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ABSTRACT

This paper is devoted to the performance-based design of retaining walls under seismic
actions. ECS8 takes into account this kind of approach, both encouraging the utilization of
dynamic analyses, and proposing reduction factor » in the simple pseudostatic method, whose
value depends on the amount of “displacement” tolerable by the structure. In the recent Italian
Building Code (2008) a better calibration of the seismic coefficients for the pseudostatic
approach has been produced, based on the results of specific displacement analyses.
According to the results obtained, it would be necessary to recalibrate the seismic coefficient
now proposed in ECS8. In this paper a further improvement in the design procedure of
retaining walls is proposed, still based on the performance evaluation, which more effectively
takes into account the principle of the “capacity design”, widely applied in structural design.
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1 INTRODUCTION

This paper deals with the performance-based design of retaining walls under seismic actions.
In the first part of the paper the present version of Eurocode 8, and specifically EC8-Part5, is
illustrated. The Code takes into account the performance criteria, both encouraging the
utilization of dynamic analyses which allow to forecast the behaviour of the wall under real
excitations, and proposing reduction factor 7 in the simple pseudostatic method, whose value
depends on the amount of “displacement” tolerable by the structure.

In the second part of the paper, after a discussion on the effects of the application of EC8
design rules for retaining wall, the recent studies performed in Italy by the Associazione
Geotecnica Italiana (AGI) on these topics are briefly referred to.

Then the recent Italian Building Code (Norme Tecniche per le Costruzioni, D.M. 14/01/2008,
alias NTC2008) is illustrated in detail, since it derives from EC8 and could be practically
considered as a first national application of Eurocodes, although with some significant
improvements. As regards retaining walls, it propose a calibration of the seismic coefficient
for the pseudostatic approach, based on the results of specific displacement analyses.

In the last part of the paper, a further improvement in the design procedure of retaining walls
is proposed, still based on the performance evaluation, which more effectively takes into
account the principle of the “capacity design”, widely applied in structural design.
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Figure 1. EC8: scheme of the pseudostatic seismic coefficients acting in the horizontal and
vertical directions (by Simonelli 2006).

2 EUROCODE 8: RETAINING WALL DESIGN

The design of retaining walls is dealt with in Ch. 7 of Eurocode8-Part 5 (EN1998-5, FINAL
DRAFT, December 2003, alias ECS8-5); a detailed discussion on the whole chapter is
illustrated in Simonelli (2003). At the beginning of ch. 7.1 “General requirements”, clause (2)
it is stated that “Permanent displacements, in the form of combined sliding and tilting, the
latter due to irreversible deformation of the foundation soil, may be acceptable if it is shown
that they are compatible with functional and/or aesthetic requirements”. This concept is very
important, and will be taken into account later in the evaluation of the pseudo-static seismic
action on the structure. The methods of analysis are dealt with in Ch. 7.3, and it is stated that:
“Any established method based on the procedures of structural and soil dynamics, and
supported by experience and observations, is in principle acceptable for assessing the safety
of an earth retaining structure” (Ch. 7.3.1, clause (1)P). After this foreword, particular
attention is devoted to the pseudo-static analysis, regarded as the main simplified method (Ch.
7.3.2).

2.1 Simplified methods: pseudo-static analysis

The pseudo-static method is based on the well-known theory of Mononobe (1929) and Okabe
(1926). Pseudo-static seismic actions both in the horizontal and vertical directions are taken
into account (Figure 1). As for the vertical action, this may act both upwards and downwards.
The total design thrust £, which is the thrust affected by the partial safety factors (see EN
1997-1 — Geotechnical Design, 2003, alias EC7; Aversa and Squeglia, 2003; Scarpelli, 2003;
Frank, 2005), is given in Annex E, points E3 and E4 (see Figure 2):

E;= 05-y -(1+k)-K-H +E, +Ey (1)

where ¥ =soil unity weight; k,=vertical seismic coefficient; H=wall height; E,~=static water
force; E,,~hydrodynamic water force; K=earth pressure coefficient (static + dynamic).
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Thrust: E;= —; }; (12k)KH + Eys+Epg

Active thrust coefficient (static + dynamic):
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Figure 2. EC8: pseudostatic active thrust of the soil in seismic conditions.

