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Abstract. In shield tunnel boring machine constructions, backfill pressure affects surface settlement and the
stability of other underground structures nearby. Therefore, it is essential to pre-calculate backfill pressure in
the design stage. This study examines and compares the seven internationally known backfill pressure calcula-
tion theories and calculates and analyzes the backfill pressures in six virtual ground conditions. The calculated
backfill pressure increased as the ground cover increased, but the increase rate decreased. Also, this study per-
forms a numerical analysis to identify the impact on ground settlement and tunnel crown settlement. In the end,
settlement was more impacted by face pressure than backfill pressure in the unsaturated and saturated ground
conditions. Also, as the ground cover increased, the impact of backfill pressure decreased, and as the applied

face pressure decreased, the impact of backfill pressure increased.
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Figure 1. Tail void in shield machine (Moeller, 2006).

1 Introduction

Recently, tunnel excavations through the blasting method
cause many complaints in cities due to noise and vibrations,
leading to the rise of shield TBM (tunnel boring machine)
that assembles segment lining while preventing the collapse
of top ground with a shield at the same time as tunnel ex-
cavation. The shield TBM method is advantageous for ur-
ban excavations because of its less noise and vibration, and
guarantees the stability of the structures at the top of the tun-
nel impacted by ground movement at the time of tunneling.
Moreover, the method has less risk of underground water in-

flow into the tunnel during tunnel excavation even under a
high ground water pressure(level) in an unconfined aquifer.

With this shield TBM method, an annular empty space is
created inevitably(hereafter referred to as tail void) caused by
the difference between the outer diameter of the shield and
the outer diameter of the primary segment lining at the time
of tunnelling, due to the mechanical characteristics of shield
machine as shown in Fig. 1. Therefore, backfilling the tail
void is an essential step for the shield TBM method. Backfill
pressure refers to the pressure injecting the backfilling ma-
terial into the tail void to prevent surface settlement during
the shield TBM excavation. Too much or too small backfill
pressure may cause uplift or settlement of the ground, affect-
ing the stability of the top structure. Also, such pressure may
transform the ground condition, or affect other underground
structures in the adjoining underground space, such as the
foundation, tunnel, or pipes. Therefore, appropriate backfill
pressure according to the ground conditions is important to
apply the shield TBM method safely.

This study examines and analyzes the backfill pressure cal-
culation theories (models) that have been studied and sug-
gested so far. By applying these models, this study calculates
the backfill pressure for each model to prevent surface settle-
ment of the top ground excavated through a shield TBM at
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the design stage in various virtual ground conditions. After-
wards, the calculated backfill pressure was applied to a nu-
merical analysis to comparatively analyze the impact of the
differences in backfill pressures in different models on the
settlement of the ground and tunnel crown according to the
ground conditions and ground cover.

2 Backfill pressure calculation theory

Backfill pressure is estimated based on the shield TBM face
pressure (lateral earth pressure), or corresponding to the ver-
tical (normal) stress and water pressure applied to the TBM
crown. Therefore, this study presents and analyzes the theo-
ries calculating backfill pressure in two types: theories based
on the bearing pressure (face pressure, lateral earth pressure)
applied to the tunnel face, and other theories based on the
normal stress on the tunnel crown.

2.1 Backfill pressure calculation theories based on face
pressure (lateral earth pressure)

Gatti and Cassani (2007) proposed the following methods
to minimize surface settlement at the time of urban tunnel-
ing using the shield TBM: pressure control in the chamber,
ground improvement, quantity control in the backfill injec-
tion and injection pressure management. They suggested that
backfill injection pressure (oiyj) should be calculated larger
than the sum of the lateral earth pressure and water pressure
applied to the center of the tunnel face in order for it to avoid
convergence of the cavity and uniformly inject backfill mate-
rials. Their proposed calculation is shown in Eq. (1). Here, u,
y’, H, D means hydrostatic pressure, effective unit weight,
ground cover of tunnel, tunnel diameter, respectively. K, the
coefficient of earth pressure, is proposed to be larger than
the static coefficient of earth pressure obtained through the
Jaky’s law.

, D
ainj>u+|:y <H+3>.Ki|, )]

Daniele Peila (personal communication, 2010) experientially
proposed backfill pressure (oin;) as 0.5 bar plus the applied
face pressure (oface, bar), as shown in Eq. (2).

Oinj = Oface + 0.5, 2

Oyanguren Ramirez (personal communication, 2010) pro-
posed backfill pressure (ojy;) to be the applied face pressure
(otace) multiplied by 1.5-1.8, as shown in Eq. (3).

