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Abstract

The instability risk of underground cavities is issue of concern particularly for areas densely
urbanized as the case of many historical centers in Italy. Among the possible causes of the
cavity damages up to collapse, the proposed work considers a particular triggering factor
that is the dynamic loading induced by an earthquake. Thus, the seismic vulnerability of shal-
low cavities in soft rock is addressed by proposing a methodology based on an extensive par-
ametric two-dimensional finite element analysis. The proposed methodology is extended to a
significant number of realistic cases, considering the effect of the variability of some predis-
posing and triggering factors on the cavity stability like roof thickness and cavity width, pres-
ence of overburden on the top of the rock layer, seismic signal intensity. The seismic
vulnerability of the studied cases is assessed through the minimum Factor of Safety calculated
during the whole length of the dynamic analysis. Finally, the results of the parametric study
are rearranged into ‘seismic stability charts for cavities in soft rock’ proposed to be adopted
as preliminary level of screening, to assess the seismic vulnerability of shallow underground
cavities in soft rock. The results of screening enable to identify the critical zones that need a
detailed analysis, in consideration of their possible interaction with above-ground structures,
infrastructures and human activities.
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1 INTRODUCTION

Shallow underground anthropogenic cavities are frequently spread over the most urbanized
areas in many Italian regions whereby their stability represents matter of concern leading to
potential risk for buildings, infrastructures, and population. Different causes can induce cavity
instability: starting from their excavation, the initial static stability can worsen over time due
to an unexpected overloading, water recharge, water table fluctuation and other particular
conditions that can result in progressive damage up to the global collapse. Furthermore, seis-
mic actions can represent source of instability for underground cavities as documented by
numerical studies in literature [1, 2] and historic observations in some Italian database of co-
seismic effects (CFTI5Med, http://storing.ingv.it/cfti/cfti5/ [3]; CEDIT,
http://www.ceri.uniromal.it/index_cedit.html, [4]).

In the present work we focused our attention on the seismic behavior of cavities, proposing
a methodology to assess their stability. The proposal was tested in a specific soft rock type,
that is the Neapolitan Yellow Tuff where it is very recurrent to found anthropogenic cavities
excavated for different needs during years and with different features (e.g. cavity shape, di-
mension, cover, other loads). Some studies in the technical literature are dedicated to such
cavities, that consider their stability under static and seismic actions [5, 6, 7, 8, 9, 10].

The proposed methodology, described in detail afterwards, is extended to a significant
number of realistic cases, taking into account the variability of some different predisposing
and triggering factors of the cavity instability (i.e. the width and depth of cavity, the overbur-
den stress, the intensity of the seismic action). A parametric study via numerical dynamic
analyses was conducted in plane strain conditions using the finite element code Plaxis 2D, on
simplified rectangular shapes of shallow cavity. The ground shaking was simulated by apply-
ing several time histories of acceleration at the base of the numerical model.

The cavity stability was evaluated by assuming the rock cover above the cavity roof as a
beam and quantifying the so-called Factor of Safety (FoS) calculated as the ratio between the
resistant moment (M;) and the loading moment (Mioad) in correspondence of the most critical
vertical sections. The considered FoS is the lowest one experienced during each shaking. The
obtained results are presented and discussed in terms of variation of FoS as a function of the
ratio L/H (with ‘L’ equal to cavity width and ‘H’ equal to the depth of the cavity roof, or rock
cover), of PGAiyuand of the overburden above the rock cover, q.

Although the analyzed conditions are simplified, the parametric study provides a methodo-
logical approach to be adopted as a preliminary level of screening to assess the seismic vul-
nerability of shallow underground cavities in soft rock. The results of screening enable to
identify the critical zones that need a detailed analysis, in consideration of their possible inter-
action with the above structures, infrastructures and human activities.

