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ABSTRACT

A general analytical method that studies the inelastic behavior of
reinforced concrete (plane or space) frames is presented in this study. It
follows a step — by — step incremental with iteration approach. Different
parameters are included in the present method, they are: material non-
linearity, effects of geometric non — linearity in addition to shear
deformations, moment-axial force interaction thus presenting accurate
expressions for stability functions. Fixed — end forces are derived for
element under uniformly distributed load taking into account the position
of zero shear as an additional critical section in the case of elements under
uniformly distributed load. Three possible failure criteria can be used,
they are: crushing faillure for concrete at a specified section, plastic
collapse mechanism and stability failure. One model of a reinforced
concrete space frame was cast and tested experimentally up to failure,
The results are compared with those obtained theoretically by the
proposed method of analysis. One of the aims of the experimental study
IS to ensure the validity and the efficiency of the present method of
analysis and to study the actual behavior of the structure.

A general optimal design algorithm for reinforced concrete (plane
or space) frames is presented based on the proposed non — linear analysis.
The algorithm is based on a direct search method to get the best design
(minimum total cost). In the optimization process, the member
dimensions and steel reinforcement (main and lateral reinforcement) at
critical sections are taken as variables and the total cost which includes
the cost of steel reinforcement, concrete and formwork, is taken to be as
an objective function.

Among the conclusions obtained, the results of the present method of
analysis show good agreement with the experimental results as well as
with those of previous studies with a difference in failure load not more
than (11.6 %).
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(Appendix — A)
Derivation of Torsion Constant (J

A cross — section of general shape is considered for a prismatic member

subjected to pure torsion as shown below in Fig. (A — 1)
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Fig. (A —1): Shear Stressesin a Cross— Section of General
Shapedueto PureTorson.

The section constant (J,,,) can be given by the following equation [40]

Jm=2pof dxdy = - (A.1)
y X

where f =f ( x ,y )is caled Saint — Venant’s stress function which has
the property

If

t ,=Gg¢— ,t, :thl:E
Ty 1 x

y

where

G = Shear modulus of rigidity.
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Appendix — A

q¢=2 = constant rate of twist (free Warping).
L

Using the compatibility and 3D equilibrium, the following governing
eguation can be obtained

1°f |, 71°f
1x% fy?

To find the function f(x,y) satisfying both equilibrium and
compatibility, Prandtl’s membrane analogy[40] can be utilized, in which,
Eq. (A.2) is assumed to closely resemble the equilibrium equation
describing the small deflection of aflat membrane subjected to an internal
pressure P . The membrane analogy can be explained as follows.

A surface subjected to an internal pressure as shown in Fig. (A — 2) is
considered. Here,

P = internal pressure per unit area.

T = constant tension per unit length.

e K AT —— (A .2)

Fig. (A — 2): Membrane Analogy.

Utilizing the equilibrium of element (A) in z— direction, then

N




Appendix — A

& 3} .0 & . 0
iz rptzy o Geize etz
& 8Mxgyy T™ael = & €TYamp Yaych
- Pdxdy=0
--------------------------------------- (A 3)
Knowing that
P, TS
Txg Txg 2
lim X xarox o122 (A 4)
Similarly
e, T
Tyg Tyg 2
lim x ALVRES S (A 5)
dy® 0 dy Ty?
Hence
2 2
L (A .6)

1x? fy* T
Thus by comparison of equation (A.2) with equation (A .6) one can
obtain f from zasfollows:

For arectangular cross — section shown, it is assumed that

a a
)

¥ b

z= & cosP Xy (A7)
n=1,3,5 2a |

n=1,2,3 to get zero value for zat boundaries. b k ZVJ
MR () I — (A .8) ! —
Also, using even expansion !
- y
—P:-é AncostP X (A.9)

T 2a
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Appendix — A

..a
a 0 :
An=2 oEcosnp X ax=—2PgnnP ak =2 PgnlP ---(A .10)
agT 2a np T 2a gy np T

n- 0

P 4 _ *
® An—?(-l) E n=1,3,5.... : __________________ (A 11)

=0 N=0,2,4... g

Substituting the value of EE %g in equation (A.6) and solving the

differential equation , then

16 P e
&p 0, a’ (-1) 2 e (A .12)
g 2a ﬂ Tn3 3

y= Asmhg—y +Bcosh

From the symmetry of the surface about x - axis® A=0

At y=Fb Yn=0

Thus
n_
_ - 2. 2
g--16Pa”(-1) i (A 13)
Tn?’p?’coshgaEnIO o
2a g
] No1n
=El6a2 g gl (1) 2 ﬂgl cosh(np y/2a)uC np x
T p3 n=1,35 gn3 ge cosh(np b/2a)y 2a
------------------------------ (A .14)

as mentioned before, from the comparison between equations (A.2) and

(A .6), then

f (x,y):2zTE ------------------------------------------ (A .15)
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Appendix — A

Thus
é n- lu'
f(x, ):32a2 3 @ (-1) 2 Ugl COSh(nIO y/Za)ﬂC np x
p3 n:1,3,5%n e COSh(npb/Za)u 23
""""""""""""""""""""" (A .16)

Substituting for f in equation (A.1), and after integrations, the section

constant (J,,,) have the following expression:

512a°bh ¥ 1é L gap bl
- gL-“ -------------- (A .17)

p4 n135n4e bnp
Replacing 2b by (H ) and 2a by (B) so,for n=1

3 e N
é
Jm= HB &l- —tanhgp L e (A .18)
g 2
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CHAPTER
SEVEN

p ESULLS, APPLICATIONS AND DISCUSSION

n 71 | General: |

In this chapter, the results of various analysis-anal yses and optimal design

problems are presented based on; the new-present proposed non — linear
analysis that-which is formulated in chapters three and four, the optimal
design approach ferfor -retnfercedreinforced concrete space frames which
is formulated in chapter five ,—and the experimental model that is
described in chapter six.

The results are presented in the following order:

1- Results of the tested space frame model. The results are
compared with those obtained from the proposed non - linear analysis.

2- Other applications of the present non — linear analysis approach
on reinforced concrete or steel frames that were analyzed theoretically
by the proposed non - linear analysis or that were previously tested i
lab-or analyzed theoretically by others (in previous studies). They
show the efficiency of the present method of analysis in solving
various types of non — linear analysis problems of framed structures.

3- Results of the presented optimal design approach for reinforced
concrete space frames. The approach is applied on severa typica
reinforced concrete frames.

Also in this chapter, the main parameters that may effect-affect both the

non — linear process and optimal design process and the accuracy of the

10 Lo pués el : ,
% 10 :m:_-: :)nu : {\ results are discussed.




(

10 1y duysll

(

10 :lajueg au el
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| Results of Fhethe Fested-tested Space'lI
7.2 .
Frame Model:

‘As stated earlier, one model of a reinforced concrete Space frame was
tested in a structural laboratory. The model was subjected to four
concentrated loads at mid--span of the membersindicated in Fig. (6 — 1a).
The details of steel and concrete properties with member dimensions are
all found-given in chapter six.

The model was also analyzed up to failure by the proposed method
of analysis. The corresponding censidered-structure for the model is
showninFig. (7-1).

Experimental and theoretical load — deflection curves are presented
in figures (7 — 2) and (7 — 3) considering the lower chord deflection of
nodes 8 and 11 respectively as shown in Fig. (7 - 1).

The load — deflection curves of figures-Figures (7 — 2) and (7 — 3)
show the effect of geometric non — linearity and section properties (gross

or, cracked and effective) on the behavior of the structure. From the

prescribed figures, it is clear that the most representative curve is that
when considering geometric non — linearity and adopting effective
cracked section properties. However, the experimental load — deflection
curves indicate lesser model stiffness than that predicated by the analysis
which is based on effective-cracked section properties especialy after
formation of several plastic hingesformulation.

The ultimate load (P) of the model, as obtained from the proposed
analytical solutionis (P = 21.78 KNkN) while the measured ultimate load
is (P = 19.517 KNKN) which is lesser by 11.5956%. Figure (7- 4) shows
the pattern of cracking and plastic deformations propagate-propagating

into the joints of the model.
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The strains for different sections at the face of the joints are plotted

versus loading as shown in Fig. (7-5). The strains are measured at

reinforcement level (2 cm from the upper and lower extreme fibers).

\

)
10 @ 13 16
(9] o ® w
1 4 7
le—87cm 1 87cm )
113.5cm
f, = 445.63 MPa 10cm 4 ¢ 108 mm
fL=2228 MPa % §Me 100
E. =22184.8 MPa ®
Cover=1cm _ —
(Typical cross - section in the model)
v=0.17

Fig. (7 - 1): Details of the analyzed-Analyzed strueture Structure

Load P(kN)

10 1y duysll

10 :lajueg au el

20.00 —

15.00

10.00 —

/

—sp— Theoretical (geom. nonlinearity shear effect,gross section properties)
+ Theoretical (geom. nonlinearity,shear effect effective section properties)
—%k— Theoretical (no geom. nonlinearity,no shear effect gross section properties)
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Fig. (7 — 2): Load — deflection-Deflection eurves Curvesfor the
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] —— Theoretical (geom. nonlinearity shear effect effetive section properties)
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] —k— Theoretical (geom. nonlinearity shear effect cracked section properties)
] —A— Expeimenta
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Fig. (7 - 3): Load - deflection-Deflection eurves Curvesfor the
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Fig. (7 - 4): Cracking pattern-Patter n and failureFailure.




Chapter Seven: Results, Applications and Discussions

ig. (7 - 2): Load — deflection-Deflection eurves-Curvesfor the
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It may be noted that the strain > 0.002 in such levels (in steel or
concrete) indicates the formation of a plastic hinge. The comparison
between the plastic hinges distribution as obtained theoretically with
those observed experimentaly is given in Fig. (7 — 6),~whiehThey are
generally seen to be in _good agreement with those observed
experimentally.

The moments and axial forces at collapse; as obtained from analysis
aregivenintable Table (7-1).

(10 :laes ayal
([ 10 :laues aal




LOAD P(kN)

10 1y duysll

\,

0.00

Chapter Seven: Results, Applications and Discussions

Upper fiber of member 11 sect. 8

Lower fiber of member 11 sect. 8

Upper fiber of member 12 sect. 11
Lower fiber of member 12 sect. 11
Upper fiber of member 4 sect. 5

Lower fiber of member 4sect.5

0.002 0.004

-0.002 0

0.006 0.008 0.01

CONCRETE STRAIN AT REINFORCEMENT LEVEL
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e Theoretical plastic hinge @ Theoretical crushing failure
X Experimental plastic hinge Experimental crushing failure

Fig. (7 - 6): Location of plastic-Plastic hingesHingesfor the

®

Table (7 -1): Moments and Axial Forces at Collapsefor the M odel

{
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.| 7.3 i Other Applications:]I

[7.3. 1]! Frame (A1): |

The porta frame (A1); shown in Fig. (7 — 7); was analyzed by Mekha
[2524] following a mathematical programming method namely “I mposed
Rotation Method”, and by Alwash [1615] following non - linear
incremental stiffness method of analysis. Mekha and Alwash considered

both medel—modes of failure (local crushing failure and collapse
mechanism failure) and included the possibility of local unloading. Also,
Mekha considered a prismatic members and neglecting the geometric
non — linearity while Alwash considered a prismatic members but
considering geometric non — linearity. The frame is analyzed by the
present proposed non — linear method of analysis by considering the
geometric non - linearity and neglecting the possibility of local
unloading. Since Mekha and Alwash adopted gross section properties
during the analysis stages, the gross section properties are also adopted in

the present analysisin order to verify the efficiency of the present method

with the previous methods.

157.5 KNKN 157.5KN5KN
61.25 KNKN/m
r11475““““ 35cm
’ é ! o o,
226
g Ban, g Pl
@ € g (e o o 3 Aq
O 1225 mm? L
A | 1205 e 1250 mm
| 1 z 5 s e @ o e 0
W, -~ eZ
I_ _l Column cross Beam cross -
6m - section section
Es = 200000 MPa
E.=21000 MPa
fe =207 MPa
f,=410 MPa
v=0.17
Cover=6cm

Fig. (7 - 7): Details of frame Frame (Al).
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Section-Node \
(O Member No.

To examine the validity of the computer program, the framein (Y -
Z) plane is analyzed as a space frame since it have-has the response of a ‘
space framein (Y — Z) plane.
In each of the proposed method of analysis (I), non — linear method of
analysis presented by Alwash (1) and Imposed Rotation Method (111), the
type of failureislocal crushingin element No.3 at node No.4 as shown in
Fig. (7 — 8d). Also, the location of plastic hinges at collapse stage as
indicated by the three methods, are shown in Fig. (7 — 8d). In the present
method (1), the failure load factor is (0.864861), while in method (I1) it is
equal to (0.862) which is smaHergreater by (0.23-12 %) than method (1),
and in method (1) it is equal to (0.915) which is greater by (55.90-90 %)
than method (I). The moment and axia force distribution at

(A =0.864861) isgiven in Fig. (7 — 8b) for the three analysis approaches.

The location of zero shear section in beam is being at distance (0.378 * 6

m) from the left column as indicated by the three methods.

@ Plastic hinge o o o o ©
O Local unloading o
L] crushing failure

Present Alwash Mekha

a@?
65.33 2&5. -152.5 o47.08 188.8 -168.0
o o 9

9 (60.1) o 5 0)

168.

(454.5)
(454.5)

(10 :laes ayal
([ 10 :laues aal

\
Fig. (7 — 8): (a) Location of plastie-Plastic hinges-Hinges for frame-Frame \
(A1)

(b) Moments and axial—Axial ferces—Forces distribution
Distribution(at collanse) for frameFrame (Al).
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It can be seen from the previous results of frame (A1) that, the values
given by methods (I1) and (I11) are generally in _good agreement with the
values obtained from the proposed method. However, there are some
differences which can be attributed to:

1- Local stress unloading which is neglected in method (I) while it
was considered in methods (1) and (111).

2- Shear deformations and geometric non — linearity which are
included in present method (I) while they were neglected in method
(111).Also, bowing effect was neglected in methods (11) and (111) while

it is considered in the present study.

F--3 The moment — axial interaction, which is considered in both

beams and columnsin the present method (1), was neglected for beams
in method (l11). In addition, the axial force that was considered for
columns in method (lI1) was computed initially in approximate
manner for load factor (I = 1). In the present analysis, the axial forces
are updated at each stage of analysis and after each plastic hinge
formation (in either beams or columns).

[732 Frame (A2): I

The multistory multibay plane frame (A2) shown in Fig.(7 — 9) was
analyzed by Alwash [1615] following a non — linear elastic — plastic
anaysis and by Hashim [2927] adopting plastic zone model with an
incremental approach. Frame (A2) is analyzed by the present method of

(

10 1y duysll

analysis by considering gross — section properties, as in the other two
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=

methods of analysis, in computing the flexural and axial stiffness of the ‘

members in order to show the effect of other parameters.

The present analysis (1) predicts a crushing failure in element No.1
at node No.1 at load factor (A =3.126) after 12 plastic hinges formation. ‘

The non - linear method of analysis (Il) as proposed by Alwash, aso,
predicts crushing failure, but in element No.3 at load factor (A =3.0886)

after 14 plastic hinges formation.

fi =20
f, =210

E, = 200000
E. = 10526.32 MPa
v=0.15

-MPa

MPa
MPa

Cover = 0.03 m for beams

= 0.05 m for columns

2
E o [
Q @ ® 8 éf%ﬁe G st = 0,003 nf
X 4 NEE %3.13 3 A:c =0003 r721.
©) N © 3Qcm 40 ¢
N 6 7 (members 1,4) (members 7,8,9,10,13,16)
o 9 A=
Qo © &) g o.grg)og
N 9 10 e, P -
® ® 9 0.(?218 31, Ast=0.0045 .
© A =000
41% 13 300 Asc = 0.0045
2 cm 60 cm
4.0 45 members 2,3,5) (members 11,14)

(')AgéZ_Z ; . Ast=0.006 nf .
* N Asc=0.006 1
0 ¢l 80cm
(member 6) (members 12,15)

Cross - sections

Fig. (7 - 9): Details of frameFrame (A2).
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The incremental approach of Hashim (I11) predicts a crushing failure in
element No.4 at load factor (A = 3.1019) after 13 plastic zones formation. ‘
Fig. (7 — 10a) shows the plastic hinges (zonesin method (111)) distribution
obtained from the three analysis approaches. Fig. (7 — 10b) gives the
moment distribution at collapse for the three methods. Fig. (7 — 10b)

shows some differences in moment values which can resulted from:
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1- Local stress unloading, which is neglected in the present method
while it was considered in methods (11) and (I11).

2- The geometric non — linearity, which is considered accurately in
the present method while it was considered in method (Il) in a
simplified manner. ix-In addition, methods (1) and (l11) neglected the
bowing effect while it was considered well in the present method.

3- In the present method (1), the shear deformations is considered
through the derivation of a more exaet-accurate expressions for the
stability functions while it was neglected in method (111).

(@ —®,
No local (48) loca (35) loca
unloading unloading unloading
T S 4 & &
H——@- O ——e- H——@-
. ® .o . ®
4 4 [} 4 L} 2
Present (1) Alwash (1) Hashim (I11)
_ Plestic hinge (zone)  Crlishing failure
(@
-85.8 -85.6 -85.5 -83.7 -79.%

3 g g g @

g g 3 3 g
01.1 -201. »R00.8  -200.8 <5214.5 -214.0

g g g § g

& g g 3 g
05.5__-205.4_{87.6 886 ok07.0 -207.1 B7.6 -885 |, 222 -218.1-00.2 -102.8

T 8 8 g 3 g g g
02.7 —202.39 233.5 -234.7 li §04.G —203.0%_35.6 -236.1 i g»224.4 —227.2::'217-0 -224.0 %

2 I i A8 4 Ll

Present (1) Alwash (1) Hashim (I11)
10 ety @l (b)
10 :la,uco auell IR

Fig. (7 - if))L: (a) Location of pl}asEi%Plast% M%Hinges for

frameFrame (A2).

(b) Moment distribution—Distribution at eeHapse
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The load — deflection curves are presented in Fig. (7 — 11) showing-avery
good agreement between-for the three anaysis approaches. However,
considering the geometric non — linearity in addition to shear deformation
produces a failure load factor (A= 3.126), while neglecting the effect of
geometric non — linearity produces afinal load factor (A = 3.146) whichis
greater by (0.64 %) than the full effect. The effect of shear deformations
and bowing are not significant (i.e. no important difference in final load

factor).

\

Fig. (7 - 11)
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Load Factor (A)

: Load — deflection-Deflection eurves-Curves for

(shear effect,geom.non-linearity,bowing effect)

(no shear effect,geom.non-linearity,bowing effect)

(shear effect,no geom.non-linearity,no bowing effect)

(shear effect, no geom.non-linearity,bowing effect)
Alwash
Hashim

0.00

J
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n 7.3.3ﬁ Frame (A3): I
|

The rectangular frame (A3) shown in Fig. (7 — 12); was tested by
Furlong and Ferguson [6] and analysis-analyzed by Gunnin et al [6].
This frame is analyzed by the proposed method. An additional critical
section “Joint” was placed at mid — height of the columns in order to
account for magnification of bending moments in the columns due to
axial load.

_Fig. (7 - 13) shows the load — deflection curves at the mid — height of
the left column as obtained from the proposed and other studies, and also
Jit shows the effect of geometric non — linearity. It can be seen from
Fig.(7 —13) that the effect of geometric non — linearity is rather
significant. In other words, considering the effect of geometric non —
linearity produces a failure load P (1+a ) = 259267.52-51 KNKN, while
neglecting the effect of geometric non — linearity produces a failure load
P (1+ o) = 269309.89-84 KkNMN which is greater by (3:9815.84 %).

BL
r— Properties | Columns | Beams
P P Width (m) | 0152 | 0.152
P op
@“l 0 l ® Depth (m) | 0102 | 0.102
Cover (m) | 0.02 0.02
—
%J 3 4 5 6 , 2229.346 | 2229.346
® f'c (MPa) 6 6
®| L=1727315 {y (MPg) | 3723784 | 3723784
—4-2m 7 1 Y 162 62
: Es (MPa) | 196551.7 | 196551.7
@ b L =1.016m @ o (MPa 2235525 | 25760.02
. ~ —NNnAre ( ) 7600 2355 N
10 9 8
28 (D T ® T Section-Node
aP aP Q\IO
L

Fig. (7 — 12): detailsDetails of frameFrame
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Geom. nonlinearity

—o—
—4@— No Geom.nonlinearity
—A— Theoretical (Gunnin et al )
-

|

50.00

Experimental (Furlong and Ferguson)

0.00 0.50 1.00 1.50
Horizontal Deflection at Node 2 (cm)

~ 7\ M) N
Frame (A3) (efieePEffeCt of geemGeometrlc Nennon-linearity-).

