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ABSTRACT

This paper aims to analyse are
ribs are analysed as a monolith
differently. In addltIOIjl, the
apprOaCh' The slab loadmg is i
pridges. One of th'e strength
demonstrated by using a code

jnforgeq Concrete waffle by
1c'umt N contragt to the
gr;l_lagc approach accountg
N line wity the HA loadin

. g of the B
of_ this approach ig that jt ; :
Written in M

3 sy for field use by
: Ch amenable ¢ co ication, a pro ram was used to
S, b(?ndlng moments anq tors / Itpis %)bqerved that the

1 INTRODUCTION

Waffle slabs are structural clements
of top slab and a system of g
transverse beams. They are effi
loads than flat slabs, and are
They can withstand heavier load and cover large span as
they exhibit higher stiffhess and smaller deflections. The
waffle slab system is an evolution of the solid slab that
results from the elimination of concrete below the
neutral axis which allows an economic increase on the
total thickness of the slab with the creation of voids in a
thythmic arrangement. As a result, the self-weight of the
structure is reduced (Schwetz et al, 2009).

with a combination
paced longitudinal and
cient in resisting lateral
Suitable for large spans,

For quite some time in Nigeria, the use of conventional
reinforced concrete system was so prevalent that I?O
serious attention was paid to ribbed slab. However, in
fecent years, there has been a sudden increase in the use
of waffle slabs. That however, makes it necessary to

€xamine pew ways in which it can be used in
Construction,

Principal)

Y, static analysis of waffle slabs aim to
d

etemine the amount and distribution of shear forces

YA AE the
ending moment and torsional moments acting on
Structure,
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methods; both
arch have been

g¢ analysis for waffle
Other methods availab
include plate analogy by Tim
Mahamuni, 2014)

analytical ang nume
carried out on the
bridge decks.

rical but Jess rese
use of grilla

le in literature
oshenko (Halkude and
Rankine Grashoff method
(Mohammed ¢ al, 2013), However the direct stiffness

gives more accurate results as concluded by (Halkude
and Mahamuni. 2014).

Up until now, waffle slabs are found more
building construction than in bridge cons
argument against this is that loads are distributed in two
orthogonal directions in waffle slabs as against the one-
way loading system in bridges. As a resul
deem it incompatible with bridges as
transferred in one way only in bridges. However,
technical reasoning has shown that when lo
transferred to bridges in one way only, |

in number in
truction. An

t, engineers
loads are

ads are
arge twisting
moments are produced, the orthogonal rib '\_'\ stem in a
waffle slab provides an efficient means of resisting these
twisting moments by im‘m‘lml‘mn‘g Lul':c bending
moments in the two orthogonal directions (Kennedy and
Bahkt, 1983).

Vaignan and Prashad, 2014) analysed voided and
( I‘;Il;nli deck slab using MIDAS civil and concluded that
cellule i 6

pper

wer
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rectangular shaped cellular deck
than voided slabs,

S withstand more load
For this purpose

, Serious attention needs to be given to
the analysis of

waffle slabs ag bridge decks. Several
methods have been used in the analysis of bridges, in

each, the three dimensiona| structure is simplified based
on assumptions on geometry, materials and relationship
between components. The accuracy of analysis is
dependent on the method used.,

Bridge decks have been analyzed using several methods
such as finite element grillage analogy,
theory as seen in past literatures (Schwe:
Grillage method of analysis involves
bridge deck as a2by?2 System of inter
intersecting each other. It is a numerical approach in
analyzing bridge decks. Tt is easy to use and
comprehend (Shreedar and Kharde, 2013).

According to (Shreedar and Kharde 2013) Lightfoot and
Sawko made this method of analysis using grillages
open to computer programming
As structures become complex and large,

methods of simplifying  their analysis hav
developed, among this is the computer aid. C
aided analysis is g2 way of solving continuou
problems by dividing them into discrete elements thus
simplifying analysis taking into consideration of
compatibility and boundary conditions. A waffle slab is
a three dimensional and complex structural element
whose analysis requires very cumbersome calculations,
hence the use of computer program for analysis. In this
paper, the analysis of a waffle bridge deck using method
of grillages was performed using direct stiffness method
and MATLAB software as tools for writing the program
as well as the analysis.

In the grillage analysis, the structure is represented by a
plane grillage of discrete but interconnected beams.
Almost any arrangement in plan is possible, so skew.
curved, tapering or irregular decks can be analysed. But
the usual layout is sets of parallel beams in two
directions by assuming the plane of the grillage to be
horizontal.

