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ABSTRACT: Intake towers form the entrance to the reservoir spillway or diversion system and thus
play a key role in the seismic resistance of the whole system. Safety and proper functioning of the intake
towers in the event of a major earthquake are very important since the release controlled by the reservoir
can help to prevent the failure of the dam after an earthquake by reducing the water pressure. In addition,
the current seismic assessment based on the linear elastic constitutive model cannot adequately describe
the seismic capacity of intake towers. Thus, to investigate the proper functioning of intake towers in
the event of an earthquake, it is necessary to introduce IDA that takes into fully assesses the seismic
performance of intake towers based on nonlinear dynamic analysis. In this paper by modeling the intake
tower of the Briones dam, intake tower in three conditions of the intake tower, the intake tower-reservoir
(outside water) and the tower-reservoir-inside water, under the influence of 12 earthquake records,
each of which has a magnitude of seven in the earthquake intensity scale, has been investigated. The
displacement at the top of the intake tower, damage to the intake tower body and the maximum tensile
stress of the rebar in the intake tower were studied in all three conditions are considered as damage
measure (DM), and the results were reported in the form of IDA curves. Then based on the results, the
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function and different limit-states (key points) of the intake tower structure are determined.

1- Introduction

Safety and proper functioning of the intake towers in the
event of a major earthquake are very important, since the
release controlled by the reservoir can help to prevent the
failure of the dam after an earthquake by reducing the water
pressure. The seismic response of intake towers is always a
topic of considerable interest. Goyal and Chopra developed a
simplified procedure to calculate the added masses accounting
for the hydrodynamic interaction of water inside and outside
the tower, and the structure-foundation interaction, and it
was shown that the structure—foundation interaction had
a significant effect on the structural vibration mode [1, 2].
Cocco et al developed a nonlinear static method (capacity
spectrum method) to assess the seismic performance of intake
towers, which, however, did not take into account the seismic
capacity of hoist chambers [3]. Incremental dynamic analysis
(IDA) is an emerging method that offers a thorough estimation
of the seismic demand and limit state capacity of a structure
[4]. IDA involves performing nonlinear dynamic analyses of
a prototype structural system under a suite of ground motion
records, each scaled to several intensity levels designed to
force the structure all the way from elastic response to final
global dynamic failure. Alembagheri and Ghaemian used
IDA to determine the seismic performance and different limit
states of hydraulic structures, such as gravity and arch dams
[5-7]. Mahmoodi et al used IDA to determine the seismic
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performance and different limit states of cement dams [8].

In this paper by modeling the intake tower of the Briones dam,
intake tower in three conditions of the intake tower, the intake
tower-reservoir (outside water) and the tower-reservoir-inside
water, under the influence of 12 earthquake records, each of
which has a magnitude of seven in the earthquake intensity
scale, has been investigated. The displacement at the top of
the intake tower, damage of the intake tower body and the
maximum tensile stress of the rebar in the intake tower were
studied in all the three conditions are considered as damage
measure (DM), and the results were reported in the form
of IDA curves. Then based on the results, the function and
different limit-states (key points) of the intake tower structure
are determined.

2- Numerical modeling and Methodology

The intake tower of Briones dam was modeled in 3D in
Abaqus software. This reinforced-concrete intake tower,
is approximately 70.1 m high, has a hollow circular cross-
section of outside diameter of 6.92 m near the base and
tapering to a diameter of 3.52 m at the top. The wall thickness
is 0.41 m at the base, decreasing to 0.32 m near the top. The
tower is supported on a 4.0 m high solid concrete block which
has a diameter of 18.3 m at the ground level (Figure 1).

The water in the reservoir surrounding the tower is idealized
as a fluid domain that extends to infinity in all radial directions
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Fig. 1. Two-dimensional cross-section and plan of the
Briones dam intake tower

and has a constant depth of 61.3 m. The height of the water
inside and surrounding water is considered the same.

The tower is made of material properties according to Table 1.
The considered nonlinear behavior of concrete and steel in
this study is shown in Figure 2. Also the considered linear
behavior of concrete compressive stress.

The whole FEM model was including 3D solid elements for
intake tower, truss elements for rebar, and acoustic elements
for water, as shown in Figure 3.

The loading consists of two stages, static and dynamic. Static
loading includes the weight of the tower and hydrostatic
load caused by water, and dynamic loading includes the
longitudinal component of the earthquake record, which is
applied as a boundary condition of the acceleration type to the
bottom of the structure.