Oinj = (1.5 — 1.8) - Oface, 3)

Based on field data in Korea, generally the minimum backfill
injection pressure (ojn;) should be estimated 1-2 bar larger
than the applied face pressure (ofyee, bar), as shown in
Eq. (4). Such empirical method will be referred to as Em-
pirical equation, hereafter.

Oinj = Oface 1 (1 —2 bar), )
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2.2 Backfill pressure calculation theories based on
normal stress

Wittke (2007) proposed backfill pressure (o) to be the value
corresponding to the normal stress (oy) applied to the tunnel
crown, as shown in Eq. (5).

Ging = O, 5)

Biosca and Bono (2008) proposed backfill pressure (oiy;) as
the value of the normal stress (oy, bar) applied to the tunnel
crown added by 0.5-1.0 bar, as shown in Eq. (6).

Oinj = oy + (0.5 — 1.0 bar), (6)

Mollon et al. (2013) suggested backfill pressure (oiy;) as the
value of the normal stress (oy) applied to the tunnel crown
multiplied by 1.2, as shown in Eq. (7).

oinj = 1.2 X oy, @)

3 Setting virtual ground conditions

This study set six virtual ground conditions as shown in Ta-
ble 1. There are three unsaturated ground conditions (Cases
1-3) where the tunnel is excavated above the ground wa-
ter level, and three saturated ground conditions (Cases 4—6)
where the tunnel is excavated below the ground water level.
According to each case, soil (ground) properties such as unit
weight (), cohesion (c), and internal friction angle (¢) were
varied as shown in Table 1.

The tunnel excavation conditions were set as shown in
Fig. 2. Ground cover (C in Fig. 2) was 30 m, tunnel excava-
tion diameter (D = b in Fig. 2) was 8.3 m, and ground water
level from tunnel crown (h, in Fig. 2, limited only to Cases
4-6) was 50 m.

4 Ground and crown settlements according to the
changes in backfill pressure

This study applies the different backfill pressures calculated
by a model to a numerical analysis to investigate the effect of
the backfill pressure values on the ground and crown settle-
ment (ground movement) caused by shield TBM tunnel exca-
vation. For this, MIDAS GTS NX was selected as the ground
numerical analytical program that similarly models the entire
analysis process of shield TBM tunnel excavation in three
dimensions. In addition, segment lining assembly and grout
hardening processes were applied for each analysis step.
The ground conditions were applied for the numerical
analysis: on even ground, 40 m width, 90 m length along the
tunnel excavation direction, 8.3 m excavation diameter, 1.5 m
excavated tunnel length, and three different ground covers
(10, 20, 30 m representing C in Fig. 2) from the tunnel crown.
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Table 1. Ground conditions

n&Nm™3) ya kNm™3) ¢(*kNm™2) ¢(°) Condition
Case 1 0 35
Case 2 19 - 5 30  Unsaturated
Case 3 10 25
Case 4 0 35
Case 5 - 20 5 30  Saturated
Case 6 10 25
Table 2. Face and backfill pressure for numerical analysis (Case 5).
Ground Cover 10m | 20m | 30m

Max  Min | Max
673 619 | 772

Min | Max  Min
729 | 874 835

Face Pressure (kPa)

Backfill Injection Pressure (kPa)

Gatti and Cassani 685 685 845 845 | 1005 1005
Daniele Peila 723 669 822 779 924 885
Oyanguren Ramirez 1111 1021 | 1274 1203 | 1442 1378
Empirical equation 823 769 922 879 | 1024 985
Mollon et al. (2013) 840 840 | 1080 1080 | 1320 1320
Wittke (2007) 700 700 900 900 | 1100 1100
Biosca and Bono (2008) 775 775 975 975 | 1175 1175

Figure 2. TBM Tunnel Excavation Conditions.

The segment lining thickness and backfill grouting thickness
were 30 and 20 cm, respectively. In the saturated conditions,
the water level (hy in Fig. 2) was modelled at 50 m above
from the tunnel crown. Figure 3 shows the numerical analy-
sis model when the ground cover was 20 m.

4.1 Calculation of face pressure and backfill pressure
applied to numerical analysis

Figure 3. Numerical modelling.

