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ABSTRACT: TBMs have become an excellent tool for a fastest development of the under-
ground space in urban areas. An important aspect of its operation, either by EPB or slurry, is the
control of the tunnel face stability aiming to minimize the effects on the surrounding ground
both during boring and standstill. Moreover, a continuous monitoring campaign is mandatory to
check if the assumed risks stand inside the limits of integrity on the nearby buildings. Hereupon,
the need for a relation between the TBM face support pressure and the immediate surface set-
tlement has become a matter of interest. Therefore, the following paper is presented with the
goal to provide a correlation approach to relate these two important features of tunneling. To
achieve that, data from the extension works of Sdo Paulo metro Line 5 will be used to frame the
basis of the correlation approach here proposed and proved to fit well.

1 INTRODUCTION

Undoubtedly, nowadays, the use of tunnel boring machines (TBMs) has played an important
role in the increase of underground infrastructures. Long distance covering, fastest construction
cycle per tunnel section, control of construction (e.g. excavated material, face stability, concrete
lining quantity), safe work environment and the relative low impact on inducing of ground
movements have been the reasons behind its success over conventional tunneling methods in the
urban areas.

The use of either earth pressure balance (EPB) or slurry shield (SS) machines will depend
particularly on the type of soil to be excavated and the presence of groundwater level above
tunnel if any. Even though, Maidl et al. (2012) indicated that the range of application of EPB
machines can be extended far into the area of application of SS machines by the addition of
some chemical agents, to the muck in the excavation chamber.

Regarding tunneling effects, it is well known that the construction of tunnels, in an urban en-
vironment, inevitably induces ground movements, which according to Leca et al. (2007) is a
consequence of the rupture of the ground mass stability that begins at the tunnel face and propa-
gates to the surface in the form of settlements. For the case of TBMs, the stability of the tunnel
face is achieved by the continuous application of support pressure from the excavation chamber.
A detailed explanation on the mechanism functioning for applying support pressure, either on
EPB or SS machines, as well as its theoretical estimation is provided by Guglielmetti et al.
(2008) and Maidl et al. (2012).

On the other hand, the firsts to represent the settlements at surface were Peck (1969) and later
Attewell and Woodman (1982) which considered the shape of surface deformation as a settle-
ment trough. These authors used an empirical approach to study this. However, there exist oth-
ers approaches that can be employed like analytical solution (Loganathan and Poulos, 1998),
numerical approaches (Rowe et al., 1983; Lee and Rowe, 1990) and modeling test (Atkinson
and Potts, 1977; Mair and Taylor, 1997).

In general, at the design stage and during tunnel construction, it is of common practice to ana-
lyze the surface settlement and the tunnel face stability separately. Therefore, arises the interest
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by the authors to inquire about this topic. In this contest, some references about correlation of
these two important variables can be mentioned as: Macklin (1999) which, based on the concept
of a Load Factor (LF) proposed by Kimura and Mair (1981) from results of geotechnical centri-
fuge tests, proposed a relationship to estimate the volume loss; Repetto et al. (2006), where
through back analyses of the EPB performance used for the construction of a 7 km railway tun-
nel below the city of Bologna — Italy, presented a diagram to correlate the face support pressure
with volume loss and, lastly, Fargnoli et al. (2013) which, by studying the case of the new Milan
underground line 5, attempted to relate the surface settlement with the face pressure.

Thus, by considering the statements indicated above as well as the reviewed attempts, the
present paper is intended to provide a correlation approach for estimation, during TBM tunnel-
ing, of surface settlement in relation to support face pressure. The aim of this approach is to
provide an additional tool to evaluate ground movement due to mechanized tunneling in urban
dense areas, where its estimation is paramount.

Considering the importance of framing the proposed approach to a case study, information
regarding surface settlement monitoring campaign and support pressure data of an EPB machine
for the extension works of Line 5 of the Sdo Paulo metro system will be used.

2 PROJECT BACKGROUND

The tunnel project regards 11.5 km of extension works of Sdo Paulo metro Line 5 in the highly
dense south region of the city of Sdo Paulo — Brazil (Figure 1). The extension works of the line
involve the construction of eleven stations, thirteen ventilations and emergency exit shafts, one
parking station and one depot “Patio Guido Cal6i”.

The construction of the 11.5 km extension line was divided in: i) 0.63 km excavated by the
sequential method; i) 5.13 km excavated by @ 6.9 m diameter EPB machine (two single track
tunnels) and iii) 5.74 km excavated by @ 10.6 m diameter EPB machine (double track tunnel).