Twelve earthquake records (Table 2) matched with standard
design response spectrum were selected from Pacific
Earthquake Engineering Research (PEER)' strong motion
database.

Fe

Table 1. Static material parameters

. Young .
Material ](fgl;:l?)’ modulus P:;st;())n
(GPa)
Concrete 2430 31 0.17
Steel 7850 200 0.3
Water 1000 2.2(Bulk -
modulus)

3- Conclusion

An incremental dynamic analysis method is proposed for
assessing the seismic performance and capacity of intake
towers based on the performance-based seismic design in this
study. The IDA results can be used to quantitatively determine
the seismic limit states of the intake tower.

Twisted Pattern IDA curves have a wave motion around the
elastic slope that follows the law of equal displacements. The
twisted pattern of these curves includes successive sections
of hardening and softening at different levels of earthquake
intensity.

The first damage occurs in the cases of the intake tower alone
and intake tower-reservoir at the spectral acceleration level of
0.2g and in the case of the intake tower-reservoir-water inside
the intake tower at the spectral acceleration level of 0.1g. The
first tensile damage created in the body of the intake tower
and at these levels of earthquake intensity is caused in the
connection section of the intake tower with solid concrete
block.

Vertical cracks are mainly caused by the earthquake intensity
level of 0.3 and 0.4g between horizontal cracks.
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Fig. 3. Ground motion recorded at Kern county
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Fig. 4. Displacement response at the top of briones dam intake tower due to of taft ground

motion. a) Intake tower b) Intake tower-surrounding water c) Intake tower-inside water d)
Intake tower-foundation(rigid)- surrounding water-inside water(Continued).
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Fig. 4. Displacement response at the top of briones dam intake tower due to of taft ground
motion. a) Intake tower b) Intake tower-surrounding water c) Intake tower-inside water
d) Intake tower-foundation(rigid)- surrounding water-inside water.
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Fig. 5. Nonlinear intake tower model. a) The side views of the intake tower and the plan of the base
block of the tower b) Intake tower modeled in Abacus c¢) Triangular lateral load applied to the intake
tower d) Finite element mesh of intake tower model
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Table 2. Various conditions for evaluating the behavior of intake tower system

Jsto of o9l ol ) Jeo
\))l..\.i Q)L\J. ga.Lo ‘
3, 3, do
AN 3l o Y

Ao e slas 1y S8 el g gl dgae (glin] Jae 4SS L5l
0 Lo jyo 43S (o 0amltio & JSU5 53 &S pslailen 39290 (550 Ll
0035 055 Ubey 5l ool bl 5 ojles 2S00 LasSLl asliyy 5 )
pae > 4 (BBl oo 1> Al @ dagi b g oe oy
Gob jl ki e > Sealdg)in LS (b bawg (i oS
g Olsis 4 1Sl @ Sapm drg sdise Sl 1Sl g w8
Pl gy g plgis 4 Sl @p a0 b Sl olod w5 Lol
Osmed 008 o o daw 93 (pl (Sl 4 bgype Yblee g 00l
Ty 31 dng 35 0,5 gy 5l eslinnl b p Sl 2 3 Ol LSyl
250 3t 31 22 Sl e g 5 Lol s gl & 5
ca.‘a.w 9 L)"l L)"“'{)"\"] L ]oy).o OYolxo 9 0D ul?r.’b‘ 9y C.E.u (_)‘9"’;
hde (33 515 jho b g padts jobo 4 ¥ ojled (Slajye 2535 o >
P St lib g5 1 50 byb S Gl 4 ol gaw > L
wdyS s ) o (o oS ol o Y ojled 5pe 980 iy 33l
oylad jyo 39d g0d i yai aw () 3 (5ip0 Ll pd A5 @ sl oAl
ol Sl gLl I3l 5 (50 593 el 53y by Jlas pslito 4y
Sro sl o 45l )3 (dlasiio g (oSl £9 ) aw S5
095 05 Uy 5 030zl b &8l njls 5 y5ilo] e LS, 5 o e
by 0,8 5 (50 s (1 Joo 930,500 > dbga o SYdlae
3800 o (sl a8 loannd 2ly3 lall g g aw del> gl
5 S o lag 1y 5, 8ke 5 gim 4w slaplall bl oLl sl
Jolen u@flj ML:); Osred ..\Suo .)l?ul LQ:JN u}l 9 I) L_,,_,Lmo)f
1 Tie

