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Simplified out-of-plane seismic
behavior assessment of
non-structural rocking walls

Pierino Lestuzzi*

Earthquake Engineering and Structural Dynamics Laboratory (EESD), School of Architecture, Civil and
Environmental Engineering (ENAC), Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne,
Switzerland

This paper provides a simplified tool for preliminary seismic assessment of the
out-of-plane behavior of non-structural walls, such as unreinforced masonry
partition walls, based on non-linear time-history analyses. The studies are
performed using equivalent single-degree-of-freedom systems and trilinear
hysteretic models. The out-of-plane stability is investigated through statistical
assessment of computed non-linear displacement demand related to
spectrum-compatible ground motions. The trilinear model developed by
Doherty and Griffith is used in the investigations. This hysteretic model is
based on a rigid body behavior assumption and its accuracy was extensively
validated using experimental results. Four sets of 12 recorded earthquakes,
slightly modified to match design response spectra of different soil conditions,
were used as ground motions for the non-linear time-history analyses. Non-
structural walls located at the ground level as well as in the upper floors were
also examined. The obtained results show that the static stability criterion
provides an accurate estimate of the seismic resistance of non-structural
rocking walls (i.e., vertical cantilevers with rigid body behavior). According
to that criterion the ground acceleration threshold corresponds to the product
of the wall aspect ratio by the acceleration of gravity (g). Compared to non-
linear results, the corresponding calculated limit ground acceleration is on the
safe side. Moreover, considering floor response spectra, this approach may be
easily extended to non-structural walls situated in the upper storeys.

KEYWORDS

non-structural elements, simplified seismic assessment, rocking walls, out-of-plane
seismic behavior, non-linear time-history analysis, hysteretic model, spectrum-
compatible ground motion

1 Introduction

Unreinforced masonry elements subjected to large dynamic lateral forces due to strong
earthquake ground motions are prone to out-of-plane failure when lateral bearing is scarce
and gravity loads are small (D’Ayala and Sperenza, 2002). This is generally the case for
unreinforced masonry buildings with flexible floors but non-structural partition walls in
other structural systems are also affected by this issue. The seismic vulnerability of
unreinforced masonry elements is well established and is unfortunately demonstrated by
every post-earthquake survey (e.g., Penna et al., 2014; Giiney et al., 2015; Sorrentino et al.,
2019). Out-of-plane failures always represent an important part of the damage for both
structural and non-structural elements. Non-structural elements are seismically vulnerable
and they even constitute the essential part of the damages by moderate earthquakes (Basset-
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FIGURE 1

Rigid body diagram for the out-of-plane behavior of non-structural cantilevered masonry walls (Doherty et al., 2002).

Salom and Guardiola-Villora, 2014). Life safety may of course be
compromised by the failure of non-structural walls and, in the
industrial context, business interruptions may also arise and lead to
significant related costs.

The behavior of rocking structures subjected to earthquake
excitation is not obvious. In spite of its apparent simplicity,
its behavior is actually non-linear and requires advanced
methods to analyze it accurately. The seismic stability of rigid
blocks has been investigated by several studies, mostly performed
by Greek researchers, because this problem arises by the seismic
safety evaluation of ancient temples (e.g., Makris and Roussos,
1998; Makris and Zhang, 2000; Psycharis et al., 2000). Many
experimental investigations were also performed to study the
seismic stability of rigid blocks with different configurations
and aspect ratios (e.g., Griffith et al., 2004; Al Shawa et al,
2012; Sironi et al., 2023). Several analytical investigations are
also available. Among them, Dimitrakopoulos and DeJong
(2012) derived analytical relationships for the block rotation
and for the signal features needed to overturn the block.
The researchers studied both sinusoidal and cosinusoidal
signals. According to that study, the critical parameters for the
seismic behavior of rigid blocks are the length of the block semi-
diagonal (R), the aspect ratio (i.e., the ratio between the
block width and the block height), the frequency content of
the ground motion, the intensity of the seismic action, and the
damping. For a constant aspect ratio, the larger the blocks are, the
more stable they are.

2 Rigid bodies behavior

Based on experimental findings, the out-of-plane seismic
response of masonry walls may be analyzed assuming a rigid
body behavior (Figure 1). Such an approach may be used for
both non-structural and structural brick masonry walls.
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Trilinear hysteretic model (Doherty et al,, 2002).

