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Abstract. To date, numerous individual and system-level experimental studies have illustrat-
ed that the mode of foundation rocking advantageously can provide dissipation of seismic en-
ergy and re-centering of a structural system. Likewise, within the framework of performance-
based earthquake engineering, structural components are strategically designed to behave
inelastically. Balancing the beneficial attributes of each of these yielding systems has the po-
tential to increase seismic resilience of the foundation-building system.

This paper considers a balanced design strategy whereby the strength of a rocking footing is
equated to the strength of inelastic structural fuses within the superstructure of a building.
This balanced design concept is applied to the design of two model-building structures con-
structed and tested on the large geotechnical centrifuge at the University of California, Davis.
Model buildings included a 3-dimensional low-rise frame-type and a 2-dimensional wall-type
structure supported on shallow footings, where footing sizes were sized to encourage inelastic
rocking. Two extreme hinging dominated systems, namely, a Foundation Rocking Dominated
(FRD) and Structural Hinging Dominated (SHD) system were simultaneously constructed and
tested as well. Experiments show that for a balanced design frame-braced configuration, the
energy is well distributed between structural and footing fuses. In wall-type foundation-
building systems, the FRD system observes significantly larger total roof drift, much of which
is accumulated at the foundation level. Irrespective of the structure type, base shear demand
in is greatly minimized when footing rocking is initiated in both the balanced design and FRD
model.
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1 INTRODUCTION AND SCOPE

1.1 Introduction

During a traditional building or bridge design, an engineer usually assumes that the foun-
dation is fixed, while the superstructure carries the deformation induced during static and dy-
namic loading. This design concept leads to two major consequences, namely: (1) a design
with unreasonably oversized foundation components to support the “fixed” condition and (2)
a design which constrains plastic hinging behavior to the above-ground structural elements
during a seismic event, such as at the ends of beams or at the base of shear walls, within the
structural wall itself. Nonetheless, allowing the foundation to uplift at the ends has been grad-
ually acknowledged as an effective inelastic mode to dissipate dynamic input energy. Moreo-
ver, such a mode promotes a natural re-centering tendency of the structure with the aid of the
so-called “P-A effect”. Commonly in the literature this is referred to as the foundation rocking
mechanism. Numerous foundation-level component tests uniformly verify the advantageous
seismic benefits of this mechanism.

Often cited as the earliest, most convincing work identifying such a mechanism are the
field observations documented by Housner [11], who conducted field reconnaissance follow-
ing the 1960 Valdivia earthquake in Chile. He observed that several lollipop structures sur-
vived, while modern structures were severely damaged. Researchers in New Zealand in the
1970s (e.g. Bartlett [3] and Wiessing [22]) subsequently conducted a series of 1-g experi-
ments on shallow foundation-shearwall systems with footings of various sizes and vertical
factors of safety (F£Sv). These experiments provided highly convincing moment-rotation hys-
teresis at the footing level that further substantiated the merits of the rocking footing mecha-
nism. More recently, researchers across the United States and Europe have undertaken a
variety of 1-g and centrifuge tests coupled with numerical work to investigate the mobiliza-
tion of soil-foundation capacity (see e.g. Rosebrook and Kutter [17]; Gajan and Kutter [8];
Anastasopoulos et al. [1]; Deng et al. [5]; Hakhamaneshi et al. [10]; Gelagoti et al. [9]; Drosos
et al. [6]). Since the centrifuge facility has the capability to create confining stress levels com-
parable with prototype conditions, the stress-dependent soil nonlinear behavior can thereby be
reasonably captured. A common strategy in centrifuge testing has involved placing a number
of simple structural assemblies, such as a shearwall-footing system or a single degree-of-
freedom (SDOF) lollipop structural model supported on a shallow foundation element and
subjecting the models to combined compression (N-g) and cyclic inertial or ground excitation
loading. Model foundations have been designed with various geometries, FS,, and different
types of soils. In general, centrifuge tests concur that irrespective of the soil type, footings
with a relatively high FS, (~10) will result in quite reasonable moment-rotation hysteresis,
which quantifiably dissipates energy, without significant settlement (Deng et al. [5];
Hakhamaneshi et al. [10]). Large-scale 1-g tests on shallow footings report similar findings
(e.g. Taylor and Crewe [19], Negro et al. [15], Paolucci et al. [16] and Shirato et al. [18]).

