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EXECUTI VE _SUMVARY

The behavior and design of precast spandrel beans was studied
under PClI SFRAD Project #5. This research project was primarily directed
toward spandrel beans conmonly used in parking structures. Both L-beans and
pocket spandrels were included in the study.

The research included background investigation of design
practices, analytical studies using finite elenent nodels, and full-scale
load tests of two L-beans and one pocket spandrel. All three test specinens
were 72 in. high, 8 in. wide and 28 ft |ong. The target design |oads were
based on 90 psf dead load and 50 psf live load, which are typical for a
doubl e tee parking structure with 60 ft spans.

The background research revealed that industry practices and
publ i shed procedures vary wth respect to several fundanental aspects of
spandrel beam design. Behavi or near the end regions is not well understood,
nor is the influence of connections to deck elenents. In general, the
design of beam ledges is not consistently handled; in particular, there is
no consensus on the design of hanger reinforcement for |edge-to-web
attachment . Also, the ACI Building Code (ACI 318-83) does not address
conbi ned sheer and torsion in prestressed beans. Designers rely on several
research reports that give design reconmendati ons.

Ledge-to-web attachment and behavior near the end region of
spandrels were identified as the key issues and were the prinmary focus of
this research. The analytical studies and laboratory testing program
yi el ded several significant findings:

o Contrary to several published design exanples, a critical
section for shear and torsion at the face of the support
shoul d be consi dered.

o Connections to deck elenents do not substantially reduce
torsion: however, they are effective in restraining |ateral
di spl acenent induced by bendi ng about the weak principal axis.

° Shear and torsion design procedures for prestressed spandrels
whi ch consider a concrete contribution have been verified by

two tests.
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¢ An approach for considering the effect of the pocket on the
shear strength of pocket spandrels has been proposed. Wile
t he accuracy of this approach has not been fully verified by
tests, it is believed to be conservative.

© Wth regard to detailing practices. it was found that the
torsional response of deep spandrels is donminated by out-cf-
pl ane bendi ng. The use of |apped-splice stirrups and
 ongi tudinal reinforcing bars without hooks does not appear to
have any detrimental effect.

@ Two independent design checks in the end region of spandrels
are recomended. First, reinforcement should be provided to
resi st out-of-plane bending caused by the horizontal torsional
equilibrium reactions. This reinforcement is not additive to
the reinforcenent for internal torsion. Second, the
longitudinal reinforcement in the bearing area should be
sufficiently developed to resist the external normal force, as
well as the tension induced by the vertical reaction.

¢ The eccentricity of the ledge |oad cannot be neglected in the
desi gn of hanger reinforcenent for |edge-to-web attachment.
Nonet hel ess, not all of the load acting on the ledge is
suspended from the web and the effective eccentricity of the
ledge load is significantly reduced due to torsion within the
| edge. A design procedure which considers these effects has
been recommended. In addition. it wss deternined that hanger
reinforcement is not additive to shear and torsion
rei nf orcenent .

¢ The PCI design equations for punching shear strength of beam
| edges may be unconservative, Further research in this ares
is recomrended.

In conclusion, this research has clarified many of the questions

relating to spandrel beam design and the design recomrendations will be of
i mmedi ate benefit to the precast industry.

- Y-
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1. | NTRODUCTI ON

Spandrel beans are one of the nost conplex elenments in precast
construction. I ndustry practices and published procedures vary with respect
to several fundanmental aspects of their design. Behavi or near the end
region is not well understood, nor is the influence of connections to deck
el ement s. I" general, the design of beam ledges is not consistently
handl ed; in particular, there is no consensus on the design of hanger
rei nf or cenent for | edge-to-web attachnent. Also, the ACI Building Code
(ACT 318-83)(1) does not address conbined shear and torsion in prestressed
beans, although several research reports give design reconmendations.

PCI Specially Funded Research and Devel opnent Project #5 addressed
these issues by studying the behavior and design of precast spandrel beans.
The research program was primarily directed toward deep and slender
spandrels such as those commonly used in parking structures to serve both
| oad-carrying and railing functions. Both L-beanms and spandrel beans wth
pockets for T-stem bearings (pocket spandrels) were included in the program
Figure 1.1 shows typical cross sections of these types of beans. The
findings of this research generally apply to both prestressed and non-
prestressed spandrels, but may not be applicable to spandrel beans of
radically different geonetric configuration or |load |evel. Fur t her nor e,
while this research is believed to be reasonably conprehensive, not all
aspects of spandrel beam design are covered. In particular, the research
does not address spandrel beam design as part of a lateral-Iload-resisting

frame, or the effects of volune change on design and detailing of
spandrels. Also, handling and vehicular inpact |oads are not discussed.
These considerations can be very inportant, but are considered beyond the
scope of this research.
The research included the follow ng:
¢ Study of design requirements and practices to determne the
state-of -the-art of spandrel beam design.

¢ Analytical studies using finite elenent nodels of a" L-beam and
pocket spandrel.
© Full-scale tests of two L-beanrs and one pocket spandrel

desi gned using state-of-the-art nethods.



The following sections of this report describe the research

anal yze the findings, and provide design recomendations.
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2. BACKGROUND RESEARCH

The background research included a review of code requirenents,
published guides and research reports on spandrel beam design. A
questionnaire covering several aspects of spandrel beam design was sent to
the nenbers of the Steering Coomittee for PCl SFRAD Project #5. Later, a
qguestionnaire on pocket spandrels was sent to selected commttee nmenbers who
showed interest in that type of construction. Finally, the collective
experience of the author and his associates was considered. The foll ow ng
di scussion on spandrel beam design is based on this research.

2.1 GCeneral Design Considerations

Critical section. In nost precast beans, the loads and reactions

are applied at the top and bottom of the beam respectively. Such beans are
said to be "directly | oaded". Spandrel beans, on the other hand, are
indirectly loaded, and the additional shear capacity due to arch action near

(2) Therefore, design for shear and torsion

the support is not avail able.
forces at a distance d (h/2 for prestressed spandrels) from the support may
be not appropriate. Figure 2.1 shows potential critical inclined sections
which carry all the concentrated loads acting on the |edge rather than just
| oads farther than d from the support.

The consensus anpong designers is that all loads acting on the
ledge. inside the critical section, based on inclined cracking from the edge
of the beam base plate. nust be considered as part of the shear/torsion
| oad. This consensus is contrary to the published design exanples in
Section 4.4 of the PCI Design Handbook(s) and Example 14.2 in the PCA notes
on ACI 318—83.“') ACI 318-83 does not address indirectly |oaded beans;
however, Article 11.1.2 of the Commentary recommends special consideration
for concentrated |oads near supports.

Equi val ent uni form | oad. It is common practice to sinplify the

anal ysis by replacing concentrated | oads with equival ent uniform | oads.
Sone designers increase the equivalent uniform floor |oad such that the
shear and torsion is correct at the critical section at the inside edge of
the base plate i.e., the basic equivalent uniformload is multiplied by the
ratio of grid span to design span.



Eccentricity contributing to torsion. Typically, the |edge |oads

are positioned at the centerline of bearing (allowing for fabrication and
erection tolerances) or at the outer 1/4 point of the |edge. The forner
approach is generally preferred because an increase in |edge projection does
not necessarily require an increase in torsional | oad. The eccentricity
contributing to torsion is the distance from the centerline of the web to
the applied load, as shown in Fig 2. 2. Theoretically, the eccentricity

shoul d be neasured relative to the shear center. which, for an uncracked L-

beam section, is slightly inside the centerline of the web. However, this
difference is neglible in deep spandrels. Further, experinental results are
not consistent with the theoretical prediction of shear center |ocation
based on the uncracked cross section. (5)

I nfl uence of deck connections. Prior to connection of the double

tees or topping to the spandrels, torsion can be conmputed as a product of
the dead load and the eccentricity between the applied load and centerline
of the web. After connections to deck elenments are nade, however, the
applied "live load" torsion may be partially counteracted by the horizontal

force due to friction at the bearing pads coupled with restraint at the deck

connections (Fig. 2.2). However, nost practitioners believe that it is
i nappropriate to rely on a soft bearing pad for this purpose. In addition.
recent research(ﬁ ) indicates that the effective "friction" at the bearing

pad may be 5 percent or less of the gravity | oad.

2.2 Flexure

Flexural design of spandrels generally follows ACI and PCI
procedures for bending about the horizontal and vertical axes. However, L-
shaped spandrel beans do not have symetry about either axis. The princi pal
axes are rotated'slightly from the vertical and horizontal axes, as shown in
Fig. 2.3. The influence of this rotation on bending about the horizontal
axis can be neglected for deep spandrel beans. For shallow spandrels.
particularly those enploying prestressing, this influence should be
consi der ed.

Perhaps nore inportant, however, is the influence of principal
axes rotation on horizontal di spl acenent of spandrel s. As shown in

Fig. 2.3, a conponent of the vertical l|oad acts along the weak axis inducing



a" outward horizontal displacenent. Al loading prior to naking diaphragm

connections can cause horizontal displacenent. Cleland(5) found that this
was the nost dom nant behavior of |ong slender spandrels and suggests a
princi pal axes anal ysis when the spa" length is 40 to 50 times web width,

depending on the intermediate support conditions.

" general, detailing practice follows the ACI code. One
noteworthy exception pertains to Article 10.6.7 of the ACI 318-83 which is
applicable to non-prestressed spandrels. This provision requires that

rei nforcenent be placed in the side faces of webs nmore than 3 ft deep. The
reinforcement is to be distributed in the zone of flexural tension with a
spacing not nore than the web width, nor 12 in. Designers do not often
check this provision; instead reinforcement in the side faces of the web is
designed to resist torsion or handling.

2.3 Shear and Tor si on

Prestressed spandrels. The ACI code does not address torsion in

prestressed concrete. A procedure for torsion design of prestressed
concrete, which is a" extension of the ACI provisions of torsion for non-

7

prestressed concrete. was developed by Zia and MCee. ( The second edition

of the PCI handbook included a nodified version of the Zia and MCee

(8)

method. The PCI procedure uses a sinplified nmethod for conputation of

torsional stress which is conservative for nost spandrel beans. A further
refinement of these nethods was subsequently developed by Zia and Hsu. (9)
Wil e the general design approach follows that of Zia-MGee and PCl, new
expressions are proposed for torsion/shear interaction and mnimm torsion
rei nforcenent. The Zia-Hsu equations are expressed in terns of forces and
noments rather than nomnal stresses, which is nore consistent with the
current ACI code.

Most designers follow one of these three simlar procedures.
Practices vary with respect to the design of |ongitudinal reinforcement for
torsion. Sone designers consider the prestressing strand to be part of the
l ongi tudinal reinforcenent while others consider only the mld reinforcing.
In their original paper. Zia and MGCee recommended that only the

prestressing steel in excess of that required for flexure, and |ocated



around ‘the perineter of closed stirrups. should be considered .as part of the
 ongi tudinal torsion steel.

