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	 Visual inspection and hammering tests are the standard methods for inspecting shield 
tunnels. They can provide a comprehensive judgment based on the engineer’s past experience 
and conditions, such as cracking, water leakage, and structural details. However, one problem 
with this method is that the inspection results are highly dependent on the skills of the inspector. 
To overcome this limitation, it is necessary to develop an easy and quantitative inspection 
method for shield tunnels. The influence line (IL), which is the response at a specific point due 
to a unit load that is moved along the target structure, can be used for evaluating the soundness 
of the infrastructure. Therefore, in this study, we propose a method for determining the IL that 
can be applied when the speed of a passing train changes. The IL is determined by measuring 
the displacement due to the train load using a MEMS accelerometer. Finally, to verify the 
validity of the determined IL, a finite element analysis is performed. Good agreement is found 
between the ILs determined experimentally and analytically when the soil spring constant is 18 
times higher than the nominal value, with a correlation coefficient of 0.98.

1.	 Introduction

	 Tunnels can be constructed by mountain tunneling, open-cut tunneling, shield tunneling, or 
other methods. Tunnels constructed by shield tunneling are called shield tunnels. A typical 
feature of a shield tunnel structure is that the segments are combined in a ring shape. Shield 
tunnels in urban areas are important infrastructures that support social and economic activities. 
With the ongoing development of modern cities, the number of shield tunnels is expected to 
increase because the above-ground space is limited.(1,2) However, since shield tunnels 
constructed in the 1950s to 1970s have been in service for more than 50 years, appropriate 
inspection is essential to ensure their safety and serviceability. The primary defects in shield 
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tunnels are cracking and water leakage, and there is concern that these defects will reduce the 
durability of the segments.(3,4)

	 Visual inspection and hammering tests are the standard approaches to inspecting shield 
tunnels. However, while visual inspection and hammering tests can allow a comprehensive 
judgment based on the engineer’s past experience and conditions, such as cracking, water 
leakage, and structural details, the results strongly depend on the inspectors’ skills. There is also 
an issue that the number of skilled engineers in Japan is decreasing. Therefore, it is necessary to 
develop an easy and quantitative inspection method for shield tunnels.(5)

	 Total stations (TSs) are widely utilized for monitoring tunnels that are under construction 
because accurate displacement information can be obtained between the TS and the target 
points.(6,7) On the other hand, for an in-service shield tunnel, it is challenging to measure the 
dynamic response under a train load using a TS because fixed reference points are required, 
which are not available during train passage.
	 One approach that does not require fixed reference points is distributed fiber optic sensing 
(DFOS) for monitoring tunnel deformation and for evaluating the structural health of the shield 
tunnel.(2,8) DFOS allows distributed long-term strain measurements with millimeter-level spatial 
resolution.(9,10) However, although it has been shown to be capable of performing dynamic strain 
measurements,(11) to the best of our knowledge, its applications to shield tunnels have been 
limited to static strain measurements.
	 By determining the displacement responses from acceleration records measured using 
MEMS accelerometers, one of the present authors previously visualized the dynamic 
deformations of a shield tunnel under a passing train load.(5) Since a MEMS accelerometer does 
not require a fixed reference point,(12,13) it can be easily installed using adhesive, magnetic jigs, 
or screws. Furthermore, since a MEMS accelerometer with wireless connectivity does not 
require wiring,(14–16) field installation is quick and easy. Since sensor installation in shield 
tunnels must be completed during periods when no trains are passing, easy-to-install sensors 
such as MEMS accelerometers are highly suitable for measurements in shield tunnels. 
Furthermore, since the power consumed by MEMS devices is generally low,(17,18) such devices 
are capable of long-term measurements for infrastructures such as bridges and tunnels.
	 The displacement response under an external load provides quantitative information for 
evaluating the soundness of infrastructure.(19–22) However, since the response depends on 
external loading conditions such as the magnitude of the load and the loading position, in order 
to evaluate the soundness of a structure, it is essential to convert the response so that it is 
independent of external loading conditions. Therefore, in structural engineering, the influence 
line (IL), which is the response at a specific point due to a unit load moved along the target 
structure, is often used to evaluate the soundness of bridges.(23–27) The IL can be determined 
from the displacement response and external loading conditions, such as vehicle axle weight and 
spacing. However, to the best of our knowledge, there have been no studies that determined the 
IL for a shield tunnel based on displacement data obtained under a train load.
	 In this study, the IL for a shield tunnel is determined from the displacement under a train load 
calculated by the double integration of the acceleration measured using a MEMS accelerometer. 
In previous studies, the speed of an external load such as a traveling vehicle was assumed to be 
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constant while the vehicle was traveling on the target bridge.(28–30) However, since the target 
section of the shield tunnel considered in this study is located near a train station, speed changes 
due to braking occur when the train passes through the target section. Therefore, in this study, 
we propose a method for determining the IL that can be applied when the speed of a passing 
train changes. Finally, to verify the validity of the IL determined from the measurement data, a 
finite element analysis (FEA) was performed using a model for the target tunnel.
	 The remainder of this paper is organized as follows: In Sects. 2 and 3, we describe the details 
of the target shield tunnel and an outline of the field measurements, respectively. In Sect. 4, we 
explain the method for determining the displacement response from acceleration data obtained 
using a MEMS accelerometer. The formulation used in the conventional calculation method for 
the IL is summarized in Sect. 5.1, and the proposed methodology for accounting for speed 
changes of a live load is presented in Sect. 5.2. In Sect. 6, the FEA used to verify the determined 
IL is described and the FEA results are given. Finally, conclusions and future research are 
provided in Sect. 7.

