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Size versus Slenderness: Two Competing Parameters in the Seismic
Stability of Free-Standing Rocking Columns

Nicos Makris' and Georgios Kampas?

Abstract

When a free-standing column with a given base becomes taller and taller, there is a competition
between the increase in its size (more stable) and the increase in its slenderness (less stable). This
paper investigates how these two competing phenomena affect the stability of tall, slender, free-
standing columns when subjected to horizontal and vertical ground shaking. The main conclusion
of the paper is that the outcome of this competition is sensitive to local details of the ground
shaking and the dominant frequency of a possible coherent, distinguishable pulse. The often
observed increase in stability due to increase in height (despite the increase in slenderness) may
be further enhanced due to a sudden transition from the lower mode of overturning with impact to
the higher mode of overturning without impact. The paper proceeds by offering a simple
mathematical explanation why the vertical ground acceleration has a marginal effect on the
stability of a slender, free-standing column; and concludes that the level of ground shaking that is

needed to overturn a tall free-standing column of any size and any slenderness is a decreasing
function of the length scale, apr2 of the dominant coherent acceleration pulse normalized to the

base-width of the column.
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Introduction

During ground shaking, the more slender among two equally tall structures is less stable and one
can show via static equilibrium that the ground acceleration needed to uplift a free-standing

rectangular column is g (width/height). Nevertheless; upon uplifting, there is a safety margin

between uplifting and overturning of slender, free-standing columns and that as the size of the
column increases (when the slenderness is kept constant) this safety margin increases appreciably
to the extent that large free-standing columns enjoy ample seismic stability (Kirkpatric 1927,
Housner 1963, Yim et al. 1980, Ishiyama 1982, Zhang and Makris 2001, Konstantinidis and
Makris 2005, Makris 2014 and references report therein). Accordingly, when a column with a
given base = 2b, becomes taller and taller, there is a competition between the increase in the size
of the column (more stable) and the increase in its slenderness (less stable). This paper investigates
how these two competing phenomena affect the stability of tall, slender, free-standing columns
when subjected to horizontal and vertical ground shaking. The findings of this study are used to
assess the trend through the centuries of increasing the size and slenderness of free-standing
columns that create the emblematic peristyles of archaic, classical and roman temples. Our findings
have also implications in the design of tall bridge piers where the concept of rocking isolation

becomes attractive (Makris and Vassiliou 2014, Makris 2014).

Figure 1 shows the size and slenderness of selected monolithic columns from the peristyles of
ancient temples ranging from the archaic period to the early roman period (Powell 1905, Dinsmoor
1975, Mark 1993, Fletcher 2001). Interestingly, with the exception of the slenderness of the
column from the Temple of Olympic Zeus in Syracuse (480 B.C.), the general trend is that the

slenderness of monolithic columns increases with time; while, some of the columns built in the
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A.D. years assume very large size while being most slender (tan a < 0.1, Dinsmoor 1975, Fletcher

2001).

This paper presents a comprehensive stability analysis together with the associated overturning

diagrams of three free-standing columns having width at their base, 2b =1.0m, 2.0m and 4.0m

(as shown in Figure 2). The height of each column during the stability analysis with a given base
is increased incrementally in order to create larger columns with larger slenderness values. Both

horizontal and vertical ground accelerations are considered.

Equation of motion of a free-standing rocking column subjected to Horizontal

and Vertical Accelerations

With reference to Figure 3 and assuming that the coefficient of friction is large enough so that
there is no sliding, the equation of motion of a free-standing column with size R =+vh* +b? ,
slenderness o =tan*(b/h) and rotational inertia |, subjected to a horizontal and a vertical
ground acceleration, U (t) and V (t) respectively, when rocking around O and O’, is (Yim et

al.1980; Ishiyama 1982; Taniguchi 2002 and references report therein)
Ioé(t) +mgRsin[-a - 0(t)] = -mu, (t)R cos[-a — 6(t)] - mV, (t)Rsin[-a —O(t)], 0(t) <0 (1)
Ioé(t) +mgRsin[a —0(t)] = —mu (t)Rcos[a — B(t)] —mV, (t)Rsin[a.—O()], 6(t)>0  (2)

v, (t

Rocking motion initiates when, U, (t) > (1+ ))gtana. The aforementioned equations of

motion can be expressed in the compact form (Zhang and Makris 2001, Makris and Vassiliou

2012)
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i, (t)

o) =—p*{(L+ VQT(U) sinfoesgn(6(t)) — B(t)] + cos[asgn(6(t)) - 6(H)]} (3)

In equation (3), the quantity p=./mRg/l, is the frequency parameter of the block and is an

expression of its size. For rectangular blocks, p = \/W Accordingly, overturning diagrams
where the horizontal axis is the size of the column, R, can also be viewed as overturning spectra
given the one-to-one correspondence between the frequency parameter, p, and the size, R of the
column.

The oscillation frequency of a rocking column under free vibration is not constant because it
strongly depends on the vibration amplitude (Housner 1963, Yim et al.1980). Nevertheless, the
quantity p = \/W is a measure of the dynamic characteristics of the column given that it is
the natural frequency of a rectangular plane with diagonal = 2R that is hanging by one of its top

corners. For the 7.24mx1.74m free-standing column of the Temple of Apollo in Corinth

(Dinsmoor 1975), p=1.4rad/s, whereas for the tall piers of a valley bridge (2h>20m),

p ~ 0.8rad /s or even less.

