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Application Of MEMS In Deformation Monitoring Of Model Foundation Pit
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Real-time monitoring of foundation pits is an important part of the engineering construction. This paper
proposes a method of deformation monitoring of foundation pit based on MEMS technology. The algorithm
based on time-domain integration is adopted, and a fixed distance test is designed to verify the feasibility of
the algorithm. Through the indoor model test of foundation pit monitoring, MEMS sensors are embedded to
collect the acceleration, rotation angle and the other signals of soil movement, and then the acceleration signal
is integrated to obtain displacement by algorithm calculation. Finally, the deformation characteristics of soil
in the process of foundation pit are analyzed by using soil displacement and rotation angle to investigate the
effectiveness of applying MEMS technology to foundation pit monitoring. The test results show that the MEMS
sensor could accurately collect the acceleration, rotation angle and other signals of soil movement in model box.
The monitoring method proposed in this paper lay a theoretical foundation and experimental verification for
the application of MEMS technology in foundation pit monitoring.
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1. Introduction

In recent years, with the rapid development of urban con-
struction in China, the underground space has been highly
valued and used in huge quantities to satisfy the needs
of urban development, leading to a significant number of
foundation pit projects.

Foundation pit engineering is mostly located in the
downtown area, with dense building distribution, limited
construction sites, complex construction environment and
high-security requirements [1], due to the complexity of
soil formation and the imperfection of foundation pit de-
sign theory, there is a significant discrepancy between the
theoretical calculation of soil displacement and the real sit-
uation, and it is impossible to comprehensively predict the
actual deformation state of foundation pit soil [2]. There-
fore, it is crucial to pay attention to the soil movement

of foundation pit during the entire excavation to ensure
construction safety. Foundation pit monitoring refers to
the observation and analysis of geotechnical aspects of the
foundation pit, including the displacement of the support-
ing structure and soil, and changes in the surrounding
environmental conditions during foundation pit excava-
tion or underground engineering construction, as well as
the assessment of the impact of the construction on the
surrounding environment based on the prediction, and the
timely feedback of the monitoring results.

The traditional monitoring techniques are mostly based
on portable inclinometers, fixed inclinometers, total sta-
tions, GPS, 3D laser scanners and the other monitoring
methods. The fixed inclinometer can measure the hori-
zontal displacement of the soil. However, this it is lim-
ited by the zero-bias error of the instrument [3], and the

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.6180/jase.202410_27(10).0015


3350 Di Wu et al.

measurement of horizontal displacement depends on the
zero-displacement reference point. The inclinometer may
be affected by shock and other conditions in use, which
may result in systematic errors. Zero displacement are re-
quired in practical engineering to ensure the accuracy of
measurement data [4]. The total station monitoring is to set
a relatively stable reference point close to the foundation
pit first, and then to monitor the horizontal displacement
of the foundation pit under the condition based on the
monitoring point and the reference point. While the actual
construction environment of the foundation pit is complex,
it is difficult to ensure the general view condition, and
serious station setting error and back-view error will oc-
cur if the total station is not used properly [5]. Although
GPS can rapidly obtain soil deformation data, its vertical
measurement accuracy is low and its ability to monitor
soil deformation is limited [6–8]. The constraint of the
point-for-surface monitoring method can be overcome by
using equipment to monitor the soil surface using three-
dimensional laser scanning technology [9]. However, the
widespread use of this technology in actual engineering
is constrained due to its expensive cost and complex op-
eration [10, 11]. The portable inclinometer is a popular
tool for monitoring foundation pit deformation in China
compared to earlier techniques because of its high accu-
racy, affordability, flexibility, and convenience. However,
it has some obvious drawbacks, including the fact that it
is point-to-surface monitoring and relies too heavily on
manual operation.

In summary, the fixed inclinometer is limited by the
zero-bias error of the instrument, and the horizontal dis-
placement measurement depends on the zero-displacement
reference point. The total station is affected by the actual
construction environment, so it is difficult to ensure the
general view condition [5]. The accuracy of GPS vertical
measurement is low and the monitoring ability of soil de-
formation is limited [6-8]. Due to the high cost and complex
operation, the application of 3D laser scanning technology
in practical engineering is limited [10, 11]. The portable
clinometer also has some obvious disadvantages, including
that it is point-to-point monitoring and relies too heavily
on manual operation. The above monitoring methods may
have some disadvantages to some extent.

In recent years, there has been a lot of research done
to improve the intelligence level and precision of founda-
tion pit deformation monitoring technology. Among them,
optical fiber sensors are a type of sensing technology that
has recently advanced quickly. Distributed optical fiber
sensors can be used for remote distributed monitoring and
have excellent endurance, high precision, and small size.

Related researchers use fiber Bragg grating technology to
track the horizontal displacement of excavations, to assess
the viability of using fiber optic technology to track foun-
dation pit deformation [12], and other purposes. However,
it is challenging to implement this technique on a broad
scale due to the limitations of the high cost of the demodu-
lator and laying line, and the lack of real-time monitoring
[13]. Additionally, methods like unmanned aerial vehicle
images [14], ultrasonic wave [15], dense surface modeling
technology [16] and ground-based SAR (Synthetic Aper-
ture Radar) micro-deformation monitoring [17] have also
been used to monitor the deformation of foundation pits.

