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The seismic assessment of a secondary structure of the Chancy-Pougny dam, namely, the upper bridge, is discussed in this paper.
A first seismic assessment, performed according to classical force-based methodology, concluded the necessity of an extensive
retrofitting for the upper bridge. By contrast, the application of the displacement-based approach showed that the current
situation is already satisfactory, and therefore, practically no retrofitting is needed. The paper focuses on the nonlinear time-
history analyses which were achieved in order to check the accuracy of the results obtained using the displacement-based method.
The structural characteristics of the reinforced concrete upper bridge are similar to those of conventional bridges. However, the
piers were built with very little reinforcement and consequently they will exhibit a rocking behavior in case of earthquake loading.
Rocking is rather a favorable failure mechanism and is related to a certain amount of displacement capacity. However, this
behavior is not linked to plastic energy dissipation which may significantly increase the related displacement demand. In order to
determine the real displacement demand, nonlinear time-history analyses were achieved with SDOF systems defined by an “S”
shape hysteretic model. Spectrum compatible stationary synthetic accelerograms and slightly modified recorded earthquakes were
both used for acceleration time-histories. The results showed that the displacement demand corresponds well with the one
determined by usual push-over analysis. The results show a very favorable seismic situation, related to a relatively stiff structure
associated to rock soil conditions with an A class soil. The seismic safety of the upper bridge is already satisfactory for the current
state (without retrofitting). Consequently, the proposed costly reinforcement for the upper bridge could be significantly reduced.

1. Introduction

In the field of earthquake engineering, the popularity of
displacement-based analysis is steadily increasing for both
design of new structures and assessment of existing struc-
tures. Compared to traditional force-based methods,
displacement-based methodology is more closely related to
the real seismic behavior and therefore provides much more
accurate results. Moreover, the results are generally more
favorable than the corresponding ones for classical force-
based methods, for example [1]. As a consequence, the

displacement-based method provides a very valuable tool for
the seismic assessment of existing structures because it may
save expensive retrofitting [2]. This paper reports an example
of extreme cost reduction obtained thanks to the application
of the displacement-based method.

Traditional force-based methodologies, such as the
equivalent force method or the response spectrum method,
are based on simplified elastic analyses to determine
seismic action, for example [3]. They intentionally avoid
the use of more elaborate analysis to account for postelastic
behavior. More precisely, they use the so-called “behavior
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FIGURE 1: (a) General view of the Chancy-Pougny hydropower development scheme [8]. (b) View of the part of the upper dam starting from
the cable tower with the three identical piers I, II, and IIT and their “elephant feet” at the base [10].

factor” for this purpose. The behavior factor is a global
strength reduction factor, mainly based on the famous
“equal displacement rule,” and is specified in the con-
struction standards. The displacement-based methodology
was proposed in the 1990s [4] and is now well established
for seismic design and assessment of reinforced concrete
and steel structures. This methodology is also proposed for
the seismic assessment of unreinforced masonry structures
[5]. Moreover, recent research efforts are oriented towards
the application of rocking structures for the design of
bridge piers, mainly in association with post-tensioning for
example [6, 7]. For existing structures, the main advantage
of displacement-based analysis consists of considering
realistic structural elements which were not properly
designed and detailed according to seismic requirements.
Note that the “behavior factor” does not belong to the
displacement-based methodology. In fact, displacement-
based analysis may be considered as a way to determine the
actual value of the behavior factor related to the in-
vestigated structure.

The Chancy-Pougny hydropower development scheme,
located on the French-Swiss Rhone border, is a gate
structure dam made of masonry and reinforced concrete. In
the framework of renewing the concession, the investigation
of the seismic behavior of the dam was requested by the
supervisory bodies. This paper concerns the seismic as-
sessment of a partial structure of the Chancy-Pougny dam,
namely, the upper bridge. A first seismic assessment, per-
formed according to classical force-based methodology,
concluded to the necessity of a huge retrofitting for the upper
bridge. By contrast, the application of the displacement-
based approach showed that the current situation is already
satisfactory and therefore practically no reinforcements are
needed. As the involvement of the displacement-based
method in the context of dam engineering is not usual
(to the best knowledge of the authors, it was the first time),
the supervisory authorities requested additional in-
vestigations in order to validate the obtained results. After
a brief description of the force-based analysis, the related
initial proposed retrofitting and the performed displacement-
based assessment, the paper focuses on the nonlinear time-
history analysis which was achieved in the framework of the
project in order to check the accuracy of the results obtained
by push-over analysis.

