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ABSTRACT

We present analysis of linear and nonlinear strains (rotations and drifts) in a uniform shear
beam subjected to a strong-motion pulse at its base. We describe the dependence of the
computed strains on the amplitude and duration of the wave pulse and on the material properties
of the shear beam. Our results should provide a useful elementary background that can serve to
help further understanding of the advantages of the displacement-based design and of the power
design method.



1. INTRODUCTION

The traditional earthquake resistant design has evolved from the linear concepts of the
relative-response spectrum, using vibrational theory, and the mode superposition method (Biot,
1942). However, this approach has a low-pass filtering effect on the end result, because in
practical engineering applications the higher modes are usually neglected. Furthermore, the
traditional response spectrum method is not suitable for representation of the early transient
response, particularly for excitations by high-frequency pulses, which have durations shorter
than the travel time for an incident wave to reach the top of a building.

Recent summaries of the known concepts in seismic design through “performance-based”
objectives, and proposals that it may be more rational to develop some displacement-based
design procedures as a replacement for the traditional force-based approach, have emphasized
the need to understand and to quantify the inter-story drift (Fajfar and Krawinkler, 1992). At the
Bled workshop in 1997 (Fajfar and Krawinkler, 1997) it was concluded that (Fajfar, 1998) “The
most suitable approach for seismic design practice appears to be deformation-controlled design.
This approach uses deformation rather than forces as the starting point for seismic design, with
the presumption that control of global displacement, drift, or strain is the key to controlling the
performance of the structure...the inter-story drift is a very useful performance indicator. The
important component(s) of drift will depend on the evaluation objective, considering that inter-
story drift may be caused by shear distortion within the story, cumulative flexural rotations (e.g.,
in walls), and rotation at the bottom of the structure due to foundation flexibility.”

Inter-story drifts are the point rotations averaged over a story height, and thus they are
directly related to the space derivatives of the waves propagating through the structure (Trifunac,
2006). Because this relationship holds for both linear and nonlinear wave motion, extension of
the use of the average story drifts (rotations) to the drifts at a point (point rotations) offers
advantages and can become a valuable new tool in the design of structures. The creation of
plastic hinges in beams, columns, and walls corresponds to strain localization associated with
nonlinear waves in a continuum, and therefore quantifying point rotations (i.e., strains and drifts)
and understanding the circumstances and conditions that lead to large point rotations are
essential for the development of new rational methods in earthquake-resistant design.

Since the modes of vibration are standing waves that result from constructive interference of
the incoming wave and the wave reflected from the top of the building, the building starts
vibrating in the first mode only long after time t = 2H/ £ has elapsed (H and £ are the height

and vertical shear wave velocity of the building, respectively). While in principle the
representation of the response as a linear combination of the modal responses is mathematically
complete, analyses of response to short “impulsive” representation would require considering
many modes (infinitely many for a continuous model), which is impractical. The wave



propagation methods are therefore more natural for representation of the early transient response
and should be explored further and used to solve the problems where the modal approach is
limited.

Wave-propagation models for analyses of the response of buildings have been used since the
1930s (Sezawa and Kanai, 1935, 1936; Kanai, 1965), but they are only recently beginning to be
verified against actual observations (Todorovska et al., 2001 a, b). Continuous 2-D wave-
propagation models (homogeneous, horizontally layered, and vertically layered shear plates)
were employed to study the effects of traveling waves on the response of long buildings
(Todorovska et al., 1988; Todorovska and Trifunac, 1989, 1990a,b; Todorovska and Lee, 1989),
and discrete-time 1-D wave-propagation models were proposed to study the seismic response of
tall buildings (Safak, 1998; Gicev and Trifunac, 2006).

In the following, we use the elementary principles of wave propagation through a
homogeneous shear beam model to study the relationships between the amplitude of an incident
pulse of strong ground motion and the building response in terms of the computed transient and
permanent drifts (rotations).
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Fig. 1 A velocity pulse with amplitude vy, and duration t, (top), and a general velocity pulse v(t)
bottom).




1.1 Strong-Motion Pulses

Strong ground motion can be viewed as resulting from a sequence of pulses emitted from
failing asperities on the fault surface (Trifunac, 1972a,b; 1998). Through multiple arrivals with
different source-to-station paths and scattering, the strong motion observed at a site assumes the
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Fig.2 S16° E component of strong motion acceleration, velocity and displacement, recorded at
Pacoima dam during the San Fernando, California, earthquake of 1971 [Trifunac and
Hudson, 1971].
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Fig. 3 S48° W component of strong motion acceleration, velocity and displacement recorded at
Rinaldi Receiving Station, during the Northridge, California, earthquake of 1994
[Trifunac et al, 1998].



appearance of irregular oscillations in time, but it usually preserves one or several large and long
displacement and velocity “pulses.” These pulses are “spread out” in time due to multiple arrival
paths and dispersion, but they do appear systematically in recordings at adjacent stations, at
epicentral distances approaching 100 km (Todorovska and Trifunac 1997a,b; Trifunac et al.,
1998).

To illustrate the response in terms of propagating waves, we consider the foundation motion
transmitting a velocity pulse with amplitude Vvji, and duration ty (Fig. 1a). For small to, this pulse
approximates a delta function and can be used as a building block to represent more general
velocity pulses in input motion (Fig. 1b). Figures 2 and 3 illustrate large-velocity pulses in the
near field recorded during the 1971 San Fernando (Fig. 2) and 1994 Northridge (Fig. 3)
earthquakes in California.
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Fig. 4 A wave caused by sudden movement at the base of the shear building, for constant
velocity pulse with amplitude Vy;,,, for time t<t, (= pulse duration).

For an elastic building on rigid soil (i.e., no soil-structure interaction), a velocity pulse with
amplitude V)i, will create a wave propagating up the building with velocity £, (see Fig. 4). For

times shorter than H/ 4, and for elastic strain y (y = 0u/0x = Vi, / B, )—i.e., displacement u(x,t)

smaller than the elastic limit uy (Fig. 5)—the wave propagating up into the building will be
defined by a straight line:
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Fig. 5 Bilinear force-deformation representation of a shear-beam model experiencing nonlinear
response.

During reflection from the stress-free top of the building, the incident wave from below and
the reflected wave from above will interfere with each other, leading to double amplitude at the
roof. The propagation of the energy of the pulse will continue downward as a linear wave as long
as the incident wave amplitude is smaller than uy/2.

Figure 6 illustrates the peak drift amplitudes (Viin/ £,) in a linear shear beam model of a
building, assuming that £ = 100 m/s, short transient pulses, and linear response. For twelve
earthquakes recorded in the VN7SH building (Trifunac et al., 2003), the maximum drift at the
base of a structure is plotted versus Vjin (solid points). For the Landers, San Fernando, and
Northridge earthquakes, the maximum drift at the roof is also shown (2vjin/ £, ). It can be seen

that the maximum drift at the base occurs during the Northridge earthquake and is approximately
0.5%, while at roof it is equal to about 1%.