2.	 Target Shield Tunnel

	 The target shield tunnel and the measurement section are the same as in a previous study.(5) 
Figure 1 presents a plan view of the target tunnel, which has been in service for about 50 years. 
It is one of a pair of tunnels, 11.2 m apart, through which trains pass every 2 to 17 min. Although 
the measurement cross section is a straight tunnel section, there is a nearby curved section in the 
direction of Futako-tamagawa. In addition, there is a station platform about 180 m away from the 
measurement section in the direction of Shibuya, as shown in Fig. 1.
	 A longitudinal section view of the tunnel together with the soil profile is shown in Fig. 2, 
which gives the standard penetration test N-values for each ground layer in parentheses. The 

Fig. 1.	 (Color online) Plan view of target shield tunnel (units: m).
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target shield tunnel is largely covered by tuffaceous cohesive soil and is located approximately 7 
m below ground level.
	 Figure 3 presents a cross-sectional view of the tunnel, which consists of one K-block and six 
ribbed reinforced concrete (RC) lining segments. The outer and inner diameters of the tunnel are 
6.5 and 5.8 m, respectively.
	 The detailed dimensions of the ribbed RC lining segments are shown in Fig. 4. All lining 
segments have the same width of 900 mm and the same thickness of 350 mm.
	 Figure 5 shows a photograph of the measurement cross section. The blocks are bolted to each 
other in the cross-sectional and longitudinal directions. K-blocks are alternately located on either 
side along the longitudinal direction. Although no serious damage was found at the measurement 
cross section, the water leakage observed was more severe than that at other locations, as shown 
in Fig. 5. The concrete mixing proportions and specifications for the materials used for the steel 
bolts and for the steel reinforcement are listed in Tables 1–3, respectively. Further details of the 
target shield tunnel are given in Ref. 5.

3.	 Outline of Field Measurements: MEMS Accelerometer

	 The location of the MEMS accelerometer used for displacement measurements is shown in 
Fig. 3; the measurement direction is the vertical direction in the figure. Figure 6 presents 
photographs of the field measurement setup. The MEMS accelerometer was installed using 
screws and a steel plate on the concrete bottom of the shield tunnel. Note that although several 
MEMS accelerometers were installed, only the one actually used in this study is shown in Fig. 3.
	 The specifications of the MEMS accelerometer are listed in Table 4. When calculating the 
displacement response by doubly integrating the measured acceleration data, it is essential to use 
a high-resolution accelerometer with a low sensor self-noise density. This is because errors in the 
measured data, such as quantification errors and sensor self-noise, distort the results of the 
double integration. In particular, low-frequency errors significantly reduce the accuracy of the 
displacement response determined by the double integration of acceleration data.(31,32) Therefore, 

Fig. 2.	 (Color online) Longitudinal section view of shield tunnel and soil profile (units: m).
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Fig. 3.	 (Color online) Sectional view of target shield tunnel.

Fig. 4.	 Dimensions of ribbed RC lining segments (units: mm): (a) A-block and (b) K- and B-blocks.
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Fig. 5.	 (Color online) Photograph of measurement cross section.

Fig. 6.	 (Color online) Field measurement setup using MEMS accelerometer.

