
Two full-scale beam-to-column connections in a
precast concrete frame were tested under 
uni-directional and bi-directional cyclic loading
that simulated earthquake-type motions. Variables
included the detailing used at the joint to achieve
structural continuity of the beam reinforcement,
and the type of framing (whether two-dimensional
or three-dimensional). The most relevant feature of
the connection is that conventional mild steel
reinforcing bars or prestressing strands, rather than
welding or special bolts, were used to achieve
beam continuity. Specimen design followed the
strong-column–weak-beam concept. Beam
reinforcement was purposely designed and
detailed to develop hinges at the joint faces and to
impose large inelastic shear force demands into
the joint. During specimen fabrication, the joint
details enabled ease and speed of construction. As
expected, the joint controlled the specimen
failure. In general, the performance of both beam-
to-column connections was satisfactory. Joint
strength was 80 percent of that expected for
monolithic reinforced concrete construction.
Specimen behavior was ductile due to hoop
yielding and bar pullout, while strength was nearly
constant up to drifts of 3.5 percent.

Precast concrete has been widely accepted as a viable
means of constructing safe, durable, reliable, high-
quality, and cost-effective structural systems. Its full

implementation in high seismic areas, however, has been
somewhat limited, mainly due to scarce design guidelines
as compared to those available for cast-in-place concrete
structures. In particular, the lack of design provisions for
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seismic-resistant beam-to-column con-
nections appropriate for precast con-
crete frame construction is still appar-
ent in North America (Mexico, United
States, and Canada).1

Another obstacle to the use of pre-
cast concrete construction in seismic
areas has been the imposition of pre-
scriptive provisions developed to pro-
mote ductility in cast-in-place con-
crete construction.2 This set of design
and detailing requirements makes a
standard methodology for establishing
equivalence of energy dissipation and
ductility between precast concrete and
cast-in-place systems desirable. In
1999, such a standard methodology
was developed by an Innovation Task
Group (ITG) of the American Con-
crete Institute, which was published.3

Two design approaches are avail-
able for the design of precast concrete
lateral force-resisting systems.4 Emu-
lation of monolithic reinforced con-
crete construction is the approach
most commonly adopted in codes.5-7

The alternative approach is the use of
the unique properties of the precast
concrete elements interconnected by
either dry or wet connections.8

In the past, some precast concrete
framed structures have performed
poorly in earthquakes because of inad-
equate connection details.5 To gain
confidence in the use of precast con-
crete in moment-resisting frames, sat-
isfactory methods for connecting the
precast elements together were re-
quired. Therefore, recommendations
developed for the seismic design of
cast-in-place systems were straightfor-
wardly adapted – that is, the objective
of the design method was to emulate
monolithic construction.

The Mexico City Building Code
(MCBC)6 permits the use of precast
concrete structural systems based on
emulation of the behavior of mono-
lithic cast-in-place concrete systems.
Specific requirements on material
properties, construction details, and
design are given in the code.

The MCBC requires that the design
compressive strength of the concrete
used in the connection be equal to or
greater than that of the adjoining ele-
ments. Steel reinforcement in the con-
nection, either longitudinal or trans-
verse, must have a nominal yield
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strength limited to 414 MPa (60 ksi).
Typical Mexican reinforcing steel fol-
lows standards similar to ASTM A 615. 

Connections have to be designed
and detailed to resist 1.3 times the
forces and moments obtained from
analysis that act at their boundaries.
The 1.3 factor is in addition to the
usual load factors. Finally, all surfaces
of precast concrete elements in contact
with the connections must be free of
laitance, intentionally roughened to a
full amplitude of 5 mm (0.2 in.), and
saturated with water 24 hours prior to

casting the concrete in the connection.
As is commonly done in other coun-

tries, the seismic-induced design
forces recommended in the MCBC are
significantly less than the inertia
forces induced if the structure were to
respond in the elastic range to a major
earthquake. The design seismic-
induced force is related to the achiev-
able structural ductility through seis-
mic response modification factors Q,
which are equivalent to the force-
reduction factors R in the Uniform
Building Code.7 Therefore, the MCBC

Fig. 1. Type of precast concrete frame construction studied.

Fig. 2. Specimen geometry and testing rig.
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design criterion is force-based.
For ductile moment-resisting cast-

in-place frames, a Q value of 3 or 4 is
used to determine the appropriate de-
sign load from elastic design spectra.
However, for both values of the seis-

mic response modification factors, the
same detailing requirements apply.
The choice of using a Q of 3 or 4 is
left to the designer. The ultimate de-
sign horizontal seismic forces typi-
cally vary between 0.04g and 0.2g, de-

pending on the seismic zone, the soil
category, the importance of the struc-
ture, and the fundamental period of vi-
bration of the structure. For precast
concrete frames, a Q of 2 or 3 is used
and the ultimate design horizontal

Fig. 3. Dimensions and detailing of Specimen J1.

Section A-A

Section B-B
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seismic-induced forces vary between
0.04g and 0.3g.

As has been recognized,5 the chal-
lenge in precast frame construction
lies in finding economical and practi-
cal methods of connecting the precast

concrete elements together to ensure
adequate stiffness, strength, ductility
and stability. A number of experimen-
tal research programs conducted in re-
cent years have significantly improved
our understanding of the behavior of

connections between precast concrete
elements.9-18 For example, internal re-
sisting mechanisms have been identi-
fied and understood,10,14-16,18 and de-
sign and detailing requirements have
been developed.12,14,17,18

Fig. 4. Dimensions and detailing of Specimen J2.
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In some research programs, precast
elements have been connected at the
beam-to-column joint region;9-16,18 in
others, elements have been connected
at midspan (in the case of beams) 
and at midheight (in the case of
columns).15,16 Since one advantage of
using one-way perimeter frames is the
reduced complexity of the design and
construction of the beam-to-column
joints, many studies have focused on

the performance of perimeter precast
concrete frame joints.9-17

In emulation systems, precast beam
longitudinal reinforcement that is con-
nected at the beam-to-column joint is
commonly spliced. Splicing can be
achieved through proprietary steel
sleeves11,15,16 or by lap splicing bars,
which may be bent to form 90-degree
standard hooks.16,17 In other cases, con-
tinuity at the joint has been achieved

