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ABSTRACT

Deep teinforced conctete beams find extensive application in cases whete heavy loads
need to be transferred over a given span. The safety of this kind of structural element is
often critical for the safety of the structure as a whole. The research described in this
thesis is devoted to studying the behaviour of lightly-reinforced deep beams under
monotonic and reversed cyclic loads, with particular consideration given to the load-
bearing mechanisms which occur in moderately-deep beams. The choice of this topic was
motivated in part by verification studies which show that the current code procedures for
shear design of members without web reinforcement are least accurate in the range of
transition from deep to slender beams. Furthermore, the issue of cyclic response of deep
beams with small amounts of transverse reinforcement is of great importance for seismic
assessment of existing structures, especially if the similarity between the load-beating
mechanisms in deep beams and those in other non-slender components such as coupling
beams, squat sheat walls, and frame joints is recognized.

An experimental program consisting of ten tests of deep reinforced concrete beams has
been performed. All specimens failed in shear after transition from beam load-bearing
mechanism to arch action (specimens without stirrups) or truss action (specimens with
stirrups). A kinematic model was developed and successfully used to interpret the vatious
deformation measurements. The tesults showed that a portion of the ultimate shear was
carried by mechanisms involving tensile stresses being transferred through cracked
concrete. It was obsetved that for these types of members load teversals had little effect
on the overall response. A test of a deep beam provided with a single bar #18
demonstrated that anchorage by anchor heads is effective even when the largest ASTM
reinforcing bar is used. Comparison between the experimentally-obtained and calculated
shear strengths showed that the CSA code produced reasonably conservative predictions
compared to the mostly unconservative results of the ACI and EC2 codes.

Theoretical wotk resulted in a derivation of an improved strut-and-tie model (ISTM)
which is based on the CSA shear provisions but accounts for sheatr carried under the
critical diagonal cracks of non-slender beams without web reinforcement. Verification
against a large number of tests showed that the new model is consistent with physical
observations and explains well the transition from deep to slender beams. Furthermore, it
was shown that the ISTM can be used in combination with the above-mentioned
kinematic model for estimation of the ultimate mid-span displacement and ultimate
deformed shape of non-slender beams.
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T = Tensile force in the bottom chord of beams or in the bottom tie of a strut-and-
tie model near the supports
T, = Bond force
T = Flexural tensile force
T = Force acting upon the anchor heads (head bearing)
124 = Shear force
V., = Vertical component of the force acting in the top strut of the arch mechanism of
the ISTM
|1 = Vertical component of the force acting in the strut of the beam mechanism of
the ISTM
1, = Concrete contribution term in the ACI expression for shear strength
|78 = Term in the ACI expressions for shear strength accounting for the contribution
of transverse reinforcement
V. = Ultimate shear force
Vicsa = Shear-strength prediction according to the CSA code
Vesp = Experimentally-obtained ultimate shear
Vst = Shear-strength prediction of the ISTM used in combination with the sectional
model of the CSA code
Vipred = Predicted ultimate shear
Vst = Shear-strength prediction based on the strut-and-tie model of the CSA code
a = Shear span
ag = Clear shear span
ay = Maximum aggregate size
b = Width of rectangular cross section
b = Width of the web
d = Effective depth of the cross section
d, = Depth of the TTC node region of the ISTM
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dy = Bar diameter
dy = Effective shear depth
N = Concrete cylinder strength
o = Average principal tensile stress in cracked concrete
Je = Effective concrete strength in models of the Theory of Plasticity
Jx = Characteristic concrete cylinder strength according to EC2
Somas=fu = Ultimate stress in struts
b = Yield strength of flexural reinforcement
f = Concrete tensile strength
Sy = Yield strength of transverse reinforcement
JA = Vertical stress in the TTC node region of the ISTM
Je2 = Average principal compressive stress in cracked concrete
b = Depth of the cross section
Da = Two times the distance from the axis of the bottom reinforcement to the bottom
edge of the cross section
K = Secant stiffness under negative load
A = Secant stiffness under positive load
/ = Span length
J = Length of the horizontal projection of the TTC node region of the ISTM
1 = One-half the width of the loading element
2 = Support width
Ly = Depth of the cross section of shear walls
§i = Distance between the bars of the /~th layer of surface reinforcement
S = Average spacing of cracks perpendicular to the flexural reinforcement
Snz = Average spacing of cracks parallel to the flexural reinforcement
" = Horizontal displacement

Upor = Horizontal displacements along the bottom chord
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Upp
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Vot

Veiu
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dA

A,

= Horizontal displacements along the top chord
= Vertical displacement

= Average shear stress acting on vertical and horizontal planes in the TTC node
region of the ISTM
= Vertical displacements along the bottom chord

= Shear stress acting on crack faces

= Shear capacity of crack faces

= Vertical displacements along the top chord

= Crack width

= Width of the support strut

= Horizontal coordinate or one-half the width of the top node region

= One-half the width of the top node region corresponding to strut crushing

= One-half the width of the top node region corresponding to limit on the
horizontal principal stress in the support node region

= One-half the width of the top node region corresponding to ultimate load on the
strut-and-tie model

= One-half the width of the top node region corresponding to limit on the vertical
principal stress in the support node region

= One-half the width of the top node region corresponding to tie yielding

= Vertical coordinate

= One-half the depth of the top node region

= One-half the depth of the top node region corresponding to limit on the
horizontal principal stress in the support node region of deep beam without
stirrups

= One-half the depth of the top node region corresponding to limit on the

horizontal principal stress in the support node region of deep beam with stirrups
One-half the depth of the top node region corresponding to tie yielding

= Vertical mid-span displacement
= Displacement increment
= Mid-span displacement associated with deformations in the critical loading zone

= Ultimate mid-span displacement associated with deformations in the critical
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loading zone

= Mid-span displacement associated with elongation of the bottom longitudinal
reinforcement
= Mid-span displacement at ultimate load

= Experimentally-obtained mid-span displacement at ultimate load

= Predicted mid-span displacement at ultimate load

= Angle between the bars of the /~th layer of surface reinforcement and the
direction of the strut
= Mid-span displacement of the uncracked specimens under self-weigh

= Strain
= Average strain in the bottom longitudinal reinforcement over the shear span

= Average principal tensile strain at the bottom end of the support struts or in the
web of the test specimens
= Average principal compressive strain in the web of the test specimens

= Average strain along the LVDTs installed in the middle of the shear spans and
“fanning” away from the bottom loading point

= Average strain along the LVDTs installed in the middle of the shear spans and
“fanning” away from the top loading point

= Average strain along the vertical LVDTS installed in the middle of the shear
spans

= Average strain between Ziirich targets 9 and 56

= Average principal tensile strain in cracked concrete

= Average principal compressive strain in cracked concrete

= Average flexural strain in the bottom reinforcement

= Average strain in the bottom reinforcement near the supports

= Ultimate average strain in the bottom longitudinal reinforcement over the shear
span

= Average transverse strain over the effective shear depth

= Average hortizontal strain in the TTC node region of the ISTM

= Steel strain at the cracks located in the TTC node region of the ISTM

= Angle between the axis of the LVDT and the longitudinal axis of the specimens
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& = Angle between the direction of the principal compressive strains in the web and
the longitudinal axis of the specimens
Ve = Average shear strain in the TTC node region of the ISTM
) = Strength reduction factor
v, = Efficiency factor for node regions
s = Efficiency factor for struts
9 = Angle between the bottom tie and the strut which represents the residual beam
action in the ISTM
O, = Value of the angle @at which a distinct change in the response of the TTC node
region takes place
a=6, = Angle between the bottom tie and the support struts
o4 = Angle between the bottom tie and the strut which represents the truss action in
beams with stirrups
O = Effective reinforcement ratio of the TTC node region of the ISTM
0 = Ratio of flexural reinforcement

= Ratio of transverse reinforcement



L.INTRODUCTION

1.1 GENERAL

Deep reinforced concrete beams are characterized by relatively small span-to-depth
ratios. This results in stiff members with high shear capacity which makes them very
effective in situations in which heavy loads need to be cartied over a given span. Typical
examples include transfer girders which carty the loading from multi-story columns in
high rise buildings (see Figure 1.1) and cap beams which support bridge girders (see
Figure 1.2). These common examples ate demonstration that the safety of deep beams is
often critical for the safety of the structure as a whole.

Figure 1.1 Transfer girder in a 15-storey building
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Figure 1.2 Cap beam in the substructure of a bridge

1.2 B- AND D- REGIONS IN REINFORCED CONCRETE STRUCTURES

For the purpose of design, reinforced concrete structures can be viewed as consisting of
B-regions (where B stands for beam, bending or Bernoulli) and D-tregions (disturbed,
discontinuity ot detail) (Schlaich, Schifer, and Jennewein, 1987). Beam regions ate those
parts of the structure in which the hypothesis of linear strain distribution (or plane
sections remain plane) is assumed valid and in which the normal stresses perpendicular to
the longitudinal axis of the member (clamping stresses) can be neglected. This type of
strain and stress state occurs in patticular zones of relatively slender beams, columns,
shear walls, and slabs. The disturbed regions, on the other hand, are characterized by
complex and irregular strain/stress distribution. They are located at the vicinity of abrupt
changes of cross-sectional dimensions (geometric discontinuities) and near concentrated
loads and reactions (statical discontinuities). Examples of D- regions are illustrated in
Figure 1.3 with shaded areas. The position of the division lines between the B- and D-
regions can be determined approximately through the principle of Saint-Venant which
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states that discontinuities affect the strain pattern over a distance comparable with the
dimensions of the cross section. Beams with overlapping disturbed tegions (see the
bottom sketch in Figure 1.3b) are defined as deep while those with relatively long beam
regions (see the top sketch in Figure 1.3b) — as slender.

As a conservative design simplification, slender members are usually treated as B-regions
over their entire clear length including the zones adjacent to applied loads and supports.
This approach is adopted for the purpose of the following discussion.

regions

a) Geometrical discontinuities b) Statical and/or geometrical discontinuities

Figure 1.3 Examples for D- regions (adapted from Schlaich, Schifer, and Jennewein, 1987)

B-regions can behave in a very ductile manner if controlled by yielding of the longitudinal
reinforcement (flexural yielding). This is the preferred mode of failure since it allows for
redistribution of fotces in statically indeterminate systems and gives ample warning prior
to collapse. Furthermore, a ductile response in flexure is the main goal of modern seismic
design of reinforced concrete structures (Paulay and Priestley, 1992). Accurate prediction
of the flexural response is a relatively simple task when the “plane sections remain plane”
hypothesis is used together with proper constitutive telations for the concrete and the
steel. Unlike flexural failures, diagonal tension and diagonal compression failures (shear
failures) are relatively brittle and should be suppressed. However, the shear capacity of
beam regions is influenced by a large number of variables (Leonhardt, 1970, suggested
“more than twenty parameters”) which makes it very difficult to be predicted. One of
these variables is the type of loading. There is experimental evidence that load reversals
beyond flexural yielding may cause significant reduction in ductility by trigeering
premature sheat failures. The most common approaches for predicting the shear strength
of B-regions include empirical and semi- empirical solutions, lowet- and uppet- bound
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solutions of the Theory of Plasticity, and comptession-field models. All of them take
advantage of the relatively smooth vatiation of strains in the web of slendetr elements by
assuming uniform distribution of shear stresses over the depth of the cross section.

Many D-regions are inhetrently brittle and, in general, need to be designed to remain
essentially elastic. Exceptions are, for example, squat walls and coupling beams which are
often relied on for limited energy dissipation under strong earthquake excitations. Tests
of some types of disturbed regions with reinforcement in two orthogonal directions have
indicated that their load-bearing capacity is not significantly affected by load reversals (see
for example Alcocer and Uribe, 2008). The tools for design of D-regions include strut-
and-tie models, solutions of theTheory of Plasticity, and empirical expressions.

1.3 BEAM ACTION AND ARCH ACTION IN BEAMS WITHOUT WEB
REINFORCEMENT

Figure 1.4 shows results from a series of tests of reinforced concrete beams without web
reinforcement. The specimens had almost identical ctoss sections and matetial properties
but different shear span a. The size of the loading and support plates was varied as well.
On the abscissa of the graph is the shear-span-to-effective-depth ratio (a/d ratio) which
can be seen as a measure of the slenderness of the zones subjected to shear. The
ordinates of the experimental points represent the normalized ultimate shears. All beams
failed ptior to yielding of the bottom longitudinal reinforcement. Note that the shortest
specimen in the series was about six times stronger than the longest. The plot illustrates
that the shear strength of deep beams (a/d smaller than about 2) decreases rapidly with
increasing slenderness while the strength of slender beams (a/d larger than about 2.5)
changes relatively little. These two cleatly different trends have been associated with two
very different load-bearing mechanisms: arch action in deep beams and beam action in
slender beams (Fenwick and Paulay, 1968).

As illustrated in Figure 1.5a), the beam action relies on diagonal tensile stresses in the web
of the member. The tension in the cracked part of the beam is explained by the ability of
the cracks to transfer sheatr through aggregate interlock. The stresses in the web reduce
the tension force T'in the bottom chord from its maximum value at mid-span to almost
zero near the supports. The member fails when the interlocking of the cracks breaks
down and catastrophic diagonal crack propagates towatds the loading point. Deep beams
are able to make transition from beam mechanism to arch mechanism which consists of
direct compression between the loading and support points, and constant tension in the
bottom chord (see Figute 1.5b). The combination of broken and solid lines, desctibing
the flow of internal compressive and tensile forces, respectively, represents in fact a strut-
and-tie model of the beam. Failure of the member occurs due to concrete crushing at
either the loading ot support region.
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1.4 MOTIVATION FOR RESEARCH AND OBJECTIVES

Collins, Mitchell, and Bentz (2008) used a large collection of results from tests of
members without web reinforcement to evaluate the overall accuracy of the Canadian
(CSA A23.3-04), American (ACI 318-08), European (EN 1992-1-1:2004, EC2), and
British (BS8110) code provisions for shear design. As shown in Figure 1.6, the calculated
prediction-to-experiment tratios were plotted versus the @/d ratios of the specimens. It
was concluded that the CSA code provides the least scattered predictions and the most
uniform safety. In many cases the ACI and EC2 codes gave very unconservative
estimates of the experimentally-obtained ultimate shears, while the BS8110 code was very
conservative for members with /4 smaller than about 2.5.

In addition to the above conclusions, Figure 1.6 demonstrates that code procedures for
members without web reinforcement are least accurate in the range of @/d from about 1.5
to about 3. This is the range of moderately-deep beams where the load-bearing capacity is
controlled by either arch action or beam action. The CSA, ACI, and EC2 codes treat
these two mechanisms with separate models. It is assumed that breakdown of beam
action happens instantaneously and that the whole load associated with it is immediately
“transferred” to the arch mechanism. Further load increase is possible only if the arch
mechanism is stronger than the beam mechanism. In reality, the transition from beam
action (zero tension in the reinforcement at the supports) to arch action (uniform tension
in the reinforcement over the entire shear span) is likely to take place over a certain load
increment during which failure may occut. Therefore, it is of great interest to study the
mechanics of moderately-deep beams using proper large-scale tests and applying the
knowledge about behaviour of deep and slender beams. Such an investigation may also
assist for better understanding the sources of the significant scatter in shear strength
obsetrved between seemingly identical tests of members with small slenderness.
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Figure 1.6 Prediction-to-experiment ratios for members without web reinforcement acc. to ACI 318-
08, EN 1992-1-1:2004 (EC2), CSA A23.3-04, and BS8110 (Collins, Mitchell, and Bentz, 2008)



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load 7

One further step is to examine how deep beams with no or small amounts of web
reinforcement resist teversed cyclic load. This issue is relevant, for instance, to evaluation
and retrofit of existing structures built in seismic zones according to traditional
construction practices. Figure 1.7 demonstrates that the load-bearing mechanisms of deep
beams, coupling beams, squat shear walls, and frame joints are very similar. In all these
cases part of the shear is resisted through direct diagonal compression while the rest is
carried by a truss mechanism involving tension in the transverse reinforcement. Codes
for seismic assessment of buildings such as ATC-40, FEMA 356, and EC8 Part 3 (sce
also Mihaylov, 2000) presctibe teduced shear strength when the longitudinal
reinforcement is expected to undergo inelastic cyclic deformations.

Lastly, it is well known that the strength of deep beams is strongly influenced by the
detailing of their support zones. Of patticular importance is the anchorage of the
longitudinal bars because, as shown in Figure 1.5a), they work with high tension over the
entire shear span. One possible solution, preferred mainly because of its compactness, is
anchorage by anchor heads. Even though this approach has been studied by many
researches (see for example Thompson at el, 2005, 2000), tests with large bars are
relatively rare. This gives motivation for performing a test of a deep beam reinforced with
a single headed bar #18 (4,=57 mm), which is the largest reinforcing bar according to the
ASTM standatd.
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Figure 1.7 Load-bearing mechanisms of deep beams, coupling beams, squat shear walls, frame
joints
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1.5 THESIS OUTLINE

This thesis consists of 7 chapters and 5 appendixes.

Chapter 2 is a brief literature review which comprises tests and models relevant to the
topic of this work. The selected experimental studies provide information on how
patameters such as a/d ratio, amount of longitudinal and transverse reinforcement,
concrete strength, member size, detailing, and type of loading history influence the
response of deep beams, coupling beams, and shear walls. Included are important plots,
interesting test observations, and conclusions made by the authors of the publications.
The modelling part of the chapter discusses existing approaches for design of B- and D-
regions with emphasis put on the current code procedures for disturbed regions.

Chapter 3 describes an experimental program which was planned and performed as patt
of this study. The program consists of ten monotonic and cyclic tests of deep beams.
Additional experimental variables include the amount of transverse reinforcement and the
detailing of the longitudinal reinforcement. Given in the chapter are the geometrical
properties of the specimens, results from material tests, the test setup, instrumentation,
and loading histories.

Chapter 4 presents the results from the experimental program together with a detailed
discussion on the behaviour of the tested beams. A kinematic model is proposed and
used for better interpretation of the various deformation measurements. The tests results
are compared and the influence of the experimental variables is assessed. The shear
strength of the specimens is compared to the predictions of the CSA, ACI, and EC2
codes.

Chapter 5 is devoted to the derivation of an improved strut-and-tie model for predicting
the shear strength of non-slender beams without web reinforcement. The assumptions of
the model are discussed in the context of experimental observations. The model is
vetified against a large number of experimental results from the literature. A combination
of the improved strut-and-tie model and the kinematic model from Chapter 4 is
presented as a tool for predicting the ultimate deformed shape of beams with small
slenderness.

Chapter 6 contains comparisons between experimental results and VecTor2 analysis. In
order to simulate a common situation from the engineering practice, it is assumed that
the only information available ptior to the analysis is geometry, boundaty conditions, and
basic material propetties. The comparisons are done in terms of load-displacement
response, deformed shapes, crack patterns, and failure modes.
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Chapter 7 presents a summary and conclusions from this study as well as suggestions for
further research.

Appendix A contains the full set of experimentally-obtained properties of the concrete
used in the experimental program.

Appendix B contains detailed experimental data from the ten tests of latge non-slender
beams.

Appendix C presents the detivation of an analytical expression for the angle &which is an
important parameter of the improved strut-and-tie model.

Appendix D contains results from the verification of the improved strut-and-tie model
against data from 534 shear tests.

Finally, Appendix E shows VecTor2 input files used for the analyses of specimens S1C
and LOM.






2. BACKGROUND

2.1 TESTS OF DEEP BEAMS, COUPLING BEAMS, AND SHEAR WALLS

Numerous test programs have been devoted to studying the behaviour of deep beams,
coupling beams, and shear walls. For the sake of brevity, this section presents summaries
of only 12 well-documented experimental studies which are considered particulatly
relevant to this work.

2.1.1 Monotonic tests

Leonhardt and Walther (1961) conducted an extensive experimental program to study the
shear behaviour of beams and slab strips. In a systematic way they covered a large
number of experimental variables such as sheat-span-to-depth ratio, bond, beam depth,
shear reinforcement, web width. Of patticular interest for the current study are 14 beam
tests devoted solely to the effect of the shear-span-to-depth ratio (a/d ratio). The beams
were simply supported and subjected to two symmetric forces. The load-spreading plates
were unsymmitric in ordet to ascettain if their length would have any effect on the global
response. The cross section was rectangular with effective depth 4=270 mm. The «/d
ratio was varied from 1 to 8 by changing the length of the shear span a. Beams with a/d >
6 were duplicated while other were retested after strengthening the shear span which
failed first. All the specimens were provided with longitudinal reinforcement with ratio of
2.07% (A,/ bd) and had no web reinforcement. Normal-strength concrete was used.

It was reported that beams with shear-span-to-depth ratio between 1 and 6 failed in
shear, while those between 7 and 8 — in flexure. More specifically, specimens with a/4=1-
4 exhibited gradual development of cracks until their compressive zone was destroyed.
Interestingly, the crushing in the case of @/d=2-2.5 took place between the applied forces.
According to the authors, this failure mode should still be classified as related to shear
because the depth of the crushed compression zone was determined by the diagonal
cracks which propagated from the shear span, under the load-spreading plate, into the
zone of pure flexure. The ctushing did not take place under the loading plate because the
concrete there was well confined by the pressure exerted by the load. Specimens with
a/d=5-6 failed suddenly and violently as a result of sudden occutrence of a flat shear
crack. The flexural failures were chatractetized by crushing at the top of the mid-span
section prior to yielding of the bottom reinforcement. No consistent effect of the
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difference in length between the two load-spreading plates was detected in any of the
tests.

Based on the test observations, LL.eonhardt and Walther concluded that the behavioutr of
the slender beams failing in shear was the most unfavorable because there was very little
warning prior to failure. On the other hand, they stated that slender beams require smaller
amounts of shear reinforcement to suppress shear failures than deep beams do.

Figure 2.1a) shows how the ultimate shear force and mid-span bending moment varied
with increasing a/d ratio. Two ranges were distinguished: a range where there was
considerable effect of the sheat-span-to-depth ratio (#/#=1-3) with shear capacity
decreasing quickly with increasing beam slenderness; and a range where there was only a
small effect of the sheat-span-to-depth ratio (¢/d=3-8) with almost constant maximum
shear provided that the reinforcement is sufficient to insure that flexural failure does not
occur first. The authors stated that the strength increase for small values of the moment-
shear ratio was definitely a result of “arch and tie-rod” or “truss” action. The smaller the
a/d ratio is, the steeper the slope of the thrust resultants, the larger the load-bearing
capacity. In addition to the results from the tests of Leonhardt and Walther, Figure 2.1b)
contains data points from tests performed by Clark. The main difference between the two
sets of tests was the amount of bottom reinforcement. As evident from the plot, the tests
of Clatk had less steel which led to smaller load-bearing capacity.

shear forcn Qyy ar shear stresses * o = g

1

1,

[

"
MOMENT-SHEAR RATIO — MOMENT-SHEAR HATIO =
T ah

a) Shear force and bending moment at failure b) Shear stress at failure

Figure 2.1 Results from tests of Leonhardt and Walther (1961)

Figure 2.2 shows the results from duplicated and retested specimens. It can be seen that
on average the scatter of the load-bearing capacity increases with dectreasing a/d ratio.
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Figure 2.2 Scatter of strength in tests of Leonhardt and Walther (1961)

ACI-ASCE Committee 326 “Shear and Diagonal Tension” (1962) after 10 years of work
presented a “... review of scientific knowledge, construction expetiences regarding shear
and diagonal tension in reinforced concrete beams, frames, slabs, and footings.
Recommendations for new design procedures are substantiated by extensive tests data”.
The experimental database included results from a latge number and variety of tests
petformed mostly during the 1950’s. Some of the interesting findings and
recommendations regarding deep beams are quoted below.

“In relatively short beams, diagonal tension cracking also forms as described above, but at
a much slower rate. The propagation of the diagonal cracks is gradual as loading is
continued, and one beam may sustain without collapse several cracks whose upper ends
are only a few inches below the compression surface of the beam near the section of
maximum moment. Barting yielding of the reinforcement, further loading of a beam in
such a cracked condition is possible with little apparent extension of the cracks.
Eventually, however, the conctete in the region at the end of the cracks or above them
fails, and the beam collapses. Such failures are generally referred to as shear-compression
failures.”

“The ability of the beam to reach fotrce equilibrium seems to depend primarily on the
stability of the compression zone and may be influenced by several factors other than the
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length of shear span and the petcentage of reinforcement. Certainly the depth of the
compression zone above the diagonal crack is important. Experimental data indicate that
this depth can be affected by random variations in the location and path of the critical
diagonal crack. The location of the point load application with respect to the location of
the compression zone appears to be important. If the load is applied to the compression
surface adjacent to the compression zone, the strength of the zone will be higher than if
the load is applied beneath the compression surface as, for example, through secondary
beams framing into sides of a girder.”

“Although most of the short specimens tested have failed in shear compression at loads
as much as 100 petcent greater than causing the critical diagonal tension crack, enough of
them have failed in diagonal tension to indicate that detailed knowledge is lacking
regarding the ability of a beam to reach force equilibrium after redistribution.
Furthermore, little is known about the long-time behaviour of a diagonally cracked beam.
Accordingly, the load causing formation of a critical diagonal tension crack must
ordinatily be considered in design as the usable ultimate load-cartying capacity of a
reinforced concrete member without web reinforcement.”

“... the web reinforcement contains the diagonal crack, thus preventing deep penetration
of the diagonal crack into the compression zone. In general, the presence of web
reinforcement assures a gradual development of shear-compression failure, usually
following large increases in diagonal crack width as the web reinforcement reaches its

yield.”

Mario Kani, Huggins, and Wittkopp (1979) published a summary of the most important
theoretical and expetimental work done by Prof. Gasper Kani on shear at the University
of Toronto in the 1960’s. Included were tesults from mote than seven hundred tests
devoted to a systematic examination of the influence of parameters such as concrete
strength, amount of longitudinal reinforcement, sheatr-span-to-effective-depth ratio,
member size, type of cross section, type and amount of web reinforcement, and bond on
the shear behavior of reinforced concrete elements. The effect of the first three
parameters was studied through a series of 133 simply supported beams subjected to two
symmetric forces. The specimens had cross section of 152 mm x 305 mm and no web
reinforcement. Three concrete strengths (£’ =17.2 MPa, 26.2 MPa, and 34.5 MPa) and
four reinforcement percentages (0=0.80%, 1.88%, and 2.80%) were considered. The
sheat-span-to-effective-depth (a/d) ratio varied between 1 and 7. The reinforcing bars
were anchored with external anchor plates. Some specimens were duplicated.

The failure modes were categotized as I (flexural), D, (sudden diagonal failure
immediately upon the development of diagonal crack), and Dy (slow diagonal failure,
where the ultimate capacity of the beam exceeded the diagonal cracking capacity of the
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beam). The summarized test results show that the D,, and Dy failures were typical for
relatively long and relatively short specimens, respectively (see Figure 1.4). Kani preferred
to present the results in terms of relative beam strength M, /My, where M, is the ultimate
mid-span bending moment at failute of the test beam and My is the calculated pure
flexural strength of the section. Thus a value of M,/M=70%, for example, implies that
the member failed in shear at 70% of flexural capacity. It was concluded that the shear
strength expressed this way was rather insensitive to the concrete strength and hence the
final results were plotted without recognition of the /£’ values (see Figure 2.3). The relative
strength was however considerably influenced by the pyand a/d ratios.

Figure 2.3 Kani’s “valley of diagonal failure”

Duncan Lee (1982) tested 4 normal-strength concrete deep beams under three-point
bending at the University of Toronto. The only expetimental variable was the depth of
distribution of the main longitudinal reinforcement with values ranging from 0.164 to
0.314. As the depth over which the main longitudinal steel was distributed increased, the
effective depth, d, decreased. The specimens were all 1000 mm deep and had shear-span-
to-effective-depth ratios between 1.56 and 1.78. The percentage of chord treinforcement
and transverse web reinforcement was ~1% and 0.5%, respectively. The stirrups had a
yield strength of 529 MPa. The main longitudinal bars were developed just 200 mm
beyond the inner edges of the support plates.

The specimen with shallowest depth of distribution failed with abrupt concrete crushing
at one of the support zones while the rest of the beams exhibited gradual crushing at the
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region adjacent to the loading plate (see Figure 2.4). Strain measurements at the bottom
ends of the beams showed that the stirrups yielded. Despite the short development
length, no anchorage failute was observed. The shear strength decteased with increasing
depth of distribution of the main longitudinal reinforcement due to the reduction in the
effective depth of the reinforcement.

b) Loading-zone crushing

Figure 2.4 Failure of beams tested by Duncan Lee (1982)

Rogowsky, MacGregor, and Ong (1986a) repotted tests of 7 simply suppotted and 17 two-
span continuous deep beams subjected to concentrated loads at the middle of the clear
spans. The specimens had varying sheat-span-to-effective-depth (a/4d) ratios and different
combinations of vertical and horizontal web reinforcement. The length of the outer shear
span was fixed to 1000 mm. The most stout beam had @/4=1.05 while for the most
slender it was 2.82. The ratio of bottom longitudinal reinforcement was of the order of
1%. The bats were anchoted with hooks. An exception was a simply supported beam
which had straight bars extended 150 mm into the supporting columns. The simply
supported beams had four arrangements of web reinforcement: no reinforcement;
vertical treinforcement (stitrups) of 0.15%; hotizontal reinforcement of 0.15%; and
reinforcement of 0.15% in both directions. The stirrups had a yield strength of 570 MPa.
The two sheat spans were reinforced differently and after failure of one of them the failed
span was repaited and the beam was then tretested to fail the other shear span. The
continuous beams had a large variety of symmetric reinforcement solutions as some of
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the specimens had web reinforcement ratios as large as 0.6%. Normal-strength concrete
was used.

It was found that beams with no stirrups or small amount of stitrups behaved very
differently than those with a large amount of transverse reinforcement. In the former case
arch action was well developed and the failure was sudden with little or no plastic
deformation. In the later case the compression struts between the cracks tended to be less
well defined and the beams failed in a ductile manner.

The paper contains detailed desctiption of four of the tests. Of particular relevance for
the cutrent study is a test of a simply supported beam with @/4=1.05 and minimum
amount of stirrups in one of the sheatr spans. It was observed that major shear cracks
developed almost instantaneously on both sides of the mid-span section at load levels
much smaller that the load-beating capacity. This resulted in full development of arch
action associated with constant strains along the bottom reinforcement. Interestingly, the
first failure took place on the side of the beam which contained stirrups. Explicit
description of the failute mode was not given. Strain measurements at the critical shear
crack showed that the stirrups had all yielded when maximum load was reached. The last
yielded stirrup was the one closest to the loading column. The unreinforced shear span
failed with strut crushing at the support zone.

The beam with pootly anchored longitudinal reinforcement failed with slip of the bars at
one of the support zones. It was calculated that the bond stress along the development
length reached 7.6 MPa. The authors explained this extremely high value as being due to
the favorable effect of clamping stresses exerted by the support reaction. Another reason
suggested was that the bats were anchored within the reinforcing cages of the supporting
columns.

The shear strengths, exptessed in terms of non-dimensional shear stress (17,/ M\/ﬁ) at
maximum load, were very variable but still showed some trends. Beams with no or
minimum (0.15%) vertical web reinforcement exhibited decreasing strength with
increasing shear-span-to-effective-depth ratio. In contrast, beams with maximum (0.6%)
vertical web reinforcement had almost constant shear capacity. The addition of a
minimum amount of stirrups tesulted in only a small strength increase. Beams with the
maximum amount of stirrups were much stronger than those without web reinforcement
especially in the cases of latge a/d ratios. The horizontal web teinforcement had very little
effect on the strength.

Figure 2.5 shows results from the tests of continuous beams. A pait of data points with
same abscissa and colour represents ultimate shears sustained by the two internal shear
spans of a given specimen. The plot demonstrates that the scatter of load-bearing



18 Boyan Mihaylov

capacity increases with decreasing #/d ratio and with decteasing percentage of transverse
reinforcement. The maximum ratio of high to low failure load for the to shear spans of
the same beam equals 1.66. This outcome can be partly attributed to the different
distributions of internal forces in the original beam prior to failure of the first shear span
and in the repaired beam prior to failure of the second shear span (Asin, 1999).
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Figure 2.5 Scatter of strength in tests of Rogowsky, MacGregor, and Ong (1986a)

Lefas, Kotsovos, and Ambraseys (1990) teported 13 large scale tests of shear walls with
rectangular cross section. The specimens were cast with large heavily reinforced concrete
blocks at both ends. The bottom block was fixed to the strong floor while the top block
functioned as an element through which axial and lateral loads were applied. The main
experimental variables wete the magnitude of vertical load (0%, 10%, or 20% of the axial
strength of the concrete section), the cleat-height-to-depth ratio (H,/4,=1 or 2), and the
percentage of horizontal web reinforcement (0,=1.10% or 0.4%). Of interest for the
current study are 3 tests of squat walls and 3 tests of slender walls subjected to lateral load
only. The depth of the cross section of the specimens was 750 mm and 650 mm in the
case of H,/,,=1 and H,//,=2, tespectively. The area of the main flexural reinforcement
represented about 3.2% of the gross concrete area of the edge elements. The hotizontal
bars had yield strength of 520 MPa. The vertical web reinforcement had a ratio of
approximately 2.4%. Normal strength concrete was used.
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All six walls failed with crushing of the concrete at the flexural-compression side of the
base section. According to the authors, the resistance of the specimens was associated
with development of triaxial compressive stress conditions in that region. The in-plane
stresses were the result of shear and flexural compression, while the stirrups of the edge
elements and the massive base block provided confinement stresses. Despite the
significant differences in terms of horizontal web reinforcement (Oumac: Pumin =2.75) and
in terms of concrete strength (£ fiwin =1.6), the load-beating capacity was affected
ptimatily by the H,//, rato. The squat walls were about 2.2 times stronger than the
slender ones.

Yang, Chung, 1ee, and Eun (2003) published results from 21 tests of simply supported deep
beams subjected to two symmetric concentrated loads. The experimental vatiables wete
the shear-span-to-total-depth ratio (a/4=0.5 or 1), the total depth of the cross section
(h=400 mm — 1000 mm), and the compressive strength of the concrete (£'=31.4 MPa or
78.5 MPa). The specimens had a flexural reinforcement ratio of 1% and no web steel.
The loading and support plates had widths of 100 mm.

It was reported that the propagation of flexure-shear cracks was sudden and accompanied
by an increase in mid-span displacement. All beams failed in a brittle manner with
crushing above the critical diagonal cracks near the loading plates. The brittleness of the
specimens incteased with decreasing @/ ratio and increasing depth of the section. Figure
2.6 shows the ultimate shear stress of the beams plotted as a function of 4. Some of the
data points represent the average shear strengths of identical specimens. It can be seen
that increasing the strength of the concrete by a factor of 2.5 resulted in a significant
increase in shear capacity. Even though the depth of the section was a primary
experimental variable, the test results can not be used to draw firm conclusions on size
effect since the size of the loading and support plates was not scaled with the depth of
the beam.
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Figure 2.6 Results from tests of Yang at el. (2003)



20 Boyan Mihaylov

Zhang and Tan (2007) reported 11 tests of simply supported deep beams subjected to two
symmetric concentrated loads. The experimental variables were the size of the specimens,
the slenderness of the cross section 4/b, and the percentage of transverse reinforcement
.. The beams were designed in three groups of four, as one of the tests was used for two
of the groups. All groups consisted of specimens with variable size (4=350, 500, 700, or
1000 mm), constant in-plane geometrical proportions (including properly scaled width of
the loading and support plates), and ratio of flexural reinforcement p=1.2%. The sheat-
span-to-effective-depth ratio was equal to 1.1. The beams from Groups 1 and 3 had 4/4
ratio of 4.38 while those from Group 2 had cross-sectional width of 80 mm (/b ratios
vatied from 4.38 to 12.5). Transverse reinforcement was provided only in the specimens
from the first group. The stirrups had ratio of 0.4% and yield strength of about 420 MPa.
Normal strength concrete was used.

All specimens failed with crushing at either the loading or support zones (sheat-
compression failure) well after development of the critical flexure-shear cracks. Figure 2.7
shows the state of cracking of the beams under normalized shear stress of 0.1. Based on
these diagrams, the authors concluded that the size of the member had almost no effect
on the rate of development of diagonal cracks (compate the crack patterns within each of
the groups) and that the propagation of diagonal cracks was testrained by the stirrups
(compate the crack patterns of Group 1 to those of Groups 2 and 3). It was shown that
the normalized shear stress corresponding to maximum crack width of 0.3 mm decreased
with increasing specimen size as this effect was less pronounced in the beams with
transverse reinforcement. On the contrary, almost no size effect was observed in terms of
shear stress at diagonal cracking and at failure. The stirrups enhanced the shear strength,
while the aspect ratio of the cross section had almost no effect on the behaviour of the
specimens.
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Collins, Bentz, and Sherwood (2008) assembled a database of 1849 shear tests of reinforced
concrete members without web teinforcement performed over the last 60 years and
published predominantly by the American Concrete Institute. The following are some of
the rules used for selecting members: no limits on concrete strength, rectangular or Tee
beam sections, no axial load, no prestressing, point loads or uniform loads, simply
supported or continuous, no geometrical limits on member size, no anchorage or bond
failures. In total 1601 of the failures were classified as shear failures while the remaining
248 were determined to be flexural failures.

The authors divided the specimens failing in sheat into two groups: slender (¢/d=>2.5) and
shortt (a/d<2.5). Each of these groups was further subdivided into nine groups depending
on the depth of the member 4 and on the values of the parameter (M/17d+1)/p, where
M/1dis the moment-shear ratio for the critical section and g is the ratio of flexural
reinforcement. This parameter represents a measure of the stress in the longitudinal steel
at the critical section.
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Figure 2.8 shows the tresults from the total of 18 groups of tests expressed in terms of
pB=1./ bod\ /., whete 17, is the ultimate shear at the critical section and b, is the width of
the web of the member. The plots for slender specimens reveal two clear patterns:
decreases with increasing member depth (size effect) and increasing stress in the steel
(strain effect). The [ values for short specimens are much higher and do not indicate the
presence of a size effect.

2.1.2 Cyclic tests

Paulay (1971a, 1971h) published results from 9 tests of deep beams subjected to double
curvature bending (spandrel/coupling beams) with equal end moments. The tests were
part of the first latge research program devoted to studying the non-linear behaviour of
coupled shear walls exposed to seismic disturbances. The study was motivated in part by
the severe damage which some structures of this type suffered during the 1964 Alaska
earthquake. The load on the specimens was applied through large heavily-reinforced end
concrete blocks. The main experimental variables were the clear-span-to-total-depth ratio
(/h=1.05 or 1.29) and the percentage of transverse web reinforcement (0,=0.88% -
2.52%). The longitudinal web reinforcement was varied slightly as well. The clear span
was set to 1016 mm. The ratio of the symmetric flexural reinforcement was of the order
of 1.3%. The yield strength of the stirrups vatied slightly from beam to beam but the
average value was about 340 MPa. Two specimens (one deep and one shallow) with
0,=0.88% were tested under monotonic load while the rest of the beams — under fully
reversed cyclic load simulating seismic action. Normal strength concrete was used.

It was found that at higher loads the longitudinal bars were subjected to tension over the
entire span length even though the bending moment diagram changes its sign at the
middle of the beams. Consecutive cycles with constant load amplitude caused a growth of
strains with a diminishing rate. Yielding took place at the flexural tension side of the end
sections of all beams. The load repetitions resulted in an accumulation of plastic
deformations in these zones. The author analyzed the variation of tension along the
flexural reinforcement by considering equilibrium along the relatively straight cracks
radiating from the cotners of the specimens. It was concluded that no matter how much
transverse reinforcement is provided, the longitudinal bats would always be subjected to
tension in the compression zone of a coupling beam with cracks along its diagonals.

Measurements along the transverse reinforcement showed that it was strained the most
near the mid-span mid-depth of the specimens. These measurements were used together
with experimentally-obtained stress-strain curves to obtain the magnitude of shear carried
by stitrups (ttuss action) actoss the major diagonal cracks. The results showed that the
transverse steel became active after diagonal cracking and its contribution to the shear
resistance increased with increasing load. In specimens with “insufficient” web
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reinforcement this trend was maintained up to yielding of the stirrups. Further loading
was possible due to presence of arch action, dowel action, and aggregate intetlock. In the
cases of “sufficient” web reinforcement the stirrups remained elastic and eventually
resisted the whole applied sheat. It was shown that load-bearing mechanisms other than
truss action gradually deteriorated under cyclic loading.

The failure modes wete categorized as DT (diagonal tension) and SC (shear
compression). Diagonal tension failures were characterized by yielding of the transverse
reinforcement and separation along the major diagonal. Specimens that failed in this way
exhibited low stiffness upon load reversal (pinching effect) and very little ductility (see
Figure 2.9a)). Shear compression failures took place with yielding of the longitudinal
reinforcement and destruction of the concrete at the end sections (see Figure 2.9b). The
beams attained about 85% of the moment capacity derived from sectional analysis. Since
the compression steel was in tension, all the flexural compression had to be cartied by the
concrete. The combination of flexural and shear comptression brought about the failure
of the critical section where significant sliding deformations took place. The ductility
factor had values of the otder of 3. According to the author, the contribution of the
dowel forces across the flexural reinforcement was very small in comparison to the total
shear capacity.

A compatison between the only two identical specimens (a/d=1.02 and p,=0.88%)
showed that the beam tested monotonically was just 4% stronger than the one subjected

to reversed cyclic load.
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Figure 2.9 Load-rotation relationship for beams with a/h=1.29 tested by Paulay (1971a)

Lefas, Kotsovos, and Ambraseys (1990) tested 4 identical shear walls under different loading
histories. The specimens had the same geometry, main flexural reinforcement, and
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boundary conditions as those of the slender walls tested by the authors in a companion
study (see 2.1.1). The petcentage of horizontal and vertical web reinforcement was 0.39%
and 1.52%, respectively. The yield strength of the stitrups was 520 MPa. Normal strength
concrete was used. One of the walls was subjected to monotonically increasing lateral
load, while the other three were tested under different reversed cyclic loads named A, B,
and C (see Figure 2.10). Loading history 4 consisted of several symmettic cycles at load
level cortesponding to yielding of the outer flexural bars, followed by monotonic push to
failure. History B was similar to .4, but the cycling was petformed at higher load level.
Loading type C represented a combination of types .4 and B. In addition, the push to
failure was performed through several cycles of controlled lateral displacement.

All four walls failed with concrete crushing at the compression zone of the base section.
The strength and deformational response of the specimens were found to be independent
of the cyclic loading regime.
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Figure 2.10 Load-displacement response of shear walls tested by Lefas, Kotsovos, and Ambraseys
(1990)

Aleocer and Uribe (2008) compated two simply supported deep beams subjected to
monotonic loading with two similar beams subjected to reversed cyclic loading (see
Figure 2.11). All the specimens were made of normal-strength concrete. Besides the type
of loading, the other two experimental vatiables wetre the development length of the
bottom longitudinal teinforcement and the amount of stirrups in the zone of the
suppotts. The specimens had total depth 4/=1200 mm and shear-span-to-effective-depth
(a/d) ratio of 1.17. They were designed according to the 1996 FIP recommendations for
the chosen positive and negative load. Part of the chord reinforcement was cut off in
agreement with a strut-and-tie model involving a ditect strut mechanism and truss
mechanism. In order to suppress flexural failure, extra bars were provided at the region of
pure bending. The anchor hooks at the ends of the beams were designed according to the
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ACI 318-99 provisions. Two of the specimens (one tested monotonically and one
cyclically) had insufficient bottom hooks (30% shorter than required by the code). The
web reinforcement consisted of longitudinal bars and stirrups with ratio of 0.29% and
0.53%, respectively. The transverse reinforcement had yield strength of 429 MPa. The
cyclic loading history was intended to represent seismic action and consisted of cycles of
increasing imposed displacements. The negative load had amplitude of approximately
one-half of the corresponding amplitude of the positive load.

The shape of the positive envelopes of the four “shear force vs. deflection” curves was
very similar. The hysteresis loops from the cyclic tests showed considerable pinching and
severe stiffness degradation (Figure 2.12). It was noticed that relative displacements along
the major diagonal cracks activated dowel action of the longitudinal reinforcement neat
the support plates. The transverse reinforcement yielded almost over the entire shear
spans while the longitudinal reinforcement yielded at the zones of bar cut off. According
to the authors, the yielding of the longitudinal bars had a pronounced effect on the
stiffness degradation. It was found that ptior to failure the main resisting strut was
reacting against the bottom longitudinal reinforcement in the zone of dowel action. The
beams failed with crushing of the conctete in regions adjacent to the loading and support
plates. The four specimens had almost identical strengths. The authors attributed the
minor differences to variations in materials and dimensions as well as differences in
loading conditions. The displacement ductility was of the order of 2.

The authors concluded that the load reversals had little effect on the behaviour of the
beams. It was suggested that models for deep beams undetr monotonic loads can be used
for seismic design/assessment if the shear demands do not exceed 0.73V£.” and rotational
demands are smaller than 2.3%. The rotations were computed by dividing the
displacement at the loading point by the length of the shear span. It was found that the
difference in development lengths and amount of stirrups above the supports did not
affected the response of the specimens.
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2.2 MODELS FOR SHEAR STRENGTH

2.2.1 Models for B-regions
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Figure 2.13 Models for shear strength of B- regions

Figure 2.13 summatizes some of the currently-used approaches for predicting the shear
strength of B-regions. The classical models of Ritter and Mérch (see plot a) date back to
the beginning of the 20t century. They represent the flow of forces in members with
stirrups in terms of a truss with diagonals at 450. The empirical approaches (plot b), on
the other hand, offer expressions for shear strength obtained in two steps. First, the main
variables affecting the shear strength and the structure of the equations are derived from
first principles combined with reasonable hypotheses, and second, the coefficients in the
equations are obtained through fitting to experimental results. Such an approach has been
used, for example, in the development of the concrete conttibution term 1/ in the shear
provisions of the American code (ACI 318-08, Chapter 11). The full shear strength is
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expressed as sum of I;and 1/, where the term 1/, comes from the classical truss model
and accounts for the effect of transverse reinforcement. The variable-angle truss model,
shown in plot ¢), is based on the lower-bound approach of the Theory of Plasticity and is
implemented in the European design code (EN 1992-1-1:2004, EC2, Section 6.2). Unlike
the classical truss model, the angle of inclination of the compression diagonals can be
vatied over a certain range of admissible values. The capacity of the truss is governed by
cither diagonal crushing or yielding of the transverse links. For members without stirrups
EC2 gives purely empirical expressions. Finally, the compression field models (plot d)
include conditions for strain compatibility and matetial stress-strain relations, which allow
for explicit calculation of the inclination of the principal compression in the web of the
member. In addition, the Modified Compression Field Theory (MCFT - Vecchio and
Collins, 1986) accounts for diagonal tension in the cracked concrete. This tension is
related to the ability of the inclined cracks to transfer shear through aggregate interlock.
The MCFT forms the basis of the Canadian shear provisions (CSA A.23.3-04, Clause
11.3) for B- regions with and without web teinforcement.

2.2.2 Models for D-regions

2.2.21 General

L "
a) Strut-and-tie models (adapted from Schlaich, b) Stress field-models (adapted from Muttoni,
Schifer, and Jennewein, 1987) Schwartz, and Thiirlimann, 1996)

Figure 2.14 Models for strength of D- regions
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Figure 2.14a) illustrates the most commonly-used approach for modeling of D-regions at
ultimate limit state. The so-called strut-and-tie models can be viewed as a generalized
vetsion of the classical truss models of Ritter and Morch (Schlaich, Schifer, and
Jennewein, 1987, see also Reineck, 2002). The struts represent relatively smooth
compression fields in the conctete, the ties model the tensile reinforcement, while nodal
regions account for the zones with turbulent states of stresses where the struts and the
ties meet. The orientation of the strut-and-tic model can vary but should not deviate
drastically from the principal-stress trajectories obtained by linear elastic analysis. Load
paths which do not comply with this principle can require significant redistribution of
internal forces accompanied by opening of wide cracks and high ductility demands.
Similatly to a real truss, a D-region is expected to fail when the capacity of a tie, a strut, or
a node region is exhausted. Exceptions are statically indeterminate strut-and-tie models
since they can tolerate yielding of mote than one tie. As stated by Rogowsky and
MacGregor (1986b), “An appropriate truss model is one which correctly identifies the
reinforcement which is at yield at failure of the beam and discounts the remaining
reinforcement”. While it is clear that the strength of the ties equals the cross-sectional
area of the reinforcement times the yield stress of the steel, consensus is still lacking on
how to calculate the geometry of struts and nodes and how to define the stress limits for
them. As far as the geometry is concerned, there exist two principally different
approaches for 2D models. The first approach uses node tegions in which the two
principle stresses are equal to the nodal stress limit. These regions are called “hydrostatic”
even though the out-of-plane stress is implicitly zero. The size of the nodes and the struts
is increased until a geometrical limit, such as support width for example, is reached. The
second approach uses non-hydrostatic node regions with fixed dimensions which depend
on the width of the supporting and loading elements, on the detailing of the
reinforcement, and on other geometrical features of the member. The load on the model
is increased until a stress limit is reached. A third possibility is to use combination of the
above two approaches.

The stress limits for struts and node regions are usually expressed as:
- Struts:

v,ff[’ ’ (21)
- Node regions:

v, 1., (22

where Uy — strut efficiency factor, U, — nodal efficiency factor, and /7 is the comptressive
strength of the concrete. Different researchers have suggested numerous expressions for
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the efficiency factors involving quantities such as concrete strength, slenderness ratios,
reinforcement ratios, etc. Comptehensive summary and evaluation of these expressions
can be found, for example, in a publication by Foster and Malik (2002). In addition to the
efficiency factors, design codes apply strength reduction factors to provide appropriate
safety margin. The solutions adopted in the CSA, ACI, and EC2 codes are discussed in
the following two subsections.

Figure 2.14b) shows examples of D-regions modeled with stress fields. This approach is
based on the lower-bound theorem of the Theoty of Plasticity which states that “A load
system, based on a statically admissible stress field which nowhere violates the yield
condition is a lower bound of the collapse load” (Muttoni, Schwartz, Thiitlimann, 1996).
The yield condition for concrete is expressed in terms of effective strength £, which takes
into account that concrete is not rigid-plastic material. The strut-and-tie models are often
categorized as simple stress-field models and equations (2.1) and (2.2) are seen as
simplified yield conditions.

In addition to the lower-bound approaches shown in Figure 2.13c) and Figure 2.14b), the
Theory of Plasticity offers upper-bound solutions (failure-mechanism models) for both
B- and D- regions (see for example Nielsen, 1999).

2.2.2.2  Canadian Code (CSA A.23.3-04, Clause 11.4)

The CSA code was the first to include strut-and-tie models for design of disturbed
regions (CSA 1984, Collins and Mitchell, 1986). The code provisions will be
demonstrated through the symmetric simply supported deep beam shown in Figure 2.15.
It is assumed that the characteristics of the beam (geometry, reinforcement, and material
properties) are known and its load-bearing capacity needs to be assessed. For this reason
the strength reduction factors ate given a value of unity.

If the beam has no web reinforcement, the flow of intetnal forces can be represented by
an arch which consists of one hotizontal and two diagonal struts tied by a bottom tie (see
the left shear span in Figure 2.15). The diagonal struts and the tie meet at bottom node
regions defined by the width of the suppott plate /2 and by the conctrete “covet” of the
tie 4./2=h-d. Patameters x and y, on the other hand, determine the geometry of the top
node regions. If y is known, x can be selected such that the top nodes are under
hydrostatic pressure. This condition requites the diagonal strut to be perpendicular to the
hypotenuse of the node region, and can be expressed as:
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_ _(‘Z[/ +/5 /2)"'\/(“[/ +/ /2) +4y(d - ) (2.3)
2

Values of x smaller than /,/2 may seem unrealistic if we assume that the loading plate
applies uniform pressure on the top surface of the beam. A reduced node width leads to
steeper diagonal struts and, as it will be shown later, to higher strength predictions. This
solution can be justified if we recall that the strut-and-tie models are generally expected to
give a lower bound to the true strength.

Beam w/o stirrups = Beam w stirrups
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Figure 2.15 Strut-and-tie model of deep beams using the CSA code
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When x is known, y can be calculated from:

d=AJd* —4x(a, +1,, ] 2+ x)
J= > :

2.4)

The CSA code limits the stresses in node regions bounded by struts and bearing areas
(compression — compression — compression nodes or CCC nodes) to 0.85f". The load-
bearing capacity of the beam can be therefore written as:

F, =21, =2x0.85f"(2x,0)<2x0.85/."(/,b). (2.5)

The critical width of the top node tegions 2x; is obtained by gradually increasing x until
one the following code limits is reached: 1) horizontal compressive stress of 0.75£”in the
bottom node zones; 2) vertical compressive stress of 0.75/’in the bottom node zones; 3)
stress of f in the bottom ends of the diagonal struts; or 4) tension force of .4 in the tie
(see Figure 2.15). Note that the load magnitude as well as the geometry and the statics of
the strut-and-tie model are uniquely defined for a given value of x. The stress limit of
0.75/ applies to nodes anchoting a tie in only one direction (compression — compression
— tension nodes or CCT nodes). If the ties are in more than one direction (CTT and TTT
nodes), the limit decreases to 0.05f". These efficiency factors account for long term action
of the loads as well as for disruption of the node regions related to incompatibility
between the tensile strains in the ties and the compressive strains in the struts.

The horizontal compressive stress in the bottom node zones reaches value of 0.75/," when
_y reaches value of y; expressed as:

0.75
2x0.85

y=y,= h, =0.441}, (2.0)

while vertical stress of same magnitude leads to:

0.75
x=x,=———/,=0441/,,. 2.7
2%0.85
The stress f» causing strut crushing near the bottom node regions decreases with
increasing tensile strain & perpendicular to the direction of the strut:

VA .
= <0851 2.8
S 0.8 +170¢, S @9

This relation reflects the so-called compression softening effect from the Modified
Compression Field Theory (Vecchio and Collins, 1986). The principle tensile strain &
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arises from compatibility between the strain in the reinforcement & and the strain in the
surrounding concrete at the vicinity of the support plates. Assuming that the principle
compressive strain in the concrete at crushing of the strut equals 0.002, & is expressed as:

g, =& +(£ +0.002)cot’ 8.. (2.9)

The strain & can be obtained from the tie tension force T by neglecting the stiffening
effect of the concrete between the cracks. Figure 2.16 shows how the strength of the
strut foux=fs vaties with the angle =6 for £=0.002. The smaller the angle 8, the larger
the strain &, and the smaller the strength f,. The limit case of =0 corresponds to
overlapping of the strut and the tie which violates compatibility and logically results in
zero crushing strength.

famax

T éfg

Tomay = 085 P fc

0.2

65 assumed to be 0.002

0 . L \ "
0° 15° 30° 45° 60° 75° 90°

Og

Figure 2.16 Crushing strength of compressive strut versus orientation of tension tie passing though
strut (Collins and Mitchell, 1986)

The width of the top node regions which corresponds to diagonal strut crushing can be
calculated from:

_ f,w,sin 6.

© 20085/

X=X,

2.10)

This equation needs to be solved iteratively since £, w, and €, all depend on x;.

Yielding of the bottom reinforcement corresponds to:
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A7

~ 20085 FOb @10

Jy=7,

Finally, the load-bearing capacity of the beam without web reinforcement is calculated
from (2.5) using x,=min(x;, x, x4 x;). The values of x; and x; are obtained from (2.3) by
substituting y=j; and y=y,, respectively. If F,=2X0.85/,(/1b), the beam is expected to fail
with crushing of the top node regions. Usually, the limit on the stress in the strut controls
the strength prediction. Crushing of the bottom nodal regions may govern if one of the
ratios wy/ /b2 ot wy/ b, is unusually large.

If the beam has transverse reinforcement, the flow of internal forces can be represented
by the truss depicted in the right shear span in Figure 2.15. The vertical ties model
stirrups which are effective in resisting shear and yield prior to failure. It is assumed that
the forces F, catried by those ties equal p, au b f,/2, where p, is the percentage of
transverse reinforcement. Note that the strut-and-tie model in Figure 2.15 differs from
the commonly used model shown in Figure 1.7. The model used here has two main
advantages. First, it gives a better understanding of how the beam carries the load since
the top two inclined struts represent the line of thrust in the concrete above the diagonal
cracks. In this way it becomes clear, for example, that the transverse reinforcement can be
effective even if it does not extend all the way to the top of the beam. Second, the
solution with one diagonal strut at the supports makes the stress checks in these zones
straightforward.

