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SUMMARY OF REPCRT

In order to investigate the influence of straight lead embedment
and lightweight concrete on the strength of hooked bar anchorages, six-
teen specimens were tested. These specimens and the method of testing
were patterned after a previous study of hooked bar anchorages so that
direct comparisons could be made. The specimeﬁs simulate typical beam-
column joints. The lead embedment length varied with the depth of the
column in which the bar was embedded. The bars were loaded in tension
to failure to establish basic strength and stiffness characteristics.
The slip of the anchored bars with respect to the concrete and stress

transferred to the concrete along the bars were measured.

The results of the test program and the results of previous
tests were combined to develop a rélatively simple relationship between
the embedded length of a hooked bar and stremgth. The advantage of the
procedure is that the hook and the straight lead embedment are consid-
ered as a unit and the strength of the hooked bar anchorage is not
coupled to development provisions for straight bars. Using the rela-
tionship developed for strength, the performance of the anchored bars
appears to be within acceptable limits of serviceability as set by the

ACI 318-71 Code.
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1. INTRODUCTION

1.1 Object and Scope

The object of this study was to examine the influence of lead
embedment and lightweight aggregate concrete onkthe strength of hooked
bar anchoragés in beam-column joints. A total of 16 specimens was tested.
The program was an extension of earlier work reported in Ref. 1. The
specimens were full scale models of beam-column joints in order to elimi-
nate scale effects and to permit the use of large diameter hooked’bars
which conform to ACI standards for hook geometry. The purpose of the

study was to refine design recommendations made in Ref. 1 and 2.

1.2 Previous Work

In the studies reported by Marques and Jirsa [1 ], the tensile

stress developed by a standard hook fh was expressed by

£, = 700(1 - 0.34)) $/F < £ | (1.1)

where db is the diameter of the anchored bar’and the value of I is varied
according to the lateral confinement provided, varying between 1.0 and
1.8. 1If additional development length is required, the straight lead
embedment length LL between the initial section and the hook is calculated

as follows:

2, = [0.04Ab(fy - fh)ﬁJ%Z ]+ & (1.2)

where £/ is 4d, or 4 in., whichever is greater.

While Egs. 1.1 and 1.2 provided good agreement between measured
and calculated hooked bar anchorage strengths, a number of shortcomings
became evident. First, there were no data available for bars embedded

in lightweight aggregate concrete. Second, the straight lead embedment
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was a function of the development length equations for straight bars
contained in ACI 318-71 [4 ]. Development length provisions are based

on the results of tests in which stresses vary from a maximum at the

lead end to zero at the tail end. For lead embedments ahead ‘of a hook,
the stress does not reduce to zero and the development length provisions
do not necessarily extrapolate linearly with stress differentials. Addi-
tionally, very little data on variation of the length of straight lead

embedments were available in the literature and in previous studies.
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2. TEST PROGRAM

2.1 Test Specimens

The test program was pattermed after the hooked bar anchorage
study conducted by Jirsa and Marques [1]. The same basic specimen

configuration and testing procedure were used.

2.1.1 Specimen Geometry and Reinforcement. A typical exterior

beam-column joint was simulated with the specimen shown in Fig. 2.1. The
columii cross section varied from 12 ¥ 12 in. to 12 ¥ 24 in. in increments
of 3 in. All the specimens cast with lightweight aggregate concrete had
column cross sections of 12 X 15 in. The assumed beam was 12 in. wide
and 20 in. deep. The dimensions of the beam and column were chosen so
that the specimen would be a realistic full-scale simulation of an
exterior beam-column joint in typical concrete frame construction. The
length of the column in all tests was 50 in. It was necessary to extend
the column above and below the beam to eliminate lateral constraints in
the joint region produted by the axial loading heads. It should be
noted that the dimensions coincided with those used in the previous
studies.

As seen in Fig. 2.1, the teét specimen was cast without the
beam extending from the joint. The anchored beam reinforcement was
extended past the face of the column so that it could be loaded with
hydraulic rams in the testing apparatus. The compression zone of the
beam was simuléted by a steelkpiéte bearing against the face of the
column over an“area which apprdxfméted thatfof the compression zone of
the assumed beam. This was considered to be a realistic model of forces
on the joint after flexural cracking of the beam, with the exéeptibn
that n0'pfovision was made to simulate the action of vertical beam shear
on the joint. Beam shear, however, was not considered to have a signifi-
cant influence on the anchorage behavior, as it is transferfed to. the

column principally in the beam compression zone away from the hooked bar.
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The 12 ¥ 12 in. columns were reinforced with four #8 longitudinal
column bars and #3 closed ties spaced at 5 in, c.c outside the joint.
The 12 ¥ 15 in. and 12 % 18 in. columns were reinforced with six #8
longitudinal column bars,’while the 12 % 21 -and ‘12 % 24 in. columns had
eight #8 bars. Each of these specimens also was reinforced with #3
closed ties épaced’at 5 in. c.c. oﬁtside the joint. The clear cover over
the ties was 1-1/2 in. The anchored bars, the longitudinal bars, and the
ties used throughout the study were Grade 60 steel. Yield for the #7
bars was 66 ksi, forAthe #9 bars was 65 ksi, and for the #11 bars was

57 to 60 ksi.

2.1.2 Variables. Table 2.1 summarizes the properties of the
sixteen specimens tested in this study. The variables considered and

the range of these variables are discussed below.

(a) Size of Anchored Bars. The embedment length tests were con-

ducted with either #9 or #11 beam bars anchored in the columns. Previous
tests, conducted with #7 and #11 bars,fshowedkthat the #7 bafs almost
reached their yield strength in the small 12 %X 12 in. column and greatly
exceeded it in the larger 12 X 15 column. In the case of speéimens
reaching well into the yield range, it is difficult to evaluate the
influence of confinement and other variables if the concrete does not
participate in the final failure. Therefore, to study the influence.of
embedment length on strength, it was felt that tests of #9 and #il bars
would provide more useful data. From a practical standpoint, bars
larger:than #11 would rarely be used in frame members. The series of
tests with lightweight aggregate concrete was conducted using #7 and #11
beam bars. The use of #7 bars was warranted because it was felt that
the splitting strength of the lightweight concrete was likely to be
lower than normal weight concrete and failure would occur before the

bars yielded.

(b) Lead Embedment Length. By varying the size of the column,

the lead embedment before the hook portion of the anchored bar was varied.

Values of lead embedment are tabulated in Table 2.1;
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(c) Concrete. The concrete used in the lead embedment series
was obtained commercially and specified.to give approximately 4500 psi
nominal compressive strength, which is the same compressive strength used
in the previous study of hooked bar anchorage. The actual concrete
strengths, however, varied from 3600 to 5400 psi. As will be discussed
later, two specimens, 9-15 and 9-21 had concrete strengths of 3600 psi

and 3800 psi with a poor quality aggregate.

Three basic mixes of lightweight concrete were used in the study.
The mix proportions were computed on the basis of a 1 yd. batch and
multiﬁles of these proportions were used as needed. All three mixes Were
proportioned to give an average compressive strength f; of 4800 psi at
14 to 21 days. The lightweight aggregate usedwas “Materialite' light-
weight aggregate, a coated expanded shale produced and supplied to this
project by the Materialite plant located at Ottawa, Illinois. The
coating is accomplished by fusing the outer surface of the aggregate into
a sealed shell enclosing unconnected dead air cells. The coarse light-
weight aggregate used was the Materialite hedium gradation ranging from
3/8 in. to 3/16 in., and the lightweight fine aggregate used was the
Materialite fine gradation ranging from 3/16 in. to 0 in. For the mixes
that required normal weight fines, the local Colorado River sand fines

were used.

