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Civil engineering structures (e.g., bridges, dams) are exposed 
to deformation under the influence of various factors such 
as water level changes, landslides, tectonic phenomena, etc. 
These deformations must be periodically monitored. Various 
deformation analysis approaches have been developed to 
describe the behaviour of a structure or natural process. The 
most significant task in deformation analysis is to correctly 
classify whether the points are stable or unstable. In this 
study, various robust weight functions for determination of 
stable/unstable points were applied to the Deriner Dam using 
GNSS (Global Navigation Satellite System) data measured 
over four different periods. The robust weight functions 
examined included the Andrews, Beaton−Tukey, Cauchy, 
Danish, Fair, German−McClure, Hampel, Huber, L1, and 
L1−L2. Test results were evaluated, and the performances of 
the different deformation analysis methods were determined. 
It was concluded that the horizontal deformations based on 
GNSS data determined by these robust weight functions were 
in good agreement with each other, except for the L1−L2. The 
results of all approaches were also compared with the results 
of the θ2–Criteria method. According to the results obtained, 
although the θ2–Criteria and the robust methods yielded 
nearly similar results, the results of the θ2–Criteria method 
were thought to be more reliable.

Gradbeni objekti, kot so mostovi in jezovi, so izpostavljeni 
različnim deformacijam, ki jih moramo stalno spremljati. 
V preteklosti so bili razviti različni pristopi za preučevanje 
obnašanja grajenega ali naravnega objekta. Najpomembnejša 
naloga pri deformacijski analizi je določiti, ali so točke stabilne 
ali nestabilne. V raziskavi so bile uporabljene različne robustne 
utežne funkcije za določitev stabilnosti oziroma nestabilnosti 
točk na primeru jezu Deriner, pri čemer smo uporabili podatke 
opazovanj GNSS (angl. Global Navigation Satellite System) 
iz štirih terminskih izmer. Pri tem smo uporabili Andrewsovo, 
Beaton-Tukeyjevo, Cauchyjevo, dansko, Fairovo, German-
McClurejevo, Hampelovo, Huberjevo, L1 in L1–L2 robustno 
funkcijo. Na podlagi rezultatov izračunov smo ocenili lastnosti 
uporabljenih metod deformacijske analize. Ne glede na metodo, 
ki je bila uporabljena, se je izkazalo, da so skoraj vse opazovane 
točke na jezu Deriner v obravnavanem 1,5-letnem obdobju 
nestabilne. Položaji točk so bili nedvoumno pod vplivom vodne 
obremenitve. Izkazalo se je tudi, da so horizontalni premiki 
opazovanih točk, ki so bili določeni na podlagi opazovanj 
GNSS in robustnih utežnih funkcij, podobni za vse uporabljene 
metode – izjema so rezultati izračuna po metodi L1−L2. Vsi 
ti rezultati so bili primerjani še z izračuni po metodi θ2. Glede 
na izračune, pridobljene po tej metodi, lahko ugotovimo, da 
so rezultati primerljivi, čeprav je bila v preteklosti metoda θ2 
obravnavana kot primernejša.
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1 INTRODUCTION

In Turkey, dams established with very substantial financial resources are the most important facilities for 
the management of our water. Dams are the structures that provide society with many different benefits 
such as energy, irrigation water, flood control, and recreational facilities. However, to ensure the sustain-
ability of these benefits and to prevent future disasters, the existing dams must be safely operated and 
managed. Dam safety plays an important role in increasing the efficiency of these facilities. Geodetic 
and geotechnical/structural methods are used to carry out investigations into possible deformation 
(Setan and Sing, 2001; Setan et al., 2003; Erol et al., 2004). The non–geodetic (geotechnical) methods 
use instruments such as accelerometers, extensometers, inclinometers, magnetic columns, piezometers, 
tiltmeters, pendulums, vibration meters, and strainmeters (Amiri-Simkooei et al., 2017). The geodetic 
method is based on geodetic networks that are established and periodically measured using different 
methods (i.e., total station measurements, levelling, GNSS) (Scaioni et al., 2018). The object or area 
under investigation is represented by several points consisting of stable landmarks or marked locations. 
The points are then measured at least twice more at different times, and the results analysed. Statistically 
significant displacements are evaluated using deformation analysis methods found in the literature, in-
cluding those based on the congruency test (Niemeier, 1981; Pelzer, 1971, 1974) and methods based on 
robust estimation, specifically on the robust M−estimation (Nowel, 2015a, 2015b; Nowel and Kamiński, 
2014), the M−split estimation (Duchnowski and Wiśniewski, 2012; Wiśniewski, 2009, 2010) and the 
R−estimation (Duchnowski, 2013; Duchnowski and Wiśniewski, 2017).   