Similatly to the case of beam without web reinforcement, x is gradually increased until
one of the four code limits is reached. Expression (2.6), which comes from limit on the
horizontal nodal stress, needs to be modified to:

¥

_0.75f,"h,b—F, cot@,
2x0.85f."'b '

(2.12)

In addition to the stress limits, the CSA code requires orthogonal web reinforcement with
a ratio not smaller than 0.2% in each direction. This reinforcement is aimed to control the
cracks and improve the ductility. Exceptions are non-slender slabs and footings which
can be designed without this “crack control” reinforcement.

It is important to note that the CSA code does not limit the applicability of the two
models discussed above. The designer is allowed to use the maximum of the load-bearing
capacities obtained from a strut-and-tie-model (intended for D-regions) and from a
sectional model (developed for B-regions). The strength of a beam without web
reinforcement, calculated from a strut-and-tie model, decreases quickly with increasing
sheat-span-to-effective-depth (a/d) ratio because of two reasons. First, the larger the a/d
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ratio is, the flatter the diagonal struts (see Figure 2.15), and hence the smaller the vertical
component of the force they can resist. Second, the flatter the diagonals, the more
pronounced the compression softening effect (see Figure 2.16), and hence the smaller the
strength of the struts. As a result, the strength prediction for slender beams is naturally
governed by the sectional model.

2.2.2.3 American Code (ACI 318-08, Appendix A) and European Code (EN
1992-1-1:2004, EC2 Section 6.5)

Similarly to the CSA code, ACI and EC2 codes contain strut-and-tie provisions for the
design of disturbed regions. Table 2.1 summarizes the efficiency factors adopted in the
three codes as well as the strength reduction factors @. It should be noted that the values
recommended in EC2 can be adjusted by the national annexes of the countries which
apply the code.

Table 2.1 Limits on stresses in node regions and struts - ACI 318-08, EN 1992-1-1:2004 (EC2), CSA

A23.3-04
v—factors
Conditions
ACI EC2 CSA
CCC nodes 0.85 1x(1-£7/250) 0.85
Node
) CCT nodes 0.68 0.85(1-£/250) 0.75
regions
CTT and TTT nodes 0.51 0.75(1-£/250) 0.65
Prismatic struts 0.85 1"
Bottle-shaped struts with
- . 0.64
sufficient reinforcement
Struts Bottle-shaped struts with —— <085
insufficient reinforcement 0-51 0.60(1-7/250) 0.8 +170¢,
Struts in tension members 0.34
All other cases 0.51

Note: For the sake of simple comparison, the nominal strength £’used in ACI and CSA codes is
assumed to be equivalent to the characteristic strength £ in EC2

* EC2 specifies factor of 1 for struts “with transverse compressive or no transverse stress”.

@=0.75, 0.67, and 0.65 for ACI, EC2, and CSA code, respectively.

Accotding to the ACI code, bottle-shaped struts are susceptible to splitting caused by
tensile stresses perpendicular to the strut axis (see Figure 2.17). The splitting governs the
failure of plain-concrete struts and struts with small amounts of reinforcement. Surface
reinforcement placed to resist the splitting force restrains the width of the cracks and
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allows the strut to resist latger axial load. The amount of this reinforcement can be
obtained through the strut-and-tie model shown in Figure 2.17. For concrete with f'<41
MPa, the following simple critetion for sufficient reinforcement can be used:

A,
Zb—”sm o, 20.003, (2.13)
A

7

where A;; 1s the total area of surface reinforcement at spacing s; in the 7th layer of
reinforcement crossing the strut at an angle ¢ to the axis of the strut. It should be noted
that rigorous detivation of this condition requires sing; to be replaced by sin?¢%. The code
also specifies that deep beams should contain vertical and hotizontal web teinforcement
with ratios not smaller than 0.25% and 0.15%, respectively. The larger amount of vertical
reinforcement is justified with experimental studies showing its higher efficiency. The
relatively low 0s-factor of 0.34 for struts in tension members reflects the fact that these
struts need to transfer compression across cracks. An interesting experimental
vetification of the ACI efficiency factors can be found in a paper by Brown at al., 20006.

P
Bottle-shaped
strut.

L/—Nodalzone

‘Width used to compute A,
Figure 2.17 Splitting of bottle-shaped struts acc. to ACI 318-08

The expression for the U-factor in EC2 originates from extensive experimental program
catried out at the Technical University of Denmark in the late 1970s (Nielsen, 1999). The
specimens were T-beams with ordinaty or prestressed reinforcement and vertical stirrups.
Plasticity approach based on web crushing was used to fit the test results. In terms of
minimum web reinforcement for deep beams, EC2 requires 0.20% in each orthogonal
direction but not less than 300 mm?2/m.

EC2 provides an alternative to the strut-and-tie model for beams subjected to
concentrated load applied on the top face and located close to the support (¢s=2d). The
contribution of this load to the design sheat force is reduced by a factor of ay/24 20.25.
For elements without web reinforcement, the shear so obtained must be smaller than the
shear capacity of a slender member with the same cross section. For elements with web
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reinforcement, the stirrups located within the central 75% of the clear shear span should
be designed to resist the whole reduced shear. In any case, the shear force calculated
without reduction should be smaller than 0.55,dQVy’

As evident from Table 2.1, both the ACI and EC2 codes rely on Uy-factors which do not
depend on the strain in the ties and on the angle between the strut and the tie. The ACI
code recognizes that flat struts are weaker than steep struts by limiting the applicability of
the strut-and-tie model to cases with =259






3. EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

An experimental program involving ten tests of deep beams was conducted in the Mark
Huggins Structural Laboratory in the Department of Civil Engineering at the University
of Toronto. The main goal of the progtam was to provide insight into the effect of the
following parameters on the behaviour of deep beams: 1) slenderness (a/d ratio); 2)
transverse reinforcement (0, ratio); 3) loading history (monotonic vs. reversed cyclic); 4)
longitudinal reinforcement distribution (single bar vs. multiple bars); and 5) longitudinal
reinforcement anchorage (hooks vs. anchor heads).

Eight of the specimens were designed to systematically study the effect of the first three

patameters while the other two specimens were made to study the influence of the last
two variables. Table 3.1 summarizes the tests.

Table 3.1 Tests summary

Test a/d Py Loading Longitudinal Longitudinal
History Reinforcement | Reinforcement
Distribution Anchorage
SOM 0 Monotonic
SOC 155 — Cyclic .
S1IM 01% onotf)mc nchor
S1C Cydlic Multiple bars
LOM 0 Monotonic Heads
LOC{ 529 — Cyclic .
LIN 01% onotonic
L1C Cyclic
SB 1.59 0 Monotonic Single bar
MB Multiple bars Hooks

Note: All the specimens had depth #/=1200 mm

In the notation used for the first 8 specimen names S/L stands for short/long, 0/1 for
Pv=0%/0.1%, and M/C for monotonic/cyclic. For the last 2 tests SB is an abbreviation
for “single bat”” and MB stands for “multiple bars”.



40 Boyan Mihaylov

The specimens were intended to represent heavily loaded members from engineering
practice of, in other words, members working with high diagonal compression stresses in
the concrete. They were also designed to have close flexural and shear failure loads
assuming that the longitudinal bars were made of mild steel. Flexural yielding was then
suppressed by using high-strength steel.

The values of a/d ratio were chosen such that specimens SOM/C, SIM/C, SB, and MB
could be easily classified as deep beams while LOM/C and L1M/C ate in the zone of
transition from deep to slender beams, i.e. in the zone of moderately-deep beams (see 1.2
and 1.3). It was believed that tests within the transition zone could provide valuable
insight into the two mechanisms of shear transfer (beam action controlling the behaviour
of slender beams and strut-and-tie action controlling deep beams) and how they interact.

The low ratio of transverse reinforcement is aimed to be representative of traditional
construction practices. The values 0% and 0.1% wete chosen to examine if small amount
of stirrups would lead to a significant improvement of the behaviour of deep beams
especially under reversed cyclic loading,

The boundary conditions of the test specimens are shown in Figure 3.1 Both the loading
and the supports are direct. This simple scheme was chosen to make the diagonal strut
action clearly defined between the loading and support points and to study how effective
that action is under reversed cyclic loading,.

direct » 7
by 0 o X i

compression-only alternating
supports forces vy

v ; v self- \ steel

weight plates

I

3‘; e LTZ g ﬁ b
F a

a 1

a) Monotonic loading b) Reversed cyclic loading
Figure 3.1 Loading and support conditions

Specimens SB and MB have the same amount of longitudinal reinforcement but different
number of bars - one and fout, respectively. The single bat is anchored with anchor heads
while the four bats ate anchored with lap-spliced hooks. The solution with the single bar
and anchor heads represents an extreme case of reinforcement detailing of large
members. The SB and MB tests were expected to provide information on the effects of
bond conditions, concrete crushing/splitting around large anchor heads, and
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effectiveness of lap-splices in deep beams. Generally, multiple bats with small diameters
are more effective in engaging the sutrounding concrete than fewer bars with large
diameters. Splitting of the concrete cover along large bars leads to further bond
deterioration.

3.2 SPECIMENS

3.2.1 Dimensions and Reinforcement

All the specimens have the same cross section- 1200 mm deep and 400 mm wide (see
Figure 3.2 and Figute 3.3). This solution allowed construction of simple formwork which
could be used multiple times for elements with different lengths. Specimens SOM/C,
SIM/C, SB, and MB have overall lengths of 3900 mm and spans of 3400 mm while
specimens LOM/C and L1M/C- overall lengths of 5500 mm and spans of 5000 mm.

The longitudinal reinforcement of specimens SOM/C, SIM/C, LOM/C, and L1M/C is
symmetric (top and bottom) and consists of six US #8 deformed bars (A4,=3060 mm?2,
0=0.70 %) distributed in two layers of three bars with 50 mm concrete cover. Specimen
SB has just one #18 deformed bar (A4=2580 mm?2, p=0.60 %) which is the largest
reinforcing bar according to the ASTM standard (see Figure 3.4). Specimen MB has four
bars - 1x25M and 3x30M (A4,=2600 mm?, p=0.61 %) arranged in one layer. The
anchorage of the #8 and #18 barts is provided by citcular anchor heads which wete
fabricated and friction-welded to the ends of the bars by the Headed Reinforcement
Corp., California, US. The 25M and 30M bars are anchored by lap-spliced hooks made of
25M bars. The length of the lap splice is insufficient according to the CSA code. This
solution was inspired by similar detailing in the 35 year old slab bridge in Laval, Quebec,
which failed in shear in September 2006. The distance from the axis of the longitudinal
reinforcement to the bottom face of beams SB and MB is 130 mm. It was determined by
the large heads of the #18 bar and was intentionally kept equal for the two specimens to
allow for direct comparisons.

The desired low ratio of transverse teinforcement (0,=0.10 %, p£=0.49 MPa) for
specimens SIM/C and L1M/C was achieved with #3 stirrups at 350 mm.
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Figure 3.2 Specimens SOM/C, SIM/C, LOM/C, and LIM/C- dimensions and reinforcement
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3.2.2 Construction

The specimens were cast two at a time in wooden forms in the Mark Huggins Structural
Laboratory. The concrete was supplied by a local-ready-mix supplier in a single truck and
consequently beams from the same cast had practically identical concrete properties. The
cast pairs SOM/C, SIM/C, L1M/C, LOM/C, and SB/MB were chosen to allow for clear
assessment of the effect of the loading history (the first four pairs) and the effect of the
distribution of the longitudinal reinforcement (the last pair). The specimens were kept
covered with wet butlap and polyethylene in the form for seven days after casting. Figure
3.5 shows pictutes from different stages of the construction process.

Figure 3.5 Construction process
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3.2.3 Materials

3.2.31 Conctrete

All ten specimens had the following target concrete properties: compressive strength of
30 MPa, maximum aggregate size 20 mm, and slump 75 mm. From past expetience it was
known that the local supplier provides concrete with strength of about 10 MPa higher
than the specified strength. For this reason it was decided to order concrete with a
specified 28 day compressive strength of 20 MPa.

Cylinder compressive tests wete petformed to obtain the development of compressive
strength with time and its value at the time of the beam tests (see Figure 3.6). Fifteen
cylinders with dimensions 152/305 mm (6”/12”) were prepated from each batch of
concrete. Three of them were used to find the standard concrete strength. They were
tested after twenty-eight days of curing under standard temperature and humidity. The
other twelve cylinders were cured similatly to the beams: in a curing room for seven days
and in the laboratory for the rest of the time. They were tested in sets of three at 7th; 14th,
and 28t days after casting, and at the time of the beam test. The full stress-strain
response was obtained only for the three cylinders tested simultaneously with the beams
(see Figure 3.6). A typical stress-strain curve is shown in Figure 3.7.

Figure 3.6 Cylinder compressive test — specimens SB and MB
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Figure 3.7 Concrete in compression — specimens SB and MB

The modulus of rupture was also obtained expetimentally by testing 152/152/533 mm
(6”/6”/21”) ptisms under four-point bending (see Figure 3.8). Three prisms were
prepared from each concrete batch and cured entirely in standard conditions. The tests
for all the batches wete performed within a day after all the beam tests had been
completed.

Figure 3.8 Modulus of rupture test — specimens SB and MB

The values of the cylinder compressive strength at testing days as well as the values of the
modulus of rupture are presented in Table 3.2. The full set of concrete test data can be
found in Appendix A.
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Table 3.2 Concrete tests results

Property SOM/C SiIM/C SB/MB LOM/C LiM/C
Standard cylinder strength

(28 days) (MPa) 31.4 28.6 20.2 26.1 32.5
Cylinder strength at day

of test (MPa) 34.2 33.0 30.5 29.1 37.8
Strain at maximum stress 1630 1630 1460 1470 1770
at day of test (U€)

Concrete age at day of 144 119 204 151 171
test (days)

Modulus of rupture (MPa) 43 3.9 3.6 3.7 3.7

Note: Each value in the table is obtained as an average of the results from three tests

3.2.3.2  Steel

The headed longitudinal reinforcement was provided by the Headed Reinforcement
Corp. together with mill certificate indicating yield stress 652 MPa and tensile strength
8602 MPa. The yield stress was used for design of the specimens. No additional tests were
petformed since no yielding of the bars was expected.

The 30M, 25M, and #3 bars were available in stock in the Mark Huggins Structural
Laboratory. No tests on the 25M and 30M bars were performed. Two samples of #3 bars
were tested in tension. They had practically identical stress-strain responses characterized
by a yield strain of 0.24%, a yield stress of 490 MPa, a yield plateau up to strain of about
2.5 %, a tensile strength of 600 MPa, a strain at maximum stress ~15 %, and a ultimate
strain ~22 %. One of the stress-strain curves is shown in Figure 3.9. This behaviour can
be described as quite ductile (ratio ultimate strain to yield strain of about 92) with
relatively small strain hardening (ratio tensile strength to yield stress of 1.22).
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Figure 3.9 Tensile coupon test - #3 bats
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3.3 TEST SETUP

The test setup for the cyclic tests (SOC, S1C, LOC, and L1C) is shown in Figure 3.10 and
Figure 3.11. The top load was applied by a Baldwin hydraulic machine controlled by oil
pressure. The load path is schematically shown in Figure 3.10 with grey arrows. The head
of the machine has a large spherical hinge allowing for free rotation of the top loading
plate and restraining its translation in the hotizontal plane. The bottom support plates
were seated on rollets to guarantee free elongation of the specimen. Plaster with thickness
of about 10 mm was cast between the steel plates and the beam to provide a uniform
distribution of the applied stresses. The rollers were installed on stiff steel supports which
in turn were bolted to a steel box girder consisting of two standard I-sections welded
together. The closed steel section was formed to resist torsion caused by eccentricities in
the system and to avoid differential displacements between the two I-sections. Local
buckling under the concentrated loads was prevented by a series of stiffeners. The girder
was simply supported on two steel pedestals sitting on the strong floot.

The bottom load was applied by four hydraulic jacks installed between the specimen and
the steel box girder. The load path is schematically shown in Figure 3.10 with black
arrows. The jacks restrained the translation of the bottom loading plate in the horizontal
plane and its rotation around the vertical axis. The concrete and the steel beams were
connected by “yokes” at the location of the specimen supports. The horizontal parts of
the yokes were made of standard steel box sections while their vertical parts were of high-
strength steel rods. The steel boxes and the rods were connected through spherical hinges
to allow for free elongation of the specimen. The four jacks, the concrete beam, the box
girder, and the yokes, form a self equilibrated system. Gaps form between the rollers and
the bottom support plates caused mainly by elongation of the rods, bending of the box
beams, and straining of the plaster.

An additional lateral support of the system was provided by two thin steel rods (4=16
mm) connected to the concrete beam and to “hoops” installed around the columns of the
Baldwin machine. The connection between the rods and the “hoop” was made to be
effective when the rods elongate and ineffective when the rods tend to shotten. In other
words, the rods were capable of transmitting tension only. A concern was the fact that
deflection of the specimen causes inclination of the rods and a vertical component of the
tension force in them. This component adds to the resistance of the concrete beam and
could lead to an overestimation of the strength of the specimens. Calculations showed
that the additional resistance is less than 1 % of the load-beating capacity of the beams
and can be neglected. No significant tendency for out-of-plane movement of the
specimens was observed during the tests.
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Figure 3.10 Test setup for cyclic tests — scale drawing
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Figure 3.11 Test setup for cyclic tests — general view

The test setup for monotonic tests SOM, S1M, LOM, and L1M was very similar to the one
shown in Figure 3.10 and Figure 3.11. The only difference was that the four jacks and the
vertical “hoops” were not installed because the bottom load was not needed.

Tests SB and MB wete performed with a quite different setup. Since they did not have
companion cyclic tests, there was no need to be tested on the steel box girdet. Therefore,
a simpler setup was used (see Figure 3.12). The beams wete loaded with the Baldwin
machine and wete supported on two rollers. The rollers were installed on stiff box



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load 51

sections which helped to distribute the forces more uniformly to the strong floor. No
additional lateral support was used because the out-of-plane movement of the specimen
was testrained by the loading head and by the rollers through friction at the interfaces.
Conctete splitting and lateral spalling was expected around the anchor heads of specimen
SB (Thompson at el., 2005 and 2006). In order to prevent falling of large concrete pieces,
the two ends of the beam were equipped with lateral steel pipes connected to vertical I-
sections which were in tern bolted to the supporting box sections (see Figure 3.12). A gap
of about 5 mm was left between the pipes and the sides of the specimen.

Figure 3.12 Test setup for specimen SB and MB

3.4 INSTRUMENTATION

Various quantities describing the local and global response of the test beams were
measured by means of different types of instrumentation. These quantities can be
arranged in four main groups: applied forces and support teactions, telative
displacements between points on the conctete sutface, strains on the surface of the
reinforcing bars, and crack widths.

The top applied force was measured by the embedded load cell in the head of the
Baldwin machine (see Figure 3.10). Load cells were also used to measure the reactions on
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the top supports under the action of the bottom load. They were installed on the four
rods connecting the concrete beam to the steel box girder (see Figure 3.10). The lengths
of the rods were adjusted before each test such that they all received approximately equal
tension. In this way the torsional effects on the specimen were minimized. As an
additional check a pressure gauge was installed on the bottom jacks to measure the oil
pressure in them.

Relative displacements between points on the concrete surface were measured on both
sides of the specimens. The longitudinal axis of the specimens was aligned east-west and
the south side was covered with a 300 mm by 300 mm grid of ““Ziirich” targets (see
Figure 3.13). Ziirich gauges were used to measure the length of the four sides and the two
diagonals of each squate of the grid at each stage of loading (see Section 3.5). The
geomettric compatibility between the six readings in a square (note that any of the
readings can be derived from the other five) was checked though a routine embedded in
the data acquisition software and in case of error the readings were repeated. The length
of the sides of the squates was chosen to be roughly equal to the expected distance
between the major cracks. In this way the strains calculated over a square of the grid
could be approximately interpreted as average concrete strains. The “Zirich” data was
also intended to provide information about the deformed shape of the specimens at
different load levels.

The north sides of the beams were instrumented with sixteen linear variable differential
transformer transducers (LVDT transducers or LVDTSs) shown schematically in Figure
3.14 together with their gauge lengths and notation. The LVDTSs provide continuous
readings of the change of distance between their ends. LVDTs BH and TH were used to
measure the average strains along the top and bottom reinforcement at the zone of
maximum bending moment. Their gauge length was selected to accommodate several
cracks. BV and TV were installed to measure the beam mid-span deflection as a vertical
distance between point C and a straight line connecting points A and B. The line AB was
defined by a steel box section hanging on thin steel wires connected in turn to L-shaped
steel mounts at A and B. BV and TV were connected to the box section and to the face
of the beam at point C. They were shifted 30 mm east to not interfere with the lateral
support (see Figure 3.10 and Figure 3.11). Two sets of three LVDTs (ES-TW-BE, ES-
TE-BW, ES-V and WS-TW-BE, WS-TE-BW, WS-V) were used to measure deformations
in the vicinity of the bottom supports whete significant “activity” was expected. And
finally, two sets of three LVDTs (EL-TW-BE, EL-TE-BW, EL-V and WL-TW-BE, WL-
TE-BW, WL-V) were installed to measure deformations at the middle of the shear spans
over the effective depth of the section. Each set of three LVDTSs represents a strain
rosette and provides sufficient data to calculate the average principal strains and principal
directions over the covered zone.
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The steel strains were measured by strain gauges with a length of 5 mm glued on the
surface of the bats (see Figure 3.15). The gauges on the longitudinal reinforcement wete
expected to provide information on how the tension varies along the span. They wete
installed on the sides of the bars to avoid deformations from bending due to dowel
action. The gauges on the transverse reinforcement were arranged to cover a large part of
the sheat span where significant conctete cracking and steel yielding was expected. Most
were glued on the south legs of the stirrups and a few on the north legs to check if there
was significant difference between the deformations on both sides of the beams.
Specimen MB had no strain gauges due to time constraints involving closing the
laboratory for major renovations.

The cracks wete marked and measured with a comparator gauge at each load stage (see
3.5). Finally, a series of high-resolution high-speed pictures were taken and the tests were
recorded on standard definition video.

3.5 LOADING HISTORY

A typical monotonic loading history (tests SOM, SIM, LOM, L1M, SB, and MB) is shown
in Figure 3.16a). The top load was applied in steps with the load being reduced by about
10% dutring a “load stage” to allow for safe Zurich readings, crack marking, crack
measurement, and taking pictures. The first load stage took place when significant
flexural cracking was obsetrved. The loading then proceeded with about constant load
increments. The load increment size was chosen such that the total number of load stages
per test was of the order of six. In many occasions, however, extra load stages were
performed right after a fast increase in deformations caused by cracking or crushing.
Each monotonic test was completed within a day.

A typical cyclic loading history (tests SOC, S1C, LOC, and L.1C) is shown in Figure 3.16b).
The planning of the cyclic tests was facilitated by the fact that each of them was
petformed right after its companion monotonic test. The reversal of the load including
the self-weight of the beam was assumed to take place under a bottom load of G/2 (G is
the weight of the beam) corresponding to zero mid-span moment and zero shear at the
middle of the sheat spans. In order to induce symmetric damage in the specimens, the
loading history was kept symmetric with respect to that load level. The first full unloading
was done when the cracking along the bottom reinforcement approached the support
zones and major shear cracks reached the top loading plate. The loading proceeded with
groups of three cycles with constant amplitudes. If there was a large increase in
deformations between the second and the third cycle in a group compared to the increase
between the first and the second cycle, a fourth cycle was performed. The amplitude
increment between the groups of cycles was kept approximately constant. The third
group had maximum load amplitude close to the monotonic capacity and was followed
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by monotonic loading up to failure. Unlike the other cyclic specimens, S1C was subjected
to four groups of cycles before being loaded to failure. The load stages at which readings
were taken differed from test to test to reflect the specifics of each specimen and to
comply with time constraints. The duration of the cyclic tests varied between three and
six days.

shear Failure
cracki
Failure king
G
Zurich readings 4 G /2
& crack widths
- axls of
= 9 4 % symmetry
& 21
< F
t
Fy
a) Monotonic loading b) Reversed cyclic loading

Figure 3.16 Loading histories

The described loading history was not meant to represent a particular type of real
excitation. The goal was rather to examine the behaviour of the specimens under quite
severe short-term fully reversed cyclic loading. A typical earthquake excitation differs
from the chosen loading history in three main respects. First, an earthquake action is
better represented in displacements. The displacement histories imposed on different
members, in different structures, under different earthquake excitations have much more
in common than the respective force histories. In this particular case the longitudinal
reinforcement was expected to remain elastic and so the proportionality between forces
and displacements was valid to a latge extent. Besides, the post peak behaviour was not
of primary interest because of the expected brittle shear failures. Second, a typical
earthquake record consists of dozens of cycles with increasing amplitude. The low
amplitude cycles have some contribution to the degradation of the load-bearing
mechanisms. They were omitted in the chosen loading history to allow for undisturbed
propagation of shear cracks before the first load reversal. These cracks were expected to
have less global roughness and thetefore less capacity to transfer shear. The number of
cycles was kept small to avoid fatigue-type action. Third, the duration of strong
carthquake does not exceed several minutes. The tests duration was much longer in order
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to collect valuable information about the deformed shape of the elements, the
propagation of cracks and their widths.

The exact loading histories for tests SOC, S1C, LOC, and LL1C are given in Appendix B.



4. TEST RESULTS AND DISCUSSION

4.1 DATA PROCESSING

4.1.1 General

The data acquisition system was launched shortly before the beginning of each test when
the element expetiences selfweight only and continued until a significant drop of
resistance was obsetved. The readings from the load cells, from LVDTs, and strain
gauges were set to close to zero just prior to the test. These small initial values were later
subtracted from the rest of the readings. In this way the results have meaning of
increment of forces, displacements, and strains with tespect to their values prior to
loading. Therefore, deformations caused by self-weight and shrinkage were not captured.

4.1.2 Data from load cells and pressure gauges

The readings from the load cell of the Baldwin machine (see Figure 3.10) wete directly
used to quantify the top load applied on the specimens. As one estimate of the magnitude
of the bottom load the measured oil pressure was multiplied by the total area of the
bottom jacks. This approach neglects the friction in the hydraulic jacks and therefore
overestimates the load when loading and underestimates it when unloading. The result
appears as unrealistically latge hysteretic loops on a force-displacement plot. A more
accurate estimate of the bottom load (Fr) was obtained by using the load cells installed
on the vertical rods (see Figure 3.10). The following formulas were derived by
considering vertical equilibrium of the specimens:

F, ~G-2R when F,, <G and 4.1)

roller
Fy =~G+F,, when Fy >G (4.2)

Where G is the weight of the specimen assuming a concrete weight of 24 kN/m3, R, is
the reaction force per rollet, and Ficis the total force in the four load cells. The weight of
specimens SOM/C, SIM/C, SB, and MB equals (3.9x1.2x0.4)x24=44.9 kN while that of
specimens LOM/C and L1M/C equals (5.5x1.2x0.4)x24=63.4 kN. Expressions (4.1) and
(4.2) would be exact if the yokes had no weight. R,z was not measured and therefore Fpr
was unknown when less than G.
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The shear at the middle of the shear span (see Figute 3.16) can be exptessed as:

V, =+ = 4.3

=ty (4.3)
F. G

Vy =~ +—. 4.4

=ty (4.4)

These equations show that to keep symmetry in terms of shear force, symmetry must be
kept between the top load Frr. and the total force Fr ¢ in the rods connecting the concrete
beam to the steel girder. This conclusion facilitated the testing because forces I and Firc
were measured directly. Equations (4.3) and (4.4) would be exact if the yokes and the
concrete beyond the suppotts had no weight. Equation (4.4) can be used only if the
contact between the specimen and the rollers has been overcome.

4.1.3 Zirich data

The Ziitich tatgets can be connected to form a “truss” consisting of horizontal, vertical,
and diagonal members (see Figure 3.13). The elongation/shortening of the “truss”
members is obtained by subtracting their measured initial lengths from the measured
lengths at the load stage of interest. The principle of virtual work was used to obtain the
displacements of each target in the horizontal and vertical directions and to draw the
deformed shape of the grid. Note that the “truss” shown in Figure 3.13 includes only one
diagonal in each square of the grid. Calculations with the other set of diagonals showed
that the choice of diagonal readings has little effect on the final results. Having the
displacements of the targets, the average linear strain between any two of them can be
calculated from simple geomettical relations.

In order to calculate the strain distribution over the grid, each of its triangles was treated
as a three-node finite element with two degrees of freedom at each node and lineatly
vatying displacements over the element’s area. The strains within each element are
constant and their values were obtained by imposing the displacements from the “truss”
analysis to the vertices of the finite elements. Compatibility equations were used to
calculate the principal strains and their directions.

The above procedure was developed by the author for the purpose of this investigation
and has been found to be a valuable tool for studying the deformations of the tested
beams.
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414 LVDT data

LVDTs TV and BV had very close readings which wete averaged to obtain the vertical
mid-span displacement of the beams. The rest of the LVDTs were used to calculate
average linear strains over their gauge lengths (see Figure 3.14). The average strains are
equal to the displacement readings from the LVDTSs divided by the gauge lengths. The
strains from the four sets of three LVDT's were further processed to obtain the average
principal strains and their directions by using compatibility equations.

4.1.5 Strain gauges

The readings from the strain gauges had units of We=(S#winx106) and no further
processing was needed.

4.1.6 Sign convention for loads and displacements

The top load and the downwards mid-span displacement are considered positive
throughout this thesis. Inversely, the bottom load and the upwards mid-span
displacement ate considered negative.
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4.2 TEST LOM

4.2.1 Global behaviour

The global behaviour of specimen LOM is demonstrated in Figure 4.1 and Figure 4.2.
Figure 4.1 contains the “top load vs. mid-span displacement” plot with indicated load
stages and important events. The four pages of Figure 4.2 show the crack patterns and
the crack widths at each load stage as well as the change of deformed shape between each
two consecutive load stages. The calculation of “incremental” deformed shapes is
suggested by the author as an appropriate approach for illustrating the progress of
deformations with increasing load. The last two plots in Figure 4.2 show the deformed
shape of the specimen at the last load stage and a photogtaph of the beam taken after the
test. The cracks depicted with thick lines are the cracks which formed during the load
increment in question. All the deformed shapes ate magnified to a mid-span displacement
equivalent to 200 mm while the displacement measured by the vertical LVDTs is
indicated at the bottom right corner of the plots as a fraction of the displacement at peak
load A4,. Thus only 6% of the total displacement was caused by the 350 kIN applied
between Load Stages 0 and 1, while 16% was caused by the 40 kN applied between Load
Stages 6 and 7.
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Figure 4.1 Load — displacement response - specimen LOM



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load

63

Load Stage 0
F=0 kN &

<,

Top bars
/72urich grid

East End

Bottom bars

I
Load Stage 1
F=350
.05
.10
: : j/.os KIO 10 \?.05 hos g.os
. |
777777777777 T T T T T T T T T T T T T TN T TN T TN T TN T TN TNT TN T T I
(i S— ST T AT AT AR T T TR N -
ad Cp“l- yyd 7 % 4 > \\ N N N NS \\
] 17" 1 L2 i - N N N N N N \
el AL ~ ey e AN RN A B NN
S / Vv v LI IR I N AN 1 | |
NN N A AT = o / > ~ T D NS N I NI N
= N L N AL N N NI SN N D
Y 7‘4 N
| / / A 7 N N N N N |
ARy an L AT - — /£ / ~ < TR NG TN TN Y
AT N B AN 1% |~ AL N N SN NSO N N| N
dA/A.=0.12 dF=150 kN
Load Stage 2
FZSOOI?%T
| : -

Figure 4.2 Cracks and deformed shapes - specimen LOM






ed Cyclic Load 65

nd Revers

tonic a

Behaviour of Large Non-Slender RC beams under Mono

Figure 4.2 — cont



66 Boyan Mihaylov

Load Stage 6 East End
F=740

dA/A.=0.16 dF=40 kN

Load Stage 7
F=780 k

Afte

¥

rcrfailurer

2 o

Figure 4.2 — cont



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load 67

The force-displacement plot remained almost linear up to load of about 300 kN when the
first flexural crack appeated at mid-span (see Figure 4.1 and Figure 4.2). The formation
and propagation of flexural cracks continued with increasing load over the first two to
three load steps. The deformed shape at this stage is characterized by a concentration of
curvature in the cracked zone of the beam.

The first flexure-sheat crack developed with a significant displacement increase at a load
of about 575 kN on the east side of the specimen. It propagated from the flexural-tension
side of the section at distance of about 4 from mid-span and penetrated the compression
zone under the loading plate. Flatter secondary cracks were observed near the bottom
reinforcement. A very similar crack occurred on the west side at a load of about 630 kN.
The incremental deformed shape at this stage is characterized by a concentration of shear
deformations along the diagonal cracks. Another pair of symmetrical cracks developed at
690 kN /720 kN on the east/west side, respectively. They run from near the inner edges
of the supports plates and joined the previous inclined cracks near the top of the section.
Secondaty cracks were observed again with some of them were aligned with the
longitudinal bars. Shott cracks indicating concrete crushing were noticed at Load Stage 7
near the loading plate. They developed just under its west edge and were approximately
parallel to the line connecting the west support and the loading point (see Figute 4.3a).
The specimen failed at a load of 801.1 kN and a displacement of 10.0 mm along the most
west diagonal crack with crushing at the compression zone near the loading plate (see
Figure 4.3b) followed by a fast drop of resistance. A wide splitting crack propagated from
the edge of the loading plate towards the west suppott above the critical shear crack.

1

sy
a) At Load Stage 7 b) After failure

Figure 4.3 Crushing of concrete near loading plate — specimen LOM

The flexure-shear cracks were wider than the flexural cracks throughout the test. They
were widest near the mid-depth of the section and reached 2-3 mm at Load Stage 7. No
longitudinal splitting cracks were observed on the bottom face of the beam. The concrete
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around the anchor heads and above the outer diagonal cracks remained uncracked as
well.

The observed behaviour of specimen LOM can be explained in the following way. Initially
the specimen behaves as a linear elastic body (see Figure 4.1). The maximum tensile
stresses develop at the bottom side of the mid-span section associated with the maximum
bending moment. The element cracks when the stresses exceed the tensile strength of the
concrete. Vertical cracks propagate towards the loading plate (see Load Stage 1 in Figure
4.2). A free-body diagram of the reinforcement over the shear span shows that it is
subjected to pulling force at mid-span and is free of force at the end. Consequently, its
equilibtium in the hotizontal direction is provided by the forces of interaction with the
sutrounding concrete (bond forces along the bar and/or ditect compression upon the
anchor heads) oriented predominantly towatds the suppotts. The increasing bond forces
cause formation of other vertical cracks at some distance from mid-span (see Load Stages
1 and 2 in Figure 4.2). The vertical displacement at this stage is caused mainly by
elongation of the bottom reinforcement in the cracked middle zone of the beam (see
Load Stages 0-1 and 1-2 in Figure 4.2).

The piece of concrete between any two major neighbouting cracks can be viewed as a
cantilever or “tooth” fixed at the top part of the section (see Load Stage 3 in Figure 4.2).
The bond force from the bottom reinforcement tends to bend the cantilever towards the
mid-span section. The bending is restrained by the roughness of the cracks on both sides
of the “tooth” (aggtegate interlock) and by the shear resistance of the bottom
reinforcement (dowel action). The stiffness of the aggregate interlock decreases with
increasing width of the cracks because the slip needed to activate contact between the
rough crack surfaces increases. The resistance of both actions decteases significantly
when flat secondaty cracks develop at the bottom part of the beam (see Load Stage 4 in
Figure 4.2). This results in increased bending of the tooth and the crack on its tension
side propagates towatds the loading point. When the tip of this crack reaches the vicinity
of the loading plate, the cantilever can be considered failed (see Load Stage 4 in Figure
4.2) and its resistance in terms of force acting on the bottom reinforcement drops
drastically. At this moment the beam could be visualized without the failed “tooth” since
it is almost free of stresses other than those associated with stabilization of the flexural-
compression zone. The obsetved sudden displacement increase can be now explained by
elongation of the “freed” longitudinal reinforcement and deformations of the conctete
near the loading point under the action of diagonal compression (see Load Stage 3-4 in
Figure 4.2).

Further load increase leads to failure of more cantilevers until the cracking reaches the
support plates (see Load Stages 5 and 7 in Figure 4.2). The cracks are flatter near the ends
of the beam partly because of the fanning compression from the support reactions (see
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4.3.2 for further discussion on this issue). The loss of cantilevering action results in
almost constant tension in the teinforcement along the shear span and thetrefore is
equivalent to loss of beam action. The member can be again visualized without its
cracked part. The load is now carried predominantly by arch action involving direct
diagonal compression between the loading and support points as well as tension in the
bottom reinforcement. The interaction between the reinforcement and the surrounding
conctete is concentrated at the support zones. The zone above the diagonal cracks at the
vicinity of the loading plate has become more slender and deformable and its crushing
causes the failure of the beam (see Figure 4.3 and Load Stage 7 in Figure 4.2). Other
potential failure mode involves concrete crushing above the diagonal cracks at the vicinity
of the support plates (see Figure 2.4).

For the sake of convenience, the zone above the diagonal cracks at the vicinity of the
loading plate will be called the critical loading zone.

4.2.2 Kinematic model

A simple kinematic model for non-slender beams without transverse reinforcement
similar to specimen LLOM is proposed (see Figure 4.4). The model attempts to describe the
deformed shape of the element prior to failure using just two input parameters (degrees
of freedom): 1) the average strain in the bottom longitudinal reinforcement over the shear
span, &, and 2) the shear deformation at the ctitical loading zone, A..

The bottom reinforcement is represented by a horizontal deformable tie. The strains
along the tie are assumed constant and equal to the first input parameter (degree of
freedom). The concrete “tecth” are modeled by diagonal struts connected to the tie and
joining together at the loading point. The hinges between the struts and the tie represent
the bond between the concrete and the longitudinal reinforcement. The struts are
assumed tigid in order to reflect the fact that the failed concrete cantilevers are almost
free of stresses/strains. The hinge between the struts at the loading point symbolizes the
flexible base of the “teeth”. The concrete above the diagonal cracks is represented by a
body which has rigid and deformable parts. The rigid part models the intact concrete
subjected to low stresses/strains while the deformable part accounts for the crushing of
concrete at the critical loading zone and consists of a vertical sliding mechanism. The slip
along the mechanism is equal to the second input parameter (degtee of freedom) of the
model. The sliding mechanism is oriented vertically because concrete crushing is
characterized by sliding along planes at angle of approximately 45° to the direction of
principal compression. Additionally, the top reinforcement is very stiff in the horizontal
direction and much softer as a dowel in the vertical direction.
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Figure 4.4 Kinematic model

The behaviour of the kinematic model can be more easily understood if the final
deformation is reached in two steps (see the last two drawings in Figure 4.4). First, the tie

lengthens while the sliding mechanism remains locked. At this stage the struts and the



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load 71

rigid body rotate around the loading point. The relative rotation between neighbouring
struts is associated with opening of the flat parts of the cracks near the mid-depth of the
section and slip along the steep parts of the cracks near the bottom of the beam. It can be
easily shown that both the opening and the slip increase when moving away from the
mid-span section. Second, the sliding mechanism slips and the rigid body translates
vertically causing additional opening and/or slip along the outer flexure-shear cracks. It
should be noted that the cracks shown in Figure 4.4 are based on the assumption of rigid
concrete “teeth”. In reality, the longitudinal reinforcement strains the surrounding
concrete and causes closely-spaced narrow cracks at the bottom part of the element.

Based on the above assumptions, the following expressions for horizontal (#) and vertical
(») displacements can be derived:

- Bottom chord

Uy =& (4.5)
52 )2
Uy =&, e =4, {;] 0<x<a (4.6)
Vhor = Vip x—a “4.7)
- Top chord
Uy =0 (4.8)
2, =0 x=0 (4.9)
V,@:€;¢X+A[:At§+ﬁ[ 0<x<a (410)

v

where 4, is the vertical mid-span displacement associated with elongation of the bottom
chord.

The above equations show that the deformed shape of the bottom chord is parabolic
while the top chord remains straight. If the mid-span displacement of the beam is known,
the slip in the sliding mechanism can be obtained from equation (4.10) by setting x=a and
I)]UP:A:
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2
E,a

A=A-"2 —A-4,. (4.11)

v

The kinematic model is now applied to the west shear span of specimen LOM at the last
stage of loading. Input parameters & and 4. can be calculated from the experimentally-
obtained deformed shape of the beam (see Load Stage 7 in Figure 4.2) by using the
following simple geometrical relations and equation (4.11):

_ 15 = 0.5y +1gy) _ 244 =0.5(=0.269 - 0.607)

.= =1130 pe
8.5%300 2550
A= Voy T Vg4 + 0.5(s9 +23y) = 0.5(n g5 + ”64)8 5% 300 =
2 3% 300
7149.61  0.5(0.010+0)—0.5(—0.269 - 0.607
=97 296 + ( ) 90()( )2550=

=9.66+1.25=10.9 mm

_0.00113%2550°
990

A4 =109-7.42=3.48 mm

A

1

=742 mm

where # and »; are the horizontal and vertical displacements of Zirich target 7 with
positive directions denoted in Figure 4.2. Note that A consists of two parts. The first part
is equivalent to the mid-span displacement measured by the vertical LVDTs, while the
second part comes from rotation of the middle section of the beam caused by
unsymmetrical deformations in the two sheat spans. According to Figure 4.1, the mid-
span displacement at Load Stage 7 was about 9 mm which is slightly smaller than the 9.66
mm calculated above. This difference can be attributed to the fact that the displacement
obtained from the deformed shape of the specimen is affected by etrors in as many as
156 Zitich readings.

Figure 4.5 shows comparison between the displacements calculated from equations (4.5)
to (4.10) and the corresponding experimental values. The horizontal displacements of the
kinematic model agree very well with the test data. The negligibly small values along the
top edge confirm that the sliding deformations near the loading point are oriented in a
vertical direction. The match in terms of vertical displacements along the top chord of
the beam seems reasonable as the theoretical and experimental results differ more
significantly near the loading point. The kinematic model assumes that the whole
deformation of the uncracked top part of the beam is concentrated between two Ziirich
targets while in reality it is spread over a longer area (see Load Stage 7 in Figure 4.2). The
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match in terms of vertical displacements along the bottom chotd is almost perfect over
the inner half of the shear span but is unsatisfactory near the supports. This shows that
the outer diagonal struts shorten significantly, engaged by the top part of the beam in its
vertical translation. The shortening is related to diagonal compression forces in the
cracked concrete and indicates the existence of a load-bearing mechanism supplementing
the discussed arch action.

3000 2000 1000 0 3000 2000 1000 0

X, mm
X, mm

a) Horizontal displacements b) Vertical displacements

Figure 4.5 Displacements — west side of specimen LOM, Load Stage 7

It is worthwhile to note that the kinematic model reflects the fact that plane sections in
deep beams do not remain plane. Figure 4.4 shows a distorted cross section with shape
very similar to the experimentally-obtained shapes (see Load Stage 7 in Figure 4.2).

Figure 4.4 also indicates that the model could be extended for application to longer
beams, ot to non-slender beams at early stages of loading when the flexure-sheat cracks
have not reached the support plates. This could be done by introducing the cracked
length along the bottom chord as a third input parameter.

4.2.3 Chotd strains

Figure 4.6 shows the flexural strains obtained form LVDTs BH and TH (see Figure 3.14).
The plot of load vs. average bottom strain resembles very much a plot of axial force vs.
average strain of a reinforced conctete element subjected to pure tension. It can be seen
that the first cracking took place at load of about 300 kN. Assuming that plane sections
remained plane and that the concrete and the steel behaved lineatly, the cracking flexural
stress at the bottom face of the beam equals 3.3 MPa which agrees well with the
experimentally-obtained modulus of rupture of 3.7 MPa (see 3.2.3.1). The straight line
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under the experimental curve is obtained by neglecting the tension stiffening effect and
assuming that the lever arm of the internal forces at the mid-span section is
approximately 0.954=998 mm. The plot of load vs. average top strain has the expected
shape up to a load of about 575 kN when the strain starts switching from compressive to
tensile. The negative strains ate not surprising since LVDT TH is located at the flexural
compression side of the section. The tensile strains, on the other hand, are caused by

diagonal cracks penetrating the compression zone under the loading plate (see Figure
4.2).
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Figure 4.6 Flexural strains — specimen LOM

Figure 4.7 shows the variation of the bottom-chord strains along the span of the
specimen. Plot a) shows the results from the strain gauges (see Figure 3.15). The gauges
measure local steel strains and their values depend to a large extent on the position of the
gauge with respect to cracks. The closer the gauge is to a crack, the higher the steel strain.
The variation of the strain profile with increasing load shows clearly how the load-bearing
mechanism transforms from beam action (triangular profile) towards arch action
(constant profile). The readings from the two most western gauges indicate that the
anchor heads wete not activated and that the anchorage of the reinforcement was
provided almost entitely by bond over a length of just 270 mm. The high effectiveness of
the bond could have partly resulted from the clamping stresses from the support reaction
which reached a magnitude of 6.7 MPa at failure. Plot b) shows the results from the
Zurich readings (see Figure 3.13) at the last load stage. These readings measure average
concrete strains over lengths of 300 mm and their values depend to a large extent on the
number of cracks located within the gauge length. The larger the number of cracks, the
higher the average strain. The horizontal line on the plot represents the average strain
over the west shear span. Its value was used eatlier as an input for the kinematic model.
Both plots in Figure 4.7 indicate that the maximum strains occurred at some distance
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from the inner edges of the support plates. An attempt to explain this observation is
made in Chapter 5.

The values of the bottom-chord strains in Figure 4.6a) and Figure 4.7 show that the
reinforcement was far from yielding. The maximum steel strain is close to 1800 WE which
is significantly less than the 3260 L€ yield strain.

West At Failure West —
2000
w 1500 —
= &
g
g 1000 |
)
500
-3000  -2000 -1000 0 1000 2000 3000 -3000  -2000 -1000 0 1000 2000 3000
Distance from midspan, mm Distance from midspan, mm
a) Steel strains b) Concrete strains at Load Stage 7

Figure 4.7 Bottom-chord strains — specimen LOM

Figure 4.8 has the same format as Figure 4.7 but shows the variation of the top-chord
strains. The readings from the strain gauges show that up to the third load stage the steel
strains were increasingly compressive with approximately a triangular profile over the
span. Gauge 5T seemed damaged since it measured very high strain at a load of 50 kN
compated to the strain increments cortesponding to the following load steps of 50 kN.
After Load Stage 3 the gauges located away from the mid-span section measured
decreasing compression and even tension in the top reinforcement. This behaviour is
consistent with transition from beam action to arch action. The beam mechanism is
associated with bending and the top strains follow the shape of the moment diagram. The
arch mechanism, on the other hand, is charactetized by direct diagonal compression
which is accompanied by tension along the vertical and horizontal sides of the uncracked
“triangular” blocks of the beam. The Ztich readings agree relatively well with the strain-
gauge readings since the compatibility between concrete and steel strains is valid in the
absence of cracks. An exception is the mid-span location where the Ziirich gauges
detected diagonal cracks penetrating in the compression zone. The compressive strains
were telatively small (<400 L) since the axis of the top chord is located at 150 mm below
the top edge of the specimen where crushing took place (see Figure 4.3).
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Figure 4.8 Top-chord strains — specimen LOM

4.2.4 Web strains

Figure 4.9 shows the results from the two sets of three LVDTs located at the middle of
the shear spans and coveting the chotrd-to-chord depth (effective shear depth) of the
beam (see Figure 3.14). The top two plots illustrate the relation between the top load and
the strains along the measuring devices. The strains measured prior to diagonal cracking
are consistent with linear elastic behaviour: the 135° diagonals lengthen, the 45¢ diagonals
shorten, and the verticals remain almost undeformed. On the other hand, the strains
measured after the development of cracks along the entire bottom chord of the beam can
be explained by the kinematic model (see 4.2.2). The top ends of the LVDTs are located
on the rigid part of the model while the bottom ends - on the tie. The following
expressions can be then derived:

v,,(a/2=d, [2)=v, (a/2+d, [2)+u,, (a/2+d, /2
.l )= )+, ) a2

v

2)— 2
£y, =22/ )d el 4.13)

v

vpa/2+d,[2)=v,,(a/2—d,[/2)=u,(a/2—d,/2)
€35 = od >

v

(4.14)

whete #, Vs, and vy are given by (4.5) - (4.10). The above equations will be now applied
to the west shear span of specimen LLOM at the last stage of loading. As shown in
subsection 4.2.2, the input parameters & (average strain in the bottom longitudinal
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reinforcement over the shear span) and 4, (shear deformation at the critical loading zone)
have values of 1130 ue and 10.9 mm, respectively, while 4, (mid-span displacement
coming from elongation of the bottom chord) equals 7.42 mm.

Consideting equations (4.1), (4.2), and (4.6):

#,,, =0.00113x , mm

2
v, =7.42><(L) =1.141x10"° x>, mm
/ 2550

42
b =LA 48 = 0.00291x +3.48 , mm
990

By substituting the above expressions into equations (4.12), (4.13), and (4.14):

_0.00291x780 + 3.48 — 1.141x107° x1770% + 0.00113%x 1770

£ =0.0021=2100 pe
o 2%990 H
00291x 1275+ 3.48 —1.141x 107 x 12752
a0=0009 754348 41x10 E =0.00538 = 5380 ue
990

0.00291x1770 4 3.48 —1.141x107° x 780% — 0.00113x 780
135 — =
2%990

=0.00356 = 3560 ue

The results from the above calculations are shown in the last column of Table 4.1
together with the corresponding strains measured by the LVDTSs. The table contains also
results for the east shear span of specimen LLOM at load stages 5, 6, and 7. The last three
rows show the experiment-to-prediction ratios for the four considered cases. It can be
seen that the agreement along the verticals and along the 1350 diagonals is reasonably
good. The kinematic model overestimates the tensile strain along the 45° diagonal

because, as discussed in 4.2.2, it neglects the compressive strains along the flat diagonal
struts.
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Figure 4.9 Strains in the web at mid shear span — specimen LOM
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Table 4.1 Web strains and kinematic model — specimen LOM

Quantity LS5 LS6 LS7 LS7

East East East West

side side side side

Input from Zirich €, (U 904 1004 992 1130
readings A, (mm) 7.14 8.16 8.43 10.9

A, (mm) 5.94 6.59 6.51 7.42

A, (mm) 1.20 1.57 1.92 3.48

Kinematic Model €45, (UE) 887 1106 1276 2100

g0, (E) | 2712 3253 3582 5380
€135, (U) | 2051 2398 2553 3560
€45, (LLE) 260 370 480 280
LVDT readings €90, (LLE) 2190 2500 2800 4520
€135, (UE) | 2050 2270 2460 3070

Ratio of LVDT | € ratios | 029 0.33 038 0.13
values to model €90 ratios 0.81 0.77 0.78 0.84
values €135 ratios | 1.00 0.95 0.96 0.86

The principal strains, the direction of principal compression, and the shear strains were
used to generate the bottom four plots in Figure 4.9. It can be immediately noticed that
the principal compressive strain on the west side of the beam reaches values as high as -
1600 pe indicating concrete crushing over the web at the middle of the shear span. This
result seems unrealistic considering the obsetved behaviour and failure mode (see 4.2.1).
The reason for the inconsistency is that the principal strains were obtained from the
measured diagonal and vertical strains through compatibility equations. The conditions
for strain compatibility ate based on the assumption that the hotizontal and the vertical
displacements of the points from a deforming body vary linearly in the two orthogonal
directions. In other words, a square from an undeformed body transforms into
parallelogram when deformations take place. This is graphically demonstrated in the
middle drawing of Figure 4.10 by using the measured strains at the last load stage
multiplied by a factor of 100. The strain along the 450 diagonal is relatively small and was
neglected for convenience. The transformation from square to parallelogram can be
subdivided into two stages. First, the two diagonals and the vertical are scaled to their
deformed lengths and “pinned” together at their midpoints. Second, the diagonals ate
rotated around the “pin” such that their ends and the end points of the vertical form a
parallelogram. The resulting shape shows that the vertical extension to &0=0.45 was
obtained at the expense of significant shortening in the horizontal direction and therefore
significant principal compressive strain. The last drawing in Figure 4.10 is aimed to
represent what really happened in the web of specimen LOM. The deformed diagonals
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and the vertical ate arranged such that the top and bottom hotizontal strains cortespond
approximately to the values obtained from the Zirich readings at the last load stage. The
resulting shape resembles the experimentally-obtained deformed shape of the beam (see
Load Stage 7 in Figure 4.2) and shows that the strains in all directions ate mostly tensile.
A comparison between the second and the third drawing in Figure 4.10 clearly shows that
the application of compatibility equations over the entite depth of a beam can lead to
misleading results.
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Figure 4.10 Linearly-varying versus real web displacements — west side of specimen LOM at Load
Stage 7

Figure 4.11 shows web strains between targets from the Ziirich grid. The top left drawing
confirms the conclusion that the diagonal compressive strains at the middle of the shear
span were relatively low. The bottom left drawing shows the strains along lines fanning
from the loading point. They are compressive and almost monotonically increasing from
zero at mid-span to about -600 W€ along the flattest diagonals. These values could be
considered as consisting of three components: a strain associated with opening of cracks,
a strain associated with slip on cracks, and a strain coming from deformations of the
concrete between the cracks. The strains along lines 41-58 and 42-59 indicate that the last
component contributed with compressive strain of the order of -200 L€, These results
demonstrate once again that the arch action is accompanied by a load - bearing
mechanism which relies on diagonal compression through the cracked part of the beam.
The plot on the right side of Figure 4.11 shows the variation of the average strain along
line 9-56 with increasing load. It can be seen that the strain switches from slightly tensile
to compressive at a load of about 600 kN. This is another way of spotting the transition
from beam action characterized by bending to atch action characterized by direct
diagonal compression.
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Figure 4.11 Diagonal web strains — specimen LOM at Load Stage 7

Figure 4.12a) shows the orientation of the principal compressive strains over the Ziirich
grid at the last load stage. The compression “flows” from the loading point towards the
supports in accordance with the arch action. Plots b), ¢), and d) in the same figure show
the distribution of the principal tensile strains, principal compressive strains, and shear
strains, respectively. The strain values over the cracked part of the beam should be looked
at with caution since they depend to a large extent on the cracks running through the
triangle in question. For example, the tensile strain within the top triangle on row 2
column 7 is 16913 pe. This value is extremely large if interpreted as an average strain of
cracked concrete and is caused by two wide cracks crossing the triangle. Another example
is the compressive strain within the bottom triangle on row 3 column 4. Its value is -1354
Ue which is slightly less than the strain at peak concrete stress. At the same time, as
shown earliet, the strain in the concrete between the cracks in this zone is -200 U€. This
discrepancy can be explained by slip on the cracks which appears as principal
compression in terms of average strains. The strain values over the intact part of the
beam are more meaningful. For example, the compressive strain within the top triangle
on row 1 column 7 is -532 Q€. This value is relatively high and consistent with the
observed crushing at the west edge of the loading plate.
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Figure 4.12 Local web strains — specimen LOM at Load Stage 7

Figure 4.13 shows the average strains measured over the verticals of the Ziirich grid. As
would be expected, the strains prior to diagonal cracking of the web were negligible. The
beam started expanding transversally between Load Stages 2 and 3 when the first “tooth”
failed on the east side of the loading point. The expansion continued with increasing load
and approached the inner edge of the west support plate between Load Stages 6 and 7.
The vertical strains under the loading plate and above the support plates remained
practically zero. The kinematic model (see 4.2.2 and Figure 4.4) can be used once again
for interpretation of the experimental results. The vertical strains can be exptessed as:
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whete vip, v, and A; are given by (4.5) - (4.10). The denominator of (4.15) is equal to the
vertical dimension of the “loop” plotted in Figure 4.5b). The above equation was used to
calculate the transverse strains in both shear spans of specimen LOM at the last stage of
loading. The result is shown in Figure 4.13 with a broken line.
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Figure 4.13 Transverse web strains — specimen LOM

4.2.5 Support zone strains

Figure 4.14 shows the results from the two sets of three LVDTSs located above the
supports and spanning from the bottom chord to the centroidal axis of the beam (see
Figure 3.14). The readings along the west 1350 diagonal are practically zeto up to load of
about 720 kN when sudden extension is detected. This strain “jump” is caused by a
diagonal crack which propagated from the inner edge of the support plate and crossed
the gauge length of the measuring device (see Load Stage 7 in Figure 4.2). The readings
along the east 1350 diagonal remained negligible throughout the test because the cracking
did not reach the east support plate. The 450 LVDTs atre approximately aligned with the
compression flow above the supports and measured very small negative strains at both
ends of the specimen. This result however can not be used to draw firm conclusion about
the compression demands on the concrete at those zones. The reason is that the
compression stresses decrease very quickly when moving away from the support plates
while the LVDTs measure average strain over relatively long gauge lengths. A similar
comment could be made about the results from the Ziirich readings at the same zones
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(see Figure 4.12¢). The strain history along the verticals is very similar to that along the
1359 diagonals.
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Figure 4.14 Support zone strains — specimen LOM

4.2.6 Shear strength

As mentioned eatlier, specimen LLOM failed under a top load of 801.1 kN. Hence, from
equation (4.3):

= 801.1 + 63.4
#,exp 2

=416.4 kN

This result will be compared with the prediction of the CSA shear provisions. According
to the procedure presented in 2.2.2.2, the strength prediction of the strut-and-tie model is
calculated from:

V, s = 0.85%29.1% 2, X400 /1000 = 19.79x, kN, mm
< 0.85%29.1x150 X400/ 1000 = 1484 kN

where 2x,=2Xmin(x;, x, x4 %) is the critical width of the top node regions (see Figure
2.13) with x5, x, x4 and x;, corresponding to limit on the hotizontal stress in the bottom
node regions, limit on the vertical stress in the bottom node regions, on the stress in the
strut near the suppotts, and on the stress in the tie, respectively. The values of x;, x;, and
x, are obtained from equations (2.3), (2.0), (2.7), and (2.11) as follows:

y, =0.441x210 = 92.6 mm
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—(2275+150/2)+\/(2275+150/ 2)” +4x92.6X(1095—92.6)
x, = =389 mm

2
x, = 0.441x150 = 66.2 mm

3060 652

J, = =100.8 mm
7 2%0.85%29.1%x400

—(2275+150/2)+ \/(2275+150/2)2 +4x100.8% (1095 —100.8)
X, = > =41.9 mm

The value of x; is calculated from equation (2.10) by using the following iterative
procedure:

1) Assume value of xy, say 30 mm.
2) Calculate 12

17 =19.79%30 =593.7 kN
2) Calculate y, from (2.4):

1095—\/10952 —4x30%(2275+150/ 2+ 30)
y, = =09.6 mm

2

3) Calculate T'and &:
T =0.85f,"%2 y,b =0.85%29.1x2x 69.6x400 /1000 = 1377.2 kN

oo T _ 1377200
* T E,A. 200000 3060

=225%x107°

4) Calculate 8:
cotd =T /1 =1377.2/593.7=2.32 — 6. =23.3"
5) Calculate & from (2.9):
g, =&, +(&, +0.002)cot” 6, = 0.00225 +(0.00225 +0.002) x 2.32* = 0.0251

6) Calculate £, from (2.8):

29.1

L, =—————————=>5.74<0.85%29.1= 247 MPa
0.8 +170x0.0251

7) Calculate w:
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w,=1,,sin@ +h cos@ =150xsin23.3" +210xcos23.3" = 252 mm
8) Calculate new value of xy using the right hand side of (2.10):

. 5.74%252%5in23.3"

X, = =11.6 mm
2%0.85%29.1

and return to step 2 with revised value of x,~=(30+11.6)/2=20.8 mm. The iteration
process continues until x; and x,; converge to a single value. Summary of the iterations is
presented in the table below.