The proportions for the lightweight concrete mixes were estab-
lished on the basis of volumes in order to account fof the differences
in moisture content hormally found in lightweight aggregates. Before -
each batch was mixed, the unit weight of coarse and fine 1ightweight
aggregate was obtained and the mix was proportioned using the unit
weights. Mix proportions for the three different mixes are given in
Table 2.2. All three mixes had seven sacks of Type I portland cement
and two and one-half ounces of an air entraining agent. Water was added
as required to obtain a 6 in. slump. All specimens and control cylinders
were stripped four to five days after casting and the curing was continued
at room témperature until testing. The concrete strengths are listed for

each specimen in Table 2.1, including split cylinder strengths.
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(d) Other Variables--Lightweight Concrete Series. Seven tests
were conducted using 90° standard hooks conforming to ACI 318-71 [4 ]
specifications, and one test was conducted with a'18d? hook. A1l
specimens had a 2-7/8 in. concrete cover over the anchored bars (Type 1
conflnement in Ref 1). One spec1men was cast with #3 ties through the
joint at 5 in. c.c. in addltlon to the standard 2-7/8 in. concrete
cover over the‘anchored bars (Type 3 conflnement),,and the remainder had
no ties through the jbint. Preﬁious tests concldded that the effect of
column axial load on hooked ber strength7waé negligible for cases
where the tail exten31on of the hook was. orlented in the direction of
the axial load. One specimen of thlS series was 1oaded with an axial
load which produced~an average compre551ve stress of about 3000 psi (H).
All other specimens (including the lead embedment series) were subjected

to axial stress of about 800 psi (L).

2.1.3 Specimen Instrumentation. Comparison between specimens

was made using curves of stress versus slip of the anchored bars rela-
tive to the concrete. To measure slip, the procedure developed by Minor

and Jirsa [ 3] was used.

At the point where slip was to be measured, a 0.059 in. diameter
piamno wire was attached to the bar by making a short 90° bend at the end
of the wire and inserting it into-a hole of equal diameter drilled in
the bar. Figure 2.2 shows the five slip measurement points alongdthe
length of the anchored bars: point 1H at the front‘facekof the specimen
(called "“lead" slip); point 2H at the point of horizontal tangency of
the bent portion of the hook; points 3H and 3V at the point of vertical
tangency; and 4V at the end of the tail of the hook. The slip wires were
long enough to reach through the form at the back face of the specimen.
The wires were oriented in the direction displacement was to be measured

at the points of connection to the anchored bars.

After a slip wire was attached to the bar, a plastic tube was

placed over the entire length of the wire to prevent bond. A small
amount of rubber sealer was placed at the connection between the w1re

%
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and the anchored bar to seal the tube and to allow movement of the
wire.in the direction it was expected to travel. It was extremely
important ﬁo use this sealer to prevent interlock between the protruding
wire and the concrete. The loss of bond between the anchored bar and

the concrete at the point of attachment of the slip wires was considered
negligible. Figure 2.3 shows the wires and tubing in place on a specimen

in the form prior to casting.

To reduce the wobble of the slip wire in the tube, the wire was
placed in tension using a spring between the concrete surface and a
small brass plug fastened to the wire with aset-screw. This spring put
a tensile load of approximately 3 to 4 1b on the wire. A linear displace-
ment potentiometer was used to measure movement of the wire and was
attached to the back face of the column using a metal frame constructed
from electrical conduit pipe. This frame was clamped to two threaded
rods screwed .into inserts placed in the specimen ét the time 6f casting.
The potentiometers were read by using a digital voltmeter. Results of
the hooked bar anchorage study indicated that the back facé was uncracked
until failure was imminent, and provided a good reference plane for slip

measurement.

To determine the stresses in the anchored reinforcing bars, three
strain gages were mounted on each bar. Figure 2.2 shows the location
of these gages. One gage was located outside the front face of the speci-
men and monitored '“lead" bar stress. A second gage was mounted at the
point of horizontal tangency (fore) of the bent portion of the hgﬁk, and
the third gage was located at the point 6f vertiéal tangency (aft). The
application of strain gages provided a means of eétimating the stress
transferred from the bars to the concrete along various portions of the
bars. Bond reduction was negligible in the region of the gages where an

area of approximately 1/2 in. by 1-1/2 in. was waterproofed.

2.1.4 Fabrication of Specimens. Instrumentation of the anchored

bars was completed before placing them into the form. The bars were

prepared by (1) cutting the bars to proper length, (2) drilling holes
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for slip wires, (3) preparing the bars for strain gages, (4) mounting and

waterproofing straln gages, and (5) mountlng and sealing slip wires.

Plywood forms were constructed to allow casting specimens in a

vertical position. Two specimens were prepared and cast at omne time.

2.2 Loading System

The forces applied to the test specimens are shown in Fig. 2.1.
The loading of the specimens was intended to approximate the forces on
the “joint in a typical frame. The loading frame was constructed to
apply axial load on the column, and tensile and compressive beam forces

on the joint. The frame: is shown in Fig. 2.4.

2.2.1 Axial Loadi;g To load the column, four 100-ton center-

hole hydraulic rams were placed above the top axial loading head. Alloy
steel rods, 2 in. in dlameter, were passed through the rams, the top
1oad1ng head, along the sides of the specimen, and through the bottom
platform Two of the four rods were instrumented with strain gages and
served as load cells to monitor axial load. Hydraulic oil pressure was
also monitored. The top and bottom loading heads were fabricated using

a series of channels to provide a rigid loading surface and to distribute
the load uniformly over the coluhn section. In addition, a quick setting
plaster was used between the specimen and loading surfaces to ensure

uniform load distribution.

2.2. 2 Anchorage Loading. The anchored beam reinforcing bars

protruded from the specimen about 6 ft. to allow for installationm of
equipment to prov1de a tensile loading to the bars.

A vertical reaction beam composed of two 18 in. deep steel channels
was erected about 20 in. from the front of the specimen, as shown in
Fig. 2.4. This beam was mounted on an axle at the base of the loading
frame. The anchored beam reinforcing bars passed between the two channels.
Two 60-ton centerhole rams were placed over the bars to apply tensile load.
A 5-in. Cadweld sleeve was attached to each bar immediately beyond the

loading rams (see Fig. 2.4). The sleeves provided convenient loading collars
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for the anchored bars. The rams applied tension to the bars by reacting
against the vertical reaction beam~and~the splice sleeves. Ram oil
pressure was monitored using both an oil pressure gage and an 0il
pressure transducer. The load applied to the anchored bars could thus
be determined and checked against lead bar strain gage readings for

accurate control of anchorage loading.

2.2.3 Specimen Reactions. A steel box section strut was placed

between the main reaction beam and the front face of the specimen. This
simulated the compression zone of the beam.. A-qﬁick sétting plaster was
used between the strut and the face of the specimen to ensure uniform

bearing. The top of the reaction beam was connected to the top loading
head with a compression strut made of steel tube sections. This connec-

tion served to resist the column shear induced when the anchorages were

loaded.

2.3 Test Procedure

The specimen was seated in the loading frame with plaster between
the sPecimen'and the top and bottom loading heads and at the structural
tube sﬁrut simulating thé beam compression zone. The pléster was used
to reduce possible stress concentrations between the specimen and the
loading surfaces. Once all instrumentation and loading equipment was in

place, testing began with the application of axial load.

The anchored reinforcing bars were loaded in ﬁension in increments
of approximately 2000 psi bar stress, which provided 20 to 30 load stages
prior to failure or yield. Load increments were‘applied at the same rate
of loading used in the previous study. Load‘waskapplied,,readings were
taken, and cracks were marked for a total time of 2 minutes for each load
stage. Testing of the anchored bars continued until the specimen failed
or until the bars had yielded. The anchored bars which yielded were
additionally loaded into the strQin—hardening region until the maximum

stroke, about 3 in., of the hydraulic ram was reached.



3. TEST RESULTS

3.1 Introductibn

The slip and strain measurements at the points shown in Fig. 2.2
are plotted against measured lead bar stress, the stress at the face of
the column measured from hydraulic pressure to the rams loading the bars.
Figure 3.1 shows a plot of lead bar stress versus slip, and Fig. 3.2
shows measured stress from strain measurements plotted against lead bar
stress. These figures are plotted from data measured for Specimen 11-18
and are typical of the trends observed for all specimens tested in this

program, Measured data for all tests are presented in Refs. 6 and 7.

3.2 Lead Embedment Series

Lead stress-lead slip (at point 1H) curves are shown in Fig. 3.3
for #9 bars and in Fig. 3.4 for #11 barsQ For each curve, average values
for the two bars of a specimen are plotted. In addition to the curves
for this series of tests, curves are plotted in Fig. 3.4 for two addi-
tional specimens from data extracted from a previous study on hooked bar
anchorage by Jirsa and Marques [ 1]. In addition to the observations
noted in this présent study, findings from the previous study will also
be included and used later in this presentation to develop design

recommendations.

