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ABSTRACT

Establishment of stable deformation monitoring points is a vital step in the monitoring of the stability of
deformable structures. This research dwells on the establishment of a network of points to monitor the
stability of Jimeta Bridge. Approximate horizontal coordinates of the monitoring points were first obtained
using the GNSS receiver. The vertical coordinates of the same points were observed using a precise
levelling operation. The horizontal and vertical coordinates of the monitoring points were adjusted to get
a stable network of points for the monitoring of the bridge. The adjustment was achieved using a Stability
estimator model which is designed based on the principle of free network. The results show that the 66"
baseline configuration returned the maximum redundancy number of the reliability matrix of
0.59880000000000 and a minimal trace of 0.00539266393068631. The aposteriori variances were
computed and found to be 0.4465, for the test on reference points and 0.6177 for the test on object points.
The computed aposteriori variance both falls between the lower and the upper limit. This signifies that the
geometry of the monitoring network points remains intact with no distortion. The network of the monitoring
points is therefore safe to be utilised in the monitoring of the stability of the Jimeta Bridge.

Keywords: Deformation Monitoring, Mathematical Model, Least Squares Adjustment, Stability Estimator
and Engineering Structure

1.0. Introduction

Deformation monitoring is an important tool used by engineers to keep track of the behaviour of structures
with time. It provides quantitative and reliable information in the study of the stability of natural and man-
made features in the environment, for risk assessment and for the timely adoption of appropriate measures
(Sylvester et al., 2018; Wieser and Coper 2017; Kumar, et al., 2021). Deformation analysis can improve the
understanding of the deformation characteristics of structures and can facilitate improvements to engineering
designs. Deformation analysis is required for the safe operation of structures such as dams, bridges, viaducts,
earthworks, high-rise buildings, and light rail transit stations (Massamba et al., 2019).

Measurements and the analysis of deformations of structures constitute a special branch of geodesy. The
methods used for the measurement of deformation are generally classified into surveying (geodetic) and non-
surveying (geotechnical) methods. The surveying techniques include conventional, photogrammetric,
satellite and remote sensing. Non-surveying techniques such as geotechnical measurement, using laser, tilt
meters, strain meters, extensor meters, joint meters, plumb lines, micrometres, etc. Each main measurement
technique has its advantages and drawbacks. Surveying techniques, through a network of points
interconnected by angle and distance measurement, usually supply sufficient redundant observations for
statistical evaluation of their quality and detection of errors. The surveying techniques give global information
on the behaviour of deformable structures, while the non-surveying techniques give localized and locally
disturbed information without any check unless compared with some other independent measurements (Ono
et al., 2018).
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Surveying techniques have traditionally been used mainly for determining the absolute displacement of
selected points on the surface of the object concerning some stable reference points. The techniques require
long-time monitoring of the structure's movement typically taking observation to monitoring points on the
structure from external reference points. These external reference points are established on the stable ground
away from the structure. In surveying techniques of deformation studies, the information on the absolute
movements of object points concerning some stable reference points is crucial. Network points (reference and
object ones) need to be stable (undisplaced) during the deformation monitoring (Duchnowski and
Wyszkowska, 2022). Any unstable reference points must be identified before embarking on deformation
monitoring of structures, otherwise, the calculated displacements of object points and subsequent analysis
and interpretation of the deformation of the structure may be distorted (Alademomi et al.,2020)

This research focuses on the establishment of such stable monitoring network points around the Jimeta Bridge
to have a reliable base for a monitoring scheme of the bridge. This is important because bridges of such
magnitude are usually confronted with truck overloading which causes fatigue on the bridge components and
subsequently shortens the service life of bridges (Wardhana and Hadipriono 2003; Biezma and Schanack,
2007). In some extreme cases, the weight of the overloaded trucks may exceed the load-carrying capacity of
the bridge and directly cause bridge collapse. The deterioration mechanism is influenced by various factors
including material properties, environmental conditions, and live load situation (Kim et al., 2013). The risk
of bridge deterioration cannot be eliminated, however, a good maintenance program including regular
inspection and proper rehabilitation will slow down this process (Biezma and Schanack, 2007). Fires on
bridges are commonly caused by collisions or other accidents (Bai, et al., 2006). Increase of temperature (in
the range of 800-900°C) within the first few minutes of five initiations and the temperature can rise to 1,000°C
or higher in the first 30 minutes. The rapid temperature rise can create large thermal gradients in the structural
members and consequently cause spalling of the concrete and local buckling of steel members (Peng, et al.,
2008). Moreover, fires can lead to a significant decrease in the load-carrying capacity of the structural
members due to a reduction in the strength and stiffness of materials, which can further lead to partial or full
collapse of bridges (Bai, et al., 2006). Jimeta Bridge and other gigantic engineering structures alike are subject
to deformation as such there is a need to have in place a system for monitoring the structures to give adequate
information on their stability.

