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            Time-lapse cross-hole electrical resistivity tomography monitoring effects of an urban tunnel F. Bellmunt a, ⁎, A. Marcuello a , J. Ledo a , P. Queralt a , E. Falgàs a , B. Benjumea b , V. Velasco c, d , E. Vázquez-Suñé c a Geomodels, Departament de Geodinàmica i Geofísica, Barcelona Knowledge Campus (BKC), Universitat de Barcelona, Martí i Franqués s/n, 08028 Barcelona, Spain b Institut Geològic de Catalunya, IGC, Balmes, 209‐211, 08006 Barcelona, Spain c Departamento de Geociencias, Instituto de Diagnóstico Ambiental y Estudios del Agua (IDAEA-CSIC), Jordi Girona, 18, 08034 Barcelona, Spain d GHS, Departamento de Ingeniería Geotécnica y Geociencias, Universitat Politécnica de Catalunya, BarcelonaTech, Jordi Girona 1‐3 Ediﬁcio D-2, 08034 Barcelona, Spain abstract article info Article history: Received 11 April 2012 Accepted 5 September 2012 Available online 14 September 2012 Keywords: Electrical resistivity tomography (ERT) Cross-hole apparent resistivity pseudosection Tunnel boring machine Experimental electrodes Tunnel construction in urban areas has recently become a topic of interest and has increased the use of tunnel boring machines. Monitoring subsurface effects due to tunnel building in urban areas with conventional sur- face geophysical techniques is not an easy task because of space constraints. Taking advantage of the con- struction of a new metro line in Barcelona (Spain), a geoelectrical experiment, which included borehole logging and time-lapse cross-hole measurements using permanent electrode deployments, was designed to characterise and to study the subsurface effects of the tunnel drilling in a test site. We present a case study in which the differences between time-lapse cross-hole resistivity measurements ac- quired before, during and after the tunnel drilling below the test site have been calculated using three differ- ent procedures: a constrained time-lapse inversion, a model subtraction and an inversion of the normalised data ratio. The three procedures have provided satisfactory images of the resistivity changes and tunnel ge- ometry, but resistivity changes for the tunnel void were lower than predicted by modelling. This behaviour has been explained by considering a conductive zone around the tunnel. Further, an apparent resistivity pseudosection for the cross-hole data, equivalent to the case of the equatorial dipole–dipole on the surface, is introduced. © 2012 Elsevier B.V. All rights reserved. 1. Introduction The new L9 line under construction in the Barcelona Metro net- work will link Barcelona International Airport and El Prat de Llobregat with the towns of Badalona and Santa Coloma de Gramenet through Barcelona. This construction project allowed the development of a case study to monitor the subsurface effects of tunnel drilling with a tunnel boring machine (TBM) in an urban area by integrating geolog- ical, hydrological and geophysical information. The present study is part of this project and involved applying geophysical methodologies to monitor the subsurface effects of the drilling process. Tunnelling in urban areas with a TBM requires detailed geological knowledge of the materials that the tunnel goes through to adapt the TBM to local conditions and complete control of their effects on the subsoil in some areas (special buildings, hospitals, etc.). Before the tunnel drilling occurs, subsurface research is usually based on me- chanical borehole data and soil tests, which improves the subsurface knowledge but only provides data in a single location. Geophysical surveys can help to extend this information and to obtain a better understanding of the affected subsurface volume to guide engineers, if required, in problematic areas. Electrical resistivity tomography (ERT) with down-hole electrodes– single-hole ERT (SHERT) or cross-hole ERT (CHERT)–is widely used in engineering projects. Denis et al. (2002) proposed the re-use of bore- holes previously drilled for geotechnical investigations for automatic monitoring of drillings with a TBM. Deucester et al. (2006) used 2D cross-hole resistivity tomography to design proper remedial actions below foundations. Gibert et al. (2006) used electrical tomography to monitor an excavation-damaged zone with rings of electrodes inside the tunnel. Chambers et al. (2007) used surface and cross-hole 3D elec- trical resistivity tomography for mineshaft imaging and Ha et al. (2010) used electrical resistivity techniques to detect weak and fracture zones during underground construction. Compared with static surveys, geophysical time-lapse measure- ments also detail the dynamic changes in the subsurface properties, which can in turn provide insight into ongoing subsurface processes. In a particular sense, time-lapse CHERT enables the rate to be deter- mined at which a particular process (e.g., controlled tracer injection) is occurring and the volume of the subsurface region affected to be de- ﬁned (Barker and Moore, 1998; Cassiani et al., 2005; Miller et al., 2008; Oldenborger et al., 2007). Journal of Applied Geophysics 87 (2012) 60–70 ⁎ Corresponding author. E-mail address: [email protected] (F. Bellmunt). 0926-9851/$ – see front matter © 2012 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.jappgeo.2012.09.003 Contents lists available at SciVerse ScienceDirect Journal of Applied Geophysics journal homepage: www.elsevier.com/locate/jappgeo 
