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Abstract: The paper describes the numerical approach adopted to investigate the effects of vibrations
induced on reinforced concrete (R.C.) buildings by the excavation works needed to bury an existing
railway line crossing an urban area in the south of Italy. The construction works are carried out in
dolomitic rocks, characterized by a high resistance to excavation. Therefore, they may have a great
impact on the surrounding environment in terms of induced vibrations. The study is conducted
through an uncoupled approach, investigating the dynamic response of the geotechnical system
and the above-surface structure, separately. The impulse force equivalent to the dynamic action of a
breaker hammer is used as input motion for 2D finite element (FE) geotechnical simulations of the
wave propagation process occurring during the excavation. Then, the acceleration time histories
obtained from the geotechnical analyses are adopted to study the dynamic performance of an “index”
R.C. building, representing the most recurrent structural typology in the examined area, through a
3D FE model. The results show how the adoption of a mitigation strategy consisting in the execution
of a preliminary vertical cut followed by a rock crushing treatment allows to significantly reduce the
vibrations induced by the excavation processes on existing buildings.

Keywords: construction-induced vibrations; FE modelling; uncoupled approach; dynamic analysis

1. Introduction

It is well recognised that, during civil engineering construction works in urbanized
areas, blasting, pile driving, hydraulic machinery, and production equipment generate
vibrations in the surrounding environment which may cause damages on the nearby
buildings and nuisance to the neighbouring population [1].

In particular, the excavation activities, involving the removal of soil and rock through
blasting or mechanical tools, can induce dynamic loads on the adjacent structures, and
the generated ground vibrations may have detrimental effects on the residents in the
surrounding environment [2,3]. For this reason, when the excavation works are located
in an urban area, the adoption of non-explosive mechanical methods, such as hydraulic
breaker hammers, can be more convenient, as they have a lower impact on the sensitive
receptors on the ground surface.

The various effects of the excavation works on the surrounding sensitive receptors
are still not fully investigated in the research literature, due to the complexity of the
problem [4]. Indeed, the level of induced vibrations depends on several variables such
as the excavation method, the nature of the used equipment, the properties of the subsoil
material, the heterogeneity of the soil deposit, the distance of the sensitive receptor from the
source of vibration, and the dynamic characteristic of the adjacent structures [5]. Therefore,
the analysis of this problem requires different geotechnical and structural engineering skills.
From a geotechnical perspective, it resembles the study of ground-induced vibrations due
to the passage of high speed trains conducted in the railway engineering field [6-8]. From
a structural point of view, the vibrations generated by different types of construction
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equipment can be assessed using various approaches, including controlled experiments,
direct measurements and predictions obtained through analytical, empirical equations, or
numerical analysis [9-13]. In general, the effects on the buildings are evaluated in terms of
particle displacement, velocity, and acceleration time histories, described by two horizontal
(transverse and longitudinal) and one vertical component [14-16].

Several international standards, among which the German Standard DIN 4150-3:1999 [17],
the British Standard BS 7385-2:1993 [18], the British Standard BS 5228-4:1992 [19], and the
Swiss Standard VSS-SN640-312a:1992 [20], provide the criteria for the measurement of
vibrations and the assessment of their structural effects by fixing, for different categories of
buildings, a maximum threshold of the peak component particle velocity (pcpv), assumed
as the most appropriate parameter to consider in the analysis. In the Italian context, the
UNI 9916:2004 [21] and the NTC 2018 [22] present the corresponding standard code re-
quirements.

When the levels of vibrations, generated by hydraulic breaker hammers in the rock
fragmentation process, on a sensitive receptor are higher than the limit values provided
by the standards, an effort should be done to attenuate the ground movements through
appropriate mitigation strategies. Within this context, the adoption of non-explosive
technologies to weaken hard rock deposits, based on physical and chemical processes,
is increasingly spreading in the engineering practice. Amongst the others, an efficient and
operational method is the one based on the use of a carbon dioxide cracker. The method
consists in converting the liquid carbon dioxide into an inert gas through a chemical
heater [23]. The conversion expands the CO; volume and builds up the pressure inside a
tube, introduced within the rock to be fragmented, until it causes a rupture disc at the end
of the tube itself. The carbon dioxide gas based technology is, nowadays, deemed to be safe
and represents a feasible alternative to standard mechanical excavation methods [23-25].

