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DESIGN OF REINFORCED CONCRETE SPANDREL BEAMS

By Thomas T. C. Hsu' and Kenneth T. Burton,? Members, ASCE

INTRODUCTION

In the 1971 ACI Building Code (2) new provisions have been incorporated
for the design of reinforced concrete members subjected to torsion. These
provisions can be readily applied if the torsional moments are known. For a
spandrel beam in an indeterminate structure, calculation of the torsional moment
requires not only statics but also compatibility conditions. In other words, the
torsional stiffness of the spandrel beam must be considered. In such cases,
the ACI Code tacitly implies that the torsional moment be determined by elastic
analysis and the calculation of torsional stiffness be based on the uncracked
sections (7). This ACI philosophy is questionable. It is well known that after
cracking the torsional stiffness of a reinforced concrete member drops significantly
to a small fraction of its value before cracking (6). Such a reduction will
significantly affect the distribution of moments in an indeterminate structure
after cracking (1,3). To take into account this moment redistribution it has
recently been suggested (3) that elastic design is still valid except that the torsional
stiffnesses of the spandrel beams be assumed as zero. In addition, a specified
minimum amount of web reinforcement must be added to provide torsional
ductility. In this design method the torsional strengths of the spandrel beams
are completely neglected.

With this background we may ask such questions as: Would the torsional
strength be reached if the spandrel beam is designed by the ACI philosophy?
Can limit design replace elastic design to provide suitable torsional reinforcement?
If so, how serious is the cracking at service load, and how much web reinforcement
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a written request must be filed with the Editor of Technical Publications, ASCE. This
paper is part of the copyrighted Journal of the Structural Division, Proceedings of the
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submitted for review for possible publication on December 18, 1972.
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is needed to ensure ductility? How do we detail the joint between spandrel
beam and floor beam, etc.? To study these problems 10 T-shaped specimens
representing a floor beam framing monolithically into a spandrel beam were
tested. Based on the observed behavior new methods using limit design concept
are suggested for the design of spandrel beams in frames.

TesT SPECIMENS

General Description.—Fig. 1 shows a portion of a three-dimensional structural
frame. It includes the columns, the spandrel beam, and the floor beams. If
a load, P, is applied to the floor beam it will produce a rotation at the ends
which in turn induces a torsional moment in the spandrel beam. The interaction
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FIG. 2—General View of Test Setup
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of floor beam and spandrel beam can be studied using the shaded portion in
the shape of a T-specimen. This T-specimen is cut at the inflection points which
can be simulated by hinges.

Fig. 2 shows a T-specimen under test. The specimen was resting on three
hinge supports and was loaded by a universal testing machine. In order to
provide the torsional restraint a steel torsion arm was attached to each end
of the spandrel beam and fastened to the floor. The ends of the spandrel beam
were maintained torsionally fixed during the tests. This is not exactly the situation
in a frame but it was adopted to simplify the analysis and testing procedures.
Similar test specimens were also used in Ref. 3.

A total of 10 specimens were tested, each 9 ft (2.7 m) long from support
to support for both the spandrel and the floor beams. The spandrel beam had
a cross section of 6 in. X 12 in. (150 mm X 300 mm). The specimens were
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FIG. 3.—Load-Torque Curves—Series B (1 kip = 445 kN; 1 in-kip = 0.113 kN/m)

divided into two series, A and B, based on the loading and the cross section
of floor beams given as follows

Floor beam

Series Loading cross section

A Concentrated load at 6in. X 12 in.
midspan (150 mm X 300 mm)

B Uniform load (simulated by 6in. X 9in.

four concentrated loads) (150 mm X 230 mm)

For all specimens in series B, the top surface of each of the floor beams was
level with the top surface of the spandrel beam.

Elastic Analysis of Test Specimens.—In series A, the floor beams are loaded
at midspan by a concentrated load, P, and the ends of the spandrel beams
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were torsionally fixed making the structure indeterminate to the first degree.
By equating the flexural end rotation of floor beam to the torsional rotation
at the center of the spandrel beam the moment, M, at the joint, could be
computed by

in which K, = flexural stiffness of floor beam; K, = torsional stiffness of
spandrel beam; and I, = length of floor beam.

Once the moment at the joint, M, was known, all the bending moment,
shear force, and torque diagrams could be drawn. Note that from conditions
of equilibrium and symmetry the torque, T, in the spandrel beam is

in which T is uniform on both halfs of the spandrel beam.

In Eq. 1 it can be observed that the joint moment, M, is sensitive to the
ratio, K,/K“. If K, =, M= (3/16) Plf. If K, =0, M= 0. Consequently,
a drastic drop in torsional stiffness after cracking will cause a large drop in
both joint moment and torsional moment.

