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Porta Asinaria – III cent.

Porta Metronia – III cent.
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Anfiteatro Flavio – I cent.
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Colonna Traiana (II cent.)
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Palazzo Venezia – XV cent. 

Palazzo Grazioli – XIX cent.
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(Antica Zecca) – XVI cent.
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XVIII cent.
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simplified analyses   LEVEL 1 interaction analyses   LEVEL 2

plane strain conditions (2D)
three-dimensional conditions (3D)

 

  

z0

y

w

3·i 2·i i

wmax

z0

 

  

z0

y

w

3·i 2·i i

wmax

z0

z0

y

w

3·i 2·i i

wmax

z0

Equivalent Solid (ES)
qeq

green-field conditions

INTERACTION STUDIES   TUNNELS



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

displacements 
from simplified 

procedures damage
evaluation

3D structural FEA 
with imposed 
displacements

deliberation ok

G
e

o
te

c
h

n
ic

a
l 
E

n
g

in
e

e
ri

n
g S

tru
c
tu

ra
l E

n
g

in
e

e
rin

g

LEVEL 1

ok

equivalent 
solid (ES)

displacements 
from interaction 

FEA with ES

2D/3D structural 
FEA with imposed 

displacements

damage
re-evaluation

remedial
measures

deliberation

LEVEL 2

INTERACTION STUDIES   ORGANISATION OF WORK



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

LEVEL 1 analyses

semi-empirical procedures



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

 

  

 

  

y

wmax,1

wmax,2

i1

i2

z0

z

foundation plane

 

  

 

  

y

wmax,1

wmax,2

i1

i2

z0

z

foundation plane

 zzKi  0

 zfK 

y/i

-3-2-10123

0.5

1.0
w/wmax

0.2

0.4

closed shield

open shield

y/i

-3-2-10123

0.5

1.0
w/wmax

0.2

0.4

closed shield

open shield

0.2

0.4

closed shield

open shieldopen shield

VL = 0.5 ÷ 1.0 %

K = 0.4 ÷ 0.5

D = 6.7 mi

/DV
w






2

42
L

max

3·i 2·i i

x/i

w/wmax

LEVEL 1 ANALYSES   SEMI-EMPIRICAL PROCEDURES 



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

part 1 part 2 part 3 part 4 part 5

1 2 3

tunnel axis

X

Y

y x
a

part 1 part 2 part 3 part 4 part 5

1 2 3

tunnel axis

ground surface

displacement computation plane

plan view

profile

xi xf

-

=

O’Reilly and New (1982)

• displacements of each segment as the 
difference of two tunnels of semi-infinite 
length

• total displacements computed by simple 
superposition

• horizontal strains along a given alignment 
obtained by rotating the strain tensor
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LEVEL 2 analyses

soil-structure interaction
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soil

• actual soil profile and p.w.p. regime

• geotechnical characterisation and constitutive soil model

buildings

• stiffness

• weight

• embedded depth of foundations
equivalent solid

tunnels

• 2D or 3D simulation of tunnel excavation

• long term effects

LEVEL 2   INTERACTION ANALYSES
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soil

• actual soil profile and p.w.p. regime

• geotechnical characterisation and constitutive soil model

buildings

• stiffness

• weight

• embedded depth of foundations
equivalent solid

tunnels

• 2D or 3D simulation of tunnel excavation

• long term effects
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1. imposed displacement field

2. lining activation and release of 
displacements
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the example of a new 
subway in Rome
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LEVEL 2   LONG TERM EFFECTS   tunnel acting as a drain
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end of tunnel construction
long term klining/ksoil = 0.1
long term klining/ksoil = 0.01

 
0 10 20 30 40 50 60 70

x (m)

50

40

30

20

10

0

w
 (

m
m

)

scavo galleria

filtrazione (kr/kt = 0.01)

filtrazione (kr/kt = 0.1)

0 10 20 30 40 50 60 70

x (m)

40

30

20

10

0

d
 (

m
m

)

scavo galleria

filtrazione (kr/kt = 0.01)

filtrazione (kr/kt = 0.1)

 
0 10 20 30 40 50 60 70

x (m)

30

20

10

0

w
 (

m
m

)

scavo galleria

filtrazione (kr/kt = 0.01)

filtrazione (kr/kt = 0.1)

0 10 20 30 40 50 60 70

x (m)