TABLE 1 Empirically derived trilinear F-A defining displacements in the related
model (Doherty et al., 2002).

State of degradation at cracked joint

A/Ag [%]  Ay/Af [%]

New 6 28
Moderate 13 40
Severe 20 50

Moreover, this approach may be extended to the investigation of
stone masonry walls built with good craftmanship.

According to this model, the dynamic characteristics for
both non-structural cantilever and simply supported structural
walls may be expressed as follows (Doherty et al., 2002):

Modal mass: M, = 34- M (1)
Effective ultimate displacement: A, = %3 - t 2)

with M: wall mass t: wall thickness
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The natural frequency is determined considering a secant
stiffness (Doherty et al., 2002).
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The corresponding natural frequency may be determined by
considering an effective stiffness corresponding to a secant stiffness
that intersects the hysteretic curve at A, (Doherty et al., 2002) (see
Figure 3). With this assumption, the natural frequency is a function
of the degradation state of the joints (see Table 1).

According to the above assumption, the natural frequency and
natural period in case of moderate degradation of the cracked joints

L-3/2-\/QT=271~2/3~\/E (3)
2 h g

with h: wall height g acceleration of gravity

are as follows:

Moderate degradation: f =

According to a limited development in Taylor’s series for a
height around 2.25 m, it could be shown that the natural period may
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FIGURE 4

Non-linear computed response for 50% of El Centro. The peak displacement is 45 mm.

2.1 Trilinear hysteretic model

Based on extensive experimental results, Doherty and Griffith
(Doherty et al., 2000 and; 2002; Griffith et al., 2004) developed a
trilinear hysteretic model in order to simulate the out-of-plane
behavior of masonry walls. Figure 2 shows the proposed
hysteretic model (Doherty et al., 2002).

The displacements (A; and A,) defining the hysteretic
model curve are specified with respect to the maximal
(As = A
degradation at cracked joints (Doherty et al., 2002), as given
in Table 1.

displacement in function of the state of
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be approximated using Eq. 4, resulting in an estimate of the natural
period with an exceedance of less than10% for wall heights up
to 5.5 m.

Period approximation: T [s] ~ 1 +4/9-h[m| (4)

with h: wall height

As the trilinear hysteretic curve does not include the effects of energy
dissipation (hysteretic loops without included area), damping is the key
parameter controlling the seismic response within the non-linear
domain. Based on experimental results on masonry walls, Doherty
and Griffith proposed to consider a viscous damping ratio with a
value between 3% and 5% (Doherty et al., 2002; Griffith et al., 2004).
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FIGURE 5

Non-linear computed response for 62% of El Centro. The wall practically reaches the onset of overturning.

2.2 Validation

For this study, the trilinear hysteretic model has been
implemented in the numerical computation software MatLab. The
solution of the equation of motion is performed using the central
difference method (Chopra, 2001).

The trilinear model was developed based on a series of
experimental tests (Griffith et al,, 2004). One of these tests was
recalculated in order to validate the results of the non-linear
computation obtained with MatLab. The considered experimental
test is a dynamic test performed with a wall of 1.5m high and
110 mm and thick, supported at the top and bottom and subjected to
the El Centro earthquake (Griffith et al., 2004). A maximum
displacement of 44 mm was measured for an earthquake scaled
to 50%, while the wall overturned at 66% of the full earthquake. The
calculations were performed for moderately degraded joints and a
viscous damping ratio of 5%. The results obtained with MatLab are
in very good agreement with the peak displacement of 45 mm for a
50% earthquake found in the experimental investigation (Figure 4)
and with the overturning limit for 62% of the El Centro earthquake
(Figure 5).

3 Non-linear time-history analysis

The methodology used in this study consists in the computation of
the non-linear responses for the equivalent SDOF systems subjected to
earthquake records as illustrated in Figure 6. The first step investigated
the case for which the non-structural walls is located at the ground level.
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Several sets of 12 records selected from the European Strong Motion
Database (Ambraseys et al., 2002), slightly modified to match design
response spectra for different soil conditions, were used in the non-
linear time-history analysis (NLTHA).