In addition, MEMS (Micro Electro Mechanical Systems)
sensing technology based on Micro-machining and Micro-
processing technology is also been applied to detection
due to its advantages of integration, miniaturization, low
energy consumption, low cost, and high accuracy. For
example, the microsensor technology can be used to iden-
tify the initiation time of impact induced elastic waves
[18], which takes advantage of the small size of MEMS to
produce an impact ball with sensors for impact testing to
verify its feasibility. MEMS technology can be used under
appropriate protection and in suitable soil environments,
and actual engineering has been analyzed using MEMS
technology to monitor data [19]. For example, Li et al.
[20] propose a technical method for real-time monitoring
of reservoir bank slope deformation using MEMS inertial
sensors, comprehensively observing the three-dimensional
motion state of slope deformation. Ha D. W. developed
a wireless drilling inclinometer system based on MEMS,
and verified the applicability and data reliability of the
developed wireless MEMS drilling inclinometer through
on-site testing [21]. There are also applications in founda-
tion pits monitoring, such as in-place inclinometers based
on microelectron mechanical systems technology [22], wire-
less shape accelerated array system which has used for
real-time construction monitoring [23], and the geotechni-
cal monitoring had been conducted by MEMS sensor [24].
However, MEMS sensors do not obtain a displacement sig-
nal that directly represents the deformation of the soil mass,
instead, they gather and analyze signals of soil deformation
acceleration and rotation angle.

This research proposes a foundation pit deformation
monitoring method based on MEMS technology based on
the current state of development of foundation pit deforma-
tion monitoring technology. First, a time domain integral-
based acceleration signal rotation displacement algorithm
is provided, and a fixed-distance test is created to confirm
the accuracy and correctness of the algorithm. The foun-
dation pit deformation monitoring interior model test is
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then completed. MEMS sensors are buried in the ground
to gather the rotation and acceleration signals of soil defor-
mation movement. An algorithm is then used to calculate
the acceleration signal into the appropriate displacement
signal. Finally, the viability of using MEMS technology to
monitor the deformation of the foundation pit is examined
using the soil displacement and rotation angle signals to
study the deformation of the soil during excavation.

2. Mems acceleration signal shift algorithm

When tracking the soil deformation in the excavation,
MEMS technology cannot directly receive the displacement
signal. Instead, the acceleration signal caused by soil defor-
mation motion is collected by the MEMS sensor, and the
integral algorithm subsequently converts the acceleration
signal into the corresponding displacement signal. Time-
domain integration and frequency-domain integration are
the two most popular techniques for integrating accelera-
tion signals [25]. The displacement signal is solved using
the time-domain integration method in this paper.

The workflow of acceleration signal integration algo-
rithm is depicted in Fig. 1. The preprocessing steps for the
collected source acceleration signal are zero-bias correction
and trend term elimination [26], followed by integration.
The preprocessed acceleration signal is then used to calcu-
late the displacement signal and the integral energy. Finally,
the energy correction of displacement energy is carried out
to produce a more precise displacement.

Fig. 1. Acceleration signal integration algorithm flow

2.1. Acceleration signal preprocessing

(1) Zero-bias correction
In the ideal state, when the three-axis MEMS sensor

is at a static state and the Z-axis is perpendicular to the
horizontal plane, the acceleration signal output values
corresponding to the three axes of X, Y and Z satisfy
ax = 0, ay = 0, az = g, and the gravity acceleration
g = 9.8 m/s2. In this paper, as the research was conducted
in Guilin, Guangxi, the gravity acceleration is 9.7877 m/s2,
and the ideal value is 0.999 g.

In practical applications, due to the influence of various
factors such as the thermoelectric effect, when the MEMS

sensor is in a stationary state and the Z axis is perpendicu-
lar to the horizontal plane, the actual output value is not
equal to the ideal value, that is, there is a zerobias error [27].
The existence of zero-bias error makes the initial displace-
ment of the integration non-vanishing, and the error will
accumulate due to the integration. In this paper, the offline
calibration method is used to calculate the bias error of the
MEMS sensor [28]. The output frequency of the MEMS
sensor data is set to be consistent with the frequency used
in the test. The MEMS sensor is placed statically, and the
Z-axis is perpendicular to the horizontal plane. The output
value of the MEMS sensor during a period az is collected,
and the arithmetic average value am is calculated. The ideal
value at is subtracted from the arithmetic average value am,
and the bias error of the MEMS sensor can be obtained, the
bias error is expressed in Eq. (1).

aerror = am − at (1)

where aerror is the zero-bias, am is the arithmetic mean of
the measured value, at is the ideal value of az.
(2) Fitting polynomial extreme value elimination trend

Assuming the acceleration signal is a(t), the velocity
signal is shown in Eq. (2).

v(t) =
∫ t

0
a(t)dt = v′(t) + v0 (2)

Then the displacement is expressed in Eq. (3).

s(t) =
∫ t

0
v(t)dt = s′(t) + s0 (3)

where v′(t) is the original function of v(t) and v0 is the
initial velocity, s′(t) is the original function of s(t), s0 is the
initial displacement.