Given the demonstrated benefits of the rocking foundation component, the merits of inte-
grating it into the overall soil-structure system need to be studied on level playing field with
other inelastic mechanisms. To the authors’ knowledge, only a handful of test programs have
considered the dual inelastic mechanisms of soil and structural components. For example,
Chang et al. [4] examined a set of 2-dimensional physical shearwall-frame building models
considering the nonlinear behavior of the footings coupled with inelastic structural fuses with-
in the superstructure. More recently, Deng et al. [5] incorporated the foundation rocking
mechanism into a bridge structural system while also accounting for a common column hing-
ing mechanism. Trombetta et al. [21] constructed and tested a pair of 3-dimensional inelastic
frame models to study the effect of building adjacency on the seismic response.
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1.2 Scope of this work

Although a handful of experiments have considered the participation of both foundation
and structural components to a systems seismic resistance, prior test efforts did not strategi-
cally implement a targeted design strategy. To embrace the foundation rocking mechanism
within a conventional structural design paradigm, it is useful to systematically consider the
systems behavior with varying levels of foundation strength. In parallel, typical earthquake-
resistant structural configurations within a building system incorporate structural fuse mecha-
nisms within the superstructure components to dissipate seismic energy; therefore such a sys-
tematic study should similarly embrace this philosophy. The question of how these two
inelastic components dynamically interact with each other and share the seismic demand is
still unreported and warrants a future investigation. In a research program supported by Na-
tional Science Foundation (NSF), we investigate the seismic performance of this integrated
inelastic foundation-building system. In this paper, we propose balancing the demands to each
of these components, and apply this methodology to the design of a series of centrifuge test
models. Two different building configurations are constructed at centrifuge scale, namely a 3-
dimensional frame-type structure and a 2-dimensional wall-type structure. Select experi-
mental data for these two systems are presented and compared with other models, in which
the yielding of structural fuse and rocking foundation is unbalanced.

2 BALANCED DESIGN METHODOLOGY

Within the framework of performance-based earthquake engineering, structural compo-
nents are encouraged to behave inelastically. For instance, a weak-beam strong-column strat-
egy is a common inelastic mechanism adopted in the seismic design of frame-braced
buildings. This strategy aims to localize the plastic behavior at the ends of beam elements,
therefore ensuring that damage to beams will occur prior to column failure. Columns provide
essential support for transferring gravity loads in a building; therefore their failure could re-
sult in an undesired catastrophic building collapse. For a wall-based lateral load resisting sys-
tem, even with frame elements integrated within the system, the shear wall component is
designed to carry the majority of the lateral load. Consequently, the plastic hinging behavior
will inevitably occur at the interface between the wall and footing. Figure 1a depicts a hyste-
resis for a structural wall fuse, and quite comparably broad and stable hysteresis can be real-
ized at the footing-soil interface as well (Figure 1b).
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Figure 1: Hysteretic curves for concrete shear wall (test by Taylor et al. [20], adapted from Englekirk [7]) and
rocking-dominated footing in prototype scale (Hakhamaneshi et al. [10]).
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When the rocking footing mechanism is integrated into a building system, considering the
strength difference between these two plastic behaviors, three fundamental systems could be
realized. One extreme may be when the footing’s load capacity is significantly larger than that
of the structural fuse; the foundation component is intended to be protected during seismic
events, while the structural fuse is expected to carry large inelastic demands. In this paper, we
refer to this system as a Structural Hinging Dominated (SHD) system. Most of the existing
buildings fall into this category. They are usually constructed with oversized foundations,
which in turn increase the overall construction cost. If properly designed, this system could
perform well during a design-level earthquake. On the other extreme, one could realize inelas-
tic behavior solely via the mechanism of footing rocking. In this paper, we refer to this type of
system as a Foundation Rocking Dominated (FRD) system. This is a theoretically proposed,
yet unimplemented building configuration in reality. Nonetheless, the final behavior of a FRD
building is akin to that observed when a building is base isolated (BI), namely nearly all shear
strains are absorbed close the ground level. In contrast to the BI building, which would large-
ly translate horizontally, an FRD building would rotate. The foundation geometry could be
designed considerably smaller than an SHD system, however, superstructure components
would need to be relatively strong, particularly within regions of the structure where large
seismic forces cumulate (such as the ends of beams and columns). This type of system has the
potential to reduce the residual displacement on the superstructure due to its inherent re-
centering characteristic. However, depending on the soil stiffness, large amplitude rocking at
the footing-soil interface could potentially exacerbate footing absolute or differential settle-
ment. Adopting the beneficial attributes of both superstructure and foundation fuses by equat-
ing the strengths of both components is appealing, and in this paper we term this a Balanced
Design (BD) system. Ultimately, some type of optimization should be considered and perhaps
this does not stem from equitable strength distributions, but more careful consideration of the
kinematics of the building as a system. We hypothesize that the balanced design system how-
ever provides an initial compromise to demonstrate avoidance of extreme behaviors, such as
significant story drift or excessive foundation settlement. Compared with the SHD system,
this configuration could not only save construction cost for foundations, but also continue to
maintain the self-centering benefits of an FRD system.
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Figure 2: Illustrative Chain Analogy.