1.1. Brief Description of the Chancy-Pougny Dam. The
Chancy-Pougny hydropower development scheme is located
on the French-Swiss Rhone border near Geneva (Figure 1). It is
a gate structure dam made of masonry and reinforced concrete
constructed in 1925 to supply Schneider plants in Le Creusot
(France). Its main characteristics are a head of 10m, 4 bays
equipped with Stoney type gates with 12 m openings, one bay
with a reservation for a future lock, a tower and an upper bridge
to carry the cables from the plant to a power substation, and
a partial lower bridge [8, 9].

In the framework of renewing the exploitation conces-
sion, the French-Swiss supervisory authorities (i.e., Direction
Régionale de I'Environnement, de I'Aménagement et du
Logement (DREAL) and Swiss Federal Office of Energy
(OFEN)) requested the owner of the structure (the Société des
Forces Motrices de Chancy-Pougny (SEMCP)), to carry out
a detailed investigation of the dynamic behavior of the dam
under seismic loading. Note that architectural constraints
should be additionally considered because the plant is clas-
sified as a historic monument.

1.2. Characteristics of the Upper Bridge. Five concrete piles
support the equipments (Figure 2). They are composed of
lower pillars, 21.7 m high, made of reinforced concrete with
stone facing, and upper piers, 12.4 m high, made of lightly
reinforced concrete with cement coating. The piles are
founded on caissons sunk into a sand stone (molasse) sub-
stratum. An intermediate 4 m thick foundation slab protects
the dam against hydraulic erosion between piles.

A 26m high cable tower is used to route the electrical
power cables from the plant to the substation: a gallery in the
upper bridge completes this routing between the two banks,
more precisely between the cable tower and the right abutment
(Figure 1). The upper bridge is approximately 115 m long and is
made of a series of beams, simply supported at the top of the
five piers, called pier I to pier V (from the cable tower to the
right abutment). The distance between the piers is about 15.5m
for piers I to IV (Figure 3) and is increased to 22.7 m for pier V.

The cable tower has a rectangular hollow cross section
with a length of 7.5m and a width of 4.9 m (Figure 4). The
thickness of the walls of the cable tower is about 0.8 m. The
cross section of the piers is nearly rectangular. The length is
6.8 m and the width is 2.7 m for piers L, II, and III (Figure 4)
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FIGURE 2: Cross section of the Chancy-Pougny dam.

and 3.2m for piers IV and V. Except for the lower 1.9m at
the base, the piers are solid. At the base, piers I, II, and Il are
hollowed in the middle along the section’s axes for opera-
tional purposes. As a consequence, the base of these identical
piers is practically reduced to a group of four squat columns,
called “elephant feet” (Figure 4). The cross section of the
squat column at the base is about 1 m to 2 m. Piers IV and V
are similar but with hollow cross section instead of “elephant
feet” at the base. The deck of the upper bridge is composed of
a series of 6 reinforced concrete beams with hollow cross
sections and a height of 3.6 m.

1.3. Seismic Parameters. The seismic assessment of the dam
is performed according to the OFEN requirements. Given
the characteristics of the development scheme, the dam is
classified into a class II dam according to the Swiss classi-
fication [11]. Consequently, an earthquake loading with
a return period of 5000 years should be taken into account.
For a 5% damping ratio and soil class A (rock conditions),
the corresponding response spectrum is characterized by
a peak ground acceleration of 0.23 g and a maximum plateau
acceleration of 0.58 g horizontally (Figure 5).

Soil class A: S=1.0 (=); Tg=0.10 (s); Tc=0.40 (s);
Tp=3.00 (s).

