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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 S0 O N U N 7 7 S 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

(COCOHC )
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
(COCOCOCOC 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

2-14

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

2-15



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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Steel Stress

0+ 2
Ld

=——-Length into span

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

fps
fps req’ d]
greater tha
fos available
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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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