Xd Vd \Y T € 0, € feu Wb Xd
(mm) | (mm) | (kN) (kN) (ue) (deg) (ue) | (MPa) | (mm) | (mm)

30 69.6 593.6 1377.9 2251 23.3 25157 5.73 252 11.6
20.8 47.0 411.2 930.3 1520 23.8 19535 7.06 253 14.6
17.7 39.7 349.9 785.1 1283 24.0 17807 7.60 253 15.8
16.8 37.5 331.5 741.9 1212 241 17303 7.78 253 16.2
16.5 36.9 326.3 729.7 1192 241 17160 7.83 253 16.3

As a result:

x,= min(38.9, 66.2, 41.9, 16.4) = 16.4 mm
and

V, s =19.79%16.4 = 324.6 kN < 1484 kN

u

Calculations analogous to those above and calculations based on the sectional model of
the CSA code were performed for a seties of cases obtained by varying the length of the
shear span of specimen LOM. The results are shown in Figure 4.15. The node-crushing
curve on the plot consists of constant and hyperbolic parts coming from the limits on the
vertical and horizontal stresses in the support node region, respectively. The hyperbolic
part of the cutve is proportional to the yielding curve because the limit on the hotizontal
nodal stress does not depend on the a/d ratio. It can be seen that the controlling failure
mode within the strut-and-tie model is strut crushing. The shear-strength curve is
represented by the maximum among the strut-crushing curve and the sectional-model
curve. Members within the coveted range of a/d ratios are predicted to fail in shear,
because the shear-strength curve has smaller ordinates than the flexural-yielding curve.

Finally, since specimen LOM is located on the left hand side of the intersection of the
bottom curves in Figure 4.15:
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1% V, sy = 324.6 kN

u, pred = un
and

V,.o/V,

#,exp u, pred

=416.4/324.6=1.28

The prediction of the CSA code implies that arch action would be activated ptior to
failure of specimen LOM. This conclusion agrees with the observed behaviour.
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Figure 4.15 Experimental Strength vs. CSA code prediction— specimen LOM
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4.3 SPECIMENS SOM/C, SIM/C,LOM/C, AND L1IM/C

4.3.1 Effect of transverse reinforcement — specimens L1IM and LOM

Figure 4.16 shows the “top load vs. mid-span displacement” cutves of specimens L1M
and LOM while Figure 4.17 compares the crack patterns and crack widths of the two
beams. The first and the last diagrams in Figure 4.17 show respectively specimens LOM
and L1M just prior to failure. The middle diagram illustrates the cracked state of beam
L1M under the failure load of beam LOM.
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Figure 4.16 Load — displacement response - specimens L1M and LOM

Specimens LIM and LLOM behaved almost identically up to first diagonal cracking (see
Figure 4.16) after which L1M was noticeably stiffer. The flexure-shear cracks in specimen
L1M appeared in a very similar order and with very similar shapes to those in LOM but
propagated more gradually towards the loading point (see Figure 4.17). Specimen L1M
developed its full crack pattern at a load of about 860 kN when a flat diagonal crack
propagated from neatr the west support plate. The following load increase resulted in a
gradual widening of the existing cracks until the beam failed at load of 1295.1 kN and a
displacement of 14.2 mm. The failure mode involved crushing at the compression zone
near the loading plate and was very similar to that of specimen LOM.
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Figure 4.17 Cracks — specimens L1IM and LOM

The obsetved behaviour of specimen L1M and its differences from that of specimen
LOM can be explained as follows. In the uncracked stage and in the phase of flexural
cracking the transverse reinforcement has no influence on the element behaviour because
it does not cross cracks and because its stiffness is significantly smaller than the stiffness
of the surrounding concrete. The stirrups become effective when a concrete cantilever (or
“tooth”) starts to fail (see Figure 4.17). The vertical cracks turn towards the loading plate
and flat secondary cracks develop in the bottom patt of the beam. Their propagation is
restrained by the stirrups and the “tooth” fails more gradually as compared to the “teeth”
of specimen LOM. The loss of cantilevering action is followed by the formation of a
truss-type load-bearing mechanism which involves diagonal compression in the cracked
concrete and tension in the transverse reinforcement. Its capacity is dictated by the yield
capacity of the stirrups. The truss action results in reduced tension in the longitudinal
reinforcement beyond the failed concrete cantilever and delays the following “teeth”
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failures (compare Load Stage 4 of specimen L1M and Load Stage 7 of LOM in Figure
4.17).

Further load inctease leads to failure of more cantilevers until the cracking reaches the
support plates (see Load Stage 7 of specimen L1M in Figure 4.17) and the truss action
gets fully activated. Figure 4.18 shows the arch action in specimen LOM and the truss
action in specimen L1M under the maximum measured top loads. The self weight of the
beams is neglected. The complete truss action consists of diagonal compression through
the cracked conctete, yield tension forces in the stirrups (2A4,/4,=2X70X490=68.6 kN),
arching compression in the uncracked top part of the beam, and varying tension along
the bottom reinforcement. The fanning compression crosses steep cracks and therefore
relies on aggregate interlock at the crack faces. The deformability of the truss mechanism
is less than that of the arch mechanism for three reasons. First, the tensile deformations
along the bottom chord ate not constant along the shear span but decrease away from the
mid-span section. Second, the critical loading zone is subjected to smaller compression
and deforms less for a given applied load. And third, the line of thrust in the uncracked
part of the beam is shifted upwards resulting in reduced tensile deformations along the
top edge. There are also three reasons for why the load-bearing capacity of the truss
mechanism is larger than that of the arch mechanism. First, the compression demands on
the support zones and on the critical loading zone are reduced. Figure 4.18 demonstrates
that the crushing of the critical loading zones of specimens LIM and LOM took place
under similar forces (1135.8 kN for L1M vs. 987.4 kN for LOM) but the applied load on
specimen L1M was significantly higher (1295.1 kN vs. 801.1 kN). The small difference
between the strut crushing forces could be associated with geometrical differences
between the two crushing zones and difference in the concrete strengths of the beams
(37.8 MPa for specimen LLIM vs. 29.1 MPa for LOM). Second, the compression softening
effect at the support zones is also reduced as a result of less tension in the longitudinal
reinforcement and a steeper slope of the compression flow (see 2.2.2.2). And third, the
stability of the uncracked top part of the beam is improved due to the shifted line of
thrust.

Specimen L1M has a low percentage of transverse reinforcement (0,=0.001<f/1,=0.004)
and the stirrups yielded almost simultaneously with the development of diagonal cracks.
This is one reason they were not able to alter significantly the crack pattern observed in
specimen LOM. The above analysis would be different if specimen L1M was heavily
reinforced in transverse direction. The specimens of Alcocer and Utibe (see 2.1.2), for
example, had stirrups with ratio of 0.53% which resulted in closely-spaced diagonal cracks
and relatively uniform distribution of damage over the shear span (see Figure 2.11).

It is important to note that the load-bearing capacity of specimens with transverse
reinforcement is less sensitive to the depth and the shape of the critical loading zone
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because its shear capacity constitutes just part of the shear capacity of the beam. The
balance of vertical forces at a section close to the loading plate of specimen L1M shows
that only 46.8% of the ultimate shear force was catried above the critical diagonal crack.
In the case of members with large amounts of stirrups the failure of the beam can be
triggered by crushing of the concrete under the critical crack (see Figure 2.4b).
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Figure 4.18 Distribution of internal forces — specimens LIM and LOM at failure

Figure 4.19 compares the flexural strains (BH and TH in Figure 3.14) of specimens L1M
and LOM. The match at the bottom of the section is almost perfect. As expected, the
transverse reinforcement had no effect on the flexural response. The difference between
the strains along the top chord is a consequence of the shape of the diagonal cracks
penetrating into the compression zone (see Figure 4.17). The cracks of specimen L1M
were flatter and penetrated less than those of specimen LOM.

Figure 4.20a) compares the strain disttibutions along the bottom reinforcement (gauges
1B to 9B in Figure 3.15) of specimens LIM and LOM. The two bottom curves
cotrespond to applied load of approximately 800 kIN. Their mid-span values are very
similar but the shapes differ significantly. The “parabolic” shape cotresponding to
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specimen L1IM is in good agreement with the truss action discussed above while the
almost constant profile of specimen LOM confirms the development of arch action. The
top curve represents the strain variation at the last load stage of specimen L1M. Its
maximum value is about 2550 W€ which is significantly less than the 3260 W€ yield strain
of the steel. Figure 4.20b) compates the strain distributions along the top teinforcement
(gauges 1T to 7T in Figure 3.15). The top edge of specimen LIM did not expetience
tensile strains because of the beneficial effect of the shifted line of thrust.
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Figure 4.19 Flexural strains — specimens L1IM and LOM
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Figure 4.20 Longitudinal reinforcement strains — specimens LIM and LOM

Figure 4.21a) shows the results from the strain gauges attached to the surface of the
stitrups (see Figure 3.15). Considering that the gauges were located at some distance from



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load 93

the cracks, it can be stated that the steel strains at the cracks reached the yield limit right
after cracking. Figure 4.21b) shows the average transverse strains of the west webs of
specimens L1M and LOM as measured by Zirich gauges. The strains at Load Stage 4 of
specimen L1M are significantly smaller than those at Load Stage 7 of LOM even though at
these load stages the two beams were subjected to approximately equal loads. The reason
for this difference is that the transverse teinforcement delays the development of the full
crack pattern. The great similarity between the strain profiles at failure can be explained
through the kinematic model (see 4.2.2). It was developed for elements without
transverse reinforcement and its application to beams with stirrups could be questioned
mainly because of two reasons. First, the assumption for constant strain along the
longitudinal reinforcement is not valid (see Figure 4.20a), and second, the assumption for
rigid diagonals is in contradiction with the compression in the cracked concrete (see
Figure 4.18). Specimen L1M is however very lightly reinforced in the transverse direction
and the violation of the two assumptions is considered small. Analysis of equation (4.15)
shows that the transverse strain is directly proportional to the mid-span displacement A4,
associated with elongation of the bottom chord and increases with the ratio 4/A4. The
strains along the longitudinal reinforcement of specimen LI1M ate latger than those of
LOM and thetrefore the same applies to the values of 4. The displacement A, associated
with deformations in the critical loading zone is expected to have a similar magnitude for
the two specimens since in both cases the concrete was on the verge of crushing there. In
conclusion, the transverse strains at failure of specimen L1M are almost equal to those of
LOM as a consequence of a larger displacement A;and a smaller A,/ 4, ratio. Calculations
for L1M were petformed with £=1830 ue and 4=13.6 mm resulting in 4,=12.0 mm and
A4,/A=0.13 vs. 4=7.4 mm and A,/ 4=0.47 for specimen LOM.
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Figure 4.21 Transverse strains — specimens LIM and LOM
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Similarly to specimen LOM (see 4.2.0), specimen L1M is used for comparison with the
predictions of the CSA shear provisions. The experimental value of the shear strength of
the beam is:

12951 63.4
=272 Do

e = =663.4 kKN
: 2

The prediction based on strut crushing (see 2.2.2.2) is obtained as follows:

1) Calculate F, and 6.

_0.001%x2275x400x 490
! 2x1000

(PR O L N—" U
a,/2+1, /2 2275/2+150/2

=223.0 kN

0, = tan

2) Calculate the difference between Trand T:
AT =T, =T =F, cot§, =223.0xcot42.1" = 247.0 kN
3) Assume value of x4 say 30 mm.

4) Calculate I from (2.5):
17 =0.85X37.8x2x30x400/1000 = 771.1 kN

5) Calculate ys from (2.4):

1095410957 —4x 30X (2275 + 150/ 2+ 30)
Ja = > =69.6 mm

6) Calculate T and &:
T =0.85f"%2y,b— AT =0.85x37.8X2x69.6x400/1000 — 247.0 = 1542 kN

T 1542000

= = =252%x107°
E, A,  200000% 3060

5

7) Calculate 6;
cotd =T /1 =1542/771.1=2.00 — 6, = 26.6"
8) Calculate & from (2.9):

g =€, + (e +0.002)cot? 8, = 0.00252 +(0.00252 +0.002)x 2.00 = 0.0206
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9) Calculate £, from (2.8):

~ 37.8
“ 7 0.8+170x0.0206

10) Calculate s

=8.78 < 0.85x37.8 =32.1 MPa

w,=1,,sin0 +h cosh, =150xsin26.6" +210x cos 26.6" = 255 mm
11) Calculate x; using the right hand side of (2.10):

. 8.78%255Xsin 26.6"

x,'= =15.6 mm
2%x0.85%37.8

and return to step 4 with revised value of x,/~(30+15.6)/2=22.8 mm. The iteration
process continues until x; and x; converge to a single value. Summary of the iterations is

presented in the table below.

Xd Vd \Y T € 0, € feu Wb xd
(mm) | (mm) (kN) (kN) (ue) (deg) (ue) (MPa) | (mm) | (mm)

30 69.6 593.6 | 1131.0 | 1848 27.7 | 15817 | 8.34 256 20.0

25.0 57.3 495.0 886.0 1448 29.2 | 12494 | 9.95 256 25.2

25.1 57.4 496.5 889.7 1454 29.2 | 12543 | 9.92 256 25.1

Additional calculations showed that strut crushing is the controlling failure mode within
the strut-and-tie model and that the sectional model of the CSA code predicts ultimate

shear of 606.9 kN. Finally:
Vipra = max (571.1, 606.9) = 606.9 kN
and

v

u, pred

Ve ! =663.4/606.9 =1.09
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4.3.2 Effect of beam slenderness - specimens SOM and LOM

Figure 4.22 shows the “top load vs. mid-span displacement” curves of specimens SOM
and LLOM while Figure 4.23 compares the crack patterns and the crack widths of the two
beams. The first and the third drawings in Figure 4.23 show specimens LOM and SOM
under approximately equal mid-span bending moments (752.3 kN.m and 766.2 kN.m,
respectively). The second and the fourth drawings illustrate the cracked state of the two
beams ptior to failure.
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Figure 4.22 Load — displacement response - specimens SOM and LOM

Specimen SOM behaved lineatly up to load of about 500 kN when the first flexural crack
occurred near the mid-span section (see Figure 4.22 and Figure 4.23). The subsequent
load increase caused the gradual formation of very flat cracks running from the bottom of
the beam towards the mid-span mid-depth zone. The cracked area reached the support
plates at a load of about 1100 kN when a wide diagonal crack developed on the east side
of the beam. It propagated almost instantancously from the support zone towards the
loading point and resulted in a significant reduction in stiffness. The following load stages
were characterized by minor extension of the existing cracks. Significant creep
deformations wete noticed while taking Ziirich readings at Load Stage 5. The element
failed along the wide diagonal crack with crushing near the loading plate under a load of
1419.5 kN and a mid-span displacement of 6.4 mm.
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Figure 4.23 Cracks — specimens SOM and LOM

Figure 4.24 compares the balance of forces at the crushing zones of specimens LLOM and
SOM at failure. The calculations are based on the simple model shown in the first drawing
of Figure 4.18. It can be seen that the larger strength of specimen SOM (709.8 kN /400.6
KN=1.77) is a result of steeper and larger diagonal compression force. The steepet slope
of the compression flow is simply a consequence of the shorter span of SOM. The larger
diagonal compression capacity can not be attributed to difference in the concrete
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strengths of the beams because specimen SOM had slightly weaker concrete than LOM
(34.2 MPa vs. 37.8 MPa). The real reason for this effect is that the critical loading zone of
SOM is deeper, less slendet, and mote tapered as evident from Figure 4.24.

East

Figure 4.24 Critical loading zones at failure— specimens SOM and LOM

Figure 4.25 is intended to demonstrate why and how the beam slenderness ratio changes
the crack pattern and affects the geometry of the critical loading zone. It shows two
extreme cases: a) a beam expetiencing mostly bending deformations; and b) a beam
experiencing no bending deformations. The pure bending case is achieved by very large
slenderness ratio, say «/d=10. The cracks are almost vertical and propagate
simultaneously above the mid-depth of the beam. The length of the cracked part of the
shear span is not affected by the presence of transverse reinforcement for a given mid-
span moment. The tension in the bottom reinforcement reduces linearly from its
maximum value at the mid-span section to zero at the support sections. The “no
bending” case is achieved by a very large depth of the section, say H=4=10d, over the
shear span. The cracks are flat and form one after another resembling “pecling” of
concrete pieces. The presence of transverse reinforcement delays the “peeling” and
reduces the length of the cracked part of the shear span for a given mid-span moment.
The tension in the reinforcement is almost constant over the cracked zone and quickly
dectreases to zero within the intact concrete.

Usually, beams have slenderness ratios between 0.5 and 6 and a constant depth along the
span. The two effects demonstrated in Figure 4.25 interact and produce complex crack
patterns. The smaller the slenderness ratio is, the smaller the bending deformations, the
mote dominant the “peeling” effect, the deeper the critical loading zone, the higher the
diagonal compression capacity. This conclusion is confirmed by the crack patterns of
specimens LOM and SOM shown in Figure 4.23. At Load Stage 3 both elements
experience equal bending moments at their mid-span sections but specimen LOM is
longer and bends more. As a result, its cracked zone is wider and the cracks deviate
“later” towards the loading point causing a more slender critical loading zone ptior to
failure (see Load Stage 5 of specimen SOM and Load Stage 7 of LOM in Figure 4.23). An
additional reason for the rather flat cracks of beam SOM is that it appeared to have
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weaker aggregate. Figure 4.26 shows the broken prisms from the modulus of rupture
tests performed for specimens SOM and LOM (see Figure 3.8). The crack sutrface in the
left picture seems to be smoother since most of the aggregates were cleaved. Smoother
cracks mean weaker aggregate interlock and eatly failure of the concrete “teeth”.
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Figure 4.25 Effect of beam slenderness on the crack pattern
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Figure 4.26 Crack roughness— specimens SOM and LOM

The smaller vulnerability of the critical loading zone of specimen SOM in comparison to
that of LOM can be also demonstrated through the kinematic model presented in 4.2.2. It
is applied to the failed east side of beam SOM at the last stage of loading. Calculations
were performed with §=1400 le and 4=6.2 mm resulting in 4=4.6 mm and 4, =1.6 mm
vs. 4=74 mm and A, =3.5 mm for specimen LOM (see 4.2.2). As discussed eatlier, the
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displacement 4, is a measute of the deformations in the critical loading zone of the
beams. As expected, specimen SOM had a less deformable critical zone in comparison to
that of LOM (1.6 mm / 3.5 mm = 0.43). This is also evident from Figure 4.27 which
shows the amplified (X30) deformed shapes of the two specimens at their last load stages.
The deformations of the crushing zone of specimen SOM are cleatly smaller than those of
LOM. The figure also demonstrates that the displacement 4, “engages” a shorter zone of
the bottom part of specimen SOM than it does in the case of LOM. This observation is
consistent with the crack patterns of the two beams (see Figure 4.23). The engaged
bottom zones are in reality the deformable zones with flat secondary cracks.

short

Figure 4.27 Deformed shapes — specimens SOM and LOM

Figure 4.28 compares the flexural response (BH and TH in Figure 3.14) of specimens
SOM and LOM in terms of mid-span bending moment vs. flexural strain. Since the two
beams have identical cross sections and very similar material properties, comparable
flexural responses can be expected. Figure 4.28a) shows the flexural strains along the
bottom chords of the beams. The two curves agree very well in terms of initial uncracked
response and bending moment at flexural cracking. The larger post-cracking strains of
specimen SOM indicate weaker tension stiffening effect in comparison to that of LOM.
The reason for this effect could be a difference in the number and in the width of the
cracks located within the gauge length of LVDT BH. Figure 4.28b) shows the flexural
strains along the top chords of the beams. The two cutves have a very similar overall
shape and agree almost perfectly prior to the first major diagonal cracking. It is interesting
to note that the curvature of the lines changes its sign even without the presence of
flexure-shear cracks penetrating into the compression zone. This effect can be attributed
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to the deep flexural cracks which propagated above the center line of the top chords (see
Figure 4.23).
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Figure 4.28 Flexural strains— specimens SOM and LOM

Figure 4.29a) shows the variation of the strains along the bottom reinforcement (gauges
1B to 9B in Figure 3.15) of specimens SOM and LOM. At Load Stage 3 both beams
experienced similar mid-span bending moments and expectedly the strain readings at the
middle section were almost identical. The strain curves confirm the conclusion that the
cracked zone of the shott beam is slightly shorter than that of the long one. At the last
load stages the strain profiles became flat which indicates that in both specimens arch
action was almost fully activated. The readings from SOM ate higher than those from
LOM because the short beam sustained higher bending moments. Strain gauge B8 of SOM
was located very close to the critical shear crack (see Figure 3.15 and Figure 4.23) and
read a maximum strain of 2500 € which is less than the yield strain of 3750 U€. Strain
gauge B9 of the same beam was attached to the bar just next to the anchor head and read
strain of only 250 L€ corresponding to stress of 50 MPa. Knowing that the head area is
ten times larger than the cross-sectional area of the bat, it can be concluded that the
contact compression stress acting on the face of the anchor head reached 5.6 MPa which
is significantly less than the concrete compression strength of 34.2 MPa.

Figure 4.29b) shows the variation of the strains along the top reinforcement (gauges 1T
to 7T in Figure 3.15) of specimens SOM and LOM. The difference between the readings at
the mid-span section can be attributed to difference in the relative location of the gauges
with respect to the deep flexural cracks. Strain gauge T6 of SOM read quite high strains
throughout the test which indicated that it had been damaged.



102 Boyan Mihaylov

200
0
E
£ 200
g
7
-400
——LOM
= S0M
-600
-3000 -2000 -1000 0 1000 2000 3000 -3000 -2000 -1000 0 1000 2000 3000
Distance from midspan, mm Distance from midspan, mm
a) Bottom reinforcement b) Top reinforcement

Figure 4.29 Longitudinal reinforcement strains — specimens SOM and LOM

Figure 4.30a) shows the vatiation of the transverse web strains along the failed shear
spans of specimens SOM and LOM ptior to failure. Also shown ate the predictions of the
kinematic model (see 4.2.2). The strains of the long beam are significantly larger than
those of the short one even though LLOM resisted a smaller load and had a smaller mid-
span bending moment than SOM did. This observation can be explained through the
kinematic model if (4.15) is written for the middle of the shear span (x/a=0.5):

1
g, =—I(4 +0254). (4.16)

v

The deformation 4. of the critical loading zone of specimen SOM is smaller than that of
LLOM as shown and justified eatlier. The displacement 4, of the short beam was shown to
be smaller as well. This can be justified by recalling that A4, is a result of the elongation of
the bottom chord of the beams and equals &.42/d,. Specimen SOM sustains higher mid-
span bending and therefore has a larger average chord strain & but its shear span  is
smaller than that of LOM.

Figure 4.30b) shows the top load plotted as a function of the transverse web strain at the
middle of the failed shear spans (WL-V and EL-V in Figure 3.14) of specimens SOM and
LOM. Also indicated ate the strain predictions of the kinematic model for the last load
stages of the tests. The plot demonstrates cleatly the significant creep deformations that
took place while the beams were last unloaded for Ziirich readings. The creep is a result
of the high compression stresses on both sides of the loading plates and affects the 4,
term of the kinematic model.
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Figure 4.30 can be used to analyze how the effect of transverse reinforcement changes
with dectreasing shear-span-to-effective-depth ratio. The smaller the a/d ratio is, the
smaller the transverse strains, the smaller the stresses in the stirrups, and therefore the
smaller their effect on the load-bearing capacity of the beam.
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Figure 4.30 Transverse web strains— specimens SOM and LOM

Figure 4.31 shows the support zone strains measured in a direction close to that of the
compression flow above the supports plates. Specimen SOM carried a larger load and
experienced higher negative strains. Their values however remained significantly smaller
than the concrete strain at peak stress.
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Figure 4.31 Support zone strains— specimens SOM and LOM
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4.3.3 Effect of loading history — specimens LOC and LOM

Figure 4.32 shows the full hysteretic response of specimen LOC in terms of top/bottom
load vs. mid-span displacement together with the load — displacement curve of the
companion monotonic test LOM. Figure 4.33 compares the crack patterns and crack
widths of the two beams at vatious load stages.
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Figure 4.32 Load — displacement response- specimens LOC and LOM

Specimen LOC was first monotonically loaded to a top load of 650 kN to allow for major
shear cracks to develop and extend towards the loading point (see Figure 4.32 and Figure
4.33). The load was then reversed to -715 kN and again brought to +650 kN in which
way a full load cycle was petformed The different magnitude of top and bottom loads
provided the same magnitude of shear at the middle of the shear spans. The zone of
cracked concrete was relatively symmetric with respect to the longitudinal axis of the
beam. The propagation of the top flexural cracks was stopped by the bottom diagonal
cracks developed during the initial monotonic loading. The top flexure-shear cracks
crossed the bottom diagonal cracks with a slight shift at the points of intersection. The
third push to -715 kN caused the development of a major diagonal crack on the east side
of the specimen. That was the reason an extra (fourth) cycle with an amplitude +650
kN/-750 kN was performed. No additional damage was however observed and the
loading proceeded with a group of three cycles with amplitudes of +725 kN/-790 kN.
The cracks caused by positive load were now on average wider and covered almost the
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entire bottom chord of the beam while those caused by negative load did not reach the
top support plates. The last group of three cycles had positive amplitude of 800 kN
which equaled the load-bearing capacity of the monotonically-tested specimen LOM.
Itrespective of the high load, the concrete around the loading and support plates seemed
intact and a progressive shift of hysteresis loops was not observed. The element was then
pushed monotonically to failure with one intermediate load stage at +870 kIN. The width
of the major diagonal crack on the west side of the loading point reached 4 mm.
Specimen LOC failed under a top load of +953.0 kN and displacement of 11.1 mm with
widening of the most west diagonal crack and crushing of the concrete near the top
loading plate. This failure mode resembles very much that of specimen LOM as
demonstrated by the photographs in Figure 4.34.

Generally, specimen LOC showed an insignificant increase of displacements under
consecutive cycles with a constant load amplitude. It was observed that the increase was
usually accompanied by a minor extension of existing cracks. The hysteresis loops were
natrow and the displacement under zero applied load remained relatively small
throughout the test. Residual deformations were obsetved mainly along the major
diagonal cracks.
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Figure 4.33 Cracks — specimens LOC and LOM
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Figure 4.34 Specimens LOM and LOC after failre

Figure 4.35 shows a bilinear tepresentation of the load-displacement response of
specimen LOC under cycles with constant load amplitude. The straight lines connect the
vertices of the hystetesis loops to the point of zero mid-span sheatr and zero total
displacement. The total displacement equals the displacement &; under the self-weight of
the beam before the application of the concentrated load plus the measured displacement
A after the beginning of the test. The bilinear idealization does not account for residual
deformations and is characterized by slopes 4, and 4, under positive and negative load,
respectively. As would be expected, the secant stiffness decreases with increasing
amplitude of the load cycles. It is interesting to note however that £, decreases faster than
£, resulting in a kink at the point of load reversal. The kink seems negligible during the
first group of cycles but becomes significant for the later groups. Ideally, if the beam was
petfectly symmetrical, the slopes £ and £, would have been equal. The symmetry of
specimen LOC is violated by the two pairs of 15M lifting hooks installed near its top ends
(see Figure 3.2 and Figure 4.33). They did not have a significant effect on the behavior of
the beam prior to the second group of cycles because the concrete around them was still
largely uncracked (see Load Stage 8 in Figure 4.33). The hooks got activated when
diagonal cracks crossed their legs (see Load Stages 16 and 22 in Figure 4.33). The
negative load was then resisted by a relatively stiff truss action similar to that in specimen
L1M while the positive load was carried by a relatively soft arch action as that in LOM
(see Figure 4.18). As discussed in 2.2.2.2, the transverse reinforcement (ot in this case the
hooks), can be effective even if they do not extend to the flexural compression chord of
the member. The hooks are also the reason for the observed delayed “pecling” cracks
between them and the top support plates.
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The bilinear idealization allows for another interesting comment to be made. The
displacement undetr gravity load increased from cycle to cycle because the beam was
getting progressively softer. The same is valid at load -G where the whole weight of the
beam is balanced at the middle of the span.

Figure 4.35 contains also an idealization of a typical hysteresis loop. At point « the beam
is subjected to peak top load. The cracks caused by positive load are widely open while
those caused by negative load are relatively well closed under the action of clamping
stresses. During the unloading from point « to point & the status of the closed cracks
remains essentially unchanged. The elasticity of the reinforcing bars and that of the
concrete narrows the opened cracks but does not close them completely. The residual
deformation at point & can be attributed to plastic deformations in the concrete at the
zones of high compression, permanent damage at the cracks, and irreversible slip
between the bars and the surrounding concrete. When the load reverses, the closed cracks
open quickly while the previously open cracks close gradually. The result of that is a
visible kink at point 4 and increasing tangent stiffness between points 4 and ¢. Section ¢-d
is governed mainly by elongation of the top reinforcement and has an almost constant
slope. The increasing negative load leads to increasing compressive stresses and
development of plastic deformations in the concrete around the loading and support
plates. The softening of the concrete at those zones together with minor extension of
cracks results in a slight softening in the global load-displacement response between
points 4 and e. The following unloading branch is initially steep and its slope decreases
gradually between points ¢ and /. This shape resembles the shape of the unloading curves
observed in tests of concrete cylinders subjected to cyclic compression. It is also
indicative of the presence of friction-type mechanisms such as aggregate intetlock along
the flexure-shear cracks as well as bond between the steel and the concrete. At point fthe
rough faces of the closing cracks start getting in firm contact and the slope of the
unloading branch increases until the load reverses again at point g The load cycle is
completed by loading back to peak top load. The displacement shift between points @ and
7 is a result of extension of cracks, cyclic degradation of the concrete in the zones with
high comptession, smoothening of the crack faces, and detetioration of the bond
between the reinforcement and the concrete.

It is interesting to note that the negative residual displacements are on average slightly
larger than the positive ones. It is also evident from Figure 4.35 that the bottom half of a
typical hysteresis loop is a little wider than the top half. An explanation for this can be
found by examining the crack pattern of specimen LOC (see Load Stages 22 and 23 in
Figure 4.33). The lifting hooks restrained the flat secondary cracks which resulted in more
effective aggregate interlock along the steep parts of the primary flexure-shear cracks and
more pronounced friction-type behaviour under negative load.
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Figure 4.35 Idealized hysteretic behaviour — specimen LOC

Figure 4.36 shows the positive and negative envelopes of the load-displacement response
of specimen LOC together with the envelope cutve of specimen LOM. As expected, the
three curves are initially almost coincident. The negative envelope deviates from the other
two curves in agreement with the discussed role of the lifting hooks. It is surprising
however that the cyclically-loaded beam was so much stronger than the monotonically-
tested specimen (801.1 kN for LOM vs. 953.0 kN for LOC). An explanation for this result
can be found by looking at the potential crushing zones of the two specimens. The
concrete around the support plates of specimens LOC was not significantly affected by
the cyclic load because it was not subjected to reversed forces. For example, the bottom
support zones experienced high diagonal compression under positive load but remained
almost free of stresses under negative load. The concrete around the loading plates of
specimen LOC was expected to be weaker than that of specimen LOM because it was
subjected to alternating horizontal tension and diagonal compression. However, the small
displacement shifts between hysteresis loops with the same load amplitude show that this
effect was negligible. The strength of the concrete is not the only parameter which
controls the failure of the ctitical loading zone. Other important factors ate the depth and
the shape of the zone as well as the global roughness of the critical diagonal crack. The
deeper the critical loading zone is, the larger its compression capacity. The rougher the
critical diagonal crack is, the larger the shear transferred through it and the smaller the
compression demand on the critical loading zone. Figure 4.37 demonstrates clearly that
the crushing zone of specimen LOC was deeper, less slender, and more tapered than that
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of specimen LOM. The photographs in Figure 4.34 show that the ctitical diagonal crack of
specimen LOC was rougher than that of LOM. It can be thetefore concluded that the
higher capacity of specimen LOC in comparison to that of LOM is a result of deeper
critical loading zone and rougher critical crack. It is important to note that neither the
depth of the critical loading zone nor the roughness of the critical crack was influenced
by the load reversals because the “positive” crack pattern of specimen LOC was
determined by the initial monotonic loading (see Load Stage 2 in Figure 4.33). The exact
path of the critical diagonal crack is rather a function of random factors such as local
variations of material properties and aggregate placement over the shear span.
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Figure 4.37 Critical loading zones at failure— specimens LOC and LOM
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Figure 4.36 and Figure 4.33 show also that the geometty of the critical loading zone
affected the behaviour of the beams only after the cracking had reached the bottom
support plates or, in other words, only after the arch action had been almost fully
activated. The arch action relies very much on the concrete above the diagonal cracks
and, therefore, the deformations of the ctitical loading zones contribute significantly to
the mid-span displacement of the beam.

Figure 4.38 compates the deformed shape of specimens LOM at the last load stage to
those of LOC at the end of the last group of load cycles. The three diagrams allow for
direct comparisons because they cortespond to similar load levels and have been equally
amplified. The deformations of the crushing zone of specimen LOC seem to be smaller
than those of LOM in agreement with the conclusions made in the previous paragraph. A
close examination of the second plot reveals slight kinks along the top and bottom
chords of the beam which are result of the impetfect contact along the “negative”
diagonal cracks (see also Load Stage 22 in Figure 4.32). These cracks could be a reason
for small reduction of the mid-span displacement. The magnitude of this reduction can
be estimated by subtracting the mid-span displacement from the maximum vertical
displacement measured along the tension chord of the beam. The result for Load Stage
22 is 0.5 mm which represents only 6% of the mid-span displacement. The last diagram
in Figure 4.38 demonstrates cleatly that the lifting hooks played an important role in the
load-bearing mechanisms tesisting negative loads. The sharp kinks near the hooks
together with the relatively narrow cracks at those zones (see Load Stage 23 in Figure
4.33) show that the two sets of four 15M bars did not yield.

Figure 4.39 shows the flexural response (BH and TH in Figure 3.14) of specimens LOC
and LOM together with an idealization of the first hysteresis loop from the cyclic test. The
bottom flexural strain is resolved into two components: 1) strain coming from vertical
cracks and deformations in the concrete between them, and 2) strain coming from
diagonal cracks. The behaviour associated with the first strain component can be
explained in the following way. The monotonic patt 0-a-b has the well-know shape
determined by linear material behaviour prior to cracking and gradual loss of tension in
the concrete afterwards. The unloading branch b-¢ is governed by shottening of the elastic
reinforcement. The residual deformation at point ¢ comes mainly from irreversible slip
between the reinforcing bars and the surrounding concrete. The loading in the opposite
direction causes clamping of the cracks and compressive strains in the concrete between
them. The unloading to point ¢ is characterized by closed cracks and partial recovery of
the concrete strains. The reloading e-f finishes with a larger strain than that at point & as a
consequence of a minor extension of the flexural cracks and cyclic bond degradation. The
second strain component remains zero up to point 4 when diagonal cracks caused by
negative load propagate into the bottom chord. Their widening results in increasing
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tensile strain between points 4 and 7 The diagonal cracks do not close well and the strain
after reloading remains larger than zero.
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Figure 4.40a) shows the variation of the strains along the bottom reinforcement (gauges
1B to 9B in Figure 3.15) of specimen LOC at load reversal. They were obtained as an
average of the strains at load —G and load 0 because, as discussed in 4.1.2, values of the
bottom load smaller than G were not measured. The shape of the curves resembles the
shape of the bending-moment diagram under a load of —~G/2, i.e. zero at mid-span and
parabolic in each of the shear spans. Figure 4.40b) shows the bottom-reinforcement
strains of specimens LOC and LOM at various load stages of positive load. The three sets
of curves corresponding to the three groups of load cycles show that the strain increase
caused by load repetitions becomes smaller with increasing load amplitude. In fact, the set
of cutves cotresponding to the third group of cycles appears almost as a single line. This
trend can be explained by the state of cracking (see Figure 4.33). The higher is the load
amplitude, the more developed the crack pattern, the smaller the crack extensions under
load repetitions.
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Figure 4.40 Bottom reinforcement strains — specimens LOC and LOM

The top two plots in Figure 4.41 show the web behaviour along the 1350 diagonals
located at the middle of the failed shear spans of specimens LOC and LOM. The strain
along the diagonals is controlled by the relative diagonal displacements at the flexure-
shear cracks caused by positive load (see Figure 4.33). The major contribution is the
width of the cracks since the 135° diagonals are almost perpendicular to them. At point «
the cracks ate widely open under the action of peak positive load. The unloading branch
a-b is governed by shortening of the elastic reinforcement and recovery of deformations
in the inelastic concrete on both sides of the top loading plate. The residual deformation
at point & comes mainly from plastic deformations at the loading zone and permanent
damage at the cracks. The loading in the opposite direction causes clamping of the cracks
but their misaligned and damaged faces do not allow for full contact to be reached. The
unloading to point 4 is characterized by decreasing clamping stresses and no change in
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the width of the cracks. The reloading d- finishes with a larger strain than that at point &
as a consequence of cyclic degradation of the concrete on both sides of the top loading
plate and smoothening of the faces of the diagonal cracks.

The bottom two plots in Figure 4.41 show the web behaviour along the verticals located
at the middle of the failed shear spans of specimens LOC and LOM. The strain along the
verticals is controlled by the relative vertical displacements at the two intersecting systems
of flexure-shear cracks (see Figure 4.33). If we assume that these displacements ate
proportional to the width of the cracks, the transverse strain can be obtained as a linear
combination of the strains measured along the 45" and 135 diagonals.

Comparison between the plots in Figure 4.39, Figure 4.40, and Figure 4.41 reveals that, in
relative terms, the web of specimen LOC was more prone to residual deformations and
cyclic degradation than its chords were.
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Figure 4.42 shows the support-zone behaviour along the verticals located at the bottom
half of specimens LOC and LOM. The strain along the verticals is controlled by the
relative vertical displacements at the flat “peeling” cracks which are in turn related to the
relative displacements at the middle of the major diagonal cracks (see Figure 4.33). If the
two displacements were proportional to each other, the actual hysteresis loops would be
well represented by the idealized loop drawn with a dashed line. In reality, the negative
load has almost no influence on the cracks near the bottom supports because it causes
direct diagonal compression between the bottom loading plate and the top supports. This
is reflected in the cotrect idealized loop drawn with a solid line.
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Figure 4.42 Support zone strains — specimens LOC and LOM

4.3.4 Load-displacement response and failure

Figure 4.43, Figure 4.44, Figure 4.45, and Figure 4.46 show the full load-displacement
response of specimens SOM/C, SIM/C, LOM/C, and L1M/C. The fitst two figures are
for the short specimens while the second two are for the long ones. Each plot compares
the monotonic and cyclic responses of beams with otherwise identical propetties.
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The four cyclically-tested specimens have very similar hysteretic behaviour characterized
by small energy dissipation (natrow hysteretic loops), small cyclic degradation (small
increase in displacements undetr consecutive cycles with constant load amplitude), small
residual displacements, and low ductility (fast drop of tresistance after peak load). A closer
look at the plots shows that the beams with stirrups have slightly wider loops and slightly
larger residual displacements than the beams without stirrups. The reason for this is the
yielding of the transverse reinforcement at the flexure-shear cracks. The plastic elongation
of the stirrups under peak load prevented effective clamping of the cracks upon
unloading. The plots also show that specimens S1C and L1C failed during the last group
of load cycles which is consistent with the relatively high displacement shift between the
first and the third cycles with maximum load amplitude.

More test data for specimens SOM/C, SIM/C, LOM/C, and L1IM/C is presented in
Appendix B.

Figure 4.47 shows the positive envelopes of the load-displacement response of specimens
SOM/C, SIM/C, LOM/C, and LIM/C. In the linear elastic range the curves are cleatly
grouped according to the beam slendetness and, expectedly, the short elements were
stiffer than the long ones. The agreement between the curves in each group continues in
the range of flexural cracking, because duting this phase the stirrups were not crossed by
cracks and expetienced very small strains. The divergence between the envelopes of
specimens with and without transverse teinforcement cortesponds to first flexure-shear
cracking. Beams with stirrups started the transition to a relatively stiff truss-type load-
bearing mechanism while those without stitrups — to a relatively soft arch action (see
4.3.1). The other visible branching corresponds to cracking near the support plates of the
specimens without transverse reinforcement. This is the stage at which the arch action
was almost fully activated and the response of the elements became very much dependent
on the properties of the zones subjected to high compression, namely the loading and
support zones (see 4.3.3). Particularly important were the critical loading zones because,
as evident from Figure 4.48, their crushing caused the failure of all the specimens. Figure
4.49 shows close-up photographs of the crushed zones of specimens SOM and SOC after
failure. It can be seen that the critical loading zone of the beam subjected to cyclic loading
was significantly deeper than that of the beam tested monotonically. As a consequence,
the load-bearing capacity of specimen SOC was 1.62 times larger than that of SOM. It is
important to note that this difference can not be related to the load reversals because the
“positive” crack pattern of specimen SOC was almost fully developed during the initial
monotonic part of the loading history. In contrast to the envelope curves of beams
without stirrups, the two pairs of curves cotresponding to specimens with transverse
reinforcement show an almost perfect match up to failure.
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Figure 4.47 Envelope cutves — specimens SOM/C, SIM/C, LOM/C, LIM/C

In conclusion, load reversals had a negligible effect on the response of the tested beams
since they did not cause significant cyclic degradation and did not alter the crack pattern
which would have developed undet positive monotonic load. The former is evident from
the full load-displacement curves (see Figure 4.43 - Figure 4.47) while the later is a direct
consequence of the choice of loading history (see 3.5).

The scatter in terms of the ultimate response of identical beams without stirrups
(compare curve SOM to SOC and curve LLOM to LOC in Figure 4.47) was mainly a result of
scatter in the depth of the critical loading zones. These zones ate bound by the critical
diagonal cracks whose exact path is a function of random factors such as variations of
material properties over the shear span. As evident from Figure 4.47, the scatter
decteased with increasing a/d ratio. This trend can be explained through the fact that the
importance of the arch mechanism, and therefore the importance of the depth of the
critical loading zone, decreases with increasing beam slenderness.
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Figure 4.48 — cont
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Identical beams with transverse reinforcement exhibited negligible scatter (compare curve
S1IM to S1C and curve L1IM to L1C in Figure 4.47) mainly because of two reasons. First,
the stirrups had some influence on the propagation of diagonal cracks and reduced the
scatter in terms of depth of the critical loading zones. And second, specimens SIM/C
and L1M/C developed truss-type load-bearing mechanism in which a significant part of
the shear was catried below the critical cracks. As a consequence, the global response of
the beams was less sensitive to variations in the depth of the crushing zones.

Very similar trends and magnitude of scatter were observed in the test results of
Leonhardt and Walther (1961), as well as in the tesults of Rogowsky, MacGregor, and
Ong (1986) (see Figure 2.2 and Figure 2.5).

4.3.5 Shear Strengths

Table 4.2 contains the experimentally-obtained shear strengths of specimens SOM/C,
SIM/C, LOM/C, and L1M/C together with the corresponding CSA code predictions (see
2.2.2.2). The ultimate shear force 17,y is calculated at the middle of the shear spans using
(4.3) while 17, is obtained by neglecting the effect of the distributed load from self
weight. The last column of Table 4.2 shows that the CSA code renders conservative
predictions for all the specimens but SOM which has an experiment-to-prediction ratio
slightly smaller than 1.
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Table 4.2 Experimental shear strength vs. CSA code prediction — specimens SOM/C, SIM/C,
LOM/C, and LIM/C

Specimen | a/d f' Friuexp | Vuexp | Vupred | Vaexp | Vupred | Vuexp

MPa) | (kN) (&N) | (kN) | f'bd f'bd | Viprea
SOM 1.55 34.2 1420 721 747 0.0481 | 0.0498 0.97
SO0C 1.55 34.2 2301 1162 747 0.0776 | 0.0498 1.56
S1M 1.55 33.0 1860 941 828 0.0651 | 0.0573 1.14
S1C 1.55 33.0 1864 943 828 0.0653 | 0.0573 1.14
LOM 2.29 29.1 801 416 324 0.0327 | 0.0254 1.28
L.0C 2.29 29.1 953 492 324 0.0386 | 0.0254 1.52
L1M 2.29 37.8 1295 663 607 0.0401 | 0.0367 1.09
L1C 2.29 37.8 1253 642 607 0.0388 | 0.0367 1.06
Average | 1.219

COV | 0.177

Figure 4.50 shows the variation of the normalized shear strength as a function of the
shear-span-to-effective-depth ratio. The CSA curves are generated for a concrete strength
of 30 MPa by varying the length of the shear span and setting the rest of the parameters
equal to those of the tested beams. The ordinates of the eight experimental points were
slightly adjusted in order to comply with the experiment-to-prediction ratios in Table 4.2.
If we assume that specimens SOM and SOC are well represented by an average strength
value (see the gray point in the plot), two distinct trends in the experimental data can be
pointed out. First, the shear strength decteases significantly with increasing shear-span-to-
effective-depth ratio, and second, the strength improvement caused by the transverse
reinforcement increases with increasing a/d ratio. As evident from the plot, the CSA code
captures well both these trends. It can also be seen that the code cutves represent a lower
bound of the scattered experimental points of the specimens without stirrups. This is a
favorable result because, as discussed in 4.3.4, the shear strength of non-slender beams
with no web reinforcement is sensitive to random factors.

Table 4.3 compares experiment-to-prediction ratios for the eight specimens given by the
CSA, ACI, and EC2 codes (see 2.2.2.3). It can be seen that ACI and EC2 produce rather
unconservative predictions for most of the tested beams with the lowest experiment-to-
prediction ratio being equal to 0.68.
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Table 4.3 Experimental shear strength vs. CSA, ACI and EC2 code predictions — specimens SOM/C,

SIM/C, LOM/C, and LIM/C

Specimen | a/d | Vyexp Vauexp/ Vupred

(kN) CSA | ACI | EC2

SOM 1.55 721 097 | 0.74 | 0.73
S0C 1.55 1162 1.56 | 1.19 | 1.17
S1IM 1.55 941 1.14 | 095 | 0.93
S1C 1.55 943 1.14 | 095 | 0.93
LOM 2.29 416 1.28 | 1.01 | 0.68
LoC 2.29 492 1.52 | 1.20 | 0.80
L1M 2.29 663 1.09 | 0.78 | 0.78
L1C 2.29 642 1.06 | 0.75 | 0.75
Average | 1.22 | 095 | 0.85

COV | 0.177 | 0.194 | 0.189
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Figure 4.51 is analogous to Figure 4.50, but includes ACI and EC2 prediction curves (sce
2.2.2.3). Plot b) shows that EC2 underestimates the rate at which the shear strength
decreases with increasing a/d ratio. This is an indication that the assumption for almost
constant strut efficiency factor ¥; does not reflect the true behaviour. The lower limit on
the angle 6 between struts and tes, imposed in the ACI code, compensates for this
deficiency only to a certain extent (see plot a). It is also interesting to note that, according
to EC2, transverse reinforcement of 0.1% has no effect on the shear strength of long
beams with sectional and material propetties identical to those of the tested specimens. In
fact, the EC2 empirical expression for members without web reinforcement gives larger
shear-strength prediction than the variable-angle truss model with cracks at 45° (see
2.2.2.1).
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Figure 4.51 Experimental shear strength vs. ACI and EC2 code predictions — specimens SOM/C,
S$1M/C, LOM/C, and LIM/C
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4.4 SPECIMENS MB AND SB

Figure 4.52 shows the “top load vs. mid-span displacement” curves of specimens MB and
SB. Figure 4.53 compares the crack patterns and crack widths of the two beams. The first
six crack diagrams correspond to three load levels while the last two plots show the crack
state of the specimens at the last load stage ptior to failure. Figure 4.54 contains
photogtraphs of the beams taken soon after failure. The display on top of the specimens
shows the magnitude of the top load at that instant of time.
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Figure 4.52 Load — displacement response- specimens MB and SB

Specimen MB behaved linearly up to load of about 400 kN when flexural cracking took
place at the bottom of the mid-span section (see Figure 4.52 and Figure 4.53). The
following loading to 800 kN resulted in propagation of two flexural and two steep
flexure-shear cracks together with several short vertical cracks in-between. Short flat
cracks were observed at the inner ends of the lap splices between the straight bottom bars
and the anchor hooks. Further loading caused formation of more flat cracks along the
splices and at load of 1100 kN the cracking had already “arrived” at the inner edges of the
support plates. At the last load stage the maximum width of the flexure-shear cracks and
that of the splice cracks reached 3.5 mm and 1.6 mm, respectively. Specimen MB failed at
a load of 1731.2 kN and a displacement of 9.6 mm with widening of the east flexure-
shear crack and splitting along the lap splice (see Figure 4.54). The post-peak resistance
decreased quickly to about 1100 kN when it was decided that additional set of Zirich
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readings would provide valuable information about the mechanism of failure. In order to
stop the growth of deformations, the beam was unloaded to about 530 kN and the load
was again increased to 930 kN where the ninth load stage was performed.

Specimen SB developed just three primary cracks — one flexural at the middle and two
steep flexure-shear cracks on both sides of the mid-span section (see Figure 4.52 and
Figure 4.53). The first cracking took place under a load of about 320 kN while the
flexure-shear cracks reached the vicinity of the loading plate at a load of about 600 kN.
Inspection of the bottom face of the beam at Load Stage 1 (500 kN) revealed the
initiation of splitting cracks along the reinforcing bar at the vicinity of the three primary
cracks (see Figure 4.53). Loading to 800 kN caused the formation of flat secondary cracks
at the bottom of the two flexure-shear cracks and propagation of the splitting cracks all
the way to the inner edges of the support plates. Several short cracks, oriented
perpendicularly to the reinforcing bar, had also appeared on the bottom face of the
specimen. Further loading did not lead to formation of new cracks but to extension of
the splitting cracks above the supports towards the anchor heads. At the last stage of
loading the maximum width of the flexute-sheat cracks and that of the spitting cracks
reached 3.5 mm and 2 mm, respectively. Specimen SB failed in a very brittle manner at
load of 1431.3 kN and displacement 9.5 mm with crushing at the compression zone on
the east side of the loading plate (see Figure 4.54).
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Figure 4.54 Failure — specimens MB and SB
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The described behaviour of specimen MB can be explained in the following way. The
initial flexural and flexure-shear cracking were not affected by the presence of the lap-
spliced hooks and developed in the usual manner for deep beams. The cracking along the
lap splices, on the other hand, can be attributed to the combined action of two
mechanisms. First, the concrete between the spliced bars transmits high shear which
causes a series of short inclined cracks, and second, the dowel action of the bottom layer
of reinforcing bars tends to separate them from the above overlapping bars. Both effects
would have been significantly reduced if specimen MB was provided with transverse
reinforcement. The stirrups participate in a truss mechanism against the shear and restrain
the splitting caused by dowel action. In the absence of such transverse reinforcement,
however, the cracking between the two layers of bars was almost equivalent to failure of
the lap splice. This resulted in full development of arch action consisting of constant
tension in the bottom teinforcement and diagonal compression between the loading and
supportt points. Furthermore, the anchor hooks became ineffective and the tension in the
chord of the arch was tesisted only by bond above the support plates. The failure of
specimen SB was caused by a pullout failute at the zone of the east support. It is
important to note that the breakdown of the lap splices did not allow formation of
“peeling” cracks near the supports. In this way the critical flexure-shear crack was quite
steep and the aggregate interlocking of its faces may have contributed to the high load-
bearing capacity of the beam.

The behaviour of specimen SB can be interpreted as follows. Similarly to specimen MB,
the initial flexural and flexure-shear cracking had the expected pattern. The splitting
cracks on the bottom face of the beam were caused by circumferential tensile stresses
around the very large #18 bar associated with bond between the deformed surface of the
steel and the surrounding concrete. The splitting took place under the bar because the
concrete cover there was smaller than the side cover (see Figure 3.3). If specimen SB had
stitrups, they would have restrained the opening of the splitting cracks. In the absence of
stirrups, however, the splitting was almost equivalent to complete loss of bond. As a
result, arch action was fully activated without development of “peeling” cracks near the
supportts. The flat secondary cracks on the sides of the beam are atttibuted primarily to
dowel action of the reinforcing bar. The concrete in front of the anchor heads was able to
resist the diagonal compression associated with the arch action and specimen SB failed
due to crushing of the ctitical loading zone on the east side of the loading plate (see Load
Stage 7 in Figure 4.53). The failure was very brittle in agreement with the inherent
brittleness of the conctete. The sudden release and shortening of the bottom bar caused
impact and crushing at the bottom half of the critical crack (see Figure 4.54). Other
possible explanation for the explosive damage at that location is a sudden failure of a
shear key formed by the rough faces of the wide flexure-shear crack. If specimen SB had
contained top bars, they would have acted as dowels and would have made the failure less
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brittle. Similarly to specimen MB, part of the load-beating capacity can be attributed to
interlocking at the steep critical crack.

One of the clear differences between specimens SB and MB is that the former developed
splitting cracks while the later did not. This outcome is not surprising since it is well-
known that bars with larger diameters create greater circumferential tensile stresses for a
given magnitude of bond stresses.

According to Figure 4.52, specimen MB was stiffer and stronger than specimen SB. The
difference in terms of stiffness can be attributed to two reasons. First, the tension
stiffening of the four small bars was larger than that of the single large bar. Generally,
multiple bars with small diameters are more effective in engaging the surrounding
concrete than a single large bar. More importantly, as mentioned above, the splitting
cracks in specimen SB resulted in almost complete loss of interaction between
reinforcement and concrete. Second, as evident from Figure 4.53, the critical loading
zones of specimen MB were on average deeper and, therefore, less deformable than those
of SB. The difference in the geometry of the critical loading zones explains also the
difference in strength between the two beams. In fact, the critical loading zones of
specimen MB wete deep enough to resist a diagonal compression corresponding to
pullout of the reinforcing bars.