The vertical seismic coefficient 4, is a function of the horizontal one &, :

ky=20.33 -k, or k,==£0.5" k, (2)

depending on the ratio between the vertical and horizontal design accelerations (avg and ag),
being respectively lower or larger than 0,6 (see ECS-5, ch. 7.3.2.2, clause (4)P).
The horizontal seismic coefficient &, is:

kn=ag 715/ (g 1) 3)

where jy = importance factor of the structure; r=factor that depends on the allowable wall
displacements (in the Final Draft of EC8-5 the formula is &, = a-S / r, where o= (agr/g)1 ).
The seismic coefficient shall be taken as being constant along the height, for walls not higher
than 10 m.

The values to be adopted for the factor r are listed in Table 1 (which is a copy of the EC8-5
Table 7.1). In brief the factor should be taken equal to 1 for structures that substantially
cannot accept any displacement, while it assumes 1.5 and 2 values as the acceptable
displacement increases. The threshold values of the displacement d, are proportional to the
peak ground acceleration (a.-S) expected at the site.

Table 1. ECS8: r factor values for the evaluation of the pseudostatic seismic coefficient.

Type of retaining structure r
Free gravity walls that can accept a displacement up to &, = 300 « S (mm) 2
Free gravity walls that can accept a displacement up to d, =200 S (mm) 1.5
Flexural reinforced concrete walls, anchored or braced walls, reinforced concrete walls 1
founded on vertical piles, restrained basement walls and bridge abutments

Nevertheless, in the Authors’ opinion, it is not very clear if the threshold values d, are the
upper or the lower limit values for the acceptable displacement. In particular, if d, identifies
the upper limit values, then Table 2 should be read as shown in Figure 3a, but the doubt still
remains on the » value to be adopted for walls that can accept a displacement greater than 300
a-S (mm); probably even for these walls a factor » value equal to 2 should be adopted (and in
Fig 3a the line d,= 300 a.-S should be eliminated). On the other hand, if d, identifies the lower
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Figure 3. Graphic interpretations of the correlation among the r factor, the acceptable displacement d,
(firee gravity wall) and the peak ground acceleration, listed in Table 1 (by Simonelli, 2006).

limit values for the acceptable displacement, then Table 2 should be read as shown in Figure
3b, but the doubt still remains on the r value to be adopted for walls that can accept a
displacement lower than 200 a-S (mm); moreover, in this case, the threshold condition d, =
300 o-S (mm) for applying =2 would be quite severe, implying very large acceptable
displacement values for the walls.

In summary, the intensity of the pseudostatic force depends on the value of the ground surface
acceleration a,-S and on the amount of allowable displacement of the wall (by means of the
factor 7).

As regards the point of application of the force due to the dynamic earth pressures, it must be
taken at mid-height of the wall, in the absence of a more detailed study taking into account the
relative stiffness, the type of movements and the relative mass of the retaining structure. Only
for walls which are free to rotate about their toe, the dynamic force may be taken to act at the
same point as the static force. As regards the inclination of the thrust on the wall due to the
static and the dynamic action, it can not be taken greater than (2/3)¢’ for the active state, and
must be taken equal to zero for the passive state.

The equation of the active earth pressure coefficient K is given in Figure 2, where the symbols
are @’y = design value of the soil friction angle; o; = design value of the wall-soil friction
angle; 8= inclination of the mass forces acting on the soil wedge.

For dry soil @ is given by the equation:

tan 9 = h

R ©

For saturated soils the expression of @ changes for the two cases of low and high permeability
soil under dynamic actions (see Annex E), and proper values of E,; and E,,; must be taken into
account; it is worthwhile to underline that in any case the soil strength is always computed in
drained conditions.