To emphasize the fundamental concept of a balanced design philosophy, a chain analogy is
illustrated as shown in Figure 2. In this figure, each chain element represents a ductile com-
ponent in the entire building-footing system. Footing rocking behavior certainly plays an im-
portant role in seismic energy dissipation, and thereby serves as a fundamental ductile link
within the chain. In a complex structural system, structural hinging behavior is not always
limited within one or two elements; therefore, it usually develops a multi-fuse mechanism
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during seismic activities. When the entire system is subjected to an external force P, the link
with the weakest capacity is the first element to develop nonlinear behavior. Consequently,
the potential contributions from other stronger links will be limited and the system global be-
havior will be solely governed by the weakest part in this idealized series system. However,
when all the inelastic elements are prone to yield under the same P, as illustrated in Figure 2,
the hinging of one element and its triggered detrimental response could be properly avoided,
and the system’s global ductile behavior will be greatly improved. An implementation of this
design idea could promote and reinforce the structural system’s seismic resilience. It should
be pointed that, fuse elements in realistic buildings are not necessarily placed in series, but
rather could be in a complex arrangement of series or parallel.

Quantifying the strength of each fuse element such that a balanced design philosophy
could be appropriately accomplished is the next step. First and foremost, one needs to identify
the yield strength of each fuse separately. To simplify the mechanism, let us consider a shear
wall supporting a heavy SDOF mass, and resting on a shallow footing on competent soil. Fig-
ure 3 displays two the two extreme fuse yielding mechanisms, namely the SHD and FRD sys-
tems.

Figure 3: Schematics of SHD and FRD system.

For the structural hinging system, the moment capacity of the shear wall fuse can be corre-
lated to the weight it must support by the following equation:

My_fuse = Cy * M * g * HSHD (1)

The coefficient Cy is usually known as the base shear coefficient and in this work used to
defined the yield strength associated with a structural fuse. Given the details of a shear wall,
its corresponding strength can be easily computed by applying flexural beam theory. For a
constant supported weight, Cy is directly proportional to the strength of the shear wall fuse,
therefore it serves as an index to quantify its yield strength.

Similarly, the critical bending moment required to initiate footing rocking at footing-soil
interface can be also correlated to the supported mass by introducing another dimensionless
parameter Cr, which we define as the foundation rocking yield coefficient. (Deng et al. [5]
and Liu et al. [14])

My_footing = Cr * M * g* HFRD (2)

Deriving the footing rocking capacity (My footing) requires knowledge of the foundation ge-
ometry, axial load acting on the footing and the properties of the surrounding soil (Gajan and
Kutter [8], Deng et al. [5] and Liu et al. [14]).
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It is evident that, for a combined structural hinging and footing rocking structural system,
the difference between Cy and Cr will render the three abovementioned footing-building con-
figurations. A significantly larger Cy or Cr will lean the system towards behaving more like
either an FRD or SHD system. By setting up Cy and Cr being approximately equal, a bal-
anced design condition can be achieved.