Figure 3(right) shows the moment-rotation relationship during the rocking motion of a free-
standing column. The system has infinite stiffness until the magnitude of the applied moment

reaches the value mgRsin « (without vertical acceleration), and once the column is rocking, its
restoring force decreases monotonically, reaching zero when 6 = a.
During rocking motion the ratio of kinetic energy before and after the impact is r = 8,> /6,%; which

means that the angular velocity after the impact is only Jr times the velocity before the impact.

Conservation of angular momentum just before and right after the impact gives (Housner 1963):
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r:[l—gsinzoc} (4)

The value of the coefficient of restitution given by equation (4) is the maximum value needed for
a free-standing rigid block with slenderness o to undergo rocking motion. Larger values of the
coefficient of restitution than the upper bound value given by equation (4) result to loss of contact
(Jumps) during impact. In the event that additional energy is lost because of the inelastic behavior
during impact, the value of the actual coefficient of restitution r will be less than the one computed

from equation (4).

Overturning Spectra due to Idealized Pulse-Excitations and the Implications

of Multiple Modes of Overturning

Over the last half century an ever increasing database of recorded ground motions has shown that
the kinematic characteristics of the ground near the fault of earthquakes contain distinguishable
acceleration pulses. The early work of Veletsos et al. (1965) on producing elastic and inelastic
spectra due to pulse excitations was followed by the papers of Bolt (1976), Singh (1985),
Somerville and Graves (1993), Hall et al. (1995), Makris (1997), Somerville (1998), Makris and
Chang (2000a,b), Abrahamson (2001), Alavi and Krawinkler (2001), and more recently by the
papers of Mavroeidis and Papageorgiou (2003), Baker (2007) and Vassiliou and Makris (2011)

who used the Mavroeidis and Papageorgiou model (2003) in association with wavelet analysis to

develop a mathematically formal and objective procedure to extract the time scale, T, and length

2 .
scale, a,T,", of strong ground motions.
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The identification of the pulse period, T, and the pulse amplitude, a,, of the dominant coherent

pulse is of particular interest because the product, apr2 =L, , is a characteristic length scale of
the ground excitation and is a measure of the persistence of the most energetic pulse to generate
inelastic deformation (Makris and Black 2004a,b). The persistence of the pulse, apr2 =L,,isa

different characteristic than the strength of the pulse that is measured with the peak pulse

acceleration, a, (Makris and Black 2004a,b, Makris and Psychogios, 2006 Karavasilis et al.2010).
This paper shows that the level of the overturning acceleration from several pulse-like records
exhibit a decreasing trend when ordered with the characteristic length scale, L, = apr2 , of the

coherent pulse of the records used. The solid dark line in Figure 4(a) that approximates the long-
period acceleration pulse of the NS component of the Takarazuka motion recorded during the
January 17, 1995 Kobe earthquake is a scaled expression of the symmetric Ricker wavelet (Ricker

1943; 1944)

12722
2 2t 2 —*72
T \]e 27, (5)

w(t) = ap[l— 17

p

The value of T, =27/, is the period that maximizes the Fourier spectrum of the symmetric
Ricker wavelet. Similarly, the solid line in Figure 4(b), which approximates the long-period
acceleration pulse of the Gilroy, Array #6, fault normal motion recorded during the 1979 Coyote
Lake, California earthquake, is a scaled expression of the antisymmetric Ricker wavelet (Ricker
1943, 1944, Vassiliou and Makris 2011).

14z%

a 472'2t2 23T 2

7o) =—p[ 2 —s}e p (6)
B 3T,
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in which g is a factor equal to 1.3801 that enforces the aforementioned function to have a
maximum equal to a,.

Prior to the work on wavelike functions and wavelet analysis (Mavroeidis and Papageorgiou 2003,
Baker 2007, Makris and Vassiliou 2011) simple trigonometric pulses have been proposed by the
senior author and his coworkers (Makris 1997; Makris and Chang 2000a,b; Makris and Black
2004a,b) to extract the period and amplitude of the coherent distinguishable pulse. For instance,
the heavy line in Figure 4(c) which approximates the strong coherent acceleration pulse of the
OTE record from the 1973 Lefkada, Greece earthquake is a one-sine acceleration pulse

U, (t)=a,sin(w,t), 0<t<T, (7)
The various mathematical idealizations of coherent pulse-type ground motions as described by

equations (7)-(9) and shown in Figure 4 are invariably characterized by a pulse period, T, = 2—”
a

p

and a pulse acceleration amplitude, a,. From equation (3), the response of a free-standing rocking

column subjected to a horizontal ground acceleration pulse only, is a function of five variables
ot)=f(p.a. 9.2, 0,) (8)

According to the Vashy-Buckingham TIT -theorem (Barenblatt 1996, Makris and Vassiliou 2012)

equation (8) can be expressed in terms of dimensionless IT -products

@ a
o) = (o(—p Jtanea, —p] 9)
p g

w a
where 1, =6, 1, =—"=, I1, =tane and IT, =—.
p g
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Figure 5 shows the overturning acceleration spectrum of a rigid block with slenderness a =14°

w
(b/h=tan« =0.25) due to one-sine acceleration pulse. Figure 5 indicates that as IT, = —>

p
increases, the acceleration needed to overturn the free-standing column becomes appreciably
larger than the one needed to uplift it = g tan o . Most importantly, Figure 5 shows that in the case
of a one-sine pulse there are two distinct modes of overturning: (I) overturning with one impact,
and (1) overturning without impact. These two modes of overturning exist for columns up to a

certain size (that is @,/ p=8.2 when tan o= 0.25); whereas, larger columns excited to higher

frequency pulses overturn only without impact (mode 11).

