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SUMMARY
Previous studies have suggested that rocking vibration accompanied by uplift motion might reduce the
seismic damage to buildings subjected to severe earthquake motions. This paper reports on the use of
shaking table tests and numerical analyses to evaluate and compare the seismic response of base-plateyielding rocking systems with columns allowed to uplift with that of fixed-base systems. The study is
performed using half-scale three-storey, 1 × 2 bay braced steel frames with a total height of 5.3 m. Base
plates that yield due to column tension were installed at the base of each column. Two types of base plates
with different thicknesses are investigated. The earthquake ground motion used for the tests and √
analyses
is the record of the 1940 El Centro NS component with the time scale shortened by a factor of 1/ 2. The
maximum input acceleration is scaled to examine the structural response at various earthquake intensities.
The column base shears in the rocking frames with column uplift are reduced by up to 52% as compared
to the fixed-base frames. Conversely, the maximum roof displacements of the fixed and rocking frames
are about the same. It is also noted that the effect of the vertical impact on the column associated with
touchdown of the base plate is small because the difference in tensile and compressive forces is primarily
due to the self-limiting tensile force in the column caused by yielding of the base plate. Copyright q
2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Past studies have pointed out that the effects of rocking vibration accompanied with uplift motion
may reduce the seismic damage to buildings subjected to strong earthquake ground motions [1, 2].
Based on these studies, structural systems have been developed that permit rocking vibration and
uplift motion under appropriate control during major earthquake ground motions [3–7]. When
rocking structural systems are applied to building structures, some advantages are expected in
the seismic design of buildings. As shown in Figure 1, these systems can lead to reduced seismic response, which might lead to a more rational and economical seismic design of not only
superstructures, but also foundations.
Up to a certain point, the influence of uplift motion on the seismic behaviour of buildings can
be explained through simple analyses [8]. Studies have demonstrated that the maximum strain
energy associated with the horizontal deformation of a structure is reduced in rocking structural
systems because a portion of the total seismic energy applied to a structure is dissipated by the
potential and kinetic energy associated with vertical motion [9]. However, further study is required
to examine several issues such as the increase in the horizontal displacement response and the
effects of column base impact associated with rocking. Although studies have pointed out that the
installation of dampers in the uplift portion is effective in reducing the horizontal displacement
response of a structure, details of such effects have not been discussed [6, 7].
A rocking structural system under development by the authors employs the yielding mechanism
of base plates. When weak base plates yield due to column tension during a strong earthquake
ground motion, the columns uplift and enable the building structure to rock. The basic concept of
the base-plate-yielding system is illustrated in Figure 2. In this system, the yielding base plates
dissipate some of the input seismic energy by their inelastic behaviour.
In this paper, shaking table tests and numerical analyses are used to evaluate and compare the
seismic response of base-plate-yielding rocking structural systems with column uplift with that of

Figure 1. Structural rocking systems.
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Figure 2. Structural rocking systems with yielding base plates.

fixed-base systems. The objectives of the study are to improve the understanding of the dynamic
rocking response of structures subjected to earthquake motions, to demonstrate the feasibility of
designing steel frames to enable the rocking response through column base-plate deformations, and
to validate analytical models to simulate the response of rocking through column uplift. The test
frames in this study are intended to provide the means for evaluating the base plate behaviour and
the rocking response in steel buildings, but they do not necessarily represent the actual conditions
of real buildings.
When base-plate-yielding systems are applied to actual buildings, the configuration and the
mechanical characteristics of the base plates, such as their uplift yield strength, must first be
determined. Therefore, we need to study the relationship between the mechanical characteristics
of the yielding base plates and the critical base shear of the uplift response. A simplified analytical
method is proposed to grasp this relationship and to predict the fundamental characteristics of
the seismic responses of these systems. The applicability of this analytical method is discussed
and verified in References [10, 11] that consider the energy balance of a system to predict the
maximum response displacements including uplift.

