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NOMENCLATURE

excitation amplitude
post-yield stiffness
energy of dissipation

a function of random variables
" permanent set

stiffness in the elastic range
system mass

© maxwmun displacement, zmax

restoring force
time’

‘the time the system reaches its maximum displacament, 2z

s
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the time the system first reaches its yield displacement, uq

yield displacement

response displacement .
maximum displacement response, R
excitation decay rate

damping ratio

mean

random variable

correlation cdefficient»
standard deviation

random variable

hatural frequency (smali displacement)

damped frequency (small.displacgment)

post-yield frequency (= /A77m)
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1. 0~QjNTRGDUCTI0N

An above ground explosion generates a shock wave in air, or a1rb1ast,
and is accompanied by some duration of strong wind. Especially, the air-
blast from a nuclear detonation can cause extremely high air pressures and
has‘a relatively long period of duration. When structures under design may
be subjected to this sort of loading condition, it is necessary to analyze
the behaviors of the stuctures when subjected to this kind of input to
determine whether the structures can survive or not. —3 p. /473

" When an airblast produces a high air pressure and has a long pericd of
duration, it wili cause many structures to have an extireme response,  If
the structure can execute a response that has plastic defornat1on, the
designer must have some technique to analyze inelastic response in ‘the
design process. The designer needs the capability to predict such measures
of structural recponse as the plastic deformation and maximum displacement.

When a structure executes an extreme responée, it may behave.inelas-
‘tically, and during the response, offsets from the initial elastic cenfigu~
ration may occur. Hhen these offsets are large, residual deformation in
" the structure may exist at the completion of structural motion, and the
magnitudes of whese residual deformations may be important. When they are .
important, it is desirable to include the potential for these residual
deformations in the mathematical model of the structure so that they may be
predicted in the structural analysis, The models used in References [1],
{21, [3] do account for some features of inelastic response, but do not .
permit permanent offset (residuai,deformatipn). The model used in the
current 1nvest1gat10n'does account for permanent offset.

The properties of auclear and high explosive airblasts are randen, .
The reason is that thé material and geometric properties of bDlast sources
are random. In view of this, an airdblast measurement {s never rebeat&d-
even when nominally “ent1ca1 blast sources are used. An airblast signal
.usually consists of a rapidly increasing pressure follcwed by a gradual
decay. Two properties of the pressure wave are of great concern. The
first is the amplitdde of the airblaset; the second {s the decay rate, The
first progerty describes the hignest air pressure the afrblast producas




throughout the time history. In general, the rise time is so brief thas
the peak amplitude is assumed to occur at the beginning of explosion. The
second property deals with ths rate at which the airblast dies ocut. In
this report, these two properties are consider#d random.

In most applications the structure itself should also be considered
random. The material properties of the structure determine the elastic
stiffness, yield stiifness, yield d1sp1acement, etc. Conseouently, the
natural frequency is affected strongly by the’matqrial properties. When
the material of the structure i§ considered to be random, then the proper-
ties of the structure must also be considered as random. In this report,
the material properties considered as random are natural frequency, yield
stiffness, yield displacement and damping ratio. These four propgéties are
considered random because they affect the response significantly.

The previous discussion points ou#vthat both the excitation and struc-
tural system can be fegarded as random; in this study both sources of
randomness are considered. The respoh:e of the system, therefore, can De
regarded as a response random process, and there is a relétionship that
| _characterizas the response in tarms of the excitaion and systam random

variables. ‘ |

These random variables include input random variables which are peak
amplitude of air pressure and decay rate, and system random variables
which are natural frequency, yield stiffness, yield displacement, and damp-
ing ratio. It fs desirable to develop a method o establish the relation-
ship among,tne 1uput cnaracteristics,vthe system chara.ter1st1cs, and the
respdnse charactaristics. The response randon process is then character-
fzed in terms of the relat1onsh1b.

Many measures of structural response -concern :he Cesigner. Some.
measures of specfal importance are plastic deformation, maximum dispiace-
ment response, and energy dissipatad by the system spring, or by the
damper, The plastic deformation, which {is the offset from the static
configuration, must be qantrolled in structures, The maximum displacement
response must be jess than the design value; Tﬁe efiergy dissipatad must H-
1ess than an allowable value since 1t 1s relate d tn the fatigue and failur-
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~of a structure. "When the probabi]iﬁtic character of the input excitaion
and system random variables'are known, and when the relationship between
measuras of response and the input and system variables has been estab-
lished, then it is possible to specify the response random process.

Certain probabilistic measures of structura’ response are ocbtained. Spe-
cifically, the mean and variance of permanent offset, peak response, and
energy dissipted in an inelastic structure are obtined. The results can be
used to determine whether design criteria are satisfied.

In past investigations, saveral mathematical models have been used
with structural identification procedures to study structural behavion.
Lutes and Hseih [1] used linear, taird and fourth order equations to
approximataly simulate the response of an SDF hystaretic system. 'fhey
found that the spectral density, or the autocorrelation functon of the
linear and hysteretic systems can be matched. Toussi and Yao [2] used the
response of a ten-story reinforced concrete test structure as a means %o
study the feasibility and practicallity of a hysteresis identification
"technique. They considered the hysteresis to be a measure of damage. Yao,
Touséi and Sozen presented the state-of-the art on damage assessment of
existing structures in Reference [3]. Morrison and Paez (4] proposed a
_procedure for predicting the probability of su}vival of ifnelastic struc-
tures excited by blast. In this study ;ne'faiiure criterion was related to
peak strain in the structural repsonse, A method for establishing the
probabilistic character of nonlinear structural rensonse was deve]oped
. Rohani (5] presented a probabilistic solution of one-dimensional wave
propagaticn phenomenon in earth media by using a deterministic model,
3ennett and Paez‘Lol provided a means for relating uncertainties of input
parameters to the uncertainty in respoase in a reinforced cancreta sleb
The method used in tne last three references is adopted in- this 1nvestiga-
t1on to characterize nonlinear measures of inelastic structure response.

The ObJQCu1VQ$ of this 1nvest1g4t1on are, f1rse, to develop a model o
define the permanent offset in an inelastic SufUCone. Next, we develop
the relatioaship among 1nput characteristic, syseem characteristic and
response characteristic through whicn the responee random process is
-established. Based on tn1s'resnonse randem process, ind given the mcments




of input and system variables, the respcnse characteristics are computed.
This prbvidés a means to analyze the structural response when the structure
is subjected to blast type Ioad1ng and ocoth the input and the system are
considered random.

"~ The structure considered here is a single-degree-of-freedom (SDF)
bilinear hysteretic system wnich possesses an elastic stiffress and yieid
siiffness. The natural frequercy and yield natural frequency are therefore
defined._iThe hysteresis loop of a spring, strongly influences the energy
~ dissipated in a structure; this will be discussed in detail. The airblast
input is modeled by a decaying exponen:ial function. The value of peak air
- pressure and decay rate of the input are obtained frcm che Air Force Design
Manual [7].




2.0 THE ANALYSIS OF MAXIMUM RE-PONSE , ,

The maximum response of 2 structure wnen subjected tc blast type load
can be predicted through basic structure response analysis. Intuitively,
the maximum response must relate to the input parameters, which are peak
air pressures and decay rate, and system parameters, which ére_hatural
frequency, damping ratio, etc.'lAll thesa propertiesvafféct the response.
Specificaliy, we can establish a mathematicalifunction which governs the
maximum ~eponse. The response raadcm procéss can be simply expressed.
Given the statistical mnoments of the input and system pafameters, the
statistical moments of the responses can be cemputed. The response |
ronsidered here can be inelastic. '

It is assumed that the systam under consideraticn has sign%ficant
aifastic and yield stiffness so that the bilineur hysteretic system can be
used as the structural model. The affset function for blast type input
wil?! benave as in Figure 2-1. ' |

Again consider an SDF, bilinear hysterestic system, with small damping
ratio, z, system mass, m, elastic stiffness, k. The equation of motion is
given by |

ieuzeaa(z) =AY tr0 . (2-1)

Assume that the system starts from rest, 2(0) = 0 and 2'(0) = d. Lef ty
denote the time the system first reaches its yield displacement, u7.