~The third edition of the PCI handbook(B) describes a procedure
devel oped by Collins and Mtchell, which is based on conpression field
t heory. This approach assumes that, after cracking, the concrete can carry
no tension and that shear and torsion are carried by a field of diagonal
Conpr essi on. Because' the "concrete contribution" is neglected, this
approach will generally require sonewhat more stirrup reinforcenment
depending on the selection of the crack angle. The biggest difference,
however, is in the positive and negative noment capacity requirenents which
are based on the axial tension caused by shear and torsion. For the exanple
shown, in-the handbook, the required positive and negative bending strength
at the face of the support exceeds the midspan nonent. These requirenents
present considerable detailing difficulties, and many designers do not feel
they are valid for deep spandrels.

Detailing practices for the torsional reinforcement do not always
follow ACI code requirenents. Article 11.6.7.3 requires that transverse
rei nforcérrent consist of closed stirrups, closed ties or spirals. However ,
the' conmentary to the ACI code indicates that this requirement is primrily
directed 'at hollow box sections and solid sections subjected primarily to
torsion. In these nenbers, the side cover spalls off, rendering lapped-
spliced stirrups ineffective. This type of behavior is unlikely in deep
spandrel beans, and transverse reinforcenent is often provided by pairs of
| apped-spliced Ustirrups. Also, nost designers feel that the stirrup
spacing limt of 12 in. is not appropriate for deep spandrels, and this
limit is routi;lely exceeded.

Non- prestressed spandrel s. Torsion design of non-prestressed

concrete generally follows ACI code requirements, except for the detailing
consi derations discussed above.
Pocket spandr el s. Typically, pocket spandrels need not be

designed for torsion. However, the pockets conplicate the shear design.
Design practices vary for considering the effect of the pocket; sone
designers neglect this effect. Fortunately, shear strength does not control
the dimensions of deep pocket spandrels and often only m ninmum reinforcenment
is required. Wlded wire fabric is frequently used for web reinforcenment.



2.4 Beam End Design

Torsion equilibrium The eccentric load applied on the |edge

produces torsion in the spandrel which nust be resisted by reactions at the
supports. Customarily. the web is connected to the colum to restrain
rotation. Figures 2.4a and 2.4b show the torsion equilibrium reactions for
a normal and dapped connection, respectively.

The torsional equilibrium reactions nmay require supplenmenta
vertical and horizontal web reinforcenent at the ends of the girder

(10) and Osb0111(1l) prescribe simlar methods for design of this

Raths
rei nforcenent. Vertical and |ongitudinal steel, Ahv and sz, on the inside

face of the spandrel is calculated by:

va - sz - Tu (1)
2¢fydS
wher e Tu = factored torsional nonent at the end of girder (in-1bs),
d = depth of A and A steel from outside face of
5 WV wi

spandrel (in.),

fy = yield strength of reinforcement (psi)
(or effective prestress),

and ¢ = strength reduction factor = 0. 85.

The use of ¢ = 0.85 instead of 0.90 (flexure)} conpensates for the ratio of
internal monment to total effective depth, which is not in Equation 1

Gshorn recommends the bars be evenly distributed over a height and
width equal to hS (see Fig. 2.4) from the concentrated reaction point

Because shear cracks may coincide with diagonal cracks due to out-
of - pl ane bendi ng, va shoul d be added to the shear reinforcenent. However,

nost designers feel this reinforcement is not additive to reinforcenent for

i nternal torsion. If the reinforcenent for torsion is considered to

function as va_ and A 9 rei nforcement, little or no supplenmental
W.

reinforcement is required provided all loads acting on the ledge are

consi dered as part of the shear/torsion I|oad



Figure 2.5 shows a" alternative neans to provide torsional
equi librium at the support. I" this case, the end reactions are in close
alignment with the ledge |oads. The projecting beam ledge is treated as an
upsi de- down cor bel . Most designers surveyed indicated that this approach
may lead to excessive rolling of the spandrel beam at the support,
particularly where a soft bearing pad is used.

Dapped-end beans. Section 6.13 of the PCI Design Handbook

presents design criteria for dapped-end connections. Research on dapped
connections under PClISFRAD Project #6, which is being conducted concurrently
with this project, is expected to recommend nodified procedures. Desi gn of
dapped end L-beans is often conplicated by reinforcenent for torsion
equilibrium connections (Fig. 2.4b). Also, the last bloeckout in a pocket
spandrel often interferes with the reinforcing for the dapped end. The
establ i shed design procedures are nodified as appropriate to handle these

speci al conditions.

2.5 Beam Ledges

Hanger rei nforcing. Figure 2.6 illustrates a possible separation
between the |ledge and web of a" L-shaped spandrel. Desi gn exanples by
PCAM) and Collins and Mtchell (12) provi de hanger rei nf orcenent

concentrated near the |edge |oad given by
Ash “Va (2)

¢fy

The notation is defined bel ow

0)

(1 .
Raths uses all the hanger reinforcenent between |edge I oads,
but conputes the required reinforcement based on the sunmation of nonents

about the outside face of the spandrel, thus

Ash= (jd+a)
i d
Y

At (3)
¢f



wher e A = area of transverse hanger reinforcement on

sh
inside face of spandrel for each ledge load (sq
in.).

Vu = factored ledge load (kips),

a = distance from ledge load to center of inside
face reinforcenent (in.),

jd = ‘internal nonent arm (in,) (taken as d - 1/2 in.).

and $ = strength reduction factor = 0.85.

Raths recommends an additional load factor of 4/3 for design of
hanger reinforcenent. An alternate procedure for using concrete tension as a
nmeans of |edge-to-web attachnment is also given.

Equation 3 is based on sound principles of statics, yet there are
many existing spandrels that have performed well with nmuch |[ess

reinforcenent than this equation would require. The only known failures

have occurred where there was no hanger reinforcenent. In several
i nstances, beans with very |light hanger reinforcenent have survived | oad
tests.

(11,12,13)

Further refinements of hanger reinforcement design
reduce the load that nust be suspended from the web based on internal shear
stress distribution, relative depth of the |ledge, and deflection
conpatibility.

There is no consensus anong designers on requirenents for hanger
rei nforcenent. Sone designers do not check |edge-to-web attachment, while
others use sone conbination of the above methods. Furthernore, there is no
agreenment as to whether or not hanger reinforcenment should be added to shear
and torsion reinforcenent. The nethod for designing hanger reinforcenment
generally controls the quantity of transverse reinforcenent in the niddle
region of the spandrel, and can have a very significant effect on nateri al
and fabrication costs.

Ledge punching shear. The design for punching shear in beam

| edges generally follows the procedures in Section 6.14 of the PCI Handbook.

11.



Sone designers follow a nodified procedure recomended by Raths; (10)

based
on unpublished test results, this nethod considers a lower ultimate stress
on the vertical shear plane along the inside face of the web. Mirza, et
a1(1!+) and Krauklis and Guedelhofer(15) have also found that the PCI design

equations may be unconservative.

2.6 Beam Pockets

It is custonmary to provide closed stirrups or Ubars in the plane
of the web for the entire T-stem load in pocket spandrels. The hanger bars
are typically located near the T-stem load, as shown in Fig. 2.7.
Ther efore, Equation 2 is wused to determne hanger reinforcenent
requi rements. The concrete tensile stress at the "ledge" Ilevel is
relatively low so a horizontal crack at that location is unlikely. Al so,
because hanger reinforcenment is customarily used, punching shear below the

pocket is generally not a concern.

12.
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Fig. 2.3 - Principal axes of an L-beam
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Fig. 2.5 = Beam end corbel behavi or
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3. FINITE ELEMENT MODEL STUDI ES

3.1 Description

Finite element nodels of a" L-beam and pocket spandrel were
anal yzed. The geometry of these nodels and the test specinmens was
essentially the sane. The beans were 72 in. deep, 8 in. wide and 28 ft
long. Figures 4.1 and 4.2 provide more detailed information on the geonetry
of the beans.

The nodel studies had several objectives:

9 Investigate the deflections and rotations caused by the

eccentrically applied | oad.

© Deternmine the theoretical torsional equilibrium reactions at

t he supports.

© Study the influence of connections to deck elenents on

deformations and torsional equilibrium reactions.

© Investigate the stresses across the |edge/web interface.

Three-di nensional solid elenents were used with three degrees of
freedom at each node. Cross sections showing the finite elenent nesh are
shown in Figs. 3.1 and 3. 2. The nodels were assenbled and anal yzed using a
proprietary version of the SAP IV Program

Service loads included beam dead load and a 16.8 Kkip tee-stem
reaction at 4 ft centers. The tee-stem |oad was applied at 8 in. and 2 in.
from the web centerline for the L-beam and pocket spandrel, respectively.
The restraints at each end of the beam nodeled a typical spandrel beam
support where the bearing pad is placed at the centerline of the web, and
| ateral support is provided near the bearing and at the top corners of the
beam

For both the L-beam and pocket spandrel, a second condition was
analyzed in which additional lateral restraint was provided near md-height
of the beam to sinulate connections to deck elenents. There was no
possibility of relative |ateral novenent between the colum restraints and
deck elenents, simulating the case where there is an independent connection
bet ween the deck and the col um. This case was nodeled so the analytical
studies and load tests nodeled the sane condition, although it should be

noted that a direct connection between the column and deck s not

21.



necessarily required. Alternately, the colum can be indirectly connected

to the deck through the spandrel beam

3.2 Spandrel Beam Behavi or

Figure 3,1a shows the midspan deflection of the L-beam at service
load w thout any connections to deck elenents. Note the overall outward
deflection due to the rotation of the principal axes. Connections to deck
elenents effectively restrain this outward displacenent, as shown in
Fig. 3.1b. Usually these connections are not made until all of the dead
load is in place, Simlar plots for the pocket spandrel are shown in
Fig. 3.2 Due to the different cross-sectional shape and |oad eccentricity,
the lateral deflection is relatively snall.

Figure 3,3a shows the horizontal reactions at the L-beam support

wi thout connections between the spandrel and deck. These forces sinply
bal ance the external torsion due to the eccentrically-applied |oads. Fi gure
3.3b shows the horizontal reactions wth deck connections. The deck
connections in the midspan region restrain the outward displacenent. The

deck connections at the support work with the top corner connections to
restrain rotation. The net outward force between the deck and spandrel
would be counteracted by the colum-to-deck connection. If there were no
col um-to-deck connection, the deck connection forces would tend to bal ance.

depending on the stiffness of the colum.

