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Abstract. In zoned earth dams, the contrast in hydraulic conductivity between the core and the shells 

causes the saturation line to drop across the core, leaving most of the downstream shell in an unsaturated 

state. Since suction provides for additional stiffness and strength to soil, the paper investigates the 

contribution of suction-induced effects in the downstream shell and other dam zones located above the 

saturation line on the seismic response of the dam. To this aim, a Newmark-based approach has been 

adopted. The seismic response of the dam is first analysed by equivalent linear dynamic analyses to obtain 

the equivalent acceleration acting throughout the sliding mass, which is then employed in the application of 

the Newmark method. Since critical surfaces for zoned earth dams are those crossing the core, the study 

focuses on sliding mechanisms involving these surfaces. 

 

1 Introduction  

In recent years, considerable attention has been devoted 

to earthquake-induced instability phenomena affecting 

large earth dams, many of which were constructed 

without specific seismic design regulations.  

Previous studies [1] indicate that the most frequently 

reported issues in case histories of dams damaged by 

strong earthquakes—documented in ICOLD Bulletins 

[2] and various scientific publications [3, 4, 5]- typically 

concern phenomena such as freeboard loss, slope 

instability, cracking or erosion of watertight elements, 

and soil liquefaction [6, 7, 8, 9]. Earth dams may 

undergo slope sliding during strong earthquakes, 

potentially involving small to large portions of the dam 

body. When the dam watertight element is also affected 

by sliding, particular attention must be paid to assessing 

the dam safety with respect to deformation phenomena 

that could compromise its hydraulic retention capacity 

[10]. 

In the case of zoned earth dams, among the various 

damage mechanisms that may be triggered by an 

earthquake, particular attention should be given to 

evaluating the magnitude of sliding along surfaces that 

cross the core, as such displacements could severely 

compromise the dam watertightness. For this specific 

purpose, Newmark-based methods represent suitable 

predictive tools. 

Among the simplified methods, a central role is 

played by the sliding-block method developed by 

Newmark (1965) [11] and later refined by other 

researchers [12, 13]. The derived approaches use an 

"equivalent acceleration" obtained from an initial 

seismic analysis of the dam, where the soil is considered 

deformable. The equivalent acceleration, driving the 

rigid Newmark block, incorporates the dam geometry as 

well as the stiffness and damping characteristics of the 

soil [14]. 

In zoned earth dams, the contrast in hydraulic 

conductivity between the core and the shells determines 

the saturation line to drop throughout the core, leaving 

most of the downstream shell in an unsaturated state. To 

the best of the authors' knowledge, only a few 

publications in the literature address the issue of partial 

saturation regimes that may occur above the saturation 

line when studying the seismic response of dams [15, 16, 

17] and their impact in terms of seismic-induced 

settlements.  

As suction provides additional stiffness and strength 

to soil, the present paper analyses the consequences of 

considering or not suction in the downstream shell and 

other dam zones above the saturation line. 

Using the Conza dam in Italy as a reference case, the 

paper compares the predicted permanent settlements 

under full impounding conditions, both considering and 

ignoring the effects of the unsaturated zones. 
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2 The case study  

2.1. The Conza dam 

The Conza Dam is situated on the Ofanto River, between 

the Campania and Puglia regions (Figure 1), in southern 

Italy.  

 

Fig. 1. Google earth view of the localization of the Conza dam 

within a) national, b) regional framework; c) view of Conza 

dam and Conza Lake. 

This zoned earth dam has an internal clay core 

(Figure 2). The construction of the dam took place from 

1979 to 1988, aiming to create a reservoir with a 

capacity of 77.4 million cubic meters. The foundation 

consists of an over-consolidated clay layer extending in 

depth to several hundred meters, with some areas 

covered by alluvial deposits. The dam reaches a 

maximum height of approximately 47 meters, measured 

from the deepest level of the core foundation, which 

rests directly on the clay layer. The core consists of 

medium plasticity clay; the shells are made of coarse-

grained materials derived from the alluvial deposits. The 

core filters were obtained from removing the coarser 

gravel components from the alluvial material. 

The dam spans 880 meters longitudinally, with a 

cross-section that remains quite invariable, except for 

variations in the thickness of the alluvial layer. 

 

Fig. 2. The Conza dam 

2.2. Materials  

Three pairs of new boreholes, drilled in 2019, allowed 

for a detailed the characterisation of material properties 

for core, filters, shells, and foundation. 

Two of them started from the crest and intercepted 

the core and the filters; the third started from the first 

downstream bank and traversed the downstream shell.  

2.2.1 Core 

The clay core consists of sandy silt with clay. 

Based on Consolidated Isotropically Drained (CID) and 

Undrained (CIU) triaxial tests conducted on undisturbed 

samples, the following mean values were derived: 

• effective friction angle (’) = 22.6° 

• effective cohesion (c’) = 45.5 kPa 

• undrained cohesion (cu) = 146.9 kPa.  

The hydraulic conductivity coefficient was estimated 

based on the oedometric test and resulted in 2.9*10-11 

ms-1. 

2.2.2 Filters 

The material constituting the filters had a homogeneous 

composition, ranging from silt with sand and clay to 

gravelly-silty sand. 

Undisturbed samples were tested through 

Consolidated Isotropically Drained (CID) tests, and the 

following mean strength parameters were obtained: 

• effective friction angle (’) = 23.1° 

• effective cohesion (c’) = 43.5 kPa 

The hydraulic conductivity coefficient, estimated 

from variable head permeability tests, averaged 6.4*10-6 

ms-1. 

2.2.3 Shells 

The material constituting the shells consists of sand with 

gravel.  