It should be noted that the structural configuration for realistic buildings or bridges, are
usually much more complicated than the idealized SDOF system. Therefore, the determina-
tion of these two indices should not necessarily follow the equations above, and could be var-
ied or adjusted based on the actual structural system setup (Liu et al. [14]).

3 APPLICATION AND TESTING OF FRAME-BRACED FOUNDATION-
BUILDING SYSTEM

The strength of soil, and consequently the development of a foundation rocking fuse mech-
anism at the soil-footing interface are greatly affected by the confining stress acting on the
surrounding soil. Consequently, during an experimental evaluation, reasonably modeling of
confining stress is important to capture the footings behavior. The NEES' centrifuge facility
at the University of California, Davis (UCD) has been well established and utilized in the
field of geotechnical earthquake engineering for many years (Kutter [12]), and is able to ac-
commodate the research goals affiliated with this topic.

Two large scale system-level centrifuge tests were conducted at the UCD NEES facility.
The first involved testing of three different 3-dimensional low-rise (2-story) frame-braced
building models. The models included an FRD, SHD, and a BD building structure founded on
shallow footings. Figure 4 provides photographs of one corner of each of the assembled mod-
els, showing both the structural fuse and footing elements. As indicated in Figure 5, the mod-
els were supported on overconsolidated clay in a rigid container and spun up to 56 RPM to
create a 30-g level gravitational acceleration at the ground surface. Three models were tested
at different spins and different stations; however they were subjected to a similar sequence of
motions. For more details regarding the model design process, construction, instrumentation,
soil profile and motion protocol, one may refer to the experimental data report (Liu et al. [13])
or a recently accepted paper (Liu et al. [14]).

Shallow

sShI

(a)  foun atlon (5)) foundation foundgtilon‘

i

Figure 4. Photographs of: (a) BD Model; (b) FRD Model; (¢) SHD Model (Liu et al. [14]).

"' NEES is the Network for Earthquake Engineering Simulation (nees.org)
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Figure 5. Model schematics and Experimental setup: (a) Elevation view; (b) Plan View.

Table 1 lists the most important system characteristics of each model, and Figure 6 shows
the 5% damped elastic acceleration response spectra for each achieved input motion, overlaid
with the numerically estimated first natural period of each model. Note that the intensity of
the applied motion is generally gradually increased with each subsequent motion. Motions
indicated by dash lines are scaled versions of recording obtained during 1971 San Fernando
earthquake, while the rest plotted by solid lines are adapted from Gazli earthquake (USSR) in
1976. Unless otherwise stated, all of the results throughout this paper are expressed in proto-
type scale.

Parameter Description BD FRD SHD
C, Shallow footing rocking coefficient 0.35 0.22 0.81
C, Structural fuse yield coefficient 0.37 0.44 0.33
T (sec) First system natural period 0.73 0.99 0.49
T, (sec) Second system natural period 0.27 0.26 0.25
FS, Vertical factor of safety of shallow footing 9.1 6.9 14.7
Sy Undrained shear strength of clay 70 kPa

Table 1: Frame-type foundation-building models’ properties summary (as-built values).
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Figure 7 displays the maximum values of selected engineering demand parameters as
measured during the tests, namely the maximum roof acceleration, maximum roof drift ratio
and maximum normalized base shear, for all three models. The absolute maximum roof accel-
eration comparison indicates that the balanced design model consistently resulted in the larg-
est roof response. Roof acceleration is a system response and will be dictated by the strength
of the foundation-building system as a whole. Total roof drift (part b) will observe contribu-
tions from both the structural fuse rotation and the footing rotation. Part (b) scatter plots re-
veal that the SHD system has the greatest total roof drift demand compared with the other
models. In the FRD model, it has been markedly reduced in comparison with the other two
models, with the exception of motion #6. Inspection of base shear coefficient indicates that
system base shear demand is proportional to its footing rocking strength (Table 1). Upon
moderate and intensive shaking, the SHD model is observed to have the largest base shear and
the FRD has the lowest demand. Therefore, it can be concluded that implementation of rela-
tively weaker footing element could advantageously reduce global base shear demand.
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Figure 7: Selected synthesis results: (a) Peak Roof Acceleration; (b) Peak Total Roof Drift Ratio; (c) Peak Nor-
malized Base Shear.

