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ABSTRACT: This paper describes a comprehensive geotechnical characterization campaign performed on a major zoned 

earth dam in Southern Italy (the Farneto del Principe dam), by means of field investigation and laboratory test. Results 

from these tests will be used to perform a seismic re-evaluation of the dam, to comply with the new standards issued by 

the Italian National Authority for Dams. A series of invasive (cross-hole and down-hole) and non-invasive (multichannel 

analysis of surface waves, MASW) geophysical tests, in addition to traditional geotechnical field tests, such as cone 

penetration tests and standard penetration tests were carried out to evaluate geotechnical characteristics of the dam, 

focusing on shear wave velocity (and shear modulus) profiles of the clay core and the shells. Several cyclic laboratory 

tests by means of resonant column tests were also performed on undisturbed specimens collected in the clay core of the 

dam. Such data formed the basis for developing a geotechnical model used to evaluate the seismic response of the dam. 

As expected, we observe that in the clay core and the shells of the Farneto del Principe dam, the small-strain shear modulus 

increases with depth following a non-linear trend. Such test results are then compared to existing empirical models. This 

study aims to provide insights into the geotechnical and geophysical characterization of existing dams. As such, it could 

be used as a benchmark for planning future field investigation campaign studies. 
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1. Introduction 

Earth dams are essential infrastructures for the 

economy, our communities, and the society. Over the last 

century the global number of embankments rose almost 

exponentially [1], with Italy being no exception. 

Nowadays, most of the existing dams can be classified as 

“old structures”, as they have been in operation for 

decades. Thus, safety assessment of earth dams (under 

both static and dynamic conditions) is now becoming of 

great importance, particularly for dams suffering the 

effects of ageing. The geotechnical properties of the dam 

body materials may change over time (e.g. different grain 

size distribution in different zones of the dam – especially 

filters – due to seepage drag forces) and the current 

characteristics can be remarkably different from those 

estimated during the construction period. It has been 

shown [2] that under static conditions, damage to earth 

dams occurs immediately after the end of construction, 

or several years later. For these reasons, the analysis and 

monitoring of the dam must be performed periodically, 

to ensure the functionality of the structure. 

The above considerations are particularly true for 

seismic performance evaluations, as the majority of earth 

dams in Italy were designed with old codes and/or 

standards that often accounted for the effects of 

earthquakes only in a simplified manner. For instance, 

seismic load was typically represented as a pseudostatic 

force so only collapse due to mass sliding could be 

evaluated. However, several case histories [3-5] showed 

that there are many failure mechanisms and damage types 

related to dynamic action. During the past four decades, 

several investigators worked on the evaluation of the 

seismic response of earth dams [6-9]. This led to new 

methods of analysis, which can capture nonlinear 

behavior of soils, model the interaction between the dam 

and its foundation materials, and more faithfully 

reproduce the dynamic loading. As a result, the Italian 

National Authority for Dams has recently issued new 

standards and requested the seismic re-evaluation of all 

old earth dams in the Italian territory [10].  

The aforementioned methods require a substantial 

computational effort and advanced numerical models 

(typically using large strain finite element or finite 

difference methods) based on the dynamic characteristics 

of the materials. Thus, a key component of seismic 

assessment of earth dams is represented by material 

characterization by means of field and laboratory tests.  

In this paper, the results of a field and laboratory 

investigation campaign performed on a zoned earth dam 

in Southern Italy are presented. The investigations were 

conducted between 2015 and 2017. Details on the current 

static performance of this dam, along with some insights 
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from monitoring data are presented by Ausilio et al. [11, 

12]. 

2. The Farneto del Principe dam 

The Farneto del Principe dam is located in the town of 

Roggiano Gravina in Southern Italy (Latitude: 

39.6515°N - Longitude: 16.1627°E). An overview of the 

dam is reported in Fig. 1. The dam is located in a 

seismically active region characterized by shallow crustal 

and deep seismicity. The latter is related to the 

subduction zone of the Calabrian arc [13]. The dam was 

designed at the beginning of the ’60s and built between 
the late ‘70s and ‘80s. It is used for irrigation purposes 

and flow balancing. The dam height is 30 m and its length 

is more than 1200 m. The crest elevation is at 144.20 m 

above sea level (a.s.l.), the maximum authorized water 

surface level is 136.30 m a.s.l., and the maximum 

allowable level of the reservoir is 141.70 m a.s.l. The 

shells are composed of compacted sand and gravel, while 

the core is made up of compacted, low permeability clay 

and silt. Two filters (with a thickness of one meter each) 

protect the dam core. They are formed by sand on the 

core side and by sand and gravel on the shells sides. The 

dam is founded on alluvial materials (high permeability 

sands and gravels) which in turn overlay a deep clay bed. 