In a specific way, the following work deals with information regarding the excavation of the
double track tunnel stretch between the ventilation and emergency exit shaft of Bandeirantes
and Dionisio Da Costa (points A and B respectively from Figure 1). The intense instrumentation
campaign carried out along the stretch line, the relative simplicity of using one EPB machine for
the same stretch, the almost regular disposition of soil layers and the fact that was a reuse TBM
machine with the same working crew were the reasons for selecting this part of the line to im-
plement the propose approach.
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Figure 1. Layout of extension works of Sdo Paulo metro Line 5. Case study area between Hospital Sao
Paulo and Santa Cruz station (top right corner).
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Figure 2. Geological profile between Hospital Sdo Paulo and Santa Cruz stations (HSP — SCR).

2.1 Geological and geotechnical features

Briefly speaking, the ground around the tunnel stretch is formed by the Sdo Paulo formation
which consists in sediments of red porous silty clays, silty-sandy clays and clayey sands, and the
Resende formation formed by sediments of gray and yellow silty clays and yellow and orange
silty-clayey sands. The major part of the tunnel excavation goes through the transition zone be-
tween these two formations. Figure 2 shows the geological profile between Hospital Sao Paulo
and Santa Cruz stations. Besides, Table 1 summarizes the main geotechnical parameters of the
soils presented along the tunnel stretch.

Table 1. Geotechnical parameters of groundmass presented along tunnel stretch.

(;’::::;l:;il 3Agp1* 3Ag1’2* 3AI‘1,2* 4Ag1,2* 4Al'1,2*
y kN/m3 16.6 18.5 19.5 20.2 19.6
ko - 0.67 0.88 0.77 0.71 0.83
c kPa 18 40 7 80 4

° 24 24 32 26 32
E, MPa 20 120 185 230 162
v - 0.26 0.30 0.31 0.28 0.28

* Geological units are indicated in Figure 2.

2.2 TBM face pressure and monitoring data

The TBM used for the extension of Line 5 is characterized to have 335 machine parameters
(electronic sensors) that allow TBM operator and technicians to perform tunnel excavation in
terms of guidance, excavation process, hydraulic and lubrication of mechanical parts as well as
health and safety warnings.

From all the TBM sensors, the face support pressure and grout injection pressure constitute
the main TBM components for the achievement of ground stability during tunneling (Gug-
lielmetti et al., 2008; Maidl et al., 2012 and Mollon et al., 2012). In this study the focus of im-
plementation of TBM support pressure regards mainly the face support pressure. Figure 3 shows
the allocation of the seven earth pressure balance sensors.

All along the tunnel stretch, a number of 2977 rings were installed. Thus, information about
face support pressure during excavation for installation of these rings were available. Table 2
shows a summary of best fitted probability distribution function (PDF) for every pressure sensor
of the TBM registered during tunneling. The values of coefficient of variation (CV) in this table
help to illustrate the effects of variability. With CV < 20 % implies major control on applying
face support pressure.
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Figure 3. Allocation of TBM face support pressure sensors.

Table 2. Summary of best fitted PDF for face support pressure along the tunnel stretch.

TBM PDF Parameters Mean Std Dev Cv
Sensors Max. Likelihood (kPa) (kPa) (%)
EPB-SI  Logomal ~HT32233 188204 37212 20
EPB-S2  Weibull Pastrei 207153 35771 16
EPB - $3 Normal Rty 25092 30816 12
EPB-S4  Lognormal /7303308 282766 43.951 16
EPB - S5 Gamma Z((szcj’lij)==7?§7‘%5627 276.973 44.899 16
EPB - S6 Normal Rdptorive 248152 31473 13
EPB-S7  Weibull Pulsttarte 215598 35.172 16

Regarding monitoring data, a total of 92 surface monitoring sections were analyzed. The
transverse settlement trough from the measurements were used for the analysis. In this manner,
Table 3 shows a summary of the maximum surface settlements. The length of the tunnel stretch
(5.74 km) was splitted in seven zones. These zones were delimited between launching and arriv-
ing TBM structures (i.e.: Shaft and Stations), in order to have areas with homogenized ground
behavior.

Table 3. Summary of estimation of settlement curve parameters according to Peck (1969).

. Smax (mm)
Zone Sections
V4 o CV (%)
BAN - EUC 4 5.33 1.873 35
EUC - MOE 16 2.40 1.219 51
MOE - SER 24 3.00 2.654 88
SER — HSP 12 2.01 1.057 53
HSP - SCR 19 2.69 1.246 46
SCR - CKB 10 3.90 4.226 108
CKB - DDC 7 5.55 9.293 168
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From the information shown in Table 3, it is possible to conclude that the zone between Hos-
pital Sdo Paulo (HSP) and Santa Cruz (SCR) stations provided a better result in terms of CV,
which could be interpreted, from the statistical point of view, as a zone with a better homoge-
nized behavior respect to the other tunnel zones.