Figure 4.55 compares the deformed shape of specimen MB after failure to that of
specimen SB just prior to failure. Both shapes are amplified by a factor of 20. In order to
make the interpretation of the kinematics of the beams easier, the three displacement
restraints were chosen such that the mid-span section remains in its original position. It is
evident that the elongation of the bottom chord within the east shear span of specimen
MB is much larger than that of SB (9.0 mm or 5000 UE vs. 4.4 mm or 2400 LE) even
though the load on the former beam was smaller than that on the later one (930 kN vs.
1400 kN). This is a proof that the failure of specimen MB was caused by pullout of the
reinforcing bars at the vicinity of the east support. The large elongation can not be
devoted to yielding of the reinforcement because the beam with four bars did not
maintain high post-peak resistance (see Figure 4.52). Another interesting observation is
that the deformations in the ctitical loading zone of specimen MB ate much smaller than
those of SB. This is consistent with the fact that the beam with the single bar failed due
to concrete crushing in that zone.

Figure 4.56a) compares the flexural response along the bottom chords (BH in Figure
3.14) of specimens MB and SB. The plot shows that the beam with a single bar cracked
carlier than the beam with four bars even though the two cases are identical from the
point of view of sectional analysis. The reason for this difference could be concentration
of shrinkage stresses and/or load related stresses around the stiff #18 bar. The post-
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cracking response demonstrates again that the strain stiffening effect was smaller in the
case of specimen SB. Neither of the curves has a flat top and therefore flexural yielding
did not occur.
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Figure 4.55 Deformed shapes — specimens MB and SB
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Figure 4.56 Flexural strains — specimens MB and SB

Figure 4.56b) compates the flexural response along the top chords (TH in Figure 3.14) of
the beams. The two curves agree well up to the final load stages whete a clear divergence
takes place. The ultimate response of specimen SB is characterized by a negative strain
inctement while that of MB — by increasing tensile strain. This difference can be
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explained if we recall that the top flexural strain consists of two components: 1)
compressive strain in the concrete; and 2) apparent tensile strain coming from cracks in
the loading zone. Specimen SB failed with crushing on the cast side of the loading plate
and its ultimate response was governed by the first strain component. In contrast,
specimen MB failed with widening of the east diagonal crack and the second strain
component therefore had a dominant role.

Plot a) in Figure 4.57 shows the strains measured on the surface of the #18 bar at various
load stages, while plot b) illustrates the chord strains measured on the south face of
specimen SB at the last stage of loading. Comparison between the two plots demonstrates
that there was almost no compatibility between steel and concrete strains. The flat curves
in plot a) represent clear evidence that arch action was fully activated. The strain just next
to the west anchor head reached 2100 L€ which cotresponds to a stress of 420 MPa. This
stress can be used to calculate the maximum compressive stress which developed in the
conctete in front of the anchor heads. Considering that the atea of the head is about 10
times larger than the cross-sectional area of the bar, the concrete stress equals
420/9=46.7 MPa. This value is 1.53 times the cylinder strength of the concrete on the
day of the test.
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Figure 4.57 Bottom-chord strains — specimen SB

In order to study the damage around the anchor heads, the bottom-east corner of
specimen SB was cut into four prisms according to the scheme in Figure 4.58a). The
cutting was done by diamond saw as shown in the photograph in Figure 4.58b). After the
cutting, the prisms and the cut face of the beam were watered and allowed to partially dry
so that the moisture in the cracks made the cracks more visible. The photograph in
Figure 4.58¢c) shows that there was a large vertical crack in front of the anchor head.
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Examination of the concrete in the prisms containing the anchor head revealed no signs
of crushing of the concrete (see Figure 4.58d).

\

\

\/
AR E—"

/I

North-East

Side

130, 130 mm

b) Saw cutting

c) Cut beam d) Corner prism

Figure 4.58 Damage around anchor heads — specimen SB

The strut-and-tie model in Figure 4.59a) is intended to demonstrate how highly-disturbed
and complex is the stress field around the anchor heads. The tension force in the
reinforcing bar is balanced by bond forces along the bar and by direct compression upon
the anchor head (head bearing). The principal compression trajectories spread when
moving away from the reinforcement because the diameter of the bar and that of the
anchor head are much smaller than the dimensions of the cross section of the beam. The
widening of the compression flow is possible by virtue of co-existing tensile and
compressive circumferential stresses. The tensile stresses cause splitting cracks which in
turn result in redistribution of internal stresses. For the sake of simplicity, the strut-and-
tie model does not reflect the tensile stresses which occur in planes parallel to the plane
of the beam. The compressive circumferential stresses, on the other hand, provide lateral
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confinement of the concrete in front of the anchor head, which is probably the main
reason for the high values of the head beating stresses calculated above.

Figure 4.59b) shows how the bond and the head beating contributions varied with
increasing tension in the reinforcing bar of specimen SB. The tension in the bar T is
obtained from the strain gauge located above the inner edge of the east suppott (see
Figure 3.15), the head bearing component T}, comes from the gauge installed just in front
of the east anchor head, and the bond component T} equals the difference between T and
Ty. The plot shows that before Load Stage 3 the tensile force was balanced entirely by
bond. After Load Stage 3 the bond tesistance decreased quickly and at failure it was
equilibrating just 18.4% of T. The reason for the sudden change at a load of about 800
kN is the propagation of a splitting crack between the east flexure-shear crack and the
east support plate. It should be noted that the splitting at the ends of specimen SB may
have been partially restrained by the steel support plates. Another interesting outcome
from Figure 4.59b) is that the 10%-unloading of the beam, performed at each load stage,
did not lead to reduction of the head bearing. This observation can be explained by taking
into account that the slip deformations between bar and concrete are compatible with the
deformations in the concrete in front of the anchor head. If the slip deformations ate
decreasing, so are the deformations in front of the head, and so are the bearing stresses in
front of the head. Howevert, the slip deformations do not decrease much upon unloading
because the bond mechanism is of frictional type. As a result, the strain and stress state in
front of the anchor head remains unchanged while the load on the beam is being reduced.
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Figure 4.59 Head bearing and bond — specimen SB

The mid-span shear at failure 17,y of specimens MB and SB was calculated from (4.3)
and equals 876.7 kN and 726.7 kN, respectively. The CSA code (see 2.2.2.2) predicts
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ultimate shear force 1pnm=719.7 kKN (VVyes/Vipi=1.22 for MB and 1.01 for SB)
corresponding to strut crushing. The calculations were performed considering 2=1700
mm, 4=1070 mm, $=400 mm, 4;=4>=150 mm, 4,=2580 mm?, p,=0%, f’=30.5 MPa,
a,=20 mm, and £;=652 MPa. Failure modes involving lap splice failure and pullout of the
bars of specimen MB were not considered. The complex support zone of specimen SB
was treated as a standard two-dimensional compression-compression-tension (CCT) node
region.



Behaviour of Large Non-Slender RC beams under Monotonic and Reversed Cyclic Load 139

4.5 SUMMARY OF EXPERIMENTAL RESULTS

Table 4.4 provides a summary of the expetimental results of the 10 large beams tested in
this study. It is interesting to compare specimens SB and SOM. The beam with a single
#18 bar had slightly larger 4/d ratdo (1.59/1.55=1.03), smaller reinforcement ratio
(0.60/0.70=0.86), and slightly weaker concrete (30.5 MPa/ 34.2 MPa=0.89), but yet it
resisted slightly larger shear than the beam with 6 bars #8 (727 kN/ 721 kN=1.01). This
result could be explained by the patterns of cracks which developed in the two beams
(see Figure 4.23 and Figure 4.53). Specimen SOM had a flat critical diagonal crack which
resulted in a relatively slender and, therefore, relatively weak critical loading zone. In
contrast, the ctitical loading zone of SB was relatively strong because the poor bond
between the concrete and the single reinforcing bar prevented propagation of flat flexure-
shear cracks.

The maximum crack widths w,.. and the ratio 4,/a shown in the table are indicators of
how much warning the deep beams gave prior to failure. It is interesting to compare
these numbers with experimental results from large but slender beams without web
reinforcement. A good example for such tests are those of beams with #=1400 mm and
a/d=2.89 reported by Sherwood, Bentz, and Collins (2007). These specimens had a
reinforcement ratio of either 0.83 or 1.33 and an average concrete strength of 42.4 MPa.
The average wue and A,/a from these experiments equal 0.85 mm and 2.56X1073,
respectively, compared to the 3.27 mm and 5.05X10-3 for the beams in the current study
(see Table 4.4). This comparison demonstrates that slender beams fail in a much more
sudden manner than deep beams.

The last column in Table 4.4 shows the experiment-to-prediction ratios based on the
current CSA code. It can be seen that 7 of the 10 values lie between 0.97 and 1.22 which
for shear critical deep beams are excellent results. The most conservative of the CSA
predictions is that for SOC which, as discussed in 4.3.4, had very deep critical loading
zone. The other two rather conservative predictions cortespond to beams LOM and LOC.
These specimens are in the transition zone between deep and slender members where
current design code predictions have been shown to be very scattered (see Subsection
1.4). The following chapter presents a modified strut-and-tie model which is aimed at
improving the CSA model for this transition zone.



Table 4.4 Summary of experimental results and CSA code predictions

Kk

Specimen| a/d P pfy f.' d Wonax A, A,/a Viexp Vicsa Viexp

() (MPa) | (MPa) [ (mm) | (mm) | (mm) | x10° (kN) (kN) | Vucsa
SOM 1.55 0.70 0 34.2 1094 2.50 6.4 3.8 721 747" 0.97
SOC 1.55 0.70 0 34.2 1094 3.70 10.9 6.4 1162 747" 1.56
S1M 1.55 0.70 0.497 33.0 1094 2.30 7.7 4.5 941 828 " 1.14
S1C 1.55 0.70 0.497 33.0 1094 4.20 8.4 4.9 943 828" 1.14
LOM 2.29 0.70 0 29.1 1094 2.00 10.0 4.0 416 324" 1.28
LOC 2.29 0.70 0 29.1 1094 4.00 11.1 4.4 492 324" 1.52
L1M 2.29 0.70 0.497 37.8 1094 3.50 14.2 5.7 663 607" 1.09
L1C 2.29 0.70 0.497 37.8 1094 3.50 13.7 5.5 642 607" 1.06
SB 1.59 0.60 0 30.5 1070 3.50 9.5 5.6 727 720 " 1.01
MB 1.59 0.61 0 30.5 1070 3.50 9.6 5.6 877 720" 1.22
Average|l 3.27 Average|  5.05 Average] 1.198

COV| 0.168

Note: b=400 mm
** From the last load stage

* governed by strut-and-tie model, strut crushing

*¥* governed by sectional model

(1141
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5IMPROVED STRUT-AND-TIE MODEL FOR DEEP
BEAMS WITHOUT WEB REINFORCEMENT

5.1 FORMULATION AND SOLUTION PROCEDURE

As suggested in Section 1.4, moderately-deep beams without web reinforcement may fail
after the beam action has broken down, but before the arch action has fully developed.
The detailed experimental program performed (see Chapters 3 and 4) confirmed this
assumption and provided valuable information to help develop an improved strut-and-tie
model for this situation.

Figure 5.1a) shows a photograph of specimen LOM taken after failure. Below the
photogtraph is the experimentally-obtained deformed shape at 98% of the failure load
with indicated directions of the principal compressive strains. The last plot in the figure
shows the proposed improved strut-and-tie model (ISTM) for non-slender beams. The
model is based on the assumption that the beam fails by diagonal crushing at the support
zones after the cracks have spread over the entire bottom chord. Part of the shear force is
carried under the critical flexure-shear crack (residual beam action) and the rest of it
above the crack (atch action).

The residual beam action consists of a diagonal compression — diagonal tension
mechanism through cracked concrete and is associated with reduced tension in the
bottom chord near the supports. The existence of diagonal compression was indicated by
the kinematics of the tested beams (see 4.2.2) and confirmed by the measured negative
strains in the cracked webs (see 4.2.4). The residual resistance of the beam action depends
on the ability of the cracked conctete to transfer diagonal tension, which in turn depends
on the ability of the cracks to transfer shear. The intetlocking of the cracks diminishes
with increasing crack widths associated with increasing strain in the longitudinal
reinforcement. The zone of interlocking is located neat the supports where the cracks ate
well controlled by the reinforcing bars and where the tendency for slip on the cracks is
highest (see 4.2.2). This is also a zone of potential dowel action of the bottom
reinforcement.
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Figure 5.1 Specimen LOM and improved strut-and-tie model

As shown in Figure 5.1c), the residual beam action is modelled by a strut and a tie
connected to the bottom chord at a compression-tension-tension (CTT) node

representing the zone of aggregate interlocking. According to EC2, the depth with
effectively controlled cracks can be calculated as:
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d = min{Z.Sb—“, b=2y } ~ min[2.5b—“,o.3/y}. G.1)
27 3 2

This expression is preferred because of its simplicity. In reality, 4, depends on many other
factors such as bar diameters and distribution of the reinforcement over the bottom part
of the section.

The behaviour of the CTT node region is modeled by the Modified Compression Field
Theory (MCFT) which includes equilibrium, compatibility, and material stress-strain
relations for cracked reinforced conctrete subjected to in-plane stresses (Vecchio and
Collins, 1986). This solution is motivated by the observed behaviour of the zones of
aggregate interlocking. Their relatively regular crack pattern (see Figure 5.1a) and
approximately straight bottom contour (see Figure 5.1b) resemble the deformations of
the panel elements used for development of the MCFT (see Figure 5.2). The basic
assumption of the MCFT is that the average direction of the principal compressive
stresses coincides with the average direction of the principal compressive strains and that
the critical cracks are parallel to this direction. The inclined cracks depicted in Figure
5.1¢) are not aligned with the principal stress/strain direction in order to reflect the
rotation of cracks observed in the zones of interlocking (see Figure 5.1a). The stress and
strain state of the CTT node can be fully determined for given vertical stress £, angle €
between the longitudinal reinforcement and the principal compression direction, and
average horizontal strain &. In addition, an estimate of the average distance between the
cracks is required.

V= 580 PS8

s e

Figure 5.2 Panel tests (Vecchio and Collins, 1986)
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The stress f; is assumed zero which is equivalent to neglecting the effect of the dowel
action on the node. The angle @ is determined for given a, d, b, b, k2 x, and y by
considering the geometrical conditions indicated in Figure 5.1c). The physical meaning of
these conditions can be undetstood if the tension side of the node region is viewed as
almost coincident with the flattest crack in the support zone (see also Figure 5.1a). An
algebraic expression for @ is derived in Appendix C. The strain & can be generally
calculated as average of the strains in the longitudinal reinforcement on both sides of the
node. For the sake of simplicity, however, & is taken equal to the average flexural strain
& The average distance between vertical cracks in the CTT node region is calculated
from:

d, d
‘rmx = 01 - + - 4 (52)
P, 2

where d, is the diameter of the longitudinal bars and pyequals A,/ (h./2+d,)b. The average
spacing s,; of horizontal cracks is assumed infinitely large because of the absence of
transverse reinforcement.

Considering horizontal equilibrium of the reinforcement within the node (see the left
hand side of Figure 5.1c) and neglecting the tension stiffening effect of the concrete
around the longitudinal reinforcement:

2 0,\f, =06, =¢,)
EfAf

£ ng

5

, (5.3)

where /=d,(tan@+coté) and », is the average shear stress acting in the node region.
Considering equilibrium of the conctete within the node (Moht’s circle):

, = f.,cotf. 5.4

v,

According to the constitutive relations of the MCFT:

0.33,/ /. 0.184/ /'
= < o tan@ MPa, mm
1+4/500€,; (314 w 5.5

a,+16
| —
v

o yn

where &; is the average principal tensile strain within the node region, w=~&s5,./sin8 is
the width of the critical cracks, and 4, is the maximum aggregate size. The left part of this
expression models the tension stiffening effect which is limited by the capacity of the
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critical inclined cracks 2, to transfer shear through aggregate interlock. The actual shear
stress v, acting on the crack faces equals ;.

Using conditions for strain compatibility:

g,=¢€. +(e, —¢e,)ot’O=¢, (1+cot?0) (5.6)

and

¥ = (e, —€,)sin20 ~ £ (1+cot® O)sin 260 = 2¢ , cot 6, G.7)

where ¥ is the average shear deformation in the node region. The average principal
compressive strain & is neglected since its absolute value is expected to be much smaller
than & As evident from Figure 5.1¢), the node region can not develop high compressive
stresses because the vertical component of their resultant force must equilibrate the
relatively small vertical component of the resultant of the principal tensile stresses.

Finally, the local strain in the longitudinal reinforcement, occurting at the critical cracks,
is calculated from:

N I +V7/”- cotd e+ f[l(l + cot” 9)- 58

Ep, E.p,

Figure 5.3 shows the behaviour of the above-formulated CTT node region. The plots are
generated for the cross-sectional properties of specimen LOM. The angle @ is related to
the slenderness of the beam while the strain & is a measure of the magnitude of the
applied load. The more slender is the beam, the smaller the angle € The larger the load
on the beam, the larger the strain & As evident from the figure, both surfaces have
distinct kink at 6=, =~(400-50%) which corresponds to a/d ratio between 1.25 and 1.65.
Node regions with < @ ate controlled by tension stiffening while those with 8> 6, - by
slip on the critical cracks (see (5.5)). Plot b) shows that the residual beam action has a
peak at a/d =(1.25-1.65) and weakens with increasing load.

The arch action shown in Figure 5.1c) consists of a compression mechanism through
uncracked concrete and is associated with constant tension along the bottom chord. Its
strength depends on the ability of the loading and support zones to resists diagonal
compression. The arch action is modeled by two struts and a bottom CCT node region.
The crushing strength of the support strut is calculated in accordance with the CSA code
procedure which accounts for compression softening effect (see 2.2.2.2).
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a) Average principal tensile stress

b) Average shear stress

Figure 5.3 Behaviour of CTT node region— specimen LOM

Table 5.1 summarizes the stress and strain conditions of the CT'T and CCT node regions.
Both zones are modeled by the MCFT. The CTT node is associated mainly with
aggregate interlock while the CCT node with diagonal crushing. It should be noted that
the principal tensile stresses in the CCT region are neglected because they are not needed
for the equilibrium of the support node.

Table 5.1 Comparison between the CT'T and CCT node regions

Quantity | CTT node (residual beam action) CCT node (arch action)

&2 0 Crushing strain
£ In vertical equilibrium with the Crushing stress accounting for

2 .. . . .

¢ principal tensile stresses compression softening

Compatible with the horizontal tensile strains and the diagonal compressive
& strains
Stress associated with tension
e stiffening limited by aggregate 0
interlock

The top CCC node region of the improved strut-and-tie model is shared by both load-
bearing mechanisms. Its dimensions can be determined such that it is under “hydrostatic”
pressure with intensity 0.85f%" (see 2.2.2.2 and Figure 5.1c). In order to simplify the
procedure, a solution with a horizontal nodal stress of 0.85£and x =/ is adopted.

The residual beam action and the arch action interact where the diagonal tension from
the beam action diverts the compression flow of the arch action. This is confirmed by the
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shape of the compression trajectories shown in Figure 5.1b). The weaker the residual
beam action is, the smaller the kink between the two struts of the “arch”. In the limit case
of zero beam action, the compression in the web “flows” directly from the loading point
to the supports and the proposed ISTM “converges” to the CSA STM discussed in
2.2.2.2.

The improved strut-and-tie model is expected to result in higher strength predictions
than the current CSA model for moderately-deep beams without web reinforcement. For
a given applied load, the allowance for residual beam action leads to a steeper support
strut and a smaller strain in the bottom chord near the support. The larger the angle 6,
the smaller the compression demand on the strut. The larger the angle 6, and the smaller
the strain &, the smaller the compression softening effect.

A suitable procedure for performing calculations with the above equations is as follows:
1) Calculate 4, and & from (5.1) and Appendix C, respectively. In order to simplify the
calculations, use x=/; and y=0.

2) Calculate s, from (5.2).

3) Assume an initial value of y (say y=0.054) and calculate x from (2.3). In this way the top
node region will be subjected to hydrostatic stress state. The calculations can be
simplified by considering x=/;. Note that with x=/s, where /: represents one-half of the
width of the loading element, the procedure can be also applied to the end shear spans of
beams subjected to symmetric four-point bending,

4) Calculate C=T=2yb -0.85/."
5) Calculate 17 considering equilibrium of the shear span:
d—
=T, (5.9)
a—1, +x
6) Calculate &as equal to T/ E.A..
7) Calculate &using (5.3), (5.4), (5.5), and (5.0).

8) Calculate @ and the compression force D in the support strut:

|24
6 =tan™ , 1
' EfAfgf (5 O)
D=1 /sin.. G.11)

9) Calculate the compression capacity of the support strut:
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D,=b-(/,,sin6 +h cosb.)f,, (5.12)
where f,, is calculated from (2.8) and (2.9).
10) Calculate new values for Trand y:
T,'= EJ,AJ,SJ,&+Mﬂ(tan6’+c0t6’)p,}, (5.13)
D
D'=T,"/2b-085f' (5.14)

and return to step 4 with the average of y and y.

The calculations continue until D,/D=1. The final value of 17 represents the sheat-
strength prediction 1.

Another way of expressing the shear strength is:

V,=D,sin@=1,+V, =1, +bd v, (5.15)

where 17, and 1/} are the vertical components of the forces acting in the top strut of the
arch mechanism and in the strut of the beam mechanism, respectively.

5.2 COMPARISON WITH EXPERIMENTS

5.2.1 Specimens SOM/C and LOM/C

The solution procedure described above is applied first to specimen LOM:

210
1) d, = min|:2.57,0.3><1200} = min[263,360] = 263 mm

A=263/2=131
B=-2500+150/2=-2425
C =263/2+105+1095=1331

p— 2_
9o | 2425 V24252 —4x131x1331 20500
2x131
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2)

3)

4)

5)

6)

7)

8)

3060

=0.0208
(210/2+263)x 400

Py =

S = 0.1L'4+2—63 =122+131=253 mm
0.0208 2

Assume y = 0.054 = 0.05X1095 =55 mm

—(2275+150/2)+\/(2275+150/2)2 +4x55%(1095—55)
= 5 =241 mm

C=T,= 2x55x400x0.85%29.1/1000 = 1088 kN

1 =1088— 0P 73 4768 kN
2500 —150 + 24.1

1088000

£, =———————=1778x10"
200000% 3060

£, =1.778x107 x (1+cot? 29.52° ) = 732x 107

w=7.32x10""%253/5in29.52" =7.32%x107> x513 = 3.76 mm

0.184/29.1
), =

’ 031+ 24X 3.76
20416

=0.344 MPa

0.334/29.1

= =0.611<0.344 tan 29.52° =0.195 MPa —
1++/500%7.32x 107>

Ja

— £, =0.195 MPa
v, =0.195% cot29.52° =0.344 MPa

/, =263% (tan 29.52" +cot29.52") = 613 mm

400%x613%x0.344
200000 % 3060

6, =tan”' 476500 — =25.40"
200000 3060%1.640x 10~

£, =1.778x107" - =1.640x10"

D =476.8/sin2540" =1111 kN
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9) £, =1.640x107 +(1.640x 10 +0.002) cot” 25.40" = 0.01779

29.1

= =7.61<0.85%29.1=24.7 MPa
0.8+170x0.01779

D, =400 (150xsin 25.40" + 210 cos 25.40" )x 7.61/1000 = 773.4 kN

D,/ D =7734/1111=0.696 # 1 — Second iteration is needed.

10) T,'= 200000 x 3060 x1.640x 10~ X 0.696 / 1000 +

+400% 263X (tan 29.52° + cot 29.52")x 0.344 /1000 =
=698.6+84.4 =783.0 kN
9'=783000/2x400x0.85% 29.1 = 39.6 mm

The second iteration is performed with y=(55+39.6)/2=47.3 mm. Summary of all the
iterations is presented in the table below.

Quantity Iteration #
’ 1 2 3 4
y (mm) 55.0 47.3 45.9 45.7
X (mm) 24.1 20.9 20.3 20.2
C=T¢ (kN) 1088.3 935.7 907.7 903.8
V (kN) 476.8 413.5 401.8 400.1
& (1) 1778 | 1520 | 1483 | 1477
€a (U€) 7323 6296 6108 6081
w (mm) 3.8 3.2 3.1 3.1
Veiu (MPa) 0.344 0.394 0.404 0.406
fa (MPa) 0.195 0.223 0.229 0.230
v, (MPa) 0.344 0.394 0.404 0.406
& (ue) 1641 1371 | 1321 | 1315
0, (deg) 25.40 26.23 26.42 26.44
D (kN) 1111 935.6 903.0 898.5
& (L) 17785 | 15262 | 14780 | 14713
fou (MPa2) 7.61 8.57 8.78 8.81
D, (kN) 773.4 873.3 895.3 898.5
D./D 0.696 0.933 0.991 1.000
T¢ (kN) 783.0 879.7 900.8 903.8
y' (mm) 39.6 44.5 45.5 45.7
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As evident from the last column of the table, the ISTM predicts that specimen LOM
would fail under a shear force of 400.1 kN. Note that the predicted failure shear for this
specimen using the current CSA strut-and-tie model was 324.2 kN. In addition,
considering equation (5.15):

17, =400x263%0.406 /1000 = 42.7 kN

Analogous calculations were performed for a series of beams with varying lengths of
shear span and cross-sectional propetties identical to those of specimens SOM/C and
LOM/C. Since the two pairs of beams had different concrete strengths, an average value
of 30 MPa was used. The results of the calculations, including a curve giving the “residual
beam action” corresponding to 1, are shown in Figure 5.4. Shown also are the
experimentally-obtained shear strengths of specimens SOM/C and LOM/C, the prediction
of the CSA strut-and-tie model, and the prediction of the CSA sectional model. As
evident from the plot, the ISTM produced better predictions than the strut-and-tie model
of the CSA code. This is particularly true if beams SOM and SOC are represented by their
average shear strength. Note also that the transition from “sudden shear tension failures”
to “gradual shear compression failures” is now predicted at @/d=2.8 rather than a/d=2.4.
The bottom curve in the figure shows that the residual beam action has a peak at a/d of
about 1.4 and diminishes with increasing shear-span-to-effective-depth ratio. It should be
noted that the “residual beam action” curve can not be obtained by simply subtracting
the ordinates of the CSA STM curve from those of the ISTM curve.

Figure 5.4 also contains data point “10T0” at a/d=2.91 which corresponds to a four-
point bending test performed at Oregon State University (Higgins at el., 2004). Specimen
10T0 was considered particulatly relevant to this discussion because it had sectional and
material properties very similar to those of specimens SOM/C and LOM/C. Among the
properties of the “Oregon” beam are 4=1151 mm, p=0.74 %, f;=31.8 MPa, 4,=20 mm,
h1=42=102 mm, 5,~=137 mm. It can be seen that the CSA code gives an excellent estimate
of the failure load of 01T0. In addition, it is predicted that the beam would fail upon
breakdown of beam action. Figure 5.5 shows a photograph of specimen 10T0 after
failure. The fact that there is no visible evidence for concrete crushing at the loading and
support zones indicates that the failure was indeed of shear tension type.
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Figure 5.4 Experimental shear strength, CSA model, and Improved strut-and-tie model — specimens
SOM/C and LOM/C

Figure 5.5 Failure of specimen 01T0 tested by Higgins at el. (2004)
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Table 5.2 compares the predictions of the CSA code supplemented by the improved
strut-and-tie model to the predictions of the CSA code alone. It can be seen that column
“Vicsa ot Vst differs from column “1/,¢54” in the case of specimens SOM/C and
LOM/C only. By definition, the ISTM is not applicable to beams SIM/C and L1M/C
which contain stirrups. Specimens SB and MB did not have significant residual beam
action because their reinforcement lost interaction with the surrounding concrete as a
result of splitting of the concrete cover and lap-splice failure, respectively. As shown at
the bottom of the table, the ISTM improved the average experiment-to-prediction ratio
from 1.198 to 1.108 and reduced the coefficient of variation from 0.168 to 0.126. The
data in the last three columns of Table 5.2 will be discussed in Section 5.3.

Table 5.2 Predictions of the CSA code supplemented by the ISTM vs. predictions of the CSA code
alone — specimens SOM/C, SIM/C, LOM/C, LIM/C, SB, and MB

Vicsa | Vuexp Vi,exp Auexp
Specimen | a/d | Vuexp | Vucsa or Vucsa |/ Vucsa Avesp | Aupred [ AL ed
Vuistv of Hpre
(N) | (kN) (N) Vyistv/ | (mm) | (mm)
SOM 1.55 721 747 873 0.97 0.83 6.4 9.0 0.71
SOC 1.55 1162 747 873 1.56 1.33 10.9 9.0 1.21
S1IM 1.55 941 828 828 1.14 1.14 7.7 - -
S1C 1.55 943 828 828 1.14 1.14 8.4 - -
LOM 2.29 416 324 400 1.28 1.04 10.0 12.6 0.79
L.0OC 2.29 492 324 400 1.52 1.23 11.1 12.6 0.88
L1M 2.29 663 607 607 1.09 1.09 14.2 - -
L1C 2.29 642 607 607 1.06 1.06 13.7 - -
SB 1.59 727 720 720 1.01 1.01 9.5 - -
MB 1.59 877 720 720 1.22 1.22 9.6 - -
Average | 1.198 1.108 Average | 0.900
COV | 0.168 0.126 COV | 0.244

Figure 5.6 shows the ratio between the shear-strength prediction of the ISTM used in
combination with the CSA sectional model and the prediction of the CSA code. The
larger this ratio is, the larger the predicted effect of the residual beam action on the shear
strength. As it would be intuitively expected, the curve has maximum ordinates in the
range of transition from deep to slender beams. Deep members have very steep diagonals
and naturally develop almost pure arch action while slender members fail immediately
after the beam action breaks down. In the later case the residual beam action has
significance for the post-peak response only. The experimental points, shown in the same
plot, are on average closer to the 17, 151/ 1, cs.4 curve than to the line 1.,/17, csa=1.
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Figure 5.6 Effect of residual beam action on the shear strength — specimens SOM/C and
LoM/C

The experimental data from tests SOM/C and LOM/C allows for more detailed
verification of the proposed improved model to be performed. Figure 5.7 compares the
predicted strains in the bottom chord of the beams (see plot a) to the strains in the
reinforcement measured at ultimate load (see plot b). For the sake of simplicity, plot b)
includes curves from the two monotonic tests only. The data from tests SOC and LOC can
be found in Appendix B. The theoretical curves in plot a) can be assumed meaningful up
to an a/d ratio of about 2.8 because more slender beams are expected to fail before the
cracking has reached the supports. It can be seen that the ISTM captures the shape of the
strain profiles and predicts the magnitude of the strains with reasonable accuracy. This
conclusion is reinforced by the fact that the experimental values vary depending on the
exact position of the strain gauges with respect to cracks. The location of the measured
maximum strains coincides approximately with the location of the TTC node region of
the improved strut-and-tie model (see Figure 5.1). The slip on the cracks at these zones is
accompanied by an additional separation of their rough faces which results in increased
strains in the bottom bars. The magnitude of this effect seems to be well predicted by
equation (5.8) of the MCFT.

Figure 5.8 compares the predicted and measured widths of the cracks near the supports
of the failed shear spans of specimens SOM and LOM. The estimated maximum widths of
1.7 mm (short beam) and 3.2 mm (long beam) agree relatively well with the measured
values of 1.6 mm and 1.7 mm, respectively. It should be noted, however, that the widest
crack in LOM occurred at some distance from the theoretical node region depicted with a
gray triangle.
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Figure 5.8 Crack widths acc. to the ISTM — comparison with specimens SOM and LOM

The last comparison with the data from specimens SOM and LOM is shown in Figure 5.9
and has to do with the average shear strains near the supports. The improved strut-and-
tie model seems to capture the trend indicated by the experimental values. According to
the model, the more slender the beam is, the smaller the angle €, and the latger the shear
strain ¥ for a given flexural strain & (see equation (5.7)). This trend is less pronounced in
the actual calculations because, as evident from Figure 5.7, & decreases with increasing
a/d ratio. In terms of magnitude, the predicted shear strains are about two-thirds of the
corresponding test values.
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Figure 5.9 Shear strains acc. to the ISTM — comparison with specimens SOM and LOM

5.2.2 Shear database

The suggested improved strut-and-tie model was applied to the database of 1849 shear
tests described briefly in 2.1.1 (Collins, Bentz, and Sherwood, 2008). The number of tests
was reduced by excluding the cases to which the ISTM is not applicable, namely: simply
supported beams with cantilevers, flexural failures (as defined by the authors of the
database), specimens with FRP, specimens with bar cutoffs, Tee sections, specimens
made of lightweight concrete (density smaller than 2.3 t/m3), distributed loads. In
addition, the rather impractical cases of (h./2)/d>0.25 and /,2/d>0.5 were removed as
well. As a result, the following verification is performed with 848 data records. Since the
database does not contain bar diameters, the hotizontal distance between the cracks is
calculated with 4,=12 mm. Trial calculations with different values showed that the size of
the bars has little effect on the shear-strength predictions. Also, the calculations were
performed using x=/, in Step 3) of the solution procedure described in Section 5.1.

Figure 5.10 compares the results from the CSA code to those from the improved strut-
and-tie model used in combination with the CSA sectional model for slender members.
The plots demonstrate that the proposed model gives less conservative average
experiment-to-prediction ratio (1.115 for the ISTM vs. 1.264 for the CSA model), smaller
coefficient of variation (0.222 for the ISTM vs. 0.250 for the CSA model), more uniform
safety (less variation of the average experiment-to-prediction ratio and the CO1” with
varying slenderness of the member), but a large percentage of uncoservative predictions
(33.1% for the ISTM vs. 19.7% for the CSA model). This comparison is performed only
for specimens with a/d ratio between 0.5 and 3, 534 in number, because this is the
approximate range in which the calculations are governed by the strut-and-tie models
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over the sectional model. A summary of the properties of the members and results from
the calculations is presented in Appendix D.

The positive outcome from the detailed verification with tests SOM/C and LOM/C (see
5.2.1) and the obtained uniform safety for a large number of experiments (see Figure
5.10b) demonstrate that the proposed improved strut-and-tie model is consistent with
physical observations and explains reasonably well the transition from deep to slender
beams. As evident from Figure 5.10a), the CSA model is most conservative and gives the
largest scatter in the range of a/d between 1.5 and 2.5. The ISTM damps down this effect
by predicting that the residual beam action has a maximum magnitude for approximately
the same range of a/d values (see Figure 5.11).

The reduction in terms of scatter of the experiment-to-prediction ratios, provided by the
improved strut-and-tie model, can be considered reasonably good if we recall that the
shear-strength of non-slender members without web reinforcement is naturally scattered.
As shown in 2.1 and 4.3.4, the difference in strength between seemingly identical beams
can be as large as 60-70%. In addition, the load-bearing capacity is strongly influenced by
the detailing of the loading and support zones (Collins and Mitchell, 1991). It should be
also noted, that neither the CSA STM nor the ISTM accounts explicitly for failure caused
by crushing at the critical loading zone. This failure mode has been reported by many
researchers (see 2.1) and was observed in the tests performed as part of this study
(Chapters 3 and 4). Is it possible, however, that top crushing is indirectly accounted for?
If, for example, beams with increasing length and fixed other properties are considered,
the diagonal struts are becoming weaker and weaker because of increasing compression
softening at the support zones. On the other hand, as discussed in 4.3.2, the struts are
becoming weaker also because the critical loading zone is becoming shallower and more
slender. Identical reasoning can be applied in the case of decreasing amounts of bottom
reinforcement: less reinforcement results in larger softening and shallower compression
zone. It can be therefore concluded, that the load-bearing capacity of the loading and
support zones follow similar trends and a good model for one of them may
approximately represent the other.

The only feature of the improved strut-and-tie model that is a cause for some concern is
the relatively large number of unconservative predictions. However, since the ISTM is
too complicated for design purposes, it should be viewed as a model capable of
predicting the average ultimate response of non-slender beams.
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5.3 DEFORMATIONS

Figure 5.12 shows the proposed improved strut-and-tie model together with the
kinematic model presented in 4.2.2. The correspondence between the two is evident. The
ISTM is aimed at predicting the load-bearing capacity of non-slender beams. Its struts
and ties should not be seen as real truss elements which shorten/lengthen and temain
straight. Their function is rather to represent the flow of internal forces and to provide an
estimate of important local deformations such as &, & and %, The kinematic model, on
the other hand, provides relationships between the local and global deformations and can
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be viewed as a set of compatibility conditions on the scale of the whole beam.
Considering Figure 5.12 and taking into account (5.7):

g/y zgfa (516)

A, =70, =2, cot0=2¢,d,(1+cot’ ). (5.17)

These relations show that the local compatibility condition (5.7) of the ISTM “couples”
the two degtees of freedom of the kinematic model & and A4, by means of the strain &

The mid-span displacement at ultimate load can be now expressed by substituting
equations (5.16) and (5.17) into the basic equation (4.10) of the kinematic model:

2 2

g/,yd a P
4, = +4 ,=¢€,—+2d,(1+cot” 0)|. (5.18)
/’)-_k
ISTM =2
[ o
| Kinematic T d

!

| model L “

Figure 5.12 Improved strut-and-tie model and kinematic model

Figure 5.13 compares the displacement prediction based on equation (5.18) with the
results from tests SOM/C and LOM/C. The ultimate displacements of the specimens are
obtained from the readings of the vertical LVDTs installed in the middle of the span (see
Figure 3.14), while the experimental values of 4, are detived from the Zurich readings
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taken at the last load stage (see 4.2.2). Since the last load stage was performed before
failure, the true values of A, are probably slightly larger than those shown in the plot. It
is also important to note that 4, is taken as average of the deformations of the critical
loading zones on both sides of the top loading plate. The figure demonstrates that the
improved strut-and-tie model, used in combination with the kinematic model, captures
well the trend indicated by the experimental points. It can be seen that the shear
deformations along the critical diagonal crack contribute significantly to the mid-span
displacement at the maximum load.

The actual numbers from this comparison are shown in the last three columns of Table
5.2. It can be seen that, on average, the suggested model gives a slightly high estimate of
the measured ultimate mid-span displacement of specimens SOM/C and LOM/C (average
experiment-to-prediction ratio of 0.90). This result can be attributed to the fact that the
model neglects the tension stiffening effect of the concrete surrounding the bottom
longitudinal reinforcement. The table also shows that the ultimate displacement of
specimens SB and MB are significantly larger than that of SOM (9.5 mm and 9.6 mm vs.
6.4 mm). Among the reasons for this difference is probably the absence of residual beam
action in the case of a beam with poor bond and in the case of a beam with inadequate

lap-splice.

20

—_
v

Displacement, mm
—_
S

Figure 5.13 Ultimate displacement according to the improved STM used together with the kinematic
model — comparison with specimens SOM/C and LOM/C

In conclusion, the proposed improved strut-and-tie model and the kinematic model can
be used to obtain the shear strength and the ultimate deformed shape of non-slender
beams without web reinforcement.



6. COMPARISON BETWEEN EXPERIMENTAL RESULTS
AND VecTor2 ANALYSES

6.1 INTRODUCTION

Non-linear finite element procedures currently represent the most complex and advanced
tools for predicting the response of reinforced concrete structures. They incorporate
models from various constitutive frameworks such as non-linear elasticity, plasticity,
continuum damage mechanics, smeated fixed/rotating crack models, microplane models
(CEB-FIP, 2008). Each of these approaches has proven effective in some applications
and less effective in others.

VecTor2 is a finite element program for 2D static and dynamic analysis of reinforced
concrete structures. It has been developed over the last 18 years by Prof. Vecchio and his
research group at the University of Toronto. Used in this study is VecTor2, Revision 6.0
from the 8% of February, 2008. The basic models implemented into the program include
the Modified Compression Field Theory (MCFT — Vecchio and Collins, 1986) and the
Disturbed Stress Field Model (DSFM — Vecchio, 2000). Both the MCFT and the DSFM
fall into the category of smeared rotating crack models, as the later is built on the
concepts of the former. The main difference between the DSFM and the MCFT lies in
the reotrientation of the stress and strain fields. As discussed in subsection 5.1, the basic
assumption of the MCFT is that the average direction of the principal compressive
stresses coincides with the average direction of the principal compressive strains and that
the critical cracks are parallel to this direction. In contrast, the DSFM explicitly accounts
for slip deformations at the critical cracks which results in delayed rotation of the stress
field with respect to the strain field. The critical cracks in the DSFM are kept
perpendicular to the direction of the principal tensile stresses.

The goal of this chapter is to compare the predictions of VecTor2 to the data from the
tests performed as part of this study (see Chapter 3 and Chapter 4). The comparisons are
done in global terms: load-displacement response, deformed shapes, crack patterns, and
failure modes. In order to simulate the usual situation for engineering practice, it is
assumed that the only information available prior to the analysis being performed is the
geometry, boundary conditions, and basic material properties. With a few exceptions
which are discussed later, the default options available in VecTor2 are chosen.
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6.2 MODELING

Figure 6.1 shows the finite element models of specimens SOM/C, SIM/C, LOM/C, and
LIM/C. As is evident from the plot, advantage is taken of the presence of the plane of
symmetry passing through the mid-span section of the beams. The models are built with
four-node rectangular elements with two translational degrees of freedom at each node.
The loading and support plates are not explicitly modeled. The longitudinal
reinforcement and the bars of the lifting hooks are represented by truss elements (Reinf.
1 and 3), while the stirrups are modeled as smeared reinforcement in the elements of the
web (see the elements shaded gray). One of the nodes located within the width of the
bottom support plate is restrained against vertical movement. The small eccentricity
between the vertical restraint and the axis of the support does not affect the length of the
shear span because, as it will become clear later, the resultant of the applied reaction
forces acts at the center of the support plate. Connected to the restrained node is a short
vertical truss element (Reinf. 2) whose other end is restrained against horizontal
movement. The function of the short element will be discussed later in relation to the use
of post processor Augustus developed by Prof. Bentz at the University of Toronto. It can
be seen, however, that the truss bar does not affect the stiffness characteristics of the
model.

In terms of constitutive modeling, the Disturbed Stress Field Model (DSFM) is used with
default models for compression post-peak response of the concrete, compression
softening, tension stiffening, tension softening, confinement, concrete dilation, cracking,
crack width check, hysteretic response of the steel, dowel action, and buckling of the
rebars. Non-default models were used only for the pre-peak compression response of the
concrete (Popovic NSC model instead of Hognestad parabola) and for the hysteretic
response of the concrete (Palermo 2002 with decay instead of non-linear with plastic
offsets). It is well known that the parabola of Hognestad is a rather approximate
representation of the true stress-strain response of concrete. Palermo 2002 hysteretic
model (Palermo and Vecchio, 2004) is preferred because it includes improved non-linear
unloading and stiffness degradation upon reloading. The properties of the concrete,
supplied as an input to VecTor2, include the experimentally-obtained cylinder strength,
strain at peak stress, and maximum aggregate size. The steel was defined by yield strength,
ultimate strength, elastic modulus, strain hardening modulus, and strain hardening strain.

The basic modeling assumption regarding the loading conditions is that the loading and
support plates apply uniform stresses perpendicular to the face of the beams. This
simplification is motivated by the presence of a relatively soft and weak material (plaster)
between the steel plates and the concrete surface. The total loading on the beams is
resolved into the load cases depicted in Figure 6.2. Load case 1 represents the uniformly-
distributed weight of the specimens. Load cases 2 and 4 contain forces which balance the
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self weight of the beams at the bottom supports and at the bottom loading plate,
respectively. Finally, Load cases 3 and 5 model the top/bottom mid-span loads and the
corresponding bottom/top suppott reactions. Shown in Figure 6.2 is also the vatiation of
the loads from the different load cases. Since VecTor2 does not allow for arbitrary
variation to be defined, a load cycle from tests SOC, S1C, LOC, and L1C is resolved into
four steps. Each step is run as a separate analysis with initial stiffness matrix taken from
the last stage of the previous step. In VecTor2 this is done with the help of so-called seed
files.

Physically, Step 1 corresponds to a cycle of loading and unloading performed by the
Baldwin machine while the beam is seated on the bottom rollers. Step 2, on the other
hand, models the loading range over which the bottom jacks overcome the weight of the
beam. Steps 2, 3 and 4 all together represent a cycle of loading and unloading performed
by the bottom jacks. Finally, Step 4 alone is a reverse to Step 2: the weight of the beam is
gradually transferred from the bottom jacks to the bottom supports. Note that in Step 3
the applied forces are in equilibrium in the vertical direction and, therefore, the vertical
restraint force is zero. This complicates the reading of the loads in post processor
Augustus. In order to overcome this problem, a vertical force of (Fpr-G)/6 is applied
upon the aforementioned short truss element (see zone A in Figure 6.1 and Load case 5
in Figure 6.2). This force does not affect the behaviour of the model but causes a vertical
restraint force whose magnitude can be easily related to the magnitude of the bottom

applied load.

It is important to note that the assumed uniform distribution of the stresses applied by
the loading and support plates requires the use of a force-controlled analysis. This
approach does not allow for prediction of the post peak response but suits the way the
loading histories for tests SOC, S1C, LOC, and L1C were defined.

The input files for specimens S1C and LOM are shown in Appendix E. The input for the
rest of the beams is not presented for the sake of brevity.
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Figure 6.2 Finite element models — loading conditions

6.3 RESULTS

Figure 6.3 compares the predicted load-displacement response of the monotonically-
loaded specimens SOM, S1IM, LOM, L1M to their measured response (left hand side plots)
and to the measured response of specimens SOC, S1C, LOC, and L1C (right hand side
plots). It can be seen that VecTor2 captured well the uncracked behaviour of the beams
with the exception of specimens LOM and LOC whose initial stiffness is slightly
underestimated. Similarly good are the results in the zone of transition from beam action
to arch action for beams without stirrups, and from beam action to truss action for
beams with transverse reinforcement. However, VecTor2 seems to overestimate the load-
bearing capacity of the arch and truss mechanisms (see the experiment-to-prediction
ratios at the top left corner of the plots). Most unconservative is the prediction for
specimen SOM with an experiment-to-prediction ratio of 0.64 (see the top plot on the
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left). This result appears less worrisome if the significant scatter between tests SOM and
SOC is taken under consideration. In fact, the predicted monotonic response represents
an almost perfect envelope to the response of specimen SOC (see the top plot on the
right). However the strength prediction for beam L1M is a cause for real concern since it
results in an experiment-to-prediction ratio of 0.73 for both L1M and L1C (see the
bottom two plots in the figure). The most accurate prediction is for specimen S1M with
an experiment-to-prediction ratio of 0.92 (see the left plot on the second row). These
unconservative results are consistent with findings for deep beams containing little or no
web reinforcement reported by Vecchio (2000). In the same publication he shows that
rotating crack models such as the MCFT can provide a viable and accurate method for
the analysis of slender lightly-reinforced beams which fail in shear.
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Figure 6.3 Experimentally-obtained load-displacement response vs. predictions from monotonic
VecTor2 analysis— specimens SOM/C, SIM/C, LOM/C, and LIM/C
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Figure 6.4 and Figure 6.5 show respectively the crack patterns and the deformed shapes
of the beams just prior to failure as predicted by VecTor2 for both monotonically and
cyclically loaded specimens. Shown for comparison are also the experimentally-obtained
crack diagrams and the deformed shapes of the grid of Ziirich targets in the failed shear
spans. The Ziirich grid seems more “slender” than the specimens because it occupies
only the middle 75% of their depth. It can be seen that in the case of beams SOM,
LOM/C, and L1IM/C a “band” of flexure-shear cracks covers the zone just above the
bottom longitudinal reinforcement and “deviates” towards the top loading point at
distance of about 0.54 (short beams) to 14 (long beams) from the mid-span section. In
contrast, the experimentally-observed critical diagonal cracks run almost straight between
the inner edges of the supports and the top loading zone. The significance of this
difference is related to the geometry of the critical loading zones: the shallower the band
of cracks, the deeper and more tapered the critical loading zone. As a result, VecTor2
underestimates the transverse deformations which take place near the edges of the
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loading plates. As evident from the plots in Figure 6.5, the top contour of the finite
element mesh of specimens SOM, LOM/C, and L1M/C remained almost straight, while in
reality the top edge of the beams deformed significantly. According to the terminology of
the kinematic model developed in 4.2.2, the results from VecTor2 imply that the mid-
span vertical displacement of the beam comes almost entirely from elongation of the
bottom reinforcement, i.e. A=A+A4, =A,.

In the case of specimens SIM/C, VecTor2 predicted a deep band of diagonal cracks
which resemble the crack pattern observed in the tests. Consistent with this result are the
visible shear distortions at the critical loading zones of the model. As far as specimen SOC
is concerned, the predicted cracking has an unusual pattern which is probably a result of
the cyclic constitutive models used in the analysis.

It is interesting to note that in all eight cases VecTor2 predicts late occurrence of
horizontal cracks at mid-height at face end of beam beyond the support. It is believed
that these cracks do not influence the ultimate behaviour of the model because they do
not affect the diagonal strut which forms in the web. Cracking of this type was not
noticed during the tests, even though it seems consistent with the flow of stresses in the
concrete above the critical diagonal cracks. An example of experimentally-observed end
cracks are the tests of Alcocer and Utibe, 2008 (see Figure 2.11).

The two different crack patterns predicted by VecTor2 resulted in two different failure
modes: beams with a shallow band of flexure-shear cracks (SOM, LOM/C, and L.1M/C),
including beam SOC, failed due to crushing at the support zone, while those with deep
band of cracks (SIM/C) failed due to crushing at the critical loading zone. The first type
of failure is demonstrated in Figure 6.6a). The top plot on the left shows the distribution
of the principal compressive stresses in the web of beam LOM under maximum load. The
short white lines indicate the direction and the relative magnitude of the stress. Elements
with compressive stress less than 2 MPa and those with tensile principal stresses are
shown in white. It can be seen that the zone of diagonal compression forms an almost
ideal bottle-shaped strut as defined, for example, by the ACI code (see Figure 2.17). It
should be noted, however, that this shape is possible only because VecTor2 predicts an
unrealistically shallow band of flexure-shear cracks which determines the bottom contour
of the strut. The failure of the bottle-shaped strut could take place at either of its ends
where the compressive stresses are relatively high. The top plot on the right demonstrates
that specimen LOM failed with crushing at the support zone. It can be seen that some of
the finite elements at the bottom end of the strut start undergoing distress while the
elements near the loading plate are still within the ascending branch of the compressive
stress-strain curve. It is interesting to notice that the peak compressive stresses at these
two zones differ significantly. The elements near the support experience compression
softening due to the high principal tensile strains coming from compatibility with the
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tensile strains in the bottom reinforcement. In addition, VecTor2 includes a routine called
“crack width check” which additionally reduces the compression capacity ones a given
crack width limit (w=a,/5 by default) is exceeded. On the other hand, the elements at the
top end of the strut are under biaxial compression which, according to the default
constitutive models in VecTor2, leads to a slightly enhanced compressive strength.
Finally, the bottom plot in Figure 6.6a) shows the deformed shape of specimen LOM
corresponding to the first unconverged load stage.

A similar analysis of the causes of failure can also be performed for specimens SIM/C.
For the sake of brevity, however, Figure 6.0b) contains only the post-failure deformed
shape of beam SIM. It can be seen that VecTor2 predicted excessive shear deformations
in the critical loading zone. This failure mode seems very similar to the experimentally-
observed failures of all eight specimens.

Figure 6.7, Figure 6.8, Figure 6.9, and Figure 6.10 show the load-displacement response
of all eight specimens as obtained from the tests and as predicted by VecTor2. Each plot
contains monotonic and cyclic response of beams with the same length and the same
amount of transverse reinforcement. The predictions are shifted to the right of the origin
of the plots in order to avoid ovetlapping with the experimental hysteresis loops. The left
pairs of curves display once again the significant scatter in the ultimate behaviour of the
seemingly identical pairs of beams SOM/C and LOM/C. The right pairs of curves, on the
other hand, show that VecTor2 predicts a relatively small effect of load reversals with
strength reductions varying between 1.1% (beams L1M/C) and 15.0% (beams SOM/C).
A comparison between experiment and analysis shows good agreement in terms of
overall hysteretic response. As evident from Figure 6.9, VecTor2 captured the effect of
the lifting hooks consisting of relatively high unloading/reloading stiffness under negative
load. The same plot shows also that the finite element analysis predicts correctly the
significant decrease in the “positive” unloading/reloading stiffness between the first and
the second groups of load cycles. In fact, this is the load range over which specimen LOC
developed flat diagonal cracks causing a significant loss of beam action. It should be
noted, however, that VecTor2 underestimates the residual displacements and
overestimates the stiffness degradation under consecutive cycles with constant load
amplitude. A possible reason for the former discrepancy is that the finite element analysis
does not account for residual slip deformations at the cracks, while the experimental
observations showed the presence of permanent damage along the main diagonal
discontinuities. The later discrepancy, on the other hand, is related mainly to the
hysteretic model for concrete subjected to compression.
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Principal compressive stresses in the concrete
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In addition to the force-controlled analyses presented above, specimen LOM was also
analyzed under controlled displacements. The steel support plate was modeled and its
bottom middle node was restrained against vertical movement. The loading plate was
assumed rigid and, therefore, the top nodes located within the width of the plate were
prescribed equal downward displacement. The results showed almost no difference in
terms of pre-peak response obtained from force- and displacement- controlled analyses.
The post-peak response captured under controlled displacements was characterized by a
sudden drop of resistance to about 12% of the maximum load. As evident from Figure
6.3, specimen LOM failed in a less brittle manner.






7. SUMMARY AND CONCLUSIONS

A review of a large number of tests of deep beams, coupling beams, and shear walls
(Section 2.1) revealed the following general trends in the ultimate response of this type of
structural elements. The shear strength of members without web reinforcement is very
sensitive to the sheat-span-to-effective-depth ratio (a/d ratio). For example, a beam
without stitrups (0,=0%) and a/d=1 can be up to 6 times stronger than a similar beam
with a/d=3. Transverse reinforcement enhances the shear strength, and this enhancement
increases with increasing a/d ratios. However, heavily reinforced members, whose
stirrups remain elastic up to failure, seem to be almost insensitive to variations of p,.
Even though shear failures are inherently brittle, members with transverse reinforcement
fail in a more gradual manner with opening of wide diagonal cracks and spalling of
concrete in the zones adjacent to supports and applied loads. Another favorable
characteristic of members containing web reinforcement is that they exhibit relatively
little scatter in terms of ultimate response. On the contrary, some studies show that the
scatter in shear strength of seemingly identical deep beams without stirrups can be as
large as 60-70%. The data also indicate that this scatter decreases with increasing a/d
ratio.

Experimental studies devoted to the effects of earthquake-like cyclic loads have been
focused predominantly on failure modes which involve yielding of the flexural
reinforcement. Furthermore, the specimens are typically reinforced in two orthogonal
directions. Test results show that the interaction between flexute and shear in non-
slender members results in reduced flexural capacity. More importantly, however, the
displacement ductility capacity of this type of elements is rather low as it rarely exceeds 3.
Comparisons between identical specimens subjected to monotonic and cyclic load show
that the type of loading history has little effect on the overall response.

The experimental program described in Chapter 3 included 10 tests of non-slender
simply-supported beams with no or small amounts of transverse reinforcement subjected
to monotonic and reversed cyclic load. The beams were designed to fail shortly before
yielding of the flexural reinforcement. The longitudinal bars were anchored by anchor
heads with the exception of the bars of specimen MB which were developed by lap-
spliced hooks. The emphasis was on studying the load-bearing mechanisms which
develop in this type of elements and how they change over the course of different loading
histories.
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Specimen LOM is a typical example of moderately-deep beam without web reinforcement.
It was decided that a detailed analysis of all aspects of its behaviour (Section 4.2) would
provide a solid basis for understanding the behaviour of the rest of the specimens and
would allow for comprehensive comparisons. The crack diagrams at each load stage,
shown together with the change of deformed shape over each load step, provided a
complete picture of the progress of deformations with increasing applied load. Based on
these and other results, a kinematic model capable of describing the ultimate deformed
shape of non-slender beams without web reinforcement was developed. The model has
only two degrees of freedom (average strain in the bottom chord and shear deformation
in the critical loading zone) and its equations can be viewed as global conditions for
compatibility of deformations. These conditions were successfully used for interpretation
of various test measurements. It was demonstrated that standard strain compatibility
conditions (Mohr’s circle) do not apply over the entire depth of a beam and their
application can lead to misleading results.

The strains measured along the bottom chord of specimen LOM showed a transition
from beam action (triangular strain profile) at low load levels towards arch action
(constant profile) prior to failure. Signs of this transition were evident also in the variation
of the strain profile along the top chord, in the strains between the loading and support
points, and in the orientation of the principal strains on the side face of the beam.
Compressive strains in the cracked part of the web indicated that part of the ultimate
shear was carried under the critical diagonal crack. The failure of specimen LOM was
attributed to crushing at the zone located above the critical crack and near the edge of the
loading plate. For the sake of convenience, this zone was defined as the critical loading
zone.

