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ABSTRACT
kR

-

- ]
The influence of opening size, eccentricity and location

on redundant pnatural frequencies, mode shapes, viscous
‘daipinq ratio, strains and deformatiors under both dynamic
and fatigue loadiny are presented. An experimental study
was conducted on six post-tensioned 'prestressed coancrete

rectangular beams provided with an opening 1ip regions of
- kS

large shear and bending stresses. ~ A fundamental resonance -

frequency of about 18 Hz was observed for all the testeld
_beanas. Such a frequency did noﬁ.chgnge vhen wvarying the
opening length and eccentricity for beams containing an
opening in the shear span but did increase slightly for
beams with an opening at midspan. A reduction between 1.0
and 1.5 Hz wvas observed in the value-of the first natural
frequency as well as a loss of 30 to 35 percent in the
maximum -amplitude of vibration at the first mode shape
occurred due to fatigue loading befsre beam failure. Also,
a viscous dalping ratio of aboyt 2 percent existed in all
the tested reams before the application of any fatigue
~loading. The local behaviour of the top and tottoa chords
of the[opening resembled that of a Yierendeel panél dufing

tatigue loading. In addition, increasing tensile strains

- vii -
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vere ;bserved in the tension field region due to fatigue
loading for teanms provided uith.gccentric " shear span anl
centric aidspan openings.

A theoretical study was conducted by the Pinite Elesent
Bethod to dﬁteruine the natural frequenéies and mode shabes
of vibratioan of rectanghiar, T- and I-beams. Good agreement
existed betwecen the experimental and theoretical first
natural freguency values. Also, for all the crgss sections
considered with a sidspan opening, the values of the second
and fourth patural fré@dencies\decceased rapidly and that Ef'
the first and third increaséd slightly wvwith 1locreasing

opening length.
¢
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NOMERCLATURE

A/D = Analog to digital conversion

A = The area of steel réquired to guard against

s potential horizontal splitting caused by force T
A, A = The area of the web and the total cross sectioun

W respectively

B = The beam width
B, = Tof flange width
B, ._._ = Bottoa flange width
c = The distance from the center of the opening to
the bottom of the beanm
D/A = Digital to amalog conversion
d ,d = The tension and compression distances
t < respectively
BI = Effective section rigidity
€ff .
EI = Gress section rigidity
9
EI = Unloading - reloading section rigidity
rep
P = Externally applied load
e = PBccentricity of the prestressing force from the
centroidal axis of the section
f; = .Cc-pressive strength of concrete
£ = "fhe allowvable tensile stress in the steel
s reinforcenent
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- Chapter I

IRTRODOCTION

.1 Geperal )
Earthquakes, blast loadings and repetitions of high live
loads on buildings and bridges are examples of dynaaic loads
on structures. Parlier on most structural applications were
limited to regularly reinforced concrete beaas. * Such
structural cosponents were bulky and somewhat stiff which
provided them with a high resistance against vibrational
excitation. With the invention of aew building technigues
for hoth ecconomy and structurai shape, prestressed concrete
structures started to come into the picture. Their high
cracking resistance, rigidity angd the péssibility of
complete utilization of high strergth steel, afford
prestressed concrete structures a number of advantages over
plain reinforced concrete.
| After the experimental work on utilization of prestressed
reinforced concrete in civil construction working noé?ly
under static conditions yielded good results, the material
began to be widely used in bridge construction as well. To
accurately predict the structural response of such

components it beccmes necessary to study among cther aspects
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the dynamic bebaviour of the structures. . ¥hern the natural
frequencies of the structure are determined, they are

.
co;pared to the applied transient loads freguency to
determine ifl tﬁe state of resomance 1s available 1in such
excitation cr not.

The provision of holes in beams is sometimes necessary to
accoesmodate services 1in residential, commercial and
industrial tuildings and in bridge construction as well. In
residential and commercial constrﬁction, air conditioning
ducts, electrical conduits, sanitary pipes and similar
utility compoaents can be carried within the depth of the
beans and girders. This in turn eliminates a significant
asount of dead space between the sorffit of the teams and the
suspeﬁded ceiling maintaining a minimue storey headrooam. In
industrial Dbuildings beﬁu% with openings' are used for
passing through the same utility components_bbt are mainly
concerned.in providing working srace for large zanufacturiﬁq
pachinery and internal noﬁile cranes, vhile in bridge
consbtuctian openings are provided for passing throuthand
supporting utility pipes to provide enough headroom for the
.underpnss traffic [especially large trucks which -demand high
vertical ciearances)- 7
- All the previously mentioned structural apglications of
prestressed concrete beams -vith openings .can' be easily
subjected to vibrational excitatiaa. With the addition of

.
b3
-

N L
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seismic effects, residential and commercial buildisgs have
to be ‘concerped with human occupancy while it industrial
tuildings, heavy manufacturing machinery produces a lot of
vibration «cnto supporting Leawms and in bridges, oBgoin;
traf fic, blast 1loading and wind effects are a nuaber of
iamportant factors. Therefore practicing engineers are
nsually interested in the dynaeic characteristics ot such
members in order to account for it in the design procedure

to build safe and economical structures.

1.2 Ohjectives

After feviewving gprevious wvork by—El—laithy and Kennedy
(1982) who studied the effects of ogggiggg;_on_prestresséd
rectangular concrete Leans under static loading conditions
it becamé‘ evident that nowvadays due to the wvide range of
structural applications of such penbers, their
dynamic-fatigue characteristics are of increasing-demand and
ilpOttaﬂéZ.

Before esbarkiag - on - such a. research project a
considerable'anouﬁt ot interest was shown in determining the
following: | ‘I |
1. The dyﬁ;;ic characteristics of such ® meabers which

included frequency spectruas, flexural nodF shapes and

material damping coefficient betore and after fatigue

loading.



-4

2. . The variationo in strains around the openicng during the
fatiguye process.

3. The influence of dynamic-fatigue leoading on the
tensicn field present at either side of the opening.

4. The deformations of the opening chords at the first
flexural natural frequency.

5.  The lccation and pattern of cracks under the influence
of dypasic-tatigue loading.

The provision of openings complicates the analysis of
such members to a great extent. In view of such cosplexity
the dynamic characteristicS, stresses and deformations
cannot be determined by the applitation of classical methods
such as beaep theory. To deal with the problem,  both an
experimental and a theoretical investigation vere conducted.
The experimental work invesfigated all thbe previously
léntioned foints of ipterest while the theoretical work
included a pprsletric study which investigated the influence
6f different opening lengths and location, the presence of
wore than one opening and use -of different beam <cross
sections such as T- and I- sections on. the flexural natural

frequencies and mode shapes of vibration.

-



1,3 Scope

The folloving investijation covers experimsentally the
effects of: the length, eccentricity and hcrizontal
location of an opening under the intluence of a concentrated

dynamsic load at eidspan on the dynamic characteristics,

strains and deformations of rectanjular prestressed concrete
beams.

The experimental work comprised of six rectanguiar
post-tensioned prestressed concrete teams provided with one
opening each. The location of the opening was away ffon.
aidspan in five beaas and at midspan in the sixth. Theig
results are analyzed and discussed froa the standpoint of
dynasic characteristics, strains, cracking and deforaations.
Theoretical flexural f;equencies and mode shapes of
vibration are also presented for the above six Leams and for
cther beams in the parametric study chapter.

A review of previous experimental and theoretical
research conducted on.reinforced and prestressed concretP
teams with opepings under static loading conditions and on
reinforced and prestressed concrete beaas under
dynamic-fatigue loading is presented. A descrigption of the
finite el ement package prog:gls used [SAP-1V and
STRUDL—ﬁ!NAL) is included. Coarparisons petween the rcsults

of plane stress finite element and peam theory for a solid

prestressed concrete teas is also presented.
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A compariscn between the experimental and theoretigal
results with regard tec natural flerural frequencies and aode
shapes for six beams is presented. Also copoclusions and

reconeendat ions are drawn.



Chapter II

LITERATURE_SURYEY

2.1 General

Previous research in the area of structural dynamics on
brestressed and regularly reinforced concrete beams has been
scarce and very gyeneral with mo;t of 1t belng ccncentrated
in the area of fatigue.

Host of the current codes of practice éhen ccncerned with
the design cf sfructures that are being subjected to dynamic
loads specify values of the dynalic load allcvance (DLA)
related to the fundasental natural €£reguency of the
structure assusing beam-type mode shapes. Such factors are
used to magnify the i1mposed static live loads to simulate
dynanic effects before analyzing and designing the
structure. The application of such factors is very limited
due to the numter of constraints sun:apuding their use such
as, the range of imposed exciting frequency, material
daaping value and the existing boundary conditions.

The survey conducted is best presented when subdivided
into the following sections:

1. Concrete beams with openings subjected to static loads

2« Concrete beams subjected to dysamic loads

4o



i. Concrete beams subjected to fatigue loads

4o Dynamic response of composite bridges and plates

2.2 Concrete Beams With Openings_Subjected to Static
koads

Regan and Warwaruk (1967), published vork related to
tests conducted on prestressed concrete T-beams with large.
ueg openings. A testing pragram_involving four model beanms
and two tull size beass vas decided upon with all beass
"beingh sub jected Fo a tvo-point symmetrical loading
arrangemeﬁt. It vas observed that the inclined cracks began
- at the corner of' an opening located between the load and
reaction point. Also, just prior to collapse the inclined
cracks videned considerably and, as a result of high
shearing forces present, a mechanise actually cccurred with
finéll coliapse resulting froa large deformafions of the
mechanisa.

Sar&ious and Diléer 1977y, conducted theoretical
research using the finite element method on éihgle span
concrete deep beams with tvo openings prestressed with
straight teudons; Openings of various sizes relative to the
size of the beam were considered, and the quinum‘stresses
and forces vere determined at the critical locations due to

the beam's own weight, external load and prestressing

forces. They concluded that it is important to limit the
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height of the opening and have it located closer_to the
bottomr edge of the team so that the top chord aéove the
opening will have surficient depth to resist the Dbending
aoments and shearing forces due to applied loads, since this
part carries amost of the bending moments and shearing forces
in the beams.

In 1977 Barney, Hapnson, Corley and Parneiee published
literature on tests carried out on eighteer full size
T-beams containing large rectangulac web ppenings under the
influence of distributed loading. The princifpal variables
in the test program were the size and location of openings,
type and amount of seb shear reintorcement and anmount of
primary reinforcement. The results showed that of/(the
variables ccnsidered, those having the greatest effect on
specimen strength and behaviour were tae location of the' web
openings along the span and the amount of web shear
reinforcenent. Also, the behaviour of beams vith openinys
was similar to that of a Vierendeel truss concluding that
iafge web openings can be placed in prestressed concrete
beams withoot sacrificing strength or serviceability.

El-laithy {1978) presented a thesis containing
experimental and Ltheoretical reseagtch on the behaviour of
prestressed concrete beams vith rectangular openings at the
transfer stage. Analytical and experimental results for

strains, sStresses, deformations and cracking loads were
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obtained. | The experimental results were based on- tests
conducted on ten post-tensioned prestressed concrete beaas
of rectangular cross section while the theoretical results
were obtained ty meaas of the finite elemeat methad. The
influence of the horizontal and vertical iocation of an
opening as well as its depth was examined. Results from the
finite element method were substantiated and verified by the
experineﬁtal test results. He concluded that the presence
of an opening gives rise to a potentially splitting tension
field, follcwed by a compression field, whose distances are
functions of both the depth and vertical location of the
opening; and, that such a tension field can be effectively
coutained‘by transverse reinforcement aroﬁnd the opening.
Also, the maximum teqsile stress occurs‘at. or near the
pidheight of the.épening. Purthermore the presence of the
opening gives rise to significant shear stresses- near the
four corners and the assuuption.;of-plane stresses remaining
plane does not apply in the vicinity of the opening with
deflection c¢nly increasing slightly at the transfer stage.
In conclusicn a proposed method based on truss anaiogy was
presented to estimate and design for the verfical-tensile
force around the opening for beans uiih one or more
openings.

Atdus Salaam and.Harrop (1979) conducted an experimental

~study to provide a design ®ethod for prestressed concrete
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teamas vith tramsverse circular holes. Steel lirpers, bonded

LR

£ing rein{orcenent in the concrete around. the holes and
vertical stirrués on both sides of the opebding, vere
reinforcing wmethods that were investigated. It was
concluded that compensation for the rresence of the holes is
.best provided by vertical stirrups at the =<cides of the
opéning becéuse_ such reinforcement takes care of both the
horizontal splitting due to prestress and the diagonal
tensile stress at working load. Summarizing they mentioned
th&t the suggested methods of design for this additional
reinforcaient'and the corresponding test results showv that
perforated Leams can be as strong “as a similar solid beam
provided tbtke holes do not fprotrude in the ultimate
rectangular stress block required at flexural failure.

Ino 1984 Dinakaran and Sastry investigated the behatiour'
of post-tensioned prestressed concrete T-beams with large
web openiﬁgs-under the influence of two point loads. The
variables ccnsidered vere the size of the openings, location
of opeﬁings, and type of reinforcement around ofpenings. The
results indicated that; of the variables considered,\ the
location of the opening has the éreatest effect on ' the
strength and Lebaviour of the beams; vertigal stirrups and
hooks remarkably contain cracking and thereby -increase the
load carrying capacity of the bean vhile trimming of opening

with reinforcesent neither contains cracking nor increases
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the ultimate capacity; the regicn around the opening behaves
similar toqa Vierendeel panel; the influence of openings on
defiquiPQH_,is minor in  properly reinforced teanms.
Concluding ttkey stated that large veb openings can be
accommodated ip post-tensioned fprestressed concrete T-beams
without sacrificing the strength.

~Mansur, Tan and Lee [1985) proposed a design method for

reinforced comcrete teams with large rectangular openings

that are subjected to both bending and shear. The model was

based on the ccllapse load apalysis in which tbke conditioans
of equilibriunm, yield, aod a four hinge opening failure
mechanise were satisfied simultaneously. Tvelve beams wvere
designed under the proposed guidelines and. tested in the
iabSIatory. The major variaﬂles considered were the length,
depth, eccentriéity and location of openings, anh the amount
and arrangesent of corner reinforcement. They coacluded
that:.at a particular load, both the maximum crack width and
maxisum beaas deflection increase with an” increase in opening
length, opening depth, or nonent-shear.ratio at the center
of the opening. The effect of opening eccentricity 1is
insignificant for the small eccentricities used in this test
frogram; diagonal bars for corner rei;;orcement are more
effective than full depfh vertical stitrup§ ir controlling
crack width and reducing beam deflection and in increasing

the ultimate strength of the beams; provided that the solid

r'e



13

sections are adequately -~ reinforced, the beam fails by the
formation of a mechanise with four hinges in the chords,
with one at each corner; the position of contraflexure point
in a chord mwember deperds on the disposition of loagitudinal
reipforcement; if a symmetrical arrangement exists it occurs
approximately at wmidspan of the <c¢hord zembers, Iz summary
they menticned that the proposed design methed has been
found to be safe and satisfactory but is only applicaﬁle to
teans when the chord members are oot directly lcaded. Also,
the slender ness ratica;or the compression chord should be
limited to 22 as suggested in the ACI code for hnb;aced
compression aewbers. ‘

Elaborating * on previous work by Mansur, . Tan and Lee
(1985), Mapsur and Ong {1985} published a paper on epoxy
repaired beans. Six reinforced concrete beams with large
rectangular openings ihich vere tested to failure previously
were repaired Ly replacing cracked regions with epoxy mortar
and by filling cracks with epoxy injection. After being
cured for «cne day, the repaired beams vwere tested in the
same manner as the original ones. Prom the results they
concluded that: the repaired beams fail in the same manner
as the original beams, by the formation of a ‘mechaniss wvith
four hinges, one at each corner of the opening; the maximunm
crack widths in the repaired beams are, in general, smsaller

than those in the original beams because of the delayed
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development of cracks at the four critical corners of the
opening. The epoxy mortar sﬁrengthened the regions of high
stress concentration; the presence of hairline cracks in the
repaired beams caused a reduction ia stiffness and hence
higher deflection; therefore, if marximun deflection goveras
the design, €pOXY bondedr steel plates. should be used at
critical sections to stiffen the bean. ’ Sumrarizing they
mentioned that the repaired beams are stronger than the

L 3
original ones.

223 Congrete Beams Sybjected tg Dynamic Loads
In 1960 Marshall and Ozell published '‘a fpaper on the

tehaviour of fprestressed concrete under dynamic loading. A
very small festing program was conducted where the subject
vas a prestressed diving board. The neans at which the
toard was excited [a diver springing at its end) did not
provide any information about the first naturaX frequency
vith only the response at the second mode of vitration being
presented. ; fn conclusion it wvas nentioned that the mass of

msembers sub jected to similar 1loads has great effect upon

their response to dynaaic loads. .

In 1964 zZavriev published literature related to -the
response of prestressed structures to dynamic lcading. Most
of the contents of the paper were -based on personal

observation and experience. Ip conclusion he mentioned that
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due to the similarity of dynamic characteristics for both
prestressed ;einforced concrete and metal span construction, .
it would be correct for the time being to cdlculate dynamic
coefficients fcr prestressed spans with the aid of empirical
fbrnulas accepted by the codes of metal bridges. Also, the
idea of using prestressed construction for increased seisnmic
- resistance of structures .should be considered from a
positive point of view.

Jacobs, Bankinm and Hill {1968) published work on the
tehaviour _ cf presfressed concrete beams under reveréed
cyclic loading. Twelve beans were tested at alternpating
pozents varying froe a negative value, through a zero value,
to a positive value having a maximum magnitude betueéQ.GO
and 100 percent of the ultimate static moment. The rate of
testing was varied from a relatively slow value of 1/900
cycle pet'second to 1/2 cycle per second. The loading was
applied until either failure occurred or a predetermined
nusber of cycles vas attained. The results showved: ‘a
considerable change in beam stiffness occurted with the
naaber of applied cycles of aoBment. A more fapid change
occurred at higher values of nmoment; the energy dissipated
in a beam under loading was due to material damping in the
concrete behaving in an inelastic manner. -

. Coles and Hauiltod {1969) presented research  on

repetitive dynamic loading applied to prétensioned



16

prestressed beams.  Eight beams vere subjected to repeated

applications of dynamic blast-type loading at midspan.  The

-gumber of applications of the dypamic load varied from five

to seven with a magnitude ranging between 0.93 to 1.32 times
the actual static failure load. Some of the conclusions
drawn were: The -<calculated static ultimate _load is a
Satisfactory design cr;terion when a beaz is subjec;ed to a
low number of tlast-type loadings; bond failure did not seea
to be a critical “factor in such beans under rTepetitive
djnauic loads; with each successive loading, regardless of
magnitude, the maximum deflection increased,.thﬁs i;dicatinq
a loss of beam stiffness.

‘Inomata '16977) conducted- experinenf#l ‘vork on Fuelve
preﬁtressed and reinforced concrete beams under loading
re;ersals. " The flexural ultimate limit 1load sas used as a
design criterion. It wvas based on the désign strength .of

‘ . o
the saterial and on limiting steel elongation to less than

one percent. From the results he concluded that préstrgssed

i
~

concrete Leams have less energy absorption as long as the

applied load remains sasaller that the ultimate  limit load.

Also, residual deflection seems to be higher for regular

reinforced concrete members. than for prestressed members up

“to the ultisate limit lecad.

