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Abstract. Monitoring deformation pattern of dams is often  Driven by the development of measuring and analysis
one of the most effective ways to understand their safetytechniques, the goal of the geodetic deformation analysis is
status. The main objective of the study is to find the ex-nowadays to proceed from a merely phenomenological de-
tent to which rising reservoir level affects the mechanismscription of the deformation of an object to the analysis of the
of deformation of The Yamula Dam under certain changeprocess which caused the deformation (Welsh, 2003). Anal-
in the reservoir level conditions during to the first filling ysis of deformations of any type of a deformable body in-
period. Three different deformation analysis techniques,cludes geometrical analysis and physical interpretation. Ge-
namely static, kinematic and dynamic, were used to analyzemetrical analysis describes the change in shape and dimen-
four geodetic monitoring records consisting of vertical dis- sions of the monitored object. The ultimate goal of the ge-
placements of nine object points established on the Dam andmetrical analysis is to determine in whole deformable ob-
six reference points surrounding of it, to see whether the risject the displacements and strain fields in the space and do-
ing reservoir level have a role in the vertical deformations mains. Physical interpretation is to establish the relationship
during the first filling period. The largest vertical displace- between the causative factors (loads) and the deformations.
ments were in the middle of the dam. There is an apparenThis can be determined either by statistical method, which
linear relationship between the dam subsidence and the resesnalyses the correlation between the observed deformations
voir level. A dynamic deformation model was developed to and loads (Chrzanowski at al., 2005).
mOdel thIS Situation. The mOde| inferS a Causative relation' In th|s Study, intend to ShOW, as an example, effect Of pres_
ship between the reservoir level and the dam deformationsgyre of water on the dam settlement during the first filling
The analysis of the results determines the degree of the cof reservoir with the geodetic monitoring results using sta-
relation between the change in the reservoir level and the obyistical method, which analyses the correlation between the
served structural deformation of the dam. observed deformations and loads. Thus, it is analyzed four
geodetic records covering the first filling period, described
the subsidence of the body of a large size earthfill dam, called
1 Introduction The Yamula, al_nd tried to investigate the effect of t_he increase
of the reservoir level on the dam. The problem is, how the

The failure of several major dams, i.e. the Malpasset Dantising water level of the reservoir effects the vertical defor-
(France, 1958) and the Vajont Dam (Italy, 1963), causing ma nations of the dam during the first filling period. Geode-
jor destruction and high death toll led to a systematic mon-lic deformation models called static, kinematic and dynamic
itoring of major dams and reservoir in order to insure their Were used to answer this question. With the static model,
structural integrity, the prevention of major damage, and esOnly parameters of vertical displacements were computed. In
pecially, the safety of the public. Therefore thousands ofaddition to the vertical displacements, velocity and accelera-
dams all over the world have been systematically surveyedion Parameters of the vertical displacements were computed
for relatively long & 10 years) periods on the basis of geode- with the kinematic model. The static and the kinematic mod-

tic and geo-technical methods (Pytharouli and Stathis, 2005)(_3Is cannot include the effect of the rising reservoir level. The
dynamic model contains the calculation of a parameter of the
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network of local reference stations with respect to which dis-
placements of the object points are to be determined. Mon-
itoring network consists of six reference stations (100, 102,
103, 104, 107, 108) established surroundings of the dam and
of nine object points (19, 20, 21, 22, 23, 24, 25, 26, 27) on
surface of the dam’s downstream face.

The original data were recorded by hand. A data sheet was
filled in for each measuring epoch, and included measure-
ments of height data, time of measurement, reservoir level,
and ambient temperature. The data were transferred into a
digital database, and were cleaned of from gross errors. The
deformation measurements of the dam involved four mea-

J - surement campaigns. The height data were measured us-
E ing a Total Station (Sokkia 530R). The manufacturer spec-
4 Reference points e I .
// o  Object poins ifies the standard deviation of the distance measurements as
+(2mm+2 ppm). The deformation network was designed to
detect displacements of targeted points on the downstream
faces of the dams with an accuracy of 10 mm at the 95%
confidence level. The accuracy of the vertical displacements

level in large reservoirs on the dam deformations was invesVas calculated a9 mm (maximum value) from network

tigated. The results from three models were compared angdiustment. The first campaign was carried out in December
interpreted. 2003, the second in March 2004, the third in November 2004

and the last one in April 2005. These measurements were
all made during the first filling period of the dam. Three dif-
2 The Yamula Dam and geodetic deformation monitor-  ferent deformation analysis techniques were used to analyze
ing system four epochs of data.