The thickness of the foundation materials is not constant 

but varies lengthwise, with a maximum thickness of 

around 43 m in the central area. A cut-off wall is present 

throughout the length of the dam, to prevent under-

seepage. The cut-off wall was realized using two 

construction strategies: (1) two slurry walls formed by 

panels excavated in presence of the bentonite mud, and 

(2) a double line of close piles with half-meter diameter, 

without injection of waterproof material. The cut-off wall 

is embedded for 3 m into the clay bed for the whole 

longitudinal extension of the dam. Downstream the core 

is located an inspection gallery also used as a conduit for 

the collection of the drained water coming from the dam. 

A representative cross section is illustrated in Fig. 2. The 

main geometrical characteristics of the dam are reported 

in Table 1. 

 
Figure 1. Overview of the Farneto del Principe dam. 

 
Figure 2. Schematic cross section of the Farneto del Principe dam 

During the design and construction phases, a series of 

laboratory tests, such as oedometric, grain size 

distribution, direct shear, and triaxial tests were 

performed on the soil used to build the dam. A summary 

of the main geotechnical parameters from these 

laboratory tests is reported in Table 2. Additional details 

on pre-construction tests and those performed during the 

construction of the dam is provided by Ausilio et al. [11, 

12]. 

Table 1. Main geometrical characteristics of Farneto del Principe dam  

Geometrical property Value 

Water storage volume  46 Mm3 

Average height (above the foundation) 27.7 

Crest length  1240 m 

Crest width  7 m 

Freeboard (max level of the reservoir)  2.7 m 

Current freeboard  8.1 m 

Upstream face slopes  1:2.5, 1:3, 1:3.5 

Downstream face slopes 1:1.185, 1:2.25 

Crest elevation 144.20 m a.s.l. 

Maximum allowable water level 141.70 m a.s.l. 

Maximum authorized water level 136.30 m a.s.l. 

 

Table 2. Geotechnical properties of the dam material. 

Parameter 
Mean value 

Alluvium Core Shells 

Cohesion (kPa) 0 80 0 

Friction angle (°) 37.5 18 40 

Undrained strength (kPa) - 202 - 

Unit weight (kN/m3) 24.1 21.3 25.1 

Dry unit weight (kN/m3) - 18.1 24.0 

Particle unit weight (kN/m3) - 27.3 27 

Porosity - 0.338 0.110 

Void ratio - 0.510 0.123 

Degree of saturation (%) - 95.6 96.7 

Plasticity index - 26.16 - 

Water content (%) 7.50 17.88 4.42 

Liquid limit (%) - 45.40 - 

Plastic limit (%) - 19.18 - 

Hydraulic conductivity (m/s) 1x10-5 1.3x10-9 1x10-5 

 

3. The 2015-2017 geotechnical investigation 

campaign 

The available data on the dam material characterization 

should be complemented by new data. There are two 

main reasons for a new field investigation campaign: (1) 

some of the material properties may be different (e.g. 

grain size distribution changed over time in different 

zones); (2) several parameters are unknown (e.g. shear 

wave velocity profiles and modulus reduction and 

damping curves). The new geotechnical investigation 

campaign was specifically designed to fill these gaps. 

The field investigation campaign described in this study 

was carried out between 2015 and 2017. It comprises the 

following test types: 

a) Boreholes with continuous sampling; 

b) Standard Penetration Tests (SPT); 



c) Cone Penetration Tests with hydrostatic pore 

pressure evaluation (CPTu); 

d) Seismic Cone Penetration Tests (SCPTu); 

e) Seismic tomography; 

f) Down-hole and cross-hole tests; 

g) Multichannel Analysis of Surface Waves 

(MASW); 

h) Dynamic laboratory tests on undisturbed 

specimens (Resonant Column and Cyclic 

Torsional Shear tests); 

i) Microtremor Horizontal to Vertical Spectral 

Ratio (HVSR) analysis. 

