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Introduction 

In site selection and construction of 
ecologically hazardous objects, includ-
ing nuclear power objects (NPO), a spe-
cific concern is justification of long-term 
geodynamic safety in this area. The geo-
dynamically hazardous zones are widely 
revealed by surveying with Global Posi-
tioning Systems/Global Navigation Satel-
lite Systems GPS/GNSS. Recent crustal 
movements (RCM) are measured on local 
geodynamic testing grounds (GDTG). 
Yet long before GPS, it was known that 
movements recorded on ground surface 
were interference of impacts from vari-
ous scale and lifetime endogenous and 
exogenous geodynamic sources. The 
crustal blocks in the linear field of such 
sources carry out differently directed 
and alternate movements, which cumu-
latively result in a phenomenon of reduction in strain rates 
with distance between observation points. This critical 
property of a hierarchically structured geological medium is 
proved by M. A. Sadovsky, V. F. Pisarenko, S. I. Sherman, 
G. G. Kocharyan, Yu. O. Kuzmin and others [1–4]. 

Efficiency of GPS observations with baselines of thou-
sand kilometers and longer formed an illusion on suitability 
of the method to engineering problems handled on local 
geodynamic testing grounds which are seldom more than 
10 km in size. The methodology of GPS observation data 
interpretation was commonly extended from global to local 
scales. Some researchers used a block structure model of 
the Earth’s crust (discrete medium) [5], while the others rely 
upon a continuum model [6]. At the same time, the inter-
pretation of GNSS observation data faces a “fault–block” 
dilemma [4]: the dynamic element responsible for anoma-
lous deformation is either the structural block or the block 
interface (fault) and the block is then a passive element. 
This results in difficulties in construction of GDTG networks 
and in engineering evaluation of GNSS observation results. 

It is worthy of mentioning that it is critical for NPO 
that the safety criteria of engineering evaluation are reli-
able as the error of horizontal deformation may cost very 
much. For example, on the Crimea Nuclear Power Plant 
site, recent crustal movements have gradients of 8·10–6

year–1 while the allowable inclination of critical structures 
is 3·10–6 year–1 [7].

Objectives of the research 

The current problem is that the available criteria for
horizontal strains are set without regard to distances and
times of observations on GDTG. For instance, Rostekhnad-
zor [8] defines an active fault as “a fault with recent move-
ment velocity higher than 5 mm/yr.” Apparently, in case of
faults a few kilometers or a few hundred kilometers long,
strains calculated by this criterion will differ by orders of
magnitude. The new version of the document [9] recom-
mends taking into account spatial scaling when evaluating 
deformation and RCM velocities. 

The yearly mean strain rates in the areas of increased
geodynamic hazard are presented in [4, 10]. The haz-
ardous horizontal strain rate is D3 5·10–4–10–5 per year.
V. I. Ulomov [11] gives the strain rates for the Kazakhstan
Shield and dynamic areas of Tian Shan as 5·10–8 and 10–7

per year, respectively. The factor of time is also taken into
account, for instance, in [10], by introduction an empiri-
cal coefficient to reflect the cyclic nature of recent crustal
movements. The hazardous zone criterion is given by: 

θ > Cei /t, (1)
where ei are the calculated strains; i C is the empirical coef-
ficient ranging as 3–5 from the data of long-term repeated
surveys; t is the time.t

One of the first publications to generalize data of
GNSS observations on different scales was the research
by T. V. Guseva et al. [12]. The authors for the first time
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related moduli of strain rates and scales of distances
based on the long-term monitoring results. 

Obviously, strain rates in different publications scatter
by orders of magnitudes depending on spacing of obser-
vation points. Accordingly, the objectives of the research
were formulated as: 

• creation of GNSS data catalogs for different tectonic
areas and spatial scales of GDTG; 

• spatial variability analysis and classing of strains, 
plotting of maximal and average strain rates for different
scales and regions of different geodynamic behavior; 

• verification of strain rate prediction at local GDTG,
including locations of NPO, using the mentioned plots. 

Below in this article, the results of the first two objec-
tives aimed to develop unified engineering criteria for 
interpretation of strain rates on different scales in the earth
crust are presented. 