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 Time-lapse cross-hole electrical resistivity tomography monitoring effects of anurban tunnel
 F. Bellmunt a,⁎, A. Marcuello a, J. Ledo a, P. Queralt a, E. Falgàs a, B. Benjumea b,V. Velasco c,d, E. Vázquez-Suñé c
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 a b s t r a c t
 a r t i c l e i n f o Article history:Received 11 April 2012Accepted 5 September 2012Available online 14 September 2012
 Keywords:Electrical resistivity tomography (ERT)Cross-hole apparent resistivity pseudosectionTunnel boring machineExperimental electrodes
 Tunnel construction in urban areas has recently become a topic of interest and has increased the use of tunnelboring machines. Monitoring subsurface effects due to tunnel building in urban areas with conventional sur-face geophysical techniques is not an easy task because of space constraints. Taking advantage of the con-struction of a new metro line in Barcelona (Spain), a geoelectrical experiment, which included boreholelogging and time-lapse cross-hole measurements using permanent electrode deployments, was designedto characterise and to study the subsurface effects of the tunnel drilling in a test site.We present a case study in which the differences between time-lapse cross-hole resistivity measurements ac-quired before, during and after the tunnel drilling below the test site have been calculated using three differ-ent procedures: a constrained time-lapse inversion, a model subtraction and an inversion of the normaliseddata ratio. The three procedures have provided satisfactory images of the resistivity changes and tunnel ge-ometry, but resistivity changes for the tunnel void were lower than predicted by modelling. This behaviourhas been explained by considering a conductive zone around the tunnel.Further, an apparent resistivity pseudosection for the cross-hole data, equivalent to the case of the equatorialdipole–dipole on the surface, is introduced.
 © 2012 Elsevier B.V. All rights reserved.
 1. Introduction
 The new L9 line under construction in the Barcelona Metro net-work will link Barcelona International Airport and El Prat de Llobregatwith the towns of Badalona and Santa Coloma de Gramenet throughBarcelona. This construction project allowed the development of acase study to monitor the subsurface effects of tunnel drilling with atunnel boring machine (TBM) in an urban area by integrating geolog-ical, hydrological and geophysical information. The present study ispart of this project and involved applying geophysical methodologiesto monitor the subsurface effects of the drilling process.
 Tunnelling in urban areas with a TBM requires detailed geologicalknowledge of the materials that the tunnel goes through to adapt theTBM to local conditions and complete control of their effects on thesubsoil in some areas (special buildings, hospitals, etc.). Before thetunnel drilling occurs, subsurface research is usually based on me-chanical borehole data and soil tests, which improves the subsurfaceknowledge but only provides data in a single location. Geophysicalsurveys can help to extend this information and to obtain a better
 rights reserved.
 understanding of the affected subsurface volume to guide engineers,if required, in problematic areas.
 Electrical resistivity tomography (ERT) with down-hole electrodes–single-hole ERT (SHERT) or cross-hole ERT (CHERT)–is widely used inengineering projects. Denis et al. (2002) proposed the re-use of bore-holes previously drilled for geotechnical investigations for automaticmonitoring of drillings with a TBM. Deucester et al. (2006) used 2Dcross-hole resistivity tomography to design proper remedial actionsbelow foundations. Gibert et al. (2006) used electrical tomography tomonitor an excavation-damaged zone with rings of electrodes insidethe tunnel. Chambers et al. (2007) used surface and cross-hole 3D elec-trical resistivity tomography for mineshaft imaging and Ha et al. (2010)used electrical resistivity techniques to detect weak and fracture zonesduring underground construction.
