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SUMMARY:

A parametric study is conducted in order to iyt the influence of both the reference axesairgt motion
and the seismic incident angle on structural respounder three translational seismic componentse€eTh
discrete cases of seismic input are studied: iyélserded components are applied along the stalcixes; ii)
the uncorrelated accelerograms are applied alomgttiuctural axes and iii) the uncorrelated acogl@ams are
applied along the principal axes of ground motitrat is the minor seismic component is not vertihile the
major and intermediate components do not lie aizbotal plane. For each case the maximum resporeseatl
incident angles is computed as well as the resppromiuced when the earthquake components are ditag
the structural axes or the ground motion referen@s. The results show that the application ofréoerded or
uncorrelated earthquake components along the stal@txes can significantly underestimate the raspo
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1. INTRODUCTION

In general, the seismic analysis is performed Far three translational seismic components. The
recorded earthquake components can have any defgceerelation to each other. However, they can
be rotated to the principal directions along whilsy are uncorrelated (Penzien and Watabe, 1975;
Clough and Penzien, 1993). While it was initialynsidered that one principal direction of seismic
motion is vertical (Penzien and Watabe, 1975) imamecent studies it has been found that a certain
degree of correlation exists between the verticahmonent and the horizontal components of a
ground motion (Hernandez and Lopez 2002, Lopet, &086) and therefore the vertical direction is
not always a principal direction.

Concerning the use of linear response history argayodern seismic codes (UBC 1997; FEMA 356
2000; NEHRP (FEMA 450) 2003; EC8 2003; ASCE 41/068) do not define clearly the orientation
of the axes along which the accelerograms shoulzpbéed. It is common in engineering practice the
accelerograms, correlated or uncorrelated, to bgieap along the vertical and two horizontal,
orthogonal directions which coincide with the stural axes i.e. the axes along which the vertical
earthquake resisting structural elements are aedarig plan-view. It has been proved that the
maximum response is a function of the seismic mwicngle (Athanatopoulou, 2005; Athanatopoulou
et al, 2005; Athanatopoulou and Avramidis, 2006th# input accelerograms are applied along the
aforementioned axes. However the uncorrelated eagglams may also be applied along the principal
axes of the ground motion. In this case the mimarcipal component is not vertical and the major
and intermediate principal components lie in a @laich is not horizontal.

In the present paper a parametric study is conduoterder to investigate the influence of both the
reference axes of seismic motion and the seisnuiclémt angle on structural response within the
context of Linear Response History Analysis. Fis flurpose a single storey R/C building is analysed
under an ensemble of forty earthquakes. The tiratofyi analyses are performed for the following
three discrete cases of seismic input: i) the aembtranslational components are used as seismit in



along two horizontal and the vertical axes; ii) thrcorrelated accelerograms are applied along two
horizontal and the vertical axes and iii) the unelated accelerograms are applied along the pahcip
axes of ground motion; that is the minor seismimponent is not vertical while the major and
intermediate components do not lie at horizontahpl For each one of the above cases the maximum
response corresponding to 37 angles of seismicléncie is computed£0°,1¢°,2,...,360). In
addition the maximum response over all possiblensiei incident angles is computed. The maximum
response over all incident angles is compared thighcorresponding one obtained by accelerograms
applied along the structural axes. Furthermore rtieximum response over all incident angles
produced by case (i) and (ii) is compared withdberesponding one produced by case (iii).

2. PRINCIPAL DIRECTIONS OF GROUND MOTION

The three recorded components of each earthquéieo,(t) anda,(t) can be rotated to the principal
directions along which they are uncorrelated (Rid.). In order to determine the orientation of the
principal axes the symmetric matrix needs to be generated as shown in Egn. 2.1 (Peane
Watabe, 1975; Clough and Penzien, 1993). In thisigono;(t) ande(t) are the acceleration values at
each time step artgthe duration of the ground motion.
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The recorded acceleration componen($), «,(t) anda,(t) along directions X, y, and z may be rotated
to the principal components(t), o (t) and oy (t) along the principal directions |, I, Il (Fig. )
using the transformation of coordinates shown im.Ej2.® is the matrix whose columns are the
three eigenvectors, |,, andl,;, of matrixe (Eqn 2.1) and superscript T denotes the transpose.
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Figure 2.1.a) Recorded accelerograms along axes X, y, z pbdidorrelated accelerograms along principal
axes of ground motion I, I, lI

