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Abstract 

Recent years have seen many large-scale urban redevelopment projects in Japan and there has been a 

concurrent increase in deep excavation work in close proximity to other structures. During such excavations, 

deformation of earth retaining walls must be monitored to protect surrounding properties and ensure the safety 

of the structure under construction. However, the high cost of taking multi-point measurements means that 

monitoring operations are generally based on partial measurements only. As a means to realize multi-point 

measurements, inclinometers based on inexpensive MEMS (Micro Electro Mechanical System) accelerometers 

have been prototyped. In this paper, the processing of acceleration data from the MEMS accelerometer into 

displacements is examined using on-site measurements taken on H-section steel members forming an earth 

retaining wall. Using a data sampling rate of 128 Hz, a time history of acceleration in the out-of-plane direction 

during working hours and non-working hours was acquired. By comparing the two data sets, noise due to 

external factors could be eliminated from the working hours data. Further, the accelerations in each 60-second 

segment of the working-hours acceleration history were found to have an approximately normal distribution, so 

it was decided to remove outlying noise beyond 1.3 standard deviations above and below the mean. Based on 

this work, a data processing methodology was demonstrated for the practical use of MEMS accelerometers in 

the monitoring of displacement during excavation work. 
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1. Introduction 

When ground is excavated in preparation for a new construction, it is necessary to minimize excavation-induced 

deformation of ground behind the earth retaining wall in order to protect the surrounding environment. 

Technology is needed to predict the impact of excavation work and earth retaining work, as well as to measure 

displacement during actual construction. The importance of this technology has been increasing in recent years 

as many large-scale redevelopment projects are taking place in densely populated urban centers in Japan. On 

the other hand, because of the cost of taking in-situ measurements, the monitoring of earth retaining wall 

deformation is usually based on only partial measurements, making it difficult to understand the effects on 

surrounding structures and the ground behind the retaining wall in detail. That is, there is a need for a technology 

that can measure the effects of construction at low cost, with high accuracy, and in real time. 

Inclinometers are generally used to measure the horizontal displacement of earth retaining walls. The LVDT 

(Linear Variable Differential Transformer) inclinometers currently widely used in Japan are durable and provide 

stable and highly accurate measurements, but they are expensive per unit and difficult to deploy in large 

numbers. In this work, we approach the issue of inclinometer cost by focusing on MEMS (Micro Electro 

Mechanical Systems), which are devices that integrate various mechanical, electronic, optical, and chemical 

functions using semiconductor microfabrication technology, etc. Although inclinometers using MEMS 

accelerometers have already been put to practical use (e.g., Murata Manufacturing (2022)), there are few 

examples of their application at construction sites, and appropriate data processing methods for determining 

the horizontal displacement of earth retaining walls have not been clarified. In this paper, the processing of 

acceleration data from MEMS accelerometers into displacements is examined using on-site measurements 

taken on H-section steel members forming an earth retaining wall. It was confirmed that the MEMS 

accelerometer has sufficient accuracy in terms of construction management when appropriate data processing 

is performed.  
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2. Displacement measurement with accelerometers 

When measuring the horizontal displacement of earth retaining walls, it is common practice to weld square steel 

pipes to the H-section steel members forming the retaining wall and install inclinometers inside these pipes. 

Displacement is calculated by multiplying the measured inclination angle by the distance between the measuring 

points and accumulating data sequentially upward from the bottom of the retaining wall to obtain the 

distribution of horizontal displacement. Inclinometers are generally installed at intervals of one or two meters. 

As shown in Figure 1, the displacements between measurement points are obtained by linear completion, and 

the distribution of horizontal displacement are plotted as polygonal lines (Naya et al. (2017)). 

