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9 Abstract

10 This paper deals with the effects induced by the mechanized excavation of Rome metro line C in the 

11 area of an old masonry building, the Carducci school. Class A settlements predictions are obtained 

12 performing full 3D soil-tunnel-structure interaction numerical analyses, using a simple elastic 

13 perfectly plastic soil constitutive model. The developed model realistically simulates the main 

14 excavation and construction features influencing the induced settlements, such as tunnel advancement, 

15 front pressure, TBM-EPB design (shield’s weight, overcut and conicity), tail void grouting and grout 

16 hardening over time. The measured settlements are reported and compared with the results of 

17 numerical analyses performed before (class A prediction) and after tunnelling; the latter carried out to 

18 implement in the model the front pressure and TBM conicity actual values, both higher than assumed 

19 in the design. Since before the excavation the foundations were reinforced with micropiles, and these 

20 were not modelled, the comparison between monitoring data and numerical predictions is limited to 

21 the settlements outside the building. Monitoring data are also compared with further analyses 

22 conducted using small-strain soil stiffness and using a constitutive model able to reproduce the non-

23 linearity of soil behavior (Hardening Soil). The different predictions of the two models are 

24 investigated analyzing the vertical strains distributions and the stress paths around the tunnel. Finally, 

25 a reasonable interpretation for the remaining differences between numerical results and field data is 

26 proposed and used to back-analyze the settlements, obtaining a satisfactory agreement. The results 

27 confirm the effectiveness of the proposed 3D numerical approach, associated with relatively simple 
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28 soil constitutive models, as a tool to predict tunnelling-induced settlements both in the design and the 

29 construction phase, independently of the geotechnical context.

30
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33 1. Introduction

34 The study of surface effects due to tunnelling in urban areas is of special interest as potential damages 

35 to interacting vulnerable buildings and protective measures must be identified and quantified 

36 beforehand. Several approaches at different level of detail can be used to this aim. In a preliminary 

37 study, tunnelling-induced displacements can simply be assessed through Gaussian curves (Peck, 

38 1969) and the damage to existing buildings can be evaluated assuming that greenfield displacements 

39 will apply directly to the structure following, for instance, the approaches proposed by Burland (1995) 

40 or by Boscardin and Cording (1989). At a further stage, the soil-tunnel-existing buildings interaction 

41 can be modeled two dimensionally (2D) introducing various simplifications to take into account both 

42 the three-dimensionality of the excavation process (Rowe and Kack, 1983; Negro and De Queiroz, 

43 2000; Tamagnini et al., 2005; Altamura et al., 2007; Möller and Vermeer, 2008) and of the building 

44 structures (Miliziano et al., 2002). These approaches drastically simplify the real problem and, 

45 moreover, assumptions about the volume of the subsidence basin - based on instances in similar 

46 tunnels, excavated with similar machines, driven similarly in similar geotechnical contexts - are 

47 required in advance.

48 A more rigorous approach consists in performing three-dimensional (3D) numerical analyses, which 

49 allow to simulate explicitly: i) the main features of the excavation; with specific reference to 

50 mechanized tunnel excavation, since the first comprehensive numerical modelling attempt (Lee and 

51 Rowe, 1991), considerable progress has been made (Swoboda and Abu-Krisha, 1999; Kasper and 

52 Meschke, 2004; Logarzo et al., 2011; Lambrughi et al., 2012; Kavvadas et al., 2017; de Lillis et al., 

53 2018; Ochmański et al., 2018, Zhou et al., 2018); ii) the soil-tunnel-existing building interaction either 

54 using an equivalent solid (Pickhaver et al., 2010; Maleki et al., 2011, Farrell et al., 2014, Losacco et 

55 al., 2014; Bilotta et al., 2017) or a detailed structural model (Burd et al., 2000; Giardina et al., 2010; 



3

56 Fargnoli et al., 2015a; Fargnoli et al., 2015b; Giardina et al., 2015; Franza et al., 2017). It is worth 

57 noting that by adopting a fully 3D numerical approach and simulating explicitly the main factors 

58 influencing the surface effects, the settlements profile and the volume of the subsidence basin are 

59 analysis results and not mere assumptions as occurs with simplified approaches. Clearly the most 

60 satisfactory approach, 3D modelling is also increasingly manageable thanks to the development of 

61 reliable commercial numerical codes and to the advances in computational power.

62 This paper deals with the interaction between the mechanized tunnel excavation of Rome metro line C 

63 and an old masonry building, the Carducci school, located near the existing S. Giovanni metro A 

64 station. A fully 3D finite element numerical model was developed including the main features of the 

65 tunnel excavation and construction processes influencing the surface settlements, such as front 

66 pressure, geometry (including cutterhead overcut and conicity) and weight of the shield, tail void 

67 grouting and grout hardening over time. A simplified but realistic simulation of the masonry building, 

68 accounting for both its stiffness and weight, was also implemented in the model.

