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ABSTRACT

The purpose is to investigate the response of the surrounding rock mass’s seepage field,
displacement field, and stress field during dynamic tunneling in soft soil. Relied on a large-diameter
river-crossing shield tunnel project, considering driving force, shield tail grouting pressure, and the
friction resistance between the shield shell and the soil, a three-dimensional fine tunnel model taking
into account the liquid-solid coupling effect (LSCE) in the soil during dynamic tunneling was
established by employing the finite difference method. The response characteristics of pore water
pressure(PWP), displacement and stress in the surrounding rock mass were obtained. The results
show that due to the liquid-solid coupling(LSC) in the surrounding rock mass, the PWP in the range
of 0.5 times the hole diameter around the tunnel reduces and increases, respectively, during shield
tunneling and shield tail grouting. The PWP of the soil close to the vault falls as the shield tunneling
recedes, whereas the PWP close to the tunnel arch bottom rises. The impact range of shield tail
grouting on the vertical settlement of the overlying soil is about 0.5 times the hole diameter. The
shield tail grouting can significantly lessen the vertical settlement of the overlying soil and moderate
the vertical uplift of the bottom soil. During shield tunneling the vertical stress distribution of the soil
above the vault of the working position and around the excavation surface is funnel-shaped, and the
vertical stress around the excavated tunnel decreases.

KEYWORDS

River-crossing tunnel, Dynamic tunneling, Liquid-solid coupling, Seepage field, Displacement
field, Vertical stress

INTRODUCTION

With the advancement of urbanization, the problem of traffic congestion on the ground is
becoming more and more prominent. Therefore, the development of underground traffic has become
an important way to alleviate traffic congestion in large and medium-sized cities [1,2]. A great many
river-crossing shield tunnels have been constructed or under construction along the river and coastal
areas around the world, such as Seikan Tunnel (Japan), The Channel Tunnel (Britain and France),
Jiaozhou Bay Undersea Tunnel (China), Cross Harbour Tunnel (Hong Kong), and Oujiang North
Tunnel (China). Many challenges face the construction of a river-crossing shield tunnel under
complex environmental conditions such as saturated soft soil, high water pressure and safety
problems [3-5]. The shield tunneling will inevitably disturb the surrounding rock mass, and then the
LSCE becomes obvious between soil particles and pore water. The PWP, displacement and stress
of saturated soil are dynamically changed. Time-varying water-soil pressure severely affects the
sealing of segments and the grouting quality behind the segments. In severe cases, it will threaten
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the safe construction of shield tunnel, and the impact is particularly serious for large-diameter shield
tunnel. Therefore, it is of great significance to explore the liquid-solid coupling response of saturated
soft clay during dynamic tunneling of large-diameter river-crossing shield tunnels.

For the liquid-solid coupling response in the soil around the tunnel during the shield tunneling,
researchers have conducted a lot of researches by employing theoretical analysis, numerical
analysis and test methods, and fruitful results have been achieved. In terms of theoretical research,
Zareifard and Fahimifar [6] analyzed the stability of underwater tunnel while taking the seepage force
into account, and established the analytical solution of stress field and displacement field of
surrounding rock mass of underwater tunnel. Wang et al. [7] considered the spatial variability of
geotechnical parameters and applied random field theory to the reliability index analysis of ground
settlement induced by the shield tunneling. According to the elastic-plastic theory, Pinto et al. [8]
deduced the analytical solution of ground subsidence caused by shallow tunnel excavation in soft
soil strata. Using the complex variable function theory, the distribution laws of the displacement,
stress and PWP were obtained under the special conditions around the tunnel [9-12]. Taking the
tunnel project in karst area of Dalian Metro Line 5 as the background, Zhang et al. [13] derived the
linear relationship between Smaxo/Smax: and (1-H./h) and its influence parameters based on the
principle of similar soil loss. Using the multiple linear regression method, the prediction formula of
the maximum ground subsidence caused by shield excavation under the condition of karst cave was
established. Using extreme gradient boosting, artificial neural network, support vector machine, and
multivariate adaptive regression spline, Zhang et al. [5] proposed a ground subsidence prediction
model for EPB tunnel in Singapore. Ocak and Seker [14] employed artificial neural network, support
vector machine and Gaussian processes to predict the ground settlement of Istanbul Metro tunnel
excavated by earth pressure balance shield. However, in most theoretical methods the strata were
regarded as homogeneous when studying the displacement field and PWP field during shield
tunneling, and the influence of the actual multiple strata was not considered. Most methods are only
applicable to specific conditions, and could not be widely used in the practical project due to the
complexities of the ground conditions. In addition, numerical analysis is a favorite method for
studying ground deformation caused by shield tunneling. Liu et al. [15] established a three-
dimensional finite difference numerical model employing FLAC 3D, considering the factors such as
trapezoidal support force, shield cone, trapezoidal grouting pressure, grouting body solidification,
timely placement of lining, the soil settlement caused by shield tunnel excavation in silty sand stratum
was studied. Using the discrete element method, Hu et al. [16] studied the surface and underground
deformation characteristics of sandy soil under various burial depths and screw conveyor speeds.
Based on the shield tunnel project in water-rich soft stratum, Li et al. [17] established a three-
dimensional refined model considering fluid-solid coupling during shield tunneling, the effects of
excavation face support pressure, friction between shield and soil, and synchronous grouting amount
on ground settlement and structural deformation were mainly studied. To analyze the distribution of
the stress field, displacement field, and PWP field in the soil during shield tunneling, numerical
models with liquid-solid coupling were developed in the relevant literature [18-20]. Cheng et al.
explored fluid-solid interaction response of subsea tunnel taking high water pressure [21] and under
earthquake [22] into account. Yao et al. [23] studied the ground collapses in sand cobble strata
caused by shield tunnel construction of Lanzhou Metro Line 1, divided the ground collapses into
three types, A, B and C, and put forward corresponding control measures. Yuan et al. [24] used field
monitoring to investigate the disturbance mechanism and the influence law on the surrounding rock
soil in each stage of shield tunneling of a super-large diameter slurry shield tunnel. Using model test
and finite element simulation, Shahin et al. [25] investigated the impact of ground overload and
construction sequence on ground subsidence brought on by tunnel construction. Relied on Luoyang
urban rail transit engineering, Wang et al. [26] conducted field tests in sandy cobble stratum, and
studied the excavation disturbance and influence range of soil in each stage of earth pressure
balance shield tunneling. Using numerical simulation, the disturbance characteristics of deformation,
seepage and stress state of sandy cobble stratum during shield tunneling were obtained. Xie et al.
[27] used the finite difference method to optimize the construction parameters of an EPB shield
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tunnel, and validated the applicability of the numerical model of a large-diameter tunnel through field
monitoring. However, in most numerical methods, the influence of liquid-solid coupling on seepage
field and displacement field during dynamic shield tunneling was not considered, and most studies
mainly focused on sandy soil strata, there were relatively few studies concentrating on dynamic
tunneling in the silty soft soil strata with overlying water.

Relied on the large-diameter river-crossing shield tunnel project of S2 line of Wenzhou city
railway, considering relevant parameters of shield tunneling, a fine numerical model considering the
LSCE in the soil around the tunnel during dynamic excavating of a large-diameter river-crossing
shield tunnel was established by employing finite difference method. The response characteristics
of PWP, displacement and stress in the soil were obtained, and the influence of shield tail grouting
on settlement characteristics and mechanical properties of strata during shield excavation was also
analyzed. The findings of this research have significant theoretical implications for the construction
of large-diameter river-crossing shield tunnels.

BASIC PRINCIPLE OF LIQUID-SOLID COUPLING
Seepage field equation of saturated soft soil

It is supposed that the flow of pore water in soil obeys Darcy's law. The compression of
porous media follows the principle of Terzaghi effective stress. The seepage in soil is saturated flow.
According to the porous media seepage theory, only considering the vertical compression, the three-
dimensional seepage continuity equation of porous media single-phase fluid is as follows [28].

o pKop pK op pK op op
(a+np)—=0
5(ﬂ6><j W(uayj 5Z(ﬂ62jpanﬁ@t )

Where p is the fluid density, K is the permeability of porous media (m?), y is fluid viscosity
(Pa-s), p is pore pressure (kPa), n is the porosity of porous media, t is time (s), a is compressibility
1 av 1d
coefficient of porous mediaa:'v—'d—;, (1/kPa), g is coefficient of fluid compressibility ﬂ=;'d—§,
b
(1/kPa).
In the actual seepage, the source term w is considered to be added at the left of the above
equation to obtain the basic seepage differential equation of single-phase fluid in compressible

media.
o(pKap), o(pKap)|, o PK Py we platnp P = (2)
ox\ u ox 8y poy) ozl p o o

The seepage field equation can be solved according to the constant pressure boundary
condition or the constant flow boundary condition.

Displacement field equation of saturated soft soil

For small deformation, the fluid particle balance equation without considering the temperature
effect is

gt =2 Py (3)
’ M at 8t
Where q,; represents flow velocity of fluid, gv represents fluid source intensity (1/s), M is biot
modulus (N/m?), a is biot coefficient, and ¢is volume strain.
The variation of fluid pore pressure is caused by changes in the volume strain of the rock-soll
mass. Meanwhile, changes in fluid pore pressure results in the variation of volume strain. The

incremental form of the porous media constitutive equation can be expressed as
AG;+aAps;=H;(oy, Agp) (4
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Where Acj; represents stress increment; Hj represents a given function; &; represents

the total strain.
The compatibility equation can be used to characterize the relationship between strain rate
and velocity gradient.
. _1.6u, 0u;
S — —
&jj 2[8)(j aXi] (5)
Where u represents velocity at some point in the medium.
The displacement field can be solved by knowing the surface displacement of rock and soll

skeleton U; =U; (X,y,2)

ENGINEERING CASE
Calculation parameters

Taking the river-crossing shield tunnel project of S2 line of Wenzhou city railway as the
background, the project adopted the pressure balance shield machine with a diameter of 14900mm,
which started from the Jiangnan working well and then advanced to the north, crossed the waters of
Oujiang North Estuary, and reached the Jiangbei receiving well. The working diagram of mud
balanced shield is shown in Figure 1. The tunnel lining ring has an outer diameter of 14500mm, an
inner diameter of 13300mm, a ring width of 2000mm, and a segment thickness of 600mm.. The

Fig. 1 —The working diagram of mud balanced Fig. 2 — Schematic diagram of shield tunneling
shield. across river

Table 1 displays the stratigraphic distribution and the parameters of a typical stratigraphic
section. Affected by sea tide, the depth of the overlying water on the riverbed of Oujiang River is 8-
16 m.

Tab. 1 - Lithologic parameters

Stratum Mr?;StLurz ;?;it?j:z%er pl (KN/m3) Es/MPa o/° c/kPa 9]
Silt(1) 61.84 16.5 1.97 293 | 6.05 0.3
Silt(2) 56.34 16.8 2.09 3.11 | 6.38 0.3

Silt clay 50.05 17.3 2.5 3.89 | 6.24 | 0.32

Clay 40.46 18.4 3.6 412 | 6.76 | 0.35
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The physical characteristics of the shield shell, lining, and grouting body are presented in
Table 2. The lining structure's rigidity has been reduced to 85% of its original stiffness due to the
impact of the staggered arrangement of segments and the segment joints.

Tab. 2 - Physical and mechanical parameters

pl (kg/m3) J E/MPa

Shield machine shell 7850 0.3 200000

Lining 2500 0.2 30600
Grouting body 2200 0.25 400

Computational model and boundary conditions

Employing the finite difference software FLAC3D, the calculation model of shield dynamic
tunneling across river in multi-layer is established taking the liquid-solid coupling effect into account.
Because of the structure's symmetry, half of the model is established for analysis. The model size is
65.45mx100mx78.2m based on the actual project size and taking the influence of the boundary
effect into account, as shown in Figure 3. The water level above the riverbed is 12 m. The length of
the shield machine is selected as 6 m. According to the technical data of the project, the weight of
the shield machine is 1655 t. The lining segment has a width of 2 m, a thickness of 0.6 m, and the
thickness of the grouting layer behind the lining ring is 0.2m. The surrounding rock mass and grouting
layer adopt an 8-node solid element, and the lining and shield shell adopt shell element. The
following are the boundary conditions: The upper surface of the model is subjected to 120 MPa pore
water pressure and 120 MPa vertical force. The horizontal displacements on the model's four sides
are constrained, as is the vertical displacement at the bottom. The model's four sides and the bottom
have impermeable boundaries.

Water level

SP0L

SLTR

Grouting layer

Lining

¥ : -
g Shield shell .

(a) Integral model of shield tunnel (b) Boundary constraints of shield tunnel

"

Fig. 3 — Schematic diagram of river-crossing tunnel model
Numerical procedure

For the soil, the Mohr-Coulomb (M-C) criterion is chosen, and the elastic model is applied to
the lining segment and the shield shell. The total overburden pressure is chosen in the calculation.
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To mimic the consolidation settlement of underwater strata prior to tunnel excavation, the ground
stress balancing is performed, and at this point, the PWP in the soil is treated as hydrostatic pressure.

In the numerical simulation of shield tunneling across river, the shield machine advances 2
meters for each excavation ring. According to the monitoring data of the practical project, the
tunneling speed of the river-crossing shield tunnel is low, which is 6-8m/d. In addition, the supporting
pressure on the excavation face is constant, which is simulated as the surface load distributed along
the depth trapezoid, so the tunneling speed is considered to be constant. Therefore, the influence of
tunneling speed on the surrounding rock soil is not considered in this paper. The supporting pressure
acting at the tunnel surface center is obtained by Equation (6), and the gradient pressure is acted
on the tunnel surface. The tail grouting pressure is set as 0.5273MPa according to the water-soil
pressure around the hole. Considering the condensation and hardening of shield tail grouting is
completed within 8~11 hours, and the excavation of one ring is completed within about 6 hours, it is
assumed that the shield machine excavates two rings during this period. To simplify the calculation,
the grouting pressure of the former ring on the surrounding rock soil and lining segment is considered
as 0.2637MPa when the shield tail grouting of back ring is carried out [29]. The friction resistance
between the shield shell and the soil is calculated by Equation (7), which is 159132N/m?2. By using a
method in which fluid calculations and solid mechanics calculations are performed simultaneously,
the liquid-solid coupling effect is obtained during shield tunneling across river.

