8 547 5.80 5.1 4.6
187.2 6.07 6.25 55 5.0
199.7 7.02 6.74 6.0 5.5
212.3 7.63 7.26 6.4 5.9
2248 8.23 1.76 6.9 6.4
237.1 8.80 8.29 7.4 6.9
249.4 9.37 8.83 8.0 7.4
25477 9.61 9.06 8.2 7.7
2597 9.84 9.27 8.4 79
264.5 10.10 951 8.6 8.1
269.6 10.40 975 8.9 8.3
274.4 10.69 9.99 9.1 8.6
279.7 10.96 10.25 94 8.8
284.6 11.27 10.57 9.7 9.1
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Table A.48 Test Data for Beam S§8-6

v Curv. (Left) Curv. (Right} Qiax (Front) dinax (Back)
(kM) (x10®* mm™") 105 mm) (mm) (mm)

0.0 0.00 0.00 0.0 0.0
12.6 0.00 0.07 0.4 0.2
202 0.04 0.11 0.5 0.3
25.0 0.08 0.14 0.6 0.3
37.5 0.20 0.21 0.8 0.5
50.0 0.35 0.26 1.1 0.8
62.7 0.50 0.30 1.4 1.1
752 0.73 0.32 1.7 1.4
87.8 1.12 0.36 20 1.6
100.3 1.59 043 23 1.9
112.8 1.95 0.48 2.6 2.2
125.0 2.84 1.93 3.1 2.7
137.4 4.45 3.19 3.8 33
149.8 5.11 3.99 4.3 38
162.4 5.67 4.45 4.7 4.2
174.9 6.22 489 5.1 4.5
187.3 6.83 5.30 5.5 4.9
199.7 7.37 5.72 59 52
212.1 7.94 6.17 6.3 5.6
2247 8.53 6.60 6.7 6.0
2374 9.10 7.06 7.1 6.4
249.6 9.72 7.53 7.5 6.8
262.1 10.38 8.06 8.0 7.2
274.6 11.16 8.69 85 7.7
279.6 11.53 8.97 8.8 7.9
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APPENDIX B

Crack Pattern Of Test Beams

Photographs showing the crack patterns of the front and back faces of each test beam

of the present study are given in the following pages.

B.1



Figure B.4 Crack Pattern of the Back Face of Beam S1-2
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Figure B.8 Crack Pattern of the Back Face of Beam S1-4
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Figure B.9 Crack Pattern of the Front Face of Beam S1-5
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Figure B.12 Crack Pattern of the Back Face of Beam S1-6
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Figure B.16 Crack Pattern of the Back Face of Beam §2-2
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Figure B.20 Crack Pattern of the Back Face of Beam 52-4
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Figure B.24 Crack Pattern of the Back Face of Beam S2-6
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Figure B.28 Crack Pattern of the Back Face of Beam 53-2
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Figure B.32 Crack Pattern of the Back Face of Beam 53-4
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Figure B.36 Crack Pattern of the Back Face of Beam $3-6
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Figure B.37 Crack Pattern of the Front Face of Beam 84-1

Figure B.38 Crack Pattern of the Back Face of Beam S4-1

Figure B.40 Crack Pattern of the Back Face of Beam 54-2
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Figure B.42 Crack Pattern of the Back Face of Beam S4-3

Figure B.44 Crack Pattern of the Back Face of Beam S4-4
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Figure B.45 Crack Pattern of the Front Face of Beam $S4-5

Figure B.47 Crack Pattern of the Front Face of Beam S4-6

Figure B.48 Crack Pattern of the Back Face of Beam $4-6
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Figure B.50 Crack Pattern of the Back Face of Beam S5-1

Figure B.52 Crack Pattern of the Back Face of Beam S5-2
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Figure B.53 Crack Pattern of the Front Face of Beam S5-3

Figure B.56 Crack Pattern of the Back Face of Beam S5-4
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Figure B.58 Crack Pattern of the Back Face of Beam S5-5

Figure B.60 Crack Pattern of the Back Face of Beam 55-6
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Figure B.64 Crack Pattern of the Back Face of Beam S6-2
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Figure B.65 Crack Pattern of the Front Face of Beam $6-3

Figure B.68 Crack Pattern of the Back Face of Beam S6-4
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Figure B.72 Crack Pattern of the Back Face of Beam S6-6

B.19



Figure B.73 Crack Pattern of the Front Face of Beam §7-1

Figure B.74 Crack Pattern of the Back Face of Beam S7-1

Figure B.76 Crack Pattern of the Back Face of Beam S7-2
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Figure B.80 Crack Pattern of the Back Face of Beam S$7-4
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Figure B.83 Crack Pattern of the Front Face of Beam S7-6

S7-6

Figure B.84 Crack Pattern of the Back Face of Beam S7-6
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Figure B.88 Crack Pattern of the Back Face of Beam 58-2
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Figure B.92 Crack Pattern of the Back Face of Beam S8-4
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Figure B.95 Crack Pattern of the Front Face of Beam 58-6

Figure B.96 Crack Pattern of the Back Face of Beam 5$8-6
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APPENDIX C

Vertical Midspan Deflection Of Test Beams

C.1 Deflection Due To Flexure And Shear

The effective moment of inertia (I.) of a reinforced concrete beam section after
cracking has occurred lies in the range of:

I < Ie < Ig

where
Ier = moment of inertia of a completely cracked section, and

Ig = moment of inertia of an uncracked section.