Figure 8 shows the dissipated energy within the fuse and footing elements, as determined
using the measured moment-rotation response of the components. It is clear that the total en-
ergy is well distributed between these two elements in the balanced design configuration, irre-
spective of motion characteristics. For the FRD model, the foundation absorbs the majority of
the input energy, which supports the fact that the structural fuse is designed to be stronger
than the rocking footing element. In this case, the structural fuse behaved nearly elastically for
all events. In contrast, the SHD model energy distribution is slightly sensitive to the motion
amplitude and motion characteristics. Under the low amplitude motion excitation, Motion#2
for example, the foundation vibration dominates the energy absorption. While for other events,
the energy is relatively well spread, but it occurred at the price of significantly higher roof
drift demand, as indicated in Figure 6 (b).

2899



Weian Liu, Tara C. Hutchinson, Bruce L. Kutter, Manouchehr Hakhamaneshi and Andreas-Gerasimos Gavras

Cm Structural fuse [ FoundatiorD

Motion ID Motion ID Motion ID

100

80

60

40

20

Normalized Energy Dissipation (%)

Balanced Design FRD Model SHD Model

Structural configuration

Note: (1) Motion ID for each structural configuration from left to right: 1 to 6
(2) Motion 6 has not been applied to SHD system.

Figure 8: Normalized Energy dissipation between structural fuse and foundation element.

4 CENTRIFUGE TESTING OF WALL-BRACED FOUNDATION-BUILDING
SYSTEM

The second system-level test program aims to incorporate the balanced design concept into
wall-braced building system. Adopting the ASCE design guidelines (ASCE 7-10 [2]), three
two-story-two-bay wall-type models were designed as planar (2-dimensional) centrifuge
models. These structures represent typical low-rise segments of a building, whereby the wall
component is intended to provide the majority of the lateral load resistance, yet gravity frame
bays are attached and supplement not only service load carrying capacity but also inherently
provide some lateral load resistance. Figure 8 shows elevation photos of each instrumented
model. The simulated shear wall component was constructed by using two parallel annealed
Aluminum plates (Alloy 1100-O) with a group of HDPE block spacing in between. The col-
umns and beams were modeled by Aluminum tubing section and inverted-U channel sections,
respectively. The shallow footings were designed with rectangular Aluminum block. The
structural fuses were located at the base of shear wall and the ends of columns, and they were
achieved via notching the edge.

Similar to the frame-braced building test objective, three different walled models were de-
signed with a similar layout, yet with different fuse or footing geometry. In addition, the at-
tributes of symmetry were explored by placing the wall component in the middle and at the
ends of the model. This aspect is not presented in the current paper however. Parts (a) through
(c) in Figure 9 displays the model of the BD, FRD and SHD building segments, respectively.
Part (d) provides the overall dimensions of the models, which was consistent between the dif-
ferent types of structures. In addition, the sign convention adopted in subsequent plots is spec-
ified, where the (+) sign indicates that the system moves towards the exterior column and the
(-) indicates movement towards the shear wall. Due to the unsymmetrical setup of the shear
wall component, gravity induced load could add static moment bias at the fuse and footing
level prior to dynamic shaking. This implies that shear wall fuse or footing fuse on the (+)
side of the model is prone to more easily mobilize their capacity. Consequently, the response
of this structural system could vary significantly in each direction, particularly when nonlinear
behavior is initiated. It is desirable therefore to differentiate the direction of movement, and
one should also examine the response parameters at both directions to fully understand its
seismic behavior.
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Figure 9: Elevation view of three instrumented models (a-c) and dimensional details in model scale (d).

