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Research paper

Construction monitoring and analysis
of low mountain ridge tunnel

Jian Ouyang1, Haijun Wang2, Luxiang Wu3,
Kexin Zhang4, Xingwei Xue5

Abstract: In order to obtain the change rule of surrounding rock structure displacement and supporting
structure internal force with time during the construction of the low mountain ridge tunnel, this paper relies
on the Xishan Tunnel Project as the background. During tunneling, the displacement around the tunnel,
the subsidence of the surface, the internal force of the steel arch and the pressure between the two layers
of support are monitored dynamically. According to the above monitoring and measurement data, and
the monitoring data analysis and nonlinear regression fitting, the predicted trend curve is obtained, the
displacement change rules and characteristics of various surrounding rocks of the tunnel are obtained, to
ensure the construction safety and stability requirements of supporting structure, and to provide a reasonable
opportunity for the construction of secondary lining.
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1. Background

Tunnel engineering is a building built in the underground space, that is, the tunnel chamber
structure is located in the surrounding rock and soil, the surrounding rock structure generates
loads on the tunnel structure, and at the same time bears the loads together with the support
structure [1, 4]. Such mechanical characteristics are quite different from ground engineering.
In particular, the displacement change and stress status of surrounding rock structures are
very complicated due to the influence of many factors, such as the structural characteristics,
mechanical properties, physical parameters, the time of initial support structure, the way
of the initial support structure and the construction method [5–8]. At the same time, the
displacement and stress of the tunnel structure have obvious time and space effects during the
whole construction process [9–11].

Therefore, construction monitoring and measurement technology are particularly important
in the design and construction of tunneling projects [12, 13]. Using the data obtained from
field monitoring, analysis and nonlinear regression fitting can predict and control the possible
disasters and diseases in tunnel construction, and can be used to guide the field construction,
carry out tunnel safety evaluation, and rationally arrange the construction process, which has
very practical significance for ensuring the safety of tunnel construction [14–16].

At present, many domestic and foreign scholars have done research and discussion on tunnel
envelope deformation and monitoring and measurement. Lv et al. [17] set up monitoring points
to monitor the weak points at the intersection of open and dark tunnels in mountainous areas
and simulated the structural deformation and stress of different types of tunnel structures under
different conditions by finite element analysis, and the results showed that the actual deformation,
stress, and structural damage location were consistent with the numerical simulation results.
Kamikoshi et al. [18] studied a new Nagasaki tunnel located near a residential area using the
inclined shaft method and introduced the construction method, deformation monitoring, and
consideration of excavation conditions for a mountainous tunnel directly below a residential
area. Tian et al. [19] studied experimentally the change in the water content of the surrounding
rock during excavation, monitored and analyzed the first lining surrounding rock pressure,
lining contact pressure, and reinforcement axial force during the construction process Finally,
the deformation characteristics of the surrounding rock under different excavation methods
were studied by numerical simulation to provide a reference for projects with poor surrounding
rock stability. Zhang et al. [20] used the numerical limit analysis method to study the problem of
taking values for the stability and ultimate displacement of the surrounding rock in high-pressure
highway tunnels, and derived the final safety factor for complete instability of the surrounding
rock in tunnels with and without high water pressure strata. Wang et al. [21] studied structural
failures and a series of comprehensive management measures during the construction of tunnels
through fracture zones based on monitoring data and field investigations in a tunnel in Shaanxi,
and verified the reasonableness of the treatment measures, and the results of the study can
provide theoretical and technical experience for similar projects in the future. Kavvadas [22]
studied ground deformation monitoring in tunnel excavation and introduced the frequently
types of ground deformation measurements used in tunnel construction, the difficulties in
obtaining these measurements, the most commonly used evaluation methods and the application
of deformation measurements in the selection of tunnel excavation and support systems.
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This paper takes Xishan Tunnel as the engineering support for tunnel construction
monitoring measurement and lining support analysis. There are many shallow buried and
faulted sections in the Xishan Tunnel, more grade IV and V surrounding rocks in the cavern
section, complicated geology of the stratum, and the tunnel is prone to engineering accidents
such as collapse and roofing. The construction mechanics of the Xishan Tunnel was studied
through on-site dynamic measurement analysis.

2. Project situation

2.1. Project overview

The whole tunnel adopts a three-centered circular curved wall section, and the cavern
adopts a curved wall composite lining. The initial support near the cavern entrance adopts the
reinforcement measures of overrunning pipe shed plus a steel arch. The tunnel elevation is shown
in Fig. 1, and the tunnel building boundary and tunnel profile design are shown in Fig. 2.

