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Abstract

In the paper the mathematical model of the optitiangproblem of limit and shakedown

analysis for composite plane frames, containingtelglastic and brittle elements under
low-cyclic loading, is proposed. It is assumed tiet load varies randomly within the

specified domain, and limited plastic redistribuatiof forces in such structures occurs.
An example of the shakedown analyses of the cortgfraime is given.

Keywords: limit and shakedown analysis, composieng frames, elastic-plastic and
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1. INTRODUCTION

Composite construction systems combine benefitgaoicrete stiffness with
high steel resistance and speed of steel erectidrese systems are
recommended to be used in high-rise buildings [hp &ighly loaded
constructions, such as skyscrapers, industrialcstres etc. Typically, in
composite constructions the erection of steel fratheances to a predetermined
height using steel erection columns, which are tkenased in reinforced
concrete as shown in Fig. 1.

The paper presents a method for determining thehameems of brittle-plastic
destruction of composite concrete building framefich can be used in
assessing stress state of the composite framestrefastic stage.

! Corresponding author: University of Zielona Goratituite of Building Engineering,
Szafrana st 1, 65-516 Zielona Gora, Poland, e-mailiawdin@ib.uz.zgora.pl, tel.+48683282322
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Such assessment is required for: designing thetates to resist an earthquake
[2-3], progressive collapse analysis [4], as wslfa choosing strategies for the
protection of buildings against accidents[5]. Effee seismic protection
systems often include various combinations of plaahd brittle elements [6],
which absorb energy of external actions. Limitedlgsis of the elastic-plastic
system has been studied in many papers (see, dona [7, 8, 18, 19]). At the
same time, the important issues connected wittpthsence of brittle elements
in the structures were discussed significantly [28%
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Fig. 1. General construction sequence in compssitetures

In this paper, which is based on the approach @by the first author [8],we
consider plastic and brittle fracture of elementsl dormulate optimization
problem of limit analysis and shakedown of pland systems in composite
frame of buildings. It is assumed that the loadiesarandomly within the
specified limits.

In the columns and beams of buildings we propopesaibility of appearance
of a plastic hinge with elastic-plastic fracturgdmst the action of the bending
moment and the normal force), and the possibilityhe brittle fracture of the
elements (against the action of shear force). Asesult of solving the
optimization problem we have defined the mechan@mfracture of the
reinforced concrete frame, the most unfavorabled Iparameters and the
residual stresses in the plastic elements. An ebkaofpshakedown analyses of
composite concrete frame with elastic-plastic afabti-brittle elements is
presented.
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2. MATHEMATICAL MODEL OF OPTIMIZATION PROBLEM

An “elastic” solution of equation (1) is used thesithe basis for the analysis of
inelastic system. Namely the problem of load-bearapacity of structures
made of perfectly elastic-plastic and elastic-laritlements under variable loads
is formulated as follows: to find the vectors ohgle loadingsF;, j0J, a
parameter (safety factop)for loadF, as well as the vector of residual for&s
= (So, Sor') such, that

- max, (2.1)

St) =osr uF, (2.2)
St) =(Si°, Sor), (2.3)
ApS =0, (2.4)
@pi(Spi™+ Sol', Sopl) < 0, (2.5)
riglab-rX(Pbr(Sore, Sop)i< 0, (2.6)
F(t) L, ] LQ), (2.7)

where ws is the influence matrix of the load vectBr on the force vector
Se, Se = (Splea Sore);

S’ u S,° are the force vectors in sections of the eladtistit and elastic-brittle
elements in the elastic range of work respectively;

Ay is the matrix of equilibrium equations of the resitl forcesS,' in the
sections of the elastic-plastic elements;

S’, S are the vectors of elastic and residual forceghi sections of the
elements;

F; is the vectors gfth combinations of loads [ J,

Jisthe array of the loads combinations;

Iy is the array of thé-th brittle elements;

Q(*) isthe array of the loads.
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Here @0 are the yield functions, depending on the @etexternal actions
(loadsF;) for elastic-plastic elementg,, are the strength functions for brittle
elements;ar,ay is the matrix of loads influence on the elastioccés; A, is a
matrix of equilibrium equations (2.4). The substgipl and br relate to the
elastic-plastic and elastic-brittle elements, ssp@épts e and r relate to the
elastic and residual forces.