This paper presents the results of an uncoupled numerical approach adopted to
simulate and quantify the effects of the vibrations induced on the ground deposit and,
consequently, the surrounding buildings by different rock excavation techniques. The nu-
merical investigation refers to a realistic case study, where the excavation works in hard
rock masses were needed to bury an existing railway line in an urbanised area. The ap-
proach consists in the evaluation of the wave propagation process due to rock excavation
through a 2D finite element (FE) geotechnical model. Due to the high resistance to excava-
tion of the rock mass, different excavation techniques (i.e., hydraulic hammer, preliminary
vertical cut, carbon dioxide cracker) are considered in the geotechnical analyses to quantify
the construction-induced ground vibrations. Then, the ground vibrations obtained from
the geotechnical model are applied as input motions at the base of the structure and the
dynamic response of an “index” reinforced concrete (R.C.) building, selected as the most
recurrent structural typology in the examined area, is investigated through 3D FE structural
simulations. The building response to the base excitations is assessed in different points of
the structural model in terms of pcpv and maximum displacement, whose thresholds are
given by the technical standards. This allows to evaluate the effectiveness of the mitigation
strategies adopted, in the specific case, to reduce the vibrations of the building due to the
ground excavation works.

2. Description of the Case Study
2.1. Geological and Geotechnical Model

The paper describes the excavation works needed to bury an existing railway line
crossing the urbanized area of a municipality in the Apulia region (South-East Italy). The
project consists in the construction of deep sub-vertical trenches, very close to existing
roads and buildings, excavated in rock masses through mechanical breaking methods. Due
to the strategic relevance of the engineering works, the site was extensively investigated
through geological and geotechnical campaigns, carried out along the layout of the railway
line, consisting in 10-40 m deep continuous coring boreholes, SPT, and down-hole tests.
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The local geological area is characterized by the presence of uniform and homogeneous
limestone, dolomitic limestone, and dolomite rock formations under a shallow layer of soils.
Only locally, few meters of sands and loose materials are detected. The hydrogeological
investigation reveals the presence of a very deep water table, not interacting with the
designed structure.

The analysis and interpretation of the geotechnical investigations allowed to recognize
four lithotypes: the first (GL1) consists of a shallow layer of vegetable topsoils and backfills,
comparable to a sandy silt in terms of particle size distribution. Due to its small thickness
(around 1-2 m), the GL1 layer has a marginal role in the design of geotechnical structures.
The second lithotype (GL2) is characterized by fine-grained sands interlayered by coarse-
grained calcarenites, extending on a relatively limited area along the railway route. The
third geotechnical lithotype (GL3) is formed by highly fractured calcareous rocks, while
the fourth (GL4) consists of medium fractured limestones and dolomitic limestones. Along
the whole layout of the railway, the lithostratigraphic profiles are mainly characterized by
the presence of the GL3 layer alternating with the GL4 stratum.

Typical values of the mechanical properties of the GL1 and GL2 soil layers were
assumed in the analysis. For the GL1 soil, the unit weight v was set equal to 18 kN/m?,
while the effective friction angle ¢’ was assumed to be equal to 28°; the GL2 layer is,
instead, characterized by v = 18 kN/m? and ¢’ = 32°. For the rock layers (i.e.,, GL3 and
GL4), the strength parameters were determined on the basis of the rock masses classification
proposed by Bieniawsky [26]. For each lithotype, a value of the RMR (Rock Mass Rating)
was identified considering the uniaxial compressive resistance of the intact rock, RQD
(Rock Quality Designation) of the rock mass, openings of joints, joint conditions, hydraulic
conditions, and discontinuity orientations. A value of 28 was obtained for the RMR
index of the GL3 material, thus classifying it as “poor rock” (class [IV—characterized by
an effective cohesion between 100 and 200 kPa and ¢’ ranging between 15° and 24°).
Therefore, the values of ¢/ = 100 kPa and ¢’ = 25° were assumed representative of the GL3
rock strength. The GL4 lithotype, with a RMR equal to 60, can be designated as “fair rock”
(class IIl—characterized by ¢’ = 200-300 kPa and ¢’ = 25°-35°). The strength parameters
for the GL4 rock were set to be ¢’ =200 kPa and ¢’ = 35°. In both cases, a unit weight of
24 kN /m? was assumed as a typical value for rock masses. A summary of the mechanical
parameters adopted for the different materials is reported in Table 1. The table includes the
average value of the shear wave velocity vs. estimated from the available down-hole tests
and associated to each lithotype.

Table 1. Different materials recognized from the geotechnical investigations.