The locations of the aforementioned tests are reported 

in Fig. 3. Fifteen boreholes were drilled during the field 

investigation, eight on the dam crest, three on the 

landside shell, one near the guardhouse, one by the lateral 

overflow spillway, and two in the landside, in free field 

condition. For ten of the fifteen boreholes (S1, S2, S3, 

S4, S5, S6, S7, S8, S12, S13) SPTs were performed and 

five boreholes were equipped with Casagrande 

piezometers.  

The perforations were executed using a Teredo MN 900 

drilling rig, which operated with a rods system and a 

Shelby tube sampler (101 mm of internal diameter). This 

sampler is usually suitable for cohesive soils up to a firm-

to-stiff consistency and free from large particles. As a 

result, a thick wall sampler with a core catcher was used 

to drill boreholes S2 and S3. The standard penetration 

tests (SPTs) have been performed following ASTM 

Standard procedures (D1586-11).  

Two enhanced versions of the Cone Penetration Test 

(CPT) have been performed, namely piezocone tests 

(CPTu, with pore pressure measurement), and seismic 

CPT with piezocone (SCPTu, with seismic wave velocity 

measurement).  

Eight seismic tomography have been performed. Five 

of them capture the two-dimensional distribution of shear 

wave velocity along longitudinal profiles: one is located 

along the crest, one near the guardhouse, two along the 

inspection gallery, and one in a free-field area on the 

landside of the dam. The remaining three tomographies 

are meant to characterize typical cross sections. One is 

located on the right bank (108 m long), one on the 

centerline (102 m long), and the last one on the left bank 

(96 m long). 

Additional tests (down-hole, cross-hole, and MASW) 

were performed to define shear wave velocity profiles of 

various zones of the dam. Five down-hole tests were 

performed: in boreholes S3 (landside shell), S4 (crest), 

S13 (guardhouse), and S1 and S8 (the last two in a free 

field area). The S4 down-hole reached a depth of 26 m, 

investigating the clay core up until the cut-off wall. The 

S3 down-hole extended for 40 m, crossing both the dam 

shell and the alluvial foundations, while the S1, S8, and 

S13 reached the clay bed limit. 

Four cross-hole tests were performed, using three 

boreholes (S4, S5, and S6 – these boreholes have an inter-

boring spacing of four meters). Two tests were 

performed, utilizing two different source-receivers 

permutations (i.e. one time the source was in S4 and the 

receivers in S5 and S6, then source in S5 and receivers in 

S4 and S6). An inclinometer probe was used to ensure the 

verticality of the boreholes. The depth reached is 26 m, 

which is roughly the location of the concrete cut-off wall. 

The tests have been performed following the ASTM 

Standard procedures (D 4428).  

A MASW test was also performed on the dam crest, 

using 24 4.5 Hz-geophones. The distance between the 

source and the first receiver was 5 m, while the inter-

geophones spacing was 2 m. 

Several dynamic laboratory tests on undisturbed 

specimens were also conducted on the dam crest 

materials (the specimens were collected in the following 

boreholes: S4, S5, S6, S11, and PZ3 following the ASTM 

Standard procedures, D 4015). Resonant Column (RC) 

and Cyclic Torsional Shear (CTS) tests were used to 

estimate the shear modulus of the clay core, its variation 

with depth, and its reduction with increasing shear strain. 

CTS tests were performed using a frequency of 0.1 Hz 

and various number of cycles (ranging from 5 to 20).  

Microtremor Horizontal-to-Vertical Spectral Ratio 

(HVSR) analyses were also conducted on the dam crest, 

in a free-field area downstream of the dam, and in the 

inspection gallery. These tests were used to estimate the 

fundamental period of the dam. Data acquisition lengths 

ranged between 20 and 60 minutes. A portable Tromino 

4 Hz seismometer with three receivers and a 24 bit 

digitizer was utilized. A summary of all tests performed 

is reported in Table 3. 

 

Figure 3. Locations of the tests performed at the Farneto del Principe dam. 



Table 3. Summary of the tests performed at the Farneto del Principe 

dam site. 

