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CHAPTER 1

INTRODUCTION

1.1 Genéra]

Reinforced concrete ribbed slabs, or one-way joist floors, are mono-
1ithic combinations 6f fegu]ariy spaced reinforced concrete ribs and slabs
cast-in-place to form integral units with suppoYfing beams or walls. Span
Tengths of this floor type can be Tonger than the others. The ribbed slab
_behaves like a one-way structure or slab, as its geometry indicates, under a
uniformly distributed load. However, for the case of concentrated load, in
which the problem {s more complicated, the direct design method for one-way
slabs is no longer applicable. ‘

Ribbed slabs are one of the more suitable f}oor types for a parking
garage, since they can be built with relatively Tong spans. Many sgch parking
garages have already beén constructed, but some of them have had serviceabil-
igy problems, such as severe cracking and punching shear failures of the slab,
and some have evén collapsed (1). It might be c]aimed'that such prob]ems‘re-

' sQ]ted from not using proper design critéria, since parking garages are sub-
jected to wheel loads from vehicles which are concentrated, while most such
structures are désigned for distributed loads only.

Current design methods for ribbed slabs are not speéific but are
left to.the judgement of engineers. The Building CodebRequirements for Re-
inforced Concrete (ACI-318-71) (2), Section 8.8, has provided some Timita-
tions on the geometry of the cross section of one-way joist floor systems

and the requirements for.reinforcement, but it is very brief and specifies



| nothing about concentrated loads. A design handbook: by Reese‘(B) has some
examples of design calculations and many tables for variousAspan lengths
loads. However, these tables are restricted to the calculation for uni-
formly distributed loads only. For concenfrated ?oadé (i.e.; in parking

’ garages) some‘bui1ding codes, such as the BOCA Basic Building Code (4), have
specified using an equiva1ent uniformly distffbuted Toad (i.e., 50 psf for
open parking structures) in Tieu of a more accurate so]utién.- The BOCA Code
also %equires consideration of a 2000 1b Toad distributed over an area'2;5

ft sq, but this requirement seldom governs and apparently is often ignbréd,

1.2 Pr8vious Studies

Pre?ioué,studies which are’re]evant to one4way jofst f]oor‘systems
have been concerned mainly with highway bridge ét%uctures such as orthotropic
steel plate deck with stiffeners, compositeAstee]'girderS with slabs, and
cdmposite‘pfeCést prestressed concrete girders with slabs. ?ew studies ekist
about ribbed S]abs and nothing hasvbeen found concerning concentrated'Tdédsﬁ
However, the'ribbed slab structure is structurally simear to'fhe girder-siab-
highway bridge structure, which has been studied eXtensively. Nﬁmerous ané]yt~
ical and experimental studies of girder-slab bridgés havé been done at the
Engineering Experiment Station, University of Ii]inois. Most of these inves-
tigations were concentrated on simple span'bridges with five or six girders.
Thé greatest number of girders tested, by Hondros and Marsh (S)an their studies
of 1dadvdistr1bution»in composite_girdek—S]ab systems,'was ten. |

In ana]ysis; different approaches and assumptions have been used in

sotutions of integrated girder-plate type structures. Some 1nvestigator5



Tooked upon the slab as being a series of members laid perpendicular to the
girders and the resulting equivalent grillage structure was analyzed. On

the other hand, some investigators considered the girders as stiffeners of
the slab and the girder-slab structure was replaced by an orthotropic plate |
of equivalent stiffness. Aknumeriéa] method was applied by Newmark and

Siess (6), Who‘considered the girder—s]ab structure as a plate supported on

a series of girders with no interface shear fbrces. The girders and slab
were then treated so that they deflected together with no separation. Com-
posite action of the slab with the girders was taken into account by using

a beam stiffness quiva]ent to the composite section stiffness of the girder
and a portion of the slab. Then the assumed structure was analyzed by
Newmark's moment distribution procedure (7). In-plane forces in the slab and
axial forces in the girder cannot be taken into account in this procedure.
However, this analysis is among the references listed in the present design
manual of highway bridges (8).

Various numerical methods constitute very important and powerful
approaches, especially when high—speed coﬁputers-are available. Several
numerical teéhniques, such as the finite difference and finite element
methods, have become.important in the study of girder-slab bridges. Chén,
Siess, and Newmark (9) used the finite difference method to solve skewed
‘girder-siab bridge problems. Gustafson and Wright (10) used a finite e]e=
ment procedure to solve similar problems. The results of both methods are
-in general agreément, but the Tatter procedure gave better solutions for the
same mesh size. The finite element method is also applicable to the study

of ribbed slabs. However, because of the geometry of the ribbed slab, a huge



number of elements are required to obtain an accurate solution. Therefore,
it might be an uneconomical procedure for this typé of structure.

Sithichaikasem and Gamble (17), and Van Horn and Mortajemi (12),
using the Goldberg-Leve folded plate theory (13), considered the girder-slab
bridge deck as a series of slab and girder elements. At the joints between
elements, there are unknown forces, which take into account the in-plane
forces in the slab, and the biaxial bending and tdrsiona] moments in the
girders, in addition to the forcés considered in the analysis byvNewmark and
Siess. Soiutions.of the 1nd1v1dua1 slab and girder e1éments were then ob-
tained, with both bending and membrane theories being used for the slab ele-
ments. For the girder elements, solutions were obtained by integrétion of
the equjjibrium equations of a small element. Then compatibility at the
joints between slab and girder e]eménts was restored to obtain solutions
for the bridge structure, in which T-beam action of the'girder and slab
was directly taken into account rather than being represented by some approxi-
mation.

The above studies were done on simple span bridges only. Wong and
Gamble (14) extended the investigation to.continuous bridges, using thejsamé
procedure. This method of‘analysis is oné of the more rigorous procedures
and so was selected as the basis of the analysis for the study of ribbed

slabs subjected to concentrated loads.
1.3 0Object and Scope

This study examines the general behavior of ribbed s1abs‘subjected

to a single concentrated load, and then investigates their characteristics



under groups of concentrated Toads. Since problems concerning concentrated .
loads are complicated, the characteristics of ribbed slabs under a single
concentrated Toad will be studied first. After obtaining vital information
about single Tloads, the ribbed s1abs under muitiple loads (i.e., as in parking
garages) w{ll be examined.

The ribbed slab is generally considered a flexure type structure;
hénce, bendfng moment is the most important iﬁterna1 force. Besides bending,
shear and torsion may also be significant forces for this type of structure
under concentrated loads. The investigation will be performed using loadings
that result in maximum interné] forces. Maximum deflections corresponding
to the maximum momenf loadings will also be presented. ‘The re1étionships be-
tween the internal forces due to the applied load and the important parameters
will be examined and reported.' The various cross sections of ribbed slabs
to be analyzed will be chosen such that the magnitudes of the paraméters
cover the reasonable range of current practice. Both simple-span and two-span
continuous structures are to be investigated.fn this study.

The study considers the forces in the ribs due to various loadings,
but does not take into account local stresses within the slabs which are
caused by concentrated loads. |

The information obtained from this Study will Tead to some recommen-

dations for the design procedures of the ribbed slab under concentrated loads.

1.4 The Typical Ribbed STab

The typical ribbed slab will be considered to consist of identical

para]]ellribs at equal spacings and slabs of uniform thickness. For this



study, seventeen ribs will be used for the analysis. The ribs have a constant
thickness rectangular cross section, whereas in practice they usually have a
tapered cross section, which makes construction somewhat easier. The average
width of the tapered rib might be used as the rﬁb width in design calculations.
The rib width 1s.assumed constant along all spans, although the width is some-
times increased near the supports in current construction practice.

The rib spécing, b, is the distance between the centers of any pair
of adjacent ribs, and slab thickhess, t, is the total depth of the slab. . Span
length, a, 1is measured from center tobcentér of the supports, and for the casé
of two-span ribbed slab, two equal spans is the typical case. The ribbed slabs
are analyzed as befng sfmp]y supported, while in practice the ribbed slab is
usually cast monolithically with the supports. In the analysis, the interior
support of the two-span ribbed slab is provided on the ribs only, whi]e at
the exterior ends of spans, both ribs and slabs are simply supported.

Figure 1.1 shows typical ribbed s?ébs, both one- and two-sﬁan, and

also.the cross sections of the tapered and equivalent rectangular ribs.

1.5 Selected Parameters

Parameters that inf]uencé the 15ad carrying behavior of the ribbed
slabs include both geométry of the structure and material properties. However,
if the same materials are always used in both ribs’and slabs, the remaining
variables depend only upon the geometry of the ribbed slab. The important
geometric variables are the span length, rib spacing, cross section of the
ribs, and slab thickness. |

The magnitude of bending moment is a direct function of span length



in any flexure member. For the ribbed slab, not only the span length but
also the rib spacing and slab stiffness, which is proportional to its thick-
ness, affect the magnitude of bending in the ribs. So far, ribbed slabs gen-
erally have beén designed to resist bending and shear only. In this study,
torsional moments are found to be important, because of both the geometry

of the structure and the nature of the loading. The torsional moment in a
rib depends upon the torsional stiffness of the cross section as well as the
flexure stiffness. | |

It can be concluded that the major parameters which may affect the
load carrying characteristics of the ribbed slab are:

| 1. Span length, a;

2. Rib spacing, b ;

3 F]exur§1 stiffness of slab, D;

4, Flexural stiffness of the rib, EI;

5. Torsional stiffness of the rib, GJ.

Material properties, as mentioned above, might also affect the Tload
carying behavior of the ribbedvs1ab, but throughout this study material pro-
perties are képt constant. For concrete, Poisson's ratio in the elastic range
is almost constant, and in this analysis the value of 0.15 is used. The modulus
of elasticity of concrete is considered to be 3,600,000 psi. The modulus of
é]asticity does not affect the magnitude of the internal forces due to app]ied
Toad, but does affect the displacements. The effects of material properties
on the behaviorlof ribbed slabs under applied loads consequently are not in-
cluded in this study.

The above parameters can be reduced to three and made more general



by converting to relative measures. The rib spacing can be considered rela-
tive to the span length, since it is reasonable that the width of the spacing
should be compared to its span length. The f]exura] stiffness of the rib
could reasonably be considered relative to the stiffness of the slab. And
the torsional stiffness of the rib can be taken in terms of its flexural
stiffness. Therefore, three nondimensional parameters are introduced as
fo11owing;
1. b/a is rib spacing-re1ative to span length (i.e., aspect ratio),
2. H= %% is flexural stiffness of the rib relative to that of
the slab, and
3. T=3
flexural stiffness.

is torsijonal stiffness of the rib relative to its

These three dimensionless parameters and their relationships to the

load carrying characteristics of the ribbed slab will be the focus of this

study.
1.6 Notation
The Tetter symbo]s throughout this study are defined as following:

a . . Span length of the ribbed s]ab; measured from center to

center of supports
b ' Rib spacing, measured from center to center of ribs
b : ~ Width of the rib

h ‘ Total height of the rib cross section (including the slab)



Number of Toads on a ribbed slab in the span direction for

the case of multiple Toading
Thickness of slab

Equivalent uniformly distributed Toad for ribbed slabs

Flexural stiffness of slab per unit width

Modulus of elasticity of material of the ribbed slab

F]exibi]ity matrices for beam and slab e1ement$, respec-

tively
Flexibility matrix for the ribbed slab structure

Absolute flexibility matrix at the interior support for

the two-span ribbed slab

- Shear modulus of material of the ribbed slab

Flexural stiffness of the rib relative to that of the slab

Mbment of inertia of the cbmposite section of the rib

and slab
Torsional constant of the cross section of the rib
Déf1ection coefficient

Disp]acément vectors at the left and right edges, re-
spectively, of k element due to the applied load on that

element
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Displacement vector of the structure due to the applied

load

Displacement vector at the edge x of i element due to the

applied multiple load on that element

Bending moment of the composite section of the rib and

s]abk

Maximum bending moment of a simpTle beam with the same span

lTength and load spacing as the ribbed slab
torsional moment of the rib

Moment per unit length around the immaginary joint, j, be-

tween the beam and slab e]eménts

In-plane normal forces per unit length on joint j, on

the left and right edges of the element

- The applied concentrated 1oad

Internal force vectors at the left and right edges of

k element

Internal force vector of the ribbed slab structure

Vertical reactions per unit length on joint, j, on the

~ left and right edges of element



Maximum shear of the beam loaded as for Mg

11

Redundant reactive force vector at the interior support

of the two-span ribbed slab

In-plane shearing forces per unit length on joint, j,

on the left and right edges of element

Torsional stiffness of the rib relative to its flexural

stiffness
Shear force of the rib

Absolute displacements at the interior support of the
two-span ribbed slab due to the applied Toad, when the

interior support is ignored
Poisson's ratio. of concrete

Absolute value of the maximum deflection of a ribbed slab
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CHAPTER 2

METHOD OF ANALYSIS

2.1 General

The analysis of reinforced'conCrete ribbed slabs subjected to a‘
single or multiple concentrated load is based on the method of analysis which
has been used in the studies of the effects of diaphragms in bridges with pre-
stressed concrete I-beém girders by Sithichaikasem and Gamble (171). This
method is possibly even better suited to the monolithic ribbed slab structure
than to the composite bridge structure, since the method was deriyed assuming
monolithic structures without joints.

In practice, a ribbed slab 1s usually cast in place monolithically
with its supports, which are then partially fixed. Hence, the supporting
conditions deviate somewhat from the restrictions of the method of analysis,
which is Timited to simply supported structures only. This limitation results
from using of Fourier series in the analysis; in which the displacement func-
tion, internal forces, and external loads are put in tekms of a sine series
whfch satisfies boundary conditions of a simple support. However, the par-
tially restrained supporting condition of the usual ribbed slab structure
would influence the results of the analysis toward the conservative side, so

far as the forces in the ribbed slab are concerned.

2.2 Assumptions

The assumptions in this analysis are concerned mainly with solving

for the force-displacement relationships of plate and beam elements. Therefore,



13

the basic assumptions for flexure theory of a medium-thick plate, membrane
theory for a thin plate, and theory of biaxial bending combined with axial
force and torsion of a beam will hold for this analysis. Since the ribbed
slab is a reinforced concrete structure, the additional assumptions for
material propefties are as follows:
» 1. Concfete is hoﬁogeneous, isotropic, and elastié;
2. Poisson's ratio for concrete is equal to 0.15.

A1l supports‘are assumed to be unyielding.

2.3 0One-Span Ribbed Slab

The method of analysis is initiated by decomposing the ribbed slab
into a series of plate and beam elements. At joints between thé elements, |
theré are four unkhbwn intérna] forceé: in-plane normal force N;‘in—p1ane
shearing force S, vert1ca1 reactive force R, and moment acting perpendicular
to the joint M. (see Fig. 2.1). Then Qo]u+1ons for the individual plate
and beam elements under the conditions of the applied load and the internal
forces along the joint are carried out separately. |

The exact solution of the plate element is rathér complicated, siﬁce
it is the prob]em of bending of a b]ate under thé combined action of the lateral
load, edge moments, and forces in the middle plane. For this study, thebbend-
ing theory and the pTane stfess theory for thin plates are applied independently.
It is not extremely accurate, since bending moments in the plate are affected
by the in-plane forces. However, this effect is negligible for plates with
-small deflections. Another source of error is found in solutions of the mem-

brane theory since eqUations in the form of Fourier series do not satisfy the
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end support condition that membrane shear should be zero, but the effect is
also negligible, as shown by Savern (15).

The flexibility matrix and displacement vectors at the left and
right-edges of the plate element are obtained by combining solutions of bend-
ing and membrane theories. The f1ekibility matrix and displacement vectors
at the left and right edges of the beam element are determined by integration
of the equilibrium equations of a small element of the beam‘(see Fig. 2.1),"
and then using the force—disp1acément relationships for solutions. The de-
tailed equations for solutions for both plate and beam elements are discussed
and reported in Ref. 11. |

The 1nternal forces can be determfned by the compatibility conditions
at the joints of the decomposed structure. In other words,‘the‘decompoSed
structure is assembled under the condition that displacements of the plate
and beam e]eménts at the same joint are equal.

