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Abstract

Housner published his classical paper in 1963Herdalculation of a rocking block. He assumed tfmptact occurs at the
corners of the block and identical angular momenb&fore and after the impact. Based on these asgmaphe derived
expressions for both the energy loss, and the @&imgelocity.

This model is widely used for modeling of stone amasonry columns and arches. Researchers alsmgedehe so called
‘overturning acceleration spectra’ for the verifioa of blocks, columns and arches subjected tthgaakes. In all these
cases the basic element of the calculation is Hessiclassical model. Note, however that experimentis published in
several papers — show lower energy loss during dingiean it is predicted by Housner’'s model. As assmuence, the
overturning acceleration spectra based on Housnmatel may be unsafe.

In this paper we discuss the effect of the overiptieoh of the energy loss of Housner’s model. Fernthore, the effect of the
shape of the applied acceleration is investigated.
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1. Introduction

2

Modelling of masonry and stone columns and archest mclude the possible openings and closingseé€tacks
between the elements which require the use of @adtrmodel. In most of the cases Housner's modghdied.

Housner published his classical paper more thandacades ago [1], in which he presented a simptiem
for the rocking block (Fig. 1). He investigated ladk which rotates around cornér then — when the block
reaches the vertical position — impact occurs, taedblock rotates further around coriBerAssuming identical
angular momentum on corner B before and afterrttpact (Fig. 1c¢), he arrived at the following exgies for
the angular velocity of the block:

_ __ 2h2%-p? 1
W, = HHousWbr  HHous = 2h2+2p2’ ( )

wherewy, andw, are the angular velocities before and after ragkirandb are the dimensions of the blogkis
the angular velocity ratio.

The rocking block was investigated experimentallysbveral researchers ([2], [3], [4] and [5], [6]IN
almost every case it was found that in the expartmthe energy loss (and the decrease in angulacityg is
smaller than the one predicted by Housner's model.

In spite of the inaccuracies, Housner's model ey applied to determine overturning accelerasipectra
or stability maps to analyze the stability of aghinrocking block [1], [3], [7]-[15]. [16] extendetthis for the
investigation of arches and [17], [18] defined 8igbmaps for impulse-ground motions. Housner’'sdabwas
also extended to investigate non-symmetric monblitkks [8], [19] and two [20], [21] or multi degref freedom
structures [22].

In this paper we focus on the investigation ofregk block, the analysis of columns and arches lvéll
treated in companion papers. Since the overturatagleration spectra (OAS) is calculated on thésbafs
Housner's model — which over predicts the energg le its usage is unconservative. FurthermoreQhs is
always calculated from an impulse of a given shawsyever the effect of the shape is not investitjatea
systematic way.

2. Problem statement

A simple rigid block of arbitrary aspect ratid#h) is considered which is subjected to a pulsedil@ind motion
shown in Fig. 2. The OAS curves are calculatechgkito account the impact due to Housners’s mauhel,also,
as an approximation on the safe side, assumingerenay dissipation during impact.

Fig. 1— Rocking block in Housner’'s model
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Fig. 2— The pulse-like ground motions considered in ttiela. a, is the maximum acceleration aads the
corresponding duration. Fullness is defined as fotp apdt/ayt,, while skewness &&= fotp taydt/ fotp a,dt.

(The skewness is 0.5 in every case, where it igiven.) The consecutive impulses have the sanpegéth
opposite sign) in every case except in the last row

3. Model

A model was developed which is capable to calculseocking motion of a column made of rigid blscln this
paper the motion of the monolithic column i.e.rag# block is investigated. During the motion, gemmetry is
updated, hence the second order effects are takeraécount. The only considered damping effethésone
which occurs during the impact. It is assumed thatmotion is 2D, there is no sliding between theugd and
the element, and the strength of the masonry isnmestigated.
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4. The shape of the overturning acceleration specr
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The unnormalized OAS curve is a plot in tHe, coordinate system, wheagis the maximum acceleration of the
given impulse, and, is the duration of this impact. The curve separdbe safe and unsafe areas, i.e. where
overturning does not or does occur. Three exangkeshown in Fig. 3, the unsafe areas are shadeks tive
safe areas are white. Bel@pmin defined as

apmh1=1gb/h

no rocking happens, hence it is always safe.

(2)

When there is only one impulse (Fig. 3a), the Oa$bnotonic: highea, and longer pulse more likely
cause overturning than loway or shortett,. According to [14], this boundary is called Modé#ure.

