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Abstract. This article presents equations for the estimation of vertical strong ground
motions caused by shallow crustal earthquakes with magnitudes M,, >5 and distance to the
surface projection of the fault less than 100 km. These equations were derived by weighted
regression analysis, used to remove observed magnitude-dependent variance, on a set of 595
strong-motion records recorded in Europe and the Middle East. Coefficients are included
to model the effect of local site effects and faulting mechanism on the observed ground
motions. The equations include coefficients to model the observed magnitude-dependent
decay rate. The main findings of this study are that: short-period ground motions from
small and moderate magnitude earthquakes decay faster than the commonly assumed 1/r,
the average effect of differing faulting mechanisms is similar to that observed for horizon-
tal motions and is not large and corresponds to factors between 0.7 (normal and odd) and
1.4 (thrust) with respect to strike-slip motions and that the average long-period amplification
caused by soft soil deposits is about 2.1 over those on rock sites.
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1. Introduction

This is a companion article to Ambraseys et al. (2004) (here called Paper
1) to provide ground motion estimation equations for vertical peak ground
acceleration and spectral acceleration for 5% damping. It uses the same set
of data, functional form and regression method as used in Paper 1 and
therefore the equations derived here for vertical motions are consistent with
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those derived for horizontal motions. Only a brief description of the data,
functional form and regression method are given here, so please see Paper
1 for more details.

Briefly, a set of 595 records were selected using a reasonably strict selec-
tion criteria that sought to limit the number of conversions and assump-
tions required to yield a uniform set of data. The records chosen all are
from shallow (kh <30km) crustal earthquakes in Europe and the Middle
East (mainly from Italy, Greece, Turkey and Iceland) and are reasonably
well distributed in terms of moment magnitude (M) (Kanamori, 1977)
and distance to the surface projection of rupture (ds) (Joyner and Boore,
1981), which are the magnitude scale and distance metric adopted, within
the range 5.0 <M, <7.6 and 0 <d; <100km. Recording sites are divided
into four classes following Boore er al (1993), namely: very soft soil
(L) Vi30<180ms™! (11 records), soft soil (S) 180 < V30 <360ms™" (143
records), stiff soil (A) 360 < Vi3 < 750ms~' (238 records) and rock (R)
Vi.30>750ms™! (203 records). Records from very soft soil sites were com-
bined with those from soft soil sites because there are too few records
from very soft soil sites to yield a robust site coefficient. Earthquakes were
classified by style-of-faulting using the criteria of Frohlich and Apperson
(1992) based on the plunges of the eigenvectors of the moment tensor.
The distribution of records with respect to faulting mechanism is: normal
(191 records), strike-slip (160 records), thrust (91 records) and odd (153
records). All records were corrected using the BAP procedure (Converse
and Brady, 1992) with low cut-off frequencies chosen through an exami-
nation of signal-to-noise ratio and/or by examining the Fourier amplitude
spectrum and the filtered velocity and displacement traces.

In order to model the observed effect of magnitude-dependent decay
rate the adopted functional form is:

logy = a1 +ayMy + (a3 +asMy) log /d* + a2 + asSs
+a78a +agFN+agFr +anFo (1)

where Sg=1 for soft soil sites and 0 otherwise, Sp =1 for stiff soil sites
and 0 otherwise, Fy =1 for normal faulting earthquakes and 0 otherwise,
Fr=1 for thrust faulting earthquakes and 0 otherwise and Fp=1 for odd
faulting earthquakes and 0 otherwise.

Weighted one-stage maximume-likelihood regression (Joyner and Boore,
1993) was used to derive the coefficients of the ground motion estimation
equations. Details of how the magnitude-dependent weighting functions
were calculated are given below.
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2. Pure error analysis

As for horizontal motions, pure error analysis (Draper and Smith, 1981, p.
33-42) was performed here in order to verify that the commonly used loga-
rithmic transformation is justified; to investigate the magnitude-dependence
of the scatter; and to assess the lower limit on the equations’ standard devi-
ations using only magnitude and distance. Exactly the same procedure was
used here as was used in Paper 1.

