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INTRODUCTION

Pur pose of Manual

Theapplication and design of precast, prestressed hollow core slabsissimilar to that of other pre-
stressed members. However, there are situations which are unique to hollow core slabs either be-
cause of the way the slabs are produced or because of the application of the slabs.

For special situations, hollow core producers have devel oped design criteria and conducted in-
housetesting to verify that their approachesarevalid. Infact, thereisconsistency between themany
typesof hollow coreslabsavailable. Thepurpose of thismanual isto bring together thosethingsthat
are common, that are verified by test and that can be universally applied to hollow core slabs. Be-
causetherearedifferences, sometopics covered will also point to the differenceswhere closer coor-
dination with the local producer is required.

Thismanual wasprepared by Computerized Structural Design, S.C., Milwaukee, Wisconsinwith
input and direction from the PCl Hollow Core Slab Producers Committee. Additionally, thefireand
acoustical sectionswere prepared by Armand Gustaferro of The Consulting Engineers Group, Inc.,
Mt. Prospect, Illinoisand Allen H. Shiner of Shiner and Associates, Inc., Skokie, l1linois, respective-
ly. All reasonable care has been used to verify the accuracy of material contained in this manual.
However, the manual should be used only by those experienced in structural design and should not
replace good structural engineering judgment.

Scope of Manual

This document is intended to cover the primary design requirements for hollow core floor and
roof systems. Ininstanceswherethe design is no different than for other prestressed members, the
PCI Design Handbook and the A CI Building Code shoul d be consulted for morein-depth discussion.

For the architect or consulting engineer, this manual isintended as a guideline for working with
hollow core slabs, aguidefor the use and application of hollow core slabsand an indication of some
of the limitations of hollow core slabs. For the plant engineer, the manual will hopefully present
some backup and reference material for dealing with everyday design problems.
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NOTATION

Cross-sectional area

Depth of equivalent compression stress
block

Depth of equivalent compression stress
block under fire conditions

Areaof crack face

Net effective dab bearing area

Areaof prestressed reinforcement
Areaof shear friction reinforcement
Width of compression face

Net web width of hollow core dab
Confinement factor

Compressive force

Seismic factor dependent on site and
structure fundamental period

Factor for calculating steel relaxation
lossesas given in Table 2.2.3.2

Distance from extreme compression
fiber to neutral axis

Prestress |oss due to concrete creep
Seismic coefficient

Dead load

Distance from extreme compression fiber
to centroid of non-prestressed

tension reinforcement

Nominal diameter of reinforcement
Distance from extreme compression fiber
to centroid of prestressed

reinforcement

Distribution width

Distance from neutral axisto centroid of
prestressed reinforcement

Modulus of elasticity of concrete
Modulus of elasticity of concrete at the
time of initial prestress

Prestress loss due to elastic shortening of
concrete

Modulus of elasticity of steel
reinforcement

Specified design compressive strength of
concrete

Compressive strength of concrete at the
time of initial prestress

Net compressive stress in concrete at
centroid of prestressed reinforcement at
time of initial prestress

Stress in concrete at centroid of
prestressed reinforcement due to
superimposed dead |oad

fq

Fi
f pc

Stress at extreme tension fiber due to
unfactored member self weight

Portion of base shear applied at level i
Compressive stress in concrete at the
centroid of the section due to effective
prestress for non-composite sections or
due to effective prestress and moments
resisted by the precast section alone for
composite sections

Compressivestressin concrete at extreme
fiber where external loads cause tension
due to the effective prestress only

Stress in prestressed reinforcement at
nominal strength

Stressin prestressed reinforcement at fire
strength

Maximum steel stressin partially
developed strand

Specified tensile strength of

prestressing steel

Tensile strength of prestressing steel at
elevated temperatures

Force applied to diaphragm at level under
consideration

Effective stressin prestressing steel after
all losses

Stress in prestressing steel at initia
prestress

Additional portion of base shear applied at
top level

Usable grout strength in ahorizontal joint
Steel yield strength

Overall member depth

Net height of grout in keyway between
slab units

Occupancy importance factor
Cross-sectional moment of inertia

Factor for calculating steel relaxation
lossesasgivenin Table 2.2.3.1

Fraction of total load in a horizontal joint
inagrout column

Factor for calculating elastic shortening
prestress |osses

Factor for calculating prestress|osses due
to concrete creep

Factor for calculating prestress|ossesdue
to elastic shortening

Factor for calculating prestress|ossesdue
tosteel relaxationasgivenin Table2.2.3.1



Factor for calculating prestress|ossesdue
to concrete shrinkage

Factor from PCl Handbook Fig. 4.12.2for
calculating flexural design strength
Liveload

= Span length

Reinforcement development length

Strand embedment length from member
end to point of maximum stress

Flexural bond length

Strand transfer length

Service load moment

Cracking moment

Unfactored dead |oad moment
Unfactored self-weight moment

Nominal flexural strength

Flexural strength under fire conditions
Maximum factored moment due to
externally applied loads

My - Mg

Unfactored moment due to
superimposed dead |oad

Factored design moment

Applied fire moment

Effective force in prestressing steel after
al losses

Effective prestressforceat releaseprior to
long term losses

Initial prestressforce after seating losses
First moment of area

Fire endurance rating

Prestress |oss due to steel relaxation
Reduction factor for load eccentricity in
horizontal joints

Ambient relative humidity

Seismic coefficient dependent on
structural system type

Section modulus

Prestress |oss due to concrete shrinkage
Tensile force

Width of grout column in horizontal joint
Seismic base shear

Nominal shear strength of concrete
Nominal shear strength of concrete in a
shear-flexure failure mode

Nominal shear strength of concrete in a
web shear failure mode

Shear due to unfactored self weight
Horizontal beam shear

Vi

Wi

Yo

Factored shear force due to externally
applied loads occurring simultaneously
With Mmax

Vu- Vg

Nominal shear strength of a member
Nominal shear strength provided by shear
reinforcement

Design shear force

Volume to surface ratio

Uniformly distributed load

Bearing arealength

Total dead load plus other applicable
loads for seismic design

Portion of W at level i

Portion of W at level under
consideration

Distance from neutral axis to extreme
bottom fiber

Used as either distance to top fiber or
tension fiber from neutral axis

Seismic zone factor

Factor defined in ACI 318-95, Section
10.2.7.3

Factor for type of prestressing strand
Limiting free end dlip

Actual freeend dlip

Strain in prestressed reinforcement at
nominal flexural strength

Strain in prestressed reinforcement
Strain in prestressed reinforcement after
losses

Shear friction coefficient

Effective shear friction coefficient

Ratio of prestressed reinforcement

Ratio of compression reinforcement

ACI strength reduction factor

pfy/f'c

p'fylf'c

ppfpdf'c

Reinforcement index for flanged sections
Reinforcement index for flanged sections
Reinforcement index for flanged sections
pp fpu/f'c

Subscript denoting fire conditions



HOLLOW CORE SLAB SYSTEMS

1.1 Methods of Manufacturing

A hollow coredlabisaprecast, prestressed con-
crete member with continuous voids provided to
reduce weight and, therefore, cost and, as a side
benefit, to usefor conceal ed el ectrical or mechan-
ical runs. Primarily used asfloor or roof deck sys-
tems, hollow core slabs also have applications as
wall panels, spandrel members and bridge deck
units.

An understanding of the methods used to
manufacture hollow core slabswill aid in the spe-
cia considerations sometimes required in the use
of hollow core slabs. Hollow core slabs are cast
using various methodsin the seven major systems
availabletoday. Because each production system
ispatented, producersare usually set up on afran-
chise or license basis using the background,
knowledge and expertise provided with the ma-
chine development. Each producer then has the
technical support of alarge network of associated
producers.

Two basic manufacturing methods are current-
ly in use for the production of hollow core slabs.
Oneisadry cast or extrusion systemwhereavery
low slump concrete is forced through the ma
chine. The cores areformed with augers or tubes
with the concrete being compacted around the
cores. The second system uses a higher slump
concrete. Sidesareformed either with stationary,
fixed formsor with forms attached to the machine
with the sidesbeing dlip formed. Thecoresinthe
normal slump, or wet cast, systems are formed
with either lightweight aggregate fed through
tubes attached to the casting machine, pneumatic
tubes anchored in a fixed form or long tubes at-
tached to the casting machinewhich slip form the
COores.

Table 1.1 liststhe seven major hollow coresys-
tems available today along with the basic in-
formation on the casting technique. Various
names may be used by local licensees to describe
the same products. In most cases, the dabs are
cast on long line beds, normally 300 ft to 600 ft

long. Slabs are then sawcut to the appropriate
length for the intended project.

The economy of the generalized hollow core
system isin the quantity of slabs that can be pro-
duced at agiven time with aminimum of labor re-
quired. Eachslab onagiven castinglinewill have
the same number of prestressing strands. There-
fore, thegreatest production efficiency isobtained
by mixing dlabs with the same reinforcing re-
quirements from several projects on asingle pro-
ductionline. Thisimpliesthat best efficiency for a
single project is obtained if slab requirements are
repetitive.

1.2 Materials

Asstated previously, hollow coreslabsare pro-
duced with two basic concrete mixes; low slump
and normal slump concrete. For the low slump
concretes, water content is limited to dlightly
more than that required for cement hydration.
Water-cement ratios aretypically about 0.3. Mix-
ing is critical because the limited water available
must bewell dispersed inthemix. Water reducing
admixtures can be used to optimize amix by re-
ducing cement and water requirements while il
retaining adequate workability for proper com-
paction of the concrete by the machine. Air en-
trainment admixtures are not effective in the dry
mix concrete. With the low water-cement ratios
and compaction placing method, air isdifficult to
disperse well and maintain.

Table1.1 Hollow Core Systems

Manufac- | Machine Concrete Core Form
turer Type Type/Slump
Dy-Core Extruder Dry/Low Tubes
Dynaspan |Slip Form [Wet/Normal | Tubes
Elematic Extruder Dry/Low Auger/Tube
Flexicore |FixedForm [ Wet/Norma | Pneumatic
Tubes
Spancrete | Slip Form | Dry/Low Tubes
SpanDeck | Slip Form | Wet/Norma | Filler
aggregate
Ultra-Span | Extruder Dry/Low Augers
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Latex feathering ready for direct carpet application

Acoustical spray on exposed slab ceiling

Electrical and HVAC application
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The wet cast products (those cast with normal
slump concrete), have water-cement ratios in the
range of 0.4t0 0.45. Depending onthedlip form-
ing system used, slumps of 2to 5inches (50 - 130
mm) are used. The mix design and use of admix-
tures is dependent on achieving a mix that will
hold its shape consistent with the forming tech-
nigue used.

Aggregates vary in the various manufacturing
processes depending on what typeislocally avail-
able. Maximum aggregate size larger than pea
gravel israrely used because of the confined areas
into which concrete must be placed. Light weight
aggregates are occasionally used to reduce the
weight of the sections and to achieve asignificant
reductioninrequired equivalent thicknessin afire
rated application. Concrete unit weights ranging
from 110 to 150 pcf (1760 - 2400 kg/m3) are used
in the industry.

Strand use in hollow core slabs includes about
every size and type of strand produced depending
onwhat isavailableto aparticular producer. The
trend istoward primary use of thelarger /,in (13
mm) diameter, low relaxation strand. The philos-
ophy of strand use varies from using many strand
Sizesto optimize cost for a given project to using
only one or two strand sizes for simplicity of in-
ventory and production.

Except for special situations, keyway grout is
normally a sand and Portland cement mixture in
proportions of about 3:1. The amount of water
used isafunction of the method used to place the
grout but will generally result inawet mix so key-
ways may be easily filled. Shrinkage cracks may
occur inthe keyways, but configuration of thekey
is such that vertical load transfer can still occur
with the presence of ashrinkage crack. Rarely is
grout strength required in excess of 2000 psi (13.8
MPa) for vertical load transfer.

Although it is discouraged, non-shrink, non-
staining grout is occasionally specified for usein
keyways. In evaluating the potential benefits of
non-shrink grout, the volume of grout must be
compared to the overall volume of concretein the
dlabs and support materials. Because the size of
thekeyway issmall inrelationtoafloor or roof as-
sembly of dabs, total shrinkage will be affected
only to aminor degree. Shrinkage cracks can still



occur in the keyways and there is little benefit to
be gained in comparison with the additional cost.

1.3 Advantages of Hollow Core Slabs

Hollow core slabs are most widely known for
providing economical, efficient floor and roof
systems. The top surface can be prepared for the
installation of afloor covering by feathering the
jointswith alatex cement, installing non-structur-
al fill concretesranging from1/,into2in (13- 51
mm) thick depending on the material used, or by
casting a composite structural concrete topping.
The underside can be used as afinished celling as
installed, by painting, or by applying an acoustical
Spray.

When properly coordinated for alignment, the
voidsinahollow coreslab may beused for el ectri-
cal or mechanical runs. For example, routing of a
lighting circuit through the cores can alow fix-
turesin an exposed slab celling without unsightly
surfacemounted conduit. Slabsused asthe heated
massin apassive solar application can bedetailed
to distribute the heated air through the cores.

Structurally, ahollow core slab providesthe ef-
ficiency of a prestressed member for load capac-
ity, span range, and deflection control. In addi-
tion, a basic diaphragm is provided for resisting
lateral loads by the grouted slab assembly pro-
vided proper connections and detailsexist. A de-
talled discussion of diaphragm capabilities is
presented in Chapter 4.

Excellent fire resistance is another attribute of
thehollow coreslab. Depending on thicknessand
strand cover, ratings up to a4 hour endurance can
beachieved. A firerating isdependent onequiva-
lent thicknessfor heat transmission, concrete cov-
er over the prestressing strands for strength in a
high temperature condition, and end restraint.
Underwriters Laboratories publishes fire ratings
for various assemblies. However, many building
codes alow a rational design procedure for
strengthinafire. Thisprocedure, describedinde-
tail in Chapter 6, considers strand temperaturein
calculating strength. Required fire ratings should
be clearly specified in the contract documents.
Also, thefirerating should be considered in deter-
mining the slab thickness to be used in prelimi-
nary design.

Used as floor-ceiling assemblies, hollow core
slabs have the excellent sound transmission char-

acteristics associated with concrete. The Sound
Transmission Classrating rangesfrom about 47 to
57 without topping and the Impact Insulation
Classrating starts at about 23 for aplain slab and
may be increased to over 70 with the addition of
carpeting and padding. Detailed information on
the acoustical properties of hollow core slabs is
presented in Chapter 7.

1.4 Framing Concepts

The primary consideration in developing a
framing scheme using hollow core dabs is the
span length. For a given loading and fire endur-
ancerating, span length and slab thicknessmay be
optimized by consulting a producer’s published
load tables. Section 1.7 presents sample load
tables and instructions for the use of the tables.
The PCI Design Handbook! recommends limits
on span-depth ratiosfor thehollow coreslabs. For
roof slabs, a span-depth ratio limit of 50 is sug-
gested and for floor dlabs, a limit of 40 is sug-
gested. In practice, a span-depth ratio of 45 is
common for floorsand roof swhen fireendurance,
openings, or heavy or sustained live loads do not
control adesign.

Consideration must be given to factors which
affect slab thickness selection for a given span.
Heavy superimposed loads, as required by the
function of a system, would require alower span-
depth ratio. Similarly, heavy partitionsor alarge
number of openings will result in higher load ca-
pacity requirements. Thefireresistancerating re-
quired for the application will also affect the load
capacity of aslab. Asthecoderequiredfirerating
increases, prestressing strands can be raised for
more protection from the heat. The smaller effec-
tive strand depth will result in alower load capac-
ity. Alternatively, arational design procedure can
be used to consider the elevated strand tempera-
turesduring afire. Thisfiredesign condition may
control aslab design and, again, result in alower
load capacity.

Once dab thicknesses and spans are selected,
the economics of layout become important.
While ends cut at an angle can be designed and
supplied, it is most efficient to have the bearing
perpendicular to the span so square cut ends can
be used.

Itisalso desirable to have the plan dimensions
fit the slab module. This is dependent upon the
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dab systems available in the project area
Non-module plan dimensions can be accommo-
dated using partial width slabs. Some producers
intentionally cast narrow widths as filler pieces
while others use a section split from a full slab.
Such asplit section might be created by alongitu-
dinal sawcut or abreak if the edge will not be ex-
posed to view.

Construction tolerances must be accounted for
in developing a plan layout. Tolerance on slab
length may be taken up by allowing a gap at the
slab endsinthebearing detail. Onthenon-bearing
sides, clearance may be provided by using adetall
wherethed abslap over awall or beam. If theslab
edge butts awall or beam, a gap should be pro-
vided. Refer to local producers information for
recommendations of proper tolerances.

When a hollow core slab deck is exposed to
weather for along period of time during construc-
tion, water can accumulate in the cores. The pri-
mary source of water infiltration is at the butt
joints. In cold weather, this water can freeze and
expand causing localized damage. One remedy
for this situation isto drill weep holes at the slab
ends under each core. The need for such weep
holesisgenerally known only after aconstruction
scheduleisestablished. The specifier andtheslab
supplier are not usually in a position to know of
such a need in advance.

Hollow core memberswill be cambered aswith
any other prestressed flexura member. In the
planning stages, consideration should be given to
the causes of differential camber. For two slabsof
identical length and prestressing, the camber may
be different because of concrete and curing varia-
tions. This factor is independent of a framing
scheme. However, joints between dlabs of un-
egual spansor jointsat which achangein the span
direction occurs, will causeapotential differential
camber problem. This must be recognized and
dealt with in the design layout. Wall locations
may hide such ajoint, but thedoor swing might be
directed to the least variable side.

Camber must also be accommodated when a
toppingistobeprovided. Thequantity of topping
required must consider the amount of camber and
the function of the floor. In occupancies where
flat floors are not a requirement, a constant top-
ping thickness may be used to follow the curva-
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ture of the slabs. At the other extreme, if a“flat”
floor isrequired in astructure consisting of multi-
ple bays of varying length and change in slab
direction, the highest point will determine the top
elevation of thetopping. A greater amount of top-
ping will then be required in “low” areas. These
considerations must be dealt with in the planning
stages to both control costs and minimize ques-
tions and potential for “extras’ during construc-
tion.

Camber, camber growth, and deflections must
beconsidered whendabsrun parall €l to astiff ver-
tical element such as a wall (e.g. dabs running
parallel tothefront wall of an elevator). Thedoor
rough opening should allow for camber to pro-
duce proper door installation. Alternatively, the
dlab spanmight berearranged sothefront wall isa
bearing wall. Then door problemswould be alle-
viated.

Camber, camber growth, and deflections must
be taken into account in roofing details. Where
changesin relative slab position can occur, coun-
terflashings are suggested to accommodate such
changes.

1.5 Wall Panel Applications

Some hollow core slab systems can also pro-
videslabsto beused aswalls. Long linemanufac-
turing can result in economical cladding or load
bearing panel sused in manufacturing or commer-
cial applications. Thehollow corewall panelsare
prestressed with two layers of strands for accom-
modating handling, structural loadings and bow-
ing considerations. Some manufacturers can add
2into4in (51 - 102 mm) of insulation to the hol-
low coresectionwithal?l/,inthickto3in(38- 76
mm) thick concrete facing to create an insulated
sandwich panel.

A variety of architectural finishesareavailable
with hollow core wall panels. While the finishes
can bevery good, the variety of finishesavailable
is different from those typically available with
true architectural precast concrete panels. In
judging the quality of finish on hollow core wall
panels, consideration must be given to the
manufacturing process.



1.6 Design Responsibilities

It is customary in the hollow core industry for
the producer to perform the final engineering for
the product to be supplied to thejob. Thiswould
include design for vertical loads and lateral |oads
specified by the Engineer of Record, embedded
items for specified connection forces, and han-
dling and shipping. However, the Engineer of Re-
cord playsavery important rolein the design pro-
cess. Prior to selection of the hollow core produc-
er, enough preliminary planning should bedoneto
insure that the specified floor and roof system is
achievable. That is, the project should be onethat
can be engineered without requiring changesfrom
the contract documents.

The contract documents must clearly indicate
design criteria to which hollow core slabs will
have to conform. This is especialy important
when the hollow core slabs must interface with
other construction materials. When connections
are required, the forces to be transmitted through
the connections must be specified in the contract
documents. The producer is best able to deter-
mine the most efficient connection element to be
embedded in the lab. However, the balance of a
connection which interfaces with another materi-
al should be detailed in the contract documents.

The Engineer of Record also has aresponsibil-
ity in the review and approval of erection draw-
ings prepared by the precast producer. Review of
these drawings is the last opportunity to assure
that the producer’s understanding of the project
coincides with the intent of design. Erection
drawings should be checked for proper design
loads, proper details and bearing conditions, con-
formancewith specified fireratings, and theloca-
tion of openings.

1.7 Cross-Sections and L oad Tables

Each of themajor hollow core slab systems has
a standard set of cross-sections that can be pro-
duced by their equipment. Available in thick-
nessesranging from4into 15in (102 - 380 mm),
core configurations make each system unique.
Each individual producer has additional produc-
tion practices which may affect the capabilities of
their product. Therefore, most producers prepare
and distribute load tables in their market area.

Producer load tables define the alowable live
load that a given slab can safely support in addi-
tiontotheslab self weight. Theload capacity will
be afunction of the dlab thickness, the amount of
prestressing provided, and thelocation of the pre-
stressing strands. Fire rated slabs may require
additional concrete cover below the strandswhich
will affect the load capacity.

The design criteria used to develop these load
tables is defined by the ACI Building Code? as
outlined in Chapter 2. Depending on the design
criteria controlling a slab’s load capacity, some
advantage may be gained by understanding that in
most applications, superimposed loads will con-
sist of both dead and live loads. Where ultimate
strength controls, an equivaent live load can be
used to enter aload table. Itiscalculated as:

% superimposed Dead |oad
+ Liveload

However, if bottom fiber tensile stresses con-
trol, no adjustment in superimposed |oads may be
used.

Similarly, many loading conditions consist of
loads other than uniform loads. For preliminary
design only, an equivalent uniform load may be
calculated from the maximum moment caused by
the actual |oads.

8M superimposed

Wequivalent = 02

Shear will not be properly addressed in this sit-
uation. Thus, the final design must consider the
actual load pattern.

Because of the uniqueness of each hollow core
slab system and the many possibilities of strand
patterns available from various producers, a ge-
neric hollow coreslab hasbeen devel oped to dem-
onstrate design procedures. Figure 1.7.1 depicts
the slab section and properties and illustrates a
typical form for a producer's load tables.
Throughout this manual, this section will be used
to demonstrate various calculation procedures
where any one of the proprietary cross-sections
could be substituted. 1t must be emphasized that
this cross-section is not available for use and
should not be specified.

Figures 1.7.2 through 1.7.8 present the propri-
etary dlab cross-sections currently available. The
section propertiesareas provided by themanufac-

Wequivalent =
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turers, but weights are based on 150 pcf (2400
kg/m3) concrete. The actua weights may vary
dlightly from those given. Theavailability of any
particular sectionin agiven areamust be verified
with the local producers. Figures 1.7.9 present
charts of the general range of load capacities
available in a given slab thickness. As with any
chart of this nature, the chart should be carefully
approached and verified with local producer load
tables, especially for the longest and shortest and
lightest and heaviest conditions. Special careis
also required when fire rated slabs must be used
on aproject. (See Chapter 6)

Thefollowing examples demonstrate the ways
in which load tables may be used.

Example 1.7.1 Equivalent Uniform L oad

From the load table in Figure 1.7.1 select a
strand pattern to carry a uniform superimposed
dead load of 20 psf and auniform live load of 60
psf on a 24 foot span.

Wiotal = 20 + 60 = 80 psf
4-7/16 india. strandsrequired: capacity = 118 psf
flexural strength controls

Wegqivalent = T5(20) + 60 = 77 psf

Use 4-3/8 in dia. strands. capacity = 79 psf
flexural strength controls.

Example 1.7.2 Non-Uniform L oads

From the load table in Figure 1.7.1 select a
strand pattern to carry a superimposed uniform
load of 20 psf dead plus 40 psf live and a continu-
ous wall load of 600 plf located perpendicular to
the span and at midspan. The design span is 25
feet.
For preliminary design

2
M superimposed = 25-(20 + 40) + 22(600)

= 8438 ft-#/ft

8(8438)
Wequivalent = To52

= 108 psf
Try 6-3/8 in dia. strands - capacity = 120 psf

1-6

For final design use the methods of Chapter 2
particularly to check shear.

1.8 Tolerances®

Figure 1.8.1 shows the dimensional tolerances
for precast hollow core slabs. These tolerances
are guidelines only and each project must be con-
sidered individually to ensure that the tolerances
shown are applicable.

Figure 1.8.2 shows erection tolerances for hol-
low core slabs. When establishing tolerances, the
function of the slabs should be considered. For
example, slabs covered by finish materias may
not need the close tolerancesrequired for exposed
slabs.



Fig.1.7.1 Generic hollow core slab

36"

Section Properties

5 | | A =154in2

- | =12245in4

: by =10.5in

3 % yp =3.89in

0 —l ), . - Sp =314.8 ing

g - S; =297.9in

§ 121 - Wt =535 psf

414"
SAMPLE LOAD TABLE3
Allowable Superimposed Live L oads, psf
Spans, ft
Strands, 270LR| ¢Mn, ft-k | 14 15 16 17 18 19 20 21 22 23
4-3/8" 451 | 317 270 232 200 174 152 133 116 102 20
6-3/8" 65.4 3B6 311 272 240 212 188 168 150
4-7/16" 59.4 320 278 243 214 189 167 148 132
6-7/16" 85.0 3431 3111 2831 258 231 208
4-1/2" 76.7 327 289 257 229 204 183
6-1/2" 105.3 317t 2901 2671 2471
Strands, 270LR| ¢Mn,ft-k| 24 25 26 27 28 29 30

4-3/8" 45.1 79 79 69 61 53 46
6-3/8" 654 | 134 120 108 97 87 78 70
4-7/16" 59.4 | 118 105 94 84 75 67 59
6-7/16" 850 | 187 169 153 139 126 114 104
4-1/2" 76.7 | 165 148 134 121 109 99 90
6-1/2" 1053 | 22712101 1952 1782 1632 1492 1372

1- Values are governed by shear strength.
2- Values are governed by allowable tension
3- Table based on 5000 psi concrete with 6 /f', allowable tension. Unless noted, values are

governed by strength design.

Note: Thisslab isfor illustration purposes only. Do not specify this slab for a project.
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Fig. 1.7.2

Trade name: Dy-Core

Equipment Manufacturer: Mixer Systems, Inc., Pewaukee, Wisconsin

|OOCO000]

=3

]
- - : LA S - - Section Untopped with 2" topping
00000
. . . . . . . X A yb | wt yb | wt
depth in2 in in* | psf in in* | psf
4-0"x6" | 142 | 3.05 | 661 | 37| 4.45]| 1475 62
4-0"x8" | 193 | 3.97 | 1581 | 50| 5.43| 3017 75
4-0"x10" | 215 | 5.40 | 2783 [ 56| 6.89| 4614 81
4-0"x12" | 264 | 6.37 | 4773 | 69| 7.89| 7313 94
4-0"x15" [ 289 | 7.37 | 8604 [ 76| 9.21| 13225 101
I |
T e, - . RN
I m m m m I
Note: All sections not available from all producers. Check availability with local manufacturers.
Fig.1.7.3
Trade name: Dynaspan®
Equipment Manufacturer: Dynamold Corporation, Salina, Kansas
Section Untopped with 2" topping
00000003 e
. . depth in2 in in* | psf in in* | psf
‘? O O OOOO O i" 4-0'x4 | 133 | 200 | 235| 35| 3.08| 689] 60
ettt 4-0"x6" |165 | 3.02 | 706 | 43| 4.25| 1543| 68
4-0"x8" [233] 393 ]| 1731 | 61| 5.16| 3205| 86
f 0000000000000 0 3 40"x10" | 260 | 491 | 3145 | 68| 6.26 | 5314| 93
8-0"x6" | 338 [ 3.05 ]| 1445 44| 426| 3106 69
B oz e e S T 8-0"x8" | 470 | 3.96 | 3525 | 61| 5.17 | 6444 86
(000000000000 00T  [B-0x10 532 [ 496 [ 6422 | 69 628 10722] 04
8-0"x12" | 615 | 5.95 |10505 [ 80 [ 7.32 | 16507 | 105

Note: All sections not available from all producers. Check availability with local manufacturers.
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Fig. 1.7.4

Trade name: Elematic®

Equipment Manufacturer: Mixer Systems, Inc., Pewaukee, Wisconsin

[OO0000]

_'F' - -i'- Section Untopped with 2" topping
I | width
000000 o L] ] wlml ow] al
depth in2 in int | psf in in* | psf
4'-0" x 6" 157 | 3.00 694 | 41 4.33 1557 66
4'-0" x 8" 196 | 3.97 | 1580 | 51 5.41 3024 76
4'-0" x 10"(5) | 238 | 5.00 | 3042 | 62 | 6.49 5190 87
4'-0" x 10"(6) | 249 | 5.00 | 3108 | 65 | 6.44 5280 90
4'-0" x 12" 274 | 6.00 | 5121 | 71 | 7.56 | 8134 96

[ \
00000

Note: Elematic is also availble in 96" width. All sections not available from all producers. Check availability with local manufacturers.

Fig. 1.7.5

Trade name: Flexicore®

Licensing Organization: The Flexicore Co. Inc., Dayton, Ohio

Section Untopped with 2" topping
width
X A Yb | wt Vb | wt
depth in2 in in4 | psf in in* | psf
1-4" x 6" 55 | 3.00 243 | 43| 4.23 523 | 68
2'-0" x 6" 86 | 3.00 366 | 45| 4.20 793| 70
1'-4" x 8" 73 | 4.00 560 | 57| 5.26| 1028| 82
2'-0" x 8" 110 | 4.00 843 | 57| 5.26| 1547| 82
1-8"x10" | 98 | 5.00 | 1254 | 61| 6.43| 2109| 86
2'-0"x 10" | 138 | 5.00 | 1587 | 72| 6.27 | 2651 | 97
2'-0"x 12" | 141 | 6.00 | 2595 | 73| 7.46| 4049| 98

Note: All sections not available from all producers. Check availability with local manufacturers.
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Fig. 1.7.6

Trade name: Spancrete®

Licensing Organization: Spancrete Machinery Corp., Milwaukee, Wisconsin

00000000000

Section Untopped with 2" topping

width
[ — . _ S X A Yb || wt Vb [ wt
T — EEE— - T depth in2 in int | psf in in* | psf
O O O O O O O O O O O 4-0"x4" | 138 | 200 | 238| 34| 3.14 739 | 59
B 2 S O N U N 0 7 S v 4-0'x6" | 189 | 293 | 762 | 46| 4.19| 1760| 71
_ o 4-0'x8" | 258 | 3.98 | 1806 | 63| 5.22| 3443] 88
Ultralight Spancrete 40"x10" | 312 | 5.16 | 3484 | 76| 6.41| 5787|101
4-0"x12" | 355 | 6.28 | 5784 | 86| 7.58| 8904 | 111
O O O O U O O O O 4-0"x15" | 370 | 7.87 [ 9765 | 90| 9.39| 14351 115
, , 4-0"x8" | 246 | 417 | 1730] 60| 5.41] 3230] 85
T : . e e T T e - -IF 4-0"x10" | 277 | 522 | 3178 | 67| 6.58| 5376| 92
O O O O U O O O O 4-0'x12" | 316 | 6.22 | 5311 | 77| 7.66| 8410] 102

local manufacturer.

Note: Spancrete is also available in 40" and 96" widths. All sections are not available from all producers. Check availability with

Fig. 1.7.7

Trade name: SpanDeck®

Licensing Organization: Fabcon, Incorporated, Savage, Minnesota

(COC O]
Section Untopped with 2" topping
\ __ , width
! | X A Yb I wt Yb I wt
’ ( ) { ) { ) \ depth in2 in in* | psf in in* | psf
4-0'x8" | 246 | 375 | 1615 | 62| 555| 2791| 87
4-0"x12" | 298 | 5.87 | 5452 | 75| 8.01| 7856 100
(COCOCOHOCOC O] 8-0'x8" | 477 | 3.73 | 3236 | 60| 553 | 5643| 85
8-0'x 12" | 578 | 586 [10909 | 72| 7.98] 15709| o7

Note: All sections not available from all producers. Check availability with local manufacturers.
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Fig. 1.7.8

Trade name: Ultra-Span
Licensing Organization: Ultra-Span Technologies, Inc., Winnipeg, Manitoba, Canada

[OOO0000]

4'_‘ ’ .

! ! Section Untopped with 2" topping
. . . . . . . Wldth
X A Yo || wt Yb | wt
depth in2 in int | psf in in* | psf

4'-0"x4" 154 | 2.00 247 | 40| 2.98 723| 65
4'-0" x 6" 188 | 3.00 764 | 49| 4.13 1641 | 74
4'-0"x 8" 214 | 4.00 | 1666 | 56| 5.29 | 3070| 81
. .- .- .- . 4'-0"x 10" | 259 | 5.00 | 3223 | 67| 6.34| 5328 | 92

4'-0"x 12" | 289 | 6.00 | 5272 | 75| 7.43 8195 | 100

Note: All sections are not available from all producers. Check availability with local manufacturers.

Fig. 1.7.9(a) Slab load ranges

300 . .
\ i 6" Hollow Core Slab
250 \ | 3/4" Concrete Cover
\ f _ _rﬁ] — 45
|
‘g- 1
g 200 \ I
3 \4 \ B 6" + 2" Topping
= NN
é 150 \
o] 1 6"
2 x —
|
T 100 : AN
= 1
@ \ NN
NS N
50 |
f
|
10 20 30 40

Span, ft
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Fig. 1.7.9 (b) Slab load ranges

8" Hollow Core Slab
3/4" Concrete Cover

300 \

|

250 \ \ !
7 |
Q 1
g 200 3
(o] |
- I
g \
3 150 8" + 2" Topping
g
o
£
o} 100
Q.
@

50

10 40

Span, ft

Fig. 1.7.9(c) Slab load ranges

300
\ \ 10" Hollow Core Slab
250 \ \ 3/4" Concrete Cover
N\ ——
E: 200 \< \\ — 1 10" + 2" Topping
g \ \ E ~ _e =45
- \ | h
g I
= \\ X
= 150 N
¥ A\ 10"
o E‘
g \ "N
T l AN
g 10 ‘\__ | \
3 -
50
10 20 30 40
Span, ft
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Fig. 1.7.9 (d) Slab load ranges

300
\ 12" Hollow Core Slab
250 \ \ 3/4" Concrete Cover
12" + 2" Toppin
1 \_- \\ - ' pping
7 2 \ |
-§ OO \ |~ _e = 45
- I h
(] \ )
> ) 12
pr \aw N
;ﬁ' 150 ) el
o \ \ f
O_ 1
£
\ l
;li 2 I i AN
S | N\
B
50 :
10 20 30 40
Span, ft
Fig. 1.7.9(e) Slab load ranges
200
\ 15" Hollow Core Slab
175 \ 3/4" Concrete Cover
15" + 2 1/2" Topping &
! |
B 15" \ i
g 150 - _e s
a I h
2 I
=2 |
= :
.§ 125 \ i
8 |
Q- 1
E \ 1
g 100 f
. \ \g
AN
. }
50 !
10 20 30 40 50 60
Span, ft




Fig. 1.8.1 Product tolerances - hollow core slabs

o0 TR

-

«Q
I

o e —

Length . ... +1/5in
L /5 in
Depth ..o +1/4in

Top flange thickness

Top flange area defined by the actual measured values of
average d;x b shall not be less than 85% of the nominal area
calculated by d; nominal x b nominal.

