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Abstract: The main issues of the design and construction of any dam are undoubtedly the safety and serviceability. It is evident 
that both of them depend mainly on the capability of the design group (a) to assess realistically all the local site 
conditions (hydrological, hydraulic, topographical, geological, geotechnical, etc.), (b) to decide the optimum dam 
shape and type (i.e. embankment dam, concrete gravity dam or arch dam), and (c) to design the dam accordingly in 
order to withstand all the potential hazards and/or loadings (e.g. gravity, hydrostatic pressure, differential settlements, 
etc.). Nevertheless, in areas characterized by moderate or high seismicity the design of a dam may be a more 
challenging and demanding task since both safety and serviceability are directly related to the earthquake-related 
geohazards and the seismic vulnerability of the dam under consideration. The term "earthquake-related geohazards" is 
used to describe various geological/geotechnical phenomena, such as strong ground motion, surface rupture of an 
active seismic fault, earthquake-triggered slope instabilities, and soil-liquefaction phenomena. Therefore, the main 
emphasis of the current study is on the seismic risk of new or existing dams. The seismic risk may be estimated by the 
assessment of the earthquake-related geohazards and the realistic estimation of the seismic distress of a dam. The first 
part of the study is devoted on the qualitative and quantitative assessment of the main earthquake-related geohazards, 
while in the second part the main issues related to the seismic response and vulnerability of dams are presented. 
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1. INTRODUCTION  

The dams and all the related facilities are usually critical structures that must be designed and 
constructed to withstand all the potential loadings and hazards during their lifetime. One of the main 
types of hazards is the geohazards. The term "geohazard" is used to describe any hazard associated 
with geological features or processes in the vicinity of a dam that potentially pose a threat to the 
integrity or serviceability of the components of the dam. Apart from very compressive soils, karst 
phenomena and soil errosion, the main geohazards under static conditions are the potential ground 
movements from creep, slope intabilities and landslides. As shown in Figure 1, many dams have 
been damaged by geohazards in the past. In some case histories the damage has been related to the 
fact that the geohazard had not been identified by the geoscientists during the design phase. On the 
other hand, in some other cases the geoscientists had identified the problematic area, but their 
qualitative assessment was not followed by a quantitative assessment (with geotechnical surveys 
and realistic geotechnical analyses), being thus incapable to estimate the criticality of the area. 
Nevertheless, it should be emphasized that many failures especially of earth-fill dams have been 
related to poor design and/or construction. 

In areas characterized by moderate or high seismicity the design against geohazards is a more 
demanding and chalenging task since, apart from the typical geohazards, various earthquake-related 
geohazards should be taken into consideration. The term "earthquake-related geohazards" is used to 
describe various geological/geotechnical phenomena that are related to the seismic activity. One of 
the main earthquake-related geohazard is the propagation of seismic waves and the consequent 
strong ground motion at the ground surface. Under these circumstances, during an earthquake the 
shaking at the ground surface will cause the vibration of a concrete or an earth-filled dam causing 
the development of horizontal and vertical inertial forces acting on its mass. 

As shown in Figures 2 and 3, in the past dams have been damaged in areas that are characterized 
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by moderate or high seismicity all over the world. Judging from Figures 2 and 3, it becomes evident 
that a serious failure or a collapse of a large dam may cause a disaster with exceptional risk to life 
and extreme economic and social consequences of failure.  
 

      (a)             (b) 

Figure 1. Geohazards and dam failures: (a) St. Francis Dam before the 1928 failure in Los Angeles County, California, 
in USA, (b) the 1959 failure of the Malpasset Dam in France. In both cases the failure have been attributed to poor 

geological and geotechnical conditions that had not been identified by the related surveys and studies. 

 

(a) (b) 
Figure 2. Earthquake-related geohazards and failure of dams: (a) collapse of the earth-filled Fujinuma Dam during the 

2011 Tohoku earthquake in Japan, (b) damage to the Coihueco Dam during the 2010 Chile earthquake. 

 

(a) (b) 

Figure 3. Earthquake-related geohazards and failure of dams: (a) collapse of the concrete Shih-Kan Dam during the 
1999 Chi-Chi earthquake in Taiwan due to active fault rupture, (b) severe damage to the Lower Van Norman Dam 

during the 1971 San Fernando earthquake in USA. 