As can be seen in Fig. 3.3, Specimens 9-15 and 9-21 each failed
at a strength less than that of specimens with smaller lead embedment
length. These specimens had concrete strengths of 3800 psi and 3600 psi,
less than the 4500 psi specified. Figure 3.3 also shows a large incréase
in lead slip with a small increase of stress. It was observed that at
equal levels of lead bar stress the stress measured at the points of
tangency of the hooks are nearly equal to each other and also to the

measured lead bar stress. These observations tend to indicate that no

17
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stress was being transferred along the straight bar embedment to the
concrete. After failure, the side cover was removed and yellowish-brown
powder was observed beneath the anchored bars. Very little of the
aggregate was broken, indicating it had not bonded well with the cement
paste. The lack of bonding and residue beneath the bars was attributed
to poorly washed aggregages used in the concrete. Although the two
specimens cannot be compared directly with other specimens, they can be

compared with each other.

The following general trends were observed in the test results:

(1) Most of the slip occurs along the straight lead embedment .
and the curvéd portion of the hooked bar. Very little slip was measured
on the tail extenmsions of the hooks. 1In each case, the lead slip (point 1H)
is the largest. If the straight lead embedment were not sufficient to
develop yielding of the anchored bars, the slip at point ZH was nearly
as large as the lead slip. The slip at points 3H and 3V was very small
in"all cases, and no significant slip ﬁas measured at point 4V uhtil

failure was imminent.

(2) The initial stiffness (stress divided by slip, up to levels
of about 30 ksi lead stress) decreased as the bar size was increased.
There was a slight but not very significant increase in initial stiffness

as the lead embedment length was increased.

(3) At stress levels above 30 ksi, the stiffness was significantly
less than the initial stiffness, and the effect of the increased iength
in straight lead embedment became apparent. For #11 bars at a given
value of slip, the increase in strength’was about 10 ksi for each 3 in.

increase in embedment length until the yield stress of the bar was reached.

+(4) The stress transferred from the anchored bar to the concrete
along the straight lead embedment (the difference between the lead bar
stress and the stress at the start of the hook) was significant at lead

bar stresses less than 30 ksi, but decreased rapidly as the specimens

neared failure.
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(5) In nearly all the tests the stress in the tail extension was
generally small, less than 20 ksi until failure was imminent. Near
failure stresses on the tail increased rapidly, but this increase may.
represent some effects of flexure due to the bar slipping as the concrete
splits. ’

3.2.1 Influence of Lead Embedment Length on Slip. It is apparent

that the strength and stiffness of the hooked anchorages are significantly
affected by the lead embedment or by the thickness of the column. The
#il bars embedded in 12 % 21 in. and 12 % 24 in. columns reached stresses
well over the yield stress of the steel before the tests were terminated.
The bars in a 12 % 18 in. column reached a stress near yield before

failure of the concrete, and those in a 12 % 15 in. column reached
50 ksi:

In general, the longer lead embedment lengths result in higher
stfesses at failure, and the slip is greater at all stress levels with
shorter lead embedment. A summary of measured slip behavior is listed
in Table 3.1. Lead stresses at lead slips of 0.005, 0.016, and 0.05 in.
are”listéd. In addition, slip at point 1H under applied bar stresses of
0.6 of the computed anchorage strength using the provisions of ACI 318-71
[ 4] is given. Slip and stress at failure are also tabulated. Stress
at a slip of 0.016 in. was selected because it is in the range suggested
as a permissible crack width in beams in the ACI 318-71 Commentary i Sj.
If it is assumed that the crack width at the beam-column joint 1is about
equal to the slip of the anchored bar, the observed stress at 0. 016 in.
slip provides a measure of the serviceability of the hooked bar. In a
similar manner, slip values at a level of 0.6 of yield‘correspond to the
provisions in Sec. 10.6.3 of ACI 318-71 [ 4] for computing crack width at
service loads. In general, stresses at 0.005 in. slip were about 20 ksi,
at’0.016 in. slip about 30 ksi, and at 0.05 in. slip, between 40 and

50 ksi. Only in specimens which fail at stresses higher than yield
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stresses of the anchored bars do the stresses at the specified slip

levels begin to increase.

3.2.2 Influence of Lead Embedment Length on Stress Characteristics.

The stress measured at the start of the hook is plotted against the
measured lead bar stress in Figs. 3.5 and 3.6. TFigure 3.5 shows curves
for #9 bars, and Fig. 3.6 shows #11 bars. Curves are plotted in Fig. 3.6
for two additional specimens from Ref. 1. It must be kept in mind that
as the bars pulled out, bending stresses were induced on the bars near
the bend, and at large slips the stresses measured at the start of the
hook can only be considered approximate. Stresses greater than lead bar
stresses, shown as dashed lines in Figs. 3.5 and 3.6, are attributed to

bendiﬁg stresses in the bars.

At a given level of stress, the difference between the lead bar
stress and the stress at the start of the hook may be considered as the
amount of stress that is transferred to the concrete by the straight
lead embedment. As can be seen in Figs. 3.5 and 3.6, in the specimens
with short lead embedment much less stress was transferred along the
straight bar portion than in specimens with longer lead embedment. For
the specimens which exceeded the yield stress of the anchored bars, the
stress transferred was large up to stresses of about 30 ksi and began to
decrease-somewhat as additional load was applied to the bars. For the
specimens which failed before reaching yield stress of the bars, the
stress transfer increased only up to lead bar stresses of 10 to 20 ksi
and then decreased rapidly as the specimens neared failure. At faiiure,
the stress at the start of the hook in many of the specimens was nearly
equal to the lead bar stress, indicating that no stress was being trans-

ferred along the entire lead embedment length.

3.2.3 Mode of Failure. In early all the tests the general per-

formance and crack formation followed a similar pattern. As tensile
load was applied to the anchored bars, the first cracking was located in
the front face of the specimen radiating out from the anchored bars. The

vertical cracks developed most rapidly and eventually terminated in the
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compression zone of the beam and near the top of the specimen. While

the vertical cracks were extending, horizontal cracks also radiated out
from the bars forming a crack extending between the bars and out to the
edges of the specimen. At higher load levels these horizontal front face
cracks extended around the corners of the specimen. In most tests a
vertical crack appeared on the side faces of the specimen about where
the column longitudinal bars were located nearest the front face. Crack-
ing of the front face and the front edge of the sides is thought to be

a result of splitting stresses caused by lead slip of the anchored bars

in the unconfined concrete at the front of the specimen.

As stress and slip progressed, the horizontal cracks on the side
faces extended toward the back of the specimen and additional vertical
cracks appeared about where other column 1ongitudinal bars were located.
At higher stress levels vertical cracks appeared on the side faces of the
specimen in the vicinity of the bent portion of the anchored bar. As
the specimens neared failure, the vertical cracks extended rapidly above
and below the level of the anchored bar in a slightly inclined direction.
The back face of some specimens showed vertical cracking at high load
levels. The cracking was outside the area of the slip wires and was not
considered to affect significantly the accuracy of the slip measurements

referenced against the back face.

When-a load" increment was applied at high stress levels, ‘slip
continued to increase and stresses tended to reduce slightly. Failure
was always sudden with the load dropping immediately to a fraction of
its previous level whether a 1oad 1ncrement was being applied or held.
With the exception of Specimen 9-12, the drop in load was accompanied by
severe cracking and portions of the side cover spalling away. In each
case there was a significant separation of the side cover from the
remainder of the specimen. Any attempt to increase the load on the
anchored bars only resulted in very large slip and additional separation.

The depth of spalling was to the level of the anchored bars.
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Specimen 9-12, which had the shortest straight lead embedment
length, developed a severe diagonal crack extending up from the hocked
portion of the anchored bar to the top front face of the specimen and
also down to the compression zonme of the beam. At failure the crack
opened toward the front of the specimen. No spalling or separation of
the sides could be observed. Specimen 9-12 is the only test in this
series or those of Ref. 1 in which shear could be considered a contrib-

uting factor in producing failure.

3.3 Lightweight Concrete Series

From the data for the lightweight concrete tests, the following
trends were observed. These trends are similar to those noted in the

lead embedment series using normal weight concrete.

(1) Most of thekslip occurs over the lead embedment and the
curved portion of the hooked bar. Very little slip was measured on the
tail extensions of the hooks. 1In alllcases the 1ead slip (location 1H)
is the greatest. The bars that did not yield exhibited slip at the start
of the bend (location 2H) of approximately the same magnitude as the lead
slip near failure. Slip at the end of thé bend (locations 3H aﬁd 3v)
was significantly smaller and in most specimens slip at the end of the
tail extension (locatioms 4H or 4V) was neéligible until high levels of

stress were attained and failure was imminent.