2.1. LOGARITHMIC TRANSFORMATION

As was done in Paper 1, the dataspace was divided into intervals of 0.2
magnitude units by 2km within which the mean, n, and unbiased stan-
dard deviation, o, of the untransformed ground motion (PGA and SA)
was calculated using the maximume-likelihood method (Spudich ef al., 1999,
p. 1170). Then the coefficient of variation, V =1000 /7, was plotted against
n for PGA and each period of SA. If o was proportional to n then these
graphs should show no trend with increasing ground motion. A linear
equation V =« + 8n was fitted to each of these graphs. The 95% confidence
intervals of o and B were computed along with the standard deviation of
the equation as were the computed and critical ¢ value for §=0 for the
5% significance level. Like for horizontal motions (Paper 1), it was found
that B is not significantly different than zero for almost all of the periods
investigated because computed ¢ is not bigger than critical z. Thus the null
hypothesis that the scatter associated with measured ground motion is pro-
portional to the amplitude of the ground motion cannot be rejected, so the
logarithmic transformation is justified. For PGA and for SA at six periods
(0.050-0.075s) B was found to be significantly different than zero there-
fore suggesting that the logarithmic transformation is not justified for those
periods. Interestingly the slope B is positive, suggesting that the scatter
increases with increasing ground motion amplitude, which has never been
suggested before. Therefore, like for horizontal motions, it was decided to
apply the logarithmic transformation for the entire period range.

2.2. DEPENDENCE OF SCATTER ON MAGNITUDE

Like for horizontal motions, the derived standard deviations of each bin
were plotted against M,, and best-fit lines derived. The slopes of these lines
were then tested to see if they were significant at the 5% level. It was found
that for certain periods (0.15-0.40, 0.60-0.65, 0.75 and 0.85) the slopes of
the derived lines were significantly different than zero. Consequently, these
derived functions were used as weighting functions for the regression anal-
ysis, as was done in Paper 1.
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The magnitude-dependency of scatter in vertical ground motions is less
pronounced than it is for horizontal motions (as shown by the scatter for
fewer periods displaying a significant slope than for horizontal motions).
This suggests that different physical processes may be controlling the mag-
nitude-dependence of the scatter for horizontal and vertical motions. For
example, the effect of non-linear soil behaviour in limiting ground motion
amplitudes, which has been suggested as one possible cause of magnitude-
dependent uncertainty (Youngs et al, 1995), may be to be less impor-
tant for vertical motions than for horizontal motions (e.g. Bommer et al.,
2004).

2.3. LOWER LIMIT ON STANDARD DEVIATIONS POSSIBLE USING ONLY
MAGNITUDE AND DISTANCE

Pure error analysis was also used to assess the lowest standard deviations
possible for the derived equations. They were found to be in the range
0.21-0.28. Lower standard deviations than these should not be expected.

3. Results

Equations were derived for the estimation of peak ground acceleration
and spectral acceleration for 5% critical damping ratio and for 61 peri-
ods between 0.05s (20Hz) and 2.5s (0.4Hz) using the Caltech spacing
(Brady et al., 1973). The coefficients, associated standard deviations and
the number of records, earthquakes and stations used to derive each equa-
tion are reported in Table I. The non-significant coefficients are highlighted
in Table I although these coefficients should not be dropped when comput-
ing ground motion estimates. As for horizontal motions no smoothing of
the coefficients was attempted.

Figure 1 shows the decay of estimated vertical peak ground acceleration
and spectral acceleration at 1s natural period with distance for My, =35, 6
and 7 strike-slip earthquakes at a rock site. This figure shows the effect of
the magnitude-dependent decay rate for short-period ground motions (e.g.
peak ground acceleration) and magnitude-independent decay rate for long-
period ground motions (e.g. spectral acceleration at 15s). The dependence of
the decay rate on magnitude is less for vertical motions than it is for hor-
izontal motions. For example, the magnitude-dependent decay coefficient,
ay, for horizontal PGA is 0.314 whereas for vertical PGA it is 0.206.

Figure 2 shows the estimated vertical response spectra for M,, =5, 6 and
7 strike-slip earthquakes at 10 and at 100km at a rock site. This figure
shows the effect of the magnitude-dependent decay rate because at near-
source distances the effect of magnitude on the spectral accelerations is less
than at large source-to-site distances.



