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Abstract

In this paper, an analytical-numerical method to predict the response of a linear spring—mass system without damper,
excited by a family of pulse loads, is proposed. The external loading is described by a four parameter expression, involving
the peak overpressure, the loading duration and two parameters which characterize the pulse shape (4 and y). A parametric
analysis for ranges of pulse shape parameters suitable to describe a wavefront pressure profile produced by an airblast from
high explosives is developed. The influence of the pulse shape on the dynamic load factor representation of structural
response and on pressure—impulse isodamage curves is graphically shown. An expression of the transient response
spectrum generated by a typical exponentially decaying load (4 =1, y = 2.8) is proposed, and a discussion about the
formulation of a general expression for the transient response spectrum is introduced. Various features of the spectrum and
pressure—impulse diagrams are analyzed, and all the problems concerning the building of graphics are discussed. Finally, a
review of existing simplified isodamage curves is reported and an existing method to eliminate pulse shape effects, the
effective pressure—impulse diagram, is discussed.
© 2006 Published by Elsevier Ltd.

1. Introduction

Blast load effects from high explosives on structures involve a wide range of problems and often different
methods of analysis, basically different from those given by other dynamic loads. For example, for pulse loads
the maximum transient response is of primary importance.

The pressure load profile given by explosions can be considered either deterministic or aleatory. Although
uncertainties concerning an explosion make a random model more appropriate, deterministic loadings are still
useful to compare results of different models and to get a rapid assessment of structural behaviors. Baker et al.
[1] suggested two different deterministic pressure profiles if a detonation or a deflagration occurs. Detonating
explosives are characterized by loads with a step rise followed by an exponential decay. When deflagration
occurs, the pressure profile suggested by Baker has a finite rise time, and the typical monotonic behavior of
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Nomenclature

rth coefficients of the spectrum regres-
sion function

D centroid distance of the pressure profile
from the axis origin

ara br

DLF dynamic load factor

DLF; dynamic load factor related to forced
vibrations

DLF; dynamic load factor related to free
vibrations

DLF,.x(t4) response spectrum

DLFmax.1, DLFmax2 relative maximum points of
dynamic load factor

(& normalized loading function with respect

to the peak load value

functions of pulse shape parameters A

and y

F(1) loading function

J1:/2

Foa.x  peak value of loading function

g degree of regression polynomial

G(p,i) damage function

i dimensionless impulse

iy dimensionless impulse corresponding to
the inferior response limit

ip dimensionless impulse corresponding to
the superior response limit

I effective impulse

1 impulse

k spring constant

m lumped mass

my, my parameters of regression p—i curves
n, ng, ny, Ny, N3, Ny arbitrary natural numbers

p dimensionless pressure (or force)

D4 dimensionless pressure corresponding to
the inferior response limit

Pp dimensionless pressure corresponding to
the superior response limit

De effective pressure

0’ sum of squared residuals

S(ty) response spectrum

S, hyperbolic function

t time

ty positive phase duration (loading dura-
tion)

fmax time corresponding to a maximum rela-

tive displacement
T natural period of vibration

w i

X, Y
W)
y(®)
Ve
yr(0)

yi(0)

ymax

Td,0

Tmax

RS

Co

kinetic energy

weight of the jth point on p—i curves
work done by the external loading
auxiliary variables

mass displacement

mass speed

critical displacement

mass displacement during forced vibra-
tion

mass displacement during free vibration
maximum displacement (system re-
sponse)

static displacement

ith coefficient of the regression function
mi (D)

ith coefficient of the regression function
ma(D)

ith coefficient of the regression function
ig(D)

ith coefficient of the regression function
p4(D)

ith coefficient of the regression function
71(D)

ith coefficient of the regression function
72(D)

relative accuracy

second pulse shape parameter

jth residual

elastic strain energy

first pulse shape parameter

exponent in w; expression

inverse of dimensionless loading time
dimensionless time

inferior limit of response

superior limit of response

dimensionless loading duration
transition point abscissa of the response
spectrum

dimensionless time corresponding to a
relative maximum displacement

natural circular frequency of vibration
scaled time

centroid abscissa of scaled pressure
profile

function of shape the parameters A and vy
centroid ordinate of scaled pressure
profile
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pressure—impulse curves is not confirmed. Li and Meng [2,3] considered a general descending pulse load
described by a four parameter expression involving the peak overpressure, the loading duration (or the
positive phase duration of the blast wave if the negative one is neglected) and two shape parameters which
characterize the load shape.

A random excitation of space structures was considered by Chang [4], who analyzed a free—free beam with a
lumped mass and hysteretically damped; the cross spectral density function of the applied load was a Gaussian
stochastic process in time. It was shown that larger uncertainties of random loads decrease the system
reliability.

As far as the prediction of the structural behavior is concerned, another important topic is the choice of a
versatile modeling scheme or approximate technique to rapidly assess structural response for a wide range of
geometries. One of the most recent schemes was proposed by Schleyer and Hsu [5] for a class of problems in
which elastic effects are significant, the pulse shape is irregular and boundary conditions are varying. On the
other hand a simple single degree of freedom model (sdof model), although approximate, had been widely
employed to predict the structural response of actual structures under blast loads [6-8]. For complex
structures, Abrahamson and Lindberg [9] proposed to construct a critical pressure—impulse curve as the
envelope of the critical load curves for the structural elements, schematized as sdof models.

It is well known that a sdof model can provide information just for one point in the structural system under
consideration. A sdof model is useful for supporting the structural design because it allows to predict the
overall response of a structure. However, it is limited for identifying more complex structural behavior. In
general, structural models like plates and shells are more representative of the structural behavior and of the
state of damage. Therefore, a sdof model can be regarded just as a first-order design method or a first step
numerical method, useful when a structure is analyzed starting from simple numerical approaches, as noted by
Krauthammer [8].

In this first-order method, the damping has been neglected. Indeed, although all dynamic systems contain
damping to some degree, in case of structures with a load-time function described in Eq. (1) the damping effect
is not significant if some conditions suggested by Biggs [10] are respected: the load duration must be short, as
shown in Section 2.3, and the only output datum of interest is the maximum dynamic response of the
structure.