This bifurcation phenomenon —that beyond a certain size a free-standing column overturns only
without impact; therefore, a much larger acceleration is needed to create overturning —has
important implications on the stability of freestanding columns. This is because, a tall and most
slender column that is large enough so that it can only overturn without impact; may be more stable

than a shorter (less slender) column with the same base that can overturn with one impact.

Overturning Diagrams due to Idealized Pulses-Horizontal Accelerations Only

In an effort to assess the competing effects of size and slenderness, Figure 6 plots the minimum
overturning acceleration of a one-sine pulse that is needed to overturn a column with base 2b =1m
(left —say a column from the Temple of Aphaea, Aigina, Greece or a column from the Temple of
Zeus, Aezanoi, Turkey —see Figure 1); a column with base 2b =2m (center —say a column from
the Temple of Apollo, Syracuse, Italy) and a column with base 2b = 4m(right —say one of the

center piers of a modern valley bridge). The horizontal axis shows the size of the column, R in
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meters, and all three plots originate at a value of R that corresponds to a minimum slenderness

tan a =1/4. In each plot, results are plotted for different values of the duration, T, of
the pulse (T, = 0.50s, 0.75s, 1.00s and 1.50s -see Figure 4). Since each plot is for a given value of

the column base, in each plot the slenderness of the column increases as the size R increases.
Figure 6 shows a remarkable result —that for moderately-long duration pulses (say as long as

T, =1.0s) the increase in the column size offsets the anticipated decrease in the column stability

due to the increase in slenderness. Interestingly, for values of tan @ >1/8 a further increase in the
column height (further increase in the slenderness), the overturning diagrams assume a slightly
positive slope indicating that size “wins” over slenderness. On the other hand, for the longer

duration pulse where T, =1.50s, the overturning diagrams assume a negative slope indicating that

slenderness prevails over size.

The two opposite trends can be explained by examining the participation on the moment of inertia
of the column (proportional to the square of the size) in the equation of motion given by (3). In the
event of a long duration pulse (a slowly increasing ground acceleration), upon the column uplifts

(U, (t) > gtana) it will rotate slowly developing a feeble angular acceleration. Given the low

angular acceleration the engagement of the rotational inertia (proportional to R?) of the column is
weak and in this case the slenderness of the column has a dominant effect over size.

In the event of a shorter duration pulse (more high-frequency pulse), the free-standing column
experiences finite rotational accelerations which engage vividly the rotational inertia of the column
(Makris 2014). In this case the dynamic seismic resistance of the free-standing column is enhanced
with the active participation of its rotational inertia —a quantity that is proportional to the square
of the column size. Accordingly, in this case the increase in the size of the column offsets the effect

due to the increase of the slenderness.
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Figure 7 plots the minimum overturning acceleration of a symmetric Ricker wavelet that is needed

to overturn the three free-standing columns shown in Figure 2 with base 2b =1.0m, 2.0m and

4.0m . Again the horizontal axis expresses the size of the column, R, in meters and all three plots
originate at a value of R that corresponds to a minimum slenderness of s=1/4. In each plot,

results are plotted for different values of the duration, T, of the Ricker pulse. For the column with

width 2b =4.0m, the overturning acceleration amplitudes that correspond to a duration of

T, = 0.5s are not shown because they are exceedingly large (over 20g). In each plot as the size R

increases, the slenderness of the column also increases given that each plot is for a given value of

a column base.

Bifurcation to a higher overturning mode

In Figure 7, in addition to the trends that were observed and discussed in Figure 6 (overturning
diagrams for a one-sine pulse) we observe a new trend that is due to the multiple modes of
overturning discussed in the previous section. In all three plots shown in Figure 7, there are
occasions where the overturning diagrams show a sudden jump to higher overturning
accelerations. This happens because as the size of the column increases (even if it becomes more
slender) the column assumes a size that is large enough so it can no longer overturn with one
impact; and it can only overturn without impact —therefore, requiring an appreciable larger
overturning acceleration. It is because of this bifurcation phenomenon (transitioning to a higher
overturning mode) that a tall and slender column may be appreciably more stable than a much
shorter column with the same base = 2b. For instance, Figure 7 (center, 2b = 2.0m) indicates that

when a column with slenderness =1/8 (16mtall) is excited by a Ricker pulse with period

10
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=T, =0.75sit is more stable that the column with the same base (2b = 2.0m) and slenderness,

s =1/6(12.0mtall).
Figure 8 illustrates this bahavior by plotting rotation and angular velocity time histories of two
columns having width 2b = 2.0mand heights 2h =12.0m (left) and 2h =16.0m (right). The 12.0m

tall column on the left overturns with one impact (the rotation history crosses the 8(t)/a= 0 line).