2. Force-Based Seismic Analysis

The first approach consisted of a linear dynamic analysis
using the response spectrum method. The OFEN response
spectrum was applied in the two main horizontal directions
and in the vertical direction with the prescribed attenuation
factor of 2/3. The entire structure was modeled with three-
dimensional finite elements (Figure 6), taking into account
dynamic soil-structure interaction (mixed rock-alluvial soil
foundations) and the structure-mass of entrained water
interaction.

The obtained results showed that the main deficiencies
appear in the cross-stream direction which is not mobilized
under service conditions. Excess tensile stresses (up to
10 MPa) were determined in the cable tower and upper part
of the pillars due to cross-stream excitation. For the lower
part of the pillars, conventional tensile resistance was also
exceeded due to entrained water in the along-stream di-
rection. Concerning the upper bridge, due to the very light
reinforcement of the piers, the results showed that the
strength at the base of the piers was far exceeded in both
directions (cross-stream and along-stream).

2.1. Initial Proposed Retrofitting. The initially adopted
methodology leads to a major retrofitting project that is also
complex in terms of feasibility, particularly for long drilled
tensioned anchors in old concrete structures. For the pillars,
the proposed retrofitting includes several anchors coupled
with injections to improve the concrete quality.

For the upper bridge, the initial proposed retrofitting
consisted of St Andrew steel cross braces to resist cross-
stream excitation (Figure 7). In addition, vertical anchors
were proposed for the piers to prevent cracking at the base.

3. Displacement-Based Approach,
“Push-Over” Analysis

At this stage, in order to limit the retrofitting, an alternative
approach was proposed to the supervisory authorities. This
alternative approach is based on a “push-over” analysis of the
upper bridge. Experimental investigations have shown that
reinforced concrete with low reinforcement is not necessarily
associated with very poor seismic behavior, for example [12].
This method may obviously not be applied to the lower part of
the dam because of its role in hydraulic retention.

The structural characteristics of the upper bridge are
similar to the ones of conventional bridges. Therefore it was
proposed to apply modern displacement-based seismic as-
sessment methodologies (usually involved in existing struc-
tures) to the upper bridge.

In the case of the Chancy-Pougny dam, the displacement-
based approach allows the consideration of the rocking be-
havior of the 12.4m high piers of the upper bridge. This
means that, compared to the initial force-based approach, the
condition of avoiding cracking at the base of the piers is no
longer considered. By contrast, cracking at the base is used
since it leads to a seismically satisfactory rocking behavior,
generally associated with a relatively large displacement
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FIGURE 3: View of the cable tower and the piers I and II of the Chancy-Pougny dam.
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FIGURE 4: Cross sections of the cable tower, the “elephant feet” at the base, and the plain section of the piers (from left to right).

capacity. Furthermore, the displacement-based approach is
very favorable for the upper bridge of the Chancy-Pougny
dam because of its relatively high stiffness, leading to a small
displacement demand (Figure 8).

3.1. Assumptions. The capacity curves of the piers are de-
termined based on the three following parameters: the top

040 |

displacement when uplift appears at the base, considered as
yielding displacement, the lateral strength corresponding to
arocking failure mode, and the ultimate drift. The stiffness is
the inverse ratio of the uplift displacement to the associated
lateral strength. Lateral strength by rocking constitutes the
plateau of the capacity curve.

The yielding displacement of the capacity curve corre-
sponds to the top displacement at the onset of base uplift. The
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FIGUure 5: OFEN elastic response spectrum for a return period of
5000 years, soil class A, and 5% damping ratio.
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Figure 7: Initial proposed retrofitting solution with the huge
bracing system for the upper bridge [8].
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Ficure 8: OFEN response spectrum represented in the ADRS
format.

top displacement when uplift appears at the base is determined
based on a model of vertical cantilever with a constant stiffness
along the height by applying the basic relationships of
structural mechanics (Figure 9). The considered inertia mo-
ment for the determination is that of the element’s base,
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FIGURE 9: Determination of the top displacement at the onset of
uplift (yielding displacement).

leading to an overestimation of the displacement because the
piers are hollowed only at their base. With the displacement-
based method, this assumption is, here, on the safe side be-
cause it leads to an underestimation of the stiffness. Therefore,
this leads to an overestimation of the fundamental period and,
consequently, to an overestimation of the displacement
demand.

