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EFFECT OF OPENINGS ON THE BEHAVIOR OF R.C. FLAT PLATES
PART (1) : PLATES WITH EDGE BEAMS

By
Ibrahim G. Shaaban” and Akram M. Torkey ™

ABSTRACT

Openings in flat plate systems arc essential for stairways, service ducts,.ete. When openings exist
in n plate, even if the sizesof the openings are relatively small as compared with the size of the plate
itself, they are supposed to affect the structural performance of the plate and to cause reduction in ils
strength, stiffness and deformation capability, depending on the locations and aumber of the openings,
The aim of this paper is o =udy the effect of the location of these openings on the behavior of R.C.
plates with edge beams. This requires proper combination of both the column, beam, and plate elements.
A high precision isoparametric triangular thin layered element is used for modelling the studied plates
while beams are modelled by a specially developed thick layered one, which takes shear deformation
into consideration. Columns are represented by a group of springs of variahle stiffnesses. Based on the
comparison belween the nemerical results and those obtained by the available methods stated in the
Egyptian and American Standards, recommendations for the analysis and design of reinforced concrete

flat plates with openings are proposed,

L INTRODUCTION

In flat plates with marginal fedge) beams, the slab
column connection is a complex region since il 15 sulje-
gted 10 high shear stresses produced by the combination
of axial load and beading moments.  Introducing
openings in plates and walls affects the behavior of
these plates [1,2,3]). The effect of opening location,
dimensions and aspect ratio on the behavior of flat
plates without edge beams was studied earlier by the
authors  in the first part of this series [4]. However, the
research in the effect of openings on the plate column
connection is limited especially if the opening is very
¢lose o the column.  Since at the column-plate and
beam-plate junction, the behavior of the column, the
beam and the plate is complex, the effect of the interfa-
itz between these regions would be accurately evaluated
through three dimensional (3-I0) analysis [3], However,
this  would imvolve the difficulties related 1o such space
analysiz and would loose the merits of two-dimensional
analysis using the lavered approach. A high precision
ispparametric triangular thin layered element model
was applied successfully to the first part of this series
[4] but it meeds further development to model the
codumn-plate and beam-plale connections accurately,

The ohject of this paper is 1o study the effect
of openings on the behavior of plates with edge
beams. Beams are modelted by a specially developed

thick layered triangular element which tukes sheat
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deformation info consideration  while  columns are
represented by a group of springs. In addition, the
effect of reinforcement detailing around the openings
on the behavior of such plates is taken into considera=
tion, Comparisons are made between the numerical
results ohtained by the proposad computer program and
the equivatent frame method of the ESS-95 Code [6]
and the eguivalent frame method stated in the ACI-85
Code |7].

2. FINITE ELEMENT ANALYSIS

The layvered finite element model developed earlier
by the first author [B], and modified 10 include the
concrete and steel lavers  in the first part of this
investigation [4] was further developed to include a
better  simulation to plae-column connection and a
layered beam element for edge beams. [ is worth
mentioning  that the orientation of the reinforcement in
the steel loyer 3% included in the computer program.

2.1 Plate Element Modelling

The lavered triangular thin element was used in
modelling the studied plates. This element is consider-
ed 10 be o high precision one since it has high degrees
of compatibility per node. The nodal parameters are
three displocements uv, and w along the global
Cartesian coordinates XY, and Z, two strains and
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shear sirains u,, vy and Uy, V., TWD rolations w, , wy,
W CUTVALUIES Wi , Wiy and twist Wy, . These comprise
twelve nodal degrees of freedom and thirty six degrees
of freedom per element, (see Figure 1-a). The
dispiacement field is defined as:

U=EN
vaENTLy, (1
WaEN W

where the nodal displacement veciors are given by,

{ui}T'{ul‘“:I*”ﬂ*”ll ------- -U,.-a}
{ ]' { (FRJY G TRl PRLICO '1"':.'}} ':::'
{w }.I {u. W Wy wm,w“l,w”“wl,-....--,w”!}l
where;

=(du/dx)  fornodeNo. 1

-Ea:w.-'ﬁ:z:] for node No. 1

Ni™ and N are third order and fifth order shape
functions at node i, 11 was demonstrated previously [8]
that these high order shape functions achieve high
precision of the finite element model.

The reinforced concrete element is considered as a
group of concrete layers while the steel reinforcement is
assumed as smeared steel layers, (see Figure 1-B). The
full cderails of the formulation dare stated elsewhens
[4.8]).