Once the design action E; has been determined, the wall must be verified against the sliding
and bearing capacity failures: in both cases, £; must be lower or equal to the design resistance
R4, which is the resistance affected by the partial safety factors:

R, > Ey, ®)
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2.2  Dynamic analysis

In the code, as recalled before, it is stated that any established method based on the
procedures of structural and soil dynamics, and supported by experience and observations, is
in principle acceptable for assessing the safety of an earth retaining structure. Obviously such
procedures imply the definition of time-history seismic input motion.

In particular, according to clause (1)P of Ch. 2.2 of EC8-5, both artificial accelerograms and
real strong motion recordings may be used; their peak values and frequency contents have to
be in agreement with the rules specified in EC8-1, Ch. 3.2.3.1. It is worthwhile to recall that,
if recorded accelerograms are utilised, the samples used must be adequately qualified with
regard to the seismogenetic features of the sources and to the soil conditions appropriate to
the site, and their values must be scaled to the value of the ground surface acceleration (ag-S)
for the zone under consideration (Ch. 3.2.3.1.3, clause (1) P).

Returning to ECS8-5, clause (2) of Ch. 2.2, it is stated that “in verifications of dynamic
stability involving calculations of permanent ground deformations, the excitation should
preferably consist of accelerograms recorded on soil sites in real earthquakes, as they possess
realistic low frequency content and proper time correlation between horizontal and vertical
components of motion.” Moreover it is stated that the strong motion durations have to be
selected consistently with EC8-1, Ch. 3.2.3.1; mainly the duration has to be consistent “with
the magnitude and the other relevant features of the seismic event underlying the
establishment of a,” (Ch. 3.2.3.1.2, clause (2)P).

3 RETAINING WALL DISPLACEMENT ANALYSIS

The analysis of the performance of a retaining structure subjected to real dynamic actions has
been studied by means of simplified approaches, which assume a priori a prevailing
kinematism of the wall (generally tilting or sliding). Taking into account the observed
behaviour of walls under seismic actions, many researcher have adopted as prevailing
kinematism the sliding of the wall along its foundation base. Most of the methods for
assessing the permanent horizontal displacements induced by the dynamic excitations are
based on the original sliding block model proposed by Newmark (1965).

As well known, the Newmark model analyzes the sliding of a rigid block on a plane surface,
assuming a rigid-plastic behaviour at the interface between them. From simple limit
equilibrium considerations, the threshold acceleration a, value can be evaluated, over which
the surface moves with an acceleration higher than the block, which instead still moves
according to the threshold acceleration. The displacement between the block and the surface
can be computed by integrating the relative accelerations twice, until the velocity between
them returns to zero again (see Figures 4 and 5, where the threshold acceleration is indicated
as a,=N-g, where N is the threshold acceleration coefficient).

Newmark model has been subsequently upgraded by Zarrabi (1979), for a more effective
application to retaining structures. Zarrabi model takes into account the congruency among
the displacements of the backfill, the soil wedge and the wall (Figure 4): as a consequence,
the threshold acceleration value is not constant, but varies with the amplitude of the input
acceleration.
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The effectiveness of this model has been validated by proper tests on the shaking table
apparatus at the dynamic laboratory of the University of Bristol (Crewe et al., 1998 and
Simonelli et al., 2000). For example, in Figure 6 the final comparison between analytical and
measured permanent displacements induced on a proptotype wall (N=0,234) by Tolmezzo
input motion (Friuli 1976 earthquake) scaled at increasing maximum acceleration values is
illustrated.

Further, Zarrabi model allows to take account of both the horizontal and the vertical
components of the seismic input motion, which according to recent studies have to be
considered acting together in proper seismic analyses.

4 NTC2008: RETAINING WALL DESIGN

After the earthquake that struck Molise region in 2002, a new hazard map of the Italian
territory was set out according to the EC8 criteria, providing the peak ground acceleration
expected on a horizontal rock site for an earthquake having a return period of 475 years (see
the Italian Seismic Code attached to the Ordinanza del Consiglio dei Ministri 3274 of March
2003, alias OPCM3274). In the same Code the site classification (A to E subsoil categories)
for taking into account the local soil amplification was also introduced, and the EC8 design
criteria for structural and geotechnical systems were adopted.
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Figure 4. Newmark (1965) and Zarrabi (1979) models for displacement analysis.
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Figure 5. Example of displacement analysis results: displacements induced by the NS component of San
Rocco accelerogram (1976 Friuli earthquake) on a wall having the threshold acceleration a,=0,234g.
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Figure 6. Shaking table tests on a prototype wall: comparison between computed and measured
displacements (Crewe et al., 1998).

