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ABSTRACT

Bridges are omnipresent in every society and they affect its human, social, ecological, economica and cultural aspects.
This is why a durable and safe usage of bridges is an imperative goal of structural management. Measurement and
monitoring have an essential role in structural management. The benefits of the information obtained by monitoring are
apparent in several domains. In deformation analysis, the functional relationship between the acting forces and the re-
sulting deformations should be established. If time depending observations are given, a regression could be used as a
functional model. In case of stochastic model, uncorrelated observations with identical variance are assumed. Due to the
high sampling rate, a small time difference arises between two observations. Thus the assumed stochastic model is not
suitable. The calculation has to be effected by means of auto-correlated observations. This paper investigates an inte-
grated monitoring system for the estimation of the deformation (i.e., static, quasi-static) behavior of bridges from total
station observations and studies the effect of autocorrelation technique on the accuracy of the estimated parameters and
variances. The results have shown that autocorrelation technique is reduced the standard deviation of X& Y-direction
about 6.7% to 29.4% and 6.5% to 15.5% of the original value, respectively, but the situation was differ in Z direction;
the standard deviation in vertical component Z was increased.
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1. Introduction

In order to know the safety of bridges, monitoring their
real-time displacement and recording their fatigue history
are very important. The methods, which are often used
for such survey, are acceleration integration method and
laser distance gauge method. The acceleration integration
method integrates the acceleration, which is measured by
acceleration gauge, to obtain the displacement. But its
error is relatively large. The laser distance gauge method
is often influenced by the weather [1-3]. Furthermore, the
application of using the two mentioned methods often
needs to stop the traffic, which brings a lot of costs. So
these methods are suitable for some structures whose
survey distance isrelatively short and the displacement is
relatively small. But for other structures like effective
bridges, these methods are difficult to use.

With the development of motorized and reflectorless
total station and least square adjustment by computer
programs, the monitoring of deformation becomes more
available and accurate. At present, total station has been
widely spread and used in many survey sites, and some-
times it is not fully used since users misunderstand the
principles of this unit [1,4,5-8]. It should be intuitive
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that deformation monitoring technique will vary accord-
ing to the type of structure. So aflexible surveying moni-
toring method and resulted data adjustment technique are
needed to monitor the structural deformation of special
structures like bridges and make the process of meas-
urements easier and accurate.

In many continuous deformation monitoring process,
data (observations) are obtained sequentially using mo-
torized total station. Sometimes relationships exist in the
sequential data. Just as the sample correlation coefficient
may be used to characterize the relationship between the
measured parameters, the autocorrelation coefficient may
be used to characterize relationships between observa-
tionsin the same sequence of values.

Autocorrelation is the cross-correlation of a signal
with itself. Informally, it is the similarity between obser-
vations as a function of the time separation between them.
It is often used in signal processing for analyzing func-
tions or series of values, such as time domain signals [9-
12]. In addition, the statistical autocorrelation of a ran-
dom process describes the correlation between values of
the process at different times, as a function of the two
times or of the time difference[7,9,11].
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2 Monitoring Bridge Deformation Using Auto-Correlation Adjustment Technique for Total Station Observations

This paper presents observations technique for moni-
toring the bridge deformation and studies the availability
of applying auto-correlation adjustment technique for
total station observations.

2. Mathematical M odel and
Auto-Correlation Technique

This section presents the pre-analysis study of the sug-
gested monitoring technique for monitoring the bridge
performance such as displacement, strain, vibration, set-
tlement and rotation. The intersection process in three
dimensions using the two total stations technique is used
for monitoring the deformation of bridge. This model
employed the intersection in three dimensions to deter-
mine the spatial coordinates of a specific target on the
monitored structure. Figure 1 illustrates the geometry of
the two total stations technique.

A local three-dimensional rectangular coordinates sys-
tem is needed to calculate the spatial coordinates of any
target points. Such a system, presumably, has X-axis is
chosen as a horizontal line parallel to the base direction,
which Y-axis is a horizonta line perpendicular to the
base direction and positive in the direction towards the
object, Z-axisis a vertical line determined by the vertical
axis of the instrument at occupied station. There are two
known coordinates points (Xy, Y4, Z;) and (X¢, Yo, Zc).
From these two known points (4 and C), we can deter-
mine the coordinates of unknown point B.