A wealth of studies can be found in the literature covering geodetic deformation monitoring for stability 
and safety in various types of dams (Acosta et al., 2018; Alcay et al., 2018; Barzaghi et al., 2018; Bayrak, 
2008; Gikas and Sakellariou, 2008; Guler et al., 2006; Kalkan, 2014; Manake and Kulkarni, 2002; Saidi 
et al., 2017; Taşçi, 2008; Xiao et al., 2019). Bayrak (2007) evaluated the vertical displacements of the 
Yamula Dam based on terrestrial geodetic measurement operations during the first filling of the reservoir. 
Six reference and nine object points were utilised to detect the vertical movements. A total station (Sokkia 
530R) was used to collect the height data. Measurements were carried out over four periods (December 
2003, March 2004, November 2004 and April 2005). The free network adjustment technique was applied 
to adjust each measurement period. Geodetic measurements were then analysed using models based on 
the static global congruency test, the kinematic Kalman−Filter, and the dynamic Kalman−Filter. Each 
model yielded consistent results. The results indicated that reservoir water level changes were a significant 
triggering factor for Yamula Dam deformation. Besides, compared to other deformation models, the 
developed dynamic model presented the relationship between the vertical movements and the reservoir 
level changes. Taşçi (2010) evaluated the horizontal displacements of the Altinkaya Dam by means of the 
GPS (Global Positioning System) measurement technique. To monitor the displacements, six reference 
and ten object points were installed at the dam crest and around it. The first measurement operation was 
performed on 21 September 2000. Three more measurement assessments were then carried out (5 May 
2001, 20 September 2001, and 27 May 2002). The iterative weighted similarity transformation, least 
absolute sum, congruency test, and Fredericton approach were utilised to determine the stable/unstable 
points. The points with a horizontal displacement greater than or equal to 4 mm were considered as 
unstable. The results also showed that horizontal displacements could occur in the middle part of the 
dam caused by the reservoir water level. Yigit et al. (2016) established a geodetic network of ten reference 
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and nineteen object points to investigate the horizontal deformations at the crest of the Ermenek Dam. 
In their study, a conventional measurement method (a total station with a prism) and a conventional 
deformation analysis technique were used and Pope’s test was adopted to detect outlying observation(s). 
The results indicated that there was a correlation between relative movements and reservoir water load. 
Furthermore, it was concluded that a 58–m increase in water level caused a movement of about 1 cm 
on the dam crest. Yavaşoğlu et al. (2018) investigated the long-term (over ten years) behaviour of the 
Atatürk Dam on the Euphrates River in Turkey. Conventional and GNSS (Global Navigation Satellite 
System) data were used to monitor measured deformations.  Furthermore, conventional deformation and 
strain analysis were also applied. It was concluded that the strain and deformation analysis results were 
compatible with each other. The results also demonstrated that the dam body had become more stable, 
and the displacement rate of the dam had decreased significantly despite the increase in the water load. 
Using GNSS, Konakoglu et al. (2020) evaluated the horizontal and vertical movements of Deriner Dam 
analysed using the θ 2–Criteria (classical deformation) method to determine the statistically displaced 
points in a geodetic deformation network. They found significant horizontal and vertical movements on 
the dam crest. However, the vertical movements were deemed erroneous because they were higher than 
expected. Only the θ 2–Criteria method was used to detect stable/unstable points in the Deriner Dam. 

The aim of this present study was to evaluate the horizontal displacements of the Deriner Dam using ten 
different robust weight functions. In view of the above, the Andrews, Beaton−Tukey, Cauchy, Danish, Fair, 
German−McClure, Hampel, Huber, L1, and L1−L2 robust weight functions were applied. The perfor-
mances of these functions were investigated to evaluate their behaviours and similarities in the detection 
of existing deformations. Afterwards, the results were compared with those of the θ 2–Criteria method.

This paper is organised as follows. The introduction section provides a brief review of the ten weight functions 
used for detecting stable/unstable points in a geodetic deformation network: the Andrews, Beaton−Tukey, 
Cauchy, Danish, Fair, German−McClure, Hampel, Huber, L1, and L1−L2. The following section introduces 
the study area, the geodetic deformation network used, and the GNSS measurements. The subsequent 
section presents the results based on the deformation analyses, and the findings are discussed by comparing 
them with the results of the θ 2–Criteria method. Finally, some conclusions are given in the last section.

2 ROBUST METHODS

Robust methods have been applied in scientific fields more frequently after the publication of Huber’s 
article (Huber, 1964). These methods are used to predict the tendency of point displacing and have a 
wide range of applications for deformation detection. Robust methods are based on the S−transforma-
tion (Helmert’s similarity transformation), as expressed in Eq. (1).
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where d  the displacement vector; Qd  its cofactor matrix; S(k)  I  Q(HTW (k)H)1HTW (k) ; I  the 
identity matrix; and H  the inner constraints datum matrix, which spans the null space of the design 
matrix. In the first iteration (k  1), the weight matrix is accepted as W (k)  I (Setan and Singh, 2001).
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Several robust weight functions have been proposed and commonly used to solve geodetic problems. For 
example, if the Huber weight function is adopted for the displacement problem, in the subsequent itera-
tions, the weights of the points will be determined as shown in Eq. (2) (Chen, 1983; Chen et al., 1990).
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The displacement vector components depend on the orientation of the reference system of the network, 
which is determined by approximate coordinates. Caspary and Borutta (1987), Caspary et al. (1990), 
and Caspary (2000) proposed that the best solution may be for the weight function variables to be the 
lengths of the displacement vectors. For example, if the Huber weight function is the weight function 
and the variables are in the form of the lengths of the displacement vectors, then the weight function 
will take this form, as in Eq. (3).
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al., 2006).