Fig. 1. Geodetic monitoring scheme for The Yamula Dam.

The Yamula Dam, on the Kizilirmak River, is a large (120 m _ _

in hight, with a 510m in long crest) earthfill dam. This 3 Static analysis

$1-billion project, located near (2 km) the Yamula town and ] ) ) )

near (40 km) the Kayseri province of central Turkey (approx-The starting pomt_ Of the static defo_rmanon (global congru-
imately 320 km SE of the capital city Ankara) was designede_ncy test) analysis is the hypothesis tes.t that qetects height
to secure water for about 0.7 million inhabitants. The (Turk- differences and, thus, movements of object points between
ish) Ayen Energy Joint-Stock Company constructed it be-two epochs. These tests are computed for the data of two ob-
tween 2000 and 2005. It was put into service in 2005 in Servation campaigns using the linear Gauss-Markoff model.
order to store water for the generation of electricity (stor- The static analysis follows the traditional Hannover approach
age capacity approximately 3476:000° m3) and to control of deformation analysis. In the application of deformation
river flooding. The dam is constructed by earthen materia@"2lysis, €ach epoch is adjusted separately as a free network.
taken from the riverbed of the Kizilirmak River. The imper- T the monitoring network comprises reference points and ob-
meable clay core of the dam is protected by semi-permeabléeCt points, the parameter network is partitioned accordingly

material. First filling period started in December 2003 and'%to the sub-vector’x referring to the reference block, and
ended in April 2005. X", referring to object points. The problem of investigation of

To ensure its structural integrity, prevention of major dam- the stability of the reference block i.s solved by a test of the
age and, especially, safety of the public, the dam was monPUll hypothesisHo (the common points of both epochs are
itored by geodetic techniques using a deformation networkStable and, thus, have the same expectation of the estimated
(Fig. 1). Figure 1 shows distribution of reference and ob-POSItions)
ject points of geodetic monitoring scheme. The aim of the
geodetic deformation monitoring system of the Yamula Dam
is to detect possible vertical displacements. In addition, withprovided that both of the models are based on the same

properly designed these monitoring surveys, the second airgeodetic datum. For the global test of common points, the
of the deformation monitoring system is also to determineequations are
the actual deformation mechanism and to explain the causes

Ho : X) — X, 1)

of deformation in case of an abnormal behaviour of the in-d ; = Ziz - Zil 2
vestigated object. The geodetic deformation monitoring sys- _ ‘
tem includes a number of object points on the dams and a9, ,)r = (Q’,,)l + (g’”)z (©)
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_ T +
R=d, (Qdd)r d, (4) Table 1. Vertical displacements for December 2003—November
2 2 2004.
2 J1sut f25, (5)
0 fi+ f2
R PN dh(cm) TestValue (f;) F-test(q) Decision
T = > (6) 19 Stable
o 20 Stable
o . _ 21 -5.26 9.015 2.746 F > q Unstable
= += d
wherec_lf dlffer_ence vector of the coordlnatesgdd),_ . 90 554 12.701 2651 . - qUnstable
Mo_ore-Penrosg inverse of the common cofactor matrix; sub- 5,5 g 27751 2458 4} > qUnstable
scripts 1 and 2 indicate the respective epg@hand fo= free- 24 _2.97 4.852 2.867  jh > q Unstable
dom of the network at first and second epogf); ands3,= 25 Stable
variance factorss2= common variance;,, denotes the rank; 26 Stable
andF, denotes the Fisher distribution. 21 Stable
— r r
h = Lg (gxl + 2}(2) (7)
If Table 2. Vertical displacements for December 2003—April 2005.
T>Fh, f;1-a) 8)
then the null hypothesis is rejected. The point in reference PN dh(cm) TestValue (J;) F-test(q) Decision
block whose contribution to the quadric for® is maxi- 19 Stable
mum is considered responsible for the rejectiorHgf This 20 Stable
procedure is carried out until the null hypothesis is satis- 21 -5.61 7.204 2.651  j > qUnstable
fied (Niemeier, 1977; Koch, 1999; Caspary, 1987; Denliand 22  —7.09 12.875 2458  j > qUnstable
Deniz, 2003; Yalginkaya, 2003). ;i ‘150'3769 %45359 2237752 d}g > g Bzzigg:g
. k . . —5. . . dh >
T_he static deformation mode_l is th_e most basic model. The o5 _188 3.202 3026 7 - qUnstable
static model can only determine displacements. For com- 5,5 _30g 4.232 2746 g > qUnstable
parison with the kinematic and dynamic models, the results 27 _314 3.756 2.867 j > qUnstable