2 METHODOLOGY

The preliminary stability assessment of underground cavities in soft rock under seismic ac-
tions is proposed upon the results of a significant number of parametric two-dimensional
Anite-element analyses carried out for realistic cases of underground cavities. A rectangular
shape cavity was adopted for the analyses that is, with good approximation, representative of
many shallow cavities excavated in soft rock. Therefore, for the specific case of rectangular
shallow cavities, the parametric study was built considering: i) the effect of varying the width
of the cavity (L); ii) the effect of stress acting in the rock, by varying the depth of the cavity
roof (H) and the entity of the load applied above the rock cover (q); iii) the intensity of the
seismic action by varying the PGA and the frequency content of the input signals selected
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among unscaled records of real earthquakes. Table 1 shows all the geometries considered for
the analyses: in total 10 geometrical layouts were analysed, defined by varying H from a min-
imum of 2 m up to a maximum of 10 m, and L from a minimum of 2 m up to a maximum of
10 m. For each layout, two loading conditions were considered (qi=50 kN/m, q>=150 kN/m),
reaching a total number of cases equal to 20. The minimum cavity dimensions were selected
to obtain a value of the slenderness of the roof, L/H, higher or at least equal to 1 while the
maximum dimensions were set in order to guarantee the static stability of the cavity. The ver-
tical load applied at the model surface intends to simulate the presence of soil layers and fills
and above the rock cover and structures or infrastructures at the ground surface.

layout H L L/H qi, Q2

# (m) (m) ©) (kN/m)
1.1 2 1

1.2 2 5 2.5

1.3 10 5

2.1 5 1

2.2 10 2

23 5 15 3 50, 150
2.4 20 4

3.1 10 1

3.2 10 15 1.5

3.3 20 2

Table 1: Geometric and loading properties of realistic cavity models.

The variability of the seismic action was considered by varying the peak ground accelera-
tion and the frequency content of the input signals as shown in Table 2: 12 unscaled accelero-
grams of real earthquakes were extracted from the Italian database ITACA
(http://itaca.mi.ingv.it/) and, for the classes with higher energy content, from the international
PEER database (https://ngawest2.berkeley.edu/), considering PGAmax values ranging from a
minimum of 0.118g up to a maximum equal to 0.367g and fnax values ranging from a mini-
mum of 0.51Hz up to a maximum equal to 11.26Hz. The signals were subjected to a band-
pass Altering in the range of 0.1-25 Hz prior to the seismic response analyses.

Finally, 240 analyses (10 cavity geometries x 2 load conditions x 12 signals) were per-
formed.

Figure 1 shows, as an example, the numerical model implemented in Plaxis 2D for the lay-

out #3.1 (see Table 1). The cavity was excavated in Neapolitan Yellow Tuff that was mod-
elled with a simple linear elastic-perfectly plastic model with a Mohr-Coulomb failure
envelope [5]: the tuff unit weight (") equal to 16 kN/m?, the cohesion (¢’) equal to 866 kPa,
the friction angle (! ) equal to 30°, the angle of dilatancy ($) equal to 0°, the uniaxial com-
pressive strength ( ¢) equal to 3 MPa, the Poisson ratio (#) equal to 0.3, the Young modulus
(E) equal to 2000 MPa, a tension cut-off of equal to 0.1 «.
An amount of viscous damping equal to 5% was added to the model through the well-known
Rayleigh formulation, calibrating the mass and stiffness matrix coefficients by means of the
double frequency approach. Moreover, the hysteretic behavior of tuff under dynamic loading
was not modelled, given the high linearity threshold measured experimentally by [11].
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Zoom-in around the cavity

Figure 1: Example of numerical mesh for layout #3.1 implemented in Plaxis 2D.

Event Date Mw PGAmax finax

- - - (8 (Hz)
Greece 07/09/99 5.8 0.118 2.33
L'Aquila (Italy) 09/04/09 5.4 0.146 11.26
Southern Italy 09/09/98 5.6 0.161 1.56
Cosenza (Italy) 25/10/12 5.0 0.182 3.48
Central Italy 26/10/16 54 0.192 291
Central Italy - Visso 26/10/16 5.9 0.210 1.06
Southern Greece 15/09/86 4.8 0.232 1.34
Central Italy - Norcia 30/10/16 6.5 0.264 0.88
Greece 15/10/16 5.5 0.287 2.68
Imperial Valley 15/10/79 6.4 0.315 1.90
Friuli 3" shock (Italy) ~ 15/09/76 6.0 0.341 5.10
Loma Prieta 18/10/89 6.9 0.367 0.51

Table 2: Natural accelerograms selected for the seismic analyses.

The numerical analyses consist of three calculation stages [12, 13]:

- first stage: initialization of the initial stress state within the soft rock mass domain;

- second stage: simulation of the cavity excavation by means of the deactivation of the
cavity volume. When possible, generally for lower value of L/H, single step excavation
solution was assumed as conservative assumption, while for higher values of L/H mul-
tiple steps excavation solution were adopted;

- third stage: full dynamic analyses in the time domain, simulating all the selected earth-
quake recordings in Table 2.

