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Abstract: In this paper a new method for monitoring surfaefodnations is presented.
Theoretical consideration are supplemented an ebeaofpractical application.

1. Introduction

The deformation measurement, including the eartfiaset deformation, is present
problem in the modern engineering geodesy. The tmiang of deformation located on the
unstable foundation and assigned in unstable mderesystem is especially important
problem. The unstable foundation is defined asaserthat can be influenced by movements
together with the engineering objects located oithe problem of deformation assigning is
still present because a lot of building investments situated at city centres, next to existing
buildings. The earth works aiming at creation af éxample underground multi-storey car
parks, can cause the movements of area surroutigénguilding area (including the local
reference system) and at the same time can influencthe existing buildings causing the
strains and mutual displacements.

The author of one paper (¥iewski 1989) proposed a concept of determining the
parameters of position and shape of foundatioreglat

In this paper the conception of monitoring eartifame deformation located on the
unstable foundation with usage of GPS technologyrésented (more information in paper
Kaminski 2008). The formulas solving the problem inchglithe accuracy analysis defined
by the covariance matrix are presented. The enapitests were made. The interpretation of
interesting results coming from the tests encowageconduct further and more detailed
theoretical and empirical analyses.

2. The Concept Development

Let us assume that, as is frequently the casengmeering practice, the reference
surface is planeQ, whose fragment in any local co-ordinate systenY (X), is shown in
Fig.1.
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Figurel

Let us further assume that after conducting arnainineasurement at time momefit t

(7=0,1,2,3,...) we obtained a surfa@=, whose representation is plat@d™. The planeQ®
is defined in an instantaneous reference system® ¥X°2"%. Performing control

measurements at time momerltstit’,..., we get, respectively, surfac€& and plane<’,
(4=1,2,3,...).

In figure 1 §' denotes the distance between an irregular sur@teresulting, e.g. from
uneven elevation (settlement) of points and themaph plane Q' at any pointi, j
=0,1,2,3,..: the moment of measurement. Distancgs determined by the least squares
method, can be treated as the length of vester[s!,s!,s!]", (s!,s!,s! -components of the
vector), which is perpendicular to plag® and which determines instantaneous positions of
the plane in an unstable reference systény’xXZ.

In order to carry out further specialist analysés, coordinates of a point determined in the
measurements, i.e. in thé, X!, Z system, should then by recalculated to the X,&f&nence
system. The coordinates can be recalculated wihute of a 6-parameter transformation,
with the following parameters:

- T=[Tx,Ty,T]" translation vector of the centre of the referesystem,

- R=[ &y ,£Y,£Z]Tvector of the angles of rotation around the axithefreference system, X
Y, 2.

The 6-parameter transformation is usually carrigdagcording to the following principle:
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X, =Ti+Rix! (2.1)

The relationshipxij=[xij y;) zij]T denotes a vector of coordinates of the i-th paintan
unstable instantaneous reference system of theyrtlent measurement.

Formula (2.1) yields the following equations (foriadividual point):

X=T +x +&ly -&/Z
Y =T —ex +yl +€,7 (2.2)

Z=T) + % —eiy +2

Using GPS technology in the geodetic measurememdsevaim is to determine
surface deformations, equations of corrections eetnpoints “i” and “k” can be shown in the
following form

Vax = Xy = X ‘A&?ﬁs
Vy = Y =Y = Ay (2.3)
Vo, = £ =2 _Azio,ﬁs

Carrying out the transformation for a pair of psifit k), the relationship (2.1) should be
inserted into the relationship (2.3). Hence

obs

Vax = EZjAyij,k _EJAZij,k +Axij,k A%
_gsz)ﬂ'j,k + g)j(AZij,k + Ayij,k —Ayi?ﬁs (2.4)

obs

gJAXij,k _€>J.<Ayij,k + AZiJ:k pyAvAN

Vay

Va

Z

It should be pointed out that such substitutionultesin the disappearance of the translation
vector of the centre of the instantaneous syst'ém[T;,TYj,TZj]T. With the results of
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measurements made in various epochs, on unstabledgron@ cannot determine a vector of
translation between unstable reference systems which degetimeioptimum plane.

