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DYNAMIC DEFORMATION MONITORING OF LOTSANE BRIDGE USING GLOBAL
POSITIONING SYSTEMS (GPS) AND LINEAR VARIABLE DIFFERENTIAL TRANSDUCERS

(LVDT)

Selassie David Mayunga || Department of Civil and Environmental Engineering
The measurements and analysis of deformation of engineering structures such as dams, bridges and high-rise
buildings are important tasks for civil engineers. It is evident

dent that, all civil engineering structures are susceptible for deterioration over a period of time. Bridges in particular, deteriorate due to loading
conditions, environmental changes, earth movement, material used during construction, age and corrosion of steel. Continuous monitoring of such
structure is the most important aspect as it provides quantitative information, assesses the state of the structure, detects unsafe positions and
proposes early safety measures to be taken before it can threaten the safety of vehicles, goods and human life. Despite government’s efforts to
construct roads and highways, bridge deformation monitoring has not been given priority in most of African countries and ultimately causes some
bridges to collapse unexpectedly. The purpose of this research is to integrate Global Positioning System (GPS) and Linear Variable Differential
Transducers (LVDT) to monitor deformation of a bridge. The horizontal positions of reference and monitoring points were determined using
Global Positioning System (GPS) while the vertical deflections, accelerations and strain were determined using Linear Variable Differential
Transducers (LVDT). The maximum displacements obtained between zero and first epochs in x, y and z components were 0.798 m, at point LT08,
0.865 m at point BR13, and 0.56 m at point LT02 respectively. The maximum deflections for LVDT 1, 2 and 3 are 28.563 mm, 31.883 mm and
40.926 mm respectively. Finally, the correlation coefficient for the observations was 0.679 with standard deviations of 0.0168 and 0.0254 in x and y
respectively. Our results identified some slight displacements in horizontal components at the bridge.  

Bridge Deformation Monitoring, GPS and Linear Variable Differential
INTRODUCTION

Structural Health Monitoring (SHM) is a recent concept in civil
engineering which aimed at assessing the behavior and safety of all
civil engineering structures. The behavior and safety assessment
include measurements and analysis of point positions on and away
from the structure over different periods to determine the state of the
structure. It is evident that all civil engineering structures such as
bridges, high-rise buildings, dams, etc. are essential to social, human
and economic development of any country. Bridges in particular, are
key infrastructures to settlements, towns and cities which are
susceptible for deterioration although are built to have life spans
above three decades [1]. According to [2] deterioration is termed as a
failure of a structure caused mainly by environmental and non-
environmental factors such as erosion, earthquake, floods, loading
conditions and construction materials which may have been
overlooked during the design and construction periods. It is
imperative to understand that, a bridge after being constructed it has
to undergo static load test to verify the load deformation response.
Therefore, continuous monitoring of bridges is an important aspect in
obtaining information which helps to detect abnormal behavior of the
structures at early stages and propose necessary safety measures
before it can threaten the safety of vehicles, goods and human life.
[3] pointed out that, continuous monitoring bridges are considered to
be a valuable tool to complement other non-destructive methods in
improving reliability and extending lifetime of the structure.

Bridge deformation monitoring is grouped into two major parts
namely long term and short term [4]. Long term deformation
monitoring is caused by a bridge foundation settlement, deck creep
and stress relaxation, while short term deformation is caused by the
dynamic effects such as wind, temperature, traffic, age and
earthquake. Based on the measurements and analysis of data
obtained, proper repair or rehabilitation can be conducted to keep the
bridge safe and increase the life spans much longer. It is important to
mention here that, the cost for monitoring and repair is much lower
as compared to reconstruction cost of a new bridge. In recent years
we have witnessed bridges collapsing in many parts in the world. In
Italy for example, a bridge at Genoa collapsed killing dozens of
people and damaged vehicles and other properties
(https://www.euronews.com/tag/italya-daki-kopru-kazas-). In South
Africa, a pedestrian bridge which was under construction collapsed
along M1 highway and damaged vehicles and properties. In the
Southern District Council of Botswana, a bridge collapsed due to

