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ABSTRACT

Mathematical programming techniques have been used to minimize the cost of
reinforced concrete T-bearmn floor, The Moor system consists of ane way continuous slab

and simply suppoted T-beams. The study presents a [prmwlation based on ¢lastic

snalysix followed by the wlimate streogth method al desipe with B considenation ol -

sepviceability consiraints as per ACH Code. The (ormulation ol oplliizativn probiem

has been made by utilizing the intertor penalty tunction method as an oplimization

(1)

method with the purpose of mintmizing the objective fumction reprisenting ine cost ol

one-meter length ol the floor system. The ¢ost inciudes cost of canerete, reinforcement,
and formwork. The design vartables considered in this study ave the dimensions and the
amounts of reinforcement tor the slab end beams, in addition to the spacing of (he
beams. Many examples are solved to show the effect of these design variables on the
aptimum solution of the flaor system. The effect on the optimam design of the
compressive strength of concrete, yield streagth of steel, conerele cost ratins, and

formvwork cost ratios has also been studied,



(2)

INTRODUCTION:

Maost of struciural design problems
have several solutions, and the mm of
the designer is to choose the best
possibla  or  optimum  solution,
Optimization, in 116 broadest sense, can
be applied to solve enginecning
problems. Design of reinforced concrete
{(RCY  structures is one of several
applications of optimization in the feld
of structural design.

The optimum  design of RO
T- beam has been studied by many
rescarchers. Choul'! used the Lagrange
multipliers as an eptimixation method in
the  optimum  desipn  of RC
T~ beam sections, An objective function
was evaluated by summing the cost of
the reinforcement and concrete. The cost
of formwork and dead weight of the
beam were neglected. An algorithm to
obtain the optimum design of the
T- beam was presented by Balagure™,
Dead weight of the bearn was considered
as a variable, Cost of conerete, steel, and
formwork were ennsidered.
Subramanyam and Adidam!” used the
limit state method and mathematical
programming to get optimal design of a
typicai T- beamn [loor conforming to
Indian standard IS: 456- 1978 and
British standard CPU0- 1972, Different
cot ratios for materials and formwork
were considered. The effect of using
different grades of concrete on the
optimal design was examined.

The present paper deals with the
design of RC T- beum floor in
accordancs with ACI- code
specifications™ using the ultimate load
theory. It is intended to incorporate a
mathematical programming method In
order 10 minimize the cost of T- beam
floor. The spacing of the beams is

1.
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treated as one of the design variables,
The dead weight of the slab and the
beams is also considerad as a variable,

FORMUILATICN OF THE PROBLEM
METHOD OF ANALYSIS

T-beam floot is one of the most
common struetural forms in the field of
RC Aoor svstem. Therefore, any saving
that can be made will be highly
beneficial. In the present study a typreal
T beam floor, shown in (Fig.l), is
optimally designed for minimum cost,
The slab is designed 3s one way
continuous slab based on the moment
cpcfiicients given by the ACT 318- B9
code, The span length uzed in the design
nrocedure of the floor systermn is taken
equal to the center to center distance
between bearns.

The beam is designed as a singly
reinforeed, simply supported T- beam.
Figures {2) and (3} show the details of
slab and beams reinfiwcement. Two
types of loading are considersd, these
are: 1) Live load 23 Dead load.

Interpal desipn forces (moments,
and shears) are obtained for  the
combined effeet of the dead and live
loads.

DESIGN PARAMETERS
In the design procedure of the RC

T- bean floor, some parameters are
considerad 1o be constant alonp the
design processes, and they should be
given at the start of the program. These
include:

The live load on the slab.

The total length apd width of the

alab.



The  tninimum  cover for the
reinforcement of the beam and the
slah.

The compressive strength of the
concrete and the vield stress of
stes],

The ratic of the cost of concrete
per cubic meter to cost of
reinforcement per newtan, and the
ratio of the cost of formwork per

square meter o cost of
reinforcement per newton,
The  ather  parameters  are

considered as design variables and some

of which belong to the slab including;
The thickness of slah,
The area of tension reinforcement
per unit width at the top of the
stab at the first interior support,
The area of tension reinforcement
per unit width at the top and
bottom of the siab for the end
spans.
The arca of tension reinforcement
per unit width at the top and
bottom of the slab for
intermediate spans.