 Compared with static surveys, geophysical time-lapse measure-ments also detail the dynamic changes in the subsurface properties,which can in turn provide insight into ongoing subsurface processes.In a particular sense, time-lapse CHERT enables the rate to be deter-mined at which a particular process (e.g., controlled tracer injection)is occurring and the volume of the subsurface region affected to be de-fined (Barker and Moore, 1998; Cassiani et al., 2005; Miller et al., 2008;Oldenborger et al., 2007).
 http://dx.doi.org/10.1016/j.jappgeo.2012.09.003
 mailto:[email protected]
 http://dx.doi.org/10.1016/j.jappgeo.2012.09.003
 http://www.sciencedirect.com/science/journal/09269851
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61F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60–70
 The main goal of this case study is to use time-lapse CHERT mea-surements (acquired before, during and after the drilling) betweentwo boreholes to identify subsurface changes caused by the tunneldrilling in an urban area. Moreover, borehole geophysical logs (natu-ral gamma) were recorded to obtain better knowledge of the geology.
 2. Test site geological and geophysical settings
 To apply and develop geological, geophysical and hydrogeologicalmethodologies over the future line L9 in the Barcelona Metro net-work, a test site was chosen in the Sant Cosme district, El Prat deLlobregat (Barcelona) (Fig. 1). This town is located on the rightbank of the Llobregat River delta. Buildings and the infrastructure lay-out at the test site make it very difficult to design optimum geome-tries to work with surface geophysical techniques.
 Geologically, the Llobregat delta is located between the Garraf andCollserola–Montnegre horst and the Barcelona half-graben. It is a de-pression controlled by faults and filled with pliocene and quaternarydeposits. From a sedimentological point of view, the delta consists oftwo detrital complexes, the Lower Detrital Complex of Pleistocene ageand the Upper Detrital Complex or Holocene delta (Marqués, 1984;Simó et al., 2005). The Holocene delta reaches a thickness of 60 m andlies over the Pleistocene paleochannel system, the thickness of whichvaries between 80 m and 15 m, thinning towards the NW.
 The metro tunnel shaft was intended to pass through the Holo-cene delta complex at a depth of approximately 19 m with a tunneldiameter of 9.4 m. Therefore, two mechanical boreholes (namedPA1 and PA2) were drilled to a depth of 30 m symmetrically to thetunnel trace (15 m apart from each other) to obtain detailed informa-tion about the geology and so that they could be used as piezometers(Fig. 2). The water table was located at a depth of 4 m. The boreholedescription identifies three main units, limited by stratigraphic
 Fig. 1. Location of the test site (Sant Cosme district)
 discontinuities, different associated lithofacies (Lth.) and the superfi-cial anthropic materials. The main units are described below.
 • Delta plain, DP: composedmostly of brownish-grey clays interbeddedwith fine–very fine sands, Lth. A.
 • Delta front, DF: characterised by a set of sediments that range fromfine silty sands to coarse sands with some gravel layers, alternatingwith silty fine sand (Lth. B to H). They correspond to beach depositsand river channels. From a hydrogeological point of view, this is theshallow aquifer.
 • Prodelta, Pd: consists mainly of clayey silts and fine sands, Lth. I. To-wards the bottom, the unit becomes sandier (fine-sands). From ahydrogeological point of view, this unit would represent the aquitard.
 The test site geophysical characterisation consisted of naturalgamma (NG) logs acquired with a dual induction probe with a naturalgamma ray sensor (Robertson Geologging Ltd.) sampled every 0.01 mat a logging speed of 3 m/min into each borehole. See Fig. 3 for a de-tailed description of each lithofacies and the NG logs. The geologicaldescription and NG logs are correlated: low NG values correlatewith a low clay content and vice versa. The NG logs proved to be use-ful, especially in the test site characterisation, where the Lth. H (PA2),defined as medium-to-coarse sands and medium gravels from theborehole description (borehole core recovery was approximately20%) seems to be clayey.
 During the experiment, the water resistivity was also measured inthe boreholes and its value remained at 1900±100 μS/cm.
 3. Experimental design
 Home-made experimental electrodes and specific cables wereproduced for the CHERT measurements to monitor the tunnel drillingeffects below the test site. As electrodes, stainless steel rectangular
 in El Prat de Llobregat town (Barcelona, Spain).
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 meshes (0.1 m×0.3 m) were directly fastened outside the PVC pipeduring the piezometer installation, which avoided the borehole/borehole-fluid effects (Doetsch et al., 2010; Nimmer et al., 2008).Plastic-sheathed cables were attached outside the pipe and wereconnected to a Syscal Pro resistivity meter (Iris Instruments) by astandard connector (Fig. 4).
