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Downhole Instrument Orientations and Near Surface Q Analysis
From the SMART2 Array Data
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ABSTRACT

Installation of the SMART2 downhole array in Da-Han Industrial Sch ω l
was completed in May 1992. This array contains one free surface station
and three downhole accelerometers down to 200 m. depth. Thirteen events
recorded by this downhole array are used to study the orientations of the
downhole instruments by en: 勵-con 可elation method. The results show the
longitudinal direction of the instruments at SO m, 100 m, and 200 m depths
of downhole accelerometers are N3 � E, N91 � E, and N75 � E, respectively. The
near surface Q value is calculated by using the records of three events. The
result of Q(O=9.55fLo6was obtained from the smoothed power s伊ctrum
ratios. The surface ground motions of two events are simulated from the
ob 揖rved downhole records and Q value we obtained by using the Haskell
method. The results confirm the downhole instrument orientations and near
surface Q value that we derived in this stud 弘

1. INTRODUCTION

There are 田:veral studies about finding Q value near 血C 叫吋血 e in California by com-
paring the downhole ground motion wi 血 the surface ground motion, including Hauksson et
at (1987) (Qb=25 average between 15 ∞ m and420 m dep 血), Malin et al. (1988) (Qb=9
betw 間n 0 and 500 m dep 血), Seale and Archule 個 (1989) (Qb=lO between 0 祖d 166 m
dep 血), Gibbs 祖dRo 血 (1989) (年4 between 57 曲d 102 m depth), Fletcher et al. (1990)
(Qb=8 at one and 11 at 血eo 血.ers 扭曲e upper 50 m) and Archuleta et al. (1992) (Q=12
m the upper 200 m), 也可叫 I found very low Q values ne 前也e surf 前 e. Recently, Wang
(1993) reviewed Q values in Taiw 扭扭d poin 包d out 血at 血e Q values of the sediments
can be 血ade for further s個di 閏.口1個g 缸Hi Yeh (1983) using strong motion 曲1a found
Q(f)=98f1.0 扭曲.e upper 11 Ian 曲d Q(f)=225f1.1 m the upper 80 Ian for no 吋祖祖tTaiw 祖 -
The only study of the near surface Q 個 Taiw 個 W晶 done by using the SMARTt array data
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in the Lotung 訂閱 (Shi 曲 , 1992). The SMART2 array (Chiu and YI 品 , 1991) is located 扭曲e

Hualien 缸回.甘H曲 dow 曲。,Ie 缸celerometersare ins 個lIed 扭曲e Da-H 胡 Ind 聞出al Sch ∞l
at depths of 50 m, 1 ∞ m, 且d2 ∞ m. 買過 s dow 曲。,Ie 前ay gives us an opport 凶 ity to. study
the near surface Q value in the Hualien area. 四Ie o.rientations of the downhole instruments
are not measured since the installation. Befare doing 血e Q value study, we must solve the
problem af 血e dew 曲。Ie instrument crientatians. Several methods had been 山ed to. check
血.e dowr 曲。 Ie instrument o.rientatian, fer ex 帥pIe, polarizaticn me 血od (Vidale, 1986) 組d
cross-ccrrelatio.n me 血吋 (Yamazaki et 祉 , 1992). In 血 is study, we used the cross.ccrrelaticn
me 曲吋個 estimate the instrument arient�tio.ns o.f the dcwnhcle array. To. check the estimated
value cf instrument o.rientaticn and Q value, we used the Haskell me 血ad to sim 叫 ate surf 缸 e

grcund mctian by using 也e dew 曲。Ie rl缸Old 品 input mo.tio.n. From the similarity between
血e synthesized results and the 晶晶rved reco.rl 曲 , we can shew the exactness o.f the instrument
erientatio.ns and near surface Q value we o.btained.

2. DOWNHOLE ARRAY AND DATA

The SMART2 do.wnhale array is I田 atl 吋扭曲e Da-H 祖 Industrial School 扭曲e Hualien
缸ea. This array co.nsists o.f ene frl 自 surface and 3 do.wnho.le accelerometers who.se depths
are 50 m, 1∞ m,and2 的 m. 四Ie fo.ur FHA sensors are connected to. two. 6-channel SSR-l
digital recerders. Each recerder has 16 bits resolutio.n and 曲e sampling rate is 2 ∞ po.ints! 臨

-

An 臼nega clock timing system provides cne ms accuracy and ccntinuo.usly synchro.nizes 曲e
clock to. standard time.