Other design wvariables belong 1o the
beams and may be summarized as:

[} The center to center distance

2)

3)

between beams, span lengih of
slab,

The area of tension reinforcement
for the beam,

The total depth of the T- beam.

CONSTRAINTS

The design of RC T- beam floor is
required to satisfy two proups of
requirements, namely, ultimale strength
requirements and serviceability
requirement of deflection in accordance
with ACI code!],

3)

Constraints for siab
Flexural constraints

For the crtical sections of slab, the
moments of resistance per unit width of
slab should net be less than the bending
moments per unit width of slab due to

factored loads under the worst
combination of loads.

S 4 < T o (1}
MI0S, = g {1
TS £ M (3)
MUSp S My (4)

where mus,, mMusg, MUse, and mus; are
the ultimate bending moments per unit
width of slab. m,, my, me, and mp are
the momerts of resistance per unit width
of slab. A, B, € and D are the edtical
sections of slab shown in Fig.(2).

The section moment capacity can
be calculated ag, "

A f,
= Ay Ly ds™ [l — 55— 5
CEl L TR
where:

1 =the critical sections A.B,C, or D

D) = moment reductiun factor =0.9

Asst = tensile reinforcement required at
the critical section (1} of stab.

fy=veild stress of the stee]

fc'= cylinder compressive strength of
concrete.

d. = effective depth of slab.= h;- d,

hy =thickness of slab

dy'=the distance from the centroid of the
tenision steel arca to the tension face of
the slab,

b, =one-meter width of giah,

A limiting constraint  is  also
employed to ensure that the tension
reinforcernent of slab at the critical
sections are not less than the area of
shrinkage and temperahiure
reinfpreement. Thus;

Assin. SAss] {6}



Ass,, =the arca of shrinkage and
tempetrature  reinforcement  per it
length of slab.

The area of shrinkage reinforcement for
the slab is given by:

AFSain= D ® hy =ty

where: pg = steel ratin for shrinkagc[“.

Deflaciion Constraints

1n order to limit the deflection to
permissible limits, the ratio of span
\enpth (15) to the effective depth (ds) of
the glab should not exceed, u, the value
given by ACL- code.

1

3 = (N

H

Shear Constraints

The effective depth of the slab,
wiich is limited by deflection consiramt,
should also satisfy the shear force
copsteaint. Thus:

[y = Ve {&)
where:
Fiye= ultimate shear force in the slab

2

W= applied factored distributed foad
on the skab

ls= span length (C/C distance between
beams)

Vios= shear strength provided by
concrete cross- section of the slab

1 :
“% 0 i’ bady

.= shear redugtion factor = (L85

Constraints for Beams
Flexural Constraints

‘The copstraint considered for the
critical section of the beam is that the
moment of resistance ol the beam should
not be bess than the maximum bending
momenl due to uitimate loads. Thus;
Bub <M N
whire:
Mub = maximum bending moment 01
the hean,
M = the ultimate moment of resistance
of the cross-sectiun of the beam.
Sipce the T-beam i3 designed as 2
rectangular beam, the moment capacity
of the cross-section for the beam can he
catculated as,

Wity x Ay xfyedy” xh

Al
| 1R xBkd, |

whert:

A, = areq of tension reinforcement ol
the bear.

dy = effective depth of the beam = H-d"
H = tota] depth of the beam.

d"= the distance from the centroid of
tenwion steel area to the tension face of
the beam.

B= effective width of the flange which 1s
the smaller of:

1} 16 hytbw
2} ls,or
3N 141,

L., = total length of the beam.
Reinfprcement ¢ limitations  arc also
considerad in the flexural design of the
bearn; these are

1- PP (10}
where:

A
p=steel rarioof thebeam =— i

bW.dh

s = Max imumsteelratio permitted

by ACI - codel*]
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2- Minimum reinforcement of the beam
is himited by:

Prin %P {11)
where:

£ = Tin imum steed ratio required

=14/ fy

Shear Design

For simply suppoeried beam, the
shear force distribution iz as shown in
Fig.(4). Therefore, half of beam span is
divided into three regions and the
maximum shear force for cach region
gontrols the shear design.