3.3 Transfer of Ledge Loads to Wb

Stresses across a plane 3 in. above the |edge/web interface were

st udi ed. (The geonetry of the finite elenent mesh prevented investigation
at the top of the |edge). The results of that study are presented in
Fig. 3.4. As expected, the inside face of the web is in tension. The

maxi mum tensile stress of 295 psi, which occurs at the |edge load, is about
40 percent greater than the average stress. The conpression in the outside
face of the web is significantly nore uniform

The resultant of these stresses can be computed by integrating
stresses in the individual elenments near the |edge/web junction. As

indicated in the figure, the resultant is slightly less than the applied
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ledge load and is shifted significantly towards the web centerline. These
differences are equilibrated by shear and torsion in the |ledge itself. Thi s

nmechani sm is discussed further in Section 5.4.
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Y

F.E.
MODEL

VERT. (IN.) -0.053

| HORIZ. (IN.) +0.024

ROT. (RAD) -0.00085

(A) WITHOUT DECK CONNECTIONS

LOAD F.E. LOAD

TESTS MODEL TESTS
-0.173 VERT. (IN.) -0.053 -0. 146
+0.038 HORIZ. (IN.) 0.0 +0.013
-0. 00443 ROT. (RAD) -0.00083 -0. 00346

(B)WITH DECK CONNECTIONS

Fig. 3.2 - Midspan deflection of pocket spandrel (superinposed dead |load plus |ive |oad)
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4. LOAD TESTS

Two L-beans and one pocket spandrel were tested to study their

behavior and verify their strength. The tests were conducted in the
structural laboratory of Wss, Janney, Elstner Associates in Northbrook,
I'l1inois.

4.1 Test Specinens

CGeneral. Al three spandrels were 72 in. high, 8 in. wde and
2.8 ft long. The target design |oads were based on 90 psf dead |oad and 50

psf live load. which are typical for a double tee parking structure with 60

ft spans. The reactions at each stem of a" 8 ft w de double tee was 16.8
ki ps.

Desi gn. The design of the test specinmens was based on the state-
of -the-art nethods described in the background section. Shear and torsion

design for the prestressed spandrels followed the procedure recomended by
Zia and Hsu. ACI Equation 11-10 (rather than Eq 11-11 or 11-13) was use to
conpute the basic shear strength provided by the concrete section. Flexural
design foll owed ACI 318-83. Sone reserve flexural strength was required to
neet the provisions of Article 18.8.3. which requires a bending capacity
equal to at least 1.2 times the cracking nonent. Rei nf orcement for
torsional equilibrium was checked by Equation 1. This reinforcenent was not
added to the reinforcenent for internal torsion.

In view of the controversy regarding |edge-to-web attachnent,

alternate procedures were used for design of hanger reinforcenent:

9 Hanger reinforcement for Specinmen 1 was designed by Equation 2,
with a one-sixth reduction in the load suspended from the web
based on relative |edge depth. Al of the transverse
rei nforcenent between ledge loads was <considered to be
effective, and hanger reinforcenent was not added to shear and
torsion reinforcenent.

® Equation 3 was used for design of the hanger reinforcenent in
Specimen 2. A 7.4 percent reduction in the suspended |oad was
taken based on a" assuned parabolic shear stress distribution.

Again, all the hanger reinforcement between |edge |oads was

29.



consi dered effective, and it was not added to shear/torsion
rei nforcenent.

® Hanger reinforcement for the pocket spandrel (Specinmen 3) was

desi gned by Equation 2. In addition to a U bar at the pocket,
one wire on each side of the pocket from the nesh reinforcing
was considered to contribute.

Design of the dapped-end connection for the pocket spandre
basically followed the PCI Handbook procedure with two exceptions. Fi rst
due to relatively low stresses, there was no special reinforcenment provided
for diagonal tension in the extended end or direct shear at the junction of
the dap and the nmuin body of the nenber. The welded wire shear
rei nforcenent, however, was continued into the extended end. Second, the
reinforcenent for flexure and axial tension in the extended end was not
continued past the potential diagonal tension crack extending to the bottom
corner of the beam

Details. The dinensions and reinforcement details of the test
specinens are provided in Figs. 4.1 and 4.2. The following features of the
reinforcing details should be noted

0 Due to the different design nethods, Specinen 2 has twce as

much hanger reinforcenent across the |edge-web interface. Thi s
reinforcenent was provided by partial-height L-bars on the
inside face of the spandrel between the stirrups. These bars
add about 4 percent to the weight of the nmild steel in the

beam

(=]

Closed ties forned in one piece by overlapping 90 degree end
hooks are used on the left half of the L-beans. Stirrups on
the right side of the L-beans consist of |apped-spliced U bars.

¢ The longitudinal bars in the L-beans are not hooked at the

ends.

© At the right side of the L-beans, two #5 bars are welded to a

bearing plate. A #5 U-bar is used on the left side of the L-
beans.

© Wre nesh is wused for shear reinforcement of the pocket

spandrel . The mesh is not hooked around the main reinforcenent

at the top and bottom of the beam although the ACI code
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requirements for development of web reinforcement
(Article 12.13.2.5) are satisfied.

Mat eri al s. Design of the test specinmens was based on 5,000 psi
concrete, 60 ksi reinforcing bars (ASTM A706), 270 ksi stress-relieved
strand, and ASTM A497 nesh. Concrete cylinders and reinforcing bar sanples
were tested to determine actual strengths. The results are presented in

Table 4.1. The yield strength of the X3 bars was nuch higher than expected.

4.2 Test Procedure

Set up. The test setup is shown in Fig. 4.3. The spandrels were
supported on rigid L-shaped frames which provided lateral restraint at the
four corners of the beam Load was applied at seven points along the beam
using specially designed double tees (and one single tee). To simulate
| ong-term creep of elastonmeric bearing pads, two 1/4 in. pads on either side
of a 1/4 in. steel plate were used under the tee stens. The pads were 6 in.
wi de (measured along the bean) by 3 in. |ong. These dinmensions were chosen
so the load could be applied at the desired eccentricity w thout exceeding
reasonabl e bearing stresses.

The test setup featured a renovable connection between the
spandrel s and double tees. Pedestals were used to support the dapped ends

of the pocket spandrel (Fig. 4.3b).

I nstrunent ati on. Instrumentation included load cells at two of
the loading points on the double tees. as well as all four horizontal
reaction points. Three deflection transducers and one tiltmeter were set up

at midspan to nonitor horizontal and vertical deflections and rotations.
Finally, single elenent strain gages were placed on selected reinforcing
bars as per Table 4.3.

Load sequence. Initially, each spandrel was increnentally [ oaded

to service load (16.8 kips per tee stenm) wi thout the connection between the
doubl e tees and spandrel. After unloading, this sequence was repeated wth
the deck connections in place. Finally, the beans were |oaded to failure
wi thout the deck connections in increments of 2.5 kips per tee stem The
third specimen was tested to failure in tw phases. After a failure near
the end region in Phase 1, the supports were moved in 4 ft from each end.

and the specinen was reloaded to failure.
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4.3 Behavior and Strength of Test Specinens

Defl ection and rotation. Figures 3.1 and 3.2 conpare the neasured

deflections of the L-beam and pocket spandrel to those predicted by the
finite element nodels. Although the neasured deflections are quite snall,
they are two to three tines the predicted deflections. About half of the
vertical deflection and some of the rotation may be attributable to
deformati on of the bearing pads.

Figure 4.4 shows a plot of stem reaction wvs, midspan torsional
rotati on of Specinen 2. The stiffness of the beam is significantly reduced

after cracking was observed.

Service |oad behavior. At service load. no cracks were observed
in the L-beans. However. mnor cracks were observed "ear the dapped-end
connection of the pocket spandrel. These cracks. which are shown in

Fig. 4.5a, were all less than 10 mils (0.010 in.) in width.

Failure patterns - Specinmen 1. The cracking patterns that

occurred during loading to failure are shown in Fig. 4.6a. Diagonal cracks
began to appear on Specinen 1 at a load of 25 kips per stem The crack at
the |edge/web junction occurred at 27.5 Kkips. This crack imediately opened
to 20 mils and extended end to end where it connected to inclined cracks in
the | edge. The | edge continued to separate fromthe web until the test was
stopped at a ledge load of 34.6 kips per stem At the end of the test, the
crack at the |edge/web junction was over 1/8 in. wide, as show' in Fig. 4.7.

Failure patterns - Specinmen 2. As shown in Fig. 4.6b, a well

devel oped patter” of inclined and "rai nbow' cracking devel oped on the inside
face of Specinen 2. Typically, these cracks were less than 10 mils wide.
Al'so, several 1 to 3 ml flexural cracks were observed on the outside face.
The crack at the |edge/web junction was restrained by the additional hanger
rei nforcement, as shown in Fig. 4.8. At a load of 42.7 kips per tee-stem
punching shear failures occurred at the first and sixth tee stem from the
left., Figure 4.9 shows the punching shear failures. The failure cone
initiates behind the bearing pad. The failure surface is alnpbst vertical
"ear the top and inclined below the l|edge reinforcing. As a result, the
| edge flexural reinforcenment is not very well developed across the failure

pl ane.
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Failure patterns = Specinen 3. The cracks which formed during

Phase 1 of the Specinen 3 test are shown in Fig. 4,5b, OCracks near the
dapped-end connection which developed at service load continued to |engthen
and widen, and new inclined cracks forned. Cracks bel ow the pockets began
to form at tee stem loads of 18 to 25 kips. As the load was increased,
di agonal tension cracks developed further from the support. These cracks
typically initiated near midheight of the beam At a load of 26.5 kips per
tee stem a diagonal tension crack near the right support extended down to
the bottom corner of the beam and failure occurred imediately, as shown in
Fig. 4.10.

In Phase 2 of the Specimen 3 test, a wi de "rainbow' crack forned
at load of about 43 kips per tee-stem Apparently this crack is due to a
conbi nati on of diagonal tension due to shear and vertical tension due to the
tee-stem | oads. The ultimate failure, however, occurred when the concrete
below the fifth pocket from the left punched out at 47.6 Kips. The
"rainbow' crack and punching failure are shown in Figs. 4.5c and 4.11.

Strength. Table 4.2 summarizes the design force. calculated
strength and test force for several potential and actual failure nechanisns.
The calculated strengths are based on the -equations used for design.
Because the hanger reinforcenment for Specinens 1 and 2 was designed using
different equations, the calculated strength is roughly the sane even though
Specimen 2 had twi ce as nuch hanger reinforcenent.

The calculated strength is expressed as both a "design" strength
and a "predicted" strength. The design strength is based on specified
material properties, and includes the appropriate strength reduction factor.
The predicted strength uses actual nmaterial properties and no strength
reduction factor.

As shown in Table 4.2, the spandrel beans were tested to a |oad
near or beyond their predicted capacity for several of the primary failure
nechani sns. There were, however, several notable exceptions.

The shear failure of Specinmen 3 (Phase 1) occurred at the diagonal
cracking load, and the expected contribution from the shear reinforcing was
not realized.

The | edge-to-web attachnment strength of Specimen 1 was
considerably less than predicted by Equation 3. In contrast, Specimen 2

showed no sign of a |edge-to-web attachnent failure. even though the test
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force was slightly above the capacity predicted by Equation 2. The strength
of the hanger reinforcement below the pocket of Specinen 3 (Phase 2) was
wel |l beyond the predicted capacity. Apparently, the shear strength of the
concrete below the pocket contributed.

The nost surprising result was the punching shear failure at
Speci men 2. Al though the |edge loads were quite high, the punching shear
strength was only about 60 percent of the predicted capacity.