The SMART2 dawnhele array began o.perating an May 6, 1992. Fram 血 is date thraugh
Sep. 1, 1992, thirteen earthquakes were recarded by 血is dawnhale 叮叮 (11 曲 Ie 1). The 揖
events are used to. calculate the instrument o.rientaticns o.f the dcwnhale array. Figure 1
曲o.ws 血e lacatio.n o.f the dawnhale array and epicenters. Mast o.f the reco.rds are tl∞ weak
to. do. the near surf: 缸e Q and simulatian study, but five of them were strang enaugh for our
study. In 由e 晶晶ve events, the M L are larger 曲曲 4.5 and the peak ground accelerations
of their EW and NS co.mpon 凹的 are larger than 5.0 gals far the station at depths of 2 ∞ m.
臼I the basis of 血e in situ soil boring and downhole vel ∞ ity logging (Chung.Chi 11凹:hnical
Ccnsultant Co.. 1991), the average shear wave velocity profiles 坦 well 扭曲e gω Io.gical
co.lumn 缸 sections are 血awn 扭 Figu 肥 2. The geological profile includes fo.ur layers. The
first cansists o.f brown medium-coarse sand wi 由 small gravel, the 田cond is gravel and gray
mud wi 血 some medium-coarse sand, the third is sand wi 曲曲曲 clay and small gravel, and
血e fa 叮血 layer includes rock, pebble gravel and medium-coarse sand.

3. DOWNHOLE INSTRUMENT ORIENTATIONS

四Ie problem of downho.le instrument orientatian is solved by using the maximum cro.ss-
co 叮elatio.n me 血0<1. 四lis is a fo.ur-dimensienal problem, include three components and time
lag, 晶 Yamazaki et aL (1992) has shewn. Far SMAR 口 dewnho.le 甜呵, time lag w 扭
曲回n叫 by in situ velocity legging and the erientatian errer is ve 可 small in ve 吋cal dir ∞ ticn
b 甜ed an 血e 姐 situ geotechnical survey (臼lUng-Chi Technical Censultant Co.., 1991). 品 ,
扭曲is study the probl αn' can be simplified to. a two. dimensio.nal problem 曲at enly needs
組副 ysis o.f the reccrds ef two. ho.rizentalco.mpanents. The e.arthquake ground metio.n at a
point is repre 臨n 能d by a vector z(t)=[Zl (t), 向 (t)]. Zl (t) 組d Z2(t) indicating the greund metio.n



ORIGIN TIME
EPICENTER

DEPTH
ML PG A * (gal)

NOTEEVENT
(km)NO.

<un
V T L

19920521 121-32.69E 16.7 4.5 1.17 3.31 1.93 o.
05:04:35.25 23-43.92N

? 1992 05 3 [ �1�2�1 ��2�3�.�0�8�E 12.6 4.5 1. 88 2.72 2.04 o.
13: [6:48,86 23-52.29N

3 1992 06 O[ 121-32.32E 4.6 4.3 1.55 2.97 3.09 o.
04:50:14.98 23-49.68N

4 [9920608 [21-38.14E 23.1 4.0 3.55 4.50 6.04 o.
�0�4�:�5�8�:�0�7VÞ�2�0 23-58A4N

5 [992 06 25 [21-37.92E 22.7 4.8 20.21 27.77 28.63 Q. S.
18:29: 11.12 24-01.16N

6 1992 06 25 [21-31.18E 13.4 3.8 3.63 6.63 7.75 o.
19:37:41.95 24-05.24N

7 [9920630 121-46.13E 28.6 4.8 2.49 3.81 5.24 o.
13:07:41.15 24-08 Al N

B 19920707 !21-53.16E 57.8 4.9 1.58 2.41 2.96 o.
00:45:33.30 24-22.52N

9 19920723 121-24.08E 12.8 4.8 1.51 2.85 2.40 o.
21:03:35.07 23-57.74N

10 1992 07 24 121-49.96E 30.0 5.1 4.12 6.55 5.35 O.Q
05:26:55.86 24-03.2IN

11 1992 08 08 121-37.5IE 11.7 4.6 6.00 11.27 8.95 O. Q.
19:37:52.39 23-56.07N

12 1992 08 14 121-33.13E 15.7 4.8 18.97 30.77 �4�8�.�7eå O.Q
17:26:25.11 24-06.38N

13 19920901 121-46.40E 51.4 5.2 7.64 ??.13 23.7\ O. S.
16:41:15.21 23-42.70N
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Table 1. Event parameters recorded by the SMART2 downhole 缸ray.