3. MAXIMUM RESPONSE UNDER THREE EARTHQUAKE COMPONEN TS
3.1 Input axes of earthquake components

In order to investigate both the influence of tleésmic input axes and the reference axes of ground
motion on structural response the following thréseigtte cases are studied: i) Case REA: The
Recorded Earthquake Componeatf) anday(t) may form any anglé with the Structural Axes X
and Y respectively, while accelerograut) is applied along the vertical axis Z (Fig. 3.1ig)Case
PE®SA: The Principal Earthquake Componeai) anda(t) are horizontal and may form any angle



6 with the Structural Axes X and Y respectively, lghaccelerogramy(t) is applied along the vertical
axis Z (Fig. 3.1b) and iii) Case PBRA: The Principal Earthquake Componeni&&) ande(t) lie in
the plane formed by ground motion principal axeand Il and may form any anglé with the
Principal Axes land Il of ground motion, while accelerogram(t) is applied along the principal axis
[l (Fig. 3.1c). In this case componemniét) anda(t) lie on a plane which is perpendicular to axis lIl.

@ b) (c)
Figure 3.1.Orientation of ground motion components for cag@dRE@SA, b) PE@SA and c) PEGPA

3.2 Maximum response in cases REHISA and PEGSA

For these cases RBSA and PEBSA one earthquake component remains vertical. Teeimum
value of a response parameter Ras well as the corresponding critical angle odrs@t incidencé,,
can be calculated using Egns. 3.1 and 3.2 (Athaoatou, 2005). For case REEA: R(t) is the
time history of a response parameter produced wherearthquake componernitgt) and a,(t) are
applied along the structural axes X and Y respebtifFig. 3.2a),Rq(t) is the time history of a
response parameter produced when the horizonthiogmke components(t) anda,(t) are rotated by
an angle6=90 in relation to structural axes X and Y (Fig. 3.2b)d R.(t) is produced when the
vertical earthquake componem(t) is applied along axis Z (Fig. 3.2c¢). Obviouslyr tase PEGSA
the procedure for the determination of rRand6,, is similar.

maxR= max(/R,* { } Re’ ()} Rz )Ry G FRo? & ¥R, (3.1)
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Figure 3.2.Orientation of ground motion componenift), o,(t) anda,(t) and corresponding response
parameters a®,q(t), b) Rgoft), €) RAt) and d) maR

3.3 Maximum response in case PEIPA

In case PE@PA the minor principal earthquake compone(t) is applied along the axis Ill which
forms an angley with the vertical axis Z. In this case the maximuatue of a response parameter
maxR and the corresponding critical angle can be calculated using Egns. 3.3 and Be4(t) is the
time history of a response parameter produced whieeancorrelated accelerogram@) anda (t) are
applied along the principal axes | and Il respegyiFig. 3.3a),Rpq0(t) is the time history of a
response parameter produced when the uncorrelatefeaogramsy(t) ando(t) are rotated by 90
around principal axis 11l (Fig. 3.3b) aig);(t) is produced when the uncorrelated accelerogra(t)

is applied along axis Il (Fig. 3.3c).



maxR= max(/RP,o2 9 RP,902 (HRy € ))z\/Rp,o2 G *R ,902 G HRy G (3.3)
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Figure 3.3.Orientation of ground motion component), o, (t) anda (t) and corresponding response
parameters &Rs o(t), b) Rp 9o(t), €) R,ii(t) and d) mak

4. INVESTIGATED BUILDING — GROUND MOTIONS

The investigated structural model considered in ghesent study represents a reinforced concrete
single storey symmetric building (Fig. 4.1). Theasids concentrated in the joints shown in Fig. 4.1.
The recorded accelerograms of the forty ground enstiwhich were used in the analyses are
presented in Table 4.1 and were obtained from BfeRPstrong motion database (No 1-33 and No 38-
40) and from the CESMD database (No 34-37). Thdyaes are performed by using the SAP2000
computer program. The three recorded correlategpoaents of each ground motion are rotated to the
principal directions |, Il, Il and the correspondiprincipal uncorrelated components are computed.
Angle y (Fig. 3.3) for the specific earthquakes varies leetw1.0° and 51.6°. The relative and the
exceedance frequency of the inclination angbre shown in Fig. 4.2. The mean value of theseeang|
is found to be 13.8° with a standard deviation @ 8The most frequent case of inclination between
the vertical and the principal axis Il ranges betw 5° and 10°.
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Figure 4.1.Floor plan of single-storey symmetric building.
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Figure 4.2 a) Relative and b) Exceedance frequency forrtbkniation angley.