69 Preliminary analyses and class A numerical predictions were published prior to the start of the 

70 excavation (Formato, 2009; Buselli et al., 2011). Upon completion of the tunnel, monitoring data were 

71 compared with the results of further analyses, carried out to update the prediction according to two 

72 constructional changes: the actual TBM conicity and the earth pressure in the excavation chamber 

73 were in fact both appreciably higher than originally assumed in the design. Despite the Class A 

74 analysis showed that no appreciable tunnelling-induced damage was expected on the building, before 

75 the excavation the foundations were reinforced with micropiles (not included in the numerical model). 

76 Therefore, the comparison was limited between settlements field data recorded outside the building, 

77 where the effects of the micropiles are expected to be negligible, and greenfield numerical results. The 

78 measured settlements were then compared with two additional numerical analyses, performed to 

79 investigate the influence of soil stiffness and soil constitutive model. In boundary value problems 

80 where a good prediction of the effects induced on pre-existing structures is needed, in fact, the use of 

81 constitutive models able to well simulate the non-linear soil behaviour in the range of small-to-

82 medium strain levels, can be essential (Rotisciani and Miliziano, 2014; Rotisciani et al., 2015). A final 
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83 analysis was carried out to back-analyze the differences between monitoring data and numerical 

84 results on the basis of a reasonable physical interpretation.

85 The results confirm the effectiveness and reliability of the proposed numerical approach, associated 

86 with relatively simple soil constitutive models, to predict tunnelling-induced settlements and damages 

87 independently of the geotechnical context.

88

89 2. Tunnels and building

90 The construction of Rome metro line C involved the excavation of two single-track tunnels (tunnels A 

91 and B). The tunnels were realized using two TBMs equipped with EPB technology. The excavation 

92 diameter is 6.70 m, the shield diameter (D) is 6.69 m. The lining ring consists of seven 0.30 m thick 

93 pre-cast reinforced concrete elements and its external diameter is 6.4 m. Thus, the annulus between 

94 the lining and the excavation profile is 0.15 m thick. The shield is slightly conical, the tail diameter is 

95 30 mm smaller than the excavation diameter (20 mm conicity + 10 mm cutterhead overcut).

96 The tunnels lie beneath the city center, where several buildings of historical and social interest are 

97 located; among the most important structures, the Carducci school is placed between 7.2 m and 9.3 m 

98 from the tunnel B axis (tunnel A is 23 m away). The main southeast façade of the building is almost 

99 parallel to the axis of the tunnels. Near the building, the TBMs operated just beneath the water table 

100 with a soil cover of about 22 m. Fig. 1 shows a plan view of the building and the tunnels. The building 

101 is about 15 m high and the ground plan is almost rectangular (Fig. 2). The structure is composed of 

102 two parts: the main original body, built in 1912 along via La Spezia, and the extensions added at both 

103 ends in the 1940’s. Fig. 3 reports the building ground plan of the oldest part. The building was 

104 constructed using “Roman masonry”, that is bricks alternating with tuff. The foundation of the 

105 original building is continuous on isolated masonry piers, which are based approximately 10 m below 

106 the ground surface. The foundation of the extensions is a shallow reinforced concrete slab 4.5 m 

107 below the ground surface. Some damages and a large number of cracks were detected on the building 

108 before tunnelling.

109

110 3. Soil profile, pore pressure regime and physical-mechanical soil parameters
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111 Soil profile and hydraulic conditions were determined through an extensive geotechnical 

112 investigation, involving laboratory and in-situ tests, thoroughly described in Formato (2009). The 

113 building is located close to the “Marana of Acqua Mariana”, an ancient ditch that completely eroded 

114 the volcanic sediments; thus, the hard pyroclastic layers commonly found in the area are absent 

115 immediately beneath the building. The engraved area of the ditch was subsequently filled by fluvial-

116 alluvial deposits (geological map in Fig. 4, adapted from Ventriglia, 2002). The underlying fluvial 

117 pre-volcanic deposit is composed of three main slightly over-consolidated levels (OCR = 2). A thick 

118 layer of man-made ground covers all the natural formations. From the ground surface (37 m amsl) the 

119 following layers are encountered: 

120 - man-made ground (R): medium dense to loose coarse-grained soil, including relicts of ancient 

121 structures; the thickness of this layer is approximately 16 m at the building site;

122 - recent fluvial-alluvial deposit (LSO): clayey silt and sandy silt, locally reaches a maximum 

123 thickness of 18 m;

124 - pre-volcanic fluvial deposit: very dense silty sand and clayey silt (St), clayey silt and silty clay 

125 (Ar) and sandy gravel (Sg).

126 At the bottom of the Pleistocenic fluvial deposit, the bedrock consists of hundreds of meters of stiff 

127 overconsolidated Pliocenic clay, Apl. The geotechnical cross-section is represented in Fig. 5. 

128 Based on piezometric measurements, the pore pressure distribution in the man-made ground and in 

129 the Sg sandy gravel layer is hydrostatic, with piezometric surfaces located at 28 m amsl and 18 m 

130 amsl, respectively. The measured pore pressure distribution in the clayey strata (LSO, St, Ar) varies 

131 according to a downward one-dimensional steady-state flow. 