Let us consider the difference in coordinates, seehepénultimate column of relationships
(2.4), determined for any pairs of pointsfag', = X! - X!, Ay! =Y -Y',Az' =2 -7} It
appears from the theoretical assumptions adopted earlierrethﬁbnshipAzi{k = ij —Zij , in
which Z] and Z/ denote the altitudes of points, determines simultanediisigncess, and
sZ"i of the instantaneous surfa@ from the instantaneous optimum plafé. We can also
write that X' =s};,andY,! =s,.

As measurements are carried out at various momentsan tti@ following differences should
be considered further

ASUD-i =gi*l _ g (2.5)
Aeli*D1 =gl _ gl

wheres' =[s} s/ s, ] andAs’ =[As) ,As) ,As) 1, (s, =s) —s,As, =s| -s),

Bs =s} =S} ).

The differences shown in the relationship (2.5) cartrbated as displacementAg{! ™)

represented only by angles of rotatiey, ,,£, and strains of the objectg’™™').

Assuming that angles of rotatian , &, ,£, in particular measurement epochs will have
low values, the following can be written

X OX
Yij DYi (2.6)
z' 0z

and, respectively, for coordinate differences

X) =X OX, -X,
ij _Yij O Y -y (2.7)
z)-z')0z -2

Hence, equation (2.8) can also be written in ttieviong form
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Vae =Sk - Sk + (Y —Y)er = (2, -Z)el ‘A&?ﬁs
Vay = Sﬁ:k - Siu (X, - xi)fzj + (Z, _Zi)£>j( _Ayi?ﬁs (2.8)

bs

Va, = Sék -Séi + (X, — Xi)ng - (Y, —Yi)€>j< - AZiO’k
or in the matrix notation
v=As +As -I (2.9)

in which: v- vector of corrections,A;, A, — known matrices of coefficients,

| = Ax""s,Ay°b'5,Az°b'5]T - vector of free terms and ¢ - estimated values. Because there are no

reference points in the method, free adjustmentilshbe employed in the solution of the
problem.

3. Adjustment of the Observation Results

The unknowns can be determined by the least ssjuarethod. The adjustment
problem has the following form

¢(Sj,£j):vTPv=min} 3.1)

v=As +Az I

whereP is a matrix of weights of the measurement results.

Seeking the minimum of the objective functiw@',si):vTPv with reference to unknowns
d and ¢! yields the following relationships

9 _ 2V'PA, =0

j
gs (3.2)
99 _ 2VTPA, =0
Og’
Hence,
ATPAS' +AJPAE' —ATPI=0 (3.3)
ATPAS +ATPAE! —ATPI=0 '

Solution the relationship (3.3) is a vector of uokms X =[§',&'] with the following form
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% 8 |_|AIPA; A[PA, | ATPI (3.4)
g | [AJPA, AIPA,||A]PI

where notatior]s| denotegy — inverse of the matrix.

Determination of the covariance matrix of adjuspedametersC, =DC,D" (C, =mjP™ ),

ATPA, ATPA,|[ATP
forb=| Lt "t 1 2 L% 1 results in
A;PAl A;PA2 AZP

ATPA, ATPA,|
o
A,PA, A,PA,
where the matrix of cofactoi®; has the following form
_|AIPA, ALPA,| (3.6)
* | AJPA, AJPA,

(m§ =v'Pv/f, f=nr+d —the number of degrees of freedam: number of observations,
r —number of unknownsl — network defect).

