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SUMMARY

It is shown that the damage scenarios for site-specific building models, responding in highly nonlinear manner to
strong earthquake ground-motion pulses, can be used in real-time health-monitoring systems. When it can be
shown that such predictions produce robust results and are not sensitive to the details of the complete time history
of strong ground motion, the predetermined earthquake damage scenarios (PEDS) method can produce reliable
predictions of the location(s) and the degree(s) of structural damage in essentially real time. It is shown that for a
full-scale building, damaged during the 1994 Northridge earthquake in California, PEDS based on one-
dimensional wave propagation in the layered building model would have produced accurate and realistic
predictions of damage. In contrast to the vibrational health-monitoring methods that track changes in the
frequency and stiffness of the characteristic functions, PEDS methods provide invaluable information for spatial
and temporal identification of damage. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Health-monitoring methods aim to identify time, location, and degree of damage in a structure
responding to extreme transient events (e.g., earthquakes, tsunami, explosions, and tornadoes). Real-
time health-monitoring methods require continuous recording of the dynamic response, combined with
software algorithms that can identify dangerous changes in system parameters as those occur and that,
when those exceed the preset thresholds, can be programmed to produce required alarms and to initiate
the desired action. The real-time health-monitoring methods are based on the analysis of observed
changes in the vibrational parameters of response [1,2], changes in the wave-propagation parameters
[3,4], or a combination of those [5-9], while those changes occur or few seconds thereafter. The
resolution and the reliability with which the changes are identified will depend upon the ability of the
method and the location and the density of the measuring stations.

In this paper, we explore the possibility of increasing the resolution, the decision speed, and the
reliability of the real-time identification of damage by storing into the identification software a set of
predetermined damage scenarios (PDSs). Those scenarios can be identified by prior nonlinear analysis
of response of specific structures, and when actual events occur, they can be used to help speed up
identification of the damage, especially when the available data from the real-time monitoring of
response may be limited, ambiguous, or insufficient. To test the PDS method, in this paper, we predict
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the locations, types, and amplitudes of nonlinear strains in a building model of a structure that has been
damaged by strong earthquake shaking. Then, by comparing the PDS with actually observed damage,
we discuss and evaluate its prediction capability.

The method used in this paper is based on the wave-propagation solution of the problem. This
approach has been used in parallel with the vibrational method of solution almost since the beginning of
modern earthquake engineering in the early 1930s [10-12], and it has recently been revived and
received more attention [13-22]. Because the wave motion in a building will be nonlinear, we will
employ the finite-difference method in our solutions [23—25]. An important advantage of working with
the wave-propagation methods of solution, for both linear and nonlinear response analyses, is that the
location of the maximum response and of the strain localization in the structure is preserved. The
vibrational methods of solution consider only the maxima of the equivalent SDOFs [26], and thus
information on where the largest response occurred in the structure is lost.

The subject chosen for this paper deals with structural health monitoring of the buildings in the near
field of strong ground motion (within several tens of kilometers from the causative fault) where ground
motion typically includes powerful displacement pulses. These pulses can be sudden and so large that
damage occurs during the first or several first passages of the wave up and down the building [27-30].
The damage in the far field, for excitation by longer and more periodic ground motion is less common,
has different nature and will not be addressed in this paper.

2. MODEL AND NUMERICAL SCHEME

We analyze horizontal shear deformations, u, in a 1D model of a seven-story building supported by a
half space and excited by a vertically propagating shear wave represented by a half-sine pulse
(Figure 1, right). The Lax—Wendroff [31] finite-difference scheme for the solution of this problem with
accuracy O(Af%, Ax?), where Ax and At are the space and time increments, leads to the exact solution
when BAt/Ax=1, where B is the velocity of shear waves [27-30,32]. With a ratio of the spatial
intervals Ax,/Ax;= f3,/B,, this requirement can be satisfied, where x is the coordinate along the wave
propagation (Figure 1, center right). The subscripts b and s designate the values in the building, with
height H,, and in the half space, respectively. The equation of motion is

vi = (0),/p, (1a)
and the relation between the derivative of the strain and the velocity is
& = Vx, (1b)

where v, p, o, and ¢ are the particle velocity, the density, the shear stress, and the shear strain,
respectively, and the subscripts t and x represent the derivatives with respect to time and space.
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Figure 1. Building and incoming strong-motion displacement pulse: (a) layered model of the building,
(b) velocity of shear waves in the layers, (c) finite difference model with transmitting boundary at node point 1,
and (d) the pulse incident from the half space.
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For shear waves, the boundary conditions (free stress at the top of the building and continuity of
stress and displacement at all of the interfaces and at point 3 in Figure 1, center) and the exact
transmitting boundary condition in the soil (at point 2 in Figure 1, center) have been discussed in [33]
and in [28].