Table 4.1.Ground motions.

No | Date Earthquake Ms | Station Name *Site | tg *Dyp | PGA (9)
Name Class| (sec) | (Km) | a(t) | a,t) | aft)

1 15/10/1979 EIl Centro 6.5 Superstition Mtn D 28 462 | 0.11| 0.2 | 0.08
2 28/06/1992 Landers 7.4 SilentValley. B 55 51/7 .050 0.04| 0.03
3 28/06/1992 Landers 7.4 Twentynine Palms C 50 41.8.08| 0.06| 0.04
4 28/06/1992 Landers 7.4 Amboy D 50 69.p 0}]11 0.1508
5 18/10/1989, Loma Prieta 7.l Point Bonita B 4( 88.8.07 | 0.07| 0.03
6 18/10/1989, Loma Prieta 7.l  Piedmont Jr High B 4p73.0 | 0.07| 0.08| 0.03
7 18/10/1989, Loma Prieta 7.l SF-Pacific Heights B| 8 2| 76.1 | 0.06| 0.05 0.03
8 18/10/1989, Loma Prieta 7.l SF - Rincon Hill B 40 74.1 | 0.08| 0.09] 0.03
9 18/10/1989 Loma Prieta 7.1 GoldenGate Bridge C 2879.8 | 0.23| 0.12] 0.01
10 | 18/10/1989 Loma Prieta 7.1 Hollister B 30 30/60.04 | 0.06| 0.04
11 | 18/10/1989 Loma Prieta 7.1 Sierra Point B 40 268.0.06| 0.11| 0.03
12 | 18/10/1989 Loma Prieta 7.1 Berkeley LBL C 40 379} 0.06| 0.12| 0.03
13 | 18/10/1989 Loma Prieta 7.l Coyote Lake D@gm D 4020.8 | 0.16/ 0.18/ 0.09
14 | 17/01/1994 Northridge 6.7 Mt Wilson B 40 35.9 .23| 0.13| 0.09
15 | 17/01/1994 Northridge 6.Y Antelope Buttes B 28 6.94 | 0.05| 0.07| 0.03
16 | 17/01/1994 Northridge 6.Y Wonderland Aveg B 30 .320 0.11| 0.17| 0.07
17 | 17/01/1994 Northridge 6. Wrightwood B 60 64.70.06 | 0.04| 0.02
18 | 17/01/1994 Northridge 6.7 Littlerock B 40 46.60.03| 0.06| 0.03
19 | 17/01/1994 Northridge 6.Y San Gabriel C 35 39.9.14| 0.26| 0.07
20 | 28/06/1992 Landers 7.4 Desert Hot Springs D 50 1.82| 0.17| 0.15] 0.12
21 | 18/10/1989 Loma Prieta 7.l Diamond Heights C 4077.0 | 0.10| 0.11] 0.04
22 | 09/02/1971] San Fernando 6.6 Pasadena C 29 3009 | 0.11| 0.10
23 | 09/02/1971 San Fernando 6.6 PearblossomPump [C 7 [139.0 | 0.14| 0.10 0.0%
24 | 23/10/2011 Eastern Turkey 7|2  Bitlis C 76 108.0.10| 0.09| 0.04
25 | 03/09/2010 New Zealand 7)0 Darfield C 8( 51 49(0.0.46| 0.31
26 | 03/09/2010 New Zealand 70 Greendale C 80 7/0 7500.68| 0.95
27 | 03/09/2010 New Zealand 70 Heathcote Valley C 8046.7 | 0.56| 0.62] 0.2
28 | 13/05/1995 Kozani, Greece 6(4 Florina C 32 74.0.03 | 0.02| 0.02
29 | 17/01/1994 Northridge 6.Y LA Fire Station D 40 .17 | 0.59| 0.58| 0.55
30 | 25/04/1992 Cape Mendocin 7,0 Cape Mendocino ¢ 0 3870 1.50| 1.04] 0.52
31 | 17/05/197§ Gazli 7.3 Karakyr C 16 5.5 061 1/72.26
32 | 17/08/1999 Kocaeli 7.8 lzmit B 30 7.2 0.2 0.08.15
33 | 25/04/1992 Cape Mendocin 7\1 Petrolia C 36 8.20.59| 0.66| 0.16
34 | 17/08/1999 Kocaeli 7.8 Duzce D 27 154 0}31 0.3B19
35 | 17/08/1999 Kocaeli 7.8 Yarimca D 35 4.8 0/35 70/20.23
36 | 23/12/1985 Nahanni, Canada 6.9 Sitel C 21 9/6 .10 [10.98| 2.09
37 | 28/06/1966 Parkfield 6.1 Temblor pre-1969 C 30 6.01| 0.36] 0.27| 0.14
38 | 28/06/1966 Parkfield 6.1 Cholame D 26 12/9 0.2725 | 0.08
39 | 09/02/1971] San Fernando 6.6 Pacoima Dam A 42 1.8.23| 1.16| 0.65
40 | 16/09/1978 Tabas, Iran 7/4 Tabas B 38 2.1 D.885 0 0.69