[

ivolant, Gaujain .and: Hoftfmann (1985)

_ Sokolovs Ky,

. R .
conducted a. study on the ,progressive damage to reinforced

—
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--concrete structures when subjected to dymamic' reversed
loads. Theoretically, a non-linear computation model vas
wvorked out for unidirectional behaviour while eiperinentallg
a coluan was subjected to two typical earthéuake time
histc;ies on é shaking table. The time histories used were
‘the Taft [1952] north—south‘conpcnent and the San Prancisco
[1957] qorth—scuth corponent. In conciusion they mentioned
that: signi{icant safety factors appear  between the
experilentai seismic load 1level leading to collabse and .
acceptable 1lisxit levels predigted in accordance with the
French code by means cf the elastic theory. However, if the
ultinatge lcad prediction is wusually conservative, the
gpposite is true for the prediction of displacement values;
the non-linear analysis conducted showed geod agreement with
the experiléntai results because it took into account the
progressiye ﬂecreasg\ of stiffness due to craéking at all
stages of loading.

Jchns and Belanger (1981) explored experimepntally which
value of stiffness ‘EI) might be app:opfiately used in
dyuanié'calculations for flexurely loadéd concrete heams to
accurately prédicf' rééonaqt frequencies. ‘The heams were-
tested by é;plying- é static lead ing:énent ét a.distaﬁce_L
from both.enas folloved by *a small intentional pecrturktation
at waidspan, causing a decaying ffee vibration. This

£e5ponse is noted on an oscillograpb output persitting the

L]
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determinatica of the frequency. The results estatklished
that neither gross section rigidity EIg, effective rigidity
EI;" , por unloading-reloading rigidity Eg‘p can be used
with accuracy in dynamic response calculations. A foraula
for predicting dynamic stiffness was tentatively groposed,

such a forsula has the form of the EIGf formala, but is

§
linear rather than cubic{in the moment tern.

In .1983 Stan{on and Mcniven proposed ar non-linear
theoretical dynasic model for predict;ng the flexural
response of reinforced concrete beams to severe cyclic
loadse. The &godel is constructed with the aid of systea
identification, vhich permits the coefficients in it to be
so tuned as to replicate .vith the paximum possibfe accuracy
the results of physical exgerirents. The uniaxial
constitutive Lehaviour of the concrete and steel are
¢onsidered separaéely, and they are comnbined through a
bohd—slip relationship to form a global model for the
coaposite smaterial. They concluded that: the layered model -
is able to reprPduce complicated physical behaviour with
:ela:kible ACCUracyY. It works best in situations vhere its
‘assuaptions iéf hehafiour doginated by flexure and of
reihforcenent which does not buékle) are not viclated; the
constitutive pon-linear lav chosen for steel is particularly
critical in modelling reinforced concrete. Supmsarizing,

they menticned that the analytical model contained no
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mechanise for predicting shear deformations and that it is

still too ccaplicated. for practical use.

23 Concrete Beams subjected to Patigue Loads

Warner (1960) presented research on the fatique and shear
characteristics of prestressed concrete. Tests.uere carriel .
out on - three Fairs of beanms, one beaa in each pair was
tested statically while its ccmpanion was tested under
repeated loading. A repeated cycle of 55 to 60 percent of
the static ultimate load caused failure "in all tests.
Comparisons between the results of the experiments and the
theory of fatique failure developed for comstant cycles of
repeated loading showed good agreement. L

Warner and 'Bulsbos '1962) presented a repcrt concerned
with the p:ohgble fatique life of prestressed concrete
flexural members. The work consisted of a program of
fatigue tests on prestressed concrete beams, an experismental
study of the fatigue properties of high steel strand
reinforcement, and " a theoretical analysis of the stresses
and deformations in such meabers under fatigue loading. A
method was developed for predicting the fatigue life of such
sembers failing by fatigué in thé steel reinforcement under
repeated ccnstant cyclé and cumulative darage loading.

llso, 'aﬁreans of obtaining a lower bound 'estilate of beaa

fatigue life as limited by concrete fatigue failure vas also
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presented. The results indicated that after ap initial
sequence of repeated loading representing aboat ten percent
of the fatigue life, the team normally settles dovn to a
fairly regyular and consistent response to load. Also, steel
fatique failure of a prestressed beam occurs ty successive
fracture of the elements of steel reinforcement in the bean.
A considerable number of load cycles may separate the first
and second steel failuares, bat the interval separating
successive failures will tend to decrease as the nuaber of,
failed elemsents increases. Pailure of each stee€l element is
accoapanied by a corresponding decreaée in beaa rigidity.
In conclusion, they mentioned that comparisons of predicted
and dbserved fatique lives .for the test teans shou?d

satisfactory correlation.

Abeles (1965) conducted studies on crack vidths and

deformations of reinforced concrete beanss under sustained

fat{que loading. A two-point 1loading arrangement was
applied to the test beams varying from 45 to 80 percent of
the static gltinate load. Proa these tests it Seeas

appropriate to lgait the peramissible wmaximum crack vidth at

static loading to 0.004 inch {0.102 =m), which might result

in a width of 0.0% idnch (0.254 am) under sustained or
repeated loading. Also, the tensile stress permissible for
a definite crack width dépends mainly on the distribution of

the steel around the tensile zone and on the.petcentaqé p of
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steel although p seeas to be the more important factor in
this casé. In conclusion an eapirical formula wvas presented
for calculating 1limiting crack uidths based on nominal
pernissible concrete tensile stressiﬁ.

In 1970 Hanson, Hulstos and VanHorn published wvork on the
behaviour of concrete I-beams under fatigque loading. Tests
vere conducted on six simply supported beaas with each bean
being subjected to a symmetrical twvo-point loading
arrangement having a repeated cycle wmagnitude of 13 to 45
percent of the ultimate flexural capacity applied at a rate
of 250 éycles per mnminute. Based on _the results, the
following conclusions were drawp: the flexural fatigue life
of the test beams vas less than expected from the available
information on the fatigue strength of the strand; cracks
have an effect on tﬁe fatigue strength of a strand-in a bean
'sost strand fatigque failures occured where there vas a
crack present); limit the nominal éensile stress in the

bottom fibres to .6 é: shear fatigue failures do not occur
suddenly, but rather give considerable varning as indicated
by increasing deflection and increasing inclined crack width
before failure occurs.

In 1971 Price and Edvards investigated experimentally the
fatigue strength of bonded post-tensioned concrete I-beaas.

Ten beams vwere loaded at a rate of 300 cycles per sinute

under a constant load having a maximum amplitude varying .
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from 68 to 74 percent of the ultimate flexural load. The
results shcwed that the response of c¢racked sections ,is"
sigonificantly affected by repeated _loadin; of a magnitude
sufficient to cause flexural cracks to open. This change is
trought about ty both progressive breakdown of bond and by
changes in the stress-strain relationship of concrete. The
changéfln response occurs rapidly in the early load cycleé
tut reaches very nearly stable values later on. Also,
fatigue failure of normal under-reinforced sections
.generally oCCcurs by fracture of the frestressed
reinforcesent. Hovever, if the section contéins a high
nuaber of steel elements, a large number of load cycles will
be "resisted before structural collapse. .Concrete
conﬁression fatigue failures are possible at high load
levels in under-reinforced sections and at lowver ;oad levels
in over-reinforced beaas. Finally, a theory based of the
fatigue fractore of the reinforcement is presented for the
prediction of the fatigue strgngth of prestressed councrete
penbers in flexzure. This theory applies to repeated loading
hetuéen extremes that are of constant magnitude. -

Kulkarni and Ng (1979) investigated the Lehaviour of
limited prestressed beané ander repeated loading. Eight
T-beans uete tested under severe combinations of repeated
lopads on a universal testing @machine. Each bhean was

—

subjected tc a frequency of iesting of 7 cycles per second
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rvith the criteria that the application ot 2 million cycles
of repeated loads being critical for design cocrsiderations.
The results showed that: the effect of cepeated loading on
bean deformaticn is predominant only 1in the early staqesf
theoretical cosputaticnos of deflections neglecting concrete
in the tensicn zone alvays gives overestimated values of
deflection; 1in extrepme stage cracking the contribution of
concrete in the tensicn is significant and needs attention
during the design process.

In 1981 Balaguru presented a theoretical model to predict
the fatigue life, increase in deflection and crack width of
prestressed concrete heams using the fatigue Etoperties of
the constituent materials, namely concrete, prestressed and
non- prestressed steel. The nddel takes into consideration
the following: 1) cyclic creep of the concrete in the
coapression z2cne, 2) cyclic creep or strain-softeninq\of
reinforcing and prestressing steel under cyclic loading, 3)
progfgssive decrease of stiffness contribution of tension
zone concrete. The author proved the adequacy of his model
by conpariné its results to previous experimental research.
In conclusion the author nention;d that the prcposed method
conpares favorabiy. with experimental data but hoping that
with the availability of more experimental data and better
understanding ¢f some of the éomplez behaviour, the podel

can be further sisplified to expedite design calculations.



2+5 Dynamijc Bespoanse of Comwposite Bridges and_Plates:

Although the above research topic is not directly
concerned with the one presented in this publication, the
atthor felt that the experimental tests and procedures
discussed ip two ©papers presented a meaningful aid to this
investigaticn.

‘In 1984 Grace and Kennedy presented research ccncerned
with the dynalic-fatiguévresponse ,0f continuous composite
kEridges. Experimentally, four, tests were conducted to
deteraine the dynamic-fatigde characteristics: 1) the sveep
or sine-vave test, 2) the log-decay test, 3) the normal-mode
test, 4) the resonance fatigue test. From the results it
vas observed that dec£ cracking fproduces a substantial
reduction in thé-'natucal fregquencies of the structure.
Puct hermore, a study of the dampiny response cf the cracked
model revealed a damping ratio of atout 3 percé;t. Also,
fatigue loading close to the resonance frequencies can cause
very rapid increase in the stress range, thusr leading to
sudden failure of the structure.

Grace and FKennedy (1989) investigated the dynamic
response of orthotropic plate structures with f{xed-sinply'
supported an@ free-free bouﬁdary conditions. A very similar
experimental testing procedure to the one above was

folloved. The analytical results, verified by experimental

" test results, confiram that for this class of structures the

/
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patural frequencies teyond the £first cannot be reliahiy
estimated by beam theory. 1In conclusion they mentioned that
a reliable estimate of the lower natural fréquencies ot such

structures will make it pessible to design against

resonance.



Chapter III

THEORETICAL ANALYSIS

3.1 Geperal

The finite element wmethod is generally-acceptable for
deducing the natural frequencies and associated mode shapes
of vibration of structural wmembers. The basic idea behind
the finite e€lement method is to divide the structure,‘ body.,
or region teing analyzed 1into a large number of finite
elements. These elepents are connected together at discrete
podal points where continuity is expressed.

Two finite element computer prograss, SAP-IV and
STRUDL—D!;;l, were adopted for the theoretical analysis of
prestressed caoncrete teans vith or without orenings. A
trief description of .each program is presented in this
chapter followed by the area of application that each one

was used in.

2.2 strscteral Apalvsis Computer Prodram SAR=IV

SAP~-IV, the Structural Analysis Prograa Aeveloped for the
Static‘ and Dynamic Besponse of Linear Systems at the
University pf California, Berkely [1974) ¥as used to

determine the natural frequencies and mode shapes of
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vibration of =solid prestresséd rectangular concrete beans.
The first version of SAP was published in Serptember 1970.
Kork was then continaed té produce an improved static and
dynanic analxsis program resulting in the release of SAP-III
at the end of 1972. In relation to SAP-III, the current
version SAE-IV bhas improvements throughout, .such as a
variable opowmber of ©podes for thick shells .and three
dimensional e€lements, as uel; as out of core dirtect
integration for tiee history analysis.

A three dimensional bean element which coaplies
' completely with beam theory was used. Pigure 3.1 shows the
aséociated_nunher of degrees of freedom and the local axes
‘orientation for such. an element with respect to the global
axes. Since cnly flexural modes were of,inte:ést the beanm
elements were restrained froem novinq in directicn 3 and from
rotating about axis 2 and 3. The beam model comnsisted of 19

bean elements and 21 nodes as shown 1n Pigure 3.2.

3.3  structuzal Desiqn Landnage Compute froaras
SIBUDL=DINAL
The original vérsion of STIRUDL was developed and
initially released by the Massachusetts -Instituté of
Technology [MIT). McDonnell Douglas Automation Conpany
(MCAUTO) provides a much enhanced version of STRUDL compared
to the one develéped by 8IT. In particular, a major

{

o
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enhancement has been the imrlementation of a reliable
dynamsics analysis capability. The dynamics pbrtion of
STRUDL is <called STRUDL-DYNAL {1985). This rprogram 1is a

'series of subprograas fcr solving different dynasic probleums
in structural ‘engineering. The commands are interp;eted by
the 1Integrated Civil Engineeriny '5ystem (ICES). These
commands are made of engineering words w#hi®h are.available
in the coamands manual. -

This progranm was used to conduct a theoretical parametric
.stuay on prestressed concrete Leams. The investigation

;onsideced a pumber c¢f factors which <could irfluence the

natural frequeancies ard mode shapes of vibration. Such
factors consisted of: . /
1. The influence of different opening , length  and

4

-

location.
2. The presence of more than one gpening.
i The use of different beam cross sections (T- and T-

secticns).

- 32321 The_Ipnfluence of Length_and lLocation of Openings
1
Two opening locations were chosen for the.investigation
dealing vwith beams of rectangular cross sectiocs; one was

vithin the shear span twventy four inches  away from the

support wvhile the other vas centred about the midspan.

.
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3.3. 1.1 Beams ¥ith Openings in the Shear Span (Sidé

Opening) |

Eight different cases were investigated. One case
represented a solid Leam while the others vere for beanms
with openings varying in 1length from 4 to 32 iﬁches and
having a copstant depth.pf 3 inches. Figures 3.3 and 3.4
show the associated number of degrees of freedom and the
local axes orientaticn with réspect to the glcbal axis of
Plane Stress Rectangular (PSRE) and Constant Str&in
Triangular - [CSTG) elements. Figurg 3.5 shows a ;ypical
finite element mesh which was ased inm this series of
investigaticans. This mesh consisted of 59 elements and 92.
nodes which wvas used for the analysis of a 24 inch ty 3 inch
opening. Alsa Table 3.1 shows the different cases studied

shoving opening sizes, location-and bean dinmensiobs.

3.3. 1.2 Beans Nith Openings at HMidspan

Here four different opening lengths were investigated.
The length varied from B8 to 32 inches at an increment of 8
inches while tﬁe degth was Kkept constant at 3 inches.
Figure 3.6 shows a typical finite -element-mesh - which vas
used in this series of investigations. This mesh ccnsisted
of 70 elements and 160 nodes, The elements employed in the
mesh are identical to the ones used previously. Table 3.2

lists fhe different cages considered.
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3.3, ¢ Beass §ith More Than One Opening

Ail the teans considered in  this  part of the
investigaticn contained two openings with varying 1lengths
and locatgd in the shear spaﬂ,= with a constant depth of 3
inches. The first cfening was 1ocated.at 24 inches away
fron the support. and was followed™ by a vertical chord ;hich
sepacated the two openings. The chord's lengtb varied from
4 to 16 inches in all the cases considered. Talkle 3.3 shous
the three cases investigated and Pigure 3.7 shcws a typical
sesh for the analysis of a bean contaiuing an 9 inch by é-
inch- and-a 12 inch by 3 inch openings. ‘ This mesh éonéisted

of 61 elements and 92 nodes with all the elements being

identical tc the ones used previously.

-

3.3.3 Beams Having Different Cross Sections -

The influence of different team cross secticns [other
than rectangular) on the natural freguencies and mode shapés
of vibration was investigated. T- and I-beams rrovided with

openings at midspan vere considered.

J.3.3.1 T-Beams With Openings at Hidspan

Two different T-beam‘cross sections were considered 1in
this part-of the investigation. 'In one <cross section the
dimensions cf the top flange uére relétively_la:ge resulting

'in the neutral axis lying well within the .flange while the

cther cross section contained a smaller flange with the

L,
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neutral axis falling within the web.  Four different‘cases
uere‘considered for the first cross section ard two others
were studied‘ for the second cross séction irefer to Tablé
3.48) - The vek of the cross section was made up of PSR and
CSTG elements while the flange coﬁsisted of a new Linear
Strain Bectangular :LSR)' elerent. ‘ Figure 3.8 chows the
associated nuaker of degrees.of ireedom and  the local axis
orientation of the LSE element ‘uith respect to the global
axris. | Also, Pigﬁre 3.9 shows a typical finite element mesh
vhich vas used for a large flange seétipn haviog a 32 inch

ty 3 inch ofpening at midspan.

3.3.3.2 I-Beams ¥ith Openings at Hidspan

Three different cases vere invaégigatéd herein.. One case
réprésented a solid beam while tpe othérs were for beamé
uith_opénings varying iq 1en§£ fror 16 to 32 1inches and a
~depth of 3 inchés ‘refer to Table 3.5). PFigure 3.10 shows a
typical finite elguénf.mesq which vas uséd for the case of a
32 inch by 3 inch opening. . The sanme 'eleie;ts _used
pféfiously ?or a T-beam were again used here with the odly
difference teing the addition of a tottom flange-consisting

. .

of ‘a number of LSR elenents.

3



Chapter IV

EXRERIMENTAL INVESTIGATION

8,1 Genega}

Experimental tests were carried out on six siaply
supported fpost-tensioned prestressed concrete beaas with
cpenings. Figure 4.1 shows -the overall beasm layout and
Table 4.1 1indicates ihe dimensions, opening sizes and
location, eccentricity and amount of prestressing force and
the experimental ultipate coapressive strength of concrete
for such :}eans. The mpain objective was tc study the
behaviqur of such structures under pulsating 1loads. The
main issues of thé iﬁvestigation vere the overall dynamic
characteristics of the beams and the local behavieur of the
fopeﬁing region vhen subjected to vibrational excitation.

The experimental work consisted of five tests:

1. The free vibration hammer fest;
2.. The sine wave sweep test;

3. Thg hatural frequency test;

4. The log-decrement test; and,

S. The fatigue test.

Ssuch tests provide information on the dynamic response
such as natural frequencies, material damping ratio, mode
shapes and associated fatigue strain ranges.

- 32 -
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3.2 Baterials

4.2.31 concrete

All concrete mixes used vwere coamposed of high early
strenéth cerpent, coarse aqqgregates, fine aggredates, sand
and water. The. bigh early strength -portland ceaent
accelerates the hydration process which is accompaniaed by
rapid hardering and rapid development of streogth. This
nade it possikle to test the beams'éﬁortly after casting.
The coarse aggregates consisted of cru;hed‘du:able stone
having a maximua diameter of 01“ inch {10 am) and a ainimunm
diameter of 0.2 inch [5 mm). The fine aggregates consisted
of small stones vith a maximum diameter 0.2 inch (5 mm).
Fine sand was used and care was taken to make sure it wvas
free of chesicals, coatings of clay and fine asaterial that
may effeét'hydration and in turn bond of the cement paste.
Natural tap water having no impurities wvas used. Water
cement ratics of 0.43 to'o.us vere required tc achieve the
desired concrete compressive strength of 6000 to 8000 psi.
Three 6 inch by 12 ioch cylinders wvere cast fcr each bear;
such cylinders vere tested at the first day of heas testing
to detersine the concrete compressive strength; *fAppendix A

conhtains the concrete mix design) - —-
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$.2.4 3teel

2.

3.

8:253

The forms ccnsisted of 3/8 inch (19.1 mm) thick plyvood.

The follcwing types cf steel were used:

High tensile strength prestressing wires having a
dianéte: of 0.276 inch {7 om). The ultizate strength
as docusented by the manufacturer was given as 255,000
psi 11760 MPa). The above value was <checked in the
laboratory, and the-results were in gocd agreement.
Bach wvire had bne end deformed as shown 1ic Figure 4.2.