(2) The initial stiffness defined as stress divided by slip for

the initial portion of the curves decreased as bar size increased.

(3) The measured slip at location 4H on the specimen with the
180° hook indicated that the entire hook was being pulled towards the

front of the specimen rather than around the bend.

(4) Stress transfer along the straight lead embedment (the

difference between the lead bar stress and the stress at the start of

the curved portion of the hook) was negligible as the specimen reached

failure for #11 bars. For #7 bars at lead bar stresses of 40 to 50 ksi,
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the stress transferred varied from 20 to 40 ksi, but decreased rapidly

as the specimen approached failure.

(5) Stresses measured at the tail extension were generally small.
Near failure, stresses on the tail extension increased very rapidly

while the magnitude of the slip at this location remained very small.

A summary of measured slip behav1or is presented in Table 3. 2
Values of slip and stress at the same reference p01nts used in Table 3.1
are included here.

To evaluate the influence of the individual parameters considered

in the lightweight concrete series the stress and slip data for comparable

tests will be discussed in detail. Slip data presentedare for the lead
slip only. ' k

3.3.1 Influence of Hook Geometry. Figure 3.7 presents lead bar

stress versus lead bar slip curves for four specimens, two of 50 percent
replacement lightweight concrete and two of normal weight concrete.
These curves represent specimens in which lateral confinement remains
constant but bend geometry varies. As reported in Ref. 1, there is
11ttle 51gn1f1cant difference in the strength of 90° and 180° hooks.

However, slip for the llghtwelght spec1mens is 51gn1f1cant1y greater.

~ 3.3.2 Influence of Confinement. The effect_of #3 closed ties
through the joint at 5 imn. c.c., referred to as Type 3 conflnement
versus no ties through the joint, referred to as Type 1 confinement, can
be seen in Fig. 3.8. The two lower curves represent specimens from this
test program (FR——SO‘percent fines replaced), and the two upper curves .
are companion normal weight specimens from Ref. 1. The inclusion of
ties through the joint on the two normal weight concrete specimens shows
an increase of about 19 percent in the ultimate stress. It can also be
seen that to obtein this increase in strength approximately 50 percent
increase in slip was required. The two 50 percent replacement light-

weight concretes behaved similarly; strength was increased by
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approximately 23 percent and it required about a 40 percent increase in
slip to attain the higher strengﬁh. At this point it should be noted
that in a range of slip that is more reasonable with respect to service-
ability requirements, Type 3 confinement does not represent a very sub-
stantial increase in stress.

3.3.3 1Influence of Axial Load. The effect of axial load was

studied by comparing results from four specimens--two from this test
program consisting of all lightweight aggregate specimens and two from
the test-program of Ref.]_(normalkweight aggregate). All specimens had
the same geometry but the axial load pioduced stresses of approximately
0.8 ksi and 3.0 ksi on the:gross area of the specimens. The effect of
axial load was negligible for normal Weighﬁ as well as.lightweight con-
crete specimens. It should be noted that the tail extension of the
hooked bar was oriented in the direction of application of axial load
in all four cases. Other orientations of bent bars and different

lateral confinements might produce different results.

3.3.4 Influence of Concrete Mix

General Characteristics. Three different mixes were cast in

this test program to cover the range bfflightweight concrete fine
aggregates in usage. The difference between the three mixes is the
amount of lightweight fine aggregate used: all lightweight fine aggre-
gate, replacement of 50 percent of the lightweight fine aggregates with
normal weight sand aggregate, or replacement of all of the lightweight
fine aggregate with normal weight sand aggregate. The coarse aggreéate

used in all three mixes was lightweight coarse aggregate.

Figure 3.9 presents jead bar stress versus lead slip for four
specimens. All specimens shown had the same confinement, same level of
axial load, and #11 bars with 90° standard hooks. Three curves repre-
sent specimens with anchored bar embedded in each of the three lightweight
concrete mix catégories and one curve representing a specimen with the
anchored bars embedded in normal weight concrete. Figure 3.10 presents

lead bar stress versus lead slip for three specimens. Two curves
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represent specimens with #7 bars in two of the lightweight concrete mix
categories from this test program, and one specimen with #7 bars anchored

in normal weight concrete.

All-Lightweight Concrete. Referring to Fig. 3.9, it can be seen

that the all- lightweight concrete speCimen reached approx1mately 85 per-
cent of the ultimate stress attained by the normal weight concrete
specimen. It also can be seen that at failure the all- ~-lightweight con-
crete specimen exhibited approximately 50 percent more slip than the

normal weight specimen.

Fifty Percent Replacement Figure 3.9 shows that the 50 percent

replacement concrete spec1men reached approximately 75 percent of the
ultimate stress attained by the normal weight concrete specimen. Also,
it can be seen that the 50 percent replacement concrete specimen showed
approximately 80 percent more slip at failure than the normal weight
specimen. Figure 3.10 shows that the 50 percent replacement concrete
specimen reached approximately 82 percext of the ‘ultimate stress
attained by the normal weight concrete specimen. However, it should be
noted that the shape of the curve is dictated mainly by yielding and
strain hardening of the anchored bar rather than crushing of the
concrete. The slip at failure of the 50 percent replacement concrete
specimen is roughly equivalent to the slip of the normal weight specimen

at failure.

All-Sand Lightweight Concrete. Figure 3.9 shows that the all-

sand lightweight concrete spec1men reached roughly the same ultimate
stress attained by the normal weight concrete specimen. It also shows
that at failure the all—sand lightweight concrete specimen‘exhibited
approximately 50 percent more slip than the normal weight concrete
specimen. figure 3.10 shows that the behavior of the all-sand lightweight
,concrete specimen was very similar to the normal weight concrete. specimen
throughout the range of loading. It should be noted that the shape of

the curve was greatly influenced by yielding and strain hardening of

the anchored bars. The all-sand lightweight concrete specimen test was
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stQpped prematurely, due to difficulties in loading the anchored bars.

Ceneral Observations on Lightweight Concrete Specimens. -In gen-

eral, the stress-slip curves for the all-sand lightweight and the all-
lightweight specimens are quite close. If the effect of concrete
strength difference is eliminated by normallz1ng w1th respect to JET the
band is narrowed further and the effect of different 11ghtwe1ght mixes
appears to be quite small. However, the 50 percent replacement mix was

consistently below the other lightweight mixes.

~ Figure 3.11 repeats the curves presented in Flg 3.9 and shows
a curve for the 50 percent replacement lightweight with the 180° standard
hook. Figure 3. 11 shows that the 50 percent replacement spec1mens have
consistently 1ower,1ead stress values for the same slip than the other
two lightweight mixes studied. The 50 percent replacement specimens
shown in Fig. 3.11 were cast at two different times from entlrely '

separate concrete batches.

The 50 percent replacement specimens would have been expected to
plot somewhere in the band encompassed by the all-sand lightweight epeci—
men and the all-lightweight specimen. After careful consideration of
the compressive and split tensile strengths of the different lightweight
mixes, it is believed that the lower stresses observed for the 50 percent
replacement mix were a direct result of these specimens having been cast
using an entirely different shipment of fine as well as coarse 11ghtwe1ght
aggregate than the one used for the other two llghtwelght mixes of thls
study. The same trend can be observed 1n Flg 3.10 if the portlons of

the plot below lead bar stresses of 60 ksi are considered.

In summary, the effect of different lightweight concrete mixtures,
insofar as the fine lightweight aggregate replacement with sand, offers
very little improvement on the performance of hooked bar anchorages. It
may be that ‘some characteristic of lightweight coarse aggregates,
pdssibly the crushing strength of the aggregate, determines the per-

formance of the hooked bar anchorages.
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3.3.5 Mode of Failure. All specimens followed a pattern of

crack formation and failure similar to that discussed for the lead
embedment series. Load increments at load stages nearing failure load
showed large -amounts of slip and greater tendency for the stresses to
reduce after the load application. Failure was always sudden with the
load dropping to a fraction of its previous level whether load was being
applied or held. Failure was accompanied by severe cracking and by a
significant separation of the side cover from the specimen, and, in some
cases, by small portions of the side cover spalllng away. Any increase
of “load resulted in very large slip and more severe separation of the
cover, deformation of the longitudinal column bars initiating the
cracking of the side cover, as evidenced by the vertical cracks in the

vicinity of the column bars on the front and back faces.