 Due to the presence of anthropogenic materials up to a depth of5 m and the position of the water table at a depth of 4 m, the firstelectrode was placed at a depth of 5 m. The PVC pipe was centredin each borehole and the small annular space between the pipe andborehole walls, consisting of poorly consolidated materials, providedus good electrode–ground contact. However, care had to be taken toprevent damage to the cables and electrode displacement duringthe installation of the PVC pipe.
 Because of the small borehole annular space, the number of elec-trodes and the spacing chosen (24 electrodes evenly spaced 1 mfrom each other in each borehole) involved a trade-off between reso-lution and the desired borehole length to be monitored (see Fig. 5).The aspect ratio, or relation between the borehole separation andthe total length of the instrumented borehole, should be no morethan 0.75, ideally 0.5, to achieve better results in CHERT measure-ments (LaBrecque et al., 1996). In our case, CHERT measurementswere acquired with an aspect ratio of 0.67 between the boreholesPA1 and PA2.
 Before starting any geophysical measurement, subsoil conditionswere allowed to stabilise for threeweeks after the electrode installation.LaBrecque et al. (1996) observed that permanently installed electrodeswere electrically noisier when first installed but that they improvedover time. Later, conductivity logs with a dual induction probe wererecorded in each borehole to supply the actual depth of each electrodebecause the stainless steel meshes used as electrodes created stronganomalies in the conductivity logs (not shown here). Due to the pie-zometer tubes included in the boreholes, which decrease in diameter
 Fig. 2. Map of the test site showing the location of boreholes PA1
 in the slotted zones, the borehole geophysical logging did not reachthemaximum possible depth. The conductivity log confirmed the spac-ing between electrodes because the electrodes were fixed to the casingprior to deployment into the boreholes. However, the electrode depthswere corrected accordingly to avoid electrodemislocation effects on re-sistivity (Oldenborger et al., 2005; Wilkinson et al., 2008).
 4. Monitoring the drilling effects on the test site
 Monitoring the drilling effects consisted of time-lapse CHERTmeasurements acquired with the 48 electrodes installed into PA1and PA2. The bipole–bipole (AM–BN) configuration (Zhou andGreenlangh, 1997, 2000) was the deployment used in this study.
 Before the TBM passed through the test site, time-lapse CHERTdatasets were acquired several days apart to identify possible anom-alies correlated with the acquisition procedure, equipment or badelectrode contacts. Repeatability has also allowed us to calculate thebackground dataset and to estimate a data error of 1%.
 The schedule of time-lapse CHERT measurements is presented inTable 1. The CHERT data acquisition was limited by the access to thetest site.
 4.1. Apparent resistivity pseudosection for CHERT data
 The representation of the apparent resistivity is not a simple taskwith CHERT data because it involves more than two parameters(e.g., depth, level, orientation, etc.). In this paper, to have a roughimage of the subsoil electrical structure, an apparent resistivitypseudosection equivalent to the case of the equatorial dipole–dipoleon the surface has been built considering only data in which the cur-rent and potential electrodes A and M are at the same depth as thecurrent and potential electrodes B and N, respectively. This
 and PA2 and the tunnel trace. The tunnel goes from W to E.
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Fig. 3. Geological columns of boreholes PA1 and PA2 with the natural gamma logs. Survey points identified three main units and nine lithofacies (Lth.), which are repeated in almostall of the test sites: Delta plain (Lth. A: clay with fine–very fine sand), Delta front (Lth. B: medium sand interbedded with clay and silt, Lth. C: fine to very fine sand with clayey silt,Lth. D: medium to coarse sand with some gravel and clayey silt horizons, Lth. E: fine to very fine sand and clayey silt, Lth. F: medium to coarse sand interbedded with some gravelhorizons, Lth. G: alternate layers of clayey silt and fine sand and Lth. H: medium to coarse sand and medium gravel), and Prodelta (Lth. I: clayey silt and fine sand). Natural gammaresults are presented in cps (counts per second).
 63F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60–70
 pseudosection only accounts for 12% of the recorded data for eachdataset (Fig. 6).