3 CORRELATION APPROACH

3.1 Proposed equation

The model presented by Atkinson (2007) shows that, during TBM tunneling, as the applied
support pressure decreases the volume loss increases. Furthermore, when the support pressure is
the same of the vertical stress, at the axis level, the volume loss will be negligible, and as well as
the support pressure reaches the ground ultimate limit state the settlements will become very
large up to its collapse.

In order to be able to represent mathematically this consistent behavior of ground movement
due to TBM support pressure, the hyperbolic equation implemented by Duncan and Chang
(1970), to describe nonlinear analysis of stress — strain behavior of soils, was taken as reference.
So, by adapting this formulation to the model presented by Atkinson (2007), the following
equation is proposed:

Smax = M (1)
a—bP
where S,,,, = maximum surface settlement (mm), P = applied TBM support pressure (kPa), Py =
estimated initial TBM support pressure for face stability, and a and b are curve-fitting parame-
ters (the physical meaning of these variables are not subject of discussion in the present work).

Figure 4 shows the representation of the proposed mathematical formulation (from Eq. 1) to
express the nonlinearity behavior of ground due to the applied TBM support pressure. This
equation represents a good mathematical approach to reproduce model presented by Atkinson
(2007). If the applied TBM support pressure equals the initial stress of the soil (Py), thus the set-
tlement at surface will be negligible.

By reducing the applied support pressure (P) is observed that the soil deformation follows an
elastic behavior. After that the limit is reached and then the development of soil plastic behavior
begins to be noticed, meaning in large surface settlement which won’t be more recoverable.
Large settlement and ,consequently, tunnel face collapse is achieved when the applied TBM
support pressure reaches a minimum value (P,,;,).

The slope of the proposed curve is obtained through the following mathematical derivation:

P (kPa)

St (MM)
Asymptote

Figure 4. Representation of the proposed Immediate Surface Settlement Curve (ISSC).
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ds 1
max - _ (2)
dP |p.p a—bPF,

The value of minimum applied pressure (P,,;;) to have the maximum surface settlement (S,,,,.)
is mathematically demonstrated by first transforming P (from Equation 1) as a function of the
maximum surface settlement (S,,.,), which is:

p—m

= (3)

1-bS,,.

Therefore, as S,,,, approaches infinity the value of P,;, in which large settlement and/or tun-
nel face collapse will be achieved by the following expression:

P() — aSmax _ a

. R-aS, ., _a A
Shrg -y win =7 (4)

max

3.2 Parametric analysis of the proposed equation

In order to analyze the impact of the fitting-curve parameters, presented in the proposed equa-
tion, a series of parametric analyses are made to describe this influence. As shown in equation 1,
the fixed input variable is the initial TBM face support pressure (P,), which value depends on
the case study under analysis.

In this regard, by considering the monitoring data analysis shown in Table 3, the tunnel
stretch between Hospital Sdo Paulo (HSP) and Santa Cruz (SCR) stations was chosen as refer-
ence to extract the information required to perform this analysis. Thus, the analytical method
proposed by Anagnostou and Kovari (1996), based on limit equilibrium method, was imple-
mented for the estimation of face support pressure.

Figure 5 shows the model geometry for estimation of the face support pressure (Py), by con-
sidering the geological profile between HSP — SCR stations as shown in Figure 2.

$6.60m  w] 3Agp,

(480m 3Ag,,
(3.10m 3Ar,,
440 m 3Ag, ,
12.80m 3Ar,,
2,65 m

Figure 5. Tunnel model geometry between HSP — SCR stations.
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Figure 6. Effect of changing a on ISSC.
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Figure 7. Effect of changing b on ISSC.

Therefore, by implementing the method of Anagnostou and Kovari, the estimated value of
face support pressure was 310 kPa. Figures 6 and 7 shown the effects of variation the fittig-
curve parameters. By analogy with the Duncan and Chang formulation’s, a constitutes the slope
of the curve indicating a linear behavior and b correspond to the asymptotic tendency of the
curve is achieved when the applied face support pressure is minimum (P,,;,), thus the surface
settlement tends to be large or infinite (tunnel face collapse).

3.3 Fitting the proposed equation to case study monitoring data

Measured surface settlements monitoring data, along the tunnel stretch between HSP — SCR sta-
tions, were selected to show the fitting suitability of the proposed equation. As it well known,
within the mathematical literature, the coefficient of determination of R-squared is an inade-
quate measure for the goodness of fit to apply directly in nonlinear models. Nevertheless, it is
still a frequently tool use for the analysis and interpretation of nonlinear fitting to data.