Fig. (7 — 14): Load - deflection-Deflection eurves Curvesfor frame
Frame (A3) (effect-Fffect of salection-Sal ection of section-Section
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250.00
< 20000 -
5 .
& 150.00
o .
S N
3 100.00 ] —4@)— grosssection properties
] —sle—  effective section properties
50.00 ] —@— cracked-wction pr?perties
] —A— Theoretical (Gunnin et al)
- —=f=— Experimental (Furlong and Ferguson)
0.00 — T 1 T T T T 1 T T T 1
0.00 0.50 1.00 1.50
\ Horizontal deflection at Node 2 (cm)

Fig. (7 — 14): Load - deflection-Deflection eurvesCurvesfor frame
Frame (A3) (effect-Effect of selection-Selection of seetion-Section

In Fig. (7 — 14), the effect of the selected section properties on the
resulting behavior is considered. It may be stated-noted that the cracked

section properties, gross section properties and effective section

properties is—are conservative—close to each other since the axid

compressive forces in the columns limit the development of tensile
cracking at the mid height of the columns. and-betterthan-the-effective

. (s in obtaining the ] ol it ¢ ol
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I in Fig( ) :dering the effecti . :
: ilure load

E V=237 KN whil oot " . :
produce-a-taturetoad-PE+ o 3722931 KN-which-tesser-by(3.26- %)
Frame (A3) fails, in the present analysis, by crushing faHure-at node No.7

after one plastic hinge formation at the mid height of the right column at
column load (P (1+ o) = 229.31265.732 KNkN)_(considering effective
section properties), while the experimental failure column load is (P (1+
o) =233:5274.18 KNkN)- (by Furlong and Fer guson) and theoretically
at column load (P (1+ o) = 299.7287.53 KNKN) (by Gunnin et al).It can
be seen from Figures (7-13) and (7-14) that the proposed method of

analysisisin good agreement with the experimental results.

H 7.3.4i Frame (A4) (horizontal steel bent):]
—The two member horizontal bent shown in Fig. (7 — 15). Was-was

analyzed previously by Al-asady—Asady [1716] and by Kassimali
[2716]. In both analyses, Kassimali’s joint orientation matrix was used.
The structure is analyzed by the proposed method following an
incremental elastic analysis. The load — deflection curve is plotted as
shown in Fig. (7 — 16) and rather _good agreement between the present

study and other works is obtained. The maximum deflection at point (c)

obtained from the proposed method is larger than that obtained from
other works by (10.41 %).

(

10 ;Lo yucs ausell
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10 :d,ueq ay,ell

Y., v E=210000 MPa G =84000MPa
A =511.4 mm? Iy = 41623 mm*
- 1.524m - ly=1,=208115mm* j=41623mm*
F\/ B .
C 254 m




\

0.00

Chapter Seven: Results, Applications and Discussions g

00 02 04 06 08 10 12 14
Vertical Deflection Of Joint C (m)

Fig. (7 - 16): \ﬂﬁ?

(
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_' tion eurves-Curvesfor frame

— Theone—=bay,one story space frame shown in Fig. (7 — 176); is
analyzed by the proposed method. Initially the frame is analyzed by
including the full effect (i.e. geometric non — linearity, shear and bowing
deformations). The frame fails by crushing failure-at element No.7 at
node No.6 at a load factor (A-=-2.116). In order to study the effect of
shear deformations, the frame is then analyzed by neglecting only the
shear deformations. The frame fails at a load factor (A =-2.115) by
crushing faHure-at element No.7 at node No.6. There is no significant
deference differencein load factor but the vertical deflection at node No.9
is lesser than the full effect by (2.78 %), while the transverse
displacement of node No0.6 is reduced by (1.48 %). Also, to verify-assess
the effect of geometric non — linearity, the frame is analyzed as in the

initial case but the geometric non — linearity is neglected. The frame, in

N . -
N ) o2
\
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general, is found to be rather stiffer and it failed by crushing faHure-at
element No.10 at node No.4 at a load factor equal to (1.997), i.e. the load
factor decreased by (5.62 %) while the vertical deflection at node No.9 is
increased by (42.81 %). Similarly,- the transverse displacement of node
No.6 is increased by (5.18 %). AtlastFindly, to study the effect of
bowing deformations on the frame behavior, the frame is analyzed as in
the third case (i.e. neglecting the geometric non — linearity but including
the bowing effect). The effect of bowing isfound to be insignificant since
there is no deferencedifference in frame deflections. Figures (7 — 18%)
and (7 — 198) represent the load — deflection curves at nodes (9 and 6)

respectively for all the analysis cases as mentioned before.

(

(

l w=30KNKN/m l
20
4 12((D -1
100 / 100
L(Jble ¥
Z O
20
g
/ 5 1 _
20 KNKN 2 20 KNKN 22
D @
1
om

L_ 50m J
Es = 200000 MPa 0.35m
Ec’ =23500 MPa £ 0.35m £ s+ p, 00065
fC = 257999-,\/' Paﬂ: ® o o pt = 0005 ﬂ: . -
f,=420000 MPa . . =0.0035
n=0.17 e o o|p:=0005 - o o P
Cover = 0.04 m Column cross - Beam cross -

! section section
10 o ,ueq au,=ll
10 :l,ueq au el

actor (A)

2.00

1.50

}C\\\Fig. (7 - 176): Details of frame Frame (A5).
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2.00
< ]
T 150
2 ]
& ]
(8 ]
T 1.00
3 ] —ap—  (shear effect,geom.non-linearity,bowing effect)
] —— (no shear effect,geom.non-linearity,bowing effect)
0.50 N )
1 —A—  (shear effect,no geom.non-linearity,no bowing effect)
] —k—  (shear effect no geom.non-linearity,bowing effect)
0.00 llllIllll]llll]llll]llll]llll
0.00 2.00 4.00 6.00 8.00 10.00 12.00
L Transverse deflection at Node 6 (mm)
Fig. (7 — 1819): L oad — deflection-Deflection eurvesCurvesfor
The locations of plastic hinges and axial forces and moments distribution
at collapse are shown in Fig. (7 — 2019) and table-Table (7 - 2)
10 Wty duysll } .
\ respectively.
10 il pec duell : IR &P y

AN ) &2
N\
N A P ~



Chapter Seven: Results, Applications and Discussions g

@ Plastic hinge

|:| Crushing failure

\.
Fig. (7 — 3920): L ocation of plastie-Plastic hingesHinges for frameFrame

Table (7'~ 2): Axial foree For ces and bending Bending mements
Moments at eeHapse Collapse stage Stage for frame Frame
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12
7 3 34.73 11.08 32.39
11 1.03 -150.71
11.12 -65.26
8 2 54.48 11.06 34.08
10 1.02 -123.75
4 11.14 -122.43

[F=6 [rrameror_|
The one bay, two-story space frame shown in Fig. (7 — 2021); is analyzed
by using the proposed approach. First the frame is analyzed by
considering each—ef—geometric non — linearity, shear and bowing
deformations. The frame fails by crushing at element No.3 at node No.4
at load factor ( A =2.343).

100 kN 100 0.35m

|
w=25KNKN/m 0.35m — . °
10 i
/7 15 10 7 ° o o = p= 0.0035
/ ® 3 °
| /1 ©) 1 Yo py=0.005 3 | e
5 2 . o pe= 0.0015
9 pe=0.005
3 T 4 ® 0 o REEE.
€ € | |
Column cross - sectiorBeam cross - ion
2 /s @1; i 11_‘
) © / i Es = 200000 MPa
/R | g E.=23500 MPa
(i f& = 25000
2 5
Q) MPa
S @ - Bl ; 420000
a
v=0.17
Cover =0.04 m
Section-Node
50m qol
50m

Fig. (7 — 210): Details of frame Frame (A6).
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__Theanalysisis repeated to study the effect of shear deformations. It is
found that including the shear deformations- increases the final horizontal
deflection of node No.4 by (1.88 %). To verify the effect of geometric
non — linearity on the behavior of the frame, the frame is analyzed by
including all effects except the geometric non — linearity. It is concluded
that including the geometric non — linearity increases the deflection of
node No.4 by (6.94 %). Also, it is found that including the bowing effect
on the axial stiffnessis insignificant. The load — deflection curves for the
frame for the prescribed cases is shown in Fig. (7 — 2122). The locations
of plastic hinges are shown in Fig. (7 — 2223), while the axial forces and
bending moments at collapse stage are given in table Table (7 - 3).

2.00

150

1.00

Load Factor () )

shear effect,geom.non-linearity,bowing effect)

shear effect,no geom.non-linearity, no bowing effect)
(10 :laes ayal

([ 10 :laues aal

TR T TR A TN TR TN AN TN TN TN NN TN SN TR A NN N 1

—+—
—4—  (noshear effect,geom.non-linearity,bowing effect)
—A— (

(

—%k—  (shear effect no geom.non-linearity,bowing effect)

T T T T | T T T T | T T T T

0.00 1.00 2.00 3.00
Horizontal deflection at Node 4 (cm)

Fig. (7 — 2122) L oad-deflection-Deflection eurvesCurvesfor frame
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@ Plastic hinge ®
(] Crushing failure 1

® \ &

\.

Fig. (7 - 232): Locat_irons 0

f_?l-astiePlastichm%&sHin esfor frameFrame
able{/ -~ 3): Axtal-feree Forces-and bending-Bending mements
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8 6.47 -63.87

14 3 47.53 0.00 104.56
13 0.00 -92.19

-19.56 -88.60

15 8 -4.26 -8.22 -30.12
19 -2.12 -105.35
11 -7.52 -224.10

[737] Frame a7

Using the proposed method of analysis, the two — bay,- One-one story
gpace frame shown in Fig. (7 — 243) is analyzed. First, the frame is
analyzed by including the effect ef-each-of geometric non — linearity and
shear deformations. The frame fails by crushing faHure-at element No.2 at
node No.3 at load factor (A = 2.767). The locations of plastic hinges and
crushing failure are shown in Fig. (7 — 254). To study the effect of shear
deformations on the behavior of the frame, the frame is analyzed first by
considering shear deformations and neglecting the geometric non —
linearity. Then the frame is analyzed by neglecting each-of geometric non

—lineariy and shear defo-

SectionNode % 100KN  \y =20 40 KNKN/m 0
Qlo. l w=20KNKN/m l w =20 KN-KN / m l
2020 K| y
@ ©) ]
50 100 kN 50
ViAS 4 © |
2 € ©| 3
/ L)
20 kN
b 13 3 14 P
@)
@ ¢ @ -
1
.0m
L 6.0m L 6.0m |

Es = 200000 MPa
E.=23500 MPa —sm Sl I —
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® Plastic hinge

|:| Crushing failure

Fig. (7 — 2425): Locations of plastie-Plastic hingesHinges

Hnearity-and-shear-defermations. It is found that including the effect of
shear deformations increases the fina vertical deflection of node No.19
by (6.29%).Also, it is found that including the effect of geometric non-
linearity increases the deflection of node N0.19 by (29.87%). To verify

(

10 1y duysll

assess the effect of bowing deformations on axia stiffness, the analysisis

(

10 :lajueg au el

% repeated and it is found that its effect is negligible. In other words,
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including the bowing effect increases the final deflection of node No.19 ‘
by (0.087 %). The load — deflection curves for al the analysis cases are
shown in Fig. (7 — 2526). ‘

2.50

2.00

1.50

(shear effect,geom.non-linearity,bowing effect)

Load Factor (A)

(shear effect,no geom.non-linearity,no bowing effect)

(no shear effect,no geom.non-linearity,bowing effect)

P U T T T I T A T W A O A A I A B N

(no shear effect,geom.non-linearity,bowing effect)

——
——
—&A—  (no shear effect,no geom.non-linearity,no bowing effect)
—h—
—o—
I T

T T T I T T T T I T T T T

0.00 0.50 1.00 150 2.00
Vertical deflection at Node 19 (cm)

Fig. (7 — 2526) L oad-deflection-Deflection eurvesCurvesfor frame

Cramanl N7\

7.4 ll Results of Optimal Design Problems]
To show the ability and the validity of the optimization preblem

formulation, four examples of reinforced concrete structures are selected

asfollows:
1- Example (O1): two — bay, portal frame.
2- Example (O2): one — bay, one—story space frame.
3- Example (O3): one — bay, two—-story space frame.
4- Example (O4): two — bay, one—story space frame.
Figure (7—2527) shows the geometry of each frame. In all examples, the

following general datais used:

[ 10 :Wa,ucq au,ell
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Es=200000 N / mm? , f, =420 N/ mm’
E.=23500 N/mm® , f¢=25 N/ mm?
W, =24 KNKN/m® | Wg=785KNKN/m’ ‘
Cs =200 units/ton, C.=10 units/ m®

Cr = 1 unit/ n?
The initial dimensions and reinforcements are given in table-Table (7 -
4).

Table (7 — 4): Initial Dimensions and Reinfor cements for the \
Design Examples

N iniia (MM)
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L om
|_ 50m _|
Section-Node
Qlo.
Example (03)
5 & !
7
o @ 6 G ©
2 13 3 14
@ O © €]
0 12
1 4
P, )
| 60m | 60m |
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Section No.
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Fig. (7 —2627): Continued
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In the absence of earthquake load, the sources of loads are dead load, live
load and wind load. Typical arrangements of live loads are considered
from intuition to high-light maximum effects. Wind is considered to act in
any direction. Figure (7—2728) shows the load applications. The load
combinations used are:

U=0.75(1.4D.L. + 1.7L.L. + L.7W.L))
U=14D.L.+ L7L.L.

At the end of the optimization process, the structure under
optimization is analyzed under service loading to check the deflection
requirements.

The results are presented in figures-Figures (7 — 2829) - (7 — 3132) and
tables Tables (7 - 5) — (7 - 9). Figures (7 — 2829) — (7 — 3132) show the
variation of total cost with the number of optimization cycles for
examples (-O1, 02, O3 and O4-). It can be seen from these figures that;
inelastic analysis gives more economical cost than the elastic anaysis.
Thisisto be excepted because the inelastic analysis utilizes the ability of

the frame to re — distribute moments. The saving in cost_resulting from

adopting the inelastic ;analysis, however, is seen to be in the range
between (1.50% - 6.04%) only. This can be explained by the fact that the

side constraints referring to minimum dimensions and minimum steel
ratios often limit the possibility of obtaining greater saving.

___Table (7- 5) gives the number of cycles required for the optimal
solution, initial cost and optimal cost for both types of analysis (elastic
and inelastic). Tables (7-6) — (7 — 9) give the optimal design parameters
for the structural examples.
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___Tables (7-6) to (7-9) show that the optimal design of width of most
members is governed by the side limit (250 mm). Also, it can be noted
that the optimum steel percentage for main reinforcement is close to (1.0
%) for most members in al structural examples. From table-Table (7 -
10), the deflection constraints is-are obviously ineffective since the
computed deflection under live load is smaller than the allowable value
(542401 /1 240) [38].

__In all design examples considered in the present work, the effect of

torsion can be neglected since it is less than the lower limit specified by
the ACI-Code. Also, from the presented results of the optimization
problems, it can be seen that the (Direct Search Method) is quite stable
and the optimal solution isreached only after several cycles.

50 KNKN 100 50 50 KNKN 100 50
WL =30 KN-KN / n§ WL =30 KN-KN /
TTTT U T T T T oy TTTT I TTT1
227//] (2227 A 77/] 22/ 222/]
(a) (b)
50 KNKN 100 50 50 KNKN 100
WL =30 KN-KN /m WL = 30 KN-KN / m 50

PET LT Db Jocmsongn] |

(

(

wn v wa wn ) )]
(c) (d)
100 50
50 KNKN WL = 30 KN-KN / m
10 :Loyués & el l 1 l l 20 KNKN
10 :Loyc duell
m U/

(e)

\.

Fig. (7 — 2#a28a): Loading Casesfor Example (O1).
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Fig. (7 - 287b): Loading Casesfor Example ( 02).
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Fig. (7 — 2#€28c): Continued.
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Note: (All the applied loads are considered as live loads in addition to
wind load, while the self--weight is considered the-as the dead load).
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Fig. (7 — 27d28d): Continued.
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1 —&A— Elasticanalysis
7] —=f=— Inelagtic analysis
Z 1500 3
=
= -
= -
(@] -
(@]
= -
|S 100.0 - . )
7 e - -
50.0 T T T T
(0] 1 2 3 4 5

Number Of Cycles ( Analysis)
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Fig. (7 — 2829): Variation of tetal-T otal esast-Cost with No. of
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Fig. (7 — 3132): Variation of tetal-Total esast-Cost with No. of
analysisAnalysis (eptimization-Optimization eyelesCycles for
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Table (7 - 5): Optimum Design Solutions.

Elastic
Inelastic

Elastic
Inelastic

Elastic
Inelastic

Elastic
Inelastic

A~ O B~ N O O b &

Table (7 - 6): Optimum Values of Design Parametersfor
Example (O1) (Elastic Analysis).
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Table (7 - 7): Optimum Values of Design Parameter sfor
Example (O2) (Elastic Analysis).
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Table (7 — 8): Optimum Values of Design Parameter sfor
Example (O3) (Indlastic Analysis).
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I 250 | 415 226 926 187 0 111

I 250 | 550 626 826 200 | O 1.05
250 | 490 326 926 200 | O 1.02
250 | 497 926 326 200 | O 1.00
250 | 406 226 826 182 0 1.03
250 | 455 926 226 200 | O 1.01
250 | 444 226 926 200 | O 1.03
250 | 427 926 226 193 0 1.08

b

Table (7 - 9): Optimum Values of Design Parametersfor

Example (O4) (Indlastic Analysis).

250 | 508 1097 297 200 0 1.09
250 | 509 1097 297 200 0O 1.09
250 | 405 797 297 182 | 0 1.08
10 | 250 | 528 1197 297 200 O 1.13
,,,,,,,,,,,,,,,,, =

Table (7 - 9): Optimum values of design parametersfor example

(04) (inelastic analysis).
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250 | 420 797 297 189 0 1.04
250 | 537 1097 297 200 0 1.04
250 | 528 1097 297 200 0 1.06

Table (7 - 10): Maximum and Allowable Deflections for
Examples (01, 02, O3 and O4) (Elastic Analysis).

{ 10 :,ucg ap,ell : }\
{ 10 : Lo yuce auyell : }\\\
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o ONCUVSTONS D RECOMMENDATIONS

m Conclusions: ||

From the results and discussions of these results given in Chapter
Seven, the following conclusions can be drawn:

1- The proposed non-linear analysis technique is suitable with a
sufficient accuracy for a variety of problems of reinforced concrete
frames since it includes many different parameters . The maximum
difference in the failure load between the present theoretical analysis
and the experimental resultsis found to be not more than (11.6 %)

2- The proposed algorithm is capable to predict the three types of
failure (i.e. local crushing fallure, plastic collapse mechanism and
stability failure) and detecting the one which occurs prior to others.
However, in al structures analyzed by the proposed method, the type
of failureislocal crushing failure.

3- Through comparing the results obtained from the proposed
method of analysis with the experimental results, it is found that the
suggested cracked section properties is more suitable than the
effective section properties and gross section properties in finding the
flexural and axial stiffnesses of members of reinforced concrete
frames.

Shofe-
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4- The interaction among bending, shear and axial forces must be
considered in analyzing the reinforced concrete structures. Such
problemis considered well in the present analysis.

5- The optima design of reinforced concrete frames based on
inelastic analysis is more economical than that based on elastic
anaysis. The additional saving in the cost obtained in the present
study based on inelastic analysis is in the range of (1.5-6.04%) in
comparison with that based on elastic analysis.

6- In all considered examples, the width of most members is
governed by the minimum width dictated by practical considerations.
7- The optimum steel percentage for most members has been found

to be close to (1%) as recommended by the ACI-Code. This agrees
with the selected objective function in which the steel cost isthe major
portion in the total cost.

8- The effect of deflection constraints is insignificant for examples
considered in the present study.

i 8.2 ‘I Recommendations for Future Work: l

1- Extending the proposed method of analysis to the analysis of
space frames under cyclic loads.

2- Extending the proposed method of analysis to analyze space
frames having non-prismatic members.

3- Studying the optimal design of reinforced concrete space frames
subjected to dynamic and earthquake loading.
4- Extension of the optimization problem using the multi-level

approach to involve an optimal design of slabs and foundations in
addition to space frames.




' ‘ORMULATION OF OPTIMAL DESIGN PROBLEM

In this chapter, the complete formulation of the optimal design problem
of reinforced concrete space frames, made of prismatic members of
rectangular cross — section, is presented.