4. An Example of Practical Application

The following experiment was conducted in ordenvéoify the proposed method of
adjustment. From the measurements of a Il clags conducted by GPS technology at
tomianki (Z. Rzepecka, A. Wasilewskiet al., 1995jragment (Fig. 2) has been selected and
used for thorough practical testing of the proposedhod of determination of displacements
and strains of terrain.
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AX, =—490.6671
Ay, =632.0110
Az,.=182.0068

A, =—769.9346
Ay, =676.1658
Az, =372.1388

DX, =—279.2672
Ny, =44.1532
Az,,=190.1305

Figure 2

The following vectors are the sought parameters

s=[s,, S, S, S, S, S, S, S, S, and £ =[g g 5]

The components of vectofsx,Ay,Az shown in Fig. 2, have been treated as the initial
measurement and adjusted by the method propoghisipaper. Subsequently, simulating the
movements of the surface under study by the vatwesented in Table 1, the data were
transformed with the use of the relationship (2T2)is produced four variants of the network

Variant number Parameters of transformation
Ty [m] Ty [m] T, [m] EX &y &
| 0.01 0.02 -0.03 2.54 1.91 1.27
I 0.01 0.02 0.03 0.25 0.19 0.13
1] 0.01 0.02 0.03 0.02 0.02 0.01
v - - 0.02 0.02 0.01
Table 1

Following the transformation of coordinates, forckeaof the analysed variants, the
vectors components\x',Ay' ,Az' were calculated, producing the “current measurémen
results”.
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Tables 2 and 3 show the results of adjustmentsiredd in the calculations. Table 2 shows
the angles of rotatiody , £, £ and their mean errors, as well as the differebetseen the

results produced in particular variants and thengry result.

Estimation results
Variant g-;c g-gc ,§ZE°
number gV - g°P &V —gP &Y - g°b
"""" P e e vy £z
(Y & &
Initial -0.05 0.04 0.04
measurement {3 T[Ty T 057 i ) )
35.32 -1.61 8.80
R SN S 35.37 1.57 8.76
22.87 21.55 12.03
8.29 21.55 18.82
T S SN S 8.34 22.32 18.78
14.20 9.42 7.58
8.01 22.34 18.73
T ot U O S 8.06 22.30 18.69
14.07 13.43 7.51
-0.05 0.09 0.05
2 e 0.00 0.05 0.01
1.00 0.96 0.53

Table 2

P — initial measurement

W —discussed variants

An analysis of the values shown in Table 2 revéladd variants I, Il and Ill, which
represent the current measurements, the differeimcése angles of rotation assume the
values within the interval <1.57 35.37%. Therefore, the conclusion can be drawn that the
net points did not retain stability in the assummefkrence system and were displaced. In

variant 1V, only the difference?zv —éYf’ allows for suspicions regarding the displacemdnt o

the net points.
In Table 3 are showing components of the vectairsr(differences between coordinates).
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Strains

Variants — = = = = = = = =
AX}N'P AYlW'P AZ}N'P AXQ""P AY3""‘P AZQN‘P AXQQ"P AYS""‘P AZQS""P

I 0.0134 | -0.0006| -0.0099 -0.0006 0.0015 0.0045 -(®0120.0009 | 0.0096

Il 0.0069 | 0.0006 | -0.0047 -0.0003 0.0013 -0.0002 -@OQ60.0019 | 0.0048

I 0.0062 | 0.0006 | -0.0047 -0.0003 0.0013 -0.0002 -@OQ60.0019 | 0.0048

v 0.0000 | 0.0000 | 0.0000f 0.0000 0.000p 0.00¢0 0.00p0O0000. | 0.0000

Table 3

The results of adjustment shown in Table 3 shoat #urface strains occurred in
variants I, Il, Ill, whereas the results of caldidas presented in variant IV do not indicate the
possibility of any strains.

The data shown in the tables allow for certain galisations concerning the analysed
example. The results shown in variants I, Il ardiritlicate that a displacement of the net
points and strain of the surface under study haeairoed. The results obtained in variant IV
indicate that only displacement have occurred énstfudy area.

5. Conclusions

The example presented above does not provide dsolan general conclusions. The
results obtained from calculations with the us¢hefproposed method are an encouragement
to conduct further, more detailed theoretical amgpieical studies.
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