2.2 Moedelling of A Column-Plate Connection

Mahmoud et al. [9] represented the column by a
space. frame system with & degrees of freedom (DOI)
at each of its ends. This is considered as an accurate
modelling but on the other hand it is a time consuming.
The effect of columnas on the slab at the slab-column
imierface falls within bwo limits [5]. A lower limit
where the column is assumed (0 add no additional
bending - stiffness o ihe plate at their interface and an
upper. limit where the column makes the plate infinitely
sUff in flexure within their interface. Practically, the
plate mtational stiffpess at the plate-column interface
lies between the two extremes being much closer to the
upper limit [10,11]

Among the several technigues for simulating the
effect of columns on slab-column interface [5,12,13],
the technique of representing the column by point

supports  wilh only axial stiffness located at the comers
of the physical column [14] was considered (0 be the
simplest one with a reasonable degree of accuracy.
Therefore, the columnsin this study, were represented
bv n group of springs at the nodes present within the
column area with axial spring stiffness equal tothe
axial spring stiffness of the column [15], Figure (1-c).
The change of stiffness of these springs and its effect
on the behavior of plates was taken into consideration.
The derivation of spring stiffnesses formulation is
reported in details elsewhere [16].

2.3 Development of a Thick Lavered Trianguolar

Beam Element

In  order to predict the edge beam behavioe
accurately in the analysis, it is vifal to include the
transverse sheardeformation in the displacement based
beam elements.  This would need further development
of the thin layered triangular element wsed previously
[4,8] by adding shear deformation effects. Extra nodal
degrees of freedom are generally utilized 1o represent
shear deformations,

The first osder shear deformation plale theory
{SDPT) was described earlier [17,18]. To introduce the
SDPFT into the fayered triangilar element based on the
classical plate theory, the transverse deflection is
considered as a sum of two partial deflections, the
deflection due to bending and he deflection due to
transverse  shear.  Then, the displacement field in
Equation (1) was modified as follows:

ufx.y.z) = u-zw, ™

vinyz)=v-zw ™ (3

win,y, 2] = w™ & wix, v

where u, v and w'" are the displacement fields for
thin layered element defined earlier in Equation (1} and
e(xv.z), wvixyz) and wix,y,Z) are the in-plane and
transverse displacement components at any point in the
loyered thick (beam) clement along xy and 2 axes
respectively, (see Figore 1.d).  Similarly, w™' is the
middle surfuce iransverse displacement companents
due 1o bending and shear along the z axis.

In addition to the =trains associated with the
displacement field in Eqoation (1) which were derived
elsewhere [4,8], the following shear strafns were added
i the formulation in order to include the shear
deformation  with the new displacement. field in
Equation (3]

S
Yoxz =Wy
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'H-z""“'ym [4)

where ¥, and T}'z are shear strains in planes x-z and
¥ respeclively,

w, and w,"™ are the rotations around x and y axes
due to shear effect.

The stress-strain relation  for one laver of e
laminated approach was pgiven earlier (4] and the
siress-siraln relation for & layer due 1o ransverse shear
deformation is given by: & 15 PROF trianguior Andte element

!ﬂu}hggu s [:u} (5)
)

[Q4s s

whens ':'.j are the transformed material constants [19].

D e

The resultant forces and momenis acting on a layer A CURCHETE LAYER
are obtained by integration of the stresses ineach
laver through the beam thickness. The famous force-

HUEARED HTEEL LAYYH

deformation relitionship [20], is written as: THCRAES | T
M A B (e, b- A layered system
- & .
| o] a <o Tl
— m‘;:';hqu‘ | N
where {€,} is the total extension and shear strains }}j LT . e A L Lo
of the middle plane of the beam and {k} is the vector b %y?}:“ I | o
of its bending and twisting curvatures. The mairices Tartege Lt e
[A], [D] and [B] are the membrane, bending and i
coupling stiffness matrices. ¢ Columne plate connection
el W)