The iterative procedure given in Eq. (1) continues until the differences between the displacements of all 
common points |d (k  1)  d (k ) | are less than the tolerance value ε (i.e., 0.0001 m.).

2.1 Other weight functions of robust methods used in this study
 – Andrews weight function (Andrews, 1974)  

 The Andrews weight function assumes the form of Eq. (4).
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 where 
ii sq cσ= ˆˆ ; c  1.5.       

 – Beaton−Tukey weight function (Beaton and Tukey, 1974)
 The Beaton−Tukey weight function assumes the form of Eq. (5).
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 where 
ii sq cσ= ˆˆ ; c  1.5.

 – Cauchy weight function (Pennacchi, 2008)
 The Cauchy weight function assumes the form of Eq. (6).
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 where 
ii sq cσ= ˆˆ ; c  2.3849.

 – Danish weight function (Berberan, 1992)
 The Danish weight function assumes the form of Eq. (7).
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 where 
ii sq cσ= ˆˆ ; c  3.

 – Fair weight function (Pennacchi, 2008)
 The fair weight function assumes the form of Eq. (8).
 

ˆ
1

1
i

i

i

w
s
q

=
+

 (8)

 where 
ii sq cσ= ˆˆ ; c  1.3998.

 – German−McClure weight function (Pennacchi, 2008)
 The German−McClure weight function assumes the form of Eq. (9).
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 – Hampel weight function (Hampel et al., 1986)
 The Hampel weight function assumes the form of Eq. (10).
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 where 
ii sq aσ= ˆˆ ; 

ii su bσ= ˆˆ ; 
ii sv cσ= ˆˆ ; a  1.5; b  3; and c  6(Erenoglu and Hekimoglu 2007).

 – L1 weight function (Pennacchi, 2008)
 The L1 weight function assumes the form of Eq. (11).
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 – L1−L2 weight function (Pennacchi, 2008)
 The L1−L2 weight function assumes the form of Eq. (12).
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Two hypotheses were proposed to investigate whether there were any statistically significant movements 
during the time span between two periods: the null hypothesis (H0) and the alternative hypothesis (HA), 
expressed as Eqs. (13) and (14), respectively.

 = − =0 2 1
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where E  the expectation operator. If H0 is true, it means that there was no significant deformation 
for any of the geodetic network points. In the opposite case, a group of geodetic network points did 
not remain stable during the time span between the two periods and the final displacement vector d 
and its final cofactor matrix Qd are obtained from the final iteration.

In order to decide whether or not id̂  might be interpreted as displacement, the test formula was set as in 

Eq. (15).
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where σ =2
0

ˆ  the pooled variance factor estimator for the two measurement periods; F  Fisher’s distribution; 

a  the significance level (generally a  0.05); ( )1

î
i d

h rank Q −= ; and f  the number degrees of freedom for 

all measurement periods. If the aforementioned test is failed (i.e., Ti  F(1  a, hi, f  ), this means that point 
i can be regarded as unstable; otherwise, it can be stated that this point was not significantly displaced.

3 STUDY AREA, GEODETIC DEFORMATION NETWORK USED AND GNSS MEASUREMENTS

The Deriner Dam, which is a double−curvature concrete dam, was constructed in the north-eastern Black 
Sea Region of Turkey (Fig. 1). This structure is one of the highest arc dams in the world. It was built 
under the Coruh River Basin master plan. This plan includes 30 dams. The Deriner project was begun 
in 1998 and completed in 2013 and has a designed maximum storage capacity of 1.970 million m3. 
The height of the Deriner Dam is 249 m and its crest length is 720 m, with the crest width of the crown 
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cantilever measuring 12 m. The dam provides a significant amount of energy to Turkey. With its four 
vertical energy generation units, the dam is estimated to produce 2,300 GWh of electrical energy annually.

Figure 1: Location of Artvin and the Deriner Dam.

The geodetic deformation network consists of twelve reference and seven object points used to monitor the 
displacements via GNSS. Figure 2 presents the location of the reference and object points in the study area. 

Figure 2: Reference and object points shown in Google Earth (Image ©2020 Maxar Technologies).
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Four measurement operations were performed on the geodetic deformation network (May 2016, Novem-
ber 2016, May 2017, and August 2017). Each measurement operation was carried out on 2 consecutive 
days. Static GNSS observations were conducted in the points of this geodetic deformation network. The 
observation duration was set for at least two hours and one hour for the reference and object points. The 
elevation cut‒off angle and the data-sampling rate was set to 15° and 10 sec, respectively. Four HiPer 
Pro and four GR5 receivers were used for all periods. Attention was paid to use GNSS receivers at the 
same points in all measurement periods. The GNSS receivers installed on a concrete pillar can be seen 
in Figure 3.