In a simple form of grillage analysis, each beam is
assigned a torsional stiffness and flexural stiffness in the
vertical plane. Vertical loads are applied only at the
intersections of the beams. The matrix stiffness method
of analysis is used by the existing software, to find the
rotations about two horizontal axes and the vertical
displacement at these nodes, and hence the bending and
torsional moments and shear forces in the beams at each

orthotropic plate
tz et al, 2009).

representing the
connected beams

several
e been
omputer
S system

intersection. Warping stresses and shear lag
neglected in the analysis.

Location of grid lines

1. Grid lines should be adopted along line of
strength. ;
2 The longitudinal gridlines run in parall ]
direction to the edge of the deck that is free., For
longitudinal direction, it may be along the longitudinal
webs, centre line of girders or edge beams etc.
%) Where isolated bearings are present, the grid
line may be along the line joining center of bearing. .
4. For transverse direction, it should be
considered as one of each end connecting the center of
bearing and along the center line of transverse beg
(Surana And Agrawal, 1998).

Number and spacing of grid lines.
il Where possible, odd numbers of gridlines
should be chosen in both longitudinal and transverse
directions.

24 The ratio of spacing of transverse grid line to
those of longitudinal grids may be taken as 1 to 2
3 As regards to the depth of slab, the minimum

distance between longitudinal grid lines is limited to two
to three times of the slab depth and the maximum
separation of longitudinal members should not be more

than one fourth of the effective span (Pandey and Maru,
2015).

A typical output gives the external reactions at each
support. The bending and torsional moments will, in
general, show a discontinuity at each joint. For an
orthogonal grillage, each change in bending moment is
equal to the change in torsional moment
the member at right angl
Similarly,

at that joint in
€s to the one considered.
the change in torsional moment equals the
change in bending moment in the perpendicular
member.

Approximatel_\' one half of the local
distributed over the eight no
correct

des of the vicinity to get

results, even

near the loa
appropriate idealization for a con
be carefully selected. Each T-sec
and transverse sides of a
grillage beam.

extend to the od

be attached to

real slab has no s
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SLB 1 BRIDOE DATA

Bridge Dack Properties

T3m

Width of Notional Lame\ 3.63m
< Jpess of Stab Topping  0.073m
Depth of Bridge Daxk 037w
Width of Grid Baam 0.1 3mm
Depth of Apphalt Overlay  0.03m
Grade of Conerete M0
Grade of Steel Bdo0

Rib spacing 1.2m

The loading considerad is the selftwelght, wearing
course. The live load on the floor is HA loading as given
in BS 3400-part 2 (19%7) Claux 621, Lo
combination 1 of the BS 3400 part 2 is usad. In this
deven transverse members and five  longitudinal
members have been modelad. The grillage model has 77
nodes, 136 members and 231 degrees of froadom,

E =3.61 X 107kN/m?

G = 157 X 107kN/m?

I=193x107'm*
J=1.063 x10%m*

It

W==fzz=R==2p=

TRANSVERSE SECTION OF WAFFLE BRIDGE

R i I
SITUDINAL SECTION OF THE WAFFL
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FIGURE & WEALIZED GRULAGE MODEL OF SRIDGE DECKX

Anshinit using MATLAB i softeere (Sffes
nxthod)

Defining the nodal coordinars.
Numbening of numbars.

WD D e

Defining the connactivigy of Slements
4 The kngth and angle of onentahon
Y ¥

8. For cloment, the suffees mamnx
computad the software,

The stitthess matnix for & gnd member S a6 by
6 matnx.

Q. First the degre

T A0 DS

SN MamX N obtamd W

Rt S fThess matnoes.

Formulation of stiffhess 1
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Mathematical Mode]:
d4y

Ela =q

Bt
ekl

Integrating

Elv=gq, 4 @X + a,x? + g x3

;I‘he rotational degree of freedom
v

=0

Applying boundary conditions

Solving for coefficients,

d
x=0:£=0;v=1;=>ao=0anda1=1

x=L:2=o;v=0
dx

d

= = 0;= 2a, + 3a,

v=1+a,l + asl®

3 z 2
=>a2=l—2and 2y

Equation (5) becomes

3xZt 2>
s
: 12) _ 12
_Elgx—:=F=>—E1(L—3)—LgEI

B125 1= e = ()

12
iy = —Femo = EI (‘_2)
kyy = —Mx=o = EI (ZE) |

i isti ment at node 1, giving a2
imposing a twisting mo 4
i}t,atliog 6 and applymg bou:)r;dary conditions |
constant of integration found to

(17)1

T=2g

Therefore, 1
: &, (18)

ka3 = 5

The remaining forces acting on the grid beam can be
determined by  applying  unit  displacement
corresponding to translation and rotation at the two

nodes of the beam.

