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The distribution of earth pressure surrounding a tunnel is one of the most critical factors in designing tunnel support systems. In this study,
a physical modeling setup has been designed and constructed to simulate the excavation procedure of a full-face circular tunnel. Silica sand
was used with four different densities and three different cover-to-tunnel diameter ratios. The full-face excavation was simulated with a
variation of tunneling-induced volume loss. The variations of earth pressure around the tunnel were measured by means of a series of
miniature soil pressure cells. Particle Image Velocimetry (PIV), as a non-destructive image processing technique, was used to monitor the
deformation of the soil surrounding the tunnel. The results obtained from both pressure cells and PIV showed that soil arching developed
around the tunnel. As tunnel convergence increased, a loosened zone appeared above the tunnel, surrounded by a stress arch. It was discovered
that there is a direct relationship between the height of the loosened zone and the depth of the tunnel. A linear equation has been established
for the estimation of the height of the loosened zone, which has a direct influence on the design of the support system.

Keywords: Tunneling: Physical model; Soil arching: Particle Image Velocimetry (PIV).

1. Introduction

Excavation of an underground opening leads to disturbance of the in-
situ stresses around the opening, resulting in a redistribution of
surrounding stresses. The matter of stress redistribution around an
excavated opening is a key factor in stability analysis and support system
design. The governing phenomenon in stress redistribution around
sandy shallow tunnels is soil arching. The pioneer in soil arching
investigation was Janssen (1895), who observed a non-hydrostatic
vertical pressure distribution in granular material stored in silos.
Terzaghi (1936) investigated the soil arching effect by means of some
trap door tests. He concluded that by moving the trap door down, the
weight of the backfill transferred from the yielding zone above the door
to the surrounding stationary zones. This phenomenon was observed in
some other geotechnical projects such as pipeline ditches (Marston and
Anderson 1913), retaining walls (Terzaghi 1934; Krynine 1945; Handy
1985; Khosravi et al. 2013), and undercut slopes (Khosravi et al. 2011;
Khosravi et al. 2016). Balla (1963) calculated the rock pressure by
considering shearing resistance. Yang et al. (2013) introduced the
analytical method based on the non-linear Mohr-Coulomb criteria to
measure supporting pressure on the quadrilateral tunnel. They used the
modified tangential technique, the upper solution of supporting
pressure for the shallow tunnel. They investigated the effect of lateral
pressure coefficient, initial cohesion, uniaxial tension strength,
overburden, and tunnel span. Fraldi et al. (2010) measured the collapsed
zone area using the plasticity theory. They calculated the extension of
the collapsed zone by the associated flow rule and defined the plastic
potential function coinciding with the Hoek-Brown yield criterion. They
then captured the geometry of the collapsed zone by considering the
Greenberg Minimum Principle. Mollon et al. (2011) introduced a three-
dimensional analytical method, a rotational failure mechanism to
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predict face pressure. They believed that the boundary of the collapsed
zone in front of the tunnel face consists of two logarithmic spirals.
Ibrahim et al. (2015) extended this method to a layered ground with
different friction angles. Similarly, Pan and Dias (2017) modified this
method to cover non-circular tunnels.

Among analytical and experimental methods, there are several
physical models conducted to investigate the supporting pressure. Lei et
al. (2015) examined the effect of the dip of the ground surface on the
supporting pressure. They built and tested a 1-g physical model with
three different surface dip angles. They excavated the tunnel section in
several steps and recorded the amount of strain on the tunnel lining as
well as applied pressure on it. Chen et al. (2013) conducted a physical
model to measure the tunnel face pressure and they did the test for three
cover-to-tunnel diameter ratios. They simulated mechanized tunnel
excavation using a three-dimensional model. The tunnel face consisted
of a rigid circular plate connected to a hydraulic jack that was capable
of pushing back the face at a low rate. Moreover, they recorded the
variation of pressure during displacement of the tunnel face. They
defined vertical and horizontal stress concentration coefficients. Based
on the outcomes recorded by pressure cells, buried around the tunnel,
they obtained the loosened zone, arch crown, and arch foot through the
amount of the previously mentioned coefficient.