Figure 3: GNSS receivers on reference points 117 (left) and 104 (right). 

The GNSS measurements were post-processed via the Magnet Tools 5.1 software. The Cartesian coor-
dinate differences and cofactor matrices of these differences were then obtained. This software can give 
geocentric Cartesian coordinates in the World Geodetic System 1984 (WGS84) datum. In order to see 
the real direction of the displacement, all WGS84 geocentric Cartesian coordinates had to be transformed 
into the local topocentric coordinate system. The point 1139 was chosen as the origin of the topocentric 
coordinate system. For more information about the transformation procedure, one may refer to Yigit 
(2016). Each period was adjusted separately using the free network adjustment technique. The Huber 
M-estimation method was used to determine the outlying observation(s) (Huber, 1981). Since the vertical 
displacements in Konakoglu et al. (2020) were found to be erroneous, the vertical displacements were 
not analysed in this study. Water levels were about 389 m in May 2016, 377 m in November 2016, 364 
m in May 2017, and 374 m in August 2017.
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4 RESULTS AND DISCUSSION

To determine the displaced points in the Deriner Dam geodetic deformation network, a comparative 
analysis was carried out using ten different robust weight functions. The May 2016 period was taken as 
the reference period. First, the horizontal displacements (d) and test values (T) were calculated. Subse-
quently, the test values were compared with the F−distribution table to determine whether or not the 
displacements of the points were significant. The results of the reference and object points for the periods 
May−November 2016, May 2016−May 2017, and May 2016−August 2017 are given in Tables 1, 2, 
and 3, respectively. The stable or unstable expression of a point is shown in the decision column in the 
tables. If the point had significantly changed, the (✓) sign denotes “unstable”; otherwise, the () sign 
indicates “stable”. Test values (T) are also given in Figures 4, 5, and 6 for the periods May−November 
2016, May 2016−May 2017, and May 2016−August 2017, respectively. 

According to the results of the deformation analyses performed with different robust weight functions 
during the period between May and November 2016 (Table 1), the number of points determined 
as unstable included: 9 points with the Andrews, Beaton−Tukey, Cauchy, and Danish methods, 10 
points with the Huber method, 14 points with the L1 method, 15 points with the German−McClure 
and Hampel methods, and 16 points with the Fair and L1−L2 methods. The Fair, German−McClure, 
Hampel, L1, and L1−L2 methods found almost the same number of points to be unstable during this 
period.  

According to the results of the deformation analyses performed with different robust weight functions 
during the period between May 2016 and May 2017 (Table 2), the number of points determined as 
unstable included: 10 points with the Andrews, Beaton−Tukey, Cauchy, Danish, German−McClure, 
Hampel and L1 methods, 11 points with the Huber method, and 12 points with the Fair and L1−L2 
methods. All robust methods determined the number of unstable points to be between 10 and 12 dur-
ing this period. 

According to the results of the deformation analyses performed with different robust weight functions 
during the period between May 2016 and August 2017 (Table 3), the number of points determined 
as unstable included: 7 points with the Cauchy, Danish, Hampel, and Huber methods, 9 points with 
the Fair method, German−McClure, and L1 methods, 10 points with the Andrews method, 12 points 
with the Beaton−Tukey method, and 15 points with the L1−L2 method. The Andrews, Beaton−Tukey, 
Cauchy, and Danish robust methods detected nearly the same number of unstable points, except for the 
period between May 2016 and August 2017. The reason for this difference may be that the test values 
of the unstable points in the period between May 2016 and August 2017 were very close to each other, 
but below the tolerance value. 

By comparing the results of all the robust weight functions, the values of the displacement magnitudes 
calculated with the L1−L2 method were generally found to be higher than those of the other methods. 
Thus, this method detected many more unstable points compared with the other methods. This can be 
clearly seen from the calculated test values shown in Tables 1, 2, and 3. 

Significant displacements were seen at object points 1115, 1121, and 1127, which are in the middle of 
the dam crest. Considering all the GNSS measurements performed in all periods, the largest horizontal 
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displacement (i.e., 2.60 cm) was experienced at object point 1121 at the middle of the dam crest. It was 
also seen that the horizontal displacements gradually decreased towards the right and left abutments. 
Despite this decrease, the horizontal displacements for object points 1103 and 1139 reached an average 
of 6−7 mm between the periods of May 2016 and May 2017. This may demonstrate that the left and 
right abutment sections of the dam were not rigid between these periods. Starting from May 2016 up 
to May 2017, the reservoir water level had dropped about 25 m. That was the reason for the excessive 
displacement on the left and right abutments. Although there was an increased difference in the reservoir 
water level from May 2016 to May 2017, a slowdown was observed in the displacements of the object 
points at the middle part of the dam. 