Direct shear tests conducted on large samples yielded 

the following mean strength parameters: 

• effective friction angle (’) = 44° 

• effective cohesion (c’) = 8.8 kPa 

The hydraulic conductivity coefficient, estimated 

from variable head permeability tests, averaged 4.7*10-6 

ms-1. 

3 Methodology 

Table 1 summarizes the four different approaches 

followed to characterise the dam seismic response in 

terms of sliding displacement magnitude, accounting or 

not for the effects of the soil unsaturated state above the 

saturation line. The shear modulus (G) is a function of 

vertical effective stress (’v) and the shear strength is 

computed according to the equation (1) proposed by 

Fredlund et al. (1979) [18] 

 

lim=c’+n tan’+(ua-uw) tanb                                                        (1) 

 

where: 

• ua is the pore-air pressure;  

• uw is the pore-water pressure; 
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• b is the angle regulating the increase in strength due to 

suction. 

In the present work, b is taken to be about ’/3, as 

suggested in common practice. 

In the following, accounting for suction-induced 

stiffness corresponds to considering ’v increased by 

suction, while suction-induced strength to quantifying 

the last term of Eq.1.  

Approach #1 considers the downstream shell 

completely dry without any account for the suction 

effect.  

Approach #2 considers the effect of suction on the 

stiffness of the portion of dam characterized by non-null 

suction, neglecting it on soil strength. 

Approach #3 considers the effect of suction on the 

strength of the portion of dam characterized by non-null 

suction.  

Approach #4 considers both effects generated by 

suction on soil stiffness and strength. 

Table 1 Methodology. 

Approach 

Without 

suction 

effect 

With suction effect on soil 

Stiffness Strength 

#1 x   

#2  x  

#3   x 

#4  x x 

For each approach, the distribution of pore water 

pressure is obtained through a two-dimensional seepage 

analysis, based on the solution of Richard’s equation 

[19], through the FEM code Geostudio [20].  

The distribution of pore water pressure (positive or 

negative) is obtained considering the conditions of full 

impounding. On the dam crest, downstream shell and 

downstream ground surface, a seepage surface condition 

is applied, as suggested by Heitland et al., (2020) [21]. 

Subsequently, equivalent linear dynamic analyses 

[20] were carried out by implementing the effective 

stress changes generated by the computed pore water 

pressures and the signals provided by seismological 

studies. The accelerometric records were selected from 

the PEER (Pacific Earthquake Engineering Research 

Center) Ground Motion Database.  

The outcomes of the equivalent linear dynamic 

analyses were subsequently used to apply the Newmark 

method [11] for the computation of the permanent 

displacements. The accelerogram signal processed by the 

Newmark method is the equivalent acceleration acting 

throughout the unstable mass.  

The four different approaches proposed above are 

compared in terms of peak ground acceleration profiles 

along the core and maximum settlement along the sliding 

surface. 

 

 

4 Results and discussion 

Figure 2 shows the results of the seepage analysis. 

It can be noted that the saturation line drops abruptly 

within the core, determining the downstream shell 

suction values ranging between 0 kPa and about +200 

kPa.  

  

Fig. 2. Distribution of pore water pressure and suction within 

the dam. 

Figure 3 compares the profiles of peak ground 

acceleration (PGA) in the x- and y-direction for the four 

approaches (Table 1) along section 1 crossing the core. 

Section 1 

 
Fig. 3. Horizontal (ax) and vertical (ay) peak ground 

acceleration profiles along the core axis. 

Approaches #1 and #3, which neglect the effects of 

suction-induced stiffness, and #2 and  #4, which consider 

it, yield results that overlap by two to two being 

processed with the same stiffness. The former two show, 

as expected, higher amplification with elevation based 

on lower stiffness levels. The differences occur at any 

elevation due to downstream shell suction acting 

throughout it. 

The PGA profiles in the vertical direction (ay) result 

strongly consistent with those investigated in x-direction. 

Figure 4 shows the slip surface considered for the 

comparison of the computed permanent displacements. 

 

Fig. 4. Slip surface considered for pseudo-dynamic analyses. 

Slip surface A starts from the crest and is almost 

completely included within the partially saturated zone. 

Slip surface B crosses the core, embraces the crest, and 

passes through the downstream shell. 
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Table 2 reports the settlements computed for surfaces 

A and B according to the four approaches. The same 

table also reports the maximum settlement computed by 

each approach, relating to the different surfaces plotted 

in Figure 5.  

For the most significant surface crossing the core (B), 

approach #1 displacements are at the highest due to 

higher amplification and less strength. Increasing the 

shear stiffness due to suction without altering strength 

(approach #2) implies a significant reduction in 

permanent displacements. Considering suction strength 

(approaches #3 and #4) implies permanent displacement 

nullification. 

Table 2 Results of Newmark analyses. 

Sliding 

surface 

Settlement (cm) 

Approach  

#1 

Approach 

#2 

Approach 

#3 

Approach 

#4 

A 10 0 0 0 

B 1.2 0.8 0 0 

max 31 17 12 2 

 

Fig. 5. Sliding surface corresponding to the maximum 

settlement from the Newmark analysis. 

5 Conclusions 

The paper highlights that suction acting above the 

saturation line of a zoned earth dam can lead to results 

significantly different from those predicted by traditional 

approaches that neglect it. Accounting for suction-

induced stiffness increases implies non-negligible 

differences, while including the additional contribution 

of suction-induced strength may be crucial in assessing 

the dam performance to seismic loads. 

 
This study was carried out within the RETURN Extended 

Partnership and received funding from the European Union 

Next-GenerationEU (National Recovery and Resilience Plan – 

NRRP, Mission 4, Component 2, Investment 1.3 – D.D. 1243 

2/8/2022, PE0000005). 
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