In fact, due to the influence of zero drift and other fac-
tors, the source acceleration signals collected by MEMS
sensors generally contain noise and DC components. The
acceleration signal is described by Zhu et al. [29], as shown
in Eq. (4).

a(t) = a′(t) + ε (4)

Thus Eqs. (2) and (3) become Eqs. (5) and (6).

v(t) =
∫ t

0
a(t)dt = v′(t) + (εt + δ) + v0 (5)

s(t) =
∫ t

0
v(t)dt = s′(t) +

[
1
2

εt2 + (δ + v0) t + η

]
+ s0

(6)
In the formula, δ and η are the integral constants gen-

erated after the first and second integration, respectively.
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Due to the existence of a small DC component ε, the veloc-
ity signal obtained by integration contains a trend term, as
expressed in Eq. (7)

εt + (δ + v0) (7)

Similarly, the displacement signal obtained by quadratic
integration contains a quadratic trend term in Eq. (8).

εt2/2 + (δ + v0) t + (η + s0) (8)

Therefore, the polynomial of the source acceleration sig-
nal should be fitted before the integration to eliminate the
trend term error caused by the presence of small DC com-
ponents ε. The least squares method is the most commonly
used method to eliminate the trend term.

Assuming that the source acceleration signal is
{ak} (k = 1, 2, 3, . . . , n), fitting m-degree polynomials, as
expressed inEq. (9).

xm = b0 + b1x + b2x2 + . . . + bmxm

(m = 1, 2, 3, . . . , n)
(9)

The polynomial expression of acceleration, using the
undetermined coefficient method to determine the polyno-
mial coefficient bj(j = 1, 2, 3, . . . , m), so that the polynomial
sum of squares of the difference value of the acceleration
signal ak and of error xm minimum, expressed in Eq. (10).

min E =
m

∑
k=1

(xm − ak)
2 (10)

In Eq. (10), the partial derivative of function E with re-
spect to the variable bj is obtained. If there exists an extreme
value such that the partial derivative ∂E/∂bj = 0, then a
system of linear equations of (m + 1) elements is obtained.
Solving the system of linear equations yields (m + 1) un-
determined coefficients bj(j = 1, 2, 3, . . . , m) satisfying the
condition.

2.2. Calculate displacement and velocity

The preprocessing of the acceleration signal first eliminates
the effects of noise, zero drift, and DC component. The
velocity and displacement signals are then solved, and the
integral energy is determined. In this paper, velocity and
displacement signals are solved using the Simpson rule
[30].

v(t) = v(t − 1) +
a(t − 1) + 4a(t) + a(t + 1)

6
× ∆t

(t = 0, 1, 2, . . . , N − 1)
(11)

s(t) = s(t − 1) +
v(t − 1) + 4v(t) + v(t + 1)

6
× ∆t

(t = 0, 1, 2, . . . , N − 1)
(12)

In the formula, ∆t is the sampling time, and the signal
output is 0 when t < 1. The integral energy is expressed in
Eq. (13).

venergy =

√√√√N−1

∑
t=0

v(t)2 (13)

where Venergy refers to the integral energy of velocity.

Senergy =

√√√√N−1

∑
t=0

s(t)2 (14)

In Eq. (14), senergy refers to the integral energy of dis-
placement. The trending term is removed by the least
square method, and the integral energy after removing
the trend term is calculated again as shown in Eqs. (15)
and (16), respectively.

vreenergy =

√√√√N−1

∑
t=0

v(t)2 (15)

In Eq. (15), vreenergy refers to the integral energy of velocity
after removing trend term.

Sreenergy =

√√√√N−1

∑
t=0

s(t)2 (16)

In Eq. (16), sreenergy refers to the integral energy of displace-
ment after removing the trend term.

The energy loss that caused by detrending the velocity
and displacement signals is compensated to obtain more
accurate velocity and displacement signals based on Refer-
ence [31] and Eq. (17).

v f (t) =
v(t)

venergy vreenergy
(17)

In Eq. (17), v f (t) refers to the final velocity signal.

s f (t) =
s(t)

senergy sreenergy
(18)

In Eq. (18), s f (t) refers to the final displacement signal.

2.3. Algorithm Verification Based on Distance Test

(1) Experimental design
A fixed distance test based on a digital displacement sen-

sor is designed to confirm the accuracy of algorithm. Fig. 2
depicts the test device. The displacement sensor module
moves from left to right along the ruler, and MEMS sensors
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fixed to the module gather and output the acceleration sig-
nal of the module movement while videotaping the module
movement at each time corresponding to the displacement.
The collected acceleration signal is combined with the re-
lated velocity and displacement data using the integration
algorithm, and the timedisplacement coordinates of the
module motion are then read from the video. In order to
determine the relative error of algorithm and assess the
test data error, the displacement from algorithm and video
displacement are compared.
(2) Displacement from algorithm and relative error

Table 1 shows the relative inaccuracy of displacement
and displacement computation for 30 groups of tests, and
Fig. 3 shows the frequency distribution histogram of dis-
placement from algorithms. The displacement from algo-
rithms is primarily concentrated in the range of 990 mm to
1010 mm, accounting for about 46%. The minimum relative
error of the displacement calculation is −0.11%, and the
maximum is 3.86%.

One of the 30 groups of tests is chosen, and a curve
depicting the progression of algorithm and video displace-
ment over time is depicted in Fig. 4. In Table 2, the relative
error of the displacement from algorithm calculation and
the average relative error across the group of experiments
are determined using 2 s as the time interval for comparing
the video displacement corresponding to the displacement
from algorithm of each movement.

