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Abstract

Small —scale models of reinforced concrete beam --column joints and anchorage —bond specimens were
subjected to large cyclic displacements at two rates, To assess damage, free vibration tests were conducted,
The reliability of the modeling techniques was established by comparison of the results for the slower
rate with those obtained from the full-scale tests on prototype. The higher rate of loading caused
a greater damage than that at the slower rate. This was evidenced by the measurements of the stiffness
obtained from the free— vibration test. The relatively greater extent of damage appears to result from
the different bond behavior at different rates of loading.

1s based primarilv on the experimental results
of structural elements and assemblages subjected
to cyclic loading at the quasi-static loading rates

1. INTRODUCTION

The current practice for design of reinforced
concrete structures subjected to earthquake loading

[1, 2]. These rates are substantially lower than
those corresponding to the frequencies of seismic
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excitation, A few studies which have been conducted
to ascertain the influence of dynamic rates of
loading present somewhat conflicting evidence
(3,4 1.

In this study, small—scale model reinforced
concrete beam — column joints and anchorage — bond
specimens were subjected to cyclic loading at
two different rates. The reliability of the modeling
techniques was established by comparing the
results of the test at the slower rate with those
of the full—scale tests conducted by previous
investigators[ 5, 6,7 ]. Several different parameters
were examined to evaluate the differences due
to the rate of loading.

BEAM —COLUMN JOINT SPECIMENS
Test Specimen

Three identical beam—column joints (Fig. 1)
were fabricated. The first specimen was for the
preliminary test to determine the yield displacement
and to check the instrumentation. The second
specimen was subjected to cyclic loading at the
frequency of 2.5 x 107 Hz(slow rate) while the
third specimen was tested at the frequency of
1.0 Hz(fast rate). The details of column design,
beam design and joint design are given in Table
1.

(0.1718"d1a.)

i

%
L2 ]

Fig. 1 Model beam —column joint specimen design

Specimens were horizontally cast in waterproofed
plywood forms. Reinforcing steel cages were
assembled according to the applicable specifications
of the AC1 Building Code [8]. Stirrups in the
joint were fabricated as per ACI—ASCE Joint
Committee 352 Recommendations [9]. They were
tied by 20—gage annealed wires (D=0.0320"")
to the longitudinal reinforcement. A dimensional

tolerance of less than 5% was achieved in the
construction of the specimens,

Concrete was compacted with an electric vibrator,
Specimens and cylinders were tested after 28
days of curing in a 96% relative humidity and
80°F environment

Material Properties

The properties of the three types of steel rein-

Table 1a. Comparison of column design between model and prototype

(i) (in) (psi) (psi) (in) (in)
size column main steel tie shear stress | allowebie | tie space | tie space
(BXD) length size(in?) ratio(%,) | bar " vy=Vu/¢bd Ve | required used
| Po8x]2 60. 4#6(1.76) 2.20 #2 239.0 155.0 6.0 2.25
M J 3x3 J 12. 4%#2(0.20) ,  2.50 D1 181.5 184.0 8.4 0.60
Table tb. Comparison of beam design between model and prototype
(in) (in) (in*) (in*) (kips)
‘ size | column friiwmqinisgeel size | 5@(39) o stirrup max. beam shear force ‘
i | (bx} length | top bott. top bott. o calculated measured
P | 38x10 310 | 286(0.98) 265(0.72) | 1.23 1.0 #2(0.05) 169 152
M 2x3 1 135 1 2D25(.05) | 2D2.5(.05) 0.84 0.9 DI(.0083) 0.776 0.725
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(in) (in) (in) (in) (in)
max.beam shear stress | allowable | tie space | max. | tie space
calculated | measured Ve required | (d/4) used