132 The main results of the geotechnical investigation are reported in Fig. 6. Young’s moduli appropriate 

133 for medium-large deformation levels, E, were determined from SPT and CPT in-situ tests using 

134 empirical correlations (Denver, 1982; Robertson and Campanella, 1983) and interpreting 

135 pressuremeter test results (Menard, 1976; Mair and Wood, 1987). Small-strain Young’s moduli, E0, 

136 were obtained from cross-hole tests. The horizontal effective stresses are calculated according to 

137 Mayne and Kulhawy’s equation (1982) for the coefficient of earth pressure at rest, K0 = (1 - 

138 sin')OCRsin ', and all layers are characterized by a Poisson’s ratio, , equal to 0.3. The soil is 
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139 modelled as an elastic perfectly plastic material with a Mohr-Coulomb strength criterion. The physical 

140 and mechanical soil parameters are summarized in Table 1; for each lithotype, Young’s moduli 

141 increase with depth in the reported ranges.

142

143 4. Numerical model

144 The numerical model was set up using the finite element commercial code Plaxis 3D Tunnel (2007). 

145 The model is 140 m wide, 45 m deep, and the length in the tunnel direction is 225 m (Fig. 7). To 

146 minimize the influence of the boundaries, according to Franzius and Potts (2005), the longitudinal 

147 distances to the remote vertical boundaries are 7D and 13D, in front of and behind the building, 

148 respectively. In the longitudinal direction the mesh is divided in 2.5 m thick slices. Horizontal 

149 restraints are applied to all the vertical boundaries, while both horizontal and vertical displacements 

150 are restrained at the bottom boundary. The analyses do not extend into the deeper stiff layer Apl. The 

151 adopted mesh is coarse (Fig. 7), with local refinements around the tunnel. 15-node wedge finite 

152 elements with second order interpolation for displacements are adopted and the integration involves 

153 six stress points. 

154 The TBM has a 6.7 m diameter and the shield, 10 m long, is modeled using ring plate elements 

155 weighing 56 kN/m, which represents the full weight per meter of the machine, including all the 

156 equipment. The construction process is simulated discontinuously (step by step), removing 2.5 m 

157 thick slices of elements inside the excavation profile for each step while, at the same time, the TBM 

158 shield advances, activating plate elements at the front and deactivating them behind the tail. To 

159 reproduce both the cutterhead overcut and the conicity of the shield, the diameter of the ring plate 

160 employed to simulate the shield is gradually reduced from 6.70 m at the front to 6.68 m at the tail. The 

161 sum of TBM conicity and cutterhead overcut at the time of the design, in fact, was supposed to be 

162 only 20 mm, 10 mm less than the actual value (30 mm). The lining is simulated as continuous and 

163 homogeneous using shell elements with a 6.4 m external diameter, switched on behind the shield’s 

164 tail. Both the TBM and the tunnel lining are modeled as linear elastic; Young’s moduli, Poisson 

165 coefficients, flexural stiffnesses, EI, and normal stiffnesses, EA, are listed in Table 2.
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166 The distribution of the front pressure was originally assumed equal to the active total horizontal 

167 pressure, according to the design front pressure distribution, namely 150 kPa at the crown linearly 

168 increasing toward the invert (12 kPa/m).

169 The backfilling of the tail void can be simulated through the application of a distributed pressure 

170 acting normally to the soil surrounding the annular gap (for instance Zhang et al., 2016). A more 

171 accurate modelling of the tail void grouting can be achieved by means of continuum elements whose 

172 mechanical properties can be modified progressively according to the hardening of the grout 

173 (Lambrughi et al., 2012, Shah et al., 2018). Hence, behind the TBM, continuum linear elastics 

174 elements are activated to fill the tail void (15 cm thick) and the grout injection pressure is simulated 

175 applying an axial stress in the opposite direction of the tunnel advancement to the ring cluster between 

176 the lining and the surrounding soil, 50 kPa higher than the maximum value of the front pressure. The 

177 grout is assumed to be hardened after 10 m: fresh grout is incompressible and has a low shear 

178 modulus (  = 21 kN/m3, E = 1 MPa,   = 0.49) while hard grout is very stiff (E = 14 GPa,   = 0.15). 

179 Since preliminary simplified calculations showed that the settlements induced by the furthest tunnel 

180 (tunnel A) on the building are negligible, only the excavation of tunnel B is simulated. The main 

181 features of the excavation simulation are schematically summarized in Fig. 8.

182 The building is modelled quite realistically, taking into account both its stiffness and weight. The 

183 main part of the building is simulated modelling the load bearing and gable walls (Fig. 9) using elastic 

184 perfectly plastic continuum elements with a Mohr-Coulomb strength envelope and a tension cut-off. 