The transverse shear force-stnain relation Bbecomes:
[gu] _[iu iu} {T n} 7
y as S| |V e

where 544, Ses and 55 are the shear ngidities,

After adding the shear force-strain relation 1o the
formulation, the Onite element formulation is carried
out easily and the stiffness matric is derived as

k-th Layse
described elsewhere [£]. (i vty ¥
oy = in compresan = | |

3. OUTLINE OF THE STUDIED PLATES Bl kel [*

The model consisting of three by three plate panels — m | =
and columns Fixed at their far ends, which was used in [ttt ol e
the analysis of the first part of this series [4], was e Sieel | /é
moxtified by adding edge beamns. The panel dimensions i 7 1;"“
were varied from 6.0m % G.0m 10 &.0m ¢ 8.0m in order Beam in a layered farm Srwin Distribulin
in assess the effect of plate aspect ratio. A finite
element mesh for o partof one of the studied plates is A lavered ideslization of R.C, thick beam chement

shown in Figure (2). Three sizes of edge beam were
considered in the analysis (25x43cm, 25%60cm and 25
sScm 3 in order to examine the effect of edge beam Fig. 1- Finite eherent idealimation of reinforoed concrens plaies

d- A thick layered beam element
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Fig- 2+ A finile ehemnent moded N o past of one of the studled plabes

stiffness on the plate behavior. Since the opening
size and aspect ratio were studied in the first part of
this series, it was decided to maintain the opening
dimensions 1.0m = 1.0m.

The loads, concrete characteristic strength, siegl
reinforcement  rank  and  plate  thickness  were
maintained as in the first part [4], 1400 kg/m®, 250
kg/em® , 40v&0 and 0.20 m, respectively.

The studied plate cases ore divided into three main
categories, i.e. S, C and F series, which refer (o solid
plate, plate with epenings in the column strip and plate
with openings in the field sirip, respectively. These
calegories, in twm, are divided inlo subcategories based
on the plaie aspect ratio and the openngs arrangement,
(see Figure 3). The wvalues &, 7 and & which follow
each series, as shown in Figure (3), refer o the panel
dimension in the longiludinal direction. In addition to
the arrangemenl of openings at the mid length of
eolumn strip and field strip panels (i.e. C-6, CE-6, Cl-
6, F-f,.. ec. as shown in Figure 3), new locations
adjacent o the eolumn and the edpe beam were
considered in this study { C-6%, CE-6%, Cl-6%, FB-&).

4. RESULTS AND DISCUSSIONS

The effect of openings on the behavior of reinforced
concrete plates with edge brams  of variable size was
investigated.  The studied parameters inciude opening
Iocation, reinforcement defailing, modelling of plale-
column connection and marginal beam depth. The
resulting flexural momenis for both column and field
strips in both the longitudinal and the transverse

directions were recorded and analyzed.

4.1 Effect of Local Arrangement of the Openings

The effect of moving the opening from the mid-span
between columns to be adjacent to the column i%
studied for plates with aspect ratic (L1/LZ=1.0) and
with edge beam 25%90cm. The results are shown in
Figure (4) for the column sinip flexural moments. It
can be seen from the figure that locating the opening
adjacent to the column edge leads to an increéase in the
overall flexural moments of the plate. Howewver, the
increase in o the negalive moment was very large
compared 1 that of 1the positive moment. This may be
attributed 1o the wvery complex stale of siress from
which the column-slal connection region  suffers. It
was noticed also, that the increase mo the ransverse
momenl was very high for the case of three openings in
the same sirip (C-6) compared with that for the case of
one opening only (CE-6 or CIL-6).

The behavier of the siedied plates was monitored
for various locations of openings, i.e. different distances
from column edge, in order 10 find the most convenicnt
position for the opening with negligible effect on the
fexural moments i plaes. 1t was found that a
distance of about one enth of the span away from the
column face 15 reascnable. This finding almost agrees
with the ESS-95 which prevents any opening in the
area of the column head (025 the average span). It
was found also that the amount of increase in the
flexural moments was wvery high for openings in the
intersection between bwo column stips with opening
size greater than ong eighth the sivip width.  This
indicates  thal  openings with that size. are 0l
recommended in such areas.

It was noticed that moving the opening location
from the mid-span of the panel (FC-68) to be flushed o
the edge beam (FB-8), see Figure 3, did not affect the
Ficld strip moments significantly.

4.2 Effect of Reinforcement Orientation around the
Openings

In order 1o assess the capability of the computer
program  for modelling the steel reinforcement with
anisoiropic nature, diagonal reinforcement around the
openings (see Figure 5-0) was considered in the
analysis as an anisotropic smeared layer. The studied
plate cases were the solid one 5-6, the plate with
openings in mid-length between columns C-6 and the
plate with openings adjacent to columns edges C-6%.
ANl plates were of panel dimensions 6.0m x 6.0m and

with edge beams Z3xB0cm.
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Figure {5-b) shows flexural negative moments in the
iransverse direction for the different studied cases. As
it can be expecied, the figure shows that the maximum
moment value was for the cose of openings adjocent o
the columns and the minimum one was for the solid
plate. It is noticed that the reduction of the moment by
moving the openings from the location adjacent 1o the
columnz 13 be inthe mid-length between the columns
was ahout 14%. I is interesting to note that including
an  anispdropic  layer of diagonal steel arpund the
openings of aboul 0,15 [rom the main column sirp
stee] lends to s reduction of the moment value by about
W, b 01 almost approaches the case of opening at
mid-length of the plate.