Comparison between tests LOM and L1M (Subsection 4.3.1) was used for studying the
effect of small amount of transverse reinforcement (0,=0% for LOM vs. p,=0.1% for
L1M). The stirrups caused a more gradual propagation of diagonal cracks but were not
able to alter the final crack pattern observed in specimen LOM. The strains along the
bottom chord of beam LIM showed a transition from beam action (triangular type
profile) to truss action (parabolic type profile). A simple strut-and-tie model revealed that
the truss action reduced significantly the compression demand on the critical loading
zones. This effect and the difference in the concrete strength of the specimens could
explain the fact that beam L1M was almost 63% stronger than LOM.

The results from tests LOM and SOM (Subsection 4.3.2) were used to investigate the
effect of decreasing a/d ratio (a/d=2.28 for LOM vs. a/d=1.55 for SOM). The balance of
forces at the loading zones of the beams showed that specimen SOM was about 77%
stronger than LOM because of steeper and larger diagonal compression forces. While the
steepet slope of the compression flow is a direct consequence of the smaller 4/ ratio, the
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larger diagonal compression capacity was attributed to a deeper and less slender critical
loading zone. The geometrical difference between the critical loading zones of the two
beams was explained through the crack patterns in two ideal cases: a beam with mostly
bending deformations (bending cracks) and a beam with no bending deformations
(“peeling” cracks). Strain measurements over the depth of the sections showed that
specimen LOM exhibited a larger transverse dilation than SOM. This result was found
consistent with the increasing effectiveness of stirrups in members with increasing a/d
ratios.

The data from tests LOM and LOC (Subsection 4.3.3) were used to analyze the effect of
load reversals (LOM under monotonic load vs. LOC under reversed cyclic load). The
various stages of global response, flexural response, response of the web, and response of
the support zones of specimen LOC were interpreted with the help of idealized hysteresis
loops. Comparison between the load-displacement response of specimen LOM and the
positive envelope of the hysteretic response of LOC showed that the two curves diverged
at a load corresponding to the breakdown of beam action. Surprisingly, the ultimate
response of the cyclically-loaded beam was stiffer than that of the monotonically-tested
one. Furthermore, specimen LOC was 19% stronger than LOM. This difference was
attributed primarily to the random differences in the geometry of the critical loading
zones. It was shown that load reversals had a negligible effect on the response of
specimen LOC since they did not cause significant material degradation and did not alter
the crack pattern which would have developed under monotonic load.

All of the 8 specimens devoted to a systematic investigation of the effects of transverse
reinforcement (p, ratio), beam slendetness (a/d ratio), and loading history (monotonic vs.
reversed cyclic) failed in a brittle manner due to crushing at the critical loading zones
(Subsection 4.3.4). No damage related to the anchorage by anchor heads was observed.
All cyclically-tested beams (SOC, S1C, LOC, and L1C) had force-displacement response
characterized by small energy dissipation (narrow hysteretic loops), small cyclic
degradation (small increase in displacements under consecutive cycles with constant load
amplitude), and small residual displacements. The pair of short beams without web
reinforcement (specimens SOM/C) followed the pattern observed in pait LOM/C but in
this case the cyclically-loaded specimen was as much as 62% stronger than the
monotonically-tested one. The paits of identical specimens with stitrups (S1IM/C and
LIM/C) subjected to monotonic and reversed cyclic load had practically ovetlapping
load-displacement envelopes.

The scatter in terms of ultimate response of identical beams without stirrups decreased
with incteasing a/d ratio (62% for SOM/C vs. 19% for LOM/C) because the importance
of the arch mechanism, and therefore the importance of the geometry of the critical
loading zone, decreases with increasing beam slenderness. The lack of scatter in identical
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beams with stirrups was attributed to two main reasons. First, the stirrups had some
influence on the propagation of diagonal cracks and reduced the scatter in terms of depth
of the critical loading zones, and second, specimens SIM/C and LIM/C developed a
truss-type load-bearing mechanism in which a significant part of the shear was carried
below the critical loading zones.

Comparison of the expetimentally-obtained shear strengths of specimens SOM/C,
SIM/C, LOM/C, and LIM/C to code predictions (Subsection 4.3.4) showed that the
current Canadian (CSA) code captured well the trends indicated by the data points.
Furthermore, the CSA predictions were reasonably conservative (average experiment-to-
prediction ratio of 1.22 and coefficient of variation COl"=0.177) which is a favourable
result considering the scatter in the test data. In contrast, the American (ACI) and
European (EC2) codes rendered rather unconservative predictions with average
experiment-to-prediction ratios of 0.95 and 0.85, and COl” of 0.194 and 0.188,
respectively. It was shown that the constant efficiency factors in the strut-and-tie
provisions of EC2 lead to an underestimation of the rate at which the shear strength
decreases with increasing @/d ratios. The limit on the applicability of the strut-and-tie
models, imposed in the ACI code, compensates for this deficiency only to a certain
extent.

Specimens MB and SB (Section 4.4) developed arch action as a result of two different
phenomena. The four bars of the former beam separated from the web because of a lap-
splice failure while the single bar of the later beam lost interaction with the surrounding
concrete due to splitting of the bottom concrete cover. Lap-spliced anchor hooks proved
to be an unreliable solution in cases of deep members without stirrups where the flexural
reinforcement is subjected to high tension over the entire shear span. On the other hand,
the anchor heads of the #18 (¢=57 mm) bar of specimen SB wete very effective and the
beam failed due to crushing at the critical loading zone. It was shown that the stresses in
the concrete in front of the anchor heads reached values as high as 1.53f. Close
examination of concrete prisms cut from the support zones revealed splitting cracks but
no signs of concrete crushing.

The improved strut-and-tie model (ISTM) presented in Chapter 5 is based on the CSA
strut-and-tie provisions, but accounts for shear carried under the critical diagonal cracks
of non-slender beams without web reinforcement (see the top sketch in Figure 7.1). This
supplementary load-bearing mechanism was named “residual beam action” and was
modeled by a strut and a tie connected to the bottom chord at a compression-tension-
tension (CTT) node. The CT'T node represents the diagonally-cracked concrete at the
bottom end of the critical flexure-shear cracks where aggregate interlock occurs. The
behaviour of this zone was modeled through the Modified Compression Field Theory
(MCFT - Vecchio and Collins, 1986). The ISTM produced excellent shear-strength
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predictions for specimens SOM/C and LOM/C with an average experiment-to-prediction
ratio of 1.107. These predictions, together with the predictions of the CSA code for
specimens SIM/C, LIM/C, SB, and MB, resulted in 1,up/ 1 pra tatios with an average
value of 1.108 and coefficient of variation of 0.126 compared to the 1.198 and 0.168 from
the CSA code applied to all the specimens. Furthermore, the improved strut-and-tie
model was able to capture local effects such as strains along the bottom chord, width of
the “peeling” cracks near the supports, and shear strains near the supports of specimens
SOM and LOM. Verifications of the proposed model and comparisons with the CSA code
were also performed through a large database of shear tests of members without stirrups
(Collins, Bentz, and Sherwood, 2008). The results showed that the ISTM, used in
combination with the CSA sectional model for slender members, gave a less conservative
average experiment-to-prediction ratio than the CSA code (1.115 vs. 1.264), a smaller
coefficient of varation (0.222 vs. 0.250), and more uniform safety. Based on all the
verifications, it was concluded that the proposed improved strut-and-tie-model is
consistent with physical observations and explains well the transition from deep to
slender beams.
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Figure 7.1 Improved strut-and-tie model and kinematic model
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It was also shown that the improved strut-and-tie model can be used together with the
kinematic model from Chapter 4 for predicting the ultimate mid-span displacement and
the deformed shape of non-slender beams without web reinforcement (see Figure 7.1).
The ISTM provides an estimate of the shear strength of the member as well as estimates
of local deformations such as &, & and %, The kinematic model, on the other hand,
gives relationships between the local and global deformations. The combination of the
two models was applied to specimens SOM/C and LOM/C resulting in A, .p/ Ayprs tatios
with an average value of 0.90 and a coefficient of variation of 0.244.

VecTor2 analyses of specimens SOM, S1M, LOM, and L1M (Chapter 6) showed that the
finite element program based on the MCFT and on the Disturbed Stress Field Model
(DSFM - Vecchio, 2000) was able to capture the load-displacement response of the
beams in the linear range and in the range of transition from beam action to arch/truss
action. The same was valid for the envelopes of the hysteretic response of specimens
SOC, S1C, LOC, and L1C. At the same time, in most of the cases, the predicted zones of
cracked concrete did not extend as far above the bottom longitudinal reinforcement as
was observed in the tests. It was shown that this resulted in failures caused by crushing of
the concrete in the support zones and not in the loading zone as in the tested beams. This
could be a reason for the overestimated shear strengths with experiment-to-prediction
ratios for the monotonically-tested specimens varying between 0.64 and 0.92. In terms of
hysteretic response, the analyses captured the overall shape of the load-displacement
loops, but underestimated the residual displacements and overestimated the stiffness
degradation under consecutive cycles with constant load amplitude.

Finally, the work on this thesis gave rise to ideas for future research topics. An immediate
possibility is to improve and extend the proposed improved strut-and-tie model to beams
with small amounts of stirrups such as specimens SIM/C and L1M/C. Further, it is of
great interest to examine the kinematics of slender beams and that of beams which
contain large amounts of web reinforcement. More generally, the kinematics-based
approaches used in this work could be used to study the behaviour of other important
non-slender members such as coupling beams, shear walls, and short columns.
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APPENDIX A. CONCRETE TESTS

Compressive tests of 152/305 mm (6”/12”) cylinders

Design properties:
f.'=20 MPa
2,=20 mm

Slump=75 mm

Specimens SOM/C
Cast day: 28/03/2007
Slump: 110 mm

Date Days f.' (MPa) Avg.

04/04 /2007 7 20.14 | 20.89 | 2248 | 21.2

11/04/2007 14 2824 | 27.8 | 2659 | 27.5

25/04/2007 28 31.8 | 31.61 | 31.26 | 31.6

25/04/2007 28 30.26 | 23.46 | 32.63 | 31.4

22/08/2007 144 | 34.61 33.2 | 34.81 34.2

Specimens SIM/C
Cast day: 01/05/2007
Slump: 80 mm
Date Days f.' (MPa) Avg.

08/05/2007 7 19.41 | 1858 | 18.79 18.9

15/05/2007 14 25.77 | 23.771 | 24.18 | 24.6

29/05/2007 28 29.22 | 2991 | 29.05 | 29.4

29/05/2007 28 28.86 | 28.35 | 20.64 | 28.6

31/08/2007 119 33.3 32.0 | 3371 33.0
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Specimens SB/MB
Cast day: 16/05/2007
Slump: 85 mm
Date Days f' (MPa) Avg.

23/05/2007 7 18.26 | 17.91 | 17.99 181 |~
30/05/2007 14 2242 | 19.95 | 20.43 | 20.9
13/06/2007 28 26.14 | 25.81 | 2226 | 24.7
13/06/2007 28 18.84 | 23.12 | 1873 | 20.2
10/12/2007 | 204 | 31.66 30.7 | 29.26 | 30.5

Specimens LOM/C

Cast day: 30/05/2007
Slump: 110 mm

Date Days ' (MPa) Avg.
06/06/2007 | 7 1733 | 16.4 | 17.04 | 169
13/06/2007 | 14 | 2232 | 20.42 | 19.94 | 209
27/06/2007 | 28 | 25.09 | 25.05 | 2596 | 25.4
27/06/2007 | 28 | 2537 | 2588 | 2692 | 26.1
31/10/2007 | 151 | 27.22 | 30.4 | 29.71 | 29.1 | ™

Specimens L1M/C
Cast day: 19/06/2007
Slump: 50 mm
Date Days f' (MPa) Avg.

26/06/2007 7 22.7 | 22.62 | 23.64 | 23.0
03/07,/2007 14 28.25 | 29.48 | 2647 | 281 |~
17/07/2007 28 32.64 | 32.03 | 35.87 | 335
17/07/2007 28 33.37 | 34.86 | 29.26 | 325
10/12/2007 | 171 37.7 37.0 | 3858 | 37.8

Note: The values in a grey box were disregarded since they were relatively very low.
* Cured in standard conditions for the first 7 days.
** Cured in standard conditions (standard cylinder test).

*¥* Cured in standard conditions for the first 7 days and tested approximately at the day of the beam test.
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Four-point bending tests of 152/152/533 mm (6”/6” /21”) prisms

Test days: 10 — 11/12/2007

Specimen Modulus of rupture, (MPa) | Avg.
SOM/C 3.9 4.1 5.0 4.3
SIM/C 3.8 4.0 3.9 3.9
SB/MB 3.2 3.0 4.6 3.6
LOM/C 3.6 3.9 3.8 3.7
LIM/C 3.7 3.7 3.5 3.7




APPENDIX B. EXPERIMENTAL DATA

B1. INTRODUCTION

This appendix contains data from tests SOM/C, SIM/C, LOM/C, L1M/C, SB, and MB
presented in numerical and graphical form. Detailed description of the experimental
program, including geometrical properties of the specimens, results from material tests,
test setup, instrumentation, and loading histories, was given in Chapter 3. For the sake of
convenience, big part of that information is repeated below and at the beginning of the
sections devoted to each individual test.

Measuring devices
LVDTs - all specimens

988 mm
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Sign convention for loads and displacements

The downward midspan displacement and the load applied by the Baldwin machine on
the top face of the specimens are considered positive. Inversely, the upward midspan
displacement and the bottom load applied by the hydraulic jacks are given negative sign.
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B2. SPECIMEN SOM
Cast day: March 28, 2007

Beam properties

Cross section: #=1200 mm, 4=400 mm

Effective depth: 1095 mm

Shear span: 1700 mm

Loading plates: 51/300/400 mm

Supportt plates: 51/150/400 mm

Longitudinal reinforcement: p=0.68%, ;=650 MPa

Transverse reinforcement: 0,=0%

Concrete: /" = 34.2 MPa, £=1630 W&, 2,=20 mm, Modulus of rupture = 4.3 MPa
Defects: no significant defects

Test day: August 7t, 2007

Test Remarks

Maximum load: 1419.5 kN
Displacement at maximum load: 6.4 mm
Failure mode: The beam failed suddenly with crushing above the most eastern diagonal
crack near the edge of the top loading plate.
Other remarks:
- The formation and propagation of flexure-sheat cracks was relatively quick.
- Zirich target 8 fell off at Load Stage 4. It was glued back and the readings over
the adjacent squares from the grid were repeated.
- The critical most diagonal crack propagated almost instantaneously during LLoad

Step 4-5.
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Near Failure




Behaviour of Large Non-slender RC Beams under Monotonic and Reversed Cyclic Load 198

Data summary

N
~ . . . ~ . . o e

TlE| S| s ™M E g |E|E g |E|E|g|E|E|g|E]|E

Q [a) g o) %) »n N 1% | | = = V)

~ = % M M =3 = S S =3 =3

# | & | (min) | &N) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (ue)

x103 | x103 x103 x103 | x103 | x103 | x103 | x103

37 56 231.3 0.1 1 -23 0 -2 -6 -4 -14 -20 0.00 0.02 0.02 | -0.02 | -0.01 | -0.02 74
60 63 420.1 0.2 56 -48 1 -5 -12 -3 -12 -28 0.01 0.01 0.01 0.00 | -0.01 | -0.04 104
76 67 556.4 0.4 161 -80 2 -4 -17 0 -18 -37 0.00 0.02 0.00 0.00 | -0.01 | -0.07 127
102 116 587.6 0.5 281 -100 4 -3 -16 1 -16 -30 0.02 0.02 0.01 0.05 0.00 | -0.07 | 208
105 117 611.4 0.7 360 -104 4 -3 -15 10 -15 -31 0.03 0.02 0.00 0.13 | -0.02 | -0.06 | 214
11 119 653.3 0.8 439 -116 2 -3 -18 1 -19 -32 0.04 0.02 | -0.01 0.15 | -0.01 | -0.07 | 228
119 121 704.5 0.9 506 -120 5 -3 -18 13 -17 -32 0.07 0.03 | -0.01 0.21 -0.01 | -0.07 | 242
148 157 730.1 1.1 536 -132 2 -5 24 5 -23 -47 0.05 0.02 0.00 0.33 | -0.02 | -0.10 | 299
153 158 768.9 1.2 581 -132 5 -5 23 6 -23 -49 0.09 0.03 | -0.02 | 042 | -0.01 | -0.11 317
157 159 797.6 14 626 -138 6 -6 23 9 -24 -51 0.24 0.03 | -0.02 | 048 | -0.01 | -0.12 | 702
160 160 825.8 1.6 656 -140 7 -7 24 7 -24 -51 0.41 0.03 | -0.01 0.54 0.01 -0.10 | 1041
164 160 847.6 1.7 686 -144 8 -4 -26 6 -24 -50 0.52 0.02 | -0.02 | 0.61 0.01 -0.10 | 1170
167 161 872.0 1.9 697 -149 10 -3 -28 7 -24 -50 0.57 0.10 | -0.05 | 0.65 0.02 | -0.10 | 1275
173 163 901.4 2.1 735 -150 11 -3 -29 29 -23 -57 0.66 0.13 | -0.05 | 0.89 0.19 | -0.14 | 1290
205 207 926.4 2.3 773 -154 12 -3 -30 73 21 -57 0.73 017 | -0.04 1.00 024 | -0.15 | 1343
212 210 948.3 2.7 776 -153 15 -4 -33 566 117 -79 0.78 022 | -0.04 1.38 0.56 | -0.03 | 1390
216 211 972.6 2.8 791 -155 20 -4 -33 614 130 -82 0.81 0.24 | -0.04 1.47 0.61 0.00 | 1418
220 212 1000.1 2.9 818 -154 18 -4 -33 679 150 -87 0.88 0.30 | -0.04 1.55 0.67 0.01 1466
223 213 1028.9 3.0 836 -154 22 -7 -34 732 169 91 0.90 0.32 | -0.04 1.67 0.72 0.03 | 1500
227 213 1066.4 3.1 866 -156 30 -10 -37 785 191 -98 0.96 0.35 | -0.04 1.74 0.78 0.04 | 1562
241 215 1098.9 4.0 911 -107 1260 86 72 869 212 -97 217 1.44 0.06 1.87 0.87 0.06 | 1672
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S & & £ sl 20213222 =|3]|F
EO I T S R - < - - = O = A O+

S| A g a A A 2 @0 = = S| S| ©

= £ I i i = = o m = =

282 285 1120.1 4.2 941 -100 1383 119 -69 940 225 -96 2.14 1.59 0.11 1.98 0.97 0.09 | 1698
- 285 286 1149.5 43 956 -102 1435 133 -75 971 230 -102 2.21 1.64 0.12 2.03 0.98 0.09 | 1733
- 288 288 1173.3 4.4 971 -104 1496 150 -74 1007 235 -101 2.28 1.71 0.13 2.10 1.01 0.10 | 1763
- 297 291 1198.9 4.6 1001 -98 1676 326 -81 1044 236 -103 2.44 1.89 0.26 2.18 1.05 0.11 1784
- 304 293 12245 4.8 1016 -95 1805 423 -89 1075 238 -106 2.56 2.02 0.31 2.22 1.08 0.12 | 1832
- 308 294 1250.1 4.9 1039 -91 1928 497 -96 1110 244 -110 2.68 2.14 0.39 2.29 1.11 0.12 | 1859
- 314 295 1271.4 5.1 1061 -89 2019 543 -95 1141 242 -111 2.79 2.27 0.41 2.34 1.15 0.14 | 1880
5 319 298 1300.8 5.3 1091 -81 2198 640 -103 1200 246 -115 3.00 2.49 0.51 2.43 1.21 0.16 | 2056
- 361 361 1325.1 5.6 1110 =72 2459 776 -108 1263 250 -119 3.28 2.83 0.65 2.55 1.29 0.16 | 2013
- 365 362 1348.3 5.7 1133 -63 2544 812 -113 1293 255 -122 3.39 291 0.68 2.59 1.32 0.18 | 2041
- 370 364 1373.3 5.9 1151 -51 2657 859 -115 1330 260 -128 3.53 3.07 0.72 2.65 1.37 0.19 | 2102
UL | 380 | 366 | 1419.5 6.4 1189 42 3133 | 1045 | -122 | 1407 263 -129 4.07 3.71 1.02 2,79 1.44 021 | 2163
- 397 367 1319.5 7.2 1136 402 4453 1458 | -123 1377 263 -126 5.52 5.70 1.94 2.66 1.40 021 | 2068
- 399 368 982.0 8.9 844 1533 8019 2782 -80 1131 268 -100 9.11 1118 | 4.56 2.07 1.15 0.21 1615
- 401 368 832.0 9.4 761 1804 | 9249 3179 -68 1057 267 -93 1020 | 1289 | 5.50 1.92 1.08 020 | 1540
- 406 368 744.5 10.4 701 2116 | 11004 | 3749 -56 997 265 -88 1152 | 1533 | 6.70 1.80 1.02 0.19 | 1511
- 417 369 660.8 125 641 2436 | 14278 | 4877 -30 926 260 -81 1458 | 1998 | 9.40 1.64 0.95 0.19 | 1590
- 443 371 570.1 17.3 581 2951 | 18913 | 7529 3 847 251 =77 21.64 | 28.08 | 15.52 | 1.49 0.87 0.19 | 1180

Note: The data from most of the strain gauges is not presented for the sake of brevity.
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Load, kN
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Crack Diagrams, crack widths in (mm)

Load Stage 1
Fo550 b East End

LS2
F=705 kN

LS3
F=901 kN

0.15

LS 4
F=1099 kN

LS5
F=1301 kN
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200 mm

Deformed shapes amplified to midspan displcament equivalent to
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Zirich readings over 300/300 mm grid, deformations in (mm)
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B3. SPECIMEN S0C

Cast day: March 28, 2007

Beam properties
Cross section: #=1200 mm, /=400 mm
Effective depth: 1095 mm
Shear span: 1700 mm
Loading plates: 51/300/400 mm
Support plates: 51/150/400 mm
Longitudinal reinforcement: 0=0.68%, £,=650 MPa
Transverse reinforcement: 0,=0%
Concrete: /" = 34.2 MPa, £=1630 W, 2,=20 mm, Modulus of rupture = 4.3 MPa

Defects: no significant defects

Test days: August 16th — 24tk 2007

Loading history

3000

Failure

2000 7

A

-1000 7

—
o—|
— |
o—=
o— |
— |
o— |

-2000

Load Stage #

Test Remarks

Maximum positive load: 2301.0 kN
Maximum negative load: 1848.5 kN
Displacement at failure: +10.9 mm
Failure mode: The beam failed in a very brittle manner with loud crushing of concrete
above the most eastern diagonal crack neat the edge of the top loading plate.
Other rematrks:
- The formation and propagation of flexure-sheat cracks was trelatively quick.

- The north lateral support was loosening under positive load throughout the
test.
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- The threaded rods which connected the top and bottom support plates were

loosened prior to Load Stage 34.

Global response
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1000 | - - - -
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>

Displacement.
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Data summary
iy & 2 Sl 2|22 E |2 5] |58]c¢
LRI e 4 2 2 | = | g s | ¢
<
@ | @& | (min) (kN) (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (ue)
x103 | x103 | x103 | x103 | x103 | x103 | x103 | x103

- 14 29 9.2 0.0 0 3 0 0 2 0 0 -2 -0.03 | -0.03 | -0.01 0.00 0.01 0.01 0
1 86 62 558.5 0.3 53 -51 11 -10 -21 7 -12 -30 0.01 -0.01 | -0.04 | 0.01 0.00 | -0.02 59

2 126 116 697.3 0.9 282 -65 14 -3 -30 16 -12 -30 0.12 | -0.03 | -0.04 | 0.16 0.00 | -0.05 81
3 179 157 901.7 2.1 438 -69 23 -2 -50 27 -16 -53 0.85 0.17 | -0.10 | 0.69 0.38 | -0.11 | 1052
4 251 212 1098.5 3.9 617 20 824 592 -109 1253 36 -103 2.05 1.19 | -0.04 1.65 1.51 0.23 | 1355
5 551 1295 -1.8 0.9 83 77 260 200 -35 369 25 -20 0.58 0.37 0.02 0.57 0.55 0.12 276
6 683 1465 -526.5 -0.1 -48 285 137 129 -17 225 18 -1 0.22 0.16 0.11 0.32 0.40 0.17 58

7 766 1553 -748.2 -1.2 -54 463 119 117 -14 194 17 -6 0.16 0.15 0.41 0.21 0.75 0.94 1
8 843 1612 -950.7 -2.8 12 666 123 111 -21 201 16 -17 -007 | 0.78 1.50 0.14 1.37 1.71 62
9 938 1673 -1149.2 -3.8 33 792 123 111 -26 197 13 -17 -0.14 1.17 1.97 0.05 1.79 2.27 62
- 1016 | 1731 -344.0 -1.8 38 353 146 113 -30 239 13 -20 0.00 0.70 1.05 0.15 1.17 1.23 106
- 1056 | 1745 192.7 0.4 162 69 307 189 -51 418 17 -35 0.58 0.64 0.32 0.63 0.92 0.43 340
10 | 1218 | 1766 1105.4 4.0 694 67 1164 685 -138 1536 158 -109 2.60 1.88 0.08 2.11 1.99 0.46 | 1463
- 1418 | 5683 0.7 0.5 97 119 341 236 -26 497 95 -16 0.69 0.71 0.25 0.67 1.00 0.41 231
- 1460 | 5736 -482.9 -1.6 43 390 237 196 -30 333 82 -25 0.14 0.91 1.08 0.26 1.43 1.30 129
11 | 1517 | 5744 -1147.5 -3.8 54 822 210 179 -31 261 82 -25 -0.07 1.48 2.15 0.08 2.12 2.42 98
- 1552 | 5781 -375.6 -1.8 50 373 206 171 -27 297 89 -14 0.24 0.98 1.16 0.19 1.41 1.37 118
- 1598 | 5793 326.2 1.2 251 69 581 348 -59 712 89 -44 113 1.03 0.25 1.02 1.30 0.42 535
12 | 1688 | 5811 1098.5 4.0 710 69 1246 735 -135 1611 211 -113 2.77 1.99 0.15 2.17 2.17 0.53 | 1468
- 1716 | 5851 419.2 1.9 324 57 742 462 -82 981 133 -59 1.40 1.21 0.19 1.31 1.46 0.42 663
- 1732 | 5857 -110.1 -0.1 55 160 290 229 -36 433 120 -26 0.36 0.70 0.46 0.47 1.04 0.60 162
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13 | 1806 | 5865 | -11462 | -39 50 830 | 202 | 188 | 34 | 262 | 111 | 26 | -007 | 156 | 217 | 005 | 217 | 247 | 98
- | 1853 | 5908 | -418.0 | -1.9 | 49 308 | 210 | 191 | 28 | 203 | 119 | -14 | 007 | 1.04 | 124 | 018 | 151 | 146 | 113
- | 1887 | 5934 71.8 0.1 114 | 96 313 | 214 | 38 | 425 | 124 | 22 | 047 | 071 | 037 | 053 | 1.03 | 050 | 218
14 | 2000 | 5950 | 11042 | 41 716 71 | 1274 | 754 | <139 | 1650 | 242 | -114 | 266 | 201 | 016 | 222 | 222 | 056 | 1480
15 | 2051 | 5990 | 12485 | 47 | 816 77 | 1445 | 868 | -157 | 1857 | 281 | -124 | 299 | 225 | 015 | 246 | 240 | 061 | 1677
- | 2076 | 6021 554.2 25 | 414 66 927 | 588 | 99 | 1267 | 192 | 74 | 178 | 150 | 020 | 1.57 | 1.71 | 048 | 862
- | 2089 | 6022 25 05 | 114 | 104 | 393 | 294 | 40 | 613 | 162 | 21 | 063 | 074 | 027 | 071 | 111 | 046 | 232
oo 2117 | 6030 | -402.6 | 1.5 | 44 346 | 249 | 234 | 36 | 387 | 151 | 23 | 011 | 096 | 1.06 | 024 | 1.44 | 130 | 130
16 | 2182 | 6037 | -12951 | -45 55 924 | 212 | 205 | 35 | 303 | 144 | 23 | -011 | 172 | 243 | 005 | 242 | 277 | 9
o | 2209 | 6068 | -469.0 | 2.3 | 49 456 | 220 | 206 | 34 | 335 | 147 | 20 | 004 | 1.15 | 140 | 015 | 1.67 | 1.69 | 116
- | 2288 | 6080 | 6485 26 | 462 66 947 | 567 | <100 | 1232 | 183 | 78 | 1.87 | 155 | 020 | 1.64 | 178 | 049 | 963
17 | 2354 | 6092 | 12473 | 47 | 823 70 | 1475 | 880 | -159 | 1915 | 308 | -123 | 3.02 | 230 | 015 | 249 | 246 | 0.64 | 1680
o | 2371 | 6120 | 6017 25 | 421 55 953 | 603 | 98 | 1276 | 203 | 72 | 175 | 149 | 020 | 1.60 | 1.74 | 049 | 810
- | 2379 | 6121 14.7 05 | 111 | 102 | 397 | 296 | 41 | 576 | 172 | 20 | 061 | 074 | 028 | 069 | 1.13 | 048 | 222
S| 2430 | 7163 | 3984 | -1.6 51 350 | 256 | 237 | 30 | 392 | 161 | -18 | 012 | 1.00 | 112 | 024 | 148 | 134 | 122
18 | 2509 | 7171 | -1294.1 | -45 63 940 | 223 | 219 | 30 | 320 | 152 | -18 | -007 | 1.75 | 247 | 0.04 | 246 | 2.84 | 91
o | 2534 | 7203 | -505.0 | 24 | 56 477 | 2290 | 216 | 30 | 332 | 153 | -15 | 003 | 122 | 145 | 017 | 174 | 175 | 107
- | 2549 | 7205 0.0 03 88 130 | 282 | 220 | 30 | 405 | 158 | -20 | 028 | 073 | 055 | 040 | 1.09 | 0.68 | 146
- | 2590 | 7216 | 4067 1.7 | 318 79 753 | 464 | 75 | 944 | 144 | 58 | 142 | 126 | 023 | 1.27 | 153 | 046 | 648
19 | 2693 | 7230 | 12467 | 47 | 826 68 | 1492 | 899 | -157 | 1965 | 318 | -123 | 3.10 | 230 | 016 | 254 | 252 | 067 | 1673
o |28 | 72713 | 5698 26 | 424 | 48 986 | 632 | <102 | 1329 | 214 | 74 | 1.85 | 151 | 021 | 1.68 | 1.81 | 052 | 868
o | 2732 | 7274 144 05 | 113 | 101 | 439 | 335 | 42 | 606 | 182 | 20 | 0.65 | 0.80 | 030 | 071 | 1.16 | 048 | 219
- 2760 | 7203 | -386.8 | -15 53 341 | 286 | 264 | 36 | 421 | 168 | 22 | 013 | 1.04 | 113 | 024 | 151 | 136 | 124
20 | 2827 | 7302 | -1297.1 | -4.6 66 948 | 236 | 241 | 38 | 324 | 158 | 24 | -008 | 1.81 | 252 | 004 | 250 | 2.89 | 90
o | 2860 | 7341 | 3480 | 25 63 501 | 244 | 236 | 34 | 348 | 163 | -13 | 004 | 129 | 1.55 | 016 | 1.83 | 1.87 | 111
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2904 | 7399 0.0 -0.2 89 124 306 248 -34 434 173 -12 0.34 0.74 0.53 0.45 1.10 0.67 148
- 2953 | 7417 412.9 1.8 330 71 781 485 -81 999 153 -56 1.44 1.31 0.24 1.29 1.54 0.48 651
21 | 3060 | 7438 1249.8 4.8 833 59 1521 914 -160 | 2007 332 -123 3.08 2.32 0.16 2.56 2.52 0.67 | 1666
22| 3111 | 7482 1394.2 5.3 930 59 1692 | 1021 -179 | 2209 366 -136 3.42 2.54 0.16 2.79 2.72 0.71 1855
- 3136 | 7533 676.7 2.9 479 42 1119 721 -111 1502 239 -84 2.00 1.66 0.21 1.81 1.92 0.57 925
- 3147 | 7534 130.2 0.6 148 77 520 390 -52 728 180 -28 0.68 0.85 0.28 0.80 1.22 0.49 218
- 3375 | 10043 -346.3 -1.4 57 318 292 277 -38 445 167 -26 0.14 1.01 1.08 0.27 1.50 1.28 124
23 | 3457 | 10051 | -1439.0 -5.1 73 1059 246 252 -36 337 157 -26 -0.10 1.97 2.78 0.00 2.73 3.17 84
- 3480 | 10081 -642.5 -2.9 69 565 253 251 -36 353 163 -15 0.03 1.42 1.75 0.14 2.02 2.10 104
- 3491 | 10082 -2.6 -0.4 98 128 317 266 -36 434 171 -15 0.34 0.81 0.62 0.42 1.20 0.77 144
- 3536 | 10096 401.0 1.8 324 72 810 507 -85 997 150 -61 1.47 1.34 0.25 1.33 1.60 0.50 637
24 | 3647 | 10110 1392.3 5.3 941 66 1724 | 1052 | -178 | 2209 379 -138 3.44 2.58 0.17 2.84 2.76 0.74 | 1856
- 3667 | 10138 687.3 3.1 498 44 1166 757 -117 1517 243 -94 2.08 1.74 0.23 1.90 2.01 0.60 964
- 3678 | 10139 146.2 0.9 166 54 589 423 -60 770 155 -42 0.86 0.95 0.26 0.90 1.30 0.45 246
- 3699 | 10146 -260.3 -1.1 56 252 293 276 -42 417 160 -30 0.17 0.92 0.97 0.30 1.41 1.17 124
- 3735 | 10150 -800.5 -3.1 65 627 255 259 -43 333 158 -28 0.01 1.45 1.83 0.12 2.08 2.20 104
25 | 3781 | 10155 | -1445.0 -5.2 77 1059 247 254 -41 315 150 -28 -0.09 | 2.00 2.80 0.00 2.80 3.25 87
- 3817 | 10194 -688.4 -3.2 74 604 251 254 -39 330 160 -15 0.04 1.50 1.84 0.14 2.13 2.26 105
- 3837 | 10196 -124.5 -1.1 80 224 277 255 -38 396 165 -14 0.18 1.00 0.94 0.32 1.42 1.14 123
- 3884 | 10240 279.9 13 259 75 690 439 -70 853 152 -51 1.23 1.18 0.29 1.12 1.49 0.50 495
- 3941 | 10249 797.3 3.3 580 63 1213 755 -125 1571 250 -103 2.37 1.88 0.22 2.03 2.11 0.60 | 1158
26 | 4008 | 10257 1395.4 5.4 950 64 1750 | 1074 | -183 | 2256 390 -141 3.48 2.62 0.18 2.89 2.79 0.76 | 1878
- 4032 | 10286 722.9 32 532 54 1219 794 -123 1596 257 -94 2.20 1.83 0.24 1.98 2.06 0.62 | 1019
- 4044 | 10287 134.2 0.5 151 81 528 400 -53 696 156 -34 0.68 0.85 0.32 0.75 1.23 0.50 204
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4068 | 10203 | 3580 | -1.5 59 325 | 288 | 279 | 40 | 393 | 153 | 27 | 012 | 107 | 114 | 026 | 158 | 140 | 124
27 | 4148 | 10302 | 14442 | 53 79 | 1070 | 247 | 255 | 39 | 322 | 146 | -26 | -008 | 202 | 286 | 001 | 285 | 3290 | 90
o | 4178 | 10331 | 6982 | 33 73 607 | 251 | 254 | 40 | 328 | 152 | 20 | 0.04 | 153 | 1.87 | 012 | 218 | 229 | 109
o | 4198 | 10333 | -1454 | 12 | 81 230 | 276 | 256 | -42 | 387 | 156 | 21 | 017 | 1.01 | 099 | 030 | 147 | 121 | 125
- | 4260 | 10345 | 3794 18 | 318 66 825 | 529 | -87 | 1009 | 139 | -62 | 148 | 137 | 026 | 1.39 | 1.62 | 051 | 628
28 | 4379 | 10360 | 13967 | 54 | 957 64 | 1782 | 1095 | -186 | 2271 | 399 | -141 | 353 | 266 | 017 | 296 | 2.83 | 077 | 1883
29 | 4442 | 10396 | 1601.0 | 63 | 1124 | 67 | 2044 | 1263 | 206 | 2577 | 455 | -158 | 4.00 | 299 | 017 | 327 | 3.10 | 0.85 | 2143
o | 4471 | 10442 | 9367 42 | 711 52 | 1548 | 1008 | -153 | 1974 | 338 | -110 | 283 | 227 | 024 | 245 | 244 | 073 | 1360
o | 4480 | 10443 | 3854 22 | 356 35 998 | 699 | 94 | 1254 | 176 | -62 | 1.64 | 1.49 | 028 | 1.51 | 1.75 | 056 | 665
o | 4534 | 11486 | -647 0.0 | 102 | 131 | 406 | 349 | 50 | 577 | 156 | -32 | 044 | 082 | 054 | 061 | 1.21 | 064 | 160
o | 4564 | 11495 | 4779 | 20 | 74 410 | 297 | 304 | 48 | 431 | 152 | 33 | 011 | 125 | 142 | 025 | 1.76 | 1.64 | 119
30 | 4652 | 11507 | -1648.7 | -6.0 | 96 | 1222 | 262 | 276 | -51 | 369 | 146 | -34 | -004 | 234 | 330 | -0.02 | 3.10 | 3.66 | 86
- | 4688 | 11559 | -868.6 | -4.0 | 83 740 | 270 | 273 | 48 | 374 | 150 | -26 | 009 | 1.85 | 231 | 0.09 | 243 | 2.64 | 108
o | 4710 | 11561 | -297.8 | -1.9 90 345 | 200 | 277 | -48 | 398 | 152 | 27 | 019 | 127 | 138 | 024 | 175 | 159 | 120
o | 4742 | 11577 | 1085 04 | 180 | 94 510 | 362 | 59 | 632 | 161 | 36 | 0.87 | 1.10 | 045 | 079 | 139 | 0.61 | 263
o | 4792 | 11589 | 5417 24 | 443 58 | 1053 | 675 | -109 | 1315 | 192 | 86 | 197 | 171 | 027 | 1.68 | 190 | 0.60 | 833
31 | 4928 | 11612 | 1601.0 | 63 | 1145 | 65 | 2109 | 1287 | 208 | 2658 | 471 | -164 | 415 | 313 | 021 | 330 | 3.14 | 088 | 2158
32 | 5009 | 11660 | 18029 | 7.4 | 1313 | 117 | 2442 | 1497 | 233 | 2944 | 476 | 201 | 468 | 3.50 | 020 | 3.99 | 357 | 0.64 | 2418
- | 5045 | 11720 | 11548 | 54 | 905 | 105 | 1949 | 1264 | -182 | 2381 | 393 | -158 | 3.56 | 2.81 | 028 | 315 | 297 | 059 | 1663
- | 5066 | 11721 | 6017 34 | 533 84 | 1400 | 973 | -126 | 1740 | 264 | -110 | 236 | 205 | 033 | 222 | 230 | 054 | 953
- | 5085 | 11723 | 1108 12 | 219 | 123 | 783 | 621 | -68 | 1005 | 198 | 51 | 118 | 125 | 035 | 122 | 1.60 | 054 | 315
o s117 | 11750 | 2922 | 13 90 324 | 403 | 401 | 53 | 630 | 202 | 33 | 025 | 124 | 123 | 048 | 1.85 | 145 | 132
- | 5154 | 11755 | 7984 | 33 92 679 | 344 | 360 | -49 | 503 | 198 | -33 | 013 | 174 | 211 | 022 | 248 | 246 | 105
33 | 5235 | 11766 | -18485 | 7.1 | 120 | 1423 | 309 | 330 | -51 | 443 | 189 | 35 | 014 | 288 | 3.91 | -0.01 | 374 | 433 | 86
- | 5256 | 11803 | -1067.9 | -5.0 | 104 | 937 | 316 | 327 | 56 | 449 | 194 | =25 | 025 | 234 | 201 | 012 | 3.12 | 335 | 109
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5266 | 11804 | -477.7 | 29 | 111 | 530 | 322 | 330 | -56 | 453 | 198 | 26 | 031 | 1.78 | 1.95 | 030 | 243 | 230 | 119
o | s279 | 11809 | -0 07 | 143 | 183 | 372 | 340 | 55 | 537 | 203 | -3¢ | 051 | 128 | 1.03 | 058 | 166 | 1.07 | 150
o |s3s2 | 11818 | 7192 | 33 | 607 | 98 | 1349 | 874 | -130 | 1524 | 178 | -114 | 271 | 232 | 040 | 230 | 248 | 053 | 1075
- | 5410 | 11827 | 12260 | 53 | 947 | 109 | 1890 | 1195 | -177 | 2142 | 235 | -158 | 3.80 | 299 | 033 | 3.16 | 3.09 | 051 | 1700
34 | 5476 | 11834 | 18035 | 7.5 | 1341 | 125 | 2543 | 1568 | 230 | 2830 | 306 | -202 | 502 | 3.80 | 027 | 412 | 379 | 051 | 2437
UL | 5598 | 11886 | 2301.0 | 109 | 1772 | 241 | 4216 | 2903 | 298 | 4018 | 475 | -285 | 718 | 571 | 0.87 | 555 | 490 | 0.64 | 3200
- | 5601 | 11886 | 22748 | 112 | 1764 | 342 | 4662 | 3477 | -299 | 4018 | 478 | 284 | 773 | 642 | 1.44 | 550 | 487 | 0.4 | 1270

Note: The data from most of the strain gauges is not presented for the sake of brevity.
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Crack Diagrams, crack widths in (mm)
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Deformed shapes amplified to midspan displcament equivalent to 200 mm
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B4. SPECIMEN SIM
Cast day: May 1th, 2007

Beam properties

Cross section: /=1200 mm, 4=400 mm

Effective depth: 1095 mm

Shear span: 1700 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: 0=0.68%, £,=650 MPa

Transverse reinforcement: 0,=0.1%, £,=490 MPa

Concrete: /= 33.0 MPa, £=1630 W, 2,=20 mm, Modulus of rupture = 3.9 MPa
Defects: no significant defects

Test day: August 30t, 2007

Test Remarks

Maximum load: 1860.1 kN
Displacement at maximum load: 7.7 mm
Failure mode: The beam failed in a relatively gradual manner with crushing above the
most eastern diagonal crack near the edge of the top loading plate. Sounds indicating
rupture of stirrups were heard after the load on the beam has started to decrease.
Other remarks:
- The formation and propagation of flexure-sheat cracks was relatively gradual.
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Data summary
1EEE, B i O R T R DG RO & c| &
2% 5 F * | BH | TH = & £ g = £ E o = d Ed d
- g e O O I T I O - - O
= £ ] = = = = z =
<
@ | & | (i) | &N) | (mm) | (mm) | (mm) | (mm) | (@m) | (mm) | mm) | (mm) | @mm) | (mm) | (mm) | (mm) (ue) (He) | (ug)
x103 x103 x103 x103 | x1073
49 25 370.2 0.2 16 -38 4 -6 -12 0.02 | -0.02 | -0.02 | 0.00 | -0.02 | -0.03 32 -5 -7

1 71 31 565.7 0.4 199 =78 5 -9 -20 0.04 0.00 | -0.04 | 003 | -0.01 | -0.06 58 -2 -3

- 97 63 627.1 0.6 306 -96 5 -10 -19 0.12 0.00 | -0.02 | 007 | -0.03 | -0.07 73 -6 -3
2 105 66 704.7 0.9 397 -112 3 -8 -22 027 | -0.01 | -0.03 0.13 | -0.01 | -0.08 372 -1 -4
- 132 97 772.5 1.1 431 -125 7 -10 -24 0.33 0.00 | -0.04 | 025 | -0.02 | -0.09 497 -6 1

- 139 99 827.6 13 471 -139 5 -8 -26 0.39 -0.01 | -0.05 030 | -0.02 | -0.10 619 -10 -4
- 143 101 862.7 15 491 -147 6 -11 -29 0.53 0.05 -0.05 036 | -0.01 | -0.08 852 -12 5

3 156 106 902.8 1.9 524 -148 9 -11 -29 0.61 0.08 | -0.05 0.78 018 | -0.12 926 -10 18
- 194 138 931.6 2.1 552 -154 9 -12 -33 0.65 0.08 | -0.04 | 0.88 027 | -0.16 987 -11 45
- 200 140 960.8 2.3 565 -143 8 -12 -33 0.68 0.09 -0.07 1.18 049 | -0.19 1005 -12 41
- 208 142 1020.7 2.5 593 -148 11 -11 -34 0.78 0.13 | -0.07 1.27 056 | -0.18 1060 -18 71
- 212 144 1048.8 2.8 618 -153 258 -12 -41 0.97 029 | -0.07 132 0.59 | -0.20 1111 -5 443
4 234 150 1099.5 33 662 -137 678 -50 -63 1.45 0.70 | -0.09 1.44 0.68 | -0.21 1292 833 1901
- 269 192 11328 3.4 699 -138 729 -48 -69 1.52 0.76 | -0.07 1.53 0.72 | -0.18 1350 875 2080
- 278 193 1179.5 3.6 727 -143 776 -50 -70 1.61 0.82 | -0.08 1.60 0.77 | -0.19 1406 873 2238
- 286 195 12182 3.8 752 -144 829 -54 -75 1.67 0.90 | -0.06 1.69 0.85 | -0.17 1452 880 2402
- 293 196 1258.3 4.0 776 -143 894 -60 -78 1.78 0.96 | -0.05 1.80 0.91 -0.17 1497 885 2450
5 308 198 1302.3 4.2 811 -147 1003 =72 -84 1.90 1.07 | -0.03 191 0.99 | -0.16 1553 888 2425
- 344 237 1335.7 4.4 844 -153 1097 -76 -91 2.02 117 | -0.04 | 2.02 1.09 | -0.12 1625 912 2482
- 349 238 1379.7 4.6 867 -155 1156 -80 -93 2.10 124 | -0.01 2.10 114 | -0.13 1675 913 2507
- 352 239 1409.1 4.7 887 -156 1218 -85 -98 2.19 131 -0.01 217 120 | -0.12 1721 918 2515
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g3 & = 2 > @ 2 > = g > 2 2 = &
£ < o F + BH TH 5] : = 5] . = zZ 5 - % &% &
o | £ 0 > E @ E | E 2 & & = g E
Q [a)] g Q. %) %) — — — = b} v} v}
H & i = = = = = =
<
356 241 1434.4 49 906 -158 1282 -90 -100 2.29 1.36 0.01 2.25 1.25 -0.10 1760 917 2515
6 364 243 1506.5 52 951 -162 1422 -96 -105 245 1.55 0.04 241 1.38 -0.09 1845 922 2517
- 396 273 1533.2 54 978 -170 1528 -93 -108 2.57 1.66 0.07 2.54 1.48 -0.06 1909 934 2579
- 399 274 1563.9 5.6 998 -173 1600 -94 -112 2.66 1.76 0.10 2,61 1.53 -0.07 1952 933 2574
- 402 275 1591.9 5.8 1016 -174 1673 -94 -114 2.74 1.84 0.12 2.66 1.58 -0.06 1987 928 2589
- 405 276 1633.3 59 1043 -175 1753 -92 -119 2.86 1.92 0.13 2.76 1.66 -0.06 2040 938 2704
7 412 279 1698.6 6.4 1091 -174 1980 -70 -123 313 222 0.24 297 1.84 -0.03 2142 939 2913
- 457 308 17253 6.7 1110 -183 2140 -28 -125 3.30 244 0.33 3.11 1.97 -0.02 2187 973 3004
- 468 309 1752.0 6.8 1128 -178 2207 -16 -127 3.39 253 0.36 3.19 2.03 -0.01 2205 968 3030
- 478 311 1777.4 7.0 1142 -173 2282 -2 -129 3.49 2.63 0.40 3.26 2.07 0.01 2250 978 3055
- 490 312 1805.4 7.2 1161 -162 2389 21 -131 3.64 277 0.48 3.33 2.14 0.01 2297 985 3105
UL | 504 314 1860.1 7.7 1192 -125 2729 51 -131 4.03 327 0.72 3.49 229 0.06 2390 993 3230
- 512 315 1398.4 10.0 981 -136 6879 578 -97 8.00 9.53 4.36 3.07 213 0.10 1972 1305 3886
- 530 317 1285.0 13.8 924 -1796 12455 2857 118 13.35 | 17.47 8.15 294 2.09 0.11 1844 1591 7205
- 535 318 803.6 17.3 617 -1996 18058 3296 196 19.80 | 27.75 | 12.71 227 1.77 0.18 -35185 631 6305

Notes: The data from LVDTs WS-TE-BW, WS-V, and WS-TW-BE as well as the data from most of the strain gauges is not presented for the sake of brevity.
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Crack Diagrams, crack widths in (mm)
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B5. SPECIMEN S1C

Cast day: May 1th, 2007

Beam properties

Cross section: #=1200 mm, /=400 mm

Effective depth: 1095 mm

Shear span: 1700 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: 0=0.68%, £,=650 MPa

Transverse reinforcement: 0,=0.1%, £,=490 MPa

Concrete: /= 33.0 MPa, £=1630 W, 2,=20 mm, Modulus of rupture = 3.9 MPa
Defects: no significant defects

Test days: September 10t — 13th, 2007

Loading history

2500
2000 Failure
1500 1
1000
500

0 . A A .

-500 D 5 10 20 N 30
-1000 7

-1500 7

-2000 7
-2500

Load, kN

Load Stage #

Test Remarks

Maximum positive load: 1864.3 kN

Maximum negative load: 1912.5 kN

Displacement at failure: +8.4 mm

Failure mode: The beam failed in a relatively gradual manner with crushing above the
most eastern diagonal crack near the edge of the top loading plate after three cycles with
constant load amplitude. Sounds indicating tupture of stirrups were heatd after the load
on the beam has started to decrease.

Other remarks:

- The formation and propagation of flexure-sheat cracks was relatively gradual.
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- LVDT BV was moved unintentionally when the beam was unloaded between
load stages 14 and 15.

- Noise in the readings from the load cell of he Baldwin machine was noticed just
prior to and during Load Stage 15.

- The loading to Load Stage 16 was performed with bolted bottom support
rollers.

- A hydraulic valve broke while loading to Load Stage 23 and the beam had to be
unloaded very quickly.