By this argument the solutions can be obtained as follows:

FG ~ is the flexibility matrix of the beam element;
FS | is the flexibility matrix of the plate element;
Lipe Lir are the displacement vectors at the left and right

edges, respectively, of element k due to the applied
external load on that element;
are the vectors of internal forces at the left and

right edges of element k

Both the plate and beam flexibility matrices have size of 8 by 8, since each
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element is subjected to eight internal forces (see Fig. 2.1). The flexibil-
ity matrix of each element can be partitioned into four submatrices, as far

as internal forces are concerned. For example, for an element k

FoooF
Fo= _KI1i Kir
k F I f
krl ! krr

At any joint N, the right edge of the beam element i is connected
to the left edge of the plate element j, or vice-versa. The displacement of

the right edge (i.e., r edge) of the beam element i is:

and the displacement of the left edge of the plate element i + 1. = j is:

P L.

F 31

s11 P51t Fsie Py

For compatibility of joint N, the displacement at the right edge of element

i must equal the displacement at the left edge of element j, and the force

vectors of both elements at the edges of the common joint N must be the same,

that is:

Far1 P31 " Farr Pir T hie = Fo11 P31 Fsipe Pyr T L5y

and

where PN is the internal force vector at joint N. Then we can write

Fart P31 % [Fare = Fs1d Py Forr Pir = L51 - Ly
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By applying the above conditions for all the joints, then equations for the .

assembled struycture are obtained as follows:

where

* ‘ . : .
F is the assembled flexibility matrix of the structure
. _

P is the force vector at all joints

* ) -
L is the applied 1oad’disp1acement vector

The intefna1 forces»at every joint are, therefore, obtained by
solving the above equations. Internal forces in‘any slab and beam can be
determined by substituting the joint forces into the eq&i]ibrium equations
of the.individua1ve1ement. As far as the geometry of the structure is con-
cerned, it is reasonable that the rib and slab interact somewhat as a T-beam,
but there is no direct way to determine the effective width of the flange of
each rib in this analysis. In order to find the effective T-beam moment, the
T—beam action is eva}uafed for the condition that the sum of axial forces in
the effecti#evcomposite T-beam section is zero under pure behding. Then the
composite bending moment of a rib including the interaction with the slabs is

calculated.
2.4 Two-Span Ribbed Slab

Solutions of a two-span ribbed slab are determined by the unit load
method, in which there are three steps in the calculations. First, the inte-
rior support is removed, and the structure becomes a simple span ribbed slab

under the app1ied lToad. Second, to determine the redundant reactions (vertical
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reactions and twisting moments), unit loads and couples are applied to each
rib at the interior support. Third, the solutions of the first and second
steps are combined to yield the solution of the two-span ribbed slab by re-
storing the interior support points to zero defiection and zero rotatien about
the rib axes.

Solution of the first step is like that of a simple span ribbed
slab subjected to externally applied load, so the calculation is similar to
that described in Section 2.3. Besides internal forces, solution of this
step also involves absolute displacements (deflections and rotations) at the
interior support. In the second step, the simple span ribbed slab is sub-

t jected to unit loads and couples acting on every rib at the interior support
location. Disp]acements are found using the procedure in Section 2.3, re-
sulting in the absolute displacements at the interior support, as well as
internal forces. Then, with the compatibility condition that there are no
vertical displacements or rotation about the rib axis at the interior support

of the structure, equations are formed as follows:

* + _
FI RI A =0
where
* .
FI is the absolute flexibility matrix of the structure at the
interior support;
R. is the redundant reactive force vectok at the interior support;

A is the absolute displacement vector at the interior support
location due to the externally applied load, with the interior

support removed.
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By solving the above equations, the redundant reactions at the interior sup-

port line are determined.
- Third step, solution of the two-span ribbed slab is obtained by
combining the solution of the first step due to the externally applied load

and that of the second step, using the calculated reactions instead of unit

Toads and cdup]es. Then we have:

S is the solution of a two-span ribbed slab subjected to the
app1ied load;
is the solution of the first step, considering the applied

Toad;

is the solution of the second step, considering the applied

unit loads and couples.

This technique of applying redundant reactions instead of the inte-
rior support is not exactly correct, since the real support normally supports
not only the ribs but also the slab. However, the inaccuracy affects only

the portionsvof s]abs'c]ose to the support and is negligible for the structure

as a whole.
2.5 Multiple Loads

_ The analysis of highway bridges (17,14) was made with single Toads
only, and the superposition method was then used for the solution of truck

Toadings: or any other combination of loads. For this study, multiple Joads
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are considered (i.e., wheel loads of vehicles in parking garages). The super-
position method is not practical, because of the great number of wheel Toads
possible 1in parking garages. Therefore, a direct solution for multiple loads
is necessary.

In the analysis, all vehicles are assumed to have the samé wheel
spacings, to weight the same, and have the weight divided evenly among the
four wheels, as is further discussed in Chapter 4. VStarting with the method
of analysis described in Sectioné 2.3 and 2.4, the only things to be changed
for multiple Toadé are the displacement vectors at the edges of the elements
due to the applied Ioads, Since the displacement vectors due to single Toads
‘are available, the disp]acement:vectors for multiple Toads equal the sum of‘
- displacement vectors at the cdrresponding edges due to all the externally
applied Toads on an eTement. Fdr example, if tHere are M loads on an element

i, the displacement vector at the edge x will be as follows:

L= thL
1X NST ixN
'where
. . , |
Li, ~ 1s the displacement vector at the edge x of the element i
due to M Toads |
LixN is the displacement vector at the edge x of the element i

due to a single Toad N

Solutions of ribbed slabs due to multiple Toads can then be obtained
by the method of analysis in Sections 2.3 and 2.4, with the displacement vec-

tors calculated by the above procedure.
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2.6 Accuracy of the Analysis

The compuﬁer program was modif{ed from the pfogram developed by
Sithichafkasem‘and Gamble (TT). The.aécuracy of the computation depends
largely on the number of terms of harmonics'uéed in the calculation for the
Fourier ;eries type equatiohs. It has been shown by Wong and Gamble (14)
that the rate of convergence toward the_correct so]utﬁon for a simple-span
bridge is sjow after 5 harmonics. At 35 harmonics, 97 péktent computational
accuracy was obtaihed, comparing.téta1 composite moment of all beams with
the static moment as calculated from the elementary beam theory. The computing
wdrk was carried out on the IBM 360/75 computer, usiﬁg double precision
arithmetic.

In this study, the computational accurécy of the solution for
shear is also examined, cqmpéring total shear at all supports in all rib§
with the‘app1ied load. A simple span ribbed slab witth = 4.5, b/a = 0.052,
and T = 0.100, and a two-span ribbed_s]ab with parameters 6f the same magni-
tudes were taken as examples for showing the computatjona1‘ac¢uracy of éo]u-
tions. Twenty harmonics were Qsed for the simple span ribbed slab and 35
| fdr thé thQSpah. |

| The‘resu1t§ of two loading cases, a single load P at midépdn of
center and edge fibs; are as fo1lows;>
Simple-Span Ribbed Slab -

Load P at midspan of the center rib:

Total moment at midspan of 17 ribs = 0.2427Pa, 97.1 percent .
convergence

0.9588P, 95.9 percent

Total shear at supports of 17 ribs

convergence:
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Load P at midspan of the edge rib:

Total moment at midspan of 17 ribs = 0.2443Pa, 97.7 percent

convergence

Total shear at supports of 17 ribs 0.9652P,’96.5 pencent |
convergence | |
Two-Span Ribbed Slab
.Load P at mfdspan of the center rib:
Total moment at m1dspan plus one- -half total moment at 1nter1or
support of 77 ribs = 0.2408Pa, 96.3 percent convergence
Total shear at.a11‘supports of 17 ribs =v0.9864P, 98.6 percent
convergence . |
Load P at midspan of the edge rib:
Total moment at midspan plus one-half total moment at interior .
support of 17 ribs = 0.2426Pa, 97.0 percent convengence -
Total shear at all supports of 17‘ribs = 0.9889P, 98;9 percent

convergence

The static moment is 0.25Pa.

For the simple span ribbed sIab the example above shows that the

computational accuracy for the solution of shear is slightly Tess than that

of the solution for moment. A reason for this is that some shear forces are

carried directly to the supports by the slab. The composite'action‘oetween

the ribs and slab is taken directly into account in the solution of'moments.

Some of the moment which is unaccounted for after 20 harmonics is resisted by

bending in the’slab'elements,vand most of the rest by the Toaded rib.

For the two-span ribbed slab, results opposite those of the
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simple span are obtained. The computational accuracy of solution for moment
is obtained by combaring total moment at midspan plus one-half of total moment
| at the interior éupport of all ribs (i.e., 17 ribs) with the static moment.
Because of the additional dimension involved in this structure, the moments

at midspan of the unloaded ribs arevnot'a11 maximum values. The comparison

to the simpTe beam moment is correct only if the total moments in all 17 ribs
are considéred. A better resu]t‘in ﬁhe compufationa] accuracy for the solu-~
tion for shear is obtained because only the ribé are supported at the interior
support, where about 70 percent of the app]ied load is carried. Therefore,
the amount of shear carried by the slabs is minimized, and a higher computa-

tional accuracy is obtained.
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CHAPTER 3
BEHAVIOR OF RIBBED SLABS UNDER A SINGLE CONCENTRATED LOAD

3.1 General

This study has considered both One—span‘and twd-span continuous
;ribbed slabs. A sind]elconcentrated lToad is the basic loading case for
studying the'general load distribution behavior df ribbed 31abs - Various
Toad Tocations were chosen to cover the possible range of interest, such as
at m1dspan of center and edge ribs.

The structural behavior of ribbed slabs subjected to a concentrated
- Toad might be charecterized by slab and rib actions. An interpretation of
these actions might be made in two directions, relative to geometry of the
structure.  First, in the transverse direction (direction perpendicular to
the rib), s1ab'action is 1likely to take the form of an elastic support of
the ribs, especially of the loaded rib. The ribs also act as e1astic{$up—
ports of a continuous one-way slab. Second, in the Tongitudinal direction
(direction a]ong.the.rfb), the rib is Spmewhat Tike a beam on an elastic
‘ fdundation as far as the transverse slab action is concerned. The slab also
acts as a flange of a T-beam which has the rib as its web.

This 1nvestigation of the ribbed slab under concentrated Toads is
mostly concerned with the study of moment, shear, and torsion (such as their
distributions, as 1nf1uenced by various parameters) The important parameters
in this study are H, b/a, and T, as discussed in Section 1.5. To examine the
influence of these parameters on the load-carrying characteristics of both

simple span and two-span continuous ribbed slabs, various sections were chosen
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for the analysis. The ribbed slabs ana]yzed have magnitudes of H varying
from 2.0 to 9.0, b/a from 0.035 to 0.10, and T kept about constant at 0.100
(see Table 3.1). For generality and to help comparisions, the presentations
of moment, shear, and torsion are in dimensjon]ess forms as M/MB’ V/VB, and

Mt/MB respectively.
3.2 Moment, Shear, and Torsion Diagrams

The study of moment, shear, and torsion diagrams due to single
loads was carried out on both simple span and two-spén continuous ribbed
slabs with H = 4.5, b/a = 0.052; and T = 0.100. Two loading cases, for
‘ ]dads at midspan on thé centér and edée ribs, will be presénted in this sec-

tion.

3.2.1 Moment Diagrams
a. One-Span Ribbed Slab

Figure 3.1 shows moment diagrams of a few ribs duevto the load at
midspan on the center and edge ribs. The moment diagrams of all ribs, except
the loaded rib and the first adjacent rib, are more or less parabolic curves
which indicates that those ribs were subjected to a distributed Toad of some
kind. These loads are transmitted from the loaded to the unloaded ribs by
bending and shear forces in the slab. The slab also acts as an elastic support
for the loaded rib, causing a portion of the moment diagram for the loaded
rib between the support and the load to be concave upward. For the Toad at
midspan on the center rib, the moment diagram of the first adjacent rib is

also concave upward between the support and midspan, indicating greater load
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distribution occurred around midspan (which is close to the applied. load).
Instead of being concave, the moment diagram for the first adjacent rib due
to the edge rib loading is more or less a straight line, indicating that
this rib effective]y’is loaded only near midspan. As a result of the use

df the Fourier series, the moment diagrams of the loaded ribs have a rounded
curve insteéd of a sharp break at the pofnt of maximum value.

The magnitudes of moments due to thé edge rib Toading are about
twicé those due to the center rib Toading. The reason for this is that the
load on the center rﬁbbis distributed to adjacent'rib on both sides, which
is impossible on the edge rib. For the ribbed slab analyzed ih thisvseétion,
the maximum moments of the loaded center and edge ribs are 0.0SGPa and 0.125Pa,'

respectively, as compared to the simple beam moment of 0.25Pa.
b. Two-Span Ribbed Slab

The moment diagrams of the two-span ribbed slab are presented for
two loading éases--]bads at>m1dspan on the cénter énd edge ribs of ‘one span.
Midspan 1oading 1ocatfon is not(for maximum moment, but it is the simplest .
16catiohkfor studying general behavior of the two-span ribbed slab under a
concentrated load and for making comparisons. o |

| Figure 3.2 shows the moment diagrams of a‘two-span ribbed slab due
- to the above loadings. The general characteristics of these diagrams'are'
similar to those of the simple span ribbed slab. For this particular ribbed
slab, absolute Va]ues of the maximum positive and négative moments of the
loaded edge rib are 0.094Pa and 0.042Pa respective]y; and those of the Toaded
center rib are 0.051Pa and 0.0]17Pa. _In comparison, the maximum positive and

negative moments of a correspondingTy loaded two-span beam are 0.203Pa and
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0.094Pa respectively. It is clear that the maximum moments of the loaded
" ribs are significantly smaller than those of the beam, and for the same rea-
sons as in the simple span ribbed slabs.

3.2.2 Shear Diagrams

a. One-Span Ribbed Slab

Shear diagrams of the‘un1oaded ribs are more or less parabolic
curves between the support and midspan, with maximum values at the supports,
except that of the first adjacent rib which has high‘shear values on the
portions close to midspan before it curves down to zero there. For the
loaded rib, a distinctive high shear value was obtained on the portion close
to the load, as would be-expected. The shear diagram of this partiéu]ar'
ribbed slab shows that shear is as high as 0.4P and 0.47P in the loaded center
and edge ribs, respectively, whereas simple beam shear is constant at 0.5P
all the way to the support. However, shear diagram of the ]oadéd ribs is
not 1ike that of the simple beém, since‘for the edge rib 1oad1ng,'the maxi-
mum shears decrease sharply to a Va]ue about the samevas those of the un-
loaded ribs; for the center rib loading, maximum shears decrease to a value
somewhat less than those of the first few adjacent ribs, 1ndicating good
shear distribution. The maximum positive and negative shears of the loaded
ribs are found a 1ittle distance éway from midspan, and the portion of shear
diagram connecting these two maximum shears is almost a straight 1ine, which
is a result of using Fourijer series. |

The shear diagrams a]éo show some idea about how various ribs are

affected when the Toad is applied at midspan on the center or edge rib. The
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maximum shear of the loaded rib decreases sharply, indicating that fhe rib
is subjected to a significant downward load over the portion between the
maximum positive and negative shear points, and to a relatively great up-
ward reaction from the slab over the high shear portion. The upward Toad ~
decreases rapidly from the point of maximum shear and continues as a small
distributed load to the support, since shear increases slightly from the
support to the high shear portion. Through é]ab action, the first adjacent
.rib is loaded downward by a Toad of the same magnitude as the upward load
on the loaded-rib (or by one-half of that if the loaded rib is the center
one), although the force 1is distributed over a greater length than in the
Toaded rib. The rib is also subjected to some distributed upward - Toad with
a more or less parabolic shape with the maximum value at midspan. Loads on
the other ribs also result from slab action and can be explained in the same

way as above. Examples of these loads are sketched and shown in Fig. 3.3.
b. Two-Span Ribbed Slab

‘Shear diagrams of the two-span ribbed slab due to the 1oad at mid-
’épan of the first span on the center and edge ribs are shown in Fig. 3.2,
k'The general characteristics of the diagrams are similar tb those of the simple
span, as discussed above. In addition, the decreasing shear at the interior
suppoﬁt.results-from the nature of the Fourier series, since the 1nterior
support was’replaced by sets of vertical reactions énd tWisting moments on
the ribs. Skeﬁches'shpwing an interpretation of the shear and torsional mo-
ment diagrams near the interior support are shown in Fig. 3.4. For the re-
‘sults of the particular ribbed slab analyzed in this section, the maximum

'positive and negative shears of the loaded center rib are 0.39P and 0.47P
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respectively, and those of the loaded edge rib are 0.44P and 0.50P (whereas
the maximum positive and negative shears of a two-span prismatic beam are
O.4IP and 0.59P). The difference between the maximum positive and negative
shears of the loaded ribs is much smaller than that of a beam--especially in
the Toaded center rib. The effect might be attributed to the transverse
shear distribution that reduces the shear at the support of the Toaded rib.
Slab action in the two-span ribbed slab is somewhat the same as that in the

simple span, as far as shear diagrams are concerned.