Element

Precast columns and beams
Cast-in-place joint

12.7 mm (0.5 in.) strand

No. 3 (9.53 mm)
fy
fu

Elongation at fracture
No. 4 (12.7 mm)

fy
fu

Elongation at fracture
No. 5 (15.88 mm)

fy
fu

Elongation at fracture
No. 8 (25.4 mm)

fy
fu

Elongation at fracture
No. 10 (31.75 mm)

fy
fu

Elongation at fracture
No. 12 (38.1 mm)

fy
fu

Elongation at fracture

No. 4 (12.7 mm)
fy
fu

Elongation at fracture
No. 5 (15.88 mm)

fy
fu

Elongation at fracture
No. 6 (19.1 mm)

fy
fu

Elongation at fracture
No. 8 (25.4 mm)

fy
fu

Elongation at fracture
No. 10 (31.75 mm)

fy
fu

Elongation at fracture

Specimen J1
Concrete, f ′c:

32 MPa (4650 psi)
44 MPa (6370 psi)

Prestressing steel, nominal, fy:
N/A

411 MPa (59,660 psi)
716 MPa (103,830 psi)

10.3 percent

437 MPa (63,440 psi)
700 MPa (101,550 psi)

9.6 percent

434 MPa (63,010 psi)
691 MPa (100,270 psi)

11.6 percent

455 MPa (65,990 psi)
719 MPa (104,250 psi)

13.7 percent

441 MPa (64,000 psi)
726 MPa (105,250 psi)

15.5 percent

N/A
N/A
N/A

437 MPa (63,430 psi)
700 MPa (101,550 psi)

9.6 percent

434 MPa (63,010 psi)
691 MPa (100,270 psi)

11.6 percent

N/A
N/A
N/A

460 MPa (66,700 psi)
729 MPa (105,680 psi)

13.0 percent

448 MPa (65,000 psi)
731 MPa (105,960 psi)

12.7 percent

Specimen J2

42 MPa (6040 psi)
40 MPa (5840 psi)

1872 MPa (271,520 psi)

456 MPa (66,140 psi)
713 MPa (103,400 psi)

8.0 percent

424 MPa (61,510 psi)
684 MPa (99,130 psi)

9.2 percent

413 MPa (59,880 psi)
678 MPa (98,280 psi)

10.4 percent

454 MPa (65,850 psi)
698 MPa (101,270 psi)

12.3 percent

N/A
N/A
N/A

431 MPa (62,440 psi)
700 MPa (101,550 psi)

18.3 percent

424 MPa (61,510 psi)
684 MPa (99,130 psi)

9.2 percent

N/A
N/A
N/A

420 MPa (60,870 psi)
668 MPa (96,860 psi)

12.8 percent

458 MPa (66,420 psi)
698 MPa (101,270 psi)

13.9 percent

476 MPa (68,980 psi)
721 MPa (104,540 psi)

12.8 percent

Table 1. Material properties.

Reinforcing steel in precast elements:

Reinforcing steel in cast-in-place concrete:

Note: 1 in. = 25.4 mm; 1 psi = 0.006895 MPa.

by means of bonded post-tensioning,9

ungrouted post-tensioning,10,14 or mild
reinforcing steel bars grouted inside
the joint but with an unbonded length
adjacent to the column face.13

This paper reports on the behavior
of concrete frames under cyclic load-
ing of a precast concrete beam-to-col-
umn connection developed and used in
Mexico. In the frame under considera-
tion, design and detailing were aimed
at emulating monolithic construction,
as is required in the MCBC.6 This in-
vestigation was conducted to assess
the joint behavior and its stiffness, de-
formation, and strength characteristics
when subjected to large shear and
bond force demands. It was consid-
ered that such information would be
useful in assessing the validity of the
emulation hypothesis.

The beam-to-column connection
discussed herein has already been used
in Mexico for low-rise commercial
buildings up to 25 m (82 ft) in height.
The system consists of multistory pre-
cast concrete columns that have open
gaps at each floor level (see Fig. 1).
Typically, columns are fabricated in
one piece and extend over a number of
stories.

To form the gaps, concrete place-
ment is interrupted at each floor level.
These gaps allow placement of the
precast beams during erection. To im-
prove horizontal shear transfer at the
joint, a 150 mm (5.9 in.) deep square
hole is left in the concrete in the col-
umn below the joint. During place-
ment of the joint concrete, concrete
fills the hole so that it works as a shear
key. Because the shear key is left un-
reinforced, its strength is limited to the
shear strength of the concrete. 

To promote the escape of the en-
trapped air in the joint concrete during
casting and compacting, an inverted
pyramid shape is formed in the precast
column above the joint. In addition, a
12.7 mm (0.5 in.) diameter pipe that
runs from the pyramid vertex up to
one side of the precast column is left
embedded. 

Column longitudinal bars are made
continuous through the gaps and are
placed near the corners to leave ample
free space for beam erection and
placement. The column height is lim-
ited by the hauling truck’s load capac-
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ity and dimensions, as well as by high-
way and urban traffic regulations. If
needed, the precast column units can
be spliced at a floor midheight.

Single-bay precast beams, either
prestressed or conventionally rein-
forced, are T- and inverted-T-beams.
Beams are placed between columns
and seated on the cover concrete and
part of the core of the lower part of the
precast concrete column. The bottom
steel reinforcement protrudes from the
beam ends and extends into the joint.
This reinforcement may be bent to
form either standard 90-degree hooks
or closed loops.