Within time t < t7, the. system remains linear, SQ:that Equation (2-1)
‘'can be written as . , ‘

.Z. r 2z wyZ * Iwgz a Ae-st ; for t < t7 R , ('2-2) .
2acause the system ramains linear during the initial portien of

rasponse, the above eguation can be solved immediataly Dy using convoluticn
integral '

.Z(t)'-'gb le) x (¢ = ¢) de N G "; (2-3)
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Figure 2-1. The Offsat Function in Time Domain.
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where h(t)'is the linéar system impulse response function and x(t) is the
input forcing function. The impulse response function is

-:mnt

R t) | (2-4)

Yl - gz_and.f(t) = peTot, Carry out the integral; then

where oy 2 W,
2(t) = . 5 e - Zay) sm(mdt) - mdccswdt)] + gy
L“'-:x (a = zop)” + ﬂl
frogtgt, - o (2+8)

At time t's t7, the dispJacement"response should be equal to u7.

2(t) . {""tu v“( )
PO a - sin
md[(a-;.n) +m§] | Suy ud7
’Gt7 . )
- uy cos(mat7) +_“de } (2-6)

The time t7 at wnich yielding first occurs must be determined by

‘solving the above equation for ty. Since g and t7 are both small,

‘e'C"‘nt7 * 1. Simplify the notation by letting a - cu, = p; wy[p? + ud]
* X3 A/xlys Xy s Rewrite Equation (2-6) using the above notation.

e ‘ - L34 R .

The value of o is about from 0.5 - 6.0. This is usually much smaller

‘than the value of wps hence,

p . Siﬂ(mdt7)<< .wdCOS‘(mdt7)

and the quanti:onn'the left is neglig1b1e.
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Using Taylor's expansion to express e 7 and cosf(udt7) and' neglect-

ing the high'order term, ty can finally be evaluated

ty 21 (B +yfF + 40 where 8 = 2o/(sf + o), C = 2u;)/A. (2-8)

After solving-for t7, the velocity at t = t7 can be computed immedi-

ately. Let 2(t7) = 27.

To this point, the only assumption used in determining the time of
first yield and the velocity at that time is that the system viscous
damping factor is relatively small. No assumptions regarding the input
level or yield level have been used. '

Next, we consider the phase of the response when yie]ding starts to
occur. Let tpax be the time the response reaches its maximum —
displacement value. Ouring the time interval (ty, tmax) the system has
antered the plastic region and permanent offset starts to occur. If we let
‘A7 denote the yield stiffness, then for time tmax < t7, the restoring
force function can be written as (refer to Fig. 2-2):

or e ) _ o . _
2+ 2qun + ufz = 67 - (a2 -y t >tot  (2-10)

i 2 . §
where uy * A7/m
The solution for 2z{t) can Se axpressed

~Zunt

z(t) = e (clcos(aa:) + ¢y sin Ldt) + 2, ,}ty gttt (2-11)

where ;d ;1JZky/m) - (:mn)z
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zp ql + a4, e
. : 2

9 [(ky/m - w, ] 2, m/ky

q, * A/[a2 - chna. + (k/m)]

By using 9 and 9, in Equation 2-11, the constants_cl and Cz can be

solved by using as initial condition, z(t;) = u; and z{t;) = z which were
obtained in the previous discussion. '

Since the displacement response has been determined in Egquat ion
(2-11), the maximum value can be obtained by maximizing Equation (2-11).

The maximum occurs when
2 (tmax) =0 . (2-12) -

The tmayx can Ee obtained from Equation (2-12). The corresponding zgpay
then can be evaluated by using tmax in Equation (2-11).
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3.0 PROBABILISTIC ANALYSIS OF RESPCNSE
In the prev1ous section, the relationship among the maximum reSponse

and input parameters and system parameters was established. The response

random process is then characterized in terms of the established relation-
ship. . In many cases, the established function may be complicated. In
order to analyze some measures of the response, a method using Tay10r‘s_
expansion is available and has been widely used. A brief discussion of

~that method is presented here.

Let R denote a randcm variable that is a measure of the strqctﬂral
response random process. [t is assumed that R is a function of n random

* variables. These n random variables are the parametérs'of the input and

the structural systam. Let the functional relation be denoted
R=g(y1s yaseeuennooyy) | (3.1

The Ty isl...n are the random variable with mean values By, i=1,...n.
‘ . i
The function g can be expanded in a Taylor series about thg seans of the

. parameters:

' n : .
= ' seace - ‘32 -
R g(un, uYZ’ u,,n) + % (Y{' uy ) 371 {u} * teee (3 2)
where {u ] is the vector of mean values of the Yq-

Yi

The moments of R can be evaluated by using some portion of the series
in Equation (3-2). For example the series can be truncated follow1ng the
linear terms. when this is done, the mean of R is

12" T,

E[R] = glu, S (3-3)
1 : ‘ -

1
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This mathematical expression shows that the mean value of the depen-
dent random variable, R, is closely related to the mean values of the

underlying random variables, u and the function expression g(uY R uYZ...
, : i 1
n )e . |

. The variance of R can be computed as:
var{R] = E[R?] - E[R]?

L 3
12;1(7,1 qui)-aj;i }
i
- [n n . 30
" EJ; X (r’ B )3*1

n .
.'1‘::1 z=:1°‘5°1°1 3‘1|‘u o

.

(- oyoa) L sf'é]z
r5 = Uy 3y ) El
{u } . 1 {qu |

vy {“»92

The a; and o represent the standard deviations of 5 and yj and Pij here
represents the coefficient of correlation between £ and yj

The analysiéltechnique outlined above can be used in a wide variety of
cases; éspeciai]y, it is useful in the characteristics of the response of a
nonlinear system. 'hen the moments of he undeb]ying randem variables are
xnown (means;'variances, and covariances), then it is easy to'apply But
there are some casas where tne randem variable R depends on some unde'lying
, random variables whose charactaristics are unknown, a priori, as well as
random variables whose characteristics are‘known. For example, we may be
interested in establishing the moments of energy dissipated during
inelastical response. This quantity can be expressed as a function of

12




. - . f .
P mnm e a e W G WS AR R WP EAR W ARSI Y 4 % u.—\«nm-mmﬂfﬂ’vﬂ:! -t TR LY ETE N U DT TR S W WS W Wy Y Y

input parameters, system paraneters and the peak response. The moments of

_ _ the input ard system parameters are probably knbwn, a priori, but the

l,i . moments of peak response certainly are not. To account for this, the first
phase of an investigation can be aimed at analyzing peak response and its
statistical relation to the input and systeﬁ parameters. After this is
done, the energy dissipated can be analyzed using the general approach

i outlined above. In general, any sequence of analyses like this one can be

' executed. At each step, a new randan variable characterizing the response

. ~can bhe introduced.

