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Abstract

A time integratuion algorithms is the key element of the hybiid test or the finite
element aalysis. But the stability and accuracy of the integratuion algorithms should
be considered. The energy approach can be used to judge the stability of a time
integration used in the linear or nolinear analysis. So the stepwise integration
algorithms pefornnig the equations of motion based on energy approach are
unconditionally stable for linear or nolinear structures. Therefore, the
energyconserving integration methold becomes more and more popular. However,
the energyconserving integration methods aretjapplied in the field of space flight.
although the application in the field of civil engineering is rare. The application of the
energyconserving integration methods in the large span space structure is studied in
this dissertation, and the main worldamesults are as follows:

1. The energyconserving time integration method and the average acceleration
method are studied. The stability of these two integration methods are studied
with the energy of the system. The theoretical analyses shows that
energyconserving time integration method is unconditionally stable, and the
average acceleration method is conditionally stable because of its increment in
energy.

2. In order to apply the energyonserving time integration method to the field of
civil engineering, iis method is added to the OpenSees software platform as a
subprogram, and a simple pendulum numerical example is used to prove the
correctness and the effectiveness of this program. The eocenggrving time
integration methodhe average acceleratiomethod and the TRBDF2 method are
studied in this example. The energy approach is used to prove that the
energyconserving time integration method with no increment in energy is
unconditionally stable; the average acceleration method with some increment in
energy is conditionally stable and the TRBDF2 method with negative increment in
energy is unconditionally stable.

3. In order to study the application of the eneogyserving time integration method
in thelarge span space structure, some analysis in time ptass structurehree
dimensional truss structure and the roof of a gas station show that the subprogram



added to th@penSees software platform can be used to do dynamic analysis in
both two dimensional and three dimensional truss structure. gEloenédric
nonlinearity and material nonlinearity in structure is studied to research how
nonlinearity influence the numerical stability of an integration method. The
results show thathe average acceleration method turn to be conditionally stable
when geometic nonlinearity is considered, and a smaller time step is needed to
make it stable With the integration step increasinghe error of theaverage
acceleration method becomes biggerhile the material nonlinearity getting
increasing, the error becomes skmalThe same phenomenon can be seen while
the elastic buckling force is getting lowek.stability condition is proposed and
proved to be effectiveRelativelythe energyconserving time integration method

is unconditionally stable.

Keywords: energyconserving time integration methiodiverage acceleration method

energy approach numerical stability OpenSe€s large span space
structuré geometric nonlinearity material nonlinearity
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DirectintegrdionAnalysis::analyze(int numSeps, double T) {
1. Domain *the_Domain =zhis->geDomainRr();
for (int i=0; i<numSeps; i++)
{
2.the_Domair>hasDomainChangedy)
3. thelntegraor->newSep(dr);
4. theAlgorithm->solveCurrettep();
5. thelrtegraor->commiy();

}
}
3-2 DirectintegrdionAnalysis T3
3 Y Ku® £ vy

solveCurretStep A

| . K" MFPT Y3
DU ¢ T 3y T - 10)% ey Uupa U,
O.0 3 m wm " i R - =
s 10)% 3 A

thelntegraor->formUnbalance();
Do
{
thelntegraor->formTangen();
theSOE>solve();
thelntegraor->updde();
thelntegraor->formUnbalance();
theTed->ted();
this->record();

3-3 solveCurrettep
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e’y * ModelBuildef & 1 1 & 5 @ TrussforEnergy.cpp
I " Analysis e g EnergyConserving.cpp/u- h
A y 3 I 3 -
A 1 A
ModelBuilder Domain Anaysis
[ TrussForEnergy | Recoder ‘ EnergyCc;nserving |
X newStep
Setbomain - formEleTangent
Update
. formNodTangent
getTangent Stiff d inChanaed
etResistingForce omainChang
9 b Update
FoE
3'4 T ﬂ
3.3.2.1TrussforEnergy.cpp
1 TrussforEnergy.cpp ~ ¥ A3 " 36 e
T 1 a FFee vy JUh 3~ 34Y yv 1 ‘

1. TrussForEnergy::$Bomain(Domain theDomain)

if(numDIM == 2) {
deltad[0] = end2Crd(Gend1Crd(0);
deftad[1] = end2Crd(tend1Crd(1);
Lo =sqt(deltad[0]*deltad[0] + detad[1]*deltad[1]) ;
double EA = AtheMderial>getTangen();
EA /= Lo;
No = EA*(sqit(detad[0]*dekad[0] + detad[1]*delkad[1} Lo);

}
3-5 séDomain I3
3 y o) v 7 Y 1 B A
Sy T al] afF a A
2. TrussForEnergy::updea(void)
Updae TrussForEnergy 3 e Ya = 3 #
- & a “ Aty ) T 9Ys 13
£ UY, 1oys 3 & Uy 3 J sdDomaineé
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3. TrussForEnergy::g&angenStiff(void)