For a building supported by flexible soil, the soil-structure interaction will lead to horizontal
and rocking deformations of the soil, and in general, this will reduce the amplitude vji, of the
strong-motion pulse entering the structure. Partitioning of the incident wave energy into
horizontal and rocking motions of the building-foundation-soil system and scattering of the



incident wave from the foundation will thus
deformation of the structure.
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Fig. 6 Drift amplitudes in a shear-beam building with linear shear wave velocity

B, =100m/s.

The presence of the foundation within the soil creates an impedance jump for incident wave

motion, and this causes scattering of the incident waves (Trifunac 1972c; Lee et al.,
Todorovska and Trifunac 1990 a, b, c; 1991,

Moslem and Trifunac, 1987;

1982;
1992, 1993;

Todorovska et al.). For the simple model employed in this work, this scattering is not strong

because the strong motion excitation is described by one-dimensional incident wave motion.



In the above examples, we considered linear waves in the simple shear beam (when the
incident wave amplitude is smaller than uy/2), which led to the maximum shear strain (drift)
equal to vii/ B, . For larger incident waves, nonlinear deformations in the beam will lead to more
complicated relationships between the maximum strain (drift) and the governing variables of the
problem. The purpose of what follows is to illustrate these relationships through a series of
numerically simulated examples and to show where and how large the local strains (drifts) can
be.

2. MODEL

We consider horizontal deformations, U, in a one-dimensional model of a building
supported by one-dimensional half space and excited by a vertically propagating shear wave
described by a half-sine-pulse (Fig. 7). For simplicity, the incident displacement in the soil is
chosen to be a sinusoidal pulse with characteristics shown in Fig. 7. The constitutive law of the
building material is assumed to be bilinear with the first slope, g, representing the linear
(initial) shear modulus, and the second slope, u, = yu,, representing the material during yielding

(Fig. 8). The yielding strain in the building is ¢, . To maintain the continuity of the stresses at

the interface, the yielding strain at contact point 3 is obtained from &, = 1,&, as follows:

Y7
gy3 =_b.gyb’ (2.1)
H;
where g, is the shear modulus in the building and g, is the equivalent shear modulus at point 3.

The initial equivalent shear modulus for this point is obtained from the condition of continuity of
the displacements and of the stresses at the interface as:

— Hs Hy (Axs + Axb) ] (22)

# HAXy + 11, AX

The equation of motion is:

1
Vo= (0) (2.3a)

2

and the relation between the derivative of the strain and the velocity is:
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Fig. 7 Shear beam and incoming strong motion displacement pulse: (a) model of the beam, and
(b) the pulse in the soil.
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Fig. 8 The constitutive laws, o - ¢, for the building (solid line) and for the interface (dotted
line).

&=V | (2.3b)

where v, p, o, and ¢ are particle velocity, density, shear stress, and shear strain, respectively,

and the subscripts t and x represent derivatives with respect to time and space.

The domain consists of two materials (see Fig. 7): (1) soil with physical properties p, and

Ls, and (2) a building with physical properties p, and py,, where p, is the density and p; is the

11



initial shear modulus in the soil (i = s) or in the building (i = b). v= Z_Ltj and ¢= Z—u are the
X

velocity and the strain of a particle, respectively, and u is the out-of-plane displacement of a
particle perpendicular to the velocity along the propagation ray.

It is assumed that the incoming wave is known and that its displacement as a function of t is

prescribed at the soil point 1 (X = —-2AX, ). For analysis, in this paper it is assumed that the soil is

always in the linear elastic state. To model the radiation of the wave from the building, we
provide an artificial boundary at the bottom of the model.

The transparent boundary adopted for this study is described in Fujino and Hakuno (1978)
LAt

(Fig. 9). This is a perfect transparent boundary for one-dimensional waves, when N 1. In
X

Fig. 9, the horizontal axis is time and the vertical axis is space. The first coordinate represents
discrete space while the second coordinate represents discrete time.

Point 1 is where the prescribed displacement is applied. We assume that this displacement
travels upward in each time step. Point 2 is the boundary point of the model, where the quantities
of motion are updated in each time step. Point 3 is the first spatial point, where the motion is
computed using finite differences.

The motion at each point results from two components of motion, one from a wave going
up, and the other from a wave going down. To update the motion at boundary point 2, in time
step k, we proceed as follows. The total motion at 2 is

u2,k) =T u2,k)++ u2.k), (2.4)

where the arrows denote direction of the wave propagation (T for up and { for down). The

motion at point 1 results from up-going wave u(1,t/At)=" u(l,t/At)=u,(t/At). Then,
Tu2,k)=u(,k-1)=u,(k -1). (2.5)
The component of motion from the wave traveling down is
du(2,k)=tuG,k-1). (2.6)
From u(3,k—-1)=Tu@3,k -1+ u(3,k —1), it follows that

Ju@B,k-)=uB,k-D)-Tu@B,k-1). (2.7)

12
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Fig. 9 The model of the absorbing boundary.

The motion at 3 at time step (k-1) from the wave traveling upward is the motion at 2 from
the wave traveling upward in the previous time step (k-2). The motion at 2 from the wave
traveling upward in time step (k-2) is the given motion at time step (k-3), so that with

TuB,k=1)=Tu(2,k —2)=u,(k —3) equations (2.6) and (2.7) become
Lu2,k)=bu@G.k-1)=u@B,k-1)—u,(k-3). (2.8)
Substituting Eq.(2.5) and Eq.(2.8) into Eq.(2.4), the motion at point 2 is
u2,k)=u,(k -1)+u@B,k-1)-u,(k-3)  vk. (2.9)

Equation (2.9) is the boundary condition at the transparent boundary point 2, where u stands

for velocity, strain, or stress.

13



3. NUMERICAL SCHEME

As noted by Dablain (1986), for the solution of 1-D wave propagation a finite difference

scheme with accuracy O(At”,Ax”), where Ax and At are the space and time increments, leads to

SAt

the exact solution for ~ =1, where [ is the velocity of shear waves. With a ratio of the
X
o AX . .
spatial intervals A_b = &, we can meet this requirement.
X

S S

The Lax-Wendroff O(At?, Ax?) finite difference method (Lax and Wendroff, 1964) for a set

of simultaneous equations is used to solve the problem. A mesh with different spatial intervals in
the soil and in the building is used. The spatial intervals are defined by AX; = f, - At, where f3; is

the velocity of shear waves in the soil (i = s) or in the building (i = b) and At is the time step.