30

20

10

0

d
 (

m
m

)

scavo galleria

filtrazione (kr/kt = 0.01)

filtrazione (kr/kt = 0.1)

10 20 30 40 50 60 70
x (m)

0
0

10

20

30

40

50

w
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

x (m)

w
(m

m
)

ZONE A
Pal. Altieri

ZONE C
Pal. Cancelleria

LEVEL 2   LONG TERM EFFECTS



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

soil

• actual soil profile and p.w.p. regime

• geotechnical characterisation and constitutive soil model

buildings

• stiffness

• weight

• embedded depth of foundations
equivalent solid

tunnels

• 2D or 3D simulation of tunnel excavation

• long term effects

LEVEL 2   INTERACTION ANALYSES
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•given geometry
•embedded into the soil
•assumed elastic 

1. green field displacements applied to 
complete model and simplified ES

3. new displacement field 
applied to the complete model

EES varied to minimise differences 
between node reactions

Palazzo Venezia

2. ES introduced in FE analyses and 
displacement field re-computed

LEVEL 2   INTERACTION ANALYSES equivalent solid

Equivalent  Solid (ES)
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equivalent solid for 2D analyses•section orthogonal to tunnel axis

•transverse bearing walls only 

geotechnical ES:

infinite thickness

2nd scaling of stiffness

structural ES:
wall of given geometry
1st scaling of stiffness

b sav

e

H

LEVEL 2   INTERACTION ANALYSES equivalent solid 2D analyses
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basement

ground floor

1st floor

2nd floor

ground surface

 9.0 m

PLAN SECTION

LEVEL 2   PALAZZO GRAZIOLI
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LEVEL 2   PALAZZO GRAZIOLI equivalent solid 3D analyses
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2D analysis
assumed section

3D analysis
actual facade

LEVEL 2   PALAZZO GRAZIOLI 2D FE interaction analyses
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LEVEL 1   PALAZZO GRAZIOLI  settlements at foundation level
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LEVEL 2   PALAZZO GRAZIOLI 2D FE interaction analyses: results
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Palazzo GrazioliPalazzo Altieri

Palazzo Venezia

Palazzo Doria Pamphili Palazzo Bonaparte

LEVEL 2   PALAZZO GRAZIOLI 3D FE interaction analyses
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made ground

silty clay

LEVEL 2   PALAZZO GRAZIOLI 3D FE interaction analyses
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LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

 

-300 -250 -200 -150 -100 -50 0

mm

0

50

100

150

200

250

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

VL = 0.5 %

LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

 

-300 -250 -200 -150 -100 -50 0

mm

0

50

100

150

200

250

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

VL = 0.5 %

LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

 

-300 -250 -200 -150 -100 -50 0

mm

0

50

100

150

200

250

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

VL = 0.5 %

LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

-300 -250 -200 -150 -100 -50 0

mm

0

50

100

150

200

250

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

VL = 0.5 %

LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

-300 -250 -200 -150 -100 -50 0

mm

0

50

100

150

200

250

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

end of construction

VL = 0.5 %

LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

-300 -250 -200 -150 -100 -50 0

mm

0

50

100

150

200

250

-22

-21

-20

-19

-18

-17

-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

long term

VL = 0.5 %

LEVEL 2   PALAZZO GRAZIOLI 3D FE analyses: settlements



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

12

10

8

6

4

2

0

w
 (

m
m

)

-15

-10

-5

0

5

10

15

20

e
le

v
. 
(m

 o
d
)

-5 0 5 10 15 20 25 30 35 40

x (m)

foundation plane (10 m od)

ground surface (18 m od)

-0.04

-0.02

0

0.02

0.04

e h
 (

%
)

piazza Graziolivia del Plebiscito

2nd tunnel 1st tunnel

12

10

8

6

4

2

0
w

 (
m

m
)

-15

-10

-5

0

5

10

15

20

e
le

v
. 
(m

 o
d
)

-5 0 5 10 15 20 25 30 35 40

x (m)

foundation plane (10 m od)

ground surface (18 m od)

-0.04

-0.02

0

0.02

0.04

e h
 (

%
)

piazza Graziolivia del Plebiscito

2nd tunnel 1st tunnel1st tunnel2nd tunnel

green-field

2D FE analysis 

3D FE analysis

ground surface

foundation level
end of construction

VL = 0.5 %

PALAZZO GRAZIOLI COMPARISON OF RESULTS
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PALAZZO GRAZIOLI DAMAGE ASSESSMENT    GE group
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contours of maximum 
principal stress

green-field
displacement field

PALAZZO GRAZIOLI DAMAGE ASSESSMENT    SE group
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end of tunnels construction