Between the periods of May 2016 and November 2016, the horizontal displacements for object points 
1103 and 1139 did not exceed about 3−4 mm in any of the models except L1 and L1−L2. 

According to the results of the deformation analyses performed with different robust weight functions, 
the reference point 102 was determined as unstable in all period comparisons. Moreover, for the period 
between May 2016 and May 2017 reference point, 112 was detected to be unstable based on the results 
of all methods. The reference points are thought to act for another reason, considering that they are not 
affected by the water load.

The amounts of horizontal displacement for the periods May 2016−November 2016 and May 2016−
August 2017 are very similar. The reason for this situation may be that the November 2016 and August 
2017 periods had almost the same water levels.

Figure 4: Calculated test values May 2016−November 2016.

Figure 5: Calculated test values May 2016−May 2017. 
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Figure 6: Calculated test values May 2016−August 2017. 

Table 1: Deformation analysis with the ten robust weight functions for May 2016 − November 2016.

Andrews
Beaton-
Tukey

Cauchy Danish Fair
German-
McClure

Hampel Huber L1 L1L2

PN d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec.

Re
fe

re
nc

e 
Po

in
ts

101 0.26 ✓ 0.33 ✓ 0.25 ✓ 0.25 ✓ 0.14  0.16  0.10  0.35 ✓ 0.09  −0.12 

102 0.93 ✓ 0.99 ✓ 0.92 ✓ 0.91 ✓ 0.80 ✓ 0.82 ✓ 0.77 ✓ 1.02 ✓ 0.75 ✓ 0.54 ✓

104 0.18  0.25  0.17  0.17  0.06  0.08  0.03  0.27 ✓ 0.01  −0.20 

105 0.11  0.18  0.10  0.09  −0.01  0.01  −0.05  0.20 ✓ −0.06  −0.27 ✓

107 −0.09  −0.02  −0.10  −0.10  −0.21 ✓ −0.19 ✓ −0.25  0.00  −0.26 ✓ −0.47 ✓

108 −0.09  −0.02  −0.10  −0.10  −0.21 ✓ −0.19 ✓ −0.25 ✓ 0.00  −0.26 ✓ −0.47 ✓

109 −0.05  0.02  −0.06  −0.06  −0.17 ✓ −0.15  −0.20 ✓ 0.04  −0.22  −0.43 ✓

111 −0.06  0.01  −0.07  −0.07  −0.18 ✓ −0.16 ✓ −0.21 ✓ 0.03  −0.23 ✓ −0.44 ✓

112 −0.07  0.00  −0.08  −0.09  −0.19 ✓ −0.17 ✓ −0.23 ✓ 0.02  −0.24 ✓ −0.45 ✓

116 0.29 ✓ 0.35 ✓ 0.28 ✓ 0.27 ✓ 0.16 ✓ 0.18 ✓ 0.13  0.38 ✓ 0.11  −0.10 

117 −0.10  −0.03  −0.11  −0.12  −0.22 ✓ −0.20 ✓ −0.26 ✓ −0.01  −0.27 ✓ −0.48 ✓

118 −0.08  −0.01  −0.08  −0.09  −0.20 ✓ −0.18 ✓ −0.23 ✓ 0.01  −0.25 ✓ −0.46 ✓

O
bj

ec
t P

oi
nt

s

1103 −0.06  0.01  −0.07  −0.08  −0.18 ✓ −0.16 ✓ −0.22 ✓ 0.03  −0.23 ✓ −0.44 ✓

1109 0.79 ✓ 0.85 ✓ 0.78 ✓ 0.77 ✓ 0.66 ✓ 0.68 ✓ 0.63 ✓ 0.88 ✓ 0.61 ✓ 0.40 ✓

1115 2.00 ✓ 2.07 ✓ 1.99 ✓ 1.99 ✓ 1.88 ✓ 1.90 ✓ 1.85 ✓ 2.09 ✓ 1.83 ✓ 1.62 ✓

1121 2.24 ✓ 2.30 ✓ 2.23 ✓ 2.22 ✓ 2.11 ✓ 2.13 ✓ 2.08 ✓ 2.33 ✓ 2.06 ✓ 1.86 ✓

1127 1.69 ✓ 1.76 ✓ 1.68 ✓ 1.68 ✓ 1.57 ✓ 1.59 ✓ 1.54 ✓ 1.78 ✓ 1.52 ✓ 1.31 ✓

1133 1.08 ✓ 1.15 ✓ 1.07 ✓ 1.07 ✓ 0.96 ✓ 0.98 ✓ 0.92 ✓ 1.17 ✓ 0.91 ✓ 0.70 ✓

1139 −0.22  −0.15  −0.22 ✓ −0.23 ✓ −0.34 ✓ −0.32 ✓ −0.37 ✓ −0.13  −0.39 ✓ −0.60 ✓

PN = Point Number, d = horizontal displacements (cm), Dec. = Decision, the (✓) sign denotes “unstable”, the () sign indicates “stable”
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Table 2:  Deformation analysis with the ten robust weight functions for May 2016 − May 2017.