5,20, =[k,p, *(ky (N 1) +1)p, Jgh 6)

Where, ko is the lateral pressure coefficient, and n is the porosity. Based on the results of
engineering geological investigation, ko is 0.674, and n is 0.51.

1
Flzzx(po+p01+p1+p2)-u (7
p01:po +W/(D'L) (8)
plzpo'ko (9
P,=(Py,+7 - D) -k, (10

where, po is the soil's vertical force at the top of the shield machine, po: is the soil's vertical
force at the bottom of the shield machine, p: is the lateral force at the top of the tunnel, p is the
lateral force at the bottom of the tunnel, D is the shield machine’s outer diameter, L is its length, u is
the friction coefficient between the soil and the steel body, and u is 0.3.

To avoid the effect of boundary conditions on the seepage, displacement and stress in the
soil around underwater tunnel, the 29m section of the 15th ring in the middle of the tunnel was taken
as the analysis section, and the measuring points were arranged on this section. It is assumed that
the shield machine has completed the excavation of the first three rings at the beginning, and the
soil is in a stable state.

LIQUID-SOLID COUPLING RESPONSE OF SURROUNDING ROCK SOIL
Pore water pressure analysis

Figures 4 and 5 show the variation laws of PWP at measuring points with shield tunneling
from the fourth ring to the 24th ring. Measuring points are arranged at different radius (7.45m, 8.45m,
9.45m, 10.45m, 11.45m, 12.45m, 13.45m, 14.45m, 15.45m) along 45° direction between arch waist
and vault of the tunnel in 29m section of the 15th ring in Figure 4. In Figure 5, measuring points are
arranged at different heights (7.45m, 8.45m, 9.45m, 10.45m, 11.45m, 12.45m, 13.45m, 14.45m,
15.45m) above the tunnel vault in 29m section of the 15th ring. It can be seen from the figures that
during the shield tunneling from the 14th to the 17th ring, owing to the continuous disturbance to the
soil of the analysis section, the stress of the surrounding soil releases, the PWP of the measuring
points around the tunnel in a certain range of the analysis section is reduced because of the decrease
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of porosity and permeability. And the PWP of the measuring points in this range dropped most during
the excavation of the 17th ring. As the shield machine excavates to the 18th ring, at this time the
shield tail grouting of the 15th ring is carried out. Due to the reinforcement effect of grouting pressure
and grouting amount on the soil, the PWP at the measuring points of the analysis section rises
sharply. During the excavation of the 19th ring, the grouting in the 15th ring has not been completely
solidified and hardened, and there is still a certain grouting pressure on the soil. The PWP at the
measuring points in the surrounding rock soil decreases to a certain extent, but it is generally higher
than that of the 17th ring tunneling. After that, the PWP of the measuring points gradually become
stable. From Figures 4 and 5, it can be concluded that the impact range of the PWP in surrounding
rock soil around the tunnel during the underwater shield tunneling is about 0.5R (R is the outer
diameter of the shield tunnel).
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Fig. 4 — Pore water pressure of measuring Fig. 5 — Pore water pressure of vertical
points along 45°direction measuring points above tunnel vault

Figures 6(a) and 6(b) show the PWP distribution of the longitudinal section containing the
tunnel axis and the monitoring cross section when the shield machine excavates to the 16th and the
18th ring, respectively. It can be obtained from Figure 6(a) that when the shield tunneling reaches
the 16th ring, because of the disturbance to the soil in a certain range around the tunnel, the effective
stress of the soil in this range is released. And there is a significant liquid-solid coupling in the soil,
which lowers the PWP in this range. It can be obtained from Figure 6(b) that when the shield
tunneling reaches the 18th ring, the shield tail grouting of the 15th ring is carried out. The effective
stress of soil particles increases in a certain range around the tunnel, the soil particles undergo
compression deformation, and the liquid-solid coupling raises the PWP.

The distribution of PWP on the longitudinal section containing the tunnel axis is roughly
similar when the shield reaches the 16th and the 18th ring. In the completed construction section (1-
12 rings in Figure 6(a), 1-14 rings in Figure 6(b)), the PWP in the soil near the vault decreases and
increases near the tunnel arch bottom. The reason is that with the solidification and hardening of the
grouting body, the soil above the vault sinks under the vertical water-soil pressure, and the effective
stress of soil particles increases. The soil under the tunnel arch bottom uplifts, and the effective
stress decreases. Under the assumption that the total stress of the soil remains constant, the PWP
in the soil above the vault decreases, while the PWP in the soil near the tunnel arch bottom increases.
So, tunnel anti-floating measures such as secondary grouting should be taken during construction.
Furthermore, the PWP distribution around the excavation surface is funnel-shaped. To summarize,
it is suggested that the PWP in the surrounding rock mass be regarded as dynamic water pressure
caused by the liquid-solid coupling in the underwater shield tunnel construction.
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(b) PWP when shield tail grouting
Fig. 6 — PWP of monitoring section
Displacement field analysis
Vertical displacement during shield tunneling

Figure 7 presents the variation laws of vertical displacement at measuring points with shield
tunneling from the fourth ring to the 24th ring. Measuring points are arranged at different heights
(7.45m, 8.45m, 9.45m, 10.45m, 11.45m, 12.45m, 13.45m, 14.45m, 15.45m) above the tunnel vault
in 29m section of the 15th ring. The vertical subsidence of the monitoring point decreases as the
distance between the monitoring point and the tunnel axis increases above the tunnel vault. When
the shield machine excavates to the 8th ring, the small vertical settlement of the monitoring point
above the vault of the 15th ring analysis section begins to produce. After that, with the shield machine
excavating forward the disturbance to the monitoring section increases, and the vertical settlement
of the monitoring point continues to increase. It shows that the influence range of the underwater
shield tunneling on the vertical displacement of the front surrounding rock soil is about 1R. From the
14th ring to the 17th ring, with the continuous shield tunneling, the vertical displacement of the
monitoring points continues to increase due to the release of soil stress caused by the disturbance
to the soil of the analysis section. When the shield tunnel is excavated to the 18th ring and the 19th
ring the vertical displacement growth of the monitoring points tends to be gentle due to the
reinforcement effect of the grouting pressure and grouting amount behind the 15th ring segment.
The maximum vertical settlement of the vault measuring point (0,29,7.45) is 14.88mm. According to
the excavation of the 20th and subsequent rings, the influence range of the synchronous grouting of
the shield tail on the vertical settlement of the surrounding rock soil above the vault is approximately
0.5R

@ DOI 10.14311/CEJ.2023.04.0033 450



Article no. 33
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 4-2023
JOURNAL

l l l ot l
| | | | | |
| |
4+ i : | : SILieid tail grouting | |
| | | |
E oL grossing | ;
£ | [ I !
| |
% Y R !
2 l l I l
2 | I g I |
> 10+ ! !
s —=—7.45m —e—8.456m ¥ | |
B —A—9.45m —w—10.45m I
S vt 11.45m—<—12.45m ‘
13.45m—e—14.45m 1

| isdsm | ‘
- I I ] I

! ! [:;> I ‘Shield leaving

-16 PR RS SR (RN TR S SN SRS NN N NN ST (N SR S S T Y
4 8 12 16 20 24

The number of tunneling rings
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Figure 8 presents the vertical displacement distribution of the longitudinal section containing
the tunnel axis and the monitoring cross section when the shield machine excavates to the 18th ring.
It can be concluded that the LSCE in the soil is obvious during the underwater tunnel excavation,
and the distribution of vertical displacement in surrounding rock mass is complex, especially around
the tunnel. With the shield machine moving forward, the arch bottom of the tunnel uplifts and the
vault sinks. Due to the grouting amount and grouting pressure behind the 15th ring lining segment,
the vertical displacement of the soil above the 15th ring segment is significantly reduced. The local
surrounding rock soil at the tunnel's bottom in front of the excavation face has a slight upward uplift,
indicating that the slurry pressure on the excavation surface should be controlled to avoid excavation
surface instability during the shield tunnel construction.
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Fig. 8 — Vertical displacement when shield tail grouting
Strata settlement

Figure 9 presents the vertical settlement of different strata above the vault of the tunnel in the
29 m monitoring section of the 15th ring when tunneling in the 19th ring. It can be obtained that the
maximum ground subsidence occurs at the upper part of the shield tunnel axis, and with the increase
of stratum depth, the vertical settlement above the axis of the tunnel is larger. The shape of the
settlement curve of each stratum is similar, and all conform to the Gaussian normal distribution of
Peck curve. The deeper the depth of the stratum, the narrower the settlement trough width, indicating
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that the disturbance range of the soil is smaller. This is consistent with the conclusions of existing
studies, and also proves the correctness and reliability of the numerical analysis method in this
paper.
Horizontal distance from tunnel axis/m
-80 -60 -40 -20 0 20 40 60 80

Vertical displacement/ mm

Fig. 9 — Vertical settlement of different strata

Vertical settlement of tunnel vault and arch bottom
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points at tunnel vault points at arch bottom of tunnel

Figures 10 and 11 show the relation curves between the vertical displacements of the
measuring points and the number of tunneling ring along the tunnel excavation direction. The
measuring points are located at the top and bottom of the tunnel at 13m, 19m, 25m, 29m, 33m, 35m,
38m, and 42m, respectively. It can be obtained from the figure that the support of each lining segment
and the grouting significantly reduce the vertical settlement rate of the vault and the vertical uplift
rate of the arch bottom, which indicates that the shield tail synchronous grouting can effectively
reinforce the surrounding rock soil. The displacement of the tunnel vault and arch bottom is typically
stable while the shield machine advances. The final settlement of the tunnel vault is about 11.35
mm, and the uplift of the arch bottom’s uplift is about 28.97 mm.
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Vertical stress analysis

Figure 12 shows the distribution of vertical stress on the longitudinal section along the tunnel
axis and the monitoring cross section at the 29m section of the 15th ring in different stages of
underwater shield tunneling. In different rings tunneling, the vertical stress distribution of the
longitudinal section is basically similar. Due to the disturbance and stress release of the surrounding
rock mass, the shield machine's continued forward motion significantly reduces the vertical stress of
the soil surrounding the excavated tunnel. With the continuous advance of shield tunneling, the
vertical stress around the tunnel tends to be stable, which is generally smaller than the initial stratum
stress. It is advantageous for the safe operation of the shield tunnel in the later period. The vertical
stress of the soil above the vault at the working position of the shield machine and at the excavation
face presents a funnel-shaped distribution. For the vertical stress distribution of the monitoring cross
section in different tunneling stages, in Figure 12(a), the shield tunneling has not reached the
monitoring section, due to the disturbance to the front solil, the vertical stress of the front soil is
released and reduces. In Figure 12(b), the shield machine crosses the monitoring section as the
shield tunneling reaches the 16th ring. The soil around the monitoring section is disturbed, and the
vertical force of the soil around the tunnel further reduces compared with the 13th ring. In Figure
12(c), the shield tunneling reaches the 18th ring, and the tail grouting is carried out behind the 15th
ring segment. The vertical stress of the soil on the upper part of the arch waist around the tunnel of
the monitoring section continues to decrease, and the stress reduction range is greater than that of
the 16th ring. The vertical stress of the soil at the lower part of the arch waist increases compared
with that of the 16th ring, which indicates that the shield tail grouting can effectively resist floating.
When the shield machine excavates to the 21st ring, far from the monitoring section, as shown in
Figure 12(d), the vertical stress of the monitoring section gradually becomes stable.
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Fig. 12 — Vertical stress of monitoring section
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Fig. 12 — Vertical stress of monitoring section
CONCLUSIONS

(1)  During the underwater shield tunneling and the shield tail grouting, the PWP in the range of
0.5R around the tunnel reduces and increases respectively due to the liquid-solid coupling. When
the shield moves away, the PWP of the soil near the tunnel vault decreases, and grows near the
arch bottom of the tunnel, the tunnel anti-floating measures such as secondary grouting should be
taken. The PWP in the surrounding rock soil should be regarded as hydrodynamic pressure in the
construction of an underwater large-diameter shield tunnel.

(2)  Theinfluence range of underwater shield excavating on the vertical displacement of the front
soil is about 1R. Due to stress release, the vertical settlement of the surrounding soil above the vault
increases as the shield approaches the monitoring section. The reinforcement effect of shield tail
grouting behind the lining segment can effectively reduce vault soil vertical subsidence and slow
down arch bottom soil uplift. The influence range of shield tail grouting on the vertical subsidence of
the soil above the vault is about 0.5R.

3) The deeper the burial depth of the stratum, the narrower the ground subsidence trough and
the smaller the ground disturbance range. The local soil at the bottom of the tunnel in front of the
excavation surface uplifts, indicating that the slurry pressure on the excavation surface should be
controlled to avoid the instability of the excavation surface during the tunneling.

4) The vertical stress of the soil surrounding the tunnel reduces during the excavation of the
shield, and the vertical stress of the soil above the vault of the working position of the shield machine
and around the excavation face is funnel-shaped distribution due to the influence of liquid-solid
coupling. After the vertical stress around the excavated tunnel tends to be stable, the vertical stress
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is generally lower than the initial formation stress, which is advantageous for the safe operation of
the shield tunnel in the later stage.
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ABSTRACT

A curved channel with intersecting streams can be easily scoured by incoming flow, and the
concave bank is badly damaged. The twin-groyne is a unit of the spur dike group, which can
effectively adjust the flow structure and achieve the purpose of bank protection. This study simulates
the intersection of river channels through experiments, and compares the influence of twin-groyne
on the flow structure and protection of the curve. This research showed that the twin-groyne could
effectively adjust and optimize the flow velocity distribution, change the shape of the free water
surface of the bend, prevent erosion, and promote silting on the concave bank, and it could provide
a scouring and silting effect on the convex bank. When the spacing of twin-groyne was increased to
more than four times the body length of the single-groyne (spur dike), the protective effect on the
concave bank was weakened, and the scouring and silting effect of the convex bank was reduced.
Excessive spacing of the twin-groyne could cause local erosion damage to the concave bank. When
the distance exceeded the theoretical optimum, it was equivalent to the effect of single-groyne. With
the increase in the submergence degree of groynes, the velocity of the concave bank decreased
first and then increased, while the velocity of convex bank decreased continuously. The protective
effect of a non-submerged twin-groyne with a dam spacing of four times the body length of the single-
groyne was better than that of other conditions, and it is recommended to be used in practice.

