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ABSTRACT

The defign aspects of the 125 m high Salman Farsi (Ghir) arch-gravity dam in Iran, which is govemned
by earthquake loads, are discugsed. The dam is located in the seismically very active foothills of the
Zagros Mountains. The methodology used for seismic shape optimization is-explained which includes _
the arrangement of the crest splllway and selection of the overall stiffness of the dam. The dam on
massless foundation is analysed for the operating basts earthquake, taking into account compressibility
of the reservoir and energy absorption at the reservoir bottom. Floor response spectra are given for the
central crest spillway, where the maximum spectral accelerations for 5% damping reach values of up
to 6 g compared to that of the ground motion of 0.7 g.

1. INTRODUCTION

For the earthquake-resistant desigu of concrete dams, the stress criteria for the operating basis earth-
quake (OBE) have to be satisfied primarily. For the seismic safety check, where concrete cracking is
accepted as long as this does not lead to uncontrolled release of water from the reservoir, the maxi-
mum credidle earthquake (MCE) is relevant. Well-designed arch and arch-gravity dams can usually
withstand the MCE if they can resist the OBE without structural cracks and if the foundation rock
does not fail premamrely. This Is true even for dams in zones of very high selsmicity such as tran.,

* ‘Therefore, attention has mainty to be paid to the OBE in the design process (Lotfi et al., 1995). Safety

evaluations of existing arch dams have been reported by Lotfi et al. (1992), Razavi et al. (1992),
Wieland and Lotfi (1993) and Wieland (1994), where the dynamic stability under the MCE has been
checked using rigid body models of detached cantilever blocks for ground accelerations of up to 0.5 g.
A dynamic stability analysis of the Sefid Rud buttress dam has also been reported by Ahmadi and
Khoshrang (1992) to assess the sliding and overturning safety of the top portion of cracked buttresses
(Fig. 1) following the June 21, 1990 Manjil earthquake in the northwest of Iran (magnitude: 7.5). To
improve the seismic stability of detached biocks, post-tensioning cables have been provided. In two
other arch dam prajects reported by Tardieu et al. (1992), & so-called aseismic belt has been provided
near the dam crest in order to improve the dynamic stability of the upper portion of the dam which
undergoes the highest earthquake stresses, The aseismic belt is made of ductile steel bars.

Seismic strepgthening is also known from the Hslnfmgkiing buttress dam in China and the Koyna
gravity dam in India. In these well-known cases of reservoir-induced selsmicity, concrete was added
tochangeﬂ:edynmicpmpenlcsofmedamageddmaswellasmmduccmeseisqﬂc stresses,

Litile is reported in the iterature about the earthquake-resistant design of concrete dams. Usually a
design is made based on the local site conditions and the way the water load is transferred to the
foundation rock. Cnice an appropriate dam layout and shape have been selected, it is checked if the
earthquake stresses are also within the allowable limits. The design of the dam, however, is usually
not altered because of the vibratory effect of the earthquake ground shaking. The situation looks
different if an active fault passes through the foundation of a dam. Two cases are known (Hatton et al.,
1987 and Gilg et al., 1987) where fault movements had to be accommodated by concrete dams.
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Fig. 1 Main cracks caused by 1990 Manjil earthquake in buttress no. 15 of Sefid Rud buttress dam
(Iran) and sketch of interlocking blocks of Lower Crystal Springs gravity dam (USA)
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Fig.2 Design response spectra for 5% damping of operating basis earthquake and spectrum-com-
patible accelerograms for the three components of ground motion (accelerograms recorded at
Griffith Park Station, San Femando earthquake 1971, were modified)
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The question remains: which dam type is most suited to resist strong earthquakes and what is its
shape? Az mentioned earlier there are factors other than the local conditions which govem the earth-

quake safety of a concrete dam. The guiding principles which apply almost universally are:

symmetry and simplicity; '
uniform distribution of stiffness and mass;

uniform strength;

not too clongated in plan (o minimize the effect of non-uniform ground motion);
no siress concentrations;

ductility and damping; and

high stiffness in crest region,

Among these principles, the last two need further explanation. What is the ductility of an unreinforced
concrete arch dam? The ductility of the dam is its post-cracking behaviour and covers the range
between the full development of cracks and the limits of dynamic stability of detached concrete
blocks. Therefore, 10 achieve ductility, brittle shear failure mechanisms have to be avoided in the dam-
foundation contact zone. As a matter of fact, cracks in a dam may not be detrimental to the carthquake
safety of a dam, The 57 m high Lower Crystal Springs gravity dam, whoee crest is slightly curved in
tlan and which is located very close to the San Andeess survived the opwerful 1906, Saa..
chlmeumquakewlmnodanm.mmmmng. 1'is made of a large number of in-
terlocking concrete blocks. The friction in the joints and the block interlock prevented joint move-
mems.Aﬂmlhre:hmllaexpecudformedetadwdcmﬂlcvenofmudlormh-mvﬂydm.