Apart from the earthquake-related geohazard of strong ground motion (and the consequent 
inertial loading to the dam), there exist various earthquake-related geohazards that may induce 
permanent ground deformations (PGDs) to the dam and to any other related structure during (or just 
after) a moderate or strong earthquake. As shown in Figure 4, the main earthquake-related 
geohazards of this type are the active-fault ruptures, the soil-liquefaction phenomena (i.e. buoyancy, 
settlements or lateral spreading) and the earthquake-triggered slope instabilities and rockfalls. Note 
that in the case of a dam with a full reservoir the developed hydrodynamic pressures may be 
regarded as an additional earthquake-related geohazard. More details on the dynamic interaction of 
dams with the reservoir can be found in Papazafeiropoulos et al. (2010). 

Note that strong ground motion and active fault rupture(s) at the ground surface are regarded as 
direct geohazards to any structure, while earthquake-triggered slope instabilities, soil liquefaction 



European Water 60 (2017)    83 

phenomena and the hydrodynamic pressures are indirect geohazards that depend primarily on the 
characteristics of the strong ground motion. In addition, strong ground motion and hydrodynamic 
forces are dynamic loadings to a dam, while the rest are actually quasi-static loading to the 
examined structure as they cause induced PGDs.  

 

Figure 4. Sketch showing the main earthquake-related geohazards for various structures and infrastructures:             
(a) strong ground motion, (b) active fault rupture, (c) soil liquefaction phenomena (i.e. settlements and/or lateral 

spreading), (d) earthquake-triggered slope instabilities (i.e. landslides)  

In contrast to long structures (such as highways, railways, pipelines), the dams are not very long 
structures, and therefore their installation is usually being performed in an area that is supposed to 
be characterized by no geohazards. Nevertheless, the decision for the location of a dam is taken at a 
very preliminary phase of the project when the geological and mainly the geotechnical data are 
rather limited, and therefore the assessment is mainly qualitative (and not quantitative). On the other 
hand, apart from the observable geohazards (such as very compressive soils, karst phenomena, 
rockfalls, etc.), there exist some earthquake-related geohazards the intensity of which depends on 
the seismicity of the area under examination and the local site conditions (i.e. topographical, 
geomorphological, geological, geotechnical, etc.). For these geohazards there is a need for 
quantitative assessment in order to quantify both strong ground motion and potential induced PGDs.  

The current paper is involved with (a) the quantitative assessment of the main earthquake-related 
geohazards and (b) the optimum seismic design of dams. Emphasis is given to the strong ground 
motion as usually the geohazards of landslide and fault rupture can be avoided during a preliminary 
phase of the design with the appropriate selection of the location of the dam. An exception may be 
the geohazard of soil liquefaction in liquefiable areas (i.e. areas with cohesionless soil materials and 
high groundwater table), since liquefaction potential is directly related to the strong ground motion 
(i.e. the acceleration levels at the ground surface).  

It becomes evident that in many cases, the simplistic provisions of seismic norms cannot cover 
sufficiently all the issues of the seismic design. In these cases the geotechnical earthquake engineers 
and the structural engineers, with the help of seismologists and geologists, should perform special 
surveys and studies in order to assess quantitatively the earthquake-related geohazards and to verify 
that the dams (including their foundation) are capable to withstand the seismic distress (developed 
by the inertial forces and/or the induced PGDs). It is evident that in case that the seismic distress is 
excessive, the engineers should apply mitigation measures in order to reduce the geohazard(s) 
and/or increase the structural capacity depending on the circumstances. The final solution is directly 
related to various criteria such as risk, cost, environment issues, etc.  

2. STRONG GROUND MOTION AT THE GROUND SURFACE 

As it was mentioned, a dam comprises of various structures and facilities made of concrete or 
soil materials. The impact of strong ground motion on the structures and facilities of a dam is 
mainly the development of horizontal and vertical inertial forces. These forces depend on the mass 
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of each structure and the accelerations that will be developed at the center of this mass. These 
accelerations depend, not only on the geometrical and mechanical characteristics of the structure 
itself, but on the characteristics of the strong ground motion at the ground surface which is a 
function of (a) the strong ground motion at the seismic bedrock that have been defined by the 
seismological study and (b) the local site conditions (soil, geomorphology and topography) in two 
or three dimensions. Figure 5 depicts the main categories of local site conditions that usually coexist 
in nature.  

