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Abstract: The complex cyclic shear stress path experienced by the soil during an earthquake, which
could also induce liquefaction phenomena, can be approximated in the laboratory only by using
sophisticated testing apparatuses. Cyclic triaxial tests have been widely used, especially for coarse
grained soils, as in this study. In the framework of the design for the seismic retrofitting of the
“Ritiro viaduct” foundations along the A20 motorway connecting Messina with Palermo (Italy),
a soil liquefaction study was also carried out. With this aim, a detailed geological and geotechnical
characterization of the area was performed by in situ and laboratory tests, including seismic dilatometer
Marchetti tests (SDMTs), the combined resonant column (RCT) and cyclic loading torsional shear
tests (CLTSTs), and undrained cyclic loading triaxial tests (CLTXTs). In particular, the paper presents
the results of cyclic triaxial tests carried out on isotropically consolidated specimens of a sandy soil.
The seismic retrofitting works include the reinforcement of the foundation and replacement of the
decks with newly designed type and structural schemes, mixed steel, and concrete with continuous
girder. During the investigation, data were acquired for the characterization of materials, for the
definition of degradation phenomena with the relative identification of possible causes, and for the
estimation of the residual performance characteristics of the building. The structural campaign of
investigations necessary to determine all of the key parameters useful for a correct definition of the
residual performance capabilities of the work was divided into two phases: One in situ and one in
the laboratory.

Keywords: in situ tests; laboratory tests; soil liquefaction; cyclic triaxial tests

1. Introduction

The present program of in situ investigations and laboratory tests originates from the static
and seismic retrofitting works of the "Ritiro viaduct". The "Ritiro viaduct" (Figure 1), of the A20
Messina-Palermo (Italy) motorway, represents a vital node for the viability of Messina, the main
connection to the motorway junctions. The works include the reinforcement of the foundations and
replacement of the decks with newly designed type and structural schemes, mixed steel, and concrete
with continuous girder.

During the investigation program, data were acquired for the characterization of materials, for the
definition of degradation phenomena with the relative identification of possible causes, and for the
estimation of the residual performance characteristics of the building. The structural campaign of
investigations necessary to determine all of the parameters useful for a correct definition of the residual
performance capabilities of the work has been useful to design the retrofitting works.

The campaign phase, in order to obtain as much data as possible without being extremely invasive
towards the structural elements, was articulated through the execution of semi-destructive tests, such
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as the removal of concrete carrots, and non-destructive tests by means of execution of sclerometric
tests, of pull-out with post-inserted grafts and in situ micro-seismic reliefs.

The area of the "Ritiro viaduct" was influenced by liquefaction phenomena during the 28 December
1908 Messina and Reggio Calabria historical earthquake. The evaluation of the liquefaction potential
during earthquakes is an important subject in seismically active regions.

After the Niigata earthquake in 1964, which caused a lot of damage due to liquefaction, several
studies [1-9] were performed in order to understand the cyclic behavior of sands.

During liquefaction, granular cohesionless saturated soil (gravel, sand, and low plasticity silt) loses
its strength for a short interval of time, but long enough to cause significant failures. The liquefaction
effects are usually evident on the ground surface (sand boils, large deformation, or fracture of the
ground, etc.). The liquefaction susceptibility of soil deposits may be estimated by comparison between
resistance profiles (i.e., Standard Penetration Test (SPT) blow count or Cone Penetration Test (CPT)
tip resistance with depth) and critical values or estimation of a liquefaction safety factor (as a ratio of
liquefaction resistance and action) function of depth.

The liquefaction potential can be obtained using either an estimation based on the maximum
acceleration at the ground surface by a semi-empirical equation, or a dynamic calculation, including
the reduction of soil stiffness due to built-up of pore pressure. Alternatively, the liquefaction resistance
can be assessed by cyclic undrained laboratory tests on undisturbed or reconstituted specimens [10-12]
or from correlations with the resistance measured by in situ tests (i.e., SPT or CPT).

In order to study the possible amplification phenomena of the "Ritiro viaduct" site, a comprehensive
laboratory and in situ investigation was carried out to obtain a soil profile, with special attention
being paid to the variation of the shear modulus (G) and damping ratio (D) with depth. This paper
tries to summarize this information in a comprehensive way in order to provide a case record of site
characterization for seismic response analysis.

Figure 1. The “Ritiro Viaduct” in Messina (Italy).

2. Geology and Seismicity of the Area

In Italy, recent strong earthquakes include the earthquake in central Italy that occurred on 24
August 2016 [13], the Emilia Romagna earthquake that occurred on 29 May 2012 [14-16], the L'Aquila
earthquake that occurred on 6 April 2009 [17,18], the San Giuliano di Puglia earthquake that occurred
on 31 October 2002 [19], the Umbria—Marche earthquake sequence of September—October 1997 [20],
and the Catania earthquake that occurred on 13 December 1990 in southeastern Sicily.
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The area under study is placed in the northeastern part of Sicily (Italy), at about 5 km from Messina
old town. An example of its geological features is shown in Figure 2.