The design is based on ACI 318 — 95 Code [38] provisions. The total
cost, involving cost of steel reinforcement (main and lateral), concrete
and formwork, is considered to be the objective function. Several design
constraints, which include strength constraints and side constraints are
related to functional, architectural and constructional requirements and
they are taken into account in the formulation of the optimization
problem. Finally, the optimization method used in this work is explained

with the aid of flow charts.

|5.2 || Design Variables: |
e —
The frames, considered here, consist of two types of members;(1)

horizontal (i.e. lying in horizontal plane) or inclined (in space) members,
which are subjected to self-weight (distributed) loads in addition to the
applied loads, and (2) vertical members ignoring their self — weight.
However, all members are designed as axially loaded members subjected
to axial force plus bending moments. Story heights, columns, spacing,
steel and concrete properties as well as concrete cover of reinforcement

are predefined as data. Each member is considered to be defined when its
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dimensions and area of longitudinal and tie steel reinforcement are
known. The member will be designed for two critical sections at the
extremities of its elastic length portion unless a zero shear point exists
between them and a third critical section at such point would be
considered. The wusual practical construction employing prismatic
members and non — equal main reinforcement at opposite faces is
assumed. Also, the main reinforcement is considered to be constant along
each member in addition to the fixed spacing ties along the member
length. For each uniaxially loaded member of a frame, the vector of

independent design variables (X={X; }(i=1,2, -----—--- ,n)) may be
chosen as : (X;=h), (X,=b), (X3=As) and (X,=Ag) where
A and Agare the reinforcement at lower and upper faces of the
section, respectively. For biaxially loaded members, (X;=h),
(X5=Db), (X3=Ag =total reinforcement), ( X,= the number of steel
bars alongh) and ( X5= number of steel bars along b). Here, it is

assumed that the reinforcing bars in the same direction have the
same spacing. The dependent variables are assumed to be: the

member strength, tie spacing (s,), spacing of main reinforcing bars

and their diameter (dy,).

[5.3 |Objective Function: |

The non — linear cost objective function (Z) involving the cost of : steel

reinforcement, concrete and formwork is used in the optimization

problem of this study.

where

n= number of members

N
Wi
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Z; = cost of member (i)
Z;is found as follows

Cost of steel
=Cs|(Asti + AiJLi +2|nj +b;j - 2(2co +dg, )JAsy Nsi Wi

Cost of concrete = CcbjhjL; -——-=—mmmmmmmmmmm e (5-3)
Cost of formwork (horizontal or inclined members)

= Cy (b +2h )L —--(5-4a)
Cost of formwork (vertical members) = 2C¢ (bj + h; )L;  ----- (5-4b)
where
Cs= unit price of steel reinforcement involving material and labour cost.
Agri = total area of main reinforcement of member (i) = maximum

required area along those of critical sections in member (i ).

A); = area of longitudinal torsional reinforcement of member (i ).
L; = c/ clength of member (i).
h; = depth of member (i ).
b, = width of member (i ).
c,= concrete cover = 40 mm.
o = bar diameter of shear reinforcement.
Ag, = Cross — sectional area of shear reinforcement bar.
N &i = number of ties in member (i) = (1; / s ).
I; = clear length of member (i).
s,i = spacing of ties based on maximum shear force plus the maximum

torsional moment along member (i).

W, = unit weight of steel.

C.= unit price of concrete involving material and labour cost.
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C ¢ = unit price of formwork.

[54 [Constraints. |
Sl |

The objective function is minimized subject to a set of constraints. Some
of these constraints can be explicitly defined in terms of the design
variables (i.e., side constraints), while others are implicitly related to

design variables (i.e., flexure, shear, --------- etc).

I 541 iFIexure il
I 541.1 IMembers with Uniaxial Loads: II

Constraints for the member with uniaxial loads may be expressed as

follows

01=Pf - P EQ  meeeeme e (5-5)
02 Mg - MpEO oo (5 - 6)
03 = (X3 +x4)/(X1 X2)- 004E0  wromromemmrcrcmrc e (5-7)
04 =0.01- (X3+x4)/(X] X2) £Q  —mrmmmmmmeee (5-8)
gs =max (d, ,25)- (S- dp)EQ  —rrrrrmmmmmmm e (5-9)
0g=(s-dp)- 3000  commmmcemmmmeeeeee e (5 - 10)
g7 =1013- dp £0  —memmmmmmmem oo (5-11)
gg=0p - 56.4EQ  mremmmmmmmmemmomeeoccmee e (5-12)
J9g=Xp- X1 EQ  mommmmmmee s (5-13)
010 = X1 - 1000£0 =mmmmmmmmmmm e (5-14)
017 =250- Xp £0  mmmeemmmommee e (5 - 15)
Also, additional practical limitations are used:

012 =226- X3 £0  memeeeeeeeccemeeeeeeeee e e (5 - 16)
013=226- X4£0 = =mmmmemmmeemmeeeeeee e ceeee (5-17)
914:¥bd- X3EQ  emrmemmmmmmmemmmee e (5-18)

y
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where

P¢ ,M ; = force state at the section, resulting from the combination of

factored loads according to ACI — Code, which are found from the
analysis (elastic or inelastic), and P, ,M, = axial and bending resistance
capacity of the section which are found through equilibrium equations as
follows:

For axial compressive force:

P, =f [0.85fgbic, +AL(fg- 0.85f8)- Asfg|] - (5-19a)

For axial tensile force:

P =f |As(0.85 f8- fs)+Agfy-085fdbycy| —  --mmmm- (5-19b)

M, =P, m:prgd’”%f;‘? -------------------------------------- (5 - 20)
e a

where

c= the neutral axis depth (which its determination is completely

explained in chapter four).

f&=

d-c
fS:TESeCUEfy

C- dl

EsecuEfy

g, and gpare the constraints imposed on the member to be able to resist

the applied loads. gzand g,are the constraints for the reinforcement

ratio. ACI — Code limits the longitudinal reinforcement in axially loaded
members to between 1 and 8 percent of the gross area. However,
practically the maximum reinforcement ratio is taken equal to 4 percent

of the gross area. Constraints ggand gg are for spacing of the reinforcing

bars (s= spacing of the reinforcing bars). ACI — Code requires the clear
distance between the parallel bars in a layer should not be less than the

maximum of (dy, or 25 mm). Moreover, for an axially loaded member,




Chapter Five: Formulation of Optimal Design Problem (3 )

the clear distance between adjacent longitudinal bars shall not be greater

than 300 mm. Constraints g;and ggare on the diameter of bars (d,). The

reinforcing bars should be between No0.10 (11.3 mm) and No0.55

(56.4mm). gg ,g;0and gq;are the side constraints. Constraints g;-,gq3and

gipare the practical limitations on the longitudinal tension and

compression reinforcement.

|54.1.2 iMemberswﬂh Biaxial L oads: |

Constralnts for the member with biaxial loads may be expressed as

follows

VP 2 T 1 ¢ S —————— (5-21)
02=Mfz- M{7E0  —remeeeeee e (5 - 22)
03=Mfy- Mpy£0 oo (5 - 23)
94= X3/(X1 X2)- 0.04£0  =rremmmmmeemmm e (5 - 24)
05 =0.01- X3/(X1 X9) £0  —mrrmmmmmmeee e (5 - 25)
gg =max (dp,25)- (s, - dp)EQ  ——-mmmmmmmee e (5 - 26)
g7 =max (dp ,25)- (sp- dp)EQ  —-mmmmmmmmmmmmeemmeeeeeeeee (5-27)
0g=(sh- dp)- B00£0  —mmemmmmmeee e (5 - 28)

g =(sp- dp)- B00E£0 ~mmmmmemmmmmm e (5 - 29)
010 =113- dp £0  =remmmmmmeeme e (5 - 30)
011 =0p - BBAED  mmmemmmmmee e (5 - 31)
012 =X1- 1000£0 -m-mmmmmmmmmm e (5-32)
013 =X2-1000£0  ------m-mmmmmmmmeee oo (5-33)
014 =250- X1 £0  =-emmemmememmeee oo (5-34)
015=250- X9 £0  —m-mmemeecemmeeeeeee e (5 - 35)

N
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where

Pt .M ,and M ¢, = axial force and bending moments about principal axes,

which are found from the analysis (elastic or inelastic) of the structure

under the load combination according to ACI — Code. P, ,M,and M, =

axial and moment resistance provided by the section which are found
through the equilibrium equations as follows

For axial compressive force:

é n u
Pr =f @85 f(q;AC = é. fs ASI [,,I """"""""""""""""" (5 —36)
: R
én hU
M, = €4 fg AgY; - 085 18Q + Py i -—rroorrooee (5-37)
g=1 9]
én pu
M ry :f éa fSI ASI X| - 085 f(q;Qcy + Pr _l:I """""""" (5 - 38)
I\.:1 2,
e 9]
OerZ:PreZ ) Mry:Prey """"""""" (5—39)

For axial tensile force:

én u
P, =f 88 fg Ag- 085 fEAL (1 -meemmmmememmmmeemmeen- (5 - 40)
g=1 s
é n hu
M rz :f &85 féI:QCX - a fs ASI Y| - Pr _l,j """""""" (5 - 41)
e =1 24
é n pu
M r y =f @85 féthy - a fS| ASI X| = Pr _l:I """""""" (5 - 42)
e =1 24
OerZ:PreZ ) Mry:Prey """"""""" (5—43)

The unknowns in equations (5 — 36) through (5 — 38) and equations (5 —
40) through (5 — 42) are previously defined in chapter four for both axial

compressive force and axial tensile force.




Chapter Five: Formulation of Optimal Design Problem (3 )

g1.9-and gsare the constraints imposed on the member in order to be
able to resist the applied loads. g,and gsare the constraints for the

reinforcement ratio as in the case of uniaxial loads. Constraints

ge through ggare for spacing of reinforcement. s;,,s,= spacing of main
reinforcing bars along h and b, respectively. Constraints gigand gq;are
on the diameter of reinforcing bars. Constraints gq,through g;sare the

side constraints.

In all previous equations

f =0.9 for tension + flexure or pure flexure
f =0.7 for compression + flexure

I 54.2 IShear: ]
Each member is designed by assuming biaxial shear state (i.e.V,y andV,;)
taking the maximum shearing forces (v, andV,,,) at a distance (d,b- b;)

from faces of support, respectively, as follows

Vuy :f_vny :f_ 6/31 +Vy) """"""""""""""""""""" (5—44)
Vuz :f_vnz =f_ 6/32 +Vz) """"""""""""""""""""" (5—45)
where

f =0.85

Vg = nominal shear strength provided by shear reinforcement (in
Y - direction).

Vo= nominal shear strength provided by shear reinforcement (in
Z - direction).

Vy = nominal shear strength provided by concrete (in Y - direction).

V,= nominal shear strength provided by concrete (in z - direction).

N
Wi
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To find the nominal shear strength of concrete in (Y and z) directions, a

simple shear yield surface is utilized in this study [17]

2 2

— T FC—" T T ] (5 - 46)
Vs erp
Solving equation (5 — 46), one can get
Vey
= , - . (5 —47)
\/1+ (\/zz/vyz)(\/cyz/vczz)
VCZ
2= ; \f { e (5-48)
\/1+ Vy2 V2 Ve Vo)
where V¢, andV,are found from the following expressions
If P=+ (compression)
Vey = %gi o 2 FED o (5-49)
Ver = %g f@(b- by)h oo (5 -50)

If P=- (tension)

Vo = %g‘? 03 ﬂbd ------------------------------------- (5-51)

%gl 03 \/Tftb T — (5-52)

where P, =[P | .

The ratio of the concrete strength in z - direction to the concrete strength
in Y - direction is assumed to be equal to the ratio of the applied shear

force in z - direction to that applied in Y - direction
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(i.e Vz _Vuz
Vy Vuy

Hence, the required shear reinforcement areas A,y and A, are computed

from:
-f V]S
B A — 5-59)
w
_ (Vuz B f_VZ)S _________________________________________ (5 _ 54)

2 2f fyy (b- by)

where Sis the spacing of stirrups.

I 54.3 iTorsion: ||

For members subjected to a torsional moment in addition to biaxial shear,
an additional shear reinforcement is required. The design for torsion is
based on a thin walled tube, and space truss analogy is used according to
ACI — Code. A member subjected to torsion is idealized as a thin -
walled tube with the core concrete cross section in a solid member

neglected as shown in Fig. (5 — 1a).

o227

Shear flow

P

Fig.(5-1a): Thin—Walled Tube
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Y\\\\\\\\W

\_

Fig.(5 - 1b): Area enclosed by Shear Flow Path

The reinforcement required for torsion shall be determined from

f Ty 3 T e (5-55)

where
f =0.85
T, = nominal torsional moment strength.

T = the applied torsional moment found from analysis (elastic or

inelastic) under the combination of factored loads.

Hence [38]
_ _2A0 At
T=f T,=f L (5 — 56)
S
So
Al =——— TS (5-57)
f2Aq fyy
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where

A; = area of one leg of a closed stirrup resisting torsion.

S = spacing of transverse torsional reinforcement.

A, = area enclosed by shear flow path (see Fig.(5 — 1b)) = .85A,,
A, = area enclosed by centerline of the outer most closed transverse

torsional reinforcement.

f = yield strength of closed transverse torsional reinforcement.

Also, when a member has cracked in torsion its torsional resistance is
provided primarily by the closed stirrups and the longitudinal bars located
near the surface of the member. Hence, the additional longitudinal

reinforcement required for torsion shall be computed from:

A, afy, 0
e (5 - 58)
S &y

A|:

where
P, = perimeter of the centerline of the outer most closed transverse
torsional reinforcement.

fy1 = yield strength of the longitudinal torsional reinforcement.

The minimum total area of longitudinal torsional reinforcement is
obtained from

A :5“/fétACp_59°‘t9P fyv
'min T2ty T &sg | fy

where

A= area enclosed by outside perimeter of concrete cross section
( Ay = bhfor rectangular cross section).

Thus, for a member subjected to biaxial shear plus torsional moment the

total required transverse shear reinforcement (one leg) is:
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Ag = A + Ay + Ay ceommmmeemmmee e (5 - 60)
sv vy VZ t

:gﬁ/uz'f_vy)_l_ Quz'f_vz) + _T 85
g X fyd 2Afy,(b-by) 2AA;fyg

So, the required spacing is

2 Ag,
eb/u fv ) Vuz 'f_Vz)+ T U

5 f fyd f_fyv(b-bl) f A fyg

I5.4.4 iOther Code Limitations on Shear and Torsion: ||

a) To reduce unsightly cracking and to prevent crushing of the

surface concrete due to inclined compressive stresses due to shear and

torsion, the cross — sectional dimensions shall be such that:

2 .2
dyd TP, © - 0
— s +9—h* £ f é_y +24/f(§ti ------------ (5-62)
bd 5 §1.7A4% 5 bd 3% "5
b) It shall be permitted to neglect torsion effects when the applied
torsional moment (T ) is:
T V¢ é];@cp - (5- 63)

12 9 Pcp

where Py,=outside perimeter of concrete cross section.

C) Code limitations on spacing of closed stirrups:
SV £600mm If VS]_E%’\’ f(@bd """""""""""""""" (5_64)
Sy £300mm if V31>%1/fétbd ----------------------------- (5-65)

N
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6Ag f
Sy E (5 - 66)
b
d. 1 —;
SV £E If Vsl£§ féu)d """"""""""""""""""" (5_67)
d. 1
SVEZ if VSl>§1/fc¢bd —————————————————————————————————— (5-68)
. aPn 0
S\,Emlné— ,300mMmM= e (5-69)
8 2
V51£§4/fét ' (5 - 70)

d)  Code limitations for tie reinforcement to act as restraint against

buckling of longitudinal bars for confinement of concrete are :

SyE16d  eeeeeeeeeeeeeeee e (5-71)
S 3. 1 1 (5-72)
SVED e (5-73)

e)  Anadditional practical limitation on minimum tie spacing which is
Sy 2 100MM -meeeemeeeemeeem e e e (5-74)

[ 545 iDeerction: j

In this study, the center span deflection is considered as the maximum
span deflection in the design problem. The deflection (DT) is calculated
according to the ACI — Code equation as the sum of immediate deflection
(DLimmed) due to service live load and long term deflection (Digngterm )
due to shrinkage and creep i.e.

DT =DLimmed *Diongterm ~ -=--====-========mmmmmmmmmmmmmoooooos (5-75)

where DigngtermiS found through multiplying the immediate deflection

due to sustained service load by the following factor [38]:

X
1+50r ¢
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where & is a time dependence factor which has the following values [38]:
=2.0 5years or more
=14 12 months
=1.2 6 months
=1.0 3 months

_A
r ¢= %d

where r ¢=compressive steel ratio.

The computed immediate deflection that is used in the prescribed
expression (5 — 75) is based on the elastic analysis at the end of
optimization process.

The deflection is controlled by the limiting value of code equal to

(overall span of the member) / 240.

[ 546 [SlendernessEffect on the Member Design: |
.- ________________________________________________________________ ||

Since the geometric non — linearity is considered in the analysis process,
the effect of slenderness on member design as well as minimum
eccentricity as specified by ACI — Code will be ignored.

[55 [optimization: |

55.1 iDecomposition and Multilevel Solution: ||
“The problem that is formulated in the preceding sections can be solved as
an integrated unit using any suitable method of non — linear optimization,
but this involves real computational difficulties. Some of these may be
summarized here [22]

1- The problem size (number of variables and constraints) is
relatively large even for simple structures. This will greatly increase
the computational time which is usually an exponential function of the
problem size. In addition, such problem needs a computer of high
capacity.
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2- The different natures of design variables may produce numerical
problems in the solution.

3- The non — linear analysis of structures, being a repetitive nature
and involving a solution of set of simultaneous equations, will

increase the total computational time ( cpu time ).

These difficulties are largely resolved by decomposing the problem into
smaller subproblems. The (multilevel approach) developed by Kirsch
[22] is adopted here. The approach is more suitable for micro — computer
applications and its effectiveness has been already tested and verified in
recent works for such type of problems [15,24,27]. The problem is
subdivided into three levels as given below.

Third Level (Outer L evel):

In this level, the design moments and forces are obtained from structural

analysis (elastic or inelastic as the case may be). The analysis is repeated
when all members are optimized (in second and first levels).

To satisfy the optimization at this level, the convergence criterion on
the objective function, which is the total cost of the structure (z), is

(Zi ) Zi-l)

i - — 5-77)
Z

where (z') is the total cost of the structure in the ith iteration and (e) is a
prechosen tolerance for the total cost, which is selected depending on a
trial test on different types of problems. The value selected and used here
is (e=.001).

Second L evel:

In this level, the independent variables of each member are optimized

independently for the computed forces (from third level) using a non —

linear optimization method as will be explained later. After each
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modification in the independent variables, the solution enters the first
level to determine the values of the dependent variables.

First Level:

At this level, the values of the dependent variables are calculated directly
using the values of the independent variables and design forces from the

2" and 3" levels respectively.

I 5.5.2 iMethod of Optimization:j

Since the minimization of the objective function depends on the section

resistance (i.e.P.,MandM,) which is an implicit function of the

independent design variables and can not be expressed directly as a
function of these variables, it cannot be derived with respect to the
independent design variables. Hence the gradient method of non —linear
optimization such as (SUMT Method) (sequential unconstrained
minimization technique) cannot be used in this study. So, the modified
direct search method of Hooke and Jeeves [39] will be used which uses
the function values only. The search consists of a sequence of exploration
steps about a base point which if successful are followed by pattern
moves. The modification was made on this method to take account of
constraints. Indeed it has been suggested that merely giving the objective

function a very large value (in a minimization problem) whenever the

constraints are violated will suffice (usually z = 1+ 10%°). Certainly this
idea has an obvious intuitive appeal and it is easy to program.
The procedure is as follows.

A) Choose an initial base point bjand a step length h;for each
variable X;,j=12- - - - n.

B) Carry out an exploration aboutb;. The purpose of this is to

acquire knowledge about the local behavior about the function. This

knowledge is used to find a likely direction for the pattern move by
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which it is hoped to obtain an even greater reduction in the value of
the function. The exploration about b, proceeds as indicated.

1. Evaluation of (by).

2. Each variable is now changed in turn, by adding the step length.
Thus, the value of f(b;+hse;) Where eqis a unit vector in the
direction of the x- axis is then calculated. If this reduces the function
replace byby by +hse;. if not find f(by- hie;)and replace b;by
by - hye; if the function is reduced. If neither step gives a reduction
leave b;unchanged and consider changes in X, i.e. find f(b; +hye,)
etc. when all n variables are considered, a new base point b,is
obtained.

3. If b, =b; 1.e. no function reduction has been achieved, the
exploration is repeated about the same point b; but with a reduced step
length. Reducing the step length ('s) to one tenth of its former value
appears to be satisfactory in practice.

4, If b, * by a pattern move can be made.

C) Pattern moves utilize the information acquired by exploration
and accomplish the function minimization by moving in the direction
of the established ‘pattern’. The procedure is as follows.

1- It seems sensible to move further from the base point by in the
direction b, - bysince that move already led to a reduction in the

function value. So, the function value is evaluated at the next pattern

point
Pp=by +2(by - by) e (5-78)
In general
Pi =by +2(bjg - bj) e (5-79)
2- Then continue with exploratory move about P;(P; ).
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3- If the lowest value at step C(2)is less than the value at the base
point b, (b1 in general) then a new base point bs(bj,,) has been
reached. In this case, repeat C(1). Otherwise abandon the pattern
move from b, (b; 1) and continue with an exploration about b, (b 41).

D) Terminate the process when the step length ('s) has been reduced
to a predetermined small value, (Usually less than1* 1078 ).

The following flow charts Fig. (5 — 2) represent the method.

N
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Function at base point

A 4
Make an exploration

A

Is present value less
than that at base
point?

Is step small

Yes enough?

A

Set new base point

A 4

Make pattern step

A 4
Decrease step length >

A

A 4

Make an exploration

Is present value less
than that at base
point?

