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ABSTRACT

Chrzanowski, A., Chen, Y.Q., Romero, P. and Secord, J.M., 1986. Integration of geodeuc and geotechm -
cal deformation surveys in the geosciences, In: H.G. Henneberg (Editor), Recent Crustal Movements,
1985. Tectonaphysics, 130: 369-383.

Ground movement studies can utilize information from conventional geodetic surveying, photogram-
metry, and geotechnical measurements of strain, tilf, etc. Each method alone cannot yield a complete
picture of the deformation. However, each 1s complemented by the others. Hence, their integration in a
simultaneous analysis in space and in time is advocated. An integrated analysis is readily accommodated
by a gencralized mcthod of deformation analysis devised by the authors. Any number of measurements
ol any type can be considered in any fashion of modelling with full staustical assessment of the
modelling and of denved charactenstics. Such an integration 1s illustrated using data from a coal mining
area in rugged mountainous terrain of western Canada. Conventional terrestrial geodetic methads
connected 15 stations. Displacements from an additional 29 points were obtained from aerial photogram-
metry. Biaxial tiltmeters continuously measured ground tilts at 3 stations, A surface of subsidence for the
whole arca was modelled with the graphical depiction in three dimensions.

I. INTRODUCTION

Monitoring surveys in the geosciences, for purposes such as investigations of
tectonic movements, landslides, or natural or man-induced ground subsidence, can
be categorized into three main groups according to the methodology and instrumen-
tation used: geodetic surveying methods; photogrammetric surveys; and geotechni-
cal measurements (using strainmeters, extensometers, tiltmeters, etc.).

Geodetic surveys offer high accuracy in the relative positioning of discrete
monitoring points and give a global picture of the status of deformation. However,
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they are slow and their adaptation to continuous and automatic monitoring is
difficult and expensive.

Photogrammetric surveys provide an instant capture of the deformation status of
the whole object of interest, including inaccessible areas, and the [lield work is
relatively light. But their accuracy is not always sufficient.

Geotechnical surveys supply highly accurate information regarding deformation
and are easily adaptable for continuous, fully automatic and telemetric data
acquisition. In comparison with the two other methods, they are independent of
environmental conditions such as snow coverage or poor visibility. However, they
provide only local information at discrete points,

Each of the above methods, if used separately, may lead to physical misinterpre-
tation of the actual deformation. For example, change in the distances in a geodetic
network in a seismically active area may be prematurely interpreted as strain
accumulation, while in reality the observed changes could be produced just by rigid
body dislocation of the geodetic points due to discontinuities in the deformable
object. In this case, the addition of local strain measurements could help in arriving
at a proper deformation model.

From the above, one can clearly see that each of the three methods complements
the other two. Therefore, an integration of the different methods is recommended.

In practice, one could find many monitoring projects where the data from
geotechnical and geodetic measurements have been collected and analysed sep-
arately by different specialists without any attempt to integrate or, at lcast, to
exchange the inflormation for a better understanding of the deformation mechanism.

The authors have developed a generalized approach (Chen, 1983; Chrzanowski et
al., 1983) to the deformation analysis in which any type of observations mecasured in
several campaigns can be analysed simultaneously in space and time. A summary of
the approach is given below together with an example of its application to a ground
subsidence study in which geodetic, photogrammetric, and geotechnical mcasure-
ments have been integrated in a simultaneous geometrical analysis.

2. BASIC PRINCIPLE OF THE GENERALIZED APPROACH

The deformation of a body is fully described in three dimensions if nine
deformation parameters, i.e., six strain and three differential rotation components,
can be determined at each point. In addition, components of relative rigid body
motion between blocks should also be determined if discontinuities exist in the
body. The above deformation parameters can be easily calculated if a displacement
function d{(x, y, z; t—1,) is known (e.g., Sokolnikoff, 1956). Since, in practice,
deformation surveys are made only at discrete points, displacement function must
be approximated through some selected model which fits into the obscrvation data
in the best possible way.
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The displacement function can be written in matrix notation as:

u(x, y, z; 1—1,)
d(x, y,zit—ty)=|0v{x, vy, z: t—1,) | = Be (1)
W()C, Y.z titO)

where w. v, w are the components of the displacement in the x, y, z directions,
respectively, B s the deformation matrix with its elements being functions of the
position of the observation points and of time, and ¢ is the vector of unknown
coefficients. A vector Al of changes in any type of observations or quasi-observa-
tions, for instance the coordinates derived from photogrammetric surveys, can be
expressed in terms of the displacement function as:

Al=ABc = Be (2)

where 4 is the transformation matrix (or configuration matrix) relating the observa-
tions to the displacements. In the case of the observations being changes in
coordinates (displacements) of the observed points, the matrix 4 becomes the
identity matrix. The [unctional relationship between different types of observables
and coefficient vector ¢ is given in Appendix L

[f redundant observations are made, the elements of the unknown vector ¢ are
estimated through the least-squares approximation:

é=(B"P,R)BP, Al (3)

and have the covariance matrix

= U{JE(BTPMB) ) (4)
where Py, is the weight matrix for Al, and o is the variance factor.