Global response
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Data summary
il 2| E | g N I = N I <A B I - B -
T T T = - T - < = L - - I
S| R g g A % o - o o 8 8 §
= £ ] = = = = z z
<
| & | (min) (kN) (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (ue) Me) | ()
x103 | x10° | x103 | x103 | x103

- 4 5 16.9 0.0 -2 -2 0 -2 0 0.00 | -0.01 0.01 0.00 0.00 0.01 0 -3 -2
1 107 27 651.8 0.7 339 -71 8 -9 -22 0.19 0.00 -0.04 | 0.12 0.00 | -0.05 105 -38 -14
2 221 82 1305.6 4.3 927 11 942 506 -96 2.09 1.29 0.01 2.02 1.09 -0.08 1387 -10 6962
3 268 156 1.7 1.0 139 62 338 181 -17 0.57 0.47 0.09 0.46 0.36 0.06 296 -1 2984
4 313 226 -697.0 -0.7 -61 459 141 103 7 0.16 0.24 0.33 0.12 0.19 0.39 34 419 1561
5 356 272 -1354.4 -3.9 -65 922 111 85 4 -0.09 1.12 1.88 -0.17 1.05 2.09 11 936 1305
- 394 340 -437.7 -1.9 -14 409 120 101 -3 0.01 0.69 1.00 0.01 0.68 1.15 66 325 1656
- 446 1321 161.6 0.2 158 60 250 139 6 0.42 0.59 0.37 0.37 0.53 0.40 246 117 2786
- 486 1327 671.8 2.2 513 41 585 310 -28 1.35 1.08 0.19 1.34 0.93 0.14 789 82 3719
6 554 1338 1303.7 4.3 947 48 1058 577 -73 2.37 1.70 0.15 2.29 1.44 0.03 1419 91 5919
- 575 1340 541.8 2.3 459 62 698 387 -27 1.42 1.18 0.21 1.38 1.01 0.10 752 73 3519
- 593 1350 -85.5 0.3 89 126 336 192 20 0.54 0.67 0.27 0.49 0.56 0.31 178 83 2101
- 615 1357 -602.9 -1.7 -13 461 218 139 20 0.13 0.81 1.03 0.09 0.85 1.22 79 364 894
7 641 1365 -1361.1 -4.0 -59 950 148 107 24 -0.04 1.22 2.00 | -0.11 1.21 2.27 12 794 634
- 669 1388 -498.5 -1.9 -20 428 160 107 21 0.07 0.78 1.09 0.04 0.80 1.28 59 269 971
- 692 1399 90.3 0.2 118 68 281 156 10 0.44 0.64 0.35 0.34 0.55 0.43 200 89 2203
- 741 1406 599.3 2.2 474 43 626 336 -21 1.36 1.14 0.21 1.35 1.00 0.15 752 63 3494
8 811 1416 1304.3 4.4 962 42 1089 601 =72 2.40 1.75 0.16 2.36 1.49 0.05 1436 70 5419
- 851 1441 539.3 2.4 459 49 726 402 -26 1.46 1.22 0.21 1.45 1.04 0.13 772 59 2994
- 893 1452 -75.3 0.3 81 115 347 200 15 0.53 0.69 0.29 0.47 0.59 0.33 164 84 1581
- 935 1458 -583.0 -1.8 -10 456 220 144 17 0.13 0.84 1.07 0.06 0.88 1.27 74 319 716
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s 2| 5 £ O S - T S B I e N I -

£ < o F + BH TH 5] : = o . = zZ 5 - % &% &

T | £ y > E i E E = 5 = e D E E E

SR E T & 2 | & = | S

<

9 999 1466 -1349.0 -4.0 -60 954 166 113 20 -0.02 1.25 2.04 -0.09 1.24 2.33 11 761 651
- 1077 | 1503 -527.6 -2.0 -24 465 172 113 21 0.08 0.82 1.15 0.02 0.82 1.36 55 279 1056
- 1149 | 1515 241.8 0.9 227 40 422 220 2 0.81 0.84 0.25 0.75 0.70 0.27 369 57 2556
- 1227 | 1523 811.2 3.0 624 43 791 432 -38 1.72 1.35 0.19 1.69 1.15 0.10 981 60 3487
10 | 1341 | 1539 1489.9 5.2 1092 48 1366 786 -88 2.85 2.08 0.21 2.75 1.72 0.05 1674 73 5094
- 1482 | 1595 713.7 3.2 587 48 1019 600 -34 1.93 1.60 0.30 1.85 1.32 0.19 992 60 2902
- 1501 | 1596 101.6 1.2 185 79 623 365 6 1.00 1.03 0.31 0.88 0.80 0.27 327 63 1509
- 1549 | 1606 -403.1 -1.1 -3 343 376 248 20 0.33 0.93 0.94 0.22 0.86 1.06 106 175 366
11 1661 | 1625 -1537.5 -4.8 -31 1097 256 188 21 0.03 1.82 2.70 -0.08 1.40 2.72 65 823 501
- 1723 | 1657 -679.7 -2.7 -8 577 263 193 20 0.19 1.36 1.74 0.02 0.99 1.75 89 304 838
- 1748 | 1664 13.1 -0.4 79 119 323 217 23 0.40 0.85 0.73 0.24 0.56 0.68 144 118 1891
12 | 1878 | 1678 1491.8 5.4 1110 57 1485 886 -87 3.12 2.30 0.32 2.87 1.77 0.09 1712 73 4694
- 1900 | 1686 741.8 3.1 585 62 1082 646 -30 2.04 1.73 0.35 1.88 1.30 0.21 913 56 2531
- 1923 | 1689 5.1 0.7 138 101 595 369 17 0.97 1.07 0.41 0.73 0.69 0.36 230 84 1039
- 1957 | 1695 -511.7 -1.7 6 415 406 290 19 0.33 1.27 1.39 0.16 0.90 1.34 123 222 504
13 | 2023 | 1702 -1539.9 -4.9 -17 1114 337 257 23 0.14 2.02 2.90 -0.08 1.38 2.80 83 824 654
- 2058 | 1715 -723.1 -2.9 -4 601 340 256 20 0.25 1.50 1.91 0.05 0.99 1.85 103 334 926
- 2076 | 1717 -70.3 -0.8 50 174 366 263 21 0.37 1.00 1.00 0.20 0.60 0.87 129 129 1384
- 2171 | 1736 832.4 3.3 665 63 1029 611 -37 2.16 1.78 0.34 1.98 1.29 0.18 1072 67 3119
14 | 2263 | 1748 1492.4 5.5 1125 64 1548 933 -87 3.22 2.40 0.34 2.93 1.79 0.12 1744 84 4294
- 2290 | 1757 795.6 3.4 639 63 1180 712 -39 2.25 1.88 0.41 2.04 1.36 0.22 1009 65 2476
- 2300 | 1758 90.5 1.2 190 79 712 430 9 1.22 1.23 0.41 0.94 0.75 0.32 334 69 1316
- 4089 | 2807 -412.9 -1.3 28 367 478 342 46 0.50 1.35 1.38 0.27 0.84 1.24 147 197 481
15 | 4161 | 2816 -1536.9 -5.0 5 1138 405 307 45 0.26 2.16 3.03 0.00 1.35 2.90 105 854 641
- 4204 | 2871 -707.4 -2.9 20 624 408 306 47 0.39 1.64 2.03 0.13 1.01 1.91 123 354 1041




Behaviour of Large Non-Slender RC Beams under Monotonic and Reversed Cyclic Load 245
g 3 S 5 i £ i = =
sz | & =3 z = | 2 A R O - O =
2| g ol F + BH | TH @ 7 = @ c = g 0 @ % 2 %
Tl E | ¢ Z o I A R = A RO = (R AR S -
Q [a)] g Q. %) %) — — — = b} v} v}
4225 | 2873 -80.0 -0.9 63 203 430 312 45 0.51 1.19 1.14 0.29 0.61 0.95 146 153 1405
- 4291 | 2883 673.7 2.8 570 93 989 582 -11 2.07 1.85 0.42 1.81 1.20 0.26 919 80 2981
16 | 4404 | 2899 1678.1 6.2 1276 110 1859 1145 -87 3.78 2.92 0.47 3.39 2.08 0.19 1979 107 4119
- 4444 | 2932 921.8 4.0 742 101 1476 915 -34 2.72 2.38 0.56 2.42 1.63 0.31 1198 82 2387
- 4460 | 2935 1.7 0.9 145 138 817 539 33 1.31 1.50 0.58 0.93 0.84 0.48 266 108 268
- 4484 | 2940 -503.7 -1.7 20 444 572 434 35 0.55 1.72 1.69 0.30 1.01 1.49 153 228 287
- 4517 | 2944 -1089.4 -3.7 13 863 514 408 35 0.39 2.06 2.54 0.12 1.24 2.37 127 559 521
17 | 4564 | 2951 -1721.4 -5.7 2 1279 482 392 35 0.28 2.59 3.50 | -0.01 1.61 3.33 112 939 651
- 4588 | 2964 -895.7 -3.7 8 760 485 392 34 0.40 2.05 2.51 0.09 1.29 2.37 129 441 864
- 4601 | 2965 -257.7 -1.6 38 315 498 393 36 0.51 1.53 1.63 0.25 0.93 1.40 146 188 1034
18 | 4711 | 3002 1675.6 6.4 1286 117 1979 1253 -89 3.96 3.10 0.54 3.52 2.23 0.26 2007 110 3944
- 4728 | 3009 921.8 4.2 754 123 1575 1005 -37 2.94 2.55 0.63 2.56 1.77 0.37 1247 84 2334
- 4738 | 3010 298.9 2.1 325 114 1137 724 7 2.00 1.97 0.01 1.55 1.21 0.45 588 71 1182
- 4755 | 3016 -205.5 -0.4 44 235 703 527 33 0.86 1.66 1.22 0.56 1.00 1.05 174 148 -275
- 4778 | 3018 -714.1 -2.6 24 601 598 479 32 0.55 1.99 2.16 0.23 1.26 1.97 141 351 261
19 | 4833 | 3025 -1724.0 -5.8 9 1299 537 451 33 0.34 2.72 3.67 0.00 1.75 3.46 113 956 604
- 4846 | 3034 -845.7 -3.6 12 749 545 450 33 0.48 2.18 2.01 0.12 1.40 2.46 130 429 781
- 4854 | 3034 -126.9 -1.2 50 254 569 453 34 0.61 1.57 1.60 0.32 0.99 1.37 151 181 1075
20 | 4965 | 3051 1678.1 6.4 1290 134 2051 1339 -92 4.08 3.19 0.58 3.59 2.30 0.29 2017 114 3544
- 4979 | 3059 843.1 3.7 670 131 1563 1018 -28 2.80 2.51 0.67 2.40 1.76 0.42 1019 80 1749
- 5001 | 3062 -0.6 0.8 135 156 908 628 33 1.46 1.69 0.79 1.02 1.00 0.65 253 144 -142
- 5033 | 3069 -503.6 -1.8 26 451 661 540 37 0.68 1.94 1.94 0.33 1.24 1.72 149 288 204
- 5065 | 3072 -1072.1 -3.8 26 867 612 514 35 0.52 2.33 2.78 0.16 1.51 2.62 129 572 522
21 | 5105 | 3078 -1722.1 -5.9 8 1308 586 503 37 0.39 2.83 3.76 0.02 1.83 3.52 113 974 699
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0 I - £ a > o I S B A e £ = 5
20 = < F + | BH | TH = ' £ & ' £ g o = ) & &
o | £ 0 > E @ E E 2 £ & = | g E
ol B T 4 4 | & = | g a | & 8|8
<
5128 | 3110 | -884.4 | -3.8 8 765 | 586 | 498 | 36 | 052 | 230 | 274 [ 013 | 150 | 255 | 120 [ 471 | 909
- | 5139 | 3111 | -2294 | 1.6 | 39 | 300 | 600 | 502 | 32 | 063 | 173 | 1.80 | 031 | 1.10 | 153 | 145 | 206 | 1092
- | 5208 | 3126 | 12174 | 49 | 972 | 127 | 1672 | 1101 | -60 | 340 | 278 | 0.60 | 296 | 1.99 | 036 | 1553 | 102 | 259
22 | 5287 | 3136 | 18643 | 7.4 | 1442 | 189 | 2524 | 1685 | -102 | 473 | 3.80 | 082 | 405 | 267 | 038 | 2252 | 127 | 3869
- 5310 | 3171 | 11718 | 53 | 930 | 189 | 2183 | 1522 | -53 | 377 | 3.34 | 094 | 314 | 226 | 050 | 1447 | 93 | 1868
- | 5314 | 3171 | 4212 30 | 419 | 187 | 1682 | 1202 | 0 | 275 | 266 | 096 | 203 | 1.63 | 056 | 732 74 | 746
- | 5338 | 3175 | 815 08 | 109 | 245 | 1206 | 927 | 35 | 166 | 214 | 120 | 112 | 122 | 077 | 239 | 151 | -2627
- | 5366 | 3178 | 5964 | 21 | 34 | 583 | 936 | 824 | 39 | 085 | 246 | 246 | 038 | 149 | 204 | 157 | 339 | -1051
- | 5396 | 3181 | -1181.4 | 41 | 32 | 1007 | 866 | 785 | 38 | 066 | 287 | 3.37 | 048 | 175 | 292 | 133 | 616 | -389
23 | 5450 | 3190 | -19125 | -67 | 26 | 1517 | 809 | 756 | 36 | 051 | 351 | 455 | 003 | 219 | 404 | 11869 | 1079 | -34
- | 5460 | 3197 | -486.0 | 29 | 36 | 617 | 80 | 759 | 36 | 075 | 254 | 2.80 | 028 | 159 | 234 | 14625 | 319 | 203
- | 5509 | 3204 | 6899 33 | 620 | 167 | 1547 | 1037 | -18 | 297 | 281 | 090 | 233 | 1.85 | 056 | 986.88 | 66 | 1602
- | 5535 | 3207 | 12449 | 54 | 1030 | 174 | 2021 | 1387 | -58 | 3.90 | 3.36 | 0.89 | 323 | 228 | 048 | 16163 | 98 | 1654
24 | 5593 | 3213 | 18637 | 77 | 1471 | 236 | 2843 | 1978 | -101 | 5.7 | 434 | 1.09 | 423 | 287 | 048 | 2271.9 | 121 | 2542
- | 5617 | 3232 | 10943 | 5.6 | 929 | 243 | 2499 | 1819 | -46 | 424 | 388 | 1.25 | 329 | 242 | 061 | 15044 | 87 | 1016
- | 5623 | 3232 | 4568 34 | 469 | 242 | 2030 | 1520 | 5 | 324 | 322 | 125 | 222 | 1.84 | 065 | 79688 | 73 | 292
- | 5665 | 4208 | -84.1 09 | 112 | 308 | 1477 | 1216 | 52 | 197 | 262 | 1.62 | 121 | 1.35 | 091 | 26613 | 220 | -1351
- | 5692 | 4211 | w5910 | 20 | 58 | 646 | 1213 | 1133 | 53 | 141 | 299 | 296 | 046 | 1.68 | 219 | 17463 | 411 | -129
- | 5716 | 4214 | -1157.7 | 41 | 60 | 1058 | 1144 | 1100 | 51 | 090 | 339 | 3.84 | 026 | 192 | 3.06 | 15038 | 666 | 217
25 | 5748 | 4218 | -17985 | -6.3 | 53 | 1521 | 1088 | 1074 | 52 | 075 | 3.80 | 483 | 041 | 225 | 399 | 13319 | 1061 | 304
- | 5776 | 4238 | 9752 | 42 | 48 | 985 | 1087 | 1068 | 52 | 089 | 338 | 3.84 | 024 | 195 | 3.03 | 14631 | 642 | 489
- | 5789 | 4239 | -369.8 | 22 | 63 | 530 | 1103 | 1073 | 52 | 098 | 285 | 3.01 | 040 | 158 | 2.08 | 159.88 | 366 | 649
- | 5870 | 4252 | 10087 | 48 | 865 | 261 | 2135 | 1536 | -30 | 3.88 | 358 | 1.18 | 299 | 222 | 058 | 1341.9 | 82 | 1308
26 | 5969 | 4265 | 1863.1 | 82 | 1488 | 370 | 3354 | 2472 | -92 | 577 | 506 | 155 | 436 | 298 | 053 | 22994 | 129 | 1578
< 5997 | 4302 | 11037 | 6.0 | 945 | 383 | 2994 | 2337 | -42 | 482 | 460 | 1.67 | 337 | 253 | 067 | 14925 | 86 | 584
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g 3 S 5 i £ i = 2
8l s | L 2 2 = | & I - O - SIS
5 pe 3 P n BH TH 5 7 = @ d = = o & & & %
Tl E | ¢ z O < A I I = U (=T N A S B S B
Q [a)] g Q. %) %) — — — = b} v} v}
6003 | 4303 4237 3.6 452 381 2486 2000 10 3.74 3.86 1.65 2.25 1.91 0.71 750 64 233
- 6022 | 4307 -93.7 0.9 108 441 1860 1649 46 2.26 3.26 2.17 1.14 1.45 1.10 | 241.69 238 -1932
- 6039 | 4309 -612.6 -2.1 63 761 1532 1521 52 1.30 3.55 3.52 0.45 1.76 2.33 166.63 484 539
- 6057 | 4310 -1178.5 -4.2 66 1181 1446 1473 52 1.07 3.97 4.39 0.25 2.03 3.18 143.88 755 662
27 | 6089 | 4314 -1806.7 -6.4 65 1636 1386 1445 53 0.90 4.46 5.36 0.14 2.33 4.09 13031 | 1124 634
- 6113 | 4346 -998.5 -4.3 57 1100 1379 1430 56 1.01 3.95 4.39 0.27 2.02 3.13 143 761 796
- 6125 | 4347 -351.5 -2.1 69 626 1401 1437 54 1.15 3.40 3.53 0.43 1.65 2.15 157 455 903
- 6200 | 4364 1074.3 5.4 928 358 2625 2000 -37 4.49 4.29 1.54 3.18 2.38 0.62 | 1429.4 83 1192
UL | 6290 | 4378 1803.1 8.4 1463 495 3834 3075 -88 6.27 5.79 1.98 4.33 3.02 0.58 | 2273.8 [ 147 1649
- 6319 | 4382 900.6 175 815 231 18024 | 19410 2 20.06 | 2833 | 2007 | 3.13 2.42 0.68 | 1319.4 527 37994

Notes: The data from LVDTs WS-TE-BW, WS-V, and WS-TW-BE as well as the data from most of the strain gauges is not presented for the sake of brevity.
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Crack Diagrams, crack widths in (mm)

East End

Load St: 1
F=652 k 019

LS2
F=1306 kN
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Deformed shapes amplified to midspan displcament equivalent to 200 mm

77777777 (| N N N —— |
N 4 7 TN ° < MRastBad |
| / e V < N N S st J
o v e s i N i
IS1 ya b > - AN = S| | :
A V7 | 97 I/ 'y I/ N N N Q| | N
— Al _ - / a | Nl = NG
—0.748“rr.1m A I N N Y
(A from Ziirich | | 7] | | AT / T | N
readi_ngs) v 7 ‘, e v D ,\‘,,:L,,\L,,\‘,,\ N
77777 4777\77;4777\77; 7\77\\777\\777\\777 7\777\7
I 7 % RN < < N |
| NN A N N N |
— — 7 7 A ~ NN - — —
\ \ \
1S2 iy L N S| NN
A v | Iy W [ 7 | N N G | A\
=421 mm L N
\ | Vo T ENND N i |
7NN TS = SIS AN
L/, — /,,l ,JL/,, JZ, (- L - AN ! — R SN

1S3
A=1.03 mm
AWV ;4 ) 7; - TN TN \7 NN NN AN
N N N SN
1/ £ |7 \// | 2/ 1 N N N <
AN T RO N AN
| / \ \ N N
1S4 / / s 7 \ SN S\
s T/ 9% |/ ! . N
A=-0981 mm (/L1 NN SN P NN RN
SN \// SV - NN AN NN
e NV Ve S I N e S S
[ AVaD A/ N \7\ N N NI
e / / 7 N N\ O\
s / 7 L/ | N A
I /| ‘VL /| 1 P N < ‘\ \7‘\7‘
IS5 AV . 7 N SN NN\
[ | / | \ N AN AN N
A=425mm (T AF /W - N E NN NN T
! //\// | // ! v N RN A\
A C e VR VAV SN B NI B e S
LS9
A=-421 mm




Behaviour of Large Non-Slender RC Beams under Monotonic and Reversed Cyclic Load 253

1S 10

A
(A from Ziirich

5.16 mm

readings)

1S 15

A=541 mm

1S 22
A

7.65 mm




254 Boyan Mihaylov

1S 27

A=6.69 mm
(A from Ziirich
readings)




Behaviour of Large Non-Slender RC Beams under Monotonic and Reversed Cyclic Load 255

Zirich readings over 300/300 mm grid, deformations in (mm)
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B6. SPECIMEN LOM
Cast day: May 30, 2007

Beam properties

Cross section: /=1200 mm, 4=400 mm

Effective depth: 1095 mm

Shear span: 2500 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: 0=0.68%, £,=650 MPa

Transverse reinforcement: 0,=0%

Concrete: /= 29.1 MPa, £=1470 U, a,=20 mm, Modulus of rupture = 3.7 MPa
Defects: no significant defects

Test day: October 16, 2007

Test Remarks

Maximum load: 801.1 kN
Displacement at maximum load: 10.0 mm
Failure mode: The beam failed with crushing above the most western diagonal crack
near the edge of the top loading plate.
Other remarks:
- The formation and propagation of flexure-sheat cracks was trelatively quick.
- Short diagonal cracks indicating concrete crushing were observed at Load Stage
7 near the west edge of the loading plate.
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Global response
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Zone A (back face
o
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Data summary
Sl 8| & E 2 > 2 2 > o > 2 2| = 2%
ERICRI e 4 4| ¢ 2 | = : | g s | ¢
<
@ | @ | @in) | &N) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (@m) [ (mm) | (mm) | (mm) [ (mm) | (mm) | ()
x1073 x103 x103 | x103 | x103 | x103 | x103 | x103
- 16 19 1282 0.1 9 -20 -2 -5 -3 -12 -10 -19 -0.01 | -0.01 | -0.01 | -0.01 | -0.01 | -0.05 16
- 25 23 212.7 0.2 24 -37 -2 -8 -7 -12 -13 -23 -0.01 | -001 | -0.03 | -0.03 | -0.01 | -0.06 30
- 32 24 284.3 0.3 39 -52 3 -5 -10 -12 -14 -26 -0.01 0.01 -0.02 | -0.01 0.00 | -0.05 41
- 37 24 326.6 0.4 97 -66 2 -7 -12 -12 -14 -27 -0.01 0.00 | -0.02 | -0.01 | -0.01 | -0.05 49
1 40 25 350.8 0.6 173 -79 0 -7 -10 -12 -14 -28 0.00 | -0.01 | -0.02 | -0.03 | -0.01 | -0.08 54
- 58 61 377.8 0.7 219 -90 1 -8 -13 -7 -14 -22 0.18 0.01 -0.03 0.02 0.01 -0.06 59
- 61 62 408.6 0.9 283 -101 3 -8 -15 -7 -14 -23 0.18 | -0.01 | -0.05 0.01 0.02 | -0.06 63
- 64 63 420.5 1.2 316 -112 3 -6 -15 -7 -14 -25 020 | -0.01 | -0.04 | 0.02 | -0.01 | -0.06 63
- 66 64 4411 13 333 -118 4 -7 -12 -8 -15 -26 027 | -0.01 | -0.03 0.01 -0.01 | -0.06 67
- 68 65 458.6 1.4 345 -122 5 -8 -16 -8 -15 -27 029 | -0.01 | -0.04 | 0.02 | -0.01 | -0.07 70
- 71 66 484.9 1.6 372 -128 5 -10 -13 -8 -16 -29 033 | -0.01 | -0.02 | 0.05 | -0.01 | -0.06 79
2 74 67 503.0 1.8 393 -132 4 -9 -16 -8 -16 -30 0.35 0.01 -0.04 | 0.06 | -0.01 | -0.08 | 126
- 90 101 514.9 2.0 407 -138 7 -7 -18 -2 -13 -23 0.36 0.00 | -0.02 | 0.08 0.02 | -0.06 147
- 92 102 529.9 2.1 421 -140 5 -8 -17 -2 -13 -25 039 | -0.01 | -0.06 0.09 0.00 | -0.06 | 290
- 94 102 5474 2.2 447 -143 9 -8 -18 -2 -13 -26 0.44 | -0.02 | -0.04 | 0.11 0.02 | -0.06 | 458
- 96 103 564.3 2.4 475 -147 7 -12 -21 -3 -14 -28 050 | -0.02 | -0.05 0.13 0.01 -0.04 | 563
- 103 105 579.3 3.1 495 -125 5 -12 -21 -4 -16 -30 1.20 0.38 | -0.07 0.13 | -0.01 | -0.06 | 615
3 107 106 601.8 3.4 518 -115 11 -12 -25 -4 -16 -31 1.40 0.59 | -0.07 0.14 0.00 | -0.06 | 668
- 127 136 6174 3.6 536 -114 8 -13 -20 -4 -15 -29 153 0.73 | -0.07 0.17 0.03 | -0.06 | 725
- 129 136 633.6 3.7 555 -115 9 -11 -25 -4 -15 -30 1.60 0.80 | -0.07 0.19 0.01 -0.06 | 773
4 147 142 653.0 5.1 574 -37 12 -9 -27 -1 -17 -40 1.70 0.89 | -0.08 1.76 1.50 | -0.28 | 1345
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N
éﬂ 4 —g E ‘8’% > "q‘ i'qg > 2 ?’% > ?‘ fﬁ > ?’? g
2| 5 3 F * BH TH d ' g £ & o o ' z £ o = %
TR e Z s g5 B g s 5 d | Rl E s | 5| :
S A £ (< ] ] ] ] — — = o S
- = I K = z = m m & =
- 202 ] 183 | 6636 | 53 | 58 | -33 9 1| 27 7 A1 | 38 | 176 | 096 | -008 | 200 | 1.80 | -027 | 1355
- | 224 | 184 | 6768 | 55 | 598 | -31 6 14| 27 8 A1 | -39 | 181 | 099 | 009 | 209 | 1.93 | -027 | 1385
5 | 265 | 188 | 6943 | 65 | 612 19 24 | <10 | 41 7 12 | 40 | 294 | 220 | 037 | 221 | 207 | -027 | 1415
- | 313 ] 229 | 7049 | 68 | 629 20 31 9 42 | 10 | 11 | -40 | 309 | 237 | 045 | 240 | 231 | -025 | 1481
- | 320 ] 230 | 7180 | 7.0 | 640 22 32 | -8 42 | 10 | 11 | 40 | 317 | 243 | 047 | 246 | 235 | -023 | 1492
- | 328 | 230 | 7209 | 71 | 653 25 -36 -8 42 | 10 | 11 | 41 | 322 | 250 | 049 | 256 | 245 | -022 | 1517
6 | 344 | 231 | 7424 | 75 | 666 29 39 | -2 | 47 9 A1 | 44 | 331 | 257 | 053 | 286 | 280 | -0.19 | 1565
- | 379 | 278 | 7530 | 87 | 682 72 48 | 9 45 | 1176 | 606 | -80 | 344 | 275 | 061 | 401 | 411 | 020 | 1598
- | 382 ] 280 | 7643 | 88 | 692 78 -51 -4 47 | 1211 | 629 | 82 | 351 | 280 | 066 | 413 | 422 | 022 | 1632
7 | 389 | 282 | 7824 | 9.2 | 708 93 58 | <12 | -48 | 1278 | 672 | 82 | 363 | 290 | 072 | 434 | 452 | 029 | 1692
UL | 442 | 342 | 8011 | 100 | 738 | 113 -65 9 50 | 1676 | 799 | -80 | 380 | 3.07 | 077 | 519 | 556 | 0.86 | 1745
- | 446 | 343 | 7511 | 123 | 701 | -466 | -68 | -10 | -48 | 5301 | 858 | -57 | 292 | 240 | 0.60 | 1034 | 13.16 | 6.19 | 1237
- | 464 | 344 | 4205 | 147 | 431 | 1727 | -68 | -10 | -37 | 8297 | 758 | -34 | 258 | 214 | 055 | 1449 | 1971 | 11.19 | 1064

Note: The data from most of the strain gauges is not presented for the sake of brevity.
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Crack Diagrams, crack widths in (mm)

Load Stage 1
F=351k

East End

1S2
F=503 kN
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’.IOA .15 D.20 9.20
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Deformed shapes amplified to midspan displcament equivalent to 200 mm
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(A from Ziirich,
readings)
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B7. SPECIMEN LOC
Cast day: May 30, 2007

Beam properties

Cross section: #=1200 mm, /=400 mm

Effective depth: 1095 mm

Shear span: 2500 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: 0=0.68%, £,=650 MPa

Transverse reinforcement: 0,=0%

Concrete: /= 29.1 MPa, £=1470 U, a,=20 mm, Modulus of rupture = 3.7 MPa
Defects: no significant defects

Test days: October 23th — 25t 2007

Loading history

1000

Failure

500 7

Load, kN

-500

-1000

Load Stage #

Test Remarks

Maximum positive load: 953.0 kN

Maximum negative load: 868.7 kN

Displacement at failure: +11.1 mm

Failure mode:

Other rematks: The beam failed with ctushing above the most western diagonal crack
near the edge of the top loading plate.

Other remarks:

- The formation and propagation of flexure-sheat cracks was trelatively quick.
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- A series of shott lines crossing the major “positive” diagonal cracks at angle of
about 90° were drawn on the south face of the beam at Load Stage 4. Close examination
of these lines under positive load revealed that the crack slip was significant only at the
bottom part of the beam where the flexure-shear cracks were relatively steep.

- The specimen was recentered east-west ptior to Load Stage 13.

Global response

1000

800

600

400

200

Load, kN
o

Displacement, mm
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Data summary
g3 c E 2 > 2 2 = a 2 > 2 2 | = I
3 A £ a % A &£ &£ - 4 ) ) &
= £ I i i = = o m = >
@ | & | (i) | GN) | (mm) | (mm) | (mm) | (mm) | (mm) | (@m) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | mm) | (ue)
x1073 x1073 x103 | %103 | x103 | x103 | x103 | x103
- 9 14 57.4 0.0 3 -3 0 0 -4 -1 0 -2 0.01 0.00 0.00 0.00 0.00 | -0.01 9
1 41 26 349.9 0.5 154 -56 11 -3 -15 0 -4 -5 0.02 0.02 | -0.04 | 0.01 0.00 | -0.02 64
2 107 76 651.1 4.2 753 -102 18 -7 -26 7 -7 -14 147 0.68 | -0.03 0.48 0.08 | -0.02 | 1015
3 139 118 7.6 1.2 157 0 -1 5 -2 -1 -3 -3 0.50 0.29 0.03 0.16 0.01 0.00 259
4 178 217 -418.5 -0.7 -85 406 -28 -10 -14 -34 -21 -16 0.18 0.14 0.07 | -0.02 | -0.03 | -0.04 2
5 234 275 -718.2 -4.7 -76 823 -38 -12 -13 -44 -24 -15 0.02 0.56 172 | -0.08 | 0.83 1.34 -12
- 263 311 -240.8 -2.6 -21 436 -30 -15 -21 -38 -24 -17 0.06 0.46 1.04 | -004 | 0.73 0.96 91
- 278 316 116.3 0.0 188 119 -20 -18 -29 -31 -26 -25 0.34 0.32 0.41 0.07 0.45 0.46 333
6 330 321 651.7 4.1 798 20 -2 -21 -47 -20 -30 -39 1.86 1.20 0.21 0.49 0.40 0.21 1098
- 354 346 209.9 1.7 310 87 -15 -17 -33 -23 -26 -31 1.03 0.88 0.25 0.25 0.37 0.22 458
- 373 352 -140.8 -0.4 -9 267 -27 -16 -22 -31 -24 -25 0.52 0.66 0.40 0.01 0.33 0.32 104
7 416 359 -721.1 -5.0 -56 884 -38 -15 -13 -44 -25 -16 0.19 1.01 196 | -0.08 1.22 1.66 10
- 440 386 -312.7 -2.9 -25 537 -30 -15 -19 -39 -24 -16 0.21 0.94 131 -0.04 | 0.94 1.14 68
- 473 1378 52.6 -0.3 115 196 -25 -18 -30 -33 -28 -31 0.32 0.70 0.57 0.04 0.59 0.58 319
8 544 1390 650.5 4.3 800 72 -3 -23 -57 -29 -36 -48 2.14 1.60 0.31 0.57 0.51 0.25 | 1176
- 584 1429 1.6 0.6 100 181 -30 -18 -32 -38 -32 -37 0.79 0.99 0.36 0.08 0.42 0.28 293
- 610 1438 | -352.0 -2.4 -42 552 -40 -19 -27 -48 -33 -33 0.35 1.03 1.18 | -0.04 | 0.82 0.94 135
9 638 1441 | -717.8 -5.5 -8 919 -45 -19 -24 -57 -33 -29 0.17 2.14 2.80 | -0.09 1.36 1.75 85
- 661 1479 | -345.8 -3.5 3 601 -41 -19 -31 -50 -31 -25 0.22 1.82 198 | -0.06 1.05 1.22 131
- 684 1494 53.9 -0.5 122 207 -32 -21 -36 -44 -35 -38 0.36 135 1.00 0.02 0.57 0.52 317
10 746 1503 651.1 4.2 821 100 -9 -24 -62 -34 -41 -53 2.27 213 0.61 0.60 0.56 0.27 | 1191




274 Boyan Mihaylov

S| 3| & E Bl 22 =812 =22 =]2]¢
Sl T | E M e B E g e E|E|E|E|Z|E
S A £ 2 A A 4] ] o = s s S
— g I = = 3 = & &) = =

782 | 1534 | 290.0 | 22 418 130 20 | 21 | 49 | -35 | 37 | -47 | 143 | 167 | 061 | 040 | 053 | 028 | 719
- | 795 | 1543 | 707 | 02 32 256 35 | 21 | 35 | 45 | 34 | -39 | 059 | 132 | 071 | 003 | 043 | 031 | 209
11 | 847 | 1552 | -7187 | -5.7 0 933 49 | 20 | -28 | -39 | -35 | 31 | 019 | 248 | 3.03 | -009 | 143 | 1.80 | 89
- | 867 | 1575 | -3430 | -35 0 602 44 | 19 | 31 | 51 | 32 | 27 | 027 | 202 | 205 | -006 | 1.08 | 122 | 131
- | 889 | 1607 | 139 0.6 89 232 38 | 21 | 38 | 42 | 32 | 32 | 042 | 142 | 095 | 001 | 0.60 | 055 | 281
- | 923 | 1611 | 3715 | 24 502 138 26 | 27 | -54 | -38 | 37 | 44 | 155 | 177 | 069 | 041 | 055 | 031 | 794
12 | 977 | 1620 | 723.6 | 6.6 915 216 | 1105 | 335 | 95 | 25 | 38 | -62 | 316 | 300 | 097 | 235 | 229 | 055 | 1602
- | 998 | 1656 | 3672 | 4.1 512 218 | 782 | 241 | 72 | 32 | 37 | -56 | 213 | 236 | 089 | 172 | 191 | 055 | 1002
- | 1012 | 1663 | 33 1.0 87 277 | 350 99 47 | 45 | 37 | -44 | 098 | 175 | 081 | 0.89 | 137 | 057 | 414
- | 1043 | 1670 | -3550 | -2.5 -8 624 | 307 92 40 | 54 | 37 | -39 | 049 | 222 | 206 | 044 | 153 | 134 | 222
13 | 1077 | 1674 | -7928 | -6.3 24 1078 | 274 85 35 | <63 | -37 | -33 | 031 | 319 | 369 | 025 | 219 | 246 | 151
- | 1099 | 1700 | -4344 | -4.1 18 764 | 274 81 38 | 55 | 33 | 29 | 036 | 270 | 271 | 028 | 1.84 | 1.89 | 182
- | 113 | 1701 | 706 | -12 29 352 | 281 81 42 | 47 | 33 | 32 | 046 | 193 | 146 | 035 | 133 | 111 | 246
- | 1146 | 1714 | 2882 | 26 408 206 568 | 146 | -64 | -39 | -37 | -46 | 164 | 208 | 094 | 129 | 174 | 0.66 | 782
14 | 1194 | 1719 | 726.1 6.9 938 241 | 1287 | 341 | 99 | 21 | 38 | -63 | 329 | 322 | 111 | 290 | 313 | 124 | 1627
- | 1211 | 1738 | 3455 | 4.0 500 231 848 | 227 | 77 | -21 | -34 | 50 | 208 | 241 | 098 | 198 | 242 | 092 | 918
- | 1231 | 1742 | 786 | 02 24 319 | 309 85 41 | -39 | 35 | -39 | 070 | 170 | 1.00 | 0.82 | 152 | 0.83 | 269
- | 1260 | 1745 | -4393 | -34 4 737 | 291 88 38 | 47 | 36 | -37 | 041 | 253 | 251 | 047 | 1.89 | 1.85 | 182
15 | 1287 | 1749 | -791.7 | -6.3 26 1094 | 275 81 35 | 256 | -38 | -34 | 031 | 329 | 378 | 036 | 238 | 270 | 142
- | 1304 | 1762 | -4235 | 4.1 14 761 281 80 36| <50 | -35 | 32 | 036 | 272 | 275 | 038 | 201 | 207 | 171
- | 1313 | 1762 | 00 0.4 63 273 | 291 79 44 | 42 | 36 | -38 | 060 | 177 | 117 | 047 | 137 | 107 | 258
- | 1344 | 1767 | 3584 | 36 496 232 | 775 | 189 | 75 | 29 | -39 | 52 | 203 | 239 | 099 | 1.88 | 239 | 1.01 | 947
16 | 1392 | 1774 | 7261 | 7.2 934 261 | 1383 | 345 | -104 | -11 | -40 | -65 | 346 | 346 | 120 | 3.11 | 341 | 154 | 1632
- | 1419 | 1813 | 3723 | 43 531 244 | 952 | 245 | 82 | -12 | 36 | -54 | 229 | 262 | 106 | 218 | 268 | 123 | 962
- | 1461 | 2763 | 05 0.7 87 267 | 337 93 40 | 22 | 31 | -31 | 087 | 176 | 093 | 087 | 1.61 | 1.05 | 319
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& % < E + BH TH m it = = ; ia) 0 % = = 0 52} g
T | £ | 2 = sl g B2 BB G | B R B R 2
< [a g g 1) 1) £ 1% — 3 = = o
3 & I d d = S 5| = = =

1497 | 2793 | -3552 | 2.7 20 662 | 312 | 102 | 17 | 22 | 21 | -19 | 047 | 242 | 229 | 055 | 1.84 | 1.89 | 203
17 | 1534 | 2799 | 7927 | -6.4 44 1108 | 295 | 99 | 13 | 34 | 27 | <19 | 035 | 335 | 385 | 039 | 249 | 296 | 154
o | 1561 | 2832 | -4368 | 42 47 804 | 315 | 113 1 6 5 2 | 043 | 285 | 290 | 049 | 216 | 239 | 182
o | 1584 | 2849 | -02 | -02 96 294 | 320 | 101 | -13 5 15 | <16 | 066 | 180 | 122 | 058 | 144 | 124 | 269
o | 1621 | 2858 | 3500 | 3.7 511 266 | 845 | 214 | -46 7 15 | 28 | 213 | 256 | 114 | 202 | 256 | 138 | 941
18 | 1674 | 2867 | 799.8 | 82 | 1068 | 309 | 1673 | 435 | -83 | 41 12 | 41 | 395 | 393 | 143 | 361 | 391 | 202 | 1799
- | 1706 | 2898 | 4455 | 53 647 282 | 1214 | 324 | 65 | 31 20 | -41 | 275 | 306 | 124 | 264 | 315 | 170 | 1132
o | 1721 | 2000 | 805 1.7 188 282 | 539 | 152 | 35 | 15 | 20 | 27 | 125 | 203 | 102 | 136 | 209 | 141 | 457
- | 1757 | 2010 | -2700 | 20 13 586 | 359 | 127 | -8 6 16 | -16 | 051 | 228 | 204 | 067 | 1.84 | 1.95 | 219
19 | 1810 | 2920 | -868.7 | -7.3 61 1223 | 336 | 130 1 1 13 2 | 035 | 370 | 430 | 048 | 282 | 352 | 139
- | 1837 | 2957 | 5116 | 5.0 54 907 | 345 | 130 2 12 6 1 038 | 317 | 331 | 053 | 244 | 201 | 172
o | 1858 | 2958 | <1497 | -1.9 48 490 | 347 | 127 | 41 20 4 0 | 048 | 233 | 200 | 060 | 1.84 | 200 | 216
o | 1895 | 2967 | 2044 | 22 345 274 | 651 | 170 | 30 | 28 6 14 | 160 | 233 | 120 | 162 | 235 | 1.58 | 659
20 | 1962 | 2978 | 803.0 | 84 | 1074 | 327 | 1769 | 467 | -83 | 61 10 | 38 | 405 | 412 | 153 | 383 | 420 | 224 | 1809
- | 1981 | 3000 | 4273 | 541 623 301 | 1227 | 339 | -60 | 51 a2 | 31 | 268 | 312 | 132 | 271 | 332 | 1.93 | 1060
- | 1991 | 3000 | 708 15 180 297 | 530 | 160 | 26 | 33 | -14 | -19 | 119 | 205 | 108 | 1.33 | 214 | 158 | 391
- | 2021 | 3009 | -2825 | 2.3 16 614 | 356 | 133 7 21 15 | <12 | 046 | 241 | 220 | 066 | 196 | 221 | 208
21 | 2073 | 3019 | 8680 | -7.4 63 1240 | 344 | 133 3 16 | -11 2 | 034 | 380 | 438 | 052 | 293 | 374 | 140
- | 2094 | 3034 | -4965 | -5.0 53 899 | 350 | 135 1 24 6 0 | 039 | 318 | 332 | 055 | 248 | 3.08 | 174
S| 2113 | 3035 | -1419 | -1.9 47 491 | 355 | 135 1 32 4 1 | 047 | 232 | 199 | 061 | 1.87 | 213 | 214
o | 2152 | 3061 | 2109 | 24 363 287 | 707 | 186 | -31 | 43 -8 15 | 169 | 245 | 124 | 173 | 249 | 174 | 679
22 | 2226 | 3072 | 8048 | 85 | 1095 | 334 | 1822 | 492 | 83 | 76 7 | 37 | 413 | 421 | 161 | 391 | 433 | 239 | 1819
o | 2261 | 3104 | 4523 | 56 681 308 | 1325 | 368 | 65 | 69 | -10 | 31 | 293 | 332 | 142 | 291 | 353 | 212 | 1159
o | 2282 | 3117 | 847 1.6 209 303 | 581 | 176 | 23 | 57 5 a1 | 126 | 215 | 113 | 146 | 228 | 172 | 413
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3 S w w

B 5 w I 5 5 m 52 =

g3 Z 2 2 > @ 8 > 2 ?’% > @ g > 2 g
s | 5 F * BH TH i : = Z & = & i £ £ s = %
= 3 v = n & = , = , g 0 N , = , E

Q [} g o) 2] 2] »n ] = = = = )
. = 1 = = = = m @ = =

2307 | 3122 -276.2 -2.3 26 616 370 145 -1 47 -5 -5 0.49 242 222 0.70 1.98 2.34 205

23 2372 | 3128 -867.5 -7.6 71 1247 351 141 5 32 -9 -2 0.32 3.88 4.47 0.55 3.00 3.86 139
- 2402 | 3159 -511.7 -5.2 57 919 355 141 37 -8 -2 0.36 3.30 3.44 0.57 2.57 3.20 171
- 2422 | 3160 -154.1 2.1 51 509 363 142 0 43 -6 -4 0.45 241 2.09 0.63 1.95 2.28 213
- 2458 | 3176 199.6 2.3 344 289 707 189 -32 51 -10 -19 1.67 249 1.28 1.75 2.55 1.83 647
24 2535 | 3187 875.5 9.5 1191 357 2043 546 -94 106 -8 -43 4.54 4.60 1.73 4.36 4.78 2.56 1962
UL | 2586 | 3238 953.0 111 1284 601 2299 593 -133 99 -34 -69 4.97 498 1.77 5.52 6.16 3.18 2140
- 2594 | 3239 560.5 15.5 592 -47 1374 370 -91 -428 -44 -35 2.80 3.36 1.41 16.87 | 24.03 | 1642 | 1010

Note: The data from most of the strain gauges is not presented for the sake of brevity.
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Crack Diagrams, crack widths in (mm)

Load Stage 1
F=350

East End

Ls3
F=0kN

n

I

LS4
F=-419 kN

Ls5
F=-718 kN

LS8
F=651 kN
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280

Deformed shapes amplified to midspan displcament equivalent to 200 mm
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B8. SPECIMEN L1IM
Cast day: June 19, 2007

Beam properties

Cross section: /=1200 mm, 4=400 mm

Effective depth: 1095 mm

Shear span: 2500 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: §=0.68%, £,=650 MPa

Transverse teinforcement: 0,=0.1%, £,=490 MPa

Concrete: f;’ = 37.8 MPa, £=1770 W€, a,=20 mm, Modulus of rupture = 3.7 MPa

Defects: The conctrete mix for specimens L1IM and L1C had relatively low wotkability
(initial slump of 50 mm) which made the cast of the top layers of concrete difficult. As a
result, specimen LLIM had cavities in the side concrete cover of the top longitudinal bars
(see the photographs below). The cavities were cleaned, watered, and patched with non-
shrink grout on August 30t. The compressive strength of the grout was expected to
develop as follows: 20 MPa after 24 hrs, 40 MPa after 7 days, and 55 MPa after 28 days.
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Test day: November 20d, 2007

Test Remarks

Maximum load: 1295.1 kN

Displacement at maximum load: 14.2 mm

Failure mode: The beam failed in a relatively gradual manner with crushing above the

most western diagonal crack near the edge of the top loading plate. Sounds indicating

rupture of stirrups were heard after the load on the beam has started to decrease.
Other remarks:

- The formation and propagation of flexure-shear cracks was relatively gradual.

- No effects related to the patched cavities wete obsetrved.

Global response
1400

1200

1000

800
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600

400

200
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Data summary

9
~ e r e o [ 5
LRI —g 3 2 > ?’ 2 > ?’ ? & 2 g = S
0N R F T | BH | TH | B ” 3 i 0 £ £ o £ E g E
S5 | ¢z = o O O o R I I T B B I B
H s I A A 35| &) = =
<
# | # | (min) | &N) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) [ (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (ue) (ne) (ne)
x10-3 x10-3 x10-3 x10-3 x10-3
13 10 | 1127 | o1 17 13 2 1 3 | 001 | -002 | -001 | 003 | 000 | 001 | 16 1 1
24 14 | 2056 | 02 32 | 28 0 2 5 1 003 | =003 | -002 | 003 | 000 | 001 | 33 1 1
31 15 | 2758 | 03 46 40 2 1 6 | 002 | -002 | -002 | 004 | 000 | 001 | 45 1 1
42 18 | 3499 | 07 | 200 | -67 3 2 8 | 004 | -002 | -003 | 003 | 001 | 2001 | 60 0 1
60 64 | 3769 | 09 | 327 | -81 2 5 10 | 002 | -0.03 | <005 | 003 | 000 | -003 | 66 5 2
64 65 | 4063 | 11 | 344 | -92 3 5 12 | 002 | 003 | <004 | 003 | 001 | 003 | 73 5 2
67 66 | 4344 | 13 | 362 | -99 2 7 13 | 003 | 003 | -005 | 004 | 001 | 003 ]| 75 5 2
7 67 | 4657 | 15 | 393 | -108 2 8 15 | 004 | -0.03 | -005 | 006 | 000 | -003| 83 6 2
77 68 | 5032 | 19 | 425 | -118 1 9 17 | 017 | -0.04 | =007 | 008 | -0.01 | -0.03 | 122 6 5
97 | 101 | 5288 | 21 | 453 | -126 2 9 18 | 021 | -0.03 | -006 | 009 | -0.01 | -0.04 | 159 8 7
100 | 102 | 5557 | 23 | 480 | -134 1 10 | 20 | 023 | 003 | 007 | 012 | 002 | -003 | 208 8 8
104 | 103 | 5888 | 25 | 511 | -142 1 10 | 21 | 026 | -0.04 | 005 | 025 | -0.01 | -0.05 | 336 9 10
109 | 103 | 6144 | 30 | 538 | -147 2 a1 | 22 | 058 | 011 | <005 | 027 | -0.02 | -0.04 | 423 18 22
115 | 104 | 6507 | 34 | 573 | -147 2 a1 | 23 | 069 | 016 | <006 | 035 | 0.00 | -0.04 | 708 19 24
139 | 153 | 6788 | 37 | 603 | -152 5 10 | 23 | 077 | 021 | 007 | 045 | 002 | -0.04 | 803 15 23
146 | 155 | 7051 | 43 | 629 | -153 9 10 | 25 | 089 | 025 | -0.06 | 0.88 | 008 | -007 | 1093 | -5 190
150 | 156 | 7319 | 47 | 652 | -153 | 10 | 10 | 26 | 110 | 042 | 007 | 099 | 0.09 | -007 | 1143 | 232 | 1276
155 | 157 | 7626 | 51 | 684 | <152 | 11 10 | -28 | 129 | 054 | 005 | 1.10 | 011 | -006 | 1201 | 802 | 1772
162 | 159 | 8001 | 57 | 721 | <151 | 14 | 10 | 31 | 158 | 076 | 002 | 122 | 013 | -0.04 | 1261 | 1670 | 2194
193 | 207 | 8313 | 61 | 755 | <151 | 14 | 14 | -40 | 169 | 084 | 001 | 137 | 015 | -0.05 | 1326 | 1910 | 2365
199 | 209 | 8626 | 65 | 782 | <149 | 30 7 44 | 179 | 089 | 001 | 1.60 | 019 | -0.02 | 1390 | 2053 | 2529
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AR 2 =L B B 5253 |s |5
2% 5 F * ol BH | TH | B & H @ 0 g E o = Ed Ed d
3 3 Y = , = , i = i , = , & & &
7| E i z - 2 |5 =S A
<
206 | 211 | 8888 | 7.1 | 809 | -146 | 404 | 106 | 57 | 192 | 101 | 002 | 198 | 028 | 002 | 1451 | 2120 | 2772
- | 210 | 213 | 9188 | 74 | 837 | -146 | 442 | 114 | 60 | 206 | 112 | 005 | 210 | 032 | 004 | 1508 | 2122 | 2937
5 | 215 | 215 | 9482 | 78 | 867 | -151 | 480 | 124 | -63 | 220 | 122 | 007 | 227 | 038 | 005 | 1568 | 2162 | 5649
- | 246 | 204 | 9826 | 83 | 904 | -154 | 517 | 135 | 64 | 227 | 134 | 009 | 242 | 043 | 009 | 1631 | 2168 | 15768
- | 250 | 265 | 10094 | 86 | 933 | -154 | 549 | 143 | 66 | 239 | 143 | 011 | 258 | 049 | 012 | 1686 | 2183 | 12649
- | 254 | 266 | 10357 | 90 | 961 | -149 | 592 | 154 | -69 | 254 | 155 | 013 | 276 | 057 | 017 | 1743 | 2192 | 10524
- | 262 | 269 | 10682 | 95 | 994 | -143 | 648 | 168 | 72 | 272 | 170 | 017 | 298 | 068 | 019 | 1816 | 2193 | 10074
6 | 268 | 271 | 10994 | 100 | 1030 | -138 | 699 | 183 | 74 | 293 | 190 | 025 | 323 | 0.84 | 027 | 1861 | 2212 | 9549
- | 299 | 310 | 11282 | 106 | 1072 | -144 | 762 | 206 | 74 | 320 | 213 | 031 | 352 | 1.01 | 039 | 1931 | 2245 | 7574
- | 304 | 312 | 11582 | 11.0 | 1098 | -146 | 804 | 222 | 77 | 335 | 226 | 035 | 374 | 1.18 | 049 | 1983 | 2270 | 7374
- | 309 | 313 | 11876 | 115 | 1128 | -147 | 850 | 249 | 80 | 351 | 242 | 039 | 393 | 133 | 056 | 2041 | 2279 | 7199
- | 315 | 314 | 12144 | 119 | 1158 | 147 | 914 | 293 | 83 | 3.68 | 259 | 044 | 419 | 155 | 0.65 | 2098 | 2300 | 7049
7 | 325 | 316 | 12494 | 126 | 1196 | -162 | 998 | 336 | -86 | 3.93 | 283 | 054 | 454 | 1.84 | 083 | 2173 | 2555 | 6974
UL | 385 | 381 | 12951 | 142 | 1251 | -353 | 1399 | 483 | -104 | 428 | 322 | 069 | 588 150 | 2321 | 2792 | 6624
- | 387 | 381 | 11401 | 153 | 1143 | 662 | 1562 | 484 | 98 | 405 | 313 | 071 | 8.09 332 | 2126 | 2475 | 6474
- | 407 | 383 | 10388 | 17.7 | 1075 | -807 | 1703 | 502 | 95 | 392 | 3.04 | 074 | 1196 565 | 1968 | 2295 | 6424
- | 415 | 384 | 3426 | 242 | 374 | 167 | 1403 | 415 | 43 | 238 | 217 | 078 | 2724 1136 | 794 7| 5399
Notes:

1) The data from LVDTs ES-TW-BE, ES-V, and ES-TE-BW as well as the data from most of the strain gauges is not presented for the sake of brevity.
2) LVDT WL-V did not work properly after Load Stage 7.
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Crack Diagrams, crack widths in (mm)

Load Stage 1
Fo35] 1 East End
0.1
0.15)
0.03; 0(1 0. 5? L\0.0S
— —

Ls2
F=503 kN

|
1S3
F=602kN
LI
LS 4
F=653 kN
|
—
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Deformed shapes amplified to midspan displcament equivalent to 200 mm
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B9. SPECIMEN L1C

Cast day: June 19, 2007

Beam properties

Cross section: #=1200 mm, /=400 mm

Effective depth: 1095 mm

Shear span: 2500 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: 0=0.68%, £,=650 MPa

Transverse reinforcement: 0,=0.1%, £,=490 MPa

Concrete: f; = 37.8 MPa, &=1770 W, a,=20 mm, Modulus of rupture = 3.7 MPa

Defects: no significant defects

Test days: November 12th — 14 2007

Loading history

1500

Failute
1000

500 7

0

Load, kN

10 20 25
-500 7

-1000 7

-1500

Load Stage #

Test Remarks

Maximum positive load: 1252.6 kN

Maximum negative load: 1330.7 kN

Displacement at failure: +13.7 mm

Failure mode: The beam failed in a relatively gradual manner with crushing above the
most western diagonal crack near the edge of the top loading plate. Sounds indicating
rupture of stirrups were heard after the load on the beam has started to decrease.

Other remarks:

- The formation and propagation of flexure-sheat cracks was relatively gradual.
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- A series of shott lines crossing the major “positive” diagonal cracks at angle of
about 90° were drawn on the south face of the beam at Load Stage 4. Close examination
of these lines under positive load revealed that the crack slip was significant only at the
bottom part of the beam where the flexure-shear cracks were relatively steep.

- The hydraulic pump providing oil for the four bottom jacks saturated at load of
about -690 kN between load stages 4 and 5. In order to teset the pump, the specimen was
pattially unloaded.

- The readings from the four load cells which were used to measure the negative
load indicated presence of small torsion on the beam while loading to LS 7.

- During the initial loading to LS 8 it was noticed that the pressure in the four
bottom jacks was not completely dissipated.