of static model of the object points for the December 2003—
November 2004 and December 2003—April 2005 are given
in Tables 1 and 2. It wasn't determined any significant set-
tlement of the object points for epoch of December 2003— In Eqg. (9), the unknown movement parameters consist of
March 2004. The vertical movements (dh) and the statisticaposition, velocity (first derivative of position) and accelera-
test values (J;,) in Tables 1 and 2 were calculated accord- tion (second derivative of position). The three unknown pa-
ing to Koch (1999). The test values were compared with therameters can be calculated using the Kalman-Filter technique
F-distribution values (q) to see whether the movements ofwith three measurement periods. In the Kalman-Filter tech-
object points were significant or not. The stable and unstablaique, the movement parameters at the present time are pre-
points are shown in the decision column. dicted with those of the preceding(1) period. Finally, the
filtered (adjusted) parameters are computed, combining the
predicted information and the measurements at;tperiod.

To compute the movement parameters of the points with the
Kalman-Filter technique, equations of position, velocity and
gcceleration can be written as below (Pelzer, 1986; Grewal
and Andrews, 1993; Yalginkaya and Bayrak, 2005).

4 Kinematic analysis

In this model, it is attempted to refine three unknown model
parameters from sets of three observation epochs of the ne
work. A time-dependent one-dimensional kinematical model™ '
consisting of position, velocity and acceleration was formedxj.’) = x}l_l) (i — ti—D)vy + 2 — ti-1)%ay (10)

according to. _
@)

. - Uy = Uy (6 — tim1)ay; (11)
2 = x0TV @ — g + 30— 6im1)2ay 9) ?])
. . Y=a,; (12)
wherex'"= coordinate of pointj at period (); x;’_l): co- % X_J _ _
ordinate of pointj at period (-1); v,;= velocity of x coordi- ~ Equations (10), (11), and (12) can be represented in matrix

nate of pointj; a,;j= acceleration of x coordinate of poift form

t;= time of measurement epoch(¢;_1= time of measure- X I It —ti—1) I%(tl- —1i_1)? X
ment epochi(-1); i=1,2,...k(k= measurement epoch num- Y;=| v, | =| 0 1 I(ti —ti—1) Uy (13)
ber); andj=1,2,...n(n= point number). ay 0 0 1 ay

i—-1
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Table 3. Statistical tests of the kinematic model.