Each model is heavily instrumented with more than 50 sensors, including accelerometers,
strain gauges and linear potentiometers (Figure 9). Similar to test setup of frame models, all
three wall models were supported on dry Nevada sand in a rigid container and spun up to 56
RPM to create a 30-g level gravitational acceleration at the ground surface. As indicated in
Figure 10, the BD and FRD model were situated along one side of the rigid container and
simultaneously subjected to a series of generally increasing amplitude motions. This arrange-
ment could induce a more consistent input shaking for both models during the same spin. The
SHD model was constructed and placed at the station where the BD had been placed follow-
ing shaking of the BD and FRD model. Since the SHD model incorporates a large strip foot-
ing, any disturbance around the soil inherited from previous spins would not significantly
affect its seismic response. Table 2 summarizes the most important as-built system character-
istics of each model. Importantly, in contrast to the frame-braced model, the extreme cases of
FRD and SHD models were able to theoretically achieve infinite Cy and Cr values when
comparing with BD model.
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Figure 10. Experimental setup for wall-braced models: (a) Elevation view; (b) Plan view.
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Parameter Description BD FRD SHD
C, SW footing rocking coefficient 0.24 0.16 N/A
C, SW fuse yield coefficient 0.29 N/A 0.29
T, (sec) First natural period 0.48 0.39 0.47
FS, Vertical factor of safety of SW footing 20.83 17.31 N/A
M/(V*L) Moment to shear ratio of SW footing 1.26 1.61 N/A
H/L Wall aspect ratio (total height/wall length) 3.33

D, Relative density of Nevada Sand 96%

p Mass density of sand 1803 kg/m’

Table 2: Wall-frame building model and soil properties summary (achieved values).

The three models were also subjected to an identical sequence of eleven earthquake mo-
tions. Figure 11 provides an elastic spectral acceleration response for one accelerometer locat-
ed at surface free field (FF), overlaid with the estimated first natural period of each model.
Table 3 lists the achieved motion characteristics of each event. The intention of the motion
protocol is to employ low amplitude motions early in the series to initiate elastic response,
and then gradually increase the amplitude to trigger highly nonlinear behavior towards the end.
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Figure 11: Elastic spectral acceleration of free field surface motion with 5% damping for all events.

Peak Free Field Sur-  Strong Motion

Motion ID Source Earthquake face Acceleration (g) Duration (s)
1 Gazli, USSR, 1976 0.140 6.06
2 San Fernando, USA, 1971 0.314 6.79
3 San Fernando, USA, 1971 0.429 9.33
4 Morgan Hill, USA, 1984 0.550 3.90
5 Kobe, Japan, 1995 0.493 11.21
6 Gazli, USSR, 1976 0.797 6.06
7 Chi-Chi, Taiwan, 1999 0.586 24.11
8 Kobe, Japan, 1995 0.661 11.21
o* Combined Morgan Step 0.882 6.86

10%* Combined Morgan Step 1.079 6.86
11* Combined Morgan Step 1.004 6.86

*Note: these motions were an adaption of motion #4; strong motion duration is estimated by
computing the time different between Arias Intensity of 95% and 5%.

Table 3: Source motion achieved characteristics.
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Figure 12 compares the peak roof acceleration in (+) and (-) directions for each of the three
models. The scatter plot shows that the SHD model was consistently reporting the highest
roof acceleration in both the weak and strong directions, when compared with the models with
footings more prone to rock. The response difference is particularly remarkable at high ampli-
tude motions. Under motion#11, for example, the peak positive acceleration observed in the
SHD model is almost double that of the FRD and BD models. However, comparing footing
rocking promoted structures reveal that they have relatively similar performance at weak di-
rection, and only moderately varying acceleration response in the strong direction, with the
BD model reporting about 20% lower peak acceleration during the high intensity motions
(motion #8 onward).

The peak acceleration difference observed in the wall-type structures completely deviate
with the observations reported for the frame-braced models, as indicated in Figure 6 (a). This
may be due to the fact that frame model is likely susceptible to higher mode effect and motion
characteristics. Due to the pinned configuration at beam-column connection in frame models,
second mode could either facilitate or counterbalance the movement of top story depending
on the inelastic behavior development occurred within each fuse section. On the contrary,
since the wall aspect ratio is relatively low, second mode contribution is very minimal for this
wall-braced model.
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Figure 12: Peak roof acceleration comparisons at both directions.