In a more gencral case, when a simultaneous multi-epoch analysis of the
observables y. (i =1,2,..., k epochs) is performed, a gencral solution to the vector
¢ has been elaborated in Chen (1983), and reads as:

& N ko k L3 3 -1
é=|2B'PB- Y B'PIYP| YPB
2 2 1 2

k k k -1k
Y BT ;-y,—ZB."P,-(EP,-) Py, (5)
2 2

where P, is the weight matrix of observations in epoch ;.

The above solution takes care of possible datum and conliguration defects in the
monitoring network when quasi-observations are involved.

It can be shown that the solution (3) is a special case of the general solution (5)
when only two epochs are considered.

The generalized approach is applicable to any type of geometrical analysis, both
in space and in time, including the detection of an unstable area and the determina-
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tion of strain components and relative rigid body motion within a deformed object.
It allows utilization of different types of surveying data and geotechnical measure-
ments. In practical application, the approach consists of three basic processes:
identification of deformation models; estimation of the deformation parameters;
diagnostic checking of the models and the final selection of the “best” model.

The analysis procedures using the approach can be summarized in the following
steps:

Step 1. Assessment of the observations using the minimum norm quadratic
unbiased estimation (MINQUE) principle to obtain the variances of observations
and possible correlations of the observations within one epoch or between epochs, if
the a priori values are not available.

Step 2. Separate adjustment of each cpoch of geodetic or photogrammetric
observations, if such are available, for detection of outliers and systematic errors. If
correlations of the observations between epochs are not negligible, then simulta-
neous adjustment of multiple epochs of obscrvations is required.

Steps 1 and 2 overlap hecausc the existence of outhiers and systematic errors will
influence the estimated varignces and covariances and the adopted variances and
covariances of the observations will affect outlier detection.

Step 3. Comparison of pairs of epochs; selection of deformation models based on
a priori considerations and trend analysis from the displacement pattern, if such is
available from the observations. If a monitoring network suffers from datum
defects, the method of iterative weighted projection (Chen, 1983) is vsed to yield the
“best™ picture of the displacement pattern. Examples of typical deformation models
are given in Appendix II for illustration.

Step 4. Estimation of the coefficients of deformation models and their covari-
ances using all available information.

Step 5. Global test on the deformation model; testing groups of coefficients or an
individual one for significance.

The above three steps should be considered as an iterative three-step procedure,
so they necessarily overlap.

Step 6. Simultancous estimation ol the coefficients of the deformation model in
space and in time if the analysis of pairs of epochs of observations suggests that it 1s
worth doing.

This simultaneous estimation must be performed if the observations are scattered
in time. The iterative three-step procedure is still valid. The possible deformation
models can be selected either based on a priori considerations or by plotting the
observations versus time for trend analysis.

Step 7. Comparison of the models and choice of the “best” model. Since more
than one of several possible models could fit the data reasonably well, the “best”
maodel is selected according to the criteria: (a} the model passes the global statistical
test at an acceptable probability; (b) il more than one model passes the global test,
then the model with the fewest significant coefficients is selected; (¢) if the two
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above criteria cannot be satisfied, then the rationale based on physical grounds and
minimal error of fit is used.

Step 8. Calculation of the desired deformation characteristics and their accuracies
from the parameters of the *best” model.

Step 9. Graphical display of the deformation model.
A detailed description of the above steps can be found in Secord (1984).

3. APPLICATION OF THE GENERALIZED APPROACH TO A SUBSIDENCE STUDY

The generalized approach has been applied in an integrated analysis of survey
data collected in rugged mountainous terrain of western Canada over an under-
ground coal-mining operation which is described in Fisekci and Chrzanowski
{1981). The purpose of the surveys was to monitor ground movements caused by
coal extraction, Three types of observations in three dimensions were used in the
integrated analysis of the ground subsidence: changes in coordinates of 15 points
determined by terrestrial geodetic methods, changes in coordinates of 29 points
calculated from acnial photogrammetric surveys, and changes in ground tilts at three
stations obtained from remotely controlled bi-axial tiltmeters (Chrzanowski and
Fisekct, 1982). Figure 1 shows the locations of the points with respect to the
extracted coal panel. The geodetic positioning surveys, which were performed by the
polar method [rom stations located outside the subsidence area, could be performed
only during the short summer peniods when the sighted points were not covered by
snow. Similarly restricted were the photogrammetric surveys which are described
with more detail in Armenakis and Faig (1982).