Table 1 
Concrete mixing proportions.

W/C (%) Design strength 
(N/mm2) Gmax (mm) Unit weight (kg/m3)

C G W S
42 47.1 20 390 1218 164 733

C: cement; G: coarse aggregate; W: water; S: fine aggregate.

Table 2 
Specifications of steel bolts.

Direction of steel bolts Diameter (mm) Steel type Tensile strength 
(N/mm2)

Yield strength 
(N/mm2)

Longitudinal and cross-
sectional directions 32 SS 41 400 240

Table 3 
Specifications of steel reinforcement in lining segments.

External Internal

Steel type Tensile strength 
(N/mm2)

Yield strength 
(N/mm2) Steel type Tensile strength 

(N/mm2)
Yield strength 

(N/mm2)
SD 30 440–600 295 or more SR 24 380–520 235 or more
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a quartz-type MEMS accelerometer with a high resolution of 0.59 μm/s2 and a low noise density 
of 4.9 μm/(s2√Hz) was selected in this study. The sampling frequency of the accelerometer was 
200 Hz.

4.	 Determination of Shield Tunnel Displacement from Measured Acceleration

	 In theory, displacement can be calculated by the double integration of acceleration. However, 
errors included in the measurement data, particularly those at low frequencies, reduce the 
accuracy of the calculated displacement.
	 One of the present authors previously proposed a method for calculating the displacement 
from the measured acceleration in a shield tunnel.(5) In the proposed method, the acceleration 
data are divided into those obtained before, during, and after train passage. This shortens the 
time required for continuous numerical integration and suppresses the loss of accuracy due to 
measurement errors. It is also assumed that the maximum displacement during the passage of a 
train is almost constant. This reduces measurement errors caused by external factors, such as 
shock vibrations, and therefore improves the accuracy of the calculation results. Further details 
of the proposed method are given in Ref. 5.
	 Figures 7 and 8 show the acceleration due to a train load measured at the bottom of the shield 
tunnel using the MEMS accelerometer and the displacement determined from the measured 
acceleration, respectively.
	 Although several types of train use the target tunnel, the train that produced the acceleration 
shown in Fig. 7 can be identified on the basis of the railway timetable. Information on the wheel 
weights and spacings is shown in Fig. 9. Note that the weights shown in the figure include the 
additional weight of an assumed number of passengers. Since the train passed during the 
morning rush hour, the total passenger weight per carriage was calculated under the assumptions 
listed in Table 5, and the total passenger weight was assumed to be shared equally among the 
four wheels of each carriage.
	 In Fig. 8, it can be seen that the displacement response due to the first wheel of the leading 
carriage begins to occur at about 0.9 s, the response gradually increases in strength, and then 
suddenly increases at around 3.1 s. From the characteristics of the displacement response, it is 
considered that the IL for this shield tunnel shows a sharp response when the load is just above 
the observation point.

Table 4 
Specifications of MEMS accelerometer.

Model
Noise 

density 
[μm/(s2√Hz)]

Resolution 
(μm/s2)

Measurement 
range (m/s2)

Frequency 
bandwidth (Hz) Dimensions (mm)

M-A550AC2 4.9 0.59 ±49.0 20 (−6 dB) 52 × 52 × 26 
(width × depth × height)
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Fig. 7.	 Acceleration data at bottom of shield tunnel under train load measured using MEMS accelerometer.

Fig. 8.	 (Color online) Displacement response calculated from measured acceleration data.

Table 5 
Assumed passenger conditions for one carriage during morning rush hour.
Number of people Weight per person (kN)
250 0.64

Fig. 9.	 (Color online) Wheel weights and spacings for train (units for length: mm).
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5.	 Calculation of IL from Displacement Response in Shield Tunnel

5.1	 Formulation

	 Here, the method used to calculate the IL from the displacement response is explained. The 
two most common approaches for calculating the IL from the displacement response are the 
time-domain (TD) and frequency-domain (FD) methods.(33) However, Mustafa et al. pointed out 
that both methods are basically the same when a cyclic assumption is made for the TD 
method.(30) Therefore, in this study, the IL is calculated using the TD method without a cyclic 
assumption, because this assumption is not always appropriate for the displacement response.
	 The displacement due to passing carriages with known wheel weights and spacings can be 
written in matrix form as(34,35)

	 z Hx v� � ,	 (1)