185 Selected stiffness and strength parameters (E = 1.3 GPa, c = 280 kPa,  = 40° and tensile strength, t, 

186 equal to 60 kPa) are appropriate for Roman brickwork. The floor slabs are not modelled explicitly but 

187 their weight and surcharges are simulated applying an equivalent uniform load (15 kPa for each floor) 

188 on the bearing walls. Because of the large distance from the tunnels, only the concrete slab foundation 

189 of the new part of the building is modelled; the weight of the building is taken into account trough a 

190 distributed load of 10 kPa for each floor. The foundations are simulated using elastic continuum 

191 elements with a Young’s Modulus of 31 GPa and a Poisson’s ratio of 0.15. Soil and structure interact 
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192 through a purely frictional interface, whose friction angle is assumed equal to 0.7 times that of the 

193 surrounding soil.  

194 Due to the relatively small thickness of the LSO layer around tunnel B (see Fig. 5) and the high 

195 permeability of the other layers, all analyses were performed assuming drained conditions.

196

197 5. Class A numerical prediction

198 5.1 Preliminary analyses

199 To achieve a reasonable compromise between accuracy of results and calculation time in both 

200 greenfield and interaction analyses, the influence of mesh density and tolerated error was studied 

201 using a relatively small portion of the entire mesh (the longitudinal length was reduced from 225 m to 

202 60 m).

203 Fig. 10 shows the vertical displacement at ground level above the tunnel crown, wc, normalized to the 

204 maximum calculated value, wmax, and the calculation times obtained using several mesh densities and 

205 tolerated errors. The accuracy of the solution and the calculation time raise as the mesh density is 

206 increased and the tolerated error is decreased. A time/accuracy compromise deemed acceptable is 

207 achieved using a coarse mesh (6 800 elements with average dimension of about 1 m) and a tolerated 

208 error of 0.01. The difference between this solution and the most accurate one, obtained adopting a 

209 very fine mesh (37 145 elements with average size of 0.40 m) and a 0.001 tolerated error, is about 3% 

210 with respect to settlements and the calculation time is roughly 1/20.

211 Using the entire mesh, another preliminary analysis was carried out in greenfield condition to assess 

212 boundary effects on the numerical solution and confirm the adequacy of the longitudinal length. Fig. 

213 11 shows the numerical subsidence trough’s volume normalized to the nominal excavation volume 

214 (volume loss, VL), along cross section 2 (see Fig. 3). Settlements induced by tunnelling are 

215 inappreciable (VL = 0) until the excavation front reaches a distance of about 7D (47 m) from the 

216 reference section; then VL regularly increases as the excavation front advances and reaches a 

217 maximum value of about 0.75% 5D beyond the considered section. Further advancements of the 

218 excavation do not affect the value of VL; thus, the 33D mesh length can be considered adequate. 

219
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220 5.2 Soil-tunnel-existing building interaction analysis

221 Full interaction analyses were carried out to study the interaction between soil, tunnel and existing 

222 building. Before the simulation of the excavation, the building was implemented in the model and the 

223 induced displacements were then set equal to zero, in order to isolate the effects induced by 

224 tunnelling. The application of the building self-weight did not produce any damage to the structure.

225 The effects of the building presence on the settlements are apparent in Fig. 12 and Fig. 13, where the 

226 settlements calculated at the foundation level (-4.5 m) during and at the end of the excavation along 

227 sections 1 and 2 (see Fig. 3) respectively, are reported. Along section 1, the maximum value of the 

228 settlements is in the 6-7 mm range and, due to the small amount of plastic deformation developed 

229 (Formato, 2009), the settlement just above the front is about 1/3 of the final settlement, as expected 

230 when the soil behavior is substantially elastic (Panet and Guenot, 1982). The building’s presence has a 

231 small influence on the longitudinal settlements curves; underneath the structure the settlements are 

232 slightly bigger than those obtained in greenfield conditions and during the advancement of the 

233 excavation the response is barely stiffer. Along cross section 2, a relatively small increment of 

234 settlements under the building can be noted in comparison with the greenfield settlements profile, also 

235 reported in Fig. 13. Due to the stiffness of the building, however, the deflection ratio (as defined by 

236 Burland and Wroth, 1974) is 0.0014%, smaller than that calculated in greenfield conditions 

237 (0.0036%), and both are extremely small in absolute value.

238 The maximum settlement is about 8.5 mm and, because of the stratigraphic heterogeneity, the 

239 settlement curves appear slightly nonsymmetrical. The numerical result matches quite well the 

240 Gaussian distribution as originally proposed by Peck (1969), and successively adapted by Moh et al. 

241 (1996) to calculate settlements below the ground level. The Gaussian curve was calculated using the 

242 volume of the numerical subsidence trough and selecting a value of 0.55 for the K parameter. The 

243 calculated horizontal displacement of the building’s foundation is about 2.5 mm, while the relative 

244 horizontal displacements are close to zero (no horizontal strains).

245 The adopted approach allows to determine stress and strain distributions in the building. To assess the 

246 induced damage both in terms of potential cracks and structural safety reduction, the tensile stress and 

247 the shear strength mobilization levels are particularly relevant. As expected, because of the small level 
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248 of distortion to the structure, the severity of the stress state was practically unchanged by the 

249 construction and tunnelling-induced effects on the building were negligible (Buselli et al., 2011). The 

250 category of damage evaluated following Burland (1995) results as zero.