KEYWORDS

Erosion prevention, Hydraulics, Scour, Spur dike, Twin-groyne

INTRODUCTION

For a curved channel that intersects with branches, the flow patterns and hydraulic conditions
are more complex than those of a straight channel or a channel with a single bend. Under the same
flow rate, concave bank erosion and damage are severe. Convex bank siltation and the narrowness
of the channel further aggravate the damage of the concave bank.

Riverbed evolution is the result of the interaction between water flow and riverbed. A certain
riverbed morphology and composition determines the flow condition suitable for it, and a certain flow
condition makes the riverbed morphology and riverbed composition produce a certain riverbed
evolution suitable for it. The river conditions in nature are complex and diverse, and the complexity
of flow patterns and hydraulic conditions of different types of rivers is often quite different. For
example, curved rivers are more complex than straight rivers, and curved rivers with confluence of
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tributaries are more complex than single bends. Generally, under the same conditions, the erosion
damage of concave banks in curved river channels will be more serious, and the siltation of the
convex bank narrows the river channel, which will further aggravate the damage of the concave
bank, resulting in the acceleration of the evolution rate of the river channel in the unfavorable
direction. As a common hydraulic structure of waterway regulation, spur dikes are widely used in
river control engineering [1]. In a revetment project, the main function of spur dikes is to change the
form of the original riverbed cross-section and adjust the surrounding flow structure to protect the
riverbank from being scoured directly by incoming flow, resulting in brush damage [2]. For different
types of rivers, different spur dikes arrangements are needed to achieve good protection effects.
Generally speaking, the joint action of simultaneous spur dikes is usually used in engineering
practice. The number and spacing of spur dikes will directly affect the engineering effect and cost,
so it is of great significance to study the flow of spur dikes.

A twin-groyne is a combination of two independent spur dikes. The reasonable arrangement
of a twin-groyne directly influences the effect of a waterway regulation project [3][4]. The spacing
between two spur dikes and the submergence degree of groyne are two important parameters to
describe the function of the twin-groyne. The spur dikes cannot cooperate with each other when the
spacing is too large, and the purpose of river regulation cannot be achieved. Meanwhile, if the
spacing is too small and the number of spur dikes increases, the quantity and cost of materials used
in engineering will increase accordingly. The submergence degree of groyne is the ratio of the water
depth to the height of the spur dikes. With the change of the submergence degree of groyne, the
overflow of the dam top and the lifting action of the dam head will also change; so, the protective
effect on the riverbank will also change accordingly [5]. Pandey et al. focused on experimentally
assessing the temporal variation of the scour depth around a vertical wall spur dike and identifying
the parameters that most influenced the spur dike performance for a channel bed surface composed
of sand-gravel mixtures [6].

At present, there are many research results on the shape and pick angle of spur dikes.
Vaghefi et al. studied the water flow near the T-type spur dike by numerical simulation, and analyzed
the supporting structures upstream of several T-type spur dikes with different wing lengths [7].
Vaghefi et al. showed the flow patterns of 90° oblique t-shaped vertical breakwaters in repulsive,
attractive and vertical positions. The numerical results show that with the increase of the angle of
the straight dike, the size of the vortex downstream of the straight dike decreases [8]. Bahrami-
Yarahmadi et al. studied the scour patterns formed around triangular spur dikes under different
hydraulic conditions, and compared these patterns with the scour patterns of ordinary types of spur
dikes (rectangular spur dikes) [9]. Haider et al. studied the turbulence and flow characteristics around
the straight dike in the open channel. The results show that the permeable straight dike with pore
angle is an ideal choice to protect the tip of the straight dike, the river bank and the aquatic habitat
in extreme floods. It also reduces reattachment length and roughness coefficient [10].

Gu et al. quantitatively studied the influence of the spacing threshold of non-submerged
double spur dikes on the spacing threshold of non-submerged double spur dikes arranged
orthogonally on the same side in a straight rectangular river by combining numerical research and
experimental measurement [11]. Jiao et al. studied the influence of different spur dike lengths and
riverbank elevation differences on hydraulic power through physical model experiments [12]. They
found that the difference of riverbank elevation is the decisive factor of lateral water and sediment
transport.

Shampa et al. found that the high-permeability spur dike group could reduce the longitudinal
velocity and turbulence intensity along the channel and increase the transverse flow [13]. A
staggered arrangement of the pile grid in the spur dike group could reduce the shear stress of the
riverbed while improving the flow pattern in the turbulent area. Sharma et al. performed a study on
the flow characteristics behind the spur dike of a curved river [14]. Kiani et al. evaluated the effect of
the relative distance between two spur dikes in the bend on the scour using a laboratory Plexiglas
flume with a rectangular section and a 180° bend [15]. They found that there was a direct relationship
between the maximum relative depth of the scour and the relative length of the spur dikes, the
relative distance between the spur dikes, and the Froude number. By increasing the relative
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distance, relative length, and Froude number, the maximum relative depth of the scour at the noses
of the spur dikes increased.

Duan used a microacoustic Doppler velocimeter to study the three-dimensional turbulent flow
field around a spur dike in a planar fixed-bed open channel in the laboratory and found that the
maximum bed shear stresses estimated using Reynolds stresses were about three times as large
as the mean bed-shear stress of the incoming flow[ 16]. The studies discussed above mainly
examined the influence of the flow field, velocity, and flow behind dams with different spur dike
structures in straight and curved river courses. However, there are few related studies on the use of
twin-groyne in a curved channel with intersecting streams.

The protective effect of a groyne group can be correlated with a reduction in the magnitude
of depth-averaged velocity along the channel bank. Through physical model tests and theoretical
analysis, this research examined impermeable solid twin-groynes (double spur dikes). By changing
the spacing and submergence degree of the spur dikes, the velocities, water surface line
distributions, and water flow patterns near the bend were compared, and the effect of the twin-groyne
layout on the protection of a curved channel connected to branches under the same flow rate was
explored. The research results have a certain reference value for the selection, optimal arrangement,
and rational use of the twin-groynes in waterway regulation and revetment engineering.

METHODS
Experimental model

The main structure of the model was a 45° curved flume attached to a straight section of
branches. The water cross-sections of the main trough and branch trough were rectangular, and the
trough depth h was taken as the reference length. The width of the main trough d was 1.5h, the width
of the branch trough was 0.75h, and the radius of the outer curve R was 10h. To ensure the stability
of the flow conditions and the authenticity of the experimental simulations, the inlet and outlet of the
bend were provided with a straight grooved transition section, and the head and tail of the flume
were respectively provided with a steady flow grid and a water retaining weir to adjust the water
level. The length of the spur dike was D = 0.25d, and the spur dikes were arranged on the concave
bank of the bend perpendicular to the bank. The experiment used clean water, which was supplied
by a pump. The water head was stabilized by a concrete reservoir, and the flow was regulated by a
water-retaining gate. The flow depth H was defined as the reference depth in the middle of the inlet
of the flume. The U was the mean longitudinal velocity in the inflow straight channel reach without
spur dikes. Among them, one side of the experimental model had a branch, and the branch switch
controled whether the water flow in the branch can enter the main channel. The “with branch”
indicates that the branch switch is in an open state, and the water flow in the branch can flow into
the main channel; the “no branch” means that the branch switch is in a closed state, and the water
flow in the branch cannot flow into the main channel, as shown in Figurel (a).

Experimental design

Details of the experimental model are shown in Figure 1 (a)-(e). Under all the working
conditions shown in Table 1, the position of spur dike 1 remained unchanged at 1/4 of the river bend.
Spur dikes 2’, 2”, and 2" had spacings of 4D, 6D, and 8D, respectively, between two spur dikes, as
shown in Figure 1 (d). The locations of the spur dikes, the locations where the velocity and water
level were measured, and the grid of measuring points distributed on the bend section are shown in
Figure 1 (a)-(e). Flow measuring sections were set along the outer arc, which contained
measurement points with spacings of 0.2d. Similar sections were established around the groyne
dam. A total of 26 measurement sections were established. Each flow measuring section had eight
measurement points, which were labelled as lines 1-8, with distances from the concave bank of 0.1d,
0.2d, 0.3d, 0.4d, 0.5d, 0.6d, 0.8d, and 0.9d, respectively.
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(e) diagrammatic cross-section
Fig. 1 - Experimental model
Experimental conditions

The empirically determined spacing of impervious non-submerged twin-groynes is usually
2—4 times the dam length, and the optimal theoretical value of the dam spacing is 9D[17]. Based
on the empirical values and the optimal theoretical value of the dam spacing, the dam spacing and
degree of submergence were varied for comparison experiments. These experiments involved a
total of six working conditions, and the characteristics of each experimental condition are shown in
Table 1.

The submergence degree of groynes (o) as follows:
o = H/ Height

It should be noted that in formula and Table 1, the Height represented the height of the spur
dikes, as shown in Figure 1 (e). Among them, submergence degree of groynes (o) greater than
100% indicated that the flow depth exceeded the height of the spur dikes.

Tab. 1 - Working conditions

Condition Height Submergence degree of Spacing between two spur
groynes(o) dikes

1 N N N

2 0.5h 100% 4D
3 0.4h 125% 4D
4 0.8h 62.5% 4D
5 0.8h 62.5% 6D
6 0.8h 62.5% 8D

RESULTS AND DISCUSSION
Analysis of influence of arrangement of twin-groyne on river surface line

Figure 2 shows the distribution of the longitudinal water surface lines in the curved channel
with the twin-groyne and connected branches under the same flow. The velocity measurement
method here adopts the three-point method in hydraulics: the velocity measurement points were set
at 0.2, 0.6, 0.8 relative water depths below the water surface, and the average or weighted average
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of the velocity of the three measuring points is the vertical average velocity. The channel flow was
affected by the twin-groyne, and the water surface line changed significantly. The water level near
the central axis was relatively high, and the highest water level appeared between the spur dikes.
The top-thrusting action of the branches caused the water surface line to be inclined to the central
axis and the concave bank side. The concave bank of section 0# had the highest water level of the
whole measured bend, while the convex bank had the lowest water level, which was mainly caused
by the arrangement of the twin-groyne on the concave bank, and the twin-groyne blocked and
deflected the water flow. From the characteristics of the water flow itself, the first spur dike blocked
the water, causing the upstream water level to rise. The water level along the dam head was higher
than the back water level, and the water level near the central axis of the bend and along the convex
bank increased significantly. The water level near the head of the spur dike was again elevated due
to the high flow velocity in the narrow area of the downstream beam. The water level near the central
axis of the bend and along the convex bank increased again. A certain distance after the second
dam, the water level slowly decreased and gradually became stable.
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Fig. 2 — Longitudinal water surface line distribution diagram under each working condition

@ DOI 10.14311/CEJ.2023.04.0034 462



Article no. 34
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 4-2023
JOURNAL

Analysis of influence of arrangement of twin-groyne on velocity of river concave bank
and convex bank

The velocity measurement method here adopts the three-point method in hydraulics: the
velocity measurement points are set at 0.2, 0.6, 0.8 relative water depths below the water surface,
and the average or weighted average of the velocity of the three measuring points is the vertical
average velocity. Figure 3 shows the longitudinal velocity distribution of the concave bank (line 2)
and convex bank (line 7) under each working condition. It can be observed that the velocity along
the concave bank was greater than that along the convex bank after adding a branch for the same
flow. Under condition 1, the maximum scouring velocity of the concave bank was 0.2 m/s. After the
twin-groyne was installed, the velocity of the concave bank decreased significantly, while the velocity
of the opposite bank increased significantly, with a maximum value of 0.28 m/s. The maximum
velocity of the concave bank and the minimum velocity of the convex bank were located upstream
of the twin-groyne, and the minimum velocity of the concave bank and the maximum velocity of the
convex bank occurred between the two spur dikes. Due to the obstruction of the spur dikes, a
relatively still area formed behind them. The flow velocity of the dam head increased due to the
bunching action of the spur dike. After bypassing the spur dike, the flow deflected to the side without
the spur dike and formed a shear flow with a relatively still area between the two spur dikes, resulting
in a vortex between the spur dikes.
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(b) convex bank
Fig. 3 — Comparisons of flow velocities in cross-sections of bending channels

Based on contrastive analysis of Figure 2 and Figure 3, the water level difference in the bend
caused the exchange of flow potential energy and kinetic energy, and the water level and flow
velocity changed differently along the channel under different twin-groyne arrangements. However,
the variation characteristics were generally similar. The twin-groyne obstructed the flow and caused
the water level behind the spur dike to decrease. The flow around the dam consumed the kinetic
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energy of the flow and the velocity behind the spur dike decreased significantly. The narrow flow of
the spur dike caused the water level of the central axis and convex bank of the bend to rise, and the
water flow area suddenly decreased, thus increasing the flow velocity. A certain distance after spur
dike 2, the flow velocity gradually became stable.