Face pressure and backfill pressure for numerical analysis

were calculated in each of Case 1-6. The aforementioned
seven theories (4 models based on face pressure + 3 models
based on normal stress) were applied to calculate backfill in-
jection pressure. Three models of Murayama (1966), Anag-
nostou and Kovari (1996), DIN 4085 (1987) and an empiri-
cal equation proposed by the Japanese Geotechnical Society
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were applied to calculate face pressure, after which the maxi-
mum and minimum face pressures were applied to each. This
study investigated total six cases (Table 1), but the findings of
Case 5 was only presented and discussed as the prime case.
Other cases showed similar trends. Table 2 show the applied
face pressure and backfill pressure for model according to the
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Table 3. Ground settlement according to face and backfill pressure (Case 5).
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Ground Cover 10m ‘ 20m ‘ 30m
Face Pressure (kPa) Max ‘ Min ‘ Max ‘ Min ‘ Max ‘ Min
Ground Settlement (mm)  Face Final ‘ Face Final ‘ Face Final ‘ Face Final ‘ Face  Final ‘ Face  Final
Gatti and Cassani (2007) 7.00 20.83 | 7.28  21.08 | 5.8 16.10 | 5.76 1631 | 428 11.76 | 441 1193
Daniele Peila (personal 699 2079 | 7.28  21.10 | 5.58 16.11 | 5.77 1634 | 429 11.80 | 443 1198
communication, 2010)
Oyanguren Ramirez 694 2042 | 724  20.76 | 5.50 1590 | 5.69 16.13 | 4.19 11.58 | 434 11.77
(personal
communication, 2010)
Empirical equation 698  20.69 | 727  20.99 | 5.56 16.06 | 5.75 16.29 | 427 11.75 | 441 11.94
Mollon et al. (2013) 698  20.69 | 726  20.94 | 5.53 1599 | 5.71 16.19 | 422 11.63 | 435 11.80
Wittke (2007) 699  20.81 | 7.28  21.07 | 5.57 16.08 | 5.75 16.28 | 426 11.72 | 439 11.89
Biosca and Bono (2008) 698  20.69 | 7.27 2099 | 555 16.04 | 5.73 16.24 | 425 11.69 | 438 11.86
Average 698 2070 | 727 2099 | 556 1604 | 574 1625 | 425 11.70 | 439 11.88
Settlement 13.72(66.3%) | 13.72 (654 %) | 10.48 (65.4%) | 10.52 (64.7%) | 7.45(63.7%) | 5.80 (42.8 %)
Table 4. Crown settlement according to face and backfill pressure (Case 5).
Ground Cover 10m \ 20m \ 30m
Face Pressure (kPa) Max ‘ Min ‘ Max ‘ Min ‘ Max ‘ Min
Crown Settlement (mm) Face Final ‘ Face Final ‘ Face Final ‘ Face  Final ‘ Face Final ‘ Face Final
Gatti and Cassani (2007) 930 3061 | 995 31.19 | 9.63 4206 | 1029 4275 | 930  30.61 | 995 31.19
Daniele Peila (personal 929 3053 | 995 31.23 | 9.63  42.07 | 1029 4277 | 929 3053 | 995 31.23
communication, 2010)
Oyanguren Ramirez 925  29.72 | 991 3049 | 9.60 4192 | 1026 42.64 | 925  29.72 | 991 30.49
(personal
communication, 2010)
Empirical equation 928 3031 | 994 3101 | 9.62 42.03 | 1028 42.74 | 9.28  30.31 | 994 31.01
Mollon et al. (2013) 928 3031 | 993  30.89 | 9.61 4198 | 1027 42.67 | 928 3031 | 993  30.89
Wittke (2007) 930 3058 | 995 31.16 | 9.62 4204 | 1028 4273 | 930  30.58 | 995 31.16
Biosca and Bono (2008) 929 3042 | 994 3101 | 9.62 4201 | 1028 4271 | 9.29 3042 | 994 31.01
Average 928 3035 | 9.94 31.00 | 9.62 4201 | 1028 4272 | 928 3035 | 9.94  31.00
Settlement 21.07 (69.4 %) | 21.06 (67.9%) | 32.40 (77.1%) | 32.44 (75.9%) | 35.73 (77.3%) | 35.77 (76.3 %)

changes in ground cover in Case 5. In the numerical analysis,
for example, the maximum and minimum face pressure were
applied to each ground cover in Case 5. The seven backfill
pressures were applied (total 3 x 2 x 7 =42 cases) to calcu-
late ground settlement and crown settlement caused by shield
TBM excavation.