#ild steel stirrup bars having a 3/16 inch (4.9 ma)

diametér.
Two epnd steel beafing plates, 3/4 inch (19.1 =a) thick
vere used to distribute the prestressing force over an
area ¢f 3 inch ty 8 inch (76 am by 203 mm) at each end:

of the beams. Figure 4.3 shows such a plate.

Zorswork

After the wcod was cut to the appropriate dinénsions, 1.5

inch wood screws were ?sed to keep i1t together.
- - — .

3,2,8 Other Baterials

1.

The following jteas vere used during beam preparation:

Plastic tubes having a 7/16 inck (%1.) ax) dianmeter,
vere properly greased with oil:and used to house the

prestressing tendons during the castingy ogperation.
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2. Small steel chairs vere used to rest the tottom of the
stirrups cn to provide the appropriate clearance froa
the bcttem of the forams.

3. Thin steel wire wvwas used to tie the stirrups to two
1/8 inch (3;2 mn) diameter mild steel reinforcing bars
at the top of the beam to keep then iu'place.

4.3 Exper imeptal Equipment

: " R
4,3.1 Post-tensionjng Equipmept
the following items were uﬁed during the post-tensioning
aperation:

1. A hydraulic jack having a capacity of 20 kips {89 kN)

was used to tension each cable separately ‘to the
- desired force. Figure 4.4 shouskyhe jack.

2. Anchorage vedges aad cflinders-of the open gqrip type
vere used to anchor the tepndons atfter tensieninq then.
Refer to Pigure U4.5.

3. Two steel end bearing platés 3 inch by 8 inch (75 anm
by 20C =m) having a thickness of 3/4 inch (19 =mm) were
used at both ends of the beans to distribute the
prestressing force over fhe ehtire bearing area and in
tnfn put the concrete in a precompression loading
staté.

4. Three cylindrical wire load cells vere used to monitor

the prestressiny force in the wires during and after

post-tensioning (refer to Pigure 4.6).
. i\

2

W
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8;3.2 Vibration Loading Systes

The Gilmore closed-loop electrohydraulic system was used
to control the jack operation during al}&?hases of loading-

Looking at the Gilmote structural lcading system in more
detail showed that it can be classified into:

1. An electronic console unit vhich includes
servo-amflifiers, signal conditioners, rate
proyrameers apd a -numbers cf cther features such as a
pump cn-off switch .and a cycle counter =®odule (refer
to Figure'u.7).

2. An actuator, wmodel 433-20 having a built in position
and velccity feedback transducers plus.an external
static-dynamic loadcell ![refer to Pigure 4.8).

i. A 20 GEA hydrauiic pump-

The electronic console unit frovided complgte ccntrol ;f
the jack displacement and fréquency of loading wvwhich in turn ‘
laintained the applied load constant during testinj. The
followving is a brief description of the console controllinag
features:

1. Servo amplifiers controlled the servo valve cn the
actuator wvhich ip turn controlled the rate of o0il flow
into the actuator. They also contain tbe Jjack gain
and dawping controls.

2. fvo signal conditioner models u2§ and 416. &he model

429 vas primarily responsible for generatirng the
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required wave function accommodating the testing
frequency range ¢f 1 to 22 Hz. The model 416 position
siénal conditiopner controlled the mode of the actuator
tnrough‘ the gain ;nd phase adjustﬁents. When the
conditioner was ©placed in displacement contgol mode,
the actuator LVDT output §igna1 was fed directly intd™—

the servo—-amplifier and from there out into a volt

meter for displacement monitoring.

- H.3.3 Actuators
The Gillcré model 433-20 kip !89.9 kN) hydraulic actuator
vas used in all the experiments. The actuator uas‘fupported

at the top t& the structural flanges of the frame as shown

inyFigure 4.9. Due to the fact that the travellinjg stroke
of the actuator's rpiston was so small Yin th higher
frequgncy r&ngg\yhen Icomparéd to the beanm's diSplacement
amplitude at - the nunatural frequency, new loading
arrangemeﬁt had to be worked out at the HYottom end of the
jacka The arrangement used consisted qf‘tuo steel pieces,

- —

.one installed on the jack and the other installed on a steel
plate resting on the beam's point of loading. Both ‘pieces
vere lined up by a yroove that fits into the top piece on
the jack. Pour springs having a stiffness of 790 1b/inch
(0.1383—‘;H/Il) were housed iﬁ tetween the two sfeel
compopents. With the aid of the LVDT amounted on the jack, a

desired displacement vas applied by the jack onto the
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springs which in turn transeitted a constant léad to EEE
beam's surface. The steel piece resting on the top of ghe
team wvas supported to the bottom concrete surface by using

grooved #ild steel bars, steel fplates and nuts as shown in

Pigure 4.10.

4,3.4 Supports -

The beams were simply supported resting on steel -rollers
having a j inch (75 mm) diameter wvhose housing vas welded
anto T flange sections vhich vere clamped to base‘suppo?ts-
The enJZ of the concréte beams wvere/ tied down Ly ue;ns of a
small piece of steel pipe resting on thé top concrete
surface., It was supported by two U shﬁped grooved mild
steel bars cne at each end of-fhe pige runnihg right througn
the‘supporting flanjes and fixed by nuts as shcwn in Pigure

4.11. ¥

84  Rxpserimcptal Ipstruseptatjon

Due to the scope of the research project a larye nuamber

of sensors and instruments was used to acccamodate the

4

desired measurements and analysis. The sensors employed in
the investigation included dynamic-fatigue corcrete strain

gages , plezoelectric accelerometers, linear variable

*

differentinl transforoers and tendon loadcells. The
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instrumentation used included the  Megadac 2000 dJata
acquisition .systen, F?I_dynamic analyzer, accelercmeters

power supply and IBM picrocoaputers and aainfrawes.

4,8,2 Dynamic-Patique_Concrete Strain Gages

The strain gages used to monitor the entire experigental
work were cf the typé “RAE-06-750FF-350, manufactured by
Micro Engineering II (ME2). The reasons for selecting such
a gage were due to its capability of measuring st?ains up to
3% elongaticn with an accuracy of 5%, fatigue life of 10
aillion cycles at 1500 microstrain and gaye length of 0.75
inch !19 am). Rélatively speaking, the gage length”was
small uader ihe classificas}on that concrete strain gages
fall under but was necessary due to the high puaber and
sounting of the strain gages around the opeaing. Refer to

figure 4.12.

Before any - strain yages were mounted, the concrete

surface was prepared by applying an epoxy of high durability

and streangth (RTC); it is prepared by sixing ‘egual
quantities Ly volume of activatcrs A and B. The gpoxy's
" main functicn is to fill up the surface/goids to create a
smooth surface before the strain gages{;pé mounted. After
smoothening -¥he surface the gages ueEQQ:!Funtéd using
CA-200S)L adhesive and catalyst. A tPree-uire\ systeam was

used to monitor the gageswfu;th each vire containiag seven

conductors. One end- of the vires was soldered cnto the gage

&
’ L0
-

Pt
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terminals (tlack and white wires on one terminal, red on the
cther) twhile the cother end was connected to the SCI
excitation boxes on the Megadac. After the couplgtion of
the soldericg operation the yayes were protected ky applying

Folyurethane coating which was left to dry for onme day

"followed by a second ccat of Gagekote #5.

4,%,3 PRiezoeleciric Acgelerometers

Dytran mcdel 3100A 25(g) acceleroaeters were used in all
stages of tﬁe expefimental investigatioan. Pigure 4,13 shovs
a typical ‘accelerometer. Inside the sllver housing, ‘the
accelerometer's twvo main parts are self generating guartz
crystais and a seisnolc mass ‘similar to a single degree of
freedom spring and mass systenj. The guartz crystals are
prelocaded to a specific force, such a force would vary
depending op the type of the accelercmeter used. Wwhen the
tase of the accelerometer is subjected to any acceleration,
it is autowmatically transferred to the omass through the
crystals creating a force equal to the mass times the
acceleration tase¢d on Keuion's second lawv of wmction. This
tfansfer of acceleration- releases some of the preloaded
force in the gquartz crystals; such a change in force is
converted to a low iapedance electronic _signal having a
voltage laén;lude'proportional to thé measured acceleration.

Such a signal is fed into an amplifier and frcm there into

an A/D converter. The voltage ocutput range momitored in all
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the experiments wvas between +2 volts, while the
accelerometer sensitivity vas about 100 av/g aver a
frequency range of ' to 3500 Hz at 0.5 dB.

One 1inch {25.4  mm) by 0.5 inch (12.7 am) stiff
plexi-glass cylinders were used for acunting the
acceleroneters; Each cylinder had a 0.159 inch (4.0 mm)
diameter by 0.25 inch (6.35 nmm) deep threaded hole driliei
in the niddle of its ‘apper surface. After securelf fixing
the bottom c¢f the cylinders to the smooth concrete suyrface
by a S minute epoxy compcound, the acceleroaeter vas agunted
in place by screwing the.stud at its base into the threaded
hole and tightened so that no dixfe:en{ial movement existed
tetwveen the accelerometer and the plexi-glass cylinders.
Voltage reading$ were transmpitted to the power sujply by
co-axial catles &@podel 6010 having a BNC connector at the
power supply end and a aicrodot cocnector at the

accelerometer end.

48,4 Linear variable Differential TIADSLOLMeSSs

A1l the LVLTs uscd vere of the D-500 series made by
Schaevitz em limited. Six of the LVDTs had a displacesent
capacity of ¢1.0 inch while one- had a £0.5 inch capacity.
such sensors were excited by voltage_supply modules (SCV) on
the Megadac. Approximately a t7.0 voltage outfut ramge vas
nqnlta;ed and digitized for all the displacements

encountered in the experimental work. Each LVDT was aounted
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very similarly to the accelerometers with the oanly
difference being the fixaéion of the outside «c¢ylindrical
LVDT surface to steel flanges by using magnetic wechanical
arms identlcal to the opes used tc support static dial gages
as shown in P§gure 4. 14, The threaced rod that is-inserted
into the bored core of the LVDT was mounted into a 0.5 inch
(12.7 am)} Ly q;?E inch (6.4 mm) stiff plexi-glass cylinder
which was glyed onto the concrete surface. Any differential

movement” that is detected by the rod after the LVDT 1is

zeroed is <sent to the data acquisition unit as a yéltage_

signal where it was digitiipd and stored on .amass storage 31

tapesa. v

8.%,2 Prestressipng loadcells

Three cylindrical loadcells were used to measure the

prestressing force in the steel tars during both jacking and-= -

beam loading. . The loadcells wvere excited by {SCI-884-350)

current energization ‘'modules on the Megadac. The maximum

available 400:t% gain setting wvas used for such sSensors.

Figure 4.15 shows a tyrpical calibration curve for load cell

427,

. Lo
8.8, 6 Hegadac 2000 pata Acguisition Onit

The Megadac is a flexible waodular data acquisition and =

control systes, it esbodies numerous options necessary for

accurate dynasic capture of anﬁlpg data from a vwide range of

-~
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active and rassive transducers (refer to F;gufe 4.16}. A
nuaxber of tke options were particularly useful in setting up
the experiment during and after the prestressing cperation .
and in cagpturing specific expeffﬁental data during ‘the
dynazic and fatigue testing. The wuanit ha a wmaximun
sampling rate of~26;000 samples per second and :\:;;;cityof
128 channels of iafput. only 6uﬁ'£pput channels vwere
available in our systen ‘vith 43 of them used in all the
éxperinents. The sampling rate used wvas equal to 120 cycles
per second in the burst mode ![an opkion available n éhe
Begadac which allows it to sample all the charnels tLe
same time increment), such sampled data was stcred on a 300

foot (91.5 m) long 34 magnetic tape cartridge h;ving‘ a
capacity of ahou# 30 pega bits. . |

The Megadac's front panel keybcard and display allows i;
to ~ coperate as a "stand-alone" device vh;le. conductingéj
experiments which is an iméortant added feature. - A number.
of signal conditidﬂing and bridge complétion modules are
avaiiable "en the' Megadac. The following 1is a briéf
description of the availab}e ones.
1. Your 16 channel analog to  digyital  irput _yodule%

(ADE}G1HD) - with differential inputs and RE .1nbut

scaling ranges with a maximum system gain. of 400:1

<

{1:1 gain being $10 velts).
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2. Four congtant current energizaticn mcdules
{SCI—EBH-&SO) for strain gage and loadcell excitaiion,

vith each module providing eidht constant current
p;irs. Each current pair (A , B} is made up of tvo
ﬁrecision current sinks carrying %2.9285 °sA each and a

350‘ cha - bridge completicn connection for. quarter
bridge operation. -Figure u;17 shovs a quarter bridge

- 3-wire current. energization scheratic circuit diagran

fér strain yage excitation vhile_?igure 4.18 shovs a

full bridge current energization schematic circuit

diagram for loadcell gxcitagLon.

-

5. TVO ccbstant voltage energization ‘modules (SCV-884).
' Bach wmodule’ is capabfé‘df supplying 12,10,8,6,4 or 2
;olts éepending on the type of sensor uged. Such
modul es are desSigned wonly for full bridge application.
Pigure 4.19 shows a typical‘ voltage energization
schematic cir&uit diagrai for LVDT excitation.
Before the negadac was used for data sarpling, tvo
expe:ilental tables were .set up through the ftonf panel

keyboard (tke mode and scan tatles) and saved in battery

protected CEOS amenory.

cosputer. This is particularly inporfaniﬂfh‘-ata reduction

and analysis operations. and for the control ‘of the Megadac
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by a computer through an RS—232Ainterfacé; The scan table
cont;ins input-output channel processing informaticnm for the
Megadatc.- "It is composed of two sections, tase and scan
entries. Tge base entries section contains information
ﬁhich applies to all scdn’'entries; ex. , number of channels,
sampling rate and mode of_Asarpling. The scan ent;ies |
section contains processing information pertaining to the
mapping from hardware A/D ports to positions in the recorded

| data block. Each scan entry contains a‘channel port address
(nuater) wvhich is used for extraction of data samples, a
high low limit which is used for starting and stopping the
recording fprocess {depending on user preset triggeriny
linigﬁ); ; Fost gain option and an autobalance value
display. A1l data 4%as reécorded using a high 12 bit
resolution mode; aiso - for'reduction purposes a 19.2K baud
rate was"uéed for data transmission to the hcst conputér.
If any more detailed information is needed vwith regard to
reco;ding and transnitting‘of the experimental data flease
refer to.Appendix B. | -

In, order tao espabliéh circuit connections between the
Béqadac andi the experimental seasors, four terpinal boxes
designed'and built by the electronic design centre at the
University of'windgor, vere used (refer to;Pigure 4.20) .

These¢ boxes con?isted of:
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1. Ao A/LC tersinal box having 144 gold plated terminals

| representing four :AD-161uDj ‘modules each bhaving 16
channels (32 terminals) and 16 ground'terninals-

2. Two SCI termipal toxes labeled - SCI~1 and SCI-2 having
64 gcld plated termirals each representing’ four
(SCI-EB4~-350) modules each having B8 ‘channels (32

{tereinals).

_3. An SCV terminal box having 72 gold plated terminals
represéntiqg tvo (SCv-884) nmodules bhavirg B channels
each {32 terminals) and 8 ground terminals.

All of tte modules at the back ot the Megadac consisted
of a 37 pin conoector. Cables with an oppcsite 37 pin
connector to the KMegadac's at oge end having appfopriate
vires soldered onto the terminals iéh-the boxes at the other
end xyere used.

To qeneraiize the circuit connections to any apgplication

a 49 pin ritbco connector vas used to externally connect the

A/D box to the SCI-1, SCI-2 and SCV termisal botes.

8.4.7 PPT_Dypamjc Analyzer II_ (SD375)

The model SD375 dynalic analyzer is a stand-alone, hard
wiced, dual chamnel instrument that combines a 400 line per.
channel analyzer, .'aqd a dual trace roster "scam crt 'ino a
single portable unit :nanufactured‘ by-gcientific Atlanta

spectral Dynamics Division in San Diego).  Refer to Figure

421,

»
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The instrument is a microprocessor base PFT analyzer aJd
signal processor that acconmodate$ front paﬂ 1l selection of
twventy one fféqnency ranges.covering 1 to 100 - kHz for data
'analysis; It con;ains a 12 b?t analog to digifai‘cbnverber
and a re'soluticn of 1024 d:i.nté in time domain and 400
data .lines in freguency dosafh. The SD375 contains a built
in avq?ager fgr signal to noise.enhancgnent in the frequency
or time domain. , The number of averages can be 5pecifigﬁ by
the number of enseables (N) or total averayingy time (T} to
the nearest second which is entered through the keyboard and
can be any integer nusber. When in linear averaging aode,
" the FfT analyzgr perforas a linear average {ideal

integrater) uptil the eselected _number of averages has

been reached. Also the pectrum information is normalizel

at each stefp of the nuster
2N .
onto processor memories M

of averages pecformed and stored
or M2. ¥hen in fpeak averaging
mode, the FPT retains the highest level in.each of the 400
fiiter locations. |, inforl tion fgf all filtér‘locations is
updated every 100 or 200 d: liseconds depending if single or
dﬁal ch&nnel. procéssing has been xselected and stored onto
processor memories M1 cr M2.

The 5D37°5 las'used in two stages of the work, the first
teing during experiments vhile conducting the bammer test,
and the other during data analysis. To establish

comsunicaticn Letwveen the PFPT analyzer and the Megadac, the

-
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D/A card on the back console of the Megyadac vas connected to
the’ input BNC connector on the frcnt panel.of the analyzer.
After capturing the beam transient response while
conducting the hammer test, the plot available on the scan
crt was duamfped onto a video hardcppy printer fSD422) which
was connected go.a copposite video BNC connecfor on the back
of tPe FP& analyzer, After data transmission  and analysis,
plots shoving team frequency sfpectruas, ‘decay envelope and
mode shape acceleration values were available. FPT analyzer
front panel qptioﬁsl allowed the plots to be dumped onto an

HP fplotter which. wvas conpected to an IEEBE 488 aultipin

connector on the Ltack of the analyzer. Figure 4.72 shows a

typical dual channel'plot. and a brief descriptich of the

displayed variables.

8,428 Accelerometer Pover Supply .

Dytran model 4721 power unit for goltage pode 2-wire
acéeleroneters vas used '‘refer to Figure 4.23). . - Tﬁe unit
contained a regulated DC. power supply and 12 ‘channels having

an adjustable constant current circuit of 2 tc 20  wmi. A

la;ilul voltage excitation of up to 24 volts DC can be

supblied by such a unit bu£ only 12 volts DC was needed for

the specific acceleronet{%i/mgffd. The front ¢f the power

<

supply contained 12 output BN connectors \*hich vere
L .

directly c¢cnnected to the A/D modules on .the data

acquisition unit, while the rear contained 12 input BNC
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connhectors for energizing the accelerometers. A channel
sonitor/ swvitch was availlable on the front cf the power
supply pnit to indicate the valuve of the energizing vcltage

teing supptied to the accelerometers.

4.4.9 IPN _HNMicrocomputers _and Nainframes

Ao IBM personal coaputer was used for bota data reduction
and transmission. The microcoamputer was interfaced vwith the
data acgquisition unit ‘via an BS-232 port with fhe data
reduction operation being controlled by company written
csoftvare for the Megadaca. After the data was reduced and
stored on disk, it was again transmitted to the University
~of Windsor's IBN mainframe for reorgapizatiom and plotting
for its fioal representation. Such an operation was done by
using an external modem interfaced to an RS5-23Z port on the

sicrccomputer and using an intertalk software called X-talk. .