The area is covered by metamorphic complex in facies, with pan-African relicts in facies of
granulitic deposits. The Messina Strait is located in the middle of the Calabrian Arc, one of the most
seismically active areas of the Italian region and of the entire Mediterranean basin. The Strait’s area
itself has been struck several times in the past, though not with the same violence as in 1908.

Among Italian regions, Sicily is one of the most seismically active areas. In the past, strong
earthquakes occurred in southeastern Sicily (1169, 1693) and in northeastern Sicily (1908). The My
7.1, 28 December 1908, Messina Straits earthquake (Figure 3) was the deadliest earthquake in recent
European history, and also one of the first to be investigated with modern instrumental data [21].
The shaking was distinctly felt in Albania, Montenegro, and the Greek Ionian islands, about 400 km
to the east and northeast of the Strait; and in Malta, about 250 km to the south. The earthquake was
catastrophic in the epicentral area and was immediately followed by fires and by a large tsunami.
Messina and Reggio Calabria were almost completely destroyed, buildings were severely damaged
(Figure 3) over an area in excess of 6000 km? [21], and liquefaction phenomena occurred in the area.

According to [22] and [23] the main events reported in the historical catalogues and measured by
Mercalli- Cancani- Sieberg scale (MCS) start around 91 BC (Reggio Calabria, IX-X MCS), 17 AD (Reggio
Calabria, VIII-IX MCS), 361-363 (Messina Strait, X MCS), 853 (Messina, IX-X MCS), 1172 (Messina,
VIII MCS), 1494 (Messina, VII-VIII MCS), 1509 sequence (area of Reggio Calabria, VIII MCS), 1659
(Southern Calabria, X MCS), 1783 sequence (Southwestern Calabria, X—XI MCS), 1894 (Southern
Calabria, IX MCS), 1905 (Southwestern Calabria, XI MCS), and 1907 (Southern Calabria, VIII-IX MCS).

As well known, the characteristics of soil shaking are strongly influenced by local geological,
geomorphological, and geotechnical conditions. These can modify significantly the amplitude,
frequency, and duration of the seismic motion corresponding to the seismic hazard with reference to
outcropping bedrock with horizontal topographical surface.
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Figure 2. Geological synthesis of Messina area [24].
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Figure 3. Messina Strait region with the 1908 earthquake epicenter and shocked localities with different
colors according to Mercalli-Cancani-Sieberb scale [25].

To this aim, seismic microzonation defines the local seismic hazard through the identification
of zones characterized by homogeneous seismic behavior that also includes the earthquake-induced
effects, such as the slope instability, liquefaction in saturated granular soil, etc.

According to the Italian Guidelines for the Seismic Microzonation of the Department of Civil
Defence, it is possible to distinguish three susceptibility classes: (1) Stable zones where no local
effects occur (outcropping bedrock with a low steep morphological surface-slope angle\15°); (2) stable
zones but susceptible of local seismic amplification, where seismic input motion amplifications are
expected, as a result of the local litho-stratigraphic and morphological structure; (3) unstable zones,
where the expected seismic effects can be attributed to irreversible soil deformations (slope instability,
liquefaction, etc.).

A zoom of the Seismic Microzonation map of the area, and particularly of the “Ritiro Viaduct”,
is shown in Figure 4. In the map, the zones identified as homogeneous are characterized by similar
parameters as lithological and litho-technical characteristics, depth of bedrock, geomorphological
conditions, etc. The area of the “Ritiro Viaduct” is within the local amplification stable zones (Zone 0,
Zone 1, and Zone 5) of the Messina microzonation map.

Therefore the seismicity that affected the area, but also the effects induced by earthquakes [26,27],
constitute a hazard that should not be ignored in the design or in the seismic retrofitting works
of infrastructure.
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Figure 4. Microzonation map of Messina in the area of the “Ritiro viaduct”.

3. Site Characterization Program and Basic Geotechnical Soil Properties

The site investigation was performed within the area of the "Ritiro viaduct" and reached a
maximum depth of 35.00 m. Laboratory tests were performed on nine disturbed samples retrieved by
means of a 101 mm tube sampler. To evaluate the geotechnical characteristics, the following in situ
and laboratory tests were performed in the foundation soil located in the area of the “Ritiro viaduct”:
28 Boreholes, 7 seismic dilatometer Marchetti tests (SDMTs) [28-31]; 9 particle size analysis, 25 direct
shear tests (DST), 1 undrained triaxial test (UTxT), 8 cyclic loading torsional shear tests (CLTSTs) [32,33],
8 resonant column tests (RCTs) [34-36], and 3 cyclic loading triaxial tests (CLTxTs). The investigation
program follows the approach and the methodology used in other test sites in the seismic areas of
Catania and Messina [37-41]. On the basis of laboratory tests, the "Ritiro viaduct" deposits mainly
consist of a normal consolidated grey/dark grey or dark brown sand with silty gravel or gravelly silt.

The results obtained by particle size analysis are shown in Figure 5 and Table 1. In Table 1, the soil
samples were divided into Type A and Type B according to the depth and the presence of minor or
major gravel. The uniformity coefficient (C,), defined as the ratio of Dgj to Dyg, varies in the range of
5.48-52.24 and it points out the considerable non-homogeneity of the particle size. The maximum dry
density was evaluated using a vibrating table, available at the geotechnical laboratory of the University
Kore of Enna, according to ASTM (4253-83) standard.

