Tests on Connections

of Earthquake Resisting
Precast Reinforced Concrete
Perimeter Frames of Buildings

José . Restrepo, Ph.D. |

Post-Doctoral Fellow
Department of Civil Engineering
University of Canterbury
Christchurch, New Zealand

Robert Park, Ph.D.

Professor of Civil Engineering
and Deputy Vice-Chancellor
University of Canterbury
Christchurch, New Zealand

Andrew H. Buchanan
Ph.D.

Associate Professor
Department of Civil Engineering
University of Canterbury
Christchurch, New Zealand

44

Moment resisting frames located at the
perimeter of buildings are often designed to
provide the required earthquake resistance
for the building. In some countries, these
frames are often constructed incorporating
precast reinforced concrete elements that are
connected with cast-in-place concrete joints.
The aim of such construction is to emulate
the behavior of conventional cast-in-place
reinforced concrete structures. Such
construction incorporating precast concrete
elements requires demonstration that the
structure shows levels of stiffness, strength,
ductility and energy dissipation character-
istics that are at least equal to those of the
emulated monolithic system. This paper
presents results of tests on six sub-
assemblages typical of perimeter frames.
Four units were connected at the beam
midspan. The two remaining units had the
connections at the beam-to-column joint
region. The subassemblages were tested
under quasi-static cyclic reversed loading. The
results show that the connection detail can be
successfully designed and constructed to
emulate cast-in-place construction.
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recast reinforced concrete sys-

tems with cast-in-place con-

crete joints designed to behave
as a cast-in-place reinforced concrete
structure have been used in the con-
struction of earthquake resisting multi-
story buildings in New Zealand for
many years."** These precast concrete
systems are designed to have levels of
strength, stiffness, ductility and energy
dissipation characteristics at least
equal to those of an equivalent cast-in-
place concrete system.

The main design trend in New
Zealand for buildings between 9 and
25 stories high, when using frames in-
corporating precast reinforced concrete
elements, is to resist most of the earth-
quake induced forces using ductile mo-
ment resisting perimeter frames. The
preferred mode of plastic deformation
in the design of such frames is the
beam sidesway mechanism.'

Perimeter frames used in buildings
of 9 stories or more generally consist
of relatively stout elements. The clear
span-to-overall depth ratio for beams
ranges from 3 to 6. For columns above
the first story of the building, the clear
height-to-overall depth ratio varies be-
tween 2.5 and 4. Precast concrete sys-
tems commonly used in New Zealand
in the construction of perimeter frames
are shown in Fig. 1.

Precast concrete systems for
perimeter frames have been designed
using design requirements* for cast-in-
place construction. Those design rules
have been extrapolated by designers
to include connections between pre-
cast concrete elements where neces-
sary. Details of the construction and
design of these systems are given
elsewhere."?’

A series of tests was carried out at
the University of Canterbury. The pre-
cast concrete systems tested are repre-
sentative of those shown in Fig. 1.
This paper presents the results of the
experimental investigation.’

TEST PROGRAM

The experimental program focused
on connections between precast con-
crete subassemblages of perimeter
frames. A feature of beams of perime-
ter frames is that the bending moment
due to gravity loading is small com-
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pared with that arising from seismic
actions. Thus, as Fig. 2 illustrates, the
point of contraflexure remains very
close to midspan.

Six subassemblages of frames with
various connection details between
precast concrete elements were sub-
jected to quasi-static cyclic reversed
loading. Details of the six subassem-
blages, referred to as Units 1 to 6, are
shown in Figs. 3 to 8.

The design of the subassemblages
followed the recommendations of the
New Zealand standard for the design
of concrete structures, NZS 3101:
1982,* except for the connection re-
gion. The units were representative of
a 10-story frame that was designed
using capacity design* to form a beam
sidesway mechanism.

Details of Units Connected
at Midspan of Beams

Four H-shaped units, Units 1 to 4
shown in Figs. 3 to 6, had cast-in-
place concrete connections at the
beam midspan and represented typical
connections in beams of Systems 2
and 3 (see Fig. 1). A clear span-to-
overall depth ratio of 3 was chosen for
the beams of these units, which is the
smallest aspect ratio of beams in pre-
cast concrete perimeter frames en-
countered in practice.

In Units 1, 2, and 3, plastic hinges
were expected to develop in the beam
at the column faces. The midspan con-
nections contained different details.
The main objectives of these tests
were to:

1. Evaluate the performance of
rather short connection details in
transferring the forces at the beam
midspan.

2. Observe the effect of the connec-
tion detail on the overall response of
the subassemblage.

3. Study the effects of the proximity
of the lap splices and the construction
joints to the critical regions when plas-
tic hinges form at the ends of the
beams.

Unit 4 had a midspan connection con-
sisting of diagonal reinforcement and
bolted steel plates. Inelastic deforma-
tions were expected to concentrate in the
diagonal reinforcement. The main objec-
tives of the test on this unit were to:
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Fig. 1. Details of commonly used
systems for construction of perimeter
frames in New Zealand designed for
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1. Study the effect of the bolted
steel connection on the overall perfor-
mance of the subassemblage.