failed culvert which gave-in water pressure at a site of construction.
According to a statement issued by the department of Roads, the
bridge collapsed due to culvert failure causing loss of properties and
resources of construction of a new bridge. Indeed, lack of short and
long term bridge monitoring mechanism in most developing countries
is a major factor for this phenomenon. Therefore, monitoring of
bridges is very vital for safety of good, vehicles and the economic
growth of any country. In order to effectively monitor the abnormal
behavior of a bridge, a precise monitoring scheme is required. The
standard practice for the monitoring of bridges in most developing
countries has been periodical visual inspections, relying on inspectors
to identify areas and signs of damages or unusual behaviors. Visual
inspection is subjective in nature and does not provide reliable results
[5] [6]. For decades, roads department at the Ministry of Works and
Transport in Botswana has been collecting data on roads and bridge
conditions. Data collected includes visual inspection of cracks,
raveling, bleeding and rutting. However, visual inspection has serious
shortcomings which include limited accuracy, subjective results, time
consuming and cost ineffective. Based on visual inspection carried
out in 2019, it shows that some of the bridges along A1 highway in
the Central district have visible signs of damages. Apart from visual
bridge inspections there have been no attempts made by the
department to develop bridge monitoring mechanism. Lack of bridge
monitoring mechanism may have been caused by limited resources,
tools and advanced techniques.

Recent studies have attempted to utilize GPS for bridge deformation
monitoring [7] [8]. [7] pointed out that GPS is capable of allowing
redundant observations whereby the final precision of points can be
determined using powerful least squares rigorous adjustment process.
Apart from the advantages of GPS, there are limitations in its
application. [9] used GPS to determine horizontal and vertical
displacement of a bridge structure. In their study they showed that,
GPS apart from measuring horizontal and vertical displacement it is
also capable of determining frequency. There are various advantages
of using GPS to monitor structural deformation including the
determination of 3D displacements and its capability of being used in
all weather conditions. In addition, data collected at each station is
independent and is used in the adjustment process which can reach
up to 10 - 20 Hz [10]. The obvious limitation is a lack of acquisition
of redundant observation when used in real time kinematic [11] and
pointed out that the most serious weakness of GPS is its lower
accuracy in the determination of height, multipath error, cycle slips
and slow sampling rate with real time Kinematic observation, the
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quality of the result is compromised by insufficient observations.
[12] used GPS, Least Squares Solution and Kalman filter to
determine horizontal and vertical displacements of a bridge. The
result shows that, the displacements were obtained when the vehicle
passes along the surface of the bridge and that the result obtained
from Kalman filter and Least Squares Solution were almost the same.
[13] used GPS and a higher rate carrier receiver to monitor bridge
deformation in a short baseline. The result shows that high rate
receivers performed well which indicates that selection of best
receiver can significantly improve the results. [14] used GPS,
Wavelet Principal Component (WPC) analysis and Fast Fourier
Transformation (FFT) to determine deformation effects of Monsoura
Bridge in Egypt. The result shows that the Wavelet was effective in
eliminating GPS noise encountered during GPS campaign. [15] used
GPS in RTK mode and integrated with accelerometer sensor to
determine dynamic displacement of Nottingham Bridge. In this study
it was revealed that some errors from GPS and accelerometer were
minimized by using double-differencing and the remaining errors
were eliminated by multimode data acquisition technique from GPS.
As stated above, however, general achievable accuracies with GPS in
horizontal component are in the order of 1 cm. The accuracy is
slightly bad in the height component which is mainly due to inherent
geometric weakness and atmospheric errors which tend to increase
when parts of the space is obstructed by other features and structures
[16] [17]. In this work, we used GPS and LVDT for deformation
monitoring of a bridge. Our objectives are to 1) determine dynamic
displacement of Lotsane Bridge; 2) process and adjust the
observations; 3) analyze the results and determine the dynamic
behavior of the bridge; and 4) determine the displacements in the
reference and monitoring points.

2. Materials and Methods

2.1 Study Area

Lotsane Bridge along Botswana A1 highway was selected as a case
study for deformation monitoring. Lotsane Bridge is situated in
Palapye 260 km north from Gaborone city, 168 km south of Francis
town and 28 km from Serowe village. The bridge was constructed
across Lotsane River and it is a link between Gaborone Capital city
and neighboring city of Bulawayo in Zimbabwe. The bridge has 37.7
m long, 12 m wide and 9.6 m high. The bridge has two lanes in two
way directions and was constructed using reinforcement concrete in
three spans and supported with 3 pillars. Figure 1 shows the design of
Lotsane Bridge.