251 Despite the very low damage numerically predicted, due to the poor quality and maintenance of the 

252 masonry (the building suffered some damage and a large number of cracks were detected), before the 

253 construction of the tunnel the foundations were reinforced with micropiles down to the firm Sg layer. 

254 The micropiles are 160 mm in diameter, 35 m in length and their spacing is 2 m in average. Also, the 

255 micropiles were connected to the existing foundation without any preloading, hence they provide a 

256 passive kind of support.

257

258 6. Observed and recalculated settlements

259 6.1 Monitoring data

260 Earth pressures were measured by sensors placed in the excavation chamber of the TBM during each 

261 construction cycle: excavation phase and subsequent lining installation phase (Fig. 14). At some 

262 distance from the school (Fig. 14a), during the excavation the earth pressure remained roughly 

263 constant, with values ranging between 270 and 320 kPa. These decreased during the ring assembly 

264 phase at the end of the cycle, ranging from 160 to 200 kPa. Near the school (Fig. 14b), to minimize 

265 induced settlements, higher earth pressures were employed. During the excavation, pressures ranged 

266 between 300 and 350 kPa, while at the end of the lining installation ranged between 270-300 kPa.

267 class A prediction obtained by numerical analyses and published prior to tunnelling (Buselli et al., 

268 2011) used an average earth pressure of 150 kPa, considerably lower than that actually measured 

269 during construction, at least in the area of interest to this study. 

270 The location of all the monitoring instruments is shown in Fig. 15. To measure road settlements, 

271 benchmarks were located on Via La Spezia along cross-sections 11 and 12. To measure both the 

272 horizontal and the vertical displacements of the building, several mini-prisms were installed. When 

273 the tunnel closer to the school was driven (tunnel B), benchmarks 4 and 5 (Fig. 16, section 11), 

274 located just above the tunnel, recorded a maximum settlement of about 4 mm. The settlements steady 

275 decrease as the distance from the tunnel axis increases; the settlement for benchmark 1B was roughly 
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276 zero. Ten days later, during the passage of the second TBM (tunnel A), when the front was near 

277 section 11, the benchmarks located in this section slightly rose initially (maximum measured value of 

278 about 1 mm). Then the benchmarks started to settle. After both tunnels were driven, a maximum 

279 settlement of about 13 mm was measured along section 11, halfway between the tunnels. 

280 Fig. 16 also shows the average earth pressure in the excavation chamber, which, as stated above, as 

281 the TBM approached the school increased from about 200 kPa to about 300 kPa. Since the excavation 

282 of tunnel A affected the settlements, it was not possible to measure the final settlements induced by 

283 tunnel B only. Hence, this value has been evaluated following the trend of measured settlements after 

284 the excavation of the second tunnel. To this aim, the settlements of the benchmark 5B after the 

285 passage of tunnel A (CD curve in Fig. 17), were first normalized with respect to the final measured 

286 settlement, wf, then used to extrapolate the evolution of settlements induced by tunnel B only (BB’ 

287 curve), assuming the two trends to be coincident.

288 School settlements were generally below 3 mm, rising to 6 mm near the existing S. Giovanni metro 

289 station (Fig. 18). This is related to the pressure reduction in the TBM excavation chamber. As the 

290 machine approached the station, in fact, the earth pressure was deliberately reduced to a very low 

291 average value of about 120 kPa (see Fig. 16) to avoid damaging the underground structures. The 

292 deflection ratio estimated from the measured settlements along the main façade of the building is 

293 extremely low and equal to 0.0055%; even smaller in the transverse direction. Consistently with the 

294 very small settlements and deformations induced on the building, no further cracking nor appreciable 

295 widening of the pre-existing cracks were detected upon completion of the tunnel.

296 Since the reinforcing micropiles were not simulated in the numerical analyses, it is appropriate to 

297 compare only measured road settlements and greenfield numerical results. Thus, all the analyses 

298 reported in the following were carried out in greenfield conditions.

299

300 6.2 Updated class A greenfield prediction (class C1 prediction)

301 To take into account the actual pressures, measured during the tunnel excavation, and the actual TBM 

302 geometry (conicity and overcut), two new numerical analyses were performed using the numerical 

303 model set up for class A predictions. To gain some insight into the relative influence of the two 
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304 changes, they were introduced in the model sequentially. A first analysis was carried out with an 

305 average pressure of 300 kPa at the front and a pressure of 350 kPa for the tail void grouting injection, 

306 while maintaining the original TBM geometry; a second analysis was conducted simulating both the 

307 measured pressures and the actual TBM geometry (conicity + overcut = 30 mm). As the only 

308 modifications introduced in the model regard constructional details, the results obtained in the last 

309 analysis constitute an update of the class A prediction (rigorously, class C1 prediction). 