= Bottom flange thickness

Bottom flange area defined by the actual measured values
of average dp x b shall not be less than 85% of the nominal
area calculated by dy nominal x b nominal.

Web thickness

The total cumulative web thickness defined by the actual
measured value Xe shall not be less than 85% of the nominal
cumulative width calculated by Ze nominal.

Blockout location ............... .. ... +2in
Flange angle /g in per 12 in, 1/, in max.
Variation from specified end squareness

OF SKEW .ottt +1/5in
Sweep (variation from straight line parallel to centerline of
Member) .. ... . +3/gin

d¢

el
©

CROSS SECTION

Hﬁ 1?ft g K
\\ M é}ﬁg
77777 __ti %# — 7f7 —
a
PLAN

Center of gravity of strand group

The CG of the strand group relative to the top of the plank
shall be within =1/, in of the nominal strand group CG. The
position of any individual strand shall be within =1/, in of
nominal vertical position and =3/4 in of nominal horizontal
position and shall have a minimum cover of 3/, in.
Positionof plates . ............. .. i +2in
Tipping and flushness of plates .. .............. =1/, in
Local smoothness ..................... +1/,inin 10 ft
(does not apply to top deck surface left rough to receive a
topping or to visually concealed surfaces)

Plank weight

Excess concrete material in the plank internal features is
within tolerance as long as the measured weight of the
individual plank does not exceed 110% of the nominal
published unit weight used in the load capacity calculation.
Applications requiring close control of differential camber
between adjacent members of the same design should be
discussed in detail with the producer to determine applicable
tolerances.

ELEVATION
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Fig. 1.8.2 Erection tolerances - hollow core floor and roof members

a = Planlocation from building grid datum . ... ... ... s +1in
a; = Planlocation from centerline Of Steel* . ... ... . +1in
b = Top elevation from nominal top elevation at member ends

Covered WIth tOPPING . . . . ..ottt e e e e =3/4in

UNtopPE flOOF . .. =1,in

UNtOPPEA FOOF . . . oot =3/4in
¢ = Maximum jog in alignment of matching edges

(both topped and untopped CONSLIUCHION) . . . ...ttt e e e et e et et et e e e e lin

d = Joint width

01040 ftmember length . ... ... . =1/5in

4110 60 ftmember leNgth . . . ... . =3/4in

Bt PIUS ..o e e +1in
e = Differential top elevation as erected

Covered WIth tOPPING . . . ..ottt e e e 3/4in

UNtopPPE flOOF . .. 14 in

UNtopPEd F00 ™ 3/4in

*For precast concrete erected on a steel frame building, this tolerance takes precedence over tolerance on dimension “a”.

Bearing length™* (span dir€CtioN) . . ... ... ittt e e e e e s =3/4in
Differential bottom elevation of exposed hollow-core slabs****

**|t may be necessary to feather the edges to = 1/, in to properly apply some roof membranes.

*** This is a setting tolerance and should not be confused with structural performance requirements set by the architect/engineer.
*+x Untopped installation will require a larger tolerance here.

a bldg. Y grid datum
i bldg. X grid datum
” |
|1l
[ 1l )
L—u—iTa
T
| 1l
A
i | |l
d 4 I [l
11
[ 1] )
L, LT *
hollow core
L floor or roof member
PLAN
|=— clearance
e
— 7\‘1

hollow core

g

floor or roof member

precast or cast in place
concrete support member

ELEVATION

[bldg. elevation datum

Precast element to precast or
cast-in-place concrete or masonry

i| bldg. Y grid datum

7

1

[

i [

| N p— bldg. X grid datum}—
*’i i‘ﬁ f \

o]

T
| \

n

| | & #

L1 L hollow core
centerline of floor or roof member
sted structure PLAN

ﬂ A
centerline of
e
sted structure L

| | [bldg. elevation datum|

~

Precast element to structural steel

ELEVATION
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e CHAPTER 2

DESIGN OF HOLLOW CORE SLABS

2.1 General

Thedesign of hollow core slabsisgoverned by
the ACI (318-95) Building Code Requirements
for Structural Concrete.2 Aswith prestressed con-
crete members in general, hollow core slabs are
checked for prestress transfer stresses, handling
stresses, serviceload stresses, deflections and de-
sign (ultimate) strength in shear and bending. For
uniform load cases, themanufacturer’sload tables
will takeinto account thesevariousdesign consid-
erations and print a load capacity based on the
governing criteria. For loading conditions other
than uniform, or for the development of load
tables, the design steps presented in this section
are used.

An excellent reference for prestressed member
design exists in the PClI Design Handbook.l
Charts and tables provide design aids to shorten
the calculation procedures. Another excellent
sourcefor design information isthe PCl Standard
Design Practice* which reflects design practices
in the industry.

The generic slab presented in Section 1.7 will
be used for the calculations presented in this sec-
tion. The cross-section was selected to provide a
means of demonstrating calculation procedures
and does not represent any slab currently in use.
Therefore, thisgeneric slab should never be speci-
fied for use on a project. See Section 1.7 for the
slabs currently available.

2.2 Flexural Design

2.2.1 ACI Requirements

Chapter 18 of ACI (318-95) presents provi-
sions for the flexural design of prestressed con-
crete members. The applicable limits from ACI
are paraphrased as follows:

2.2.1.1 Permissible stresses at transfer
(Section 18.4).
a) Extreme fiber stressin compression
e 0.6f'g

b) Extreme fiber stress in tension except
aspermittedin(c) ......... 3 /'y

c) Extreme fiber stressin tension at ends
of simply supported members .. .. ..

2.2.1.2 Permissible stresses at service
loads (Section 18.4)
a) Extreme fiber stress in compression
due to prestress plus sustained loads
........................ 0.45f';
b) Extreme fiber stress in compression
due to prestress plus total load

........................ 0.60f'¢
c) Extreme fiber stressin tension in pre-
compressed tensilezone . . . .. 6 /f¢

d) Extreme fiber stressin tension in pre-
compressed tensile zone where deflec-
tions are calculated considering bili-
near moment-deflection relationships

........................ 12 Jff'¢

2.2.1.3 Loss of prestress (Section 18.6)
Calculation of losses shall consider:
a) Seating loss
b) Elastic shortening of concrete
c) Creep of concrete
d) Shrinkage of concrete
€) Stedl relaxation

2.2.1.4 Design (ultimate) strength
a) Load Factors (Section 9.2)
U=14D+1.7L
b) Strength Reduction Factors (Section
9.3)
Flexure ¢ = 0.9
¢) Flexura Strength (Section 18.7)

My = ¢Mp = q)Apsfps(dp - %)

0.85f'cb

fos = vaue calculated by strain
compatibility

2-1



or
f
fps = fpu(l - ﬁ@g)
1 c
Mp> 1.2 Mg

2.2.2 Stresses at Transfer

When the prestressing strands are cut to apply
the prestressing forceto the concrete, only theslab
self weight is present to counteract the effects of
eccentric prestress. A check of stressesisrequired
at this point to determine the concrete strength re-
quired to preclude cracking on the tension side or
crushing on the compression side. The concrete
strength at thetimeof transfer may be only 50%to
60% of the 28 day design strength.

Example 2.2.2.1 - Transfer Stresses

Using the generic hollow core cross-section
definedin Section 1.7, check stressesat transfer of
prestress using the following criteria:

Prestressing steel: 4 - 1/," dia. 270 ksi, low relax-
ation strands.
Aps = 4(0.153) = 0.612in?
assume 5% initial loss
dy = 7"
{ =230-6"
initia stress=70% fp,
Solution:

Stresses will be checked at the transfer point
and at midspan
At release prestress force
Py = (0.70)(0.95)(0.612)(270) = 109.9k
Prestress effect
Po
A
109.9 - 109.9(2.89)

154 {297.9

¥ Pog

314.8

= -0.353 ksi top fiber
= +1.723 ks bottom fiber
Self weight at transfer point

£t = 50dy = 50(1/2) = 25in

2-2

moment 25 in from slab end

Mg = (%5(2.08)—%82)(0.0535)(3')

4.74 ft-k
Mg _ (47412
S {279.9

314.8

+0.191 ks top fiber
-0.181 ksi bottom fiber
Net concrete stress at transfer point
-0.162 ksi top fiber
+1.542 ksi bottom fiber

Self weight at midspan
Mg = %-52(0.0535)(3') = 18.66 ft-k
Mg _ (1866/12)
S 279.9
314.8

= +0.752 ksi top fiber

= -0.711 ks bottom fiber
Net concrete stress at midspan

= +0.399 ksi top fiber

= +1.012 ks bottom fiber
Allowable stresses:

tensionat end=6 /f'

2
f= (—‘ é62) =729 psi

tension at midspan =3 _/f' ;
does not control
compression = 0.6 f'g;
.= 1542 :
f'ei = 0.6 2570 psi
Concrete strength required at release
= 2570 psi
Note that if tension or compression in the end
region exceeds allowables based on a reasonable
concrete release strength, strands may be de-
bonded in some manufacturing systems or, for
tension, top mild reinforcement may be used in
some manufacturing systems to resist the total
tension force.



If tensionin the midspan region controls, either
ahigh release strength must be used or mild rein-
forcement must be added to resist thetotal tension
force. Mild reinforcement should only beusedin
the wet cast manufacturing system.

2.2.3 Prestress L osses

The calculation of prestress losses affects the
service load behavior of aslab. The accuracy of
any calculation method is dependent on the pre-
ciseness of concrete and prestressing steel materi-
al propertiesaswell asexternal factorssuch ashu-
midity used in the calculation procedure. The
accuracy of loss calculations has little effect on
the ultimate strength of a member.

Prestress|oss calculations are required for pre-
diction of camber and for service load stress cal-
culations. Sincethe success of aproject isjudged
on service load performance rather than ultimate
strength, it behooves any slab producer to use a
loss cal culation procedure which best predictsthe
behavior of the product as produced.

For low relaxation strand and for special cases
(e.g., long spans or special loadings) using stress
relieved strand, the 1995 ACI Code references
several sources for prestress loss calculations.
Themethod presented herewas devel oped by Zia,
et al.> and considers the following parameters:

Fig. 2.2.3.1 Ambient relative humidity

1) Elastic Shortening

E
ES = Kes E_: feir
Kes = 1.0 for pretensioned members

P PieZ) Mge
T |

feir = Keir (KI + |

Kgr= 0.9 for pretensioned members

2) Concrete Creep

E
CR = KcrE—S(fcir - feds)
C

Kq = 2.0 for normal weight pretensioned
members

= 1.6 for sand lightweight pretensioned
members

M_e
feds = |—Sd

3) Shrinkage of Concrete

SH = 8.2x 10'6KshEs<1 - 0.0G%)
X (100 - RH)
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Table2.2.3.1

Type of tendon Krepsi | J
270 Grade stress-re-

lieved strand or wire 20,000 | 0.15
250 Grade stress-re-

lieved strand or wire 18,500 | 0.14
240 or 235 Grade stress-

relieved wire 17,600 | 0.13
270 Grade low-relax-

ation strand 5000 | 0.040
250 Grade low-relax-

ation wire 4630 | 0.037
240 or 235 Gradelow-re-

|axation wire 4400 | 0.035
145 or 160 Grade stress-

relieved bar 6000 | 0.05

Kgh = 1.0 for pretensioned members
RH = Ambient relative humidity from Fig-
ure2.2.3.1
4) Steel Relaxation
RE = [Ke- J(SH + CR + ES)|C

Kre J, C = factorsfrom Tables 2.2.3.1
and 2.2.3.2

5) Total Loss=ES+CR+SH +RE
Observations and experience in a plant may

provide modifications to loss cal culations to bet-
ter predict dab performance.

Example 2.2.3.1 Lossof Prestress
Using the generic hollow core cross-section
defined in Section 1.7, calculate the loss of pre-
stress based on the following information:
Prestressing steel: 4-1/," dia. 270 ks, low re-
laxation strands

Apsfpu = 0.153(270) = 41.3k/strand
dp=7"

initia stress=70% fp,

€ =30-6"

Superimposed dead load = 20 psf

2-4

Table2.2.3.2 Valuesof C

Stress- Stress-relieved
relieved bar or
fs/fpu strand or low-relaxation
wire strand or wire
0.80 1.28
0.79 1.22
0.78 1.16
0.77 111
0.76 1.05
0.75 1.45 1.00
0.74 1.36 0.95
0.73 1.27 0.90
0.72 1.18 0.85
0.71 1.09 0.80
0.70 1.00 0.75
0.69 0.94 0.70
0.68 0.89 0.66
0.67 0.83 0.61
0.66 0.78 0.57
0.65 0.73 0.53
0.64 0.68 0.49
0.63 0.63 0.45
0.62 0.58 0.41
0.61 0.53 0.37
0.60 0.49 0.33
Solution:

1) Elastic Shortening

P

Mg

fcir

ES

= 30852(0.0535)(3’)
= 18.66 ft-k
= 224 in-k
_ 1156  115.6(2.89)2
= 0'9( 154 12245
_ (224)2.89)

12245

= 0.857 ksi
using Eg = 28,500 ksl and E¢ = 3250 ksi
E

= Koez2f .

%Eci cir
_ 11 28500
= (L0250 (0.857)

= 0.7(4)(41.3k) = 115.6k




= 7.52ksi
2) Concrete Creep

Mg e
fcds— |—

(30852)(0.02)(3)(12)(2.89)
12245

= 0.198 ksi
using E¢ = 4300 ksi and normal weight concrete

CR = Kcr% (feir - feas)
= (2.0) 248350%0 (0.857 - 0.198)
= 8.74 ks
3) Shrinkage of Concrete
V -_Area 14 _ 445
S  Perimeter 2(36 + §)

use RH = 70%

SH = 8.2x 10'6KshEs<1 - 0.0G%)

X (100 - RH)
= 8.2 x 10°6(1.0)28500
x (1 - 0.06 x 1.75)(100 - 70)

= 6.27 ks
4) Steel Relaxation
From Table2.2.3.1

Kre = 5000, J=0.04
From Table 2.2.3.2
C =0.75for fg/fpu = 0.7
E = [Kie- JSH + CR + ES)]C

_ [ 5000
[1000 0.04x

(6.27 + 8.74 + 7.52)] 0.75

= 3.07ks
5) Total Lossat Midspan
=752 +8.74+6.27 + 3.07

= 25.6 ks

on — 256 _ 1250
% = 071270 (100) = 13.5%

2.2.4 ServiceLoad Stresses

Service load concrete stresses are calcul ated as
a measure of performance or serviceability. For
the in-service state when deflections must be cal-
culated, astress check must first be made to deter-
minewhether gross section propertiesor cracked-
transformed section properties are to be used.

In-service stresses are checked assuming that
all prestresslosses have occurred. The calculated
stresses are compared to the permissible stresses
noted in Section 2.2.1. Hollow coreslabsarenor-
mally designed to be uncracked under full service

loads. Tensile stress limits of between 6,/f'; and

7.5/f'c are commonly used. In specia circum-
stances where deflections will not be a problem
and where cracking will not be of concern, the up-

per limit of 12 /f' can be used.

Example 2.2.4.1 Service L oad Stresses

Using the generic hollow core cross-section
defined in Section 1.7, calculate the service load
stresses given the following criteria:

Prestressing sted!:
4-1/," dia. 270 ksi, low relaxation strands
Apsfou = 0.153(270) = 41.3k/strand
dp =7
Initial stress=70% fpy
f'c = 5000 psi
{ =30-6"
Clear Span = 30'-0"

Superimposed Dead L oad
Live Load

20 psf
50 psf

Solution:
Mustined = 39°(0.0535 + 0.020)

= 8.27 ft-k/ft = 99.2 in-k/ft
Mervice = 3—02 (0.0535 + 0.020 + 0.050)

= 13 89 ft-k/ft = 167 in-k/ft
With losses = 13.5% from Example 2.2.3.1
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A psfse

(0.7)(4)(41.3)(1 - 0.135)
100.0k
Top fiber compression with sustained loads

; 1000  10002.89) | 99.23
top 154 297.9 297.9

0.649 - 0.970 + 0.999
+0.679 ks

Permissible compression

0.45f'c

0.45(5000)

2.25ks >0.679ks OK
Top fiber compression with total oad

¢ 100.0 _ 100.0(2.89) 4 167(3)
top 154 297.9 297.9

0.649 - 0.970 + 1.679
1.358 ksi
Permissible compression

= 0.60f'c
0.60(5000)
3.00ks >1.358 ks OK
Bottom fiber tension

foottom = 0.649 + (0.970 - 1.679)%

= -0.022 ks (tension)
Permissible tension

7.5/f'¢

7.5,/5000

0.530ks >0.022 kst OK

2.2.5 Design Flexural Strength

The moment capacity of aprestressed member
isafunction of theultimate stressdevelopedinthe
prestressing strands. As with non-prestressed
concrete, upper and lower limitsare placed on the
amount of reinforcing to ensure that the stressin
the strands is compatible with concrete stresses
for ductile behavior.

The lower limit of reinforcing requires that:

oM, = 1.2Mg

2-6

_ 1 (P Pe ;
Mg = y—b(K+§b+7.5/f_c)

This ensures that when the concrete develops
flexural cracks, theprestressing steel will not have
reached itsfull design stress. Violation of thiscri-
teriamight result in strand fractures at the point of
flexura cracking with a resulting brittle failure.
However, ACI (318-95) Section 18.8.3 alows
violation of thisrequirement for flexural members
with shear and flexural strength at least twice that
required.

The upper limit of reinforcing requires that,

wp Or,

[wp + dﬂp(m - w’)] or

p

be not greater than 0.36031

Theneed for anupper limitonreinforcingisre-
lated to theassumptions of ultimate concretecom-
pressive strain.  Using a uniform compression
stress block forces more concrete to reach ulti-
mate strain as reinforcing ratios increase. There-
forewhen the upper reinforcing limit isexceeded,
the moment capacity must be based on the com-
pression block. For this condition,

oM, = q)[f'cbdg(o.seﬁl - o.08[5§)]

for rectangular sections or for flanged sections
with the neutral axis within the flange.

The stressin the prestressing steel at ultimate
may becalculated in several ways. The ACl equa-
tion (18-3) may be used as an approximation,
charts and tables from the PCI Design Handbook
may be used, or a strain compatibility analysis
may be made.

Example 2.2.5.1 Design Flexural Strength
Using the generic hollow core slab defined in
Section 1.7, check the design flexural strength
given the following criteria:
Prestressing steel: 4-1/," dia., 270 ksi, low re-
laxation strands

dp =7

initia stress = 70% fp,
f'c= 5000 psi

{ = 30-6"



Clear span = 30'-0"
Superimposed Dead L oad
Live Load

20 psf
50 psf

Solution:
METHOD 1: ACI Equation (18-3)

oM, = ¢Apsfps(dp'3/2)

_ Yo  fpu
fos = foul 1 — :
ps DU[ Bl( pf )]

Useyp = 0.28 for low relaxation strands

1000
= 0.80
Aps  40.153)
= Dps _ MO39 5 0024
PP~ bdy, ~ (36]7
fos = 270[1 - %(0.0024%)]
= 257.7ks

_ Pfps _ 0.0024(257.7)

e 5

= 0.124<0.36 1 = 0.288 OK

_ Apsfps _ 40.153)(257.7)

~ 085f'cb  (0.85)(5)(36)

=1.03in

Note: If “a” exceedsthe top flange thickness, the
compression block will encroach onthe corearea.
For thissituation, multiplecompressionforcesare

used for the internal couple as is done with other
flanged members.

oMn = 09(4)(0.153)(257.7) (7 — L03)

= 920in-k/dab = 76.7 ft-k/dab
w, = 1.4(0.0535 +0.02) + 1.7(0.05)
= 0.188 ksf

Wp

My = 3%2 (0.188)

= 21.14 ft-k/ft
= 634 ft-k/dab < 76.7 OK
Check minimum reinforcement

OMp= 1.2Mg
From Example 2.2.3.1
Loss = 13.5%
Apsfe= 0.7(4)(41.3)(1 - 0.135)
= 100.0k
Bottom compression

~ 1000 100.0(2.89)
154 314.8
= 1.567 ksi

Mg = 12245(1567+ 7545000 )

3.89 1000
= 660 in-k/dlab

dMn _ 920 _
Mo = s50 = 1:39>12 OK

METHOD 2: PCI Design Handbook
Using Figure 4.12.2 from the 5th Edition Hand-
book.

Apsfpu
Opu = B g
4413)
(36)(7)5)
- 0131

K’y = 538

ba2
Mn= K'u 15500

_ 36(7)
N 538(12000)

= 79.0 ft-k/dlab

METHOD 3: Strain Compatibility

Thestress-strain diagram from Figure 11.2.5 of
the PCI Design Handbook, shownin Fig. 2.2.5.1,
will beusedfor thisexample. However, theactual
stress-strain curves received with strand mill re-
ports should be used when available.

The concrete ultimate strain is assumed to be
0.003in/in. Themethod involvesatria and error
procedureto obtain equilibriumwithin the section
where the force in the compression block equals
thetensileforceinthesteel. Theequationsarede-
veloped from the strain diagram shown.

a =f1¢C
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Fig. 2.2.5.1 Stress-strain curves, prestressing strand

270 /
| 270 ks strand
| MINIMUM YIELD STRENGTH AT
Es=28,500ksi | 1% ELONGATION FOR 270 ks
250 (ASTM A416)
x 250 ksi strand
230 |
X MINIMUM YIELD STRENGTH AT
— 1% ELONGATION FOR 250 ks
2 (ASTM A416)
< 210
&3
190
170
150
0 0.005 0.010 0.015 0.020 0.025 0.030

Strain-eps (in./in.)

These curves can be approximated by the following equations:

270 ksi strand
eps = 0.0086: fps = 28,500 epg (Ksi)
0.04

250 ksi strand
eps < 0.0076: fpS = 28,500 gps (ksi)
0.04

Using 13.5% loss from Example 2.2.3.1
fe = 0.7(270)(1 - 0.135) = 163.4 ksi
0.003 0.85f¢

_fse _ 1634 _
e = £ = 58500 0.0057

Assumec=1" thena=0.80(1) = 0.8"

d
L&s | es = -(0.003) - 0.003

C
= 1(0.003) - 0.003=0.018
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Eps = €t &g
= 0.0057 + 0.018 = 0.0237
From stress-strain curve
fos = 268 ks
T = 4(0.153)(268) = 163.8
C =0.85(5)(0.8)(36)
= 122.4k < 163.8k
Try ¢ =1.3" then a=0.80(1.3) = 1.04"

-7 _
€s —m(0.00B) 0.003

= 0.0131
eps = 0.0131 + 0.0057 = 0.0188
From stress-strain curve
fos = 267 ks
T = 4(0.153)(267) = 163
C = 0.85(5)(1.04)(36)
= 159k = 163k

2

= 952 in-k/dab = 79.3 ft-k/slab

On occasion, conventiona reinforcement is
addedto ahollow coreslabtolocally provide add-
ed flexural strength. When required, the bars are
placed in coresright after the slab is cast and con-
crete is added to fill the coreswith the bars. The
following exampleillustratestheflexural strength
calculation.

#Mn = 0.9(4)(0.153)(267) (7 — 124)

Example 2.2.5.2 Flexural Strength with Bars
Repeat Example 2.2.5.1 but add 2 - #4 barsin
cores.

Solution:

Use strain compatibility for strength calculation
with an effective depth of 5.5 in for the #4 bars.

Assumec = 1.53in.
thena=0.80(1.53) =1.22in

for strands
_ 7 _
gg = E(0.003) 0.003

= 0.0107 inVin
eps = 0.0057 +0.0107

= 0.0164 in/in
fos = 266 ks
for bars
— 5.5 _
& = 1t3 (0.003) — 0.003
= 0.0078in/in
. . 60 _ L
yield strain = 59000 0.002 in/in
T = 4(0.153)(266) + 2(0.2)(60)
=162.8+24
= 186.8k

C = 0.8505)(1.22)(36)
= 186.7k = 186.8k ok

OMp = 0.9[162.8(7 - 1722) + 24(5.5 - 1722)]

= 1042 in-k
= 86.8 ft-k

2.3 Shear Design

2.3.1 ACI Requirements

Hollow core dabs are designed for shear ac-
cording to the same ACI Code provisions used in
genera for prestressed members. Indry cast sys-
tems, thenormal practiceisto not providestirrups
when the applied shear exceeds shear capacity be-
cause of the difficulty encountered placing stir-
rups in most production processes. The place-
ment of stirrupsin awet cast system is certainly
easier than in adry cast extruded system and isa
viable shear enhancement method. An alternative
used to increase shear capacity is to reduce the
number of coresused inagivenslab. Thismay be
done by either leaving out a core for the entire
length of a dlab or by localy breaking into the
cores and filling them solid while the concrete is
still in asomewhat plastic state.

The provisions for shear are found in Chapter
11 of ACI 318-95. With some paraphrasing, the
requirements are:

Vu = ¢V
¢ = 0.85for shear
Vih = Ve+Vsg
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For the purpose of thisdiscussion, Vg, the con-
tribution of shear reinforcement, will be taken as
zero. Thenominal concrete shear strength may be
found using equation (11-9),

Ve = (0.6/170 + 700VM—Ud)de (11-9)
u

when the effective prestress force is not less than
40 percent of thetensilestrength of theflexural re-
inforcement. The term V,d/M, shall not exceed
1.0. The minimum value for V. may be used as

2,/ byyd and the maximum valueisthe lesser of

5/ ¢ byd or the value obtained from Equation
(11-12) considering reduced effective prestressin
the transfer zone.

Alternatively more refined shear calculations
can be made according to the lesser of Equations
(12-10) or (11-12).

Vg = 06/fcbyd+ Vg + \(/;M” (11-10)
max
Vow = (3.5/f ¢+ 0.3fp0) byud (11-12)

Equation (11-10) predicts shear strength for an
inclined shear failure mode. For Equation
(11-10), the following relationships are used:

(§)(6/Fc + fpe- o (11-11)

Vg = Unfactored self weight shear for
non-composite sections

\ = Vu-Vyq
Mmax = My - Mg

Mg = Unfactored self weight moment for
non-composite sections

The minimum value for V¢ need not be less

than 1.7,/f' ¢ bwd or 2,/f'¢ byd when the effective
prestress force is not less than 40% of the tensile
strength of the flexural reinforcement. For equa-
tions (11-10), (11-11) and (11-12), the reduction
in prestressing force at the member end due to
transfer must be considered. The ACI Code al-
lows an assumption that prestressing force in-
creases linearly from zero at the member end to
full effective prestress in a length equa to 50
strand diameters.

Mer

Example 2.3.1.1 Shear Design
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Using the generic hollow core cross-section
defined in Section 1.7, check the slab for shear
given the following information:

Prestressing steel: 4-1/," dia., 270 ksi, low

relaxation strands.

Initial stress = 70% fpy loss = 15%
f'c = 5000 psi
{ = 25-6"
Clear span = 25'-0"
Superimposed Dead Load = 20 psf
LiveLoad = 50 psf
Masonry dead load = 800 plf at 3’

from one support

Solution:
Uniform load: wy = 1.4(0.0535 + 0.020)
+ 1.7(0.05)
= 0.188 ksf = 0.564 kif
LineLoad: P, = 1.4(0.800) = 1.12k/ft

(3)(1.12) = 3.36k

Load, shear and moment diagrams for 3' dab
width:

1.12x3 =336
3 ‘ — 0.188x3 =0.564 %4
an , A
25
k
10
8.31
4.95°
VU 1 :
|
|
| 5
§ 7.45
My :
27.48 ft-k
49.25 ft-k

Using the more refined approach according to
ACI Equations (11-10) or (11-12), ¢V is:

_ 085
WVon = D:03(3:5/5000 + 0.3fc)

X (10.5)(7) (11-12)
= 15.46 + 0.0187f

fociscalculated asafunction of thetransfer of pre-
stress into the section along the span.



transfer length = 50 d,, = 50(1/2) = 25"
with bearing length = 3"

full prestress transfer is achieved 22" from
the face of support

Apsfse= 4(41,300)(0.70)(1 - 0.150)

X+ 3 — 5o
x( 5 )tox—22

¢ = Apdfe 98294(x + 3)
T A 154 \ 25

98294 (x + 3
OVou = 15.46 +0.0187 2629 ( £ )

15.46 + 11.96 (X + 3) tox = 22"

25
/5000 VM
Ve = (o.am(lo.sm +Vy+ M'Ta‘:)
x 0.85 (11-10)

Vg =Shear due to unfactored self weight
(for non-composite section)

= 3(0.0535) (2—25 - x) = 2.01 - 0.16x

V; = Shear dueto factored loads minus Vg4

Mg = (yl—b)(G/f—c + fpo = fo)

_ 1., €
fpe = 98.294 x
1. (3.89 — 1)(3.89) (X + 3)
154 12245 25

- X+ 3\ . :
= 1.541( 55 >_1.541 ksi

flexural stress dueto load used for Vg

fq
_ My
S
3)(0.0535
00K e
314.8

— 2.01x — 0.08x2
314.8

Mer = 3:5'_458

X

(2.01x — 0.08x?)
0.424 + fpe —

314.8

= 11.130 + 26.233fpe - 2.01x + 0.8x2

Mmax = Moment due to factored
loads minus My

Based onthesedefinitions, ¢V oy, ¢V, andVy are
calculated at intervals acrossthe span. A summa-
ry is presented in Table 2.3.1.1. Figure 2.3.1.1
presents the results graphically.

Table2.3.1.1 Allowable Shear

X Vu OVow OV
h/2=0.333 9.82% 18.81% [ 59.40%
0.5 9.72 19.76 45.74
1.0 9.44 22.64 31.92
15 9.16 25.51 27.15
2.0 8.88 27.42 23.34
2.5 8.59 27.42 18.93
3.0 8.31 27.42 15.98
3.0 4.95 27.42 10.02
3.5 4.67 27.42 9.11
4.0 4.39 27.42 8.34

Alternatively, the ssimplified equation (11-9)
might be used.

OV = 0.85[0.6,/5000 + 700(#)(7)]
1057
1000

2,65 +306.1 LU (My inin-k).
My

Theresultsof thisequation area so shownon Fig-
ure2.3.1.1.

Atall points, V, < ¢V so shear strength isade-
guate and stirrups are not required.

2.4 Camber and Deflection

Camber is the upward deflection of a pre-
stressed member and resultsfrom the prestressing
force being eccentric from the center of gravity of
the cross-section. Since both prestressing force
and eccentricity are established by the required
design load and span length, camber is aresult of
the design rather than adesign parameter. There-
fore, camber requirements should not be speci-
fied.

Deflections are also affected by the amount of
prestressing only because prestressing establishes
the load at which amember will crack. If tensile
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Fig. 2.3.1.1 Shear for Example 2.3.1.1

25

54T by d

20

Eq. (11-12) \

Shear, kips

5 o

— Eq. (11-10)

| Eq.(11-9)

10 2f; by d
\k
0 1 2 3 4

Distance into Span, ft

stresses are kept below cracking, deflections will
be independent of the prestress level.

Cambersand deflectionswill changewithtime
dueto concrete creep, prestressloss and other fac-
tors. The sustained compression due to the pre-
stressing will cause camber growth. Balancing
thisistheeffect of creep on deflections dueto self
weight and other sustained loads. It is thistime
dependent movement which, inadditiontoinstan-
taneous deflections, must be considered in the de-
velopment of framing schemes and detailing.

I nstantaneous cambers and deflections are pre-
dictable as long as the material properties are
known. The time dependent cambers and deflec-
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tions are not predictable with any degree of accu-
racy and any calculation of long term movements
must be considered to be only estimates.

This section presents calculation procedures
for determining long term deflections. From the
producer’s standpoint, history and experience
must be used to modify the procedurestofit thelo-
cal product. Fromthespecifier’sstandpoint, these
procedureswill allow only approximate estimates
of long term effects and should be complemented
with discussions with local producers.

2.4.1 Camber



Table2.4.1 Longterm multipliers®

superimposed dead load only

by the composite topping

. Without With
Condition Composite Composite
Topping Topping
At Erection:
1. Deflection (downward) component - apply to the elastic
deflection due to the member weight at rel ease of prestress 1.85 1.85
2. Camber (upward) component - apply to the elastic camber
due to the prestress at the time of release of prestress 1.80 1.80
Final:

3. Deflection (downward) component - apply to the elastic
deflection due to the member weight at release of prestress 2.70 2.40

4. Camber (upward) component - apply to the elastic camber
due to prestress at the time of release of prestress

5. Deflection (downward) - apply to elastic deflection due to

6. Deflection (downward) - apply to elastic deflection caused

245 2.20
3.00 3.00
-~ 2.30

Hollow core slabs are produced with straight
strand patterns rather than using draped or de-
pressed strands. Using (+) to indicate upward
movement and (-) to indicate downward move-
ment, net camber can be calculated as:

_ Pe€2 _ 5w4
camber = “aE ~ 384E]

To determine initial camber, the appropriate
values for prestress force and modulus of elastic-
ity of the concrete must be used. When ultimate
moment rather than tensile stresses govern a de-
sign, the initial strand stress may be reduced to
modify the anticipated camber. Additionally, slab
camber is sensitiveto support point locations dur-
ing storage. Camber will increase asthese support
points move in from the slab ends.

Example2.4.1 Initial Camber

Using the generic hollow core slab defined in
section 1.7, calculate the initial camber given the
following:

Prestressing steel: 4-1/," dia., 270 ksi, low re-
laxation strands

Apsfpu = 0.153(270) = 41.3k/strand
Initia stress:  70% fpy

dp =7

{ = 30-6"

Solution:

Estimateinitial losses at 5% and use E = 3250
ksi

Po

0.95(0.7)(4)(41.3) = 109.9

109.9(3.89 — 1)[30.5(12)]°

camber = —— gi3250/ 12245

5(3)(0.0535)(30.5) (1728
(384)(3250)(1224.5)
1.34-0.79
= 0.55" Say 1/," to 3/4" initial camber

Estimating long term effectsis complicated be-
cause, as time passes, the prestressing force de-
creasesdueto losses and the modul us of elasticity
of the concrete increases with concrete strength
gain. Traditionally, acreep factor of 2.0 has been
applied to instantaneous deflections to estimate
the additional deflection due to creep. This has
been modified by Martin® for prestressed con-
crete. Table 2.4.1 presents suggested multipliers
to determine both long term final deflections and
position at erection. It should be noted that in us-
ing these multipliers, a total deflection is calcu-
lated rather than the additional increment due to
long term effects.

Example 2.4.2 Long Term Camber
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For the dlab of Example 2.4.1, determine the
net camber at erection and the final camber.
Table 2.4.2 Maximum Permissible Computed Deflectionsl

Type of member Deflection to be considered Deflection limitation

Flat roofs not supporting or attached to non- Immediate deflection due to live load L .

structural elements likely to be damaged by ¢

large deflections 180

Floors not supporting or attached to non- Immediate deflection due to live load L

structural elements likely to be damaged by L

large deflections 360

Roof or floor construction supporting or That part of the total deflection occurring after

attached to nonstructural elements likely to attachment of nonstructural elements (sum of £

be damaged by large deflections the long-term deflection due to all sustained 480
loads and the immediate deflection due to any

Roof or floor construction supporting or at- additional live load)**

tached to nonstructural elements not likely to R

be damaged by large deflections 240

similar to those being considered.

not exceed limit.