8Linear Model (Postion + Velocitiy) bSquare Model (Postion + Velocitiy + Acceleration)°Square Model (Postion + Velocitiy + Acceleration)
Global Test Expanded Model Test Global Test Expanded Model Test Global Test Expanded Model Test
S Mo mp, Mg1 mg ms3
Mo mg Mg1 Mg2 Mg3 Msa
T TL Ts1 Ts2 Ts3 Tsa
q qL ds1 ds2 ds3 Usa
0.646 0.695 0.695 0.705 0.695 0.814
0.695 2.148 0.705 3.012 0.814 2.802
1.157 9.552 1.029 19.360 1.372 11.849
2.652 2.307 1.900 2.141 1.900 2.141
T<q TL>q Ts1<q Ts2>q Ts3 <q Tsa>q
Model is Model can be Model is Model can be Model is Model can be
VALID EXPANDED VALID EXPANDED VALID EXPANDED

Note: Decision=position+velocity+acceleration
aDecember 2003—March 208¥ecember 2003—March 2004-November 26Décember 2003—March 2004—April 2005

or, in with a shorter form | 4 Point: 21 — Linear (Point:21) |

==

o

Yi=T-1Yi1 (14)

whereY;= predicted state (position, velocity, acceleration)
vector at period; Y;_1= state vector at period.1; 7;;_1=
transition matrix and’= unit matrix. Equation (14) is the

ra

0,1551x + 47033

-
]

Vertical displacements (cm)

prediction equation, which is the basic equation of a Kalman- R®=0,9416
Filter; w = constant violator acceleration vector aNet the 4 ki

system noise vectorw cannot be measured as a rule. So \
it can be taken as zemdis the last column of th& matrix £ b
between periodg ands_1. The prediction equation and % i & 7
covariance matrix in Eq. (14) can be rewritten as Reservoir level changes (m)

Yi=T ;i 1Y 14+ Ni i _qwi_ 15
' pimitizl pim 1 (15) Fig. 2. Relationship between the reservoir level and the height
Qﬁ,i — Ti,i—lQ??,i_lTiS—l + Ni,i—lew,i—lNi,Ti_l (16) changes at the point 21.

where Q;; . _,=cofactor matrix of the state vector; and
QOww i_1= cofactor matrix of the system noise at time. with three measurement epochs (Heunecke, 1995; Kuhlman,

’ 2003).
Quw,i-1 =4 — ti—1)74Q§§,i_1 (17) As mentioned above, the parameters of position, velocity

. . .and acceleration are included in this process. Itis statistically
The adjustment of the problem can be expressed in matrix ; . . .
form as dgtermlneq whether the expansion of the .kme'mgt]c model
with velocity and acceleration parameters is significant ac-
i +v1; = A; Y (18) cording to Koch (1999). The kinematic model for the vertical
. displacements on the dam was solved by the Kalman-Filter
wherel;, v1;, A, andY; = measurements in epochresid-  technique. The kinematic model was calculated step-by-step.
uals, coefficients matrix, and state vector at timeespec-  The results of global test and expanded model test are shown
tively. The functional and stochastic models for the Kalman-in Table 3. Where a priori variancegf was computed in a
Filter technique combining Egs. (15) and (18) can be writtenpreliminary network adjustment. A posteriori varianae
in matrix form as was computed froniLinear Model. T = m3/s2. q is the
Y, 77 - vy, Oyy; O F—dlstr|but|pn va_lue. According to Koch (1999),#f<gq, the
[ I } = |:Ai] Y, — |:Ulqi ] ;0 Qi = [ 0 O l} (19) global test is valid. As can be seen from Table 3, all global
' ’ test values 1, Ts1, Ts3) are little than thex-percentage
The model is solved and the movement parameters and thepoint of the F-distribution value (q) for a confidence level
cofactor matrix are computed. Thus, with the Kalman-Filter of ®=0.05. Thus, the linear and the square models can be
technique, the three unknown parameters can be computedewed as accurate enough for this confidence level. That is,
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Table 4. Movement parameters for December 2003—March 2004—November 2004.

ap N Height Difference (cm) Velocity cm / month Acceleration cm / mdnth
bdh Tin Decision vy, Tvp Decision dg, Tay, Decision