Before the commencement of a reliable and sustainable structural monitoring process, a network of
monitoring points needs to be established. The success of the monitoring scheme depends largely on the
reliability of the monitoring network points (Samuel et al., 2021). This research focuses on the establishment
of a network of monitoring points to serve as a base for the monitoring of Jimeta Bridge. The network is
designed in such a way that the monitoring system will achieve the prescribed monitoring accuracy of points
and can be sensitive to statistical tests for the detection of outliers in measurement and also to resist undetected
gross errors.

2.0. Methodology

2.1 The Study Area

Jimeta Bridge is located in Yola, the capital city of Adamawa state. It is a strategic civil engineering structure
lying across the River Benue trough. The bridge is a major link connecting the north-central part and south-
central parts of the state. River Benue serves as a natural boundary between Girei local government and Yola
north local government area. The bridge lies between latitude 9° 12” and 30.20” N and between longitude 12°
28’ and 53.26” E of the Greenwich meridian with a total length of 1.422 Km as shown in Figure 1.
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Figure 1: Jimeta Bridge

2.2 Materials

The materials used in this research include A Hi-target Differential GNSS receiver and Leica NA2 with its
accessories. The GNSS receiver was used in the observation of the approximate horizontal coordinate of the
monitoring station. The Leica NA2 was used in the determination of height components of the monitoring
points.

2.2 Method

The methodology adopted was the Homogenous and Isotropic Optimization procedures, followed by a check
on the reliability of the optimization of the points and then the post-processing and the adjustment of the
horizontal and vertical coordinates of the points.

2.2.1 Determination of Optimal Locations of Monitoring Points

As a prelude to optimal locations of points for deformation monitoring, approximate coordinates of the points
were obtained using a GNSS receiver. During the field reconnaissance operations, points were selected
bearing the following in mind;

(1) As much as possible the proposed stations should be kept away from reflective objects/surfaces to avoid
multipath effects.

(2) The station was placed on firm and stable ground and not on soil susceptible to erosion.
(3) On good sky visibility with a mask angle of approximately 8° to 15°free of obstruction.

(4) The ground network stations were selected on the locations that ensure a square-shaped network.
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2.2.2 Homogenous and Isotropic Optimization

In the optimization, a design matrix of partial derivatives and a weight matrix of the covariance derived from
baseline composition were developed. The design matrix was formed based on the baseline configuration
observed in the network with the non-zero elements of the design matrix as either 1 or -1 indicating the
configuration of network points. A weight matrix was formed based on the three observed baseline
components which are correlated. A covariance matrix of dimensions 3x3 was derived for each baseline as a
product of the least square adjustment of the carrier-phase measurements.

To replicate the covariance block diagonal matrix for the entire baseline in the network, an adjustment
program package by Glilani 2006 was adopted.

Using the approximate coordinates obtained in Table 1 below, the network points were adjusted