The height of the building is divided into 197 spatial intervals and the soil into 2 spatial
intervals, so the properties of the mesh are:

H
Ax, =—2, and AX, :&Axb : (3.1a)
197

b

The cell length at interface point 3 (x = 0) is:

AX, + AX
AX, = (A%, +4x,) (3.1b)
2
The time step is constant during the analysis:
AX, AX
At=""0 - 0 (3.2)
By B

Above the top point, N, additional dummy point N’ is introduced at distance Ax,. For a
stress-free point N, for all time, the velocities and the stress at point N’ are updated as:

Vy =Vy (3.3a)
On =—On . (3.3b)

Equations (2.3) can be written in vector form as:

14



U _oF

=—, 3.4
ot ox 34
where
o
v =z
U:{} and F=4p¢ . (3.5)
¢ v
The vector U at point i in time (j+1) At expanded in Taylor series is:
2 2
Ui,,-+1=Ui,j+At(@j oA (8 8} +0(At?),
o), 2\t ),
and from Eq.(3.4):
2
Ui =Ui +AI(%) +£E[Ej +0O(At?)
’ ’ OX Ji; 2 ot{ox);
2
Ui =Y, +At(ij +£3(A(U)fj +0O(At?) . (3.6)
' ’ OX Jij 2 oXx OX )i ;
A(U) is the Jacobian matrix:
oF % ;a o Ldo
A U = = & = e . 3.7
L) 0| v 1 ,0(;15 (3.7
ov  Oe¢
4. RESULTS

For the numerical examples in this paper, we consider a shear beam supported by elastic
soil, as shown in Fig. 7. The densities of the soil and of the beam are assumed to be the same
Py = Ps = p=2000 kg/m’. The velocity of the shear waves in the soil is taken as B, =250m/s,

and the velocity in the building as B, =100 m/s. The height of the building is H, =10m.

To study nonlinear response and the development of transient and permanent strains in the
beam, we introduce two dimensionless parameters:

15



dimensionless amplitude « = A , 4.1)
b " Eyb

where A is the amplitude of the pulse (see Fig. 7), H, is the height of the building, and ¢, is
the yielding strain in the building; and

: : H H H
dimensionless frequency 7 =—2= 7 ;t = y tb ,
Fo = Prld

A
2 2

(4.2)

where: 4, is the wavelength of the wave in the building, £, is the shear wave velocity in the

building, and t; is the duration of the half-sine pulse.

In our previous paper (Gicev and Trifunac, 2006), we derived the conditions for the first
occurrence of permanent strain in the building. For our example in this work,C; =0.2228.

These conditions relate the amplitude and the frequency of the pulse, the physical properties of
the building, and the soil stiffness:

an> Pt P ¢ _gomg 43)
7K, 27,
an>——PotP o _Cogi14 (4.4)
2k, 4np 2
O e N < T 7S (4.5)
nk, 2+, ) 2nB,2+[k,[) 2+,

The condition (4.3) requires the biggest productar, and if it is satisfied, it describes the

occurrence of the first permanent strain, which is always located at the bottom of the building. If
this condition (4.3) is not satisfied, the condition (4.4) becomes relevant and, if it is satisfied, the
first permanent strain occurs at some point (T) between the base and top of the building. Finally,
if both conditions (4.3) and (4.4) are not satisfied, andz < 0.5, the condition (4.5) describes the

occurrence of the first permanent strain.

For the shear wave velocities in our example (S, =250m/sandf =100m/s), the

coefficient of transmission of the wave from the soil to the building is k, = %, and the

coefficient of reflection of the incident wave from the building, back to the building, is k, = —% .

16



We will consider the range of the dimensionless frequencies0.06 <7 < 5. In this frequency

range, the response of the beam for the five dimensionless amplitudes « =0.01, 0.05, 0.10, 0.20,

and 0.30, and the four ratios between the moduli 7:ﬂ:O.O, 0.1,0.2,and 0.3, will be
Hy

considered (see Fig. 8). The analysis will last two seconds, during which time the wave will have
ten reflections from the interface. After this time, we assume that the portion of the wave energy
remaining in the beam is negligible.

In Fig.10, the maximum strain in the building, &__ , versus the dimensionless frequency, 7,

is shown for five different dimensionless amplitudes. This strain is the absolute maximum of the
strain occurring in the beam at any time of its response. Together with the curves ¢_ (77), the

lin

e 1S the maximum velocity

curve V,, /B, versus 1 for ¢ =0.3 is shown. The quantity v,, =V

entering the beam, supposing that the beam is linear, for the considered frequency of the pulse.
As can be seen from the plot, this relation is linear in 77, which follows from the linear relation:

7A
Vin = t—-kt = ane ., Bk, - (4.6)

d
Instead of studying the absolute maximum of the strain, we will consider:

¢ the normalized maximum strain, which we define by the ratio

g:'r(;?‘)r; — max — max X (4-7)
V|J Elin
By

This quantity will show the degree of nonlinearity in the building response and the effects of
the interference on the amplification of the linear entry strain. This strain is always larger than

one.
e the normalized strain at the end of the analysis, which is the ratio
£ £
Erom == (4.8)
Yiin Ejin
B,

This quantity will show us the ratio of the permanent strain (after all of the wave energy exits the
building) and of the linear entry strain. This strain can be larger or smaller than one, and for
linear waves (when neither condition 4.4 nor condition 4.5 are satisfied) it is zero.

17
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Fig. 10 Maximum strain versus dimensionless frequency for five dimensionless amplitudes « .
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the maximum strain normalized by the yielding strain

£y = s (4.9)

norm >
yb

which is useful for design purposes. If this quantity at some point of the building is larger than
&
the maximum allowed ductility x = —L | where & 18 the largest strain that can occur in the

&£
yb
material, the building may collapse. For linear waves, this normalized strain is smaller than one.

max

o Versus dimensionless frequency 7 is shown for the

In Fig. 11a, the normalized strain ¢
five dimensionless amplitudes o =0.01,0.05,0.1,0.2,0.3 and for elasto-plastic material (y =0).

In the further discussions, the region (77, x) will be divided into three sub-regions (zones):
Zone 1: Z, = {(,x) <0.5,vx} Zone 2: Z, = {(n,x)0.5<n<5x<1}
Zone 3: Z, = {(,x)0.5<n <5,x>1}.

The boundary between zones 2 and 3 is taken close to the soil-building contact. For
convenience, we put this boundary at one tenth of the height of the building, at x = 1.

For a=0.01, the condition (4.5) is not satisfied in the zone Z,, (17<0.5), because
Cg  0.2228-7

n > = =9.174 > 0.5, and so there in no permanent strain in this region.
(17/7)-a  17-0.01
The condition (4.4) gives 7 >§—B: (2)202?)? =11.14>5, which means that in the range
a -0.

0.06 <7 <5 the response of the beam for o =0.01 is always linear. The absolute maximum
occurs in zone Z,, for 7 close to 0.5 (17 =0.45), at the bottom of the beam. Its value is 2.5363
(see Table 1). For n > 0.5, this normalized strain is constant and equal to 2. In zone Z,the

largest normalized strain occurs at the beginning of the second wave passage, and its theoretical
. 10 : . . . .

value is 1+ |kr| = = =1.4286. The numerical calculation gives 1.4266. In Fig. 12, which shows

the normalized strain at the end of the analysis, when there is no wave energy remaining in the

building, this case is illustrated by the zero-ordinates line.