It can be seen from Fig. 4 and Table 2 that the video
displacement of this group is close to the displacement
from algorithm. The relative error of the final displacement
calculation of the algorithm is −1.26%, and the average
relative error of the whole moving process is −6.28%.
(3) Error analysis of the test data

1. Test precision

For the 30 set distance test results, the range R is,

R = xmax − xmin = 1038.6 − 964.2 = 74.4

The standard deviation is,

s =

√
∑n

i=1 (xi − x)2

n − 1
= 16.95

2. Outlier test

The Grubbs test is used to test the algorithmic displace-
ment data of the fixed distance test. The algorithmic
displacements of 30 sets of fixed distance tests are
shown in Table 1.

The average value x̄ = 1001.07, the standard devia-
tion s = 16.95, and the maximum deviation of the

displacement ( 1038.6 mm ) of the 24th test algorithm
is dp max = 37.5 mm. Table G(0.05,30) = 2.745, then
G(0.05,30)s = 2.745 × 16.95 = 46.53.37.5 =

∣∣dp max
∣∣ <

G(0.05,30)s = 46.53 , so the 24th group of test displace-
ment from algorithm ( 1038.6 mm) should be retained,
and because other groups of displacement from algo-
rithm deviation are less than dp max = 37.53, so the
30 groups of test displacement from algorithm data
should be retained.

3. System error test

Since the displacement data of 30 groups of test algo-
rithms approximately obey normal distribution, ’ t-test
method ’ can be used to test the systematic error of test
results. 30 groups of test displacement from algorithm
average x̄ = 1001.07, standard deviation s = 16.95,
then t = x−µ0

s
√

n = (1001.07−1000)
16.95 ×

√
30 = 0.35. The

significance level α = 0.05 and d f = 29, t0.05(29) =

1.699 and t0.025(29) = 2.045 are expressed by the
quantile of the t distribution. Because 0.35 = t <

t0.025(29) = 2.045, there is no significant systematic
error in the displacement calculation results of the
algorithm.

3. Indoor model test of foundation pit

The indoor model test of foundation pit is designed to sim-
ulate the process of excavation. MEMS sensors are buried
in the soil on the deformation side of the foundation pit to
collect the acceleration signal of soil movement and the ro-
tation angle of soil, so as to analyze the deformation charac-
teristics of soil during excavation and verify the feasibility
of applying MEMS technology to deformation monitoring.

3.1. Test model

This test simulates the foundation pit of the excavation
without support. As shown in Fig. 5, the main body of
the test model box is a frame structure welded by channel
steel. Along the width direction of the model box, the
front is 20 − mm thick transparent glass to observe the
deformation of the soil in the box and the displacement
of the supporting structure. The back and left and right
sides are high-strength steel plates, and channel steel frame
welding into a whole. The length, width, and height of the
model box are 1.5 m, 0.6 m, and 1 m, respectively. Along
the length direction, the model box is divided into two parts
(0.9 m + 0.6 m) with a 20 mm thick high-density sawdust
compression plate, and 0.9 m side is the deformation side,
0.6 m side is the excavation site of the foundation pit, and
the high-density sawdust compression plate in the middle
is used to simulate the support plate of the foundation pit.
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Fig. 2. Fixed distance testing device

Table 1. Experimental displacement from algorithm and relative error of 30 groups

Group Displacement from
algorithm/mm

Relative
error/% Group

Displacement
from algorithm

/mm

Relative
error/%

1 986.2 -1.38 16 978.5 -2.15
2 1005.3 0.53 17 994.8 -0.52
3 996.2 -0.38 18 987.4 -1.26
4 998.9 -0.11 19 986.5 -1.35
5 1006.9 0.69 20 1020.5 2.05
6 1006.6 0.66 21 1033.6 3.36
7 998.3 -0.17 22 982.5 -1.75
8 1003.2 0.32 23 1025.4 2.54
9 1011.3 1.13 24 1038.6 3.86
10 1006.5 0.65 25 1011.1 1.11
11 995.5 -0.45 26 976.8 -2.32
12 1005.6 0.56 27 995.6 -0.44
13 964.2 -3.58 28 1018.9 1.89
14 1003.4 0.34 29 979.9 -2.01
15 998.2 -0.18 30 1015.6 1.56

Table 2. Comparison of video displacement and displacement from algorithm in group 11

Time
/s

Video
displacement

/mm

Displacement
from algorithm

/mm

Relate error
/%

Mean relative
deviation/%

0 0 0 0
2 56 49.5 -11.61
4 196 175.6 -10.41
6 321 296.4 -7.66
8 443 408.1 -7.88 -6.28

10 582 530.7 -8.81
12 708 644.7 -8.94
14 786 756.8 -3.72
16 897 853.1 -4.89
18 982 944.1 -3.85
19 1000 907.4 -1.26

Through the transparent glass, the deformation of the soil
on the deformed side of the box and the displacement of
the support plate can be observed directly.

3.2. Test sand

The soil used in the model box of the test excavation is
treated Guilin Li River sand, which is taken from the flood-

plain section of the Darong River in the upper reaches of Li
River. The collected Lijiang River sand is naturally dried
and dried indoors, and then sieved with a 2 mm sand sieve.
The basic physical and mechanical indexes of sand are
shown in Table 3, and the particle gradation curve of the
test sand is drawn by screening analysis as shown in Fig. 6.
According to the curve results, the uneven coefficient of
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Fig. 3. Histogram of displacement from algorithm
frequency distribution

Fig. 4. Video displacement and displacement from
algorithm curve- Group 11

soil Cu = 3.75, curvature coefficient Cc = 0.15

3.3. Monitoring device

The model of monitoring sensors used in the test are
WT901B MEMS sensors and electromechanical dial indica-
tors. A high-performance microprocessor is included with
the WT901B MEMS sensor used in the test, which includes
a high-precision gyroscope, accelerometer, geomagnetic
field sensor, and powerful dynamic attitude solver. With
the Kalman filter technique, it can precisely output the real-
time motion in a dynamic environment. The sensor data
output frequency is 0.2 Hz − 200 Hz0.2 Hz is selected in
this test), the static measurement accuracy is 0.05◦, and the
dynamic measurement accuracy is 0.1◦. Therefore, the ac-
celeration value can be effectively recorded even at a lower
excavation speed.