In Figure 13, the peak roof drift demand is systematically compared among the models.
The roof drift was computed by combing the high frequency component of double integration
data obtained from roof accelerometer, and the low frequency component of the data recorded
in LP (Deng et al. [5]). Meanwhile, this value does not account for the residual drift occurred
from prior event. It is observed that the roof drift is fairly sensitive to motion characteristics.
There is no definitive trend between the peak roof drift and model type for the various mo-
tions. However, comparison among the models shows that the FRD model experienced the
largest roof drift, while the SHD model observes the lowest demand, and this trend is particu-
larly pronounced in the (+) direction, i.e. towards the exterior column.

The difference in response amongst the various models also disagrees with the results gen-
erated from frame-type models. The reason for this is partially due to sectional characteristics
of the dominant structural fuses, namely the column and shear wall fuses, in the frame-type
and wall-type models, respectively. In the frame models, the structural fuse is dimensionally
small and the entire sectional strength can be easily and fully mobilized during intense shak-
ing, which could lead to a significant amount of sectional rotation and therefore contribute to
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large roof drifts of the system. On the other hand, the shear wall fuse usually develops nonlin-
ear behavior at its extreme fiber under a rotation of about 0.5% according to a wall component
test conducted following the system tests. Upon further development, strain hardening behav-
ior combined with the wider cross section in shaking direction will result in a significant
overstrength behavior. This could minimize the total fuse rotation, and thereby the entire
structural displacement. In the meantime, this behavior transmits the seismic demand from
fuse level to the soil-footing interface since the footing rocking capacity is lower than the
shear wall fuse initial strength. As a result, large amplitude footing rocking may be observed,
and the total roof drift may be significantly increased.

G-O--O Balanced Design ~ ¢-<--¢ FRDsystem ®H-#-B SHDsysteer Weak Strong
+ —
' |
B aREE T S _,":
3 " B
-~ .o- B
‘ On . L)
2 e, 5
9 o o L " A A B A
5 '_:=Q;=:"""'_‘_‘.Ii‘----"""""' Sear’
& 0 HEAAE TP 1
a
5 fixre. PR | ¥ & 5 C
S RS L | X L AR K .0 I I
€ Py S R ekt PR 2 22
Ny - = . Y B A
F N - SN | o
@, N s . ’
14 g |
v . Y [—
. i/ T\
-3 Y V!
1 1 1 1 1 1 1 1 1 Shaklng DIreCtlon
-4

1 2 3 4 5 6 7 8 9 10 11
Motion ID

Figure 13: Peak roof drift ratio comparison at both directions.

Figure 14 plots the peak base shear demand normalized by the weight of each model (W).
Similar with frame models’ results, the SHD model has the largest base shear demand, regard-
less of motion characteristics and amplitude among the three tested models. When footing
rocking is facilitated, this demand is greatly reduced as seen for the BD and FRD system. In
addition, the peak base shear measured in the FRD model is less than that of balanced design.
Combined with Figure 7(c), these results uniformly confirm that base shear demand is propor-
tional to shear wall footing rocking strength. It is also notable for SHD model that the base
shear demand continues to increase at high amplitude motion case despite the fact that the
fuses in wall and columns have yielded at moderate motion excitation. This is directly at-
tributed to the overstrength of the shear wall fuse.
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Figure 14: Peak base shear comparison at both directions.
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Figure 15 documents the moment demand developed in the SW fuse and SW footing.
Those demands were directly measured from the calibrated moment strain gauges. Values in
the plot are the peak transient demand during shaking without considering the static load in-
duced demand. Those values have been normalized by the respective components strength at
yield (My). In general, the SW fuse in the SHD system experienced larger moment demands
compared with the BD model. It is noted that values in excess of unity are observed around
motion #4. In motion#11, for instance, the SW fuse flexural overstrength ratio reaches above
2.0 for both directions. For the SW fuse this is attributed mostly to material overstrength,
whereas for the SW footing this is attributed mostly to dynamically varying axial loads, both
of which modify the yield moment of the component. From motion#6 onward, the SW fuse
demand in the SHD model consistently exceeds 60% of its yield strength. With footing rock-
ing implemented (BD model), the demand to the SW fuse is reduced by at least 50%, as indi-
cated in the blue dot line in part (a). Comparing the moment demand in the (+) and (-)
directions reveals that the demand in the strong direction is larger than that of weak direction.
This is due to a static moment bias in the weak direction induced by an unsymmetrical gravity
load distribution.