2. Observe the region around the
bends of the diagonal reinforcement.

In accordance with the New Zealand
(NZS 3101:1982)* and American Con-
crete Institute (ACI 352-89)° standards
for the design of concrete structures,
no part of the splice of the longitudinal
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reinforcement in the beam is permitted
to occur within a distance of 2d from
the column face when plastic hinges
are expected to develop in the beams
at the column faces. Hence, the clear
span of the beam has to be at least
4d + [, where d is the effective depth
of the beam and /; the splice length.
Units 1, 2, and 3 deliberately contra-
vened this requirement.

For beams with equal amounts of top
and bottom longitudinal reinforcement
when the nominal shear stress in the
plastic hinges exceeds 0.3,/ f.”, NZS
3101:1982* requires that diagonal rein-
forcement be used. The intent of this
requirement is to avoid an early loss of
energy dissipation capability caused by
sliding shear along vertical cracks in
the plastic hinge rather than by the de-
sired flexural (plastic hinge) behavior.

The nominal shear stress is defined
by NZS 3101:1982* as the shear force
corresponding to the development of
the flexural overstrength in the critical
regions of the beams (which is equal
to 1.25 times the nominal flexural
strength) divided by the width of the
web and by the effective depth of the
beam. The nominal flexural strength is
computed using the amount of longitu-
dinal steel as detailed and considering,
if appropriate, a fraction of the slab
reinforcement.

The critical region in the beam of
Unit 4 had a nominal shear stress
equal to 0.58\/f.’ and, hence, required
that diagonal reinforcement be used.
The nominal shear stresses in the criti-
cal regions of Units 1, 2, and 3 were
very close to the imposed limit, as is
often the case in beams in the lower
stories of perimeter frames in New
Zealand, and, hence, were not required
to have diagonal reinforcement.

For Unit 1, the midspan connection
consisted of overlapping 180-degree
hooks with the overlap commencing at
1.46d from the column face (see Fig.
3). Four short transverse rods of the
same diameter as the longitudinal
beam bars were placed in contact with
the inside of the bends of the hooks to
improve the anchorage conditions. The
stirrups that surrounded the connection
in the cast-in-place concrete joint were
capable of transferring the maximum
beam shear force associated with the
development of the flexural over-
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strength at the beam plastic hinges,
which is the result of a lower bound
approach using strut-and-tie models.’

Unit 2, shown in Fig. 4, was con-
nected at midspan using double 90-
degree hooked “drop in” bars. The
overlap of the reinforcement of this
connection detail commenced at 1.23d
from the column face. As in Unit 1,
short transverse rods were tied in con-
tact with the inside of the hooks of the
lapped bars. Two-thirds of the beam
longitudinal bars were spliced using
this detail at midspan and one-third of
the beam longitudinal bars were termi-
nated and anchored within the precast
concrete members.

This curtailment was deliberately
made to observe the effects of higher
stresses in the longitudinal steel, up to
yielding, in the connection region. The
five stirrups surrounding the connec-
tion region were capable of transfer-
ring 80 percent of the maximum beam
shear force associated with the devel-
opment of the flexural overstrength at
the beam plastic hinges.

In Unit 3, the midspan connection
detail consisted of non-contact
straight lap splices commencing at
1.27d from the column face (see Fig.
5). As for Unit 2, only two-thirds of
the longitudinal bars were spliced at
midspan. The lap length for the
spliced bars, in terms of the diameter
of the spliced bars, d,,, was 23d,,. This
length was obtained using the pro-
visions in NZS 3101:1982* and
ACI 318-89,° considering the direc-
tion of casting of the concrete or “top
bar” effect and the beneficial effect of
the transverse reinforcement sur-
rounding the lapped bars. The trans-
verse reinforcement in the connection
region was calculated following the
recommendations given by Paulay.’

The detail used in Unit 4 (see Fig. 6)
has occasionally been used in New
Zealand when diagonal reinforcement
is required in the plastic hinge regions.
Because it is difficult to detail diago-
nal reinforcement in the potential plas-
tic hinge regions at the ends of very
short beams of perimeter frames, it has
been proposed® to relocate the plastic
hinges and detail the reinforcement in
the beam similarly to a diagonally re-
inforced spandrel beam of coupled
structural walls.
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Fig. 5. Reinforcing details of Unit 3. Note: Dimensions in mm; D = deformed bar
diameter; R = plain bar diameter; 1 mm = 0.0394 in.

In the particular case of Unit 4, the
connection detail was scaled from an
actual structure. The beam of Unit 4
was designed using a simple truss
model proposed by Buchanan.* The
aim of this detailing is to confine the
inelastic deformations to within the
beam midspan region and prevent plas-
tic hinges from forming at the beam
ends, where the maximum bending
moment occurs in the beam. The diag-
onal bars were MIG-welded to 16 mm
(0.63 in.) thick steel plates at midspan.
The midspan connection was achieved
by bolting a sandwich 20 mm (0.79
in.) thick steel plate between the 16
mm (0.63 in.) thick steel plates using
high strength friction grip bolts.

Details of Units Connected at the
Beam-to-Column Joint Region

A second series of units was con-
structed and tested to evaluate the per-
formance of two different details for
connecting precast concrete beam ele-

ments and cast-in-place concrete
columns in the beam-to-column joint
region. The two test specimens, Units
5 and 6, were of cruciform shape, ex-
tending from midspan to midspan of
beams and midheight to midheight of
columns (see Figs. 7 and 8).

