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The € € 1985 Nahanni records on the response of building structures

Arthur C.Heidebrecht & Nove Naumoski

McMaster Urniversity, Hamilton, Ontario, Canada

ABSTR-{:\CTJ A. series of strong ground motions were recorded during a set of earthquakes which occurred in the

North Nahanni If{lx"er area of the Northwest Territories of Canada in late 1985. The strongest of these motions

were recorded %fv‘l_thm 10 km of the epicentre of a magnitude 6.9 event; peak accelerations were well abfjv; l.g
and p.eak velocities F:‘xceeded (“:3.5 m/s. This paper describes a study of the engineering characteristics of the
Nahanni strong motions, particularly as they affect the response of building structures. The investigation
includes the shape of the response spectra, the response of typical building structures, strong motion durations
and several measures of intensity. The characteristics of the Nahanni records are also Comf}ared with those of
typical strong seismic motions and an ensemble of epicentral region seismic motions recorded under similar

conditions. [.t 1S conc]L}c:!ed that t.%)e Nahanni motions can be considered to be very strong seismic motions with an
anusually high capability to excite low period structural systems.

1 INTRODUCTION recorded during an earthquake. It is therefore impor-
tant that the implications of these records, e.g. for
On October 5 1985, a magnitude [Mg] 6.6 earthquake
sccurred in the North Nahanni River area of the Table 1. Description of Nahanni records and peak
Northwest Territories of Canada. While no strong ground motion parameters.
motion instruments were present at that time, three ﬂ
‘nstruments were installed immediately after this Event Site Comp. Peak Ground Motions
earthquake. These instruments were triggered by a [all in 1985] A \' AN
large number of aftershocks, including a second large (] [m/s]
earthquake [M; = 6.9] on December 23, 1985; this -
earthquake was located very near to the October 5 Nov. 9 g2 L-N30W 0.382 0.047 8.06
event T-S60W 0.460 0.069 7.85
Of all of the triggered records, those having peak V-up 0254 0.055 4.59
accelerations of about 0.1g or larger and durations of
more than 2 s were considered to be of sufficient Dec.23 g1 L-N10E 1.101 0.462 2.38
significance to be digitized immediately. The events, Main T-.N8OW 1.345 0.451 2.98
site locations and peak ground motion parameters of Event V-up 2367 0.588 4.02
*-;he ;E!iing 17 cm:m;?onents are ‘summarized i'n Tal?le 2 L-N30W 0.390 0.326 1.20
1. Detailed descriptions of the instrumentation, site T.S60W 0545 0.303 1.80
locations, data processing and some seismological
interpretations are provided by Weichert et al. (1986) S3 L-N 0194 0.034 5.66
and by Weichert, Wetmiller and Munro (1986). One T-W 0186 0.063 2.96
vertical component is missing due to intermittent loss V-up 0.181 0.061 2.97
of accelerometer damping during the many events. |
An examination Gfpthég peak ground motion param- Dec.23 51 L-N10E 0‘223 gggg %g?
eters in Table 1 indicates that several of the motions After T-N80W 0.03 e
- ith V-u 0.112 0046 2.44
have very high accelerations and velocities. In part- Shock P
icular, the motions at site 1 during the main event on S 0105  0.011 10.00

Dec. 23, 1985 have peak ground accelerations Dec.25

exceeding 1 g (over 2 g for the vertical component) and Vos 0074 0009 7.87
peak ground velocities exceeding 40 cm/s. It is clear o Vallaue' ' 4 54
that these are not only the strongest motions ever i BE 3 ok R RAsE
recorded in Canada but among the strongest ever