Table 1: Approximate Coordinates of JBMP

Id Latitude Longitude Height. Remarks
JBMP1 12°27'47.13686" N 9°17'15.45652" E 585.908 Reference Point
JBMP2 12°28'21.00943" N 9°17'52.19077" E 586.709 Reference Point
JBMP3 12°28'05.24808" N 9°18'33.59349" E 622.147 Reference Point
JBMP4  12°29'02.93475" N 9°17'49.41469" E 585.751 Reference Point
JBMP5 12°27'55.24270" N 9°16'32.36938" E 616.735 Reference Point
JBMP6 12°27'03.20425" N 9°17'14.31594" E 580.488 Reference Point
MP7 12°27'51.37233" N 9°17'18.30360" E 592.391 Object Point
MP8 12°28'00.08442" N 9°17'28.02376" E 597.599 Object Point
MP9 12°28'08.80778" N 9°17'37.74979" E 592.860 Object Point
MP10 12°28'17.53251" N 9°17'47.48110" E 587.988 Object Point
MP11 12°28'12.78007" N 9°17'42.94371" E 590.299 Object Point
MP12 12°28'04.06212" N 9°17'33.21774" E 595.009 Object Point
MP13 12°27'55.36819" N 9°17'23.50157" E 597.979 Obiject Point

to plan for the best geometry of the survey. The aposteriori covariance matrix of the parameters of the
network was determined using the mathematical model developed in Equation 1 below.

Q, = (AT PA+ DD’ )’l (1)
Where:

Qxx is the cofactor matrix, A is the design matrix, P is the weight matrix, and D is the datum matrix

To optimize the locations of the network points the initial geometry of the approximate coordinates were
varied away from the center of each station that makes up the monitoring network. At each initial network
station, 4 quadrants were created and each quadrant was further subdivided into 2, thereby bringing the
number of subdivisions at each station to 8 equals. Within each subdivision, 10 points were selected at random
hence 80 potential monitoring points for the Jimeta bridge network were designed. Among these 80 potential
networks, the mathematical model returned only one desired result (minimum trace and maximum reliability)
as the optimal network for the deformation monitoring network of Jimeta Bridge.

During the optimization process above, the objective function (minimum trace and maximum reliability) was
achieved iteratively starting from the initial approximate coordinate as the first observation plan to the last
observation plan. The known parameters in the optimization were the weight of the observation (P), the design
matrix of observation (A) and the datum matrix (D), while the unknown parameters are the cofactor matrix
(Qxx) from the first to the last observation plan. After the cofactor matrix had been computed, the Eigenvalue
from the first to the last observation plan was extracted from the diagonal elements of the cofactor matrix.
The square root of the Eigenvalues is the error ellipses and sum of the Eigenvalues and the trace of the cofactor
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matrix (Qx) of each observation plan in the network. Minimum error ellipses of a network signify a
homogenous network while a minimum trace of cofactor signifies an isotropic network.

2.2.3 Reliability Optimization of Monitoring Points
To have a well-designed network with high reliability is the focus of this research. To achieve this network
the following criteria by Ghilani and Wolf (2006) were adopted:

(1) Network with sufficient geometric checks to allow observational blunders to be detected and
removed.
(2) The redundancy number of individual observations should approach their maximum value of 1 to
minimize the size of the undetected blunders in a network.
(3) Redundancy numbers above 0.5 are generally sufficient to provide well-checked observations.
To meet the above condition, equation 2 adopted from the work of Kuang (1996) was applied to determine
the redundancy number.

R=1,-AATPA+DD") AP 2)
Where,

I, is an identity matrix with n observations, and the other parameters are the same as introduced in Equation
1.

2.2.4 Field Measurements and Data Processing

A Hi-target Differential GNSS receiver was used in the observation of horizontal coordinates of the reference
frame and object points. This was necessitated due to its advantage of spanning large distances with good
precision. The measurement was carried out on all the points with a station occupation period of one hour.
After the field measurements, the data was post-processed using GNSS solution software version 3.7. A
precise levelling operation using Leica NA2 was carried out to determine the height components of the
monitoring stations. The use of levelling operation was chosen to avoid errors due to mask angle, height of
antenna, ionospheric, stratospheric, tropospheric, and multipath delays among others that are inherent in
GNSS receivers (Adeleke 2022). The height levelling height was connected to a Federal Benchmark (FBM
1) located in the premises of the Adamawa State Local Government Service Commission. The levelling
observation was reduced and checked. The levelling data was later adjusted using the least squares adjustment
model.

For the levelling network, the weight of each observation is inversely proportional to the distance in
kilometres of the level run or loop distances. The sets of observation equation models 3 to 6 below were
adopted for the least square adjustment.

