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Abstract

The dynamic seismic response of steel braced bridge piers allowed to uplift and rock on their foundation is investigated analytically. Allowing
piers to rock provides a retrofit solution with increased seismic performance by limiting demands to existing non-ductile elements while damage
can be avoided or forced into replaceable structural elements. Also, an inherent restoring mechanism exists that can provide self-centering
following an earthquake. However, during the rocking response, as the pier transfers its axis of rotation from the base of one leg to another,
the impact and uplift from the foundation excites vertical modes of vibration, increasing the lateral base shear and the axial force demands on the
pier legs. Methods are developed to characterize and quantify the increased dynamic demands in order to capacity protect the existing elements.
These simplified methods are then compared with the results of nonlinear time history analysis for a set of frames representative of highway bridge
piers with aspect ratios of 4, 3 and 2, and shown to be reasonably accurate in most cases. An example set of calculations and analysis results are

also presented.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The reliance on stable rocking to provide satisfactory
seismic performance has recently received a renewed interest:
more research is being conducted on this topic and various
levels of rocking response have been considered in the retrofit
of large bridges. This is in part due to a growing appreciation
for the ability of such systems to efficiently withstand seismic
demands elastically with little to no damage while providing
a self-centering ability. As part of the ongoing research on
the topic, Pollino and Bruneau [1] have proposed a controlled
rocking system for bridge steel-truss piers where passive energy
dissipation devices are added at the base of the structure
to control the response of a rocking system otherwise free
to uplift. The devices are designed to limit demands to the
structure such that it can remain elastic and all damage is
forced into these easily replaceable structural “fuses”. However,
in order to ensure that such rocking structures remain elastic,
the maximum forces expected to develop must account for all

* Corresponding author. Tel.: +1 781 907 9373; fax: +1 781 907 9009.
E-mail address: mcpollino@sgh.com (M. Pollino).

0141-0296/$ - see front matter (©) 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.engstruct.2007.10.016

dynamic effects in the system during the rocking response.
Once the designer is able to reliably predict the maximum
forces expected to develop within the structure during the
rocking response, all members and connections can be designed
to remain elastic.

A methodology to quantify the dynamic force effects is
presented for a simple steel bridge braced frame. However, the
concepts presented are general and could be extended to include
different materials and structural systems. The steel braced
frame considered is illustrated in Fig. 1 and has a number of
square panels (n) with a height (k) and a width (d = h/n)
with the bracing members in a concentric X-configuration. For
this bridge application, all system mass is lumped at the top
of the frame legs, as shown in Fig. 1. The predicted response
of the proposed controlled rocking concept is then compared
with the results of nonlinear dynamic time history analysis
for a set of frames representative of bridge steel truss piers
having aspect ratios (h/d) of 4, 3, 2 and for a range of energy
dissipating device properties. A more detailed example is also
shown to illustrate the process of predicting maximum forces
and to provide a sample set of results.
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Fig. 1. Simplified steel-braced frame.

2. Prior relevant research

The study of rocking structures is not new and Housner [2]
first investigated the free and forced vibration response of rigid
rocking blocks. Assuming an inelastic impact to occur during
each half-cycle, Housner developed equations for the reduction
in energy resulting from each impact by equating the moment of
momentum and determining the reduction in velocity following
the impact. Meek [3] introduced aspects of structural flexibility
to the seismic response of single-degree-of-freedom (SDOF)
rocking structures and Psycharis [4] followed with an analytical
study of the dynamic behaviour of simplified multi-degree-of-
freedom (MDOF) structures supported on flexible foundations
free to uplift. It was noted in the latter study that vertical
oscillations were introduced to this uplifting system even when
subjected solely to horizontal excitation.

A number of experimental studies have also been conducted
on rocking structural systems. Priestley et al. [5] tested a simple
SDOF model investigating its response in free vibration, to
sinusoidal input, and to the horizontal component of the 1940
El Centro earthquake. Results showed a significant fluctuation
in horizontal acceleration during rocking and large vertical
accelerations were induced during impact. Midorikawa et al. [6]
experimentally examined the response of a steel-braced frame
that allowed uplifting at the base of columns and yielding of
specially designed base plates. The shaking table tests solely
used horizontal seismic base excitation and it was observed that
“the maximum axial forces of columns may be affected by the
impact with landing of base plate”.