It is worth noting that the same FE mesh used for static analysis (see Fig. 1) was used for
the full dynamic analysis. The width of such numerical model in fact, was originally opti-
mized by a series of sen51t1V1ty analyses, in order to reach a true free- Aeld condition at the lat-
eral borders and to minimize the inAuence of vertical boundaries [13]. Also, the mesh was
refined to achieve a reliable propagation of the minimum signiAcant wavelength of the input
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signals [14]. The lateral boundary conditions consist of fixed displacements in the horizontal
direction perpendicular to the vertical sides of the mesh in static condition; viscous dashpots
are applied during dynamic stages of analysis [14]; the base of the model, 50 m deep, is fixed
both in vertical and in horizontal directions; the nodes at the top surface are free.

The cavity stability was assessed by means of the Factor of Safety (FoS), calculated as the
ratio between the ultimate resistant moment (M;,uLs) corresponding to the achievement of the
compressive, , and tensile, ¢, strengths in the compression and tensile zones and the loading
moment (Mioad) acting in correspondence of the most critical vertical section of the roof beam
and calculated by integrating the horizontal stress component, xx, acting on the considered
sections. The FoSsiicis computed at the end of the second stage of analysis, while FoSqyn is
computed at the end of the full dynamic analyses at stage three, as the lower value experi-
enced during the dynamic analysis under each input signal.

3 RESULTS

Figures 2 and 3 show, for the case of layout #3.1, the horizontal stress distribution acting
around the cavity (assuming negative the compressive stress) in correspondence of three ref-
erence sections of the roof beam (central section in red, the right and left sections at pillars
edges in green and light blue, respectively) after its excavation and during Loma Prieta earth-
quake considered as example.

After the cavity excavation (Figure 2), the roof tends to behave as a beam subjected to uni-
form distributed load, not completely bounded at the edges of the pillars: in the upper portion
of the vault, the compression area assumes the typical arched profile over the underlying ten-
sion area; the separation curve between the compression and tension zones represents the
location of the neutral axes of the different sections of the roof beam that assumes an approx-
imately parabolic shape. Definitely, the central section is stretched in the bottom, in corre-
spondence of the roof cavity extrados, and compressed at the top while the lateral reference
sections at the intersection with pillars are totally compressed. Similar behavior was observed
also in the other cavity layouts (see Table 1); a tensile zone in correspondence of the lateral
section in the upper portion closer to the ground surface has been sometimes calculated for
shallower cavities, depending on the roof slenderness (the ratio between the cavity width and
cover).

For the proposed example in Figure 2, the horizontal stress distributions in correspondence
on the central and the lateral sections produce a value of loading moment equal to
Mioad,ex=3432 kKNm and Mioad,efi=right=1 144 kNm respectively. By comparing the loading mo-
ments with the resistant moment M, uLs=13727 kNm of the roof resistant section, FoSgatic
equal to 4 and 12 was calculated for the central and the lateral section respectively. As ex-
pected, after the cavity excavation, the central roof section is the most loaded one exhibiting
the lowest value of FoS.

Starting from this stress distribution induced by the cavity excavation, thus from this initial
equilibrium condition, the seismic excitation starts, producing in the surrounding cavity a con-
tinuous redistribution of the stresses during ground shaking. As example of the time history of

x 1n some points of the cavity roof— selected each 1 m along the central and the right sec-
tions of the roof beam —is shown in Figure 3,
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Figure 2: Horizontal stress distribution after the cavity (layout #3.1) excavation.

5 z(m)

Consistently with the expected ground deformation under shaking, the lateral sections of
the cavity roof experience higher stress variation than the central section. This implies a dif-
ferent modification of the FoS in the considered sections during shaking.

In the central section, starting from FoSsuic= 4, @ minimum value of FoSayn min= 3.6 oc-
curred at the instant t=6.15 s of the time history and a value of FoSayn finai= 4.3 1s computed at
the end of the shaking; in the left and right sections, starting from FoSsuic—= 12, a minimum
value of FoSayn min= 1.6 occurred at the instant t=6.15 s of the time history and a value of
FoSayn_fina= 8 is computed at the end of the shaking.