*Site Class according to FEMA356, *3[): Closest distance to Fault Rupture

5. INFLUENCE OF SEISMIC INCIDENT ANGLE

To investigate the influence of seismic incidenglanon structural response the single storey
symmetric R/C building shown in Fig. 4.1 is analyser the three cases of orientation of the
earthquake components: RESA, PE®SA and PEBPA. The analyses are performed for 36 angles
of seismic incidencé (i.e.6=0°, 10, 20, ..., 350 (degrees)). In order to quantify the effect obs@t
incident angle on structural response the ratio|RdR|/maxR,(t)| in respect to the incident angle

is plotted. Figs 5.1 and 5.2 show this ratio f@p@nse quantitys(t) (normal stress) in column C1
bottom section and Figs. 5.3 and 5.4 for bendinghem@Ms(t) in beam BX11 start section. mRy[t)|

is the maximum absolute value of the response peteanfor incident anglé produced by each case
under consideration and mBRx[t)| is the maximum absolute value of the responsanpeter



produced when the recorded earthquake compongtls «,(t) and a,(t) are applied along the
structural axes. It must be noted that the respgoaatityop(t) is calculated on the basis of response
quantitiesN(t), Mx(t) andMa;(t) in column C1 bottom section.
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Figure 5.1.Ratio max(t)|/max|os,(t)| vs angled under earthquakes No 1 to 20 for a) RBE, b) PEGSA
and c) PEGPA.
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Figure 5.2.Ratio maxgs(t)|/max|ss,0(t)| vs angled under earthquakes No 21 to 40 for a) REE, b) PEGSA
and c) PEGPA.

It can be seen in Figs. 5.1 and 5.2 that the maxirabsolute value of the response quarsti(y) is
affected by incident anglé for all three cases of application of the eartlkgueomponents. In Figs.
5.1a and 5.2a it can be seen that for REL the response parameter mgft)| attains its maximum
value under earthquake No 30 for incident agi@2C. This maximum value is by 124.00% larger
than the value produced for incident ang#°’. For PE@SA maxps(t)| attains its maximum value
under the same earthquake for incident afgig@2(® and it is by 123.00% larger than max[t)]|
(Figs. 5.1b and 5.2b). For PEEA max$s(t)| attains its maximum value under earthquake No20
incident angle®=260 and it is by 129.00% larger than max(t)| (Figs. 5.1c and 5.2c).

From Fig. 5.1a it can be seen that for RE@ the critical angle fosg(t) under earthquake No 20 is
0=80" while under earthquake No 34s9C°. Hence, different ground motions have differeritical
angles for the same response parameter. From Hig.ibcan be seen that for PEEA the critical
angle under earthquake No 200320 and under earthquake No 36s120 and from Fig. 5.1c it
can be seen that for PBEA the critical angle under earthquake No 200#260 and under
earthquake No 3 i8=100. Therefore, the above conclusion is valid fortatee cases of application
of the earthquake components.