" 3167

Ae

for (i=0; i < numDIM; i++){
for (j = 0; j < numDIM; j++){
temp = EA*bea*em(i]*ep[j];
kt(i,j) = temp;
kt(i+numDOF2,j)=-temp;
kt(i,j+numDOF2)=-temp;
kt(i+numDOF2,j+numDOF2)temp;

}
for (i=0; i < numDIM; i++) {
for (j = 0; j < numDIM; j++){

temp = Nm*em[i]*(em[j}bea*eplj])/Lm;

kt(i,j) += temp;

kt(i+numDOF2,j) +=temp;
kt(i,j+numDOF2) +=temp;
kt(i+numDOF2,j+numDOF2) +temp;

}
for (i=0; i < numDIM; i++) {
for (j = 0; j < numDIM; j++){

temp = Nm*fm[i]*fm[j]/Lm;

kt(i,j) += temp;

kt(i+numDOF2,j) +=temp;
kt(i,j+numDOF2) +=temp;
kt(i+numDOF2,j+numDOF2) +temp;

}
}
3-6 gdTangenStiff T3
geTangenStiff y n @ T
e KeA b ~ 4 b T 77 .
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4. TrussForEnergy::.dMass(void)
double M = 0.5*rho*Lo;
int numDOF2 = numDOF/2;
for (inti = 0; i < nuMDIM; i++) {
Mass(i,i) = M;
Mass(i+numDOF2,i+numDOF2) = M;
}
3-7 gdMass 3
OpenSees ~ i i v o d
A a omn a F - 1 er 1
y e 1 vy’ v A0 M.A
5. TrussForEnergy::addLoad(ElentalLoad *thelLoad, double loadFar)
Ty a Fe 19 g5 FPRE+ B n vy
y o 19 o4 JU ) F oV e "1y
3 eF OpenSees™  a io FA
6. TrussForEnergy::dResisingForce()
for (inti=0; i <numDIM; i++) {
temp = Nm * em([i];
(*theVedor)(i) = -temp;
(*theVedor)(i+numDOF2) stemp;
}
(*theVedor) -= *thelLoad;
3-8 geResigingForce 3
getResigingForce V) TrussForEnergy::upda e f a F Nm
A N A F C) I a -

Pt+ D FeUY, U )A

- 29



7. TrussForEnergy::dResigingForcelncinetia()

for (inti=0; i < numDIM; i++) {
(*theVedor)(i) += M*(accell(i)+Taccell(i))/2;
(*theVedor)(i+numDOF2) += M*(accel2(i)Faccel2(i))/2;

}
3-9 gdResigingForcelncindia f 3
v 1 y e L oa Fe F
f T 43 o e h P TV i h~
A F- A Y a F 3Ag5 9 F- f
P D FUDD) Fr(UY, U2 )A
JL3b © T a FP =R 4R
e PA y I a FP JdJuU  OpenSees 3 Y a
J A
3.3.2.2EnergyConserving.cpp
I EnergyConserving.cgp ¢ 0V t+Dt >
F~ ¥ Jutoh 1 A

1. EnergyConserving::new&p(double de&T)

Udat->addVecor(0, *Utdat, -1.0);
Udatdat ->addVedor(0,*Utdotdat,-1.0);
Udatdot ->addVedtor(1,*Utdat,-2.0*c2);
theModel-> sdVel(*Udot);
theModel-> s¢Accel(*Udatdat);

3-10 new3ep T 3
OpenSees | “ Ya | ) k'y
1 U Uyp Uyp Y 0 UDp=U7 T U
U A f YT 3y (U,U,0)-
NIVAVIRN <Y
Upa= Y,
. 4 . . S 328
U, = -EUH U,



2. EnergyConserving::formElangen(FE_Elemen*theEle)

theEle>zerdrangen();
theEle>addKiToTang(cl);
theEle>addMoTang(c3);

3-11 formElérangen T3
49 Kud $e . K

3

P R . — 4
L Ke:Ae‘(NILizelelK"'e) f Ke:%t?

DXD~
o

ml

3. EnergyConserving::formNddngen(DOF_Group theDof)

theDof>zerarangeny();
theDof>addMoTang(c3);

3-12 formNodrangen T3
Y . KL=AM | i)A

4. EnergyConserving::domainChanged()

AnalysisModel *myModel sthis->getAnalysisModel();
LinearSOE theLinSOE =this->getLinearSOE();
cong Vedor &x = theLinSOE>gaX();

3-13 domainChanged T3
m ) I oo 3 ) m
OKDUY P 3 x= DY 2 d[A

5. EnergyConserving::upt&(cons Vector &deltal)

(*U) += 2.0*dettaU;

Udat->addVetor(1.0, defaU, 2.0*c2);
Udatdot->addVedor(1.0, detaU, 2.0*c3);
theModel>sdResponse(*U,*Udfp*Udotdat);

3-14 updae I3
X Ny Jjvc) Y3 DU oy

n
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