Test type Number Location 

Borehole 15 Core, shells, foundations 

SPT 10 Core, shell, foundations 

CPTu 4 Core 

SCPTu 4 Core 

Seismic tomography 8 
Longitudinal and transversal 

profiles 

Cross-hole 4 Core 

Down-hole 5 
Core, shell, foundations, 

guard house 

MASW 1 Core 

Resonant Column 14 Core 

Cyclic Torsional 

Shear 
8 Core 

Microtremor HVSR 5 
Core, inspection gallery, 

foundation 

4. Geophysical investigation and laboratory 

test results 

The following sub-sections illustrate the results 

obtained from geophysical and laboratory tests. A critical 

analysis is carried out to explain the observed trends and 

compare measurements from this study with available 

data and empirical relationships in the literature. 

Differences between shear wave velocity profiles 

estimated using different tests are also highlighted and 

discussed. 

4.1. Invasive geophysical tests 

Four cross-hole tests, described in the previous 

section, were performed to estimate the shear wave 

velocity profiles at various locations within the dam core. 

The results are illustrated in Fig. 4. There is some scatter 

in the data obtained using different source-receivers 

permutations. This can be related to at least two reasons: 

(1) heterogeneity over a short length of the core material, 

and/or (2) poor cementation of the boring casings. The 

Authors consider the latter more pervasive since the 

material used to build the dam is believed to exhibit 

negligible longitudinal variability. Fig. 4 does not show 

results from a fourth cross-hole test, since its results are 

highly questionable, due to some issues in the data 

collection while in the field.  

If analyzed holistically, the shear wave velocity 

profiles shown in Fig. 4 are somewhat consistent with 

previous studies [14, 15], where, for a homogeneous 

clayey material, a monotonic increase of the shear wave 

velocity with depth is expected. This is consistent with 

the notion that the shear modulus (and consequently the 

shear wave velocity) increases with increasing mean 

effective stress.  

Down-hole tests were performed primarily to measure 

shear wave velocity profiles in the shells and in the 

alluvial foundations. A single test, however, was 

conducted inside borehole S4 (in the dam core), to 

compare it with cross-hole and MASW results (sections 

4.2 and 4.7). 

 

 
Figure 4. Shear wave velocity profiles in the dam core measured 

using cross-hole tests. The first ID in the legend is the location 

of the source, while the second is the location of the receiver. 

Fig. 5 and 6 show shear wave velocity profiles at S1 

and S8 (both in a free field area), measured by means of 

down-hole tests. These profiles are considered 

representative of the alluvial material on which the 

embankment is founded. The scatter in the data is related 

to the natural variability of this material and its intrinsic 

heterogeneity [16]. Furthermore, the thickness of this 

material varies longitudinally. As such, these two profiles 

cannot be directly compared.  

Fig. 7 shows shear wave velocity profiles in the dam 

shell and in the alluvial foundation (boreholes S3 and S1 

respectively). In both cases, the shear wave velocity 

increases with depth, reaching a maximum value of 700 

m/s in the alluvial material (at the bottom of the test). 

However, for down-hole S3 there is a small discontinuity 

in the profile at the boundary between the shell material 

and the alluvial foundation material. This transition is 

less abrupt in the data from S1. It is interesting to 

compare the absolute value of the shear wave velocity of 

the alluvial foundation material measured beneath the 

shells and in the free field areas. Fig. 7 shows such 

comparison for down-holes S1 and S3. The shear wave 

velocity of the alluvial material beneath the dam is 

substantially higher than that in the free field area at the 

same elevation. In particular, it takes about 20 m for the 

shear wave velocity in the alluvial material in free field 

condition to reach the value measured in the same unit 

immediately beneath the dam. This comparison 

highlights the expected effect of overburden pressure on 

shear wave velocity profiles. 

4.2. Multichannel Analysis of Surface 

Waves (MASW) 

The Multichannel Analysis of Surface Waves is a non-

invasive method to estimate shear wave velocity profiles. 

One such test has been performed on the dam crest to 

characterize the dam core. Fig. 8 illustrates the position 

of the receivers on the dam crest.   



Figure 5. Shear wave velocities evaluated from down-hole test in 

a free field area. The location of the borehole S1 is at the 

center of the alluvial foundations. 