59

EQUATIONS FOR ESTIMATION OF VERTICAL GROUND MOTIONS

8€€ SEI S6S  “WSI00—¥0T0 "“WESO'0—16S0 FL00— 6500  SE0°0— LSOO LOL'O €9 LLI'O S0TT— <ZII0 86L0 0610
8€€ SEI S6S  "WO0TO'0—91T0 "“WSS0'0—L09°0 ZL00— £SO0  SHOO— 9S00 6600 6S OLI'0 091'C— 6[10 9.0 0810
8€€ SEI S6S  “WPTO0—TrT'0 “WL900—¥89°0 0800— ISO0  #S00— SHOO 6800 09 S81°0 T9TT— £800 6860 OLI0
8€€ SEI S6S  "WO0TO'0—0TTO "“W9S00—619°0 8L00— 9€00  L900— 0SO0 6L00 9°S 091°0 €60CT— 9II0 86L0 0910
8€€ SEI S6S  “WLIO0—E0T0 "“WSH0'0—¥SS0 #800— 6000  T800— 8500 LLOO +9 TSI'0 LOI'T— OSI0 +C80 0SI0

8¢ SEI G6S €010 80 #80°0— 9000— #800— €££00 LSOO L9 TEL'O CTIOC— 6410 0090 OvI0
8¢ SEI S6S 010 8LT0 £80°0— E100— 0600— SFO0O £S00 L°L LCI'O 8POC— 6810 SS90  0€I'0
8eE SEI S6S5 SOI°0 18C°0 160°0— €C0°0— ¥01'0— #€0°0 S90°0 6L 9¢I'0 ¢€€I'c— &9I0 0£80 0OCTI0
8eE SEI S6S5 ¥OI°0 ¢8C°0 001°0— #I0°0— SOI'0— £SO'0 6L00 8L ¥SI'0 0LTC— S#IO 0660 OIT°0
8eE SEI 65 901°0 L8TO 160°0— €000  801I'0— 0500 €800 I'L 9vI'0 LITCT— 9910 v¥80 0010
8eE SEI 65 901°0 L8TO 680°0— £000  911°0— £€0°0 1800 L9 1€I'0 6I1'C— L8I'O S690 $60°0
8¢ SEI S6S 9010 Y620 £800— <CI00 8IT'0— #€00 8LOO S9 CEI'0 €CI'¢c— IS0 1CL0 0600
8¢€ Sel G665 8010 S6C0 8200— 0000 cel’0— Z#00 0LOO 19 OvI'0 ILI'C— 6910 ¥v6L°0 S80°0
8¢€ Sel G656 8010 £6C°0 §200— €I100— TYI'0— SPO0O SLOO 8S 8SI'0 L8CTT— E£I0 LY6'0 0800
8¢€ S€l G665 901°0 06C°0 2L0°0— II00— 6v1'0— ZFPOO 6L00 09 €LI'0 €O¥CT— 6110 6I1'T SLOO
8¢€ Sel S65 901°0 06C°0 £800— [I00— ¥91°0— 0500 1800 19 €8I0 Lov'C— LOI'0 1€CTT  0LOO
8¢€ Sel S65 601°0 ¢6C0 8200— 9200— TLT'O— &S00 <800 09 G810 8eST— 9010 19CT S90°0
8¢e sel S6S5 TI1°0 S6C0 6900— 9I100— 1LT°0— 1[S00 1600 LS S61°0 109C— 0600 ¢€€£1 0900
8¢e Sel G656 CIT0 96C°0 £900— 6000— T91'0— [r00 9800 I'S 00C0 865CT— Z00 0€e’l SSO0
8¢e Sel S65 SIT°0 10€°0 0L00— €S000 891°0— 6£00 0600 LY LICTO I89C— £600 9¢¥'1  0S0°0
8¢E Sel G665 001°0 29C0 280°0— 000 9CI'0— 9700 8LO0 9°S 90T0 68Y'C— €800 6S€80 VO
N VA YT Lo 0lp 6p 8p lp v ‘v Yo 3/ 47 Ip porrdd

‘pasn suonejs jo
Joquinu oy} SI A/ pue pasn seyenbylies jo lequunu oy} sI A ‘pasn sp1ooar Jo Iequinu oY) SI 7N ‘SUONRIAD pIepue)s oyenbylies-1our oy st
2o ‘uoneIAdp piepue)s ayenbylres-enur oy s1 Lo ‘(JoAd] 9,6 Y} JB JUSIOLJS0D JUBIYIUSIS-UOU B AJIUTIS SOI[RII) SIUIIOYJI0I PIALIIP Y} aIe Olp—Ip
‘Surdwep o,¢ 10] UONRISAOOR [B1)0dds osuodsal pue uoneLISEIOR punoid yead [BOILIDA JO UOIBWISY Y]} I0J SIUSDLJS0D PIALIL T 2/91



N.N. AMBRASEYS ET AL.