Branson's equation (Warner, Rangan and Hall {1989)) is commonly used for

determining I.:

Ie = Ter + (Ig-Ler) “ﬁ?)S (C.1}

M, = maximum bending moment at the beam section, based on the

short-term serviceability load

My, = bending moment causing cracking of the beam section
= LT
Z = section modulus of the uncracked section, taken to the extreme

tensile fibre at which cracking occurs
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o = flexural tensile strength = 0.6 vf, and
Ybor = distance from neutral axis of uncracked section to extreme

tensile fibre in concrete just prior to cracking.

The sectional stiffness varies according to the following conditions:

(i) if M < Mg, the stiffness is Eclg

(i1) if Mg = My, the stiffness is E.L,
The following details the analysis of a solid rectangular beam with multiple layers of
longitudinal steel.
Uncracked Beam Section
Figure C.1 shows an uncracked beam cross-section where the gross section is

effective. The cross-sectional areas for the steel reinforcement are transformed using

the modular ratio between steel and concrete.

E‘_bv _““"|

Je j/%: v
o

Figure C.1 Uncracked Beam Section

e ()
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The distance from the top of the beam to the neutral axis ;) can be found from the

following equation:
i=k
b D2
As(m-l)ys; +——
1

Vg = (C2)
As(n-1) + byD
1

1=

where
n = modular ratio = EJ/E,
Ay = cross-sectional area of a longitudinal steel bar
¥s; = distance from the top of the beam to the centroid of a

longitudinal steel bar, and

k = number of longitudinal bars in the reinforced concrete section.

The moment of inertia for the uncracked section is given by:

i=k
- byD? - D
L = YALDOL5 + [y + bD(%-3)’ ]

(C.3)

Cracked Beam Section

For the cracked section, concrete below the nentral axis is assumed to be unable to

sustain any tensile stress (Figure C.2).

b

¢ & & Y3
R

1——~U_—b

Figure C.2 Cracked Beam Section
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After cracking, the longitudinal steel bars are not yielded and the modular ratio can
still be applied to determine the height y¢; from the top of the beam to the neutral

axis. The first moment of the transformed section about the neutral axis equals zero:

T A (bvyca(“} ZA (@-DGer - ¥s) + ZA NGer-¥s) = O

=+l

(C.4)
where j is the number of steel bars in the compression zone.
Solving for Equation C.4, y,, is found to be:
2
- -B + ¥B<-4AC
R T (C.5)
where
by
A= (%)
B = Ag(n-1) + ) Agn
S+ 3
=
c = (ZA m-Dys, + ZA nys,j
=] i=)+1
The moment of inertia for a cracked section can then be calculated as:
by yer
o= (M) ZA ) G-y + P AGer -y
i=]+1
(C.6)

Vertical Midspan Deflection

The actual moment of inertia varies between I and I, along the length of a beam

with a clear span L and equal shear spans a on both ends, as shown in Figure C.3.

C4



v v

.

FAN AN
|<——a~—>| (L - 2a) L—a—#

ICI” ICI’

Ig Ig

Figure C.3 Moment of Inertia Along A Beam

For simplicity, it is convenient to apply I, to the full span of the simply supported
beam based on the level of loading M /M. Using this I, value, the deflection due to

flexure can be estimated from the first and second moment of area methods.

In solving for the first moment of area method, the rotation at the end of the beam 1s

(Figure C.4):
1 i
8 = 55 IMdx = o5 (L-w) (C.7)
\"% q v

A Vo .

FAN ! AN
— a—-| (L - 2a) |<— a —»

Bending Moment TV a
wn Tdﬂex
X

Figure C.4 Bending Moment and Deflection Diagrams for A Beam
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Applying the second moment of area method between A and C, the vertical

displacement of point C with respect to the tangent emanating from A is found as:

_ 1 _ Va [a? a(-2a) (L-2a)?
Acia = B JMxde = o | SHT5T 4T ] (C.8)

The midspan vertical deflection due to flexure can be determined as:

- Agia (C.9

8L
dpex = R

Using the modulus of elasticity of concrete E. and the moment of inertia I, the

deflection 1s determined from:

_ Va [ 222 (L - 2a)?
dis = [ +a@-20+ 20 (C.10)

However, Equation C.10 only gives the flexure contribution to vertical deflection at

point C. The contribution due to shear is estimated from the present theory. The

whole of each shear span is assumed to have a constant shear strain of 0.5y, as a
result of the shear force V (Figure C.5). The value of vy at each stage of loading is

assumed to be the shear strain calculated at the critical section for shear.

