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ﬁ, ‘TOP-BAR AND ENBEDMENT LENGTH emscxs
IN REINFORCED CONCRETE BEAMS

T

This thesis presents a stue of-the-art report‘qof bond and

AL S S

describes existing bond testing uthods. The results of tests on six
simply supported bens with central point loading are used to study the
ntop-bar" effect and the effect of varying embedment lengths of No. 8 '
' ‘ . (25.4 -) reinforcing bars. Three specimens with-temsion bars cast in
' ' the top of the beams and three companion specilens uith tension bars \

/ cast in the bottom of the beams having -bodlent lengths of 30 in
(76.2 cm), 36 in (91.4 cm) and 40 in (101.6 cm) were tested. The beam ‘
span is 10 feet (3.05 m) and the overall cross-section dimepsions are

g x 18 in (22(.9 x 45.7 cm).

The overall performance of the tg(_om is illustrated in load-

deflection curves. The experimental results are compared with the

'n | theoretical predictions obtained frgl general flexur‘u theory assuming
perfect bond. Comparisons of the load-deflection responses indicate
that specimens with bottom-cast bars are stronger, stiffer and fail in
a more ductiile manner than their companion specimens with top-cast bars.
The experiments also indicate that the strength, stiffness and ductility
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are increased with an increase in the enbednent length.

. ) ( The strain distributions and bond stross varjations along the

tension reinforc;ng bars were obtained from electrical resistance strain

o

gauges for each loading stage. Comparisons of the results indicate that
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beams with bottom-cast bars exhibit higher bond strengths and that the o
increases in embedment lengths result in-a reduction of maximum bond ‘
stresses developed. g | h ’
The results of this investigation indicate a stréngth raductiorg
of 10 to 13 percent as.well as a reduction in d;xctility for specimens
containing top-cast bars. u Comparisons c;f the behaviour of the beams '
-~ tested indicate that top-cast ba_::s‘ require an increased enbod‘ent length

between 11 and 20 percent longer than bottom-cast bars in order to reach

N #

the same stress levels in th&-bar;. R T




_ BFFETS D'ARMATURE SUPERIEURE ET DE LONGUEUR D'ANC
, ‘ DANS LES POUTRES EN_BETON ARME

-
%

- Cette th%:;e{ présente une synthise de 1'adhérence et de se
° ;unltres et décrit les méthodes actuelles des assais d'adhérence. . Les
résultats des essais sur six pout;res sinplaeht' ySes avec charge,
centrale sont utilisés pour Studier 1'effet "d'armature supérieure" et
1'effet de la variation de la longueur d'anc_r'age \d'une barre d'acier o

No. 8 (25.4 mm). Trois spScimens avec armatures supérieures de tension

et trois autres spécimens semblables avec armatures inférieures de
tension, ayant des longueurs d'ancrage de 30 po (76.2 cm), 36 po (91.4 ca)
ot 40 po (101.6 cm), ont Stsnmises en charge. La port8e des poutres est
de 10 pieds (3.05 mj et les dinonsions transversales sont de 9 x.18 po |
(22.9 x.45.7 cn)
La performance générale des poutres est illustrSe par des courbes:
_ charge-déplacement. Les r8sultats e:gpérinentaux sont comparfs avec les
pr&dictionS thoriques obtenues A partir de la thSorie de flexion basée h
sur -1'adhérence parfaite. Les comparaisons \dgs courbes charge’-déplacnen‘t
i;diquent que les poutTes avec armatures innftri’mres sont plus résistantes,
plns.rigides et gont p1m~ductilé§ 3 la rupture. Les essais montrent
".. Sgalement que la résistance, la rigidit§ et la ductilité augmentemt avec
une plus grande longueur d'ancrage. :
Les distributions des déformations et les variations des |

_ contraintes d'adhérence ont 6té obtenues 2 partir de jauges Slectriques,
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" ¥ chaque ‘Stape du chargement. - Les comparaisons des résultats indiquent

i v . 4 3
que les poutres- avec armaturas inférieures démontrent une plus grande ) /

résistarice d'adin&rence et qu ;léi'mno;:tations des longugur; d'ancrage | / | \
conduisent 2 une réduction des contraintes maximales d'adlils;rmcq,.

Les'“rﬁsﬁltats de cette recherche indiquent une d#imxti'on de l1a. /
résistance de‘ 102 18% ainsijqu'une réduction de la ductilit® pour les i
poutres contenant des armatures supSrieures. Le capona‘bnt compar$ '
des poutres soumises & 1'essai montre que les barres supérieures
nécessitent un ancrage 11 3 20% plus long qu; les barres inférieures
‘afin d'atteindre les m8mes niveaux de contrainte. o
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)  CHAPTER I

STATE OF THE ART OF BOND AND SCOPE OF RESEARCH

' .
-t N > ‘v
’ ) o, [

n

1.1 Introduction

»

.Since external loads are very rarely applied directly to the
reinforcement, steehcan recgive its share of' the load only fron the
" surrounding concrete. If or;e deflnesi "slip" as the differential dis-
placeneni: between steel and concrete, the t‘em "bond" is then used to
describe the means by whi:ch slip between steel and concrete is minimized
or prevented. Then, one 9f the most important érerequisites of reinfor-
ced concretd :construction is adequate bond between th:e reinforcement aﬁd
the concrete .ﬂ Inadequate bond usually results in premature failure.
Therefore, the attainment of satisfactory performance in bond is an im-
portant aspect of the design and the detailing of reinforcement in struc-

tural ¢ nents.

Usually "bond stress" is defined as the unit shearing force acting-

parallel to the reinforcing bar axis at the concrete steel interface and it

is given by:

\
!
!
'
{

X N
” AL A ar.
U - 'é'%; - _.__";:b - ....._d’-“ s (1.1)

vhere AQ = change of bar force over unit length
\ L =" nominal surface area of a steel bar of unit ’im;th

. .
. i ((




d, = nominal diametergpf the steel bar

\ Afs = change of steel stress of over unit length

Ab = area of the steel bar

Bond stress is less apt to be critical in design today than it was

30 to 35 years agq when only plain reinforcing bars were used. Deformed
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bars have provided an extra element of strength and safety. On the other
hand, bond is probably less throughly understood today than it was in the

_ days of plain bars. The behaviour of deformed bars, in particular the

; introduction of high-strength steels and large diameter bars, have created
'; some new problems. Also it has required that engineers re-examine their
; basic knowledge of bond and put more emphasis on some of the pa:ameters

; affecting bond strengt}; such as development length, the so-called '"top-bar"
' effect, the concrete cover thickness and the clear distance between bars.
Ir} this chapter, the evolution of the deyelopmqgt length concept will be

,

presented; then, the basic concepts of bond stress-slip relationships
will be reviewed and the parameters influencing bond strength will be dis-
cussed before defining the objectives of the present experimental research

progran.
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1.2 Conceptual Shift from Bond Stress to Development Length

(<]

;o Prior to 1971, development and anchorage of bars was always treated

'
i

as a sub-section of the chapt& ‘on bond stress in the American and the

Canadian Code; (1,2). This bond conceptf which has long been used as a
) O measure of bond performance, is the flexural bond stress defined by the

following equation:

o
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where Vo is the shear, as 2 measure of the changing moment, Zo is the total
perimeter of the bars at the section and & is the arm of the internal
resisting couple. '

. However, Equation (1.2) grossly oversimplifies the situation, and
does not even approximately simulate what actually happens in realistic
beams. Even in the region of constant bending moment where shear force
is zero, bond stresses are developed on account of cracking of the concrete.
Studies over the past fifteen years have shown that the bond stress calcula-
tions are not helpful in the pre;ent state-of-the-art and that Equation
(1.2) must be supplemented by development length checks. When a bar has
enough embédment in concrete, it does not fail by bond but raac"hes\its yield
strength a.n§ fails in tension although the concrete may have cracked along
its length. “ g ,

It is noteworthy that bond stress calculations are not mentioned

in the present Codes (3,4,5); however this does not mean that "local" bond
stress is unimportant. Three main reasons have led to this change in
emphasis. Firstly, bond stress is a very complex problem for which there
is no immediate dependable solution available for use in design. Secondly
strength over a given length seems not to be sensitive to local peak Bgnd
stresses, but can be based on an average value. Thirdly, the development
lengtrg concept summarizes or incorporates most of the present usable know-
ledge in this area. ;l'hat is why, according to Watstein and Bresler (6),
it is now generally recognized that a more realistic approach to the bond

problem is to regard it as a problem of computing the anchorage or




development length of a bar necessary to transmit the stress in the steel

to the surrounding concrete. This is given by&

4
1, - _z.“_' ) (.1.3)

where 1* 4 = ninimm permissible anchorage length

u*h = permissible average bond stress value

\

f = yield stress of the steel bar

~<

db = nominal diameter of the stesl bar

1.3 Bond Stress-Slip Relationship
V\/

In any bond test either pull-out or beam test, the evolution of
bond between steel and concrete depends greatly on the amount of slip that
occurs either at the free end.or at the load end of the specimen. It is
shown qualitatively in Fig. 1.1 ﬁhere' four different stages are distin-
guished: -

Stage AB : The load increases without slip. )
5 Stage BC : There is loss in bond at B over the embedment length
and slip occurs at gradually increasing rates with
the increase in load. |

Stage CD There is complete rupturoﬂ at C of the surrounding

concrete and slip contimues.under constant loid.

StngelDB : Premature failure of specimen by _pulling of the bar
© - \\ ,

AN

or sg}ttttng ‘of concrete. ‘ \
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1.3.1 Concepts of Bond Action

1.3.1.1 Plain Bars

o

Mylrea (7) reported that bond failures in pull-out specimens
reinforced with plain bars are characterized by the extrac}ion of the bar '
from the concrete sp}ecinen. once slipping becomes general and bond stress
is nearly uniform along the full length of the bar. In the early days
of reinforced concrete, the bond resistance of plain bars was often thought
of as chemical adhesion between the mortar paste and the surface. However,
even a low bar stress causes slip sufficient to break the adhesion immedia-
tely adjacent to a crack in the concrete. Once slip occurs, only the fric-
tional resistance remains and the bond stress can be thought of as the
overall average of the bond on the section where adhesive bond is still
intact, and the lower bond stress at the section where only frictional
resistance is present.
Mikhailov (8) studied the relative values of adhesion and frictional
bond with hot rolled and smooth cold rolled bars and concluded the following:
a) The adhesive forces between the steel bars and the concrete are
quite low and amount only to 70 - I00pST (05 - 0.7 MPa), therefore adhe-
sion itself is of no significance in preventing slip. -

b) The adhesion and frictional resistance resulting from shrinkage
account for 25 to 30% of the bond strength.

c)‘ The degree of rougimoss of the surface and the change in the lateral
dimension of the bars along their development length account for about 70 to

75% of the total resistance to slip.
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1.3.1.2 Deformed Bars

Nith the advent of modern deformed bars the pattern of bond failure:
changed radically. Adhesion and friction ;till exist, however they are
secondary because the primary reliance for bond resistance is on the bearing
of lugs and the strength of concrete sections between lugs. The bond
strength developed between two ribs of a bar (see Fig. 1.2) is associated
with the following forces:

a) The forf:es Vor dev?loped through adhesion along the surface of the
bar which can be ignored for practical purposes beciause this adhosiort,h;e_aks
down inevitably as the load is increased.

b) Bearing forces Fb' against the face of the lug.

¢) Shear forces V* o acting on the cylindrical(concrete surface between
adjacent lugs.

The relationship between these two important components of bond

force development Fb and V* c San be expressed as follows:

P, o= SV SRR

where ¢ ™ inside lug spacing
a* = “lug height

In some situatibns, where the bar is short, the §h«r component V¢ e
will govern the behaviour of the specimen. This is the case when the ribs
are high and spieed too closely, or when small bars are used with concrete

of low compressive strength, or vhen large size bars are used with large
: - l
\
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concrete cover. The bar will, then, pull-out without yielding and will
shear out a sheath of concrete with its outside diameter equal to that of
the lugs.

o

In bond type specimens with usual deformed reinforcing bars, most

. bond failures are normally splitting failures of the surrounding concrete;

this splitting generally results from the wedging action’of the lugs against
the concrete. Strictly interpreted, splitting is nc;t the same as bond.
failure according to the "traditional" concept of the bar pulling out of
the concrete ?r the specimen failing by crushing against the lugs.

Splitting failure is basically a tension phono;lonon But a better knowledge

of the strength and the deformation properties of concrete in tension is

,needed in order to obtain a better understanding of the splitting phenomenon.

Until such time, splitting must be grouped 'together with other aspects of
bond and progressive splitting can be considered as the first evidence of

bond distress.

1.3.2 The Mechanislpf Bond Splitting L

In the forties, the development of deformed bars rosuitod in greatly
increased resistance to local slip. With the advent of higher yield strength
reix;forcaont and the 'consequont increase in the service load stresses of the
reinforcing steel, cracking h\is become one tl;o most important £§ctor: in
determining the durability of reinforced cqn&oto members (9). Therefore,
extensive investigations have been carried ocut recently on the crack forma-
tion in the concrete adjacent to the deformed reinforcing bars which finally

results in splitting failures. The mechanism can be described as follows:.

<

<

/
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When a deformed reinforcing bar is embedded 1;1 mass concrete,
bond forces across the ribs (bar deformations) need to be transferred to
enable the full strength of the bar to be developed. As slip pragressos‘f
the average bond resistance increases and consequently the stresses in the
concrete adjacent to the deformed roinforcing bar also increase and lead
to cracks and deformations of the concrete ;s shown in Fig. 1.3.

Bresler and Bertero (10) indicated that at low load levels princi-
pal tensile stresses at the steel concrete interface are inclined at an angle
with the longitudinal axis varying from about 60° at the crack face and
decreasing to 0° at the midway section between two‘ad‘jacent cracks, as
shown in Fig. 1.4, Broms (11, 12) and Goto (13) devised ingenious techni-
ques to study the internal cracks. Broms and Lutz (14) from their analy-
tical and experimental data, established the existence of radial cracks
originating at the steel concrete interface and not extending to the’
concrete surface and therefors not visible at the ocutside surface.

Goto (13) injected red ink into his specimens which were
then sawn to examine the crack pattern as illustrated by Fig. 1.5. His
experimental studies confirmed that numerous inclined cracks developed
around the deformed bars within the concrete prism. These cracks form
cones with their apexes near the bar lugs and with their bases generally
directed toward? the nearest primary crack or towards the specimen end.
According to Goto, the formation of internal cracks ysually starts at low
steel stresses and 1s influenced by the surface deﬁomutigns of the rein-
forcing bar. In the 'photoguph; shown in Fig. 1.5 for the crack p\nttern
lftu; removal of the reinforcing bar, the dark areas indicate that adhesion

between the steel and the concrete had been lost in these regions. Also it

indicates. that the bond between the deformed bar and the concrete therefore

t
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depends on the mechanical resistance of the lugs and the frictional resis-
tance between the concrete and the steel.

Referring to Fig. 1.6 a comb-like structiire is formed and its teeth
are deformed by the compres;ivo forces transmitted through the bar lugs as
the tensile force in the steel bar is increased. These forcés can be
resolved into two compo;tents:

(i) A component parallel to the bar axis tending to shear a cylinder
-of concrete, concentric with the bar deformations.

(i1) A radial component which tends to split the concrete like the
bursting pressurs in a pipe. /

Goto also noted that the complete relaxation of ‘the external ten-
sile load on the steel bar after the formation of internal cracks does not
return the steel stress to zero. He concluded that, once the comb-like
structure is deformed ll;ld undergoes plnstic- deformations, it does not return
to its virgin state even when the steel tensile force is relaxed, due to.
the interlocking friction at the surfaces of the internal cracks.

lutz, G;rgely and Winter (15, 16) studied the fundamental mechanism
of bond transfer on machined bars and they "established that slips result
from the gradual deterioration (crushing) of the concrete under the high A
bearing 'presauros and shearing stresses applied by the bar ribs. This
conclusion, which is generally accepted by other investigators , is not'in
agreenent with Houde and Mirza's (17) recent findings. Houde (18) tested
sixty-two concentric tonsue’spec\inens. c;ch reinforced with only one central A
bar. Thirteen of the tests were conducted on specimens reinforced with
special internally instrumented bars. Aftor‘testing, five of them w&n
sawn parallel to the bar axis to expose the imprint of the bar and examination

L
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of the sliced specimens revealed that the bar deformations were sharply
stanped into the concrete, as can be seen from Fig, 1.7. There was no
detection of powdery areas on account of crushing under the rid pressure
or polished surfaces due to the sliding of the bar. Houde (18) concluded
that the slip at the steel-concrete interface can be explained by the in-
ternal cracking of the first layers of concrete surrounding the reinforcing
bar and by bending of the small concrete teeth of the comb-like structure

idealized in Fig. 1.6. However, more basic research is needed in this area.

1.3.3 Bond Stress-Slip Relationship
Early investigators and designers of reinforced concrete recognized
that slip of the reinforcement had to be prevented in order to minimize
cracking, to develop flexural and shearing strengths and to n[uintain the

composite behaviour of reinforced concrete. Therefore in their bond tests,

they determined the slip values at one end of the bar at all loading stages,

in order to obtain the important load-slip history of the specimens.

° "Cl.nrk (19) conducted some pull-opt tests to check the influence of -
bar deformations on the bond efficiency of deformed bars. He tested 7/8 in
(22.2 om) dismeter bar, with 17 different patterns of deformations, using &
concrete specimen of 8 x 9 in (20.3 x 22.9 cm) in cross-section and of two -
lengths, 8 in (20.3 cm) and 16 in (40.6 cm). He compared their load-slip
curves and concluded that height of deformations and -the inclination of the
face of:' the deformations were important factors in determining the bond
resistance, but not the pattern of the deformations.

Nenzel (20) also used the "load-slip" curve as a criterion for bond

a
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efficiency when he showed the effect of settlement of concrete on bond

performance. Bresler and Bertero (10) conducted experiments on tension
specimens under repeated load and reported experimental results on both
tl;e bond stress distribution and the measured end-slip.

Mathey. § Watstein (9), from their investigation of bond strengths

of beams and pull-out specimens, considered advisable to establish limii:ing

er

slip values in terms of maximum permissible crack widths in an effort to

ensure that the reinforcement would not rust in an exposed situation.

They considered critical, a given fraction of the ultimate bond stress
developed ;I.n a particular test. According to them this critical bond

‘ stress may be defihod as the least of the bond stresses associated with
either a free-end slip of 0.002 in (0.05 mm) or a loaded-end slip of 0.01 in
(0.25 mm) in beam tests.

’ On the other hand, with the adveit of modern computers and the

development of finite element techniques, many researchers have attempted ,
to simulate mathematically the behaviour of reinforced concrete elements '
from zero load up to failure. In order to model the bond conditions at

the steel-concrete interface; they tried to define & bond stress slip law

of the form: u = F(d) where u is the nominal bond stress.and F(d) is a
function of the local bond slip d. By differentiating both sides with
respect to d, they obtained the bond spring stiffness which can be introduced
at the connecting nodes between concrete and steel. |

Nilson (21, 22) used the resullts of Bresler and Bertero (10) to de-
rive a tentative bond stress-slip relationship as follows. The difference
between the local steel displacements dg, and the local concrete displacements Q

dc gave the local bond slip between the concrets and the steel whose value
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, was difficult to obtain experimentally -(Fig. \i\.\s")v He obtained the steel
i ° ® N
} displacement by numerical integfation of the measured N
; congrete displacenen«:’k( the face of the concrete, dc*, was evaluated by

substracting the measured slip at the ends, dv, from the cs?o" displacement

at the same location, ds*. Assuming the concrete stress to vary line

AT

at a rate proportional to the rate of the stress in the steel bar, the con-

crete displacement was expressed by'the curve OP which deviated from the

straight line ON parabolically (see Figs. 1.8a, 1.8b and 1.8¢c). He calcu-
* lated the bond stress distribution along the length of the bar from the
values of the steel stresses measured at closely spaced locations and.
plotted it against the local bond slip.
Four sets of ;iata were obtained from the four nominally identical
bond zones I, II, III, IV, and are reproduced in Fig. 1.9. In spite of
the considerable scatter, Nilson (21, 22) fitted the following third

degree polynomial to the data: ~ ° o

—_—

u = 3.606 x 1052 - 5.356 x 10%° + 1.986 x 10%%2®  (1.5)
| ' ) ‘ ¢ " .t

Based on the results of tha"res_ogrch carried out by Tanner (23),.

Nilson (24,- 25) derived the oxpe}‘mnul bond stress-slip curves, as shown

in Fig. 1.10, as well as an idealized bond stress-slip re\lationship which .
is linear up to the critical slip i.e., that slip where bond becomes ne;rly
constant. The research involved three concentric tension tests conducted

on 6';x 6" x 18" (15.2 x 15.2 x 45.7 cm) long prisms reinforced with a 1"

(25.4 mm) diameter bar. ’ Contrary to the results of Ngo and Scordelis (26)

Nilson (24) s/howed that far from being constant, the stiffness varied

y
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constantly with the bond stress which ingreased with slip up to a certain

maximum value and then decreased progressively.

Py , The r;cent ;’eork of Houde and Mirza (17) gives a more general
exp;ession of the bond sti-ess-slip relations. The experimental program
cons\ﬂgd of study of the effect of the following parameters:

K (1) the load level, J

(1i) the size of th.e concr;te restraining the bar,

(iii) the type of test,
L _ (iv)  the quality of the concretk, and

(v) the bar size.

Houde (18) calculated local bond stresses for different pull-out /
specimens reinforced with instr\;nlent—ed bars by measuring the.slopes t;é\;each .

bar force variation curve at many load levels. At each of thea, espec:ﬁlly

the higher one, four values of the slopes were recorded and averaged.

Slips of the bars at the same locations, for known stress levels, were also

evaluated. Using a correction factor, Houde nopalized all the curves to
a common concrete strength of 5,000 psi (34.5 MPa) and obtained the plot
i shown in f‘ig. 1.11 where the bond stress at the steel-concrete interface
Teached a maximum value corresponding to a slip of 0.0012" (0.03 mm).
Before this peak value is reached, Houde expressed the relationship between
the bond stress u, and the local slip, d, with the following fourth-degree

polynomial:

"uw = 1.95 x 10% - 2.35 x 10%° « 1.39 x-10%%a% - 0.33 x 108%* (1.6

i

[ Pt Y
T @ ,
1 -4

' K Contrary to Nilson (24, 25) who observed that the bond stress level
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is related to the distance from the end face, ‘Houde did not note such a
rolationship and the maximm stress level was attained at all locations tat
a maximm slip value of 0.0012" (0.Q3 mm). His bond stress-slip relation-
ship is t{xus applicable directly at any, point alorfg the bar. This consti-
tutes ; useful advantage in a finite element analysis where cracks progres-
f sively q:opem:J in a random manner under increasing loads. Past the peak

point, the behaviour was found to dépend on the distance from the end face.

\

1.4 Variables Influencing Bond Strength

Due to the complex nature of the phenomena acting between ste;l -
reinforcement and concrete, bond strength depends on a great number of
parameters. There is a general agreement among 4dll resoa'rchers on the
qualitative influence of some of them on bond strength but it is still
difficult to compute correctly their quntitative influence because of the

diversity of the testing methods and of the difficulty of interpretinx nany

results. For others, it is not easy to show separately their influence on

bond, either because they act éontra.ry to bond or they act directly on each

other. Nevertheless, four main categories of variables can be distin- |

guished: - \ N | R
(1) v-arf'ables related to concrete. " ‘ i, -
(11) variables related to steel reinforc&ant.
'(iii) varisbles related to specimen geometry.

(iv) variables related to types of tests.
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1.4.1 Varisbles Related to 'Concrete

B 1.4.1.1 Type of Concrete

1

! Tests have been done at Univeréity of Missqp_ﬁ (27) on lightw'eight

aggregage concrete to compare its bon? characteristics with that of normal-

-

weight concrete using plain and deformed bars. These data cited by

s all

Ferguson (28) indicate that their mode of fajlure is somewhat different.

Roughly one-third of the bars, partic\ularly‘ the top-cast bars, pull-out
without 1splitting the concrete: a mode of failure which indicates tha;t in

“ lightweight concrete, the lugs crush and shear the concrete instead of

B

] . splitting it like in normal concrete.

The first analysis .of the data showed lower bond strengths for the
; »

- lightweight concrete than for regular concrete. The ratio varies conside-

’ rably with the criterion selected, ranging from 87 percent when based on

.

certain slip comparisons, to 64 percent when the average ultimate bond

values are considered. For this reason the Canadian and the American l

Building Codes (4, 5) recommend a 33% incr;ase in basic de\/relopment length {i

of deformed bars in lightweight aggregate concrete. j:v
The type ofl cement has received little attention from the researchers - ‘;ﬁz'"

k3

e iid

but based on the work of Muline and Astrova-{29) in Russia, the following

conclusions can be drawn:

[ ¥

a) For plain bars, the Portland Puzzolan cement and the modified

Q .
Portland cement (au laitier) reduce bond from 25-75% compared to ordinary

- Portland cement. The type of aggregate is not important and a decrease of
f
the water/cement ratio improves bond. S
f\_ b) For deformed bars, bond varies significantly with the quality of the
s
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cement .and the nature of the aggregates. It increases with the amoufit of
gravel, but there is no unanimous agreement on the influence of the cement
content on bond between steel and concrete.

Some experimenters like Davis, Brown, Kelly (30) studied the
influence of the richness of mix on bond performance. From their work, it
is seen that, for the age of 28 days, for all types of cement, the bond
strength at initial slip is less for the rich mix than for the fear; mix,
while the maximum bond strength is greater for the rich mix than for the
lean mix. Also for the lean mix, there is little difference between initial
and maximum values and among the various cements these values are nearly
constant; for the ridk mix there is a large difference between initial and
maximum values for -a given cement and among the several types of cement the
difference; both in bond strength at initial slip and in maximum bond 5
strerigth are large. Menzel (20) showed the influence of cement content,
fineness of cement and consistency of concrete on load-slip relatiomships

for companion top and bottom cast pull-out specimens.