O. : Orientation calculation.
Q. : Q value analysis.
S. : Simulation study.
車 : PGA recorded at the depths of 200 meters.
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Fig. 1. Location of 血e SMART2 downhole array and epic 個能rs.
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Fig. 2. Shear wave velocity profile and geological columnar 臨ction.
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叫出e preassigned directio 肘 , I.e. no 吋I-SOU 血 (NS) and.east-west 但W). Suppa 臨 the ground
motion y(t)=[Yl(t),Y2(t)] r時ord 吋 by 血 instrument which has an. angle α different from the
preassigned dir 目 tion. 啊1個 z(t) can be estimat' 吋 from 血e ob 臨 rved yet) by 血.e pr 吋uct of
曲e transform matrix

Han- Yih Peng & Kuo-Liang Wen

(1)z(t)=T( α )y(t),

the corresponding two-dimensional coordinate 恤nsform matrix can be obtained 晶

I COS αT( α ) = I
I -szn α

where α is the angle waited to be solved.
If we want to decide the angle α , a reference station with known instrument orientation

is ne 自由ary. For the next calculation, we consider a ground motion at the reference point
X(t)=[Xl(t), 向 (t)]. If 血e reference point and 血e checking point are not 卸 ap 訓 , wi 血in a
few hundred meters, the existence of coherently propagating waves between 血epo 姐的 can
be assumed. 甘Ie orientation difference angle α between reference station (x) and checking
point (y) can be estimated by the maximum cross-correlation coefficient between x(t) 祖d
z(t) in the time domain. Since there only two horizontal components 扭曲ese v 自 tors 缸C

used, a sum of two cross-covariance function is considered

(2)

(3)s(a,T)= 芝 R叭 (T) = LE[(Xi(t) - a\)(zi(t + T) - 21)],

where E[.] means the ensemble average and T is the time lag between x(t) 個d z(t). Substi-
tuti 呵呵uation (1) into equation (3) results in

(4)s(a,T) = L LtijRx

where t1j is the element of the transformation matrix T in 呵uation (1) 組d RXiYJ (T) is
defined 晶

RXiyj(T) = E[(Xi(t) - Xi)( 的 (t+T)-Yj)]. (5)
In evaluating 問uations (4) and (5) for the sample prl 田e 扭曲。 f x(t) and yet), 血e 能mporal

average is u 配d inst 問d of the ensemble average for convenience. Then 呵咽tion (5) is
replaced by

(6)R叫
1 �.�.N�

E 兩

(7)T+MORTU
出

1-n一
一

-NBznTU
但

1-n一
一

-Z

and
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where n is the number of discretized steps.
At 由.e Da-Han downhole array, 血.e orientation of 血e surface instrument is known and

can be used as the reference po 祖 t. 訓話 time leg T is obt 剖n 剖 by in situ downhole veloci 句
logging. 四Ie direction of 出e downhole instrumen 個 can be estimated by finding 血em 阻 i-
mum cross-correlation coefficient betw 自n the records of the reference point and doWI 曲。 Ie
instruments wi 血 the time leg T. The downhole records were rotated counterclockwi 臨 from
0 � to 180 。祖d 0 � to -180 � wi 也 1 °旭蛤w祉 , 副1d calculated the cross-correlation coefficient
wi 血 surface record at each angle. The results are shown in Figure 3. The average results
from all events show 血at the longitudinal directions of the downhole instruments at depths
of 抽血 ,100 血 ,and 2∞ m 紅e N3 °士 7 � E, N91 。士 lOOE, and N75 。士 lOOE, respectively.

Figure 4 shows an ex 缸nple of 由e velocity waveform. Two horizontal com 伊nents of
也.e dow 曲ole r,也or 也 are rotated to NS and EW directions, respectively, based on the angle
we obt 血叫 . From 曲is figure we can see 血 at 血e wavefonns are ve 可 consistent between
surf 臨 e and downhole station except peak values are a little different. This can show 由e
缸C叮acy of the angles we obtained.
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4. Q VALUE

Frequency dependent Q was found by AId and Chouet (1975) from studying the coda
wave of e 缸血quake in California and Japan. A relationship 曲 at Q grows wi 血 frequency
proportionally 晶 rnw 個 suggest 吋 bym 個y authors (e.g., Der 血d McElfre 曲 , 1977; Ti 叫 lU 間 ,
1978; Rautian 祖d Khal 個血 , 1978; Aki, 19 助 ; Console and Rove11i, 1981; and Rodriguez
et al., 1983). For studying the Q value, we calculate the power 申目 tra of 血e rl 目orded
accelerograms and take a smoothing proced 叮e. A power spec 甘urn is estimated by