. . -Fgr example, the analysis referred to above can bélacccmplished in the
~ following way. Let R be a function of n random variables, g i=1,2,...m,
‘mtl,m+2,....n. The moments and cross moments of the gzi, ial,Z,...;ﬁ, are
known, a priori, and the moments and cross moments of the gi,it=m+l,....n,
; are not known. ' However, the moments ' of the g8ij,i=m*l,....n, can be deter-
mined from the gj,i=sl,....m. Let 8j,i=m+l,....n be expressed as
follows: ' R '

'i . | 8y.® “1(51'32""'5m)' ] i=m+l,...n - , - (3-5)

“The Taylor expansion for the above expression can be written as in tqua-
: tion (3-2). The series can be truncated at scme point and the result can
i be used to approximate the mcments and cross mcments for all the
31,1 1,...n. For example, when the series are truncated following the.
1inear term, the covariancn betwesn two of the 84 ‘s, one from the group |

i=1l,...m, and the other frcm the group, 1-m+l,...n, can be expressed as

'COV(spsq)

e {( o) ﬁl}lguég--%

ah

R J}:1 {.ts - ) "sj'}rj
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.‘;aqus 63-_8'3- . for 1<p<m, a1 <qgsn, r<m
3= RS BRI
J

—
—

(3-6)

The covariarce between two of the si's, for which i=m#l,....n, can
be expressed as '

cov [Bpsq]'
r. sh
2 £ \h ‘ seve + - ‘—'P‘ + .-..“ .
%.p(“al “sr) & (BJ “sj) 38 | €
N By
S ahs c c
h go o + p - —— soe - h h
q("sl uas) 12;1 (Bi u51) Bi i ) ( ] C ]
| . 1 B4 |
- T ah ahs
:E i:l‘/p%j s, %8 ’532' LI ,form-i-lf_p, g{n, r,s<m
= 1= j j lus f i ‘“B’! .
j U

(3-7)

The means and variances of the gj, .i=m+l,....n are obtained in the
sane way as‘Equations (3-3) and (3-4). Given these mcments and cross
moments, the mean and variance of R can be obtained using Equation (3-3)
and (3-4), as they are written,

The response random process can be accurately characterized us1ng

.three measures: the permanent offset, the max imum’ response, and the energy

dfssiéateq. Using the techniques described above, the means and variances
of each randcm variaole can be computed., The following section will
presant mare detail about those randcm variables.

3.1 The Maximum Response Random Prccess

From Section 2.0, the max imum displacement response is governed by §
random parame'.ers and can be represented as:

R = 9(7'1’ -72“'75)

e
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where R = makimum displacement response
v * input peak air pressures (A), i decay rate {q)

i naturaj frequency (mn} , 14 =JA7/m
5 * yield displacament Uzs Yg = damping ratio (z)

Using Equations' (3-3), (3-4), the mean and variance of R can then be
computed. ‘

3.2 Tha Permanent Offset Random Process :
The relation between permanent offset, H, and maximum displacement, RP
is:

A, | o o
H = (R - U7)(1 'r) ' : ' (3-8)
So we can let
Ha= h(Bl,bszy 833 84)

where 8y -'mn, 8y * u&. By ® Uy 84 ® R. Then the mear and variance
of H can be computed using the technique as stated above.

3.3 The Energy Dissipated Random Process
_ ~ The energy dissinated by a bilinear hysteretic system includes two
parts. The first part is the energy dissipated by the spring. The second
part is. the energy dissipated by the damper. The system will reach its
maximum offset within the first cycle. Then the energy is dissipated by
the spring only during this time, Aftar'the‘systen'reaches its maximum
offset, then the system remains linedr in a new equilibrium configuration,
memuyis&mdhﬂmud”tmdmmrmw.TMemmyMsmawby
a linear system is related to the damper only and has already béen studied
(Reference 8). In .this re.ort, only energy dissipated by the spring is
considered. - - o |

Refer to Figure (2-2). The energy dissipated by the spring can be
~ computed as: ' B S




E =5 ek wBe 5 (2, - ugdAytk euglz, - ug) - % 2, - 12
' (3-9)
therefore Ed 2 m(%-mgug +~% “i(zmax - u7)2 + m§u7(zmax - u7)
"%[(?max - “7)“5/“n * "7"’:\]z
In ather words, the energy dissipated can be expressed as:
Ey = s(n1s n2s n3s M), ‘ | (3-10)

where we denote n, = Wy Mg ® wys N Uy e ® Zpage Again using

Equation (3-3), (3-4), and (3-6), the mean and variance of energy
dissipated can be computed. '

6




4.0 NUMERICAL EXAMPLE"

In Section 2.0 an approach for computing the maximum displacement for
a bilinear hysteretic system subjected to blast type load was developed.
In Section 3.0 an approach for the probabilistic analysis of the response
was developed. A computer program, called VARE.F {s used in this section
to calculate the means and variances of the response, which includes
maximum displacement, permanent offset and energy dissipated by the sprin.

In Section 3.7 the technique used to evaluate the varfance of a
resppnse random variable, which depends on n underlying randem variables
and whose statistical moments are known, refers to the partial derivativés
with respect to the underlying random variables. In order t» calculate the
~ partial derivatives with respect to the underlying variables, an’ ‘
approximated method is used here, 1let R be a random variable which depends
on n underlying variables vi, i=l,....n (for example, maximum
displacement which is expressed in Equation 3-1.). Then

R = gly1, Y250007,) | A SR C 5 ¥

and the partial derivative of R with respoect to y{ can be approximated

ai - g(Ylg Yz .O.Y-’ +AY{ odan)-g (Yl’ Yz oouYf " A71 [N ] Yn)

(4-2)

This approximation can be computed even though g(Yl'YZ’ cee Yn) may
not te a function thet can be written explicitly. Nriting 9(71’72 ...Yn)
here implies that a compu.er program can be run using the yi. {=1,...n, as

inputs t obtain a result . The program can be run twice to obtain the
abpve'approxinat‘on. using aoove approximation in the program VARE.F tne '
tirst order partial derivative with respect to any gi{ven underlying random
variable can be calculated.’ The maximum displacament, permanent offset and
energy dissipatad are considered in the foliowing section, |

4.1 The Maximum Displacement
It is mentioned in Section 3.1 that the maximum displacement is
" relsted % six random’ peramesers., The functional. expression is

17




R = Q(Ylo Y22 Y35 Yus Yus Y5 Ys)‘
where R is maximum displacement, Yy = inputAﬁeAK air-pressure
v, * decay rate of input force, vy = natural frequency, uwn
v, = YA5/m ’ -  ys = damping ratio, |
v = yield displacement, u; L

The means and standard deviations of the abové six randan'variables
are given in Table 4.1. '

Table 4.1 -
The Means and Standard Deviation of Yy, i=1,6
yii Mean Value, u*i Standard Ueviatidn, a;{
sl 0.121428e+04 T
i=2 0.120000e+01 1 By,
i23 0.358568e+02 .1 By
f=4  0.113389e+02 .l B
i=§ 0.119523e-01 .2 By
126 0.100000e+01 - , 2y

The covariancas between random variable pairs in yy, 1sl,6 are given
in Table 4.2. |

18




Table 4.2
The Covariances Matrix
o018 | LcoL uup | . O 0. 0. 0.
0 2 V '
{ 01 u%, 0. 0. 0. 0.
l 2 . '
g .01 ‘u 3 .001 u33P4 .001 u3 Ug .0001 u3 ug
[}
g {symmetric) .01 uzg 0. 0.
; 0 > ;
.04 u25
The aR/ay{, i=],6 are computed using Equation and the ccmputer
program VARE.F. The results are shown in Table 4.3.
TABLE 4.3
Partial Derivative of Peak Responsa
i aR/aYi
jal 0.57023e-02

122 -0.36344e+00
ia3  -0.17445e+00
is4  0.34095e-01
12§ -0.13495e+02
"6 = -0.42679e+01

Using fquation 3-3 and the cumputaer orogram YARE.F, the mean of maxie
7un displacement is computed.  The results is: ' |
 Z7R] = 2,65 (in) -

uSing Equation 3-4 and the computer program VARE.F, the variance of
maximum dispiacament s computed.. Each term in Equation 3-4 is listed in
Tabie 4.4, S

19
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Table 4.4.