A precast concrete hollow-core one-
way floor system is placed on top of
the inverted-T precast beam elements
and spans between them, parallel to
the T-beams. The reinforcement is
then placed on top of the beam, in the
topping slab over the floor system, and
in the beam-to-column joint core. Fi-
nally, the concrete for the joint region
and the topping slab is placed.

TEST PROGRAM
Two full-scale beam-to-column con-

nections made with precast beams and
columns were fabricated and tested.
The specimens represented an interior
joint of a lower story of a multistory
building. The test units modeled the
region from mid-column height below
the joint to mid-column height above
the joint and from midspan to midspan
of beam on either side of the joint. 

Specimen geometries are shown in
Fig. 2; dimensions correspond to the
distance between hinged supports. Di-
mensions and details of the test units
are presented in Figs. 3 and 4. Test
units consisted of beams 5.56 m (18.2
ft) long framing into a column 4.00 m
(13.1 ft) high at midheight. 

Experimental variables studied were
the type of framing (two- and three-di-
mensional) and the joint detailing for
continuity of beam reinforcement.19,20

The intent of connecting the bottom
bars was to transmit tensile forces to
the far side of the joint so that a diago-
nal compression strut could form
along the diagonal of the joint panel
zone. Design concrete cover for all el-
ements was 25 mm (1 in.) for both
specimens. 

Specimen J1 consisted of two
beams framing into the joint on oppo-
site sides (2D construction); the bot-
tom longitudinal steel reinforcement
of the beams was terminated with 90-
degree hooks at the joint. Continuity
of this reinforcement through the joint
was achieved with hoops placed
around the extensions of the 90-degree
hooks that protruded from the beam
ends. Hoops had a 90-degree bend
with an extension of six bar diameters.

The column of Specimen J1 was
square with 500 mm (19.7 in.) sides
and was reinforced with eight No. 10
(31.75 mm diameter) Grade 60 (fy =
414 MPa or 60 ksi) continuous longitu-
dinal bars and No. 4 (12.7 mm diame-
ter) hoops at 100 mm (3.9 in.) spacing.
The height of the gap in the column for
beam placement and casting of the
joint was 1000 mm (39.4 in.).

Specimen J1 had beams with a final
500 mm (19.7 in.) square section. The
partially precast beams had an in-
verted-T shape and were reinforced
with two No. 8 (25.4 mm diameter)
bottom longitudinal bars and No. 3
(9.53 mm diameter) stirrups spaced at
100 mm (3.9 in.) on center. Bottom
bars protruded from the beam ends
into the joint with 90-degree hooks. 

Additional No. 4 and No. 3 Grade
60 longitudinal bars were placed in the
columns and beams to ease the fabri-
cation of the cages. Since the beam

width in the east-west direction was
the same as the column width, a 250
mm (9.8 in.) reduction was made at
the joint in order to fit the beam be-
tween the column longitudinal bun-
dled bars (see Fig. 3). 

Once the column and the beams
were mounted on the test rig (see Fig.
2), the continuity reinforcement of the
beam bottom longitudinal bars was
placed. For Specimen J1, this rein-
forcement consisted of four No. 5
(15.88 mm diameter) Grade 60 hoops
placed around the extensions of the
90-degree hooks. 

Hoops were proportioned so that
they would remain elastic while trans-
ferring the tensile axial force devel-
oped along the beam bottom rein-
forcement at ultimate bending
moment. Since the nominal yield
strengths of the hoop and longitudinal
bars were the same, the total area of
hoop legs in the direction of loading
was 1.5 times the total area of beam
bottom longitudinal bars.

To improve the confinement,
strength, and deformability of the joint
concrete, No. 4 cross-ties were placed
around the joint through holes left
across the beam width during precast
fabrication. Several horizontal steel
pipes were left embedded in the
beams, at the design joint hoop spac-
ing, to allow placement of joint hoops
or cross-ties. Hoops were anchored

Specimen J1 Specimen J2
Beam flexure

Beam flexural strength Mp
+ 281 kN-m (2480 kip-in.) 276 kN m (2440 kip-in.)

Beam flexural strength Mp
- 540 kN-m (4780 kip-in.) 579 kN m (5120 kip-in.)

Beam shear
Shear corresponding to Mp 211 kN (47 kips) 226 kN (51 kips)

Vn (MCBC, beam) 431 kN (97 kips) 484 kN (109 kips)
Column flexure

Axial force P 0 0
Moment corresponding to Mp 411 kN-m (3640 kip-in.) 428 kN-m (3780 kip-in.)

Mn (moment-curvature analysis) 579 kN-m (5120 kip-in.) 785 kN-m (6940 kip-in.)
Column shear

Shear corresponding to Mp 235 kN (53 kips) 244 kN (55 kips)
Vn (MCBC, column) 633 kN (142 kips) 636 kN (143 kips)

Joint shear
Horizontal shear force 1636 kN (368 kips) 1777 kN (399 kips)

Shear stress 6.5 MPa (949 psi) 7.1 MPa (1031 psi)
Shear strength Vn,j, γ =15 

2530 kN (569 kips) 2442 kN (549 kips)
(ACI-ASCE Committee 352)

Shear strength Vn,j , γ =12
2070 kN (465 kips) 1998 kN (449 kips)

(ACI-ASCE Committee 352)
Maximum interstory drift applied, percent 3.5 percent 3.5 percent

Table 2. Member forces and strengths.

Note: 1 psi = 0.006895 MPa; 1 kip = 4.448 kN; 1 kip-in. = 0.113 kN-m.
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around column longitudinal bars with
alternating 90-degree and 135-degree
hooks.

Afterwards, continuous beam top
reinforcement was placed through the
joint and the U-shaped beam stirrups,
left anchored during precasting, were
bent around. Beam top reinforcement
consisted of two No. 8 and two No. 10
continuous bars (see Fig. 3). Finally,
40 MPa (5800 psi) ready-mixed con-
crete was placed in the joint and on
top of the precast beams.