4,3 Prepagpation of the Tested feams
The followipg is a list of the beam fpreparation E;riod:
1. Pirst, the top, bottom, side and ends of the forms
were cut to the desired leagths from'an 8 feet by 4
feet Lty 0.75 inch (2.44m by 1-22a by 19.1ma) plyvood‘
sheet. Thrée 0.5 (12.7 am)  inch holes were drilled
into each end pp pass through the plaﬁtic tubes
ﬁousing ihe‘pregéééssing tendons. .= After applying two

coats of o0il to the inside of the plywcod to avoid

1



N

50
sndesirakle bond with the concrete and lea;ing it to
dry for one day, one inch screvs were used to put the
side and bottor fcras together.

After preparing the number of required stirrups fron
3716 inch (4.76 me) mild steel bars, they vwere
distributed ¢throughout the length of the bean
according to the shear reinforcement design (Appendix

C contains the truss analogy design methcd wused for

stirrup spacing at either side of the opening) - -The
stirrups wvere tiéd onto 1.5 inch (38.1 am) steel cable
staples which were nailed into fhe bottom forao
providing the needed concreﬁe clearance cf 0.75 inch
{19.1  uar). In order to keep the stirrups in a
vertical position, two 1/8 inéhf(3.18 mp) mnild steel
bars were tied onto the top of the stirrugs. Hefer to
Figure 4.24. “
Three prestressiny tendons were cut about 4 feet (1.22
m) longer than the beam length to p}cvide enough
jacking ‘distance during the prestressing operation.
The bars were then inserted into 0.375 iach {9.5 ma)
exterpal diameter plastic tuqﬁg.

The outside surface of the tubes was well greased
and tied down to the stirrups at the proger locations
(two at the bottom and one at tﬁe top) . After making

sure that the tendons are tied down securely so that
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no movement occurs during ;he casting operation, the
top and end fcrass wvere screwed into the side and
bottos foras respectively. After cleaning the surface
of the,presﬁfessing bed, two sheets of plywood were
placed tetveen the side form and the bed to form a
nére even pouriny surface. The beaa vas then traced
to the bed sides by 2 inch £y 4% inch [S0.% om oy 101.6
mn) wood pieces to keep the sides straighkt during the
casting operation and a styrofoam' piece baving the
desired opening dimensions was ylued ontc the inside
of the side form by 5 wminute epoxy. refer to Figure
4.25-
The required weights of all tﬁe concrete ingredients
vere grepared. Initially, all the ingtedients vere
mixed together ip the concrete nmixer eicepﬁ for the
the water which vas added in stages until a uniform
mix resulted. Curing the casting operaticn, care vas
taken to make sure that appropriate coapaction
resulted by vitrating the concrete with special
attention teing given tc the ends and around the
opening. AMfter casting the beam and three 6 ianch by
12 inch {152.4 ep by 304.f2m) cylinders, all surfaces
were given a smooth final finish by hand troweling.

Approximately three hours after casting, vet burlap

and nylon sheets vere placed on the concrete surface
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te moist-cure 1it. Such a curing operation continued

for two days untii the concrete surface seeaed
sufficieptly vet. The three concrete cylinders were
stripped and put in a water La in the curing rooas
after one day of casting.

After letting the beam air-cure. ftor ore day, the
styrofoar was removed and the surfaces around the
opening and at oidspan were prepared by applying RTC
epoxy to them and letting it dry for one day. The
concrete rfaces were ©[prepared to a final -smooth
finish by ng an aif povered sanding ggn-/‘ The
strain gages are then mounted 1in the desired
arrangement and protected agalost any damage by
applying two coats of Pblyurethane and Gagekote #5.

The prestressing tendons and tubes were fpulled out of
the Leam then 1t was rotated 90° to stand on itg
bottom surface and the top, side and end forms were
renoved. The two end bearing plates wete ©placed in
position and the Frestressing b;>s\!g;e passed through
then. At one end three cylindrical uiré load cells
were placed on the tendons followed ty anchorage
vedges, cylinders of the open grip type and the
prestressing jack. At the other end anchorage vwas
ptovided by the deformed ends on the [restressing

bars. ‘All the strain gages and loadcells vere
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autobalanced by the Megadac through the SCI ter;inal
boxes before any prestressing force was afpplied. The
tendons were pulled one at a time starting with one of
the bcttca bars which vas oriéinally prestressed to
half its final force, secoand 1in line was the ther
bottom tar which was also prestréséed in an identical
fashicn to the first one and from there to the top
tendon which was prestressed to its fﬁll fcrce. After
that the dJacxing returned to the bottom two bars to
conpletg £hei: p:estressing. Note ;11 the kars wvere
tensicned to an equal force ot approximatel? 3 kips
*35.5E kN) resulting in a downward eccentricily about

—

the primary bending axis.

The beal‘ was wmcved onto the supports by a c;ane
lifiing it at two points located approxisately at 1/3
the sran frcm either end. After placing the fkeam on
the rollers and removing the bottom fcrm, it was
centred with respect tqlthe point of 1lcading. -The
ends were tied down as described in an earlier section -
and the bottos part of the 1loading asseably which
contains the springs was put in place and tightened at

centre span. All the plexi-glass cylinders needed for

accelerometer and LVDT mounting vere glued onto the

' desired points on the beam using 5 minute epoxy.
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9. All the remaining sensors wvhick consisted of LVDTs and
accelerometers were nmounted atrthe desired locations

along the beanm length and connected to thé Hegadad
through the SCV terminal tox anmd power supply ﬁnit.

Only the new cbanﬂels monitoring such sensors vere
autobalanced on the Megadac [a feature which balances

only the desired channels indicated in the scan entry
table). ¥ith the experiment ready to tLe conducteé,

all 4he initial sensor readings were saapled and

recorded on mass storage.

4.6 Bxge;;;gntalvzegt Procedure

The iesting procedure carried out was designed to
v/

,
experimentally determine J the dynaQic and fatique

characteristics of the concrete beams under cyclic lcading.
With interest teing confined to in-plane vibrational
behaviour, only the first flexural mode of vibration vas
important. Algo " because all the 'beans vere sioply
supported, the second and third flgxural modes of vibration
vere fairly high and gquite apart and vere not considered-an
important part of the investigation. In order to deteraine
the dynamic and fatigue characteristics of the beams, the
follouing-tests vere conducted: '

1. Free vibration haamer test;

2. Sine wave swveep test;

l. Natural frequency test;
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4. Log-decrement test!transient testi; and,
Se Fatigue test.

The first test was only conducted at the beginning of
every experiment to determine the location <¢f the first
three flexural nmodes of vibration vhile the next three tests
were conducted once before the fatigue test and once after
the completion of the fatigue test {refer to Grace (1986)).

\

4,6.1 Pree Vibratjop Hampep Test
The free vitration hammer test was conducted by mounting
an accelerosater at one of the centre span locations and
s;:ikihg the beam once vwith a heavy hammer in ;he direction
of the flexural glane of -bending. The acceieratibn output
vas directly fed into an FPPT dynamic analyzer flaced in the
frequency dcmain mode. The dynamic analyzer stores such a
tesponse in memory and when recalled, a plot of voltage
response versus frequency is presented. By observiug such a
plot, the flexural modes of vitration can be determined by
simply locatin§ the frequency values at which the highest
voltage response peaks appear. The magnitude cf such peaks
vas qoﬁ-of interest but only their lécation. Such a plot

vas immediately dumped onto a video output pcrinter for a

_hard copy which was interfaced wvith the dynamic apnalyzer
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8.6,2 sipe ¥av t
The sine wave sveep test vas perforzed by ccaotinuously
subjecting the beans‘to a varyiny excitation frequency which
ranged between ope and twepty two cycles pet second [HzZ}.
Ssuch a freguency range was well within t;e value of the
first flexural sdbraticn mode. The application time of each
frequency was equal in all the tests Jlapproximately S
seconds). The \data acquisition unit was continuously
sampling the data at a rate of 120 samples per cecond in the
burst. mode aﬂd recording i1t oo tape.

_With the data available c¢n tape, the Meyadac was
interfaced with FFT dynamic analyzer via a D/21 output card
on the back of the Megadac. By specifying jul@er locations
oo the card, énly the one desired chanrel data 1is
transpitted for analysis. Before any accelerometer data ;as
transmitted, a calibration signal was sent to thé dynasic
analyzer to determine the equivalent voltage value
corresponding to ' ope 'g) of acceleration. Such a
calitration sighal qu generaked using an accelerometer
caliltrater which imposes a one [9) excitation on the
accelerometer. After inputing the calibration value into
the ﬁynanic analyzei through its front panel numeric
keyboard and placing it in frequency domain aode, the

accelerometer data vas - transmitted to form a frequency

Spectrum.s Such a chart defined the beam acceleration
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response at every imposed excitation freguency at that one
specific\\}ccation that the accelerometer wvas asounted on.
Also, the natural frequency vwas very evident in such a
chdrt. Only the respcnse chart of one of the acceleroaeters
ad
sounted near widspan was produced because that is the
location of maximym acceleration and displacement under the

influence of the first wode of flexural vibraticn.

8.6.3 Hatyral Pregquency Test

After experimentally Jétermining the value ¢f the first
flexural natural fréquency as a rgiult ;f conducting " the
sine wave test, the leams were excited at®' their natural
frequency_fcr approximately 10 éeconds. Such a steady state
response vas monitored by six accelerometers mounted at

different lccations along the lenyth bf the beam with their

data being saspled and recorded by the Megadac. Such data

: A .
vas transmitted from'the data acquisition unit to the FFT

apalyzer placed inm frequency domain to determine the
lagnitude of acceleration at the different beam locations.
The final acceleration anmplitudes ‘“were then plotted

resulting in the experisental mode shapes.

4,6,8 Log-decrement Test (Trapsjent Test)

This test simultaneously follqws»ithe natural freguency

- '
test. With the bean resonating at . its natural frequency,

the load was reaoved and the‘ team'vas left to undergo a

-

|',\‘

3 +
- - ~ N .
T .
.

P
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decaying free ;ibcation. The entire period of transient
response was monitored and recorded. Such response was
transuittgd to -the PFT analyzer in"time domain and duaped
cnto an HP plctter. As 5 result the associated material

damping was determined by using the logarithsic decrenment

mathod.
8,6.5 Patjgue Test | . .

The fatigue test was carried out right after the sine

wave sweep test and continued on until the beams develcoped a

significant number of cracks and in-turn lost a lot of their =

flexural stiffpess .{very clése to failure). A The dynamic
strains impcsed on the area sur;ounding the orfeping and at
centre span sere monitored and recorded fhroughout the
loadiAg périod at selected fatigue cycles.

The .d&ta acquisition unit‘uag interfaced to an Iéu
personal = ccoputer via;an RS-232 po;i and the 'dafa was

transmitted to bLe reduced and converted to engineering

units. -Hifh,the final data ;tored on disks, the personal
. . Tt Bado 2 . «

computer yas linked up to the universityts méinf;ane for

‘data transyission. = From the:é' SAS/GRAPH was used -to

represent

¥ K

strain ve¢rsus the npumber of fatigue cycles at different

Jsuch data in graphical foram showing concrete

locations around the.cpening and at midspan-

[
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DISCUSSION ON_BESULTS

5.1 Analysis of the Dynamic Test Besults

5.1.1 Pree Vibration Hammer Test "{ B
The objective of the free vikration hammer test vas to
determine the response {natural fregueacles) of the

prestressed concrete teams before the application of any
L) -

* loading. Two different cases were examined, one having the

beans resting on the supports without the loading jack
- “l‘

resting at midspan floading'point) and the other having the

. ends tied and the jack resting at midspan. . The latter

sitdatiop sinulates the supporting and "-loading arrangement
of the beans durind the sweep and onatural) frequency tests.
Table 5.1 shouws the okserved reéu}ts tor all the beans. It

is evident that very little change occurred ir the natural

frequencies as the ofening size iaocreased from 8 to 16

»_(p_, !7 R
inches at an increment of U incHes (beams 1 to 3J). Also,

——

vhen the opening centre was moved vert‘cally proviging an
eccentricity fros the beam's peutral axis {beags 4 and 5},
the first and secon ndtyral frequency values increased

slightly. bat for all practical situations. they could be

e

=
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assumed to Le the same as the previous three beaas. As for
team #6 which contained an opening centred about aidspan, an
increase—in—+he—fundarental natural freguency was cbhserved.
Such a respcnse indicates that the loss of mass at midspan
influenced the first nataral freéuency.to a greater extent
than did tbhe loss of stiffpess (the centre af the opening
coincided with the neutral axis of the beam resulting in a
loss of stiffness of about 5%).

With fhe' loading 3jack resting 'at midspan the free
vibfation natural frequencies increased between 1 and 5 Hz
for éli the teans {(refer to Tablé 5.1) . Khat is wmost
. important is the increase of 1 to 2 HzZ th&t vas observéd in
~the first patural frequency value. Such an increase was
further verified  vhen the sine wayé sveerg _teét was
conducfed. Figures 5.1 and 5.2 Shovw typiéal free
vibratioh reé¢spcnse curves for beam #4 with and without the

jack resting at midspan.

S.1,2 -Sine Have_Sweep test

In order to determine the frequency spectrums of the
ggg}ggfpeagE; the vi&ration signature of the acceleration
time bhistory at differentllocations on each bheas model wvas
needed. Such information was obtained by sweeping the bean
models through a range.of frequencies under the influence of

a copstant forcing function. Figure 5.3 shovs a segment of

the sinusoi dal forcing function at 18 Hz. AlSc, Table 5.2

B
M
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indicates.the maximus amplitudes of such a fuancticn that
each beam was =ukjected to.

With the acceleration time history ‘xggponses available,
the Fast Pourier Transform algorithm was used tc present the
data in fregquency domain. The FFT Spectral Dypnaasics
lnalyier t55375) vas used to conduct such an operation. In
orﬁec to reduce the affects of Gibbs oscillations and side

.lobes while ccoducting the  FPT operatian, the Hamming vwindow
. function wvas used. éuch a function was available on the FfT
anal yzer andris automatically épplied to the changing input
memory before its transfer to cﬁu memory. ~ With the final

{ EE
frequency respcnse available ip CPU memory, it was recalled

onto the screen to mark th frequency with the maxisum
vibration asplitude and fro#-there onto an HP flotter for a
hard copy. -

'Botﬁ the (before) .and (after) fatigue frequency spectruams

vere of interest. Figure‘E.u shows the [befcre) fatique
trequency sgectrum of beam #1. It clearly indicates that
the team resonated at 20 Hz. such a freguency is higher

than the 18 Bz observed by the f;ee vibration bhamaer test
_uith the icading jack resting at~ﬂidspan. This can be
attributed to the fact that too much- statiG precowmpression
was a§plied to the load springs befﬁre the _application of
any dynaamic loaﬁinq (refer tp Table 5.2). This in—turd

bfbvided a bit of an elastic support at midspan resulting in

o
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" a higher resonance frequency.- with beam #1 heavily cracked
the siﬁe vave sweep test was repeated resulting im the
frequency spectrum shcvn in Figure 5.5. Ccmparing the
(before) and !after) fatigue spectruas indicated a decrease
of 1.1 Hz in the resopance frequency (refer tc Table 5.3)
and a definite loss in vibration.anplitude at all frequency
values. This 1is very evident at the resonance frequency
-
where the vibratipn asplitude decreased from 5.08 g to 2.70
gt 1g=10 n/szj. Such a reduction is attributed to the
loss of beam stiffness as fqtiguing continued which in-turn
increased the paterial viscous damping and reduced the
ﬁibration agplitudes.

Before ccnducting the sine wave’ sveep- test on beam #2,
the initial spring static precompression was reduced by 0.06
kips (refer to Table75.2). - The Cresults of such a «4est are
shpun in Pigure 5.6. The frequency spectrua indicates a
- resonance f:equenéy of 18.9 Hz which 1s almost identical to
thg'JB.B_Hz that was ‘observed in the free vibration hasmer
test. This in-turn indicated that the beam is bpo longer
being elasticaliy supported at wsidspan. . After 1.8 million
cycles of fatigue loading with the beam heavily cracked the
test was repeated. . Pigure 5.7 shovs the cortesfonding
frequency spectfun. _ Comparing the . (before) and [after)
fatigue spectruams indicated a decrease of 1 Hz 1in the

resonance frequency ‘'refer to Table 5.3) and as before a «

'
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definite loss in vibration an¥litude at such a frequency
{from 4.07 g tao 2.90 g).

Beam $#3 wvas tested under the same loading conditions and
frequency range as bheanp #2. The (before) fatigue frequency
spectrua for such a beam is 5hown in Figure- 5.9. A
resonance frequency of 17.8 Hz was cbserved which is almost
identical to the 18 FEz indicated by the free vibgation
hammer test. After 1.48 aillion cycles of fatigue loading
the sveep test wvas repeated fesulting in the freguency
_spectrunm shbgn in. Pigqure 5.9. _  Comparing the ' {before) and
{after) fatigue’frequency spectruas indicaéed a decrease of
1 Hz in the resonance frequency :téfec to Table 5.5)‘ and as‘
cbserved earlier a loss in vibration amplitude  from 4.88 g
to 3.05 g at such a fréqnengy.

Bean #4 was tested under tb;ﬁ%ame logding ccnditions and
frequency range as beags 2 anﬁ 3. The (befcre} fatigue

frequency. sgectrua is shown in Figure 5.10. A resonance

frequency of” 18 Hz was observed vhich is identical to the

one indicated by the tree vibration hammer test. ‘After 1.6

aillion of fatigue cycles the sweep test was repeated

- gesulting in - the Erequency spectrum shown in Figure 5.11..

-Conpdrinq both spectruns indicated a decrease cf 1.1 HZ in
the resonance freguency (refer to Table 5.3) and a reduction

in vibration aupiitudes at all ftequéncy values.
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The (before) fatigue frequency spectrum for beaa #5 is
shown in Pigure S.12. It is evident that the beanm resondted
at 17.8 Bz which is almost identical to the 18 Hz observed
by the free vitration hammer test. After 1.5 million cycles
of fatigue, the sweep test was repeated resulting in the
frequency-spectrum shcwn in PFigure 5.13. Ccaparing both .
spectrunas indicatéd a reduction of 1 Hz in the resonance

trequéncy {refer to Tab&g 5.3) and a loss im vikration

amplitude of. 2.59 at such a frequency.

Beam #6 was tested in an 1identical manner to beams 2

_through 5. The {before) fatigue frequency spectrunm is shown

in Pigure 5.14. The beam resonated at a frequency of 19.4
Hz vhich is almost egual to.the freguency of 19.0.Hz which
vas observed during the free vikration hammer test.  After
0.35 wmillion cyclég of fatigue loading the svweep test was
repeated resulfing in the frequency spectrusz shcwn in Pigure
S-15. Comparing both spectrusms iqdicagéd a reduction of 1.4
Az in-the resonance frequéncy (refet tgﬁ?able 5.3) and as
before a reduction in the vikration amplitudes at all

frequency values.