3. NUMERICAL EXAMPLES

We consider a building model supported by an elastic half space. The density and shear-wave velocity
in the half space are assumed to be p, = 2000 kg/m> and ; = 250 m/s. In the building, these vary with
height and are given in Table I. This example will illustrate the nonlinear response of a ‘typical’
building [8,9] supported by a half space with properties that are representative of many metropolitan
areas. In all calculations in this paper, we use H, =20.035m and &, =0.0025m for the maximum
linear strain in the bilinear stess—strain relationship, with second slope y =0.44 m (Figure 2), but we
present all the results in dimensionless terms.

The model we consider in this paper is a 1D idealization of a real structure. We employ the exact
transmitting boundary (at point 2, Ax,, below the ground surface; see the center of Figure 1), and thus
we solve exactly the motions associated with incident, refracted, and reflected transient pulse.
However, the 1D nature of our model cannot portray the 2D and 3D phenomena of soil-structure
interaction (SSI) [34-38], and hence our solution is only an approximation that may provide
reasonable results for longitudinal response of long buildings on elastic soil. By the nature of our 1D
model, all points along the base of the structure are forced to move simultaneously, and therefore the
effects of wave passage, linear differential ground motion, differential ground motion caused by
liquefaction, faulting, curvature, and rocking components of ground motion will not be included in our
analysis [39-47].

To describe nonlinear response in the building model, we use two dimensionless parameters:

dimensionless amplitude o= A/ (Hb-ayb), 2)
where A is the amplitude of the incident pulse (Figure 1, right), H}, is the height of the building, and ¢,
is the yielding strain in the building (Figure 2); and

dimensionless frequency W = 2H, /A, = 2H, /(B -2t4) = Hy/(By - ta), (3)

where 4, is the wavelength of the wave in the building, 8, = H,/ Z B’ =99.48 m/s, is the average of

the shear-wave velocity in the building, /; and f3; are the thickness and the shear-wave velocity in the
ith building layer, and 7, is the duration of the incident wave represented by a half-sine pulse
(Figure 1, right).

Table I. One-dimensional building model.

Interstory helght Slab thickness Bimerstory ﬁslab pmterstory Pslab
hinterstosry (m) hslab (m) (m/S) (m/s) (kg/m ) (kg/mB)
Roof slab 0.203 2000 2384
Seventh story 2.44 73.15 82.90
Seventh-floor slab 0.215 2000 2384
Sixth story 2.44 76.20 82.90
Sixth-floor slab 0.216 2000 2384
Fifth story 2.44 77.72 82.90
Fifth floor-slab 0.216 2000 2384
Fourth story 2.44 79.25 82.90
Fourth-floor slab 0.216 2000 2384
Third story 2.44 91.44 82.90
Third-floor slab 0.216 2000 2384
Second story 2.44 129.50 82.90
Second-floor slab 0.254 2000 2384
First story 3.86 140.20 76.92
Copyright © 2011 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2012; 19:746-757
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Figure 2. The constitutive law, o — ¢, for the building (solid line) and for the interface (dashed line).

Following [27-30], to represent the strains in the building in dimensionless terms, we consider
Vin = v which is the maximum velocity entering the building, supposing that it is linear. The vy;, is

a linear function of #, which follows from
Viin = TA ~k,/ld = nanaybﬁ,,k,. 4)

Then, instead of describing the absolute maximum of the strain, we will consider the normalized
maximum strain,

8:2)?1); = Emax ﬁb/Vlin = amax/glim (5)

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.
We will also describe the normalized strain at the end of the analysis, in terms of the ratio

Sf,gfm = &end ﬁb/Vlin = 8end/alin- 6)

This quantity will show the amplitude of the permanent strain (after all of the wave energy exits the
building) relative to the linear entry strain. This strain can be larger or smaller than one, and for linear
waves, it is zero.

We will also consider the maximum strain normalized by the yielding strain

gﬁorm = €max /Syb' (7

If this quantity at some point of the building is larger than the maximum allowed ductility u = &g/,
where &¢,; is the largest strain that can occur in the system, the building may ‘collapse’. For linear waves,
this normalized strain is smaller than one.

In the further discussions and following our previous work [30], the region (%, x) will be divided
into three zones—zone 1: Z, = {(,x)In<0.5,Vx}, zone 2: Z, = {(n,x)0.5 <n,x~0}, and zone 3:
Z;={(n,x10.5<n, x>0}.