For o =0.05, the response in Z, is linear, and the ordinates in Fig. 11a are equal to those for
Cg 02228

a =0.01. The condition (4.4) gives n > — = = 2.228, indicating that for these
2a0 2-0.05

frequencies the permanent strain occurs at the top of the beam, in zone Z,. The maximum

19



Table 1. Maximum ¢ and minimum & normalized strains at time when maximum occurs

n,max n,min

and their locations in the three zones.

&, =
Ventr t=t(&max)

Zone2: 0.5<p <5 Jx<Im

Zone 1: 77<0.5( Jx<10m

Zone3: 0.5<p<5(Jx>1m

Normalization with linear entry velocity v, =Vin = ':\ﬂ -k,
d
H,
y=t2
Hy | Fig. No. | Zone # a T inax X o (M) € max 7] tmin X i (M) € min

0.01 0.45 0. 2.5363 0.07 1.88 -1.0979
0.05 0.46 0. 2.5669 0.10 0. -1.0974
1 0.1 0.46 0. 2.5621 0.11 2.13 -1.0774
0.2 0.46 0. 2.6814 0.11 0. -1.0774
0.3 0.40 0. 29.7380 | 0.11 0. -1.0774

0.01 / / / / / /
0.05 5.00 0. 0.0344 4.49 0.05 -0.1926
0.0 15a 2 0.1 4.49 0. 1.4307 3.74 0.10 -0.4651
0.2 1.70 0. 2.7906 2.99 0. -6.6910
0.3 1.07 0. 3.9902 2.03 0. -10.038

0.01 0.5 1.78 2.0192 / / /

0.05 4.31 9.24 3.0956 / / /

3 0.1 2.63 8.78 4.2464 / / /
0.2 1.52 8.07 4.4169 1.97 1.02 -0.5657
0.3 1.07 7.21 4.6230 1.28 1.02 -0.5804
0.01 0.45 0. 2.5363 0.07 1.88 -1.0979
0.05 0.46 0. 2.5669 0.10 0. -1.0974
1 0.1 0.46 0. 2.5621 0.11 2.13 -1.0774
0.2 0.46 0. 2.77458 0.11 0. -1.0774
0.3 0.41 0. 5.3459 0.11 0. -1.0774

0.01 / / / / / /
0.05 5.00 0. 0.0812 4.49 0.05 -0.1354
0.1 16a 2 0.1 4.49 0. 1.4454 5.00 0. -2.2442
0.2 1.97 0. 1.4678 3.98 0. -3.1995
0.3 1.25 0. 1.4392 3.32 0. -3.6930

0.01 0.5 1.78 2.0192 / / /

0.05 4.13 9.19 2.7873 / / /

3 0.1 2.18 8.43 3.2201 / / /

0.2 1.25 7.31 3.3316 / / /

0.3 0.80 5.79 3.1367 / / /

Continued on the next page
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Table 1. (continued)

Hy
y=—
lul Flg No. Zone # (24 nmax max (m) gn max 77min Xmin (m) gn min
0.01 0.45 0. 2.5363 | 0.07 1.88 -1.0979
0.05 0.46 0. 2.5669 | 0.10 0. -1.0974
1 0.1 0.46 0. 2.5621 | 0.11 2.13 -1.0774
0.2 0.46 0. 2.7745 | 0.11 0. -1.0774
0.3 0.41 0. 4.2735 | 0.11 0. -1.0774
0.01 / / / / / /
0.05 5.00 0. 0.0698 | 4.49 0.05 -0.0978
0.2 17a 2 0.1 4.37 0. 1.2049 | 5.00 0. -1.8560
0.2 5.00 0. 2.4277 | 3.98 0. -2.4368
0.3 4.79 0. 2.77357 | 2.96 0. -2.7004
0.01 0.5 1.78 2.0192 / / /
0.05 | 4.22 9.19 2.5401 / / /
3 0.1 2.24 8.43 2.8346 / / /
0.2 1.13 6.80 2.8517 | 4.70 1.47 -0.2373
0.3 0.71 4.97 2.7213 | 4.31 1.02 -0.3879
0.01 0.45 0. 2.5363 | 0.07 1.88 -1.0979
0.05 0.46 0. 2.5669 | 0.10 0. -1.0974
1 0.1 0.46 0. 2.5621 | 0.11 2.13 -1.0774
0.2 0.46 0. 2.7267 | 0.11 0. -1.0774
0.3 0.41 0. 3.7739 | 0.11 0. -1.0774
0.01 / / / / / /
0.05 5.00 0. 0.0795 | 4.49 0. -0.0753
0.3 18a 2 0.1 5.00 0. 1.4136 | 4.37 0.91 -0.0771
0.2 5.00 0. 2.0413 | 2.45 0. -1.9067
0.3 5.00 0. 2.2563 | 1.82 0. -2.1236
0.01 0.5 1.78 2.0192 / / /
0.05 4.31 9.19 2.3928 / / /
3 0.1 2.12 8.22 2.6254 | 4.58 1.68 -0.4869
0.2 1.10 6.55 2.5878 | 2.69 2.69 -0.4143
0.3 0.68 4.52 2.4890 | 4.79 1.02 -0.6067

normalized strain reaches its maximum value 3.0956 at the point (17,X)=(4.31,9.24) (see Table
1). This is the largest amplification of the entering strains for « =0.05 in the considered

frequency range. At this frequency, a small permanent strain starts to develop at Z, for

C, 0.2228

a 0.05

=4.46, after condition (4.3) is satisfied (see Fig. 15a, and Fig. 15b).

21



30

lin =
Végtr t kt

Fig. 11a Maximum normalized strain versus dimensionless frequency for five dimensionless
amplitudes a.
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Fig. 11b Maximum normalized strain versus dimensionless frequency for dimensionless
amplitudes o =0.2, 0.225, 0.25, 0.257, and 0.3.
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Fig. 12 Normalized remaining permanent strain versus dimensionless frequency, for five
dimensionless amplitudes.

For development of this permanent strain at the bottom, a certain amount of the input wave
energy is spent, so the wave traveling up is smaller, leading to smaller permanent strain at the
top. In Fig. 12, while 7 is less than 2.228, the normalized strain at the end is zero, and for
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n > 2.228 it has nonzero ordinates with maximum amplitude equal to 2.4746 at
(7,%) = (4.58,9.24) (see Table 2).

The response is similar fora =0.1. Again, in Z the response is linear and the first

permanent strain occurs for 7 > S—B = 02'2?)218 =1.114 (see Fig. 12). The curve for o =0.1 and
a -0.

for 7 <1.114 coincides with the curves fora = 0.0l and & = 0.05. The maximum occurs in zone
Z, for (17,x)=(2.63,8.78), and its value is 4.2464 (see Table 1).