Pl 2470 221.0 129.0 4.13 2.0 2.0
M|  169.0 158.0 126.0 77 0.675 0.6

(lin=25.4mm, 1kip=4448N, 1ksi=6895kpa)
P=prototype
M=model

Table lc. Comparison of joint design between model and prototype

(in) (in) (kips) (ks) (ksi) (in)
core tie joint shear force pint  shear stress allowable tie bar spacing
size bar V,=Ts—V, col Ve Vi gbd Ve required used
P | 7.X86x9.64 #2(.05) 67.5 1.18 0.306 2.2 1.75
LM | 14x24x24! DI(0083) 3.38 0.74 0.371 0.91 4

forcement used for beam(D2.5 bar) and column
longitudinal reinforcement ( #2 bar) and for shear
reinforcement (Dl bar) are given in Table 2,

Mix proportions of concrete are also given in
Table 2. Three 3 x 6 cylinders were cast and
cured simultaneously with each specimen and
subjected to uniaxial compressive loading on the
same day the beam—column subassembly was
tested. Average modulus of elasticity (secant
at 045 f.") was 3.0 x 10° psi and the average
compressive strength was 4000 psi.

Loading Procedure

A reaction frame was built around the speci-
men—column to transfer the loads to the MTS
supporting steel columns (Fig. 2). The specimen-
—column was subjected to a 8.0 kips applied

Table 2. Comparison of material properties between model and prototype

Reinforcement (1 ksi=6895 kpa)

frame load during the testing. This load was
approximately 50% of the balanced design load
of the column,

After a predetermined loading history, the cyclic
loading was interrupted and free vibration tests
were conducted. A displacement corresponding
to the 10% of the vield displacement was imposed
by the loading ram, This displacement was allowed
to dampen out by suddenly cutting the wire connecting
the beam—end at the loading ram.

The loading schedule imposed at two different
rates on the two specimens is shown in Fig. 3.
The displacement ductility ratio is defined here
as the ratio of the displacement of the beam
at the load —point at any stage in testing to the

corresponding  displacement at the initial yield
of the beam longitudinal steel under positive shear.

* not measured
¥k not reported

| Specimen Type No. of bar fy, xsi) &y(X107%) Eq(ksi) Omax(ksi)
Beam-column D2.5 85 3.2 28800 93.0
joint and
Model anchorage- #2 68 2.4 28000 *
bond
specimen D1 40 1.7 23500 *
Beam —column #6 52.7 2.0 28200 84.8
joint
Prototype ‘ specimen #2 42.6 * * *
! Anch.-bond #6 45 1.55 29000 79.0
specimen .
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Concrete
. . o Mix proportions(wt
Specimen Test cylinder £ (ksi) Max. aggregate DIopO wt)
) cement aggregate water
Model 3—37 %6 4.0 3/167 1.0 4.0 0.59
Beam-col R " ‘
3—47 X8 4.0 3/8 1.0 6.1 0.50
. prototype )
Anch .-bond 6 X197 53 . ‘
. ok ok :
prototype " l =
il | e | (1in=25. 4um)
. alo]. /Lé:;;:::z:z: x| et
;T - ol Specimen. ]
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Fig. 2 Sideview of beam —column joint specimen
test set—up

The vield load and corresponding displacement
as measured during the preliminary test were
approximately 650 lbs and 0.2 in., respectively.

The instrumentation was designed to monitor
the behavior of the specimens during the test
by providing a continous time record of applied
load, displacements and acceleration. The load
was measured by a LEBOW Model 3157 load —cell
attached to the MTS actuator (Fig. 2) while
the acceleration during free vibration test was
measured by an Endevco Model 7265—A—HS
accelerometer attached to the tip of the beam.
To measure the average rotation of beam hinging
region, two linear variable differential transformers
(Schaevitz Model 500 MHR LVDT) were positioned
on the top and bottom of the beam near the
column., They measured displaccements over a
gage length equal to the depth of the beam.
The analog signals from the various measuring

devices were conditioned, amplified, and digitized
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Fig. 3 Load—deflection diagram for beam —column joint
specimen(f=2.5% 107 Hz)

Fig. 4 Load—deflection diagram for beam —column joint
specimen(f=1.0 Hz)

using an A7 D converter and then recorded n

a computer based storage system (ISAAC 2000)

The real time load vs actuator displacement was

also recorded on an X —Y plotter.