In the tests by Jirsa and Marques [1], some improvement in
stress and slip characteristics was noted when the column thickness was
increased or ties were carried through the joint. However, the limita-
tion to the small 51ze columns showed this was not significant for the
#11 bars. The increased column size, or increased straight lead embed-
ment lergth, used in this study doeé show this to be of considerable
value. Since the stress measurements show that stress transfer over the
straight lead embedment cannot adequately account for the increased
strength, it appears that the increased column thickness provides more
concrete area resulting in a larger total tenéile force being developed

before the side cover spalls.

In the case of lightweight'concrete, the tensile capacity of the
concrete is reduced, thereby reducing the tensile force developed by the
side cover prior to failure. The increased slip of the bars in the
lightweight concrete series can be attributed to the tendency for greater
deformations ahead of the bar lugs and bent portion of the bar when

lightweight aggregates are used.
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3.4 A Failure Hypothesis for Hooked
Bars in Beam-Column Joints

Considering the measured data and observed modes of failure, a
reasonable estimate of the pattern of failure of a hooked bar can be
made. In nearly all cases, both in this study and in previous omes [1],
the side cover spalled away at failure with a decrease in the load-carrying
capacity. Therefore, it is apparent that the failure of a hooked bar is
governed primarily by a loss of cover rather than pulling out. Slip
between the bar and concrete produced splitting of the side cover.
Starting at the lead end of the anchored bars, the splitting gradually
progressed backward. As indicated by some of the stress measurements at
the start of the hook, the effect of the 1lead slip was to reduce ﬁhe
stress transfer capacity along the straight lead embedment, especially
for the short lengths, and this portion of the hooked bar anchorage was

not transferring any stress to the concrete as failure approached.

The very large compressive stresses at the inside surface of the
bend resulted in a stress condition which also tended to split the cover.
As slip increased and the hook moved forward, a condition was created
near failure where the hook acted similar to a wedge forcing the concrete

cover to split.






4. COMPARISON OF TEST RESULTS WITH DESIGN
PROCEDURES FOR HOOKED BARS

4,1 Introduction.

The design pfovisions for hooked bar anchorages in ACI 318-71
are based primarily on provisions appearing in previous codes. - Pullout
tests of hooked bars eﬁbedded in massive concrete slabs provide some
information, and tests on hooked bars in beam-column joints provide
additional information for hooked bars with short embedment lengths.

The tests performed in this study, as well as those performed earlier by
Jirsa and Marques [ 1] and Hribar and Vasko [ 6] provide an opportunity
to evalﬁate preSeht and proposed design recommendations: and to:.suggest
changes. " ( Lo

In the following discuésiohs; thé:sfrength"ofkhookéd bar
anchorages will bé evaluatéd by using the provisionsiof the ACI Building
Code and Commentary (318—71) and the proposed design recommendations for

hook strength by Jirsa and Marques [ 2].

4.2 Measured and Computed Strength

4.2.1 ACI Code Procedure. Using the provisions of the ACI Code

Sec. 12.8, the stress developed by the standard hook is given as _

£ = EJEZ: Values for £ are found in Table 12.8.1kofkthe ACI Code.
Since a hook generally extends vertically through the concrete, it is
not clear whether "top bars" or "other bars'" coefficients for £ should
be used. However, for these tests, values of "other bars," where £ is
540 for bar sizes #3 to #9, 480 for #10, and 420 for #11, resulted in

hook stresses closer to the measured values.

The stress developed over the straight lead embedment, fz, was
computed using the basic equation for development length, Sec. 12.5, and

solving for f‘z in terms of a known anchorage length.

41
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£p = 0. 04A, | (4.1

where LL is the straight lead embedment and Ab is the area of the bar.

The computation of hooked bar anchorage strengths in lightweight
concrete using the ACI 318-71 Code provisions is somewhat ambiguous.
Different interpretations of Code provisions will yield substantially

different values of predicted anchored‘strengths.

Section 12.5(c) of the ACI 318-71 Code specifies that '"when
lightweight aggregate concrete is used the basic development lengths
in (a) shall be multiplied by 1.33 for all lightweight concrete and
1.18 for sand lightweight with linear interpolation when partial sand
replacement is wused." = Section 12.8.2 of the,ACI‘318—71 Qodekspecifies
that "An equivalent embedment length shall be computed using the provi-
sions of Section 12. 5(a) by substltutlng f for fy and 12 for 1 ~
Section 12.8.2 does not spec1fy that the prov151ons of Section 12 5 with
all of its subsectlons, 1nc1ud1ng Subsection 12 5(c), must be applied
thereby leaving open to interpretation whether or mnot the standard hook
strength must be modified to account for the effect of 11ghtwe1ght

aggregate concrete or not.

If the straight lead embedment 92 is known, the stress over the
straight lead embedment £y can be computed.  The stress developed by
the standard hook fh can also be computed and the anchorage stress
(f + fg) resulting from the two interpretations of the ACI 318-71 Code

procedure can be computed as indicated in Egs. 4,2 and 4.3:

EVE BV

£= (5 +£) =T *GomAC (4.2)
£, JE

£=(f, +£) =EVE *gamc - 048, 0 (4.3)

Interpretation of ACI 318-71 Code procedure based on Eq. 4.3

results in higher values of computed anchorage strengths and it was

used in this study.
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Using the measured concrete strengths, values of fh (using the
"other bar" coefficients), fz'and computed hook strength (fh + £4) are
tabulated in Table 4.la. Values of computed hook strength (fh + fﬂ)
without usage of the lightweight concrete reduction factor are tabulated
in Table 4.1b to permit direct comparisons with the normal weight con-

crete specimens.

It is clear from the tabulatioms in Table 4.la that the ACI Code
grossly underestimates the hook capacity (average fhm/fhC = 1.75,
g = 0.29) and the ultimate strength of the entire anchorage (average
fu/(fh'+ fz) = 1.45, g = 0.23). From the values in Table 4.1b for
lightweight specimens, the ACI Code provides a better estimate of hook
and anchorage strength, but the ambiguity of the provisions makes it
difficult to interpret the intent of the Code with respect ‘to hooked

bars in lightweight concrete.

4.2.2 Design Recommendations Proposed by Jirsa and Marques [2].

Because the ACI Code underestimated the strength,bf hooked bars in normal
weight concrete, a different design procedure was ‘proposed by Jirsa and

Marques [ 2]. The strength of the hook was given as

£ = 700(1 - 0.3d)¥ JE'C" (4.4)

where db is the diameter of the bar. The coefficient ¥ should be taken

as unity unless the following conditions are satisfied.

The value of i may be taken as 1.4 if (a) the bar is #11 or
smaller, (b) the lead straight embedment between the standard hook and
the critical section'is not less than 4 bar diameters or 4in., whichever
is greater, (c) side concrete cover norﬁai to the plane of the hooked

bar is not less than 2.5 in., and (d) cover on the tail extension is not
less than 2 in.
The value of ) may be taken as 1.8 if the joint is confined by

close ties at a spacing of 3db or less and meets the requirements for

= 1.4. No distinction is made between top bars and other bars.
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TABLE 4.1a MEASURED AND COMPUTED ANCHORAGE STRENGTH--ACI 318-71