Pulse shape effects on the structural response were considered by Youngdahl [11], who examined several
kinds of structures with a rigid-plastic stress—strain relation (circular plate, reinforced circular cylindrical shell,
free—free beam, circular shell with a ring load), under different load shapes (rectangular, linearly decaying,
exponentially decaying, triangular and sinusoidal). He tried to eliminate the dependence of the response from
the load shape by introducing two key parameters, the total impulse and the effective load, involving a loading
function and two time parameters referring to the beginning and the end of the plastic deformation.
A theoretical foundation for Youngdahl’s work [11] was given by Li and Meng [3] for a rigid-plastic sdof
model. In successive works Youngdahl [12,13] considered problems where P becomes a function both of
position and time, or the stress—strain relation is more complex, such as the strain hardening. In this cases the
calculation of effective parameters results more complicated. Abrahamson and Lindberg [9] suggested the use
of a simple hyperbolic shape for the pressure-impulse diagram, which provided significant discrepancies
(20-40%) with respect to the isodamage curves given by an exponentially and a linearly decaying load acting
on a sdof model. Zhu et al. [14] used Youngdahl’s work to develop simple characteristic curves for rigid-plastic
structural models, as was done by Abrahamson and Lindberg.

Transverse shear effects on fully clamped circular plates, ‘short’ cylindrical shell and fully clamped beams
were considered by Li and Jones [15-17], who established key parameters to decide when shear effects have to
be taken into account.

The counterintuitive behavior of highly parametric sensitive systems loaded by detonations of low
magnitude was observed for the first time by Symonds and Yu [18] for a pin-ended beam subjected to an
uniformly distributed pressure load, with an elastic—plastic stress—strain relation. This problem, characterized
by high sensitivity to the loading model and uncertain response, was also studied by Li and Liu [19] using a
probabilistic method.

The aim of this paper is to generalize the work done by Li and Meng [2] for various load shapes, when
elastic effects are significant. In fact, it has been demonstrated that elastic effects cannot be disregarded when
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the ratio of initial kinetic energy to maximum elastic strain energy is larger than 10. When the structure is
relatively stiff or the load duration is relatively long, the rigid plastic solution is non-conservative compared
with the elastic—plastic solution. Therefore, in this paper the influence of the pulse shape on the dynamic load
factor and pressure—impulse diagram is shown for a linear sdof model excited by a four parameter load
function suitable to describe a monotonically descending pulse load. The knowledge of the transient response
depending on the shape parameters is primarily important to understand the behavior of a sdof model with
different stress—strain relations, which could be often simplified as broken lines. In the following analysis many
problems concerning the response spectrum are highlighted, like the position of the spectrum transition point.
A discussion about the formulation of a general expression for the transient response spectrum is reported. An
analytical expression of isodamage curves is examined for different pulse shapes, and the validity of an
effective pressure-impulse diagram proposed in Ref. [2] is discussed.

2. Response analysis

When a system configuration can be described by the displacement of a single point, the known principles of
structural dynamics allow to convert the actual structures into a sdof model by using equivalent mass,
damping and resistance function.

The pressure profile assumed by Li and Meng [2] for an explosive charge, is a generalized form of the
Friedlander equation [20]:

t t
Foax| 1 —A— ) exp| —y— ) for 0<t<1y,
Fp=1{"™ ( u) P < ym) ‘ (1)

0 for t>1,,

where ¢ is the time in seconds; Fyn,y is the peak load value, in kN (if the load is a force) or in kN/m? (if it is a

pressure); 4 and y are shape parameters; z, is the duration of the loading positive phase. Since the negative

phase can be neglected to evaluate the effect of an explosion, #; represent the total duration of loading.
The load described from Eq. (1) acts on the structure with an impulse as follows:

()= AD(A —e7)+ Aye™”
7? '
The effects on a linear spring—mass system loaded by a pulse load with 4 € [0, 1] and y € [0, 10] have been
studied; these ranges are suitable to describe a pulse load from detonations that are characterized by a step rise

and a following decay, with a fixed magnitude at ¢ = ¢,.
By applying D’Alembert’s principle, the motion equation results:

I= /0 " F)di = FaataGa), (hy) = @)

my+ ky = F(f), 0<t<t; (forced vibrations), (3a)
my+ky=0, t>t; (free vibrations), (3b)
with initial conditions:
t=0)=0,
el @
(it =0)=0,

where m and k are, respectively, the equivalent mass and stiffness and y is the mass displacement. To represent
the system response, the following symbols are adopted:

® = \/k/m is the natural frequency of the structure;

T = wt is the dimensionless time variable;

14 = wty is the dimensionless loading duration;

max 18 @ point in the time domain corresponding to a relative maximum point of the displacement function;
Tmax = WImax 18 @ dimensionless time value corresponding to a relative maximum displacement;

Yo = Fmax/k is the static displacement;
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y¢(?) represents the displacement function for forced vibrations;
»,(?) 1s the displacement function for free vibrations;

DLF/(z) = y;/y is the dynamic load factor of forced vibrations;
DLF (1) = y,;/y4 is the dynamic load factor of free vibrations.

In order to calculate the solution of the motion equation during the forced vibrations, the general integral of
the Eq. (3a) can be established by solving the Duhamel’s integral applied to the assigned force. According to

Biggs [10], we have
_[Fw g (=t i
() = ; MSIH<\/W>CI /f(t)smw(t ydr,

where f(#') represents the load function from Eq. (1) normalized with respect to the peak value Fp .
By defining

22y

i’ 7Z :1_79
S1(Zsy, ta) y2+(wtd)2

falloy,ta) = 2431147, 1a) )
we get:

DLF(z) = 2+Td{ )L ficos T+ <f1—A d) exp<—y;>}. (6)

From Egs. (3b) and (6), the solution of the motion equation during the free vibrations can be obtained by
imposing the continuity of the dynamic load factor and its first derivative at t = t:

DLF(r) = UG =A cos 7+ Bsinr,
st
72 fo—2y .
A:#{ —f1+e y|:(f1—)u)COST + o sm‘cd]}, (7)
7 fa—My
B=—4 32217 |(f, — J)sinty —22 .
7t Tf,{’:d +e {(f] )sin g4 - cos rd} }

2.1. Stationary points of the displacement function

During the free vibration phase, the time values when a relative maximum displacement is reached are
established as follows:

B
Tmax = N7 + arctan (X)’ ne N. (®)

During the forced vibration phase, T, 1s defined by equating to zero the first derivative of the displacement
function which describes the forced vibrations:

dy sin wt t t
(th(fmax) a7 {fz —f1coswt + <f1 -4 [i) exp (—“/ ld) } _ =0.
By defining a new variable 9 = 1/1,, we obtain:
@9, Tmax) = f1 81N Tmax + /23 €08 Tmax — [f5 — 479 Tmax] €Xp(—yITmax) = 0. 9)

Eq. (9) represents an implicit function tm,,x($), which can be simply calculated when $ — 0 (or t; — 400); in
fact, from Eq. (1) we have:

lim F(r)= lim Fmax<l - /li> exp (—yl> = Fax. (10)
T4—>+00 T4—>+00 Td Td
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When 7; — o0, Eq. (10) shows that the system is excited by a rectangular load (step rise, constant magnitude,
step decay) with infinite duration for all the finite values of A and y. Therefore, the time values when a relative
maximum displacement is reached can be deduced using the corresponding solution coming from a
spring—mass system under a rectangular pressure profile:

Tmax(Ta = +00) = Tpax($ = 0) =nn, ne Ny V(4,7) € R, (11)

The first derivative of 7,,x($) can be calculated. Since this function is implicitly defined by zeros of ¢(3, Tmax),
the first derivative D7, /D39 can be obtained by equating to zero the total derivative of ¢(9, Tmax):

Do _ o 09 Dtmax _
Di,g(g’ Tmax) = (69 + Ot DY (8, Tmax) = 0,

(09 /09)(I, Tmax)
(aﬁo/afmax)(‘g, Tmax) .
It should be noted that Dty,, /D9 depends on the value of its primitive function tp,,(9). Setting ‘cgl‘gx =

D e/ DY and proceeding with implicit derivation with respect to the 3 variable, the nth derivative can be
calculated:

Dfmax

(‘9 dex)

(O /09)(3, Tmax)

(M 9, - _
max( Tmax) (a(/)/afmax)(‘ga Tmax) ’
or(h or(h 0 0
o man) = g% 5 o = (69 g, )Tg“z’x’

g el
o9 Tmax adeX max

Sﬁ;x('g ‘Cde) - glgtx + afmdx max ~
max

orli=1 =D 0 <6

The above derivatives have t,,x(3) as argument and thus, if the value of this function is known when 3 — 0, a
Maclaurin series expansion of the unknown function can be obtained in a neighborhood of the chosen point
99 = 0 or, from another point of view, in a neighborhood of xy = (9, Tmax(30)) = (0, nn):

(n)

2) 7\
Tmax(9) = Trmax(0) +74) [y, & + 22 Tmax| g2, ... 4 fmax| g
nn X0 = lxo
n_ (k)
— Tax k
=+ R
k=1 Xo
Remembering that 3 = 1/74, we can write:
)

k
(1) | (12)
xo \Td

By truncating the series expansion at the fourth term, a good approximation of the time values corresponding
to the maximum displacements can be obtained, for each value of 4 and y. In fact, for each set of constants
(no,ny,ny,n3,ny) € NS, from Eq. (12) we obtain:

2
e (e4) = ot 4 (L4 7) < 1 1> < 1 ) ~ mny(22+7) (L)
COSnITT T4 COSMHT T4

Tmax(Ta') =nm+ Z e




266 M. Campidelli, E. Viola | Journal of Sound and Vibration 302 (2007) 260-286

2(34.2 47
2, P 1 (n37) (‘W +’7) 1
22924302+ - ) [ ———1 —
+ ( AT y+3y 3 COS 3T + COS 3T T4

1 212 2452 =1 /1\*
+—46V [(24iy2+2122y+6y3)(2— )— v+ (am) (44 ’)] (T—) . (13)
d

COS MyT COS Ny
Eq. (13) is shown in Fig. 1, when 4 = 1, y = 2.8 and natural constants have the following values:
ny = 0, 1,2,3, n = 0, 1,2,3, ny = 0, 1, n3 = 0, 1, ng = 0, 1.

Since the set of constants (ng, 11, ny, 13, n4) corresponding to the absolute maximum displacement cannot be
calculated in closed form, in order to build the response spectrum it is necessary to analyze the influence of the
natural constants on the dynamic load factor.

2.2. Response spectrum

The response spectrum can be obtained from the solutions of the motion equation for both motion phases,
that is the forced vibration phase and the free vibration one. A first empirical assessment for the transient
response spectrum can be obtained by building the envelope function generated by enveloping the
displacement functions, which are evaluated at 7, for several values of ngy,ny,...,ns. So, when forced
vibrations occur, we get:

‘52 _sin Tmax ) . Tmax Tmax
|DLFmax,1(Td)| = P . 2 ‘,/2 . _fl COS Tmax + (f] - /l—d) eXp (_V—d> B (14)
Pty Td Td Td
with 7, from Eq. (13). And for free vibrations we have:
IDLFmaxa(ta)l = VA® + B,
7 fr— %
A=—"*4 + e — A)costy + sint
~/+r{ i [(f‘ ) 12 "]} (15)
2 "
. . — A
B=_4 { 24 e {(}‘1 — J)sinty I k) cos rd] },
y + rd T4

where DLF ,,x1 and DLF .« » denote the relative maximum values of dynamic load factor for forced and free
vibrations, respectively.

B IO
o L WIS
3n [ \T\\ -af
2n ¢« >
5 >
E o /\:“i': —
c "\\
0 /
/
. Il /um//
Rl 7,
1o ULl
0 5 10 15 20

.= wty=2ntyl T

Fig. 1. Exponentially decaying load (4 = 1,7 = 2.8): times of relative maximum displacement during the forced vibrations phase, varying
the load duration. Continuous lines identify the parts of the charts in the time range (0, 7).
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For low values of the load duration, the spectrum is determined by free vibrations (Eq. (15)). For high
values of 7, instead, the spectrum is determined by solution (14), with (ny,...,ns) = (1,0,0,0,0). Finally, for
intermediate values of the load duration, the response can only be obtained varying the values (ny, ..., n4) and
choosing, for each value of 74, the maximum displacement. In Figs. 2 and 3 the DLF — 7, charts are presented
to show the influence of ng,...,ns on the response spectrum. The charts are obtained from all the
combinations of the following values of natural constants:

for Fig. 2,

}10:0,1,2,3, n1=0, Vl2=0,1,...,6, I13=O, n4=0.
for Fig. 3,
ng==~0,...,10, n; =0,...,5 n=0,...,5 n =0, ng=0.