Accelerometers can measure inclination by detecting the orientation of earth's gravitational acceleration. In the 

following, we present a specific method of measuring horizontal displacement of an earth retaining wall using 

accelerometers and discuss the performance requirements for accelerometers and their spacing. When a triaxial 

accelerometer rotates around the y-axis in the Cartesian coordinate system O-xyz, the tilt angle around the y-

axis 𝜃𝜃𝑦𝑦 is calculated using the following equation (Analog Devices (2022a)). 𝜃𝜃𝑦𝑦 = 𝑆𝑆𝑖𝑖𝑖𝑖−1 �𝑎𝑎𝑧𝑧
1𝑔𝑔� (1) 

In which 𝑎𝑎𝑧𝑧 is the acceleration detected by the accelerometer. Multiplying the 𝜃𝜃𝑦𝑦 by the distance from the base 

(fixed) point l, the horizontal displacement of the measuring point 𝛿𝛿𝑥𝑥 is calculated using the following equation. 𝛿𝛿𝑥𝑥 = 𝑙𝑙 ∙ 𝑠𝑠𝑖𝑖𝑖𝑖𝜃𝜃𝑦𝑦 (2) 

The correlation between 𝜃𝜃𝑦𝑦, l , and can be written as follows using equation (1) and (2). 𝑙𝑙 = 𝛿𝛿𝑥𝑥 �1𝑔𝑔𝑎𝑎𝑧𝑧 � (3) 

Substituting the minimum unit of acceleration 𝑎𝑎𝑧𝑧_𝑚𝑚𝑚𝑚𝑚𝑚  that the sensor can detect, and the minimum unit of 

displacement 𝛿𝛿𝑥𝑥_𝑚𝑚𝑚𝑚𝑚𝑚 required for monitoring the deformation of the retaining wall into equation (3), the spacing 𝑙𝑙𝑣𝑣 of sensors can be written as follows. 𝑙𝑙𝑣𝑣 = 𝛿𝛿𝑥𝑥_𝑚𝑚𝑚𝑚𝑚𝑚 � 1𝑔𝑔𝑎𝑎𝑧𝑧_𝑚𝑚𝑚𝑚𝑚𝑚� (4) 

Displacement is conventionally measurement in millimeters for monitoring of earth retaining wall deformation. 

Taking this into consideration, it is reasonable to assume that the minimum unit of displacement 𝛿𝛿𝑥𝑥_𝑚𝑚𝑚𝑚𝑚𝑚 required 

for the accelerometer is 0.05mm to 0.5 mm in practical use.  

Since accelerometer readings are constantly fluctuating in actual field measurements due to various external 

factors, appropriate data processing is required to obtain the true acceleration value 𝑎𝑎𝑧𝑧_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (the ideal measured 

value that does not include the effect of vibrations) based on the direction in which gravity is acting. 

 

Figure 1: Illustration of horizontal displacement distribution  
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3. Performance verification of the MEMS accelerometer 

Analog Devices, Inc. is a major supplier of low-cost MEMS devices. The applicability of MEMS accelerometers 

produced by Analog Devices, Inc. for use in excavation work monitoring was verified. The ADXL355 

accelerometer (Analog Devices (2022b)) was selected as meeting the required resolution from among a number 

of MEMS devices. To confirm the performance of this MEMS accelerometer, we compared it with an LVDT 

inclinometer: the INA-300 (JIDOSEIGYO GIKEN (2022)) widely used in actual monitoring. The inclinometer 

calibration device used for verification. The LVDT inclinometer and the MEMS accelerometer were 

simultaneously inclined in one-degree increments in the range ±5 degrees and the measured values were 

acquired together with angle calibration data. MEMS accelerometer sampling interval was set at 1 second, with 

the average value obtained over 5 seconds taken to be the measured value. Note that, since the MEMS 

accelerometer measures acceleration in three axial directions, verification was performed for all axial directions 

(X, Y, and Z). The test results are shown in Table 1. “Linearity” is adopted as the index of measuring instrument 

performance; it represents the maximum error between the ideal value and the actual measurement result. The 

smaller the linearity value, the higher the performance of the instrument. In the ±5-degree range, the MEMS 

accelerometer exhibited better linearity than the LVDT inclinometer and had higher resolution and sensitivity 

over a wide range of capacitance. This confirmed that the MEMS accelerometer has sufficient performance for 

use as an inclinometer. 