Description 0% d ¢ Vs
kN/m3 kPa ° m/s
GL1 Vegetable topsoils and backfills 18 0 28 437

Fine-grained sands interlayered by
coarse-grained calcarenites

GL3 Highly fractured calcareous rocks 24 100 25 775

GL2 18 0 32 436

GL4 Medium frac’Fu.recjl limestones and o4 200 35 1120
dolomitic limestones

2.2. Analysis of the Building Typology

As the railway line crosses the entire municipality, detailed investigations and building-
by-building numerical modelling would be too onerous in terms of time and cost. For
this reason, a preliminary study has been carried out to identify the recurrent structural
and typological characteristics of the above-surface structures in the investigated area and,
consequently, define a representative “index” building [27,28].

To this scope, a specific procedure (Figure 1) was used to extract and elaborate the
data from different available sources, managed and integrated into a GIS environment,
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using the QGis open source software [29]. A preliminary analysis was conducted using
the ISTAT georeferenced dataset [30]. Data regarding the number of buildings, structural
typology (masonry, reinforced concrete, other materials), class of construction age (<1919,
1919-1945, 1946-1960, 1961-1970, 1971-1980, 1981-1990, 19912000, 2001-2005, >2005),
and number of floors (1, 2, 3, >4) were considered for each census section along the railway
route. The number of buildings present in the area is 420 of which more than 80% had a R.C.
structure, about 40% were built between 1971 and 1982, and around 35% had two-storeys.

Preliminary study Matching Georeferenced data Identification of the
of the buildings interested | with —»  “index” building and
by the construction works CARTIS catalogue information numerical modelling
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Figure 1. Steps followed for the identification of the “index” building.

A more detailed study was, then, carried out combining different datasets, i.e., the
ReLUIS CARTIS catalogue [31], the Cadastral georeferenced vector maps, the Digital
Terrain Model (DTM), and the Digital Surface Model (DSM). The CARTIS catalogue,
developed within the framework of the ReLUIS project coordinated by the Italian Civil
Protection, contains information about homogeneous urban sectors and relative structural
and typological classes of existing residential buildings. The Cadastral maps together with
the DTM and DSM models allow to obtain georeferenced data about the surface area and
the height of each individual building. These figures can be matched with the CARTIS
geometrical data to assign the typological class and the pertinent structural information to
each structure.

For the specific case study, the railway line marks the borders between two different
homogeneous urban sectors: the urban compartment 3, on the south side of the railway
track with a variable width ranging between 85 and 335 m, and the sector 4, which occupies
the northern side of the railway extending for about 1.6 km. According to the CARTIS
catalogue, three different R.C. structural classes can be identified in the first sector, namely,
CAR1, CAR2, and CAR3, and two R.C. structural classes can be defined within the urban
compartment 4, i.e., CAR1 and CAR2. By matching the data regarding the surface area and
height, almost all buildings closest to the railway fall under the CARI1 class of the urban
sector 3 and the CAR1 class of the urban compartment 4, which have similar structural
and typological characteristics. Indeed, more than 70% of the buildings in the area under
study have a floor surface between 70 and 200 m? and almost all of them are characterized
by regularity in plan and elevation, with a prevalent rectangular shape and an average
inter-storey height between 2.5 m and 3.5 m.

Therefore, the “index” building was identified, coherently with the relevant informa-
tion previously derived by the different datasets integrated with the CARTIS typological
classes, as follows: R.C. structure, class of construction age 1971-1982, average floor area
equal to 135 m? with usual dimensions of 16.8 m by 8 m, average inter-storey height equal
to 3 m, masonry infill panels with 30 cm thickness, ribbed slab with R.C. joists and 25 cm
high hollow clay blocks completed by a 5 cm thick R.C. plate.
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3. Numerical Simulation of the Rock Excavation Process
3.1. Description of the FE Model

The aim of the geotechnical modelling is to investigate the effects of the excavation
processes on the surrounding structures and to identify the most appropriate mitigation
strategy to reduce the construction-induced vibrations. As the railway line is characterized
by a long longitudinal extension, different excavation techniques can be potentially adopted
along its route, depending on the strength of the in-situ material. Indeed, granular soils can
be dug out with simple excavators, poor rocks might be excavated by using either simple
excavators or pneumatic hammers (depending on the RQD value), while limestones and
dolomitic limestones are difficult to be removed through traditional methods. In the specific
case study, the worst scenario in terms of construction-induced vibrations, represented by
an excavation in the presence of fair rocks (GL4) with high RQD value, was considered for
the detailed numerical investigation.