In Mexico, all frames of a building
are typically designed to resist the
seismic-induced forces. Therefore,
frames are commonly designed and
detailed as special moment-resisting

frames (SMRFs). To examine the be-
havior of an interior joint of such a
structural system layout, Specimen J2
was tested. 

In Specimen J2, the bottom longitu-
dinal reinforcement of the beam was
interrupted at the joint face and lap-
spliced with a U-shaped prestressing
strand that extended from the beam
into the joint. Continuity was
achieved with a steel bolt inserted
through the overlapping U-shaped
prestressing strands at the joint mid-
depth (see Fig. 4).

The Specimen J2 column had the
same dimensions and transverse rein-
forcement as Specimen J1; however,
continuous longitudinal reinforcement

was made of eight No. 12 (38.1 mm
diameter) Grade 60 bars. This bar size
is readily available in Mexico.

In the east-west direction, beams
were similar to those of Specimen J1.
In the north-south direction, T-beams
with a 200 x 500 mm (7.9 x 19.7 in.)
cross section were used. These beams
were reinforced similarly to east-west
beams. In both the east-west and
north-south beams, bottom longitudi-
nal bars were interrupted at the joint
(see Fig. 4). 

To provide continuity to the beam
bottom reinforcement, looped (U-
shaped) prestressing strands were lap
spliced 125 mm (4.9 in.) with the de-
formed longitudinal bars. A No. 12
Grade 60 bar was inserted vertically
through the intersection of the looped
(U-shaped) low-relaxation Grade 270
(fy = 1860 MPa) prestressing strands
that protruded from the beams; the bar
was anchored inside the square col-
umn hole in the precast column below
the joint. 

To improve bar anchorage inside
the joint, a square steel plate was butt-
welded in the upper part; further anal-
ysis of strain gauge data indicated that
the plate was not necessary.20 Pre-
stressing strands were designed to
yield when conventional beam bottom
bars yielded, i.e., when beam plastic
hinges formed. The vertical steel bar
was designed to remain elastic under
yield demands from the strands at ul-
timate.

Similarly to Specimen J1, transverse
reinforcement was provided to confine
the joint concrete. No. 4 cross-ties
were anchored around column longitu-
dinal bars with 90-degree and 135-de-
gree hooks, alternated over the joint
height (see Fig. 4).

The beam top reinforcement in the
east-west direction of Specimen J2
was the same as in Specimen J1. In the
north-south direction of Specimen J2,
two No. 8 and two No. 6 (19.1 mm di-
ameter) bars were used.

To induce forces in the joint at lev-
els near the shear strength, large beam
moments had to be developed. For this
to happen, it was necessary to use a
large amount of beam steel area
through the joint region. Because of
space limitations, it was decided to use
larger but fewer bars (two No. 8 and

Fig. 5a. Displacement-controlled test sequence for Specimen J1.

Fig. 5b. Displacement-controlled test sequence for Specimen J2.
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two No. 10 bars), being cognizant that,
especially for No. 10 bars, slippage
and bond failure was more likely to
occur. Moreover, the No. 10 bars did
not comply with the minimum ratio of
column depth to beam bar diameter.
Analysis of strain gauge data indicated
that bar slippage did not occur in ei-
ther specimen.19,20

Specimens were built without the
topped hollow-core slabs generally
used in the system. It was assumed
that since the hollow-core slab acted
as a one-way floor system in the
north-south direction of the speci-
mens, its contribution to joint capacity
was not significant.

Table 1 lists the unconfined com-
pressive strength of the concrete found
from cylinder tests at the time of test-
ing the beam-to-column joint units,
the yield and ultimate tensile strength,
and elongation at fracture of various
reinforcement sizes used. Concrete
cylinders were cured in the same envi-
ronment as specimens. Calculated
member capacities are provided in
Table 2, based on the measured mate-
rial strengths listed in Table 1 and on
measured bar locations. The member
strengths do not include strength re-
duction factors.

The flexural strength Mp of the
beam plastic hinges was based on the
assumption that concrete would follow
Hognestad’s model. Column flexural
strength, based on a moment-curvature
analysis considering the effects of
confinement and a maximum com-
pressive strain of 0.0038, exceeded the
column moment corresponding to de-
velopment of Mp in the beams. Col-
umn flexural strengths exceeded the
flexural demands by 40 and 83 percent
in Specimens J1 and J2, respectively.
Column shear forces corresponding to
the development of Mp in the beam
were 235 and 244 kN (52.8 and 54.9
kips) for Specimens J1 and J2, respec-
tively. 

The calculated ratio of column flex-
ural strength to beam flexural strength,
based on measured material properties
and dimensions and considering an
equivalent rectangular stress block for
the concrete as well as assuming that
plane sections remain plane, was 1.53
and 2.08 for Specimens J1 and J2, re-
spectively. 

The joint shear forces and strengths
are listed in Table 2. The horizontal
shear forces were calculated assuming
yielding of the beam top and bottom
reinforcement and considering the col-

umn shear force. The joint shear stress
was obtained by dividing the joint
shear force by the column area. The
shear stress at development of Mp in
the beam hinges was 6.5 MPa (949

Fig. 6a. Crack pattern of Specimen J1 at design drift of 2 percent.

Fig. 6b. Crack pattern of Specimen J1 at maximum drift of 3.5 percent.
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psi), which corresponds to 0.99
MPa (11.9 psi). 

The joint shear strength was based
on the shear strength recommended in
ACI 352R,22 which is the basis of the
requirements in the MCBC. Since the
joint was not effectively confined on
all four vertical sides, a constant γ
equal to 1 in MPa units (or 12 in psi
units) was used to determine the stress
at the shear strength, γ .

Such recommendations are, in ef-
fect, applicable to monolithic construc-
tion, but were applied to these cases
for comparison purposes. Therefore, it
was expected that a diagonal strut

′fc

′fc

′fc

Fig. 7a. Joint damage of Specimen J1 at design drift of 2 percent.