1.4.1.2 Methods. gf Placing Concrete

It is generally ag;eed that the compactness of concrete influences

bond betw;en steel and concrete in a manner similar to its influence on the

..—~compressive strength. This compactness depends on the methods of placing
the c;:ncrete: hand rodding, vibration, disturbance during hardening, delayed
‘vibration etc. u

According to Larnach (31), direct vibration at the Eime of concreting

does not have any effect. Bichara (52) noted that vibration either improves
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or reduces bond strength depending if the concrete is dry or saturated.
Robinson (33, 34) studied the effect of vibration and concluded that
vibration of concrete decreased the differences due to the casting position
of the bars in the specimens. Davis, Brown and Kelly (30) using vertical
bars in their pull-out tests compsred different methods of compaction:

hand tamping, external vibration by means of a vibrating table and internal
vibration with a 1 in (2.5 cm) diameter shaft. They noted that external

vibration increased the bond strengths just slightly over those obtained

by hand tamping alone (10-12%) and that the percentage is sround 40% with
internal vibration. The reason for this is not .clearly evident but it
seems possible that vibration may have produced a "remixing action" of
the cement paste in the immediate vicinity of the bar, and that through
this action was formed a more homogeneous paste structure at the contact
surfaces. Roughly the same observations were made when the vibration was
delayed for a period of 3 to 9 hours. For effect of disturbances during

early hardening, Menzel (20) tried many possibilities like:

(i) Specimen allowed to settle for 10 minutes, then subjected for
14 hours to mild vibrational disturbance of small motor clamped to mold
t:ble v;ith shaft at right angles to reinforcing bar. The motor speed was
2650 RPM.

(11) Specimen allowed to settle for 1 hour and 20 minutes then
reconsolidated by "rapping" each side of mold 20 times and 'C‘rminx" and

pressing concrete around top bar with end of stick 2 in (5.1 cm) square.

' (1i1), Specimen cast with special steel pold and rerodded 2 hours after
placing the upper part of specimen, to consolidate the concretu around the

upper bar and to eliminate longitudinal cracks formed over this bar 10 minutes

a
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after original placing. He concluded that none had enough influence to
materially alter the bond resistance in the corresponding undisturbed .

specimens.

1.4.1.3 Effect of Storage Conditions

This category includes the storage condition besides the temperature
effect and weathering conditions (freezing and thawing; wetting and drying). ' i
These parameters have been studied by numerous international investigators: J
Davis and Kelly (30), Bichara (32), Menzel (20), Plowman (35), Xoh (36) and | |
Robinson (33). All of them have the same general conclusion that bond
strengtfr is more sensitive to certain factors than is the compressive strength.

For example Da\qris et al (30) showed from their experimental work
that regardless of the duration of moist curing, the maximum bond strength for
air stored specimens is greater by about 40% that for the specimens maintainegl“
continuously moist. They also discovered that bond strength is substantially .
affected by either an increase or decrease in the room temperature.  Their ‘
tests are perha;)s not sufficiently comprehensive to justify any conclusions, “
but the decrease in bond stréngth due either to a raising or lowering of

temperature is significant and this suggests more extensive investigations

of temperature effects on bond strength.

Koh (36) and Davis et al (30) studied the effect of freezing and
]

thawing at anearly age on bond strength of pull-out si:ocimona. Thefr concluded
|
from the results of their pull-out tests the following:

The maximum bond strength is substantially reduced by repetitions °

~

of freezing and thawing at an early sge. The effect is more pronounced

1




19

when the concrete contains more water. The temperature during the first

three days of hardening has a great influence. A thin layer of ice on the

surface of the bar at the time of concreting reduces the bond strength
considerably and deformed bars with good surface conditions are advantageous

)
! 1 N
for winter concrete.
"y

1.4.1.4  Strength of Concrete

This parameter is considered of prime importance in. the development *
} of bond resistance and has received considerable attention from many re- .

searchers. It is generally agreed that the slip resistance of steel rein-
forcement increases with the concrete streﬁgth for both, plain and deformed

‘ \
: ' bars and for any type of bond test. Davis et al (30) attributed this in-

crease in slip resistance to the compressive strength of concrete, but later,
with a better understanding of the mechanics of bond failure, new investiga-
tors realized that perhaps the tensile strength of concrete was more critical.
Some investigators (32, 37) are even coﬂsiderinz the shearing strength to
have a significant effect on the bond performance.

3

_ Some investigators (33, 38, 39, 40) have suggested different equa-

tions for the ultimate bond strength as a function of the strength of concres

te. In Europe the most common one is the fouowinz( l:lnurlyarhtiom

Q‘b

|

Yo=K 2tk - an
Cﬁ 7 vwhere 4, and f'c ropr?unt respectively- the bond strength and the concrete '
SN 1

; %
‘ compressive strength;

kl md.kz tl‘\i upiricui coefficients, which depend on
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the type of bars, their dismeter, embedment length and the type of the test.
Based on his data, Ferguson (41) established that the bond resis-
tance varied appro;imatoly as the square root of the compressive strength

and préposed the equation:

uw - kE (1.8)

(-]

The effect of the concrete strength on the distribution of steel and
bond stress along a reinforcing bar was investigated, in eccentric pull-out
spgcimens and in beams, by Perry (42) and Perry and Thompson (43). Some re-
sults of the eccentric pull-out specimens are shown in Fig. 1.12 for a bar
tension of 8.4 kips (37.4 kN) at the loaded end. One can note the shifting
of the point of maximum bond stress toward the unloaded end for the lower
concrete strengths. As the maximum bond stress was reached at some point
along the bar, the bar slipped and caused the bond stress on the side of the
loaded end to reduce gradually to the value of frictional drag between the °
bar and the concrete. The point of maximum bond stress is believed to be

just shead of the propagation of the /splittinc crack.

1.4.2 Vtrpgiu Related to Stesl Reinforcement
1.4.2.1 Bffect of Surface Conditions

The bond characteristics of deformed bars do not appear to be
adversely affected by varying degrees of surface rust or ordinary mill scale.
On the contrary, it can actually be beneficial to bond, and it is practical

to consider that metal reinforcement, except prestressing steel, with Tust,

~
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6 mill scale or a combination of both shall be considered as satisfactory,
provided the unit weight of a cleaned piece of bar meets the minimum re-
quirements of the Standard specifications. This was the conclusion drawn
by Kemp et al (44) after an extensive series of bond tests on stub-cantile-

ver concrete beams reinforced with deformed bars with coptrolled varying

amounts of rust and’nin scale. They also found that it is not necessary

to clean or wipe the bar surface before using it in concrete construction.

In a given rust causing environment, the thickness of the rust layer will
be about the same fork all bar sizes. Therefore larger diameter bars, which

have higher ribs, will be less affected by rust. Other tests ‘on artificial-

ly rusted deformed reinforcing bars made by Ghaffarzadeh (45) at University
of Oklahoma, have exhibited varying effects of rust on bond strength but no

‘v significant reduction. in the bond strength of moderately rusted bars.

1.4.2.2 [Effect of Bar Profiles

This is a more important parameter than the surface conditions of

the bar. Accoxding to Bichara (32) who studied the effect of the bar pro-
-file, bond as a chemical adhesion betwesn steel and concrete does not depend
on thr\ shape and deformations of the bar, but as a resistance to slip, it
is greatly affected by the bar profiles. Many 1nvntigatox;s have mlyzo\c\
the 1n§1t;onco of bar profile on bond strength: Menzel (46), Clark (19, 47),
Lutz (48) and Wilhem et al (49).

+ Ftom the tests reported by Menzel (46), it nppc;rs that plain and
A ;tnurlu bars pull through the pull-out specimens tested but deformed bars

Tk <
4 @
Y e

LA cause failure by longitudinal splitting. Knurled bars perform well only

X
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as bottom-cast bars., Also Menzel made some recommendations with respect

: to close spacing of lugs to mininize the effect of concrete settlement for ¢
«‘?"% vertical bars and lug height, spacing and thickness to furnish a proper

ratio of concrete shear area to boarin‘\z area. His suuestions’imva greatly

influenced the formulation of the ASTM Specifications (50) for the dofémed

reinforcing bars presently used.

e

Later, Clark (19, 47) conducted some tests to determine the resis-

~——r

tance to slip in concrete of 17 different designs of deformed reinforcing
bars. The tests waye of the pull-out type in which the 7/8 in (22.2 mm) |
diameter bars were cast in a horizontal position. Height oé deformations
appears as an important factor as far as effect of concrete settlement is
concerned. The pattern of deformations does not seem to be of importance
g in determining the bon& resistance, but the slope of the lug;s appears to be

a critical factor. m“ suggested by Menzel (46), Clark (47) also found

that ratios of shesring areas to bearing areas of less thgn 10 gave best
results. r

Wilhelm et a1 (49) conducted & recent study of the comparative bond 5 p
efficiency of reinforcing bars with heights md\splc:!.ngs of deforgations
d:i.ﬂoring from the ASTM Specifications. The purpose of the study was to

dgtnmino if the height of d&bmtions could be lowered at a relatively
reduced spacing without adversely affecting b?nd strength. It was found
that changes in deformation height do not affect bond strength significantly
provided the total bearing area }ur unit length of the bar is the same.
Hence, the work of the past few years leads one to the conclusion
th;t the bearing area per unit length of bar is probably the critical bond

strength parameter for reinforcing bar deformations, with the requirement '




that the face angle be not less than 45 degrees. Height and spacing of
deformations are important in the case of specimens with bottom-cast bars

only, insofar as they affect the bearing area.

1.4,2,5 Bffect of Bar Diameter

1

Many authors have used either the pull-out tests or the beam tests

to study the influence of the bar diameter on bond strength. In some tests,
the embedment length is held constant while the diameter of the bar varies,
and in others the ratio of embedment length over the bar diameter is held
constant, Nevertheless, results differ greatly depending on the a.uth?rs.
Bernander (51) and Robinson (33) from their pull-;out: tosts oxI\ plain and
deformed bars concluded that practically, the bar diameter does not have any
influence on bond strength. According to reports from Dja\.n'y (52), Jonsson'
ot Nal (40) and Voellmy and Bernadi (53) observations were made that in the
majority of the cases the bond. strength values decreased with an increase

in the bar diameter for a givon_ "embedment length over diameter" ratio.

This decrease is less for plain bars than for deformed bars. However, there

is no unanimity on an expression of general validity ‘which varies with the

- authors. PFerguson et al (41, S$4) showed that the slips of large bars were

somewhat greater than those q§ smaller bars and that increased loaded-end
slip for large bars, roughly in proportion to their diameters, appeared to

be a reasonable approximation.
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1.4.2.4 Bffect of Embedment Length >

Using pull-out and flexural tests, many investigators have ve.rified
that bond stress is primarly a function of length rather than of the bar size.
Mathey and Watstein (9) determined bond strengths in 18 beams and 18 pull-ox:t
specimens with No. 4 (12.7 mm) and No, 8 (25.4 mm) deformed reinforcing bars
of high yield strength. The lengths of embedment ranged fraom 7 in (17.8 cm)
to 17 in (43.2 cm) for No. 4 bars (12.7 mm) and from 7 in (17.8 cm) to 34 in
(86.4 cm) for No. 8 (25.4 mm) bars. Fig. 1.13 (9) shows clearly that both
Up.1 and u* c decrease with an increasing 1° / db for a given bar size. For
example, u*c decreases from 1170 psi (8.1 MPa) to 530 psi (3.7 MPa) for the
No. 4 (12.7 mm) bars, and from 650 psi (4.5 MPa) to 470 psi (3.2 MPa) for
the No. 8 (25.4 nm) bars, as 1° / db increases from 14 to 34. It may be
noted that the values of u*c for the two size bars approach each other as
1, / d, increases. Also, Fig. 1.14 (9) shows the relationships between
(fs) c and 1. / db and indicates that it is possible to develop a steel stress
of about 70,000 psi (482.7 MPa) with a 14-diameter embedment of No. 4 (12.7
mn) bars whereas a 34-diameter embedment is gequired with No. 8 (25.4 mm)
bars to develop an average stress of about 66,000 ?si (455.1 MPa). In
these two figures:

“n.l’ u""= = maximum bond stress and criticli bond stress adjusted by

multiplying by s factor r] c /£ c
£ c = 8verage concrete compressive strength of a zr‘
containing the same size bar
£' . .. concrete cenproui\}a strangth
U, = critical bond stress which is the lesser of the two value

of bond stress corresponding to a loaded-end slip of




25

\ 0.01 in (0.25 mm) and a free-end slip of 0.002 in (0.05 mm)

¢

(fs)c = steel stress corresponding to L
1, = enmbedment length

e
db = nominal diameter of the /steel bar

Ferguson and Thompson (41) preferred beam tests to study the effects

of several variables on bond strength including embedment length. They used

o

mainly high yield strength No. 7 (22,2 mm), No. 3 (9.5 mm) and No, 11 (35.8

mm) bars with beams of varying cross-section dimensions in order to achieve
a bond type of failure, Fig. 1.15 shows some of the results obtained by )
f Ferguson and Thompson (41) for “m,Z’, with varying embedment lengths. In
Fig. 1.15 Un;2 is the maximum bond stress adjusted to a concrete compressive
strength of 3300 psi (22,8 MPa) and a clear bar cover of 1.5 in (3.8 cm).
They concluded that the bond stress decreased with/m increasing embedment ‘ T

length. Nevertheless, this area needs further study, because recent tests

o;\ beams by Untrauer and Warren (SS) show that the ultimate bond stress . 4

*

increased with an increase in the embedment length. -,

a

1.4.2:5 Bffect of Detailing \ | ’

\
Recent tests by Megget and Park (56) on exterior beam-column joints

indicate that the embedment length of the bemn ruintor‘i:uont is extremely
inportant in determining the performance of the beam-column joint under
. soismic loads. From the work of Rerguson and Thompson (41), it appears

that end anchorage by extra lengths either atuifht aghookod is Teasomably

good but it usually reduces the available bond 3tTess over the entire length

" by approximately 7 to 24%, the larger reductions being for the hooked bars.

3
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Development length must therefore be longer if part of the length is in
the form of end anchorage. As noted by Hribar and Vasko (57), the inclu-
sion of compressive stre‘sspg as a factor in the bond strength of bent bars,
produces some marked differences between the beha;iour of straight bar
embedments and hooked bars of equal embedded length. The position of the
bar relative to the direction of concrete cast;nz has a greag influence on

the slip behaviour of hooked bars as reported by Rehm (58).

Ferguson (41), Brooks (59) and also Ferguson and Husain (60) studied
the effect of multiple cut-offs., Their results illustrate”tﬁe diagonal
tension complications which are always incident to cutting off tension steel

in a tension zone where some reasonable shear stress already exists. .

Apparently effective development for the multiple cut-off would call for at
least 30% more length than for continuous bars.

Tests on tension splices (61, 62, 63, 64, 65) reveal that the danger
of concrete 3plitting is.particularly great in the vicinity Bf'tension splices.
It was observed that'the free ends of spliced bars form sources of disconti-
nuity and act as crack initiators across a tension zone which in turn trigger
splitting cracks. Tests lt'the Universities of Oklahoma (66) and Colorade
(67) show tha; for No. 11 bars, the ACI Code splice lengths are conservative.
They also show that splices in a varying non%nt region required less embed-
ment length than prescribed, possibly bncaus% one end is at a lower stress.
Compression splices have not received as much attention as tension splices,
however the limited test data (68) illustrates that bearing against the end

of the bar strengthens the splice which has a beneficial effect on bond.

/
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1.4.3 Variables Related to Specimen Geometry <

As researchers are getting a better understanding of the nature of
bond strength they realize the prime importance of the p&rtieters in this

group which includes:

1.4.3.1 Bffect of Shape and Dimensions of Specimens

Bichara (32) showed that the beam width does not have any effect on

bond as it varies from 6 to 12 inches (15.2 to 30.5 cm). Many. researchers

do not agree with this conclusion. Plowman (35) found that bond resistance

varies with the ratio of the beam width to the bar dismeter. \Voollly and
Bernadi (53) believe that the shape and dimensions of the speé:l;nns affect
bond behaviour. The work of Ferguson and Thompson (41) proved that the
width of the bean has a decisive effect on.the type of failure: bond
splitting or diagonal tension. Further sttgxdy of his data showed that the
bean width was still & critical factor even w[hen the failure was in splitting.
In fact narrower beams failed at bond stress values 7 to 20 pérgent lower
than wider beams. This can be explained by the higher diagonal tension
strossos"which result, possibly because of the smaller lateral resistance to
splitting provided by the narrower beams, ’

Fig. 1.16 illustrates the variation of bond strength with the beam
width as derived by Ferguson and Thowpson (41), Lauritzen (69) and Berkman
(70). In Fig. 1.16, 1‘ is the embedment longt“hl \and o is the ratio of
Y, b / Ym,18 where Yo, b is the maximum bond stress for a beam of width b and:
Uy g is the paximum bond stress for a besm, 18 in (45.7 cn_) w:lde‘. It is

¥

clear that the variation in beam width is more serious when the embedsent
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length is short; which is reasonable because a short length gives high bond
stress and results in larger shear stress. Recently Untrauer and Warren
(55) reported that the effect of the beam width on tens;lon stesl stress
development and ultimate bond stress is very significant and that wider beams

develop less steel stress than the narrower beams.

1.4.3.2 Effect of Bar Cover

Investigations at the University of Texas on develoﬂpmant length o‘f
No. 3, No. 7, No. 11 (9.5, 22.2, 35.8 om) bars have indicated the clear cover
over the bar to be an important variable. Clear cover thickness influences
slip resistance and large cover results in smaller end slip. Clear cover
over ﬁ\ reinforcing bar is also significant 1n'connec\tion with splitting
resistance. According to Robinson (33) it is due to ‘ghe quality of the
concrete cover which, when it is thin. is weak because Nof side effects
(effets de paroi)}. Thin cover can //split easily; very thick cover can |
greatly delay splitting if bars are not too closely spaced laterally. Figure
1.17 from Reference (41) indicates an 'appro:gimato increase of bond stress of
100 psi‘ (0.7 MPa) per in (2.5 cm) of covéf. In this Figure Un, 3 re;:rosents
the maximum bond s'treas adjusted to a concre/te compressive strength of 3300
psi (22.8 MPa).

However the improved bond performance is not proportional to the

additional cp\ier thicitness and it is not economical to increase bond strength

" by increasing the go{ror thickness. For large size bars, the beneficial

effect is not vurj‘-significant. For these bars, the effect on the formation

and widths o ’%racks under service load conditions is the govorn"in& criterion

a
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in selecting an appropriate value for aloloweble average bond stresses.

Extra cover does not provide protection against excessive surface crack

" widths. From research programs qpnducted at the Cement and Concrete

" Association in London (71), it appears that medium ‘iize top bars benefit

more from the added cover as indicated by ?ig. 1.18, When dowel action
affects bond, the influence of cover on crack formation and splitting resis-

tance is eliminated.

1.4.3.3 Effect of Bar Spacing °

, ’ o <@

In the early development c;f ‘the nature of bond ;trength, Ferguson,
Turpin and Thompson (72) realized, from their tests on pull-out and bpam
specimens, that the maximm bond stress increased approximately nnearly with
the clear spacing of the bars. Neglected later by most researchers, the
clear bar spacing is not even considered in the development length equation
in the present Canadian.and American Building Codes (4, 5). More recently, 4
Orangun, Jirsa and Bz‘een (73) derived agprOposed equqtiontfor calculating
development and splice 'lengths, f£rom a nonlinear regression analysis of many
test results of beams with lap'\,splices. The effect of clear bar spacing is
included in their equation as well as the thiekness of the coricrete cover.
Later, Untrauer and Warren (55) presented some data on the effect of Jbar
spacing, which was obtein'ed from gtest‘s on 27 beams. They found that bar °
spacing has a significant influence on the stress that can be developed ‘1n
the tension steel. This 13 ilfustratee in Fig. 1.19. Based on 'the results
of these two reports, Ferguson (74) emphasized that if the cleu' specina

between bars is less than.4 1n, (10.2 cm), the present ACI Buﬂdinz Code
/ : ) . .
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c development lengths for Grade 60 bars, and possibly Grade 40, are not con-
“ servative. Further study of this phenomenon is needed.

| i P T

1.4,3.4 Bffect of Transverse Reinforcement

Transverse reinforcement in the form of stirrups, particularly when
A . closely spaced, slows the propagation of a splitting crack or prevents the

opening of cracks that form along embedded bars and enables greater bond

Y e

forces to be transmitted. Stirrups cannot prevent splitting cracks, which
always form when large bars are used in beams, but they enable frictional

7 forces to be transferred along the cracks. Stirrups resist dowel forces
directly and transfer them into the body of the beam, greatly reducing the .
’importance of splitting stresses developed by dowel action across the plane

- of the bars. Ultimate bond strength of the heam is little influenced by
the stirrups if they :re simply adequate for the efcpected shear, although
toughness of the beam is considerably improved. If however surplus of
stirrups a’;‘e presenLt, ultimate bond strength is considerably increased
because the ;tirmps can similtaneously perform the functions of shear rein-

> forcement, split retarder and precluder of dowel action. These observations

. aTe r;ported by many European investigators (34, 35, 75, 76) and are in

However from their

genoraal agrsement with the findings of Ferguson et al.
th;s, Ferguson et al (41, 72, 77) have been unable to s}:ow satisfactorily

- the quantitative increase of bond strong‘th\w:lth increase of the stirrups

f,*, o . ratio I', defined as the ratio of vertical shear roinforcunanf area ta the

| gross concrete area of a horizontal Isoction. Nevertheless, he noted a bond

(;Q ’ ~strerl¢tl_x {ncrease of aboit 18 psi (0.12 MPa) with .each 0.0001 increase in I
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(Pig. 1.20.).

Also it is clear from the test results reported by Tepfers (61},
Robinson (34) and others that transverse steel improves ductility of the
anchorage. Orangun, Jirsa and Breen's (73) proposed equations show a
considerable reduction in the development length with the addition of
stirrups. Bond resistance se'ems to be improved by the presence of spirals
over the bars. However this i.s not commonly used and this area is inade-

quately explored experimentally.

1.4.3.5 Bffect of Casting Position of Bar

Several researchers have studied the importance of the bar position and
type of attachment with respect to bond strengt’h. Davis et al (30), Clark
(19), Menzel (20), Dutron (78) and Rehm (58), who were the first to present
a report of their work on settlement of concrete, used three different pull-

out specimens:

1) ' Specimens with vertical reinforcement,

(i1) Specimens with horizontal reinforcement cast at the bottom of

the formwork: '"bottom-cast" specimens.
(111) Specimens with horizontal reinforcement cast at the top of the

formwork: "top-cast" specimens.

Leonhardt (79), Soretz (80) and Ferguson (28, 54) preferred the beam
tests with the bars cast horizontally either at the bottom or at the top
of the beans. These investigators obsol'{gd the poor bond performance of
some bars, due to their cut;lng position. \

The shove invoatlgations led to the conclusion that the sot;lqcixt
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of concre_t; in the forms, left the concrete better consolidated on top of

the lugs of the vertical bar than beneath the lugs. The slip and the
ultimate bond resistance were thus more favorable when the bar was pulled
against the direction of casting of the concrete than in the opposite direc-
tionl. Likewise, a horizo?tal bar has better consolidated concrete above the
bar than under it. According to Clark (19), Menzel (20) and Davis et al (30),

~
these can be classified in the sequence of decreasing strengths as follows:

a) Vertical bar pulled in a direction opposite to that of casting.
b) Horizontal bottom-cast bar. ‘ |
¢) Horizontal top-cast bar.

d) Vertical bar pulled in the same direction as casting.

From their pull-out tests, Ferguson et al (28, 54) observed a signi-
ficant differenco in slip behaviourl between top-cast and bottom-cast bar.
Top-cast bars slipped at the unloaded Qnd at very low loads and then continued
to accept much more load. Bottom-cast bars déd not slip at the unlo;dod end
until almost at their ultimate load. 0

The American and Cmtd}an Codes (4, 5) define "top-bar" as a hori-
zontal bar so placed that more than 12 in (30.5 cm) of concrete is cast
below the bar. Based on Clark's experimental work (19), these Codes recog-
nize & loss of t;ond strength for topgfast Qrs. of lﬁproxiutoly 308 and
recomend an increased development length of 1.4 1,, 1, being the development
length for the b&ttog-cnt bars. Ifx r;cpnt tests with concrete depths of
12 to 18 in (30.5 to 45.7 cn) below the bars, this loss was cbserved to be
directly Telated to the difference in the tenaile atr‘mxthsJ of the concrete

in the vicinity of the top and the bottu-cuﬁ bars and was of the order of
-] > ) ‘ i .

~.
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10 to 208, This represents s considerable scatter and the magnitude of the
]

loss of bond is thus, not very well documontd and further experimental work

is necessary, before the designer can really know what bond strength is
possible for top bars in ordinary cast-in-place concrete members of standard

and high depths. This is an important probi‘m when one considers the tremen-

w5

dous amount of possible savings involved in the lengths of the reinforcing

-

stesl used.

1.4.4  Variables Related to Types of Tests

Although these parameters deserve a great deal of considerstion,

Qo

they have not received much attention in the earlier bond studies. This
deficiency may be explained by the difficulty involved in analyzing their

offect on bond strength, These paraneters are:
. ~~

1.4.4.1 Types of Structural Members

The bond Problem in slabs, connections, brackets, corbels and -
extremely short cantilevers is quite different from that in conventional
pull-out and flexural nmbo;s. However: there is a lack of data in this

* area. Moreover, there is a scarcity of dau“on‘ bond characteristic nbotvmn
rolled structursl stéel sections and concrete. This type of bond is ﬁjpor-

site action of suth a structural unit, \

T

tant in the design of composite structural members in order to assune coRpo -

A

B e ol

b
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1.4.4,2 State of Stress of Concrete

The loading ‘conditions influence the state of stress of the concrete
|
and have a considerable effect on the bond between the steel and.the concrete.
In this respect, different research works have shown some marked differences

between the results of the pull-out and the beam tests. Howevér, the effect

of transverse compression or tension which exists in beam-column connections
and other structural elements has not been well documented yet. Similarly

the effect of shear on bond is not well known, because mogt of the beam tests

have considered only the portion of the beams under constant moment region
which is & case of pure flexure. '

Bond fatigue is another area not thoroughly explored in rosoargh.
Bond fatigue is the pifigressive deterioration of bond and the slip of tensile
reinforcement under some form of repetitive and suséninod loading and can’
lead to colltpso\bf the concrete member. However, even without complete
failure, progressive slip is of particular importance in rigid frame buildings,
where it results in progressive deterioration of the flexural stiffness.

\
Some fatigue tests (81, 82) on reinforced concrete specimens have examined

the bond problem, but have not suggested a consistent basis for a specifica-

tion to prevent bond futizuo. Thus it is necessary to conduct more research
in the nfil of bond failure dus to repeated and sustained loads and to inves-
tigate the ri;ponlo of critical portions of structures such as spiiea regions

and connections.