The tiltmeter observations were performed continuously with a telemetric data
acquisition system which was developed at the University of New Brunswick
(Chrzanowski et al., 1980).

For the illustration of the application of the generalized approach, only two
campaigns (two epochs) of geodetic and photogrammetric observations (summers of
1980 and 1982) have been analysed, including the tiltmeter data extracted from the
continuons record (Fig. 2) (or these two cpochs only. Approximate coordinates of
all the survey points (including the tiltmeter stations) and the observed displace-
ments {(quasi-observables) and tilts, with their corresponding standard deviations in
metres and seconds of arc, are listed in Table 1.

The following observation cquations were used in the least-squares fitting of
selected deformation models (displacement functions) into the observations:

For geodetic and photogrammetric displacements at point 7

dx,=u(x,, v) (6a)
dy,=v(x,, »,) (6b)
dz, =w(x,, ») (6c)
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For the two components 7. and 7, of the tilt observations at a4 point i

d
mo= (. ) (7a)
d .
n= el ) (70)

Following the steps of the generalized approach, several possible deformation
models were fitted o the observations and statistically tested. The following
displacement function was [inally accepted as the *best™ model:

u(x, v)y=as+ax +tas vt Ay g x v+ agx tagy (Ba)
o(x. y)=by+ by +byxy + byt +box’y + byx’ (8b)
wi(x, v)=cot ex eyt exy+eax® 4 ogy? oo X v+ oxy’ + ogx’ (8¢)

Table 2 lists the estimated coefficients and their (1 — a) significances together
with the global test of the model. As one can see from the results, all the coefficients
are significant at probabilities higher than 87% [(1 — «) > 0.87]. The significance of
1.000 in the computer output was printed lor {1 —a) > 0.999, The global test
passed. Figurc 3 shows a computer-gencrated graphical display of the ground
subsidence calculated from the model.

In this particular example, a similar subsidence model would have been obtained
when using only geodetic and photogrammetric data without the three tilt stations.
However, the continuous record of the tilts supplied important information on some

TABLE 2

Coefficients of the deformation model and their (1 - o) significances

Coefficients (1—a) Coefticicnts (1 —a)
Al (091582744080 00 1 .{KKK) B4 —0.179204346713-04 0,999y
B0 — (L1RSR5635290D 00 L.0000 R6 0.4364056549D-07 08767
0 — 097062516811 O} 10000 B¥ - (.4143482424D-4)7 (19943
Al (.5136725012D-02 1.0 i 0.9933722003D-02 VOO
A2 — (15128189933 D-02 IRLLLY 2 — (.66883074001)-02 1.0000
Al — 0LARRZIONTIID-04 00,9975 1 —(0.713743469112-04 1 D000
Al — (3 11R8467750510-06 (1.9994 4 (LARR46] K663D-04 | S.8.9.0]
A —(.3213389714D-07 | OO0 [ (3.5845510260D-04 100K
A9 0.3894232203D-07 (.994% 6 —0.2332744559D-06 1.0000
B2 0.1523455053D-02 0.9247 7 0.3245244405D-06 1.000()
B3 0.1997947764D-04 19514 8 02888329518 D-07 10000

Fstimated variance factor: 1.2382997605
Degrees of freedom: 102

Chi squared test at 0.05: 0.9580 < 1.0 = 1166327
Chi squared test at 0.01: 0.8860 <14 < 1.8321?
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abrupt changes in the movements of rock masses which can be seen on the display
in Fig. 2 and which would have not been noticed without those ohservations.
Detailed discussion on the subsidence interpretation in this example has been
considered as betng beyond the scope of this paper.

4. CONCLUSIONS

Integration ol different types of observables is very important for a proper
physical interpretation and better understanding of the deformation phenomena. In
the geosciences, when the deformation studies extend over farge areas, for instance,
in investigation of earth crustal movements, an integration of space surveying
techniques (e.g.. GPS, VLBI) with micro-mcasurements (micro-geodetic and geo-
technical) of the stability of the observing stations should be made. The generalized
approach provides a tool for such analysis.

The example of the ground subsidence study in which the 3-D geodetic. photo-
grammetric, and tilt measurements have been integrated in the geometrical analysis
demonstrates the flexibility of the approach.