On the other hand the 16.0mtall column on the right experiences an initial very high rotation
without overturning and during the course of re-centering it reverses its motion prior to impact and
overturns without experiencing any impact.

Figure 9 illustrates the same behavior by plotting the rotation and angular velocity time history of
the two columns having width 2b =4.0mand heights 2h =20.0m (left) and 2h = 24.0m (right).
Clearly, the behavior illustrated in Figures 8 and 9 is mainly due to the smooth shape of the single-
frequency Ricker wavelet input. In the event of a recorded earthquake ground motion that contains
several frequencies this kind of behavior is harder to observe; nevertheless, it may happen. For
instance, in his seminal paper Ishiyama (1982) characterizes the seismic response and overturning
of free-standing column as “highly irregular given that taller columns are sometimes more stable
than shorter ones of the same breadth”. The analysis presented in this section offers a physically
motivated explanation for the reason that in some occasions size prevails over slenderness.
Nearly Self-Similar Response

The overturning diagrams shown in Figure 6 and 7 have significant practical value since they
reveal in a direct way the remarkable result, that for moderately long duration pulses the increase
in the column size not only can offset the anticipated decrease in the column stability due to the

increase of slenderness, but in some occasions it may increase appreciably its stability.

11
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We are now interested to examine whether the several response diagrams appearing in Figures 6
(of Figure 7) are related to each other; or whether each one contains independent information.
Equation (9) dictates that in order to uncover any manifestation of self-similar behavior, the
overturning acceleration values need to be expressed in terms of the dimensionless products,
M,=w,/p, II,=tana and /7, =a,/g.

Figure 10 indicates that when the overturning acceleration values are plotted in terms of the

dimensionless products (IT, /I, vs, I1,) all data presented on the three subplots of Figure 7 or

Figure 8 are crowded together; without however collapsing precisely to a single master curve for
overturning with one impact and a different master curve for overturning without impact. This is
because the plots shown in Figure 10 are for all slenderness values (any tan a <1/4). In reality,

the dynamics of the free-standing rocking column is governed by three dimensionless products (

® a _ .
1,=—"2,11,=—"2, 1, =tana) and only when the overturning spectra are plotted for a single
p g

slenderness (as is the overturning spectrum shown in Figure 5), the data are mathematically self-

similar.

Response to Earthquake Excitation-Effect of the Vertical Component

Our investigation proceeds by examining how size and slenderness affect the stability of tall,
slender, free-standing columns when excited by recorded ground motions. Our numerical
investigation first focuses on the monolithic columns of: (a) the Temple of Aphaia, Aegina, Greece

(2b=0.99m, 2h =5.27m, tan a=0.101); and (b) the Temple of Zeus, Aezanoi, Turkey (

12
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2b =0.97m, 2h = 9.55m, tan ac= 0.101). Given that the base-width of these two columns is almost

one meter, the results from the earthquake response analysis can be compared with the

results from the overturning spectra for 2b =1.0munder pulse excitations presented at the left of
Figures 6 and 7.

Figure 11 plots the rotation and angular velocity time histories at the verge of overturning of the
two abovementioned free-standing columns when excited by the amplified horizontal only (left)
and horizontal and vertical components (right) of the OTE ground motion recorded during the
1973 Lefkada, Greece earthquake. In this work, overturning of the free-standing columns is
achieved by gradually amplifying the horizontal and vertical recorded motions by the same
multiplication factor as if the columns were tested physically on a shaking table.

The first observation, is that the vertical acceleration has a marginal effect on the dynamics of
rocking and it confirms the same observation made by Ishiyama (1982) more than three decades
ago. For instance, the Aphaia-Aegina column overturns at 1.784 times the horizontal component

of the 1973 Lefkada record ( PGA = 0.959 ); whereas it overturns at 1.766 times the horizontal and
vertical component of the same record (PGA =0.949). Interestingly, the Zeus-Aezanoi column
survives a higher level of horizontal (PGA = 0.86g ) and vertical acceleration (PGA = 0.13g ) than
when excited by a horizontal acceleration (PGA = 0.84¢ ) alone.

There are three reasons for the marginal importance to overturning of the vertical component of
the ground motion. The first and foremost reason is the structure of the equation of motion given
by equation (3). In equation (3) the horizontal input acceleration, U, (t), is multiplied with
cos[a— A(t)]; whereas, the vertical input acceleration is multiplied with sin[a—8(t)]. Given that
we are dealing with slender columns (tan o< 0.25), the quantity, cos[a— @(t)], is of the order of

one; whereas, sin[a—d(t)] is of the order of a— &(t) ; which is a small angle. Accordingly, even

13
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if there is a strong vertical ground acceleration, it enters the dynamics of rocking after being
suppressed with the factor a—6(t) <<1. The second reason for the marginal importance of the
vertical component of the ground motion is that in general it is a much more high-frequency ground
motion; therefore, it has limited influence on the dynamics of a larger column with appreciable
rotational inertia. The third reason is that the level of the vertical acceleration is in general lower
than the level of the horizontal component. The marginal effect of the vertical acceleration on the
rocking response of the free-standing columns is also shown in the subsequent response analysis
histories presented in this paper.