Based on the values of deformation capacity for masonry
shear walls proposed by Eurocode 8 [13] (i.e., 0.4% in case of
shear failure and 0.8% for rocking failure), a value of 0.8%
was considered as ultimate drift. The very low reinforcement
(near zero reinforcement) at the base of the piers leads to
a rocking behavior characterized by a bending strength due
to the normal compression force at the base only. Note that
the adopted value for ultimate drift may be considered as
very conservative because EC 8 allows for the masonry shear
walls governed by a rocking failure mode to increase the
basic value of 0.8% through its multiplication by the cor-
responding slenderness ratio.

Concerning the mechanical properties of the reinforced
concrete, the dynamic characteristic values measured on
samples taken on the elements are involved. For the piers,
the values are: f, =45MPa for the compressive strength
and E. =46600 MPa for Young’s modulus. The cable tower
concrete is of lower quality. The values are therefore lower:
fe =21 MPa for the compressive strength and E. = 36,200 MPa
for Young’s modulus. The element stiffness is reduced to 25%
when considering cracking.

3.2. Results of the “Push-Over” Analysis. The results of the
“push-over” analysis are briefly reported here in order to
provide the basis of the comparison with the nonlinear
time-history analysis, which is the main objective of the
paper.

Figure 10 shows the capacity curve of the upper bridge in
the cross-stream direction for the current state (without
retrofitting). In this direction, the upper bridge is analyzed
globally because the connection by the gallery deck leads to
an identical top displacement for all elements. The total mass
is 4300 tons and includes the deck, the related equipments,
and half the height of the piers and the cable tower. The
individual curves for each element (cable tower and piers I to
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V) are first determined. The global capacity curve is obtained
by adding up all individual curves.

In the cross-stream direction, lateral strength of the
upper bridge is about 6400 kN. The yielding displacement at
the top is approximately 6 mm. The fundamental period is
about 0.4s. According to the assumption of a value for
ultimate drift of 0.8%, the top displacement capacity is
approximately 110 mm. Note that this value is relatively
small in comparison to the dimensions of the piers (Table 1).

In the stream direction, the piers may be analyzed in-
dependently because, in this direction, the connection by the
gallery does not lead to an identical top displacement for the
elements. The piers resist in their larger cross-sectional
dimension. Therefore, the fundamental periods are much
smaller than the ones in the cross-stream direction and do
not exceed 0.2s.

Figure 11 shows the seismic evaluation of the upper
bridge for the cross-stream direction in the usual ADRS
format. According to the EC 8 [14] procedure, the funda-
mental period is just entering the validity domain of the equal
displacement rule. As a consequence, displacement demand
does not depend on the strength of the structure [15]. For the
fundamental period of the upper bridge, the top displacement
demand is about 23 mm, which is much smaller than the
considered top displacement capacity of 110 mm.

However, the seismic rocking behavior is associated
with a low energy dissipation capacity which leads to an
increase of the displacement demand compared to the
usual behavior of reinforced concrete corresponding to
the equal displacement rule. The displacement demand
should therefore be increased in order to account for this
amplification. An increase of about 25% of the displace-
ment demand was proposed in the literature, based on
extended numerical results [16]. The accuracy of the in-
crease should be checked because a larger displacement
demand may appear in the low period range [17]. Nev-
ertheless, such an increase would not significantly modify
the favorable conclusions for the seismic behavior of the
upper bridge.

Advances in Civil Engineering

4. Nonlinear Time-History Analysis

The validation of the above reported results was requested by
the French-Swiss supervisory authorities and consequently
nonlinear time-history analyses were achieved in order to
determine an accurate value of the amplification due to a low
energy dissipation capacity for the rocking behavior of the
upper bridge of the Chancy-Pougny dam.

4.1. Methodology. The nonlinear time-history analyses are
performed using equivalent single-degree-of-freedom sys-
tems (SDOF) and a specific hysteretic model, simulating an
“S” shape (Figure 12). The central difference method is used
to solve the equation of motion. There are 33 stationary
synthetic accelerograms involved which are compatible with
the prescribed response spectrum. A second series of 12
recorded accelerograms, slightly modified to match the
prescribed response spectrum are also used.