The shear resistznce of the cross-
section for the beam should not be less
than the shear force due to the applied
factored load, at thal cross-section. Thus:
Vu 5 @ Vn (12
where.

Y= the applied shear fores

Vn = the shear resistance of the cross-
section =Veb -+ ¥Ws

Veb = the nominal shear strength

: 1
provided by the concrete ~ ﬁ Jie by

Vs= the nominal shear strengih provided
by the shear reinforcement.
= Aby f}’ .dh {8
Az, = area of shear reinforcement
within a distances (two legs).
s=spacing of shear reinforcement.
\n addition to satisfying the shear design
requirements the following limits are
considered.
1. All sections where (Vu} ig iess than
{#;.Ve) are designed for the minimum
shear reinforcement as follows

bw x 3§

A by

Ag‘v‘ min™

Sy = —————
hw

{13)

This will give an upper limit for the

spacing of strrups.

2. Maximum spacing of stirrups is

limited as foliows:

si—gor 600 mim if'w’sg:% JEbudy (14)

and
si% or 300 mm ii"u's:*% u'rfEb,,,dh{lﬁj

From practical consideration, the
minimum spacing of stirmp is taken as
196 mm.

Another conslraint is also considered in
the shear design of the beam, as

2 ¥
Vs : T buds (16)

Deflectlon Constraint

Deflection  constraint  lmits  the
deflection of the beam to permissible
limits by

o<y, an
dp

where!

= value given by ACEcode,

Objective Function

The objective function is the cost of all
floor system per meter length. The total
cost, C, consists of the cost aof stab and
the cost of beams. They are calculated as
follows,

For the siab
Cost of concrete=Cocs=h; L. R1
Cost of retn forcement = Crs
o {A wrt A, _h"5
Cast of fermwork=CleL, Ry
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For the beam
Cﬂ&tﬁf@ﬂtﬂr:&b:{}lﬂ} bw. NL.R,
Cost of reinforeement = Coh

=N [Astl'f'"ﬂ'*v]-"l‘rs

Cost of formwork = C,

= 2NfH-hR,

where:

R = the ratio of cost of concrete per
cubic meter to ¢ost of reinforcement per
newton,

A~valume of stircups in one meter
length of the bearm.

RZ = the ratio of cost of formwork per
fyuare meter to cost of reinforcement
per newton.

vs = specific weight of steel.

Agr = totaf reinforcement of slab.

N = number of beams for the floor

s¥slem,
L~ length of siab
Thus, C  may he Cxpressed

mathematically as:
C=[Ces+Ceb+[C s o HCetCy) (18)

Solution Procedure
The opitimization problem formulated in
the previous sections is a consirained

non-linear programming problem. Such .

problem can be solved by the interior
penally function method using the
sequential unconstrained minimization
technique'™, Davidon-Felicher-Powei]
algorithm ig employed to find the search
direction and cubic interpolation method
0 trap the minimum nendimensional
search,

In the present problem, somo
constraints  have maximum  ailowable
value much larger than that ‘of other
constraints, This has bud effect on the
CONVergence rate during the
minimization of penalty funetion, Thus,

il is decided ta normaliize the constraints .

50 that they vary between 1 and 0 as far
as possible. For the constraints of the

present preblem, the normalization
can be done as follows:

A s (19}
n,

TSy 140 {20)
Mg

Ly (21)
<

Mise < {) (22)
My

f.ﬁiLi"- 1= {21)

351

i..._ i=qn (24]

ds =
LALLM (25)

$a Vs

Mub [<0 (28)

L (27)

P rrax

Puin 1 2g (28)
ol

2__._1“5_. S (26}

:-;-Xx-@xwadb

e (30)

dy =,

Applications And Resuits

A computer program for the optimum
design of RC T-beam floor has been
written  to  embody  the given
formulation, The prograim has been used
to deal with different applications. The
solved problems are: _

t. The optimum design of the floor
system is carried out for different cases
of design variabies, Each case has been
treated twice; the first with and (he
second  without  considering  the



formwork.