To send signals, the MEMS sensor and the electro-
mechanical dial indicator are attached to the computer.
The electro-mechanical dial indicator is fixed at a magnetic
suction seat in a horizontal position. It is positioned in a
specific location on the excavation side to monitor the hori-

zontal displacement of the support plate specific position
when the excavation depth increases. For the purpose of
gathering the signal of soil movement, the MEMS sensors
are layered in the deformation side of the model box. The
electro-mechanical dial gauge utilized in the test has a pre-
cision of 0.01 mm and a range of 50 mm. The static strain
gauge sends the horizontal displacement of support plate
to computer.

3.4. Test monitoring scheme

(1) Layout of the MEMS sensors

The indoor model test simulated the process of excava-
tion of the foundation pit. During the test, soil excavation
was done by testers using shovel on the excavation side,
and the placement of MEMS sensors was also conducted
manually. This indoor model test does not yet correspond
to a real excavation project, mainly to verify the feasibility
of MEMS application in displacement monitoring.

As shown in Fig. 7(a), in order to better collect the ac-
celeration signal of soil movement during the excavation,
three layers of sensors are uniformly arranged from bottom
to top along the depth of soil. According to the buried
depth, from small to large, the three layers of sensors are
referred to as first layer sensors, second layer sensors, and
third layer sensors. The layout depth of the first layer sen-
sor is 200 mm, the layout depth of second layer sensor
is 400 mm, and the layout depth of third layer sensor is
600 mm. Each layer of the test is equipped with four sen-
sors, as illustrated in Fig. 7(b), with the first layer of the
sensor being denoted as from M9 to M12, the second layer
as from M5 to M8, and the third layer as from M1 to M4.

In order to better collect the soil movement in the pro-
cess of excavation, according to the numbering of the sen-
sors, the first three numbered sensors of each layer are
arranged along the middle line of the soil on the deforma-
tion side. For example, M9, M5, and M1 are placed along
the plate, and the other two sensors of each layer are ar-
ranged at 100 mm intervals. A reference sensor is arranged
for M9, M5, and M1 in each layer, and placed along the
plate, which is 100 mm away from the center line of the
soil on the deformation side, corresponding to M12, M8,
and M4 for the three layers. It is necessary to measure the
displacement of each point and fully perceive the displace-
ment status of each point to reflect the deformation during
the excavation, so if more sensors were applied, the more
accurate the measurement results will be.

(2) Install electro-mechanical dial indicator

The purpose of installing an electro-mechanical dial in-
dicator is to compare the displacement from algorithm with
the measured displacement of the dial indicator, so as to
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Fig. 5. Front view of model box

Table 3. Physical properties of test sand sample

Density
/g · cm−3

The angle of internal
friction/ Cohesion /kPa Static

gravity
Water

content /%
1.61 32.8 0.2 2.63 1.03

Fig. 6. Grain grading curve of test sand

verify the reliability and accuracy of the algorithm. There-
fore, the installation of a dial indicator should meet the
requirements of equivalent comparison in this test. On
the middle line of the excavation side support plate of the
foundation pit, an electro-mechanical dial indicator is in-
stalled horizontally at depths of 0.2 m, 0.4 m, and 0.6 m,
respectively. According to the depth from small to large,
it is denoted as B1, B2, and B3, respectively. Since the dial
indicators of B1, B2, and B3 are only separated from M9,
M5, and M1 by the supporting plate, the displacements
measured by M9, M5, and M1 are theoretically equal to

the displacements measured by B1, B2, and B3 dial indica-
tors. In the simulation of excavation, when the depth of
the excavation exceeds the depth of each layer of sensors,
then install the corresponding dial indicators for each layer.
During the actual test, the dial indicator B1 corresponding
to M9 is installed at the depth of 0.25 m, the dial indicator
B2 corresponding to M5 is installed at the depth of 0.4 m,
and the dial indicators B1 corresponding to M9 is installed
at the depth of 0.2 m, the excavation will continue until the
foundation pit is 0.65 m. The dial indicator B3 correspond-
ing to M1 is installed at the depth of 0.6 m. At 330 s, 590 s,
and 840 s, the displacement compensation of B1, B2 and
B3 is carried out according to the measured values of M9,
M5, and M1 at the same position, so that the displacement
measured by M9, M5, and M1 is approximately equal to
the displacement measured by B1, B2, and B3 dial indicator.

3.5. Test procedures

(1) Connect the electro-mechanical dial indication and
MEMS sensors, then number the devices.