Fig. (5- 2a): Flow chart for Hooke and Jeeves M ethod
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Enter

A\ 4
First co — ordinate

A 4

| Increase co — ordinate by
4 g step length

Is function Yes
reduced?
No

Decrease co — ordinate
by step length

A 4

A 4

Is function Yes
reduced?
No A4

Consider Keep original co — Retain new co

next co — ; ordinate and new
) ordinate )

ordinate function value

A

Have all co —
ordinates been used?

Fig. (5-2b): Flow Chart for an Exploration
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! 5.6 iiComputer Program: ]

A computer program “OPSPA” for carrying out the optimal design of

reinforced concrete frames according to the prescribed procedure was
written in FORTRAN 90 language to be used on the IBM personal
computer or any other compatible microcomputer. The steps of the main
program are outlined in the flow chart of Fig. (5 — 3).

It is important to explain here, that the optimal design in the program
“OPSPA” is based on the non — linear analysis program “ NASPAC ”. In
other words, the optimization process is included as a subroutine within

the analysis program.

N
Wi
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N = Number of analysis
Type =1 Elastic analysis
= 2 Inelastic analysis 1

N_c = Number of loading
cases / Input data /

Def = 1 Deflection
controlled l

= 0 Deflection not N=0

controlled

Third level . Set
N=N+1

Y
Calculate self
weight load

Start

\ 4

I—C:O

A 4

~ Set
4 - L © = Lc+1

v

Calculate ultimate external forces
according to ACI — Code

A 4
A 4

Inelastic analysis up : .
to load factor A=1.0 Elastic analysis

No

Fig. (5-3): Flow Chart of the Program (OPSPA) and
Multilevel Approach




Chapter Five: Formulation of Optimal Design Problem

Cost
convergence
obtained?

Yes

No

A

=0
Second level L .
- > Set I=I+1 >
Modify the "V
independent Optimize cost
variables
A
First level Member

optimized?
A 4

Optimum solution

A 4

All members

optimized? Elastic analysis for
service loading

Cases

Calculate total cost

A 4

Calculate maximum deflection and
check with allowable

No @ Yes
y A

A

y

Print “deflection
not controlled”

Print final
results
>
Fig. (5-3): Continued




ORMULATION OF NON

! 4.1 ii I ntroduction: ||

A genera non - linear analysis of reinforced concrete frames is
formulated in this chapter. The method of analysis is applicable to any
reinforced concrete frame. It follows a step — wise linearized incremental
procedure based on the displacement stiffness approach which was
developed by Al — Rifaie and Trikha [12] for the analysis of reinforced
concrete plane structures. However, in the present study, such analysisis
developed to be capable to carry out non — linear analysis of reinforced
concrete space frames. In addition, many effects are considered so as to
express the real behavior of the reinforced concrete frames more

accurately. The main developments made in this work are, briefly, given

asfollows:
1- Geometric non — linearity is considered through:
a Derivation of a non — linear stiffness matrix for a space frame

element considering the geometric non — linearity more accurately.

b- Proposing an efficient iteration technique within each load
increment for updating the non — linear stiffness matrix and also to
predict the possibility of stability failure during any load increment,
and

C- Updating the nodal coordinates at the end of each load

increment.
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2- Possibility of local crushing failureis treated through computing
the inelastic rotations, as previously explained, yield and crushing
rotations are computed considering the effect of the axial force on the
moment capacity of each critical section.

3- The present technique has the ability to analyze structures under
uniformly distributed loads and to consider the probability of
existence of athird critical section at the point of zero shear along the
elastic length of the member in addition to those existing at its two
extremities. Also, the fixed end forces for the member under
uniformly distributed |oads are derived (see chapter (3)) including the
effect of shear deformations and geometric non — linearity.

Finaly, as a part of this research, a computer Program has been
written for solving the following problems:

Problem (A): determination of moments, shear force and axial forcesin
addition to displacements at critical sections for any
reinforced concrete frame subjected to given loads based on
non — linear elastic analysis.

Problem (B): same as problem (A) but the analysisis non — linear elastic -
plastic.

Problem (C): determining the safety factor (load factor) for the reinforced

concrete frame against failure.

4.2 || Algorithm for the Proposed Procedure of Analysis: ]
The adopted solution algorithm which handles the non — linearity in the

material and geometry follows a two level process: iterations within
increments. The algorithm treats the problem of non — linear behavior asa
sequence of linearly elastic problems. Each step of the sequence,
represented by a load increment, is based on material and geometry
properties appropriate to that step (i.e. the structure stiffness matrix is
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updated at the beginning of each step). The procedure of analysis can be
given asfollows:

1- In any load increment (s), at any iteration (r); the structure is
subjected to the external loads [F|, and solving the following equation
of equilibrium

[F]=[K]3F [D]3F e (4-1)

The structure is considered as a linear structure. [K]®> " is the global
stiffness matrix of the structure based on the axial forces vector [P]°~*
from the previous load increment (s— 1) and on the axial forces vector
[P]>"~tif r11[15], Where

[P]s"= =[] +|g[DP] * 1 +(1- )[DP] "~ 2] (4-2)
(ifr=2; [DP|>"" 2 =0)

where g=0.9and, [DP]®" tand [DP]*"" 2are the vectors of change in
axial forcesfound initerations (r — 1) and (r — 2) respectively.
Equation (4 — 1) can be solved using Gauss — Jordan’s Elimination to
find the global displacements vector [D].

2- Local axial forces and moments at the member’s ends are found
from the local nodal displacements that are extracted from the global
nodal displacements found from equation (4 — 1). Also, at zero shear
point, if it exists, for the element under uniformly distributed load, an
additional critical section isindicated at that point.

3- The preceding moments and the axial forces are then used to
determine the minimum load (safety) factor (DI ) among al critical
sections which would cause next plastic hinge to be developed
according to the corresponding critical section axial force — moment
interaction diagram (surface).

4- Repesting steps (1) to (3) until convergence is obtained such that




Chapter Four: Formulation of Non — Linear Analysis

Lo Bl P (4-3)
DI S bl |
T

and the final load factor for increment (s) will be DI =DI =" whichis
multiplied by element forces and displacements to find the change in
them due to load increment (s).
5- At any iteration (r), if [K]®" is singular (i.e. | K|<0),another
iteration equation instead of equation (4 — 2) is to be used for the rest
of iterations in load increment (s) which will be the rest of analysisto

. m . . .
find (DI ™) and I ng = & DI ST . This equation will be [15]
s=1

[P] sr-1 :[P] s-1 +§1%[DP] sr-1 +§e_t_ 1%%[DP] S, - 2§__(4_ 4)

Thefactor (g) isreduced by one — tenth every time the singularity
problem appears until convergence is obtained as given by equation (4
-3).
6- At the end of load increment (s), the structure stiffness is
modified through inserting a plastic hinge in the identified section and
updating the nodal coordinates as follows

For node N(X,Y,Z);

X Stl-_xS4ys K D] S e 4_5
N (global ) ( )

yStl_ys . ys F DI S e 4-6
N(global ) ( )

zstl=zs4ws *DIS 4-7)
N (global )

7- Repesating steps (1) to (6) for reanalyzing the updated structure
for the applying loads finding another (DI S) for each load increment

() up to collapse.
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The final load factor will be

L
| fina =@ Dl e (4-9)
s=1

Distribution of Reinforcement used in the Formulation
of the Inter action Surface:
el |

a)M ember s under axial force plus uniaxial bending:

4.3

For members under axial load plus uniaxial bending, the reinforcement

may be distributed either equally or not at top and bottom faces.
b) M embers under axial force plus biaxial bending:

The reinforced concrete sections shown in Fig. (4 — 1) are considered.

Y b Y
| T |
d, 00
ooc!>o 0 000 o | 5
o | e} Agl 2 o | o
1 © R S ' S
z—-e-—l—-—e-— - —t— Z O<w| L0
o ; © A2 © | O
00000 00000 © I ©
b
(a) (b) (c)
Under Axial Plus Under Axial Plus Under Axial Plus
Biaxial Bending Bending about(z-axis) Bending about(y-axis)

Fig.(4-1): Member Section for Various Steel Distributions

The section in Fig.(4 — 1a), which is symmetrically distributed about both
axes, is assumed to be subjected to axial force plus biaxial bending. If the
same section is subjected to axia force plus bending moment about z —
axis, al the steel reinforcement should be evenly distributed in faces (b)
as suggested by Pannel [34] as shown in Fig. (4-1b). Similarly, if the
section is under axial force plus bending moment about y — axis, the steel
Is imagined to flow by even increments from faces (b) to an evenly
distributed line in faces (h) as shown in Fig. (4 — 1c).
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! 4.4 iiAxial L oad — Moment Interaction Diagram: ]
For any reinforced concrete section, the formation of plastic hinge is

related to the axial load — moment interaction diagram. Fig.(4 — 2) shows
a typical interaction diagram for a reinforced concrete section in its
general case (i.e. axial force plus biaxia bending (My,Mz). The
interaction is exactly represented by a three — dimensional surface. In the
present study and for simplicity, this surface has been idealized by four

linear surfaces (planes) defined by six pointsA, B, B, C, Cand D.

(Compression) § F

é (0,0,Po) Actual Surface

-
-
-_

Fig.(4 - 2): Axial Force— Moment Interaction Surface
for a Typical Section

To develop the surface, the coordinates of points A, B, B, C, Cand D,
which are indicated in Fig. (4 — 2), must be determined. Also, in the
development of the diagram, the stress — strain curve for concrete in
compression is assumed to be parabolic up to the maximum stress (f ),
which is the cylinder strength, corresponding to astrain of (e, ), as shown
inFig.(4 - 3), so that [12]

c2e. & @29

_féng -

2 4
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Strain

1
1
I
1
I
1
I
1
I
I
I
I
I
I
1
1
€

N FF_————— e ——— -
o

y = 0.003

Fig.(4 - 3): Stress— Strain Curvefor Concrete

Case (a): Bending About Z — Axis:
Point C corresponds to the yielding of tensile reinforcement under pure
flexure with concrete compressive strain e being less than e, =0.002, as

shown in Fig. (4 — 4). The analysis of the section gives the following
equation for the neutral axisdepth c :

ACP+BC?- DC+F =0  —mreemmeeeee e (4-10)

where
A=0.006Eg f &+ fétfy

B=0.000012r E<2d- 0.006 E¢ f$d+0.000012r ¢E¢2d
D=0.000024r E¢?d?+0.000012r €2dh

F =0.000012r E¢2d3 +0.000012r ¢E ¢ d; d?
_Axz Ascz

inwhich r = =
bd

Fig.(4 - 4): Yidd Condition Under Pure Flexure
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Equation (4 — 10) is solved by Newton — Raphson method to find c. The
stress in compression steel is given by

C- dl
for = fy e 4-11
T . Y ( )

Theyield moment is given by

élans? _ 2. 210
Mg = fc¢b02é-(3u)(d- c)+(8a ¢- 3ac )u+ A, foo(d- dy)

g 3a° 12a® g

where

52 0:002 E<(d-c)
f

y
The point B in the diagram corresponds to the balanced state (P4, , M )
when concrete compressive strain (e.) reaches a value of 0.002,
simultaneously with tensile steel yielding. At this stage, the neutral axis
depth cisgiven by
_0.002d

el (4-13)
0.002+ey
and
szz f&bC/3+ Ag:z fsc' Astz fy """"""""""""""""" (4_ 14)
Ma=2fabe/38- 3cQag, 1B, % Ag, £, -,
e2 8 g e2 o e2 %)
--------------- (4 - 15)

where fSC:o.oozEs(c' A

C y

Case (b): Bending About Y — Axis:
Proceeding as in case (a) and for pure flexure (point C) the following

eguation for neutral axis depth ¢ can be obtained:
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Where
A=0.006Eg f&+ f&f,

B =0.000012r E¢2(b- by)- 0.006 Ec f&(b- by)
+0.000012r ¢E¢2 (b- by)
D =0.000024r E¢?(b- by )>+0.000012r E <2 (b- by)b

F =0.000012r E¢2(b- by) +0.000012r ¢E 2 by (b- by )2

A A
where r =Y __ S
(b-b)h " (b-by)h
Equation (4 -16) is solved by Newton — Raphson method to find ¢. The

stress in compression steel can be calculated from the following equation

Theyield moment is given by

s 2 = 2~ =2\
M Ve _ f(g:h(_lz g(?)al -33.1C)(b_ (b]_ +(_:))+ (83.1C - 333.1C )H
e 3af 12877 g - (4-18)

+ Agy fo (b- 2by)

where

_0.002E4(b- (T +b1))
f

q
y

The point B in the diagram corresponds to the balanced state ( Pyb M yp).

At this stage, the neutral axis depth ¢ isgiven by

c= OOOZ(b- bl) __________________________________________________ (4_ 19)
0.002+ey
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and
Py =2 f6hT/3+ Agy fo- Agy fy

ab 3 b b
Myp = Zf&hC/Sq—-—C§+Ascy sc@"bl +Asty y@"bl_

where

C-
fo :O.OOZES( Ebl)E fy

Points A and D are determined by the pure compressive strength (P,) and
pure tensile strength P, of the section, such that

Po =085 f@bh- Agr )+ Agr fy  ommmmemmmememe oo (4-21)
Pt :AST fy ___________________________________ (4_ 22)
where A = total reinforcement in the section

After determining the coordinates of points A, B, B, C and C and by
using vector operations, the equations of planesABB, BB C, BCC and
CCD can be derived as follows

Finding the vectors v, = AB and v, = AB between the points A, B, B so
that the cross product of the vectors V,and V, represent the normal vector.

Hence, the equation of any planein spaceis
(Vi Vo) AP1=0 e (4-23)
where P, (M ,,M,P) isany point in the plane

Using equation (4 — 23), the equations of planes ABB,BBC, BCC

and CC D respectively are;
My (Po- Pap)IMz- [M s (Pyp - PoIMy +[M M yp|(P- Py)=0
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|_sz M be(M z- Mzb)' |.(Pyb' sz)(M Zo ~ I\/Iﬂ))- Mz PZbJM y

MM, - Mp)l(P- Pp)=0

[' PbeyoJMZ ) [MZO Pyb]('v'y' Myo)+l(M yb~ Myo)Mzo]P=0

[P M oM +|P Mg My + MM o] (P- R )=0 - (4 - 24d)

|45 || Plastic Hinge For mation: ||
= ]|
For any critical section (m), a any stage (S+1) of analysis, the total

axial force Psand the total moments (M s )and(M ys)are known as a

result of analysis of a previous (S) stages. In the current stage (S+1),
P1,M,, andM y,» &€ the axial force and moments caused by applying

load at iteration (r) (i.e. for load factor = 1). It is then possible to find
minimum load factor (I ), which would cause a plastic hinge to form at
acertain critical section such that the final axial force (P=P¢+! , P;) and
the moments (M, =M 5+ n Mz, , My =M s+ n M| lie on any plane
of the interaction surface.
Writing M =[M|, Mys=[M |, M, =[M, |, Ps=|Ps|  and
P, =| P, | then, theload factor (I ,) iscalculated asfollows:
A- If the force state (P, M ,and M , ) liesin the plane ABB

_ |Vlzb(Pyb_' I:)o)mys - M yb (Po_' Pﬂlo)mzs' ‘Mﬂo M yb (ﬁs_' Po)
Mbezl(Po' Pﬂa)' MmMyl(Pyb' Po)"'MﬂoMyb P

l'm

B- If the force state (P,M ,and M ) liesin the plane BBC
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| _I.(Pyb' PZb)(MZo' Mzb)' Mmpzhl mys‘ szMyb(mzs' Mzb)' ,Myb(Mzo' Mzb)\(ﬁs' sz)
Ry - (Rt Py - Mot MasPoMy, +{M, My - M

----------------------- (4 - 25b)
C- If the force state (P,M ,and M ) liesin the plane BCC

Pyb M yo Mizs+ M 50Pys (M ys- My |- M5 Ps (M yo- M o)

l'm

MZokM yb~ Myo)Pl' Pyo My Mz - Pyp Mz, My,
----------------------- (4 - 25c)
D- If the axial force Pistensle, | ,, necessary for a hinge to form

is obtained by considering plane CCD so that

| _(Pt' Ps)('\/'zo'\"yo)‘ A MyoMazs- Mz Mys (4 - 25d)
. B Yc 0TS _
MZoMyOP1+Pt MyOle+Pt MZOMY:L

The sign of each of P, Mzg, Myg, Py, M, ,and My, must be taken into
consideration to include local unloading and to express the actual
behavior of the structure more accurately. To do this:

a If the sign of (M) is opposite to the sign of (M ,;), one should
put either (Ms=-|Mx]|) or (l\Wzlz-‘le‘) to be used in the
expressions (4- 25a) through (4 — 25d). The bending moment about
Y - axis can be treated in the same way.

b- If the sign of (Ps) is opposite to the sign of (P4), one may put
either (Ps=-|Ps|) or (Py=-|P;|)to be used in the expressions (4 -
25a) through (4 — 25d).

Since, it is not possible to know beforehand the plane in which
(P.MzandM ) may lie, the determination of (I ) is essentialy a trial

and a check procedure and the computer program copes with different
possibilities.
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! 4.6 ii Moment — Rotation L aw: ]
The moment — rotation law of a reinforced concrete section is one of the

main features in the inelastic analysis of reinforced concrete frames since
the redistribution of moments depends on the amount of inelastic rotation
which occurs in the section after the formation of a plastic hinge in that
section.

In general, there are many previously suggested linearized moment —

rotation laws as givenin Fig. (4 - 5)

Fig.(4 - 5): Several Idealized M oment — Rotation Laws

However, the one adopted in the present work is a bilinear moment —

rotation law as shown in Fig. (4 - 6).
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.

Fig.(4 - 6): Adopted Moment — Rotation Law

The yield moment (M ;) and the corresponding rotation(q ;) are found

from analysis at the instant when a plastic hinge is formed at a certain
section. The ultimate moment (M) is assumed to be the same as (M ;)
since the section is assumed to be not capable to resist any additional
moment after plastic hinge formation.

To calculate the ultimate rotation (i.e. g ;) corresponding to crushing

state, the following equation can be used for any critical section of any

member [35]:

where e, =0.003, L= length of plastic hinge (i.e. length of plastic zone

forming a plastic hinge) and c= distance from extreme compression fiber
to the neutral axis of the section (at ultimate condition).

For thecase, M ; = M, =0 (i.e. the member under pure axial force), if

a The axial forceis compressive then

q y=q , =0 and crushing failure happens suddenly
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or
b- The axial forceistensile then

q ,® ¥ and no possibility of crushing failure.

I 46.1 |\Length of Plastic Hinge (L p): |i
| I |

The length of a plastic hinge can be defined as the equivalent length of a
plastic hinge over which the plastic curvature is considered to be
constant. There are many empirical expressions for the length of plastic

hinge (Lp) on one side of critical section as[35]

Lp=05d+0.05Z  ---mmmmmmmmmmmmmmee e (4-27)

where

Z = distance from the point of maximum moment to the nearest point of
zero moment.

d =the normal distance from the extreme point in compression to the
extreme lower reinforcing bar in tension.

To ssimplify the calculation of Lp, itistaken as[24]
Lp=0.750 —meeeeemme e (4-28)
It may be noted that, the length of the plastic hinge region for internal

critical section is taken as twice of (Lp) calculated from equation (4 —

29), asfollows [24]:
Lp=2*{0.75d) e (4-29)

4.6.2 iLocation of Neutral Axis (c):

e
a- M ember s subjected to uniaxial loads (Axial compression plus

uniaxial bending)

A section is considered for a reinforced concrete member subjected to

axial force plus uniaxial moment, as shown in Fig. (4-7)
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\ Strain distribution Stress distribution

Fig.(4 - 7): Strain Distribution and Internal Forcesfor
Member with Uniaxial Loads

Under the balanced strain condition, the member fails at the yielding
of tension steel which occurs simultaneously with extreme compression

fibers reaching the limit strain of e.,. The position of the neutral axis for

the balanced condition is:

T (4-30)
€cutey

where c, = the position of the neutral axis from the extreme fibers that
reach e.,, and ey, = the ultimate strain of concrete in compression.