The simulations were carried out through the 2D finite element software PLAXIS
2D [32]. The model adopted in the FE analyses is 200 m wide and 30 m high, discretized into
24,730, 15-noded triangular elements under plane strain conditions (Figure 2), consistently
with the long longitudinal extension of the investigated railway line. The width of the
model was chosen large enough to prevent spurious wave reflections along the boundaries.
The coarseness of the FE mesh was refined in order to obtain a distance between two
consecutive nodes smaller than approximately one-eighth of the wavelength associated
with the maximum frequency of the input wave, i.e., imin = Vs/(8fmax)-

Dynamic
load )
rTE Sensitive
T ot receptor
I X
oo oeoes e »
BN g
A
A
Yy I
. o]
- X .
~ Ll
L =200m

Figure 2. Numerical model of the rock excavation process.

The local soil profile consists of a first layer of filling material (GL1) with a thickness
of 2 m, overlaying the dolomitic limestone layer (GL4) extending down to depth. Both
strata were modeled using the linear elastic-perfectly plastic Mohr-Coulomb (MC) model,
assuming a non-associated flow rule (i.e., ¥ = 0°). The MC model parameters, reported
in Table 2, are consistent with the mechanical properties obtained from the in-situ investi-
gations. The Poisson’s ratio was estimated through the elastic equation Ky /(1 + Kp), i.e.,
as a function of the coefficient of earth pressure at rest, Ky, which depends on the frictional
angle according to the relationship Ky =1 — sing’ [33]. Under the assumption of isotropic
linear elasticity, the Young modulus E’ was determined as a function of the shear stiffness
G, this latter related to the shear wave velocity vs. and the unit weight 7y of each material.

The dissipative capacity of each material was implemented through Rayleigh viscous
damping [34], whose parameters ar and Br can be calculated as follows [35]:

ag | _ 2D Wy Wy
{IBR}_wm+wn{ 1 } @

where D* is the target damping and w;, and w;, are the two angular frequencies defining the
interval over which the viscous damping is equal to or lower than D*. Thus, assuming wy;,
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equal to 0.63 rad /s and w;, equal to 12.57 rad /s according to [36], the Rayleigh coefficients
are those reported in Table 2.

Table 2. Material parameters adopted in the FE simulations of the excavation.

¥ ¢ @ K v Vs G E D* aR Br

kN/m3 kPa ° - - m/s MPa MPa % - -
GL1 18 0 24 053 035 437 35x 102 9.46 x 102 2 2391072  3.03x 1073
GL4 24 200 35 043 03 1120 3.07 x 10> 798 x 10° 5 5984 x 1072 7579 x 103
WeaGk]f:ed 24 200 35 043 03 448 49x10°1  128x10° 8 5018 x 1073 8474 x 103

A typical cross-section of the excavated trench, 8 m wide and 9 m deep, was analyzed
as shown in Figure 3. The excavation is supported by a provisional 14 m deep wall,
consisting in a set of contiguous micro-piles reinforced with HEB steel beams, installed
to avoid instability problems related to the shallower soil layer (GL1). The retaining
structure was modeled with elastic plate elements, characterized by a unit weight of
22 kN/m?, normal stiffness EA equal to 2.28 x 10”7 kN/m, and flexural rigidity EI equal
to 1.59 x 10° kNm2/m. Interface elements were used around the wall with a reduction

strength factor of 1.0. The presence of water was not considered in the simulations,
as indicated by the in-situ investigations.
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Figure 3. Details of the geotechnical numerical model.

After the initialization of the geostatic stress state (performed through a standard
Ko-procedure), the installation of the diaphragm walls was simulated, followed by a first
excavation phase during which the backfill material inside the trench was removed (first
excavation level). Starting from a depth of 2 m below ground level (b.g.L), three consecutive
phases were simulated to progressively reach 4 m (second excavation level), 8 m (third
excavation level), and 9 m b.g.l. (i.e., the excavation base). Each excavation stage in the
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rock mass was numerically simulated by means of two successive phases (Figure 3): a first
dynamic phase during which an impulsive force was applied at the trench base to simulate
the action of the breaker hammer (representing a source of vibrations for the system);
a second phase consisting in removing the spoil material down to the desired depth. In an
ideal scenario, as the one investigated in the paper, the application of the dynamic load in
the center of the excavation section is deemed correct, assuming that the R.C. buildings are
located on both sides of the trench. Otherwise, higher excitations at the base of the “index”
building would have been obtained by applying the dynamic load closer to one side of
the trench, depending on the actual position of the above-surface structure. Standard
boundary conditions were adopted during the static stages, while viscous boundaries [37]
were applied along the vertical sides and at the bottom of the FE model during the dynamic
phases of the geotechnical analysis (see Figure 2).