* Limit not intended to safeguard against ponding. Ponding should be checked by suitable calculations of deflection, including added deflections due to ponded
water, and considering long-term effects of all sustained loads, camber, construction tolerances, and reliability of provisions for drainage.

** | ong-term deflection shall be determined in accordance with 9.5.2.5 or 9.5.4.2, but may be reduced by amount of deflection calculated to occur before attach-
ment of nonstructural elements. This amount shall be determined on basis of accepted engineering data relating to time-deflection characteristics of members

*** | imit may be exceeded if adequate measures are taken to prevent damage to supported or attached elements.
=+ But not greater than tolerance provided for nonstructural elements. Limit may be exceeded if camber is provided so that total deflection minus camber does

Solution:

At erection,
initial camber = 1.34-0.79

= 0.55" from Example 2.4.1
Erection camber = 1.34(1.80) - 0.79(1.85)

= 0.95"

Say 1" erection camber
1.34(2.45) - 0.79(2.70)

1.15"
Say approximately 1 1/," final camber

Final camber

2.4.2 Deflections

Aswith camber, concrete creep will also affect
deflections due to sustained superimposed loads.
These long term effects must be considered for
comparison with Table 9.5(b) of the ACI Codeto
determine acceptability. Thistableisreproduced
here as Table 2.4.2. Engineering judgement
should be used in comparing calculated deflec-
tionstothe ACI Codelimits. Many building code
specified live loads exceed the actual loads in a
structure. While it may be implied that the full
live load be used for comparison to Table 9.5(b),
situationsmay arisewhereit ismorereasonableto
use actual anticipated live loads for deflection
comparisons. A further complication for super-
imposed |oadsisthat flexural cracking will reduce
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the effective moment of inertia of the section.
Calculations using bilinear moment-deflection
relationships are required when tension exceeds

6,/f'c and are covered extensively in references 1
and 2. By definition, cracking occurs at atensile

stress of 7.5,/f'c. While the ACI Code requires

such bilinear calculations when 6/f' tension is
exceeded, in effect bilinear behavior is meaning-

less up to atension of 7.5,/f'¢. Since hollow core
slabs are normally designed to be uncracked un-
der service loads, the effects of cracking will not
be considered here.

Table 2.4.1 includes multipliers for determin-
ing the long term effects for superimposed |oads.
Again, use of the multipliers gives an estimate of
total deflection rather than an increment for the
additional long term deflection.

Example 2.4.3

For theslab of Examples2.4.1 and 2.4.2, deter-
mine the total deflection due to a superimposed
load of 20 psf dead and 50 psf live on aclear span
of 30’-0"” including long term effects. Use E; =
4300 ksi.

Solution:

From Example 2.4.2

Final camber = 1.15"

superimposed dead | oad i nstantaneous defl ection:



_ 5(0.02)(3)(30)%1728) _ . .
~ (384)(4300)1224.5) 0.208

Final deflection =0.208 (3.0) = 0.62"
Instantaneous live |load deflection:

5(0.05)(3)(30) *(1728)

= (384)4300[12245)  O°
Final position
final camber = + 1.15"
sustained dead load = - 0.62

net camber + 0.53"

live load increment - 0.52
+0.01”

For comparison to the provisions of Chapter 9
of the ACI Code, when non-structural elements
are attached to the slabs, the portion of deflection
after erection may be used for comparison.

Changein camber =1.15" - 0.95" = + 0.20"

Sustained dead load = - 0.62"
Instantaneous live loads = - 0.52"
- 0.94"

When a composite topping is used, it will be
cast after a portion of the slab shrinkage has oc-
curred. There will then be differential shrinkage
between the topping and slab. This differential
can cause additional deflection and bottomtensile
stress. These effectswill generally be negligible.

Example 2.4.4 Composite Slab

Giventhedlab of Example 2.4.3, add a2” com-
posite topping and recal cul ate deflections includ-
ing the affects of differential shrinkage.

Solution:
Final camber

1.34x2.20-0.79x 2.40

1.05"

I nstantaneous topping weight deflection:
_ 5(0.025)(3)(30) 41728)

(384)(4300)(1224.5)

0.26"

Long term deflection due to topping weight
= 0.26" (2.30) = 0.60"

Superimposed dead load deflection:

_ 5(0.02)(3)(30)%(1728)
(384)(4300)(2307)

=0.11"
(Note: 2307 in.# = composite moment of inertia
using a 3000 psi topping on a 5000 psi slab.)
Long term dead |oad deflection

= 0.11(3.0)=0.33"
Instantaneous live load deflection:

—_— 50 [— "
= 39(011)=0.28

Final Position = +1.05 - 0.60 - 0.33 - 0.26 =
-0.14" including instantaneous live load.
Calculate increment due to differential shrinkage
assuming shrinkage strain of 500 x 1076 in/in in
both the topping and slab:

If total shrinkage =500 x 106
and erection shrinkage =250 x 10°6
differential shrinkage =250 x 106

The differential shrinkage can be thought of as
aprestress force from the topping where

P = Atopping (Strain)(modulus)
= 36"(2")(0.00025)(3320)

= 59.8k

The effect is lessened by concrete creep and,
using afactor of 2.30from Table 2.4.1, reducesto:

P =59.8/2.30 = 26k
The eccentricity of thisforceis:
e =9 -389
= 5.11"
M =Pe=26x5.11=133in-k

. _ |V|€2

downward deflection = BET
_ 133(30x12)?
(8)(4300)(2307)

=0.22" = 1/4"
Considering the span used in this example and
the accuracy of the other camber and deflection
calculations, it can be easily seen that differential
shrinkage will generally not be significant.

2.5 Composite Design
A composite, structural concrete topping is
commonly used in floor construction with hollow
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core slabs. The composite action is desirable to
add stiffness and strength for gravity loads and
may also berequired for load transfer withinadia-
phragm. When acomposite topping is used, con-
sideration must be given to its strength, detailing
and quality assurance.

The required compressive strength of the top-
ping may be determined from thehollow coreslab
design requirements. Load tables provided by lo-
cal producers will normally indicate that either a
3000 psi (20.7 MPa) or 4000 psi (27.6 MPa) con-
crete is required. Diaphragm requirements may
necessitate a higher strength topping concrete.

From a detailing standpoint, the primary con-
siderationisthat hollow core slabswill have cam-
ber. If thetoppingisfinished asalevel surface, the
camber will reduce the topping thickness in the
midspan regionwhichwill affect theload capacity
of the dlabs. With significant topping thickness
reduction, the integrity of the topping concrete
may al so becompromised. A preliminary slab de-
sign can provide an estimate of camber and the
minimum topping thickness necessary to support
thedesignloads. Thefirst optionisto providethe
minimum thicknesstopping at midspan and allow
the thickness to increase at the slab ends to main-
tainaflat floor. Finish and bearing elevations can
then be set to this criteria

A second option to minimize topping concrete
volume is to alow the minimum topping thick-
nessto follow the curvature of theslabs. Thiswill
result in afinished floor with camber which may
beacceptablein some occupancies. Inthisoption,
itisimportant that all trades be made aware of the
final camber as it may affect their work. Parti-
tions, doorways and stairs will be particularly af-
fected in this option.

When control jointsareused inastructural top-
ping, they should be located over thejointsin the
precast units below where cracks would most nat-
urally occur in the topping. At the ends of slabs,
where movement will occur due to camber
changes, deflections, creep, shrinkage or elastic
shortening, control joints are desirable.

Reinforcing of a topping may be required for
structural design. If not, consideration should be
given to using minimum shrinkage reinforcement
for crack control.
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Since the composite topping and hollow core
slabsinteract to createthefinal structural el ement,
itisimperativethat thetopping bond well withthe
slabs. Whilethebuilding designer may only bein-
terested inthefinal product, the process of achiev-
ing awell bonded, composite topping isvery im-
portant. The hollow core producer is dependent
on aproperly bonded topping, yet is not involved
in specifying, designing or installing the topping.
The hollow core producer is responsible for sup-
plying aslab that is capable of bonding with atop-
ping. Theinstaler of the topping is responsible
for surface preparation, topping concrete mix de-
sign and curing to assure proper bond.

At aminimum, the slab surface must be clean
and damp at the time of topping installation. Itis
recommended that the surface bethoroughly satu-
rated prior to topping placement, but all standing
water must be removed. ACI 301-96 specifies
that asand and cement grout be scrubbed into the
slab surface ahead of topping placement. If this
procedure is used, it isimperative that initial set
not be alowed prior to topping placement. If ini-
tial set occurs, the grout can becomeabond break-
er. Similarly, bonding agents, which are rarely
specified, will also act asabond breaker if any ini-
tial set occurs prior to topping placement.

The topping concrete mix and curing tech-
niques will also affect bond of a composite top-
ping. Curling at topping edgesor jointswill cause
local delamination. Curlingisaresult of differen-
tial shrinkage between the top and bottom sur-
facesof thetopping. Generally, water islost more
quickly from the top surface causing additional
drying shrinkage. Thiscanbeminimized by prop-
er curing techniques and low shrinkage concrete.

Design of hollow core slabs for composite ac-
tion is usually limited to a horizontal shear
strength of 80 psi (0.5 MPa) according to section
17.5.2.1 of ACI 318-95. Through limited pub-
lished® and unpublished testing, the machine fin-
ished surface has been found to meet the require-
ments of that section. The horizontal shear check
should be based on the shear diagram rather than
using an average horizontal shear over the dis-
tance from zero moment to maximum moment
when checking compliance with the 80 psi limit.

Compositeties are not normally provided giv-
en the difficulty and expense of installing theties



inamachine casting operation. When thehorizon-
tal shear exceeds 80 psi (0.5 MPa) and composite
ties are not used, the topping is considered to be
superimposed dead load on anon-composite slab.
In awet cast system, horizontal shear tieswith /4
in amplitude roughening may be used to take ad-
vantage of the higher stresses allowed by ACI.

Design of acomposite section issimilar to that
presented in Sections 2.2 and 2.3. Thefollowing
example demonstrates the additional consider-
ations with a composite section.

Example 2.5.1 Composite Design

Using the generic hollow core cross-section de-
fined in Section 1.7, add a 2 in structural topping
and check for the following conditions:

Prestressing steel: 4-1/," dia., 270 ks low relax-
ation strands

Initial stress: 70% fpy

dp: 7in

Slab: f'e
Eqi
Ec

5000 psi

3250 ksi

4300 ksi

Topping: f'c = 3000 psi
Ec = 3320 ks

Slab length: 30'-6"

Slab span: 30'-0”

Loads: topping = 25 psf
dead load = 20 psf
live load = 50 psf

Calculate section properties:

Basesection A = 154in?
| 12245 in%
Yyp = 3.89in

Topping
n = 3320/4300=0.77
usewidth = 0.77(36)

27.71in
Composite
A = 154+ 2(27.7) = 209.4 in?
_ 154(3.89) + 2(27.7)(9)
b= 209.4
= 5.24in.

Calculate prestress |osses:

1224.5 + 154(5.24 - 3.89)2

+ f_g (27.7) + 2(27.7)(9 - 5.24)2

2307 in?

From Example 2.2.3.1
ES = 7.52ksi
Concrete creep

Meg= %02 (0.025 + 0.020)(3)

fcds -

15.19 ft-k

_ 15.19(12)(2.89)

1224.5
0.430 ks

CR = (2.0) 28290 (0 857 - 0.430)

4300
5.66 ksi

SH = 6.27ks

RE = [M — 0.04(6.27 + 5.66 + 7.52)|0.75

1000
3.17 ks

Loss = 7.52 +5.66 + 6.27 + 3.17

= 22.62 ks = 12%

Calculate service load stresses:
Apsfse = 0.7(4)(41.3)(1 - 0.12)

Mnon-comp =

= 101.8k

%02 (0.0535 + 0.025)
= 8.83 ft-K/ft = 106 in-k/ft

Mcomp = %02 (0.020 + 0.050)

= 7.88 ft-k/ft = 94.5 in-k/ft

At top of topping
94.5(3)(10 — 5.24
fiop = 22X~ 528 .77)
= 0.450 ksi
At top of dab
f = 1018 _ 101.8(2.89)(4.11)
P~ 154 1224.5
+ 106(3)(4.11) + 94.5(3)(8 — 5.24)
1224.5 2307
= 1.080 ksi
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At bottom of sab

fbottom

1018 101.8(2.89)(3.89)

154 12245
_ 106(3)(3.89) _ 94.5(3)(5.24)
12245 2307
= -0.058 ks
Calculate flexural strength
wy, = 14(0.0535+ 0.025 + 0.020)
+1.7(0.050)
= 0.223ksf
M, = 3%2(0.223)(3)
= 75.26 ft-k
Using ACI Eq. (18-3)
_ 40.153) _
- _ 028 270
fos = 270[1 0_85(0.0019 i )]
= 254.8Kks
. _ 4(0.153)(254.8)
0.85(3)(36)
= 1.7in
oMy = 0.9(4)(0.153)(254.8)(9 - %)
= 1144 ink = 95.3 ft-k
Check 1.2 M,
‘ _ 1018 , 101.8(2.89)(3.89)
bottom = “754 12245
= 1.596 ks
_ 2307 7.5,/5000
Mer = 5.24(1'596+ 1000 )
= 936in-k
OMn _ 1144 _
Mo ~ 936 =122>12 ok
Check horizontal shear:
®Vnh = ¢80b,d
= 0.85(80)(36)(9)
= 220301b
= 2k
at h/2
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Vy = (%3 - %)(0.223)(3)

9.8k<22k ok
Section is composite

Check web shear at h/2:

transfer length =50(0.5) = 25in
at h/2 plus 3 in bearing

_ 8) -
Apfse = 1018 (%) = 326k

for composite section, fyc iscalculated at centroid
of composite section
f _ 32,6 _ 32.6(2.89)(5.24 — 3.89)
pe 154 12245
0.108 ksi

1000

=225k >98k ok
Check inclined shear at 4 ft

Vay = 0.85[3'5v5000 + 0.3(0.108)](10.5)(9)

Vv, = (% - 4)(0.223)(3)

=7.36k

Vg = (3—20 - 4)(0.0535 + 0.025 + 0.020)(3)

= 3.25k
V; =7.36 - 3.25=4.11k

My, = 0.223(3)(4) (%) - %) = 34.8 ft-k

Mg = (0.0535 + 0.025 + 0.020)(3)(4) (%’ - %)
=12.25+3.12 = 15.37 ft-k
Mmax = 34.8 - 15.37 = 19.43 ft-k

¢ 1018 , 101.8(2.89)(3.89)

pe 154 12245

= 1.596 ksi

_ 1225(12)(3.89) , 3.12(12)(5.24)
12245 2307

= 0.552 ksi

My = m(6“5000 + 1506 — 0.552)

~ 5.24\ 1000
= 646 in-k = 53.9 ft-k



o 0.6,/5000
Vi _0.85[W(1o.5)(9)]

N 0.85[3.25 + M]

19.43
= 15.86k > 7.36k ok
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Strand Development

2.6 Strand Development

2.6.1 ACI Requirements

Section 12.9 of the ACI Code covers devel op-
ment length for prestressing strands. While the
topic has received considerable discussion®-16,
the ACI Code expression currently remains:

A further requirement is that the devel opment
length shall be doubled when bonding of astrand
does not extend to the end of the member and the
precompressed tensile zone is allowed to be in
tension at service loads.

The ACI Code expression for development
length describes two bond mechanisms. Thefirst
isthe transfer length which is the bond length re-
quired to transfer the effective prestress after
losses, s, to the concrete. Thisportion of the de-
velopment length is:

€t = %edb

Withfg equal to 150 ksi (1034 MPa), thetrans-
fer length becomes 50dy, the length used for shear
calculations.

The second mechanismisfor bond length after
the steel stressincreasesabovefg. Todevelopthe
full designstrength of thestrand, fpps, abondlength
in addition to the transfer length isrequired. The
flexural bond length is expressed as.

€f = (fps- fsg)db
Figure 2.6.1.1 depicts the increase in steel
stress along the devel opment length of the strand.
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Fig. 2.6.1.2
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Section 12.9.2 of the ACI Code limits inves-
tigation of devel opment length to the section near-
est the end of the member where full design
strengthisrequired. In conventionally reinforced
concrete, the rate of moment increase must be
consideredin selecting reinforcing bar sizes. This
consideration isalso valid in prestressed concrete
members. As shown in Figure 2.6.1.2, with a
steep rate of moment increase, critical sections
may occur inthestrand devel opment length at less
than maximum moment.

Demand on strand strength above fg does not
occur until after flexural cracking occurs. If flex-
ural cracking occurs in the transfer length, the
strand cannot accept additional stressso bondfail-
ureoccurs. Therefore, thelimit on member flexu-
ral strength in the strand transfer length is the
cracking moment.

Intheflexural bondlength, strand stresscanin-
crease above fg, but not to full fys. Therefore,
there is additional flexural strength above the
cracking moment, but less than full nominal
strength. If flexural cracking occurs at factored
load in the flexural bond length, the maximum
value for fps can be calculated as:

(x =€y
2 (fps - fse)

wherex = thedistance from the end of the
member to the section of interest

The nominal moment capacity is then calculated

on the basis of this maximum strand stress.
Martinand K orkosz!” suggest that with partial -

ly devel oped strand, thefull concrete compressive



failure strain will not be achieved. A strain com-
patibility analysis can be performed to determine
the concrete strain that would be consistent with
f'ps @nd nominal strength can then be caculated
using that strain.

When debonded strands are mixed with fully
bonded strands, a similar strain compatibility
analysis may be required in the flexural bond
length for the debonded strands. In this case,
nominal strength can be calculated in two ways:

1. Analyze section with all strands at the f'ps for
the debonded strands.

2. Analyzesectionwith only fully bonded strands
at their f,s and ignore the debonded strands.

The greater of the two results would predict the
nominal strength of the section.

For hollow core slabs, the strain compatibility
analysis for partially developed strand will yield
variable results as compared to a traditional ap-
proachwheref’psisusedwith afull concretestrain
of 0.003in/in. If f'psisclosetofge, thestrain com-
patibility analysiswill predict moment capacity of
about 85% of thetraditiona anaysis. Whenf'psis
10% greater than f, the difference reducesto 5%
or less. The additional complexity of the strain
compatibility analysis would only seem war-
ranted when flexural cracking isexpected near the
transfer point or when debonded strands are used.

There are several aspects of abond length dis-
cussion that are significant to hollow core slab de-
sign. Inmany framing schemes, therewill beare-
guirement to use very short slabstofill in an area.
With fully devel oped strands, these slabswill nor-
mally have very large load capacities. However,
capacity may be reduced because the strands
might only be partially developed. For example,
for a dlab prestressed with 1/," (12.7 mm) ¢, 270
ksi (1860 MPa) strands with fg = 150 ksi (1034
MPa) and fps = 260 ksi (1790 MPa):

. [260 - %(150)](0.5)
= 80" = 6'-8" (2030 mm)
This slab would have to be two development
lengths, or 13'-4" (4.1 m) long in order to develop

itsfull design strength. A shorter slab would have
reduced capacity.

Hollow core slab systems are often required to
carry concentrated or wall |oads which may affect
therate of moment increase near the member end.
Whilenot required by ACI, it issuggested that the
transfer length and flexural bond length regions
beinvestigated for reduced capacity when themo-
ment gradient is high.

The development length equationsin the ACI
Code are based on testing conducted with mem-
bers cast with concrete having normal water-ce-
ment ratios. As noted in the Commentary to the
ACI Code, no slump concrete requires extra pre-
cautions. Hollow coreslabsproduced with theex-
trusion processfall intothiscategory. Asoriginal-
ly presented by Anderson and Andersonl® and
reinforced by Brooks, Gerstle and Loganl8, a
measure of satisfactory bond isthefreeend dlip of
amember after it iscut to length. A limit on free
end slip expressed as:

foef

dall = 6%:‘%

has been suggested as amaximum free end strand
dip for using the ACI Code devel opment lengths.
This expression approximates the strand shorten-
ing that would have to occur over the transfer
length. For al/,” (12.7 mm) dia. strand stressed
initially to 189 ksi (1300 MPa), the free end dlip
should not exceed about 3/3," (2.4 mm) if the ACI
Code transfer and devel opment lengths are to be
used.

When free end dip exceeds 04, the transfer
length and the flexural bond length will increase.
Shear strength in the transfer length and moment
capacity in the flexural bond length will be de-
creased and the length into the span where full
moment capacity is provided will be increased.

If thefreeend strand slip isknown from quality
control measurements, the member capacity can
be evaluated with consideration of extended
transfer and flexural bond lengths. Asafunction
of measured end dlip, the transfer length and flex-
ural bond length can be calculated for each strand
asfollows:

¢ f = 665Es(fps - fs)/(fsifse)
Shear strength can be evaluated by substituting

the extended transfer length for 50 dy in evaluat-
ing the rate of increase of prestress. Flexural
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strength calculations are affected only by the ex-
tension of the strand development Iength and po-
tentia reduction of f'ps. The strain compatibility
analysis suggested by Martin and Korkosz for
sections with partialy developed strand becomes
more complex as there can be variation in devel-
opment lengths within a given member.

Figure2.6.1.3illustrates the change in moment
capacity for the generic slab of Section 1.7 from
normal slipto /s, in (4 mm) sliponal strands. In
(@), thespanlengthis30ft (9.1 m) and therewould
be no changein dab capacity for uniformload. In
(b), the span is reduced to 25 ft (7.6 m) and it is
clear that the extended devel opment length would
result in reduced capacity even with uniformload.
Enddlipinexcessof normal sliphasamoresignif-
icant effect in shorter slabs.
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Thefollowing exampledemonstratesthe use of
the Martin and Korkosz strain compatibility anal-
ysisfor partialy developed strand and the use of
free end dlip for evaluating strength. The proce-
dureillustrated is also valid with normal end slip
by using the appropriate transfer and bond
lengths.

Example 2.6.1.1 Initial Strand Slip
Given the generic hollow core slab defined in
Section 1.7, calculate the design flexural strength
given the following:
Prestressing stedl: 4-1/," dia., 270 ksi low
relaxation strands.

Es = 28500 ks
dp= 7"
f'e = 5000 ps



fg = 185ks

fee = 163.4 ks

fos= 267 ksi

ds = 3/i5in. al strands

Solution:

€y = 2(3/16)(28500)/185
= 57.8"

€; = 6(3/16)(28500)(267 - 163.4)/185/163.4
= 109.9"

€4= 57.8+109.9
= 167.7"

The minimum slab length required to achieve
full flexural capacity is2(167.7)/12 or 28 ft. Cal-
culate flexural capacity at 10 ft.

fps= 1634+ (10"1120; 957'8) (267 - 163.4)
= 222 ksi
Apsf'ps = 4(0.153)(222)
= 135.9k
Traditional analysis
- 1359 _ ;
a = —.85(5)(36) =0.89in.
M, = 135.9(7 - 0.89/2)/12
= 74.24ft-k

Strain compatibility analysis

Ec&c

—] /L —+— T =Apsf'ps

Eps = Eset s

ee = 163.4/28500
= 0.00573in/in

eps = 222/28500
= 0.00779in/in

es = 000779 - 0.00573
= 0.00206 in/in

Using trial and error for

T=°C
Find
c = 218
ec = 0.000929 in/in
Concrete stress at top
= 4300(0.000929)
= 3.995ksi
Concrete stress at top of core
218 — 1.25 .
= % (3.995) =1.704 ks
c, = (3.984-; 1.704) (1.25)(36)
= 128k
C, = %‘ (10.5)(2.18 - 1.25)
= 8.3k
Mp =(135.9(7 - 0.54) - 8.3(1.56 - 0.54))/12
= 7245 ft-k
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I CHAPTER 3

SPECIAL DESIGN CONSIDERATIONS

3.1 General Information

The application of hollow core slabs as roof
and floor deck members creates several situations
for consideration in design which are either not
completely covered by ACI Code provisions or
which involve consideration of production pro-
cesses. This section presents information which
may be used as a guideline for the situations de-
scribed but not as hard and fast rules. Thecriteria
presented represent conservative practices and
should be verified with local producers. Pub-
lished datarelativeto each situation isreferenced.
However, extensivein plant testing has been con-
ducted by hollow core producers which may al-
low less conservative criteria to be used because
of the unique characteristics of a particular dab.

3.2 Load Distribution

As demonstrated in Chapter 2 of this manual,
hollow core slabs are designed as individual, one
way, simple span dlabs. When the dlabs are
installed and grouted together at the keyways, the
individual slabs become a system that behaves
similarly to amonolithic slab. A major benefit of
the slabs acting together is the ability to transfer
forces from one slab to another. In most hollow
core slab deck applications, non-uniform loading
occurs in the form of line loads, concentrated
loads, or load concentrations at openings. The
ability of individual slabsto interact allowsthese
load concentrations to be shared by severa slabs.
Theability to distributeloadsamong several slabs
has been demonstrated in several published tests
19-25 and many unpublished tests.

In many cases, load concentrationsdo not have
tobecarried by theslabs. For example, aheader at
a large opening may be supported directly to a
foundation or vertical support element; a beam
might be installed to directly carry a heavy con-
centrated load; or a heavy wall paralel to adab
span might be designed to carry itsown weight or
any load superimposed on thewall asadeep beam
spanning between vertical supports. However,
when such loads must be supported by the dab
system, amethod is required to decide how many

slabswill contributein carrying agivenload in a
given location. This section presents a design
method that may be used when theslabsdo actual-
ly have to support non-uniform loads.

3.2.1 Load Distribution M echanisms

Asload is applied to one slab in a system, the
response of the slab system is to deflect and also
twist if the load is not on the longitudinal center-
line of the system. Astheloaded slab edgestry to
move down, theinterlock of the grout in thejoints
with the keyways formed in the slab edges forces
adjacent slabs to deflect a similar amount. The
flexural and torsional stiffness of the adjacent
slabsreducethe deflection of theloaded slab from
what might be expected if the slab were aone.
Shear forcesaredevel oped along thekeywaysand
the loaded dlab then gets some support from the
adjacent slabs. Asthis effect trickles through the
system, the keyways between slabs force equa
deflections for slab edges at any given keyway.

Many times shrinkage cracks will occur in the
grouted joints at the interface between the grout
and slab edge. This cracking does not impair the
mechani sm described above because the configu-
ration of the keyways in the slab edges still pro-
videsmechanical interlock evenwith thepresence
of acrack.

Shear forces transferred along keyways cause
two setsof forcesthat arenormally not considered
in hollow core slab design. The first is torsion
which devel ops becausethe shear on oneedgeof a
givendabisdifferent in magnitudefrom the shear
ontheoppositeedge. AsdepictedinFigure3.2.1,
the keyway shearsreduce asthe distance from the
load increases. These torsions cause shear stress
in the slabs in addition to the direct shear stress.

The second set of forcesisinduced becausethe
system is tending to behave as a two way dlab.
Transverse bending moments occur because of
the edge support provided by adjacent slabs. The
result is transverse tensile stress developed in the
bottom of the slab and compressive stress in the
top. Hollow core slabs are not provided with
transverse reinforcement. Transverse tensile
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Fig. 3.2.1
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stresses must then be resisted by plain concrete.
The magnitude of load concentration causing the
transverse tension must be limited to preclude a
splitting failure. See Section 3.2.2.

Severa factors affect the ability of aslab sys-
tem to distribute loads to adjacent slabs. Asthe
width of an assembly of slabs gets narrower than
the span length, areduction in the number of slabs
contributing to the support of a concentration of
load occurs. This occurs because the freedom of
thefreeedgesof thesystemto deflect and twist be-
comes more significant. A second factor is the
spacing of thedlabjoints. With slabsavailablein
widthsranging from 2 feet to 8 feet (0.6 to 2.4 m),
somedifferencesinload distribution behavior can
be expected. Finaly, the span length affects the
number of contributing slabs. As span length
changesfor awide system, theinteraction of flex-
ural and torsional stiffnesses changes. For longer
spans, flexural stiffness reduces relative to tor-
sional stiffness. Thisresultsinrelatively lessslab
rotation and less transverse curvature. The result
isthat more slabs can contributeto distribution on
longer spansaslong asthe systemiswiderelative
toitslength.

3.2.2 Design Guidelines

ACI 318-95 recognizes the load transfer capa-
bilities of hollow core slabs in Section 16.3.1.
That section specifies that distribution of forces
be established by analysisor test. The guidelines
presented here were based on extensive, full scale
testing of a specific slab system. Additionally, a
comparison of these guidelines to an analytical
study has been done. Therefore, the guidelines
presented here should satisfy the requirement of
ACI (318-95) 16.3.1.
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The two basic design parameters considered
for hollow core slabs are flexure and shear. De-
sign for flexureis straightforward with the effec-
tive load resisting width being a function of the
span length. Conversely, shear design is compli-
cated by torsions developed in the system. If tor-
sion isnot to be used as adesign parameter, direct
shear must then bemodified to reflect theincrease
in shear stress from the torsion.

Figure 3.2.2 depicts a method of establishing
an effective resisting section for any type of load
to bedistributed between slabs. Inthemidspanre-
gions, the effective width is defined as afunction
of span length. At the supports, the effective
width is defined as an absolute width. The width
at the support is restricted to account for shear
stressesdueto torsion. Use of theseresisting sec-
tions will result in prediction of peak values of
moment and shear. That is, the effective width
concept issimply amechanism used to determine
the maximum design moments and shears rather
than adepiction of theactual |oad path throughthe
system.

The performance of slab systemsindicatesthat
shear and moment might affect additional slabs.
For example, for a load located some distance
from afree edge, the peak moment dueto that load
can be predicted by assuming the load is resisted
by awidth equal to 0.50¢. Inredlity, inflexure, a
total width equal to 85% to 90% of the spanlength
might have somemoment attributabl eto that | oad.
In shear, the 1'-0” (0.3m) effective section at the
support at afree edge may be used to predict the
peak shear but, because of torsion, the total reac-
tion due to an edge load will not actually be con-
centrated in the 1'-0” (0.3m).

Severa limitations should be recognized for
Figure 3.2.2.



Fig. 3.2.2 Effective resisting width of slab for load anywhere along span
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Asthewidth of the system becomes narrow-
er than the span length, the effective resist-
ing widths will become narrower.

For extremely high span-depth ratios (in ex-
cess of approximately 50), the effective sec-
tion at midspan may be reduced by 10 to 20
percent.

For spanslessthan about 10 ft, the effective
width at the support may become narrower.

Local load concentrations can cause longi-
tudinal splitting failures due to transverse
bending in the system. Punching shear type
failures can also occur. The magnitude of
concentrated loads must be limited to pre-
cludesuchfailures. Theselimitsarebest es-

tablished by test for each dlab system. Ref-
erence 23 provides guidance for edgeloads.

The concept of using an effective resisting sec-
tion is subtlely different from the traditional con-
cept of load distribution width. Traditionally,
|oads have been divided by distribution widthsfor
design. Using an effectiveresisting section means
that agiven load isresisted by avarying width de-
pending on thelocation of thesection beinginves-
tigated in the span. Thisisbest illustrated by ex-
ample.

Example 3.2.1 General Case

Given an untopped hollow core system using
36" wide dlabs as shown in Figure 3.2.3, deter-
minetheslabdesignloads. Slabweight =53.5 psf
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Fig. 3.2.3.
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DL = 10 psf wip = 650 #/ft Pip = 500 # P,p = 1000 #
LL = 40 psf wiL = 1040 #/ft P;. = 1000 # Po. = 3000#
Solution DW = 0.5¢ = 0.5(25) = 12.5 ft

Step 1: Evauatethe shear and moment diagrams
for the non-distributable |oads.

wy = 1.4(53.5 + 10) + 1.7(40) = 157 psf
Vy = w (€/2 - X) =0.157(25/2 - X)

Mx= W€ = %) = 0-1%%25 — )
See Table3.2.1

Step 2: Evaluate the shear and moment diagrams
for the distributable loads.

wy = 1.4(650) + 1.7(1040) = 2678#/ft

P, = 1.4(500) + 1.7(1000) = 2400#

P, = 1.4(1000) + 1.7(3000) = 6500#
See Table 3.2.1

Step 3: Evauate the effective width along the
Span.

At support

DW =4.0ft

At 0.25¢ = 0.25(25) = 6.25 ft
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Between x=0and x = 6.25 ft

a4 X _
DW =4+ X (125-4)

=4+ 1.36X
See Table3.2.1

Step 4: Dividethe shearsand momentsfrom Step
2 by the effective width from Step 3 and
add to the shears and momentsin Step 1.

SeeTable3.2.1

Step 5. Design the dlabs for the web shear, in-
clined shear, and moments obtained from
Step 4.

The solution for the general case where the
shears and moments are calculated at intervals
alongthespanisbest suited for usewith acomput-
er. Theinformation could then also beusedto cal-
culate shear strength at the same time.

For many cases, ageneral solutionisnot neces-
sary. Simplifying shortcutscan be used to shorten
thedesign process. Consider the casewhere shear
is known not to be a problem.



Table 3.2.1 Shears and Moments for Example 3.2.1

Non-distributed Distributable Effective Final
Loads Loads Width
X Vix Mux Vix M ux DWy Vy(k/ft) | My(ft-k/ft)

0 1.96 0 34.34 0 4.0 10.55 0
h/2 191 0.65 33.45 11.28 4.45 9.43 3.18
1 181 1.88 31.66 33.0 5.36 7.72 8.04
2 1.65 3.61 28.98 63.32 6.72 5.96 13.03
3 1.49 5.18 26.31 90.98 8.08 4.75 16.44
4 133 6.59 23.63 11594 9.44 3.83 18.87
5 1.18 7.85 20.95 138.23 10.80 3.12 20.65
6 1.02 8.95 15.87 156.64 12.16 2.32 21.83
7 0.86 9.89 13.19 171.17 125 1.92 23.58
10 0.39 11.78 0 195.78 125 0.39 27.44
11 0.24 12.09 0 195.78 12.5 0.24 27.75
125 0 12.27 0 195.78 125 0 27.93

Example 3.2.2 Example 3.2.3
D = 250 pif / y D = 250 pif
; L =40 psf Q E L =40 psf o
T i j T hn \ j -~
B Efeivewan | | N T e

Given the system shown, determine the design

load.
Solution:

Shear isjudged to be not critical

From Figure 3.2.2 the effective width resisting
thelineload is 0.50¢ = 0.50(25) = 12.5 ft

Determine the design superimposed |oad:

w = 40+ 10 + 250/12.5

70 psf

UsingthegenericslabloadtableinFigurel1.7.1
select an 8" dlab with 4 - 7/16” diameter strands.
If it isnot known whether shear iscritical, sim-

ple iterative checks may be made.

Given the system shown select a generic dab
from Figure 1.7.1 to support the loads shown.

Solution:
Make preliminary selection based on flexure:

(250 + 200)
(0.50)(25)

10 + 40 +
86 psf

Select 4 - 7/16", 270 ksi low rel axation strands
from Figure 1.7.1

Superimposed w

First shear check
effective width at support = 4'-0"
Wy 1.4(10 + 53.5) + 1.7(40)
+ (1.4 x 250 + 1.7 x 200)/DW

157 + 690/DW

DW

Using DW =4.0
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Example 3.2.4
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L Effective
Typ. wall load .
Dyf 3\,(\)/0 plf width Typ. point load
L = 400 pif D = 1800%
L = 2880#
Uniform loads: slab wt = 53.5 psf
D =10 psf
L =40 psf

wy = 157+ 690/4.0 = 330 psf

Check shear based on this load and find
@ h/2V,=4.02k/ftand ¢V =6.04 k OK

@ 3.0ft Vy=3.13k/ftand ¢V = 3.05k NG

Second Shear Check

Inclined shear did not check at 3.0 ft so deter-
mine effective width at 3.0 ft, recal culate distrib-
uted load and recheck shear.