 

Figure 5. Sketch showing the three main categories of local site conditions:  
(a) soil stratigraphy, (b) geomorphology of the bedrock, and (c) surface topography  

In general, the local site conditions tend to amplify the strong ground motion at the ground 
surface and modify its frequency content in comparison with the strong ground motion at the 
ground base. This phenomenon is taken into account in most of the modern seismic norms, such as 
EN1998 (i.e. Eurocode8) which introduces (a) a topographic amplification factor ST, and (b) a soil 
amplification factor S. The topographic amplification factor ST ranges between 1 and 1.4, while the 
soil amplification factor S with values ranges from 1 to 1.4 for high and moderate seismicity 
regions depending on the ground type (see Table 1). Note that ground type A corresponds to rock or 
rock-like geological formations, while on the other hand, ground types D and E correspond to soft 
and/or deep sediments.  

 
Table 1. Soil amplification factor S for various ground types (according to EN1998) in the case of high and moderate 

seismicity regions (i.e. magnitude MS > 5.5) 

Ground type S 
A 1.00 
B 1.20 
C 1.15 
D 1.35 
E 1.40 

 
However, it should be emphasized that most of the seismic norms worldwide ignore the potential 

impact of the geomorphology of the bedrock, and therefore, in the case of a valley or a basin, norms 
may underestimate substantially the amplitude and the spatial variability of the seismic motion at 
the ground surface. In addition, large dams are beyond the scope of many norms (such as EN1998), 
and therefore special geotechnical earthquake engineering studies are required. 

It becomes evident that in these cases the design of a demanding project such as a dam with the 
simplistic and rather conservative norms may have a substantial impact on the cost of the project.. 
For this reason, in the case of a dam (provided that a cost-effective solution is desired) there is need 
for reliable geophysical and geotechnical data and the consequent performance of one-dimensional 
or even two-dimensional ground response analyses (i.e. a soil amplification study) in order to assess 
realistically the acceleration levels at the ground surface. Note that these acceleration levels will 
dominate (a) the structural design (i.e. the developed inertial forces) and (b) the geotechnical design 
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(e.g. induced PGDs from soil liquefaction phenomena and/or slope instabilities and selection of the 
optimum foundation system).  

Finally, when the foundation of the dam is on soil layers (and not on rock) the common 
assumption of “fixed-based structures” cannot be regarded as realistic. Therefore, in the case of an 
earthquake there exists a dynamic interaction between the soil and the structure. The dynamic soil-
structure interaction is a very important and complex phenomenon, since the presence of a structure 
makes the soil to deform under dynamic loading, while the underlying soil (a) reduces the structural 
stiffness, leading to higher natural periods, and (b) increases the overall damping, since the material 
damping and the radiation damping of the soil layers are being developed as well.  

Therefore, in many cases the analysis of the dynamic response of a structure requires the realistic 
simulation of the foundation and of the underlying soil as well. As a result of the presence of soil 
and local site conditions, the foundation compliance and other aspects should be carefully 
examined. Note that in current engineering practice, the dynamic soil-structure interaction is mainly 
considered via “soil springs”, which in some cases may be an inadequate design simplification.  

3. RUPTURE OF ACTIVE SEISMIC FAULTS  

The rupture of an active fault may cause, apart from strong ground motion, substantial PGDs at 
the ground surface. Nevertheless, these deformations may be low in the case of areas characterized 
by soft and deep sediments. It is evident that the rupture of an outcropped fault is a direct threat to a 
crossing structure, such as a dam. However, in the case of a fault covered by soft and deep 
sediments the local ground conditions may alter the fault rupture propagation and the pattern of the 
PGDs at the ground surface. In other words, a possible fault rupture at the bedrock would propagate 
through the overlying soil(s) and alter the shape (i.e. the topography) of the surface.  

The aforementioned alteration of the surface profile inevitably would cause differential 
settlements to the dam, which should be designed to sustain this fault-induced distress. 
Unfortunately, the assessment of the faulting hazard (dislocation and angle of emergence) is 
possible only within rock formations. Whereas the fault rupture at the bedrock is unambiguously 
defined by the dip angle and the magnitude of the expected dislocation (i.e. offset), as the rupture 
propagates through the softer soil layers, it usually deviates, bends and causes a rather smooth 
deformation of the surface, at least when compared with the abrupt dislocation at the rock (Figure 
6).  