The cases for which the non-structural walls are not located at
the ground level but in the upper floors of the main structure were
examined next, in a second step, according to the schematic
description of Figure 7. The main structure is considered as the
primary structure and the non-structural wall as subsystem.
Assuming that subsystem-primary structure interaction can be
neglected, the analysis of subsystem response can be simplified
using an uncoupled analysis. In this simplified analysis, the floor
response spectrum method is used to obtain the total acceleration at
the subsystem attachment point (Oropeza et al., 2010). For each
ground motion (Figure 7A), the seismic response of the primary
structure is firstly computed. This response of the primary structure,
expressed as a relative acceleration is then added to the ground
acceleration to obtain the total acceleration at the top of the primary
structure (Figure 7B), and finally introduced as input to the
subsystem (Figure 7C). The latter has a unique seismic response
from which the corresponding acceleration response spectrum
(called floor acceleration response spectrum) may be computed.

Several analytical expressions for the floor response spectrum
are available. According to NTC (2008), an usual amplification with
respect to the period ratio (Ts/T;) may be expressed by Eq. 5.

V-2 +o02. (&)

(5)

Amplification (floor response spectrum):

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1113847

Lestuzzi

10.3389/fbuil.2023.1113847

non-linear seismic response —

5
£
Q
e
&
hs}
time
l
S [ |
12 recorded earthquakes —
kS
=
3
D
Q
B
time
| I
|
FIGURE 6
Schematic description of the methodology for the case of non-structural walls located at the ground level.
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FIGURE 7

Schematic description of the used methodology for the case of non-structural wall situated at the upper floors of the main structure (Oropeza et al.,
2010) (A) ground motion (B) top acceleration of the primary structure (C) input to the subsystem.

with Ts: natural period of the non-structural wall T,: fundamental
period of the main structure

3.1 Design spectra

Design spectra corresponding to Eurocode 8 (2004) response
spectrum are used in this study. More specifically, the Swiss
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building code SIA 261 (2020) parameters for different soil
conditions are used. In Switzerland the type 1 EC8 response
spectrum is used and 5 soil conditions are defined according to
soil classes A to E of EC8. The main parameters of the elastic
response spectra are listed in Table 2. The plateau is defined by
the corner periods Ty and T¢ and the soil parameter (S) for its
level. The corresponding maximum value (S¢max = 2.5-5-2g4) is
related to the ground acceleration (agq) and a constant
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TABLE 2 Parameters defining the response spectrum for the different soil
classes SIA 261 (2020).

Soil class Tg [s] Tc [s] S [-]
B 0.08 035 1.20 2.0
C 0.10 0.40 1.45 2.0
D 0.10 0.50 1.70 2.0
E 0.09 0.25 1.70 2.0

amplification value of 2.5. The period Tp, is equal to 2 s for all soil
classes and defines the beginning of the constant displacement
spectral range. The related response spectra are plotted in
(aga) of 1m/s’
corresponding to the seismic zone Z2 in the Swiss building
code SIA 261 (2020).

Soil classes B to E are considered in the investigations. Soil class

Figure 8 for a ground acceleration

A was not included in the calculations because the corresponding
shape of the response spectrum is practically identical to the one of
soil class E since only the S values are different (T values are equal
for both soil classes).

3.2 Ground motion records

Ground motion records were first selected in order to match the
considered response spectrum (target spectrum), explained in the
previous section. Records were ordered through a ranking process
that considered the cumulative difference between the response
spectrum and the target spectrum for the records in the database.

10.3389/fbuil.2023.1113847

The twelve recordings with the lowest cumulative difference scored
higher and were selected.

The selected recordings were modified afterwards with the non-
stationary spectral matching method of Abrahamson (1992) in order to
match the target spectrum individually. This technique has the
important advantage that it only introduces small modifications of
the records, hence the related structural response in the non-linear
domain is not significantly affected. As shown by statistical
characteristics of response spectra for the sets of twelve records
before and after modification, the process is very efficient for
matching target spectra. Response spectrum average and mean values
plus and minus one standard deviation are plotted in Figure 9 for soil
classes B, C, D, and E. These plots show that the selection performed on
the twelve recordings for each set already leads to a good match with
respect to mean values. The plots after slight modification using the
method of Abrahamson show the improvement in matching the target
spectrum, as well as the significant reduction in the variability.