2. TEST STRUCTURES AND EXPERIMENTAL PROCEDURES
Three-storey half-scale braced steel frames were tested on the shaking table at the National Research
Institute for Earth Science and Disaster Prevention in Tsukuba, Japan. The test frames were retested
using four different base conditions (F, BP6, BP9, and BP9-2). The test structures are composed of
yielding base plates, columns, girders, and bracing members, as shown in Figures 3 and 4. There
is no significant difference between the central frame and the end frames. The total height of the
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Figure 3. Elevation of test structure.

Figure 4. General view of test structure.

Table I. Floor weight.
Floor

Weight (kN)

Roof
3
2

45
51
51

test structures is 5.3 m, 1.7 m for the first storey and 1.8 m each for the second and third stories.
The floor dimension is 3 × 4 m and the total weight of the structure is 147 kN. The weight of each
floor and the member cross-section properties are summarized in Tables I and II, respectively.
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Table II. Cross sections of members.
Member

Size (mm)

Column
Girder

H-148 × 100 × 6 × 9
H-150 × 150 × 7 × 10∗
H-300 × 150 × 6.5 × 9†
(H-150 × 150 × 6.5 × 9‡ )
-11

Brace
∗ North/South frame.

† Middle part of a girder of central frame.
‡ End part of a girder of central frame.

Figure 5. Plan of yielding base plate.

In the shaking direction, the test structure has three braced frames with a span of 3 m each.
The bracing member is a high-strength prestressed steel bar with a diameter of 11 mm and tensile
strength of 980 MPa. These bracing members are prestressed to the tension strain of 0.1% so that
they resist both compression and tension forces. In the transverse direction, the test structure is
braced by diagonal bracing members of angle steel of L-75 × 12 bolted to the frames.
Yielding base plates are installed at the bottom of each column of the first storey of the test
structures, as shown in Figures 5 and 6. Two types of base plates with different thicknesses of
6 and 9 mm are used in the tests. The mechanical characteristics of the base plates are listed in
Table III. The test structures with base plate thicknesses of 6 or 9 mm are referred to as BP6 and
BP9 models, respectively, and the test structure with a fixed base in the conventional fixed-base
support condition is referred to as F model. The base plates of BP6 and BP9 models have four
Copyright q
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Figure 6. Close-up of yielding base plate.
Table III. Mechanical characteristics of yieldingbase-plate steel.
Model
BP6
BP9

JIS∗

Yield strength (MPa)

SS400
SS400

330
292

∗ JIS: Japanese Industrial Standard.

Table IV. Characteristic values of yielding base plates.
Model

BP6

BP9

BP9-2

Uplift yield strength (kN)
Uplift yield displacement (mm)

23.8
1.3

47.3
0.79

23.7
0.79

wings that are each 110 mm long and 100 mm wide. The test structure with the base plates of
two wings 9-mm thick along the shaking direction, is referred to as BP9-2 model. The outside
end of each wing of each base plate is constrained and connected to a steel foundation beam by a
steel plate 40 mm thick and two high-strength bolts so that plastic hinge lines are formed at both
ends of each wing. The characteristic values of each yielding base plate are listed in Table IV.
The uplift yield strength of the base plate is based on the estimated value and conditions of the
following: (a) the response acceleration at the instant when uplifting starts that is estimated based
on the overturning moment of the superstructure including the uplift yield strength of the base
plate, (b) that the uplift yield strength of the base plate should not exceed the axial dead load of a
column so that the dead load compression is enough to overcome any residual deformations in the
base plate, and (c) that only the base plate wings subjected to in-plane tensile force should resist
the shear transmitted from the superstructure without consideration of the base plate wings at the
uplifting columns.
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Figure 7. Locations of strain gauges attached to columns.