The equations (2.1)-(2.7) are a problem of nonlipeagramming (NLP).

After finding the failure mechanism (active constta (2.5, 2.6)) in problem
(2.1)-(2.7) one must take into account the dynaeffiects of this destruction in
iterative procedure [10]. The simple approach tohsdynamic analysis was
proposed in [11].

Note that the problem for mixed structures wittsitaplastic and elastic-brittle
elements, formulated above, is new. In this probieraddition to loads; it is
possible to consider the dislocatiatsas similar external actions. By changing
the dislocatiort; we can also optimize the state of structures gtiet

In the particular case of one-pass loading the lpmi(2.1)-(2.7) is simplified
[9], while PJ| = 1, this problem is also applicable for the wgsial of the
progressive destruction of structures [12].

3. EXAMPLE OF SHAKEDOWN ANALYSESOF COMPOSITE
FRAME

An example of shakedown analyses of composite etedrame with elastic-

plastic and elastic-brittle elements (Fig. 2) igegi below.

Two types of the load are actimg this frame: 1) dead load (Fig. 3a); 2) life
load as a horizontal load applied to each floor acithg alternately in opposite
directions (Figure 3b). These loads are includetvimload combinations.

FEA software SAP2000 is used for calculation insetastage. Design model
with joints and members labels is shown in FigTBe cross-sections of the
frame elements are shown in Table 1. Strength dimssoncrete C35/45 is

used.

According to [13] full shear connection was prowvdeetween the structural

steel section and the web encasement.
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Fig. 4. Design model of frame
Table 1. Sections of frame members
Ne Longitudinal | Steel Member
b, Mmm H reinforcement,| section, | labels in
Section ' | class class model
mm botto
top bottom top m
1 1000 | 300 600 39@2Q0,9012, | HE400A 2,6,7,8,9,
B500B B500B S275 10,11,12,
13,14,19,
20
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The plastic moment capacity of all composite colecreembers was calculated
by moment-rotation (curvature) analyses based oanmelue of material
properties. The moment-rotation curve can be idedlwith an elastic perfectly
plastic response to estimate the plastic momeraagpof a member's cross-
section [14]. The elastic portion of the idealizentved should pass through the
point marking the first reinforcing bar yield. Theealized plastic moment
capacity is obtained by balancing the areas betweeactual and the idealized
moment-rotation curves beyond the first reinforcbay yield point, see Fig. 4.
The idealized moment-curvature curves for membergiss-sections have

shown in Table 2 and 3.
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Table 2. The idealized moment-curvature curvesdbumns’ cross-sections
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cross-section by

Table 1/ numbe
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3/23, 24/ -33 kN Mp=980 kNm 3/27, 28/ -596 My=1064 kNm
kN
3/27, 28/ -128 Mp=993 kNm 3/21, 22/ -279 My=1012 kNm
kN kN
3/21, 22, 15, 16 Mp=995 kNm 3/15, 16/ - My=1125 kNm
/-138 kN 1073 kN
3/40, 17/ -647 My=1070 kNm 3/40, 17/ -181 Mp=998 kNm
kN kN
3/18, 29/ -294 My=1014 kNm 3/18, 29/ -153 Mp=996 kKNm
kN kN
Table 3. The idealized moment-curvature curved&mms’ cross-sections
Number of
cross-section
by Table 1/ Curve for positive moments Curve for negative motmen
number of
elements/axial
force, kN
1/19, 20/ -366 Mp=1133 kNm Mp=1011 kNm
kN
1/19, 20/ 167 Mp=1055 kNm Mp=900 kNm
kN
1/8, 12/ -178 Mp=1112 kNm Mp=977 kNm
kN
1/2, 6,8, 9, P Curvature . e i i
10,12/ 0 kN | =
Mp—1080 kNm Mp=937 kNm
2/1,3,4,5/0| sy 52 —
kN bt ’ 3
Mp—1314 kNm Mp—966 kNm
1/13, 14/ -180 M;=1112 KNm My=977 KNm
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KN
1/13, 14/ 205 Mp=1049 kNm Mp=890 kNm
KN
1/7, 11/ -52 Mp=1090 kNm M,=953 KNm
KN
1/7,11/ 103 Mp=1068 kNm M,=917 KNm
KN