By enveloping a larger number of displacement functions, obtained with wider ranges of natural constants,
we get the curves in Figs. 4 and 5. As can be seen in these figures, a descending pulse load originates a concave
downward spectrum of displacements, without changes of curvature sign. Numerical results show narrower

2 . . . .
DLF 1, ng=1,ny=ny=n3=ny =0
7 1.5
= DLF,
g
>
< 1
o
~
2
0.5
0
0 10 20 30 40 50 60
7=ty =2nty/T
Fig. 2. Exponentially decaying load (4 = 1,y = 2.8): displacements determined with 28 different sets of constants (ny,...,ns).
2 . . . .
DLF 1 mo=1,ny=ny=n3=mny =0
Z
£
=
I
o
%
2

0 10 20 30 40 50 60

Ty =wty=2nt,/T

Fig. 3. Exponentially decaying load (4 = 1,y = 2.8): displacements determined with 396 different sets of constants (n, ..., n4).
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zones where the curvature sign changes as the amount of sets of constants used to calculate the spectrum is
increased.

In the present paper, the negative sign of the second spectrum derivative is assumed as a hypothesis, and will
be called concavity spectrum hypothesis or, more shortly, concavity hypothesis. Based on this hypothesis, a
smoothing algorithm is introduced to adjust the ordinates of those points where the concavity hypothesis is
not respected. The algorithm allows a lowering of the computational cost, because it allows to calculate the
response spectrum by using a smaller amount of sets of constants (n,...,ns). Results produced by the
smoothing algorithm are shown in Figs. 6 and 7. This way, it is possible to eliminate all the changes of

curvature in the envelope function.

2.3. Approximate expression of the transient response spectrum

The research of an analytical expression for the response spectrum requires the solution of three problems:
the choice of the spectrum domain, the demonstration of the spectrum concavity and the definition of the

spectrum transition time.

=0,..,3,n,=0
st Mo 3 4

=|ymax|/))st

|DLFmax|

PT
05 r

0 5 10 15 20
T,=wty=2nt,/T

Fig. 4. Envelope function, considering 256 different displacement functions (4 = 1,7y = 2.8).

2
ny=0,..,10,n =0,..5
L 15t 0 1.4
<
=
I
R
L‘E
3
- PT
0.5
0 1 1
0 5 10 15 20

7= 0ty =2nty /T

Fig. 5. Envelope function, considering 14256 different displacement functions (1 = 1,y = 2.8).
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“ smoothed curve

DLF,

DLF,

|DLFmax (Td)l

DLF,

DLF,

Y

Fig. 6. Smoothing of the response spectrum: the point 2 ordinate is replaced by the point 2’ one, calculated by linear interpolation between

points 2 and 3.

2
Smoothed Curve
L L5t =
<
=
I 1t J
< l
S 51 T 0.5 - a | ]
0.5 | - ,
‘l Envelope function “Il
0
;II- 2 3 4
O L L L
0 5 10 15 20

Ty=wty=2nty/T

Fig. 7. Envelope function (dash—dot line) and smoothed curve (continuous line).

The choice of the spectrum domain depends on the range in which the natural period of vibration of the
loaded structure lies, as well as on the positive phase duration of the blast load. For civil structures, the
fundamental period of vibration 7" can be assumed in the interval [0.1,20]s. For the loading duration of a
detonation, Smith and Hetherington [20] suggest #; € [10~!, 10]ms, as it is also prescribed in Eurocode 1 [21],
which predicts a loading time lower than 10 ms. In case of deflagration, Eurocode 1 suggests a loading time of
100 ms, but in literature various pressure profiles are presented whose positive phase achieves 300 ms [22]. On
that account the spectrum domain can be established in the following range:

t
= 277" € [107°x, 6m] ~ [1073,20].

The concavity hypothesis, which is the basis of the smoothing algorithm introduced in Section 2.2, can be
rigorously demonstrated only for rectangular or triangular load shapes, but it is assumed true for each
descending pulse load.

The third problem mentioned above concerns the definition of the spectrum transition time 7,9 which
corresponds with the abscissa of the transition point (PT). The first part of the spectrum, near the axis origin
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(ta<74p), is generated by free vibrations, and the second one is generated by forced vibrations (t; > 140). For
rectangular or triangular pulse shapes, 749 can be analytically established; for each other load shape 7, is
assumed coincident with the upper boundary of existence for the first solution of Eq. (8). When n =1 and
T4>7Ta0, Eq. (8) predicts tmax <74, but when this condition occurs, the motion is forced and Eq. (8) does not
work. So, 14 is given by

n+ arctan(B/A)l;,—.,, = Ta0-

When 1,>7140, an analytical expression for the response curve can be calculated by the least square method
[23], with a polynomial regression on spectrum points. The spectrum shape suggests the use of regression
functions as follows:

1 !
(td) = a, |27 — , N, a R 16
Si(ta) a[ (Td+0'5>} re a, € (16)

By adding the first g functions given from Eq. (16), we get an expression S(t,) for the fitted curve, depending
on unknown parameters a, of the analytical model:

S(ta) = ap — Z(T 03 (17)

In order to join the two curves described from Eqs. (15) and (17), which both represent the system response
corresponding to the transition point, the same values of the two functions and their derivatives must be set
when t; = 14. After fixing the following positions:

=ty +0.57", by=ay, b =—-a Vr>0,

=(tap +0.5)7", So=S(ta0), Sy=S(tap)=tanoy

and when the axis origin is translated into PT = (t40; S(t40)):

we can write:
— g -
§5=> bX, (18)

where b, are the new unknown parameters that have to be estimated. Then, by fixing the ordinate of the
spectrum and the slope of his tangent line at t; = 749, we get:

S(0) = f:b,.)?r =by=0 (19)

X=0
and also

ds
de

1Td=Td0

=tanoy = b; = —(tg0+ 0.5)* tan . (20)

The overdetermined system (18) becomes:

g
S — S0 + (ta + 0.5 tanag = Y b(X — Xo)'. Q1)
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When system (21) is solved, the expression of the transient response spectrum is given by

1 1
_ 3 52t _
S(tq) = S(ta0) — (ta0 + 0.5)" tan o (Td +0.5 140+ 0-5)
.\ zg:b 1 1 SRV (22)
, _ T T, .
25"\t 105 1y r05) T

If 7; and the constants ng,_4 have the following values:

T4 = T40,T40 + 0.1,740 +0.2,...,20,
n,123=0,1,2,3,
ng = 0

we get the fitted curve shown in Figs. 8 and 9. The regression parameters are presented in Table 1.