The test structures are vibrated in a horizontal direction, which coincides with the strong axis of
each column such that the columns are subjected to bending about the weak axis. The earthquake
ground motion used for the
√ tests is the NS component of the 1940 El Centro record with its
time scale shortened to 1/ 2, resulting in a duration of 24 s. Each test structure is subjected to
earthquake ground motions several times with the maximum input acceleration scaled to a range
of levels to simulate various earthquake intensities.
The instrumentation was designed to measure both global structural response and local element
response in critical portions of the test frames. The measured data include the following: horizontal
accelerations on the shaking table, horizontal accelerations and relative horizontal displacements
at each floor level, axial strains of the columns and bracing members, and uplift displacements of
Copyright q
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the first storey column bases. The maximum sampling frequency is 2000 Hz. The column shears
are calculated from the moment distribution using measured values of strain gauges attached to
columns as shown in Figure 7. The base shear is calculated by summing the shears of the columns
and bracing members at the first storey. This value corresponds quite well with the base shear
obtained from the measured accelerations and masses on each floor.
3. ANALYTICAL MODELLING AND NUMERICAL ANALYSES
Finite element analyses that were used to determine the seismic responses of the test frames were
also investigated in ADINA report [12]. Figure 8 illustrates a mathematical idealization of the test
structure. The base plates and the columns of the first storey are modelled using shell elements, as
shown in Figure 8(b). The columns and girders at the second and third stories are modelled using
beam elements, and the bracing members are modelled using truss elements (Figure 8(a)).
The base plate is modelled with an elastoplastic material considering finite deformations and a
kinematic hardening rule with the Mises–Hencky yield condition. The other elements are assumed
elastic. The initial tension strain of 0.1% is assumed in the bracing members that resist both tension
and compression if tension does not disappear. In the shaking table tests, the bracing members
were kept almost in tension. The steel foundation beam is assumed rigid. The contact conditions
such as the normal contact force and the tangential contact slip without friction are considered
between the rigid foundation beam and the shell elements of the base plates. A very small ramp-up
region is defined in the base plate contact models.
The masses of the analytical model based on the actual dead loads of the test structure are
lumped at each nodal point of the girders. The vertical components of the masses were defined in
order to capture the effects of vertical inertia associated with rocking. The dead load corresponding
to the lumped masses is applied to each node of the analytical model before starting the dynamic
response analyses.
It is assumed that the viscous damping results from the initial stiffness-dependent effects. The
critical damping ratio of 0.5%, that is the stiffness-proportional type, is introduced to the first mode

Figure 8. Finite element analytical model: (a) overall frame; and (b) details around base plates.
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in bending corresponding to the fixed-base model whose value is compatible with the results from
the shaking table tests on the test structures.
The numerical time integration in the analyses is the combined use of the Newmark method with
constant acceleration and the Newton–Raphson method for equilibrium iteration with time steps
of 0.001 s. The measured acceleration records from the shaking table tests are used as input for
the dynamic response analyses. In the analyses, the duration is six seconds because the maximum
response of the test structure was observed during this period.

4. TEST RESULTS AND DISCUSSION
4.1. Input motions and dynamic characteristics of the test structures
Figure 9 shows the acceleration response spectra for the El Centro ground motion record scaled
by 0.5 and 1.75. The scaling of 1.75 results in a maximum input acceleration of 5.84 m/s2 . The
motions reproduced by the shaking table have about the same frequency characteristics regardless
of the intensity level of the input motions. Also shown in Figure 9 are the measured and calculated
natural (1st mode) periods of the F and BP9-2 frames.
The fundamental natural period of F model obtained from the test using white noise input motion
is 0.18 s and the critical damping ratio obtained from the bandwidth method is 0.5% for the first
mode. The natural periods from the analytical results of BP9-2 model are 0.260 and 0.066 s for
the first and second bending modes, respectively, while those of analytical F model are 0.160 and
0.056 s, respectively. The translational vibration mode shapes of the uplift analytical model in the
first and second bending modes are illustrated in Figure 10, although the second-mode participation
is not remarkable in the test results.
The response period of BP9-2 model subjected to the maximum input acceleration of 5.84 m/s2
is up to about 0.34 s, as shown in Figure 11. Therefore, the range of the response periods of the
test frames does not reach the region of constant velocity in the response spectra of input motions,
as shown in Figure 9.

Figure 9. Acceleration response spectra of measured table accelerations.
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Figure 10. Translational vibration mode shapes in bending: (a) first bending
mode; and (b) second bending mode.

Figure 11. Time histories of roof displacement responses of BP9-2 model.
Maximum input acceleration = 5.84 m/s2 .