In a first step, the analyses were performed by taking into
account only the horizontal seismic actions. A reduced
normal force at the base of the piers, resulting from a com-
bination including vertical seismic actions, is considered af-
terwards in a second step in order to investigate the influence
of the vertical accelerations linked to the earthquake.

4.2. Assumptions. The hysteretic curves of the equivalent
SDOF are determined based on the capacity curves de-
veloped previously by the “push-over” analysis. The hys-
teretic curves are defined by the three following parameters:
the top displacement when uplift appears at the base
(considered as the “yielding” displacement), the lateral
strength corresponding to a rocking failure mode, and the
“postyield” stiffness. In order to be conservative, a stiffness of
only 1% of the initial stiffness (before uplift) is considered for
the “postyield” stiffness. The classical value of 5% for the
viscous damping ratio is used.

The fixed level is assumed to be at the upper level of the
pillars situated in the lower part of the dam because the
pillars are much more stiff than the piers of the upper bridge.
Consequently, the analyses with equivalent SDOF do not
account for the pillar displacements in the lower part of the
dam during the earthquake. The displacements at the upper
level of the pillars should therefore be added to obtain the
total displacements. However, the results of the initial force-
based analyses have shown that these displacements are
small compared to the ones expected for the piers and may
therefore be neglected.

4.3. Time-Histories Series. Two series of accelerograms are
used to achieve the nonlinear time-history analyses. Sta-
tionary synthetic accelerograms, compatible with the pre-
scribed response spectrum and specified by the Swiss
supervisory body [18] are involved for the first series
(Figure 13). Those synthetic accelerograms were generated
using the well-known classical simulation procedure of
SIMQKE [19] which is a stationary simulation based on
random vibration theory. In this simulation procedure,
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TaBLE 1: Characteristics of the piers (without taking into account the earthquake vertical component).

Cross-stream direction Stream direction

Element L (m) b (m) N (kN)
en (m) M, (kNm) Vr (kN) ey (m) M, (kNm) Vr (kN)
Cable tower 7.5 4.9 15000 2.10 31500 2218 3.35 50250 3539
Piers I, II, and III 6.8 2.7 8000 1.25 10000 704 3.20 25600 1803
Piers IV and V 6.8 3.2 9500 1.55 14725 1037 3.30 31350 2208
6.0
5.0 4
4.0
E 3.0
s>
N
2.0
1.0 |
0.0 ; ; ; ; ; ; ; ; ;
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0  200.0
Sw W (mm)

FIGURE 11: Seismic assessment of the upper bridge for the cross-stream direction [9].

e

Time

Acceleration

FIGURE 12: Schematic description of the performed nonlinear time-
history analysis [9].

matching of the target spectrum is improved through an
iterative process. However, this iterative process for
matching the target spectrum was found to affect the related
computed seismic structural response in case of nonlinear
behavior [20]. In total, 33 accelerograms with different
durations were used. The stationary durations range from 12
to 30 seconds with a step of 2 seconds. Three statistically
independent accelerograms representing the three compo-
nents of the earthquake shaking are specified for each sta-
tionary duration.

Since synthetic earthquake characteristics may signifi-
cantly diverge from those of real earthquakes and may
therefore affect the nonlinear seismic structural behavior [20],
analyses are also achieved with a set of 12 recordings. These 12
recordings were first selected from the European Strong

Motion Database (ESMD) [21] to best fit the OFEN design

g will nn I response spectra (Figures 14 and 15). Afterwards, the selected
2 ‘uvvvaUwvwvvvw— recordings were slightly modified using the nonstationary
§ spectral matching methodology of Abrahamson [22] in order
Time to match the OFEN design spectrum (Figures 16 and 17). The
methodology proposed by Abrahamson [22] involves

wavelets to match the target spectrum without disturbing the
nonstationary features of the recordings. Consequently, the
related computed seismic structural response is not signifi-
cantly affected even in case of nonlinear behavior.

4.4. Results with Stationary Time-Histories. The results of the
nonlinear time-history analyses are assessed statistically by
considering the mean value and the standard deviation. All
the 33 time-histories are considered globally disregarding
the related duration.