Physical parameters were derived from standard classification tests performed on the samples
retrieved by geotechnical survey. The values of soil unit weight and the minimum (epj,) and maximum
(emax) void ratios are summarized in Table 2. Most of the samples are coarse-grained soils, classifiable
as silty sands to gravelly sands, showing a lower percentage of clayey material.
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Figure 5. Profile of grain size distribution of the "Ritiro viaduct" area.

Table 1. Particle size analysis for the “Ritiro viaduct” area.

Type of Gravel Sand Silt Clay dmax Dego Dyo Cy
Boreholes gy HImI "t 1%l %] [%] [mml [mm] [mm] [
S15C1 A 545 11.09 5616 3071 203 <95 01898 00124 1531 S2ndand gravelly
silt of light gray color
$28C1 A 9.32 782 6606 2331 280 <190 01120 00180 622 Oty sandoflight
brown color
S28C2 A 15.30 035 5435 4467 063 <95 00699 00115 608 Sandandsiltofdark
gray color
$17C3 B 1675 4788 4304 833 076 <95 35520 00680 52024 Oravelandsiltysand
of dark brown color
S7C2 B 1975 2133 6152 1468 247 <95 05730 00171 3351 Sondandsilty gravel
of dark gray color
S17C4 B 2175 2168 6634 1117 081 <190 07360 00354 2079 Sandandsilty gravel

of dark brown color




Geosciences 2019, 9, 512 7 of 27

Table 1. Cont.

Type of Gravel Sand Silt Clay dmax Deo D1o Cu
Boreholes gy HIMl - “rot™ 1ol (%] [%] [mml [mm] [mm] [
$28C4 B 24.80 024 9100 876 000 <475 04957 00905 548 Sandlightlysilty of
light gray color
S7C4 B 3125 1718 5822 2164 296 <95 03532 00102 3463  andandsilty of
light gray color
Sand and silty gravel
517C7 B 3475 3441 5556 897 106 <95 1.6010 0.0630 25.41

of dark brown color

Type of soil A = soil with minor gravel; Type of soil B = soil with major gravel; H = depth; dmax = maximum
diameter; Dgp = the particle-size diameter for which 60% of the sample was finer; D1y = the particle-size diameter
for which 10% of the sample was finer; C,, = uniformity coefficient.

Table 2. Mechanical characteristics for the “Ritiro viaduct” area.

Boreholes VP H [m] ] [3;‘1] Cull Gell eol] eminll emal-] Di[%] CEI[%]
S15C1 A 5.45 16.08 0.19 153 2.67 0.63 0.39 0.68 17.24 2.03
S28C1 A 9.32 18.24 0.11 6.2 2.80 0.57 0.44 0.69 48.00 2.80
528C2 A 15.30 20.71 0.07 6.1 2.62 0.59 0.49 0.71 54.55 0.63
S17C3 B 16.75 15.18 3.55 522 249 0.64 0.52 0.72 40.00 0.76
S7C2 B 19.75 16.43 0.57 335 267 0.63 0.41 0.84 48.84 2.47
S17C4 B 21.75 16.80 0.74 208 275 0.64 0.51 0.70 31.58 0.81
S528C4 B 24.80 16.50 0.49 5.5 2.60 0.64 0.53 0.80 59.26 0.00
S7C4 B 31.25 16.97 0.35 34.6 2.69 0.67 0.37 0.79 28.57 2.96
S17C7 B 34.75 17.03 1.60 254  2.69 0.58 0.49 0.65 43.75 1.06

Type of soil A = soil with minor gravel; Type of soil B = soil with major gravel; H = depth; y = total unit weight; Dgg
= the particle-size diameter for which 60% of the sample was finer; Cu = uniformity coefficient; G5 = specific gravity;
e, = initial void ratio; e, = void ratio of soil in densest condition; emax = void ratio of soil in loosest condition; D,
= relative density; CF = clay fraction.

The value of the natural moisture content wy, prevalently ranges from between 22 to 35% (Figure 6).
Characteristic values of strength parameters are (cohesion) ¢’ = 5-24 kPa and (angle of shear resistance)’
= 23-40°, obtained by direct shear test, (undrained cohesion) cu = 228 kPa obtained by a undrained
triaxial test performed on a cohesive sample, with a water content of 17%, retrieved at the depth of
14.65 m; G (specific gravity) ranged between 2.65 and 2.75, while e, ranged between 0.29 and 0.67
(Table 2). Another stratum with a water content of 12% was found at the depth of about 19.25 m.
Figure 6 shows index properties of the “Ritiro viaduct” area.
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Figure 6. Particle size analysis of the "Ritiro viaduct" area.
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4. Soil Properties by Laboratory Tests

The equivalent shear modulus Geq and damping ratio D of “Ritiro viaduct” deposits were
determined in the laboratory by means of a Resonant Column/Cyclic Loading Torsional Shear
apparatus [42—44]. These dynamic parameters represent the basic data for the studies of local seismic
response [45-48]. This apparatus was supplied at the Geotechnical Laboratory of the University Kore
of Enna (Figure 7). A resonant column test consists of exciting one end of a confined solid or hollow
cylindrical soil specimen. The specimen is fixed at the bottom (fixed-free test) and it is excited in torsion
or flexure at the top by means of an electromagnetic drive system. Once the fundamental resonant
frequency is established from measuring the motion of the free end, the velocity of the propagating
wave and the degree of material damping are derived. The shear modulus is then obtained from the
derived velocity V; (in case of torsion) and the density of the sample.