Analysis of influence of inundation degree on velocity distribution

Figure 4 shows the velocity distribution of the river channel under different submergence
degrees. The distribution of the main flow area of the curve changed from the side near the concave
bank to the side near the convex bank after the twin-groyne was added on the concave bank. The
velocity of the concave bank decreased, some basins had negative velocities, and the maximum
velocity appeared on the opposite side between the two spur dikes. With the increase in the
submergence degree of groyne, the flow velocity in the main flow area that was greater than the
scour velocity v was significantly reduced, and the scour and silting effect was weakened. The area
of the negative velocity zone between the two spur dikes and downstream decreased, and the
submergence degree of groyne was 125%. The negative velocity zone behind spur dike 2 basically
disappeared, which was not conducive to the siltation of the dam field. For working conditions 2 and
3, the flow velocity distribution in the concave bank between the two spur dikes was unstable. The
flow velocity of condition 2 on the convex bank side was larger and relatively uniform, and thus, this
condition was more conducive to river protection than condition 3. Under condition 4, the maximum
negative flow velocity of concave bank was 0.05 m/s, and the flow velocity in the vortex areas
between and behind the two spur dikes was small and relatively uniform, which was conducive to
the erosion and silting prevention of the concave bank. However, the convex bank side had a large
flow rate and a better scouring and silting effect, which was more conducive to the overall river
protection than the submerged condition.

velocity

(a) condition 1 — with branch (b) condition 4

velocity

velocity
2.5h
2,5h

1.25h-
1.25h1

125h 25h 3.75h

(c) condition 2 (d) condition 3
Fig. 4 — Velocity distribution of the river channel under different submergence degrees
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From the perspective of the flow characteristics of the submerged twin-groyne, the water
flowing past the dam body was divided into two parts: surface flow and bottom flow, and there was
a water separation phenomenon at the top of the dam [2]. Under the same incoming flow, the
discharge of the surface water through the dam crest increased with the increase in AH (AH = Height
- H), leading to a decrease in the range of the return area between and behind the two spur dikes.
Part of the bottom flow rose over the top of the dam and flowed downstream, and it tended to spread
toward the head of the dam, while the other part went around the head and released. The interaction
conditions between the surface flow and bottom flow led to the presence of two horizontal and vertical
return zones with different rotation directions between and behind the spur dikes, and their
interactions consumed a large amount of kinetic energy [6]. When AH was small, the bottom flow
had significant action around the dam, and the water level changes and velocity distribution were
similar to those of the non-submerged twin-groyne. As AH increased gradually, the water blocking
ability of the double groyne dam bundle weakened, the surface water discharge increased, the
convex bank velocity decreased continuously, and the local shore—base erosion and silting effect
weakened. The flow velocity of the concave bank changed significantly, the effect of the bottom flow
was gradually weakened, the surface flow gradually became dominant, and the flow velocity
increased after it decreased to a certain extent, which was not conducive to the protection of the
bank.

Analysis of influence of distance between two spur dikes on velocity

Figure 5 shows the velocity distributions for different dam spacings. Based on the comparison
of Figure 4 and Figure 5, with the increase in the dam spacing, the velocity distribution in the main
flow zone and the vortex zone changed significantly. Under condition 5, the distance between the
two spur dikes was 6D, and the variation of the longitudinal velocity between the two spur dikes was
larger than that under condition 4. The maximum negative velocity in the vortex zone reached 0.1
m/s, which was not conducive to the depaosition of sediments in the concave bank. Under condition
6, when the spacing between the two spur dikes reached the theoretical optimal value of 9D, the
vortex zone between the two spur dikes was disconnected. Currently, the two spur dikes were
outside the mutual cover range, and the disconnection position in the return area could easily cause
partial scouring damage, which was unfavourable for the protection of the river. For the convex bank,
the increase in the dam spacing increased the range of scouring and silting, but the scouring and
silting effect was lower in local areas. The flow velocity at the tail area of the convex bank under
condition 6 was uneven in the transverse distribution, and the overall scouring and silting effect was
weaker than that under condition 4.

velfocity

2.5h

1.25hr

1.25h 2.5h 3.75h

(a) condition 5 (b) condition 6

Fig. 5 — Velocity distribution diagram with different dam spacings
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From the perspective of the flow characteristics of the non-submerged twin-groyne, the first
spur dike (spur dike 1) had a strong flow deflection ability, a large flow inertia effect, slow flow velocity
recovery across spur dike 1 to the downstream area, and a large scouring range of the flow. The
placement of the second spur dike (spur dike 2) weakened the inertial action of the water flowing
over it, and the water flow could be diverted to the main channel, which not only reduced the scouring
effect on the concave bank but also promoted the scouring and silting effect on the convex bank. If
the dam spacing were too large or too small, it would not be conducive to riverbank protection. If the
dam spacing were too large, it would be equivalent to the two spur dikes playing separate roles. If
the dam spacing were too small, the full effect of spur dike 2 would not be realized. Under each
experimental condition, when the spacing of the two spur dikes was 4D, it had an ideal effect on the
river protection.

CONCLUSIONS

Twin-groynes with different dam spacings and submergence degrees were established on
the concave bank of a curved river channel with intersecting branches. Through comparative
analysis of the effect of the twin-groynes on the water level, velocity change, and flow characteristics,
the protective effects of different arrangements on the curved river bank were determined.

QD The water blocking of the twin-groyne led to water free surface and velocity changes in the
curved channel. A twin-groyne arranged in the curved channel could prevent erosion, promote silting
on the concave bank, and provide a scouring and silting effect on the convex bank. The differences
of the water level in the bend led to the exchange of potential energy and kinetic energy of the flow.
When the twin-groyne layout was changed under the same inlet flow, the water level and velocity
changed differently along the channel, but the overall variation characteristics were similar.

(2) The non-submerged twin-groyne had a more significant effect on the flow structure and
velocity distribution of the bend. When the spacing of twin-groyne was greater than 4D, the velocity
distribution of the concave bank was unstable, and the scouring and silting effect of the convex bank
was reduced. When the distance was greater than the theoretical optimum, it was equivalent to two
spur dikes playing separate roles, the concave bank of the local damage was severe, and the
configuration was not conducive to river protection.

3) The water level variations of the bend were smaller than those of the channel with a non-
submerged twin-groyne. With the increase in the submergence degree of groyne, the overflow effect
of the dam crest was strengthened, the water blocking and water flow deflection effects of the dam
head were weakened, the velocity of the concave bank decreased first and then increased, the
velocity of the convex bank decreased continuously, the velocity of the convex bank gradually
approached the condition with no dam, and the overall protective effect of the river was weakened.

(4) The non-submerged twin-groyne with a spacing of 4D allowed the full effect of the twin-
groyne on controlling water potential and deflecting water flow, and the surface flow pattern of the
bend was stable, which had a better protective effect on the riverbank compared to other spacings.
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ABSTRACT

Increased requirements for the energy efficiency of buildings often lead to an increase in the
tightness of the building envelope. Tightness of the external cladding has a significant effect on the
intensity of air exchange. A lower level of ventilation subsequently worsens the quality of the indoor
air and also causes an increase in the indoor radon concentration. This problem can be solved by
using ventilation devices with heat recovery. The paper deals with the influence of local ventilation
equipment with heat recovery on indoor radon concentration. The case study compares different
settings of ventilation equipment from the point of view of pressure ratios between interior and
exterior. During the measurements, external weather conditions are also monitored, which may
affect the results. The aim of the paper is to evaluate the rate of reduction of indoor radon
concentration by using this method of ventilation and determine the correct way to set up the
ventilation equipment.

KEYWORDS

Mechanical ventilation, Radon concentration, Energy saving

INTRODUCTION

In times of energy crisis and high energy prices, people are forced to take measures to reduce
energy consumption in buildings. Funds to ensure these measures can currently be obtained from
the Recovery and Resilience Plan approved by the European Commission. Part of these funds is
intended precisely for improving the energy efficiency of family homes and the restoration of public
historic and heritage-protected buildings. Investments are also intended for the renewal of the
building envelope, the replacement of windows or the provision of a more efficient heat source [1].
With these solutions, it is also important to think about the need for sufficient ventilation as energy-
saving measures which usually reduce heat loss through the building envelope and subsequently
reduce the rate of air exchange [2], [3]. The purpose of ventilation is to remove contaminants, to
create good indoor air quality and to reduce the risk of health problems by introducing and circulating
fresh air throughout the building.

Among the health-threatening substances accumulating in the internal environment of
buildings is radon. Radon mixes with atmospheric air in exterior. However, in closed indoor spaces
it accumulates and increases in harmful concentrations [4]. Among the most important sources of
radon in the interior are subsoil, groundwater and building materials. With its products, radon enters
the respiratory tract by inhalation, which can subsequently cause cancer. According to the World
Health Organization, it is the second most common cause of lung cancer after smoking [5].
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The necessity to deal with indoor air quality while increasing the energy efficiency of buildings
was confirmed in a French study [6]. It demonstrated the significant impact of renovation and
modernization of buildings on the increase in indoor radon concentrations. The study from the United
Kingdom [7] investigated the consequences of reducing the ventilation of buildings by increasing the
air tightness of the envelope, demonstrating the possibility of increasing radon concentration by more
than 56 %.

It is possible to achieve the required air exchange and reduction of energy losses through
ventilation with heat recovery at the same time. The results of a simulation study from Ireland [8]
highlight that radon concentrations in buildings could potentially change depending on the ventilation
strategies designed during renovations. Currently, there are many central and decentralized
recuperation units on the market that can be used for this purpose. The contribution is devoted to
measuring the indoor radon concentration in a room that uses a local heat recovery unit for
ventilation.

CASE STUDY

The measured room is located on the ground floor of the three - floor administrative building
in Banska Bystrica. Based on the radon risk map, there are several places with increased radon risk
in the city. What is more, based on the information from recent measurements in the building, an
increased indoor radon concentration was measured. The building was built in the 70°s of the last
century, but a few years ago, the building underwent a complete renovation of the outer shell. As a
part of renovation, the window structures were completely replaced. The contact insulation system
was applied to the fagade of the building and flat roofs were in insulated.

Fig. 1 — Axonometry of the monitored room with the location of the ventilation equipment and
measuring devices: 1- Radon monitor AlphaGuard, 2- Testo 400, 3- TFA — Thermo-Hydro Sensor,
4- Prana 150

A local recovery unit Prana 150 is used to ventilate the measured room. It is a two-way
recuperation with independent adjustment of the volume of incoming and outgoing air. This unit is
intended for the ventilation of smaller spaces up to 60 m? of floor area, while it can provide air
exchange with a volume of approximately 100 m*/h. The warm exhaust air removed from the interior
transfers heat in the copper exchanger to the supplied air from the exterior, while there is no mixing
of the removed and supplied air. The manufacturer indicates the efficiency of the device in terms of
energy savings of up to 95 % [9]. The principle of installation of the recovery unit is shown in Figure
2.
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Fig. 2 — Installation of the ventilation device in the prepared place.

MEASUREMENT METHODS

An AlphaGuard radon monitor was used to measure the radon concentration, which enables
continuous radon measurement and measurement of selected climatic parameters such as
temperature, pressure and air humidity at the same time. This device works on the principle of an
ionization chamber [10]. The working space with the collecting central anode is filled with the working
charge - air. The examined air passes into the ionization chamber through a filter that allows only
radon 222Rn molecules, i.e. without the products of its transformation. The filter also prevents
contamination by dust particles. During the transformation of radon, alpha particles are released,
which ionize the gas. The resulting positive and negative ions are captured on the electrodes of the
chamber. The size of the generated electric charge is proportional to the volumetric activity of radon
[11].

The WeatherHub SmartHome System device for wireless observation of climatic conditions
was used to record outdoor weather conditions. To verify the temperature and humidity parameters,
a TFA — Thermo- Hydro Sensor recorder was used. It was placed on the outside of the window frame
of the examined room. The Testo 400 universal instrument for measuring climatic variables was also
placed in the examined space. The instrument includes a probe that allows parallel measurement of
humidity and temperature in the room in addition to CO,. The measuring devices used during the
experiment are shown in Figure 3.

\\ .

Fig. 3 — Measuring devices used during the experiment:
1- Radon monitor AlphaGuard, 2- Testo 400, 3- TFA — Thermo-Hygro Sensor

RESULTS

The entire research consisted of several measurements throughout different seasons of the
year. Two long — term measurements took place in the winter period and were subsequently
supplemented by shorter measurements in April and May.

The first measurement took place between 07. 12. 2021 and 20. 01. 2022 (45 days). Between 22.
12. 2022 — 10. 01. 2022 (20 days) the ventilation device with heat recovery was out of operation.
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The other days, it worked in overpressure ventilation mode. The development of the radon
concentration in the measured room is captured in Figure 4. Based on the measured values, it can
be deduced that the radon concentration values in the interior increased significantly when the
ventilation device was turned off.
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Fig. 4 — The course of the measured values of the internal radon concentration during the first part
of the measurement.

In this interval, a value of 300 Bg/m? was exceeded for six days, while the highest measured
value was 463 Bg/m?3. During the operation of the ventilation equipment, the highest measured value
of the indoor radon concentration was 158 Bg/m?3. This represents an almost threefold increase in
concentration when the ventilation device is turned off.

A similar increase was also recorded for the other parameters listed in Table 1. However, the
increase was not only recorded for the maximum values, but also for the others. The comparison of
measured values is graphically displayed in Figure 5. Median measured concentration values
increased by 178 % after ventilation was turned off. An average increase of 190 % was measured,
and the third quartile of measured values increased by up to 202 %. The median was slightly lower
than the mean, indicating the presence of some extreme values. When evaluating these values,
radon concentration values were not taken into account on days when the ventilation operation was
changed (turning off/on the ventilation system), as these values could distort the values during
normal days.

Tab. 1 - Measured values of radon concentration.

Radon concentration Radon concentration
Parameter (Bg/m3) (Bg/m3)
Ventilation device in use Ventilation device out of order

1. quartile (25 %) 34 91
Median 45 125
Mean 49 142
3. quartile (75 %) 60 181
Maximum 158 463
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Fig. 5 — Graph of the measured values of the internal radon concentration during the first part of

the measurement.