The loading scheme of specimens in series B is shown in the insert in Fig.
3. In this series of specimens the floor beams were subjected to four concentrated
loads approximating a uniform load. The joint moment for this series can be
obtained from Eq. 1 if the numerator is replaced by 0.129 wli.

Comparison of Series A and B.—Since both the torsional moment and the
angle of twist in spandrel beams were induced by the end rotation of the floor
beam, the severity of the torsion problem in the spandrel beam could be observed
by comparing the end rotations of floor beams in series A and B assuming
simply supported at both ends. The end rotation of a floor beam in series
B is much larger than that in series A for two reasons: (1) For a constant
bottom fiber strain at the midspan of the floor beam, a uniform load as in
series B should induce a 33% higher end rotation than the concentrated load
as in series A; and (2) for a constant strain at midspan, the end rotation increases
proportionally with decreasing depth of the floor beam. Since the depth of
floor beam in series B was 33% smaller than those in series A, the end rotations
in series B would be increased by 33% over those in series A. Combining
these two effects, the spandrel beam in series B theoretically will be twisted
78% more than those in series A.

The spandrel beams in series B were not only more severely twisted, they
were also more practical because a uniform load is more frequently encountered
than a concentrated load. Furthermore, the depth of floor beam in series B
was chosen such that the joint moment calculated by elastic analysis using
uncracked sections becaine close to that given by the ACI moment coefficients.
In the ACI Code the maximum span moment is (1/14) wi'® and the joint moment
is (1/24) wl'®, giving a ratio of joint moment to span moment of 0.584. For
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series B, computation shows that this ratio is 0.602.

Reinforcement.—All reinforcement, except no. 2 bars and D1 deformed wires,
satisfies ASTM A-432 having a minimum yield strength of 60 ksi (410 MN /m?).
The deformations conformed to ASTM Designation A-305. The no. 2 bars were
intermediate grade plain bars having a yield strength of about 50 ksi (340 MN /m?).
The D1 deformed steel wires used in specimens B4 and B5 had a diameter
of 0.113 in. (2.87 mm) and a cross-sectional area of 0.010 sq in. (6.4 mm?).
They were specially annealed to gain a long yield plateau with a yield stress
of 72 ksi (496 MN/m?). The tensile strength, however, was not significantly
higher than the yield stress. Details of reinforcement for each specimen are
recorded in Tables 1 and 2.

Concrete.—The ready-mix concrete used in this investigation was 1:2.34:2.78
with a 3/8-in. maximum aggregate. The water-cement ratio was roughly 0.45
and the slump was about 3 in. (approx 80 mm). The compression strength was
aimed at 5,000 psi (34 MN/m?) at the time of testing. However, the actual
strength varies from 3,200 psi (21 MN/m?) to 5,780 psi (40 MN/m?). The
test specimens were cast in plastic-coated plywood forms. For each specimen
three companion 6-in. X 12-in. (150-mm x 300-mm) cylinders for compression
tests were cast in steel molds. All specimen were cured under polyethylene
sheets, stripped at the age of 4 days and tested at the age of about 2 weeks
to 3 weeks. The compressive cylinder strengths for each specimen at the time
of testing are also recorded in Tables 1 and 2.

INSTRUMENTATIONS

As shown in Fig. 2, a T-specimen resting on three hinge supports was loaded
by a 200-kip (890-kN) Baldwin universal machine. The hinge under the floor
beam consisted of a roller and two plates. The two hinges under the spandrel
beam were made of 1-1/4-in. (30-mm) diam high strength steel balls with the
top plates grooved to permit longitudinal movement of spandrel beam under

flexure. The hinges were placed on three compression load cells which monitored
the three reactions.

COMPRESSION
LOAD CELL

COMPRESSION
LOAD CELL

LOAD CELL

FIG. 4—Locations of Various instruments
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TABLE 3.—Test

7,. in pounds per square inch
Design for
Specimen Method of Design f. = 5,000 psi Actual
(1) (2) (3) (4)
(a) Series

Al ACI philosophy 8.3 Vf. 8.3 VT,
A3 Limit Design 4.0 Vf, 3.8 VS,
A5 Limit Design 1.6 Vf, 1.7 Vf,
A2 Identical to A3, except stirrups

of floor beam to study shear

failure of floor beam
A4 Identical to AS, except no stir-

rups at joint to study joint

failure

(b) Series

BI1 ACI philosophy 8.3 Vf, 8.9 V.
B2 Limit design 4.0 Vf. 4.4 VS,
B3 Limit design 1.6 Vf. 1.8 V.
B4 Same as B3, except providing

minimum stirrups
BS Same as B4, except cutoff ex-

cessive longitudinal bars

2Designed for f, = 5,000 psi; f, = 60 ksi for all reinforcement, except f, = 40 ksi
*F = Flexural failure of floor beam (ductile); S = Shear failure of floor beam (brittle);
Note: 1 kip = 4.45 kN; 1 psi = 6.89 kN /m?.