With the aim of quantifying the potential impact of different solutions, three different
scenarios were considered to simulate the excavation of the GL4 layer, as described in the
following:

e  Scenario 1—“Traditional excavation technique”: a dynamic load simulating the im-
pulsive force of a hydraulic hammer was applied as a periodic time history, with
amplitude and frequency defined as a function of the hammer characteristics and rock
mass strength.

e  Scenario 2—"Excavation with vertical cut”: a 3 cm thick vertical cut, obtained in the
real construction works through a chain saw machine, was modeled by removing the
rock elements close to the retaining structure up to the design depth. This was followed
by the application of the dynamic load which simulates the hydraulic hammer action,
as in Scenario 1. The vertical cut allows to create a material discontinuity in the
construction area, thus reducing the intensity of the vibrations propagating in the
medium.

e  Scenario 3—"Excavation with crushing treatment”: in addition to the vertical cut,
a crushing treatment with a carbon dioxide cracker was simulated by modifying the
dynamic properties of the rock mass to be excavated. This was taken into account
by reducing its shear wave velocity to 40% of the intact rock value and increasing its
damping ratio (see the properties of the Weakened GL4 layer in Table 2). The rock
weakening treatment was followed by the application of a smaller hydraulic hammer
action, as explained in the next section.

3.2. Evaluation of the Impulsive Force

The impact force of the breaker hammer was modeled as a point dynamic load applied
in the center of the trench base (Figure 3). This time dependent load was defined as a
rectangular impulsive signal of amplitude Fray, cyclically repeated with the hammer peak
frequency. The amplitude was evaluated considering the hammer type, identified as a
function of the uniaxial compressive strength of the rock and the target daily excavation
progress. Fixing the fall height h and the elastic rebound 7, the maximum intensity of the
impact force Frax was determined as

Frax = 171(% 2)
where E is the impact energy per hammer blow and « is equal to the period T between
two peaks divided by ATpse.- The frequency and impact energy are the function of the
hammer type. For the first two scenarios involving the excavation of the intact fair rock,
a 11 tons heavy hydraulic hammer, characterized by an energy per hammer blow equal
to 25,000 Joule and a frequency of 240 blow/min, was selected. When considering the
third scenario, instead, the weakening of the rock mass allows the adoption of a hydraulic
hammer with a lower energy per hammer blow. In this case, the selected hammer is
characterized by a value of energy per hammer blow equal to 14,120 Joule and a frequency
of 270 blow /min. The characteristics of the hammers and the corresponding Fmax values
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are summarized in Table 3 for each excavation scenario, while Figure 4 shows the applied
time history of the impulsive force.

Table 3. Characteristics of the dynamic force simulating the hammer action.

E K Vi h Frequency T ATpuse  Fmax

J - - cm blow/min S s kN

Scenarios 1 and 2 25,000 10 1.40 4.0 240 0.25 0.025 8750
Scenario 3 14,120 10 1.25 3.5 270 0.22 0.022 5043

Scenarios 1 and 2
10,000

9000
8000
7000
6000
5000
4000
3000
2000
1000

e B e I

------- Scenario 3

7X
V2

pulse

Force (kN)

PR AN NI A A N N I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 4. Input signal applied to simulate the action of hammer during the excavation.

3.3. Numerical Results

The results of the numerical analyses performed for the first scenario are presented in
Figure 5 in terms of vertical and horizontal acceleration time histories obtained at 2 m b.g.L.
during the second excavation phase, for different distances from the applied dynamic load.
As the distance from the symmetry axis increases, the peak acceleration values decrease,
due to the geometrical dissipation. Moreover, the vertical accelerations are higher than
the horizontal ones, indicating that the hammer-induced vibrations are basically related
to the propagation of compressional waves. Comparing the acceleration time histories
obtained after each level of excavation, it can be observed that the worst situation in terms
of construction-induced vibrations occurs at the beginning of the second excavation phase,
i.e.,, when the base is 2 m below the ground surface. Then, the peak acceleration values
reduce as the excavation progresses down. However, the level of vibrations induced by the
traditional excavation is high enough to produce damages to the surrounding buildings
and nuisance to people, thus requiring the adoption of mitigation measures.