Examining the results for all the tested beasms ibdicated |

that there was —~hardly any ~“change in the fundamental

resonance frequency with increasing opening length and with
varying opening eccentricities for beams provided with

openings in the shear span (side openings). As for beam #5
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the fundawmental resonance frequency increased when ccmpared
to beams 2 thrcogh 5 which indicated that vhen cpenings are
provided at 1aidspan, the 1lcss of wmass has a greater
influence on the first natural freguency tpoan the 1loss of
stiffness. This same observation was confirmed by the
finite element results, discussed later on in this chapter.
Also, after Ehe con;letion of the fatigue process, a
decrease of 1 to 1.5 Hz was observed in the fundasental
natural frequency; and “a furtg?zf decrease in vibration
amplitudeﬂﬁt‘ﬁjl~frequency values ;f the spectrums curve vere
observed. Both of the two previously mentioned points can
be attributed to the fact that as the beamss lost soae
stiffpess due to cracking with ;ncreasing fatigue cycles,
the material damping incéeased cadsing reductions in.both'

the resonance frequency and vibration amplitudes. ¢

22123 _Batugra) FPrequepcy Tegt

The objective of conducting the natural fcequencf test on.
the teams was to obtain the experimental mode shages for
such structures when subjected——tov vibrational excitation at
the first natural frequency. The forcing tunction and
maximum loading amplitudes emplcyed in this tesé' vere the
sane‘as those used earlier in the sine wave sveep test. The
steady state vibration was peasured at six different
locatidns along the length of the ‘beam and eventually

J . o
plotted on SAS/GEAPH. To extract such vibration aafplitudes,
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the acceleration time histories at the first npatural
blequency vere fed into the FFT Dynasmic Analyzer which vas
placed in frequency dcaain :;ode. Figure 5. 16 shows the
acceleroneter locations aloﬁg the length of the team and
Pigure 5. 17 shows a typical frequency spectrum of
accelerometer #3 of Eeag #2 at the fundamental natural
frequency (tefore) fatigue loading. It vas ctserved that
the vibraticn levels for beams 2 through 6 ranged betwean
4.06 and 5.36 g. As for beam #1 a vitration level ug to 7.2
g vas observed. This is attributed to’ the fact that beam &1
3}spsubjected to 0.83 kips of dypamic lcading as cowmpared to
0.45 kips tbat the other beams were subjected tc.

The natural frequency test wvas conducted tvice on every
beam, . oence beforé the application of fatigqe loading and
then after the beams were heavily .cracked. ~ Pigure 5.18
shows the corresponding aode shapes for beas #1. As
expected tte pean;s deflected shape at the fundamental

freguency resesbled a half sine wave. With the beam heavily

cragked the mode shape did not change, only the applitude of

vibration decreased. The mo € shapes .of beam #2 are shown
in FPigure 5.19. As befofe therdeflected shape is identical
to that of beas #1 with the ‘only dif ference being the
lali;UI anplitude - of vibratién at midspan which HAS

considerably less due to the smaller applied load. With the

bean ﬁeavily cracked the test vas repeated . A loss of 45%

-
=
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i; vibration aamplitude was observed at aay lccation along
the leggth cf the béagc_;This is attributed to thé fact that
bear #2 withstocod about 0.6 millioa cycles of added fatigue
loading thao any otherrbeam duoe to the lower awmplitude of
loading. Such a high number of fatigue cycles about 2.2
million) reduced the stiffness of such a beam considerably
resulting in the 1loss of viktration amplitude indicated
earlier. ‘

The beam #3 mode shapes were identical to ttose of beaas
1 and 2 but cnly showed a 1loss in the order of 13% 1in
vibration amplitudes due to the fatigu%ng process. Pigure
5.20 shows such mode shapes. The 13% loss in vibration
amplitude is considerably less than the one cbserved for
team #2. This is due to the fact that the (after} fatigue
natural fregqency test was ‘conducted before the team was
_heavily cracked (200,000 cycles before failure occurred).
-Therefore ideal%y the test should have been conducted at
about fifty or .sixty thousand cycles before failure as was
the case for teaas 4 and 5.

The mode shapes of beams 4 and 5 at the tfirst natural
frequency ar€ shown in Figures 5.21 and 9.22. Again
as before both beams exhibited wmode shapes that resembled a
half siné wave with the waximum amplitude - cf vibration
occurring at midsgan. When the test was repeated with both

beams heavily cracked after 1.6 and 1.5 million cycles of
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Eatigué loading, losses of 3§ and 30 percent, respectively,
.were observed in vibration amplitude at any 1lccaticn alonyg

[N

the length cf the beans.

Figure 5.23 shovs the corresponding mode shapes for beaa .

#6. Again, " such mode 'shapes are -+didentical to the on=es
observed for Leams. 1 to S. It is evident that -a loss in
vibration arplitude of about 13% occurred due to fatigue
loading. This again caﬁ be attributed to :hé fact t?at the
fafter) fatigue nathcal frequency test was conducted before
the bteam vas heavily cracked (75,000 cycles before failure
occurred) . '
Therefore froa the cbserved results it can be concluded
that the presence of side and wmidspan openings in the beaas
tested herein did not have any lecal affecﬁs on the first
sode shape. Also, the beams deflected as expected in.a half
sine wave manner vith the maximum applitude cf vibration
occurring at midspan. Such a mode shape did hot'éhange vith
fatigue loading; only the maximum vibrational applitude was
reduced by 30 to 35 percent. In addition, the asmplitude of
vihraiion seemed to be consistent at the same locations for

teams that were tested under identical 1loadircg conditions

for toth (befcre) and (after) fatigue mode shapes.

’l

]
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Selea3at Chords Displaéelent at the ricst.uatnral Frequency

The objéctive of conducting .such néaéﬁrelents was to_
deterpine the local tehaviour ¢f the opening region at the
first natural .frequency. This \consisted of‘ displacenent
aaplitudes and overall deflected sh%pes. |

Seven LVDTs were used with foué being placed in the
cdrneré of the ¢top and Sotkom cho;ds and two cthers in thex
pmiddle of such chords. :Also, a :efecence’LVDT vas Eflaced at
sidsgan direct}y~ under;the load. The maxi;un upﬁgrd and
downward displacepent agplitudes registered by the LVDT wvere
considered as the referénce quantities with the rest of the
LVDT readings teing plcited for such amplitudes only. ﬂplots
oflthe respcnse of the opening region (before) and (after)
fatigue are pfesented for all the beams éxcept teans 1 and 3
where only tﬁe-(before) fatique responses age presented.

Figure 5.24 shofs the '{befoce) fatique chords
displacepent for beam #1. The ends af the tcp and batton
chords closer to the load”éisplaced "a total asmplitude of-
¢.3% and 0.3 inches':espectiﬁely. The maximum observed
sidspan disglacement amplitude was egqual to 0.633 inches.
The {[before) and [after) fatigué chords displacenént for
team #2 are shown 1in Pigures 5.25 and 5.26. Before
' fatigue, the ends of the top and bottom chords closer to the

load displaced 0.20 and 0.195 inches respectively with a

maximua observed beam midspan amplitude of 0.3% inches.

-
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Sucq asplitudes are lover than the one observed for bgam!1.
This can be attributed to the lower load of 0.45 kips that
"team -#2 was subtjected to instead of the 0.93 kigs aﬁplied to

tean #1. After fatigue the rean’

s loss of '=stiffness was

evident when lover total amplitudes of displacement were
-

observed for tkte chords and at sidspan.

- . . /-

, Pigure Se27 shows the . (befaore) fatique chords

displacement for Leam #3. " The ends of the tcp and bottom
chords cLbSer' to the 1load indicated a total displacement
amplitude cf 0.331 and 0.324 inches respectively. The
saximum observed total displacenment amplitude at wmidspan vas
equal to 0.53 inch;s. It is evident from the preyious
results for Leéams 1 td 3 that as the size of the o in
increased, the asplitude of the uatinﬁn q;spiacement at any
po;nt along the chords incFeased as  long as they uére
subjeqted to identical loading conditious.‘ The above
 conc1usion ’uas reachéd..ihen.thé resul£s of tLean H1 ‘vere
reduced by tbe factor of 0.45,0.8 to.be ccapatible .in
loadipg to Eeals'z and 3. '

Bean #4 chotds displagement (tefore) and (after) fatigue
at the first natural frequency are gﬁou; in Pigures 5.28 and
'5.29. Before fatigue, ihe ends of the top and botton
chofds closer to the -load indiéated a total dispiacenent
amplitude of 0.349 and 0.345 inches with a maximum observed

total wmidsgan amplitude of 0.54 inches. . Coxparing such’
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values to the ones observed for beai #3 shows - ha;dly any
change.” Therefore moving the ofening vertiéally upwvard did
-pot influence tﬁé displacément amplitudes ;cd deflected’
sha?e‘ at the first natur;l frequency when 'COIpared io
providing an orening centred about the neutral axis of the

hea!ltbean 13). After fatigue, the lcss of bean sfiffness

vas againp evident vhere a loss in displacement amplitude vas

e
observed for the cKords and at aidspan:

Figures 5;30 and 5.31 sh i the [before) and Eafter}
fatigue chord :esponsé'ap the fundaazental frequency {or wueam
$5. -Before.fatigue, the ends of the:tqp anod Lkcttom chords
closer to the load displaced a total amplitude of 0.333 and
'0-321’ in&ﬁes; Also, the maxfnun tbial amplitude of
displacesent ohservéd at m}dspan was 0.51 inches. Comparing
the results to the ones observed tor beams 3 and 4 ihdicates N
hardly any variation in displacesent amplitfedes. Therefore
as vas observed for Lean #4 earlier the movement of the
opening .'vert%sﬁlly douﬁward did _nof' influence the
displacenment aupli?udes and deflected- shapes at the first
, ﬂafurél frequency. ﬁfter' fat%gue, "the lcss of bean
stif fness was very evident wheféf much_louér aublitudes of
total displacement vere observed at every lccation ‘that
'containei.au LVDT [the chords or nihspan).~ '

Pigures 5.32 and 5.33 show the chords displaceaent.

{before) aeg'tafterj fatigue for beam #6. It is obsecrved

r

\‘.
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that the ends'cf the top and pottom chords displaced a total
aaplitude of appfoximately O0.41 and 0.42 inches. Due to
fatigue loading, the tcttom chord displacement 1ncreased'by
0.65 inches at tte twc ends apd by 0.1 inches at midspan
wvhen the ‘héal was BOvVing dcwvn at the first natural
frequency. Also, the displacement ot the two ccroners of the
top <chord ipcreased ty 0.1 1inches 'wnen the Dbeam moved
downward. Lcoking ai tbg total amplitude’ of chord
digplacem;nt (after) fatigue ipdicated a reduction in.value
vhean comparced to .the 'before) ~ fatigue aaplitude of
displacement. This reduction is due to the expected loss of
stif fness resulting fros fatigue loading.

Lookirg over the values of midspan deflectico at ‘the
first natural frequency  and comparing them to - the
theoretical static deflection'values at the <came location
under the same 1loading conditions indicated a dynaaic
magnificaticn factor in displacement of approxinatély 3. 0.
In conclusicn, it can be stated that the size of the side
opening affects the asplitude of displacement at the first
n&tﬁral frequency. The.larger the opening size tge higher
the asplitude under the saae ioading conditicns. Also,

moving the opening vertically ufp or down id rot influence

the chords displacement values when cob ared to same size

[ 3

openings centred about the neutral ax:if of the bean. No

local affects were evident when the Héams were excited at
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the first natural freguency. This is. due to the fact that
hardly any ditferential displacepment occurred at the same
locations in the top and tottors caords when the beam was
either moving uvp ot daown. After fatigue the losc of beaa
stiffness was €vident. Wwhen the chords displaced downward
at ihe.natural frequency, a larger displacement was okserveld
than the ope tefore fatigue bufz vhen the chords displaced
upvard, a euch smaller displacement was observed resulting
in a swmaller total displacénent amplitude than before.
Pinally it égsns that prbviaing the same size ofening in the
side of the beaa is better than having it at aidspac due to
the follovwing two reascns: (i) the smaller total amplitudes
of chord displacement at the first natural frequency, and

{ii) the such longer tatigue 1life observed by siie

cpenings.

5.1, 4 Pree l‘b ation_Transient Decay Test

The objactive of_conducting the free vibration tramsient
T'aecay test vas to obttain the amount of viscous danping
available in the F[restressed concrete beaas. There are a
pumber of dynamic methods that are employed tc approximate
the damping ratio. The logarithaic decrement method v;s
used herein Sach a method is wvalid for é mnulti degree pof
freedoa system provided that the beams are vitrated in a
single rode, It is fairly easy to apply by utilizing the

solution of the equation of motion for a single degree of
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freedom systeun; the patural logarithm of the ratio of an
_initially selected single peak to the nth successive single

peak 1s given ty:

1 LR ) -

A In [(X ) /7 1 X )}
270D 1 n
where: ¢ = Viscous da;ping ratio

X = accgeleration, initial single peak
1 3

X = acceleration, single peak after n cycles
n

n = nbpDumber of cycles

The free vibration transient decay test wvas ‘caonducted
tvice on .every beam rLefore the application ot , any fatiyue
loading. The final <calculated damping ratio wvas based on
the average of such tests. - Each cerrespondifg decay curve
vas obtained from the acceleration response of accelerometer
83 which vas mounted 8 inches away from midspan.. The decai
curve at the fundamental frequency tor b;an'l1 is shown in
Figure 5.34. Applying the logarithmic dec:enené aethod
resulted in a damping ratio of 2.0%. Such a daaping ratio
also included Coulomb damping due to the friction thnat
existed between the beanms and tﬁe SUEfports.

Pigure £.35 shows the decay curve for beai ’2. The

corresponding damping ratio was calculated as 1.9%. Such a
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value vas very close to the 2% calculated earlier for lbean
$1. The calculated Jdamping ratios for beams 3 and 4 wvere
i;gi and 2.1% respectively. Figyures 5.3€¢ and 5.37
show the corresponding decay curves tor these beass.

Pigures 5.38 and 5.39 shcw the decay curves for
teaas S and 6. Applying the logarithmic Jecrement zethod
resulted in the same damplng ratio of 2.1% . Therefore
there seeas tc re a steady trend of consistency in the
values of the viscous danpiﬁg ratio for all the tested

i

teans.

In conc{é}}fn it is evident that hardly any change

existed in the. values of the viscous daamping ratic betwveen
the tested Leass. Therefore, the variation of opening size
and location did not influence the .amount of damping
pfesent- . Alsc, it «can be assumed that a viscous daaping
ratio of about 2% exists in such strugtural aeambers.
Theoretically speaking, sach a percentage is_fairly low, but

for structural application it seens to be fairly reasonable.

5.2 Analysis of the Patigue Test Results

2.2.1 Genskal

In order to simplify the discussion of the vresults
observed by the strain gages due to fatigue loading, it was
decided to place the 26 strain gages isto four groups.

Group one which included gages 1 through 8 was primarily

1



76

~

responsible for monitcring the strain vdariations in the top
chord (refer to Pigure u4.12}. Group two which included
gages 11 tc 16 wvas responsible for monitoring the strain
variations 1in the vertibal dirgctious‘ within the tension
field that existed at either side of the opening. Group
three consisted of gages_]q through 24 which ronitored the
strain variations in the bottom(ggfrd-and group four, which
u;s made up of strain gages 25 and'26, aonitored the extrene
cbapression and tension fibres at wmidspan under the
concentrated lcad. Only the resuolts of beams 2 to 6 will be
discussed rherein since the original compressive strain
values due tc prestressing of beam ¥V werc no; _taken into
account befcre loading was commenced. o

The strain gage results of beam #3 snow the actual strain
fluctuation at specific cyéles of loading throughout the
fatigue life of the structure. To reduce coaputer time, the
results . of peaus~ 2,4,5 and 6 only display the -maximunm,
average "and winimum strain values observed at specific
cycles of loading throughoat the fatigue life of the beans

io addition to regression best-fit curves tor each data set.

3-2.2 The Top Chogd

Beam #2 top chord indicated increases in the compression
strain values at the location of strain gages 1, 2, 4, 5, 7
and 8 (refer to Pigure 4.12)  with increas%ng number of

fatigue cycles. The increase in comfpression strain value of



17

gage $#1 vas expected and evident vhen it wvas campared to

-
-

strain gage 23 since it was closer to the load. But when
the strain values of gage #6 wvere coampared to thcse of gage
#¢53 a lowver ccmfression strain value was found. Also, the
change in strain values observed for gage #3 wvith increasing
fatigue <cycles after 1ignoring tﬁe original . compressive
s strain value due to prestressing was almost identical to
that of gage #1 [refer to Figure 5.40). This in itself
shoved that at scme stage during the fatigue précess, the
chord®s local tending action resembled that of a Vierendeel
panel, where the corner closer to thé load and the one
diagonally across from it exhibited compressive local
bending and the remaining tvo corners teosile lccal bending.
This will be further verified when the results cf the Lottom
chord are examiped.
- Beamn ¢3 top chord résults shcwed the same trend as that
of beam #2 for all gages but indicated 1larger strain
T -_‘_isgﬁitudes at a specific cycle <cf loading and larger strain
variations with increasing fatigue cycle. This can be
attributed to the larger opening size and wsagnitude of
loading that beam #3 wvas subjected to. Figure 5.41 shou;
the strain variations with increasiny fatigue cycles of
gages 1 and 8. Both gages desonstrated an increase in

‘compressive strain ufp to failure with Vierendeel local

tending evident in the latter stages of lgading. Such local
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bending action was more evident when the results of gages 3
and 6 vere ccmpared (refer to Figure S5.42). Beth gages
showed an increase in compressive strain values up to 1.0
gillion cycles of loa&ing.but as the loading continuel,
tensile strains due to Vierendeel . local bending action cane
into play and eventually reduced such conpressive strains.
"The top <cherd of Lear #4 btehaved 1in a wmartner soemewhat
similar to that of Leanm $3. Ati early cycles of fatigue
loading, tke chapge in the strain amagynitude was the same as
that of beam #3 but as the fatiguing process continued, the
increase in the strain value with inééeasing tatigue cycle
¥as iéss than wvhat was observed for beaa #3. Gages 3 anq 6
shoﬁed increasing compressive strains up to 0.5 wmillion
Eycles oé loading but as fatiguing continued, Vierendeel
local tensicn strains of a auch smaller magnitude than the
ones observed for beam $3 cace i play reducing such
strains (refer to Figure 5.43). This was further verified
vhen the <change in strain values over the fatiyue \life of
gages 1 and 8 vas examined Irefer to Figure 5.44);‘ Both
gages indicated changes of -325 and =180 microgtrain As
compared to =-475 and -260 micrcstrain for beas " #3.  This
proved that when the opening was moved vertically upward,
vVierendeel local bending affects are not as dominant as when

N
the opening is centred about the neutral axis.
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Beam #5 top chord displaced in a very similar manoper to
that of beas #3. Gages 2, 4, 5 and 7 [refer to Figure 4.1%12)
laqnitudes.of fluctoating strain at some fatigue cycle and "
the change in strain values with increasing fatigue cycles
vere similar tc that ot beam #3. The strain floctuation at
the early cycles of loadiny in gagyes 1 and 8 was again
similar to that of beam #3 but the change in strain ‘value as
fatiquing continued before failure occurred -uas egual to
-47S and -380 amicrostrain as compared to -475 and -260
microstrain for beam #3 (fefer to Figure 5.49). This
i:dicated t hat the 1local Vierendeel bending action 1is more
evident in Lteanm #5 than in Leanm #3. Such a conclusion was
further verified wvhen the results of strain gages 3 and 6
vere examined (refer to Figure-s.uﬁ). They clearly indicate
increasing tensile strains as fatiguirg continued showing
that the Vierendeel local bending acgion vas evident from
the beginning of the fatigudiny [process. The final
magnitudes c¢f such tensile strains vere equal to +45 and
+140 microstrain for gages 3 and 6 respectively which were
such larger than the +35 and +50 microstrain cbserved for
tean #3. | Therefore moving the opening vertically downward
demonstrated that the top chord tecomes more vulperable to
Vierendeel local bending action than for beams provided with

concentric or vertically upvard eccentric openings.
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The top chord results of beam #6 were totally different
from the ones cbserved for heams 2 through 5. Much higher
strain fluctuations cccurred during the éarly stages of
fatigue loading with even larger changes 1o strain values
teing observed with increasing fatigue cycles. Figure 5.47
shows the variation of straiﬁ/:itﬁ fatigue cycles of gages 1
and 3 (refer to Pigur 4,12). Very similar response
patterns sere observed for both gagesr ui%h strain
_fluctuations of -500 and -350 microstrain occurring before
team failure occurred, Gayes 4 and 5 also displayed very
similar resgponse patterns showing a maximunm strain
fluctuation of wup to -300 wmicrostrain wearly on during
fatiguing acd smaller total chanyes in strair value vith
increasing fatigue cycles than what was observed for gages !
and 3. As for gages 6, 7 and 8 hardly any fluctuation was
observedrin the original conpressive strain values due to
prestressing under the influence of loading since the gages
vere close to.the neutral axig__oﬁ the tean. Also it was
evident that as failure approached, the bending of the
bottom fibre of th; chord especially at the chcrd's wmidspan,
resulted in thelfornation‘of tensile strains vhbich ended up
reducing the «criginal conpre;;ive strains !refer to Figure
5.48). Therefore vhen the opening vas moved horizcntélly to

msidspan, the response of the top chord was ‘just as expected.