Figure 3 shows the normalized maximum strains and the zones of the building, where they will
occur, versus the dimensionless amplitude of the strong-motion pulse o, in the range from 0.0 to 0.8
and for y =0.44. We chose this value of y because it corresponds to our best estimate for a building we
will discuss later in this paper. This figure has the same form as and has been motivated by the work
that led to Figure 8 in [30]. Its purpose is to define the zones where maximum strains will occur as o
increases. The data for this figure have been calculated for the layered building model, with properties

Copyright © 2011 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2012; 19:746-757
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Figure 3. Normalized strains &gmax35/Viin, €max/€yp> and €enaBp/viin versus the dimensionless pulse amplitude, o,

showing the zones where the largest peak occurs, for p =0.44 and for velocity distribution in the building as

shown in Table I. Zone 1 corresponds to all x for wavelength of the incident pulse 4, longer than 4H,,. Zones 2 and

3 correspond to the incident pulses with 4, shorter than 4H,, for maxima occurring at the base of the building
(x~0) and between the base and the top of the building (x>0), respectively.

shown in Table 1. For €,.<f,/viin, it is seen that for the range of o we considered here, this strain
always occurs in zone 1 (for all x between and including 0 and H,, and for wavelengths of the incident
pulse A, longer than 4H,). The normalized strain &p,./e,,, first occurs in zone 2 (for x~0 and for
wavelengths of the incident pulse A, shorter than 4H,,), for small o, then in zone 3 (for x>0 and for
wavelengths of the incident pulse A, shorter than 4H,) for a narrow range of o just above 0.1 and then
again in zone 2 for larger values of o, up to 0.8. The strain €.,qf3,/vy;, first occurs in zone 3 and then in
zone 1 for o larger than about 0.1. Figure 3 describes the normalized strains only for the model in
Figure 1 (left), and it will be different for different buildings. It describes the location and the type of
strain that will accompany its nonlinear response for excitations by pulses with normalized amplitudes
o and durations expressed via 7. Preparing data for such a figure for the model of a building equipped
with a real-time structural health-monitoring system and storing this data into the monitoring software,
the PEDS results can be used to speed up identification of damage, when the input motion can be
decomposed into a sequence of pulses or more generally in terms of wavelets [48].

For excitation consisting of multiple pulses and by assuming that the building did not collapse, the
mapping illustrated in Figure 3 will apply to the time intervals between the consecutive pulses, with
permanent strains computed by progressive cumulative sums of &qnqf3,/viin, following each pulse
respectively. The overall maxima of &y By/Viin and of &pa,/€y,, Will be the maxima found among the
maxima of each of the intervals following individual pulses. Analyses based on multiple pulses will be
of interest in the evaluation of nonlinear response to a specific recorded accelerogram, which has been
represented by its equivalent wavelet approximation [48], for example. But, because the first
significant excursion to the nonlinear response with permanent deformations will occur during the

Copyright © 2011 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2012; 19:746-757
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largest pulse, for structural health monitoring based on the PEDS approach described in this paper,
analysis in terms of one pulse will suffice.

Figure 4 illustrates the space-frequency (x—1) dependence of normalized peak strain &pmax f3,/ViD,
for four normalized excitation amplitudes (a=0.01, 0.05, 0.10, and 0.30 and for p=0.44). The
normalized strain along the normalized building height (y =2x/H,,) is plotted at the instant when
the absolute maximum occurs for a given frequency #. This is carried out for all frequencies
considered in this work. It is seen that the maxima occur between the fourth and fifth floors and for »
less than 0.5—that is, in zone 1. In Figure 4, the maxima are identified by their amplitudes and
coordinates in the plot (&,0rms Mmaxs Xmax); for example, (10.5, 0.16, 0.99), where #.x and Ymax are the
coordinates in the plots of the points where the maxima of &, occur.

4. A COMPARISON WITH DAMAGED FULL-SCALE BUILDING

We use observations of damage in a seven-story hotel building (VN7SH) in Van Nuys, California,
during the 1994 Northridge earthquake to evaluate the inferences of our 1D PEDS model and to test if
the previously described approach would have worked in this building if it had been equipped with a
real-time health-monitoring system and data on PEDS as described earlier.