Fig. 7b. Joint damage of Specimen J1 at maximum drift of 3.5 percent.

requirements prescribed in the MCBC
were intentionally not fulfilled in the
specimens. 

1. Prestressing strands with a nomi-
nal yield stress greater than 414 MPa
(60 ksi) provided continuity at the
joint of Specimen J2.

2. Nominal joint shear strength ca-
pacities and joint shear demands were
made approximately equal in both test
units. As is preferred in earthquake-
resistant design, specimens were de-
signed and detailed to achieve ductile
post-elastic deformations by flexural
yielding in beam plastic hinges at the
face of the column. However, high
shear demands in the joint were pur-
posely introduced in order to assess
the beam-to-column joint shear capac-
ity. Thus, while the longitudinal steel
arrangement of columns was designed
to reduce the likelihood of yielding,
beam reinforcement and detailing
were designed to ensure plastic hing-
ing and to impose large shear force de-
mands into the joint.

3. The 1.3 factor, specified by the
MCBC to augment the moments and
forces obtained from analyses (in addi-
tion to the usual load factors), was not
included in the design of the test units.
This was done because the specimens
did not represent any prototype struc-
ture that would have been designed in
accordance with the MCBC. In con-
trast, it was the one objective of the
program to understand the joint load-
carrying mechanisms and to assess the
joint capacity. It should be emphasized
that in all structures designed in Mex-
ico City with the connections described
herein, the 1.3 factor must be used. 

TEST SETUP, LOADING
PROGRAM, AND

INSTRUMENTATION
The experimental setup for Speci-

mens J1 and J2 is shown in Fig. 2.
Column ends and beam ends were
pinned. Horizontal displacements
were applied at column midheight
above the joint through a pin-ended
double-acting actuator with the test
unit rotating about a spherical bearing
at the lower column midheight. The
beams were connected at midspan po-
sitions to the reaction floor through
pin-ended steel struts, allowing free

would resist the entire horizontal joint
shear introduced. Based on the experi-
mental results, mechanisms involved
in the joint shear transfer are discussed
in more detail later in this paper.

Compliance with MCBC

Design and detailing complied with
most requirements for precast con-
struction and monolithic ductile
frames in the MCBC.6 The MCBC has
design and detailing requirements for
SMRFs that are similar to those of
Chapter 21 of ACI 318-9521 and of the
Uniform Building Code.7 Three design
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lateral translation of the beams but re-
straining vertical movement and en-
suring a moment pattern in the speci-
men similar to that in a joint of a
building frame under cyclic lateral
loads. No axial load was applied to the
columns since experimental evidence
suggests that axial load has no effect
on the joint shear strength.23

Specimens were tested under a dis-
placement-controlled cyclic load his-
tory that was based on the interstory
drift which represented a severe load
condition for a beam-to-column joint
(see Fig. 5). The test pattern is based
on drift rather than ductility increments
because ductility can be difficult to de-
fine for systems incorporating compo-
nents other than conventionally rein-
forced concrete or mild reinforcing
steel components.14

The loading sequence originated
from recommendations made in a 1997
draft of the ITG document.3 At each
drift level, three cycles were applied.
Bi-directional cycles up to 1.5, 2.5, and
3.5 percent drift were applied to Speci-
men J2, with the main loading direc-
tion being east-west (beam with square
cross section). Specimens were sub-
jected to much larger drifts than their
design drift capacities of 2 percent.

Specimens were instrumented with
displacement, strain, and load trans-
ducers.19,20 Displacement transducers
were attached to the beam and column
surfaces at opposite faces to measure
the axial deformations and calculate
member rotations and curvatures. A
set of transducers was placed in the
joint region to obtain joint shear defor-
mations. Resistive strain gauges were
bonded to longitudinal and transverse
reinforcing bars of columns and
beams. A dense array of strain gauges
was placed on the reinforcement of the
joint details tested, as well as on the
joint confining steel.

TEST RESULTS
The detailed test results, together

with a discussion of the important
points, are presented in this section.

Cracking Patterns

The crack patterns and photographs
of joint damage at the design drift of

2.0 percent and at the end of the test
are shown in Figs. 6 through 9 for
Specimens J1 and J2. In both struc-
tures, most of the damage was con-
centrated in the joint and in the
beams. Consistent with a strong-col-

umn–weak-beam system, the column
damage was minor.

For Specimen J1 (see Figs. 6 and 7),
the beams exhibited few flexural
cracks near the column face. Spalling
of cover concrete first developed at a

Fig. 8b. Crack pattern of Specimen J2 at maximum drift of 3.5 percent, east-west direction.

Fig. 8a. Crack pattern of Specimen J2 at design drift of 2 percent, east-west direction.
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drift of 3.0 percent; spalling pro-
gressed as drift increased. Under neg-
ative bending moment (top fibers in
tension), a single vertical 10 mm (0.39
in.) wide crack at the column face oc-
curred. Under positive bending mo-
ment, a 14 mm (0.55 in.) wide crack
was observed at the column face fol-
lowing the contour of the precast con-
crete beam. 

During specimen demolition, in-
clined cracking of the narrower por-
tion of the beams inside the joint was
observed. Such damage extended
from the interior of the joint, at the
lower side of the column gap, up and
out to the beams. This damage is at-
tributed to pullout of the beam bottom
bars and beam rotation inside the joint
that was not concentrated at the col-
umn face, as is commonly expected in
monolithic construction. Also, the ex-
tent of beam damage at maximum
drift (3.5 percent) was less than would
be expected in monolithic reinforced
concrete construction.

Column flexural cracking initiated at
a drift of 0.5 percent and remained
minor for the remainder of the testing.
First joint inclined cracking developed
at a drift of 0.25 percent. Considerable
joint inclined cracking took place
when cycling to drifts of 2.0 percent
(see Figs. 6a and 7a). This extended up
to a drift of 2.5 percent; the crack pat-
tern stabilized and only a few cracks
appeared at higher drifts. At maximum
drifts, joint cracks were well dis-
tributed and oriented approximately
parallel to the joint diagonal at a 45-
degree angle (see Figs. 6b and 7b).