2.2. Planning and Establishment of Reference and Monitoring
Points

The establishment of 8 reference and 14 monitoring points was done
in 2019 which were located away and on the surface of the bridge
respectively (Mayunga, S.D., and Thabo, 2019). The reference points
were established and fixed on a stable ground while the monitoring
points were fixed on the bridge with at equal intervals of 6 m at each
sides of the bridge. Two baselines were used and their coordinates
were determined using Sokkia GPS equipment. The GPS base was
first set over BM5 control point and the rover measured both
reference and monitoring points for 20 minutes. The same process
was repeated using a known point PMR33 to measure both reference
and monitoring points. Figure 2 shows BM5 and PM33 and the
configuration of reference and monitoring points.

2.3. Measuring the Stress of the Bridge

Three LVDT sensors were placed midway of the bridge where the
maximum deflection was likely to occur and had room to displace up
and down without any constraint. To minimize the observation errors,
the LVDTs locations were in constant contact with the steel members
of the bridge. One data set consisted of three linear displacement
readings were measured in millimeters (mm) and an acceleration data
were measured in (g). The observations were repeated throughout the
day to obtain sufficient amount of data and saved as a time-series
graph and numerical data.

Figure 1. Design of Lotsane bridge, Palapye, Botswana.

Figure 2. Observation of reference and monitoring points.

2.4. GPS Data Processing
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After GPS observations of reference and monitoring points at first
epoch, raw data were stored into the internal memory of the receiver
and downloaded into the computer derived and adjusted by least
squares adjustment using Magnet processing software to determine
the reliability of the adjusted coordinates. The GPS reference and
monitoring points were adjusted using Least Squares Solution using
the following mathematical relationship:

Let line ijbe from point (i) to (j) the observation equation is written
as:

Xj=Xi+ΔXij+vxijXj=Xi+ΔXij+vxij  (1)

Yj=Yi+ΔYij+vyijYj=Yi+ΔYij+vyij  (2)

Zj=Zi+ΔZij+vzijZj=Zi+ΔZij+vzij  (3)

Equations (1)-(3) can be compressed in matrix format as:

⎛⎝⎜⎜⎜⎜⎜⎜⎜x1x2x3⋮xn⎞⎠⎟⎟⎟⎟⎟⎟⎟=⎛⎝⎜⎜⎜⎜⎜⎜⎜l1l2l3⋮ln
⎞⎠⎟⎟⎟⎟⎟⎟⎟+⎛⎝⎜⎜⎜⎜⎜⎜⎜v1v2v3⋮vn⎞⎠⎟⎟⎟⎟⎟⎟⎟
(x1x2x3⋮xn)=(l1l2l3⋮ln)+(v1v2v3⋮vn)(4) 

  AX=L+VAX=L+V  (5)

where:

A is the design matrix;

X is the vector of unknowns;

L is the vector of observations and;

V is the vector of residuals.

By inserting a weight (w) and a priori variance σ2oσo2 for the
observations in Equation (4), the cofactor matrix can be given as:

QL=1σ2oSumLQL=1σo2SumL  (6)

Therefore,

W=Q−1LW=QL−1  (7)

The solution becomes well defined by Least Squares principle
of VTWVVTWV = minimum. From the above observation
equations the least squares principle becomes:

(ATWA)X=ATWL(ATWA)X=ATWL   (8)

The vector of unknown can be computed as:

X=(ATWA)−1(ATWL)X=(ATWA)−1(ATWL)  (9)

The matrix equation can be computed as:

V=AX−LV=AX−L  (10)

The standard deviation of the measurements of unit weight for the
weighted observations is given as:

σ0=VTWVr−−−−−√σ0=VTWVr  (11)

where, r is the degree of freedom in the adjustment which is equal to
the number of observations minus the number of unknowns.