where z represents the displacement vector, which is determined from the acceleration data, H is 
a matrix formulated on the basis of loading information for each wheel, x represents the 
displacement response vector (time history) for moving unit force, which can be converted to IL 
easily by changing the time increment Δt to the space increment Δt × s, Δt is 0.005 s, depending 
on the sampling frequency (200 Hz), s is the train speed, and v is the observation error vector, 
i.e., the residual vector between the measured z and the predicted response Hx.
	 Assuming that the wheel weights are W1, W2 ... Ws−1, Ws, the matrix H is given by
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	 If the size of x and z are n and m, respectively, then H is an m × n matrix. The matrix H is 
determined from the axle weights and their spacings, as indicated in Eq. (2).
	 The objective function J is obtained by taking the sum of the squared residuals between the 
measured z and the predicted response Hx:

	 J � � �( ) ( )z Hx z HxT .	 (3)

	 The solution x that minimizes J must satisfy 

	 dJ
dx

H z Hx� � � �T
( ) 0 .	 (4)

	 Therefore, solving the following equation yields the solution x for the IL vector:

	 x H H H z� �
( )

T T1 .	 (5)

5.2	 Consideration of train speed change

	 The method for calculating the IL described above assumes that the speed of the passing 
carriages is constant. However, since the target section of the shield tunnel is located near a 
station, the speed changes owing to braking when the train is passing through the target section. 
Therefore, in this study, by transforming the displacement response on the basis of the train 
speed, the displacement response at a constant speed is estimated. Figure 10 shows the 
relationship between the spacing between the first wheel and each other wheel shown in Fig. 9 
and the passage time for each wheel. The passages for each wheel are estimated from the small 
sharp responses in the displacement response curve shown in Fig. 8.

Fig. 10.	 (Color online) Relationship between spacing between first wheel and other wheels and passage time for 
each wheel.
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	 From Fig. 10, it can be seen that the carriages pass at a constant speed until around 8 s and 
then slow down. The relationship between the axle spacing d and the time t after 8 s is obtained 
by the least-squares fitting of the data points in Fig. 10 using a second-order polynomial:

	 d t t� � � �0 4 26 5 26 0
2

. . . .	 (6)

	 By differentiating Eq. (6), it is possible to estimate the speed of the passing carriages at each 
time point, which is −0.8t + 26.5 m/s. On the basis of the estimated speed of the carriages, the 
displacement response for carriages passing at a constant speed can be determined, as shown in 
Fig. 11.
	 The IL determined from the displacement response at a constant speed in Fig. 11 is shown in 
Fig. 12. The length of the obtained IL is about 40 m. As assumed earlier, the IL for this shield 
tunnel shows a sharp response when the load is just above the observation point. The measured 
response z and the predicted response Hx are shown in Fig. 13 and seen to be in generally good 
agreement.

Fig. 11.	 (Color online) Determined displacement response at constant speed of passing carriage.

Fig. 12.	 IL determined from displacement response.
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6.	 FEA for Verification of Determined IL

	 To verify the IL determined from the displacement response obtained from the acceleration 
data, a FEA was performed using the ABAQUS 2022 software. Figure  14 shows the finite-
element model of a shield tunnel with a length of 150 m.
	 The RC segments and the concrete floor on which the trains run were modeled using shell 
elements (S4R) and quadratic tetrahedral solid elements (C3D10), respectively, as shown in Fig. 
14(b). The numbers of shell and solid elements are 10200 and 12246, respectively. The outer and 
inner diameters of the shield tunnel are 6.5 and 5.8 m, respectively, which are the same as those 
shown in Fig. 3. The segment thickness is 0.35 m, which is the same as that shown in Fig. 4. The 
thickness and width of the concrete floor are 0.52 and 3.32 m, respectively, as shown in Fig. 
14(b). The shield tunnel and the concrete floor are rigidly connected at the contact surface. Since 
the FE model in this study did not have joints between segments, it was considered that it would 
be necessary to simulate the effect of joints by reducing the stiffness.(36,37) However, as explained 
later in this section, since the experimental and analytical results were in good agreement even 
using the design stiffness, no reduction in stiffness was applied. The reason why the experimental 
and analytical results were in good agreement even using the design stiffness is believed to be 
that the actual stiffness of the constructed segments was higher than the design stiffness. 
Therefore, the input elastic modulus and Poisson’s ratio for the RC segments and the concrete 
floor were set to 38 GPa and 0.17, respectively.
	 Soil springs were placed at 32 points around the periphery of the shield tunnel to simulate soil 
reactions corresponding to tunnel deformation, as shown in Fig. 15.(38–40)