Knowing the position of neutral axis, the axial and the bending resistance

of the member under a balanced strain condition can be obtained as

Pp=0.85 f&bycpb+ Ag(fg- 085 f8)- Agfy  --mmmmmmmeme (4-31)
M5 =085 fgb cp b P10, ng(te 0.85 f -
e2 2 g e2 7
o ~-(4-32)
x 0]
+Ag fycd- —=
S yg 2g
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The eccentricity in thiscaseis:

When the eccentricity of the applied loads is smaller than (e,), the

member will fail in compression failure mode (i.e. Concrete strain

reaches the maximum strain e, before steel on the tension side reaches
yield strain). The position of the neutral axis can be found by solving the
following equation

R o e =7 =T N — (4-34)

where F; (i = 1 - 4) are coefficients. If the compression steel has yielded

(i.e. fg=1,),then

R Y —— (4 - 35)
F,=0.85fgb blg%- DQ --------------------------------------------- (4 - 36)
e 2g
Fa=AsEseq B+0- d& Ag(t,- 085102 - e- d® - (a-37)
e 2 a e2 2
F4=- AsEgey, (h- d9 8%+g- 1 —— (4- 38)
e a

If the compression steel has not yielded, fg<f,,then Fiand F,havethe
same expressions as equations (4 — 35) and (4 — 36). Fzand F,can be

calculated as follows:

Fa=Aq Esecu€%+ﬂ- de- AgEseCUSél- e- de
e 2 ] e2 a

............... (4-39)
+0.85Agfél‘@aé—1- e- d€
e2 7]
Fs=AgEg ey, dic—- e- dqg‘ As Esecudgé-'-n- dqg _______ (4-40)
&2 a9 e 2 2
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When eccentricity of the applied loads is greater than e,, the member

will fail in tension failure mode. Steel on the tension side will yield first.
The location of the neutral axis can be determined by solving equation (4
— 34), with coefficient Fi calculated as described below. If the
compression steel has yielded, then

F1=0 e (4-41)
F2=0425 f8hbf e (4-42)
Fa 085fétbb1€;ee-gg -------------------------------------------- (4-43)
Fa=Ag(f, 085fét)ge-—+d¢9 AT ge+g- d¢§ ------------- (4- 44)

If the compression steel has not yielded, then Fiand F,can be
determined from equations (4 — 35) and (4 — 36) respectively, and F;and

F, can be obtained as follows:

F3=AgEgeq, ce- LTS 0.85 Ag f 4Ce- N ol
e 2 g e 2 g

-------- (4 - 45)
e h i
- A fyoera-d
> yg 2 g
Fa=ASEeq B- Nd@ (4 - 46)
e 2 g

For members subjected to axial tension plus uniaxial bending, the
location of the neutral axis ¢ can be determined from the same equation
(4 — 34) but with coefficients as described below. If the compression steel
(i.e. asin this case) hasyielded, then

F1=0 e (4- 47)

0 Y — (4-48)
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F3=0.85 fél‘abb18%+ng ----------------------------------------- (4~ 49)
e 2¢
_ & h o, & h e
Fa=Ag(fy- 085 T g%+ - d AgF, - D4d@ e (4-50)
e 2 g e 2 g

If the compression steel has not yielded, the coefficient F; isasfollows

Fq=-0425f8bb2 oo (4-51)

F, :O.85fcflbb18%+hg --------------------------------------------- (4-52)
e 29

F,=A, (e, E,- 0.85 fcﬂ)g%+h- d- Agf,Z- Na@ (4-53)

e 2 [} e 2 [’}

Fo=- Aoy E.d@+ N d@ (4 - 54)
e 2 g

b4, asdefined in ACI — Code [38], is given as follows

b,=0.85 (if fEE30MPa) oo (4 - 55)
¢

b, =0.85- 0.05 f& 30 (if f¢>30 MPa)  -----mmemmmmmmeeeeev (4-56)

However, b,isnot lessthan 0.65

b- Members with biaxial loads (Axial compression plus biaxial

bending)

When a rectangular section is subjected to biaxial loads i.e. axial force

P¢, bending moments M¢,, M g about Zand Y axes respectively, the

position of the neutral axis can be found by using the iteration method for
solving equilibrium equations. Assuming that the maximum compressive
strain in concrete occurs at the cornero, as shown in Fig. (4 — 8) and

taking the moments about the axes oX;andoY; ,respectively, the following

equations can be established:
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hu hol_

Ml(X’Y):éi fs'AggYi te,- 2 085f¢éch+Ac9 Y 0

COMpression zone

Fig.(4 — 8): Strain and Stress Distribution for a
Member with Biaxial Loads

where

Ag , fg = areaand stress of theith reinforcing bar
X;,Y; = coordinates of the ith reinforcing bar in the X,Y coordinate

system.

Ac,Qexand Qg = area and the first moments of compression zone about

reference axes X and Y , respectively.
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e,, e, = eccentricities of the applied loads. e, = M 7}( , ey = M ‘%f
Pt, Mand M are the force state at the section under considerations

obtained from analysis (factored |oads) .

P, Mzand M,y are the ultimate axial and bending moment resistance of

the section. When (%( +hY)> 1, part of the section of concrete is in

compression and the neutral axis goes through the section, as shown in

Fig. (4-8). Ac,Qxand Qg can be expressed as.

T (4-58)

XY?

Qs :(1- K3- 3K§+2K§)

2
Qcy:(1+2Kf’- 3KZ- KS)X Y

where
K,=(X-b)/X for X>b ,and K, =0 for X £b
K,=(Y-h)/Y forY>h,and K, =0 for Y £h
When (%< +hY)£ 1, the whole section isin compression,
Hence,

bh? b*h

Ac:bh , ch:T chy:T """"""""""" (4_61)

Stress in reinforcing bars can be found according to the similar triangles

of strain distribution and the relationship between the stress and strain :

SR Ay A I M- M (4-62)

It can be seen from equation (4 — 57) that the resultant moments M ; and
M, about oX;and oy, are implicit functions of the position coordinates

X and Y of the neutral axis. The simultaneous equations can be solved by
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Newton — Raphson method. Expanding the equation and keeping only the
linear terms [25]:

Ml(X ,Y): Ml(XO ,Yo)+ﬂ Ml(xo ’YO)dX +ﬂ Ml(XO ’YO)dY
---------------------------- (4 - 63a)
- TM2(Xo,Yo) , , TM2(X0 . Y0)
Mo(X,Y)=M5(Xg .Y dX dv
206 1)=M5(xg o) TM20% x

where

M1(Xg,Yp),Mo(Xg,Yg)= moments calculated from equation (4 — 57)
with initial estimation values X, andyj.

And (dX =X- Xq,dY =Y -Yy) are the increments of the neutral axis
coordinates.

Equation (4 — 63) can be solved for dx anddy , and new coordinates of
the neutral axis can be found as X =Xg+dX,Y =Yy +dY. The same
procedure is repeated until equation (4 — 57) convergence to the desired
accuracy (aways M (X ,Y), M, (X ,Y) £ 0.0001).

For members subjected to axia tensile force plus biaxia bending, the
location of the neutral axis can be determined in the same previous way

but Ac,Qc, Qeyand fg have the following expressions:

A.=bh - (1- KZ- K%)% ------------------------------------- (4 - 64)
_bh? ( 3 2 )X Y?

QCX —T' 1' Kl‘ 3K2 +2K2 """""""""""" (4—65)
_b?h ( 3 ) 3\ X2Y

Qy = - K3 BKZ+2K3 A e (4 - 66)

s =Esecu§7(b/x +hlY - 1),%(1' X%(‘Yiv) [ fs| €Ty ~(4-67)
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where
X;i,Y; = coordinates of the ith reinforcing bar in X,Y coordinate system

asshowninFig. (4-9)

Compression Zone

N

Fig.(4 - 9): Location of Neutral Axisfor Axial Tension Plus
Biaxial Bending.

! 4.7 ii I nelastic Rotations: ||

It is necessary to find an expression for computing the inelastic rotations
Ay, 4 )and(az,y ) at any critical section after plastic hinge formation.

Such rotations will be added to the yield rotations (i.e. qy; andq ,;) and

the resulting rotation (g y,) can be computed using the following

eguation:
N O (4-69)
where
q Yto =q yi +q Yink TTTTTTTTTTTTTTTTTTTTTTTTTT (4—69&)
q Zto =q Zi + q Zinel ------------------------------------- (4_69b)
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The resulting rotation (g ) will be compared with (g ,) and check for

crushing failure.

The inelastic rotations can be found as follows:

a
a) —o b

In this case, there is a plastic hinge at left extremity of the elastic

length. The inelastic rotations in this section is found as explained in

chapter three:
q _ L 288&6E|y(jw Sg&’ﬁElyc_JW
ind o [ ‘ Wa - W
Yand s, [4E 1 )g g > 5 (é > &
------ (4-70)
SaéEIy('_j u
- 5 9 ypl
(é L & 4
q 3 L e - aEI,; 0 S&BEIZQ
Zajpg 82(4E|Z)g Gg |_2 a 6% LZ b
-------- (4-71)
a®2EI,0 u
- S3¢ LZ‘:szu
e g U
b
b) 2 o—
In this case, the plastic hingeis at right extremity so,
. L g’s a®E 1,0 S a®E 1,0
bing — < [ Y €98 Wy - g Wy
YDbing 84(4E|y)§ (g‘ L2 p a é |2 p
----- (4-72)
Sae?EIy('j u
- 95 Cyal
é L 57§
q _ L (:%S&BEIZQV Sa@EIZQV
Zbing SZ 4E|Z g_ 6 Ba 6 L Bb
(4= T73)
REl,o U
-S Z A
g

N
x
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a b
C) ® o—

The element in this case has two plastic hinges at its extremities, the

inelastic rotations can be found as follows

_ W Wb
qyalnel q ybmel T ---------------------- (4_ 74)

V, -V
q Zainel :q Zbinel = a4 L b _____________________________ (4_75)

where
WL, Wy, Vaand vyarethe deflectionsin z and Y directions respectively
at points (a) and (b).

287 Cross— Section Properties: |
el ————————————————————————————

To express the behavior of reinforced concrete frames more accurately,
for sections within elastic the cracking limit, the effective moments of

inertia (1 ¢zang 1ey) and the cracked cross — sectional area are adopted in

the present work. The effective moment of inertia about either axis

(1go0rlg ) can be expressed in the following form using the moments of
inertia 1 gand I of the gross section and of the cracked section,
respectively, [36]

aeF’CIr 0'

| = : +U| A — 4-76
eg Pga g ( )

in which (if the bending is about z — axis):

P, :% fobx+Asc fsc- Ay fq
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_,d-x)
fy —n(h x) xf,

f,=0.7,/f¢

where (0£ P /P £1), P, = the force corresponding to the cracking

stage, P =the axial force at the stage the section properties are cal cul ated,

: E
f, = modulus of rupture, n= modular ratio (n:E—S) and f., fg,fgare
Cc

the stresses at extreme compression fiber of concrete and at the level of
compression and tension reinforcement respectively.

It is important to mentioned here that:
a) If M =0and : P>0 (compressive) then 1, =14
b) If M =0and P< 0 (tensile) then 1o =1
To obtain 1, (assuming bending about z - axis) of reinforced concrete

members subjected to combined bending and axial force, it is necessary
first to calculate the neutral axis location (x) using the given ratio of
bending moment to axial force (e), and second to determine the location

of the center of gravity (y) of the transformed section, so, for the section

shown in Fig.(4 — 10):

0 a&l-h2 0 - h/2 00
X +CnA +1t+(n- ———+13"
é < - AT —
®i%+d(e, - h/2)0 &2 +d (e, - h/2)00
* X —QnAst T+(n- )AL G2 =0
A S ¢ & 5
------ (4-77)
:bX§/2+nAgd+(n-l)Ascd1 _________________________________ (4-78)

bxz+nAst+(n- 1)ASC
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b 3 2
Icrz 1);Z +bX gY' %2 +nAsI(d y) (n 1)Asc(y' dl)z

Cross - section Strains Stresses

Fig. (4 - 10): Stressand Strain Distribution in Cracked
Section (bending isabout z — axis)

Proceeding the same previous procedure, for bending about Y
— axis and for the section shown in Fig.(4 — 11), then:

hxy h& bod, & &2pb 0 & - b2 80
o +2é1 2eyBXy+gnA é c +1E+(n 1)ASC§ ‘) +1B_fa
*Xy gnAstg(b bl) (b' bl)(ey'b/Z)E
e 8 Sy 7]
o g Bl 08
& &y o
--------- (4 - 80)
2
=th/2+nAg(b'b1)+(n'1)Ascbl ______________ (4-81)

hx,+nAg+(n- 1)Ag

L
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K Cross - section Strains Stresses

Fig. (4-11): Stressand Strain Distribution in Cracked
Section (bending isabout y — axis)

Also, the adopted (cracked) cross — sectional area for the section (A )

can be obtained as follows:

Agp=bx,+nAg, +(n-1)Ay, e (4 - 83a)
Agp=hxy+nAg +(n- A, e (4 - 83b)
N — a-89
To obtan the cross — sectional properties for the member,

the average properties for member ends are taken.

| 4.9 | Failure Criteria: ||
p— ]
In the present study, failure of reinforced concrete framesis declared if:
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a) Complete or partia collapse mechanism is reached and indicated

theoretically by singular structure stiffness matrix (i.e. |K |£0), where
| K| isthe determinate of the structure stiffness matrix.

b) Beam mechanism failure is reached when three plastic hinges
are existing in one element.
) Local crushing failure is indicated when the total rotation

(resulting rotation (g y,)) of any critical section at any load increment

reaches the computed crushing rotation of that section (q ).

I 4.10 iComputer Program: ||

A computer program “NASPAC” was written, as a part of this work, for

the analysis of reinforced concrete space frames based on the prescribed
procedure. The program is written in FORTRAN 90 language for the
IBM personal computer and compatible microcomputers. The flow chart
of this program is given in Fig.(4 — 12) to outline the main steps in the

program.
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Type = 1€dastic analysis Start
= 2inelastic analysis
SN = 1 singular stiffness matrix
=0 non - singular

A 4

stiffness matrix neCRead ;Itlod(?teef‘i e
-1 cSSal
DE|::|D' "ol Y the problem
oo
(for iteration loop)
< 0.001convergence !
_> 0.001 not Set to zero arrays and
Crus=1if q a1 >qy vectors required for
=0if not accumulation of data
p 1/2
én U
eiél({P}i : {f}i)zg v
Res=&— U S=0
n
e ARl g
& =1 a
Res£0.001convergence (elastic v
analysis) [37] Set  Load increments
> 0.001 not S=S+1 ) loop
{P}=applied load vector
{f}=internal load vector v
r=0
Z=0

\ 4

Construct P— M interaction
surface for each type of sections

Evauate fixed end forces for
distributed load for each €lement

\ 4

terationsloop
| r=r+1

O ™

Fig. (4 - 12): Flow Chart of the Program (NASPAC)
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®

Find element stiffness matrix and
assembl e to find the structure stiffness

Apply the total load to
the structure (i.e. A=1)

A 4
Solve the simultaneous equations system
(global stiffness equation) by Gauss— Jordan’s
Elimination to find nodal displacement

R

v Extract each e ement
Z=7Z+1 displacements and forces for
AN =1
Type =1? Yes
Update the stability
functions included in No
stiffness matrices , ——
and fixed end forces Find zero shear point if existed for
for load factor member under (UDL) and update
oor 209 o the coordinate of such point
" 107
[1— Ej AN 2
107

A 4

Find updated v

fixed end forces @
Fig. (4 - 12): Continued

A
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) ©

No Yes

A 4

Update the stability
functions included in
stiffness matrices
and fixed end forces

Computefinal
nodal forces
and
displacements

for load factor
AN =1
v A\ 4
) Print fina
Find the nodal forces
updated
) and
fixed end displacements
forces P
« N
‘} v A 4
Find the moments Stop

(M,,M,) and the axial

force for each critica
section in each member

A\ 4

Find the local |oad factor

for plastic hinge at each
critical section

A 4

Choose minimum load
factor to be AAS

o o

Fig. (4-12): Continued




Chapter Four: Formulation of Non — Linear Analysis

@ ©

Find member forces and
displacements for axS

Y

Update the stability functionsincluded in

stiffness matrices and fixed end forces for
load factor axf =0.9a2 1 + (1-0.9)A% 2

\ 4

Find the updated
fixed end forces

No Def<
0.001?

Yes

Find the yield and the ultimate rotations for the
critical section of plastic hinge of load
increment (s)

Compute inglastic
rotations for plastic hinge

A 4

Update the nodal
coordinates (geometry)

\ 4
Accumulate the load factor
AS=aS"1iAnS

Fig. (4 - 12): Continued
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(0

A
L oad increments
Find cumulative forces and loop
displacements
Crus=1? No >
Yes
Print the fina

cumul ative forces
and displacements

Stop

Fig. (4 - 12): Continued




CHAPTER
ONE

NTRODUCTION

Many structural design problems have several solutions and some may

have an infinite number of solutions. The purpose of optimization is to
find the best possible solution among many potential solutions satisfying
the chosen criteria. In structural design, engineers have based their
designs on working stress or ultimate strength criteria and on minimum
weight or minimum cost as objectives, since they are seeking lighter and
more economical design taking into account function, safety and
serviceability.

With the increase in the availability of advanced computers and of the
developments in mathematical programming methods, the engineering
design using the digital computers have improved progressively resulting
in efficient and economical structural systems.

The advantages of optimization are best recognized when dealing
with highly structural forms. Reinforced concrete plane and space frames

have been the subject of considerable studiesin this respect.

! 1.2 il Non-linear Analysis: !

A literature survey indicates that a substantial amount of work has been
done on the elastic and inelastic behavior of R.C. plane and steel space
frames. Therefore, presentation of analytical algorithm that attempts to

predict the non-linear behavior of R.C. space frames is desirable.
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In most civil engineering structures, the forming members are either long
and slender or short and stocky. In the former type, the effect of axial
force on the response of the member isimportant, whilein the latter type,
the effect of shear force on the response of the member isimportant.

Accordingly, most of the developments reported in the literature in
chapter two account for the effect of one of them, but not both, on the
flexural behavior of frame members.

In the present study, explicit expressions for stability functions for
three-dimensional frame elements, in terms of member length, cross-
sectional properties, axial force and end moments are derived .The
combined effect of axial force, shear force and bending moments are
considered in the derivation of the stability functions. Material non-
linearity and inelastic behavior of space frames are important features and
they are included well in the present study. The analysis is based on
plastic hinge model using stiffness method.

In the present non-linear analysis, the possibility of local crushing
failure and stability failure, in addition to plastic collapse mechanism, are
also considered. A simplified axial force-moment interaction surface for
the detection of plastic hinge formation is suggested. A step-by-step

incremental algorithm is followed.

| 1.3 IStructuraI Optimization: ]

A general mathematical model of the structural optimization problem can
be presented in the following form:

A certain function ( z) called the objective function,

z=f(x;) 1=12-------- ,n
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which is usually the weight or the cost or amount of reinforcement of the
structure involves (n) design variables [x;], and it is minimized
subjected to inequality constraints,

gj(xi)*0 J=12-------- ,m

and /or equality constraints,

gj(xj)=0 Kk=12-------- 'S

The vector [ x] of the design variables will have optimum values when
the objective function reaches its minimum value.

The constraints reflect the design and functional requirements .It can
be seen from a survey of research work [1] on optimal design of civil
engineering structural systemsthat only afew papers have been published
on the cost optimization of reinforced concrete structures .All but two of
them deal with two-dimensional frames. As such there is a need to
perform research on cost optimization of realistic three-dimensional
structures, especialy large structures with hundreds of members where

optimization can result in substantial saving.

I 1.4 iExperimental work: j

Several experimental investigations of the non-linear behavior of

reinforced concrete frames are presented and reviewed in chapter two.
However, there is no clear experimental investigation on the non-linear
behavior of three-dimensional frames.

Consistent with the purpose of the present work, one model of
reinforced concrete space frame was tested in laboratory. The details of
dimensions, reinforcement, material, --- etc are presented in chapter six,
and the results are given in chapter seven. The aims of the experimental
study are mainly:

1-To investigate the actual non-linear behavior of R.C. space frames.
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&
2-To ensure the validity and efficiency of the proposed theoretical

analysis which is also applied on severa reinforced concrete frames that

were tested or analyzed by others.

|ﬁi Scope of the Present Study: ||

In the present study, the non-linear behavior and optimal design of
reinforced concrete space frames are treated in detail .

In chapter two, the previous works dealing with the analysis of
frames, optimal design of reinforced concrete frames and experimental
tests on reinforced concrete frames are reviewed. The non-linear stiffness
matrices for several three-dimensional frame elements are given in
chapter three.

In chapter four, the steps of the proposed algorithm for the analysis
approach on reinforced concrete frames are explained. The formulation of
the design optimization problem involving the objective function, design
variables, constraints and the optimization method used in the present
study is given in chapter five. In chapter six, the experimenta
investigation is presented. The application and the presentation of the
results with discussion are given in chapter seven. Chapter eight gives the

conclusions and recommendations for future work.




CHAPTER
SIX

! 6.1 ii I ntroduction: ||

As apart of the present study, an experimental investigation is carried out
in the structural laboratory of the Civil Engineering Department at the
University of Babylon. One model of reinforced concrete space frame
was cast and tested up to failure. The ams of the test are:

a) To assess the validity of the new proposed theoretical procedure
for the non — linear analysis of reinforced concrete space frames.

b) To investigate the more appropriate section properties, whether
to be for gross section or effective section that may be adopted in the

theoretical method of analysis.

6.2 || Description of the Tested M odel: ]
The experimental program includes the preparation and testing of one

model of areinforced concrete space frame. The shape and dimensions of
the model are given in Fig. (6 — 1a). All the members of the model have
the same reinforcement and dimensions. The main reinforcement is

consisting of four deformed bars (bar diameter f =8 mm) which are
equally distributed on member section (percentage of reinforcement r =

2.0 %). Ties (lateral reinforcement) are distributed in each member as
shown in Fig. (6 — 1b) and Fig. (6 — 1c) using plain bars of (6 mm)
diameter (with spacing ¢/c=100 mm).
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The model was loaded by four concentrated loads asindicated in Fig. (6 —
1) and tested up to failure.