Our numerical investigation proceeds with the dynamic response analysis of (a) the monolithic

column from the Temple of Apollo, Syracuse, Italy (2b =2.0m, 2h = 7.98m, tan ot = 0.252 ); and

(b) a taller column with the same base, 2b =2.0m and a height, 2h =16.0m (tan o =0.125).

Figure 12 plots rotation and angular velocity time histories at the verge of overturning of the two
abovementioned free-standing columns when excited by the amplified horizontal (GIC-180) only
(left) and the horizontal (GIC-180) and vertical components (right) of the Geotechnical
Investigation Center ground motions recorded during the 1986 San Salvador earthquake. The
interesting observation in this case is that when only the horizontal acceleration is considered
(GIC-180) the Apollo Syracuse column overturns at 7.89 times the horizontal component of the

GIC-180 record ( PGA = 3.759 ); whereas, the two times taller and two times more slender column
shown at the bottom of Figure 13 needs 8.95 times the same acceleration record to overturn (
PGA =4.259); confirming to a certain extent the findings uncovered with the overturning
diagrams shown in Figure 7. The same trend is observed when the two columns of interest are
subjected to the horizontal (GIC-180) and vertical components of the Geotechnical Investigation

Center showing that a higher acceleration level is needed to topple the taller and more slender

14
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column.

Clearly, while this behavior shown in Figure 12 documents the appreciable contribution of the size
to the column’s stability, it needs to be recognized that such behavior is sensitive to the local
kinematic characteristics of the ground motion. Figure 13 plots rotation and angular velocity time
histories at the verge of overturning of the same two columns appearing in Figure 12 when excited
by the amplified horizontal (GIC-90) only (left) and the horizontal (GIC-90) and vertical
component (right) of the Geotechnical Investigation Center ground motions recorded during the
1986 San Salvador earthquake. In this case, when only the horizontal acceleration is considered

(GIC-90), the Apollo Syracuse column survives a higher acceleration level (PGA =4.949 ) than
the two-times taller and two-times more slender column which overturns with a PGA =4.14¢g

acceleration level. Interestingly, the situation is again reversed when in addition to the horizontal

acceleration (GIC-90), the vertical acceleration is also considered.

Figure 14 plots the best matching acceleration wavelet on the GIC-180(a) and GIC-90(b)
components of the GIC ground motion recorded during the 1986 San Salvador earthquake. While

macroscopically both records are best fitted by essentially the same wavelet (there is only a small
difference of a 1/10 of a second in the duration, T, of the predominant pulse); the results presented
in Figures 12 and 13 show that it is the local kinematic characteristics of the ground motion that

control the final outcome—that is whether eventually size prevails on slenderness (see Figures 13

and 14).

The parameters a,,T,,® and y of the best matching wavelets of the GIC-180 and GIC-90 records

shown in Figure 14 have been obtained by employing the extended wavelet transform proposed

by Vassiliou and Makris (2011) where in addition to a time translation and a dilation-contraction,

15
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the proposed transform allows for a phase modulation and the addition of half-cycles. The need to

include four (a,,T,,¢ and y) rather thantwo (a,, T ) parameters in the mathematical expression

of a single wavelike function to characterize the coherent pulse of a pulse-like record has been
voiced and addressed by Mavroeidis and Papageorgiou (2003). Their proposed elementary
wavelike function that approximates the coherent velocity pulse of a pulse-like record is the

product of a harmonic oscillation with an elevated cosine function,

v(t) = %(1 + cos[ 27: P tD cos(27f | + ) (10)

In equation (10), f =1/T, is the frequency, ¢ is the phase and y is the number of half-cycles of the

wavelike function. Equation (10) is a slight modification of the Gabor (1946) “elementary” signal in which
the harmonic oscillation (last term in equation 10) was multiplied with a Gaussian envelop. Both the Gabor
(1946) “elementary” signal and the wavelike function given by equation (10) do not always have a zero
mean; therefore, they are not wavelets with the context of the wavelet transform where the wavelet function
needs to have finite energy and zero mean. Nevertheless, the time derivative of equation (10) is a zero mean

signal and it has been defined as the Mavroeidis and Papageorgiou (M&P) wavelet
z//(ﬁ @)= (sin[z—” (t- §)J cos(z—” t-&)+ (pj + ysin(z—” (t-&)+ (p]j(l+ cos[z—” (t- §)D (12)
s sy s s sy

In equation (11), the scale s, of the M&P wavelet is merely the period of the wavelet

s=T, =1/ fp.

In this work, in addition to the records shown in Figures 4 and 14, four additional strong pulse-

like records are used in the response analysis of the free-standing columns. They are all listed in
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Table 1 together with their corresponding parameters a,,T,,¢ and y of the dominant, coherent

acceleration pulse as they result from the Vassiliou and Makris (2011) extended wavelet transform.
The four additional acceleration records from the 1971 San Fernando, 1983 Coalinga, 1992
Erzincan and 2004 Parkfield earthquakes are shown in Figure 15 together with their best matching

wavelets.