Andrews
Beaton−
Tukey

Cauchy Danish Fair
German−
McClure

Hampel Huber L1 L1−L2

PN d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec.

Re
fe

re
nc

e 
Po

in
ts

101 0.07  0.06  0.05  0.05  −0.01  0.04  −0.04  0.01  0.01  −0.15 

102 2.19 ✓ 2.18 ✓ 2.17 ✓ 2.17 ✓ 2.11 ✓ 2.15 ✓ 2.07 ✓ 2.13 ✓ 2.13 ✓ 1.96 ✓

104 0.02  0.01  0.00  0.00  −0.06  −0.02  −0.10  −0.04  −0.04  −0.21 

105 −0.04  −0.05  −0.06  −0.06  −0.12  −0.07  −0.15  −0.10  −0.10  −0.26 ✓

107 −0.09  −0.10  −0.11  −0.11  −0.17  −0.12  −0.20  −0.15  −0.15  −0.31 ✓

108 −0.38 ✓ −0.39  −0.40 ✓ −0.40 ✓ −0.46 ✓ −0.41 ✓ −0.49 ✓ −0.44 ✓ −0.44 ✓ −0.60 ✓

109 −0.17  −0.17  −0.19  −0.18  −0.25 ✓ −0.20  −0.28  −0.23  −0.23  −0.39 ✓

111 0.79 ✓ 0.78 ✓ 0.77 ✓ 0.77 ✓ 0.71 ✓ 0.76 ✓ 0.68 ✓ 0.73 ✓ 0.73 ✓ 0.57 ✓

112 −0.27 ✓ −0.27 ✓ −0.28 ✓ −0.28 ✓ −0.34 ✓ −0.30 ✓ −0.38 ✓ −0.33 ✓ −0.33  −0.49 ✓

116 0.01  0.01  0.00  0.00  −0.06  −0.02  −0.10  −0.05  −0.04  −0.21 

117 0.20  0.20  0.19  0.19  0.13  0.17  0.09  0.15  0.15  −0.02 

118 −0.17  −0.17  −0.19  −0.18  −0.25 ✓ −0.20  −0.28  −0.23 ✓ −0.23  −0.39 ✓

O
bj

ec
t P

oi
nt

s

1103 −0.55 ✓ −0.56 ✓ −0.57 ✓ −0.57 ✓ −0.63 ✓ −0.58 ✓ −0.66 ✓ −0.61 ✓ −0.61 ✓ −0.77 ✓

1109 0.22  0.22  0.21  0.21  0.15  0.19  0.11  0.16  0.16  0.00 

1115 1.21 ✓ 1.21 ✓ 1.19 ✓ 1.20 ✓ 1.13 ✓ 1.18 ✓ 1.10 ✓ 1.15 ✓ 1.15 ✓ 0.99 ✓

1121 1.07 ✓ 1.06 ✓ 1.05 ✓ 1.05 ✓ 0.99 ✓ 1.04 ✓ 0.96 ✓ 1.01 ✓ 1.01 ✓ 0.85 ✓

1127 1.06 ✓ 1.06 ✓ 1.04 ✓ 1.05 ✓ 0.98 ✓ 1.03 ✓ 0.95 ✓ 1.00 ✓ 1.00 ✓ 0.84 ✓

1133 0.64 ✓ 0.63 ✓ 0.62 ✓ 0.62 ✓ 0.56 ✓ 0.61 ✓ 0.52 ✓ 0.58 ✓ 0.58 ✓ 0.41 ✓

1139 −0.67 ✓ −0.67 ✓ −0.68 ✓ −0.68 ✓ −0.74 ✓ −0.70 ✓ −0.78 ✓ −0.73 ✓ −0.73 ✓ −0.89 ✓ 

PN = Point Number, d = horizontal displacements (cm), Dec. = Decision, the (✓) sign denotes “unstable”, the () sign indicates “stable”

Table 3: Deformation analysis with the ten robust weight functions for May 2016−August 2017.

Andrews
Beaton−
Tukey

Cauchy Danish Fair
German−
McClure

Hampel Huber L1 L1−L2

PN d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec. d Dec.