I63 iiConcreteMiX' ||
|631 IMaterlals ||

Cement: Ordinary Portland cement of Kufa factory was used for

the model.
b) Aggregate: Al — Akhaidher washed sand and Al — Nibaie
washed gravel were used for the model. However the sand was sieved

on (4.75 mm) sieve size, while the gravel was sieved on (19 mm)

sieve Size.

Rigid beam

©) /@

/.

(a): Shape and Loading Points of the Tested Model

§ f 8mm
—
B \ 4f 8mm
[ [ | {| f 6mmTies
0 —|| f 8mm — — RN c
N~ _— — — [&]
L[| @250mm  |}— - =
I | sl —
§ 1] ¢ ¢ ¢ ¢ 7 10cm
S | §_¢ % & ¢ ¥
\_f 8mm @250 mm Typical cross - section in
amember in the model
| 10cnflocm 77 foom 77 J0cm 10cm,
K (b): Dimensions and Reinfor cement of sec. (A — A)

Fig. (6 — 1) Dimensions and Detaiso -.,g;; infor cement for the tested M odel

[
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£
§ ®= 8 mm(main reinforcement) ®=6 mm
_\ e @100 mm
- Y _— (Ties
- 1 4
0 f 8mm
N
@250mm
‘_ 1 4
£ K J o ¢ @ @ (2
S (e @ e o W W
|_10cpjl0cm 1035  _;10cmy_ | 10cm
k (c): Dimensions and Reinfor cement of sec. (B — B)

Fig. (6 - 1): Continued

I 6.3.2 |\Mix Proportions: |i
e O —|

The following mix proportions by weight were used for the model as:
Cement : sand : aggregate=1:15:3
Water / cement = 0.55

|6.4 | Reinforcing Steel Bars: i
]

Ie—
Deformed bars with diameter (f 8mm) were used for longitudinal
reinforcement and (¢ 6 mm)(spacing=100 mm) plain bars for closed ties

as shear and confining reinforcement. The strength properties of the
reinforcing barsare givenin Table (6 - 1).

I 6.5 ‘i Casting and Curing of the Tested M odel: ]

The tested model was cast in wooden form stiffened with battens to
maintain the model shape. The model form was sprayed by a lubricating
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oil before casting which would facilitate the removal of the form after
hardening of the concrete. Concrete was mixed mechanically for about
two minutes. As soon as the mixing was completed, concrete was cast on
the form and compacted by using a vibrating rod. The formwork was
removed at 24 hours after casting. The model was then covered with wet
burlap and polythene sheeting and was stored for twenty — eight days.
The burlap and polythene covers were removed at age of (28 days) and
the model was left dry. Next, the model was painted white for clear
identification of cracks during test.

I 6.6 ‘i Control Specimens: ]

Three control specimens of (150 mm) standard cubes were cast for the
model. The cubes rather than cylinders were used because cubes have the
property that one can make the test in the direction normal to the casting
direction. The control specimens were cast in three layers, compacting
each layer for ten seconds using a vibrating table. After casting and
compacting, the top surfaces of the specimens were smoothed. After one
day, the moulds were removed off and the control specimens were stored
beside the model under the same conditions. The control specimens were
tested under uniaxial compression at 28 days age. The average
compressive strength of the specimens was (f §=26.3MPa).

i ‘I easur ements: ‘I
I 6.7.1 IDeerctlon “

Dia gages with capacity of (25.4mm) and accuracy of (0.025mm) were
used to measure the deflection of the model at ends (1) and (2) (see Fig.
(6 — 1)) at the lower chord. The dial gages were fixed in such away that
they were in contact with the lower chord.
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Table (6 - 1): Strength Properties of the Used Stedl
Reinfor cement

6.7.2 ILoads:

A load cell with capacity of (70 Tons) was used to measure the loads

applied by two jacks which transmitted the loads to four points using two
rigid beams as shown in Fig. (6 — 1a).

I 6.7.3 IConcrete Strains: I

_—l .
The longitudinal strains of concrete were measured for the model at its

joints faces using a mechanical strain gage having a gage length of (200
mm). Groups of demec points were attached to the previously cleaned
surface of the concrete over a gage length of (200 mm). Each group
consisted of 4 pairs of demec points distributed as shown in Fig. (6 — 2).

Because of symmetry, only one half of the model was considered.

I 68 [Testing H

The model was tested using a load cell of maximum capacity of (70
Tons) at the age of (36 days). Fig. (6 — 3) shows the details of the test set
up which consisted of arigid steel frame with | — section. The frame was
designed as a self — equilibrating system. In addition, rigid steel beams
were used to transmit the applied loads. The model was subjected to four
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concentrated loads applied viatwo hydraulic jacks. The load of each jack
was distributed on two points using a rigid beam. The testing began by
applying loads via the hydraulic jacks with appropriate increments of
load. A load increment of (275 kg) was applied to the model until failure.
The readings of the deflections and strains versus loads were recorded

simultaneously for each load increment.

10 10 10cm
'

i : T T
"""" ERE (T T e B S O
== | e —— | e-tel |

e b. 88 o bl 8.0 b
ooe SRS
. &  —

Fig. (6 — 2): Locations of Demec Pointsfor Measuring
Concrete Strains
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Fig. (6 — 3): Setup of Flexural Test on Model
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THREE

H ORMULATION OF STIFFNESS MATRICES

y_ FOR 3D FRAME ELEMENT

In this chapter, a complete formulation of stiffness matrices for a three —
dimensional frame element is presented. The stiffness matrices presented
here are based on that previously derived by Ekhande et al [33]. They
derived explicit expressions for stability functions for three — dimensional
frame element, in terms of member length, cross — sectional properties,
axial force and end moments taking into account the interaction between
axial force and both bending moments carried by such members as a
geometric non — linearity effect. These stability functions did not include
the effect of shear deformations. In the present study, new more accurate
expressions for stability functions are derived by considering; (1) the
interaction between axial force and bending moments (2) the bowing
effect and (3) the shear deformations. In addition, the derived element
stiffness matrices consider the material non — linearity through including
different combination of plastic hinges in each element. The possible
locations of plastic hinges are: the left extremity , the right extremity of
the elastic length of the element and the point of zero shear if existed for
element under distributed load.
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For the case of element under uniformly distributed load, modified
fixed end reactions are derived considering both of shear deformations

and geometric non — linearity effects.

Formulation of StiffnessMatrix for a Prismatic
Elastic Element:
S |

3.2
Members carrying both axial force and bending moments are subjected to

an interaction between these effects. The lateral deflection of a member
causes an additional bending moment when subjected simultaneously to
an applied axial force. In alike manner, the presence of bending moments
affects the axial stiffness of the member due to an apparent shortening of
the member caused by the bending deformations. Hence, these effects are
important when the deformations are large and they should be treated
carefully in deriving the element stiffness matrix.

The basic differential equation for this problem [11] is

ﬂ:de_ EVX _______________________________________ (3_1)
dx  dx AG
Where BV _ dys
AG  dx
B = shear shape factor which isfor arectangular section [11]
g-12+iln and for concrete section (n = 0.17) [15], B=1.185

10(1+n )
By differentiating with respect to X ;

d2y_d2ym_§vx¢__Mx_§Vx¢
2 dx2  AG El  AG

where prime denotes differentiation with respect to x.
The deformation of afinite element in a two dimensional strut is shown

inFig.(3- ).
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element A

—— element A

’l-l____l _— X
- —
K N R

Fig. (3 - 1)Shear Defor mations of a finite Beam Element

I 3.21 iEffect of Flexure on Axial Stiffness (Bowing Effect): ||

The axia stiffness of the elment in the absence of end moments is given
byEA/ L, and the axial deformation due to the axial forcePis given
byPL / AE. However, the end moments produce an additional axial
deformation in the element. In order to include the effect of flexure on
axial deformation, the axia stiffness of the element must be modified.
Writing the modified axial stiffness as S;(EA/L)where S; is a

modification factor or the stability function for the effect of flexure on
axial stiffness, the expression for S;isderived asfollows:

Referring to Fig.(3 — 2a) and (3 — 2b),then

ds? = dx? + dy2 T (3-3a)
which can be arranged as

2
el R R (3- 3b)
edx g edxg edxg
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o P \/ -— X
[ | Lol e
L L As J

Fig.(3- 2): Effect of Flexure on Axial Stiffness:
(a) Bending in x —y Plane; (b) Bending in x — z Plane

Using Taylor’s expansion and neglecting higher order terms, the

following equation can be obtained

5 .2 20
ddp _1 gsly 6 T (3 4b)
dx 2 @edx;a edX g H

Therefore the shortening of the element due to bending is

L
db:@‘f—xb S — (3-5a)
0

Lé o .2 20

%59“3%9 +€Zj—29 7 S ——— (3-5b)
0Ee Xg e XfaH

Total shortening of the element, d, =shortening due to axial load (d,)+

shortening due to bending (dy,):

Lé . .2 20
dtziﬁéég%"lyg +$E"i29 71— (3- 63)
EA 2, gdxg &dxg

PLt . . EAL Gy ozl ¢

di=—-i1 O&~F +¢—— % UdXy ------m-mmmmmmmmmmooeeee (3-6b)
EAT 2|:’Lo seng engH b
ordy = P i (3-160)
s aEAD
16~
el g
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Where S; = L (3-7)

L
+ EA ?wlyo gsdg Udx

2PL Ongg eng H

Referring to Fig.(3-1) and Fig.(3-2a), and from equilibrium
requirements, the following equations can be obtained
Vyx =Fya= PY®N oo (3-98)

From equation (3-1)

dy BVy
=+
vy dx AG

Substituting the value of yf, into equation (3 — 8); then

1+ ——
AG
Hence, by differentiation
S (3-9
BP
1+ —
AG
Also, from Fig.(3 - 2a)
M,,+M
MX:Mza-( ZaL jf’)X+Py ----------------------------------- (3-10)
ertlnga2 i ------------------------------------------------------- (3-11)
Iz
and
1
ky = e 3-12
v 8P 5 ( )
t— =
& Acs

then by substituting equations (3 - 9), (3 - 10), (3-11) and (3-12) into

equation (3 — 2) and rearranging the terms, then
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2 <
k, yO+a y_Fgﬁ(MZa PV RV S — (3-13)

&L H
The solution for equation (3 — 13) is given by the summation of

complementary function and particular integral:

i T EAUE

Substituting the boundary condition y=0 at x =0andx =L, then

y = Acos _+BSI

M) —%ﬁ —(3-143)

_Mza u
P :
A 3-14b
_ 1gareosh Ll Mg o

2 ST TR B

The slope of the element inthe X - Y planeis given by

e——— (Aa/f)snérg (Ba/\/7 cosé\/fg

----(3 - 14c)
1
+— (M, +M
PL( za zb)
Similarly, the equation of the element for bending in the X - Z plane is
given by
2 0 i u
z:Ccosé —+D bx © *+, X (M + Myb) ya. ----(3-159)
\/7 SF 1P P b
where b2 = b e (3— 15b)
El'y

Substituting the boundary conditions z=0at x =0and x = L,then

y )
C= Pya :J
e (3-150)
9 ya*COS(IbL/\/E)"'Myb;I.Y

B ST RN
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The slope of the element inthe X - z planeis given by

aEdZo

o= (Cb/\/i)smé\/fﬂ (Db/\/i)cosé\/fﬂ

(3 - 15d)
+%(M ya*tMyp)

Now, the integral in equation (3 — 7) can be evaluated. The final result of
theintegration is

'(-)ga@lyodx_ 2aze JE 2ol 3 ABE 22ald

lu
0€dxg néﬂeg kv@ \/Eﬂ g
2aze gL &
M +MzbeAGCo 1‘+B U
2y é 25‘ né@eg PL g ng»qu
1 2
+—— (M.+M
PZL( za ﬂ))
= Hy e (3- 16a)
and
Ié§lz92dx= C*b*® gl_- Ty singqu'%+ CDb gcos?}Q oL 9 18+
Sexo " 2 g 2 " Sy 2fe Blkvp ¢
21,2 € al € & 5 0
D"b él_+\/k>vsin8@u‘ju+2(Mya+Myb: Qcoaem'% : rge&‘u
X, g 2b Sk, PL 8 & ve 5 Sk
1 2
+P2L(|\/|ya+|\/|yb)
s (3- 16h)

Therefore equation (3 — 7) becomes
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S, = 1 ............................................ (3-17)

A similar approach can be used to derive an expression for S;for the

element with axial tensile force P . Thefinal expression is asfollows:

_ 1
S1 EA lH ¢hd (3-18)
opLb Y
where
y ¢ E%2§ kv Bl 3 EFa § 2 LS. L Ffa?
y — A P + ,
Z<nga‘ 8\/7;&82\16 &k g 2ky
é oY € & LO O
&l LY 2 () fafB L (310
¢ 2 Sk PL g8s &k 5
L &
+F Snhoe L (Mg +M )2
Sk P

¢sz2 Sy @oLO U GHp € @bLd U HZ?

2ky §2b SFQ H 2\/>§ 8\/721 g2k
@L £ —L: 2 (M +M )geg?;oshg%"g 19 ~(3-190)
g \/>EE| & 8\/Eﬂ o
aep L U 1 5
+H smh@— u+ Mys+M
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__1[Macoshal/ i, )+ M| |
P sinh(aL/\/E) I

B e ==
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
—~
w
[HEN
O
~

1 [M ya COSh (bL/\/E)+ M yb]:i:
P snnloL/Vke)

3 2.2 ||Effect of Axial Forceon Flexural Stiffness: ||
|

i 3.22.1 iBendlnglnX Y Plane: r

Referrlng toFig. (3 24), the differential equati on of the element bending
in the x-y plane is given by equation (3 — 13) for which the solution is
given by equation (3 — 14a). the end slopes of the element are obtained by
applying the following end conditions:

asly © BV, B éM,+ My, 0
Ve = =Q yn- —— = = — 3-20a
ngzx:o Uza- AG 4 za AGg L za(] ( )
agly § BV B éM.,,+M N
2 =g X0 22 POy (3-20b)
&dX g - AG AGSE L 0

Substituting the values of 3&’_y9at (x=0) and (x = L) from equation (3 —

14c) into equations (3 —20a) and (3 —20b) and by rearranging the terms,
the following equations in a matrix form can be obtained:

éM U_6Sy(4E1 7 /L) S3(2E1 7 /L)0iq
Ml ESo(2E12 /L) S48z /U o}

When Pis compressive, then S,and Ssfunctions take the following

form:;
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atfpu i Jeosl i) snbL i)
4[2\/7cos(aL/\/7)+aLk sm(aL/\/7) 2. /ky |
o atlsnbuk ) ek

23 = 2[2fcos(aL/f)+aLk sm(aL/f) 2\/7J

For members subject to axial tensile force Pand bending in the

X -Yplane, Pis replaced by - Pin equation (3 — 13). Solving the

resulting differential equation, one can get again equation (3 — 21a),
where

S, = aL[sinh’(aL/\/kT,‘)— (aL\/E)cqsh(aL/\[E)J

—-(3-21h)

—~(3-210)

alogk, comfaL Jk, )- aLk, sinnfaL i )- 24k,] T H9
S, = aL[(aLf) smh(aL/f) NP
3 22\/7cosh(aL/\/7) aLk, Slnh(aL/\F) \/7

[3222 [Bendingin X - Z Plane |
e e
Referring to Fig. (3 — 2b) and following the same procedure previously
mentioned, the stability functions for bending in the x — z plane can be
derived. The relationship between end moments and end slopes is given
by

Myl 6S,(4Ely /L) 85(2EIY/L)u|q yal

Mybg 85s(2Ely /L) Sa(aEly /a gy T (8-229
where S,and Sgare asfollows:
For axial compression:
oo Ol Jooslo i) sl )
43\/7003 (bL 7k, )+ bLk, sna%L/ro 2\/7u
bulsnlok ) L)

35 7 3l2 iy cos{bL / ik, |+ bLky sin(bL/ (K, )- 2gky]

For axia tension:
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~ bL[sinh(bL/ky )- (bL/ky Jeosh(bL/\ky ) (3 220)
*~ a2 Jk, cosh(bL 7 Jk, )- bLky snh(bL/f} 2k ]

bLe(bLf) sinhg L/
2[2fcosh(bL/f) bLk, snh(bl./f) 2./ky |

inwhich b2=__

Effect of Axial Force on Stiffness against |
3.2.3 S
Trandgation:

If both of the ends of the element are restrained against rotation, but one

1----(3-226)

end is translated through a distance Drelative to other, the flexural and
shear stiffnesses of the element against this tranglation are affected by the
axial force P.

I 3.23.1 iTransIatlon in X =Y Plane: ||

Stability function for the effect of axial force on flexural

stiffness about Z — axisagainst translation Dy:

Referring to Fig. (3 - 3) and using the slope — deflection equation:
ae4EI 7 oDy REl 7 oDy

Mona =S = 2+ S & = 2 s 3-23a
za 29 oL 3% L oL ( )
_6ElZz Dy 52 l53 .......................... (3-23b)
2

] b

-5 8zp, (3-230)
2 1

where Sg=_Sp+S3 oo (3-23d)

Isthe stability function for the effect of axial force (including the effect of
shear deformations) on flexural stiffness (about the z - axis) against
translation Dy. Substituting the values of S,and Ssfrom equations (3 —
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21b) and (3 — 21c) when the axial force is compressive and from equation
eguations (3 — 21d) and (3 — 21e) when the axia force is tensile, the

following expression for Sgcan be obtained:

When P iscompressive:

o202 i fosbl ) 1 o
6[2\/7cos(aL/\/7)+aLk sm(aL/\/7) 2\/7]

When Pistensle:

2 ab)
6[2\/Wcosh(aL/\/7) aLk, smh(aL/f) 2. /ky |

2) Stability function for the effect of axial force on shear

stiffness against translation Dy :

Referring once again to Fig. (3 - 3)

a=2 LM ----------------------------------------------------- (3- 24a)

F

where

AM=Mzg+My-PDy oo (3 - 24Db)

AEl 5 aeDyo 2El 7 éﬂ@ _____________________ (3 - 240)

and M,, =S
za 2 eL 3 L &L g
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MZb:sngIZ(f@& 24E|ZaEDy° ................ (3= 24d)
eL g L eLg
Thus
e &8E|ZO %E|ZO PU
Fva=65S»> i+ S3 - —uby - (3-24e)
Sl g L3 & L3 g Lg
Letting a 2. P ,then
| z
€ a8El, 0 _ aEl, 0 a’El,U
Fya=@Spg— o3+ Sap o= ———<uby
8 L° o 1> o L §
_12EI7}2 lsg-azLZPDy— F2El 7 6 (3— 240
EREFRCEE P St ST
2.2
2 1 a“L
where S7 =—Sy, + —=S3- ——— s 3-24
75352553 — ( ¢)

IS the stability function for the effect of axial force on shear stiffness

against trandlation Dy .Substituting for S,and S;from equations (3 —
21b) and (3 — 21c) when the axial force is compressive.

sz[cos(aL/f) 1] a2L2
6[2\/7cos(aL/\/7)+aLk sinfaL/Jky )- 2\/7J

When the axial force Pistensile, Pis replaced by - Pin equation (3 -
24b) and by taking values of S,and Ssfrom (3 — 21d) and (3 — 21e); the
following expression for S, can be obtained:

a2(2 i, [1- coshfaL /i, | a2L2
6[2\/7cosh(aL/\/7) aLk, smh(aL/\/7) 2\/7]
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I 3.2.3.2 iTransIation in X —Z Plane; ||

1) Stability function for effect of axial force on flexural stiffness

against translation Dz:

Proceeding as in the previous section, the stability function for the effect

of axial force on flexural stiffness against translation Dzis given by

882284"‘}85 ----------------------------------------------------- (3—253)

3 3
Substituting the values of S,and Ssfrom equations (3 — 22b) and (3 —
22d) when the axia force is compressive, and from equations (3 — 22¢)
and (3 - 22e) when the axial force is tenslethen the following

expressions for Sgare obtained:

When P is compressive:

b2L2 cos|b
G[chos(bLl;\/\/ii)[r bl_(kLé\r/ﬂibz/f}*) 2\/*] ---(3—25h)

When Pistensile:

b?L% k. [1 cosh(bL/\F )] ‘ (5250
6pvr_co§ﬂbL/VF_) bLk, Snh(bL / Jky )- 2yky]

2) Stability function for effect of axial force on shear stiffness against

tranglation Az:

Proceeding as in the previous section, the stability function Sgfor the

effect of axial force on shear stiffness against translation Dzis given by

2
So —g Sp+ ; Sy - bl—zL when the axial force is compressive --(3 — 26a)
2. 1_  b2? . N
89:§S4 +§S5+ when the axial forceistensile ------- (3 —26b)

Substituting the values of S,and Ssfrom equations (3 — 22b) and (3 —

22d) when the axia force is compressive, and from equations (3 — 22¢)
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and (3 - 22e) when the axial force is tenslethen the following

expressions for Sq are obtained:

When P iscompressive:

b sz[cos(bL/f) 1] b2L2
6[2fcos(bL/f)+bLk sin(bL/ ky - 2Ky |

When Pistensle:

b 2.2k, [1- cosh oL/, | b2L2
6[2fcos(bL/f) bLky sinh(bL / Jky )- 2fj

...................................... (3- 26d)

| 324 iTorsionaI Stiffn&es:i
L N

The derivation of the torsional constant (J,,,) isgivenin Appendix (A).