The obtained results for the cross-stream direction are
displayed in Figure 18. For the analysis in this direction, the
period of the equivalent SDOF is about 0.4s and the
yielding displacement is 6.2 mm. The computed displace-
ment demands are plotted with respect to the duration. The
three points for each duration correspond to the three
components of the OFEN database. This plot shows that no
clear trend appears in relation with the duration. This
finding led to the aggregation of the results without taking
into account the related duration. The mean value of the
top displacement demand is approximately 33 mm and the
peak value is approximately 42 mm. Note that even this
maximum displacement demand is clearly smaller than the
assumed displacement capacity. According to push-over
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FIGURE 13: Acceleration time-history and corresponding response spectrum
duration of 18 seconds.

of one of the 33 synthetic earthquakes with a stationary
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FIGURE 14: Acceleration time-history and corresponding response spectrum of a selected example among the twelve recorded earthquakes

before modification to match the OFEN response spectrum.



Advances in Civil Engineering

Sa (m/s?)

10° 10!

Period (s)

FiGcure 15: Statistical characteristics (mean value +standard deviation) of the response spectra of the twelve recorded earthquakes before

modification to match the OFEN response spectrum.
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FIGURE 16: Acceleration time-history and corresponding response spectrum of the selected example among the twelve recorded earthquakes after

modification to match the OFEN response spectrum.

analysis, the top displacement demand is about 23 mm
(Figure 11). Thus, the statistical properties of the results
indicate a larger increase of the displacement demand than
the one proposed in the literature [16], with a magnitude of
more than 40% for mean values. This relative larger in-
crease than the one proposed in the literature is mainly due
to the involvement of stationary synthetic time-histories
which simulate only approximately the features of mea-
sured recordings.

The results of the analysis of the three identical piers (I,
I, and III) in the stream direction with the 33 stationary
time-histories are plotted in Figure 19. For the analysis in
this direction, the period of the equivalent SDOF is ap-
proximately 0.21 s and the yielding displacement is 3.7 mm.
The computed displacement demands are plotted with re-
spect to the duration. Once again, the plot does not show
a clear trend with the duration. The mean value of the top
displacement demand is approximately 10 mm and the peak
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F1GURE 18: Displacement demand according to the nonlinear time-
history analysis in the cross-stream direction with the 33 synthetic
earthquakes.

value is approximately 19mm. According to push-over
analysis, the top displacement demand was roughly 9 mm.
Therefore, in this case, the statistical properties of the results
indicate limited amplifications of the displacement demand
corresponding to those of the literature [16]. Moreover, this
direction is not significant because the smaller fundamental
periods are related to a much smaller displacement demand
than those in the cross-stream direction.

4.5. Results with the Set of 12 Recorded Time-Histories.
For the case of the analysis with the recorded earthquakes in
the cross-stream direction, the results are displayed in
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FIGURE 19: Displacement demand according to the nonlinear time-
history analysis in the stream direction for the identical piers I, II,
and III with the 33 synthetic earthquakes.
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F1Gure 20: Displacement demand according to the nonlinear time-
history analysis in the cross-stream direction with the set of 12
recorded earthquakes.

Figure 20. The computed displacement demands are plotted
individually for each time-history. The results are very
similar to those found in the analysis of the 33 synthetic
earthquakes (Figure 18). The mean value of the top dis-
placement demand is approximately 29 mm, and the peak
value is 44 mm. It should be noted that even this maximum
displacement demand is again clearly smaller than the
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FiGure 21: Displacement demand according to the nonlinear time-
history analysis in the stream direction for the identical piers I, II,
and III with the set of 12 recorded earthquakes.

displacement capacity. The statistical properties of the re-
sults indicate an increase of the displacement demand close
to that proposed in the literature [16], with a value of about
28% for the mean values. This issue clearly indicates the
importance of involving nonstationary time-histories to
realistically capture the nonlinear seismic response.
Finally, for the analysis in the stream direction,
the attained results are plotted in Figure 21. In comparison to
the results for the 33 synthetic earthquakes (Figure 19), the
results are similar, however with significantly smaller var-
iability. A peak value of less than 11 mm was obtained. The
statistical properties of the results indicate another time
limited amplification of the displacement demand corre-
sponding to those specified in the literature [16].