Theoﬂnrpolmhu:elﬂghsdffrminmmmgionofmmmMkmwmﬂn
deflections and accelerations in that zone and to increase the frequencies of the lowest modes of
vibrations. It is well known from shell theory that & strong shell can be achieved when the applied
loads.are carried by membrane forces and not in bending. Large bending stresses and corresponding
deﬂectiomoomralongﬂuﬁeebuuiduyofnm.i.e.nongunmlnmmmm.m:ﬂﬂuﬂns
of the crest is, therefore, the most efficient means in changing the dynamic properties of a dam. Ac-
‘cordingly, the Jocation of a large crest spillway will also affect the fundamental mode shapes consider-
ably.

“The other principles will be discussed in the suhsequent part.
2. DESIGN EARTHQUAKE MOTION

mpe&vﬂmsofﬂnmmmvemﬂlmpomofﬂwmmofMOBBMW
been cstimated as 0.26 g and 0.17 g respectively. The average retum period of the OBE is about
145 yars. The smooth design response spectra, determined based on a comprehensive seismic hazard
study, iare- shown in Fig. 2 together with the spectrum-compatible acceleration time histories for the
threc ccwnponents of the ground motion at the site. As a basis for these accelerograms, the ac-
celerogra ms recorded at the Griffith Park Station during the 1971 San Femnando earthquake were used.
In an jterative procedure, the acceleration amplitudes were modified so that acceptable agreement
could be n:ached between the modified Griffith Park Station spectra and the given target spectra for
5% dampin,3.

3. STRUCTURAL MODELLING

The thr ee-dimensional finite element model of the dam-reservoir-foundation system shown In Fig. 3
has bee:n used for all dynamic analyses. The main sssumptions are as follows:

gooo0oocoooOo
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Fig. 3  Three-dimensional finite element model of dam-reservoir-foundation system of Salman Farsi
arch-gravity dam, reservoir model with energy-absorbing dampers, and location of nodal
points and elements where the dynamic responses are given in Tables 1 and 2
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Fig.4 Eigenfrequencies, modal mass participation factors and mode shapes of non-optimized and
optimized am configurations (effect of location of crest spillway on dynamic characteristics
of dam); X-, Y- and Z-directions are respectively across-stream, along-stream and vestical
directions
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O  massless foundation (inerdal effects in the foundation and dam-foundation interaction effects are
neglecied);

=] umfom:mmdmothnwlmtwohomomlmdmmﬂcumpowmuﬂnsumulmny;

Q mmmmormmm.mmummmwmmummm

O small strains and displacements.

~Energy radiation at the far end of the infinite prismatic reservoir and energy absorpton at the reservoir
bottom are accounted for by viscous dampers according to Lysmer and Kuhlemeyer (1569).

4. DYNAMIC MATERIAL PROPERTIES

For the dynamic analyses, the moduli of elasticity of mass concrete, and rock were taken as 30 GPa
and 14.4 GPa respectively. Structural damping was modelled by Rayleigh damping with a damping
ratio of 6% at the frequencies of 4 Hz and 10 Hz, Le. the first two modes of the system with full reser-
voir with eigenfrequencies of 3.0 Hz and 3.2 Hz have damping ratios of about 7% and the other modes
with frequencies in the mnge of 4 Hz to 10 Hz have damping ratios between 5% and 6%. The rela-
tively high damping ratios of about 7% for the first two modes are acceptable In view of the energy
mdiation from the massive arch-gravity dam into the foundation rock.

The impedances of the viscous dampers per unit area, i.c. the product of P-wave propagation speed
and mass density, at the far end of the reservoir and over the reservoir bottom are taken as
1.43 x 108 kg/m2s and 4.29 x 106 kg/m?s respectively. The mass densities of water and rock of the
reservoir bottom are 1000 kg/m? and 2400 kg/m? respectively, and the comresponding P-wave propa-
gation velocities are taken as 1430 m/s and 1790 m/s respectively. The laster value also takes into
account the energy absorption at the reservoir bottom by sediments.