3.2.3 Torsional Moment Diagrams

a. One-Span Ribbed Slab

Torsion diagrams due to the Toad at midspan on the center and edge
ribs are shown in Fig. 3.1. This is not the Toading case for maximum torsion,
but rather is for maximum bending momeht. The location of Toad for maximum
torsion is somewhere between the support and midspan, as shown by the influence
Tine for torsion at the support (see Fig. 3.9).

When the loadfng is at midspan on the center rib,'therevis no torsion
-on the loaded rib, because of symmetry, and maximum torsion is obtained at the
support of the second adjacent rib. For the first adjacent rib, torsion in-
creases slightly from the support toward midspan,bunti] close to the quérter
point of span. There the rate of increase is a little greater and torsion
reaches a maximum value somewhere between the quarter point and midspan,
whereas the other ribs Have maximum values at the support. The torsion dia-
grams of all rib§ except the first adjacent rib are more or less of parabolic

shape between the support and midspan.
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Load at midspan on the edge rib results in maximum torsion at the
support of the loaded rib. It is different from the case of the load on the
center rib, since the edge rib has a free edge, and therefore 1s’freer to
deflect and rotate thah the others. The maximum torsiog at the support of
the loaded edge rib is more than thfée times the maximum torsion caused by
the center rib Toading. ATl torsion diagrams for the edge rib Toading are

also nearly parabolic for the portion between the support and midspan.

b. Two-Span Ribbed Slab

Figure 3.2 shows the torsion diagrams of the ribs of a two-span
ribbed slab due to.a'1oad at midspan on the center and edge ribs of one span.
At the exterior support of the Toaded span, the maximum torsions of both -
Toading cases 6ccur in the same manner as those in the simple span ribbed
slab.. At the 1nteridr support, the torsion diagrams are also affected by
the Fourier series, as are shear diagrams (see Fig. 3.4 for a graphica]lin-
terprétation). The general. characteristics of the torsion diagrams for the
two-span ribbed slab are similar to those of the sfmple span ribbed slab.

3.3 Moment‘Enve1opes and Influence Lines for Moment at Midspan and
‘Influence Lines. for Shear and Torsion at Support
~ The studies of the moment envelopes and influence Tines for moment
at midspan and influence lines for shear and torsion at support werevcarried“
out for a ribbed slab with H‘= 4.5, b/a = 0.052, and T = 0.100, for both one-
and two-span structures. Two Toading cases wére considered--one Toad at mid-
span'of the center and edge ribs. The moment envelopes and influence Tines

of any ribbed slab will be similar in general form. Therefore, the study in}
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this section is intended to show an example of the general configuration
and characteristics for a particular ribbed slab, which could be taken as the

reference for any ribbed slab.

3.3.1 Moment Envelopes and Influence Lines for Moments at Midspan

a. One-Span Ribbed Slab

Figure‘3.5 shows influence lines for moments at midspan of Qarious
ribs due to a load moving on the center and edge ribs. These influence lines
have exactly the same shape and magnitude as the moment diagrams (see Fig.
3.1) due to a load at midspan on thekcorresponding center and edge ribs.
| This phenomena is explained by the fact that the simple span ribbed slab
obeys the Reciprocal Theoreﬁ just as well as a simple beam does. However,
the slab action causes both the shape and magnitudé of the influence Tines
to be different from those of a simple beam.

Moment envelopes of the loaded ribs and a few adjacent ribs»are
also shown in Fig. 3.5. The moment envelope for the Toaded rib is similar
to that of a simple beam, but the magnitude is considerably smaller, as dis-

cussed above for the influence Tines.
b. Two-Span Ribbed Slab .

For two-span ribbed slabs, the influence Tines for moments at midspan
of one span and at the interior support due to a Toad moving on the center
and edge ribs are illustrated in ng. 3.6. Moment envelopes of the center
and edge ribs and a few adjacent ribs are also shown in Fig. 3;6. The general

characteristics of the influence lines and moment envelopes of the loaded ribs
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areléimi1ar to those of avtwo-span prismatic béam. Furthérmore, moment en-
velopes of the loaded ribs indicate that the load Tocation for maximum posi-
tive moment is approximéte]y 0.4 times the span length from the exterior
support§’f0r maximum negative moment at the interior support, the load loca-
tions‘fof cenﬁer and edgé ribs are about 0.7 and 0.8 times the span 1ength
reSpéctiver. These locations for maximum positive and negatfve moments
compare with 0.43 and 0.57 times span length in the Case of a two-span pris-
matic beam. It is quite clear that lToad location for maximum positive mo-
ment of rib and beam are about the same. For maximumknegative moment, .the
load location on a rib (especially a center rib)- is much c]osefvto’the in-
terior support than 4s true on a beam. The cause of the difference could
be slab action-—i;e., Toad distribution among ribs is better when the load
js far from the support. Note that better load distribution also means better
moment distribution énd reducedvmagnitude of the maximum moment. |

| For the unloaded‘ribs, the influence lines for momentbat midsﬁan
and moment envelopes are more or less parabQTic'curves, especially for the

ribs beyond the first adjacent rib‘(see‘Fig. 3.6).

3.3.2 Influence Lines for Shear at Support

a. One-Span Ribbed Slab

inf]uence lines for shear at the support show the distribution of
reaction shéafs‘in various ribs due to a Toad moving on the center and edge
ribs. Figure 3.7 shows that shear distribution at the support due to Toad
‘at any section on the center rib is better than that due 1oéd at the corres-

ponding section_on the edge rib. When the load is a certain distance from
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the support, the reaction shear of the loaded center rib is smaller than
those of the first few adjacent ribs (see Fig. 3.7). It could be inter-
preted that shear can distribute transversely to adjacent ribs better than
longitudinally to the support of the loaded center rib. For the edge rib,
. shear can distribute transversely only to one side, and it must transmit
the shear longitudinally to the support. These characteristics result from
the geométry of the structdre. |

Influence lines for shear at the support of the loaded ribs approxi-
mate hyperbolic curves. This fesu]ts from the two dimensional effect of the
structure (slab action). The difference between the hyperbolic curve and a
strajght Tine is the amount of shear that distributes transversely to adja-
cent ribs by slab action. Also, as the load moves closer to the support,
transverse shear distribution is limited and a high reaction shear on the
Toaded rib is obtained. For unloaded ribs, the influence lines are the re-
éu?t of distributed shears. ‘

Reaction shear is nof the maximum shear under a single load, except
for the loaded rib with the load vefy close to, or at, the support.‘ However,
reaction shear is important, because in case of multiple loading, thevmaximum

shear is always the reaction shear.
b. Two-Span Ribbed Slab

Influence lines for shear at the exterior support and at the 0.95
span point (near but not at the interior support) due to a load moving on the
center and'edge ribs are shown in Fig. 3.8. The genera1'characteristics of

the influence Tines for shear at the exterior support are similar to those of
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the simple span. For shears at 0.95 span, a portion of the influence Tline |
very close to the interior support of the loaded rib is affected by usage

of the Fourier series. In addition, shear distributions among the ribs,

both at the exterior support and at 0.95 span points,‘due to loads at vari-
-ous sections on the center and edge-ribs are different from those in the sim-
b]e span ribbed slab in that shears in thé loaded ribs are usually the maxi-
mum shears. This could mean that shear distribution in the simple span ribbed
slab is better. From Fig. 3.8, fhe load Tocation for maximum shear at 0.95
span would be somewhere between 0.90 and 0.95 of the span for both loading
cases. For the unloaded ribs, the characteristics of the influence Tines

for shear at 0.95 span are also similar to those,of the simple span. Thefe—
fore, the affect of the Fourier series on shear around the interior support

is confined to the loaded ribs only.

3.3.3 Influence Lines for Torsion at Support

a. One-Span Ribbed Slab

Inf]Qence 1ines for torsion at the support of the ribs due to a
Toad mbving on the center and edge ribs are shown in Fig. 3.9. For the load
on the edge rib,kthe Qreatest maximum torsion is obtained in the loaded rib,
and maximum torsions of the other unloaded ribs are smaller in proportion to
the distance from the Toaded one. The Toad location for ﬁaximum supﬁort tor-
sion in the loaded rib is nearest to the support, -and for.un1oaded ribs the
Tocation is successively farther from the suppbrt, in proportion to the dis-

tance from the loaded rib.

. When the load moves on the center rib, there is no torsion in the
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Toaded rib_because of symmetry, as mentioned in Section 3.2.3, and the great-
est maximum torsion is found on the first adjacent rib. In the portion of
the influence line from the support to the load location for maximum torsion
in the first adjacent rib, the rate of increase of torsion is great in the
first adjacent rib; but for the other portion of the span, the rate of de-
crease of torsion is also great, resulting in smaller torsion on the first
adjacent rib 1in this portidn of the span (see Fig. 3.9). The characteristiés
of load Tocations on the center fib for maximum torsion in the unloaded ribs
are similar to those of the edje rib loading, as discussed above.

The difference in load Tocations for maximum torsion at the support
of various ribs result from a shear distribution phenomena--i.e., shear dis;
tribution is limited if the load is close to the support, as mentioned in
Section 3.3.2. Therefore, for the unloaded ribs far from the Toaded one,
the Toad has to be sbme distance out on thybspan before the unloaded rib re-

cejves greatest effect of distributed shears causing maximum torsion,

b. Two-Span Ribbed Slab

Influence Tines for torsion at the exterior support and at the 0.95
span poinf due to a Toad moving on the center and edge ribs are shown in Fig.
'3.10. The general characteristicé of the influence Tines for torsion at both
the exterior support‘and at 0.95 span are similar to those of the simple span,
as discussed above. But the magnitude of torsion at 0.95 span is somewhat
' sma]]ermfhanAat‘the exterior support. Torsions at the‘exterior’suppbkt"of"'

various ribs are very small when the Toad is on the other span.
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3.4 Moment Distribution and Moment Envelope Across the Span

~One-Span Ribbed Slab

a
U s

When a Toad moves along the midspan section of a ribbed slab, maxi-
mum moments at midspan of all the loaded ribs are about the same, except that.
the first few‘near'the edge rib have greater moments. Figure 3.11 shows the
moment envelope at midspan of a ribbed slab wfth H = 4.5, b/a = 0.052, and
T = 0.100.  For this particular ribbed slab, momenfs in the edge, second,
and third ribs are 1.89, 1.29, and 1.10 of that of the center rib, respectively.
Moments in the second and third ribs can be reduCed'if the edge rib is made
stiffer (i.e., a strong edge beam is provided).. In Fig. 3.1],vtwo cases of
moment envelopes of the ribbed slab with stiffer edge ribs are also illus-
treted. First, the width of the edge rib is double that of a regular one,
and the resuits of moments in the edge, second, and third ribs areb2.28?
1.07, and 1.02 of that of the center rib, respectively. Second, the width
of the edge rib is triple that of a regujar one, and result of'momente fn
the edge, second, and third ribs are‘2.44, 0.99, and 0.98 of that of the
center rib. Hence, moments in all ribs can be evened out by providing a very
strong edge beam, which has to carry a greater bending moment. |

Figure 3.11 also shows moment distributions of various ribs due to
a-sing1e‘1oad at their midspan. Since the Reciprocal Theorem ho1dS'For the
simple spah ribbed slab, the moment distr#bution cur?es a1eo represent the |
influence Tines for moments at midspan of the Toaded ribs due to a Toad
moving along midspan. vFor any ribbed slab, moment distribufions due to a

load at the same Tocation will have similar shapes, but the magnitude of the:
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distributed moments depends upon the important parameters discussed in Sec-
tion 1.5. Therefore, the study in this section should be considered as a
reference for a general ribbed slab. The affects of those parameters on

moments will be discussed later.

vb. Two-Span Ribbed Slab

Figure 3.12 shows moment envelopes and moment distributions at mid-
span of the fifst span of a two-épan ribbed slab due to a load moving along
the midspan, and also those of'the coresponding negative moment at the interior
support. The genéra1 behavior of moment envelope and moment distributions at
midspan is similar to the simple spanvribbed slab; for exémp]e,vmoments under

the load at midspan of the edge, second, and third ribs are 1.84, 1.24, and
1.08 of that of the center rib, respectively. The moment envelope at the
jnterior"support due to the load at midspan,is similar to those of the posi-
tive‘momEnt at the midspan. But the negative moments of the edge and second
ribs, as compared to that of the center rib, are much greater than in the case
of the positive moments. The resu]ts~1nkFig. 3.12 indicate that negative
moments at the interior support of the edge, second, and third rib are 2.47,
1.53, and 1.06 of that of the center rib, respectively. Negative moment dis-
tributions of various ribs at the interior support due to midspan Toads are
also shown in Fig. 3.12. The distributed negative moment in the first ad- A
jacent rib relative to that of the loaded rib is considerably greater than
the re]ative distributed positive moment of the same rib at midspan. Other
characteristics of negative moment distributions in genera] are similar to

those of the positive moments at midspan,
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The affects of a stiffened edge rib or edge beam are not presented
for the two-span ribbed slab. However, results similar to those of the simple

span ribbed slab should be expected.
3.5 Effeéts,of Torsiona] Stiffness on Moment, Shear, and Torsion

~ The affects of the parameter T on mbment have been studied and re-.
ported in Ref. 5 ahd}]]. Reference‘11 showed that the moment of the loaded
. girder'decreases as magnitude of T increases, but a'significant affect was
found only in thé range of T from 0.0 to 0.20. In Ref. 5, test resu]tsvfrom
steel I-beam girder-slab bridges indicated that the afféct of variation in
torsional stiffness of steé]‘I-beam is ﬁeg]igib]e. |

For this study, the influence of the parameter T on moment, shear,

and torsion are presented. The investigation was perforﬁed‘onsimpTe span ribbed
slabs with constant magnitudes.of H = 2.0 and 4.0, b/a = 0.05 and 0.10, and
with T variéd from 0.063 to 0716] (see Téb]e 3.2). This is in the range of
significant affects of T on moment as reported in Ref. 11. ‘The study ‘con-
sidered two loading cases (load at midspan on the center and edge r{bé), and
results of the ana1ysis are shown in Fig. 3.13. The influence of T on the
moments at midspan, and shear at the support of the loaded ribs are similar--
moment and Shear‘decrease as T 1ncreases.' But the changes are not very sig-
nificant in the range of T investigated, which is considered the practical
range for conventional ribbed slabs. Fof example, the results fér ribbed .
sTabs with H = 4.0 and b/a =;0.05.show that the maximum moments of the center
and edge rib§ decrgaééd 8.5 and 13.7 percent, respectiveiy, as T increased |

98.8 perceht.
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The influence of T on maximum torsional moment at the‘support_due
to the above loadings is cppésite thé affects oh moment and shear. As T
increases, the maximum torsion also increasés gquite significantly. The re-
sults of the same %ibbed slabs with H = 4.0, b/a = 0.05 show that the mix
" mum torsion due to a load at midspaﬁ on the cenier and edge ribs increésed'
59.6 and 42.8 percent, respéctive]ys as T increased 98.8 percent (see Fig.
3.13). However, in this study, the magnitudes of Tvused are approximately
» #onstant, because the influence of T on bendinglmoment‘and Shea?'areﬂVery
sma11, as mentioned above,‘ The influence of T on the torsion is significant,
but the increased torsional strength accompanying 1ncreaséd torsional stiff-
‘ness would be enough fo compénééte for the amount of the increésed torsion.
Furthermore, to%sion is consideredAof'secondary importance in the structure.
In addition, the magnit&de of T selected for this ana?ysfs (abouf O.]OO)”are

considered common for general practice.
3.6 Effects of H and b/a on Moment, Shear, and Torsion

From the results of the studies of behavior of ribbéd'STabs under*
a céncentrated Toad in previous sections, it might be concluded that the
characteriStics‘ofjmqment, shear, and torsion distributibns are somewhat
changed according'to-different load 1oca£ions on different ribs. In order
to make the sfudy in thisvsection simple ahd yet reveal enough detail, solu-
, tiéns for two loading cases are -considered--1oad at'midﬁpan on.fhe'center o
and édge ribs. Thése Toad Tocations give:the.]owér and upper bound values of
moment for any fibped's1ab under a concentrated,1oad;',For~shear and torsion,

the center and edge ribs might be Considered as.being representative of the
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interior and exterior kibs. And as shown in Sections 3.3.2 and 3.3.3, the
chakacteristics of the shear and torsion distributionéva]so depend upon
locations along the span; therefore, midspan is considered to be a suitable
load 1ocation’For studying the genéra1 behavior. |

The study:of.the influence of ‘-H and b/a on moment dfstfibution is
confined torthe midspan section, where maximum moments are obtained. Shear
and torsion are studied at the support. The fesu]ts of the‘ribbed siabs
analyzed with parameters of various magnitudes, as shown in Table 3.1, are

presented in this section.