2.5. LVDT Data Processing

The highly precise, universal, and reliable data acquisition system
QuantumX was combined with WA-T HBM’s sensors and the
Catman software to have a complete measurement and testing
solution. Catman software was used for data acquisition and analysis
of the observations. From the sensor to the software, simply “plug
and measure” principle was used to determine the displacement
results for each sensor.

3. Results

3.1. Results from GPS Observations

The final coordinates of reference and monitoring points for zero
epoch results were obtained after adjusted using Least Squares
principle. Table 1 and Table 2 below show the final coordinates of
zero and first epochs which will be used to determine deformation
between zero and first epochs. Figure 3, Figure 4 and Figure 5 show
the horizontal displacement of some control points like LT5, LT6,
LT7 and LT8 which behave as outliers based on their graph trends.
The errors on those control points might have been caused by the
contractions and expansions characteristics of the soil since there
have been some heavy rains between zero and first epochs. Also the
discrepancies on the X and Y directions could have been caused
erosion of the river soils and vibrations of the bridge due to living
loadings. Figure 6 displays the pattern of displacement in the Z-axis
on which LT4, LT5, LT6 and LT7 were highly affected. These
control points are on vicinity where there is movement so it might be
assumed that humans or animals tempered with them, hence resulted
in their vertical displacements. Figure 7 shows coordinate differences
in x, y and z for zero and first epochs while Figure 8 shows the
differences of LVDT 1, 3 and 2 respectively. Figures 9-11 shows
frequency charts for LVDT 1, 3, and 2 respectively.

3.2. The Correlation Coefficient

The correlation coefficient for the observations, denoted by ρρ, tells
how closely data in a scatterplot fall along a straight line. The closer
that the absolute value of ρρ is close to one, the better that the data
are described by a linear equation.
If ρˆ=1ρ^=1 or ρˆ=−1ρ^=−1 then the data set is perfectly
aligned. Data sets with values of ρρ close to zero show little to no
straight-line relationship.

ρˆ=sxysxsyρ^=sxysxsy(15) 

INTERNATIONAL JOURNAL OF SCIENTIFIC AND UNIVERSITY RESEARCH PUBLICATION Page 4/10



VOL- (9) ISSUE (8) ISSN 110/321IF : 4.176 | IC Value : 78.46

Table 1. Final adjusted GPS coordinates obtained from zero
epoch (2019).

 

Table 2. Final adjusted GPS coordinates computed from first
epoch (2020).

Figure 3. Coordinate difference from zero epoch in
Δx, Δyand Δz.

Figure 4. Magnitude of displacement of reference and
monitoring points between zero and first epoch.

Figure 5. Displacement pattern in Δx, Δyand Δzbetween zero
and first epochs.

Figure 6. Residuals of reference and monitoring points from
GPS observation between zero and first epochs.
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Figure 7. Coordinates differences in x, y and z.

Figure 8. Deflection of LVDT 1, 2 and 3.

where:

x¯=0.016227x¯=0.016227
y¯=0.024227y¯=0.024227
sxy=∑(x−x¯)(y−y¯)n−1sxy=∑(x−x¯)(y−y¯)n−1(16)
sxy=0.00020986421=9.993×10−6
sxy=0.00020986421=9.993×10−6
s2x=∑(x−x¯)2n−1sx2=∑(x−x¯)2n−1(17)
s2x=0.00014186421=6.755×10−6
sx2=0.00014186421=6.755×10−6 

Figure 9. Frequency chart for LVDT 1.

Figure 10. Frequency chart for LVDT 2.

Figure 11. Frequency chart for LVDT 3.

s2y=∑(y−y¯)2n−1sy2=∑(y−y¯)2n−1  (18)

s2y=0.00067386421=3.20887×10−5
sy2=0.00067386421=3.20887×10−5
ρˆ=9.99351×10−60.002599117×
0.00566493=0.679
ρ^=9.99351×10−60.002599117×0.00566493=0.679
The Standard Deviations

σx=∑nn=1v2xn−1−−−−−−√σx=∑n=1nvx2n−1  (19)

σx=0.0168σx=0.0168 

σy=∑nn=1v2yn−1−−−−−−√σy=∑n=1nvy2n−1  (20)

σy=0.0254σy=0.0254
where:

σxσx = Standard deviation;

n = sample;

v = residuals.