These units were typical of compo-
nents from the upper levels of a
perimeter frame with beams having a
clear span-to-overall depth ratio of
4.6. Both units had identical dimen-
sions and were designed to develop
plastic hinges in the beams at the col-
umn faces. Unit 5, shown in Fig. 7,
was typical of System 1 shown in Fig.
I(a). Unit 6, shown in Fig. 8, repre-
sented System 2 depicted in Fig. 1(b).

For Unit 5, the main objectives of
the test were to:

1. Observe the influence of the ver-
tical cold joint between the end of the
precast concrete beam and the column
face when the plastic hinge develops
in this region.

2. Observe the influence of the
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hooked anchorage of the bottom bars
of the beams inside the beam-to-
column joint core.

For Unit 6, the main objectives of
the test were to:

1. Observe the effectiveness of the
grout around the longitudinal column
bars.

2. Observe the performance of the
grouted horizontal construction joint
between the precast concrete beam
and the cast-in-place concrete lower
column.

In Unit 5, the lower portion of the
beams was precast. The precast con-
crete beams were seated on the 30
mm (1.2 in.) thickness of cover con-
crete of the column below. The beam
bottom bars were anchored inside the
core of the beam-to-column joint.
This detail contravened a provision of
NZS 3101:1982° that requires the lon-
gitudinal beam bars that are intended
to be terminated at an interior column
to be passed directly through the core
of the column and terminated with a
standard hook immediately outside
the far side of the hoops enclosing the
beam-to-column joint.
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In Unit 6, the precast concrete beam
incorporated the beam-to-column joint
region. Protruding column longitudi-
nal bars passed through 70 mm (2.8
in.) overall diameter corrugated steel

ducts (similar to those used in grouted
post-tensioned construction) in the
precast beam element and protruded
above the top surface. The precast
beam and the column were connected

Table 1. Measured yield strengths of reinforcing steel.

Reinforcement type and
diameter (mm) Location [y (MPa)
R6 Unit 4 364
R10 All units 356
R12 Unit 3 324
R12 Unit 4 317
R16 Units 1,4, 5, and 6 298
D20 Unit 3 307
D24 Unit 4 320
D24 Units 5 and 6 285
D28 Unit 1, 2, and 4 313
D28 Unit 5 321
HD20 Units 1, 2, 3, and 5 456
HD24 Units 5 and 6 486
HD28 Unit 4 440

Note: 1 mm = 0.0394 in.; 1 MPa = 145 psi.

The 30 x 10 mm straps of Unit 4 had a measured yield strength of 315 MPa.

R = plain round Grade 300 steel (43.5 ksi)
HD = deformed Grade 430 steel (62.4 ksi)
D = deformed Grade 300 steel (43.5 ksi)
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by grouting the corrugated ducts and
the gap between the lower column and
the beam unit.

Note that the grout needs to provide
adequate bond conditions for the verti-
cal column bars. Also, because there
will be a thickness of grout between
the joint hoops and the vertical col-
umn bars, the grout needs to provide
adequate transfer of the transverse
forces from the joint hoops to the col-
umn bars.

CONSTRUCTION OF
TEST UNITS

The precast concrete elements of the
H-shaped Units 1 to 4 were cast in the
horizontal plane but were connected in
the upright position in the test frame.
The precast and cast-in-place concrete
elements of Units 5 and 6 and their
connections were cast in the upright
position. In Unit 5, excessive bleeding
and plastic settlement of the fresh con-
crete was observed in the beam-to-
column joint region after the concrete
set. The combination of these two fac-
tors affected the bond conditions of
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(a) Mlspan joint f Ui 2 efore placing csf-in-pléée

concrete

column joint

(c) Unit 5 before placing cast-in-place concrete in beam-to-

Fig. 9. Construction of the units.

(b) Midspan joint of Unit 4 before pIaCing cast-in-place

concrete

Unit 6

Table 2. Measured compressive cylinder strengths of concrete and grout.

(d) Lowering of precast beam element on to lower column of

Casting Age at test fiorfgat
number Location (days) test (MPa)
1 Unit 1, Precast members 116 29
7 Unit 1, Connection 64 41
3 Unit 2, Precast members 168 33

Unit 2, Connection 48 32
- Unit 3, Precast members 96 38
Unit 3, Connection 21 29
6 Unit 4, Precast members 100 35
Unit 4, Connection 21 B
% Unit 5, Precast beams, lower column 207 41
8 Unit 4, Repair region 32 62
9 Unit 6, Precast beam, beam-to-column joint 183 44
and lower column
10 Unit 5, Beam-to-column joint, beam top 62 27
11 Unit 5, Upper column : 61 43
12 Unit 6, Upper column 20 35
13 Unit 6, Grout 28 63

Note: 1 MPa = 145 psi.
f7 = concrete compressive strength of 100 percent humidity cured 100 mm (3.94 in.) diameter
by 200 mm (7.87 in.) high cylinders
f = grout compressive stength of 100 percent humidity cured 50 mm (1.97 in.) diameter
by 100 mm (3.94 in.) high cylinders
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the top beam bars during the test.

