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ABSTRACT

Dams are structures that store large quantities of water in their reservoirs, and so if they break,
downstream areas will be severely damaged. Therefore, their safety is managed constantly. The principal
measurements required to manage the safety of rockfill dams are stipulated as leakage from the dam body and
foundation bedrock, and deformation of their exterior parts. These measurements can clarify the overall
behavior of the dam body and foundation bedrock, but not localized behavior.

In recent years, the number of dams that have been used for many years has been increasing. Furthermore,
when measurements of exterior deformation for managing the safety of rockfill dams are done using
conventional surveying methods, it is difficult to make the measurements and organize the data, and personnel
costs are high. To manage the safety of dams in the future, it will be necessary to undertake integrated
management of multiple dams for rationalization. Furthermore, to reduce long-term costs, automatic
measurement methods that do not depend on human labor will be necessary. Therefore, a challenge to the
management of dam safety is establishing measurement methods to replace conventional surveying methods,
which are difficult to perform continuously and cannot be done quickly for emergency inspections after an
earthquake.

This research aimed to overcome these challenges by establishing a practical method of measuring the
exterior deformation of dams based on a GPS measurement system. The research examined the installation of
GPS antennas inside the crest manholes of rockfill dams as a practical method. It also proposed the selection of
external deformation measurement locations in order to arrange the GPS sensors on a dam. The results of
deformation monitoring of a rockfill dam before, during, and after an earthquake are shown, and the validity of
the system for the safe management of dams after earthquakes is discussed.

An outline of each chapter of this dissertation is given below.

Chapter 1 Introduction
This chapter presents the background of the research and summarizes related research on various

measurements in recent years. It also describes the purpose and organization of the research.

Chapter 2 Safety management, inspections and site measurements of dams

This chapter presents measurement items, measurement frequency, and emergency inspections for
managing dam safety. It also shows the present state and problems with measurements for managing the safety
of dams. It presents cases of measurements made at rockfill dams at normal times and in emergencies. The
results show that deformation needs to be measured in millimeter order in normal times, and to tens of

centimeters in an emergency, and reveals the need for a wider range of measurements.



Chapter 3 First application of GPS deformation measurement systems to exterior deformation measurements
of rockfill dams

This chapter describes GPS deformation measurement systems used at rockfill dams, and reports on

exterior deformation measurements made using such systems. It compares GPS-based measurements with

conventional surveying to identify challenges to measurements. The first trial application revealed that one

challenge is how to install GPS sensors on the crest of dams.

Chapter 4 Improvement of the GPS deformation measurement system for installation inside the crest of a
rockfill dam

This chapter describes research on installing GPS sensors on the crest of rockfill dams. GPS sensors must

not hinder safety management of dams, and must also be installed directly in the core. A method of installing

GPS antennas in the manholes as survey targets on dam crests is proposed. To install GPS sensors inside

manholes, basic experiments were conducted on the material of the covers, manhole depth, and the effects of

snow cover. Based on the results, measurements were done at a number of rockfill dams, confirming the

usefulness of GPS sensors which had been improved to enable their installation in manholes.

Chapter 5 Measuring deformation behavior during earthquakes in the body of rockfill dams using GPS
deformation measurement systems

This chapter describes studies on making prompt measurements after an earthquake and measuring the
deformation of dam bodies after an earthquake, to verify the effectiveness of deformation measurements using
GPS.

The results revealed that the response is rapid, with deformation clearly measured within one hour after an
earthquake. Post-earthquake measurements also accurately measured the settlement of the dam. These results
show that GPS deformation measurement is an effective method of rapidly judging safety during an earthquake,

and precisely assessing safety after the earthquake.

Chapter 6 Method of selecting measurement points for rockfill dam exterior deformation measurements using
GPS deformation measurement systems

Past research has resolved problems concerning installation locations, permitting safety management of

dams using GPS deformation measurement systems. However, the budget for measurement at dams is limited,

and it is difficult to install many GPS sensors. I propose a method of selecting measurement points which are

important for measuring exterior deformation in order to be able to install GPS sensors while considering the

established safety management system.

Chapter 7 Conclusions

This chapter summarizes the achievements of the research and describes future challenges and prospects.
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NSRS

T, EFBRTEFWRINLTEYD AFNES 7% FRP(Fiber Reinforced Plastics)
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FRPHEOEZH WD A, KEHH T 3~5mm, & S 5 H T Tmm FEE O U fF 2=
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KPWFTHHENRRELS LD EEZLNLD.

47



FHRIERERT  (hr)

()& B 77 1A]

FHEIEFR (hr)

() B 57 )

SJ71 (mm)

=

FHAIRERE] (hr)
O AL
X-4.7 GPS 7 v 7 7% il i S fife il S2 B s 1
(7 V7 7 v A 15mm, FRP #&  X% AH o1 kFEB)

f&EEH M (mm)

FHRIEER (hr)

(a) i JE 5 18]

FREH A (mm)

FHEIEERT (hr)

(b)#% B J7 1)

FHAIEERT (hr)

OIEEYAL
8 GPS 7T v 7 kiR S MR ERAE
(7 V7 7 v A 50mm, FRP# &, & A4 1 kFEB)

48



#-4.3

T UR—IVELT T OV T T RICKT S
TN GRS R O BE MR 2= (X A% A b SEER)

7 V7 A B o A% YE i 2= (mm) _

OPS o o 2 | " I 7 [Ew 7w Jup | S0
FRP 2 I5mm | 15° 2.2 2.1 4.1 1.4%
50mm |20° 2.8 3.0 7.0 12.8%

7L 15° 1.0 0.8 2.3 0%

PLEDOEBREFBEN»S,
FRP O ELEZHWS Z
LT arZ LT

MEOKE

E5 615!3’/—‘

HEz2A 9 oo,
m,vy$—wL®E§#

|z e

&,

Shi-avy 7 7 4V LT
B KD~ R —LICRE L,

FBRIX, K-4.10 B X OX-4.11
NTHEIMESZ2HEET L.
O fE (b 040)k DX OMERRL 2.
L, D& 2oDHE

nk,

H & F I
[ N A N
EDT oy 7 IiEEB

T UIR—IVNIET T T R

JUmm

V7T A LMo B R

, FRP 3% k(Z

IOEHK 6 KEM o e EE 2 E e L 7.