At €/4, DW = 0.5¢ = 0.5(25) = 12.5ft
At support, DW = 4.0 ft

Interpolate at 3ft, DW = -3 (125- 4) + 4

25/4
= 8.08 ft
w, =157 + 690/DW
=157 + 690/8.08
=242 psf

Again check shear at 3.0 ft and beyond and find
oV > Vy at al points,
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Therefore, shear check iscomplete and slab isad-
equate.

To summarize the stepstaken to check shear in
Example 3.2.3, distributable loads were divided
by the effective width at the support to make a
conservative shear check. If shear along the span
isfound to be satisfactory, no further steps arere-
quired and the shear check iscomplete. If shearin
the span at some point is found to be inadequate,
the effective width at that point is used to calcu-
lated a new load which will then be conservative
for points further into the span. Shear is re-
checked. Thisiterative approach isused until all
points further into the span check for shear. If
shear works for a given situation, generally no
more than three cycles will be required.

A combination of loads will be used to further
demonstrate this method in the following exam-
ple.

Example 3.2.4

Given the center bay of an apartment building
as shown, design for the applied loads using the
generic slab shown in Figure 1.7.1



Solution:
Select preliminary slab based on flexure:

Use DW = 0.50¢ = 0.5(25) = 12.5ft

Because wall and point loads are spaced closer
than 12.5ft, conservatively use spacing of loadsas
DW.
At design strip:

468#  468#

70 70

50

1758# 1758#

(1800 + 2880)
10

(300 + 400)
10

Uniform load = 10 + 40 = 50 psf

M = 11,511 ft-#/ft

equivalent uniform load = 8 x 11511/252
= 147 psf

Select 4-1/,", 270 ksi, low relaxation strands
capacity = 148 psf at 25 ft.

Check shear
For design strip
including slab wt.

1.4(10 + 53.5)) + 1.7(40)
+ (1.4 x 300 + 1.7 x 400)/DW

157 + 1100/DW
(1.4 x 1800 + 1.7 x 2880)/DW
7416/DW

Point loads = = 468 plf

Parallel walls = =70 psf

Wy

Pu

Start at support where effective width = 4.0 ft
wy =157 + 1100/4 = 432 psf

Py =7416/4 = 1854 plf

Obtain the following results:

X h2 |1.09 [1.85 (261 |3.37
Vyk/t 1711 (693 (645 [(6.12 |5.79
oVnk/ft |16.30 [7.79 (8.44 |6.09 |4.79

Note that web shear at h/2 does not work. No
further modifications can be made to adjust the
shear calculation. Shear enhancement isrequired
intheform of stirrups, solid cores, higher concrete
strength or using a deeper section.

Proceed to check inclined shear which was not
adequate at 2.61 ft.

Recalculate effective width at 2.61 ft as:

_ 261 _
= Soup (o.5€ 4) +4

- 261 - = !
= 281 (125- 4 +4=754

w, = 157 + 1100/7.54 = 303 psf
P, = 7416/7.54 = 984 pif

Obtain the following results:

X 261 (337 |414 |490 |5.66
Vyk/ft 1397 [3.74 (351 (328 |3.05
dVnk/ft 16.07 (477 |3.94 |3.36 |2.94

Inclined shear is now adequate to a distance of
5.66 ft into the span. Recalculate the effective
width at 5.66 ft.

5.66 _
o950 (o.5€ 4) + 4

=11.7ft

Note that loads are located only 10 ft apart
which means that design strips would start to
overlap. For this case, the maximum effective
width might be used as the distance between

loads, or 10 feet, rather than 0.5€.
wy =157 + 1100/10 = 267 psf
Py =7416/10 = 742 plf

With these loads, it is found that V < ¢V, for
the balance of the span. Therefore, the dlab se-
lected is adequate except for the shear enhance-
ment required for web shear as previously noted.
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3.3 Effect of Openings

Openings may be provided in hollow core sys-
tems by saw cutting after a deck is installed and
grouted, by shoring and saw cutting, by forming
or sawing the openingsintheplant or by installing
short slabswith steel headers. Sometypical head-
er configurationsareshownin Section5.7. Inlay-
ing out openings for a project, the least structural
effect will be obtained by orienting the longest di-
mension of an opening parallel to a span, or by
coring small holes to cut the fewest prestressing
strands, or when several openings must be pro-
vided, aligning the openingsparallel tothespanto
again cut theleast number of prestressing strands.

For slab design, openings cause load con-
centrationswhich may bedistributed over theslab
system as discussed in Section 3.2. Aswith non-
uniformloads, openingscausetorsionintheslabs.
Therefore, the method of determining shear ade-
gquacy must also consider the effects of torsion on
the shear stresses. In flexure, the primary consid-
erations are the length of the opening parallel to
the span and the length of strand embedment
available from the end of an opening to the point
of maximum moment.

Figure 3.3.1 shows somegeneral openingloca
tions with suggested interpretations of the effec-
tive resisting slab width described in Section 3.2.
L ocal slab producersmay haveinformationwhich
would allow different design approachesfor their
particular slab.

Figure 3.3.1(a) depictsarelatively small open-
ing located at midspan. In flexure, the load from
the short slabs can be resisted by slabs within
0.25¢ on each sideof theopening. Asaguideline,
if an end of the opening shownisnot closer to the
support than 3/8¢, therewill be no special consid-
erationsfor shear design with only uniformloads.
When non-uniform loads are superimposed near
the opening, the effective resisting section shown
in Figure 3.2.2 would then be used for those non-
uniform loads.

Figure 3.3.1(b) shows a similar condition
where an opening islocated with an end closer to
the support than 3/8€. In this case, shear is con-
sidered as though the opening created afree edge.
That is, load from the short slabs or opening will
be transmitted as an edge load to the adjacent
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Fig. 3.3.1 Effects of openings
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slabs. The resulting torsion on the adjacent slabs
requires that areduced effective width at the sup-
port be used if torsional shear stresses are not di-
rectly calculated.

Figure 3.3.1(c) depicts the extreme where an
opening is located right at the end of a span.
Again, the reduced shear width adjacent to the
opening is required to reflect torsional shear
stresses. An end opening extending less than the
lesser of 0.125¢€ or 4t (1.2m) into thespan may be



neglected when considering flexure. However,
some capacity reduction might berequired for the
dab with the opening when strand embedment
length is less than full required development.
When non-uniform loads are superimposed in the
areaof an end opening, theseloads should be con-
sidered as being at a free edge for shear calcula-
tions.

Example 3.3.1
D =10 psf :
\ L =40 psf — N\ O
I - o S
\ i Y
Slabwt = 53.5 psf 3

Given the dab system shown, select a generic
dlab from Figure 1.7.1 to carry the loads given
considering the opening.

Solution:
Check proximity of opening to support
3/8¢ = 0.375(25) =9.38

11.5" > 9.38' no special shear
considerations

Distribute load from strip with opening:

superimposed w = 10 + 40 = 50 psf
load on strip with opening =

2(10 + 40 + 53.5) = 207 plf
distributing 1/2 of strip load each side

_ 5q4 207/2
0.25¢

104
50+ 104
0.25(25)

67 psf

Select, from Figure 1.7.1, 4-3/g" dia., 270k,
low relaxation strands

Example 3.3.2

Given thefloor system shown, select ageneric
slab from Figure 1.7.1 to carry the loads given.

3 Slab wt = 53.5 psf

Solution:

The ends of the opening are closer than 3/8¢ to
the support on both ends. Therefore, consider the
opening as though it were a free edge.

load on strip with opening
w = 3(10 + 40 + 53.5)
= 311 plf
for flexure and preliminary slab selection use ef-
fective width = 0.25¢€ to each side
311/2

= 10+40 +
W = 10440+ 555 25

75 psf
Try 4-7/16" dia, 270 ksi, low relaxation strands

Check Shear

effective width at support = 1'-0" each side
w, =1.4(10 + 53.5) + 1.7(40) +

3[1.4(10 + 535) + 1.7(40)] /2
DW
= 157 + 235/DW

where DW = effective width on each side
w, =157 + 235/1 = 392 psf

Using this load, obtain:
X h/2 11 |185(261(3.37|4.14

Vyk/ft 1477 |4.47|4.17|3.87 |3.58 |3.28
dVn k/ft 16.08 [7.29 |6.62 |4.80 |3.80 [3.15

Shear is adequate to 4.14 ft into span.
Modify effective width at 4.14 ft

pw = 414 @go5¢ — 1) +1
0.25¢

_ 414 _
= 222(625-1)+1
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4.48 ft

157 + 235/DW

g
I

157 + 235/4.48

209 psf

Find shear isadequate at 4.14 ft and all pointsfur-
ther into span. Use4 - 7/16" dia., 270ksi, low re-
laxation strands.

3.4 Continuity

Hollow core slabs are normally designed as
part of asimplespan system. However, continuity
over supports can be achieved by placing rein-
forcing steel inthegrouted keyways, inacompos-
ite structural topping, or by concreting bars into
cores. Within limits, the result will be better con-
trol of superimposed load deflections and alower
requirement for positive moment capacity.

With reinforcing steel in either a composite
topping or in cores, elastic moments with allow-
ance for negative moment redistribution deter-
minetheamount of reinforcing required. Because
of therelative efficiencies of positive prestressing
stedl and negative mild reinforcing, it is difficult
to economically justify a continuous system de-
sign.

When reinforcing is required at supports for
reasons such as structura integrity ties or dia
phragm connections, the reinforcing ratios are
generaly quite low, and therefore, develop little
moment capacity. While this reinforcing may be
considered in calculating serviceload deflections,
it is recommended that full ssimple span positive
moment capacity be provided for strength design
unlessmoment-curvaturerel ationshipsexisting at
the supports at ultimate loads are known.

Onesituation that seemsreasonablefor consid-
ering areduction in the positive moment require-
mentsiswherethe slabsarerequired to have afire
rating devel oped using the rational design proce-
dure. Inthiscase, alimit analysisapproach would
be reasonable.

The negative moment reinforcing, whichisun-
affected by fire loads, can develop full yield mo-
ment potential and effectively provide a plastic
hinge at the support. Asaresult, the positive mo-
ment at midspan may be correspondingly re-
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duced. A detailed discussion of thisis presented
in Section 6.3.3.

3.5 Cantilevers

Cantilever design in hollow core slabs differs
from design with conventiona precast members
because of the production procedures used for
hollow coreslabs. Guidelines noted here are con-
servative and may be exceeded depending on the
specific product used.

Becauselonglinebedsare used for the produc-
tion of hollow core slabs, top prestressing strands
may be economical only when full bed capacity is
utilized. Even then, substantial amounts of pre-
stressing strand may be used i nefficiently because
of debonding requirements. Theeconomicsof us-
ing top strand must, therefore, be determined by
the local producer.

When top strands are used, the length of the
cantileverisusually not sufficient to fully develop
astrand. A reduced value for fysis required and
the design procedures given in Section 2.6 should
be used. In dry cast systems, the bond of top
strands may be less than desired so a further re-
ductionin fygisrequired. Thisreduction may be
substantial and each producer should be consulted
on top strand bond performance.

When top strands are not economical,
non-prestressed reinforcement may be placed in
the coresor directly intheunit in the case of awet
cast product. Thisisgenerally donewhiletheslab
concreteisstill plastic so bond of thefill concrete
withtheslab may beachieved. Thereinforcement
is selected based on conventional design with due
consideration given to bar development length.

With either top strands or reinforcing bars, it
may be necessary to debond portions of the bot-
tom prestressing strand in the cantilever zone to
hel p minimizethetop tension under serviceloads.
Not all producers have the ability to debond bot-
tom strands which could potentialy limit cantile-
ver length or load capacity.

It isdesirable to limit service level tensionsin
cantilevers so that uncracked section properties
may be used to more accurately predict deflec-
tions. Thetensile stresslimit may vary for differ-
ent systemsused. For example, the practice with
somedry cast systemsisto limit tensile stressesto
100psi (0.7MPa). Inother dry cast systemsandin



wet cast systems, thelimit may beraisedto 6,/f'.

Thetension limit will basically be afunction of a

producer’s past experience.
Asaruleof thumb, cantilever lengthsfallingin

therangeof 6to 12 timestheslab thicknesswill be

workable depending on the superimposed load
and individual producer’s capabilities.

Example 3.5.1 Cantilever Design

Using the generic hollow core slab section de-
fined in Section 1.7, design for the following
conditions shown in Figure 3.5.1.

Fig. 3.5.1
200 plf D.L.
— 40psfL.L.
15psfD.L.
26 AT
4.06 ft-k/ft
D.L.+L.L.
287
7.25 ft-k/ft
5.98 ft-k/ft
Full (D.L. +L.L.
2.82 ( Ju
11.02 ft-k/ft
5.98 ft-k/ft
— D.L.y on backspan
479 (L. +LL),on
5.39 ft-k/ft cantilever
Solution:

From the load table in Figure 1.7.1, select 4 -
3/g" dia., 270 ks strands asthe primary reinforce-
ment. Try 2 - 3/g” dia.,, 270 ksi, low relaxation
strandsas cantilever reinforcement. Assume 15%
losses and 70% initial stress.

Check stresses at cantilever:
Bottom strands:

frop = 0.7(0.85)(4)(23)( 1%,4 - 2'819254%11>

= -0.176 ks (tension)

Top strands:

frop = 0.7(0.85)(2)(23)( 155~ 3'111254?5'11)
Applied moment:

o _408(3(12)(4.11)

top — 1224.5

= -0.491 ksi (tension)

Net tension with fully bonded bottom strands:
fi = -0.176 + 0.463 - 0.491

= -0.204 ksi

Allow 6,/5000 = 0.424 ksi OK

Note that some of the bottom strands could
have been debonded for the length of the cantile-
ver if top tensile stresses had exceeded adesirable
level.

Stresses in backspan:

Because the backspan islong in this example,
stresseswill not becritical in the backspan. When
the backspan is short relative to the cantilever
length, stresses may require a check in the back-
span to determinethe length of bonding of thetop
strands.

Ultimate Strength

At the cantilever, strain compatibility will gen-
erally show that the bottom strands may be ig-
nored in determining the nominal moment capac-
ity. When the bottom prestress is very heavy or
the bottom strands are high in the dlab, a strain
compatibility analysis should be performed con-
sidering both strand layers.

For this example, assume the bottom strands
may be ignored.

(o =270 [1 - (o28) (2(0.085)(270))]

0.8 (36)(7)(5)
= 265 ksi
_ 2(0.085)(265) _ :
= 085(5)(36) 0.294in

= 0.9 0.294
oMn =35 (2)(0.085)(265)(7 _ T)

= 23.15 ft-k/dlab
My = 3(5.98) = 17.94 ft-k/dab

Mer = 1224-5(0.463 - 0176 + —7'5v5000) L

T 411 1000 |12

= 20.29 ft-k/dlab

OM, _ 2315_
VM = 5029 114< 1.2 NG

Add 1 - #4 bar top per dab.
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Design summary

/7 2-%'$ strands bonded 13'-5" at cantilever end

1- #4 x 12’-5" at cantilever end

/7 Debond

4-%"¢ strands bonded full length

Check length of top strand to be bonded:
lavailable = 7(12) = 84 1in

€4 = (fps- 2/3fs)dh
= (265 - 2(0.7)(0.85)(270)/3)(0.375)

=59.2in<84in

Therefore, thestrand isfully effectivein the canti-
lever. The moment capacity would haveto bere-
calculated by the procedures of Section 2.6 if the
development length were found to be greater than
the length available.

Bond of thetop strandsin the backspan must be
long enough to devel op thefps requiredin the can-
tilever design. The top strands should aso be
bonded for adistance of onetransfer length (50 di-
ameters) past theinflection point under the worst
load condition. For thisexample abonded length
of 77 in. would be required.

Alternate Design

Provide mild reinforcement in lieu of top pre-
stressing strands

Try 2-#5Gr 60 barsat d = 7"

_ 2(0.31)(60)

= 085)EEe) | 4

a

oM =93 (2(031)(60)(7 - 228)
= 1919 ft-k/dlab
= 6.4ft/ft>598 OK
Top stress = -0.176 - 0.491

= -0.667 ks with fully bonded
bottom strands

Notethat a cracked section must be considered
in calculating cantilever deflections because the

top stress exceeds atension of 6,/f'.
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3.6 Horizontal Joints

Figure 3.6.1 depicts three conditions typically
used in amultistory wall bearing building where
hollow core dlabs are used in a platform detail.
Severa expressions 27-31 have been proposed to
describethetransfer of axial load through thishor-
izonta joint.

With hollow coreslabsused for floors, themost
efficient detail is to build the slab ends into the
wall. Depending on the butt joint size, the
strength of the joint for transfer of vertical loads
can be enhanced with the addition of grout in the
butt joint, Fig. 3.6.1(b), and in both the joint and
cores, Fig. 3.6.1(c). Grout fill in the cores in-
creases the net slab width and provides confine-
ment for a grout column.

The strength of thejoint for vertical load trans-
fer can be predicted using Eg. 3.6.1 for an un-
grouted joint, Fig. 3.6.1(a). For a grouted joint,
Fig. 3.6.1(b) or (c), thegreater of Eq. 3.6.1 and Eq.
3.6.2 can be used. Both grouted and ungrouted
joints can have the slab cores either filled or not
filled. Both equations include a capacity reduc-
tion term for load eccentric from the centerline of
thejoint. Withsinglestory wallsbraced at thetop
and bottom, this eccentricity will be negligible.

dPn =90.85A'cRe (Eq. 3.6.1)
OPn = otg€fuCRK (Eq. 3.6.2)
where

Pn = nominal strength of the joint

A = effectivebearing areaof slabinjoint =2whb,,
w = bearing strip width

by = net web width of slab when cores are not
filled

unit width assolid slab when cores arefilled

design compressive strength of slab con-
crete or grout whichever isless

ty = grout column thickness

f'e



Fig. 3.6.1 Common platform details
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€ = width of slab being considered ¢ =07
f, = designcompressivestrengthof wall or grout Where bearing stripswith amodulus of el astic-

whichever islesswhen walls arereinforced
against splitting and slab cores arefilled

= 80% of design compressive strength of wall
or design compressive strength of grout,
whichever is less when walls are not rein-
forced against splitting or slab cores are not
filled

C =1.0when coresarenot filled

=1.4,/2500/f' (grout) = 1.0 when cores are
filled

k =0.65+ (f'¢(grout) - 2500)/50,000
Re =reduction factor for eccentricity of load
=1- 2¢eh

e =eccentricity of applied load measured from
joint centerline

h =wall thickness

ity other than 50,000 psi (345 MPa) are used, the
amount of force in the grout column will be al-
tered. A theoretical approach presented in Refer-
ence 30 considers pad stiffness, grout column
strength as compared to grout strength, and con-
finement of the grout column. A comparison of
this theoretical procedure with the Johal proce-
dure indicates that conservative capacity will be
predicted by substituting the actual pad modulus
of elasticity for 50,000 when calculating k.

The bearing strips need to also be checked
against manufacturer’s recommended stress lim-
its. Figure 3.6.2 summarizesthe forcesin the
joint and the recommended effective bearing
strip width.

Another set of forces acting on the horizontal
joint devel op from the negative momentsinduced
in the floor slabs due to the clamping effect of a
bearing wall on the slab ends. Two consequences
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Fig. 3.6.2. Force distribution in horizontal joint
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result. Thesplitting strength of thebearingwall is
reduced when the normal force restraining slab
end rotation is considered. Secondly, the joint or
slab may crack to relieve the frictional restraint.
This condition is undesirable from either the
standpoint of joint or slab integrity. Reinforcing
normal to the slab butt joint is most efficient for
controlling this condition. To date, there are no
published studies to evaluate effects of this rota-
tional restraint. No adverse effects have been
cited when nominal diaphragm or structural integ-
rity reinforcement has been provided across the
joint.

Example 3.6.1

Using the generic hollow core slab section de-
fined in Section 1.7, determine the grouting re-
guirementsfor an interior butt joint asdepicted in
Figure 3.6.1(a) given the following criteria:

Slab span: 28 feet

18 story building with:
8" concrete bearing walls
f'c wall = 5000 psi

Loads: Roof - DL=15psf LL = 30 psf
Floors - DL=10psf LL = 40 psf
Walls - DL = 800 plf/story

LL Reduction: None for example

3-14

Solution:

Loads
Roof: wy = 28 (1.4(53.5+15)+1.7(30))
= 4.l kif
Floors: wy = 28 (1.4(53.5+10)+1.7(40))
= 4.39klf
Wals. wy = 1.4(800)
= 1.12 kif/story
Accumulate |oads above floor noted
Floor Wy Wy
18 411+1.12 5.23
17 439+ 1.12 10.74
16 5.51 16.25
15 5.51 21.76
14 551 27.27
13 551 32.78
12 551 38.29
11 5.51 43.80
10 5.51 49.31
9 551 54.82
8 551 60.33
7 5.51 65.84
6 551 71.35
5 551 76.86
4 551 82.37
3 551 87.88
2 551 93.39

a) Evaluate capacity of ungrouted joint (Fig.

3.6.1(8)

by = 10.5" for generic dab = 3.5 in/ft of

width

f'c (slab) = 5000 psi
3 in bearing strips

oPn

oPn

$0.85 Ac f'c Re

62.48 k/ft

(Eq. 3.6.1)

0.7(0.85)(2)(3)(3.5)(5)[1 - @]

Adequate for Floors 8 through roof



b) Evaluate strength of grouted joint using
3000 psi grout for
1) 2inbutt joint with no filled cores (Fig.
3.6.1(b))

®Pn = ¢ 0.85Ad'cRe (Eq. 3.6.1)

oPn

0.7(0.85)(2)(3)(3.5)(5)(1 - @)
62.48 kift

¢ty Of CReK (Eq. 3.6.2)
3000 psi

1.0

0.65 + (3000 - 2500)/5000

0.66

0.7(2)(12)(3)(1.0)

X (1 - @)/o.ee

76.36 k/ft > 62.48

Therefore ¢P, = 76.36 k/ft
2) 15 in butt joint with coresfilled (Fig.
3.6.1(c))

oPn = ¢ 0.85Af'cRe (Eq. 3.6.1)

0.7(0.85)(2)(3)(12)(3) (1 - @)
128.5 kift

¢ty £f CRe/K (Eq. 3.6.2)
3000 psi
1.4,/2500/3000 = 1.28

0.65 + (3000 - 2500)/50,000 = 0.66
0.7(0.5)(12)(3)(1.28)

X (1 - @)/o.ee

24.4 k/ft < 128.5

Therefore ¢P, = 128.5 k/ft

Use 1/2 in butt joint with cores filled below 8th
floor.

It should be noted that this example may over-
state the height of building that can be supported
on an ungrouted joint. Concentrated |oads dueto
corridor lintels, wall openings, or exterior span-
drelsmust al so be consideredinmost buildingsre-
sulting in an increase in load to be transferred
through the horizontal joint.
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I CHAPTER 4

DIAPHRAGM ACTION WITH HOLLOW CORE SLABS

4.1 General Information

When hollow core slabs are used as floor or
roof decks to support vertical loads, the natural
extension isto use the slabs as adiaphragm to re-
sist and transmit lateral loads. Lateral loads will
be appliedto building structuresintheform of | at-
eral earth pressures, wind loads or seismic loads.
The function of a diaphragm is to receive these
loads from the building elements to which they
have been applied and transmit theloadsto thelat-
era-resisting elements which carry the lateral
loads to the foundation. The design issuesin a
hollow core diaphragm are the design of connec-
tionsto get loadsinto the diaphragm, the strength
and ductility of the slab system to transmit these
loads to the lateral-resisting el ements and the de-
sign of the connectionsrequired to unload the lat-
eral forces from the diaphragm to the lateral-res-
isting elements.

Clear communication is required between the
building designer and the hollow core slab suppli-
er when the hollow core system isto be used asa
diaphragm. Some elements of the diaphragm de-
sign may be del egated to the hollow core slab sup-
plier. However, only the building designer isin
the positionto know all theparametersinvolvedin
generating the applied lateral loads. Because of
many design issues, only the building designer
can determinethelocation and rel ative stiffnesses
of the lateral-resisting elements. These parame-
ters dictate the distribution of forces in the dia-
phragm. If any design responsibility will bedele-
gated to the hollow core supplier, the location and
magnitude of the lateral loads applied to the dia-
phragm and the location and magnitude of forces
to be transmitted to lateral-resisting elements
must be specified. Where hollow core slabs must
connect to other building materials, or where de-
mands on connections go beyond simple strength
demands, the connection details should be shown
in the contract documents.

An additional consideration in detailing dia-
phragms is the need for structura integrity. ACI
Section 16.5 provides minimum requirements to

satisfy Section 7.13in precast concrete structures.
For large panel bearing wall structures, minimum
forces are specified to provide ties throughout the
structure. For other types of precast structures,
only general detailing philosophies are specified.
In either case, the fundamental requirement isto
provide a complete load path from any point in a
structure to the foundation. Clearly, adiaphragm
isasignificant element inthisload path. A tiesys-
tem that satisfies the strength and force transfer
demandson adiaphragmwill generally satisfy the
detailing requirements for structural integrity.

4.2 Design L oads

Lateral loads imposed on hollow core dia
phragms can include |ateral earth pressures, wind
loads or seismic loads. Lateral earth pressures
will be established by the characteristics of the
soil being retained. Wind and seismic loads will
be dictated by the applicable building codefor the
structure. Soil and wind loads are forces actually
appliedto the structure. Seismicforcesaregener-
ated from within the structure as inertial forces
dueto lateral displacement from ground motions.
While soil and wind loads can be safely treated as
static loads, seismic loads must be considered as
dynamic loads. In all cases, the same elements
will comprise acomplete diaphragm, but the duc-
tility demands on a seismic resistant system are
significantly more important.

The balance of the discussion in this chapter
will be concerned with lateral 1oads from wind
and seismic. Thisisnot intended to slight theim-
portance of considering unbalanced soil pressures
which can commonly be a significant consider-
ation in many projects using hollow core slabs.
The basic principles of hollow core diaphragms
which will be discussed are equally applicableto
lateral soil pressures.

There are many documentswhich cover design
for wind and seismic loads. The references used
for this chapter are the 1994 UBC code32 and the
1996 BOCA code33. For wind load, both codes
are similar in that a basic wind speed is selected
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based on the building location, an exposure cate-
gory is selected based on the surrounding terrain,
an importance factor is selected based on the oc-
cupancy of thebuilding, modifying factorsarede-
termined for the geometry of the building and the
design positive and negative wind pressures are
calculated.

For seismic loads, the two codes take different
approaches. The UBC code allows an equivalent
static load approach for many building types. For
others, where certain heights or irregularities are
present, a dynamic lateral force procedure is re-
quired. The static force procedure allows design
for abase shear of:

V :mw

= (Eq. 4.2.1)

where
Z =seismic zone factor
| =importance factor

C =factor dependent on site and structure fun-
damental period

Rw = coefficient dependent on structural system
type
W =total dead load plus other applicable loads

This base shear is then distributed over the
height of the structure in proportion to the dis-
tribution of weightsover theheight. Additionally,
aminimum eccentricity of 5% of the building di-
mension perpendicular to the direction being con-
sidered shall be included when determining the
distribution of forces to the lateral-resisting ele-
mentswhen thediaphragmisnot flexible. Specif-
ic to diaphragms, for Zones 2, 3, and 4, the UBC
requires that a floor or roof diaphragm resist a
force equdl to:

n
Fo+ F
Fox = q =X Wpx (Eqg. 4.2.2)
2 W
=X
where
Fpx =force applied to diaphragm at level under
consideration
F: =additional portion of base shear applied at
top level

Fi =portion of base shear applied at level i
w; =portion of W at level i
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Wpyx = portion of W at level under consideration

The magnitude of Fpx need not exceed
0.75Z1lwpy but shall not be less than 0.35 Zlwpy.
Many other requirementsareincludedintheUBC
code which are not restated in this summary.

The BOCA code prescribes a seismic design
procedure. A very important note is that the
BOCA provisionsresult in forcesthat are already
factored and areintended to be used with ultimate
strength design methods with no additional |oad
factors. The base shear is calculated as:

V. =CW (Eq. 4.2.3))
where

Cs =coefficient related to peak velocity-related
acceleration, soil profile, structura system
type and building fundamental period

W =total dead load plus other applicable loads

The base shear isdistributed over the height of
thebuildingin proportionto thedistribution of the
building mass with consideration of the building
period. A minimum eccentricity of 5% of the per-
pendicular building dimension isalso required by
BOCA when distributing forces to the lateral-re-
sisting elements. For Seismic Performance Cate-
gories B and greater, each floor or roof diaphragm
shall be designed for a minimum load equal to
50% of the effective peak velocity-related accel-
eration times the weight attributable to the level
under consideration. The peak velocity-related
acceleration isdetermined by the project location.
Again, there are many provisions in the BOCA
code which are not covered in this summary.

Inlight of the performance of somediaphragms
in recent earthquakes, the seismic demand on dia-
phragmsisan areaof new focus. Preliminary in-
dications arethat diaphragms should remain elas-
tic during aseismic event to ensure that post-elas-
tic behavior can be achieved in the
lateral-resisting elements. By designing a dia
phragm to remain elastic, severa things are ac-
complished. Diaphragm flexibility, discussed in
Section 4.3 will beless significant. The ductility
requirementsfor connection detailswill be of less
concern. The horizontal distribution of forces to
|ateral-resisting elements can be maintained.

The building code provisons summarized
above are based on achieving post-elastic perfor-
mance. To keep a diaphragm compatible with



Fig. 4.3.1 Diaphragm bending moments
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post-elastic performance in the lateral-resisting
system system, an analysiscan bedoneto evaluate
the total potential post-elastic capacity of the lat-
eral-resisting elements. Providing a diaphragm
with strength beyond this capacity will achieve
compatibility, but will involve significant analy-
gis. Alternatively, the diaphragm design forces
prescribed by the building codes can beincreased
by afactor of 2R/5 to keep the diaphragm elastic
and minimize required analysis. Whether build-
ing code provisions are based on service or fac-
tored load levels, use of 2R/5 loads will result in
factored loads for design.

4.3 Distribution of Lateral Forces
Oncethelateral forcesto be applied to thedia-
phragm have been determined, the next problem
is to determine the distribution of those lateral
forcesto the lateral -resisting elements which will
carry theforcestothefoundation. Thisproblemis
usualy structurally indeterminate which means
that deformation compatibilities must be consid-
ered for establishing equilibrium. The stiffnesses
to be considered are those of the diaphragm and
the lateral-resisting elements. Concrete dia-
phragmsare normally considered to berigid when
compared to the lateral-resisting elements. De-
pending on the type and magnitude of lateral
forcesapplied, ahollow corediaphragm may need

to be considered as aflexible diaphragm. Analy-
sisconsidering flexible diaphragmsis much more
complex than for rigid diaphragms and should be
considered in light of the project complexity and
seismicity for the project location. For most low
and mid-rise structuresin low seismic risk areas,
an assumption of arigid diaphragm will be rea-
sonable.

Thedifferencein behavior of flexibleandrigid
diaphragms isillustrated in Figure 4.3.1. In (a),
the flexible diaphragm with rigid supports be-
havesasacontinuousbeam. Shearsand moments
inthediaphragm areafunction of the plan geome-
try. In(b), the deflections of the flexible supports
must be the same because of the rigid diaphragm.
The diaphragm shears and moments will be a
function of therelative stiffnesses of the supports.
Thedifferencesbetween (a) and (b) can beconsid-
erable. Actual behavior will fall between thetwo
casestending toward oneor the other asafunction
of the diaphragm stiffness.

In seismic areas, the topic of diaphragm flexi-
bility has become a more significant issue. UBC
requires consideration of the diaphragm flexibil-
ity for the horizontal distribution of forces. A
flexible diaphragm is defined by the UBC as one
having amaximum lateral deformation more than
twice the average story drift for the level under
consideration. 1t may beinferred from UBC Sec-
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tion 1631.1 that this consideration would only ap-
ply in seismic zones 2, 3, and 4. The BOCA code
simply states that the horizontal distribution of
forcesconsider therelative stiffnesses of thel ater-
al-resisting system and the diaphragm. This pro-
vision would apply to Seismic Performance Cate-
gories B and greater. By code then, diaphragm
flexibility need not be considered when designing
for wind or for seismicloadsin Zones O and 1 un-
der the UBC or Seismic Performance Category A
under BOCA.

When diaphragm flexibility must be consid-
ered, a cracked moment of inertia calculation is
suggested in Reference 34 and a Virendee! truss
model in suggested in Reference 35. Since the
analysisof astructurewith aflexiblediaphragmis
dependent on so many factors beyond the dia-
phragmitself, such analysisisbeyond the scope of
this manual.

4.4 Structural Integrity

Asnoted in theintroduction to this chapter, the
ACI code requires consideration of structural in-
tegrity for all precast concrete structures. While
proper detailing for lateral loads will satisfy the
completeload path philosophy of structural integ-
rity, there are some minimum provisions in ACI
Section 16.5 which must bemet. With specificre-
gard to diaphragms, provisionsto be aware of in-
clude:

1. For buildings other than large panel bearing
wall buildings, the connection to the dia
phragm of members being laterally braced by
the diagphragm shall have a minimum nominal
tensile strength of 300 Ib per lin ft (4.4KN/m).

2. For large panel bearing wall structures, asum-
mary of the tie forcesis givenin Figure 4.4.1
and are required to have the following mini-
mum nominal strengths:

T1 = nominal strength of 1500 Ib per lin ft
(21.9 KN/m) of floor or roof span

T2 = nominal strength of 16,000 1b (71 KN)

T3 = nominal strength of 1500 Ib per lin ft
(21.9 KN/m) of wall

These minimum strengths shall not control if

the actual forces in the diaphragm are greater.
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Fig. 4.4.1 Tie forces in bearing wall buildings

For seismicloading, it is preferableto use con-
ventional reinforcing steel for thesetypesof tiesto
limit the elongations and deformations. When
structural integrity requirements control in non-
seismic areas, untensioned prestressing strands
may be used to satisfy the strength requirements.

4.5 Elements of a Diaphragm

Figure 4.5.1 illustrates the various elements
which comprise a complete diaphragm. The fol-
lowing definitionswill beusedto describethevar-
ious elements:

Boundary Element: Edge member around the pe-
rimeter of adiaphragm or
the perimeter of an opening
in adiaphragm which ties
the diaphragm together. The
boundary element may func-
tion asachord or adrag
Sstrut.

Collector: Elements which transfer
shear from the diaphragm to
alateral-resisting element.

Chord: Tension or compression ele-
ment creating a flange for
the diaphragm to develop
flexural integrity in the dia-
phragm.

Drag Strut: Element used to “drag” lat-
era loads into the lateral-re-
sisting elements and to dis-
tribute shears over a greater
length of the diaphragm



web. (Also called dia-
phragm strut.)
Longitudinal joint: Joint oriented parallel to the
slab span.
Transverse joint: Joint oriented perpendicular
to the slab span.