Comparison of the footing moment demand shows that the footings of both systems likely
mobilized at motion#4, and experienced an increase in moment demand upon continuing
shaking. In the weak direction, the peak moment demand is about 20% greater than the theo-
retical yield strength at high amplitude motions. The overstrength is consistently larger in the
strong direction of the shear wall, approaching 60% overstrength for each of the BD and FRD
models during motion #10. Comparing the peak moment demand developed in the SW fuse
and footing within the BD model indicates that the rocking foundation carries slightly more
normalized moment than the shear wall fuse.

G- ® -e Balanced Design ¢ =¢=-¢ FRDsystem ®m-m-m SHD systerD

2 2
4 .
_ (a) SW fuse Lu, . = (b) SW footing
> 16 n TR 2 16
S g e e =
s w’ -ir i =
= id - A
€ 12 ne--m’ 5 12 PO TR YRR, Fiot Lt
] 4 -0 .0 £ Rt d B Sk i
E 08 .- X CREIP P .- S 08 PR AP
CJ gzlf-cw0---0" 2 P
2 23
e 04 2 04
2 8
= 0 L 0
7 =
o -0.4 " 04
g 3
= -~ N
S 0.8 Fo~q =+ = 08¢s
g \“« -t R S S A e oI € *Oec_ " :!‘
" o 0’ -9
z -1.2 i By S S -1.2 ~-(>,: -z R~
x . z Vercomaaz 0 I0 Y |
g -6 b (1] s -16 . 4 oo
Y TR
o
.
2 1 1 1 1 1 1 1 1 - 2 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 1 1 2 3 4 5 6 7 8 9 10 11
Motion ID Motion ID

Figure 15: Peak transient moment demand comparison.

S CONCLUSIONS

In this paper, we consider the idea of equating the rotational strength of a rocking founda-
tion with that of conventional structural fuses and adapting this within the seismic design of a
building. Three simple types of models for each of frame-braced and wall-braced types of
load resisting systems used in buildings are constructed to investigate the ramification of in-
troducing the rocking foundation as a load sharing mechanism. Models are tested at centrifuge
scale considering (1) the rocking foundation and structural fuses to yield approximately simul-
taneously (balanced design — BD model), (i1) promoting only structural fuses to yield (struc-
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tural hinging dominated — SHD model), and (ii1) promoting only the foundation to yield in a
mode of rocking (foundation rocking dominated — FRD model). Preliminary analysis of the
experimental data indicates the following:

* In the frame-type building system, the balanced design model carried the largest roof ac-
celeration compared with the FRD and SHD model. The SHD model consistently experi-
enced the largest peak roof drift and base shear demand, while each of these responses
were greatly reduced in the FRD system. In the balanced design model, the seismic ener-
gy energy dissipation was distributed between the structural fuse and rocking footing and
this feature is independent of motion characteristics.

* In the unsymmetrical wall-braced systems, the SHD system has the largest peak roof ac-
celeration demand in both the weak and strong directions, compared with the BD and
FRD systems. The BD and FRD model produced a similar peak acceleration response in
the weak direction. The peak roof drift is observed to be very sensitive to footing rocking.
Among the three models, the FRD model consistently produced the largest total peak
roof displacement. On the other hand, the SHD model reported the largest base shear
force demand at the foundation level. The SW fuse in the SHD model reported large peak
normalized moments, more than 50% greater than the BD model during moderate and
high amplitude motions. Footings in the FRD and BD model responded with relatively
consistent peak normalized moment amplitudes irrespective of the motion. Flexural over-
strength is observed in both the structural fuse and rocking footing elements.
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