A coat of concrete retarder was ap-
plied to the formwork of the precast
concrete elements at the location of
the construction joints. The retarded
concrete paste was brushed off, so that
the surface of the concrete was clean
and free of laitance, but the surface
was intentionally left smooth with a
total amplitude of about 1 to 2 mm
(0.04 to 0.08 in.) to represent the
worst case scenario encountered
in practice. Normally, a roughness
of total amplitude 5 mm (0.2 in.)
would be sought, as specified by
NZS 3101:1982.*

In Unit 6, the precast concrete beam
was seated on four 10 mm (0.39 in.)
thick shims on the lower column. The
grout for filling the corrugated ducts
in the beam-to-column joint region
was poured down one of the ducts for
the corner column bars after sealing
the sides of the horizontal joint at the
bottom of the precast beam. Outlet
ports at the sides of the horizontal
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joint were shut-off when grout
emerged, indicating that the joint was
filled. Some topping up of the column
bar ducts was necessary to completely
fill them. For this type of construction,
strict quality control of this grouting
procedure is vital to ensure that the

Precast concrete

J - unit

Cast-in-place

1120

L

operation is successfully completed.'? > [-Load
The cold worked regions at the IS e

bends of the diagonal bars in Unit 4 3 Sliding I Hydraulic

were expected to gradually strain age. MeChtYs actuator

Strain aging is known to alter the me- // \ =

chanical properties of the steel.”"’

Some concern has been expressed |._1905 ! 2667 _! 1905 _l

about the possible brittle behavior of
strain aged reinforcing steels that are
subjected to cyclic reversed loading
into the inelastic range in or beside the
affected region.’ For this reason, it was
decided to accelerate the effect pro-

(a) Midspan connection tests

duced by strain aging at the bends of 2 . . 1;!*;—
the diagonal reinforcement. This was f 567x 450 1
achieved by heating the bars to 97°C " reinforced concrete
(230°F) for 12 hours. This is equiva- newe
lent to natural strain aging of 23 ¥
months at 15°C (85°F). leod. o -8
Fig. 9 shows Units 2, 4, 5, and 6 - >
during construction. ;’Cyfz’;‘;/r'c é——— 3
: B 1 J'éii
MATERIALS Loz N
1908 1143 1905 1905

The longitudinal steel reinforcement
was deformed bars with a lower char-
acteristic yield strength* of 300 MPa
(43.5 ksi) for the beams and 430 MPa
(62.4 ksi) for the columns, designated
as D and HD, respectively, in Figs. 3
to 8. Plain round reinforcement with a
nominal yield strength of 300 MPa
(43.5 ksi) was used for transverse rein-
forcement, designated as R in the fig-
ures. Table 1 summarizes the mea-
sured (actual) yield strengths of the
reinforcement used.

The specified concrete compressive
strength at 28 days was 30 MPa (4350
psi) for all units except for the precast
concrete beams of Unit 4 where
35 MPa (5075 psi) concrete was speci-
fied. The concrete was mixed using al-
luvial sand and coarse aggregates. The
maximum coarse aggregate size varied
between 12.5 and 19 mm (0.5 and 0.75
in.). A ready mix supplier provided the

(b) Beam-to-column connection tests

Fig. 10. Loading frames used in test program. Note: Dimensions in mm;
1 mm = 0.0394 in.

* The lower characteristic yield strength is defined
as the value of the yield strength below which not
more than 5 percent of the production tests in each

siz fal, Fig. 11. Unit 2 at end of test.

July-August 1995 51



Al+) INTERSTORY DRIFT
. iy 2 L e
L9 l | ~un number
&t
500 - < oL
=403.6kN ¥
wo -4 & 1.0 f e
S 300 | =
X 0.6
20 S0
+. 100 =
= 3
e 0
<
W -100
1%9)
>. "200
o
E -300
-400
-500
2% %
INTERSTORY DRIFT

—

Fig. 12. Lateral load-lateral displacement response and damage near the end of

testing of Unit 1. Note: 1 kN = 0.225 kips; 1 mm = 0.0394 in.

concrete for the test program.

The cement-based grout for use in
Unit 6 was prepared at the concrete
laboratory of the Department of Civil
Engineering at the University of Can-
terbury. It has been recommended?
that the grouts used to join the precast
concrete members of this system
should possess a compressive strength
that is at least 10 MPa (1450 psi)
greater than that of the precast con-
crete member. The cement-based
grout contained alluvial sand, with a
fineness modulus of 2.15, water, and
shrinkage compensating agents. The
fluidity of the grout measured in the
flow cone test' was between 40 and
50 seconds.

Table 2 gives the measured cylinder
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compressive strengths at the time of
testing of the concrete and grout.

INSTRUMENTATION

The test units were extensively in-
strumented both externally and inter-
nally. A range of displacement trans-
ducers was placed to determine the
main sources of the deformation in the
units, including those occurring in the
connection region or in the smooth
construction joints. Electrical resis-
tance foil strain gauges, demountable
mechanical gauges and clip gauges
were used to measure the strain in the
reinforcing bars in the region of inter-
est of each unit. The applied loads
were measured with load cells at-

tached to the hydraulic actuators. Load
cells were also incorporated in the ver-
tical props at the beam ends of Units 5
and 6. Complete details of the instru-
mentation are given elsewhere.’

TEST PROCEDURE

The H-shaped Units 1 to 4 were
tested using the loading frame illus-
trated in Fig. 10(a). The loading frame
permitted the columns of the test sub-
assemblages to be laterally displaced
at the top while remaining parallel.
This was attained by applying an up-
ward displacement to a double acting
hydraulic actuator at one end while
applying a downward displacement to
the actuator at the other end and ensur-
ing that the lateral displacement be-
tween the top and bottom pin of the
two columns was the same.