The effect of tunnel overburden and in-situ stress coefficient was
investigated by Chen et al. (2011) using a numerical method. They drew
the variation of the vertical stress over depth during the progress of the
tunnel face to the measuring point. Based on these diagrams, they
defined the height of the loosened zone above the tunnel. Zhang et al.
(2015) simulated a three-dimensional numerical model representative
of the ground with four different geologies. They tried to find out the
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variation of the tunnel face pressure over the tunnel face convergences.
Besides these methods, Rezaei et al. (2017) used artificial neural network
methodology to investigate the height of the distressed zone above
mined panel in longwall mining.

Amongst all, tunneling-induced ground displacement is the most
influential parameter affecting stress redistribution around a tunnel.
Tunnel geometry, soil density, and overburden are, also, essential
Ground density and tunneling-induced ground displacement have
rarely been taken into account in previous studies, particularly in
physical models. In order to fill the gaps left in the previous studies, this
research has been set up to investigate the ground movement in loose
materials subjected to tunneling and to evaluate the influence of soil
density on the tunnel supporting pressure. This investigation is based on
a series of 1-g physical model tests. The modeling has been carried out
under different cover-to-tunnel diameter ratios as well as different
tunnel volume losses.

2. Physical Model Components

21 Model frame

A rigid model frame of 30 cm in width, 120 cm in length, and 145 cm
in height were built using stainless steel beams. The components of the
model frame are illustrated in Figure 1. During the test process, the mean
deflection of the acrylic plate was less than 0.1 mm, which was 0.03
percent of the model width and 30 percent of the mean particle size of
the used sand. Thus, the plates were believed to be sufficiently rigid for
the study.
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Figure 1. Physical model of the full-face tunnel excavation.
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2.2. Modeling material

The Firuzkuh silica sand with a uniformity coefficient of 2.3 and a
mean particle size of 0.3 mm was used as the modeling material. The
particle size distribution of the sand is shown in Figure 2. The dry sand
has an internal friction angle and cohesion of 36° and zero, respectively.
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Figure 2. Particle size distribution of Firuzkuh silica sand No. 161.

2.3, Preparation of the model

The models were prepared using the sand pluviation method in which
the sand particles were poured from the feeder under a specific falling
height, depending on the target density. The target densities of 1400,
1417, 1441, and 1482 kg/m’ were obtained from the falling heights of
10cm, 30cm, 60cm, and 110cm, respectively. The modeling process was
repeated under the preceding mentioned densities for three different
cover-to-tunnel diameter ratios (C/D) of 2, 3, and 4.

2.4 Pressure measurement procedure

Five pressure cells were used to measure the soil pressure variation
around the tunnel while the volume loss increased (simulation of full-
face excavations). Each pressure cell was calibrated by a loading-
unloading process under hydrostatic water pressure as shown in
Figure 3.
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Figure 3. Calibration of the procedure cells in water.

The application of pressure cells in soil was validated under a series
of loading-unloading processes as represented in Figure 4. For this
validation, the pressure cells were placed at the bottom of the container
and the process of loading-unloading was conducted by pouring the
sand through the sand feeder and gathering it by a suction machine.
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=8 T T T 2.5. Excavation Process
a
=< /* Full-face tunneling makes a uniform convergence around the tunnel
%\ * in sandy soils. Full-face tunnel excavation was simulated through a pack
; 61 / b of conic wedges, as shown in Figure 6. The tunnel diameter can be
3 % decreased by drawing out the inner conic wedge. Some researchers have
=3 /A/ employed this methodology for simulating the tunnel excavation
“5’ 4 4 process (Katoh et al,, 1998; Boonsiri & Takemura, 2015).
g a —=— Loading -H=10cm As shown in Figure 6, a permanent magnet step motor was used to
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Figure 4. Validation of the application of pressure cells in soil.

The results indicated that as the soil height increased, the measured
soil pressure, during the unloading process, was less than the
theoretically expected values. This phenomenon is due to the side
friction, known as the silo effect (Janssen 1895). To avoid the influence
of this phenomenon on the results, the depth of the pressure cells, inside
the model, was kept limited. Three of the pressure cells were used to
monitor the vertical soil pressure variation above the tunnel, and one of
them was to record vertical soil pressure variation at the tunnel level.
The last one was used to monitor the horizontal soil pressure variation
above the tunnel. The layout of the pressure cells inside the model is
illustrated in Figure 5.
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Figure 5. Soil pressure cell layout, (a) Physical model, (b) Sensor position.
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Figure 6. Full face excavation simulation procedure, (a) Front view, (b) Side view,
(c) Tunnel conical parts, (d) Excavation simulator components.