T-W 0089 0014 6.27

T
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B Mspenss specisn for all 17 Nahen: Motiic, - .
Peak Ground Motio : : ns, for .
| 3 v A/V values of damping, are provided by Weicher ., .
No. Comp., Site and Event o) - vl (1989). For the purpose of this study, 4)) the mf;,
. have been scaled to a peak velocity (PV) of 1,/
e e ) U3 Ang
T1 SO00E, El Centro, 0.348 0.335 1.04 the responsi Sgefctra:}for dam;l.nng of 5% of eriticg]
Imperial Valley, been computed for these scaled motions The motjgy,
May 18. 1940 are scaled to a common base in order to evaluate i,
T2 S69E, Taft Tunnel, 0.179 0.177 1.01 shape of the response spectra. Velocity scaling
Kern County, preferred (rather than acceleration scaling) becays
July 21, 1952 most engineered facilities have fundamental naturg
T3 S00W, Hollywood Str,  0.059 0.066 0.90 periods in the range (1.e. greater than approximael
nern County, 0.4s) for which response is governed by peak groun

July 21, 1959

velocity. These spectra are also compared with thos
T4 N65E, Cholame Sh.2, 0489 0.781 063 . : :

the T and E ensembles and with design spectra i

Parkfield, common use

June 27 1966 ' ~
5 S16E, Pacoima p For purposes of statistical analysis, the spectra (i

San Fernando, - 1170 1132 1.03 the following sets of Nahanni motions have bf'f?j

Feb. 9 1971 analyzed to determine the mean plus one standr
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Wes_tern Wash. o 900 0amy 1.64 distributnict(rlz'{:I R ;

a) all components (17)

b) all horizontal components (12)

¢) all vertical components (5)

d) main event components (8)

€) main event horizontal components (6)

The M +8p response spectrum for each o
Sets is shown on Fig. 1, using the standard tr!
Plot which simultaneously illustrates the dl gt
ment, PSeudo-velocity (PSV) and pseudo-acc e fie
(PSA) Spectra. Design spectra are common!y Epe:thﬂ[
at this leve] (Rosenblueth 1980) in order t0 ot
there jg 4 relatively small probability te
noer 3¢ will be above the specified design
o 84 o) distributed set, the M+ SD level "

to . -
lev::-l% of all responses being below the




It can be seen that the M + SD
sets are practica_lly indistinguish
Voreover, even in the range T < — B i
distinction betwe?n the spectral Shapes- lof : ;“e e
sontal and vertical components 7}, . o -
ordinates for sets d) and e) (ie tj, H;a;r?ectral
motions) are somewhat below the other Sets wh:vest
periﬂds are very low. T_his 1S to be expect ks
these motions ‘have considerably lower A/v
peak Ecceleram?n to p-ea.k velocity) valyes than th
remaining motions, which would redyce the hi E
frequency (low_ period) response amplification ffg
velocity scaling). The spectral characteristics of tl:;

horimntal main event components (get e) are
essentially the same as.the full "main event” set. In
general, the response is velocity amplified with a
constant amphﬁcat'min factor (AF) of dpproximately 2
for all periods arising in normal structures (i e
1 0.1s < T < 458). |
1 Fig. 1 also includes the design spectrum specified in
j the commentary of NBCC 1985. This spectrum is an
| adaptation of the 5% damped spectrum specified in
NBCC 1980 (Associate Committee on the National
Building Code 1980), which is based on that proposed
I by Newmark, Blume and Kapur (1973). This design
: spectrum, also normalized to a peak velocity of 1 m/s,
| has a velocity amplification factor of 2. This AF
,1: envelopes that of the Nahanni sets.

However, in the NBCC 1985 design spectrum. the
! transition to acceleration amplification occurs at

T = ~0.4s. Below that period, the PSV falls off

rapidly, corresponding to a PSA of 3 g. In this region,
| the design spectrum is based on a ground acceleration
f of 1 g(i.e. an A/V ratio of 1) with an acceleration AF of

Spectra for alj five
able for T - 02s

(ratio of

e g I i
“mm

3. However, the equivalent PSA of the Nahanni
spectra is approximately 15 g. This is due to the high
A/V ratios of the Nahanni spectra, which push down
the transition period to approximately 0.07 s. If one
assumes an acceleration AF of 3, this would be
equivalent to a ground acceleration of 5g, or an A/V
ratio of 5. It should be noted, as indicated in Table 1,
that the average A/V ratio of the Nahanni motions is
4.5.