[ 12E1_6EI () ~12E1 6EL o 3
TN TRNETZ
ky1kszk13kiskiskie i—";’-"'LE 0 ff’%o
ka1kzzkaskzskaskae 00 00 =g
k3ikszksskssksskse| _ 6LEI 1251—Le£1
Tkarkazkazksaksskse —I;El_?- .
ksiksokssksaksskse 6EL 2B1 ( ~6EI 4EI
ke1kezkesksskeskes 12 L—G L2 LG]
[0 0 =0 02 o]

3. RESULTS AND DISCUSSION

1 : .
(1) Analysis of a waffle bridge deck have been carried by
(2)  using grillage analogy method by simulating full the HA
loading. The displacements are shown in table 2)
3) bending moments are shown in table (3). The bending
4 moments are estimated from the summation of member
@ forces of adjacent members.
G) TABLE 2: DISPLACEMENTS AT EDGE AND MIDDLE
LONGITUDINAL RIBS
Node y-translation(m) x-rotations(radians) Z-rotations(radians)
(6) numbers
1 0 -0.0022 0
11 0 0.0020 0
12 0 -0.0057 0
13 -0.0059 -0.0045 -0.0066
14 -0.0104 -0.0034 -0.0123
15 -0.0139 -0.0029 0.0169
@) 16 -0.0170 -0.0025 -0.0204
17 -0.0190 -0.0001 -0.0255
) 18 -0.0200 0.0019 -0.0242
19 -0.0173 0.0028 -0.0209
©) 20 -0.0135 0.0041 -0.0158
21 -0.0078 0.0059 -0.087
(10) 2 0 0.131 0
34 0 -0.0155 0
35 -0.0212 -0.0158 0
(11) 36 -0.0388 -0.0115 0
37 -0.0512 -0.007 0
38 —0.0593 -0.0047 0
39 -0.0627 0.0001 0.0000
40 -0.0592 0.0047 0
41 -0.0511 0.0078 0
12) 42 -0.038 0.0115 0
43 -0.0211 0.015 0
13) 44 0 -0.0000 0
(14)
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in the vertical direction which causes
or towards the edge of the bridge deck.
reduces towards mid-span of the deck. There

otation

1
then ;
rotation 1M the v i3 :
is ° Jinal direction. This can be attributed to the
Iong'tulry in the grillage layout of the deck. This results
me ent in the longitudinal rib.

' epo twisting mom
in#

ertical direction at midspan in the

4 COMPARISON BETWEEN VALUES OF BENDING
'|'A'"’|'f‘ 6 (LONGITUDINAL RIB)
OMERZ

N1 : ;
M r Bending Bending
9 :
Nonbcrﬂ' moments(grillage  moments(manual
pumoert

analysis) kN-m analysis) kKN-m

Tnternal Longitudinal rib

13 64.43 386.2
" 52.73 686.7
39.11 901
l? 24.93 1030
17’ 146 1073
lu -23.93 1030
:9 -39.47 901
20 -53.2 686.7
21 -45.19 386.2
ABLE 4: COMPARISON BETWEEN VALUES OF BENDING
MOMENTS (TRANSVERSE RIB)
Node Bending Bending
numbers moments(grillage ~ moments(manual

analysis) kN-m analysis) kN-m

Internal transverse rib

6 3.63 132
17 43.97 113
28 27.07 177
39 1.48 198
50 -24.14 177
61 -46.36 113
72 -3.63 132

The values of bending moments obtained in the grillage
analysis are lower than those obtained manually with
beam line analysis, it is as a result of the neglect of
twisting moments in the beam line analysis that is,
twisting of beam is neglected. The negative values of
bending moments is caused by the effect of support
conditions adopted in the analysis. The stepped or saw-
tooth values of bending moments in grillage analysis is
asa result of discontinuity at the nodes and difference in
the values of bending moments in adjacent beams which
results from the values of displacements of member
clements. The bending moments are higher at the
Supports to resist the large twisting moments developed

355

y iddle at
at the edges and reduces gradually towards the midd!

there is no twisting moment.

4. CONCLUSION

The static analysis of a waffle slab
carried out using grillage analysis whic
amenable and compared with manual
analysis. Based on the comparative study of bending
moment of longitudinal and transverse rib, more
cconomical designs can be obtained using the grillage
method. The negative bending moments developed in
the slab can be resisted by making the supports solid.
The method also makes it possible for the slab to be
analsed as an entity instead of the conventional slab-
beam analysis. Large twisting moments developed at the
support and edge of a bridge deck can be minimized
using waffle slabs for bridge decks.

bridge deck was
h is computer
beam line
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