VL = 1.0 %

Level 1
green-field displ. imposed

Level 2 
FE displ. imposed

62.5 125 187.5 250 312.5 375 437.5 5000
1 (kPa)

long-term conditions

PALAZZO GRAZIOLI DAMAGE ASSESSMENT    SE group
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LINE C OPPORTUNITY FOR REASEARCH

21 partners (I, R&D and SME) 
9 European Countries 

to address a set of research themes and objectives related to 
the construction, management , and maintenance of tunnels 

what is it?
Large Collaborative Project  funded by the EC through FP7
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Università di Roma Tor Vergata  LEADER
(Italy)

Ecole Nationale des Travaux Publics de l’Etat
(France)

National Technical University Athens 
(Greece)

Metro C  S.C.p.A. 
(Italy)

advisor Richard Kastner (INSA-Lyon)

WP9 IMPACT OF TUNNELLING ON SURROUNDING STRUCTURES



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

develop a numerical procedure to study the impact of EPB 
tunnelling on structures

develop a method for the early detection of over-excavation at 
tunnel face

evaluate effectiveness of mitigation measures

- physical modelling

- numerical modelling

- field monitoring

WP9 OBJECTIVES AND METHODS
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PHYSICAL MODELLING PILED FOUNDATIONS

7 total stress cells H – Horizontal
V – Vertical
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PHYSICAL MODELLING PILED FOUNDATIONS



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

PHYSICAL MODELLING
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Y

z
high

pressure
intermediate

pressure

low 
pressure

transversal bending moment

PHYSICAL MODELLING

Bel et al., 2015
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NUMERICAL MODELLING

L FE modelling of main construction processes

overcut
shield tapering
tail void
segmental lining with joint contacts 
gap grouting
soil-fluid interaction

ALE FE modelling of development
of face pressure and settlements

(Litsas et al., 2015)

(Losacco et al., 2015)
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NUMERICAL MODELLING
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low grout pressure

intermediate 
grout pressure

high grout pressure

TBM advance

NUMERICAL MODELLING

fully coupled
Lagrangian
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NUMERICAL MODELLING METRO C TUNNELS
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NUMERICAL MODELLING EARLY DETECTION OF OVEREXCAVATION
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Malatesta - San Giovanni, Ring 1535

σ/m = 19% 

NUMERICAL MODELLING EARLY DETECTION OF OVEREXCAVATION
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FIELD MONITORING

Porta Metronia

AMA site

Contract T3 - NeTTUN stretch

field trial 
compensation grouting

greenfield control section
field trial barriers
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acquired instrumentation includes: 

5 accelerometers (AC) 
7 digital MEMS tilt meters (CE ) 
7 electrical crack meters (MG) 
4 thermometers (TE) 
74 mini-prisms (MP) 
20 levelling pins (CS)
48 levelling staffs (SL) 
48 settlement gauges (TL)
4 vibrating wire piezometers (PE)

installation completed 
by December 2015

FIELD MONITORING MONUMENTS
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FIELD MONITORING GREEN FIELD SECTIONS

Instrumentation:

8 inclinometers (IN)
10 Trivec (TR)
58 levelling pins (CS)
5 vibrating wire piezometers (PE)

installation to be completed 
by January 2016
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48 concrete piles
D = 600 mm; L = 34.5 m

spacing = 900 mm (=1.5 D)

instrumentation:

3 inclinometers (IN)
3 Trivec (TR)
24 levelling pins (CS)

installation to be completed 
by January 2016

FIELD MONITORING BARRIERS



30 November 2015 – GTS Lecture
Evaluating the effects of tunnelling on historical buildings

field trial

real mitigation
measure
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visiting sites

brainstorming having fun!

sharing knowledge

WORKING TOGETHER
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• many buildings to be studied

• the entire process hinges on the geotechnical analyses
– careful geotechnical characterisation
– use of reliable models
– levels of analysis of increasing complexity
– two independent evaluations of damage

• close co-operation with other disciplines:
– building features and history
– geology
– structural engineering
– geomatics and monitoring

CONCLUDING REMARKS

• need for handy but reliable procedures

• great opportunities for research & co-operation (friendship?)