The response spectra for the "T" and "E" motion
ensembles, also normalized to a peak velocity of 1 m/s,
were computed and analyzed statistically. The M +SD
levels are compared with the Nahanni M +SD and the
NBCC 1985 spectra in Fig. 2. This figure shows that

the M+SD m for the T motions is enveloped by
the NBCC 1985 spectrum, with the exception of a few
regions in the medium to high period range. The
Nahanni and T motion ordinates differ significantly
for T< 0.4 s, for the same reasons discussed
- Previously in the comparison of the Nahanni and the

- The M+8D spectrum for the E motions demon-
| strates that motions recorded in the epicentral region
| have higher ordinates in the low period range than Is
e As can be seen from this
nded in NBCC

3 . fﬁr mim s.tmtur es
ions. Comparing the M+ SD level
 Nahanni ensembles indicates

that the N

; ahanni spectrum is quite similar to the E
spectrum for T > 01¢s However, for T < 0.1 s, the

Nahanni spectrum is much larger than the E
»Pecirum, especially in the very low period region.
.Concerning the Nahanni response spectra. the
prlmgry conclusion is that the spectrum is velocity
amp.)liﬁed, at a uniform AF of approximately 2 for
periods down to at least 0.1s. The NBCC 1985
Spectrum 1s certainly not applicable to simulate the
action ef:the Nahanni earthquake motions. Low period
Nahanni response specira are approximated by an
acceleration AF of 3 applied using an A/V ratio of 5.

3 RESPONSE OF BUILDING STRUCTURES

{\r}aiddit%on to eval}zarting the response spectra of the
‘vahanni motions, it is useful to determine how these
excitations affect structural systems in which a
number of modes contribute to the response: it is also
useful to compare the resulting forces with those
prescribed in seismic building codes. Even though
structures are expected to respond inelastically during
strong shaking, building codes typically specify design
forces as a function of elastic response.

The results which are described in this study are
obtained by subjecting uniform elastic wall and frame
structures (with damping at 5% of critical) to the
specific motions described in Table 1. In this context,
wall structures are flexural cantilevers and frame
structures are shear cantilevers. These two types of
structural systems represent the two extremes of all
response situations. Five modes are used to determine
the dynamic response of these systems. Modal
responses are computed by a time-history analysis and
are then combined to determine the total response
time-history.

The results given in the following section are
expressed in terms of seismic response factor (S)
spectra and compared with those specified in 1985
edition of the National Building Code of Canada
(NBCC 1985) (Associate Committee on the Natir__mal
Building Code 1985). This paper uses a normalized
version of the S factor specified in NBCC 1985, as

outlined below. The base shear V in NBCC 1985 is
specified as follows:

V=vSKIFW (1]

in which :
v = zonal velocity ratio

S = seismic response factor
K = structural system coefficient

[ = importance factor
F = foundation factor, and

W = dead load.

For convenience, the above equation is modified 1n
this study as follows:

V=044vS*KIFW ™
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in which the normalized seismic re
defined as

sSpons :
p e fac't{}r S* 1S

g* = S/0.44
(3]

The reason for doing so is that S§* h, P
value of 1.00 for the zonal combination & maximum

. . iGI'l z — '
allows for easier comparisons of S* ( a = Zy. This

. as in NR

frame and wall systems). Fig. 3 illustrates th S*
spectra for the three combinations: 7z, < 7. 7 o -
anng>Zv- vy bg = L,
In order to calculate the dynamic SRF i s o
necessary to determine the equivalent eiastic ba:
shear condition in the NBCC 1985 base shear formulae
From other studies (Rainer 1986), it has been deter;
mined that the factored base shear (using a load factor

of 1.5 applied as a multiplied to V) should be elastic
when the factor K is approximately equal to 5. Using
anit values for I and F, which represent the case of

structures of normal importance on rock or stiff soil
foundations, this results in the elastic base shear V. as
follows:

Ve:3.3\’stw [4]

which can be rewritten in the form
S‘ = Ve/33 v W [5]

If the dynamic base shear Vg3 is substituted into the
above, then the dynamically determined seismic
response factor can be obtained as follows

SRF = Vy/33vW (6]

The SRF is independent of the actual value of the
peak ground velocity "v", provided that the dynamic
response V4 is computed for the same value of "v" as 1s
used in the denominator of eq. [6].