For ¢ =0.2 in zone Z,, condition (4.5) gives 77 > 1?8 = 0'12228 7 =0.4587 < 0.5, which
7., 7-0.2
7
indicates the appearance of a permanent strain at the beginning of the second passage of the

wave through the beam. Condition (4.4) gives 1 > 2—B = 022(2)228 =0.557. This indicates that in
a -0.

the very narrow interval 0.5 <7 <0.557the response of the beam is linear (equal to 2 in
Fig. 11a). In zone Z, there is an appearance of a small permanent strain with a maximum value
of the normalized maximum strain 2.6814 at (,x)=(0.46,0) (for the linear case this value is

17 end

7:2.4286), and a maximum value of ¢, equal to 0.5988 occurs at the same point

(7,x)=(0.46,0). The maximum &7 in zone 3 is 4.4169, and it occurs at a smaller frequency,

norm

(n,x): (1.52,8.07), than that for a =0.1. After this frequency, ¢, (77) occurs in Z,. In this

zone is the absolute extremum for this dimensionless amplitude. It is the minimum strain in
zone 2, which occurs at point (2.99,0), and its value is —6.691.

max

For the largest considered amplitude, o = 0.3, large ¢, occurs in zone 1, at (0.40, 0), and

its value is 29.738. The condition (4.5) gives 7 > 173 = 0127220837 =0.3058 < 0.5, while
— *
7

condition (4.4) gives 7 >§—B= 02'2?)238 =0.37133. The occurrence of this large peak can be
a -0.

explained as follows. Because for 7 < 0.5 point T is below the interface point (see Gicev and

Trifunac, 2006), the two effects (interference from the top of the beam and the summation of
three positive strains in the beginning of the second passage) add up, which leads to a large strain
at the beginning of the second passage.
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Table 2. Maximum &% and minimum &

end

in the three zones

| € By
8end -
Ventr t=tgng

Zone2: 0.5<p <5 Jx<Im

min
end

strains at the end of the analysis and their locations

Zone 1: 77 <0.5 Jx<10m

Zone3: 0.5<p<5(Jx>1m

Hy
y=2
H Fig. No. | Zone# | « T inax X o (M) nmax | Mmin X i (M) N min
0.01 / / / / / /
0.05 / / / / / /
1 0.1 / / / / / /
0.2 0.46 0. 0.5988 / / /
0.3 0.40 0. 28.173 / / /
0.01 / / / / / /
0.05 / / / 4.49 0.05 -0.1931
0.0 15b 2 0.1 4.49 0. 1.4307 | 3.74 0.10 -0.4651
0.2 2.06 0. 29576 | 2.06 0.10 -0.8854
0.3 1.37 0. 4.4974 1.34 0.10 -1.3070
0.01 / / / / / /
0.05 4.58 9.24 2.4746 / / /
3 0.1 2.66 8.78 3.6655 / / /
0.2 1.79 8.38 4.1492 / / /
0.3 1.43 8.02 4.5798 / / /
0.01 / / / / / /
0.05 / / / / / /
1 0.1 / / / / / /
0.2 0.46 0. 0.4151 / / /
0.3 0.43 0. 3.3194 / / /
0.01 / / / / / /
0.05 5.00 0. 0.1254 | 4.49 0.05 -0.1198
0.1 16b 2 0.1 5.00 0. 1.5880 | 5.00 0.36 -0.2031
0.2 2.30 0. 1.7401 2.93 0.61 -0.2393
0.3 1.46 0. 1.7343 1.91 0.86 -0.2463
0.01 / / / / / /
0.05 4.31 9.19 1.8281 / / /
3 0.1 2.36 8.53 2.2566 / / /
0.2 1.22 7.16 2.2807 / / /
0.3 0.80 5.74 2.1065 | 1.40 1.02 -0.2028

Continued on the next page
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Table 2. (continued)

Hy
y ==
lul Fig. No. Zone # (24 nmax XmaX (m) é‘n max nmin Xmin (m) Sn min
0.01 |/ / / / / /
0.05 |/ / / / / /
1 0.1 / / / / / /
0.2 0.46 0. 0.3578 |/ / /
0.3 0.45 0. 1.9184 |/ / /
0.01 |/ / / / / /
0.05 | 5.00 0. 0.1819 1449 |0.05 -0.0704
0.2 17b 2 0.1 4.79 0. 1.1679 | 4.61 | 0.61 -0.1274
0.2 2.18 0. 1.1673 |14.07 | 0.86 -0.1197
0.3 1.46 0. 1.1279 |/ / /
0.01 [/ / / / / /
0.05 |4.31 9.19 1.3291 |/ / /
3 0.1 2.15 8.27 1.4490 |/ / /
0.2 1.10 6.60 1.4101 |/ / /
0.3 0.77 5.18 1.4109 | 242 | 1.37 -0.1099
0.01 [/ / / / / /
0.05 |/ / / / / /
1 0.1 / / / / / /
0.2 0.46 0. 0.2934 |/ / /
0.3 0.46 0. 1.2516 |/ / /
0.01 [/ / / / / /
0.05 |5.00 0. 0.2146 | 449 ]0.25 -0.0205
0.3 18b 2 0.1 5.00 0. 0.8554 | 449 |0091 -0.0804
0.2 2.45 0. 0.9088 |/ / /
0.3 1.67 0. 0.9204 |/ / /
0.01 |/ / / / / /
0.05 |3.83 9.04 0.8727 |/ / /
3 0.1 1.91 7.92 09124 |/ / /
0.2 0.98 5.89 0.8533 |/ / /
0.3 0.74 4.92 0.9595 |/ / /

The maximum normalized strain in Z, is shifted to a smaller frequency than that for

a =0.2. It occurs at (1.07, 7.21), and its value is 4.623. The largest peak of e/, (77) occurs in

norm

Z, , with its maximum value being —10.038 at (2.03, 0) (see Table 1).

It can be seen in Fig. 11a that for 7> 0.5, and fora =0.2 and « = 0.3, local maxima occur
in zone 3 (e.g., n=1.7fora =0.2and =1.07 for « = 0.3). This indicates that with increasing
n the nonlinear strain entering the beam increases, causing loss of energy and decreasing the

permanent strain, which is formed by reflection from the top. After the maximum normalized

27



strain is reached at the top, the normalized strain for the next frequency is smaller than the

normalized strain at the top for the previous frequency. This indicates that the curve ¢ (77)

grows more slowly than the straight line &, (77), because 8”““ %, and so taking into
n n
account (4.6) and¢,, = YVin e have
b
8max
—877 < magyk, . (4.10)

After the local minimum is reached, the curve ¢, () grows faster than the straight line

Ein (77), and, after reaching the last local maximum, ¢, (77) again grows more slowly than the

entry strain in the hypothetical linear beam, &, (7).

The trends for large strain amplitudes are further illustrated in Fig. 11b, where the plots of
Enorm (17) are shown for a =0.2, 0.225, 0.25, 0.275, and 0.3. The development of the peak in

zone 1 with increasing amplitude of the pulse is shown in this figure. The frequency where this
peak occurs decreases with increasing amplitude.