Data catalog of recent crustal movements 

The data catalog of recent crustal movements has 
been collected from open-access electronic and analog
sources. The cataloging specified that: 

• GDTG had different scales, from units to thousands
kilometers; 

• GDTG located in the regions with different tectonic
activity, from intraplatform areas to seismically hazardous
zones on the Pacific shore.

The table lists the most popular electronic databases 
of GNSS observations involved in the cataloging. Currently, 
the catalog contains information on 92 geodynamic test 
grounds. 

Classification of strain rates 

Numerical series of strain rates are divided into two
groups: the first group is strains of the background (qui-
escent) geodynamic behavior of the lithosphere; the sec-
ond group is anomalous strains. The difficulty of grouping
consists in the absence of discrimination criteria. In this 
study, the number of classes is only set, but the a priori
information on belonging of a strain sampling element to a
specific class is absent. The discrimination algorithm was 
developed. The algorithm description and the results of its
testing in terms of the time series of observations carried 
out in California, USA, are given below. 

The classification problem is generally formulated as
follows. Let X be a set of strain rate calculations by GNSSX
data; it can be split into a set of classes Y1, …, YiYY . The inte-
gral division is unknown, and each class is short of subsets
of elements with the known class belonging but the number 
of the wanted classes is assigned. Accordingly, the learn-
ing sampling is absent, and discrimination should be done 
using the “teacher-free” methods. Each element in the set 
possesses an attribute description x = [f1(x), … , f1(x)]. It is
required to build an algorithm to image the relationship XY
capable to classify an arbitrary object x � X.

The calculation can use different values characterizing 
RCM: dilation, linear or area deformation, etc. As a test
parameter of spatial features of the horizontal RCM veloci-
ties, this study selects the rate of relative change in the
distance (distance between two points on the surface of 
sphere) between GNSS observation points: 

ε΄ = ε/T, (2)
where ε = ΔL/L is the relative change in the length L of the dis-
tance between two observation points in the time interval T. 

The arc distance L (km) is found from the formula:
L = arccos[sin(α1) · sin(α2) + cos(α1) · cos(α2) · cos(β1 –

– β2)] × R,           (3)
where α1, α2 are the latitudes of the points; β1, β2 are the 
longitudes of the points; R is the average radius of theR
earth, it is assumed as 6371 km. 

The diagram ε΄(L) is plotted based on the velocities of
change in the distance between the observation points 
(mm/yr) normalized to their length. Then, the sequences 
of ε΄(L) are processed. Obviously, with increasing distance
at uniform distributions of the absolute values of RCM, 
the strain ε΄(L) will decrease. This dependence will be rep-
licated in case of any test ground with the change of the
absolute coordinate position or angle of gradient. 

An illustration of visualized data for two GDTG of differ-
ent dimensions by an order of magnitude and located in the
regions with different tectonic activity is shown in Fig. 1. 
The obtained data are the source for the discrimination.
The database comprises the values of such attributes as: 

• estimated strain rate; 
• normalizing (distance, area, etc.);
• deviation dε΄ calculated from formula (5): 
dε΄ = εí – εí+1, (5)

where i is a sequential number of the stain value; 
• deviation dL given by: 
dL = L – Li+1. (6)
• deviation density ψ:
ψi =i εí /Li, (7)
It is obligatory to calculate the deviation dε΄ with regard 

to the operator’s sign for the further discrimination to be 
feasible. As seen, the attribute space is synthesized from 
the values of the number series while the tectonic condi-
tions of GDTG are ignored.

In this study, two classes of strains are distinguished:
the values typical (conventionally “non-hazardous”) for the
deformation behavior of GDTG; the values off the first group
with higher absolute values (anomalous). Theoretically, the
group of the anomalous strains can be both at the bottom
and at the top of the diagram. This study is interested in the
subset of strains hazardous for NPO; for this reason, the
group at the top of the diagram is only chosen and the deci-
sion rules of prediction are formulated on this basis. 