Re
fe

re
nc

e 
Po

in
ts

101 −0.19 ✕ −0.06 ✕ −0.23 ✕ −0.20 ✕ −0.34 ✕ −0.29 ✕ −0.24 ✕ −0.22 ✕ −0.49 ✓ −0.67 ✓

102 2.75 ✓ 2.89 ✓ 2.71 ✓ 2.74 ✓ 2.60 ✓ 2.65 ✓ 2.70 ✓ 2.72 ✓ 2.45 ✓ 2.27 ✓

104 0.15 ✕ 0.29 ✓ 0.11 ✕ 0.14 ✕ 0.00 ✕ 0.05 ✕ 0.11 ✕ 0.12 ✕ −0.15 ✕ −0.33 ✓

105 0.02 ✕ 0.15 ✕ −0.02 ✕ 0.01 ✕ −0.13 ✕ −0.09 ✕ −0.03 ✕ −0.02 ✕ −0.28 ✕ −0.46 ✓

107 −0.25 ✕ −0.11 ✕ −0.28 ✕ −0.26 ✕ −0.39 ✓ −0.35 ✓ −0.29 ✓ −0.28 ✕ −0.54 ✓ −0.72 ✓

108 0.29 ✓ 0.43 ✓ 0.26 ✕ 0.28 ✕ 0.15 ✕ 0.19 ✕ 0.25 ✕ 0.26 ✕ 0.00 ✕ −0.18 ✕

109 −0.01 ✕ 0.13 ✕ −0.05 ✕ −0.02 ✕ −0.16 ✕ −0.11 ✕ −0.06 ✕ −0.04 ✕ −0.31 ✕ −0.49 ✓

111 0.31 ✓ 0.45 ✓ 0.27 ✕ 0.30 ✕ 0.16 ✕ 0.21 ✕ 0.26 ✕ 0.28 ✕ 0.01 ✕ −0.17 ✕

112 0.14 ✕ 0.28 ✓ 0.10 ✕ 0.13 ✕ −0.01 ✕ 0.04 ✕ 0.10 ✕ 0.11 ✕ −0.16 ✕ −0.34 ✓

116 −0.05 ✕ 0.09 ✕ −0.08 ✕ −0.06 ✕ −0.19 ✕ −0.15 ✕ −0.09 ✕ −0.08 ✕ −0.34 ✕ −0.52 ✓

117 0.16 ✕ 0.29 ✓ 0.12 ✕ 0.15 ✕ 0.01 ✕ 0.05 ✕ 0.11 ✕ 0.12 ✕ −0.14 ✕ −0.32 ✕

118 0.26 ✓ 0.40 ✓ 0.22 ✕ 0.25 ✕ 0.11 ✕ 0.16 ✕ 0.22 ✕ 0.23 ✕ −0.04 ✕ −0.22 ✕

O
bj

ec
t P

oi
nt

s

1103 −0.20 ✕ −0.06 ✕ −0.23 ✕ −0.21 ✕ −0.34 ✓ −0.30 ✓ −0.24 ✕ −0.23 ✕ −0.49 ✓ −0.67 ✓

1109 0.72 ✓ 0.86 ✓ 0.68 ✓ 0.71 ✓ 0.57 ✓ 0.62 ✓ 0.67 ✓ 0.69 ✓ 0.42 ✕ 0.24 ✓

1115 2.34 ✓ 2.47 ✓ 2.30 ✓ 2.33 ✓ 2.19 ✓ 2.24 ✓ 2.29 ✓ 2.31 ✓ 2.04 ✓ 1.86 ✓

1121 2.46 ✓ 2.60 ✓ 2.42 ✓ 2.45 ✓ 2.31 ✓ 2.36 ✓ 2.42 ✓ 2.43 ✓ 2.16 ✓ 1.98 ✓

1127 2.30 ✓ 2.44 ✓ 2.26 ✓ 2.29 ✓ 2.15 ✓ 2.20 ✓ 2.25 ✓ 2.27 ✓ 2.00 ✓ 1.82 ✓

1133 1.24 ✓ 1.38 ✓ 1.21 ✓ 1.23 ✓ 1.09 ✓ 1.14 ✓ 1.20 ✓ 1.21 ✓ 0.94 ✓ 0.77 ✓

1139 −0.42 ✓ −0.28 ✓ −0.46 ✓ −0.43 ✓ −0.57 ✓ −0.52 ✓ −0.47 ✓ −0.45 ✓ −0.72 ✓ −0.90 ✓ 

PN = Point Number, d = horizontal displacements (cm), Dec. = Decision, the (✓) sign denotes “unstable”, the (✕) sign indicates “stable”
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A previous study was conducted by Konakoglu et al. (2020) using the 2–Criteria method with the same 
GNSS data, while ten different robust weight functions were employed to detect stable/unstable points 
in the present study. A 3-dimensional deformation analysis was performed by Konakoglu et al. (2020). 
The horizontal displacement results of the 2–Criteria method for the periods May 2016–November 
2016, May 2016–May 2017 and May 2016–August 2017 are given in Table 4. Considering all the 
GNSS measurements performed in all periods, only reference point 111 was determined to be stable. 
Konakoglu et al. (2020) stated that the vertical displacements are larger than expected, although this is 
statistically significant, and this situation is unacceptable. In Table 4, the displacements indicated with 
an asterisk (*) are the reference and object points that are appeared to be stable in the horizontal direc-
tion (the displacement amounts are very small) even though their vertical displacements are statistically 
significant. Accordingly, point 112 can be considered unstable in all periods.

Table 4: Results of θ 2–Criteria method between all periods (Konakoglu et al., 2020).