 

Figure 6. Schematic of the fault rupture propagation through soil, indicating the main parameters of the problem. 

The PGD pattern is a function of fault displacement and angle, soil deposit thickness and 
mechanical properties. To predict the deformation of the soil surface induced by the rupture 
propagation, a special analysis is required. Figure 7 shows some representative results of fault 
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rupture propagation analysis with the finite-element code ABAQUS, where it becomes evident that 
the existence of a soft soil layer of 6m covering the hard bedrock leads to the following 
phenomenon: the applied fault offset of 0.2 m within a very narrow zone at the bedrock is 
transformed to a PGD of around 0.2 m which is extended along a zone of around 5 m at the ground 
surface. Despite the aforementioned capability of engineers to estimate realistically the pattern of 
PGDs at the ground surface in the case of a covered fault, and taking into account the limited 
capability of the dam to withstand differential settlements, it is recommended to avoid the 
construction of a dam in the vicinity of any active seismic fault (outcropped or covered). 

 

Figure 7. (a) Numerical simulation of the rupture propagation path of a covered normal fault with offset of 0.2 m.       
(b) Pattern of the PGD at the ground surface. Note that the vertical scale of the graph is exaggerated. 

4. SOIL LIQUEFACTION 

Soil liquefaction is an extreme consequence of strong ground motion which leads to practically 
total loss of shear strength in relatively loose cohesionless soil formations below the ground water 
table. Soil liquefaction may cause either liquefaction-induced (differential) settlements (i.e. almost 
vertical PGDs) and/or lateral spreading (i.e. almost horizontal PGDs). In the presence of structures, 
foundation failure (i.e. excessive settlement or tilting) is possible. Soil liquefaction assessment is 
achieved through the estimation of soil liquefaction potential through simple design charts based on 
semi-analytical methods or advanced numerical modeling (Seed and Idriss, 1971). Finally, for silty 
and clayey sands, Andrews and Martin (2000) define a criterion based on liquid limit (LL) and clay 
content (%) for liquefaction susceptibility (Table 2). 

 
Table 2. Liquefaction susceptibility of silty and clayey sands (Andrews and Martin, 2000) 

 Liquid limit < 32 Liquid limit > 32 

Clay content < 10% susceptible further studies required 

Clay content ≥ 10% further studies required not susceptible 

 
The following equation evaluates the liquefaction potential. Therefore, two primary seismic 

variables are required: (a) the level of cyclic stress induced by the earthquake on a sediment layer, 
expressed in terms of cyclic stress ratio (CSR), and (b) the capacity of a sediment layer to resist 
liquefaction, expressed in terms of cyclic resistance ratio (CRR).  

Seed and Idriss (1971) formulated the following equation for calculating CSR: 

     𝐶𝑆𝑅 = !!!
!′!!

≈ 0.65 !!"#
!

!!!
!′!!

𝑟!                                                                                                         (1) 
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where 

αmax   : peak horizontal acceleration at the surface of the sediment deposit, 
g   : gravitational acceleration, 
σv0 and σ’v0  : total and effective overburden stress, respectively, and 
rd   : stress reduction factor. 
 

Evaluation of the cyclic resistance ratio (CRR) has developed either using methods based on the 
results of laboratory tests, or methods based on in situ tests and field observations of liquefaction 
behavior in past earthquakes. In laboratory testing, the number of shear stress cycles to achieve 
liquefaction is the basis for expressing the resistance of sediment to the initiation of liquefaction. 
Liu et al. (2001) developed empirical regression equations that can be used to evaluate the number 
of uniform shear stress cycles of shaking as a function of magnitude, site-source distance, site 
condition, and near-fault rupture directivity effects, thus the cyclic resistance ratio of the sediment, 
CRR can be estimated. The potential for liquefaction can then be evaluated by comparing the 
earthquake loading (CSR) with the liquefaction resistance (CRR) in terms of factor of safety (FS) 
against liquefaction. Values of FS (= CRR/CSR) greater than one indicate that the liquefaction 
resistance exceeds the earthquake loading, and therefore, that liquefaction would not be expected. 