 

 

Table 1: Test results of Performance verification 

 

4. On-site measurements 

Acceleration data was obtained by attaching the MEMS accelerometer to one of the H-section steel members 

forming an earth retaining wall at a construction site where excavation work was underway. A cross-sectional 

view of the measurement situation is shown in Figure 2. The MEMS accelerometer was inserted into a square 

steel pipe welded to the H-section steel member and installed at a depth of 8 m below the top edge of the wall. 

Note that excavation work using the top-down method was in progress at the site and, during the period when 

the data was acquired, excavation was taking place 7 m below the depth of the MEMS accelerometer.  Two 10-

minute samples of acceleration time history in the out-of-plane direction of the wall are shown in Figure 3. The 

sampling rate was 128 Hz, and one sample was acquired during working hours (at 14:00 PM) when the site was 

in operation and the other during non-working hours (at 2:00 AM) when the site was idle. The acceleration data 

includes vibrations regardless of the time of day due to external factors such as constant ground microtremors, 

traffic, and construction work. Figure 4 shows two magnified segments of this data with a period of 0.625 

seconds taken from the working hours’ time history at points A and B shown in Figure 3. In contrast to segment 

A, segment B contains more spike noise due to the external factors mentioned above.  
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Figure 2: Cross-sectional view of on-site measurement situation 

 

 

Figure 3: Two 10-minute samples of acceleration time history 

 

Figure 4: Two 0.625-second samples taken from the working hours’ time history at points A and B 
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5. Examination of data processing methods 

In Figure 4, average acceleration value for time segment A is μ1=0.004725 g while for segment B it is 
μ2=0.004395 g. If these values are taken as representative values on which to base the calculation of earth 

retaining wall displacement, the difference is about 2/10,000 g to 3/10,000 g, which corresponds to a difference 

of 2/100 of a millimeter per span when the distance between measuring points is 2 meters. In other words, if 

the average value of time history of acceleration is used without proper data processing, the calculated value 

may indicate displacement even when there is no actual displacement. Figure 5 shows the results of the 

acceleration history of two segments C and D for 60 seconds, randomly extracted from the sample of 1200 

seconds shown in Figure-4. The normality of the data in Figure 5 is confirmed by the Q-Q plot in Figure 6, which 

shows that the distribution of the data is close to a normal distribution, with clear inflection points at observed 

values 0.0035 and 0.006. Therefore, it was decided to remove outlying noise beyond 1.3 standard deviations 

above and below the mean as a first-order filter. The acceleration history for time segment C with the first-order 

filter applied is shown in Figure 7. The application of this filter removes all the spike noise caused by external 

factors. 

 

Figure 5: Two 60-second samples taken from the working hours’ time history at segments C and D 

 

 
Figure 6: Q-Q plot of segments C and D 
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Figure 7: Acceleration history for segment C with the first-order filter applied 

Note that even if the normality of the data is ensured by applying the first-order filter, the mean value μ is 
considered to deviate significantly from the true acceleration value a_(z_true) if a time segment where external 

influences are large is unintentionally extracted. To avoid this, 10 sets of continuous data each 60 seconds long 

are prepared as one sample, which is then subjected to second-order filtering. In the second-order filter, each 

set of mean μ' obtained by applying the first-order filter is sorted in ascending order, one or two sets are 

removed from the top and bottom ends, and the mean is calculated again for the remaining means. This data 

processing flow, which forms the proposal of this paper, is shown in Figure 8. 

 

 

Figure-8: Data processing flow for the practical use of MEMS accelerometers in retaining wall monitoring 
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6. Conclusions 

This paper examines the processing of acceleration data from MEMS accelerometers into displacements for use 

in excavation monitoring. A performance validation shows that in the ±5-degree range, a MEMS accelerometer 

offers better linearity than a LVDT inclinometer and has higher resolution and sensitivity over a wide range of 

capacitance. In on-site measurements, acceleration data was obtained by attaching a MEMS accelerometer to 

an H-section steel member forming part of an earth retaining wall at a construction site where excavation work  
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