The Terms in Varianca R
[47943+60 | -.302e-02 | 0. 0. | 0. | 0. |
.1902e-02 | 0. 0. | o. 0.
,3913e+00 | -.2418e-02 | .2017e-02 | .5339e-02
.1494e-02 0. 0.
(symmetric) ’ .1041e-02 0. .
.7268e+00 |

The variance of maximum displacement is the sum of every term as shown in

-Table 4.4.

The rasult is

var{R] = 1.617 (in%) |
Table 4.4 shows that only the variance of input peak air pressure,
natural frequency and yield displacement have significant effect on the

variance of maximum displacement.

negligible.

4,2 The Pesrmanent (Off¥sat .

The rest of the terms are almost

| In Secticn 3.2, the permanent offsat is axpressed using Equatfon 3-8.
Let H represent the permanent offset; then ,

B 2 h(3y, 32, 83..34)

Mere H = permanent cffsat,

3, * natura] frequency, o

35 = yleld displacement, u,

44 * maximum displacement, R

The means and standard deviations of 3, is1,4 are given in

Table 4.5.




...........

........

Table 4.5 :
The Means and Standard Deviations of gi, i=1,4

. Mean y Standard Deviation o,
. : , 2 B By
. i .
4=l 0.358569e+02 g,
i=2 0.113389e+02 1 8g,
i=3  0.100000e+01 2 ug,

j=4 0.265600e+01 12717

Again using Equation 3-3 and the computer program VARE.F, the mean .
value of H is evaluated and the result is S

E[H] = 1.4907 (in)

The first order derivati‘ves, of H with respect to gi,i=1,4 are ccmputed' ’

directly frcn Equation (3-8) and are shown in Table 4.6. o
Table 4.6
Partial Derivative of H '
i j=l i=2 . =3 i=4 .

,’aH/ 384 0.92387e-02 ~0.29215e-01 -0.90000e+00 0.90000e+00

The covariance between g, and gi,i=1,3 is computed using Equation
(3-6). The covariance between two gi,1s1,3 is a.knowm quantity. There-
fore, when the variance of perm'an'ent offset is expressed by the form of
Equation (3-4), in which g represents permanent offset at this stage, each
term in Equation (3-4) is ccmouted and is Hsted- in Table 4.7.

Table 4.7
The Terms in Variance H
; T
.0011 [.- .00011 | -.00006 @ - 7.0191
.0011 0 o .00302
| . - .0324 1393
(‘synmetri;) . 1.13100
21
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The variance of H is the sum of every term of Table 4.7; the result is
Var (H) = 1.5906 (in%)"

‘From Table 4.7, it is observed that the maximum displacement has great
influence on tre variance of permanent offset. The covariance between
. maximun displacement and yield displacement has less influence, and the
rest of the terms are almost negligible.

4.3 The Energy Dissipated

In Section 3.3, the energy dissipated in a bilinear hysteret1c system
is separated into twoAparts. The first part is energy dissipated in the
'épring and the second part is energy dissipated in the damper. Here, only
the enerqy dissipated by the spring is considered. Fran'Equation 3-9, the
energy dissipated by the spring can be exprassed as '

Ed ) (n1. n2, nas nu;)
where n, = @» N2 a /A7/m, n3 a Usy ng * R..

The means and variances of the ni, i=1,4 are the same as given in
Table 4.5. The first order derivatives of E with respect to ni, i=1,4
are obtained directly from the expression of E which is given in Equation
(3-10). The results are

Table 4.8 |

. _ The Derivatives of &4

i j=l . i=2 =3 | 14
a€d/ng .838372e+03 ‘- .887303e+02  .56733e+03  .944165e+04

The mean vaTue of E is computed by using .qﬁation (3-3) and computer
progr VARE.F and the reSuIt is E(Ed) = ,161578a+0S (1b=in). ‘%nhen using’
Equation (3-4) to ccmpute the variance of E4, the variable g in Equation
(3-4) represents Ed'at this stage. Each element in Equation 3-4 can be

obtained using the approach of Section 4-2. Tablg 4.9 lists each term of
Equation (3-4) ' :

0 l.




Table 4.9
The Terms in Yar{ance Ed

.903687e+07 -.302450e+05 .341400e+04 -.181982e+08
.101225e+05 0 .961467e+05

~,128976e+05 -.921978e+06

.144175¢+09

The variance of Ed is the sum of every element of Table 4.9. The
result is ‘

Var (E,) = 0.115133e+09 (1b% 1n?)

. From Table 4.9, it is observed that the maximum displacament has great
'v influence on the variance of Ed’ and the rest of the terms are almost

negligible.
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S.0 SUMMARY

The objectives of this study were, first, to develop a model that
characterizes the permanent offset of an SOF, bilinear hysteretic system
subjected to blast type load; and second, to probabilistically characterize
the features of tha inelastic structural response. In this report, the
response characteristics considered were: (1) maximum di splacement
respohse (2) permanent offset (3) energy dissipated by the inelastic

spring. The statistical properties characterizing these measures of
response are the mean and variance.

RN .

In Section 2, the maximum dispiacement response was computed. The
response random process was then established. Section 3 discussed the
techniq es of prodbabilistic analysis of a complicated function. Since the
response random process which was establ'l shed in Section 2 could not be
expressed in a closed form, the computer program VARE.F was developed to
compute the moments of c¢ritical measures of inelastic response.

Several numerical results were shown in Section 4; One of the impor=-
tant results showed that the maximumydisplacement response has great influ-
ence on the varfance of permanent offset and energy dissipated. The
results developed in this study are restricted to biast type inputs, and
bilinear hysteretic, SOF systems. '

T SCOAs: ~ tehlet
PSR Pe fe T e e e wte statata

The results developed in this repm"t can be used in the probabilistic

N "N oty I

design process., For example, the computer .program VARE.F may be used to
'detemine the mean and variance of some'cr'i tical response measures and the
designer qlay' determine {f the response satisfies cartain design criteria.
Or, the response may be restricted to some extreme level, then the system

o parameters may be determined by using computer program YARE.F with a trial

. - and error method. Also we can predict the mean and var‘lance of the

, | 'response in an assessment of an existing b.xﬂdiqg..