Hori zont al reactions. At service |oads, the neasured horizontal

reactions at the supports were conparable to the reactions predicted by the
finite element nodel, as shown in Fig. 3.3.

Figure 4.12 shows a plot of tee stem load ws, horizontal reaction
forces at the left support of Specinmen 2. The horizontal reactions did not
continue to increase proportionally with load after cracking of the L-beans.
At a ledge load of 39 kips per stem the horizontal reactions actually began
to drop off. Apparently, the torsion equilibrium reinforcement on the
inside face of the spandrel was vyielding and eccentric bearing helped
equilibrate the eccentric ledge load due to rotation at the support.

Rei nf or cenent strain. Table 4.3 sunmarizes the reinforcenent

strain at gaged |ocations. Data are provided at or "ear service |oad,
factored |oad and the naxi mum test | oad.

At service load reinforcement strains are insignificant except at
the dapped-end connection of the pocket spandrel, where the strain in the
hanger reinforcenent bar nearest the load is alnmpst 0.1 percent. Thi s
strain level corresponds to half the yield stress for a Grade 60 bar. Even
though the strain levels in the ledge flexure and hanger reinforcing are
very low, they are noticeably higher at the |edge |oad.

At factored |load, cracking of the |edge/web junction of Specinen 1

was acconpanied by very high hanger reinforcement strain. I n Speci nen 2,
this cracking was limted to the vicinity of the ledge load which is
reflected in the recorded strains. Strain in the |edge flexure

reinforcenent remains low at factored |oads because there are no vertical
cracks at the |edge/web junction. I" spite of early cracking at the dapped-
end connection. strain levels at factored |oads are well below yield strain.
At the nmaxinmum test load, the strain in the |edge hanger bars in
Specimen 1 are well into the strain hardening range. The |edge hanger bars

in Specinen 2 are approaching the yield strain. (Using the 0.2 percent
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offset method, the yield strain of the #3 bars is about 0.5 percent.) The
hanger reinforcing bars at the pocket in Specinen 3 are also near the yield
strain. It should be noted that these strains would exceed the nom na

yield strain of a Gade 60 bar. Strain in the |edge flexure reinforcenent
remains |low at nmaxi mum test |oad, indicating the absence of |edge flexure

cracks.
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TABLE 4.1 -

MATERI AL STRENGTHS

Concrete Rei nf orci ng
Conpr essi ve Bar Yield Strength Tensile Strength
Speci nen Strength Si ze fY (ksi) fu (ksi)
£, (@
1 5, 330 #3 78.9 98.7
2 5, 640 #4 70. 4 103.7
3 6, 060 #6 64.2 98.1

(a) Average of 3 field-cured cylinders tested concurrently wth

36.
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TABLE 4.2 - SPANDREL DESI GN AND TEST RESULTS

Calculated Strength

Failure Specimen Design Force Design (b) Predicted {(¢) Test
Hechanism Units Na. (a) Service Ultimate 4 (6 = Mominal) 4 = 1 Force(d)
Mid-span in-kips 1 5,490 8,190 0.9 11,900 (f) 13,730 10,520
flexure 2 5,490 8,190 Q.9 11,900 (£) 13,730 12,800
3-1 5,410 8,080 0.9 9,400 (£} 10,440 8,150
Sheaf At _support Figs‘ 1 68.0 101.4 0.85 111.1 145.2 130.3
Torsion abt support in-kips 470 709 793 1033 967
2 63.0 101.4 0. 85 111.1 146.8 158.6
470 09 N 793 1033 1196
66.9 100.0 124,7 159.0
3-1 118 177 9.85 ) (o)
66.9 100.0 124.7 159.0
-2 118 77 0.83 (el Te)
Lateral bending due in-kip 1 470 709 0.%0 692 902 967
to torsion equilibrium 2 470 709 0.9%0 692 g0z 1196
force 3-1 118 177 0.%0 2448 273 186
Hanger reinforcement kips 3=-1 66.9 100.0 0.90 35.0 113.0 100.9
at dapped end
Hanger reinforcemant kips 1 16.8 25.3 0.9%0 2B.4 (g} 41,5 (g) 34,6 (k)
for ledge load per 2 16.8 25.3 ¢.%0 26.8 {h) 39.1 (h) 42.7
stem 3-2 16.8 25.3 0.20 24,1 (3) 30.8 () 147.6
T-stem baaring (1) kips 1 16.8 25.3 0.70 66.8 101.7 34.6
per 2 16,8 25,13 0.70 66,8 107.6 42,7
stem 3-2 16.8 25.3 0.70 66.8 115.6 47.6
Ledge punching shear kips per 1 15.4 25.3 .85 61.7 74.9 4.6
at interior bearing(m) stem 2 16.8 25.3 G.85 61.7 77.1 42.7
Ledge punching shear kips per 1 16.8 25.3 0.85 53.7 65,2 34.6
at exterior bearing{n) stem 2 16.8 25.3 0.85 53.7 67.1 42.7

3-1 and 3-2 indicate Phase 1 and 2 of the Specimen

Calculated nominal strength using state—of-the-art

Calculated nominal strength using design equations

[::::j - indicates failure at specified test force

Reserve Elexural strength was required to meet the

ACI 318-B3 which requires a bending capacity equal

Hanger reinforcement designed by Eq. 2 with 2 one-sixth reduction in the load suspended from the web

Henger reinforcement designed by Eq. 3 with a 7.4 percent reduction in the load suspended from the web

3 load test, respectively

degign equations and specified material

and actual materiel properties (& = 1)

requirements of Article 18.8.3 of

to at least 1.2 times the cracking moment.

Hanger reinforcement designed by Eq. 2; one wire on each side of pocket included.

Hanger reinforcement yield at 29.9 kips per stem.

(a)
(b)
properties {(multiplied by #&).
()
(d)
(e) Torsion design not required.
(£)
(g)
based on relative ledge depth.
th}
based on parabelic shear stress distribution,
(3}
(k)
(1} Bearing design per PCI Eq. 6.8.1 with Nu = 0.
()} Using PCI Eq. 6.14.1.
(n)} Using PCI Eq. 6.14.2.
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TABLE 4.3 -~ RElI NFORCEMENT STRAINS
Di st ance Service Load _
Gage from Load Strain Load
Locati on No. (a) |l oad (in) {(b) (%) (b)

Ledge hanger [ -1 0 16.9 0.004 27.3
rei nf or cement -2 12 16.9 0.001 27. 4
(near midspan) | -3 24 16.9 0.0 27. 4

1-4 12 16.9 0.0 27. 4

1-5 0 16.9 0. 003 27.4
Ledge flexure -6 24 16.9 -0.002 27. 4
rei nf or cement -7 0 16.9 -0.001 27. 4
Ledge hanger 2-1 24 16.7 0.0 28.1
rei nf or cement 2-2 18 16. 7 0.001 28.1
(near midspan) 2-3 (c) 12

2-4 6 16.7  0.002 28.1

2-5 0 16.7 0.004 28.1
Ledge flexure 2-6 24 16.7 -0.002 28.1
rei nf or cement 2-7 0 16.7 -0.001 28.1
Dapped end 3-1 8 16. 7 0. 056 24.9
flexure reinf.
Dapped end 3-2 8 16.7 0.091 24.9
hanger reinf. 3-3 11 16.7 0.017 24.9
Hanger reinf. 3-4 6 16. 7 0. 006 24.9
at pocket 3-5 6 16. 7 0. 005 24.9

(at midspan)

{a) First nunber

{b) Average | edge |oad (kips)
(c¢) Bad readings due to gage failure or bending in bar

i ndi cates speci men nunber

Fact ored Load

Max Test Load

crack

Strain
(%)

0.239
0.120
0.223
0. 245

(c)

o

. 016
0. 026

. 005
. 007

(e Ne]

. 023
. 035

(e Ne]

'
o

. 003
0. 007

0.130

. 097
. 067

(e Ne]

o

.101
0. 093

Load
_(b)

Strain
(%)_

(e)
3.211
2.235

(c)

(c)

.015
0. 042

(c)
0. 210

0.412
(c)

0.016
0.034
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(a) L-Beams

(b) Pocket spandrel

Fig. 4,3 = Test setup
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7 0 0 0 0 0

(A) FRONT ELEVATION OF SPECIMEN 3

AT SERVICE LOAD

/
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-
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(8) FRONT ELEVATION OF SPECIMEN 3-(PHASE 1)

AT ULTIMATE LOAD

LT

Z 1\

(c> FRONT ELEVATION OF SPECIMEN 3-(PHASE 2)

AT ULTIMATE LOAD (END REGION CRACKS NOT SHOWN)

1-1D0 MIL

= 11-48 MIL

== LD MIL OR MORE

———— CRACK DN BACK (OUTSIDE) FACE

Fig. 4.5 - Oack patterns = Specinmen 3
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cA) FRONT ELEVATION OF SPECIMEN 1
AT ULTIMATE LOAD

(8> FRONT ELEVATION OF SPECIMEN 2

AT ULTIMATE LOAD

CRACK LEGEND:

— 1-10 MIL

—r— 11-49 MIL

w50 MIL OR MORE

————— cRACK ON BACK (OUTSIDE) FACE

Fig. 4.6 - Crack patterns - Specinmens 1 and 2
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Fig.4.7 « Crack at |edge/web junction = Specimen 1

Fig.4.g - Crack at |edge/web junction -~ Specinmen 2
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(a) T-stem at left support

(b) 6th T-stemfrom | eft

Fig. 4.9 = Punching shear failures - Specinen 2

46.



FoEq

(

q

)

1 9sviJ

t U2wroadg

O;H—H.H..H.WM .H.mwmw&m - OH ....M .m,._”,m

Juoag

(

=

)

47,



Fig. 4.11 - "Rainbow' crack and punching failure -
Speci nren 3 - Phase 2
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5. ANALYSI S AND DI SCUSSI ON

5.1 Ceneral Design Considerations

Location of critical section. The shear failure of Specinmen 3,

shown in Fig. 4.10. confirns the possibility of an inclined failure plane
which carries all of the loads acting on the spandrel. The crack patterns
which occurred in Specimens 1 and 2 suggest a simlar possibility.

Therefore, the shear and torsion design of spandrel beans should consider a
critical section at the face of the support.

Al ternately, if separate hanger reinforcement is provided to
transfer the ledge loads to the top of the beam the spandrel can be
designed as a directly |oaded beam with a critical section at d or h/2 from
the support for non-prestressed and prestressed spandrels, respectively.
However, this approach nay |lead to excessive transverse reinforcement in the
midspan region because hanger reinforcement is added to shear and torsion
rei nforcenent.

Influence of deck connections. As illustrated in Fig. 3.3, the

connections to deck elenments do not substantially reduce torsion. The only
significant effect of the deck connections is the restraint of latera

di spl acenent induced by bending about the weak principal axis.

5.2 Flexure

Wth regard to flexure, both the strength and serviceability-
related behavior of +the test specimens was satisfactory. It is worth
mentioni ng, however, that flexural cracking of the L-beans only showed up on
the back face. This observation is attributable to bending about the weak

princi pal axis.