Thus, the bending moment produced
in the beam was similar to that ex-
pected in the beams of perimeter
frames of buildings subjected to earth-
quake induced lateral forces (see Fig.
2). Note that a sliding pin was present
at the bottom of one column of the test
units to ensure that elongation of the
beam during loading could occur
unimpeded.

Lateral loading was applied to Units
5 and 6 using the loading frame shown
in Fig. 10(b). During the test, the tops
of columns of the units were laterally
displaced while the pinned ends of the
beams were kept at the same level. No
axial load was applied to the columns.

The test units were subjected to
quasi-static reversed cyclic loading.
The measured displacements were
corrected for any displacements within
the pins of the loading frame.

The cyclic loading was applied to
predefined levels of load or lateral
displacement. The first two cycles
were load controlled within the
elastic range. In these cycles, the
load was applied to +0.75H,, where
H, is the theoretical lateral load ca-
pacity of the specimen calculated
using the NZS 3101:1892* and ACI
318-89° rectangular compressive
stress block for concrete, a bilinear
stress-strain relationship for the
steel, the measured material proper-
ties and assuming a linear strain
variation and a strain of 0.003 in
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the extreme compression fiber.

The first yield displacement, A,
was defined as 1/0.75 times the aver-
age positive and negative lateral dis-
placements measured at the peak of
the first two loading cycles to 0.75H,,.
Then, displacement controlled cycles
were applied in terms of displacement
ductility factors, u,, as follows: two
cycles to u, = £2; two cycles to uy, =
+4; four cycles to u, = +6; and, if pos-
sible, cycles to u, = +8, where U,
= A/A, and A is the interstory lateral
displacement. The above loading his-
tory has been used in quasi-static
cyclic loading tests at the University
of Canterbury for some years.

The displacement controlled cycles
applied to Unit 6 differed from the
above history. In this test, the dis-
placement controlled cycles had two
cycles to i, = £2.4; two cycles to y,
=+4.9; and four cycles to i, = +7.3.

TEST RESULTS

Units 1, 2, and 3 with
Midspan Connections

Fig. 11 shows Unit 2 after testing.
Figs. 12 to 14 show the measured lat-
eral load-lateral displacement re-
sponses of Units 1, 2, and 3 and the
damage near the end of testing. The
lateral load plotted in these figures is
equal to the sum of the shear forces,
Hy and Hy, in each column.

Units 1, 2, and 3 attained the theoreti-
cal lateral load, H,, and showed little
strength degradation up to displacement
ductility factors of at least u, = +6,
which corresponded to interstory drifts
of about 2.5 percent. The pinching of
the hysteresis loops at large interstory
drifts was due to shear deformations in
the diagonally cracked end regions of
the beams as a result of the relatively
small span-to-depth ratio of 3.

The midspan connections of Units
1, 2, and 3 behaved very satisfactorily.
Their proximity to the critical regions
of the beams, and the smoothness of
the construction joints, did not affect
the performance of the units. Relative
vertical shear deformations in the cold
joints accounted for less than 6 per-
cent of the total displacement imposed
to the test units at the end test. Only
minor cracking was observed to occur
in the connection regions.
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The distribution of stresses in the
top beam bars measured by mechani-
cal and electrical resistance strain
gauges in the midspan connection re-
gion are shown in Fig. 15. It is evi-
dent that for the three units, the bars
were adequately anchored at mid-
span. As a result of these tests, the
new Standard for the Design of Con-
crete Structures® now permits lap
splices to commence at a distance d
from the faces of the columns.

Diagonally Reinforced Unit 4

Unit 4 displayed only a limited duc-
tile response, as indicated by the lateral
load-lateral displacement response
shown in Fig. 16(a). At the first cycle to
U, = 2, corresponding to an interstory
drift of 1.6 percent, large splitting
cracks developed between the inner di-
agonal bars and the side longitudinal
bars in the strong regions of the beam at
the commencement of the diagonal re-

inforcement. Fig. 17 shows a plan view
of a damaged region. Note that the addi-
tional strong end bars next to the sides
of the beam are bent outwards.

It has been postulated?®”® that the
main cause for the limited ductile be-
havior of this unit was the presence of
a three-dimensional stress field be-
tween the bend of the diagonal bars
and the beam longitudinal reinforce-
ment in the strong regions that had not
been accounted for during design.
This stress field should be considered
in detail because the additional longi-
tudinal reinforcement in the strong re-
gions and the diagonal reinforcement
lie in different vertical planes (see
Section A-A in Fig. 6).

This is a major difference from simi-
lar beams tested by Paulay and Bull*
that had the diagonal bars and the addi-
tional bars in the beam strong regions
in the same vertical planes. Also, the
bearing conditions at the bend of the
diagonal bars need to be adequate.
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Crushing of concrete at the inside of
the bends was observed in this test.
Unit 4 was repaired, taking into ac-
count the presence of the three-dimen-
sional stress field, to observe the over-
all performance of this connection
detail when properly detailed. The
badly cracked concrete in the beam
around the bend of the diagonal bars
was removed. Extra transverse ties
around the bend of the diagonal bars
were placed, as illustrated in Fig. 18.
The transverse force requiring the
addition of the ties was calculated
based on a three-dimensional truss
model.’ In addition, short transverse
rods were tied in contact with the in-
side of the bend of the diagonal bars to
improve the bearing conditions. Con-
crete with 60 MPa (8700 psi) com-
pressive strength at 28 days was speci-
fied to replace the removed concrete.
The lateral load-lateral displacement
hysteresis loops measured for the re-
paired unit, Unit 4r, and the damage at
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the end of testing are depicted in
Fig. 16(b). A fully ductile response
was attained in this test. The diagonal
reinforcement yielded extensively. No
distress was observed at the bend of
the diagonal reinforcement nor at
welds of the bolted connection. The
unit displayed a rather large lateral
overstrength of 1.4H, due to three
main factors:

1. The reinforcing steel at the beam
midspan was strained well into the
work hardened region.

2. Strain aging of the diagonal rein-
forcement that had yielded in the first
test occurred during the lapse between
the two tests.