 Fig. 6A shows the apparent resistivity pseudosection when theTMB was drilling far from the test site (19th of March). Athree-layer distribution can be observed: a resistive layer from5.5 m down to 15.0 m (region a), a more conductive middle layer be-tween 15 and 24 m (region b) and a more resistive layer at the bot-tom (region c). Fig. 6B and C corresponds to the apparent resistivitypseudosections on the 21st of March and the 16th of April, duringand after the drilling underneath the test site, respectively. Fig. 6Bshows a more conductive middle layer, which correlates to the effectof the TBM passing through it. Fig. 6C reveals a similar apparent resis-tivity distribution to that shown in Fig. 6A, but regions (b), (d) and (f)become more resistive, which points to the presence of the tunnelvoid.
 4.2. Resistivity changes from time-lapse CHERT
 The individual inversion of each time-lapse CHERT dataset hasprovided resistivity models in which the tunnel void and resistivitychanges cannot be clearly identified. Therefore, three inversion pro-cedures have been used to highlight them: a constrained time-lapseinversion (Loke, 2001), a model subtraction and an inversion of thenormalised data ratio (Daily and Owen, 1991; Daily et al., 1992;Slater et al., 2000).
 From our own experience, resistivity changes below 5% will not beconsidered in the model interpretation. This is consistent with thereported values of water resistivity during the experiment, whichmay produce subsoil resistivity variations up to ±5% according toArchie's law (Archie, 1942).
 The reference model used for all three procedures (see Fig. 7) hasbeen obtained after the inversion of the background dataset. The
 CHERT data do not seem to be able to identify each lithofacies withinthe main geological units. To make the location of the resistivitychanges easily recognisable, we have established three zones (seeFig. 7) that may undergo changes in the resistivity: Zone 1 (between5 m and 15 m), Zone 2 (between 15 m and 24 m) and Zone 3 (below24 m).
 4.2.1. Constrained time-lapse inversionThis procedure consists of using the first data set as a reference
 model to constrain the inversion of the later datasets. The robustsmoothness constraint method has been used and the RMS obtainedranges from 0.9% to 1.9%. Resistivity changes are expressed in per-centage by expression (1):
 %Δρ ¼ ρi−ρ0
 ρ0
 � �� 100 ð1Þ
 where ρi is the resistivity of the model at time i and ρ0 is the resistiv-ity in the reference model. Positive values indicate that the model isbecoming more resistive than the reference model, while negativevalues indicate a decrease in resistivity.
 The images of the resistivity changes are presented in Fig. 8 (A toD). Fig. 8A shows that the resistivity values decreased by approxi-mately 70% in the central part of Zone 2 while the TBM was drillingunderneath the test site (21st of March at 14:52). At the same time,the resistivity increased by approximately 5%–10% in Zone 1 and inthe left part of Zone 2. The resistivity variations tend to be accentuat-ed during the drilling process through the test site, reaching values of80% for a decrease in resistivity in the central portion of Zone 2 and of10%–20% for an increase in resistivity in Zone 1 and Zone 3. The resis-tivity also increases by approximately 5%–10% near the electrodes inZone 2 (Fig. 8B). Once the TBM left the test site (2nd and 16th of
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Fig. 4. Pictures of the piezometer equipment showing: (A) the installation of the meshes used as electrodes and cables, (B) and (C) the connexion with the resistivity meter and theexternal cables of the borehole and (D) and (E) details of the home-made meshes and connector.
 64 F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60–70
 April), the resistivity increased up to 70%–80% in central Zone 2(Fig. 8C and D). Note that the resistivity increases by approximately5%–10% around the tunnel void, especially above it (Fig. 8C and D).
 Fig. 5. Sketch of piezometers PA1 and PA2 with electrode locations and the water table.The tunnel section is also included.
 4.2.2. Model subtractionThis procedure consists of calculating the resistivity changes after
 the individual inversion of each time-lapse dataset. The resistivitychanges are expressed as percentage according to expression (1).
 In this method, the application of the same inversion scheme to allthe time-lapse datasets is required to make the comparison reliable.Among the different methods, the robust inversion method (Loke,1999) was used because it shows a good resolution when sharpboundaries with strong resistivity contrast are involved. The RMSobtained in each individual inversion ranges from 0.7% to 1.2%. Theresistivity changes obtained from the model subtraction method arepresented in Fig. 9 (A to D).
 During the tunnel drilling through the test site (21st of March at14:52), the resistivity values decreased by approximately 75% in
 Table 1Schedule of geophysical measurements.