Hence, the non — linear tangent stiffness matrix for a three — dimensional

frame element becomes:

€ . aAED
6S16—~
& elg
é 2l 7 6
e O 3 =
é L o
8 H2El 6
e 0 0 3 L sym
é L® g
é GJ
g6 O 0 0 T’“
e ® 6El 6 HEl, 6
¢ o 0 S o0 sf v
e 2 3 L
8 L o ]
é a8El; § El, 6
e 0 sf o 0 0o sE 2
(<=5 o a e ? E
Sie e 0 0 0 0 0 s ZEe
s elo eLog
& 6 6EI
g 0 aelZSlzg 0 0 0 & 229 0 aa.ZEZIZg
& 2 s L 2 %
é @ 1261, 6 a6El 6 21,
g o 0 = o0 2z 0 0 0 -
é L g L“ g L
& Gl Gl
g o 0 0 - 0 0 0 0 o =
& @ 6El, 6 a2l 6 aBEl 6 El 6
Y 0 2 o0 * 0 0 0 2 0oy *
é L° o L 3 L* & L 3
& Ely 6 El, Ely 6 El
g 0 goEIZ 0 0 0 0 2 2 0 @ZEEIZO 0 0 52? z
é ? & o 2 5 L

For a=b=0(i.e. no axia force), it is easy to find the following

expressions for the stability functions S; through Sgas

B&-Jg: ooooooooooooooooooooooOo OO OO OO OO OCy
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Sp=10 (3-27)
4+j

—~

2
N
1
IN
|
+
N N—
i
1
1
1
1
1
1
1
1
1
1
—_~
(IJQ
N
(o°)
~—

0]
w

I
N | —
=1 N
+ | .
P
1

1

1

1

1

1

1

1

1

1

1
—_
(IJO
N
©
[—

4+]
34_( J_y) ------------ (3-30)
AL+ y
(2‘1 y)
Se=—+— ">~  mmmmmemmeee- (3-31)
>T 2L+ )
Sp=, t (3-32)
° (1"'] 25
Sy =7 (3-33)
7= ™  emeeeemmmaa- -
(1"'] z)
o ., 1
8~ X
(1+] y; ------------ (3-34)
1
2T, e (3-35)
where
J _ 12BEl, j _12BEl,
“acl2 Y aal?

As (a)and(b ) approach to zero, computation difficulties arise in finding
the stability functions S;through Sgfrom their prescribed general

expressions. To avoid such difficulties, linear interpolation is suggested

to be used in the ranges 0<a <O;L2 and 0<b <O;L2asfollows




Chapter Three: Formulation of Stiffness Matricesfor A 3D Frame Element —— @

For a%<a <T_ and a‘6<b< : O (for axial compressive or axia tensile
ﬂ

force) the value of any stability function Scan be calculated from the
following equation

S=So-[So-SO.1]3 for bendingin x - yplaneI

S=5p- [So 501]— for bendingin x - zplaneI

where
So = value of stability function for zero axial force (a ,b =0)

Sp.1 = value of stability function for ga b _O—LZQ
e a

Formulation of Stiffness Matrices for a Prismatic
Element in the Presence of a Plastic Hinge:
a

Three cases for the location of plastic hinges were considered as follows:

| 331 || Plastic Hinge at L eft Extremity:
s—
The element shown in Fig.(3 - 4) is considered.

I 3.3

-

Fig. (3—4); Frame Element with Plastic Hinge at L eft Extremity

From the conditions of joint a (i.e. where plastic hinge existed) and

utilizing the previously derived stiffness matrix for the element with no
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plastic hinge, the following equilibrium equations for the additional
bending moments (i.e. after plastic hinge formation)are obtained:

2 6Ely 0 El
M ya=0=88§ gWa +54§—"qya
................ (3-374)
abEl y 0 &El
+88 ?gwb + S5§—_q yb
El, El,
M, =0= Segﬁ _Va &4
o (3-37h)
6EIl, El; 0
SGg —Vb &2 O
Q

Hence, the values of the inelastic rotations (g, )and (g, ) are obtained as

follows

. _ L ea@Ely ZBEl | 2Bl 6 U

s )R R S L oy
----- (3-37¢)
----- (3-37d)

Substituting the values of (qy, )and (g, ) back into the stiffness equations

similar to equations (3 — 37a) and (3 — 37b) defining other reactions, the
modified stiffness matrix takes the following form




Chapter Three: Formulation of Stiffness Matricesfor A 3D Frame Element —— @

8&\'8\ coooooooooooooooooooo o OO OO OOONCy

e
a ¢© 2
& — ol
fo sE
& &E|
e IS y=
X 0 0 Y
g SQ§L3E Ssym
& GJ
e O 0 o "
g 0 0 0 0 o0
e o 0 0 0 00
&g, & AEQ @AEO
S AL IR
é =2 Elz0 s &z 0
& 0 : 0 0 00 O —Z:
& s7§ 2 g S7§ (R
é — e Elyd ~aklyo
e o 0 S&—2: 0 00 0 0 Sgg—s_
(:a L L° g
2 0 0 0 (i‘]m 00 0 0 0 G‘]T’“
g 0 0 ST 0 00 o 0 se? o 5FNY
g 25 B T I T
S o 56&5'—222 0 0 00 0 S& Ez'zg 0 0 0o &1
é 7 L° o L
where
2 2
S — S — 3(Sg .S
82 S4
2 2
9(S — 3(Sg .S — 9(S
S, =125, (Se) . S4=6Sg- (Sg -Ss) | Sy=12S,- (Ss)
S, 4 Sq
ml

| 332 || Plastic Hinge at Right Extremity:
e s
Proceeding as in the previous section and following the same procedure,

the stiffness matrix for the element shown in Fig.(3 — 5), in which the

plastic hinge exists at right extremity is as follow:

Fig.(3—-5): Frame Element with Plastic Hinge at Right Extremity
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é . GAEG

eSi

e elog

é 7&'20

a O S——==

g FEN

€ o 0 Sha:

: s

€ o 0 o S

< L

S _ o El,0 _aklyd

€ 0 0 2T 0 5

g L* g Lg
[kJ=¢ o  §&F2? o 0 05

g £ s

gslge fEE 0 0 0 0

€ e o

e "

= 7EEE|20 =

& 0 S7§ : 0 0 0 S

é 2 g g

5 0 0 cZEVO S EElO

g - SB§ 25

é o 0 G

é L

e o 0 0 0

& o0 0 0 0 0

sym

conoooooooooooooooooooooooooooo oo

o
o

Same expressions for S, ,S,;,Ss,S; ,Sg,Sgas defined previously in

section 3.3.1 are valid.

| 333 || Plastic Hinge at Both Extremities:
s—

The element of this case is shown in Fig. (3 — 6).From equilibrium

requirements:

Mza +MZb

Fig.(3- 6): Frame Element with Plastic Hinge at both Extremities
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Similarly

o MytMyp o b g

za~ V., Fap—
L

Hence, the stiffness matrix will be
é AE U
e u
€0 0 u
e u
é 0 0 O sym a
e u
& 0 00 S m a
& L a
g 0 0 0 0 0 i

[Kg]:g 0 0 0 0 0 0 3

éﬁ 0 0 0 0 0 E 1]
e L L a
& 0 00 0 00 O 0 a
€0 0 0 0 00 O 0 O u
g GJ GJ Y
) 00 m 0 0 O 0 O m u
é L L u
€ o 0 0 0 00 O o 0 o o 4
e u
& 0 0 0 0 00 O 0 0 0 0 0j

For the three cases described, the sign of the axial force (i.e. axia tensile
or axial compressive force) would be taken into account in the

expressions of the stability functions S;through Sy as previously

derived.

Fixed End Forces due to Uniformly Distributed

34 L oad over the Length of the Element:

a) Bendingin X — Y plane:
Considering the element shown in Fig. (3 — 7), subjected to a uniform
load wy, and fixed at both ends, the basic differential equations (3 - 1)

and (3 - 2) can be used to solve the problem.
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N
-~
_MZE IVX

-

Fig. (3—-7): Fixed End Forcesdueto Uniformly Distributed
L oad acting on a Frame Element in (x —y) Plane.

From symmetry and equilibrium requirements,

The equilibrium equations for a section at distance (x) from the left

support are:
Wy X2

MX=M28.+Py_ Fan+T """""""""""""" (3—38b)
Vx =Fya-Wy x- Pyfy e (3-38c)
Then, from equations (3 — 1) and (3 — 38c), the following expression for
V,isobtained
Vi=(Fya-Wyx- Pyt)— 5 (3 - 38d)

58 N BPO

Hence, by differentiation
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ve=(-wy-py@ L (3- 38¢)
& BPO
1+ —=
g AG g
- > P 1 -
Writing a“=—— , Kv=———— and substituting the values of
El» BPo

" AGE

(M ,vx¢) from equations (3 — 38b) and (3 — 38e) into equation (3 — 2),
the following equation is obtained,

, ou =
v y6ra Zy:a?§ M za +Wy2LX ' Wyzx - ( AE\-/F\%P)
e 2
--------------- (3-39)
The solution of this differential equation will be
y=A cos(ax/\/E)+ B, cos(ax/\/E)- Wy x*
----------- (3—39b)

WyLx Wy e B 2 u
2P 2p6 AG W, §

Applying the boundary conditionsatx=0 andx =L ; y=0to find

Wy €  BPk, a’Mg,!
2 > eky + AG W, =
a“P g y @

A=

B, = W—gk L BPky aZMZaU%os(aL/f) 1u

A28 AG T Wy ge SnbL ik ¢

Then, by differentiating equation (3 — 39b), then,
Wy, x W L

y¢= \/k,Alsn(ax/f) \/,Blcos(ax/f) 2p
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- BW,L

Finaly, using the boundary condition at x=0; y¢= to find the

expression for the fixed end moments (M ,, )and(M 4, ) as follows

i ol

. ,
2 oo i} Sy
Monze Mo H 3

za y49)

/i Jeodel i} 4

--------------------------- (3-40)
Similarly, when the axial forceistensile, then from symmetry,
Wy L
Fya:Fyb:' 2 ______________________________________________ (3_41a-)

The equilibrium equations for a section at distance (x) from the left end
(see Fig.(3-8)) will be:

Fig. (3- 8)Fixed end Forcesfor Axial Tensile Force
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Wyx
My =Mz - Py- Fya X+ R — (3—41b)
Vx=Fya-WyX- Py} e (3-41c)
Again, in the same way, utilizing equations (3 — 1) and (3 — 41c), one
obtains
Vx=\Fya -Wy x+Py§}——— oo 3-41d
=( ya qu)ai BPo ( )
N
Hence, by differentiation
¢_
\Y; Wy +Pyll——— e 3-41e
A (3-419
AGg

Then, from equations (3 - 2), (3 — 41b) and (3 — 41¢), the following
differential equation is obtained

22 WoLx W, x2 §Pw 9
k, yBra2y=2 6 M+ Y Y Yk, ©wmmen (3 422)
P ¢ 2 2 a 2paG ¢
e 4]
where
Elz ﬁ_ BP9
AG

The solution of this differential equation will be
9, Wyx? Wylx
+BZ nh
\/72, 2P 2P

2
)gk BPk, a“Mz!

y= Ao coshé
---- (3—42b)

u
u
H
The boundary conditions atx=0; y=0and atx=L; y=0lead to the

following:
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2 2
- Wy ‘? _BPky 2 Mzag
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Wy € BPk,a zMzaUecom(aL/r) 1
a?pg’ AG W, gg snhfaL/Jk,) g

and by differentiation of equation (3 — 42b), then

&ax 9
y¢_ Azslnhg\/— BZCOShé
V @ V Ve (3-42c)
+Wy X Wy L
P 2P

The expression for M and M, (when Pis tensile) is found through

- §Wy L .
.Hence, this
2AG

applying the boundary condition at x = 0, y¢=

expression may be written as follows,

w5 a7, S P o )

b/, )lcogr(at/f -1

It is easy to show that by using L ‘Hopital’s Rule, the fixed end moment
as P® 0 (tensile or compressive) has the following value:

2
_Wyl

M., =-
A 12

b) Bending in X — Z plane:

Proceeding as in the previous section and replacing a by b, the

following equations for the fixed end moments due to a uniformly
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distributed load w, for both axial tensile force or axial compressive force
can be obtained:

For axial compressive force:

[cos(bL/\/») 1] +(= )e1+
(b/ﬂ)lCOS(bL/ﬂ)- J

usm(bL/F)J

é é
W, A\/E//b)él
& g

Mya=- Myp=

For axial tensile force:

w g P Can ) / PElsp “cosl{bL/r) ]
(b/ﬂ)lcos*{bt/ﬂ)- J

Mya=- Myp=

where b? :i
El y

Also, as P® 0 (tensile or compressive), utilizing L ‘Hopital’s Rule:

W, L2

=  Muypn=—2— e 347
ya o= 5 ( )

M

As a=b® 0, computational problems arises in finding the fixed end
moments from expressions (3 — 40), (3 - 43), (3-45) and (3 - 46). To

avoid such problems, linear interpolation is suggested in the range
O<a <0—L2 and 0<b <— (for axial compressive or axial tensile force) as

follows

Mifa)=- Mj(a)=M;(0)- gMi(O) M; @Lzz%; g

M3 (0)=- (0)=M; 0)- gh; (0)- w290 ;'b
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In this chapter, the review covers three aspects, the first is the

developments of frame analysis. It includes general elastic frame analysis
approaches and inelastic frame analysis methods. The second is the
developments in the optimal design of framed structures and the third is

the experimental works on reinforced concrete frames.

! 2.1 ii Frame Analysis ||

The frame analysis had been the subject of research by many researchers.
In 1972, Denato and Maier [2] formulated a mathematical programming
method, namely “Imposed rotation method” for inelastic analysis of
reinforced concrete frames. They formulated the problem of determining
the moments and rotations at critical sections of a reinforced concrete
frame subject to a given load in terms of the linear complementarity
problem (L CP).
They also formulated the limit analysis of reinforced concrete frames in
terms of another mathematical programming problem that may be solved
by an algorithm which is a modification of the simplex method for a
linear program. Trilinear moment — rotation law was adopted. The
possibility of plastic collapse failure before local failure was also studied
when the slope of the third segment of the moment — rotation law was
equal to zero. Shear deformations, geometric non — linearity, local
unloading were all not considered.

A significant computational development in the “imposed rotation

method” was made by Kaneko [3] in 1977.The proposed method was
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essentially a reformulation of those developments by Denato and Maier
[2]. However, the formulation results in a new mathematical
programming model for which an efficient algorithm is developed. The
advantage of the proposed method is mainly computational since it
requires roughly one half computer time and a storage space as compared
with those of De Donato and Maier [2] which were employed to solve
the same problem.

In 1977, MacGregor and Hage [4] emphasized that the effective
length procedure for including the second order effects in frame analysis
as recommended by ACI Code (1971) has serious shortcomings in sway
frames or partially braced frames. They presented five alternative
approximate procedures and made a comparison among them: (1)
moment magnifier solution for second order effect. (2) negative bracing
member method and (3) second order finite element analysis assuming
that the stiffness matrix [K] is the sum of two stiffness matrices [k;] and
[k2], in which [kq] is the first order stiffness matrix and [k,] is obtained
through an iteration procedure. All presented methods were approximate
and in addition, they ignored the effect of shear deformations.

In 1977, Chugh [5] presented a simple and direct procedure for the
formulation of an element stiffness matrix on element co — ordinates for a
two dimensional beam and a beam — column member including shear
deformations. The resulting stiffness matrices are compared with those
obtained by using the alternative formulation in terms of member
flexibilities. The relative effects of axial force and shear force on stiffness
coefficients were presented. The critical buckling loads, considering the
effects of shear force, were computed and compared with other works.
Only prismatic members were considered.

Gunnin et al [6], in 1977, described a computational technique for

the general non — linear analysis of large planar frames under static
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loading. The material non — linearity was included considering moment —
axial force interaction. The effect of joint displacements during loading
was accommodated by analysis through updating the nodal coordinates
after each iteration in each load increment. The members are prismatic
and the loads are applied at joints within the plane of the frames and all
displacements of the frame are within that plane. The analysis based on
small distorsion theory by neglecting shear deformations and the

curvature of the member is assumed to be proportional to the second

derivative of deformation with respect to length ie., ¢== -,

Secondary geometric non —linearity (i.e. secondary moments) was not
included. The bowing effect was also neglected. Accuracy of the analysis
procedure was demonstrated by comparing the computed results with
eight reinforced concrete frames test. The element used is as shown in
Fig. (2-1).

Mg

Fig. (2-1): Forcesand Defor mations of a Beam Element
used by Guninn et al [6].

In 1978, Krishnamoorthy and Panneerselvam [7] presented a
computer program (FEPACSI) for non —linear finite element analysis of

reinforced concrete framed structures. The finite element formulation for
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reinforcement in any orientation in computing the element stiffness was

explained (see Fig. (2 - 2)).

Concrete (X2,Y2)

dN 7 Steel 2b
-
X a

(X1,y1) o

o )

Fig. (2-2): Reinforced Concrete Plane Stress Element of
Krishnamoorthy and Panneer selvam

A brief description of material properties used and the non —linear finite
element formulation to account for the material and other non — linearities
due to cracking and yielding was given. The computer program
(FEPACSL) was explained with the aid of a flow chart and the
computational steps involved in the program were described in details.
Incremental iterative technique based on * Initial stress method” was
adopted. Shear deformations and geometric non — linearity were not
included. The application of the program was illustrated by selected
examples.

Cohn and Franchi [8], in 1979, presented the main concepts,
theoretical bases, means of implementation and some illustration of the
potential use of a computer system for structural plasticity (STRUPL).
The (STRUPL) system is conceived as a package of computer programs
for structural plasticity that should be capable of automatically solving
any structural plasticity problem with an ease and efficiency comparable

to that of other programs. The solver bank of the package system includes
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various mathematical programming (linear programming (LP), linear
complementary problem (LCP), quadratic programming (QP), etc.)
algorithms suited for the solution of engineering problem types. The
computer program for STRUPL - analysis implements an integrated
elastic — plastic procedure that essentially solves two central problem
types: the historical analysis under non — proportional loading assuming
either nonholonomic or holonomic behavior. The program is applicable to
analyze two dimensional steel or reinforced concrete structures. The
analysis neglects both geometric non — linearity and the effect of shear
deformations. Several numerical examples were investigated to test the
accuracy and efficiency of the computer program package.

In 1979, Khalifa [9] considered the problem of premature instability
of optimized steel space frames. As loads increased, plastic hinges start
forming in succession, resulting in the possible instability of the
deteriorating frame before a plastic mechanism is reached. The problem
was formulated, and a method of analysis, which provides a lower limit
on the actual failure load, was presented. The analysis establishes the
order in which the plastic hinges form, but avoids the repeated inversion
of the frame stiffness matrix. The method developed was applied on two
simple space frames.

Hsu et al [10], in 1981, described a computer program for the elastic
perfectly plastic analysis of reinforced concrete planar frames. This
computer program requires less computer time and memory space and it
Is intended as practical for analysis and design uses. The computer
program is capable of a complete analysis of reinforced concrete frames
from zero load until failure under any system of static gravity and lateral
loads. The analysis of reinforced concrete frames uses a computer
program as a subroutine to calculate the moment - curvature

characteristics under a constant load applied at the section centroid. The




Chapter Two: Review of Literature @

program efficiency was checked through comparing its results with
experimental results for reinforced concrete plane frames that were tested
by others. The program ignored each of; (1) geometric non — linearity (2)
shear deformations and (3) local unloading. However, the program
considered the possibility of each of collapse mechanism failure and local
crushing failure following the plastic hinge model.

In 1986, Al — Sarraf [11] derived modified stability functions for
two — dimensional prismatic beam — columns having any solid cross —
section shapes, laced or battened built — up structural members, in terms
of the shear flexibility and axial load parameters. An approximate
formula for such functions were proposed which make possible the rapid
prediction of the elastic critical load of structures taking into
consideration the effect of shear force in the members, using a hand —
computing method. The modified stability functions were related to
previously existed tabulated stability functions of prismatic strut [11].
The approximate formula predicts accurate elastic load to within 1%.

In 1988, Al — Rifaie and Trikha [12] recognized the importance of
the finite size of joints and shear deformations in the analysis of plane
concrete structures, especially frame — shear wall type structures. They
proposed rigid — ended element for idealization to carry out a step — by —
step linearised limit state analysis. Simplified axial force — moment
diagrams for reinforced concrete sections had been derived for detection
of a plastic hinge formation. However, the analysis ignored the effect of
each of geometric non -linearity, possibility of local unloading, and
possibility of crushing failure at any critical section. In addition, the
analysis considered that each element has only two critical sections at its
ends and could not treat the case of existence of a third critical section at
the zero shear point when the element is under distributed load. A

computer program had been used to analyze an irregular multi — storied
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frame, an industrial gable frame and a frame — shear wall structure and
the results were compared to establish the validity of the procedure.