(8)IA( ω )12 = A( ω )A*( ω ),
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where A*(w) is the complex conjugate of A( ω ), 血d A(, ω ) is the Fourier spectrum of 血e
acceleration time history a(t). In this study, we use the time domain moving window method
岫咽∞曲曲 e power 申自甘um. The degree of smoothing depends on the window length. A
曲orter window length will result in a sm ∞ ther 恥ctrum (B 帥 , 1979). 甘Ie window we u 臨
is cosine window, shown 曲 in Figure 5, and the form is :

切的 = 0.5(1 - cos(2 吋 - tl)/tw)) tl 三 t< 屯 , (9)

Wet)

1

h tt,

Fig. 5. Cosine window used 扭曲is study.

where tl 組d t2 are low and high roll-off time, the window length tw equal to (t2-tl) 組d
the window shift length t8 is given 晶 twl2. In 血is study, the Q value is defin 甜甜 Qs, so
we rotated the horizon 叫 compenen 的 into tangential and radial components wi 血 the angle
obtained by previous 晶ction. 甘Ie power spec 甘urn of a seismic wave, generated from seismic
由宙間 , propagated 血rough a dispersive medium and received by j-th station with epicen 甘al
distance Rj can be represented 品 (A 扭曲d Chou 帥 , 1975; Console and Rovelli, 1981)

8j(f,Rj) = O(f)F(Rj)exp[-2 π fRj/(vQ(f))J,

where O(f) is 血e 叩U凹 e spectrum, F(R j) repre 血n 的 the geometric spreading function, v is
曲e group velocity of the wave in medium, and Q(f) stands for quality factor of 血e pa 曲 ,

Considering the Q between two stations (扭曲is study it is from 200 m depth to ground
S叮f 缸 e), 也e power spec 仙m ratio can be represented 曲 :

(10)

81(f)RI)F(RI)
= 一一

,�
I

π I�R/(vQ(f))L
82(/, R2) F(R2)

、
、

',/
可

i
可
止',t

、

where subscripts 1 and 2 stand for surface and 2'∞ md, 臼p stations, respective 旬'. � R=RI-
R2. The 2∞ m distance compared 岫 hypocentral distance is ve 可 small, 回 F偎 1)IF(R2) can
be 晶 surned equal 抽 1 and �R/v equals the known t油站 leg T. Then the spectrum ratio can
be represented 晶 :

、
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也e Q(f) is replaced by

Q(J) =-2 π iT

1n(Sl(J)/S2(J))'
(13)

and 也e Q(f) can be rep 扭曲nted 晶

Q(f) = α . fb, (14)

where a and b are constants.
Before calculating the value of Sl (f)/S2(f) for obtaining the Q(f), we must consider

也e effi 自尬。 f amplification in the ground motions. Amplification due to 由.e imped 祖ce
contrast between two materials is a result of the conservation of energy (Carter et al.. 1984).
Assuming complete transmission. the amplification factor for a plane wave traveling from
medium 1 into medium 2 is

而 (15)

where v 個d ρ訂e vel 田 ity 祖d density respectively.
Using the vel 四ities and densities obtained from in situ g,∞t自hnical s叮vey (Chung-Chi

Technical Consultant Co 吋 1991), 也e amplification factor between 200 m 阻d ground Sl叮f缸e
layer can be calculated and was equal to 3. The free swface record w 個 co 叮且能d by 血is
amplification factor 個d free surface effect. 甘Ie corrected record and the record at 2 ∞ m
depth were used to calculate the near surface Q value. Figure 6 depicts the Q(f) values by
different sm ∞ thing window length. From 血 is figure, we can s 自由at a 曲orter w 扭曲w length
results in more convergence Q value at the higher 企equency part. The Q values oscillated
from 7 Hz to 40 Hz at 血e window length of 1 田cond (Figure 6a), and the oscillations
decreased as the window length became shorter. More consistent results were ob 扭曲ed in
the low frequency p 甜 for different window lengths. Through several tes 峙 . we selected 0.05
揖cond time window for smoo 曲 ing, and the least-square fit also 血own in Figure 缸 , 個d 血e
result is Q(f)=9.55f1.O6. From Figw-e 6d we c扭曲e 血 at the results of Qo from event 10,
口 , and 11 have become smaller. The magnitude of events 凹 , 12, and 11 are 5.1, 4.8, and

4.6. 組d 血.e hypocentral depths are 30.0, 15.7, 阻d 11.7 lan, respectively. Theoretically. 出e
spec 甘al ratio can delete the source effect, but it may not remove it completely. 甘lis effi 也t
can include the standard deviation. If we u 臨 mo 間 even 恤 , it may show in 血e same e叮個
band. Comparing the hypocentral depths of 血e 自由Tee events. we can 臨e. that the deeper
event (event 10) has larger Qo value. One po 晶ible re 睡個扭曲at 曲e 晶 ismic wave from a
deeper event will incident more vertically 血扭曲at from a shallow event. So, the attenuation
effect for the vertical incident wave will be smaller. 西 is means 血 at 血e Qo value will be
larger. Since 血is study has only three events, it d 田 s not prove 由 is result. If we have more
events we can do deeper di 缸ussion of this problem.