3. An axial compressive force in the
beam due to friction in the sliding
mechanism at the bottom of one of the
columns.

The frictional force reacted against
the fixed pin at the bottom of the op-
posite column [see Fig. 10(a)]. This
axial force enhanced the beam flexural

capacity by about 4 percent.

The large lateral load observed in the
first cycle to p, = =6 induced a bend-
ing moment in the beam at the column
faces sufficient to cause yielding of the
longitudinal reinforcement there. Wide
diagonal cracks in this region after
yielding of the beam bars resulted in
gradual degradation of the shear capac-
ity in this region in the final cycles of
the test. Unit 4r failed by sliding shear
at one end of the beam at an interstory
drift of 2.4 percent.

Units 5 and 6 Connected at
the Beam-to-Column Joint

Fig. 19 illustrates the measured lat-
eral load-displacement hysteretic re-
sponse of Unit 5, and the damage at
the end of testing. Neither the vertical
nor horizontal construction joints be-
tween the precast and cast-in-place
concrete, nor the anchorage of the bot-
tom beam bars inside the beam-to-
column joint region, were observed to
affect the cyclic load performance of
this unit. The theoretical strength H,
was attained. A displacement ductility
of u, = 6, at an interstory drift of
about 3.5 percent, was reached with
little strength degradation.

The main cracks in the beams of
Unit 5 appeared at the column faces.
These cracks occurred in the plane
containing the face of the column and
not in the plane of the vertical cold
joints. The rough surface of these
cracks was similar to those usually ob-
served to occur in beams cast mono-
lithically with the joint region. The re-
sults of this test suggest that,
providing that the beams are seated a
distance on the cover of the column,
there is no need for special detailing
on the vertical cold joints, such as
shear keys or castellations, to emulate
cast-in-place equivalent connections.

In the second cycle to i, = 4, the
relative slip between the top beam
bars and the surrounding concrete
throughout the joint region exceeded
the spacing between the bar deforma-
tions. This magnitude of movement is
the sign of a bond failure. The slip-
page of the top bars through the beam-
to-column joint caused the pinching of
the hysteresis loops shown in Fig. 19.

It was expected that a bond failure
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Fig. 15. Steel stress distributions measured in the beam bars in the midspan connection region. Note: 1 MPa = 145 psi;
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would not have occurred, or would
have at least been delayed, because the
ratio of the diameter of the longitudi-
nal beam bar to column depth was
1/25. This satisfied the apparently
conservative requirement for Grade
300 (f, = 43.5 ksi) steel bars given by
NZS 3101:1982* for the maximum di-
ameter of beam bars allowed to pass
through interior beam-to-column
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joints. The main reason for this behav-
ior is the poor quality, not strength, of
the cast-in-place concrete in the beam-
to-column joint region, which accentu-
ated the “top bar” effect.

Fig. 20 shows the measured lateral
load-lateral displacement response of
Unit 6, and the damage at the end of
testing. The load-displacement re-
sponse was very stable with little

strength degradation right until the end
of the test, at an interstory drift of ap-
proximately 3.5 percent. No adverse
effects were observed to occur due to
the grouted vertical corrugated ducts
or the horizontal construction joint be-
tween the precast beam element and
the cast-in-place lower column. Unit 6
performed in the same manner as cast-
in-place concrete construction.
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Table 3. Measured interstory drift
at0.75 H,.

Unit Ayllc (percent)
1 0.32
diseie 0.26
3 0.25
4 0.29
5 0.44
6 0.37
DISCUSSION OF
TEST RESULTS
Interstory Drift

and Initial Stiffness

The first two cycles in the elastic
range applied to the units permitted
the evaluation of the interstory drift
and the secant stiffness at the design
lateral force.

Standards contain provisions to
limit the interstory drift. The interstory
drift limit for ductile moment resisting
frames, computed assuming elastic be-
havior using the design lateral forces
given by the New Zealand Code of
Practice for General Structural De-
sign' is 0.33 percent or less. This limi-
tation can be interpreted as a measure
to minimize damage to non-engi-
neered elements such as building par-
titions during moderate earthquakes.

The design lateral force, Hy, in a test
subassemblage designed according to
New Zealand Standards*'>'* to form
plastic hinges in the beam can be ap-
proximately related to the theoretical
lateral force, H,, as:

where ¢ is the flexural strength reduc-
tion factor, ¢, is the ratio between the
amount of steel provided at the critical
section of the beams to that required
by the design moments and ¢, is the
ratio between the measured yield
strength of the longitudinal steel
placed in the critical region of the
beams to the lower characteristic yield
strength. Typical values of @, o, and

o, are:
¢ =0.850r0.9
a,=1to01.05

o, =1.05t0 1.12
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The above range of values results in
H, varying between 0.72 and 0.86H,,.