: _! . ‘Future study might apply the present tachniques to multi-ceqree-of-

freedom systems, Or response models that characterize response to other
‘than blast {nputs might be sought,

24
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APPENDIX

COMPUTER PROGRAM VARE.F
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c**************************************************************

this program compute the var (ED] and E [ED]

' Equation of motion : '
m7 y" + ¢7 y' + k7 ( y=O0 ) = fm exp(-alpha t )

or
y" + 2 zita wn y' + wn**2 (.y-O )=A exp (-alpha t)
where : :
g is z-max =G (batal,bata2,.....,bataé)
- batal=aA, and xmu(l)=E [batal]
bataZ2=alpha, and xmu(2)=E [bata2]
bata3=wn, and xmu(3)=E [bata3] ,
bata4=wnl, and xmu(4)=E [bata4] '
bataS=zita, and xmu(5)=E (bata$5]
bataé=v7, and xmu(6)=E [bata6]
and :

xrho(i,j) are coefficient of correlation between bata(i)
xsigma(i) are corresponding STANDARD DEVIATION

xvar (i,j) are viriance matrix

pgwb(i) =& G /d bata(i)

offset is the max offset of the response,ie:
offset=H(gammal, gamma2, gamma3d,6 gamma4)

gammal=G and zmul=E (gammal]
gamma2=wyl and zmu2=E [gamma2l]
gamma3=wn and zmu3=E [gamma3]
gamma4=v7 and zmu4=E [gamma4]

and zrho(i,j) zsigma(i), zvar(i, j).ph(i) represent the same
characteristic as in xmu :

In energy dissipation part ,
. smu(i) are related to .he sprzng
therefore :
smu(l)-E[wn]
smu(2)=E{wyl]
smu(3)=E{v7]
smu(4)=E(zmax]
The svar(i,j),stho(i,3j),pes(i) are corresnondz g
variance matrix, coeff. c¢cf correlation, and first order
. derivitive w.r.p to those parameter.

dmu(i) are related to the damping
Therafore :

dnu(l)=a

dmu(2)=alpha

dmu(3)=wn

dmu(4)=zita

dmu(5)=thita
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c

c

dimension xmu(6),xsigma(8),xrho(6,6),xvar(6,6),pcwb(8)
dimension znu(4),zsigma(4),zrho(4,4),zvar(4,4),ph(4)
dimension smu(4),ssigma(4),srho(4,64),svar(4,4).pes(4)

dimension dmu(5),dsigma(S)

dim_asion ££(1024),0ffset(1024),tryl(1000),gql(1000),v(1024)

real 7, m7

define input parametar
£m=8500.
c7=6.
m7=7.
k7=9000.
a7=.1*k7
v7=1.
dt=0.01
nb=1024
a=fm/m7
alpha=1l.2
wn=(k7/m7)** 5§
wyl=(a7/m7)**.5
zita=c7/(2.*m7*wn)

do 80 i=1,nb

tx=(i-1)*dt -
f£(I)y=fm*exp(-alpha*tx) .
continue -

define the mément value of random parameter

xmu(l)=a
xmu(2)=alpha
xmu(3)=wn
xnmu({4)=wyl
Xxmu(5)=zita
xmu(8)=v7

zsigma(l)=.l*a .
xsigma(2)=0.1l*xmu(2)
xsigma(3)=0.1%*xmu(3)
Xsigma(4)=0.1l*xmu(4)
xsigma(5)=.2*zita
xsigma(6)=.2*%v7

xrho(l,2)=.1
xrho(3,4)=.1
xrho{3,5)=.1
xrho(3,6)=.01

do SO i=1,6

do 90 j=1,6

if (i.eq.3j) go to 91
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91
g0

naaoaaon

10

O00000

75

<
c
c ]

c
1001

1021

1010

xrno(j, 1)—xrho(*,3)
go to 90
xrho(i,j)=1.
continue

find the value of g which is the parameter to be identify
in offset

-call sbilin (FF,c7,m7,k7, a7 v7 dt,nb,v,offset, ened)
thcon=offset(nb)

write (6,10) ened, thcon

format ('Energy dissipated and offset from sbilin is ',
c @13.6,2x%,£9.5)

In order to prevent offset oscillatinq, check if the max offset
equal to perment offset , if not, it means tiat the forcinG
function , or the system *“sel ., does not practical.

offmax=0.

rbl=nb-1

do 75 i=1l,nbl

offmax=amaxl (o‘fmax offset(i))
continug '
if (offmax.eq.0.) go to 3000

if (offmax.ne.thcon) go to 3001

dentlfy the parameter gl and g2
' ¢1=1000.
gx=ql
p=thcon*2./3.1415926
diff= ,
cycle=1,

call search (offset,p,ql,nb,dt,epsiln) -
t"yl(l)-eosiln , :

ku=1

lcql(ku)-ql,

dqlage/(dif£%10.7)

gl=ql+dgl " :

call search (offset,p,ql,nb,dt,epsiln)
kju:ku¢1 ) .
geliku)=gl

tryl(ku)=epsiln

if (tryl(ku).lt.tryl(ku- 1)) go to 1021
if (ku.ge.3) go to 2000

gl=ql-dgl
g-=gl-dgl -
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:t,p,ql,nb,dt,epsiln)

'Y1(ku~1)) go to 2000

O TO 1001
i.6)

f**w****'ﬁ*ﬁ**************

rar{G} :

e e Je de J e e Jo de ¢ v e de e e

r****************************************

'2) .xmu(3'>,xmuw),xmu(S),mu(s),
s, thir)

Ii).xsiqma(i),i=1,6)

| = zmax is ', £16.9)
.8 :*,éx,'xsigma(il is ")

*£,k7,a7,d¢, nb, pmox, pq)

3(1),i=1,8)
1ita is ;')

ksigma(iqq)

'xrho(ipp,iqq).eq.o.) go to 9%
.2 to 98

Y to 87

a0
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99
100

200

24
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pga=pgwb(icn)

ien=iqqg

pgb=pgwb(icn)

xvar(ipp, 1qa)‘pga*pgb*51gx*xrho(1pp,qu)
go to 1l0Q

icn=ipp

pga=pgwb(icn)

xvar(ipp,iqqg)= (pga)**Z*s;gx*xrho(lpp 1qq)
go to 100

xvar(ipp, iqg)=xvar(iqq, ipp)
go to 100

xvar(ipp,igqg)=0.
continue -

do 200 i=1,5

do 200 j=1,6

varx-varchvar( i,3)

continue

write (6,24)

write (6,25) ((xvar(i,j),j=1,6),i=1, 8)
write (6, 26) varx ‘
format (/'X-variance matrix : ')
format (5el6.6) ,

format (/' var [G] is ',62x,el13.6) .

compute E [offset]

off=(pmr-v7)*(l.=-a7/k7)

'***************a******ﬁ*******ﬁ*******w*********i************

COMPUTE VAR (offset]

ph(l)=dh/d(gammal)
ph(2)=dh/d{gammal)
ph(3)=dh/<(gammal)
ph{4)=dh/d(gamma4)

(A2 2422 AR a2 R 222222 X222 22 2222 222X XX Y]

ph(l)=1l.=(wyl/wn)»**2
pn(2)=(pmr-v7)*( -2. )*wyl/wn**"

G
[
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56

aaada

321
320

c
c i

400

41

ph(3)=(pmr-v7)*2 *wyl¥**2 /wn**3
ph(4)==1.%(1l.-{wyl/wn)**2)

zmu(l)=pmr
zmu(2)=wyl
zmu(3)=wn
zmu(4)=v7

zZsigma(l)=varx**. 5
zsigma(2)=xsigma(4)
zsigma(3)=xsigma(3)
zsigma(4)=xsigma(6)

write (6,55) »

write (6,56)(zmu(i),zsigma(i),i=1,4)
write (6,27) off

'format (/'E [offset] = ',b‘S 8)

format (' zmu(i) is :',6x,’'zsigma is :')
format (el3.5,3x,e14.6) :

define zrho(i,j)

zrho(2,3)=xrho(23,4)
zrho(3,4)=xrho(3,86)

do 320 i=1,4 :

do 320 j=1,4

if (i.eq.j) go to 321
zrho(j.,i)=zrho(1i, j)

go to 320

zrho(i, j)=1.

continue

¢ cobmpute cov(G wyll, cov{G wn], cov(G v7], E[C**2]

do 350 i=1,

if (i.eq.l) go to 351

call egr (xmu,xsigma,xrho,pgwbp, zmu(i),epa“a)
zvar(l, 1)=epara*nh(1)*ph(1)

go to 350

zvar(l,i)= (zsigma(l)*nh(l))**z

continue .