Thus, past analytical and experimental studies investigating
systems that allow a rocking response have observed the
increased demands placed on structural systems due to dynamic
effects. However, they have not provided significant insight
into the possible mechanisms causing these additional demands
and on design methods to reliably account for their magnitude
for steel-braced frames. As part of a capacity-based design
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Fig. 2. Retrofitted bridge steel-truss pier using controlled rocking approach.

philosophy, to capacity protect the primary structural elements
of the system during seismic excitation, these demands must be
accounted for.

Some of the earliest structures designed and constructed
to allow a rocking response during seismic excitation include
the South Rangitikei Rail Bridge and an industrial chimney
at the Christchurch Airport, both in New Zealand [7]. The
north approach of the Lions’ Gate Bridge in Vancouver, British
Columbia was upgraded in the 1990s with a seismic resistance
strategy allowing the steel bridge piers (braced frame) to uplift
and rock on their foundations [8]. Some concerns arose due
to the effects of dynamic impacting of the pier legs with
the foundation and coupling of horizontal and vertical modes
during rocking. Dynamic, nonlinear 3-dimensional time history
analysis was used to assess the dynamic effects. Some major
bridges in California have also allowed at least partial uplift
of pier legs as a means of providing satisfactory seismic
performance, including the Carquinez [9], San Mateo-Hayward
[10], and Golden Gate Bridges [11].

Studies on the controlled rocking approach, presented in [1],
included development of the static hysteretic behaviour using
step-by-step plastic analysis concepts, simplified methods of
analysis for design, a design method for calibration of the
passive energy dissipation devices and results of time history
analyses. The design procedure includes a set of design
constraints that provides limits on response such as preventing
excessive displacements and overturning. It was demonstrated
that preventing overturning of a frame of significant size, such
as a bridge pier, can be easily achieved. A sketch of a bridge
pier retrofitted using such an approach is shown in Fig. 2.
The passive energy dissipation device considered is a steel
yielding device that is assumed to exhibit elastic—perfectly
plastic hysteretic behaviour with a yield force, P,4, an elastic
stiffness, kyq and a yield displacement, A,;. The strength of
the steel-yielding device is expressed as a fraction of the frame
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tributary vertical weight (w) such that:

w
Py =1L — 1
vd =1L > (D

where 7 is termed the local strength ratio. This paper provides
additional fundamental knowledge on the dynamic response of
controlled rocking frames, building from concepts presented
in [1] by formulating equations to quantify the forces that
develop in the frame during rocking response in a manner
amenable for design.

3. Static transfer of loads

Before addressing the dynamic response of rocking steel-
braced frames, it is worthwhile to briefly review their static
behaviour. The transfer of loads statically through the braced
frame during rocking response is described for a half-cycle of
motion (shown in Fig. 3) starting from a displacement of — A,
(position 1 in Fig. 3), a point at which one side of the frame
has uplifted from the foundation and yielded the steel device.
The free body diagram of the frame in five different positions
while rocking (assuming static response) from left to right, is
shown in Fig. 3. As the frame travels from position 1 to 2,
the force in the steel device is reversed and the steel device
yields until the uplifted leg returns to its support at position 2. In
position 2, half of the weight, w/2, is being transferred directly
down the left leg while a portion of the weight, w/2(1 — nr),
is transferred through the frame diagonals also to this leg. From
2 to 3 the portion of the weight, w/2(1 — np), is transferred
to the impacting leg on the right. From 3 to 4 the frame begins
to move in the other direction and the other half of the weight,
w/2, is transferred to the leg on the compressive side through
the diagonals. At position 4, the frame is on the verge of
uplift and then from 4 to 5 the frame uplifts, activating the
steel device until it reaches its yield force (n,w/2) at point
5. This force is transferred through the frame vertically to
the compressive side. One complete hysteretic cycle is also
seen in Fig. 3 and the system is shown to develop “flag-
shaped” hysteretic behaviour. A more complete description of
the hysteretic behaviour (including the difference in response
between the first and subsequent cycles) is discussed in Pollino
and Bruneau [1].