0yo

o WS (g (dad e )8y sl cigy ol )3 el oad (5l e
Lwd ()lid Cooglio 5o &S (pl 4 dogi b g ol jolaio bulS ol
S Ojle 4 b osdiee sl jio )L B pte 3l YL
el > (S 5 5l8) cul 0ad (128 (las )LiS > (i L8,
Sl A S5 s aiS ol blie polie olen 4 abd
e 3y Jan (D) 5 A it o5 b 5 ity
IS5 5 ol Sl g ooy (st gl Sl b 288 S
YIA(0, ) GisS 5> oy peed (5 )lae .ol o o3l L5 Call-A
Sygn sin Jla

e o 1 pySolS YAD: IS ) a )l 3Y b pdline claste
Y elass 5 g + I el annss o JSllSS Yo eyl (oL g
b SKetodly 3,50, 31 o3lizl b 5Yo5 dlne s e )15, . JKeole
398 ()5 =i )18, cal 0l (gl Jae Sig gl (S Vb S
IVV] Cool osis odby lis oA IS o (des e cls

o35 Jloy gaw €)1 b 5l @ S o 5 (0gel e &) e
sy pSokS Voo JBa b ol el (ad by L e SVY g
G 2 oeomed Gl 0ld Jdo JEWLES YIY SIb Jgde g cnSe
b ad)S e  Cle ©)g0

cuda obal/ 55 i aw ol g9 5l glagldl 4 LS 2
9 b ol & oSl 5 il Laals oS LS5l b (o,
olell 55 31 (@ 31 ol 9 (i350e) Jlow wian 8505 o (5o
Sy a4l gals S LSl b glo,S cuin gdm dw SitwsST
Sl ool Slays g oagr HLid (ool anyd (ol Laid 5w a)F



O+ U 00 axbwo NF-Y LJL...' &y o)LAm PAIN 0y9d ;)...S)fol ul)o& L;-.-AA.I.Q(Q :b).u.u

500 -

400

300 4

200 4

100 4

(@)l

0 0.01 0.02

0.03 0.04 0.

b)o

58 05 A 19993 (0 0 RS- foged (1 58 5 (i (35 yfag05 A S

Fig. 8. Considered nonlinear behavior for concrete and steel. a) Concrete b) Steel
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Fig. 10. Reinforced concrete model. a) before generation of data file. b) after generation of data file
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Table 3. Selected earthquake records
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Fig. 11. The direction of earthquake acceleration to the

structure (in the x direction)
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Table 4. The results of the analysis of intake tower in various state (only at the intensity level of 0.7g)

(S S 02 35 25 g pd P Pl zp Y olal
Gl gedaw > ol )y
(JSKy o) o Ko (EW-3KY) (o siilw)
435 el
YAf/? A/FY an Voo YA \oaf ‘Ng ks sl 2
FAVIA VA8 ASIDF A DVIVE v Ng e Sl 2y
FAZIA ARRT/N a4/ \#If f.f \YIAE ‘Ng 20 7 JBI Sl 5 il 2 0

S g (el D9800 sdalie OOV JSS 0 &5 yebilen

o g b olize dn3 Khao 53 0 slool S 5 e Sl ko
bl JSwblSe AVSY o JSublSe YAFS iy 4 /Y g o})
5 3y ot ks lad ) palaw oled )0 oy Ko oS sad o s &S
s Sl g Jdo b s o 0 iy o3 3 )Slos gshaws 4295 L

Sl o B b )b ovie 4 dn g b .l o 039l )Y S5 4
Oy 4yl zp YL s s ke poy Sl &5 +/Y G o))
(b pome cubld) oilw 5)Slos Jsl 0y90 Joleo ccunl yio Sl V/A
4 Sl g Jlasl e > (sae oS5 gl £5g b bl e
Sgdie ly (35 ) 295 3,Skos o5 s 4y il g (0 Sk
e g 0393 +/FY @ 41515 s s b btz 48 5 Slas o3 ] (clas]
bl yio Bl WV byl Sl g Y (oo alrttls paSle
o ) iy Sl g B0 53 el S5 g5 b S
S ons Gl by WSOl zp am ) (ol by sl
lacend plo 3 S5 (pad ! 3Sles 0)93) +/OV 8 o
w5 b g (bt el g Bl S WS g
15 s sl g S slacun Ll b g e oile slaglal
plaggl g oud )5 36 3 Shes jl ojls Sl @y Wy 1 lodes ik