A steel torsion arm was attached to each end of the spandrel beam. Each
torsion arm was controlled by a hydraulic pump and the force was measured
by a 10-kip (44-kN) tension load cell. The torsional moment in the spandrel
beam was the product of the force and the length of the torsion arm. In order
to simulate a torsionally-fixed end, an extremely sensitive level was placed
on the top surface at each end of the spandrel beam as close to the torsion
arms as possible, i.e. 3 in. (76 mm) from the center line of support. The locations
of the levels are shown in Fig. 4. These two levels were kept horizontal throughout
the test.

The torsional rotation on spandrel beam was measured by a transformer called
a ‘‘Metrisite’” (5) located at the middepth of spandrel beam and measured the
total rotation over a length of 51 in. on one side of the spandrel beam. The
output of the metrisite was continuously recorded on a Hewlett-Packet strip-chart
recorder. The torsional rotation was also measured by a clinometer, which
measured the angle change of the top surface. Five stations for measurement
were installed as shown in Fig. 4. The stations were 12 in. (300 mm) apart
except that between stations 4 and 5 which were 3 in. (76 mm) apart (half
the width of floor beam). Since the spandrel beams were subjectéd to variable
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Program and Load

Designed Actual
Actual rf , ultimate ultimate
in pounds per load,? load, Mode of
square inch in kips in kips failure®
(5) (6) (7) (8)
A
478 304 36.8 F
177 28.7 33.6 F
0 28.0 19.5 T
28.7 28.5 S
28.0 22.7 J
B
475 25.6 26.1 F
165 25.6 28.2 F
0 25.6 17.4 T
60 25.6 26.5 ?
60 25.6 24.5 T

for No. 2 bars.
T = Torsional failure of spandrel beam (brittle); J = Joint failure (brittle).

bending moment, the effect of bending moment on the torsional rotations could
be observed by the clinometer measurements.

The concrete compressive strains and the flexural rotations at the maximum
moment region of the floor beams and spandrel beams were measured by linear
variable differential transformers (LVDT) and monitored by the strip chart
recorder. Each LVDT measured the displacement over a length of 11 in. (280
mm), which was equal to the effective depth of the spandrel beams and floor
beams in series A. The flexural rotation was computed by the sum of the
diplacements of a pair of LVDT divided by the distance between them (see
Fig. 4).

The stresses in the reinforcement were measured by SR-4 strain gages at
various critical locations. Each specimen required about two dozen gages.

Test Program anp ResuLts
Series A.—The purposes for testing each specimen were tabulated in Table

3. Specimen Al was designed according to the 1971 ACI Code philosophy.
That means the joint moment was calculated by Eq. 1 using uncracked sections
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TABLE 4.—Crack Width
Maximum Crack Width on Crack width at
: Vertical Faces of Spandrel Junction of Two
rf,, in 8 in inch 8 -
pounds eams, in inches eams, in inches
per Load when
square Service stirrups Service At 85%
Specimen inch load yield load P,
(1) (2) (3) (4) (5) (6)
(a) Series A
Al 478 0.004 0.012 — —
A3 177 0.005 0.011 — —
AS 0 —_ — - —
A2 177 0.004 No yielding of —_ —
stirrups
A4 0 — — — —
(b) Series B
B1 475 0.00S No yielding of 0.003 0.007
stirrups
B2 165 0.005 0.010 0.005 0.011
B3 0 - — — —
B4 602 0.007 0.020 0.010 0.045
BS 60° 0.016 0.055 —_ —
aExcess longitudinal flexural steel remained in B4 but was cut off in BS.
Note: 1 psi = 6.89 kN/m?; 1 in. = 25.4 mm.
SUPPORT ¢ BEAM ¢ |SUPPORT
38 2AT 4" IOQIHBEA 4" m {3
wn
547 3L
FE| o4
i g-a :
:\ 6-2" / N
D~ mles |
: m[ 2-7

FIG. 7.—Reinforcement Arrangement in Spandrel Beam of Specimen B5 (1 in. =

25.4 mm)
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for stiffnesses K, and K. Based on such elastic analysis the designed torsional
stress, T,, was found to be 8.3 V. (v, was computed by code equation T,
= 3T,/ x*y). In view of the fact that the actual concrete strengths may differ
from the target strength of 5,000 psi (34 MN/ m?), the actual torsional stresses
are also given. The closed stirrups of spandrel beam were designed using 1971
ACI torsion provisions. The number of stirrups was expressed by the common
index, rfy, to be 478 psi, (3,290 kN/m?) and the design ultimate load was
found to be 30.4 kips (135 kN).