2.6. Image Processing

The particle Image Velocimetry (PIV) technique was used to measure
deformation contours in the model. This technique is approved
worldwide as a non-destructive process. Moreover, it is used for the
estimation of deformation under both centrifugal (Marshall et al,, 2012)
and 1-g conditions (Kirsch, 2010; Khosravi et al., 2011; Khosravi et al,
2013; Moussaei et al., 2016; Moussaei et al. 2018; Moussaei et al., 2019).

A PIV camera was placed at a 1.5-meter-distance, perpendicular to the
model frame, as shown in Figure 7. A black curtain was hung behind the
camera to avoid reflection of the screen light and to get a higher
resolution. MatPIV v.1.6.1 computer code, developed by Sveen (2004),
was utilized for analysis.

3. Results and Discussion

The gap parameter (the tunnel volume loss), sand density, and cover-
to-tunnel diameter ratio were considered the governing parameters in
this research. To study the influence of these parameters on the stress
arching around the tunnel, a total number of 11 model tests were
conducted, as listed in Table 1.

3.1 Soil pressure variation

Variation of soil pressure above the tunnel was recorded during
tunnel convergence. Earth pressure around the tunnel, as a function of
volume loss, is presented in Figures 8-10 for cover to tunnel diameter
ratios of 2, 3, and 4, respectively. Pressure cell positions are shown in
Figure 5. It should be noted that all the pressure cells were measuring
vertical earth pressure, except for P5 which was planned to record
horizontal earth pressure.

At an overall glance, it can be seen that by increasing the convergence
of the tunnel, the vertical earth pressure decreases above the tunnel (P2,
P3, and P4), while increasing laterally (P1). This can be regarded as clear
evidence of the soil arching phenomenon. Also, the gradual increment
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of horizontal earth pressure above the tunnel (P5), in most of the
models, confirms the occurrence of this phenomenon. As Figures 8-10
show, when the model got denser, the redistribution of earth pressures
around the tunnel occurred faster and the final state of earth pressure
distribution, surrounding the tunnel, reached relatively lower values of
tunnel volume loss.
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PIV Camera
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Tunnel Model

. Frame
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(a) Step Motor

Black
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Figure 7. The photogrammetry setup, (a) Top view, (b) General view.

Table 1. The simulation parameters in physical models.

Model Test Density, p Cover-to-Tunnel Diameter Ratio,
No. (kg/m3) Cc/D
1 2
2 1400 3
3 4
4 2
5 1417 3
6 4
7 2

1441
8 3
9 2
10 1482 3
11 4

The distribution of vertical earth pressure above the tunnel, as a
function of the tunnel volume loss, is shown in Figures 11-13 for different
values of soil density and cover-to-diameter ratios. As the tunnel
converged, the vertical earth pressure above the tunnel decreased all
over. However, this decrement was maximum in close vicinity of the
tunnel. According to Chen et al (2011), the inflection point in vertical
earth pressure distribution curves can be considered as the crown of the
loosened zone above the tunnel. The inflection points are marked with
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Figure 8. Distribution of earth pressure around the tunnel as a function of tunnel
volume loss.

(C/D=2); (a) p =1398, (b) p =1417, (c) p =1441, (d) p =1482 kg/m’.
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Figure 10. Distribution of earth pressure around the tunnel as a function of tunnel
volume loss (C/D=4); (a) p =1398, (b) p =1417 kg/m’.

black circles in Figures 11-13. The distance between the inflection point
and the tunnel roof is defined as the height of the loosened zone (h), in
this study. It can be perceived from these figures that /4 is in direct
relationship with volume loss of the tunnel. In other words, by
increasing the convergence of the tunnel, the loosened zone extended
upward.

32, Deformation of the model

In order to investigate the influence of soil stress arching on the
deformation of the model, the Particle Image Velocimetry (PIV)
technique was used to monitor the deformation of the model during the
tunneling process. Details of image processing are reported in Moussaei
et al. (2019). The displacement field for a cover-to-tunnel diameter ratio
of 3 is plotted in Figure 14.