do 400 i=2,23

do 400 3=2,4

if (i.9t.j) go to 400

zvar(i,j)=zrho(i, j)*zsigma(i)*zsigma(j)*sh(i)*ph(])
continue ,

do 410 'i=1,4

do 410 i=i,4

zvar(j.i)=zvar(i,j)

continue |

write (6,28)




28
29
30
31

500

W
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OO0 0000n

ED :

write . (6 29) (oh(l) i= 1 4)

write (6,30)

write (6,31) ((zvar(i,3),j=1.4 4y,i=1,4)

format (/'ph(i) is
format (els 7)

: ')

format (/' Z-variance matrix 14':')

format (4£15.6)

varof=0. S
do 500 i=1, 4
do SO0 j=1,4

varof-varof+zva*(1 J)

continue

write (6,32) varof

format (/'Var [ocffset] =

compute £ [(ED]
ENERGY DIssipated
ED1= dissipate by spring
£D2= dissipate by damping

smu(l)=wn

smu(2)=wyl
smu(3)=v7..
snu(4)=pmr

ssigma(l)=xsigma(3)

ssigma(2)=xsigma(4)

ssiqma(3)=xsiqma(5y,l

ssigma(4)=varx**.3

dmu(l)=a
dmu(2)=alcha

T dmu(3)=wn

dmu(4)=zita
dmu(S)=off

dsigma(l)=xsigma(i
dsigma(2)=xsigma(

dsigma(4)=xsigma(

i)

2)

dsigma(3)=xsigma(3)
5)

S

'. dsigma(5)=varof~*,

',£15.8)

i*******************s********************i*****w****i**********

Je % Yo do Je J ¢ Je de de Jr e Fe e Jo e e e Je o e T Yo T e e v e de b e e e e e o e e ke de e e i e de b e e e s e e e e o v e v e e o g

define meam.value and standard deviation
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600

34
35

c3ll engl(smu,m7,edl)
~all eng2(dmu,nb,q,m7,ed2)
write (6,860)
write (6,61) (smu(i),dmu(i), 1-¢,4)
write (5,62) dmu(S) '
write (6,33) edl,ed2
format (' smu(i) is ',8%,'dmu(i) is ')
format (2e15.6)
format (15x,el5.86)

format (/'E[(EQ1] is ',el5.6,' E[Ed2] I~ ', el3.6)

compute var [Zd]

do 620 ecn=1,4
call pengl{(cn, smu,m7,pedl)
icn=cn
pes(icn)=pedl
continue

write (6,34)
write (6, 35) (pes(i),i=]
format (/'pes(i) is :')
format (el3.5)

‘define srho(i,j). ,j=1,3 i=1,3
where srio(i,j) is the coefficient of correlation
in spring :nerqy dissipate case.

651
650

srho(-.-)-xr 10(3.,4)
srho(1l,3)=xrho(3,3)
do 650 i=1,4

do 650 ji=1,4% .

if (i.eq.j) go to 651
stho(j,i)=srho(i,])
go to 650

srho(i, j)=1.

continue

do 700 i=1,3

do 7C0 3=1,3 '

if (i.g9t.3) qo .o ’OO

svar(i,j)'sr ,J)*ssiQHa('\*3s¢qma(3)'nes( )*pes(5)
continue

svar(4,4)=varx*pes(4)**2

do 800 i=1

cail- eqr(xﬂu /s4qma,xrno Tgwb, smu(i) covhs)
svar(i, 4)=covhs*oss(i)*pes(4) L

N

34
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37

920

38

3000
18

3001
i9

- 6000

000

No0O00000000

" dimension 3

This subroutit

continue

do 900 i=1,S5

de 900 j=1,5

svar(j,i)=svar(i,j)
continue
write (6,36)

write (6,37)((svar(i,j),j=1,4),i=1,4)

format (/'S-variance matrix is :')
format (4el5.6)

do 920 i=1,¢

do 920 j=1,4 ,
svarl=svarl+svar(i,j)
continue

write (6,38) svarl

format (/'var [ED1] IS ',k el3.6)
ge to 5000

WRITE (5,18)

FORMAT (' NO YIELDING OCCUR' )
GO TO 6000

WRITE (6,19)

FORMAT ( ' THIS CASE DOEN NOT PRACTICAL')

STOP
END

sub*cutlne‘pgl(lcﬁ xmu, ff k7,a7,dt,nb, pmo, pg)
le .ompute dG/db, denote it as P9 ;

Where b is |randem parameter.

cn = contrgl number ;
if . !

cn=l. : compute dG/dA
=2. : corjpute dG/dalpha
=3. : compute dG/dwn
=4. : cempute dG/dwyl:
=5. : compute dG/dzita
=6. : compute dG/dv7

real X7,M7,

a=zxmu(l)
alpha=xmu(2
wn=xmu(3)
wylsxmu(2)
Zita=xmu(5s)

-(1021),xmu(6‘
R71,k%72

S
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if (icn.eqg.2) go to

v7=xmu(6)

read (5,*%) error
error=500.

if (icn.eq.6) .go to
if (icn.eq.5) go to
if (icn.eqg.4) go to
if (icn.eq.3) go to

Wk

if (icn.eqg.l) go to
go to 4999

m7=Kk7/(wn**2)

fm=a*m7

dfm=£fm/error

da=dfm/m7

al=a+da

al=a~-da ‘

call g(al,alpha,wn,wyl,zita,v7,££,k7,a7,dt,nb, spmo, thlr)
write (6,22) thir .

gl‘spmo

call g(a2,alpha,wn,wyl,zita,v7, ff k7.,a7,dt,nb, spmo, thir)
g2=spmo

pg=(gl-g2)/(2. *da)

pmo=gl

go to £000

dalpha=alpha/error
alphal=alpha+dalpha
alpha2=alpha~-dalpha
call g(a,alphal,wn,wyl,zita,v7,6 ££,Kk7, a7 dt, nb, spmo thzr)
wrlte (6,22) thir

gl=spmo '

call g(a,alpha2,wn,wyl,zita, v7,££, k7,a7,dt,nb, spmo, thir)
g2=3pmo

pg=(gl-g2), (2. *dalpha)

- pmo-g;. .

go to 5000

dk7=k7/erxror

k71=k7+dk7

k72=k7-dk7
m7=a7/(wyl**2)
wnl=(Xk71/m7)**. 5
wn2=(k72/m7)** .5
dwn=wnl-wn2

call g(a, alpha,#nl,wy zita,v7,££,k71,a7,dt, nb, spmo, thir)
write (6,22) thir .

q1=sphq

[

o




w0

22
4999
19

call g(a,alpha,wn2,wyl,zita,v7,££,k72,a7,dt,nb, spmo, thir)
g2=spmo ' : '
pg=(gl-g2)/(2.*dwn)

pmo=gl

go to 5000

da7=a7/error

a7l=a7+da?7

a72=a7-da7

m7=k7/(wn**2)

wyll=(a7l/m7)** .5

wyl2=(a72/m7)**.5

dwyl=wyll-wyl2 :

call g(a,alpha,wn,wyll, 21ta v7,££,k7, a71 dt, nb, somo thir)
write (6,22) thir

gl=spmo

call g(a,alpha,wn,wyl2, zita, w7, ££, k7 a72 dt,nb, spmo thlr)
g2=spmo ,
pg=(gl-g2)/(2.*dwyl)

pmo=gl

go to 5000

dzita=zita/error

zital=zita+dzita

zita2=zita-dzita

call g(a, alpha wn,wyl,zital,v7,££,k7,a7,dt, nb, spmo, thlr)
write (6,22) thir

gl=spmo

call g(a, alpna wn,wyl,zita2,v7, ff k7,a7,dt , b, spmo, thir)
g2=spmo , ‘
pPg=(gi-g2)/(2.*dzita)

pmo=gl

go to 5000

dv7=v7/error

v7i=v7+dv?