5. EARTHQUAKE-RESISTANT DESIGN

As pointed out earlier, earthquake-resistant design calls for dynamic optimization of the darn which is
quite different from static optimization. The objective function for dynamic optimization can be
expressed in terms of uniform distribution of earthquake stresses (no stress concentrations), simplicity,
Le. easy and clear understanding of the dynamic behaviour of the dam (this is only possible when the
dominant mode shapes are either symmetrical or antisymmetrical), and high stiffness of the crest
region. A quantification of these rather fuzzy objectives is difficult, The best approach consists of a
trial and error procedure based on engineering judgement during which the overall dam volume, whlch
has been determined based on static lods, remains unchanged.

In the case of the Salman Farsi dam, the crest region was stiffened. The location of the spillway,
which was initially determined based on hydraulic considerations only, was shifted. Filets were pro-
vided along the abutments to reduce the stress concentrations along the dam-foundation contact, and
the thickness profile of the cantilevers was changed. The result of this optimization was satisfactory as
shown in Fig. 4, where a comparison is made between the dynamic properties with the first proposed
locaton and the final dynamically optimum location of the spillway. The other factors mentioned
above were kept the same in this comparison. We can notice from the modal mass participation factors
that a relatively small shift of the spillway from the optimum position leads to complicated coupled
vibrations which can be excited by any component of the ground motion. In that case, the behaviour
of the dam can only be understood by computer simulation, whereas in the optimwn case, an engineer
is able to readily undersiand the behaviour of the dam during an earthquake. A comparison of the
original (non-optimized) dam with the optimized one has shown that the maximum dynamic tensile
stresses are roughly 50% smalier in the optimized dam.
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6. EARTHQUAKE ANALYSIS

The Salman Farsi dam has been analyzed for the cases with an empty reservoir and with a full infinite
compressible reservoir with and without energy absorption along the reservoir bottom. The calcula-
tions were carried out with the computer program ADINA using direct time integration with a time
step of 0.02 5. In the dynamic analysis with the OBE, emphasis was put on the maximum displace-
ment and acceleration responses along the dam crest. The results for the three cases are compared in
Tables 1 and 2. Some earthquake responses with the full reservoir using models with and without
encrgy absorption at the reservoir bottom are compared in Figs. S to 8. The maximum relative
displacement and relative acceleration at the crest are 25 mm and 1.8 g respectively for the empty
reservoir case; for the full reservoir condition, the maximum values arc 36 mm and 1.4 g respectively
when the bottom energy absorption is ignored, and 27 mm and 1.1 g respectively when it is consid-
ered. From Tables 1 and 2, it is clear that the consideration of energy absorption at the reservoir
bottom leads 10 a reduction of up to 30% in the dynamic response.

To understand better the inertial forces acting in the spillway region, the floor response spectra at three
critical points on the crest have been calculated for a damping ratio of 5% (Fig. 7). The spectra have
been calculated from the time histories of absolute accelerations. Figure 6 shows that amplification
factors of up to S (full reservoir) are possible in the absolute acceleration response at the dam crest -
with respect to the peak ground acceleration of (.26 g. We can notice in Fig. 7 that the maximum
speciral acceleration is about 6 g for the OBE. Therefore, if a component on the crest or a part of the
crest spillway has an eigenfrequency closs to the first or second eigenfrequency of the dam, very large
earthquake forces will occur even under the effect of the OBE which may damage this component.
The only way to cope with these forces is by means of detuning the critical components. That can be
achieved by seismic isolators (elastomeric bearings), stiffening of the component or by special
damping elements. In most dams, the designers of the clectromechanical equipment have used the
acceleration spectra on ground, rather than the floor response spectra. Such an approach will lead to a
dangerous overestimate of the earthquake safety of any central crest spillway and any components
located on or near the dam crest. Therefore, for the seismic design of the electromechanical equip-
ment, a method must be applied which is compatible with the dynamic behaviour of the dam. This has
been the normal practice in the design of nuclear plant facilities.

7. SENSITIVITY OF RESULTS OF DYNAMIC ANALYSIS

Every swong earthquake is different from all others. Therefore, 10 rely completely on & given design
response spectrum o a set of recorded accelerograms is dangerous if the design is only oriented to0-
wards fulfilment of the allowable stress crilerion. We have to bear in mind that the accuracy of the
results of a dynamic analysis depends on a number of factors such as;

O Deviation of acceleration response spectra of spectrum-compatible accelerograms from the target
spectra; The maximum deviation is estimated at about 30%.