As fatiguing continued, an increase in the strain values and

’
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variations was observed. Also, since the load wvas centred
about wmidsgan, pno lccal Vierendeel Dbending action was
evident in the top chord; only loTal tension bending was

evident at the bottom fibre of the chord just before failuare

occurred.

5.2.3 The Tepsion Pield

In this part of the discussion, the results of group two
vhich primarily mcoitored the gension field that existed at
either side of the crening i.e gages 11 to 16 (refer to
Figure 4.12) vill be examined.

Beas #2 tepsion field showed bardly any change in strain
value with increasing fatigue cycles. Also, vegy little
strain variations were observed at any cycle of fatigue
loading duringy the loading process. Pigure 5.49 shows the
‘strain variation response to fatigue loading of gages 11 and
15; gage 11 showed a variation of 35 sicrostrain at any
fatigue cycle exbibiting an undulating response to loading_
throughont the entire fatiguing fprocess resultirg in a final
strain value that was 30 'uicrostrafﬁfless than the original
prestressing value. Gage 15 shouéd a variaticn of only 40
microstrain at any fatigue cycle with a net change in strain
value of only 50 microstrain before failure occurred.

Beam #3 tension field demonstrated almost identical
results to that of bean #2 indicating hardly any variation

between the before failure strain values and that due to
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original prestressing. Figure 5.50 sbows the strain
variation response to fatigue loading of - gages 12 and 15
[efer to Figure 4.12). Both gages were onhe irch away froa
the ends of the opening at either side. From the plots it

is evident that only atout a 20 microstrain strain variation

vas observed at any fatigue cycle. Also, as the fatigue
loading .continued, unsteady variations of strain were
chserved throughouf. But such variations were conly of very

small aagnitude and did not intluence the original
Frestressing values.

Beau‘.lu results were totally different from the ones
observed for teans‘ 2 and 3. Figure 5.51 shoys the strain
variatiq? with increasing fatigue cycle of gages 12 and 13
{refer to Rigure 4.12). Strain gage #12 indicated a high
original tension value of +960 microstrain. During fatigue
loading, a strain variation of +100 picrostrain was observed
at every cycle of loading and as fatiguing continued a final
change qf +700 microstrain was evident when compared to the
original prestressihg value. Gage #13 1indicated an even
higher original tension value of +2300 aicrostrain since it
¥was closer to the opening. Again during fatigue loadinj, a
strain variaticn of +100 microsttaiﬁ was observed at any
cycle of loading and as fatiguing continued, a final change
of +900 microstrain was evident before beam failure. The

results of the other gages followed the same trend as the
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ones above indicating that by mcving the opening vertically
upvard, ragpid changes in strain in the tension field region
are induced during loading ahd therefore reguiring proper
reinforcement to delay failure within the opening region.

Beam #5 strais variations were very -similar to... those
cbserved for bea; $4. Figure 5.52 shows such variations for
gages 11 and 13. Both gJages indicated bhigh criginal
prestressing values of +1750 and +300 microstrain
respectiveiy-‘ ‘puring fatigue loading gage #11 shoved a
strain variation at any cycle of +50 microstrair as ccmpared
to the +300 sicrostrain observed for gage ¥13. ‘But ioth
in&icated increases in strain values of «30C and +2200
micrcstrain before failure occurred. The results of gages
4, 15 and 1€ indicated high original prestressing values
and seemed to follow the same trend of increasing tensile
strains with increasing fatigue cycles until they failed
about halfway tbrough the fatiguing process. Therefore it
see;s that moving the opening vertically dounya;d influenced
the tension field region and hence should be reinforced
properly tola}oid ;ocal fatigue failure.

The tension fiéld in beam #6 behaved in a manner that is
somevhat a ccmbination of the observéd results for the

previous beams. Gages 11 and 16 (refer to| Figure 4.12)

: - - 7N
which vere located tvo inches avay from the edges of khe

opening displayed a behaviour that is similar to that of
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teams 2 and 3. Pigure 5.53 %hows the strain variation in

these gages with increasing fatigue cycles. It is evident
from the results of lLoth gagesé\ksii fairly low tensile
strains existed from prest;essing. Also, a fluctuation of

‘only +30 amicrostrain existed in both gages at any fatigue
cycle of loading with the «criginal prestressing value
changing by +30 and +40 aicrostrain due to fatique loadiug
before failure occurred. Strain gages 12 amd 15 (refer to
Figure 4.12) which wvere located one ihch avay from the edyes
of the opening displayed a behaviousr that is similar to that
of beams 4 and S.” Figufe 5.54 shows the strain variation
with 1increasing fatigue <c¢ycles of these’gages. It is
evident that wmuch higher prestressing values vere obser&ed
for the tvo gages when compared to those of gaéés 11 and 16.
This is due to the fact that these gages were closer to the
edges of theé opening. 2Fiuctuations 1n the order of +80 and
+60 wmicrostrain vere observed for ) gages 12 and 15
respectively. Also, changes of +200 and +17¢% microstrain
were observed from the original prestressing values due. to
fatigue.loading. Although such changes are rot equal-in
magnitude tc the ones observed'fbr beams 4 and 5, they are

still significant in vglue.
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5.2.% . Ihe Bottoms Chord
Tﬁe bot tom chord results of beans #2 indicated higher
original cospressive strains due to pregtressing than the
top chord. This 1is Dbecause the net affect on the
prestressing force vas located at an eccentricity o¢f 1.17
inches below “the neutral axis of the bean, thus ipnducing
large compressive strains on thé bottom half cf the beas.
During’loading, straum gages 19 ahﬂ é& (refer to Figure
4.12) indicated increasing ‘compressive straips with
increasiny fatigue <cycles until failure occurred. A
fluctuation of ahout 40 microstrain was observed for both
gages At any early cycle of loading with about a net change

. °
of 300 microstrain from the «criginal prestressing value
being observed before failure occurred. Vierendeel local
tending action was again evident in the latter stages of
loading for such gages . inducing increased coppressive
strains. Such a phencmenon.vas further verified  when the
results qf gages 21 ans 22 were examined refer to Figure
5.95). The response of both gages to loading was alaost
identical vhere compressive strains increased up tc about
1.0 million cycles but as fatiguing continued, both local
- .

Vierendeel tending and overall leam tensile bending affects
‘reduced the ccagressive strains by about 200 niciostrain.

Gage #20 [refer to Figure 4.12) indicated an increase in

compressive strain values up to about 1.0 wmillicn cycles due
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to local coapressive action at the top fibre «c¢f the botton
chord bat as loading continued rteyond that stayge, tensile

strains due tc the <cverall bending of the cracked beam

reduced such effects. As for gage €23 hardly any
fluctvation cccurred in the original Erestressing
compressive strains up to 1.6 ®illion cyclesa As fafiguinq

continued tle overall tending affects of the cracked beanm
reduced such ccemgressive strains by about 120 picrostrain.
The bottca chord of Leam #3 indicated a slight increase
in  the o:iginal__ compressive strain values due to
prestressing wvhen compared to that of beam #2. Such values
were again bigher than the ones ckserved at the top chord of
beawm #3 due to the eccentraicity of the prestreésing for(??l
Strain gages 19 and 24 (refer to Fiyure 4.12) irndicated higﬁ
origipal prestressing values of =950 and =300 licrostrain;
As the beam wvas loaded, increasing compressive strains vere
cbserved throughout. Gage #19 strain fluctuation at any
early cycle of loading was slightly higher than he -100
nicfostrain registered by gaygye B24. This 1is due\ to the
higher moment that gage 19 was subjected to. Also, \a pet
change of atout 200 licrost;ain wvas observed before failure
occurred.  Such a change can again be attributed to local
Vierendeel“bending action at the Dbottom chori. This

behaviour vas further evident when' the response to load of

strain gages 21 and 22 was looked at. Both gages indicated
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increases in coaspressive strain values wup tc about 1.0
million cycles of loading wvithk a fluctuation at any early
cycle of -250 and -300 wasicrostrain, respectively. As
fatiguing' continued Lteyond 1.0 =illion cycleg, tensile
strains started to come into play primarily due to
Vierendeel local bending. The magunitude of such tensile
strains increased by +150 and +250 licroiiifin just before
failure. Gage 122 registered a higher te' ile strain value
than gage #21 duye "to both Vierendgel local‘bending ‘and
overall bottoa fitre tensile straing. Pigure 5.56 shows the
strain variation wvith increasiny fatigue cycles of strain
gages 22 ard 24. Strain gage #22 indicates the tensile
aspect of Vierendeel tending while gage #24 indicates the
coapressive aspect of such bendiny. Gages 20 and 23 refer
to Piqure 4.12) which mcnitored the top and bottom fiktres at
the middle cf the bottomr chord indicated totally different
responses. Gage #20 showed a steady 1ncrease in compressive
strain as fatiguing continued indicating that tbhe ‘local
tending of the chord influenced the top fibres sore than the
overall beas tensile bepnding. Gage #23 indicated increasiny
strains up to 1.2 million cycles. As fatiguing continued,
tensile strains started to develop resulting in a  total
change of ﬁ{DO licrostrain before failure occurred. It is
7 evident that slightly larger variations 1in strain values

vere observed due to Vierendeel local bending fcr the bottom

chord of beam 93 when compared to that of beaa #2.

f -
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The original prestressing ccrpressive strain values in
the tottom chord of team #4 were smaller in magonitude than
those observed for beam #3, This 15 due to the openiﬁg
teinq wmoved vertically wupward 0.5 1inches whica 1in turn
shifted the overall neutral axis of the beam Lelow that of
Beam #3. Such a shift reduced the coapressive =straia values
being applie€d by the prestressing moment that exists lkecause
of the eccentricity of the applied torce. Strain gjages 19
and 24 frefer to Figure 4.12) indicated 1increasing
compressive strain values as the beam vas =subjected to
fatigue loading. Such- strains increased throughout the
_ fatique life of the beam registering changes uf to -200 -and
-150 microstrain just tefore failure {refer to Figure 5.57}.
The actual strain fluctuation of such gages at any early
fatique cycle was -170 and -120 aicrostrain respectively.
Such a fluctuation and the change 1in strain values due to
fatiquing were very similar to the ones observed for beaa
#3. The Vierendeel lccal bendiny action was again evident
in gages 19 and Zu.but was further verified when the results
of Qageé 21 and 22 vere exansined. Such gages showed very
similar response patterns to loading. The original

compressive strains in both'yages were reduced due to

om

tensile affects that influenced the bottom chord throughout
the fatigue loading stage (refer to Figure 5.58). At the

early stages of loading the strain variation with any cycle
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was -175 and -300 wmicrostrain, resgectively.. 5Such values
continued to decrease as loadiny continued due to the
tensile strains resulting from the local Viererdeel tending
acticao. Strain gages 20 and 23 (refer to Figure 4.12),
vhich monitcred the extreme fitre strains in the aiddle of
the chord, registered hardly any variation of strain wvith
increasing - fatigue cycles. Gage #20 compressive strain
value increased by only -40 micrcstrain when cospared to the
original prestressing value before failure occurred and gage
#23 compressive strain value vas reduced by 7C uicrost£ain
due to overall beam tensile bending.

The bottce chord of beam #5 registered higher original
compressive strains than beams 3 and 4. This is due to the
opening being moved vertically dcwnward 0.5 inches which in
turn shifted fhé overall beam neutral axis upward causing a
larger distance to the extreme compressive fibre. Due to
the eccentricity of the prestressiny force, a w@oment was
induced vhich imposed bhigher compressive strains at any
location alcng the bottoa chord. Strain gages 19 and 24
(refer to Yigure 4.12) indicated hiyh original conéressive
strain values cf -1100 and -1200 microstrain. Such strains
increased steadily with increasing fatigue cycles tesulting
in total changes of ~300 and -240 microstrain before failure
6céutred. . Such changes are larger in aaplitude than the

ones observed for beams 3 and 4. Vierendeel 1local bending

—
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vas again evident in the response of the above two gages ani
vas further verified when the results of strain gages 21 and
22 vere erxamined {(refer to Figure 5.9%9). Proms the rlots it
is evident that both gages indicated the ptesénce of tensile
strains thrcughout the fatigue loading period shich reduced
the origical ccapressive strains by +220 and +400
sicrcstrain, respectively. The reason that gage 822
indicated a larger tepsile strain amplitude was due to the
presence of both wmaximum bending tension caused by overall
btean bending and the addition of further tensile strains due
to local Vierendeel bending action. Tée change 1in strain
values for gages 271 and 22 was the laryest aamcngst beans 2
to S. Therefore it seems that moving the opecinj downward
caused the highest variation in sStresses when coegpared to
cther beans.

The bottos <chord of beae #6 "behaved in a totally
different manner than vhat was observed for the previous
four beans. This is begause no local Viererdeel bending
action wvas p:esenﬁ and much higher strain variations vere
observed doring fatigue loading. Strain gagyes 19, 20 and 21
[refer to Figure 'n.12) showed similar behaviours and with
hardly any change in the original pcastreésing values, up to
0.2 million cycles of fatigue lcading. This is because such

gages were closer to the neutral axis of the beanm. AS

loading continued, tensile strains due to ctord cracking

—
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started to develop reducing the criginal coapressive straiuns
by +150 and +200 microstrain for gages 19 and 21 and by +230
sicrostrain for gage #20. The tottom fibre of the chord was
monitored ty strain gages 22, 23 and 24, Such gages
indicated higher early strain variations at any cycle of
fatigue than what was observed for gages 19, 20 and 27%.
Such variatiopns were almost identical énd equal to +300
microstrain. Gage #22 indicated a slightly lower feduction
in the origipal cosfpressive strain value due to tensile
affects at the bottom fibre than vhat vas observed for gage
#$24. The original F[restressing strain values in gages 22
and 23 wvere reduced by +150 and +200 =2icrostrain due to
fatigue loading bhefore failure occurred. Gage' $23 which
sonitored the middle o}*the bctton tensilé fibre of the
bottom <chord indicated the largest loss in the original
coapressive value due to fatigue loading. Such a loss was
equal to +280 nmicrostrain but still kept the Lotton fibres
in a coapressive state of stress before failure cccurred.
Pigure 5.60 shows the strain variation in strain gages 23

and 208 with increasing fatigue cycles.

222.2 Extremse Pibres at Hidspap

As for the final group of =straim gages which included
gajes 25 and 26 oniy the results of beaas 2 to 5 will be
discussed since the opening was frovided at midspan for beam

'6-
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Strain gage #25 acnitored the strain at the extreme
compressive fikre at midspan due to bending acticn [refer to
. Figure 4.12) apnd as extected iﬁdlcated very ragfid increases
in coampressive strain values due to fatigue loading. Figure
5.61 shows typical responses of such a gage tc locading for
teams 3 and 4. It 1s evident that 1in both cases that a
fluctuation of atout =600 micrcstrain existed during any
cycle bf lcading cesulting in final 1increases in strain
value before failure occurred of -1500 and -110C microstrain
for keams 3 apnd 4, respectively. The response of gage #25
to loading in beaas 2 apd 5 wvas very similar to that of
teams 3 and 4 indicating similar strain variations with
loading and almost equal final strain value befcre failure.

Strain gage #26 wmonitored the extreme bending tensile
fibre at midspan.  Figure 5.62 shovs the response cf such a
gage to fa£igue _loading in beam #u4. The plot indicates a
continuous decrease in the original fprestressing compressive
strain value as fatigquing continued due to tersile Etending
strains at the bottom fibre. The original cémp:essive value
vas reduced by -+85 microstrain before failure cccurred.
Beams 2 and 3 also indicated siamilar strain reductions of
#1710 and +120 microstrain before failure occurred.

Prom all the previously observed results it is evident
that providing beams wvith openings 1in the 'shear span .. is

fairly safe under th? influence of fatigue loading as long

-
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as the beams are reinfcrcgd properly around the opening to
intercept tke tension field due to prestressing and to pick
up any further increases in such tensile strains duve to
fatigue loading. " Such incré%ges in strain were evident in
beans provided with eccentric orenings {upward or downward)
in the shear span or at midscgan. Also Vierendeel local
tending action was evident in all the beams frovided with
openings in tte shear span. The influence of stch an action
seemed to be more evident in beam #3 than in Leasm #2 since
larger strain variations wvere observed due to fatigue
loading at identical locations. Theretore, as the length of
the opening increased, the Vierendeel locai bending action
became more evident. Also, Beam #5 secemed to be most
influenced ty such bending action vhen compared to beaams 3
and 4. This observation indicated that moving the opening
vertically downvacrd increased the influence of such an
action on both the tcp and bottoam chords. Io conclusion,
from a fatigue aspect point of view, prdviding an opening
centric about the neutral axis of the beam in thte shear span
‘is much safer than ¢providing an e;centric opening 1in the
shear span or at sidsgan. This 1is due to the pmuch smaller
tensile strain variations withir the tension field region
and the longer fatigue life sustained by such beass wvhen

subjected to contipuous repetitive loading.
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53 Ccrack_Patterns apd Pajluore Bodes

The following observations were made during the fatique
loading process for all the tested beams. Such obtservations
indicate such characteristics as cracking patterns and final
failure modes.

The first hairline cracks-in beam #1 appeared about four
inches awvay frcm wmidsgan af about 25,000 cycles of fatigue
loading. As fatiguipng continued, such flexural cracks beyan
to incline due to shear affects. . The beaa settled down 1n
deflection response during this stage bLbut Continued to shovw
more crack formation by having eight visible cracks, four on
either side of aidsgan. With the beanm heavily cracked,
failure occurred at 1.27 million cycles of  fatigue loading
by simultaneocts yielding of the prestressing wires and
crushing of the comnpression zone concrete. Pigure 5.63
cshovs the final failure mode and the still irtact opening
region of beanm #1.

Beam #2 cracked after 85,000 cycles of fatigue loading.
Tvo cracks one€ abbut three inches away ?and‘the cther one
inch avay from midspan wvere observed. Betweer 0.1 and 1.6
million cycles of‘loading the beam settled down to a steady
deflection response tut showed a 1lot furtter flexural
crécking sysmetrically about lidspah“at six, twelve,fifteen
.and - seventeen inbhes away. At 1.75 millior cycles the

i‘ociginal t vo cracks propagated 7;ertically upvard and

X
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‘incliped at akout 45° after reaching the centre line of the
tean. Suctk cracks prcragated as far as 2 inches above the
bean neutral azxis. The beam failed at about 2.15 millicn
cyqlesfdue to the fatigue of the bottom 1left rrestressing
wire. Figure £.64 shows the cracking pattern at midsgan and
the fatigued prestressing vwire. After failure, the
remaining prestressing force left in the tvo otter wires was
equal to 6.C and 5.6 kigs uhlchx-;ndlcated a locs of 31% and
35% in the prestressing forces due to fatlgulng.