L° =f(x% (3)
X¢ = X4 x (4)
Form a set of normal equations and compute correction/solution vector (x)

x= —(ATPA)ATPL ()
Compute adjusted parameters

X4= X+ x (6)
Compute the standard error of adjusted parameters

Aposteriori (SE) = VTPV/n -m (7)
Where

X0 is the approximate parameters, X¢ is the adjusted parameters, x is the corrections vector, L° is the
adjusted observation, L is the elements of observation, V is the residual vectors, n is the number of
equations, and m is the number of parameters. The other parameters are as described above.

Damuya et al, 2023 341



Nigerian Journal of Environmental Sciences and Technology (NIJEST) Vol 7, No. 2 July 2023, pp 337 - 346

2.2.5 Blunders detection in GPS observation

To improve GNSS observation in this network, a series of procedures were followed to analyze the data for
internal consistency and to eliminate possible blunders. Analysis of Loop Closure: In Figure 2, the points
JBMPO01-JBMPO6 are called points A-F for brevity in explaining loop closure. As such, a closed loop was
formed by points FAEDBCF, AEDBA and FABCEF in the first and second epoch measurements.
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Figure 2: Arrangement of Jimeta Bridge Monitoring Points
In a closed loop, the summation of the AX components should equal zero. The same condition applies to AY

and AZ components.

Loop closure for FAEDBCF

[AX 0y AX g, AX g AX g s AX gy AX C,
AYpp, AY 3o, AY g, AY g, AY o, AY =|C,

FA? AE? ED? BD?

ARV VAN VAR VAN VAV . VA C,

[-288.49, 186.32, -849.09, 262.23, - 64.92, 753.95 0
-12.27,-1288.00, 2218.65, 127.88, 1256.32, -2302.58 |=|0
11319.28, 249.84, 2024.32, -1257.71, - 465.31, -1870.42 0
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Loop closure for AEDBA

| AX pg s AX g AX pg, AX g, Cx
AY je A, AY gAY, = Cy
| AZep ALy, AL g, ALy, C,

186.32,-849.09, 262.23, 400.54 0
-1288.00 , 2218.65, 127.88, -1058.53 |=|0
1 249.84, 2024.32, -1257.71, -1016.45 0

Loop closure for FABCF

_AXFA’AXAB’AXBC’AXCF Cyx
AYep, AY pg, AYge, AY e = CY
_AZFA’AZAB’AZBC’AZCF C,

[-288.49, 400.54, -64.92, 753.95 0
-12.27, 1058.53, 1256.32, -2302.58 |=|0
11319.29, 1016.45, - 465.31, -1870.42 0

3.0 Results and Discussion

Table 2 shows the reliability of observational plans for JBMP. Column one in Table 2, is the serial numbers
of the observed baseline, column two is the observed baseline and column three is the mean of redundancy
numbers (observational reliability) in each observational plan cofactor matrix. Among the 80 potential
locations of the monitoring points, the 66" baseline configuration returned the maximum redundancy number
of the reliability matrix of 0.59880000000000 and a minimal trace of 0.00539266393068631 as shown in
Tables 2 and 3 respectively. Furthermore, the aposteriori variances were computed and found to be 0.4465,
which falls within the range of lower limit 0.2414 and upper limit 2.2875 for the test on reference points and
0.6177 which falls within the range of lower limit 0.2725 and upper limit 2.1918 for test on object points.

Table 2: Reliability Matrix of Observational Plan

SIN Observed Baseline Extracted Mean of Diagonal Elements of
Network design Reliability Matrix(Rn)
1 1-1 0.599873244444445
2 1-2 0.599875511111111
3 1-3 0.599873200000000
4 1-4 0.599873244444445
5 1-5 0.599875511111111
6 1-6 0.599875511111111
7 1-7 0.599875511111111
8 1-8 0.599875511111111
9 1-9 0.599875511111111
67 7-6 0.59880000000000
71 8-1 0.599873200000000
72 8-2 0.599873244444445
73 8-3 0.599873244444444
74 8-4 0.599873200000000
75 8-5 0.599873244444444
76 8-6 0.599873155555556
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77 8-7 0.599873111111111
78 8-8 0.599873111111111
79 8-9 0.599873155555556
80 8-10 0.599873155555556

Table 3 is the trace of observational plans for JBMP. Column one is the serial number of the observed
baseline, column wo in Table 3 is the observed baseline and Column three is the trace (sum of the diagonal
elements) of each observational plan cofactor matrix. This result has shown that the 66™ observational plan
is a homogeneous, isotropic and reliable network that gave the best observational quantities as shown in Table
3.