To satisfy structural integrity, al diaphragms
should have boundary elements of some type.
Theboundary elementsare essential to ensurethat
adiaphragm will have the strength to transfer lat-
eral loads to the lateral-resisting system. As a
chord, tension reinforcement is placed in the
boundary element to allow thediaphragmto act as
a deep horizontal beam or tied arch. This rein-
forcement can also provide shear friction steel for
shear transfer along the longitudinal joints.

Collectors are required in al diaphragms to
transfer forces from the diaphragm to the lateral-
resisting elements. Such connectors are also re-
quired for structural integrity to provide a com-
pleteload path for lateral forcesto the foundation.
Collectors may aso function to get forcesinto a
diaphragm.

Drag strutsact to engage alonger length of dia-
phragm web for transferring diaphragm shears
into the lateral-resisting elements. A drag strut is
parallel tothe applied load, receivesload from the
diaphragm and transfersload to the | ateral-resist-

Fig. 4.5.1 Diaphragm elements

ing element as an axial tension or compression.
Drag strutsarenot required for structural integrity
aslong as the diaphragm is connected directly to
the lateral-resisting elements. Drag struts simply
spread out shears that might otherwise be highly
localized. Under the UBC code, it isimplied that
drag struts are required elements in Zones 2, 3,
and 4. TheBOCA codeissilent ontheuse of drag
struts, but it can beimplied that they are required
for Seismic Performance Categories B and great-
er.

When abonded structural topping is used with
ahollow core slab diaphragm, these elements can
be provided directly by reinforcement in the top-
ping. When no topping is provided, these ele-
ments are developed as grouted or concrete ele-
mentsexternal to thehollow coreslabs. Asasim-
ple example, Figure 4.5.2 depicts two common
boundary conditions. In (a), the boundary rein-
forcement is placed in amasonry bond beam and
the collector reinforcement is placed in the key-
ways between dabs. In (b), the boundary rein-
forcement is placed in agrouted or concretefilled
space at the end of the dlabs. The collector rein-
forcement isagain placed in the keyways between
dlabs. Theprimary difference between the details
isthat the boundary reinforcement in (a) iseccen-
tric from the diaphragm web whileit isconcentric
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Fig. 4.5.2 Boundary elements
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in (b). The concentric boundary element will ex-
hibit better performancein aseismic situation and
should be used in Zones 3 and 4 under the UBC or
Seismic Performance Categories C, D and E un-
der the BOCA code.

4.6 Diaphragm Strength

Thediaphragm must have the strength to trans-
fer imposed lateral loads from the point of ap-
plication to the point of resistance. The dia
phragm spans between lateral-resisting elements
as adeep beam or tied arch. Shears and tensions
will develop and must be resisted in the dia
phragm to have a complete system.

4.6.1 Longitudinal Joints

The grouted keyways between slabs do have
capacity to transfer longitudinal shear from one
dlab to the next. Using a shear stress of 80 psi
(0.55 MPa), the useabl e ultimate strength for lon-
gitudinal shear is:

®Vn=¢(0.08)h, €
where

(Eq. 4.6.1)

€ =length of joint under consideration (in)
hn, =net height of grout key (in)
¢ =085
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When the grout strength is exceeded or ductile
behavior isrequired, shear friction principlesmay
be used to design reinforcement to be placed per-
pendicular to the longitudinal joints.36 Thisrein-
forcement may beplacedinthetransversejointsat
the dlab ends rather than being distributed along
thelength of thejoints. Placed asshowninFigure
4.6.1, the area of steel is calculated as:

_ Vu
Avt = ¢f—yM
where

V, =factored applied shear

(Eq. 4.6.2)



Fig. 4.6.2 Alternate longitudinal shear
connections
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u =1.0for shear paralel to longitudinal joints

=1.4 for shear parallel to transverse joints
where concrete can flow into cores
¢ =085

While the detail shown in Figure 4.6.1 is the
most economical means of providing a mechani-
cal connection across the longitudina joints, al-
ternate connections are available which may be
desirable in certain circumstances.  Figure
4.6.2(a) shows reinforcing steel placed acrossthe
longitudinal joint and groutedinto thecores. This
detail might be considered when theamount of re-
inforcement required in the transverse joints is
great enough to cause congestion. Figure4.6.2(b)
shows weld anchorsin the slabs and aloose plate
welded across the longitudinal joint. Use of this
detail should be carefully coordinated with the
hollow core slab supplier to ensurethat proper an-
chorage of the weld plates in the slabs can be ac-
complished.

Where the diaphragm must unload shear into a
|ateral-resisting el ement, boundary element or in-
terior drag strut, acondition similar to thelongitu-
dinal joint exists. For longitudinal shear, again
shear friction can be used to design reinforcement
asthe collector to cross potential crack planesand
transfer the shear. Figure 4.6.3 depicts an exam-
ple of such a collector detail. While drag struts
and boundary elements may have a vertical stiff-
ness similar to the slab deck, the lateral-resisting
elements will usually have a significantly higher
vertical stiffness. The collectors connecting di-
rectly to thelateral-resisting elementswill tend to
berigid vertically. While strength and toughness
at such collectors is certainly important, it is
equally important to consider every day perfor-
manceof the structure. Atrigidvertical elements,
it may bedesirableto alow slab camber growth or

Fig. 4.6.3 Collector detail
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deflection to occur without distress at the connec-
tion. Figure 4.6.4 shows potential damage at the
first interior longitudinal joint when a vertically
rigid connectionisused. Thepotential for distress
is dependent on the slab span and the real applied
loads. Short, lightly loaded spans may experience
no problems.

The effect of different vertical stiffnesses may
be accounted for by:

1. Determining that distress will not affect the
strength or performance of the system,

2. Locating verticaly rigid connections near the
dlab supports where vertical movement is
minimized, or

3. Providing allowance for vertical movement in
the connection detall.
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4.6.2 Transver se Joints

Thetransversejointsservemany functions. As
described in Section 4.6.1, reinforcement in the
transversejointsmay providetheshear frictionre-
inforcement for shear in the longitudinal joints.
Thetransversejoint may also haveto act asadrag
strut with axial tension or compressionto carry di-
aphragmloadsto thelateral-resisting elements. A
transverse joint may also be the chord member
whereflexural tensionisresisted. Finally, aninte-
rior transverse joint disrupts the web of the hori-
zontal beam where horizontal shear would haveto
be transferred to maintain the composite depth of
the diaphragm.

The design of shear friction reinforcement for
longitudinal joint shear is covered in Section
4.6.1. Drag strut reinforcement is cal culated sim-

ply as:

_Tu
As =g
Chord tension isresisted by reinforcement to pro-
videflexural strength to the diaphragm. Itissug-
gested that the effective depth of the reinforce-
ment from the compression side of the diaphragm
belimited to 0.8 timesthe depth of thediaphragm.
Hence, the chord reinforcement is calcul ated as:

My
As ~ $0.8hfy

(Eq. 4.6.3)

(Eq. 4.6.4)

where
h  =depth of the diaphragm

¢ =09

Because diaphragms tend to act as tied arches
rather than beams, tension in the chord reinforce-
ment does not go to zero at the ends of the dia-
phragm. The chord reinforcement must be an-
chored at the ends of the diaphragm where astan-
dard hook at the corner will suffice. For
horizontal shear in the web of the diaphragm, a
shear paralld to the transversejoint is devel oped.
Shear friction reinforcement perpendicular to the
transverse joint and embedded in the slab key-
ways can be used to reinforce for this shear. The
applied shear can be calculated as:

Vh =VrQ

or
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(Eq. 4.6.5)

Inthefirst case, aunit shear iscal cul ated and shear
friction reinforcement is distributed according to
the shear diagram. In the second case, the total
shear is calculated as the tension or compression
of the internal couple. In thiscase, shear friction
reinforcement is uniformly distributed over the
length between zero moment and maximum mo-
ment. It issuggested that the shear friction rein-
forcement be distributed according to the shear
diagram in UBC zones 3 and 4 and BOCA Seis-
mic Performance Categories C, D and E to mini-
mi ze the force redistribution required with a uni-
form spacing.

Because of the orientation of thejoints and the
loading directions considered, the reinforcement
in the transverse joint discussed above is not all
additive. Typically, thechordtensionandlongitu-
dinal joint shear will beconcurrent. Thedrag strut
tension will typically occur with loads applied in
the perpendicular direction.

4.7 Collectors

Collectors function as connections to transfer
forces into diaphragms and from diaphragms to
boundary elements, drag strutsor lateral-resisting
elements. The preceding discussion hasindicated
that reinforcing bars may be used as collectors us-
ing shear friction design procedures. As shear
friction reinforcement, the steel isused in tension
to resist a shear force. In detailing the stedl, a
crack plane is defined and the bars must be an-
chored for full strength on each side of the crack
plane. For anchorage at a transverse boundary
element, thebarsmay be groutedinto thekeyways
or into slab cores where the top of the coreis cut
away. Concreteisthenusedtofill thecoresfor the
length of the bar embedment. Based on areview
of theliterature, it is not clear when anchorage of
collector bars in keyways is sufficient and when
the collector bars should be placed in slab cores.
There is a concern that as the boundary el ement
and keyway crack, anchoragefor acollector barin
akeyway may belost. Deformations and revers-
ibleloading in aseismic event would suggest that
anchoring collector bars in slab cores would be
preferablein moreintense seismic areas. Inkeep-
ing with code philosophy, it is suggested that bars
be anchored in slab cores in UBC zones 3 and 4



Fig. 4.9.1 Example Problem
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and BOCA Seismic Performance Categories C
and greater.

In non-seismic and low seismic design situa-
tions, the collectors need not be reinforcing bars.
Particularly for direct connections to lateral-re-
sisting elements, welded and bolted connections
will suffice for the collector connections when
they are compatible with the slab system used.

4.8 Topped vs. Untopped Diaphragms

When a composite structural topping is pro-
vided, it should have aminimum thickness of 2to
21/, in (50-65 mm). The topping can then be de-
signed as the diaphragm without consideration of
the hollow core slabs. When thetopping provides
the strength and stiffness for the diaphragm but
the connectionsare madein the hollow core slabs,
shear stresseswill be present at theinterface of the
topping and the hollow core slabs. These stresses
will generally be well distributed throughout the
interface, but may be more highly localized near
the connections. Asdiscussed in Chapter 2, hori-
zontal shear stresses should be kept bel ow anomi-
nal strength of 80 psi (0.55 MPa).

The primary benefits of a composite structural
topping areto increase stiffnessand to allow easi-
er continuoustiesin planswithirregular shapesor
large openings. However, in seismic areas, the
additional topping weight increases the seismic

design forces. It is suggested that a topping be
considered in high seismic zonesin buildingswith
plan irregularities or large diaphragm span to
depth ratios.

Untopped hollow core diaphragms are sug-
gested when the diaphragm force system is
straightforward and the in-plane diaphragm
deflectionsare acceptable. Anexampleat theend
of this chapter illustrates a procedure for deter-
mining diaphragm deflections. In high seismic
areas, local codes may limit the use of untopped,
hollow core diaphragms.

4.9 Design Example

Given thebuilding plan shownin Figure4.9.1,
design and detail the untopped hollow core dia-
phragm assuming:

a. wind design per UBC
b. Zone 2A seismic per UBC.

Building data
6 stories
14 ft floor to floor
8 in hollow core floors wt = 53.5 psf
partitions & mechanical wt = 20 psf
precast framing system wt = 32 psf
exterior wall system (avg.) wt = 35 psf
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Solutions:

a. Seismic Zone 0; Basic wind speed 80 mph
Use Exposure C
Design wind pressure = P = C¢Cq0slw

where
Ce = 153
Cq= +0.8,-05
Js = 16.4
lw = 1.0
P 1.53(0.8)(16.4)(1.0) = 20.1

1.53(0.5)(16.4)(1.0) = 12.5
32.6 psf

Windto diaphragm =w = 14(0.0326) = 0.46k/ft
* Consider load applied parallel to the slabs
Total V =200(0.46) = 92k

Assuming a rigid diaphragm, the shear dis-
tribution to the walls based on their flexural stiff-
nessis;

30 ft walls; V = 40k
20 ftwal: V =12k

The diaphragm equilibrium is:

( 0.46 k/ft

\

|

40k 12k 40

6

[~
AN

87t
. 40

40|

( 1739 ft-k

The factored design forces are then:
1.3(40) = 52k
1.3(6) = 7.8k

Vuzo

V2o

4-10

My = 1.3(1739) = 2261 ft-k
e Chord Forces:

Using the perimeter beams as chords:

_ My
Tu= %08n

_ 2oe1
= 0.9(0.8)(80) - 203K

Connect beams through columnsfor thisforce
plus forces due to volume change and gravity
loads. (Fig. 4.9.2 Det. C)

The chord must continue through the center
wall.
_ Ty , .
As = T (¢ wasincluded in Ty)
y
_ 393
60
= 0.66in?
Use2-#6 (Fig. 4.9.2 Det. F)

* Connect diaphragm web to chords

_ My
Vuh = j_h
] = 08
_ 2261
Vih = 538(80)
= 353k

Distribute over length from zero moment to
maximum moment

Vyp = %=o.41k/ft

Additionally, this connection must resist the
negative wind pressure from the exterior wall
system.

wy = 1.3(0.0125)(14)

= 0.23k/ft
Use 300 Ib/ft for structural integrity
(Fig. 4.9.2 Det. A)

The same forces must be resisted at the trans-
verse joints. Use shear friction for the shear
with bars placed in the keyways perpendicular



tothetransversejoint. With keywaysat 3 ft on
center:

+

A= 303 3(0.41)
S~ 0.9(60) ' 0.85(60)(L.4)

= 0.034 in?/keyway
Use #3 at every 2nd keyway
(Fig. 4.9.2 Det. B)

* Longitudina shear

The maximum longitudinal joint shear isat the
first labjoint fromthe30ft shear wall. Sincecon-
nectionswill be made directly from the center bay
to the shear wall, only the center bay joint length
should be considered.

Vy = 52k
®Vn = ¢(0.08)h, €
0.85(0.08)(8 - 2)(20 x 12)
97.9k

With concernsfor shrinkage cracking injoints,
transverse shear friction reinforcement can be
providedinthetransversejointsat each end of the
center bay.

My
of yl

_ 52
0.85(60)(1.0)

1.02 in?/ 2 transverse joints

A=

= 0.51in? per joint
Use 1 - #7 in transverse joint
(Fig. 4.9.2 Det. B)
* Shear connection to 30 ft wall
Vy = 52k

Additionally, negative wind pressure must be
resisted acrossthisjoint, but would not be con-
current with shear. Structural integrity tieswill
control for this case.

Ty = (0.3)(20)
= 6k for bay

Using shear friction reinforcement

Ayf= 1.02in? (from above) or

As = 0.11 in? does not control

- _ 6

0.9(60)
Use4 - #5 located near slab ends
(Fig. 4.9.2 Det. D)

Alternatively, mechanical connections of slab
to wall could be used to transfer the same
forces.

Shear at center 20 ft wall:
With the rigid diaphragm assumption:

Vy = 7.8k on each side of wall

_ 78
AV = 5.85(60)(1.0)

= 0.15in?

Use 2 - #4 located near slab ends or use
mechanical connections

(Fig. 4.9.2 Det. E)

Consider load applied perpendicular to the
slabs

Total V = 80(0.46) = 36.8k
Distribution to wallsis:

\Y, 36.8/2
18.4k

The diaphragm equilibrium is:

( 0.46 k/ft

\

18.4k 18.4k

18.4

18.4

368 ft-k
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The factored design forces are then: #3 at every 2nd keyway will be adequate
Vy = 1.3(18.4) = 23.9k (Fig. 4.9.2 Det. B)

My= 1.3(368) = 478 ft-k b. Seismic Zone 2A
The building weight attributable to each floor

e Chord force: is

o= My w; = 80(200)(0.0535 + 0.020 + 0.032)
Y ¢0.8h +14(0.035)(200 + 80)(2)
=418 = 1962k
0.9(0.8)(200) then
= 3.3k W = 6(1962)
Ag = % = 0.06 in2 = 11772k
The#3 bars acrossthe transversejointswill be * Base shear
adequatefor thechordforce. (Fig. 4.9.2 Det. B) v = ZIC\
Longitudinal shear Rw
Z =015
_ My _
VUh - Jh I - 10
_ 478 C =275
~ 0.8(200) Ry = 8
= 3.0k will not control vV = 0.15(1.0)(2.75) (11772)
. 8
* Shear connection to walls
= 607k
Using shear friction reinforcement « Vertical Distribution
Vy = 23.9k/30 ft wall F = 0.07TV
= 0.8k/ft controls over parallel wind with asite coefficient of 1.2 and C = 2.75
With barsin keyways at 3 ft on center T = 04sec<0.7sec
Ay = - 308) Fe =0
VI~ 0.85(60)(1.4) F o= (V — Fwyhy
= - TUTIXX
= 0.034 in? per keyway s w;h,
i=1
Use#3in every 2nd keyway |
. Wi h Wyhy Fx
(Fig. 4.9.2 Det. F)
1962 84 164808 173
* Shear intransversejoi nt 1962 70 137340 145
Vy = 1.3(18.4 - 0.46 x 30) 1962 56 109872 116
= 6k 1962 42 82404 87
6 1962 28 54936 58
At = 5.85(60)(L.0) 1962 14 27468 29
= 0.12in? 576828
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Fig. 4.9.2 Wind design summary
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Fo + E Fi
pr - n = Wix

2 W

i=x
Wpx Fi + 2F ZW; Fox
1962 173 1962 173
1962 318 3924 159
1962 434 5886 145
1962 521 7848 130
1962 579 9810 116
1962 607 11772 102

Minimum diaphragm load

Fox= 0.35ZIwpy
0.35(0.15)(1.0)(1962)
103k

Maximum diaphragm |oad

Fox= 0.75ZIwpy
0.75(0.15)(1.0)(1962)
221k

To keep diaphragm in the elastic range, multi-
ply the diaphragm loads by 2R/5. At the roof

Foxu = 173(2)(8)/5
= 554k

Thefactored roof diaphragm load by code pro-
visionsis

(2.2)(1.3)(173)

= 248k

pru

Design roof diaphragm for a factored load of
554k to keep in elastic range.

For shear paralléel to dabs
Using arigid diaphragm, the shear distribution
tothewallsis:

30 ftwalls: V =241k

20ftwall: V =72k

4-14

The diaphragm equilibrium is:

( 2.77 kift

\

L

241K 72K 241k

241
36

[~

87ft \;;e
241

( 10483 ft-k

* Chord forces:

Using reinforcement in a perimeter boundary
element

As = %sslﬁfy
- 10483
0.9(0.8)(80)(60)
= 3.0in?
Use4 - #8
(Fig. 4.9.3 Det. A)
Connect diaphragm web to chord
Vuh = %
10483
0.8(80)
= 164k

Distribute over length from zero moment to
maximum moment

Vih = 18%4 = 1.89K/ft

Additionally, this connection must resist the
outward force from the exterior wall system.
Conservatively, this force will be:

T = 0.75ZIwy
= 0.75(0.15)(1.0)(14 x 0.035)



= 0.055K/ft
Ty = 0.055(2)(8)/5
= 0.176k/ft

Tu, Vo
¢fy q)fylJL

_ 0176 . 189

0.9(60) ' 0.85(60)(1.4)
= 0.033 in?/ft

Use#3 at 3 ft on center grouted into cores
(Fig. 4.9.3 Det. A)

At the transverse joint, the same shear parallel
to the transverse joint as at the chord must be
transferred. However, the tension should con-
sider the inertial force from the weight of the
exterior bay. Conservatively

T = 0.75ZIwp
wp, = 14(0.035) +30(0.0535 +0.020+0.032)
= 3.66k/ft
T = 0.75(0.15)(1.0)(3.66)
= 0.41k/ft
Ty = 0.41(2)(8)/5
= 1.31k/ft
A = 189 . 131
0.85(60)(1.4)) * 0.9(60)
= 0.051 in%/ft

Use#4 at 3 ft on center in keyways

(Fig. 4.9.3 Det. B)

* Longitudina shear

The maximum longitudinal shear isat thefirst
dlab joint from the 30 ft wall. Provide shear
friction reinforcement in the two transverse
joints and the two boundary elementsfor shear
resistance. Conservatively consider 5% mini-
mum eccentricity being resisted only in end
walls.

Vy = 241+ (0.05 x 200)(554)/200
= 269k

_ 269
0.85(60)(1.0)

5.27in?/ 4 joints

>
<
|

= 1.32in? per joint
In boundary elements, add chord requirement
At first joint
My= 241(3) - 32(2.77)/2

= 711 ft-k
_ 711

As = 132+ 55(0.8)(80)(60)
= 1.53in?

4-#8 ok

(Fig. 4.9.3 Det. A)
In transverse joints

As = 1.32in2

Use?2-#38

(Fig. 4.9.3 Det. B)

* Shear connection to 30 ft wall:

Transfer shear to wall and drag strut

_ 253
Vu= 8o

= 3.16k/ft

_ 316
AV = 5.85(60)(1.0)

= 0.062 in?/ft

Use#4 hairpins at 3 ft on center
(Fig. 4.9.3 Det. D)

Drag strut reinforcement

(80 — 30)

Ty = > (3.16)
= 79%
_ 79
As = 0.9(60)
= 1.46in?
Use2-#8

(Fig. 4.9.3 Det. C)

4-15



* Shear connection at 20 ft wall
V, = 36k
over building width

Vy = % = 0.45k/ft

_ 045
AV= 5.85(60)(1.0)

= 0.009 in?/ft
Use #4 dowels at 8 ft on center
(Fig. 4.9.3Det. F)

Drag strut reinforcement

T, = —(80; 20) (0.45)(2)
= 27k
_ 7

As = 5.9(60)
= 0.5in?

Use2-#5

(Fig. 4.9.3 Det. E)
* |n-plane deflection of diaphragm
| dealize the diaphragm section as

956" !

with 4000 psi concrete in chord
Ec. = 3835

with 5000 psi concretein slab
Ec = 4300

normalize on slab concrete

Nchord = 0.89
Atchord= 0.89(64)
= 57in?
Ngeet = 6.74

4-16

nAg = 6.74(3.16)
= 21.3in?
57(x - 4) + 4.3(x - 8)2/2 = 21.3(956 - X)

findx=879in

lCI’

57(87.9 - 4)2 + 4.3(87.9 - 8)3/3
+ 21.3(956 - 87.9)2

17,184,000 in?

829 ft4

Asarigid diaphragm, thefactored load deflec-

tion between end shear wallsis;

_ 5 (2.77)(200)4 72(200)3

~ 384(4300)(829)(12) ~ 48(4300)(829)(12)

= 1.07in (ignoring shear deflections)

Asaflexiblediaphragm withrigid supportsthe
deflection will be substantially smaller. The
diaphragm deflection plusthe deflection of the
lateral-resisting system is used to evaluate the
gravity load support members for integrity

when deformed.

Consider load applied perpendicular to the
slabs

Total V,, = 554k

Distribution towallsis

Vy = 554/2

277k



The diaphragm equilibrium is: Drag strut reinforcement

_ (200 — 30)
- 6.93 k/ft Tu = 2 (1.52)
) = 129.2k
|
_ 1292 _ in2
As = =2.39iIn
77k 77K  70.9(60)
Chord reinforcement from load parald to
21 slabs controls.
Vu e Shear in transverse joint
277
In center bay
Mo Wp = 20(200)(0.0535 + 0.020 + 0.032)
+20(14)(0.035)(2)
5544 ft-k
= 442k
¢ Chord force Consel’vatively use
M V = 0.75ZIw
Tu = Go8n
0. = 0.75(0.15)(L.0)(442)
_ 5544
~ 0.9(0.8)(200) = 49.7k
= 38.5k Vy = 49.7(0.55)(2)(8)/5
_ 385_ - = 87.5k per joint including
As = o - 064in 5% eccentricity
The #4 bars_ across the transvgrsejoi ntsat 3 ft Load paralel to Sabswill control
on center will be adequate. (Fig. 4.9.3 Det. B) ,
o See Figure 4.9.3 for summary
Longitudinal shear
- My
Vuh = j_d
= 044
~ 0.80(200)

34.7k will not control

* Shear connection to walls
With 5% eccentricity
Vy = 1.1(277) = 304.7k
Transfer shear to wall and drag strut

Vy = 304.7/200 ft
= 1.52k/ft

Loading paralel to slabs controls
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Fig. 4.9.3 Seismic design summary
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I CHAPTER 5

CONNECTIONSIN HOLLOW CORE SLABS

5.1 General

Connections will be required in hollow core
slab systemsfor awide variety of reasons. Chap-
ter 4 described the connection requirements for a
hollow core diaphragm as an element for latera
stability. Most connection requirements will be
for localized forces ranging from bracing a parti-
tion or beam to hanging a ceiling.

Connections are an expenseto aproject and, if
used improperly, may have detrimental effects by
not accommodating volume change movements
that occur inaprecast structure. Connectionsmay
develop forces as they restrain these movements.
In specifying connection requirements, the actual
forces in the connection must be addressed. If no
force can be shownto exist, the connection should
not be used. Again, cost isreduced and undesir-
able restraining forces will not be developed.
When a connection is determined to be necessary,
theforcein the connection should be specified es-
pecialy when at an interface between a hollow
core slab and another material. The extent of de-
tailing to be left to the hollow core slab supplier
should be those items that will be supplied with
the product.

5.2 Details

Common detailsareshownin Sections5.3, 5.4,
5.5, and 5.6 to cover anumber of conditionswhere
forces will probably exist that need to be trans-
mitted into or through a hollow core slab. The
conditions cover common detailing situations
when hollow core slabs are used and areintended
to givethespecifier anideaof thepossibilitiesthat
exist. Thecommentary provided with each detall
is intended to give a better understanding of the
merits of each detail. The emphasisis that these
provide a guide which can be used as a basis for
better discussions with local producers. The de-
tails are only conceptual and would require de-
tailed information to be used on a project.

Differences between wet cast and dry cast hol-
low coreslabswill beevident intheembedded an-
chors that can be provided. Without formsto se-
cure anchorsto, dry cast systems may be limited
to shallow anchors that can be tied directly to
strands or to inserts that can be placed after cast-
ing. Wet cast systems can accommodate a wider
variety of anchorsplaced directly intheform prior
tocasting. Therefore, anchor detailsin the hollow
coreslabsarenot shown. Connectionpossibilities
need to be explored with the local producers.
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5.3 Typical Details with Concrete Beams

Design Considerations:

* Can transfer internal diaphragm forces
* Can be designed as structural integrity tie

Fabrication Considerations:

* Advantageous to have no hardware in slab

* Beam embedments must line up with slab
joints

* Accommodates variations in slab length

Erection Considerations:
* Advantageous to have connection completed

by follow-up crew
* Difficult for welder to hold loose plate in

P.C.or C.I.P. j

/_with headed
stud anchors
Plate with deformed With
bar grouted in returns
slab keyway Topping if
/ required
— L E— —
= .. . \ P
. ; - \ Bearing strip
.'1" B . '. .: '. ‘ ..

* Clean and simple

position concrete
beam
Fig. 5.3.1
Design Considerations:
 Can transfer internal diaphragm forces Reinforcement
* Can be designed as structural integrity tie grouted in slab
keyway o
Topping if
. . . Grout required
Fabrication Considerations: R
* May increase beam reinforcement for 4 \
shallower beam 2 T T A 0 A
 Layout must have opposing slab joints lined up "
LN
. . . o \ Bearing strip
Erection Considerations: e e T
A - - . Lo '.‘ .

P.C.or C.I.P. j

concrete
beam

Fig. 5.3.2

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.3 (Continued)

Design Considerations:

* With large factors of safety, friction may
transfer nominal forces

 Additional structural integrity ties may be
required

Topping if
/ required

* Clean and simple

Fabrication Considerations:

T 2 \ Bearing strip
Erection Considerations:

* Clean and simple P.C.or C.I.P. j

concrete
beam

Fig. 5.3.3

Design Considerations:

) ] Reinforcement draped
* Can transfer internal diaphragm forces
* Can be designed as structural integrity tie

over beam and grouted
in dab keyway

e Consider concrete cover on reinforcement

over beam

Topping if
E‘ required
Fabrication Considerations: ]

* Slab layout must have opposing joints lined up

Erection Considerations:

] N D Bearing strip

* Clean and simple P.C.or C.I.P. j

concrete
beam

Fig. 5.3.4

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.3 (Continued)

Design Considerations:

* Can transfer internal diaphragm forces
* Will develop volume change restraint forces
that must be considered in design of

- Topping if
connections / required

Fabrication Considerations: -
* Slab manufacturing system must allow bottom — "-. - ~
weld anchors — .. - .
* Beam inserts must align with slab inserts i . -'. Ter o = \
allowing fabrication tolerances * LN V(\;‘i'd Pldat)e
. ends
L Bearing strip
Erection Considerations: Z /_with
. P.C.or C.I.P. headed
* Connections can be completed by follow-up concrete tud anchors
* Access for welding may require ladders or
scaffold
* Spacer may be required to make weld
Fig. 5.3.5
Design Considerations: Reinforcement
* Can transfer internal diaphragm forces gg’fd in
* Can be designed as structural integrity tie eyway Reinforcement per
* Horizontal shear from beam cap must be Concrete design P
transferred Topping if
* Opposing slab joints must line up / required

Fabrication Considerations:

* Clean and simple for slabs T

.: N . .
Erection Considerations: Bearing strip

* Beam may have to be shored until cap is

cured

* Horizontal shear reinforcement may present P.C.or C.I.P.
safety hazard for erector concrete

* Core dams must be placed beam

Fig. 5.3.6

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.3 (Continued)

Design Considerations:

* Can transfer internal diaphragm forces

* Can be designed as structural integrity tie

* Horizontal shear in composite beam must be
transferred

* Opposing slab joints must line up

Fabrication Considerations:

* Clean and simple for slabs

Erection Considerations:

* Beam may have to be shored until topping is
cured

* Horizontal shear reinforcement may present
safety hazard for erector

Reinforcement
grouted in

slab keyway

Reinforcement per
design

/ Topping

—x—xrxﬂﬁxL XX X—X—X—]

e

L]
|
—

Dam
cores

P.C.or C.I.P. /

. ML R |
T L
, % I I
£ 1 h
SRR A A

Bearing strip

* Core dams must be placed concrete
beam
Fig. 5.3.7
Design Considerations: Plate as required / with headed
: by design stud anchors
 Can transfer diaphragm shear or deformed bar
* Can provide lateral brace for beam
* Potential for negative moment in slabs Toppingif
required
Fabrication Considerations:
* Slab insert difficult to install. Because of 5N l
tolerance on sawcut ends, the insert should be / A §
installed after slabs are cut to length SRR
* Beam and slab inserts must align / R :
L with headed ORI \\
stud anchors W] Bearing strip
Erection Considerations: .
* If required for lateral beam stability, welding *
may have to be completed as slabs are set
P.C.or C.I.P.
concrete
beam
Fig. 5.3.8

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.



5.3 (Continued)

Design Considerations:

* Can transfer diaphragm shear
* Can provide lateral brace for beam
* Potential to develop negative moment in slabs

Fabrication Considerations:

* Plates in beam must align with slab joints
allowing tolerance

Erection Considerations:

anchor grouted in
slab keyway

Plate with deformed bar

Topping if
required

Fig. 5.3.10

/ SRl - Bearing
, , Plate with headed L strip
* Connection can be completed with a follow-up stud anchors <o
crew SR
* Lateral bracing for beam will not be provided J © -
until keyway grout cures P.C.or C.I.P.
concrete
beam
Fig. 5.3.9
Design Considerations: Reinforcement grouted
. . in dab ki
* Can transfer internal diaphragm forces " ywey
* Can be designed as structural integrity tie Tooping if
opping i
required
Fabrication Considerations: | | — — — N\ N
Y
* Clean and simple P .\ 10 J_
Erection Considerations: .. \\
- Bearing
* Clean and simple ‘ . strip
* Keyway dimensions may limit the oo
reinforcement diameter J
P.C.or C.I.P.
concrete
beam

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.3 (Continued)

Design Considerations:
Reinforcement grouted

e Can transfer diaphragm shear in slab keyway
* Can be designed as structural integrity tie

Topping if
Longitudinal reqFlTi)reg
bar asreq'd.

Fabrication Considerations:

* Clean and simple for both beam and slabs

Erection Considerations: AREEUEIS N

* Reinforcement must be tied in place
¢ Concrete must be cast around reinforcement ’

* Edge form is required for cast-in-place J ’

PSRN .
.
.
.
® <.

LJ—
L

concrete
* Dowels from beam may present safety hazard P.C.or C.I.P.
concrete
beam

Fig. 5.3.11

Design Considerations: Weld Plate (alt. ends)

 Can transfer internal diaphragm forces

* Will develop volume change restraint forces
that must be considered in design of Topping if
connection required

Fabrication Considerations:

¢ Slab manufacturing system must allow bottom = \ “
weld inserts
* Beam and slab inserts must align with < .-
allowance for tolerance N

G

Bearing
strip

Erection Considerations:

R L with headed
« Connections can be completed by follow-up P.C.orCI.P. stud anchor
crew concrete

* Access for welding may require ladders or beam
scaffold
* Spacer may be required to make weld

Fig. 5.3.12

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.3 (Continued)

Design Considerations:

* Can transfer diaphragm shear

* Torsional and lateral beam restraint can be
provided

* Will develop volume change restraint forces
that must be considered in design of
connection

Fabrication Considerations:
* Slab manufacturing system must allow bottom
weld inserts

* Beam and slab weld anchors must align with
allowances for tolerance

Erection Considerations:

* Connections can be completed by follow-up
crew

* Access for welding may require ladders or
scaffold

* Spacer may be required to make weld

Weld plate

Topping if
E required

Bearing ﬂ -
strip -

\

P.C.or C.I.P.
concrete
beam

£ with headed
stud anchors

Fig. 5.3.13

Design Considerations:
¢ This detail is not recommended because of

installation difficulties which may result in an
unreliable connection

Fabrication Considerations:

* Great difficulty aligning bars with keyways

Erection Considerations:

« Potential difficulties in bending bars

* Possible fracture of bent bars

* Second rebar bend may be required to align
with slab joints

* Cast-in-place concrete required around
reinforcement

* Edge forming required

Field bend .
TOppI ng
N if req'd.

Bearing

strip

Longitudinal
bar asreq'd.

4 \
. ‘.

e S —
g " .

.
. s . L4

. .

. . . N .