Specimens A3 and AS were designed by the limit design concept. Using this
method a torsional moment was assigned to the spandrel beam by means of
a specified torsional stress, 7. It is assumed that the spandrel beam will twist
indefinitely under the specified torque until flexural failure occurs at midspan
of the floor beam. For specimen A3, a torsional stress, 7, = 4 \/f-; was chosen
for two reasons: (1) It resulted in rf = 177 psi (1,220 kN/m?) which was
close to 147 psi (1,000 kN / m?) required by ACI Code for minimum reinforcement;

70 T . .
60 BI tu.m'=6.9\/f _
"y= 475psi; T = a,gﬁ:
_.50r A
X
é’ Q tu,'oﬂx 4-3\/':
=40+ B
S
g a0l 3 ] B2 "y=|65”|;'[“=4.4\/f:
(@]
=
3 -—
20 3 rf,=60psi, T,* 2.6f 4
B3 B5 ’
o rfy=0,'[u=l48\ﬁ1 60ps, T, 2.7/f |
1 1 |
° © 30 40

I 20
AVERAGE ANGLE OF TWIST (1073 DEG./IN.)

FIG. 8.—Torque-Twist Curves of Spandrel Beams—Series B (1 in-kip = 0.113 kN/m;
1°/in. = 0.688 rad/m; 1 psi = 6.89 kN/m?2)

and (2) it produced a simple arrangement of torsional steel in spandrel beams.
For specimen AS, 7, = 1.6 V/f.. This stress was chosen because it could be
resisted by concrete alone and required no web reinforcement (rf, = 0). Thus,
by comparing the three specimens A1, A3, and A5, the effect of web reinforcement
in the spandrel beam on the behavior of test specimens can be observed. These
comparisons are shown in Figs. 5 and 6.

Specimen A2 was identical to A3 except for the stirrups in the floor beam.
These stirrups were designed by the ACI shear provisions assuming the contribu-
tion of concrete to be ZVT; Since this specimen failed in shear, it was used
to study the applicability of ACI shear provisions for shear design near the
joint.

Specimen A4 was identical to AS except that no stirrups were used to strengthen
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the joint. Since this specimen failed at the joint, it was used to help establish
a design method for the joint.

Series B.—As indicated in Table 3, specimen Bl was designed by the ACI
philosophy which resulted in a high value of stirrup index, rf = 475 psi (3,270
kN /m?). This corresponds to an actual torsional stress of 8.9 \/T’c Specimen
B2 was designed by limit design concept assuming a torsional stress of 4 \/_f_’c
which resulted in an actual stirrup index of rf ,= 165 psi (1,140 KN /m?). Similarly,
specimen B3 was designed by limit design concept but assuming a torsional
stress of 1.6 V/f.. This small amount of torsional stress required stirrups.

Since specimen B3 exhibited a brittle failure below the design load, a small
amount of stirrups, r:fy = 60 psi (414 kN /m?), was provided in both specimens
B4 and BS. This amount of stirrups corresponds to torsional stresses of 2.6
V. and 2.7 V'f, for Specimens B4 and BS, respectively. In specimen B4 (as
well as in specimens B1-B3) longitudinal bottom bars necessary to resist maximum
moment at midspan were extended throughout the beam. However, in specimen
BS, five no. 3 longitudinal bottom bars were cut off according to moment and
development length requirements as shown in Fig. 7. The cutoff points satisfied
ACI 318-71, section 12.1.6.1 governing cutting off reinforcement in the tension
zone.

Test data for series B are given in Tables 3 and 4 and in Figs. 3-8.

ANALYSIS

An analysis of the test results of the 10 specimens permit us to examine
six questions.

Question 1.— s the 1971 ACI design philosophy applicable to spandrel beams?

This question can be answered by examining the strength and behavior of
specimen Al and B1. These two specimens were designed by the ACI philosophy.
For specimen Al the relation between load and torque is shown in Fig. 5.
The curve for Al can be idealized into three stages. The first stage represents
the elastic behavior before cracking. In the second stage, the development of
cracks caused the torsional stiffness to decrease drastically and the torsional
moment remained essentially constant while the load increased. When the load
reached the level where yielding of the bottom longitudinal steel of floor beam
occurred as indicated by 1, the third stage began. In the third stage a plastic
hinge developed under the load and accelerated the twisting of the spandrel
beam. The torsional moment again increased. This increase of torsional moment
was mainly responsible for the increase in load. (Strain hardening of longitudinal
bars in the floor beam may also be involved.) Fig. 5 showed that both the
design torque and the design load have been reached. The stirrups and the
longitudinal bars in the spandrel beam also yielded before failure.