Normal Weight Concrete

Computed Stresses

Measured Meas /Comp
Specimen S;ress;s fh fl fh+fL ~ fhm/fhcm* fu(fh+fz)
h u Other¥*
ksi ksi ksi ksi
J7-90-15-1~-H 66 91 - 36.5 26.8 63.3 1.80 1.44
J7-90-15-1-M 65 . 100 38.5 28.3 66.8 1.69 1.50
J7-90-15-1-L 65 97 37.8 27.6 65.4 1.72 1.48
J7-90-12-1-H 62 62 34.9 17 .4 52.3 1.78 1.19
J7-90-15-2-H 73 99 37.3 27.3 64.6 1.96 1.53
J7-90-15-2-M 70 95 37.3 27.3 64.6 1.88 1.47
J7-90-15-3-H 70 104 36.8 27.0.63.8 1.90 1.63
J7-90-15-3a-H 66 .. .98 33.1 24,3 57.4 1.99 1.71
J7-90-15-4-H 62 73 36.1 26.5 62.6 1.72 1.17
J7-180-15-1-H 64 87 34.1 24.9 59.0 1.87 1.47
J7-180-12-1-H 61 61 35.6 17.8 53.4 1.71 1.14
9-12 .. 42 47 37.0 7.5 4405 1.14 1.07
9-15 ' 43 43 33.3 11.4 441 1.29 0.98
9-18 6574 +.37.0 17.8 54.1 1.76 1.37
9-21 59 59 32.4 20.1 51.9 1.82 1.14
11-15 28 50 30.9 7.1 38.0 0.91 1.32
11-18 58 58 28.8 9.9 38.7 2.01 1.50
11-21 51 73 30.3 13.9 44,2 1.68 1.65
11-24 , 58 77 27.2 15.6 42.8 2.13 1.80
J11-90-15-1-H 48 48 29.0 6.6 35.6 1.66 1.35
J11-90-15-1-L 52 52 28.9 6.6 35.5 1.80 1.46
J11-90-12-1-H 42 42 . 28.6 3.3 .31.9 1.47 , -1.32
J11-90-15-2-H 49 49 29.8 6.8 36.6 1.64 ﬁ 1.34
J11-90-15-2-L 53 53 28.2 6.4 34.6 1.88 1.53
J11-90-15-3-L 62 62 ..29.4 6.7 36.1 2.11 1.72
J11-90-15-3a-L 69 69 29.7 6.8 36.5 2.32 1.89
J11-180-15-1-H 45 45 27.9 6.4 34.3 1.61 1.31
Average 1.75 1.45
T 0.29 0:23

#'0ther bars' as defined in Sec.

Fxf - measured, fhc ~.computed.

hm

12.8 of ACI 318-71 Code.
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The stress developed‘over the straight lead embedment was
computed using the ACI Code equation for development length and solving
for fg in terms of a known anchorage length.

L -9 /
4, - ¥ WE

£, =
L
0.04Ab

(4.5)

where 4, is the straight lead embedment, & is 4d, or 4 in. whichever is

greater, and Ab is the area of the bar.

Using the measured concrete strengths, values of £ , fg, and

2 calculated from the recommendations proposed by Jirsa and

Marques [ 2] are listed in Table 4.2. This approach reduces the con-

fh + £

servatism present in the ACI Code and results in nearly the same ratios

of measured to computed stress for the hook and the entire anchorage

4.2.3 Measured Results Compared with Computed Strength : Comparlng

measured and computed values of fh, the ACI Code predlcts values 10 per-

cent greater than measured for short lead embedment of #9 bars to 80 per-
cent greater for longer embedment lengths, and 60 percent to 110 percent

greater for #11 bars. The recommendations proposed by Jirsa and Marques

[ 2] give values of f 10 to 50 percent greater for #9 bars and 20 to 60

percent greater for #11 bars. These results indicate that the provisionms
of Sec. 12.8 are quite conservative when applied to hooked bars in beam-

column joints such as those tested. The Jirsa and Marques equation is

in better agreement for short embedment lengths but also Becomes very

conservative when the embedment length is large.

The ratio of measured to computed stress at faiiure’atkthe lead
end of the anchorage varies from 1.0 to 1.4 for the #9 bars for both the
ACI Code and the Jirsa and Marques predictioms. The ratio is 1.3 to 1.8
using the ACI provisions and 1.2 to 1.6 using the Jirsa and Marques
recommendations for the #11 bars. The values of lead bar streeses
indicate that the stresses computed using the ACI Code for the lead
straight bar length tend to be uncomservative because the ratio of

measured to computed lead bar stress,(fh + fz) is less than the ratio
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TABLE 4.2 MEASURED AND COMPUTED ANCHORAGE ‘STRENGTH--JIRSA & MARQUES

Normal Weight Concrete:

Computed Stresses

Measured
Specimen Stresses fb £ P fh+f ) Meas /Comp
B ' | A N
ksi ksi ksi ksi

J7-90-15-1-H 66 91 49.0 - 15.5 64.5 1.35 1.41
J7-90-15-1-M 65 100 51.4 16.3 67.7 1.26 1.48
J7-90-15-1-L 65 97 50.1 15.9 66.0 1.30 1.47
J7-90-12-1-H 62 62 46.6 6.7 53.3 1.33 1.16
J7-90-15-2-H 73 99 49.8 15.8 65.6 1.47 1.51
J7-90-15-2-M 70 95 49.8 15.8 65.6 1.41 1.45
J7-90-15-3-H 70 104 49.3 15.6 64.9 1.42 1.60
J7-90-15-3a-H 66 98 56.9 14.0 70.9 1.16 1.38
J7-90-15-4-H 62 73 34.6 15.4 “50.0 1.79 1.46
J7-180-15-1-H 64 87 .- 45,7 14.5 .60.2 1.40 1.44
J7-180-12-1-H 61 61 47.7 6.9 53.6 1.27 1.14
9-12 42 47 ~31.7 0.0 31.7 1.32 1.48
9-15 43 43 40.0 4.5 445 1.08 0.97
9-18 65 74 44 4 10:.1 545 1.46 1.36
9-21 -+ 59 59 :38.9 13.3 .52.2 1.52 1.13
11-15 28 50 41.6 0.5 42 .1 0.67 1.19
11-18 58 58 38.8 4,1 42.9 1.49 1.35
11-21 51 73 40.8 8.1 48.9 1.25 1.49
11-24 58 77 36.6 10.8 47 .4 1.58 1.62
J11-90-15-1-H 48 48 39.6 0.4 40.0 1.21 1.20
J11-90-15-1-L 52 52 39.0 0.4 39.4 1.33 1.32
J11-90-12-1-H 42 42 27.4 0.0 27 .4 1.53 -1.53
J11-90-15-2-H 49 49 40.0 0.4 40.4 1.23 1.21
J11-90-15-2-L 53 53 37.9 0.4 38.3 . 1.40 1.38
J11-90-15-3-L 62 62 39.4 0.4 39.8 1.57 1.56
J11-90-15-3a-L 69 69 51.4 0.4 51.8 ©1.34 1.33
J11-180-15-1-H ~45 45 37.5 0.4 37.9 1.20 1.19
Average 1.34 1.36
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of measured to computed hook stress, fh. However, in most instances the
stresses computed using the proposed Jirsa and Marques Eq. 4.4 appear

to be much more accurate as the two ratios are mearly equal for each test.
Even though the proposed equation gives a good prediction for the increase
in strength with the increase in lead embedment length, the tests show

that where fallure occurred prior to yielding, the stress at the start

of the hook was equal or nearly eqﬁal,to the stress atythe lead end. Since
the ACI equatiomn for development length was based on tests in which

bar stress varied from a maximum at the critical section to zero at the
end of the straight bar, it seems unrealistic to use the ACI approach for
computing the anchoragchapacities for short bars with little stress varia-

tion along the straight portion between the critical section and the hook.

As was noted in Chapter 3, Specimeﬁs 9-15 and 9-21 were cast
with a concrete of questionable quality. Observations of test results
and appearance of the specimen after testing tend to indicate that poorly
washed aggregate had been supplied. The crushed concrete at the inside
of ‘the hook had a tan eppearance,‘whereas in all previous tests the
crushed concrete had a whitish gray appearance. The tan coloring is
likely the result of dirt and clay in the aggregate. It is possible
that some of this residue built up under the hook, attributing to the

large slips starting at low levels of load.

At the time of casting, the appearance of the concrete from the
ready-mix truck was the same as in previous tests, giving no indication
that problems would develop later. Looking at these two specimens from
a serviceability point of view, it is clear that a small increase in load
resulted in a large amount of slip. At stress of O.6(fh + fz), a value
selected to approximate service load, the slip measured was about .0.07 in.
or four times the 0.016 in. suggested as permissible by the ACI Code.

The use of poor quality concrete with unwashed aggregate would likely result

in severe cracking at service loads.



5. ©PROPOSED DESIGN RECOMMENDATIONS

5.1 Introduction

Because of the observation that anchorage strength increased
significantly as the lead embedment length increased,:two possible
approaches for the design of hooked bar anchorages will be examined.
Approach A is similar to that currently in the ACI 318471 Code and the
modified version developed by Jirsa and Marques [2 ].  Using 'this approach
the strength is determined by calculating a stress which can be developed
by the hook plus an additional straight lead embedment to provide the
difference between‘the hook stress and the stress at the critical sectiom.
~Approach B is based on considering the hook and straight lead embedment

as a unit.