Fig. 1. Tunnel elevation
Fig. 2. Xishan Tunnel building boundary

and tunnel profile (mm)

2.2. Geological structure

According to the results of physical prospecting, there are 3 main fracture zones in the
tunnel site area. Af1 was located at measurement pile No. 0+900, heading NE-SW, inclined to
SE, apparent dip angle about 33◦, longitudinal wave speed 2500 m/s, width about 20 m. Af2
was located at measurement pile No. 1+180, heading NE-SW, inclined to SE, apparent dip
angle about 25◦, longitudinal wave speed 2000 m/s, width about 35 m. Df1 was located at
measurement pile No. 0+40, heading NW-SE, inclined to SW, apparent dip angle about 58◦,
longitudinal wave speed 1700 m/s, width about 10 m.

The above fracture zone intersects with the tunnel at a certain angle, which has a certain
influence on the tunnel. Its influence is mainly due to the fracture of the surrounding rock and
possible water-rich, the regional seismic structure environment needs to be considered in the
engineering design and construction, and the ground vibration parameters provided by the
seismic risk analysis and zoning results should be designed and constructed.
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2.3. Adverse geological condition

At the entrance of the tunnel, a part of the mountain was manually cut off, showing
a second-grade steep cut, about a 10–15 m high cliff, with an overall slope of about 45◦. The
rock is exposed. The upper part is a fully weathered andesite with a thickness of about 2 m, and
the lower part is a moderately weathered andesite. The joints and fissures are very developed,
and the rock is cut into fragments. Rich vegetation cover for hazel and artificial larch. As
shown in Fig. 3, at present, there are occasional pieces of debris falling here, but the amount
of debris crumbling is not large, the tunnel construction may cause a large area of collapse,
which has a certain impact on the tunnel construction.

Fig. 3. Collapse diagram at the entrance Fig. 4. Collapse diagram at the quarry

There is a quarry on the right side of the tunnel inlet, quarrying work is now in progress,
the mountain is cut into a section nearly vertically, in the shape of a secondary steep cut, the
height is about 70–80 m section, fresh rocks are exposed in a large area, the rocks are medium
– slightly weathered andesite and tuff, joints and fissures are developed, the top of the mountain
is rich in vegetation, hazel woods and weeds. As shown in Fig. 4, at present, the quarry is in
the process of quarrying, and there has been rock caving, which has a certain impact on the
construction and use of the tunnel. In addition, the tunnel site is without collapse, landslide,
debris flow and other adverse geological phenomena.

3. Construction monitoring scheme

Xishan Tunnel is a shallow tunnel in the low mountains. The surrounding rock joints and
fissures are very developed and the rock is cut into fragments. According to the monitoring
and measurement implementation plan, various representative sections of surrounding rock of
Xishan Tunnel are selected to monitor the displacement and stress changes, and the monitoring
data are processed and analyzed and the nonlinear regression fitting curve is carried out to
guide the construction reasonably and correctly.
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3.1. Tunnel monitoring section layout

In the tunnel monitoring process, representative sections with characteristics should be
selected, the selection of monitoring sections and monitoring measurement points buried
principles are as follows.

Monitoring items are divided into required and selected items. Required items (convergence
of peripheral displacement and surface subsidence) should be placed on the same section, so
that monitoring data can verify each other and reflect displacement changes of surrounding
rock in multiple directions. The selected measurement items (the pressure between the two
layers of support and the stress of the secondary lining concrete) should also be placed on
the same section, so that the monitoring data results can be mutually verified, and the stress
condition of the initial supporting structure and the secondary lining can be better analyzed, as
well as the safety reserve of the secondary lining.

In addition, the monitoring section layout principle should also follow the following
principles. The monitoring section is mainly arranged in the area with poor surrounding rock
and unstable surrounding rock, and more monitoring sections can be arranged appropriately.
For the sections with relatively good surrounding rock structure, the monitoring section can be
appropriately reduced, and a representative section can be selected for monitoring.

According to the above principles, this paper relies on the project monitoring section layout
as shown in Fig. 5. Among them, the II type of surrounding rock is hard rock, rock mass is
relatively complete, block or thick layered structure. The III type of surrounding rock is hard

Fig. 5. Xishan Tunnel construction monitoring and measuring section and project map
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rock or soft hard rock, the rock mass is relatively complete, blocky or medium thick layer
structure. The IV type of surrounding rock is soft rock or soft rock interlayer, and mainly soft
rock, the rock mass is relatively complete to more broken, and the structure of thin layer. The
V type of surrounding rock is soft rock, which is broken, fractured and loose structure.