In the geotechnical field, the application of pseudostatic methods according to OPCM3274,
coupled with the accelerations values to be adopted for the Ultimate Limit State design,
showed to provide unusual and very conservative results for several systems, and in particular
for retaining structures (Simonelli, 2003). As a confirmation of that, the application of more
advanced dynamic analysis procedures according to the same Code indications, gave rise to
reliable results, much less conservative than those provided by pseudo-static approaches
(Simonelli, 2006; Callisto and Aversa, 2008) . The comparison between the two approaches
put in evidence the role of the adopted pseudostatic coefficients, whose values, correlated to
the peak ground acceleration, showed to be too severe and not representative of the effects
induced by real seismic motion. As a matter of fact, the problem of the proper correlation
between the seismic coefficient and the parameters characterising the seismic waveforms had
already been studied in the past for retaining walls and slopes, with reference to Italian
accelerograms recorded during Friuli 1976, Irpinia 1980 and Umbria-Marche 1998
earthquakes, and it came out that is not rational and hence quite difficult to simply correlate
the coefficient to the peak ground acceleration value, especially when even small
displacements can be accepted at the end of the seismic motion (Simonelli and Viggiani,
1992; Simonelli, 1993 and 1994; Simonelli and Fortunato 1996).

In the years following the emanation of OPCM3274 Code, a group of experts of the
Associazione Geotecnica Italiana (AGI) have intensely worked on those topics, and first
published guidelines on geotechnical seismic design (AGI; 2005), then wrote the geotechnical
parts of the new national building code “Norme Tecniche per le Costruzioni” (alias NTC2008,
recently published by the D.M. 14.1.2008).
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As regards retaining walls (NTC2008, Ch. 7.11.6), the Italian Code still refer to ECS, stating
that both dynamic, simplified dynamic and pseudostatic methods can be applied; then some
more detailed indications for the pseudostatic approach are provided. The main difference
with respect to ECS is the new evaluation of the seismic coefficients for pseudostatic actions.
The horizontal seismic coefficient &, is determined as a fraction S, of the dimensionless peak
ground acceleration dq :

kh = ﬁm * Amax /g (6)

while the vertical seismic coefficient k, is simply :

k,=+0.5 -k, (7)
The peak ground acceleration apgy 1S :
Amax =S -ag = Ss - St ag (8)

where S is the coefficient that takes into account both the stratigraphic (Ss) and the
topographic (S7) amplification, and a, is the reference peak ground acceleration, acting on
category A subsoil (it is worthwhile noting that Ss is equivalent to the coefficient S of ECS).
As a matter of fact, the peak ground acceleration a,,, is practically equivalent to the
acceleration (agr - 7 - S) of equ.(3). In fact in EC8 the acceleration a,r refers always to an
earthquake having a return period equal to 475 years, while the importance of the structure is
explicitly represented by the importance factor j7. In NTC2008 the factor y disappears, and
the importance of the structure is taken into account both in the reference lifetime of the
structure and in the “coefficiente d’uso” (utilization coefficient) C,, that give rise to different
values of the return period of the earthquake, and of the correspondent maximum ground
acceleration ag. Another minor difference between EC8 and NTC is that the latter takes
explicitly account of the topographic amplification S7.

As previously said, the main difference between EC8 and NTC2008 is in the factor

multiplying the peak ground acceleration for retaining wall that can tolerate displacements:

- in EC8 the factor is equal to 1/, and since » can be equal to 1.5 or 2 depending on the
amount of the tolerable displacement, the factor 1/ can assume the values of 0.67 or 0.5;

- in NTC2008 the values of £,, does not depend on the amount of the displacement (provided
that the wall can allow and tolerate displacements), but on the level of the expected
reference peak ground acceleration (on category A subsoil) and on the subsoil classification
(A or B=E categories), according to Table 2; the values are much lower than ECS8 ones.