The course of the indoor radon concentration during the day when the ventilation equipment
was turned off can be seen in Figure 6. During operation, the concentration value was in the range
of 60-80 Bg/m?3, then after the ventilation equipment was turned off, the radon concentration began
to increase. Within 6 hours, it reached a value of 100 Bg/m® and within 16 hours it reached a value
of 150 Bg/m?3. In Figure 7, you can see the opposite case of the course of the radon concentration
when the ventilation device is switched on again. The reduction of the radon concentration to a value
of 50 Bg/m?, which represents the average measured values, occurred after 14 hours of operation
of the ventilation equipment.
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Fig. 6 — Course of radon concentration after switching off the ventilation device.
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Fig. 7 — Course of radon concentration after switching on the ventilation device.

The second part of the measurements started already during the autumn period. During this
time the ventilation device was set in the overpressure ventilation mode. The measurement lasted
from 14. 09. 2022 — 13. 11. 2022 and then continued after a short break from 21. 12. 2022 — 12. 01.
2023. During the period from 21. 12. 2022 — 09. 01. 2023 the setting of the ventilation device was
changed to equal pressure. The course of radon concentration during the entire measurement is

shown in Figure 8.
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Fig. 8 — Course of the measured values of the internal radon concentration during the second part
of the measurement

From the course of the radon concentration shown in Figure 8, the change of ventilation mode
resulted in a significant increase in the indoor concentration. The measured values are shown in
table no. 2 and their graphic comparison in Figure 9. The positive pressure ventilation was in
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operation for 20 days, while the radon concentration exceeded the reference level only during 11
days. The highest measured value was 435 Bg/m3. However, the reference value was exceeded
one day even with positive pressure ventilation. The median of measured concentration values
increased by 151% after ventilation was turned off, while the other parameters also showed a similar
increase.

Tab. 2 - Measured values of radon concentration during the second part of measurements.

Radon concentration Radon concentration
Parameter (Bg/m3) (Ba/m3)
Positive pressure ventilation Equal pressure ventilation
1. quartile (25 %) 55 136
Median 70 176
Mean 76 184
3. quartile (75 %) 91 222
Maximum 339 435
500
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Fig. 9 — Graph of the measured values of the internal radon concentration during the second part
of the measurement.

On 01. 09. 2023, the setting of the ventilation device was changed from equal pressure
ventilation mode to positive pressure again. Considering the previous measurement, it was
assumed, that within a few hours, there will be a significant decrease in the indoor radon
concentration. Figure 10 shows the plotted course during the following hours. The radon
concentration remains at the same level as during equal pressure ventilation until the morning of the
next day. In this case, the drop in the radon concentration occurs only after 24 hours, while the radon
concentration subsequently remains at the the level of 40 — 80 Bg/m3.

Due to the weather conditions during these days a delayed drop in concentration was noticed.
Figure 11 shows the course of precipitation and outdoor air humidity. The rainy weather on the day
of the change in the setting on the ventilation equipment caused that the radon in the soil air was not
released to the surroundings but the flooded pores in the soil air caused a greater supply of radon
from the subsoil into the building. After the end of the rain and the subsequent drop in exterior
humidity, there is also a drop in the indoor radon concentration.
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Fig. 10 — Course of radon concentration after turning on the ventilation device in overpressure
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Fig. 11 — Comparison of the course of radon concentration, rain volume and exterior humidity after
switching on the ventilation device in overpressure mode.

The last part of the measurements started on 17.04. 2023 and was finished on 15. 05. 2023.
During these days, the setting of the ventilation device was changed at approximately weekly
intervals. At the beginning, the ventilation was set as overpressure, while at the end the possibilities
of setting the ventilation were investigated. During one week, the ventilation was turned off and later
the measurement was made in the mode of under pressure (vacuum mode) and equal pressure
ventilation. Figure 12 shows the course of concentration during these days.
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Fig. 12 — The course of the measured values of the internal radon concentration during the third
part of the measurement.

In contrast to the previous measurements, in this case the radon concentration was
measured also during under pressure (vacuum) ventilation. However, this type of ventilation causes
an increase in the supply of radon from the soil air what was also reflected in the course of radon
concentration. During this week, the highest indoor concentration value for the entire length of the
measurement was measured — 482 Bg/m3. Only one day during this week radon concentration did
not exceed the reference level of 300 Bg/m3. The equal pressure ventilation, which in the winter
caused an increase in radon concentration, proved effectiveness in decreasing the indoor
concentration and kept the values at an average of 55 Bgq/m3 in this case.

Tab. 3 - Measured values of radon concentration during the third part of measurements

Radon Radon
Radon Radon . .
. . concentration | concentration
concentration concentration (Ba/m?) (Ba/m?)
Parameter (Bg/m3) (Bg/m3) U?] der Equal
Positive pressure Ventilation device ressure re(gsure
ventilation out of order pressu pressu
ventilation ventilation
1. quartile (25 %) 54 93 194 8
Median 69 124 266 48
Mean 74 134 259 55
3. quartile (75 %) 89 161 325 66
Maximum 220 384 482 208
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Fig. 13 — Graph of the measured values of the internal radon concentration during the third part of
the measurement.

DISCUSSION

Mechanical ventilation with heat recovery helps significantly to reduce indoor radon
concentrations and at the same time contributes to energy savings. However, the correct setting of
the ventilation unit is important. The volume of incoming and outgoing air causes pressure
differences between the interior and exterior and ultimately affects the indoor radon concentration
[12], [13], [14]. If ventilation creates negative pressure in the room, indoor concentrations rise above
the reference level. In the case of setting the equal pressure ventilation mode, low radon
concentrations were measured in the summer. In winter, however, this type of ventilation has not
proven to be effective in terms of reducing indoor radon concentration. Positive pressure ventilation
is the only one that has proven itself in both summer and winter and was able to significantly reduce
indoor concentrations. However, we must take into account the fact that the radon concentration
values are very variable and often change significantly over the course of hours.

The way the building is used has also a significant influence on the radon concentration
values. Reducing of frequency of use of the investigated space during weekends or holidays can
also cause an increase in the indoor radon concentration.

Another factor that could affect the radon concentration values is the external weather
conditions and the permeability of the subsaoil. It follows from the measurements during rainy days
that the radon concentration values increased significantly at this time.

CONCLUSION

From the measurement results and considering the facts that could influence the resulting
values of radon concentration in the interior, it can be concluded that ventilation with heat recovery
has proven to be a suitable anti-radon measure while simultaneously saving energy and having a
positive effect on carbon dioxide and humidity values in the interior. The measurements achieved
similar results as in previous studies. It is important to note that with the wrong method of ventilation,
its effect on reducing the radon concentration could be reduced or even the opposite. Mechanical
ventilation as an anti-radon measure is also suitable to be combined with other passive anti-radon
measures (e.g. radon insulation or subsoil ventilation), since in the event of a malfunction of the
ventilation equipment, the values can quickly rise above the limits set by the norm. The next
experiment could follow up on the obtained results with a computer simulation of this monitored
space.
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ABSTRACT

Bridges generally exhibit complicated mechanical behaviors under external loads, such as
flexural-shear coupling, compression-bending coupling, and flexural-shear-torsion coupling. In the
context of deterministic design approaches such as design codes, these complicated coupled issues
are generally simplified to the safety verification of bridge components under a single mechanical
state (i.e. flexural, shear, torsion). Currently, it is available to collect external loads acted on bridges
and understand bridge performance under these stochastic external loads. In this manner, the
reliability-based full probabilistic approach could be applied to investigate the performance of bridges
over their lifetime. However, the majority of existing bridge reliability assessments involving site-
specific traffic load measurements focuses on the analysis of bridge components under a single
mechanical state. To address this shortcomings, a reliability-based probabilistic analytical framework
is established to investigate the flexural-shear capacity of girder bridges subjected to random traffic
loadings. The flexural-shear coupled failure path of bridge girders under random traffic loading is
characterized for the first time, where the bivariate extreme value theory is incorporated to develop
the extreme value distribution of combined flexural and shear load effects. The modified compression
field theory recommended by AASHTO is employed to establish the coupled flexural-shear coupling
resistances. Finally, the reliability of the flexural-shear performance of bridge girders is evaluated by
solving the multivariate ultimate limit state equation. The proposed analytical framework is applied
to a realistic bridge. The results show that the reliability index of the flexural-shear coupling
evaluation is lower than that of the flexural or shear evaluation, which highlights the importance of
the flexural-shear performance checking in the reliability assessment of bridges under random traffic
loading. The proposed analytical framework could be further applied to the probabilistic assessment
of bridge components subjected to combined loading mechanisms under random loadings.

KEYWORDS

Girder bridge, Safety assessment, Flexural-shear failure, Random traffic load, Multi-variate
extreme value modelling

INTRODUCTION

The transport industry has achieved rapid growth over the past two decades. The bridge
structure, as a lifeline node in the transport network, is of great importance. However, due to the high
degree of temporal and spatial variability of traffic loads, the estimation of bridge load effects and
resultant structural safety becomes a difficulty in focusing. As is well known, the actual traffic loads
are not accurate to reflect the service loads which given by current design specifications [1-2]. It is,
therefore, necessary to conduct traffic load modelling and bridge load effects analysis based on
these measurements. This could provide more confidence in evaluating the bridge service life, and
allocating limited maintenance resources.
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The current studies of traffic load modelling and bridge load effect analysis mainly focus on
the evaluation of simple mechanisms, such as flexural or shear, of bridge components. These
studies well expound the structural responses and reliability of bridges under site-specific traffic
loads. However, bridge components are often subjected to combined forces. For example, the
internal force for girder is bending moment and shear force, but axial force cannot be neglected for
arch. Besides, due to the spatial randomness of degradation of structural materials, the concerned
bridge position that only requires simple mechanism assessment before, may need a re-evaluation
but based on a combined mechanism state [3]. Therefore, it is required to establish a probabilistic
evaluation method for the combined loading mechanism of bridges under random traffic loading.

At present, a wide range of studies has been dedicated to investigating the structural
performance, failure mode, and ultimate design principles of bridge components under combined
forces. The flexural-shear coupling of steel members has been a key concern from the past to the
present. As early as 1936, Way proposed the elastic critical force equation through the deflection-
shear coupling experiment for steel structure. The flexural-shear coupling equation was first
proposed by Basler in 1961 on the basis of forces, where the shear force is assumed to be carried
only by the web. Then the theory was improved and used by the Eurocode. On this basis,
researchers have improved and updated the designed flexural-shear coupling model for steel
structures [4]. Meanwhile, the flexural-shear coupling is also important for steel-concrete compaosite
structures. For example, Liang et al. [5] pointed out that the conventional shear design theory of steel
plate was conservative as the effect of the deck was not considered, and proposed an improved
resistance design formula considering the flexural-shear coupled failure in continuous composite
beams. The formula was derived from the nonlinear finite element analysis of the ultimate bearing
capacity of continuous beams under bending moments and shears. The angular formulation of the
pressure field for flexural-shear coupled effect of concrete members was first proposed by Nilsen
and Lampert, which is mainly based on the plasticity theory. Then, Elfgen conducted concrete
strength tests and obtained the relationship between flexural-shear interaction of concrete structures
through the constitutive model of concrete. Later, due to the effect of tensile stresses in cracks in
concrete structures, based on strain coordination in the truss model, Vecchio and Collins proposed
the modified compression field theory (MCFT) based on experimental research, which is mainly an
analytical model for predicting the load-deformation response of concrete elements under shear
stress and normal stress [6-7]. This theory was incorporated into design codes in Canada and the
United States and still used now [8]. In summary, the combined resistance of structures under
flexural-shear has been thoroughly studied by many scholars and abundant theoretical and
experimental results have been obtained. However, few attention has been paid to the combined
load effect of the flexural-shear combination of the structure under external loads.

In this paper, the flexural-shear coupling performance of a slab bridge under random traffic
loading is focused. The framework structure of this paper is organized as follows. Section 2
introduces the basic description of the studied slab bridge. Section 3 calculates the flexural-shear
resistances of bridge slabs according to the MCFT, where several critical girder sections are
analyzed. Section 4 presents the modelling of flexural-shear coupling load effects caused by random
traffic loading, which is the first time that such an issue is focused. Wherein, the extreme values of
flexural-shear load effects are extrapolated using peaks-over-threshold (POT) based bivariate
extreme value theory. Section 5 probabilistically evaluates the failure path incorporating the flexural-
shear coupling load effects and resistances. This study provides a general framework using
probabilistic reliability theory to evaluate the flexure-shear performance of bridges under random
traffic loads. Since bridge components are generally subjected to combined forces such as bending,
shear, compression, and torsion. This study will provide an approach basis for clarifying the
probabilistic reliability evaluation of bridge components under such complicated loading states.
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DESCRIPTION OF THE BRIDGE

In the study, a continuous concrete slab bridge is investigated. It has four equal spans with
an arrangement of 4x16m. The bridge structure was designed according to the Chinese standard
drawings of JT/GQBO008-96. Figure 1 shows the layout of the bridge. The bridge carried two lanes of
unidirectional traffic. The grade of the constructed concrete is C25, and the bridge deck is paved
with 20~110mm concrete cushion and 40mm asphalt concrete pavement. It is noted the studied
beam sections shown in Figure 1(a) are sequenced number of 1 to 7 from the left to the right, where
the section 4+# is the cross-section of the left second-side support.

q 16000 £ 16000 £ 16000 £ 16000 ﬂ
oy, ,0x1000
fAAAAAA
& & o 4
(a) Vertical diagram
Z5,, 100, /x350 100, .25
1 ’ ’ i
k 160 L 500 L 160 |

(b) Cross-section diagram

Fig. 1 —The vertical and cross-section diagrams of the studied bridge (unit: mm)

To evaluate the bridge performance under random traffic loading, 90 days of weigh-in-motion
(WIM) data from another site are used for the analysis. It is found from the statistics of the WIM data
that the 2-axle truck has a proportion of 65.21%, and that for 3-axle, 4-axle, 5-axle, and 6-axle trucks
are 6.79%, 10.86%, 2.29%, and 15.03%, respectively. The daily truck flow of the WIM data is 4000
veh/d. To study the performance of the flexural-shear performance of the slabs, 7 sections are
studied as shown in Figure 1(a). For these cross-sections, bending moment and shear force are
equally significant both under dead loads and live loads.