5.3 Shear and Torsion

Prestressed L-beans. Specinens 1 and 2 were tested at |oad |evels

roughly equal to the predicted capacity based on the Zia-Hsu equations.
which was the basis for their design. There was no evidence that the

negative bendi ng capacity required by conpression field theory was needed.
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As discussed |ater, some level of positive bending capacity at the face of

the support is required.

Pocket spandrels. The premature shear failure through the full

section of the pocket spandrel near the dapped connection is attributable to
poor anchorage of the primary flexural reinforcenent at the bottom corner of
the beam It may have helped to extend the dapped-end flexural
rei nforcenent beyond the inclined crack: this reinforcenent, however, is not
very efficient in a deep dap.

Recent research wunder PCIFSRAD Project #6 enphasizes the
i nportance of anchoring the primary £flexural reinforcenent at dapped
connecti ons. This research concludes that the reaction should be linmted to
the shear strength of the web (the |esser of vci and Vcw) because the
primary flexural reinforcenent is typically not anchored at the bottom
corner of the beam The exanple in Appendix C illustrates a procedure for
designing a dapped connection in a pocket spandrel.

Predicting the strength of the concrete section is conplicated by
the pockets. Hanson(16) found that a conservative prediction of the
strength of concrete joists wth square openings, but wthout stirrup
rei nforcenent, was obtained by calculating the |oad at which cracking at the
corner of the opening develops, assunmng the shear is distributed in
proportion to the area of the section above and below the opening. One
approach to calculating this load is to substitute bw(d_hp) for bwd in ACI
Code -equations for the shear strength of the —concrete section
(Equations 11-3 or 11-6 for non-prestressed spandrels, or Equations 11-10,
11-11 or 11-13 for prestressed spandrels), where hP is the height of the
pocket . Simlarly, the strength provided by the shear reinforcenent, Vs’ is

gi ven by

Vo= A £ (d-h) (4)

which reflects an unfavorable crack pattern through the pocket region, as
shown in Fig. 5.1. The above approach is believed to be conservative for
pocket spandrels. but is not generally applicable to beams wth square
openi ngs. Using ACI Code Equation 11-13 and substituting bw(d—hp) for bwd.

the predicted shear strength provided by the concrete section of Specinen 3
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is 110 kips or 93 kips, depending on whether or not the prestress is
considered to contribute to shear strength. These predictions are
conparable to the failure load of 101 Kips.

It is compbn practice not to use a deep pocket for the T-stem
nearest the support. A wel ded bracket or Cazaly hanger is used instead. In
these cases, the h_ term need not be included for design of the end region.

Detailing practices. The torsional response of deep spandrels is

dom nated by out-of-plane bending. There was no evidence of spalling of the
side cover which can occur in conpact sections subjected primarily to
t orsi on. The use of |apped-splice stirrups in lieu of closed stirrups did
not appear to have any detrinmental effect, and the absence of hooks on the
| ongi tudi nal reinforcement did not lead to any apparent problens.

It is unlikely that there would have been any inprovenent in shear
strength of the pocket spandrel had the wire nesh been anchored by a bend at
t he | ongi t udi nal rei nforcenent. The failure 1is attributable to poor
anchorage of the primary flexural reinforcenent, and there was no sign of an

anchorage failure of the wire fabric.

5.4 Beam End Design

Torsion equilibrium reinforcenent. The applied torsional |oad on

Specimens 1 and 2 was beyond the predicted capacity of the torsion
equi librium reinforcement required by Equation 1. To some extent eccentric
bearing may have helped equilibrate the applied torsional | oad.
Nonet hel ess, the test results support the contention that reinforcenent for
the torsion equilibrium reaction need not be added to the reinforcement for
i nternal torsion.

Longi tudi nal reinforcenent at end. The premature failure near the

dapped connection points out a possible deficiency at non-dapped spandrel
beam supports. Figure 5.2 shows the forces acting on a free body cut off by
di agonal tension cracks at the support. Negl ecting the distance from the
top of the beam to the conpressive force. the developed force required at
the face of the support is given by

d;ASde = Nuh/d + Vu(0.5+a/d) (5)
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wher e fsd = developed stress in the reinforcement at the face of the
support . The remaining notation is defined in Fig. 5. 2. For a dapped
spandrel, a simlar check of the free body forces across an inclined crack
through the full section is recomended. Typical cases are included in the

design exanples in Appendices B and C

5.5 Beam Ledges

Hanger r ei nf.or cenent_. The load tests and analytical studies

indicate that the eccentricity of the |ledge |oad cannot be neglected in the
desi gn of hanger reinforcenent. Nonet hel ess, not all of the load acting on
the ledge is suspended from the web, and the effective eccentricity of the
|l edge load is significantly reduced due to torsion within the |edge. Desi gn
by Equation 2 nay be sonewhat unconservative, while use of Equation 3 may be
overly conservative. A design procedure for hanger reinforcement has been
devel oped based on the transverse forces acting on the free body shown in

Fig. 5.3. Summati on of nonents about the outside face of the spandrel gives

Ash _ Vu(d+a) - szbz/z - M‘2 (6)
¢ fy d
wher e AV2= shear in ledge (Eq. 7},
AT£= torsion in ledge (Eq. 8),
b2= wi dth of the |edge neasured al ong

the bottom of the beam and
¢ = strength reduction factor = 0.85,

Most of the notation used for hanger reinforcenent design is graphically
defined in Fig. 5.4. Simlar to Equation 1, the use of ¢ = 0.85 instead of
0.9 compensates for the ratio of internal nonment arm to total effective
dept h.

The finite elenent nodel study verified that the shear in the
| edge, AVR,' depends on the internal shear stress distribution, which is
calculated by integrating VQ/I from the top of the ledge to the bottom of
the beam In lieu of an exact solution, the follow ng expression, based on
the parabolic shear stress distribution in a rectangular beam gives a

conservative approximtion of AVQ:
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AV, =V (3-2h_/h)(h /h)? (7)
u L 2
where h = overall height of the beam and
hL = height of the |edge.

AT2 depends on the torsional stiffness of the |edge conpared to the

total torsional stiffness of the beam  Accordingly

2
AT =V ey (x y)].edge (8)
£ u t 7
LX Yy
where e = distance between the applied load and the centerline of
t he web,
2 2 2 . .
= whi ch
(x y)l edge bﬂ,hS& or b;z,hg,’ ichever is smaller,
x = shorter overall dinmension of a rectangular

part of a cross section, and

| onger overall dinension of a rectangul ar

<
1

part of a cross section.

The use of Yt in Equation 8 is intended to avoid assigning too nuch torsion

to the |Iedge. If closed stirrups are provided in the |edge Yt = 1.0;
ot herwi se
Yt =T_c_ <1 (%)
T
u

wher e Tc = torsional noment strength provided by

concrete. and

Tu = factored torsional nonent at critical
section.
Finally, if the end of the L-beam is dapped, the end reaction wll not
equi librate VJ?. and TR, . Therefore, for dapped-end beans, the total hanger

reinforcenment is given by
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_IV  {d+a) (10)
sh =~ L

£
v £, d

For the L-beams included in this study, Equation 6 would require
about 30 to 60 percent nore hanger reinforcenent than Equation 2, depending
on Yt. As previously noted, the use of Equation 3 doubles the hanger
rei nforcenents requirenents conpared to Equation 2. Hanger reinforcenent is
not additive to shear and torsion reinforcenent.

The background research revealed that at |east four |load tests of
spandrel beans were conducted by precast producers several years ago.
During two of these load tests, the |ledge of an L-beam separated from the
web. Data pertaining to hanger reinforcement design in these two test
specinens are summarized in Table 5.1. Simlar to the test of Specinmen 1.

in these prior load tests a wide horizontal crack devel oped at the |edge/ web

junction. In each case, the test was stopped before the |edge actually fell
off. Al three tests indicated the |edge-to-web connection was very ductile
in spite of wvery light hanger reinforcenent. The behavi or of these test

speci nens suggests that due to strain hardening, forces in the hanger
reinforcing approaching the ultimate tensile strength can be developed. It
should also be noted that as the ledge begins to rotate due to separation
fromthe web, the ledge load shifts in towards the face of the web.

As shown in Table 5.1, the yield and ultinmate |edge |oads were
cal cul ated using Equation 6. The maxi mum test |oads are conparable to the
calculated ultimte | oad. During the 1974 test, a localized separation
between the |edge and web occurred in the midspan region where |edge | oads
were nuch heavier than average (See Fig. 5.6). Therefore, the strength
contribution due to shear and torsion in the |edge was significantly greater
than predicted by Equation 6.

The reinforcenent ratio (Ash/sd, where s is the |edge |oad spacing)
of these spandrels was roughly 100/f v This ampunt is simlar to the

m ni mum requirement for structural slabs. In view of the ductility
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denonstrated in these tests, a mninmm reinforcement ratio of IOO/EY is
recommended for hanger reinforcenent. The effective distribution width for
hanger reinforcenment is discussed |ater.

Ledge punchi ng shear. The nost unexpected result of the load tests

was the early punching shear failures in the ledge of Specinen 2. As
di scussed in the background section, other researchers have found that the

PCI equations for |edge punching shear nay be conservati ve. One reason
may be that the PCI equations do not fully account for the eccentricity
between the applied load and the centroid of the critical section. Thi s
eccentricity is shown in Fig. 5. 5. The analysis approach wused to
i nvestigate transfer of unbalanced nonent between slabs and columms can be
adapted to punching shear of beam | edges. The shear stress at the inside

edge of the ledge is given by

v = v +Vue2c <£'_‘/EZ (11)

c u
bohl .Jc

wher e bo = perimeter of the critical section,
e, = di stance between the |ledge |oad and the
centroid of the critical section,
¢ = distance between the centroid of the critical section
and the inside face of the |edge, and
J = property of critical section analogous to

pol ar nmorment of inertia (See Ref. 17).

This formula assumes that the full height of the ledge is effective
and none of the eccentricity is resisted by |edge flexure. The conput ed
punchi ng shear capacity of Specinmen 2 using Equation 11 is 40.5 kips. which
is conparable to the failure load of 42.7 Kkips. Punchi ng shear capacity can
be inproved by increasing the 1ledge projection or depth. The use of
devel oped |edge flexure reinforcenent should also increase punching shear

capacity.

57.



Equation 11 can not be accurately applied to conditions where
flexural reinforcenent devel oped across the critical section can help resist
eccentricity. Also, shear and tensile stresses acting on the full section
may reduce the punching shear resistance of the ledge. However, this study
provides evidence that the PCI design equations nmy be wuncenservative in
some situations, and further research.is recomrended.

Pistributrion tofoledgerrednforkeingn g |, t h e L- beam

speci nens showed evi dence of higher stresses in the |edge hanger and flexure
reinforcement in the vicinity of the applied |oad. The finite el ement nodel
showed a similar concentration of stress. However, the hanger reinforcenent
strain was much nore evenly distributed after the horizontal crack at the
| edge/web junction had fully devel oped. As the |edge separated from the web
along the entire length of Specimen 1, it was clear that all of the hanger
rei nforcement between |edge |oads was effective. Ledge flexural cracks did
not devel op, so nothing was |earned about the post-cracking distribution of
strain in |ledge flexure reinforcenent.