Table 2. NTC2008: 3, factor values for the evaluation of the horizontal seismic coefficient.

Ground type
'Bm A B,C,D,E
0.2< ag(g) <04 0.31 0.31
0.1<a (g) <02 0.29 0.24
a(9)<0.1 0.20 0.18
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******* A-TOLMEZZO-DIGA AMBIESTAEW SCALATA0.35/0.35713
A-TOLMEZZO-DIGA AMBIESTANS SCALATAO0.35/0.35713
fffffffff A-VILLETTA BARREA EW SCALATA 0.35/0.19876
A-VILLETTA BARREA NS SCALATA 0.35/0.18173

""""" A-ASSISI-STALLONE EW SCALATA 0.35/0.18847
A-ASSISI-STALLONE NS SCALATA 0.35/0.18847

""""" B-BORGO-CERRETO-TORRE EW SCALATA 0.35/0.18497
B-BORGO-CERRETO-TORRE NS SCALATA 0.35/0.18497
E-ASSISI-STALLONE EW SCALATA 0.35/0.18814
E-ASSISI-STALLONE NS SCALATA 0.35/0.18814

""""" F-CASCIAEW SCALATA 0.35/0.19876

F-CASCIA NS SCALATAO0.35/0.19876
J-BORGO-CERRETO-TORRE EW SCALATA0.35/0.33833
J-BORGO-CERRETO-TORRENS SCALATA0.35/0.33833
R-NOCERA-UMBRA2 EW SCALATA0.35/0.38041
R-NOCERA-UMBRA2 NS SCALATA0.35/0.3804 1

--------- R-BISCONTINIEW SCALATA0.35/0.31148
R-BISCONTININS SCALATAO0.35/0.31148
S-BISCONTINI EW SCALATA 0.35/0 2254
S-BISCONTININS SCALATA 0.35/0.2254

""""" TARCENTO EW SCALATA0.35/0.21096

TARCENTO NS SCALATA 0.35/0.21096

""""" C-BISCONTINIEW SCALATA0.35/0.27332
C-BISCONTININS SCALATA0.35/0.27332
E-BISCONTINI EW SCALATA 0.35/0.38281
E-BISCONTININS SCALATA 0.35/0.38281

""""" Sturo EW-Scalatoa 0.35/0.3205

Sturno NS -Scalatoa 0.35/0.3205

--------- Bagnoli EW-scalato a 0.35/0.18975

BAGNOLI NS scalata a 0.35/0.18975

Hercegnovi Montenegro EW scalata a 0.35/0.256

D(mm)

0,35 0,40

Hercegnovi Montenegro NS scalata a 0.35/0.256

Figure 7. Example of displacement analysis results: displacements induced by accelerograms on subsoil A,
scaled at a,,,,=0.35g.
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Figure 8. Ng,,=0,19 for D=50 mm.

The values of f,, factors in NTC2008 have been determined on the basis of the results of an
extensive displacement analysis, having assumed that the critical mechanism under strong
earthquakes is the sliding one. All the accelerograms of the Italian SISMA database
(Scasserra et al., 2008), integrated with some other international data, have been utilized as
input motion. In Figure 7, for example, the displacements produced by the accelerograms
recorded on subsoil A and scaled at the 0.35g peak ground value are plotted vs. the wall
threshold acceleration coefficient V.

The values of f,, have been calibrated by pseudostatic back-analyses against sliding, in order
to produce walls that under ULS conditions suffer displacements of the order of a few cm (5
cm maximum for N=Ng, see Figure §). Obviously the further verification of the bearing
capacity can produce walls whose displacements could be even lower.
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5 SUGGESTIONS FOR EC8

On the basis of the experience on retaining wall design related to NTC2008 Code, a first
suggestion for further developments of EC8 would be to find out a better calibration of the
seismic coefficient, both in terms of the already proposed r factor, or in terms of S, factor, in
order to avoid that the application of the present EC8 in other European Countries with high
seismic hazard could produce large over-conservative and unacceptable design (as happened
in Italy after OPCM3274).