4. Dynamic response of controlled rocking frame

If the system is designed to allow for frame rocking and
self-centering, then after a leg uplifts from the foundation, it
eventually returns to its support with a certain velocity upon
impact (position 2 in Fig. 3). An energy balance of the frame
is applied from positions 1 (maximum displacement) to 2 in
order to determine the maximum impact velocity of the pier
leg including the plastic work done by the energy dissipating
devices in this application. Without a more sophisticated
analysis of the impact that occurs between the frame leg and
the foundation, an elastic impact is assumed to occur resulting
in no loss of system energy thus providing an upper bound
on the forces developed within the frame. As the frame leg
begins the impacting process, the weight tributary to that leg
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Fig. 3. Static free-body diagrams and hysteretic response of frame through
half-cycle of rocking motion.

is also suddenly (impulsively) returned to the impacting leg
forcing the leg to remain in contact with the foundation. As the
motion continues, the frame shifts its axis of rotation from the
base of one leg to another and the weight and device forces
are suddenly transferred through the frame vertically to the
frame leg that is now being compressed. Beginning with the
initial velocity upon impact and followed by the transfer of
impulsive forces, a number of dynamic effects are occurring
that need to be considered to capacity protect the frame. A
fundamental structural dynamics approach is used here that
identifies the vertical modes of vibration that are excited and
calculates the response from each dynamic effect when the
frame is subjected to horizontal excitation. As will be shown,
the forces developed due to the vertical accelerations of the
mass can be quite significant and need to be accounted for to
achieve capacity protection of the frame.

5. SDOF elastic systems subjected to impulsive load

Since the controlled rocking approach assumes the existing
frame to be a capacity-protected system, such that it remains
linear elastic, the vertical modes excited during impact
and uplift are evaluated separately using simplified linear
mass—spring systems. Dynamic effects are then superimposed
to obtain total response of the rocking frame system.

The response of a SDOF undamped linear mass—spring
system subjected to a step force with maximum force, p,, and
finite rise time, ¢,, is discussed first to summarize the relevant
theory used here to determine the dynamic amplification caused
by the impulsive loads transferred through the frame during
the rocking response. Including damping in the analysis of
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the dynamic response of the frame has little influence since
the dynamic forces reach a maximum before damping has a
significant effect. The form of applied load can be defined as:

t
p() = Por- (t=1) 2

p()=po (t=1t)

A general solution for the displacement response of this
simplified system, subjected to the form of loading described
with zero initial conditions, can be easily determined by
formulating the equations of motion of the SDOF mass—spring
system and solving [12] such that:

u(t) = (usr)o (1 — [sin w,t — sinw, (t — tr)])

wply
t=>1t) 3)
t sin wyt
u(t) = (ug)o (_ - ) t=<t)
t Wnly

where w, is the natural frequency of the mass—spring system,

(usr)o 1s the static displacement response of the system

subjected to the same maximum force, p,, and is defined as:
p()

(tsr)o = 7

where k is the stiffness of the spring in the simple spring-mass
system. A dynamic amplification factor, Ry, defined as the ratio
of maximum displacement response over time, u, (maximum
of Eq. (3)), to the static displacement response (Eq. (4)) can be

shown to equal:
. t
jsin (%)

= =14 5)
(s1)o T—;’

“)

u
Ry o

Therefore the dynamic amplification factor is dependent only
on the rise time of the applied load (#.) and natural period
of the mass—spring system representing the vertical mode of
vibration (7). Also, since the system is linear, forces are
directly proportional to deformations; thus R, also defines the
ratio of maximum force response to the static force response.
In other words, the maximum force can be determined by
amplifying the static force by R.

If the same linear mass—spring system were subjected solely
to an initial velocity, v,, the time varying displacement response
could simply be defined as

0 =12 Go (27 6
u(t) = sm(nF) (6)

21 W

6. Simplified mass—spring systems
6.1. Axial mode of frame legs

As described above, as the frame steps from one leg to
another, a series of loads are transferred through the frame
vertically. A number of behaviours described in this section
start when the leg impacts the foundation with a vertical
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Fig. 4. Frame behaviour representing simplified mass—spring systems.

velocity, v,, and a portion of its tributary weight, w/2(1—np), is
re-applied to the leg. Thus, the first simple mass—spring system
investigated represents the axial vibration of a leg with mass
concentrated at the top of the leg, as shown in Fig. 4(a). The
stiffness of this system can be taken as
EAL

k=== @
where Ay is the cross-sectional area of a leg and # is the total
height of the leg. The system mass is assumed to only consist
of the concentrated mass, m /2, at the top of the leg, therefore
the period of vibration can be taken as:

T, =21 |2 (8)
=2
L 2k,

As the motion continues from position 2 to 3 (Fig. 3), half
of the frame’s tributary vertical weight is transferred directly
down the frame leg. This impulsive load can be defined by
Eq. (2). To determine the effect of the impulsive load, an
approach to approximate the rise time of the impulsive load is
required. The approach is based on free-vibration response of
the frame approximating its primary horizontal rocking mode as
a linear elastic system and assuming equivalent response times
between the two systems. The response of the equivalent linear
elastic system with respect to time can be expressed as:

. t
A(t) = A, sin <27‘[ Tsec) )

where A, is the maximum global horizontal displacement of
the frame (and could be determined using methods described
in Pollino and Bruneau [1]) and Ty, is the secant period of
vibration taken at the maximum system displacement such that:

mA,

y

Toee =27 (10)
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where Py is the horizontal yield force of the controlled rocking
system and can be determined using the free-body diagram in
position 5 of Fig. 3 and shown to equal:

wd
P, = (1 —— 11
y (+77L)2h (11)

Therefore the time it takes the system to travel from position
2 to 3 (Fig. 3) is defined as the rise time for the load applied
directly down a leg, #,1, and can be approximated by the
expression:

Toee . _ 1 Aup
tp = — 12
rL = - - sin <AAM (12)

where Ay, is the horizontal displacement of the frame at the
point of uplift. Finally, the dynamic amplification factor for this
load, R4, can be defined by:

sin (7))
i (13)
Ty

Rar =1+

Since this load acts through the new axis of rotation, it does not
affect the base overturning moment. However, it will affect the
maximum axial force developed in the leg.

6.2. Vertical shear mode of frame

As the rocking motion continues, vertical loads are
transferred through the frame vertically to the other side as
the frame uplifts. During uplift the simple mass—spring system
is assumed to be subjected to zero initial conditions unlike
during impact. Two loads are applied in series during uplifting
(positions 3 to 5, Fig. 3). First, a load of w/2 is transferred
through the frame vertically as the gravitational restoring
moment is overcome followed by the yield force of the device.

The vertical stiffness in shear of the system for frames with
panel heights equal to the frame width and diagonals in an X-
braced configuration could be taken as

-1
5h V2d?
ky, = +
SEA,

2hE A  cos? 6

where E is the modulus of elasticity of steel, A, is the cross-
sectional area of the frame diagonals, Ay is the cross-sectional
area of the frame legs, h is the frame height, d is the frame
width, and 6 is the angle the diagonals make with the horizontal.
For the vertical shearing mode of vibration shown in Fig. 4(b),
the effective mass is taken equal to m /2. The period of vibration
of this simplified system is therefore

(14)

m

T, =2n
2k,

15)

This expression does not account for the minor participation
of the mass from the remaining vertical tributary mass of
the frame. Performing elastic modal analysis of a system as
depicted in Fig. 4(b) including mass from both sides would
more accurately determine the period of this mode however

this difference does not significantly change the maximum
developed forces. For simplicity in design, Eq. (14) could be
used.

As the frame moves from position 3 to 5, the two
uplifting forces (w/2 and Py4) are transferred through the
frame vertically with different rise times. The complexity of
considering the two separate loads and superposition of their
individual dynamic amplification including phase differences
is not warranted with the simplified systems used. Therefore an
approach is taken to obtain a single amplification factor for the
two uplifting loads. Following that approach, a rise time, f,, is
defined for the two loads during uplift as:

1
Toee . 1 (2401
try = 28:: sin™! (%) (16)

where Ay is the frame displacement at the point of yield.
Therefore the dynamic amplification factor for the sum of these
two loads is taken as

: Tty
’Sln (_Tv )

7Ty
)

v

Rpy =1+ )

7. Demands on frame legs and frame diagonals by impact
and impulsive loads

Using the concepts presented above, member demands can
be determined using frame free-body diagrams that include
the dynamic loads as shown in Fig. 5. Applying the dynamic
amplification factor Ry, to the loads transferred during uplift
also lead to fluctuation in the horizontal shear demand (due to
dynamic moment equilibrium). Therefore, an “effective” static
shear can be used to evaluate the adequacy of the frame’s
lateral load path by amplifying the static frame yield force
(Eq. (11)) by Ry, such that the ultimate base shear demand can
be expressed as:

wd
P,=——(1 R 18
u 2h( + L) Ray (18)

where Ry, is defined by Eq. (17). Limiting the device strength,
Pygq, to an acceptable level or strengthening of the weak
elements along the lateral load path is required to prevent
damage to the frame.