Figure 7. Resonant column/cyclic torsional shear apparatus.

The equivalent shear modulus Gegq is the unload-reload shear modulus that is evaluated from
RCT in function of velocity Vs and density p of the sample, while G, is the maximum value or also
"plateau” value as observed in the G-log(y) plot. G is the secant modulus. Generally, G is constant
until a certain strain limit is exceeded. This limit is called the elastic threshold shear strain (y+€) and it
is believed that soils behave elastically at strains smaller than (y;¢). The elastic stiffness at y < y:° is
thus already defined as G,. Damping ratio D is defined by Equation (1):

p- W M

4nW’

where AW is the area enclosed by the unloading-reloading loop and represents the total energy loss
during the cycle, where W is the elastic stored energy. The RCT apparatus used is a fixed-free resonant
column apparatus [49]. It enables the specimen consolidation under both isotropic and anisotropic
stresses. It is composed of a drive system, a support system, and a base plate. The solid or hallow
cylinder specimen is fixed at the bottom and its constraint at the base is due to the friction existing
between the specimen and the porous synthesized bronze stone [50].

Torsional forces are applied at the top of the drive system, realized in aluminum. It is an electrical
motor constituted of four magnets connected with the top of the sample and eight coils placed on the
inox steel annular base, which is strictly linked to the support system. The weight of the motor is
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counterbalanced by a spring. A programmable function generator (PGF) excites the electrical motor
of [51].

The support system, in addition to permitting the placement of the drive system, may possibly
put the proximity transducers in and the filling in of water for saturated specimen tests. It is realized a
Plexiglas cell pressure, to permit the isotropic consolidation using an air pressure source controlled
with a manual pressure regulator. The base and the top plates are connected by three vertical rods
inside the cell. In the resonant column test (RCT), the function generator produces a sinusoidal
electric signal which is increased from an amplifier and transformed into torsional mechanical stress
by an electromagnetic motor, consisting of eight coils and four magnets, connected to the head of
the specimen. The magnetic field of the coils interacts with the magnets connected to the plate that
transmits the torsional oscillation to the head of the specimen. Because the frequency of excitation
is varied, the dynamic response of the sample varies in terms of amplitude. The latter is recorded
by a accelerometer connected to the guide plate and proximity transducers measuring the relative
movement between the plate and coils. Resonance frequency values were used for the calculation
of the cutting module and the deformations. The decay curve, produced by interrupting the torsion
excitation in resonance, allowed to evaluate the damping of the material following the amplitude
decay method during the decrement of free vibration [42].

In the cyclic loading torsional shear test (CLTST), a cyclic torque is applied to the specimen
by means of a torsional motor, to which a sinusoidal signal is sent at a fixed frequency of 0.5 Hz,
continuously monitoring the torsion and angular deformation. The rotation of the specimen is
measured thanks to the use of two proximity transducers. The data of the signal sent (proportional to
the shear stress) and the corresponding torsion (proportional to the cutting deformation) are acquired
simultaneously. The specimen shear module is then determined based on the average slope of the
stress—strain hysteresis, while the damping is related to the cycle area of hysteresis as the ratio between
the area enclosed by the unloading-reloading loop, and represents the total energy loss during the
cycle and W is the elastic stored energy.

In the present work, solid cylindrical specimens were reconstituted by using tapping [50], in order
to obtain the required relative and a good uniformity during the deposition.

The mold was assembled and a little depression was applied to let the membrane adhere to the
inside surfaces. The material was placed in the mold using a funnel-pouring device. The soil was
placed as loosely as possible in the mold by leaving the soil from the spout in a steady stream, holding
the pouring device upright and vertical, and maintaining constant the fall height. It was possible to
obtain different values of relative density changing the height of deposition. In order to realize high
values of relative density, it could be necessary to beat delicately the mold surface during the deposition.
Each sample was reconstituted with fresh sand. Each specimen was subjected to an isotropic load
achieved in a Plexiglas pressure cell, using an air pressure source. The axial strain was measured by
using a high-resolution proximity transducer, which monitors the aluminum top-cap displacement.
Shear strain was measured by monitoring the top rotation with a couple of high-resolution proximity
transducers. During a resonant column test, the proximity transducers were not able to appraise the
value of the targets displacements, because of the high frequency of the oscillations. Then rotation on
the top of the specimen was measured by means of an accelerometer.

The laboratory test conditions and the obtained small strain shear modulus G, are listed in Table 3.
After the saturation phase, obtained by applying an appropriate back-pressure value, the undisturbed
specimens were isotropically reconsolidated to the best estimate of the in situ mean effective stress.
The same specimen was first subject to RCT, then to CLTST after a rest period of 24 h with opened
drainage. CLTST was performed under stress control condition by applying a torque, with triangular
time history, at a frequency of 0.1 Hz. The size of solid cylindrical specimens were radius = 25 mm and
height = 100 mm.
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Table 3. Test condition for the "Ritiro viaduct" area.