2. A parametric study has been made to
show the influence of the comptcssive
strength of concrete {£c"}and vield stress
of stcel () on the optimum design,

3. The effect of the variation of cost
ratio on the optimum design: has been
studied.

The following general data are used:
Live load =wr=4 kN/m?

Slab length =1=12m

Beam lenpth=Lb =8m

Rib width=bw=200mm

fy= 406 N/mm”

fe=20 N/mm’

dy=80mm

d»=20mm

THE CONVENTIONAL DESIGN
The conventional design is done in
accordance with ACI code using the
general piven data. The distance
tetween centers of beams is taken cqual
to (3 mm.
a) Slab design
The slab thickness (assumed}=150mm
Area of tension reinforcement at critical
sections A,B,C and D=270mm’
Shrinkage reinforcement =270mm’

b) Beam Design

Total depth {assumed) = 700 mm

Area of long. reinforcement=1530 mm’
Shear reinforcement is 10 mm closed
stirrups at 300 mm C/C for whole span
af the beam.

CPTIMUM DESIGN

Example {1)

In this example the floor system is
designed with two desipgn variables, the
total depth and tensile reinforcement of
the beam. The results are iliustrated in
Table(])

Exampie {2)
In thig case the optimum design of RC
T-beam floor is done with three design
variables; the thickness of slab, total
depth and tensile reinforcement of the
beam. The distance (1s) is treaded in two
ways. In the first, {18} is taken as a given
vatue, whereas in the second, (Hs) s
taken as a design vaniable, The optinum
definatBD Hénftudr is found as shown in
Tables (2) & {3}

di* -60mm
EXAMPLE (3)
In this example the area of tension
reinforcement per meter width of slab
for the end span is used as a design
variable alongwith the design vanabdes
of example {2). Here the same resuits as
those of Table (2) are obtained when
C/C beam distanee is taken as a given
vahie. On the other hand, when C/C
bearn distance is taken as a design
variabie, the results are as shown in
Table(4).

EXAMPLE (4)

In order to examine the effect of
concrete compressive strength on the
cost different grades of concrete are
considered in this example. Five design
variables are adopted and their optimum
values are given in Table (5).

In order to further examine the
effect of the compressive strength of
concrete on the optimum cost of the
floor system, a separate study is catried
out. The total depth and tensile
reinforcement of the beam are only
considered as design variables whercay
the given data are:-

ls=30m hy = 150 mm

Assy= 270 mm®  Ass, = 270mm’

Ass; =270 mm” Assy=270 mm’
Three values of cost ratio Ra(100, 200,
and 1000 N/m®) are examinsd. Nt is

&)
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respectively,  The  effects  of  Lhese
varialons are cxamined and 1he rosuls
are shown in Figs. {33te (7).
MSCUSK]ION
Effect of the Desipn Variables

Wherp  diw considercd  desipn
variables are the total deplli ard lensile
reinforcement of the heam, it is found
that the formwork cost ratio hay o
considerable effect on these variabbes
tTable (i}]. The aptimum values of thae

design  wvirialdes  schange when the
farnwork cost ratio 15 included.
Table {2y gives the  oplimum

thickress of slab, when it iy lreaied as a
desipn variable as well as the design
variables af the beam ( total depth and
tension  reinforeement)y. 1L has  been
observed that the thickness and the main
tensite  reinforcement of Lhe  critical
sections of slab are independent of the
sk cost ratio. [Fihe slab thickness
is not considered as a design variable,
lhe elfect of CH bean distance, as
related to the formwork cost ratia,
apresrs in that the program enhances the
C/C beam distance without Hmitation,
where the dellection is controlled.
Etfect of the Maierial Properties

ft can be seen Jrom Tables (5)1(¢)
and {7) that it wolld be better in the
npianure desipn of RO structures o use

low wvalues of compressive sirenpglh ol
voncrete will high yield stenph ol
slecl Tabled 5) shonws Wt the increase $f

compressive strenpth of conerete causes
the (/O distance between beams o
decrease. This may he due to the fact
that the increase in the compressive
strengih of concrete leads to an increase
in the cost ol concrete, Therelore, the
distance  between  beams must  be
reduced o cause a reduction in e size
of the slab and the beams. Also the
imersase in the cost of concrete due 1o
hereasing  its compressive  strenplh
couscs  the  inercase of the tension

reinforcement and docrcase of the
tolal depth ol e beana.
Effect of ¢the Cost Ratios