Conservatively estimating the ultimate load on the legs
is essential because they resist the gravity loads. As was
discussed, the maximum axial force in a leg is a result of the
impacting as the leg returns to its support, followed by the
impulsive application of a portion of its tributary weight, and
the loads transferred through the diagonals as uplift occurs in
the other direction.

7.1. Impact force on leg

The maximum dynamic force demand due to the initial
velocity upon impact, P,,, is taken equal to:

v TL ka mEAL
Pro = kg =k = = [ 5m = 5= (49
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Fig. 5. Dynamic free-body diagram of frame.

where the term, u,,, is the maximum displacement caused by
the initial velocity upon impact (from Eq. (6)).

The velocity upon impact could be determined using an
energy balance approach where energy is equated at the point of
maximum deformation (position 1 in Fig. 3) and just before the
point of leg impact with the support (position 2 of Fig. 3) with
the energy dissipated by the yielding device included as work
done between these two points. The energy balance would be
defined as:

PE| +KE| + W2 = PE, + KE» (20)

where the kinetic energy at position 1 (KEp) is equal to zero
since the frame is at the maximum deformation and has zero
velocity. The potential energy at position 1 (PEjp) includes
the internal strain energy developed in the frame members,
gravitational potential energy of the mass as the leg is uplifted,
and strain energy in the steel yielding device such that:

1 Py2 AW 1 /w A )1
PEl—EE-F upLE""E(EUL) yd 21
where k, is the frame lateral stiffness and Ayp, is the maximum
uplift displacement of a leg and can be related to the maximum
displacement of the frame. The work done by the steel yielding
device from position 1 to 2 is equal to:

Wiz = Pya(Aupr — 24y4) (22)

The potential energy at position 2 (PE>) includes a smaller
amount of strain energy in the frame members (as opposed to

position 1) and no gravitational potential energy as the leg has
returned to the support such that:

2
1 [a=-n58]
PE, = Z—k,, 23)

Finally, the kinetic energy at position 2 (KE») can be related to
the vertical leg velocity as:

RN

Placing Egs. (21)-(24) into Eq. (20) and solving for v, results
in:

1 2 —1 [d\? d
vo= |g| 73 R/ (7> + 20 Ava 4+ Ay —(1—n1)
,(ﬁ) +l 2 ko h h
1 \q

(25)

This approach does not take into account work done by
the ground motion during the time the frame displaces from
position 1 to 2. This could be considered the inelastic pseudo-
velocity of the controlled rocking system as is similarly defined
for elasto-plastic systems [13].

7.2. Transfer of gravity and device forces

From position 1 to 2, the axial force in the leg that will
impact the support reverses load from tension to compression
(nrw/2) as aresult of the yielding device. As the motion of the
frame continues from position 2 to 3, a portion of the tributary
weight is impulsively applied to the leg. This demand, Py, is
determined by applying the dynamic amplification factor Ry,
defined by Eq. (13), such that:

w
2

The maximum demand in the Ist panel leg, due to the loads
transfer through the frame as it uplifts and yields the device,
Py, is:

h d w d
P,=P,—-(1——)=—(1 R 1—— 27
v ud( 2}1) 2( +nL) dv( 2/’1) 27)

w
Py = RdLE(1 —nL) + (26)

These loads include the static demands along with the
maximum expected dynamic effects (assuming they are all
in-phase). However, the dynamic effects that are a result of
excitation of vertical modes do not all oscillate at the same
frequency and are excited at different times therefore are out
of phase. Using Eqgs. (3) and (6), the response due to each
load could be superimposed to determine the total response.
However, it is simpler and sufficient to use combination rules
to combine the maximums of each response. A conservative
estimate would be found using an absolute sum (ABS) rule,
but using a square-root-sum-of-squares (SRSS) or complete-
quadratic-combination (CQC) combination rule [14] may be
more appropriate.
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8. Example — Bridge Pier with 2 /d = 4