3.3 Parameters and results assessment

The calculations are achieved for a reference cantilever wall with
a height of 2.4 m corresponding to a typical height in partition walls.
The wall thickness is taken as a parameter varying in a range from
0.10 m to 0.40 m in order to cover a wide range of the wall aspect
ratio (ty/h,, = 0.042—0.167). Computation is repeated for different
soil classes (B to E) under the corresponding 12 recordings.
According to the rigid bodies approach, the rocking behavior of
the wall is not uniquely controlled by its aspect ratio since the
natural period is only related to the wall height (see Eq. 3). Thus, the
wall height was considered as an additional parameter.
Consequently, calculations were also performed with walls of
2.1 m, 2.7 m, and 3 m, however by keeping the same wall aspect

45 : .
soil class A
4l — — soilclass B| |
soil class C
/ ——— soil class D
35 ] —-—-soil class E | |

[N
N o w

spectral accelelration [m/sz]
0

1072 107

FIGURE 8

period [s]

Elastic response spectra for the different soil classes in a seismic zone Z2 (SIA 261 2020).
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SIA 261 (2020) soil class B, after modification
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Statistical characteristics of the response spectra for the sets of the twelve records selected for the best fit to the response spectrum of the soil
classes B to E of SIA 261 2020 before (left) and after (right) modification for matching target spectrum.
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FIGURE 10

Non-linear displacement demands for the 12 time-histories (TH). The ultimate displacement is considered to be reached when the average exceeds

40% of 2/3 of the wall thickness (mean 12 TH > 0.4.2/3-t,,).

ratio as the one of the reference wall of 2.4 m in order to assess the
influence of wall height only.

The results of the non-linear time history analyses are assessed
statistically by taking into account the average of the displacement
demands (peak displacements) related to the corresponding
12 recordings. Similar to the approach given in the Italian
standard (NTC, 2008), the ultimate displacement is considered to

Frontiers in Built Environment

be reached when the average displacement demand exceeds 40% of
the displacement capacity. According to the rigid bodies approach,
overturning occurs when lateral displacement exceeds 2/3 of the wall
thickness (A, > 2/3t, see Figure 1). Therefore, the displacement
capacity is equal to 2/3 of the wall thickness. Considering only 40%
of that value may be interpreted as a safety margin associated to this
collapse mechanism.
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Non-linear computations were performed by progressively increasing the recording amplitudes until the ultimate displacement was reached (mean
12 TH > 0.4-2/3:t,,). They were repeated for damping ratio values of 3%, 4% and 5%.

TABLE 3 Results of NLTHA for a wall height of 2.4 m and different soil classes with respect to the wall thickness (t,,). The figures provide considered ultimate
ground accelerations (mean 12 TH > 0.4-2/3-t,,) for damping ratios between 3% and 5%.

ty [m] tw/hy [ a g [m/s?] Soil class B [m/s?] Soil class C [m/s?] Soil class D [m/s?] Soil class E [m/s?]
0.10 0.042 041 0.62-0.74 0.45-0.50 031-0.36 0.63-0.69
0.12 0.050 049 0.74-0.89 0.54-0.60 0.37-0.43 0.75-0.82
0.15 0.063 0.61 0.93-1.11 0.67-0.75 0.46-0.54 0.94-1.03
0.18 0.075 0.74 1.11-1.33 0.81-0.90 0.58-0.65 1.13-1.23
020 0.083 0.82 1.24-148 0.90-1.00 0.62-0.72 1.25-1.37
025 0.104 1.02 1.55-1.85 1.12-1.25 0.77-0.90 1.56-1.71
030 0.125 123 1.85-2.22 1.34-150 0.92-1.07 1.88-2.05
0.40 0.167 1.64 2.47-2.96 1.79-2.00 1.23-1.43 2.50-2.73

TABLE 4 Results of the NLTHA for different wall heights by keeping the wall aspect ratio constant. The figures provide considered ultimate ground accelerations
(mean 12 TH > 0.4-2/3-t,,) for damping ratios between 3% and 5%.

tw/hy [ hy = 2.1 m [m/s?] hy = 24 m [m/s?] hy = 2.7 m [m/s?] hy = 3.0 m [m/s?]
0.042 0.41 0.43-0.49 0.45-0.50 0.47-0.53 0.48-0.54
0.050 0.49 0.51-0.59 0.54-0.60 0.57-0.63 0.57-0.65
0.063 0.61 0.64-0.73 0.67-0.75 0.71-0.79 0.71-0.81
0.075 0.74 0.77-0.88 0.81-0.90 0.85-0.95 0.86-0.97
0.083 0.82 0.85-0.98 0.90-1.00 0.94-1.05 0.95-1.08
0.104 1.02 1.06-1.22 1.12-1.25 1.18-1.31 1.19-134
0.125 123 1.27-1.46 1.34-1.50 141-1.57 142-1.61
0.167 1.64 1.70-1.95 1.79-2.00 1.88-2.09 1.90-2.15