Fig. 9 shows the measured dispersion curve in terms of 

phase velocity versus frequency, while Fig. 10 shows one 

inverted profile. The profile of Fig. 10 represents one of 

the many potential inverted profiles. As a result, it carries 

a relatively high level of uncertainty. The inverted profile 

of Fig. 10 is generally consistent with the profiles 

obtained in the same materials using invasive tests. It 

shows an initial value of 320 m/s in the upper 2 m. This 

high value is representative of a 2m-thick sealing layer 

made of asphalt and concrete. After this layer, there is a 

visible inversion of the velocity profile, which then 

exhibits a trend of increasing velocity with depth. At a 

depth of 28m, the shear wave velocity value jumps to 700 

m/s due to the presence of the concrete cut-off wall. 

Similar results were found for dams in Korea by Park and 

Kishida [15]. They observed that MASW results are in 

good agreement with invasive tests for depths up to 25 m 

in the clay core. 

Figure 6. Shear wave velocities evaluated from down-hole test in 

a free field area. The location of the borehole S8 is at the left 

bank. 

4.3. Microtremor HVSR analysis 

The results obtained from microtremor HVSR 

analysis are illustrated in Fig. 11 The spectral ratio curves 

evaluated in free-field condition and in the inspection 

gallery are basically flat (Fig. 11a and 11b) indicating 

negligible impedance contrast in the soil profiles at these 

locations. This is consistent with the results of the down-

hole S1. These curves capture the behavior of the alluvial 

material on which the dam is founded. Four HVSR 

curves are available for the dam crest (Fig. 11c-f). At the 

dam crest, the first spectral ratio peak (indicating the 

fundamental frequency of the structure) for all HVSR 

analyses, is in the frequency range 2-3 Hz (i.e. a period 

range 0.33-0.5s), while the second peak (indicating 

higher modes) is at frequencies between 4 and 5 Hz (i.e. 

a period range 0.2-0.25s).

Figure 7. Shear wave velocities in the dam shell and in the alluvial foundations. 

 



 
Figure 8. Execution of the MASW test and positions of the 

receivers. 

 

 
Figure 9. Dispersion curve obtained at the Farneto del Principe 

dam crest. 

 
Figure 10. Inverted profile of shear wave velocity. 

Zimmaro [17] performed a finite element method 

numerical modal analysis for this dam, estimating its 

fundamental period to be 0.25s. The results from the 

HVSR analysis presented here are roughly comparable to 

those provided by the numerical model. This is especially 

so if considering that the numerical model ignored the 

effects of the reservoir, utilized a different water level in 

the embankment, and was based on approximate 

geotechnical parameters. Fig. 12 shows the ratio of the E-

W horizontal component measured at various locations, 

divided by that measured in free-field conditions. This 

figure shows that the first peak measured at the dam crest 

is not present in the inspection gallery. This is a further 

confirmation that the fundamental frequency of the dam 

should be in the range 2-3 Hz, and that at 4-5 Hz the 

HVSR analysis shows a higher mode frequency. Similar 

conclusions can be drawn using the other horizontal 

component (N-S).  

4.4. Seismic tomography 

Results from seismic tomographies are useful to 

identify general trends of seismic waves velocities within 

the embankment. Furthermore, such tests can help 

identifying heterogeneities in the construction materials. 

The results of two transversal tomographies are 

illustrated in Fig. 13. Results from these seismic 

tomographies do not show an evident stiffness contrast 

between the dam materials (core and shells) and the 

alluvial foundation present in the foundation. However, a 

shallow layer with low seismic wave velocity can be 

identified on both the upstream and downstream face of 

the dam, which indicates a low compaction level near the 

surface. This result is consistent with other tests (i.e. 

MASW) performed on the dam materials.  

Fig. 14 shows the result of the seismic tomography for 

the longitudinal profile of the dam (performed on the dam 

crest). The profile is around 700 m long and shows a 

remarkable stiffness contrast between the dam body and 

the alluvial material. The clay bed shows velocities 

slightly higher than the alluvial materials, although the 

stiffness contrast is not dramatic. These results are not 

consistent with what can be observed looking at the 

down-hole performed in boring S8. This may be a proof 

of the spatial variability of the alluvial foundation. 

4.5. Laboratory test results 

Resonant column and Cyclic Torsional Shear tests 

were used to evaluate the dynamic properties of the dam 

core material (i.e. shear modulus reduction and damping 

curves). Shear wave velocity of the specimens were also 

estimated based on the small strain shear modulus and the 

results are shown in Fig. 15. 