If the potential for liquefaction is proven to be high, there exist various analytical and empirical 
methods in the literature for the realistic estimation of vertical (and horizontal) PGDs. If the latter 
are excessive for the integrity and serviceability of the dam, mitigation measures should be adopted. 
One option is to apply measures that aim to the reduction of the liquefaction-induced PGDs. This 
may be achieved by (a) dynamic compaction, (b) preloading, (c) increasing the dissipation of pore-
water pressure (usually by gravel-columns), (d) grouting and deep soil mixing, and/or (e) lowering 
the groundwater level (if possible). An expensive alternative is to reduce the liquefaction risk by 
replacing liquefiable soils in the area of the dam with non-liquefiable materials. Note that in the 
case of extensive lateral spreading (i.e. horizontal PGDs), the relocation of the dam may be the 
wiser option since the cost of mitigation measures against lateral spreading is usually prohibitive.  

5. EARTHQUAKE-TRIGGERED SLOPE INSTABILITIES AND ROCKFALLS 

As it was mentioned before, the selection of the location of a dam is performed at a preliminary 
phase of the design with various criteria. Usually, this location is at an area where the risk of 
landsliding under static conditions is regarded low. Nevertheless, in some cases the area under 
examination may have a high inclination, while on the other hand a rather stable slope under static 
conditions may become unstable under certain seismic conditions (i.e. subjected to strong ground 
motion). Additionally, the existence of rock slopes around the dam may be characterized by 
rockfalls where great boulders of rock may be dispatched from their initial position (for various 
reasons) and travel for long distances (e.g. tens or even hundreds of meters), depending on the 
circumstances and the local site conditions (shape of the boulders, topography, geology, etc.). 
Therefore, although slope stability assessment is regarded as a secondary issue for the design of a 
dam (provided that the dam will not be constructed in areas with steep inclination), a quantitative 
assessment may be required in cases of inclined areas with high acceleration levels. 

6. SEISMIC RESPONSE OF A DAM  

The seismic distress of a dam depends mainly on its geometry (i.e. height, inclinations) and its 
type (i.e. concrete or earth-filled), but many other parameters (such as local soil conditions, water 
level, etc.) may determine its dynamic/seismic response. In the case of concrete dam (i.e. arch dam 
or gravity dam), the structural engineers should perform numerical dynamic simulations of the dam 
in order to estimate the horizontal and vertical inertial (and the hydrodynamic) forces that will 



 P.N. Psarropoulos  88 

develop on the dam mass in the case of the design earthquake. These forces (in addition to 
gravitational and hydrostatic forces) will lead to the total design stresses and strains that have to be 
assessed with the highest realism. It is evident that these forces will determine the reinforcement of 
the concrete. On the other hand, in the case of earth dams soil material nonlinearity and topographic 
aggravation are key parameters that will dominate the seismic slope stability of the dam body. 
According to the modern philosophy of seismic design and the concept of "strain-based design", 
repairable damages to an earth dam are allowed, provided that the non-collapse requirement has 
been fulfilled. Therefore, apart from (the static and) the pseudostatic factors of safety, the 
permanent deformations of the dam should be estimated. The design should try to keep these 
deformations in low levels in order to achieve the integrity and the serviceability of the dam after 
the design earthquake. In any case, after a strong earthquake damages have to be identified and 
repaired as fast as possible since an aftershock may have a detrimental impact. This fact makes real-
time monitoring and early-warning systems extremely challenging issues of the dam safety. 

7. CONCLUSIONS  

The dams usually comprise critical structures, and therefore they must be designed to withstand 
all the potential loadings and hazards. In areas characterized by moderate or high seismicity this 
design is more demanding and chalenging since, apart from the typical geohazards, various 
earthquake-related geohazards should be taken into consideration. The current paper is involved 
with (a) the quantitative assessment of the main earthquake-related geohazards (such as strong 
ground motion, earthquake-triggered landslides, soil liquefaction phenomena, and fault rupture) and 
(b) the optimum seismic design of dams. It becomes evident that in many cases, the simplistic 
provisions of seismic norms cannot cover sufficiently all the issues of the seismic design. In these 
cases the geotechnical engineers and the structural engineers, with the help of seismologists and 
geologists, should perform special surveys and studies to assess quantitatively the earthquake-
related geohazards and to verify that all the structures and facilities of a dam (including its 
foundation) are capable to withstand the seismic distress (developed by the inertial forces and/or the 
induced PGDs). It is evident that in case that the seismic distress is excessive, the engineers should 
apply mitigation measures in order to reduce the geohazard(s) and/or increase the structural 
capacity. 
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