As for an incremental dynamic analysis, starting from a low  demand reaches the considered ultimate displacement (see
acceleration, the computations are performed by progressively — Figure 10). The obtained maximum amplification multiplied by
increasing the records amplitudes till the average displacement  the reference acceleration value (1 m/s?) related to the used design
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FIGURE 12
Dimension notations for the cantilever wall.

spectrum may be thus considered as the ultimate ground
accelerations. The calculations were performed for three different
values of viscous damping ratio, namely, 3%, 4%, and 5% (see
Figure 11).

4 Results
4.1 Results for wall situated at the base level

The obtained results corresponding to the case in which the
wall is located at the ground level are summarized in Table 3. The
rows related to each soil class (from B to E) give the maximum
amplification of the time-histories (i.e., ultimate ground
accelerations) obtained for viscous damping ratios of 3% and
5%. Soil classes B and E give similar results with the highest
values. By contrast, soil class D gives systematically the lowest
values. Intermediate values are obtained for soil class C. In the
third row of Table 3 the multiplication of the wall aspect ratio
(a = ty/hy,) by the acceleration of gravity (g) is provided for
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comparison with the obtained results. This figure indicates the
maximum horizontal acceleration which may be applied
statically to the wall before reaching rocking (overturning)
instability since it corresponds to the maximum possible
inclination of the acceleration gravity vector. This condition
serves as a threshold value for wall out-of-plane verification
(an < a g), known as the static stability condition (Figure 12).
The results show that, except for soil class D, the ultimate ground
accelerations are close but larger than « g, even for the lowest
value of damping ratio (3%). This finding indicates that & g may
be used as a simple out-of-plane stability index. Note that this is
not obvious because the static stability condition does not include
any safety margin while the safety margin is taken into account in
the non-linear time-history analysis, as previously explained
(i.e., the ultimate displacement is considered to be reached
when the average displacement demand exceeds only 40% of
the displacement capacity). Even with the included safety margin,
the obtained results are more favourable than the static stability
condition. This apparent paradox issue may be explained by the
dynamic features of rocking behavior in which the onset of
rocking does not represents the ultimate state since a
sufficient energy content of the ground motion is needed to
actually lead to the overturning of the wall (Dimitrakopoulos
and DeJong, 2012).

Table 4 summarizes the results obtained for different wall
heights. The ultimate ground accelerations were computed for
soil class C. Note that the column related to a wall height of
24 m is identical to the corresponding one in Table 3. For the
other wall heights, namely, 2.1 m, 2.7 m and 3 m, the wall thickness
was adapted in order to keep the same wall aspect ratios as the ones
for the wall height of 2.4 m. The results are therefore comparable
and show that taller wall heights are favourable since these can resist
larger ultimate ground accelerations. This issue may be easily
explained by considering the related natural period. According to
Eq. 3, taller wall heights result in shorter natural periods and
therefore shorter displacement demands. However, the column
corresponding to the shorter wall height of 2.1 m shows that the
ultimate ground accelerations are still larger than « g, even for the
lowest value of damping ratio (3%). This finding confirms that a g
may be used as a simple out-of-plane stability index, even with
shorter wall height.

4.2 Results for upper floor level wall

The obtained results corresponding to the case in which the wall
is situated in the upper floors are summarized in Tables 6, 7, 8. Three
fundamental periods of the primary structure, namely, T, = 1.0s,
1.5, and 0.5 s, were considered. Each table corresponds to one of
these three periods. For the subsystem, the reference non-structural
wall of 2.4 m in height was again used with different aspect ratios.
The calculations are performed for the records set corresponding to
the design spectrum for soil class C. According to the methodology
shown in Figure 7, the acceleration time-histories at the top of the
primary structure are first computed. The related response spectra
was then determined. As an example, Figure 13 shows the
corresponding average response spectrum for the case of the
primary structure with a period of T; = 1.0s. The curve
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Floor response spectra, comparison of the obtained average response spectrum and the amplification prediction according to Eq. 5.