Figure 16 plots the rotation and angular velocity time histories at the verge of overturning of the
two free-standing columns shown when excited by the amplified horizontal-NS (left) and the
horizontal-NS and vertical component (right) of the ground motions recorded during the 1992
Erzincan, Turkey earthquake. Figure 16 confirms that for longer duration pulses, rocking columns
rotate slower and develop a relatively feeble rotational acceleration. In this case (which for very
long duration pulses asymptotically tends to a quasi-static loading) slenderness dominates over

size.

Figure 17 summarizes the amplified acceleration levels (overturning seismic coefficient, &) due
to a horizontal ground acceleration alone (h) or a combined horizontal and vertical ground
acceleration (h+v) of the eight strong records considered in this study which are needed to
overturn: (a) the monolithic column from Temple of Apollo, Syracuse, Italy

(2b=2.0m, 2h =7.98m, tan = 0.252); and (b) a twice as tall column with the same base,
2b =2.0mand height, 2h=16m (tana=0.252). Figure 17 reveals that when the overturning

seismic coefficient, ¢, is ordered as a function of the peak horizontal ground acceleration of the
records, the results do not exhibit any trend. This is because while a recorded ground motion may
exhibit a high peak ground acceleration (see for instance the Pacoima Dam record from 1971 San

Fernando earthquake shown in Figure 15), the column overturns due to a longer duration,
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destructive, coherent pulse (Bertero et al. 1978).

Analysis at the Limit State (Verge of Overturning)

Figure 17 clearly indicates that the peak-ground acceleration is a poor intensity measure to access
the overturning potential of strong pulse-like ground motions. This is because the overturning

potential of pulse-like ground motion depends not only on the amplitude of the acceleration pulse,

a,, but even more so, on the duration of the acceleration, T, which influences the seismic
displacement demand with its second power. Accordingly, the overturning potential of pulse-like
ground motions is expressed in this work with the energetic length scale of the pulse= L, = apr2

(Makris and Black 2004a,b, Vassiliou and Makris 2011).

Figure 18 plots the same results shown in Figure 17 which are now ordered as a function of the
energetic length scale of the dominant coherent pulse of the record, L, = apr2 (see Table 1). The
first observation is that, while there is some scattering (due to some high-frequency spikes), the

overt

seismic coefficient ¢ =U, " /g, needed to create overturning is a decreasing function of the

length scale of the coherent acceleration pulse, L,.Furthermore, Figure 18 shows that for larger

values of L, (say L, >5m) —that is for longer duration pulses, a shorter column is more stable
than the equal-base taller column (slenderness prevails over size). In contrast, for lower values of
L. (say L, <4m)—thatis for shorter duration pulses; therefore, there is a more vivid engagement
of the rotational inertia of the column (Makris 2014), the results are mixed and there are situations

where size prevails over slenderness.
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Within the context of a capacity design framework and with reference to Figure 19, the limit state
of a free-standing rocking column is reached when during ground shaking its rotation, € reaches
its slenderness, a—that is when the center of gravity is above the pivot point. Accordingly, within
the context of capacity design, the displacement capacity of a free-standing rocking column is

merely,
U, =Rsina=Db (12)

Equation (12), while very simple, shows in a primitive; yet direct way that the seismic capacity of
a slender free-standing column is the product of the two competing size parameters; the size, R,
and the slenderness, o . It essentially indicates that the seismic stability of a tall, free-standing
column depends directly on its base-width=2b = 2Rsin a rather than solely on the size,R, or

solely on the slenderness, o, of the column.

In view of the result offered by equation (12), the overturning seismic coefficient, ¢, needs to be

expressed as a function of the length scale of the dominant coherent pulse of the record,

L, = aprz, normalized to the displacement capacity of the free-standing column, b=Rsina.

2

T,

. . . N L
Accordingly, we introduce the overturning potential index, A =—= Rsi
sina

, to express the

overturning potential of a pulse-like ground motion with acceleration amplitude, a,, and duration,
T,, on a tall free-standing column with any height and any slenderness and base width=2b. The

practical value of the overturning potential index, A =L, /b, is illustrated in Figure 20 which in

addition to the results presented in Figure 18 it plots the overturning seismic coefficients, ¢, which

are needed to overturn the remaining columns shown in Figure 2 with bases 2b=1.0m and
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2b =4.0m.

overt.

Figure 20 reveals that the seismic coefficient, e =0, /g that is needed to overturn a tall column

of any size and any slenderness is a decreasing function of the overturning potential index,
A =L,/b.When 1 >10 any tall, free-standing column most likely overturns. Furthermore, Figure
20 indicates that while a tall, slender column will uplift when the seismic coefficient exceeds the
slenderness (& > tan a ), the overturning seismic coefficient assumes very large values indicating

that tall, physically realizable, free-standing columns are most stable under earthquake shaking.