0 Accuracy of finite element mesh and type of finite elements: Considerabie emors have to be ex-
pected at locations of stress concentration, i.c. at comers of crest spillway and along the dam-
foundation contact.

O Accuracy of numerical integration method: A reduction of the timeslepﬁmnOOZstoOOl scan
affect the peak values of the dynamic response by up 0 10%.

Q Modelling of the reservoir: There is stillacmsldembledlﬁembetwemmemﬂluobnlmd
from analyses with compressible and incompressible reservoirs, and reservoirs with and without

* ene1gy absorption at the bottom, resulting in deviations of up to 40%.
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crown cantilever of dam with full reservoir for models with and without energy absorption at
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O  Accuracy of material propertics: The greatest uncertainties are with respect 10 the damping prop-
eﬂegofmedlmmdﬂwfomdaﬂmmmcmmmmln&mdampingndos(t)mﬂn
range of 2% to 3%, while in dynamic analyses values between 5% to 10% are used. The effect of
varidflon in the damping ratio can be estimated as follows (Newmark and Hall, 1978):

o) = 0.0394 -0.3414 in§ (acceleration, stress) :

of) = 0.4315-0.2021 In§ (displacement) :
where c(f) is a damping-dependent correction factor which has a value of 1,0 for a damping ratio
of 0.06. For & = 0.03, the stresscs are about 20% to 25% larger than for § = 0.06. -

To cope with these errors, it is necessary that the dam has extra strength and stability, Foraunately,
there exists 1 wide margin between the accelerations causing initial cvacking in a dam snd those lead-
ing to failure of detached concrete blocks. In view of the above uncertainties, it is too cosdly and not
pmﬁwwdulmadmduﬁmuyumultmummmdmmmme
MCE. Priction in contraction joints and cracks, and block interlock ensure that well-built dams can
resist the effects of strong earthquake ground shaking.

8, SELECTION OF CONCRETE STRENGTH

'Ihelaststepintheeanhquake-reslmdesignofldmislhelelecdmonbeconmtemensmund
on the results of the static and dynamic analyses. For all retevant load combinations, the concrete
mngmhmmpmdbmdcnthcmnvemonﬂmmumnmﬁmeofmmwmhmm
wmwummwdmmmummmmmmmmm
stmssstue.?of&wusuﬂsuﬂcload&dufetyfmoﬂilmquhedforwmmessesanda
factor of 3 for biaxial compressive stresses. Under carthquake loads (OBE), following the previous
discussion on the accuracy of the results of a dynamic analysis, a safety factor of 1.5 is required for
the tensile stresses. The dynamic compressive stresses are not & problem for arch-gravity dams. To

oomputetheconcmemngth.mefollowingmlationbctweenthestaﬂcwnsile(fz)mdwmpmaive _

strength (') is u;ed:
f=0.2011,')23 (fyand f¢’'in MPa) ' (1)

For the earthquake load case, it Is assumed that the OBE occurs when the mass concrete is at Jeast
5nmm¢msmmmummmmu28-daymmmthofmﬂmmly40%mbe
assumed due to the age effect. Moreover, the tensile strength is assumed to be 30% larger under
earthquake loads than under static loads. For example, using the above factors, an earthquake stress of
4 MPa (biaxial tension) would require a 28-day uniaxial compressive sirength of 45.5 MPa, taking
into account a tensile stress safety factor of 1.5,

TypiwmsmmmplmqfouowmsﬂﬂsptmdunmshownlnFig.9fo|‘ﬂBOBBlnadcombI-
nation, using, however, a tensile stress safety factor of 1.0. We can notice that the required strength
plotsfortheOBEmmsMyuymmeuic.msisducmwhrsemmofmemanyonm-
ponempfmesroundmoumandmefactﬂmﬂnmmmummmpomelsduetoum'slem
pulse. Reversal of the sign of the cross-canyon acceleogram, L. multiplying all values by -1.0,
results in a significant change in the required strength plots as shown in Fig. 9, This result indicates
mattheselecﬂonofnwconcrewmengmveqmuchdepmdsonmenamleofmeuhmdwund
motion. Therefore, the engineer must be careful in selecting the concrete strength based on the
dynamic stress response of the dam. In the examples shown in Fig. 9, the maximum required 28-dsy
concrete strength is 17.5 MPa.