Therefore, the initial static conditions of the central section do not change substantially
during the shaking, actually a slight increase of FoS occurs at the end shaking due to the re-
distribution of stress. Such aspect was already observed with reference to a more complex
case study by [10]. Conversely, an important reduction of FoS is observed in the lateral sec-
tions both during and at the end of the shaking (a reduction of FoSsuic about equal to 86% and
25% 1is calculated respectively) due to the high seismic intensity of the selected earthquake,
highlighting the effect of earthquake-induced modifications of the static equilibrium under
gravity loads. Fortunately, the FoS after earthquake increases in the section (the central)
where FoSguic was lower and does not reduce down to unity in the lateral sections, hence the
roof stability of the selected cavity is not compromised.
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Figure 3: Horizontal stress time history in correspondence of selected points of the cavity roof (layout #3.1) dur-
ing Loma Prieta earthquake 1989 earthquake.

To generalize the outcome of the proposed parametric study, the FoS values calculated for all
cases as the minimum between the central and lateral sections, were processed as function of
the increasing intensity of PGA in the proposed Seismic Stability Charts for Cavities, SSCCs
(Figure 4). Each chart refers to a specific cavity geometry including both considered loading
combinations (q: black lines/points, q» grey lines/points). In particular, the first row of Figure
4 represents the three cases in which H is set equal to 2 m while L varies from 2 m to 10 m
(Figs 4a,b,c respectively), the second row of Figure 4 represents the four cases in which H is
set equal to 5 m while L varies from 5 m to 20 m (Figs 4d,e.f,g respectively), the third row of
Figure 4 represents the three cases in which H is set equal to 10 m while L varies from 10 m
to 20 m (Figs 4h,i,j respectively).

The general trend of the results shown in the figure leads to the following considerations:

1. FoS tends to decrease with the increasing of the seismic loading intensity, here expressed
as function of PGA;

2. higher FoS is expected for qi loading combination compared to g, because a lower verti-
cal stress is initially induced by a lower overburden; however, with increasing cavity
depth such effect vanishes as expected;

3. shallower (lower depth H with same width L) and wider (larger width L with same depth
H) cavities exhibit a lower level of safety (FoS) compared with the deeper and narrower
ones, when the seismic intensity (PGA) increases.
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Figure 4: Seismic Stability Charts for Cavities (SSCCs) when H=2m (a,b,c), H=5m (d,e,f,g), H=10m (h,i,)).

It is worth noting that, for the considered layouts, instability conditions (i.e. FoS<I) are
achieved, independently of the amplitude of the input motion, when H=2 m and L/H>5, H=5
m and L/H>3, while failure occurs only under the highest PGA when H=10 m and L/H>1.5.
The proposed charts can be adopted as a preliminary level of screening to assess the seis-
mic vulnerability of shallow underground cavities in soft rock, by comparing the so calculated
FoS values with a threshold expressing the accepted damage level (i.e. the well-known limit
state): “damage limit state” occurring when the FoS is lower than 3; “collapse limit state” as-
sociated to FoS lower than 1.5 [10]. In this way, a reconnaissance of possible critical zones
that need a more detailed and site-specific analysis can be accomplished.
However, the basic hypotheses of the present study — that constrain the use of the proposed
charts to a specific field of applicability — should be here underlined: i) the charts are valid for
cavities with approximate flat roof, which are the most widespread in urban areas, hence their
applications to arch roof could lead to an underestimation of FoS; ii) the charts are valid in
presence of cavity excavated into a homogeneous lithotype rock, therefore they are not strictly
applicable in presence of multiple lithotypes that may imply different site effects [15]. Any
simplification in the use of the proposed charts outside the hypotheses under which they were
obtained, can reduces their reliability.

4 CONCLUSIONS

The seismic actions represent a source of instability for underground cavities, bringing to
their damage up to the global collapse. This possibility represents matter of concern leading to
potential risk situations for buildings, infrastructures and population. In this scenario the pre-
sent work represents an attempt to frame the problem at large scale, proposing a methodologi-
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cal approach that provides stability charts to assess the seismic vulnerability of shallow un-
derground cavities in soft rock, as preliminary level of screening.

The charts evaluate the cavity seismic stability by means of the proposed Factor of Safety
(FoS= M:urs/Mioad of the most vulnerable roof beam sections) as a function of some control-
ling parameters: the width of the cavity, the depth of the cavity roof, the PGA of the earth-
quake and the overburden stress on the top of the rock layer. By comparing the estimated FoS
values with threshold values expressing the admissible damage level, possible instable cavi-
ties can be identified, that require a detailed site analysis.

The discussed results represent a preliminary outcome of a larger ongoing research project
that is aimed to extend the methodological approach proposed in this paper to study a large
number of cases, including different geometrical layouts and rock mechanical characteristics,
in order to widen the applicability of the proposed charts.
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