0,18 A, [Colamm =iripl
s TYPICAL

e ]
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Womant (Ll
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) o
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b- Wiariation of sraments with operang localions

Fig. 5- EMfect of dagonal reinforcement arouml openisgg on the hehinvior
af plaes

4.3 Effect of Column-Plate Connection Rigidity
As wus menticned earlicr in  Section 2.2, the
columns were modelled ns a group of springs o assess
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the effect of column-plate connection rtigidity on the
resulting  plate flexural moments. Figure (6) shows the
column strip negative and positive moments for plate

with three openings in column sirip (C-6) and with jostemis=tin

edge beam 25 « 90, The results were obtained for stiffn- §

ess values ranging from 0,025 to 100000 times EASL in Jr";',_ .

order to simulate the various rigidities of the column |,

plate connection. It was found that the flexural mome- |
nts were almost constant for stiffness greater than 1.0
times EAM.  For smaller stiffness values, the positive
moments were noticed to be increased dramatically
while the negative ones were decreased gradually.

b

[
It can be seen from Figure (6) that the posilive || =
flexural mopment values obiained by the methods stated

higher than those obtained by the proposed analytical
model, while the negative ones were lower than those
obtained numerically. This could be attributed 0o the
difference  bepween methods of analvsis used in the
above mentioned codes and the present study since the
codes of practice solve the plate as a plane frame in the
two perpendicular directions while the proposed muodel
deals with the plate 85 a two dimensional problem.

It was found also that the difference between the
results obtained by the codes and those obtained by the
proposed model decreases with the reduction of the
spring s1iffness valve.  Based on the results shown in
Figure 6, it is proposed that the column strip negative
moments obiained by the ESS-95 could be increased by
a factor of aboul 1.20 for plates with openings. [

T

B k]
Ee ]

N

L.

L ceneiend

in the codes of practice (ESS-95 and ACI-95) wer **® %

Fprrg Mo lbmai Bl

LAFE pEwa e i
e ——raflinid

j
e TEed  EERD SRR GG OTE

ak ]
Lk | SR | )
| | l . e '
L | | |
| |
"_l_..._ L
- mpasm

| e | |

I s | |

L e T RTTS TS Y ST

T T ) pRBD 30 IR

2= Positive moments

4.4 Effect of Edge Beam Size '

The resulting moments for the studied plate coses
with different beam sizes have been compared with
those obtained from the ESS-95 and ACI-95 building

§
codes [6,7). The ratin of the transverse moment "
obtained by the proposed model to that obtained by (he
previpusly mentioned codes of practice are listed in
Tables (1-a) and (1-b) for both column and field strips,
respectively.

It was found from Table (1-a) that increasing the
beam size resulis in decreasing the  ralio of the
analytical moment 1o the code moment for the negative
column strip moment while the positive one was
slightly affected by the size of the beam. As was
mentioned in Section 4.3, the pogitve flexural moment
values obtained by the methods stated in the codes of
practice (ESS5-95 and ACI-95) were higher than those
obtained by the proposed analytical maodel, while the
negative ones  were lower  than those obtained
analytically. Table (1-a) shows also that the ratios of
eolumn strip negative and positive moments obtained
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Table (1-a) Varistion of Calumn Stnn Moment