The behavior of specimen B1 was essentially the same as that of Al. However,
Figs. 3 and 8 showed that the design torque was not reached and that neither
the stirrups nor the longitudinal steel in the spandrel beam yielded. Since the
ultimate torque for B1 was not too far below the design value and that the
design load has indeed been reached (see Fig. 3), the design may be considered
safe from the viewpoint of ultimate load.

Although the determination of torsional moment by the ACI philosophy gave
safe designs, it had two disadvantages. First, the method resulted in large torsional
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stresses and a correspondingly large amount of web reinforcement for spandrel
beams. The torsional stresses were 8.3 V/f, and 8.9 Vf. for specimens Al and
B1, respectively, which were very high when compared to the maximum allowable
stress of 12 Vf.. From another point of view, the web reinforcement index,
rfy, of 478 psi (3,290 kN/m?) and 475 psi (3,270 kN/m?) were used for Al
and B1, respectively. These are also very high when compared to the minimum
shear stirrup index of SO psi (340 kN/m?). It is well known that in resisting
moment, torsional reinforcement is many times less efficient than flexural
reinforcement. Thus, the use of a large amount of torsional reinforcement to
carry external load in a structural system is certainly not economical. Second,
the ultimate torsional strength of a spandrel beam was obtained at a large angle
of twist. Whether such torsional strength can be relied upon is a matter of
conjucture.

In conclusion, although the ACI philosophy is safe from an ultimate load
point of view, it may be uneconomical. Thus, it is desirable to have another
design method which will provide a more reasonable amount of torsional
reinforcement in the spandrel beam.

Question 2.—Can the limit design concept be used to provide a reasonable
amount of torsional reinforcement in spandrel beams?

Examination of torque-twist curves in Figs. 6 and 8 shows that for all specimens
after cracking the torque will reach a plateau at which the angle of twist increases
rapidly without an increase in torque. For specimens A5 and B3 in which no
torsional reinforcement was provided in the spandrel beams, the spandrel beam
failed abruptly at a small angle of twist. However, if sufficient torsional
reinforcement was provided as in specimens A3 and B2 a long plateau could
be expected. This plateau can be utilized as a plastic hinge in limit design.

The applicability of the limit design concept was confirmed by specimens
A3 and B2. For example consider specimen A3 which was designed by the
limit design concept assuming a torsional stress of 4 V/f.. The torque-twist
curve shows that the ultimate torque can easily be reached and the load-torque
curve shows that the design load has been exceeded. The angle of twist of
the spandrel beam was large enough so that the specimen failed by flexure
at midspan of the floor beam. Examination of cracks also revealed no excessive
crack width at any load stage (see Table 4). Finally, this specimen has a stirrup
index of rf, = 177 psi (1,220 kN/m?) which was only 37% of 478 psi (3,290
kN/m?) used in specimen Al designed by ACI philosophy.

Now that the limit design concept assuming a certain torsional stress has
been shown to be both feasible and economical we proceed to ask the third
question.

Question 3.—What is the minimum amount of stirrups necessary to provide
torsional ductility for spandrel beams and to prevent excessive cracking?

To consider this problem a brief historical review seems appropriate. In 1966,
based on PCA tests in pure torsion (6), the minimum amount of closed stirrups
necessary to provide torsional ductility was found to be about 0.5% by volume
for both longitudinal sEeel and stirrups. This percentage of stirrups can be
represented by a stirrup index, rf,, equal to 200 psi (1,400 kN/m?), a value
which is four times that of the stirrup index required for shear only. We now
have two stirrup indices, end values covering the two cases of shear without
torsion at the lower end and torsion without shear at the upper end. To complete
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the rf, index between the end values, the ACI Committee on torsion proposed
an empirical equation (9) making the minimum stirrups a function of the ratio
of torsion to shear.

Shortly after the presentation of this proposed equation, Ferguson (1) suggested
that rf = 60 psi (414 kN/m?) was sufficient for all ratios of torsion to shear.
In examining his tests the ACI Committee on torsion observed that all Ferguson’s
specimens included an excessive amount of longitudinal steel which helped to
compensate for the lack of stirrups. Thus, the ACI Code equation was further
modified to permit the use of rf, = 50 psi (350 kN/m?) for stirrups, provided
the longitudinal steel is increased so that the total amount of torsional rein-
forcement is unchanged (2). Recently, Collins and Lampert (3) suggested that
spandrel beams be designed assuming zero torsional stiffness. To ensure torsional
ductility a minimum stirrup index of rf, = 50 psi 350 kN /m?) should be provided
regardless of the torque to shear ratio or the longitudinal steel. However, their
specimens so designed have utilized steel meshes as web reinforcement. The
maximum flexural steel requirement at the midspan was often liberally increased
and was extended throughout the spandrel beams.