The new seismic coefficients could be proposed according two alternative strategies:

1. the coefficients could be explicitly provided inside EC8 document, after a calibration
performed utilizing a wide European accelerometric database (which should contain
SISMA); in the Authors’ opinion, the obtained values could result higher but not very
different from those proposed in NTC2008;

2. the ECS8 coefficients of step 1 could be proposed as bracketed values, and their proper
determination could be demanded to the National Annex of each European Country,
which could perform calibration based on more representative regional seismic database.

At present the 1% step appears to be the more suitable, and it could be complementary with

more specific studies already performed at national level (as for NTC2008). The o step, on

the other hand, will probably be more reliable in the future, when more recorded data and
representative seismic database will be available in any Country.

A second improvement regards the performance based design philosophy itself, which could
effectively include the principle of “capacity design” even for retaining walls.

The suggested procedure could be considered as a simplified dynamic approach, since it
should start with the evaluation of sliding displacements induced by the input motion data set,
then should imply pseudostatic analysis for verifying the other collapse mechanisms.

In detail, the steps of the procedure are the following:

1. individuation of the allowable displacement of the wall Dy (as a function of the restrain
conditions and the tolerable displacements for the whole structure);

2. analysis of the displacements induced by the selected accelerometric input motions, and
individuation of the threshold acceleration a~=Ns'g of the wall corresponding to Dayy (as
in Figure 8);

3. among the group of walls having N=Ngi;, selection of those walls which verify the
following conditions:

bearing capacity global safety factor PSF > 1 (say 1.1) 9
overturning global safety factor PSF > 1 (say 1.1) (10)

for pseudostatic actions corresponding to the seismic coefficient:
kn = NsL1 (11)

Equ. (9) and (10), combined with the adoption of equ. (11), guarantee that the potential
kinematism of the selected walls under high seismic actions will be the sliding one. In fact, as
the maximum acceleration attains the value a=Ns; g, the wall will start sliding, and the thrust
will not be able to exceed the corresponding pseudostatic action, for which the bearing
capacity and overturning result to be verified (equ. (9) and (10)).

With the suggested procedure, the capacity design principle is effectively implemented, since
the sliding kinematisms, which is much more ductile and not catastrophic as the other two, is
the preferred mechanism of the wall, that on the other hand will not exceed the maximum
tolerable displacement Dapr.
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6 CONCLUSIONS

In this paper the performance-based design of retaining walls under seismic actions has been
dealt with, first reviewing the present version of Eurocode 8, then examining the indications
of the recent Italian Building Code (D.M. 14/01/2008, alias NTC2008).

Both EC8 and NTC2008, which practically derives from the Eurocode, take into account the
performance based design criteria. In fact the codes encourage the utilization of dynamic
analyses which allow to forecast the behaviour of the wall under real excitations; further they
propose simple pseudostatic method, whose seismic coefficients depend on the amount of
“displacement” tolerable by the structure. Nevertheless the application of EC8 rules to the
Italian territory, coupled with the peak ground accelerations expected for high return period
earthquakes (SLU conditions) showed to produce over-conservative design.

On the other hand, in the recent NTC2008 a better calibration of the seismic coefficients for
computing pseudostatic actions has been produced, on the basis of parametric displacement
analyses performed adopting as input motion the Italian accelerometric database SISMA.
These results suggest that in the next future a similar procedure should be implemented in
EC8 too, with the aim to improve the effectiveness of the suggested pseudostatic methods.

In this last part of the paper a simplified dynamic design procedure is proposed, still based on
the performance evaluation, which more effectively takes into account the principle of the
“capacity design” for retaining wall. According to the design procedure the sliding
phenomenon, which is the more ductile and not catastrophic kinematism, becomes the
potential mechanism under severe seismic motion, preventing the wall from bearing capacity
and overturning collapse.
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