4.2. Global behaviour and seismic response reduction effects
Figure 11 illustrates the time histories of the roof displacement responses of BP9-2 model. The
test and analytical results are indicated by solid and broken lines, respectively. The test result is
in good agreement with the analytical one. For the first bending mode of uplift analytical model,
the translational vibration period is close to or slightly larger than the natural period of 0.26 s. The
maximum roof displacement of 30.3 mm from the analytical result agrees approximately with that
of 32.2 mm from the test result.
Figure 12 shows the relationships between the peak response values and input accelerations for
each test structure. The dotted lines in Figures 12(b) and (c) indicate the extrapolated values from
the test results of F model based on the assumption that the response of F model is elastic. With
the exception of the base plates, not all the test structures were subjected to large ground motions
in order to keep them elastic because the test structure was prepared as a multipurpose test bed.
From the results of the shaking test measurements, it was concluded that the structural members
remained elastic except for the base plates and that the central frame and the end frames of each
test structure showed essentially identical behaviours.
Copyright q

2006 John Wiley & Sons, Ltd.

Earthquake Engng Struct. Dyn. 2006; 35:1767–1785
DOI: 10.1002/eqe

SHAKING TABLE TESTS ON SEISMIC RESPONSE OF STEEL BRACED FRAMES

1777

Figure 12. Maximum responses versus maximum input accelerations: (a) uplift;
(b) base shear; and (c) roof displacement.
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Figure 13. Time histories of roof displacement and rocking component of
BP9-2 model. Maximum input acceleration = 5.84 m/s2 .

The uplift displacements are very small for maximum input accelerations up to about 2.0 m/s2 , as
shown in Figure 12(a). As the input acceleration becomes larger, the uplift displacement increases
monotonically. When the input acceleration becomes about 3.3 m/s2 , the uplift displacements of
BP6 and BP9-2 models reach about 5 mm. In BP9-2 model, the uplift displacement attains 9.9 mm
under an input acceleration of 5.84 m/s2 . The base shears of all test structures are almost the same
when the maximum input acceleration is smaller than 2.0 m/s2 , as shown in Figure 12(b). When
the input acceleration becomes larger than 2.5 m/s2 , the base shears resisted by BP6, BP9, and
BP9-2 models are about 120 kN and the rate of increase becomes small. Furthermore, the base
shears of BP6 and BP9-2 models are much smaller than were those of F model, as indicated by the
dotted line in Figure 12(b). This indicates that the maximum base shears of the test structures with
column uplift are effectively reduced from those of the fixed-base system, and that this reduction
effect is remarkable in the case of systems with base plates having weaker uplift yield strength.
The roof displacements of BP6, BP9, and BP9-2 models are all about the same as for F model,
as shown in Figure 12(c). The analytical results of the maximum responses under the earthquake
motion record scaled at 1.75 times for BP9-2 model are plotted using ‘+’ marks in Figure 12. The
analytical results correspond very well to the test results.
Figure 13 shows the time histories of the total roof displacement and the component of
displacement due to rocking of BP9-2 model under the maximum input acceleration of 5.84 m/s2 .
The rocking component contributes to about two-thirds of the roof displacement during the
uplift motion. Figure 14 shows the maximum storey shear distribution along the height of the
test frames. The storey shears of F model are extrapolated from the test results in Figure 14(b)
based on the assumption that the response of F model is elastic as is observed in the test. When the
maximum input acceleration is 0.9 m/s2 , the response values are almost the same among the test
frames. When the input acceleration becomes 3.5 m/s2 , the seismic response reduction effect of
the rocking structural systems is clearly observed and all storey shears of BP6 and BP9-2 models
are smaller than were those of F model. From Figures 13 and 14, it is revealed that the response
deformation of the superstructure is suppressed because the rocking component dominates the roof
displacement.
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Figure 14. Maximum storey shears of test frames: maximum input
acceleration = (a) 0.9 m/s2 ; and (b) 3.5 m/s2 .

Figure 15. Time histories of shear forces at column bases of BP9-2 model.
Maximum input acceleration = 5.84 m/s2 .