The five specimens in series B provided good insight into the problems of
minimum stirrups in spandrel beams. All five specimens were designed for an
ultimate design load of 25.6 kips (114 kN). The difference lay in the amount
of stirrups in the spandrel beams. An evaluation of the behavior of these five
specimens should be based on the following three considerations:

1. Mode of failure—Table 3 shows that specimens B1 and B2 with rf, of
475 psi (3,270 kN /m?) and 165 psi (1,140 kKN /m?), respectively, exhibited ductile
failure in flexure of floor beams. On the other hand, specimens B5 and B3
with rf, of 60 psi (410 kN/m?) and O psi exhibited brittle failure in torsion
of spandrel beam. It was unfortunate that specimen B4 with rf = 60 psi (410
kN/m?) and with excess longitudinal steel failed prematurely at the simple
support of floor beam due to a mistake in detailing the reinforcement. Judging
from the fact that the ultimate design load was reached and that yielding was
imminent in the flexural steel at the maximum moment location of the floor
beam, it was evident that specimen 4 would have failed in flexure of the floor
beam. However, the information on the amount of ductility was lost.

Examination of the failure modes of specimens in series B thus shows that:
() rf, = 60 psi (410 kN/m?) is definitely insufficient to maintain ductility
without excess longitudinal steel (specimen B5); and (2) rf, = 165 psi (1,140
kN /m?) provides sufficient ductility (specimen B2).

2. Excessive crack width at service load—Service load is defined herein as
one-half the ultimate design load or actual ultimate test load, whichever is larger.
Table 4 showed that maximum crack width on the vertical faces of spandrel
beams at service load was about 0.005 in. for specimens B1 and B2. In other
words, the maximum crack width at service load remained approximately the
same for rfy above 165 psi (1,140 kN/ m?). However, when rf was reduced
to 60 psi (410 kN/m?) as in specimen B4, maximum crack width at service
load increased to about 0.007 in. (0.18 mm). Maintaining rf, = 60 psi (410
kN /m?) but cutting off the excess longitudinal steel as in specimen B5 increased
the maximum crack width at service load to 0.016 in. (0.41 mm). Thus, rf,
= 165 psi (1,140 kN/ m?) is approximately the stirrup index below which the
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maximum crack width at service load begins to increase.

3. Premature yielding of stirrups in spandrel beam—It has been observed
that yielding of stirrups in a spandrel beam causes a sudden and rapid increase
in crack width. To avoid such excessive cracking it is desirable that yielding
of stirrups in a spandrel beam (represented by 3 in Figs. 3-8) should not occur
before the yielding of flexural steel in floor beam (represented by 1 in Figs.
3-8). Examination of Figs. 3 or 8 show that in specimens B4 and BS5, f, =
60 psi (410 kN /m?), yielding of stirrups in the spandrel beam occurs long before
the yielding of flexural steel in floor beam. This behavior is undesirable. On
the other hand, for specimen BI, rf, = 475 psi (3,270 kN/m?), stirrups in
the spandrel beam do not yield even at failure of the floor beam. In this case
the behavior is justified but the overdesign of stirrups in spandrel beam is
uneconomical.

For specimen B2 with rf = 165 psi (1,140 kN/m?) Figs. 3 or 8 show that
3 occurred before 1. However, it must be realized that the No. 2 plain bars
used for stirrups in the spandrel beam of specimen B2 had a yield stress of
50.0 ksi (340 kN /m?) which is 20% less than the yield stress of 62.5 ksi (431
kN/m?) for the No. 5 bars used as the flexural steel of the floor beam. If
identical steels had been used for both stirrups and flexural reinforcement,
yielding would have occurred at approximately the same load stage. Thus, to
avoid premature yielding of stirrups in a spandrel beam, it is desirable that
rfy should be about 165 psi (1,140 kN/m?). This is roughly the same as the

minimum stirrup index, rf, = 143 psi (985 kN/m?) required by the 1971 ACI
Code for specimen B2.

In view of the preceding three considerations it is felt that specimen B2
represents the most acceptable design. In conclusion, for the limit design method
a torsional stress of 4 \/f—; may be specified. This torsional stress should give
sufficient strength and ductility as well as adequate crack control.

Question 4.—How can we design the negative steel of floor beam at the
joint?

In all specimens the negative steel of the floor beam was designed using
the joint moment M = 2T required by Eq. 2. Tests however, revealed that
none of the negative steel yielded at failure. For some specimens these stresses
actually reached a maximum at some load stage before failure and decreased
noticeably as failure was approached. The maximum stresses varied in the range
of 10 ksi to 40 ksi (69 MN/m? to 280 MN/m?).