3.6.1 Effects of H and-b/a on Moment D1str1but1on Across Span and Maximum
Moment of the Loaded Rib _

a. 'Oné-Span Ribbed Slab

The-moment distributions among ribs of simple span ribbed s]abs due
to a load at midspah on the center and edge ribs depend_upon the values of
the parameters H and b/a.‘ The results of the analysis show thét the momehtk
distribution is better for the ribbed slab with smaller H and b/a values, as
showh in Fig.'3.14. Comparing graphs of constant b/a and varfous H values,
and those of constant H and various b/a ratios, it is evident that the éffect
of b/a is somewhat greater than that of H. ‘For a ribbed slab, the moment dis-
tributioﬁ.due to the Toad on the center rib is better than that dueitb the
load on the edge rib. Examples of two simple span rfbbed slabs wfth H=2.0,

b/a = 0.035, and H=9.0, b/a=20.10 are as follows:

H=2.0, b/a = 0.035

Load at midspan on the edge rib:
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Maximum moment of the loaded rib , = 0.0761Pa = 0.3044M,

Moment of the eighth adjacent rib (center rib) = 0.0041Pa = 0.0164MB
Load at midspan on the center rib:

Maximum moment of the loaded rib = 0.0366Pa = 0.1464M,

1]
o

Moment of the eighth adjacent rib (edge rib) .0043Pa = 0.0172M

H= 9.0, b/a =0.10

Load at midspan on the edge rib:
Maximum moment of the.]oaded rib | = (.1507Pa = O.6028MB
Moment of the third adjacent rib (rib no. 4) = 0.0066Pa = 0.0264MB

Load at midspan on the center rib:
Maximum moment of the loaded rib = 0.0940Pa = O.376OMB

Moment of the third adjacent rib (rib no. 6) ° 0.0073Pa = 0.0292MB

]

From the above examples we can see that for the ribbed slab with‘H = 2.0,

b/a = 0;035, the moment of the eight rib from the loaded edge rib (i.e., the
center rib) is about 5.4 percent of that of the Toaded rib, and the moment of
the eighth rib from the loaded center rib (i.e., the edge rib) is about 11.8
‘percent of that of the loaded rib. For the ribbed slab with H = 9.0, b/a = 0.10,
the moment of the thifd adjacent rib from the loaded edge rib (i.e., rib no. 4)
reduced td‘about 4.4 percent of that of the Toaded rib, and the moment of the
third rib from the loaded center rib (i.e., rib no. 6) reduéed to about 7.8
percent of that of the loaded rib. It is quite obvious that the moment dis-
tribution of the former ribbed slab is much better than that of the latter one,

and the maximum moments of the corresponding loaded ribs of the second ribbed

slab are much greater.
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As a resuTt‘of good moment distribution, maximum moment of the loaded
rib is smaller than if moment distribution ie not good. It may be concluded
that the magnitude of the maximum moment of the loaded rib is a direct func-
tion of H and b/a, which control the moment distributions among ribs. 'The
relationships of the maximum moments of the loaded rfbs'with H and b/a are
shown in Fig. 3.23. As ehowh‘in Fig. 3.23, the effects of H and b/a on the
maximum moment are not in the same order. Graphs of the maximum moment versus
b/a; for several constant H values, are closer together and have steeper
slopes than graphs of the maximum moment Versus H. Therefore, it is evident
that b/a has a greater effect on the maximum moment of the 1oaded ribs than
H.. Furthermore as a smaller maximum moment of the 1oaded rib a]so means
better moment d1str1but1on and vice versa, it is evident that b/a is a more

important parameter in controlling moment distribution than H.
b. - Two-Span Ribbed Slab

The study of‘momeht distributions among ribs of two-span ribbed
sTabs_Concentrated at the sections at mtdspan of the first spah end at the
interior support. Positive and negative moment distributions due toba Toad
at‘midspan‘of one spah on the center and edge ribs are illustrated in Fig.
3.15 and 3.16. The results show that the general Characteristics of moment
distributions at midspan are similar to those of the simple span. For nega-
tive moment at the interior support, moment distribution characteristics are
similar to those of the. positive moment when Toad is on the edge rib. For a
Toad on the center: rib, the negat1ve moment in the f1rst adjacent rib is

comparable to that of the lToaded rib, as discussed in Section 3.4. The
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effects of H and b/a on moment distributions, both at midspén and the interior
support, are similar to thoSe noticed in the simple span ribbed slab--i.e., a
better moment distribution is obtained in a ribbed slab with smaller H and
b/a values.

Relationships of the maximum positive and negative moments of the
loaded ribs versus H and b/a are also similar to those of the maximum moment
of the simple span--ife., maximum moment of the loaded ribs increases at a

diminishing rate as H and b/a increase (see Fig.’3;24).

3.6.2 Effects of H and b/a on Shear Distribution Across Span and
Maximum Support Shear '

a. One-Span Ribbed Slab -

Shear distributions at the support due to a lToad at midspan on the
center and edge ribs of various ribbed slabs are illustrated in Fig. 3.17.
The distribution diagrams show that maximum supbort shear did not occur in the
loaded rib except in the case of a loaded edge rib with rather stiff ribs and
larger b/a ratios. For the center rib loading, the maximum shear can be in
any of the first few adjacént ribs, depending upon H and b/a, but never in
the center rib. If‘it is an edge rib Toading, the maximum shear is either
in the Toaded or first adjacent rib. The effects of H and b/a on shear dis-
tributions are similar to those on moment distribution--i.e., the smaller H
and b/a values result in better shear distribution. | ”

In this analysis, the smallest H and b/a are 2.0 and 0.035, and
the greatest are 970 and 0.10, respectively. Comparisons of shear distributions

at support due to a load at midspan on the center and ribs of these two
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ribbed slabs are as follows:

H=2.0, b/a = 0.035

Load at midspan on the edge rib:

Shear of the loaded rib : = 0.0703P
Maximum shear in the first adjacent rib (rib nd. 2) = 0.0820P
. Shear of the eighth adjacent rib (cqnter rib) = 0.0129P
Load at midspan on the center rib:
Shear of the Toaded rib = 0.0166P
Maximum shear in the third adjacent rib (rib no. 6) = 0.0369P
Shear of the eighth adjacent rib (edge rib) = 0.0130P
H= 9.0, b/a = 0.10
| Load at midspan on the edge rib:
Shear of the loaded rib (maximum shear) = (0.2200P
Shear of the fourth adjacent rib (rib no. 5) = 0.0017P
Load at midspan on the center~rib:
Shear of the loaded rib | = 0.0750P
Maximum shear in the first adjacent rib {(rib no. 8) = 0.1097P
Shear of the fourth adjacent rib (rib no. 5) = 0.0050P
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Shear distributions in the above example are quite different; the former rib-

bed slab with load at midspan on the edge rib, shear in the eighth adjacent

rib (i.e., center rib) is about 15.7 percent of the maximum shear, and with

load at midspan-dn-the center rib, shear in the eighth adjacent rib (edge

rib) is as high as 35.2 percent of the maximum shear. In the second ribbed
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slab with a Toad at midspan on the edge rib, shear in the fourth adjacent
rib (i.e., rib‘no 5) is reduced to,abouf 0.8 percent of the maximum shear,
and with load at midspan on the center rib, shear in the fourth adjacent

- rib (i.e., rib no 5) reduced to about 4.6 pefcent of the maximum shear. It
is clear that shear distributions of the former ribbed slab are much better
than that of the latter one.

The relationships of the maxfmum shear with changes in H and b/a are
shown in Fig. 3.25. The graphs fndicate that the maximum support shear due to
a Toad at midspan'on the center‘and edge ribs increases more or less Tinearly
as b/a increases. The effect of H on the makimum shear is somewhat similar

to that of b/a, but is less significant.
b. Two-Span Ribbed Slab

Shear distributions at the exterior support and at the 0.95 span lo-
catiqn due to a Toad at one midspan on the center and edge ribs are shown in
Fig. 3.18 and 3.19, respectively. Note that according to the sign convention
used in this ana]ysié (see Fig. 2.1), shears at 0.95 span are negative, but
for convenience, the absolute values are used in Fig. 3.19. The character-
jstics‘of shear distributions, at both the exterior suppoft and the 0.95
span position, are somewhat different from those of the simple span ribbed
slabs, in that the loaded ribs for both loading cases carry the maximum sup-
port shears for nearly all values of the parameters H and b/a. The maximum
shears near the interior support are genera]]y about twice the shear forces
at the exterior supports for the midspan Toading cases considered.

The effects of H and b/a on the characteristics of the shear
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distributions are similar to those in the simple span ribbed slabs, i.e.,
smaller H and b/a values result in better shear distribution. The relation-
ships of the maximum reaction shear with H and b/a, as can be Seén in Fig. 3.26,
are also similar to those in the simple span ribbed slabs, i.e., the maximum
reaction shear increases as H and b/a increase.

3.6.3 Effects of H and.b/a on Torsional Moment Distribution, and
Maximum Torsion

a. One-Span Ribbed Slab

Torsional moment distributions at the support due to the same
loadings used in the studies df moment and shear distributions are‘considéred
in this section. These loadings are not for maximum torsion, but they are
simply for general study and comparison. The torsion distributions of se-
lected ribbed slabs wfth various values of H and b/a are shown in Fig. 3.20.
Note that the torsions due to the Toad at‘midspan on the edge rib are neQativé
according to the sign cdnvention, but the absolute values are used 1n'Fjg.
3.20. The effects of H and b/a on torsibn distributions are such that the
‘dfstributionyis better for the éma]1er H and- b/a. Maximum torsion due to
the load on the edge rib is much greater than that due to the load on thé
center rib, because of the geometry of the structure.

The re]atiohships of maximum torsions for both loadings éS-functions
of H and b/a are shown in Fig. 3.27. The maximum torsion increases at a dimin-
ishing rate as H and b/a increase, in a manner similar to that described in
Section 3.6.1, but the effect of H on the maximum torsional moment is some-

what greater than that on the maximum bending moment.
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b. Two-Span Ribbed Slab

Torsion distributions at the exterior'support and at the 0.95 span
point due toAa load at midspan of one spah on the center and edge ribs are
shown in Fig. 3.21 and 3.22. Note that torsions at the exterior support due
to the Toad on the edge rfb, and torsions at 0.95 span due to the Toad on
the center rib are negative according to the sign convention used, but the
absolute values are used in Figs. 3.21 and 3.22. The general characteristics
bf the torsjon distributions, both at the exterior support and at 0.95 span,
are similar to those in the simple span ribbed's1abs. The effects of H and
b/a on the torsion distribution are also similar to those in the simple span
ribbed s]abs, i.e., the smaller H and b/a values result in better torsion
distfibution. | |

The relationships of the maximum torsion with H and b/a are showh
in Fig. 3.28. The maximum torsion increases as H and b/a increase in the
mahner similar to that in the simple épan ribbed slabs.

3.7 Effects of H and b/a on Influence Lines for Torsional Moment at the
’ Support, and the Maximum Torsion

We have learned that the load Tocation for maximum forsion is un-
certain for different ribbed slabs. Therefore, this section will show the
influence lines for torsion at the support of various ribbed_s]abs. Since
the general characteristics of the influence Tines fof torsion at the supports
of one-and two-span are similar, as shown in Figs. 3.9 and 3.10, the presenta-
tion in this sectipn wi]]vbe made for the simple span ribbed slabs only.

Two loading cases, single loads moving on the center and edge ribs, are
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considered. The influence lines of the ribs with the maxfmum torsion for
each loading case will be compared for various values of H and b/a, i.e.,
the influence lines of the Toaded edge rib, and the first adjaceht rib (rib
no. 8) due to the load on the center rib.