(2) Fill and lay MEMS sensors

The high-density sawdust compression plate of the sup-
porting structure is perpendicular to the glass surface and
is erected at the boundary of the model box. The third layer
of MEMS sensors is arranged in accordance with the sensor
plane layout shown in Fig. 7(b), and both sides of the model
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(a) (b)

Fig. 7. Sensor layout diagram (unit /mm).

box are then filled evenly with a second layer of MEMS
sensors up to a height of 0.6 m. The left and right sides of
the model box are then filled with soil evenly to a height
of 0.4 m. The initial layer of MEMS sensors was installed
after the soil was continually filled to 0.8 m high on both
sides of the model box. Fill the soil up to a height of 1 m,
then stop filling, compact, and level the soil as necessary.

(3) Sensors debugging

According to the sensor number, the computer verifies
each sensor is functioning normally. The host computer set
the angle and acceleration to zeros before starting to record
data and setting the sensor output at a frequency of 0.2 Hz.

(4) Simulate the excavation and install the dial indicator

The electro-mechanical dial indicator of this test is in-
stalled in the process of excavation. The excavation site
of the foundation pit is excavated manually at a constant
speed, and the excavation start time is recorded. When ex-
cavating to the depth of 0.25 m, install the B1 dial indicator
on the supporting plate at the depth of 0.2 m, continue to
excavate at the original speed, then the excavation depth is
0.45 m, and the B2 dial indicator is installed at the depth of
0.4 m along the middle line of the support plate. Continue
with the original speed of uniform excavation, excavate
to the depth of 0.65 m, install B3 dial indicator along the
middle line of the supporting plate, continue to excavate at
a constant speed until the excavation depth reaches 0.7 m
and stop excavation.

(5) Save and arrange the test data

The foundation pit of the excavation in this test adopts a
uniform and uninterrupted excavation method. The foun-

dation pit of the excavation and the installation of the dial
indicator are carried out independently without affecting
each other. Finally, the total excavation depth of the exca-
vation is 0.7 m, the total excavation time is 900 s, and the
average excavation speed is about 0.78 mm/s.

4. Test results and analysis

Based on the above-mentioned MEMS acceleration signal
transfer displacement algorithm, the acceleration signal of
MEMS source collected in the model test is obtained, and
the horizontal and vertical displacement of the soil during
the excavation process is obtained, the displacement and ro-
tation angle of the soil are used to analyze the deformation
characteristics of the soil during excavation.

4.1. Horizontal displacement

Fig. 8 shows the comparison curves between the horizon-
tal displacements of the M1, M5, M9 algorithms and the
measured horizontal displacement of the corresponding
dial indicators, as well as the curve of the excavation depth
with time. In the model test, the measured displacement
is labeled as dial indicator shown in the figures, and the
algorithmic from displacement is representing the displace-
ment calculated by the sensor data. It can be seen that the
curve of the excavation depth with time is a straight inclin-
ing line. The total excavation depth of the foundation pit is
700 mm.

From Fig. 8, the corresponding dial indicators B1, B2
and B3, begin to show monitoring data from the time of
330 s, 590 s, and 840 s respectively, the displacement of B1,
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Fig. 8. Comparison between horizontal displacement
measured by M1, M5, and M9, and dial indicator

B2, and B3 at these three times increases from zero, and at
the corresponding time, the sensors M9, M5, and M1 have
produced displacement. Therefore, in order to compare the
displacement from algorithm and the displacement of the
dial indicator (measured displacement), the displacement
by B1 plus that by M9 at 330s (i.e. 0.5044 mm ), the displace-
ment by B2 plus that by M5 at 590s (i.e. 2.268 mm ), and the
displacement by B3 plus that by M1 at 840 s (i.e. 2.777 mm )
are made, so that the displacement of the dial indicator and
the corresponding displacement from algorithm start to
change at the same starting point to facilitate comparison
and analysis.

For M1, M5 and M9, the points are taken at a certain time
interval respectively, and the relative errors of horizontal
displacement corresponding to each point are calculated, as
shown in Table 4. The average relative error of the displace-
ment calculation of the three sensors during that period of
the dial indicator is 10.6%, 10.1%, 9.5%, respectively. The
relative error of the maximum horizontal displacement is
2.7%, 2.7%, and 2.2%, respectively. It can be seen that the
relative error of the average horizontal displacement is less
than 11%, and the relative error of the maximum horizontal
displacement of the three sensors is less than 3%.

The displacement of the M1, M5, and M9 algorithms
are smaller than the displacement measured by the dial
indicator, that is because the signal energy compensation is
insufficient during the acceleration signal integration, re-
sulting in that the displacement calculated by the algorithm
is slightly smaller than the actual monitored displacement.

Fig. 9 shows the curves of horizontal displacement
of M1, M5, M9, M10, and M11 algorithms with time.
According to the calculation, the maximum horizon-
tal displacements of M1, M5, M9, M10, and M11 are
4.01 mm, 11.58 mm, 19.26 mm, 10.8 mm, and 1.85 mm, re-
spectively. It can be seen that the horizontal displacement
of the soil on the deformation side increases with the de-
crease of the soil depth during the excavation. The maxi-

Fig. 9. Comparison of horizontal displacement of M1, M5,
M9, M10 and M11 algorithms

mum horizontal displacement appears on the surface, and
it also increases with the decrease of the distance from the
supporting plate. The soil at the supporting plate has the
maximum horizontal displacement according to reference
[32]. The variation is consistent with the horizontal de-
formation characteristics of excavation obtained from the
existing research literature, which also verifies the monitor-
ing scheme and displacement calculation method in this
paper, so it shows that the horizontal deformation of the
soil at the top of the supporting plate should be monitored
in practical engineering.