To take the previously observed factors into account in developing
design recommendations, the strength of hooked bar anchorages will agaiﬁ
be divided into three élasses with the distinction between these classes
based on the lateral restraint provided against splitting. A modifica-
tion factor ¥ will be used as defined in the proposed design recommenda-

tions by Jirsa and Marques.

5.2 Apbroach A--Hook and Lead Embedment
Considered Separately ; ’ _

The recommendations by Jirsa and Marques were used, as described in
Chapter 4, to compute the strength of the hooks, fh’ for the specimens
in this study. By deducting fh from the strength measured at failure,
fu’ the additional strength for the straight lead embedment, fL = fu - fh’

was determined. The results were plotted as fL/JfL versus ﬂz/db (Fig. 5.1)
where LZ is the straight lead embedment length and db the bar diameter.

The strength due to the lead embedment can be approximated by the

49
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Fig. 5.1 Proposed values for strength of hooked
bar anchorages using Approach A
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equation

£, = 67(Ly/d, - 3)/E (5.1)

for the specimens with confinement factor = 1.4. Reducing this
equation to add the effect of confinement, and adding the equation for

fh to give the total strength of the anchored bar, fu’ results in

£,=67/1.4 b4, /4, - 3)JE’; + 700 (L - O.Bdb)Jf:

or, equivalently

£ = 550(1 - 0.4d, + 0.8 ﬂlz/db)z,b»ff—’: (5.2)

5.3 Approach B--Hook and Lead
Embedment as a Unit

5.3.1 Length to Be Considered as Embedment Length. Two differ-

ent equations can be derived, depending on how the embedment length is
considered as a variable. First, the embedment length is taken as the
straight lead embedment, ZL’ and the sérength considered is the measured
strength at failure, fu. Figure 5.2 shows fuﬁJEZ plotted against RL/db'
This plot indicates that the strength for the class of specimens with -

b = 1.4 is given by

£ = (350 + 75 Ly/d WE (5.3)
or h
£, = (250 + 54 4 (db)z,b A/jz (5.4)

Second, the embedment length is considered as the straight
lead embedment plus the horizontal projected length of the hook (bend

radii + db) and will be noted as'zdh, Fig. 5.3.
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Fig. 5.3 Standard hook details

The results are plotted in Fig. 5.4 as fuh/fg versus th/db'
A conservative line through the test results with ¢ = 1.4 produces the

following relationship

£,=70 Ly J%TC/db (5.5)
or .
£ = so;bzdh ,\/f';/db (5.6)

5.4 Comparison of Equations

In comparing the equations from Approach A and the two equations
from Approach B, the form of the equations 1is generally the same with
the major difference being the number of terms in each equation. In
each case the stress can be easily calculated as a function of the
straight lead embedment length and the bar diameter. However,‘in prac-
tice the engineer is more often concerned with the length required to
develop the yield stress of the bar rather than the stress the bar can
carry for a given length. From this point of view, the equations of
Approach B are much easier to use, with Eq. 5.6 being the simplest.

Rearranging terms, Edh can be determined directly
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db fu 0.02db £ ‘
= or ———F 1 | (5.7)

£ =
dh 500 7 W
fg ¢ fc

It should be noted that the length given is the total horizontal length
and there is no need to add a length for the hook to determine‘whether

the column can accommodate the hooked anchorage.

As was noted in Chapter 4, many tests showed that at failure the
stress in the bar at the start of the hook was the same as that measured
at the lead end of’the anchorage. In all the tests, the concrete failed
by splitting rather than a pullout failure of the bars. The behavior
suggests that the strength is derived from the splitting strength of the
concrete and it is, therefore, illogical to assume that there is a
significant stress transfer along the straight length of the bar. It
should be noted that for the results of tests by Hribar and Vaskokin
which bond release was provided over the lead embedment length, the
equations of Approach B provide‘a’better estinate df[the’strength than

does Approach A.

Since no tests have been performed on’bars of small diameter with
very short lead embedment length or on bars where the hook is very mear
the crltlcal section, it is difficult to determine what minimum length,
if any, should be spec1f1ed for the hook. The two specimens tested with
Lz/d less than 4 #11 with Lz/d =2.1 (Jlrsa and Marques), and #9 with
Lz/d = 3.9, glve strengths well w1th1n the proposed stresses. A lower
limit is obv1ous1y an embedment 1ength ﬂ dh? not less than the bend

radii plus one bar dlameter (the horizontal projection of the hook alone).

5.5 Design Recommendations

The following recommendations are made for determining the

strength provided by hooked bars embedded in normal weight concrete.

The embedment length z in inches, of deformed bar in tension
terminating in a standard gook shall: be not less-than

0.024; f
by

th
Y, f’c
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In no case shall zdh be less than 8db or 6.in., whichever is greater.

The coefficient P shall be taken as unity unless the following
conditions are satisfied. '

The value of ¥ may be taken as 1.4 if (a) the bar is #11 or
smaller, (b) the total embedment length, L h? is not less than the
minimum bend radii plus an additiomnal embegment of five bar diameters
or 4 in., whichever is greater, (c) the side concrete cover normal
to the plane of the hooked bar is not less an 2.5 in., and (d) cover
on the tail extension is not less than 2 in. '

The value of ) may be taken as 1.8 if the joint is confined by
closed ties at a spacing of 3db'or less ‘and ‘meets the requirements
for i = l.4.

In no case shall the embedment length, th, be less than for
the standard hook. '

No reduction in L. shall be permitted for tail extensions or
bend radii greater than required for a standard hook. For better
control of deflections and cracking, 90 degree hooks are preferable.

5.6 Comparison of Proposed Recommendations
with ACI and Test Results ‘

5.6.1 Embedment Length. The proposed design recommendations

are compared’with ACI 318-71 provisioms in Fig. 5.5, which shows the

required embedment léngth th plotted against bar diameter.

Computed strengths using these,feéommendétions for'the bars

tested in this study and by Jirsa and Marqdes areyliStedkin Table 5.1.
For. the thirty tests,gvailable’in nQrmal weight concrete, the average
ratio of measured to'computed stfenétﬁ/usiﬁg’Eq{ 5.6'was 1.24 with a
standard deviation of 0.20. Compariné’these ratibs with'thoée'tabuiéted
in Table 4.1, it can be seen that the propdsed equations give a better
indication of strength than does the current ACI Code (average 1.45,
standard deviation 0.23) and the proposal of Jirsa and’Marques (average

1.36, standard deviation 0.16).

5.6.2. .Slip Measurements at Working Stress Levels. 1In addition

to the computed to measured strength ratios, Table 5.1 also lists the

stress corresponding to 0.6 of the computed strength of the hooked bar
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TABLE 5.1 COMPARISON OF MEASURED AND COMPUTED ANCHORAGE STRENGTHS
USING PROPOSED DESIGN RECOMMENDATIONS (NORMAL WELGHT

CONCRETE)

Confinement Measured Meas. Lead

Specimen Value Stress at Computed Meas 0.6 Comp Slip at

i Failure Stress Comp  Stress 0.6 Comp.

ksi ' ksi in.
J7-90-15-1-H 1.4 91 70.5 1.29 42 0.009
J7-90-15-1-M 1.4 100 73.9 1.35 Lt 0.009
J7-90-15-1-L 1.4 97 72.1 1.35 43 0.008
J7-90-12-1-H 1.4 62 51.5 1.20 31 0.012
J7-90-15-2-H 1.4 99 71.7 1.38 43 0.010
J7-90-15-2-M 1.4 95 71.7 1.33 43 0.014
J7-90-15-3-H 1.4 104 70.9 1.47 43 0.009
J7-90-15-3a-H 1.8 98 81.9 1.20 49 0.011
J7-90-15-4-H 1.0 73 49.8 1.46 30 0.005
J7-180-15-1-H 1.4 87 65.8 1.32 40 0011
J7-180-12-1-H 1.4 61 52.8 1.15 32 0.012
9-12 1.0 47 30.4 1.55 18 0.004
9-15% 1.4 43 49.7 0.86 30 0.086
9-18 1.4 T4 68.1 1.09 41 0.016
9-21%. 1.4 59 70.7 0.83 42 0.107
11-15 . 1.4 50 47.4 1.05 28 0.014
11-18 1.4 58 54.5 1.07 33 0.020
11-21 1.4 73 68.0 1.07 41 0.025
11-24 1.4 77 70.8 1.09 43 0.019
J11-90-15-1-H 1.4 48 45,2 1.06 27 0.012
J11-90-15-1-L 1.4 52 : 445 1.17 27 - 0.014
J11-90-12-1-H 1.0 42 24.1 1.75 15 0.002
J11-90-15-2-H 1.4 49 45.6 1.07 29 0.011
J11-90-15-2-L 1.4 53 43.3 1.22 32 0.020
J11-90-15-3-L 1.4 62 44.9 1.38 27 0.016
J11-90-15-3a-L 1.8 69 58.7 1.18 35 0.012
J11-90~15-4-L 1.0 44 29.5 1.49 18 0.003
J11-90-15-5-L 1.8 66 45.6 1.45 27 0.020
J11-180-15-1-H 1.4 45 42.8 1.05 26 0.016
J11-180-15-1-L 1.4 50 42.6 1.17 26 0.005
Average 1.24
Iy 0.20

#Poor concrete quality.