Rather than studying the SRF spectrum for each of
the 17 Nahanni motions, it is useful to evaluate the
entire ensemble of SRF spectra on a statistical basis.
The SRF spectra were also analyzed for different sub-
sets of motions (i.e. main event, horizontal and vertical
motions). The only significant difference was found
when considering the subset of main event motions.

Fig. 4 shows the results of such an analysis in terms
of M+ SD level SRF spectra for frame structures, for
several Nahanni ensembles (all motions and main
event motions) and for the T and E ensemblei
described previously. This figure also includes the S
spectra for the zonal combinations Zs = Zy and
Zy > Z,. The SRF for frame structures are larger th.an
those for wall structures in the medium to low period
range (i.e. T < 0.5s): consequently all the results
presented here are for frame structures. The standarti
deviation has been computed agsuming a nm’“éaD
distribution. As indicated previously, the N:l+'
response level is typically used to specify the desigh
level for structures of normal importance.

. E Iﬁ il hemful to compare the dynamic SRF with the

| seismic response factor S* prescribed in

NBCC 1985 (see F'ig. 3) When
ground acceleration "a" (in g)

estimat.ed peak ground velocit
determined for

Table 1, this ig v
Nahanni motions.

[t can be seen fro

the estimated peak
18 much larger than the
y "v" (in m/s), then S* is
the case Z, > Z,. As can be seen in

ery much the case for all of the

& m Fig. 4 that the NBCC 1985 S*
or Ly =723 envelopes the Nahanni M +SD SRF for

all —

factrgr? NT0+25* Consequently, the seismic response

o in | BCC_1985 provides a conservative estimate
fe contributions of the various modes to the overall

StrLfctural response, for structures with fundamental
ier;ods _T > = 0.25s. For very low periods, both
‘Nahanni ensembles have M + SD level SRF ordinates

which are substantially greater than S*: the ordinates
are particularly large whenT < 0.1 s |

Fig. 4 show§ that the SRF spectrum for the main
eve.nt subset is significantly smaller in the lower
period range than the all motions spectrum . The main

event motions are stronger and demonstrate a lower
aFceleration amplification, as was previously
discussed with respect to the response spectra. The
SRF spectrum for the main event horizontal subset

was also computed and was found to be essentially
identical to the full main event subset. Subsequent
discussion will be based on the full main event subset.

It can be seen the M+ SD SRF spectrum for the T
motions 1s well below the M 4+ SD level SRF spectrum
of the Nahanni motions. This is entirely due to the
much lower A/V ratios of the T set (mean value of 1.02;
see Table 2). However, it can also be seen that the T set
M + SD SRF spectrum is very nearly enveloped by the
corresponding NBCC 1985 S* spectrum (for Z, = Zy).
This indicates that the NBCC 1985 S* spectrum 1is
quite satisfactory for typical strong seismic ground
motions.

The M+ SD level SRF spectrum for the E motions
very nearly envelopes that for the Nahanni main
event motions for T > 0.1s. For lower periods, the
Nahanni SRF spectrum is substantially greater. These
observations parallel those for response spectra, as
discussed previously.