Figure 3.29 shows the influence Tines of the ribs mentioned above
for various ribbed slabs analyzed. The load Tocations for the‘maximum tor-
sfon at the support for each ribbed slab are a little different, for the
two loading cases. This 1ocatioh js>nearer to the support for the smaller
H and b/a values. For the case of loading on the edge rib, Toad locations
for the maximum torsion at the support of the ribbed slabs analyzed afe be-
tween 0.15 and 0.35 span from the support; and for the case of loading on the
center rib; these locations are in the range of 0.1 to 0.3 of the span. The
maximum torsion due to the former loading is much greater than that due to
the later loading. V |

The relationships of the maximum torsion with H and b/a are sHown
in Fig. 3.30, and they are similar to those due to allbad at midspan on the

center and edge ribs, as described in Sebtion 3.6.3.
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CHAPTER 4

RIBBED SLABS UNDER MULTIPLE LOADS

4.1 Genera}

The study of the general characteristics of ribbed slabs subjected
to multiple Toads, especially in parking garage floors, is the purpose of
this chapter, and both one- and two-span structures are investigated“ Muiti-
ple Toads are cdnsidéred to be the wheel Toads of Severa] parked cars df
équa1 weight,'and‘each car having the weight divided evenly amongkthe four
wheels. The érrangements of the Toads wiT] be made in such way that worét‘
conditions are obtained, even though cars might not be parked liké that 1nv
~general paractice. In fact, cars are movable loads, which might cause im-
pact and repeated'1oad effects. However, in this study, static load is con-
sidéred most important, because car speed in a parking garage ié'very slow
| and n&t all caks move or brake‘ét the same time. o |

In this sfu&y; itbis assumed that the cars are parked perpehdicu1ar
Ito the ribs, so that the ﬁaximum bending mdment;léhear, andbtorsionaT moment
in’thé ribs are obtained. THe length of wheel base and spread between wheeis.
(or tread widfh) are taken as ten and five feet, respectively. These dimen-
sions are based on the information by Burrage and Morgen (16), and Baker (175.
The cér spacing is based on a suggested minimum width of the Sta11 in a parking
garage of éight feet. Distance between fows of cars:from wheel base to wheel
base is:takeh as six feet (i;e., the cars arémparked bumper—torbumpef). |

The'characferistics bf ribbed slabs under mu1t1p1e‘]oads will be
sfudied‘under two situations;>first, the perimeter Whee] loads are on thé‘

edge rib and second, the perimeter wheel Toads are on the second rib. The
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system of loading considered in this chapter is shown in Fig. 4.1. The cross
sections and span lengths of the ribbed slabs in Table 371 will be used for
the analysis. The presentation of nesu1ts will be in dimensionless forms in
order to make the study more general, since some of the ribbed slabs analyzed
have different span Jengths and were subjected to different numbers of Toads.
The eimensionlessbeuantfties are M/MB,‘V/VB, and Mt/MB’ where M, V, and Mt
are bending moment, shear, and torsional moment of a rib, respectiveWy, and

M and‘V are the maximnm moment’end shear ef a simp]e span beamVthch has

B
the same span 1ength and 1s subJected to loads with the spac1ng as the ribbed

s1ab Va]ues of various M and VB are listed in Tab]e 4. 1 for ease of compar-

ison w1th the resu]ts of ribbed s]abs d1scussed in th1s chapter

4.2 Moment, Shear, and Torsional Moment Diagrams

The studies of moment, shear, and torsional moment diagnams of the
ribs of one- and two -span r1bbed s]abs are carr1ed out on a r1bbed s]ab wh1ch
has parameters H = 4.5, b/a = 0.052, and T=0. 100 Loadings for maximum mo-
ment, shear, and torsion are considered, in which the Toadings‘fdn maximum mo-
ment end‘shear are coincident For two-span structure, 1oadings for maximum
'pos1t1ve and negative moments also produce max1mum shears at the extertor and
1nter1or supports, respect1ve]y o

The moment, shear, and tors1ona1 moment d1agrams for both one- }and
two-snan rtbbed slabs, due to loadings mentioned above, are illustrated in
Fig; 4.2 end 4.3. The general configurations of the moment diagrams‘are sini]ar
to those of‘tso1ated beams subjected to a uniformly distributed_1oad. This

phenomena might be éxp1ained that the Toaded ribs or slabs were subjected to
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groups of concentrated loads with rather closed spacings (i.e., three and Five
feet alternately). Furthermore, these concentrated loads were replaced by a
Fourier series approximation, which tends to distribute the loads at the Tload
locations. The s]ab‘a1so'tends to spread out the Ioads as théy are distributed
from rib to rib. Therefore, the influence of a group of concentrated loads be-
comes simi]af to that of a distributed line load. |

Shear diagrams for the ribs subjected directly to the loads have
some sharp slope diécohtinuitieslin the diagrams at the load locations becauée
of the concentrated load effects. For the ribs Which are not direct?y under
the Toads the shear diagrams are more or less parabo11c.CUrves. ‘Fbr"tWO-span
structure, a small portion of the shear diagram near the interior suppOrt is
t affected by using’Fodrier series approximatioh; the maximum shear is fbund at
a very short distance from the'inﬁerior support (i.e., at the 0.95 span point)
instead of the support. |

Torsional moment diagrams for one- and two-span ribbed slabs are
also shown in Figs. 4.2 and 4.3, respectively. The general characteristics
of these diagrams are similar to those of shear diagrams. for the ribs which
are ndf,direcfly under the applied loads, as mentioned aboVé; Tdrs%ona] mo-
ment diagrams for fhe_fwo-span ribbed slabs due to ioads on one span (i.e.,
Toadings for maximuﬁ poéitive moment) or two-span symmetry (i.e., 1oédfng for
maximum negative moment at the interior support) are also affected by use of
the Fourierkseries at the interior support. But for two span asymmetric fdad—
ing (i;e., loading for maximum torsional moment at the interior support of the
center rib), the tprsiona] moment diagram is unique as shown in Fig. 4.3. Be-
cause torques are applied to the rib in the opposite diréction at the interior

suppdrt by such a loading, the effect of using Fourier series is eliminated.
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4,3 Multiple Loads for Maximum Moment and Shear

The study of momenfs of ribbed slabs subjected to multiple loads
is focused on the maximum‘moments of the ribs; and the distributions of mo-
ﬁents. The characteristics of moment distributions among ribs depend onn
the properties of the ribbed sTabs and the 1oading conditions. In this study,
the results of the analysis for thevribbed slabs listed in Table 3.1 are con-
sidered to cover tﬁe normal range of the important parameters for ribbed

slabs. The loadings are again arranged such that the perimeter loads are

"
T
i

[a R

on the edge rib, and then on the second vib, as mentioned in Section 4.

Note that the load patterns for maximum positive and negative moments are
coincident with those for maximum shears for one- and two-span ribbed slabs,

respectively.

4,3.1 One-Span Ribbed Slab

For the one-span ribbed slab, bending moment is impbrtant at mid-
span, whereas the combination of shear and torsional moment éfe most impor;
tant at the support. Loading for maximum moment also results in maximum shear,
but torsioné] momént is small. However, the effect of torsional moment in
combination with shéar should be considered. .Therefore, moment at midspan,
and shear and‘torsional moment at the éupport due to the loadings for maximum

moment are presented.
a. Moments at Midspan

Maximum moments at midspan of various ribs due to both loading cases

arevshown in Fig. 4.4 for comparison. For the loading with the perimeter
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loads on the edge rib, the maximum moment always occurred on the edge rfb, and
its magnitude was considerably greater than the moments in the other ribs.

For the loading with the perimeter loads on the second rib, the maximum moment
might be in the edgevor an interior rib, depending upon properties of the
ribbed slab, in which b/a has the major effect (i.e., the maximum moment is

in an interior rib for all ‘the ribbed slabs analyzed with b/a greater than
0.035). The maximum moment due té this loading is considerably smaller than
that of the former loading. The'resu1ts in Fig. 4.4 show that moment distri-
butions are quite uniform, especially for ribbed slabs with small H and b/a

values, subjected to loads of the latter case.
b. Shear and Torsional Moment at the Support

For a flexure member, maximum shear ié usually another force to be
considered; shear is as important as bending moment , especially for a member
without web reinforcement. For ribbed slabs shbjected to concentrated loads,
not only shear but also .torsion exists at the support, as mentioned‘above.

As far as the combined shears and torsions are concerned, the most significant
torsion due td these loadings is not the maximum torsion, but the torsion 1n
the rib with the maximdm shear. However, torsioh'in various ribs is shown for
better understanding. Shear and torsion at the support due to both Toading
cases for maximum moment are shown in Figs. 4.5 and 4.6, respectiVe]y. The
shear distributions are 1ess»uniform than moment distributions for both 16ading
cases. The torsion distributions are different and difficult to compare with
moment or shear distributions, because the sign for torsion dépends upon the

direction of rotation of the ribs about their Tongitudinal axes. Therefore,
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torsion in the ribs on the opposite sides of a lcad would have a tendency to
have different signs.

The general characteristics of the effects of locading conditions,
H, and b/a on both shear and torsion are similar to those on moments. -For
the loading with the perimeterlloads on the edge rib, both maximum shear and
torsion occurred in the edge rib. For the Toading with the perimeter Tloads

on the second rib, the torsion corresponding to the maximum shear is very

small.

For example, maximum moment, shear and fhe corresponding torsion
of two ribbed slabs with H = 2.0, b/a = 0.035, and H = 9.0, b/a = 0.10 are
shown as follows:

H=2.0, b/a = 0.035

Perimetér_]oads on the edge rib:

Maximum moment (in edge rib) o= 0.3185My
Maximum shear (in edge.rib) = O.4OOOVB
Corresponding torsion (in edge rib) = —0.0226MB

Perimeter T1oads on the second>rib:

Maximum moment (in edge rib) = O.2579MB
Maximum shear (in second rib) = 0.3016V,
Corresponding torsion (in second rib) = -O.OO52MB

H=9.0, b/a = 0.10

Perimeter loads on the edge rib:
Maximum moment (in edge rib) = 0.5685MB
Maximum shear (in edge rib) = 0.5737V,
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Corresponding torsion (in edge rib) = -0.0567MB
Perimeter loads on the second rib:
Maximum momenf (in rib no. 6) = O.4255MB
Maximum shear (in rib no. 7) = O.4158VB ‘ ]
Corresponding torsion‘(in rib no. 7) = 0.0031M,

These are the results of the smallest and greatest maximum moments for each

-‘loading case among the ribbed slabs analyzed.

4.3.2 Two-Span Ribbed Slab

In the positive moment region only the bending moment is important?
whereas at the exterior support the combination of shear and torsion are 1m?
portant. - In‘the negative moment region, or at the interior support, behding
moment, shear, and torsion can exist simu]tanebus]y ih many combinations,
depehding on both the loading and the properties of the structure. The most
important combinations could be considered as follows: First, the case of
maximum moment plus maximum shear, and torsion, and second, the case of maxi-
mum torsion plus shear and moment. The fifst case will be discussed in this

section, and the second case will be discussed later.
a. Moment at 0.44 Span and at the Interior Support

For a two-épan ribbed slab, the maximum positive moment due to the
applied load does not occur at midépan, but rather at a point close to midspan,
as shown by the moment diagrams in Fig. 4.3. For this study, the moment at
0.44 of the span fkom the exterior support is considered to be the maximum

positive moment. If the maximum moment occurs at any other section, the
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value of moment obtained at 0.44 span would close enough to the maximum moment
for any practical purpose, because the moment diagrams show that the rate of
change of moment s very small in that portion of the span (see Fig. 4.3).

The positive moment distribution at 0.44 span and the negative mo-
ment distributionkaf‘the interior support of .various two-span ribbed sTabs
due to the Toading cases for maximum positive and negative moments are shown
in Figs 4.7 and 4.8, respective]y. The general characteristics of the solu-
tions for the positive moment are similar to those of the moment at midspan
of the ohesspan ribbed slabs, as discussed previously. The effects of H and
b/a on,the negative moment at the interior support arevsimilarAto those on
the positive moment at 0.44 span or the moment at'midspanfof the one-span
ribbed slabs, in that a better moment distribution is obtained for the smaller
H and b/a values. But the negative moment distributions at the interior sup-
port are a Tittle less uniformvthan those Qf the pésitive moments. One reason
for this might be that the negative moment is most affected’byk]oads which
are relatively close to the.interjor support, whereas the positive moment is
affected by most of the loads in the span, as shqwn by the influence line for
positivé énd negative moments at midspan and the interior support, respectively
(see Fig. 3.6). Note that the distribution of loads neaf midspan is better
than that of loads near the support. ‘ ' | |

| _,The magnitudes of the maximum negative moments are greater than
those of the maximum positive moments, and for a similar loading case, the
max imum positivé and negative moments usually occurred in fhe same rib. In
addition, the negative moments at the interior support due to loadings for

maximum positive moment are exactly one-half the maximum negative moments

shown in Fig. 4.8.
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b. Shear and Torsional Moment at the Exterior Support and at 0.95 Span

Shear and torsion distributions at the exterior support and at the
0.95 span position due to two loading cases for both maximum positive and nega-
tive moments are shown in Figs. 4.9 to 4.14. The values at the 0.95 sﬁan point
are presented instead of at the interior support, because of the effects of
Fourier series, as mentioned before. The general characteristics of the shear
and torsion distributions, as shown in the figures mentjoned above, are simi-
lar to those of the one-span ribbed slabs. For.the 1qadings'wfth fhé perimeter
lToads on the second rib,‘torsion is relatively small as compared to that due
to the loading with the perimeter loads on the edge rib. The ihportant tor-
sfohs due to these Toadings are those of the ribs with maximum sﬁear at the
extérior support, and with maximum shear and moment at thé interior support.

The shear and torsion distributions at the exterior support due to
1oadings for maximdm negatfve moment are similar to those due tb']oadings for
maximum positive moment, except that the magnftudes are smaller. They are
also very simi]ar‘to,thé values for one-span structures discussed pfeviousiy.
Therefore, such shear and torsion distributions at the exterior support are
not presented. At the 0.95 span 1océtion (df at the interior stport for
moment), the combinafion of negative moment, shear, and torsion, makes the
problem more complicated than at the other end of the span. Shears at the
0.95 span point due to both loadings for maximum negative moment»are consfderf
ably greater than those due to Toadings for maximum positive moment. Negative
moment at the interior support due to the Ioadings for maximum negative mo-
ment is twice that due to the Toadings for maximum positive moment. Thé

combined shear, torsion, and bending moment at the interior support due to
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loadings for maximum negative moment is the most important set of forces

governing the design of ribbed slab structures.

For example, solutions of two ribbed slabs with H = 2.0, b/a = 0.035,

and H = 950, b/a = 0.10, are shown as follows:

H=2.0, b/a = 0.035

Loadings for maximum posffive moment at 0.44 span
‘Perimeter 1oéds on the edge rib:
Maximum positivé momehtv(fh edge rib)

" Maximum shear at the exterior support (in edge rib)
Torsion at the exterior support (in edge rib)
Maximum shear at 0.95.span (in edge rib) |
Torsion at 0.95 span (in edge rib) |

Negative moment at the interior support (in edge rib)

Perimeter loads on the second rib:

| Maxihum positive moment at 0.44 span (in edge rib)
Maximum shear at the exterjor supporf (in rib no. 2)

Torsion at the exterior support (in rib no. 2)
Maximum‘shear at 0.95 span (in rib no. 2)

Torsion at 0.95 span (in rib no. 2)

Negative moment at the interior support (in rib no. 2)

Loadings for maximum negative moment at the interior support
Perimeter loads on the edge rib:
Maximum negative.moment (in edge rib)

Maximum shear at 0.95 span (in edge rib)

It

1]

0.2563M
0.3611V
-0. 0205M
-0.4718V
0.0158M
-0.1873M,

0.1992M,
0.2667V
-0.0046M
-0.3099V.
0.0034M,

-0.1266M

—0.3746MB

-O.6390VB
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Torsion at 0.95 span (in edge rib)

Maximum shear at the exterior support (in edge rib)

Torsion at the exterior support (in edge rib)
Perimeter'loads on the second rib:

Maximum negative moment (in rib no. 2)

Maximum shear at 0.95 span (in rib no. 2)

Torsion at 0.95 span (in rib no. 2)

Maximum shear at the exterior support (in rib no. 2)

Torsion at the exterior support (in rib no. 2) :

H=9.0, b/a = 0.10
Loadings for maximum positive moment at 0.44 span
Perimeter loads on the edge rib: |
| Maximum positive moment (in edge rib)
Maximum shear at the exterior support (in edge rib)
| Torsion at the exterior support (in edge rib)
Maximum shear at 0.95 span (in edge rib)
Torsion at 0.95 span‘(in edge rib)
Negative moment at the interior support (in edge rib)
‘Perimeter Toads on. the second rib:
Maximum positive moment (in rib no. 6)
Maximum shear at the extefior support (in rib no. 7)
Torsion at the exterior support (in rib no. 7)
Maximum shear at 0.95 span (in rib no. 7)
“Torsion at 0.95 spaﬁ (in rib no. 7)

Negative moment at the 1ntérior support (in rib no. 7)

1t

]

il

.0185M

.4001V
.0018M

.6502V

.3353M
.3809V

.0027M

.0102M,
13314V,

B

.253]MB

B
B

,2394VB
.OO4OMB

.4579MB
.5317VB
.0521MB

.0423MB
.3158MB

.0042M;
L4608V,

.2234MB
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Loédings for maximum negative moment at the interior support

Perimeter loads on the edge rib:

Maxinum negative moment (in edge rib) = —0{6316MB
Maximum shear at 0.95 span (in'edgeArib) = 40.8673VB
Torsion at 0.95,span (in edge rib) v o= 0.029OMB
Maximum shear at-the exterior support (in edge rib) = 0.4880VB
Torsion at the exterior support:(in edge rib) | = -0.0475MB
Perimeter Toads on the second rib: |
Maximum negative moment (in vib no. 7) = —O.4468MB
Maximum shear at 0.95 span (in rib no. 7) = -0.5994V,
Torsion at 0.95 span (1n r1b no. 7) . .= -OZQO68MB
Maximum shear at the exter1or support (in r1b no. 7) = “k0.3449VB
Torsion at the exterior suppqrt (in r1b no. 7) . = 0.0053MB