310 The settlements induced by tunnel B at ground level, extrapolated from the measurements as 

311 discussed above, are reported in Fig.19 and compared with the numerical results. In all cases, the 

312 shapes of the numerical subsidence troughs are manifestly the same, slightly asymmetrical due to the 

313 stratigraphic heterogeneity. The maximum settlement predicted in the class A analysis (7.8 mm) 

314 overestimates by 50% the measured value (5.1 mm). Considering the actual pressures, the maximum 

315 settlement lowers to 7.2 mm but rises to 9.6 mm simulating the actual TBM geometry also, almost 

316 doubling the measured value and indicating a poor accuracy of the updated prediction.

317 In the case at hand, the geometry of the TBM plays a much larger role than the front and grout 

318 pressures. In fact, a difference in front pressure of 100%, from the design value of 150 kPa to the 

319 actual value of 300 kPa, decreases the volume loss by just 0.07%, while a 50% difference in TBM 

320 conicity increases the volume loss by 0.17%. 

321

322 6.3 Influence of soil stiffness and soil constitutive model

323 To investigate the influence of both the soil stiffness and the soil constitutive model, two further 

324 analyses were conducted using:

325 - the linear elastic perfectly plastic model, already employed in the previous analyses, adopting 

326 small-strain stiffness values (E0), based on cross-hole tests results, about ten times higher than 

327 those used in the class A prediction (E0-analysis; Table 1). The main objective of this analysis 

328 was to ascertain if a very simple model, calibrated at small-strain levels, could be able to 

329 simulate the deformation field induced by a TMB designed and driven specially to minimize 

330 surface settlements; 
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331 - the Hardening Soil constitutive model for the two layers in which the excavation takes place 

332 (LSO and St) and the soil behavior is expected to be highly non-linear; elsewhere, the elastic 

333 perfectly plastic model with small-strain stiffness was used. The HS model was calibrated on 

334 cross-hole tests results assuming unloading-reloading moduli (Eur) equal to E0 (HS-analysis; 

335 Table 3); thus, the elastic stiffness is the same in the two models. The aim of this analysis was to 

336 assess the predictive capability of a constitutive model still simple to use and calibrate but able to 

337 reproduce the soil non-linearity.

338 The maximum settlement calculated in the HS-analysis overestimates by roughly 40% the measured 

339 value (Fig. 20). A result closer to the measurements (about 20% overestimation) was obtained in the 

340 E0-analysis. 

341 The deformation profile along the depth between the ground level and the crown of tunnel B at the 

342 end of the excavation is reported in Fig. 21, together with the settlements profile along the same 

343 vertical, for both E0 and HS analyses. In the same figure, the annulus around the cavity where plastic 

344 deformations developed during the excavation in the E0-analysis is also highlighted. Since at crown 

345 depth the settlement is roughly the same in both analyses (about 22 mm), the difference in surface 

346 settlements is associated to the higher values of vertical deformations (v, negative for tensile strains) 

347 obtained near the tunnel (LSO layer) in the E0-analysis. From a 16 m depth to the ground level, the 

348 deformations predicted in both analyses coincide, as expected since the constitutive model in the R 

349 layer is the same and the deformation fields differences around the perturbation are rather small.

350 The described behavior can be further understood analyzing the stress and strain paths of four points 

351 located in a transversal plane (reference section) above the crown and at springline depth, reported in 

352 Fig. 22. In the same figure, the main phases of the excavation are indicated with symbols representing 

353 different values of the distance from the excavation front, L.

354 The E0-analysis stress paths show that the principal effective stresses of the points close to the tunnel 

355 (P1 and P3) progressively increase as the TBM approaches the reference section. This is due to the 

356 earth pressure applied to the front during excavation, higher than the geostatic horizontal stresses. 

357 Once the front surpasses the reference section, radial stresses rapidly decrease. At the crown the major 
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358 principal effective stress, , (almost vertical) drops, while the minor principal effective stress, , I
' II

'

359 (almost horizontal) doesn’t change significantly; the trend continues after the inversion of principal 

360 stresses directions (the vertical stress becomes smaller than the horizontal one). At the springline, 

361 during the progressive reduction of  (horizontal), due to the arching effect  (vertical) increases. II
' I

'

362 Already in this stage of the analysis (first 2.5 m advancement beyond the reference section), the state 

363 of stress at points P1 and P3 reaches the failure criterion and, after that, both principal stresses reduce 

364 according to the strength law. 

365 During the following advancements (5-7.5-10 m) both at the crown and at the springline, the radial 

366 stresses are zero, indicating that the soil does not close onto the TBM and an open gap between soil 

367 and shield persists. Simulating the soil non-linearity, the gap does not occur, but the values of radial 

368 stresses numerically obtained in the HS-analysis are close to zero. After the tail of the TBM passes the 

369 reference section and the tail void is grouted, the principal stresses increase, the stress state leaves the 

370 strength criterion and returns in the elastic domain for both P1 and P3 points. Similar stress paths are 

371 observed farther from the excavation: at points P2 and P4 the stress paths reach the strength envelope 

372 during the second TBM advancement beyond the reference section (2.5-5 m). Adopting the HS 

373 model, the ground response is dictated by the smooth elastoplastic transition and only at point P3 

374 (located near the springline) failure occurs.