A ]/ T j] B

FAN ; AN
e a—*| (L - 2a) |<*a——|

A%
Shear Force
V
>
N deflection due to shear = 0.5y, a

Figure C.5 Deflection Contribution Due to Shear Force
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The deflection contribution due to shear is approximated as:

dshear = 0.5y a (C.1D)

Hence, the total predicted vertical deflection is estimated by adding the flexure and

shear contributions as given in Equations C.10 and C.11:

v 2a% L - 2a)
dmax = “jﬁ;i [%+3(L‘2a)+%]+ 057 a (C.12)

Test shear force versus midspan deflection curves are plotted for each of the beams
and these graphs are given in the pages that follow. The predicted curves using

Equation C.12 are also plotted in these graphs.

Theoretical predictions are not available for short beams S5-4, 85-5 and S5-6 as the

the truss theory does not apply in these cases.
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C.2 Shear Force Versus Midspan Deflection Curves

300
250 4 ——  Sl1-1
7 —0o— S§1-2
200 S
= —a—  §I-3
Z
< 1504 — %— Si4
-
100 4 —— 5I1-5
] —+— Sl1-6
504 4
& —O——  Theory
0 . . T . I .
0 5 10 15 20
dmax (mm)
Figure C.6 Shear Force versus Midspan Deflection for Series 1
300
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200 -
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Z
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>
100 4 — o Thew
50 5
0

20

dmax (mm)

Figure C.7 Shear Force versus Midspan Deflection for Beam §2-1
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Figure C.8 Shear Force versus Midspan Deflection for Beam S2-2
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Figure C.9 Shear Force versus Midspan Deflection for Beam S$2-3
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Figure C.10 Shear Force versus Midspan Deflection for Beam S2-4
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Figure C.11 Shear Force versus Midspan Deflection for Beam S2-5

C.10



V (kN)

V (kN)

400
350

300

250
200

150 4

———  Front S2-6

—o—— Back S2-6

—O—— Theory

100 4

20

Figure C.12 Shear Force versus Midspan Deflection for Beam S2-6
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Figure C.13 Shear Force versus Midspan Deflection for Beam S3-1

C.11




V (kN)

200

150

100 4

50 -

—o——  Front §3-2
——0o——  Back 53-2

——o0—  Theory

Figure C.14 Shear Force versus Midspan Deflection for Beam S3-2
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Figure C.15 Shear Force versus Midspan Deflection for Beam S3-3
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Figure C.16 Shear Force versus Midspan Deflection for Beam $3-4
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Figure C.17 Shear Force versus Midspan Deflection for Beam S3-5
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Figure C.18 Shear Force versus Midspan Deflection for Beam S3-6
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Figure C.19 Shear Force versus Midspan Deflection for Beam 54-1
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Figure C.20 Shear Force versus Midspan Deflection for Beam S4-2
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Figure C.21 Shear Force versus Midspan Deflection for Beam §4-3
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Figure C.22 Shear Force versus Midspan Deflection for Beam S4-4
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Figure C.23 Shear Force versus Midspan Deflection for Beam S4-5
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Figure C.24 Shear Force versus Midspan Deflection for Beam S4-6
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Figure C.25 Shear Force versus Midspan Deflection for Beam S5-1
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Figure C.26 Shear Force versus Midspan Deflection for Beam S5-2
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Figure C.27 Shear Force versus Midspan Deflection for Beam S5-3
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Figure C.28 Shear Force versus Midspan Deflection for Beam S5-4
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Figure C.29 Shear Force versus Midspan Deflection for Beam §5-5
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Figure C.30 Shear Force versus Midspan Deflection for Beam S5-6
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Figure C.31 Shear Force versus Midspan Deflection for Beam S6-1
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Figure C.32 Shear Force versus Midspan Deflection for Beam S6-2
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Figure C.33 Shear Force versus Midspan Deflection for Beam 56-3
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Figure C.34 Shear Force versus Midspan Deflection for Beam S6-4
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Figure C.35 Shear Force versus Midspan Deflection for Beam $6-5
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Figure C.36 Shear Force versus Midspan Deflection for Beam S6-6
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Figure C.37 Shear Force versus Midspan Deflection for Beam §7-1
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Figure C.38 Shear Force versus Midspan Deflection for Beam S7-2
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Figure C.39 Shear Force versus Midspan Deflection for Beam S7-3
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APPENDIX D

Curvature Of Test Beams

The following are shear force versus curvature curves for test beams of the present

study.
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APPENDIX E

Strains In Lonéitudinal Tensile Steel Bars

The following are shear force versus tensile steel strain curves for test beams of the

present study.
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