4.1. The building

The VN7SH (Figure 5(a) and (b)) was damaged by the 1994 Northridge, California earthquake [49—-54].
Designed in 1965 and constructed in 1966 [55], itis 18.9 x45.7 m in plan and is 20 m high. The typical
framing consists of four rows of columns spaced on 6.1-m centers in the transverse direction and 5.7-m
centers in the longitudinal direction (nine columns) (Figure 5(b)). Spandrel beams surround the
perimeter of the structure. Lateral forces in the longitudinal (E-W) direction are resisted by interior
column-slab frames (B and C) and exterior column-spandrel beam frames (A and D). The added stiffness
in the exterior frames associated with the spandrel beams creates exterior frames that are roughly twice

(105, 016, 0.99) Eoom= = 0= 7 =ty py =0.44

(10.5, 0.16, 0.99)

a=0.1

Figure 4. Normalized peaks of strain €uorm = €max 85/ vleirl:tr’ along the normalized building height x = 2x/H,,, when
their maxima occur, versus dimensionless frequency #, x =2x/H, for y=0.44 and for four dimensionless
amplitudes oo =0.01 0.05, 0.10, and 0.30. Maxima are shown accompanied by their dimensionless coordinates

(e~g-, (105’ 016’ 099) for ((8norm)max’ Nmax» Xmax))-
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Figure 5. (a) Southwest view of Van Nuys seven-story hotel (VN7SH) building. (b) Typical floor plan (top) and
vertical section (bottom) of VN7SH building.

as stiff as the interior frames. The floor system is a reinforced-concrete flat slab, 25.4 cm thick at the
second floor, 21.6 cm thick at the third to seventh floors, and 20.3 cm thick at the roof [56-58]. The
building is situated on an undifferentiated Holocene alluvium, uncemented and unconsolidated, with a
thickness of <30 m and an age of <10,000 years. The average shear-wave velocity in the top 30 m of
the soil is 300 m/s, and the soil-boring log shows that the underlying soil consists primarily of fine
sandy silts and silty fine sands. The foundation system consists of 96.5-cm-deep pile caps supported by
groups of two to four poured-in-place, 61-cm-diameter, reinforced-concrete friction piles. These are
centered under the main building columns, and all of the pile caps are connected by a grid of beams. Each
pile is approximately 12.2 m long and has a design capacity of over 444.82 x 10° N vertical load and up
to 88.96 x 10° N lateral load. The structure is constructed of normal-weight reinforced concrete [55].

4.2. Earthquake damage in the VN7SH

The My =6.4 Northridge earthquake of January 17, 1994 severely damaged the building, but its
possible further damage was probably reduced by nonlinear response of the soils in the area
surrounding the building [59-64]. The structural damage was extensive in the exterior north (D)
(Figure 5(a), top) and south (A) frames that were designed to take most of the lateral load in the

Copyright © 2011 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2012; 19:746-757
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longitudinal (E-W) direction. Severe shear cracks occurred at the middle columns of frame A, near the
contact with the spandrel beam just below the fifth floor (Figure 6), and those cracks significantly
decreased the axial, moment, and shear capacity of the columns. The shear cracks that appeared in the
north (D) frame caused minor to moderate changes in the capacities of these structural elements. No
major damage to the interior longitudinal (B and C) frames was observed, and there was no visible
damage to the slabs or around the foundation. The nonstructural damage was significant. Photographs
and detailed descriptions of the damage from the earthquake can be found in [49,52—-54]. Analysis of
the relationship between the observed damage and the changes in equivalent shear-wave velocity
along the building height can be found in [4,51]. A discussion of the extent to which this damage has
contributed to the changes in the apparent period of the soil-structure system can be found in [8,9].

4.3. Strong-motion data

Accelerations during the Northridge 1994 earthquake were recorded by a 13-channel CR-1 central
recording system and one tri-component SMA-1 accelerograph (Kinemetrics Inc., Pasadena, CA, USA),
with an independent recording system but a common trigger time with the CR-1 recorder [53,65].
Figure 7 shows the first 25 s of the recorded strong-motion displacements in the E-W direction, which
corresponds to the longitudinal direction in this building. As already noted, in this paper, we consider
only the longitudinal response of this building because it is least affected by SSI, enabling us to analyze
its response via a simplified 1D, layered, shear-beam model (Figure 1). The motion in the building was
recorded at the ground, at the second, third, and sixth floors, and at the roof.