375 The evolution of the radial effective stress ( ) versus the radial strain above the crown (point P1), '
v

376 reported in Fig. 22c, highlights the effects of the HS model non-linearity, which allows the 

377 progressive accumulation of plastic deformations without failing. In the E0-analysis, smaller elastic 

378 vertical deformations, are initially obtained; after the radial stress becomes close to zero – this occurs 

379 during the third advancement of the TBM (5-7.5 m) – mainly plastic tensile strains rapidly develop, 

380 and the deformations become greater than the ones obtained with the HS constitutive law. Once the 

381 shield advances, the tail void is grouted, the radial stress increases and small compressive vertical 

382 strains take place in both analyses. The illustrated behavior is responsible of the deformations profiles 

383 differences observed in the plastic zone above the tunnel (Fig. 21) and, ultimately, of the difference of 

384 settlements induced at ground level. 



15

385

386 6.4 Back-analyses

387 The very low soil stresses around the tail of the shield resulting from the HS-analysis and the presence 

388 of a gap between soil and shield highlighted by the E0-analysis, suggested a physical interpretation of 

389 the remaining differences between numerical results and monitoring data. The hypothesis is that the 

390 high injection pressure (350 kPa) could have allowed the tail grout to push back the soil and squeeze 

391 into the newly opened gap, covering the rear part of the machine’s shield. Another reasonable 

392 consideration is that near the end of the excavation (the Carducci school is close to the metro station) 

393 the cutterhead border scrapers were wore down, thus decreasing the overcut. 

394 The hypothesized mechanisms were both numerically simulated through a reduction of the conicity 

395 (which in the model also incorporates the cutterhead overcut) to 20 mm, tentatively assuming a 10 

396 mm reduction; thus, two further analyses were performed using the models described in 6.3. As 

397 expected, due to a much more limited impact of the plastic deformations, the two settlement troughs 

398 are almost identical (fig. 23). Furthermore, the calculated ground settlements compare satisfactorily 

399 with the monitoring data. 

400 Table 4 summarizes the differences and the results of all the numerical analyses.

401

402 7. Conclusions

403 To study the surface effects induced by mechanized tunnelling during metro line C construction in 

404 Rome and to study the interaction between soil, tunnel and an old masonry building (the Carducci 

405 school), a fully 3D finite element numerical model was developed.  

406 The model simulates the main features of the tunnel excavation and construction processes 

407 influencing the surface settlements, such as front pressure, geometry (including cutterhead overcut 

408 and conicity) and weight of the shield, tail void grouting and grout hardening over time. A realistic 

409 simulation of the masonry building is also implemented in the model. After performing preliminary 

410 analyses on a small portion of the mesh, aimed at optimizing the overall analysis by ensuring an 

411 acceptable accuracy/time compromise and quantifying the percentage of expected numerical errors, 

412 the model was used before construction to predict tunnelling-induced settlements and damages on the 
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413 building (class A prediction). The computational effort associated to the optimized numerical model 

414 was quite manageable even using an entry-level computer. As the actual front pressure and TBM 

415 conicity were both higher than assumed in the design, after the tunnel construction, the model was 

416 used to update the class A prediction (class C1 prediction). Further numerical analyses were 

417 performed i) to evaluate the suitability of a simple elastic perfectly plastic soil model calibrated at 

418 small-strain stiffness, to reproduce the settlement trough induced by a TMB designed and driven 

419 specially to minimize induced settlements and ii) to assess the predictive capability of a relatively 

420 more complex constitutive model (Hardening Soil) able to simulate the non-linearity of soil behavior 

421 and iii) to close the gap between monitoring data and numerical results (back-analyses).

422 It is worth remarking that when fully 3D numerical analyses are performed and the main factors 

423 influencing the specific boundary value problem are explicitly and appropriately simulated, the 

424 settlement profile and the volume of the subsidence basin are analysis results depending on geometry, 

425 soil properties and excavation procedures, and not mere assumptions, as occurs when simplified 

426 procedures are employed. 

427 The comparison between numerical predictions and monitoring data and the analysis of the evolution 

428 of stress and deformation states in the soil around the tunnel enabled to draw the main conclusions 

429 reported in the following.

430 The numerical settlement troughs resulting from all the analyses performed are consistently similar in 

431 shape and similar to the shape of the monitoring data, thus confirming the effectiveness of the model. 

432 The authors believe this accordance to be related to the explicit simulation of the primary features of 

433 the problem.

434 The numerical results confirm the well-known major role played by the TBM conicity and the 

435 cutterhead overcut on the induced settlements; the front pressure influence, which was only 

436 investigated in the range between at-rest and active total horizontal stresses, is smaller but still 

437 appreciable.

438 A constitutive model able to reproduce the non-linearity of soil behavior (such as Hardening Soil or 

439 more advanced), which allows to simulate more realistically the evolution of stress and deformations 

440 states around the tunnel, is to be preferred, especially in cases of shield conicity and overcut higher 
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441 than those investigated herein (for instance when the tunnel layout involves tight curves). A simple 

442 elastic perfectly plastic soil model, calibrated at small strain, leads to reasonably accurate prediction 

443 of settlements induced by TBMs designed and driven specially to minimize surface effects, even in 

444 poor geotechnical conditions as in the case history at hand.