Global response

1500

1000

500

Load, kN

-500

-1000

-1500
15

Displacement, mm
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Data summary
Sl 2 = S e - I O A < = A
C 7 - - I O O O O < I O O O -+
3 / g 2 g2 2 = . o = & © &
= = ] = = &) &) = =
<
@ | @& | (min) (kN) (mm) | (mm) | (mm) | (om) | (mm) | (mm) | @mm) | (om) | @m) | o) | (mm) | (e) | M) | (ke
x103 x103 x103 x103 x103
- 3 7 129 0.0 7 -2 0 0 -1 0.01 0.01 -0.01 0.00 0.00 3 0 0
1 53 24 477.0 1.6 478 -113 8 -3 -11 -0.01 0.00 -0.06 0.06 -0.03 70 1 1
2 142 84 953.9 7.5 1061 -152 -27 -9 -48 1.87 1.05 -0.04 1.91 -0.02 1833 11 11
3 191 155 13 1.8 147 49 -55 -2 -6 0.55 0.38 0.04 0.77 0.04 433 -6 -6
4 223 202 -573.1 -1.5 -55 605 -73 -5 3 0.28 0.23 0.16 0.37 0.16 -27 -15 -15
5 308 266 -1022.8 -7.0 -93 904 -77 -7 2 -0.02 1.07 211 0.18 1.98 -51 201 201
- 326 321 -165.0 -2.7 21 167 -18 -6 -4 0.04 0.73 123 0.24 1.02 121 177 177
- 388 1302 239.9 14 329 -169 -4 -1 -9 0.58 0.69 0.58 0.81 0.42 585 97 97
6 468 1315 951.4 7.5 1060 -314 -2 -4 -38 2.10 148 0.27 2.39 0.26 1860 80 80
- 496 1329 287.7 35 441 -211 -13 -2 -15 1.17 1.00 0.31 1.62 0.32 883 68 68
- 505 1332 -216.4 -0.6 66 62 -33 0 -1 0.35 0.72 0.67 0.83 0.64 199 110 110
7 543 1346 -1018.3 -7.3 -40 804 -67 -4 4 -0.02 1.40 2.48 0.34 2.37 1 601 601
- 561 1368 -305.0 -3.3 44 149 -3 -2 0 0.04 0.98 1.54 0.37 141 121 371 371
- 616 1381 415.7 32 542 -296 36 7 -8 1.08 1.06 0.53 1.43 0.45 898 113 113
8 683 1395 951.4 7.8 1076 -395 24 -5 -43 2.30 1.75 0.34 2.52 0.34 1870 101 101
- 718 1439 297.4 3.6 468 -296 13 -3 -20 1.34 1.24 0.42 1.72 0.39 883 89 89
- 731 1449 -166.4 -0.4 87 -48 -16 -2 -5 0.50 0.88 0.71 0.87 0.71 211 158 158
9 760 1463 -1021.8 -7.5 -11 724 -56 -7 -1 0.01 1.57 2.62 0.36 2.51 6 832 832
- 785 1510 -277.0 -3.2 65 79 -7 -3 -2 0.13 1.07 1.58 0.44 1.49 122 420 420
- 806 1516 130.1 0.9 276 -276 18 -2 -11 0.54 0.89 0.73 0.97 0.60 433 154 154
- 852 1523 570.7 4.9 724 -385 17 -5 -30 1.60 143 0.46 1.91 0.42 1213 121 121
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9}
=] ~ o = i~ - r -
15 1 3 S . | B 2| B2 E |||
S| A £ Q £ £ 2 2 ) ) O © S
H s I = = 5| &) = =
<

10 916 1533 1103.9 9.9 1244 -394 8 -8 -54 3.27 2.60 0.55 3.24 0.47 2183 2579 2579
- 942 1564 458.9 5.6 653 -307 5 1 -24 2.23 2.06 0.60 2.46 0.52 1180 1407 1407
- 957 1570 -101.1 1.3 179 -82 -5 1 -2 1.22 1.43 0.72 1.53 0.69 378 624 624
- 970 1571 -525.6 -3.3 64 249 -51 1 3 0.46 1.65 1.86 0.90 1.82 141 741 741
11 1010 1576 -1177.0 -8.9 31 794 -63 1 12 0.21 2.38 3.54 0.59 3.28 24 1672 1672
- 1038 1611 -473.1 -4.8 86 248 -40 -1 3 0.25 1.83 2.57 0.63 2.31 130 1089 1089
- 1053 1615 -1.1 -0.6 213 -167 -1 3 -1 0.54 1.46 1.54 0.97 1.22 300 649 649
- 1090 1641 403.9 3.8 590 -317 -3 -7 -28 1.78 1.96 0.92 1.95 0.73 953 1534 1534
12 1133 1646 1102.6 10.1 1260 -369 -5 -8 -55 3.55 3.01 0.77 3.58 0.60 2202 5416 5416
- 1159 1665 465.7 5.8 666 -309 -3 -1 -24 2.47 243 0.81 2.74 0.65 1213 4266 4266
- 1172 1669 -77.7 1.2 187 -145 -13 -1 -2 1.25 1.71 1.02 1.67 0.90 420 3241 3241
- 1198 1673 -485.1 -3.2 84 197 -57 -3 1 0.49 1.94 2.20 1.06 1.98 181 3566 3566
13 1249 1679 -1173.6 -9.2 56 746 -71 -6 5 0.22 2.64 3.85 0.72 3.66 59 4691 4691
- 1266 1705 -475.6 -5.0 108 249 -42 -2 4 0.30 2.09 2.78 0.79 2.67 168 3841 3841
- 1281 1713 1.7 -0.5 204 -196 -3 -1 -6 0.69 1.65 1.64 1.10 1.47 343 3229 3229
- 1302 1716 417.6 4.1 612 -305 2 -2 -20 2.02 2.24 1.02 2.21 0.92 993 4260 4260
14 1343 1720 1102.6 10.3 1268 -360 3 -2 -47 3.71 323 0.88 3.77 0.74 2215 9185 9185
- 1368 1763 499.5 6.1 687 -310 -2 1 -24 2.63 2.67 091 2.92 0.80 1248 7691 7691
- 1426 | 2736 -79.1 1.1 179 -170 -34 -7 -9 1.25 1.86 1.16 1.71 1.06 425 6416 6416
- 1450 | 2744 -491.3 =34 108 175 -64 -10 -9 0.53 2.10 242 1.19 2.22 220 6941 6941
15 1488 | 2749 -1171.5 -9.3 77 721 -81 -13 -5 0.26 279 4.01 0.87 3.89 97 8116 8116
- 1514 | 2794 -507.1 -5.3 116 246 -61 -12 -9 0.35 2.22 298 0.96 292 201 7191 7191
- 1528 | 2796 -3.3 -0.8 188 -204 -29 -10 -12 0.66 1.80 1.83 1.19 1.71 338 6466 6466
- 1559 | 2812 397.7 4.0 572 -330 -31 -12 -30 2.09 2.36 1.08 2.34 1.04 973 7366 7366




Behaviour of Large Non-Slender RC Beams under Monotonic and Reversed Cyclic Load 301
52| £ £ o e e - A - A R
A I S F + BH | TH E & H i 0 z Z = % » %
A N-N 3 7200 I I IO N T INCH IR I B A
= = ] = = &) &) e =
<

- 1595 | 2816 850.1 8.1 1020 -377 -31 -11 -47 3.17 2.96 0.94 3.26 0.86 1770 8366 8366
16 | 1647 | 2824 1252.6 12.8 1419 -347 872 42 -88 4.43 3.89 1.06 5.16 1.06 2555 5191 5191
- 1680 | 2880 633.2 8.4 837 -284 664 44 -60 3.36 3.34 1.09 4.26 1.17 1590 3191 3191
- 1692 | 2881 180.6 4.0 350 -166 484 37 -33 2.18 2.63 1.19 3.26 133 733 2721 2721
- 1716 | 2892 -232.1 -0.1 132 46 393 29 -14 1.08 2.41 212 2.36 2.06 410 2949 2949
- 1748 | 2895 -634.1 -4.3 120 361 354 25 -13 0.61 2.70 322 1.87 3.25 285 3191 3191
17 | 1812 | 2903 -1326.6 -11.2 147 929 302 20 -7 0.48 3.76 5.35 1.50 5.37 160 3816 3816
- 1849 | 2947 -620.1 -6.7 179 396 332 24 -5 0.57 3.18 4.20 1.55 4.34 276 2919 2919
- 1863 | 2948 -116.0 -2.5 225 -15 381 27 -7 0.70 2.65 3.14 1.71 321 373 2846 2846
- 1902 | 2956 294.3 3.1 486 -221 512 27 -23 2.21 2.98 1.85 3.05 1.95 840 3241 3241
- 1938 | 2960 700.7 7.4 901 -260 702 36 -45 3.39 3.58 1.49 4.03 1.58 1558 3516 3516
18 | 2007 | 2970 1250.7 13.1 1437 -281 1144 71 -71 4.98 4.58 1.47 5.77 1.53 2570 4041 4041
- 2032 | 3007 661.4 8.7 854 -215 889 61 -51 3.85 4.01 1.48 4.79 1.62 1593 2969 2969
- 2041 | 3008 194.1 4.5 381 -115 696 52 -25 2.68 3.30 1.59 3.75 1.80 820 2749 2749
- 2059 | 3015 -208.5 -0.2 181 67 566 47 -8 1.39 3.00 2.65 2.59 2.76 461 2885 2885
- 2089 | 3018 -622.2 -4.7 176 391 521 45 -6 0.92 3.33 3.85 2.14 3.97 345 2871 2871
19 | 2145 | 3025 -1318.2 -114 180 980 449 41 -3 0.74 4.26 5.83 1.86 5.92 207 3666 3666
- 2163 | 3041 -685.5 -7.3 197 497 474 43 -4 0.80 3.71 4.76 1.90 4.94 305 2636 2636
- 2170 | 3041 -141.4 -2.8 229 46 532 47 -5 0.89 3.13 3.61 2.04 3.72 400 2776 2776
- 2194 | 3050 261.0 32 446 -145 652 42 -19 2.47 3.37 2.07 3.45 2.21 820 3291 3291
- 2210 | 3052 669.5 7.5 862 -181 857 51 -37 3.69 4.00 1.74 4.46 1.86 1525 3791 3791
20 | 2259 | 3063 12514 13.5 1431 -221 1226 75 -75 5.29 5.03 1.68 6.19 172 2578 4641 4641
- 2277 | 3083 691.4 9.2 878 -165 997 77 -38 4.24 4.49 172 5.23 1.87 1640 3066 3066
- 2286 | 3084 199.2 4.6 378 -60 784 69 -7 2.94 3.69 1.860 4.07 2.08 798 2871 2871
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<
- 2303 | 3089 -202.3 -0.4 212 105 639 70 10 1.56 342 3.04 2.79 3.22 463 2686 2686
- 2335 | 3092 -610.2 -4.9 209 436 592 68 11 1.13 3.77 4.27 2.39 441 363 2801 2801
21 2384 | 3098 -1330.7 -12.3 217 1061 543 71 12 0.93 4.68 6.30 2.31 6.88 228 3516 3516
- 2405 | 3121 -715.0 -8.0 220 566 570 71 7 0.97 4.12 5.19 2.30 5.80 325 2824 2824
- 2416 | 3122 -185.4 -3.5 236 140 629 75 7 1.04 3.58 4.06 2.38 4.57 418 2901 2901
- 2435 | 3133 248.2 3.0 415 -67 714 56 -7 2.69 3.74 2.28 3.78 2.72 793 3391 3391
- 2453 | 3135 650.1 74 810 -107 907 61 -29 391 4.35 1.94 4.88 2.21 1475 3791 3791
UL | 2498 | 3141 1248.9 13.7 1426 -149 1276 94 -60 5.60 5.39 1.89 6.81 2.05 2593 4891 4891
- 2549 | 3147 1028.9 239 809 -467 5093 74 -20 4.09 4.58 1.96 26.47 24.034 1483 3141 3141
Notes:

1) The data from LVDTs ES-TW-BE, ES-V, and ES-TE-BW as well as the data from most of the strain gauges is not presented for the sake of brevity.
2) The data from LVDT WL-V is not shown since the measuring device did not work propetly.
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Crack Diagrams, crack widths in (mm)

Load Stage 1

East End
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Deformed shapes amplified to midspan displcament equivalent to 200 mm
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B10. SPECIMEN SB

Cast day: May 16, 2007

Beam properties

Cross section: /=1200 mm, 4=400 mm

Effective depth: 1070 mm

Shear span: 1700 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: £=0.60%, £,=650 MPa

Transverse reinforcement: 0,=0%

Concrete: /= 30.5 MPa, £=1460 W, 2,=20 mm, Modulus of rupture = 3.6 MPa
Defects: no significant defects

Test day: November 220, 2007

Test Remarks

Maximum load: 1431.3 kN

Displacement at maximum load: 9.5 mm

Failure mode: The load on the beam had started to decrease when explosive crushing
of concrete occurred at two locations: above the eastern diagonal crack near the edge of
the loading plate, and at the eastetn diagonal crack at the middle of the bottom half of the
section. Big pieces of conctete separated from the bottom part of the specimen in the
zone confined between the critical diagonal crack and the east support.
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Global response
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Data summary

N

? 3 %; E ?’? > = i - | B & | . E = - | B | s

s S e | S e | m| 2G| |E|2|E ||| EE|Z]E|E

sl a| 8 z Al Tl 2l e | ZF e 2] "2l 2lZ |23
- = b H e = = = = E =
# | @& | (min) | &N) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) [ (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (ue)
x103 | x103 | x10° | x103 | x103 | x103 | x103 | x103

25 42 193.7 0.1 34 -26 5 1 -3 2 -4 -10 0.00 -0.02 | -0.01 -0.01 -0.01 -0.04 6
38 45 302.5 0.2 89 -43 5 -1 -7 3 -6 -16 0.02 -0.02 | -0.02 | -0.01 -0.02 | -0.05 9
42 46 343.6 0.3 194 -54 6 0 -11 3 -7 -18 0.03 -0.01 -0.03 | -0.01 -0.03 | -0.06 10
47 47 386.1 0.4 294 -62 5 -3 -12 3 -8 -19 0.03 -0.02 | -0.04 | -0.02 | -0.01 -0.06 11
52 47 430.7 0.6 429 -74 7 -3 -15 3 -8 -20 0.04 -0.01 -0.01 0.00 -0.02 | -0.06 12
56 48 464.4 0.7 530 -81 6 -5 -16 2 -9 -21 0.09 -0.01 -0.03 | -0.02 | -0.02 | -0.07 13
68 50 501.3 1.1 618 -91 7 -5 -20 4 -9 -25 0.19 -0.03 | -0.03 0.20 -0.04 | -0.08 15
93 93 533.2 1.2 662 -99 8 -6 -21 5 -12 -29 0.22 -0.03 | -0.05 0.26 -0.05 | -0.07 17
97 94 569.4 14 702 -105 12 -6 -24 5 -13 -31 0.27 -0.04 | -0.05 0.32 -0.06 | -0.09 18
100 94 597.6 1.5 750 -106 12 -6 =27 5 -13 -33 0.37 -0.05 | -0.06 0.40 -0.06 | -0.09 20
110 96 651.9 1.9 816 -92 8 -6 -34 0 -14 -37 0.58 -0.07 | -0.08 0.59 -0.11 -0.09 25
134 119 680.1 2.1 858 -84 6 -4 -33 -3 -15 -38 0.66 -0.08 | -0.08 0.68 -0.10 | -0.12 27
138 120 712.6 23 894 -76 3 -8 -35 -4 -16 -41 0.75 -0.11 -0.09 0.78 -0.13 | -0.10 32
142 122 743.2 25 923 -54 -14 -15 -38 -10 -17 -45 0.95 -0.15 | -0.11 0.90 -0.14 | -0.14 59
145 124 769.4 27 947 -40 -21 -18 -42 -18 -25 -47 1.10 -0.17 | -0.12 1.03 -0.16 | -0.15 79
150 126 803.8 3.1 982 -5 -36 -32 -47 -27 -31 -49 1.35 -0.20 | -0.15 1.22 -0.18 | -0.17 169
181 161 836.9 34 1026 13 -44 -39 -49 -29 -33 -46 1.52 -0.16 | -0.17 1.37 -0.20 | -0.17 262
184 163 863.2 3.6 1049 23 -48 -45 -54 -34 -38 -51 1.64 -0.13 | -0.17 1.45 -0.21 -0.18 339
187 165 888.8 38 1075 36 -51 -48 -55 -38 -42 -54 1.76 -0.09 | -0.18 1.55 -0.23 | -0.20 419
191 167 916.9 4.0 1106 53 -56 -54 -57 -45 -48 -57 1.93 -0.07 | -0.20 1.72 -0.24 | -0.22 532
197 169 952.6 43 1136 70 -60 -63 -62 -50 -53 -62 212 -0.04 | -0.22 1.87 -0.23 | -0.24 649
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g3 & = & > o 0 > 2 a > = 0 > 2 @
2 g 3 F * BH | TH d ' g £ & o o ' z £ o = %
T 5| ¢ Z E << A I A O A A O = R
S| A £ Qe ] ] 4] ] = = = = S
= = I & & e e = & = =
234 | 215 | 985.1 | 46 | 1169 | 79 66 | <71 | <70 | -54 | 58 | -65 | 227 | 003 | -024 | 204 | -024 | -0.25 | 762
- | 238 | 216 | 10182 | 48 | 1203 | 87 66 | <74 | 713 | 56 | -60 | -67 | 237 | 005 | 023 | 214 | -0.19 | -0.25 | 789
- | 242 | 217 | 10507 | 51 | 1239 | 102 | -67 | 718 | 75 | -57 | -64 | -71 | 248 | 007 | -0.26 | 228 | -0.09 | -0.28 | 852
5 | 249 | 218 | 11026 | 55 | 1291 | 122 | -66 | -84 | -80 | -39 | 72 | 79 | 271 | 0.6 | -027 | 254 | 003 | -0.28 | 999
- | 285 | 250 | 11294 | 58 | 1329 | 125 | -61 | -89 | 86 | -61 | -77 | -82 | 291 | 023 | -0.29 | 267 | 011 | -029 | 1092
- | 288 | 251 | 11550 | 60 | 1359 | 134 | -58 | 93 | 88 | -62 | -80 | -85 | 3.02 | 027 | -031 | 277 | 015 | -031 | 1134
- | 202 | 252 | 11819 | 62 | 1389 | 140 | -52 | 95 | 90 | -64 | -84 | -89 | 3.14 | 033 | -031 | 287 | 015 | -031 | 1202
- | 296 | 254 | 12119 | 64 | 1428 | 150 | -39 | 97 | 92 | 65 | -86 | -92 | 327 | 042 | -031 | 299 | 020 | -0.33 | 1274
6 | 301 | 255 | 12551 | 6.8 | 1473 | 164 | 26 90 | =96 | -65 | 90 | 94 | 351 | 061 | -029 | 315 | 026 | -0.34 | 1414
- | 335 | 285 | 12851 | 72 | 1501 | 157 | 59 96 | -105 | -65 | 94 | 96 | 376 | 075 | -029 | 332 | 034 | -037 | 1519
- | 339 | 285 | 13157 | 74 | 1536 | 167 | 86 | -103 | -107 | -69 | -96 | -99 | 390 | 085 | -0.31 | 342 | 036 | -037 | 1579
- | 342 | 286 | 13413 | 7.6 | 1567 | 174 | 113 | <111 | <111 | <70 | -98 | -100 | 401 | 093 | -0.30 | 3.53 | 038 | -0.38 | 1637
- | 345 | 287 | 13694 | 78 | 1595 | 177 | 132 | -118 | -114 | -72 | -99 | -102 | 421 | 101 | -030 | 3.63 | 041 | -039 | 1702
7 | 353 | 288 | 14019 | 82 | 1626 | 181 | 220 | -136 | -115 | -73 | -103 | -106 | 447 | 129 | -028 | 380 | 046 | -0.40 | 1792
UL | 471 | 335 | 14313 | 95 | 1641 | 99 | 665 | -198 | -119 | -75 | -108 | -108 | 568 | 2.53 | -0.05 | 407 | 055 | -0.41 | 1992
- | 516 | 338 | 13532 | 10.6 | 1537 | 132 | 1599 | -286 | -109 | -75 | -106 | -107 | 732 | 477 | 062 | 396 | 055 | -0.41 | 2109

Note: The data from gauges 1B to 4B is not presented for the sake of brevity.
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Crack Diagrams, crack widths in (mm)
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Deformed shapes amplified to midspan displcament equivalent to 200 mm
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readings)
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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B11. SPECIMEN MB
Cast day: May 16, 2007

Beam properties

Cross section: /=1200 mm, 4=400 mm

Effective depth: 1070 mm

Shear span: 1700 mm

Loading plates: 51/300/400 mm

Support plates: 51/150/400 mm

Longitudinal reinforcement: £=0.60%, £,=650 MPa

Transverse reinforcement: 0,=0%

Concrete: /= 30.5 MPa, £=1460 W, 2,=20 mm, Modulus of rupture = 3.6 MPa
Defects: no significant defects

Test day: November 28%, 2007

Test Remarks

Maximum load: 1731.2 kN

Displacement at maximum load: 9.6 mm

Failure mode: The specimen failed with sudden widening of the most eastern diagonal
crack and splitting along the lap splice between the straight bars and the anchor hooks.
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Global response
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Displacement, mm
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Data summary

N

N . o . . - o . -

S| AR g =2 A A % % - 2 o o

~ = % M M =3 =3 8] S =3 =3
# | @& | (min) | (N) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)

x103 | x103 | x103 | x103 | x103 | x103 | x103 | x103

53 51 376.8 0.2 71 -44 -1 -6 -12 7 -9 -20 0.02 -0.01 -0.04 0.03 -0.01 -0.05
1 69 89 498.7 0.7 395 -92 3 -8 -18 11 -8 -22 0.11 0.01 -0.06 0.08 -0.02 | -0.05
- 98 125 558.7 1.0 507 -106 4 -6 -24 9 -11 -28 0.18 -0.01 -0.05 0.22 -0.01 -0.07
- 105 126 614.3 1.2 610 -111 3 -10 -24 11 -11 -31 0.22 0.02 -0.07 0.31 0.02 -0.07
2 113 127 648.7 1.6 663 -112 11 -10 -29 14 -11 -31 0.51 0.19 -0.10 0.38 0.06 -0.08
- 136 165 699.9 1.8 719 -113 10 -15 -38 14 -15 -35 0.65 0.30 -0.11 0.43 0.08 -0.10
- 141 168 7424 2.1 770 -110 20 -16 -41 18 -16 -38 0.87 0.45 -0.14 0.52 0.13 -0.11
3 150 171 798.7 2.5 834 -73 60 -16 -47 22 -16 -41 1.18 0.73 -0.13 0.72 0.23 -0.13
- 180 208 841.2 2.7 879 -58 77 -16 -48 25 -18 -45 1.33 0.86 -0.16 0.84 0.30 -0.13
- 185 209 884.9 3.0 928 -42 95 -17 -53 29 -18 -48 1.44 0.97 -0.17 0.97 0.38 -0.14
- 188 210 913.1 3.2 956 -21 122 -15 -55 31 -18 -49 1.56 1.06 -0.16 1.13 0.47 -0.15
4 196 211 946.2 3.5 999 11 176 -2 -59 40 -18 -52 1.72 1.21 -0.15 1.35 0.59 -0.15
- 230 242 978.7 3.8 1035 29 235 17 -65 49 -18 -56 1.88 1.37 -0.13 1.48 0.66 -0.14
- 235 245 1024.3 4.0 1076 41 275 33 -70 56 -19 -59 2.03 1.49 -0.13 1.58 0.72 -0.12
- 239 246 1054.9 4.3 1110 62 317 53 -74 120 1 -66 2.14 1.60 -0.11 1.83 0.98 0.08
5 244 246 1098.7 4.6 1152 76 362 67 =77 167 13 -71 2.27 1.71 -0.11 1.99 1.16 0.18
- 285 277 1131.2 4.8 1195 85 407 89 -78 200 25 -73 2.42 1.84 -0.09 2.14 1.27 0.20
- 291 278 1176.8 5.1 1241 97 464 98 -85 239 19 =77 2.56 1.95 -0.09 2.28 1.39 0.24
- 296 279 1210.6 53 1280 109 552 122 -87 277 8 -80 2.69 2.08 -0.05 2.39 1.48 0.29
6 301 281 1246.8 5.6 1319 124 659 170 -91 334 -6 -84 2.86 2.21 0.02 2.54 1.61 0.34
- 338 314 1276.8 5.9 1362 145 787 201 -99 390 -14 -88 3.06 2.39 0.10 2.70 1.76 0.43
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N

v 3 = 5 3 o = B i e =
AEAE 3 222 BB B 2|5
& e = F + BH TH ) A E z 12 - - - E g 2 -
< | 2] 7 pa Elg s 225825881
3 =} E g N 1} £ £ = = = =
A & I = = = = = = = =

344 | 315 | 13268 | 61 | 1409 | 156 | 862 | 212 | <104 | 422 | 21 | -92 | 320 | 250 | 015 | 281 | 1.83 | 045
- | 348 | 316 | 13668 | 63 | 1450 | 167 | 937 | 228 | -107 | 471 | -31 | -95 | 332 | 260 | 018 | 293 | 1.93 | 051
7 | 353 | 316 | 13999 | 6.6 | 1490 | 180 | 1056 | 254 | -110 | 535 | -44 | -98 | 346 | 274 | 026 | 3.07 | 205 | 058
- | 390 | 346 | 14262 | 69 | 1521 | 177 | 1163 | 283 | -119 | 590 | -54 | -105 | 3.62 | 2.89 | 029 | 322 | 220 | 0.1
- | 396 | 347 | 14699 | 7.1 | 1569 | 185 | 1225 | 287 | -123 | 621 | -57 | -109 | 3.75 | 299 | 032 | 335 | 230 | 0.3

- 401 348 1504.9 7.4 1603 191 1284 299 -125 653 -60 -111 3.87 3.09 0.34 3.47 2.39 0.65
8 429 349 1546.8 7.7 1653 201 1402 343 -126 710 -65 -115 4.06 3.27 0.39 3.66 2.54 0.69
- 494 384 1573.7 8.1 1685 188 1527 377 -131 767 -67 -122 4.24 3.46 0.70 3.86 2.74 0.76
- 515 385 1614.3 8.4 1739 196 1599 389 -134 798 -69 -125 4.40 3.58 0.74 4.00 2.85 0.75
- 538 386 1643.1 8.0 1775 200 1653 403 -134 824 -70 -127 4.52 3.69 0.78 4.12 2.96 0.79
- 554 387 1672.4 8.9 1817 206 1729 415 -132 859 -70 -129 4.67 3.80 0.85 4.27 3.09 0.82
- 570 388 1701.8 9.1 1851 212 1805 429 -129 893 -70 -130 4.79 3.93 1.03 4.40 3.18 0.84
UL | 592 389 1731.2 9.6 1890 230 2149 476 =75 946 -70 -131 5.12 4.20 1.14 4.62 3.38 0.86

- 609 390 1117.4 | 121 1247 593 8783 421 1133 797 -52 -97 9.65 8.28 4.97 3.58 2.72 0.80
- 650 392 534.3 9.8 710 603 8468 448 1197 616 -20 -58 8.51 7.56 4.94 2.67 2.16 0.43
9 657 395 932.4 113 1056 595 8828 432 1138 642 -29 -79 9.34 8.14 4.86 3.12 2.37 0.44

- 680 421 77.7 7.2 349 783 7148 470 1131 501 8 -21 6.60 6.11 4.26 2.06 1.77 0.32
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Crack Diagrams, crack widths in (mm)

Load Stage 1
F2499 East End

LS2
F=649 kN

LS3
F=799 kN

LS4
F=946 kN

LS5
F=1099 kN

77

LS6
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Deformed shapes amplified to midspan displcament equivalent to 200 mm
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Ziirich readings over 300/300 mm grid, deformations in (mm)
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APPENDIX C. CALCULATION OF ANGLE @

Iy

2y
:ﬁzsz‘ )
Midspan ] | I:‘b i

a
=
CTT.node 7 "T:‘ o
region ya =z
dy/2 ]
/2§ |
c=h,/2 —
s ‘ (dj+c)cot® (d-y-d,/2)cotB
i (d,/2)tan 0 < Ip1 —i
ona—lbz / 2
a

Angle @is calculated from the following geometrical condition:

X:(da/2+f+d—j)cot6’+dz” tan6’+(/m —x)=X0 =d_%

This equation results in:

—B-+B*-4AC

tang = >
2A4

Where:
A=d, /2,

B=/,-x—-a+/,/2,
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C=d,/24+c+d-y.

If (B>-4.A4.C)<0, the above calculations should be tepeated with reduced 4, obtained from
condition B?=4.4.C:

da,rez/ = _Bl + VBlz +4B >
Where:

B, =2(c+d—]).

The reduced value of 4, should be used in all equations of the improved strut-and-tie
model.



APPENDIX D. VERIFICATION OF THE IMPROVED
STRUT-AND-TIE MODEL

#H* a/d d P f.' Viexp Vucsa | Vuistm | Vuexp Vu,exp
(mm) | (%) | MPa) | &N) | &N) | &N) | Vecsa | Vagstm
1 2 3 4 5 6 7 8 9 10
53 1.52 533 2.72 17.8 296.5 1741 209.9 1.70 1.41
54 1.52 533 2.72 20.6 303.2 198.0 236.1 1.53 1.28
55 1.52 533 3.46 243 267.6 236.0 278.3 113 0.96
56 1.52 533 3.46 17.2 289.8 173.7 210.5 1.67 1.38
57 1.52 533 4.25 21.7 421.1 217.7 259.3 193 1.62
58 1.52 533 4.25 20.6 396.6 208.3 249.1 1.90 1.59
59 1.52 533 2.72 21.4 347.7 204.3 243.0 1.70 143
60 1.52 533 2.72 229 356.6 216.8 256.5 1.04 1.39
61 1.52 533 3.46 233 303.2 227.2 268.8 133 1.13
62 1.52 533 3.46 22.4 341.0 219.5 260.4 1.55 1.31
63 1.52 533 4.25 21.7 389.9 218.3 260.0 1.79 1.50
64 1.52 533 4.25 25.0 436.6 2473 291.4 1.77 1.50
66 3.00 267 2.15 31.0 67.4 60.0 61.5 112 1.10
67 2.99 268 2.22 31.0 76.3 60.9 62.4 1.25 1.22
68 2.96 270 2.37 31.5 71.8 62.9 64.1 1.14 1.12
69 3.00 267 1.62 21.2 56.9 48.2 48.2 1.18 1.18
70 2.99 268 1.63 21.6 60.7 48.9 48.9 1.24 1.24
71 2.96 270 1.60 19.2 56.3 471 471 1.19 1.19
72 2.95 272 1.66 16.8 56.3 45.7 45.7 1.23 1.23
73 2.99 268 0.81 6.3 20.7 25.8 25.8 0.80 0.80
74 2.94 272 0.83 6.1 25.1 26.0 26.0 0.97 0.97
75 2.93 273 0.80 6.9 26.0 271 271 0.96 0.96
76 2.92 274 0.82 6.8 25.8 27.2 27.2 0.95 0.95
94 1.45 183 212 24.0 36.9 36.9 45.1 1.00 0.82
95 1.97 181 2.33 259 34.2 23.2 32.4 147 1.06
96 1.93 184 2.14 27.2 33.9 24.6 34.8 1.38 0.97
158 0.97 368 1.85 14.6 367.0 263.6 289.0 1.39 1.27
159 0.95 375 0.57 12.7 278.0 192.3 2121 145 1.31
160 0.98 362 2.50 22.6 511.5 409.5 440.0 1.25 1.16
161 0.97 368 1.85 26.3 500.4 434.6 466.7 1.15 1.07

* As specified by Collins, Bentz, and Sherwood, 2008
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1 2 3 4 5 6 7 8 9 10
162 0.97 368 1.24 28.9 511.5 432.2 463.6 1.18 1.10
163 1.00 356 3.83 45.4 900.7 805.8 846.6 1.12 1.06
164 0.97 368 1.85 46.8 778.4 686.8 726.8 1.13 1.07
165 1.45 367 1.86 13.9 238.5 138.7 172.4 1.72 1.38
166 1.42 375 0.57 11.3 211.7 93.6 116.4 2.26 1.82
167 1.45 368 2.46 29.8 523.1 277.1 324.0 1.89 1.61
168 1.45 368 1.85 27.1 396.4 244.3 2873 1.62 1.38
169 1.46 365 1.24 24.2 423.0 209.4 249.0 2.02 1.70
170 1.45 368 1.24 31.9 434.2 257.5 299.9 1.69 1.45
171 1.44 370 1.17 31.4 467.6 249.7 290.5 1.87 1.61
173 1.50 356 3.83 45.3 578.8 442.5 507.0 1.31 1.14
174 1.42 375 1.82 45.5 578.7 359.3 406.6 1.61 142
175 1.96 362 1.88 14.7 201.2 96.0 130.8 2.09 1.54
176 1.91 372 0.57 13.7 130.0 70.8 90.8 1.84 143
177 1.93 368 2.46 27.5 323.5 152.0 207.2 213 1.56
178 1.93 368 1.85 323 256.8 166.8 2220 1.54 1.16
179 1.93 368 1.24 33.1 267.9 157.3 207.6 1.70 1.29
180 2.02 353 3.83 47.2 334.7 276.8 356.3 1.21 0.94
181 1.93 368 1.85 43.9 323.5 213.6 275.1 1.51 1.18
182 2.76 368 1.85 34.8 157.6 123.0 126.6 1.28 1.24
222 242 137 1.86 27.6 19.6 18.3 20.8 1.07 0.94
228 242 137 2.89 17.7 17.8 174 17.4 1.02 1.02
230 1.86 137 2.37 14.9 20.7 16.4 19.4 1.26 1.07
233 242 137 2.89 14.9 18.4 16.3 16.3 1.13 1.13
247 1.51 404 3.05 254 311.4 176.4 215.1 1.76 1.45
248 1.51 404 3.05 23.0 309.1 161.6 198.8 1.91 1.56
249 1.51 404 1.85 25.6 289.1 165.0 200.6 1.75 1.44
250 1.51 404 1.88 26.4 311.4 169.8 206.0 1.83 1.51
251 1.51 404 1.17 25.7 266.9 151.5 184.3 1.76 1.45
252 1.51 404 1.16 27.0 266.9 157.2 190.6 1.70 1.40
253 1.51 404 0.75 22.4 220.8 123.4 152.0 1.79 1.45
254 1.51 404 0.75 26.7 222.4 140.7 1713 1.58 1.30
270 1.93 368 1.83 37.6 289.1 188.0 246.2 1.54 1.17
271 1.93 368 1.83 33.3 135.7 170.4 226.0 0.80 0.60
312 2.49 306 1.59 22.8 59.2 453 57.0 1.31 1.04
313 242 314 1.59 30.0 76.9 514 68.2 1.50 1.13
328 2.50 305 1.59 22.6 57.0 50.0 61.8 1.14 0.92
352 2.48 267 1.25 30.1 46.0 44.9 58.9 1.03 0.78
361 2.46 142 0.95 12.6 100.5 57.8 57.8 1.74 1.74
362 1.00 270 2.07 32.4 388.5 304.2 317.0 1.28 1.23
363 1.48 270 2.07 32.4 260.0 171.4 193.1 1.52 1.35
364 2.00 270 2.07 32.4 147.2 100.7 127.4 1.46 1.16
365 2.48 270 2.07 32.4 81.6 68.8 95.7 1.19 0.85
366 2.48 270 2.07 32.4 87.0 68.8 95.7 1.26 091
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367 3.00 270 2.07 324 60.3 65.0 73.1 0.93 0.83
368 3.00 270 2.07 324 76.5 65.0 73.1 1.18 1.05
379 3.00 70 1.71 35.1 7.3 4.7 4.8 156 1.52
380 3.00 70 1.71 35.1 7.2 4.7 4.8 1.54 1.50
381 3.00 140 1.62 313 21.2 16.9 16.9 1.26 1.26
382 3.00 140 1.62 313 23.2 16.9 16.9 1.38 1.38
383 3.00 210 1.62 33.8 46.4 37.4 37.4 1.24 1.24
384 3.00 210 1.62 33.8 42.9 37.4 37.4 1.15 1.15
385 3.00 210 1.62 33.8 42.9 37.4 37.4 1.15 1.15
386 3.00 280 1.68 34.6 74.1 65.2 66.2 1.14 1.12
387 3.00 280 1.68 34.6 71.3 65.2 66.2 1.09 1.08
388 3.00 280 1.68 34.6 71.3 65.2 66.2 1.09 1.08
389 3.00 150 1.29 383 21.6 18.2 21.3 1.18 1.01
390 3.00 300 1.28 383 64.7 51.1 51.1 1.27 1.27
391 3.00 450 1.28 383 101.5 96.4 96.4 1.05 1.05
392 3.00 600 1.28 383 152.1 136.8 136.8 1.11 1.11
393 2.78 270 1.82 222 58.4 56.0 63.3 1.04 0.92
394 2.78 270 1.78 222 74.6 55.6 63.0 1.34 1.18
395 2.78 270 2.47 27.6 91.2 66.0 77.4 1.38 1.18
435 2.67 168 2.00 34.6 4.7 48 6.0 1.00 0.80
436 2.67 168 2.00 34.6 4.7 48 6.0 0.98 0.78
437 2.67 122 1.98 285 4.3 4.7 5.9 0.92 0.73
439 2.67 122 1.97 285 4.4 48 6.0 0.92 0.74
446 2.67 170 1.96 13.7 6.7 6.9 6.9 0.98 0.98
447 2.67 170 1.96 13.7 5.9 6.9 6.9 0.86 0.86
448 2.67 147 2.08 283 9.6 8.8 10.5 1.10 0.92
449 2.67 147 2.08 283 9.8 8.8 10.5 1.12 0.94
450 2.67 86 1.97 29.7 5.6 49 5.6 1.14 1.00
451 2.67 86 1.97 29.7 5.8 49 5.5 1.18 1.04
452 2.67 86 1.97 29.7 5.8 49 5.6 1.17 1.04
454 2.67 122 1.92 29.7 10.5 9.6 12.1 1.10 0.87
456 2.67 171 1.92 35.0 23.5 19.7 24.0 1.19 0.98
457 2.67 170 1.96 35.0 23.9 19.4 24.0 1.23 1.00
458 2.67 170 1.95 339 21.0 19.3 23.5 1.09 0.89
462 2.67 122 1.96 29.2 26.0 19.0 23.8 1.37 1.09
467 2.67 62 2.88 26.0 16.4 10.7 11.8 1.53 1.39
468 2.67 63 2.84 26.0 17.9 10.9 11.7 1.65 1.54
470 2.67 62 1.92 30.0 15.5 10.1 12.2 1.54 1.28
471 2.67 62 1.90 30.0 15.7 10.2 12.3 1.54 1.28
473 2.67 61 1.93 30.3 18.6 10.1 12.3 1.85 1.52
486 2.67 341 1.86 28.0 28.6 31.6 38.2 091 0.75
487 2.67 340 1.80 25.8 27.6 31.1 36.9 0.89 0.75
488 2.67 253 1.81 34.5 188.7 156.4 199.2 1.21 0.95
489 2.67 252 1.85 34.1 171.2 156.9 199.9 1.09 0.86
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496 1.51 403 3.05 254 312.9 177.3 2163 1.76 1.45
497 1.51 403 3.05 23.0 310.7 162.4 199.9 1.91 1.55
498 1.51 403 1.88 21.9 261.8 145.7 179.5 1.80 1.46
499 1.51 403 1.88 26.4 312.9 170.6 207.1 1.83 1.51
500 1.51 403 1.85 25.7 288.5 166.5 202.4 1.73 142
501 1.51 403 1.85 25.6 290.7 165.7 201.6 1.75 1.44
502 1.51 403 1.86 24.1 290.8 158.0 193.2 1.84 1.51
503 1.51 403 1.86 24.9 304.0 162.2 197.7 1.87 154
504 1.51 403 1.16 23.1 224.0 139.8 171.5 1.60 1.31
505 1.51 403 1.16 27.0 268.4 157.9 1915 1.70 1.40
506 1.51 403 1.17 254 224.0 150.9 183.8 1.48 1.22
507 1.51 403 1.17 25.7 268.4 152.1 185.2 1.76 1.45
508 1.51 403 0.75 22.4 222.4 123.9 152.8 1.80 1.46
509 1.51 403 0.75 26.7 224.0 141.3 172.1 1.59 1.30
510 1.51 403 0.75 25.5 179.5 136.6 166.9 1.31 1.08
511 1.51 403 0.75 22.8 188.6 125.6 154.7 1.50 1.22
516 2.84 403 0.84 26.1 71.4 69.5 69.5 1.03 1.03
517 2.84 403 0.84 25.8 62.4 69.2 69.2 0.90 0.90
518 2.84 403 0.84 30.6 75.1 73.1 73.1 1.03 1.03
521 0.67 305 0.83 24.6 89.8 72.8 74.5 1.23 1.21
525 1.00 203 1.67 23.3 85.3 66.3 69.6 1.29 1.23
527 1.00 203 2.58 19.9 106.9 62.6 65.8 1.71 1.62
528 1.00 203 1.67 35.2 109.8 91.7 95.6 1.20 1.15
532 2.35 390 2.06 30.6 109.9 109.7 153.7 1.00 0.71
533 2.35 390 3.09 29.9 170.4 114.5 161.9 1.49 1.05
718 2.00 542 2.55 26.8 163.3 100.7 147.0 1.62 1.11
721 2.46 552 2.82 27.0 112.4 95.6 113.7 1.18 0.99
723 1.03 528 2.75 30.3 548.0 415.0 441.2 1.32 1.24
725 1.00 542 2.67 27.4 585.6 423.7 445.7 1.38 1.31
726 2.99 544 2.41 27.4 102.1 90.2 90.2 1.13 1.13
727 1.98 549 2.71 24.8 196.9 102.6 144.6 1.92 1.36
730 2.63 518 2.87 30.8 114.8 96.4 121.1 1.19 0.95
736 0.99 274 2.69 25.5 233.6 157.6 171.0 1.48 1.37
737 1.01 269 272 27.2 239.6 171.4 184.8 1.40 1.30
742 1.99 273 2.77 253 110.6 57.0 72.9 1.94 1.52
743 2.47 275 2.75 25.3 72.8 54.5 55.3 1.34 132
746 2.47 275 2.68 26.2 76.3 54.6 56.5 1.40 135
747 2.50 272 2.73 26.2 77.2 539 58.0 1.43 1.33
748 2.02 270 2.75 27.2 111.9 57.8 78.9 1.94 142
852 2.00 1097 272 26.9 326.2 240.8 3249 1.35 1.00
853 2.50 1095 2.70 26.4 237.0 152.8 221.1 1.55 1.07
854 3.00 1092 2.71 27.0 165.1 147.8 147.8 1.12 1.12
876 3.00 600 1.26 29.6 119.5 132.8 132.8 0.90 0.90
877 3.00 900 1.26 27.5 166.8 175.6 175.6 0.95 0.95
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878 3.00 1200 1.26 252 185.2 207.6 207.6 0.89 0.89
879 3.00 600 0.63 26.6 106.2 101.1 101.1 1.05 1.05
880 3.00 600 0.63 24.7 114.1 98.8 98.8 1.15 1.15
881 3.00 900 0.63 272 139.8 139.1 139.1 1.00 1.00
882 3.00 900 0.63 277 127.5 139.9 139.9 091 0.91
888 2.47 370 1.03 299 80.5 69.9 69.9 1.15 1.15
889 2.47 370 1.03 299 80.5 69.9 69.9 1.15 1.15
890 3.00 254 1.03 171 36.5 31.2 31.2 1.17 1.17
891 3.00 254 1.03 46.9 54.7 43.4 45.5 1.26 1.20
892 3.00 254 3.10 18.6 56.0 43.9 43.9 1.28 1.28
897 1.50 127 1.64 26.5 70.5 37.9 425 1.86 1.66
898 2.50 197 1.70 26.8 54.7 36.1 44.7 1.51 1.22
962 0.90 406 1.88 38.1 293.6 277.8 287.7 1.06 1.02
963 1.06 406 1.88 323 273.6 196.6 209.9 1.39 1.30
965 2.56 234 1.08 27.0 40.9 32.2 32.2 1.27 1.27
971 2.50 226 0.79 25.8 117.5 102.1 102.1 1.15 1.15
972 2.50 225 1.39 24.6 139.5 120.8 120.8 1.15 1.15
1172 1.00 270 0.70 17.5 98.6 79.5 88.8 1.24 1.11
1173 1.50 270 0.70 22.6 63.8 54.3 67.4 1.17 0.95
1174 2.00 270 0.70 232 46.6 36.4 48.2 1.28 0.97
1179 1.00 270 1.47 253 166.8 124.2 136.2 1.34 1.22
1180 1.50 270 1.47 253 122.6 69.4 85.2 1.77 1.44
1181 2.00 270 1.47 24.2 90.7 46.4 58.1 1.96 1.56
1182 2.50 270 1.47 28.7 68.7 46.1 49.2 1.49 1.39
1183 3.00 270 1.47 235 60.1 40.6 40.6 1.48 1.48
1186 1.00 270 1.91 344 166.8 167.5 181.6 1.00 0.92
1187 1.50 270 1.91 34.8 112.8 94.6 113.2 1.19 1.00
1188 2.00 270 1.91 34.3 93.2 56.6 77.7 1.65 1.20
1189 2.50 270 1.91 34.8 71.1 53.3 60.2 1.33 1.18
1190 3.00 270 1.91 38.6 58.7 52.2 52.2 1.12 1.12
1199 3.00 356 1.69 49.3 96.0 93.9 93.9 1.02 1.02
1200 3.00 356 1.69 49.3 97.1 93.9 93.9 1.03 1.03
1201 3.00 356 1.69 41.6 87.4 83.5 83.5 1.05 1.05
1202 3.00 356 1.69 41.6 94.4 83.5 83.5 1.13 1.13
1203 3.00 356 1.69 452 99.4 91.2 91.2 1.09 1.09
1204 3.00 356 1.69 452 96.4 91.2 91.2 1.06 1.06
1205 3.00 177 1.74 34.5 23.8 21.7 21.7 1.10 1.10
1206 3.00 177 1.74 34.5 23.9 21.7 21.7 1.10 1.10
1207 3.00 177 1.74 36.8 24.5 22.2 22.2 1.10 1.10
1208 3.00 177 1.74 36.8 25.5 22.2 22.2 1.15 1.15
1209 3.00 177 1.74 40.1 26.5 22.8 22.8 1.16 1.16
1210 3.00 177 1.74 40.1 23.2 22.8 22.8 1.02 1.02
1211 3.00 177 1.74 31.6 22.1 21.1 21.1 1.05 1.05
1212 3.00 177 1.74 324 23.4 21.2 21.2 1.10 1.10
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1213 3.00 177 1.74 44.7 21.4 23.7 23.7 0.90 0.90
1247 2.99 255 0.19 37.2 28.9 20.7 20.7 1.39 1.39
1249 0.77 305 1.93 20.5 141.8 158.2 162.0 0.90 0.87
1250 0.77 305 1.93 20.9 136.1 161.1 164.9 0.84 0.83
1251 1.01 305 1.93 21.7 149.0 121.6 128.9 1.23 1.16
1252 1.34 305 1.93 20.7 115.6 782 88.8 1.48 1.30
1253 2.01 305 1.93 19.5 73.4 36.5 50.1 2.01 1.46
1275 2.48 298 3.34 21.1 77.8 53.3 56.6 1.46 1.37
1276 2.48 298 3.34 46.3 117.9 72.3 96.2 1.63 1.23
1277 2.48 298 3.34 81.3 111.3 96.6 133.4 1.15 0.83
1278 2.48 298 3.34 85.9 177.8 101.0 137.3 1.76 1.29
1279 2.48 298 3.34 71.2 205.8 86.0 124.5 2.38 1.65
1280 1.50 298 3.34 23.1 116.1 84.8 105.8 1.37 1.10
1281 1.50 298 3.34 41.8 311.5 142.3 168.7 2.19 1.85
1282 1.50 298 3.34 65.8 432.6 206.6 237.8 2.09 1.82
1283 1.50 298 3.34 79.5 275.7 240.2 273.6 1.15 1.01
1284 1.50 298 3.34 81.3 495.0 244.4 278.1 2.02 1.78
1296 2.00 268 1.19 69.0 85.3 96.8 124.7 0.88 0.68
1297 2.00 268 2.44 69.0 129.6 115.1 154.0 1.13 0.84
1300 2.50 200 0.56 19.8 26.5 214 21.4 1.24 1.24
1301 2.50 200 0.81 18.9 30.5 239 23.9 1.27 1.27
1302 2.50 200 1.10 18.9 43.0 26.5 26.8 1.62 1.61
1303 2.50 200 1.82 18.9 54.0 30.7 30.7 1.75 1.75
1304 2.50 200 1.10 20.1 40.4 27.1 27.8 1.49 1.45
1305 1.05 950 0.95 26.1 699.0 421.5 4583 1.66 1.53
1306 1.05 950 0.95 26.4 600.0 425.3 4623 1.41 1.30
1308 2.20 455 0.88 43.2 177.0 124.5 152.1 1.42 1.16
1309 2.50 250 1.55 47.1 97.1 82.2 110.3 1.18 0.88
1310 2.50 250 1.55 51.0 83.4 87.4 115.8 0.95 0.72
1314 3.00 250 2.57 45.5 93.2 754 92.3 1.24 1.01
1315 3.00 250 2.57 46.8 91.2 76.1 93.8 1.20 0.97
1316 3.00 250 3.18 49.1 86.3 82.3 103.4 1.05 0.83
1317 3.00 250 3.18 50.5 82.4 83.2 105.3 0.99 0.78
1323 2.00 200 1.34 24.2 60.0 34.9 40.5 1.72 1.48
1324 2.80 200 1.34 24.2 45.0 313 31.3 1.44 1.44
1334 3.00 208 1.77 60.8 48.9 38.9 46.5 1.26 1.05
1335 2.70 208 1.77 60.8 80.1 425 56.4 1.89 142
1336 2.30 208 1.77 60.8 82.3 57.6 74.6 1.43 1.10
1337 2.00 208 1.77 60.8 55.6 739 91.3 0.75 0.61
1338 1.00 208 1.77 60.8 222.4 192.7 202.7 1.15 1.10
1352 3.00 208 2.25 67.0 46.7 413 53.7 1.13 0.87
1353 2.70 208 2.25 67.0 80.1 48.4 65.0 1.66 1.23
1354 2.30 208 2.25 67.0 64.1 65.7 85.9 0.97 0.75
1355 2.00 208 2.25 67.0 122.3 84.4 103.2 1.45 1.18
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1356 1.00 208 2.25 67.0 213.5 2203 230.9 0.97 0.92
1370 2.70 207 3.26 64.3 45.4 51.6 73.0 0.88 0.62
1371 2.30 207 3.26 64.3 56.9 70.3 91.8 0.81 0.62
1372 2.00 207 3.26 64.3 106.8 90.5 110.3 1.18 0.97
1373 1.00 207 3.26 64.3 244.6 237.2 247.9 1.03 0.99
1380 3.00 2000 0.28 27.1 402.0 441.8 441.8 091 0.91
1381 3.00 2000 0.14 26.2 382.0 3319 331.9 1.15 1.15
1382 3.00 1000 0.14 24.6 102.0 100.4 100.4 1.02 1.02
1385 0.50 930 0.66 16.8 849.0 825.0 837.0 1.03 1.01
1386 0.50 930 0.66 18.8 654.0 903.0 915.0 0.72 0.71
1387 0.50 930 0.66 15.8 642.0 785.8 796.9 0.82 0.81
1388 1.00 930 1.08 204 588.0 5522 601.8 1.06 0.98
1389 1.00 930 1.08 154 430.0 438.1 482.6 0.98 0.89
1390 1.50 930 1.69 17.0 369.0 2704 335.8 1.36 1.10
1391 1.50 930 1.69 16.9 387.0 269.0 334.3 1.44 1.16
1392 1.50 930 1.69 15.0 375.0 2422 304.6 1.55 1.23
1393 0.50 160 0.85 19.9 221.0 239.8 241.0 0.92 0.92
1394 1.50 160 1.90 20.6 140.0 94.6 108.2 1.48 1.29
1445 3.00 221 1.82 54.0 58.1 47.8 47.8 1.22 1.22
1446 2.30 221 1.82 54.0 70.8 52.6 76.8 1.35 0.92
1448 3.00 207 3.24 54.0 82.6 54.9 67.5 1.50 1.22
1449 2.30 207 3.24 54.0 107.1 76.6 100.8 1.40 1.06
1450 3.00 221 1.82 77.8 67.9 48.4 56.5 1.40 1.20
1451 2.30 221 1.82 77.8 102.7 67.0 91.6 1.53 1.12
1453 3.00 207 3.24 77.8 82.6 55.5 78.9 1.49 1.05
1454 2.30 207 3.24 77.8 175.8 94.6 122.1 1.86 1.44
1456 3.00 207 3.24 86.4 107.2 60.4 83.2 1.78 1.29
1457 2.30 207 3.24 86.4 148.3 102.7 131.2 1.44 1.13
1458 3.00 221 1.82 97.7 56.2 52.2 62.9 1.08 0.89
1459 2.30 221 1.82 97.7 77.7 79.5 102.7 0.98 0.76
1461 3.00 207 3.24 97.7 77.7 66.5 88.7 1.17 0.88
1462 2.30 207 3.24 97.7 156.1 112.8 142.6 1.38 1.10
1463 3.00 442 1.82 77.8 179.8 161.7 203.3 1.11 0.88
1464 3.00 442 1.82 77.8 180.3 161.7 203.3 1.12 0.89
1465 2.30 442 1.82 77.8 438.7 253.8 330.9 1.73 1.33
1468 3.00 414 3.24 77.8 280.7 2152 286.6 1.30 0.98
1469 2.30 414 3.24 77.8 576.3 364.6 461.8 1.58 1.25
1470 2.30 414 3.24 77.8 710.3 364.6 461.8 1.95 1.54
1471 3.00 41 1.62 46.2 29 23 25 1.30 1.17
1472 3.00 41 1.62 46.2 2.7 23 25 1.19 1.08
1473 3.00 41 1.62 46.2 3.2 23 25 141 1.27
1474 3.00 83 1.62 46.2 5.4 44 4.7 1.24 1.15
1475 3.00 83 1.62 46.2 5.0 44 4.7 1.16 1.07
1476 3.00 83 1.62 46.2 4.5 44 4.7 1.02 0.94
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1477 3.00 165 1.62 46.2 7.3 8.1 8.9 0.90 0.82
1478 3.00 165 1.62 46.2 8.4 8.1 8.9 1.04 0.94
1479 3.00 165 1.62 46.2 8.3 8.1 8.9 1.02 0.92
1480 3.00 41 1.65 46.8 3.2 2.3 25 1.42 1.28
1481 3.00 41 1.65 46.8 3.0 2.3 25 1.29 1.16
1482 3.00 41 1.65 46.8 3.1 2.3 25 1.35 1.21
1483 3.00 83 1.65 46.8 5.5 4.4 4.8 1.25 115
1484 3.00 83 1.65 46.8 5.6 4.4 48 1.27 1.16
1485 3.00 83 1.65 46.8 5.2 4.4 4.8 1.18 1.08
1486 3.00 165 1.65 46.8 9.1 8.2 9.1 1.11 1.00
1487 3.00 165 1.65 46.8 9.8 8.2 9.1 1.19 1.08
1488 3.00 165 1.65 46.8 10.1 8.2 9.1 1.24 1.12
1493 1.50 350 0.34 55.0 159.0 136.2 152.9 1.17 1.04
1494 2.00 350 0.34 30.6 62.0 56.1 65.9 1.10 0.94
1495 1.00 216 2.07 47.0 155.7 153.9 164.1 1.01 0.95
1496 2.00 216 2.07 41.4 56.6 52.1 69.1 1.09 0.82
1497 3.00 216 2.07 39.7 36.7 37.6 38.0 0.98 0.96
1498 1.00 216 2.07 103.8 241.5 278.3 2924 0.87 0.83
1499 2.00 216 2.07 103.4 101.6 104.7 128.2 0.97 0.79
1500 3.00 216 2.07 104.2 45.7 48.7 63.5 0.94 0.72
1501 3.00 125 0.83 22.9 31.5 219 21.9 1.44 1.44
1502 3.00 420 0.74 22.9 70.6 60.9 60.9 1.16 1.16
1503 3.00 720 0.79 23.2 100.8 94.8 94.8 1.06 1.06
1504 1.00 360 1.13 16.1 226.0 200.8 2219 1.13 1.02
1505 1.00 360 1.13 21.8 322.0 256.8 280.6 1.25 1.15
1506 1.00 360 1.13 22.1 344.0 259.6 283.5 1.33 1.21
1507 1.00 360 1.13 24.3 425.0 279.8 304.7 1.52 1.39
1508 1.00 360 1.13 13.9 220.0 177.8 197.6 1.24 1.11
1509 1.00 360 1.13 20.1 347.0 240.6 263.7 1.44 1.32
1510 1.00 360 1.13 25.2 396.0 288.0 313.1 1.38 1.26
1511 1.00 360 1.13 20.0 323.0 239.7 262.7 1.35 123
1512 1.00 360 1.13 18.2 318.0 222.1 244.2 1.43 1.30
1513 1.00 360 1.13 19.8 246.0 237.7 260.6 1.03 0.94
1514 1.00 360 1.13 26.4 437.0 298.6 3242 1.46 1.35
1515 1.00 160 1.52 18.1 165.0 143.0 150.6 1.15 1.10
1516 1.00 360 1.13 19.9 270.0 238.7 261.6 1.13 1.03
1517 1.00 560 1.12 19.8 350.0 3225 351.3 1.09 1.00
1518 1.00 740 1.10 19.4 365.0 432.9 4734 0.84 0.77
1519 1.00 930 1.08 20.0 505.0 544.4 593.6 0.93 0.85
1539 3.00 372 0.81 80.6 83.0 732 73.2 1.13 1.13
1540 3.00 362 1.94 96.8 121.0 103.2 113.1 1.17 1.07
1542 3.00 270 1.87 53.7 71.1 67.1 67.1 1.06 1.06
1543 3.00 270 1.87 53.7 71.6 67.1 67.1 1.07 1.07
1544 3.00 272 1.01 53.7 58.3 54.5 54.5 1.07 1.07
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1545 3.00 272 1.01 53.7 56.4 54.5 54.5 1.04 1.04
1546 3.00 267 3.35 53.7 78.1 79.2 79.2 0.99 0.99
1547 3.00 267 3.35 53.7 78.5 79.2 79.2 0.99 0.99
1548 3.00 255 4.68 53.7 89.7 83.1 93.0 1.08 0.97
1549 3.00 255 4.68 53.7 95.4 83.1 93.0 1.15 1.03
1550 1.50 270 1.87 53.7 2125 120.1 144.8 1.77 1.47
1551 1.50 270 1.87 53.7 2153 120.1 144.8 1.79 1.49
1556 3.00 142 1.87 53.7 41.0 37.3 42.6 1.10 0.96
1557 3.00 142 1.87 53.7 39.3 37.3 42.6 1.05 0.92
1558 3.00 550 1.88 53.7 226.1 215.8 215.8 1.05 1.05
1559 3.00 550 1.88 53.7 214.5 215.8 215.8 0.99 0.99
1560 3.00 915 1.87 53.7 271.8 316.6 316.6 0.86 0.86
1561 3.00 915 1.87 53.7 332.1 316.6 316.6 1.05 1.05
1562 3.00 150 2.65 324 27.5 213 21.7 1.29 1.27
1563 3.00 150 2.65 324 31.9 213 21.7 1.49 1.47
1564 3.00 150 2.65 38.4 29.3 22.7 24.0 1.29 1.22
1565 3.00 150 2.65 384 30.7 22.7 24.0 1.35 1.28
1566 3.00 150 2.65 48.7 29.6 24.7 27.7 1.20 1.07
1567 3.00 150 2.65 48.7 323 24.7 27.7 1.31 1.16
1568 3.00 150 2.65 70.9 33.4 25.6 34.2 1.30 0.97
1569 3.00 150 2.65 70.9 33.9 25.6 34.2 1.32 0.99
1570 3.00 150 2.65 83.4 38.3 27.1 37.0 141 1.03
1571 3.00 150 2.65 83.4 42.5 27.1 37.0 157 1.15
1572 3.00 150 2.65 127.5 34.4 35.6 45.7 0.97 0.75
1573 3.00 150 2.65 127.5 48.1 35.6 45.7 135 1.05
1574 3.00 225 2.55 124.5 69.7 43.6 57.4 1.60 1.21
1575 3.00 225 2.55 124.5 42.5 43.6 57.4 0.98 0.74
1580 3.00 300 2.58 127.5 54.0 69.6 85.0 0.78 0.64
1581 3.00 300 2.58 127.5 83.1 69.6 85.0 1.19 0.98
1585 2.64 208 0.74 924 75.5 76.5 90.8 0.99 0.83
1586 2.61 211 1.05 91.3 103.5 89.2 113.1 1.16 0.92
1587 2.64 208 0.57 85.0 88.5 85.6 99.9 1.03 0.89
1588 0.85 443 2.58 79.5 500.0 579.6 595.9 0.86 0.84
1589 1.13 443 2.58 77.6 255.0 400.5 427.8 0.64 0.60
1590 1.69 443 2.58 77.6 185.0 212.0 247.7 0.87 0.75
1603 3.00 300 1.26 24.8 33.5 30.3 30.3 1.11 1.11
1604 3.00 300 1.26 24.8 29.5 30.3 30.3 0.97 0.97
1605 3.00 500 1.36 273 82.5 81.9 81.9 1.01 1.01
1606 3.00 500 1.36 273 101.5 81.9 81.9 1.24 1.24
1607 3.00 950 1.22 20.7 216.0 229.6 229.6 0.94 0.94
1608 3.00 950 1.22 20.6 237.5 2292 229.2 1.04 1.04
1609 3.00 2000 1.20 222 610.5 667.1 668.2 0.92 0.91
1610 3.00 2000 1.20 23.1 560.0 676.9 684.1 0.83 0.82
1611 2.95 225 0.89 99.0 85.0 82.7 95.4 1.03 0.89
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1 2 3 4 5 6 7 8 9 10
1612 292 450 0.81 99.0 131.9 172.9 194.7 0.76 0.68
1613 2.88 925 0.76 99.0 193.1 269.8 301.8 0.72 0.64
1614 2.96 110 0.91 37.0 40.1 34.8 34.8 1.15 1.15
1615 2.95 225 0.89 37.0 72.9 65.7 65.7 1.11 1.11
1616 292 450 0.81 37.0 131.6 112.8 112.8 1.17 1.17
1617 2.88 925 0.76 37.0 191.7 184.6 184.6 1.04 1.04
1618 2.86 1890 0.74 33.6 257.7 269.2 269.2 0.96 0.96
1620 2.50 313 1.20 34.2 157.9 139.5 1714 1.13 0.92
1621 2.50 440 1.20 34.2 186.8 185.3 210.0 1.01 0.89
1622 2.50 889 1.20 34.2 360.2 314.9 3232 1.14 1.11
1624 2.50 313 2.00 34.2 178.4 162.9 203.6 1.09 0.88
1625 2.50 440 2.00 34.2 214.6 215.6 248.6 1.00 0.86
1626 2.50 889 2.00 34.2 379.7 362.5 377.3 1.05 1.01
1628 2.50 313 1.20 58.6 157.1 174.7 224.0 0.90 0.70
1629 2.50 440 1.20 58.6 197.7 213.4 274.7 0.93 0.72
1630 2.50 889 1.20 58.6 310.4 340.9 4254 0.91 0.73
1632 2.50 313 2.00 58.6 189.5 197.0 270.1 0.96 0.70
1633 2.50 440 2.00 58.6 198.2 243.2 3283 0.81 0.60
1634 2.50 889 2.00 58.6 331.1 394.5 499.5 0.84 0.66
1663 1.50 215 3.77 52.0 112.9 101.9 119.1 1.11 0.95
1664 2.00 215 3.77 52.0 87.9 63.5 84.5 1.38 1.04
1665 2.50 215 3.77 52.0 56.4 494 65.2 1.14 0.87
1666 1.50 215 3.77 73.0 142.2 134.6 154.1 1.06 0.92
1667 2.00 215 3.77 73.0 99.4 84.2 107.9 1.18 0.92
1668 2.50 215 3.77 73.0 80.4 553 82.1 1.45 0.98
1669 0.56 444 2.57 49.1 850.0 799.7 805.3 1.06 1.06
1670 0.84 444 2.57 425 700.0 493.5 508.6 1.42 1.38
1671 1.13 444 2.57 37.4 570.0 309.1 334.4 1.84 1.70
1678 292 925 1.01 36.0 225.0 199.9 199.9 1.13 1.13
1679 292 925 1.01 36.0 249.0 199.9 199.9 1.25 1.25
1680 292 925 1.01 98.0 193.0 282.9 323.6 0.68 0.60
1681 292 925 1.01 39.0 204.0 205.4 2054 0.99 0.99
1682 292 925 1.01 98.0 217.0 282.9 323.6 0.77 0.67
1683 292 925 1.01 39.0 223.0 205.5 205.5 1.09 1.09
1684 292 925 1.01 39.0 235.0 205.5 205.5 1.14 1.14
1685 292 925 0.51 94.0 163.0 223.2 245.0 0.73 0.67
1687 1.50 191 1.65 30.1 112.8 78.8 87.7 1.43 1.29
1688 2.00 191 1.65 30.1 70.1 472 58.2 1.49 1.20
1689 2.50 191 1.65 30.1 44.7 30.2 42.9 1.48 1.04
1690 3.00 191 1.65 37.7 29.4 30.1 35.1 0.97 0.84
1692 2.00 140 2.02 34.0 25.0 16.5 225 1.51 1.11
1694 2.00 140 2.02 63.0 31.0 259 34.3 1.20 0.90
1696 2.00 140 2.02 87.0 35.0 33.1 42.5 1.06 0.82
1698 2.33 1000 0.42 21.0 429.0 263.8 284.8 1.63 1.51
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1699 2.33 1000 0.42 184 315.0 252.7 263.4 1.25 1.20
1700 2.33 1000 0.42 184 378.0 252.7 263.4 1.50 1.44
1701 2.33 1000 0.42 184 329.0 252.7 263.4 1.30 1.25
1702 2.33 1000 0.60 255 387.0 317.6 366.0 1.22 1.06
1703 2.41 996 0.66 255 381.0 323.1 361.5 1.18 1.05
1704 2.20 1000 0.98 21.0 771.0 3514 446.4 2.19 1.73
1705 2.33 1000 0.98 20.6 435.0 343.1 381.4 1.27 1.14
1706 2.33 1000 0.98 224 531.0 353.6 401.3 1.50 1.32
1707 2.33 1000 0.98 224 579.0 353.6 401.3 1.64 1.44
1708 2.33 1000 0.98 31.7 532.0 399.7 495.7 1.33 1.07
1709 2.33 1000 0.98 31.7 524.0 399.7 495.7 1.31 1.06
1710 2.33 1000 0.98 31.7 605.0 399.7 495.7 1.51 1.22
1711 2.00 1000 0.84 19.5 330.0 168.5 229.6 1.96 1.44
1712 1.50 1000 0.84 19.5 723.0 268.8 341.3 2.69 212
1713 1.50 1000 0.84 20.3 550.0 2777 351.3 1.98 1.57
1714 1.75 1000 0.84 19.5 409.0 205.7 284.6 1.99 1.44
1715 1.82 962 1.75 203 330.0 266.9 374.6 1.24 0.88
1716 1.43 1000 0.84 203 380.0 300.1 371.7 1.27 1.02
1717 292 925 1.01 21.0 179.0 165.6 165.6 1.08 1.08
1718 292 925 1.01 32.0 185.0 191.9 191.9 0.96 0.96
1719 292 925 1.01 38.0 180.0 203.6 203.6 0.88 0.88
1720 292 925 1.01 65.0 185.0 2254 257.5 0.82 0.72
1721 292 925 1.01 80.0 172.0 243.6 288.4 0.71 0.60
1723 292 925 0.50 32.0 165.0 152.2 152.2 1.08 1.08
1724 2.81 1925 0.36 30.8 227.2 2104 210.4 1.08 1.08
1725 2.93 1845 1.52 275 407.0 296.4 296.4 1.37 1.37
1726 0.85 500 1.56 23.7 265.2 2419 255.7 1.10 1.04
1727 0.50 500 1.56 49.1 642.2 643.4 648.2 1.00 0.99
1728 0.85 500 1.56 49.1 401.1 430.1 448.6 0.93 0.89
1729 1.25 500 1.56 49.1 337.4 266.1 296.0 1.27 1.14
1730 2.00 500 1.56 49.1 112.5 120.7 159.7 0.93 0.70
1737 2.75 346 0.72 373 58.9 50.7 55.9 116 1.05
1738 2.75 346 0.72 373 63.3 50.7 55.9 1.25 1.13
1747 1.00 200 1.91 384 214.2 203.9 211.8 1.05 1.01
1748 1.00 400 1.69 355 285.3 284.9 305.0 1.00 0.94
1749 1.00 600 1.76 40.8 424.5 423.0 451.3 1.00 0.94
1750 0.56 355 1.01 314 447.0 398.0 402.1 1.12 1.11
1751 0.54 555 0.97 314 535.0 457.3 465.1 1.17 1.15
1752 0.54 555 0.97 314 479.0 4573 465.1 1.05 1.03
1753 0.55 685 1.05 314 597.0 539.7 549.1 1.11 1.09
1754 0.53 935 0.90 314 582.0 562.0 563.3 1.04 1.03
1755 0.56 355 1.01 78.5 733.0 768.6 774.7 0.95 0.95
1756 0.54 555 0.97 78.5 823.0 910.1 921.9 0.90 0.89
1757 0.55 685 1.05 78.5 1010.0 1085.2 1099.8 0.93 0.92
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1758 0.53 935 0.90 78.5 1029.0 1156.7 1177.5 0.89 0.87
1759 113 355 1.01 31.4 192.1 193.8 213.0 0.99 0.90
1760 1.13 355 1.01 31.4 311.6 193.8 213.0 1.61 1.46
1761 1.08 555 0.97 31.4 375.3 236.3 260.7 1.59 1.44
1762 1.09 685 1.05 31.4 271.5 290.7 324.0 0.93 0.84
1763 1.09 685 1.05 31.4 330.3 290.7 324.0 1.14 1.02
1764 1.07 935 0.90 31.4 543.9 316.7 353.6 1.72 1.54
1765 1.06 355 1.01 78.5 498.8 405.2 430.7 1.23 1.16
1766 1.06 355 1.01 78.5 385.1 405.2 430.7 0.95 0.89
1767 1.08 555 0.97 78.5 573.3 461.6 4953 1.24 1.16
1768 1.09 685 1.05 78.5 338.1 570.9 6174 0.59 0.55
1769 1.09 685 1.05 78.5 360.6 570.9 6174 0.63 0.58
1770 1.07 935 0.90 78.5 769.3 627.2 678.5 1.23 1.13
1771 2.93 920 0.76 64.1 1272.1 1379.9 1610.1 0.92 0.79
1772 2.73 330 2.16 61.3 124.9 98.7 108.7 1.27 115
1773 2.95 305 3.89 61.9 169.9 106.6 137.8 1.59 1.23
1774 291 1151 0.74 31.8 243.8 262.6 262.6 0.93 0.93
1775 2.96 437 0.92 37.7 115.8 95.8 95.8 1.21 1.21
1776 2.94 440 0.90 38.5 113.3 96.8 96.8 1.17 1.17
1777 2.94 440 0.91 39.0 476.0 389.6 389.6 1.22 1.22
1778 2.96 437 0.91 37.9 444.8 383.3 383.3 1.16 1.16
1779 2.94 440 0.91 40.6 1295.3 1183.6 1183.6 1.09 1.09
1784 2.95 84 1.63 33.0 14.5 111 11.5 1.30 1.26
1785 2.95 84 1.62 33.0 18.5 11.2 11.5 1.66 1.60
1786 2.95 84 1.63 33.0 15.0 111 11.5 1.35 1.30
1787 2.95 168 1.60 30.0 28.8 20.5 20.7 1.40 1.39
1788 2.95 168 1.62 30.0 30.5 20.3 20.6 1.50 1.48
1789 2.98 166 1.62 30.0 29.7 20.3 20.6 1.47 1.44
1790 2.97 333 1.55 34.0 42.2 373 37.3 1.13 1.13
1791 2.97 333 1.61 34.0 40.6 36.3 36.3 1.12 1.12
1792 2.97 333 1.61 34.0 42.9 36.3 36.3 1.18 1.18
1803 3.00 434 0.33 40.7 85.0 65.5 65.5 1.30 1.30
1805 2.24 223 1.35 43.0 68.0 453 64.4 1.50 1.06
1806 1.12 223 1.35 42.2 135.5 142.0 1552 0.95 0.87
1807 3.00 406 3.07 26.7 90.7 92.7 94.7 0.98 0.96
1808 1.50 406 3.07 26.8 285.1 235.9 269.9 1.21 1.06
1809 2.25 406 3.07 26.9 151.7 106.4 152.7 1.43 0.99
1823 2.16 925 0.76 33.8 249.2 224.5 2829 1.11 0.88
1824 1.08 925 0.76 33.8 602.8 713.4 788.5 0.84 0.76
1825 2.89 1400 0.83 38.4 265.0 247.7 247.7 1.07 1.07
1826 2.89 1400 0.83 40.3 242.0 251.9 2519 0.96 0.96
1827 2.89 1400 0.83 73.6 240.0 310.1 359.1 0.77 0.67
1828 2.89 1400 0.83 31.4 265.0 263.7 263.7 1.00 1.00
1829 2.89 1400 0.83 33.2 266.0 268.8 268.8 0.99 0.99
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1830 2.89 1400 0.83 28.1 242.0 266.1 266.1 091 0.91
1831 2.89 1400 0.83 28.5 288.0 267.3 267.3 1.08 1.08
1832 2.89 1400 0.83 41.0 272.0 302.1 302.1 0.90 0.90
1833 2.89 1400 0.83 40.1 298.0 299.9 299.9 0.99 0.99
1834 2.89 1400 0.83 40.1 323.0 299.9 299.9 1.08 1.08
1835 2.89 280 0.83 419 36.6 33.0 34.4 1.11 1.06
1836 2.89 280 0.83 419 38.3 33.0 34.4 1.16 1.11
1837 2.89 280 0.83 77.3 37.7 41.9 48.8 0.90 0.77
1838 2.89 280 0.83 39.2 39.1 33.8 34.9 1.16 1.12
1839 2.89 280 0.83 38.1 38.2 33.5 34.3 1.14 1.11
1840 2.89 280 0.83 29.1 41.8 31.2 32.0 1.34 1.31
1841 2.89 280 0.83 29.1 34.9 31.2 32.0 1.12 1.09
1842 2.89 280 0.83 435 38.5 35.5 41.2 1.09 0.93
1843 2.89 280 0.83 435 40.6 35.5 41.2 1.15 0.99
1844 1.93 850 0.72 51.0 444.1 524.0 641.6 0.85 0.69
1845 1.93 850 0.44 51.0 788.6 452.2 530.2 1.74 1.49
1846 1.93 850 0.72 38.0 385.1 4221 536.8 091 0.72
1847 1.93 850 0.44 38.0 690.6 368.8 445.8 1.87 1.55
1848 2.74 850 0.72 32.0 284.6 280.2 280.2 1.02 1.02
1849 2.74 850 0.44 32.0 327.6 234.8 234.8 1.40 1.40