. e

. T

P.C.or C.I.P.
concrete
beam

DO NOT USE

Fig. 5.3.14

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.4 Typical Details with Walls

Design Considerations:

Reinforcement
* Can transfer diaphragm shear grouted in
* Can be designed as structural integrity tie slab keyway
» Can provide lateral brace for wall
* Consider axial force path through slab ends o
* Opposing slab joints must line up Topping if W
required
Fabrication Considerations: | | ¢
* Clean and simple for slabs “ “
* Small tolerance for placement of bars in walls
* Tolerance on length of slabs to accommodate
bars in joint Longitudinal
bar asreq'd
Erection Considerations: / e
. .y _ _ Dowels as : P.C.or C.L.P.
* With longitudinal bar, have potential congestion required concrete
* Slab erection must consider tight tolerance on wall
butt joint gap
* With precast walls, consider method of
installing vertical dowel
Fig.5.4.1
Design Considerations:
 Can transfer diaphragm shear Refnforcement -
; : P grouted in Longitudinal
* Can be designed as structural integrity tie dab k bar a5 req’d
* Can provide lateral brace for wall eyway &
* Opposing slab joints must line u
PP g J P Topping if
required \ Grout
Fabrication Considerations: [ [______Y S / ,,,,,,,,,,,,
. L |
* Clean and simple for slabs e B _‘_ B _g| _____ 2
Erection Considerations: M strip
Cee k. .
* Clean and simple / S
* Wall is not braced until grout is placed and / caell L \ PC.or CIP
cured Dowels as L ¢ * - concrete
required wall

Fig. 5.4.2

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.4 (Continued)

Design Considerations:

* Can transfer diaphragm shear

» Can provide lateral brace for wall with proper ] Mortar bed
bar detailing to level
* Consideration should be given to forces ¢ block course
developed as slab ends rotate 4
7 Topping if
Ly / required
Fabrication Considerations: VI —————-
e Clean and simpe (AT — — -
Erection Considerations: : Reinforcement
. . Bearing ‘ grouted in
* Simple for slab erection wall ) slab keyway
* The mason can set bars independent of the )
slab joints . Bearing
* Some block cutting may be required for bars Grouted strip
from keyways bearing
course
Fig. 5.4.3
Design Considerations: /
* Can transfer diaphragm shear ' Mortar bed
* Can provide lateral brace for wall with proper tolevel
detailing block course
" Gonsderalon shoul be gven o forces Topngi
p required
Fabrication Considerations: — ' —
* Clean and simple ‘
Erection Considerations: Bearing Hooked bar
wall groutedin
* Simple for slab erection SB|ab keyway
* The mason can set bars independent of the _ : st‘:ia”ng
slab joints Solid P
* Grout at slab end may be difficult to place bearing Hooked bar
course inwall

Fig. 5.4.4

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.4 (Continued)

Bar to befield
bent into slab

keyway or field
drilled into wall

Design Considerations:

¢ This detail is not recommended because of
installation difficulties which may result in
an unreliable connection

Topping
if req'd

Fabrication Considerations:

Erection Considerations: _
Bearing

strip

Bearing

* Mason will have great difficulty locating bars at wall

slab joints

* Potential difficulties to field bend bars including /

fracture
* Second bend may be required to align bars

with joints

DO NOT USE

Fig. 5.4.5

Design Considerations:

» \Wall will not be braced at this level

~=

Topping
§ if reqgd

Fabrication Considerations:

* Clean and simple |:| |:| E

‘* Clearance

4

Erection Considerations: .
Non-bearing \
* Small tolerance in slab layout wall

Fig. 5.4.6

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.

5-11



5.4 (Continued)

Design Considerations:

* Walls may not be laterally braced

* Consideration should be given to forces
developed from deflections or camber growth

* Drypack may be required under slab for axial

load transfer

Fabrication Considerations:

* Clean and simple

Erection Considerations:

* Allowance must be made for slab camber
» Wall will not be laterally braced at this level
* Small tolerance in slab layout

- Clearance
i z
: Topping % %
; ifregqd T S
E— |

O
]
]
=

Wall \

Fig. 5.4.7

Design Considerations:

* Can transfer diaphragm shear

» Can provide lateral brace for wall

 Consideration should be given to forces
developed from deflection or camber growth

* Consider axial load path

Fabrication Considerations:

¢ |f not done in field, slots and holes must be cut

for steel
* In stack casting system slots and holes might

not be practically cut in plant

Erection Considerations:

¢ Allowance must be made for slab camber
* If not done in plant, holes and slots must be

cut for steel
* Wall is not braced until steel is grouted

ﬁ Deformed bar
¢ or stedl strap

f ] Topping
Grout e Sy : if reg’d

[ ]
[ ]
LA

Wall \

Fig. 5.4.8

Other connection details perform functions similar to those shown.
design capabilities.
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5.4 (Continued)

Design Considerations:
* Wall thrust from earth pressure can be resisted
 Can transfer diaphragm shear only with special g
detailing of keyway and reinforcement > £
. . o ©
* For long spans consider effects of restraint of =5
vertical movement =
i
Fabrication Considerations:
¢ Clean and simple :
Erection Considerations:
. . P.C.or C.I.P.
* Edge joint must be grouted which may not concrete
be standard practice wall
Fig. 5.4.9
Design Considerations: /{/
* Can transfer diaphragm shear
» Can provide lateral brace for wall
 Consideration should be given to forces Reinforcement
developed from deflections or camber growth grouted into
broken core
L . . ; ] Topping
Fabrication Considerations: / j \ if req'd
* If not done in field, edge core must be cut Grout at 1 A1 T T
open bars 4 / Y
* In stack casting operation, holes might not be |:| |:| E\
practically cut in plant
Erection Considerations: /
) ] ] wall
¢ If not done in plant, holes must be field cut into
edge core
* Mason may have to cut block to install
reinforcement
Fig. 5.4.10

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.4 (Continued)

Design Considerations:

* Can transfer diaphragm shear
* Can provide lateral brace for wall
* Connection capacity must be verified by test

Fabrication Considerations:

¢ Clean and simple

Erection Considerations:

* Minimum edge distances must be maintained
* No interfacing tolerances

Reinforcing Bar
Driven InHole \
\ —
Field Drill
/ \ \E¥ Bearing
Bond ) Strip
Beam
Fig.5.4.11

Design Considerations:

* Can transfer diaphragm shear

» Can provide lateral brace for wall
 Consider effects of vertical restraint

* Connection capacity must be verified by test

Fabrication Considerations:

¢ Clean and simple

Erection Considerations:

* Minimum edge distances must be maintained
* No interfacing tolerances

Reinforcing Bar
Driven In Hole

Uy
Field Drill
/ Dry Pack

Bond
Beam

Fig. 5.4.12

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.5 Typical Details with Steel Beams

Design Considerations:

* Top beam flange should be considered
unbraced

Fabrication Considerations:

* Clean and simple for slabs
* Beam flange width must be sufficient for slab
bearing length

Erection Considerations:

* Unsymmetrical loading may cause beam

1" Min. joint

2" (Min.) topping
if required

5" Min. flange

6" Recommended
flange

_

* Grouting of slabs must include the butt joint

* Steel erection may require that stabilizer bars
be field installed

* Steel beam will not be laterally braced until
grout cures

* Unsymmetrical loading may cause beam
instability

instability Steel beam
Note: Top flangeis
unbraced
Fig.5.5.1
Design Considerations:
* Can transfer internal diaphragm forces o
* Provides lateral brace for steel beam 2" Joint
Grout .
Fabrication Considerations: Reinforcement
Topping grouted in
¢ Slab layout must align slab joints if reqr d j‘ slab keyway
e Stabilizer bars might be field or shop installed | | ~—————— — — = —
depending on local regulations or agreements v
* Beam flange width must be sufficient for P 1 \ 2
minimum slab bearing 1
Erection Considerations: \ Steel beam with
stabilizer bars

to brace top flange

Fig. 5.5.2

Many connection details shown perform similar functions. Consult the local PCI producer for information on relative economy and design

capabilities.
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5.5 (Continued)

Design Considerations:

* Can transfer internal diaphragm forces

* Provides lateral brace for steel beam

* Will develop volume change restraint forces
that must be considered in design of
connection

Fabrication Considerations:

* Slab manufacturing system must allow for
installation of bottom weld anchors

Erection Considerations:

* Welding of slabs to beam should be done as
erection proceeds to laterally brace beams

Grout

Weld plate
. (weld at alternate
Topping ends of dabs)
ifreqd

Steel beam

Fig. 5.5.3

Design Considerations:

* Can transfer diaphragm shear

* Provides lateral brace for steel beam

* Potential torsion on steel beam should be
considered

* Will develop volume change restraint forces
that must be considered in design of
connection

Fabrication Considerations:

* Slab manufacturing system must allow for
installation of bottom weld anchors

Erection Considerations:

* Welding of slabs to beam should be done as
erection proceeds to brace beam
* Spacer may be required to make weld

1" (Min.) past centerline
of beam

Weld plate (weld at alternate ends)

|

|

|

i Topping
| % if reg'd
|

|

|

|

|

|

Fig. 5.5.4

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.5 (Continued)

Design Considerations:

* Can transfer diaphragm shear
¢ Provides lateral brace for steel beam

Fabrication Considerations:

* Clean and simple

Erection Considerations:

* Welding of bars must be coordinated with slab
erection for alignment

* Depending on forces to be transferred
concrete may have to be cast along edge

* Beam will not be braced until keyway grout
cures

Deformed bar
grouted in

slab keyway

Steel beam

Fig. 5.5.5

Design Considerations:

* Internal diaphragm forces can be
transferred only through topping

* Provides lateral brace for steel beam

* Consider potential torsion on beam during
slab erection

Fabrication Considerations:

* Beam flange width must be sufficient for
minimum slab bearing

* Slab notching will require a hand operation in
field or, preferably, in plant

Erection Considerations:

* Slab erection will be very difficult with this
detail on both slab ends. Slabs must be slid
into beams possibly through access holes in
flanges

* Beams will not be braced during slab erection

_ Additiona Clr.|||| Clr.
reinforcement

2" (Min.) topping
over stedl ; .
beam X if required

R e X e X e X X X X X X X e X e i
—l ez I—

= / = ;.'?
O

&

' =
Notch slab \ Steel Beam
(as required) 6" | Min. flange
I 8" | Recommended
flange

Note:
Difficult erection if
this detail occurs at
both ends of slab

Fig. 5.5.6

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.

5-17



5.5 (Continued)

Design Considerations:

¢ Internal diaphragm forces can be transferred
only through topping
* Provides lateral brace for steel beam

* Consider potential torsion in beam during slab
erection

Fabrication Considerations:

* Angle legs must be sufficient for minimum slab
bearing

* Beam depth must be sufficient for clearance
under top flange

Erection Considerations:

* Slab erection will be very difficult if this detalil
occurs at both slab ends. Slabs will have to
be slid into beams possibly through access
holes in flanges

* Beams will not be braced during slab erection

Additional 1" 1
reinforcement Clr.|||| Clr. o |
over steel 2" (Min.) topping
beam if required
e I
BRI ST I - - TN IO IV .
7 G ‘_.?
s e — /1 ~_ _ =5
&
=I5 :
i foptlonai [SSSAS—S) ‘\ Continuous 's
© ng?z,%?;e?n welded to steel
slab keyway beam

Steel Beam
3" | Min. Leg

[ g | Recommended leg

Note:
Difficult erection if
this detail occurs at
both ends of slab

Fig. 5.5.7

Design Considerations:

* Torsion design must consider erection
tolerance

* Lintel must be securely anchored at span ends

» Connection to slab may be required to brace
lintel

Fabrication Considerations:

* Clean and simple

Erection Considerations:

* Watch for stability of lintel prior to slab erection

wall

/
/ Topping

§ if req'd

7]

=
= =7 x
Channel and
plate lintel
Fig.5.5.8

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.5 (Continued)

Design Considerations:

* Butt joint must be grouted to brace vertical

angle legs
* Lintel must be securely anchored at span ends

Topping if
/ req'd

Z Double angle (min. 4" leg)

or WF (min. 8" flange)
lintel

Fabrication Considerations:

* Clean and simple

Erection Considerations:

* Lintel must be securely anchored prior to
setting slabs

Fig. 5.5.9

Design Considerations:

¢ Clearance must be allowed for slab camber
* Beam will not be braced until topping is cast
Topping

Fabrication Considerations:

* Camber must be monitored to stay within Additional >
[©]
7 <

for camber

clearance reinforcement

Erection Considerations:

A
]
]
L
]
=
]
==

* Erection may be very difficult if slab support
beams are also raised -

Fig. 5.5.10

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.6 Typical Cantilever Details

Design Considerations:

» Wall bracing or transmitting diaphragm shear Coresfilled with
would only be accomplished by questionable insulation over
friction exterior wall

* Additional structural integrity ties may be
required [

WAL

Fabrication Considerations: _—
/.

* None other than top reinforcement required for Bearing
cantilever strip

/ :

Wwall

Erection Considerations:

* Clean and simple

Fig. 5.6.1

Design Considerations:

Dowel grouted in
slabs at keyway

* Can transfer diaphragm shear Insulation
* Provides lateral brace for wall

Fabrication Considerations:

* If not field drilled, slots in keyways and
aligning holes in masonry are required
* If not field drilled, alignment will be difficult

Erection Considerations:

* If not preformed, holes must be drilled through
slabs into masonry

* Wall may not be braced until grout cures

* Grout placement may be difficult

Fig. 5.6.2

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.6 (Continued)

Design Considerations:

¢ This detail is not recommended because of
installation difficulties which may result in
an unreliable connection

Fabrication Considerations:

Erection Considerations:

*Mason will have great difficulty aligning
dowels with slab joints

* Most keyway configurations will require
notches for dowels

* Field bending of dowels into keyways will be
very difficult

Dowelsfield bent
and grouted in

slab keyways

Wall " L

h .
— :___ - —

. S
L
3

c e .
PR

DO NOT USE

Fig. 5.6.3

Design Considerations:

* Wall will not be braced by slabs

* Depending on end support conditions wall may
have to support edge slab

* No thermal break provided between interior
and exterior

Fabrication Considerations:

* Depending on bearing conditions the overhang
dimension may be limited by the producer’s
ability to install transverse reinforcement

Erection Considerations:

* None

N
[ ]

Allow for camber

\

]
|

—

e

Verify max. dimension

| with slab supplier

Keyway filled
with grout

4

JO000OI0:

\
.

Bearing wall
beyond
Non-bearing
wall

Preferred end of
bearing wall

=

Fig. 5.6.4

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.6 (Continued)

Design Considerations:

* Wall will not be braced by slabs

* Depending on end support conditions wall may
have to support edge slab

* No thermal break provided between interior
and exterior

Fabrication Considerations:

* When transverse reinforcement cannot be
installed, steel strap must serve as external
reinforcement

* Anchorage of a steel strap to the slabs will
depend on the producer’s ability to install top
weld anchors

Erection Considerations:

* Depending on end support conditions
temporary shoring may be required until steel
strap is installed and keyways are grouted

| Verify max. dimension
with slab supplier

Steel strap (weld to
top anchors or expansion
bolt to slabs)

A
L ODO000O0E
AN

4

|

| Preferred end of

/ bearing wall
/4

B | Bearing wall
§ % \ beyond

S| | Non-bearing
— |

z ;\ wall

2 I

Fig. 5.6.5

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.7 Miscellaneous Details

| | Bearing
Feather edge
J\/// Hollow core with latex, conceal
,,_J\,/”/ dab inwall, or
///\//7 recess when
no topping
| Bl -
— N/ - 4
\ Header angles
n g - L v
- [ ] |
"pn SECTION "A-A
PLAN

HEADER DETAIL

Fig. 5.7.1

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and

design capabilities.
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5.7 (Continued)

- - Bearing
Hollow core
,N— slab
"B" "B" — I
R -
t[__fT' TT__TT
- i
Header angles
L/ SECTION "A-A"
A ﬁ _
- I_J R LJ
pr ]
/l\,/"’//\’// Feather edge with latex,
///\// conceal inwall, or
recess when
no topping
PLAN — ————
/LI S
SECTION "B-B"

HEADER DETAIL

Fig. 5.7.2

Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
design capabilities.
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5.7 (Continued)

LB T
no

L |

T

[t}
W
1

Hanger thru bolt;

design capabilities.

Expansion bolt; J Toggle bolt; for heavy loads
only with sufficient only for vertical —
bottom thickness loads
Light straps;
for ceiling and
duct work
Fig.5.7.3
Other connection details perform functions similar to those shown. Consult the local PCI producer for information on relative economy and
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I CHAPTER 6

FIRE RESISTANCE OF ASSEMBLIES
MADE WITH HOLLOW CORE SLABS

6.1 Introduction

One of the attributes of hollow core dlab
construction is excellent fire resistance. More
than 30 standard fire tests (ASTM E119) have
been conducted on hollow core floor assemblies.
The January, 1994 issue of Underwriters Labora-
tories, Inc. “Fire Resistance Directory” includes
more than 50 design numbers for hollow core
slabs which qualify for ratings of 1, 2, 3, or 4
hours. Constructionswhich conform to these de-
signs are assigned ratings by most U.S. building
codes.

As an dternative to UL ratings, model codes
now include prescriptive requirements which can
be used to establish fire endurance ratings. For
each fire endurance rating, strand cover and
equivalent thickness provisionsare given. Use of
such provisions eliminates the need for fire tests
or UL ratings.

Most U.S. building codes will aso assign rat-
ingsto hollow core assemblies which do not con-
formwiththe UL designsif it can beshown by cal-
culations made in accordance with procedures
given in the PCI manual, “Design for Fire Resis-
tance of Precast, Prestressed Concrete” (PCI
MNL 124-89)38 that they qualify for the required
fireendurance. Readers can obtain more detailed
information from that manual on fireresistance of
hollow core slab assemblies as well as informa
tion on fire resistance of concrete beams, walls,
and protection of connections.

In Canada, The National Building Code of
Canadarequiresthat fire resistance ratings be de-
termined either on the basis of results of tests con-
ducted in accordance with CAN/ULC-S101-M,
“Standard Methods of Fire Endurance Tests of
Building Construction and Materials’, or on the
basis of Appendix D, “Fire Performance Rat-
ings’. Whilethegenera principlessetforthinthis
Manual are fully valid in that they are based on
materials properties and structural engineering
procedures, usersof the Manual are cautioned that
in Canada, fire resistance ratings should be deter-
mined strictly in accordance with applicable

building code requirements.

6.2 Heat Transmission Through Floorsor
Roofs

The standard fire test method, ASTM E119,
limits the average temperature rise of the unex-
posed surface, i.e., the surface of floor or roof not
exposed to fire, to 250 degrees F (120 degrees C)
during afiretest. Thiscriterionisoften calledthe
heat transmission end point.

For solid concrete dlabs, thetemperaturerise of
the unexposed surfaces depends mainly on the
dlab thickness and aggregate type. Figure 6.2
showstherelationship between slab thicknessand
fireendurance asdetermined by the heat transmis-
sion end point criterion.

6.2.1 Equivalent Thickness

The information in Figure 6.2 is applicable to
hollow core slabs by entering the graph with the
“eguivalent thickness’ of the unit instead of the
thickness. Equivalent thickness can becalculated
by dividing the net area of the cross section of a
hollow core unit by the width of the unit.

Fig. 6.2 Fire endurance (heat transmission) of
hollow core units

5 7

N

Fire Endurance, Hr

N\
\
\

1-12 2 3 4 5 6 7
Equivalent Thickness, in.,
of Hollow Core Unit
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In Figure 6.2, concrete aggregates are desig-
nated as lightweight, sand-lightweight, carbon-
ate, or siliceous. Lightweight aggregates include
expanded clay, shale, date, and slag which pro-
duce concreteshaving unit wei ghts between about
95 and 105 pcf (1520 - 1680 kg/m3) without sand
replacement. Lightweight concretes in which
sandisused as part or al of thefine aggregate and
weigh less than about 120 pcf (1920 kg/m3) are
designated as sand-lightweight. For normal
weight concrete, the type of coarse aggregate in-
fluencesthefire endurance; thetypeof fineaggre-
gate has only a minor effect. Carbonate aggre-
gates include limestone, dolomite, and limerock,
i.e., those consisting mainly of calcium or magne-
sium carbonate. Siliceous aggregates include
guartzite, granite, basalt, and most hard rocks oth-
er than limestone or dolomite.

6.2.2 Toppings, Undercoatings, or Roof
Insulation

All 8in (200 mm) deep hollow core units which

are currently manufactured in North America

qualify for at least a one-hour fire endurance as

determined by heat transmission and somequalify

Fig. 6.2.2.1

(Heat transmission fire endurance)

for two hours or more. The addition of toppings,
undercoatings, fire resistive ceilings, roof insula-
tion, or filling the cores with dry aggregates will
increase the heat transmission fire endurance.
Figure 6.2.2.1 shows graphically the thickness of
spray applied undercoating required for heat
transmission fire endurances of 2, 3 and 4 hours.
Figure 6.2.2.2 shows the thickness of sand-light-
weight concrete, insulating concrete and high
strength gypsum concrete overlaysrequired for 2,
3and 4 hours. Figure6.2.2.3 showsdatafor 2 and
3 hr. roofswith mineral board or glassfiber board
insulation with 3-ply built-up roofing. Data
shown in Figures 6.2.2.1, 6.2.2.2 and 6.2.2.3 ap-
ply directly to hollow core slabs made with sili-
ceous aggregates and are conservative for slabs
made with carbonate aggregates or with light-
weight aggregates.

Example 6.2.1 Equivalent Thickness
Determine the thickness of topping required to
provide a3 hr. fire endurance (heat transmission)
for the generic hollow core slab shown in Figure
1.7.1. Boththedlab and thetopping aremadewith
carbonate aggregate concrete.

Hollow core units undercoated with spray applied materials

o

. ——
Y

Hollow core slab made with
siliceous aggregate concrete

Sprayed mineral fiber or
vermiculite cementitous material

1.0
m 0.8
B c g
5 X
@ E 0.6
c
§ 5 ‘5)/7/‘
= 0.4

0.2

<hr
0
35 4.0 45 50

Equivalent Thickness, in.
of Hollow Core Unit

55
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Fig. 6.2.2.2 Floors with overlays of sand-lightweight concrete (120 pcf maximum), insulating concrete
(35 pcf maximum), and high strength gypsum concrete

Overlay Thickness, in.
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Hollow Core slab made with
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Equivalent Thickness, in., of Hollow Core Units
High Strength Gypsum Concrete
Overlay
4
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3
&
>
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g
T
1
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35 4.0 4.5 5.0 55

Equivalent Thickness, in., of
Hollow Core Units




Fig. 6.2.2.3 Roofs with insulation board and 3-ply built-up roofing
(Heat transmission fire endurance)
/7 3-Ply built-up roofing
o\ 4
x Mineral board or glass
x fiber board insulation
Hollow core slab made with
siliceous aggregate concrete
el 0.75
g N
s B \
88 o050 J
= 0
5 & %
£ 8 o 2 N
- 8 Ay
§o N
E (=}
[&]
£ 0
'_
35 4.0 45 5.0 55
Equivalent Thickness, in., of
Hollow Core Unit
Solution: the required thickness would be even less. Thus,
Equivalent thickness theroof qualifiesfor afireendurancesignificantly
_ : longer than 2 hours.
teg = Arealwidth 9
= 154/36 6.2.3 Ceilings
= 4.28in Gypsum wallboard used as ceilings increases

From Figure 6.2, the thickness of carbonate ag-
gregateconcreterequiredfor 3hr.is5.75in. Thus,
the thickness of topping needed is:

575-4.28=147in

Example 6.2.2

Determineif ahollow core slab roof will quali-
fy for a2 hr. fire endurance (heat transmission) if
the slabs are made with carbonate aggregate con-
crete, have an equivalent thickness of 4.28 in, and
theroof insulation consistsof alayer of 3/, inthick
minera board. The roofing is a standard 3-ply
built-up roof.

Solution:

From Figure 6.2.2.3 it can be seen that with an
equivalent thickness of 4.28 in, alayer of mineral
board 0.16 inthick with 3-ply roofing qualifiesfor
2 hours even if the slabs are made with siliceous
aggregates. With carbonate aggregate concrete,
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thefireenduranceof theassemblies. Very fewfire
tests have been conducted utilizing concrete
floors with gypsum wallboard ceilings, and no
such tests have been conducted utilizing hollow
core units. To be effective, gypsum wallboard
must remain in place throughout most of the fire
endurance period. Because most hollow core
units by themselves have heat transmission fire
endurances of one hour to two hours and longer,
thewallboard must remain in placeduring fire ex-
posure for long periods of time. For afire endur-
ance of 3 hours, alayer of 5/gin (16 mm) Type X
gypsum wallboard can be used. The wallboard
should be installed as shown in Figure 6.2.3.

6.3 Structural FireEnduranceof Floor or Roof
Assemblies

During standard firetests, specimens must sup-

port the anticipated superimposed |oads through-



Fig. 6.2.3 Details of 3 hr. assembly consisting of hollow core slabs with a gypsum wall board

ceiling

OO0 ey

&

Restrained

/.

i

RIS

End Joint

ers located 3/, in from board edge.

. sjejele

1. Precast concrete hollow core slabs = Minimum equivalent thickness = 2.75 in
2. Grout - (Not Shown) - Sand-cement grout along full length of joint.

3. Hanger Wire - No. 18 SWG galvanized steel wire. Hanger wire used to attached wallboard furring channels to precast concrete units.
Wire to be located at each intersection of furring channels and joints between hollow core slabs, but not to exceed 4 ft o.c.

4. Wallboard Furring Channels - No. 26 ga. galvanized steel, “/g in high, 2 3/, in base width, 1 3/g in face width and 12 ft long. Channels
to be installed perpendicular to hollow core slabs and spaced 24 in o.c., except at wallboard butt joints where they are spaced 6 /5 in
o.c. Channels secured to concrete units with double strand of hanger wire looped through fasteners. At furring channel splices, chan-
nels to be overlapped 6 in and tied together with hanger wire at each end of splice.

5. Wallboard - /g in thick, 4 ft wide, Type X, installed with long dimension perpendicular to furring channels. Over butt joints, a 3 in wide
piece of wallboard to be inserted with ends extending a minimum 6 in beyond board width.

6. Wallboard Fasteners - 1 in long, Type S, bugle head screws. Fasteners spaced 12 in on center along each furring channel except at
butt joints where fasteners spaced 8 in on center. At butt joints, fasteners located 3 1/, in from board edge. Along side joints, fasten-

7. Joint System - (Not Shown) - Paper tape embedded in cementitious compound over joints, and covered with two layers of cementi-
tious compound with edges feathered out. Wallboard fastener heads covered with two layers of cementitious compound.

Unrestrained

Vi

’ i

3/4"

Side Joint

out the fire endurance period. Failure to support
the loadsis called the structural end point.

The most important factor affecting the struc-
tural fire endurance of afloor or roof assembly is
the method of support, i.e., whether the assembly
is simply supported and free to expand (“unre-
strained”) or if the assembly iscontinuous or ther-
mal expansion is restricted (“restrained”).

6.3.1 Simply Supported Slabs
Figure6.3.1.1illustratesthe behavior of asim-

ply supported slab exposed to fire from beneath.

Because strandsare parallel tothe axisof theslab,

the ultimate moment capacity isconstant through-
out the length:

oMp = q)Apsfps(dp - al2)
See Chapter 2 for evaluating fps.
If thedlabisuniformly loaded, the moment dia-

gram will be parabolic with a maximum value at
midspan of:

(Eq. 6.3.1)

M = Wsz (Eq. 6.3.2)



Fig. 6.3.1.1 Moment diagrams for simply sup-
ported beam or slab before and

during fire exposure
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Hox

Fire
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M = applied moment

( M, = moment capacity

@ 2 Hr

WUMM

_applied
M =moment

( M hg = reduced moment capacity

Where

w = dead plus live load per unit of length,
k/in
€ = spanlength, in

As the material strengths diminish with ele-
vated temperatures, the retained moment capacity
becomes:

Mng = Apsfps(dp - 89 /2) (Eg. 6.3.3)
in which 6 signifies the effects of high tempera-
tures. Notethat Apsand dy arenot affected, but s
isreduced. Similarly, ais reduced, but the con-
cretestrength at thetop of thedlab, ', isgenerally

not reduced significantly because of its lower
temperature.

Fig. 6.3.1.2 Temperature-strength relationships for hot-rolled and cold-drawn steels
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Fig. 6.3.1.3 Temperatures within
carbonate aggregate concrete
slabs during fire tests
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Fire Test Time, Hr

Flexural failure can be assumed to occur when
Mpg isreducedto M. From thisexpression, it can
be seen that the fire endurance depends on the ap-
plied loading and on the strength-temperature
characteristicsof thesteel. Inturn, theduration of
the fire before the “critical” steel temperature is
reached depends upon the protection afforded to
the reinforcement.

Test results have shown that the theory dis-
cussed above is valid, not only for hollow core
floors, but also for roofs with insulation on top of
the dlabs.

Figure 6.3.1.2 shows the relationship between
temperature and strength of varioustypes of steel.
Figure6.3.1.3, 6.3.1.4 and 6.3.1.5 show tempera-
tures within concrete slabs during standard fire
tests. The data in those figures are applicable to
hollow core dabs. By using the equations given
above and the data in Figure 6.3.1.2 through
6.3.1.5, the moment capacity of slabs can be cal-
culated for various fire endurance periods, as il-
lustrated in the following example:

Fig. 6.3.1.4 Temperatures within

siliceous aggregate concrete
slabs during fire tests
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Fig. 6.3.1.5 Temperatures within sand-
lightweight concrete slabs
during fire tests
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Example 6.3.1

Determine the maximum safe superimposed load
that can be supported by an 8 in deep hollow core
slab with asimply supported unrestrained span of
25 ft and afire endurance of 3 hr.

Given:

h=8in;u=175in; six ¥/, in 270 ks strands;
Aps=6(0.153) =0.918in% b=36in; dy=8- 1.75
=6.25in; wp = 54 psf; carbonate aggregate con-
crete; € = 25 ft

Solution:

(@) Estimatestrandtemperatureat 3hr. fromFig-
ure6.3.1.3,0sat 3 hr. at 1.75in abovefire-ex-
posed surface = 925 degrees F.

(b) Determine fpyg from Figure 6.3.1.2. For
cold-drawn steel at 925 degrees F:

(c) Determine Mpgand w

_ _028( 0918 89.1
fost 89'1[1 0.80(36(6.25) 5 )]

WL =W - wp =170 - 54 = 116 psf

(d) Caculate maximum allowable wi at room

temperature
_ _0.28( 0918 270
fps =270 [1 0.80(36(6.25) 5 )]
=249 ks
_0.918249) _ . .
a = 0.855/36) 1.49in

oMy, = 0.9(0.918)(249)(6.25 - 0.75)/12

=94.3 ft-kips
W =8(94.3)(21000) _ 402 psf
(25)43)
With load factors of 1.4 (dead load)
+ 1.7 (live load):
wp = 402_1—:;4(54) = 192 psf

Conclusion: w; =116 < 192; 116 psf governs

=86.8ksi
Note: Fire endurance for heat transmission
a = 0.918(86.8) _ 0.52in should also be checked
0-855)36) Table 6.3.1 shows values of u for simply sup-
Mng=0.918(86.8)(6.25 - 0.52/2)/12 ported unrestrained hollow core slabs for various
=39.8 ft-kips moment ratios and fire endurance of 1, 2, and 3
hours. The values shown are based on
839811000) _ 174 g Apefoulbdsf'c = 0.05 and can be reduced by Y36 in
(25)73) for Apsfpu/bdpf'c = 0.10.
Table6.3.1"u” inches, for simply supported unrestrained hollow core slabs*
Fire Aggregate Type
Endurance M/Mp, ~Siliceous _Carbonate Sand-Lightweight
hr) (in) (mm) (in) (mm) (in) (mm)
1 0.50 11/, (32) 1116 (27) 1116 (27)
1 0.40 1146 (27) 1516 (24) 516  (24)
1 0.30 e  (24) Be  (21) Be (21
2 0.50 11516  (49) 11316  (46) 11316  (46)
2 0.40 134 (44) 19  (40) 19  (40)
2 0.30 1916 (40) 15/ (33) 15/ (33)
3 0.50 21/, (64) 2516 (59) 2 1/g (54)
3 0.40 2316 (56) 2 (51) 1151  (49)
3 0.30 1151  (49) 1116 (43) 1116 (43)
**u” isdistance between center of strands and bottom of slab with all strands having same*“u”. Based
on Apsfpu/bdpf’c = 0.05; conservative for values greater than 0.05.

6-8




Fig. 6.3.2 Equivalent concrete cover thickness for spray-applied coatings

5

Equivalent Concrete Cover Thickness, in.

0 1/4 1/2

3/4 1 1-1/4 1-1/2
Thickness of Spray-Applied Insulating Materid, in.

6.3.2 Effect of Spray-Applied Coatings

Thefire endurance of hollow core slabs can be
increased by the addition of a spray-applied coat-
ing of vermiculite cementitious materia or
sprayed mineral fiber. Figure 6.3.2 shows the
relationship between thickness of spray-applied
coatings and equivalent concrete cover. Thus, if
strands are centered 3/, in (19 mm) above the bot-
tom of a hollow core slab and if /4 in (6 mm) of
sprayed mineral fiber is applied, the u distance to
beusedin Figures6.3.1.3,6.3.1.4 0r 6.3.1.5is3/,4
in (19 mm) plusthe equivalent cover of 0.9in (23
mm) obtained from Figure 6.3.2.

6.3.3 Structurally Continuous Slabs

Continuous members undergo changes in
stresses when subjected to fire, resulting from
temperature gradients within the structural mem-
bers, or changesin strength of thematerialsat high
temperatures, or both.

Figure6.3.3.1 showsacontinuous beam whose
underside is exposed to fire. The bottom of the
beam becomes hotter than thetop and tendsto ex-
pand morethan thetop. Thisdifferential tempera-
turecausestheendsof thebeamtotendtolift from
their supports thereby increasing the reaction at

Fig. 6.3.3.1 Moment diagrams for continuous 2-
span beam before and during fire
exposure

Fire
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Fig. 6.3.3.2 Uniformly loaded member
continuous at one support
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theinterior support. Thisaction resultsinaredis-
tribution of moments, i.e., the negative moment at
the interior support increases while the positive
moments decrease.

During the course of afire, the negative mo-
ment reinforcement (Figure 6.3.3.1) remains
cooler than the positive moment reinforcement
becauseit is better protected from thefire. Thus,
the increase in negative moment can be accom-
modated. Generally, theredistribution that occurs
issufficient to cause yielding of the negative mo-
ment reinforcement. The resulting decrease in
positive moment means that the positive moment
reinforcement can be heated to a higher tempera-
turebeforeafailurewill occur. Therefore, thefire
endurance of a continuous concrete beam is gen-
erally significantly longer than that of a simply
supported beam having the same cover and loaded
to the same moment intensity.

It is possible to design the reinforcement in a
continuous beam or dab for a particular fire en-
durance period. From Figure 6.3.3.1, the beam
can be expected to collapse when the positive mo-
ment capacity, M er' is reduced to the value indi-

cated by the dashed horizontal line, i.e., when the
redistributed moment at point x;, from the outer

support, My, = M %,
Figure 6.3.3.2 shows auniformly loaded beam
or slab continuous (or fixed) at one support and
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Fig. 6.3.3.3 Symmetrical uniformly loaded mem-
ber continuous at both supports
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simply supported at the other. Also shown isthe

redistributed applied moment diagram at failure.
Valuesfor M rj% can be calculated by the proce-

dures given for “ Simply Supported Slabs”.
Values for Mg and X, can be calcul ated:

- _wf? > [2My
Mo =5~ & wt i (Eq. 6.3.4)
M p—
Xg =2 Wzﬁ (Eq. 6.3.5)

In most cases, redistribution of moments oc-
curs early during the course of afire before the
negative moment capacity has been reduced by
theeffectsof fire. Insuch cases, thelength of xis
increased, i.e., the inflection point moves toward
the simple support. For such cases,
= 2Mp (Eq. 6.3.6)

wf

Figure 6.3.3.3 shows a symmetrical beam or
slab in which the end moments are equal. Inthat
case:

Xo

Mpp =w€?/8 — M (Eq. 6.3.7)
wE_

In negative moment regions, the compressive
zoneisdirectly exposedtofire, so calculationsfor
dg and ag must be modified by (a) using f'cg from
Figure 6.3.3.4 and (b) neglecting concrete hotter
than 1400 degrees F (760 degrees C).