Test Results
The load — deflection hysteresis curves as measured
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by the x—y plotter are shown in Fig, 3 for the
slow rate test and in Fig. 4 for the fast rate
loading test. From these two sets of curves and
corresponding cyclic envelope curves shown in
Figs. 3 and 4 it can be seen that the maximum
load carrying capacity of the specimen is somewhat
higher at the higher rate of loading. However,
the damage induced by the cyclic loading seems
to be higher for the faster rate of loading. This
is evidenced in the sharper drop after the peak
of the envelope curve for the faster rate of loading,
The relatively greater extent of darr;age caused
by the fast rate of loading was also evidenced
by the results of the free vibration tests shown
in Fig. 5.

During the 4th loading stage, one of the top
steels of the beam fractured during the second
negative cycle for the slow rate test. For the
specimen tested at the faster rate of loading,
all the top steel fractured during the same loading
cycle.

Developments of major cracking in the model
were also observed. It can be seen in Fig, 6a
for the slow rate test and in Fig. 6b for the fast
rate test,

Stiffnessiib/ia)

log

10000,

——— ge2.5x1070

Hz

1000}

(1 1b/tn = 1,748 N/cm)
~ Ductilicy
~ racio

1.5 2.0 ) ) S

100

Fig. 5 Stiffness degradation measured from beam —column
joint

Comparison with a Prototype

In order to evaluate the validity of testing
small —scale models, the results of the specimen

No. 6 tested by Scribner and Wight [5]. The
dimensions of their specimen and the design of

* Number of scage.

B2 B8I%Y

Fig. 6a Failure mode(f=25x 10" Hz)

&)

Fig. 6b Failure mode(f=1.0 Hz)

TR

Fig. 6¢c Failure mode(prototype)

their column, beam and beam —column joint are
compared with the model specimen in Table 1.

The cycdlic envelope curve obtained from the
results of the specimen tested by Scribner and
Wight is compared with the one obtained from
the present investigation in Fig. 7. For comparison
purposes the model loads and deflections were
normalized according to the similitude requirements,

Development of major cracking in the model
was also observed to be similar to that for the
prototype (Fig. 6¢). The regions of the columns
away from the jint showed no cracking or degradation,
Both beams showed primarily flexural cracks
as can be seen in Figs. 6a and 6c.
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ANCHORAGE BOND TEST

By comparing crack patterns reproduced in
Fig. 6a and 6b, it was observed that flexural
cracks were widely distributed for the specimen
tested at the slow rate, In contrast, for the fast
rate, the damage was essentially due to a single
wide crack observed at the face of the column.

This indicates that the observed rate effect may
be related to the transfer of forces between reinforcing

bars and concrete.

Losa(iiips)
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12+ G
z /
) (1 ktp » 4bkB N, 1 fn = 25.4 mm)
e f ——e Load-dcflection cyclic envelope
turve of prototype
« ==~ Normalized load-deflection cvzlic
4 envelope curve of model
(£22.5x10~3 Hz)
Deflection (in)

Q 1 2.0 3.C

Fig. 7 Comparison of load —deflection curve between prototype
and model(beam —colunm joint)
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Fig. 8 Model anchorage —bond specimen design

Loading Procedure

A structural framework was required around
the MTS supporting steel columns to act as a
reaction frame, The enlarged block of the specimen
was subjected to a | ksi applied compression
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stress to simulate a column during the testing,
The complete sideview of this test set—up is
shown in Fig, 9.

The loading schedule imposed at two different
rates{2.5%10° Hz and 0.5 Hz) on the two specimens
is shown in Fig. 10. At the higher rate, the expected
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Fig. 9 Sideview of anchorage—bond specimen
test set—up

displacements were not reached due to the mechanical
limit of the testing machine. The maximum
amplitude was about 80% of the expected value
at each stage.