TABLE 5 Amplification of the spectral acceleration with respect to the design
spectrum of soil class C for the computed floor response spectrum (average
spectrum) and the amplification prediction according to Eq. 5 for the natural
period of the subsystem (i.e,, 2.07 s for non-structural wall of 2.4 m height).

T, [s]  Average spectrum [-]  Amplification prediction [-]
05 117 1.36
1.0 1.61 1.97
15 2.76 344

corresponding to a usual prediction of the floor response spectrum
according to Eq. 5 is also plotted for comparison. That curve is
multiplied by the spectral acceleration corresponding to the period
of the primary structure. This prediction covers well the average
response spectrum with a small excess only. The amplification at the
period related to the reference non-structural wall of 2.4 m height,
namely, 2.07s may be then determined for both the average

response spectrum and the amplification prediction. The related
values for the considered three periods of the primary structure are
summarized in Table 5.

The results for a period of the primary structure of T; = 1.0 s are
indicated in Table 6. The values of the considered ultimate ground
accelerations obtained for viscous damping ratio values of 3% and
5% are given in the last row. Those values should be compared to the
ones related to the static stability condition reduced by the
corresponding amplifications of the spectral acceleration of the
design spectrum of soil class C of Table 5. The comparison
shows that the reduced static stability conditions related to the
actual amplification according to the average spectrum (« g/1.61) are
close to the ultimate values. However, the values are systematically
larger and, therefore, not at the safe side. By contrast, the reduced
static stability conditions related to the amplification prediction (« g/
1.97) match much better the obtained ultimate values.

The above considerations about the reduced static stability
conditions are further supported by the results of Table 7 and

TABLE 6 Results for a wall height of 2.4 m situated in the upper floors in case of soil class C and a period of the primary structure of T, = 1.0 s. The considered
ultimate ground accelerations for damping ratio between 3% and 5% (last row) compare well with the reduced static stability condition.

a g [m/s?] a g/1.61 [m/s?] a g/1.97 [m/s?] T, =1.0s [m/s?]
0.10 0.042 0.41 0.25 0.21 0.19-0.22
0.12 0.050 0.49 0.30 0.25 0.23-0.26
0.15 0.063 0.61 0.38 0.31 0.28-0.32
0.18 0.075 0.74 0.46 0.37 0.34-0.38
0.20 0.083 0.82 0.51 0.41 0.37-0.43
0.25 0.104 1.02 0.63 0.52 0.47-0.53
0.30 0.125 1.23 0.76 0.62 0.56-0.64
0.40 0.167 1.64 1.02 0.83 0.74-0.85
Frontiers in Built Environment 10 frontiersin.org
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TABLE 7 Results for a wall height of 2.4 m located in the upper floors in case of soil class C and a period of the primary structure of T, = 1.5 s. The considered
ultimate ground accelerations for damping ratio between 3% and 5% (last column) compare well with the reduced static stability condition.

tw/hy [ a g [m/s?] a g/2.76 [m/s?] a g/3.44 [m/s?] T, =155 [m/s?]
0.10 0.042 0.41 0.15 0.12 0.12-0.14
0.12 0.050 0.49 0.18 0.14 0.14-0.16
0.15 0.063 0.61 0.22 0.18 0.17-0.20
018 0.075 0.74 0.27 021 021-0.24
0.20 0.083 0.82 0.30 0.24 0.23-0.27
0.25 0.104 1.02 0.37 0.30 0.28-0.33
0.30 0.125 123 0.44 0.36 0.34-0.40
0.40 0.167 1.64 0.59 0.48 0.45-0.53

TABLE 8 Results for a wall height of 2.4 m located in the upper floors in case of soil class C and a period of the primary structure of T, = 0.5 s. The considered
ultimate ground accelerations for damping ratio between 3% and 5% (last column) compare well with the reduced static stability condition.

a g [m/s?] a g/1.17 [m/s?] a g/1.36 [m/s?] T, = 0.5 [m/s?]
0.10 0.042 041 0.35 0.30 0.36-0.40
0.12 0.050 0.49 0.42 036 0.43-0.48
0.15 0.063 0.61 0.52 0.45 0.53-0.60
018 0.075 0.74 0.63 0.54 0.65-0.71
020 0.083 0.82 0.70 0.60 0.72-0.79
025 0.104 1.02 0.87 0.75 0.88-0.99
030 0.125 123 1.05 0.90 1.06-1.19
0.40 0.167 1.64 1.40 1.20 1.41-1.58