Specimen J2 showed cracking and
damage patterns similar to Specimen
J1 (see Figs. 8 and 9). Beams showed
a more uniform distribution of crack-
ing, especially under positive bending
(top fibers in compression). The
north-south beams exhibited cracking
comparable to that observed in mono-
lithic construction (see Fig. 8c). At
similar drifts, beam crack widths in
Specimen J2 were smaller than in
Specimen J1.

At the design drift of 2.0 percent, no
spalling was observed in the beams
and only light spalling was observed in
the joint region (see Figs. 8a and 9a).
Joint inclined cracking first appeared
at a drift of 0.25 percent. Cracking ex-

Fig. 8c. Crack pattern of Specimen J2 at maximum drift of 3.5 percent, north-south direction.

Fig. 9a. Joint damage of Specimen J2 at design drift of 2 percent, east-west direction.

Fig. 9b. Joint damage of Specimen J2 at maximum drift of 3.5 percent, east-west direction.
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Fig. 10a. Story shear versus interstory drift for Specimen J1.

Fig. 10b. Story shear versus interstory drift for Specimen J2, east-west direction.
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tended until a drift of 0.5 percent, after
which it stabilized. At the same drifts,
joint inclined cracks in Specimen J2
were finer than in Specimen J1.
Spalling of the joint cover concrete oc-
curred at 3.0 percent drift. Similarly to
Specimen J1, under positive bending,
the beam rotated inside the joint.

shears corresponding to joint failure,
Vn,j, are also shown. The story shears
corresponding to joint failure were
based on the shear strength recom-
mended by ACI 352R22 (see Table 2). 

The story shears associated with
the formation of one or two plastic
hinges in the beams are indicated as
horizontal dashed lines. The occur-
rences of the first joint diagonal
cracking and yielding recorded at
several locations during the tests are
also indicated in the figures. All of
the recorded yielding took place at
the face of the column.

The experimental response indi-
cated a hysteretic behavior at drifts to
2.0 percent with comparatively low
strength degradation among succes-
sive cycles at equivalent drift levels.
The hysteresis loops are nearly sym-
metrical, even during bi-directional
loading of Specimen J2. Considerable
pinching and severe stiffness degrada-
tion is noticeable, especially at drifts
of 3.5 percent. The hysteresis curves
of Specimens J1 and J2 are dominated
by the response of the most damaged
elements, which were the joints and
the beams.19,20 

Fig. 10c. Story shear versus interstory drift for Specimen J2, north-south direction.

Fig. 11. Equivalent viscous damping versus interstory drift, east-west direction.

Story Shear Versus Interstory Drift 

The hysteresis curves for story shear
versus interstory drift for Specimens
J1 and J2 are presented in Fig 10. The
components of the bi-directional cy-
cles of Specimen J2 in the east-west
and north-south directions are pre-
sented in Figs. 10b and 10c. The story
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To assess the energy dissipation ca-
pacity and the stability of the hys-
teretic behavior, the equivalent vis-
cous damping ratio, Heq, was plotted
against the interstory drift during east-
west loading for both specimens (see
Fig. 11). In the plot, Heq was taken as
the ratio of the dissipated energy
within a cycle to 2π times the strain
energy measured at peaks of an equiv-
alent linearly elastic system. 

In general, damping ratios increased
with drift. At equivalent drifts, damp-
ing ratios decreased as much as 20
percent. This reduction is attributed to
pinching in the curves; concrete dam-
age and shear distress contributed to
narrowing the hysteresis loops. Damp-
ing ratios for bi-directional cycles
were higher.

Since the story shears were limited
by the beam flexural strength and,
more exactly, by pullout of the beam
bottom bars, the calculated story
shears corresponding to joint strength,
Vn,j, in the east-west and north-south
directions for Specimens J1 and J2
were never reached even at cycles to
3.5 percent drift. Measured strengths
of Specimens J1 and J2 were about 80
percent of those expected in a mono-
lithic beam-to-column connection de-
signed according to ACI 352R22 (see
Fig. 10).

The calculated strength at first
yielding in the specimens is related to
yielding of the beam bottom longitudi-
nal bars. In Specimen J1, the system
reached the story shear associated with
yielding not because the bottom bars
had yielded, but because the connect-
ing hoops had yielded. In Specimen
J2, the bottom bars did not yield ei-
ther, but because the top bar load path
was much stiffer than the bottom one,
the top bars reached strains within the
strain-hardening zone.19,20

Analysis of the strain gauge data in-
dicated that beam top steel bars
yielded prior to achieving the speci-
men strength and before damage con-
centrated in the joint.19,20 In Specimen
J2, the maximum recorded steel
strains were greater than 0.014. Bot-
tom longitudinal steel bars of the
beams remained elastic. Strains
recorded on the joint continuity rein-
forcement are discussed later in the
paper. 

Fig. 12. Secant stiffness versus interstory drift angle.

Fig. 13a. Member contribution to interstory drift for Specimen J1, east-west direction.

Fig. 13b. Member contribution to interstory drift for Specimen J2, east-west direction.
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Response Envelopes 

Calculated story shear–drift re-
sponse envelopes of Specimens J1 and
J2 are also shown in Fig. 10. Beam
flexural behavior was assumed to con-
trol the specimen response when the
envelopes were calculated. The effect
of strain hardening of the beam longi-
tudinal reinforcement on specimen

The measured initial lateral stiff-
nesses of the specimens were one-half
of the calculated values. Calculated
stiffnesses were based on elastic and
monolithic behavior, as well as on un-
cracked sections. For Specimen J1, the
calculated response showed higher
strength and stiffness; this is also no-
ticeable at large drift levels since
strain hardening and concrete confine-
ment were considered in the predic-
tion. Analysis of the strain gauge data
did not reveal any evidence of strain
hardening of the beam longitudinal re-
inforcement, nor any significant im-
provement of concrete characteristics
in the beams next to the column due to
confinement.19

For Specimen J2, the measured en-
velope in the east-west direction indi-
cated less stiffness and strength than
the calculated curve. However, the dif-
ference between the actual and calcu-
lated responses was less pronounced
than those of Specimen J1. This was
believed to indicate that conventional
mild steel beam bottom reinforcement
(Grade 60) was mobilized. Indeed,
strain gauge analysis further confirmed
this reasoning.20 In the north-south di-
rection of Specimen J2, agreement be-
tween measured and calculated en-
velopes was acceptable.