~

" 1.4.4.3 ﬁggnn;od and Cyclic Reversing Losding _

' * ‘ ,
This is an isportant parameter which affects not only the stiffness

~.

i
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|[% but also the strength of the structural member. When a reinforced concrete
'% member is subjected to repeated and cyclic reversing loading, cracks formed

during the tensioning of a bar do not close completely after the removal of

the load because the inelastic deformation in the vicinity of the ribs, Py

oy

microcraking in the concrete and the release of shrinkage strains cause some
pexrmanent slip. With repeated loading, thﬂ'frictional resistance diminishes,

resulting in a deterioration of the stiffness of the bond mechanism. This

1loss in bond has been observed by Bresler and Bertero (10) from their care-
fully instrumented experiments. Recently Ismsil and Jirsa (83, 84) observed
yield penetration under cyclic overload to a distance of 14 to 18 bar diameters
when the concrete in the anchﬁrage zone was sinulttnoousi& subjected to 1000
psi (6.9 MPa) trangverse compression. Figure 1.21 shows the tensile strain

distribution at two levels of stress along a 16 in (40.6 cm) length of deformed

bar No. 9 (28.6 mm) embedded in a 6 in (15.2 cm) diameter concrete cylinder
after cyclic loading. This is representative of the bond conditions around

a bar in a beam under pure flexure, whon cracks are apncod at 8 in (20.3 em) /
centers. The curves illustrate quito well ithe loss of bond botwoon cracks /
after several cycles of loading as the tensile stress tends to become uniform
over the full length-of the bar. Thia loas of bond contributes to the over-
all loss of stiffness in a reinforced eoncroto structure. Perry and Jundi
(85) reported that in their tests aos of the ultimate static strength wnt
attained after several hundred load cycles. Nevertheless, this problan

= needs further examination.
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1.5 Scope of the Present Research Program

As discussed earlier, the embedment length and the "top-bar" of;oct
have s significant in!luom on the l?ondhstrongth snd deserve further
quantitative experimental investigation. The objocltivn of the proun\:
investigation are to make use of a practical and fcllisticl bond test and,

by varying the embedment lengths of the test bar:

(1) to analyse the overall behaviour of specimens having top versus
bottom-cast bars from zero load to failure and to evaluate their respective

‘ultimate bond strengths.

(11)  to analyse the distribution of internal strains for both top
and bottom-cast bars and also the distridution of bond stresses in both
cases as the applied loads sre increased from zero until failure.

(141) to point out any basic differences in strength and behaviour of

specinens and compare the ruulti obtained with the current Code provisions
and proposed recommendations of Jirsa et al (73).

P
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Qualitative Load-Slip Relationship (76)
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(a) Specimen with 0.75* (1.9 cm) Reinforcing Bar

d

(b) Specimen after the Removhl of the Reinforcing Bar

(b) Bpecimen after the Remcval of the Reinforoing Bar

Fig. 1.5 ihotoznph: of the Internal Crack Patterns of
‘ Goto's Axially Loaded Tensile Specinens (13)

A

.
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- longitudinal Section of Axially Loaded Specimen

o

Cross_Section
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, Intexnal Z:::;.:: Tightening force on bar
: crack (due-to wedge action and . ‘
‘ ‘ Primary Force deformation of teeth of '
¢ crack components the combrlike structure)
' on bar _
4 Fig. 1.6 Deformation of Concrete Around Reinforcing Steel Bar after
' , Formation of Internal Cracks (13) )

G o

. / '
Fig. 1.7 Photograph of the Interior of Houde's Axially Loaded
Tensile Specimen #10 after Sawing (18) .
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CHAPTER II

CHOICR OF BXPERIMENTAL BOND TEST

2.1 Reguivements of s Bond Test ‘ -

An evaluation, 5y menbers of ACI Committes 408 of the requirements
of a bond test, led to the fnnowiﬁg goneral conclusions:
(1) The bond test specimen must simulate as closely as possible the
actual manner-of losding in a concrete structure.

(11) The bond test specimen must contain a realistic amount of rein-

forcement with a reasonable bar spacing and concrete cover,

(411) The bond test specimen must contain some shear reinforcement and
nust avoid the cgnﬂmmnt offoct of the loldﬁs system and the resction
which influence bond.

(iv) The bond teat must be inexpensive and simple.

In the light of the above requirements the existing bond testing
methods will be examined in some detail before deciding on the bond test
which will be used in this experimentsl resesrch program, ( ) ”

2.2 Iypes of hond Tests B f
For obvious reasons of simplicity, it would be desirable to anta
bidsh s "standard method of bond testing". Hewever, this is not.an easy
:}u/ view'of the many varisbles which influence the ussble bond -etrength
d the various physical distresses manifested as bond failures. This &8

I
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the reason why a survey of the literature 1ndic§tos } prouéoration of the
types of bond tests used by different investigators. They can be grouped
. N {

4

into five main categories.

(1) the pull-out tests

(11) the push-out tests . A
(111) the axial tension tests: | |
(iv) the Scu tests (flexural tests)

(v)' the torsional tests

2.2.1  Puil-ut Tests

This is the most common type of test snd depending on the position -
of the bar there can be two types of specimens: the classical pull-out test
where the bar is concentric with the axis of specimen, and the modified pull~ -

out where the bar pull-out force is eccentric,

2211 Glassioal PULL-OUL TuRe |

my is probably ‘thu oidut and aimplest of bond tuti. In ti\iu
““..‘ the bar, either plain or deformed is initially cast in the centre of
& block, cube, pﬁu or a éyundtt of concrete. The specimen is pla«d m |

& testing machine and, whu- the concrete is hold by the reaction *prcmm K

on one ond. th- rointorcinz bar is pulled out tren the aame cnd (m Pig.
21). I Rost-cases, the bar is protruding fron both ends.  While the
’londing-itugii. are recorded,. the relative slip bnmo'ni_i;‘qol and concrete



- A 4 ¥
o ) i ¢ . P -
[ . ty L el A ' “
i 1 - _ . w7 L&‘Aﬂ. P - !
MQW ‘ s e e o e o 17

81

4

at one or both ends is measured by MW a dial gauge clamped to either

-
]

the bar or the concrete block.
In Aioriu, various shapes and dimensions. of pull-out test specimens

are reported in the literature like:

A (1) The 8 x 9 4n (20,3 x 22.9 cu) and 10 x 10 dn (25.4 x 25.4 cm)
concrete prisms with varying lengths of 8, 16, 21 in (20.3, 40.6, 53.5 cm),

(11) The 6 x 12 in (15.2 x 30.5 cm) and & x 18 in (15.2 x 45.7 cm)

concrete cylinder with a bar protruding from one end.

The Buropean pull-out’l‘poeimn’ is ~mcm or less standard with a
square cross-section of 20 x 20 c¢m and a length varying from 18 to 60 em.
!
Pull-out test can be used for many purposes. For example, Watstein

(87) and Mains (88) used it to measure the distribution of tensile and bond

stresses along the embedded bar. Clark (19) compared the ofﬂcgmcy of
different types of bars by means of pull-out tests, Also Clark (1§) and
Menzel (20) studied the effect of settlement and water ;iin on bond by making
use of double puu-oét*tpibimnl. They are rectangular prisms grooved at

mid-height in which a top bar and & bottom bar are cut‘horizonnny and

contered  in the top and bb.tton halves i"upocuvoly. After concrete ’
hardening, they are apl;t along the groc;vn to yield two spocin"ms. The -
 main sdvantages of this test sre its siplicity snd low cost.
i Hoslu-vot. the pull-out test has two major disadvantages:

(1) Igt does not simulste realistically the Lénd conditions of a tension
ateel bar {n resl-life concrete beans: ddo to the absence of shear

reinforcement and large concrete covers. '

(11) The surrounding concrete ¢ the ctoﬁ bar in the pull-cut speciam ,
" \ . . ,
A
[
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t

is in compression, while in real-life concrete beams it is in tension.

. Thus, the pull-out test may be useful only for comparing different

shapes of bars, different sizes of bar, different lengths of bar, u

2.2.1.2  Vodified Pull-ut Test

This is basically the classical pull-qqt specimen with the difference
that the bar is placed occor:trictlly. The cover is usually sbout 2 to 2§ in
(5.1 to 6.4 cm). It has been used by Ferguson, Breen and Thompson (54), to
study the effect of bar size, embedment lengths and casting position on bond
performance. Also Perry and Thompson (43) used the eccentric pull-out test
to determine the tensile and bond stress distribution by means of atrain
measurement using oloctrilcu resistance strain gauges mounted at specific
locations on the steel bar.  Several vn‘;atiom of the eccentric pull-out
test have been used to study the mechanics of bond and slip, representing
more closely the bars in flexural members which is & big advantage over the

concentric puil-out test. See Fig. 2.2 for illustration.

2.2.2  Push-Qu Testy

The push-out test is a development of the pull-out test in that the
loading stages and relative slips are obtained in a similar way. As pointed cut by
— ; -Koh (36) and Plowmsn (35), they only differ in that in the push-cut test,
" the rcin.‘.orcins steel and the concrete are both placed in compression by
pushing the bar through the concrete as shown in Fig. 2.5, Results differ

/
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significantly from those obtained in pull-out test because the dilation !

of the bar under load increases the pressure between the concrete and the

bar surface, whereas in the pull-out test the bar contracts under losd,

E ‘ thereby reducing-the lateral pressure. The same criticisms apply as for
iv pull-out tests, except that both elements are in compression. This is not
E ' \

8 type of bond test commonly used.

El

ﬁ- 2.2.3  Axial Tension Tests -
b ' Axial tension specimens, which were not often used in the early
development of bond tutfﬁg. have received considerable attention over the \

past decade. They can be divided into the following categories:

2,2.3.1 rect P - Wit

This is the most widely used lpo;:imn in this group. The bar is
embedded in s prism of concrate and pzj'otmdu from both ends. The test
consists of applying & pull-out load &t the ends 68 the bar and inc:xun;
1{: until failure occurs. (Pig. 2.4). Information as crack spacing md width |
are zecorded.  When the bar is indtrunented, distribution of tensile
stresses and bond stresses can also be obtained,

Houds (18), Nlson (25), Ismatl and Jizsn () and some Gcher
experizenters used the technique uan by Mains (88) m{d by Perry and Thompson
(43) which elinminates disruptions in the bonded surface. This technique
consists of milling the stesl bar to semicircles. A 3/8% 1/84n (9.8 x
3.2 m) groove is then milled in each half bar and doctriga; f:cgtl‘um .
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strain gauges are mounted in the grooves of each half bar. Following the

insulation and checking of the gauges, a few coats of a water resistant

silicone resin are applied to all gauges and connections. The grooves are
then filled with epoxy resin. After hardening, a new layer of epoxy is
applied to £il1 out the remaining depressions and cover the contact surface
! . of each half-bar which is then clamped together and tack waldgd at 2 in

‘ (5.1 cm) centres using a welding sequence wiqp intermittent cooling to

protect the gauges from damage.
The axial tension test, although greatly influenced by the ratio
of transverse cross-section dimensions to the bar diameter simulates better

the reinforced pértion of a constant moment region in a beam. Also, the

transverse compression which tends to increase the bond strength of a pull-
out or a push-out specimen is relatively squll and can be neglected. Ié is
recommended that the specimens be long enough so that at least two cracks
can occur in a region not subjected to the end effect of the load. Djabry
(52) and Voellmy (53) pointed out that the maximum bond stresses attained
with this test are sometimes, approximately t?rao t;mos smaller than values
computed from classical pull=-out tests.

This type of bond test has snabled researchers to achieve.a bctto;
understanding of the bond problem., As an example, it helps them to demons-
trate that crack widths at the surface of a reinforcing bar will tend to be
considerably less than the corresponding surface crack widths. Bresler and
Bort;ro (10) and later -Ismail and Jirsa (83, 84) mado/ule of this test to
determine the influence of load history on bond and cracking. Their test
‘vesults indicated that the stress transfer between steel and concrete is

influenced by the previous load history and that bond deterioration incresses

!
&
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%
with the peak stress. Other experimenters such as, Houde and Mirza (17)
derived their bond atress;slip characteristics for use in fiﬁito element
analysis of reinforced concrete. In conclusion, this test which does not
satisfy all of the requirements previously defined, can be considered to

be better than the pull-out or the push-out test,

2.2.3.2 Modified Direct Pull-Out Test -

Variations-of the direct pull-out tests, as suggosted b& Hajnal-
Konyi (89), Leonhardt (75) and Riessauw (90) are/ shown in Fig, 2.§. Th;
pull-cut load is applied either, at the end of JLQ bar and the hock fo;éia o
by the other adjacent bars as illustrated in PFig. 2.5a or at both ends of i
two bars of the same size placed on line with the gxia of the specimen
~ (Rig. 2.5b). The sizes of the specimens used for the mo@if;od direct pull-
out test are usually biggq} than those used for the classical pull-out ‘
tests. Also the concrete is in tension while it is in compression-in the
classical pull-out tests. Finally, as reported by Riessauw (90), bond
stress results o;tninod with the modified direct pull-out tests sre smaller
than those obtained for the classical pull-out tests. Houovo?. this type

of test is not commonly used.

@

2.2.3.3 irsct Pull-Qut Test wit Bars

In this test, two or more bars are lapped in dif!oiont ways within.

a prism of concrete and the pull-out force is applied either to. the bars
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dlone or to one bar und the concrete spen:lmen. Fig. 2.6 shows different
vuriltions of this type of bond test.

When opposing bars are pulled, the concrete is placed in tension,
and the test simulates a pox:tion of & bean between two cracks with zero
curvatures, ‘since the horizontal extension 1s thensu\"e on lllapllnes.é
This test is increasing in importance due to oxteqsin use of lapped bars -
1'n' continuous bom; vind siabs in modern concrete construction.

4
| B ° ¢ fr
'
i ”

2.2.4 Flexural Tests- (Beam Tests

)

’ In flexural tests, ac"tuarl beans of- suitable dimensions are lo;dod

to bond fallure wft{nl a system which consists of applying a bonding'momnt

by sinn"ch or pquforubly two-ﬁo:lm:( luds. “ u§od for nvorll purpous. thoy
do not fulfill the r;quiremonts of low £ st, tinme, material, laboutory
space and labour, which very often cin prove to be difgicult to overcome.
These tests have the advantage of boiﬁg’mbrc realistic and also of utisfxiug

most of the bond test requirements.

-0

2,2.4.1 glggict; Besa .'rogt ]

In this tut. & simply lupportod bean which contains & aiush mbed-

e

dod bur protruding fron both onds is subjected to either a contnl load or

& two-paint load. The beam, whose cross-section is ususlly small, msy have:

— spirals around the test bar. ' During the losding stages, the slip is recor-

ded. This beam test can be used to study tho'oxp«orimntll rolntiomhibs




between bond stress and slip. From the graphs so obtained, one can com{)lra
the bond efficiency of different types of reinforciﬁg bars. Djabry (52) '

used this bean with the two point load system to determine the distribution

. of bond stress along reinforcing bars. . His results show that, in the

ion of constant moment. the distribution compares fairly well with that
Eftho axial pull-out test on & singlo embedded bar. ' On the other hand, N
the distribution in the lateral zones is similar to the one obtained from
the pull-out test, with comp;ublo values of average bond stress. Itqhné C/\_\ N
been used also by McHenry and Walker (91) for the same purpose. The S
schematic roprosentlt:lbn of their specimens is shown in Fig. 2.7 along with‘
their ‘dimensions. However this beam test has mhny drav backs‘:‘ the dimén-
sions are too sminu stirrups are abdent, the ;mn bar is not represen-

tative of practical situations and the high bearing strosses at the ends of‘

the bar increase bond resistance unduly and gives highor values of bond r{
stresses. I : / : Ti
2.2.4.2  Besn Test with Lapped Bars o '

The tut specimen, instud of hav,ing one, singlo ‘bar, contains two .
bu-s of the una size lapped at tho uiddlc u inustntod by Fig. 2.8. Ono
potential application is to dctomino the bohuviour of’ splices wh:lch are - ’
comonly used in continuous beams. It has the smo advantages und dis-

;dvantms as thc ‘alassical bun testl
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2.2,4.3 ACI 208 Bond Beam

The ACI 208 Bond Committee (9Z) developed a test procedure to

N\

" provide a uniform basis for compirison 0 _ﬁoxurul‘bond values of different
reinfoz:;ing bars. Their proposed Stound::?tlled the "ACI 208 Bond Beam"

: L ' is a simply supported beam, 78 in (5198.1 cm). long with a cross-section of

: : 8 4n (20.3 cm) wide by 18 in (45.7 cm) fiup. It 1s loaded with two

| symmetrical concentrated loads at ;iiluncel varying from 8 in (20.3 cm) to

- & maximum of 16 in (40.6 cm) from the supports snd the tension steel is

exposed at two locations so that slip and steel strain-can be measured.

k The beam is shown 13\ Fig. 2.9a and & variation used by Perry and Thowpson
(43), which has smaller dimensions is illustrated in Fig. 2.9b.
Several potential spplications can be fo&nd fozj_the Standard beam
proposed by the A(/!wI Committee 2‘«08, for example, study of the-top bar offect.
. It has the advantage of li“mulnting the bend stress distribution that normally qy

© exists in real 1ife beams., However, the single tension bar is not very

. representative and also the existence of bearing stresses at the supports

v, ‘ modifies the bond strength. Finilly the Standard beam is rather restrictive
5. - - ’ since it limits bars to one size, concrete to one st\i'm‘gth, and the embedment

length to s naximun of 16 in (40.6 cm).

| ’ 5
I I £ ° T /
*

jead Beam " v N

|

au 6 Standards developed & beam specimen and a

| ‘1 . ,," . 2.2:4,.4"

s e S The National Bur

‘test procedure which represents s considerable departure from tho‘"ACI Standard

°© . ' ’ 5 -
208 (92). ~This procedure provides fLlexibility in the design of the re~
commended test- specinen nld permits the use of ﬁif!oruﬁt sizes of bars,

-, . } 1,
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different concrete strengths and longer embedment lengths needed to develop

stresses equal to the high yleld strengths of modern deformed bars. Later,

with a few modifications, the National Bureau of Standard beam: was adopted

by the ACI Committee 408 (93) as a rocomm;ndod specimen usually termed the °
’ "Hammerhead beam'. Both specimens are shown in Fig. 2.10.
Both beams have a variable iength and shear span and were designed

to permit the measurement of the average value of bond stress and the slip

.at both the loaded and free ends of the portion‘of the bar between the

supports and load points. The beams were provided with T-shaped ends in

order to shift the reactions to points where they would not cqntribute to ’
. the restraint of longitudinal splitting. A transverse metal strip qmbod-
ded in the concrete directly opposite each load point-assures formation of/

s crack at that plane, and slip measurements were made at each load point

plane. Used by Mathey and Watstein (9) to'study the effect of embedment

length on bond strength, tﬁi “Hammerhead bean" has the advantage of olinina-
ting the confinement effect of the reaction. However, other criticisms
raised against the classical beam test and. the ACI 208 Standard besm are . o

%

also applicable to the "Hammerhead bean', ' - . ',iy

2.2.4,q Cantilever or Continuous Beam
/

Ferguson and Thqqﬁldﬁ (41), at the University of Texas, d;va;opnd
& cantilever fﬁ:m for a more realistic bond test, especially in sffording

. the positioning of the unatronsod ends of the bari at locations away-from

G the bearing of ‘externsl reactions. / This type of beam is commonly knou% as
@55 6%@ ;”h‘ Univorsity of Texas Beam"., = .
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The University of Texas beams were designed for investigating bond

in the ares of bar cut-offs and points of inflection. The embedment length

of the test bar, 1.. was placed in & negative moment region botnwoqn the point ]

of inflection and the point of maximum stress. In some cases, "l .“ included

an extension beyond the point of inflection, Different sizes of bars were

used:” No. 3 (9.5 mm), No. 7 (22,2 mm), No. 11 (35.8 nm), and No. 18 (57.3 mm).

# Consequently the mbodmﬁt longths of the test bar varied considersbly and u
u inlo the overall lengths of the beams with a maximum of 22 feet & in., (6.86 m). —-

The dimensions of the cross-sestion and clear covers over the main

stee] were varied considerably, along with ﬁhq positive moment steel, the

} ) auxiliary negative moment steel, the stirrups in the cantilever end, and

°
A

| those betwesn the cantilever and the start of the embedment length. The

2

load point was also varied.

} relative size of the load ‘;pp}.iod to the cantilever end and to the other

; ‘ , The U:luvcui.ty ol"l‘om)/nm can ’t,u used efficiently to study the
’ effect of many variables on bond strength and also to determine the dinri-‘
L b:uon of bgn& m'uu‘v along different reinforcing bars:. They are al uo

L ‘ cunudcrod asa ;ood bond research tool, becsuse of the lack of conﬁnmom
': due to loads at the end of the test bar and a realistic build-up of tensile
R - !orco in tho bar. Howwcr they are more expensive and more difficult to

> handle and to eut bocluu of thﬂr -m. The large ares of concrete

‘ " surfounding each bar apparently prwtdn stiff "shoulders" which unduly
brace the concrete against longitudinal splitting. Thus, the University
‘ot Texas beams test data can be considered to be the t;'ppar bound of bond
IR strength while narrower beams with multiple bars ;t reasonable npscinu

would conuuuto the lower bound,




Fig., 2.11 shows the typical details of the University of Texas

beam, nléng with the beam used by Perry and Thompson (43) in their investiga-
‘ tion of bond stress distribution along the No. 7 (22.2 mm) dofomo& bar,
Fig. 2,11 also shows a Yecent vargltion of the Uni\;crlity of Texas beanm, as
used by Untrawer and w:rron (55) in their study of the effect of bar spacing.

and beam width for "top-cast bars",

2,2.4,6 Symmetrical Besm . .

Hsu and Mirza (94) mh Hau (98) at Mc-Gill University developed the
symmetrical bond beam shown in Fig. 2.12, This is g0 called because the
specimen geometry and the loading conditions are symmetrical, so that only L ‘

one testing machine can be used to apply the four equal loads. The main

characteristics of this flexural bon& test specimen are as follows:

(1) The central portion is a Tegion of known length over which the

shearing force and the bending moment are zero. This is similar to the !rn;
' /

s P I
SEL

end conditions in the cc;ontric pull-out test.
(44)  With the two interior lodl between the reactions, the top bars
nay hc'torminutod within the central portion of the beam, thus making it
ponigh_to study the development of bond between each interior load and
tho udjacont reaction, , “
(111) "It can be used to study bond cho}rlcearuucs of run!orcing bars -
snchored in zones of zero moment and zero shear.
(iv) It is easier to apply and control the four equal concentrated

losds during th- test unliko the Texis beams which rnquh'o wcluuion ot




ST

distances between ti\c |uppo\ru and the two concentrated loads gfxiorsl!,y not
equal, .

However if interior 16:45 are placed directly over the bars being
tested, they will have a confinement effect in which case the bond strengths
will be over estimated. Also, even if it satisfles fairly well other
. roquirmontg of a bond test, it is as cxpc.miv- as the University of Texas -

bean,

]
5

2.2.4.7  guub-Cantilover Jesn

To reduce specinen sizes and expenses, stub-cantilever or besn end
specimens, capable of attaining most of the advantages of the Texas bean |
have been developed (Fig. 12.13). The cantilever bean test Tepresents the
bond situation existing between a flexural crack lnd_’ the end of & ungpli
bean and produces a similar |tﬂin_°gud1tnt. Alihwsh ﬁvcul varying
details sTe used, Rig. g.ls/gru'ﬂdn & schematic representation, The pull-
out force is applied direstly to the bar as shown and the bottom reaction

e

may besr n;unn\“t ond of the bar, or may be arranged so s not to bp/ngu
the bar, Th c;voz:plt length of the specimen and the test length cén :nch
be varied.” One of several bars uy' be uu&, with or w;thmfz lutrrupi.

The najor ndﬁntun of this specimen lie in its mp'umy. _!.nox-

pensiveness and its flexibility of load appl},eu/lon since the relationships

£ bond, 8 monent and dowel force can Abc essily varied to produce oo
difderent types of failure, thus !a.ciiiuting the study of the complicated
interactions of bond, shesr, and flexure. Its disadvantages lie in the

» '
G
]




possible confining pressure against the free end of the bar and in the
%1 increased longth over which splitting resistance tends to'bo mobilized.

Also the validity of these tests with respect to the reported results of

pull-out and beam tests, whicﬁ has been discussed by a few investigators,

needs further experimental evidence.

2.2.4.8  Other Bewn Tests
A bean wido\y used at Univ;rliti de Lidge in Belgium (76) s

illu:tfntod in Fig. 2.14. The lpoéiman consists of two prisms of concrete

attached at their bases by the testing bar and at tﬁoir ﬁopt by & hinge.

The 'loading system is & two p}rt loading system which‘isxtho sanme &3 in

most Anoricnﬁ beam type tests. Its advantage lles in the precipe deterni-

nation of tho*tgnlilo force on the steel bar due to the presence of the .
hinge where the relultnnt.eomprossivn force must necessarily pass. This

force is given by: | o !

EL:
g

T - PR ‘ . (2.1)

'
K

where T is the total tensile force, L* and H* are the rcipcctlvo lever arms

of tho external and internal couples, and P is the applied concentrated load.
The slips are meastred at the ends of tha bar and the test caf be

Q

° , used for practical evalustions of embedment ‘lengths of reinforeing bars,

~ a

[

Z
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\tho interaction of bond and shesr occurs under most ﬁuxo conditions in '

jpucﬁco. Thus it was considered that a continuous beam, with a few bars

AR Ao I % "
e
2.2.5 Torsonal.bond Tests | x

Torsion tests have been used to & very limited extent to oBtcinf

bond stxengths (32). This test consists of twilting the:bar, embedded in
s prism of céncrcu. about its axis relative to the concrete, The torque
applied is obtained from dial gauges measuring the angular deflection of the
bar outside the specimen over a luiublo( gauge length. The rotatidn of the
bar relative to the concrete is also obtained at b/cth loaded and free ends |
by means of suitable levers and dial gauges.  This test can provide & useful

approach to the complete understanding of the mechanism of bond.

2.2,6  GCholce of Bond Tess

By

Kgeping in mind the objectives of the present experimentsl program
and after couplijing the sdvantages of the various bond tests, it was décided

not to preclude possibility of shear force in the bond test specimens since

at Teasonsble spacings and designed not to f£ail in shear, would be more
mitlb’lo than other tests not only for fundamental bond research but ulpo\
Yor relisble quantitative results. o
But the pnlutnm} design with cross-sections of 9 x 18 in

(22.9 x 48,7 cn) gave & length of bean varying from 28 fest (7.6 n) to 30
feet (9.1 m) depending on the size of the test bii's. if conﬂngont offoct
from loading rncu;m has to be ivoighd.\ To cut the r-fltivnly high costs

of such & beam it was decided to trundate all but the negative moment region |




v

which results in & simply supported besa with & concentrated load at the

" middle as lt{own in Pig. 2.18, It was also decided to use s ressonsble

. : \
amount of tension ateel reinforcement and adequate shear reinforcement to
-prevent shear failures, This beam test, which eliminates confinement

oﬂ'o;:tl from direct bearing of reaction load against the ends of the test

bar, can be considered a good choice for satisfying the objectives of this

Tesearch program. Fabrication and tut‘ing of the specimens are discussed

in the next chapter.

i

d
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'Pig. 2.1 Classicsl Pull-Out Test, Schematic (19, 20, 88) -

’

. Ll

Pig. 2.2 Modified Pull-Out Test, Schematic (41, 43, 34)
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é l

Fig. 2.4

o

Direct Pull-0ut Test with Single Bar. Schematic .
(10, 18, -28)

3
Referance (09) Reference (74) Meference (90)
) | . (») s
Fig. 2.8° Modified Direct Pull-Out Tests, Scheastic
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CHAPTER II1

[

EXPERIMENTAL TEST PROGRAM )

3.1 Introduction “

Having outlined the general /requirenents of the bond beam to be -
used, the first step was to decide on the size and type of the fest bar to
be used. The commercialy available, standard No. 8 (25.4 mm) deformed bar,
which.is commonly used in practice, was Uselected as the test bar. The

second step wasr to design and detai]l the beam in- order to ensure a bond

failure. This is developed wsectim. .