2
4= Ta0 Ta0 + 0.L740+0.2,..,20
ny123=0,1,23
1.5 =0
fitted curve
5 \
N 1 E
“n
PT
0.5 1
/ \ smoothed curve
O 1 1 1
0 5 10 15 20

‘rdz(,()td

Fig. 8. Regression function of the response spectrum (1 =1, y = 2.8).

2 T T T
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0 . . .
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Td = wtq = 2wta/T

0
~
<q
o
Q
—
n
K
At
0 5 10 15 20
x1073 T4 = wtqg = 27rt,1/T

Fig. 9. Residuals distribution (A =1, y = 2.8).
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Table 1
Response spectrum (4 = 1, y = 2.8): coefficients of the regression polynomial of sixth degree

¢ = [Ta0, Tao + 0.1,740+0.2,...,20], np123 =0, 1,2,3, ng =0

r b,

0 0.0000

1 —1.1933e4000
2 1.4487e4-000
3 —1.0797e+001
4 —5.8500e+000
5 4.6883e+001
6 1.8058e4-002

2.4. Influence of computation parameters on response spectrum

The coefficients b, in Eq. (22), obtained by solving system (21), are strongly influenced by the following
computation parameters:

(1) the values assigned to (ng, 11, 1y, n3, n4) which give a numerical assessment of Eqgs. (13) and (14), and thus
decide the ordinates of the envelope function;

(2) the choice of points in the spectrum domain, which have a strong influence on the polynomial regression;

(3) the choice of the regression functions to model the response S(z;) and apply the least squares method.

Fig. 10 shows a possible convergence of the coefficients b, as the amount of computed sets of constants ng__4
is increased, as well as the variation of the spectrum chart. But these results are not definitive and can only
show a trend of the response depending on the set (ny, . . .,n4). Therefore, to improve the knowledge about the
existing relation between ny,__4 and the response curve, it could be necessary to use statistical techniques like
design of experiment (robust design) and response surfaces.

In order to choose the points within the transient spectrum domain [z, 20], an evident convergence of b,
can be noted as the mesh approaches zero, if a uniform domain partition is considered, as shown in Fig. 11.

Finally, a regression function for the response curve must satisfy some fundamental requirements.

Firstly, the quality of the fit is acceptable when the standardized residuals are normal and (approximately)
independently distributed with a zero mean and with [—1.96, 1.96] as confidence interval, with about 95% of
confidence level (Fig. 9).

Secondly, under ideal circumstances, a plot of the residuals must show no geometric regularity, as it verified.
It is worth noting that expression in Eq. (22) has these features.

In order to define the degree of the polynomial S(t,), it has to be noted that, as the degree is increased, we
get a badly conditioned system solving the least squares problem. Moreover, with a sixth degree polynomial,
the residuals values obtained are very low and decreasing while the amount of sets 7g__4 used to make the
envelope-function increases. In fact, when the argument X of the rth power in S(t,) is lesser than the unity, the
influence of b, decreases as r goes up. This condition is always verified when 7,9 >0.5 (Fig. 12), as it happens
when /1 € [0,1] and y € [0, 10].

3. Structural damage and p—i diagram

Let us suppose y, to be a critical displacement corresponding to structural failure. If the resistance function
of the spring is linear until failure (elastic-fragile behavior), the damage level can be defined by the following
ratio:

d — |ymax| , (23)
Ve
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Fig. 10. Influence of the amount of the computed sets of constants on the regression function S(z,): (a) variation of b, (b) variation of b3,
(c) variation of by, (d) variation of bs, (e) variation of spectrum chart.

where [y,,..| 1s the absolute maximum displacement. It should be noted that a “‘real damage” of the system
occurs only when d = 1. When d<1 the elastic deformation is recovered by the spring, and so d~! can be
regarded as a safety factor against the failure. In order to represent the damage level it is convenient to define
the following dimensionless pressure and impulse:

(24a)



274

by

M. Campidelli, E. Viola | Journal of Sound and Vibration 302 (2007) 260-286

-2
3t
74 €[740,20]

4 n=0.1,.3 ]
m=0,1,...,.3
n,=0,1,...,3

5t n3=0 1

ny=0

-6 . . .

0 500 1000 1500
number of domain points

2300 T T T

-400 1

-500 T4 € [14,0,20] 1

ny=0,1,...,.3
m=0,1,...,3

-600 n,=0.1,..3 |

n3=0
n,=0

=700 : : .

500 1000 1500

2000

number of domain points

2000

b

bs

T, € [rd4’0,20]

-100 | ny=0,1,..,3 |
m=0,1,...,3

-110 n,=0,1,...,3 il

n3=0

-120 ny=0 1

-130 . . .