And o 7y 0jle oles

EARY

3565y 033lg0 cov (o Ko j3 ddS i oy i) WdySleo S
Lol od oald uL.M) VY JSWA PN LQ() )‘ij zr J..\A d‘)’ u.sl?w‘ dJ)J)
odalie VY S5 ) oad &l IDA cla sove (5 a5 jobjlen
Tr G5 4 Cams 1S 2 (VL (oo ool oS g Al 29 o0
Ve /AF g ya b VMY iy o oY Z o) cond prdans b yblise ¢ S0
el pe Sl polie ol Jloy (SaSly olise ilioe yio Lo
XA il > IV G +/F G Al s o )3 1Sl 2 6V (o

R EPA ST
b bl 1S gy 6 S oy e & dade ol
0o & Wl me o AVee gl oIV Z 05y s paw
LYRY) u."? V- u;/p.of 9 64 u|)> )5.:1 Ty SN stbulo.” Jf
& yebolen il ANl Gad maw gwed g3 Sl gz
Lf’l)> 4)9?@.& Iy g L )_3‘)_3 AJ)J) IR W C.la.w i dgud 0 olalis
C.‘a.w u;l B L&’LS’]P &51 9 Cowl 0l .)l?u‘ )5.:] TR S
o 31 Ly Sl g 6y laglall ud S e 2,5 e JSS
VIA L plpzp @Yb s ol boge liie &8 < /Y g ©ud
vl ) ons mhw GalBl L g end lel b o e Sl
Y S gl oo 4 i (gl Sy b by ol oS e

S o g ol b ol 4 inS Caow



O+ 500 asio AT Jlo oF o)lod DO 053 S pusl ()l yos (qwdine 4 puis

0.7
0.6
0.5 4
8
= 04 4
S
m-\
€ 03
o
0.2 4
0.1 4
0 T T T T T T
0 5 10 15 20 25 30
Maximum displacement on the top of the intake tower (cm)
(@)
0.7
0.6 -
0.5 4
C KCTAF
= 041 KCLIN
s ——IVELC
n IVPTS
£ 031 ——LPAND
n ——LPGIL
02 —LPSTG
——MHG06
——SFPAS
0.1 A ——SFPPP
——NRSAN
—NRCOM
0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Percent of Damage Concrete (%0)
(b)o

EERUE 2o LSRN () ﬁi’gi—z).g ‘_;waugbd.:b W;‘f’ (s Sl g0 Je 5o ID% ‘_gléuaouw AY JS8G
(3,15 40131) o1 & 0 Jito Cond b iz (0 L0 ySee (AidllS (W5 o 350 (2 aSl 2 3

Fig. 12. IDA curves of various intake tower model. a) Maximum displacement on the top of the

intake tower b) Percent of damage concrete ¢) Maximum tensile of the rebar d) Capacity curve
of intake tower model(Continued)
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Fig. 12. IDA curves of various intake tower model. a) Maximum displacement on the top of the

intake tower b) Percent of damage concrete ¢) Maximum tensile of the rebar d) Capacity curve
of intake tower model.

oYy



O+ U 00 axbwo NF-Y LJL...' &y o)LAm PAIN 0y9d ;)...S)fol ul)o& L;-.-AA.I.Q(Q :b).u.u

0.7

04 4

0.3 4

8, (T1,5%) ()

0.1 A

——KCTAF
—KCLIN
IVELC
IVPTS
—LPAND
——LPGIL
—LPSTG
— MHGO06
— SFPAS
—— SFPPP
——NRSAN

10 15 20 25

30

35 40 45 50 55

Maximum displacement on the top of the intake tower (cm)

&l

S, (T1,5%) (g)

——KCTAF
——KCLIN
IVELC
IVPTS
——LPAND
—LPGIL
—LPSTG
—MHG06
——SFPAS
——SFPPP
——NRSAN
——NRCOM

40

50

60 70 80 90 100

Percent of Damage Concrete (%0)

4

R @l 203 (0 K0 722 GYL o (2ol oy S (W] (Bl 2 e 53 IDA (sl oo AT JSUS
(2,15 dolal) oy 35me— 3l & 1 Jdo byl (oo (& W3 ;e (oS W5 o Lo (2 il £ 2 Wiy

Fig. 13. IDA curves of various intake tower-reservoir model. a) Maximum displacement on the
top of the intake tower b) Percent of damage concrete ¢) Maximum tensile of the rebar d) Capac-
ity curve of intake tower- reservoir model (Continued).
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Fig. 13. IDA curves of various intake tower-reservoir model. a) Maximum displacement on the
top of the intake tower b) Percent of damage concrete ¢c) Maximum tensile of the rebar d) Capac-
ity curve of intake tower- reservoir model (Continued).
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