In Figs. 5.3a,b and 5.4a,b it can be seen for fF&Cand PEBSA the ratio maR,,(t)|/maxR(t)| is
stable for any incident angle This means that the specific response parametatiaffected by the
orientation of the two horizontal translational qmmnents of ground motion because the response
parameter M under the horizontal components is zero due tartmy. In Figs. 5.3c and 5.4c it can
be seen that for PBB@A the orientation of the principal componenid) ando(t) in respect to the
principal axes I, Il affects significantly the mexim absolute value of this response parameter.
Bending momenms(t) attains its maximum absolute value under eartkgido 32 for incident angle



0=11C and it is by 187.00% larger than mdx}(t)| (Fig. 5.4c).

From Fig. 5.2c it can be seen that for BB& under earthquake No 30

the critical angle fox|mt)|

is #=120, while under the same earthquake the criticaleafgl max¥s(t)| is 6=240 (Fig. 5.4c). This

means that the same earthquake components matpldidterent critical

angles for different response

parameters in the same building. Moreover all tHeigeires clearly indicate that the seismic input
along the structural axes does not produce consesvastimation of structural response.
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Figure 5.3.Ratio maxji;(t)|/maxMs,q(t)| vs angled under earthquakes No 1 to 20 for a) RBE, b) PEGSA

and c) PEGPA.
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6. COMPARISON

6.1 Individual ground motions

In order to quantify the differences among the ltesproduced by the aforementioned cases the
relative variation rations (YVo;, RVpai, RVmai are presented in Figs. 6.1. 6.2 and 6.3 respdygtive
These ratios are defined by Eqns. 6.1-6.3. In thgsations mak; |, for i=1,2,3 is the peak absolute
value of a response parameter which correspondsdl®d=0,, for each of the three cases RIS2,
PEMSA and PEBPA respectively. The calculation of mBx} ;| and maR o| is carried out with

Eqn. 3.1 while the calculation of m&g} 5| with Eqn. 3.3. mak;|, for

i=1,2,3 is the peak absolute

value of a response parameter which corresponidsittent angle)=0" for each of the three cases.

. max| Ro9cr,i | - ma)*R 0j|

RV, = 100, i= 1,2,
| max|R o]

RV, = MaXRys| ~ MaAR | 100, i= 1,2
W malr, ] T

Rvmax'i _ max| Racr,3|_ ma)*Rﬁcrj| .100, i — 1z

max| Racr J |

(6.1)

(6.2)

(6.3)



From Figure 6.1a it can be seen thatdgft) the value oRV,; for a specific case of application of the
earthquake components depends on the earthquake réor example earthquake No 2 gives value
of RVp1 equal to 54%, while earthquake No 20 gives vafue\y, equal tal13%. From Figure 6.1b it
can be seen that the same is valid for responsetiui;(t) and relative variatiolRVy 3. Since the
value of Mj(t) for cases REGSA and PEBSA is not affected by incident angle for the specific
response quantiti®Vo; andRV,, are equal to zero under all of the earthquaked imsthe analyses.
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From Figure 6.2a it can be seen that dgft) the ratioRVpa ; varies between 0% and 129% and
RVp a2 between 1% and 92%. Also fvts(t) in beam start BX11 ratiBVp 4 ; varies between 0% and
187% andRVp » between 1% and 264% (Figure 6.2b). This meansttigamaximum response for
case PE@PA, can be significantly greater than the respameduced when the recorded or principal
components of the same earthquake are applied atengtructural axes X, Y and Z, which is the
most common engineering practice.

From Figure 6.3a it can be seen that dg(t) ratio RV varies from —7% to 8% and ratVnuy»



varies from —-10% to 13%. These ratios under a fipeearthquake may take both positive and
negative values. This means that under a spedifithg@uake the maximum value ef(t) can be
greater for any of the three cases of applicatioih® earthquake components. Rbj(t) ratio RVyux1
varies from 1% to 187% and rafRY ., varies from 1% to 264% (Figure 6.3b). It can bengbat for
the specific response quantity these ratios take msitive values. This means that the criticdlea
of Ms(t) under a specific earthquake is always greatecdse PEGPA.