Y

3.2 Design and Details of Test Specimens

L
o After some trials the beam cross-section was set at 9 x 18 in'

(22.9 x 45.7 cm). The design was based on flexural and shear requirements

of the American and Canadian Codes (4, S). The beam details are shown in Fig. 3.2.

(i) Flexural Requirements

Given £ = 4,000 psi @?.6 MPa)

c
' £, = 60,000 psi (415.7 NPa) '
8 Ab.l‘V- 0.79 in® (5.1 em?)
A, g = 0.4 in? (2.84 ca?) : T
4, = 16 i’ (40.6 cm) -
, d; = 15.75 in (40 cam) ‘
i d, = 15.9 in (40.3 cm) |
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9 in (22.9 cm)

H

concrete compressive strength . g

yield strength of the steel bar ¥
[ .
area of the #8 steel bar ' . [/

H

area of the #6 steel bar

=

distance from extreme comf:ression fiber to centroid
of #8 bar

distance from extreme compression fiber to centroid
Ll

~

of #6 bar

distance from extreme compression fiber to centredid

of tension reinforcement . -~

beam width ' ' <.

d

From the rectangular stress distribution shown in Fig. 3.1, the com-

pression force in the concrete (Cc) and the total tensile force in the

reinforcement (T) are given respectively by: ) /

- 0.85 f'cb& - 30.6 a (3/01)

(£, % By 5) + 2\fyxh Ay ) = 100.2 (3.2)

From internal equilibrium €, = T):

ltimate design moment is given by:

100.2 -  3.275 in |
30.6 4

$T@, - a/2)
12

'
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uu - 0.9 x 100-21;509 - 1.638 - 107.2 kip‘-f‘t‘

The external moment is given by:
P L

Mgt = —— o, . (3.43,

where P = ultimate design load |

L « span length of the beam

?

b“t u =i _ M‘r‘* 4 . )

Herice u’ . 107.A and Puri 420.7 kips-ft

3 e AR
M
™
(a2
rl
- e
A ]

assuming L = 10 feet

P - -42.1 kips (187.3 kN)

|

(ii) Shear Reguirements

The nominal shear stress of the beam is computed by:

v

v - u  (3.5)
- “ L

Due to the cut-off of the No. 8 bar, and to satisfy clause (12.1.6.1)

of the ACI Code (4)

v, = %(v" + v'u) (3.5)\
u where v, - 2 E c T (3.7
£ A ) ' “f
v’ - -E—-!— .(313) !
u bit"
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v

In the above Equations o r

L

"V = total applied dfsign shear force at section

‘b’ = web width / ’

v, = r}ouinal permissible shear stress carried by concrete
5 v, = shear stress/carried by web reinforcement
# . £'. = concrete compressive strengfh 4
fyt = yield strength of transverse reinforcement
E Av = area of shear reinforcement within a distance s
s = spacing of transverse reinforcement centre to centre
¢ = capacity reduction factor (0.85 for shear) o

(20.3 cm) centre to centre

-~

x 0.22 _ 183 psi

-~ 127 psi

= 206 psi \
v
' psi

85 x 9 x 15.9 _ 121.6

2 x 25.1 = 50.2 kips (223.3 kN)
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" of bond with shear and flexure. Therefore, it was decided to use the first
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. (iii) The {zltiﬂ\ate design capacity of the beam is governed by flexure

and is given by:

}

P, = 42.1kips (87.3 kN)

3.3 Description of Test Specimens .

1

v

Bond type of failure in reinforced concrete beams subjected to a'

"moment -gradient is usually difficult to obtain, due to the close interaction

'

beam as a pilot test and to make ti\e necessary modifications if the resu_,its
were not satisfactory. The pilot test consisted of a simply supported beam,
11 £t (3.35 m) long with the reaction loads at 6 in (15.2 cm) from both ends.
The bgam cross-section was 9 x 18 in (22.9 x 45.7) and was reinforced with

)

Grade 60 steel yéinforcement as follows:

&

1) test bar’ consisting of one No. 8 (25.4 mm) deformed bar with
an embedment length of 30 in (76.2 cm). This is the length required by both
American and Canadian Codes (4, 5) for the No. “80 (25.4 mm) "bottom-cast” bar
of Grade 60 to develop its full yield stress.

(ii) Two No. 6 (19.1 mm) deformed bars[, as adjgcent bars, which run
the full length of the beam specimen. The No. 8 (25.4 mm) bar is tied to
the No. 6 (19.1 mm) bars and held in position at three locations along its
length, by means of a small cross-bar 1/8 in (3.2 mm) dimefer, approximately
8 in (20.3 cm) long. . R 0 )

(iii) Two No. 3 (9.5 mm) deforme”'d bars placed on the opposite face gnd

running the full length of the beam, help as hangérs to tie the shear rein- o

forcement.
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(iv) The shear remforcenent which cons1sts of stirrups, made with®

No. 3 (9.5 mm) deformed bars, placed at 8-in (éb 3 cm) centre to centre.

The stirrups conformed to the American and Canadian Code spec1f1cat1ons
except for 'the’hooks ;round the No. 6 (‘1?.‘1 mm) bars which'};ad a diameter
“ ’ and a length slightly less than préscribed. « The test bar had“a clear h
spacmg of at least 1. 25 in (3.2 cm) from the adJac::lt ‘bars and was left
“completely free from the stirn;ps. , J
' 'l'he pilot test beam had a side cover cf 0.75 in (19.1 mm). Cast
” ‘ with the tension‘ bars on the top of the specimens, it had a depth of concre:te
of 15.5 in (39.4 cm) below the No. 8 (25.4 mm) test ba/r. \ According to the S
r_ American and Canadian Code’specifigations, af‘?:‘om bar' is a bar cast with
) at least 12 in (30.5 cm) of concrete below the bar. Therefore, the pilot
test, named beam Bl was considered as a specimen with "top-cast bars' or

. . simply a '"top-cast specimen".i Later, it was turned upside down for testing.

Having performed very well, the same design and detailing were kept for the

rest of the experimental program. The beams whose details are shown in

Fig. 3.2 are classified as follows: f

(1) Beams Bl and B2 are respectively the 'top-cast" and the "bottom-
cast" specimens. The jé‘nbedment length of the test bar is 30 in (76.2 mm). ‘
(ii) Beam B3 is a\"top'-cast" specimen while beam B4 is a "bottom-cast" \
specimen.  They both have an embedment length of ?:6 in (91.4 cm) for the
test bar. /
(iii) Beams BS and B6, which have an embedment length of 40 in (101.6 cm),
for the test bar are cast respectively with their main bars at the top and

at the bottom of the specimens. ' . -
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“3.4 Material Properties

*

. 3.4.1 Steel Reinforcement .
A S
Each group of the steel«reinforcing, bars used in this research

program, had the séne ‘heat treatment and was from. the same stock. They
were all standard’ det:omed bars corresponding to ASTM 615-68 specig-icatigns.
For e}ch size of bar at feast three randomly cut specimens 18 in (45:7 cm)
long, were selected for an axial temnsion tést. These specimens were
ins&umem':ed with electrical resistance strain gauges in a manner similar to
that. of the bars used in the specimens. Two gauges, diametrically opposed,
were placed at mid-length of each coupon, which was later held in the jaws
of a/60 kip (266.9 kN) capacity testing machine and tested until failure.
The physical properties of the reinforcing bars were then determined; their
average values are sumarized in Table 3.1. Results of the tensile tests

of the coupons are presented in Appendix A.

&,

TABLE 3.1

PROPERTIES OF REINFORCING BARS

BAR NO. d A, £, £ E
in in2 psi psi | 106psi
(m) | (w®) | (MPa) | (MPa) |(10°MPs)
No.8 | 1.000 | 0.790 | 59,500 | 8s,e00 | 30.5
(25.4) | (4.030) | (410.3)| (610.9) | (210.3)
No. 6 0.750 0.440 | 58,500 | 89,100 31.0
(19.1) | (1.250) | (403.4)| (614.3) | (213.7)
No. 3 0.375 0.110 | 60,300 | 91,900 50.8
: 9.5) | (0.078) | (415.8)] (633.7) | (212.9) .
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3.4.2 Concrete

©

Normal Portland Cement, meeting the current 'standard specifications -

of the ASTM C150 - 69a f;)r type I (or C.S.A. type 10) was used. e fine
aggregate consisted of natural concrete sand while the coarse'ag egate
consisted of crushed limestone with a maximm ;ize of 3/4 in (19. ;mn).
The mix (97) designed for a slump of 4 in (10.2 cm) andn a water-cement

ratio of 0.54, consisted of the following by weight c\>f one cubic yard of

concrete: -
s i, o
Fine ;ggregate . * Sand - 1610 1bs
Coarse aggregate  : S 1/4" Stone - 5§10 1bs
3 1/2" Stone - 840 1bs
n ) 3/4" Stone = 340 1bs
“Coarse aggregate : \ Total - 1690 1bs
Portland Cement Type I: _ - . 500 lbs
‘Water 4.’ : |- , 270 1bs

Water reducing agent : . {(W.R.D.A.) - ) 35 oz

The ready-mixed concrete was delivered into the laboratory and for
each specimen sit standard 6 x 12 in (15.2 x 30.5 cm).concrete ¢ylinders
were cast at the same time. They were stored and cured in the same manner

as the beam specimen and were tested on the following day, to determine the

" physical characteristics of the concrete. Prior to testing, the control

_ cylinders were capped at both ends with a strong industrial plaster. ‘Ina

few tests, electrical resistance strain gauges were used and a typical con-

crete stress-strain curve is illustrated in Fig. 3.3. The concrete ¥
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.~ ™
G ) ) compresszon test results are listed in Appendu A. The average values of
_the compressive strength and the modulus of Llastlcny of the concrete, used,
' for each beam are shown in Tab}e 3.2, / .
j\
t . L] “
R4 ~
& TABLE 3.2
R PROPERTIES OF concmz'rs\ o ”
L4 vy
. . a \ ] : ‘
k " f'c Bc"57,000.v' f’c fr-7.5 /\f'c * .
r\ 5 ' | BEAM NO.| psi 108 psi psi
. _ (MPa) (103 MPa) (MPa)
Bl | 4,040 ©3.63 478
(27.9) (25.0) . ’ (3.3) ‘
B2 3,890 ] 3.56 468
(26.8) (24.5) (3.2)
B3 4,070 3.63 478
(28.1) (25.0) (3.3)
B4 4,240 3.71 488
-, (29.2) (25.6) (3.4)
. BS 4,030 3.63 ‘ 478 -
(27.8) (25.0) (3.3
'B6 | 4,070 3.63 478
i (28.1) (25.0) (3.3)
é’; -~




3.5 Fabrication and Curing of Specimens

All speétLuens were cast in the McGill Civil Engineering laboratory.

After making» the st\irrups, the reinforcing cage was fabric:zted by tying each
junction of longitudinal and transverse reinforcement ‘togethefr with wire. r‘
| The day bet%{e casting, the cage was placed in \w;oden forms made of 3/4"

‘ (19.1 mm) stifferied plywood formwork. -

-

Prior to placing the cage, the inner faces of the forms were given

two-coats of ‘li\‘quid plastic (form grease), which facilitated the removal \
of )‘(he forms after casting. Later, the cage was held rigidly in its exact
' position to satisfy all cover ‘requlirenents and the lead wires from the
instrumented bars were carefully tucked away to the outside of the_foms
through holes drilled in the forms. ‘\I‘he concrete was carried by a wheel

|
barrow from the truck and deposited by shovel into the forms in a few layers,

k3

starting from oné.end to the other. Each layer, approximately 6 in (15.2 cm),

was vibrated carefully with a portable electric vibratpr 1 in (2.5 cm) diameter
to remove air voids and special attention was paid in the vicinity of the

strain gat;ge sections. During the concreting, external vibration was also

applied a few times to the outside faces of the forms using the same needle
vibxﬁator. The slump of the concrete was recorded and averaged 4.5 in

(11.4 ) for the six beam specimens.

[

The exposed surface of the concrete was finished with a trowel

approximately half an hour after placing. The specimens were then cove‘red
with burlap which was wetted each day and a < layer of pplyethy- .

lene. The forms were then stripped and the specimens were laid
horizontally on the floor and were moist-cured under the polyethrlene sheets

;55 ; G - for seven days?._ Sﬁbsequently, they were allowed to cure, without any spac\gal

-

5
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prote' tion, in the dry air of the laborator):r until they were moved into the

strong floor for testiﬁg. : ' v

PR
k]

3 3.6 [nstrumentation .

6.1

s

Basic Measurements

In any experimental study, it is important to measure the loads,

reactfions, deflections and strains. Loads and \\rez‘zctions give a check on
i

the gtatic equilibrium and the accuracy of the ai;plied loads. Deflection

t i Teadlings are very significant, as they indicate the ranges of linear and

r;on linear response. Strains are a measure of the extent of deformation

Y

at /any point in the structure and constitute' the basis for all further

cdlculations and evaluation of internal forces and moments. Also, bond . -

stresses can be derived from the internal strain deformations.

hiY

El

3.6.2 Choice of Instrumentation

As far as the load is concerned, there was no need for using load

cells because of the high precision of the "Roylyn" pressure gauge model -

2554-38C53 series. Also, the beam being simply supported the reactions

were not measured. Only the vertical deflection readings at the centre-line

of the specimen were made by using a two-inch travel dial gauge. The

instrumentation for the measurement of strains on the reinforcing bars and

wt

on the surface of concrete consisted of electrical resistance strain gauges.

" | @ This strain gauge scheme was divided into three parts. Its main objective

!




v ¥
v

" was to obtain information which ‘would en;ble plotting the entire strain and

~

bond stress distribution along the length of the instrumented-bars. Also,
N at critical sections such as the section: with the l‘naximm,l bending ‘l'nomem:

and bar cut-offs, a check could be made on the equilibrium between internal )

»

?g}# " couple and external moment to.verify the validity of the basic assumptions:
-~ 2 Ax - ‘
' - 3.6.2.1 Test Bar

«

. Thle gauge type and their mocl\e of application were uniform for all
test-bars., Application of the gauge required grinding of two bar deforma-
tions over a length ;)f approximately 3/4 ‘in (19.1 mm).  Then tﬁe bar sur-
face at the gauge area was sanded to obtain :smoqgh surfac;e for the
iristallation of the strain gauge. i)egreasing was done by cleaning the

RN area with acetone. After ‘the gauge was set and tested with a D.C. ohm meter,
the area was covered with waterproofing te pfotect the gauge from getting » |
k ' damaged during the concreting operation and to prevent bonding between the .
| gauge and the concrete. Lead wire connection, waterproofing' and other F

! disturbances to bond action were confined to this narrow region. The gauges

-on the test bars were all PL-5-11 and were typically placed 4 inches (10.2 cm)

apart starting from the centre-line. The layout of strain gauges is shown
o \

in Figs. 3.4 and 3.5 and also in Fig. B.1 in Appendix B. ’
“~

\
3.6.2.2_ Adjacent Bars P’
= & > \‘.

Only one of the adjacent bars was instrumented along part of its

Y

At

el W
£
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‘varied from 6.to 12 in (15.2 to 30.5 cm) as can be seen from the layout

85

~

N

6o

length, in the same manner as the test bar. " However the éaugé dis;tancelu_ bt

shown in Figs. 3.4 and 3.5 (or in Fig. B.2 in Appendix B).

’

3.6.2.3 Concrete Strains

- For the first beam, Demec gauges were used to measure the concrete
coﬁﬁfess?ve strains at selected stations. For the rest of the bemm,
PL-20-11 electrical resistance strain gauges were 'preferred, and were
installed at locations along the span length, as illustrated in Figs. 3.4
and 3.5, and in Fig. B.3 in Appendix B. Their installation was simpler
than the gauges on steel bars because it did not require any special

protective coatings. :

~ -

—_1»‘4
3

-~

3.7 Test Set Up
' )

3:,7. 1 Loadin ement

The bean was silpl)}, supported with a span length of 10'-0" (3.05 m).
Each support reaction consisted of a 2 in (5.1 cm) steel roller placed between
two bearing plates i in (3.8 cm) thick. The roller was fixed st one end
and free at the other end. These systems' were supported ontwo steel I-beams,
seat;d on two concrete blocks which were resting on the strong flooxr. A
neat mortar of industrial plaster was applied between the lower faces of the

.beam specimen and the top surface of each bearing plate, to provide a true .

_bearing surface for thg end reaction. These caps were allowed to hnrden o
. . i

one day .{)efore iesting. .

- ¢
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s .
A double channel steel beam was seated on top of the specimen at

mid-span, which was capped at this location. Two high strength steel

; “vuthreaded rods, 1-1/8 in (28.6 mm) diameter, with a tensile strength of 125 ksi
L (861.9 MPa) gnd corresponding to ASTM Standa‘rd Al193 were symmetrically placed,
bt | 19 inches (48.5 cm) apart on both sides of the test beam. They extented

:‘gm u : from the top of the loading beam to' the bottom of the strong floor and were

connected to a 30 ton (266.9 kN) hydraulic jack. They were bolted on both

ends. The hand pump applied a given presiure through a Isystem of hoses to .
the Simplex jacks and was measured by a '"Roylyn" pressure gauge. The

Simplex jacks in turn applied the tensile force to the steel rods, resulting

in a central réaqtion on the top of the beam specimen (Fig. 3.6).

3.7.2 Testing Procedure

The load was applied with the system described above in increments
'of 200 psi (1.4 ﬁPa) corresponding approximately to a midspan load of 2.61 kip
(11.6 kN). All strain gauges were calibrated before the test. The stra'in
. readings were obtained by means of an \electronic multi-chanpel strain indi-
cator, model SY16i series; Th\e*inQicﬁpor"controlled and sym':hroni’zed all .
‘scanrming and printing operation and gave stfain readi\ngs in micro-inches petr
inch.’ At each load increment, the printing unit provided all readings of
strains acting on the concrete surfaces and the reinforcing bars. The
deflection readings were also recorded. In addition to these measuremehts,
the locat:lvpn, extent, type (transverse flexural, longitudinal splitting etc) )

4

and width of cracks were recorded in\mediately after the application of each

[

increment of load. Near failure load, deflections increased more rapidly and

'
PR
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On the average, each test required approximately three hours.
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the test procedure was switched from load control %o a control Bf deflection.

|

The test

data (Appendix C) is presenteﬂ and discussed in the next two chapters.
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Fig. 3.1
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Fig. 3.4 Locations of Strain Gauges for Top-Cast Beams
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CHAPTER IV N ;

TEST RESULTS AND EXPERIMENTAL BEHAVIOUR

&

3

»

| % This chapter presents the experimental ;-esults of the six beanms

r

tested in terms of load-deflection reésponses, strain distributions in k]

both concrete and steel, cracking behaviour and failure mechanisms.

The measured steel strains on the No. 8 (25.4 mm) test -bar \;ere
used to calculate the variation of bond stresses in each beam. The
‘ behaviour of the beams is discussed in three groups having embedment
lengths of 30 in (76.2 cm), 36 in (91.4 cm) and 40 in (101.6 cm). This
enables a direct comparison of tf; "top-cast" vs. "bottom-cast" bars

1

having the same embedment length. The behaviour of the three "top-cast”

-

specimens, Bl, B3 and BS, is then compared to study the influence of

different embedment lengths. A similar comparison is then made for the

kS

~

three "bottom-cast' specimens, B2, B4 and BG6. .

4.1 Response of Beams with Top-Cast and Bottom-Cast Bars

4.1.1 Beams Bl and B2. Embedment Length of 30 in (76.2 cm)

4.1.1.1 Response of Beam Bl

The load-deflection response of beam Bl (*top-cast") is shown
in Fig. 4.1. Beam Bl deflected almosttlinearly under the first four.
L}
load increments, without any sign of flexural cracking. At the load of

10.4 kips (46.3-kN), a hairline transverse crack appeared right at“the
R .
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centre-line of the beam, -As the apélied load was increa;éd, a ‘few more
cracks' were formed on each side'6f the centre-line in a fairly symmetrical
manner. . Their widths were approximately 0.002 in (0.05 mm). When tpe
load reached 33.5 kips (104.5 kN) a flexural crack appeared at eath cuk-
off location and widened, wifh the next load increment, to a width of
0.00é in (0.20 mm), @h%}é other cracks were finer. Another increase of
the load moved most ofﬁ£he cracks q;gher up into the compression zone of
the beaﬁ with a slight inclination towards~the centre.

F;nally longitudinal splitting cracks started appearing on both
ends of the No. 8 (25.4 mm) test bar at a load of 36.6 kips (162.8 kN)..
Their length was approximately 6 in (15.2 cm) ‘and their width 0.03 in
(0.7 mm)., With further increase of the load, a large flexural shear crack
appeared suddenly at one end of fhe No. 8 (25.4 mm) bar as can be seen in
Fig. 4.2a and the load dropped off. The maximum load recorded was 37.0 kips
(164;6 kN). The final splitting cracks had propagated to a length of 14 in
(35.6 cm) on one side'and 8 in (20.3 cm) on the other side. The maximum
widths of thelsplitt%ng and the major shear cracks we£e measured and -were
botﬂ 0.25 in (6.4 mm). This brittle failure was aggravated by the presence
of diagonal tension due to the cut-off of the No. 8 (25.4 mm) bar in the
tension zone.. The maximm deflection reached befove the load dropied was
0.444 in (1.13 cm). .

The theoretical load deflection and ‘the ACI yield prediction are

also shown in Fig. 4.1 with the P-A curve of beam Bl. For the deflection

at yielding, Branson's equation is used to compute the effective moment

’

of inertia: Ie ‘
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. Hcr 3 B} Hcr 3
I, = ()3 1.+ (1 -(5-)3]1 (4.1)
e Mm g9 . Hm cr

where Mcr = cracking moment

Mmax’“" maximum external moment at load into consideration
) .
Ig = moment of inertia of uncracked section transformed
to concrete

I, = moment of inertia of cracked section transformed to

»

concrete

! It is apparent from Fig. 4.1 that beam Bl did not reach the ACI
yiéld predictioﬂ, having a maximum capacity of only 78% of the ACI yield
prediction. This is explained by the f;ct that beam Bl doe§ not have
perféct bond between steel and concrete and does not develgp its yield
stress of 60 ksi (413.7 MPa) because the embedment length is too short.
An examination of Fig. 4.3, which shows the variation of tensile

‘strain along the test bar of beam Bl é; different load stages, confirms
that the maximum strain reached at centre is ogly 1430 micro in/in.. This

is lesg,fﬁan the yield strain of 1950 micro in/in. The theofetical strain

distribution is obtained before cracking and after cracking. This is
ost a straight line goingmfrom zero at the end of the bar to a maximum
value aé cefitre. Befgre cracking, at a lqad of 5?2 kips (23.1 kN), the _
sfraiﬁ; are low and quite close to the predicted Values. For the subse-
qﬁent"load sfages, cracks occur along the beam length and their locations
govern the magnitude and the distributibn of the tensile strains. Crack
locations:are close to the measured peaks in the bar strain curves due to’

"

the increased tensile force carried by the steel at crack locations.




.

Between cracks, thé concrete helps to carry tension and the steel strain
drops off in a compensating manner as illustrated by these distributions.
The bar strain curves may very well not show the true peak in
the strain curve unless the crack happens to occur within about } in
(1.27 cm) or less of the gauge length. The strain curves increase

gradually with the applied load and most strain values at the ends of

the test bar are much higher than the predicted values. The tensile

strains along the continuous No. 6 (19.1 mm) bars arelpresent.ed in Table C.3

-in Appendix C. This table indicates a yielding of the No. 6 (19.1 mm) at

the cut-off locations, at failuré, of the specimen. This is due to'the

large moment and the stress concenkration at the cut-off location. No

°

yielding of the No. 6 (19.1 mm) bars was recorded at the centre of the beam.

Bond stress is the slope of the "force in-bar" curve. The aveérage
\

local bond stresses can be derived between two gauge locations by the .
i ' »

following equétion:

o

. “
AF E (e, = €,)
4 - A - ' — (4.2)
b % . ™y, Sap
where u, =~ average local bond stress obtained in tests
AF AB - doiffergw@ial force between two gauges A and B |

=~ diameter of the steel bar
= distance between two gauges A and B
= modulus of elasticity of the steel bar

=~ cross-section area of the steel bar

F A P

Egr€, = strains at gauge A and gauge B

Sm——
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The bc.:md stress distributions of beam Bl are shown in Fig. 4.4.
As expected from the strain variation, the average local bond stresses
are higl{er at the ends of the test bar at all load levels due to.the
increased build up of steel tension at the bar ends. At failure, the
average local bond stresses at the ends of the test bar are 1572 psi

: ™~

(10.8 MPa) and 1534 psi (10.6 MPa) which resulted ir; a prittle longitudi-

nal splitting .failure.

4.1.1.2 Response of Beam B2
: o
Fig. 4.1 also shows the load-deflection response of beam B2

("bottom-cast"). Beam B2 undergoes a small deflection, under applica-
tion of the first lgad in;rements. As the load is imcreased to 13.1 kips
(58.3 kN), two flexural cracks occurred close to the centre of the bean.
Afterwards ,d cracks continued to form-and at a load of 23.4 kips (104 kN)
flexural cracks appeared at the e:-nds of the test bar. Beam B2 continued
fleflecting slowly under load, as more fine cracks continuedﬁdevelopi;:g and
the previous cracks progressed towards the compression zone. f

At a load of 34.0 kips (151.2 kN), an additional flexural ¢rack
formed approximately 10 in (25.4 cm) from one end of the test bar. It
tranéafomed into & flexural shear crack with signs of splitting on the side
of the beam near the end of the bar, as illustrated in Fig. 4.2a. At

this stage most cracks)attained 8 width of 0.006 in (0.15 mm). After the

& . .
- next load stage of 36.6 kips (162.8 kN), the following observations were

made indicating a near failure by bond splitting.

‘i‘q

a1




(1) An increase in deflection shown in the P-A curve of Fig. 4.1.