PN
May 2016–November 2016

d(cm)
May 2016–May 2017

d(cm)
May 2016–August 2017

d(cm)

Re
fe

re
nc

e 
Po

in
ts

101 0.48 0.60 0.15*

102 1.10 2.86 3.17

104 – 0.33 0.16*

105 0.19* 0.68 0.15*

107 – 0.24* 0.49

108 0.22* 0.61 0.74

109 0.15* 0.38 0.20

111 – – –

112 0.16* 0.15* 0.23*

116 0.56 0.49 0.76

117 0.02* – –

118 0.04* 0.08* 0.32

O
bj

ec
t P

oi
nt

s

1103 – 0.63 –

1109 0.90 1.25 1.37

1115 2.13 1.89 2.97

1121 2.12 1.57 2.57

1127 1.49 1.68 2.24

1133 1.12 1.35 1.60

1139 0.13* 0.68 0.32

PN = Point Number

The θ 2–Criteria method and the ten different robust methods yielded consistent results in determining 
the horizontal displacement. According to the results of the deformation analyses performed, all methods 
detected displacement at reference point 102. The horizontal displacement was up to 3.17 cm with the 
θ 2–Criteria method, while none of the robust method findings exceeded 2.89 cm at this reference point. 
The results of the θ 2–Criteria differed from those of the L1–L2 method compared to other robust methods. 
However, some differences were also found between the θ 2–Criteria method and the ten different robust 
methods. For example, more points were determined to be stable in the deformation analysis made via 
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the robust methods compared to the θ 2–Criteria method because the vertical displacements were not 
examined. Points that were found to be unstable according to the θ 2–Criteria method were found to be 
stable via the robust methods. The displacements of reference points 105, 111, and 116 between May 
2016 and May 2017 can be given as an example of this. The maximum displacement was found at object 
point 1115 (i.e., 2.97 cm) with the –Criteria method, whereas the largest displacement was detected at 
object point 1121 (i.e., 2.60 cm) by the Beaton-Tukey method. The horizontal displacements for the 
reference points (i.e., 107, 108, and 109) and object points (i.e., 1103 and 1139) that were detected as 
positive () according to the θ 2–Criteria method were detected as negative (–) for the same reference 
and object points via the robust methods. 

Under normal circumstances, horizontal displacements is normally expected to be maximum in the mid-
dle of the dam crest and the displacements are expected to decrease towards the edges of the dam. The 
directions and amounts of the object points close to each other are expected to be the same in concrete 
dams. According to the direction of changes in object points 1133–1139, although the absolute displace-
ments look the same, the directions of the points close to each other were not the same (can be seen in 
Table 2). In this case, it can be interpreted that the θ 2–Criteria method provided more accurate results 
than the robust methods. In the deformation study performed by Setan and Singh, (2001), they revealed 
that the classical deformation method (congruency testing) gave better results than the robust methods 
(least absolute sum and iterative weighted similarity transformation). This supports the above comment.

5 CONCLUSION

The main aim of this paper was to detect the stable/unstable points on the dam crest and its surrounding 
area by means of ten different robust weight functions. To this aim, the GNSS measurement data on the 
geodetic deformation network carried out for four different periods were used. The results obtained from 
the comparative analysis indicated that the horizontal displacements determined by these robust weight 
functions are in good agreement with each other, except for the L1−L2 function. This may be because 
the deformation was determined using the displacement vector iŝ  instead of the individual components 

ixd̂  or 
iyd̂ . The four records presented for the Deriner Dam spanning a 1.5−year period showed that almost 

all object points were unstable. This result indicated that there was a relationship between water load 
and dam deformation. According to the results of the deformation analyses conducted with different 
robust weight functions, the maximum displacement (which reached 2.60 cm between the periods May 
2016 and August 2017) was experienced at object point 1121 at the middle of the dam crest. As can be 
seen from the test values of the object points, their displacements were found to be higher than for the 
reference points, as expected. When we examined the displacement values obtained with all the weight 
functions, the points with a horizontal displacement greater than or equal to 2−3 mm were considered 
as unstable. The displacement values below these values can be accepted as measurement noise. In the 
current study, the results of the deformation analysis approach using the robust weight functions were 
for the most part compatible with the results obtained by the θ 2–Criteria method (Konakoglu et al., 
2020). However, as a result of the evaluation, the θ 2–Criteria method results are thought to give more 
accurate results than the other (robust) methods because the θ 2–Criteria method is believed to better 
reflect the effect of water level change on displacement. The datum difference can be interpreted as one 
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of the reasons for the differences between the θ 2–Criteria method and the robust methods. Considering 
all period comparisons, the Beaton-Tukey model gave the closest result to the –Criteria method in terms 
of displacement amount. Although Caspary (2000) suggests that it might be the best solution for the 
lengths of displacement vectors for weight function variables, it may be better to evaluate deformation 
vectors separately (  or 

i ix yd dˆ ˆ ). In addition to this, deformation research can be conducted with different  

constant values.
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