On the other hand, the finding from Figure 20, that when A >10 any tall, free-standing column
most likely overturns, is valid provided that the peak-ground acceleration (PGA) of the ground
shaking is capable to induce uplifting (PGA > gtan«). It is worth mentioning that some,
otherwise devastating, ground motions such as the recent Lamjung-90 record from the 2015 Nepal
earthquake shown in Figure 21 (bottom) may exhibit very long pulse durations, yet, relatively low
ground accelerations. Given that the Lamjung-90 record has a PGA =0.16g, any column with
tan o < 0.16, upon uplifting will also overturn given the very long duration of the dominant pulse
(T, =5.0s). Figure 21 (top) shows that the 2.00m=16.00m column (

tan o =1/8 =0.125), upon uplifting immediately overturns when subjected to the Lamjung-90

2

H aPTD
record given that L, = 5 - 38.27.

Conclusions
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This paper investigates how the seismic stability of a free-standing column is affected when its
height increases while its width is kept constant. When a column with a given base becomes taller
and taller there is a competition between the increase in the size of the column (more stable) and
the increase in its slenderness (less stable); and the paper concludes that the outcome of this
competition is sensitive to the local details and the frequency of the predominant coherent pulse
of the excitation.

When a free-standing column is excited by a single-frequency mathematical pulse excitations two

opposite trends are identified: (a) in the event of a long duration pulse with a slowly increasing

ground acceleration, upon the column uplifts (U (t) > g tan &) the engagement of the rotational

inertia of the column (proportional to R?) is feeble; and in this case the slenderness has a dominant
effect over size; and (b) in the event of a shorter duration pulse (more high-frequency pulse), the
free-standing column experiences appreciable rotational accelerations which engage vividly the
rotational inertia of the column (proportional to R*) and in this case the increase of the size offsets
the effects due to the increase of the slenderness.

The increase in the stability due to increase in height may be further enhanced due to a sudden
transition from the lower mode of overturning with impact to the higher mode of overturning
without impact. Because of this bifurcation phenomenon a tall and slender column (which can only
overturn without impact) may be appreciably more stable than a much shorter column with the
same base (which can overturn with impact -see Figure 7-). In the event of a recorded earthquake
ground motion that contains several frequencies the abovementioned enhanced stability of a taller
column is harder to observe; nevertheless, it may happen as shown in Figures 12 and 13.

The paper confirms an observation that has been reported in the literature for more than three

decades (yet it has not received the attention it deserves) —that the vertical ground acceleration has
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a marginal effect on the stability of a free-standing column. This is primarily because the vertical
ground acceleration enters the equation of motion after being multiplied with sin[a—0(t)] <<1;
whereas, the horizontal acceleration enters the equation of motion after being multiplied with
cos[a—O(t)]~1.0.

Finally the paper concludes that the level of ground shaking that is needed to overturn a tall, free-

standing column of any size and any slenderness is a decreasing function of the length scale, apr2

, of the dominant, coherent acceleration pulse normalized to the base-width of the column.
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549  Table 1. Information pertinent to the strong records used in this study together with the parameters of the best matching wavelet of their

550 dominant, coherent acceleration pulse.

Earthquake

1971 San Fernando
1979 Coyote Lake
1983 Coalinga
1986 San Salvador
1986 San Salvador
1992 Erzincan
1995 Kobe
2004 Parkfield

551

552

Record

Pacoima Dam/164
Gilroy Array #6/230
Transmitter Hill/270

Geotech Inv. Center/090
Geotech Inv. Center/180
Erzincan/NS
Takarazuke/000
Cholame#2/360

Magnitude

My,
6.6
5.74
5.18
5.4
5.4
6.9
6.9
6.0

Epicentral
Distance

km
11.9

3.11
10.03
4.3
4.3
13.0
1.2
3.01

PGA(9)

1.23
0.42
0.78
0.70
0.42
0.52
0.70
0.37

a,(9)

0.3
0.35
0.46
0.45
0.45
0.34
0.49
0.40

T,(s)

1.35
1.00
0.80
0.70
0.80
1.55
1.15
0.90

®

/4

15

kW W

15

L. (m)

5.36
3.43
2.89
2.16
2.83
8.01
6.36
3.49
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Figure 1. Top: Dimensions in meters of selected monolithic ancient columns in chronological order

553

(Dinsmoor 1975; Fletcher 2001); Bottom: The corresponding slenderness values of the columns shown

554

above. A free-standing column uplifts when the ground acceleration exceeds ¢ tan « .
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Figure 3. Left: Geometric characteristics of the free-standing column. Right: Moment-rotation diagram of

a rocking column.
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Figure 4. Acceleration time histories recorded during (a) the 1995 Kobe, Japan earthquake -NS

component of the Takarazuka record, together with a symmetric Ricker wavelet; (b) the 1979 Coyote

Lake, California earthquake —fault normal component of Gilroy Array#6 record, together with an

antisymmetric Ricker wavelet; (c) the 1973 Lefkada, Greece earthquake —OTE record, together with a

one-cycle sine pulse.
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impact (mode 1); Higher overturning boundary: overturning without impact (mode I1). For this given

slenderness tan o= 0.25, whenever w, / p > 8.2 the free-standing column overturns only without

impact (mode I1).
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Figure 7. Overturning acceleration diagrams due to a symmetric Ricker pulse that is needed to overturn a

free-standing column with base 2b =1.0m (left), 2b = 2.0m (center), 2b = 4.0m (right). The sudden

jumps in some diagrams as the size increases is because beyond a certain size the free-standing column

can only overturn without impact (second mode of overturning); therefore, the need for an appreciable

larger overturning acceleration amplitude.
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Figure 8. Rotation and angular velocity time histories of the two free-standing columns having width