3.2. Peripheral displacement monitoring scheme

In this paper, only the monitoring results of three cross-sections in representative sections
are selected for analysis, namely, the K0+546 cross-section (V type of surrounding rock),
K1+134 cross-section (IV type of surrounding rock), and K0+856 cross-section (III type of
surrounding rock), see Fig. 5.

K0+546 section is V type of surrounding rock, excavation method is up and down step
construction, according to the tunnel construction monitoring and measurement program, the
peripheral displacement measurement is three measurement lines, and the measurement points
are arranged as shown in Fig. 6a. K0+856 is III type of surrounding rock, according to the
monitoring program, the peripheral displacement measurement is one measurement line, the
measurement points are arranged as shown in Fig. 6b. K1+134 section is IV type of surrounding
rock, according to the monitoring program, the perimeter displacement measurement is two
lines, and the arrangement of measurement points is as shown in Fig. 6c.

(a) (b)

(c)

Fig. 6. Displacement measurement line layout around the section: a) K0+546 Section, b) K0+856 Section,
c) K1+134 Section
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The convergencemeter is used to collect the data of the peripheral convergencemeasurement.
First, a rock drill is used at the measuring point to make a hole in the part to be measured, and
then the convergent embedded part with an expansion tube is punched in, and the perforated
steel tape is fixed, so that the axis of the two embedded parts is in the baseline direction as far
as possible, and the other end is fixed to the measuring system.

The measurement frequency of the perimeter displacement is shown in Table 1. The
measurement frequency of surface subsidence, internal force of steel arches, and pressure
between two layers of support is the same as the measurement frequency of perimeter
displacement, and will not be repeated in the following text.

Table 1. Measurement frequency

Time 1~15 d 16 d~1 month 1~3 months >3 months

Measurement
frequency

1~2 times/day 1 time/2 days 1~2 times/week 1~3 times/month

Note: The measurement frequency can be modified according to the actual condition
of surrounding rock.

3.3. Surface subsidence monitoring

The surface subsidencemonitoring of the shallow buried section of the tunnel is amandatory
item, K1+186 section belongs to the shallow buried section, this section is V-type surrounding
rock, and the tunnel section is larger. According to the monitoring program, to more accurately
measure the surface subsidence of the section, 11 monitoring points are placed in the section,
the layout of the measurement points as shown in Fig. 7.

1
2

3 4 5 6
7

8 9 10 11

Fig. 7. K1+186 section surface subsidenc

The base point is buried in the area of 3 to 5 times the diameter of the tunnel. Refer
to the burying method of standard level points, bury 2 reference points, point 1 and point
11 in the diagram, in order to check each other. In the shallow buried section of the tunnel
entrance, a measuring section is set up along the axis of the tunnel, the section spacing is 5 m
~15 m, and 9 measuring points are arranged in each section. At the measuring point, a pit with
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a length, width and depth of 200 mm was excavated. Then, the embedded parts (self-made)
are put into the surface measuring point, and the measuring point is filled with concrete
around. The level can be measured after the concrete is consolidated. After the observation, the
time-displacement and distance-displacement graphs can be drawn to analyze the data briefly.

3.4. Steel arch internal force monitoring

In the category V surrounding rock, the initial support usually takes the steel arch. The
internal force monitoring points of steel arch frame are arranged at sections K0+546 and
K1+186, and the measuring points are arranged as shown in Fig. 8. The internal force
monitoring of steel arch frame is shown in Fig. 9.

Fig. 8. Arrangement of stress measurement points for steel arches

(a) (b)

Fig. 9. Steel arch internal force monitoring: a) Steel bar meters burial, b) Steel arch internal force
measurement

Steel bar meters are arranged in pairs along the inner and outer edges of the steel arches.
Before installation, the steel string steel bar meter is welded in parallel at the measured part of
the steel arch. During the welding process, pay attention to cooling the steel bar meter with
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water. Then, the steel arch is moved to the hole by the worker to install or set up, record the
steel bar gauge model, and the steel bar gauge number with transparent tape will be written on
the paper number tightly pasted on the wire. Pay attention to assembling the wires into bundles
and protect them well to avoid being damaged by construction in the hole. According to the
frequency-axial force calibration curve of the reinforcement meter, the measured data can be
directly converted to the corresponding axial force value. Then the bending moment can be
calculated, and the values of axial force and bending moment can be drawn on the distribution
position of each steel bar meter according to a certain proportion on the tunnel cross-section.
The distribution diagram of axial force and bending moment of the tunnel steel arch can be
formed by connecting each point.