4.3.3 Maximum Deflections

The max1mun deflections of ribbed slabs, both one- nd two-span sub-
Jected to mu]t1p]e Toads, resu]ted from 1oad1ng for maximum pos1t1ve moment.
‘The abso]ute va]ues of maximum def]ect1on (1 e., in 1nches) of the ribbed
slabs ana]yzed are shown in Tables 4 2 and 4.3. Since the r1bbed s]abs ana-
lyzed have different span lengths and cross sect1on propert1es, the def]ect1on
' coeff1c1ents in terms of the app]1ed load, span 1ength ‘and the f]exura]
st1ffness of the compos1te sect1on are considered for -the study of the gener-.

a1 relationships involved. The deflection coeff1c1ent is as follows:

K = L
: nPa” -
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where
K = deflection coefficient
& = absolute deflection
n = number of the applied 1oad$‘in.the span direction, considering

only those loads 1ocated more than the rib depth from the sup-

port -

For exémp]e, the re]ationShips of the maximum deflection coefficients
. for one-span ribbed slabs under the loading with the perimeter 1oads,oh the
edge rib with H and b/a'are shown in Fig; 4.15. The coefficfent K increases
s]ight]y as H increases. The re1ationships between fhe coefficient K and b/a

are more or less linear with the values of K considerably increases as b/a. in-

créases;
4.4 Multiple Loads for Maximum Torsional Moment

Since torsional moments are significant, this section will focus on
hékimum torsions of various ribbed slabs due to the loadings arranged aé'sh0wn
in Fig.b411. Load patterns that makimize torsional moment in two-span ribbed
sTabs dependév1arge1y upon the absoiufe rib spacing, and slightly uﬁon H and
b/a. Therefore, for Simp]ification, 1oad patterns on two-span ribbed slabs
with the same maénitude of rib spaciﬁg were taken to be the sameJ(i;e., on those
with b/a = 0.07, and 0.10). Besides torsional moment, the corresponding
va]ues of sheaf and bending moment (if ahy) will also be presented, since the

combined torsion, shear, and'bending‘moment'in the rib is the important phenom-

ena, as mentioned previously.
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4.4,1 One-Span Ribbed Slab

a. Torsional Moment at the Support

The transverse torsional moment distributions at the support of
various simple span ribbed slabs are shown in Fig. 4.16. Note that.the ab-
solute values of torsions are used in Fig. 4.16. The effects of H and b/a
on the distributions are similar to those in the case of the moment distri-
butions (i.e., the transverse torsion distribution is better for sma1l H
and b/a vé1ues). The éna]ysfs of the ribbed slabs showed that the parameter
b/a has é greater effect on the torsion distribution than H. |

For Toading With the perimeter ioads on the edgé fib, the maxfmuh.
torsion is always found in the edge rib, as was the maximum moment. Fbr'the
other loading with the perimeter loads on the second rib, the maximum torsion
is always 1in an interior rib.'-THe magnitude of the maximum torsion in the
latter 1oading caée is significantly smaller than that of the former loadings.
In comparisoh with the maximum moments at midspan of one-span fiBbed slabs 1n,
Settion 4.3.1 (a), the maximum torsional moments are ébout 9 to']i percent éf
. the maximum bending moments for the former Toading casé, and about 6 to ]O

percent for the latter loading case.

b. Shear at the Support

L5

The important shear at‘the'support due to Toadings in this section
is not the maximum shear, but rather the value of shear corresponding to the
maximum torsion in the rib. However, for better understanding, the transverse

shear distribution to various ribs at the support are shown in Fig. 4.16. For
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the loading with perimeter loads on theiedge rib, both maximum shear and.tor-
sion occur 1in the edge rib. Their magnitudes are not much different from the
shear and torsion for the maximum moment loading case considered in Section
4.3.1. For the Toading case with the periméter loads on the second rib,
shear 1is somewhat smaller but tofsion is much greatér'than that due to loading
for maximum moment.

For example, the maximum torsion and the corresponding shear at the
support of two one-span ribbed siabs with H= 2.0, b/a = 0.035, and H = 9.0,

b/a = 0.10, are shown as follows:

H=2.0, b/a=0.035
Perimeter Toads on the edge rib:
| Maximum torsional moment at the support (in edge rib) = QO.O331MB
Corresponding shear at the support (in edge rib) = U.3778VB
.Perimeter loads on the second rib: |
Maximum torsional moment at the support {(in rib no. 8) = -0.0208M,

Corresponding shear at the support (in rib no. 8) = 0.14O4V8

H= 9.0, b/a = O.Tb
| bPerimetér 1oéds Qnéthé edge rib:
Maximum torsionaT moment at the supbort (in edge rib) = —O.O6OOMB
Correspohding shear at thé support (in edge rib) = "0.5694VB
Perimeter Toads on the second rib:
‘MaximumltorsionaT moment atvthe support (in rib no. 6) = -0.0369M,

-0.2290v

it

Corresponding shear at the support (in rib no. 6) B
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4.4.2 Two-Span Ribbed Slab

a. Torsional Moment at the Exterior Support and at the 0.95 Span Point

Torsion at the exterior support and at the 0.95 span section of
various two-span ribbed slabs due to both cases of loading for maximum tor-
sion are shown in Figs. 4.18 and 4.19, respectively. The magnitudes of maxif
mum torsions at 0.95 span are somewhat smaller than those at the exterior
support. The general characteriétics of the transverse torsional moment
distribution amonQ ribs at the exterior support and at 0.95 span are similar
to those in the simple span ribbed slabs, but the magnitudes of maximum tor-
sions in the two-span slabs are slightly smaller than those in the one-span
case} The effects of the loading conditions, H and b/a, on the characteristics
of the‘transverse torsion distributions are similar to those in the simp]e
spén ribbed slabs, as discusged in Section 4.4.1(a). |

b. Shear at the Exterior Support and the 0.95 Span Point, and Bending
!Moment at ‘the Interior Support

Shear at the exterior support due to multiple loads for‘maximum
torsional moment is shown in Fig. 4.20; shear and negative moment at the in=-
terior support are éhown in Figs. 4.21 and 4.22, respective]y. The tranSverse
negétiveAmoment distributions in various ribs are fairly uniform, whereas
shear and torsion distributions ére not because of the 1oadings. The magni-
tudes of the negative moments are about the same as thoée due to the maximum
pbsitive moment Toadings discussed in Section 4.3f1 (b).

The general characteristics of the transverse distributions of shear,

both at the exterior support and at 0.95 span, are similar to those in the
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simple span ribbed slabs, as discussed above. The magnitudes of maximum

shear due to loadings in this section are not much smaller than the maximum
shear due to multiple loads for maximum positive moment. However, the impor-
tant shear for loadings in this section is not the maximum shear, but rather
the shear correspondihg to the maximum torsional moment. Unfortunately for.
the structure, the maximum shear, both at the exterior support and at 0.95
span, is the shear accompanying the maximum torsional moment in the case where
the perimeter loads are on the edge rib; Hence,. for this loading case, the

combined torsjonal moment, shear, and bending moment at (or near) the interior

support could be very important. For the loading with the perimeter Toads

on the second rib; the shear corresponding to the maximum torsion is consider-
ably smaller than the maximum shear. The maximuh torsion due to this loading A
is much smaller than that due to the former Ioadihg. In order to minimize the
effects of the combined torsional moment, Shear,'and.bending moment, it may

be worthwhile to consider restricting the loading so‘thet the periheter loads
cannot go outsfde of the second rib. -

For example, maximum torsional moment, and the corresponding shear

and bending moment of two two-span ribbed slabs with H = 2.0, b/a = 0.035,

and H = 9.0, b/a = 0n10,,are shown as follows:

H=2.0, b/a = 0.035

Perimeter loads on the edge rib (forces in edge rib):

]

-0.0308M

Maximum torsion at the exterior support B
Shear at the exterior support = O.3379VB
Maximum torsion at 0.95 span = 0.0262M;



65

Shear at 0.95 span = -0.4473VB
Bending moment at the interior support = —0.1897MB’

Perimeter Toads on the second rib (forces in rib no. 9):

Maximum tofsion at the exterior support = —O.OZO?MB
Shear at the extefior support , = 0.1134VB
Maximum torsion at 0.95 span ' L= O.OZOOMB
Shear at 0.95 span = ‘-0.1789VB
Bending moment at the interior-support = -0.1056MB

H= 9.0, b/a = 0.10

Perimeter loads on the edge rib (forces in edge rib):

Maximum torsion at the exterior support = -0.0567MB
Sheariat the exterior support ) R 0.5254VB

Maximum torsion at 0.95 span = 0.04730,
Shear at 0.95 span - = -0.6415VB
Bending moment at'the interior support = "0‘3]42MB

Perimeter loads on the second rib (forces in rib no. 6):

Maximum torsion at the exterior support ‘ = —0.0371MB
Shear at the.exterior.support | = 0.1908\1B
Maximum térsion at 0.95 span = O.O364MB
Shear at 0.95 span A. ’ = -O.3324MB
Bending moment at the interior support = 40.2420MB

4.5 Variations of Maximum Moment, Shear, and Torsional Moment, with H and b/a

It has béen observed that good moment, shear, and torsion distribu-

tions are the charactistics of a ribbed siab with small H and b/a; hence, as
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far as statics is concerned, decreased maximum moment, shear, and torsion
could be expected in such a ribbed slab. One might also conclude that the
maximum moment, shear, and torsion of a ribbed slab due to any multiple |
loading case are direct functions’of the pafameters H and b/a. The relation-
ships of the maximum moment, shear, and torsion with H and b/a are presented
in this section, and also the corresponding values of shear, torsion, and

moment (if any).

4.5.1 One-Span Ribbed Slab

The relationships of maximum bending moment at midspan, maximum

- shear and the corresponding torsion at the support dué to both cases of 16adings
for maximum moment with H and b/a are shown in Fig. 4.23. The maximum moments
increase at a diminishing rate as b/a increases, and the effect of b/a is
greater for the larger values of H. The maximum moments increase slightly

as H increases, with the larger changes occurring when b/a is larger. For

the ribbed slabs analyzed, the relationship between the maximum shear (at the
support, and fof both loading cases) and b/a is approximately a parabolic curve
with the maximum value somewhere between b/a = 0.07jand 0.10. In the other
words, the maximum sheér increases as b/a increases until b/a = 0.07, and at
b/a = 0.10 the maximum normalized éhear is slightly smaller than at b/a = 0;07.
The maximum shear also increases at a very small rate as H ihcreases. The tor-
sional momentsvborresponding to the maximum shear due to the Toading with.the
perimeter loads on the second rib are negligible. For’the.1oadfng with the

perimeter loads on the edge rib, the torsional moments corresponding to the

maximum shear are significant, and they increase as both H and b/a increase.

Metz Rofersnce Room
Civil Engineering Department
B106 C. E. Builizing
University of Illinois
Urbana, Illinois 61801
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The effect of b/a on the‘torsiona1 moment is greater for greater H values, and
the effect of H is also greater for greater b/a values.

Figure 4.24 shows the relationships of the maximum torsional moments
and corresponding shears at the support with.H and b/a, for both maximum tor-
sional moment loading cases. For loading with the perimeter loads on the
edge rib, the characteristics of the maximum torsions and corresponding shear
are similar to those of the maximum shear and corresponding torsions due to
the same loading case. For 1oadfng with the perimeter loads on the second rib,
the general characteristics of the méximum torsions are similar to those of
the maximum torsions due to the former loading case, except that the maximum
torsions at b/a = 0.10 are slightly smaller than those at'b/a =‘0.07, as aiso
happened for the maximum shear values. The relationships of shear corresponding
to maximum torsions in the latter loading case with H and b/a are more ambigu- -
ous. However, for a general description, it might be said that the magnitude
of this shear is about 50 to 60 percent of the shear due to maximum moment

lToading, as discussed above.

4.5.2 Two-Span Ribbed Slab

For both cases of loadings for maximum positive moment at 0.44 span,
the relationships of the maximum moment, maximﬁm shearvand the corresponding
torsion at the exterior support with H and b/a are éhbwn in Fig. 4.25; the
relationships of maximum shear at 0.95'span,'and the corresponding negative
moment at the interior support and torsion at 0.95 span with H and b/a are
shown in Fig. 4.26. For the two maximum negative moment loading cases at
the interior support, the re]ationéhips of the maximum moment and the corres-

ponding shear and torsion at 0.95 span with H and b/a are shown in Fig. 4.27.
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For both maximum torsion loading cases at the supports, the relationships of
the maximum torsion and corresponding Shear at the exterior support with H
andkb/a are shown in Fig. 4.28; the're1ationships of the maximum tbrsion and
corresponding shear at 0.95 span and negativé moment ét the interior support
with H and b/a are shown in Fig. 4.29. |

A1l these relationships of the moment, shear, and torsion with H
and b/a are similar to those for the one-span ribbed slabs. But at 0.95
span, the maximum shear decreased as b/a changed from 0.07 to 0.10 with the
response gomewhat'greater than that extent at the exterior support, or in

the oné—span ribbed slabs.
4.6 Effects of a Stiffer Edge Rib

The study of the effects of the stiffer edge ribs were<¢onsidering
the simple span ribbed slab with H = 4.5, b/a = 0.052, T = 0.100. The width
of the edge rib was twice the regu]af width. The absolute flexural stiffness
of the edge rib was then double of thét of the regular edge rib, but the rela-
-tive flexural stiffness H of the edge rib, composite with the é]ab; was 50
percent greater than that of the regular edge rib. For the torsional stiff-
ness, both the absolute value and the relative value of T were 5.7 times that
of the regular edge rib. Two typés of mu1t1p1e loads are considered; first,
multiple loads for maximum moment; shear, and torsion aé shown in Fig. 4.1
and second, a 1ine Toad on the edge rib. For the second type of 1oading,.a
simulated Tine Toad (i.e., concentrated loads at evéry 2.5:ft) was used in-
stead of the actual 1ine Toad, since the method 6f analysis was prepaﬁed fdr

concentrated.]oads~on]y.
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4.6.1 Multiple Loads for Maximum Moment, Shear, and Torsion

Two loading cases, perimeter loads on the edge and second ribs as
shbwn in Fig. 4.7, are again considered. The results of the analysis are
shown in Fig. 4.30 for both cases of Toadings. The results of the regﬁlar
ribbed slab are also shown in Fig.‘4.30 for comparison.

For the case of loading with the perimeter loads on the edgé rib,
the maximum bending moment in the stiffened edge rib was about 40 percent
mofe than that of the regular edge rib. Thé stiffef édge rib caused some
reduction of the maximum moment in the adjacent ribs. The effect of the
stiffer edge rib on the maximum shear is similar to that on the maximum mo-
ment (i.e., the maximum shear ih the stiffer edge rib was about 23 percent
more than that in the regular edge rib). The effect of the stiffer edge rib
on the maximum torsion is greater than on the maximum moment and shear (i.e.,
the maximum torsion in the stiffer edge fib was about 100 percent more than
that in the regular edge rib) because the torsional stiffness T had increased
5.7 times, whereas the f]exura1 stiffness H increased 1.5 times, as mentioned
above.

For the case of loading with the perimeter loads on the second rib,
the maximum moment éTso ocqurred in the edge rib; and the maximum moment ih
the second and near adjacent ribs were reduced when the edge rib was stiffened.
The effect of the stiffer edge rib on the maximum shear is similar to that on
the maximum moment (i.e., the maximum sheqr in the stﬁffef edge rib increased
and maximum shear in the adjacent ribs decreased). The maximum torsion for
this Toading is not affected by the stiffer edge rib, since it occurs in an

interior rib. For the stiffer edge rib, torsion changed sign which means that
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the rotation in the stiffer edge rib occurred in the opposite direction tb
that of the regular edge rib fof this loading (i.e., a ball placed over the
first rib tends to roll toward the edge of the structure'for the case of the

regular rib and toward the interior with the stiffened rib). .