After 17,000 cycles of loadiug, one crack was observed
for beanm ‘t3 directly under the™ load. After 0.5 million
cycles a total of five cracks vere visible, the original one

under the lcad and fcur others symnmetrically spaced. at tvo

T

and five inches frpn gidspan. Between 0.5 and 1-$1uilli5;"

cycles the team settled down in deflection response to load
but showed further cracking at about seven, eleven and
fifteen inches avay from midspan. The beam failed after
.67 wmillion cycles of loading at the original crack
location by yieldiny of the prestressing wires vwhich wvas
simultaneously followved by the crushing of the concrete in
the compression zone, Figufe 5.65 shows the failure mode.
This failure occurred at the end closer to the cpening thch
vas identical to the failure mode of beano #1.

Beam #4 first sigms of cracking occurred syapetrically at

one inch away fros midspan after 18,000 ¢ycles of loading.
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Between 0.1 and 1.0 sillion <cycles ifurther syametrical
cracking was cbhserved at three,seven and nine inches awvay
frbl midspan. At 1.1 million cycles, the beans was heavily
cracked flexurally around the midspan region but no cracks-
formed any where near the opening region. The final failure
occurred after 1.7 million cycles of loading by yielding of
the prestressipng steel aad crushing of the comgressiocn zone
concrete (identical to beams ' and 3). Figure 5.66 shows
the final ;ailure mode and the still intact opering region.
Cracks uere-iobse:ved after 30,000 <cycles of fatigue
lcading for beam #5. Three flexural cracks were formed, one
right under the lcad and two others syametrically two inches
aqu/fron midesfpan. Between the period of 0.1 millicn and
1.0 pillion cycles of fatigue lcading, the beam settled down
to a steady deflection response to load. During this
periocd, further symmetrical flexural cracks were observed at
six and ten inches away from aidspan. After 1.57 million
cycles, one of the original cracks had propagated flexurally
upuér& to tke centre line of the bLeam and contirued in a 459
inclined fashicn due to shear affects until reaching the top
concrete fikre vhere the bottos and top prestressing wires
yielded and the compression zone concrete collagsed. PFigure
5.67 shows the final mode of failure and the uncracked
opening-region. This failure 3ode is again identical to the

ones observed for beaas 1, 3 and 4.
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Beam %6 cracked after only 10,000 cycles of fatigue
loading. Two flexural cracks formed right ucder the two
corners of the chord at the extreme tension fikbre. aetueen
0.1 and 0.25 sillion cycles of ioading these cracks
propagated vertically upvard right to the two ccrners of the
bottce chord apnd conticued upvwards beyoad the corners in an

inclined fashion. Also, wmore symmetrical flexural cracks

were observed at eleven and fifteen inches away from
aidspan. After 0.38 pillion cycles of fatigue loading, the
one side of the bottom chord was cracked right through
foraing hinges which separated it coapletely from the rest
of the bean. Due to such a failure, it was felt that
continuin§ the fatigue test was not of interest with only
the ultimate static flexural strenjgth being impcrtant. The
team failed statically at 3.8 kips by the simultaneous
yielding of the préstressing vires and the collapse of the
bottom chord at the corners and the tcp cherd right under
the load. Figure 5.68 shows the failufe mechanise due to
fatigue loading and the final failure after the beam was
tested statically.

In.conclusicn it is evident that all the beaas that were
provided with openings in the shear span and subjected to
fatigue loads equal to 80X of the cracking lcad (beams
1,3,4,5) failed in an identical fashion._ Such a failﬁre

started by crack fornation right under or near \the point of
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- loading and ended up by c;ack propagation resulting in
sinq;taneous Yielding of all the ©prestressing wires and
crushing of the ccompression zone concrete. "Por such beaas,
the opening region was still intact with no visible damage
due to fatigque loadinga. As for beam #2 vhose wmaximum
amplitude of locadiny was only 50% of the g cracking locad, a
different failure pattern was ohéerved- The "team_actually
failed by the fatiguing of one. of its prestressing wires
showing fhat if such beams were subjecteﬁ to smaller
amplitudes cf loading and longer cycles of fatigue loading,
the steel wvires will fatigdém Beam #6 failed by the
formation of flexural hinges in the bottom chord corners.
This type of failure indicated the vulnerability of beanms
that are ©provided with openings at woidspan under the

influence ot fatigue lcading.

-—

5,% Analysis of the Theoretical ®ork )

S.liqs 1 Solid Feam Response_ by Beam_ Theory

The firnst four natural frequencies of a solid tean having“
a cross section of 3 by 8 inches and a length cf 180 inches
are presented in Table 5.4. Tbig vas a poipt of interest
for coapariscn reasons with ‘the results of tHe finite
element analysis and with the experimental free vibration
haamer test. The results of the finite element analysis

overestimated the first .four associated flexural onatural
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frequencies by 4%, 3%, 2% and 0%, respectively. The

Experinental free vibration hammer test results
overestimated the first three associated flexural natural
trequencies by 0%, 5%, and 1%, rTespectively. = Thergfore it

can ke concluded that good agreement existed between theory

and experiment.

s,8,2 Opepings im the Sheap Span (Side Openings)

The objective of this investigation was to ‘deteramine the
influence of side‘opening length on. the natural:frﬁguencies
and mode shapes of vitration. Table 5.5 shows the observed
results which indicated that the presence of =side openings
with varying 1length did not fnfluenée the first or second
natnralifrequencies when compared to solid beans. Also,
opening lengths wup to 24 inches had little effect ocn the
third natural. fregquency with the exception <cf very long
openings wvhere, local modes of vibration were observed
resulting in a sudden drop in frequénc} value. In addition,'
the v&lues‘of the fourth natural freguency indicated that up
to a 12 inch opening very little frequency variation
existed, but wvhen larger opening sizes were considered, a
rather linear drop in frequency value was observed. The
sudden drop in the third and‘fourth natural frequency values
for largyge 6penings can be attributed to opening intervention
in the area of a point of inflection at the associated mode

shape (regicn vhere a node of zero deflection exists)-. The
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opening regicn arcund such a ncde is subjected to excessiye
changes in stresses vwhich reduce the stiffness and
eventually lower the freguency. Figures 5.69 and 5.70
show the associated wpode shapes £for a rectangular beags
containiny a 32 inch by 3 inch side openinyg. Lcoking at the
third and fourth Bsode shape indicates the poirnt of obening

intervention ic the deflected shagpes.

S.N. 3 Opernings at Midspan

The objective of this part of the investigation was to
determine the 1influence of midsgan openihq length on the
natural fcequencieé and mode shapes of vibratiocn. The
results (refer to Table 'S.6)indicated an increase in the
first and third natural freguencies as the length of the
opening increased. This cano be attributed to the fact that
since all the openings centres coincided with the neutral
axis of the leasns, véry fittle change occurréd in the
flexural wmcment of inertia and therefore presenting no
significant reduction in stiffness. As the opening
increased in length, a siqnificané loss of smass occurred
uﬁich iaposed a larger influence on the fundamental and
third natural frequencies (fundamental fregquency w2=k/3}
resulting in a net increase in frequency. Also, as the size
of the nbpening increased, the second and fourth natural
frequencies deggeased. ~ This can be attributed to the same

reason that was indicated earlier coucersing opening
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intervention in the area of nodes of zero deflection in

associated mode shapes. The pede occurred in the wmiddle of
the cpening for the seccnd arpd fourth mode snapes. Figures
5.71 and 5.72 show the associated waode <chapes for a

rectangular leam containing a 32 inch by 3 inch wmidspan
opening. Lcoking at the second and fourth mode shapes, they

clearly indicate opening intervertion at smidspan.

5.3.8 Bedss With Bore Thap One Opening in the Shear Span
The objective of this part of the investigation vwvas to
deterpine the influenﬁe of both the number and length of
side openings on the natu;al frequencies of vibration. Fcén
the results (refer to Table 5.7) it was observed that a very
similar behavicur occurred to that of beaas with cne opening
in the shear spana There was no or very little change.in
the first three natural freguencies with increasing opening
length. Also, an almost linear decrease in the value 6f the
fou;th natural frequency was otserved with an iancrease in
cpening length wvhich again can be attributed to opening

intervention at mode shape nodes of zero deflection.

S.8.5 I-Bsaas With Opepipgs at Bidspan

The variation of opening length in the shear span did oot
exhibit any significant change in the values c¢f the first
three natural frequencies’ for rectangular keanms;

furthermore, the assumption that both T- apnd I-beams
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provided with shear sran openings would behave in a very
siailar manner to that of rectanyular beanms; therefore it
vas decided to analyze only the influence of wmidspan
openings on T~ and I-teawn naturai frejuencies and wode
shapes.

Two different T-beam cross sectlons were coosidered in
this ipvestigation; the effect of opening lergth o©n both
cross secticns is discussed. Table 5.8 shows the results
for all the cases studied herein. The results of the first
cross secticn (beams 1V to 4) show that no changé in the
value of the first natural frejueacy was e€vident 'with
increasing the opening length =showing that the loss of
stiffness at midspan Leirg just as critical as the loss in
masS. Alsc, very little change in the vﬁlués of the third
patural frequency was observed with increasinj opening
length. In addition the values -of the second and fburth
natural freguencies seemed to decrease vrapidly with
increasing cpening length which ajain can be attributed to
opening intervention at mode shape nodes of zerc deflection.
Comparing such frequency values to the ones-chserved for
rectangular beams with an opening at midspan indicated that
for the same size ofenings, bigher fundamertal natural
frequencies, as well as msuch lower second, third and fourth
natural frequency values were evident. Therefofe T-bears:

having a crcss sectional neutral axis well within the flange
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are more susceptible than rectapgular beams to vibration
frequencies that exceed the funaamgntal natural frequency.
Figures S5.73 and 5.74 show the associated @sode shapes
for a large flange T- section containing a 32 icch by 3 inch
opening at widspacn.

The results of the second cross section !beamss 5 and 6)
followed a very similar pattern to that of tkte first one
indicating a rapid decrease in the second and fcurth natural
frequency values and hardly any change in the third natural
frequency value. With regard to the first naturai frequency
value, an increase occurred with increasing cgening length
indicating that the ”1css of mass at widspar being amore
cpitical than that of stiffness(identical to rectangular
teans vith openings ét'nidspan). " Comparing the results
observed for Loth cross gections for solid beams and for
other beams containing openings of the same length seemed to
indicate that the second cross section was muéh safer
against ;ib;ational excitation { higher natural freguency
values). This can bte attributed to the fact cf bhaving a
lover cross section neutral axis which reduced the flexural
tension area and in turn increased the overall section
stiffness.  Tterefore when using T-beams it is recommended

to select a section which has a balanced tension and

coapression flexural wmoments of inertia.
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5.4.6 I-Beams With Openings at Bidspan

All the cases considered 1in this part of the
investigaticno contalned a symmetric cross section with the
opening centre coinciding with the Leasm neutral axis. The
objective of the study was to deteramine the 1influence of
opening length on the response of such beags. The results
indicated (refer to Table 5.9) that an increasehin the first
natural frequency value occurred as the ofening length
increased sirilar to that of a rectdngulac team with an
gpening at lihspan- This again 1is due to the hiqhér
influence of lecss Bf nasg to that of stiffness. Also, a
very rapid decrease in the second and fourth natural
frequencf falue occurred as the opening length increased.
This again is qttributed to opening interventior arcund mode
shape nodes of zero deflection. As for the third natural
freguency, very little change was observed with opening
length. Pigure 5.75 shows the first two associated mode
shapes for an I-beam rrovided with a 32 inck by 3 inch

opening at wmidspan. N

A

In conclusion it can be stated that‘thé free vibration
response of syemetric I-beams provided vwith ofenings at
midspan is ideniical to that of rectangular beams with
openings at midspan. The only difference being the bigher
freqnency values of I-Leass due to the added crc¢ss sectional

stiffness provided by the flanges.
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S.5 Pundameptal Freguepcy Variation Between Theory and
' Experinepts |

In this, section of the results a simple cosparison is
made between the otserved éxéérimental and calculated
thgoceticai fundamental natural fregquency values.
Theoretically beams ' to 3 indicated a first natural
frequency value of 17.2 Hz [refer to Table 5.3} with bean #*6
indicating a frequency of 18.0 Hz Irefer to Table 5.6).
when identical beams were tested exrperimentally, freguencies
of 20 Hz, 18,9 Hz, 17.9 Hz and 19.4 Hz were observed for
beanas J, 2, 3 and 6, respectively. Beam #7 indicated the
largyest difference of 2.9 Hz. Such a variation can be
attributed to the high amount of precompression that wvas
applied to the springs before ruwniny the tests. This in
tura providéd a b;t of an elastic support and increased the
fundamental natural frequency. Experimentally, beams 2, 3°
and 6 overestimated the +theoretical fundamental natural
frequency by 1.7 Bz, 0.6 Hz and 1.4 Hz, respectively. Such
; difféFence is relatively samall and for all fractical
engineering purposes 15 acceptatle.

It is evideat that very good agreement existed Letween
the theoretical and experimental results for all the beansms
considered. Also, beams provided with openings at aidspan,

indicated the highest fundauenial natural frequency values.

S
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Chapter VI

CONCLUSIONS AND RECOMNENDATIONS

6.1 Conclusicns

Froa the. results of this study it 1s evident that
rrestressed rectangular concrete beans with cpenings are
very durable structures agains; vibrational ezxcitation and
fatique loading. Such structures register high natural
frequéncy values and <custain a large number of fatigue
cycles beforefailure cccurs. But it is essential that the
rejion around the opening be /ddequately reinforced with
vertical stirrups and that openings be centred about the
neutral axis of the beam in the shear span.

Based on the theoretical and experimental icvestigations

the following specific conclusions are dravne

"6,1,1 Hatural Prequyepcies and HNode_Shapes

le No significant wvariation exists in  the value of the
first natural frequency of viktration with increasing
opening length or with varying the opening
eccentricity for p:estreséed concrete beams provided
vith openings in the shear span. A slight increase in
the natural frequency value can be expeéted vhen the

opening is at midspan.
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The value of the first natural frequercy does not
significantly decrease when prestressed rectangularc
concrete teams are subjected to a higb number of
fatigue cycles. A more évident reduction in vibration
amplitudes can be expected at the asscciated mode’
shape.
The presence of shear span and midspan cpenings does
not.induce any local affects on thé'first mode shape.h
Increasing the length of shear spat openings,
increases the énplitude of displaceuént at the first
natgrél fregquency.
variations in opening size, location and eccentricity
do not influence the amount of damping present within
such lLeasms.
Increasing the opening length decreases the values of
the third and fourth natural t;equencies bkut not that
of the first and second natural frequencies 1in

prestressed rectangular concrete beams frovided vith

an opening in the shear span.

No significant variation exists between the natural

frequencies of frestressed rectangular concrete beanms
pro&ided with one or two openings in the shear span.

Increasing the opening-length increases the values of
the first and third natural frequencies and rapidly

decreases the values of the second and fourth natural
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frequencies in prestressed rectangular cconcrete beans
provided with an cpening at midspan.

S. The lccation of the cross sectional neutraL aris in
T-beans'significantly influences the natural frequency
values.

10. I-beass provided with an opening at zidspan
demonstrate an 1identical rattern of respcnse to that

of rectangular teams with an opening at midspan.

$21:2 Patique Loading

ﬁ1. Vierendeel local beﬁding action is evidert under the
influence of fatigue loading for rectacgular beané
provided with an opening 1n the shear spar but not for
beams provided with an opening at midspan. |

12. The prestressing tension field is irnfluenced by
fatigue 1lcading in rectangular beams provided with
eccentric shear span and centric lidspdn cpenings. |

13. Beam failure due to fatique loading oc;urs away fron
the orening regicen in prestressed rectangular concrete

beams provided with an opening in the shear Span.

6-2 Recommendations for Puture Besearch

For future research the following points cf interest
could be studied:
1. Investigate experiméntally the dynamic characteristics

" of rectangular, T- or I-Lteams provided with a nusber
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of orfpenings. The respcnse of 'such structures to
resonance fatigue could also be looked at.

Excite such structures at a Eéeguency ran@e that tékes
into account the response at the second arnd even third
natural frequencies. __7,This could be meaningful
inforration if prestressed concrete beams.are erected
in iodustrial plants vhere the operaticpn speeds of

machinery are higher than the first natural frequency

of vitration.
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el Geperal
The following design is based on the guidelines fpresented

in the CPCA metric manual [19381).

A:2 PBroperties of thbe BNaterjals

Water : tép water
Cewent : high early strength (type IIT)

10 mam £0.4 inch)

Coarse Aggregate : saximum size

absorption 0.5 &%
total moisture content = Z %

dry rodded mass = 1600 kg/m3 {99.% 1b/ft3)

Pine Aygregate : maximum size = 5 mno (OQZ inch)
small aggregate = 40 %
sand = 60 %
aksorption = 0.7 %
total moisture content = 4 %

finess modulus (FM) = 2.56

A3 Resired cChagacterjstics
Conpressiveastrength £f2 = 45 Mpa (6520 psi)

Slump = 80 mm (3 inch)

Air content = 0 % ' 7
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A.4 Desigi Procedure

The. design procedure is presented in the folloving number

of steps:

1. Select the appropriate slump value from Table 7-4:
sluap = 80 sm {3 inch).

2 Maximum aggregate size = 10 mm (0.4 inch).

i. Select mixing vater reguirements from Table 7-6 for

non—airentrained concrete:

'w = 225 kg/m¥ (14.1 1lb/£ft3).

4. Select wvater/cement ratio:
the average strength = f; + 1.4 X EH ¢

averacge strength = 45 + 1.4 X (2.56) = 49 MPa [7500 psi)

select wyc = 0.4 from Piqgure 7-1.

5. Estimate the required cement:

cement = 225/0.4 = 563 kgsm3 (35.1 lb/ft3).

6.  From Takle 7-1 estimate the quantity of ccarse agygregate
for a FP¥ of 2.56 and a maximum size of 10 am (0.4 inchj:
dry mass = 0.484 X 1600 = 775 kg/m3 (48.4 1b/Et3).

7. Estimate the needed guantity of fine aggregate using the
estimated mass of a cubic me;ef of coaocrete:

from Table 7-8 the total mass = 2285 kg/m? (142.7 lb/ft3)
P.A. = 2285 - (225 + S63 + 775) = 722 kg/x3 [45.1 lb/ft3).
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10.

11.

‘final amcunt of water

/ : . 113

Bstimate the pneeded corrections to compensate for the
moisture in the aggregates:
coarse aggregate = 775 X 1.02 = 791 ky/m3 ({49.4 1b/ft3)

Fine aggregate = 722° X 1.04 = 751 kgs/m3 (46.5 1lb/ft3).

ot

Adjust the amount of water:

coarse aggregate —_:2 - 0.5 = 1.5 %

(4

fine aggregate 0.7) = 3.3 %

225 - 0.015 X 775 -~ 0.033 X 722

=190 xg/a3 [11.9 lb/ft3).