The characteristics of the SRF spectra, and the
response spectra discussed in the previous ‘sectinn, are
entirely due to the very high A/V ratios for the
Nahanni motions. The A/V ratio ranges from 0.63 to
1 .64 (mean of 1.02) for the T motions and from 0.70 to
4.92 (mean of 2.07) for the E motions. However, for the
Nahanni motions it ranges from 1.2 to 10:0 (mean of
4 54): the ratio for the main event motions 18 generally
lower, ranging from 1.2 to 5 66 (mean of 3.0). In te::::ns
of the Canadian acceleration-related and velt}cm
related seismic zoning maps, the largest valpeslﬁ i
are in the neighbourhood of 2. The exceedingly %
A/V values of the Nahanni motions flo Qroduce. iin{
large low-period response factors, which 18 conFs‘;s ~
with the high low-period o v sz?l;i ése:rahg}u =
Given the anomalous character =

: ' ' rd, it should be expected that the
II:Tth(IJ%wllQnBﬁthéi r:geactmm falls well below the low-

:od M + SD SRF spectrum. _
peli:;ois postulated that the high A/V ratios of the

Nahanni motions are due primarily to the fact that all
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E:E accelerngram and for its time reversed form in
mrjfit}:f ‘r;rbtt.am tihe beginning and the end of the strong
motion interval, the durati '
- wonls ion i1s the length of that
aclnl ter;ns of measures of intensity, the RMS
: ?_e eration Arms is a useful measure which was also
ts 1‘ned by.N}cCann and Shah (1979) and is related to
;1 eir Qeﬁmtmn of strong motion duration T4. Over the
uration of strong motion, the RMS acceleration is

ce ﬂt.i()ng ;;n_
E‘PI . ¢ d more would b s
jower A/V ratios and significantly reduced low pcjv;

__ -perio

i ;I‘he two Nahanni motions with th
lowest A/V ratios have low-period SRF Wdinatez

which are below 1.0. given by
On the basis of this investigatign it ap
r pears that
& the peak value of the M+5D level SRF spectra fzr - 12
| frame structures are 'dlrectly related to the average Arms = [__ ] ® a2(t) dt 18]
A/V ratio of the particular ensemble of motions for Ty T, *

:
‘_ which the response is calculated. In fact, if the
r haximum value of S* in NBCC 1985 were made equal

to the average anticipated A/V ratio, then the S*
! spectrum would essentially envelope the M + SD level
I SRF spectrum. It is likely that the seismic response
|
|

in which Ty, and T, are the times at the beginning and
end of the strong motion duration. respectively, and
Tqg = Te—=Ty. It is obvious that Arms represents the
square root of the average rate of energy arrival over
the duration of strong motion. As such, it is a much
better measure of the strength of the motion than the

factors in the NBCC 1985 should be revised to

ize that A/V ratios of up to 2
recognize p can be expected. value of a single maximum acceleration peak.

The average value of A/V for epicentral motions on : . |
rock or firm soil is only slightly larger than 2: (19’1"7}(118) so-called Arias Intensity was proposed by Arias

consequently the use of A/V = 2 to define the upper
plateau in the S* spectrum would allow for "typical”
epicentral conditions. The Nahanni motions must be I n [0 9]
considered somewhat anomalous and it would there- < 2¢ | o a”(t)dt

fore be premature to recommend that there should be
more substantial increases to recognize the higher
values associated with the Nahanni motions.

The above equation is obtained by considering the

dissipated energy per unit mass for a population of
single degree of freedom systems having frequencies

uniformly distributed over the interval (0, + =).

The Spectrum Intensity (SI) was introduced by
Housner (1975), who defined it to be the area under the
pseudo-velocity spectrum for a damping of 20% of

|
i
g
|
! 4 STRONG MOTION DURATION AND INTENSITY
critical between the periods 0.1 and 2.5 sec., 1.¢.

It is widely recognized that peak ground acceleration,
velocity and displacement are often inadequate to

'" fully characterize the structural damage potential of a
strong seismic ground motion. First, these parameters &5 (10]
do not give any indication of the duration of strong Sl = id Sy(T) dT
shaking. Second, peak values are not necessarily good ,

g Table 3 presents the summary of strong motion

indicators of the intensity of ground motion. This
section considers strong motion duration and several
measures of intensity.