Borcholes R HIml ol kPl Test ol (Gl Vea el el
515C1 A 5.45 100 RCT-CLTST 51 54 21 - -
528C1 A 9.32 180 RCT-CLTST 105 83 324 - -
528C1 A 9.32 400 CLTxT - - - 102 134
528C2 B 15.30 180 RCT-CLTST 95 87 161 - -
517C3 B 16.75 300 RCT-CLTST 123 107 163 - -
57C2 B 19.75 300 RCT-CLTST 149 121 269 - -
S17C4 B 21.75 350 CLTxT - - - 209 344
528C4 B 24.80 200 RCT-CLTST 109 99 378 - -
S57C4 B 31.25 600 RCT-CLTST 160 135 - - -
517C7 B 34.75 400 RCT-CLTST 158 142 - - -
517C7 B 34.75 400 CLTxT - - - 74 381

Type of soil A = soil with minor gravel; Type of soil B = soil with major gravel; H = depth; U = undrained; RCT =
resonant column test; CLTST = cyclic loading torsional shear tests; CLTXT = cyclic loading triaxial test; G, (1) from
RCT, G, (2) from CLTST after 24 h, G, (3) from seismic dilatometer Marchetti test (SDMT).

The initial shear modulus G, of soil is mainly influenced by the state of the soil, expressed by a
combination of the void index e (or by the relative density D;) and by the soil structure that reflects
the deposition and the subsequent structural transformation processes such as aging, diagenesis, and
cementation. For higher strain levels, the shear modulus G depends also, and especially on the strain
level, on the stress—strain history and on the strain rate [52].

The G, values (G, (1) and G, (2)), reported in Table 3, indicate moderate influence of strain rate,
even at very small strain where the soil behavior is supposed to be elastic. Values of shear modulus
G (MPa) and damping ratio D (%) versus from RCT and CLTST tests are reported in Figures 8-11,
respectively. The initial shear modulus obtained during CLTST shows the effect of the soil degradation
because of RCT; this effect tends to become negligible with the shear strain build up (Figure 12).
Meanwhile, the D values obtained during RCT and CLTST follow the same trend and are thus
comparable (Figure 13). The damping ratio values obtained from RCT by amplitude decay and CLTST
method are quasi constant until a strain level of about 0.01%, higher values of D have been obtained
from strain level higher than 0.01%. It is possible to see that the damping ratio from RCT and CLTST,
at very small strains, is so equal to about 2%. Greater values of D are obtained from RCT for the strain
level of about 0.1%.

It is supposed that RCT provides larger values of D than CLTST because of the rate (frequency)
effect, in agreement with data shown by [53,54]. According to these researchers, the nature of soil
damping in soils can be linked to the following phenomena:

—  Non-linearity which governs the so-called hysteretic damping controlled by the current shear
strain level. This kind of material damping is absent or negligible at very small strains.

—  Viscosity of the soil skeleton (creep), which is relevant at very small strain rates.

—  Viscosity of the pore fluid, which is relevant at very high frequencies.

Finally, higher values of the initial shear modulus (G, (3)) were obtained from SDMTs. Generally,
the small strain stiffness, determined in the laboratory on high quality reconstructed sample using
appropriate apparatuses and procedures, is very close to that obtained in situ from seismic tests.
Probably, in the case of the "Ritiro viaduct", disturbance phenomena occurred during reconstruction
operations and differences in stress conditions determined lower values of the initial shear modulo in
the laboratory.
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The experimental results were used to determine the empirical parameters of the equation
proposed by [55] to describe the shear modulus decay with shear strain level (Figure 14a,b and
Figure 15a,b):

Gv) _ 1
Go 14 oy (%)P

where G(y) = strain dependent shear modulus; 'y = shear strain; «, 3 = soil constants.

Equation (2) allows the complete shear modulus degradation to be considered with strain level.
The values of soil constants & and 3 obtained from RCTs and CLTSTs for soil type A and B are listed in
Table 4.
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Figure 9. D—y curves from RCTs.
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Figure 12. G-y curves from RCTs and CLTSTs.
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Figure 15. G/G,—y curves from CLTSTs. (a) Type A; (b) Type B.

Table 4. Soil constants for the "Ritiro viaduct" area from RCTs and CLTSTs.

Test Typeof Soil  «l-]1 BI-1 nll ALl
RCT 18 092 145 1.7
RCT B 13 0.90 18 2.2
CLTST A 11 0.97 45 3.1
CLTST B 10 0.95 65 35

13 of 27
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As suggested by [55], the inverse variation of damping ratio with respect to the normalized shear
modulus has an exponential form as that reported in Figure 16a,b and Figure 17a,b for the “Ritiro
viaduct” area:

D)%) = n-exp|-A- 2|, ®)

where D(y) = strain dependent damping ratio; y = shear strain; 11, A = soil constants.
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Figure 16. D-G/G,, curves from RCTs. (a) Type A; (b) Type B.
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Figure 17. D-G/G,, curves from CLTSTs. (a) Type A; (b) Type B.