Scenario 1 @ Scenario 1 ®

1st level of excavation

Vertical acceleration (m/s?)
wn

5 0 O 022 03 Jo4 05 0.
-15
Time (s)
x=5m x=7.5m
x=20m x=40m

0.7 0.8 J0.9 1

x=10m

IR 1st level of excavation

= 10

=

=] -

= b

E

3

D

g 0

«

2

£ 5

e

S

S -10

= Time (s)
Xx=5m x=7.5m
x=20m x=40m

x=10m

Figure 5. Traditional excavation technique (Scenario 1): (a) vertical and (b) horizontal acceleration time histories obtained at
different distances from the symmetry axis during the second excavation stage.
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In Figure 6, the vertical and horizontal acceleration time histories obtained at a distance
of 5 m and 10 m from the impact force for Scenarios 2 and 3 are compared to those obtained
by a traditional excavation method (Scenario 1). The presence of the vertical cut (Scenario
2) has a beneficial effect in terms of reduction of the peak vertical acceleration values; this
reduction is more significant closer to the vibration source and becomes less pronounced
as the distance increases (Figure 6a,c). A drastic decrease of the induced vibration level
is obtained in the third scenario, as the maximum amplitude of the vertical accelerations
is much smaller than in the other two cases. This is mainly due to the different applied
impulsive load, which is characterized by a higher frequency and a lower force amplitude
compared to the first and second scenarios (Figure 4). A marginal role is, instead, played
by the preliminary fragmentation of the rock mass.

1st level of excavation ®

X=5m X=5m

Horizontal acceleration (m/s?)

Time (s)

Scenario |  ======- Scenario 2

1st level of excavation
x=10m

(©

Time (s)

Scenario 1| =====-- Scenario 2 Scenario 3

(d

1st level of excavation
x=10m

Vertical acceleration (m/s?)

Scenario 1

-==- Scenario 2

Horizontal acceleration (m/s?)

Time (s) Time (s)

Scenario 3 Scenario 1 ======- Scenario 2 Scenario 3

Figure 6. Comparison between different excavation scenarios: vertical and horizontal acceleration time histories obtained at
a distance of (a,b) 5 m and (c,d) 10 m from the symmetry axis during the second excavation stage.

Figure 7 illustrates the variation of the peak accelerations obtained at 2 m below
ground surface outside the trench with distance from the vibration source considering
the three excavation scenarios. In all cases, the decrease of the horizontal acceleration
with distance from is less pronounced than that obtained for the vertical component.
Moreover, the preliminary vertical cut (Scenario 2) has a significant mitigation effect for
distances lower than 10 m; beyond this point, its positive contribution becomes irrelevant.
The adoption of a crushing treatment (Scenario 3) has a substantial effect for distances
smaller than 17.5 m, while the dynamic response of the system is equal to that predicted by
the traditional excavation simulation for higher distances from the source.

Vibration-induced damage thresholds are usually expressed in terms of peak compo-
nent particle velocity, as the pcpv has been found to be better correlated with real data of
structural damage [2]. Figure 8 shows the decrease of the peak particle velocity of the verti-
cal component of motion with the scaled distance from the vibration source, representing
the attenuation law of the vibration level. The scaled distance was evaluated through the
relationship 100D /E%?, where E is the impact energy of the hammer and D is the distance
from the source. The pcpv refers to the maximum value associated to a point in the ground
at 2 m depth below the ground surface, where building foundations are located. The
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numerical predictions reveal that, as expected, a larger attenuation of the ground vibration
might be obtained when the rock is preliminary disaggregated before the mechanical exca-
vation. Indeed, the mitigation measure consisting in the fragmentation of the rock mass
with non-explosive systems provides a significant decrease of the peak particle velocity,
sufficiently below the threshold value for standard buildings [22]. It should be noted that
the obtained pcpv vs. scaled distance curves are consistent with the experimental data
and numerical simulations of pile driving, blasting, and rock excavation with hydraulic
hammers [1,2,38—41]. Since in-situ measurements were unavailable for the specific case
study, other forms of validation of the presented numerical results have not been possible.
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velocity.

4. Modelling and Structural Analysis
4.1. Structural Model and FE Analyses

The “index” building identified in Section 2.2 was modeled through the 3D FE software
SAP2000 [42]. The aim of the structural modelling and analysis is to evaluate the vibrations
effects induced by the dynamic force relative to the different geotechnical scenarios on the
“index” building and to verify the best mitigation solution to ensure the well-being of its
occupiers.

The verification of the vibration effects was performed, at first, comparing the two
horizontal and the vertical components of the peak particle velocity of the center of the
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mass of the upper slab with the thresholds given by the Italian standards [22]. Then,
considering the deformability of the floor system [43], a further verification was carried
out by comparing the maximum displacements induced in the center of the mass of each
floor with the limit values derived by the Italian building code [21].