	 All 32 points were constrained by three springs: one normal spring and two shear springs. 
Therefore, the total number of springs is 96. When analyzing the effects of construction loads, 
earth pressure, and water pressure, it is assumed that the normal springs do not contribute to 
tension.(40) However, since the train load is extremely small compared with these loads and the 
displacement due to the train load is minuscule (about −0.12 mm) as shown in Fig. 8, in this 
study, the normal springs are assumed to make a linear contribution to both tension and 

Fig. 13.	 (Color online) Comparison between measured response z and predicted response Hx.
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Fig. 14.	 (Color online) FE model of shield tunnel: (a) overall and (b) cross-sectional views.

Fig. 15.	 (Color online) Configuration of soil springs.
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compression. As in previous studies, the normal coefficient of subgrade reaction (kr) was 
calculated to be 2282 kN/m3 on the basis of the elastic modulus (Es) and Poisson’s ratio (v) for the 
soil and the radius (R) of the lining, as expressed in Eq. (7).(41–44) 

	 k E
Rr

s�
�� � �� �

3

1 5 6� �
�	 (7)

	 The shear spring constant (kt), which is 761 kN/m3 in this study, is assumed to be one-third of 
the normal spring constant.(45,46)

	 Because the purpose of the FEA was to obtain the IL, a load of 0.5 N was applied at two 
locations to give a total load of 1.0 N, as shown in Fig. 16. The distance between the two loads 
was set to 1.13 m on the basis of the drawing of the target shield tunnel shown in Fig. 3. The two 
loads were then shifted in steps of 0.5 m along the entire 150 m length in the direction of train 
travel.
	 The FEA results are shown in Fig. 17 for different soil-spring constants. The spring constants 
for both the normal and shear springs were varied by factors of 5, 10, 16, 18, 20, 30, and 100.
	 Figure. 17(b) shows an enlarged region of Fig. 17(a). Also shown for comparison is the IL 
determined from the measured displacement response. Since the IL determined by FEM is that 
at the bottom of the longitudinal center, the maximum displacement response occurs at 75 m 
(half of 150 m).
	 As seen in Fig. 17(a), when the spring constant for the soil springs is the same as the nominal 
value, the IL obtained by FEA is much larger than the measured IL. In Fig. 17(b), it can be seen 
that the IL obtained by FEA is in good agreement (correlation coefficient of 0.98) with the 
measured IL when the spring constant is 18 times larger than the nominal value.

Fig. 16.	 (Color online) Loading position.
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7.	 Conclusions and Future Research

	 In this study, in order to develop an easy and quantitative inspection method for shield 
tunnels, a method was proposed for determining the IL when the speed of a passing train is 
changing. By the proposed method, the IL for a shield tunnel was determined from the 
displacement due to a train load, which was calculated from the acceleration measured using a 
MEMS accelerometer. Such an accelerometer is suitable for this purpose because it is easy to 
install and does not require a fixed reference point. Finally, a FEA was performed using a model 
for the shield tunnel in order to verify the validity of the measured IL. The conclusions of this 
study are as follows:
(1)	�The proposed method can be used to successfully determine the IL for the shield tunnel even 

when the speed of a passing train was not constant. It is considered that the determined IL 
can be used to evaluate the soundness of a shield tunnel.

(2)	�The determined IL showed a sharp response when the load was just above the observation 
point, and the length of the obtained IL was about 40 m.

(3)	�The FEA and measurement results were in good agreement when the spring constant for the 
soil springs was 18 times larger than the nominal value, with a correlation coefficient of 0.98.

	 A limitation of the proposed method is that it is applicable only when information is available 
on the wheel weights and spacings for passing carriages. Therefore, in future research, a method 
for calculating the IL that does not require such information will be considered. Future studies 
will examine detectable defects, their extent, and appropriate measurement locations based on 
the IL. Future studies will also include comparing the results of the proposed method with those 

Fig. 17.	 (Color online) Comparison of ILs obtained by measurement and FEA: (a) all results and (b) enlarged view 
of (a).
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of existing methods such as visual inspection and laser scan. Furthermore, the response of the IL 
to changes in soil conditions and the shield tunnel structure will be investigated by FEA. In 
addition, the effects of countermeasures against damage such as cracking and water leakage will 
also be studied by analyzing the ILs before and after such treatments are performed.
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