Table 8, for primary structure periods of T; = 1.5s and T; = 0.5s  displacement controlled part of the design spectrum is more relevant
respectively. Note that even for the T; = 0.5 s case (Table 8), the  than the left side. It is then important to note that the limit ground
reduced static stability conditions related to the actual amplification  acceleration should be related to the ground acceleration of the
(o g/1.17) lead to lower values than the considered ultimate ground  seismic zone without using the soil parameter (S). The threshold
accelerations (last column). could be further refined using both the soil parameter (S) and the
corner period of the design spectrum (T¢) to improve its accuracy
but this is not the objective of the proposed simplified approach
5 Assessment and ﬁndings because more accurate results may be obtained by using refined
methods such as the ones of the Italian building code (NTC, 2008)
For non-structural walls located at the ground level (i.e., vertical ~ based on the virtual work principle or with NLTHA.
cantilever walls) the obtained ultimate ground accelerations In other words, the NLTHA analyses show that the reserve
calculated using NLTHA are higher than the threshold values  regarding overturning related to the actual rocking behavior of rigid
corresponding to the product of the wall aspect ratio (a = t/h,,)  bodies compared to a too simplistic static approach roughly
by the acceleration of gravity (g). This issue is true for damping  corresponds to the usually prescribed safety margin. However,
ratios larger or equal to 3%, for different wall heights, and for  attention should be paid in the presence of soft soils because the
different soil classes with the exception of soil class D. For constant  safety margin is significantly reduced in that case.
wall aspect ratios, the higher the wall is the larger the ultimate For non-structural walls located in the upper floors, the obtained
ground acceleration it can withstand. The obtained results indicate  ultimate ground accelerations computed using NLTHA are logically
therefore that for non-structural rocking walls the static stability =~ lower than the ones related to the same walls situated at the ground
criterion (a,, < « g) provides accurate estimate of the collapse safety ~ level. The results are essentially dependant on the value of the
related to the seismic out-of-plane behavior, except for soft soils.  natural period of the primary structure. However, considering floor
Even if the threshold is related to the ground acceleration, the  response spectra, the threshold values for limit ground accelerations
rocking behavior is mainly controlled by the medium and the long  may be modified by reducing the static stability criterion using the
period range of the design spectrum. In other words, the velocityand ~ corresponding amplification of the spectral acceleration at the
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natural period of the non-structural wall. For that purpose, the usual
amplification prediction according to Eq. 5 may be employed.

6 Conclusion

The obtained results show that for non-structural rocking walls
(i.e., vertical cantilevers with rigid body behavior) the static stability
criterion (a, < a g) provides accurate estimate of the collapse safety
related to the seismic out-of-plane behavior. According to that
criterion the ground acceleration threshold corresponds to the
product of the wall aspect ratio (a) by the acceleration of gravity
(g). The obtained ultimate ground accelerations calculated using
NLTHA are higher than the threshold values for damping ratios
larger or equal to 3%, for different wall heights, and for different soil
classes with the exception of soil class D. For constant wall aspect
ratios, the higher the wall is the larger the ultimate ground acceleration
it can withstand. Therefore, the corresponding calculated limit ground
acceleration is on the safe side, except for soft soil conditions. Such a
simplified approach based on the static stability criterion for the
seismic out-of-plane assessment of non-structural walls may be used
for preliminary investigations in order to have a quick overview and to
identify potentially vulnerable elements. More accurate results, and
therefore a more refined assessment, may be obtained by using more
elaborated methods such as the ones of the Italian building code
(NTC, 2008) for instance.

The proposed simplified approach may be extended to non-
structural walls located in the upper storeys of the main structure by
using floor response spectra. The static stability criterion should be
reduced using the corresponding amplification of the spectral
acceleration at the natural period of the non-structural wall.
the the
amplification according to the calculated average response

However, using values corresponding to actual

spectrum are close to the ultimate values but not at the safe side.
By contrast, the reduced static stability conditions related to the
amplification prediction according to Eq. 5 match much better the

obtained ultimate values. Therefore, the usual amplification
prediction depending on the ratio of the fundamental period of
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