Fig. 10 show the curves of the horizontal displacement
of the M1, M4, M5, M8, M9, and M12 algorithms with
time. According to the deformation characteristics of
the soil when the foundation pit has been excavated
and combined with the location of M1, M4, M5, M8, M9,
and M12, the horizontal displacement of the foundation
pit has been calculated, theoretically, M1, M5 and M9
have equal horizontal displacements compared to M4,
M8, and M12, respectively, the maximum horizontal
displacements of M1, M4, M5, M8, M9, and M12 are
4.01 mm, 3.63 mm, 11.58 mm, 12.24 mm, 19.26 mm, 19.93 mm
respectively. The difference in the maximum horizontal dis-
placement between M1 and M4 is 0.38 mm, the proportion
of the difference to the maximum horizontal displacement
is 9.4% and 10.4% respectively, and the difference in the
maximum horizontal displacement between M5 and M8
is 0.38 mm, the ratio of the difference to the maximum
horizontal displacement was 5.7% and 5.4% respectively,
and the difference of 0.67 mm between M9 and M12 was
3.5% and 3.4%, respectively. In theory, the difference in
horizontal displacement between the two MEMS sensors
with equal maximum horizontal displacement is less than
11% of their maximum horizontal displacement, which
shows that the displacement calculation method used in
this paper is stable, it is suitable for the calculation of soil
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Table 4. Comparison between horizontal displacement measured by M1, M5, and M9, and dial indicat

Sensors Time
/s

Displacement
from dial

indicator/mm

Displacement
from

algorithm/mm

ER
/%

AARD
/%

850 3 2.84 -5.3
860 3.3 2.93 -11.2

M1
870 3.5 3.11 -11.1 -9.6
880 3.7 3.21 -13.2
890 3.9 3.34 -14.4
900 4.1 4.01 -2.2
650 3.3 3.05 -7.8
700 4.4 3.98 -9.5

M5
750 5.7 5.29 -7.2 -10.1
800 7.3 6.02 -17.5
850 9.6 8.11 -15.6
900 11.9 11.58 -2.7
400 1.1 1.07 -2.7
500 2.3 2.27 -1.3

M9
600 4.1 3.46 -15.6 -10.6
700 7.1 5.59 -21.3
800 13.5 10.83 -19.8
900 19.8 19.26 -2.7

Fig. 10. Comparison of horizontal displacement of M1, M4,
M5, M8, M9 and M12

deformation and displacement during the excavation.
Fig. 11 shows the horizontal displacement curves of M1,

M5, and M9 at 300s, 450s, 600 s, 750s, and 900s, respectively.
As it can be seen from Fig. 11, as the excavation progresses,
the horizontal displacement of the three sensors (i.e. M1,
M5, and M9) increases gradually, and the horizontal dis-
placement of the sensors decreases with the depth of the
sensors gradually which is consistent with the variation
described by reference. When the excavation is 900 s, the
excavation depth is 700 mm. The excavation depth exceeds
the buried depth of all sensors. It can be seen that the max-
imum horizontal displacement of the three sensors of M1,
M5, and M9 is approximately linear which is consistent
with reference. Among them, the maximum horizontal
displacement from M9 is 19.26 mm, followed by the hori-
zontal displacement from M5, which is 11.58 mm, and the

Fig. 11. The horizontal displacement from algorithm at
different time points M1, M5 and M9

minimum horizontal displacement from M1 is 4.01 mm.

4.2. Vertical displacement

The vertical displacement curves of the M1, M5, M9,
M10, and M11 algorithms are shown in Fig. 12. The
maximum vertical displacement of the five sensors are
0.78 mm, 6.11 mm, 15 mm, 8.02 mm, and 1.27 mm, respec-
tively. Thus it can be seen the vertical displacement of the
deformed soil increases with the decrease of the soil depth,
and the maximum vertical displacement is found at the
surface, With the decrease of the relative distance between
the support plate and sensors, the soil at the support has
the maximum vertical displacement, which is consistent
with the variation of displacement described by reference.

M1, M5, and M9 are distributed equally along the ver-
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Fig. 12. Comparison of vertical displacement of M1, M5,
M9, M10 and M11 algorithms

tical direction, and the distance is 200 mm vertically. As
the vertical displacement between M1 and M5 increases by
5.33 mm, and the average vertical displacement per mm
of depth increases by 0.027 mm, the vertical displacement
between M5 and M9 increases by 8.89 mm, and the aver-
age vertical displacement per mm of depth increases by
0.044 mm. Therefore, the closer to the surface, the faster
the vertical displacement increases. M9, M10, and M11
were evenly distributed along the horizontal direction. The
distance between M11 and M10 was 100 mm, and the ver-
tical displacement between M11 and M10 increased by
6.75 mm and 0.068 mm respectively, the vertical displace-
ment between M10 and M9 increases by 6.98 mm, and the
average vertical displacement per mm distance increased
by 0.07 mm. It can be seen that the closer of the sensors
approaches to the support plate is, the faster the vertical
displacement increases.

As seen in Figs. 9 and 11, the slope at the end of the
displacement curve is not zero for both horizontal and
vertical displacements, because in the present model test,
when the excavation time reaches 900 s, the excavation
approaches to failures, so the slope of the excavation curve
is not zero as the velocity of the soil is not zero.