Table 3 presents the interstory drift
in Units 1 to 6 computed at 0.75H,,
which is a good approximation for H,,.
Units 1 to 4 showed interstory drift
levels below 0.33 percent and Unit 6
slightly exceeded this limit. Unit 5
was rather flexible, largely due to the
beam end rotation caused by the poor
bond conditions of the top bars an-
chored in the beam-to-column joint re-
gion in Unit 5. It is believed that if the
concrete cast in the beam-to-column
joint of this unit had not accentuated
the “top bar” effect, the interstory drift
would have been of the same order of
that measured in Unit 6.

For the units tested, which were de-
signed to form plastic hinges in the
beams at the column faces (Units 1, 2,
3, 5, and 6), the secant stiffness of the
test units measured at 0.75H, was be-

tween 17 to 24 percent of that calcu-
lated using the gross section properties
of the columns and beams and allow-
ing only for flexural and shear defor-
mations of the columns and beams but
not the joint core.

The main reason for such a low
value was the large rotation observed
to occur in the beams at the column
faces due to strain penetration of the
longitudinal beam bars into the beam-
to-column joint region as well as the
spread of curvature in the relatively
short beams away from the column
faces due to the diagonal tension
cracking caused by interaction be-
tween flexure and shear. For Unit 4,
with relocated plastic hinges, the mea-
sured secant stiffness at a load level of
0.75H, was 54 percent of the calcu-
lated stiffness using the gross section
properties. In this unit, the rotation of
the beam at the column faces due to
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strain penetration was not significant.

Larger values for the effective mem-
ber stiffness are often used to allow for
the effects of cracking. Typical values
of the moment of inertia to model
beams and columns are 50 and 100
percent of the moment of inertia of the
gross section. The use of these values
will result in much smaller calculated
interstory drift values than measured in
these tests. It is recommended that the
implication of the smaller stiffness val-
ues be considered when designing mo-
ment resisting frames for earthquake
resistance with reinforced short beams,
whether they are of precast or cast-in-
place concrete.

Strength and Ductility

All subassemblages tested demon-
strated that levels of strength and duc-
tility similar to completely cast-in-
place concrete construction can be
attained by well detailed construction
incorporating precast reinforced con-
crete elements. The construction joints
and type of connection detail did not
affect the performance of the sub-
assemblages. All units attained at least
two cycles to a displacement ductility
factor of u, = +6 and interstory drifts
in excess of 2.4 percent while main-
taining at least 80 percent of the mea-
sured maximum lateral load.

Energy Dissipation
Characteristics

Units 1, 2, 3, and 5 presented satis-
factory energy dissipation characteris-
tics with hysteresis loops showing only
minor pinching up to the first cycle to
a displacement ductility factor of u, =
+4 at interstory drifts of about 1.5 per-
cent. The pinching of the hysteresis
loops accentuated at larger interstory
drifts due to diagonal tension cracking
and yielding of the stirrups in the beam
hinges in the first three units and to the
bond failure in Unit 5. The repaired
Units 4 and 6 showed excellent energy
dissipation characteristics. Pinching of
the hysteresis loops occurred only in
the final cycles of the test.

The pinched hysteretic loops ob-
served in some of the units at moder-
ate displacement ductility factors and
interstory drifts is anticipated to occur
in beams, whether they are precast or
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(around D28
outer bars)

D24 transverse rods 30 x 10 straps

Fig. 18. Repair detail at bend of
diagonal reinforcement of Unit 4.

cast-in-place, with small aspect ratios,
reinforced without diagonal reinforce-
ment in the beam plastic hinges. It
should be noted, however, that short
beams are normally used in buildings
with fundamental periods of around 1
second or longer. In such buildings,
the ductility capacity of the members
becomes more important than the
shape of the hysteresis loops.'*'¢

Beam Elongation

All beams in lateral load moment
resisting frames elongate when sub-
jected to bending because the neutral
axis moves away from the centroid of
the section, particularly when elonga-
tion occurs after flexural yielding of
the beams. Fig. 21 plots the beam
elongation measured in Units 3 and 6
against the interstory drift. In Unit 3,
the elongation was measured as the
horizontal separation of the two
columns. In Unit 6, the elongation was
measured as the separation of the pins
at the beam ends.

The average beam growth in these
units at an interstory drift of 1 percent
was 11 mm (0.43 in.) while 28 mm
(1.1 in.) of average elongation was ob-
served at an interstory drift of 2 per-
cent. During reversed cyclic loading,
the elongation tended to accumulate.
This is because the compression rein-
forcement in the plastic hinge regions
retains a significant tensile strain from
the previous excursion when it had
been in tension.

The beam elongation recorded in
these tests indicates that design of fas-
tenings for precast concrete cladding
and glazing systems as well as for de-
termining the seating and connection
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detailing of precast concrete floor sys-
tems should consider this effect.’

CONCLUSIONS

This paper presents results of a re-
search project on the seismic behavior
of connections between precast rein-
forced concrete beams of ductile
perimeter frames designed for earth-
quake resistance. The precast concrete
systems tested are commonly used in
regions of high seismicity in New
Zealand to emulate cast-in-place con-
crete construction. The experimental
program involved the quasi-static
cyclic load testing of six beam-to-
column subassemblages and the repair
and retesting of one of them.