A feature of all of the curves shown is that they have three extreme points for frequencies
n > 0.5. The first local maximum occurs at frequency 7, (a), followed by the local minimum at

frequency 7,, (a), and the last extreme is maximum at frequency 7, (a). Frequencies where all

of these extrema occur, decrease with increasing «, and moreover the products

(a-7703 ); (a-7723 ); and (05-7702) are approximately equal for all «in the considered range,
0.2<@<0.3. The first maximum occurs in zone Z3. The strain &, (77) is the result of
reflection from the top, £;, weakened by the occurrence of a small permanent strain, &, at the

bottom during the entrance of the wave into the beam. The slope of &__(77) overcomes the slope

_ Viin (77)

of the linear strain, &, = ———, of the hypothetical linear beam. The product o« -7, is
b

approximately equal to 0.29, and the maxima are approximately equal, . ~4.5, forall « .

norm

For the next larger frequency, 1 =7, +dn, the strain in zone 2 (bottom), &;, is large
enough to weaken the strain in zone 3 (top), &;, such that the slope of &, is smaller than the
slope of the straight line &, and the normalized strain &) decreases to the next extremum,

norm

which is a minimum occurring at frequency 7,, (a). The product « -77,; is approximately equal
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to 0.34. The interval 7, <7 <n,, is a transition interval where the location of the maximum

strain in the beam changes the zones, and the strain at the top is approximately equal with the
strain at the bottom.

With increasing 77, 77 > 17,5, the strain &; becomes larger than the strain at the top and is the
main contributor to the strain &_, (7). The slope of this curve is larger than the slope of the
straight line ¢, , and the normalized strain ¢ increases, reaching the last extremum at
n =1,,. The product « -7, is approximately equal to 0.60 for all & in the considered range

0.2 <a <£0.3. Furthermore, (g:;f; (a))n:%2 is approximately linear and can be characterized by
a max
( gnorm j — 33 .
oa
=02

With further increasing of n, 7 >n,,, ¢

max
norm

decreases for all «, indicating that the slope of

the curve &, (17) occurring at the bottom is smaller than the slope of &,, (7). The curves g™
converge, indicating no dependence on «, and they approach a constant, which indicates no

dependence on 7.

The above observations are further illustrated in Figure 12, where the remaining normalized

end

rorm » 15 shown versus

strain (after the wave energy is completely radiated out of the building), ¢

dimensionless frequency, 77. For the smaller amplitudes, such as « < 0.1 in zone 1, the response

is linear and the plot shows zero ordinates. After satisfying condition (4.4), the ordinates become
nonzero. The largest strains for these amplitudes occur at the top.

For larger amplitudes (@ =0.2and « = 0.3 ) permanent strain occurs in zone 1 also. For
a =0.2 this strain is small, but with increasing o it rapidly increases with decreasing

max

frequency, where this peak occurs. The maximum normalized strain, &,

(a,n), in the first

zone,Z,, is shown in Fig. 13.

The large negative strain occurring in Z, at the very beginning of the pulse entering the
building is not stable, and at the end of the analysis the permanent strain in this zone is converted
to substantial positive permanent strain and negligible negative strain. In contrast, the strain in
zone Z, remains close to its maximum value. With increasing « , the frequencies in the zones

end
norm

max

where the maxima of the normalized strains ¢,

(n7)and &, (7) occur—n,; (where 1 stands for

the zone number)—decrease.
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end
norm

max

As can be seen from Fig. 11a and Fig. 12, the curves fore,

(n)and ¢, () experience

local maxima for 7 > 0.5, indicating that for all amplitudes, for 0.5 <7 <7, (1=2,3), the strain

_ Viin (77)

in the beam grows faster than the entry strain ¢, = ———=. For 7 > n,; (1=2,3) the linear entry
b

strain grows faster than the maximum strain in the building.

For small amplitudes of excitation, here illustrated by « =0.01, the wave energy in the
shear beam is linear, ande™ =¢__ B, /vl is equal to 2, essentially everywhere in the beam
due to the doubling of amplitudes caused by reflection from the stress-free surface at x = H. An
=2.5363 (see Table 1 and

Figs. 14a and 14b), due to reflection of the remaining energy back into the beam during the

exception to this occurs near x = 0 and for 7=0.45, where ¢,

second complete passage (Gicev and Trifunac, 2006). For & =0.01, the beam response is linear

everywhere, and =g, /&, is less than 1 (see Fig 14b and Table 3).

In various parts of Figs. 15 through 22 we illustrate the dependence of normalized strain
/B for y=0.0,0.1,0.2,and 0.3, and & =0.05,0.1,0.2,and 0.3 (in Figs. 15a, 16a, 17a,

gmax entr

and 18a). Normalized strain &,,, 3, /Vin. is shown in Figures 15b, 16b, 17b, and 18b for the same

entr

ratios of y and « . Figures 15c, 16¢, 17¢c, and 18c show ductility, ¢/ Eys again for the same

set of a'sand y's. Figures 19 through 22 show the corresponding normalized strains (parts a
and b) and ductilities (parts c) in groups of four, for » = 0.0, 0.1, 0.2, and 0.3 in each figure, and
for & =0.05, 0.1, 0.2, and 0.3, in different figures.

In Fig. 15a, the strain normalized by &, =V.

. / P, along the building is plotted in the
instance when the absolute maximum of the normalized strain occurs for a given frequency. In
Fig. 15b, the normalized strain is plotted at the end of the analysis, and in Fig. 15c the strain

normalized by ¢, along the building is plotted in the instance when its maximum occurs. This is

done for all frequencies considered in this work, with frequency increment
An =0.01 for n<0.5and A =0.03 for 7 >0.5. The purpose of the smaller increment for low
frequencies has been to represent with more detail the large, narrow peak in zone 1. The first of
the four plots in these figures corresponds to amplitude o =0.05, the second to « =0.1, the
third to & =0.2, and the fourth to o = 0.3. In these three figures (Fig. 15a, b, and c), the model
of the building material is elasto-plastic (y =0).

Comparing Figs. 15a and 15c, it can be seen that for & = 0.05 and for larger amplitudes the
ordinates are approximately equal, which shows that the normalization of the strain is
approximately with respect to the same factor. Indeed, from Eq. (4.6),
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Table 3. Extrema of ductility and their location in the three zones.