FLEXURAL-SHEAR COUPLING CAPACITY
Modified compression field theory

The flexural capacity of the normal section of beams is generally obtained based on the limit
state equation where the longitudinal bars yield. However, in the design of inclined sections,
excessive longitudinal bars are used in the beam bottom to prevent the failure of the normal section.
In doing so, the longitudinal rebars generally not yield even though the beam failed. This calculates
larger flexural capacities of normal sections. Several investigations have shown that the performance
of longitudinal reinforcement is influenced by the shear forces in inclined sections. Therefore, if the
design equations for the bearing capacity of section bending and shear are considered separately,
the results are too conservative and the design cost is increased. The MCFT shows that cracked
concrete is considered as a new material. Residual tensile stresses between cracks should be taken
into account despite the cracking of the concrete and the effect of longitudinal reinforcement on its
shear should not be overlooked. In MCFT, the constitutive equation can well reflect the interaction
of the bearing capacity between bending and shear, which is mainly established by the average
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stress and strain. In MCFT, the shear force of the beam section is shared jointly by the shear-
compression region of concrete and the stirrup intersecting with the inclined cracks. The contribution
of the stirrup is based on the variable-angle frame model, while the contribution of concrete is
provided by the tensile stress of the inclined cracked concrete. AASHTO (2012) [9] adopted MCFT
for the design of concrete beams. In many national design codes, including the Chinese design
specifications, the flexural-shear coupling effect is not taken into account for the design of concrete
beams. In the following study, the flexural-shear relationship of the structure is established using the
MCFT as specified in AASHTO (2012) [9].

In MCFT, for reinforced concrete beams subjected to flexural-shear coupling, the shear
performance of the skewed section mainly depends on the shear-to-span ratio, the reinforcement
ratio of ordinary longitudinal and hoop bars, the strength of concrete, and the aggregate biting force.
Therefore, when cracks appear in the diagonal section of a concrete beam, its shear bearing capacity
is mainly borne by the tensile stress of the diagonally cracked concrete in the shear-compression
zone, the aggregate occlusion force in the tension zone, the shear force of the bending-up
reinforcement, and the shear force provided by the configuration of the hoop reinforcement.
Therefore, the shear capacity of the concrete beam is determined as the minimal value between
Equations (1) and (2), as specified in AASHTO (2012) [9]:

V, = 0.25£,b,d, +V, (1)

A,,fyd,,s(cot 6) n

Vo =V, +V, +V, = 0.0838,/f.b,d, + /4 2)

where V, denotes the minimum flexural capacity value of the sloped section; V;, denotes the vertical

component provided by the prestressing force; V. denotes the component provided by the tensile
stresses of the cracked concrete of the sloped section; and V; denotes the component provided by
the tensile stresses of longitudinal reinforcement in the concrete; f. denotes the design value of
compressive strength of the concrete; b,, denotes the actual width of the web; d,, denotes the actual
shear height of the sloped section; 6 denotes the angle of inclination of the bar stress; § denotes the
tension transfer coefficient of cracked concrete in the diagonal section, where 6 and 8 are mainly
determined by the characteristics of the sloped section as well as the applied external load; s denotes
the spacing of the configured hoops; 4, denotes the area of the configured hoops; and f,, denotes
the yield strength of longitudinal reinforcement in the sloped section.

Affected by the flexural-shear coupling effect, reinforced concrete beam cross-section under
external loading usually appears complex mechanical behavior, such as flexural-shear coupling,
compression-flexural coupling, flexural-shear-torision coupling, etc., and then produce a certain
amount of external bending moments; with the increase of sustained load, these external moments
in the beam cross-section is gradually differentiated into tensile stresses, and the resulting tensile
stresses are mainly borne by the longitudinal steel reinforcement. Therefore, the tensile strength of
the longitudinal reinforcement should be considered when calculating the shear capacity of the beam
section under the flexural-shear coupling, and its tensile capacity should be calculated and verified
whether it meets the requirements through equation (3).

Mn
Apstps + Asfy = "8+ ([Vy = Vy| = 0.515) ot 3)

where 4, denotes the cross-sectional area of prestressing reinforcement; f,; denotes the yield
strength of prestressing reinforcement; A; and £, denote the cross-sectional area and yield strength
of flexural reinforcement; M,, denotes the bending resistance; and 1}, denotes the shear resistance.

Analyzing the coupled flexural-shear resistance based on the MCFT, the total cross-section
strain generated in the concrete beam section under flexural-shear coupling is equal to the sum of
the cross-section strains generated under bending moments and pure shear, and the same is true
for the total reinforcement strain. In practical calculations, the strain produced by the longitudinal
reinforcement is equal to twice the strain in the beam section. The strain in the longitudinal
reinforcement can be obtained from equation (4).
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where &, denotes the total strain of the flexural reinforcement on the bending side of the member;
E; and E, denote the modulus of elasticity of the flexural and prestressing reinforcement
respectively.

Based on Equations (3) and (4), the flexural capacity of normal section for beams can be
obtained. It is shown that the coupling of flexural and shear behavior of concrete beams is considered
by the MCFT. The coupling effect makes the beam in the risk state. When the beams under loads,
the coupling effect of the flexural-shear behavior could be considered.

For the parameters of stirrups and concrete strength, the values of 8 and £ under different ¢,
can be obtained based on AASHTO (2012)[9]. The shear capacity can be calculated by Equations
(1) and (2). The flexural capacity can be calculated by Equations (3) and (4), approximately. Finally,
the coupling curve of flexural-shear resistance is obtained.

Flexural-shear resistance curve

In the framework of probabilistic reliability, material property and geometric sizes are random
variables. It is generally assumed that these parameters are normally distributed. The statistical
distribution of these parameters can be referred to Wang et al [3], which are shown in Table 1. Based
on these variables, the flexural-shear resistances under any ex can be calculated using Monte-Carlo
modelling. 108 groups of variables are modelled to determine the resistance model of any given
beam section, and the sole flexural resistance, shear resistance, and flexural-shear resistance are
obtained. For instance, the mean value of flexural resistance of section 4# is 1.385 x 10*kN-m, and
the standard deviation is 1.155 x 103 kN-m. The mean shear resistance of section 4# is
7.525 x 103kN, the standard deviation is 8.361 x 102 kN. For the special concern of flexural-shear
resistance, Fig. 2 gives the results. It is found from the figure that the flexural-shear coupling reduces
the sole flexural (or shear) capacity. It is, therefore, very important to consider the coupling behavior
of the flexural-shear resistance curve in the evaluation of beam performance.

Tab. 1 - The random variables of material property and geometric sizes [3]

Parameters Unit Deviation cov Nominal value
fcu MPa 1.5868 0.1928 17

fy MPa 1.0821 0.1211 235

fy MPa 1.0849 0.0719 335
hO mm 1.0124 0.0229 628

b mm 1.0013 0.0081 5400
A mm? 1.0000 0.0350 70224
As mm? 1.0000 0.0350 20944
as mm? 1.0000 0.0350 1621
a mm 1.0179 0.0496 60

S mm 1.0000 0.1000 100
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Fig. 2 — Flexural-shear resistance curve based on mean values

FLEXURAL-SHEAR COUPLING LOAD EFFECTS
Time-history of bending moments and shear forces under random traffic loads

The internal forces for beams are time-varying under random traffic loading. They are also
correlated since their time-history is induced by the same traffic fleet. In conventional bridge design,
only the most unfavorable bending moment or shear is concerned. However, for girder sections, they
do not present the most unfavorable bending moment or shear, but the significant bending moment
and shear concurrently, which are also drawn as the flexural-shear resistance curve as shown in in
Figure 2. The magnitude of the correlation between bending and shear in any beam section is
determined by their corresponding influence lines. To ensure the safety of given girder sections
subjected to bending moment and shear force, the calculated concurrent bending moment and shear
force should be within the envelope of the bend-shear resistance curve. It is generally assumed the
bending moment and shear force under dead loading are constant with very small variability.
Therefore, the safety assessment of flexural-shear behavior is to determine the failure path of
coupling bending moment and shear force under traffic loading based on Figure 3.

V Flexural-shear
— resistance curve

Live load effects

Dead load effects

M

Fig. 3 —Schematic diagram of failure path determination of flexural-shear coupling

To obtain the most unfavorable load effects of the section, it is necessary to consider that the
symbol of internal forces generated by dead load and live load is the same. Under this circumstance,
the failure probability may be the largest. Fig. 4 shows the time-history curve of the bending moment
and the shear force for section 4# under traffic loading. It can be seen clearly that the bending
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moment and the shear force have a strong correlation The bending moment and the shear force are
likely to reach their large values concurrently. It is also can be seen that the bending moment is
positive and the shear force is negative caused by traffic loads. Therefore, the negative bending
moments and positive shear forces produced by random traffic loading are extracted as the
underlying data for further analysis.

400 | —=— Bending moment (kN.m)
— Shear force (kN) .
200
s |
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8 -200
-
-400
-600 : : ‘ ' '
0 100 200 300 400 500

Fig. 4 —Parts of time-history of bending moment and shear force of section 4# under traffic loads
Extreme extrapolation of combined bending moments and shear forces

The safety assessment of flexural-shear coupling, as shown in Figure 3, is to determine the
closest path between dead load effects and the flexural-shear resistance curve. Due to the
randomness of live load effects caused by traffic loading, it is important to infer the characteristic
traffic load effects of high return periods based on limited traffic measurements. Therefore, the
bivariate extreme value extrapolation algorithm is required to determine the characteristic value [10].

Bivariate extreme value theory is to solve the modelling of extremely small probability events
with bivariate variables reaching their maximum concurrently. Obviously, the extrapolation of
extreme bending moment and shear force under random traffic flow is to establish their coupling
probability model using this approach. The bivariate extreme value theory is developed from the
classical extreme value theory, which can be approximated by using the block maxima based
generalized extreme value distribution extrapolation, or POT based GPD (generalized Pareto
distribution) extrapolation. The POT theory is more suitable for the extreme value modelling of limited
underlying samples than the block maxima theory. In the paper, the bivariate POT theory is used to
analyze the probabilistic extreme value model of coupling load effects of bending moment and shear
under traffic loading.

According to the classical POT theory, the distribution function of the load effects X caused
by traffic loading is F,. For a sufficiently large threshold u,., the tail of X can be approximated by
GPD, given by

a1V
ad u") ,X > Uy, (5)

Ox

F()=1-61-6@l=1-g(1+&

where G, is the GPD function of x; &, g, and u, are the shape parameter, scale parameter, and
position parameter (threshold) of G, respectively; &, = Pr(x > u,)is the probability of sample x
exceeding u,.

For two load effect samples, X and Y, the distribution functions are F, and F, respectively. It
is necessary to find the case where x and y reaching their maximum concurrently. That is to analyze
the tail characteristic of their joint distribution F (x, y). According to Eg. (5), the marginal distributions
for X and Y could be approximated by GPD when the threshold u, and u, are large enough. The
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relevant parameters for G, and G, are (&, oy, Uy, §x) and (&, oy, uy, ¢,) respectively. Making the
following changes [11], we have

_ X~ V/EN\ 7!
X:—(log{l—gx [1+Ex p ] }) X > uy (6-1)

_ x-u, 1Y)\
Y:—<log{1—§y [1+Ey ayy] }) Y >, (6-2)

X and Y can be approximated to the standard Fréchet distribution. Provided the distribution
function of (x, y)are F(-), F(x,y) can be expressed as follows when X > u, and Y > Uy,

FGy) ~ G(xy) = F(%3) = exp{-V@ 7)) = exp (- (3 +2) ()} )

where A(t) = fol max(w(1 —t), t(1 — w)) dH(w), V is the dependent function of the bivariate Fréchet

marginal distribution H. A(t) is the Pickands convex dependent function, satisfying {t, (1 —t)} <
A(t) < 1 where t is the coefficient of correlation.

Therefore, the extreme value models of coupling bending moment and shear force under
traffic loading could be established using GPD and its dependent function.

Moment-shear coupling load effects

According to the bivariate POT theory, the optimal threshold based on marginal data can be
used as the joint threshold of the bivariate distribution. For the studied bridge, the best thresholds of
bending moment and shear effect of live load are determined by the Kolmogorov—Smirnov test and
maximum likelihood approach. The GPDs for the bending moment and shear force can be obtained
from the above thresholds. Figure 5 shows an example of using GPD modeling of marginal traffic
load effects of section 4#. It is seen from the figure that the GPD well captures the tail tendency of
the underlying data.

15 15
> POT data - POT data
—GPD fitting -~ GPD fitting

~ 10 ~ 10
LL LL
=4 =
4 4

"5 © 5

"
.v,fﬂ"v‘- /
P 0

0
550 650 750 850 200 300 400 500 600
(@) Bending moment (kN.m) (b) Shear force (kN)

Fig. 5 —GPD modeling of marginal traffic load effects of (a) bending moment and (b) shear force:
an example of section 4#

Using the bivariate thresholds, dependent functions can be used to model the tail tendency
between the bending moment and shear force. Herein, many dependent functions provided in the R
package are analysed [12]. It is found the bivariate logical copula was better to describe the
dependency between bending moment and shear force. Fig. 6 shows an example of modelling the
dependence between bending moment and shear force caused by traffic loading using the bivariate
logical copula. The relative fitting parameters for section 4# are given in Table 2. The fitting results
show that the bending moment has a strong tail correlation with the shear force. Based on these
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analyses, the maximum distributions of bending moment and shear force under traffic loading can
be modelled, which can be further used for structural safety assessment.