(ii) A large widening of the flexural shear crack at one end of

Ed

1 “the test bar. The recorded width is 0.125 in (3.2 mm). '
t (iii) ' A formatien of longitudinal splitting ‘cracks 0.03 in (0.8 mm)

wide at both ends of the test bar with lengths of 7 in (17.8 cm). e

:}};1’ -
L

A very large defl;ction is observed in the P-A curve with further
increase of the load. Beam B2 reached an ult%mate capacity of 39.0 kips
- L (173.5 kN). Then the load dropped off slightly and deflection continued
] until failure occurred at a maximm deflection of 0.60 in (15.2 mm).

After failure, the major shear crack was 0.22 in (5.6 mm) wide. Tﬁe lon-
gitudinal splitting cracks on both ends of the test bar, had propagatgd /
to a length of 10 ih (25.4 cm) approximately, with a width of 0.22 in S i
(5.6 mm). This is shown in Fig. 4.2b.

" As observed in the load-defléction curves beam B2 reaches only 82%

~of the ACI yield prediction. The variation of tensile strain presented in
>4

“Fig. 4.5 also shows that the No. 8 test bar (25.4 mm) did not attain its
yield strain of 1950 micro in/in. The maximm strain developed at the centre
was 1485 micro in/in which represents 76% of the yield strain. Th;gteﬁ;ile
strain variations at all load stages resemb}e a‘garabolic curve with zero

strain at the ends of the bar and a peak strain at the centre. Before

cracking; the varidtion was flat and after cfaéking, the peak strain at
: centre increased with the load. As obse&ved with beam Bl, the strains at
the ends of the test bar exceed the predicted strain values. In aédition,

» the sttains along the continuous No. 6 (19.1 mm) bars also indicate’g;

yielding at the cut-off locations without yielding at the centre of the.

beam (see Appendix C). Average local bond stresses are also obtained for




. Q o,
beam B2 and are shown in Fig.h4.6. Theg maximum values at failure, -
attained_‘ at the ends of the test bar are 1600 psi (11 _MPa) and 1580 psi

(10.9 MPa). . ‘

4.1.1.3 Comparison of Beam Bl and B2

THe behaviour of beams Bl and BZ is very similar in the sequence
kof pphysiéal distresses associated with loss of bond strengsh. . However,
beam B2 showed signs of visible cracks at a ioad of 13.1 kips ‘(58.3 ;kN)
while beam Bl cracked at a load of 10.4 kips (46.3 kN). This indicates

8 higher tensile strength for the "bottom-cast" concreté. In its response

to the applied load, beam B2 exhibited more rigidity tham its companion .

beam Bl, as shown in Fig..4.1. Beam Bl 'fa:uod‘at -37.0 kips (164.§ kN) .
in a very brittle way while beam B2 showed gorc: ductility after reachiﬁg
its ultimate capacii} of 39.0 kips (17:;5 kN). Although the difference
"in ultimate capacities is only 5%, the difference in dnctilﬁy is quit‘e
signifiéang. The observed maximum deflections were respectively 0.444 in
(1123 mm) for beam Bl and 0.60" in (15.2 mm) for beam B2. oo

- The cracking éatt):em of both beams afte; failure, shown in Pigs.
4.2a and 4.§b, indicates more flexural cracks for b:u B2 than for beam B1
/ providing further- é\gidence of the better bond performance of the '"bottom-

t" spccinen. .

Aﬁo the splitting and major shear ‘cracks at failure were 0.22 in
(5 6.mm) wide for bm B2 and 0.25 in (6 4 m) wide for beam Bl.  When the
tensile strain c?rvas along. the test bars of bothsbeans are compared at

. the same ‘ioa& level, higher strains are obsgrvod for beam Bl at lower load

» '
. ©




respective ultimate strengths, are compared in Fig. 4.7. /Bean B2 shows

_ distributions of both beams, are also presented in Fig. 4.8 indicating that
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r'I'his may be attributed to the lower tensile strength of the "top-

lavels.

cast" concrete in beam Bl. The tensile strain variations of both beams at
slightly higher strains than its companion beam Bl. The bond stress

beam B2 developed higher bond stresses than beam Bl at the ends of the test
)

[ ——

bar.

4.1.2 Beams B3I and B4. Embedment Length of 36 in (91.4 cm)

4.1,2.1 Response of Beam B3 ¢«

After a load of 7.8 kips (34.7 kN) was reached,\a slight change
in the slope of the load-deflection curve of beam B3 shown in Fig. 4.9 is

noticed. At a load of 10.4 kips (46.:'; kN) a couple of hairline flaxural

cracks appeared in the central region of the dearn. They were followed

later, at a load of 20.9 kips (93 kN), by additional flexural cracks at

both ends of the test bar. At the same time, most cracks widened and

-

progra§sed towards the top of nthe beam at a small inclination. At a load
of 31.3 kips (139.2 lﬁN), the aveta;e cra:::k width was 0.006 in (0.25 nm)
except for the one close to the cut-off locations that had a width of 0.01 in
{(0.25 m).

An additional flexural crack appeared at a load of 34 kips
(151.2 kN), approximately 12 in (30.5 cm) from one end of the test bar 1and~
was accompanied by some longitudinal splitting cracks on the bottom fac‘e of
the beam.  This flexural crack trn'nsfoned into a major shear crack at the °

following load increment of 36.6 kips (162.8 kN), as it formed with previcus

- Ao
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cracks a critical region of "debonding action” at one end of the test
specimen. The maximum widths of cracks were obsewcd in that region and
averaged 0.02 in (0.5 mm) for both long;.tudinal ’splitting and major shear
cracks. These cracks widened to a width of 0.19 in (4.8 mm), as the beam
attained a maximum load capacity of 40 kips (177.9 kN) and failed abruptly
with a drop in load. The cracking pattern at failure, illustrated
in Figs. 4.10a and 4. 10b, shows a length of splitting cracks of 10 in
(25.4 cm) and 12 in (30.5 cm) at the ends of the test bar. The mmbers
written on the sides of the-beams in Fig. 4.10 indicate “the load stage
number. - .

As illustrated in the load-deflection curve of bem B3, it did
not :each the ACI yield prediction of 47.0 kips (209:1 kKN). It attained
only 85% of this value at a maximum observed deflection of 0.486 in
(12.3 mm).

The va{-iaticns of tensile strain along the test bar of beam B3
are shown in Fig. 4.11, at selected load Jlew;els. "The increase in strains,’
as load is applied, is readily noticed and a}so the importance of cracking

pattern on the magnitude of the tensile strains. The increase in tensile

' strains at the ends of the test bar is also obsﬁerved at a load of 36.6 kips

(162.8-kN), corresponding to the appearance of longitudinal splitting
cracks. At failure, beam B3 reaches a maximum tensile strain, at the
centre of the test bar, of 1750 micro in/in which is 90% of the yield strain.

Average local bond stresses are derived for the same load stages

- and their distributions are shown in Fj.g. 4.12, where very high bond

stresses are noticed at the ends of the test bar when failure is approached.

The maximum bond stresses calculated ware 1296 psi (8.9 MPa) and 1227 psi

-
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(8:5 MPa).  Finally, the temsile strains of the adjacent No. 6 (19.1 mm)

bars, presented In Appendix C, indicate that yielding omly occurred at

the cut-off locations.

7

4.1.2.2 Response of Beam B4

The load-deflection readings of beam B4 are also plotted in
L t H . Fig. 4.9. Beam B4 showed the first sign of visible c;'acking around thg 4,
centre at a load of 13.1 kips (58.3 kN) accompanied by a drop in sti&xmés.
> . ( At a load of 23.5 kips (104.5 kN), the first flexural cracks occurred at
both ends of the test bar. Within the next four load increments, a lot
of fine flexural cracks developed and moved towards the neutral axis, as
nillustrate& by Fig. 4.103..’ With further'increase of the load to 36.6 kips

(162.8 kN), fmirline splitting cracks, 3 in (7.6 cm) long, appeared along

the length of the test bar. As the load was increased, the flexural cracks
widened and extended towards the compression zone. At a load of 41.8 kips
(185.9 kN) the cracks at the cut-off locations also widened and transformed

- into major shear cracks, as they progressed towards the top of the beanm.

Side splitting cracks were also noticed near the ends of the test bar.

« The largest crack width measured at a load of 45.7 kips (203.3 kN), was

0.09 in (2.3 mm) along one of the major shear cracks. At the same time,

the }plitting propagated along the length of the No. 8 (25.4‘m) bar between
\. M +
. transverse flexural cracks. Also a considerable increase in deflection was

- “small increment of load to 47.0 kips (209.1 kN) resulted in incressed

) observed at this stage and can be seen in the load-deflection curve. A
é, deflections with the widening of all cracks. .
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Before failure occurred, bean‘B4 showed a fairly ductile behaviour
with a lot of cracking and reached a maximm estimated deflection of 0.656 in
{(16.7 mm). An examination of the bottom fage at failure, indicated that
splitting cracks propagated along the length of the test bar and reached a
length of 7 in (17.8 cm) at one end, as can be seen in Fig. 4.10b. The

major shear cracks had a maximm width of 0.13.in (3.3 mm).,. The splitting

A

cracks were finer and about 0.09 in (2.3 m) wide.
Fig. 4.9 shows that the deflections of beam B4 are very close to

the predicted values at the early load stages up to 23.5 kips [164.5 kN)

approximately.  Afterwards, beam B4 loses stiffness until if failed at I

47.0 kips (209.1 kN), when it reached the ACI yield prediction. In

Fig. 4.13 it is easily observed how the tensile strains along the length

of the test bar are rapidly increasing with loads, especially at the en;is

where they always exceed the theoretical strain values. The maximum

strain reached ‘at centre is 1965 micro in/in at failure, and also indicates

_that beam B4 reached the yield strain of 1950 micro in/in. The distribu-

tion of bond stresses shown in Fig. 4.14, is again derived from the strain
variation. As for the previous beams, the maximm values of the aVe'rage
bond stress are attained near the ends of the test bar. For beam B4,
they are 1553 psi (10.7 MPa) and 1476 psi (10.2 MPa) at failure. | As for
beam B3, yielding of the No. 6 (19.1 mm) bars only occurred at the cut-off
locations. However, the No. 6 bars reached 95 percer}i: of their yield

- L}

strain at the beam centreline.

~

’ N
4.1.2.3 C@éison of Beam B3 and Besm B4 '

From the load-deflection plots in Fig. 4.9 a few comparisons can
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be made.

(1) The '"bottom-cast" concrete of beam B4 has a higher tensile
strength than the "top-cast" concrete .of beam B3, as indicated by the
A larger cracking load for beam B4.

(ii) Beam B4 shows higher stiffness than beam B3 during the loading

P ’jﬂ a
;f’.-:"?" )

history with a maacmm difference of 25% at the load of 40/ kips (177.9 kN).
(iii) Beam B4 exhibits greater ductility than beam[ B3, having maximum
measured deflections of 6.656 in (16.7 mm) and 0.486 in (12.3 mm) respec-
tively. ' . ' i
(iv). Beam B4 failed at a load of 47.0 kips (209.1 kN) while beam B3
failed at a load of 40 kips (177.9 KN), resulting in an 18% strength

increase for the '"bottom-cast' specimen.

The better bond performance of beam B4 can also be observed in

) * the cracking pattern shown in Figs. 4.10a and 4.10b. More fine flexural
cracks are developed in beam B4. Also the splitting cracks and the major
shear cracks are not as wide. Tensile strains are compared at different™
load levels and show less strains in the test bar of beam B4 due to the .

difference in tensile strengths. Finally the compared tensile strains

anci bond stresses at failure are presented in Fig. 4.15 and Fig. 4.16
rgspec?:ively. Tensile strains; at failure are higher for beam B4. The
strains at the centre of each beam at failure load were 1965 micro in/in
“ J ~ . for beam B4 and 1750 micro in/in for beam B3. - Average local bond s&esses,
developed at the ends of the test bar at failure, are also higher for

beanm B4.
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4.1.3 Beams BS and B6. Embedment Length of 40 in (101.6 cm)

4.1.3.1 Response of Beam BS

After the appearance of a few craéks in the central region of the
beam at a load of 10.4 kips (46.3 kN), beam B5 showed a decrease in its
fle'xqral rigidity as more cracks formed and elongated. The cracks pfopaga—
ted to the ends of the test bar at a’ load of 23.5 kips 6104.5 kN), as
illustrated in the load-deflection curve shown in Fig. 4.17. At the load

of 31.3 kips (139.2 kN), some flexural cracks at the ends of the beam in-

clined towards the centre-line. At a load of 34.0 kips (151.2 kN), fine

" splitting cracks initiated from flexural cracking at the cut-offs. The

flexural cracks showed a maximm width of 0:006 in (0.15 mm) at this stage.
At a load of 40 kips (177.9 kN) a wide flexural shear crack rapidly
developed approximately 16 in (40.6 cm) from one end of the test bar. It
became a major shear crack at the load of 43.1 kips (191.7 kN), and formed
a definite ''debonding region" at this end where longitudinal splitting
cracks were larger and averaged 0.04 in (1 mm) in width. The beam reached
a peak load of 45.0 kips (200.2 I;N), as observed in the\ f’@ curve; then,
the load dropped off slightly and, after an increase in deflection und;r
consEant lgad, the specimen failed abruptly. The maximum crack width was
noticed afﬂthe majo1: flem?ral shear crack and the splitting cracks close to
it.  When measured, these &cracks averaged a width of 0.06 in (1.5 mm) while
others were approximately 0.008 in (2 mm) wide. Figs. 4.18a and :t.l&b
illustrate the cracking pate:%em of beam BS5, which exhibited a maximum
deflection of 0.588 in (14.9 mm). The’ deflections of beam BS started

deviating considerably. from the theoretical values after a load of 23.5 kips
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* 96% of the ACI yield prediction.
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(104.5 kN), and cm}tinuéd the same way until failure where it attained

3

The tensile stra.m readmgs obtamed for the test bar are plotted,

; at selected load stages, in Fig. 4.19. The same general shape of the

" distributions is also found for beam BS. The maximum strain at the centre,

at failure is 1865 micro in/in. This represents 96% of the yield strain
which is exactly the same percentage obtained from the comparison of ulti-

mate<capacities. The maximm calculated bond stresses were 1114 psi

(7.7 MPa) and 1170 psi (8.1 MPa) at the ends of the test bar (sée Fig. 4.20).

When the tensile strains of the No. 6 (19.1 mm) bars are examined (see
Appéndix C), they do not show any yielding at failure either at the cut-off

location nor at the centre of the beam.

4.1.3.2 Response of Beam B6 4 /

1

;Flexural cracking for beam B6é occurred at\a load of 13.1 kips
(58.3 kN) with cracks on bv:th sides of the centre-line. The cracking load
is displayed in Fig. 4.17 with the cracking pattern of beam B6 illustrated
in Figs. 4.18a and 4.18b. Thereafter, new cracks formed and all progressed
Rslowly‘towards the compression zone. At a load of 26.1 kips (116.1 kN),
many fine flexural cracks were observed on the tension side. Flexural
cracks appeared at the cut-offs at a load of 28.7 kips (127.7 kN) and
started sloping at the next load stage to become flexural shear cracks.

Further increments of the load up to 36.6 kips (162.8 kN) caused some fine

splitting cracks, 2 in (5.1 cm) long, at both ends of the test l;a:r. These

s
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cracks propagated with subsequent increases of the load to reach 6 in

'(15.2 cm) each, at a load af“‘{O.S kips (180.2 kN) where they were 0.004 in

" (1 mm) wide. The maximum flexural shear crack at one of the cut-off loca-

tions measured ‘0.007 in (1.8 mm). - The propagation continued until a maj?r i
shear crack suddenly appeared 16 in (40.6 cm) from the end of the test bar,
at a load-of 45.7 kips 203.3 kN), as shown in Pig. 4.1§a.

Further increases in load led to increasing deflections with a maxi-
mum load occurring at 49.5 kips (220.2 kN) and at a deflection of 0.792 in

(20.1 mm). The resulting failure was ductile, as shown in Fig. 4.17, after

e

two symmetrical flexura} cracks close to the centre widened considerably
indicating poss$ib1e yielding. The average width of these two cracks was
0.06 in (15 mm) at failure. The longitudinal splitting cracks indicated a
maximum width of 0.02 in (0.5 mm). Branson's equation predicts the pre-
yiefding response very well and ultimate capacity of beam B6 is 5% higher
than the ACI yield prediction. The tensile strain variations shown in

Fig. 4.21 indicate that yielding of the No. 8 (25.4 mm) bar had occurred at
failure. Average local bond stresses derived from the tensile.strain varia-
tions are presented in Fig. 4.22., The maximun bond stresses at the ends of‘
the test bar are 1304 psi (9 MPa) and 1342 psi (9.3 MPa). " Table C.2 in
Appendix C indicates a yielding of the No. 6 (1§.1 mm) bars only at the

centre of the bean.

4.1.3.3 Comparison of Beam BS and Beam B6

The load-deflection responses of the beams are firsg_p&npared and
show several important differences as indicated below:

(i) The "bottom-cast" concrete of beam B6 has a higher temsile



.

~ strength than the "top-cast" concrete of beam BS. This is demonstrated EOI

s

L.
b

by the higher cracking load observed for beam Bé. ‘
(ii) . Beam B6 is stiff%r than its companion beam BS at all load
levels. ‘
(iii) The failur; of beam B6 is more ductile than the corresponding
failure of beam BS. At failure, beams B6 and BS show respectively maximum

deflections of 0.792 in (20.1 mm) and 0.588 in (14.9 mm). .

l

(iv) Beam B6 attained a higher capacity than beam BS. They failed
at 49.5 kips (220.2 KN) and 45 kips (200.2 kN) respectively, resulting (

o s @
é

in a difference of lb%.

The cracking patterns are compared in Fig. 4.18, and it is observed
that beam B6 exhibited a larger number of smaller flexural cracks than beam
BS. This is another indication of the better bond performance of !.Jeam B6.
At failure, beam B6 developed a maximum tensile strain at the centre whiéh
was é% higher ¥han that of beam BS r[see Fig. 4.23). —:Finany average local
bond stresses are compared in Fig. 4.24. Beam B6 indicated a maximm bond
stress which°was about 15-18% larger than tlole bond stresses calculated for

beam BS.

4.2 ° Effect of Embedment Lengths on the Response

] ‘ ' -
4.2.1 Comparison of Beams with Top-Cast Bars: Bl, B3 and BS

h)
The load-deflection curves of these beams are compared in Fig. 4.25.

Some of the common characteristics are compared below: .

{
h

(i)n All of the "top-cast" beams cracked at the same load level.

1




(ii) All beams showed signs of splitting cracks at about the same

load level.

5 (iii) All three beams did
1 . .

each the ACI predicteitultimate load.
.Some of the differences in behaviour are compared b®low: °

¢

(1) The.stiffness at-all load levels increases as the embedment

2

length incredses.

e

(ii) Beam BS with the largest embedment lenéth displayed a more
ductile failure than the failure displayed by beams Bl and B3.

{ {(iii) The strength increases as the embedment length increases. C

* The cracking pattern of these three beams is shown in Figs. 4.26a

and 4.26b. It can be seen that an increase in embedment length leads to
. . Al
a larger number of more closely spaced, finer flexural cracks. Thus an

* increase in embedment length leads to a more desirable cracking and bond

behaviour resulting in larger stress being developed in the cut-off bar. ‘ N
The developll;ent of larger bar stresses‘ is coqfirmed in Figs. 4.3, 4.11,

4.19 and 4.27. For example, beam B5 develops 7% higher stress than beam

B3 and Beam B3 develops 22% higher stress than beam Bl. However, as
illustrated in Fig. 4.28, lower bond stresses are obtained at failure for

beams with longer. embedment lengths. Beam B5 has a mé.:limum local bond

stress of 1170 psi (8.1 MPa) compared to 1296 psi (8.9 MPa) for beam B3

h and 1572 psi (10.8 MPa) for beam Bl.

N

4.2.2 Comparison of Beams with Bottom-Cast Bars: Bz; B4 and B6

A

ot}

i

| .

When specimens B2, B4 and B6 are compared, the following significant
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differences are observed: ‘

A(i)ﬂ As shown in thé P-A curves of Fig. 4.29, the stiffness inéreises
as the anl?edmﬁnt length is increased.

(ii) Beam B6, B4 and B2 failed in the same ductilemanner, but a
significant difference is observyed between the deflections reached L; the
maximum loads of B6, B4 and B2. They are respectively 0.792 in (20.1" mm) ,
0.656 in (16.7 mu) and 0.600 in (15.2 mm). The ductility therefore
increases with increasing embedment lengths.

(iii) Beam B6 exceeds therACI yield prediction of 47 kips (209.1 kN)
by 5%, and beam B4 just reaches it while l;emn B2 attains only 83% of the |
predicted strength. 1

(iv)  The cracking patterns illustrated in Figs. 4.30a and 4.30b
indicate that a larger number of smaller cracks are formed in specimens
with longer embedment lengths. . This provides visual evidence of better
bond behaviour as the embedment length is increased.

(v)  The differegnc‘e in tensile strains and obviously the tensile
stresses is illustrated in Fig. 4.31. Beam B2 attains a_'maximum tensile
strain at ‘centre of 1485 micro in/in while beam B4 reaches the yield
strain at 1965 micro in/in, and beam B6 exceeds the yield s;ra\in with a

value of 2018 micro in/in.

(vi) The average local bond stresses shown in Fig. 4.32, indicate

maximm values at 'the ends of the test bar of 1600 psi (11 MPa), 1553 psi

(10.7 MPa) and 1342 psi (5.3 MPa) réspective;ly for beams BZ,‘B4 and B6.

This indicates a decrease in bond stress with longer embedment lengths.
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‘4.3 Swmmary of Experimental Results S

Tables 4.1 and 4.2 summarize the basic experimental test results

and can be easily referred to when comparison.é are made to show the
A

"top-bar" effect’ and t}}e "embedment length" effect.

TABLE 4.1

0

SEQUENCE OF PHYSICAL DISTRESSES ASSOCIATED WITH BOND FAILURE

PHYSICAL DISTRESS BEAM Bl | BEAM B2 |BEAM B3 | BEAM B4 |BEAM BS | BEAM B6

First Flexural kips 10.4 13.1 +10.4 13.1 10.4 13.1

Crack (kN) | (46.3) | (58.3) (46.3) | (58.3) | (46.3) | (58.3)

First Flexural kips | 20.9 23.5 20.9 23.5 23.5 28.7

Crack at Cut-Off | (kN) | (93.0) | (104.5) (93.0) | (104.5) }(104.5) | (127.7)

B

First Splitting | kips| 36.6 | 36.6 34.0 | 36.6 | 34.0 36.6

Crack (kN) | (162.8) | (162.8) | (151.2) [ (162.8) [(151.2) | (162.8)
Major Shear kips| 37,0 | 39.0 | 3.6 | 41.8 | 43.1 | 45.7
Crack - (kM) | (164.6) | (173.5) | (162.8) | (185.9) | (191.7) | (203.3)
Failure kips | 37.0 39.0 40.0 47.0 45.0 49.5

(kN) | (164.6) | (173.5) { (177.9) | (209.1) | (200.2) | (220.2)

3

........
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“TABLE 4.2 |
N |
BEAM TEST RESULTS
~}H AY IA
RESULTS BEAM B1 [BEAM B2 |BEAM B3 |BEAM B4 |BEAM BS [BEAM B6
° )
First Flexural - kips 10.4 13.1 10.4 13.1 10.4 13.1
Crack (kN) | (46.3) | (58.3) | (46.3) | (58.3) | (46.3) | (58.3)
Max imum in | 0.444 | 0.600 | 0.486 |’0.656 | 0.588 .| 0.792 -
Deflection (m) | (11.3) | (15.2) \(12.3) (16.7) | (14.9) | (20.1) ;
Max imuit kips 37 39 40 47 45 49.5
Capacity (kN) {(164.6) |(173.5) |(177.9) |(209.1) |(200.2) |(220.2)
S a
Splitting Crack in | 0.25 0.22 0.13 0.09 0.06 0.02
at Failure (mm) (6.4) (5.6) (3.3) (2.3) (1.5) (0.5)
1 Major Shear in 0.25 0.22 0.18 0.13 0.06 0.02
Crack at Failure (mm) | (6.4) (5.6) (4.6) [ (3.3) (1.5) (0.55)
Type of .
Britt buctile Brittle [Ductile |Brittle [Ductile
Failure >[
N
D i
Strain at. Centre of {micro
1430 .1485 1750 1965 1865 2018
#8 Bar at Failure |in/in
Local Bond Stress psi | 1572 1609 |- 1296 1553 1114 1304
at Ends of #8 Bar |(MPa) | 10.8 11.0 8.9 10.7 7.7 9.0
at Failure .
. psi | 1534 1580 1227 1476 1170 1342
(MPa) | 10.6 10.9 8.5 10.2 8.1 9.3

sy
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’ CHAPTER V

DISCUSSION OF TEST RBSULT%

~

1 \

5.1 Comparisons with ACI 1977

=3

The results of bean B4 with:an esbedment ‘tength of 36 in (91.4 cm)
indicate that the bottom-cast bar just yielded while the beam reached the
theoretical moment capacity. None of ﬁh; beams with top-cast bars reached
the theoretical moment capacity. Beam BS, with an embedment length of
40 in (101.6 cm) had a maximm strain equal to 96 i:;rcent of the yield
strain and failed at a load corxresporiding to 96 percent of thg theoretical
' moment capacity.
| For normal weight concrete and for Grade 60 steel reinforcement, ,
the )\CI (4) formula for the development length, 1 a of bottom-cast bars’

smaller than No. 11 (35.8 mm) is expressed by:’

1 - 22h Y : (5.1)
but not less than 0.0004 dy £, (5.2)
wvhere A, =  area of the steel bar
,u fy“ =  yleld strength of the steel bar . t
f? ¢ ™ concrete compressive strength

db = ' pnominal dimmeter of steel bar

The ACI provgﬁicns (from Equations 5.1 and 5.2) roaqxiii'c Y

. %

Y

W S
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L ]
developument length of 30 in (76.2 cm) for the bottom-cast bars. The Code

also requires that the reinforcement continue a distance dt or 12db beyond

‘ the theoretical cut-off point. This requirement would result in an
embedment length of 45.5 in (115.6 cm). The results of beam B4 indicate

that an embedment length of 36 in (91.4 cm) is required to develop the

T
e
e
b

yielding of the bottom-cast reinforcing bar. The ACI Code requires a

development length of 1.4 1 d for top-cast bars. In order to assess the

top-bar effect, it is of interest to compare bottom-cast specimen B\2,

with 30 in (76.2 cm) embedment length with' top-cast specimen B3 having

.a 36 in (91.4 cm) embedment length; Both beams failed at aﬁproxinativjply
' the same load. This suggests that top-cast bars require an embedment "'
length equal to 1.20 times. the embedment length for botton—éast bars if/l

order to develop the same stress. A similar comparison between bem,é

- B4 and BS indicates a factor of 1.11, - / |
° "y

5.2 . Orangun, Jirsa and Breen's Equations

Orangun, Jirsa and Breen (67) have derived from a non-linear
regression analysis of many beam test results an equation for splice length
and development length of steel reinforcem;nt. This equation considers
the effects of bar diaheter, stee]l stress and concrete strength and in
addition account§ for the effects of concreteycover, bar spacing and the
amount of shear reinforcement which have been neglected by current Code
«% specifications. This results in a basic developunt length for a "botton-

cast steel bar" having a yield stress of 60 ksi (413.7 MPa) calculated as

follows: ] T
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10,200 4, -
~ L, - i (5.3)
¢ /e a-25¢c4 -K) -
l 4

where ¢ = capacity reduction factor taken as 0.8
- the smaller of Cb and Cs

clear bottom cover to main reinforcement

Kt
& ©
i

C, = half clear spacing between bars
K., is an index of the amount of transverse reinforcement along
; the embedded bar and is given by: - 3
a_f
K - _tr yt :
, v - Eoosa P - B
! where Atr = area of transverse reinforcement normal to the plane

S of splitting througth the embedded bar
£ - yield' strength of transverse reinforcement

S =  spacing of transverse reinforcement centre to centre -

For this series of be'ans Cm Cb = 1.5 in (3.8 cm) and due to
' the details of the stirrgps Ky = 0. )

g The predicted basic development 'length for the No. 8 (25.4 mm)
bottom-cast bar is 34 in (86.4 cm) from Equation (5.3) with ¢ = 1.0. This
basic development length is greater than the 30 in (76.2 cm) required by
the ACI Code (4). Also Orangun, Jirsa and Breen proposed a factor of

1.3 for top-cast bars.