With reference to the structural modelling (Figure 9), the geometrical and typological
characteristics of the building are those extrapolated according to the abovementioned
procedure. The mechanical parameters were considered coherently with the age of con-
struction. In particular, the concrete strength fcm was assumed equal to 25 N/mm?, while
the yielding steel strength was selected equal to fy, = 450 N/ mm?. Then, a simulated
design was performed to calculate the dimensions of the structural elements. Beam and
columns were modeled as frame elements, using fixed restraints at the base of the columns;
the horizontal slabs were considered as rigid using internal constraints, permanent loads
(G1 and G2) and live loads (Q) were defined and masonry infill was considered as a load
on the beam elements.

(a)
B1 3 3 b7 3 0 g 6
.o e .o N N N
k7 7 a 1
HO 69 N 7 1 2’8 74 12 I 77 Ha 8 8 e R 52 o SR 95 PO
N
2 3 72 PO b
6 8 b4 0
N N N2
SeZ SeZ Sel. T 104 /M3 102 p3 01 7Mo% B %6 ‘% % B2
5 56 YR TR TN RN THEN EREN RS R T :
L Ls 7 1 21 3
2 4 2 5
(b) (c)

Figure 9. (a) Numerical model of the “index” building (b) control points on the first storey (c) control points on the

upper slab.

Different nonlinear dynamic analyses were carried out adopting the horizontal and
vertical acceleration time histories obtained at the distance of 10 m from the axis of the
geotechnical model, relative to Scenarios 2 and 3. For both cases, the peak values of the
accelerations time histories are small enough not to induce plastic deformations in the
building. Therefore, it is reasonable to assume an elastic behavior of the structural model.

The conducted nonlinear dynamic analyses are the following:

e Two FE simulations performed applying the two horizontal component of the accel-
eration time history (along the directions x and y) and the vertical component of the
acceleration time history in the vertical direction (i.e., z). For each analysis, the velocity
time history in the center of the mass of the upper slab coincident with node 45 was
monitored (Figure 9). The output correspondent to Scenarios 2 and 3 was considered.
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The pcpvy of the control point was compared with the threshold (pcpvyy,) fixed by the
technical standard to 0.05 m/s [22], verifying that

pepug < pCpUlim 3)

e  Two FE analyses conducted using as input motion at the base of the building the verti-
cal time histories recorded at a distance of 10 m for the Scenarios 2 and 3. The control
points were assumed in the center of the mass of each floor (i.e., nodes 70, 73, 76, 76, 82,
85 for the first storey and nodes 86, 91, 94, 98, 100, 103 for the second storey), as shown
in Figure 9. The monitored output was the vertical displacement time history of the
control points. The maximum displacement of each node 6y was compared with the
threshold, dy;,,, equal to 30 mm [21], verifying that

00 < lim 4)

4.2. Results and Assessment

Figure 10 shows the comparison between the horizontal and vertical velocities of the
control point 45 induced by the ground vibrations obtained from the geotechnical analyses
of Scenarios 2 and 3. Scenario 3 induces lower velocities than Scenario 2, indicating that
the adoption of the crushing treatment allows a significant reduction in term of vibration
effects with respect to case of the excavation with a lateral cut. Moreover, the velocity
induced in the vertical direction is higher than that in the two horizontal directions. Indeed,
the values of the pcpvy in the x and y directions are lower than the pcpuy;, specified by the
technical standard for both scenarios (Figure 10), while the pcpvy of node 45 in the vertical
direction related to Scenario 2 exceeds the limit value required by the code prescriptions
(Table 4). Thus, Scenario 3 allows a greater mitigation of the vibrations induced on the
structure in terms of pcpv. It is also worth to highlight that the adoption of the excavation
method described by Scenario 3 leads to a significant reduction of the pcpvy in the x and
y directions, respectively equal to 48% and 47%, while a lower reduction of the pcpvj in
vertical direction equal to 27% can be observed. Nevertheless, the preliminary crushing
treatment allows to obtain a pcpvy value which respects the technical requirements.

Table 4. Values of peak component particle velocity in the vertical direction (pcpvg) obtained in node
45 and comparison with the peak component particle velocity in the limit (pcpvjpy, ).

Horizontal x pcpv Horizontal y pcpv Vertical pcpv
Scenario 2 Scenario 3 Scenario 2 Scenario 3 Scenario 2 Scenario 3
m/s m/s m/s m/s m/s m/s

0.0341 <0.05 0.0167<0.05 0.0335<0.05 0.0164<0.05 0.1695 > 0.05 0.046 < 0.05

In regards to the structural response in terms of vertical displacements J, Figure 11
presents the comparison between the displacement time histories induced by the Scenarios
2 and 3 in the different control points. Both excavation techniques induce higher displace-
ments in the second storey than those calculated for the first storey. Scenario 3 causes lower
displacements than Scenario 2 in all the control points. In particular, the use of a crushing
treatment allows a substantial reduction of the maximum vertical displacements, ranging
from 51% in node 76 on the first storey to 62% in node 92 on the second storey (Table 5).
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Table 5. Values of §j obtained in the control points and comparison with Jjp,.