Of course. these results are only applicable to L-beanms wth
geonetry and reinforcement simlar to the test specinens. Local |edge
failures are conceivable, particularly if the loads or |oad spacing are not
uni form Figure 5.6 shows two local failures in which the |edge flexure or
hanger reinforcement assumed to resist each ledge load is not fully
effective. However, the shear and torsional strength aecross the inclined
failure planes abc and def contribute to the strength. This contribution is
related to the punching shear strength of the |edge. Even though the |edge
reinforcing and shear strength may not be fully additive, premature failures
of the type shown in Fig. 5.6 are unlikely. On the other hand,_ if
reinforcement at the ledge load is required to supplement the punching shear
strength, the ledge flexural reinforcenent and hanger reinforcenent should
al so be concentrated at the |edge | oad.

Figure 5.7 shows a local separation between the |edge and web
related to the bending strength of the |edge. Assuming the hanger
reinforcement stress is evenly distributed between |ledge |loads (and

negl ecting AV,) the upward force between loads is equal to V /s, where W is
L u
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the stemreaction and s is the |edge |oad spacing. The correspondi ng sum of
the negative and positive bending noments in the ledge is equal to Vus/s.

The reinforcement required to resist this bending nonent is given by

As,q, =V, 8 (12)
8¢d9vfy
wher e As!?. = |ledge reinforcenent in the top or bottom
of the ledge in addition to reinforcing
required for the primary nonent,
dz = effective depth of Asﬂ,' and

¢ = strength reduction factor = 0.85.

Once again. use of a strength reduction factor equal to 0.85
instead of 0.9 conpensates for the ratio of internal nonment arm to total
effective depth.

In sunmmary, this research suggests that all of the hanger
reinforcement or ledge flexure reinforcenent between |edge |oads can be
considered effective providing the punching shear and |ongitudinal bending
strength {Eq 12) of the ledge are adequate. Further testing should be

carried out to verify this assertion.

5.6 Beam Pockets

During Phase 2 of the Specimen 3 test, the concrete below one of
t he beam pockets punched out at a load of 47.6 kips. The predicted failure
load based on yielding of the hanger reinforcenment is 30.8 kips. The
difference is apparently due to a punching shear strength contribution.
Based on Equation 11. the predicted punching shear strength is 31.1 Kkips per
stem Ful |y devel oped inclined cracks bel ow the pocket were observed at tee
stem loads of 25 Kips. These results indicate that the strength
contributions from hanger reinforcenent and punching shear are not fully

addi ti ve.
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09

Load Test

PCI 9/85
Specimen 1

Thomas Cone. Prod.
1/80

Concrete Masonry Corp.

9/74

{a) Wde horizonta
(b) Using Eq. 6 (kips)
{c) Measured (ksi)
(d) Estimated (ksi)
(e)as ft avg.

TABLE 5.1 - LOAD TESTS OF L-BEAMS WH CH FAILED DUE TO

LEDGE SEPARATI ON FROM MEB(a)

Cale. Ledge Max.Test
Spandrel Dinensions (in.) Hanger  Rei nforcement Load (b) Load
[ T T R Anpunt G ade & F u Mt A vield ule. (kips)
71 2 1465 55 #3@1, 50 78.9¢% 98.7%” 062 231 200 346
(0.44 in.") 1.0 25.9 32.4
80 11-3/4 6 12 3.75 4.25 #48@ 181, 40 5509 go (¥ 1.0 20.9 30.4  29.2
(0.53 in.™)
72 12 8 16 6.5 5.5 £ 40 zﬁfi; 60 70(d) 100(d) 0.59 21.3 504 39,2'F)
(0.45 in.™) 1.0 4 34.9

spaci ng of

tee stems

crack devel oped at the |edge/web junction in al

three cases

(£) A localized separation between the |edge and web occurred in midspan region where | edge loads were much heavier

than average

Therefore

than predi cted by Eq.

the strength contribution due to shear

and torsion in the ledge was significantly greater
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Fig. 5.1 - Shear in pocket spandrels
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Fig. 5.2 - Forces acting on free body cut off by diagonal
tension cracks at support
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Fig. 5.4 - Notation for hanger reinforcement design
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6. FI NDINGS AND RECOMMENDATIONS

The following paragraphs describe the findings based on the

background research. analytical studies, and |oad tests described herein.

@ Critical section. Because spandrel beans are |oaded "ear the

bottom a critical section for shear and torsion at the face of
the support should be considered

¢ |nfluence of deck connections. Connections to deck elements do

not substantially reduce torsion, however, they are effective in
restraining lateral displacenent induced by bending about the
weak principal axis.

© Shear and torsion of prestressed L-beans. Met hods  which

consider a concrete contribution for shear and torsion design of
prestressed spandrels, such as the Zis-MGee or the Zia-Hsu
net hods, have been verified by tw tests. Desi gn nethods based
on conpression field theory are sonewhat more conservative,
particularly with regard to the requirenent for negative bending
strength at the face of the support.

@ Shear strength of pocket spandrels. An approach for considering

the effect of the pocket on the shear strength of pocket
spandrels has been proposed. While the accuracy of this
approach has not been fully verified by tests, it is believed to
be conservative

® Detailing practices. The torsional response of deep spandrels
is dom nated by out-of-plane bending. The use of |apped-splice
stirrups and longitudinal reinforcing bars wthout hooks does
not appear to have any detrinental effect.

% Beam end design. Two independent design checks in the end

region of spandrels are recomended. First, reinforcement
should be provided to resist out-of-plane bending caused by the
hori zontal torsional equilibrium reactions. This reinforcenent
is not additive to the reinforcement for internal torsion. and

very little supplenmental steel wll be required provided a
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critical section for shear and torsion at the face of the
support is considered. Second, the developed force in the
primary |longitudinal reinforcenent at the face of the support,
or bottom corner of a dapped-end connection. should equilibrate
the applied normal force, as well as the axial force induced by
the vertical reaction.

9 Ledge hanger reinforcing. The eccentricity of the I|edge |oad

cannot be neglected in design of hanger reinforcenent for ledge-
to-web attachment. Nonet hel ess, not all of the load acting on
the ledge is suspended from the web and the effective

eccentricity of the ledge load is significantly reduced due to

torsion within the |[edge. A design procedure which considers
these effects has been reconmrended. Load tests conducted under
this program and by others have verified this procedure. In

addition, it was determned that hanger reinforcement is not
additive to shear and torsion reinforcenent. M ni mum hanger
rei nforcenent anmounts are recomended and distribution of |edge
reinforcing is discussed.

0 Ledge punching shear. PCI design equations for the punching

shear strength of beam |edges may be unconservative. Further
research in this area is recomended.

In closing, it should be reenphasized that this study has focused
on spandrel beans as |oad-carrying components. In this regard, the research
has gone a long way toward the wunderstanding and resolution of several
fundanental aspects of spandrel beam design. The findings generally apply
to both prestressed and conventionally-reinforced spandrels conmmonly used in
bui | di ngs and parking structures. However, forces from frane action, volume
change. handling and vehicular inpact were not discussed, and the report
does not fully address tolerances, corrosion protection or connection
details. These factors nmust also be carefully considered during the design

process.
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NOTATI ON

shear span, distance between concentrated |l|oad or
reacti on and hanger reinforcenent

area of flexural tension reinforcenent

area of hanger reinforcing

area of reinforcement in the top or bottom of the |edge
in addition to the reinforcenent required for the
primary nonment

area of shear reinforcenent

area of longitudinal web-reinforcement for bending due
to torsional equilibrium reactions

area of vertical web reinforcement for bending due to
torsional equilibrium reactions

bearing width of concentrated |edge | oad

wi dth of |edge neasured along the bottom of the beam
perimeter of critical section

web width

di stance from extreme fiber to neutral axis

di stance from extreme conpression fiber to centroid of
flexural tension reinforcenent

effective depth of |edge reinforcing

di stance from centerline web to | edge |oad

di stance from centroid of critical section for shear to
| edge | oad

conpressive strength of concrete, psi

square root of conpressive strength of concrete, psi
devel oped stress in primary flexural reinforcenent

yield strength of reinforcenent

ultimate tensile strength of reinforcenent

overal |l height of section

hei ght of | edge
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hei ght of pocket in pocket spandre

hei ght of beam effective in resisting bending due to
torsional equilibrium reactions

ratio of internal nonent armto total effective depth
property of critical section analagous to polar noment
of inertia

axial force at bearing

spaci ng of shear or torsion reinforcing

spaci ng of |edge | oads

torsional nmonment strength provided by concrete

torsional nmonent in |edge

factored torsional nmoment at critical section

shear strength provided by concrete

shear in | edge

factored shear force

factored reaction

shorter overall dinension of a rectangular cross section
| onger overall dinmension of a rectangular cross section
synbol for difference

reduction factor for torsion in |edge

capacity reduction factor

sumat i on synbo
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APPENDI X A ~ SPANDREL DESIGN CHECKLI ST

General
The following checklist itens are
presented in an order of their
usual consideration in the design
process. which is not necessarily
the order of inportance. Sonme of
these design considerations are
illustrated in Appendices B and G,
however, due to the limted scope
of research under PClISFRAD Project
#5, many of the itens listed bel ow
are not addressed. The reader is
directed to the appropriate section
of the PCI Handbook and Reference
10 for

consi derations outside the scope of

di scussion of design

this research.

Di nensi ons
% Span
® Web height and width
¢ Ledge depth and projection

9 Daps and bl ockouts

9 Dead and |ive
Frame action
¢ Vol ume change

@ Vehicular inpact

Flexure

® Service load stresses:
= at release
= in service

9 Flexural strength

¢ Mnimum reinforcenent

9 Qut-of-plane bending:
= during handling
= during erection

= due to vehicular
i mpact
Sweep due to strand eccentricity
° Principal axis analysis for
sl ender L-beans

Shear and _Tor si on

@ Eccentricity contributing
to torsion

9 Mninmm and maxi mum torsion

9 Transverse reinforcenent

% Longitudinal reinforcenent

Beam End Desi gn

9 Torsion equilibrium
rei nforcenent

® Longitudinal reinforcenent

at end

® Beam bearing design

9 Dapped end design

Ledge Design
o Tee stem bearing

® Punching shear:
- at interior reaction
- at outside reaction
¢ Ledge flexure
9 Hanger reinforcenent
9 Ledge distribution

rei nf orcenment

Details
® Colum and deck connections
@ Reinforcement details:
- anchorage/ devel opment
= spacing
= tolerance and
clearance
9 Corrosion protection:
- concrete cover
= protection of exposed
plates
~ protection of end of

strand

® |nserts for handling






APPENDI X B
EXAMPLE 1 - L-BEAM FOR PARKI NG STRUCTURE

DESI GN LOADS

STEM REACTI ONS

DEAD LQAD (90 PSF) = 0.09(60/2)4 = 10.8 Kips
LIVE LOAD (50 PSF) = 0.05(60/2)4 = 6.0 Kips
TOTAL SERVICE LOAD = 16. 8 ki ps

FACTORED LOAD - 1.4x10.8 + 1.7x6.0 = 25.3 kips
EQU VALENT UN FORM LQAD

SERVICE.  w = 16.8/4 + 0.675 = 4.88 k/ft
FACTORED. w = 25.3/4 + 1.4x0.675 = 7.27 k/ft

BASIC UNIFORM LQADS ARE INCREASED BY RATIO OF (RID SPAN TO
DESIGN SPAN.  GRID SPAN = 28.0 ft. SHEAR SPAN = 27.0 ft.