R
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5.3 Consideration for Future Research o

1 The simply supported beam with central point loading has been '
used in this experimental program to study the top-bar effect with vax:ying
embedment lengths. The ACI Code approach with a top-bar factor of 1.4
and a required extension of dt or 12 b d beyond the theoretical cut-off

-point is conservative for this series of tests. However more research is

needed in order to quantify the top-bar effect.

Other variables that could be investigated are:

(i) different depths é&f concrete below the top bar,

(ii) different strengths and types of concrete,

(iii) different sizes of reinforcing bars,_

(iv) different percentages of transverse reinforcement, and

42 different orientations of reinf;rcement (e.g. vertical bars in

walls)

These investigations would help to quantify the top-bar effect and

would add. to the knowledge of this complex bond problem.




CHAPTER VI

CONCLUSIONS

\

The behaviour of specimens containing top-cast bars was compared
with the behaviour of companion.specimens containing bottom-cast bars.
The results of the tests'indicate that beams containing top-cast bars do
not perform as well as beams‘with bottom-cast bars. The observed top<bar

o

effects on the behaviour are as follows:

(1) A decrease in the ultimate strength (10 to 18‘ percent for this
series), .

{(2) A decrease in ductility,

(3) Lower bor;d stressés at failure,

(4) Lower stiffness at all load levels, and

(5) Lower cracking loads due to' the reduction of temsile strength for

top-cast concrete.

Comparisons of the,.behaviour of the beams tested indicate that
top-cast bars require an increased embedment length between 11 and 20
percent longer than bottom-cast bars in order to reach the same stress
levels in the bars. .

The three beams containing top-cast bars and the three beams
containing bottom-cast bars indicate téhat increases in embedment length

" resulted in higher strength, higher stiffness and higher ductility.

- 4
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Tm A.l ¢ -

{ VALUES OF £ MND £ FOR REINFORCING BARS ’
: YIELD |AV. YYELD| ULT. |AV. ULT . )
1 TBST | BAR .| AREA | LOaD |LOAD LOAD | LOAD . y u
3 No. SIZE in? k(%g kips kips | kips psi psi
fed) - (RN) [ ) | () | (kW) (MPa) | (MPa).
1 6.8 10,3
- (30.2) (45.8)
b 2 #3 0.11 6.6 6.6 10.0 \lkl 60.3 91.9
(9.5 nm% 0.71 | (29.4) | (29.4) | (44.5)] (44:9) | (415.8) | (633.7)
3. 6.4 10.0
(28.5) (44.5)
J
' |
1 25.6 39.3 :
| (113.9) (174.8) 4
2 | #e 0.44 25.8 25.7 39.0 " 3952 | 58.5| 89.1
(19.1 mm){ 2.8¢ | (114.8) | (114.3). | 173.5) ] (174.4) | (403.4)1 (614.3)
{ - .
3 25.8 29.3 \
S (114.8) (174.8)
’ . ~
1 46.8 69.0 n
i (208.2) (306.9)
1 | 2.] #8 | 09| 410 | a7.0 70.5 | 70.0 | ' 59.5 | s8.6
(25.4 m)| (5.10) | (209.1) | (209.1) | (313.6) | (311.4) | (410.3)| (610.9)
3 .3 | 70.5 “ _
(210.4) (313.6)

< ' 4




TABLE A.2

— T

COMPRESSION TEST RESULTS

m-

ULTIMATE

lbs

AV. ULT.

lbs
(kN)

AVERAGE
STRENGTH

(MPa)

. 28.27

(182.4)

H

114,500
113,500
113,000
114,960
113,300
116,000

114,200
(508)

4040
(27.9)

B2

28.27
(182.4)

108,920
109,500
110,980
108,300
110,200
111,920

109,970
(489.2)

3890
(26.8)

B3

28.27
(}82.4)

115,310
113,690
116,600
115,700
114,200
114,860

115,060
(511.8)

4070
(28.1)

28.27
(182.4)

119,290
120,200
121,500
118,650

* 120,900

118,650

119,865
(533.2)

4240
(29.2)

B5

28.27
(182.4)

113,900
112,500
115,000
114,070
113,000
115,100

113,928
(506.8)

4030
(27.8)

N

UV WNFIOODUABWNKFI I OUVAEWNFIOUBWNEFHIOCUABWRHFIONONUVSE WK

28.27
(182.4)

116,000
115,500
113,900
113,460
116,500
115 ,000 -

115,060
(511.8)

4070
(28.1)
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TABLE C.1

-

A,

v e uwzw*""‘! L

B N

- !
DEFLECTION, A
LOAD, P
° BLAM B} BEAM B2 BEAM B3 BEAM B4 BEAM BS BEAM B6 COMMENTS
kips kN in - in L in - in L] in | ] in -
0 0 0 . o )] 0 0 o 0 0 0 0 D 0
2.61 11.62 | 0.0120 G.304 | 0.0065] 0.165 | 0.0064 0.162 0.0060 0.152 1 0.0060] 0.152 | 0.0040] o.l01
§.22 23.24 10,0220 0.558 | 0.0170] 0.431 | 0.0180 0.4571 0.0140 G.355{ 0.0140} 0.355 | 0.0100] ©.254
7.84 34.86 } 0.0290 0.736 1 0.0240] 0.609 | 0.0260 0.660) 0.0210 0.533 | 0.0230] o0.584 | 0.0160] 0.406
10.45 46.47 | 0.0480 1.219 | 0.0410{ 1.041 | 0.0400 1.016 | 0.0350 0.889 | 0.0350| o0.889 | 0.0260} 0.660
13.06 58.09 ] 0.0620 1.574 } 0.0570)] 1.447 ] 0.0570 1.447 ] a.0520 1.320 } 0.0500] 1.270 } 0.0380}] 0.965
15.67 69.71 }0.0820 2.082 | 0.0760 | 1.930 0.07‘50 1,905 ] 0.0710 1.803 } 0.0700} 1.778 | 0.0620] 1.574
18.28 81.33 |0.1060 2.692 | 0.0980 [ 2.489 | 0.1000 2.5401 0.0900 2.286 | 0.0900] 2.286 | 0.0780] 1.981
20.90: 92.95 ]0.1260 3.200 0.1200 3.048 0.1230 3.124}0.1140 2.895 0.1160 2.946 0.0980] 2.489 7
"23.51 | 104.57 |o.1540 3.911 | 0.1480{ 3.759 } 0.1470 3.733} 0.1340 3.403 {1 0.1380] 3.505 | 0.1180] 2.997 /
26.12 | 116.19 10.1830.¢] 4.648 | 0.1770 | 4.495 | 0.1750 4.445.1 0.1660 4.216 | 0.1620] 4.114 ] 0.1390] 3.530
28.73 | 127.81 }0.2160 5.486 | 0.2080 § 5.283 ] 0.2040 S.lSlJ 0.1920 4.876 } 0.1900) 4.826 | 0.1610] 4.089 c
31.34 139.42 jo.2500 6.350 | 0.2400 ] 6.096 | 0.2350 5.96910.2150 5.461 | 0.2160) 5.486 ] 0.1870] 4.749 ‘.
- 33.96 } 151.04 }0.2810 7.137 § 0.2700 | 6.858 ] 0.2650 6.731 §0.2430 6.172 1 0.2400] 6.096 | 0.2110] S.359 -
36.59 | 162.66 J0.3180 8.077 | 0.3060 | 7.772 | 0.3000 7.620 } 0.2700 6.858 | 0.2740] 6.959 | 0.2380] 6.04S
37.00 | 164.58 ]0.3860 |. 9.804 Maximum capacity and
34.61 | 153.95 |0.4440 | 11.277 . Failure of Boam B}
39.00 ] 173.48 0.4300 {10.922 Maximum capacity and
38.25 | 170.14 .0.5200 }13.208 Failure of Beam B2
38.25 | 170.14 0.6000 f15.240
39.18 ] 174.2% 0.3540 8.991 | 0.2980 7.569 | 0.3040 | 7.721 | 0.2640} 6.70S
. | 40.00 | 177.93 & ,0.3780 | 9.601 . ) Maximum capacity and
| 34.75 ] 15¢.57 0.4860 { 12.344 K Fajlure of Beam B3
! 41.79 185.89 0.3280 8.331 0.3320 | 8.432 | 0.2910} 7.391 .
_ 43.10 | 191.72 0.3420 8.686 | 0.3500 | a.890 { 0.3060] 7.772
44.40 |} 197,52 0.3660 9.296 | 0.3840 | 9.753 | 0.3180| 8.077
45.00 ) 200.17 0.4460 1 11.328 4 Maximum capacity and
44.40 | 197.52 0.4800 } 12,192 Failure of Beam BS
45.68 | 203.19 0.4440 | 11.277 0.3510] 8.915
46.98 | 208.98 ~- 0.5700 | 14.478 | ¢ 0.4200 | 10.668 '
) 46.58 | 208.98 - 0.6180 | 15.697 Maximum capacity and
46.98 | 208.98 0.6560 | 16.662 Failure of Beam B4
48.50 j21S. 4 0.5180 §13.157
49.25 | 219.07 N 0.6300,§ 16.002
49.50 | 220.19 0.6980 | 17.729 Maximum capacity and
49.50 | 220.19 : 0.,7920 | 20.116 Failure of Beam B6
/ )
, v
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. ) TABLE C.2 . )
TENSILE STRAINS ALONG ¥8 REINFORCING BAR (MICRO IN/IN)
DISTANCE FROM | in 36 | 34 | 32| 28 | 24 20| 16 | 12 8 4 fcENTRE| 4 8 12 | 16 | 20 24 28 | 32 | 3¢ | 36
CENTRE om | 914 | 86.4) 81.3] 71,0 | 61.0) 50.8)| 40.6[30.5 |20.3 |10.2 | o [10.2]20.3 {30.5 | 40.650.8 [61.0 [71.1 | 81.3]86.4 [01.4
LoAD | GAUGE NUMBER 1 2 3 | s s | e 7 8 9 |10 a2z |13 |a 15 | 16 |17 |18 19 | 20 |21
kips . 4
kN - .
BEAM B1 OOOIG 0014} ovig| 0018 00181 0020] 0033| 0035 0028] 0020] 0022 | o018 0015} 0009} 0012
S BEAN B2 000§ | 0015 ] 0016 | 0021 | 0020] 0026{ 0023 no26 | 0023| 0025| 0028 {0025 | o0o14| w016} 0006
2.6 BEAM B3 00101 0010 | 0016 | 0019 | 0021 | 0026 | 0031| 0049 | 0042 0050 | 0036 004s| 0034 | 0023 | 0024 0017 0014 o010 | oo10
1.6 BEAN B4 0010 0010 f 0012 § 0015 | 0016 | 0017 | 0020f 0020 0025 | 0030 | n022| 0026 | 0017 | 0016 | 0014 0017| 0010 0OL0 | 0012
BEAM BS 0023 0023 ] 0015 | 0038 | 0056 | 0050 | 0052 0050 | 00s3 | 0os8 | oos3| ooss | ooso | 0oso | coas) oo3al o040 o030 o018
BEAM B6 0015 0028 10035 | 0038 | 0045 | 0038 | 0048 | 0045 | 0048 | 0060 | 00S5 | 0052 | 0pas |ooas | 0037 | 0030 | 0030 | 0032 0010
BEAN BI - 0016 | 0030 | 0035 | 0041 | 0036} 0047 | 0044 { 00s4 | 0040} ooso} oo39 | o046 | o030} oo2s| oo23
BEAN B2 | 0022 | 0030 | 0032 | 0041 | 0038 ] 0052 ] 0045 | 0051 | 0047} 0050 | .00ss | 0048 | o028 0o32] coze .
5.2 BEAM B3 0020 [ 0020 | 0033 | 0038 | 0040 | 0045 | 0068 | 0090 | 0080 | 0100 | 0070] 009s | 0070 {0040 | 0oas | 003z ] 0030 | 0020 | o020
3.2 BEAN B4 0017 10020 } 0024 | 0030 | 0032 | 0033 | 0038 | 0045 | 0050 | 0054 | 004z | ooso | 0030 {0032 | 0029 | 0022|0021 | 0022 | 0022
BEAM BS 0041 0048 10020 | 0073 | 0103 | 0095 | 0100 { 0098 | 0106 | 0110 | 0103 | 0105 '] 0095 {0100 | 0082 | 0079 | 0063 | voss 0032
BEAM B6 0044 coso | o070 0071 | 0088 | 0085 0092 | 0090 | 0093 | 0100 0098 | 0108 | 0090 {0096 0073 | 0069 | 0065 | 0056 |~ 0034
o - ) S
. BEAM Bl 0055 | 0045 {-0105 | 0075 | 0136| 0089] 0076 | 0120 | 0136| 0135 | 0075 § 0118 | 0092} vo3s| coas v
’
BEAN B2 0040 § 0071 0055 | 0090 | 0071 0080 | o105 | 0090 | o140 0120 | 0104 | 006s | 004s| 0061} ooss 3
7.8 BEAM 83 00421 0032 | 0090 | 009 | 005¢| 0146 $ 0119 0141] 0179 [ 0150 | 0145| 0196 | 0185 | 00ss | 0139] 007s] w070 coas a0}
34.9 BEAM B4 0035 10028 | 0060 | 0050 | 0118 | 0140 | 0120 0135 | 0165 | 0120 | 0150 0170 { 0080 | 0109 | 0089 | 0071] 0070 0oes | oo30
BEAM B5 00751,  }o0075 | o105 | 0105 ] o150 | 0132 | o149| o16s | 0210 | 01957} -0150] 0208 | 0196 | 0166. ] o1se1-0121| o150 o105 0060
BEAN B6 0060 0080 {0133 | 0090 |-0106 | 0106 | 0185 ) 0183 | 0196 | 0210 | 0226 0130 {0135 |ors0 | 0150 { O138 0100 | 0095 00s5
BEAM Bl 0090 | oogo} mass | o166 | o0284| o1sof orsol 0238 | ozss| 0240 ] 0168 | 0225 | 0148 0070} 0075,
0 / .
BEAN 82 DOS1 | 0110} 009t | 0121 | 0136| 0141 ] 0195 | 0139 | 0221] 0170 | 0165 | 0099 | 007a| nogs| once
10.4 BEAM B3 0058 «0045 01358 0180} 0180 | 0254 0285] 0210} 03064 0225 0230} 0342 | 0319 0!3/2_ 0233} 0121} 0106} 0070 0053
46.5 1 -/ beam B4 0045 | Qo028 J o050 | 0148} 0196 | 0255 | 0211} 0212|0269 | o195 | 0270 0268 | 0168 | 0135 | 6171] 0109) 0100 0060 | 0040
BEAM BS 0105 40105 f0170 | 0164 | 0225 | 0196 | 0269) 0285 | 0375 | 0363 | 0276 | 0358 | 0320 | 0230 0256 | 0195 0239 0150 0105
‘ "~ BEAM B6 0090 0105 10179 | 0165 | 0153 | 0137 | 0300] 0299 | 0326 | 0310 | 0375 | 0197 |0Z10 J0210 | 0250] 0225] 0150 | mess 0096
) X ' °
»
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. TABLE C.2 (continued)
TENSILE STRAINS ALONG #8 REINTORCING RAR (MICRO IN/1IN)
DISTANCE FROM ] in 36 34 32 28 24 20 16 12 8 4 [CENTRE] 4 8 12 16 20 29 28 32 34 36
CENTRE -
o [91.4 [ 86.4]81.3171.1 ] 61.0]50.8)40.6 130.5 { 20.3} 10.2 0 110.2 ] 20.3]30.5]40.6 |50.8 } 61.0|71.1]81.3)] 86.4]01.4
LOAD GAUGE NUMBER 1 2 3 4 5 6 .7 8 9 10 15§12 13 14 15 16 1?7 18 19 20 21
kips -
kN - .
BEAM Bl 01201 0202 {0270 | 0315| 0404 | 0389 | 0411 | 0470} 0384 | 0403 { 0320 0352] 0250} 0156 | 0095
BEAM B2 0063 | 0150 {0190 | 0200] 0270 { 0252 | 0310 | 0255 0330 | 0264 | 0288 0zo00] 0183 ] oli6 | o078 ,
13.1 BEAMN B3 0071 | 0090 ‘0182 0327 10313 0421 | 0448 | 0420 ] 0452 05181 0450 | 0503 | 0454 03SS} 0334 1 0300 | 0152 0088} 0067
38.1 BEAM B4 0060 {0030 } 0154 ] 0192 f0265 | 0351) 0335 | 0365 § 0375 | 04321 0376 | 0418 0332 1 0270} 0239} 0151 Jo163 | ope9) noso | -
- BEAM BS 0128 0201 } 0242} 0308 [0400 | 0419 | 0455 J 05307} 0490 | 0525 |'0420 | 0500 ] o461 | 0420] 0ass | 0346 0323 | 6210 0132
BEAM B6 0103 0142 § 0231} 0300 |0313 § 0349 { 0403 | 0428 [0soo | o417 | 0517 | 0412 ’9345 0373 0345 | 0348 [ 0225 | o183 o110
BEAM Bl 0165 | 0285 {0361 | 0434 ) 0481 Joa11 | 0532 | 0569 | 0510 | 0441 |oaas | oasol 0329 | 0235 0120
. BEAN B2 0085 | 0209 10275 | 0316 ] 0375 | 0375 | 0436 | 0406 | 0466 | 0391 Joa20 | 0301] 0255 J 0179 }e109
15.7 BEAM B3 0090 0120 | 0269 | 0420 |0390 | 0535 ] 0558 | 0550 | 0535 0646 | 0569 | 0609 [0S86 | 0496] 0422 | 0390 |0220 { 0135 ] o080
’ 0181 | 0276 |0360 | 0448 ] 0451 | 0500 | 0512 | 0556 | 0506 |0556 |04s2 | o389 0335 | 0226 | 0225 | ooao| o061
- e
0330 1 0436 10496 | 0610] 0550 0662 0573 | 0632 | 0529 | 0628 [0560 | 0645| 0546 | 0469 |03ss | 0269 0150 NS
0330 | 0405 10450 | 04501 0510 J 0556 {0612 | 0525 0637 o523 Joas: | o486 L0450 | 0445 [ 0300 | 0232 . 0150
0210 { 0375 {0452 9526 N‘0586 0615 {0645 0692 | 0645 § 0658 (0523 05_45Th 0421 j 0310 0150 N - .
0104 | 0255 {0358 | 0434 ] 0495 | 0510 {0548 | 0526 | 0574 0510 Jo526 1 0406} 0334 | 0255 | 0151
0370 | 0495 o470 | 064s | 0680 | 0675 0719 | 0760 1 0692 10713 10708 } 0619{ 0508 | 0495 | 0285 | nlso | 0100
0226 } 0332 j043S 0555 | 0552 ] 0630 ] 0647 0658 | 0635 J 0673 0562 0508 |} 0435S | 0300 | 0273 0106 | 007S
0422 10552 j0601 | 0615 | 0643 0776 {0677 | 0758 { 0629 j0742 {0662 | 06sa] 0629 | 0578 {0309 | 0335 0175 P
0405 10500 {0572 | 0548 | 0617 | 0673 |0735 | 06307} 0755 |o6dn Jos60 | 05821 0523 | 0542 0370 | 0273 0185
N i
0240 } 0450 }0515 | 0660} 0688 | 0750 Jo759 | 0795 | 0778 J 0809 |oc29 | 066t 0495 0376 | o17s ,
0121 | 0306 [0439 | 0556 | 0603 | 0645 | 0673 | 0650 | 0707 0615 |oedo | os25] 0418 | 0329 | 0166 . N,
0450 § 0570 | 0542 | 0750| 0810 | 0810 03s3 | 0886 | 0822 | 0810 l0837 | o7s0| 0586 |ases | 034s-] 0224] o11s
0258 | 0406 {0510 | 0657 | 0674 | 0752 [a784 | 0790 | 0762-| 0793 [o680 | o628 0526 J o358 {0329 | 0112] 0096 .
0495 ] 0672 0688 | 07101 0735 | 0898 |0780 | 0877 0737 | 0871 (0758 | 0764 ] 0722 | 0710 | 0436 | 0400 0196 !
0478 | 0599 |0675 0662 70722 0780 {0850 075\"0 0870 {0749 0663 0693 | 0630 | 0633 | 0425 0325 0216
— T
_ . e ———

T e AT Shoes B 1L Pk AP W FBPAY o B AN 8RR DAy T 1t ot i i £ 2t B e 2 et o otk - et gt o O e

A

»
A



TABLE C.2 (continued)

.

Al -
A b Lo 5. ¢

'