19 -0.04 0.25 - 0.00 1.48 - 0.00 1.64 -

20 -0.07 0.35 - 0.00 1.81 - 0.00 0.71 -

21 -5.72 8.43 + -0.30 1.60 - -0.01 0.57 -

22 —6.47 9.57 + -0.31 1.67 - -0.02 0.85 -

23 -8.68 12.88 + -0.85 4.67 + -0.03 1.23 -

24 -2.64 3.92 + —-0.08 0.43 - -0.04 1.55 -

25 —-0.53 0.82 - —-0.05 0.70 - 0.00 0.17 -

26 -0.93 1.45 - -0.06 0.87 - 0.00 0.12 -

27 -0.49 0.75 - -0.02 0.26 - 0.00 0.46 -

0r=2.01 T> ¢ (+) T< g ()

apoint number?Height Difference®Velocity, dacceleration

Table 5. Movement parameters for December 2003—March 2004—April 2005.

ap N Height Difference (cm) Velocity cm/month Acceleration cm/mdnth
bdh Tan Decision vy, Tvy, Decision da, Tay, Decision

19 -0.07 0.33 - 0.00 1.31 - -0.01 1.06 -
20 -0.11 0.42 - 0.00 1.33 - -0.02 1.49 -

21 -5.37 3.58 + -0.78 5.12 + -0.05 3.35 +

22 -7.39 4.94 + -1.04 6.84 + -0.06 4.61 +

23 -11.93 7.98 + -1.64 10.73 + -0.10 7.46 +
24 -5.82 3.89 + —0.88 5.74 + -0.05 3.94 +

25 -1.31 2.08 + —-0.42 2.89 + -0.03 2.29 +

26 -3.15 2.27 + -0.63 4.27 + -0.04 3.18 +

27 -2.81 2.18 + -0.58 3.88 + —-0.04 2.87 +

G:=2.01 > q:(+) T< g ()

apoint number®Height DifferenceVelocity, JAcceleration

the global tests of linear and square models are valid. results of the object points for the December 2003—March
To decide about an expansion of the kinematic model with2004-November 2004 and December 2003-March 2004-

the velocity and acceleration, respectively, statistical testgdpril 2005 are given in Tables 4 and 5. It wasn't determined

were performed. To perform expanded model test, a prioriany significant settlement of the object points for epoch of

variance f1g) was taken from théLinear Model. A poste- December 2003—-March 2004. Here, every parameter was di-

riori variance of expanded model() was computed from vided by its standard deviation, and test valugg,( T vy,

parameters of the expanded model. The test valyg\Were  Ta;) were computed. These values were compared with the

computed with theng andm values and compared with the t-distribution value ;) to evaluate whether they were signif-

F-distribution value ¢) to evaluate whether the expansion of icant or not. Where parameters have significantly changed, a

the model was significant or not. According to Koch (1999), (+) sign is shown; otherwise, a (-) sign is shown in decision

if T>¢, the expanded model test is valid. As can be seercolumn.

from Table 3, all expanded model test valueg (Ts2, Tsa)

are larger than the-percentage point of th&-distribution

value for a confidence level @f=0.05. That is to say, the 5 Dynamic analysis

global tests of linear and square models are valid. Thus, the

expansion of the linear and the square models with velocityThe first filling period of a dam is the most dangerous and in-

and acceleration can be carried out respectively. teresting period in its life. At the stage of filling the reservoir,
The most appropriate functional model for the linear andthe main two effects must be considered: pressure of water

the square models is stated in the “decision” note at the botand effect of wetting (Kulkarni at al., 2006; Chrzanowski at

tom of Table 3. The movement parameters (vertical dis-al., 2005). In this model, it is shown, as an example, ef-

placement, velocity, acceleration) were computed and thdect of pressure of water on the dam settlement during the

www.nat-hazards-earth-syst-sci.net/7/289/2007/ Nat. Hazards Earth Syst. Sci., 2928907
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Table 6. Vertical displacements and reservoir water levels for the A
point 21.
- dx
Measurement epochs WL (m) dh(cm) S @)= WL,
i—1
x(WL_,) /
December 2003—March 2004 31.99 0.00
December 2003—November 2004  58.72 -5.26
December 2003—April 2005 7033  -5.61 bAWL
x(WL)
Table 7. The square of correlation coefficient for the moving points. AWL
Point Number  square of correlation coefficient Wi, | WL, o
21 0.94
22 0.99 Fig. 3. Causative relationship between the reservoir level and the
23 0.99 vertical displacements.
24 0.97
25 0.58
26 0.71 sition variation was written as=f(¢) in Eq. (9) taking
27 0.51 into consideration only the time for an accelerated point to
Average 0.81 capture the influences of all effective forces. The dynamic