&
“=en
YO Jtot(£ )

Zone 2: 0.5<n <5 Jx<Im

Zone 1: 77<0.5 Jx<10m

Zone3: 0.5<p<5( Jx>1m

_H
y=—
lul Flg No. Zone # o nmax Xmax (m) gn max nmin Xmin (m) (C,‘n min
0.01 046 |O0. 0.0522 / / /
0.05 1046 |0. 0.2650 0.11 |O0. -0.0266
1 0.1 046 | 0. 0.5290 0.11 | 0. -0.0532
0.2 046 |0. 1.1071 0.11 | 0. -0.1064
0.3 0.41 0. 16.1760 | 0.11 | 0. -0.1596
0.01 |/ / / / / /
0.05 |15.00 |0. 0.0384 4.49 |10.05 -0.1941
0.0 15¢ 2 0.1 5.00 |O. 3.1215 5.00 |0.10 -0.9968
0.2 1.70 | 0. 4.2582 5.00 |0. -24.1150
0.3 1.07 | 0. 5.7485 5.00 |O0. -41.9090
0.01 |5.00 |9.24 0.4176 / / /
0.05 | 5.00 |9.34 3.1914 / / /
3 0.1 3.11 9.04 5.5850 / / /
0.2 1.70 | 8.27 6.6990 1.97 | 1.02 -1.0003
0.3 1.07 | 7.21 6.6601 1.28 | 1.02 -1.0003
0.01 1046 |0. 0.0522 / / /
0.05 046 |O0. 0.2650 0.11 |0. -0.0266
1 0.1 046 |O0. 0.5290 0.11 | 0. -0.0532
0.2 0.46 | 0. 1.1337 0.11 |O0. -0.1064
0.3 042 |0. 2.9786 0.11 | 0. -0.1596
0.01 |/ / / / / /
0.05 | 5.00 |O. 0.0906 4.49 10.05 -0.1364
0.1 16¢ 2 0.1 449 |0. 2.9127 5.00 |O. -5.0058
0.2 1.97 |0. 2.5955 5.00 |O0. -14.0210
0.3 1.25 | 0. 2.4221 5.00 |0. -23.0440
0.01 |5.00 |9.24 0.4176 / / /
0.05 |5.00 ]9.34 2.7452 / / /
3 0.1 2.87 | 8.88 3.8031 / / /
0.2 1.40 | 7.66 3.8031 / / /
0.3 1.01 | 6.85 3.7553 1.25 | 1.02 -0.3344

Continued on the next page
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Table 3. (continued)

Hy
’ H Fig. No. | Zone # a T max X inax (m) €1 max M min Xinin (m) Enmin
0.01 046 |O0. 0.0522 / / /
0.05 1046 |O. 0.2650 0.11 |0. -0.0266
1 0.1 046 | 0. 0.5290 0.11 | 0. -0.0532
02 [046 |O0. 1.1456 0.11 0. -0.1064
0.3 042 |0. 2.4113 0.11 | 0. -0.1596
0.01 |/ / / / / /
0.05 |5.00 |O. 0.0778 449 |0. -0.0985
0.2 17c 2 0.1 437 | 0. 2.3630 5.00 |O0. -4.1400
0.2 5.00 [0. 10.8300 | 4.49 | 0. -9.7296
0.3 5.00 |O0. 18.2630 | 3.83 | 0. -13.8440
0.01 |5.00 |9.24 0.4176 / / /
0.05 |5.00 |9.34 2.6827 / / /
3 0.1 2.57 |8.63 3.0786 / / /
0.2 1.40 | 7.51 3.1037 5.00 |1.32 -1.0027
0.3 0.92 | 6.24 3.0471 4.49 | 1.02 -2.2946
0.01 [ 046 |O. 0.0522 / / /
0.05 046 |O0. 0.2650 0.11 |0. -0.0266
1 0.1 0.46 | 0. 0.5290 0.11 | 0. -0.0532
02 1046 |O. 1.1259 0.11 |0. -0.1064
0.3 043 |0. 2.1444 0.11 |O0. -0.1596
0.01 |/ / / / / /
0.05 | 5.00 |o0. 0.0887 449 |0. -0.0759
0.3 18c 2 0.1 5.00 |O0. 3.1530 437 |0091 -0.1512
0.2 |5.00 |oO. 9.1063 248 0. -4.2276
0.3 5.00 |O0. 15.0980 | 2.12 | 0. -5.8805
0.01 |5.00 |9.24 0.4176 / / /
0.05 | 4.82 ]9.29 2.4364 / / /
3 0.1 245 |8.53 2.7250 5.00 |1.52 -1.0017
0.2 1.34 | 7.26 2.7541 5.00 | 1.02 -1.6819
0.3 0.83 |5.63 2.6561 5.00 | 1.02 -3.9705
V.
(ﬂJ = (72'0!778yb Kk, )a:O'OS =0.22441- ¢, . (4.11)
Py @=0.05

For 77, =4.46, the factors of normalization are the same and the solutions in both plots are

the same. For 7 <7n,, &, <&, the ordinates in Fig. 15a are larger, while for n >7,, &;, > ¢,

yb >
the ordinates in Fig. 15¢ are larger. The same trends hold for other amplitudes of « . Because the

entry velocity is linear in o, the frequencies with equal factors of normalization are 7, =2.23
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Fig. 13 The Maximum normalized strain in the first zone, Z1 as a function of the dimensionless amplitude 7 and the dimensionless

frequency.
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for aa=0.1, n,=1.115 for ¢=0.2, and 7, =0.743 for a=0.3. This means that the

max
norm *

normalized strain ¢’ in the first zone is smaller than the normalized strain &

norm

From Fig. 15a and Fig. 15b it can be seen that for ¢ =0.05and o =0.1 there is no
substantial difference in the maximum strain in zones 2 and 3 when the maximum occurs at the
end of the analysis. For ¢ =0.2 and o = 0.3, the initially large negative strain in Z, becomes a
large, positive, permanent strain when the wave completely leaves the beam. In Fig. 15a, the
length of the zone of negative strains at the bottom indicates the time when the maximum strain
at the bottom occurs. For smaller 7, this time is longer because the pulse is longer, so that the
time needed for development of the maximum strain at the bottom is longer than that for larger

n.
To get a better insight into the dependence of the strain on y, see Fig. 23, where the

propagation of the displacement along the dimensionless length of the beam, ;(:l, in
b

. . . t
dimensionless time, 7 = Py

, 1s shown for the first two and a half passages of the wave on the
b

path bottom-top-bottom of the beam. The dimensionless amplitude is & = 0.3 in all plots. In Fig.
23a, the dimensionless frequency is 7 =3, and in Fig. 23b the dimensionless frequency is

n =0.41. In both figures, the top plots are for elasto-plastic material, ¥ = 0.0, and the bottom
plots are for material with » =0.3. Comparing the top and bottom plots, it is obvious that the

increasing y reduces the strain.