The effect uf the vaniation in vaiuses
al concrete and fornwork cost ratias on
the optimum vaives of {0 distance
Between beans, weal dogth, and wension
reinforcement of the bewns is shown in
Figs [ 3040) aad (7],

The  optimem A distance
between bearms {ls) incresses with the
increwse in the relative cost of furmwaork
[Fig.{53}]. This may be attributed to the
reduction in s obizdacd number ol
heams, which reduces e fotimwork cost
of the 1lour systenn, On the other hand,
{lIs) decreases with the imcrease in
relative cost of cuncrete. This rosuli
fom the reduction in the dimensions of
the slab and beams, which can be
abtaimed with the decrease in the CFC
beam dislance (=),

The depth of buwm i lound Lo
decrease with increaze in the rolative
cost of concrete as shown in Fig, ().
The same finding for Lthe depth of beam
is also nowd with the increpse in
formwork eost to a certain valug and
then an ingrease in the depth dues occur
iFig(6)).  The area af  tension
reinforcement in beaims fs Found 1o
increase with the inercase e lormwork
cost ratic as depicted us Fig, £7.ALo e
lension reinforeemen ol e heam
decreases  wilh the wercuse  in e
viniprele cost vatio [or kigh values ol
formwork cast rato. This may be
attezbured to the reduction in the distance
betweer: begimy whicl reduves Inowrn
the applied load on the Beams.

CONCLUSIONS

Based on tie results obtained in
this study (ke foltowing conclusions can
be drawn;
1y The

inreriar

using  the
metlod

peneril
penglly

PTORIARE
luineciion



provides a good means for designing the
RO T-beam floor with minimum cost.

2} The concrete and formwork costs are
found to have considerable effect on the
optimum values for the design variables
of the beam, howewer Titde effect has
been recorded on the optimusm values for
the design variabtes of slab,

3} There 15 no :need to take the
parameters of slab as design variables
when the C/C distance between beams is
treated as a given data. The optimum
values in this case are determined
dircetly by using the dellection and
Nexural constraints,

4} From & cost point of view it appears
that it is preferable to use low concrete
compressive strength in designing RO
{loor sysiem.

5) The CAC beam distance increpses
when high vatues ol formwork cost arc
used,

6)  Tor high values of formwork cosl,
the minimum cost of the fleor system is
achieved with the increase in beam
tension stegl and decrease in beam
depth,

7y The CHD distance belwesn beams
decreases when high values of concrete
cost are used.
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Figure (3}: Details of beams reinforcement.
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e da {?pn’mu‘m destgn | Amount of reinforcement per Gpu'm.um
variahles . meter _{ reiative
| 5 Ar Ash ! H Asv | dss | Avsz | Agss | Asso st
ﬂ m | mm IMrH‘T b omm mor | et | mn | e’ [ mnr Nim
T : Without R2 T
I 4. T170] 1313 [ 570 [ 205|385 [ 4251305 | 385 | 2423
50 3. [ 150] 1300 ¢ 835 {43513270 1270 1 270 270 | 2277
41241504 1170 ;| 745 4701270 | 270,270 1 270 [ 2429 |
5 With B2 -
{20 4. [170] 2090 | 705 |} 350 i 383 17425 ' 305 | 383 | 3610
3i 3. | 150 ] 1770 | 610 [ 590,270 270 1270 | 270 | 3527
4l 2.4 | 1501 1595 | 530 |70 270 | 270 | 270 | 2761 3746 |}

*COptimum design
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Table(2): Results of example (2); three design variables; R1=600N/m’

and R2=80N/m’