causes of vertical displacements cannot be described with

the kinematic model. A dynamic model can be formed by

adding the cause of the movements to this kinematic ap-
first filling of reservoir with the geodetic monitoring results. proach (Pelzer, 1985; Ren and Ding, 1996; Yal¢inkaya and
Does the reservoir water level affect the vertical deformationsBayrak, 2003, 2005). Thus, Eqg. (9) can be extended by the
of a dam? Is there a relationship between the vertical disteservoir level, which is one of the causes of the vertical dis-
placements on a dam and reservoir level? Is there a causatiyglacements affecting the point positions on the dam, as can
relationship between reservoir water level and dam deformabe seen by= f (¢, WL). HereWL represents reservoir level
tions? To answers these questions for the Yamula Dam, thehanges and is a dynamic variable. xH f (¢, WL) is ex-
relationship between the reservoir water level and the vertipanded with a Taylor series to the second degree, Eq. (9) can
cal displacements were investigated. An attempt was made tbe extended to

correlate the vertical displacements of object points and with 9x 9x
water level. The graphic that shows the relationship between (7i, WL;)=x(fi—1, WL;_1)+ m 1= WL
the reservoir level and computed subsidence was drawn for i-1) (WLi-1)
point 21 (Fig. 2). Values for the graphic were given in Table 5 AW Lt 1 & A2 (20)
where WL is the water level changes between the measure- 21 912

(ti-1)

ment epochs.

R? in Fig. 2 is the square of correlation coefficient? R
gives the proportion of sample variety in dependent vari-
able (vertical displacements) that is explained by indepen- 1 2

. . . . ) AWL + _|a(fi—1)At (21)
dent variable (the rise in the reservoir level). For the point 2!
21, R means that 94.16% of the variability in the dependentThe relationship between the reservoir water level changes
variable is explained by the independent variable and 5.84%nd the vertical displacements is shown in Fig. 3. Where
is unexplained. Rvalues for the moving points (21, 22, 23, AWL and Ar are the difference of reservoir water levels
24, 25, 26, 27) are given in Table 7. As shown in Fig. 2 and time differences between the two epochs; &uisl the
and Table 7, there is an apparent linear relation between th@ater level parameters. A time dependent one dimensional
height changes and the rise in the reservoir level. In additiondynamic model consisting of position, velocity, acceleration
there was evidence of the rise in water level in the magni-and water level can be written as below. In this model, it
tude of the displacements. This causative relationship wass attempted to refine four unknown model parameters from

therefore inferred by a developed dynamic model (Table 8)four observation epochs of the deformation network.
Table 8 shows causative relationship between the rise in the(i) 1) L
reservoir water level and the dam deformations =2V = i)y + 30— -)%ay

As mentioned in the kinematic analysis section, the po- +(WL; — WL;_1)by; (22)

x(ti, WLj) = x(ti—1, WLi_1) + v,_n At — bwr,_p)

Nat. Hazards Earth Syst. Sci., 7, 289+, 2007 www.nhat-hazards-earth-syst-sci.net/7/289/2007/
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Table 8. Causative relationship between the reservoir level and theTable 9. Statistical tests of the dynamic model.
dam deformations.