Shear wave velocities estimated from CTS are 10% 

smaller compared to RC results. This is expected, as RC 

tests are conducted at high frequencies, which leads to a 

higher shear modulus and consequently shear wave 

velocity [18]. The trend of increasing velocity with depth 

shown by field investigation data is captured by both 

laboratory tests. 

Shear modulus reduction and damping curves are 

shown in Fig. 16, along with the mean curves fitting the 

data. The shear modulus reduction values are relatively 

constrained in a narrow range, while damping values are 

more scattered. These tests were performed on specimens 

taken at different depths (i.e. from 3 to 21 m, with a 3 m 

interval). However, this data does not show an evident 

overburned stress effect on the modulus reduction and 

damping curves. Thus, while the small strain shear 

modulus does increase with depth, the variation with 

distortional strain is basically the same. 



Figure 11. Microtremor HVSR results: (a) free field area; (b) inspection gallery; (c),(d),(e), and (f), dam crest. 

 

 
Figure 12. Ratio of the microtremor E-W horizontal component measured at various locations, divided by that measured in free-field conditions. 

 

 
Figure 13. Transversal profile of shear wave velocity evaluated from seismic tomography performed at the Farneto del Principe dam. 

 

Figure 14. Longitudinal profile shear wave velocity evaluated from seismic tomography performed at the Farneto del Principe dam.



 
Figure 15. Shear wave velocities estimated from laboratory tests 

with undisturbed specimens. 

The shear modulus reduction and damping curves 

obtained at the Farneto del Principe dam and those 

presented by Kishida and Park [19], who analyzed 28 

earth dams in Korea, are different from the classical 

curves of Vucetic and Dobry [20]. This is expected, 

because the dam clay core is made up of compacted 

material, while the Vucetic and Dobry curves were 

derived from materials representative of natural soil. In 

Fig. 16 the Vucetic and Dobry curves for a Plasticity 

Index of 26 (the mean value in the dam core) are reported. 

The Farneto del Principe shear modulus reduction curves 

show that the dam core material has an apparent linear 

behavior up to shear strain of 0.01%, with a strong non 

linear trend afterwards. This material is more linear than 

what it would be predicted using the curve by Vucetic 

and Dobry [20]. The shape of the mean damping ratio 

curve is different than that presented by Vucetic and 

Dobry [20], as small-strain damping values of earth core 

materials are typically higher than those of natural soils 

[19].  

4.6. Shear wave velocity from correlations 

Four SCPT were performed on the dam crest, to 

evaluate the mechanical properties and the mean shear 

wave velocity value. The results are reported in Fig. 17.  

 
Figure 17. Shear wave velocity estimated from SCPTu tests. 

In addition to them, four standard CPTs were also 

performed. Using data from these CPTs, shear wave 

velocity profiles can be estimated using empirical 

correlations. 

Such relationships relate the cone tip resistance (qc) 

and sleeve friction (fs) with shear wave velocity values. 

They are typically locally applicable and usable for 

specific soil types. The following expressions were used 

in this study: 

 Mayne and Rix [21] 

This relationship is valid for intact and fissured clays in 

a huge range of plasticity index (PI), sensitivities (St), and 

overconsolidation ratio (OCR) (8<PI<300, 2<St<200+, 

and 1<OCR<100+). The data are referred to 31 sites from 

all around the world: 𝑉𝑆 = 1.75 𝑞𝑐0.627            (1)  

 where qc is expressed in kPa and the shear wave 

velocity (VS) in m/s. 

Figure 16. Shear modulus reduction and damping curves for the Farneto del Principe dam clay core. 

 



 Hegazy and Mayne [22] 

This expression is valid for clays and it is an updated 

version of Eq. (1):       

 𝑉𝑆 = 3.18 𝑞𝑐0.549𝑓𝑠0.025          (2) 

where qt and fs are expressed in kPa and VS in m/s. 

 Piratheepan [23] 

The relationship uses data from Canada, Japan, and the 

Unites States of America and it is valid for clays: 𝑉𝑆 = 11.9 𝑞𝑐0.269𝑓𝑠0.108𝐷0.127       (3) 

where D is the depth measurement in meter and qc and fs 

are expressed in kPa. 

 Mayne [24]   

The relationship was developed from CPT data from 

various sites worldwide: 

 𝑉𝑆 = 118.8 log 𝑓𝑠 + 18.5         (4) 

where fs is express in kPa and VS in m/s. Equation (4) 

is presented in the form recommended by [25] with VS as 

a function of the logarithm of fS, rather than the natural 

logarithm as originally proposed in [24, 26]. 