0 500 1000 1500 2000
number of domain points

-800 T T T

-1000 i

-1200 b
T4 € [74,0,20]

-1400 ny=0,1,....,3 ]
n=0,1,...,3
n,=0,1,...,3

-1600 n3=0 ]

ny=0

-1800 : : :

0 500 1000 1500 2000

number of domain points

Fig. 11. Convergence of by varying the partition of the spectrum domain when 2 = 1 and y = 2.8: (a) convergence of b, (b) convergence
of b3, (c) convergence of by, (d) convergence of bs.
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Fig. 12. Variation of the argument of rth power in spectrum expression varying load duration.
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(24b)

where 0.5F) = 0.5y,k is the magnitude of the step load that produces the specified critical displacement y, and
Iy = y.~/mk is the ideal impulse that produces the same displacement. Once the analytical expression of S(z;)
is known from Egs. (15) and (22), and remembering the definition of DLF,,,x and the impulse expression from
Eq. (2), the structural damage level can be shown as a function with four variables:

d=Gpiiy)=p-SEa). 4= l—iw, n. (25)

Fig. 13 shows the surface given from Eq. (25), generated by an exponentially decaying load (A =1, y = 8).
The level curves of this surface, where the G function takes on given constant values, are the well-known
isodamage curves, which represent the set of the points in the pressure—impulse space that correspond to all
the different loads, of fixed pulse shape, which produce a damage level equal to d. The isodamage curves, given
implicitly from Eq. G(p, i, A,7) = const., can be represented in explicit form as parametric curves with respect

|ymi\x|/yc

d=

> 0.5 !
% 0 o P p=FlFo

Fig. 13. Damage function (4 = 1, y = 2.8); under surface some level curves given by d = constant are reported.

35

=0.2

[\S)
(9]
VA.i=d

i = U,

Fig. 14. Isodamage curves corresponding to 5 different damage levels (1 = 1, y = 2.8).
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to the parameter t,; (Fig. 14):

d )
p=§55,l=p'w~WLW- (26)

3.1. Response limits

Generally a p—i diagram is not a monotonically decreasing function. This is not the case, for example, when
the loading pressure profile has a finite rise time, or when the negative loading phase cannot be neglected, as
shown by Baker et al. [1]. When the loading pressure profile is monotonically decreasing, e.g. when 4 € [0, 1]
and vy € [0, 10], the isodamage curves are monotonically decreasing and they have vertical and horizontal
asymptotes. These asymptotes can be established via an energy criterion. The energy balance for the
spring—mass system at a generic time is given by

W,=&+T, (27a)
[ Friwrar =0+ 5mi o, (27b)
0
in which W, represents the work done by external load, T is the kinetic energy of the system and @ is the

elastic strain energy of the spring.
For an impulsive load, the equation of the impulsive asymptote is deduced from Eq. (27):

|T(O)| = |¢max|»
r i,
% - Ekymax(t)s
1
i=g=d (28)

On the other hand, for a quasi-static load (step rise, constant magnitude, step decaying), the equation of the
quasi-static asymptote can be obtained as follows:

Imax . 1 1 .
/ Fy(l) dr = Ekyz(lmax) + Emyz(lmax)a
0

1
Fymax = iky?nax’ Ymax = y(lmax)a

F d
=—=_. 29
P=F =3 (29)
Generally, all charts relative to a given pulse shape can be conventionally divided into three regions,
depending on the ratio of load duration to fundamental period of the structures:

fa T4
T 21’
For low values of 74, a p—i curve collapses into its vertical asymptote, and the response is similar to that
one of a system excited by an impulsive load. This regime is called impulsive (I). For high values of t;
the diagram collapse into its horizontal asymptote, like a system excited by a quasi-static load, corresponding
to a quasi-static regime (III). Finally, for intermediate values of this ratio, the system response can be
calculated only with a rigorous dynamic analysis; it corresponds to the dynamic regime (II). Points A and B on
the p—i curve, corresponding to a transition from a kind of regime to another, have been established by Li
and Meng with a 5% relative accuracy about the values of the horizontal and vertical asymptotes, as shown in
Fig. 15.

(30)
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Fig. 15. Response regimes (4 = 1, y = 2.8): impulsive, dynamic (A-B portion), quasi-static.
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Fig. 16. Influence of load shape on response spectrum; y = 2.8, 1 =0,0.1,0.2,...,1.

3.2. Pulse shape effects on the system response

The influence of the pulse shape on the structural response is shown in Figs. 16-19. When /4 and 7 increase,
the response spectrum moves down progressively and slowly approaches the horizontal asymptote (DLF = 2).
The isodamage curves move away from the origin and their length in dynamic regime increases.

3.3. Regression model for isodamage curves

When the response spectrum is known, the consequent expression derived for p—i diagrams is rather
complex. In fact, from Egs. (15), (22) and (26), we get:

d
P= 2 2
VA" + B for ty< 140,

i = ptap(4,7)

@31
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Fig. 17. Influence of load shape on response spectrum; A =1,y =0,1,2,...,10.

6 r

Fmax/FO

p

i= U,

Fig. 18. Influence of load shape on p—i diagrams; 1 =0,0.1,0.2,...,1,7=0,d = 1.

Fmax/FO

p

i = I,

Fig. 19. Influence of load shape on p—i diagrams; y = 0,0.5,1.0,...,10, A=1,d = 1.
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d
o So+>0 b ! ! r f
0 =1 4+0.5 140405 OF ¢ > Td,- (32)

i=ptaP(2,7)

In order to find a simplified representation, the curve shape suggests the use of hyperbolic regression
functions, like those proposed by Li and Meng:

Pt (3)
which can be linearized as follows:
X=—-In(@-1),
Y =i +mX, Y =In(p—0.5), (34)

where m; and m, are unknown parameters that are to be estimated. In order to avoid an excessive discrepancy
between regression functions and input data, caused by the asymptotic behavior, it is convenient to assign at
the jth input point a weight w; depending on the chart slope at the same point:

wj = (max{ }) (35
(i.p))

in which the power v is chosen by minimizing the sum of squared residuals (Q?), considering the deviations n;
on both X and Y directions:
}. (36)

o= > n =min{|Yj—(’711 + m X)),
J

When the pressure profile is exponentially decaying (4 = 1,y = 2.8), with v = 0.90 we obtain a minimum local
point of Q, as shown in Tables 2 and 3 (Fig. 20). By following the same procedure for other load shapes, we get
the values of m,, in Table 4. Certainly, even these results are strongly influenced by the choices of the
spectrum domain and sets ng,np,...,ns. Similar problems occur when a relationship has to be estimated
between m;, and the load shape, represented by its centroid. From Eq. (1), and introducing the following
change of variables:

dp

di

di
dp

b
(ij,P/')