Cause of deformation | Typical changes — htdfohowing of a graphic Behaviour type dsquare MOde| (POStion + Ve'OCitiy + Acceleration + Water LeVe')
elg itfferences
N ) ! ) Global Test Expanded Model Test
The rise |:1e:/heel reservoir dis?)llzggs:e!ms \ Linear change m; mS5
Rise in water level mSS mSG
Tss Tse
dss ds6
. 0.695 0.843
In Eq. (22), the unknown movement parameters consist of 5 g, 3121
position, velocity (first derivative of position according to 1 47» 13.707
time), acceleration (second derivative of position accord- 1 g25 2.061
ing to time), and water level (first derivative of position ac- T<q T>q
cording to water level changes). The four unknown param- Model is VALID Model can be EXPANDED

eters can be calculated using the Kalman-Filter technique
with four measurement periods. To compute the movementote:Decision = position + velocity + acceleration + water level
parameters of the points with the Kalman-Filter technique,?December 2003-March 2004-November 2004—April 2005.
equations of position (Eq. 22), velocity, acceleration, and wa-
ter level can be written as below.

@) expanded model. The test valuE{) were computed with

Vyj = Vxj (G — fi1)dy; (23)  themgs andm s values and compared with the F-distribution
@) value gsp) to evaluate whether the expansion of the model
Ayj = Gxj (24)  \vas significant or not. According to Koch (1999) Tis >
@) gse, the expanded model test is valid. As can be seen from
by} = byj (25)

Table 9, the expanded model test valdigs{ is larger than

Equatiopns (22), (23), (24), and (25) can be represented ithea-percentage point of thE-distribution value ¢se) for a
matrix form, as given in confidence level o&=0.05. That is, the expanded model test

of the dynamic model is valid. Thus, the expansion of the

.t Lo 4 )2 A . . . .
I é 1 111—1) 112((: - tr_xfll; (WL OWLr—ﬂ N dynamic model with other causative force can be carry out.
=l =lo o I 0 ax (26) The most appropriate functional model for the dynamic
be|, [0 0O 0 I by

i-1 model is stated in the “decision” note at the bottom of Ta-
Equation (26) is the functional model of the dynamic ble 9. The movement parameters (vertical displacement, ve-
model. The stochastic models of the dynamic model ardocity, acceleration, Water Level) were computed and the
formed with Eq. (19), which is the cofactor matrix of the results of the object points for the December 2003-March
movement parameters in the Kalman-filter process. The2004—November 2004—April 2005 are given in Table 10.
functional and stochastic models are solved by a least-squardere, every parameter was divided by its standard deviation,
adjustment. The parameters of position (height changes), veand test valueslg,, Tvs, Tay,, Tb,) were computed. These
locity, acceleration, and water level were included in this pro-values were compared with the t-distribution valyge) (to
cess. The dynamic model was calculated step-by-step as thvaluate whether they were significant or not. Where param-
kinematic case. Results are shown in Table 9. where a prioreters have significantly effect, a (+) sign is shown; otherwise,
variance f:;) was taken from théLinear Model. A pos- & (=) sign is shown in decision column.
teriori variance fiss) was computed fronf Square Model.
T=m2;/m?. q is the F-distribution value. According to
Koch (1999), ifT <gq, the global test is valid. As can be 6 Discussion
seen from Table 9, global test valuEs) are little than the
a-percentage point of thé&'-distribution value {ss) for a Three methods were applied to the total station height data
confidence level o&=0.05. Thus, the square model can be of the control network of the Yamula Dam. The starting
viewed as accurate enough for this confidence level. That ispoint of this evaluation was a free-network adjustment for
the global test of the dynamic model is valid. each measuring epoch resulting in adjusted heights, the esti-
To decide about an expansion of the kinematic model withmated variances of unit weight, and the estimated variance-
the water level parameter, statistical tests were performedcovariance matrices. Results of three deformation models for
To perform expanded model test, a priori varianggs) was  object points located on the dam are shown in Tables 1, 2, 4,
taken from the! Square Model. A posteriori variance of ex- 5 and 10. These tables indicate that all object points except
panded modelr sg) was computed from parameters of the for 19 and 20 on the dam had significant movements. When
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Table 10. Movement parameters for December 2003—March 2004—November 2004—April 2005.

apN Height Difference (cm) Velocity unknowns cm/month Acceleration unknowns cm/ronth Water level cm/m
bdh Tan Dec. Cv), Tvy, Dec. da, av, Dec. ehy, Ton Dec.