The methods described above, for determining the maximum
dynamic forces are illustrated using an example frame with
properties representative of a bridge steel-truss pier. The steel-
truss pier investigated has an aspect ratio (h/d) of 4 with a
width of 7.32 m and thus a height of 29.26 m and diagonals
in an X-braced configuration. The cross-sectional area of the
pier leg, Ay, is taken equal to 310 cm? while the area of a
single pier diagonal, Ay, is taken equal to 71 cm?. The “fixed-
base” lateral stiffness of the pier, k,, is equal to 12.6 kN/mm.
The steel yielding device has a yield force, P,4, equal to w/4
(n = 0.50), an elastic stiffness, kyq, of 175 kIN/mm and its
yield displacement, Ay, is equal to 2.47 mm. An equivalent
mass is assumed to act in the horizontal and vertical directions,
equal to:

w 1730 kN

g 9.81m/s?
The stiffness of the two simplified, linear mass—spring systems
described previously can now be determined. First the axial
stiffness of a pier leg can be determined from Eq. (7) and the
axial period of vibration (Eq. (8)) is equal to 0.13 s. The vertical
shear stiffness of the pier is determined from Eq. (14) and the
vertical shearing mode of vibration has a period (Eq. (15)) equal
to 0.13 s. From elastic modal analysis, the value of T, is found
to be 0.16 s.

The rise time for w/2(1 — n.) being applied directly down
a pier leg, #,1, is determined using Eq. (12). Using a typical
response spectra for bridge design [14], with the spectral
acceleration given in 8.1 and methods presented in [1], the
ultimate global pier displacement, A,, and the displacement
at the point of uplift can be determined. The rise time for the
impacting load is found to be:

Tsec . 1 Aup
t = — i
rk 2 s Ay

1.6s . _; (17.1 mm
sin _—
21 165 mm

=176.4kN s*/m (28)

) =0.026s (29)

and similarly for the loads applied vertically through the truss
pier, ., (Eq. (16)) is equal to 0.05 s. The amplification factors
can now be determined using Eqs. (13) and (17):

‘sin (”Tl_rL)‘ sin (0026 5)

_ L _ 0.128s  __

Ryp =1+ T 14 TH0.06s = 1.93 30)
T T0.128s

and similarly, Ry, can be shown equal to 1.77.
The maximum dynamic base shear from Eq. (18) is:

W R = (PN 05177
2 p Ry = 2 )4 )

= 574 kN (31)

Py,

The pier leg impact velocity, v,, is equal to 208 mm/s following
the energy approach (Eq. (25)). The pier leg dynamic demands
defined by Egs. (19), (26) and (27) are determined to be
900 kN, 1270 kN, and 2010 kN respectively. Using an SRSS

combination of the dynamic effects, the maximum pier leg axial
force is equal to 2540 kN.

8.1. Comparison with nonlinear time history analysis

An analytical model is developed to more accurately
determine the response of the controlled rocking frame. Elastic
frame elements are used to model frame legs and diagonals.
Rocking at the foundation is modelled using a compression-
only gap element in parallel with a bilinear hysteretic model
proposed by Wen [15]. Restraints are also provided at this
location to transfer the horizontal shear forces at the base (thus
assuming that sliding is prevented) but provide no resistance
to vertical movements. Equal inertial mass is applied in the
horizontal and vertical directions at two discrete points at
the top of each frame leg as shown previously. A Rayleigh
damping matrix is used with 2% damping assigned to periods of
approximately 1.57, (fixed-base period of pier) and 1/4 times
the smaller of 77 or T,. The use of a Rayleigh damping matrix
in the time history analyses has minor influence due to the low
levels of damping inherent in the structure, however, assists in
the numerical solution by damping out localized higher modes
of vibration. As discussed previously, this simplified model was
used to verify the concepts presented using a general approach
that could be expanded upon and applied to other structural
systems and materials.

Spectra compatible ground acceleration time histories
are used for the dynamic analyses and are generated
using the Target Acceleration Spectra Compatible Time
Histories (TARSCTHS) software developed by the Engineering
Seismology Laboratory (ESL) at the University at Buffalo and
is the implementation of the method described in [16]. The
elastic response spectral shape is defined by NCHRP 12-49 [14]
with a design one-second spectral acceleration value (Sp;) of
0.5g and a design short period spectral acceleration value (Sps)
assumed equal to 2.5 times Spi. This results in a characteristic
period, T, of 0.4 s, typical of a rock site.