2b = 2.0mand heights 2h =12.0m (left) and 2h =16.0m (right) when excited by a symmetric Ricker

wavelet with duration T, = 0.75s . The 12.0m column on the left overturns with one impact;

whereas, the 16.0m column on the right can only overturn without impact when subjected to a

much higher acceleration.
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Figure 9. Rotation and angular velocity time histories of the two free-standing columns having width

2b = 4.0mand heights 2h = 20.0m (left) and 2h = 24.0m (right) when excited by a symmetric Ricker

wavelet with duration T, =1.0s . The 20.0m column on the left overturns with one impact;

whereas, the 24.0m column on the right can only overturn without impact when subjected to a

much higher acceleration.
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634 the Figure 6 and 7 are plotted in terms of the dimensionless products appearing in equation (10)

635  appreciable order emerges. The data however do not collapse to a single master curve because they are for
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Figure 11. Rotation and angular velocity time histories at the verge of overturning of the
columns from the Temples of Aphaia, Aegina, Greece (top) and Zeus, Aezanoi, Turkey (bottom)
when excited by the amplified horizontal only (left) and the horizontal and vertical components
(right) of the OTE ground motion recorded during the 1973 Lefkada, Greece earthquake.
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Figure 12. Rotation and angular velocity time histories at the verge of overturning of the columns from
the Temple of Apollo, Syracuse, Italy (top) and taller column with twice the height and slenderness
(bottom) when excited by the amplified horizontal only (left) and the horizontal and vertical components
(right) of the GIC-180 ground motion recorded during the 1986 San Salvador earthquake.
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Figure 13. Rotation and angular velocity time histories at the verge of overturning of the columns from
the Temple of Apollo, Syracuse, Italy (top) and taller column with twice the height and slenderness
(bottom) when excited by the amplified horizontal only (left) and the horizontal and vertical components
(right) of the GIC-90 ground motion recorded during the 1986 San Salvador earthquake.
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Figure 14. Acceleration time histories recorded during the 1986 San Salvador earthquake: (a)

North-South, GIC-180 record; (b) East-West, GIC-90 record together with the best matching

M&P wavelet (Vassiliou and Makris 2011).
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Figure 15. Acceleration time histories recorded during the (a) 1971 San Fernando earthquake —

fault normal component of the Pacoima Dam record; (b) 1983 Coalinga earthquake —East-West
component of the Transmitter Hill record; (c) North-South record from 1992 Erzincan, Turkey
earthquake; (d) 2004 Parkfield earthquake —North-South component of the Cholame Array#2

record; together with their best matching M&P wavelets (Vassiliou and Makris 2011).
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Figure 16. Rotation and angular velocity time histories at the verge of overturning of the
columns from the Temple of Apollo, Syracuse, Italy (top) and taller column with twice the
height and slenderness (bottom) when excited by the amplified horizontal only (left) and the

horizontal and vertical components (right) of the 1992 Erzincan, Turkey earthquake.
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Figure 17. Overturning seismic coefficient, ¢, of the amplified ground motions which are needed to overturn the monolithic column

from the Temple of Apollo, Syracuse (dark dots) and a taller column with the same base = 2.0m and twice the height (empty circles).

In most case the effect of including the vertical acceleration (h+Vv) is marginal. The values of the overturning seismic coefficient, ¢,

are ordered with increasing peak horizontal ground acceleration of the records. The results are scattered without exhibiting any trend.
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Figure 18. Overturning seismic coefficient, ¢, of the amplified ground motions needed to overturn the monolithic column

from the Temple of Apollo, Syracuse (dark dots) and a taller column with the same base = 2.0m and twice the height (empty circles).

2

o of the dominant coherent

The values of the overturning seismic coefficient, ¢, are ordered with increasing length scale, L, =a T

acceleration pulse of the pulse-like record. The results exhibit a clear trend that is decreasing with the length scale, L, .
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Figure 20. Overturning seismic coefficient, ¢, of the amplified ground motions needed to overturn two columns with base
2b =1.0m and height 2h =5.27m and 9.55m; two columns with base 2b =2.0m and height 2h =8.0m and 16.0m; and two columns

with base 2b =4.0m and height 2h =16.0m and 24.0m . The values are plotted as a function of the proposed overturning potential

index, A, that is the ratio of the proposed overturning intensity measure, L, =a T 2

T, to the displacement capacity of the columns,

b =Rsina.When A4 >10, any tall, free-standing column most likely overturns.

46



700
701
702

703
704

705

2b=2.00m, 2h=16.00m, tana=0.125

_0.2 \ \ \ \ 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Figure 21. Rotation and angular velocity time histories of a 2.00m x16.00m column
(tan o = 0.125) when excited by the horizontal component of the 2015 Nepal earthquake
(PGA =0.1589). The slightly larger PGA =0.158¢g than gtana =0.125¢g is capable to induce

overturning because of the very long duration (T, =5.1s ) of the predominant pulse.
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