v72=v7=-dv?7 o

call g(a, alpha, wn,wyl zita,v71,££,%k7,a7,dt,nb, spmo, thir)
write (6,22) thir C : :

¢l=spmo

call g(a,alpha,wn, wvl,:zua v72, ff,k? a7 dt nb, spmo th; ),

g2=spmo
PG=(gl-g2)/{2.*av7)
pmo=gl

go to 5000

format ('thita ratio is ',£13.7)
write (6,19)
format ('Control Mumber Wrong' )
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S000 return
end

aa

subroutine g(a,alpha,wn,wyl,zita,v7,££,k7,a7,dt,nb,pmr,thir
This subroutine is to predict the max offset for blast load
pmo=predicted max response -
pmr=100: represent jmm expired (in do loop)
pmr=101: represent something trouble in finding tmax

aacaa0

dimensior. ££(1024),VV(1024), OE’ESET(1024) SLOPE(30)
REAL K7,M7

WD=((1.-2ITA**2)%%*, 5)*WN

m7=k7/(wn**2)

c7=2.*zita*wn*m7

V==Z2ITA*WN

F=ALPHA+V

WY=(Wwyl**2=-(zita*wn)**2)** 5
D=(WN**2-WY1**2)*y7

call sbilin (££,¢7,m7,k7,a7,v7,dt,nb,vv, of£set, ened)

CALCULA”E T7
=2. *AL”QA/(WD**Z*ALP&A*"Z)
C=2.*V7/A
T7=(B+(B**2+4 *C)** 5)/2.
T71=T7
WRITE (6,1) T7 -
1 FORMAT ('THE TEMPERATORY T7 = ',F11.7)

CALCULATE EXACT T7
DO 700 JII=1,2000
XX=JII*.00001
. TT7=T71+XX
LK1= ((ALPHA-ZITA*WN)'*Z*WD**Z)*WD
X2=a/X1 .
X3=EXP (-ZITA*WN*T7)
X4=(ALPHA=-ZITA*WN) *SIN(WD*T7)
XS=WD*COS (WD*T7)
. XB=WD*EXP(-ALDPHA*T7)

C CHECK Z AT T7 IF IT IS EQUAL TO V7
ZT7=K2* (X3*(X4~X5)+X6) '
ERR1=ABS(1.-2T7/V7) o -

. IF (ERR1.LE.Q0.QCQS) GO TO 701
700 CONMTINUE. '

c .

¢ compute the z'(t7)

701 X7=VWD*(ALPHA~ZITA*WN)*COS(WD*T7)

E it i S an it
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X8=WD**2*SIN(WD*T7)
X9==ZITA*WN*X3* (X4-X5)
ZDOT7=X2* (X9+X3* (X7+X8)~ RLPHA*XS)

¢ calculate tmax (using approached method)

rx=2 *zita*wn
l=a*(1l.~exp(-rx*t7))

g2=(wn**2)*v7*(exp(-rx*t7)-1.)

gx==(gl+g2)+zdot7*rx

hl=a*exp(alpha*t7)
=a*rx/{(alpha-rx)+(wn**2)*y7
h3-a*alpha*exp(t7*(alpha-rx))/(alpha-rx)

‘hé=gx*exp(rx*t7)

h5=hl-h3
hé=h2+h4 '

pl=hS5*alpha**2+h6*(rx**2)
p2=hS5*alpha+h6*rx
p3=hS+h6=-(wn**2)*v7

UX=p2**2-4 *pl*p3"

if(ux.le.0.) go to 2700

uu=ux** 5

tmaxl=(p2+uu)/(2.*pl)
tmax2=(p2-uu)/(2.*pl)

if (tmaxl.le.0.17. and tmaxl.ge. .0. ) go to 70
tmax=tmax2

go to 71

tmax=tmaxl

tmaxt=tmax

compuﬁe ¢l and ¢c2

ql==d/(wyl**2)

gxl=alpha**2

gx2=-2. *zlta*wn*alpha
grISwyl**2 i
c2=a/(gri+gr2+gx3)

Xal=exp(-zita*wn*t7)
Xa2=-zita*wn*cos(wy*t7)
Rad=-wy*sin(wy*t7)
xat7=xal*(xa2+xa3)

xbl=-zit a*wn*szn(wy*t/)
Rkb2=wy*cos(wy*t7)
xbt7=xal*(xbl+xb2)

xct7=~alpha*g2*exp(-alpha*t7)
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xdt7=xal*cos(wy*t7)
xet7=xal*sin(wy*t7)
xft7=ql+g2*exp(-alpha*t7)
xgt7=y7-xft7
xht7=zdot7-xct?
deno=xat7*xet7-xdt7*xbt?

cl=(xht7*xet7-xbt7*xgt7)/deno
c2=(xat7*xgt7-xdt7*xht7)/deno

compute exact tmax, since z'=0 when t=tmax

tmx=tmaxt
dtx=tmaxt

x=dtx/30.
do 800 Jmm—l 30
thx=tmx-tx
xXal=exp(~-zita*wn*tmx) ,
Rra2==-zita*wn*cos(wy*tmx)
xad=-wy*sin(wy*tmx)
xatmx=xal*(xa2+xa3)

xbl=-zita*wn*sin(wy*tnx)
xb2=wy*cos(wy*tmx)
xbtmx=xal*(xbl+xb2)

xctmx=-alpha*g2*exp(-alpha*tmx)"

zdtmx=xatmx*cl+xbtmx*c2+xcitmx
slope(jmm)=2dtmx

if (jmm.eqg.l.and. slope(;mm) gt.0.) go to 899
if (jmm.eqg.1l) go to SO0
prog=slope(imm)*slope(jmm=1)

if (prod.le.0.) go to 902

continue .

write (QﬁlO) : A v .
format ('something WRONG in t-max(subG]')
‘if (slope(;mm-l) ¢t.~-.0001) go to 901
dtx=dtx/30. ,
tmx=tmx+tx

go to 880

do 920 jmm=1, 1000
tx=(jmm=1)*0.0001 .
tmxstmaxt+tx -
Xal=exp(=-zita*wn*tmx)
Xaz2s=-zita*wn*cos(wy*tmx)
Ral=-wy*sin(wy*tmx)

20
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xatmx=xal*(xa2+xa3)

c

c
xbl==zita*wn*sin(wy*tmx)
xb2=wy*cos(wy*tmx) .
xbtmx=xal*(xbl+xb2)

c .
xctmx=-alpha*q2*exp(-alpha*tmx)

c

zdtmx=xatmx*cl+xbtmx*c2+xctmx
: if (zdtmx.le.O. 01) go to 901
920 continue
"go to 2100
c '
¢ compute exact z(at exact tmax)
901 xdtmx=xal*cos(wy*tmx)
xetmx=xal*sin(wy*tmx)
xftmx=ql+g2*exp(~alpha*tmx)
ztax=xdtmx*cl+xetmx*c2+xftmx
c .
¢ calculate predicted max-offset
pmo=(ztmx-v7)*(1l.=-a7/k7)

thir=pmo/offset(nb)
pmr=zimx
c
go to '30C0
c ' >

2100 write (6,98)
98 format ('fmm expire')
pmr=100.
go to 3000
2700 write (6,99)
99 format ('U less than zero')
pmr=101.