Xj_ﬂ

é td 9
Table 2
Simplified p—i curves: local minimum of sum of squared deviations; A =1,y =28,d =1
v 0
—0.95 0.3016
—0.94 0.3015
—0.93 0.3015
—0.92 0.3014
—0.91 0.3014
—0.90 0.3014
—0.89 0.3014
—0.88 0.3014
—0.87 0.3015
—0.86 0.3015

—0.85 0.3016
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Table 3

Regression parameters of p—i diagram; A =1,y=28,d =1

v=-0.90 Li and Meng (2002)

m my o m my 0
0.305 0.693 0.301 0.300 0.700 0.301

i=1,9=28

Fmax/FO

p

i=1Ul

Fig. 20. Simplified p—i diagram; A =1,y =2.8,d = 1.

the loading function, normalized with respect to his maximum value, becomes:

‘ (1 =28 exp(—y¢) for 0<E<,
Q= {0 for &> 1. (37)
The centroid position is given by
1 12
£ = Jo & (©)d¢ o (©de (384)

Trede” 2l rede’

D=\/2+8 (38b)

By using the quadratic approximation proposed by Li and Meng [2]
m(D) = By, + B1.D+ ﬁz,lDz’
my(D) = oy + 12D + BraD? (39)

and from results in Table 4, we get the f3;; values which, as suggested by Florek and Benaroya [24], are very
different from the values determined by only three load shapes:

ﬂo’l == 0654, ﬁl,l == _0936, ﬁ2,1 = 0002,
ﬁO,z - 2553, ﬁl’z == —8237, ﬁZ,z == 8721,
Charts of m; (D) and my(D) are shown in Figs. 21 and 22. A clear relationship can be observed only when one

of the shape parameters, A or v, is fixed. Therefore, for further research of a simplified expression for p—i
diagrams, it could be necessary to establish a relation between m;, and the load shape in which 4 and y are
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Table 4
Parameters of p—i regression functions and response limits (¢ = 5%) corresponding to different pulse shapes

7 y my my 7 5 P ip

0.00 0.000 0.035 0.859 1.077 2.5 0.98 1.32
1.00 0.000 0.141 0.722 1.322 32.3 1.59 8.49
0.05 0.001 0.011 1.344 1.077 2.7 1.00 1.39
0.05 1.001 0.169 0.580 1.107 33.0 1.53 10.72
0.05 2.001 0.275 0.620 1.193 64.4 2.07 14.36
0.05 3.001 0.323 0.695 1.330 95.8 2.53 15.70
0.10 0.001 0.017 1.163 1.077 3.3 1.03 1.63
0.10 1.001 0.176 0.580 1.111 34.6 1.56 11.00
0.10 2.001 0.279 0.623 1.199 66.0 2.10 14.46
0.10 3.001 0.324 0.699 1.339 97.4 2.55 15.74
0.15 0.001 0.026 1.019 1.078 49 1.05 2.37
0.15 1.001 0.183 0.582 1.115 36.2 1.59 11.26
0.15 2.001 0.282 0.626 1.206 67.6 2.12 14.55
0.15 3.001 0.325 0.703 1.349 99.0 2.57 15.76
0.20 0.001 0.035 0.912 1.079 6.5 1.08 3.07
0.20 1.001 0.189 0.585 1.119 37.8 1.62 11.49
0.20 2.001 0.285 0.630 1.213 69.2 2.15 14.62
0.20 3.001 0.325 0.706 1.359 100.6 2.59 15.78
0.25 0.001 0.045 0.836 1.081 8.1 1.11 3.73
0.25 1.001 0.195 0.588 1.124 394 1.65 11.70
0.25 2.001 0.288 0.635 1.221 70.8 2.18 14.68
0.25 3.001 0.326 0.710 1.370 102.2 2.60 15.80
0.30 0.001 0.054 0.783 1.083 9.7 1.14 4.34
0.30 1.001 0.201 0.592 1.130 41.0 1.68 11.89
0.30 2.001 0.291 0.639 1.230 72.4 2.20 14.73
0.30 3.001 0.326 0.713 1.382 103.8 2.62 15.80
0.35 0.001 0.064 0.744 1.085 11.3 1.17 491
0.35 1.001 0.207 0.595 1.136 42.6 1.71 12.06
0.35 2.001 0.293 0.644 1.240 74.0 2.23 14.77
0.35 3.001 0.326 0.716 1.395 105.4 2.64 15.80
0.40 0.001 0.073 0.716 1.089 13.0 1.21 5.46
0.40 1.001 0.212 0.599 1.143 44.2 1.75 12.21
0.40 2.001 0.295 0.648 1.251 75.6 2.25 14.80
0.40 3.001 0.326 0.719 1.410 107.0 2.65 15.79
0.45 0.001 0.083 0.694 1.093 14.6 1.24 5.94
0.45 1.001 0.218 0.603 1.152 45.8 1.78 12.33
0.45 2.001 0.296 0.653 1.264 77.0 2.27 14.77
0.45 3.001 0.325 0.721 1.425 108.4 2.66 15.74
0.50 0.001 0.092 0.677 1.098 16.2 1.28 6.38
0.50 1.001 0.222 0.607 1.161 47.4 1.81 12.44
0.50 2.001 0.297 0.658 1.277 78.6 2.30 14.77
0.50 3.001 0.325 0.724 1.442 110.0 2.68 15.72
0.55 0.001 0.101 0.663 1.104 17.8 1.31 6.77
0.55 1.001 0.227 0.612 1.172 49.0 1.84 12.52
0.55 2.001 0.298 0.663 1.292 80.2 2.32 14.76
0.55 3.001 0.324 0.726 1.461 111.6 2.68 15.69
0.60 0.001 0.110 0.653 1.112 19.4 1.35 7.13
0.60 1.001 0.231 0.618 1.185 50.6 1.87 12.58
0.60 2.001 0.298 0.668 1.310 81.8 2.34 14.74
0.60 3.001 0.323 0.727 1.481 113.2 2.69 15.65
0.65 0.001 0.119 0.648 1.122 21.0 1.39 7.44
0.65 1.001 0.234 0.624 1.201 52.2 1.90 12.61
0.65 2.001 0.298 0.673 1.329 83.4 2.35 14.70
0.65 3.001 0.321 0.729 1.504 114.8 2.70 15.60
0.70 0.001 0.127 0.648 1.134 22.6 1.43 7.71
0.70 1.001 0.236 0.630 1.218 53.8 1.93 12.62