49

L CENMZFHRT I
FrhEET T FEDO YT T AT 10~ 15mm 2 JE

BEEND LD, GPST VT F LICHEHET L EBHEOZIEI
FE M B ICHRIE SN T ¥ L DA TR IR 2 A 3T
ACEBEEEZ L ENnEZADND. £ 2T, S
BWT, GPST7 v T T 2uy 7 4 HF A
BUTLFHBELZFEL 2.

EO7T vy s EHE
%Tﬁmiéﬂﬁbf e
FEOE ST 10mm~200mm £ TODO 6 i



FEEME | EEE 10mm

BJ-4.10 F52 FEH o #X Y

()~ v Hm—ILNDGPST > 7 F (b)FRPHL <= o 7K — v 3

()= > & — /b L O JE 5 2% Bk i
BJ-4.11  FEBR R

50



FRAZLENSELEOKE TN, REFN, @3 FMoEEhoqfliEz2 X
442:m¢.it,&§ ERHIME ORI -4.13 IR T D, FE OB
ZLENo T, BEFmoetfE?, KEFmE LT &% L )7m)o st
P L, RESEHLTWDL I ERNbND.

T, M-413 1R &8ND L2, EEPMEMT LT LEN- T, stHEOIES
DENLEL D, FRILOFMUMBROFELH MR L OIEMERZE L2 K-4.4 (2T,
R EZICOWTIE, FEAXHETICONKREL 2D, EHEIZHEVEFHHEOES S
ENRELI LN TSNS, —F, FHUME O ME L, BB S IER
HTHLH2DT, KRKIFOERDLIANETTHDLIN, FEN20mma iz 5L 00b v
7LD S FIE30mm 5T, BiIom S FmoYEHEDS 20mm &k x, G
EICRERFENEENERRFHAITE RV ENATHINS.

LN ->T, GPS T v T T2 X LARKEO~ L R"—1LHNICKEBELEESA, vk
— NV EOFEN 10mmEZ B2 5TRETI2LERH 5.

200 .200mm,
g 150 ‘ |
]iﬂ'/ '100mm!
100
fem ;
50 " 30mm ! : (Somm :
: mm : : | : 20mm
l_l 10mm
0 ; ; ; - : - | N — ; !
0 6 12 18 24 30 36 42 48 54 60 66 72
FRIBFER (h)
(a)ff =5 % O £ 1k
120 ' ' ' ' ' ) ) ) :
100 0 GPS2HlfE © 30mm ¢ 10mm ; i 50mm 1 100mmi i 20mm 200mm;
= i i i i i i i i :
E ;
E ;
@ ; ; ; ; ; ; :
2 _ cpmooam o o
- ; : . . } } — — — . - } — : |
0 6 12 18 24 30 36 42 48 54 60 66 72
R38R (h)
(b)n‘ﬁ': FE 7 1)
120 ) )
100
T 80
E 60
T 40
Ry :
w0 : 1000 O
) ‘ ‘ ‘ ‘ el _ P%®% T oo
0 6 12 18 24 30 36 42 48 54 60 66 72
3B R (h)
R
()R FE J5 1m)
120 ) ) ) ) ) ) ) ) :
100 : : : : A : oo
g 8 : : : : ' od | : o
§ 60 ‘ ‘ ‘ ‘ 1996000 o
T 40 i i i ‘o i :
BN L o 00 ; 0o ! ; ; ; ‘
Y0 20 o' % o i i :O ° i o OOOOh i
iy 0 o) T S50 - -
=20 } } } } | } — } . } : {
0 6 12 18 24 30 36 42 48 54 60 66 72
R (h)
(D = Hm

X-4.12 FF O R B AR ER R

51



FHHIE (mm)

g

140 -
120 -
100 -

—O— R J71A]
A
-0--

08 77 1]
= S 7T

FEE % (mm)

-4.13 BEEE

& EFE o B AR

F-4.4  FHI0AE R oo KEE R

~ A= kD At B @ ) (mm) a1 Il O 15 HE R 72 (mm)
= J& (mm) NS Jim | EW Jim | UD Jm | NS Jifa | EW Jifa | UD J5

0 0.0 0.0 0.0 2.5 2.4 3.6

10 1.0 -0.7 -1.1 4.9 1.4 3.3

20 0.1 -5.2 8.4 2.8 2.8 5.6

30 0.9 1.2 20.2 3.0 2.0 6.4

50 7.7 0.3 27.2 6.9 2.2 6.4

100 6.7 0.8 62.4 3.8 1.7 7.2

200 5.8 0.9 93.2 5.8 7.7 24.3

52



4.4 BHP~0O@EH

43 DEBRERICHESE, FLARBEKRKDOD~ LV ER—1LHNICEET S GPS 7 v T
FToOBGETO@EMAMEERIEST S .

4.4.1 BEREFH 1(KKF D)

a) K®RFLOHBME

RKEBJNAKZRKES 203, KL LG 77.5m, EAXKa 27U — & L)L A L
(& 66.0m, FREBEEKEBER T v 7 7 4V Z YN BR0, B Z A5IC GPS £
GRS AT A E2H AL TWD. KRl L oFmK a2 X-4.14 2R3 KRR Z L
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