SERVI CE ( ADJUSTED) : W

5.06 k/ft
FACTORED ( ADJUSTED) : W

7.54 k/ft

4.88 x 28/27
7.27 x 28/27

i1l

FLEXI JRE

THE FOLLONNG IS A SUWARY OF THE FLEXURE DESIGN.  REFER TO PCI
HANDBOOK SECTION 4.2 FOR DETAILS OF THE DESI GN PROCEDURE.

SERVI CE LOAD MOMENT = 5533 in-k

NOTE: THE MOVENT COMPUTED USING THE ADJUSTED EQUI VALENT UNI FCRM
LOAD IS ABAUT 2% GREATER THAN THE VALUE COVWPUTED USI NG
CONCENTRATED LQADS.

PRESTRESS: 4 1/2 in. D AVETER STRAND ypS =50in.

At Rel ease In Service

(7% Loss) (17% Loss)

oot R EE EBE_ fng
COMPUTED(psi) 483 -215 -166 525 148 430
ALLOW.{(psi) 2100 -355 -424 2250

Bl



Fig.

B1 - L-beam geonetry and design data
B2

b 60' SPAN
BI; 6|I
.,'. 4II
al —k'?,q:_ BRG
~
=== 3" TOPPING (NORMAL wrT)
v "}'Z—SDT 24 (NORMAL WT)
12-0" 6 SPACES AT 4-0"= 24'-0" 20"
T T,l"r
Z sll I
{
DESI GN DATA SECTI ON  PROPERTI ES
. 2
fé = 5000 psi A = 648 in
€1, = 3500 psi | = 307,296 in”
fY _ 60 ksi y = 32.67in
fPI = 270 ksi Z, = 9406 in
(1/2" dia. stress relieved strand) Z, = 7813 in
Cearance to stirrups = 1 1/4" W = 0.675 k/ft




¢

SUPPORT

13.5°

-G SPAN

6.75°

[ZYapr. 6.75

l

708

(in-k)

Fig. B2 - Mpnent,

shear

B3

and torsion diagrans



ULTI MATE STRENGTH:

A =0.612 in.2 A = 4-$4 = 0.80 in.
ps s

M = 9243(prestress) + 2654 (mild reinf.) = 11,897 in-k

MU = 8245 in-k < 11,897 in-k

1.2M
cr

l.2(7.5ff(‘1+fpe)zb = 1.2(7.5/5000+430)%406/1000

10.840 in-k < 11.897 in-k

SHEAR AND TORSI ON

THE SHEAR AND TORSI ON DESIGN FOLLOW THE ZIA-HSU METHOD (REF. 9).
SEE FIG B2 FOR BENDI NG SHEAR AND TORSI ON DI AGRANE.

SHEAR AND TORSI ON PROPERTIES OF SECTION

2

X y X ¥
WEB (ABOVE LEDGE) 8 60 3840
LEDGE 12 14 2016
Exzy 5856

b d = 8x66.6 = 533 in?

G, = b d/rx’y = 5353/5856 = 0.091/in "’

M N MUM TORSI ON

Y, = V1 + 10fpc/fé _ /1 + 10x148/5000 = 1.14
= VE v £x
Toan = ¢ (0.5 chth y)

0.85(0,5v5000x1.14x5856 = 201 in-k < 708 in-k

H

THEREFORE, TORSION DESIGN | S REQURI ED.

B4



MAXI MUM_TORSI ON

c =12 - 10(£_ /£') = 12 - 10(148/5000) = 11.7
pc ¢

L (1/3)cvt/Esz2y = (1/3)11.7x1.14Y5000x5856
./1+(cvtvu/30ctTu) v1+(11.7x1.14%x101.8/(30x0.091 /x708)

= 1540 in-k > 708 in-k ok
SHEAR AND TORSI ON STRENGTH OF CONCRETE

AT SUPPCRT:
Vi=V _ (3.5VE' +0.3f )bad+V
d cw = c pc’ W P
= (3.5 ¥5000+0.3x0)8x66.8 + 0 = 131,900 I bs = 131.9 Kips <c\4

NOTE: STRAND IS NOT DEVELCPED AT SUPPORT, THEREFCORE, f =0
and vy, = 1.0. pe

1 — L] 2
T, = 2/f_czx y (Yt - 0.6)

= 2V/5000x5856(1.0-0.6) = 331,000 in-1bs = 331 in-k

Vo= v+ LT )TV )12
[ c Cc u C u

= 131.9/V1 + [(131.9x708)/(331x101.8)1° = 44.8 ki ps

T = T/ + LTV VT )12
C c cu C u

= 331/‘@_-|-—[T—331x101.8)/(131.—7119/708 = 311 in-k

AT QUARTER POl NT:

M = Z. (6YE'+f ) = 9406(6v5000+430)/1000 = 8035 in-k
er b c pe

V=V  =Z0.6/f'bd+V M /M

[od Ccl [ W u cr i

0,6Y5000x8x66.6/1000 + 50,9x8035/6184

88.7 in-k
T! = 2/5000%5856(1.14-0,6)/1000 = 447 in-k
V_ = 88.7//1 + [(88.7x354)/(467x50.9)1% = 52.0 in-k
T = 447/h + [ (447x50.9)/(88.7x35401> = 362 in-k

B5



TRANSVERSE  REI NFORCEMENT

AT SUPPORT:
A/s =(V /¢ -V )/dE = (101.8/0.85-44.8)/(66.6x60)
v u c Y

= 0.019 in%/in. = 0.23 inZ/ft
T =T /¢ -T =708/0.85 - 311 = 522 in-k
s u ¢

o = 0.66 + 0.33y1/x <1.5=0.66 +0.33x69/5=5.2. a, = 1.5

1 t

- _ - . 2.
At/s = Ts/atxlylfy— 522/(1.5x5x69x60) = 0. 017 in"/in
= 0.20 in2/ft

(A, + 24375 = 0.23 + 2x0.20 = 0.63 in’/ft

Mn (A + 2A )/s = 50(b /f }(1 + 12 £ /f' ) <200 b /f
v t vy pc c - w

Y
50(8/60,000)(1+12x148/5000) = 0. 009 inZ/in

= 0.11 in’/ft
SEE "BEAM END DESI G\' FOR SELECTI ON CF REI NFCRCENENT
AT QUARTER PQI NT:
A/s = (50.9/0.85 = 52.0)/(66.6x60) = 0.002 in” = 0.02 in’/ft
T = 354/0.85 - 362 = 54 in-k
A/s = 54/(1.5x5x69x60) = 0.002 in*/in = 0.02 in’/ft
(A, + 2A /s = 0.02 + 2x0.02 = 0.06 in’/ft
Mn (A + 24 /s = 0.11 in”/ft (CONTROLS)
Use #3 at 12: 0.11 in2/ft

LONG TUDI NAL  REI NFORCEMENT

2

A2 = | 440x Tu - 2At (xl + yl) Ref 9, Eq 8

fY Tu+Vu/3(3t s
VWH CHEVER |S GREATER, WHERE

A, = (28 /s)(x; + yl) or Ref 9. Eq 7

24 /s (INEQS8) > 50b_ < (1+412f /£') = 0. 009 in’/in.
L - W - pc ¢
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2At/s Ag(Eq 7) Tu Vu A2 (Eq 8) A£

Gnlrin) () (k) Gdps)  GnD (i)

AT SUPPCRT: 0.034  2.52 708 1018  0.05  2.52
AT QUARTER PT:  0.002  0.15 354 50.9 190 1.90
USE 7-#4 EACH SIDE OF VEB, A = 2.80 in?

BEAM END DESI GN

TORSI ON EQUI LI BRI UM  REI NFORCEMENT

ds=8-1.25-0.5=6.25in.: hs=72-12-6:54in.

_ - _ . 2
AMW = Awg = ?1 = 708 = 1.11 4in
deyds 2x0. 85x60x6. 25

A, /h = 1.11/54 = 0.021/in%/in. = 0.25 in2/ft
A/s = 0.20 in’/ft (SHT B6), THEREFCRE, A, /s CONTROLS
(A + 2A )/s = 0.23 + 2x0.25 = 0.76 in’/ft

v WV

USE #4 STIRRUPS AT 6 in. = 0.80 inZ/ft

6-#4 |N VEB ABOVE LEDGE, 4, = 1.20 inZ > 1.11 in®

THEREFORE, SPECIFIED A, REINFORCEMENT |S ADEQUATE.

2
REI NFORCED CONCRETE BEARI NG

BASED ON SECTION 6.9 OF THE PCI HANDBOCK, AVf + An = 1.02 in?

2-#7 BARS WELDED TO BEARI NG PLATE PROVIDED. REFER TO THE HANDBOXK
FOR DETAILS OF THE DESI GN PROCEDURE.

LONGITUDINAL REI NFORCEMENT AT END

N = 0.2v = 0.2x101.8 = 20.4 kips
a=5+(hd) =5+ (72-66.6) = 10.4 in.
$A_E

=N h/d +V (0.5 + a/d)
sd u u

= 20.4x72/66.6 + 101.8(0.5 + 10.4/66.6) = 88.9 ki ps

B7



BARS DEVELOPED STRESS ¢ x DEVELOPED FORCE

4 - #4 60x8/12 = 40 ksi 0.9x40x0.8 = 28.8

4 - 172 in. 150x10/25 = 60 ksi  0.9x60x0.61 = 32.9

STRAND

2 - #7 60 Ksi 0.9x60x1.20 = 64.8

(VWELDED TO BRG PLATE) 126.5 kips ok
LEDGE DESI N

BEARING PUNCH NG SHEAR & LEDGE FLEXURE

THE FOLLONNG IS A SUWARY OF THE LEDGE DESIGN FOLLON NG pPCI
HANDBOOK PROCEDURES. REFER TO PART 6 OF THE HANDBOOK FOR DETAILS
OF THE DESI GN PROCEDURE.

BEARI NG BEARI NG REI NFORCEMENT | S NOT REQU RED.

PUNCH NG SHEAR  PUNCHI NG SHEAR STRENGTH IS ABQUT TWCE THE
25.3 kip STEM REACTI ON ( THEREFORE, APPARENT
[ NACCURACY OF PcI EQUATIONS IS NOT A CONCERN
ALSO, THE 42.7 kip TEST RESULT IS MIJCH GREATER
THAN THE STEM REACTI QN).