A single spectra compatible motion is used to assess the
results for the example of a bridge pier with aspect ratio of
4. Global pier relative displacement is shown in Fig. 6(a)
along with the uplifting displacement of the two legs. The
recentring ability of the system is evident from the pier relative-
displacement result. The global pier hysteretic behaviour is
shown in Fig. 6(b). The dotted line shown in the figure is
response of the same analytical model to the same excitation
except that no vertical inertial mass is included in the model.
The fluctuation of the base shear response is evident especially
as the pier undergoes significant displacement excursions. The
base shear with respect to time is plotted in Fig. 6(c) and the
leg axial forces shown in Fig. 6(d). The increased dynamic
response, due to the oscillation of vertical modes, is shown in
each figure and the frequency of the oscillations approximately
equal to the calculated values.

9. Parametric study

Results of a small parametric study are presented for braced
frames that are representative of bridge steel-truss piers with
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Fig. 6. Results of dynamic analysis — Example (a) pier relative displacement and uplifting displacements of two legs, (b) global hysteretic response, (c) horizontal

base shear, and (d) leg axial forces.

aspect ratios (h/d) of 4, 3, and 2; steel devices with local
strength ratios (nz) of 0, 0.25, 0.50, 0.75, 1.0; and an effective
rocking period of vibration ratio (Tefr/ T,) defined in [1] of 1.0,
1.25, and 1.5. The cross-sectional area of the legs and diagonals
are the same for all frames. Likewise, the horizontal and
vertical tributary masses (and gravitational loads) are assumed
to be the same. The frames are of the same width, and their
height changes accordingly with the aspect ratio. The resulting
relevant dynamic properties for all aspect ratios considered are
shown in Table 1.

The parametric study uses nonlinear time history analysis
to assess the concepts presented for a larger range of possible
design solutions for the controlled rocking seismic resistance
strategy. The analytical models used in the parametric study
are identical to that used in the example except that the frame
aspect ratios and device properties are changed as dictated by
the parameters. A set of seven synthetic ground motions are

Table 1

Relevant dynamic properties of each aspect ratio

h/d Ty, (s) Ty (s)
4 0.128 0.155
3 0.111 0.141
2 0.091 0.139

used that are generated to match the same design spectrum used
in the example.

The mean result of the seven synthetic ground motions is
shown for each case considered. A total of 39 cases were
considered, and thus 273 analyses were performed. Results are
presented in Fig. 7 for the maximum base shear (P, ry) and
maximum leg axial force (P,r ) normalized by the values

determined using the concepts above for each system parameter
considered.
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Fig. 7. Parametric study results (a) Normalized horizontal base shear results
and (b) Normalized leg axial force results.

9.1. Results

Results of the parametric study show that the concepts
presented predict maximum demands conservatively in all
cases and with reasonable accuracy, with the some exceptions.
The predicted maximum base shear of the free-rocking system
(n = 0) is unconservative in all cases, underpredicted
by approximately 18% on average, and 30% in the worst
case considered. The predicted maximum leg axial forces are
slightly unconservative (i.e. 17% at most) for 7/d = 2 and
most strength ratios. For greater conservatism, an absolute
sum combination rule might be considered (mostly for the
braces frames having smaller aspect ratios), but this was not
investigated here as the results were deemed to be satisfactory
for practical purposes.

10. Conclusions

The response of controlled rocking steel braced frames was
investigated in an effort to quantify the dynamic effects that oc-
cur as a result of impacting and uplifting from the frame’s sup-
port. The transition of the axis of rotation from the base of one
leg to another followed by uplift is critical during the rocking
response in terms of maximum dynamic forces developed in the
frame. The excitation of vertical modes of vibration can cause
significant vertical transient response even when the frame is
subjected solely to horizontal ground motions.

Two significant modes of dynamic response involve axial
vibration of a frame leg and vertical shearing deformations

of the entire frame. The excitation of these modes was
quantified here using simplified linear—elastic mass—spring
models subjected to loading in the form of an initial
velocity and impulsively applied loads. Methods to predict the
maximum dynamic forces were developed and combination
rules applied to account for the phase differences of individual
dynamic effects. An example was presented for a frame
representative of a bridge steel-truss pier with an aspect ratio
of 4 to further illustrate the concepts discussed and nonlinear
time history analysis was used to verify results of the example
problem. A parametric study was then conducted to validate
the concepts over a broader range of representative examples
and the response of controlled rocking frames predicted by
the proposed simplified procedures were compared with the
results of nonlinear time history analyses. Results show that the
concepts presented are reasonably accurate and simple enough
to be used for design.
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