The results are illustrated in Fig. 18. While the trend 

of increasing shear wave velocity with depth seems to be 

captured, the actual estimated values are generally lower 

than those measured by means of geophysical tests and 

presented above. Fig. 18 also shows a large scatter in the 

profiles estimated using empirical models.  

Shear wave velocity values can also be estimated 

using SPT data. In this study, the following relationships 

were used: 

 Otha and Goto [27] 

This equation is based on data from alluvial plains in 

Japan. For clays, the authors suggest that the shear wave 

velocity value can be estimated as:  𝑉𝑆 = 68.79 𝑁𝑆𝑃𝑇0.171 𝑧0.199 𝑓𝑎 𝑓𝑔       (5) 

 

 
Figure 18. Shear wave velocity estimated from empirical 

relationships. The data refer to the mean of the eight CPT 

tests performed on the dam crest 

where NSPT is the blow count, z is the depth, fa is a 

coefficient related to the geological age of the soil, and fg 

is a coefficient based on the grain size distribution. 

 Lee [28] 

The relationship uses the NSPT value corrected for 

energy efficiency and overburden stress (N1 60). This 

relationship is based on data from Taiwan. 𝑉𝑆 = 131.7 (𝑁1 60 + 1.2) 0.31       (6) 

 Athanasopoulos [29] 𝑉𝑆 = 76.55 𝑁𝑆𝑃𝑇0.445           (7) 

 Pitilakis et al. [30] 

The authors give correlation equations for clays, silts, 

and sands, based on geophysical measurements at the 

EURO-SEISTEST test site, in Greece. 𝑉𝑆 = 132 𝑁1 600.271           (8) 

 Jafari et al.[31] 𝑉𝑆 = 27 𝑁𝑆𝑃𝑇0.73            (9) 

 Petrangeli et al. [32] 

This relationship is based on several data from  Italy.   𝑉𝑆 = 𝛼 + 𝛽1𝑁𝑆𝑃𝑇           (10) 

where α and β1 are parameters that depend on the soil 

type. Fig. 19 shows that the estimated shear wave 

velocity values are generally higher compared to those 

obtained from CPT relationships, but still lower than 

those measured by means of geophysical tests. A 

summary of the empirical relationships used in this study 

is provided in Table 4. 

 

 
Figure 19. Shear wave velocity estimated from empirical 

relationships. The data refer to the mean of the four SPT 

tests performed on the dam crest. 

4.7. Discussion 

Fig. 20 shows a summary of all the shear wave profiles 

measured and estimated using empirical relationships. 

The expected trend of increasing shear wave velocity 



 

with depth is captured by all tests. This between-method 

consistency may be an indication of the fact that the in-

situ measurements were performed properly.  

The velocities estimated from empirical relationships 

are generally lower than those measured with direct tests. 

This is a well-known issue related to these correlations 

[26]. 

Table 4. Empirical relationships used to estimate the shear wave 

velocity from in situ tests 

Relationship Test Expression 

Mayne and Rix 1995 CPT 𝑉𝑆 = 1.75 𝑞𝑐0.627 

Hegazy and Mayne 

1995 
CPT 𝑉𝑆 = 3.18 𝑞𝑐0.549𝑓𝑠0.025 

Piratheepan 2002 CPT 𝑉𝑆 = 11.9 𝑞𝑐0.269𝑓𝑠0.108𝐷0.127 

Mayne 2006 CPT 𝑉𝑆 = 118.8 log 𝑓𝑠 + 18.5 

Otha and Goto 1978 SPT 𝑉𝑆 = 68.79 𝑁𝑆𝑃𝑇0.171 𝑧0.199 𝑓𝑎 𝑓𝑔 

Lee 1992 SPT 𝑉𝑆 = 131.7 (𝑁1 60 + 1.2) 0.31 

Jafari et al. 2002 SPT 𝑉𝑆 = 27 𝑁𝑆𝑃𝑇0.73 

Pietrangeli et al. 2013 SPT 𝑉𝑆 = 𝛼 + 𝛽1𝑁𝑆𝑃𝑇 

Athanasopoulos 1995 SPT 𝑉𝑆 = 76.55 𝑁𝑆𝑃𝑇0.445 

Pitilakis et al. 1999 SPT 𝑉𝑆 = 132 𝑁1 600.271 

 