Fig. 6.3.3.4 Compressive strength of concrete at high temperatures
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6.3.4 Detailing Precautions Example 6.3.2

It should be noted that the amount of moment
redistribution that can occur is dependent upon
the amount of negative reinforcement. Testshave
clearly demonstrated that the negative moment re-
inforcement will yield, so the negative moment
capacity isreached early during afiretest, regard-
lessof the applied loading. Thedesigner must ex-
ercise care to ensure that a secondary type of fail-
urewill not occur. To avoid acompressionfailure
inthe negative moment region, theamount of neg-
ative moment reinforcement should be small
enough sothat wg, i.€., Agfyg /by dg f'ce, islessthan
0.30, before and after reductionsin fy, b, d and f'¢
aretaken into account. Furthermore, the negative
moment bars or mesh must be long enough to ac-
commodate the complete redistributed moment
and change in the inflection points. It should be
noted that theworst condition occurswhen the ap-
plied loading is smallest, such as dead load plus
partial or no liveload. It isrecommended that at
least 20% of the maximum negative moment rein-
forcement be extended throughout the span.

Determine the amount of negative moment re-
inforcement needed to provide a 3 hr. fire endur-
ance for sand-lightweight hollow core slabs, 8 in
deep, 5ksi concrete, 48inwide, withsix 7/15in 270
ks strands and 2 in (4 ksi) composite topping.
Slabs span 25 ft of an exterior bay (no restraint to
thermal expansion). Dead load = 65 psf, liveload
=100 psf. Strandsare centered 13/, in above bot-
tom of dab. Thevaluefor M can be calculated
(by using the procedure discussed for simply sup-
ported slabs) to be 39.0 ft-kips. From Eq. 6.3.4
(for usein Eqg. 6.3.4):

w{2 = 4(65 + 100)(25)%/1000
= 4125 ft-kips
- _ 4125 39.0
Mpp = 52— 4125 /2—4( 12_5}
= 26.9 ft-kips

Determine A neglecting concrete above 1400 de-
grees F in negative moment region. From Figure
6.3.1.5 neglect 3/, in above bottom, and assume
steel centered in topping.
d=10-3/,-1=825in
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Assume f'¢g in compressive zone = 0.8f'c = 4 ksi
Assumed - a/2=8.1in
-_ 26912

= in2
Ag 6081 0.66In
— _ 0.66(60) _ .

d-a5/2=825-012=813in=8.10K

Use6x6-W2.1x W2.1 WWEFthroughout plus#4

Grade 60 at 16 in in negative moment region.

As = 8(0.021) + ‘11—2(0.20) =0.768 in?

Calculate xo for dead load plus one-half liveload.
- - 0.768 - ki

Mpo = 6.66 (26.9) = 31.3 ft-kips

loading = 4(0.065 + 0.050) = 0.46 k/ft;

M, = 34.0 ft-kips (calculated for room tem-

peratures)

From Eq. 6.3.6

_2My _ 2(34.0) _
Xo =0 = Daplzg) - oLt

Half of #4 barsshould extend 7 ft each side of inte-
rior support and half 5 ft.
Use #4 Grade 60, 12 ft long at 16 in and stagger.

6.4 Restraint to Thermal Expansion

If afireoccursbeneath aportion of alargefloor
or roof, such as beneath a concrete floor slab in
one interior bay of a multi-bay building, the
heated portion will expand and push against the
surrounding unheated portion. In turn the un-
heated portion exerts compressive forces on the
heated portion. The compressiveforce, or thrust,
acts near the bottom of the slab when the fire
starts, but asthe fire progresses, the line of thrust
rises and the thermal gradient diminishes and the
heated concrete undergoes a reduction in elastic
modulus. If the surrounding slab is thick and
heavily reinforced, the thrust forces can be quite
large, but they will be considerably lessthan those
calculated by use of elastic properties of concrete
and steel, together with appropriate coefficientsof
expansion. At hightemperatures, creep and stress
relaxation play an important role. Nevertheless,
thethrust isgenerally great enough to increasethe
fire endurance significantly, in some instances by
more than 2 hours. In most firetests of restrained
assemblies, the fire endurance is determined by
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Fig. 6.4.1 Moment diagrams for axially
restrained beam during fire exposure.
Note that at 2 hr. Mg is less than M
and effects of axial restraint permit
beam to continue to support load.
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(curved due to beam deflection)

temperature rise of the unexposed surface rather
than by structural considerations, even though the
steel temperatures often exceed 1200 degrees F
(650 degrees C).

The effects of restraint to thermal expansion
can be characterized as shown in Figure 6.4.1.
The thermal thrust, T, actsin amanner similar to
an external prestressing force, which tendsto in-
crease the positive moment capacity.

Methods for calculating fire endurance of “re-
strained” floors or roofs are given in PCI MNL
124-89. It is seldom necessary to make such cal-
culations, as noted below. The beneficial effects
of restraint are recognized in ASTM E119. The
standard presents a guide for determining condi-
tionsof restraint. TheguideincludesFigure6.4.2.
In most cases, theinterior baysof multi-bay floors
and roofs can be considered to be restrained and
themagnitude and location of thethrust are gener-
ally of academic interest only. It should be noted
that Figure 6.4.2 indicates that adequate restraint
can occur in interior bays and exterior bays of
framed buildings when:

“The space between the ends of precast units
and the vertical faces of supports, or between the
endsof solid or hollow coreslab unitsdoes not ex-
ceed 0.25 percent of the length for normal weight
concrete members or 0.1 percent of the length for
structural lightweight concrete members”.

Sketches illustrating typical conditions de-
scribed above are shown in Figure 6.4.3.



Fig. 6.4.2. Examples of typical restrained and unrestrained construction classifications (from

Appendix X3 of ASTM E119-88)

I. Wall Bearing:
Single span and simply supported end spans of multiple bays?
(1) Open-web steel joists or steel beams, supporting concrete slab, precast units or metal decking
(2) Concrete slabs, precast units or metal decking
Interior spans of multiple bays:
(1) Open-web steel joists, steel beams or metal decking, supporting continuous concrete slab
(2) Open-web steel joists or steel beams, supporting precast units or metal decking
(3) Cast-in-place concrete slab systems
(4) Precast concrete where the potential thermal expansion is resisted by adjacent construction®

Il. Steel Framing:
(1) Steel beams welded, riveted, or bolted to the framing members

(2) All types of cast-in-place floor and roof systems (such as beam-and-slabs, flat slabs, pan joints, and

waffle slabs) where the floor or roof system is secured to the framing members

(3) Alltypes of prefabricated floor or roof systems where the structural members are secured to the framing
members and the potential thermal expansion of the floor or roof system is resisted by the framing

system or the adjoining floor or roof construction®

11l. Concrete Framing:
(1) Beams securely fastened to the framing members

(2) All types of cast-in-place floor or roof systems (such as beam-and-slabs, flat slabs, pan joists, and

waffle slabs) where the floor system is cast with framing members

(3) Interior and exterior spans of precast systems with cast-in-place joints resulting in restraint equivalent

to that which would exist in condition I11(1)

(4) All types of prefabricated floor or roof systems where the structural members are secured to such
systems and the potential thermal expansion of the floor or roof system is resisted by the framing

system or the adjoining floor or roof construction®

IV. Wood Construction
All Types

unrestrained
unrestrained

restrained
unrestrained

restrained
restrained

restrained

restrained

restrained

restrained

restrained

restrained

restrained

unrestrained

2Floor and roof systems can be considered restrained when they are tied into walls with or without tie beams, the walls being

designed and detailed to resist thermal thrust from the floor or roof system.
bFor example, resistance to potential thermal expansion is considered to be achieved when:
(1) Continuous structural concrete topping is used.

(2) The space between the ends of precast units or between the ends of units and the vertical face of supports is filled with concrete

or mortar.

(3) The space between the ends of precast units and the vertical faces of supports, or between the ends of solid or hollow core
slab units does not exceed 0.25 percent of the length for normal weight concrete members or 0.1 percent of the length for structural

lightweight concrete members.

Fig. 6.4.3. Typical examples of restrained floors or roofs of precast construction

Hollow-Core Slabs or Double Tees
| 4‘ F @ 4‘ F C2 |
- Il Il =
I / I
l |
{ |
Hollow-Core or Solid Slabs
| 4‘ ‘k €1 4‘ F c2 |
== | | <f

To be considered as restrained:
c1 + €y < 0.0025¢ for normal weight concrete
c1 +C» < 0.0010¢ for lightweight concrete

Example: Determine maximum value of ¢q + ¢, for normal weight hollow core slabs with a clear span of 30 ft

Solution: ¢1 + ¢, = 0.0025(30 x 12) = 0.90 in
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Example 6.4.1

Hollow core floor dabs were installed in a
building several yearsago when a1l hr. fireendur-
ancewasrequired. Theoccupancy of thebuilding
will be changed and thefloors must qualify for a3
hr. fire endurance. What can be done to upgrade
the fire endurance?

Given:

Slabs are 4 ft wide, 8 in deep, prestressed with
five 3/gin 270 ks strands located 1 in above the
bottom of the dlab, and span 24 ft. Slabsaremade
with 5000 psi siliceous aggregate concrete, have
an equivalent thickness of 3.75 in, and weigh 47
psf. Theslabsareuntopped and the superimposed
load will be 50 psf.

Solution:

There are anumber of possible solutions. The
appropriate solution will depend on architectural
or functional requirements and economics.

For some parts of the building, the slabs might
be made to qualify as “restrained” in accordance
with Figure 6.4.2 and Figure 6.4.3, in which case
those slabswould qualify structurally for 3 hours,
but would still haveto be upgraded to qualify for 3
hours by heat transmission.

A gypsumwallboard celling installed asshown
in Figure 6.2.3 would provide three hours both
structurally and for heat transmission. Calcula-
tions of the ultimate capacity and stresses should
bemadeto assurethat theadded weight of theceil-
ing can be adequately supported.

A spray-applied undercoating of vermiculite
cementitious material or sprayed mineral fiber
can also be used. For hesat transmission, the re-
quired thicknessfor three hoursof undercoatingis
0.6in (see Figure 6.2.2.1). From Figure 6.3.2, it
can be seen that with athicknessof 0.6inof VCM
or SMF, the equivalent thickness of concrete cov-
erismorethan 2in. Thus, theequivalent “u” dis-
tanceismorethan 2in plus1inor morethan 3in.
From Figure 6.3.1.4, with u more than 3 in, the
strand temperaturewill belessthan 600 degreesF
at three hours, so the strength of the prestressing
steel will be 65% of its 70 degrees F strength (Fig-
ure 6.3.1.5) or more than 0.65 x 270 = 175.5 ksl.
Calculations can be made in accordance with the
procedures in the section headed “Simply Sup-
ported Slabs’, but if the strand strength isreduced
less than about 50% of its room temperature
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strength, the assembly will generally be satisfac-
tory structurally.



e CHAPTER 7

ACOUSTICAL PROPERTIES OF
HOLLOW CORE FLOOR SLABS

7.1 Glossary
Airborne Sound - sound that reaches the point of
interest by propagation through air.

Background Level - the ambient sound pressure
level existing in a space.

Decibel (dB) - a logarithmic unit of measure of
sound pressure or sound power. Zero on the deci-
bel scale correspondsto astandardized references
pressure (20 wPa) or sound power (1012 watt).

Flanking Transmission - transmission of sound by
indirect paths other than through the primary bar-
rier.

Frequency (Hz) - the number of complete vibra-
tion cycles per second.

Impact Insulation Class (11C) - asinglefigurerat-
ing of the overall impact sound insulation merits
of floor-ceiling assembliesin terms of areference
contour (ASTM E989).

Impact Noise - the sound produced by one object
striking another.

Noise - unwanted sound.

Noise Criteria (NC) - a series of curves, used as
design goals to specify satisfactory background
sound levels as they relate to particular use func-
tions.

Noise Reduction (NR) - the differencein decibels
between the space-time average sound pressure
levels produced in two enclosed spaces by one or
more sound sources in one of them.

Noise Reduction Coefficient (NRC) - thearithme-
tic average of the sound absorption coefficients at
250, 500, 1000 and 2000 Hz expressed to the near-
est multiple of 0.05 (ASTM C423).

Reverberation - the persistence of soundin an en-
closed or partially enclosed space after the source
of sound has stopped.

Room Criteria(RC) Curves- arevision of theNC
curves based on empirical studies of background
sounds.

Sabin - the unit of measure of sound absorption
(ASTM C423).

Sound Absorption Coefficient (o) - thefraction of
randomly incident sound energy absorbed or
otherwise not reflected off a surface (ASTM
C423).

Sound Pressure Level (SPL) - ten times the com-
mon logarithm of the ratio of the square of the
sound pressureto the square of the standard refer-
ence pressure of 20 uPa. Commonly measured
with a sound level meter and microphone, this
quantity is expressed in decibels.

Sound Transmission Class (STC) - the single
number rating system used to give a preliminary
estimate of the sound insulation properties of a
partition system. Thisrating isderived from mea-
sured values of transmission loss (ASTM E413).

Sound Transmission Loss (TL) - ten times the
common logarithm of theratio, expressed in deci-
bels, of the airborne sound power incident on the
partitionthat istransmitted by thepartitionand ra-
diated on the other side (ASTM E90).

Structureborne Sound - sound that reaches the
point of interest over at least part of its path by
vibration of a solid structure.

7.2 General

The basic purpose of architectural acousticsis
to provideasatisfactory environmentinwhich de-
sired sounds are clearly heard by the intended lis-
tenersand unwanted sounds (noise) areisol ated or
absorbed.

Under most conditions, the architect/ engineer
can determine the acoustical needs of the space
and then design the building to satisfy those
needs. Good acoustical design utilizes both ab-
sorptive and reflective surfaces, sound barriers
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and vibration isolators. Some surfaces must re-
flect sound so that theloudnesswill be adequatein
all areas where listeners are located. Other sur-
faces absorb sound to avoid echoes, sound distor-
tion and long reverberation times. Sound is iso-
lated from rooms where it is not wanted by se-
lected wal and floor-ceilling constructions.
Vibration generated by mechanical equipment
must be isolated from the structural frame of the
building.

Most acoustical situations can be described in
terms of: (1) sound source, (2) sound transmis-
sion path, and (3) sound receiver. Sometimesthe
source strength and path can be controlled and the
receiver made more attentive by removing dis-
traction or made more tolerant of disturbance.
Acoustical design must include consideration of
these three elements.

7.3 Approaching the Design Process

Criteriamust be established before the acousti-
cal designof abuilding canbegin. Basically asat-
isfactory acoustical environment is one in which
the character and magnitude of al sounds are
compatible with the intended space function.

Although a reasonable objective, it is not al-
ways easy to express these intentions in quantita-
tiveterms. In addition to the amplitude of sound,
the properties such as spectral characteristics,
continuity, reverberation and intelligibility must
be specified.

Peopleare highly adaptableto the sensations of
heat, light, odor, sound, etc. with sensitivitiesva
rying widely. The human ear can detect a sound
intensity of rustling leaves, 10 dB, and can toler-
ate, if even briefly, the powerful exhaust of ajet
engine at 120 dB, 102 times the intensity of the
rustling sound.

7.3.1 Dealing with Sound L evels

The problems of sound insulation are usually
considerably more complicated than those of
sound absorption. The former involves reduc-
tions of sound level, which are of the greater or-
dersof magnitudethan can be achieved by absorp-
tion. These reductions of sound level from space
to space can be achieved only by continuous, im-
pervious barriers. |If the problem also involves
structure borne sound, it may be necessary to
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introduce resilient layers or discontinuities into
the barrier.

Sound absorbing materials and sound insulat-
ing materials are used for different purposes.
There is not much sound absorption from an 8in
(200 mm) hollow core concrete slab; similarly,
high sound insulation is not available from a po-
rous lightweight material that may be applied to
room surfaces. Itisimportant to recognizethat the
basi ¢ mechanisms of sound absorption and sound
insulation are quite different.

7.4 Sound Transmission L 0ss

Sound transmission |oss measurements are
made at 16 frequencies at one-third octave inter-
valscovering therangefrom 125t0 4000 Hz. The
testing procedure is ASTM Specification E9O,
Laboratory Measurement of Airborne Sound
Transmission Lossof Building Partitions. Tosim-
plify specification of desired performance charac-
teristics, the single number Sound Transmission
Class (STC) was devel oped.

Airborne sound reaching afloor or ceiling pro-
ducesvibrationinthesab and isradiated with re-
duced intensity on the other side. Airborne sound
transmission loss of afloor-ceiling assembly isa
function of its weight, stiffness and vibration
damping characteristics.

Weight is concrete's greatest asset when it is
used as a sound insulator. For sections of similar
design, but different weights, the STC increases
approximately 6 unitsfor each doubling of weight
asshownin Figure 7.4.1.

Fig. 7.4.1 Sound Transmission Class as a
function of weight of floor
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Fig. 7.4.2 Acoustical test data of hollow core slabs (normal weight concrete)
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Precast concretefloorsand roofsusually do not
need additional treatmentsin order to provide ad-
equate sound insulation. If desired, greater sound
insulation can be obtained by using a resiliently
attached layer(s) of gypsum board or other build-
ing material. Theincreased transmission |oss oc-
curs because the energy flow path is now in-
creased to include a dissipative air column and
additional mass.

The acoustical test results of both airborne
sound transmissionlossand impact insul ation of 6
and 8in (150 and 200 mm) hollow core slabs are
shown in Figure 7.4.2. Table 7.4.1 presents the
ratings for various floor-ceiling assemblies.

7.5 Impact Noise Reduction

Footsteps, dragged chairs, dropped objects,
slammed doors, and plumbing generate impact
noise. Evenwhen airborne sounds are adequately
controlled there can be severe impact noise prob-
lems.

The test method used to evaluate systems for
impact sound insulation is described in ASTM
Specification E492, Laboratory Measurement of
Impact Sound Transmission Using the Tapping
Machine. As with the airborne standard, mea-
surements are made at 16 one-third octave inter-
valsbutintherangefrom 100to 3150 Hz. For per-
formance specification purposes, the single num-
ber Impact Insulation Class (11C) is used.

Hollow core floors in combination with resil-
ient materials effectively control impact sound.
One simpl e solution consists of good carpeting on
resilient padding. Table 7.4.1 showsthat acarpet
and pad over abared ab will significantly increase
theimpact noisereduction. Theoverall efficiency
varies according to the characteristics of the car-
peting and padding such as resilience, thickness
and weight. So calledresilient flooring materials,
such as linoleum, rubber, asphalt vinyl, etc. are
not entirely satisfactory directly on concrete, nor
are parquet or strip wood floors when applied di-
rectly. Impact sound also may be controlled by
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Table7.4.1 Airbornesound transmission and impact insulation classratingsfrom laboratory

tests of hollow core dlab floor-ceiling assemblies

Assembly
No. Description STC|IIC
1. 6 in (150 mm) hollow core slabs 48 | 23
2. Assembly 1 with carpet and pad 48 | 69
3. Assembly 1 with 1/, in (13 mm) wood block flooring adhered directly 48 | 48
4, Assembly 1 with 1/, in (13 mm) wood block flooring adhered to 1/, in (13 mm)
sound-deadening board underlayment adhered to concrete 49 | 49
5. Assembly 1 with 3/, in (19 mm) gypsum concrete 50 | 41
6. Assembly 1 with 3/, in (19 mm) gypsum concrete on /5 in (13 mm) sound-
deadening board underlayment adhered to concrete 50 | 50
7. Assembly 1 with carpet and pad on 3/, in (19 mm) gypsum concrete on
1/, in (13 mm) sound-deadening board underlayment adhered to concrete 50 | 72
8. 8in (200 mm) hollow core slabs 50 | 28
9. Assembly 8 with carpet and pad 50 [ 73
10. Assembly 8 with 1/, in (13 mm) wood block flooring adhered directly 51 | 47
11. Assembly 8 with 1/, in (13 mm) wood block flooring adhered to 1/, in (13 mm)
sound-deadening board underlayment adhered to concrete 52 | 54
12. Assembly 8 with 1/, in (13 mm) wood block flooring adhered to 1/, in (13 mm)
plywood adhered to /35 in (11 mm) sound-deadening board underlayment
adhered to concrete 52 | 55
13. Assembly 8 with 5/15 in (8 mm) wood block flooring adhered to /4 in (6 mm)
polystyrene underlayment adhered to concrete 50 [ 51
14. Assembly 8 with vinyl tile adhered to 1/, in (13 mm) plywood adhered to
/161N (11 mm) sound-deadening board underlayment adhered to concrete 50 | 55
15. Assembly 8 with vinyl tile adhered to 1/, in (6 mm) inorganic felt supported
cushion underlayment adhered to concrete 50 | 51
16. Assembly 8 with vinyl tile adhered to /g in (3 mm) polyethylene foam under-
layment adhered to concrete 50 [ 58
17. Assembly 8 with 1 1/, in (38 mm) concrete topping with carpet and pad 50 [ 76
18. Assembly 8 with 1 1/, in (38 mm) concrete topping with vinyl tile adhered to
concrete 50 | 44
19. Assembly 8 with 1 1/, in (38 mm) concrete topping with vinyl tile adhered
to 3/gin (9 mm) plywood adhered to ¥/, in (13 mm) sound-deadening board
adhered to concrete 52 | 55
20. Assembly 8 with 1 1/, in (38 mm) concrete with 1/, in (13 mm) wood block
flooring adhered to 1/, in (13 mm) sound-deadening board adhered to concrete | 51 | 53
21. Assembly 8 with 1 1/, in (38 mm) concrete with 5/, in (8 mm) wood block
flooring adhered to foam backing adhered to concrete 51 | &4
22. Assembly 8 with 3/, in (19 mm) gypsum concrete with 5/ in (8 mm) wood
block flooring adhered to foam backing adhered to concrete 50 [ 53
23. Assembly 11 with acoustical ceiling 59 | 61
24, Assembly 8 with quarry tile, 1 /4 in (32 mm) reinforced mortar bed with
0.4 in (10 mm) nylon and carbon black spinerette matting 60 | 54
25. Assembly 24 with suspended 5/g in (16 mm) gypsum board ceiling with
31/, in (90 mm) insulation 6l | 62
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providing a discontinuity in the structure such as
would be obtained by adding aresilient-mounted
plaster or drywall suspended ceiling.

7.6 Absor ption of Sound

A sound wave alwayslosespart of itsenergy as
it isreflected by asurface. Thisloss of energy is
termed sound absorption. It appearsasadecrease
in sound pressure of the reflected wave. The
sound absorption coefficient is the fraction of en-
ergy incident but not reflected per unit of surface
area. Sound absorption can be specified at indi-
vidual frequencies or as an average of absorption
coefficients (NRC).

A dense, non-porous concrete surfacetypically
absorbs1to 2% of incident sound and hasan NCR
of 0.015. In the case where additional sound ab-
sorption of precast concrete is desired, a coating
of acoustical material can bespray applied, acous-
tical tilecan beapplied with adhesive, or an acous-
tical ceiling can be suspended. Most of the spray
applied fire retardant materials used to increase
the fire resistance of precast concrete and other
floor-ceiling systems can also be used to absorb
sound. The NCR of the sprayed fiber typesrange
from 0.25t0 0.75. Most cementitious types have
an NCR from 0.25 to 0.50.

If an acoustical ceiling were added to Assem-
bly 11 of Table 7.4.1 (as in Assembly 23), the
sound entry through afloor or roof would be re-
duced 7dB. In addition, the acoustical ceiling
would absorb a portion of the sound after entry
and provide afew more decibels of quieting. Use
of the following expression can be made to deter-
mine the intra-room noise or loudness reduction
due to the absorption of sound.
Ao+ Aa

Aa

NR = 10log (Eq. 7.6.2)

where

NR = sound pressure level reduction, dB

Ao = original absorption, Sabins

Aa = added absorption, Sabins

Valuesfor A and Az arethe products of the ab-
sorption coefficients of the various room materi-
als and their surface aress.

A plot of thisequationisshownin Figure7.6.1.

For an absorption ratio of 5, the decibel reduction
is 7dB. Note that the decibel reduction is the

same, regardless of the original sound pressure
level and depends only on the absorption ratio.
Thisisduetothefact that the decibel scaleisitself
a scale of ratios, rather than difference in sound
energy.

While a decibel difference is an engineering
guantity which can be physically measured, it is
also important to know how the ear judges the
change in sound energy due to sound condition-
ing. Apart from the subjective annoyance factors
associated with excessivesound reflection, theear
can make accurate judgments of therelative loud-
ness between sounds. An approximate relation
between percentage loudness, reduction of re-
flected sound and absorption ratio is plotted in
Figure7.6.2

Thepercentageloudnessreduction doesnot de-
pend on the original loudness, but only on the ab-
sorption ratio. (The curveis drawn for loudness
within the normal range of hearing and does not
apply to extremely faint sounds.) Referring again
totheabsorptionratio of 5, theloudnessreduction
isread from Figure7.6.2 as approximately 40 per-
cent.

7.7 Acceptable Noise Criteria

Asarule, acertain amount of continuous sound
can betolerated beforeit becomesnoise. An*“ac-
ceptable’ level neither disturbs room occupants
nor interferes with the communication of wanted
sound.

Themost widely accepted and used noisecrite-
ria today are expressed as the Noise Criterion
(NC) curves, Figure 7.7.1a. Thefiguresin Table
7.7.1represent general acoustical goals. They can
also be compared with anticipated noise levelsin
specific roomsto assist in evaluating noise reduc-
tion problems.

Themain criticism of NC curvesisthat they are
too permissive when the control of low or high
frequency noise is of concern. For this reason,
Room Ciriterion (RC) Curves were developed
(Figure 7.7.1b).3940 RC curves are the result of
extensive studies based on the human response to
both sound pressure level and frequency and take
into account the requirementsfor speechintelligi-
bility.

A low background level obviously isnecessary
where listening and speech intelligibility is im-
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Fig. 7.6.1 Relation of decibel reduction of
reflected sound to absorption ratio

Fig. 7.7.1b RC (Room Criteria) Curves
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Region A: High probability that noise-induced vibration levels in
lightweightwall/ceiling constructions will be clearly feelable; antic-
ipate audible rattles in light fixtures, doors, windows, etc.
Region B: Noise-induced vibration levels in lightweight wall/ceil-
ing constructions may be moderately feelable; slight possibility of
rattles in light fixtures, doors, windows, etc.

Region C: Below threshold of hearing for continuous noise.

portant. Conversely, higher levels can persist in
large business offices or factories where speech
communication is limited to short distances.
Oftenitisjust asimportant to beinterested in the
minimum as in the maximum permissible levels
of Table7.7.1. Inanofficeor residence, itisdesir-
able to have a certain ambient sound level to as-
sure adequate acoustical privacy between spaces,
thus, minimizing the transmission l0ss require-
ments of unwanted sound (noise).

Theseundesirable soundsmay befrom an exte-
rior source such asautomobilesor aircraft, or they
may be generated as speech in an adjacent class-
room or music in an adjacent apartment. They
may be direct impact-induced sound such asfoot-
falls on the floor above, rain impact on a light-
weight roof construction or vibrating mechanical
equipment.



Thus, the designer must always be ready to ac-
cept the task of analyzing the many potential
sources of intruding sound as related to their fre-
guency characteristics and the rates at which they
occur. Thelevel of tolerationthat isto be expected
by those who will occupy the space must also be
established. Figures7.7.2 and 7.7.3 are the spec-
tral characteristics of common noise sources.

Fig. 7.7.2 Sound pressure levels - exterior noise
sources
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Fig. 7.7.3 Sound pressure levels - interior noise
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Table 7.7.1 Recommended category classi-
fication and suggested Noise
Criteria range for steady back-
ground noiseasheard in various

in-door  functional  activity
areas*39
NC OR RC
TYPE OF SPACE CURVE
1. Private residences 2510 30
2. Apartments 30to 35
3. Hotels/motels
a Individual rooms or suites 30to 35
b. Meeting/banquet rooms 30t0 35
c. Halls, corridors, lobbies 35t040
d. Service/support areas 40to 45
4, Offices
a. Executive 2510 30
b. Conference rooms 25t0 30
c. Private 30to 35
d. Open-plan areas 35t040
e. Computer/business
machine areas 40to 45
f. Public circulation 40to 45
5. Hospitals and clinics
a Private rooms 25t0 30
b. Wards 30to 35
c. Operating rooms 25t0 30
d. Laboratories 30to 35
e. Corridors 30to 35
f. Public areas 35t040
6. Churches 25t0 30**
7. Schools
a. Lecture and classrooms 2510 30
b. Open-plan classrooms 30to 35**
8. Libraries 30to 35
9. Concert Halls *x
10. Legitimate theatres *x
11. Recording studios *x
12. Movie theatres 30to 35

* Design goals can be increased by 5 dB when
dictated by budget constraints or when noise
intrusion from other sources representsalim-
iting condition.

** An acoustical expert should be consulted for
guidance on these critical spaces.
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Sound Pressure L evel - (dB)
Frequency (H2) 63 | 125 [ 250 | 500 1000 2000 | 4000 8000
Stereo Source Noise (teenager)| 60 72 82 82 80 75 60
(Figure 7.7.3)
Bedroom Room Criteria 50 45 35 30 25 20 15
RC 30 (Figure 7.7.1)
Required Insulation 10 27 47 52 55 55 45
Sound Pressure Level - (dB)
Frequency (Hz) 125 250 500 1000 2000 4000
Required Insulation 27 44 47 52 55 55
8inH.C. (Figure7.4.2) 34 39 46 53 59 64
Deficiencies -- 5 1 -- -- --

With these criteria, the problem of sound isola
tion now must be solved, namely, the reduction
process between the high unwanted noise source
and the desired ambient level. For this solution,
two related yet mutually exclusive processes must
beincorporated, i.e., sound transmission loss and
sound absorption.

7.8 Establishment of Noise Insulation objec-

tives

Often acoustical control is specified as to the
minimum insulation values of the dividing parti-
tion system. Municipal building codes, lending
institutions and the Department of Housing and
Urban Development (HUD) list both airborne
STCandimpact I11C valuesfor different living en-
vironments. For example, the HUD minimum
property standards?! are:

LOCATION STC|IIC
Between living units 45 | 45
Between living units and 50 | 50
public space

Oncetheobjectivesareestablished, thedesign-
er then should refer to available data, e.g., Fig.
7.4.2 or Table 7.4.1 and select the system which
best meets these requirements. In this respect,
concrete systems have superior properties and
can, with minimal effort, comply with these crite-
ria. When theinsulation value has not been speci-
fied, selection of the necessary barrier can be de-
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termined analytically by (1) identifying exterior
and/or interior noise sources, and (2) by establish-
ing acceptable interior noise criteria

Example 7.8.1

Assume a precast prestressed concrete apart-
ment building with hollow core floor slabs. The
first step is to determine the degree of acoustical
insulation required of the floor-celling assembly
by using Figures 7.4.1 and 7.7.3

The 500 Hz requirement, 47 dB, can be used as
thefirst approximation of thefloor STC category.

The selected floor should meet or exceed the
insulation needs at 11 frequencies. However, to
achieve the most efficient design conditions, cer-
tain limited deficiencies can betolerated. Experi-
ence has shown that the maximum deficiencies
are 3 dB on one frequency point.

7.9 Leaksand Flanking

The performance of a building section with an
otherwise adequate STC can be seriously reduced
by arelatively small hole or any other path which
allows sound to bypass the acoustical barrier. All
noise which reaches a space by paths other than
through the primary barrier is called flanking.
Common flanking paths are openings around
doors or windows, at electrical outlets, telephone
and television connections, and pipe and duct pe-
netrations. Suspended ceilings in rooms where
walls do not extend from the ceiling to the roof or
floor above allow sound to travel to adjacent
rooms.



Fig. 7.9.1 Effect of safing insulation seals
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Anticipation and prevention of leaks begins at
the design stage. Flanking paths (gaps) at the pe-
rimeters of interior precast walls and floors are
generally sealed during construction with grout or
drypack. In addition, all openings around pe-
netrations through walls or floors should be as
small aspossible and must be sealed airtight. The
higher the STC of the barrier, thegreater the effect
of an unsealed opening.

Perimeter leakage more commonly occurs at
the intersection between an exterior curtain wall
and floor dlab. Itisof vital importanceto sed this
gapinorder toretain theacoustical integrity of the
systemaswell asprovidetherequiredfirestop be-
tween floors. One way to achieve this seal isto
place a 4 pcf (64 kg/m3) density mineral wood
blanket between the floor slab and the exterior
wall. Figure 7.9.1 demonstrates the acoustical
isolation effects of this treatment.

In exterior walls, the proper application of seal -
ant and backup materials in the joints between
unitswill not allow sound to flank the wall.

If the acoustical design is balanced, the maxi-
mum amount of acoustic energy reaching a space
via flanking should not equal the energy trans-
mitted through the primary barriers.

Although not easily quantified, aninverserela
tionship exists between the performanceof anele-
ment as a primary barrier and its propensity to
transmit flanking sound. 1n other words, the prob-
ability of existing flanking paths in a concrete

structure is much lessthan in one of steel or wood
frame.

In addition to using basic structural materials,
flanking paths can be minimized by:

1. Interrupting the continuous flow of energy
withdissimilar materia, i.e., expansion or con-
trol joints or air gaps.

2. Increasing the resistance to energy flow with
floating floor systems, full height and/or
double partitions and suspended ceilings.

7.10 Human Response to Building Vibrations

Modern buildings often use components with
low weight-to-strength ratios, which allow longer
spans with lessmass. Thistrend increasingly re-
sultsin transient vibrations which are annoying to
the occupants. Unlikeequipment vibration, aper-
son often causes the vibration and also senses it.
These vibrations usually have very small ampli-
tudes (lessthan 0.05in[1 mm]) and were not not-
iced in older structures with heavier framing and
more numerousand heavier partitions, which pro-
vided greater damping and other beneficial dy-
namic characteristics.

This problem is not well understood. Predict-
ing human response to floor motion and the dy-
namic response to floor motion and the dynamic
response of afloor systemto moving loadsare de-
veloping technologies. A number of discomfort
criteria have been published*-1, but they often
give contradictory results.

The vibration problem is most effectively
treated by modifying the structural system. The
natural period (or its inverse, frequency), stiff-
ness, mass, and damping arethe structural param-
eters related to vibration control. Stiffnessisin-
creased by providing greater section properties
than may berequired for supporting loads. Anin-
creasein massimprovesthenatural frequency, but
increases deflections and stresses, so by itself is
only partialy effective in controlling vibrations.
For example, increasing the depth of a flexural
member will aid greatly in vibration control, but
increasing the width will not.

Recent research has emphasi zed the effect that
damping plays in the human perception of vibra-
tion. In astudy of 91 floor systems it was con-
cluded that with damping greater than 5.5t0 6 per-
cent of critical, structural systems were accept-
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able; systems with less were not46. Damping is
usually attributed to the existence of partitions,
supported mechanica work, ceilings and similar
items, but is really not well understood. Guides
for quantifying damping effect are scarce, and
thosethat areavailablearevery approximate?-51,

7.11 Vibration Isolation for Mechanical
Equipment

Vibration produced by equipment with unbal-
anced operating or starting forces can usually be
isolated from the structure by mounting on a
heavy concrete slab placed on resilient supports.
Thistype of dab, called aninertiablock, provides
alow center of gravity to compensate for thrusts
such as those generated by large fans.