4.6. Results with Reduced Normal Force. In order to in-
vestigate the influence of the vertical earthquake com-
ponent on the seismic behavior of the upper bridge using
a simplified approach, reduced values of compressive
forces (N,.q) at the piers’ base are also considered (Table 2).
The transient behavior of the vertical seismic action rel-
ative to the horizontal action is not known a priori. An
approach as proposed to account for vertical earthquake
component leads to results on the safe side because peak
vertical acceleration is considered during the whole time-
history analysis. The decrease of the compression force
leads to a lower lateral strength and, therefore a lower
corresponding yielding displacement. However, in the
adopted model, the fundamental frequency is not affected
by the decrease of the compressive forces at the piers’ base
because the stiffness remains constant. In the case of
nonlinear behavior where “yielding” appears sooner, lower
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lateral strength is generally related with an increase of
displacement demand.

The impact of the vertical earthquake component on the
compressive forces at the piers’ base was evaluated based on
the results of the 3D model (Figure 3). A related variation of
the compressive forces of approximately +20 to 30% was
attained. Consequently, the nonlinear time-history analyses
are repeated with the 33 synthetic earthquakes using hys-
teretic curves reduced by 30% for both the yielding dis-
placement and the strength. The obtained results allow to
assess the additional increase of the displacement demand due
to the reduction of the compressive forces at the piers’ base.

In the cross-stream direction, the mean value of the top
displacement demand is 37 mm, and the peak value is ap-
proximately 49 mm. Reduced compressive forces at the
piers’ base lead then to an additional increase of the dis-
placement demand of less than 15% for the mean values.
Note that, in this direction, according to the push-over
analysis, the top displacement demand remains at approx-
imately 23 mm because this value is not affected by a de-
crease of strength. This is due to the fact that the
fundamental period belongs to the validity domain of the
equal displacement rule (Figure 11).

In the stream direction, the mean value of the top
displacement demand and the peak value are approximately
14 mm and 20 mm, respectively. In this direction, the impact
of the reduced compressive forces at the piers’ base is rel-
atively larger than in the cross-stream direction. For the
mean values, the displacement demand experiences an
additional increase of almost 50%.

4.7. Overview of the Results. 'Table 3 summarized the obtained
results of the different nonlinear time-history analyses. The
statistical characteristics are given with one digit after
the decimal point in order to facilitate the comparison of the
values. Compared to the assumed conservative displacement
capacity of about 110 mm, all the obtained values are sig-
nificantly less, by a factor greater than 2, at least. Due to the
arrangement of the elements in their larger dimension, the
stream direction is less significant than the cross-stream
direction.

Concerning the impact of the involved time-histories, no
significant discrepancies appear between synthetic earth-
quakes and recorded earthquakes. Moreover, unlike other
investigations in the literature [20], these findings show that
recorded earthquakes lead to a slightly lower mean dis-
placement demand.

Compared to push-over analysis, the increase of the top
displacement demand due to the specific hysteretic behavior
with small energy dissipation is in some cases slightly larger
than that which is proposed in the literature [16], by more
than 40% for the mean values.

In this study, the assumed displacement capacity was
based on the value of ultimate drift (0.8%) proposed by
Eurocode 8 [13] for masonry shear walls in the case of
seismic behavior controlled by in-plane rocking failure.
Compared to the dimensions of the cross section of the
piers, the related assumed top displacement capacity of
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TaBLE 2: Characteristics of the piers for the cross-stream direction considering the vertical component.
Without vertical component With vertical component
Element Ly (m) b, (m) ey (m)
N (kN) M, (kNm) VR (kN)  Niea (kN) M, (kNm) Vr (kN)
Cable tower 7.5 4.9 2.10 15000 31500 2218 10900 22890 1612
Piers I, 11, and III 6.8 2.7 1.25 8000 10000 704 6700 8375 590
Piers IV and V 6.8 3.2 1.55 9500 14725 1037 7600 11780 830
TABLE 3: Statistical characteristics of the obtained displacement demand at the top of the piers.
Directi 33 synthetic 12 recorded Reduced compression
irection
Mean (mm) Std. (mm) Max (mm) Mean (mm) Std. (mm) Max (mm) Mean (mm) Std. (mm) Max (mm)
Cross-stream 32.6 4.1 42.4 29.4 6.7 44.0 37.0 5.6 48.6
Stream (piers I to III) 9.6 2.4 18.5 1.2 10.9 14.2 31 20.4