4. Discussion

4.1 GPS Data Analysis

The GPS observations and adjustment of reference and monitoring
points of zero epochs were processed in 2019 while GPS
observations and adjustment of reference and monitoring points of
first epoch were processed in 2020. The final adjusted GPS
coordinates for zero and first epochs were computed and compared
to determine whether there are displacements within the
epochs. Table 3 shows the comparison of coordinates between zero
and first epoch while Table 4 shows the difference in coordinates
in x, y and z between epochs. The outliers might have been caused by
movements of reference points due to heavy rains experienced in
2020. The maximum residuals between zero and first epoch are 0.021
m and 0.036 m in x and y respectively, which all fall on the possible
magnitudes for systematic GPS errors. All directions of displacement
for reference and monitoring points are in the first quadrant as shown
in Table 5. Table 6, Table 7, Tables 10-12 show the residuals of
observations in x and y, magnitude of displacement, final coordinates
of reference and monitoring points, deflection values of LVDT
respectively.

4.2. Results from LVDT Observations

Table 8 below shows the data obtained using a series of three LVDT’s
to determine the vertical deflections from traffic loadings on the
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Lotsane Bridge.

The output signal of the frequency domain is shown by Figures 9-11.
From the figures, the peak frequencies formed are an estimate of the
natural frequency of the bridge section and it clearly shows the
dominant frequency of 77.1 Hz on LVDT 2.

Table 3. Comparison of GPS coordinates between zero (2019)
and first epoch (2020).

 

Table 4. Adjusted GPS coordinates between zero (2019) and
first epochs (2020) in ∆N, ∆E, and ∆H.

Table 5. Shows the horizontal and vertical magnitude
displacement and direction of displacements.

Table 6. Residuals of reference and monitoring points from GPS
observation.

 

Table 7. Magnitude of displacement in x, y and z.
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Table 8. Comparison of GPS height and precise leveling.

Table 9. Comparison of GPS height and precise leveling.

 

Table 10. Final coordinates of reference and monitoring points.

Table 11. Field deflection-time data for LVDT.

Table 12. Deflection of the bridge from LVDT.

4.3. Live-Load Deflections

According to AASHTO Standard Specifications (AASHTO, 1996),
the limits live-load deflections is L/800 for ordinary bridges
and L/1000 for bridges in urban areas that are subject to pedestrian
use. Therefore, for Lotsane Bridge the maximum limit is expressed
as shown in Equation (21).

L800L800(21)
where L is the length of the bridge in m.

Therefore the maximum deflection is given as 37.7 m800=
47.125 mm37.7 m800=47.125 mm.

4.4. Analysis of LVDT Results

The deflection produced by moving traffic loads on the surface of
the bridge shows that the maximum deflection observed was 40.925
mm. The AASHTO Standard Specification (AASHTO, 1996) limits
live-load deflections to L/800 for ordinary bridges and L/1000 for
bridges in urban areas that are subject to pedestrian use. These limits
are required for steel, pre-stressed and reinforced concrete, and other
bridge superstructure types. The computed limit live-load deflection
for Lotsane Bridge was 47.125 mm . Therefore the bridge’s
performance with regards to deflections is within the tolerable limit.
Finally, the natural filter frequency of the bridge was found to be 50
Hz in the vertical direction using Bessel low pass filter
characteristics.

CONCLUSION

Based on this study, the analysis of results rests on the
following conclusions:

1. The proposed integrated deformation monitoring
scheme using GPS and RTK can provide valuable
deformation data of the bridge structure.

2. It was revealed that the maximum displacements
detected between zero and first epochs in x, y and z
components are 0.798 m, at point LT08, 0.865 m at
point BR13, and 0.56 m at point LT02 respectively.

3. The traffic loads are the main factor affecting bridge
cracks.

4. The maximum displacements for sensors 1, 2 and 3 are
28.563 mm, 31.883 mm and 40.926 mm respectively.

5. The computed maximum live-load deflection for
Lotsane Bridge was 47.125 mm against 4.09 mm
obtained by LVDT which indicates that the bridge’s
performance is within the recommended limit.

6. The correlation coefficient for the observations was
0.679 with standard deviations of 0.0168 and 0.0254 in
x and y respectively.
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