4.2 Numerical analysis and results

4.2.1 Ground settlement

Table 3 shows the ground settlements for Case 5 under 10, 20
and 30 m ground covers, maximum and minimum face pres-
sures, and seven backfill pressure models. “Face” in Table 3
indicates the settlement when the shield TBM face reaches
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the observation point and “Final” in Table 3 means the fi-
nal settlement after tunnel excavation. When compared with
Case 2 in unsaturated conditions (even though the results are
not described in this paper due to the page restriction), the
impact of applied face pressure and backfill pressure was
smaller because water pressure mostly comprised the face
pressure and backfill pressure calculations.

When compared in quantitative values, settlement by
backfill grouting with 10 m ground cover, maximum face
pressure, and Ramirez model (largest backfill pressure,
1111kPa), was 13.48 mm (20.42-6.94 mm in Table 3), and
with the Wittke model (smallest backfill pressure, 700 kPa),
settlement was 13.82 mm (20.81-6.99 mm in Table 3). With
minimum face pressure and Ramirez model (largest back-
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fill pressure, 1021kPa), settlement by backfill grouting
was 13.52 mm, and with the Wittke model (smallest back-
fill pressure, 700kPa), it was 13.79 mm. With maximum
face pressure, settlement by changed backfill pressure was
0.00083 mm kPa~—! and with minimum face pressure, it was
0.00050 mmkPa~!. When obtained with the ground cov-
ers of 20 and 30 m and maximum face pressure applied, it
was 0.00029 and 0.00013 mm kPa~!, respectively. With min-
imum face pressure, it was 0.00022 and 0.00024 mm kPa~!,
respectively. As in the unsaturated conditions, the higher the
ground cover increased, the lower the impact of backfill pres-
sure decreased on ground settlement. Unlike in the unsatu-
rated conditions, the impact was slightly larger with maxi-
mum face pressure.

4.2.2 Crown settlement

Table 4 shows the crown settlements for Case 5 under 10,
20 and 30m ground covers, maximum and minimum face
pressures, and seven backfill pressure models. The analysis
shows similar results as in the case of ground settlement.

In the quantitative comparison, the settlement by the
changed backfill pressure was 0.00197 mmkPa~! with
10m ground cover and maximum face pressure. It was
0.00118 mmkPa~! with minimum face pressure. With the
ground covers of 20 and 30 m, the settlement was 0.00027
and 0.00007 mmkPa—! with maximum face pressure, re-
spectively, and 0.00134 and 0.00117 mm kPa~! with min-
imum face pressure, respectively. When compared with
ground settlement in the unsaturated conditions, the impact
of backfill pressure generally increased particularly within
the maximum face pressure scenario, presumably because of
the instant impact of backfill pressure on the crown, rather
than ground, as the calculated backfill pressure increased ac-
cording to face pressure.

4.2.3 Discussion on the numerical analysis

The impact of applied face pressure was bigger on final
settlement on the ground and crown than that of backfill
pressure both in the unsaturated and saturated conditions
within the situation we applied. Ground movement by ap-
plied face pressure and applied backfill pressure was simi-
lar, but displacement immediately occurred as backfill pres-
sure applies on the crown rather than ground. As ground
cover increased on the ground and crown, the impact of back-
fill pressure decreased, and as the applied face pressure de-
creased, the impact of backfill pressure increased. However,
in the unsaturated conditions, ground settlement increased as
ground cover increased, but settlement decreased in the sat-
urated conditions, presumably because relaxed load applied
as ground cover increased. On the contrary, crown settlement
increased both in the unsaturated and saturated conditions
as the ground cover increased because crown settlement in-
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stantly reacted to the application of tunnel excavation and
backfill pressure.

5 Conclusions

1. In the unsaturated conditions, the crown reacted more
sensitively to backfill pressure than the ground. As the
ground cover increased, the impact of backfill pressure
on ground and crown settlement decreased. In the nu-
merical analysis with varying face pressure, the impact
of backfill pressure increased on ground settlement as
face pressure decreased.

2. In the saturated conditions, the crown reacted more sen-
sitively to backfill pressure than the ground, as in the
unsaturated conditions. As the ground cover increased,
the impact of backfill pressure decreased on ground and
crown settlement.

3. In the unsaturated conditions, ground and crown settle-
ment increased as the ground cover increased. But in
the saturated conditions, ground settlement decreased
as the ground cover increased. This is probably because
it does not instantly react to tunnel excavation unlike
crown settlement, and as the ground cover increased,
a relaxed load applies to decrease settlement. On the
contrary, crown displacement is instant according to the
application of tunnel excavation and backfill pressure,
leading to increasing settlement according to the ground
cover.
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