Table 3: Trace of Observational Plan

SIN Observed Baseline Extracted Trace of Cofactor Matrix (Qxx)
1 1-1 0.00569544853705775
2 1-2 0.00559376768184589
3 1-3 0.00569744871506059
4 1-4 0.00569544593539938
5 1-5 0.00559375878953612
6 1-6 0.00559376354353315
7 1-7 0.00559376020811612
8 1-8 0.00559376020811612
9 1-9 0.00559375878953612
67 7-6 0.00539266393068631
71 8-1 0.00569743747643746
72 8-2 0.00569543800854719
73 8-3 0.00569544846209222
74 8-4 0.00569743748039433
75 8-5 0.00569544846209222
76 8-6 0.00569944585712106
77 8-7 0.00570144455065002
78 8-8 0.00570144125210921
79 8-9 0.00569944247397929
80 8-10 0.00569944247397929

Table 4 shows the GPS post-processed results of the monitoring points. Column one is the numbers of the
initial monitoring points, and columns two and three are the geographic coordinates of the monitoring points
that is the latitude and longitude respectively. Column four is the height component of the monitoring points
obtained via levelling while column five is the remarks.

Table 4: GPS Post-processed horizontal Coordinates and heights of monitoring points

1D Latitude Longitude Heights Remarks

JBMP1 12°27'47.13686" N 9°17'15.45652" E 585.908 Reference Point
JBMP2 12°28'21.00943" N 9°17'52.19077" E 586.709 Reference Point
JBMP3 12°28'05.24808" N 9°18'33.59349" E 622.147 Reference Point
JBMP4 12°29'02.93475" N 9°17'49.41469" E 585.751 Reference Point
JBMP5 12°27'55.24270" N 9°16'32.36938" E 616.735 Reference Point
JBMP6 12°27'03.20425" N 9°17'14.31594" E 580.488 Reference Point

MP7 12°27'51.37233" N 9°17'18.30360" E 592.403 Object Point

MP8 12°28'00.08442" N 9°17'28.02376" E 597.618 Object Point

MP9 12°28'08.80778" N 9°17'37.74979" E 592.869 Object Point
MP10 12°28'17.53251" N 9°17'47.48110" E 588.014 Object Point
MP 11 12°28'12.78007" N 9°17'42.94371" E 590.316 Object Point
MP 12 12°28'04.06212" N 9°17'33.21774" E 595.026 Object Point
MP 13 12°27'55.36819" N 9°17'23.50157" E 597.984 Obiject Point
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4.0 Conclusion

This study focused on the determination and adjustment of deformation monitoring points. The monitoring
points consists of reference points and object points which together form a network of monitoring scheme.
The monitoring points were selected to get the optimum location of the point for a good monitoring scheme.
The coordinates of the points were adjusted and the results of the adjustment have shown that among the 80
potential locations of the monitoring points, the 66" baseline configuration returned the minimal trace of
0.00539266393068631and a maximum redundancy number of the reliability matrix as 0.599880000000000.
This shows that the 66™ observational plan has a homogeneous, isotropic and reliable network that gave the
best observational quantities. In addition, the aposteriori variances were found to be 0.4465 which falls within
the range of lower limit 0.2414 and upper limit 2.2875 for the test on reference points and 0.6177 which falls
within the range of lower limit 0.2725 and upper limit 2.1918 for test on object points. This signified that no
gross errors such as gross measurement errors, booking errors, mistakes in identification of points, unstable
monuments, or centering errors, exist in the observations. The result further proves that the geometry of the
monitoring network remains intact without distortion as the shape of the monitoring network in the design
stage. The points can therefore be used for the monitoring of the Jimeta Bridge.
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