60

ere Scl Ies 120 LLTO PLO0— TP1I'0 8200  8€I'0 18CT0 96 9¢C0 LLET— 0CTCO 98L°0— 0060
0T€ LTI ¥bS “WETO0—8YT0 “WSSO'0—86S0 9S0°0— €91°0 €00  0OTI'0 19T0 09 SSTO TIST— €FI0 TLTO— 0S80
€ce 8¢l 8¥S  8IT0 8LT0 0900— 0¢€1°0 8100  OvI'0 1STO0 +v'9 €CC0 6£€C— vITO LI90— 0080
8¢ TEl 89S “WTTO0—SYT0 "“WTS0'0—L8S'0 9200— LSI'0 #£00  601'0 61T0 09 0TTO 9T€CT— L8I'0 6TF0—  0SLO
cee el 8LS  0T1°0 ¥8C°0 EI00— €IT0 £€00  vIT'O 80TO L9 9ITO LeeT— LITO 80S0— 00L°0
SEE PEI L8S "WITO0—6£T0 “W0S0'0—69S°0 #CO0— STI'O0 LFOO  LOL'O L8I'0 09 ¥¥TO €9%C— IEI0 9€0°0—  0S9°0
9¢¢ PEL 685  “WPCO0—6ST0 “W9SO'0—C09°0 LEOO— STI'O LE0O 6600 L9I'O S'S 8STO 1TST— S600 €610 009°0
8eE PEI 165 SITO €LT0 6200— 6600 £200  80I'0 o6vI'0 S9 9IT0 veeT— 8LI'O LYI'0O— 0SS0
8¢E PEI T6S 801°0 SLTO LPO00— 2600 9200  €01I'0 IST'0 99 6IC0 I18€C— #SI0 SLOO 0050
8eE PEI ¥6S SOI°0 €LT0 cS00— €800 L1000  SOT'0 L¥I'O 89 8CTO SSYT— CEI0 €STO 0810
8eE PEI ¥6S <COI°0 Lo 0L0°0— c80°0 c000  €0I'0 9¢I'0 89 €€C0 8LY'C— EII0 T16£°0 09¥°0
8eE PEI ¥6S 101°0 Lo 180°0— 1800 ZI00— 101°0 O0€I'0 S9 0£CO0 99%'C— 0II0 9%V 0 0ry0
8eE PEI ¥6S  €01°0 0LT0 8L0°0— 0600 #£00— €0I'0 6CI'0 19 60C0 SvEC— CEI0 8IE0 0Cr 0
8¢€ vEL ¥6S “W6100—SIT0 “W6V00—1SS0 6900— 8010 SC00— LS00 LTI'O0 TY +E€CO0 CTOST— SL00 HOLO 00%°0
8¢ SEI S6S “WITO0—¥CTO “WYSO0—LLSO 1900— 8600 £200— LLOO 8CTI'0 T9 1TC0 SI¥T— L600 6LS0 08¢0
8€€ SEI S6S “W6100—60T0 “AW8YO0—¥YS0 SSO0— T80°0 I£00— <TLOO OCTI'0 €9 1610 LYTT— 9¥I'0 €E€€°0 09¢°0
8€€ SET S6S  “WSI00—S0T0 “WLVO0—LESO 9S00— [L00 CHOO— T1LOO OIT0 +9 6810 ISTC— ##I0 86£0 0re0
8¢€ SEI S6S  “W6I00—9IT0 “WISO'0—CTLS0 9S0°0— 8900 SSO0— 0L00 €010 +9 TITO TOP'T— #0I'0 S89°0 020
8¢€ SEI S6S  “W6I00—SITO “WISO'0—69S°0 ZSO0— 0L00 LFOO— T80°0 1110 19 THCO VLS T— £500 9860 00€°0
8¢€ SEI S6S  “MWOTO0—LITO ™“W9S0'0—S09'0 #90°0— 9900 crOO— €800 CII'0 6S 6VC0 ¥6ST— 0200 S91'1 08C°0
8¢€ GEI S6S  “MPTO0—8ET0 “WL90'0—0L9°0 [L0°0— 800 [SO0— T80°0 1110 TY SHTO 06ST— 9100 8ET'1 09C°0
8¢€ GEI S6S  “MOTO0—EITO “WLSO'0—E19°0 9S0°0— +60°0 6£00— 1600 SI1°0 L9 1€C0 €¥ST— 800 S9T'1 0o
8¢€ GEI S6S  “WETO'0—SETO “WLY0'0—TL90 [SOO— 8800 6200— <TLOO LITO 6S L6I'0 61€T— 2800 LO6O 02C0
8¢€ GEI S6S  “MO0TO0—CTITO ™“W6S0'0—ST90 890°0— £L00 STZ0OO— 9S00 11170 €9 ¥LI'0 T8I'CT— EI1'0 8SLO 00C°0
sy by Py o Lo 0lp 6 8p Lp v v Yo 37 47 Ip porrdd