From Figure 1, there are three unknowns (Xz, Y3, Zp)
and six observations (two slope distances S;, Sz, two

horizontal angles a;, a,, and two vertical angles y;, 7).
The unconditional least squares method, which mini-
mizes the error sum of squares for all observations, will
be used to get the most probable value of unknowns. In
this model of adjustment, the number of equations is
equal to the number of observations (n = 6).

The two lengths of thelines (S,,S,) in the space can
be written as:;

2

Slz\/(XB X V(Y1) +(Z,-2,)
S, :\/(XB _XC)2+(YB _Yc)2+(ZB_ZC)

By using the coordinates formulae, the two lines 4B
and CD in the horizontal projection can be written as
follows:

)

2

AB:\/(XB—XA)2+(YB—YA)2 o

CB :\/(XB ~ X )+ (Y, -1.)

From Figure 1, the horizontal angles (a; and ay) can
be calculated as follows:

@, =CoS
2-4AB-AC

o = ot AC?+ BC? - 4B*
2 2-AB-AC

~ 1(ABZ+AC2—CBZJ

©)

By using the coordinates formulae, the Equation (3)
can be written as:

\
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Point (B) is the monitored point on the structure

Figure 1. The geometry of two total stationstechnique.
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The vertical angles (y; and y,) can be calculated as
following:

n=tan” Zs 24
\/(XB—XA)2+(YB—YA)2
(5
y,=tan™ Ze—Zc
\/(XB—XC)2+(YB—YC)2

The Equations (1), (4) and (5) are the six observational
equations, these equations are nonlinear function of both
parameters and observations; they can be treated by least
squares adjustment technique.

In this model uncorrelated total station observations
are assumed, then the weight matrix of observations can
be calculated which has dimensions (6 x 6). So, the coor-
dinates of each point on the monitored structure will be
calculated and their standard deviations.

Regression analyses that do not compensate for spatial
dependency can have unstable parameter estimates and
yield unreliable significance tests. Spatial regression
models capture these relationships and do not suffer from
these weaknesses. It is also appropriate to view spatial
dependency as a source of information rather than some-
thing to be corrected. Spatia dependency leads to the
spatial autocorrelation problem in statistics since, like
temporal autocorrelation, this violates standard statistical
techniques that assume independence among observa
tions. So the calculation of monitoring points coordinates
has to be affected by means of auto-correlated observa-
tions.

The correlation coefficient is a measure of how closely
two quantities are related [5,9], it can be calculated as:

%a_ Unit-less (6)

o, 0,

a

pab:

where:

o.: The standard deviation of the first quantity;

oy: The standard deviation of the second quantity;

oa: The covariance of the two quantities;

The correlation coefficient hasalimit £1[1,8].

The correlation between nei ghbored measurements has
to be taken into consideration in auto-correlation tech-
nigque. In this technique, the elements of the cofactor ma-
trix are the correlation coefficients between immediately
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(X=X V4 (Y, =Y, ) +4C?—(X, - X, ) (Y,
2~AC~\/(XB ~X. ) +(Y,-Y)

2

neighbored values of observations from regression ana-
lysis [13]. The symmetrical cofactor matrix (Q) has the
(6 x 6) dimensions. In this case, it has the form as fol-
lowing:

1 Psis2 Psiy2 1
Psas1 1
0= Patst Paas2 1 pa]J:QZ Patyr Paiy2 @)
paZal paZ;/l
Pria2 1 Ps2y2
p;/2;/1 1 i

Then, the weight matrix (W) can be calculated as fol-
lowing:

Psict  Pswa2  Psyi

Ps2a1 Psza2  Ps21 Pszy2

Pazs1 Pazs2 Pazy2

Pust Pus2 Pria

| Prasi Pyas2 Pyear  Pya2

w=0" )

So depending on the variance covariance matrix of
observations resulted from regression analysis (observa
tional least square), the new weight matrix will be
formed using Equations (7) and (8). This new weight
matrix (W) will be reentered in the regression analyss;
then the new values of monitoring points coordinates and
its standard deviations will be calculated.