5. SIMULATION OF SURFACE GROUND MOTION

四Ie exactness of the results of 出e dow 曲。Ie instrument orientations and the near sur-
face Q的 can be checked by using the downhole r.目前也值 input motion to synthesize the
surf: 缸e ground motion 曲曲曲曲.e Haskell method. 臼1 血eb 晶is of 血e directions we got.
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the horizontal component records of events 5 個d 13 are rotated into tangential and radial
componen 臼.τ�� 愀扡湤灡獳 �汴敲 晲潭 �� � ω 15 Hz is used to filter the records. Figures
7 祖d 8 show the results of the actual records comp 缸ed wi 血 the synthetic seismogram
(vel ∞ ity time history) for events 5 個d 13, respectively. Dash lines in each figure show
血e observation record at 血e ground surface is the same 曲也e top trace in each figure.
Comparing the synthetic and observed seismograms, we can see 血 at the results by using
血e record at 50 m depths. as input motion are better 血個 those using deeper reCords. The
simulation results for event 13 are better 曲曲 tho 臨 for event 5; 血at is because event. 5
has more high frequency signals and not considers the free surface reflection wave as shown
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clearly in 臨時∞地 of event 5 (Figure 7). From Figure 8 we can 臨出,at although the
later ph 晶e has a little 曲 i 缸 , the amplitude still has ve 可 E 回到d 缸 , 酒也自 simulation results
曲ow 血at 血e dow 曲。Ie ins 甘wnent orientations and the frequency dependent Q ob 個in 吋 in
血 is study are suitable for u 阻 .

6. CONCLUSION AND DISCUSSIONS

Since the installation of the SMART2 downhole array in Dan-Han Ind 田肘 al 5cb ∞Un
血e Hualien area, we have no idea about 也e downhole ins 甘wnent orientations. In this stu 旬,
we u扭曲eear 也q咽ke records 個 solve 血 is problem and calculate the Q value through tl 略
帶ec 甘al ratio method.

On the basis of in 到個 g叩 technical survey, the four�dimensional cn 閥4 個relation
me 血od w 晶 S恤pUfi 吋 to a two dimensional problem. 官也 simple cross 旬correlation me 也od

was 田cd to study the orientation of each downhole instrument by finding the maximwn
correlation coe 血cient from a different rotated angle in respect to the ground surf 都e station.
訂閱 results show the Ion 耳 tudinal d 廿ections of 血e downhole accelerometers at depths of 50
m,l 叩 m,and2 ∞ mare N3 °土7 � E, N91 。士 lOOE, 阻d N75 。士WOE, re 句也 tively.

Frequency dependent Q was calculated after 曲e orientation correction, and the result of
Q(f)=9.55f1.06 W扭曲姐姐ed from 血esm ∞曲“ power spectrum ratio. Shieh (1992) obtained

Q=55.11 土 15.10 average from 1 to 22 Hz for Pleistocene sediment layer under tl 時 SMART 1
array area. When frequency equ 叫 to 10 恤 , the Q value is 132.0 個 SMART2 downhole
缸ay area. The Q v 剖ue in Da-H 祖 dow 曲。 Ie 師ay 缸ea is higher 血扭曲at in Lotung area
(SMARTt area). 四ie g 叩 logy and vel ∞ity logging data shows that the alluviwn layer under
血e SMARTt array is softer 曲曲 the gravel layer beneath 血,e SMART2 downhole ar,恤 , 曲 ,
由e higher Q value is reasonable.

四時 one-dimensional Haskell me 血odw 晶 U品d to check the 缸 cur 缸Y of the insb'Ument
orientations and Q value we obtained. 甘ie surf 都 e motions were simulated by using downhole
r凹 or, 也 at depths of 50 m, 1∞ m,and2 ∞ m 晶 input motion. The results were g,∞d enough
to prove 血e 缸C叮此Y of instrument orientations and Q的 value obtained 恆血is stud) 凡
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