If there are two consecutive impulses with différsigns (Fig. 3b) there is a narrow safe area withe

unsafe zone. According to [14], this boundary iseciMode 1 failure. These zones were investigatedeveral

researchers ([11], [12], [14], [15]).
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Fig. 3— Typical overturning acceleration spectra for gidmotion with 1, 2 and 3 consecutive impulses
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In Fig. 4 the motion of a block is given for 5 @ifént impulses defined by number 1 to 5 in Fig.I8kll
the cases the maximum accelerations are identioalever the lengths of the impulses are different.
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Fig. 4— Motion of the rocking block for different impukse
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When there are three consecutive impulses even nasrew areas or “bays” may occur (Fig. 3c). Since
these narrow areas has no practical importancéhenfollowing sections we will investigate only tloaiter
envelope of the OAS curves.

5. Results
In the analysis the following parameters were itigased

» slenderness ratidmb=3, 5, 8, 10

» shape of the pulse: rectangular, sinusoidal, ttitargFig. 2)

» skewness of the shape of the pulse

e parameters of the second impulagsas; ax=ai1/2; a,=au/3, ax=2ay, a;=3a; while fotl a;dt = fotz a,dt
anda;=0 (see the last row of Fig. 2)

« the parameter range of each stability mag#s0 - 10 m/4t,=0-2.5s

Note that larger elements move more slowly thanlsmanes, hence there is a size effect ([1], [Bl], [15],
[20]). However, if we normalize the horizontal akig the square root of the size, we obtain sizepeddent
results. In the following plots the vertical axésriormalized by, min (EQ. 2) while the horizontal axis Qﬁb/g,
whereg is the acceleration of gravity anbtl & the width of the block.
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Fig. 5— The unnormalized and the normalized overturnswekeration spectra of blocks with different
slenderness and size

The effect of energy dissipation is shown in FigThe difference between Housner's model and tke,ca
when there is no energy loss during impact can@8é. In reality, since the reported energy losshefrocking
block is roughly the half of that of Housner's mbdke difference can be around 8-10%.
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Fig. 6— The envelope of the overturning accelerationtspedased on Housner's model and the model when no
energy dissipation is considered

The effect of impulse shape is shown in Fig. 7akigd 7b. We presented the results both as a fumct
the length of the pulse and as a function of thauilse defined as

I=[Padt. (3)

In the first case the rectangular shape resultfansafe areas, then the other two, and the cdweeto the
sinusoidal pulse is between the other two. If wat he results as a function of the impulséhe three curves
intersect. It can be seen that there is a minimataevof impact, which — at a given value of acedlen — is
capable to turn over the block.
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Fig. 7 — The effect of the impulse shape

The skewness of the shape is investigated in FeqndBFig. 9. The “fullness” and “skewness” are rkedi
as
=L ¢_1 b
F= ey S = T JoF taydt. (4)
In Fig. 8 skewed sinusoidal shapes are investigatbdre the fullness are identic&=0.637), while the
skewnesses afx0.4, 0.45, 0.5, 0.55, 0.6. In Fig. 9 a triangulalsp shape is investigatdeH0.5), the skewnesses
are S=0.33, 0.4, 0.5, 0.6, 0.66.

It is an important observation that the asymmefrthe pulse has an important effect even if thinéss,
ay,, t,, andl are identical.



16" World Conference on Earthquake Engineering, 16WQEE
Santiago Chile, January 9th to 13th 2017

1.0 m

4 0.45,0.5,0.55,0.6 1

5=0.4, 3.0m

[« p/ Ap.min

0.5} 0.5

0 - 0 - ' -

0 1 2 3 4 5 0 1 2 3 4 5

1,\2blg 1,/\2blg
a a

[ ] L ]
EAvA BV
th

a) b)
Fig. 8 — The effect of the symmetry and asymmetry ofstkewness (modified sinusoidal shape)
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Fig. 9— The effect of the symmetry and asymmetry of #ewmess (triangular shape)

In Fig. 10 the effect of the shape of the impaef@be or after the main impact) is investigatedevery
case the secondary impulse has the same impule asain impulse, but the secondary acceleratioy lmea
smaller, however with a longer duration. The resint Fig. 10 shows that these effects are imporant an
envelope can be recommended for practical appicsti
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Fig. 10 — The effect of the secondary impulse

6. Discussion

In this paper the overturning acceleration spectnxes of single blocks were determined. The effedtthe

shapes of the impulse and the effect of Housnerfsatt model were investigated. It was found thikintathe

classical Housner model into account the resulidesaround 8-10% on the unsafe side. We also shthaéthe
skewness of the pulse and the shape of the segopudiae significantly affect the results. Sincel esrthquakes
the pulse is generally not symmetrical, and thenmpaises are followed by secondary pulses, thdsetefmust
be taken into account.

7. Acknowledgement
This work is being supported by the Hungarian SdierResearch Fund (OTKA, no. 115673).

8. References

[1] G. Housner, “The behavior of inverted pendulstmuctures during earthquakeByill. Seismol. Soc. Amol. 53, no.
2, pp- 403-417, 1963.