4.6.2 Line Load on the Edge Rib and Across the Span

The study'of Tine Toad on the edge rib in this section is intended
to show the effects of possible 1ine loads (such as a wall or dead load of
the widened edge rib) on moment, shear, and torsion in the ribs. The results
for both the stiffened edge rib and the regu]ar,edge rib are shown in Fig.
4.31. The Tine load produced éignificant values of moment and shear (1.é.,
greater than 10 percent of the maximum value) to rib no. 5, but the effect
on torsion is significant to rib no. 8. .

The effects of the stiffer edge rib are similar to those due to the
loadings described in the preyioué section. The maximum moment, shear, and
torsion in the edge rib were about 30, 20, and 120 percenf,'respectivé1y, more
than those of the regular edge rib. The reductions in the maxfmum moment,
shear, and torsion in the second rib were about 20, 15, and 57 percent, re-
spectively, of the maximum values in the regular.edge rjb. For the same rea-
son as described in the previous Section, the change of torsional moment is
significantly greater than of bending moment or shear. The effects of the
'-stiffer edge rib exist in only a few ribs near the loaded edge rib (1.e.,’,
to rib no 4 for bending and shear for the particular ribbed slab ana]yzed).‘

For the ;ase‘of a line load across the span (parallel to the sup-

ports), an approximation was made by applying single concentrated loads on
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every rib (i.e., single loads at midspan on all ribs). This foadihg shows the
effects of the regular edge rib and bf the stiffer edge rib; as illustrated
in Fig. 4.32. For the regular edge rib, the moment, shear, and torsion in an
outer rib are s1ightly greater than in an inner rib due to the edge effects.
In fact, moment and shear due to this loading should be about the same as the
static values in a simple beam, 5ut they éfe slightly smaller because ofAthe
computational inaccuracy, as discussed in’Sectfoh 2.6. The effect of a
stiffer edge rib is somewhat similar to the effect of a Tine Toad on the edge
rib. Momenf and-shear are greater in the stiffer‘edge rib énd sma]ier in the
adjacent ribs, as compared to the regu]arvedgé rib case. 'Toféion 1htreases in

all ribs, with a significant value in the stiffer edge rfb.'
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CHAPTER 5

DISCUSSION AND RECOMMENDATIONS -

5.1 General

~ The results of the investigation (bending moment, shear, and tor-
sional moment) were breéented relative to the static moment and shear in
simple beams. Since’stafic torsion does not eXiét in the simple beam, tor-
sional moment was reported relative to the simple beam bending moment.

The results are presented as functions of H and b/é. However, the
different absolute values of b and a also have some influence on the results.
For the case of siﬁg]e loads, this effect is negligible;’for the case of
mu]tiple lToads, small effects exist because of the different number of loads
and loading Tocations relative to the rib (e.g., compare the maximum moments
shown in Fig. 3.1 and 4.2 with the graphs of maximum moment in Fig. 3.23
and 4.23 respectively). However, the rib spacing b for this type of ;truc-
ture is in a very narrow range'of about 2 to 3 feet, and fér thisvreasbn'the
effect of the diffefent absolute values of b and a for a particular H‘and.

b/a would be Timited.
5.2 Discussion and Comparison

The discussion of the results of the investigation in this section

will-concern the results produced by multiple loads as'describedvin Chaptek

4. Since these multiple loads were considered to be wheel loads of vehicles.
in parking garages, the discussion will compare the results obtained from the

 analysis with the current design'prdvisions for such structures; for example,
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the equivalent uniformiy distfibutéd load for the design of an open parkihg
structure is specified to be 50 psf by Ref. 4.

For the pUrpose of comparison, the equivalent uniformly distributed
loads for'the results of this analysis will be evaluated. By considering the
rib as an equi9a1ent beém, then the equivalent uniformly distributed 10ads

can be determined by'thé formulae as follows:

For One-Span Ribbed Slab:

Equivalent Toad based on the maximum moment:

8Mmax

W=
e azb

Equivalent Toad based on the maximum shear:

W= 2Vmax
e . ab

For Two-Span Ribbed Slab:

- Equivalent load based on the maximum positive moment:

512M
W = max

©  49a%
Equivalent load based on the maximum shear at the exterior support:

16Vmax

we - 7ab.

Equiva1ent load based on the maximum negative moment:

_ 8Mmax
We T T2
a b
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Equivalent Toad based on the maximum shear at 0.95 span:

40Vmax

We T T23ab

where W, fs the eqdiva]ent uniform]y distbibuted Toad per unit area.
"~ The magnitudes of the concentrated wheel Toads P are taken as 1000
1b for the ca1cu]atidn of the‘equivalent loads Wg Tn this section.

For both one- and two-span ribbed slabs, the case of 1oading with
the perimeter loads on the edge rib resulted in eignificantly greater maxi-
mum moment, shear, and torsion in the edge rib than in the interior ribs,
especfa1]y at the interior support of a two-span strucfure. Hdwever, the
maximdm forces in interior ribs due to this Toading are near]ytthe same as
the maximum values produced in interior ribs when the perimeter ]oadé are
onvthe second rib. Thérefore, it might be. said that the resUlts from the
investigation fof the Tatter Toading case could be considered as‘the reference
for all the interior ribs; and the results due to the former Toading ease' |
could be considered as fhe reference for the edge rib when loading is possi-

ble to load it directly.
a. Perimeter Loads on the Second Rib

The fol]bwidg discussioh is concerned mainly with the re3u1ts pro-
duced by the Toading with. the perimeter loads on the second kib, for both'
the one— and’two-span structures described in Chapter 4. The equivalent 1oads”
weffor theee results ealculated by the above formulae are épprdximately in the

" range of 30 to 40 psf, except that the equivalent Toads based on the maximum
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shear at 0.95 span for the two-span structure are somewhat larger, at 40

to 50 psf. The equivalent loads calculated are listed in Tables 5.1 and 5.2.
These equivalent loads suggest that the current specified design load of 50
psf for an open pafking structure is adequaté as long as significant area

load reductions, as permited by Ref. 4, are not allowed. However, none of

the building codes has mentioned any possibility of the effects of torsional
moment in combination with shear, or shear and bending moment. The results

of this investigation indicates fhat significant torsion exists simultaneously
with shear and bending moment. |

For one-span ribbéd slabs, maximum torsion at the support (as shown
in Table 5.3) is about 6 to ]Okpercent of the maximum.bending‘moment. (Maxi-

‘ mum torsion and maximum moment are caused'by different Toading patferns, as
shown in Fig. 4.1.) The shear corresponding to the maximum torsion is gener-
ally not the maximum shear but is approximately 40 to 60 percent of the maxi-
mum shear, as mentioned in Chapter 4 (see Table 5.4).

For two-span ribbed slabs, maximum torsidn at the exterior support
is about 6 to 10 pefcent of the maximum negétive moment at the interior support
(see Table 5.5). The shear corresponding to this maximum torsion is usually

}1n the range of 40 to 50 percent of the maximum shear at the exterior support
(see Table 5.6). Maximum torsion near tﬁe interior support (i.e., at 0.95
span) is about 6 to 9 percent of the maximum negative moment at the interijor
support (see Table 5.7). The shear corresponding to this maximum torsion is
about 40 to 60 percent of the maximum shear at the 0.95 spanllocation (see
TabTe 5.8); and the corresponding negative moment is about 40 to 55 percent

of the maximum negative moment at the interior support (see Table 5.9).
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Note that torsion accompanying the maximum shears and bending moments

are generally negligible.
b. Perimeter Loads on the Edge Rib

The equivalent loads based on maximum moment and shear values cal-
culated by the above fofmu]ae, for both one- and two-span, are mostly in the
range of 40 to 50 psf. However, the equivalent loads based on the maximum
shear at the 0.95 span location 6f the two-span structure is greater and
varies from about 55 to 80 psf. These equivalent loads are somewhat greater
"than the often specified deéign Toad of 50 psf. According to these results,

it might be said that4if loading d1re¢t1y on the edge rib is pdssib]e, a
stronger edge rib or edge beam is needed. Furthermore, considerable torsion
occurred simultaneously with maximum shear at the exterior suppoft (i.e., about
7 to 11 percent of the maximum positive moment, see Table 5.10); and some tor-
sion bccurred with maximum shear and bending moment at or near the interior
support (i.e., about 3 to 5 percent of the maximum negative moment, see Tab1é
5.11}f |

The other important combination of forces at the support is due to
loading for maximum tofsion. For one-span ribbed'slabs, the maximum torsion
is about 9 to 11 percent of the maximum bending moment (see Table 5.3). The
shear\corresponding to this maximum torsion 1s'about—the same as the maximum
sheaf (i.e., about 95 to 100 percent, see Table 5.4). ‘For two-span structures,
maximum torsion'at the exterior sﬁbport is about 7 to 9 percent of the maximum
negative moment at the interior support, and sheér corresponding‘to this maxi-

mum torsion is about the same as the maximum shear at the exterior support
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(i.e., about 95 to 100 percent). Maximum torsion at the 0.95 span location
is about 6 to 7 percent of the maximum negative moment at the interior sup-
port (see Table 5.7); shear corresponding to this maximum torsion is about
70 to 75 percent of the maximum shear at 0.95 span, and the corfesponding
negative moment is about 50 percent of the maximum negative moment (see
Tables 5.8 and 5.9). Note that the above combinations of the results are
also shown graphica]]y’in.Chapter'4 for both cases of loading. According
to the results discussed above, ff loading on the edge rib is possible, the
effects of the abbve combinations of shear and torsion, or shear, torsion

and bending moment ought to be taken into consideration.

5.3 General Remarks

On the basis of the results of the 1nvestigation as discussed 1in
the previous sections, most of the problems which have occurred in in-service
parking garage ribbed slabs (i.e., Ref. 1) probably did not resQ1t from use
of an inadequate design live load (if 50 psf or mofe was used). The trouble
may have resulted from various other causes which have not been included in
this study, for example: |

1. Restrained shrinkage effeéts in concrete (i.e., tensi]e‘stress

reduces shear strength of reinforced concrete).

2. Repeated load effects on the fatigue étrength of the concrete,

.especia11y,1n the plate elements, in the lower stories of a
ramp parking structure.

3. Temperature change effects, especially when the effects of

temperature and shrinkage are additive.
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5.4 Recommendations

The following recommendation for the design of ribbed slabs sub-

jected to concentrated Toads (as in parking garages) are based on the results

of this investigation:

1.

When possible, loading on the edge rib should be avoided so as
to eliminate the large-bending moment, shear, and torsional
moment in that edge rib.

If the edge rib is to be loaded, a stiffened edge beam should
be provided (i.e., double the width and reinforcement).

In so far as the calculated moments and shears are concerned,
the equivalent design lcad of 50 psf is adequate for interior
ribs, unless a very heavy line load is app]ied to the edge rib.
Thé increase in the allowable shear stress for ribs allowed by
the ACI Building Code (2) should not be permitted, unless the |

effects of potential torsional moments are considered.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1 Genera1 Outline of the Investigation

The analytical study presented in this report is concerned with the
bending moments, shears, and torsional moments in the ribs of one-span and
two-span continuous ribbed slabs subjected to concentrated loads.

| A1l ribbed slabs analyzed consisted of seventeen identical ribs
spaced unfform]y with the cross section of the rib constant along the span.
The rangebof the parameters considered is 0.035 to-0.10 for b/a, and 2.0 to
9.0 for H, and a nearly constant T of .0.100. - The supports were considered
tq be nondeflecting and to provfde complete restraint against torsional ko—
tation of elements abbut their Tongitudinal axes, but to provide zero flexural
restraint. | o

So]utfons were obtained by a numerical procedure based on the
‘Goldberg-Leve folded p1éte theory (13). The'studies considered two cases:

a. Solutions invo]ving~sing1e concentrated Toads, mainly with

loadings at midspan.on the center and edge ribs, and-
b;"Mu]tipTe loadings as in parkihg'garages.v
The Toading systems were set, as shown in Fig. 4.1, to obtain maximum bending
moment, shear, and torsibna] moment in the ribs. In addition, the effects of.
various Toads (including a 1ine 1oéd) on the stiffened edge rib were also
examined. The presentations were made using dimensionless quantities (i.e.,

| M/MB’ V/VB, and:Mf/MB) for most of the results.
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6.2 General Conclusions

The following conclusions for this investigation are believed to be

applicable to all simply supported one-span and two-span continuous ribbed

slabs which have at least 17 ribs and valués of parameters H, b/a, and T in

the range considered in this study.

| For Single Loads

1.

The moment, shear, and torsion distributions are better for

small H and b/a values.

The maximum moment, shear, and torsion increase as H and b/a
increase,. but in the range b/a = 0.07 to 0.10 the maximum shear
decreases s]ight?y, and b/a has somewhat greater effect than H.
The maximum moments at midspan in the center and edge ribs of
one-span ribbed slabs are about 0;15MB to O.38MB, and O:3OMB’to
0.60 Mg, respectively. -

The maximum shear occurs near the appliedload, and the magnitude

can be as great as a simple beam shear (i.e., 0.5P).

- A stiffer edge rib reduces the maximum moments in the ribs near

the edge rib to about the same as in the other interior ribs,

- but increases the maximum moment in the edge rib.

The load Tocations for maximum torsional moment at the support

of one-span ribbed slabs are about 0.15 to 0.35 of the span

length from the support for the edge rib loading, and 0.1 to

0.3 of the span length for the center rib Toading.
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For Mu]tip1e Loads:

1. The maximum moment at midspan of the simple span ribbed slabs

. i1s about 0.32M, to O.57MB for the case of the perimeter Toads

B
on the edge rib,’and O.26MB to O.38MB when the perimeter loads
are on the second rib=l ; o

2. -The maximum shear at the support of the simplé span rfbbed slabs
is between 0.4OVB and 0.59VB for the case of the perimeter loads
on the edge rib, and between O.3OVB and O.45VB fof the case of
the pefimeter loads on the Sécdnd rib. |

3. The maximum torsional moment‘at the support of the simple span
ribbed slabs varies from about 0.033M, to 0.060M; for the caSe
of the'perimeter loads on the edge,rib, and OQOZ]MB tb O.O37MB

for the case of the perimeter Toads on the second rib.

4. The maximum positive moment at the10.44‘span location of two=s§an
ribbed slabs is from O.26MB to 0;46MB for thé case of the perim-
eter 1oad§ on the edge rib, and from 0.20Mg to 0.33Mg for the
case of perimeter loads on the second rib.

" 5. The maximum negative moment at the ihteridr 3uppdrt yéries from
O.38MB’fo 0.63MB'fdr the case 6f thé perimetér 1bads on the edge
rib, and from O.ZSMB to 0.45My for the case of the perimeter
loads on the second rib. | |

6. The'maximUm'sheaf at thé exterior support is about D.36VB to
0;59VB for the case of the perimeterbloéds on the edge rib, and
from‘0.27vB to 0;38VB for the case of the beriheter 1oads'on‘the

second rib.
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The maximum shear at the 0.95 span Tocation of the two-span
structure is about O.64VB to LOOVB for the case of the perim-
eter loads on the edge rib, and from O.4OVB to O.7OVB for the
case of the perimeter loads on the second rib.

The maximum torsion at the exterior sqpport is about 0.031MB

to 0.057M, for the case of the perimeter loads on the edge rib,

B
and from 0.021M; to 0.037M, for the case of the perimeter Toads
on‘the'second rib.. _

The maximum torsion at the 0.95 span Tocation varies between
0,026MB and O.O47MB, and from 0.020MB to 05036MB for the case

of,the perimeter loads on the edge and second ribs, respectively

The maximum moment, shear, and torsion increase as H and b/a -

increase, but in the range of b/a = 0.07 to 0.10 the maximum

shear decreases somewhat.