0.70 2.001 0.297 0.678 1.351 85.0 2.37 14.65
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Table 4 (continued)

2 Y m my i 7 Pa ip
0.70 3.001 0.320 0.730 1.529 116.4 2.70 15.55
0.75 0.001 0.134 0.652 1.149 24.2 1.46 7.94
0.75 1.001 0.238 0.636 1.239 55.4 1.95 12.62
0.75 2.001 0.296 0.684 1.376 86.6 2.38 14.59
0.75 3.001 0.318 0.730 1.558 118.0 2.70 15.48
0.80 0.001 0.140 0.656 1.168 25.8 1.50 8.13
0.80 1.001 0.239 0.642 1.264 57.0 1.98 12.59
0.80 2.001 0.294 0.687 1.405 88.2 2.38 14.51
0.80 3.001 0.316 0.730 1.589 119.6 2.69 15.41
0.85 0.001 0.145 0.660 1.193 27.6 1.53 8.33
0.85 1.001 0.239 0.647 1.293 58.6 1.99 12.53
0.85 2.001 0.292 0.690 1.439 89.8 2.38 14.43
0.85 3.001 0.314 0.730 1.625 121.2 2.68 15.34
0.90 0.001 0.149 0.664 1.224 29.2 1.56 8.43
0.90 1.001 0.238 0.650 1.330 60.2 2.00 12.46
0.90 2.001 0.289 0.691 1.479 91.4 2.38 14.33
0.90 3.001 0.312 0.729 1.666 122.8 2.66 15.25
0.95 0.001 0.151 0.667 1.266 30.8 1.58 8.49
0.95 1.001 0.237 0.651 1.375 61.8 2.00 12.36
0.95 2.001 0.287 0.690 1.526 93.0 2.36 14.22
0.95 3.001 0.310 0.726 1.713 124.4 2.64 15.16
1.00 0.001 0.152 0.668 1.322 32.4 1.59 8.50
1.00 1.001 0.234 0.650 1.433 63.4 1.99 12.24
1.00 2.001 0.284 0.687 1.582 94.6 2.34 14.09
1.00 3.001 0.307 0.724 1.767 126.0 2.61 15.06
0.4 T =3
03[ T
y=1
quadratic approximation
027 based on 82 pulse shapes
S
S
0.1 T
y=0
Li, Meng
0 - -
-0.1 : : : : : :

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

D=vNg+(3

Fig. 21. Quadratic approximation for m;; (A =1,y =2.8,d = 1).

partially uncoupled:
mi =fi(A) +9,() + hi(4,7),  i=1,2.

Similar problems occur while investigating the influence of the load shape on the response limits. Even in
this case, the quadratic approximation proposed by Li and Meng (Eq. (40)) produces different results if it is
applied to the wide range of load shapes in Table 4, and all observations made for m, »(D) functions about the
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D=+

Fig. 22. Quadratic approximation for my; (A =1,y=2.8,d = 1).

quadratic approximation
based on 82 pulse shapes

™1 (D)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

2, ¢2
D=./¢+E

Fig. 23. Quadratic approximation for t;; (A =1,y =2.8,d =1).

accuracy of the employed method are still valid:

©(D) = By, + Bio D+ Brr, D

(D) = By, + B, D+ ﬁz,rzDza

pa(D)=Po,, + B, D+ ﬁz,pAD2>

ip(D) = By, + 1, D + Bry D (40)

The regression curves of these functions are represented in Figs. 23-26, which are defined using the
following f—values:

Bo., =3.566, B, =—8247, f,, = 6803,
Bo., =475.734, B, = —1407.286, B, = 1055.256,
Bo,, = 6745, By, =—15133, B,, =9.901,
Bo,iy = 19.156, By, = 6.332,  p,,;, = —46.496.
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Fig. 24. Quadratic approximation for 175; (A =1,7=2.8,d = 1).
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Fig. 25. Quadratic approximation for p; (A=1,7y=28,d =1).

3.4. Effective pressure—impulse diagram

In the following the effective impulse is defined in a different way with respect to that shown in Ref. [2]:

-_lmz
i€=1+% (41)

and the same definition is used for the effective pressure

DPe =D- 42)

Substituting Eqs. (41) and (42) into Eq. (33), we obtain a p,—i, curve for a 100% damage level which is shifted
towards the p direction by 0.5 with respect to that proposed by Li and Meng:

+. 43)
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Fig. 26. Quadratic approximation for ig; (A =1, =2.8,d = 1).
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Fig. 27. Unique p,—i, diagram, compared with charts of load profiles given by 4 = 0.05,1.05,...,1, y = 0.001,1.001,2.001,3.001; d = 1.

With the values in Table 4 and from Eqs. (41) and (42) we can represent the isodamage curves in the p,—i,
space for different pulse shapes, in order to compare them with the hyperbole described from Eq. (43). The
charts in Fig. 27, related to 82 different pulse shapes, show a maximum discrepancy of 0.488 (24.05%),
corresponding to the abscissa i, = 1.24 and a Q value of about 2.49. Therefore, the isodamage curves in p,—i,
space do not collapse into an unique hyperbolic curve.

4. Conclusions

A parametric analysis of the response spectrum for a sdof system under pulse loads given by high explosives
is proposed. It shows a way to establish the structural response by varying the pulse load parameters.
However, many properties of the envelope function still have to be demonstrated, as for example the
localization of the transition point. The response curve expression used allows to obtain low residuals for the
fitted curve, whose input data are generated by computer experiments. The notable complexity of such an
expression suggests to investigate simplified analytical forms for isodamage curves. Simple hyperbolic
functions seem suitable to fit the data of these diagrams. However, for some load shapes, curves with
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sufficiently low values of residuals cannot be obtained when only two parameters m; and m;, are used. Another
possibility could be to use a linear combination of hyperbolic function powers, as it was done for the transient
response spectrum. Lower values of the sum of squared deviations could allow the isodamage curves to
collapse into an unique chart in the effective space, for any value of 4 and y. However, some problems related
to the choices of the spectrum domain and the right set of constants ng,ny,...,ns need to be solved, because
these solutions have an influence on all the results related to a rigorous dynamic analysis.
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