3.5. Pressure monitoring between two layers of support

After the initial support structure is stabilized, the secondary lining can be applied.
By placing a pressure box between the two layers of support and collecting data with
a comprehensive tester, the pressure between the two layers of support can be obtained. In the
K0+546 cross-section, pressure monitoring points between the two layers of support are set
up. The arrangement of pressure measurement points between two layers of support is shown
in Fig. 10.

Fig. 10. Arrangement of pressure measurement points for two layers of support

4. Tunnel monitoring results and analysis

4.1. Analysis of displacement monitoring results around the section

Section K0+546 is a V-level surrounding rock, according to the construction monitoring
program, the time is reasonably arranged, and the displacement around the monitoring section
is monitored in time with the tunnel excavation, and the cumulative change of the temporal
curve of the peripheral displacement monitoring data is shown in Fig. 11a.

As can be seen from Fig. 11a, the regularity of peripheral displacement monitoring data is
not obvious, and the displacement change fluctuation is small. At the initial stage of tunnel
section excavation, that is, within 10th d after the section excavation, the surrounding rock
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structure is unstable, the displacement changes are particularly obvious, and the convergence
rate is fast. The convergence rate of the horizontal and left survey lines is 0.6 mm/d, and that
of the right survey lines is 0.35 mm/d. During the 10th to 15th d, the convergence rate of each
measurement line slowed down and the surrounding rock tended to be stable.

The final convergence accumulation value of the horizontal measurement line is 10.5 mm,
the final convergence accumulation value of the left measurement line is 9.1 mm, and the final
convergence accumulation value of the right measurement line is 7.0 mm. They are all within
the limit value of 15 mm. From the whole monitoring curve, the horizontal measurement line
convergence monitoring data is the largest, in which the left measurement line surrounding
rock convergence is close to the horizontal measurement line monitoring data, while the right
measurement line surrounding rock convergence is smaller than the horizontal measurement
line and left measurement line convergence value, the surrounding rock stability is better.

(a) (b)

(c)

Fig. 11. Temporal graph of peripheral displacement monitoring data: a) K0+546 Peripheral displacement,
b) K0+856 Peripheral displacement, c) K1+134 Peripheral displacement

Section K0+856 is a grade III surrounding rock, by the construction monitoring program,
the time is reasonably arranged, the displacement around the monitoring section is monitored
in time with the tunnel excavation, and the accumulated change trend of the peripheral
displacement monitoring data is shown in Fig. 11b.

As can be seen from Fig. 11b, the regularity of peripheral displacement monitoring data is
not obvious, and the displacement change fluctuation is small. At the initial stage of tunnel
section excavation, the surrounding rock structure is unstable and the displacement changes
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are particularly obvious within 8th d after section excavation. The convergence rate is very fast,
and the convergence rate is 0.6 mm/d. During the 8th–12th d, the monitoring data fluctuated up
and down, but the convergence rate slowed down, and the surrounding rock tended to be stable.

K0+856 section horizontal convergence final convergence cumulative value is 6.09 mm,
less than the minimum value of the maximum displacement allowed by the specification
0.6%-1.60%. From the whole monitoring curve K0+856 horizontal convergence change curve
in line with the tunnel surrounding rock change law, the surrounding rock stability is good.

K1+134 section is type IV surrounding rock, according to the monitoring program, the
peripheral displacement is two horizontal measurement lines. According to the construction
monitoring program, the time is reasonably arranged, and the peripheral displacement of
the monitoring section is monitored in time with the tunnel excavation, and the accumulated
trend of the peripheral displacement monitoring data is shown in Fig. 11c. The change of the
surrounding rock displacement tends to be stable and in a safe state, and the stability of the
surrounding rock is good.

4.2. Analysis of surface subsidence monitoring results

The temporal curve of cumulative changes of surface subsidence monitoring data of
K1+186 section is shown in Fig. 12.

Fig. 12. Cumulative ground subsidence at section K1+186

As can be seen from Fig. 12 of the cumulative settlement curve for section K1+186, the
settlement at measurement point 6 (at the top of the vault) is the largest, at 3.6 mm. It is less
than the limit value of 10 mm. The subsidence away from the vault decreases gradually, which
indicates that the tunnel excavation has a certain influence on the surrounding rock, and the
closer the distance to the excavation chamber, the greater the influence. On the contrary, the
further away the excavation chamber is, the less the influence will be.

4.3. Analysis of internal force monitoring results of steel arches

A graph of the cumulative value of the internal forces in the steel arch as a function of time
was obtained, as shown in Fig. 13 and Fig. 14.