approximately 110 mm may appear excessively conserva-
tive. Precisely, larger displacement capacities are usually
considered for rigid body seismic behavior, such as the ones
involved for out-of-plane behavior of unreinforced ma-
sonry walls [23, 24]. Theoretically, top displacements which
are larger than the lateral width of the rocking rigid body
element should be reached to attain collapse. Conse-
quently, the displacement capacity corresponding to
a portion of the width (e.g., 50%) could be considered.
However, since the results of this study were already sat-
isfactory with the assumed displacement capacity, it was
not necessary to improve this assumption.

5. Conclusions

The performed nonlinear time-history analyses fully validate
the favorable results obtained by push-over analysis. The
displacement-based approach is very favorable for the upper
bridge of the Chancy-Pougny dam because of its relatively
high stiffness, leading to a small displacement demand. In
contrast to previous displacement-based analyses, accurate
values of the amplification due to a low energy dissipation
capacity for the rocking behavior of the upper bridge of the
Chancy-Pougny dam could be determined. Even if the in-
crease of the top displacement demand due to the specific
hysteretic behavior with small energy dissipation is in some
cases larger than that proposed in the literature, the dis-
placement demands remain far lower than the assumed
conservative displacement capacity.

Consequently, the initially proposed very invasive
measure for the upper bridge with a huge bracing system
could be eliminated from the retrofitting project. This would
lead to a significant benefit for the assessment of the Chancy-
Pougny dam, not only from the cost point of view but also
from the monumental preservation point of view. Instead of
avoiding cracking at the base, this failure mode may be used
since the reported investigations prove that it leads to
a seismically satisfactory rocking behavior which is associ-
ated with a displacement capacity much larger than the
displacement demand. However, in order to ensure that the
upper bridge will behave without local failures, additional
checks and some local measures are still necessary. First of
all, it was verified that shear failures may be excluded at the
base of the piers. The so-called “elephant feet” (Figure 4) at

TaBLE 4: Characteristics of the 12 recorded earthquakes.

Earthquake Date Magnitude Dl(it;?)ce (IP;IC/;SI})
Azores 23/11/1973 5.3 Ms 5 2.688
Friuli

(aftershock) 15/09/1976 6.0 Mw 17 2.319
Montenegro

(aftershofk) 24/05/1979 6.2 Mw 33 2.652
Adana 27/06/1998 6.3 Mw 30 2.644
Montenegro 15/04/1979 6.9 Mw 65 2.509
Montenegro 15/04/1979 6.9 Mw 21 2.198
Campano Lucano 23/11/1980 6.9 Mw 16 1.725
Alkion 24/02/1981 6.6 Mw 33 3.036
Tabas 16/09/1978 7.4 Mw 11 3.779
Izmit 17/08/1999 7.6 Mw 113 2.58

Izmit 17/08/1999 7.6 Mw 48 2.334
Izmit 17/08/1999 7.6 Mw 34 3.542

the base of the identical piers (I, II, and III) are of utmost
concern. However, due to the relatively high slenderness
(height/length ratio) of the four squat columns composing
the “elephant feet” (length of about 1 to 2 m), the base shear
may be directly transferred to the upper part of the pillars
through inclined compression stress fields, without addi-
tional shear contribution. Piers IV, V, and the cable tower
are even less prone to shear failure because of their hollow
cross section at the base. The main local retrofitting measure
is situated at the top of the piers where steel elements will be
placed inside the deck of the upper bridge in order to avoid
the falling of the simply supported beams during the rocking
behavior. Additionally, the abutment on the right bank slope
should be stabilized in the cross-stream direction by post-
tensioned ground anchors.

Appendix

The characteristics of the 12 recorded earthquakes involved
in the study are summarized in Table 4.
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