These interesting observations can be easily explained. Eq. 2 is based on
the assumption that the spandrel beam is simply a straight line. In reality a
spandrel beam has width, and the reaction of the floor beam, R, will induce
an additional moment, R e, with respect to the longitudinal axis of the spandrel
beam, e being the eccentricity of the reaction. Statics then requires that

M+Re=2T ... . €))

This additional moment, R e, is usually quite large and causes drastic reduction

of the moment, M ) to be carried by negative steel. This explains the small
stresses in the negative steel observed in tests.

In the limit fiesigq concept the torque specified will be small. Therefore,
use of Eq. 2, in which R e is neglected, should be acceptable as illustrated

ST1 CONCRETE SPANDREL BEAMS 225

by specimens A3 and B2. since statics usually requires small percentage of
steel, the design of negative steel for a floor beam should also consider crack
control. -

To study the crack width at the end of floor beam due to negative moment,
a comparison of specimen B1, B2, and B4 as shown in Table 4 is enlightening.
For specimen B1 which has two No. 4 negative steel bars (see Table 2), the
crack width at service load was 0.003 in. (0.08 mm) and increased slowly to
0.007 in. (0.18 mm) at about 85% of ultimate load. These crack widths are
smaller than either the maximum flexural cracks in the floor beam or the maximum
torsional cracks in the spandrel beam for all load stages. For specimen B2
with two No. 3 negative bars, the crack width at service load was 0.005 in.
(0.13 mm) and increased somewhat faster to 0.011 in. (0.28 mm) at about 85%
ultimate load. These crack widths are approximately the same as the maximum
crack widths in the floor beam and the spandrel beam at various load stages.
Finally, specimen B4 has two No. 2 plain bars and the crack width at service
load was 0.010 in. (0.25 mm) which is excessive. Moreover, this crack increased
rapidly to 0.045 in. (1.14 mm) at 85% ultimate load.

The preceding comparison shows that two No. 3 bars, which corresponds
to 0.46% of steel, are roughly the lower limit for adequate crack control. It
is interesting to compare this minimum steel with that of 200/ f, specified by
the ACI Code. First, tests have shown that the negative steel at the floor beams
did not yield. Thus, for crack control the minimum percentage of steel should
not be a function of yield strength. Second, it was observed that the maximum
stress did not exceed 40 ksi (approx 280 MN/m?). Using 40 ksi (approx 280
MN/m?) as the yield strength the minimum steel specified by the ACI Code
became 0.50%, which is slightly higher than 0.46%, as indicated by specimen
B2. For these reasons it is suggested that a minimum percentage of negative
steel in floor beams may be taken as 0.45%. More research may show that
this minimum steel can be somewhat reduced.

Question 5.—Is the ACI shear provisions applicable to the floor beam near
the joint?

Two specimens A2 and A3 have been designed which were identical except
for the shear design of floor beams. In specimen A2 the shear reinforcement
was designed according to the ACI Code where the contribution of concrete
was taken as 2 \/f_; The calculated nominal shear stress was 263 psi (1,800
kN/m?). Surprisingly, this beam failed in shear with a test shear stress of
227 psi (1,560 kN /m?). The ratio of test value to calculated value is 0.86 which
means 14% understrength. The failure region is at the end of floor beams near
the joint as shown in Fig. 9.

In view of this shear failure, the floor beam of specimen A3 was designed
by reducing the contribution of concrete to 1 \/f: Specimen A3 then failed
in flexure which was desirable.

The reason for the shear failure of A2 became quite obvious if the condition
of support for the floor beam was examined. In a normal support, the reaction
was supplied underneath the beam through bearing. The ACI Code shear provision
is based mainly on tests using this type of support. For the floor beam in
this investigation the reactions were supplied by shear from the spandrel beam.
Such reactions created a more severe diagonal tension problem in the floor
beams. In other words, the so-called compression arch at the support became
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shallower and the shear carring capacity was reduced.

The inadequacy of the shear provision for beams framing monolithically into
another beam has been pointed out in a series of tests by Ferguson (4) in
1956. It seems appropriate to again call attention to this problem for more
study. In the meantime, for the monolithic floor beam, it may be wise to follow
the European philosophy by neglecting completely the contribution of concrete
in resisting shear.

) %ﬂ:h-

FIG. 10.—Failure Surface at Joint of Specimen A4

Question 6.—How can we detail the joint between floor beam and spandrel
beam?

Specimen A4 was designed to fail at the joint by providing no shear or torsional
reinforcement in the spandrel beam or joint. The failure surface is shown in
perspective in Fig. 10 as indicated by the shaded surface. It can be seen that
a vertical crack first occurred between the floor beam and spandrel beam due
to negative moment at the end of the floor beam. The crack extended about
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half way down the depth and caused failure to occur suddenly along the failure
surface indicated. A secondary failure followed by tearing the bottom layer
of concrete along the longitudinal bars. The failure surface consisted of a
horizontal plane and two inclined planes. The horizontal projection of each
inclined plane can be conservatively taken as one-half of the effective depth
of spandrel beam, d, /2.