[2] A. Anooshehpoor and J. N. Brune, “Verificatiofh precarious rock methodology using shake tald¢stef rock
models,”Soil Dyn. Earthqg. Engvol. 22, no. 9-12, pp. 917-922, Oct. 2002.

[3] F. Prieto-Castrillo, “On the dynamics of rigideck structures applications to SDOF masonry psiemechanisms,”
GUIMARAES. Portugal: University of Minho, 2007.

[4] M. Aslam, W. G. Godden, and D. Theodore, “Eqtthke Rocking Response of Rigid Bodiek, Struct. Div. ASCE
pp. 331-392, 1980.

[5] Q. T. M. Ma, “The mechanics of rocking struaarsubjected to ground motion,” The University efchland, New
Zealand, 2010.

[6] P. R. Lipscombe and S. Pellegrino, “Free Rogkiri Prismatic Blocks,J. Eng. Mech.vol. 119, no. 7, pp. 1387—
1410, 1993.

[7] S. J. Hogan, “On the Dynamics of Rigid-Block tim Under harmonic ForcingProc. R. Soc. A Math. Phys. Eng.
Sci, vol. 425, no. 1869, pp. 441-476, 1989.

[8] B. Shi and A. Anooshehpoor, “Rocking and ovemtng of precariously balanced rocks by earthquikBsill.
Seismol. Soc. Anvol. 86, no. 5, pp. 1364-1371, 1996.

[9] I. N. Psycharis, D. Y. Papastamatiou, and AARXxandris, “Parametric investigation of the sli#piof classical
columns under harmonic and earthquake excitatidgesthq. Eng. Struct. Dynvol. 29, no. 8, pp. 1093-1109, Aug.
2000.



[10]

[11]

[12]

[13]

[14]

[16]

ﬁ'@ﬁ 16" World Conference on Earthquake Engineering, 16WQEE

i

alg\ Santiago Chile, January 9th to 13th 2017

2

—

RS

N. Makris and D. Konstantinidis, “The rockirgpectrum and the limitations of practical desigrthudologies,”
Earthg. Eng. Struct. Dynvol. 32, no. 2, pp. 265-289, Feb. 2003.

N. Makris and M. F. Vassiliou, “Sizing the sl#erness of free-standing rocking columns to wathdtearthquake
shaking,”Arch. Appl. Mech.vol. 82, no. 10-11, pp. 1497-1511, Jun. 2012.

E. Voyagaki, I. N. Psycharis, and G. MylongkiRocking response and overturning criteria faefistanding rigid
blocks to single—lobe pulsesSoil Dyn. Earthq. Engvol. 46, pp. 85-95, Mar. 2013.

C.-S. Yim, A. K. Chopra, and J. Penzien, “Riock Response of Rigid Blocks to EarthquakeSdrthquake
Engineering and Structural Dynamijogol. 8. pp. 565-587, 1980.

J. Zhang and N. Makris, “Rocking Response ifeFStanding Blocks under Cycloidal Pulsek,Eng. Mech.vol.
127, no. 5, pp. 473-483, May 2001.

E. G. Dimitrakopoulos and M. J. DeJong, “Réifig the rocking block: closed-form solutions asithilarity laws,”
Proc. R. Soc. A Math. Phys. Eng. Seal. 468, no. 2144, pp. 2294-2318, Aug. 2012.

I. Oppenheim, “The masonry arch as a foimrk mechanism under base motiogarthq. Eng. Struct. Dynvol. 21,
pp. 1005-1017, 1992.

L. De Lorenzis, “Failure of masonry arches endnpulse base motionEarthg. Eng. Struct. Dynvol. 36, no. 14,
pp. 2119-2136, 2007.

M. J. DeJong, L. De Lorenzis, S. Adams, ané.JOchsendorf, “Rocking stability of masonry arshia seismic
regions,’Earthqg. Spectravol. 24, no. 4, pp. 847-865, 2008.

A. Di Egidio and A. Contento, “Base isolatia slide-rocking non-symmetric rigid blocks undempulsive and
seismic excitations,Eng. Struct.vol. 31, no. 11, pp. 2723-2734, 2009.

I. N. Psycharis, “Dynamic behaviour of rockitvgo-block assembliesEarthq. Eng. Struct. Dynvol. 19, no. 4, pp.
555-575, 1990.

P. D. Spanos, P. C. Roussis, and N. P. ati®dIDynamic analysis of stacked rigid block§6il Dyn. Earthq. Eng.
vol. 21, no. 7, pp. 559-578, Oct. 2001.

T. Ther and L. P. Kollar, “Response of Masoi@glumns and Arches Subjected To Base Excitation3econd
European Conference on Earthquake Engineering aish®logy 2014.