‘panunuo) 7 2/quy



61

EQUATIONS FOR ESTIMATION OF VERTICAL GROUND MOTIONS

94
Sid!
tid!
S8l
S81
S8l
L1T
L1C
6£C
6¢£¢
e
€9¢C
SLT
¥8¢C
06¢
S6¢
Y0¢

65
65
65
L
<L
L
I8
I8
L8
L8
06
96
<01
LOT
48!
911
(44!

LOT
80¢
80¢
09¢
09¢
09¢
6l1¢
6I1¢
8S¢
8S¢
6L
801
(4744
6S¥
SLY
06¥
cls

Sero
[€1°0
1€1°0
(43N0
8CI°0
9CI'0
6C1'0
6C1°0
LIT°0
I11ro
801°0
or1ro
110
811°0
erro
SIT°0
611°0

€80
16C°0
L6T0
€620
16C°0
06C°0
¥6C°0
600
96C°0
16C°0
§8C°0
6LT0
8C0
6LC0
98C°0
8LT0
LLTO

860°0—
orro—
10—
961 0—
§ero—
8710—
&8I0~
0rro—
080°0—
£90°0—
8L00—
cs00—
290°0—
§60°0—
0L00—
00—
180°0—

2600
PILO
acro
010
8C1°0
EIT°0
L¥0°0
£60°0
9£0°0
6700
7500
£90°0
£L0°0
#0I°0
EIT°0
SN0
170

zroo
810°0
200
800
960°0
150°0
0900
9L0°0
010
yero
a01ro
0010
6700
£60°0
6700
050°0
ze00

£60°0
arro
crro
94N
0LT°0
IL1°0
WwIo
PS1°0
9LT"0
P81°0
8LT°0
1ZAN]
IST°0
Iv1°0
LIT°0
LIT°0
9C1°0

12C0
8CC0
ye£C0
90€°0
81¢°0
61¢0
LOE0
€1e0
S0c0
€1eo
61¢0
€1e0
<00
¥8C°0
69C°0
69C°0
18C°0

(40!
I'TT
!
L'T1
811

['6
8¢l
611
€6
6'8
08
8L
€L
L9
LS

S€0°0
§E0°0
1£0°0
Irro
§80°0
£80°0
§60°0
6600
901°0
680°0
880°0
&ro
L9T°0
€91°0
Y91°0
961°0
80C°0

asl'l—
ST
L8T1—
I8L'1—
€99°1—
SS9 1—
o9 1—
199°1—
SE8I—
691 —
18S° 11—
L8LT—
650°C—
€e0c—
L10C—
S8I'C—
80CC—

€€9°0
€290
9190
050
1€S°0
1€S°0
9650
0SS0
8150
9¢s0
L0S°0
LSY'0
16€°0
£8¢°0
19¢°0
96¢°0
Lo

TeLe—
06¥'¢—
oree—
LL9T—
oL C—
TILC—
LO0€—
L6 C—
[45%%
965 C—
919°C—
96T C—
8¢8°1—
YoL 1—
Y68 1—
00T 1—
cIri—

00S'C
00¥'C
00€C
00C'C
001C
000C
006°'T
0081
00L'T
0091
00S°1
00¥'1
00T
00T'1
0011
000°T
056°0



62 N.N. AMBRASEYS ET AL.

(a) 10 ¢

031
02¢

0.1F

PGA (ms™)

0.05 Mw=5

0.02
0.01 ¢
0.005 -

0.002 -

0001 1 1 1 L L 1 J
0.3 1 2 5 10 20 50 100

Distance (km)

(b) 10 ¢

Mw=7

01 F Mw=6

Mw=5

0.002 -

0001 1 1 1 L L 1 J
0.3 1 2 5 10 20 50 100

Distance (km)

Figure 1. Decay of vertical peak ground acceleration and spectral acceleration at 1s
natural period from magnitude My, =5, 6 and 7 strike-slip earthquakes at rock sites.
(a) PGA. (b) SA at 1s natural period.