Appendix 11 THE FUNCTIONAL RELATIONSHIP BETWEEN DEFORMATION FARAMETERS
AND OBSERVED QUANTITIES

(1) Observation of coordinates of pownt 7, for instance, the coordinates derived
f[rom photogrammetric measurements or obtained using space techniques:

(0 (x ()
vl = nl) |+ @ (I-1)
z,{(1) z,(ty) "

or

r(ty=r(ty+d,=r{r,) +B-c (1-1)

where # is the position vector of point /, the others are defined in eqn. (1).
(2) Observation of coordinate difference hetween points 4 and /. e.g., levelling
(height difference) observation, pendulum {displacement) observation.

vty =~ )] a0 —x(ey) U,
y{t)=vila) | = nl)y —ple) {0 o (I-2)
5_;'(1-'.)_::(()_ () —z,(4,) T

or:

n(0) = nlte) =r (1) —r () + { B(x,.5.20 — to) — Bx, vz 1)) e
(1-27)
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(3) Observation of azimuth from point / to point J:

cos oy, SIn &, ; ( U, — u,-)
N BN =1
S,, cos B,,7S,, cos B, &=y

o (1) =a, {15) + | — (1-3)
where 8, and §, are the vertical angle and spatial distance from point ¢ to point j.
respectively.

The observation ol a horizontal angle is expressed as the difference of two
azimuths,

{4) Observation of the distance between point 7 and point

w,—u,;

S;(1) =8, {25) + (cos B, sin &, cos B, cos o, sin B, )« | U~ 7 (I-4)
W. — W,
4 i

(5) Observation of strain along the azimuth « and vertical angle B at point /:
e(r)=e(1,) + P'EP (1-5)
where P' = (cos 8 sin a, cos B cos a, sin 8) and:

@y du du |

dx 3y oz
. du au do
E=la &
dw dw dw

dx 9y az |

(6) Observation of a vertical angle at point i to point /:

W, —

sin B, sin o, sin B, cos a0, cos B, S
B, (t)y=8,,0i,)+]|— S . S S S HT
. i T BT W, — W, |
{7) Observation of a horizontal tiltmeter:
aw dw
T(r)zfr(to)+¥ mna+a—y Ccos o (1-7)

where « is the orientation of the uttmeter.
Appendix [I: SOME TYPICAL DEFORMATION MODELS (Chrzanowski ct al., 1982)

(1) Single point displacement or a rigid bodv displacement (Fig. 42) of 4 group of
points (say block B} with respect to a stable block (say block 4); the deformation
model is:

wx, v)=0,0,(x. y) =0, uz(x, v)=a,and c,(x, y)=b, (11-1)



Fig. 4. Typical deformation models.

(2) Homogeneous strain (Fig. 4b) in the whole body without discontinuities: for
the whole body, the hinear deformation model is:

ulx, v)=axta;yvand v(x, y)=hx+ by {(I1-2)
which, after using the well-known infinitesimal strain displacement relationships.
hecomes:
u(x, ¥)=e xte yv—wy (1I-3)
o{x, ¥)=e€  x+e p+wx (I1-4)
where:

du dr ,f du + du
€, o, €, =7—, €., —+—

Yodx Y oody 4 ( dx Oy

and:

. [ dv du
W 3= =

“tdx o Wy J

{3) A deformable body with one discontinuily, say between blocks A and B,
with different lincar deformations of each block plus a rigid body displacement of B
with respect to 4 (Fig. 4¢):

w x. v)y=ax +asy (11-5)
vylx, y)=bx+byy (I1-6)
uglx, ¥)y=c,+ o x+eyp (11-7)
vplas v) =gyt g x + gy (11-8)

In the above case, components Aw; and Ap, of a total relative dislocation at any
point { located on the discontinuity line between blocks 4 and B may be calculated
as:

Au, =up(x,. ) —ux, v) (1I-9)
and:

B, =rvg(x,. p) — o dx. ¥) (11-10)
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Usually, the actual deformation model 18 a combination of the above simple
models or, if more complicated, it 1s expressed by non-lincar displacement functions
which require fitting of higher order polynomials or other suitable functions.

If time-dependent deformation parameters are sought then the above deforma-
tion models will contain a time variable. For instance, in the first model above. if
the velocity (rate) and acceleration of the dislocation of hlock B in respect to block
A are to be lound, the deformation model would be:

u,=0.0, =0 uy=dayt+ i’ and vy =hyr + b1’ (11-11)

and. in the model of the homogeneous strain. if a linear time dependence is
assumed. the model becomes:

ulx, v () =& xt+é  yt— ayt (11-12)
rlx.yor) =€, xt+é yrt ox (11-13)

where the dot above the paramecters indicates their rate (velocity) and the double
dot, acceleration.
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