The values of soil constants 11 and A obtained from RCTs and CLTSTs for soil type A and B are
listed in Table 4.

Equation (3) assumes maximum value Dax =45% for G(v)/G, = 0 and minimum value Dy, = 3.18%
for G(v)/G, = 1. Therefore, Equation (3) can be re-written in the following normalized form:

Div) _ | ¢
D(y)max —° p[ A GO } (4)

Figure 18a,b and Figure 19a,b show a comparison between the enveloping curves of the
experimental data obtained during the RCTs and CLTSTs. It is possible to observe how, in general,
the CLTSTs, with respect to the RCTs, determine a behavior of the soil characterized by a wider elastic
field with the same level of deformation reached. This phenomenon may be due to the intergranular
reassembly of the sandy soil due to the effect of the RCTS. Moreover, overall, in the case of CLTSTs
higher values of D are observed.
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Figure 18. G/G,—y curves from RCTS and CLTSTs by [55]. (a) Type A; (b) Type B.
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Figure 19. D-G/G,, curves from RCTS and CLTSTs by [55]. (a) Type A; (b) Type B.

To perform triaxial tests, triaxial cells consisting of a structure were used for stainless steel and
a Plexiglas cylinder (Figure 20). The maximum isotropic operating pressure was 1 MPa. For fluid
of confinement, water was used. Sample drainage was allowed, when necessary, through porous
stones placed on the two vertical load distribution bases. The specimen was subsequently placed
in saturation by applying a back-pressure under an effective pressure isotropic, enough to prevent
swelling. The test was then saturated by performing one measurement of parameter B. The value of
approximately 0.95 was taken as an indirect measure of the complete saturation of the material. In the
case of a value that is too low, saturation was prolonged for a further period of time, in some cases
increasing counter-pressure again until a satisfactory value of B was reached and the specimen was
brought, in several steps, to the final effective consolidation tension.

All test operations during saturation (until the Skempton B parameter reached at least 0.98) and
isotropic consolidation were controlled by a panel that adjusts the confinement pressure and the
counter-pressure and allows measurement of pressures and pressure volume variations of the specimen
by means of a pressure transducer and a volumometer. The height variations of the specimen were
detected by means of a displacement transducer. The application of cyclic loads took place by means
of a contrast structure equipped with an electro-pneumatic system, which allowed to apply to the
specimen a constant sinusoidal load of constant amplitude. The size of solid cylindrical specimens
were radius = 35 mm and height = 140 mm. The laboratory test conditions and the obtained small
strain shear modulus E, are also listed in Table 3. During the cyclic triaxial test, the load sequence was
characterized by steps of 40 strain controlled load cycles.

During the cyclic loading triaxial tests (CLTxTs) (Figure 21), the soil sample showed a rapid
decrease of its mechanical characteristics at strain levels of about 1072%. It seems that it is not possible
to investigate the values of the modulus of normal elasticity (Young’s modulus) at very low strain
levels (less than 1073%) due to undesired deformations caused by the deformability of the mechanical
structure (system compliance) of the triaxial apparatus.
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Figure 20. Cyclic triaxial apparatus.
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Figure 21. E/E,—¢ curves from CLTxTs.

Low values of the Young’s modulus were obtained in correspondence with the test performed on
the S17C7 sample, probably due to the low initial value of D;.

The initial damping values are around 1%, while the maximum values are between 6 and 8% at a
strain level of about 1% (Figure 22).

During the cyclic loading triaxial tests (CLTxT), unload-reload cycles became unstable and
degradation phenomena of material occured when a certain limit strain was exceeded (Figures 23
and 24). This limit strain is defined as volumetric threshold shear strain and is rate-dependent.
The degradation caused a decrease of stiffness, an increase of D and pore pressure build-up with the
increase of N because of cyclic material degradation, as obtained from a CLTST and CLTxT on “Ritiro
viaduct” soil [56].
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Figure 22. D-¢ curves from CLTxTs.
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Figure 23. Stable cycles from CLTxT.
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Figure 24. Unstable cycles from CLTxT.
Figure 25 shows the pore pressure build up during CLTXT. The pore pressure build up during

CLTxT was so negligible at low strain. On the contrary, at strain level of about 0.15%, it is possible to
observe an important increase of pore pressure due to the degradation phenomenon.
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Figure 25. Au-¢ curves from CLTxTs.

Values of shear modulus G (MPa) and damping ratio D (%) versus y (%) from CLTST and CLTxT
are reported in Figures 26 and 27, respectively. In the case of CLTST, higher values of G were always
obtained, compared to those of the CLTxXT, also as a function of lower initial investigated strain levels.
The trend of the G modulus seems to align only for strain levels higher than 0.1%, even if the results of
the two types of tests are comparable only for a strain interval between 0.01 and 0.1%. This difference
on G can probably be attributed to the high interstitial pressure values obtained during the CLTxT
tests (Figure 25) due to the low initial value of D;. Higher values of D were obtained from strain
levels higher than 0.01%. Moreover, at the same strain level, in the case of CLTSTs, higher values of D
were observed.
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Figure 26. G—y curves from CLTST and CLTxT.
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Figure 27. D~y curves from CLTST and CLTxT.
5. Soil Properties by in Situ Tests