4.4. Comparison with predetermined earthquake damage scenario analysis

Our example of PEDS analysis in the previous text was carried out in terms of only a simple 1D
model, excited by a single half-sine pulse (Figure 1). We did not consider a full time history of any
recorded strong ground motion because a real PEDS analysis would be carried out before an
earthquake occurs, and thus the complete ground motion would not be available. However, as will be
seen from the following, this is nevertheless a useful approach because the damaging earthquake
motions in the near field contain large strong-motion pulses (e.g., [45,66,67]), which may dominate
in the power of incident strong-motion waves [68] and because those tend to be the main contributors
to the structural damage. Furthermore, if the proposed PEDS method were not robust and insensitive
to the details of strong motion, there would be little point in performing such analyses because it is
impossible to predict fine details of any future strong ground motion [69].

As Figure 7 shows, the E-W motion of the ground floor of the VN7SH during the Northridge
earthquake had at least two powerful pulses at about 5 and 8 s after trigger. These pulses propagated up
the building and produced damage, which is shown in Figure 6. Their propagation up the building has

Figure 6. Post-earthquake view of damaged columns A7 and A8 in frame A on the north side of the building.

Copyright © 2011 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2012; 19:746-757
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Van Nuys, seven-story Hotel
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Figure 7. First 25 s of the E-W recorded earthquake displacements in VN7SH at the ground, the second, third,
sixth floors, and at the roof. Pulses in the recorded motion at the ground level, with amplitudes A ~11 and 12 cm,
durations 1.8 and 1.4s, at about 4 and 8 s after trigger respectively, which propagated up the building are
emphasized by shades.

been studied previously [4,29], and the findings are consistent with the interpretation that the
significant damage was initiated during excitation by the first pulse and then only augmented by the
second. The shaded pulses in Figure 7 can be characterized approximately by amplitudes of half-sine
pulses, having about 11-cm and 12-cm amplitudes and durations of 1.8 and 1.4s, respectively. In
terms of the average shear-wave velocity in the building of 99.48 m/s, these pulses would correspond
to y of 0.11 and 0.14 and to o equal to 2.2 and 2.4, respectively. In terms of our 1D nonlinear wave
analysis, this would predict the first occurrence of nonlinear response in zone 1 (1<0.5 for all x).
Examples in Figure 4 show that our PDS analysis would predict the largest transient strains to occur
first between the fourth and fifth floors (&max By/vin,~10) and for 0.16<#7<0.28, which is in
excellent agreement with what was observed in the damage patterns after the earthquake (Figure 6).
Our analysis predicts initiation of nonlinear response between the fourth and fifth floors for o one
order of magnitude smaller than 2.2 to 2.4 corresponding to these two peaks.

5. DISCUSSION AND CONCLUSIONS

In this paper, we show how the spatial resolution for identifying the location of structural damage can
be improved by comparing the pulses in the ground motion with the pulses for which PEDS have been
prepared in advance. Because the pulses in ground motion can be identified in real time after a pulse
has evolved and is over completely (say, 1 or 2s after the pulse), the real-time health-monitoring
software can be programmed to anticipate the consequences in real time as well. We showed how such
a prediction agrees with observed damage after the earthquake for a building in Van Nuys, California
(VN7SH), for which previous studies have described the time and location of the observed damage.
We did not perform further testing of the method because there are not many buildings for which
damage and recorded data are as complete as for the VN7SH. Nevertheless, what is clearly seen from
the comparison in this paper for this building is that the approach appears to be robust and thus may
work for the other buildings as well.

Copyright © 2011 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2012; 19:746-757
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By formulating the problem via nonlinear wave propagation rather than a vibrational method, we are
able to identify the location of damage. Vibrational methods monitor changes in the natural frequencies
and thus cannot easily and in real time determine the location of the damage. In principle, damage could
be located by monitoring the changes of the mode shapes in the equivalent linear system—whose
properties change slowly with time but that requires dense instrumentation—but being not unique and
computationally intensive to small stiffness changes, it is not suitable for real-time health-monitoring
applications. Another major problem with the vibrational health-monitoring approaches has been the
difficulty of separating the changes in system frequencies that result from damaging motions in
the structure from those that result from nonlinear response of soil in the SSI process. Obviously, the
structural health-monitoring methods, which ignore the contribution of SSI, will not work unless the
effects of interaction have been filtered. This is a difficult task, which cannot be solved when working
with limited instrumentation and a vibrational method of solution but can be solved in terms of the wave
propagation methods, which can be formulated to be less dependent on SSI [3,4].

Another useful application of PEDS is to use them for planning and verification of the structural
repair and strengthening strategies. The PEDS can identify the ‘weak spots’ and the subtle weaknesses
in the structural system, like asymmetries, and not the best distributions of overall stiffness, which are
rarely considered in forward earthquake-resistant design. We will address these applications of PEDS
in future papers.
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