Stiffness Deterioration 

In order to assess stiffness deteriora-
tion, the secant stiffness was com-
puted for each loading cycle. The se-
cant stiffness was calculated using a
straight line drawn between the maxi-
mum load and corresponding drift
points for the positive and negative di-
rections in a loading cycle (peak-to-
peak stiffness).

Both specimens exhibited a similar
initial lateral peak-to-peak stiffness
and a comparable rate of stiffness de-
terioration (see Fig. 12). At a drift of
2.0 percent, Specimens J1 and J2 had
retained 40 percent of their initial
peak-to-peak stiffness. This value
compares favorably with ungrouted
post-tensioned beam-to-column
joints14 and with monolithic connec-
tions.23 The different joint detailing
used to achieve continuity of beam re-
inforcement in Specimens J1 and J2
did not affect the trend observed.

Fig. 14. Strain on transverse leg of a continuity hoop of Specimen J1.

Fig. 15. Proposed plastic mechanism at failure of Specimen J1.

strength, stiffness, and inelastic de-
formability were taken into account in
Specimen J1.

For Specimen J2, the calculation
only considered the contribution to
flexural strength of strand yielding,
whereas in the beam top reinforce-
ment, the effect of strain hardening at
the column face was considered.
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Member Contribution to 
Interstory Drift 

The relative components of inter-
story drift (beam and column flexural
and shear deformations, and joint dis-
tortion) were calculated.19,20 Member
contributions to drift during east-west
positive cycles are shown in Fig. 13.
Note that the variation of measured
story shear is also shown. The story
shear indicates the effect of the
changes in a given portion of the
structure on the strength of the speci-
men, and is particularly important in
understanding the mode of failure. 

For both specimens, the columns
contributed least to total deformation.
For Specimen J1, after cycles to 2.5
percent, joint deformations con-
tributed more to the total drift. This is
consistent with the damage observed
in the joint. For Specimen J2, beams
contributed the most to total deforma-
tion. Although the joint contribution
was smaller than in Specimen J1, its
contribution increased steadily in cy-
cles between 1.5 and 2.5 percent. 

Since the data became unreliable
after 2.5 percent due to spalling of the
joint concrete, it is not possible to de-
termine the final member contribu-
tions to total drift in Specimen J2.
From the figures, it is clear that the
story shears remained nearly constant
to very large drifts, despite the fact
that the joint contributed significantly
to total drift. The ductile failure ob-
served is explained by yielding of the
continuity hoops (in Specimen J1) and
bar pullout (in Specimens J1 and J2)
inside the joint. Such mechanisms
caused the joint softening. 

Strains in the Continuity
Reinforcement Within the Joint

As previously mentioned, the beam
bottom reinforcement in Specimen J1
was made continuous through the
joint by a set of four No. 5 hoops
placed around the extensions of the
90-degree hooks that protruded from
the beam ends. The hoops were de-
signed to remain elastic when the
maximum tensile force in the bottom
reinforcement corresponding to the
beam flexural strength was developed.
Strain gauges were bonded on hoop
legs in directions parallel and orthog-

onal to the loading direction (east-
west direction).19

Strains recorded in the continuity
reinforcement demonstrated the bend-
ing flexibility of the transverse legs
(parallel to the north-south direction)
of hoops when the 90-degree hook ex-
tensions tried to pull away from the
joint. From the early stages of the test
(see Fig. 14), the high bending flexi-
bility of the transverse legs increased
the beam rotation, concentrating it in-
side the joint. 

Subsequent plastification under
bending further contributed to center-
ing the rotation inside the joint and
softening the joint core. The pullout
failure mechanism of the beam hooked

bar in the joint caused the inclined
cracking observed in the narrow por-
tion of the beam inside the joint which
was mentioned earlier. The proposed
plastic mechanism at failure of Speci-
men J1 is depicted in Fig. 15. 

The precast beam bottom reinforce-
ment of Specimen J2 was made con-
tinuous through the joint by means of
a No. 12 Grade 60 bar placed verti-
cally in the intersection of the four
looped 12.7 mm (0.5 in.) diameter,
Grade 270 prestressing strands that
protruded from the beam ends.

Strains recorded in the vertical No.
12 bar at the beam soffit section and in
the east looped strand at the beam end
section (inside the joint) are shown in

Fig. 16. Strain on No. 12 vertical bar at beam soffit section of Specimen J2.

Fig. 17. Strains on east looped strand at beam end section of Specimen J2.
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Figs. 16 and 17, respectively. Al-
though the No. 12 bar, looped strands,
and bottom beam bars remained elas-
tic, damage patterns and hysteretic be-
havior comparable to those of Speci-
men J1 were observed. It is believed
that the continuity joint reinforcement
of Specimen J2 was not stiff enough
to preclude the beam from rotating in-
side the joint under positive bending,
as was observed during the test of
Specimen J2.

Clearly, the joint behavior of Speci-
mens J1 and J2 was negatively af-
fected by the beam rotation inside the
joint. The internal mechanisms of re-
sistance (the main diagonal concrete
strut and truss actions), joint stiffness
and toughness were harmed by the

development of a tensile strain field
that cracked the joint concrete early in
the test.