LEDGE FLEXURE. A = 0.50 in. * DISTRIBUTED EVENLY BETVEEN STEM
REACTIONS. USE #4 AT 12 in.: A = 0.80 inZ.
HANGER REI NFORCENENT

v = 25.3 kips
u
AV =V (3-2n,/n) (h /% = 25.3(3 - 2x12/72)(12/72) = 1.9 ki ps
y =T /T =311/708 = 0. 44
t [ u
_ 2 2 _ .
ATIL = VueYt (x y)l edge/Ex y = 25,3x8x0.44x2016/5856 = 30.7 in-k

d=8«125-025=6.5in: a=4+125+0.25=55in.

>
1

sh [Vu(d + a) - Mﬂ,bz/z - AT£]/(¢fyd)

[25.3(6.5+5.5) = 1,9x14/2 = 30.71/0.85x60x6.5 = 0.78 in2

NEAR SUPPORT: (#4 STIRRUPS AT 6 in., 3 ft TRIB. LENGTH AT END)
Ay = 0.4 in?/ft (3 ft) = 1.20 in?
MIDSPAN: ADD #3 | AT 12; ALTERNATE WTH #3 STIRRUPS AT 12

Ash = 2x0.11x4 = 0. 88 in2

MNMM A = 100 sd/f = 100x48x6.5/60,000 = 0.52 in?

B8



TRANSVERSE REI NFCRCEMENT SUMMARY (I NSI DE FACE inz/ft)

NEAR SUPPCRT MIDSPAN

SHEARITORSI N (0.5A + A )/s 0.32 0.11 (MIN)
TORSION EQUIL.  (0.5A_ + A )/s 0.38
v wv
HANGER REI NF. A, (per £t) 0.26 0.20
PROVI DED x4 at 6 #3 at 6
(0. 40) (0.22)

LEDGE DI STRI BUTI ON  REI NFORCI NG

PUNCHI NG SHEAR STRENGH |'S ADEQUATE, THEREFORE, ALL HANGER
REI NFCRCEMENT AND LEDGE FLEXURE REI NFORCEMENT BETWEEN LEDGE LOQADS
ARE CONS| DERED EFFECTI VE, PROVI DED FLEXURAL STRENGTH OF LEDGE IS
ADEQUATE.

d£:12-3:9|n.

sk

THE 2-#4 BARS AT THE END OF THE LEDGE ARE NOT REQUI RED FCR THE
BASI C FLEXURAL MOVENT. (THEY ARE NEEDED TO HELP RESIST 1.2 Mc ),

THEREFORE THEY MAY BE CONSI DERED AS As 3 REI NFORCEMENT. t

. 2
A, = Vus/8¢d£ty = 25.3x48/(8x0.85x9x60) = 0.33 in

B9






APPENDI X C
EXAMPLE 2 - POCKET SPANDREL FCR PARKING STRUCTURE

GENERAL

TH'S EXAMPLE |LLIJSTRATES DESIGN OF SHEAR END REG ON, AND HANGER
REI NFORCEMENT FOR A DAPPED POCKET SPANDREL. NOTE THAT A POCKET | S
PROVI DED NEAR THE DAPPED END. OFTEN TH S POCKET IS OW TTED DUE
TO DETAILING D FFICULTIES (A WELDED BRACKET OR CAZALY HANGER IS
USED, INSTEAD). SHEAR AND BENDING FORCES ARE | DENTICAL TO THOSE IN
EXAMPLE 1 (FIG B2)., REFER TOFIG O FOR FRAM NG DETAILS AND
DESI GN DATA.

IN ADDITION, THE FOLLONWNG IS G VEN
f =167 psi, f__ = 904 psi (AT POCKET), d = 67.0
pc pe

SHEAR AND TCRSI ON

TORSI ON AT SUPPORT

STEM REACTION = 25.3 kips; e = 2.0 in.
Tu = 7x25.3x2.0/2 = 177 in-k
I NSI DE QUTER REACTI O\: Tu = 5x25.3x2.0/2 = 127 in-k

M N MM TORSI ON

y. = V1 + 10f /f' = vV1 + 10x167/5000 = 1.15
t pc ¢

Tx’y = 8%x72 = 4608

T .
min

¢(0.5/f_;:¥tzx2y)

0.85x0.5Y5000x1.15x4608/1000 = 159 i n-k

THEREFORE, TORSION DESI GN NOTI' REQUI RED | NSI DE QUTER REACTI ON.
DESI GN END REG ON FOR TORSI ON EQUI LI BRI UM REACTI ONS AT SUPPCRTS.

SHEAR STRENGTH OF CONCRETE

AT SUPPCRT:
V=V = (3.5F' +0.3f )b (d-h )
c oW c pc W P
= (3.5/5000 + 0)8(67.0-24.0)/1000 = 85. 1 ki ps
AT QUARTER PO NT (SEE ART 11.4.2 OF AcI 318-83 COMVENTARY):
M = Z. (6VE'+f ) = 5023(6 5000+904)/1000
cr b c pe

= 6672 in-k (AT POCKET)

Cl



* 60' SPAN
e -
= Lo 8"
@
o 21 . |g"
=| | |l ——==={ 3'TOPPING (NORMAL WT)
R 5 S
:, | & 8DT 24 (NORMAL WT)
& Ij;q-‘_ BRG
1
2 ki
1s%
2'-0" 6 SPACES AT 4'-0"=24'-0" 2!-o"
[ FT

NI
210
DAP

=

DESI GN' DATA FULL SECTI ON AT POCKET
e = 5000 psi AREA 576 in 432 in’
£1. = 3500 psi | 248,832 in®  204.288 in”
fy = 60 ksi (bars) 36.0 in 40.7 in
e, = 70 ksi (W 2, 6912 in° 5023 in>
£p = 270 ki z, 6912 in° 6520 in>

Fig. d =~ Pocket spandrel geonmetry and design data

c2




<
n
-
1

0.6¥F'b (d<h ) + VM /M
cw p uer u

0.6Y5000x8(67.,0-24,0)/1000 + 50.9x6672/6184
69.5 kips < Vu

Inmn

SHEAR  REI NFORCEMENT

A /s

v

(V79 =V )/d-hJE,

(101.8/0.85-85.1)/(67.0-24,0)60 = 0.013 inz/in.

1l

0.16 inZ/ft

MN A /s = 50b /€ = 50x8/60,000 = 0.0067 inZ/in. = 0.080 inZ/ft
USE 1 LAYER 12x6-WZ2.0xW4.0 EACH FACE, FULL LENGTH
A_/s = 2x0.08 = 0.16 in%/ft

BEAM END DESI GN

TORSION EQUI LI BRI UM REI NFORCEMENT

d =80-15=6.51in.

S

A _A_ =T /26fd =177/(2x0,.85x70x6.5) = 0. 23 :i.n2
wv = wl u ¥y S

h =38 -6=232in.

5

A /s= A /s =0.23/32 = 0.0072 in®/in. = 0.086 inZ/ft
wV wil

ASE ADD L LAYER 6x6-W4,0xW4,0 |NSIDE FACE, EACH END.

A /s=A ./s=0.08 inZ/ft
wv wi

DAPPED END DESI GN

DAPPED END DESIGN IS BASED ovn THE END DETAIL AND EQUI LI BRIUM FORCE

MCDELS SHOW IN FIG €2, |IT SHOULD BE NOTED, HOMEVER, THAT THE
REI NFORCEMENT SCHEME AND DESIGN PROCEDURE HAVE NOT BEEN VALI DATED
BY LOAD TESTS.

DI RECT SHEAR (SEE PCI ARTI CLE 6.13.2):

¥

1000Abhu/v = 3.4
e u

1000x1x8x38x1.4/(101,8x1000) = 4. 18 *u, = 3.4

A = Nu/(¢fy) = 20.4/(0,.85x60) = 0.40 in2
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2-#8 AT CENTERLINE
WELDED TO END ANGLE
a

. [+ e g, 2' C
-1 - =TT o } -y
0 / C
. 45° 9.5"
38 36" 33"
[ 4 L 7 1 P ) Tn *
b} ytuprh
Ny J 204% T” Ton
34 u 101.8k
A s g
d t \\
2-4#7
N—2-#7
END DETAIL FORCE MODEL bc

36"

A it—

204" y
101.8*

65 n

FORCE MODEL de FORCE MODEL fg

Fig. €2 - Dapped end detail and force nodel s
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= +
A= 2V /G0E M) + A

= 2x101.8/{3x0.85x60x3.4) + 0.40 = 0.79 in2

2-#8 PROVIDED. A = 1.44 in’
Ah = 0.5(A_-A ) = 0.5(0.72-0.40) = 0.16 in”
6x6-W4.0xW4.0 PROVIDED. Ah = 3x0. 08 = 0.24 in”
CRACK AT RE-ENTRANT OCRNER (FORCE MODEL be):

NEGLECT [ NCLINED HANGER REI NFCRCEMENT

=0 T
ZFV 7 “sh

Ash = Ten”Ofy

4-#7 PROVIDED, A_, = 2.40 in?

v = 101.8 kips
u

101.8/(0.85x60) = 2.00 in2

M= 0~ T = (20.4x36 + 101.8x9.5)/33 = 516 ki ps

A =T /¢f =51.6/(0.85x60) = 1.01 in°

n n Y

2-#8 PROVIDED;, A_ = 1.58 in”

CRACK AT BOTTOM CORNER (FORCE MODEL de):

NEGLECT VERTI CAL HANGER REI NFORCEMENT (NOT EFFECTIVE AT BEND).

LZF
v

Agy = 104.9/(0.85x60) = 2.06 in’ (4-#7 0K)

0~ TSh = vu/cosla = 101.8/cosl4 = 104.9 Kips

ZMO =0 ~» Tn = (20.4x36 + 101.8x17)/33 = 74.7 kips

A= 74.7/(0.85x80) = 1.46 in® (2-#8 o)

FULL SECTION (FORCE MXEL fg):

HANGER REI NFORCEMENT |'S NOT EFFECTI VE DUE TO BEND.
NEGLECT A REI NFORCEMENT

M =0~ TS (20.4x36 + 101.8x67.5 = 25.3x49.5)/65

o]

97.7 Kips

ch



PCI FIG 4.10.4: f = 170 ksi

Ps
Mpsfps = 0.9x0.61x170 = 93. 3 ki ps SAY K
CHECK DEPTH CF COVPRESSI ON BLOCK

a = EFh/0.85bf(‘: = (97.7-20.4)/0,85x8x5 = 2.3 in
a/2 = 2.3/2 = 12 in ¢ 2 in 0K

HANGER  REI NFORCEMENT

AT POCKET

_ _ 3 . 2
Ash = Vu¢fY =25,3/(0.90x60)= 0 .47 in

USE 1-#4 \ /|# EA POCKET (PLUS 2-W4.0 W RES)
[

Ay = 2x0.20(cos1d) + 2x0.04 = 0. 47 in®

Lah = 1200%/’@2 = 1200x0.5/v5000 = 8.5 in K
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