The use of in situ tests as complementary experimental techniques to laboratory experiments is
now commonly recognized [57]. The small strain (y < 0.001%) shear modulus, G,, was thus determined
from SDMT. The SDMT provides a simple means for determining the initial elastic stiffness at very
small strains and in situ shear strength parameters at high strains in natural soil deposits. Moreover,
it was attempted to assess G, by means of empirical correlations, based either on penetration test results
or on laboratory test results [57]. The SDMT [17,58] provides a simple means for determining the initial
elastic stiffness at very small strains and in situ shear strength parameters at high strains in natural soil
deposits [32,59]. This apparatus was also used in offshore conditions by [60,61]. The test is conceptually
similar to the seismic cone (SCPT). First introduced by [62], the SDMT was subsequently improved
at Georgia Tech, Atlanta, USA [63-65]. A new SDMT system has recently been developed in Italy.
The seismic modulus is a cylindrical instrumented tube, located above the DMT blade [66], housing
two receivers at a distance of 0.50 m (see Figure 28). The test configuration “two receivers”/”true
interval” avoids the problem connected with the possible inaccurate determination of the “first arrival”
time sometimes met with the “pseudo interval” configuration (just one receiver). Moreover, the pair
of seismograms recorded by the two receivers at a given test depth correspond to the same hammer
blow and not to different blows in sequence, which are not necessarily identical. The adoption of the
“true interval” configuration considerably enhances the repeatability in the Vs measurement (observed
repeatability Vs =~ 1-2%). Vs is obtained as the ratio between the difference in distance between the
source and the two receivers (52-S1) and the delay of the arrival of the impulse from the first to the
second receiver (At). Vs measurements are obtained every 0.5 m of depth. The shear wave source at
the surface is a pendulum hammer (x10 kg), which hits horizontally a steel rectangular base pressed
vertically against the soil (by the weight of the truck) and oriented with its long axis parallel to the axis
of the receivers, so that they can offer the highest sensitivity to the generated shear wave.

Source waves are generated by striking a horizontal plank at the surface that is oriented parallel to
the axis of a geophone connects by a co-axial cable with an oscilloscope [63,64]. The measured arrival
times at successive depths provide pseudo interval Vs profiles for horizontally polarized vertically
propagating shear waves. In Figure 28, the SDMT scheme for the measure of V; is shown, while
Figure 29 shows an example of seismograms obtained by SDMT at various test depths at the site of the
“Ritiro viaduct” (it is a good practice to plot side-by-side the seismograms as recorded and re-phased
according to the calculated delay). Vs may be converted into the initial shear modulus G, by the theory
of elasticity.
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Figure 28. Seismic dilatometer equipment (a). Schematic layout of the flat dilatometer test (b) and of

the seismic dilatometer test (c).
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Figure 29. Example of seismograms obtained by SDMT at the site of the “Ritiro viaduct”.

In three SDMT test verticals, only the seismic measurements were carried out, in pre-holes
performed by means of a probe and filled with gravel (with grains of a diameter strictly between 5
and 15 mm), statically advancing with a penetrometer having a maximum thrust capacity equal to
20 tons. The noticeable difference between the density of the in situ material and the filling material of
the pre-hole made the interpretation of the results particularly difficult. The combined knowledge of
G, and of the one dimensional modulus M (from DMT) may be helpful in the construction of the G-y
modulus degradation curves [67-71].

A summary of SDMT parameters is shown in Figure 30, where:

—  Id: Material index; gives information on soil type (sand, silt, clay).

—  M: Vertical drained constrained modulus.

—  Cu: Undrained shear strength.

—  Phi: Angle of shear resistance.

— Kd: Horizontal stress index; the profile of Kd is similar in shape to the profile of the
overconsolidation ratio OCR. Kd = 2 indicates in clays OCR = 1, Kd > 2 indicates overconsolidation.
A first glance at the Kd profile is helpful to "understand" the deposit.

— Vg Shear wave velocity.
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Figure 30. Results of the SDMTs (SDMT 4a) in terms of geotechnical parameters.

Figure 31 shows the values of G, obtained in situ from SDMT and those measured in the
laboratory from RCT performed on reconstructed solid cylindrical specimens, which were isotropically
reconsolidated to the best estimate of the in situ mean effective stress. The G, values are plotted in
Figure 31 against depth. In the case of laboratory tests, the G, values are determined at shear strain
levels of less than 0.001%. A comparability exists between the laboratory and in situ test results.
On average, the ratio of G, (Lab) to G, (Field) by RCT and SDMT was equal to about 1.80 at the depth
of 19.75 m.
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Figure 31. G, obtained from SDMT, RCT, and empirical correlations.

It was also attempted to evaluate the small strain shear modulus by means of the following
empirical correlations based on penetration tests results or laboratory results available in literature.

@ [72]
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where G, 0’y and p, are expressed in the same unit; p, = 1 bar is a reference pressure; yp and K, are,
respectively, the unit weight and the coefficient of earth pressure at rest, as inferred from SDMT results
according to [66];

(b)  [57]
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where 0’ = (0'y + 2 - 0'h)/3; pa = 1 bar is a reference pressure; Go, 0'nmy, and p, are expressed in the
same unit. The values for parameters which appear in Equation (6) are equal to the average values that
result from laboratory tests performed on quaternary Italian clays and reconstituted sands. A similar
equation was proposed by [73] for Holocene clay deposits.