3. Description of the Studied Bridge

The bridge has been chosen for the purpose of the de-
formation monitoring study. The studied bridge is El-
Derasat Bridge in Mansoura city-Egypt situated across
El-Mansouria channel to connect Mansoura city to the
surrounding areas as shown in Figures 2(a) and (b). The
bridge has total length 54.5 m and a width 6.85 m; it is
made of reinforced concrete and supported on three pil-
lars and two abutments. The monitoring technique in-
volves the following three stages:

1) Site reconnaissance and topographic surveying of
the bridge.

2) The actua field measurements by suggested tech-
nigues and the documentation of the proposed network
stations.

3) The network analysis that deals with the process
and analysis of the collected geodetic data.

The bridge is subjected to two types of loads; the first
type is static-dead-load, which includes the own weight
of the bridge (superstructure and covering materias).
The second type is moving-live-loads, these moving
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Figure 2. Topographic surveying of El-derasat bridge (a) Horizontal plan; (b) Vertical plan.

loads due to the transportation on the bridge. Moving
loads of vehicles cause impact and dynamic forces, which
affect the strength of the bridge.

4. Structural Data Analysis

Structural analysis is required to determine whether sig-
nificant movements are occurred between the monitoring
campaigns. Geometric modeling is used to analyze spa-
tia displacements. Genera movement trends are de-
scribed using a sufficient number of discrete point dis-
placements (d,):d, (Ax,Ay,Az) for n stands for the
point number, Point displacements are calculated by dif-
ferencing the adjusted coordinates for the most recent
survey campaign (f), from the coordinates obtained at
reference time (i), for the stands for the X, Y and Z coor-
dinate displacement, respectively, as following:

AX=X,-X,
AY =Y, -V, ©
AZ=Z,-Z,

Each movement vector has magnitude and direction
expressed as point displacement coordinate differences.
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These vectors describe the displacement field over a
given timeinterval.

The Total Station observations are corrected by least
square methods, so this analysis is constrained on the
random errors. Comparison of the magnitude of the cal-
culated displacement and its associated accuracy indi-
cates whether the reported movement is more likely due
to observations error [8,14,15].
d,|<(e,), Where: |d,|: The magnitude of the dis-

n

placement for point n. It can be calculated as:

|d| = \/(AX)Z +(AY) +(AZ) (10)

(e,): The maximum dimension of combined 95% con-
fidence ellipse for point (n), it can be calculated as fol-
lowing [15]:

e,=196-\/(c, ) +(c,)’ (11)
where: oyisthe standard error in position for the (final) or
most recent survey, o; is the standard error in position for
the (initial) or reference survey.

Then, if |d,|<(e,) the point isn't moved. And if
|d,|>(e,) thepointismoved.
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5. Observations and Defor mation M odels

The proposed monitoring network as shown in Figure 3
consists of eleven monitoring surveying points; the spa-
tia distribution of these points should provide complete
coverage of the bridge. There are two-bench marks out-
side the bridge (BM1 and BM2). This system of pointsis
observed from two occupied stations (4 and B) by using
two total stations techniques. The coordinates of point 4
are assumed to be (0, 0, 0). The selected monitoring
points are located where the maximum deformations
have been predicted such points (10, 7, 5, 2) in Figure 3,
plus a few points which is depending on previous ex-
perience could signal any potential unpredictable behav-
ior such points (11, 9, 8, 6, 4, 3, 1).

All monitoring points are surveyed by using sheet
prism of diameter 1 cm fixed on the superstructure of the
bridge and two total station (Nikon DTM 850 and Sokiaa
SET300, The manufacturer quotes a standard deviation
0.5" to 1" for angle measurements and £(2 + 2 ppm x D)
mm for EDM measurements with prisms) fixed at points
A and B for two cases of loading (empty and loading
Cases).

The adjusted coordinates and its associated standard
deviations of each point in the monitoring network are
caculated by using Matlab program with and without
applying auto-correlation adjustment technique. The cor-
relation coefficients between adjusted observations from
regression anaysis have to be taken into consideration to
form the cofactor matrix (Q).

With application of autocorrelation technique, the
standard deviations for the first case (empty bridge) are
varied from 0.26 mm to 1.09 mm in the horizontal com-
ponents, and from 4.3 mm to 44.4 mm in vertical com-
ponent. While in the second case (load bridge), the cor-

responding values are varied from 0.26 mm to 1.2 mm in
horizontal components and from 6.5 mm to 60.3 mm in
vertical component. Practically, the overall analysis has
shown that the autocorrelation technique improved the
accuracy of horizontal components (X and Y directions)
but did not improve the vertical component.