In order to prevent this type of joint failure, stirrups should be provided
near the joint to intersect the failure surface within a distance b, + d_, in
which b is the width of floor beams (see Fig. 10). The number of stirrup
should be sufficient to carry the reaction from the floor beam. Thus

b,+d,
V,= Ay o 4)

N

in which V = ultimate joint force transferred from the floor beam to spandrel
beam; s = the spacing of stirrups within the failure zone; A, = area of one
stirrup (including two legs if exist); and fy = yield strength of stirrups.

Specimen A3 was designed according to this formula and V, was found to
be 18.1 kips (80.5 kN). Tests of specimen A3 showed that the joint can at
least carry a joint force of 17.2 kips (76.5 kN) without joint failure (as shown
in Table 3 this specimen failed by flexure at midspan of floor beam). This
joint force was only 5% less than the calculated value.

A practical rule was also observed in detailing the joint. When steel bars
intersect each other at the joint, those coming into the joint from the floor
beam are placed above those from the spandrel beam. This rule is really common
sense in engineering.

It is interesting to mention that Leonhardt (8) has suggested placing closely
spaced stirrups in the joint to *‘hang-up’’ 100% of the load transmitted from
the floor beam. If this suggestion is followed, it is often necessary to place
several stirrups in the joint. Apparently such severe requirement is not followed
by practicing engineers and is not supported by tests in this investigation.

It is also interesting that Collin’s and Lampert’s test specimens (3) have
incorporated Leonhardt’s suggestion. Even with such severe requirement for
stirrups, it was reported that failure occurred at the joint of one specimen.
After carefully examining their photographs, it was found that the specimen
which supposedly failed at the joint appeared to have failed by shear near
the joint without destroying the integrity of the joint.

ConcLusions

1. The application of ACI design philosophy to reinforced concrete spandrel
beam is safe but uneconomical. According to this philosophy torsional moments
are calculated by the elastic method based on uncracked sections and the cross
sections are designed by ultimate strength method.

2. Design of spandrel beams using the limit design concept is both feasible
and desirable. In using the limit design concept, the spandrel beam may be
assumed to carry a torsional stress of 4 V{7 .

3. The negative flexural steel in the floor beam at the joint can be determined
from statics assuming a no-width spandrel beam. The minimum steel ratio may
be taken as 0.45% for crack control.
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4. A simple formula (Eq. 4) is suggested for the design of stirrups to prevent
joint failure.

5. More research is needed to study the shear design of a floor beam framing
into a spandrel beam. However, for design purpose, it is safe to design shear
reinforcement of the floor beam by neglecting the contribution of concrete in
resisting shear.

SucaGesTed DEesIGN CRITERIA FOR SPANDREL BEAMS

1. If torsion in a member arises from maintaining compatibility with other
flexural members framing into it, such as the spandrel beams in a statically
indeterminate structure, a design torsional stress of 4 \/f—’c may be assumed
at the sections located less than a distance, d, from the face of the support.
The moment transferred from a slab or closely spaced beams may be assumed
uniform along the length of the torsional member.

2. When a floor beam is framed monolithically into a spandrel beam, the
cross-sectional area of stirrups in the spandrel beam at the joint within a distance,
d, /2 from the faces of the floor beam should not be less than

V.,s
A =——"""
(b, +d)f,

in which V_ = ultimate joint force transferred from the floor beam to spandrel
beam; s = spacing of stirrups; b, = width of floor beam; d_ = effective depth
of spandrel beam; and f = yield strength of stirrups.
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AprpenDix Il.—NoraTion

The following symbols are used in this paper:

A, = cross-sectional area of one stirrup, including two legs if exist;
b, = width of floor beam;
b, = width of spandrel beam;
d, = effective depth of spandrel beam;
e = eccentricity of floor beam reaction with respect to longitudinal axis
of spandrel beam;
fi = cylinder compressive strength of concrete;
f, = Vyield strength of reinforcement;
K! = flexural stiffness of floor beam;
K, = torsional stiffness of spandrel beam;
I, = length of floor beam;
I, = length of spandrel beam;
I' = clear span of floor beam;
M = joint moment between floor beam and spandrel beam;
P = concentrated load on floor beam in Series A;
r = A,/ b, = stirrup ratio;
R = reaction of floor beam at joint;
s = spacing of stirrups in spandrel beam;
T = torque in spandrel beam;
T, = ultimate torque in spandrel beam;
V, = ultimate joint force transferred from floor beam to spandrel beam;
x = smaller dimension of rectangular cross section;
y = larger dimension of rectangular cross section;
w = uniform load on floor beam in Series B; and

-
®
I

3T,/x*y = design torsional stress.