Joint Hoop Strains

Strains developed in the confining
steel bars parallel to the loading direc-
tion within the joint height are shown
in Fig. 18. Results for Specimen J1 in-
dicate that Positions 1 and 2 sustained
strains exceeding yield at drifts larger
than 2.0 percent, with first yield being
recorded at 2.0 percent drift. Strains
close to 3ey were recorded at maximum
drift. The largest strains measured
within the lower half of the joint are
consistent with strains developed due
to the pullout of beam bottom bars.

In contrast, strains recorded in Spec-
imen J2 were much lower than for
Specimen J1, with maximum values of
about 1.5ey. Except for the bar in Posi-
tion 1, all confining bars remained
elastic.

Joint Force Transfer Mechanism

In order to understand the mecha-
nism involved in joint shear transfer,
strain gauge data for Specimens J1
and J2 were investigated in more de-
tail. From “measured” forces in bars
(calculated from strains and a cyclic
stress-strain model curve), several
strut-and-tie models were analyzed.
Possible strut-and-tie models for the
two specimens are shown in Figs. 19a
and 19b. Column forces at each bun-
dle of reinforcing bars were calculated
from moment-curvature analyses
using the column flexural moments
corresponding to the applied lateral
shear force. From Figs. 19a and 19b,
column and beam flexural compres-
sion resultants combine to form a di-
agonal strut. Hoop tensile forces, con-
sidered to be lumped at joint
midheight, are equilibrated at the core
boundary by two inclined struts an-
gling towards the centroid of the beam
and column compression resultants
and by changes in the column rein-
forcing bar forces.  

The inclined struts in the lower half
of the joint are of particular interest. In
Specimen J1, the strut (with 235 kN)
is balanced horizontally by tensile
forces in the continuity hoops and
bond along the horizontal short seg-
ment of the bar protruding from the
beam end, and vertically through bond
along the hook extension of beam re-
inforcement. This mechanism is simi-
lar to that observed in pullout failures
of bars. In Specimen J2, the horizontal
reaction of the inclined strut is given
by dowel action of the No. 12 bar
placed to give continuity to the beam
bottom reinforcement.

For the struts within the lower half
of the specimen, premature cracking
due to bar pullout softens the joint re-
gion, thus reducing its stiffness and re-
sistance to shear forces. Such inclined
cracks at the lower half are supported
by the observed crack patterns of Figs.
6 and 8.

Fig. 18. Joint hoop strains for Specimens J1 and J2.
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It is possible, based on strut-and-tie
models, to determine how much of the
net force differential in the column
bundled bars was transferred by strut-
and-tie action involving the hoop sets
and how much was transferred by

shear-compression within the major
diagonal strut. From Fig. 19a, for ex-
ample, the force differential in the col-
umn bundled bars is 1108 + 1275 =
2383 kN (536 kips). As shown, hoop
forces assist in transferring only 991 +

1275 = 2266 kN (509 kips), or 95 per-
cent of the total. It can be inferred that
the remainder, 2383 – 2266 = 117 kN
(26 kips), was transferred by shear-
compression within the width of the
diagonal strut.

Fig 19a. Possible
strut-and-tie model
of joint region of
Specimen J1 at 
strength.

Fig 19b. Possible
strut-and-tie
model of joint
region of
Specimen J2 at 
strength.
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CONCLUSIONS
Based on the observations and re-

sults during fabrication, testing, and
data analysis of the two large-scale
precast concrete beam-to-column con-
nections, the following conclusions
can be made:

1. Precast concrete frames using the
two tested beam-to-column connec-
tions can be built easily and quickly. 

2. The specimens exhibited ductile
behavior. The lateral load carrying ca-
pacity was maintained nearly constant
up to drifts of 3.5 percent, which are
larger than the maximum drift values
allowed in most design codes around
the world.

3. The specimens were designed to
develop plastic hinges in the beams
next to the columns and to impose
joint shear demands close to the nomi-
nal joint shear strength for monolithic
construction. As expected, the behav-
ior was controlled by the joint at large
drifts. Joint degradation and stiffness
decay were recorded after the beam
top steel reinforcement of the beam
had yielded in tension.

4. In both structures, beam rotation
took place inside and outside the joint.
Joint mechanisms of resistance were
impaired by the development of ten-
sile strains due to beam rotation inside
the joint. Beam rotation inside the
joint does not usually occur in mono-
lithic construction.

5. In Specimen J1, where hoops
were used to achieve continuity, pre-
mature bending flexibility of hoop
legs transverse to the loading direc-
tion, as well as pullout of beam bot-
tom bars, contributed to initial joint
damage. 

6. Specimen J2 (in which continuity
of bottom longitudinal reinforcement
of the beams is provided by a steel bar
inserted through overlapping U-
shaped prestressing strands) per-
formed better than Specimen J1. Spec-
imen J2 exhibited a more uniform
distribution of beam cracking and
yielding under negative bending.

7. Continuity reinforcement in the
form of hoops or U-shaped strands
should be sufficiently strong and stiff
to avoid plastic behavior under maxi-
mum demands calculated from a ca-
pacity design approach.

8. Joint shear strengths of Speci-
mens J1 and J2 were 80 and 90 per-
cent, respectively, of those expected
for monolithic construction. More-
over, the initial shear cracking oc-
curred at lower levels of nominal
shear stress than in monolithic con-
struction. This phenomenon was at-
tributed to premature beam rotation in-
side the joint.

9. The test results showed that the
structural response of the precast
frame was satisfactory. Although the
connections tested did not fully emu-

late monolithic construction, they can
be used in precast concrete frame sys-
tems or in hybrid systems, provided
that their strength and stiffness are
taken into account.

10. To improve the cyclic behavior
of the connections, beam rotations in-
side the joint should be minimized.
One approach to accomplishing this
objective is to force the concentration
of beam flexural rotations away from
the column faces, i.e., relocate the
beam plastic hinges. An alternative to
reducing beam rotations inside the
joint is to place unbonded post-ten-
sioning tendons through the joint.
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