While there are various methods for defining the
strong motion duration (e.g. Trifunac and Brady
(1975), McCann and Shah (1979) and Vanmarcke and
Lai (1980)), a single definition is sufficient for the
purpose of comparing the Nahanni and the T motions.
McCann and Shah (1979) define the duration of strong
motion as the interval of time during which the 1n-
coming seismic energy is always increasing. They
define the cumulative RMS function of the
acceleration as follows

durations and the other intensity measures for both
the Nahanni and T sets of motions. Consider first the
strong motion durations. This table shows that the
Nahanni durations are on the whole somewhat shorter

than those of typical strong ground motions. However,

the durations of the main event motions are nearer the

mean of the T motion durations.
Concerning the various intensity measures, con-

sider first the parameter A::ms. Th}s is a I:neastmiu‘:tla1 zti:
the acceleration levels associated mthﬁ the d.ura ?1 g
strong shaking. The largest Nahanni motions v
Arms levels which are larger t!lan levels &Sﬁ e
with any of the T motions. This 1s to bekexpece ler; .
idering the very high levels 'of peak acceler! :
= d with the Nahanni main event site

172 jat _ , .
-l t %vd a0 ::&zl:s.eThe other Nahanni motions yield levels
=|~- 1 a%(vdr .1 are within the T ensemble range
% It i Wh';“;l aLﬁu'ia,s Intensity (Al) values for the Nfathi;anﬁ
| : ergy resu tina ° : ' the range ol the
rates of arrival of seismic en EJ(’: R has & ain event motions are all within ety
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NAHANNI ENSEMBLE

S 0

: 738 4i7

vean 2 W S, 18
:ei r:'l;l um 024 22.6 ;

Main Event: 4625 89.0

- 38 3980

e b iarr iy

;!inimum 0.77 426 28.5

"PICAL ENSEMBLE
n:lgimum 1620 267.7 8423 2301

s -e9 1151 207.0 874

‘ Sdh W W WY

Minimum

*Duration defined by McCann and Shah (197 9)

Concerning the Spectrum Intensity (SI), only the
strongest of the Nahanni main event motions yield Sl
levels which are within the range associated with the
T ensemble. The largest Nahanni motions yield levels
which are similar to the mean value of the T results.

In summary, the duration and intensity measure
evaluations indicate that the records associated with

the main event have properties similar to those of

-

typical strong ground mo

~ Na

¢ higher ordinates when e, .

locity amplification factor (5 -

0.1s.
4. The ve : : ;
) in the Nahanni Spectra ic .- amy.

5 of criticall | _ S,
SO Slmllar (AF = 3) Provides ‘-h S

=

.

factor is al il
motion of a?pmmmately- D8 used . "8
ground acceleration.

5. The low period (1 < 0.25) byjg;,,
the Nahanni motions, as reflected i, ,,

with the normaliz_ed T\B_CC 198= mm COmpy, 1
factors, 1S substantially higher than Madar ",

during typical strong seismic ground ...
due primarily to the high A/V ratj, - .

Ld
T

6. The low period (T < 0.25) byjlg;,
the Nahanni motions is also somewha; . "M
would be expected from other epjen,., 0o
particularly for periods less than 0 1 : Entra

7. The strong motion durations of +1.
the Nahanni motions (i.e. the main even.
comparable to those of typlcal Strﬁﬁgh ;E:;.:m._
motions, but are lower than those of mo<s -r..
motions examined in this investigatim{ >

8. The intensity measures (RMS accel..

- =
'Il--\".h_h!: -

(¥}
]

Intensity and Spectrum Intensity) of the . . %
Nahanni motions are comparable to the <.
the typical motions. .
It is concluded that the Nahanni recora. .
strong seismic ground motion records with ... .
unusual spectral characteristics, even when .

with the spectra of other motions obtained wirn. .
epicentral region. The impact of these charaes.
on engineering design is most significan: r..

period structures. Further seismological inve-
tions are needed to determine the exten -
these unusual spectral characteristics 5 M b
expected to exist at distances well away from
epicentre of Nahanni-type earthquakes
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