The final estinated batch:

a) water = 190 kgs/nm3 {11.9.- 1b/£t3)

‘b) cement = 563 kg/m3 (35.1 1lb/ft3)

C) coarse a%%regate =791 kgsm3 (49.4 1lb/ft3)

d) fine aggregate = 751 kgs/m3 (46.9 lh/ft3)

Calculate the'tota} volume of coancrete needed for the
bean and‘th¥ee 6 inch bf 12 inch test cylindefs:
volume of the beanm = 0.0732 a3 (2i58 ft3)

volume of cylinders = 0.0167 n3 (0.59 ft3)

total yclume = 0.09 23 (3.17 ft3),.
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Esti;ated final batch for needed volune:

a) water = 0.09 ¥ 190 - 13 ky {40 lb)

by cexent = 0.09 X 563 = %1 kg 112 1b)

¢) coarse aggregate = 0.09 x'791 = 71 kg (156 1b)
d) sacd = 0.09 X (0.6 X 751) = &1 ky 90 1k)

e) small aggregate = 0.09 X [0.4 X 75V = 27 kg

e

(60 1b).
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Be 1 General Q‘
This appendix contains information on ré&ording.

transmitting and analog output playback of data foc all the

different senscrs used in the experimental work.

Bs2 Data_Becordipg and Storage
The techknical mapual describes in detail all the

different cptions available on the Hegadac for data
recording. Only the crtions used in this research work Aare
described herein.

Data gfcording is ccntrolled by the information present
in the Scan tatle. Such information specifies directicns to
the Megadac for processing input channels. The Scan gable

1

is coamposed of two sections, Base Entries and Scan Entries.

): Py | ies
There are 19 Base Enffies in the écan table. such
entfies must e initialized by the user befcre perforaing
any A/D activity. The following is a brief description of

the chosen cptions.

~



Base Entry Valuye - Description

- —— — —— ke - ——

0 43 Numter of Scan Entries Eresent
1 120 Sampling rate
2 0 . Samplés per second
3 .0 Intetna} clock
4 1 Tape mark inserted after reccrding
-5 1 Auto-balance enabled
6 0 No takle expansion
7 1 Burst scan amode
8 0 Start storiny ipmediately
9 \ 0 Stofp storing immediately
10 o . 0 Do nct repeat the recording cycle
1 : 42 Monitor Scan Entry {42
12 -- None specified
13 - None specified
14 0 Start at record cycle 0
15 0 Stop at record cycle 0 '
- 16 ' 0 Limit-Exceeded counter
17 0 ' No triggering of data

18 0 DO not save any pre-triggered data
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a2 Scan_Entries

The Scan Ebptries contain information pertaining to the
sapping from hardware A/D or DsA ports or digital ports to
positions in the recorded data blocks. Each Scan Entry
contains a channel port address which is used fcr extraction

of data samfples and a high and 1lov liwit which are used for

starting and stopping the recording process if
pre—triggering 1is used. Alsd. a4 Gain value and an
Autokalance value are available to each chaanel. The Gain

"value is arpplied to this entry's input prior to the A/D -

conversion, Such a setting depends on the type cf sensor
use2 since different sensors have different voltage outputs.
The Autobalance value 1is applied to the entry's channel
address by Leing converted to an -dnaloy signal and
subtracted frca the incoming signal prioc. to the gain
application and the A/L conversion.

The follewing is an example of a Scan Entry sonitoring an

LVYDT: AR

Scan Entry - Channel Address Lowv High Gain Auto

029 032 -2048 +2047 +1 410
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Bs3 Data Irapsmission )

After the data was stored on 3M cassette cartridges, it
vas transaitted from the négadac-toq an IBM-PC for data
reduction and conversion and fron tﬁere to the University of

windsor's mainfrage.

B.3.1 Data Trapsmission_from_ the Megadac to JEE-PC

Before any data trapsmission was paossible, a rprcfile for
communication with the Megadac was established with the aid
of the Node tatle. The following is a brief description of

the options uzed to establish communications:

fode Entry . Yalge Description
0 1 Only Carriage retufc transnitted
1 1 No line feed echoed
2 0 No Echo of commands
3 0 Status reportiog enabled
4 0 No flow control
5 0 One~-Uf nunbers‘sent
6 0 Hé &elay after carriage return
7 128 Numter of entries transmitted

before carriage return
8 0 | Wait for tape I/O oferation

9 1 12-kit resolution



Mode Entry

e ————— ——

10
1
12
13
1y
15
16
17
18
19
20
21
22
23
24

Value

120

Description

Signed data (+/-)

19. 2K baud rate

No parity

Channel address to e acnitored
None specified

None specified

Transmit all charnels
Bet}y reading tape e€rrors
No auto rewvind

One tape drive

No auto restart

TEEE-488 address

IEEE-4838 parallel pcll
ASCII data transmit format

Cassette wrap

The IBX-EFC and the Megadac were interfaced via ES-232

ports and an ibnterconnecting

cakle. Data trarsaission 4and

reduction wvas controlled by company written software [Optim)

for the Megadac.
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.

B.3.2 Data Yrapsmission fros IBE-PG to IBA-4381 Majpframe.

With the reduced data on comrputer disks, tte IEM-PC wvas
conﬁected tc a modem via an ES-232 port. Communication wvas
estéblished using a computer software package called X-talk.
After the data was available orn the mainframe further data
organization ﬁas conducted before using SAS/GEAPH for

plotting.

Bs3s3 Analoq Output Playback from Begadac to ¥FT jAnalyzer

The playback mode causes the MNegadac to use the Scaﬁ
table and the data on the cassette drive and transamit the
data out tie L[/A - chanpels. The information in the Scan
Table is used to determine channel addresses, gain and if
specified, auto balance values. The table Base Entrcy 0, 1,
2 and 7 should ‘be the same as when the data vas recorded.
Hovever the Scan Entry "channel address" should be changed
for each Scan table entry to reflect the desired output
channels {use a non-existant channel for entries not to be
played and the same Scan Entry number and channel address
used during data recording for the channel to be played).
The D/A card jumper configuration must coincide with the
desired ouotput channel hefO@e:_ placihg the Megadac in

playhack‘lode.
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C.1 Genelal
vertical Stirrups vere used to intercept the tension
field at either side of the opening. The emfployed design
method is based on Truss Analogy vhich vas presented in a

publication by Kennedy and pl-laithy [1932).

G-2 Truss_Analogy Porsulatjonm
The foraulation of such a method is presented below,

"folloved by a worked example.

T
A:———- . [C.‘]
S £
b
a{Y-a) ‘
T = =y Ps [ c.2 ]
« = y-e=-[{bh ) /2] : [ €.3)
b .
Y = he((b ) /33+0{h ) /2] [ c.a ]
t b
g =43+ 4 [ ¢€.5 1]
t c
1
d = - [HZ s/ hc) [ c.6 1

-
N
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2
d =- (Bc/h) [ c.7 ]
c 3 .
P =P, ¢+ P [{2 ) /7 1A] [ c.8 ]
s v
vhere;:- A = the area of stnel reguired to quard against
s potential horizontal splitting caused by force T
f = the allowvable tensile stress in the steel )
s reinforcemént o
T' = the verticﬁl tensile force
y = the distance of tbe centroidal azxis Eron the
bottom aof the cross section
e = eccentricity of the prestressing force from the
centroidal axis of the section
h, h = the depths of the top and bottom choris
t b respectively
h* = the depth of the opening:
d,d = the tension and compression distances
t c respectively A
B = the depth of the bean
¢ = the distance from the center of the opening to
the bottom of the beas
P = totgliprestressing force
s
A, A = the area of the web and the total cross sec*lon
v respectively :

P, = prestressing force applied to the veb

p, = prestressing force applied to the flange

f—
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C.3 Solved Exasple |

The following example presents the design of stirrup

reinforcement at either side of the opening for beaam #3.

{

h = 2.5 inch (63.5 nm) h = 2.5 inch [(63.5 om)

t b
h = 3 inch !76.2 om) ¢ = 4 inch (101.6 unm)
H = 8 inch ‘203.2 nm) e ~= 1.167 inch 729.6 am)
; = 4§ 'inch 1101.6 mn)
Y = 34 12.5,3) + (2.5 ¢/ 2) = 5.083 inch {129.1 mm)
a = 4 - 1.167 - (2.5 / 2) = 1.583 inch (40C.2 am)
4 = 0.5 7% (64 s 12) = 2.67 inch (67.74 mm)
t .
d = 0.667 X {32 / i) = 7.111 inch {(180.62 mm) -
C
B = 2.67 ¢ 7.111 = 9,779 -inch (268.4 an)
T = [(1.593 X 15.083 - 1.583)) / :9.7;:9 X 5.083) ] x\zs‘.s

= 2.84 kips [12.63 kN)

-
u

{2.88 s 20) = 0.142 inchZz (92 am?) -

Jsing 3/16 inch 4.8 am) diameter mild steel bars, the area

of steel per leg equals 0.0276 inchz (17.81 am2).
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Therefore place : 1 stirrup at hole edge

= 2 X 10.0276)
1 stirrup one 'inch away = 2 X (0.0276)
1 stirrup two inches away = 2 X (0.0276)
1'stirrup three inches away = 2 X [0.0276)

Resulting in a total steel area orf 0.221 inch? (143 aom?)

over 3 inches (76.2 mm) wvhich exceeds the required area of

0.T412 inch?2 (92 em?2).
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K : is any nodal point in 1.2 plane

Local and Global Axes for a Three Dimensional
Beaa Element '
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Figure 3,3: Local and Global Axes for a PSR Element
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Piguce 3.4: Local and Global Axes for a CSTG Element
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Typical Pinite Element nesh for a Tee Beam With

an Opening at Hidspan

Piguge J.3:
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Typical Finite Element Mesh tor an 1 Bean With

an Openinj at Milspan

- Pigqure }.10:
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ggggge_g;zz Bef&rne& End of the Prestressing Wires

Fijure u4.3: Prestressing End Bearing Plates
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Figure 4.6: Cylindrical Wire Load Cell




Figure 4.3: Gilmore Mcdel 433-20 Actuator

9: Supportiag Flange at the Top End
Actuator : :
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Fijure 4,10: Loading Assembly at the Bottom. End of the
Actuator

Figure 4,1%: End, Suprort of Beams
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Fiqure #.16: Megadac Data Acquisition Unit
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Red
Strain
Gage
Black
White

Pigure 4,17:

T

Schematic Circuit Diagras for (uarter Bridye
3-¥ire Current Bnergization
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o C ENG. (8] {SCI}

White > g eNG, [A] {SCI

A

Black ¢ AMP.[-] {A/D}

B

Green g ENG. C. R. {SCl}

Red o AMP [ (A/D}
°G.

Piyure 4,18: Scaematic Circuit Diayram for Full Bridge
Current Bnergizatioan :

)
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Blue or Green ° I/P +) {A/D}

| lc rel—Red genG {scvi
. A
oD BO ack ¢ ENG. {scv
LVDT '
Bhle_.or Green_. I/P (_) {A/D}
0G.
PAJUEe 4,19: Schematic Circuit Diagras for Pull Bridge

Voltage Enerygization
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A/D, SCI-1, SCI-2 and SCV Teraminal Boxes

FFT Dyﬁamic Analyzer
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Piquge 4,23: Dytran Model 4121 Pover Supply Onit

Pigure 4,24: Stirrups Subporting Arrangement /’ﬁ_:::>,

- 1
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~ Figure 5,4: Preguency spectrum of Beam #1 Before Fatigue’
Locading s : ) .
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Pigure 5,5: Prequency Spectrum of Beam #1 After Fatique

Loading
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Figure 5.8: Prequency Spectrum of Beam #3 Before Fatigue .

Leoading
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Pirst and Second Mode Shapes for Tee Bean 24

Fiqure 3,73:



Tnird and Fourth Hode Shapes for Tee Bram ¥4

“piqure 9,74:
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Pirst and Second Mod2 Shapes for I Bean #3

Pigure 95.75:




Appendirx B

TABLES



Table 3.1:

BEAMS

BEANE

Eectangdlar

Reans With Openings
Span

BEAN DIBENSIONS OPENING SIZE
B A L R v
{in) {in) {in) lin) [in}
3 8 180 SOLID  SOLID
3 8 180 3 4

3 g8 . 180 3 8

3 8 w0 3 12

3 8 180 3 16

3 B8 . 180 3. 20 -
38 180 3 24

3 8 180 3 32

BEAM DIMENSIONS OPENING SIZE

B 4 I A h v
{in) (in) {in) fin) {in)
3 8 180 3 8
3 8 180 3 16
3 8 180 3 28
3 8 180 3 32

227

in the Shear

CPERING LOCATION

{ c

{in) (in)

——— \ o ———

24 Y Qﬁ

24 0
24 4
24 4
24 4
24 4
24 4

Rectangular Beams With Openings at midspan

OPENING LOCATION

(>4
(in) {in)
86 )
82 4
78 4

74 3



&‘_
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Table 3.3: Rectangular Reams With Two Openings in the“ﬁhear

Span !
BEAN OPENING #1 OPENING #2 OPENING #1
DINENSIONS SIZE SIZE LOCATIOE

BEAK$ B H L h v h, vz £ c
{in} {inmn) (in) fin) (in) {in) (in) {in) {in)

1 3 8 180 3 q 3 B ) 24 q

2 3 8 180 3 8 3 8 28 4

3 31 8 180 3 8 3 12 26 4

Table 3.U4: T-Beams With Openings at Midspan

TEE BEAR DINENSIONS OPENING OPENING
WEB FLANGE SIZE LOCATION
BEANE B H B, é, L h v Z c
(ie) (in) (in) (im) (im) (im) (in} (in) [in)
1 3 8 4B 7 180 SOLID SOLID  — -
2 3 8 a8 7 180 3 16 82 4
3 3 8 a8 7 180 3 24 78 4
4 3 8 48 7 180 3 32 ™ 4
5 3 8 16 3 180 SOLID SOLID ~—  --
6 3 8 16 3 180 3 32 78 8

CHORD
LENGTH
(im)
16

8
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Table 3.5: T-Seams With Openinags at amidspan

I-BEAN DIRENSIONS CPENING " OPBNING
WEB TOP PLANKGE BOTTON PFLANGE SIZE LOCATIONX
BEANE B H Bl H‘ L Ez Hx h w £ o4 '
{in)} (in) {(in (in) (in) {in) (ia) {in) {in) {in) (in)
1 3 8 12 3 180 12 3 SOLID SOLID -- -—
2 3 8 12 2 180 12 3 3 16 B2 4
3 3 8 12 3 180 123 3 32 78 4
&
Tible H4.1: Characteristics of the Tested Rectatgular Reaas
BEAN OPENING OPENING BCC. AND CONCRETE
DINE NSTOXS - SIZE . LOCATION FPREST. CONPRESSIVE
S : PORCE P  STRENGTH
BEAME B H L h v £ c e P £
{in) {im) (in) (in) (in) = (in) (in) {in) (kips) (psi)
1 3 8 180 3 8 24 3.0 1.17 23.1 6925
2 3 8 180 3 12 24 8.0 t.17 23.4 7153
3 3 8 180 3 16 24 4.0 1.17 28.1 6885
4 3 8 180 3 16 23 8.5 1.17 26.3 7043
5 3 8 180 3 16 24 3.5 1.17  28.2 6808

6 3 8 180 3 16 82 .0 1.17  23.2° 6350
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Table S.3: Fxperizent2l Pree Vibration Natural Frequencies
by the Hammer Test

FREQUENCY
BEANE £, B £, f3
{9z2) (HZ) {HZ)

1 16.5 69.5 148.0
& >k x%

18.0 70.5 189.0

2 16.5 69.5 14 8.5
. - ¥ L 2 J x¥

18.5 72.5 150.0

3 16.5 69.5 150.5
s s %

168.0 71.0 149.5

4 . 17.0 70.5 149.5
' L 3 L X b B J

18.0 71,5 158.5

5 17.0 71.5 1448.0
-k s %

18.0 71.5 a0

6 19.0  68.0 151.5

Note: ‘
*.x Prequency Values With the 3eam Tied and

" the Loading Jack Resting at Midsran
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Table 5,

BEANS

HNote:.

8C% of the Cracking Llcad
50% cf the Cracking Load

30X cf the Cracking Load

231

Loading Amplitudes fcr Dynanic and fatique tests

NAXTAUN LOADIHEG AMPLITUDE

STATIC SIHE WAVE PATIGUE
PEECOBPRESSION SWEBEP TEST TEST
(kips) (kips) (kips)
0.15 0.83 1.28
0.08 0ulS o ~0.83
0.08 0.45 1.28
0.08 0.45 1.28
0.08 - 0.45 : 1.28
0.08 0.45 | 1.28

Cracking Load = 1.6 kips

1.28 kips

0.83 kips

0,45 xips



Table 5.3:

BEANE .

222

Bxperimental Sine Wave Sweep Test Results Refore
and After Patigue Loading

FUNDABRENTAL PEEQUENCY

BEPORE AFPTER CYCLE PAILURE
PATIGUE FATIGUE NOMBER CYCLRE
[{HZ) {HZ) {aitllion) (million)
20.0 . 18.9 . 1.20 1.27
18.9 T 1709 1.80 2.15
17.8 6.9 1.48 1.67
18..0 16.9 1.60 1. 69
/
17.8 16.9 . 1.50 1. 57
19.4 18.0 0.35 g 40
/
/"‘
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Table 5.4: Solid Bear Natural Prequencies by Beams Theory
"SAP-1IV)
BEAYN DIMENSICHS PREQUENCY
BEANE® B il L £, £, £ £
(in) {in) (in) (Bz) {Hz) (9z) (82)
1 3 B 180 16.5  65.9  186.8  263.5
2
Taible 5.5: Rectangular Beam Watural Frequencies for Varyinag

Opening Length in the Shear Span

PREQUENEY
BEANME f, £, £, 4
{Hz) (H2) {Hz) {Hz)
1 - 17,2 67.9 150. 1 263.1
2 17.2 68. 1 150.7 263.4
3 17.2 68.4 151.8 263.8
4 17.2 68. 6 153.0 260.0
5 17.2 68.9 153.9 245.2
6 17.1 69. 2 153.7 220.1
7 17.0 69.2 150.5 198.5
'

8 16.9 70.5 109.5 187.2

RNote:
% Local “ode



Table 5.7:

BEANE

234

Rectangular Beam Natural Frequencies for varying
Opening Length at Midspan

(H2)

17.7
18.0
18.3

18.5

PREQUBNCY
fo : fs
(82) (Bz)
69.0 152.0
66.6 . 154.4
61.7 156.5
S4.8 157.8

(Az}

267.5
235.7
200.8

181.8

Pectangular Beam Natural Prequencies for Varying
Opening Length and Number in the Shear Span

(Az)
17.2
17.2

17.2

FPREQUERCY
£, £y
(Hz) ()
68.3 151.0
69. 1 152.5
9.5 152.7

(dz)
262.0
257.6

247.6
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Table S.9: T-Bearm Natural Prequencies for Varying Opening
Length and Cross Section at Midspan

PREQUENCY
BEANMS £, £, £y £,
(5z) {H2) (H2) (Bz})
1 22.%6 S1.4 107.2 169.3
2 22.4 45.8 105.8 . 12053
3 22. 4 37.8 102.1 105.9
4 . 22.4 33.0 99,0 108.6
S 29.0 858.2 175.4 288.3
6 : 30.0 57.8 176.0 179.8
8
Table 5.9: TI-Beam Natural FrPrequencies for Varyinélnpeninq
Length at "idspan
PREQUENCY
BEANS - ' £, £, £4 £,
{82) (8z) (Hz) (RZ)
1 35.8 114.5 212,10 k 319.8
2 36.8 93.8 215.6 . 229.9

k! 37.1 64.8 198.7 221.6
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