*‘m
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We would atso like to point out that the dynamic tensile strength of mass concrete in a large dam
cannot be much higher than about 4 MPa, due to the size effect. In the grouted contraction joints,
these values are considerably smaller.

9. DYNAMIC STABILITY

The dynamic stability of the dam must be checked for the MCE. In the selection of the MCE, evea
higher uncertainties are involved compared to the case of the OBE. Therefore, an earthquake-proof
dam must be ahle to withstand ground motions with intensities which greatly exceed those of the
OBE. Ounce. the OBE is exceeded, cracks will develop in the dam. In that case, the dam is held to-
geﬁwreﬁecnvdybyjohnﬁicﬂomblo&mmﬂockmdﬂnmhmmnmﬂnwmrmmthe
conteaction joint grouting. As shown by Maila and Wieland (1995), joint movements to be expecied
during a strong carthquake will be very small, Le. detached cangilever blocks are unlikely to fall down.

The main question for a dam engineer with regard to earthquakes is: what type of concrete dam is
most suitable to resist strong ground shaking? From the point of view of dynamic stability, it is either
a gravity dam which is slightly curved in plan or an arch-gravity dam. In both cases, the integrity of
detached blocks is improved by arch stresses due to the water load. Thin arch darhs in wide valleys are
lessnﬂﬂhlebmmofpossiﬂebnﬂeslruhﬂmaﬂwﬂmfpmdnﬁmhoanmmm
ofmelargerwoehmiominu\ecmmlupperpmﬁoanwmm ‘Moreover, once the arch stresses
have been relieved, there is little resistance due to load redistribution (load bearing by cantilevers).
However, gravity or arch-gravity dams could carry the water load by cantilever action.

10. CONCLUSIONS

Based on the results of the extensive dynamic analyses carried out for the Salman Farsi arch- gmvity _
dam, the following conclusions can be drawn:

1. For the earthquake-resistant duign. the stresses dunng the OBB must be within acceptable limits;
mthatcase.medynmmstablmyofawcu-demgmdmhdamunderﬂwMCE is usually also
satisfied.

2. The main criteria for dynamic dam shape optimization are: large sufﬁms of dam crest and sym-
metry of the lowest modes of vibration.

3. Any earthquake analysis includes considerable uncertainties; therefore, 'a conservative approach
has to be adopted in the aseismic design,

4. The maximum dynamic tensile stress in the dam under the OBE is 4.0 MPa, the maximum

up-/downstream deflection is 36 mm, and the maximum relative crest acceleration is 1.4 g with a

full reservoir without bottom absorption; with an empty reservoir. the maximum relative crest

displacement and acceleration are 25 mm and 1.8 g respectively.

The maximum spectral acceleration at the crest is about 6 g (5% damping).

6. ‘The inclusion of the energy absorption at the reservoir bottom in the finite element model reduces
the maxintum dynamic response by up to 30%.
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Table 1 Absolute maximum relative displacements and relative accelerations in up-/downstream di-
rection for empty and full reservoir conditions with and without energy absorption at reser.
voir bottom (locations of reference points are shown in Fig, 3)

Empty resarvolr Full reservolr
Point No bottom absorption |Wih bottom absorption
L ([ Accel. (b | Diol. (mm)]” Accel. (@ [Displ. (mm)] Accel. ()
1 1n5 092 145 0.66 109 0.47
2 190 1.56 284 1.22 19.7 108
3 14 121 29 0.28 162 0.74
4 195 1.43 360 1.38 268 1.03
5 19.5 138 219 098 176 0.85
6 2446 1.77 268 1.28 224 112
7 9.6 0.76 103 053 8.4 0.43
8 57 0.49 97 0.43 7.1 038
9 103 075 150 0.65 1.2 053
10 19 0.60 9.1 _0.39 A 037

Table 2 Absolute maximum principal dynamic swresses in MPa &t up- and downstream faces of
selected elements shown in Fig. 3 for empty and full reservoir conditions with and without

energy absorption at reservoir bottom.
Cose Upstrsom foce Dowrstream foce |
Al B [ cl Al 8 ] C |
Empty reservoir 134 | 185 | 296 [ 185 | 199 | \&®
Full reservolr: no bottom absorption | 208 | 208 | 41 | 381 ] 88 | 207
Full reservoir: with bottom obsorption] 151 | 165 | 3.16 | 267 | 267 ] 173