19 -0.12 0.52 - 0.00 1.24 - 0.00 1.33 - 0.00 0.23 -
20 -0.17 0.77 - 0.00 1.52 - 0.00 1.73 - 0.00 0.10 -
21 -5.40 16.15 + —-0.99 10.35 + -0.05 8.78 + -0.25 9.49 +
22 -7.42 20.90 + -1.08 13.24 + —-0.06 10.69 + -0.33 12.44 +
23 -11.95 31.42 + -1.83 21.69 + -0.10 18.11 + -0.54 20.36 +
24 -5.82 16.32 + -0.89 11.36 + —-0.05 9.19 + -0.28 10.47 +
25 -1.42 6.17 + -0.43 5.63 + -0.03 5.06 + -0.11 4.58 +
26 -3.25 10.72 + -0.69 8.18 + -0.04 6.91 + -0.18 7.21 +
27 -2.90 9.81 + -0.56 7.77 + -0.04 6.84 + -0.17 6.75 +

0:=2.00 > g (+) T< g (")

apoint number?VerticaI displacementVelocity, dAcceleration,dWater level parameter

cision column is very significant to be able to interpret the

OVertical displacement « Water Level Parameter . . “ . . .
5 * vertical displacements. If “the sign of the acceleration in de-

o e 1 T I I 00 cision column is positive”, the velocity of the vertical dis-

m 1 01 placements increases. That is, there is a significant velocity

H 21 E on the points. If “the sign of the acceleration in decision col-

= 1902 § umn is negative”, the velocity of the vertical displacements
% 4 1 03 % decreases. That is, there is not a significant velocity on the
g E points. When examining the acceleration parameters, it can
& B o 104 & be seen from Tables 5 and 10 that the signs of the accelera-

% L] L5k T tions in decision column except for 19 and 20 are positive.
£ 8 4 Ta This means that all object points (except for 19 and 20) show

> 1406 & an increase of velocity with time.

10 1 107 = The sign of the water level parameter is also significant

to be able to interpret the effect of the reservoir water level
e = = W m B W F on the settlements. When analyzing the sign and the mag-

e e = M W & a9 A nitude of this parameter, the effect of water level on point

FolntHumber settlements can be determined. If “the sign of the water level

) ) . . ) arameter in decision column is positive”, a rise in the reser-
Fig. 4. Relationship between vertical displacements and water Ieve(joir level causes settlements. If “the sign of the water level
parameters. parameter in decision column is negative”, there is not any
settlements. When examining the water level parameters, it
results of the static (Tables 1 and 2), the kinematic (Tables 4£an be seen from Table 10 that the signs of the water level
and 5), and the dynamic (Table 10) models are compared, it iparameter in decision column except for 19 and 20 are posi-
noticed that the directions of the movement parameters comtive. This means that all object points (except for 19 and 20)
puted with each model are the same. That is, results of thghow significant settlements with a rise in the reservoir level.
models are agree with each other. Results can be noted that 11,0 dynamic model shows the relationship between the
height change, velocity, acceleration, and water level effectise i reservoir water level and the observed structural ver-
are maximum at the middle of the dam. tical deformation of the dam. This situation can be seen in

It can be seen from Table 1 and 2, that the static modekig. 4. When examining the water level parameters, it can be
determines only position parameters. The kinematic modekeen (Fig. 4) that the rising water level increases the subsi-
can determine position, velocity and acceleration parametergience velocity of all object points (except for 19 and 20).
The static and kinematic models do not include the effectThat is, all object points (except for 19 and 20) were af-
of the water level in the reservoir. The dynamic model alsofected by the rise in water level during to first filling period.
contains a water level parameter, which shows physical effech more realistic deformation analysis as compared with the
of the reservoir water level on the height of object points. other geodetic models can be done with the de\/e|0ped dy-

The acceleration and water level parameters have physinamic model which determines the causes of the deforma-
cal meanings. The sign of the acceleration parameter in detion.
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