445 Most of the above conclusions are expected to remain true in different geotechnical and structural 

446 contexts.

447 Finally, in the opinion of the authors, the adopted approach can be considered a useful tool to predict 

448 settlements and damage due to mechanized tunnelling, properly taking into account the most 

449 important features of the excavation and construction processes and the soil-tunnel-structure 

450 interaction, independently of the geotechnical conditions. The proposed model can be used in the 

451 design phase and fully 3D parametric analyses can also be performed to anticipate how best to design 

452 and drive the machine; furthermore, the model can be employed during construction, after calibration, 

453 to predict future performances of the excavation and if necessary adjust the pressure in the excavation 

454 chamber.

455
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Tables

Table 1. Physical and mechanical soil parameters.

Soil Description

(kN/m3)

c'
(kPa)

'
(°)

E
(MPa)

E0

(MPa)
K0

-

R coarse-grained soil 17.5 10 32 15-65 100-300 0.47

LSO clayey silt and sandy silt 17.0 15 32 15-30 200-450 0.68

St/Ar silty sand and clayey silt 20.0 10 35 25-80 300-600 0.64

Sg sandy gravel 20.0 0 40 80-180 1000-1300 0.56
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Table 2. Plate characteristics.

Plate

(GPa)


-

A
(kN/m)

EI
(kN∙m2/m)

TBM 210 0.3 7.1∙107 6.8∙105

Lining 38 0.2 1.1∙107 8.6∙104
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Table 3. Hardening Soil parameters.

Soil
ref
50E

(MPa)

ref
oedE

(MPa)

ref
urE

(MPa)
m
(-)

refp
(kPa)

fR
(-)

LSO 57 57 170 1.0 100 0.9

St/Ar 93 93 280 0.8 100 0.9
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Table 4. Numerical analyses.

Analysis
Constitutive 
model

Stiffness
(strain level)

Front pressure 
(kPa)

TBM conicity 
+ overcut (mm)

Max. settlement 
(mm)

Class A prediction MC* Medium strains 150 20 7.8

Class A + actual pressure MC Medium strains 300 20 7.2

Updated class A MC Medium strains 300 30 9.6

E0-analysis MC Small strains 300 30 5.9

HS-analysis HS** Non-linear 300 30 6.9

E0 reduced conicity MC Small strains 300 20 4.9

HS reduced conicity HS Non-linear 300 20 5.0

* Elastic perfectly plastic with Mohr-Coulomb strength criterion; ** Hardening soil.
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Figure captions

Fig. 1. Plan view of the building and the tunnels.

Fig. 2. Carducci school.

Fig. 3. Ground plan of the oldest part of the building.

Fig. 4. Geological map (adapted from Ventriglia, 2002).

Fig. 5. Geotechnical soil profile (section A-A of Fig. 1).

Fig. 6. Main soil mechanical properties and SPT tests results.

Fig. 7. Finite element mesh.

Fig. 8. Tunnelling simulation: (1) TBM shield; (2) front pressure; (3) shield conicity; (4) grout 

injection; (5) fresh grout; (6) hard grout; (7) lining.

Fig. 9. Building model.

Fig. 10. Preliminary analyses: numerical accuracy and computational effort for different mesh 

densities and tolerated errors (modified from Buselli et al., 2011).

Fig. 11. Preliminary analyses: greenfield volume loss along cross-section 2 during the advancement of 

tunnel B.

Fig. 12. Longitudinal settlements profiles at foundation level along section 1 during the advancement 

of tunnel B: comparison between greenfield and interaction analyses (adapted from Buselli et al., 

2011). 

Fig. 13. Settlements profile at foundation level at the end of tunnel B excavation along cross section 2: 

comparison between greenfield and interaction analyses and Gaussian curve.

Fig. 14. Earth pressure measurements inside the excavation chamber a) far away from and b) near to 

the Carducci school.

Fig. 15. Plan view of the monitoring system layout: mini-prisms on the buildings and landmarks on 

the road.

Fig. 16. Monitoring data: road settlements along section 11, tunnels advancements and earth 

pressures.

Fig. 17. Extrapolation of the settlements induced by the excavation of tunnel B only (benchmark 5B).

Fig. 18. Monitoring data: building settlements (mm).
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Fig. 19. Comparison between greenfield numerical settlements and monitoring data at ground level: 

class A prediction update. 

Fig. 20. Comparison between greenfield numerical settlements and monitoring data at ground level: 

influence of soil stiffness and soil constitutive model.

Fig. 21. Distributions of vertical deformations and vertical displacements above the tunnel crown at 

the end of the excavation.

Fig. 22. Evolution of the principal effective stresses in the transversal plane a) at springline depth and 

b) above the tunnel crown; c) vertical effective stress versus vertical strain at the crown.

Fig. 23. Comparison between greenfield numerical settlements and monitoring data at ground level: 

back-analyses.
















