3000 return

END

SUBROUTINE SBILIN(F,C7,M7,K7,A7,V7,D9,N,V,V0, ened)
DIMENSION F(1024), v0(1024),V(1024)
DIMENSION V1(1024),V2(1024) -
REAL M7,X7,K8,K9
U7=K7*V7
- K9=1.-A7/K7
C . .
C INITIALIZE VARIABLES
V(1)=0.
v0(1)=0.
vi(1)=0.
V2(1)=F(1)/M7
C START THE RESPONSE CYCLE
Q1=6.*M7/D9**2
- Q2=3.%C7,/D9
Q3=6.*M7,/D9

a1
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Q4=3.*M7

Q5=3.*%C7 -

Q6=0.5*D9*C7

Q7=3./D9

08=3.

Q9=.5*%D9

K8=K7

NM=N-1

ENED=0.

DO 1199 I=1,NM

I1=I+1

U1=Q1+Q2+K8
U2=Q3*V1(I)+Q4*V2(I)
U3=Q5*V1(1)+Q6*V2(I)
VS=(F(I1)-F(I)+U2+U3), Ul
Y6=Q7*V5-08*V1(I)-Q9*V2(I)
V(I1)=V(I)+VS
V1(I1)=V1(I)+V6

C COMPUTE THE STIFENESS AT T+DT

aa

1150

1160

1170

1199

X0=K7*(V(I1)-VO(I))
X1=A7*(V(I1)-V7)+U7
X2=A7*(V(I1)+V7)=-U7
IF (XO0.GT.X1) GO TO 1150
IF (XO0.LT.X2) GO TO 1160
K8=K7
VO(I1)=VO(I)

GO TO 1170

IF (V1{I1).GT.0.) K8=A7
IF (V1(I1).LE.O.) K8=K7
VO(I1)=(V(I1)=-V7)*K9

SO TO 1170

IF (V1(I1).LT.0.) K8=A7
IF (V1(I1).GE.0.) K8=K7
'VO(I1)=(V(I1)+V7)*K9

V2(I1l)=(F(I1)=C7*V1(I1)=-K7*(V(I1)=-VO(Il)))/M7

ened=ened+d9* . 5*(v1(i)*(£(i)-m7*v2(i))+
c ‘ vi(il)*(£(il)-m7*v2(1il))) .
CONTINUE :
RETURN

END

subroutine £It \a,n nb, isgﬁ dt)
complex a(nb) u,w, <

dividing all element by nb
do 1 j=1,nb~
_ a(J)—a(j)/nb

reorder sequencr
nbd2=nb/2
nbml=nb-1

j:l .

42
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99 .

120
1C0

0aao

do 4 1=1,nbml
if (l.ge.j) go to 2
t=a(j)
a(j)=a(l)
a(l)=t
k=nbd2
if (k.ge.j) go to 4
j=j-k
k=k/2
go to 3
j=j+k
calculate fft
pi=3.1415926
do 6 m=1,n-
‘u=(1.0,0.0)

:2**M
K=me/2
w=ecmplx(cos(pi/k),isgn*sin(pi/k))
do 6 j=1,k
do 5 1=j,nb,me
Ipk=1l+k
t=a(lpk)*u
a(lpk)=a(l)~-t
a(L)=a(l)+t
usu*w

tt=(nb-1)*dt

if (isgn.eq.l) go to 99
do 110 i=1l,nb
a(i)=a(i)*tt

continue

go to 100

do 120 i=1,nb
a(i)=a(i)/dt
continue
return

end

subrout*ne engl (smu,m7, endl)
this subroutine compute the E [;Dl]
dimension smu(4)
real k7,m7
K7=3(smu(l)**2)*m7
a7=(smu(2)**2)*m7
v7=smu(3)
'max-emu(4)_ '
thita=(1. -a;/k7)*(’1ax-v7)

X1z S*KT*yT**2
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000

x2=a7*(zmax-v7)**2/2,
x3=Kk7*v7*(zmax-v7)
x4=k7* (zmax-thita)**2/2.

endl-xl+x2+x3+x4

return
end

subroutine eng2 (dmu,nb,q,m7,ed2)

this subroutine compute E [EDZ]

200

400

dimension dmu(S5),£1(1024),£2(1024),w(1024), deno(517)
complex ff1(1024),f52(1024) ££(512),hh(512)
real m7

a=dmu(l)
alpha=dmu(2)
wn=dmu(3)
zita=dmu(4)
thita=dmu(5) -
p=thita*2./3.1415926

dt=0.01
tt=(nb-1)*dt

do 100 i=1,1024
tx=(i-1l)*dt
fl(i)=a*exp(~alpha*tx)
£2(i)=wn**2*pratan(grtx**4)
££1(i)=cmplx (£1(1),0.)
££2(i)=cmplx (£2(1),0.)
w(i)=(i-1)*2.*3. 14’5926/tt

.cont.r.ue

call £££(££1,10,nb,~1,dt)
call £££(££2,10,nb,~1,dt)

nb2=nb/2

do 200 i=l1,nb2
££(1)=£22(1)+££2(1)
re=wn**2-w(i)**2
Xim==2.*zicartwnvw(i)
deno(i)=re**2+xim#**2
hAh(i)=cmplx (re,xim)/denc(i)
continue '

aend2=0,

do 400 i=l,nb2

xel=cabs(hh(i))

xe2=cabs(£f£(1i)) e
ed2=ed2+(xel*xe2*w(1i))**2 et
continue
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ed2=2.*ed2
return
end

- subroutine penél(cn,smu,m?,pedl)
this subroutine compute d ED1/d bata

cn =1 4 ED1/d wn

en =2'd EDl/d wyl )
en =3 d ED1l/dv7 ' '

cn =4 d ED1l/d zmax

dimension smu(4)
real m7
wn=smu(l)

wyl=smu(2)

v7=smu(3)
zmax=smu(4)
const=(zmax=-v7)*wyl**2 /wn+v7*wn,

if (cn.eq.1.) go to 100

if (cn.eqg.2.) go to 200
if (cn.eqg.3.) go to 300
if (cn.eqg.4.) go to 400
go to 600

constl=const* (v7-(zmax-v7)*(wyl/wn)**2)
pedl=(wn*v7**2+2 *yn*v7*(zmax-v7)-constl)*m7

go to 700

ped¢-(wyl*(zmax-v7)**2 -2, *(zmax-v?)*wyl*const/wn)*n7
go to 700

constl=const* (wn**2-wyl**2) /wn
pedl=(zmax-v7)*(wn**2-wyl**2)=const2

go to 7C0 ,

pedl= ((zmax-v7)*wyl**2+v7*wn**2-const*wyl**Z/wn)*m7
go to 700 ‘

write (6,1)

format (' control number wrong')
return .

end

subroutine egr (Amu xsigma,xrho, pgwb, gamma epara)

this subroutine compute E: [n qamma]
where R=zmax :
Xmu: mean value of bata

whare baua see main program '
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pgwb: d g/d bata(i)

200

100

dimension xmu(6),xsigma(6),«cho(6,6),pgwb(6)

do 100 i=1,6 ,
if (xmu(i).eqg.gamma) go to 1CI
continue

write (6,1)

format ('gamma is not equal to xmu(i) in subroutine egr,WRONG!!')

nj=i

epara=0.

do 200 j=1,6

x’=xrho(n3 j)*xsigma(nj)*xsigma(j)
ex2=(exl)*pgwb(j)

epara=epara+ex2

continue

return

end

- subroutine search (thita,p,a,nb, dt,eps in)
dimension thita(nb)
suml=0.

do 100 i=1,nb

tx=(i~1)*dt
ty=p*atan(a*(tx**q))
suml‘sunl*(thlta(l) ~LYy)**2
continue .
epsiln=suml

return

end
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