Average 1.264 1.115
COV 0.250 0222







APPENDIX E. VecTor2 INPUT FILES

D1. SPECIMEN S1C

Structure data: file

w* oK%

r 2

*
e C
TU
*

S

EE *
*

*

O < %

o
STRU E
P PR

S1C.s2r

EE

DATA
ko % %

*

STRUCTURAL PARAMETERS

ek kAl hdhdhdhddhd

dehd

Structure Title (30 char. max.) : beam slc
Structure File Name ( 8 char. max.) : S1c
No. of R.C. Material Types : 2
No. of Steel Material Types 3
No. of Bond Material Types : 0
No. of Rectangular Elements 1 448
No. of Quadrilateral Elements : 0
No. of Triangular Elements : 0
No. of Truss Bar Elements : 127
No. of Linkage Elements : 0
No. of Contact Elements : 0
No. of Joints 1 494
No. of Restraints : 19

MATERIAL SPECIFICATIONS

Fededdehdedhdehdhdhdhhdhdhd

(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGU

LAR ELEMENTS ONLY

CONCRETE
MAT Ns T f'e [ f't Ec e0 Mu Cc Agg Dens Kc ] [Sx syl
TYP # mm MPa MPa MPa me /C mm kg/m3 mm2/s mm mm
1 1 400.000 33.000 0.000 0.000 1.630 0.000 0.000 20.000
0.000 0.000 0.000 0.000
2 0 400.000 33.000 0.000 0.000 1.630 0.000 0.000 20.000
0.000 0.000 0.000 0.000
REINFORCEMENT COMPONENTS
MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me C me
1 1 90.000 0.101 9.500 490.000 600.000 200000.000 880.000
55.000 0.000 0.000

(B) STEEL



352

Boyan Mihaylov

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY

MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa  MPa MPa MPa me /C me

1 1 1530.000 25.000 652.000 862.000 200000.000 2333.000
10.000 0.000 0.000

2 7854.000 100.000 2000.000 4000.000 200000.000 20000.000
10.000 0.000 0.000

3 7854.000 100.000 2000.000 4000.000 200000.000 20000.000
}0.000 0.000 0.000

(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF { Ao ul u2 u3 sl S2 s3 }/{ CPF  Cmin No. HOOK }
TYP TYP mmA2  MPa MPa MPa mm mm mm 0-1 mm LYR 0/1
/

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3
9

24
36
11
52
13
64

NOUVIARWN R

439
476
493
474
475
472
477
490

441
442
443
444
445
446
447
448

455
460
475
456
491
490
493
474

456
459
492
473
492
473
494
473

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3
/

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3
/

<<<<< FORMAT >>>>>

ELMT INC1 INC2 [ #EL
449 24 29 1
450 29 45 1
451 45 55 1
452 55 73 1
453 73 92 1
454 92 104 1
569 148 149 1
570 149 150 1

T RRRRRR

T

ELEMENT INCIDENCES

Fede ek dedehdedehhdhd Nk

(A) RECTANGULAR ELEMENTS

INC4
35
19
19
12
71
28
55

#ELMT d(ELMT) g(INC%] [#ELMT d(ELMT) d(INCO)]/

RRRRRRR—
RRRRRRR
RRRRRRE
RRRREE
RRRRREE
RRRRRERE

NN

438
477
476
457
474
489
476
491

RRRERRRRE
RRRERRRRRE
RRRERRRRE
RRERRRRE
RRRERRRRER
RRRRRRRE

NN

(B) QUADRILATERAL ELEMENTS

INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]/

(C) TRIANGULAR ELEMENTS

[ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INQ)] /

(D) TRUSS ELEMENTS

MT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) 1/

RRRERRR
RRRERRR
RRRERRR
RRRERRE

AN

[y
[y
[y
[y

~~



Behaviour of Large Non-Slender RC Beams under Monotonic and Reversed Cyclic Load 353

571 150 151 1 1 1 1 1 1 /
572 151 152 1 1 1 1 1 1 /
573 152 153 1 1 1 1 1 1 /
574 153 154 1 1 1 1 1 1 /
;75 117 97 1 1 1 1 1 1 /

(E) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]

(F) CONTACT ELEMENTS
<<<<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]

/
MATERIAL TYPE ASSIGNMENT

Fede e dedehdehdehddhhdhdhdhd

<<<<< FORMAT >>>>>

ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) ] /
1 2 1 1 1 1 1 /
2 2 1 1 1 1 1 /
3 2 1 1 1 1 1 /
4 2 1 1 1 1 1 /
5 1 1 1 1 1 1 /
6 2 1 1 1 1 1 /
7 2 1 1 1 1 1 /
8 2 1 1 1 1 1 /
9 2 1 1 1 1 1 /
10 2 1 1 1 1 1 /
11 2 1 1 1 1 1 /
12 2 1 1 1 1 1 /
13 1 1 1 1 1 1 /
14 2 1 1 1 1 1 /
50 3 1 1 1 1 1 /
571 3 1 1 1 1 1 /
572 3 1 1 1 1 1 /
573 3 1 1 1 1 1 /
574 3 1 1 1 1 1 /
;75 2 1 1 1 1 1 /
COORDINATES
Fededededededededetd
<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(y) ] [ #NODES d(NODES) d(x) d(y) 1 /
%7000 0 ./000 0.000 1 1 0.000 0.000 1 1 0.000
34000 0 ./000 64.000 1 1 0.000 0.000 1 1 0.000
19 0.000 150.000 1 1 0.000 0.000 1 1 0.000
0.000
21 0.000 225.000 1 1 0.000 0.000 1 1 0.000
0.000 /
%3000 0 ./000 300.000 1 1 0.000 0.000 1 1 0.000
10 0 ./000 375.000 1 1 0.000 0.000 1 1 0.000
0.000
%1000 0 ./000 450.000 1 1 0.000 0.000 1 1 0.000
12 0.000 525.000 1 1 0.000 0.000 1 1 0.000
0.000 /
1 1 0.000 0.000 1 1 0.000

1 0.000 600.000
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2 0.000 675.000 1 1 0.000 0.000 1 1 0.000
g.OOO 0?600 750.000 1 1 0.000 0.000 1 1 0.000
0.000 /

483 1925.000 375.000 1 1 0.000 0.000 1 1 0.000
2é2001925.000 450.000 1 1 0.000 0.000 1 1 0.000
gégool9é5.000 525.000 1 1 0.000 0.000 1 1 0.000
gégool9é5.000 600.000 1 1 0.000 0.000 1 1 0.000
2é9001925.000 675.000 1 1 0.000 0.000 1 1 0.000
28%001925.000 750.000 1 1 0.000 0.000 1 1 0.000
288001925.000 825.000 1 1 0.000 0.000 1 1 0.000
2@80019é5.000 900.000 1 1 0.000 0.000 1 1 0.000
gégool9é5.000 975.000 1 1 0.000 0.000 1 1 0.000
gégool9é5.000 1050.000 1 1 0.000 0.000 1 1 0.000
gégool9é5.000 1136.000 1 1 0.000 0.000 1 1 0.000
2@20019é5.000 1200.000 1 1 0.000 0.000 1 1 0.000
gi900256.000 -50.000 1 1 0.000 0.000 1 1 0.000
0.000 /

SUPPORT RESTRAINTS

Fedededededededehhddhdddtt
<NOTE:> CODE: 'O' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) ] /
97
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
117
/

RRRRRRRRRRERRRRERRRRO
0000000000000 OOR
RRRRRRRRRRERRRRERRRR R
RRRRRERRRRRERRRRERRRR R
A O NS S S S O O N O N SN NN NN

<<< STRUCTURE FILE NOTES >>>
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Cyclic load, Step 1: files Vector.job, S1Cg.12r, S1Cext.12r

E R A
* VECTOR *
* JOB DATA *
E R A
Job Title (30 char. max.) : beam sl1c
Job File Name ( 8 char. max.) sl
Date (30 char. max.) : 21/09/08
STRUCTURE DATA
Structure Type v
File Name ( 8 char. max.) : S1c
LOADING DATA
No. of Load Stages 121
Starting Load Stage No. 1
Load Series ID ( 5 char. max.) ;LS
Load File Name Factors
Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 slcg 1.000000 1.000000 0.000000 1 1 0.000000
2 SlcCext 0.000000 1.000000 0.100000 2 1 0.000000
3 NULL 0.000000 0.000000 0.000000 1 1 0.000000
4 NULL 0.000000 0.000000 0.000000 1 1 0.000000
5 NULL 0.000000 0.000000 0.000000 1 1 0.000000
ANALYSIS PARAMETERS
Analysis Mode (1-2) : 1
Seed File Name (8 char. max.) 1 LS_00
Convergence Limit (>1.0) : 1.000010
Averaging Factor (<1.0) : 0.500
Maximum No. of Iterations : 200
Convergence Criteria (1-5) : 2
Results Files (1-4) : 2
Output Format (1-3) : 1

MATERIAL BEHAVIOUR MODELS
Concrete Compression Base Curve
Concrete Compression Post-Peak
Concrete Compression Softening
Concrete Tension Stiffening
Concrete Tension Softening
Concrete Tension Splitting
Concrete Confined Strength
Concrete Dilation

Concrete Cracking Criterion
Concrete Crack STip cCheck
Concrete Crack width check
Concrete Bond or Adhesion
Concrete Creep and Relaxation
concrete Hysteresis
Reinforcement Hysteresis
Reinforcement Dowel Action
Reinforcement Buckling

Element Strain Histories
Element STip Distortions
Strain Rate Effects

Structural Damping

Geometric Nonlinearity

IONIONONONNN NN NN NN NN
C OO0 0000000000000 00000
RRRARRERERNNRWRNRN D RN R WO 00 Ww

R A N = = N N N N A N L A v v
RPRRRRPRPRPRPRWRRRRPRRRPRRORRRREN
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Crack Allocation Process -1 : 1

<<< JOB FILE NOTES>>>

F*o% o K % o % % % % % q %
* VvecTor?2 *
* LOAD DATA *
F*o% o K % o % % % % % q %

LOAD CASE PARAMETERS

el dehddhdd e hdhhdhh

Structure Title (30 char. max.) : beam sl1c
Load Case Title (30 char. max.) : Slcg
Load Case File Name (8 char. max.) : Slcg

No. of Loaded Joints : 3

No. of Prescribed Support Displacements : O

No. of Elements with Gravity Loads 1 448

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

[elololololole)

JOINT LOADS
Fededededede ettt
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE FX Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
63 0.000 3.732 1 1 0.000 0.000/
79 0.000 7.463 1 1 0.000 0.000/
109 0.000 3.732 1 1 0.000 0.000/

SUPPORT DISPLACEMENTS
Fedededededededehdhdhdddededddd
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /
/

GRAVITY LOADS
Fedededededede et dh
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
1 2470.000 0.000 -1.000 1 1 1/
2 2470.000 0.000 -1.000 1 1 1 1/

447 2470.000 0.000 -1.000 1 1 1 1/
448 2470.000 0.000 -1.000 1 1 1 1/

TEMPERATURE LOADS
Fededededede e dedededdddd
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #EMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
Sededede v e ek ek ek
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
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ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Fededededededededede ettt
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

SURFACE THERMAL LOADS
Fedededededededehhddedededededdddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/
LUMPED MASSES
Fedededededededede et
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededededededhhd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION
Fedededededededededede NN hddht
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y
/

<<< LOAD FILE NOTES >>>

F*o% % % % o f % q % % N %
* VvecTor?2 *
* LOAD DATA *
-

LOAD CASE PARAMETERS

dehdehhdhdhdhdhddhdhd

Structure Title (30 char. max.) : beam sic
Load Case Title (30 char. max.) : SlcCext
Load Case File Name (8 char. max.) : SlcCext

No. of Loaded Joints

No. of Prescribed Support Displacements
No. of Elements with Gravity Loads

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

OO0 O0OO0OOOOON

JOINT LOADS
Fedededededededdtd
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE FXx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
63 0.000 155.3 1 1 0.000 0.000/
79 0.000 310.7 1 1 0.000 0.000/
109 0.000 155.3 1 1 0.000 0.000/
443 0.000 -155.3 1 1 0.000 0.000/
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460 0.000 -310.7 1 1 0.000 0.000/
477 0.000 -310.7 1 1 0.000 0.000/
494 0.000 -155.3 1 1 0.000 0.000/

S

*

ORT DISPLACEMENTS

el de el hdhhd

<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /
/
GRAVITY LOADS
Fedededededede et dhd
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/
TEMPERATURE LOADS
Fededededede e dedededdddd
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #EMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEmMP) ] /

CONCRETE PRESTRAINS
Fedededededededhddhdddedddd
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Fededededede e dededddddh
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
SURFACE THERMAL LOADS
Fededededededededhdhdhdddededddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/

LUMPED MASSES
Fedededededede et dht
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
/
IMPULSE FORCES
Fededededdedde NN hd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /
/
GROUND ACCELERATION
Fedededededededhddhddddhdd
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X  ACC-Y

<<< LOAD FILE NOTES >>>
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Cyclic load, Step 2: files Vector.job, S1Cg.12r, S1Cext1.12r, S1Cext1.12r

R A
* VECTOR *
* JOB DATA *
E R A S
Job Title (30 char. max.) : beam sl1c
Job File Name ( 8 char. max.) e
Date (30 char. max.) : 21/09/08
STRUCTURE DATA
Structure Type v
File Name ( 8 char. max.) : S1c
LOADING DATA
No. of Load Stages : 3
Starting Load Stage No. : 22
Load Series ID ( 5 char. max.) ;LS
Load File Name Factors
Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 slcg 1.000000 1.000000 0.000000 1 1 0.000000
2 Slcextl 0.000000 1.000000 0.500000 1 1 0.000000
3 Sslcext2 -1.000000 0.000000 0.500000 1 1 0.000000
4 NULL 0.000000 0.000000 0.000000 1 1 0.000000
5 NULL 0.000000 0.000000 0.000000 1 1 0.000000
ANALYSIS PARAMETERS
Analysis Mode (1-2) : 1
Seed File Name (8 char. max.) : LS_00
Convergence Limit (>1.0) : 1.000010
Averaging Factor (<1.0) : 0.500
Maximum No. of Iterations : 200
Convergence Criteria (1-5) :
Results Files (1-4) : 2
Output Format (1-3) : 1

MATERIAL BEHAVIOUR MODELS
Concrete Compression Base Curve
Concrete Compression Post-Peak
Concrete Compression Softening
Concrete Tension Stiffening
Concrete Tension Softening
Concrete Tension Splitting
Concrete Confined Strength
Concrete Dilation

Concrete Cracking Criterion
Concrete Crack Slip cCheck
Concrete Crack width check
Concrete Bond or Adhesion
Concrete Creep and Relaxation
concrete Hysteresis
Reinforcement Hysteresis
Reinforcement Dowel Action
Reinforcement Buckling

Element Strain Histories
Element STip Distortions
Strain Rate Effects

Structural Damping

AN
OOOOOOOOOOIOOOOOOOOOOO
FRRERARRERENNRFRFWNNARNREWOOCWW
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Geometric Nonlinearity (0-1) 1
Crack Allocation Process (0-1) 1
<<< JOB FILE NOTES>>>
F*o% o K % o % % % % % q %
* VvecTor?2 *
* LOAD DATA *
F*o% o K % o % % % % % q %
LOAD CASE PARAMETERS
Fededededededeh N dhdddededddd
Structure Title (30 char. max.) beam S1C
Load Case Title (30 char. max.) Slcg
Load Case File Name (8 char. max.) : Slcg
No. of Loaded Joints : 0
No. of Prescribed Support Displacements : O
No. of Elements with Gravity Loads 1 448
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain : 0
No. of Elements with Ingress Pressure : 0
No. of Element Surfaces w/ Thermal Load : 0
No. of Nodes with Lumped Masses : 0
No. of Nodes with Impulse Forces : 0
Ground Acceleration Record (0-1) : 0

<NOTE:
<<
NODE
/

<NOTE:
<<

INT D
/

<NOTE:
<<<<<
ELMT
1
2

447
448

<NOTE:
<<
ELMT

<NOTE:
<<
ELMT

JOINT LOADS

Fehdedhddhhh

> UNITS: KIPS OR KN
FORMAT >>>>>
Fx Fy

[ #NoDE d(NoDE) d(Fx) d(Fy) 1 /

SUPPORT DISPLACEMENTS

Feddedehdehddhddhhdhdhhd

> UNITS: MM OR IN

FORMAT >>>>>
OF DISPL [ #INT d(INT) ] /

GRAVITY LOADS

Fehdehhdhhddhd

> UNITS: KG/M3
FORMAT >>>>>

DENS GX GY [#ELMT d(ELMT)] [ #ELMT
1

2470.000 0.000 -1.000
2470.000 0.000 -1.000 1 1

2470.000 0.000 -1.000 1
2470.000 0.000 -1.000 1

1
1

1
1

1
1

TEMPERATURE LOADS

Fededdehdedhddhhdhdhn

> UNITS: F OR C
FORMAT >>>>>

TEMP [ #EMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

d(ELMT)] /
1/
1/

1
1/

CONCRETE PRESTRAINS

Fehddehdehhdhhddhdhdd

> UNITS: me
FORMAT >>>>>

STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ]

INGRESS PRESSURES

/
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e dehdehdehddhd

<NOTE:> UNITS: MPa

<<<<< FORMAT >>>>>

ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

SURFACE THERMAL LOADS
Fededededededehh N dededededededddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/

LUMPED MASSES
Fedededededededede et
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededededededhhd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION
Fedededededededededede NN hddht
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y
/

<<< LOAD FILE NOTES >>>

¥* 3 % % % % % % % % % %
* VvecTor?2 *
* LOAD DATA *
* % % % % % % % % % % %

LOAD CASE PARAMETERS

dedhdehhdhdhdhdhddhdhd

Structure Title (30 char. max.) : beam sic
Load Case Title (30 char. max.) : Slcextl
Load Case File Name (8 char. max.) : Slcextl

No. of Loaded Joints

No. of Prescribed Support Displacements
No. of Elements with Gravity Loads

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

OO0 O0OOOOOOH

JOINT LOADS
Fedededededededdetd

<NOTE:> UNITS: KIPS OR KN

<<<<< FORMAT >>>>>

NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /

427 .000 3.732 1 1 0.000 0.000/

444 0.000 7.463 1 1 0.000 0.000/

461 0.000 7.463 1 1 0.000 0.000/

478 0.000 3.732 1 1 0.000 0.000/

/
SUPPORT DISPLACEMENTS
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<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>

IJNT DOF DISPL [ #INT
/

<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>

edkdedehdehddhddhhdhdhhd

d(NT) 1/
GRAVITY LOADS

Fehdehhdhhddhdd

ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /

<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>

ELMT  TEMP [ #ELMT d(E
/

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(

<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>

ELMT PRESSURE [ #ELMT d(
/

<NOTE:> UNITS: Sec, Deg
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2

<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>

NODE DOF-X DOF-Y MASS
/

<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2

<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y

/

<<< LOAD FILE NOTES >>>

Structure Title (30

T

*

PERATURE LOADS

Fedehdedhhdkhdh

LMT) d(TEMP) ] [ #ELMT d(ELMT) d(TE™MP) ] /

CONCRETE PRESTRAINS

ek dehdhhdhhddhdhdd

ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

RESS PRESSURES

Fedhddhhdhdh

ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
SURFACE THERMAL LOADS
Fedededededededehddhdddededddd
rees C
Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
LUMPED MASSES
Fedededededede et dht
GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
IMPULSE FORCES
Fededededededede NN hd
F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION

edhddehdhhdhhddhdhdd

%* 3 % % % % % % % % % %
* VvecTor?2 *
* LOAD DATA *
* % % % % % % % % % % %

LOAD CASE PARAMETERS

B R R S L

char. max.) : beam sl1c
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Load Case Title (30 char. max.) : SlcCext2
Load Case File Name (8 char. max.) : SlcCext2
No. of Loaded Joints :
No. of Prescribed Support Displacements
No. of Elements with Gravity Loads

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

OO0 O0OO0OOOOoO0OW

JOINT LOADS
Fededededededededetd
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE FXx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
63 0.000 -3.732 1 1 0.000 0.000/
79 0.000 -7.463 1 1 0.000 0.000/
109 0.000 -3.732 1 1 0.000 0.000/

SUPPORT DISPLACEMENTS
Fedededededededehhhdededededededddd
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /

/
GRAVITY LOADS

Fedededededededede et
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /

/
TEMPERATURE LOADS
Fededededededededede NNttt
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
Fedededededededededede N hddht
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Fedededededededede ettt
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /

/
SURFACE THERMAL LOADS
Fedededededededehhdhdedededededdddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /

LUMPED MASSES
Fedededededededede et
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
/
IMPULSE FORCES

dedhdedehdehdhdhdhn

<NOTE:> UNITS: Sec, kN
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<<<<< FORMAT >>>>>

NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

/
GROUND ACCELERATION

Fedededededededhddhdddedhdd
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y

<<< LOAD FILE NOTES >>>

Cyclic load, Step 3: files Vector.job, S1Cg.12r, S1Cext.12r

E R
* VECTOR *
* JOB DATA *
% % % f % % % N h %k %*
Job Title (30 char. max.) : beam sic
Job File Name ( 8 char. max.) : Sl
Date (30 char. max.) : 21/09/08
STRUCTURE DATA
Structure Type 12
File Name ( 8 char. max.) : S1c
LOADING DATA
No. of Load Stages 21
Starting Load Stage No. 1 25
Load Series ID ( 5 char. max.) ;LS
Load File Name Factors
Case (8 char. max.) Initial Final LS-Inc Type Reps
1 slcg 1.000000 1.000000 0.000000 1 1
2 Slcext 0.000000 1.000000 0.100000 2 1
3 NULL 0.000000 0.000000 0.000000 1 1
4 NULL 0.000000 0.000000 0.000000 1 1
5 NULL 0.000000 0.000000 0.000000 1 1
ANALYSIS PARAMETERS
Analysis Mode (1-2) : 1
Seed File Name (8 char. max.) : LS_00
Convergence Limit (>1.0) : 1.000010
Averaging Factor (<1.0) : 0.500
Maximum No. of Iterations : 200
Convergence Criteria (1-5) : 2
Results Files (1-4) : 2
Output Format (1-3) : 1

MATERIAL BEHAVIOUR MODELS

concrete Compression Base Curve (0-3)
Cconcrete Compression Post-Peak (0-3)
Concrete Compression Softening (0-8)
Concrete Tension Stiffening (0-6)
Concrete Tension Softening (0-3)
Concrete Tension Splitting (0-1)
Concrete Confined Strength (0-2)

RORRRREN

Cc-Inc
0.000000
0.000000
0.000000
0.000000
0.000000
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Concrete Dilation (0-1) 1
Concrete Cracking Criterion (0-4) 1
Concrete Crack Slip Check (0-2) 1
Concrete Crack width check (0-2) 1
Concrete Bond or Adhesion (0-3) 1
Concrete Creep and Relaxation (0-1) 1
Concrete Hysteresis (0-2) 3
Reinforcement Hysteresis (0-2) 1
Reinforcement Dowel Action (0-1) 1
Reinforcement Buckling (0-1) 1
Element Strain Histories (0-1) 1
Element S1lip Distortions (0-4) 1
Strain Rate Effects (0-1) 1
Structural Damping (0-1) 1
Geometric Nonlinearity (0-1) 1
Crack Allocation Process (0-1) 1
<<< JOB FILE NOTES>>>
F*o% % % % d f % o % % K %
* VvecTor?2 *
* LOAD DATA *
-
LOAD CASE PARAMETERS
Fedededededededede NN hdhhhh N
Structure Title (30 char. max.) beam S1C
Load Case Title (30 char. max.) Sslcg
Load Case File Name (8 char. max.) Sslcg
No. of Loaded Joints : 4
No. of Prescribed Support Displacements : O
No. of Elements with Gravity Loads 1 448
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain : 0
No. of Elements with Ingress Pressure : 0
No. of Element Surfaces w/ Thermal Load : 0
No. of Nodes with Lumped Masses : 0
No. of Nodes with Impulse Forces : 0
Ground Acceleration Record (0-1) H]
JOINT LOADS
Fededededededededehd
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
427 0.000 3.732 1 1 0.000 0.000/
444 0.000 7.463 1 1 0.000 0.000/
461 0.000 7.463 1 1 0.000 0.000/
/ 478 0.000 3.732 1 1 0.000 0.000/
SUPPORT DISPLACEMENTS
Fedededededededee N dededededededddd
<NOTE:> UNITS: MM OR IN

<<<<< FORMAT >>>>>

;NT DOF DISPL [ #INT d(INT) ] /

<NOTE:>

GRAVITY LOADS

dedhddehdehdehdhdd

UNITS: KG/M3

<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(E;MT)] /
1 1 1

1 2
2 2

470.000 0.000 -1.000
470.000 0.000 -1.000

1 1

1/
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447 2470.000 0.000
448 2470.000  0.000

<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>

ELMT  TEMP [ #ELMT d(E
/

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(

<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(

<NOTE:> UNITS: Sec, Deg
<<<<< FORMAT >>>>>

NODEL1 NODE2 Tml Tpl Tm2
/

<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS

<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2

<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y

/

<<< LOAD FILE NOTES >>>

Structure Title (30
Load Case Title (30
Load Case File Name (8
No. of Loaded Joints

No. of Prescribed Support
No. of Elements with Grav

-1.000 1 1 1 1/
-1.000 1 1 1 1/

TEMPERATURE LOADS
Fededededede e dedededdddd
LMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /
CONCRETE PRESTRAINS
Fedededededededhddhdhddedddd
ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
INGRESS PRESSURES
Fededededede e dededddddd
ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
SURFACE THERMAL LOADS
Fedededededededehdhdhdddededddd
rees C
Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
LUMPED MASSES
Fedededededededehddht
GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
IMPULSE FORCES
Fededededededde NN hd
F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION

dehdhdehdhhd S hddhdhdd

%* 3 % % % % % f % % % %
* VvecTor?2 *
* LOAD DATA *
* % % % % % % % % % % %

LOAD CASE PARAMETERS

Fedhdehddhddhhdhdhhdhh

char. max.) : beam sl1c
char. max.) : SlCext
char. max.) : SlcCext

: 9

Displacements : 0
ity Loads : 0
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No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

[elololololole)

JOINT LOADS
Fededededededededetd
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
68 0.000 -146.8 1 1 0.000 0.000/
85 0.000 -293.5 1 1 0.000 0.000/

102 0.000 -293.5 1 1 0.000 0.000/
120 0.000 -146.8 1 1 0.000 0.000/
427 0.000 146.8 1 1 0.000 0.000/
444 0.000 293.5 1 1 0.000 0.000/
461 0.000 293.5 1 1 0.000 0.000/
478 0.000 146.8 1 1 0.000 0.000/
117 0.000 293.5 1 1 0.000 0.000/

SUPPORT DISPLACEMENTS
Fedededededededehhddedededededdddd
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /
/

GRAVITY LOADS
Fededededededededededhd
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/

TEMPERATURE LOADS
Fededededededededede NN hdhd
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
Fedededededededededede N hddht
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
/

INGRESS PRESSURES
Fededededededededede NNttt
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

SURFACE THERMAL LOADS
Fedededededededehdedededededededddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/
LUMPED MASSES
Fedededededededede et
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
/

IMPULSE FORCES

dedhdedhdhdhdhdhh
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<NOTE:> UNITS: Sec
<<<<< FORMAT >>>>>
NODE DOF T1 F1

<NOTE:> UNITS: Sec
<<<<< FORMAT >>>>>
TIME  ACC-X ACC-Y
/

<<< LOAD FILE NOTES

, kN

T2

, G

>>>

F2

T3

F3 T4

GROUND ACCELERATION

Fedhdhdehdhhdhhddhdhdd

F

4 [ #NODE d(NODE) ] /

Cyclic load, Step 4: files Vector.job, S1Cg.12r, S1Cext1.12r, S1Cext2.12r

Job Title (30
Job File Name (8
Date (30

STRUCTURE DATA
Structure Type
File Name

LOADING DATA

No. of Load Stages

Starting Load Stage
Load Series ID ( 5

Load File Name
Case (8 char. max.
S1cg

SlcCextl
SlCext2

NULL

NULL

VA WNRE

ANALYSIS PARAMETERS
Analysis Mode

Seed File Name
Convergence Limit
Averaging Factor

Maximum No. of Iterations

Convergence Criteria
Results Files
output Format

MATERIAL BEHAVIOUR MODELS

char.
char.
char.

8 char.

No.

char.

)

max.
max.
max.

max.

max.

OOORRK

(8 char.

%

%

AN

Initial

.000000
.000000
.000000
.000000
.000000

max.)

concrete Compression Base Curve
Concrete Compression Post-Peak
Concrete Compression Softening
Concrete Tension Stiffening

Concrete Tension Softening
Concrete Tension Splitting

LS-Inc Type Reps

¥ o% % % % % o N %
VECTOR *
OB DATA *
¥ o% % % % % ok N %
: beam sl1c
: S1C
: 21/09/08
12
: S1C
: 3
1 46
: LS
Factors
Final
1.000000 0.000000
0.000000 0.500000
1.000000 0.500000
0.000000 0.000000
0.000000 0.000000
(1-2) : 1
: LS_00
(>1.0) : 1.000010
(<1.0) : 0.500
: 200
(1-5) : 2
(1-4) : 2
(1-3) : 1
(0-3) : 2
(0-3) : 1
(0-8) : 1
(0-6) : 1
(0-3) : 1
-1 : 0

e

RRRERE

C-Inc
0.000000
0.000000
0.000000
0.000000
0.000000
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Concrete Confined Strength
Concrete Dilation

Concrete Cracking Criterion
Concrete Crack Slip Check
Concrete Crack width check
Concrete Bond or Adhesion
Concrete Creep and Relaxation
concrete Hysteresis
Reinforcement Hysteresis
Reinforcement Dowel Action
Reinforcement Buckling
Element Strain Histories
Element STip Distortions
Strain Rate Effects
Structural Damping
Geometric Nonlinearity
Crack Allocation Process

<<< JOB FILE NOTES>>>

Structure Title (30 char. max.
Load Case Title (30 char. max.
Load Case File Name (8 char. max.

No. of
No. of
No. of
No. of
No. of
No. of
No. of
No. of
No. of
Ground
<NOTE:>

% *

e
A
*

*O< %

L
*

¥*

¥*

C
D
*

¥

AN
[olelolololololelololelolelele o))

¥*

o
D
*

RPRRRARRRNNREWNNBRN
R A N A A A A S ) A S S S v e

*> 3 %

RPRRRRRPRPRPRRWRRRRRRR

ok % %k

=N %
>

LOAD CASE PARAMETERS

dehdehhdhdhdhdhddhdhd

Loaded Joints

)
)
)

Prescribed Support Displacements

Elements with Gravity Loads

Elements with Temperature Loads
Elements with Concrete Prestrain

Elements with Ingress Pressure

Element Surfaces w/ Thermal Load

Nodes with Lumped Masses
Nodes with Impulse Forces
Acceleration Record (0-1)

JOINT LOADS

Fedehdehdhdhdd

UNITS: KIPS OR KN

<<<<< FORMAT >>>>>
Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) 1 /

NODE

beam s1cC
Sslcg
Sslcg

0

0
448

[elololololole

SUPPORT DISPLACEMENTS

Fededdehddhdhdhdhdhhdhd

<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>

IJNT DOF DISPL [ #INT d(INT) ] /

/

<NOTE:>

GRAVITY LOADS

UNITS: KG/M3

<<<<< FORMAT >>>>>

ELMT DENS GX GY

1
2

2470.000 0.000 -1.000

2470.000 0.000 -1.000

Fedhdehdehdhdd

[#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
1 1 1 1
1

1/
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447 2470.000 0.000 -1.000 1 1 1 1/
448 2470.000 0.000 -1.000 1 1 1 1/

TEMPERATURE LOADS
Fededededede e dededddddd
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #EMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

ETE PRESTRAINS

e dede el el hhd

cone

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Fededededede e dedededdddd
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
SURFACE THERMAL LOADS
Fededededededededhdhdhdddededddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/

LUMPED MASSES
Fedededededededehdedht
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededde NN hd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /
/
GROUND ACCELERATION
Fedededededededhddddddedddd
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X  ACC-Y

<<< LOAD FILE NOTES >>>

%* 3 % % % % % f % % % %
* VvecTor?2 *
* LOAD DATA *
* % % % % % % f % % % %

LOAD CASE PARAMETERS

Fedehdehddhddhhdhdh ik

Structure Title (30 char. max.) : beam sl1c
Load Case Title (30 char. max.) : SlcCextl
Load Case File Name (8 char. max.) : SlcCextl

No. of Loaded Joints

No. of Prescribed Support Displacements
No. of Elements with Gravity Loads

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure

OO0 OoOON
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No. of Element Surfaces w/ Thermal Load 0
No. of Nodes with Lumped Masses : 0
No. of Nodes with Impulse Forces : 0
Ground Acceleration Record (0-1) 0

JOINT LOADS
Fededededededededetd
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
427 0.000 -3.732 1 1 0.000 0.000/
444 0.000 -7.463 1 1 0.000 0.000/
461 0.000 -7.463 1 1 0.000 0.000/
478 0.000 -3.732 1 1 0.000 0.000/

SUPPORT DISPLACEMENTS
Fedededededededehhhdedededededdddd
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /
/
GRAVITY LOADS
Fedededededededededdhd
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /

TEMPERATURE LOADS
Fedededededededede e hdh
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
Fedededededededededede N hddht
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Fededededededededede NN hdhd
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /

SURFACE THERMAL LOADS
FedededededededeN N dededededededddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/

LUMPED MASSES
Fededededededededededhd
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededededededhhd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /
/

GROUND ACCELERATION
Fedededededededededede N hddht
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
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TIME  ACC-X  ACC-Y
/

<<< LOAD FILE NOTES >>>

%* 3 % % % % % % % % % %
* VvecTor?2 *
* LOAD DATA *
* % % % % % % % % % % %

LOAD CASE PARAMETERS

el dehddhdd e hdhhdhh

Structure Title (30 char. max.) : beam sl1c
Load Case Title (30 char. max.) : SlCext2
Load Case File Name (8 char. max.) : SlCext2

No. of Loaded Joints : 3
No. of Prescribed Support Displacements :
No. of Elements with Gravity Loads

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

[=lelolelolololole)

JOINT LOADS
Fededededede ettt
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE FX Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
63 0.000 3.732 1 1 0.000 0.000/
79 0.000 7.463 1 1 0.000 0.000/
109 0.000 3.732 1 1 0.000 0.000/

S

*

PORT DISPLACEMENTS

e hdedehhdehdhhd

<NOTE:> UNITS: MM OR IN

<<<<< FORMAT >>>>>

IJNT DOF DISPL [ #INT d(INT) ] /
/

GRAVITY LOADS
Fedededededede et dh
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/
TEMPERATURE LOADS
Fededededede e dededddddd
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #EMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /
/

CONCRETE PRESTRAINS
Fedededededededhddhdddedddd
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
/

INGRESS PRESSURES
Fededededede e dededddddd
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
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<NOTE:

<<<<<
NODE1
/

<NOTE
<<
NODE

<NOTE:

<<
NODE

<NOTE:

<<
TIME

/

SURFACE THERMAL LOADS
Fedededededededhhdhdededededededddd
> UNITS: Sec, Degrees C
FORMAT >>>>>
NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /

LUMPED MASSES

Fedhdhdehdehdehdhdd

:> UNITS: kg, m/s

FORMAT >>>>>
DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededededededhhd
> UNITS: Sec, kN
FORMAT >>>>>
DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION
Fedededededededededede NN hddht

> UNITS: Sec, G

FORMAT >>>>>

ACC-X  ACC-Y

<<< LOAD FILE NOTES >>>

D2. SPECIMEN LOM

Job data: file Vector.job

F*o% % % % % % % o k% %
* VECTOR *
* JOB DATA *
F*o% % % % % % % o k% %
Job Title (30 char. max.) : beam LOM
Job File Name ( 8 char. max.) : LOM
Date (30 char. max.) : 15/09/08
STRUCTURE DATA
Structure Type v
File Name ( 8 char. max.) : LOM
LOADING DATA
No. of Load Stages : 101
Starting Load Stage No. 1
Load Series ID ( 5 char. max.) ;LS
Load File Name Factors
Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 LOM g 1.000000 1.000000 0.000000 1 1 0.000000
2 LOM ext 0.000000 1.000000 0.010000 1 1 0.000000
3 NULL 0.000000 0.000000 0.000000 1 1 0.000000
4 NULL 0.000000 0.000000 0.000000 1 1 0.000000
5 NULL 0.000000 0.000000 0.000000 1 1 0.000000

ANALYSIS PARAMETERS
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Analysis Mode (1-2) : 1

Seed File Name (8 char. max.) : NULL
Convergence Limit (>1.0) : 1.000010
Averaging Factor (<1.0) : 0.500
Maximum No. of Iterations : 60
Convergence Criteria (1-5) : 2
Results Files (1-4) : 2

Output Format (1-3) : 1

MATERIAL BEHAVIOUR MODELS
Concrete Compression Base Curve
Concrete Compression Post-Peak
Concrete Compression Softening
Concrete Tension Stiffening
Concrete Tension Softening
Concrete Tension Splitting
Concrete Confined Strength
Concrete Dilation

Concrete Cracking Criterion
Concrete Crack STip Check
Concrete Crack width check
Concrete Bond or Adhesion
Concrete Creep and Relaxation
Concrete Hysteresis
Reinforcement Hysteresis
Reinforcement Dowel Action
Reinforcement Buckling

Element Strain Histories
Element S1ip Distortions
Strain Rate Effects

Structural Damping

Geometric Nonlinearity

Crack Allocation Process

IONONNNNNONN N NN NN
C OO0 000000000000 0000000
RPRRRARRRNNRFWNND RN W00 WW

R A L N N S A A A A S A
RPRRRRPRPRPRPRRPRWRRRRRRRPORRRREN

<<< JOB FILE NOTES>>>

Structure data: file LOM.s2r

EE R S S

r 2

R

O < %

e C o
* STRU TURE
* % % % % % *

E

DATA
*ok ok K % %k

STRUCTURAL PARAMETERS

Fededhdehddehddehhdhdhhdhhd

Structure Title (30 char. max.) : beam LOM
Structure File Name ( 8 char. max.) : LOM

No. of R.C. Material Types : 2

No. of Steel Material Types 3

No. of Bond Material Types :

No. of Rectangular Elements : 608

No. of Quadrilateral Elements : 0

No. of Triangular Elements

No. of Truss Bar Elements : 167
No. of Linkage Elements : 0
No. of Contact Elements : 0
No. of Joints . 664
No. of Restraints : 19

MATERIAL SPECIFICATIONS

Feddedehdehddehddehhdhdhhdkhhd
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(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T f'e [ f't Ec e0 Mu Cc Agg Dens Kc ] [Sx sy]

TYP # mm MPa MPa MPa me /C mm kg/m3 mm2/s mm mm
1.470 0.000 0.000 20.000

1 0 400.000 29.100 0.000 0.000
0.000 0.000 0.000 0.000

2 0 400.000 29.100 0.000 0.000 1.470 0.000 0.000 20.000
0.000 0.000 0.000 0.000

REINFORCEMENT COMPONENTS

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C me
(B) STEEL
<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa  MPa MPa MPa me /C me
1 1530.000 25.000 652.000 862.000 200000.000 2333.000

10.000 0.000 0.000

2 1 7854.000 100.000 2000.000 4000.000 200000.000 20000.000
10.000 0.000 0.000

3 1 400.000 15.000 490.000 600.000 200000.000 880.000 25.000
9.000 0.000

(C) BOND
<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF { Ao ul u2 u3 sl S2 s3 }/{ cPF cmin No. HOOK }
TYP TYP mmA2  MPa MPa MPa mm mm mm 0-1 mm LYR 0/1

ELEMENT INCIDENCES

Fehdehhdehdhdhdhddhd

(A) RECTANGULAR ELEMENTS
<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]/
1 27 4 14 35 1 1 1 1 1 1 /
2 4 27 23 15 1 1 1 1 1 1 /

607 663 664 647 646 1 1 1 1 1 1
908 644 643 660 661 1 1 1 1 1 1

N~

(B) QUADRILATERAL ELEMENTS
<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]/

(C) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)] /
/

(D) TRUSS ELEMENTS
<<<<< FORMAT >>>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) 1/
609 4 27 1 1 1 1 1 1 /
610 27 48 1 1 1 1 1 1 /
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774 288 289 1 1 1 1 1 1 /
;752892901 11 1 1 1 7

(E) LINKAGE ELEMENTS
<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]

(F) CONTACT ELEMENTS
<<<<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]

/
MATERIAL TYPE ASSIGNMENT
Fededededededede NN dddhddededddddd
<<<<< FORMAT >>>>>
ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) ] /
1 1 1 1 /

1 2 1
2 2 1 1 1 1 1 7
774 3 1 1 1 1 1/
773 1 1 1 1 1 7
/

COORDINATES

Fedededededed et
<NOTE:> UNITS: in OR mm

<<<<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(x) d(y) 1 /
1 1

14 0.000 0.000 .000 0.000 1 0.000 0.000
35 50.000 0.000 1 1 0.000 0.000 1 1 0.000 0.000
664 2725.000 1200.000 1 1 0.000 0.000 1 1 0.000 0.000
}36 250.000 -50.000 1 1 0.000 0.000 1 1 0.000 0.000

SUPPORT RESTRAINTS

Fedededededededehhddhdddtt
<NOTE:> CODE: 'O' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) ] /
112
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
136
/

RRRRRPRRRPRRERERRERRERRRRREO
0000000000000 OR
RRRRRPRRRRERRRERRERRRRRE R
RPRRRRPRRRRERRRERRERRRR R
AN S S S O OO O O O O OO NN

<<< STRUCTURE FILE NOTES >>>>>

NN NN
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Monotonic load: files LOMg.12r, LOMext.12r

- -
* VvecTor?2 *
* LOAD DATA *
- -

LOAD CASE PARAMETERS

dehdehhdhdhdhdhddhdhd

Structure Title (30 char. max.) : beam LOM
Load Case Title (30 char. max.) 1 LM g
Load Case File Name (8 char. max.) 1 LM g
No. of Loaded Joints 3

No. of Prescribed Support Displacements : 0

No. of Elements with Gravity Loads : 608

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

[elololololole)

JOINT LOADS
Fededededededededetd
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
66 0.000 5.283 1 1 0.000 0.000/
89 0.000 10.567 1 1 0.000 0.000/
116 0.000 5.283 1 1 0.000 0.000/

SUPPORT DISPLACEMENTS
Fedededededededehhddededededededddd
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /
/

GRAVITY LOADS
Fedededededededede et
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
1 2470.000 0.000 -1.000 1 1 1/
2 2470.000 0.000 -1.000 1 1 1 1/

607 2470.000 0.000 -1.000 1 1 1 1/
608 2470.000 0.000 -1.000 1 1 1 1/

TEMPERATURE LOADS
Fededededededededede NNttt
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
Fedededededededededede N hddtt
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
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Fededededede e dededddddd
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

SURFACE THERMAL LOADS
Fedededededededehhdhdhdddededddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)]
/

LUMPED MASSES
Fedededededededehdedht
<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededede NN hd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION
Fedededededededhddhddddhdd
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y
/

<<< LOAD FILE NOTES >>>

F*o% o K % o % % % % % % %
* VvecTor?2 *
* LOAD DATA *
F*o% % K % o % % % % % q %

LOAD CASE PARAMETERS

Fedhdehddhddhhdhdh ik

Structure Title (30 char. max.) : beam LOM
Load Case Title (30 char. max.) : LOM  ext
Load Case File Name (8 char. max.) : LOM  ext

No. of Loaded Joints

No. of Prescribed Support Displacements
No. of Elements with Gravity Loads

No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Element Surfaces w/ Thermal Load
No. of Nodes with Lumped Masses

No. of Nodes with Impulse Forces

Ground Acceleration Record (0-1)

OO0 O0OOO0OOOON

JOINT LOADS
Fededededede ettt
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE FX Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
66 0.000 80 1 1 0.000 0.000/
89 0.000 160 1 1 0.000 0.000/
116 0.000 80 1 1 0.000 0.000/
613 0.000 -8 1 1 0.000 0.000/
630 0.000 -160 1 1 0.000 0.000/
647 0.000 -160 1 1 0.000 0.000/

/
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664 0.000 -8 1 1 0.000 0.000/

SUPPORT DISPLACEMENTS
Fedededededededehdhdedededededdddd
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
IJNT DOF DISPL [ #INT d(INT) ] /
/

GRAVITY LOADS
Fedededededededede et
<NOTE:> UNITS: KG/M3
<<<<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/
TEMPERATURE LOADS
Fededededededededede NNttt
<NOTE:> UNITS: F OR C
<<<<< FORMAT >>>>>
ELMT  TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /
/

CONCRETE PRESTRAINS
Fedededededededededede NN hddht
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
/

INGRESS PRESSURES
Fededededededededede NN hdhd
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

SURFACE THERMAL LOADS
FedededededededeNhddedededededdddd
<NOTE:> UNITS: Sec, Degrees C
<<<<< FORMAT >>>>>
NODE1 NODE2 Tml Tpl Tm2 Tp2 Tm3 Tp3 [#SURF d(NODE)] [#SURF d(NODE)] /
/

LUMPED MASSES

v ddehdehde

<NOTE:> UNITS: kg, m/s
<<<<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /

IMPULSE FORCES
Fededededededededededhhd
<NOTE:> UNITS: Sec, kN
<<<<< FORMAT >>>>>
NODE DOF T1 F1 T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) ] /

GROUND ACCELERATION
Fedededededededededede NN hddht
<NOTE:> UNITS: Sec, G
<<<<< FORMAT >>>>>
TIME ACC-X ACC-Y
/

<<< LOAD FILE NOTES >>>