From Fig. 13 and Fig. 14, it can be seen that the steel arches of K0+546 and K1+186
monitoring sections are under pressure at all measurement points, and the pressure at the top
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Fig. 13. Cumulative temporal graph of internal force monitoring data for steel arch K0+546

Fig. 14. Cumulative temporal graph of internal force monitoring data for steel arch K1+186

of the arch is the greatest in both sections. From the monitoring data, the top of the arch is
the most unfavorable position for the whole section. K0+546 monitoring section, the arch
under the greatest pressure, the left and right spinner spinner and right arch foot monitoring
data little difference, stress value between 6.0–7.0 MPa, the force balance. The pressure of the
left arch foot gradually decreased on the 10th d and became stable on the 30th d. After that, it
remained in a stable state with a stress value of –2.78 MPa. From the monitoring data curve
of this section, it can be seen that at the beginning of tunnel excavation, the pressure at each
measuring point increases rapidly, then changes gently, and finally the data trend is stable, and
the initial supporting structure is stable.

At section K1+186, the pressure on the top of the vault is the highest, while the left shoulder
and the right foot of the arch are under similar stress, with stress values ranging from –13.60
to –13.80 MPa. The right shoulder of the arch is slightly less stressed, with a stress value of
–10.3 MPa. The left foot of the arch is under the least stress, with a stress value of –6.22 MPa.
After 15th d, the trend of data at each measurement point is stable, and the initial support
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structure is stable. The initial support structure is stable. The time to stabilization varies with
the surrounding rock at each measurement point. The internal forces of steel archs are less
than 146 MPa, which meets the requirements.

4.4. Analysis of pressure monitoring results between the two layers of
support

After the initial support structure is stable, the secondary lining can be applied. A pressure
box is arranged between the two layers of support to measure the pressure between the two
layers of support. A pressure monitoring point between two layers of support is set in section
K0+546. Through regular monitoring of the pressure in this section, the cumulative value of
pressure between two layers of support changes over time is obtained, as shown in Fig. 15.

Fig. 15. Cumulative temporal plot of pressure monitoring data between the two layers of support at
K0+546

As can be seen from the monitoring data curve in Fig. 15, the load between supports is very
small, indicating that the initial supporting structure of this section has well borne the load of
surrounding rock. From this point of view, secondary lining has a better safety reserve. The
monitoring data at the left arch foot of the pressure measuring point in this section have poor
regularity and fluctuate up and down greatly, while the monitoring data at other measuring
points have good regularity and fluctuate little. After the monitoring data of each measuring
point is stabilized, the value of pressure between the supports of the left arch foot is the largest,
which is 0.098 MPa. The second is the right arch foot, which is 0.086 MPa. The rest of the
measuring points are kept very small. The data trend is stable and the structure is stable.

5. Conclusions

Combined with the Xishan Tunnel Project in Suifenhe City, this paper monitors and
measures the tunnel construction process. Through the tunnel surrounding rock displacement
change data analysis, the tunnel surrounding rock displacement change data curve non-linear
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regression analysis, and tunnel support structure internal force monitoring results analysis, the
following conclusions are drawn.

1. The change in displacement around different sections is relatively small, the changing
trend is the same. The convergence change curve conforms to the tunnel surrounding
rock change law, the surrounding rock stability is good, in a safe state. The surrounding
displacement measurement data regression equation coefficient β between 1.0 and 3.0,
the better the surrounding rock type, the smaller the regression equation coefficient β.

2. Surface subsidence is greatest at the top of the vault, with a value of 3.6 mm, and
gradually decreases to 0.5 mm along the direction of deviation from the vault. This
indicates that the excavation of the tunnel has a certain influence on the surrounding
rock. The closer the distance to the excavation chamber, the greater the influence, and
vice versa.

3. All the measured points of the steel arch at different sections are under pressure, and all
of them are under the greatest pressure at the top of the arch. The maximum compressive
stress at the top of the steel arch at section K0+546 is –15.26 MPa, the maximum
compressive stress at the top of the steel arch at section K1+186 is –27.01 MPa. The top
of the arch is the most unfavorable position.

4. The load between the supports is very small, after the data of each measurement point is
stabilized, the maximum tensile stress appears at the foot of the left arch, 0.098 MPa,
followed by the foot of the right arch, 0.086 MPa. When the initial support structure
is stabilized, it plays a good role in bearing the load of the surrounding rock, leaving
enough load reserve for the secondary lining, and the structure is safe and reliable.
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