3.1. EFFECT OF FAULTING MECHANISM

Figure 3 shows a comparison of the ratio of spectral accelerations from
thrust/reverse faulting earthquakes to those from strike-slip faulting
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Figure 2. Estimated vertical spectral acceleration for My, =35, 6 and 7 strike-slip earth-
quakes at 10 and 100km at a rock site. (a) 10 km. (b) 100 km.
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Figure 3. Comparison of the ratio of vertical spectral accelerations from thrust fault-
ing earthquakes to those from strike-slip faulting earthquakes derived in this study to
those in the literature.

earthquakes, Fr.ss, derived in this study to those in the literature. Unlike
horizontal PGA and SA, there are few estimates of Fgr.ss in the literature.
Fr.ss derived here is only significantly different than one at the 5% level for
the periods 0.24, 0.38-0.40 and 0.60-1.00s. Figure 3 shows that the factor
derived here matches closely to those derived previously and corresponds
to a maximum factor of about 1.4, which is higher than the factor derived
for horizontal motions, which had a maximum of about 1.3.

Figure 4 shows the derived ratios of spectral accelerations caused by
normal faulting earthquakes and from earthquakes whose mechanism is
defined as odd to those from strike-slip earthquakes, Fn.ss and Foss,
respectively. Fn.ss is only significantly different than one at the 5% level
for periods shorter than 0.14s and for 1.60s and Fo.ss is only significantly
different than one at the 5% level for the period range 0.11-0.12s. Figure 4
shows that there is evidence for smaller short-period ground motions from
normal faulting earthquakes than strike-slip earthquakes (factor of about
0.7) but that for most periods the amplitudes of ground motions from
normal and strike-slip earthquakes are similar. For long periods, ground
motion amplitudes from normal faulting earthquakes are higher than those
from strike-slip earthquakes. Figure 4 also shows that long-period spectral
accelerations from earthquakes classified as odd are lower (factor of about
0.9) than those from strike-slip earthquakes but note that this observed
difference in ground motions is not significant at almost all periods.
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Figure 4. Ratios of vertical spectral accelerations from normal faulting earthquakes
and earthquakes whose mechanism is defined as odd to those from strike-slip fault-
ing earthquakes.

3.2. EFFECT OF LOCAL SITE CONDITIONS

Figure 5 shows a comparison between the local site amplification factors
for soft soil sites and stiff soil sites derived in this study and those derived
in some previous studies. Fyofsoil-rock 1S Significant for almost all periods and
gives an average amplification over rock motions of about 2.1 at about
1.5s, which is much higher than the amplifications derived by other studies.
Fitiffsoil:rock 18 significant for most periods longer than 0.15s and reaches a
maximum amplification of about 1.5 at 1.5s, which is lower than those by
Campbell and Bozorgnia (2003) and higher than those by Ambraseys and
Simpson (1996) and Lussou er al. (2001).

3.3. COMPARISONS TO PREVIOUS EQUATIONS

The estimated ground motions from the equations derived in this study
were compared with Ambraseys and Simpson (1996) and Campbell and
Bozorgnia (2003). Ambraseys and Simpson (1996) used M rather than
My, hence a conversion needs to be undertaken; this was done using the
equations of Ekstrom and Dziewonski (1988). Campbell and Bozorgnia
(2003) use seismogenic distance rather than distance to the surface projec-
tion of the fault and consequently a conversion needs to be applied. The
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comparison was made for a vertical strike-slip fault with a non-seismogenic
layer of 3km thickness at the top of the crust.

Figure 6 shows that the estimated response spectra from the equations
derived here match the estimated response spectra given by the equations
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of Ambraseys and Simpson (1996) for moderate and large magnitudes at
all distances covered by the equations. Whereas the estimated response
spectra given by the new equations for small magnitudes are above the
spectra given by Ambraseys and Simpson (1996) for short distances and
below for long distances. This is because the equations of Ambraseys and
Simpson (1996) assumed a magnitude-independent decay rate that, due
to the distribution of data (most records from long distances are from
moderate and large magnitude earthquakes), corresponds to the decay rate
of large earthquakes. The equations presented here predict a much faster
decay rate for small earthquakes (—1.458 compared to —0.954 for PGA
from a M, =5 earthquake) and consequently the estimated ground motions
from small earthquakes at large distances are lower than those predicted
by Ambraseys and Simpson (1996). This suggests that small earthquakes
at large distances are less important than would be assumed by using the
equations of Ambraseys and Simpson (1996).