The comparison between the resulted standard devia-
tions of the coordinates from regression analysis by using
autocorrelation and without autocorrelation can be indi-
cated asshown in Figures 4-6 and Table 1.

As indicated in Figures 4-6 and Table 1, the standard
deviation in X direction (o) was reduced by using auto-
correlation technique about 6.7% to 29.4% of the original
value—without autocorrelation—the standard deviation
in Y direction (oy) was reduced also about 6.5% to 15.5%
of the original value but the situation was differ in Z di-
rection, the standard deviation in vertical component Z
was increased. The vertical displacement for the studied
bridge is much smaller than the confidence in the hori-
zontal displacement, and it therefore does not indicate a
significant vertica movement. So, the auto-correlation
adjustment technique has a great effect on the decision of
the monitoring point movement.

6. Conclusions

The results of experimental work lead to the following
conclusions:

1) The proposed surveying techniques (two total sta-
tions which employed the intersection process) can pro-
vide valuable data on the deformation of the structura
members and movement of buildings.

2) Auto-correlation adjustment technique depends
mainly on the variance covariance matrix of observations,
it improves the standard deviation in horizontal plane (X

Monitoring Points

Figure 3. System of observation for bridge monitoring.
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Table 1. Comparison between regression analysiswith and without auto-correlation technique.

Monitoring Bridge Deformation Using Auto-Correlation Adjustment Technique for Total Station Observations

Unload bridge Load bridge
Point
ox Autoloy, % oy Auto/oy % o7 Autoloz % oy Auto/ox, % oy Auto/oy, % o7 Autolo, %

BM1 29.35 15.47 891.63 29.55 15.47 891.63
1 20.66 13.70 695.79 17.71 11.61 588.24
2 15.25 12.64 584.39 20.17 16.66 781.71
3 9.69 9.57 412.19 17.33 16.90 750.83
4 12.63 12.54 539.40 1191 12.30 526.32
5 6.77 7.52 469.83 10.82 13.10 498.78
6 10.87 13.36 498.07 11.90 146.18 547.54
7 12.83 13.92 540.58 10.85 11.75 453.59
8 12.23 9.77 465.60 11.72 9.40 449.12
9 12.13 9.36 458.57 13.93 10.75 531.00
10 13.90 11.84 726.25 16.16 10.00 539.36
11 14.90 10.75 720.32 14.85 7.31 440.49

BM2 12.98 6.49 429.97 17.05 4.82 298.47

ox Auto, oy Auto and oz Auto are the standard deviation in X, Y and Z direction with autocorrelation technique respectively. ax1, oy1 and o are the standard

deviationin X, Y and Z direction without autocorrel ation technique respectively.

Standard deviation in X direction

9 60
] S | I B ) ARG——————— -
,,,,,,,,,,,,,,,,,,,,,,,, FI1))| D s R —
Value 5 Value
(mm) 4 (mm)>Y T B B -
20+
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1 2 3 4 5 6 7 8 9
Monitoring point.

O o, without autocorrelation W o, from Autocorrelation

Figure 4. Comparison between regression analysis with and
without Auto-Correlation for oy.

Standard deviation in Y direction

1 2 3 4 5 6 7 8 9
Monitoring point.

| O o, without autocorrelation W o, from Autocorrelation I

Figure 5. Comparison between regression analysis with and
without Auto-Correlation for oy.

Copyright © 2013 SciRes.

Standard deviation in Z direction

1 2 3 4 5 6 7 8 9
Monitoring point.

O o, without autocorrelation @ o, from Autocorrelation |

Figure 6. Comparison between regression analysis with and
without Auto-Correlation for o5.

and Y), but it has a bad effect on vertical direction (Z).

3) Achieving the required accuracy for surveying
monitoring technique is based on the following factors:

a) The used instruments specifications (Instrument re-
solution, data collection options and the proper operating
instructions).

b) The field observation and modeling procedures.
Measurements and adjustment techniques of the network
have direct influence on the detection of monitoring
point’ s displacements.
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