° TENSILE STRAINS ALONG #8 REINFORCING BAR (MICRG IN/IN) - s
- k4
DISTANCE FROM in 36 34 32 28 24 20 16 12 8 4 CEN1 l‘ll 4€ 8 12 16 20 24 28 32 34 36
\ CENTRE cm 91.4 86.4f 81.3} 71.1 61.0 50.8} 40.6 | 30.5 120.3 {10.2 (4] 10.2 {20.3 {30.5 40.6§ 50.8 l61.0 71.1} 81.3 186.4 91.4
\WH\GAUGE NUMBER 1 2 3 4 S 6 7 8 9 10 11 12 13 14 1S 16 17 i8 19 20 21
kips \
kN T
. i~ , .
BEAM B} f 8 0290.]1 0525] 0598) 0764 | 0762} 0870] o872 0900 } 0902} 0945] 0735 ] 0735 | 0586 | 04s1) 0220
BEAM B2 I \0]4\9 0360 ] 0526 | 0661 0722 077‘6 07941 0756 § 0827] 0734} 0750 | 0630 | 0495 | 0404 0195
1(212.2 BEAM 83 0151 ) 0260{ 0540 | o06ss L;()\6\2;8 0855 09191 0946] 0976 | 1003 0943} 0918 | 0962 | 0886 { 0675 | 0676| 0408 0270 0128
BEAM p4 o130f 0191} 0316 0470} 0600} 0736 07631 0868| 0920} 0902 09021 0925] 0775 ,0767 0623 04321 03901 0120 0105
BEAM BS 0310 0557 } 0586 | 0789} 0784 0828\ 0830) 1024} 0885} 0975 | 0841} 2000] 0852 | 0ses | 0812 0835} 0475 ) 0467 0225
BEAM B6 0200 0446 | 0570 | 0703} 0793 ] 0765 | 0825 \0890 09601 0855 | 0991} 0865 0770 | 0796. 0?38 0720] 0522 | 0373 0240
BEAM B} 0315 | 0600 | 0672 | 0870 | 0835] 0087 ] 0980 § nool 1(12; " 1075.} 0820 | 0850 0658 0523} 0260
BEAM B2 0153 | 041510609 | 0775 | 0830] 0898} 0912 | 0880 0953 | 0848 0\8'70\ OZ§§ 0570 | 0472 0230
26.1 BEAM B3 0161 | 0322 | 0632 | 0730 | 0705 { 0965 1040 i063 1101 § 1130 10S3 | 1022 | 1071 10}8; Q_{ 0761 { 0465 | 0315 { 0130
1e.2 BEAM B4 0149 1 0228 1 0375 | 0535 | 0673 0840 | 0881 | 0992 | 1048 | 1010 | 1035 | 1050 | 0883 {0871 io’% ‘0503 0438 0123
BEAM 85 0353 0650 ] 0679 0908 } 0879 | 0930 0950} 1154 | 0975 ] 1110 0945 1 1113 | 0954 097} 0889 0950 /ﬁg‘(;;\ %2 0240
BEAM B6 0225 0528 | 0641 0816 | 0919 10873 | 0930} 1000 | 1080 | 0954 1091 | 0972 {0885 [osoo /j0833 \08_";-& 0600 | 0413 0289
1
BEAM B1 0345 0640 | D765 | 0949 09581 1096 | 1079 } 1095 | 1125] 1103 0898 { n931 ‘J 0751} 06&3" " D290 .
BEAM B2 0210 0510 | 0675 | 0871 0921} 1000 } 1005 § 0991 | -1051 | 0946 { nosa {o8i0 WSLJS/IO 0258
é;; BEAM B3 0200 | 0390 | 0655 ] 0840 ] 0810 [ 1034 { 1143§ 1163 1215\ 1247 | 1170 1125 {1200 | 111S {0840 | 08201{ 0571 | 0378 QI 79
- BEAM B4 - al81 [ 0270 { 0406 0626 { 0795 {0928 0990 § 1083 | 1131 { 1121 1114 1 1153 [ 1002 | 0976 {0795 (589 | 0500 { 0189 8155
BEAM BS 0375 0692 | 0730 1006 ] 0960 | 1052 1020 1250 ] 1085 | 1210 10501 1208 11052 {1100 |o98e | 1030] 0620 | 0570 0300
BEAM B6 0251 0590 10705 |} 0870 11020 |0945 | 1035 1080 | 1170 {1050 | 1201 | 1080 Jo994 |0992 0945 | 0855 | 0675 | 0460 0300
0360 | 0660 090} {1011 1065 } 1214 11218 }3200 | 1260 | 1282 Lioos f:NDOﬁ 0815 | 0660 | 0330
0249 | 0598 | 0741 | 0975 1010} 109S | 1096 } 1}12 1152 1 1036 | 1045 | 0885 0778 | 0525 0286
0675 0945 0930 j1108 1232 § 1272 1 1322 1350 1288 ] 1232 (1318 |1220 |o930 0871 | 0646 [.0431) 0219
0462 0703 {0900 | 1014 1100 { 1185 [ 1215 {1230 1200 { 1257 [i110 {1066 j086B | 06BZ | 0548 DZA".r a192
0794 | 1110 {1049 (1155 | 1030] 1353 | 1192 {1310 | 1156 | 1307 {1160 11215 |07 1110 ] 0722 | 0632 0338
0750 0945 11'25 1020 1143 | 1165 } 1288 }1156 1321 1 1206 {1094 |109S5 }1068 0917 } 0750 } 0518 0325
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TABLE C.2 (continued) . E
TENSILE STRAINS ALONG #8 REINFORCING BAR (MICRO .IN/IN) '
- DISTANCE FROM in | 36 |34 | 32 28 | 24 | 20 16 | 12 8 4 |CENTRY 4 8 |12 16 |"20-| 24 {28 |32 34 136 %
CENTRE m |91.4 | 86.4] 81.3| 71.1 J61.0 | 50.8) 40.6|30.5 f20.3 [10.2 § o 10.2 |20.3 |30.5 | 40.6]50.8 | e1.0] 111 -81.3 | 86.4 | 91.4
LOAD! GAUGE "NUMBER 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 n-
kips ‘ 1
- kN - .
BEAM 81 0380 | 0692] 0990} 1095 | 1183 | 1351) 4320 .1320 | 1364| 1410} 1095 { 1079 | 0910 | 0748] 0300 ° %
BEAM B2 0300 | 070s] 0810} 1080 |1100 1200‘ 12011 1215 | 1250} 1120} 1135 | 0960 {0884 | 0556 0320 ) %
34.0 BEAM B3 0270 ] 0519 { 0701 1050 { 1031 | 1172 {1316 138 1438 § 1433 14081 1333 1444 | 1320 { 1000 0931] 0738 ] 0479 0255 §
1s1.0 BEAM B4 024410329 | 0513 | 0796 { 1003 | 1095 1215 | 1275| 1200 | 1335 | 1278 1350 | 1225 | 1152 |o9as | o765 | oc1s | o208 | 0218 %
BEAM BS 0436 0770 | 0856 1206 | 1140 | 1270 |1220~] 1455} 1293 ] 1407 { 1265 guo 1275 | 1333 {1172 | 11821 0838 | 0690 0326 :
BEAM B6 0330} "~ Jo70s | 0822 | 1010} 1216 | 1110 [1244.) 1245] 1303 | 1246 | 1430 1332 | 1214 | 1200 {1270 | 0970 0847 | 0573 o370 é
- e - ‘ . 3
BEAM B) - 0390 | 0710 1088 } 1150 |1281 | 1472 | 1440 | 1425 | 1470) 1505 | 1181 | 1150 {0962 | csio 0378 3
BEAM B2 0331 | osoo| 0878 | 1173 {1190 | 1300| 1281 ] 1322 | 1350] 1203 1226 | 1025 {0980 | ose4] o3s0 i
- 3
;22’? BEAN B3 0300 0531 {0715 } 1155} 1126 | 1230 |1416 | 1480} 1542 1592,| 1520] 1425 | 1555 | 1423 [ 1105 | 0978 0813{ 0534 | 0290 3
) BEAM B4 02711 0350 1 0570 | 0872 1100 | 1165 {1322 | 1353) 1376 | 1432 | 1369} 1455 | 1331 | 1283 1015 | osss 0670 | 0350 | 0248 S i
BEAN BS 0465 0809 10911 | 1303 1230 } 1395 {1320 } 1550 1395 }'1530 | 1365] 1485 | 1380 | 1455 [1275 | 1275) 0045 | 6730 . {pa20 | & i
BEAM B6 0370 0759 10881 | 1085 1315 | 1200 11352 | 1328|1510 | 1339 | 1549) 1450 | 1322 | 1305 |1280- | 1020 0015 | 0626 qins 5
BEAM B1 0410 | 0720} 1108 | 1162 J1301 | 1492 1455 1 1430 | 149s] 1525 | 1195 |116s o987 | 0825 ] 0400 ’ \ N ‘
BEAM B2 0345 | 0820 | 0900 {1195 [rz10 | 1335 | 1305 | 1345 | 1371} 1225 | 1240 1050 [1002 | 0575 | 0365 . ?
3
13-2 , BEAM B3 0310 0840 [0723 | 1175 | 1148 1246 11430 | 1505 | 1571 [1620-| 1539 | 1460 |18} |t4a0 |1021 | o992 | 0830 0s43 | 0300 | i
) BEAN B4 0285 10370 0585 | 0900 | 1118 [1184 [1340 | 1369 [ 1390 | 1468 | 1380 | 1468 | 1345 J 1260 1033 | 0872 0635 | 0360 | 0260 | s
BEAM BS 0430 0824 |0930 | 1318 | 1245 {1406 [1335 | 1573 {1420 {1550 | 1398 1510401395 {1472 1280 | 1200 | 0960 | 0742 0435\ )
BEAM B6 0380 0770 10891 | 1100 | 1335 {1215 {1370 | 1350 (1528 [1362 | 1575 | 1470 |1340-|1320 [1295 {1035 | es30 | ne3s 041s ]
‘ BLAM B2 o 0418 | 0890 | 1010 {1275 11280 | 1452 | 1425 {1460 | 1460 | 1285 {1310 {1100 |1073 0600 | 0412 |
l;y,o BEAN B3 0323 10582 {0735 | 1260 | 1225 {1300 [1S00 | 1579 {1650 {1709 | 1639 | 1529 1672 {1521 fi¥o1 | 1035 | nogo 0585 | 0305,
3.5 BIAM B4 0305 {0432 {0605 | 0758 | 1197 1249 |1a2s | 1441 | 1456 {1570 | 1440 { 1550 1456 [1342 1096 | 0940 ) 0732 | 0406 | 0286 :
BEAM BS ° osng 0865 11000 | 1355 | 1320 11488 11407 | 1650 | 1498 [1608 | 1468 | 1607 {1478 {1568 |1366 | 1338 1063 { 0768 0465 .
BEAN BG 0405 0790 10930 | 1158 | 1423 [1305 3440 | 1502 | 1608 1488 | 1659 ] 1538 {1455 {1393 {1365 | 1090 0992 { 0688 0449 ‘
i ’ ) )
A
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TABLE C.2 (continued) ]
3
TENSILE STRAINS ALONG #8 REINFORCING BAR (MICRO IN/IN) J
DISTANCE PROM | in | 36 J 34 |32 | 28 | 24 J20 | 16 12 | 8 | « fcenvee] o | o {12 | s6 | 20 | 24 | 28 | 32 | 3¢ | 36 g
CENTRE cm |91.4 186,471 81.3]71.1 Jes.o | 50.8)40.6 }30.5 | 20.3] 10.2] o }10.2 |20.3 30.5140.6 [50.8 | 61.0] 71.1] 81.3 |86.4 | 91.4 |
LOAD GAUGE NUMBER 1 2 3 4 5 6 7 ‘8 9 10 11 12 13 14 {15 16 1?7 18 19 20 2} ?
: i
k'ld;:s . s H
BEAM B3 0338} 0600 | 0750 12961 1260 § 1320 15381 1610 1680 ] 1750 1668 1560 1§ 1715 { 1557 12251 1055 { 0936} 0605 0320 i
- %
40.0 BEAM B4 03201 0463 | 0628 0997 | 1241 | 1287 14701 14851 1485 ] 1620 1470f 1590} 1485 | 1383 11227 09731 0752 0418 \OJQQ .3
177.9 BEAM BS 0524 oga3 ) 1050 | 1392 | 1348 | 1531 | 1452 1688 { 1538 | 1652 | 1s10) 1632 | 1517 | 1605 | 1304 1367 1095 | 0785 0490 1
BEAM B6 0420 0812 | D960 Y187 | 1456 } 1349 1500] 1520} 1649 ] 1546 1696} 1590 ] 1500 IZSQ 14021 11312 % 1007 ] 0710 0465 i
_ ’ ':
BEAM B« 0340 | 0519 [ 0659 | 1050 [ 1308 {1334 | 1545 | 1540 | 2545 | 2708 | 1523] 1665 | 1576 |1438 | 1185 | 1020 | 0778 | 04es | 0320 |
l;;.; BEAM BS 0556 0933 11090-} 1435 } 1427 1606 1516 } 1755 § 1605 | 1725 1575] 1712 11592 }1690 1469 | 1402 | 1180 | 0810 0513 £
BEAM B6 0450 0850 {1005 | 1245 | 1530 | 2429 | 1580 | 1618 | 1726 [ 1647 | 1770 ] 1668 | 1580 {us0s | 1458 | 1158 | 1050 | 0760 * | oass 3
- 3 o N
BEAM B4 0370 } 0600 }0700 1140 | 1408 | 1425 1650 | 1635 | 1620 ] 1832 1605 | 1760 ] 1680 (1548 1255 | 112 | 0850 | 0525 0349 (U
. ~
44.4|  BEMM BS 0590 0985 J1160 | 1495 | 1510 |1708 | 1605 | 1858 | 1710 {1833 | 1689 { 1800 1697 |is00 .| 1575 | 1465 | 1303 | oBa1 0560 | & 3
197.5 BEAM B6 0500 0900 11063 1323 {1632 |[1545 1700 § 1763 { 1845 |1808 1898 § 176S {1738 162_2 ,:1552 1228 1\129 0829 0528
. ) i
. 4
. BEAM B4 0385 {0615 J071S | 1155 [ 1440 [1440 | 1665 | 1650 | 1634 J1868 | 1620 { 1785 {1700 {1560 | 1275 | 1125 {0865 {0540 | 0360 N
1
2;3:‘2’ BEAM BS 0610 1010 (1203 {1527 [1546 {173S 1633 | 1872 {1732 1865 1724 1 1835 {1720 {1833 | 1591 | 1475 | 1320 {0855 0581 ;
BEAM B6& 0520 0915 }1080 1335 1650 [1565 1730 }1780 11870 }1840 1920 | 1800 }1760 {1640 1575 11252 § 1150 jasso | 0545 g’
g ‘ ]
- . 3‘
47.0 BEAK B4 0405 | 0670 [0750 1215 {1525 |1s00 1770 {1710 {1700 |1965 1690 [ 1860 J1780 1635 1320 [ 1195 { 0900 {0570 0385 ?
209.1 & BEAM B6 0588 0956 {1125 1400 § 1725 | 1665 1820 ¢ 1830 { 1965 ]/910~ 2010 1-1875 118BSS [1710 1650 | 1306 ], 1200 0900 0&61S i
K
1886 § 2073 | 2018 21231 1965 2006' 1815 1740 | 13651 1265 | 0970 0700 *
=] 1
- ———

P,
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TABLE C.3 )
3 . TENSILE STRAINS ALONG #6 REINFORCING BAR (MICRQ IN/IN)
x , & i
DISTANCE FRoM | in a7 | 42 J, 40 | 36 | 34 8 | 20 8 fenrne| 8 [F20 | 28 |34 |36 40 | 44 | a7
CENTRE o 119.41 111.81101.6 ] 91.4} 86.4 | 71.1] 50.8] 20.3 0 20.3] 50.8] 71.1 | 86.4 |91.4 lior.6f111.8] 119.4
LOAD GAUGE NUMBER 22 | 23 24 { 25 L 26 |27 | 28| 290 | 30 st 32| 33| 34 {35 361 37 | 38
Mips )
kN )
=
“BEAM B1 o014 | 0018 | ooto | 0025 | oo18] oo1s { o012 i
BEAM B2 0018 | 0025 | 0025 | 0024 | 0028 | 0023 | nots g .
o 2.6 BEAN B3 o 0015] 0020 ] 0025 | 0020 | 0024 o020 | 0017 } 0020 001S - 9 -
N AR BEAM B4 0016 o030 | o0oaz| 0018 | 003s | 0035 | 0047 | 003s | oo3s | oo1s | o022 oo1s 0014 N
BEAM BS 0018 | 0032 0018 | 0038 | 0040 | 0046 | 0035 | o038 | 0027 0032 | o018 :
BEAM B6 0016 0025 0028 | 0047 | 0034 | 0040 0034 | 0044 ] 0032 0025 0016 M
. .
BEAM Bl 0022 | 0036 | 0025 | o860 | 0034 | 0030 {0026 )
REAM B2 0022 | 0048 | 0048 { 0045 | 0054 | 0043 | 0030 ° .
5.2 BEAM B3 0018 | oo3a } 0040 | 0038 | 0050 | oos3 | oo3s {0036 | oo0tg
23.2 BEAM B4 0024 0062 | 0062|0030 | 0070 | 0070 | 0093 | 0090 | 0055 | 6030 | 0034] oo3s 0019
R BEAM BS 0030 | 0062 0034 | 0084 { 0080 | 0084 0075 § 0062 {0060 0045 | 0030 .
BEAM B6 " | oom 004s oos8 | 0094 | 0075 Joos1 | oos7’| ooso o073 0045 0030
BEAN Bl 0036 | 0064 | 0055 {0160 | ao6o | 0060 Jo04S
BEAM B2 . 0038 | 0675 {0068 |ooso | 0osz | 0070 [ooss T,
-} 7.8 BEAM B3 0030 | 0048 | 0064 | 0069 jo120 | 0090 | 0060 |0042 | 0031 ‘
.9 BEAM B4 oos1 | ° 0071 | 0077 | 0042 {0120 |0100 [o164 | 0135 | 0077 |oo4s | ooss | ooss 0037
BEAM BS N\ 0045 | 0088 0059 {0152 10134 §0135 0128 | 0108 o089 0064'0051
5 BEAM 86 0045 0060 0075 | 0135 |o104 o122 | o083 | 0132 |o103 0075 0045
N B e
BEAN Bl 0048 | 0107 | 0105 | 0345 | 0165 0160 J007S e =
; BEAM B2 00ss | 0120 | 0094 {0120 mge o105 Joo7s | ©
T~ 10.4 BEAM B} 0041} 0072 | 0150 | 0150 | 0228 0]7‘2) 106 9058 0053
- 46.5 BEAM B4 0052 0092 | o103} oneo | 0180 | 0151 j0270 | 0210 [ 0092 |ooes | aoso] ooss 0048
BEAM BS 0070 { o108 |, 0075 | 0252, 0226 {0196 | o193 | o131 fonis 008s | 007s
BEAM B6 0062 0090 01061 0182 [ 0152 {0174 0121 § 0182 0136 0108 .} 0057 .
> - b .
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. . TABLE C.3 (continued) o 3
« . RN 2
TENSILE STRAINS ALONG #6 REINFORCING BAR (MICRO INZIN) \‘ . . ;
DISTANCE FROH | in 47 | a4 |40 | 36 | 34 | 28 20 ) 8 fewme] s J20 [28 | 34 | 36 | 40 | as | o :
CENTRE cm 19.4 J 111.8}101.6 | 91.4] 86.4 | 70.1 | s0.8] 20.3] o ]20.3 | 50.8] 7i.1 | 86.4 J91.4 101.6 }111.8 | 119.4 3
LOAD} - GAUGE NUMBER 22 12 | |25 )20 {27 [ 28§20 |30 | 31 52| 35|34 ]3s s6 | 37 | 38
kips . N ~
KR - _ |
BEAM Bl : - 0160 | 0128 | 0175 | 0470 0330 | 025 | 0120 ) ’ ®
BEAM B2 . T 0078 | 0175 [or40 | 0221] 0200 0140 | 0135 | - -
ég: BEAM B3 ) 0059 0120 | 0272 { 0245 | o030l 0318 | 0178 | vo7s | oot .
: BEAM B4 . . 0064 0159 | 0127] 0072 | 0256 0235 | 03900388 | 0138 0b75“ 00904 0101 0058
BEAN BS ) 0120 fol46 0106 | 0356 {0348 | 0300 0304 | 0314 | o160 6119 | o127
BEAM 86 oo7s o120 1 01347 0272 | 0225 {~0311{ 0150 | 0253 o190 0137 0063
. , . . ’ - F -
BEAM B1 0258 | 0168 {0280 | osas | 0s4a | 0160 {0258
f  BeAM B2 . 0168 | 0240 |0248 | 0357°) 0324 | 0220 {0226 X
15,7 BEAM B3 0089 | 0159 { 0360 {0410 | 0558 | 0465 | 0268 {012 | 0121
ﬁ”,; BEAN B4 0077 0234 | 0223| 0102 | 0406 0375 | 0570 | 0s41 | 0196 Jor0s | o135 ) 0186 0073 =
BEAM BS 0151 o182 0150 0464 10474 | 0405 | 0434 |0aag |gass 0153 |o156 |. =
BEAM B6 0093 0150 | 0166 {0337 0348 | 046s | 0242 | 0300 0249 D168 0075 .
BEAM B1 ’ 0366 | 0240 | 0450 | 0690} ©702 | 0212 | 0408
BEAM B2 ' ) 0286 | 0300 | 0390 | 0487] 0435 | 0270 | 0338 i
18.3 BEAM 83 . 0139) 0225 | 0438 | 0525 | 07s0| 060 | 0378 {0210 | 0236
81.3 BEAM B4 0098 - 0345 029071 0135 | 0496 | 0494 0690 ] 0646 | 0300 0135\ 01954 0258 0086
| BEAM BS 0190 | 0235 0257 | 0555 [ 0614 | 0842} 0562} 0570 }0390 , 0195 | 0195
BEAM B6 0120 0166 0242 | 0420 |04s8 | 0s77] 0375 | 0389 {0319 oe | oz .
. ‘ - |
BEAM B . 0755 | 0364 {0600 | 0790} 0856 | 0256 {0602 -
BEAM B2 0438 | 0406 {0sas | oco00| 0s70 [a374 os22
20.9 BEAM B3 B 0229 0330 {0s12 {0660 | 0870 { 0810 {0487 {0300 | 0352 ) , ]
92.9 BEAM 84 ° o121 0s1o | 0370 o180 | os86 {os00 | 0834 | 0750 | 0377 {0210 {0328 ] 0375 0092 ]
BEAM BS__ 0286 | 0328 0350 | 0645 l0736 | 0662 | 0700 | 0675 }ossz | | o256 | 0286 ;
BEAM B6 0149 0196 0318 J 0ss8 Joser | 0722 | 0494 | o491 fod1o 0244 0125 H
- \,': . \ -
M,



TABLE C.3 (continued)

P

E

7
TENSILE STRAINS ALONG ¥6 REINFORCING BAR (MICRO IN/IN)

DISTANCE FROM in 47 44 40 16 34 28 20 8 INTRE] 8 20 28 M 36 .40 44 o t
CENTRE . cm j19.4 1 111.8}101.6 91.4186.4 71.1§50.8] 20.3 (1] 20.3 50.81 71.1 | 86.4 91.4 nol.6 Ili}i.l 119.4
LOAD GAUGE NUMBER 22 23 24 25 26 27 28 29 1°30 31 32 33 34 35 36 37 38
kips B
kN .
BCAM B 0975 | 0470 ] 0735 | 0895 09921 0390} 1005
BEAM B2 0860 | 0498 | 0645 | 0722 07?0 0476 § 0860
1322 BEAM B3 . k 0551 042? 0590 | 0765 1005} 0920] 0560 | 0378 0620 ‘
BEAM B4 0152 0676 | 0525} 0285 | 0675 | 0706 | 0960| 0870 | 0482 | 0320 04521 05822 0124
BEAM BS 0391 0450 ‘ 0432 [ 0728 | 0862 | 0794 0855 | 0772 | 0558 0390 | 0406
BEAM B6 _ 0168 0247 0442 1 0710 [ 0706 0855 | 0600 | 0647 | 0494 0298 0158
BEAM B1 1170 {0550 Jo08S8 | 0990 | 1118 | 0512 {1188
BEAM B2 1070 058? 0780 0850 | 0812 | 0556 {1032 N . h
lfg; BEAM B3 0791 { 0498 10670 J087S 1125 | 1033 | 0645 {0481 |.0872 s
) BEAM B4 0210 0813 | 0675 | 0360 {0780 }0810 | 1063 | 0975 } 0558 Jodos | 0572 | 0752 o180
BEAM BS 0542 jos72 0524 10824 10984 0928 09.76 0872 o648 0511 }o628
- BEAM B6 D195 0329 0498 {0841 |0817 | 0976 | 0737 0771 |0570 0374 0195
BEAM Bl 1340-]1 0667 | 0992 1082 | 1218 j 0618 | 1356 ¢
BEAM B2 1245 1 0694 10890 | 0975] 0942} 0675 {1210 ¢ '
28.7 BEAM B3 09781 0581 } 0750 | 1022 12521 1125] 0735 |0542-} 1038
127.8 BEAM B4 0345 0946 | 0835 0420 | 0855 {0917 | 1175 [ 1080 | 0660 0465 | 0748 0913 "1 o3as
BEAM B85 0698 | 0694 0613 10900 { 1100 1049} 1095 | 0961 {0736 0617 { 0756 \
BEAM B 0273 0450 0565 | 0952 0946 | 1094 | 0839 | 0884 | 0640 0498 0300
N . ! /
BEAM Bl 1542 1 0765 [ 1125 1176] 1335 { 0720 | 1532 ) .
BEAM B2 1426 | 6780 | 1005 1066] 10521 0750 11365 | B
31.3 BEAM B3 1200} 0651 § 0840 ] 1125 13621 1230 ] 0840 °] 0630 1262 .
139.4 BEAM B4 0465 1098 | 0988} 0470 ) 0960 | 102a_] 1270] 1185 ] 07Sa j0565 | 0926] 1052 0436
" BEAM BS 0824 ] 0800 0689 | 0982 11222 | 1170 12221 1050 (0828 1 07361 0925 —
BEAM B6 0450 0563 0648 | 1053 | 1050 1226 0961 } 0991 0722 0600 0482
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TABLE C.3 (continued)

1
‘

TENSILE STRAINS ALONG #6 RLCINFORCING BAR (MICRO IN/IN) -
DISTANCE FROM | in a7} a8 | a0 | 36 ) 34 ) 28| 20] lcmm 8 |20 |28 | 34 ) 36 |30 | aa| a7 ‘
CENTRE | c» 119.4j111.8 [ 101.6f 91.4[ 86.4 [ 71.1 | s0.8[ 20.3] o |20.5{ s0.8] 71.1] 86.4{91.4 {101.6]121.8 h1o.4
LOAD]  GAUGE NUMBER 22123 |24 | 2s) 26 |27 | 28| 29| 30 | st |32 33 | 34 [o35 [36 | 37 | s
kips
*N -
. BEAW B 1782{ o870} 1245 1200 1470 0s2s5] 1770
BEAM B2 B 16531 872 1100 1208] 1160} 0854 1560
34.0 BEAM B3 1435 0728 094§ 1232 14821 1365] 0933 Oﬁbﬁ 1472 , ’
151.0 BEAM B4 0557 1256 | 1240 | osss| 1035 | 1128 | 1364] 1289 0840 os8s | 1078 | 1200 0532
BEAN BS 0947 | 0931 a782] 1064 | 1350 | 130s] 1320] 1148 | 0910 08s8 | 1041
BEAM B6 0587 0663 07221 1156} 1176 1340{ 1098} 1088 | 0800 0690 0629
—
BEAM BI 1978 | 0960 | 1380 | 1342 1575 | 0908 | 1992
BEAM B2 1882 | 0958 [ 1226 | 1350] 1278) 0930 | 1742
36.6 BEAM 83 1635 | 0805 | 1076 { 1350 | 1580 1485 | 1026 | 0780 {1678 ,
l62.7 BEAM B4 0652 1389 11290 | 0600 | 1128 {1230 | 1455 1394 | 0930 | 0630 [1238 | 1336 0616
BEAN BS . 1053 | 1043° 0870 | 1170 {1470 | 1425| 1438 | 1282 | 0040 0990 | 1170
'BEAM B6 "‘ 0733 . 0750 0809 } 1246 1282 HSi 1184 1 1196 | 0885 077? Q751
BEAM Bl g 2013 1 0978 |1412 1397 { 1592 { 0930 {2040 . \
> BEAM B2 1920 f 0970 }1241 ] 3370} 1305 ) 0946 |1780
37.0 BEAM B3 1680 | 0820 | 1095 | 1370 | 1606] 1500 | 1050 {0708 |1722
l64.6 BEAM B4 ’ 2)672 1412 F1322 06.!5 1143 [ 1250 1470 % 1411 | 0945 |[064S [1262 1371 06‘32
BEAN BS 1078 | 1066 | 0886 | 1187 | 1486 | 1451 1458 | 1268 |oosa 1006 | 1183
BEAM B6 0750 0766 *| 0825 | 1282 {1314 | 1476] 1200 | 1211 os00 0788 0768
1 BEAM B2 . 2070] 1050 | 1350 | 1440| 1410} 1018 | 1950
39.0 BEAM B3 1855 | osas| 1185 | 1467 | 1692| 1588 1145 | 0867 | 1890
173.§ BEAM B4 0737 1539 | 1444 }-0os0] 1218 | 1335 | 1540] 1486] 1010 | 0650 | 1380 [ 1486 0706
——— BEAM BS * 11704 1156 9SS 1275 | 1590 1545] 1542 1342 | 1059 10961 1276
"083s 0880 lsﬁl’H‘Zvﬂl 1s70] 1324] 1289 {0946 4 0892
BEAM B6 0861 B
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- TABLE C.3 (continued)
’ TENSILE STRAINS ALONG #6 REINTORCING BAR (MICRO IN/IN)
DISTANCE FROM in 47 | 44 | a0 36 | 34 {28 J-20) 8 Jcenreel 8 | 20 28 ] 34 | 36 |40 | 44 a7
CENTRE cn 19.47111.8 |101.6| 91.4| 86.4 | 71.1] s0.8] 20.3) o | 20.3] s0.8| 71.1 ] 86.4 | 91.4 101.6]111.8|119.4
LOAD GAUGE NUMBER 22 | 23 | 24 25 | 26 | 27 28 ) 29 | 30 | 31 | 32 33 | 34 | 35 |36 |37 38 ]
- |kips -
kN . E
BEAN B3 1950 | 0900 1230 1500 | 1725 | 1620] 1170 | 088s | 1992 ;
40.0 BCAM B4 0772 1584 | 1500 | 0675 | 1248 ] 1380 | 1580 | 1524] 1051 | 0705 | 1430 | 1546 . b736 ;
177.9 BEAM BS 1215 | 1200 0980 | 1307 | 1622 | 1596 | 1590| 1380 | 1089 136 | 1321 :
N BEAM 86 0915 0871 0913 | 1304 | 1444 | 1618 | 1367 | 1321 0974 0886 0938 :
s \ i 3
BEAM B4 0834 1672 1595 | 0720 | 1305 | 1455 | 1652 | 1605 | 1095 | 0750 [1561 1637 0796 .
1:;‘: BEAM BS 1307 | 1272 1049 | 1382 | 1696 {1682 | 1681 ] 1454 | 1158 1226 | 1412
BEAM 86 1018 0929 0938 } 1462 } 1528 | 1688 14421 1412 {1022 0048 1037
x »: X = - p
< BEAM B4 0918 1828 {1750 | 0790 | 1398 | 1560 | 1741 | 1710} 1200 | 0810 | 1710 1772 0885 o
- 3 ' k3
n;;.; BEAM 85 ,{g" 1426 | 1398 1127 1488 [ 1832 | 1801 | 1787] 1547 | 1246 1336 | 1518 i - ®©
) BEAM B 1158 1021 1022 ] 1570 } 1642 { 1789 | 1560] 1509 | 1100 1036 1175 A
- - ] . ;
BEAM B4 0948 1860 | 1796 | 0820 | 1425 [ 1580 {1770 | 1740 1215 o840 |1768 {1830 0915
z::'g BEAM BS 1454 | 1437 1158 1518 1‘358 1828 1817 | 1567 1273 1366 1542 ]
: BEAN B6 1183 1039 1042 | 1594 | 1684 {1818 | 1502 1547 {1123 1064 1209 e
" t ’) 2
47.0 BEAM B4 1020 1972 1921 | 08s7 | 1489 | 1668 |1840 | 1817 | 1201 |o088s |1804 li028 0975
- I 3
209.11 . ppay me 1273 1103 1110 | 1674 [ 1753 1892 | 1666 | 1618 [1172 1126 1304 :
) : . ;
!
49.5 BEAM B6 1422 1192 1160 } 1779 {1872 }1997 L1802 § 1722 {1248 1213 1446 .
220.2 - :
g N
‘ ’ . §
K-—\ -
° H
W’"‘ 3
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TABLE C.4 A
CONCRETE STRAINS ATy 1.5 IN.(3.8 c®) FROM TOP COMPRESSION FIBER -
DISTANCE FROM in 40 36 34 28 8 4 ENTRE] 4 8 28 34 36 ‘40 | b
CENTRE v i
5 S d 101.6 | o1.4] ss.4f 7.1 }20.5V10.2] o }i10.2]20.3071.1 86.4] 91.4 J101.¢ ]
wao GAUGE NUMBER ’ <} 39 40 a | 42 as | a4 45 46 47 48 49 50 s1 | A
kips - ° . i
kN P k-
BEAN B1 ~0036 -ogaok-ooso . . :
BEAN B2 -0030 ] -0037; -0028 -0020 * K
2.6 | ;oMM B3 -0020} -0035 | -0042}-0030 > | -0022| 0018 ;
1.6 BEAM B4 ~0025 -0035 |-0048 | -0038]-0045]-0042 -0024 ;
BEAM B85 -0016 -0038 1-0050 | -0045}-0045 |-0038 e
BEAM 36 -0018 | -0024 -0045 10045 | -0050]-0041 |-0035 -0025 [-o018 ,
- - A= |
BEAM B1 - [|-0070] -00s0} - 0068
SEAN B2 ) -0075 | -0085}-0064 -0045
& 5.2} seauss | -0038] -0068 | -0075] -0062 .| -oo3s| -0030 - i
3210 sea e . -0040| -0045 [-0067 | -0080+0067 0035/ ) =
BEN 85 -0055 |-0084 | -0088]-0080-0070 -0029 o
BEAN 36 -0028 |-0032] 0050 | 0068 | - 0095 |-0075 |-0060 -0030 |-0025 F
BEAM B -0180} -0195{ -0187 ” :
REAN B2 . -0175 -owar -0185 -0120 . % 3
7.8 BEAM B3 -NlZL -0163 | -0180] -0170 ~-D086] -0072 @ :
3.9 BEAM B4 -0091 -01751-0182 | -o188}-0170}-0170 -oosf . K
. BEAM B5 - -0060 . -0185 }-0190 | -0200]-0188}-0170 | ~0061 ’ S
- BEAM B6 -006S -0015P -0184 |-0180 { ~-0195] -01%0]-0180 -0070 }~ 0060 ]
~_  — -
r o[ '
BEAM B} -0220 | -0230, -0224 3 )
. T BEAM 82 -0140 -0215 1 -02451-0220 -0150 Y
: ::.; BEAM B3 -0129 0218 | -0240{-0235 -o130)-o110] - . 5
- BEAM B4 -0125 -0230 {0235 | -0240{-0228 |-0220 -0138
BEAM B5 -0085 -0220 }-0220 | -0230{ -0235[-0220 -0088 A -
M BEAM B6 ) -0095}-0110 -0210 }-0228 | -0250] -0240).0231 -0125 }-0090 N i
o p R B 3
.. i
A —— - ——— ..