Figure 15 shows the time histories of the shear forces at the column bases of the north frame
of BP9-2 model under the maximum input acceleration of 5.84 m/s2 . The shear force from west
to east is positive, as is shown in Figure 16. The shear force at the column base is calculated
by summing the shears from a column and a brace based on the measured strains. In Figure 15,
the east column base suddenly resists more shear than does the west column base between 5
and 6 s. This resistance is attributed to the loss of tension in a bracing member. The shear force
is effectively transmitted through the base plate while uplift is occurring. It should be noted
that the uplift does not depreciate the shear transfer capacity of the base plate in the horizontal
direction.
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Figure 16. Shear forces at bottom of frame.

Figure 17. Time histories of vertical force variations at column bases of BP9-2
model. Maximum input acceleration = 5.84 m/s2 .

4.3. Uplift and vertical responses at the column bases
Figure 17 shows the time histories of the variations of vertical force at the column bases of the
north frame of BP9-2 model under the maximum input acceleration of 5.84 m/s2 . The column axial
forces are calculated from the measured data of strain gauges attached to the columns, as shown
in Figure 7. Corresponding to this figure, the time histories of the uplift displacement responses
of the central frame of BP9-2 model are illustrated in Figure 18. The peak uplift displacement
reaches 9.9 mm, which corresponds to a rigid body rotation angle of 1/300 in the superstructure.
Figure 19 shows the relationships of the maximum vertical forces at the column bases and the
maximum input accelerations for all models. In this figure, the vertical force includes the dead
load effects. The variable range of the vertical forces is symmetrical in tension and compression
before the uplift motion is induced. The tensile forces for the uplifting cases are limited to about
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Figure 18. Time histories of uplift displacement responses of BP9-2 model.
Maximum input acceleration = 5.84 m/s2 .

Figure 19. Maximum vertical forces versus maximum input accelerations.

twice of the uplift yield strength of the base plates after the uplift motion occurs. The increase in
the tensile strength is caused by the inelastic strain hardening and large deformation effects in the
wings of the base plates. The compressive forces for the uplifting cases are about the same as for
the fixed base, as indicated by the dotted line in Figure 19. The impact effect is small because the
difference in tensile and compressive forces is primarily due to the self-limiting tensile force in
the column due to base plate yielding.

5. ANALYTICAL RESULTS AND DISCUSSION
5.1. Uplift behaviour and responses
The time histories of the uplift displacement responses at the centre of the base plate on the west
side of BP9-2 model are shown in Figure 20 where the measured uplift displacement of the central
Copyright q
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Figure 20. Time histories of uplift displacement responses at column base of
BP9-2 model. Maximum input acceleration = 5.84 m/s2 .

Figure 21. Vertical force versus uplift displacement at west column base of
BP9-2 model. Maximum input acceleration = 5.84 m/s2 .

frame is plotted. The analytical results simulate the test results quite well. The uplift motion in
the analysis occurs alternately between the west and east sides as observed in the shaking table
tests. In the analysis, the maximum uplift displacement is 10.4 mm while from the test results it
is 9.9 mm in the central frame and 9.7 mm in the south frame.
Figure 21 shows the relationships of the vertical force and the uplift displacement at the west
column base of BP9-2 model and the test results under static loading [13]. In order to evaluate
the uplift hysteretic behaviour of the yielding base plates subjected to vertical force, the static
loading tests were performed after the dynamic tests using the identical base plate configuration
and material prepared at the time of manufacturing the dynamic test frames. The loading history
applied in static loading consisted of increasing the deformation cycles but was not based on the
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Plate 1. Strain distribution in shaking direction on bottom surface of base
plate at west column base of BP9-2 model (t = 5.05 s).