Everything discussed so far has been related for the elasto-plastic model (7/: 0). The

A 0.1 are shown in the set of figures 16a, 16b, and 16c¢. If we

Hy
compare Fig. 16a with Fig. 15a, it can be seen that the plots are similar with smaller ordinates in

normalized strains for y =

Fig. 16a. The large peak in the first zone for o = 0.3 is significantly reduced. The amplitudes are
smaller, but the zones with permanent strain are wider. Because the modulus z, =y, > 0, the

permanent strain now propagates with velocity g, = \/; B -

For longer pulses (Fig. 23b), this observation is not so obvious. The permanent strain occurs
in the beginning of the second passage of the wave along the beam. Here it can be noticed that
for the elasto-plastic material the permanent strain at the bottom is large, while for the material
with y = 0.3 this permanent strain is not even noticeable and it appears as if the beam is in linear

state.
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Fig. 15b Normalized strains along the beam at the end of the analysis vs. dimensionless frequency, for elastoplastic
material ¥ = 0.1, and for four dimensionless amplitudes.
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Because for elasto-plastic material y =0, the permanent strain does not propagate and is
accumulated in narrow zones of the beam, and the value of the strain at the point changes only
when the pulse occupies the point. When y > 0, with propagation of the permanent strain there is
no accumulation of large strains at a certain point with each passage of the wave through that
point. It can be noticed in the Figs. 16a, 17a, and 18a that as y increases the ordinates decrease

and the zones of the permanent strain elongate.

For a =0.1 and for large frequencies, the maximum normalized strain is negative in the
very beginning. For y =0.2 and y =0.3, and for the largest amplitudes considered here, zone
Z, consists of positive strains for smaller frequencies, negative strains for intermediate
frequencies, and positive strains again for large frequencies. Similar trends can be seen for the

normalized strains at the end of the analysis, with the difference that the strains in zone 2 are all
positive.

In Fig. 23a, the maximum strain occurs at the beginning of the wave entering the beam. For
elasto-plastic material, this strain is high. After reflecting from the top, almost the whole energy
of the input wave is captured and spent for developing permanent strain in narrow zones, and
only elastic strain continues to propagate along the beam. For the material with y = 0.3, with the
development of permanent strain at the top, this strain does not remain at the point but rather

propagates with velocity f,;, which causes a substantial amount of energy to continue to

propagate along the beam.

For longer pulses (Fig. 23b), this observation is not so obvious. The permanent strain occurs
in the beginning of the second passage of the wave along the beam. Here it can be noticed that
for the elasto-plastic material the permanent strain at the bottom is large, while for the material
with = 0.3 this permanent strain is not even noticeable and it appears as if the beam is in linear

state.

Using Tables 1, 2, and 3 in Fig. 24a, b, ¢ the normalized strains versus dimensionless
amplitude « , are shown for the four values of » =0.0,0.1,0.2,and 0.3 in the three zones Z,, Z,,
and Z3, respectively, using a semi-logarithmic scale. From condition (4.5), the first nonlinear
strain in zone 1 occurs for:

S 0.09174 0.09174
7711'1&7(

=0.1835 . (4.12)

a,

As can be noticed, in zone 1 (Fig. 24a), while the strain is linear (« < «,) there is no

max
norm

dependence on » and all of the curves coincide. The normalized maximum strain, ¢~ (see
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Eq. 4.7), is constant, and its value is about g, corresponding with the effect of the summation

of the three strains at the beginning of the second passage. Because the response is linear, in this

max
norm

interval ¢ shows only the effect of the interference on amplification of the linear entry strain.

end
norm

The normalized strain, & in this interval is zero, showing that the strains are reversible

and the resistance capacity of the beam for some future excitation is not diminished. The

y

normalized strain, &, = &,.. / &, , approaches zero as « approaches zero. With increasing «,

yb
beyond «,, the response at the bottom becomes nonlinear at the beginning of the second passage
and the curves for different y separate, and the normalized strains increase with decreasing y,

being the largest for elasto-plastic material, y = 0.

The normalized strain &™>

o reaches its maximum value of 29.74 at « = 0.3 for elasto-plastic
material. In this case, the effect of the nonlinearity of the building response dominates over the

effect of constructive interference of the three strains at the bottom. The remaining normalized

permanent strain at the end, after the wave exits the beam completely, £ | is 28.17 for the

norm ?

elasto-plastic material, while the normalized strain, &), is 16.18, indicating that the beam will

norm ?

probably fail at o =0.3.

In Fig. 24b, the normalized strains versus « in zone 2 are shown, again using the semi-
logarithmic scale. It can be seen that for small amplitudes,  <0.05, all of the curves converge
to zero (see also Fig. 19a, b, c¢). For a =0.05, there is an appearance of some negligible
permanent strain at high frequencies, 7 > 4.5. As « increases, all normalized strains increase.

For o larger than 0.1, the dependence of all of the normalized strains on « for elasto-
plastic material, y =0, in this scale resemble a logarithmic function, which means that the

normalized strains for elasto-plastic material are linear functions of « .

end
norm

For materials with y # 0, the normalized strains ¢ are independent of «, while the

max
norm

oo

normalized strainse) .. ande)  are approximately linear, with the slope smaller than

norm norm

y
norm

the slope ag—
oa
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Fig. 23b Plot of the displacements along the normalized length of the beam y , vs. normalized
time 7 , for dimensionless amplitude « = 0.3, dimensionless frequency 7= 0.41, and for

y =0,and y=0.3.
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In Fig. 24c, the normalized strains versus « in zone 3 are shown using a semi-logarithmic

scale. For any y, the normalized strains ¢ .. and ¢’ _ approach 2 and 0, respectively, as «

norm norm
end
norm

approaches 0. The normalized strain & . depends only on » and is independent of « . The

lowest amplitude, when it occurs, can be found from condition (4.4) at the highest considered 7

as a.. >0'1114:O.02228.F0ra£a g™ =0,

min min norm

5. SUMMARY AND CONCLUSIONS

In this report, we described the consequences of earthquake energy flow into a structure,
with the objectives of providing some understanding of the resulting response and making this
useful for the design of structures experiencing transient excitation. Starting with a linear strong-
motion pulse in the soil and ending with nonlinear waves propagating through a structure, we
attempted to identify the extreme transient and permanent rotations occurring during various
stages of seismic energy flow. For the wave energy to become a viable design tool, it is
necessary to understand and to quantify empirically all stages of this flow, as well as to show that
it provides more realistic and spatially more informative results than the currently accepted
design methods. One of the principal weaknesses of the classical Biot’s response spectrum
method is its dependence upon the peak response amplitude alone, without explicit consideration
of the duration of strong shaking and of the rate of arrival of the incident strong-motion energy.

We examined some elementary aspects of transient waves propagating in a structure, and we
illustrated the relationships between the amplitude of peak velocity of the wave entering the
structure, V,,, and transient and permanent rotations (drifts) associated with the resulting

response. The presented analysis is qualitative as it describes the response of a simple shear
beam with constant material properties only. Nevertheless, it shows that consideration of the
response in terms of propagating nonlinear waves can provide invaluable details on where inter-
story drifts may occur and how large they can be. In terms of the more detailed models of actual
structures (or layers of soft soil near the ground surface), the approach we presented can offer
major improvements and can represent an excellent starting point for use in earthquake-resistant
design. While our results can provide direct data for initiating the displacement-based design, the
power of the incident waves—that is, the time rate of the incoming seismic wave energy—must
also be considered if damage to structures is to be controlled or eliminated.
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