Glven Optimim design | Amount af reinforcement per | Opimum
data vartailes meter | relative
,\j {s Iy | As i H Asy | Az | Asu | Assr | Assa cost
L | e | e e L | i’ | e | e’ e | Nm
2 Without R2
20 4. 1167 [ 15057 965 | 395 [ 360 [ 430 1 300 [ 390 | 2395
3103 1 128 | 265 | 800 14352800230 1225 | 250 | 2031
4 24| 100 | 110|705 51012132007 180 | 200 | 1904
5.2 | 85 {10051 635 {550 1857 165 | 150 | 1651 1865 |
6 1.7 1 727 930 | 385 {630 160 145 | 130 | 145 | 1897
f T WimE2 ]
.I':. L1 167 [ 2080 1 7007 590 | 390 | 430 | 300 § 290 | 3585
i3 3, | 125 [ 1725 | 390 | 30| 280 | 250 | 295 : 250 | 3293
14241 100 | 1505 . 520 1716 ] 2151200 [ 180 1260 | 3230 |
1S 2. 1 85 [ 12801 360 i 716 | 185 : tas . 150 j 185 | 5265

Table(3): Results of example (2); four design variables; R 1=600N/m’

and R2=80N/m’*

| AR s | Ameunt of refnforcement per Upatimictn ‘
L _ % - eter | relative
i b | | Aw | H j Asv dserl Asse ! Asa | Asse ! cost

f Pom | mm | o | am U mm? | mm? | rmnz!l_mm:' mal | MNm
- ) L Without R2 ) )
D120t 8 [10i5] 635 {550 185 [ (701150 [ {70 | 1372
L o ' With R2 :

4125 [ 105 [ 16007 510 [670 [ 225 [ 210 | 190 ] 210 | 3305,
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Table(4): Results of example (3); live desipn variables; R1=600N/m’

and RZ=80N/m’

Amount of Ot
Optimmiun design variabies reitforcement per L
relative
y . meter 4 !
Y Is ‘ fiy Asp ‘ H | Asse | Asv | Assz | Asss | Assy Nim
com_ i mm |t | mm | mod | mind | mm® |’ | an®
- Withour R2
61184} 77 970 [600 T 170 {630 [ 155 [ 135 1155 [ 1863 !
WenR2
! . | i | ]
412251 95 {14::{11i 300 | 203 | 10 | 190 1?@[ 190 | 3208 |
H ! I ! H

Table{6). Effect of compressive strength of concrete on the cost of

floor system (R2=200N/m’}.

0y ; Oprimum destgn | ]
Given data | retnforcement variables -‘_’}‘p::.imum
fo | R | dw s | H ’"“"""fv;e oot
memz N;"m" mm3 ;ﬂmz Figdry] fe
[ 45 | g0 | 750 | 2153 500 | 5795
40 | 780 750 2160 500 5618
35 | 693 750 2163 500 5448 |
30 | 600 750 1 218 s | s
[ 25 | 540} 670 1 1973 545 | 5143
[ 720 | 475 390 1775 1. 605 | 5035
| 13 420 | 510 1530 1 895 i 4980




(7

.

£GoT

OrZ | O¥Z | ObZT | O¥T | 0s¢S 0v9 | 06FT | 0SH
BELT OLT | QLT | OLT | QLE | Q€S F | W2 | SL9 | 065T | OOF
| ¥To6T 00E | 0OC 1.00¢ | CIE | ILp | © } <> | €924 | S981 | . 00f
PSOE | €FE | 00E | S¥E | 8LE | OLY | 0€8 | €90T ;| OST
WA WL | | it | | e | Wi | W | e | auul | ounagyy
18500 SNy | ESSY | 2SSy | ISSW | ASY i1t 57 §2 5y &
i HMMHMWQ. uantaI0fuIas fo IUnOUD puD m:&mtm:ﬁ.u , “Mwuhwwwﬁ MHW :

L

TW/NOS=2Y PUB €U/NOSH=131 .
“AJ JO SBNJEA JULI31)ID ._Dm. wI21sAs 100[] 3o udisep wnwndo {7 )egel