The test results lead to the following
main conclusions:

1. None of the connecting details or
construction joints had an important
influence on the elastic or post-elastic
response of the test units. All units,
except the first test on Unit 4, attained
at least two cycles to a displacement
ductility factor of u, = +6 and inter-
story drifts of 2.4 percent or greater,
while maintaining at least 80 percent
of the maximum recorded lateral load.

2. All units, except Unit 5, showed
interstory drift levels at the design lat-
eral force that are compatible with the
limits imposed by the New Zealand
Code of Practice for General Struc-
tural Design."

3. Units 1, 2, and 3 had connections
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between precast elements at the
midspan of beams consisting of over-
lapping hooks or straight splices in
cast-in-place concrete. The behavior
of these connections was very satisfac-
tory. During the cyclic loading, the
midspan connections displayed excel-
lent performance despite the fact that
the start of the connections in the
beams was located within 2d of the
faces of the columns where the plastic
hinges formed.

4. Unit 4 had strong regions at the
end of the precast beams and a diago-
nally reinforced cast-in-place concrete
region at the beam midspan, with the
diagonal bars connected by bolted
steel plates welded to the bars. The
test of this unit showed a limited duc-
tile response due to the presence of
bursting forces that had not been con-
sidered in the initial design. A fully
ductile response, with displacement
ductilities of at least 6 and interstory
drifts of 2.4 percent, was attained after
repairing the damaged region with ad-
ditional transverse reinforcement and
bearing rods at the bend of the diago-
nal bars.

5. Unit 5 had the precast concrete
beams placed between the columns
and a cast-in-place concrete joint core
between the beam ends. The precast
concrete beams were seated on 30
mm (1.2 in.) of cover concrete of the
column below and had relatively
smooth vertical construction joints.
The protruding bottom bars of the
precast beams were hooked upwards
and anchored in the cast-in-place
concrete beam-to-column joint core.
The overall behavior of this system
was excellent in terms of strength and
ductility, despite the critical sections
of the beams almost coinciding with
the smooth construction joints be-
tween the end of the precast concrete
beams and the cast-in-place concrete
joint core. The poor quality concrete
placed in the beam-to-column joint
region showed excessive bleeding
and plastic settlement during casting
that had a detrimental effect on the
bond of the top beam bars anchored
in this region. This, in turn, con-
tributed to a larger interstory drift in
the elastic cycles and to a bond fail-
ure of the top bars in the later stages
of the test.
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6. Unit 6 had a precast concrete
beam element passing through the col-
umn and the longitudinal column bars
grouted in vertical corrugated ducts in
the beam-to-column joint region. This
unit displayed excellent performance.
The grouted ducts and the construction
joint between the precast concrete
beam and the reinforced concrete
below had an insignificant effect on
the behavior of this test.

7. The secant stiffness measured at
75 percent of the theoretical lateral
load strength in the initial loading cy-
cles, for the subassemblages designed
to form plastic hinges in the beams at
the column faces, ranged between 17
to 24 percent of that calculated using
the gross section properties, which
took into account flexure and shear
deformations only in the beams and
the columns. The large reduction in
the stiffness was due to the rotation in
the beams and the columns at the joint
faces caused by the penetration of
strains in longitudinal bars into the
joint and also to the spread of curva-
ture in the beams away from the col-
umn faces due to diagonal tension
cracking.

RECOMMENDATIONS

1. Moment resisting frames incor-
porating precast concrete systems
such as those tested in this investiga-
tion can be analyzed and designed to
emulate cast-in-place reinforced con-
crete construction.
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2. Connections between precast
concrete beams involving bar splices
can commence at a distance as close
as one effective depth of the beam
from the critical regions where plastic
regions are expected to develop with-
out compromising the strength, ductil-
ity or energy dissipation characteris-
tics of the precast concrete member.

3. Precast concrete units involving
relocated plastic hinges and diagonal
reinforcement at the beam midspan
need special consideration in design to
account for the presence of out-of-
plane bursting forces in the region
near the bend of the diagonal rein-
forcement.

4. Vertical construction joints of
beams of System 1, shown in Fig.
1(a), require no special detailing, such
as shear keys or castellations, if the
beams are seated a distance on the
concrete cover of the column below.
This is because the main flexural
crack in the beam at the column face
forms in monolithic concrete, as in
completely cast-in-place concrete
beam-to-column joints.

5. In New Zealand, it is recom-
mended that the compressive strength
of the grout used in connections be at
least 10 MPa (1450 psi) greater than
the compressive strength of the precast
concrete elements.” This recommenda-
tion appears to be satisfactory for the
design of precast concrete systems of
this type. Construction using this sys-
tem requires strict quality control to en-
sure that the fluid grout flows through
all ducts without leaving air pockets.

6. Suitable values for the second
moment of inertia, to recognize the ef-
fects of the rotation in the beams and
the columns at the joint faces and the
spread of curvature in the beams away
from the column faces due to diagonal
tension cracking, should be chosen to
conduct the elastic analysis with the
design lateral forces.

7. Allowances for the effects of the
elongation of beams in perimeter
frames designed for earthquake resis-
tance should be made in the design of
fastenings for precast concrete
cladding and glazing systems as well
as for the seating lengths and end de-
tails of proprietary floor systems.
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critical region of beam to
amount of steel required

o, = ratio between actual yield
strength of steel to character-
istic yield strength

8, = total beam elongation per
span

A = interstory displacement

A, = interstory displacement at
“first” yield

H4 = displacement ductility factor,
equal to A/A,

¢ = strength reduction factor
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