59

anchorage and the lead slip measured at a stress level of 0.6 of the
computed strength. The reason for these comparisons is to give an
indication of the possible crack width at the beam-column joinﬁ due to
slip of the anchorage at service loads. The limit for crack width sug-
gested in the ACI Code Commentary (Sec. 10.6) is 0.016 in:. Thé figures
indicate that, except for Specimens 9-15 and 9-21, only five specimens
had a slip greater than 0.016 in. at the assumed service load stress,
with the largest slip being 0.025 in. In each case, a #1l1 bar was tested
~with a low level of axial load (700 to 800 psi) applied to the columns,
and in two cases the computed stress is greater than the yield stress of

the bars tested.

In evaluating the proposed design recommendations,; those recom-
mended by JirséAand Marques, and those contained in ACI 318-71, it is
evident that thé main gaﬁtin the experimental results is,the lack of
data for bars with the start of hook located at the critical Section and
bars with a minimum amount of cover. In addition, data are needed to
determine the confinement chafacteriétics of bars embedded im:”méss
concrete." Based on the current data available, it appears that design
procedures can be adjusted to reflect realistically the strength of
hooked bar anchorages considering the hook and the straight 1ead’embed—

ment as a unit.

5.7 Modification of Design Recommendations
for Lightweight Concrete

Table 5.2 lists the lead bar stress at failure (fﬁ) for ﬁhe
eight lightweight specimens and the computed strength using Eq. 5.6.
Ratios of measured to computed bar stresses at failure are tabulated.
No reduction was applied -to compﬁted;strengths to account for the effect
of lightweight concrete. The ratios of measured to computed stresses at

failure varied from 0.85 to 1.07 for #11 bars and from 1.05 to 1.15 for
#7 bars. ‘
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Because the average ratio of measured to computed strength is
lower for the lightweight specimens (1.01) as compared with the normal
weight specimens (1.24 from Table 5.1), an adjustment for lightweight
concrete is needed to make the ratios for both materials coincide more
closely. It should be noted that there is no tendency for all-lightweight
specimens (AL) to.give lower values than those with all fines.replaced by
sand (AS). Because the number of tests was small, it was decided to pro-
pose one factor covering all mixes with lightweight aggregate. As dis-
cussed previously, it appears that the behavior may be significantly

determined by the characteristics of the coarse lightweight aggregate.

Using this approach, the adjustment factor  for lightweight
concrete was calculated as O = 1.01/1.24 = 0.82. Because the equation

for ld involves the inverse of §, the term was changed to 0.83 which

h
results in a 20 percent adjustment for lightweight concrete.

The design recommendation proposed previously, Eq. 5.6, is

modified by the coefficient { to produce the following equation:
= I
fu 50 KZZdh fc/db (5.8)

where £ = 0.83 and ¥ is as defined in Chapter 4.

Table 5.2 shows computed anchorage strengths using the modified
design recommendations (Eq. 5.8) and the ratios of measured to computed
strength. The ratios of measured to computed stresses obtained using
the proposed design recommendations vary from 1.02 to 1.38? with an average

ratio of measured to computed strength of 1.22, and with a standard

deviation of 0.13. The measured lead slip at a value of lead bar
stress equal to 0.6 of the computed anchorage strength is also given,
and as can be seen all specimens are below or very near the suggested

limit for crack width of 0.016 in.

With the modification for lightweight concrete, the proposed
method for predicting the hooked bar anchorage strengths requires the

use of one equation to obtain the required strength and embedment
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1ength, whereas the ACI 318-71 Code procedure requires the use of a table
to obtain the stress developed by the hook while the remainder of the
stress required by the anchorage must be supplied by a straight lead
embedment. The lead embedment is obtained by means of a second equation
that must be adjustéd to reflect the type bfilightweight aggregate con-
crete used. The simplicity of application of the proposed method is
obvious. In addition, ambiguity regarding lightweight concrete is

eliminated.



6. SUMMARY AND CONCLUSIONS

6.1 Test Program

In order to investigate the influence of straight lead embedment
and lightweight concrete on the stfength ofkhooked bar anchorages, six-
teen specimens were tested. These speciméns and the method of testing
were patterned after a previous study of hooked bar anchorages so that
direct comparisons could be made. The lead embedment 1ength varied
with the depth of the cdlumn in which the bar was embedded. The bars
were loaded in tenéionkto failure to establish basic strength and stiff-
ness characteristics. The slip of the anchored bars with respect to the
concrete and stress transferred to the concrete alongkthe bars were

measured.

The results of the test progfam and. the results of previous
tests were combined to‘develop a relatively simple relationship between
the embedded léngthyof a hooked bar and strength. Using the relation-
ship developed for strength, the performance of the anchored bars appears
to be within acceptable limits of serviceability as set by the

ACI 318-71 Code.

6.2 Conclusions

Based on the evaluation and discussion of test results from
this and previous studies of hooked bar anchorages, the following

conclusions can be made:

(1) A failure hypothesis was developed which appears to explain
the basic behavior of hooked bar anchorage. ' The' failure of a
hooked bar is governed primarily by a loss of cover rather
than by pulling out. Stress measurements indicate that at

failure of the concrete very little, if any, stress is
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transferred to the concrete along the straight lead embedment

for small ratios of lead embedment to bar diameter.

(2) The principal factors affecting anchorage capacity are the
length of embedment and the degree of lateral confinement of

the joint.

(3) Replacement of lightweight aggregate fines with sand fines does
not seem to significantly affect the stréngth of hooked bars
anchored in lightweight aggregate concrete based on the eight
tests reported. More studies are requifedkto confirm this
finding. A characteristic of lightweight aggregatg possibly
the’crushing strength of the coarse aggregaté, seems to be of
major importance insofar as the stfength of hooked bar anchor-

ages is concerned.

(4) The equation
' L
can be used to adequately predict the strength developed by a
hooked bar. This equation reflects the principal factors
affecting anchorage capacity and the fact that the straight

lead embedment and the hook act together as a unit to develop

the strength.

(5) Research is needed to examine the significance of lateral
reinforcement in relation to the straight lead embedment.
Research is also needed to establish the strength of hooked
bars with short embedment lengths in mass concrete. Data are
also needed for bars of small diameter with hooksklocated near
the critical section and for groups of closely spaced bars. The
results of the limited study,réported herein only provide an
indication of the anchorage strength for a high degree of

confinement.
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6.3 Design Recommendations--Model Code
Clause for Standard Hooks

6.3.1 The embedment length 2 . in inches, of deformed bars in tension

dh
terminating in a standard hook shall be computed as the product of the

basic embedment length from Sec. 6.3.2 and the applicable factor or
factors in Sec. 6.3.3, but th shall not be less than 8db or 6 in.,

whichever is greater.

6.3.2 The basic embedment length shall be computed by:

L =

0.02 4, f
ih - ——— P

JE

7

c

6.3.3 The basic embedment length shall be multiplied by the applicable
factor or factors for:

6.3.3.1 #11 bars or smaller with side cover normal to the plane of the
hooked bar not less than 2-1/2 in. and cover on the tail extension of

not less than 2 in. e e . . . 0.7

6.3.3.2 #11 hooked bars or smaller with side cover of not less than
2-1/2 in., tail extension cover of not less than 2 in., and enclosure

by closed stirrups or hoops at a spacing of 3db or less. e .« . . 0.5

6.3.3.3 Lightweight aggregate replacing all or a portion

of the aggregate. .o« . .. 1.20

6.3.4 Hooks shall not be considered effective in compression.
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