The shear modulus (G) can be easily calculated from 

shear wave velocity values. In this study, it is compared 

to the well-known relationship by Dakoulas and Gazetas 

for homogeneous dams [33]. The authors provided the 

following expression: 𝐺(𝑧) = 𝐺𝑏 (𝑧𝐻)𝑚
            (11) 

where Gb is the shear modulus at the base of the core, 

H is the dam height, and m is the inhomogeneity factor 

which depends on the material, geometry, and relative 

stiffness of the core (its value is usually in the range of 

0.3 – 0.8). A representative schematic of the shear 

modulus profile within a dam body obtained using this 

expression is depicted in Fig. 21, while further details are 

available in [33, 34].  

 

 
Figure 20. Comparison of shear wave velocity in the dam core 

estimated from geophysical tests and empirical relationships. 

 

 
Figure 21. Shear modulus profile in a homogeneous dam 

according to Dakoulas and Gazetas [33] 

 
Figure 22. Gazetas law for predicting the shear modulus variation 

in the dam core. The curve is fitted based on the cross-hole, 

down-hole, and MASW results. 

Fig. 22 shows a comparison between the shear 

modulus calculated for the Farneto del Principe dam 

using in-situ tests and the same value as obtained using 

the expression provided by Dakoulas and Gazetas [33]. It 

appears that the analytical expression of Eq. 11 fits the 

data reasonably well. In this comparison the value of the 

inhomogeneity factor is 0.5. 

5. Conclusions 

In this paper the results of a comprehensive 

geotechnical investigation campaign performed on a 

zoned earth dam in Southern Italy is presented. The 

Farneto del Principe dam is located in a highly seismic 

area, thus a re-evaluation of the performance under 

dynamic loading is necessary. Such assessment, 

however, requires the use of advanced methods of 

analysis that need several input parameters. These 

physical quantities (e.g. shear wave velocity and shear 

modulus reduction curves) can only be determined with 

an extensive field investigation, using appropriate in-situ 

and laboratory tests. 

Three cross-holes, one down-hole, and one MASW 

were performed on the dam crest to estimate the shear 

wave velocity profile in the clay core. The results 

provided by these geophysical tests are in a good 

agreement and show a trend of increasing shear wave 

velocity with depth. Such trend is also confirmed by a 

MASW test. A cross-hole test, however, was not deemed 

representative, as the data were scattered and inconsistent 

with other tests. There is also some variability between 

the values reported in Fig. 4; this is probably due to a 

relatively poor cementation of the PVC pipes and the 

adjacent soil. While it is true that cross-hole tests usually 

provide a good level of accuracy, this is only valid when 

the test is perfectly executed.  



The down-hole tests performed on the downstream 

shell and alluvial foundations show, as expected, the 

influence of the overburden stress on the shear wave 

velocity. Furthermore, it shows some spatial variability 

in the alluvium, highlighting the need to carry out more 

geophysical tests when the site has a complex geological 

structure and potentially variable geotechnical 

characteristics. 

A series of empirical relationships to estimate shear 

wave velocity profiles from CPT and SPT data were 

analyzed. These relationships are strictly valid only for 

specific soil types and are typically locally applicable. 

However, this study shows that they can capture the trend 

of shear wave velocity with depth, while generally 

underestimating the actual value of this quantity. It is 

suggested to treat such relationship with care, especially 

when they are applied to earth dams. 

Several laboratory tests were also performed to 

evaluate the dynamic properties of the dam core. The 

results in this study show that the mean confining stress 

does not have a strong effect on the dynamic properties 

of this material. This conclusion is structure-specific, as 

the moderate height of this dam did not provided a large 

range of confining pressures. For this dam, shear 

modulus reduction curves are generally higher than those 

available in the literature for natural clays and the clay 

materials of this dam are more linear than what it would 

be predicted using empirical relationships. This is likely 

due to the effect of the material compaction during the 

construction of the dam. 

Seismic tomography and HVSR were also performed. 

These tests were conducted before the invasive tests, to 

provide a general idea on the overall shear wave velocity 

trends. The aforementioned results will be used to 

evaluate the seismic performance of the Farneto del 

Principe dam. 
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