The influence of b/a on the maximum moment and shear is some-

~ what greater than that of H; they have about the same influence

on the maximum torsion.
The maximum deflection coefficient K increases more or less

Tinearly with b/a; the coefficient K is near]y‘independent of H.

~ The effects of a Tine load on the edge rib are significantly

transmitted to only a few adjacent ribs.

A stiffer edge rib (double the width) carries more internal

forces, and reduces those in a few adjacent ribs, as compared

to the regular edge‘rib.

When the perimeter loads are limited to the second rib, the.
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equivalent uniformly distributed loads calculated based on the

" maximum moment and shear are between 30 and 50 psf for both

one- and two-span ribbed slabs.

If the perimeter loads are on the edge rib, the equivalent Toads
based on the maximum moment and shear in thé edge rib are about
40 to 55 psf for one-span ribbed s]abs,‘and 40 to 80 psf for

two span. The equivalent Toads for interior ribs would be in

the same range as those due to the perimeter Toads on the second

rib.
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Table 3.1

DIMENSIONS AND PARAMETERS OF THE
VARIOUS RIBBED SLABS STUDIED

o O O o

0 0 o W

b/a  H Tt b, h b a
-~ (in.) (in.)  (in.) (in.) = (ft)
0.035 2.0 . 0.102 4,0 7.0 . 19.8 24.0 57.
| 4.0 0.100 3.5 7.4 21.8 240 57,
6.0  0.098 3.0 7.2 21.7 24.0  57.
9.0  0.097 2.5 6.9 21.1 24.0 57.
0.05 2.0  0.100 4.0 6.8  18.5 30.0  50.0
4.0 . 0.102 3.0 6.6 17.8  30.0 50.0
6.0 0.104 - 2.5 6.4 17.2 30.0 50.0
9.0 0.104 2.5 7.0 19.4 30.0 50.0
0.052 . 4.5  0.100 3.0 6.3 17.7 25.0 40.0
0.07 2.0  0.098 4.0 6.6 17.3 36.0 42,
4.0 0.103 3.5 7.2 18.8 36.0 42.
6.0  0.100 3.0 7.0 18.7 36.0 . 42.
9.00  0.102 2.5 6.8 18.1 36.0 42,
0.10 2.0 0.099 4.0 6.1 15.7 36.0  30.0
4.0  0.102 3.5 6.6 17.7 36.0 30.0
6.0  0.098 3.0 6.4 16.9  36.0 30.0
9.0  0.099 2.5 6.2 16.3 - 36.0 30.0
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Table 3.2

PARAMETERS AND DIMENSIONS OF THE RIBBED SLABS FOR THE
STUDY OF THE EFFECTS OF TORSIONAL STIFFNESS
ON MOMENT, SHEAR, AND TORSION

b/a H T t br h b a
(in.) (in.) (in.) (in.) (ft)
0.05 2.0 0.075 4.0 6.0 18.8 30.0 50.0
0.100 4.0 6.8 18.5 30.0 50.0
0.146 4 8.0 17.8 30.0 50.0
0.05 4.0 0.081 3.0 6.0 18.2 30.0 50.0
0.102 3.0 6.6 17.8 30.0 50.0
0.126 3.5 8.0 19.8 30.0 50.0
0.143 3.0 7.6 17.2 30.0 50.0
0.161 3.0 8.0 17.0 30.0 50.0
3.5 5 17.8 36.0 30.0

0.10 4.0 0.063 .
' 0.102 3.5 6.6 17.7 36.0 30.0

0.117 3.5 7.0 16.8 36.0 . 30.0
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Table 4.1

MAXIMUM SIMPLE BEAM MOMENT AND SHEAR VS. SPAN

Span Length ' Mg Vg
(ft) (k-ft) | (K)

1 40.0 49.5 - 5.0
57.0 101.0 7.0
50.0 ‘ 77.5 6.0
42.8 56.5 5.0

30.0 28.0 x 4.0
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Table 4.2

MAXIMUM DEFLECTIONS OF ONE-SPAN RIBBED SLABS DUE
TO MULTIPLE LOADS FOR MAXIMUM MOMENT

§ (in.)
Loading H b/a = 0.035 b/a = 0.05 b/a=0.07 b/a=0.10

Perimeter Loads 2.0 0.7343 0.6152 0.4570 0.1686
on the Edge 4.0 0.5557 0.7341 0.3474 0.1310
Rib 6.0 0.5926 ©0.8549 0.3707 0.1411
9.0 0.6947 1 0.5792 0.4298 0.1655

Perimeter Loads 2.0 0.5856 0.4712 0.3540 0.1235
on the Second 4.0 0.4370 0.5586 0.2675 0.0956
Rib 6.0 . 0.4624 0.6496 0.2845 0.1026
9.0 0.5391 0.4400 0.3304 0.1210

Table 4.3
MAXIMUM DEFLECTIONS OF TWO-SPAN RIBBED SLABS DUE TO
MULTIPLE LOADS FOR MAXIMUM POSITIVE MOMENT
_ § (in.)
Loading Ho B/a = 0.035 b/a-0.05 b/a=0.07 bJa-=o0.10

Perimeter Loads 2.0 0.5272 0.4409 0.3283 _ 0.1226
on the Edge 4.0 0.4002 0.5283 0.2504 0.0958
Rib 9.0 0.5034 0.4191 0.3118 0.1224
Perimeter Loads 2.0  0.4124° 0.3320 0.2495 0.0878
on the Second 9.0 0.3813 0.3119 0.2352 0.0886

Rib




EQUIVALENT UNIFORMLY DISTRIBUTED LOADS FOR ONE-SPAN RIBBED SLABS

_ Table 5.1

*
o W, (psf)
Loading Calculation H=2.0 H=9.0
g Based On o - - - -

‘ b/a = 0.035 b/a = 0.05 b/a = 0.07 b/a = 0.10 b/a = 0.035 b/a = 0.05 b/a = 0.07 b/a = 0.10
Perimeter Mmax 40 40 38 4] 42 43 4?2 47
“Loads on '

the Edge :

Rib VmaX 49 46 42; 46 | 54 50 A 46 51
Perimeter MmaX o 32 31 30 31 33 37 33 35

Loads on ' .
the Second ‘

Rib -Vmax 37 35 35 33 40 . 38 32 37

The equivalent load wé

based on the magnitude of the concentrated wheel loads P = 1000 1b.

06



: Table 5.2
EQUIVALENT UNIFORMLY DISTRIBUTED LOADS ON TWO-SPAN RIBBED SLABS

*
caleul we  (psf)
. alculation :
Loading - “pased on H=2.0 H= 9.0
b/a = 0.035 b/a = 0.05 b/a = 0.07 b/a = 0.10 b/a = 0.035 b/a = 0.05 b/a = 0.07 b/a. = 0.10
Perimeter M B 4 40 43 46 44 44 50
~ (at 0.44 Span) x ‘ '
Loads Voo 44 48 45 48 56 54 49 54
. (at Exterior
’ 9" th? Support)
‘Edgé Rib v'Mmax 47 44 ,42 45 54 51 48 52
© - (at Interior ' - ' ’ '
Support)
| Vmax 68 64 | 60 56 . 81 ‘ 73 68 67
(at 0.95 Span) ' ' ' '
"~ Perimeter MmaX 33 31 31 - 31 "33 33 33 36
(at 0.44 Span) ‘ o , _
toads oy 3 37 33 3 41 40 37 39
(at Exterior -
on the Support) , .
" Second MmaX 32 31 31 32 34 ' 34 35 37
(at Interior ‘
Rib Support) ;
Vo 43 @ a2 40 48 4 48 47

(at 0.95 Span)

The equivalent Toad W, based on the magnitude of the concentrated wheel loads P = 1000 1b.

L6
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Table 5.3

- MAXIMUM TORSIONS AT THE SUPPORT OF ONE-SPAN RIBBED SLABS

‘Rib

thax (% Mmax)
Loading H : : :
b/a = 0.035 b/a = 0.05 b/a =0.07 b/a=0.10
" Perimeter Loads 2.0 10 9 9 9
on the Edge
Rib 9.0 11 11 10 11
Perimeter Loads 2.0 8 7 7 6
on the Second
Rib 9.0 10 10 9 9
» Table 5.4
SHEARS ACCOMPANYING THE MAXIMUM TORSIONS AT THE
: SUPPORT OF -ONE-SPAN RIBBED SLABS
. V(% Vmax) _ » ‘
Loading H o b/a =0.035 b/a=0.05 b/a=0.07 b/a=0.10
‘Perimeter Loads 2.0 94 97 98 - 100
on the Edge .
Rib - 9.0 97 97 98 100
Perimeter Loads 2.0 47 45 57 53
~on the Second
9.0 46 43 58 53
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Table 5.5

MAXIMUM TORSIONS AT THE EXTERIOR SUPPORT OF
TWO-SPAN RIBBED SLABS

M (% Neg. M__.)
B ‘ , . , tmax | max
Loading -~ H  },27-70.035 bja = 0.05 b/a=0.07 b/a=0.10
Perimeter Loads 2.0 -8 8 7 8
on The Edge ' i
Rib 9.0 9 9 9 9
Perimeter Loads 2.0 8 7 : 6 6
on the Second . '
Rib : 9.0 10 9 - 8 ' 8
Table 5.6

SHEARS ACCOMPANYING THE MAXIMUM TORSIONS AT THE
EXTERIOR SUPPORT OF TWO-SPAN RIBBED SLABS

V (% Viax at Exterior Suppokt),

o )
Loading — H  }/a=0.035 b/a=0.05 b/a=0.07 b/a=0.10
Perimeter Loads 2.0 94 . 96 96 98
-on the Edge _
Ribs - 9.0 9% 97 7 99
Perimeter Loads 2.0 41 39 49 48

on the Second
Rib 9.0 41 37 © 50 50
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Table 5.7

MAXIMUM TORSIONS AT THE 0.95 SPAN LOCATION
IN TWO-SPAN RIBBED SLABS

M (% Neg. M__)
. A tmax max |
Loading =~ H /77270035 b/a= 0.05 b/a=0.07 b/a=0.10

Perimeter Loads 2.0 7 7 6 6.

on the Edge N o ‘

Rib 9.0 7 7 7 7
Perimeter Loads 2.0 8 6 6 6

on the Second S : :

Rib. 9.0 9 9 8 8

~ Table 5.8

SHEAR ACCOMPANYING THE MAXIMUM TORSIONS AT THE 0.95
SPAN LOCATION IN-TWO-SPAN RIBBED SLABS

V (% Vmax at 0.95 Span)

Loading H b/a=0.035 b/a=0.05 b/a=0.07 b/a=0.10
Perimeter Loads 2.0 70 73 7 - 74
on the Edge ' ' S
Rib 9.0 69 72 74 74
Perimeter Loads 2.0 - 45 51 54 - 57

on the Second _
Rib 9.0 42 48 - 53 55
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Table 5.9

NEGATIVE BENDING MOMENTS ACCOMPANYING THE MAXIMUM TORSIONS

AT THE 0.95 SPAN LOCATION IN TWO-SPAN RIBBED SLABS

M (% Neg. Mmax)

Loading - M b/a=0.035 b/a=0.05 b/a=0.07 b/a=0.10
Perimeter Loads 2.0 51 50 5] 50
on the Edge
Rib 9.0 50 50 50 49
Perimeter Loads 2.0 40 52 53 55
on the Second : o
Rib 9.0 41 53 54 54
Table 5.10
_ TORSIONS ACCOMPANYING THE MAXIMUM SHEARS AT THE
EXTERIOR SUPPORT IN TWO-SPAN RIBBED SLABS
o - Mt'(% Pos. Mmax) | |
Loading H ~ %/37-70.035 b/a = 0.05 b/a=0.07 b/a=0.10
Perimeter Loads 2.0 8 | 7 7 8
on the Edge ' S ' ‘
Rib g0 .M 1 10 1
Table 5.11
TORSIONS ACCOMPANYING THE MAXIMUM SHEARS AT THE
0.95 SPAN LOCATION IN TWO-SPAN RIBBED SLABS
| , M, (% Neg. M_..)
Loading H b/a = 0.035 b/a = 0.05 b/a =0.07 b/a=0.10
Perimeter Loads 2.0 3 3 3 3
on the Edge
5

Rib 9.0 4 | 4 -4
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FIG. 1.1 TYPICAL RIBBED SLABS AND CROSS SECTIONS
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FIG. 2.1 INTERNAL FORCES AT THE JUNCTION OF BEAM AND SLAB ELEMENTS,
AND.ON A SMALL ELEMENT OF BEAM
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Moment Diagrams Moment Diagrams
0.40" ; B : ' .
e 0. Rib No.: i .
~
=

.80

Shear Diagrams

Rib No.:
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0 1 & l ] . 1 ] !
0 0.10 0.20 0.30 0.40 08070 0.10 0.20 0.30 0.40 0.50
Distance from Support/a » Distance from Support/a
Load at midspan on the edge rib ~ Load at midspan on the center rib

FIG. 3.1 MOMENT, SHEAR, AND TORSION DIAGRAMS FOR A ONE-SPAN RIBBED
SLAB DUE TO A SINGLE LOAD AT MIDSPAN ON THE EDGE AND
CENTER RIBS
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FIG. 3.2 MOMENT, SHEAR, AND TORSION DIAGRAMS FOR A TWO-SPAN RIBBED SLAB
DUE TO A SINGLE LOAD AT ONE MIDSPAN ON THE EDGE AND CENTER RIBS
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Shear Diagrams

F
—
Rib No. 9 4J ' . Loaded Rib
Reaction Transmitted
by Slab
Rib No. 8 | T B First Adjacent
Rib
Rib

FIG. 3.3 THE INTERPRETATION OF THE LOADING
EFFECTS ON THE RIBS
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Shear

The Probable Shear Diagram

—= Span

Vertical

A Portion of Reaction

Shear Diagram

Interior
Support

(a) A Portion of a Shear Diagram and Its Interpretation

near the Interior Support

The Probable | ‘
Torsion
Diagram
. l Support
A Port1on of Couple
Diagram b

Torsion

Span

Interior Support

(b) A Portion of a Torsion Diagram and Its Interpretat1on
near the Interior Support

FIG 3.4 THE INTERPRETATION OF REACTIONS AND
COUPLES AT THE INTERIOR SUPPORT
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THE 0.95 SPAN LOCATION AND NEGATIVE MOMENT AT THE INTERIOR -SUPPORT
WITH H AND b/a FOR TWO-SPAN RIBBED SLABS UNDER MULTIPLE LOADS FOR
MAXIMUM POSITIVE MOMENT
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FIG. 4.27 RELATIONSHIPS OF MAXIMUM NEGATIVE MOMENT AT THE INTERIOR SUPPORT,
MAXIMUM SHEAR AND THE ACCOMPANYING TORSION OF THE 0.95 SPAN LOCATION
WITH H AND b/a FOR TWO-SPAN RIBBED SLABS UNDER MULTIPLE LOADS FOR
MAXIMUM TORSION
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FIG. 4.28 RELATIONSHIPS OF MAXIMUM TORSIONAL MOMENT AND THE ACCOMPANYING

SHEAR AT THE EXTERIOR SUPPORT WITH H AND b/a FOR TWO-SPAN RIBBED
SLABS UNDER MULTIPLE LOADS FOR MAXIMUM TORSION
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RELATIONSHIPS OF MAXIMUM TORSIONAL MOMENT AND THE ACCOMPANYING
SHEAR AT THE 0.95 SPAN LOCATION AND NEGATIVE MOMENT AT THE INTERIOR
WO-SPAN RIBBED (DER MULTIPLE

LOADS FOR MAXIMUM TORSION
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FIG. 4.30 EFFECTS OF THE STIFFENED EDGE RIB ON MOMENT SHEAR AND TORSIONAL
MOMENT DUE TO MULTIPLE LOADS
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FIG. 4.31 EFFECTS OF THE STIFFENED EDGE RIB ON MOMENT, SHEAR,
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FIG. 4.32 MOMENTS, SHEARS, AND TORSIONS DUE TO A MIDSPAN LINE LOAD