Equation (6) incorporates a term which expresses the void ratio; the coefficient of earth pressure
at rest only appears in Equation (5). However only Equation (5) tries to obtain all the input data from
the SDMT results. The G, values obtained with the methods above are also plotted against depth in
Figure 28. The method by [57] was applied considering a given profile of void ratio. The coefficient of
earth pressure at rest was inferred from SDMT.

Since the purely dilatometric data only investigate the first meters of depth, the use of Equation (5)
is limited. On the whole, Equation (6) seems to provide the most accurate trend of G, with depth, but is
not able to analyze stratigraphic variation along the depth, as can be seen in Figure 28. The results
obtained by SDMT are comparable with the data of the RCT tests and they are able to identify the
stratigraphic variations.

6. Analysis of the Effects on the Physical Environment

The results of cyclic triaxial tests carried out can be used for the seismic retrofitting works,
which include also the reinforcement of the foundation of buildings. Data include characterization
of materials, definition of degradation phenomena with the relative identification of possible causes,
and estimation of the residual performance characteristics of the building. To take into account the
analysis of the effects on the natural environment, according to the “Manual for Zonation on Seismic
Geotechnical Hazards”, local seismic response, slope instability, and liquefaction of the area were
analyzed using the results of cyclic triaxial tests and the results of other laboratory tests, including
the combined resonant column tests (RCT) and cyclic loading torsional shear tests (CLTST). Local
seismic response analysis using ONDA and DEEPSOIL computer codes was performed on the Ritiro
Viaduct [74]. Results of the numerical analyses are presented as comparisons in terms of maximum
acceleration profiles, maximum shear strain profiles, response spectra, surface response seismograms,
Fourier spectra, and amplification ratios. The local seismic response (LSR) analysis was performed
by using seismograms obtained for the 28 December 1908 Messina and Reggio Calabria earthquake
scenario. The results of cyclic triaxial tests performed on samples were also used for the evaluation
of the liquefaction resistance of soils of the Ritiro Viaduct [12]. The complex cyclic shear stress path
experienced by the soil during an earthquake can be reproduced in the laboratory only by using
sophisticated testing apparatuses. Cyclic triaxial tests have been widely used to assess soil liquefaction
potential, especially for coarse-grained soils, as in this study.

7. Conclusions

In the framework of the design for the seismic retrofitting of the “Ritiro Viaduct” foundations
along the A20 motorway, connecting the cities of Messina and Palermo, located in one of the most
hazardous Italian seismic areas, a detailed geotechnical characterization was carried out. Indeed,
the seismic effects induced by earthquakes play an important role in the planning and construction, as
well as in the seismic retrofitting works of important infrastructures, such as the ”Ritiro viaduct”.

This paper focuses on a comprehensive laboratory and in situ investigations carried out to obtain
a soil profile, with special attention to the variation of the shear modulus (G) and damping ratio (D)
with depth. A detailed geological and geotechnical characterization of the area was performed by
in situ and laboratory tests, including seismic dilatometer Marchetti tests (SDMTs), the combined
resonant column (RCT) and cyclic loading torsional shear tests (CLTSTs), and undrained cyclic loading
triaxial tests (CLTxTs).

The RCT and CLTST show a moderate influence of strain rate, even at very small strain, where
the soil behavior is supposed to be elastic, while the D values obtained during RCT and CLTST follow
the same trend and are thus comparable. It is possible to see that the damping ratio from RCT and
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CLTST, at very small strains, is equal to about 2%. Moreover, higher values of the initial shear modulus
G, were obtained from SDMTs. Probably, in the case of the "Ritiro viaduct", disturbance phenomena
occurred during reconstruction operations and differences in stress conditions determined lower values
of the initial shear modulus in the laboratory.

The experimental results were used to design the seismic retrofitting work and, in particular,
to determine the empirical parameters of the proposed equation to describe the shear modulus decay
and damping ratio build-up with shear strain level.

During the cyclic loading triaxial tests (CLTxTs), the soil sample showed a rapid decrease of its
mechanical characteristics at strain levels of about 1072%. It seems that it is not possible to investigate
the values of the modulus of normal elasticity (Young’s modulus) at very low strain levels (less
than 1073%) due to undesired deformations caused by the deformability of the mechanical structure
(system compliance) of the triaxial apparatus. Low values of the Young’s modulus were obtained
in correspondence with the test performed on one sample, probably due to the low initial value
of D;. The initial damping values were around 1%. During CLTXT, unload-reload cycles became
unstable and degradation phenomena of material occurred when a certain limit strain was exceeded.
This limit strain is called volumetric threshold shear strain and it is rate-dependent. The degradation
caused a decrease of stiffness, an increase of D, and pore pressure build-up with the increase of N
because of cyclic material degradation. Finally, the in situ obtained results by SDMT, though higher,
are comparable with the data of the RCT tests and they are able to identify the stratigraphic variations.
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