Fig. 13 shows the curves of time-vertical displacements
of the M1, M4, M5, M8, M9, and M12 using algorithms.
Theoretically, M1, M5, and M9 have the same vertical dis-
placements as M4, M8, and M12, respectively, the maxi-
mum vertical displacements of M1, M4, M5, M8, M9, M12
is 0.78 mm, 0.86 mm, 6.11 mm, 5.64 mm, 15 mm, 14.49 mm,
respectively. The maximum vertical displacement between
M1 and M4 is 0.08 mm and the proportion of the difference
to the maximum vertical displacement is 10.3% and 9.3% re-
spectively, the difference in the maximum vertical displace-
ment between M5 and M8 is 0.47 mm, and the proportion
of the difference to each maximum vertical displacement is
7.7% and 8.3% respectively, the difference in the maximum

Fig. 13. Comparison of vertical displacement of M1, M4,
M5, M8, M9 and M12 algorithms

vertical displacement between M9 and M12 is 0.51 mm,
the difference accounted for 3.4% and 3.5% of each max-
imum vertical displacement, respectively. The difference
of vertical displacement between the two MEMS sensors
whose maximum vertical displacement is equal in theory
is less than 11% of their maximum vertical displacement,
which shows that the displacement calculation method or
integration algorithm used in this paper has good stability
and is suitable for the displacement calculation of soil de-
formation during the excavation of foundation pit in this
test.

Fig. 14 shows the vertical displacement from algorithm
at 300s, 450s, 600s, 750s, and 900s for M9, M10, and M11, re-
spectively, the vertical displacement of M9, M10, and M11
gradually increases, and the maximum excavation depth
reaches 700mm at the time of 900s, at this time, the maxi-
mum vertical displacements of M9, M10, and M11 are 15
mm, 8.02 mm and 1.27 mm, respectively. The closer to the
support plate, the faster the vertical displacement increases.
At the same excavation time, the closer of the sensors to the
support plate, the greater the vertical displacement, which
has been stated by reference.

4.3. Analysis of soil rotation angle

During the excavation in the model test, the deforming soil
mainly rotates along the Yaxis of the MEMS sensor. Fig. 15
shows the curves of the rotation angles of M1, M5, M9,
M10, and M11 with time. According to the location of the
sensor, it is found that the rotation angle of the deforming
soil increases gradually with the decrease of the soil depth,
and the surface soil has the maximum rotation angle. With
the decrease of the distance to the support plate, the chang-
ing trend is gradually increasing, in which the soil at the
support plate has the maximum rotation angle. The reverse
rotation of M10 occurred during time from 240 s ∼ 510 s,
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Fig. 14. The vertical displacement from algorithm at
different time points M9, M10 and M11

Fig. 15. Corner curves of M1, M5, M9, M10 and M11

which may be due to soil uneven deformation caused by
the reverse rotation of M10 soil.

On the whole, in the unsupported excavation, the hor-
izontal displacement of soil increases with the decrease
of soil depth, and the maximum horizontal displacement
appears at the ground surface. The vertical displacement
(i.e. settlement) of soil also increases with the decrease of
the distance from the supporting plate, in which the soil
surrounding the supporting plate has the maximum verti-
cal displacement, and the closer of the sensors the distance
from the supporting plate, the faster the vertical displace-
ment rate of soil increases. The deformation reflected by the
corner signal are basically consistent with those reflected
by the displacement signal.

Based on the research above, the MEMS sensor has the
advantages of high precision and small size, so it can be
easily placed in different depths and positions of the exca-
vation to form effective monitoring and has the advantage
of real-time data acquisition. Therefore, the MEMS sensor
measurement technology can be used as an effective sup-
plement to the traditional deformation monitoring method

of the excavation. In the indoor model tests, the MEMS
sensors were able to monitor the soil displacement. How-
ever, this test was not able to simulate a real pit excavation
project. More tests are needed to verify the feasibility of
MEMS sensors in real foundation pits.

5. Conclusions

This research examines the use of MEMS technology for
monitoring foundation pit deformation. First, a time do-
main integration-based acceleration signal to displacement
technique is proposed. A fixed distance test is used to con-
firm the accuracy and correctness of the algorithm. The
foundation pit deformation monitoring interior model test
is then completed. The MEMS sensor is buried in the soil
to collect the acceleration and rotation angle signals of the
soil deformation motion, and then the acceleration signal
is converted into the corresponding displacement signal by
algorithm integration. Finally, the soil displacement and
rotation angle signals are used to analyze the deformation
characteristics of the soil during excavation. The feasibility
of applying MEMS technology to foundation pit deforma-
tion monitoring is explored. The following conclusions are
drawn.

(1) MEMS technology can be used to monitor the defor-
mation of deeply buried soil in a foundation pit. The
monitoring method can achieve monitoring of soil de-
formation throughout the excavation without relying
on zero displacement reference points. When exca-
vating the foundation pit, the resulting rotation angle
signal and the displacement signal calculated by the
algorithm accurately reflect the soil deformation char-
acteristics and have a positive monitoring impact.

(2) The algorithm is stable and suitable for the calculation
of soil displacement when MEMS sensors are used to
monitor the deformation of foundation pit soil. The
relative error of the maximum horizontal displacement
is less than 3% and the average relative error is less
than 11% when the acceleration signal displacement
algorithm based on time domain integration is applied
to the data from indoor model test of foundation pit.
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