Variation of the vertical settlement (S) over depth (Z) for different
values of soil density and cover-to-diameter ratios is illustrated in Figure
15 to Figure 17, where both the settlement and depth values are
normalized with the tunnel cover (C). For a density of 1417 kg/m?,
regardless of cover to diameter ratio, the rate of settlement is constant
at any depth above the tunnel. However, by increasing the soil density,
especially for deeper tunnels (higher values of C/D for a constant D),
there is a change in the rate of settlement, as indicated by black circles
in Figure 15 to Figure 17. This change in settlement rate is related to the
soil arching phenomenon as discussed in the following section.

3.3. Loosened zone geometry

As mentioned before, during the excavation of the tunnel, the
convergence of the surrounding soil leads to the development of soil
stress arching around the tunnel. Due to this phenomenon, the weight
of the soil transfers partially from the moving zone, above the tunnel, to
adjacent stationary zones. Therefore, a shear surface will be appearing
between the moving zone and stationary zones on each side of the
tunnel (Lin et al. 2019).
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Figure 15. Variation of the vertical settlement above the tunnel crown for a cover-to-tunnel
diameter ratio of C/D=2; (a) p =1398, (b) p =1417, (c) p =1441, (d) p =1482 kg/m>.
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Figure 17. Variation of the vertical settlement above the tunnel crown for a cover-
to-tunnel diameter ratio of C/D=4; (a) p =1398, (b) p =1417, (c) p =1482 kg/m’.

In this study, soil stress arching above the tunnel has been looked into from two
aspects of being earth pressure measurement by miniature pressure cells and
ground settlement by image processing. The height of inflection points observed

in vertical earth pressure distribution (indicated in Figures 11-13), as well as the
height of inflection points observed in-ground vertical settlement (indicated in
Figures 15-17), are plotted in Fig18 as a function of the cover-to-tunnel diameter
ratio. Note that this figure is plotted for a tunnel volume loss of 7% where the
height of the inflection point, defined as the height of the loosened zone (4), is
normalized with tunnel diameter. A relatively good agreement can be seen
between the data obtained from two different aspects of the investigation.

It is obvious from Figure 18 that the height of the loosened zone rises

by increasing the cover-to-tunnel diameter ratio. Increasing the altitude

of the loosened zone means extending the stress-released zone and
applying higher pressure to the tunnel support system.

Based on the numerical analysis done by Lin et al. (2019), the height

of the loosened zone for a tunnel with a cover-to-tunnel diameter ratio

of 2 was estimated at 0.73D, where D is the tunnel diameter. However,



JMGE [

according to this figure, the expecting height of the loosened zone for a
cover-to-tunnel diameter ratio of 2 is about 1D (related to the 7% VL),
which is close to what was estimated by Lin et al. (2019).
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Figure 18. Normalized height of loosened zone (h/D) as a function of cover-to-
tunnel diameter ratio (C/D) for a volume loss of 7%. (PC= data captured from
pressure cells, PIV= data captured from image processing.).

4. Conclusions

For the simulation of full-face circular shallow tunneling in sandy
soils, a physical modeling setup was assembled. A series of physical
models with different soil densities, cover-to-tunnel diameter ratios, and
tunnel volume losses were conducted to investigate the development of
stress arching above the tunnel. The variation in earth pressure was
monitored by means of some miniature pressure cells. Particle Image
Velocimetry was also used to measure the deformation of the model.
The earth pressure measurement as well as image processing confirmed
the development of soil arching, where an arching zone formed
confining a loosened zone of soil above the tunnel. The results showed
that the height of the loosened zone rises with increasing the cover-to-
tunnel diameter ratio. Finally, through interpolation of physical data
results of this study a linear equation was proposed for estimation of the
height of the loosened zone as a function of the tunnel diameter and
cover of the tunnel. As the weight of the loosened zone applies directly
to the support system of the tunnel, estimation of this weight can help
for a more effective and economical support system. However, this study
was limited to cohesion less silica sand under loose conditions and more
investigations on different types of soil are recommended.

Abbreviation

PIV, Particle Image Velocimetry; C/D, Cover-to-tunnel diameter
ratio; h/D, the normalized height of the loosened zone; p, density.
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