The decision rules are based on the analysis of excess
over the deviation density ψ and estimated strain ε΄(L) by 
the threshold heuristic value tψ, ε :

GNSS observation databases on RCM 

No. Database Source 

1 United States Geological Survey, GPS data [13, 14]

2 The MAGNET GPS Network [15]

3 Rete Integrata Nazionale GPS [16]

4 GeoDAF: Geodetic Data Archiving Facility [17]

5 Friuli Regional Deformation Network Data Center [18]

6 EUREF Permanent GNSS Network [19, 20]

7 GNSS Time Series [21]

8 GNSS database UNAVCO [22]

9 Scripps Orbit and Permanent Array Center (SOPAC) [23]
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 (8)

or in terms of the Boolean operators:
εí (L) > tst (i –i n, i +i n) Λ (εí (L) > tst (i –i n, i +i n) Λ ψi > tψ (i –i

– n, i + i n)),          (9)
where t is the threshold heuristic value of strain or deviation 
density in the neighborhood of values i – i n, i + i n; n is the 
half-interval for estimate of the threshold t.

The threshold t is calculated as the evaluation of thet
interval (window) of a chosen point in the neighborhood 
(i – i n, i +i n). The size of the interval is governed by the num-
ber of observation points (i. e. number of baselines) and 
their average frequency within the selected distance. 

In this manner: 
• Rule 1: ψi > ti ψ — selecting offtype strains in the geo-

dynamic behavior of a test GDTG;
• Rule 2: εí (L) > tst  — selecting anomalous excess

strains;
• Rule 3: conjunction of Rules 1 and 2 — selecting 

anomalously high strains no typical of the geodynamic 
behavior of GDTG;

• Rule 4: conjunction of Rules 2 and 3 — selecting 
intersections of anomalously high strains and anoma-
lously high strains not typical of the geodynamic behavior 
of GDTG. 

This procedure uses simple estimates for selecting 
strain anomalies. The threshold t is selected empirically or 
by experts. The procedure enables correction and adapta-
tion to more specific objectives of strain grouping. 

Analytical results 

Below, a case-study of calculations performed for a 
test sampling of data on the test ground Southern Califor-
nia Network of USGS service is presented [24]. 

We calculate the rate of relative change in the distance 
between geodetic points from (6) and obtained a cloud of 
points to be analyzed. This cloud and the series of of strain 
averaged over the interval of seven values are shown for 
the demonstrativeness in Fig. 2. The values of the devia-
tion density ψ are presented in Fig. 3 also alongside with 
the averaging over the interval of seven values. 

Fig. 1. Log chart ε΄(L): 

a — more than 90 000 baselines, test ground Southern
California Network of USGS service [24];k b — 190
baselines, test ground in the Lower Kan Massif,
Krasnoyarsk Territory [3].

Fig. 2. Log chart ε΄(L) by data from [24]: 

1 — calculated values of arc length change rate ε΄; 
2 — averaged strains over interval2 2n = 7

Fig. 3. Diagram of deviation density ψ:

1 — calculated values of deviation density ψ; 
2 — averaged deviation densities over interval2 2n = 7
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Application of the algorithm of decision rules to the
test data sampling allows identifying two classes of
strains. The calculation results are shown in Fig. 4. It is
worth mentioning that this example is unsuitable for the
analysis of the compression–tension strains as the arc
length formula (2) is not intended for that. However, it is
possible to plot individual diagrams for any type strains
and analyze them. 

These results allow two classes to be distinguished
in the data cloud—strain rates typical of the geodynamic
behavior in the test region, which are assumed as non-
hazardous, and higher strain rates assumed as hazardous.
The hazardous strains are determined for each distance to 
which ground surface displacement recorded by GNSS is
normalized. The obtained results are applicable in develop-
ment of new engineering criteria of NPO operation safety 
with regard to the scale effect, or in assessment of geo-
dynamic behavior in the test ground. Thus, the algorithms 
of processing, including neural nets [25] of data on RCM
velocities using GNSS observations can enable highly reli-
able detection of areas with anomalously high strain rates
on ground surface. 
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Fig. 4. Diagram of distinguished strain rates on the 

test ground: 

1 — upper boundary of anomalous strain rates; 2 — 
boundary between strain rate classes; 3 — average values 
in the group of anomalously high strain rates; 4 — average 
values in the group of background strain rates
Squares — high strain rates; criss-crosses — typical strain 
rates (group 1)
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