Figure 7 shows that the ground motion estimates from the equa-
tions presented here match those given by the equations of Campbell
and Bozorgnia (2003) for the magnitudes and distances considered here
except at large distances from small earthquakes, again since Campbell and
Bozorgnia (2003) had little data from such magnitudes and distances in
their construction set.

<

Figure 5. Comparison of estimated ratio of vertical peak ground acceleration and
response spectral amplitudes for ground motions on: (a) soft soil sites and hard
rock sites and on: (b) stiff soil sites and hard rock sites, for three recent equa-
tions to estimate strong ground motions. Soft soil sites were assumed to have an
average shear-wave velocity in the top 30m of 310ms~' and hence be within cate-
gory S (180 < Vi3 <360ms~') of Ambraseys and Simpson (1996) and category C
(200 < V, 30 <400ms~!) of Lussou et al (2001) and for the equations of Campbell
and Bozorgnia (2003) Sygs = 0.25, Ssg =0 and Sgr = 0 as suggested by Table 5
of Campbell and Bozorgnia (2003). Stiff soil sites were assumed to have an aver-
age shear-wave velocity in the top 30m of 420ms~! and hence be within cate-
gory A (360 < V3 <750ms~!) of Ambraseys and Simpson (1996) and category B
(400 < V; 30 <800ms™") of Lussou et al. (2001) and for the equations of Campbell and
Bozorgnia (2003) Sygs =0, Ssg =1 and Sggr =0 as suggested by Table 5 of Campbell
and Bozorgnia (2003). Hard rock sites were assumed to have an average shear-wave
velocity in the top 30m of 800ms~! and hence be within category R (V3 >750ms™")
of Ambraseys and Simpson (1996) and category A (V;3>800ms~') of Lussou et al.
(2001) and for the equations of Campbell and Bozorgnia (2003) Syps=0, Ssg =0 and
Ser =1 as suggested by Table 5 of Campbell and Bozorgnia (2003). A seismogenic dis-
tance of 10.4km and a magnitude of M, =6.5 was used to compute the ratios for the
equations of Campbell and Bozorgnia (2003); all the other ratios are independent of
distance and magnitude. (a) Soft soil. (b) Stiff soil.
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Figure 6. Comparison of the estimated median response spectra given by the equa-
tions presented here for strike-slip faulting (thick lines) and those presented by
Ambraseys and Simpson (1996) (thin lines), which are independent of faulting mech-
anism. (a) My =5.0 My=4.3), d; =10km. (b) M, =5.0 (M;=4.3), d; =100km. (c)
My=170 (M;=6.9), dy=10km. (d) M, =7.0 (M;=6.9), d; =100km.

4. Residuals

Table I gives the median amplification factor (computed by taking the anti-
logarithm of the mean residuals for that station) over the median ground
motion estimates for the strong-motion stations that have recorded five or
more earthquakes. It shows that for some stations there is a considerable
local site amplification. For example, like for horizontal motions the sta-
tions at Nocera Umbra show an amplification factor of up to 3.14 at a
natural period of 0.2s. Another station that shows considerable amplifica-
tion is Gubbio-Piana, which has a median amplification of 11.51 at a nat-
ural period of 2s. This station is in a sedimentary basin, which amplifies
the long-period ground motions. Records from this station often show clear
surface waves. One station that shows considerably lower than expected
short-period spectral accelerations is Yarimca-Petkim, which also shows
lower horizontal motions (see Paper 1).
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Figure 7. Comparison of the estimated median response spectra given by the equa-
tions presented here (thick lines) and those presented by Campbell and Bozorgnia
(2003) (thin lines) for strike-slip faulting. (a) M, =5.0, df =10km (d; = 10.4km).
(b) My, =5.0, dy =100km (d, =100km). (c) M, =7.0, dy =10km (d, =10.4km). (d)
M, =170, d; =100km (d, =100km).

Table II gives the median amplification factor for the ten best recorded
earthquakes. It shows that most earthquakes do not show a significant
deviation from the median (most factors are about one). Like for hori-
zontal motions, there is evidence that the ground motions from the Um-
bria Marche sequence are higher than would be expected for such sized
earthquakes. Also, as for horizontal motions, this analysis suggests that
ground motions recorded during the Diizce (12/11/1999) earthquake are
lower than would be expected from such an earthquake.

Figure 8 shows graphs of the normalised residuals against My, and
distance for PGA and spectral acceleration at 1s natural period. All the
residual plots examined show no obvious dependence of the scatter on
magnitude or distance. The apparent constant bias in the residual plot
for spectral acceleration at 1s natural period is common to all graphs of
residuals for long-period motions. It is caused by the use of the maximum-
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Table 1. Average bias for the stations that have recorded five or more earthquakes.