6.2 Comparison due to 3 or 7 earthquake records

Seismic code provisions (EC8, NEHRP, FEMA356 andCES11/06)suggest that when three time
history data sets are used as seismic input, thémmen value of each response parameter must be
used for design, while in the case of seven or riare history data sets, the average value of each
response parameter may be permitted to determmedhbign acceptability. In order to compare the
three cases of application of the earthquake commsrRE®SA, PE®SA and PEBGPA the values
of the ratiosRVy;, RVpai, RVixi corresponding to response parametg( andMs(t) are calculated
due to three or seven earthquakes. From the farthguake ground motions of Table 1, all possible
9,880 combinations of 3 records are considered.gagch one of these 3 record combinations, the
maximum values of the response quantities are mi@ted for angleg=0" andf=0,,. Similarly from
the 40 earthquake ground motions all possible 35%0 combinations of 7 records are considered.
For each one of these 7 record combinations, tlezage values of the response quantities are
determined for angle@&=0" and6=0,. For these response values the raR¥g;, RVpa;, RViuxi are
calculated. In Fig. 6.4 the minimum value, the agervalue minus the standard deviation, the average
value, the average value plus the standard demiatiod the maximum value of each ratio
corresponding to all the above mentioned combinatare plotted.
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Figure 6.4.RatiosRVy;, RVpai, RV, &) forag(t) when 3 records are considered, b)dg(t) when 7 records
are considered, c) fol;(t) when 3 records are considered, d)N@(t) when 7 records are considered.

From Fig. 6.4a,b it can be seen thatdg(t) when 3 or 7 earthquake records are considerechéan
values ofRVy 1, RV andRVy; vary between 24 and 30%. These variations mayrtakeémum values
up to 129%. For response quantiti(t) the mean values d&V,; andRV,, are equal to zero (Fig.
6.4c,d). When 3 earthquake records are considaethean value dRV,; is equal to 42% and when
7 records are considered it is equal to 37%. Thitation takes maximum value of 190% (Fig. 6.4c).
In Fig. 6.4a,b it can be seen that taft) when 3 or 7 earthquake records are consideredndan
values ofRVp a1 andRVp 4, Vary between 24 and 29% (Fig. 6.4b). BB(t) the mean values of these
ratios vary between 35% and 42% (Fig. 6.4c,d).tRerspecific response quantities the mean value of
RVpa1 IS greater thaRVp 4. FOr response quantitg(t) the mean values of ratié®/; a1 andRV 2
are significantly smaller compared to the resthaf tatiosRVy; andRVp ;. When 3 or 7 earthquake
records are considered the mean valueR\Gf1 and RV, vary between 0.5% and 2.0% (Fig.
6.4a,b). On the contrary fdi(t) the mean values of rati®®/,.1 andRV > take significant values.
When 3 or 7 earthquake records are considered @ walues oRV .1 andRVy, vary between
35% and 42% respectively (Fig. 6.4c,d).

7. CONCLUSIONS

Three cases of application of the earthquake coemsiwere presented: a) RESA, b) PE@SA and
c) PEG®PA (Fig. 3.1). From the results of the presentsthé following conclusions were drawn:



The selection of the recorded or correspondingcipal earthquake components as well as the
selection of the seismic input axes differentidbescritical angle and the corresponding maximum
value of a response quantity.

Considering each ground motion individually the imaxm response for each case of application
of the earthquake components which correspondsdatitical angle can be up to 190% greater
than the response produced for argzt6°. Considering 3 ground motions this percentage talks
values up to 190% while when 7 records are constlgmmay take values up to 150%.
Considering each ground motion individually thetical response for case PHEZA which
corresponds to the critical angle can be up to 2@48ater than the response produced when the
recorded or principal components of the same eastke) are applied along the structural axes.
When 3 ground motions are considered this percertigs maximum value equal to 264% while
for 7 records it takes maximum value equal to 158®&¢.all the possible earthquake combinations
the mean value of this percentage is also sigmfiGand ranges between 24 and 4ZPhe
calculation of the critical response for case PE&L is the most rational, since for this case the
inclination of the principal direction with regaral the vertical axis is taken into account.

In general, the critical response can be greateafy of the three cases REEA, PE®SA or
PE®PA. Considering each ground motion individually ttiéference in the critical response
between the three cases can be up to 13%, comgjd8rground motions also up to 13% and
considering 7 ground motions up to 11%. For resp@aameters whose value depends only on
the vertical earthquake component the critical oesp is greater for case PET\. In this case
considering each ground motion individually thefeliénce can be up to 260%, considering 3
ground motions also up to 260% and consideringoumgt motions up to 154%.
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