Plate 2. Strain distribution in longitudinal direction on surface at bottom of
west column of BP9-2 model (t = 5.17 s).
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Figure 22. Time histories of axial force variations of column at first storey of
BP9-2 model. Maximum input acceleration = 5.84 m/s2 .

predictions of dynamic analysis. The static test results corresponding to BP9-2 model showed that
the cyclic deformation capacity was quite large, that is, the maximum uplift deformation reached
more than 40 mm, a value that was four times greater than in the dynamic test. Although there
is no calibration between the analytical model data and the static cyclic data, the characteristics
of uplift hysteretic behaviour at the column base are correctly represented by the analysis. The
energy dissipation of the yielding base plates is expected to be effective in reducing the response
displacements of yielding-base-plate rocking systems.
5.2. Local behaviour and responses
Figure 22 shows the time histories of the axial force variations of the east column of the north frame
at the first storey of BP9-2 model. The impact force in compression is observed approximately at
the instant when the base plate touches down, although the impact effect is small as discussed in
the previous section. The maximum amplitude of compressive force in the analysis is about 80% of
that in the test. The reason may be that the viscous damping is assumed initial stiffness dependent
in the analysis, so that the response in the higher modes such as the longitudinal vibration mode
of the column is suppressed.
Plate 1 illustrates the strain distribution in the shaking direction on the bottom surface of the
west base plate of BP9-2 model when the uplift displacement reaches the maximum response. The
peak local strain near the column end of the base plate, at Point D in Plate 1, reaches 0.53% in
compression. The maximum local strain close to the fixed nodal points of the base plate, at Point
E in Plate 1, goes up to 1.42% in tension, which exceeds the yield strain of steel but is far from
the fracture strain. The absolute peak strain in tension is larger than that in compression because
the wing of the base plate is simultaneously subjected to bending and tension at this time.
Plate 2 illustrates the strain distribution on the surface of the bottom of the west column at the
first storey, around Point C in Figure 8(a), along the axis of the member of BP9-2 model when
the axial strain of the column reaches the maximum value in compression. At this time, the peak
local strain in compression at Point F in Plate 1 goes up to 0.076%, which does not reach the
yield strain of steel or the critical strain of the flange plate for local buckling. As a result, this
confirms that local buckling never occurs in the steel plate elements of columns within the range
of the maximum input accelerations in the tests.
Copyright q

2006 John Wiley & Sons, Ltd.

Earthquake Engng Struct. Dyn. 2006; 35:1767–1785
DOI: 10.1002/eqe

1784

M. MIDORIKAWA ET AL.

6. CONCLUSIONS
The seismic response of base-plate-yielding rocking structural systems with column uplift is
evaluated and compared with that of fixed-base systems by shaking table tests and numerical
analyses. The studies are carried out using three-storey, 1 × 2 bay braced half-scale steel frames.
The results of this study are summarized below.
(1) Yielding base plates both with two and four wings are feasible methods for implementing
rocking structural systems with column uplift.
(2) The maximum base shears in the seismic response of the test structures with column uplift
are effectively reduced in the base-plate-yielding rocking systems from those of the fixedbase system. This reduction in response for the uplifting cases is attributed to the suppression
of the response deformation of the superstructure because the rocking component dominates
the overall response displacement.
(3) The maximum roof displacements in the seismic response of the rocking test structures are
not much different from the elastic response values of the fixed-base system. The energy
dissipation of the yielding base plates is expected to be effective in reducing the response
displacement of yielding-base-plate rocking systems.
(4) The maximum tensile forces at the column bases for the uplifting cases are limited to about
twice the uplift yield strength of base plates after the uplift motion occurs. The increase in
the tensile strength is caused by the inelastic strain hardening and large deformation effects
in the wings of the base plates. The maximum compressive forces for the uplifting cases
are almost the same as for the fixed base. The impact effect is small because the difference
in tensile and compressive forces is primarily caused by the self-limiting tensile force in
the column due to base plate yielding.
(5) The data indicate that the shear forces at the column bases of the rocking test structures
are definitely transmitted through the yielding base plates during the uplift motion of the
columns. It should also be noted that the uplift does not depreciate the shear capacity of
the base plate in the horizontal direction.
(6) The results of the numerical simulation match the test results quite well in not only the
global response, but also in the local behaviour such as the uplift displacements at the
column bases and the axial forces in the columns.
The results discussed above regarding the behaviour of rocking systems are not directly relevant
to the practical design of structures. Therefore, further study is needed on issues such as the
effects of the vertical components of earthquake ground motions and the installation of other
damper elements on rocking systems, the effect of the higher mode participation, the compatibility
of vertical deflections between the rocking frame and the remainder of the building structural
systems, and the actual design applications including base plate design.
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