An example, to the mentioned above, is given by Spiess and Neumeyer (2010) which per-
formed thousands of simulations for their study on pharmacology and got to the conclusion that
the use of R-squared to evaluate the fit of nonlinear models leads to an incorrect interpretation.

Under this context and by taking it to the present scenario, firstly a mathematical arti-
fice was applied to linearized the propose equation and on this linear equation, the goodness of
fit analysis was applied by using the minimization solver available in MS Excel 2016.

Figure 8 presents the best-fit curve to the observed data, the value of R-squared presented
correspond to that applied to the equivalent linear equation model which by relation can be con-
sidered the same for the proposed model. The value of fitting parameters a and b obtained were
9.850 and 0.211, respectively.
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Figure 8. Best-fit curve to the monitoring data along the tunnel stretch between HSP — SCR stations.

3.4 Quantification of variability to the proposed equation

The following analysis is based on the work of Zhai and Rahardjo (2013), which procedure ap-
plied for the understanding of the Soil Water Characteristic Curve (SWCC), that can be perfect-
ly taken to apply to this case.

The idea of this procedure will be to represent the upper and lower bounds of the proposed
equation (Equation 1). According Kool and Parker (1988), The bounds of a model is directly
correlated to the confidence limits of the parameters involved in the equation. This can be done
by estimating the variance of each parameter by approximately using t-statistic as follows:

a~la.a..]= [a —t,,+/var(a),a+ ta/levar(a)}

5)
b~ [Byyy b | = | b=t [Var(b), b+ 1, Var(h) |

where a is the confidence level (95%). Thus, by the combination of the maximum and mini-
mum values of the fitting parameters on the proposed equation, the upper and lower confidence
limits can be obtained.

Figure 9 shows the correlation between the maximum surface settlement with fitting parame-
ters a and b, respectively.

Therefore, the combination of a,,,, and b,,;, will give the upper bound while the combination
of a,,;, and b,,,, will give the lower confidence limit. The confidence limits are expressed as fol-
low:

P-P
Upper:S, , =—">——
pp - amax - bmin P (6)
Lower:S = _HP
amin - bmax P

Finally, Figure 10 shows the variability of the proposed equation through computation of the
upper and lower confidence limits. In order to be able to compute this procedure it was assumed
a coefficient of variation (CV) of 20% for both the fitting parameters, which will allow to esti-
mate the variance, and a #,, = 2.093 (0=95% with n = 19 observed data assumed, from Table 3,
as the degree of freedom).
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Figure 9. Relationships between maximum surface settlement (S,,,,) and fitting parameters a and b, re-
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Figure 10. Illustration of the best fitted, upper and lower bound limits of maximum surface settlement be-
tween HSP — SCR stations.

4 CONCLUSIONS

The present paper was intended to show a proposed equation for relating the applied TBM face
support pressure with the immediate surface settlement, which is credited to be of helpful for the
personnel involved during tunnel construction with TBMs in urban areas. This formulation is
based in the hyperbolic equation that provided an excellent result to the nonlinear constitutive
model proposed by Duncan and Chang (1970) and proved to be an excellent tool to relate these
variables.

A rationale procedure for the estimation of the fitting parameters was presented on the basis
of having information regarding TBM support pressure and field monitoring data. To this case,
it was taken data from the extension works of Sdo Paulo metro Line 5. Thus, the values of fit-
ting parameters a and b regarded only to the tunnel stretch that was studied. The analysis, with
the proposed equations and upper and lower confidence limits, have shown that excavation pro-
ceeded inside the expected range of correlation. The approach here implemented to this case
study can be applied to other tunneling projects.

The explanation of the physical meaning of the fitting parameters was not the subject of dis-
cussion in the present work.

For other TBM tunneling projects, the proposed equation could be used by considering the
local characteristics where tunnel will be constructed, which is an important aspect because al-
low to estimate, for example, the initial support pressure (Py) which intrinsically considers vari-
ables as tunnel geometry, TBM tunneling method (EPB or Slurry), soil stratigraphy, water level
and geotechnical parameters. Values of the fitting parameters could be taken from the first mon-
itoring measurements and while excavation is in progress, these fitting parameters can be updat-
ed allowing a better correlation.

Thus, the proposed equation can be implemented generically in every TBM tunneling project
keeping in mind the ground conditions of the area, as well as that the fitting parameters a and b
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need to be calibrated for that specific area of study, which can be done by progressively updat-
ing the data from monitoring field measures.
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