TABLE C.4 (continued)

- 3
CONCRETE STRAINS AT 1.5 IN (3.8 cm) FROM TOP COMPRESSION FIBER

DISTANCE FROM in 40 | 36 34 | 28 8.1 4 kenrre| « 8 281 341 36 | a0
CENTRE , o 101.6} 91.4] 86.4°1 71.1 |20.3 }10.2 | o [10.2 §20.3 [71.1 | 86.4]91.4 101.6
LOAD GAUGE MUMBER 39 |40 41 ) a2 }as | as | s 6 | a7 48 ) 49 | so | 51
kips -
kN .
A
BEAM Bl ) -0255[+0270 | -0260 i
/ .
BEAM B2 . -0270]-0285 | -0290 -0170
13.1 BEAM B3 0140 -0260}-0280 | -027s ~ | -0144 -o0130
s8.1 BEAM B4 0160 -|-0160]-0290}-0310 | -0295]-0170 {] -o154
BEAM BS -0170}-0250 {-0300 | -028s-0175 ’ -0090
BEAM B6 -0105 |-0095 -0180|-0240 |-0290 | -0280|-0175 -0090{-0100
Y - ¥
. \ , !
BEAM B1 -0270{-0300 | -0260 {
/ BEAM B2 ? -02801-0320 -0299 -0210
15.7 BEAM B3 L0150 -0300|-03s0 | 0310 | -0160{ -0148 i
69-7 BEAM B4 1 o140 -0300{-0320 [-0365 | -0330{-0305 -0170 =
BEAM BS =~ -0290]-0340 |- 0360 |-0337|-0300 ~ 3
T BEAM B6 -0140 }-0150 -0320]-0330 |-0380 | -0340]-0330 -0145]-0130
BEAN BI -0385[-0420 } -0390
BEAN B2 -0390}-0430 -0400 -0240
18.3 BEAM B3 ] L0230 : -0375 |-0430 | -0400 -0210f -0200
8.3 BEAM B4 Y L0220 -0370{-0390 |-0420 | <0400-0380 -0220)
BEAM BS -01358 -0390 |-0400 ]-0420 ] -0390 |-0390 -0}‘0
. BEAM B6 ’ -0140{-0170 -0400|-0420 }-0450 |-0410]-0385 -0160 |-0150
_ i s N
BEAM B1 ~0470]-0500 | ~0460
BEAM B2 - -0485|-0510 | -0490 0270 .
20.9 SEAN B3 . 0230 -0450|-0480 | -0420 -021df -0200{ !
92.9 BEAM B4 0250 -0450{-0465 |-0490 | -0440}-0410 -02304
BEAM BS -016D ~0440}-0480 |-0505 | -0470]-0420 -018
BEAM B6 -0180|-0160 -0460-0485 |-0520 | -0490}-0415 -0240]-0200
5‘(
‘~
o
*
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. TABLE C.4 (continued) . <, ‘
: . CONCRETE STRAINS AT 1.5 IN (3.8 cm) FROM TOP COMPRESSION FIBER 1 o
- - ) F
D!STAI“':E FROM in 40 36 34 28 8 4 ENTRE] 4 8 'fJ 28 ‘34 _ 36 40
’ CENTRE cm ' 101.6f 91.4] 86.4 |71.1 ] 20.3010.2 ] o }10.2 {20.3 |71.0 | 86.4) 91.6 L101.6 ‘ .
o L -
LOAD | GAUGE NUMBER 3o Jao } ) az |as | aa 45 1 a6 | 47 J 48 |as | se | s1 ]
° kips ] . LS . 3
kN e A
BEAM BI . -0520 | -ossof-0s1s
BEAM B2 , -0340 -0s4a | -0570]-0520 0350
23.5 BEAN B3 : ~0300 -o0510 | -0s60f-0s20] -02900{ -0275 g
104.6 BEAM B4 ) . , | -0320 -0510]-0540 | -0s60}-0500 |-0480 -028 3
. BEAN BS -0190 0520 |-0550 | -0570{-0540 |-0500 -0180 ’ 1 4
) BEAM B6 . -0195 | -0220 -0500 |-0540 | -0s80]-0s30 }-0510 : -0235 |-0200
BEAM Bl : -0s40| -0610f -0s20f"
BEAN B2 . -~ {-0540] -0630f -0600 -0380 ) . 1
26.1 BEAM B3 ’ -0330 -0sa0| -0600 -0570 -0330} -0310
1e.2 BEAM B4 1 -0335 -0590}-0560| -0620] -0600] -0580 -0350 =
- BEAM BS -0200 -0s80}-0s60| -0600} -0580]-0560 -0205 ’ «» 1
. BEAM B6 . ]-0220} -0200 -0s60}-0600| -0640] -0590] -0575 -0240}-0210
_ /
BEAN B1 -0680| -0700] -0670] !
— BEAM B2 : -0650| -0720f -0680 0375 4
28.7 BEAM B3 -03s -0678 } -0700} -0668 -0320} -0300 7 |
121.8 BEAM B4 : -qmi -0605{-0688 | -0730] -0655}-0612 -0345 )
BEAM BS ) -0200 -0640}-0675 | -0700{ -0670}-0622 -0208 . /)
. _BEAM B6 0210 -022s -0638}-069s | ~0725] -0690]-0637 -0208}-0240 |
. 14 l
BEAM B} . 0700} -07s0} -0710 .
-4 BEAM B2 / ~0760 { -0800] -0740 -0430 i
31.3 BEAM B3 -0405 -0770 | «0770] -0750 {-04001 -0380 R }
139.4 BEAM B4 ) -0435 -0700}-0790 | -0780} -0750}-0710 ~0410 ,
BEAM BS -0250 -0690 |-078s | -07s0] -0725|-0750 -0260 1
. BEAM B6 -0270 § -0250 -0750|-0725 | -0800| - 0698 }-0800 -0241{-0251 ° 1
‘ 1
) b
—— ~——;
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. TABLE C.4 (continued)
- - - CONCRETE STRAINS AT 1.5 IN (3.8 cm) FROM TOP COMPRESSION FIBLR
DISTANCE FroM in 40 36 | 34 | 28 8 4 [KENTRE| 4 8 281 34 | 36 | 40 .
CENTRE 1
cm 101.6{91.4 | 86.4|71.1 [20.3 [10.2 | o 10.2 $20.3 |71.1 | 86.4 ] 91.4 {101.6 i
LOAD GAUGE NUMBER 39 40§ a1 ) a2 Joaz | a4 45 | 46 | 47 48} 49 | sa | s1 .
kips | - S - =
w | .
BEAM Bl -0760 | -0800}-0765 é
) BEAM B2 -0795 | -0850}-0805 -0460 ] ‘
l.u.o BEAM B3 " -0420 -0800 | -0840} -0810 -0420 | -0330
51. ‘ E
0 BEAM B4 » ~0400 -0800 [-0840 | -0870]-0850 | -0800 -0435 ‘
BEAM BS i B -0280 -0845 |-0810 { ~0830{-0840]-0810 -0310 3
BEAM B6 -a300 |-0320 -0860 |-0850 | -0870|-0800]-0780 -0350 }-0320
’ BEAN B} . |-0s80 | -o0s10f -0876
BEAM B2 ‘e -9885 | -0940} -0870 -0510 -
36.6 BEAM B3 : : -0485 -0950 | -0900} -0910 -0465 | -0320 :
162.7 BEAM B4 -0498 -0850 |-0870 | -0930} -0900]-0810 |/ -0480 ~
- BEAM B85 - -0330 -0800 |-0870 | -0900]-0850-0815 -0280 ®
BEAM B6 . l-0312°}-0290 -0930 |-0850 | ~0940}-0900{-0870] -0300 ;
BEAN Bl -0885 msnj -0875| %
BEAM B2 . -0886| -094¢f -0872 -0515
. 37.0 BEAM B3 -0488 -0958{ -0907] -0015 -0470 | -0326 e 1
l64.6 BEAM B4 -0502 -0852}-0878 | -0936] -0911) -0817 0483 ;
BEAM B85 | -0338 -08161-0873 | -0907| -0854} -0819 -0282
R o
BEAM B6 -0316§-0350 -0935]-0858 } -0941] -0912]-0878 -0338-0312
BEAM B2 -0915 | -0990} -0920 -0520 §
’ -4 39.0 BEAM B3 {-0512 -0850 {-0900 | -0997] -0940 -0485 | -0450
. 173.51 . BEAN 84 p -0524 -0870|-0930 | -1018} -0925{-0870 -0475 3
BEAM BS -0320 -0980 |-097s | -1000} -0970]-0940 » 3
. BEAM B6" "]-0335 | -0355 -0960 }-0920 | -1010] -0900 |-0870 -0360 |-0340 L,
. / . "
3
- k|
N by
i B - R m—————
/
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" TABLE C.4 (continued)

- CONCRETE STRAIN$ AT 1.5 IN (3.8 cm) FROM TOP COMPRESSION FIBER
DISTANCE FROM in 40 36 34 28 8 4 [CENTRE] 4 8 28 34 36 40
CENTRE .
cm 01.6 o1.4 | 86.4 | 71.1 |20.3 §10.2| o |10.2 |20.3 |71.1 | 86.4] 01.4 |101.6
LOAD GAUGE NUMBER /] \39\ 0] U | 42 ez | aa 45 | 46 | 47 | 48 49 | s0 | 51
N
kips s ° B - .
KN - . :
BEAM B3 -0524 -0858]-0920{-1000 | -0950 -0505{-0465 )
10.9 " BEAM B4 ¢ {-0530 -0876{-0936|-1022 | -0930}-0880 -0478
177.9 BEAM B5 -0327 -0988|-0980}-1010 | -0978]-0947
BEAM B6 -0348 | -0362] -0973}-0932}-1022 | -0913}-0877 -0366 |-0354 .
~— / 3
BEAM B4 N -0535 -6960}-0980 |- 1050 |-0960}- 1005 -0s70 - ;
l;;-; BEAN BS -0338]. -0970]-1000 {-1070 |-0975}-0920 -0346 ;
) BEAM B6 -0360 }-0390 -0980}-1020 |- 1100 |-0950}-0890 -0405 |-0350 s
BEAM B4 -0535 -0950} - 1027} -1150 | -1012] -0943 -0605 -
l‘;" BEAM BS -0986] -1068]-1140 | -1032} - 1000 y =
7.5 BEAM B6 -0400}- 0452 -1006} -1058]-1160 | -1070] - 0987 -0428 | -0350] w
BEAM B4 i _os88 | -0958}-1035]-1157 | -1030] -09s2 -0620
2;:"2’ BEAM BS . . -0996]-1080|-1145 | -1043}-1018
’ BEAM B6 - / -0409{-0458 -1015]-1065|-1168 { - 1077} 0995 -0436 -osssL
47.0 == BEAM B4 . -0620 -1002] -1105}-1218 | -1180§ -1073 -0650 :
209.1 BEAM B6 -0425|-0500 -1078| -1195]-1280 | -1200] -1150 -0485 |-0410
49.5 BEAM B6 -0467]-0588 -1027}-1298|-1387 | -1250| -1028 -0612 |-0495 : 3
1'20.2 ) - N . 1
f
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TABLE C.5
CONCRETE STRAINS AT 3 EN (7.6 cm) FROM ‘TOP COMPRESSION FIBER ‘
DISTANCE FROM “in 40 34 | 28 8 4 lcentre] 4 8 | 28 | 34 40
CENTRE cn 101.6f 86.4{71.1120.3 |10.2 | o |10.2{20.3 }71.1 | 86.al101.6 {
LOAD GAUGE NUNBER 52 53 { s4 | ss | se {57 s8 159 |60 {61 62
E
kips : o
kN iy ) i
BEAN B1 - ~0030{-0035 | -0031 -~ | )
_ BEAM B2 -0024 -0027|-0038 | -0030 -0025
2.6 BEAM B3 0018 -0030|-0035 | -0026 -
11.6 . [ . - .
BEAN B4 0019 | o015 0040 0025 0020
BEAM BS -0013 . -0021 }-0035 |-0025 -0015 ]
BEAM B6 * -6030 }-0038 ]-0027
BEAM B1 -0as50 | -007s | -0058 ) .
BEAM B2 -0040 -0061 | -0070 | -0060 -0035 .
5.2 BEAM B3 -0025 -0058 | ~0070 [-0055
' . -
: 3.2 BEAM B4 -0065 -0078 -0060 -0040 &
BEAM BS ' -0020 -005s }-0072 {-po62 -0018 ]
BEAM B6 ) |-006S }-0080 {-06071 ‘ \
= N
~ ~ ;
BEAM Bl ) -0080 |-0090 | -0085 1 4. . %
BEAM B2 ~ 1-o046 -0075 |-0090 | -0o78 :\u\s\g_ ad |/
7.8 BEAN B3 -0030 -0090 |-0085 |-00s0 ] ‘ §
3.9 BEAM B4 , -0038 -0050 -0098 -0055 " {-004s
-BEAM BS -0030 -0082 [-0090 | -0075 -0038
BEAM B6 -0075 }-009s | -coBa . N 3
BEAM 81 -0086 [-0108 | .00%0
~0070 -009s |-0120 | -p108 -0065 ; ;
-0035 ] 0088 {-0115-{ -0107 - ) !
~0045 <0108} -012S% -1120 -0040 :
- 0098 -0098}-0110 |-0087 -ooso“ i
-011s8}-0130 o120 .1
s < :




TABLE C.5 (cont inued)
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. CONCRETE STRAINS AT 3 IN (7.6 cm) FROM TOP COMPRESSION FIBER \
DISTANCE FROM in a0 | 3 28 3 P P 8 | 28 | 34 40
CENTRE - cn ) 101.6186.4 |71.1{20.3)10.2) o [10.2)20.3}70.1 ) s6.4)101.61 -
LOAD GAUGE NUMBER 52 | 53 54 | ss | 56 { s7 s8 | s9 |60 | a1 62
kips S )
kN .
BEAM Bl -0110]-0125 | -a10s
BEAM B2 -0080 -0120]-0135 ] -0106) -0070 - :
13,1 BEAM B3 * |-oo8s -0094§-0125 | -0304
58.1 BEAM B4 -0080 -0128 -0140 -0140 -0050 i
BEAM BS -0050 -0108{-01d0 | -0l1s -0048
BEAM 86 -0125{-0160 | -0130 . |
- . ;
BEAM Bl -o140]-0150 | -a135 ;
BEAN B2 - -0100 -o1s0}-0165 | -0145 > |-o0095 ]
15.7 BEAM B3 -0075, -01001-012S } -0105 -
62.7 BEAM B4 -0095 -0135 -0150 -0090 -0086 X ® 3
BEAM BS -0060 -0145 |-0170 | -0160 -0070 %
BEAM B6 -0160 }-0190 | -0170 {
. i
- BEAM BI . -0180}-0190§ -018 Ed
BEAM B2 -0120] -0205}-0220 | -0190 -0110
18.3 BEAM B3 - 0090 . -0185}-0215 | -0195
8.3 BEAM B4 0098 -0200 -0230 -0185 / -o110 | i
A — Es
BEAM BS ) R -0070 -01901-0205 | -0185 -0080 p
BEAM B6 -0195 [-0220 | -0205 ; \
/
- v | H
BEAM Bl p -0200 }-0220 | -020s '
BEAM B2 -0l40 -0215 }-0230 | -0210 0125 ~ H
20.9 BEAM B3 -012s -0206 |-021%, | -0200 .
92.9 BEAN B4 ‘ _ o120 -0220 0240 ,-0210 -0130 . ;
BEAM BS. « 1-o080 -0208 }-0235 |-0216]° -goos | i
BEAM B6 -0220 Lo2so | -0216 1 - :
,\ T
‘ \\, o
T
R R




B TABLE C.5 (continued) : B .
® ) .
° ¢ CONCRETE STRAINS AT 3 IN (7.6cm) FROM TOP COMPRESSION F1BER o
DISTANCE FROM in | a0 34 | 28 8 4 Jcentre| 4 8 | 28 34 | 40 ! ’
CENTRE cm 101.6f 86.4 171.1 f20.3 J10.2 | 0 |10.2| 20.3]71.1 [s6.4 fro1.6
LoAD GAUGE NUMBLR 52 53 ) s4 ]|ss | se 57 1 s8 | so }en 61 | &2 ;
kips 1
kN ) )
BEAM Bl , -02551-0270 { -0260{ -
BEAM B2 -015§ -02504-0275 | -0245| -0165
23.5 BEAM B} ° -0138 | -0240}-0260 | -0225 :
104.6 BEAM B4 0145 -0250 -0290 -0265 -o128 ) < §
. - BEAM BS 0100 -0265 [-0280 | -0245 -0090|
BEAM B6 -0270}-0300 | -0275
3
p
BEAM BI -0280 }-0300 | -p27s 1
BEAM B2 , -0170 -0320 }-0300 |-0270 0186 1
1 26.1 _BEAM B3 -0150 -0205)-0310 | -0283
116.2 BEAM B4 -0160 -0310 -0305 | - -0325 -0165 N -
. " BEAM BS -0100 -0280}-0305 | -0290 -0110 X gg
BEAM B6 -0305 |-0330 | ~0300 ¥
- BEAM Bl . “ -0310 }-0325 | -0310 ' 3
BEAM B2 ) -o190| -030s |-0335 | -0315 {-0200 ‘
28.7 BEAM B3 -0170 -0310 |-0325 | -0299
’ 122.8 BEAM B4 i -0185 -03t0 -0345 -0300 -0195 . .
BEAM BS -0120 -0325 Tosso -0335| . | -orsa] !
BEAM B6 ~-0350{-0360 | -0300 ‘
BEAM B1 N - . -0350 |-0360 -ousL }
BEAM B2 -0213 -0355 }-0370 | -0330 -0208 :
313 BEAM B3 0185 0325 }-0370 | -0350
. 139.4 BEAM B4 -0195 -0350 0385 -0340 -0150 )
BEAM BS -0130 al -0338 }-0375_ | -0348 -0135
BEAM B6 . -0380 |-0400 | -0360 ’
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TABLE C.5 (continued)

s

C e oS N -

CONCRETE STRAINS AT 3 IN (7.6 cm) FROM TOP COMPRESSION [IBER i)
DISTANCE FROM in a0 | 34 8| 8 a kenvee| 4 8 |¥28 | 34 40
CENTRE cm 101.6{ 86.4 71.11 20.3§ 10.2 0 10.2 20.3 71.!., .86.4 101.6
LOAD GAUGE MUMBER s2 | s3 sa | 55| s6 | s7 |58 so | 60 | &1 62
Pz
kips{| _ : a
kN 5 ) .
BEAM B -0400]-0420 | -0390 )
BEAM B2 -0230 ~0390[-0410 | -0380 B -0240
34.0 BEAM 83 -0192 -03751-0405 } -0385
ISLO geay a4 -0205 -0380 0400 -037 J -0200 ’
\ BEAM M < |-o0s90}-040s |-0375 -0155
BEAY B6 -0415 |-0425 |-0440 .
H 3
BEAM B1 -0420{-0450 | -0425 -1 . |
BEAM B2 -0250 -0429}-0440 | -0s22 0260 ks
36.6 BEAM B3 -0200 -0418}-0440 | -0an1| - -
\62.7 BEAM B4 -0225 -0400 -0460 -0390 -0210 . -
BEAM BS " Loiweo ' -0435 |-0450 {-0415 -0165 o 3
BEAM B6 ¢ -0454 |-0470 |-0443 ;
‘ : i
BEAM B1 v -0425]-0455 | -n430
BEAM B2 -0255 1-0433}-0442 | -0424} -0262 i :
37.0 BEAM B3 -ozo:l -0423]-0444 | -0416 i i
164.6 BEAM 84 -022 -0403 J0464 -0393 -0217 ’ %
 BEAM BS 0165 -0439{-0458 | -0422 -0168 {
BEAM 86 -0458 [-0477 | -0446 i
. BEAM B2 -0270f - |-0465 |-0490 |-0470 -0280 .
39.0 BEAM B3 ~-0218| ~0452 1-0485 | -0465 ; ’ 3
173.5 BEAM. B4 -0238]  |.0440 0500 -0430 o248 .
BEAM 85 -0165 -0450 |-0475 | -0a55 -0170 ]
BEAM B6 -0490 |-0515 [-0540 i
1 ]
' . - \ i
- ‘ T
- — \ —— ~—e——
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’n * -
- TABLE C.5 (continued) /
: . 4
: CONCRETE STRAINS AT 3 IN (7.6 cm) FROM TOP COMPRUSSION FIBER o
) f
DISTANCE FROM in a0 |34 f 28 | s | 4 [cewrnd ¢ |8 | 28 35)‘ 40
CENTRE o ‘ lo1.6]86,4 f71.1 J20.3 f10.2 | o [10.2]20.3 (711 [S6.4 fror.s | .- . .
. LoAD GAUGE NUMBER s2 | s3 | s4 |ss |se |s? s8 | 'sa [eo | 61 ] o2
? kips T i i
kN 3 -
BEAM B3 -0226, : -0460 |-0496 | -0468
40.0 " BEAM 84 -0248} -0447 -0508 ~0440 ~0252]
177.9 BEAM BS -0170 -0461 |-0482 | -0462 -0178
BEAM B6 : -0497 |-0523 |-0548
BEAM B4 v -0270f -0480 -0535 -0500 -0280) ’ 3
1:;.; BEAM BS -0190 -0500 |-0520 | -0480 -0180
. ) BEAM B6 i 0532 |-0550 [ -0899 -
BEAM B4 -0300 -0608 -0610 -0572 -0295 ‘
x;;-; BEAN BS | {-0200 -0595}-0580 | -0575 . | -0220 =
BEAM Bo -0663 |-0590 | -0607 e
BEAM B4 -0307 -0612 -0618 -0590 -0302} '
zg'g BEAM BS -0208 -0601 |-0589 {-0584 -0228
, BEAN B6 - -0671 {-0597 | -0615) -
47.0 BEAM B4 -0351 0668 | . -0625 {0607 "-0360
209.1. BEAN B6 -0778]-0640 | -0700 r
49,5 BEAN B6 -0886 {-0700 | -0742| - 1 !
220.2 R R ‘ -.r . ¢ ;
- ~.__} - i §
7 . - , - §
. ~ i
. !
3
- ° * - \ : ;u
: - . !
i §

.

A ——