 Date/time Drilling conditions Type of geophysicalmeasurement
 14/02/08 Piezometers equipped08/03/08 Geophysical borehole
 logging (dual inductionprobe)
 12–13–14–19–20/03/08
 CHERT-testing
 21/03/08 14:52 h TBM is passing through thetest site
 CHERT
 21/03/08 19:53 h TBM is passing through thetest site
 CHERT
 02/04/08 12:17 h Tunnel drilled CHERT16/04/08 11:49 h CHERT
 CHERT: cross-hole electrical resistivity tomography. TBM: tunnel boring machine.
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Fig. 6. Apparent resistivity pseudosections for cross-hole data. The axes are the midpoint depth between the AB andMN dipoles (z-axis) and the level n−1 (x-axis), which indicatesthe separation between dipoles. (A), (B) and (C) correspond to apparent resistivity pseudosections for the indicated dates and cross-hole data. (D) identifies the regions used in thepseudosection description. Regions (a), (b) and (c) correspond to the cases in which the two dipoles (AB and MN) are in the same layer. Regions (d), (e) and (f) correspond, re-spectively, to the cases in which one dipole is in the top layer and the other in the middle layer, in which one dipole is in the middle layer and the other dipole in the bottom layerand in which dipoles are on both top and bottom resistive layers.
 Fig. 7. Reference model obtained from CHERT measurements before the tunnel drillingthrough the test site. Geological units and lithofacies are also included. The horizontaldots correspond to topography and vertical dots to the electrode position.
 65F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60–70
 central Zone 2 and increased by approximately 10%–20% in Zone 1and on the left side of Zone 2 (Fig. 9A). These resistivity variations sig-nificantly increased over time, reaching a decrease in resistivity of90% in central Zone 2 and increases of 20%–40% in Zones 1, 2 and 3(Fig. 9B). Once the TBM left the test site (2nd of April and 16th ofApril), the resistivity increased up to 170% in central Zone 2 (Fig. 9Cand D). Notice the high resistivity variations of approximately 10%–30% at the bottom of Zone 3, especially after the drilling.
 4.2.3. Inverting the data ratio or normalisationThis procedure consists of inverting normalised datasets obtained
 by the following expression:
 Rni ¼ Rh
 Rti
 R0
 !ð2Þ
 where Rin is the normalised datum, R0 is the background resistance
 value, Rit is the resistance value at time i and Rh is the theoretical resis-tance value for an arbitrary homogeneous resistivity distribution(e.g., 10 Ω·m). Note that Eq. (2) can work with apparent resistivityvalues and resistance values.
 The inversion of a normalised dataset produces an image of resis-tivity changes relative to the homogeneous model. Therefore, subtlesubsurface changes can be imaged using this approach (Daily et al.,2004). The robust inversion method was used and the RMS was inthe range from 0.7% to 1.0%.
 The changes in resistivity are presented as a percentage change inFig. 10 (A to D). When the TBMwas drilling through the test site (21stof March at 14:52), the resistivity decreased by approximately 80% incentral Zone 2, but the resistivity increased by approximately 10%–20% in Zone 1 and by approximately 5%–10% on the left side of

Page 7
                        

Fig. 8. Image sequence (A to D) of tunnel drilling considering the inversion with the robust smoothness constraint and by using Eq. (1). The dashed line corresponds to the tunnelsection. The locations of the three areas identified that may suffer changes in the resistivity (Zone 1, Zone 2 and Zone 3) are included. See text.
 66 F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60–70
 Zone 2 (Fig. 10A). The resistivity changes increased over time,reaching values of 90% in central Zone 2 for the resistivity decreaseand values for the resistivity increase of 20%–40% in Zone 1 and of10%–20% in Zone 3 (Fig. 10B). Once the TBM left the test site (2ndof April and 16th of April), the resistivity increased up to 100% in cen-tral Zone 2. Moreover, the resistivity increases by approximately 10%–20% around the tunnel void (Fig. 10C and D).