07 ~ ’
\\ Independent /
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< \\ " /’
0.6 N Copula f|tt|lr§
08 ] =1 | dependence
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0 0.2 0.4 ¢ 0.6 0.8 1.0

Fig. 6 —Copula fitting on tail dependence of bending moment and shear force caused by traffic
loading: an example of section 4#

Tab. 2 - The fitting parameters of marginal GPDs and bivariate logical copula of section 4#

Marginal distribution

Dependence structure

Bending moment (KNem) Shear force (kN)
o 4 u o 4 u t
51.6 0.099 550 19.6 0.139 220 0.19

PROBABILISTIC RELIABILITY ASSESSMENT

Limit state equation

Considering the dead load effects and traffic load effects, the limit state equation for flexural-
shear assessment is given by

Z=RM,V)—=5,M,V)—5,M,V) (8)

where R is the resistance; S, is the dead load effect; S, is the traffic load effect.

The flexural resistance is coupled with the shear resistance, as shown in Figure 2. However,
the bending moment and shear force under dead loads could be regarded to be independent of each
other. Figure 6 and Table 2 are also shown that the bending moment is strong coupled with the shear
force under traffic loads. Therefore, the probability of failure is calculated based on Pr(Z < 0). In the
paper, Monte-Carlo modelling is used to calculate the failure probability and reliability index.

Safety assessment

The reliability indexes of the concerned 7 cross-sections are calculated. Three failure modes
with their corresponding reliability indexes are analyzed, which are flexural failure, shear failure, and
flexural-shear failure. The results are given in Table 3.

The results show reliability indexes of flexural and shear are both greater than 5.61, indicating
the failure probability is less than 1078, This is because most bridges in China have a good safety
margin. However, for other engineering cases, the results might be different. However, when
considering the coupling of flexural and shear both in resistances and load effects, the calculated
reliability index is much lower, especially for section 4. The lowest probability reliability index for
flexural-shear failure mode is 4.53, which is much lower than those calculated by flexural failure and
shear failure. It illustrates the flexural-shear failure mode controls the safety of the beam section.
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The conventional consideration of flexural checking or shear checking is unsafe, and it is required to
consider the flexural-shear coupling both in traffic load effects and structural resistances.

Tab. 3 - Reliability indexes of concerned beam sections under different failure modes

) Failure mode
Section
Flexural Shear Flexural-shear
1 >5.61 >5.61 >5.61
2 >5.61 >5.61 >5.61
3 >5.61 >5.61 4.83
4 >5.61 >5.61 4.53
5 >5.61 >5.61 5.07
6 >5.61 >5.61 551
7 >5.61 >5.61 >5.61
CONCLUSION

Safety assessment of bridges subjected to traffic loads is a research focus owing to the
availability of site-specific traffic data. However, these studies mainly focused on the probabilistic
evaluation of simple failure mechanisms of bridge components, such as flexural failure or shear
failure. However, the critical components of bridges are often subjected to combined forces, such as
flexural-shear, compressive-flexural, flexural-shear-torsion, etc. This paper proposed a novel
framework for the probabilistic reliability evaluation of bridges subjected to combined forces. The
flexural-shear performance of bridge girders is focused. Based on an exampled continuous concrete
slab bridge, the flexural-shear coupling resistance and the flexural-shear coupling load effects under
random traffic loading are investigated. Special attention is paid to the bivariate extreme value
modelling of coupling bending moment and shear force under random traffic loading, which is to
determine the most adverse failure path. Finally, the performance of bridge girders subjected to
flexural failure, shear failure, and flexural-shear failure is investigated and compared. Main
conclusions are as follows:

QD According to the MCFT specified in AASHTO, the flexural resistances are coupled with the
shear resistances. The existence of the bending moment (or shear force) reduces the shear (or
flexural) resistance.

(2) Due to the randomness and uncertainty of traffic loads, the safety assessment of flexural-
shear performance is to find the most adverse failure path based on the coupled resistance and
dead load effects. It belongs to the scope of bivariate extreme value modelling.

3) It is found from the studied case that the reliability index subjected to flexural-shear failure is
much lower than that subjected to flexural failure or shear failure. It highlights the conventional safety
checking of flexural or shear performance is unsafe, and it is required to consider the flexural-shear
coupling effect both in traffic load effects and structural resistances for precise structural
assessment, which is not covered by current design standards.

This study provides a methodology for estimating the structural safety of concrete beam
bridges under random traffic loads, considering coupled flexural-shear failure. To obtain a more
comprehensive understanding of the benefits of considering coupled flexural-shear failure compared
to conventional flexural failure and shear failure, more example cases are required for thorough
investigations.

@ DOI 10.14311/CEJ.2023.04.0036 488



Article no. 36

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2023
JOURNAL

ACKNOWLEDGEMENTS

This work was supported by Shandong Provincial Natural Science Foundation, China [grant
number ZR2020ME241]; Shandong Provincial Natural Science Foundation, China [grant number
ZR2021MEO004]; Shandong housing and urban rural construction science and technology plan
project, China [grant number 2020-K4-12].

REFERENCES

[1] Ruan, X., Zhou, J., Shi, X., Caprani, C. C., 2017. A site-specific traffic load model for long-span
multi-pylon cable-stayed bridges. Structure and Infrastructure Engineering, vol. 13(4): 494-504 (In the case
of journal articles)

[2] Zhou, J., Shi, X., Zhang, L., Sun, Z., 2019. Traffic control technologies without interruption for
component replacement of long-span bridges using microsimulation and site-specific data. Structural
Engineering and Mechanics, vol. 70(2): 169-178 (In the case of journal articles)

[3] Wang, X., Shi, X. F., Ruan, X., 2012. Beam bridges reliability assessment with a consideration of
flexural-shear coupling effect, Journal of Tongji University (Natural Science), vol. 40(3): 338-343 (In the case
of journal articles)

[4] White, D. W., Barker, M. G., Azizinamini, A., 2008. Shear strength and moment-shear interaction in
transversely stiffened steel I-girders. Journal of structural engineering, vol. 134(9): 1437-1449 (In the case of
journal articles)

[5] Liang, Q. Q., Uy, B., Bradford, M. A., Ronagh, H. R., 2004. Ultimate strength of continuous
composite beams in combined bending and shear. Journal of Constructional Steel Research, vol. 60(8):
1109-1128 (In the case of journal articles)

[6] Vecchio, F. J., Collins, M. P., 1986. The modified compression-field theory for reinforced concrete
elements subjected to shear. ACI Structural Journal., vol. 83(2): 219-231 (In the case of journal articles)
[7] Vecchio, F. J., Collins, M. P., 1988. Predicting the response of reinforced concrete beams subjected

to shear using modified compression field theory. ACI Structural Journal, vol. 85(3): 258-268 (In the case of
journal articles)

[8] Schlune, H., Plos, M., Gylltoft, K., 2012. Safety formats for non-linear analysis of concrete structures.
Magazine of Concrete Research, vol. 64(7): 563-574 (In the case of journal articles)

[9] American Association of State Highway and Transportation Officials, 2012. AASHTO LRFD Bridge
design specifications. Washington, DC (In the case of a specification)

[10] Zhou, J., Shi, X., Caprani, C. C., Ruan, X., 2018. Multi-lane factor for bridge traffic load from extreme
events of coincident lane load effects. Structural Safety, vol. 72: 17-29 (In the case of journal articles)

[11] Rootzén, H., Segers, J., Wadsworth, J. L., 2018. Multivariate peaks over thresholds models.
Extremes, vol. 21(1): 115-145 (In the case of journal articles)

[12] Gilleland, E., Katz, R. W., 2016. extRemes 2.0: An Extreme Value Analysis Package in R. Journal of
Statistical Software, vol. 72(8): 1-39 (In the case of journal articles)

@ DOI 10.14311/CEJ.2023.04.0036 489



CIVIL Article no. 37

ENGINEERING
JOURNAL THE CIVIL ENGINEERING JOURNAL 4-2023

MECHANICAL CHARACTERISTICS OF LARGE-SECTION
TUNNEL IN SOFT ROCK BASED ON VARIOUS ROCK
CONDITIONS AND EXCAVATION FOOTAGES

Zengyin Xial, Chi Zhang?, Pan Cao?, Bin Li%, Gongning Liu® and Huijian Zhang?®

1. China Railway Tunnel Group Road & Bridge Engineering Co., Ld., Tianjin 30030
China

2. China Railway Design Corporation, Tianjin 300308, China

3. Southwest Jiaotong University, Key Laboratory of Transportation Tunnel
Engineering, Ministry of Education, Chengdu, No. 111, North Section, Second Ring
Road, Jinniu District, 610031, China; 305434884@qqg.com; 2995484603@qqg.com;
huijianz@163.com

ABSTRACT

At present, few studies have taken both the rock conditions and the excavation footages into
account to study the mechanical and deformation characteristics of the tunnel in soft rock area, and
the existing results cannot be simply applied. Therefore, taking the Qiangi tunnel in V-class
surrounding rock area as an example, based on the numerical calculation method, the mechanics
and deformation rules about the tunnel under various rock conditions as well as excavation footages
are analyzed in detail, aiming to provide some vital references for the on-site construction of the
relied tunnel project. The results show that the displacements of the surrounding rock are greatly
influenced by the excavation footages, namely, the arch settlements, horizontal convergences of the
tunnel as well as the surface settlement increase significantly with the excavation footages. For the
competent rock condition, the maximum bending moments of the preliminary lining after excavation
occurs in the vault, and its increase amplitude has little correlation with the excavation footage that
is more than 1.5m. For the poor surrounding rock, the maximum bending moment is transferred from
the vault to the arch waist with the increase of the excavation footage, and it is basically manifested
as the inner tension of the lining. The relationship between the excavation footage and maximum
deformation as well as the mechanical index of the vault is also revealed, respectively. The
excavation footage of the relied tunnel project is suggested as follows: 1.8m and 1.2m for the
competent and poor rock conditions, respectively.

KEYWORD

Excavation footage, Soft rock, Three-bench method, Shallow-buried tunnel, mechanical
property

INTRODUCTION

The stability of tunnel is always the focus of research [1, 2], especially for the tunnel in the
weak surrounding rock [3, 4], and its stability is also closely related to construction method. According
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to domestic and foreign engineering experience, if the full-section excavation method is not suitable
for tunnels, bench method is often used [5]. As one of the main methods of mine tunnel construction,
the bench method is essentially a geologically oriented excavation method [6]. With the change of
surrounding rock conditions, the length of steps, the number and size of divided sections can also
be changed accordingly, and the method is flexible in form, featuring fewer excavation disturbance
of surrounding rock, favorable control of surrounding rock deformation and timely lining [7-10].
However, when the bench method is used in construction, there is no clear standard for the
excavation footage, and the existing research results cannot be simply applied. If the excavation
footage is set too small, it will prolong the excavation period as well as increase the construction
cost. If the excavation footage is too large, when the rocks is poor, the stabilities of the surrounding
rock at the tunnel vault as well as the excavation face will be particularly prominent, which is
extremely unfavorable to the safety of the tunnel, and may even cause collapse in serious cases [11-
17].

Scholars pointed out that the large deformation of tunnel excavation face could be effectively
controlled by using the three-bench temporary invert method and reinforcing the upper step with the
fibreglass bolts [18]. Within a certain range, the spacing of up and down steps of the tunnel, the
spacing of annular and longitudinal bolts are negatively correlated with the stabilities of tunnel, and
the parameters should be adjusted according to the actual situation [19]. The construction
disturbance of super-large section tunnel is mainly concentrated in the excavation stage of the soil
of upper step [20]. Using the bench method, the deformation properties about the tunnel during
construction with freezing pipe roof was analyzed, and it was found that the demolition of temporary
linings had a great effect on the displacement as well as the force of the tunnel, and the force
centralization about the linings was alleviated after thawing [21]. The formation settlement properties
about the tunnel in loess were analyzed, and it was found that the upper strata of the tunnel area
sank as a whole after excavation, which developed rapidly and was destructive [22].

As can be seen from the previous studies, although many researches have been carried out
on the construction of tunnel using the bench method, while few studies have comprehensively
considered both the rock conditions and excavation footages. At the same time, due to the
differences in engineering geological conditions (including the parameters of surrounding rock and
lining, high in-situ stress, buried depth, etc.) of the tunnels in different studies [23, 24], the existing
results cannot be simply applied to the relied project of this paper, and further studies should be
carried out based on specific projects to provide more targeted construction suggestions.

Based on the two engineering examples of Qiangi Tunnel with similar excavation depth,
similar strata and different water content, the deformation rules as well as the mechanics about the
tunnel in various excavation footages for these two conditions are compared by numerical calculation,
and the reasonable excavation footage of tunnel in V-grade soft rock is also proposed accordingly,
aiming to provide relevant reference for the construction and design about similar project.

ENGINEERING BACKGROUND

Qiangi Tunnel locates in Ulangab City, Inner Mongolia Autonomous region. It is a high-speed
railway tunnel with a starting as well as ending mileage of DK32+380 ~ DK36+649. The total length
and maximum buried depth about the tunnel are 4,269 m and 141 m, respectively. The total length
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of the V- grade rock section about the whole tunnel is 2349 m, occupying 55.03% of the whole length.
The plan view and cross-section map of tunnel is shown in Figure 1. The tunnel span and height are
14.96m and 13.14m, respectively. According to the geological data, the entrance as well as the exit
section about the tunnel mainly passes through the highly weathered mudstone stratum. Mudstone
is in brown grey, brown yellow, strong weathering, argillaceous structure, layered structure, joint
fracture development, and the mineral composition is mainly clay minerals.