In addition to the instruments used in beam —column
joint specimen tests, two more LVDT's were positioned
on the end of the reinforcements inside the enlarged
end block. They measured the end slip of the

longitudinal reinforcements.

Test Results

Load —deflection curves of two specimens are
shown in Fig. 10 for the slow rate test and in
Fig. 11 for the fast rate test. The ultimate load
of fast rate test was higher(about 25%) than
that of slow rate test. This result is similar to
that beam —column joint specimen test result.

Although the expected displacements were not
reached for the fast rate test, the failure of test
specimen occurred after about the same number
of cycles as that for the slow-—rate test, This
indicates that the specimen subjected to fast rate

of loading can sustain a smaller magnitude of
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cyclic excursion than the specimen subjected to
slow rate of loading.

Failure modes compared in Fig, 12 were also
observed to be similar to that for the previous
beam —column joint specimens. Flexural cracks
were more concentrated and developed more rapidly

Model

= === Prototype
{narmalizea)

(11b=4.4448%)

Fig. 10 Load —deflection diagram for anchorage —bond specimen
(f=2.5%10° Hz)

Load | (1b)

(11hste 6452

Deflectton

[
“any

"

Fig. 11 Load —deflection diagram for anchorage - bond specimen
(f=0.5 Hz)

for the fast rate test than for the slow rate test.

No end slips were observed at the fast rate
test during testing. On the other hand, 0.0005"
“—0.0006"" of end slip were observed at the last
stage (cycle 22 —27) for the slow rate test specimen.
This indicates that the bond stresses were transferred
to the end of the embedded longitudinal reinforcement
more effectively for the slow rate test than for
the fast rate,

Comparison with a Prototype

The results of the specimen tested at the slow

rate were compared with specimen 66 —32 —RV5—60
tested by Brown, Ismail and Jirsa [6, 7]. The
material properties of prototype are shown in
Table 2. The dimensions of prototype are four
times to that of model (L,=4.0). The section
area of longitudinal reinforcement is approximately
square of length scale factor (A,=Lz2=16.0).

* Loading stage nuober

15 by o

Fig. 12a Failure mode(f=2.5X 10" Hz)
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Fig. 12b Failure mode(f=0.5 Hz)
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Fig. 13 Comparison of bond stress distribusion on reinforcement
between static and high rate Loading test
(from ref.10)
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The cyclic curve obtained form the results
of the prototype specimen is compared with the
one obtained from the model slow rate test in
Fig. 10. For comparison purposes the prototype
loads and deflections were normalized according
to the similitude requirements.

CONCLUSIONS

From the load —derlection curves reported in
Figs. 3, 4, 10 and 11 it was observed that the
ultimate load for the specimen subjected to fast
rate was about 20—25% higher than that for
the slow rate but the degradation during the
cyclic loading was greater for the fast rate. This
was also evidenced from the results of the free
vibration tests reported mn Fig. 5.

By comparing crack patterns and end slips
of longitudinal reinforcement it was observed
that flexural cracks were widely distributed and
0.0005"— 0.0006”" end slips were obtained for
the specimen tested at the slow rate. In contrast,
the damage was due to a single wide crack observed
at the face of the column and no end slips were
obtained for the fast rate test specimen. This
indicates that the observed rate effect is essentially
related to the transfer of forces between reinforcing
bars and concrete, 1t is likely that the first flexural
crack in the beam developed at the face of the
column for both specimens. However, because
of the more efficient load —transfer occurring
at the slow rate, additional cracking progressively
developed at sections further away from the column
face. Some support for such an argument can
be obtained from the results reported by Takeda
[10]. He studied the rate effect on the bond
stress distribution on deformed bar during a pull —out
test. Some of his results are shown in Fig. 13.
The bond stress distribution at two different rates
are shown, It can be seen that bond stresses
are more localized at the higher rate.
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