Ratie of Anslysis Momenss b the Cade Momenis

by = 100 2958 .00 4,50
ES5-95 AC-495 ESS-45 | ACI-95 ES5-95 | AC-95 ES5-45 A4S
56 143 1,200 1.321 1.304 1.29% 1.295 1.282 1.299
5.7 e 1.330 1207 1.255 1.264 1.250 1.331 1.231
5B [41% 1.393 1.267 1.220) 1.219 1,104 1.181 1.181
M -ve) F-fi b2 1.461 130 1.354 1,351 1,368 12949 1370
F-7 1.437 1.4X2 1.322 1,254 1.322 1.322 1.256 1255
E-B 1442 1415 1.28%9 1.252 1.28% 1.264 1.202 1.250
-6 1481 1 480 1.355 1338 1.342 1.360 1329 1.4003
-3 1453 1.437 1.322 1.294 1.278 1.274 1.256 1.284
-3 1.452 1.431 1 .28% 1252 1.252 1225 1.214 1.228
56 (.524 0. T63 0.824 (.745 0,824 0,766 0826 (L83
57 (0.762 0547 0,761 (.653 0,763 0.7T1s 0,564 (&84
55 (L7 (629 L7a7 0628 0.710 642 0.712 0617
M{eve) F-4 0.8:40 0778 (LR3T 0,775 0842 o797 0,813 0750
F-2 0,772 (.699 0,767 0,665 0,767 0702 0.767 0,674
F-8 0.720 (LG3Z 0,708 L] 0715 632 0,70 (604
Cefy 0,615 .588 0637 0.5H] a0 595 0,644 0578
-7 0,563 0512 0,565 0515 573 L5358 0.581 (0.522
-8 0512 0.453 0.521 0,462 0525 (463 0321 0,452

Tabie (1-b) Variatioe of Field Strip Moment
Ratio of Analysis Moments 1o the Code Moments

1|}."I:5 = 1M * 2325 .00 4.50
ES5-95 ACT-05 ESS5-95 AC]-0% ES5-45 ACLGS _Ef_rﬂ-ﬂ-ﬁ ACT-9%
L6 LGELS 0,553 0577 0577 0.577 577 0577 0577
holr ) L.7TE3 0, TG 0739 0.73% {.739 0,715 1739 0739
58 | 0505 {.E84 (LBST 0857 0.B57 0804 0.8357 (.857
M{-ve) | F-& {LA25 LI EERE 0577 0.xm 0s77 0,577 0577 0577
F-7 0739 0739 {730 0,734 739 0.73% 0,730 (L7349
F-3 (905 (205 (LB5T 0.ES7 (857 0.EST 0.857 0,857
C-f {ra-a0 {640 (L&a00 L6000 (L&00 . EAEh 0,600 0,600
() {180k (L7883 0739 0LT39 .739 0.73% 0,735 0,739
C-B A E (L5 (Lan3 N.)s (1.90% 15405 0,805 0,515
56 1.006 1,150 0,965 14571 0,963 1111 0,065 1000
5-7 1,225 1310 1.227 1.377 1,250 1447 1.214 1.308
5-A 1.44% 1.575 1,44 1.570 1.520 1649 1.3H5 1.500
M{dve) | F-o | Dess 0.77R 0,676 0767 IR 0.7 LGR2 0,750
E-7 | 0940 1.03E 0,94 1.0 (.94 1.04a8 0,530 L.000
F.-B 1.161 1,266 1142 | 1264 I e 1296 {129 L.207
C-6 1.142 1.280 1.071 1.200 1.071 1200 1071 1.154
[k 1.378 L.5k2 1.0 |.478 £.360 1.478 13601 1.417
-4 1.558 1.0 1.583 1,727 1.5H3 1.727 | 500 1500

* resulis f

ram reference [4],
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by the proposed numerical technigque o those obtained
by the equivaient frame method of the ES5-95 are
slightly higher than the ratios of the former moments 1o
those chtained by the ACI95. This was valid for the
case of far plate without edge beam (1, / ts w 1.0) and
g5 the beam size  increases the ditference between the
pwo codes  decreases.  Table (1-b) shows the same
behavior for the field sirip negative momenls, however
. the difference bebacen the two codes vanishes for
plates with edge beams. The opposite is true for the
field strip positive moments where the ratios of the
moments obtained by the proposed numerical technigues
to those obtained by the ACI-95 are slightly higher than
the ratios of the former moments o those obtained by
the equivalent frame method of the ES5-95.

o genecal, it is nodiced that the effect of the edge
heam was not significant, especially i the E35-935 code
This may be antributed to the fact that the beam size
effect is not included in the equivalent frame method.

5. CONCLUSLON

An analytical model was developed for studying the
behavior  of reinforced concrele flaf plates. with
openings. The effect of openings arrangement, colum-
plate connechion  mgidity  and edge beam size was
discussed, The effectivensss of diagonal reinforcement
around openings was also examined. Within the limits
of the stedied parameters, the following conclusions
and recommendations can he drawn:

1- The proposed analytical model proved 10 be powerful
and adequate for the analysis of reinforced concrele
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