Displacement Displacement Reduction of
Node with Lateral Cut with Crushing Treatment Vibration Effect

[m] [m] [%]
70 0.001151 < 0.03 0.000638 < 0.03 55
73 0.000976 < 0.03 0.000571 < 0.03 59
76 0.001162 < 0.03 0.000643 < 0.03 55
79 0.001153 < 0.03 0.000642 < 0.03 56
82 0.000986 < 0.03 0.000569 < 0.03 58
85 0.001142 < 0.03 0.000637 < 0.03 56
88 0.001183 < 0.03 0.000661 < 0.03 56
91 0.001049 < 0.03 0.000644 < 0.03 61
94 0.001187 < 0.03 0.000663 < 0.03 56
97 0.001187 < 0.03 0.000663 < 0.03 56
100 0.001048 < 0.03 0.000649 < 0.03 62
103 0.001189 < 0.03 0.000664 < 0.03 56

5. Conclusions

The paper presents a numerical study on the influence of construction-induced vibra-
tions on nearby R.C. buildings. The investigations refer to the case study of the construction
works carried out to bury a railway line crossing an urban area in the south of Italy. The
excavation works involved dolomitic rocks, characterized by a high resistance to excavation
and inducing important vibrations on the surrounding environment. The analysis was
performed adopting an uncoupled numerical approach, consisting in separately simulating
the dynamic response of the geotechnical system and the above-surface structure, through
2D and 3D FE models, respectively.

Three different scenarios of excavation works were simulated through the 2D geotech-
nical modelling in order to identify the less impacting excavation technique in terms of
vibrations induced on the ground surface, where sensitive receptors (i.e., buildings) are
located, and to suggest the most suitable mitigation strategy to reduce these vibrations. The
considered rock excavation scenarios involve a traditional excavation technique (Scenario
1), the execution of a preliminary vertical cut followed by the application of the breaker
hammer action (Scenario 2) and the use of a hydraulic drill on a pre-cut rock mass, preceded
by a crushing treatment of the intact rocks (Scenario 3). For each scenario, the action of
the hydraulic drill was simulated through a dynamic force applied at the center of the
trench base, whose intensity and frequency was selected as a function of the resistance
of the rock mass to be excavated. The elasto-plastic Mohr-Coulomb model was adopted
to describe the mechanical behavior of the rock, whose physical and strength parameters
were determined from available in-situ data. The results of the geotechnical simulations
were used as an input for the structural analyses.

The 3D structural modelling was performed with reference to the characteristics of an
“index” building, identified through the procedure proposed by [27] and representative
of the most recurrent structural typology in the investigated urban area. A R.C. building,
defined as described in Section 2.2, was selected as “index” building.

The geotechnical simulations highlight that the peak acceleration values decrease as
the distance from the source increases, due to geometrical dissipation into the rock deposit.
Although the dynamic force due to the hydraulic hammer causes the propagation of both
compressional and shear waves, the most impacting ones are the compressional waves.
The level of vibrations induced by a traditional excavation technique is higher than the
one generated during the excavation performed with both the preliminary vertical cut
and the crushing treatment. Operating vertical cuts in the rock mass before the excavation
reveals to be a good measure for reducing the intensity of the vertical accelerations, as
they create a discontinuity in the wave propagation process. However, the beneficial
effect in terms of reduction of peak vertical acceleration is more pronounced closer to
the vibration source and reduces as the distance increases. The best mitigation effect is
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obtained through the preliminary crushing treatment, which allows the adoption of a less
powerful hydraulic hammer due to the smaller resistance to excavation of the fragmented
rock mass. This positive contribution in the reduction of the vibrations is confirmed by the
structural response of the “index” building. Indeed, the comparison of the peak component
particle velocity pcpvy in the vertical direction with the limit, pcpvyy,, provided by technical
standards highlights that the simple operation of a vertical cut is not sufficient to mitigate
the impact of the vibrations on the structure, while the preliminary fragmentation treatment
allows to more effectively reduce the vertical velocities recorded in the building.

In conclusion, the numerical investigations reveal that the crushing treatment of
the intact rock that operated before the use of the hydraulic drill on a pre-cut rock mass
(Scenario 3) represents a successful measure to mitigate the impact of the vibrations induced
by construction works on the surrounding buildings.
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