Transverse reinforcement of all frame elements aslenof bars @8 B500B, at
200 mm. Resistance to vertical shear designed d¢ordance with [13]. The
distribution of the total vertical she¥k, into the partd/, ggqandV, gq acting on
the steel section and the reinforced concrete watasement respectively
assumed to be in the same ratio as the contritmibdthe steel section and the
reinforced web encasement to the bending resistdpge

Envelope elastic bending moment diagram is showfigne.

To solve the optimization problem first of all wave to find the residual forces
vectorS,/" in the sections of the elastic-plastic elementds frame is 24 times
statically indeterminate. Taking into account ttrag brittle links do not allow
plastic redistribution, there are only 8 links thgh moments in which the
system can adapt to external action remains. Bls wx X, wherewy is a
influence matrix of independent residual forcestoeX 0 R® on the vectoB,".
Single residual moment diagrams from the componeintssidual forces of unit
vector X = (1,... , 1)0 R®in the basic system are shown in Fig.7.

Then the nonlinear optimization problem was solasda sequence of linear
programming ones. For the first iteration the safactor for loady = 1,175
was obtained for the vector of independent residoates X = (-226.48,
-136.55, 134.97, 0, -324.08, -228.17, 48.41, 331.8feraction between the
moment capacity and the axial force was taken aaoount for the second
iteration and the safety factor for lopd= 1,173 was obtained for the vector of
independent residual forces= (-217.81, -157, 92.72, 0, -315.27, -248.5, 43.7,
310.7). Envelope elastic moments diagram consideha safety factor for load
is shown in Fig.8 and the envelope moments diagramsidering limited plastic
redistribution of internal forces is exposed in.Fg
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Fig. 10. Envelope moments diagram after limited{itaredistribution of forcekN-m

4. CONCLUSIONS

The paper presents a mathematical model of optimoizaproblem for
shakedownanalysis of the composite plane frames under losliecyoading.
For such structures in addition to plastic, thde® appears a brittle failure of
the elements against lateral forces. Existing sfiedl methods cannot account
for the joint work of the steel section and conergtouting under shear. Due to
the possibility of limited plastic redistributionf dorces in the structure the
proposed analysis can recognize additional reseinmearing capacity for this
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composite frames, at the same time taking into wucthe brittle and ductile
elements. Identification of load bearing capacégarve is especially important
in the structures design for special actions.
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PRZYSTOSOWANIE RAM ZESPOLONYCH Z UWZGEDNIENIEM
PLASTYCZNEGO | KRUCHEGO ZNISZCZENIA ELEMENTOW

Streszczenie

W pracy przedstawiono model matematyczny optymgfizanosnosci granicznej
i przystosowania pfaskich ram zespolonych staloemowych, zawieragych
sprezysto-plastyczne i kruche elementy. Petgj ze obcizenie zmienia siw dowolny
sposdb w okrdonym obszarze. W takich konstrukcjach po abeniu niskocyklowym
wystepuje ograniczone plastyczne wyréwnanie sit wewamych. Podano przykiad
analizy przystosowania ramy zespolone;j.

Stowa kluczowe: ramy zespolone, elementssto-plastyczne | kruche, olgenia
zmienne
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