Wong and Tin — Loi [13], in 1990, developed a method for the
elastic non — linear analysis of framed structures depending on the finite
element method. They described the main forms of Lagrangian
coordinates systems and their relative merits were also discussed. The
solution strategy rested on a combination of the Newton — Raphson
iterative technique and modified “arc length method” within a finite
element based partially on updated Lagrangian discription. The proposed
modified technique of the arc length enables a solution at the limit point
to be calculated. They solved three examples and got very accurate results
compared with experimental results obtained by others.

In 1993, Dumir et al [14] investigated the geometrically non —
linear static analysis of steel space frames subjected to discrete and
distributed transverse loads using the beam-column method. An exact
expression of the beam — column equivalent load vector had been derived
and it had been proved that the first term in its Taylor’s series expansion
Is identical to the static consistent equivalent load vector of the finite
element method. The results of a beam — column, a plane frame and a
space frame obtained by the beam — column method were compared with
those of the finite element method.

Alwash [15], in 1995, proposed a general non — linear method of
analysis of reinforced concrete plane frames which was utilized for the
analysis of reinforced concrete Virendeel trusses. It follows a step — by —
step with iterations approach. Different parameters were included in the
analysis, they are: combined effect of geometric non — linearity and shear
deformations, material non-linearity, moment-axial force interaction,
possibility of local stress unloading and the effect of the elements ends

rigidity. Fixed end forces were derived for an element under uniformly
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distributed load and the possibility of existence of an additional critical
section at zero shear point for such element was also treated. Three
possible failure criteria were predicted (collapse mechanism, local
crushing failure and stability failure).The theoretical results were
compared with those obtained experimentally and rather good agreement
was obtained.

In 2001, Al — Asady [16] developed a procedure for the elastic —
plastic analysis of steel space frames. It follows a step — by — step
linearized elastic — plastic analysis which predicts the sequence and
location of plastic hinges and the corresponding load factor at each stage
of analysis. The procedure was based on the matrix displacement method.
The material was assumed to be elastic — perfectly plastic, and yielding
was considered to be concentrated at the member’s ends in the form of
plastic hinges. The members were assumed to remain elastic between the
plastic hinges. Several examples had been investigated to check the
accuracy of the analysis.

Kuw and Ju [17], in 2002, developed a three — dimensional (3D)
non — linear beam element into a static and dynamic non —linear finite
element program called (AN program). This 3D beam is an inelastic
element for modeling beam and beam — columns to model the steel or
reinforced concrete structures for the static and dynamic loading,
especially for the ground motion problem. The AN program provides
efficient solution scheme for this beam element. For example, a non —
linear finite element analysis with hundred thousand nodes could be
performed effectively using a personal computer. The absorbed boundary
condition of the AN program also provides the 3D beam to perform the
soil — structure interactive analysis in the time — domain. The AN
program had the ability to perform a very complex non — linear structural

analysis since it incorporated this 3D beam element.
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From the preceding review, it is clear that there is no detailed study
that deals with the non — linear behavior of reinforced concrete space
frames. In the present study, geometric non -linearity, material non —
linearity, effect of shear deformations, different failure criteria (i.e., a.
plastic collapse mechanism, b. crushing failure, and c. stability failure)
and possibility of existence of distributed load on any member in addition
to nodal forces are all considered in the present study. All these

parameters are included in detail in chapters three and four.

I 2.2 ‘]Optimal Design of Reinforced Concrete Frames: “

In 1970, an optimal design of reinforced concrete frames was presented
by Rozvany and Cohn [18]. The geometry of frames was given and the
sizes of all members were assumed fixed and the only design variable
was the amount of steel reinforcement. The analytic approach was based
on the lower bound theorm to determine the limit load and forces in the
sections. Yielding condition, serviceability and plastic compatibility were
considered as constraints on the design optimization problem. No
constraints on deflection and cracking width were considered. The design
for shear, axial forces and bond was also not considered.

Munro et al [19], in 1972, formulated a more general approach of
the optimal design of reinforced concrete frames using linear
programming method namely “simplex method”. The constraints of the
problem included equilibrium, compatibility, limited ductility and
serviceability. The objective function was the amount of reinforcement
for fixed cross sectional dimensions. The analysis of reinforced concrete
frames was plastic under the combinations of ultimate load. The study did
not consider the effect of shear in the design of beams and the effects of

axial load in the design of columns.
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An optimal design method for reinforced concrete structures under
constraints of strength, deformability and serviceability was proposed by
Ali and Grierson [20] in 1974. The objective function was the minimum
cost of effective concrete and tension reinforcement. The section
dimensions and main reinforcement were the design variables of the
problem. The optimization problem was solved by the method of
“Feasible Conjugate Directions”. Optimal design process was based on
plastic analysis which considered both the possibilities of collapse
mechanism and local crushing failure state. However, the shear
reinforcement and its effect on the optimal design was neglected. Also the
effect of axial force on moment capacity, geometric non — linearity and
shear deformations were neglected.

In 1980, a formulation of preliminary optimum design of multistory
— multibay frames was presented by Gerlein and Beaufait [21]. The
design variables were the plastic moment capacity of sections. The aim of
optimization was to minimize the total volume of steel which was directly
related to the plastic moment capacity of each critical section. The
problem was solved using linear programming technique namely
“simplex method” applied to story by story under the kinematic
constraints and design constraints satisfying building code requirements
and practical design considerations. The design was based on a rigid —
fully plastic behavior using the upper bound approach. The plastic hinges
were assumed to be formed in beams only (strong columns and weak
beams) and no limitations were considered on the plastic rotations. P- D
effect, shear deformations as well as axial deformations were all
neglected.

Kirsch [22], in 1983, proposed a multi — level optimal design
approach for reinforced concrete structures. The cost was considered as

the objective function. In the third (system) level, the design moments are
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found from an elastic analysis depending on the updated concrete
dimensions for each cycle. In the second (element) level, the concrete
dimensions of each element are optimized successively and only a single
independent variable (depth) is involved by considering the width to be
constant for all members. Hence the problem was reduced to a set of one
dimensional explicit optimization problems subject to side constraints
(deflection, shear, moment, upper bound and lower bound of depth). In
the first (cross section) level, the amount of reinforcement in each critical
section is found for the corresponding updated concrete dimensions and
design moments from the third level. The proposed multi — level solution
was found to be most suitable for micro — computer applications.

In 1984, Majid and Tang [23] proposed a method for the optimum
design of pin - jointed steel space frames which included the
undetermined shape, i.e. their geometry and topology, as a variable to be
decided by the method itself. The method included stress, serviceability,
buckling and stiffness requirements to be satisfied, while the cost of the
material was assumed to be the objective function. In doing so the self —
weight of the structure which was changed during the design process, was
fully considered as a design variable. To reduce cost, members were
allowed to be grouped together so that those in a group have the same
cross — section. However, a member was allowed to have a variable
length as the joints at its ends were allowed to move in a 3 — dimensional
space. Examples were given of the design method which included a dome
and a transmission tower.

Mekha[24], in 1988, presented a new algorithm, which was utilized
in performing inelastic analysis for the optimal design of reinforced
concrete plane frames. This new algorithm was developed to solve the
problem of inelastic analysis of frames by “imposed rotation method”

which was reformulated by Kaneko [3]. The inelastic tri — linear moment
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rotation law, which was modeled to reflect the inelastic behavior at
prescribed critical sections was adjusted during the incremental analysis
after each load increment in order to adhere to the non — holonomic
behavior of reinforced concrete when local stress unloading occurs.
Optimum concrete dimensions and reinforcement were evaluated for
minimum cost. Optimization, following the multi level approach, was
carried out on several frames using two alternative methods, namely
Rosenbrock constrained method and sequential unconstrained
minimization technique.

Zielinski et al [25], in 1995, presented a procedure for the design of
reinforced concrete rectangular short — tied columns using the
optimization technique. The proposed procedure included two sets of
iterations. The first set of iteration finds the resistance capacity of a
column of given dimensions, and the second set of iteration performs the
optimization process. The optimization process was formulated as finding
the minimum cost design with the constraints imposed based on Canadian
specification CSA CAN3 — A23.3 — M89. The internal penalty function
algorithm for non — linear programming was used in the optimization
procedure. For a column with uniaxial loads, the depth, and width of the
cross section, and reinforcement ratio were treated as design variables and
the location of the neutral axis was obtained by solving a cubic equation.
For a column with biaxial loads, the dimensions of the cross section,
reinforcement ratio and the number of reinforcing bars were treated as
design variables, and the location of the neutral axis was determined by
employing Newton — Raphson method. Numerical examples were given
to show the validity of the proposed method.

Fadaee and Grierson [1], in 1996, presented minimum cost design
for three dimensional reinforced concrete frames with members subjected

to biaxial moments and shear forces using the optimality criteria approach




Chapter Two: Review of Literature @

based on ACI-Code (“Building” 1995). Beams and columns were
assumed to have rectangular sections. The cost function included the
material costs of concrete, steel, and formwork. The focus of this work is
the formulation of the appropriate constraints for combination of the axial
load, biaxial bending moment, and biaxial shear. Their example is only a
one — bay and one — story space frame. They conclude that the biaxial
shear is an important consideration for design of columns, and its
inclusion increases the cost of the optimum structure significantly.
Balling and Yao [1], in 1997, presented a comparative study of
optimization of three — dimensional reinforced concrete frames with
rectangular columns, and rectangular, T-, or L — shape beams according
to ACI-Code (“Building” 1989) using one —, two —, and four- story
frames subjected to vertical and lateral loads, and employing the
sequential quadratic programming or gradient — based method. For steel
reinforcement they considered two different definitions for design
variables. In the first definition, the area of steel in each member is the
only design variable used for steel in that member. In the second
definition, they considered the number, diameter, and longitudinal
distribution of the reinforcing bars and performed a two - level
optimization. They attempted to include the costs of materials,
fabrication, and placement in the cost function by assuming the material
and fabrication cost of steel reinforcement to be proportional to its weight
and its placement cost to be proportional to the number of bars, stirrups
and ties. They concluded that the optimum costs based on the two
definitions were very close to each other, and thus, there is no need to
include the second more computationally costly definition in the
optimization formulation. Based on this conclusion, the authors then
discussed a simplified approach for cost optimization of space reinforced

concrete frames.
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In 1998, Rafig and Southcombe [26] introduced a new approach to
optimal design and detailing of reinforced concrete biaxial columns using
genetic algorithms (GAS). For a biaxial column with a given set of design
requirements (section size, axial load and bending about both axes of the
column), it was shown how (GASs) conduct a global search to identify the
optimal reinforcement bar sizes and bar detailing arrangements. These
satisfy the maximum bending capacity about both axes of the column
section and minimize the area of reinforcement which leads to an
economical design. In detailing reinforcement bar arrangements within
the column section, the British Standard (BS8110) requirements were
considered to ensure that both the ultimate state (ULS) and the
buildability (ease of construction) requirements were satisfied. A
declarative approach was used to check the exact bending capacities of
the section about both axes of the column for the reinforcement bar
detailing suggested by the GAs. approved / modified and adopted by the
designer. Several examples of biaxial column were examined and
compared with simplified code results to show the advantages of the used
declarative programming approach.

Finally, Hashim [27], in 1999, presented an optimal design
algorithm for reinforced concrete plane frames consisting of prismatic
and / or linearly tapered elements based on a proposed inelastic analysis
approach. Plastic zone model was suggested with an incremental
approach to study the inelastic behavior of reinforced concrete frames.
The design algorithm was based on a non — linear optimization technique
namely, sequential unconstrained minimization technique (SUMT). In
the optimization process, the member dimensions and steel reinforcement
(main and lateral reinforcement) at critical sections were taken as
variables and the total cost which includes the cost of steel reinforcement,

concrete, and formwork, was taken to be as an objective function.
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Solutions of several examples were presented to verify the validity of the
proposed algorithm.

In the present work, the proposed non — linear analysis algorithm, as
mentioned earlier and described in details in chapters three and four is
performed for the optimal design of reinforced concrete space frames as
will be given in chapter five. The objective function will be the total cost
including the cost of reinforcing steel (main and lateral), cost of concrete
and the cost of formwork. The independent variables are members
dimensions (b, h) and the main reinforcement. The problem of
optimization is solved by the “Direct search method” to obtain the

optimum concrete dimensions and reinforcement.

|2.3 |\ Experimental Works on Reinforced Concrete Frames: ||
L |

Several experimental studies on reinforced concrete frames are reviewed
in this section.

Rad and Furlong [28], in 1980,investigated theoretically and
experimentally the behavior of one story, one bay portions of multistory
reinforced concrete plane frames under gravity plus lateral load. Five two
— column frames, three symmetrical and two unsymmetrical, were tested
up to failure. The frames were first loaded with some (75) percent of the
predicted ultimate load under vertical loading followed by lateral load
incremented to failure. In the analytical part, the combined effect of
geometrical and material non — linearities were considered. The material
was assumed to be elastic — perfectly plastic. However, the effect of
shear deformation and local unloading were not considered in the

analytical study. The frame capacities based on ACI Code (1977),
considering a capacity reduction factor, f =1, were found significantly

lower than the measured values.

L
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Ford et al [29], in 1981, presented a physical and analytical
modeling of a series of unbraced multi — panel concrete frames. Nine
frames were tested under beam, column and lateral loads. The objectives
of the test were to study the behavior and redistribution capacities of
highly indeterminate concrete plane frames and, as a result, to develop
correct analytical modeling technique for non — linear analysis of
reinforced concrete frames. In the analytical model, a tangent stiffness
iteration approach was used with general discrete element technique of
(Hays) [29] for planar frames. All rotational and axial displacements were
concentrated at rotational and piston springs respectively. Material and
geometric non - linearities were considered. The effect of shear
deformation was ignored.

In 1986, Y. L. Mo [30] carried out three types of tests involving
different load paths on nine model portal reinforced concrete plane
frames. The vertical load was monolithically increased until failure in the
first group. In the second group, the lateral load was increased to failure
while the vertical load was maintained at 53% of the ultimate load. In the
third group, the vertical load was increased to failure while a lateral
working load was maintained at 53% of the ultimate load according to the
plastic theory. The measured results were compared with previously
tested corresponding prototype frames in a previous paper by others.
Also, the results were compared with those obtained theoretically.
Among the conclusions obtained, the moment redistribution of reinforced
concrete frames can reproduce accurately in models, made of micro-
concrete and deformed steel, throughout the loading history. Also, in one-
story frames with horizontal loads, the secondary effect of deformations
on the moments may reach 5%, which would be taking into account

according to ACI building code.

L
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An experimental — theoretical study was conducted by Elbehairy et
al [31] in 1989, to study the general deformational behavior, inelastic
rotation and plastic hinge length at the critical sections of a reinforced
concrete rectangular frames under concentrated loads. Four rectangular
frames of medium scale model (1/ 5 ) were tested under concentrated load
at the mid-point of the upper girder. The overall external dimensions of
the frames were (2.4m) wide by (1.6m) height. The four frames had the
same cross — sectional dimension of girders and columns sections. The
girder cross — section was taken (0.15 x 0.25 m), while the column was
taken (0.15 x 0.2 m). The difference between these frames was the steel
content provided at the girder and column. The general deformational
behavior of the tested frames were examined and reported (strains,
stresses, deformations, inelastic rotation and plastic hinge length). The
experimental results of the tested frames were analyzed by other available
limit design methods (Baker, Sawyer and Cohn’s methods). A
comparison was made between the experimental results and those
obtained from these methods. The results of these methods were more
conservatives than those obtained experimentally by about 25%. The
results of this investigation were combined with other available
informations to formulate some recommendations for the analysis and
design of this type of structures.

As a part of Alwash’s [15] study in 1995, an experimental
investigation was carried out on three models of reinforced concrete
Virendeel trusses. The main aims of the test were: (a) To assess the
validity of the proposed theoretical procedure for non — linear analysis of
reinforced concrete frames and (b) To investigate the size (or length) of
the rigid portions of the structural members at their ends. The three
models of different shapes and dimensions were cast and tested up to

failure. The models were loaded at mid-span by a concentrated load
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generated by a universal testing machine. The results were compared with
those obtained theoretically by the proposed method of analysis. Among
the conclusions obtained was, the assumption of prismatic members
giving more reliable results than the rigid — ended members. Also, the
adopted modeling technique using micro — concrete was suitable to a
large extent in representing the behavior of the prototype Virendeel
trusses.

At last, a theoretical and experimental investigation was carried out
by Terezia et al [32], in 2001, for the determination of the moment vs.
curvature, and shear force vs. shear deformation relationships based on
the stress — strain curves given in ENV (European pre — standard. design
of concrete structures) (1991), with material characteristics obtained from
the test of concrete and steel specimens were presented. A comparison of
the theoretical values with the results of tests for seven reinforced
concrete beams subjected to a concentrated force in the middle of the
beam spans shows good agreement for both curvature and shear
deformations. The values of the deformation work due to bending
moments as well as those due to shear forces were also determined.

From the preceding review, it is clear that no experimental test on
non — linear behavior of reinforced concrete space frames was found.
Such test was carried out in the present study on a model of reinforced
concrete space frame. The model was tested in the concrete laboratory of
the University of Babylon and the results were used to assess the validity

of the theoretical analysis approach that is proposed in the present study.
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[—— -
|| A I Area of cross section of a member (gross or cracked).

| Ascy I Area of compression reinforcement (bending about y — axis).

|| Ay I Area of compression reinforcement (bending about z — axis).

|| Asy I Area of tension reinforcement (bending about y — axis).

|| Ay I Areaof tension reinforcement (bending about z — axis).

|| A I Area of longitudinal torsional reinforcement.

|| o I Areaof oneleg of aclosed stirrup resisting torsion.

|| Ag, I Cross — sectional area of shear reinforcement bar.

“ As | Area of tension reinforcement (axial compression + uniaxial

i || bending).

“ Ag | Area of compression reinforcement (axial compression + uniaxial
bending).

| Agr | Areaof total main reinforcement.

B I Shear factor.
B I Width of a member.

c I Depth of the neutral axis.

||
|| by I Depth of compression reinforcement (bending about y — axis).

Co I Minimum concrete cover.

|| Ce I Unit price of concrete involving material and labor cost.

|| oF IUnitpriceof formwork.

|| Cs I Unit price of steel reinforcement involving material and labor cost.

|| d I Effective depth of a member.

|| dq I Depth of compression reinforcement (bending about z — axis).

|| dp, [ Diameter of main reinforcement bars.
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|| dg, I Bar diameter of shear reinforcement.
[

|| Es IModqusofeIasticityofsteeI.

|| Ec I Modulus of elasticity of concrete.

“ ey I Eccentricity of axial load in the direction of z — axis.

|| e, I Eccentricity of axial load in the direction of y — axis.

|| fo I Cylinder strength of concrete.

“ vy I Yield strength of transverse torsional reinforcement.

|| P I Yield strength of steel.

|| fy I Yield strength of longitudinal torsional reinforcement.

|| fo I Stressin compression reinforcement.

|| T IStr&ssintension reinforcement.

|| G I Shear modulus of rigidity.
|| h I Overall depth of amember.

“ Iy Moment of inertia of a section (gross, cracked or effective)about 'y -

| axis.

“ I, Moment of inertia of a section (gross, cracked or effective)about z -
axis.

|| Jm I Torsional constant of a section (see appendix A).

|| L ITotaI length of member.

|| Lp I Length of plastic hinge region.
| Ng, INumber of tiesin amember.
Perimeter of centerline of outermost closed transverse torsiona
“ reinforcement.
| Per I Axial force at cracking stage.
“ Sp Spacing of longitudinal main steel reinforcing bars in the direction of
the width of the member.

Sh Spacing of longitudinal main steel reinforcing bars in the direction of
the depth of the member.




NOTATION

I Spacing of ties.

s,
‘I T, I Nominal torsional moment strength.

I Vey I Nominal shear strength provided by concrete (in y — direction).

|| Ve, I Nominal shear strength provided by concrete (in z — direction).

| Vppy | Nominal shear strength of asection (iny - direction).

|| Vi I Nominal shear strength of a section (in z — direction).

|| Wy, I Uniformly distributed load in the direction of they — axis.

|| W, I Uniformly distributed load in the direction of the z — axis.

|| A I Unit weight of sted!.

|| W, IUnitweight of concrete.

|| Ec I Strain in extreme compression fiber of concrete.

|| £y I Ultimate strain of concrete.

|| €0 I Yield strain of concrete.

|| ) IStrength reduction factor for flexure.

|| $ IStrength reduction factor for shear and torsion.
A ILoad factor.

|| v IPoisson’sratio.

A
“ Pt ‘Tenslesteel ratio _% = biz (for biaxial bending).

A A
Compression steel ratio =% :%(for biaxial bending).

0] Se2) e sl
bh

Yield rotation of a section about y — axis.

|| 054 | Yield rotation of asection about z — axis. I

o
T R
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Note: Any other notation may be explained where it appearsin the thesis.
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