[Preliminary lining, 28cm
|Secondary lining, 55¢m

(a) Tunnel plan view (b) Cross-section map

Fig. 1 - Plan view and cross-section map of the Qiangqi tunnel

NUMERICAL CALCULATION INSTRUCTIONS
Numerical model and calculation parameters

FLAC3D software is used to establish a numerical calculation model for the entrance
(competent V-grade surrounding rock section, called condition 1) and exit (poor V-grade surrounding
rock section, called condition Il) of Qiangi tunnel, as shown in Figure 2. As the buried depths of the
entrance and exit of tunnel are similar, the buried depth is all taken as 28 m according to the site
condition. To reduce the impact about boundary effect, the distance from the tunnel outline to the
boundaries is generally taken more than 3 times the tunnel diameters. Therefore, the model size is:
length x height x longitudinal length =150 mx110 mx30 m. Normal constraint is set to the front, back,
left, right as well as bottom boundaries of the model, and the up boundary is a free surface [25, 26].
The rock and preliminary linings adopt solid element and shell element respectively, obeying Mohr-
Coulomb yield criterions and elastic criterion respectively. The calculation parameter about rock as
well as the lining is displayed in Table 1. Note that the calculation parameters are all taken from the
on-site geological investigation and designed data.

Tab. 1 - Calculation parameter

Density p Elastic modulus  Poisson’s ratio Cohesion ¢  Internal friction

Name /(kg.m) E /GPa u /kPa angle @/°
Condition | 2200 0.29 0.21 46 31
Condition Il 1950 0.15 0.23 29 27

Preliminary lining 2300 34.9 0.2 - -
Secondary lining 2500 31.5 0.2 - -
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The preliminary lining adopts C25 shotcrete, and the steel arch adopts 122a I-steel. The effect
about the steel arch is transformed to the shotcrete by its elastic modulus. The calculation method
[27] is as Equation (1):

S E
E=E,+ "SC g (1)
Where: E refers to the elastic modulus about the concrete after conversion; Ep refers to the elastic
modulus about the original concrete; Sq refers to the cross-sectional area about the steel arch; Eq
refers to the elastic modulus about the steel; S; refers to the cross-sectional area about the concrete.

150m

Z /007
S
S
37

Fig. 2 - Calculation model

Calculation step

The tunnel construction method uses the three-bench excavation method, and the step length
is generally 3~5 m ultra-short step. According to the on-site excavation footage (taken as 1.2m), the
initial step shown in Figure 3 is excavated first, which is used as the basic model for the excavation
footage studied in this paper. This paper mainly analyzes the deformation law as well as the
mechanics about surrounding rock and preliminary linings under different excavation footage (1 m,
1.5m,2m, 2.5m, 3 m, 3.5m), aiming to obtain the optimal excavation footage.

Fig. — 3 Initial step

The main calculation steps are as follows: (1) establish the calculation model; (2) ground
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stress balance (only consider the self-weight stress); (3) partial excavation forms initial steps. First,
the upper step is excavated at a depth of 1.2m, and the preliminary lining is applied with a lag of one
footage. In the cycle of this excavation footage, the upper step is excavated to a depth of 9.6m, and
then the middle step is similarly excavated cyclic to a depth of 4.8m, forming the basic model of
excavation footage research in this paper; (4) excavate the tunnel according to the planned different
footage.

ANALYSIS OF THE CALCULATION RESULTS
Deformation characteristics about the surrounding rock
Settlement characteristics of the vault

Under different excavation footages, the settlement and deformation about the surrounding
rock at vault in front of the initial excavation face are shown in Figure 4. The zero of the horizontal
coordinate corresponds to the initial excavation face of the upper step of the tunnel (called as the
initial excavation face), that is, the longitudinal coordinate y= 9.6m, and the horizontal coordinate
increases with the excavation direction of tunnel.

Distance from the initial excavation face /m Distance from the innitial excavation face /m
0 0 2 4 6 8 10 12 14 16 18 20 0o 2 4 6 8 10 12 14 16 18 20
22888888888888 S5F 28888888888 888
5t gg#!’”””” 3000330000000 10k ’ngggs!'”” 1333333333388
= % E-15f ;"55"
£ Om £ 20} sl om
= —e—1m S 251 <y —e—1m
£ ~ 4 15m 5 30t —a—1.5m
= —v2m 2 agpd v 2m
(%]
o 2.5m .40 b 2.5m
3 3m S a5 3m
> ——3.5m 50 F ——3.5m
-55
60L
(a) Condition | (a) Condition Il

Fig. 4 - Distribution rule of the vault settlement under different excavation footages

In Figure 4, under conditions | and Il, the law of the vault settlement is basically the same, all
indicating that the larger the excavation footages, the larger the growth extent and influence range
of settlement, and this law is nearly coincident with the previous literature [28]. Under 3.5m
excavation footage, the maximum settlement is 1.95 times and 1.97 times of the initial settlement,
respectively. And the larger the excavation footage, the longer the longitudinal range required for the
settlement curve to decay to the stable state, that is, the larger the excavation footage, the wider the
settlement influence range. Under different excavation footages, the increment of the maximum vault
settlement caused by excavation of one cycle footage is relative to the initial step state. The fitting
function curve and relation of the maximum increment of vault settlement with the excavation
footages is shown in Figure 5. And the function is: y=-3.4478x-17.681 for condition | and y=-
1.0538x2-3.305x-29.197 for condition II.
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Fig. 5 - Fitting curve between the excavation footages and maximum vault settlement

To study the impact about various excavation footages on the vault settlement of the existing
lining of the initial step, the monitoring points at vault in the middle of the vault of the initial step are
selected as the investigation section, namely, middle step at y= 2.4m (Point A) and the upper step
at y=7.2m (Point B).

Figure 6 shows the curve of the vault settlement increment led by tunnel excavation in the
middle step as well as the up step along with the excavation footages.

Excavation footage /m

O |1 T T I4
IS
E -4} .
5
£ -8r
2
@121
E .
g '16 B \'
220} .
S ---e--- Up step (condition I)
£ o4l = Middle step (condition I)
S —— Up step (condition 11)
— -28} —— Middle step (condition I1)

Fig. 6 - Curve diagram of the vault settlement increment and excavation footages at the monitoring
points A and B

In Figure 6, under the same surrounding rock condition, the increment curves of the vault
settlement of the middle step and the up step almost coincide. Therefore, it can be inferred that the
initial settlement about vault above the step led by excavation is basically the same no matter how
much the excavation footage is. The settlement increment about the vault of preliminary lining
increases nonlinearly with the excavation footages, and the difference of the vault settlement
increment in condition Il is more obvious than that in condition I.

Horizontal deformation characteristic

The cloud image of horizontal displacement of rock under condition | with the excavation
footage of 2 mis displayed in Figure 7. After tunnel excavation, the maximum horizontal deformation
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of rock mainly occurs at the side wall of the newly-closed preliminary lining.

Zone X Displacement
9.3024E-03
9.0000E-03
7.5000E-03
6.0000E-03
4.5000E-03
3.0000E-03

| 1.5000E-03
M 0.0000E+00
-1.5000E-03
-3.0000E-03
-4.5000E-03
-6.0000E-03
-7.5000E-03
-9.0000E-03
-9.3408E-03

Fig. 7 - Horizontal displacement cloud nephogram of the surrounding rock in condition | /m
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Fig. — 8 Fitting function curves of the maximum horizontal displacement and excavation footages in
the excavated section

The fitting function curve of the largest horizontal displacements and excavation footages is
displayed in Figure 8. There are good linear relationships between the largest horizontal
displacements and excavation footages under the conditions | and Il, and the specific fitting function
relationship is as follows: y=5.301x+2.004 for condition | and y=-16.223x+7.250 for condition .

The slope of the curve of condition Il is much higher than that of the condition I. Therefore,
the greater the excavation footages, the greater the maximum horizontal displacements about
condition Il. For the poor rock condition, the monitoring about the side wall of the newly-closed
preliminary lining in each excavation cycle should be strengthened after construction.

Surface settlement law

The surface settlement curve of the section at longitudinal distance y= 9.6m under different
excavation footages of conditions | and Il is displayed in Figure 9. The influencing ranges about the
settlement are nearly 60 m, and the largest settlement appears at the center line of tunnel. Under
the adopted excavation footages ranging from 1 m to 3.5 m, the maximum surface settlement about
the condition Il is 2.02, 2.08, 2.16, 2.25, 2.35 and 2.47 times that of condition I, respectively. Similar
to the spatial distribution of the vault settlement in front of the initial excavation face, that is, the larger
the excavation footages, the larger the surface settlements as well as the growth rate.

@ DOI 10.14311/CEJ.2023.04.0037 496



Article no. 37

CIVIL
ENGINEERING
JOURNAL THE CIVIL ENGINEERING JOURNAL 4-2023
Distance trom the tunnel centerline /m Distance from the tunnel centerline /m
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80

IS £
-2}£ £
412 2
£ kS
, 61 im £ 4 im
N g —e—1.5m M —*—15m
] s om f ——2m
6 lodh ~v-25m —v—25m
e 3m —+—3m

—o—3.5m
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Fig. 9 - Surface settlement curve under different excavation footages

Deformation characteristics of the excavation face

Figure 10 shows the on-site extrusion deformation phenomenon of the excavation face of
tunnel. After exploration and analysis, the main reason is that groundwater develops in the rock in
front of the excavation faces. Furthermore, highly weathered mudstone is a kind of rock that is more
sensitive to water and is prone to strength softening and disintegration after encountering water, thus

losing its bearing capacity.

Fig. 10 - The on-site extrusion deformation phenomenon of the excavation face of tunnel

The fitting curves about the largest extrusion deformation of the up-step excavation faces
and excavation footages under different rock conditions is displayed in Figure 11. Under these two
surrounding rock conditions, the fitting function relationship between the maximum extrusion
deformation of excavation face and excavation footages is as follows: y=3.0857x2-7.68x+51.309 for
condition | and y=0.7143x2-1.4886x+19.646 for condition II.
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Fig. 11 - The function fitting relationship between the largest deformation about the excavation
face and excavation footages

In Figure 11, under conditions | and I, the largest extrusion deformation about the excavation
face and excavation footage show a significant quadratic function relationship. The maximum
deformation about the excavation faces in condition Il is much greater than that under condition |, so
the strength of surrounding rock greatly influences the extrusion deformation characteristic of
excavation face, and the maximum extrusion deformation increases nonlinearly with the excavation
footages. Under condition I, the maximum extrusion deformations about the excavation faces
increase little with the excavation footages. While under condition Il, the maximum extrusion
deformation increases slowly when the excavation footage is 1~2 m, and then the continuous
increase of the footages will lead to a rapid increase of the extrusion deformation.

Mechanical characteristic analysis
Mechanical characteristic of the preliminary lining

The positions on the tunnel vault and both sides of the middle and upper steps are selected
as the monitoring points, and the bending moment diagram of the preliminary lining at the longitudinal
depth of 4 m under various excavation footages is also drawn, as shown in Figure 12.

(/268
40.0  36.6.
/ \

3m 35m 3m 35m
(a) Condition | (b) Condition Il

Fig. 12 - Distribution of the bending moment of the preliminary lining under different excavation
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footages /(KN.m)

Under condition I, the maximum bending moment generally appears at the vault of lining. The
bending moment value about vault increases slowly when the excavation footage is more than 1.5m,
the force state of the arch shoulder is gradually changed from the outer tensioned state to the inner
tensioned state, and the inner tension range of the lining structure is gradually enlarged. Under
condition Il, the maximum bending moment is no longer located at the vault with the increase of
excavation footages, but gradually shifts from the vault to arch shoulders. Bending moment at the
arch shoulder increases more rapidly, while the bending moment at the vault increases slowly.

Mechanical characteristic of the surrounding rock

Figure 13 shows the distribution curves of the maximum principal stress (MPS) of surrounding
rock at the vault as well as side wall about tunnel under different excavation footages in conditions |

and Il.
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Fig. 13 - Mechanical characteristic curves of the surrounding rock under different excavation

footages

In Figure 13, for both conditions | and I, the MPS curves show the law of first rapidly
increasing, then rapidly decreasing, and finally stabilizing, and the rapid changes mainly occur near
the excavation area. Under condition I, when the excavation footage is 1 m and 1.5 m, the peak MPS
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of the surrounding rock is compressive stress. When the excavation footage reaches 2 m, the peak
MPS of the vault of tunnel will be manifested as tensile stress, the main tensile stress and the action
range of the vault gradually increases with the excavation footages. For the side wall, all of them are
compressive stress, and the MPS is the minimum when the distances from the initial excavation face
are zero. With the increase of distance from the initial excavation face, the MPS increases rapidly
and then becomes stable. In general, under conditions | and Il, it is still safer for the rock at the side
wall of tunnel even if the excavation footage is larger.

According to Figure 13, the peak MPS corresponding to different excavation footages is
extracted, and the fitting function curve between the peak MPS and excavation footages is drawn,
as shown in Figure 14. The specific fitting relationship is as follows: y=-3.0723x3+23.884x?-24.53x-
7.3673 for condition | and y=5.0898x3-50.345x?+191.79x-223.41 for condition II.

y=5.0898x’-50.345x2+ 191 79x-223 41

S0F R?=0.99946 e
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25+ Pt
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y=-3.0723x’+23 884x-24,53x-7.3637
* R?=0.99993

Fig. 14 - Fitting function curve of the peak MPS of the vault and excavation footages

Under condition I, for the excavation footages are more than 2 m, the tensile stress appears
in the vault of surrounding rock. Under condition II, tensile stress occurs when the excavation
footages are greater than 1.5m. In geotechnical engineering, it is generally believed that soil cannot
withstand tensile stress, so the excavation footage under condition | should be less than 2 m, and
the excavation footage under condition Il should be less than 1.5 m. In order to ensure that no tensile
stress occurs in the tunnel vault after excavation, the safety factor of 1.2 is adopted in this paper.
Therefore, it is suggested that the excavation footage of the relied tunnel project of this paper should
be 1.8m (for condition 1) and 1.2m (for condition II).

CONCLUSION

(1) The deformation about V-grade surrounding rock is largely influenced by the excavation
footages. The vault settlement and horizontal displacement of the tunnel as well as the surface
settlement increase significantly with the excavation footages. Moreover, excavation in poor
surrounding rock will not only lead to the increase of deformation, but also lead to the increase of
the influence range of vault settlement.

(2) Under the competent or poor rock conditions, the maximum vault settlement in front of the initial
excavation face, the maximum extrusion deformations about the excavation faces and excav