Name Site Average factor

class PGA 0.1s 02s 0.5s 1.0s 2.0s

Assisi-Stallone 1.52 1.72 220 182 136 -
Bevagna 1.41 1.62 212 372 - -
Colfiorito 1.13 1.09 1.59 330 - -

1.06 1.07 098 0.50 - -
1.27  1.12 247 153 - -
1.69 195 3.00 3.63 633 11.51
0.61 0.70 0.56 0.54 - -
1.70 198 228 -
083 0.68 142 092 - -
1.57 147 175 182 -
222 206 314 224 234 -
206 1.83 238 1.08 093 -
.25  1.07 101 0.89 - -
0.80 0.79 134 136 231 1.22
0.65 053 083 1.00 1.53 -
.16 1.12 181 194 - -

Diizce-Meteoroloji Mudurlugu
Forgaria-Cornio
Gubbio-Piana

Hella

Kobarid-Osn.Skola
Kyparrisia-Agriculture Bank
Lefkada-OTE Building
Nocera Umbra

Nocera Umbra 2

Nocera Umbra-Biscontini
Rieti

Yarimca-Petkim
Zakynthos-OTE Building

>N IRAIRIALT>>N>0 >R

Table II. Average bias for the ten best recorded earthquakes (13 records or more).

Name M,, Mech. Average factor

PGA 0.1s 0.2s 0.5s 1.0s 2.0s

Campano Lucano (23/11/1980) 6.9 N 0.87 094 1.18 1.55 2.01 -
Umbria Marche (26/9/1997 09:40) 6.0 N 1.24 129 175 2.15 - -
Umbria Marche (6/10/1997) 55 N 1.65 1.67 2.43 2.58 - -
Umbria Marche (3/4/1998) 51 N 1.56 1.69 1.67 1.94 - -
Kocaeli (17/8/1999) 76 S 0.80 0.82 0.94 0.81 0.78 0.66
Kocaeli aftershock (13/9/1999) 58 O .13 098 1.16 1.71 1.70 2.31
Kocaeli (31/8/1999) 51 O 0.82 0.81 0.80 1.32 1.56 —
Diizce (12/11/1999) 72 O 046 0.43 0.58 0.49 0.62 —
South Iceland (17/6/2000) 6.5 S 1.06 1.03 0.92 0.89 1.02 1.32
South Iceland (21/6/2000) 64 S 0.62 0.62 0.70 0.76 0.97 1.78
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Figure 8. Residuals against M,, and distance for PGA and SA at 1s. At the right-hand
end of each residual plot there is a histogram using the residuals binned into 0.1 unit
intervals. (a) PGA. (b) PGA. (c) SA at 1s natural period. (d) SA at 1s natural period.

likelihood regression method since it splits the error into intra- and inter-
earthquake portions.

5. Conclusion

This article presents equations for the estimation of vertical peak ground
acceleration and spectral acceleration for 5% damping for periods between
0.05 and 2.5s. Since the equations presented here were derived using
an identical set of records and method to those derived in Paper 1 for
horizontal motions the equations are mutually consistent and therefore
can be used to investigate the relationship between vertical and horizontal
response spectra (e.g. Campbell and Bozorgnia, 2003).

The main conclusions of this article are similar to those for horizon-
tal motions given in Paper 1. It has been found that the equations derived
here predict similar spectral accelerations to commonly-used equations for
moderate and large magnitudes but that the new equations predict lower
ground motions from small earthquakes at large distances. Therefore, the
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use of the equations presented here will reduce the importance of ground
motions from small earthquakes at large distances in seismic hazard anal-
ysis. The effect of local site conditions in the new equations is greater
than that found in many previous studies, e.g. the estimated average ampli-
fication at soft soil sites at long-periods is about 2.1 over that recorded
at rock sites. The new equations also include factors to model the differ-
ence in ground motions between different earthquakes with different fault-
ing mechanisms. Average intermediate-period vertical ground motions from
thrust/reverse faulting earthquakes are up to 1.4 times higher than those
from strike-slip earthquakes. Short-period vertical ground motions from
normal faulting earthquakes are about 0.8 those from strike-slip earth-
quakes. As for the equations for horizontal motions the associated stan-
dard deviations are not significantly less than in previous studies, again
highlighting the need to include more independent variables into empirical
ground motion estimation equations.
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