For equipment with less unbalanced weight, a
“housekeeping” slab is sometimes used below the
resilient mountsto provide arigid support for the
mounts and to keep them above the floor so they
areeasier to clean and inspect. Thisslab may also
be mounted on pads of precompressed glass fiber
or neoprene.

Thenatural frequency of thetotal load onresil-
ient mounts must be well below the frequency
generated by the equipment. Therequired weight
of aninertiablock depends on the total weight of
the machine and the unbalanced force. For along
stroke compressor, five to seven times its weight
might be needed. For high pressure fans, one to
five times the fan weight is usually sufficient.

A floor supporting resiliently mounted equip-
ment must be much stiffer than the isolation sys-
tem. |If the static deflection of the floor ap-
proaches the static deflection of the mounts, the
floor becomes a part of the vibrating system, and
little vibration isolation is achieved. In generd,
the floor deflection should be limited to about 15
percent of the deflection of the mounts.

Simplified theory showsthat for 90% vibration
isolation, asingleresilient supported mass (isola-
tor) should have a natural frequency of about 1/3
thedriving frequency of theequipment. Thenatu-
ral frequency of this mass can be calculated by:2

fn = 188 /1/A, (Eqg. 7.11.2)
where:
fn = natura frequency of the isolator, CPM

A; = static deflection of the isolator, in
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From the above, the required static deflection
of an isolator can be determined as follows:

fn = fa/3=188 /1/A;or

Ai = (564/fg)? (Eq. 7.11.2)
and:

Af = 0.15A; (Eq. 7.11.3)
where:

fqg = driving frequency of the equipment

static deflection of the floor system caused
by the weight of the equipment, including
inertia block, at the location of the equip-
ment.

Y;

Example 7.11.1 - Vibration I solation
Given:

A piece of mechanical equipment hasadriving
frequency of 800 CPM.

Problem:

Determine the approximate minimum deflec-
tion of theisolator and the maximum deflection of
the floor system that should be allowed.

Solution:

|solator, Aj = (564/800)2 = 0.50in.
Floor, As = 0.15(0.50) = 0.07 in.
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GUIDE SPECIFICATION FOR PRECAST,
PRESTRESSED HOLLOW CORE SLABS

This Guide Specification isintended to be used as a basisfor the development of an office
master specification or in the preparation of specificationsfor a particular project. In either
case, this Guide Specification must be edited to fit the conditions of use.

Particular attention should be given to the deletion of inapplicable provisions. Necessary
itemsrelated to a particular project should beincluded. Also, appropriate requirements
should be added where blank spaces have been provided

The Guide Specifications are on the left. Notesto Specifiersare on theright.

GUIDE SPECIFICATIONS

1. GENERAL
1.01 Description

A. Work Included:
1. These specifications cover manufacture,
transportation, and erection of precast,
prestressed concrete hollow core slabsin-

cluding grouting of joints between adja
cent slab units.

B. Related Work Specified Elsewhere:
1. Cast-in-Place Concrete: Section

2. Architectural Precast Concrete: Section

3. Precast Structural Concrete: Section

4. Structural Metal Framing: Section
5. Masonry Bearing Walls: Section

6. Underlayments. Section

NOTESTO SPECIFIERS

1.01.A This Section is to be in Division 3 of
Construction Soecifications Institute format.

1.01.B.1 Includes structural or non-structural
topping. See Section 2.5 for discussion of com-
posite, structural topping.

1.01.B.3 Beams, columns, etc.
Prestressed concrete may be specified in Section

1.01.B.4 Includes support framework not sup-

plied by Hollow Core Sab Manufacturer.

1.01.B.5 Include any inserts or anchoring de-
vices required for slab connections.

1.01.B.6 Underlayment may beany of thefollow-
ing general types. asphaltic concrete, gypsum
concrete, latex concrete, mastic underlayment.
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GUIDE SPECIFICATIONS

7. Caulking and Seadants.  Section

8. Holes for Mechanical Equipment: Sec-
tion

9. Painting: Section

10. Carpet and Pad: Section

11. Roofing and Roof Insulation:
Section .

1.02 Quality Assurance

A. The precast concrete manufacturing plant
shall be certified by the Precast/Prestressed
Concrete Institute (PCI) Plant Certification
Program. Manufacturer shall be certified at
the time of bidding in Category C2.

B. Erector Qualifications. Regularly engaged
for at least years in the erection of
precast structural concrete similar to the re-
guirements of this project.

C. Quadlifications of Welders:
with AWSD1.1.

In accordance

D. Testing: Ingeneral compliance with applica-
ble provisions of Precast/Prestressed Con-
crete Institute MNL-116, Manual for Quality
Control for Plants and Production of Precast
Prestressed Concrete Products.
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NOTESTO SPECIFIERS

1.01.B.7 Caulking between slab edgesat exposed
underside of floor members and/or perimeter
caulking may be included in this section.

1.01.B.8 Holesmaybedrilled or cut andtrimmed
with a chisel. Cut outline of hole through lower
portion of slab fromunderside, after whichthetop
side may be removed fromabove. Do not cut pre-
stressing strand without permission of engineer.

1.01.B.9 Primecoat should bealatex base paint.
Finish coat may beanoil base, flat wall or emulsi-
fied finish

1.01.B.10 Specify minimum 55 oz. pad when no
cast-in-place topping is used

1.01.B.11 Non-absorbent rigid board insulation
1” or more in thickness should be used on roofs.
Check local energy code for exact requirements.

1.02.A Structural Precast Productsmust meet the
requirements of PCl Manual, MNL-116.

In Canada, the manufacture, transportation and
erection of precast prestressed hollow core slabs
is governed by the Canadian Sandards Associa-
tion Sandard A23.4-94, “ Precast Concrete - Ma-
terials and Construction” .

Assurance of plant capability to produce quality
precast concrete productsis set by the CSA Stan-
dard A23.4-94. ThisStandard formsthebasisof a
certification program which setsrigid capability
criteria for precast manufacturers, their person-
nel and operations.

1.02.B Usually 2to 5 years.

1.02.C Qualified within the past year.



GUIDE SPECIFICATIONS

E. Requirements of Regulatory Agencies. All
local codes plus the following specifications,
standardsand codesareapart of these specifi-
cations:

1. ACI 318-Building Code Requirements
for Structural Concrete.

2. AWS D1.1-Structural Welding Code -
Stesl.

3. AWSD1.4-Structural Welding Code- Re-
inforcing Stedl.

4. ASTM Specifications - As referred to in
Part 2 - Products, of this Specification.

1.03 Submittals

A. Shop Drawings

1. Erection Drawings

a. Planslocating and defining all hollow
core dab units furnished by the
manufacturer, with all openingslarger
than 10 in (250 mm) shown and lo-
cated.

b. Sections and details showing connec-
tions, edge conditions and support
conditions of the hollow core slab
units.

c. All dead, live and other applicable
loads used in the design.

d. Estimated cambers.

2. Production Drawings

a. Plan view of each hollow core slab
unit type.

b. Sectionsand detailstoindicatequanti-
ties, location and type of reinforcing
steel and prestressing strands.

c. Lifting and erection inserts.

d. Dimensions and finishes.

Prestress for strand and concrete
strength.

NOTESTO SPECIFIERS

1.02.E Always include the specific year or edi-
tion of the specifications, codes and standards
used in the design of the project and made part of
the specifications. Fire safety and resistance re-
guirements are specified in local or model codes.
When required, firerated products shall be clear-
ly identified on the design drawings.

For projects in Canada, the National Building
Code of Canada governsdesign. Canadian San-
dards Association Standards A23.3-94, “ Design
of Concrete Sructures’ and A23.4-94, “ Precast
Concrete - Materials and Construction” also ap-
ply. Fire resistance is specified in the National
Building Code and the National Fire Code.

1.03.A.1.a Openings shown on erection draw-
ingsareconsidered intheslab design. \Verify slab
adequacy for any other openings with the Engi-
neer of Record.

1.03.A.1.d Floor dabs receiving cast-in-place
topping. Theelevation of top of floor and amount
of concrete topping must allow for camber of pre-
stressed concrete members.

1.03.A.2 Production drawingsare normally sub-
mitted only upon request.
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f. Estimated camber at release.
g. Method of transportation.

B. Product Design Criteria

1. Loadingsfor design
a Initial handling and erection stresses.
b. All dead and liveloadsas specified on

the contract drawings
c. All other loads specified for hollow
core slab units where applicable.

2. Design calculations of products not com-
pleted on the contract drawings shall be
performed by aregistered engineer expe-
rienced in precast prestressed concrete
design and submitted for approva upon
request.

3. Design shall be in accordance with ACI
318 or applicable codes.

C. Permissible Design Deviations

1. Design deviations will be permitted only
after the Architect/Engineer’s written ap-
proval of themanufacturer’s proposed de-
sign supported by complete design cal-
culations and drawings.

2. Designdeviationshall provideaninstalla-
tion equivalent to the basic intent without
incurring additional cost to the owner.

D. Test Report: Reports of tests on concrete and
other materials upon request.

2. PRODUCTS
2.01 Materials

A. Portland Cement:
1. ASTM C150 - Typel or IlI

B. Admixtures;

1. Air-Entraining Admixtures: ASTM
C260.

2. Water Reducing, Retarding, Accelerat-
ing, High Range Water Reducing Admix-
tures: ASTM C494.

C. Aggregates:

1. ASTM C33or C330.
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NOTESTO SPECIFIERS

1.03BandC Contract drawingsnormallywill be
prepared using a local precast prestressed con-
cretehollow coreslab manufacturer’sdesign data
and load tables. Dimensional changes which
would not materially affect architectural and
structural properties or details usually are per-
missible.

Be surethat |oads shown on the contract draw-
ingsareeasilyinterpreted. For instance, onmem-
bers which are to receive concrete topping, be
sure to state whether all superimposed dead and
live loads on precast prestressed members do or
do not include the weight of the concrete topping.
It isbest to list the live load, superimposed dead
load, topping weight, and weight of the member,
all asseparateloads. Wherethere aretwo differ-
ent live loads (e.g., roof level of a parking struc-
ture) indicate how they are to be combined.
Where additional structural support is required
for openings, design headersin accordance with
hollow core slab manufacturer’s recommenda-
tions.

2.01 Delete or add materials that may be re-
quired for the particular job.

2.01.B \erify ability of local producer to use ad-
mixtures
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. Water:

Potable or free from foreign materias in
amounts harmful to concrete and embedded
steel.

. Reinforcing Sted!:

1. Bars.
Deformed Billet Steel: ASTM A615.
Deformed Rail Steel: ASTM AG616.
Deformed Axle Steel: ASTM A617.

Deformed Low Alloy Steel: ASTM
AT706.
2. Wire
Cold Drawn Steel: ASTM A82.
. Prestressing Strand:
1. Uncoated, 7-Wire, Stress-Relieved

Strand: ASTM A416 (including supple-
ment) - Grade 250K or 270K.

2. Uncoated, Weldless 2- and 3-Wire Strand:
ASTM A910

3. Indented, 7-Wire, Stress-Relieved Strand:
ASTM A886 (including supplement)

. Welded Studs: In accordance with AWS
D1.1.

. Structural Steel Plates and Shapes. ASTM
A36.

Grout:

1. Cementgrout: Grout shall beamixtureof
not less than one part portland cement to
three parts fine sand, and the consistency
shall be such that joints can be completely
filled but without seepage over adjacent
surfaces. Any grout that seeps from the
joint shall be completely removed before
it hardens.

Bearing Strips:

1. Random Oriented Fiber Reinforced:
Shall support acompressivestressof 3000
psi (20.7 MPa) with no cracking, splitting
or delaminating in theinternal portions of
the pad. One specimen shall be tested for
each 200 pads used in the project.

NOTESTO SPECIFIERS

2.01.E.1 Whenwelding of barsisrequired, weld-
ability must be established to conform to AWS
D1.4.

2.01.F Low-relaxation strandisthe predominant
strandin use. Referencesto stress-relieved strand
are fromthe ASTM titles.

2.01.H Wnhen required for anchorage or lateral
bracing to structural steel members, some meth-
ods of manufacturing hollow core slabs preclude
the use of anchors and inserts

2.01.1 Grout strengths of 2000 psi to 3000 psi
(13.8- 20.7 MPa) can generally be achieved with
the proportions noted. Rarely is higher strength
grout required. Non-shrink grout is not required
for satisfactory performance of hollow core slab
systems.

2.01.J.1 Sandard guide specifications are not
available for random-oriented, fiber-reinforced
pads. Proof testing of a sample from each group
of 200 padsissuggested. Normal designworking
stresses are 1500 psi (10.3 MPa), so the 3000 psi
(20.7 MPa) test load provides a factor of 2 over
design stress. The shape factor for the test speci-
mens should not be less than 2.
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2. Plastic. Multi-monomer plastic strips
shal be non-leaching and support
construction loads with no visible overall
expansion.

3. Tempered Hardboard.

4. Untempered Hardboard

2.02 Concrete Mixes

A. 28-day compressive strength: Minimum of
_ ps.
B. Release strength: Minimum of psi.

C. Useof calcium chloride, chlorideions or oth-
er saltsis not permitted.

2.03 Manufacture

A. Manufacturing procedures shall be in com-
pliance with PCI MNL-116.

B. Manufacturing Tolerances. Manufacturing
tolerances shall comply with PCI MNL-116.

C. Openings. Manufacturer shall provide for
those openings 10 in (250 mm) round or
square or larger as shown on the structural
drawings. Other openings shall be located
and field drilled or cut by the trade requiring
them after the hollow core dlab units have
been erected. Openingsand/or cutting of pre-
stressing strand shall be approved by Archi-
tect/Engineer and manufacturer before dril-
ling or cutting.

D. Patching: Will be acceptable providing the
structural adequacy of the hollow core unit is
not impaired.

3. EXECUTION

3.01 Product Deliver, Storage, and Handling
A. Ddlivery and Handling:
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NOTESTO SPECIFIERS

2.01.J.2 Plastic padsarewidely used with hollow
core slabs. Compression stressin useis not nor-
mally over a few hundred psi and proof testing is
not considered necessary. No standard guide
specifications are available.

2.01.J.3 Hardboard bearing strips should not be
used in areas where undesirable staining is pos-
sible or where bearing strips may be continually
wet.

2.02.A and B \erify with local manufacturer.
5000 (35MPa) psi for prestressed productsisnor-
mal practice, with release strength of 3000 psi
(20.7 MPa).

2.03.C This paragraph requires other trades to
field drill holes needed for their work, and such
trades should be alerted to this requirement
through proper notation in their sections of the
specifications. Some manufacturers prefer to
install openings smaller than 10 in (250 mm)
whichisacceptableif their locationsare properly
identified on the contract drawings
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Hollow core slab units shall be lifted and
supported during manufacturing, stock-
piling, transporting and erection opera-
tions only at the lifting or supporting
point, or both, asshown on the shop draw-
ings, and with approved lifting devices.
Liftinginsertsshall haveaminimum safe-
ty factor of 4. Exterior lifting hardware
shall have a minimum safety factor of 5.
Transportation, site handling, and erec-
tion shall be performed with acceptable
equi pment and methods, and by qualified
personnel.

B. Storage:

1
2.

3.

Store al units off ground.

Place stored units so that identification
marks are discernible.

Separate stacked members by battens
across full width of each slab unit.

Stack so that lifting devicesareaccessible
and undamaged.

Do not use upper member of stacked tier
as storage area for shorter member or
heavy equipment.

3.02 Erection

A. SiteAccess: The General Contractor shall be
responsible for providing suitable access to
the building, proper drainage and firm level
bearing for the hauling and erection equip-
ment to operate under their own power.

B. Preparation: The General Contractor shall be
responsible for:

1

Providing true, level bearing surfaces on
al field placed bearing walls and other
field placed supporting members.

All pipes, stacks, conduits and other such
items shall be stubbed off at alevel lower
than the bearing plane of the prestressed
concrete products until after the latter are
Set.

NOTESTO SPECIFIERS

3.02.B Constructiontolerancesfor cast-in-place
concrete, masonry, etc., should be specified in
those sections of the specifications.

3.02.B.2 Should be in Electrical, Mechanical,
and Plumbing sections of project specifications.
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C. Ingtalation: Installation of hollow core slab
units shall be performed by the manufacturer
or a competent erector. Members shall be
lifted by means of suitable lifting devices at
points provided by themanufacturer. Bearing
stripsshall be set, whererequired. Temporary
shoring and bracing, if necessary, shall com-
ply with manufacturer’s recommendations.
Grout keys shall be filled.

D. At Slab Ends (where shown on Drawings):
Providesuitableend cap or daminvoidsasre-
quired.

E. For areas where dlab voids are to be used as
electrical raceways or mechanical ducts pro-
vide ataped butt joint at end of slabs, making
sure the voids are aligned.

F. Alignment: Members shal be properly
aligned and leveled as required by the ap-
proved shop drawings. Variations between
adjacent membersshall bereasonably leveled
out by jacking, loading, or any other feasible
method as recommended by the manufacturer
and acceptabl e to the Architect/Engineer.

3.03 Field Welding

A. Fieldweldingisto bedoneby qualified weld-
ersusing equipment and materialscompatible
with the base material.

3.04 Attachments

A. Subjectto approval of the Architect/Engineer,
hollow coreslab unitsmay bedrilled or ” shot”
provided no contact is made with the pre-
stressing steel. Should spalling occur, it shall
be repaired by the trade doing the drilling or
the shooting.

3.05 Inspection and Acceptance

A. Final observation of erected hollow core slab
units shall be made by Architect/Engineer for
purposes of final payment.
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3.02.D If a bearing wall building, special care
must betaken. Deletewhenend groutingisnot re-
quired.

3.02.E Dedete when voids not used for eectrical
or mechanical.

3.02.F Tolerances should comply with industry
tolerances published in ” Tolerances for Precast
and Prestressed Concrete” , Prestressed Concrete
Ingtitute, JR307, 1985.3



10.

11.

REFERENCES

PCI Design Handbook - Precast and Pre-
stressed Concrete, Fifth Edition, Precast/
Prestressed Concrete Institute, Chicago, IL
1997.

ACI Committee 318, “Building Code Re-
qguirements for Structural Concrete (ACI
318-95) and Commentary (ACI
318R-95)", American Concrete Institute,
Farmington Hills, M1, 1995.

PCI Committee on Tolerances, “Toler-
ances for Precast and Prestressed Con-
crete”, PCI JOURNAL, Vol. 30, No. 1,
January-February, 1985, pp. 26-112.

PCI Technical Activities Council, PCI
Committee on Building Code, “PCI Stan-
dard Design Practice,” PCI JOURNAL, V.
42, No. 2, March-April 1997, pp 34-51.

Zia, Paul, Preston, H. Kent, Scott, Norman
L, and Workman, Edwin B., “Estimating
Prestress Losses’, Concrete International,
June, 1979, pp 32-38.

Martin, L.D., “A Rationa Method for Es-
timating Camber and Deflection of Pre-
cast, Prestressed Concrete Members’, PCI
JOURNAL, January-February, 1977.

ACI Committee 301, “ Standard Specifica-
tions for Structural Concrete (ACI
301-96)", American Concrete Institute,
Farmington Hills, M1, 1996.

Scott, Norman L., “Performance of Pre-
cast, Prestressed Hollow Core Slab with
Composite Concrete Topping”, PCI
JOURNAL, March-April, 1973, pp 64-77.

Martin, Leslie D. and Scott, Norman L .,
“Development of Prestressing Strand in
Pretensioned Members’, ACI Journal, Au-
gust 1976, pp 453-456.

Anderson, Arthur R., and Anderson, Rich-
ard G., “An Assurance Criterion for Flex-
ural Bond in Pretensioned Hollow Core
Units’, ACI Journal, August, 1976, pp
457-464.

Discussion and Closure, “Devel opment of
Prestressing Strand in Pretensioned Mem-

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

bers’, ACI Journal, March, 1977, pp
136-137.

Discussion and Closure, “An Assurance
Criterion for Flexural Bond in Preten-
sioned Hollow Core Units’, ACI Journal,
March, 1977, pp 137-140.

Zia, Paul and Mostafa, Taat, “Develop-
ment Length of Prestressing Strands’, PCI
JOURNAL, September-October, 1977, pp
54-65.

Discussion and Closure, “Devel opment
Length of Prestressing Strands”, PCI
JOURNAL, July-August, 1978, pp
97-107.

Buckner, C. Dale, “A Review of Strand
Development Length for Pretensioned
Concrete Members’, PCI JOURNAL, V.
40, No. 2, March-April, 1995, pp 84-105.

Discussion and Closure, “A Review of
Strand Development Length for Preten-
sioned Concrete Members’, PClI JOUR-
NAL, V. 41, No. 2, March-April, 1996, pp
112-116.

Martin, Leslie D. and Korkosz, Walter J.,
“Strength of Prestressed Concrete Mem-
bers at Sections Where Strands are not
Fully Developed”’, PCI JOURNAL, V. 40,
No. 5, September-October, 1995, pp
58-66.

Brooks, Mark D., Gerstle, Kurt H., and
Logan, Donad R., “Effective of Initial
Strand Slip on the Strength of Hollow
Core Slabs’, PCI JOURNAL, V. 33, No.
1, January-February, 1988, pp 90-111.

LaGue, David J., “Load Distribution Tests
on Precast Prestressed Hollow Core Slab
Construction”, PClI JOURNAL, Novem-
ber-December, 1971, pp 10-18.

Van Acker, A., “Transversal Distribution
of Linear Loadings in Prestressed Hollow
Core Floors’, BMA/MKT 84/006, Sep-
tember, 1983.

Johnson, Ted and Ghadiali, Zohair, “Load
Distribution Test on Precast Hollow Core



22.

23.

24,

25.

26.

27.

28.

29.

30.

Slabs with Openings’, PClI JOURNAL,
September-October, 1972, pp 9-19.

Pfeifer, Donald W. and Nelson, Theodore
A., “Teststo Determine the Lateral Dis-
tribution of Vertical Loadsin aLong-Span
Hollow Core Floor Assembly”, PCI
JOURNAL, Vol. 28, No. 6, November-De-
cember, 1983, pp. 42-57.

Aswad, Alex and Jacques, Francis J., “Be-
havior of Hollow Core Slabs Subject to
Edge Loads’, PCI JOURNAL, V. 37, No.
2, March-April, 1992, pp 72-83.

Stanton, John F.,, “Response of Hollow
Core Slab Floors to Concentrated Loads”,
PCI JOURNAL, V. 37, No. 4, July-Au-
gust, 1992, pp 98-113.

Stanton, John F,, “Proposed Design Rules
for Load Distribution in Precast Concrete
Decks’, ACI Structural Journal, V. 84, No.
5, September-October, 1987, pp 371-382.

Rosenthal, I., “Full Scale Test of Continu-
ous Prestressed Hollow Core Slab”, PCI
JOURNAL, Vol. 23, No. 3, May-June,
1978, pp. 74-81.

Harris, Harry G., and lyengar, Srikanth,
“Full Scale Tests on Horizontal Joints of
Large Panel Precast Concrete Buildings”’,
PCl JOURNAL, Vol 25, No. 2, March-
April, 1980, pp. 72-92.

Johal, L.S. and Hanson, N.W., “Design for
Vertical Load on Horizontal Connections
in Large Panel Structures’, PCI JOUR-
NAL, Vol. 27, No. 1, January-February,
1982, pp 62-79.

PCI Committee on Precast Bearing Wall
Buildings, “ Considerations for the Design
of Precast Concrete Bearing Wall Build-
ings to Withstand Abnormal Loads’, PCI
JOURNAL, Vol. 21, No. 2., March-April,
1976, pp. 18-51.

Fintel, Mark and Schultz, Donald M., “A
Philosophy for Structural Integrity of
Large Panel Buildings’, PCI JOURNAL,
Vol. 21, No. 3, May-June, 1976, pp. 46-69.

31

32.

33.

35.

36.

37.

38.

39.

41.

PCIl Manual for Structural Design of Ar-
chitectural Precast Concrete, PCI
MNL-121-77, Prestressed Concrete Insti-
tute, Chicago, 1977.

Uniform Building Code, “ Structural Engi-
neering Design Provisions’, V. 2, Interna-
tional Conference of Building Officials,
Whittier, CA, 1994.

The BOCA® National Building Code,
Thirteenth Edition, Building Officias &
Code Administrators International, Inc.,
Country Club Hills, IL, 1996.

Cosper, Steven J., Anderson, Arthur R.,
Jobse, Harold J., “ Shear Diaphragm Ca-
pacity of Untopped Hollow Core Floor
Systems’, Concrete Technology
Associates, Technical Bulletin 80B3,
1981.

Clough, D.P, “Design of Connections for
Precast Prestressed Concrete Buildings for
the Effects of Earthquake”, National Sci-
ence Foundation, 1985.

Moustafa, Saad E., “ Effectiveness of
Shear-Friction Reinforcement in Shear Di-
aphragm Capacity of Hollow Core Slabs’,
PCI JOURNAL, Val. 26, No. 1, January-
February, 1981, pp 118-132.

Design and Detailing of Untopped Hollow
Core Slab Systems for Diaphragm Shears,
Structural Engineer’s Association of Ari-
Zona, 1981/82.

PCI Fire Committee, “Design for Fire Re-
sistance of Precast Prestressed Concreter-
Second Edition”, Precast/Prestressed Con-
crete Institute, Chicago, 1L, 1989.

ASHRAE: ASHRAE Systems Handbook
for 1984. American Society of Heating,
Refrigerating & Air Conditioning Engi-
neers, Inc., New York, 1984.

Blazier, W.E., “Revised Noise Criteriafor
Design and Rating of HVAC Systems”,
paper presented at ASHRAE Semiannual
Meeting, Chicago, IL, January 26, 1981.

Berendt, R.D., Winzer, G.E., Burroughs,
C.B.; “A Guideto Airborne, Impact and



42.

Structureborne Noise Control in Multi-
family Dwellings’, prepared for Federal
Housing Administration, U.S. Govern-
ment Printing Office, Washington, D.C.,
1975.

Sabine, H.J., Lacher, M.B., Flynn, D.R.,
Quindry, T.L.; “Acoustical and Thermal
Performance of Exterior Residential
Walls, Doors & Windows’, National Bu-
reau of Standards, U.S. Government Print-
ing Office, Washington D.C., 1975.

[ITRI; “Compendium of Materias for
Noise Control”, U.S. Department of
Health, Education & Welfare, U.S. Gov-
ernment Printing Office, Washington,
D.C., 1980.

“Vibrations of Concrete Structures’, Pub-
lication SP-60, American Concrete I nsti-
tute, Detroit, MI.

Galambos, T.V., Gould, P.C., Ravindra,
M.R., Surgoutomo, H., and Crist, R.A.,
“Structural Deflections - A Literature and
State-of-the-Art Survey”, Building Sci-
ence Series, Oct., 1973, National Bureau
of Standards, Washington, D.C.

46.

47.

49,

50.

5l

52.

Murray, T.M., “Acceptability Criterion for
Occupant-Induced Floor Vibration”,
Sound and Vibration, November, 1979.

“Design and Evaluation of Operation
Breakthrough Housing Systems’, NBS
Report 10200, Amendment 4, September,
1970, U.S. Department of Housing and
Urban Devel opment, Washington, D.C.

Wiss, J.F. and Parmelee, R.H., “Human
Perception of Transient Vibrations’, Jour-
nal of the Structural Division, ASCE, Vol.
100, No. ST4, April, 1974.

“Guide to Floor Vibrations’, Steel Struc-
tures for Buildings-Limit Sates Design

CSA S16.1-1974, Appendix G. Canadian
Standards Association, Rexdale, Ontario.

“Guide for the Evaluation of Human Ex-
posure to Whole-Body Vibration”, In-
ternational Standard 2631, International
Organization for Standardization, 1974.

Murray, T.M., “Design to Prevent Floor
Vibration”, Engineering Journal, A1SC,
Third Quarter, 1975.

Harris, C.M. and Crede, C.E., Shock and
Vibration Handbook, 2nd Edition,
McGraw-Hill, New York, NY, 1976.



INDEX

A
Acoustical properties ................ 1-3,7-1
Admixtures ......... ... ... 1-1,1-2,8-4
Aggregates .......... 1-2,6-1,6-2,6-4,8-4
Airentrainment ............. ... ... ..... 1-1
Allowable liveload ....................... 1-5
B
Bearing strips ...... 3-12,3-13,8-5,8-6,8-8
Bondingagents . .......... .. ... .. ... 2-16
Boundary element ........... 4-4t04-8,4-15
C

Camber .. 1-4,1-14,2-3,2-11t02-13, 2—-14,
2-15,2-16,8-3,8-4

Cantilevers .................... 3-10to3-12
Caulking ....... ... ... i 8-2
Certification ............ ... ... ... ..... 8-2
Chord........................ 4-4,4-5 4-8
Collector ............ 4—-4,4-54-7,4-8,4-9
Compositeties ... 2-16

Composite topping 1-3, 2—-13, 2-15, 2-16, 3-10,

4-9
Connections1-3, 1-5,3-10,4-1,4-2,4-4,4-7
5-1

to 4-9,
Continuity .............. 3-10,6-5,6-9,6-10
Contract documents ... 1-3,1-5,4-1,8-4,8-6
Controljoints .......... ... ... ... .. ... 2-16
Crackingmoment ....................... 2-19
Creep ... 2-11to2-16,6-12
Creeplosses .................. 2-1,2-3,2-5
Curling ... 2-16
D
Damping .................... 7-2,7-9,7-10

Debonded strands ...... 2-2,2-20,3-10,3-11

Decibel ...................... 7-1,7-5,7-6
Deflection ......... 1-3,1-4,3-1,3-10,3-12
Deflections . 2—1,2-5,2-11t02-16,4-3,4-7,
4-9
Design responsibility ................ 1-5,4-1
Design strength ............. 2-2,2-19,2-20
Details - Cantilevers .................... 5-20
Details - Concretebeam .................. 5-2
Details - Miscellaneous .................. 5-23
Details - Steelbeams . ................... 5-15
Details-Walls .. ............ ... ... ... ..., 5-9
Development length ... 2—-19to 2-21, 3-9, 3-12
Diaphragm flexibility .............. 4-2to4-4
Diaphragms . 1-3, 2—-15, 2—-16, 3—10, 3—-14, 4-1,
to4-9,5-1
Differential shrinkage ............. 2-15,2-16
Dragstrut ................ 4—-4,4-54-7,4-8
Dy-Core..........ooiiiiiiiiia.. 1-1,1-8
Dynaspan ............... .. .. ... ... 1-1,1-8
E
Effective resisting section . 3—2,3-3,3-6t03-8
Elematic .................. ... .... 1-1,1-9
End restraint ... .... 1-3,6-5,6-8,6-12,6-13
Endslip .................. . 2-20,2-21
Equivalentliveload ...................... 1-5
Equivalent thickness . 1-2,1-3,6-1,6-2, 6—4,
6—14
Equivalent uniformload ........ 1-5,1-6,3-7
Erectiondrawings .................. 1-5,8-3
Extruder ........... . ... .. ... 1-1,2-9
F
Finishes ........ ... .. .. 1-4
Fire endurance 3—10, 6—-1, 6—-2,6—4,6-5,6-71t0
6—14
Firerating ........... 1-2,1-3,1-5,1-6,8-3
Fixedform...... ... ... ... ... .. ... ... 1-1



Flanking ..................... 7-1,7-8,7-9

Flexicore .......... ... ... .. ... ..., 1-1,1-9
Flexural bond length .............. 2-19,2-20
Flexural design ........... ... .. ... ... .... 2-1
Flexural strength .. 1-6,2-1,2-6,2-9,2-19t0
2-21,4-8
G
Grout ............. 1-2,2-16,3-12,4-6,8-5
Groutcolumn .................... 3-12,3-13
H
Headers ......... ... . i, 3-8
Heat transmission1-3,6-1, 6—2, 6—4, 6—-8, 614
Horizontal joints ............... 3-12to3-15
Horizontal shear .............. 2-16,4-8,4-9
I
Impact insulation ........................ 7-3
Impact Insulation Class . .. .. 1-3,7-1,7-3,7-4
Impactnoise ....................... 7-1,7-3
Inclined shear ............ 2-10,3-4,3-6,3-7
K

Keyways ...1-2,1-3,3-1, 3-10,4-5,4-6,4-8

L
Lateralloads ................. 4-1,4-4t04-6
Lateral-resisting elements . ......... 4-1t04-9
Load concentrations ... ... 2-20,3-1,3-3,3-8
Load distribution ................. 3-1to3-3
Load tables ....... 1-3,1-5t01-7,2-1,2-16
Longitudinal shear .................. 4-6,4-7

Loss of Prestress .. 2—1,2-3to 2-5,2-11, 2—-13

M
Manufacturing .. 1-1,1-5,1-8,2-2,2-3,2-9,

N
Non-shrink grout ................... 1-2,8-5
Normalendslip .......... ... .. ... ... ... 2-21

O
Openings . 1-3,1-5,3-1,3-8,3-9,3-15,4-9,
8-3,8-4,8-6

)
Partially developed strand .. ... ... 2-19to2-21
PCI Standard Design Practice ............. 2-1
Production drawings ..................... 8-3
Quality assurance .................. 2-15,8-2

R
Release strength .................... 2-2,2-3

S
Sandwichpanels ......................... 1-4
Seatinglosses . .......... .. i 2-1
Seismicbaseshear ....................... 4-2
Service load stresses . ........... 2-1,2-3,2-5
Shear friction .................... 4-5t04-8
Shear reinforcement .......... 2-9,2-11,3-7
Shrinkage .................. 1-2,2-15,2-16
Shrinkage cracks . ............. 1-2,3-1,4-11
Shrinkage losses . ................... 2-1,2-3
Slab thickness ............ 1-3,1-5,1-6,3-11
Slipform .......................... 1-1,1-2
Slump ... 1-1,1-2,2-20
Sound absorption .......... 7-1,7-2,7-5,7-8
Sound insulation . ................. 7-1to7-3



Sound transmission . ............ ... ... 1-3
Sound Transmission Class ... 1-3,7-1,7-2,7-4

Sound transmission loss . . . ... .. 7-1t07-3,7-8
Span-depthratio ........................ 3-3
Spancrete .......... . 1-1,1-10
Spray-applied coatings . . ............ 6-9,6-14
Steel relaxation .. ................... 2-1,2-4
Strain compatibility 2-6,2-7,2-9, 2-20, 2-21,

3-11
Stress-strain diagram ................ 2-7,2-8
Structuralend point . ..................... 6-5

Structural integrity .. 3—10,3-14,4-1,4-4,4-5

T

Tolerances ...1-4,1-6,1-14,1-15,8-6to 8-8

Topping 1-3,1-4,2-13, 2-15, 2-16, 3-10,4-5
4-9,6-2,6-4,6-11,8-1to 8-4

Torsion ... 3-1,3-2,3-8
Transfer length ... ... 2-10,2-19t02-21,3-12

Transferstresses .................... 2-1,2-2

Transverse bending ................. 3-1,3-3

Transverse reinforcement ................. 3-1
U

Ultra-Span ....................... 1-1,1-11

Unitweight .................... ... 1-2,1-14
V

Vibrationisolators ................. 7-2,7-10
W

Wallpanels ........................ 1-1,1-4

Water-cementratio ..................... 2-20

Webshear ................... 2-18,3-4,3-7

Weepholes ............ .. ... L. 1-4

Weights ............ . i 1-2,1-6