 5. Interpretation and discussion
 In this study, all inversion procedures were consistent and showeda large decrease in resistivity in the central part of Zone 2 when the
 TBMwas drilling through the test site (21st of March), whereas an in-crease in resistivity was detected at the same location once the TBMmoved away from the test site (2nd of April and 16th of April).These variations are related to the presence of the TBM and to thetunnel void. Therefore, the tunnel section diameter can be satisfacto-rily estimated from the resistivity variation in the central portion ofZone 2. However, the resistivity changes for the tunnel void werelower than predicted by modelling. The maximum increase in resis-tivity at the tunnel depth was 80% caused by the robust smoothnessconstrained inversion, of 170% from the model subtraction procedureand 100% from the data ratio inversion procedure. This aspect will bediscussed below.
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Fig. 9. Image sequence (A to D) of the difference between the resistivity models obtained by individual inversion and by using Eq. (1). The dashed line corresponds with the tunnelsection. The locations of the three zones identified, which may suffer changes in the resistivity (Zone 1, Zone 2 and Zone 3), are included. See text.
 67F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60–70
 To study this effect, we have simulated the tunnel void under thetest site conditions and have calculated the resistivity variations usingthe three procedures mentioned above. The responses were non-distinguishable for a resistivity void contrast higher than 300 timesthat of the surroundings. In this case, we have taken a value of10,000 Ω·m for the tunnel resistivity. The resistivity variations relatedto the presence of the tunnel void are significantly higher than theones calculated from field datasets. For this reason, following Suzukiet al. (2004), a conductive zone of 3 Ω·mand a thickness of 1 m arounda tunnel void has been simulated. In this case, the calculated resistivitychanges are similar to the ones calculated from field datasets (see
 Fig. 11), suggesting the need for this conductive zone around the tunnelvoid, whose origin is not clear when drilling soft soils. This zone couldhave been produced by changes in the physical properties or thewater content of the materials around the tunnel void, such as an in-creasing of the porosity in the materials surrounding the tunnel dueto relaxation of the subsoil after drilling or an effect due to the injectionof viscous fluids around the shield simultaneous with the advancementof the TBM.
 The other relevant resistivity changes identified by comparing theresultant images obtained by each inversion procedure are presentedand discussed below. First, the resistivity increased in almost all zones
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Fig. 10. Image sequence (A to D) of tunnel drilling considering the inversion of the normalised data ratio given by Eq. (2). The dashed line corresponds to the tunnel section. Thelocation of the three areas identified, which may suffer changes in the resistivity (Zone 1, Zone 2 and Zone 3), are included. See text.
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 of the models during the tunnel drilling through the test site using thethree procedures, but it was slightly higher in the case of the ratioprocedure and much higher in the case of model subtraction. Second,high resistivity variations near the electrodes were detected in themodel subtraction images, although the ones obtained from theother two procedures are almost free of them.
 The variations in resistivity seem to be more scattered in themodel subtraction images. Notice that slight differences in the indi-vidual data fitting of each dataset can result in different resistivityvalues in the resulting models. Therefore, the resistivity variationsnear the electrodes and in the bottom of Zone 3 can be associatedwith undesired effects due to the individual inversion of each dataset.
 6. Conclusions
 We have shown that CHERT can be used as a “quasi-real time” toolto detect possible anomalous situations in drilling contexts with TBMin urban areas. In addition, permanently installed electrodes facilitatelong-term monitoring of subsurface structures, such as tunnels, tomonitor possible unexpected damage. We consider the CHERT meth-od with the experimental electrodes and cables to be a rapid andcost-effective tool for monitoring the subsoil effects due to engineer-ing subsurface processes in urban areas. We have also shown thatgeophysical logs can help to better characterise the geology of thetest site.
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Fig. 11. Synthetic models of a tunnel void as a resistive zone (A1), taking into account a conductive zone around the void (A2) under the test site conditions. Change models areobtained from each model (A1 and A2) using three procedures: constrained time-lapse inversion, model subtraction and inversion of a normalised ratio.
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 We found that it was of utmost importance to acquire repeateddatasets before starting any process at the test site to obtain a back-ground dataset and to estimate the data error.
 The comparison of the three procedures, along with the use ofmodelling, has been quite helpful in identifying the most relevantchanges and artefacts and in justifying the low resistivity valuesthrough the presence of a conductive zone around the tunnel. Furtherstudies would be needed to interpret this conductive zone around thetunnel in soft soils and the resistivity changes observed during tunneldrilling in Zones 1 and 3.
 The apparent resistivity pseudosection for cross-hole data, equiv-alent to the case of the equatorial dipole–dipole on the surface, ex-hibits the main features of the resistivity variations along time lapsesequences.
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